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Abstract 

The lack of robustly validated drug targets in Leishmania spp. is a major impediment 

to the discovery of new drugs and effective treatments for leishmaniasis. Here, 6 

phenotypically-active anti-leishmanial compounds were selected from GSKs 

Kinetobox compound collections for subsequent target deconvolution studies. The 

principal aim of these studies was to identify molecular targets that can be exploited 

by subsequent target-focused anti-leishmanial drug discovery. Using multiple 

orthogonal genome-wide genetic, chemical proteomic and biochemistry-based 

approaches, two compounds were found to target novel anti-leishmanial targets, 

namely oxidosqualene cyclase, a key enzyme of sterol biosynthesis, and Sec23, a 

component of the COPII coatomer, a vesicular coat protein involved in vesicular 

trafficking and secretion. Future studies to further investigate and exploit these novel 

targets are discussed. Remarkably, three of the four remaining compounds studied 

were confirmed as chelators of divalent metals. Compounds acting via this generic 

and potentially toxic mechanism of action are not considered progressible for drug 

discovery. Therefore, the significant number of chelators identified in this random 

selection of the Kinetobox is concerning and may be indicative of high levels of 

chelators more generally in screening libraries. Strategies to identify chelators at an 

early stage of the drug discovery process are proposed. 

 

 



ix 
 

List of figures 

Figure 1.1: Life cycle of VL. ...................................................................................... 7 

Figure 1.2:  Worldwide endemicity of VL in 2018.. ................................................... 9 

Figure 1.3: Current drugs used to treat VL. ............................................................ 11 

Figure 1.4: DNDi research and development (R&D) portfolio for VL– June 2021.. . 20 

Figure 1.5: Chemical structures of preclinical/clinical candidates from DNDi portfolio.

 ................................................................................................................................ 20 

Figure 1.6: Genome-wide overexpression library workflow.. .................................. 27 

Figure 1.7: TPP workflow. ...................................................................................... 28 

Figure 3.1: The chemical structure of compound C5 .............................................. 64 

Figure 3.2: Schematic representation of C5 resistant cell line generation .............. 67 

Figure 3.3: Genome-wide cosmid-based overexpression library with C5 ............... 70 

Figure 3.4: Evaluation of OSC and HP overexpression in OSCOE and HPOE 

transgenic parasites ................................................................................................ 73 

Figure 3.5: Chromatogram of Sanger sequencing data highlighting the base pair of 

the non-mutated (G) and mutated (T) OSC gene at position 2333. ......................... 74 

Figure 3.6: Investigation of heterozygous mutation found in a copy of the OSC gene 

of RES V.................................................................................................................. 75 

Figure 3.7: Sterol biosynthesis pathway of L. donovani. ........................................ 77 

Figure 3.8: OSC specific inhibitor cross-resistance evaluation ............................... 78 

Figure 3.9: Anti-leishmanial cross-resistance study ............................................... 79 

Figure 3.10: Chemical structures of C5 racemate, (R) and (S) enantiomers. ......... 80 

Figure 3.11: Dose-response curves with L. donovani promastigotes grown in culture 

media supplemented with 5, 10 or 20% FBS against C5 and its enantiomers ........ 83 



x 
 

Figure 3.12: TLC performed with neutral lipids extracted from untreated (WT) and 

treated L. donovani parasites .................................................................................. 85 

Figure 3.13: TLC performed with crude membranes to establish the assay conditions 

for L. donovani OSC activity .................................................................................... 87 

Figure 3.14: TLC performed with crude membranes to establish the assay conditions 

for L. donovani OSC activity and inhibition .............................................................. 88 

Figure 3.15: Melting curves for L. donovani OSC following incubation with (S)-C5 or 

DMSO vehicle. ........................................................................................................ 90 

Figure 3.16: Schematic representation of the OSC locus ....................................... 91 

Figure 3.17: Diagnostic PCR to assess the PAC, HYG or OSC amplification ........ 93 

Figure 3.18: Diagnostic PCR to assess the PAC, HYG or OSC amplification ........ 94 

Figure 3.19: Southern blot analysis ........................................................................ 95 

Figure 3.20: Docking of C5 into a homology model of the L. donovani OSC active 

site. ........................................................................................................................ 104 

Figure 3.21: Comparison of the substrate and inhibitors binding in the LdOSC active 

site. ........................................................................................................................ 104 

Figure 4.1: The chemical structure of compound C1. ........................................... 105 

Figure 4.2: Dose-response curves for promastigotes and axenic amastigotes treated 

with C1 . ................................................................................................................ 107 

Figure 4.3: Schematic representation of C1 resistant cell line generation and 

analysis. ................................................................................................................ 108 

Figure 4.4: Quality control analysis showing the TMT median intensities ............ 112 

Figure 4.5: Melting curves for L. donovani OSC following incubation with C1 or 

DMSO. .................................................................................................................. 114 



xi 
 

Figure 4.6: Evaluation of Sec23 overexpression in Sec23OE transgenic parasites

 .............................................................................................................................. 115 

Figure 4.7: LFQ evaluation of mutated Sec23 overexpression in Sec23OE(A142V) and 

Sec23OE(G377D) transgenic parasites. ...................................................................... 116 

Figure 4.8: CRISPR-Cas9 base editing evaluation ............................................... 118 

Figure 4.9: Cargo selection and trafficking between ER and Golgi apparatus carried 

by COPI- and COPII-coated transport vesicles ..................................................... 119 

Figure 4.10: In-depth analysis of LdSec23 ........................................................... 121 

Figure 5.1: Chemical structures of compounds C2, C3, C4 and C6. .................... 127 

Figure 5.2: The chemical structure of C2 with the aminothiazole-pyridine scaffold

 .............................................................................................................................. 130 

Figure 5.3: Dose-response curves for L. donovani promastigotes WT treated with C2 

and TPEN, in the presence and absence of 100 µM ZnCl2. .................................. 132 

Figure 5.4: Cumulative growth of cosmid library selected with compound C2 

compared with untreated parasites ....................................................................... 133 

Figure 5.5: Schematic representation of C3, C4 and C6 resistant cell lines generation

 .............................................................................................................................. 137 

Figure 5.6: Cumulative growth of cosmid library selected with C3, C4 and C6, 

compared with untreated parasites ....................................................................... 139 

Figure 5.7: Evaluation of AS and GP overexpression in ASOE and GPOE transgenic 

parasites ................................................................................................................ 141 

Figure 5.8: Dose-response curves for WT, ASOE and GPOE promastigotes treated 

with C2, C4 and C6 ............................................................................................... 141 



xii 
 

Figure 5.9: Dose-response curves for L. donovani promastigotes WT treated with C3 

in the presence and absence of 50 µM FeCl2 and C6 in the presence and absence of 

50 µM CuCl2. and C6 in the presence and absence of 100 µM ZnCl2. .................. 144 

Figure 5.10: Spectrophotometric wavelength scanning studies............................ 148 

Figure 5.11: The chemical structures of C2, C3, C4 and C6 ................................ 154 

Figure 6.1: Updated hit selection screening cascade for anti-leishmanial compounds 

with the addition of the chelators counter-screen……………………………........... 160 

 

 



xiii 
 

List of tables 

Table 1.1: Summary of different Leishmania spp, clinical manifestations and 

geographical distribution. .......................................................................................... 3 

Table 1.2: Phenotypically active compounds selected from GSK chemical boxes. 29 

Table 2.1: Full composition of culture media........................................................... 31 

Table 2.2: Antibiotics used in transgenic cell line selection. ................................... 35 

Table 2.3: List of primers used for sequencing. ...................................................... 39 

Table 2.4: Summary of conditions used for qRT-PCR. ........................................... 41 

Table 2.5: List of primers used for qRT-PCR. ......................................................... 41 

Table 2.6: PCR used for labelling probes with DIG-dUTP. ..................................... 42 

Table 2.7: List of primers used for probes amplification .......................................... 43 

Table 2.8: PCR used for site-directed mutagenesis. ............................................... 44 

Table 2.9: List of primers used for site-directed mutagenesis. ................................ 45 

Table 2.10: PCR-amplification of DNA encoding sgRNA. ....................................... 46 

Table 2.11: List of primers used for DNA encoding sgRNA amplification. .............. 47 

Table 2.12: List of oligonucleotides used for repair template. ................................. 48 

Table 2.13: Diagnostic PCR protocol for CRISPR-Cas9 editing. ............................ 48 

Table 2.14: List of primers used for CRISPR-Cas9 editing diagnostic PCR. .......... 49 

Table 3.1: EC50 values for C5 against L. donovani and T. brucei. ........................... 65 

Table 3.2: EC50 values for compound C5 against L. donovani promastigotes, WT and 

clonal resistant cell lines. ......................................................................................... 66 

Table 3.3: Comparison of the gene copy number of a fragment of Chr 6 in resistant 

clones relative to WT. .............................................................................................. 68 

Table 3.4: Summary of encoding SNPs identified in compound C5-resistant clones.

 ................................................................................................................................ 68 



xiv 
 

Table 3.5: List of 10 genes encoded by the 54.5kb fragment on Chr 6 enriched in 

compound C5 selected parasites following cosmid library selection. ...................... 70 

Table 3.6: Comparison of EC50 values for WT and resistant lines (RES I – V and 

OSCOE) against either compound C5 or BIBX-79. ................................................... 78 

Table 3.7: EC50 values for L. donovani WT, OSCOE and RES III against anti-

leishmanial inhibitors. .............................................................................................. 78 

Table 3.8: EC50 values for compound C5 racemate and its enantiomers against L. 

donovani WT and resistant promastigotes (OSCOE and RES I – V). ....................... 80 

Table 3.9: HepG2 cytotoxicity evaluation and SI determination for compound C5 

racemate,  enantiomers and BIBX-79. .................................................................... 81 

Table 3.10: EC50 values for compound C5 racemate and its enantiomers against 

axenic and intracellular amastigotes. ...................................................................... 82 

Table 3.11: EC50 values for compound C5 racemate and its enantiomers against 

promastigotes under different concentrations of FBS. ............................................. 83 

Table 3.12: List of top 10 proteins demonstrating thermal shift in the presence of (S)-

C5 and identified as “hits” or potential targets by NPARC analysis in both technical 

replicates. ................................................................................................................ 90 

Table 4.1: EC50 values for C1 against L. donovani, T. brucei and HepG2 cell lines.

 .............................................................................................................................. 106 

Table 4.2: EC50 values for C1 against L. donovani WT and resistant axenic 

amastigote cell lines. ............................................................................................. 108 

Table 4.3: Summary of SNPs identified in C1 resistant clones. ............................ 109 

Table 4.4: List of 7 protein “hits” from TPP biological replicate 1. ......................... 112 

Table 4.5: List of 25 protein “hits” from TPP biological replicate 2. ....................... 113 



xv 
 

Table 4.6: EC50 values for C1 against WT and transgenic L. donovani axenic 

amastigotes. .......................................................................................................... 116 

Table 4.7: EC50 values for C1 against WT and CRISPR-Cas9 edited clones. ...... 117 

Table 5.1: Origins and GSK’s ID for C2, C3, C4 and C6. ..................................... 128 

Table 5.2: EC50 values for C2, C3, C4 and C6 against L. donovani, T. brucei, T. cruzi 

and HepG2 cell lines. ............................................................................................ 128 

Table 5.3: EC50 values for compounds C2, C3, C4 and C6 against L. donovani and 

T. brucei. ............................................................................................................... 129 

Table 5.4: EC50 values for C2 against L. donovani WT in the presence and absence 

of divalent metal cations. ....................................................................................... 131 

Table 5.5: EC50 values for TPEN and EDTA against L. donovani WT in the presence 

and absence of divalent metal cations. ................................................................. 131 

Table 5.6: Ranking of hit fragments on Chr 23, 26 and 7 identified in C2 screen based 

on the percentage of coverage by RPKM. ............................................................. 133 

Table 5.7: Fragments of Chr 7, 23 and 26 enriched following genome-wide 

overexpression screen with C2. ............................................................................ 134 

Table 5.8: EC50 values for C4 against L. donovani promastigotes, WT and uncloned 

resistant cell lines. ................................................................................................. 136 

Table 5.9: EC50 values for C6 against L. donovani promastigotes, WT and cloned 

resistant cell lines. ................................................................................................. 136 

Table 5.10: Ranking of hit fragments on Chr 7, 23 and 26 identified in C3, C4 and C6 

screens based on the percentage of coverage by RPKM. .................................... 139 

Table 5.11: Coverage by RPKM of genes present in the Chr 26 fragment ........... 139 

Table 5.12: EC50 values for C3, C4 and C6 against L. donovani WT in the presence 

and absence of the correspondent divalent metal cations. .................................... 143 



xvi 
 

Table 5.13: HepG2 cytotoxicity evaluation and SI determination for compounds C2, 

C3, C4 and C6. ...................................................................................................... 145 

 

 



xvii 
 

List of abbreviations 

ACR2 Antimonite reductase  

AGC Automatic gain control 

AmB Amphotericin B  

AS Asparagine synthetase a 

BIBX-79  
Trans-N-(4-chlorobenzoyl)-N-methyl-(4-dimethylamino 

methylphenyl)-cyclohexylamine 

BiP Luminal binding protein 

BSF T. brucei bloodstream-form  

Ca Calcium 

CaCl2 Calcium chloride 

CD Chagas disease 

Chr chromosome 

CI chloroform:isoamyl alcohol 

CL Cutaneous leishmaniasis 

CNV Copy number variation 

COPI Coat protein I 

COPII Coat protein II  

CRAL-TRIO Cellular retinaldehyde binding protein/Trio protein homology 

Cu Copper 

CuCl2 Cuproc chloride 

CYP51 Sterol 14-demethylase 

Cys Cysteine  

Cys-Gly Cysteinyl-glycine  

DCL Diffuse cutaneous leishmaniasis  

DIG Digoxigenin 

DKO Double knockout 

DMSO Dimethyl sulfoxide 

DNDi Drugs for Neglected Diseases Initiative  

EB Elution buffer 

EC50 Concentration inhibiting growth by 50%  

EDTA Ethylenediaminetetraacetic acid  



xviii 
 

ER Endoplasmatic reticulum  

ERES Endoplasmatic reticulum exit site  

FBS Fetal bovine serum  

FDA Food and Drug Administration 

FDR False discovery rate 

Fe Iron 

FeCl2 Iron chloride 

FRMS Fourier Transform Mass Spectrometry 

G418 Geneticin  

GAP GTPase activating protein  

GC Guanine-cytosine 

gDNA Genomic DNA 

GP Glutathione peroxidase-like protein  

GSH Glutathione  

GSK GlaxoSmithKline 

HAT Human African trypanosomiasis  

HepG2 Human hepatocyte carcinoma cell lines  

HP Hypothetical protein  

HPLC High-pH reversed-phase  

HPOE Transgenic cell lines overexpressing hypothetical protein  

HSP70 70 kDa heat shock protein 

HYG Hygromycin B phosphotransferase 

IIA Iodoacetamide 

IMP Integral membrane protein  

LB Luria Broth 

LC-MS  Liquid chromatography-mass spectrometry 

LFQ Label-free proteomics quantification  

MCL Mucocutaneous leishmaniasis  

MF Miltefosine  

Mn Manganese 

MnCl2 Manganese chloride 

MoA Mode/mechanism of action 

NaCl Sodium chloride 



xix 
 

NaOH Sodium hydroxide 

NAT Nourseothricin N-acetyl transferase 

NGS Next-generation sequencing  

NPARC Nonparametric analysis of response curves 

NTDs Neglected tropical diseases 

ORF Open reading frame 

OSC Oxidosqualene cyclase 

OSCOE Transgenic cell lines overexpressing oxidosqualene cyclase 

PAC Puromycin N-acetyltransferase 

PAM Protospacer adjacent motif 

PBS Phosphate buffered saline 

PCF T. brucei procyclic forms 

PCI Phenol:chloroform:isoamyl alcohol 

PCR Polymerase chain reaction 

PDB Protein Data Bank 

PKDL Post kala-azar dermal leishmaniasis  

PM 

PTU 

Paromomycin 

Polycistronic transcription units 

PV Parasitophorous vacuole  

qRT-PCR Quantitative reverse transcription-polymerase chain reaction  

R2 Coefficient of determination 

rDKO Rescued double knockout 

RES Resistant lines 

RNS Reactive nitrogen species  

ROS Reactive oxygen species  

RPKM Reads per kilobase per million mapped reads  

RT Room temperature 

SbIII Trivalent antimonials 

SbV Pentavalent antimonials 

SDS Sodium dodecyl 

Sec23 Protein transport protein Sec23 

Sec23OE Transgenic cell lines overexpressing Sec23 

sgRNA Single-guide RNA 



xx 
 

SI Selectivity index  

SKO Single knockout  

SNP Single nucleotide polymorphism 

SOC Super Optimised Broth 

SSC Saline-sodium citrate buffer 

T(SH)2 Trypanothione 

TB Terrific Broth 

TCA Trichloroacetic acid 

TCEP Tris(2-carboxyethyl)phosphine 

TEAB Triethylammonium bicarbonate 

TLC Thin-layer chromatography  

Tm Melting temperature 

TMT Tandem mass tag  

TPEN N,N,N`,N`-tetrakis(2-pyridylmethyl)ethane-1,2-diamine  

TPP Thermal proteome profiling 

TR Trypanothione reductase  

UTR Untranslated region 

V-H+-ATPase Vacuolar-type proton ATPase 

VL Visceral leishmaniasis  

WGS Whole-genome sequencing 
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Zn Zinc 

ZnCl2 Zinc chloride 

β-OG Octyl β-d-glucopyranoside  

ΔTm Melting temperature differences  

 

 

 



xxi 
 

Acknowledgment 

Firstly, I would like to thank my supervisors Dr Susan Wyllie and Professor Ian Gilbert, 

who gave me the opportunity to develop this exciting and challenging research 

project. Particularly to Ian, who replied my email when I was a master student and 

provided me with this incredible chance to come to Dundee and follow my PhD 

dream. And especially to Susan, who I am incredibly grateful for the day-to-day 

supervision, guidance, support, motivation, thesis proofreading and encouragement 

provided throughout my studies in the laboratory. 

Thanks to Professor Alan Fairlamb for all the helpful discussions and 

suggestions to improve this project and thesis. To my thesis committee, Professor Sir 

Michael Ferguson and Dr Helge Dorfmueller, for monitoring my academic progress 

and providing constructive feedback and support. To Dr Julio Martin for his 

supervision from GSK and his team, especially Juan Perez and Pilar Manzano-

Chinchon, for keeping my compound supply. 

Thanks to Dr Mattie Pawlowic and Dr Michael Urbaniak for being the 

examiners of this thesis. 

I am grateful to the colleagues who have contributed to my work, in particular: 

Sandra for the everyday laboratory supervision; Richard for all the sequencing 

analysis, discussions and suggestions on my work; Victoriano for all the TPP lessons, 

support and analysis; Stephen, Eoin and Davide, for all the chemical synthesis and 

lessons; Lucia and Rupa for all the TLC teaching, guidance and support; Erika for the 

macrophages used in this work; Fabio Zucotto for the computational chemistry 

studies; Zhe and Joana for the Southern blot guidance and discussions; Rachel for 

qRT-PCR lessons. I especially thank all my labmates, previously mentioned and 



xxii 
 

including Lindsay, Marta and Natalie, for being the best people to work with, listening, 

helping, laughing and making my everyday work really pleasured. 

I would like to acknowledge all the support staff and services of the University, 

especially the contributions from BCDD lab managers and technicians, the 

FingerPrints Proteomics facility and DNA sequencing. 

Specially thank my partner and wife, Carla Chiodi, who has been holding my 

hand thigh, giving me strength, showing me a life full of love and constantly making 

all my dreams come true. To all the Brazilian friends I made in Dundee for being my 

second family. To Zhe, my dear flatmate and little sister, for your friendship, 

unforgettable moments and Chinese cuisine. To my Brazilian and Portuguese family 

for all the support. 

These four years have been a long and fantastic journey, full of challenges, 

surprises, ups and downs. Each one of you has a piece of the contribution that made 

it so special. 

Thanks to Medical Research Council and GlaxoSmithKline for funding my 

studentship and experimental work. 

 



1 
 

1 Introduction 

1.1 Leishmania 

1.1.1 Kinetoplastids 

Leishmania and Trypanosoma species are uni-flagellated protozoans distinguished 

from other protozoans mainly by the presence of an organelle called the kinetoplast, 

a DNA-containing region in their mitochondrion localised to the base of the flagellum. 

In these two genera, the kinetoplastid pathogens Trypanosoma brucei, Trypanosoma 

cruzi and Leishmania spp. are the causative agents of human African 

trypanosomiasis (HAT, also known as sleeping sickness), Chagas’ disease (CD), and 

leishmaniases, respectively (Stuart et al., 2008; WHO, 2020). These insect-

transmitted parasitic diseases threaten millions of people in approximately 98 

countries, resulting in extensive suffering and thousands of deaths annually (DNDi, 

2016). Due to the low level of investment in treatments for these diseases, in contrast 

to the big three infectious diseases (HIV/AIDS, tuberculosis and malaria) (Hotez, 

2015), the World Health Organization (WHO) recognizes HAT, CD and leishmaniasis 

as neglected tropical diseases (NTDs) (WHO, 2012). 

 

1.1.2 Leishmaniasis  

Leishmaniasis is caused by protozoan flagellates of the genus Leishmania and 

transmitted by a bite of a female phlebotomine sandfly. Infections can be both 

zoonotic or anthroponotic, involving animals or humans as reservoirs, respectively. 

Clinically, leishmaniasis occurs in three major manifestations known as cutaneous 

leishmaniasis (CL), mucocutaneous leishmaniasis (MCL) and visceral leishmaniasis 

(VL; also known as kala-azar). Two further derived manifestations are known as 

diffuse cutaneous leishmaniasis (DCL) and post kala-azar dermal leishmaniasis 
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(PKDL) (Sasidharan and Saudagar, 2021; WHO, 2021b). The causal parasite 

species, clinical manifestation and geographical distribution are summarised in Table 

1.1. 

CL is the most common form of the disease, causing skin lesions and ulcers 

on the most exposed parts of the body and generally at the site of the sandfly bite. 

These lesions are generally self-healing but often leave permanent scars that can be 

stigmatising. MCL occurs following the dissemination of parasites to the mucosal 

tissues of the mouth and upper respiratory tract. Nasal lesions with nodules and 

infiltration of the septum are always present, leading to nostril obstruction, septum 

perforation and nose broadening. Destruction of the nose, pharynx and larynx occurs 

in the final stage and, as MCL rarely heals spontaneously, pneumonia due to 

secondary bacterial infection is the commonest cause of death. DCL is a rare 

manifestation where non-ulcerative lesions spread across the skin due to 

uncontrolled parasite growth. Its characteristic widely disseminated cutaneous 

macules resemble lepromatous leprosy and, like MCL, this disease does not heal 

spontaneously. VL occurs when parasites migrate to internal organs, principally the 

liver, spleen and bone marrow. Although some cases might be asymptomatic, VL is 

characterised by irregular fever, weight loss and alteration in several organs such as 

splenomegaly, hepatomegaly, lymphadenopathy and anaemia. PKDL is a 

complication of VL that usually appears in a small number of treated patients (5 – 

10%) six months after apparent cure. It is characterised by a macular, maculopapular, 

and nodular rash (WHO, 2010, 2021b; DNDi, 2016). According to the WHO (WHO, 

2021b, 2021a), more than one billion people living in endemic areas are at risk of 

infection, with 700,000 – 1 million estimated new cases occurring each year. 
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1.1.3 Leishmania spp. 

Parasites of the genus Leishmania have been genetically and biochemically 

classified into at least 21 different species (Table 1.1). Depending on the patient's 

geographical area and clinical presentation, these species are classified further as 

either Old World or New World (Lewis, 1971; Sasidharan and Saudagar, 2021).  

 

Table 1.1: Summary of different Leishmania spp, clinical manifestations and geographical distribution. 

Adapted from (Sasidharan and Saudagar, 2021). 

Leishmania (L.) 

species 

Clinical 

manifestation 
Geographical distribution 

L. donovani VL, PKDL India, Nepal, Bangladesh, Sri Lanka, East Africa 

L. infantum  VL, PKDL 
Mediterranean Basin, central and west Asia, 

Venezuela 

L. major CL North Africa, central and west Asia 

L. tropica CL Central and West Asia, western India 

L. aethiopica  CL, DCL Ethiopia and Kenya 

L. braziliensis CL, MCL 

Argentina, Belize, Bolivia, Brazil, Colombia, Costa 

Rica, Ecuador, French Guyana, Guatemala, Honduras, 

Nicaragua, Panama, Peru, Venezuela 

L. amazonensis  CL, MCL, DCL Bolivia, Brazil, Colombia, French Guyana, Paraguay 

L. mexicana CL, DCL 
Belize, Colombia, Costa Rica, Dominican, Ecuador, El 

Salvador, Guatemala, Honduras, Mexico, USA 

L. yucumensis CL Bolivia 

L. llanosmartini CL, MCL Bolivia 

L. guyanensis  CL, MCL Brazil, French Guyana, Guyana, Venezuela 

L. lainsoni CL Brazil 

L. naiffi  CL Brazil, French Guyana 

L. shawi CL Brazil 

L. colombiensis  CL Colombia, Venezuela 

L. panamensis CL, MCL Colombia, Costa Rica, Honduras, Nicaragua, Panama 
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L. aristedesi  CL Panama 

L. peruviana CL Peru 

L. garnhami  CL Venezuela 

L. pifanoi CL Venezuela 

L. venezuelensis CL Venezuela 

 

1.1.4 Genomic organisation  

The genome of Leishmania spp. is comprised of both chromosomal DNA, organised 

in the nucleus, and episomal DNA in the kinetoplastid. The haploid genome is 32.8 

Mb in size and is organised into 36 chromosomes (Peacock et al., 2007). A total of 

8,272 genes encode proteins (Ivens et al., 2005), of which approximately 6,200 are 

conserved with the other trypanosomatids and more than 1,000 are thought to be 

Leishmania-specific (Peacock et al., 2007).  

Leishmania genomes have several unusual features such as the absence of 

introns and chromosomes that are smaller but with a large number of genes (Kazemi, 

2011). In addition, unlike most eukaryotes where a single transcription unit with its 

own promoter and terminator encodes each protein, kinetoplastid genes are 

organised together along a DNA strand and are transcribed as part of polycistronic 

transcription units (PTUs). Since PTUs do not possess clear promoterss, the 

transcription of many (sometimes hundreds) of protein-encoding genes by RNA 

polymerase II use dispersed and bidirectional start sites that are still not fully 

understood (Briggs et al., 2019; Damasceno et al., 2021).  

Polycistronic transcription negates traditional methods of transcriptional 

regulation and as a result, regulation of gene expression in kinetoplastids is mainly 

achieved at post-transcriptional level, including mRNA processing, stability and 

translation, and post-translation modifications. To adapt to stressful environments  
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(including drug pressure), Leishmania has evolved mechanisms to modify their 

mRNA levels by altering gene dosage through amplification, duplication, deletion and 

aneuploidy, or to add single nucleotide polymorphisms in key proteins or drug targets 

(Leprohon et al., 2015)  

 

1.1.5 Transmission and life cycle 

Leishmania have a digenetic life cycle involving a mammalian host and insect vector 

(Figure 1.1). These parasites exist in two major replicative developmental stages: 

promastigote and amastigote. Promastigotes are extracellular and have a flagellum, 

used for parasite propulsion and attachment in the gut of the arthropod vector. 

Amastigotes are rounded and intracellular, found within macrophages and other 

mononuclear phagocytic cells (Zulfiqar, Shelper and Avery, 2017). 

Parasites in the metacyclic promastigote stage are transmitted to their hosts 

through the bite of infected sandflies of the genus Phlebotomus (Old World) or 

Lutzomyia (New World) (WHO, 2010). According to WHO (WHO, 2021b), over 90 

sandfly species can transmit Leishmania parasites. Promastigotes injected into the 

bloodstream are phagocytosed by macrophages or other phagocytic cells. Inside 

these host cells, parasites lodge within a phagolysosome-like structure called 

parasitophorous vacuole (PV), where they transform into amastigotes and replicate, 

bursting out and infecting neighbouring phagocytic cells, perpetuating the infection. 

When an infected mammal is bitten by a sandfly, infected macrophages or phagocytic 

cells are ingested and amastigotes are released in the sandfly midgut. Amastigotes 

then transform into procyclic promastigotes, replicating and differentiating into 

infective metacyclic promastigotes. The cycle continues when metacyclic 
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promastigotes are once again injected into the mammalian host (Harhay et al., 2011; 

Jain and Jain, 2013).
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Figure 1.1: Life cycle of VL. Created with BioRender and adapted from (Jain and Jain, 2013).
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1.2 Visceral leishmaniasis 

1.2.1 Epidemiology and distribution 

VL is a systemic infection commonly called kala-azar on the Indian subcontinent. 

Depending on geographical location, it is caused by the intracellular protozoan 

parasites L. donovani (East Africa and the Indian subcontinent) and L. infantum (also 

known as L. chagasi found in Europe, North Africa and Latin America) (Chappuis et 

al., 2007). This disease is the most severe form of leishmaniasis, causing prolonged 

fever, substantial weight loss, spleen and liver enlargement, progressive anaemia 

and death in over 95% of the cases if left untreated. The infection risk is 2,000 times 

more significant for people living with HIV (DNDi, 2019b). Due to the immuno-

compromised state of patients, this disease destroys the immune system increasing 

the severity of VL, relapse rates and the risk of death. An estimated 50,000 to 90,000 

new cases occur each year, with only 25 to 45% reported to WHO (WHO, 2021b). 

Even though leishmaniasis affects 97 countries, in 2018, just five countries – Brazil, 

Ethiopia, India, South Sudan and Sudan – were responsible for 83% of the total VL 

cases (Figure 1.2) and > 95% of VL deaths worldwide (WHO, 2020). 
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Figure 1.2:  Worldwide endemicity of VL in 2018. Countries not coloured: “No autochthonous cases reported or no data”. Created with Gimp based on “Status 
of endemicity of VL worldwide, 2018” (WHO, 2020). 
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1.2.2 Current chemotherapies 

Treatment for leishmaniasis relies entirely on chemotherapy since no vaccines 

are currently available. At present, only a few chemotherapies are available, 

namely pentavalent antimonials (SBV) (meglumine antimoniate and sodium 

stibogluconate), amphotericin B (AmB), miltefosine (MF) and paromomycin (PM) 

(Figure 1.3). Many factors determine the choice of drug for VL treatment, 

including the type of disease, concomitant pathologies, parasite species and 

geographic location (DNDi, 2016). In the last years, several clinical trials have 

shown that the same drug and dosing regimen may have a different efficacy 

depending on the geographical area of use (Alves et al., 2018). In addition, the 

parasite species responsible for the infection, and features of the patient 

population, such as genetic characteristics, immune status, social and 

epidemiological context, may influence the outcome (Alves et al., 2018). The 

variation in efficacy due to geographical area and patient population is poorly 

understood. Each drug suffers from various issues, including severe toxicity, long 

treatment course, invasive route of administration, high cost and the emergence 

of resistance. Each treatment will be discussed in detail below. 
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Figure 1.3: Current drugs used to treat VL. 
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1.2.2.1 Pentavalent antimonials 

SbV were introduced as therapeutics for leishmaniasis in the 1940s and are still 

in use as a front-line treatment. Common side effects include anorexia, vomiting, 

nausea, abdominal pain, malaise, myalgia, arthralgia, headache, metallic taste 

and lethargy (WHO, 2010). Other limitations including the need for a painful daily 

parenteral administration for at least three weeks (20 mg SbV/kg/day for 20–30 

days), requiring hospitalization (Frézard, Demicheli and Ribeiro, 2009). 

Additionally, suboptimal dosing and incomplete treatment in the resource-limited 

eastern region of India (state of Bihar) have played a part in the emergence of 

drug-resistant parasites with a 65% unresponsiveness rate against antimonials, 

resulting in a large VL outbreak in the early 1990s. In this region, SbV is no longer 

recommended (Sundar et al., 2000). Currently, where resistance is not reported, 

antimonials used in the clinic include meglumine antimoniate and sodium 

stibogluconate, commercialised as Glucantime® (by Aventis) and Pentostam® 

(by GlaxoSmithKline (GSK) or generic by Albert David), respectively (WHO, 

2010).  

The mode of action (MoA) of SbV against leishmaniasis has been 

extensively investigated and associated with being multifactorial but remains not 

entirely elucidated. SbV are prodrugs that become biologically active when 

reduced to the more toxic trivalent antimonials form (SbIII), producing anti-

leishmanial effects (Shaked-Mishant et al., 2001). SbIII are toxic to both 

Leishmania stages, amastigotes and promastigotes, whereas SbV are selectively 

toxic for the amastigote stage, suggesting the reduction ability of parasites to 

reduce SbV to SbIII is stage-specific (Goyard et al., 2003; Wyllie, Cunningham and 

Fairlamb, 2004). Antimony reduction has been proposed as being mediated by 

two thiol-dependent enzymes or by non-enzymatic reactions. Enzymatically, first, 
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the thiol-dependent reductase 1 was identified in L. major and found 10-fold 

higher expressed in amastigotes than promastigotes, which not by itself could be 

responsible for the stage-specific sensitivity (Denton, Gregor and Coombs, 

2004). Second, the antimonite reductase (ACR2) was identified as the L. major 

homologue of the arsenate reductase of Saccharomyces cerevisiae, ScAcr2p 

(Zhou et al., 2004). Non-enzymatically, SbV can be reduced by low-molecular-

mass thiols such as glutathione (GSH), cysteine (Cys), cysteinyl-glycine (Cys-

Gly) and parasite-specific trypanothione (T(SH)2) (Dos Santos Ferreira et al., 

2003). In Leishmania parasites, GSH is found in the cytosol (pH 7.2), Cys and 

Cys-Gly are expected to be the predominant thiols within the lysosomes (the main 

acidic organelle of the cell) (Dos Santos Ferreira et al., 2003) and T(SH)2 is the 

most abundant thiol (82%) within Leishmania parasites (~ 5mM in L. donovani 

promastigotes) (Fairlamb, 1992). These reduction reactions can occur at 37 °C 

in both pH 5 and pH 7, but are favoured at acidic pH, (Dos Santos Ferreira et al., 

2003). Therefore, SbV reduction occurs most rapidly at lower pH, similar to that 

found in the PV and parasite’s lysosomes (Denton, Gregor and Coombs, 2004).  

The MoA of SbIII has been associated with its ability to interfere with T(SH)2 

metabolism. Trypanothione reductase (TR) is the enzyme responsible for 

maintaining T(SH)2 in its reduced form. Both TR and T(SH)2  play a vital role in 

maintaining an intracellular reducing environment and protecting these parasites 

against oxidative damage, which is crucial for parasite survival (Dumas et al., 

1997). SbIII can inhibit TR in vitro (Cunningham and Fairlamb, 1995), leading to 

an accumulation of the disulfide form of the trypanothione (T(S)2) and, 

consequently, perturbing the thiol redox potential of the cell (Wyllie, Cunningham 

and Fairlamb, 2004). In addition, SbIII can also bind to T(SH)2 forming a SbIII-

T(SH)2 complex, promoting the rapid cellular efflux via ATP-coupled transport 
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(Yan et al., 2003), which decreases the intracellular thiol buffer capacity (Wyllie, 

Cunningham and Fairlamb, 2004). These effects were observed when 

amastigotes but not promastigotes were treated with Pentostam (SbV) (Wyllie, 

Cunningham and Fairlamb, 2004). Accordingly, overproduction of intracellular 

thiols including T(SH)2, GSH and Cys was found to be related to antimonial-

resistant Leishmania (Mukhopadhyay et al., 1996). 

It has also been reported that SbIII is able to induce cell death associated 

with DNA fragmentation in L. infantum axenic amastigotes (Sereno et al., 2001) 

and apoptosis characterized by externalization of phosphatidyl-serine in L. 

donovani intracellular amastigotes (Sudhandiran and Shaha, 2003).  

 

1.2.2.2 Amphotericin B  

The antifungal AmB was first isolated from Streptomyces nodosus in 1959 

(Dutcher et al., 1959) and its complete synthesis was first described in 1987 

(Nicolaou et al., 1987). AmB has very low solubility and minimal oral 

bioavailability, requiring parenteral administration as a suspension with the 

solubilizing agent deoxycholate to achieve its sufficient concentration to be 

effective (Lemke, 2005). The conventional AmB deoxycholate has been used as 

second-line medicine to replace the conventional antimonials in regions where 

VL is resistant to antimonials (WHO, 2010). Its activity is related to its high-affinity 

for ergosterol (Kaminski, 2014), the main sterol found in the Leishmania cell 

membrane. AmB forms complexes with ergosterol/cholesterol that arrange into 

ion channels leading to altered membrane permeability and cell death (Brajtburg 

et al., 1990). Another mechanism linked to cell death is auto-oxidation and the 

formation of free radicals (Lamy-Freund, Ferreira and Schreier, 1984).  
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Despite high efficacy, AmB deoxycholate is associated with toxic side 

effects such as nephrotoxicity, high fever, rigour, chills and thrombophlebitis, 

which require close monitoring, hospitalisation and even interruption of treatment 

in some patients (WHO, 2010). Aiming to reduce these side effects and increase 

the efficacy, drug delivery systems “new formulations” (liposomes, emulsions and 

nanoparticles) of AmB have emerged based on the concept of targeted drug 

delivery to the cells affected in VL (macrophages in the liver, spleen and bone 

marrow), minimizing the free drug interaction with non-target tissues (Vyas et al., 

2005). Several formulations have been described, but liposomal AmB is the most 

extensively used treatment (WHO, 2010). Various studies showed high efficacy 

and very low toxicity using different liposomal AmB regimens: > 95% cure rate 

comparing 14-, 10- and 6-mg/kg (Thakur et al., 2016), and 90% and 89% cure 

rates using singles doses of 7.5 mg/kg and 3.75 mg/kg, respectively (S. Sundar 

et al., 2002; Mondal et al., 2010). It is also an important therapy for treating 

vulnerable groups, including pregnant women and HIV-coinfected patients 

(WHO, 2010). The only liposomal AmB approved by the U.S. Food and Drug 

Administration (FDA) and WHO for VL treatment is AmBisome® (Gilead 

Sciences, USA) (Burza, Croft and Boelaert, 2018). Its major limitation is the high 

price per treatment course, approximately US$ 1,600, making its large-scale 

implementation problematic for developing countries. In order to make it 

affordable and bring it back to the VL treatment toolkit, a negotiation between 

WHO and Gilead Sciences has reduced its market price to approximately 

US$200 per treatment (US$18 per vial) (Alves et al., 2018).  

Since 2010 the WHO-recommended treatment for VL caused by L. 

donovani on the Indian subcontinent is 10 mg/kg of liposomal AMB as a single 

dose by infusion of 3 – 5 mg/kg/day dose infusion over 3 – 5 days up to a total 
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dose of 15 mg (Sundar et al., 2010; WHO, 2010). In 2017, to mitigate the risk of 

resistance developing to liposomal AmB, planning to implement several 

alternative combination regimens began (Burza, Croft and Boelaert, 2018).  

 

1.2.2.3 Miltefosine 

MF is an alkyl phospholipid (hexadecylphosphocholine) developed initially as an 

oral anticancer drug but was shown to have anti-leishmanial activity (Croft et al., 

1987; Scherf et al., 1987). It was first registered to treat VL in India in 2002 and 

is considered a significant therapeutic advance as it is the only effective oral 

agent for treating VL, including infections resistant to conventional antimonial 

therapy (Sundar and Murray, 2005; Sunyoto, Potet and Boelaert, 2018). In L. 

donovani, several studies have shown a complex leishmanicidal mechanism for 

MF. It is able to affect acidocalcisomes, causing rapid organelle alkalinization and 

disruption of calcium homeostasis (Pinto-Martinez et al., 2018); inhibition of 

phosphatidylcholine biosynthesis (Rakotomanga et al., 2007); decreases in the 

oxygen consumption rate, mitochondrial depolarization and intracellular ATP 

levels, which suggest that mitochondrial cytochrome c oxidase may be one of the 

likely targets (Luque-Ortega and Rivas, 2007). It also induces apoptosis-like 

death, characterized by cell shrinkage, DNA fragmentation and 

phosphatidylserine exposure (Paris et al., 2004). MF was also shown to induce 

nitric oxide synthetase 2, leading to nitric oxide production that killed parasites 

inside the macrophages (Wadhone et al., 2009). 

In contrast to other treatments, MF is easily absorbed orally and is 

distributed widely in the body with a terminal elimination half-life of around eight 

days in humans (Singh, Garg and Ali, 2016). The recommended WHO dosage 

regimen of 100-150 mg/day over the period of 28 days (WHO, 2010) has shown 
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high cure rates of over 90% in the clinical trials with VL Indian patients (Sundar 

et al., 1998). In 2005, MF was included in the National Guidelines of India, Nepal, 

and Bangladesh (Rahman et al., 2017) as a first-line treatment for VL following a 

phase III trial that showed 94% cure rate (Shyam Sundar et al., 2002).  

Despite the high cure rates, severe associated side effects include 

hepatoxicity, renal toxicity, skin allergy, gastrointestinal disturbances (nausea, 

vomiting and diarrhoea) and teratogenicity. Indeed, teratogenicity is the major 

issue and makes MF contra-indicated for pregnant women for whom adequate 

contraception can not be assured for the duration of treatment and for three 

months afterwards (WHO, 2010). Treatment costs US$ 119 per patient at the 

private company price and US$ 64–75 at the WHO-negotiated price (WHO, 

2010), which is still unaffordable for the majority of the patients. MF monotherapy 

is considered vulnerable for emergence of drug resistance, mainly due to the long 

half-life and difficulty complying with a one-month treatment course twice daily 

(Sunyoto, Potet and Boelaert, 2018). Indeed, after a decade of use as 

monotherapy, its effectiveness reportedly declined 7% in India with patients with 

directly observed treatment (Sundar et al., 2012) and 20% in Nepal with patients 

in self-administration schedule (Rijal et al., 2013). 

 

1.2.2.4 Paromomycin  

PM is an aminoglycoside antimicrobial isolated from Streptomyces rimosus in 

1956 and used to treat bacterial and protozoan infections (Monzote, 2009). Its 

anti-leishmanial activity was first identified in the 1960s against CL (Neal, 1968) 

and approved in 2006 to treat VL infections (WHO, 2010). A topical formulation 

is available for CL. For VL, due to its poor oral absorption, it is administrated 

intramuscularly. It is well-tolerated and the most common adverse effect is mild 
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pain at the injection site for 55% of patients. Reversible ototoxicity (toxicity to the 

ear) occurs in 2% of patients and renal toxicity is rare (WHO, 2010). Like the other 

drugs, its MoA in Leishmania remains to be completely elucidated but it is known 

to promote the association of 30S and 50S ribosomal subunits; this prevents their 

recycling, leading to inhibition of protein synthesis (Maarouf et al., 1995). Another 

study demonstrated drug binding to the leishmanial glycocalyx suggesting the 

mitochondria as a primary target (Jhingrana et al., 2009). 

A phase III clinical trial comparing the safety and efficacy of PM and AmB 

for the VL treatment was conducted in Bihar, India, and published in 2007. It 

demonstrated that PM treatment was not inferior to AmB and provided a final cure 

rate of 94.6% (Sundar et al., 2007), but with the introduction of MF and liposomal 

AmB, this regimen was never implemented in Asia (Alves et al., 2018). The 

dosage regimen recommended by WHO is 15 - 20 mg/kg/day over the period of 

21 days, giving a cure rate of 93 - 95% in Indian and 85% in East Africa (WHO, 

2010). According to WHO (WHO, 2010), it is also the most affordable treatment 

option for VL, costing US$ 7.4 per patient. 

 

1.2.2.5 Combination therapy 

The increasing unresponsiveness to most monotherapeutic regimens has 

highlighted the necessity to review the use of monotherapies. In this context, 

combination therapy is a strategy with potential advantages, such as shortening 

treatment duration, reducing the overall dose of medicines, reducing toxic side 

effects and cost and prolonging the effective life of the available medicines (WHO, 

2010). In addition, experience with other infections such as leprosy, tuberculosis, 

and malaria has demonstrated that combinational therapy can help prevent 

resistance (Bryceson, 2001). It is also more effective for complicated situations 
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like VL and HIV co-infection (DNDi, 2019a). In the case of anti-leishmanial drugs 

in use, where multiple MoAs are commonly observed, the nature of interactions 

could vary between doses, requiring extensive studies with different drugs at 

different dose levels in order to identify an appropriate medication.  

Drugs used in combination therapy must have either a synergistic or 

additive effect. One of the best approaches is to use one very active drug with a 

short half-life, e.g. PM (half-life 2 - 3 h) or AmB (half-life 24 h), with a second slow-

acting drug having a longer half-life, e.g. MF (half-life 7 - 8 days), to clear the 

remaining parasites from the body (Singh et al., 2016). A phase III combination 

study of AmBisome with MF had already demonstrated high efficacy in HIV-VL 

patients from Ethiopia, reaching cure rates of 67% and 88% when treatment 

lasted 28 and 58 days, respectively (Diro et al., 2019). Most recently, the Drugs 

for Neglected Diseases Initiative (DNDi) launched a new phase III study with 439 

patients from Ethiopia, Kenya, Sudan and Uganda and is currently testing the 

combination of MF and PM with completion planned for late 2021 (DNDi, 2021e). 

 

1.2.3 DNDi current portfolio for VL 

Not-for-profit organisations such as the DNDi are supporting the development of 

new treatments for NTD. In collaboration with several research and development 

partners, DNDi has built a portfolio of lead series, preclinical and clinical drug 

candidates for leishmaniasis (Figure 1.4).  
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Figure 1.4: DNDi research and development (R&D) portfolio for VL– June 2021. Adapted from 

(DNDi, 2021g). 

 

Currently, for VL, the DNDI-6174 compound is at the preclinical 

development stage and five compounds are undergoing clinical trials in healthy 

human volunteers: DNDI-6148, DNDI-0690, GSK3186899/DDD853651, 

GSK3494245/ DDD1305143 and LXE408 (Figure 1.5).  

 

 

Figure 1.5: Chemical structures of preclinical/clinical candidates from DNDi portfolio. DNDI-6174 

chemical structure has not been publicly disclosed. 

 

DNDI-6174 progressed from an L205 lead optimization series and was 

nominated as a preclinical candidate for VL in 2019. Compounds from this series 

have shown great efficacy in vivo in both mouse and hamster models for VL 
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(DNDi, 2021c). The MoA of this compound is related to the inhibition of 

cytochrome bc1, part of the electron transport chain (personal communication 

from Susan Wyllie). 

DNDI-6148 is a compound from the oxaborole class and analogue of 

acoziborole, a compound that is progressing through PhaseII/III trials for HAT 

(DNDi, 2021b). DNDI-6148 achieved high levels of parasite burden reduction in 

mouse and hamster models of VL after 5 to 10 days of treatment (Alves et al., 

2018). The MoA of this compound has been closely related to the related 

benzoxaborole acoziborole. Acoziborole specifically inhibits the cleavage and 

polyadenylation specificity factor 3, preventing the maturation of mRNA (Wall, R. 

J. et al., 2018b). DNDI-6148 was selected for preclinical development in January 

2016. Phase I single ascending dose study clinical trials started in January 2020 

and, in the next stage, the multiple ascending dose study will follow in 2022 

(DNDi, 2021b). 

DNDI-0690 is a compound from the nitroimidazole class of drugs identified 

from a anti-tuberculosis library of approximately 70 nitroimidazole compounds in 

collaboration with TB Alliance. The preclinical investigation was completed in 

2019, phase I clinical trials have been running and are expected to be completed 

in late 2021 (DNDi, 2021a). Its nitro group is believed to be bioactivated by the 

nitroreductase enzyme NTR2 in Leishmania parasites, resulting in reactive 

intermediates that kill the parasite (Wyllie et al., 2016). 

The clinical candidates GSK3186899/ DDD853651 and 

GSK3494245/DDD1305143 were developed from a collaboration between GSK 

Global Health Unit and the Drug Discovery Unit at the University of Dundee 

(DNDi, 2021d). GSK3186899/ DDD853651 is a pyrazolopyrimidine compound 

and its anti-leishmanial MoA has shown to act principally by inhibiting the parasite 
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cdc-2-related kinase 12, thus defining a novel druggable target for VL (Wyllie et 

al., 2018). Phase I single ascending dose clinical trials began in 2020 and are 

expected to be completed by late 2021(DNDi, 2021d). Compound GSK3494245/ 

DDD1305143 is derived from a repurposed hit from a screen against the related 

parasite T. cruzi. Extensive MoA studies confirmed that this compound inhibits 

the chymotrypsin-like activity catalysed by the β5 subunit of the L. donovani 

proteasome (Wyllie et al., 2019). Phase I multiple ascending dose clinical trials 

are currently pending funding and Global Safety Board approval (DNDi, 2021d). 

LXE408 was discovered by the pharmaceutical Novartis with financial 

support from the Wellcome Trust and has been jointly developed in collaboration 

with DNDi (DNDi, 2021f). LXE408 was optimized from the GNF6702, a selective 

proteasome inhibitor that selectively blocks the chymotrypsin-like activity of the 

β5 proteasome subunit (Khare et al., 2016). GNF6702 clinical tests were 

hampered by solubility-limited oral absorption and the evolved LXE408 

demonstrated excellent efficacy in mouse disease models with the appropriate 

safety profile in preclinical species (Nagle et al., 2020). Phase I single ascending 

dose clinical trials began in 2020 and are expected to be completed by late 2021 

(DNDi, 2021f). 

 

 

1.3 Drug discovery for leishmaniasis 

Attempts to develop new anti-leishmanial drugs have focused on three main 

strategies: drug repositioning, target-based and phenotypic approaches.  
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1.3.1  Drug repositioning 

Repositioning or repurposing drugs is a low-risk and low-cost strategy to find new 

uses for existing drugs developed for other diseases (Jin and Wong, 2014). Due 

to the lack of molecular targets, it has been an attractive strategy for 

leishmaniasis. Indeed, most of the anti-leishmanial drugs have been repositioned 

from other purposes, such as AmB (antifungal), MF (anticancer) and PM 

(antibacterial and antihelminthic) (Croft, Sundar and Fairlamb, 2006). The main 

advantages are the reduction of time associated with drug development, typically 

six to nine years, where the drug goes straight to preclinical tests and clinical 

trials, thus reducing the risk of failure and investments costs (Ashburn and Thor, 

2004). In addition, attempts to repurpose drugs have the potential to reveal new 

targets and pathways that can be further exploited for the discovery and 

development of new drugs.  

 

1.3.2 Target-based approaches 

Target-based approaches have been the most used strategy to discover new 

drugs in the pharmaceutical industry (Moffat et al., 2017). This strategy involves 

a screen of compounds focusing on a specific target, which must be validated, 

functionally relevant and druggable. However, in the context of anti-leishmanial 

drug discovery, the very few fully validated molecular targets in Leishmania have 

limited the success of this approach. In addition, the main disadvantage has been 

the lack of translation of the compound activity from inhibition of purified 

recombinant target in cell-free assays to the parasite inhibition of proliferation in 

the relevant mammalian model (Field et al., 2017). This may be due to multiple 

factors. In human infection, the compound must be able to cross multiple 

membrane barriers and the low pH PV in order to reach the parasite. Further, the 
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intracellular environment can metabolise some compounds converting them 

either into pharmacologically active molecules or inactivate (Zulfiqar, Shelper and 

Avery, 2017). 

 

1.3.3 Phenotypic approaches 

The issues related to the limited number of validated drug targets and the 

confirmation of on-target effects with active compounds have re-directed the drug 

discovery efforts from target-based to phenotypic screenings (Don and Ioset, 

2014). In the phenotypic or whole-cell screening approaches, there is no 

molecular target or pathway previously defined. Instead, whole parasites are 

used, and compounds are selected based on their capacity to impact parasite 

viability. The advantage of identifying phenotypically active compounds is that 

they can directly impact the parasite survival and anticipate the potential 

compound cell permeability and stability within the host-parasite environment. 

This strategy has been extensively used for Leishmania drug discovery due to 

the difficulty to identify and validate promising druggable parasite targets 

(Zulfiqar, Shelper and Avery, 2017). To date, it has been the most successful 

approach in discovering novel active compounds and developable series of 

compounds (Field et al., 2017). Once a promising phenotypically active 

compound is identified, efforts to deconvolute the molecular targets or MoA is an 

additional challenge that, despite not being mandatory, can significantly assist 

the drug development and deep understanding of the parasite biology. In this 

context, this strategy has the potential to identify molecules acting in previously 

undescribed targes/pathways or multiple targets simultaneously within a cell. 
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1.3.3.1 GSK high-throughput phenotypic screening  

GSK made available the results of high-throughput phenotypic screening of a set 

of 1.8 million compounds against the three kinetoplastids L. donovani, T. cruzi, 

and T. brucei (Pena et al., 2015). As a result of these screens, three anti-

kinetoplastid chemical boxes were compiled, each containing approximately 200 

compounds. Moreover, the compounds originality was confirmed by searching 

against the ChEMBL database, with 88% of active compounds not previously 

published and the literature annotations for the remaining 12% were unrelated to 

trypanosomatid activity. Since there was no information regarding the molecular 

targets and/or the MoA of these phenotypically active compounds, these 

compound boxes have been provided as an open resource to encourage the 

wider parasitology community to assist in target deconvolution studies.  

 

 

1.4 Target deconvolution strategies 

Target deconvolution is the identification of the molecular target(s) or MoA of a 

pharmacologically active compound. Although the lack of knowledge of the MoA 

does not impair clinical drug development, it can make the whole process 

significantly more difficult (Wilkinson, Terstappen and Russell, 2020). This is 

because there are several advantages associated with the elucidation of protein 

targets and MoA, such as i) accelerating the medicinal chemistry process, mainly 

if it is possible to do structure-based drug design for compound optimization, ii) 

developing selectivity compared to human orthologs of the target, iii) avoiding the 

progress of unattractive drug targets, e.g. the ones that are not suitable for drug 

discovery due to possible toxicity to the mammalian host, iv) avoiding the 

enrichment of drugs candidates acting on the same molecular target, v) 
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facilitating the design of combination therapies and assessment of the risk of 

resistance, vi) monitoring a possible resistance generation, e.g. due to the single 

nucleotide polymorphisms (SNPs) or gene duplications and vii) revealing novel 

druggable targets for target-based drug discovery programs. Therefore, a 

successful target deconvolution study can circumvent issues that can arise during 

the late drug discovery process and significantly reduce attrition rates (Field et 

al., 2017; Wilkinson, Terstappen and Russell, 2020). 

In this PhD project, multiple orthogonal approaches were used to identify 

the L. donovani molecular targets or MoA of the phenotypically active compounds 

selected. The fundamentals of these approaches are briefly explained below and 

will be further explored in Chapters 3, 4 and 5. 

 

1.4.1 Genomic approaches 

1.4.1.1 Generation of resistant lines followed by WGS  

This genomic approach is based on the principle that drug pressure over a period 

of time may result in the selection of genomic mutation(s) that confer resistance. 

In this strategy, independent L. donovani clones are cultured under increasing 

drug pressure until a resistant population is selected. Then, genetic mutations 

and/or gene amplifications/deletions that may be associated with the drug-

resistance phenotype are identified by whole genome sequencing (WGS). 

 

1.4.1.2 Genome-wide cosmid-based overexpression library 

The second genomic approach is the screening against a genome-wide cosmid-

based overexpression library that has recently been developed in the Wyllie 

group (Corpas-Lopez et al., 2018). This approach is based on the principle that 

overexpression of targets can result in resistance to the corresponding 
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compound. Briefly, a pool of cosmids containing Leishmania genomic DNA 

fragments (35 – 45 kb) was electroporated into Leishmania promastigotes. The 

resulting library has a genome coverage of >15-fold with 99% of L. donovani 

genes represented. Overexpression of drug targets encoded by these cosmids 

can facilitate drug-resistance by increasing the pool of functional target protein 

or/and reducing the intracellular drug concentration. Following drug selection, 

enriched cosmids harboured by the selected population are analysed by next-

generation sequencing (NGS) and genes are mapped to the L. donovani genome 

(Figure 1.6). 

 

Figure 1.6: Genome-wide overexpression library workflow. Leishmania genomic DNA fragments 

flanked by a barcode pair are inserted onto a cosmid expression vector. Leishmania promastigote 

parasites are transfected with this cosmid library and submitted to drug pressure until a resistant 

population can survive. This selected population, harbouring the cosmids responsible for a 

selective advantage, is harvested and the cosmids are recovered and sequenced by NGS. 

Bioinformatic tools are used to map the genes present in the cosmids to the L. donovani reference 

genome and, once the hits are identified, they are validated by individual target overexpression. 

Created with BioRender based on (Corpas-Lopez et al., 2018). 
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1.4.2 Chemical proteomic approached 

1.4.2.1 Thermal proteome profiling  

Thermal proteome profiling (TPP) is based on the biophysical principle that 

interaction of the ligand with its target protein causes increased thermal 

stabilisation of target proteins, allowing its identification by quantitative 

proteomics (Jafari et al., 2014). This approach combines cellular thermal shift 

assay with quantitative mass spectrometry (MS), allowing the identification of 

putative targets of a drug in an unbiased manner. Briefly, lysates of L. donovani 

promastigotes are treated with a drug or vehicle (dimethyl sulfoxide, DMSO), 

divided into aliquots and subjected to different temperatures. Following 

precipitation of destabilised/aggregated protein, the remaining soluble (stabilised) 

protein is detected and protein levels can be accessed by quantitative MS using 

isotope-encoded isobaric tandem mass tagging (TMT) reagents (Figure 1.7). 

Figure 1.7: TPP workflow. Leishmania cell lysates are incubated in the presence of the drug or 

vehicle (DMSO). Treated and control lysates is aliquoted into 10 aliquots, then each aliquot is 

submitted to heat treatment at temperatures ranging from 37 to 61 °C. Aggregated proteins are 
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removed by centrifugation and the remaining soluble proteins are labelled with TMT, fractionated 

by LCand identified by MS/MS. The melting temperature (Tm) of each protein in the control and 

treated samples, are determined and shifts in melting temperature calculated (ΔTm). Created with 

BioRender based on (Corpas-Lopez and Wyllie, 2021) 

 

1.5 Aims of the project 

As there remains a pressing need for new anti-leishmanial drugs and the 

development of effective treatments for VL is impeded by the lack of robustly 

validated drug targets in Leishmania parasites, a collaborative partnership has 

been established between the University of Dundee Mode of Action Group and 

GSK to explore the most promising compounds from the GSK's Kineto-Box and 

the Pathogen Hopping-Box. Six phenotypically active compounds were selected 

(Table 1.1) for comprehensive MoA assessment in Leishmania. My project aims 

to determine the molecular targets and/or MoA of these six diverse compounds. 

In this thesis, the use of a variety of genome-wide genetics, chemical proteomics 

and biochemistry-based approaches are detailed to deconvolve and then to 

validate the molecular targets of these compounds. 

 

Table 1.2: Phenotypically active compounds selected from GSK chemical boxes. 

ID Dundee's ID GSK's ID GSK's collection 

C1 DDD01712528 GSK3369810A TCMDC-143358 Kinetobox (Leish box) 

C2 DDD01712540 GSK917081A TCMDC-143584 Kinetobox (Leish box) 

C3 DDD01712481 GSK1119426A TCMDC-143115 Kinetobox (Leish box) 

C4 DDD01712637 GSK1801554A TCMDC-143279 Kinetobox (Chagas box) 

C5 DDD01712564 GSK2920487A TCMDC-143498 Kinetobox (Chagas box) 

C6 DDD01865389 GW504582X - Pathogen hopping 
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2 Materials and Methods 

 2.1 Materials and chemicals 

All reagents, enzymes and chemicals used in this study were of the highest grade 

and purity available from commercial companies. Solid stocks of compounds 

provided by GSK, were reconstituted in DMSO and confirmed to be >95% pure 

by liquid chromatography-mass spectrometry (LC-MS) prior to use. The six 

compounds studied in this research project were named C1, C2, C3, C4, C5 and 

C6 and their respective GSK and University of Dundee (DDD) identifications are 

summarised in Table 1.2. 

 

 

 2.2 Parasite culture 

All culture media were filter-sterilised through a 0.22 μm polystyrene membrane 

(Merck Millipore Stericup) prior to use. 

 

2.2.1 Leishmania  

2.2.1.1 L. donovani 1S2D (LdBOB) 

Leishmania donovani promastigotes of the strain LdBOB (derived from 

MHOM/SD/62/1S-CL2D) were grown at 28 °C in LdBOB promastigote medium 

(fully defined in Table 2.1, (Goyard et al., 2003)) over 72 h to mid-log (1 – 2 ×107
 

ml-1) and then sub-cultured into fresh medium at a density of 1 – 2 ×104 ml-1. L. 

donovani axenic amastigotes were grown at 37 °C with 5% CO2 in LdBOB 

amastigote medium (Table 2.1, (Goyard et al., 2003)) to mid-log and sub-cultured 

into fresh medium at a density of 1 – 2 ×105 ml-1. 
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2.2.1.2 L. donovani LV9 

L. donovani promastigotes LV9 (MHOM/ET/67/HU3) were grown at 28 °C in 

RPMI-1640 medium (fully defined in Table 2.1) to mid-log (1 – 2 ×107
 ml-1) and 

then sub-cultured into fresh medium at a density of 1 – 2 ×104 ml-1. 

 

2.2.2 Trypanosoma brucei 

Bloodstream-form (BSF) T. b. brucei ‘single marker’ S427 cells were grown at 

37°C with 5% CO2 in HMI-9T medium (Table 2.1) to mid-log (1 – 2 ×106
 ml-1) and 

then sub-cultured into fresh medium at a density of 1 – 2 ×103 ml-1. T. brucei 

procyclic forms (PCF) were grown at 28 °C in SDM-79 medium (Table 2.1) to 

their mid-log (3 – 5 ×107
 ml-1) and then sub-cultured into fresh medium at a density 

of 1 – 2 ×106 ml-1. 

 

Table 2.1: Full composition of culture media 

Media 
Developmental 

stage 
pH Composition 

LdBOB 

promastigote  
promastigotes 7.4 

1× M199 medium (Sigma) 

25 mM HEPES pH 6.9 (Sigma) 

12 mM NaHCO3 (Sigma) 

2 mM glutamine (100× GlutaMAX, Invitrogen) 

10% fetal bovine serum (FBS) heat inactivated 

(HyCloneThermo Scientific) 

1× RPMI 1640 vitamin mix (Sigma) 

10 μM folic acid (Sigma) 

100 μM adenosine (Sigma) 

7.6 μM haemin (Sigma) 

LdBOB 

amastigote 

axenic 

amastigotes 
5.66 

15 mM KCl (Sigma) 

136 mM KH2PO4 (Sigma) 
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10 mM K2HPO4 (Sigma) 

0.5mM MgSO4 (Sigma) 

24 mM NaHCO3 (Sigma) 

22 mM glucose (Sigma) 

2 mM glutamine (100× GlutaMAX, Invitrogen) 

20% FBS heat inactivated (HyCloneThermo 

Scientific) 

1× RPMI 1640 vitamin mix (Sigma) 

1× RPMI amino acid mix (Sigma) 

10 μM folic acid (Sigma) 

100 μM adenosine (Sigma) 

7.6 μM haemin (Sigma) 

25 mM MES (Sigma) 

LV9 promastigotes 7.4 

RPMI-1640 medium (with sodium bicarbonate 

and 20 mM HEPES, Sigma) 

20% FBS heat inactivated (HyCloneThermo 

Scientific) 

100 μM adenine (Sigma) 

20 mM MES hydrate pH 5.5 (Sigma)  

5 μM haemin (Sigma) 

3 μM 6-Biopterin (Sigma) 

1 μM biotin (Sigma) 

HMI-11T T. brucei BSF 7.4 

18 g HMI-9 powder (Invitrogen) 

36 mM NaHCO3 (Sigma) 

2 mM glutamine (100× GlutaMAX, Invitrogen) 

10% FBS heat inactivated (HyCloneThermo 

Scientific) 

57.5 nM 1-Thioglycerol 

SDM-79 T. brucei PCF 7.3 

25 g SDM-79 powder (Invitrogen) 

24 mM NaHCO3 (Sigma) 

11.5 μM haemin (Sigma) 
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0.2 mM glutamine (100× GlutaMAX, Invitrogen) 

10% FBS heat inactivated (HyCloneThermo 

Scientific) 

 

 

2.3 General parasite culture and genetic manipulation 

2.3.1 Cell density determination 

To determine parasite density, an aliquot was fixed 10:1 with phosphate buffered 

saline (PBS) containing 1% (v/v) formaldehyde (Thermo Scientific) and cell 

number established either using a Neubauer haemocytometer or a CASY TT cell 

counter (Schärfe). 

 

2.3.2 Cryo-preservation of parasite cell lines 

Mid-log parasites were diluted 1:1 with fresh culture medium containing 20% (v/v) 

glycerol. Aliquots (1 ml) were transferred into 2 ml cryogenic tubes (Thermo 

Scientific), frozen overnight at -80 °C and then transferred to liquid nitrogen for 

long-term storage.  

 

2.3.3 Generation of clonal cell lines 

Clonal parasite cell lines were obtained by limiting dilution. Mid-log parasites were 

diluted to a density of 1.65 cells ml-1 in fresh culture medium (with or without 

drug/antibiotic selection) and then dispensed into a 96 well plate 200 µl/well. 

Growth was monitored over the following 7 – 10 days and cells were then 

harvested from selected wells for further analysis. 
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2.3.4 In vitro compound sensitivity assays  

The relative effects of test compounds on parasite growth were determined by 

establishing the concentration at which cell growth was inhibited by 50% (EC50). 

Promastigotes, axenic amastigotes, bloodstream and procyclics trypanosomes 

were seeded into 96-well plates at 5 × 104, 2 × 105, 1.25 × 104 and 5 × 105 

parasites ml-1, respectively. Parasites were exposed to test compounds over a 

range of concentrations (two-fold serial dilutions) for 72 h. Resazurin (Invitrogen) 

(final concentration of 50 µM) was added to each well and following a further 2 – 

3 h incubation, fluorescence due to the production of resorufin was measured 

using a TECAN fluorescent microplate reader (Infinite 200 PRO) with excitation 

of 528 nm and emission of 590 nm. Data were processed using GRAFIT (version 

5.0.4, Erithacus Software) and fitted to a 2-parameter equation to obtain the 

effective EC50: 

m

EC

I
y











+

=

50

][
1

100  

In this equation, [i] represents the inhibitor concentration and m is the slope 

factor. Experiments were performed at least in two independent biological 

replicates for each parasite line. 

 

2.3.5 Leishmania donovani transfection 

Overexpression, knockout or guide RNA constructs were transfected into 

parasites using the Human T-Cell Nucleofector® kit (Lonza) and the Amaxa 

NucleofectorTM electroporator. Mid-log parasites were resuspended in room 

temperature (RT) Nucleofector® reagent (100 µl) alongside 2 – 10 µg of ethanol-

precipitated DNA (Section 2.4.12), transferred into the certified cuvette and 
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submitted to electroporation using program V-033. Following transfection, cells 

were allowed to recover for 16 – 24 h, prior to selection with the appropriate 

antibiotic (Table 2.2). Parasites were maintained in selective medium and 

removed from antibiotic selection for one passage prior to experiments.  

 

Table 2.2: Antibiotics used in transgenic cell line selection. 

Antibiotic Resistance gene 
Concentration 

(µg ml-1) 
Supplier 

Puromycin Puromycin N-acetyltransferase (PAC) 20 Invivogen 

Hygromycin Hygromycin B phosphotransferase (HYG) 50 Invivogen 

Nourseothricin Nourseothricin N-acetyl transferase (NAT) 100 Jena Bioscience 

Geneticin (G418) Neomycin 125 Invivogen  

 

 

2.4 General molecular biology 

2.4.1 Isolation of genomic DNA  

Mid-log parasites (~ 1–2 × 108 in total) were pelleted by centrifugation (1,912 ×g, 

25 °C, 5 min), resuspended in 450 µl gDNA lysis buffer (10 mM Tris-HCl pH 8, 

100 mM NaCl, 25 mM EDTA, 0.1 mg ml-1 proteinase K, 0.5% (w/v) sodium 

dodecyl (SDS)) and incubated at 56 °C overnight. One volume of 

phenol:chloroform:isoamyl alcohol (PCI, 25:24:1) was added to the lysate, 

vortexed, and the upper phase containing the DNA was removed after 

centrifugation (13,000 ×g, RT, 1 min). Another PCI extraction was performed 

under the same conditions, followed by extraction with one volume of 

chloroform:isoamyl alcohol (CI, 24:1). The extracted DNA was then precipitated 

with 2.5× volumes of 100% ethanol and washed twice in 70% (v/v) ethanol to 

remove any inorganic contaminants. Finally, the isolated gDNA was dried and 
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resuspended in elution buffer (EB,10 mM Tris-HCl pH 8.5) and purity confirmed 

(260:280 ratio >1.8) using a NanoDrop One spectrophotometer (Thermo 

Scientific). 

 

2.4.2 Polymerase chain reactions 

Polymerase chain reactions (PCR) for amplification was carried out using T4 

(NEB), Hot Start Taq (NEB) or Q5® High-Fidelity (NEB) DNA polymerase 

according to manufacturer’s instructions. The template concentrations used 

ranged from 1 – 10 ng for gDNA, 10 – 100 pg for purified plasmid DNA and 

optimised for each target of interest. 

 

2.4.2.1 Primer design 

Primers were based on the L. donovani BPK282A1 genome (v9.0, tritrypdb.org). 

Primer design was based on the following criteria: ~45 – 55 % guanine-cytosine 

(GC), GC-lock at the 3′ end, melting temperature (Tm) between 50 – 65 °C and 

less than 5 °C difference in Tm between primer pairs. To avoid non-specific 

amplification and ensure specificity, primers were screened against the L. 

donovani BPK282A1 genome using the BLAST algorithm (www.tritrypdb.org 

/tritrypdb/app/search/genomic-sequence/SequencesBySimilarity). Primers were 

synthesised by the Oligonucleotide Synthesis Service from the University of 

Dundee (www.lifesci.dundee.ac.uk/ oligonucleotide-synthesis) or by Thermo 

Scientific. Primer sequences are summarised in the tables alongside their 

corresponding application. 
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2.4.3 Agarose gel electrophoresis 

DNA samples were separated by electrophoresis on agarose gels (0.8% (w/v), 

VWR) in TAE buffer (40 mM Tris, 20 mM acetic acid, and 1 mM EDTA) containing 

0.2 µg ml-1 of ethidium bromide. Electrophoresis was carried out at 80 – 150 V in 

TAE buffer until the desired separation was achieved. Gels were imaged by UV 

transillumination. DNA ladders (1 kbp, Promega) was used to estimate the DNA 

fragment size by comparing the relative migrations through the gel.  

 

2.4.4 Gel extraction of DNA fragments  

Plasmids or DNA fragments were purified, following separation on an agarose 

gel, using the QIAquick® Gel Extraction Kit (Qiagen), according to manufacturer’s 

instructions. The final purified DNA was eluted in 50 µl of EB (10 mM Tris-HCl pH 

8.5) and purity was confirmed by spectrophotometry (260:280 ratio >1.8) using a 

NanoDrop One Spectrophotometer (Thermo Scientific). 

 

2.4.5 Restriction endonuclease digestion 

Endonucleases were purchased either from Promega or NEB, and DNA samples 

were digested according to manufacturer’s buffer and optimal temperature 

specification. Analytical digestions were carried out for 1 – 2 h whilst preparative 

digestions were performed overnight. Double digestions were performed 

simultaneously in a compatible buffer where possible. The digestion mix or an 

aliquot was then analysed by agarose gel electrophoresis (Section 2.4.3). 

 

2.4.6 Transformation of competent Escherichia coli cells 

DH5α competent cells (Thermo Scientific) were used for the routine plasmid DNA 

transformation whilst XL10-Gold ultracompetent cells (Agilent) for the 
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transformation of ligations. Aliquots of competent cells (50 µl) were mixed with 5 

– 100 ng purified plasmid DNA or ligation reaction (Section 2.4.10) and incubated 

on ice for 30 min. Cells were heat-shocked at 42 °C for 30 seconds, followed by 

cooling on ice for 3 min and the addition of RT Super Optimised Broth (SOC) 

medium (1 ml). Transformed cells were incubated for at 37 °C with 200 rpm 

agitation for 1 h and an aliquot (50 – 200 µl) was then spread onto Luria Broth 

(LB) agar plates containing the appropriate antibiotic for selection. Plates were 

incubated overnight at 37 °C and individual colonies were then selected for further 

analysis.  

 

2.4.7 E. coli propagation  

Selected individual colonies were grown in LB medium containing the appropriate 

antibiotic at 37 °C with 200 rpm agitation for 16 h. For bacterial stabilates, cells 

were mixed 1:1 with 50% (v/v) glycerol and flash-frozen on dry-ice prior to long-

term storage at -80 °C. All media were prepared by Central Technical Services 

at the University of Dundee and in all cases were sterilised by autoclaving. 

 

2.4.8 Purification of plasmid DNA 

Plasmid DNA was recovered from 5 mL cultures of E. coli using QIAprep Spin 

Miniprep Kit (Qiagen), according to manufacturer’s instructions. 

 

2.4.9 DNA sequencing 

All plasmids and PCR products in this study were sequenced by the DNA 

Sequencing Service at the University of Dundee (http://www.dnaseq.co.uk). 

Specific primers used for sequencing are shown in Table 2.3. 
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Table 2.3: List of primers used for sequencing. 

Primer name Sequence 

pIR1SAT overexpressor 

plasmid 

Forward 5′- TCATTGCTTCCTTCTGTTCCCCTCG -3′ 

Reverse 5′- TGGTCGTAGAAATCAGCCAGTACAT -3′ 

Oxidosqualene cyclase 

(OSC; LdBPK_060670) 

Forward 5′- CAAAGGACAGCCCTCATCATCG -3′ 

Forward 5′- GAAAAATGCTCGAAGCGGTC -3′ 

Reverse 5′- TTCAGCACCGTTCCCATCATCG -3′ 

Protein transport protein  

Sec-23-like-protein (Sec23; 

LdBPK_366710) 

Forward 5′- TTGTCCTATCGTCAGCAGC -3′ 

Forward 5′- GATTGTCACATACGGCACG -3′ 

Reverse 5′- GGTACAGAGTATAGCAGGGAGA -3′ 

 

2.4.10 Ligation 

T4 DNA ligase (Promega) was used to catalyse the ligation of inserts and 

linearised plasmids. Different molar ratios of plasmid versus insert were ligated, 

most commonly 1:1, 1:3 and 3:1 (plasmid:insert DNA), typically using 100 ng of 

plasmid DNA. An additional ligation reaction in the absence of insert (1:0) was 

carried out, to control for self-ligation of the plasmid. Reactions were incubated 

overnight at RT followed by transformation into XL10-Gold ultracompetent cells 

(Agilent), as described in Section 2.4.6. 

 

2.4.11 Dephosphorylation 

To minimise the risk of linearised plasmid self ligation, the 5′ and 3′ ends of the 

plasmid DNA was dephosphorylated by incubation at 37 °C for 30 min with 

Antarctic Phosphatase (NEB), according to manufacturer’s instructions. After the 

incubation period, the reaction was stopped by heat-inactivation at 80 °C for 2 

min. 
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2.4.12 Ethanol precipitation 

To each sample of DNA, 0.1 × volume of 3M sodium acetate, pH 5 and 2.5 × 

volume of absolute ethanol were added to the mixture and then vortexed. The 

mixture was incubated at -20 °C for 1 h. Precipitated DNA was then pelleted by 

centrifugation (13,000 ×g, 4 °C, 10 min) and washed with 70% (v/v) ethanol. 

Following centrifugation (13,000 ×g, 4 °C, 10 min), the resulting DNA pellet was 

air-dried, prior to resuspension in Milli-Q water and storage at 4 °C. 

 

2.4.13 Quantitative reverse transcription-polymerase chain reaction 

Transcript levels of specific targets were assessed by quantitative reverse 

transcription-PCR (qRT-PCR). Total RNA was harvested from mid-log parasites 

(~1 × 108 cells total) using the RNeasy Mini Kit (Qiagen), according to 

manufacturer’s instructions. Reactions were performed with 100 ng of total RNA 

using the Luna Universal One-Step RT-qPCR Kit (New England Biolabs), 

according to the protocol outlined in Table 2.4. Relative quantification was 

established using the reference gene rRNA45 (Ouakad et al., 2007). Primers 

(qRT-PCR) (Table 2.5) were designed using the Primer3Plus Design Tool 

(http://www.bioinformatics.nl/cgi-bin/primer3plus/primer3plus.cgi). Transcript 

levels of overexpressed targets were normalised to those in wild type cells using 

the ΔΔCt method. Two clones of each overexpressing cell line were analysed 

and statistical analyses were performed using Excel. 
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Table 2.4: Summary of conditions used for qRT-PCR. 

Reaction mix 

Reagent 
Volume (µl) 

Final 

concentration 

Luna Universal One-Step reaction Mix (2×) 10 1 × 

Luna WarmStart® RT enzyme mix (20×) 1 1 × 

10 µM forward primer 0.8 0.4 µM 

10 µM Reverse primer 0.8 0.4 µM 

 20 ng µl-1 template RNA 5 100 ng 

Nuclease-free water to 20 µl   

Thermal cycles 

Step Temperature (°C) Time (sec) 
Number of 

cycles 

Reverse transcription 55  600 1 

Initial denaturation 95  60 1 

Denaturation 95  10 

40 

Extension 60  30 

Melt curve* 

95  60 

1 55  30 

95  30 

 

Table 2.5: List of primers used for qRT-PCR. 

Primers name Sequence 

rRNA45 reference gene 

(LdBPK_323620.1) 

Forward 5′-CCTACCATGCCGTGTCCTTCTA-3′ 

Reverse 5′-AACGACCCCTGCAGCAATAC-3′ 

Oxidosqualene cyclase 

(LdBPK_060670) 

Forward 5′-TACAGCTCATCATGTCCCGC-3′ 

Reverse 5′-GTAGCCGGGGTAGTGAATCG-3′ 

Hypotheical protein 

(LdBPK_060680) 

Forward 5′-ACAAGCTGCGGTAAACCAGA-3′ 

Reverse 5′-GTTGTCGACGGTTCGTAGGT-3′ 
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Glutathione peroxidase 

(LdBPK_260780) 

Forward 5′- GACAGCCACGACGCTATACA -3′ 

Reverse 5′- GCGAACTCCTTCACCTCCTC -3′ 

Asparagine synthetase 

(LdBPK_260790) 

Forward 5′-CGTCGACTCCTCCAAGATCG-3′ 

Reverse 5′-TTGTACACCAGGATGTCGCC-3′ 

 

2.4.14 Southern blot 

2.4.14.1 Synthesis of probes 

Digoxigenin (DIG)-labelled probes were generated using the PCR DIG Probe 

Synthesis Kit (Roche) following reaction conditions summarised in Table 2.6. 

Specific primers used to amplify 5′ untranslated region (UTR) or ORF-specific 

probes are summarised in Table 2.7. In addition to the DIG labelling reaction, an 

unlabelled control reaction was also set up to evaluate the probe labelling 

efficiency. Confirmation of DIG-labelling of probes was evidenced by their slower 

migration during gel electrophoresis in comparison with the unlabelled control 

probe. 

 

Table 2.6: PCR used for labelling probes with DIG-dUTP. 

Reaction mix 

Reagent 

Volume (µl) 

Final concentration 
DIG-

labelled 

probe 

unlabelled 

control 

probe 

 10× PCR buffer with MgCl2 5 5 1× 

PCR DIG probe synthesis mix 5 - 
200 µM dATP, dCTP, dGTP, 130 

µM dTTP, 70 µM DIG-dUTP 

dNTP stock solution - 5 200 µM each dNTP 

10 µM forward primer 5 5 1 µM 

10 µM reverse primer 5 5 1 µM 

Enzyme mix 0.75 µl 0.75 µl  
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100 pg µl-1 template DNA 1 µl 1 µl 100 pg 

ddH2O to 50 µl to 50 µl  

Thermal cycles 

Step Temperature (°C) Time (sec) 
Number of 

cycles 

Initial denaturation 95 120 1 

Denaturation 95 30 

20 Annealing 60 30 

Elongation 72 40 

Final elongation 72 420 1 

 

Table 2.7: List of primers used for probes amplification 

Primers name Sequence 

Probe 5′ UTR 

Forward 5′-ATCTTGTTGCCCTTCACCAGC-3′  

Reverse 5′-ACTTTCCTCGCGCGTCTTTCC-3′  

Probe ORF OSC  

Forward 5′-CGTGAATGGGCTCACCACCAGC-3′  

Reverse 5′-CGAGTGCTTGTGCACATTGGC-3′  

 

2.4.14.2 Southern blotting 

A total of 5 μg of gDNA was digested with NsiI (NEB) overnight at 37 °C. Digested 

gDNA was separated on a 0.8% (w/v) agarose gel over 6 h at 40 V in TAE buffer 

and imaged as described in Section 2.4.3. The gel was washed for 10 min in 

0.25 M HCl with gentle agitation (30 rpm) in order to depurinate the DNA, then 

denatured for 2 ×15 min in 0.5 M NaOH, 1.5M NaCl and neutralised for 2 × 15 

min in 1M Tris-HCl, 1.5M NaCl pH 7.5. The digested gDNA was transferred from 

the agarose gel onto a positively charged nylon membrane (Roche) by reverse 

capillary action for 3 h using 0.4 M NaOH as the transfer buffer. Following 

successful transfer, the DNA was cross-linked to the membrane using a CL-100 
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(UVP) UV crosslinker (1200 U). The membrane was pre-incubated (Techne™ 

Hybridisation Oven) in 15 ml DIG Easy Hyb™ Granules solution (Roche) for 1 h 

at 42 °C, prior to overnight incubation with fresh 15 ml of DIG Easy Hyb™ 

Granules solution containing 3 µl of the denatured DIG-labelled probe. The DIG-

labelled probe (Section 2.4.14.1) was denatured for 5 min at 100 °C before 

rapidly cooling on ice. Following incubation, the membrane was washed twice in 

low-stringency conditions (45 °C, 5 min, 2× saline-sodium citrate buffer (SSC) 

with 0.1% (w/v) SDS) followed by two high-stringency washes (65 °C, 15 min, 0.5 

× SSC with 0.01% (w/v) SDS) to remove any excess probe. The blot was 

developed using DIG wash and block buffer set (Roche), according to 

manufactures’ instructions. The probe was detected using Anti-DIG-alkaline 

phosphatase antibody (Roche) with the chemiluminescent substrate CSPD 

(Roche). Blots were exposed to onto Amersham Hyperfilm™ ECL™ from 

between 1 - 15 min and developed with a KODAK film developer. 

 

2.4.15 Site-directed mutagenesis 

Site-specific mutations were introduced using QuikChange II Site-Directed 

Mutagenesis Kit (Agilent), according to manufacturer’s instructions. PCR was 

conducted following the protocol in Table 2.8. Primers in Table 2.9 were 

designed containing the SNP.  

 

Table 2.8: PCR used for site-directed mutagenesis. 

Reaction mix 

Reagent Volume (µl) 
Final 

concentration 

10× reaction buffer 5 1× 

5 ng µl-1 dsDNA template 2 10 ng 
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100 ng µl-1 Forward primer 1.25 125 ng 

100 ng µl-1 Reverse primer 1.25 125 ng 

dNTP mix  1  

ddH2O to 50 µl  

 2.5 U µl-1 PfuUltra HF DNA polymerase 1 2.5 U 

Thermal cycles 

Step Temperature (°C) Time (sec) Number of cycles 

Initial denaturation 95 30 1 

Denaturation 95 30 

16 Extension 55 60 

Melt curve 68 300 

 

Table 2.9: List of primers used for site-directed mutagenesis. 

Primer name Sequence 

Oxidosqualene cyclase 

(LdBPK_060670) 

mutation G2333T 

Forward 5′- GACACGCGGCCCGGCGTACTTCGAGCTGCTGG 

ACTGTGCGG -3′ 

Reverse 5′-CCGCACAGTCCAGCAGCTCGAAGTACGCCGGG 

CCGCGTGTC -3′ 

 

2.4.16 CRISPR-Cas9 mediated genome editing  

2.4.16.1 Design of single-guide RNA, primers and template 

Single-guide RNA (sgRNA) sequences were designed in line with the following 

requirements: 1) protospacer adjacent motif (PAM, 5′-NGG-3′) closest to the 

desired mutation; 2) the 6 nucleotides preceding the PAM site must be at least 

50% GC; and 3) avoid the motifs TT or GCC just prior to the PAM site. The 

selected sgRNA sequence was screened against the L. donovani BPK282A1 

genome via BLAST algorithm (Section 2.4.2.1) to confirm its specificity for the 

gene of interest. The reverse primer (G00) was universal, specific for the sgRNA 

scaffold. The gene-specific forward primer was designed to contain: 1) the T7 
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promoter; 2) the specific sgRNA sequence and 3) a sequence overlapping the 

reverse primer.  

The repair template comprised of the sequence between the PAM site and 

the desired non-conservative mutation. To ensure that any repair was mediated 

via the repair template, several conservative mutations were introduced in the 

repair template including, when it was possible, in one of the three nucleotides of 

the PAM. Finally, 25 nucleotides were added on either side of the repair template, 

serving as homology flanks for the repair following Cas9-induced breaks.  

 

2.4.16.2 PCR-amplification of sgRNA  

The amplification of DNA cassettes encoding sgRNA were performed according 

to the PCR-amplification protocol described in Table 2.10, using the G00 reverse 

and gene-specific forward primers (Table 2.11). Two microliters of each reaction 

was analysed on a 2% (w/v) agarose gel (Section 2.4.3) to confirm the size of 

the amplified product. The remaining PCR product was heat-inactivated at 94 °C 

for 5 min prior to electroporation.  

 

 

Table 2.10: PCR-amplification of DNA encoding sgRNA. 

Reaction mix  

Reagent Volume (µl) Final concentration 

10× HiFi reaction buffer with MgCl2 2 1× 

100 µM gene-specific forward primer 0.4 2 µM 

100 µM G00 reverse primer (sgRNA scaffold) 0.4 2 µM 

 10 mM dNTP mix  0.4 0.2 mM 

HiFi Polymerase (NEB) 0.29 1 U 

ddH2O to 20 µl   
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Thermal cycles 

Step Temperature (°C) Time (sec) Number of cycles 

Initial denaturation 98 30 1 

Denaturation 98 10 

35 Annealing 60 30 

Elongation 72 15 

 

Table 2.11: List of primers used for DNA encoding sgRNA amplification. 

Primer name Sequence 

G00 Universal 

Scaffold 
Reverse 

5′-GCACCGACTCGGTGCCACTTTTTCAAGTTGATAACGG 

ACTAGCCTTATTTTAACTTGCTATTTCTAGCTCTAAAAC-3′ 

Sec23(A142V) 

sgRNA 
Forward 

5′-TAATACGACTCACTATAGGGCGCGCGCATGGTGGCC 

CCGTGTTTTAGAGCTAGAAATAGCAAG-3′ 

Sec23(G377) 

sgRNA 
Forward 

5′-TAATACGACTCACTATAGGGCATGTCCGGCGTGTGTA 

CGTGTTTTAGAGCTAGAAATAGCAAG-3′ 

 

2.4.16.3 Transfection 

PCR-generated sgRNA (18 µl) and the corresponding repair template (4 µg, 

Table 2.12) were electroporated into 3 × 106 LdBOB promastigotes constitutively 

expressing Cas9 and T7 RNA polymerase (Beneke et al., 2017), according to 

Section 2.3.5. Following electroporation, cells were immediately transferred into 

pre-warmed media and left to recover for 14 – 24 h before adding 50 µg ml-1 HYG 

and the appropriate test compounds. Clonal cell lines were generated by limiting 

dilution, according to Sections 2.3.3. 
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Table 2.12: List of oligonucleotides used for repair template. 

Repair templates Sequence 

Sec23(A142V) 

5′-CGCATTGACGGCGCGCGCATGGTGGTCCCAC 

TTGGCTGTCTGTACTCCCCCCTCGGCAG -3′ 

Sec23(G377D) 

5′-TCCTGCATCCTCACCTTCATGTCCGACGTCTGTA 

CTTCCGGCCCGGGAATTGTCGTGGACGTGAG -3′ 

In red, desired non-conservative mutation. In green, conservative mutations. Highlighted in 

yellow, protospacer adjacent motif (PAM). 

 

2.4.15.4  Diagnostic PCR 

To confirm the presence of sgRNA-templated mutations within cells, the 

corresponding gene was amplified by PCR (Table 2.13) using the primers in 

Table 2.14, purified using QIAquick PCR Purification Kit (Qiagen) and sequenced 

(Section 2.4.9).  

 

 

Table 2.13: Diagnostic PCR protocol for CRISPR-Cas9 editing. 

Reaction mix  

Reagent Volume (µl) 
Final 

concentration 

5× Q5 reaction buffer 10 1× 

 10 mM dNTP mix  1 200 µM 

10 µM forward primer 2.5 0.5 µM 

10 µM reverse primer 2.5 0.5 µM 

Template DNA variable < 1,000 ng 

Q5 High-Fidelity DNA Polymerase 0.5 1 U 

5× Q5 High GC Enhancer 5 1× 

ddH2O to 50 µl   
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Thermal cycles 

Step Temperature (°C) Time (sec) Number of cycles 

Initial 

denaturation 
98 30 1 

Denaturation 98 10 

35 Annealing 50 - 72 30 

Elongation 72 20 - 30 /kb 

Final extension 72 120 1 

 

Table 2.14: List of primers used for CRISPR-Cas9 editing diagnostic PCR. 

Primers name Sequence 

Sec23 

(LdBPK_366710) 

Forward 5′- TTGTCCTATCGTCAGCAGC -3′ 

Reverse 5′- GGTACAGAGTATAGCAGGGAGA -3′ 

 

 

2.5  Resistant cell line generation 

2.5.1 Resistance selection 

Compound-resistant L. donovani promastigotes and axenic amastigotes cell lines 

were generated by exposing five independent wild-type (WT) clonal cultures to 

the continuous presence of test compounds. Starting at sub-lethal concentration 

of compound, parasites were exposed to a step-wise increasing concentration of 

compound until they were able to grow at concentrations equivalent to > 20-fold 

the established EC50 value. The resulting cell lines were cloned by limiting dilution 

(Section 2.3.3) in the presence of the test compound. The relative resistance of 

the cloned cell lines to the test compound(s) was assessed and compared to the 

sensitivity of the WT parental cell line. 
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2.5.2 Genomic DNA sequencing and analysis 

Genomic DNA was isolated from clonal resistant cell lines and parental starter 

clone according to Section 2.4.1. A total of 15 µg gDNA was resuspended in 80 

µl of EB buffer and sent for sequencing at Beijing Genomics Institute, Hong Kong, 

using a HiSeq4000 NGS platform. Samples were prepared into a sample library 

from a collection of genomic DNA fragments. For WGS, the library construction 

includes a PCR amplification step in order to contribute to uneven genome 

coverage and increase the number of replicas present in the library. The resulting 

fragmented overhangs were converted into blunt ends and prepared for ligation 

with adapters. Then, adapter-modified DNA fragments were selectively enriched 

by PCR through the annealing of specific primers to the ends of the adapters in 

order to amplify the amount of DNA in the library and provide comprehensive 

coverage of the complete individual genome at a single time.  

The following analysis was performed by Dr Richard Wall. Sequencing 

reads were aligned to the L. donovani strain LV9 PacBio reference genome 

(2019, tritrypDB) using Bowtie2 (Langmead and Salzberg, 2012) and Samtools 

(Li et al., 2009) software. SNPs and indels were called using Samtools and 

Bcftools (Li, 2011), where the overall quality score was >100 when compared with 

the WT starter clone. Chromosome and gene copy number variation (CNV) 

analysis, as well as manual confirmation of putative SNPs, was performed using 

Artemis (Carver et al., 2012).  

 

 

2.6  L. donovani genome-wide overexpression library 

Our genome-wide cosmid-containing L. donovani overexpression library was 

constructed precisely as previously described (Corpas-Lopez et al., 2018). For 
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each test compound, cryo-preserved aliquots of the library were thawed and 

added to 25 ml of pre-warmed LdBOB promastigote medium (Section 2.2.1.1). 

After 24 h incubation, 50 ml of fresh medium supplemented with 125 μg ml-1 G418 

was added to the culture and was then incubated until reaching mid-log phase 

(~1-2 days). Parasites were then diluted to 3.33 × 105 ml-1 in 150 ml of fresh 

medium supplemented with 125 μg ml-1 G418 and test compounds added at 

concentrations equivalent to 2 and 5-fold their established EC50 values. Parasite 

growth was monitored daily and cultures were subcultured upon reaching 1 × 107 

ml-1. In parallel, a control culture grown in the absence of test compound was 

monitored and growth rates compared to the selected library. After a period of 

selection, when growth rates of the selected library recover suggesting the 

emergence of a resistant population, parasites were harvested (1,912 ×g, 4 °C, 

5 min), washed once with cold PBS and subjected to cosmid extraction and 

amplification as described below. 

 

2.6.1 Cosmids extraction  

Cosmids were recovered from parasites by SDS/alkali lysis and phenol/CHCl3 

extraction followed by ethanol precipitation (Bimboim and Doly, 1979). Briefly, 

harvested parasites were resuspended in 1 ml “Plasmid Prep Solution 1” (50 mM 

glucose, 10 mM EDTA, 25 mM Tris-HCl pH 8.0) and then lysed by the addition of 

2 ml “Plasmid Prep Solution 2” (0.2 M NaOH, 1% (w/v) SDS) at RT for 3 min. 

“Plasmid Prep Solution 3” (3 M potassium acetate, 2 M acetic acid) was added 

(1 ml) and the solution was gently mixed, incubated at 4 °C for 5 min, and 

centrifuged (3,500 ×g, 4 °C, 30 min). The resulting supernatant containing the 

cosmid DNA was recovered and extracted by PCI, according to Section 2.4.1. 

Then, the aqueous phase was recovered, and the DNA was precipitated by gently 
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mixing with 0.1 volume of 4.5 M NH4-acetate pH 5.6 and 0.7× volume of 2-

propanol. After centrifugation (20,000 ×g, 4 °C, 30 min), the supernatant was 

discarded, the pellet was air-dried and dissolved in 100 µl TEN buffer (10 mM 

Tris-HCl 8.0, 0.1 mM EDTA, 450 mM NH4-acetate). Following the addition of 300 

µl 70% (v/v) ethanol, the solution was centrifuged (20,000 ×g, 4 °C, 20 min), the 

supernatant removed and the pellet air-dried. The pellet was resuspended in 50 

µl TE buffer (10 mM Tris-HCl 8.0, 0.1 mM EDTA) and stored at 4 °C. 

 

2.6.2 Cosmid amplification 

Recovered cosmids were amplified by transformation into ElectroMAX™ DH5α-

E competent cells (Invitrogen). One microliter of isolated cosmid DNA was used 

to transform 20 µl electrocompetent E. coli using the BioRad GenePulser® II 

electroporator at 2.5 kV, 200 Ω and 25 µF. After transformation, cells were 

resuspended in 1 ml of SOC medium containing 1 M glucose and left to recover 

at 37 °C with 225 rpm agitation for 1 h. Following incubation, 100 µl of a 1:100 

dilution were plated on LB agar plates containing 50 µg ml-1 ampicillin. The 

remaining culture was used to inoculate 200 ml of Terrific Broth (TB) medium 

containing 50 µg ml-1 ampicillin and grown at 37 °C with 225 rpm agitation 

overnight. The cosmids were extracted using the Midiprep Machery-Nagel kit, 

according to manufacturer’s instructions. 

 

2.6.3 Cosmids DNA sequencing and analysis 

A total of 30 µg of purified cosmid DNA was resuspended in 100 µl of Tris-buffer 

and sent for sequencing at Beijing Genomics Institute, Hong Kong, using 

HiSeq4000 NGS platform. Samples were prepared into a sample library from a 

collection of cosmid DNA fragments. For the NGS, PCR-free sequencing 
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technology was used in order to provide a lower duplicate rate, better InDel 

detection and fewer coverage gaps. 

The following analysis was performed by Dr Richard Wall. Sequence reads 

were aligned to the L. donovani BPK282A1 genome sequence (v9.0, 

tritrypdb.org) using Bowtie2 software (Langmead and Salzberg, 2012) with the 

following conditions: very-sensitive-local. The aligned files were then manipulated 

using SAMtools (Li et al., 2009) and a custom python script (Glover et al., 2014) 

to identify reads with barcodes (5'-CTCTTAAAAGCATCATGTCT-3' and 5'-

AGACATGATGCTTTTAAGAG-3'). Reads were then quantified using the Artemis 

genome browser (Carver et al., 2012) and Excel. 

 

 

2.7 Proteomics 

2.7.1 Label-free quantitation (LFQ) 

2.7.1.1 L. donovani lysate preparation - LFQ 

L. donovani promastigotes were grown in an X20 roller bottle (Thermo Scientific) 

starting at an initial concentration of 1 × 105 cells ml−1 (5 × 107 cells in total). Cells 

were grown for 48 h, washed with ice-cold PBS and harvested by centrifugation 

(1,912 ×g, 4 °C, 15 min). Cell pellets were resuspended in 8 ml of ice-cold lysis 

buffer (1 mM EDTA, 1 mM DTT, 100 μM TLCK, and 1× Roche EDTA-free 

cOmplete protease inhibitor cocktail in 50 mM potassium phosphate buffer, pH 

7.4), submitted to 3 freeze−thaw cycles in a dry ice/ethanol bath to biologically 

inactivate the parasites and followed by cell disruption (Constant Systems, UK) 

at 30 kpsi. The resulting lysates were centrifuged (20,000 ×g, 4 °C, 10 min), the 

supernatant was collected, and the protein concentrations were determined using 

the Protein Assay (Bio-Rad), according to manufacturer’s instructions. 
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2.7.1.2 Sample processing 

Lysate samples were reduced with tris(2-carboxyethyl)phosphine (TCEP, 

Thermo Scientific, 25 mM final concentration) and incubated at 37 °C for 10 min. 

Alkylation was carried out by the addition of iodoacetamide (IIA, Thermo 

Scientific, 25 mM final concentration), incubation in the dark at RT for 1 h, 

followed by precipitation with ice-cold trichloroacetic acid (TCA, Sigma, 12% (v/v) 

final concentration) overnight at RT. Samples were then centrifuged (40,000 ×g, 

4 °C, 5 min), pellets were washed 3 times with ice-cold acetone and resuspended 

in 500 μl of 100 mM triethylammonium bicarbonate (TEAB, Thermo Scientific) pH 

8.5. Each 50 µg of the sample was digested with 1 µg ml-1 of trypsin (Thermo 

Scientific) at 37 °C for 6 h. After digestion, samples were vacuum-dried and 

resuspended in 100 mM TEAB buffer (pH 8.5) buffer. 

 

2.7.1.3 LC-MS/MS 

The following protocol has been provided by Dr Abdel Atrih. Analysis of the 

peptide readout was performed on a Q Exactive™ plus, Mass Spectrometer 

(Thermo Scientific) coupled with a Dionex Ultimate 3000 RS (Thermo Scientific). 

LC buffers used are the following: buffer A (0.1% formic acid in Milli-Q water (v/v)) 

and buffer B (80% acetonitrile and 0.1% formic acid in Milli-Q water (v/v/v)). 

Aliquots of 15 µl per digested sample were loaded at 10 µl min-1 onto a trap 

column (100 μm × 2 cm, PepMap nanoViper C18 column, 5 μm, 100 Å, Thermo 

Scientific) which was equilibrated with 98% buffer A. The trap column was 

washed for 5 min at the same flow rate and then switched in-line with a resolving 

C18 column (75 μm × 50 cm, PepMap RSLC C18 column, 2 μm, 100 Å (Thermo 

Scientific)). The peptides were eluted from the column at a constant flow rate of 

300 nl min-1 with a linear gradient from 2% buffer to 35% buffer B in 125 min, and 
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then to 98% buffer B by 127 min. The column was then washed with 98% buffer 

B for 20 min and re-equilibrated in 2% buffer B for 17 min. Q-exactive Plus was 

used in data-dependent mode. A scan cycle comprised MS1 scan (m/z range 

from 335-1600, with a maximum ion injection time of 20 ms, a resolution of 70 

000 and automatic gain control (AGC) value of 1 × 106) followed by 15 sequential 

dependent MS2 scans (with an isolation window set to 1.4 Da, resolution at 

17500, maximum ion injection time at 100 ms and AGC 2 × 105). The stepped 

collision energy was set to 27 and fixed first mass to 100 m/z. Spectrum was 

acquired in centroid mode and unassigned charge states. Charge states above 

6, as well as singly charged species, were rejected. The mass spectrometer was 

calibrated on the first day that the runs were performed to ensure mass accuracy. 

 

2.7.1.4 Data analysis 

The following analysis was performed by Dr Victoriano Corpas Lopez. MS data 

analysis was performed using the software MaxQuant (http://maxquant.org/, 

version 1.6.2.6a). Carbamidomethyl was set as fixed modification while, 

dioxidation (MW), oxidation (M), acetyl (Protein N-term), deamidation (NQ) and 

Gln-> pyro-Glu were set as variable modifications. Proteins were identified by 

searching a protein sequence database containing L. donovani BPK282A1 

annotated proteins (downloaded from TriTrypDB 46, http://www.tritrypdb.org). 

LFQ and “March between runs” features were enabled. Trypsin/P was selected 

as the digestive enzymes with two potential missed cleavages. The false 

discovery rate (FDR) threshold for peptides and proteins was 0.01. Fourier 

Transform Mass Spectrometry (FTMS) MS/MS mass tolerance was set to 10 ppm 

and Ion Trap Mass Spectrometry (ITMS) MS/MS mass tolerance was 0.6 Da. 

Protein abundance was obtained from LFQ intensity values. LFQ intensities were 



56 
 
calculated using at least 2 unique peptides. Data was visualised using Perseus 

1.6.2.1 (https://maxquant.org/perseus/). 

 

2.7.2 Thermal proteome profiling (TPP) 

2.7.2.1 L. donovani lysate preparation - TPP 

L. donovani promastigotes were grown in an X20 roller bottle (Thermo Scientific) 

starting at an initial concentration of 1 × 105 cells ml−1 (5 × 107 cells in total). Cells 

were grown for 48 h, washed with ice-cold PBS and harvested by centrifugation 

(1,912 ×g, 4 °C, 15 min). Cell pellets were resuspended in 8 ml of ice-cold lysis 

buffer (1 mM EDTA, 1 mM DTT, 100 μM TLCK, and 1× Roche EDTA-free 

cOmplete protease inhibitor cocktail in 50 mM potassium phosphate buffer, pH 

7.4), submitted to 3 freeze−thaw cycles in a dry ice/ethanol bath to biologically 

inactivate the parasites and followed by cell disruption (Constant Systems, UK) 

at 30 kpsi. The resulting lysates were centrifuged (100,000 ×g, 4 °C, 20 min), the 

supernatant was collected, and the protein concentrations were determined using 

the Protein Assay (Bio-Rad), according to manufacturer’s instructions. 

 

2.7.2.2 Treatment and temperature range assay 

Lysate concentration was adjusted to 2.5 mg ml-1 with 2 ml of lysis buffer and two 

aliquots (1 ml) were incubated with either the test compound (at 10 × its 

established EC50 value) or the vehicle (DMSO). Each 1 ml aliquot was divided 

into 10 sub-aliquots of 100 µl into 0.5 ml LoBind microcentrifuge tubes (Fisher 

Scientific). Each sub-aliquoted sample was incubated at one time point of the 

designed temperature range for 3 min. The designated temperature range for 

promastigotes was from 34 – 61 °C in 3 °C intervals and for axenic amastigotes 

from 37 – 73 °C in 4 °C intervals. Subsequently, heat-treated samples were 
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incubated at RT for 3 min and placed on ice. The aliquots supernatants were 

centrifuged in an Optima TLX centrifuge with rotor TLA-100 (100,000 ×g, 4 °C, 

20 min), transferred into fresh tubes for sample processing. 

 

2.7.2.3 Sample processing 

Lysate samples were reduced with TCEP (Thermo Scientific) (25 mM final 

concentration) and incubated at 37 °C for 10 min. Alkylation was carried out by 

the addition of iodoacetamide (IIA, 25 mM final concentration, Thermo Scientific), 

incubation in the dark at RT for 1 h, followed by precipitation with ice-cold TCA 

(Sigma) 12% (v/v) final concentration overnight at RT. Samples were then 

centrifuged (40,000 ×g, 4 °C, 5 min), pellets were washed 3 times with ice-cold 

acetone and resuspended in 500 μl of 100 mM TEAB (Thermo Scientific) pH 8.5. 

Each 50 µg of the sample was digested first with 1 µg ml-1 of LysC (Wako, Japan) 

at 37 °C for 6 h followed by a second overnight incubation with 1 µg ml-1 of trypsin 

(Thermo Scientific). After digestion, samples were vacuum-dried and 

resuspended in 100 mM TEAB pH 8.5 buffer.  

 

2.7.2.4 LC-MS/MS 

The efficiency of digestion was evaluated by LC-MS/MS (LTQXL, Thermo 

Scientific), performed by the FingerPrints Proteomics service at the University of 

Dundee (http://proteomics.lifesci.dundee.ac.uk). The following protocol has been 

provided by Dr Abdel Atrih. Analysis of the peptides was performed on a Q-

Exactive-HF (Thermo Scientific) mass spectrometer coupled to a Dionex Ultimate 

3000 RS (Thermo Scientific). LC buffers used were as follows: buffer A (0.1% 

formic acid in Milli-Q water (v/v)) and Buffer B (80% acetonitrile and 0.08% formic 

acid in Milli-Q water (v/v/v)). Aliquots of each sample (1 μl) were loaded at 5 µl 
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min-1 onto a trap column (100 μm × 2 cm, PepMap nanoViper C18 column, 5 μm, 

100 Å, Thermo Scientific) which was equilibrated with 5% buffer B. The trap 

column was washed for 5 min at the same flow rate and then switched in-line with 

a resolving C18 column (75 μm x 50 cm, PepMap RSLC C18 column, 2 µm, 100 

Å (Thermo Scientific)). The peptides were eluted from the column at a constant 

flow rate of 300 nl min-1 with a linear gradient from 5% buffer B (for fractions 1-

10, 7% for fractions 11-20) to 35% buffer B in 130 min, and then to 98% Buffer B 

at 132 min. The column was then washed with 98% buffer B for 20 min and re-

equilibrated in 5% buffer B for 17 min. Q-exactive HF was used in data-dependent 

mode. A scan cycle comprised MS1 scan (m/z range from 335-1800, with a 

maximum ion injection time of 50 ms, a resolution of 120,000 and AGC value of 

3 × 106) followed by 15 sequential dependant MS2 scans (with an isolation 

window set to 0.7 Da, resolution at 60,000, maximum ion injection time at 200 ms 

and AGC 1 × 105). To ensure mass accuracy, the mass spectrometer was 

calibrated on the first day that the runs are performed. 

 

2.7.2.5 Sample labelling 

Following the confirmation of the digestion efficiency by LC-MS/MS, each sub-

aliquoted sample was labelled with a specific TMT reagent (TMT10plex™ 

Isobaric Label Reagent Kit, Thermo Scientific). Each TMT was resuspended in 

41 µl acetonitrile and 20 µl was incubated with each time point aliquot at RT with 

600 rpm for 1 h. Labelling reactions were quenched by the addition of 8 µl of 5% 

(v/v) hydroxylamine and incubation for 15 min. Each set of samples (treated and 

vehicle) were pooled and dried overnight. The TMT-labeled samples were dried 

overnight in a speedvac (SP Genevac EZ-2 plus). 
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2.7.2.6 Sample desalting 

The dried peptide mix was resuspended in 0.1% (v/v) trifluoroacetic acid (Sigma) 

and desalted using the PierceTM Peptide Desalting Spin Columns (Thermo 

Scientific) in order to remove contaminants and excess salts and TMTs. The 

desalted elute peptide mix samples were dried and kept at −80 °C until 

fractionation. 

 

2.7.2.7 Fractionation by high-pH reversed-phase  

Pooled samples were resuspended in 10 mM ammonium formate pH 9.5 (200 μl) 

and fractionated by high-pH reversed-phase (HPLC). A C18 column (XBridge 

peptide BEH, 130 Å, 3.5 μm, 2.1 × 150 mm, Waters) with a guard column 

(XBridge, C18, 3.5 μm, 2.1 × 10 mm, Waters) was used on an Ultimate 3000 

HPLC (Thermo Scientific). Ammonium formate (100 mM) was adjusted to pH 9.5 

with ammonia and used to prepare buffer A (10 mM ammonium formate in Milli-

Q water) and buffer B (10 mM ammonium formate in 90% acetonitrile). The 

column and guard column were equilibrated with 2% buffer B for 20 min at a 

constant flow rate of 0.2 ml min-1 for 20 min. Samples (180 μl) were loaded onto 

the column at 0.2 ml min−1, and a separation gradient started 1 min after samples 

were loaded onto the column. Peptides were eluted from the column with a 

gradient of 2% buffer B to 20% B over 8 min and from 20% B to 47% B over 37 

minutes. The column was then washed with 100% buffer B for 15 minutes. 

Fractions were collected from 1 to 80 min using a WPS-3000FC autosampler 

(Thermo Scientific) at 1 min intervals. Fractions were pooled to give 20 pools of 

approximately equivalent peptide content (as judged by UV trace at 220 nm), 

dried in a speedvac (SP Genevac EZ-2 plus) and dissolved in 50 μl of 1% (v/v) 

formic acid prior to analysis by LC-MS/MS (Section 2.7.2.3). 
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2.7.2.8 Peptide and protein identification and quantitation 

The following analysis was performed by Dr Victoriano Corpas Lopez. MS data 

were analysed using the software MaxQuant (http://maxquant.org/, version 

1.6.17.0). Carbamidomethyl (C) was set as fixed modification while dioxidation 

(MW), oxidation (M), acetyl (Protein N-term), deamidation (NQ) and Gln-> pyro-

Glu were set as a variable modification. Proteins were identified by searching the 

MS and MS/MS data for the peptides against L. donovani BPK282A1 (TriTrypDB 

version 50, tritrypdb.org). Trypsin/P and LysC/P were selected as the digestive 

enzyme with two potential missed cleavages. Reporter ion MS2 mode was 

selected using the TMT-10plex labels on N-terminus and lysine. Protein 

abundance was calculated according to the normalised reporter ion intensities. 

The FDR threshold for peptides and proteins was 0.01. Two missed tryptic 

cleavages were allowed, FTMS MS/MS mass tolerance was set to 10 ppm and 

ITMS MS/MS mass tolerance was 0.06 Da. The mass spectrometry proteomics 

data were deposited to the ProteomeXchange Consortium via the PRIDE (Perez-

Riverol et al., 2019) partner repository with the dataset identifier described in the 

corresponding results section. 

 

2.7.2.9 Data analysis 

TPP experiments were analysed using the TPP Package available in 

Bioconductor, as previously described (Franken et al., 2015; Corpas-Lopez et al., 

2018). Briefly, raw protein abundance, calculated from normalised reporter ion 

intensities of all quantified proteins, were log-transformed and scaled between 0 

and 1 by subtracting the global minimum and normalising to the abundance at 

the lowest temperature of each protein to yield fold changes. The melting curves 
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were calculated using a sigmoidal fitting approach with the TPP R package. This 

fitting was used to determine the Tm, defined as the temperature at which half of 

all proteins were denatured. The melting temperature differences (ΔTm) were 

calculated by subtracting the Tm values of treated and untreated samples. The 

sigmoidal melting curves were filtered according to the following criteria: melting 

curves must reach a relative abundance plateau < 0.3 and the coefficient of 

determination (R2) must be >0.8. Statistical significance was calculated using a 

z-test. Only proteins with an FDR-adjusted p-value <0.1 and whose ΔTm were 

higher than the difference between the Tm controls (ΔTm > Tm, control A - Tm, control B) 

were considered hits. Hits found in two biological replicates were considered 

targets. In addition, nonparametric analysis of response curves (NPARC) was 

performed (Childs et al., 2019). This procedure is based on NPARC statistics, 

comparing two models (treated and control curves) by their goodness of fit, 

allowing the detection of treatment-induced changes in the absence of the melting 

point, the central parameter of the standard method. Proteins with a FDR-

adjusted p-value <0.1 in both biological replicates are considered hits.  

 

2.8 Biochemical validation 

2.8.1 Total lipid extraction 

Mid-log L. donovani promastigotes (~5 × 108 – 2 × 109 cells in total) were washed 

twice with ice-cold PBS, harvest by centrifugation (1,912 ×g, 4 °C, 5 min) and 

immediately subjected to a two-step lipid extraction using the method of Bligh and 

Dyer (Bligh and Dyer, 1959). In 15 ml tubes, cell pellets were resuspended to a 

final volume of 1 ml of deionised H2O, 2.5 ml of methanol was then added and 

vortexed, and finally 1.25 ml of chloroform (VWR Chemicals) was added. The 

monophasic mixture of 1:2:0.8 parts of chloroform:methanol:water (v/v/v) was 
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incubated overnight at RT for the primary extraction step. Following incubation, 

the lipid-enriched supernatant was recovered by centrifugation (1,912 ×g, 4 °C, 5 

min), transferred to a fresh tube and subjected to phase separation by adding 

1.25 ml chloroform and 1.25 ml deionised H2O. After centrifugation, the upper 

phase was removed and the lower phase was subjected to a second round of 

extraction. This extraction was performed using the upper phase of the 

chloroform:methanol:water (4/4/3.6 ml, v/v/v) homogenated. The lower phase 

containing the total pool of lipids was collected and the volume of extract 

corresponding to 1 × 108 cells was dried under nitrogen. 

 

2.8.2 Thin layer chromatography 

The total lipids extracted in were separated and identified by thin layer 

chromatography (TLC). The separation of lipids was based on polarity and 

identification possible through comparison of migration with lipid standards. The 

extracted lipids were dissolved in 30 μl chloroform, spotted onto HPTLC silica gel 

60 (Sigma) and allowed to run into a sealed glass chamber containing heptane: 

ethyl ether: acetic acid (85:15:1, v/v/v) buffer. The glass chamber also contained 

a Whatman ®filter paper covering its inner layer to ensure the chamber was 

evenly saturated with solvent vapour. Ergosterol, lanosterol and 2,3-

oxidosqualene standards (1 mg ml-1, Sigma) were run in parallel. Following 

separation, the unsaturated double bonds of lipids were stained with iodine 

vapour. 

 

2.8.3 OSC cell-free assay 

Mid-log promastigotes were harvested by centrifugation (1,912 ×g, RT, 10 min) 

and washed once with ice-cold phosphate-buffered saline. Membrane-enriched 
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lysates were prepared by nitrogen cavitation using a pre-chilled 45 ml Parr cell 

disruption vessel (406 PSI, 4 °C), as described (Brown et al., 1996). Aliquots of 

membrane-enriched fractions (equivalent to 3 ×108 cells) were resuspended in 

buffer A (50 mM Hepes pH 7.4, 25 mM KCl, 5 mM MgCl2, 5mM MnCl2, 0.1 mM 

TosLysCH2Cl, 1 μg ml-1 leupeptin) supplemented with 20% (v/v) glycerol, flash-

frozen in liquid nitrogen and stored at −80 °C. Prior to assay, aliquots were 

defrosted on ice then diluted in buffer A supplemented with 0.8% (w/v) octyl β-D-

glucopyranoside (β-OG) to a final volume of 600 μl. Substrate (2,3-

oxidosqualene, 6 μg) and/or test compounds were added at concentrations 

equivalent to 1, 3 or 10× their respective EC50 values. Following incubation at 37 

°C for 24 h, lipids were extracted (Section 2.8.1) from each sample and assessed 

by TLC (Section 2.8.2). 
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3 Results and discussion for compound C5 

3.1 Results 

3.1.1 Compound profile 

The benzothiophene TCMDC-143498 (GSK2920487A, Figure 3.1) forms part of 

the GSK’s Kinetobox compound collection of compounds (Pena et al., 2015). In 

this study by Pena and colleagues, C5 demonstrated promising activity against 

T. cruzi amastigotes cultured within NIH-3T3 murine fibroblasts (EC50 value of 

0.8 µM) and no measurable cytotoxicity against human hepatocyte carcinoma 

cell lines (HepG2). This promising profile led to its inclusion in GSK’s Chagas 

box. Due to the scarcityof molecular tools in  T. cruzi, C5 was selected for target 

deconvolution studies in the related kinetoplastid parasite Leishmania. 

 

Figure 3.1: The chemical structure of compound C5. EC50’s determined by GSK: 0.8 µM against 

T. cruzi amastigotes and > 100 µM against HepG2 cells (Pena et al., 2015). 

 

To initiate the study at Dundee, C5 activity was profiled against both 

promastigotes and axenic amastigote stages of the Leishmania donovani cell line 

LdBOB, as well as against T. brucei BSF and PCF (Table 3.1). Dose-response 

assays with C5 showed moderate activity against axenic amastigotes (EC50 value 
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of 20 ± 4 µM) and promising potency against promastigotes (EC50 value of 0.5 ± 

0.02 µM). In contrast, this compound was largely inactive against T. brucei BSF 

at the highest concentration tested (50 μM) and moderately active against the 

PCF (EC50 6.7 ± 0.2 μM). The promising activity of compound C5 against L. 

donovani promastigotes led us to primarily focus on determining MoA in this 

parasite and developmental stage. 

Table 3.1: EC50 values for C5 against L. donovani and T. brucei. 

Parasite Developmental stage 

EC50 values, µM 

mean sd 

L. donovani 
promastigotes 0.5 0.02 

axenic amastigotes 20 4 

T. brucei  

procyclic 6.7 0.2 

bloodstream > 50 - 

All EC50 values represent the weighted mean ± standard deviation of at least two biological 

replicates (n ≥ 2), with each biological replicate comprised of two technical replicates. 

 

 

3.1.2 Target identification studies 

3.1.2.1 Generation of resistant lines 

Generation of cell lines resistant to compounds of interest in vitro can lead to 

changes at the genomic level that provide clues about the mechanism(s) of 

resistance and/or molecular targets. This strategy was the first approach applied 

to elucidating the MoA of C5.  

Starting at 0.5 µM (EC50 concentration), five independent clonal lines of 

susceptible LdBOB promastigote parasites were continually cultured in the 

presence of the compound C5 and exposed to step-wise increasing compound 

concentrations. Following 120 days of selection, parasites were growing routinely 
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at 12 µM (24 × EC50), each independent cell line was then cloned by limiting 

dilution (Figure 3.2A). Comparing the susceptibility of selected clones against 

compound C5 confirmed that all five (RES I – V) were between 18- to 51-fold less 

susceptible than the parental WT line (Table 3.2 and Figure 3.2B). gDNA was 

isolated from resistant clones and analysed by WGS. Specific genomic changes, 

such as CNV (i.e., aneuploidy, gene amplification or gene deletion) or SNPs, 

were investigated in-depth. 

Table 3.2: EC50 values for compound C5 against L. donovani promastigotes, WT and clonal 

resistant cell lines. 

Cell line EC50 values, µM Fold change versus WT 

WT 0.5 ± 0.02 (-) 

RES I 26 ± 3 51 

RES II 13 ± 0.8 26 

RES III 14 ± 2 28 

RES IV 10 ± 2 19 

RES V 17 ± 1 34 

All EC50 values data represent the weighted mean ± standard deviation of at least three biological 

replicates (n ≥ 3) with each biological replicate comprised of two technical replicates. 

 

WGS analysis of each resistant clone provided genome coverage of >100-

fold and the total of reads mapped to the L. donovani genome varied from 79.5 

to 90.3%. Leishmania parasites are known to have a particularly plastic genome 

(Ponte-sucre et al., 2017) and, in this instance, responded to drug pressure by 

amplifying a fragment or the entire chromosome (Chr) 6 in all five resistant clonal 

lines (Figure 3.2C). Two additional copies of Chr6 were observed in RES I, RES 

III and RES IV, whereas RES V gained three additional copies. RES I also 

amplified (>14-fold) a 30.9 kbp fragment of Chr 6. Furthermore, although RES II 

had only a 44.3 kbp fragment of Chr 6 amplified, the level of amplification was 
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the highest seen, reaching >34-fold the WT copy number (Table 3.3). 

Rationalisations of all these amplification regions found that all overlapped in a 

particular region that comprises only two genes, encoding oxidosqualene cyclase 

(OSC; LdBPK06.2.000670) and a hypothetical protein (HP; LdBPK06.2.000680) 

(Figure 3.2D). 

In addition to these CNV, six heterozygous SNPs were also found across 

the genome of the resistant clones (summarised in Table 3.4). Importantly, none 

of these SNPs were consistent among all the resistant clones.  

 

Figure 3.2: Schematic representation of C5 resistant cell line generation and analysis. (A) Culture 

overtime under the continuous presence of compound C5. (B) Comparison of C5 susceptibility 

for the five resistant lines (RES I –V) and the parental cell line (EC50 values in Table 3.2). (C) 

Overview of chromosomal copy numbers for resistant lines (RES I – V) relative to WT parental. 

(D) Resistant lines (RES I – V) CNV relative to WT for a fragment of chromosome 6. 

 

 

 



68 
 
Table 3.3: Comparison of the gene copy number of a fragment of Chr 6 in resistant clones relative 

to WT. 

Gene  

Gene ID Gene copy number 

(LdBPK) WT 
RES 

I 

RES 

II 

RES 

III 

RES 

IV 

RES 

V 

Hypothetical protein, conserved 06.2.000610 2 4 12 5 4 5 

Hypothetical protein, conserved 06.2.000620 2 4 36 5 4 5 

Carbonic anhydrase, putative 06.2.000630 2 3 34 5 4 5 

Putative Phosphatase, putative 06.2.000640 2 4 36 5 4 5 

Hypothetical protein, conserved 06.2.000650 2 4 35 5 4 5 

FHA domain, putative 06.2.000660 2 6 35 5 4 5 

Oxidosqualene cyclase 06.2.000670 2 14 36 6 4 6 

Hypothetical protein, conserved 06.2.000680 2 15 37 4 4 5 

Hypothetical protein, conserved 06.2.000690 2 14 5 4 4 5 

Dark grey grade colour highlighting the highest copy number difference related to WT. The black 

box highlights specific fragments on Chr 6 most amplified in clones RES I and RES II. 

 

Table 3.4: Summary of encoding SNPs identified in compound C5-resistant clones. 

Protein 
LdBPKLV9 

gene ID 

Encoding 

mutation 

Resistant 

clone 
Zygosity 

Oxidosqualene cyclase 06.2.000670 C773F V Heterozygous 

Hypothetical protein, conserved  08.2.000410 R1099G IV Heterozygous 

Protein tyrosine kinase, putative 15.2.203710 Q607H I Heterozygous 

HEAT repeats, putative 18.2.000670 P264S III Heterozygous 

Protein of unknown function 

(DUF2946), putative 
20.2.000420 R165M V Heterozygous 

PRO8NT (NUC069), PrP8 N- 

terminal domain 
35.2.004000 A2318V III Heterozygous 
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3.1.2.2 Screening of a genome-wide overexpression library 

The second strategy conducted in parallel to elucidate the compound C5 MoA 

was a screening against the genome-wide cosmid-based overexpression library 

(Corpas-Lopez et al., 2018). This gain-of-function screen mimics CNVs often 

associated with resistance and enables dominant phenotypes to be selected after 

short-term drug selection. 

The overexpression library was selected with C5 for a total of 9 days, 5 

days at an initial concentration of 1 µM (2 × EC50) and for a further 4 days with 2 

µM (4 × EC50). As expected, compound-selected parasites showed a reduced 

growth rate relative to the non-selected control population (Figure 3.3A). 

Following selection, the cosmids harboured by “resistant” parasites, presumably 

responsible for the selective advantage under compound pressure, were 

harvested and analysed by NGS. 

The fragments of genomic DNA contained within C5-selected cosmids 

were mapped to the L. donovani BPKLV9 genome. A total of 87% of all mapped 

reads (4,929,146 out of a total of 5,650,980 reads) were aligned to a single 54.5 

kb region of Chr 6 (Figure 3.3B). Of the 10 genes encoded in this specific region 

(Table 3.5), only two were flanked by all the opposing barcodes: 

LdBPK06.2.000670 encoding OSC and LdBPK06.2.000680 encoding HP 

(Figure 3.3C). No other significant hits were identified from this screen. 

Notably, these two genes were the same previously identified as amplified 

in C5-resistant cell lines (Section 3.1.3.1). Therefore, these findings strongly 

suggest that the protein(s) encoded by one of these adjacent genes may be the 

molecular target of C5 or, at least, involved as a resistance determinant. 
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Figure 3.3: Genome-wide cosmid-based overexpression library with C5. (A) Cumulative growth 

of cosmid library screened with compound C5 and compared with untreated parasites (control). 

(B) Genome-wide map indicating a “hit” (blue) on a 54.5 kb fragment on Chr 6. (C) Focus on 

primary “hit” on Chr 6. The blue/pink and black/green peaks indicate independent cosmid inserts 

in different orientations. OSC and HP genes are shown as green bars and other genes as yellow 

bars. 

 

Table 3.5: List of 10 genes encoded by the 54.5kb fragment on Chr 6 enriched in compound C5 

selected parasites following cosmid library selection. 

Gene name 

LdBPKLV9  LdBPKLV9 reads 

gene ID  RPKM Total 

Carbonic anhydrase family protein, putative 06.2.000630 1342.3 6990 

Putative phosphatase/protein of unknown function 

DUF89 
06.2.000640 6970.8 119545 

Hypothetical protein, unknown function 06.2.000650 16301.7 528431 

Hypothetical protein, conserved 06.2.000660 23923.4 1275852 
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Oxidosqualene cyclase 06.2.000670 25915.7 440919 

Hypothetical protein, conserved 06.2.000680 24303.2 280329 

Hypothetical protein, conserved 06.2.000690 17752.3 392670 

Hypothetical protein, conserved 06.2.000700 17700.8 73262 

Ctf8, putative 06.2.000710 13594.1 94082 

Hypothetical protein, conserved 06.2.000720 4552.9 203268 

The two genes highlighted in blue are the ones common to all enriched fragments. 

 

 

3.1.3 Target validation 

Two unbiased genomic approaches suggest that either OSC or HP encoded 

proteins may be involved in the MoA and/or mechanism of resistance to 

compound C5. In order to validate the potential role(s) of these proteins in C5-

resistance, individual L. donovani promastigote cell lines overexpressing each 

protein were generated.  

 

3.1.3.1 OSC and HP overexpression 

Synthetic LdOSC and LdHP ORF’s were ligated into the Leishamania-specific 

integrating expression vector pIR1SAT. The transgenic cell lines overexpressing 

either OSC (OSCOE) or HP (HPOE) were obtained by transfection of each 

construct into WT promastigotes. Constructs then stably integrate into the 

ribosomal DNA locus of these parasites.  

The overexpression of both putative targets was evaluated by measuring 

transcript and protein levels relative to the WT promastigotes, as determined by 

qRT-PCR and LFQ, respectively. qRT-PCR analysis showed that each 

transgenic cell line maintained increased transcript levels (6-fold, log2 change), 

compared to WT (Figure 3.4A). Since gene expression in Leishmania is 
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regulated post-transcriptionally and studies have illustrated weak correlation 

between transcript and protein levels (McNicoll et al., 2006; Cohen-Freue et al., 

2007), the relative levels of protein expression were also investigated. LFQ was 

used to compare each putative target’s abundances and confirmed each protein 

was ~6-fold overexpressed in their corresponding transgenic cell line (Figure 

3.4B,C). Following the validation of target overexpression in both transgenic cell 

lines, their susceptibility to compound C5 was assessed and compared with the 

parental WT cell line. While overexpression of HP did not affect the parasite 

susceptibility (EC50 = 0.6 ± 0.03 μM), parasites overexpressing OSC were ~10-

fold more resistant to compound C5 (EC50= 5 ± 0.1 μM), in comparison to WT 

(EC50 = 0.6 ± 0.01 μM) (Figure 3.4D). These findings confirm the overexpression 

of OSC as the driver of compound C5 resistance, suggesting that this enzyme 

may be the molecular target of this compound and that the presence of HP in 

both target identifications was merely due to its genome adjacency to OSC.  



73 
 

 

Figure 3.4: Evaluation of OSC and HP overexpression in OSCOE and HPOE transgenic parasites, 

respectively. (A) Transcript levels measurement by qRT-PCR. B) OSC protein levels in OSCOE 

cell lines measured by LFQ. (C) HP protein levels in HPOE cell lines measured by LFQ. (D) Dose-

response curves for WT, OSCOE and HPOE cell lines treated with compound C5. EC50 values of 

0.6 ± 0.01, 5 ± 0.1 and 0.6 ± 0.03 μM were determined for WT, OSCOE and HPOE, respectively. 

 

 

3.1.3.2  OSC site-direct mutagenesis 

The identification of OSC as the potential target of C5 led to the investigation of 

the SNP within the gene encoding OSC, identified in C5-resistant lines (Table 

3.4). A single heterozygous mutation G2333T that confers a non-synonymous 

substitution from cysteine to phenylalanine (C778F) was identified in the cell line 

RES V. To investigate the potential role of this mutation in compound C5 

resistance, a mutated version of the OSC gene (OSCG2333T) was generated by 

site-directed mutagenesis (Figure 3.5) and cloned into the pIR1SAT expression 

vector. The resulting construct LdOSCC778F-pIR1SAT was electroporated into 

promastigotes, generating the transgenic OSCOE(C778F) overexpression cell line. 
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Although qRT-PCR showed a 6-fold increase in the transcript levels of mutated 

versus WT OSC (Figure 3.6A), there was no difference at the protein level 

(Figure 3.6B). Indeed, the mutated cell line demonstrated the same sensitivity to 

compound C5 as the WT cell line, with EC50 values of 0.46 ± 0.01 μM and 0.43 ± 

0.02 μM, respectively (Figure 3.6C).  

 

Figure 3.5: Chromatogram of Sanger sequencing data highlighting the base pair of the non-

mutated (G) and mutated (T) OSC gene at position 2333. 
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Figure 3.6: Investigation of heterozygous mutation found in a copy of the OSC gene of RES V. 

(A) qRT-PCR analysis of OSC transcript levels in mutated (OSCOE(C778F)) and non-mutated 

(OSCOE) transgenic parasites. (B) LFQ proteomics of OSC in OSCOE(C778F) transgenic parasites. 

(C) Dose-response curves for WT and OSCOE treated with compound C5. EC50 values of 0.43 ± 

0.02 and 0.46 ± 0.01 μM were determined for WT and OSCOE, respectively. 

 

3.1.3.3 Cross-resistance 

Also known as lanosterol synthase or ERG7, OSC catalyses the cyclisation of 

2,3-oxidosqualene to lanosterol, a key enzyme in sterol biosynthesis (Figure 

3.7). Specific OSC inhibitors were previously explored and described in the 

literature (Mark et al., 1996; Morand et al., 1997; Wallace et al., 2011; Phillips et 

al., 2019) with different biological activities such as antifungal (Rose et al., 1996; 

Watanabe et al., 2012), antimicrobial (Hinshaw et al., 2003), lowering cholesterol 

levels (Morand et al., 1997), anti-angiogenic and anti-metastatic (Maione et al., 

2015) and anticancer effects (Liang et al., 2016). Moreover, Buckner et al. have 
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demonstrated that OSC inhibitors can be potent inhibitors against T. cruzi in vitro 

(Buckner et al., 2001).  

Since C5 may potentially target OSC, an additional validation step was to 

evaluate whether the C5-resistant cell lines were cross-resistant to known 

inhibitors of OSC, specifically BIBX-79 (trans-N-(4-chlorobenzoyl)-N-methyl-(4-

dimethylamino methylphenyl)-cyclohexylamine) (Figure 3.8A) (Mark et al., 

1996). Indeed, the OSCOE promastigotes proved to be 10-fold more resistant to 

this specific inhibitor than WT (Figure 3.8B). Similarly, all C5 resistant clones 

(RES I – V) were over 10-fold resistant to BIBX-79, consistent with their relative 

resistance to compound C5 (Table 3.6). This observed cross-resistance data 

suggests both compounds share a similar MoA and/or mechanism of resistance, 

which most likely they both target OSC. 

In addition, the potency of three anti-leishmanial drugs known to target 

sterol biosynthesis was evaluated against two representative resistant cell lines 

(OSCOE and RES III). Terbinafine, posaconazole and AmB have been used in 

antifungal therapy and repurposed for anti-leishmanial treatments. Terbinafine 

and posaconazole inhibit ergosterol synthesis by targeting the enzymes 

immediately upstream (squalene epoxidase) and downstream (sterol 14-

demethylase, CYP51) of OSC (Al-Abdely et al., 1999; Farajzadeh et al., 2016). 

AmB is known to bind to ergosterol-formed membranes pores resulting in the 

disruption of membrane stability (Ramos et al., 1996). No cross-resistance to 

AmB was found, and only RES III was marginally (2-fold) resistant to terbinafine 

compared to WT. In contrast, both cell lines were less susceptible to 

posaconazole relative to WT (Table 3.7 and Figure 3.9).  
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Figure 3.7: Sterol biosynthesis pathway of L. donovani. 
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Figure 3.8: OSC specific inhibitor cross-resistance evaluation. (A) Chemical structure of BIBX-

79. (B) Dose-response curves for WT and OSCOE cells treated with BIBX-79. EC50 values of 0.6 

± 0.01 and 5.6 ± 0.2 μM were determined for WT and OSCOE, respectively. 

 

Table 3.6: Comparison of EC50 values for WT and resistant lines (RES I – V and OSCOE) against 

either compound C5 or BIBX-79. 

Cell line 

EC50 values, µM (fold change versus WT) 

Compound C5 BIBX-79 

WT 0.5 ± 0.02 (-) 0.5 ± 0.01 (-)  

RES I 25.5 ± 3.1 (51) 23.6 ± 6.5 (47) 

RES II 13.1 ± 0.8 (26) 6.6 ± 0.5 (13) 

RES III 13.8 ± 1.5 (28) 5.7 ± 0.5 (11) 

RES IV 9.5 ± 1.6 (19) 7.8 ± 0.5 (15) 

RES V 16.9 ± 1.2 (34) 7.6 ± 1.7 (15) 

OSCOE 4.9 ± 0.1 (10) 5.2 ± 0.3 (10) 

All EC50 values represent the weighted mean ± standard deviation of at least three biological 

replicates (n ≥ 3) with each biological replicate comprised of two technical replicates. 

 

Table 3.7: EC50 values for L. donovani WT, OSCOE and RES III against anti-leishmanial inhibitors. 

Cell line 

EC50 values 

AmB (nM) Terbinafine (µM) Posaconazole (µM) 

WT 21 ± 3 1.6 ± 0.1 < 0.01  

OSCOE 22 ± 2 1.8 ± 0.2 1.9 ± 0.3 

RES III 24 ± 1 2.9 ± 0.2 1.2 ± 0.1 
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All EC50 values represent the weighted mean ± standard deviation of at least two biological 

replicates (n ≥ 2) with each biological replicate comprised of two technical replicates. 

 

 

Figure 3.9: Anti-leishmanial cross-resistance study. Dose-response curves for (A) AmB, (B) 

Terbinafine and (C) Posaconazole. EC50 values in Table 3.7. 

 

 

3.1.4 Stereochemistry of compound C5 

Stereochemically, compound C5 is a racemate (1:1 mixture of R and S 

enantiomers) (Figure 3.10), with a chiral centre at the 3-position of the piperidine 

ring, as reported (Pena et al., 2015). In order to profile the biological activity of 

individual enantiomers, semi-preparative chiral chromatography was used to 

separate both enantiomers of compound C5 by Dr Eoin Moynihan. In addition, 

the identification the separated enantiomers, either (R) or (S), was determined 

using small molecule X-ray crystallography by Dr Alan Kennedy (University of 

Strathclyde). 
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Figure 3.10: Chemical structures of C5 racemate, (R) and (S) enantiomers. 

 

3.1.4.1 The potency of C5 enantiomers  

The potency of each separated enantiomer was determined against WT, C5-

resistant (RES I – V) and OSCOE cell lines; and compared to that of the racemate. 

Both enantiomers were active against WT promastigotes, with the S enantiomer 

more active (EC50 = 0.4 ± 0.01 μM) than either the R enantiomer (EC50 = 2.6 ± 

0.1 μM) or the racemate (EC50 = 0.5 ± 0.02 μM). As with the racemate, all resistant 

lines were less susceptible to both enantiomers than WT, with the S enantiomer 

consistently 10-fold more potent than the R enantiomer (Table 3.8). Collectively, 

these data suggest that the racemate and both enantiomers interact with the 

same target, likely to be the enzyme OSC. 

 

Table 3.8: EC50 values for compound C5 racemate and its enantiomers against L. donovani WT 

and resistant promastigotes (OSCOE and RES I – V). 

Cell line 

EC50 values, µM (fold change versus WT) 

Compound C5 (R)-C5 (S)-C5 

WT 0.5 ± 0.02 (-) 2.6 ± 0.1 (-) 0.4 ± 0.01 (-) 

RES I 25.5 ± 3.1 (51) > 50 (> 19) 10.4 ± 2.0 (26) 

RES II 13.1 ± 0.8 (26) 42.7 ± 2 (16) 6.4 ± 0.2 (16) 

RES III 13.8 ± 1.5 (28) > 50 (> 19) 6.4 ± 0.8 (16) 
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RES IV 9.5 ± 1.6 (19) > 50 (> 19) 4.2 ± 0.7 (11) 

RES V 16.9 ± 1.2 (34) > 50 (> 19) 8.4 ± 1.1 (21) 

OSCOE 4.9 ± 0.1 (10) 29.8 ± 2.0 (11) 4.1 ± 0.1 (10) 

All EC50 values represent the weighted mean ± standard deviation of at least three biological 

replicates (n ≥ 3), with each biological replicate comprised of two technical replicates. 

 

3.1.4.2 Cytotoxicity and SI  

The human HepG2 cell line was used to determine the relative cytotoxicity of C5 

racemate, its enantiomers, as well as BIBX-79. The relative selectivity index (SI) 

of these compounds was calculated as the ratio between EC50 values in HepG2 

cells and L. donovani promastigotes (Table 3.9). Confirming results published by 

(Pena et al., 2015), C5 demonstrated no cytotoxicity at the highest concentration 

tested (50 µM) and this was also the case for both enantiomers. In contrast, BIBX-

79 showed relatively high cytotoxicity (EC50 value of 5 ± 0.4 µM). The best 

estimated SI was obtained for (S)-C5 (SI > 125). 

Table 3.9: HepG2 cytotoxicity evaluation and SI determination for compound C5 racemate,  

enantiomers and BIBX-79. 

  EC50 values, µM 

SI 
 HepG2 

L. donovani 

promastigotes 

Compound C5 >50 0.5 ± 0.02 >100 

(R)-C5 >50 2.6 ± 0.1 >19 

(S)-C5 >50 0.4 ± 0.01 >125 

BIBX-79 5 ± 0.4 0.5 ± 0.01 10 

All EC50 values represent the weighted mean ± standard deviation of at least two biological 

replicates (n ≥ 2), with each biological replicate comprised of two technical replicates. 
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3.1.4.3 Amastigote activity 

The activity of C5 and its enantiomers was also evaluated against both axenic 

and intracellular amastigotes (in macrophage). Axenic amastigotes were 

differentiated from stationary phase LdBOB promastigotes and grown in the 

absence of macrophages. Intracellular amastigotes were evaluated in vitro 

through L. donovani LV9 infection of peritoneal mouse macrophages by Dr Susan 

Wyllie. C5 racemate and (S)-C5 were mildly potent against intracellular 

amastigotes (EC50 of 39 ± 8 and 31 ± 7 μM, respectively), while (R)-C5 was not 

active in these assays at the highest concentration tested (50 μM). Similar 

potency profiles were observed against axenic amastigotes. Of particular note, 

the S enantiomer was the most potent against both axenic and intracellular 

amastigotes (Table 3.10).  

Table 3.10: EC50 values for compound C5 racemate and its enantiomers against axenic and 

intracellular amastigotes. 

Cell line 

EC50 values, µM 

Compound C5 (R)-C5 (S)-C5 

Axenic amastigotes 20 ± 4 > 50 17 ± 3 

Intracellular amastigotes 39 ± 8 > 50 31 ± 7 

EC50 values represent the weighted mean ± standard deviation, with each biological replicate 

comprised of two technical replicates. Axenic amastigotes EC50 values were obtained from two 

biological replicates (n ≥ 2). Intracellular amastigote data is from a single biological replicate. 

 

3.1.4.4 Promastigote activity in varying serum levels  

In Leishmania promastigotes, the sterol content is dynamic and can be regulated 

by the external environment, such as the cholesterol adsorption from the medium 

(Yao and Wilson, 2016). In vitro, FBS is the only source of sterols in the culture 

medium. Therefore, aiming to investigate whether the alteration of the basal 

medium sterols concentration could influence the C5 racemate and its 
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enantiomers activity, 5, 10 or 20% FBS were supplemented culture media and 

assessed against promastigotes. As observed in Table 3.11 and Figure 3.11, the 

varying concentrations of FBS had little or no effect on the potency of these 

compounds.  

Table 3.11: EC50 values for compound C5 racemate and its enantiomers against promastigotes 

under different concentrations of FBS. 

  EC50 values, µM 

  5% FBS 10% FBS 20% FBS 

Compound C5 0.4 ± 0.01 0.55 ± 0.01 0.6 ± 0.008 

(R)-C5 3.7 ± 0.01 4.3 ± 0.1 5.1 ± 0.08 

(S)-C5 0.3 ± 0.01 0.41 ± 0.01 0.43 ± 0.01 

EC50 values represent the weighted mean ± standard deviation from a single biological replicate 

comprised of two technical replicates.  

 

Figure 3.11: Dose-response curves with L. donovani promastigotes grown in culture media 

supplemented with 5, 10 or 20% FBS against C5 and its enantiomers. Curves show the FBS 

effect on the potency of (A) compound C5, (B) enantiomer R and (C) enantiomer S. EC50 values 

in Table 3.11. 
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3.1.5 Biochemical evidence of OSC inhibition 

TLC was used to assess the effect of C5 on sterol biosynthesis. Using this 

approach, the levels of specific sterols were assessed in compound-treated 

parasites and cell-free membrane preparations. 

 

3.1.5.1 Compound-treated parasites 

In the first strategy, promastigotes were treated with C5 racemate, (S)-C5, BIBX-

79 or CYP51 inhibitor (posaconazole). Following treatment for 96 h, neutral lipids 

from parasites corresponding to 1 × 108 cells were extracted and separated by 

TLC, alongside the standards, 2,3-oxidosqualene, lanosterol and ergosterol. 

Then, the unsaturated double bonds of separated lipids were stained with iodine 

vapour. Consist with inhibition of OSC, treatment of promastigotes with 1.5 µM of 

compound C5 racemate, (S)-C5 and BIBX-79 led to an accumulation of the OSC 

substrate, 2,3-oxidosqualene, in comparison with untreated parasites (Figure 

3.12A, blue arrow). In cells where OSC is inhibited, it would be reasonably 

expected the depletion in levels of the enzyme product, in this case, lanosterol. 

This was not observed in this case, most likely due to the rapid turnover of 

lanosterol and generally low basal levels. Since lanosterol is the substrate of 

CYP51, it was only detected via TLC when parasites were treated with 

posaconazole (Figure 3.12A, red arrows). These results confirm that cells treated 

with the C5 racemate and S enantiomer share the same sterol signature as those 

exposed to the established OSC inhibitor BIBX-79 and a distinct signature from 

cells exposed to the known CYP51 inhibitor, posaconazole. In addition, to 

ultimately prove the identification of 2,3-oxidosqualene and the absence of 

lanosterol in (S)-C5 treated parasites, extracted neutral lipids were compared in 
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the absence and presence of spiked 2,3-oxidosqualene (8 µg) or lanosterol (15 

µg) (Figure 3.12B). 

 

Figure 3.12: TLC performed with neutral lipids extracted from untreated (WT) and treated L. 

donovani parasites. Ergosterol, lanosterol and 2,3-oxidosqualene standards run in parallel. Bands 

representing 2,3-oxidosqualene and lanosterol are indicated by blue and red arrows, respectively. 

(A) Promastigotes treated with C5 racemate, (S)-C5, BIBX-79 and posaconazole. (B) 

Promastigotes treated with (S)-C5 in the absence or presence of spiked 2,3-oxidosqualene or 6 

µg lanosterol. 

 

3.1.5.2 Cell-free membrane preparations 

In the second strategy, crude (cell-free) membrane preparations were used to 

provide a more direct analysis of the reaction catalysed by OSC. Since OSC is a 

monotopic integral membrane protein (IMP) associated with the cytosolic side of 

the endoplasmic reticulum in eukaryotes (Ruf et al., 2004), promastigote 

membranes were prepared using nitrogen cavitation, with minimum damage to 

enzymes and organelles (Simpson, 2010). Due to the specific addition of the 

enzyme-substrate, this crude membrane system enabled the reaction catalysed 

by OSC to be the focus, simplifying the data due to other ongoing biosynthetic 

reactions. 

In the first instance, to establish parameters for subsequent experiments, 

differing amounts of the OSC substrate, 2,3-oxidosqualene (3, 6 and 10 µg), were 

added to extracted membranes and incubated for 1 h (Figure 3.13A, blue arrow). 
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The addition of 6 µg of 2,3-oxidosqualene was chosen for subsequent 

experiments. Prolonged incubations (2, 4, 8 and 24 h) of reactions were then 

performed (Figure 3.13B). Incubation of the substrate with extracted membranes 

did not result in the expected production of lanosterol.  

Due to the nitrogen cells disruption, pieces of the endoplasmic reticulum 

called microsomes are formed. Aiming to relax these vesicle-like structures 

containing OSC and, therefore, facilitate the substrate to reach the enzyme and 

guarantee this sterol substrate would be kept in solution, the non-ionic detergent 

β-OG was incorporated in the microsomes reaction mix. Supplementation of 

0.05%, 0.4% or 0.8% β-OG was tried alongside 6 µg substrate. As demonstrated 

in Figure 3.14A, lanosterol production was clearly detected in membranes 

incubated for 24 h in the presence of 0.8% β-OG.  

Having established suitable reaction conditions, it was confirmed that 

lanosterol was only produced by membrane extracts incubated in the presence 

of 6 µg 2,3-oxidosqualene (Figure 3.14B), catalysed by the activity of OSC in 

these membranes. The production of lanosterol by membrane extracts was 

entirely ablated in the presence of 1.5 µM (S)-C5 and BIBX-79. Collectively, these 

assays confirmed that OSC is active in these promastigote membrane 

preparations and that (S)-C5 is capable of inhibiting that activity. 
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Figure 3.13: TLC performed with crude membranes to establish the assay conditions for L. 

donovani OSC activity. Lanosterol and 2,3-oxidosqualene standards were run in parallel. Bands 

representing 2,3-oxidosqualene and lanosterol are indicated by blue and red arrows, respectively. 

(A) Crude membranes samples supplemented with differing amounts of substrate 2,3-

oxidosqualene for 1 h. (B) Crude membranes samples supplemented with 6 µg substrate 2,3-

oxidosqualene during the different incubation times. 
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Figure 3.14: TLC performed with crude membranes to establish the assay conditions for L. 

donovani OSC activity and inhibition. (A) Crude membranes supplemented with 6 µg substrate 

2,3-oxidosqualene and differing amounts of detergent β-OG, at 0 or 24 h. (B) Assessment of the 

L. donovani OSC activity and inhibition with either (S)-C5 or BIBX-79. 

 

 

3.1.6 Thermal proteome profiling (TPP) 

TPP was used to confirm the direct engagement of compound (S)-C5 to OSC. 

Briefly, lysates of L. donovani promastigotes were incubated with 4 µM compound 

(S)-C5 (10 × EC50) or DMSO vehicle and divided into two groups of 10 aliquots 

each. These aliquots were then submitted to a temperature range (between 34 
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and 61 °C in 3 °C intervals) and, for each temperature, insoluble (denaturated) 

proteins were removed from each aliquot by ultracentrifugation. The remaining 

soluble protein samples were processed (reduction, alkylation, concentration 

using TCA precipitation and digestion) and labelled with a different isotope-coded 

isobaric TMT. Labelled peptides were then combined prior to the fractionation by 

HPLC and analysis by LC/MS-MS. Using the TPP package (Franken et al., 2015), 

the reporter ion intensities acquired were used to fit a curve and calculate the 

specific Tm for each protein, which was then compared between compound (S)-

C5 and vehicle-treated samples. 

Dr Victoriano Corpas Lopez performed the data analysis for two technical 

replicates and acquired thermal stability data for 6410 proteins (79.9% coverage 

of the L. donovani proteome). In the presence of 4 µM (S)-C5, LdOSC did not 

show a significant change in the melting behaviour (Figure 3.15A) and was not 

identified as a hit using either Tm (standard) or NPARC method (p = 1). 

The fact that OSC was not thermally stabilised in the presence of (S)-C5 

could be explained by OSC, an IMP, not being accessible for binding using the 

current cell lysate procedure. To investigate this hypothesis, Dr Victoriano Corpas 

Lopez performed a second TPP with three optimisation steps. First, intact 

promastigotes were also incubated in the presence of either compound (S)-C5 

(10 × EC50) or DMSO vehicle for 3 h prior to the lysate preparation. Then, as 

previously described in Section 3.1.6.2, 0.8% (w/v) β-OG was added to the lysis 

buffer. Finally, the temperature range for this assay was increased to 33 – 69 °C 

in 4 °C intervals. Following these optimisations steps, two technical replicates 

from one biological experiment were analysed. The thermal stability data for 

5,130 proteins (64.9% coverage of the L. donovani proteome) was acquired and, 

the direct engagement of (S)-C5 to OSC was confirmed by a 3.4 °C (ΔTm) 



90 
 
increase in thermal stability in the presence of compound (Figure 3.15B). 

NPARC ranked LdOSC as the fifth most confident “hit” in the total L. donovani 

proteome (Table 3.12). 

 

Figure 3.15: Melting curves for L. donovani OSC following incubation with 4 µM compound (S)-

C5 (solid line) or DMSO vehicle (dashed line) from two technical replicates (A) without 0.8% β-

OG and (B) supplemented with 0.8% β-OG. 

 

Table 3.12: List of top 10 proteins demonstrating thermal shift in the presence of (S)-C5 and 

identified as “hits” or potential targets by NPARC analysis in both technical replicates.  

Gene ID Encoded protein 
NPARC 

p-value 

ΔTm1 

(°C) 

ΔTm2 

(°C) 

LdBPK_070460.1 Hypothetical protein - conserved 1.20 ×10-11 -9.71 -8.55 

LdBPK_151590.1 Hypothetical protein - conserved 1.60 ×10-10 T >69 T >69 

LdBPK_360230.1 SET domain protein - putative 4.60 ×10-9 5.63 4.78 

LdBPK_091220.1 Hypothetical protein - conserved 1.70 ×10-7 -13.39 C >69 

LdBPK_060670.1 Oxidosqualene cyclase 4.90 ×10-7 3.83 2.93 

LdBPK_210770.1 
ATP-binding cassette protein 

subfamily E - member 1 - putative 
7.60 ×10-7 3.42 3.92 

LdBPK_261880.1 Leucine Rich repeat - putative 7.60 ×10-7 3.98 5.13 
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LdBPK_190690.1 Kinesin - putative 4.10 ×10-6 T >69 T >69 

LdBPK_200750.1 Hypothetical protein - conserved 4.90 ×10-6 6.34 7.65 

LdBPK_090160.1 

FHA domain/Ring finger domain/Zinc 

finger - C3HC4 type (RING finger) 

containing protein - putative 

9.30 ×10-6 9.43 2.67 

OSC is highlighted in blue as the fifth strongest “hit”. 

 

 

3.1.7 Assessing the essentiality of OSC  

3.1.7.1 Constructs for the replacement of LdOSC alleles 

Aiming for the first time to assess the essentiality of OSC in L. donovani 

promastigotes, a classical two-step gene replacement strategy was developed to 

sequentially replace both copies of OSC by homologous recombination. Gene 

replacement constructs were designed with 500 bp of the 5′ and 3′ UTRs of the 

LdOSC ORF flanking the drug resistance genes PAC and HYG (Figure 3.16).  

 

Figure 3.16: Schematic representation of the OSC locus with OSC allele and targeted gene 

replacement cassettes containing PAC and HYG resistance genes. Black bars represent the 

5′UTR region upstream of the open reading frame of OSC, which was used as a probe in Southern 

blot analysis. Red arrows represent the primers used to amplify each gene fragment and identify 

the correspondent ORF in mutant cell lines. NsiI sites with expected fragment sizes are shown. 

 



92 
 
3.1.7.2 Single knockout cell lines generation 

The resulting HYG and PAC gene replacement constructs were transfected into 

promastigotes, either WT or constitutively expressing an ectopic copy of OSC 

(OSCOE, Section 3.1.4.1). Four putative single knockout (SKO) cell lines were 

generated (WT-SKOPAC, WT-SKOHYG, OSCOE-SKOPAC and OSCOE-SKOHYG) and 

maintained in culture with the appropriate drug selection. From each putative 

SKO uncloned line, four resistant clones were selected (cl 1 – 4, from each SKO 

cell line), gDNA was harvested and used for diagnostic PCR and Southern blot 

analysis. 

Diagnostic PCR was performed to assess if a copy of OSC gene had been 

successfully replaced by PAC and HYG genes in 16 clonal putative SKO cell lines 

(Figure 3.17). A combination of intra-gene and UTR-specific primers were used 

to confirm the accuracy of these transgenic cell lines (Figure 3.16, red arrows). 

In all 8 putative SKOPAC lines, the PAC gene was successfully delivered into the 

OSC locus (Figure 3.17A,B). From a total of 8 putative SKOHYG clonal lines 

selected, the HYG gene replaced a OSC allele in 6 (Figure 3.17C,D). Successful 

amplification of an endogenous copy of OSC in all lines confirmed that none of 

these cell lines had both OSC alleles been replaced. In total, 14 confirmed SKO 

cell lines were obtained and submitted to a second round of homologous 

replacement.  
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Figure 3.17: Diagnostic PCR to assess the PAC, HYG or OSC amplification. SKO clonal lines for 

PAC construct transfected in (A) WT promastigote background and (B) OSCOE promastigote 

background. SKO clonal lines for HYG construct transfected in (C) WT promastigote background 

and (D) OSCOE promastigote background.  

 

3.1.7.3 Generation of LdOSC null mutants 

Attempts were made to directly replace the second OSC allele in all 14 positive 

SKO cell lines. SKO cell lines were transfected with the reciprocal KO construct, 

either PAC or HYG. Forty clonal putative nulls, resistant to selection with both 

PAC and HYG, were recovered and the OSC loci was assessed by diagnostic 

PCR and Southern blot.  

Despite several attempts, knockout of the remaining endogenous OSC 

copy could not be achieved (Figure 3.18A). In doubly resistant parasites (HYG 

and PAC), transgenes were apparently integrated into different areas of genome 

locus, as seen in Figure 3.18A. In contrast, both OSC alleles were correctly 

replaced in clonal lines maintaining an ectopic copy of OSC (rescued double 

knockout, rDKO) (Figure 3.18B).  

Southern blot analysis was also used to assess the OSC replacement. 

First, a DIG-labeled 5′UTROSC probe (Figure 3.16, black bars), yielded bands 

corresponding to the expected fragment sizes, based on the assembled L. 

donovani genome. The exception was a band found in sample ‘WT attempt DKO 

cl1', which did not correspond to the predicted fragment size, suggesting that 
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HYG had integration into an alternative genome locus in this cell line (Figure 

3.19A). This membrane was stripped and re-probed using a DIG-labeled OSC 

probe (Figure 3.19B). This probe hybridised to endogenous and ectopic copies 

of OSC. Analysis confirmed that both allelic copies of OSC were only successfully 

replaced in promastigotes bearing an ectopic copy of the OSC gene. Collectively, 

these results strongly suggest that the OSC is essential for L. donovani 

promastigotes. 

 

Figure 3.18: Diagnostic PCR to assess the PAC, HYG or OSC amplification. (A) Putative DKO 

clonal lines in WT promastigote background. (B) Rescue DKO clonal lines in OSCOE promastigote 

background. 
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Figure 3.19: Southern blot analysis of Nsil digested genomic DNA from L. donovani WT 

promastigotes, OSCOE transgenic cell lines, single knockout clones (SKO), attempted double 

knockout (attempted DKO) and rescued double knockout (OSCOE-DKO). (A) Membrane probed 

using DIG-labeled 5′UTR of OSC. (B) Membrane re-probed using DIG-labeled OSC ORF. 
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3.2 Discussion 

This chapter describes the use of a variety of genome-wide genetic, chemical 

proteomic and biochemistry-based approaches lead to the identification and 

validation of OSC, a key enzyme in sterol biosynthesis, as the molecular target 

of C5 and its enantiomers in Leishmania donovani. This work has been recently 

published in Cell Chemical Biology (Paradela et al., 2021). 

Generation of resistance to compounds in vitro has been an important 

instrument and great facilitator for understanding the MoA of compounds or drugs 

in Leishmania. Leishmania parasites lack the ability to control the individual 

transcription of nuclear protein-coding genes, which instead are organised in 

polycistronic transcription units (Clayton, 2016). Due to this lack of regulation, 

Leishmania often relies on DNA CNV to regulate the expression levels of 

individual genes or chromosomes involved in drug resistance (Ubeda et al., 2008, 

2014). Indeed, Leishmania use aneuploidy as a lifestyle, occurring in natural 

populations or in vitro after induction of drug resistance. Numerous examples 

exist whereby clones under selection for drug resistance in vitro have been shown 

to alter their ploidy or amplify extrachromosomal DNA formed through 

rearrangements at the level of direct or inverted homologous repeated sequences 

(Mittal et al., 2007; Ubeda et al., 2008; Leprohon et al., 2009). Accordingly, the 

present results show that parasites overcome their susceptibility to C5 through 

CNV, either by amplifying fragments (gene dosage at specific loci containing 

different sets of genes) in RES I and II or the entire Chr6 as in RES I, III, IV and 

V.  

Unexpectedly, the level of OSC protein/gene amplification and the level of 

resistance demonstrated by cell lines (expressed by the EC50-fold change versus 

WT) did not directly correlate. According to Palmer and Kishony, the expression 
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of a protein target at levels significantly higher than WT might be very costly for 

cells to maintain. In both artificial expression systems and naturally occurring 

overexpressing mutants, protein folding may fail to produce an increase in 

functional protein levels, permitting no opportunity for protective overexpression 

(Palmer and Kishony, 2014). This could explain the fact that, despite having the 

most significantly amplified fragment (over 34-fold) across all RES lines, RES II 

is the second least resistant line in relation to WT (26-fold). Interestingly, RES II 

is also the only cell line that did not amplify the entire Chr6. 

Another strategy exploited by Leishmania that can contribute to resistance 

is the generation of SNPs that affect key residues or gene function (Ponte-sucre 

et al., 2017). In this study, neither homozygous nor heterozygous consistent point 

mutations were found across the clonal lines suggesting CNV was the main 

parasite’s mechanism to adapt and prevail under drug pressure. However, the 

confirmed role of OSC overexpression in C5 resistance led us to investigate the 

possible impact of the OSC (Cys778Phe) mutation on resistance. The 

disconnection between the OSC transcripts and protein levels may suggest this 

mutation have caused instability that led to the misfolding of OSC and ultimately 

degradation via the proteasome. Currently, there is no crystal structure of 

Leishmania OSC. However, there are two human OSC crystal structures 

deposited in the Protein Data Bank (PDB), one with lanosterol bound in the active 

site (PDB: 1W6K) and the other with an inhibitor (Ro 48-8071, PDB: 1W6J). Both 

ligands have their hydrogen-bond acceptor groups positioned to favour a 

hydrogen-bond interaction with aspartate 455 (Asp455), a crucial residue for 

ligand stabilisation at the active site of OSC (Thoma et al., 2004). The mutated 

cysteine (Cys778), found in RES V, corresponds to a leucine (Leu512) in the 

human OSC, and it is not found in the active site. Indeed, a homology model of 
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OSC with C5 bound suggests that this residue is between 12 and 19 Å from the 

lanosterol binding site (Paradela et al., 2021). Collectively, these data indicate 

this mutation is likely to have no role in C5 resistance. 

OSC is a key enzyme in sterol biosynthesis, responsible for the cyclisation 

of 2,3-oxidosqualene to lanosterol, described as the most complex enzyme-

catalysed reaction known (Barrett-Bee and Dixon, 1995). OSC has proved to be 

essential for L. donovani promastigotes. The primary function of lanosterol is to 

serve as an intermediate in sterol biosynthesis and the initial precursor of all 

steroid structures formed by mammals, fungi and trypanosomatids (de Souza and 

Rodrigues, 2009; Dahlin et al., 2016). Due to the fundamental role of OSC in 

sterol biosynthesis, it represents an attractive drug target for several diseases, as 

previously described. The OSC inhibitors described in the literature include 

U18666A (Cenedella and Bierkamper, 1979), BIBX-79 (Mark et al., 1996) and Ro 

48-8071 (Morand et al., 1997). The study of OSC inhibitors against Leishmania 

and Trypanosoma cruzi have been explored by Benaim and colleagues (Serrano-

Martín et al., 2009; Benaim et al., 2014) and Buckner and colleagues (Buckner 

et al., 2001), respectively. 

Biochemical and biophysical approaches provided compelling evidence of 

the direct inhibition of OSC by C5. In the sterol profiles of both treated parasites 

and cell-free membrane preparations, 2,3-oxidosqualene was found to 

accumulate as expected following OSC inhibition. However, the ergosterol 

content appeared to remain unchanged except when treated with posaconazole. 

It should be noted that TLC is at best a semi-quantitative analytical method and 

that moderate changes in the level of this highly abundant sterol may not be 

readily observed. Nevertheless, in a study reported by Rakotomanga and 

colleagues (Rakotomanga et al., 2005), ergosterol levels also remained 
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unchanged in MF-treated parasites, despite a significant reduction in the levels 

of C-24 alkylated sterols. This may suggest that ergosterol reduction may not be 

an inevitable consequence of sterol biosynthesis inhibition. Also, it is important to 

consider that after the cyclization of 2,3-oxidosqualene to form lanosterol, several 

sequential transformations occur to form ergosterol. Despite OSC inhibition for 

96 h, any of these reactions intermediates could feed an alternative branch 

leading to the ergosterol production in the surviving parasites.  

OSC is a monotopic IMP associated with the endoplasmic reticulum in 

eukaryotic cells. After cell lysis, OSC is located within heterogeneous vesicle-like 

artefacts formed from pieces of the endoplasmatic reticulum called microsomes 

(Ruf et al., 2004; Thoma et al., 2004). The nature of IMPs to exist within the lipid 

membrane renders an intrinsic hydrophobicity and, thus, they are more likely to 

have low solubility in aqueous environments. Therefore, IMPs are usually not 

accessible using detergent-free cell extraction conditions, requiring mild 

detergents or other solubilising agents to facilitate their assessment (Franken et 

al., 2015; Rawlings, 2016). Detergents are essential during the solubilisation, 

purification and crystallisation of membrane proteins that interact with the lipid 

bilayer. Due to their amphipathic nature (hydrophobic tail and hydrophilic head), 

detergents can extract IMPs through disruption of the lipid bilayer without 

irreversibly changing the protein structure. In addition, through the formation of 

micelles, they can mimic the lipid membrane by surrounding the hydrophobic 

region of the IMP and, thus, generating a water-soluble protein–detergent 

complex (Linke, 2009). The nonionic detergent β-OG is frequently used to 

solubilise integral membranes proteins (Seddon, Curnow and Booth, 2004). The 

minimal concentration at which β-OG micelles are observed is ~ 0.7% (w/v) 

(Kozo, Tokio and Ryohei, 1961), which is approximately the β-OG concentration 
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evaluated to detect OSC products in membrane preparations. Importantly, this 

supplementation is also consistent with the studies reported by Thoma and 

colleagues (Thoma et al., 2004), where β-OG was the only detergent that yielded 

OSC crystals, and by Ruf and colleagues (Ruf et al., 2004), in which the same β-

OG concentration was added to protein homogenates to improve OSC 

solubilisation and to measure enzymatic activity. Here, we supplemented lysis 

buffer with 0.8% β-OG for the biophysical and biochemical assays. The addition 

of β-OG to cell-free membrane preparations enabled the enzymatic activity of 

OSC to be monitored, most likely by allowing the substrate access to the IMP by 

relaxing the microsomes. In the same way, the presence of detergent in TPP 

experiments kept the OSC mono-disperse and stable in a water-soluble protein–

detergent complex, allowing the stabilisation and direct engagement of the OSC-

C5 complex. 

Sterols are essential components for cellular membrane normal structure 

and function. The Trypanosoma sterol composition and sterol biosynthetic 

pathway are different from their mammalian hosts and similar to those operating 

in fungi. These features have been considered exploitable for drug discovery and 

offered opportunities for the repositioning of successful antifungals. Indeed, the 

sterol biosynthetic pathway is one of the most exploited metabolic pathways for 

antimicrobial chemotherapy (Roberts et al., 2003; Chawla and Madhubala, 2010). 

Several antifungals inhibitors of sterol biosynthesis, specifically azoles targeting 

CYP51 enzyme, have been profiled to treat leishmaniasis and even been pursued 

in clinical trials for the cutaneous disease (Saenz, Paz and Berman, 1990; Dogra 

and Saxena, 1996; Al-Abdely et al., 1999; Alrajhi et al., 2002; Farajzadeh et al., 

2016). For the visceral disease, azoles are neither recommended by WHO in the 

“Technical Reports Series 949” (WHO, 2010) nor approved by FDA, most likely 
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due to its association with mixed results and variable efficacy (Centers for 

Disease Control and Prevention, 2021). Of note, in 2017, posaconazole was 

unsuccessful in phase II clinical trial for Chagas disease, despite promising in 

vitro and in vivo studies (Morillo et al., 2017). The failure of this promising 

compound in trials was devastating and has led some in drug discovery reticence 

to pursue sterol biosynthesis inhibitors against trypanosomatids.  

Trypanosomatids can not synthesise cholesterol de novo and use 

ergosterol and ergosterol-like sterol as their principal sterols in numerous cellular 

functions for growth and viability (de Souza and Rodrigues, 2009). The exception 

is BSF T. brucei which suppresses ergosterol biosynthesis and predominantly 

utilises cholesterol scavenged from the external environment (Coppens et al., 

1988). In contrast, PCF acquire sterols from both endogenous (ergosterol 

biosynthesis) and exogenous (cholesterol uptake) (Coppens, Sinai and Joiner, 

2000; Zhou, Cross and Nes, 2007). This key difference may explain the 

differential susceptibility of PCF and BSF parasites to C5, where only PCF 

parasites were susceptible (EC50 5.4 ± 0.5 μM). In support of this hypothesis, 

Sharma and colleagues (Sharma et al., 2017) also reported differential toxicity to 

sterol metabolism-specific drugs, with PCF 3-fold less susceptible to ergosterol-

specific AmB and 9-fold less susceptible to cholesterol-specif methyl-β-

cyclodextrin than for BSF.  

Although Leishmania can scavenge cholesterol from the external 

environment (Haughan, Chancet and Goad, 1995; Yao et al., 2013), the 

production of ergosterol and ergosterol-based sterols are essential, and are the 

principal sterols are synthesised (Roberts et al., 2003; de Souza and Rodrigues, 

2009). Leishmania contains more ergosterol-like sterols (~60 to 80%) than 

cholesterol (~10 to 30%) (Yao et al., 2013). Ergosta-5,7,24(241)-trien-3β-ol (5-
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dehydroepisterol) is the most abundant sterol according to several studies 

(Rodrigues et al., 2002; Serrano-Martín et al., 2009; Xu et al., 2014; Mukherjee 

et al., 2019). The fact that Leishmania can take up cholesterol from the external 

environment raised concerns that this could serve as a bypass to sterol 

biosynthesis inhibition, reducing the drug efficacy. It has been reported that whilst 

the administration of sterol biosynthesis inhibitors at a high concentration may be 

sufficient to cause damage to the Leishmania membrane and lead to parasite 

death, at lower concentrations, parasites survive by inducing abnormal sterol 

accumulation in the membrane composition (Haughan, Chancet and Goad, 

1995). Although a study has shown that varying exogenous cholesterol in the 

medium could modulate the potency of the inhibitors tested (Andrade-Neto et al., 

2011), the variation of exogenous cholesterol levels, achieved by altering levels 

of serum in the medium from 5 – 20%, had little or no effect on C5 potency.  

The precise reason for the observed drop-off in C5 potency against 

promastigotes compared with axenic and intra-macrophage amastigotes remains 

unclear. However, modelling/docking studies with C5 into the LdOSC active site 

(Figure 3.20), carried out in collaboration with Dr Fabio Zuccotto, may suggest a 

viable explanation (Paradela et al., 2021). The imidazole moiety of C5 has a 

calculated pKa (~ 7.8 – 8.5), therefore at physiological pH, the ratio of protonated 

to unprotonated will be 3-10:1. However, at lower pH, such as in axenic 

amastigote culture media or within the acidified PV where intramacrophage 

amastigotes reside (pH 5.5), the imidazole would be predominantly in the 

protonated form (100-1000:1). The high degree of ionised molecules impairs the 

lipid cell membrane permeability affecting the compound potency. With this in 

mind, one strategy to improve C5 potency would be to replace the 

methylimidazole with a bioisostere with a lower pKa, such as the hOSC inhibitor 
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BIBB515 which bears a dihydrooxazole moiety (Lenhart et al., 2003). A second 

unrelated strategy to improve the potency of C5 would be to extend the 

compound off positions 6 and 7 to exploit an apparent hydrophobic channel within 

the LdOSC active site. By adding hydrophobic substituents to C5 at these 

positions, this pocket could be exploited, potentially improving potency. Indeed, 

with the hOSC inhibitor Ro 48-8071, the terminal aliphatic chain of lanosterol and 

the p-bromo phenyl moiety extend into a similar hydrophobic channel that 

ultimately leads to the cell membrane (Figure 3.21) (Thoma et al., 2004). Of note, 

C5 and Ro-8071 did not show potential phamacophoric similaries and, although 

these two compound occupy the same space into the LdOSC active site, the 

positions of the rings are not overlapping each other. 

In summary, target deconvolution studies for the phenotypically-active 

compound C5 successfully identified OSC as the specific molecular target in L. 

donovani. Compound C5 and its enantiomers were not cytotoxic against HepG2 

cell line and showed a better SI than the specific OSC inhibitor, BIBX-79. 

Modelling and docking studies propose strategies to improve compounds 

potency against the Leishmania mammalian stages. Since C5 is part of the 

Chagas box GSK compound collection (Pena et al., 2015), OSC identification 

could be translated into T. cruzi. Due to the recent posaconazole clinical trial 

failure for Chagas disease, the pursuit of SB inhibitors must be carefully 

considered. 

 

 



104 
 

 

Figure 3.20: Docking of C5 into a homology model of the L. donovani OSC active site (Paradela 

et al., 2021).  

 

 

Figure 3.21: Comparison of the substrate and inhibitors binding in the LdOSC active site. Best 

scoring pose of C5 binding in the LdOSC homology model is shown in green. Binding of inhibitor 

hOSC inhibitor Ro 48-8071 (pink) and the substrate lanosterol (yellow) are superimposed. The 

molecular surface of the LdOSC active site is shown in grey. 
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4 Results and discussion for compound C1 

4.1 Results 

4.1.1 Compound profile 

TCMDC-143358 (also known as GSK3369810A) will be referred to from here on 

as C1 (Figure 4.1). In the study published by Pena and colleagues (Pena et al., 

2015), C1 was only modestly active against T. cruzi (EC50 = 13 µM) and largely 

inactive against T. brucei BSF (EC50 > 40 µM). However, the compound 

demonstrated promising potency against L. donovani axenic and intracellular 

amastigotes, with EC50 values of 0.4 µM and 0.3 µM, respectively and no 

measurable cytotoxicity against human HepG2 cell line (EC50 > 100 µM). As a 

result, C1 was included in the Leish-Box (Table 4.1) and selected for subsequent 

MoA studies in L. donovani. 

 

Figure 4.1: The chemical structure of compound C1. EC50 values determined by GSK with this 

compound were as follows: axenic amastigotes (0.4 µM), intramacrophage amastigotes (0.3 µM), 

T. brucei BSF (> 40 µM), T. cruzi amastigotes (13 µM) and HepG2 (>100 µM) (Pena et al., 2015). 
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Compound C1 was profiled against our in-house parasite and human 

HepG2 cell lines (summarised in Table 4.1). Dose-response assays confirmed 

the values previously reported by GSK with C1 showing promising potency 

against axenic amastigotes (EC50 value of 0.2 ± 0.01 µM) and comparatively poor 

activity against T. brucei. Of particular note, C1 was found to be 93-fold less 

potent against L. donovani promastigotes compared to the axenic amastigotes, 

with an EC50 value of 19 ± 0.4 µM (Figure 4.2). Since this deviation in activity 

may indicate a differing MoA between the two developmental stages of 

Leishmania, subsequent MoA studies were carried out solely in the axenic 

amastigote stage of the parasite. In addition, confirming results published by 

(Pena et al., 2015), C1 demonstrated no cytotoxicity at the highest concentration 

tested (50 µM) against the HepG2 cell line. 

Table 4.1: EC50 values for C1 against L. donovani, T. brucei and HepG2 cell lines. 

Specie Stage EC50 values, µM 

L. donovani 

promastigotes 19 ± 0.4 

axenic amastigotes 0.2 ± 0.01 

T. brucei  

procyclic 3 ± 0.2 

bloodstream 32 ± 3 

Human HepG2 cell line > 50 

All EC50 values represent the weighted mean ± standard deviation of at least two biological 

replicates (n ≥ 2), with each biological replicate comprised of at least three technical replicates. 
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Figure 4.2: Dose-response curves for promastigotes and axenic amastigotes treated with C1 

(EC50 values in Table 4.1). 

 

4.1.2 Target identification studies 

To determine the MoA of C1 in axenic amastigotes, two approaches were 

pursued: the generation of resistant lines and TPP. 

 

4.1.2.1 Generation of resistant lines 

A single starter clone of susceptible LdBOB axenic amastigotes was used to 

initiate five independent cell lines (RES I – V). Each independent culture was 

exposed to stepwise increasing concentrations of C1 until they were growing 

routinely at 30 × EC50 value (6 µM) (Figure 4.3A). Following selection, each 

independently generated cell line was cloned by limiting dilution. Four out of five 

resistant lines were successfully cloned and the susceptibility of each clone to C1 

was determined and compared to the parental WT axenic amastigotes (Table 

4.2). All four clones were 70-fold less susceptible to C1 than WT (Figure 4.3B). 

Genomic DNA was recovered from each clone and submitted for WGS. In 

addition, RES I was maintained continuously in culture during four months in the 
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absence of selection and resistance to C1 was found to be relatively stable over 

that time (Figure 4.3C). 

 

Figure 4.3: Schematic representation of C1 resistant cell line generation and analysis. A) L. 

donovani axenic amastigotes cultured in the continuous presence of C1 over time. B) C1 

susceptibility of four RES clones and WT (EC50 values in Table 4.2). C) Susceptibility of RES I to 

C1 prior to and following culture of parasites in the absence of selection for 4 months. EC50 values 

of 0.1 ± 0.01, > 40 and > 40 µM were determined for WT, RES I and RES I (after 4 months in 

culture in the absence of selection), respectively. 

 

Table 4.2: EC50 values for C1 against L. donovani WT and resistant axenic amastigote cell lines. 

Cell line EC50 values, µM Fold change versus WT 

WT 0.3 ± 0.02 (-) 

RES I 22 ± 3 73 

RES II 21 ± 2 70 

RES IV > 40 > 133 

RES V > 40 > 133 

All EC50 values represent the weighted mean ± standard deviation of at least two biological 

replicates (n ≥ 2), with each biological replicate comprised of at least two technical replicates. 
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WGS revealed a total of 12 SNPs in the four cloned resistant lines relative 

to the parental clone, with at least one non-synonymous substitution in each of 

the four resistant clones (Table 4.3). Most notably, seven of the non-synonymous 

substitutions were identified in the same two genes encoding the “luminal binding 

protein 1, putative” (BiP, LdBPK_281310) and the “protein transport protein Sec-

23-like-protein” (Sec23, LdBPK_366710). Three distinct heterozygous mutations 

were identified within the gene encoding BiP in resistant lines RES II, RES IV and 

RES V. Two heterozygous mutations were identified within Sec23 in lines RES 

IV and RES V, while two homozygous mutations were identified in RES I and 

RES II. No significant CNV was evident in any of the resistant clones. 

 

Table 4.3: Summary of SNPs identified in C1 resistant clones. 

Gene Gene ID Mutation 
Resistant 

clone 

CLN3 protein, putative LdBPK_061360.1 C1072A (R358S) RES IV-Het 

hypothetical protein, conserved LdBPK_200360.1 C286T (P96S) RES II-Het 

DNAJ-domain protein, putative LdBPK_241330.1 C3908A (silent) RES IV-Het 

BiP, putative LdBPK_281310.1 G127A (G43S) RES II-Het 

BiP, putative LdBPK_281310.1 C212T (S71F) RES IV-Het 

BiP, putative LdBPK_281310.1 C307T (R103C) RES V-Het 

hypothetical protein, unknown function LdBPK_331130.1 A3701C (G1234A) RES V-Het 

PHF5-like protein, putative LdBPK_363070.1 G178T (G60C) RES IV-Het 

Sec23-like protein LdBPK_366710.1 G1341A (M447I) RES V-Het 

Sec23-like protein LdBPK_366710.1 G1301T (C434F) RES IV-Het 

Sec23-like protein LdBPK_366710.1 G1130A (G377D) RES II-Hom 

Sec23-like protein LdBPK_366710.1 C425T (A142V) RES I-Hom 

The two genes encoding proteins with most of the SNPs are highlighted in blue. BiP: luminal 

binding protein 1. Sec23: protein transport protein Sec23. 
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4.1.2.2 TPP 

TPP was used as a parallel method to identify the molecular target(s) of C1. 

Briefly, lysates of L. donovani axenic amastigotes were incubated in the presence 

of C1 (2 µM, equivalent to 10× EC50) or vehicle (DMSO). Samples were 

processed as described in Section 3.1.6. 

Data analysis was carried out by Dr Victoriano Corpas Lopez. Thermal 

stability data was generated for 5,954 and 6,013 proteins (74.1% and 74.9% 

coverage of the L. donovani proteome) in biological replicates 1 and 2, 

respectively. As described in Section 2.7.2.7, proteins were identified by 

searching the MS and MS/MS data for peptides from the L. donovani BPK282A1 

proteome. Relative protein abundance was calculated based on the reporter ion 

intensities of all quantified proteins and normalised to the abundance of proteins 

at the lowest temperature. The temperature-dependent abundance of each 

protein was calculated in technical replicates (1 and 2) of each biological 

replicate, log-transformed and then scaled between 0 and 1 (Figure 4.4). 

Following normalisation, the Tm (temperature at which 50% of the protein 

is denatured) of each protein was determined. The ΔTm was calculated by 

subtracting the Tm values of treated and untreated samples. For each biological 

replicate, proteins demonstrating a statistically significant thermal shift in the 

presence of C1 were listed in Tables 4.4 and 4.5. A total of 7 proteins from the 

first biological replicate and 25 from the second fulfilled all criteria required to be 

classified as legitimate “hits”. The observed difference in the number of hits 

identified in the two biological replicas is potentially explained by one of the 

criteria applied to hit selection (Section 2.7.2.9), in which the absolute value of 

each protein ΔTm must be higher than the difference between the Tm controls (Tm, 

DMSO1 - Tm, DMSO2) (Figure 4.5). For the first biological replica, the difference 
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between the Tm controls was 1.3 °C (Tm, DMSO1 = 50.8 °C and Tm, DMSO2 = 49.5 °C) 

and, for the second biological replica, 0.1 °C (Tm, DMSO1 = 49.6 °C and Tm, DMSO2 = 

49.5 °C). Therefore, the selected hit proteins with |ΔTm| higher than 1.3 °C in the 

first replica were lower than the ones with |ΔTm| higher than 1.3 °C in the first 

replica. Comparing both biological replicates, the only target candidate common 

was “protein transport protein Sec-23-like-protein” (Sec23, LdBPK_366710). 

Looking in detail at the melting curves of Sec23, ΔTm values of -2.0 °C and 

-1.8 °C in biological replicates 1 and 2, respectively, indicated that C1 leads to 

the destabilisation of this protein (Figure 4.5). Thermal-destabilisation of proteins 

is non-canonical, which means that different pools of the same protein may 

behave differently within the cell (Fang et al., 2021), but can indicate that 

compound binding induces destabilisation of protein complexes (Mateus et al., 

2018) and also be indicative of compound binding to the non-native protein state 

(Kabir et al., 2016).  
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Figure 4.4: Quality control analysis showing the TMT median intensities from (A) biological 

replicate 1 and (B) biological replicate 2. 

 

Table 4.4: List of 7 protein “hits” from TPP biological replicate 1 in the presence of C1. 

Gene_ID Encoded protein 

Replicate 1 Replicate 2 

ΔTm p-value ΔTm p-value 

LdBPK_191260 RNA binding protein, putative 3.38 2.0 ×10-3 3.16 2.8 ×10-4 

LdBPK_231120 Cytosolic leucyl aminopeptidase 3.81 8.3 ×10-2 3.08 7.7 ×10-2 

LdBPK_280330 Hypothetical protein, conserved -3.13 9.8 ×10-2 -2.98 4.6 ×10-2 

LdBPK_323990 Cornichon protein, putative -4.38 4.9 ×10-3 -2.68 1.1 ×10-2 

LdBPK_343840 Hypothetical protein, conserved -2.42 1.4 ×10-1 -2.20 1.9 ×10-2 

LdBPK_350100 
Ubiquinol-cytochrome c reductase 

complex 14kD subunit, putative 
-4.51 2.8 ×10-2 -2.28 1.8 ×10-1 

LdBPK_366710 
Protein transport protein Sec23-like 

protein 
-2.03 1.2 ×10-1 -2.11 2.6 ×10-2 

The common target identified by both TPP experiments and resistance generation highlighted in 

blue. 
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Table 4.5: List of 25 protein “hits” from TPP biological replicate 2 in the presence of C1. 

Gene_ID Encoded protein 
Replicate 1 Replicate 2 

ΔTm p-value ΔTm p-value 

LdBPK_081160 Hypothetical protein, conserved -1.02 9.1 ×10-2 -1.52 1.7 ×10-2 

LdBPK_091300 
ATP-dependent helicase, putative 

(fragment) 
3.03 5.2 ×10-3 3.54 1.4 ×10-1 

LdBPK_161510 Paraflagellar rod protein 2C -3.06 6.7 ×10-3 -2.86 1.2 ×10-3 

LdBPK_190900 Hypothetical protein, conserved -1.73 3.4 ×10-3 -2.00 1.1 ×10-2 

LdBPK_220190 
Carnitine palmitoyl transferase-like 

protein 
-4.15 2.0 ×10-3 -3.54 1.0 ×10-5 

LdBPK_231050 Quinone oxidoreductase-like protein 3.97 6.6 ×10-3 5.00 3.4 ×10-1 

LdBPK_251250 Hypothetical protein, conserved 1.78 3.9 ×10-2 2.82 9.5 ×10-4 

LdBPK_252150 
Rieske [2Fe-2S] domain containing 

protein, putative 
-2.81 7.4 ×10-8 -3.39 2.9 ×10-5 

LdBPK_270580 Reductase, putative -3.49 1.5 ×10-4 -3.36 6.7 ×10-5 

LdBPK_271390 Hypothetical protein, conserved -1.51 1.9 ×10-5 -2.69 2.8 ×10-2 

LdBPK_280510 Hypothetical protein, unknown function -1.83 1.7 ×10-3 -2.17 7.1 ×10-5 

LdBPK_281440 Hypothetical protein, conserved 2.75 1.0 ×10-1 5.04 6.7 ×10-3 

LdBPK_300190 Hypothetical protein, conserved -3.20 1.3 ×10-4 -3.63 2.2 ×10-8 

LdBPK_310380 
CRAL/TRIO domain containing protein, 

putative 
-1.51 1.4 ×10-1 -2.09 7.0 ×10-3 

LdBPK_311510 Hypothetical protein, unknown function -1.64 1.4 ×10-1 -2.12 2.8 ×10-2 

LdBPK_312780 Hypothetical protein, conserved 3.00 6.0 ×10-3 2.77 2.1 ×10-4 

LdBPK_312990 Region in Clathrin and VPS, putative -2.01 5.3 ×10-2 -1.86 2.0 ×10-1 

LdBPK_321350 
Protein kinase domain containing protein, 

putative 
4.00 1.4 ×10-2 11.08 1.6 ×10-5 

LdBPK_322140 Calpain-like cysteine peptidase, putative 5.04 3.8 ×10-3 1.91 2.7 ×10-2 

LdBPK_322790 SpoU rRNA Methylase family, putative -2.21 9.0 ×10-2 -1.97 1.8 ×10-1 

LdBPK_332030 Phosphate transport (Pho88), putative 4.00 6.0 ×10-3 2.55 8.3 ×10-3 

LdBPK_352610 Hypothetical protein, conserved -2.92 5.7 ×10-4 -1.60 8.3 ×10-3 

LdBPK_360520 Zinc-finger of a C2HC-type, putative 2.04 7.1 ×10-3 1.94 5.5 ×10-2 

LdBPK_362810 Hypothetical protein, conserved 5.88 1.6 ×10-8 2.85 1.2 ×10-4 

LdBPK_366710 
Protein transport protein Sec23-like 

protein 
-1.86 1.4 ×10-3 -1.87 1.1 ×10-3 

The common target identified by both TPP experiments and resistance generation highlighted in 

blue. 
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Figure 4.5: Melting curves for L. donovani OSC following incubation with C1 (2 µM) (solid lines) 

or DMSO (dashed lined). Panel A represents data from two technical replicates from biological 

replicate 1 and panel B represents two technical replicates from biological replicate 2. 

 

4.1.3 Target validation 

Sec23 was identified as a putative target of C1 by two unbiased approaches, 

namely resistant cell line generation/WGS and TPP. Various strategies were then 

employed in order the validate the role of Sec23 in the MoA of C1.  

 

4.1.3.1 Sec23 overexpression 

An ectopic copy of Sec23 was introduced into axenic amastigotes to facilitate 

overexpression of this putative target (Sec23OE). The protein level was confirmed 

to be ~ 2-fold (log2 change) overexpressed relative to WT axenic amastigotes 

(Figure 4.6A). Sec23OE amastigotes were confirmed as 40-fold less susceptible 

to C1 in comparison to the WT, with EC50 values of 11 ± 2 μM and 0.2 ± 0.01 μM, 

respectively (Figure 4.6B).  
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Figure 4.6: Evaluation of Sec23 overexpression in Sec23OE transgenic parasites. A) Sec23 

protein levels measured by LFQ. B) Dose-response curves for WT and Sec23OE cell lines treated 

with C1. EC50 values of 0.2 ± 0.01 and 11 ± 2 were determined for WT and Sec23OE, respectively. 

 

4.1.3.2 Investigating the role of Sec23 mutations in C1 resistance 

Next, the role of each homozygous mutation found on Sec23 (A142V and G377D) 

(Table 4.3) was investigated via overexpression of mutated Sec23 versions and 

also by CRISPR-Cas9-base editing. 

 

4.1.3.2.1 Sec23A142V and Sec23G377D overexpression 

Ectopic copies of the two mutated LdSec23 ORF’s were introduced into axenic 

amastigotes via electroporation and clones were generated by limiting dilution. 

LFQ confirmed that both mutated versions of Sec23 (A142V and G377D) were 

overexpressed in their respective transgenic cell lines (Figure 4.7) and their 

susceptibility to C1 was assessed (Table 4.6). Amastigotes overexpressing 

Sec23OE(G377D) demonstrated relatively similar levels of resistance to C1 (83-fold) 

as seen in parasites overexpressing the WT protein (Sec23OE), while parasites 

overexpressing Sec23 OE(A142V) were completely refractory to C1 at all 

concentrations tested. 
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Figure 4.7: LFQ evaluation of mutated Sec23 overexpression in Sec23OE(A142V) and Sec23OE(G377D) 

transgenic parasites. 

 

Table 4.6: EC50 values for C1 against WT and transgenic overexpressors L. donovani axenic 
amastigotes. 

Cell line 

Compound C1 

EC50 values, µM (fold change versus WT) 

WT 0.2 ± 0.01 (-) 

Sec23OE 11 ± 2 (48) 

Sec23OE(A142V) > 40 (> 176) 

Sec23OE(G377D) 19 ± 2 (83) 

All EC50 values represent the mean ± standard deviation of at least two biological replicates (n ≥ 
2), with each biological replicate comprised of at least two technical replicates. 

 

4.1.3.2.2 CRISPR-Cas9 base editing 

To dissect the role of each mutation in driving Sec23-related C1-resistance in a 

non overexpressor cell line, A142V and G377D mutations were introduced into 

WT parasites using the gene-editing T7 RNA polymerase/CRISPR/Cas9 system 

pioneered by the Gluenz lab (Beneke et al., 2017). Briefly, L. donovani 

promastigotes engineered to stably express-T7 RNA polymerase and 

Streptococcus pyogenes Cas9 (LdBOBT7-Cas9) were differentiated to axenic 

amastigotes, transfected with a cassette encoding the sgRNA (Section 2.4.16.2) 
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and the specific repair template containing the desired non-conservative and 

conservative mutations (Table 2.13). Edited cultures were cloned by limiting 

dilution in the presence of compound C1 (2 µM) and four clones from each 

mutation were selected. The susceptibility of the eight edited clones to C1 was 

assessed and gDNA isolated for subsequent sequencing.  

As demonstrated in Table 4.7, all clonal lines for either mutation were at 

least 8-fold less susceptible to C1 than WT amastigotes. Interestingly, edited 

parasites for mutation A142V were completely refractory to C1 at all 

concentrations tested, same distinguished behaviour observed in parasites 

overexpressing Sec23OE(A142V). In addition, sequencing of these products 

confirmed all Sec23A142V and Sec23G377D clones were successfully precision-

edited and also bore the conservative mutations added to the template (Figure 

4.8).  

 

Table 4.7: EC50 values for C1 against WT and CRISPR-Cas9 edited clones. 

Cell line 

Compound C1 

EC50 values, µM ± sd (fold change versus WT) 

WT 0.9 ± 0.1 (-) 

Sec23A142V - clone 1 > 50 (> 50) 

Sec23A142V - clone 2 > 50 (> 50) 

Sec23A142V - clone 3 > 50 (> 50) 

Sec23A142V - clone 4 > 50 (> 50) 

Sec23G377D - clone 1 11 ± 0.6 (12) 

Sec23G377D - clone 2 11 ± 0.3 (12) 

Sec23G377D - clone 3 11 ± 0.6 (12) 

Sec23G377D - clone 4 15 ± 1 (17) 

All EC50 values represent the weight mean ± standard deviation of at least two biological replicates 

(n ≥ 2), with each biological replicate comprised of at least two technical replicates. 
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Figure 4.8: CRISPR-Cas9 base editing evaluation. Chromatogram depicting Sanger sequencing 

of the Sec23 gene in edited cell lines. The non-conservative Sec23 edited (A) C425T (aminoacids 

change A142V) and (B) G1130A (aminoacids change G377D) are highlighted in red circle. The 

additional conservative mutations are also highlighted in yellow circles. 

 

4.1.4 Sec23 and its role in vesicular transport in the secretory pathway 

Sec23 (LdBPK_366710) is an integral component of the coat protein II (COPII) 

complex regulating the trafficking of various cargo in early secretion from the ER 

to the Golgi apparatus. COPII-coated vesicles are conserved in eukaryotes and 

comprise five proteins: Sar1/GTP, Sec23, Sec24, Sec13 and Sec31. In COPII-

vesicle formation, Sec12 is a transmembrane guanine nucleotide exchange 

factor catalysing GDP-GTP exchange on Sar1. The activated Sar1/GTP then 

binds to the ER membrane and recruits the cargo receptor, Sec23/24 inner coat 

complex, and Sec13/31 outer coat complex to the ER exit site (ERES). Sec23 act 

as a GTPase activating protein (GAP) for Sar1/GTP, while Sec24 recognises 
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suitable cargo via receptors. Budding vesicles fuse to the cis-Golgi membrane 

and release the cargo and the cargo receptor, where the cargo is then transported 

to the cell surface or intracellular organelles. Part of the cargo can form a complex 

with a different cargo receptor and undergo retrograde transport from the Golgi 

apparatus to the ER by coat protein I (COPI)-coated vesicle (Jing, Wang and Liu, 

2019; Nihei and Nakanishi, 2021) (Figure 4.9). 

 

Figure 4.9: Cargo selection and trafficking between ER and Golgi apparatus carried by COPI- 

and COPII-coated transport vesicles. Created with BioRender and adapted from (Nihei and 

Nakanishi, 2021). 

 

Having confirmed a direct role for Sec23 in resistance to C1 by 

overexpression and genome editing, further investigations of this putative target 

were undertaken. In the first instance, TMT MS quantitation was used to compare 

the relative abundance of LdSec23 in LdBOB promastigotes versus axenic 

amastigotes and there was no significant difference evident (Figure 4.10A). This 

is consistent with previous studies in L. infantum (Leifso et al., 2007) and L. 
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donovani (Nirujogi et al., 2014). Second, alignment of multiple Sec23 sequences 

from representative trypanosomatid strains by ClustalW revealed that the L. 

donovani sequence shares >95% identity with homologues from other 

Leishmania species; but only 63% and 64% identity with Sec23 homologues from 

T. brucei and T. cruzi, respectively. Of the four residues mutated in LdSec23 in 

C1-resistant clones (Table 4.3), three are conserved among all species. 

However, the valine mutation at position 142, identified in RES I (Ala142 to Val), 

actually occurred naturally in the other two trypanosomatid species (T. brucei and 

T. cruzi) that are not susceptible to C1 (Figure 4.10B). This finding suggests that 

the valine residue at position 142 may ablate susceptibility to C1 across a range 

of parasite species. Third, the LdSec23 comparative model based on the human 

Sec23 structure was obtained using Phyre2 server (Kelley et al., 2015). The 

model was based on the human Sec23 (PDBID: 3EG9), which shares 38% of 

sequence identity. The location of all four Sec23 mutations reveals G377D, M447I 

and C434F are close to each other, less than 10 A distance, but none of the 

mutations is close to the binding site of the partner proteins: Sec24 (grey), Sec31 

peptide (yellow) and Sar1 (light pink) (Figure 4.11). 
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Figure 4.10: In-depth analysis of LdSec23. (A) TMT MS quantitation analysis comparing 

LdSec23 protein abundancy between promastigotes and axenic amastigotes. (B) Sec23 

sequences from multiple trypanosomatid strains aligned by ClustalW.
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Figure 4.11: LdSec23 (green) comparative model superimposed with yeast Sec23 (blue; PDBID: 2QTV) depicted with the location of the partner proteins: yeast Sec31 

peptide (yellow; PDBID: 2QTV), yeast Sar1 (light pink; PDBID: 2QTV) and human Sec24 (grey; PDBID: 3EG9). Mutations found by WGS analysis in C1 resistant lines 

are depicted as red sticks. G377D, M447I and C434F (zoomed area) are close to each other, with 5.7 and 9.8 A distances. 
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4.2 Discussion 

This chapter describes the use of genome-wide genetic and chemical proteomic 

approaches to identify and validate the specific role of Sec23 in the MoA of C1. 

In addition, several proteins closely related to Sec23 and its role in vesicular 

trafficking and secretion were also associated to the MoA of C1 either through 

WGS of C1 resistant cell lines and/or TPP. These proteins include: BiP 

(LdBPK_281310.1), cornichon protein (LdBPK_323990.1), cellular retinaldehyde 

binding protein/Trio protein homology domain-containing protein (CRAL-TRIO; 

LdBPK_310380.1) and paraflagellar rod protein 2C (LdBPK_161510.1). The 

precise roles of these proteins will be discussed in detail below. Collectively, 

these data suggest that the primary basis for the potency of C1 against L. 

donovani amastigotes is related to the impairment of protein processing and 

trafficking from the ER to the Golgi complex. 

Sec23 is an essential component in the COPII-coated vesicles. These 

organelles are selective vesicular carriers responsible for mediating the exit of 

various cargos. With a few exceptions, including cytoplasmatic, nuclear and 

signal peptides-containing proteins, newly synthesised proteins are correctly 

folded by chaperones and packed into ER. Then, they are selectively carried into 

COPII-vesicles that bud from the ER to fuse to the Golgi complex for delivery. 

Protein trafficking of soluble and membrane proteins along the secretory pathway 

is a tightly controlled process essential for cell function and survival (Lee et al., 

2004; Nickel and Rabouille, 2009; Brandizzi and Barlowe, 2013). Although 

Trypanosomatids represent one of the most divergent eukaryotic lineages, the 

basic features of their secretory pathways have been conserved and closely 

related to other eukaryotes (McConville et al., 2002). In Leishmania, Parashar 

and colleagues have recently characterised Sec23 as playing a pivotal role in 
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COPII complex assembly by acting as a bridge between LdSar1 and LdSec24–

LdSec31 (Parashar and Mukhopadhyay, 2017).  

Interestingly, it was noted that parasites overcome their susceptibility to 

C1 exclusively through mutations rather than CNV. Based on previous studies 

from our group, it is possible to hypothesise that gene mutations might represent 

the favourable route for resistance acquisition when the encoded putative target 

is part of a protein complex. This hypothesis is supported by two independent 

studies found mutations within the genes encoding the β5 subunit of the 

proteasome complex (Wyllie et al., 2019) and the cytochrome b of the cytochrome 

bc1 complex (Wall et al., 2020). If correct, this hypothesis might indicate the 

unlikely or difficult CNV advantage when only a specific gene encoding the target 

is amplified, but not the other complex components.  

In addition to mutations on Sec23, WGS analysis revealed heterozygous 

point mutations in the gene encoding BiP in several C1-resistant clones. BiP is a 

70 kDa heat shock protein (HSP70) molecular chaperone located in the lumen of 

the ER being involved in polypeptide translocation, protein folding and protein 

degradation (Bangs et al., 1993; Haas, 1994). BiP binds to newly-synthesised 

proteins when they enter the ER. Therefore, any secretory protein is a potential 

BiP-ligand as a folding intermediate until the folding is complete and hydrophobic 

regions are no longer exposed. A study reveals that during an ER homeostasis 

deregulation, either by up-regulation of secretory proteins or by disruption of 

protein processing, the ER stress causes the cargo proteins to dissociate from 

BiP and the engage with COPII-vesicles for transport (Schindler and Schekman, 

2009). 

Besides Sec23, other hits identified by TPP and involved in cargo 

trafficking were cornichon and CRAL-TRIO domain-containing protein. Cornichon 
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protein, also known as Erv14, has been characterised as a cargo receptor 

required for the correct targeting and controlled trafficking of various cargo 

proteins in humans, fungi and plants (Rosas-santiago et al., 2017). The CRAL-

TRIO domain is a structurally conserved domain common to several lipid-binding 

proteins, including the Sec14 protein (Panagabko et al., 2003). In S. cerevisiae, 

although the precise mechanism is not entirely elucidated, it is involved in lipid 

metabolism, regulating the vesicle trafficking and providing an essential 

phospholipid content within the Golgi apparatus (Curwin and Mcmaster, 2008; 

Akamatsu et al., 2014)  

Besides all the several similar features with eukaryotes, trypanosomatids 

possess a distinct delivery of secretory material to the flagellar pocket, which is 

thought to be the major site of exocytosis of secretory cargo that form their 

protective surface coats (McConville et al., 2002). Indeed, another hit found in the 

TPP was the hit paraflagellar rod protein 2C, found only in the flagellum of the 

parasites. Despite being expressed predominantly in the promastigote stage, this 

protein was considered as a potential vaccine component (Saraviaa et al., 2005). 

Interestingly, a global proteome analysis found paraflagellar rod protein 2C 

upregulated and associated with intracellular survival and vesicular trafficking in 

PM-resistant L. donovani cell lines (Chawla et al., 2011).  

Virtually all of the proteins associated with C1-resistance or drug action in 

our studies are related to the protein process and vesicular trafficking and 

secretion. Since the synthesis of parasite proteins is at its peak during host cell 

invasion, proteins involved in the folding, sorting and secretion of nascent 

proteins might be considered effective drug ascent targets (Lamonte et al., 2020). 

The fact that C1 specifically targets the clinically relevant intra-macrophage 

amastigotes (mammalian) stage by apparently disrupting this complex 
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multifactorial network of vesicular trafficking proteins suggest this compound 

could represent a promising leishmanicidal. Despite these promising findings, our 

knowledge of precisely how C1 interacts with/disrupts the secretory pathway 

remains to be determined. Numerous questions still need to be addressed, such 

as: does C1 impair trafficking of diverse cargo from the ER? Are any of the cargo 

transported by this network essential specifically for L. donovani amastigotes and 

not for promastigotes or other trypanosomatids? To answer these questions and 

expand our knowledge around the MoA of C1 we will take advantage of the fact 

that studies of the protein transport and secretory pathways of yeast are 

considerably more advanced than in parasites. In collaboration with Professor Liz 

Miller (LMB) we intend to monitor the effects of C1 on COPII vesicular trafficking 

in Saccharomyces cerevisiae. Under the guidance of Professor Miller, we will 

attempt to reconstitute her in vitro assays to monitor the effects of C1 on COPII 

coat assembly and budding by using recombinantly-expressed L. donovani 

protein, testing if the compound disrupts assembly of the full coat on synthetic 

liposomes and whether the C1 impedes vesicle budding from purified yeast 

membrane (Stancheva et al., 2020). 
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5 Results and discussion for compounds C2, C3, C4 

and C6  

5.1 Results 

5.1.1 Compound profiles  

Four additional compounds were selected for molecular target identification and 

will be referred to as C2, C3, C4 and C6 (Figure 5.1). Compounds C2, C3 and 

C4 formed part of the GSK’s Kinetobox compound collection (Pena et al., 2015), 

while C6 is included in GSK’s “Pathogen Hopping” compound collection (data not 

published) (Table 5.1). The potency of all 3 compounds was previously 

established by GSK against L. donovani (axenic amastigotes and in-

macrophage), T. brucei BSF and T. cruzi (infected rat cardiomyocytes). In 

addition, all compounds were screened against the human HepG2 cell line (Table 

5.2) and demonstrated no overt signs of toxicity. 

 

Figure 5.1: Chemical structures of compounds C2, C3, C4 and C6. 
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Table 5.1: Origins and GSK’s ID for C2, C3, C4 and C6. 

ID GSK's ID GSK's collection 

C2 GSK917081A TCMDC-143584 Kinetobox (Leish box) 

C3 GSK1119426A TCMDC-143115 Kinetobox (Leish box) 

C4 GSK1801554A TCMDC-143279 Kinetobox (Chagas box) 

C6 GW504582X - Pathogen hopping 

 

 

Table 5.2: EC50 values for C2, C3, C4 and C6 against L. donovani, T. brucei, T. cruzi and HepG2 

cell lines (Pena et al., 2015). 

Specie Stage 

EC50 values, µM 

C2 C3 C4 C6 

L. donovani 
axenic amastigotes 0.6 3.2 25.1 - 

intramacrophage 1.3 1.3 5.0 4.0 

T. brucei  bloodstream 0.4 1.3 - - 

T. cruzi intracellular 0.6 3.2 0.8 5.0 

Human  HepG2 cell line  > 100 > 100 > 100 > 100 

 

 

Following selection for in-depth MoA studies, C2, C3, C4 and C6 activity 

were also profiled against our in-house cell lines (summarised in Table 5.3). 

Interestingly, all 4 compounds demonstrated relatively similar potency against L. 

donovani and T. brucei raising the possibility that these compounds may have 

utility as pan-kinetoplastid inhibitors.  
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Table 5.3: EC50 values for compounds C2, C3, C4 and C6 against L. donovani and T. brucei. 

Parasite  
Developmental 

stage 

EC50 values, µM 

C2 C3 C4 C6 

L. donovani 
promastigotes 0.3 ± 0.002 2.2 ± 0.03 1.5 ± 0.007 2.4 ± 0.03 

axenic amastigotes 0.2 ± 0.08 2.3 ± 0.07 1.2 ± 0.03 0.6 ± 0.03 

T. brucei  

procyclic 0.4 ± 0.01 2.4 ± 0.01 2 ± 0.03 2.4 ± 0.02 

bloodstream 0.2 ± 0.007 1.8 ± 0.07 1.6 ± 0.07 0.4 ± 0.03 

All EC50 values represent the weighted mean ± standard deviation of at least three biological 

replicates (n ≥ 3), with each biological replicate comprised of at least three technical replicates. 

 

 

5.1.2 Compound C2 

Compound C2 is formed from the conjugation of two moieties: an aminothiazole 

(Figure 5.2A) and a pyridine (Figure 5.2B). Aminothiazole moieties have formed 

part of multiple bioactive scaffolds exhibiting a variety of biological activities, such 

as anticancer (Alizadeh and Hashemi, 2021), antiviral (Ghaemmaghami et al., 

2010), antimicrobial (Arora et al., 2015), antitubercular (Meissner et al., 2013), 

antimalarial (Paquet et al., 2012), anti-leishmanial activity (Bhuniya et al., 2015), 

and very often associated with toxicity (Jakopin, 2020). Previously, pyridine 

moieties have been shown to act as chelators of transition metal ions (Åstrand et 

al., 2013) and this property has been explored to develop potential treatments for 

Alzheimer’s disease (Lakatos et al., 2010), where metal chelation is deemed 

effective. In addition, the moiety 2-amino-4-(2-pyridyl)thiazole is known to 

coordinate metals in a bidentate fashion, attaching to the divalent cations such 

as Fe2+, Zn2+ and Cu2+ via the two nitrogen, one from the pyridine and another 

thiazole moieties (Meissner et al., 2013), forming the “chelate” effect. 
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Figure 5.2: The chemical structure of C2 with the aminothiazole-pyridine scaffold highlighted in 

red. (A) Aminothiazole moiety; (B) Pyridine moiety. 

 

5.1.2.1 Is metal chelation driving C2 activity? 

To investigate the potential role of metal chelation in the MoA of C2, exogenous 

divalent cations (Ca2+, Cu2+, Fe2+, Mn2+, Zn2+) were added to the culture medium 

and the effects on the potency of compound C2 was assessed. Two mM CaCl2, 

50 µM CuCl2, 50 µM FeCl2, 300 nM MnCl2 and 100 µM ZnCl2 were added directly 

to the culture medium at the highest concentration tolerated by L. donovani 

promastigotes, according to previous studies (Wall R. J. et al., 2018a).  

The potency of C2 in the presence and absence of divalent metals is 

summarised in Table 5.4. The membrane-permeable chelator N,N,N`,N`-

tetrakis(2-pyridylmethyl)ethane-1,2-diamine (TPEN (Hyun et al., 2001)), known 

to specifically chelate Zn2+ and Cu2+, and the Ca2+ chelator 

ethylenediaminetetraacetic acid (EDTA (Ferrero, 2016)), were used as positive 

controls Table 5.5. Results demonstrated that the addition of CaCl2, CuCl2, FeCl2 

and MnCl2 had little or no effect on the susceptibility of promastigotes to C2. In 

contrast, the addition of 100 µM ZnCl2 significantly decreased potency from 0.2 

± 0.04 µM to 69 ± 6 µM (353-fold) (Figure 5.3A), similar to the reduction achieved 

with the Zn2+-specific chelator TPEN which led to > 27-fold increase in EC50 value 

(Figure 5.3B). These results indicate that C2 is a chelator of Zn2+. 
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Table 5.4: EC50 values for C2 against L. donovani WT in the presence and absence of divalent 

metal cations. 

Divalent 

cation 

Compound C2 

EC50 values, µM 

Shift (fold) 

WT Plus cation 

CaCl2 0.2 ± 0.01 0.1 ± 0.02 0.6 

CuCl2 0.3 ± 0.002 0.7 ± 0.06 2.3 

FeCl2 0.3 ± 0.004 0.4 ± 0.01 1.4 

MnCl2 0.2 ± 0.004 0.1 ± 0.02 0.5 

ZnCl2 0.2 ± 0.004 69 ± 6 353 

All EC50 values represent the mean ± standard error of one biological replicate (n = 1) comprised 

of at least two technical replicates.  

 

Table 5.5: EC50 values for TPEN and EDTA against L. donovani WT in the presence and absence 

of divalent metal cations. 

    

 

TPEN 

  

 

EDTA 

Divalent 

cation  

 Mean EC50, µM 

Shift 

(fold) 

 Mean EC50, µM 

Shift 

(fold)   WT 
Plus 

cation 
  WT 

Plus 

cation 

CaCl2 
 nd nd nd  7 ± 0.2 114 ± 7 16 

CuCl2 
 4 ± 0.2 >50 >12  nd nd nd 

FeCl2 
 3 ± 0.1 3 ± 0.02 1.1  nd nd nd 

MnCl2 
 4 ± 0.1 4 ± 0.1 1.0  nd nd nd 

ZnCl2   4 ± 0.9 >100 >27   nd nd nd 

All EC50 values represent the mean ± standard error of one biological replicate (n = 1) comprised 

of at least two technical replicates. 

* nd: not determined 
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Figure 5.3: Dose-response curves for L. donovani promastigotes WT treated with (A) C2 (EC50 

values in Tables 5.4) and (B) TPEN (EC50 values in Tables 5.5), in the presence and absence of 

100 µM ZnCl2. 

 

5.1.2.2 Investigating mechanism of chelation 

In light of data suggesting that C2 acts as a Zn2+ chelator, a decision was made 

not to pursue the generation of resistant lines with this compound since previous 

experience has indicated that generic chelators are often “irresistible” (Wall,  R. 

J. et al., 2018a). Instead, C2 was screened against the genome-wide 

overexpression library to assess a potential mechanism of resistance associated 

with this MoA. 

 

5.1.2.2.1 Screening of C2 against a genome-wide overexpression library  

Initially, C2 was screened against our cosmid-based genome-wide (Corpas-

Lopez et al., 2018) overexpression library at 2.5 µM. At this concentration, 

parasite populations immediately crashed on the first day of selection and 

parasite numbers were below the limit of detection from day 4 until day 11, 

followed by a consistent recovery until the parasite harvest on day 23. The culture 

was passaged into a new medium containing fresh compound on day 18 and the 
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constant growth confirmed that the surviving parasite population was truly 

resistant and not merely tolerating the presence of C2 (Figure 5.4). Following 

selection, the cosmids harboured by “resistant” parasites were harvested and 

analysed by NGS. 

The fragments of genomic DNA maintained within enriched cosmids were 

mapped to the L. donovani BPK282A1 genome. A total of 78% of all mapped 

RPKM aligned to a fragment on Chr 23, followed by 16% on Chr 26 and 5% on 

Chr 7 (Table 5.6). Genes encoded by these three distinct fragments are 

summarised in Table 5.7 
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Figure 5.4: Cumulative growth of cosmid library selected with compound C2 compared with 

untreated parasites (control). 

 

Table 5.6: Ranking of hit fragments on Chr 23, 26 and 7 identified in C2 screen based on the 

percentage of coverage by RPKM. 

# Top 

hit 

Fragment 

location 

Total 

RPKM 

% Total 

RPKM 
 

#1 Chr 23 264926 78%  

#2 Chr 26 53002 16%  

#3 Chr 7 17304 5%  
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Table 5.7: Fragments of Chr 7, 23 and 26 enriched following genome-wide overexpression screen 

with C2.  

Fragment Gene name Gene ID 

 

Chr 7 

vacuolar-type Ca2+-ATPase, putative (fragment) LdBPK_070700.1  

eukaryotic translation initiation factor 3 subunit h LdBPK_070710.1  

vacuolar-type Ca2+-ATPase, putative (fragment) LdBPK_070720.1  

hypothetical protein, conserved LdBPK_070740.1  

Qa-SNARE protein, putative LdBPK_070750.1  

protein kinase, putative LdBPK_070770.1  

topoisomerase-related function protein-like protein LdBPK_070780.1  

centrin, putative LdBPK_070790.1  

hypothetical protein LdBPK_070800.1  

Chr 23 

hypothetical protein LdBPK_231840.1  

tumour suppressor, Mitostatin, putative LdBPK_231850.1  

GAF domain/TIP41-like family, putative LdBPK_231860.1  

hypothetical protein, conserved LdBPK_231870.1  

alanine racemase, putative LdBPK_231880.1  

hypothetical protein, unknown function LdBPK_231890.1  

hypothetical protein, conserved LdBPK_231900.1  

V-type proton ATPase subunit a, putative LdBPK_231910.1  

protoheme IX farnesyltransferase, putative LdBPK_231920.1  

hypothetical protein, conserved LdBPK_231930.1  

hypothetical protein, conserved LdBPK_231940.1  

hypothetical protein, conserved LdBPK_231950.1  

Chr 26 

regulator of chromosome condensation (RCC1) repeat, 

putative 
LdBPK_260710.1  

regulator of chromosome condensation (RCC1) repeat, 

putative 
LdBPK_260720.1  

RNA recognition motif. (a.k.a. RRM, RBD, or RNP 

domain), putative 
LdBPK_260730.1  
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hypothetical protein, unknown function LdBPK_260740.1  

RNA recognition motif (a.k.a. RRM, RBD, or RNP 

domain), putative 
LdBPK_260750.1  

hypothetical protein, conserved LdBPK_260760.1  

glutathione peroxidase-like protein, putative LdBPK_260780.1  

asparagine synthetase a, putative LdBPK_260790.1  

hypothetical protein, conserved LdBPK_260800.1  

hypothetical protein, conserved LdBPK_260810.1  

RNA-editing complex protein MP100, putative LdBPK_260820.1  

ISWI complex protein LdBPK_260830.1  

40S ribosomal protein S16, putative LdBPK_260840.1  

heat shock 70 protein-like protein LdBPK_260860.1  

 

 

5.1.3 Compounds C3, C4 and C6 

5.1.3.1 Target identification studies  

5.1.3.1.1 Generation of resistant lines for compounds C3, C4 and C6 

The first approach used to elucidate the MoA of compounds C3, C4 and C6 was 

to generate cell lines resistant to each compound, as previously described in 

Section 3.1.3.1. Following 200 days of selection, parasites exposed to 

compound C3 did not grow well at concentrations above 20 μM (9-times the 

established EC50 value), leading to a reduction in the selection concentration to 

17 μM (Figure 5.5A). Attempts to clone these apparently resistant parasites were 

unsuccessful and two resulting representative uncloned cell lines (RES I and V) 

did not demonstrate any significant levels of resistance relative to WT (Figure 

5.5B).  

Selections with C4 lasted for 100 days. At 18 μM, the compound was 

observed to precipitate in culture medium and, as a result, further selection 
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experiments were terminated (Figure 5.5C). Clonal lines were obtained by 

limiting dilution in the presence of 15 μM C4. Compound sensitivity assays 

confirmed only a modest 2-fold shift in EC50 value relative to WT for all C4-

selected clonal lines (Table 5.8 and Figure 5.5D). Similarly, following 124 days 

of resistance selection with C6 (Figure 5.5E), the compound was observed to 

precipitate (30 μM), again limiting the selection process. Cloned parasites 

recovered at this stage demonstrated no resistance relative to WT (Table 5.9 and 

Figure 5.5F). 

Table 5.8: EC50 values for C4 against L. donovani promastigotes, WT and uncloned resistant cell 

lines. 

Cell line EC50 values, µM Fold change versus WT 

WT 2 ± 0.04 - 

(C4) RES I 4 ± 0.3 2.5 

(C4) RES II 4 ± 0.4 2.2 

(C4) RES III 4 ± 0.5 2.5 

(C4) RES IV 5 ± 0.4 2.8 

(C4) RES V 4 ± 0.4 2.2 

All EC50 values represent the mean ± standard deviation of at least one biological replicate (n ≥ 

1), with each biological replicate comprised of at least two technical replicates.  

 

Table 5.9: EC50 values for C6 against L. donovani promastigotes, WT and cloned resistant cell 

lines. 

Cell line EC50 values, µM Fold change versus WT 

WT 3 ± 0.01 - 

(C6) RES I 2 ± 0.09 0.8 

(C6) RES II 5 ± 0.9 1.8 

(C6) RES III 3 ± 0.1 1.0 

(C6) RES IV 3 ± 0.1 1.0 

(C6) RES V 3 ± 0.1 1.2 
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All EC50 values represent the mean ± standard deviation of at least one biological replicate (n ≥ 

1), with each biological replicate comprised of at least two technical replicates.  

 

 

Figure 5.5: Schematic representation of C3, C4 and C6 resistant cell lines generation and 

analysis. Culture overtime under the continuous presence of compounds (A) C3, (C) C4 and (E) 

C6. Susceptibility of resistance and the parental cell line for compounds (B) C3 (EC50 values of 2 

± 0.1, 2 ± 0.1 and 2 ± 0.02 were determined for WT, C3-RES I and C3-RES V, respectively), (D) 

C4 (EC50 values in Tables 5.8) and (F) C6 (EC50 values in Tables 5.9). 

 

In conclusion, despite up to 6 months of selection in culture, cell lines 

capable of growth at 20-fold the established EC50 values for C3, C4 and C6 could 

not be generated and no significant level of resistance achieved. As a result of 

these findings, a decision was made not to proceed with the analysis of these 

compound-tolerant clones by WGS.  
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5.1.3.1.2 Screening of a genome-wide overexpression library with C3, C4 

and C6 

Compounds C3, C4 and C6 were also screened against our cosmid-based 

genome-wide overexpression library. The library was initially selected with 2.5 

µM of C3, 4 µM of C4 and 10 µM of C6, respectively. All three populations crashed 

after the second day of exposure then slowly recovered. To confirm that the 

surviving parasite populations were truly resistant and not merely tolerating the 

presence of the corresponding compound, cultures were passaged into a fresh 

medium containing fresh compound on day 17, for C3 and C6, and day 18 for C4 

(Figure 5.6). In all cases, the compound-selected parasites were harvested, 

cosmids harboured by these “resistant” parasites were recovered and analysed 

by NGS. 

The fragments of genomic DNA maintained within enriched cosmids were 

mapped to the L. donovani BPK282A1 genome. Interestingly, three common 

fragments on Chr 7, 23 and 26 were present in the top 10 hits for almost all 

compounds. Of particular note, a fragment of Chr 26 was a top hit in screens 

against C3, C4 and C6, comprising 39%, 43% and 50% of the total RPKM, 

respectively (Table 5.10). Genes encoded by these three distinct fragments are 

summarised in Table 5.11. Two genes from the Chr 26 fragment with the highest 

RPKM coverage were selected for validation by individual overexpression – 

LdBPK_260780 (glutathione peroxidase-like protein, putative - GP) and 

LdBPK_260790 (asparagine synthetase a, putative - AS).  
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Figure 5.6: Cumulative growth of cosmid library selected with C3, C4 and C6, compared with 

untreated parasites (control). 

 

Table 5.10: Ranking of hit fragments on Chr 7, 23 and 26 identified in C3, C4 and C6 screens 

based on the percentage of coverage by RPKM. 

Fragment 

location 

# Top hit (Total RPKM, %) 

C3 C4 C6 

Chr 7 #5 (7%) #3 (21%) #2 (15%) 

Chr 23 - #2 (31%) #7 (3%) 

Chr 26 #1 (39%) #1 (43%) #1 (50%) 

The top hit (#1) is highlighted in bold. 

 

Table 5.11: Coverage by RPKM of genes present in the Chr 26 fragment 

Fragment Gene ID 

RPKM 

C3 C4 C6 

Chr 26 

LdBPK_260710.1 790 221 6201 

LdBPK_260720.1 1625 2022 6976 

LdBPK_260730.1 3538 11383 14783 

LdBPK_260740.1 3997 10657 13892 

LdBPK_260750.1 4632 10634 14875 

LdBPK_260760.1 5482 12052 16125 
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LdBPK_260780.1 5770 12565 17057 

LdBPK_260790.1 5956 11702 16019 

LdBPK_260800.1 4370 9278 8236 

LdBPK_260810.1 4856 10067 6641 

LdBPK_260820.1 4571 10032 6114 

LdBPK_260830.1 4266 10077 5751 

LdBPK_260840.1 7924 17875 11629 

LdBPK_260860.1 2063 5779 4379 

The two genes highlighted in blue are the ones selected for target validation. 

 

5.1.3.2 Target validation 

5.1.3.2.1 GP and AS overexpression 

Following the same strategy applied in Section 3.1.4, the genes encoding GP 

and AS proteins were ligated into the Leishamania-specific expression vector 

pIR1SAT. The resulting transgenic cell lines, overexpressing either AS (ASOE) or 

GP (GPOE), were obtained by transfection of each construct into WT 

promastigotes. Elevated transcript and protein levels of overexpressed targets 

were confirmed by qRT-PCR and LFQ, respectively. Each transgenic cell line 

maintained increased transcript levels (~ 8-fold, log2 change), compared to WT 

(Figure 5.7A). Similarly, LFQ confirmed AS and GP were 5-fold and 6-fold 

overexpressed, respectively (Figure 5.7B,C). Although both proteins were 

successfully overexpressed, the resulting transgenic cell lines did not 

demonstrate any resistance to C3, C4 or C6 (Figure 5.8). These results suggest 

that, most likely, the fragment containing these genes is conferring a general 

fitness advantage to the parasites cultured under drug pressure rather than actual 

resistance.  
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Figure 5.7: Evaluation of AS and GP overexpression in ASOE and GPOE transgenic parasites, 

respectively. (A) Transcript levels measurement by qRT-PCR. (B) AS protein levels in ASOE 

promastigotes measured by LFQ. (C) GP protein levels in GPOE promastigotes measured by LFQ.  

 

Figure 5.8: Dose-response curves for WT, ASOE and GPOE promastigotes treated with C2, C4 

and C6. For compound (A) C3, EC50 values of 2 ± 0.03, 2 ± 0.1 and 2 ± 0.1 were determined for 

WT, ASOE and GPOE, respectively. (B) C4, EC50 values of 2 ± 0.01, 1 ± 0.02 and 2 ± 0.02 were 

determined. (C) C6, EC50 values of 1 ± 0.01, 1 ± 0.02 and 2 ± 0.03 were determined. 
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5.1.3.3 Do compounds C3, C4 and C6 also act as chelators? 

Having confirmed that C2 is a specific Zn2+ chelator and bearing in mind the 

enrichment of the same Chr26 fragment in cosmid-bearing parasites selected 

with all four compounds, the potential for compounds C3, C4 and C6 to chelate 

divalent cations was investigated. As illustrated in Table 5.12, the effect of 

divalent cations Ca2+, Cu2+, Fe2+, Mn2+, Zn2+ on the potency of each compound 

was assessed. Compound C3 was revealed as a chelator of Fe2+, as 

demonstrated by the reduced susceptibility of WT promastigotes (26-fold) to C3 

in the presence of 50 µM FeCl2 (Figure 5.9A). Compound C6 was identified as a 

chelator of Cu2+ and Zn2+, with a 30-fold and 63-fold increase in EC50 value in the 

presence of 50 µM CuCl2 and 100 µM ZnCl2 and, respectively (Figure 5.9BC). 

Chelation studies with C4 demonstrated its inability to chelate Ca2+, Cu2, Fe2+, 

Mn2+ or Zn2+. 
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Table 5.12: EC50 values for C3, C4 and C6 against L. donovani WT in the presence and absence of the correspondent divalent metal cations. 

Divalent 

cation 

Compound C3   Compound C4   Compound C6 

EC50 values, µM 
Shift 

(fold) 
 

EC50 values, µM  
Shift 

(fold) 

 EC50 values, µM 
Shift 

(fold) 

WT Plus cation    WT Plus cation    WT Plus cation  

CaCl2 3 ± 0.01 3 ± 0.02 1  2 ± 0.03 2 ± 0.09 1  2 ± 0.01 2 ± 0.02 1 

CuCl2 3 ± 0.01 6 ± 0.01 2.2 
 

2 ± 0.03 3 ± 0.03 1.3  2 ± 0.01 46 ± 10.6 30 

FeCl2 3 ± 0.03 84 ± 7 26  2 ± 0.02 2 ± 0.09 1.5  2 ± 0.02 1 ± 0.01 0.7 

MnCl2 3 ± 0.03 3 ± 0.02 1.1  3 ± 1 3 ±0.3 1.0  2 ± 0.02 2 ± 0.02 1 

ZnCl2 2 ± 0.04 3 ± 0.1 2   1 ± 0.07 3 ± 0.06 2.1  1 ± 0.01 76 ± 1 63.2 

All EC50 values represent the mean ± standard deviation of at least one biological replicate (n ≥ 1) comprised of at least two technical replicates. 

* nd: not determined 
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Figure 5.9: Dose-response curves for L. donovani promastigotes WT treated with (A) C3 in the presence and absence of 50 µM FeCl2 and (B) C6 in the presence 

and absence of 50 µM CuCl2. (C) C6 in the presence and absence of 100 µM ZnCl2. EC50 values in Table 5.12. 
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5.1.3.3.1 Cytotoxicity and SI 

The confirmation that compounds C2, C3 and C6 act as chelators of divalent 

cations led me to revisit the cytotoxicity of C2, C3, C4 and C6 against the human 

HepG2 cell line. The SI of these compounds were calculated as the ratio between 

EC50 values against HepG2 cells and L. donovani promastigotes (Table 5.13). In 

direct contrast to previous studies that reported no cytotoxicity for these 

compounds in mammalian cells (Pena et al., 2015), in our assays all four 

compounds showed moderate toxicity against HepG2 cells with EC50 values 

below 22 µM SI between 2 to 50. Compound C2 showed some selectivity, whilst 

the levels of selectivity for C3 and C4 at 10-fold was marginal. Compound C6 was 

essentially non-selective  

Table 5.13: HepG2 cytotoxicity evaluation and SI determination for compounds C2, C3, C4 and 

C6. 

  EC50 values, µM 

SI 

Compound HepG2 
L. donovani 

promastigotes 

C2 15 ± 6 0.3 ± 0.002 50 

C3 22 ± 7 2.2 ± 0.03 10 

C4 21 ± 4 1.5 ± 0.007 14 

C6 4± 1 2.4 ± 0.03 2 

All EC50 values represent the weighted mean ± standard deviation of two biological replicates (n 

= 2), with each biological replicate comprised of three technical replicates. 

 

5.1.3.4 Metal complex investigation 

To provide further confirmation of the formation of metal ion-compounds 

complexes and to begin to understand the stoichiometry of the complexes 

formed, spectrophotometric wavelength scanning and small molecule X-ray 

crystallography studies were carried out. 
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5.1.3.4.1 Spectrophotometric wavelength scanning studies 

First, the characteristic baseline spectra of compounds C2, C3 and C6 were 

determined in the absence of divalent cations (Figure 5.10A). Then, in order to 

monitor spectral changes induced by the formation of metal-ion complexes, C2 

and C6 were incubated in the presence of 50 µM Zn2+ and C3 was incubated in 

the presence of 50 µM Fe2+. The addition of Zn2+ resulted in marked changes in 

the spectrum of C2, indicative of a direct interaction and complex formation 

between Zn2+ and C2 (Figure 5.10B). In contrast, no major spectral changes 

were observed with C6 (Figure 5.10C) and C3 (Figure 5.10D) incubated with 

Zn2+ or Fe2+, respectively. 

 

5.1.3.4.2 X-ray crystallography 

Several attempts were made and different approaches used to grow crystals of 

C2 or C6 in complex with Zn2+ for subsequent small molecule crystallography. 

These studies were carried out by Dr. Eoin Moynihan. In the first instance, the 

slow evaporation of solvents method was used. Each compound was mixed with 

one equivalent of ZnCl2 in sufficient hot methanol to achieve complete dissolution. 

Solutions were then left to slowly cool to RT. After temperature equilibration, only 

amorphous solids were observed and the resulting precipitates were isolated by 

filtration. A small solubility screen revealed that these presumed chelates were 

only soluble in DMSO at RT. However, the high boiling point of DMSO made the 

use of this diluent for this approach impractical. Vapour diffusion was the second 

method explored. The presumed amorphous chelate was dissolved in a minimal 

amount of DMSO in a small vial. This vial was then placed inside a larger vial 

partially filled with a volatile solvent in which the mixture was insoluble (in this 

case, diethyl ether). Precipitation was observed, but, once again, only amorphous 



147 
 
solids were formed instead of crystals. Lastly, slow addition of a solution of ZnCl2 

to a solution of the suspected chelator was attempted. In this case, the chelate 

was dissolved in a more dense solvent than the salt. For example, the putative 

chelator was dissolved in dichloromethane and the salt in acetonitrile. These 

experiments were carried out in NMR tubes in order to minimise the surface area 

at the solvent front. Since the chelate is insoluble in most solvents, precipitation 

occurs as the interface of the layers as the phases mix by gravity. Once again, 

only amorphous solids rather than crystals were obtained using this approach. At 

this point, we decided to cease these studies. 
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Figure 5.10: Spectrophotometric wavelength scanning studies. UV-Vis spectrums of (A) 100 µM 

of C2 (blue), C3 (red) and C6 (pink) in the absence of any divalent metal cation and 50 µM of 

compound in the presence and absence of the divalent cation for (B) C2 and Zn2+, (C) C6 and 

Zn2+ and (D) C3 and Fe2+. 
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5.2 Discussion 

The present study describes the identification of three chelators of divalent 

cations, specifically Cu2+, Zn2+ or Fe2+. In addition, genome-wide overexpression 

studies have provided a fingerprint for Leishmania promastigotes undergoing 

chelation stress.  

The presence of an aminothiazole-pyridine scaffold in C2, known to 

coordinate metal binding led to the investigation of the role of divalent cation 

chelation in the MoA of this compound. These studies confirmed that the addition 

of exogenous Zn2+ reduced the potency of C2 against L. donovani, consistent 

with this compound acting as a Zn2+ chelator. The fact that selection of our 

overexpression library with compounds C3, C4, and C6 led to the enrichment of 

cosmids bearing the same fragments enriched by the proven chelator C2, led to 

role of chelation in MoA being investigated for these compounds. Compound C3 

was found to be capable of chelating Fe2+ and C6 chelated both Cu2+ or Zn2+. The 

enriched cosmids bear several genes potentially related to resistance to chelation 

stress, such as glutathione peroxidase (LdBPK_260780.1), vacuolar-type proton 

ATPase (LdBPK_231910.1) and vacuolar-type Ca2+-ATPase, putative 

(LdBPK_070720.1 and LdBPK_070720.1). Collectively, these findings suggest 

chelation plays a significant role in the MoA of these compounds. 

Metal ions are vital to cellular homeostasis due to key roles in multiple 

metabolic and physiological processes. Transition metal ions like iron, zinc, 

copper, manganese, cobalt and nickel are essential for all organisms (Santos et 

al., 2012). Metals are required for the growth and survival of all microbial 

pathogens, participating in many structural, catalytic and signalling functions 

(Gammoh and Rink, 2017). Besides their essential functions, failure to regulate 

intracellular levels of metals can lead to toxicity and the formation of reactive 
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oxygen species (ROS), resulting in oxidative stress. Redox-active metals such as 

copper, iron and other transition metals undergo redox cycling reactions, 

producing ROS or reactive nitrogen species (RNS) with dual roles in the biological 

system. When regulated, ROS and RNS are involved in many cellular signalling 

pathways and physiological roles, such as defence against infectious organisms. 

However, at uncontrolled levels, they can lead to oxidative stress resulting in 

cellular damage (Jomova, Baros and Valko, 2012). In Leishmania, ROS 

signalling is critical driving promastigotes-to-amastigotes differentiation in a 

process tightly controlled by iron (Mittra and Andrews, 2013). On the other hand, 

the redox inactive metal zinc is a component of the antioxidant network and its 

deficiency is often associated with cells undergoing oxidative stress (Oteiza, 

2012). For instance, zinc depletion with chelator TPEN promoted ROS generation 

and apoptosis-like death in L. donovani (Saini et al., 2017). In order to protect 

membranes and organelles from the damaging effects of ROS, cells utilise a 

complex antioxidant system including multiple redox-active enzymes, including 

glutathione peroxidase (Irshad and Chaudhuri, 2002; Cargnelutti et al., 2006). 

Thus, it is entirely possible that overexpression of glutathione peroxidase confers 

an advantage to parasites dealing with chelation-associated oxidative stress. 

However, the fact that individual overexpression of glutathione peroxidase did not 

significantly alter the parasite’s susceptibility to these compounds may suggest 

that any advantage may be relatively subtle or due to a combination of multiple 

factors.  

Other common hits observed in these overexpression library screens were 

“vacuolar-type proton ATPase” (V-H+-ATPase) and “vacuolar-type Ca2+-ATPase 

subunit a”. V-H+-ATPases are intracellular membrane-associated ATP-

dependent enzymes that control the acidification of lysosomes, endosomes, the 
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trans-Golgi network and other intracellular vesicles by pumping protons from 

cytosol into the lumen of intracellular organelles, thus regulating the intracellular 

pH (Forgac, 2007). Interestingly, V-H+-ATPases have already been associated 

with drug resistance in trypanosomatids (Baker et al., 2015; Wall, R.J. et al., 

2018a). In mammalian cell lines, one mechanism that has been proposed for V-

H+-ATPase-associated drug resistance is related to their ability to lower the pH 

of the extracellular environment and cellular lumen, leading to the protonation of 

drugs that are weak bases. This charge can impair the ability of drugs to cross 

the plasma membrane or potentially trap protonated drugs in acidic vacuoles 

(Wang et al., 2020). In Leishmania parasites, the V-H+-ATPase pump is 

expressed in the intracellular acidocalcisomes (Docampo and Moreno, 1999) and 

extracellular PV (Antoine et al., 1998), generating and sustaining the acidic pH of 

these environments.  

Similarly, vacuolar Ca2+-ATPases remove Ca2+ unidirectionally from the 

cytosol and have been found in a variety of different intracellular organelles. In T. 

brucei, TbPMC1 and TbPMC2 encode vacuolar Ca2+ pumps localized to 

acidocalcisomes and the plasma membrane, respectively. Both are essential for 

viability and validated drug targets (Luo et al., 2004). Interestingly, 

acidocalcisome Ca2+ retention is also favoured by the acidic pH generated by V-

H+-ATPase pump through Ca2+/nH+ antiporter that mediates Ca2+ release 

(Vercesi and Docampo, 1996). Acidocalcisomes are defined by the presence of 

orthophosphate, pyrophosphate and polyphosphate that, due to their high 

electron density negative charge, are complexed with cations (sodium, 

potassium, magnesium, calcium, zinc and iron) and basic amino acids (Docampo 

and Moreno, 2011; Blaby-haas and Merchant, 2014). Besides their vital role as 

an intracellular storage organelle for metal homeostasis, these organelles have 
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important roles as intracellular pH regulators and osmoregulators (Docampo et 

al., 2013). It is worth mentioning that cellular deficiency of one metal has been 

associated with driving an excess of other metal ions and this unexpected 

misincorporation is often attributed to the promiscuity of transports pathways 

(Blaby-haas and Merchant, 2014). 

Attempts to generate resistant lines for C3, C4 and C6 failed despite more 

than 6 months in culture. Failure to generate resistance is a relatively uncommon 

event in our group but is consistent with our studies with a series of 8-hydroxy-

1,6-naphthyridine analogues, confirmed as metal chelators (Wall, R. J. et al., 

2018a). This unusual inability could be associated with the essentiality and 

pleiotropic function of transition metals within the cell.  

Of the four compounds investigated in this study, C4 was the only one 

whose potency was not modulated by any of the divalent cations tested. 

However, in addition to same “hits” being identified in cosmid library screens, C4 

also demonstrated the same poor selectivity index for HepG2 cells as compounds 

C2, C3 and C6. The chemical structures of these four compounds share a similar 

scaffold (red circle, Figure 5.11). In the highlighted motif, the nitrogen and oxygen 

have the potential to coordinate metal ions with two or more points of attachment. 

It is important to note that Pena and colleagues already highlighted the likely 

presence of multiple pharmacophores capable of metal-binding in the Kineto-

boxes (Pena et al., 2015). With this in mind, the ability to identify compounds 

whose MoA is driven by metal chelation at an early stage of development would 

be highly advantageous. Strategies to efficiently identify such compounds will be 

discussed in Chapter 6. 

At least 11 chelating agents have been approved by U.S. FDA for use in 

the treatment of several metal overload diseases such as Wilson’s, Alzheimer’s, 
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Parkinson’s, Huntington’s, transfusion-related iron overload disease and cancer 

(Wax, 2013). In Alzheimer’s disease, the importance of disrupting the metal 

dyshomeostasis (e.g. copper, zinc and iron) associated with the disease via 

chemotherapy has been recognised. However, the design of drugs with limited 

toxic side effects and the ability to restore/ maintain metal homeostasis remains 

a challenge (Santos, Chand and Chaves, 2016). Although considered a 

therapeutic strategy, non-selective chelating agents can cause several side 

effects in long-term use by affecting physiological functions of essential-metal 

biomolecules. In fact, around one-third of the proteins within the proteome require 

metals as a cofactors (Lothian et al., 2013). The search for selective metal 

chelators has led to promising strategies such as the development of 

prochelators, i.e. low-affinity chelators that need specific stimuli to be activated 

(Oliveri and Vecchio, 2016). 

Kinetobox compounds reportedly demonstrated no cytotoxicity against the 

mammalian HepG2 cell line and were selected for inclusion in this collection 

based on a satisfactory therapeutic window (>100-fold). Unexpectedly, our in 

house cytotoxicity assays did not confirm these results and the SI for compounds 

C2, C3, C4 and C6 ranged from 2 to 50. It is possible that the differences in 

mammalian cell toxicity may be related to small differences in the way these cells 

were cultivated or the way assays were performed. However, the narrow 

therapeutic windows observed with these compounds in this study are consistent 

with the pleiotropic and non-selective effects of chelation. Designing compounds 

that are selective and specific chelators is extremely challenging and, for this 

reason, compounds with this MoA are not seen as good start points for drug 

discovery. Nevertheless, further manipulation of these pharmacophores to avoid 

a general chelating property could be an interesting area for future research. 
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Figure 5.11: The chemical structures of C2, C3, C4 and C6. The red circle highlight the common 

scaffold present in all molecules that could bind metals and generate chelate complex. 
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6 Conclusion and perspectives 

6.1 Technological advances contributing to drug discovery and target 

deconvolution 

Technological advances have been a significant driver in drug discovery progress. 

Over the last two decades, there has been an improved success in the translation of 

clinical candidates to registered drugs, as reflected by the significant increase in the 

number of small-molecule drugs and biologics approved yearly by the FDA, jumping 

from 24 in 2001 (Batta, Kalra and Khirasaria, 2020; FDA, 2020) to 53 in 2020 (FDA, 

2020). Another reason for this trend in the overall pipeline quality is the improved 

capacity of pharmaceutical companies in identifying potential failures, delivering new 

drug candidates that are more likely to translate into therapies successfully (Smietana, 

Siatkowski and Møller, 2016). This accelerated pace has not been replicated for drugs 

to treat NTDs. Although there are some promising signs of improvement, as 

demonstrated by the unprecedented current diverse portfolio with new chemical 

entities in clinical development for VL and the recent approval of fexinidazole for the 

oral treatment of HAT, the relatively small amount of drug discovery research for NTDs 

does not reflect the clinical need. For leishmaniasis, the only oral drug approved and 

registered in the last four decades is the repurposed anti-cancer therapy miltefosine, 

in 2014 (Sunyoto, Potet and Boelaert, 2018).  

Due to the lack of validated drug targets in Leishmania, the discovery of anti-

leishmanial drugs relies upon phenotypic approaches, which have been explored by 

pharmaceutical companies, academic centres and public-private R&D organisations, 

leading to some promising hits and new developable series, including some 

progressed into clinical trials. As previously explained in Section 1.4, the elucidation 

of compound MoA has several advantages and its investigation at an early drug 
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discovery stage can assist the development process. In this context, the present study 

evolved in close collaboration with the pharmaceutical GSK to determine the molecular 

target(s) and/or MoA of six phenotypically-active compounds. In addition, aiming to 

provide an in-depth understanding, this study focused on the tools/biology 

development of Leishmania as the kinetoplastid organism model, rather than only 

gaining a superficial understanding of multiple parasites. The results of this 

investigation have led to the identification of two novel anti-leishmanial targets – OSC 

and Sec23 – and determined the MoA of at least three other compounds as being 

chelators of divalent cations. 

The publication of several high-quality drafts or complete genomes of multiple 

Leishmania species (Peacock et al., 2007; Downing et al., 2011), alongside advances 

in WGS read depth coverage and different NGS platforms offering high throughput 

and low cost-per base, has significantly impacted the evolution of MoA studies 

(Leprohon et al., 2015). Together, they have facilitated the monitoring of the 

Leishmania genome under drug pressure enabling rapid and specific identification of 

biomarkers and drug resistance determinants. In the current research project, genomic 

studies of parasites under the pressure of these phenotypically-active compounds 

have proved pivotal with the generation of resistance lines followed by WGS and the 

genome-wide overexpression library submitted to NGS. In addition, advances in the 

field of quantitative MS have allowed proteomes to be studied in-depth and long lists 

of targets to be identified. As well as TPP, which assesses target stability changes 

upon drug-binding, there are other target identification strategies that utilise MS-based 

proteomics – such as drug affinity responsive target stability (DARTS) (Lomenick et 

al., 2009) and stability of proteins from rates of oxidation (SPROX) (Strickland et al., 

2014). However, TPP is the only one that combines three advantages: it can be 
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applied to live cells, it does not require compound labelling and it allows an unbiased 

search for drug targets (Mateus, Määttä and Savitski, 2017). Here we used this MS 

approach to confirm the direct engagement of C5 to OSC and C1 to Sec23.  

 

6.2 Targets and MoA identified in this study 

The first novel target identified and validated in this study was OSC, targeted by C5 

and its enantiomers. C5 is part of the Chagas box GSK compound collection (Pena et 

al., 2015), raising the possibility that this target could be translated into T. cruzi. This 

is possible due to the high level of synteny between the genomes of the three major 

trypanosomatids, sharing a conserved core proteome of approximately 6,200 proteins 

(El-Sayed et al., 2005). The N-myristoyltransferase (NMT) enzyme is an example of a 

translated druggable target, first validated in T. brucei (Frearson et al., 2010) and, 

subsequently, in T. cruzi (Herrera et al., 2016) and Leishmania (Corpas-Lopez et al., 

2018). In addition, based on the improved potency of the separated enantiomers of 

C5, compared to the original racemate, and the identification of a potentially 

exploitable hydrophobic channel in OSC, suggests the possibility of developing new 

inhibitors with improved potency and selectivity. Therefore, future studies will focus on 

developing new benzothiophene analogues with hydrophobic substituents.  

The second novel target identified and validated in this study was Sec23, 

targeted by C1. Since this compound specifically targets the amastigote stage and the 

Leishmania secretory pathway is known to be involved in the secretion of virulence 

factors, a defence mechanism to allow the parasite survival within the macrophage PV 

(Lambertz et al., 2012), targeting Sec23 represents a promising amastigote-specific 

MoA. Some well-known virulence factors secreted through the flagellar pocket include 

zinc-metalloprotease gp63, proteophosphoglycans, secreted acid phosphatases and 
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cysteine proteases (Olivier et al., 2012). In addition, to the best of my knowledge, there 

are not specific Sec23/COPII inhibitory agents and this C1 could represent a promising 

chemical tool for ER-Golgi secretory pathway studies. 

The fact that at least 50% (three out of six) of the compounds selected for this 

study are chelators of divalent metals was unexpected and led us to hypothesise that 

a considerable proportion of phenotypic hits against Leishmania might share this MoA. 

The observations made in this study: 1] all four compounds share the same fingerprint 

of parasites undergoing chelation stress and 2] the chemical structures of these 

compounds share a common scaffold that facilitates metal complex formation – are 

indications that such compounds might be pan-assay interference compounds 

(PAINS). PAINS are promiscuous compounds that share common substructural 

motifs, repeatedly registered as hits due to their promiscuity ability to interfere in 

assays. These false positives, which activity do not depend on a specific drug-protein 

binding interaction, represent a significant problem for biological screening and 

medicinal chemistry, polluting the literature and leading to the potential neglect of true 

hits (Baell and Walters, 2014; Baell and Nissink, 2018). Compound metal chelators 

are repeatedly identified as promising hits in a variety of assays due to their ability to 

sequester essential metal ions and, consequently, waste research time and resources 

(Baell and Nissink, 2018). Indeed, there is evidence showing that the aminothiazole 

scaffold, the same found in the C2 chemical structure, is found in numerous PAINS 

with potential risks of off-target activity (Jakopin, 2020). Although it should be noted 

that some very successful drugs do bind to metal ions in the active sites of enzymes, 

but these have very specific binding interactions. 

Another name for compounds with undesirable mechanisms of action is 

“nuisance compounds”, which are routinely encountered in cell-based assays (Dahlin 



159 
 

et al., 2021). The issue of distinguishing between promising hits and nuisance 

compounds is an important component of successful HTS (Rishton, 1997). Indeed, 

Chakravorty and colleagues from GSK have recently analysed existing filters, 

described new classes of nuisance structures and shown the promiscuity profile of the 

whole GSK HTS collection, comprising more than 2 million compounds that have been 

tested in hundreds of screening assays (Chakravorty et al., 2018). Their 

comprehensive analysis and subsequent availability of relevant data provided a 

valuable tool to assist the selection of hits for progression. An example of the 

importance of early identification of compounds MoA in a drug discovery programme 

is highlighted by the promising drug development interruption due to understanding of 

generic metal chelation as the MoA is the 8-hydroxynaphthyridine series (Wall, R. J.  

et al., 2018a; Thomas et al., 2020). 

As a route to systematically identify metal chelators early in the pipeline drug 

process, I propose the development of a counter-screen focused on the identification 

of chelators. The principle of this “chelators counter-screen” is to profile the activity of 

the compounds against axenic amastigotes in the absence and presence of divalent 

metal ions (e.g. zinc, calcium and iron), with chelators expected to demonstrate 

reduced potency in the latter conditions. Initially, as a proof of concept, the potency of 

the 192 compounds included in the Leish-Box will be assessed in both conditions and 

a cut-off of 10-fold in the compound potency shift will be used as a threshold for 

selecting potential chelators. Then, selected compounds will undergo a second 

confirmatory assay using the same strategy. The ability of this approach to 

successfully eliminate undesirable metal chelators from the drug discovery cascade 

will be evaluated and, if successful, might be used to investigate the remaining 

compounds from GSK’s kinetobox collections (192 HAT-Box and 222 Chagas-Box 
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compounds) and more generally all hits prior to entering significant chemistry 

programmes. In future, this assay could be introduced at the end of the Leishmania 

screening cascade (Nühs et al., 2015), as indicated in Figure 6.1. In addition, the 

ability to identify the chemical structures of a variety of chelators is important and has 

the potential to refine the structure of scaffolds capable of forming complexes with 

metal. A long-term goal will be to develop computational tools capable of recognising 

chelator motifs.  

 

Figure 6.1: Updated hit selection screening cascade for anti-leishmanial compounds with the addition 

of the chelators counter-screen (red). 

 

The findings presented in this study aim to contribute to the wider parasitology 

community on several levels. Firstly, to illustrate of how the combination of unbiased 

orthogonal approaches have the power to identify and validate new targets and MoA. 

Secondly, they may highlight the abundance of active hits whose MoA is driven by 
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metal chelation, which could be easily assessed in early chelation counter-screen 

contributing to the wise investment of efforts and resources towards promising more 

compounds. Finally, these studies have revealed two promising molecular targets that 

may be exploitable for future anti-leishmanial drug discovery, namely Sec23 and OSC. 

In particular, the discovery of a compound capable of interfering with the little-explored 

multifactorial COPII complex involved in vesicular trafficking of proteins in Leishmania 

is particularly exciting and will be explored in my future studies. 
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8 Addendum 

Results from Chapter 3 have been published in the Cell Chemical Biology journal: 

 

Paradela, L. S. et al. (2021) ‘Multiple unbiased approaches identify oxidosqualene 

cyclase as the molecular target of a promising anti-leishmanial.’, Cell chemical biology, 

pp. 1–11. doi: 10.1016/j.chembiol.2021.02.008 
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SUMMARY

Phenotypic screening identified a benzothiophene compound with activity against Leishmania donovani, the
causative agent of visceral leishmaniasis. Using multiple orthogonal approaches, oxidosqualene cyclase
(OSC), a key enzyme of sterol biosynthesis, was identified as the target of this racemic compound and its en-
antiomers. Whole genome sequencing and screening of a genome-wide overexpression library confirmed
that OSC gene amplification is associated with resistance to compound 1. Introduction of an ectopic copy
of the OSC gene into wild-type cells reduced susceptibility to these compounds confirming the role of this
enzyme in resistance. Biochemical analyses demonstrated the accumulation of the substrate of OSC and
depletion of its product in compound (S)-1-treated-promastigotes and cell-free membrane preparations,
respectively. Thermal proteome profiling confirmed that compound (S)-1 binds directly to OSC. Finally,
modeling and docking studies identified key interactions between compound (S)-1 and the LdOSC active
site. Strategies to improve the potency for this promising anti-leishmanial are proposed.

INTRODUCTION

The protozoan parasites Trypanosoma cruzi, Trypanosoma

brucei, and Leishmania spp. are the causative agents of the

vector-borne diseases African sleeping sickness, Chagas dis-

ease, and the leishmaniases. Collectively, these diseases are

responsible for more than 50,000 fatalities annually and the

loss of more than 4,600,000 disease-adjusted life years

(www.who.int/leishmaniasis/burden). Trypanosomatid dis-

eases are principally diseases of poverty and inflict an enor-

mous economic burden on some of the poorest countries on

earth. Over the past 5 years, treatment options for African

sleeping sickness have improved immeasurably with the intro-

duction of nifurtimox-eflornithine combination therapy (NECT)

to replace the more toxic organo-arsenical, melarsoprol

(Priotto et al., 2009) and the licensing of the oral drug fexinida-

zole as an alternative to more complex parenteral regimens

such as NECT (Pelfrene et al., 2019). Improved therapeutics,

alongside robust surveillance screening programs and vector

control measures, has significantly reduced cases of African

sleeping sickness, raising hopes that this disease may be elim-

inated as a public health problem in the near future (Barrett,

2018). Unfortunately, new drugs for Chagas disease and leish-

maniasis have been more difficult to develop. Current drugs

suffer from a range of serious problems, including severe

toxicity (Aldasoro et al., 2018; Soto and Soto, 2006), emerging

drug resistance (Croft et al., 2006; Mueller et al., 2007), and

poor efficacy (Jackson et al., 2010; Yun et al., 2009). New

drugs that are safer, efficacious, and suitable for use in

resource-poor settings are urgently required for the treatment

of these neglected tropical diseases.

The principal goals of anti-trypanosomal drug discovery

programs are to develop novel therapeutics that demonstrate

improved efficacy with minimal host toxicity, are suitable for

single-dose oral administration, and have the potential for

use in a future combination therapy. However, progress has

been hindered by the lack of robustly validated drug targets

in T. cruzi and Leishmania donovani or Leishmania infantum,

causative agents for Chagas disease and visceral leishmani-

asis, respectively. As a consequence, almost all compounds

currently in drug development pipelines for both diseases

evolved from primary hits identified through whole-cell

(phenotypic) screening of compounds (www.dndi.org) (Don

and Ioset, 2014). Phenotypic approaches, although effective,

Cell Chemical Biology 28, 1–11, August 19, 2021 ª 2021 The Author(s). Published by Elsevier Ltd. 1
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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do not provide information regarding the mechanism(s) of ac-

tion (MoA) or specific molecular target(s) of active compounds.

This information can be invaluable in the development of these

compounds into selective and potent anti-parasitic agents, by

addressing issues such as poor pharmacokinetic properties

and host toxicity. MoA studies can also play a pivotal role in

the management of drug discovery portfolios. For instance,

compounds that act via mechanisms previously confirmed

as unsuitable for drug development can be efficiently de-prior-

itized (Riley et al., 2015; Wall et al., 2018). Compound series

found to inhibit the same molecular target(s) can be prioritized

and rationalized, thus mitigating against the overpopulation of

pipelines with compounds acting via the same mechanism

(Wall et al., 2020). Furthermore, knowledge of the target

pathway can be of potential value in optimizing drug combina-

tion therapy.

Here, we use orthogonal genetic, molecular, and biochem-

ical approaches to determine the MoA of a benzothiophene

compound demonstrating promising anti-leishmanial activity.

Our comprehensive studies reveal that this compound specif-

ically targets oxidosqualene cyclase (OSC), a key enzyme in

the sterol biosynthetic pathway of these parasites. The

Figure 1. Chemical structures

implications of developing compounds

with this MoA as anti-leishmanials of

the future is discussed.

RESULTS

Compound selection
GSK’s Kinetoboxes are three open-ac-

cess compound collections assembled

following high-throughput phenotypic

screening of 1.8M compounds against

T. brucei, L. donovani and T. cruzi

(Peña et al., 2015). TCMDC-143498

(compound 1, Figure 1), also known as

GSK2920487A, is included in the

T. cruzi box, having demonstrated

promising activity against the intracel-

lular stage of the parasite (half maximal

effective concentration [EC50] value of

0.8 mM). Interestingly, this compound

was also moderately active against

L. donovani axenic amastigotes and

promastigotes (EC50 values of 20 mM

and 0.5 mM, respectively) while demon-

strating limited activity against mamma-

lian cell lines (HepG2) (Table 1). The

principal aim of our current study was

to gain an understanding of the mecha-

nism of action and/or molecular target(s)

of compound 1 to facilitate the develop-

ment of more potent and selective ver-

sions of this compound. Our studies

focused on using multiple unbiased

approaches to determine the MoA of this compound in

L. donovani.

Resistance generation followed by whole genome
sequencing
As a first step toward identifying the molecular target(s) of com-

pound 1, L. donovani promastigote cell lines resistant to this

benzothiophene were selected. Starting at 0.5 mM (13 EC50),

five independent clonal lines of compound-susceptible para-

sites were exposed to stepwise increasing levels of compound

1 for a total of 120 days, until they were routinely growing at

concentrations equivalent to >203 the established EC50 value

(12 mM) (Figure 2A). The five independently generated resistant

cell lines were cloned by limiting dilution and clones were as-

sessed for susceptibility to compound 1. The resulting clones

were between 18- and 51-fold less sensitive to compound 1

than the wild-type (WT) parental clone (Figure 2B and Table

S3). In each case, the resistance demonstrated by each clone

was stable over at least 10 passages in culture in the absence

of compound.

Genomic DNA recovered from the five resistant clones was

analyzed by whole genome sequencing (WGS). Notably, copy
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number variant analysis revealed that all five resistant clones

maintained amplified fragments of, or indeed entire copies

of, chromosome 6. Resistant lines RES I, RES III, and RES

IV had two additional copies of chromosome 6 compared

with WT, while RES V maintained three additional copies (Fig-

ure 2C). RES I also maintained an additional 13 copies of a

30.9 kb region of chromosome 6. Furthermore, RES II resis-

tant parasites had amplified a 44.3-kb fragment of chromo-

some 6, maintaining more than 34 extra copies of this chro-

mosomal fragment compared with WT, drug-sensitive cells.

Rationalizing the regions of chromosome 6 amplified in resis-

tant clones indicates that a fragment encoding two complete

gene-coding sequences is common to all. This coincident

chromosomal fragment encodes oxidosqualene cyclase

(OSC, LdBPK.06.2.000670) and a hypothetical protein (HP,

LdBPK.06.2.000680).

A total of six single nucleotide polymorphisms (SNPs) encod-

ing amino acid changes, relative to our parental clone, were iden-

tified in the genomes of compound 1-resistant parasites (Table

S4); however, no SNP was common to all cell lines. Notably, in

RES V, a single heterozygous SNP was identified in the gene

encoding OSC. This SNP encodes a Cys to Phe mutation at po-

sition 778 in this enzyme, a key component of the sterol biosyn-

thetic pathway of L. donovani.

Screening of compound 1 against an L. donovani

genome-wide overexpression library
As a parallel unbiased approach to investigate MoA, compound

1 was also screened against our genome-wide cosmid-based

overexpression library (Corpas-Lopez et al., 2019). The principle

behind this gain-of-function approach is that overexpression of a

drug target can result in resistance to the corresponding drug by

increasing the pool of functional protein or by reducing free drug

through binding. L. donovani promastigotes were transfected

with a pooled population of cosmids containing genomic DNA

fragments of between 35 and 45 kb. The final transfected library

provides a >15-fold genome coverage with 99% of genes repre-

sented. The library was selected with 1 mM (23 EC50) compound

1 for 5 days and for a further 4 days at 2 mM. Following compound

selection, cosmids maintained by the ‘‘resistant’’ parasite popu-

lation were harvested and analyzed by next-generation

sequencing. Mapping of overexpressed inserts to an assembled

L. donovani genome revealed that 87% of all mapped reads

aligned to a 54.5-kb region on chromosome 6 (Figures 2D and

2E). This region is composed of 10 genes (Table S5); however,

only two genes were flanked by all the opposing barcodes:

LdBPK.06.2.000670 encoding OSC and LdBPK.06.2.000680

encoding HP. Collectively, these data support our WGS analysis

and the hypothesis that one of these proteins may be the molec-

ular target of compound 1 or a key resistance determinant.

Target validation
To interrogate the potential role(s) of each protein in the MoA of

compound 1, cell lines overexpressing both putative targets

were generated. Elevated levels of HP and OSC in these trans-

genic promastigotes, compared with WT, were confirmed by

label-free MS quantification (Figure S1). While overexpression

of HP had little or no effect on the potency of compound 1 (Fig-

ure 3A), cells overexpressing OSC were ~10-fold less sensitive

to compound 1 in comparison to WT. These data identify OSC

overexpression as the driver of compound 1-resistance and

identify this enzyme as the likely target of this benzothiophene.

Next, we investigated the role of the OSC (Cys778Phe) muta-

tion identified in RES V in resistance (Figure 3B). Promastigotes

overexpressing the mutated version of this cyclase demon-

strated the same level of susceptibility to compound 1 as

WT. The fact that cells bearing elevated levels of this mutated

enzyme remain susceptible to compound 1 not only rules out

this mutation as playing any role in resistance, but also sug-

gests that the mutated version of this enzyme may be

nonfunctional.

OSC, also known as lanosterol synthase or ERG7, is a key

enzyme in sterol biosynthesis, catalyzing the cyclization of 2,3-

oxidosqualene to lanosterol (Figure 4A). A number of specific in-

hibitors of OSC have been described in the literature (Mark et al.,

1996; Morand et al., 1997; Phillips et al., 2019) with a variety of

different applications such as anti-fungal (Rose et al., 1996),

anti-microbial (Hinshaw et al., 2003), and anti-cancer agents

(Liang et al., 2014, 2016; Maione et al., 2015). Most notably,

Buckner and colleagues (2001) have demonstrated that inhibi-

tors of OSC can be potent inhibitors of T. cruzi growth in vitro.

Consequently, we assessed the potency of an established

OSC inhibitor, BIBX-79 (Mark et al., 1996), to evaluate potential

cross-resistance against our transgenic and resistant cell lines.

Indeed, OSC-overexpressing promastigotes were 10-fold less

susceptible to BIBX-79 than WT (Figure 3C), demonstrating an

equivalent level of resistance to that seen with compound 1.

Similarly, all compound 1-resistant clones (RES I-V) were

cross-resistant to BIBX-79 (Table S3). The cross-resistance pro-

files shared by compound 1 and BIBX-79 are entirely consistent

with a shared mechanism of action and support OSC as the mo-

lecular target of both compounds in L. donovani.

Table 1. Collated EC50 values for compound 1 and related analogues

Compound

EC50 values, mM

Promastigotes Axenic amastigotes Intramacrophage HepG2

Compound 1 0.5 ± 0.02 20 ± 4 39 ± 8 >50

(R)-1 2.6 ± 0.1 >50 >50 >50

(S)-1 0.4 ± 0.01 17 ± 3 31 ± 7 >50

BIBX-79 0.5 ± 0.01 >50 ND 5 ± 0.4

EC50 values represent the weighted mean ± standard deviation of at least two biological replicates (nR 2) with each biological replicate comprised of

three technical replicates. The exception is intramacrophage amastigotes EC50 values, where data represent the mean ± standard deviation of two

technical replicates and representative of two biological replicates. ND, not determined.
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Stereochemistry of compound 1
Compound 1 has a chiral center at the 3-position of the piperidine

ring, thus previously reported screening data associatedwith this

benzothiozine has been obtained with a racemate (1:1 mixture of

R and S enantiomers) (Peña et al., 2015). In order to profile the

biological activity of the individual enantiomers, semi-preparative

chiral chromatographywasused to separate both enantiomers of

compound 1. The absolute stereochemistry of the enantiomer

eluted first following chromatographic separation (retention

time 11.9 min) was established by X-ray crystallography to be R

(Figure S2 and Table S1). Therefore, the enantiomer eluted in

peak 2 (retention time 15.5 min) is compound (S)-1. The enantio-

meric excess values of the separated samples of (R) and (S) were

measured by chiral HPLC and found to be >99.7% and 98.6%,

respectively, indicating that both samples were of excellent opti-

cal purity. The potency of each enantiomer was then determined

against the various developmental stages of L. donovani and also

against the transgenic cell lines developed in the course of our

studies (Tables 1 andS3).While both enantiomers appear to spe-

cifically target OSC, as evidenced by reduced sensitivity in cell

lines overexpressing this enzyme, in all assays, the S enantiomer

was found to be at least 10-foldmore potent than (R)-1. Of partic-

ular note, (S)-1 demonstrated activity against intramacrophage

amastigotes (31 ± 7 mM, Table 1), while (R)-1 was inactive at all

concentrations tested.

Evidence of target engagement
Our cumulative data provide compelling circumstantial evidence

that OSC is the molecular target of compound 1 in L. donovani.

Here, we sought to provide biochemical evidence of the inhibi-

tion of this enzyme by compound 1 and to investigate the

broader effects on sterol biosynthesis. Thin-layer chromatog-

raphy (TLC) was used to separate and then identify specific ste-

rols in compound-treated and untreated promastigotes. Cells

were treated with compound 1 (racemate), compound (S)-1,

BIBX-79, or posaconazole for 96 h. Posaconazole targets sterol

14a-demethylase (CYP51), the enzyme immediately down-

stream of OSC that uses lanosterol as a substrate to produce

4,4-dimethylcholesta-8,14,24-trien-3b-ol. Neutral lipids were

then extracted and separated by TLC alongside 2,3-oxidosqua-

lene, lanosterol, and ergosterol standards (Figures 4B and S3). In

keeping with our assertion that compound 1 and its enantiomers

Figure 2. Target deconvolution studies with compound 1

(A) Schematic representation of the generation of compound 1-resistant cell lines in L. donovani. Each passage of cells in culture (circles, lines 1-V) is indicated

with cell lines I-V indicated in black, green, gray, blue, and red, respectively.

(B) EC50 values for compound 1 were determined for WT (white circles) and cloned resistant cell lines I–V (black, gray, blue, red, and green circles, respectively).

These curves are the nonlinear fits of data using a two-parameter EC50 equation provided by GraFit. An EC50 value of 0.7 ± 0.01 mM was determined for

compound 1 against WT promastigotes. EC50 values for resistant clones I–V were 23 ± 4, 16 ± 0.3, 13 ± 1, 11 ± 1, and 14 ± 6 mM, respectively. These EC50 curves

and values are from one biological replicate, composed of two technical replicates. Collated datasets reporting the weighted mean ± SD of multiple biological

replicates are summarized in Table S3.

(C) Copy number variations in resistant clones relative toWT. Amplification of chromosome 6 (or fragments) are evident in all resistant clones. Resistant clones are

indicated as follows: RES I (blue), RES II (black), RES III (green), RES IV (pink), and RES V (cyan); WT clone is shown in red. OSC (LdBPK.06.2.000670) and HP

(LdBPK._006.2.000680) green bars; other genes, yellow bars.

(D) Genome-wide map indicating cosmid library hits from screening of compound 1. A single primary hit was identified, indicated in blue.

(E) Focus on primary ‘‘hit’’ on chromosome 6.OSC andHP genes shown as green bars; other genes, as yellow bars. The blue/pink and black/green peaks indicate

independent cosmid inserts in different orientations.
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inhibit OSC, promastigotes treated with (S)-1 were found to

accumulate significant amounts of the substrate of this enzyme,

2,3-oxidosqualene, in comparison with untreated cells. Similarly,

promastigotes treated with BIBX-79 were also found to accumu-

late this substrate. Levels of lanosterol, the product of OSC,

would be reasonably expected to decrease in the presence of

an OSC-specific inhibitor; however, lanosterol was below the

limits of detection in the majority of our TLC studies, even in un-

treated parasites. This is likely due to the rapid turnover and

generally low basal levels of lanosterol, a substrate for the zy-

mosterol biosynthetic pathway (Figure 4A). Indeed, lanosterol

is only visible, at very modest levels, in parasites treated with

the CYP51-specific inhibitor posaconazole. In T. cruzi, CYP51

has been identified as a promiscuous drug target, with up to

80% of screening hits found to inhibit this enzyme (Riley et al.,

2015). Previous studies report that compound 1 does not inhibit

CYP51 in in vitro assays (Peña et al., 2015). The fact that the ste-

rol signature of our posaconazole-treated promastigotes is

distinct from that seen with compound 1-treated parasites sup-

ports this observation.

Crude, cell-free membrane preparations were obtained by

subjecting L. donovani promastigotes to nitrogen cavitation.

Our aim was to use this cell-free, membrane system to focus

solely on the reaction catalyzed by OSC, an established mem-

brane protein. 2,3-oxidosqualene (OSC substrate) was added

to these washed membranes prior to incubation at 37�C for 24

h. Sterols were then extracted, separated, and identified by

TLC (Figure 4C). The production of lanosterol (OSC product)

was clearly evident in assays supplemented with exogenous

2,3-oxidosqualene, confirming that OSC was active in these

L. donovani membrane preparations. Lanosterol was unde-

tectable in assays not supplemented with substrate. Most

importantly, the production of lanosterol by membrane prepa-

rations supplemented with 2,3-oxidosqualene was ablated by

the presence of the established OSC-inhibitor BIBX-79 and

compound (S)-1 at a range of concentrations. Collectively,

these data provide direct, biochemical evidence that com-

pound (S)-1 inhibits the ergosterol biosynthetic pathway

specifically at the 2,3-oxidosqualene to lanosterol step cata-

lyzed by OSC.

Finally, thermal proteome profiling (TPP) was used as an

approach to confirm the direct binding of compound (S)-1 to

OSC. TPP is based on the principle that binding of a drug to its

protein target can significantly alter the thermal stability of that

protein (Jafari et al., 2014). Briefly, L. donovani promastigotes

were treated with compound (S)-1 (103 established EC50 value)

or DMSO vehicle. Lysates of treated promastigotes were then

prepared and maintained in the continuous presence of com-

pound or vehicle. Aliquots of each lysate were then incubated

at designated temperatures (33–69�C), and for each tempera-

ture, insoluble (denatured) proteins were removed. The resulting

soluble protein samples were reduced, alkylated, and digested

with trypsin prior to derivatization with tandem mass tags.

Pooled peptides were fractionated by HPLC and analyzed by

LC/MS-MS prior to identification and quantitation. The melting

points of each identified protein were then established. Full

melt curves were established for 5,083 proteins, representing

68.3% coverage of the L. donovani proteome. The top 10 pro-

teins demonstrating thermal shift in the presence of compound

(S)-1 and confirmed as legitimate ‘‘hits’’ by nonparametric anal-

ysis of response curves (NPARC), are summarized in Table S6.

LdOSC ranks as the fifth strongest ‘‘hit’’ in this unbiased, prote-

ome-wide analysis, with individual melt curves revealing that the

thermal stability of this enzyme increased by an average of 3.4�C
in the presence of compound (S)-1 (Figure 4D). These data

confirm that compound (S)-1 interacts directly with OSC and,

in combination with our other studies, identifies LdOSC as the

molecular target of this benzothiophene compound.

Molecular modeling
With the aim of understanding the molecular basis for the supe-

rior potency of compound (S)-1 and identifying key interactions

within the active site of LdOSC, a homology model was gener-

ated using the structure of the human OSC orthologue com-

plexed with lanosterol as a template (Thoma et al., 2004). The

consensus Ld-human OSC sequence used to build the model

Figure 3. Validation of OSC as the molecular target of compound 1

(A) Dose–response curves for WT (white), OSC-overexpressing (black), and HP-overexpressing (gray) clones treated with compound 1. EC50 values of 0.6 ± 0.01,

5 ± 0.1, and 0.6 ± 0.03 mM were determined for WT, OSC-overexpressing, and HP-overexpressing promastigotes, respectively.

(B) EC50 values for WT (white), OSC-overexpressing (black), and OSCC778F-overexpressing (gray) promastigotes treated with compound 1 were 0.5 ± 0.01, 6 ±

0.3, and 0.4 ± 0.02 mM, respectively.

(C) EC50 values forWT (white) and OSC-overexpressing cells (black) treated with BIBX-79 were 0.6 ± 0.01 and 6 ± 0.2, respectively. All EC50 curves and values are

from one biological replicate, composed of two technical replicates. Collated datasets reporting the weighted mean ± SD of multiple biological replicates are

summarized in Table S3.
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was derived from a multisequence alignment of several OSCs

and squalene cyclases (SC) from different organisms. The hu-

man and parasite enzymes share 40% sequence identity and

56% sequence similarity. This level of homology is well within

the range required to generate a model of sufficient quality to

support ligand binding studies. In general, the overall sequence

similarity of this class of enzymes is relatively low. However,

these enzymes are characterized by a number of functionally

relevant QX2-5GXW consensus sequence motifs that are present

in their C-termini (QW motifs) (Poralla et al., 1994). These motifs

were used to guide and verify the sequence alignments. The N-

terminus of L. donovani OSC (up to the QW7 motif) aligns poorly

with OSC and SC sequences from other organisms. Thus, our

modeling efforts focused on the C-terminus of the protein,

which, with the exception of a 50-amino acid insertion between

QW6 and QW7, aligns well with hOSC, and encompasses the

lanosterol binding site. Indeed, the lanosterol binding site is

particularly well conserved. Specifically, of the 31 amino acids

within 5 �A of lanosterol, 23 residues are identical (74%) and

five of the remaining eight share similar properties (19%)

(Figure S4).

The generated homology model was refined, optimized (see

STAR methods), and used to investigate the binding modes of

compounds (S)-1 and (R)-1 by molecular docking. The

S enantiomer generated the best docking score:

�14.4 kcal$mol�1 compared with �12.7 kcal$mol�1 obtained

for (R)-1. The top scoring poses for both enantiomers were

used to evaluate changes in binding free energy (DGbind). In

keeping with our crystallographic and potency data, the S enan-

tiomer was confirmed as having a higher affinity for the active

site of OSC with a DGbind of �80.7 kcal$mol�1 compared with

a valueof�73.9 kcal$mol�1 for (R)-1. Themost favorable binding

pose for (S)-1 is characterized by formation of a salt bridge with

the carboxylate of the catalytic Asp723 through the positively

charged nitrogen atom of the methylimidazole moiety (Figure 5).

The imidazole moiety of compound 1 has a calculated pKa value

ranging between 7.8 and 8.6, suggesting that it is protonated at

physiological pH. Themodel indicates that this positive charge is

Figure 4. Effect of compound 1 on the sterol

biosynthesis in L. donovani

(A) Sterol biosynthetic pathway of L. donovani.

(B) Sterols extracted from WT promastigotes (lane

1); promastigotes treated with compound 1

(racemate) (lane 2), compound (S)-1 (lane 3), BIBX-

79 (lane 4), and posaconazole (lane 5) for 96 h and

analyzed by normal phase silica TLC. Ergosterol,

lanosterol, and 2,3-oxidosqualene standards

(1 mg$mL�1) were run in parallel and the unsatu-

rated double bonds of separated lipids were

stained with iodine vapor. Bands representing 2,3-

oxidosqualene and lanosterol are indicated by blue

and red arrows, respectively.

(C) The activity of L. donovani OSC was monitored

in cell-free membrane preparations by TLC. Crude

membrane preparations were treated as follows:

2,3-oxidosqualene (OSC substrate) added and

sterols immediately extracted (lane 1); no additions

and sterols immediately extracted (lane 2); 2,3-

oxidosqualene added, incubated at 37�C for 24 h

and sterols extracted (lane 3); 2,3-oxidosqualene

and compound (S)-1 (equivalent to 13 EC50 value)

added, incubated at 37�C for 24 h and sterols ex-

tracted (lane 4); 2,3-oxidosqualene and compound

(S)-1 (equivalent to 33 EC50 value) added, incu-

bated at 37�C for 24 h and sterols extracted (lane

5); 2,3-oxidosqualene and compound (S)-1

(equivalent to 13 EC50 value) added, preparation

incubated at 37�C for 24 h and sterols extracted

(lane 6); 2,3-oxidosqualene and BIBX-79 (equiva-

lent to 33 EC50 value) added, incubated at 37�C for

24 h and sterols extracted (lane 7). Bands repre-

senting lanosterol (OSC product) are indicated by

red arrows.

(D) TPP melt curves for L. donovani OSC following

incubation with compound (S)-1 (red) or vehicle

(0.1% DMSO, black). Data from technical repli-

cates (circles and squares) are shown, and the

mean shift in melting temperature (DTm) for OSC

was 3.4�C.
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further stabilized byp-cation interactions with the aromatic sys-

tems of Trp657 and Trp847. The carbonyl oxygen is hydrogen

bonded to the Tyr318 side chain hydroxyl group and the aro-

matic systems at the extremes of the molecule are involved in

two p-stacking interactions: the first between the methylimida-

zole ring and the indole ring of Trp657 and second between

thebenzothiophenemoiety and the aromatic ring inPhe973 (Fig-

ure 5). It should be noted that our model of OSC indicates that

residue Cys778, mutated to Phe in our resistant cell lines RES

V, is between 12 and 19 �A from the lanosterol binding site. The

remoteness of this mutation from the binding site is consistent

with it playing no direct role in resistance to compound 1.

Assessing the essentiality of OSC
Previous studies have provided conflicting evidence regarding

the essentiality of enzymes involved in sterol biosynthesis across

different Leishmania species. For instance, sterol 14a-demethy-

lase (CYP51) has been demonstrated as essential for survival in

L. donovani (McCall et al., 2015), but not in L. major (Xu et al.,

2014). Here, our aim was to assess the essentiality of OSC in

L. donovani promastigotes for the first time using a classical

gene replacement strategy (Figure 6A). In the first instance, a sin-

gle copy of OSC was successfully replaced in WT parasites with

either a puromycin (PAC, puromycin N-acetyltransferase) or hy-

gromycin (HYG, hygromycin phosphotransferase) drug resis-

tance gene via homologous recombination. Attempts were

made to directly replace the second allelic copy of OSC in these

single-knockout cells (SKO) with either HYG or PAC directly or in

cells constitutively expressing an ectopic copy of OSC. Despite

recoveringmore than 40 putative nulls, resistant to selection with

both hygromycin and puromycin, all of these clones retained a

genomic copy of OSC. Indeed, both allelic copies of OSC were

only successfully replaced in promastigotes bearing an ectopic

copy of the gene (Figures 6B and S5). Our failure to replace

both the endogenous copies of OSC, except in the presence

of an ectopic copy of the gene, strongly suggests that this

enzyme is essential for the promastigote stage of L. donovani.

The current absence of a robust and reliable inducible-expres-

sion system in Leishmania, compatible with use intramacro-

phage, precludes our investigation of OSC essentiality in the

more relevant amastigote stage of the parasite.

DISCUSSION

Our current study highlights the power of using orthogonal ap-

proaches to elucidate mechanisms of compound action. Several

lines of evidence presented here establish OSC, a key enzyme of

sterol biosynthesis, as the primary target of compound 1 and its

enantiomers. WGS and screening of our genome-wide overex-

pression library confirmed that elevated levels of OSC in Leish-

mania promastigotes are associated with resistance to

compound 1. The generation of OSC-overexpressing parasites,

through introduction of an ectopic copy of the gene intoWT cells,

led to a precipitous drop in susceptibility to compound 1, thus

confirming the direct role of this enzyme in resistance. Cells

treated with these compounds accumulate significant amounts

of 2,3-oxidosqualene, the established substrate of OSC.

L. donovanimembrane preparations supplemented with 2,3-ox-

idosqualene produced lanosterol, while this activity was ablated

by incubation with the established OSC-specific inhibitor BIBX-

79, as well as in the presence of compound (S)-1. Finally, TPP

was used as an unbiased approach to confirm that compound

(S)-1 directly and specifically interacts with this enzyme of sterol

biosynthesis.

Sterols perform a vital function in maintaining the structural

integrity of cellular membranes. OSC catalyzes the most com-

plex step in the production of mature sterols, the cyclization of

2,3-oxidosqualene to form lanosterol. In higher eukaryotes

(including humans), the predominant sterol is cholesterol; how-

ever, the membranes of kinetoplastid parasites, such as

Figure 5. Docking of compound (S)-1 into a homology model of the L. donovani OSC active site

(A) Induced-fit docking pose of compound (S)-1. The ligand is represented as green sticks. The hydrogen bonds between the ligand and Asp723 and Tyr318 are

shown as a yellow dotted line.

(B) 2D ligand interaction diagram based on the best-scoring docking pose for compound (S)-1.
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Leishmania, more closely resemble those of fungi in composi-

tion, with ergosterol and ergostane-based sterols most abun-

dant (Haughan et al., 1995). Indeed, kinetoplastids are unable

synthesize cholesterol de novo (Roberts et al., 2003) and the

different sterol composition of parasite membranes compared

with that of their mammalian hosts has long been considered

exploitable for drug discovery. Of particular note, posaconazole,

which targets CYP51, the enzyme immediately downstream of

OSC, was recently assessed in phase II clinical trials for Chagas

disease (Molina et al., 2014). Despite initially positive results,

92% of patients taking part in this trial relapsed in the subse-

quent 10 to 12 months. Buckner and colleagues (Buckner

et al., 2001; Hinshaw et al., 2003) have a long-standing interest

in developing OSC inhibitors as antimicrobials, particularly tar-

geting T. cruzi, with the most promising demonstrating low nM

activity against the mammalian (amastigote) stage of the para-

site. Several studies have demonstrated that Leishmania are

susceptible to antifungal inhibitors of sterol biosynthesis, such

as terbinafine (squalene epoxidase inhibitor) (Bahamdan et al.,

1997; Berman andGallalee, 1987; Goad et al., 1985) and ketoco-

nazole (CYP51 inhibitor) (Berman, 1981; Berman et al., 1984).

Ketoconazole and fluconazole, another CYP51 inhibitor, have

shown promise for the treatment of cutaneous leishmaniasis in

clinical trials (Alrajhi et al., 2002; Saenz et al., 1990). Collectively,

these studies demonstrate the suitability of sterol biosynthesis

as a target for anti-leishmanial drug discovery.

Despite being unable to synthesize cholesterol, T. brucei,

Leishmania spp. and T. cruzi have demonstrated an ability to

scavenge this sterol from their hosts (Coppens et al., 1988; De

Cicco et al., 2012; Pereira et al., 2011). Indeed, uptake of exog-

enous cholesterol, via endocytosis of low-density lipoprotein

(LDL) particles, is essential for the survival of bloodstream-form

T. brucei (Coppens et al., 1995). The fact that kinetoplastids

can use host-derived cholesterol raises the possibility that this

may provide a route for parasites to circumvent the effects of

sterol biosynthesis inhibition and reduce the efficacy of drugs

targeting this metabolic pathway. In support of this hypothesis,

studies with L. amazonensis showed that promastigotes treated

with a variety of sterol biosynthesis inhibitors responded by

increasing endocytosis of LDL (Andrade-Neto et al., 2011).

Furthermore, the potency of these inhibitors could be somewhat

modulated by varying access to exogenous cholesterol. In our

current study, we did not observe this phenomenon, finding

instead that varying levels of fetal calf serum in culture medium

(5%–20%), an exogenous source of cholesterol, had little or no

effect on the potency of compound 1 against promastigotes (Fig-

ure S6). It should also be noted that scavenged cholesterol alone

cannot satisfy promastigote and amastigote sterol requirements

(Roberts et al., 2003), thus de novo synthesis of ergosterol-

based sterols is essential.

Compound 1 and its enantiomers demonstrate a notable

drop-off in potency against axenic and intramacrophage amas-

tigotes, compared with promastigotes. Initially, we hypothesized

that this reduced potency may be due to the sparing effect of

cholesterol scavenged from the macrophage, as discussed

above. However, this would not explain the drop in potency

seen with amastigotes cultured axenically in the absence of a

host cell. The imidazole moiety of compound 1 has a calculated

pKa value range of between 7.8 and 8.6, suggesting that a pro-

portion of this benzothiophene will be protonated at physiolog-

ical pH. Intramacrophage amastigotes reside within acidified

parasitophorous vacuoles at pH 5.5 and axenic amastigotes

are cultured in media that closely mimics this environment. At

pH 5.5, the levels of protonated compound 1will be considerably

higher than those in promastigote cultures (pH 7.4). This posi-

tively charged moiety is likely to adversely affect compound 1

permeability and thus the increased levels of protonation in

amastigote cultures may be at least partially responsible for

the observed drop in potency. With this in mind, one strategy

to improve the potency of compound (S)-1 could be to replace

the methylimidazole with a bioisostere with a lower pKa. For

instance, the hOSC inhibitor BIBB515 has a dihydrooxazole moi-

ety in this position (Lenhart et al., 2003) and a calculated pKa

value in the range of 5.44 to 4.72. Another potential strategy to

Figure 6. Assessing the essentiality of OSC in L. donovani promastigotes

(A) Schematic representation of the OSC locus in OSC single-knockout (HYG) and (PAC) cells. Black bars represent the 50 UTR region upstream of the open

reading frame of OSC, which was used as a probe in Southern blot analysis. NsiI sites with expected fragment sizes are shown.

(B) Southern blot analysis of NsiI-digested genomic DNA (~5 mg) from WT L. donovani (LdBOB) cells, OSC single-knockout clones, attempted double knockout

and a ‘‘rescued’’ DKO clone (OSCOE-DKO) . The DIG-labeled 50 UTR of OSC was used as a probe. This Southern blot was stripped and re-probed using a DIG-

labeled fragment of OSC as a probe (see Figure S5).
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improve potency is to exploit a hydrophobic channel within the

active site of LdOSC. Interestingly, both the terminal aliphatic

chain of lanosterol and the p-bromo phenyl moiety of the

hOSC inhibitor Ro 48-8071 extend in a hydrophobic channel

that ultimately leads to the cell membrane (Thoma et al., 2004)

(Figure S7). Based on our docking studies, positions 6 and 7 of

the benzothiophene ring provide the right vector to exploit this

channel and this has the potential to increase the potency of

these inhibitors. Our intention is to investigate hydrophobic sub-

stituents to occupy this area.

In summary, these data confirm that compound 1 and its en-

antiomers specifically target OSC in L. donovani. We establish

OSC as genetically essential for the survival of these parasites.

Modeling and docking studies identify key interactions made

between compound (S)-1 and the OSC active site. In addition,

we outline potential strategies to improve potency. Future

studies should focus on evolving compounds within this series

to achieve sub-mM potency against the mammalian stages of

L. donovani prior to assessing the most promising compounds

in vivo. It should be noted that compound 1 also demonstrates

promising potency against intracellular T. cruzi (EC50 in the

range 0.6–1 mM [Peña et al., 2015]). The failure of clinical trials

with posaconazole for Chagas disease have left some in drug

discovery reticent to pursue inhibitors of sterol biosynthesis.

Nevertheless, future studies should also investigate the poten-

tial of these OSC-specific inhibitors for the treatment of Amer-

ican trypanosomiasis.

SIGNIFICANCE

Visceral leishmaniasis (kala-azar) is a serious vector-borne

disease afflicting people, particularly in parts of Asia, Africa,

and Latin America. There are approximately 300,000 new

cases and an estimated 20,000 deaths each year, making it

the world’s second biggest parasitic killer after malaria. In

95% of cases, death can be prevented by timely and appro-

priate drug therapy; however, current treatments are far

from ideal. Clinically used anti-leishmanials suffer from a

number of serious issues, including the need for hospitaliza-

tion, prolonged therapy, parenteral administration, high

cost, variable efficacy, severe toxic side effects, and resis-

tance. Thus, there is a pressing need for better, safer effica-

cious drugs that are fit-for-purpose in resource-poor

settings. Unfortunately, anti-leishmanial drug discovery

has been hindered by a lack of robustly validated drug tar-

gets in these parasites. This has limited target-focused

screening programs and has increased reliance on pheno-

typic screening of parasites to identify start points for drug

discovery. This approach has proved effective, however, a

lack of information regarding the mechanism(s) of action

or specific molecular target(s) of these active compounds

can prove a barrier to the optimization of these early lead

compounds. Here, we used multiple, unbiased approaches

to identify the molecular target of a promising phenotypic

hit as OSC, a key enzyme in sterol biosynthesis. Identifying

the target of this benzothiophene enabled structure-

focused strategies to improve potency to be proposed.

Furthermore, this knowledge can inform future drug combi-

nations and be exploited for de novo, target-based drug dis-

covery. This illustrates the great value of comprehensive

mechanism of action studies as an integrated part of a

drug discovery program.
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STAR+METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals, peptides, and recombinant proteins

Compound 1 GSK TCMDC-85 143498

Compound 1 Enamine Z1139335838

BIBX-79 Enamine Z1768160684

Posaconazole Sigma Aldrich Cat# SML2287

Resazurin Sigma Aldrich Cat# R7017

G418 disulfate salt Sigma Aldrich Cat# A1720

Puromycin N-acetyltransferase Invitrogen Cat# ant-pr-1

Hygromycin 180 phosphotransferase Invitrogen Cat# ant-hg-1

Nourseothricin antibiotic Jena Bioscience Cat# AB-101

BamHI-HF restriction enzyme New England Biolabs Cat# R3136

SwaI restriction enzyme New England Biolabs Cat# R0604

SmaI restriction enzyme New England Biolabs Cat# R0141

Octyl b-D-glucopyranoside Sigma Aldrich Cat# O8001

Na-Tosyl-L-lysine chloromethyl ketone

hydrochloride

Sigma Aldrich Cat# T7254

cOmplete�, Mini, EDTA-free Protease Inhibitor

Cocktail

Sigma Aldrich Cat# 11836170001

Bradford Reagent Supelco Cat# B6916

2,3-Oxidosqualene Sigma Aldrich Cat# 41043

Lanosterol Sigma Aldrich Cat# L5768

Ergosterol Sigma Aldrich Cat# PHR1512

Methanol Sigma Aldrich Cat# 34860

Chloroform VWR Chemicals Cat# 22711.260

Iodine Sigma Aldrich Cat# 207772

Heptane CHROMASOLV� Fischer Scientific Cat# 34873

Diethyl ether Fischer Scientific Cat# D/2400/21

Acetic acid (glacial) VWR Chemicals Cat# 20104.334P

Lysyl Endopeptidase�, Mass

Spectrometry Grade

Alpha Labs (Wako) Cat# 125-02543

Trichloroacetic acid solution 6.1 N Sigma-Aldrich Cat# T0699

HPTLC silica gel 60 Supelco Cat# 1055470001

Critical commercial assays

Human T Cell NucleofectorTM Kit Lonza Cat# VPA-1002

RNeasy Mini Kit Qiagen Cat# 74104

Luna� Universal One-Step RT-qPCR Kit New England Biolabs Cat# E3005

PCR DIG Probe Synthesis Kit Roche Cat# 11636090910

TMT10plex� Isobaric Mass Tagging Kit Thermo Cat# 90111

Deposited data

Sequencing of genome-wide cosmid library

screening

European Nucleotide Archive (ENA) PRJEB37256

Whole genome sequencing of resistant

cell lines

European Nucleotide Archive (ENA) PRJEB37435

Mass spectrometry data Proteomics Identification Database (PRIDE) PXD023780

X-ray structural data Cambridge Crystallographic Data

Centre (CCDC)

2027159

(Continued on next page)
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources should be directed to the Lead Contact, Susan Wyllie (s.wyllie@dundee.ac.uk).

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Experimental models: cell lines

LdBOB cosmid-based genome-wide

overexpression library

(Corpas-Lopez et al., 2019) N/A

LdBOB (MHOM/SD/62/1S-CL2D) RES I-V

clones

This paper N/A

OE-LdOSC-pIR1SAT This paper N/A

OE-LdHP-pIR1SAT This paper N/A

KO-LdOSC-PAC cassette This paper N/A

KO-LdOSC-HYG cassette This paper N/A

Experimental models: organisms/strains

Leishmania donovani LdBOB

(MHOM/SD/62/1S-CL2D)

(Goyard et al., 2003)

Oligonucleotides

Summarised in Tables S1 and S2 This paper University of Dundee oligonucleotide

synthesis service

Primer SDM-LdOSC-F 50-GACA

CGCGGCCCGGCGTACTTCGA

GCTGCTGGACTGTGCGG-30

In house University of Dundee oligonucleotide

synthesis service

Primer SDM-LdOSC-R 50- CCGCACAG

TCCAGCAGCTCGAAGTACG

CCGGGCCGCGTGTC-30

In house University of Dundee oligonucleotide

synthesis service

Oxidosqualene cyclase (LdOSC,

LdBPK.06.2.000670)

Commercial synthesis (GeneArt, Invitrogen) Custom synthesis

Hypothetical protein (LdHP,

LdBPK.06.2.000680)

Commercial synthesis (GeneArt, Invitrogen) Custom synthesis

Recombinant DNA

pIR1-SAT plasmid Kindly provided by Professor Stephen

Beverley Washington University

N/A

Software and algorithms

GRAFIT version 5.0.4 Erithacus Software http://www.erithacus.com/grafit/

Artemis genome browser Wellcome Sanger https://www.sanger.ac.uk/tool/artemis/

MaxQuant software Mav Plank Institute http://maxquant.org/

Schrödinger suite (2019-3 release) Schrödinger, LLC, New York, NY, 2020 https://www.schrodinger.com/

Moka - Molecular Discovery (Milletti et al., 2007) https://www.moldiscovery.com/

software/moka/

Bowtie2 (Langmead and Salzberg, 2012) http://bowtie-bio.sourceforge.net/bowtie2/

index.shtml

Samtools v1.9 (Li et al., 2009) http://www.htslib.org/

BCFtools v1.9 (Li et al., 2009) https://samtools.github.io/bcftools/

Artemis v16.0.0 Wellcome Sanger https://www.sanger.ac.uk/tool/artemis/

RITseq.py - Python script for sequence

mapping

(Glover et al., 2015) Nature methods

Adobe Illustrator CS5.1 Adobe https://www.adobe.com/

Adobe Photoshop CS5.1 Adobe https://www.adobe.com/

Inkscape vector graphics Editor 0.48 Inkscape https://inkscape.org/

Excel 365 Microsoft https://www.office.com/
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Materials availability
Materials and reagents are available from the authors upon reasonable request.

Data and code availability
Genomic datasets generated during this study are available at European Nucleotide Archive [https://www.ebi.ac.uk/ena] deposited

under the accession numbers PRJEB37256 and PRJEB37435, respectively. Proteomics datasets generated during this study are

available at Proteomics Identification Database [https://www.ebi.ac.uk/pride/] deposited under the accession number

PXD023780. X-ray structural data generated during this study are available at the Cambridge Crystallographic Data Centre

[https://www.ccdc.cam.ac.uk/] deposited under the accession number 2027159.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell lines and culture conditions
A clonal Leishmania donovani cell line LdBOB (derived from MHOM/SD/62/1S-CL2D) was grown as either promastigotes or axenic

amastigotes inmedia-specific for each developmental stage, as previously described (Goyard et al., 2003). Axenic amastigotes were

grown at 37�C in 5% CO2 and promastigotes were grown at 28�C.

METHOD DETAILS

Chemistry

The enantiomers of (R/S)-1 were separated by chiral preparative-HPLC (performed by NEOMED Institute, Montréal). Full experi-

mental details and analytical data for all compounds are shown below.

Absolute stereochemistry was determined by X-ray crystallography (Dr Alan Kennedy, University of Strathclyde, Glasgow). Briefly,

a sample of the enantiomer that eluted first during HPLC purification was recrystallised by slow evaporation from heptane/toluene,

and structural solution of the resultant crystals demonstrated that peak 1 was the R enantiomer. Crystallographic data were

measured using a Bruker D8 Venture instrument. The structure was refined to convergence against F2 using all unique reflections

and the program SHELXL-2014 as utilised within the WINGX GUI. All non-H atoms were refined anisotropically and H atoms were

refined in riding modes, with the exception of H atoms in water molecules. These were refined independently and isotropically.

Selected crystallographic data are presented in Table S1 and full structural details in cif format can be obtained from the Cambridge

Crystallographic Data Centre (CCDC) via https://www.ccdc.cam.ac.uk/structures/. The database reference number is CCDC

2027159.

Chemistry - compound purification
1H-NMR, 19F-NMR, and 2D-NMR spectra were recorded on a Bruker Avance DPX 500 spectrometer (1H at 500.1 MHz, 19F at 470.5

MHz). Chemical shifts (d) are expressed in ppm recorded using the residual solvent as the internal reference in all cases. Signal split-

ting patterns are described as singlet (s), doublet (d), triplet (t), quartet (q), multiplet (m), broad (br), or a combination thereof. LC-MS

analyses were performed using an Agilent Technologies 1200 series HPLC connected to an Agilent Technologies 6130 quadrupole

LC/MS connected to an Agilent diode array detector. High-resolution electrospray measurements were performed on a Bruker Dal-

tonics MicrOTOF mass spectrometer.

(R/S)-(4-fluorobenzo[b]thiophen-2-yl)(3-(5-methyl-1H-imidazol-1-yl)piperidin-1-yl)methanone ((R/S)-1)
Purchased from Enamine (Product ID Z1139335838), off-white solid. MS (ES+): m/z (%) 344 (100) [M+H]+, 687 (9) [2M+H]+. HRMS

(ES+): calcd. for C18H19F1N3O1S1 [M+H]+ 344.1227, found 344.1233 (1.5 ppm).

Chiral separation of (R/S)-(4-fluorobenzo[b]thiophen-2-yl)(3-(5-methyl-1H-imidazol-1-yl)piperidin-1-yl)methanone

((R/S)-1)
The individual enantiomers of (R/S)-1 (88mg) were separated on a ChiralPak IA column (103250mm, 5 mm) connected to aMinigram

semi-preparative SFC system (mobile phase 25:75 MeOH +10 mM ammonium formate: CO2, 10 mL/min). The same HPLC system

and conditions were used to determine the enantiomeric excess of each separated enantiomer.
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(R)-(4-fluorobenzo[b]thiophen-2-yl)(3-(5-methyl-1H-imidazol-1-yl)piperidin-1-yl)methanone ((R)-1) (peak 1, retention time

11.9 min, e.e. >99.7%): off-white solid (29 mg). Note, on standing the material would turn into a semi-solid, likely due to formation

of the hydrate. 1H-NMR (DMSO-d6): d 7.89 (d, 1H, J=8.5 Hz, ArH), 7.77 (d, 1H, J=0.5 Hz, ArH), 7.51-7.46 (m, 1H, ArH), 7.26 (dd,

1H, J=10.5, 8.5 Hz, ArH), 7.20 (br s, 1H, ArH), 6.76 (br s, 1H, ArH), 4.50-4.00 (m, 3H), 3.4-3.0 (m, 2H), 2.29 (s, 3H, CH3), 2.10-2.04

(m, 1H, CHH), 2.03-1.95 (m, 1H, CHH), 1.89-1.82 (m, 1H, CHH), 1.76-1.67 (m, 1H, CHH). Note, many of the aliphatic peaks are broad

probably due to restricted bond rotation. Note, residual formate from theHPLCpurification was also observed. 19F{1H}-NMR (DMSO-

d6): d -117.4. MS (ES+): m/z (%) 179 (76) [M- 3-(5-methyl-1H-imidazol-1-yl)piperidine]+, 262 (39) [M- 5-methyl-1H-imidazole]+, 344

(100) [M+H]+.

(S)-(4-fluorobenzo[b]thiophen-2-yl)(3-(5-methyl-1H-imidazol-1-yl)piperidin-1-yl)methanone ((S)-1) (peak 2, retention time

15.5 min, enantiomeric excess. 98.6%): off-white solid (21 mg). Note, on standing the material would turn into a semi-solid, likely

due to formation of the hydrate. 1H-NMR (DMSO-d6): d 7.89 (d, 1H, J=8.5 Hz, ArH), 7.77 (d, 1H, J=0.5 Hz, ArH), 7.51-7.46 (m, 1H,

ArH), 7.26 (dd, 1H, J=10.5, 8.5 Hz, ArH), 7.20 (br s, 1H, ArH), 6.76 (br s, 1H, ArH), 4.50-4.00 (m, 3H), 3.4-3.0 (m, 2H), 2.29 (s, 3H,

CH3), 2.09-2.05 (m, 1H, CHH), 2.03-1.95 (m, 1H, CHH), 1.88-1.83 (m, 1H, CHH), 1.76-1.67 (m, 1H, CHH). Note, many of the aliphatic

peaks are broadmost likely due to restricted bond rotation. Note, residual formate from the HPLC purification was also observed. 19F

{1H}-NMR (DMSO-d6): d -117.4. MS (ES+): m/z (%) 179 (100) [M- 3-(5-methyl-1H-imidazol-1-yl)piperidine]+, 262 (21) [M- 5-methyl-

1H-imidazole]+, 344 (15) [M+H]+. [a]20D = +53.3 (c 1.00, CH2Cl2).

Chiral HPLC chromatograms and NMR spectra for (R/S)-1, (R)-1 and (S)-1 are available upon request.

Drug sensitivity assays
To examine the effects of compounds on parasite growth, promastigote and axenic amastigotes were seeded in 96-well plates at 53

104 and 2 3 105 parasites mL-1, respectively. Parasites were exposed to test compounds over a range of concentrations (two-fold

serial dilutions). Cells were incubated for 72 h, after which resazurin was added to each well to a final concentration of 50 mM before

measuring fluorescence (excitation of 528 nm and emission of 590 nm), after a further 2-3 h incubation. Data were processed using

GRAFIT (version 5.0.4, Erithacus Software) and fitted to a 2-parameter equation to determine the effective concentration inhibiting

growth by 50% (EC50):

y =
100

1+

�
½I�

EC50

�m

In this equation, [I] represents the inhibitor concentration, and m is the slope factor. Experiments were performed at least in three

independent biological replicates for each parasite species with the data presented as the weighted mean ± standard deviation.

Intra-macrophage drug sensitivity assays were determined, as previously described (Wyllie et al., 2012).

Cosmid library screening
The construction of our cosmid-based genome-wide overexpression library in L. donovani has been described in detail previously

(Corpas-Lopez et al., 2019). Here, cosmid-containing L. donovani promastigotes were maintained at a minimum concentration of

3.33 x 105 cells mL-1 (1.5 x 107 cells in total) in the presence of 125 mg mL-1 G418. Compound 1 was added to the library at an initial

concentration equivalent to 2x the established EC50 value. Cell densities were monitored daily and the library was sub-cultured

before reaching 1 x 107 mL-1, with addition of fresh test compound. Resistant cells were harvested and cosmid DNA isolated as

described (Corpas-Lopez et al., 2019). After purification, cosmid DNA (30 mg in 100 mL Tris-buffer) was sequenced using an Illumina

HiSeq platform (Beijing Genomics Institute). Sequence reads were aligned to the L. donovani BPKLV9 genome sequence (v39.0, tri-

trypdb.org) and L. donovani BPK282A1 genome sequence (v39, tritrypdb.org) using Bowtie2 software (Langmead and Salzberg,

2012) with the following condition: very-sensitive-local. The aligned files were then manipulated using SAMtools (Li et al., 2009)

and a custom python script to identify reads with the following barcodes: 5’-GCGGCCGCTCTAGAACTAGT-3’ and 5’-

CTCTTAAAAGCATCATGTCT-3’ (for fragments in sense direction) or 5’-ACTAGTTCTAGAGCGGCCGC-3’ and 5’-AGACAT-

GATGCTTTTAAGAG-3’ (for fragments in anti-sense direction). Reads were then quantified using the Artemis genome browser

(Carver et al., 2012) and Excel then analysed as previously described (Corpas-Lopez et al., 2019). All associated datasets have

been deposited with the European Nucleotide Archive under the following accession number: PRJEB37256.

Resistance generation
Compound-resistant cell lines were generated by subculturing a clone of wild-type L. donovani in the continuous presence of test

compounds. Starting at sublethal concentrations, drug concentrations in 5 independent cultures were increased in a stepwise

manner. When parasites were able to survive and grow in concentrations of compound 1 equivalent to >20x the established EC50

value, the resulting cell lines were cloned by limiting dilution in the presence of compound. Five clones (RES I–V) were selected

for further biological study.
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Whole genome sequencing and analysis
Genomic DNA was isolated from WT and resistant clones using a standard alkaline lysis protocol. Whole genomic sequencing was

performed using a HiSeq4000 next-generation sequencing platform (Beijing Genomics Institute, Hong Kong) and the resulting data

was analysed as described previously (Wall et al., 2020), except the newly released LdBPKLV9 genomewas also used as a reference.

All associated datasets have been deposited with the European Nucleotide Archive under the following accession number:

PRJEB37435.

Generation of overexpression and knockout constructs
Oxidosqualene cyclase (LdOSC, LdBPK.06.2.000670) and hypothetical protein (LdHP, LdBPK.06.2.000680) overexpression con-

structs were assembled by inserting synthetic versions of each gene (GeneArt, Invitrogen) into the pIR1SAT vector via a BamHI

site. The resulting overexpression constructs (OE-LdOSC or OE-LdHP-pIR1SAT, respectively) were sequenced in-house to confirm

their accuracy. Primers used in sequencing are summarised in Table S2.

LdOSC gene replacement cassettes were synthesised, comprising the selectable drug resistance genes puromycinN-acetyltrans-

ferase (PAC) or hygromycin phosphotransferase (HYG) flanked by the 470 bp immediately upstream and downstream of LdOSC

gene. The accuracy of the resulting cassettes (KO-LdOSC-PAC and KO-LdOSC-HYG) were again verified by sequencing. Primers

used in sequencing are summarised in Table S2.

Generation of LdBOB transgenic cell lines
Overexpression constructs were linearised with SwaI and knockout constructs were digested with SmaI prior to transfection. Mid-

log-promastigotes (2 x 107 cells in total) were transfectedwith 5 – 10 mg of overexpression or knockout constructs using theHuman T-

Cell Nucleofector kit and Amaxa Nucleofector electroporator (program V-033). Following transfection, cells were allowed to recover

for 16-24 h, before the appropriated drug selection (nourseothricin 100 mgmL�1, hygromycin 50 mgmL-1 and puromycin 20 mgmL-1).

Cloned cell lines were generated by limiting dilution, maintained in selective medium and removed from drug selection for one pas-

sage prior to experiments.

Southern blot analysis of transgenic cell lines
The ORF and 50 UTR of OSC were amplified by PCR (using the primers listed in Table S2) with the PCR DIG Probe Synthesis kit

(Roche). The resulting digoxigenin (DIG)-labelled products were used as probes and Southern-blot analysis was carried out as pre-

viously described (Wyllie et al., 2009).

Protein quantification
L. donovani promastigotes WT and transgenic cell lines confirmed as overexpressing OSC and HP were grown for 72 h in roller bot-

tles, starting at an initial concentration of 13 105 cells mL�1 (1.53 107 cells in total). Mid-log phase promastigotes were washed with

ice-cold PBS and harvested by centrifugation (1912 g, 15 min, 4�C). The cell pellets were resuspended in 8 mL of ice-cold lysis buffer

(1 mM EDTA, 1 mM DTT, 100 mM TLCK, and 13 Roche EDTA-free cOmplete protease inhibitor cocktail in 50 mM potassium phos-

phate buffer, pH 7.4), submitted to 3 freeze�thaw cycles in a dry ice/ethanol bath to biologically inactivate the parasites and followed

by cell disruption (Constant Systems, UK) at 30 kpsi. The resulting lysates were centrifuged (100,000 g, 20 min, 4 �C), supernatants
were collected, and the protein concentrations were determined using the Bio-Rad Protein Assay.

LC-MS/MS analysis
Analysis of peptides was performed on a Q Exactive� plus, Mass Spectrometer (Thermo Scientific) coupled to a Dionex Ultimate

3000 RS (Thermo Scientific). The following buffers were used: Buffer A (0.1% formic acid in Milli-Q water (v/v)) and Buffer B (80%

acetonitrile and 0.1% formic acid in Milli-Q water (v/v)). Samples (15 mL) were loaded at 10 mL min-1 onto a trap column (100 mm

3 2 cm, PepMap nanoViper C18 column, 5 mm, 100 Å, Thermo Scientific) that had been pre-equilibrated with Buffer A (98%). The

trap column was then washed for 5 min and switched in-line with a resolving C18 column (75 mm3 50 cm, PepMap RSLC C18 col-

umn, 2 mm, 100 Å; Thermo Scientific). Peptides were eluted from the column at a constant flow rate of 300 nL min-1 with a linear

gradient of 2-35% Buffer B over 125 min, followed by 98% Buffer B for 127 min. The column was then washed with 98% Buffer B

for 20 min prior to equilibration in 2% Buffer B for 17 min. The Q Exactive plus was used in data-dependent mode. The scan cycle

comprised MS1 scan (m/z range from 335-1600, with a maximum ion injection time of 20 ms, a resolution of 70 000 and automatic

gain control (AGC) value of 1 3 106) followed by 15 sequential dependent MS2 scans (with an isolation window set to 1.4 Da, reso-

lution at 17500, maximum ion injection time at 100 ms and AGC 23 105). Stepped collision energy was set to 27 and fixed first mass

to 100 m/z. The spectrum was acquired in centroid mode and unassigned charge states, charge states above 6, as well as singly

charged species, were rejected. To ensuremass accuracy, theQ Exactive plus was calibrated on the day of analysis. LC-MS analysis

was performed by the FingerPrints Proteomics Facility (University of Dundee).

Data analysis
MS data analysis was performed using MaxQuant software (http://maxquant.org/, version 1.6.2.6a). Carbamidomethyl (C), oxidation

(M), acetyl (Protein N-term), deamidation (NQ) and Gln-> pyro-Glu were set as a variable modification. Proteins were identified by

searching a protein sequence database containing L. donovani BPK282A1 annotated proteins (downloaded from TriTrypDB 46,
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http://www.tritrypdb.org). Label-free quantitation (LFQ) and ‘‘match between runs’’ features were enabled. Trypsin/P and LysC/P

were selected as the digestive enzymes with two potential missed cleavages. The FDR threshold for peptides and proteins was

0.01. FTMS MS/MS mass tolerance was set to 10 ppm and ITMS MS/MS mass tolerance was 0.6 Da. Protein abundance was ob-

tained from LFQ intensity values. LFQ intensities were calculated using at least 2 unique peptides. Data was visualised using Perseus

1.6.2.1 (https://maxquant.org/perseus/).

Site-directed mutagenesis
The custom-synthesised plasmid pMS containing LdOSC genewas used as a template for site-directedmutagenesis using theQuik-

Change II Site-Directed Mutagenesis Kit (Agilent), as per manufacturer’s instructions. Complimentary primers were designed to

generate a single nucleotide polymorphism (G2333T): SDM-LdOSC-F 50-GACACGCGGCCCGGCGTACTTCGAGCTGCTG-

GACTGTGCGG-30 and SDM-LdOSC-R 50-CCGCACAGTCCAGCAGCTCGAAGTACGCCGGGCCGCGTGTC-30. PCR conditions

were as follows: 1 cycle of 30 s at 95�C; and 16 cycles of 30 s at 95�C, 1 min at 55�C and 5 min at 68�C. The accuracy of the muta-

genesis was confirmed by sequencing.

Analysis of neutral lipids by thin-layer chromatography (TLC)
Promastigotes were incubated with compound 1, compound (S)-1,BIBX-79 or posaconazole at concentrations equivalent to 3x their

respective EC50 values. Depending on the level of compound treatment, the starting cell density of cultures varied between 13 103

cells mL�1 and 8 3 105 cells mL�1. After 96 h, 50 mL of each culture (mid-log) were washed 23 with phosphate-buffered saline

(3000g, 5 min, RT). Resulting pellets were resuspended in 1:2:0.8 parts of chloroform:methanol:water (v/v/v), homogenised and

left at room temperature overnight for extraction. The supernatant enriched with lipids was harvested following centrifugation

(3000g, 20 min), transferred to a new tube and subjected to a second round of extraction. The lower phase containing the total

pool of lipids was collected and the extract volume corresponding to 1 3 108 cells was dried under nitrogen.

Extracted lipids were dissolved in 30 mL chloroform, spotted onto HPTLC silica gel 60 plates (Sigma) and allowed to migrate in

heptane: ethyl ether: acetic acid (85:15:1, v/v/v). Ergosterol, lanosterol and 2,3-oxidosqualene standards (1 mgmL-1) were run in par-

allel. Following separation, the unsaturated double bonds of lipids were stained with iodine vapour.

OSC cell-free assay
Mid-log promastigotes were harvested by centrifugation (3000g, 10 min, RT) and washed once with ice-cold phosphate-buffered

saline. Membrane-enriched lysates were prepared by nitrogen cavitation using a pre-chilled 45 mL Parr cell disruption vessel (406

PSI, 4�C), as described (Brown et al., 1996). Aliquots of membrane-enriched fractions (equivalent to 3 x108 cells) were suspended

in Buffer A (50 mM Hepes pH 7.4, 25 mM KCl, 5 mM MgCl2, 5 mMMnCl2, 0.1 mM TosLysCH2Cl, 1 mg/mL leupeptin) supplemented

with 20% glycerol, flash-frozen in liquid nitrogen and stored at �80�C. Prior to assay, aliquots were defrosted on ice then diluted in

Buffer A supplemented with 0.8% of octyl b-D-glucopyranoside to the final volume of 600 mL. Substrate (2,3-oxidosqualene, 6 mg)

and/or test compounds (S)-1 and BIBX-79 were added at concentrations equivalent to 1, 3 or 103 their respective EC50 values.

Following incubation for 24h at 37 �C, lipids were extracted from each sample, spotted onto HPTLC silica gel and stained with iodine

vapour, as previously described.

Homology modelling
The full amino acid sequence of LdOSC (E9B8S7) was used to identify homologues through a BLAST homology search. The human

OSC (hOSC: P48449) demonstrated 40% sequence identity and 58% similarity to the parasite enzyme; andwas chosen as a suitable

template for homology modelling. A 2.1Å crystal structure of hOSC complexed with lanosterol was used as the template structure

(PDB ID: 1W6K). In this structure, a lanosterol molecule is fully enclosed within the enzyme active site. To improve the modelling

of the enzyme binding site, lanosterol was also modelled into the active site of LdOSC. A multi-sequence alignment of 10 squalene

and oxidosqualene cyclases from different organisms was used to derive the Ld-human OSC sequence alignment used to build the

homology model. The alignment was further manually curated to move an insertion from an a-helix into a loop region. The LdOSC

model was generated and optimised using the protein prediction algorithm Prime and other tools available in the Schrödinger model-

ling platform (Schrödinger Release 2019-3: Schrödinger, LLC, New York, NY, 2020). After an initial restrained minimization using the

Protein Preparation Wizard tool, non-template loops were further minimised using the Refine Loops tool. The hydrogen bonding

network of the whole model was optimised reorienting the hydroxyl (Ser, Tyr), thiol (Cys) and the amide groups (Asn and Gln), as

well as the imidazole rings (His). In addition, the predicted protonation states of His, Asp and Glu, and tautomeric states of His

were also optimised. VSGB Solvation Model and the OPLS3e force field were used to minimise strain in the structure and to adjust

the placement of various groups.

Lysate production for thermal proteome profiling (TPP)
L. donovani promastigotes (53 107 parasites mL-1) were incubated in the presence of compound (S)-1 (equivalent to 103 the estab-

lished EC50 value) or vehicle (0.1% (v/v) DMSO) for 3h at 28�C. Parasites were then harvested (1912 g, 15min, 4�C), washed oncewith

ice-cold phosphate-buffered saline and again harvested. The resulting cell pellets were resuspended in 8 mL of ice-cold lysis buffer

(1 mM EDTA, 1 mM DTT, 100 mM TLCK, 0.8% octyl b-D-glucopyranoside and 13 Roche EDTA-free cOmplete protease inhibitor

cocktail in 50 mMpotassium phosphate buffer, pH 7.4) and then submitted to 3 freeze�thaw cycles in order to biologically inactivate
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the parasites. Cells were then lysed using the Constant Systems cell disruptor at 30 kpsi. The resulting lysates were centrifuged

(100,000 g, 20 min, 4 �C), supernatants collected, and protein concentrations determined, using the Bio-Rad Protein Assay. It should

be noted that each step of this process was carried out in the constant presence of compound (S)-1 (10 3 EC50) or DMSO, as

appropriate.

TPP assays
Lysates were adjusted to a final concentration of 1 mg/mL with Lysis Buffer. Aliquots (2 x 2 mL) were incubated at room temperature

for 30 min in the presence of compound 1 (S) (10x EC50 value) or vehicle (0.1% DMSO). Each 2 mL aliquot (drug and vehicle treated)

was further divided into 10 x 100 mL aliquots in 0.5 mL Protein LoBind tubes (Eppendorf) and incubated at the following temperatures

(33, 37, 41, 45, 49 , 53, 57, 61, 65 and 69�C) for 3 min, followed by incubation at RT for 3 min. Each sample was then placed on ice for

15 min, centrifuged (100,000 g, 20 min, 4�C), supernatants harvested, and protein concentrations determined.

TPP sample processing and analysis
All aspects of sample processing, fractionation by HPLC, LC-MS/MS, peptide and protein identification and quantitation were

described previously (Corpas-Lopez et al., 2019).

TPP data analysis
TPP experiments were analysed using the TPP Package available in Bioconductor, as previously described (Corpas-Lopez et al.,

2019; Franken et al., 2015). Briefly, raw protein abundance, calculated from normalized reporter ion intensities of all quantified pro-

teins, were log transformed and scaled between 0 and 1 by subtracting the global minimum and normalizing to the abundance at the

lowest temperature of each protein to yield fold changes. The melting curves were calculated using a sigmoidal fitting approach with

the TPP R package. This fitting was used to determine the melting point (Tm), defined as the temperature at which half of all proteins

were denatured. The melting point differences (DTm) were calculated by subtracting the Tm values of treated and untreated sample.

The sigmoidal melting curves were filtered according to the following criteria: melting curvesmust reach a relative abundance plateau

<0.3 and the coefficient of determination (R2) must be >0.8. In addition, non-parametric analysis of response curves (NPARC) was

performed (Childs et al., 2019). This procedure is based on non-parametric statistics, comparing two models (treated and control

curves) by their goodness of fit, allowing the detection of treatment-induced changes in the absence of the melting point, the central

parameter of the standard method. Proteins with a FDR-adjusted p-value <0.01 in one biological replicate are considered hits. The

mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium via the PRIDE (Perez-Riverol et al.,

2019) partner repository with the dataset identifier PXD023780.

Induced-fit docking
Low energy conformers for both enantiomers of compound 1 were generated using LigPrep in the Schrödinger platform. The pro-

tonation state of each enantiomer at pH 7.4 was defined by MoKa from the Molecular Discovery suite (Milletti et al., 2007). The pre-

pared ligands were then docked into the binding pocket of the LdOSCmodel using the Schrödinger induced-fit docking protocol that

uses Glide, OPLS3e force field and Prime to minimize the poses in the binding site obtained for compound 1. A 20 Å cubic box cen-

tred on the centroid of the lanosterol ligand was used to generate the docking grid. No distance or hydrogen bond constraints were

applied. The default settingsweremodified to increase the conformational sampling of the aliphatic rings of each ligand by increasing

the energy window to 2.5 kcal mol�1 and the non-planar conformation of the amide bonds were penalised. For the Prime Refinement

options the residues to be refined were at 6.0 Å from the ligand poses and no other residues were selected. For the redocking options

the Extra-Precision method was selected (XP).

Binding energies
The molecular mechanics energies, combined with the generalised Born and surface area continuum solvation (MM-GBSA), were

calculated using the following equation in Prime from Schrödinger with the VSGB Solvation model and OPLS3e force field:

DGbind = Ecomplex(minimised) - Eligand(minimised) - Ereceptor(minimised)

The Minimise Sampling method was also applied.

pKa calculations
A variety of different software packages including SciFinder (scifinder.cas.org), MoKa (https://www.moldiscovery.com/software/

moka/) and Epik (https://www.schrodinger.com/epik) were used to calculate pKa values for compounds within this study.

QUANTIFICATION AND STATISTICAL ANALYSIS

All potency data were analysed in GraFit using their 2- parameter fit. Details of replicates and data analysis for each experiment can

be found in the figure legends. Label-free quantitative proteomics experiments were analysed using MaxQuant software (http://

maxquant.org/, version 1.6.2.6a). The FDR threshold for peptides and proteins was 0.01. FTMS MS/MS mass tolerance was set
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to 10 ppm and ITMSMS/MSmass tolerance was 0.6 Da. Protein abundance was obtained from LFQ intensity values. LFQ intensities

were calculated using at least 2 unique peptides. Thermal proteome profiling experiments were analysed using the TPP Package

available in Bioconductor. Melt curves were calculated using a sigmoidal fitting approach with the TPP R package. Non-parametric

statistical analysis of response curves (NPARC) (Childs et al., 2019) involves the comparison two models (treated and control curves)

by their goodness of fit, allowing the detection of treatment-induced changes in the absence of the melting point, the central param-

eter of the standard method. Proteins with a FDR-adjusted p-value <0.01 in one biological replicate were considered hits.
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Supplementary information 

Table S1. Selected crystal data and structural refinement for peak 1 isolated from chiral 

separation of compound 1 (racemate). Related to Figure 1 and table 1. 

Identification code  DDD01712564 

Empirical formula  C18 H20 F N3 O2 S 

Formula weight  361.43 

Temperature  104(2) K 

Wavelength  1.54178 Å 

Crystal system  Hexagonal 

Space group  P 61 

Unit cell dimensions a = 10.1357(1) Å α= 90°. 

 b = 10.1357(1) Å β= 90°. 

 c = 28.9939(6) Å γ = 120°. 

Volume 2579.55(7) Å3 

Z 6 

Density (calculated) 1.396 Mg/m3 

Absorption coefficient 1.913 mm-1 

F(000) 1140 

Crystal size 0.075 x 0.075 x 0.015 mm3 

Theta range for data collection 5.038 to 72.163°. 

Index ranges -12<=h<=11, -12<=k<=12, -35<=l<=35 

Reflections collected 59548 

Independent reflections 3393 [R(int) = 0.0532] 

Completeness to theta = 70.000° 100.0 %  

Absorption correction Semi-empirical from equivalents 

Max. and min. transmission 0.4990 and 0.3414 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 3393 / 1 / 235 

Goodness-of-fit on F2 1.112 

Final R indices [I>2sigma(I)] R1 = 0.0243, wR2 = 0.0569 

R indices (all data) R1 = 0.0256, wR2 = 0.0577 

Absolute structure parameter 0.008(5) 

Extinction coefficient n/a 

Largest diff. peak and hole   0.142 and -0.184 e.Å-3 



Table S2. Summary of primers used in OSC gene replacement studies. Related to 

figure 6. 

Primers Sequence 

KO-OSC-F 5′-GCTCTACACAGAGCCATACGATGC-3′  

KO-PURO-F 5′-GCTGCAAGAACTCTTCCTCACG-3′  

KO-HYG-F 5′-CGTCTGTCGAGAAGTTTCTGATCG-3′  

KO-3′ UTR-R 5′-AGGTAGAGTGTGACGTGAGAACG-3′  

Probe-OSC-F 5′-CGTGAATGGGCTCACCACCAGC-3′  

Probe-OSC-R 5′-CGAGTGCTTGTGCACATTGGC-3′  

Probe-5′ UTR-F 5′-ATCTTGTTGCCCTTCACCAGC-3′  

Probe-5′ UTR-R 5′-ACTTTCCTCGCGCGTCTTTCC-3′  

 

Table S3. Collated EC50 data for WT, resistant and transgenic cell lines. Related to 

figures 2 and 3.  

                  

Cell line 

EC50 values, µM (fold change versus WT) 

Compound 1 (S)-1 (R)-1 BIBX-79 

Wild-type 0.5 ± 0.02 (-) 0.4 ± 0.01 (-)  3 ± 0.1 (-)  0.5 ± 0.01 (-)  

RES I 26 ± 3 (51) 10 ± 2  (26) > 50 (> 19) 24 ± 7 (47) 

RES2 13 ± 0.8 (26) 6 ± 0.2 (16) 43 ± 2 (16) 7 ± 0.5 (13) 

RES3 14 ± 2 (28) 6 ± 0.8 (16) > 50 (> 19) 6 ± 0.5 (11) 

RES4 10 ± 2 (19) 4 ± 0.7 (11) > 50 (> 19) 8 ± 0.5 (15) 

RES5 17 ± 1 (34) 8 ± 1 (21) > 50 (> 19) 8 ± 2 (15) 

OSCOE 5 ± 0.1 (10) 4 ± 0.1 (10) 30 ± 2 (11) 5 ± 0.3 (10) 

HPOE 0.7 ± 0.03 (1.4) 0.5 ± 0.1 (1) 3 ± 0.5 (1.3) 0.4 ± 0.001 (0.8) 
 

      

All EC50 values represent the weighted mean ± standard deviation of at least three biological 

replicates (n ≥ 3) with each biological replicate comprised of two technical replicates. 

  



Table S4. Summary of encoding SNPs identified in compound 1-resistant clones. 

Related to figure 2. 

Protein Gene ID 
Encoding 

mutation 

Resistant 

clone 
Zygosity 

Oxidosqualene cyclase  LdBPK.06.2.000670 C773F V Het 

Hypothetical protein, conserved LdBPK.08.2.000410 R1099G IV Het 

Protein tyrosine kinase, putative LdLV9.15.2.203710 Q607H I Het 

HEAT repeats, putative LdBPK.18.2.000670 P264S III Het 

Protein of unknown function 

(DUF2946), putative LdBPK.20.2.000420 R165M V Het 

PRO8NT (NUC069), PrP8 N-

terminal domain LdBPK.35.2.004000 A2318V III Het 

 

 



 

Table S5. Genes encoded by the 54.5 kb fragment of chromosome 6 enriched in compound 1-resistant parasites following selection 

of the cosmid library. 87% of all of all reads mapped to this genomic location. Genes common to all enriched fragments are highlighted in light 

blue. Related to figure 2. 

   
LdBPKLV9 reads LdBPK282A1 reads 

LdBPKLV9 gene ID 

LdBPK282A1 

gene ID Gene name RPKM Total RPKM Total 

LdBPK.06.2.000630 LdBPK_060630 Carbonic anhydrase family protein, putative 1342.3 6990 1421.2 7502 

LdBPK.06.2.000640 LdBPK_060640 Putative phosphatase/protein of unknown function DUF89 6970.8 119545 7018.9 122016 

LdBPK.06.2.000650 LdBPK_060650 Hypothetical protein, unknown function 16301.7 528431 16190.1 531992 

LdBPK.06.2.000660 LdBPK_060660 Hypothetical protein, conserved 23923.4 1275852 23663.1 1282076 

LdBPK.06.2.000670 LdBPK_060670 Oxidosqualene cyclase 25915.7 440919 25529.5 442484 

LdBPK.06.2.000680 LdBPK_060680 Hypothetical protein, conserved 24303.2 280329 24054.8 281258 

LdBPK.06.2.000690 LdBPK_060690 Hypothetical protein, conserved 17752.3 392670 17687.6 396589 

LdBPK.06.2.000700 LdBPK_060700 Hypothetical protein, conserved 17700.8 73262 17693.5 74233 

LdBPK.06.2.000710 LdBPK_060710 Ctf8, putative 13594.1 94082 13523.3 94872 

LdBPK.06.2.000720 LdBPK_060720 Hypothetical protein, conserved 4552.9 203268 4577.5 207161 



Table S6. List of top 10 proteins demonstrating thermal shift in the presence of compound (S)-1 in technical replicates. These proteins 

were identified as “hits” or potential targets by NPARC analysis. The criteria used to determine NPARC hits is described in STAR methods. 

Related to figure 4. 

Gene ID Encoded protein 
NPARC 

p-value 
ΔTm (1) ΔTm (2) 

LdBPK_070460 hypothetical protein - conserved 1.2E-11 -9.71 -8.55 

LdBPK_151590 hypothetical protein - conserved 1.6E-10 T >69 T >69 

LdBPK_360230 SET domain protein - putative 4.6E-09 5.63 4.78 

LdBPK_091220 hypothetical protein - conserved 1.7E-07 -13.39 C >69 

LdBPK_060670 oxidosqualene cyclase 4.9E-07 3.83 2.93 

LdBPK_210770 ATP-binding cassette protein subfamily E - member 1 - putative 7.6E-07 3.42 3.92 

LdBPK_261880 Leucine Rich repeat - putative 7.6E-07 3.98 5.13 

LdBPK_190690 kinesin - putative 4.1E-06 T >69 T >69 

LdBPK_200750 hypothetical protein - conserved 4.9E-06 6.34 7.65 

LdBPK_090160 

 

FHA domain/Ring finger domain/Zinc finger - C3HC4 type (RING 

finger) containing protein - putative 

9.3E-06 9.43 2.67 

 



 

 

Figure S1. Label-free proteomics quantitation of OSC and HP transgenic cell lines. 

Relative levels of proteins in WT and transgenic cell lines were compared. Details of this 

analysis can be found in the materials and methods. Related to figure 3. 

 

 

Figure S2. X-ray structure of compound 1 (R). The Oak Ridge Thermal Ellipsoid Plot 

(ORTEP) structure of (R)-(4-fluorobenzo[b]thiophen-2-yl)(3-(2-methyl-1H-imidazol-1-

yl)piperidin-1-yl)methanone (compound 1 (R)).  Please note, the crystal structure shows the 

presence of a water molecule indicating that the compound is a mono hydrate. Related to 

Figure 1, table 1 and table S1. 



 

Figure S3. Effect of compound (S)-1 on the sterol biosynthesis in L. donovani. Sterols 

extracted from WT promastigotes treated with compound (S)-1 (1.5 µM, 96 h) and identical 

samples spiked with 2,3-oxidosqualene (8 µg) were separated on HPTLC silica gel in heptane: 

ethyl ether: acetic acid buffer. Ergosterol, 2,3-oxidosqualene (blue arrows) and lanosterol (red 

arrows) standards (1 mg mL-1) were run in parallel and the unsaturated double bonds of 

separated lipids were stained with iodine vapour. Related to figure 4. 

 

  



 

A                    B 

 

Figure S4. Edited alignment of the query sequence of LdOSC and the template sequence of hOSC. (A) The alignment used to build the 

homology model of LdOSC and the level of sequence conservation between the aligned residues. QW1-3 and QW6-7 motifs are highlighted red, 

orange green, black and purple, respectively. Identical residues are highlighted in blue. Residues that form the lanosterol binding site are 

highlighted with grey circles (identical), yellow circles (no match) and orange circles (residues with similar properties). The catalytic residue (Asp) 

is circled in red. In panel B, the residues of the binding site of hOSC and LdOSC are listed. Related to figure 5. 
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Figure S5. Assessing the essentiality of OSC in L. donovani promastigotes. (A) 

Schematic representation of the OSC locus. Black bars represent the region of the open 

reading frame of OSC that was DIG-labelled and used as a probe in Southern blot analysis. 

NsiI sites with expected fragment sizes are shown. (B) Southern blot analysis of NsiI-digested 

genomic DNA (∼5 μg) from wild-type L. donovani (LdBOB) (WT), OSC-single knockout clones 

(SKO-HYG and PAC), attempted double knockout cells (attempted DKO 1 and 2), OSC 

overexpressing cells (OSCOE), and double knockout cells overexpressing OSC (OSCOE-DKO). 

A DIG-labelled fragment of OSC was used as a probe. Related to figure 6. 

  



 

Figure S6. The effect of varying levels of FCS on the potency of compound 1 and 

enantiomers. Dose response curves with L. donovani promastigotes grown in culture media 

supplemented with 5, 10 or 20% FCS, respectively. For compound (R/S)-1, EC50 values of 0.4 

± 0.01, 0.55 ± 0.01 and 0.6 ± 0.008 µM were determined for parasites grown in 5, 10 and 20% 

FCS, respectively. For (R)-1, values of 3.7 ± 0.01, 4.3 ± 0.1 and 5 ± 0.08 µM were determined. 

Finally, for compound (S)-1, values of 0.3 ± 0.01, 0.41 ± 0.01 and 0.43 ± 0.01 µM were 

determined. All data represent mean ± SD of duplicate technical replicates. Related to table 

1. 



 

Figure S7. Comparison of substrate and inhibitor binding in the LdOSC active site. 

Compound (S)-1 binding in the LdOSC homology model (best scoring pose) is shown in green. 

Binding of inhibitor hOSC inhibitor Ro 48-8071 (pink) and the substrate lanosterol (yellow) are 

superimposed. The molecular surface of the LdOSC active site is shown in grey. Related to 

figure 5. 


