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Summary 

 

Trypanosoma brucei (T. brucei) is the causative agent of the Human African Trypanosomiasis 

(HAT), which is a neglected disease with an endemic occurrence in 36 sub-Saharan African 

countries. The current standard of care suffers from low efficacy and severe side effects. Therefore, 

new drugs with better safety and efficacy profiles are urgently needed. Nitrogen-containing 

bisphosphonates, a current treatment for bone diseases, have been shown to block the growth of the 

T. brucei parasites by inhibiting farnesyl pyrophosphate synthase (FPPS); however, due to their 

particular pharmacokinetic properties they are not well suited for parasitic therapy. Recently, an 

additional allosteric site was discovered at the surface of human FPPS that, based on sequence 

analysis, is likely also present in T. brucei FPPS. The high unmet medical need combined with the 

discovery of a potential new target site prompted a fragment-based drug discovery approach to 

identify non-bisphosphonate binders on T. brucei FPPS, which is presented in this work.  

Fragment screening was performed by NMR and X-ray crystallography. To this end, a robust 

T. brucei FPPS crystallization system was established enabling high-throughput determination of 

crystal structures up to 1.67 Å resolution. Structural superimpositions revealed that the allosteric 

site found on human FPPS is in fact present in T. brucei FPPS. This observation enabled subsequent 

protein-observed NMR and crystal soaking experiments with established human FPPS binders 

resulting in three protein-ligand complex structures with bound fragments in the previously 

unknown allosteric site. For most of the tested binders, Kd by SPR was outside of experimental 

range for T. brucei FPPS and only for one fragment the Kd on T. brucei FPPS was determined three 

orders of magnitude higher than the IC50 value on human FPPS. Crystal structural analysis revealed 

a different binding mode on human and T. brucei FPPS with reduced protein-ligand interactions on 

T. brucei FPPS, which explains the significantly reduced binding affinity.  

Encouraged by the detection of first allosteric binders on T. brucei FPPS, fragment pools were 

screened by ligand-observed NMR and identified hits were followed-up by single compound 

ligand-observed NMR and protein-observed NMR resulting in 25 validated fragment hits for 

T. brucei FPPS. Validated hits were followed-up by crystal soaking and co-crystallization 

experiments and seven protein-ligand complex structures were solved using PanDDA. Out of the 

seven fragments, four fragments were bound in the active site, one fragment was detected in the 

allosteric site that was identified as part of this thesis, and two fragments were bound in 

surface-exposed binding sites. Notably, an active site bound fragment with a four atom long flexible 

linker adopted an orthogonal binding mode along ŬD when compared to the other three ligands. 

Sixteen fragment analogues of the elongated flexible active site fragment were tested by SAR using 

additional test compounds retrieved from catalogue and archive, and one crystal structure with a 

fragment analogue was solved and was surprisingly found in the allosteric site.  
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In addition to the NMR fragment screen, an X-ray screen was performed at XChem (Diamond, 

UK) and at EMBL/ESRF (Grenoble, FR) resulting in seven protein-ligand structures. One fragment 

was positioned in the active site, three fragments in the allosteric site, two fragments in a cryptic 

site between helices ŬI and ŬH and one fragment at the opposite side of the allosteric site close to ŬG 

and ŬF. Fragment binding was further validated in protein-observed NMR.  

As fragments identified by such screening approaches typically exhibit low binding affinities 

usually in µM to mM range, structure-based fragment optimisation based on a fragment merging 

and growing approach was performed. In total, ten compounds were synthesised and subjected to 

protein-observed NMR and X-ray structural analysis. Strikingly, a fragment merger based on 

T. brucei and T. cruzi active-site binders bound in a new binding site close to the SARM instead to 

the active site.  

Taken together, this work presents high-resolution structures of T. brucei FPPS and identified 

19 compounds binding to seven different sites thereby paving the way for future studies aiming to 

identify high-affinity non-bisphosphonate inhibitors for T. brucei FPPS with pharmacokinetic 

properties that are suitable for parasitic indications.   
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Zusammenfassung 

 

Trypanosoma brucei (T. brucei) ist der Erreger der Afrikanischen Trypanosomiasis, einer 

vernachlässigten Krankheit mit einem endemischen Auftreten in 36 Subsahara-Ländern. Da 

derzeitige Behandlungmöglichkeiten eine geringe Wirksamkeit und starke Nebenwirkungen 

aufweisen, sind neue verbesserte Medikamente dringend erforderlich. Stickstoffhaltige 

Bisphosphonate, die derzeit bei Knochenerkrankungen eingesetzt werden, blockieren das 

Wachstum der T. brucei Parasiten durch Hemmung der Farnesylpyrophosphat-Synthase (FPPS), 

sind aber aufgrund ihrer speziellen pharmakokinetischen Eigenschaften nicht für die parasitäre 

Therapie geeignet. Vor kurzem wurde im humanen FPPS eine zusätzliche allosterische Tasche 

entdeckt, die basierend auf einer Sequenzanalyse wahrscheinlich auch in T. brucei FPPS vorhanden 

ist.  

Die hohe medizinische Notwendigkeit in Kombination mit der Entdeckung einer potenziellen 

neuen Bindungstasche führte zu einem fragmentbasierten Ansatz zur Entwicklung von neuen nicht-

Bisphosphonat-basierten Verbindungen für T. brucei FPPS, welcher in dieser Arbeit vorgestellt 

wird. Kristallographisches und NMR-basiertes Fragmentscreening wurde durchgeführt. Zu diesem 

Zweck wurde ein robustes T. brucei FPPS Kristallisationssystem etabliert, das die 

High throughput-Bestimmung von Kristallstrukturen mit einer Auflösung von bis zu 1,67 Å 

ermöglicht. Strukturelle Überlagerungen zeigten, dass die auf dem humanen FPPS gefundene 

allosterische Tasche, tatsächlich in T. brucei FPPS existiert. Diese Entdeckung ermöglichte 

anschließende NMR- und Kristallisationsxperimente mit etablierten humanen FPPS-Verbindungen, 

die zu drei Protein-Liganden-Komplexstrukturen mit gebundenen Fragmenten in der bisher 

unbekannten allosterischen Tasche führten.  

Für die meisten der getesteten Verbindungen lag der durch SPR (Surface plasmon resonance) 

bestimmte Kd-Wert für T. brucei  auɓerhalb des experimentellen Testbereichs. Nur für eine 

Verbindung wurde der Kd-Wert auf T. brucei FPPS bestimmt und war um drei Größenordnungen 

höher als der IC50-Wert auf dem humanen FPPS. Die Kristallstrukturanalyse ergab unterschiedliche 

Bindungsmodi auf den beiden FPPS Enzymen und zeigte reduzierte Protein-Ligand-Interaktionen 

auf T. brucei FPPS, wodurch die deutlich unterschiedliche Bindungsaffinität erklärt werden kann.  

Ermutigt durch die Entdeckung erster Verbindungen die in der allosterischen Tasche auf 

T. brucei FPPS binden, wurden Fragment-Pools durch Ligand-NMR im Screen getestet und 

identifizierte Hits durch Experimente mit einzelnen Verbindungen in Liganden-NMR und 

Protein-NMR weiterverfolgt. Dadurch wurden 25 validierte Fragmente auf T. brucei FPPS 

entdeckt, die durch Soaking- und Ko-kristallisationsexperimente weiterverfolgt wurden. 

Kristalldaten wurden mit PanDDA (Pan-Dataset Density Analysis) analysiert und sieben 

Protein-Liganden-Komplexstrukturen wurden gelöst. Von den sieben Fragmenten waren vier 
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Fragmente in der katalytischen Tasche gebunden, ein Fragment wurde in der allosterischen Tasche 

entdeckt, die als Teil dieser Arbeit identifiziert wurde, und zwei Fragmente waren an 

Bindungsstellen an der Oberfläche gebunden. Insbesondere ein Fragment mit einem vieratomigen 

flexiblen Linker, das in der katalytischen Tasche gebunden war, war orthogonal zu den anderen 

drei Liganden und entlang der Helix ŬD gebunden. Sechzehn Fragmentanaloge des länglichen 

flexiblen Fragmentes in der katalytischen Tasche wurden zur Optimierung der Struktur-

Aktivitätsbeziehung getestet und eine Kristallstruktur mit einem Fragmentanalogen in der 

allosterischen Tasche wurde gelöst. Zusätzlich wurden Fragment-Screens durch Kristallisation bei 

XChem (Diamond, UK) und am EMBL/ESRF (Grenoble, FR) durchgeführt, die zu sieben Protein-

Ligand-Strukturen führten. Ein Fragment war in der katalytischen Tasche gebunden, drei 

Fragmente in der allosterischen Tasche, zwei Fragmente in einer kryptischen Tasche zwischen den 

Helices ŬI und ŬH und ein Fragment auf der gegenüberliegenden Seite der allosterischen Tasche 

nahe den Helices ŬG und ŬF. Die Fragmentbindung wurde zusätzlich in Protein-NMR validiert. 

Da Fragmente typischerweise eine geringe Bindungsaffinität bis in den mM-Bereich 

aufweisen, wurde eine strukturbasierte Fragment-Optimierung durch Medizinalchemie 

durchgeführt. Insgesamt wurden zehn Verbindungen synthetisiert und in Protein-NMR und in 

Kristallisationsexperimente getestet. Auffallend war ein fusioniertes Fragment basierend auf 

T. brucei und T. cruzi FPPS Verbindungen. Dieses Fragment ist in einer neuen Bindungsstelle nahe 

dem zweiten DDxxD Motiv gebunden.  

Zusammenfassend stellt diese Arbeit hochauflösende Kristallstrukturen von T. brucei FPPS 

vor und zusätzlich wurden 19 Verbindungen entdeckt, die an sieben verschiedene Bindungsstellen 

der T. brucei FPPS binden. Dadurch wurde der Weg für zukünftige Studien zur Entdeckung von 

hochaffinen Nicht-Bisphosphonat-Inhibitoren mit pharmakokinetischen Eigenschaften für 

parasitäre Indikationen auf T. brucei FPPS geebnet. 
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Abbreviations and Acronyms 

 

[w/v]  Weight per volume 

[w/w]  Weight per weight 

° Degree 

24-SMT 24-sterol methyl transferase 

Å  Angström (10-10 m = 0.1 nm) 

AceDRG A stereo-chemical description generator for ligands 

AIMLESS Scale together multiple observations of reflections 

AMBER Assisted model building with energy refinement 

approx. Approximately 

ATP Adenosine triphosphate 

autoPROC A framework for automated data processing 

bp Base pair 

BSA Bovine serum albumin 

BSF Bloodstream form 

CATT Card agglutination test for trypanosomiasis 

CC1/2 Half-dataset correlation coefficient 

CCD Charge coupled device 

CCP4 Collaborative Computational Project 4 

clogP The calculated logarithm of the octanol-water partition coefficient 

COOT Crystallographic object-oriented toolkit 

CPMG Carr Purcell Meiboom Gill 

CRIMS Crystallization Information Management System 

CSP Chemical shift perturbations 

Da Dalton 

DIALS Diffraction integration for advanced light source 

DIMPLE A pipeline for the rapid generation of difference maps from protein 

crystals with putatively bound ligands 

DMAPP Dimethyl allyl pyrophosphate 

DNA deoxyribonucleic acid 

DNDi Drugs for Neglected Diseases initiative  

DRC Democratic Republic of the Congo  

DSS 4,4-dimethyl-4-silapentane-1-sulfonic acid 

DTO 24,24-dimethylcholesta-5,7,25(27)-trienol 

DTT Dithiothreitol 
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EC50 Effective concentration 50 

ED50 Effective dose 50 

EDNA A framework for plugin-based applications applied to X-ray experiment 

online data analysis 

EMA European Medicines Agency 

ESRF European synchrotron radiation facility 

ETO  Ergosta-5,7,25(27)-trienol-3ɓ-ol 

FARM  First aspartate-rich motif 

FBDD Fragment-based drug discovery 

FBS Fragment-based screening 

FGM  Fibroblast growth medium 

FKBP FK506 Binding Protein 

FPPS Farnesyl pyrophosphate synthase 

FQ Fit quality 

GC-MS Gas chromatography-mass spectrometry 

GE Group efficiency 

GPP Geranyl pyrophosphate 

GrenADeS Grenoble automatic data processing system 

HAT Human African Trypanosomiasis 

HBA Hydrogen-bond acceptor 

HBD Hydrogen-bond donor 

H-bond Hydrogen-bond 

hkl Miller indices  

HMG-CoA 3-hydroxy-3-methylglutaryl-CoA 

HPLC High pressure liquid chromatography 

HRV 3C Human rhinovirus 3C 

HTS High-throughput screening 

iNEXT  Infrastructure for NMR, EM and X-rays for Translational Research 

IPP Isopentenyl pyrophosphate 

ISPyB Information system for protein crystallography beamlines 

K Kelvin 

L. donovani Leishmania donovani 

LabCIP Lab  cleaning in place 

LB Luria-Bertani 

LDM lipid-depleted medium 

LE Ligand efficiency 

LLE Ligand-lipophilicity efficiency 
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MAD Multi -wavelength anomalous diffraction 

MASSIF Massively Automated Sample Screening and evaluation Integrated 

Facility 

MCSS Multiple Copy Simultaneous Search 

MDG Methyl-Ŭ-D-Glucopyranoside 

MEP 2-C-methyl-D-erythritol 4-phosphate 

mins Minutes 

mmCIF Macro-molecular Crystallographic Information File 

MOE Molecular operating environment 

MVAK  Mevalonate kinase 

MW Molecular weight 

MWCO Molecular weight cut-off 

N-BPs Nitrogen-containing bisphosphonates 

NECT Nifurtimox-eflornithine combination therapy 

NIBR Novartis Institutes for BioMedical Research 

Ni-NTA Nickel-nitrilotriacetic acid 

NMR Nuclear magnetic resonance 

NMT N-myristoyltransferase 

occ. Occupancy 

OD600 Optical density at 600 nm 

P. falciparum Plasmodium falciparum 

PAINS Pan-assay interference compounds 

PanDDA Pan-Dataset Density Analysis 

PCF Procyclic form 

PCR Polymerase chain reaction 

PDB Protein data bank 

PEG Polyethylene glycol 

PFT Protein farnesyl transferase 

PGGT-I Protein geranylgeranyltransferase-I 

pH Negative decimal logarithm of the hydrogen ion activity 

 

PHENIX Python-based Hierarchical Environment for Integrated Xtallography 

POINTLESS determine Laue group 

PPIs Protein-protein interactions 

REFMAC5 Refinement of Macromolecular Structures, REFMAC 

Rfree Free crystallographic R-factor 

Rmeas Multiplicity -corrected R-factor 

RNAi RNA interference 
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ROTB Rotatable bonds 

rpm Rounds per minute 

SAR Structure-activity relationship 

SARM Second aspartate-rich motif 

SDS-PAGE Sodium dodecyl sulfate polyacrylamide gel electrophoresis 

SOC Super Optimal broth with Catabolite repression 

SOFAST-HMQC Band-Selective Optimized Flip Angle Short Transient ï Heteronuclear 

Multiple Quantum Coherence 

SPR Surface Plasmon Resonance 

SRA Serum resistance-associated 

T. brucei, Tbru, T. b Trypanosoma brucei 

T. gondii Toxoplasma gondii 

T2S Type II secretion 

TB Terrific broth 

TCI Triple resonance inverse 

TR Trypanothione reductase 

TROSY Transverse relaxation optimized spectroscopy 

TryS Trypanothione synthetase 

TSA Thermal shift analysis 

UV Ultraviolet 

VSG Variant surface glycoproteins 

WHO World Health Organisation  

wLOGSY Water-ligand-observed via gradient spectroscopy 

XDS X-ray Detector Software 

XDSAPP Expert system and graphical user interface (GUI) for the automated 

processing of diffraction images using the XDS program suite 

Xia2 Automated data reduction 

 

 

For amino acid abbreviations, general one and three-letter codes are used.  
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1. Intr oduction 

 

The focus of the thesis is the fragment based drug discovery process towards an inhibitor of 

Trypanosoma brucei (T. brucei) FPPS, a potential target for Human African 

Trypanosomiasis (HAT). Bisphosphonates already in clinical application for bone diseases and the 

identification of an allosteric pocket on human FPPS form the foundation of this project to discover 

non-bisphosphonate binders on T. brucei FPPS with pharmacokinetic properties that are appropriate 

for parasitic therapy. Since its first application in 1996, fragment-based drug discovery has shown 

its potential to identify new binding pockets on most challenging targets and has delivered two 

approved drugs, with more than 40 drugs in clinical studies.  

 In Chapter 1, the three different aspects of the project will be introduced. First, the HAT 

disease, the T. brucei parasite, current treatment options and clinical drug candidates for HAT are 

described. In the second part, FPPS as a potential drug discovery target is outlined, its role in the 

sterol biosynthesis is introduced and previous research on T. brucei FPPS is presented. The third 

part is dedicated to the fragment-based drug discovery highlighting its development, different 

screening techniques and hit optimisation approaches. Methods and Materials are described in 

Chapter 2. In Chapter 3, the development of the protein production, the crystallization screening, 

and optimisation phase leading to a 1.67 Å X-ray structure of T. brucei FPPS is present. 

Furthermore, additional T. brucei FPPS-fragment co-crystal structures of reported human allosteric 

binders were solved and revealed binding in a similar allosteric pocket on 

T. brucei FPPS (Chapter 4). Additional allosteric binders, non-bisphosphonate active site and 

fragments in new binding pockets on T. brucei FPPS were identified in an NMR and X-ray fragment 

screen and their binding mode will be discussed and first SAR by catalogue on several candidates 

will be shown (Chapter 5 and 6). 

In Chapter 7, the structure-based fragment optimisation by medicinal chemistry using fragment 

growing and merging is described and a synthesised merged fragment has been developed binding 

in a new site. The basis for the active site fragments that were used as starting points for the 

synthesis and the synthetic strategies will be presented.  

 Chapter 8 gives a conclusion and outlook on the research of HAT treatment and Chapter 9 

lists the used references. Lastly, Chapter 10 is the Appendix containing the plasmid maps, a list of 

compounds, SPR plots, crystallographic tables on data collection and refinement, additional density 

maps, and a description of the ConSurf parameters.  
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1.1 Human African Trypanosomiasis 

1.1.1 Trypanosoma brucei       

Trypanosoma brucei (T. brucei or T. b.) is a subspecies of the unicellular flagellate of the 

genus Trypanosoma, which causes the human African Trypanosomiasis (HAT). Three 

morphologically indistinguishable subspecies have been described: T. b. rhodesiense causing the 

acute form of the disease, T. b. gambiense resulting in the chronic progress of the disease and 

T. b. brucei, which is only infectious to animals.1-2 All three species contain a characteristic 

flagellum starting from the flagellar pocket at the front end of the parasite, which is essential for 

viability of the parasite, a mitochondrion in which the kinetoplast resides, a nucleus and glycosomes 

as well as a plethora of other organelles.3-4 Both human-infective subspecies are transmitted by the 

bite of the blood-feeding Glossina, also well-known as tsetse fly (Figure 1).5-6  

 

Figure 1: T. b gambiense and T. b rhodesiense life cycle. The tsetse fly stage and human stage of the parasite with its 

morphological changes are depicted. From Alexander J de Silva and Melanie Moser, Centers for Disease Control Public 

Health Image Library. 

After ingestion of the stumpy bloodstream trypanosomes in the blood of a tsetse fly, the 

trypanosomes undergo a complex morphological change in the fly tissues through differentiation 

to procyclic trypomastigotes. The trypomastigotes replicate by binary fission in about 18 ï 35 days 

until they reach their free floating final metacyclic trypomastigote form, which is infective for 

human beings. The metacyclic trypomastigotes and tsetse saliva are transmitted to humans by the 
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bite of the fly.6-12 Only a population of 0.01 ï 0.1 % of the tsetse flies carry the mature infective 

trypanosomes and can transmit the disease but with a blood meal every three days and being 

infective for the rest of the lifetime one tsetse fly can infect many people.4, 13 Once humans are 

infected the parasite enters the lymphatic system and is carried to the bloodstream where metacyclic 

trypomastigotes undergo the transformation into bloodstream trypomastigotes. From there on, they 

reach other parts of the body and body fluids and further multiply by binary fission. If a tsetse fly 

takes a blood meal on this infected host, bloodstream trypomastigotes are taken up by the fly closing 

the complex life cycle of T. brucei (Figure 1).13-16 

The full genome of T. brucei trypanosomes was recently sequenced and 10 % of the genome 

encode for their surrounding surface coat consisting of variant surface 

glycoproteins (1250 ï 1500 VSG genes).10, 17-18 Through a high level of antigenic variation 

characterised by constant change of the expression of one of these VSGs, trypanosomes repeatedly 

overcome the host immune response and this also makes it difficult to develop a vaccination.10, 19-20 

The human serum also contains lytic factors to combat trypanosomal infections, one of which 

includes the human trypanolytic factor containing apo lipoprotein apoL1.21-22 T. b. rhodesiense 

expresses serum resistance-associated (SRA) protein, which neutralizes apoL1 and therefore 

prevents pore formation as part of the lytic attack of the host organism.23-24 In contrast, 

T. b. gambiense does not contain the sra gene and is described to resist lysis by lower levels of 

apoL1 uptake. This is achieved by utilizing its haptoglobin-haemoglobin receptor combined with a 

membrane stiffing by a T. b. gambiense specific glycoprotein.22, 25-26 In contrast to T. b. brucei, these 

mechanisms have enabled the other two subspecies to combat the host immunity and to cause the 

dreaded HAT disease.22 

1.1.2 Epidemiology of human African trypanosomiasis 

HAT is a neglected disease in 36 sub-Saharan African countries, thus it is considered as 

endemic in these countries. T. b. gambiense infections account for 97 ï 98 % of all reported HAT 

disease cases and they occur in West and Central Africa (Figure 2).15 More specifically, 84 % of all 

cases were reported in the Democratic Republic of the Congo (DRC) in 2016.27 In contrast, 

T. b. rhodesiense parasitic infections are found in Eastern and Southern Africa with most cases 

reported in Uganda.28 Millions of people were killed since the beginning of the 20th century and the 

last peak in transmission was reached just before the start of the 21st century.2, 29 Hereafter, strict 

control programs of people at risk especially in rural areas and health institutes for the treatment of 

HAT were introduced in endemic countries. In consequence, the number of infected people is 

steadily decreasing since. In 2016, overall 2164 new HAT cases were reported by the World Health 

Organisation (WHO) and the promising downwards trend had led the WHO to target 

HAT elimination as a public health problem by 2020, which in detail means less than 2000 reported 
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cases per year.27 However, the number of occurring cases is thought to be significantly higher since 

the number of undetected cases should not be disregarded as one of the most neglected populations 

is affected.4, 30 Around 57 million people are estimated to be still at risk for infection.27 Additionally, 

through migration and tourism to HAT risky areas especially in national parks and game reserves 

exported cases were also reported in non-endemic countries. In total, 94 cases were reported in 

non-endemic countries across all five continents in the period of 2000 ï 2010.31 The United 

Republic of Tanzania represents the main country of origin for T. b. rhodesiense infections with 

59 % of all cases whereas exported cases of T. b. gambiense infections originate mainly from the 

DRC and Gabon with each accounting for 23 % of all cases.31  

 

Figure 2: Local distribution of T. b. gambiense and T.brucei rhodesiense infections. T. b. gambiense and 

T. b. rhodesiense infections are in conditional formatting from dark red and dark blue for more than 0.01 infections per 

km2 per year to white for zero cases, respectively. Yellow shaded areas show the predicted distribution of the tsetse flies. 

Reprinted from reference4 with permission from Elsevier.  

1.1.3 Clinical progress of the disease 

Once the host gets infected, two stages are differentiated, a haemolymphatic and a 

meningoencephalitic stage.10 For T. b. rhodesiense infections on humans, a trypanosomal chancre 

of 3 ï 4 cm characterized by heat and local erythema might appear around the bite of the tsetse fly 

within 2 ï 3 days. However, for T. b. gambiense this first clinical sign is rarely seen.4, 32 In the 

so-called first stage of the disease, unspecific symptoms such as lymphadenopathy, headache, joint 

pain, fatigue, weight loss, malaise, and intermittent fever can occur while parasites are only found 
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in the blood and lymph.10, 33-34 From here on, the disease progress highly differs between the two 

subspecies. Typically, rhodesiense-HAT infections progress to the second meningoencephalitic 

stage within weeks after infection and show distinct differences in various foci areas.15, 35 In 

contrast, for gambiense-HAT, the mean duration for progression to the second stage is reported to 

be around 3 years with strong individual differences that can vary between a few months up to more 

than 15 years.4, 36-37 Hence, the rhodesiense-HAT is classified as the acute form and patients 

generally die within 6 months whereas patients with gambiense-HAT can live with the disease for 

a number of years.38 Nevertheless, both forms are considered fatal if untreated or diagnosed too 

late.13  

The second stage is reached when the parasites have crossed the blood-brain barrier and have 

invaded the central nervous system resulting in severe neurological symptoms and mental changes 

such as motor weakness, speech disorders, walking difficulties, emotional lability, confusion, 

dementia and sleep disturbance with daytime somnolence and insomnia, giving the characteristic 

name of the diseases.10, 39-40 Nevertheless, clinical symptoms between different patients vary 

considerably and the clinical signs between the two stages overlap. Thus, diagnosis and recognizing 

the staging of the disease have proven to be difficult.40-41 

1.1.4 Diagnosis 

Unfortunately, no effective vaccination or drug as prophylaxis to prevent HAT is on the 

market.10, 42 Hence, the general strategy for limiting the disease is the reduction of the distribution 

of the vector Glossina together with a rapid diagnosis and treatment before the progress to the 

second stage of the disease.15 Two different strategies of diagnosis are followed for the two parasitic 

subspecies. In general, parasitological diagnosis of T. b. rhodesiense infections is relatively 

easy due to a high level of parasitemia. The preparation of a fresh thick blood sample 

for microscopic examination allows the detection of trypanosomes with a sensitivity of 

5000 trypanosomes/mL.15, 34, 43-44 On the other hand, detection of T. b. gambiense infections pose a 

challenge and the development of the serologic card agglutination test for trypanosomes (CATT) 

in the late 1970s significantly improved diagnosis.45 Nowadays, the test is also commonly used for 

screening of the population in areas with prevalence of gambiense-HAT.10 The test uses the antigen 

type LiTat1.3 of the T. b. gambiense and can be performed on blood, plasma or serum samples. In 

the latter case, the specificity is highly improved.45-46 After diagnosis of infection with the disease, 

diagnosis of the stage needs to be followed to decide for an appropriate treatment. For both HAT 

forms, disease staging is most commonly carried out by examination of the cerebrospinal fluid with 

respect to the number of white blood cell count and the detection of trypanosomes.10, 15 Once the 

stage of the disease is determined, an appropriate treatment is initiated; however, available drugs 

are at least 30 years old, have strong limitations, and show various degrees of toxicity.47 
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1.1.5 Current treatment options for HAT  

The treatment of choice for first-stage T. b. gambiense is pentamidine isethionate, which was 

first introduced in 1937 and is administered by intramuscular injection of 4 mg/kg for 

seven days (Figure 3).42, 48 This mode of action is still not elucidated but it is known that the drug 

molecule tightly interacts with DNA and disrupts the mitochondrial functions.42, 49-51 The therapy is 

generally well-tolerated, but side effects such as hypotension and nephrotoxicity and 

gastrointestinal problems are reported.4, 52-53 

 

Figure 3: Currently  available drugs for the treatment of HAT disease. Chemical structures of pentamidine, 

melarsoprol, suramin, eflornithine, nifurtimox are shown from 1 ï 5. 

Suramin, also known as Bayer 205 was first synthesised in 1917 at the German 

pharmaceutical company Bayer and is the first-in-line drug for the treatment of the first stage of 

T. b. rhodesiense infections (Figure 3).54 The drug needs a slow intravenous administration and the 

treatment program can last up to one month with 20 mg/kg injections every 3 ï 7 days and thus, 

requires long hospital stays.55 Side effects frequently occur but they are relatively mild and include 

sometimes among others renal failure, anaemia, fatigue and pyrexia.55-56 Suramin is also effective 

against T. b. gambiense but is rarely used for the gambiense-HAT treatment due to easier 

administration of pentamidine.55 

For the second stage of the disease, drugs that cross the blood-brain barrier are required.40 

Historically, melarsoprol, an organo-arsenical compound, and eflornithine, an analogue of 

ornithine, were the only available treatment options as monotherapies.57-59 Eflornithine modulates 

the ornithine decarboxylase function and, most importantly, it is the only drug with a well-described 

molecular target in this context.60-62 

The introduction of the nifurtimox-eflornithine combination therapy (NECT) was a 

breakthrough in the treatment of HAT and is now the most efficient and cost-effective option to 

treat T. b. gambiense infections.63-66 Nifurtimox is only registered for the treatment of Chagas 

disease and therefore, treatment of patients with NECT requires previous authorization of the 
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ministry of health.4, 15, 67 In 2009, NECT was included in the WHO list of essential medicines and 

is provided free of charge to endemic countries and after one year 88 % of all gambiense-HAT cases 

were already treated with NECT.15, 68 NECT regimen consists of an oral administration of 

nifurtimox every 8 hours for 10 days combined with 14 intravenous infusions every 12 hours for a 

period of ten days.63 Therefore, this combination therapy allowed the reduction of eflornithine 

intravenous infusions from 56 to 14 applications over a period of 10 days, which resulted in a 

reduced amount of expensive drug needed, a decreased logistic burden and shortened hospital 

stays.15, 64, 69 Additionally, concerns on the higher risk of infections in field conditions than in 

previous highly controlled clinical trials were not confirmed and the NECT was shown to be 

justified in endemic countries.70 Most importantly, the combined treatment showed reduced side 

effects, overall decreased mortality and lower relapse rates compared to eflornithine 

monotherapy.63-64 Eflornithine monotherapy is now only the treatment of choice if nifurtimox would 

be contraindicative or not accessible.15 

 For the treatment of second stage rhodesiense-HAT, melarsoprol is still the only option. It 

requires an intravenous slow bolus injection of 2.2 mg/kg/day for 10 days.71 However, in 

5 ï 10 % of treated patients an encephalopathic syndrome develops that is fatal for half of the 

patients. Apart from that, headache, pyrexia, gastrointestinal and skin reactions also frequently 

occur.4, 72-73 New drugs are urgently needed with an improved medical profile and easier 

administration. For that, mainly phenotypic-based high-throughput screening (HTS) and 

target-based approaches are followed as discussed in the next chapters. 

1.1.6 Phenotypic screening 

 Phenotypic-based HTS is a well-established approach in drug discovery projects for neglected 

diseases.74-77 It aims to identify molecules that alter the cellôs phenotype in a disease relevant way 

and has thus the potential to identify molecules with new modes of action without the knowledge 

of a specific target.78  

 In 1997, Rãz et al. described a widely applied viability assay on bloodstream 

form (BSF) T. brucei based on the dye Alamar BlueÊ (resazurin) in a 96 well format.79-81 Among 

other studies, the assay was used to screen a library with 4-aminoquinoline-based heterodimeric 

compounds and the most potent compound 6 (Figure 4) was determined with an IC50 of 0.12 µM.82 

Interestingly, the inhibitory efficiency was partly explained by the inhibition of the trypanothione 

reductase but other biological effects are probably included by its activity.82 This whole cell 

viability assay was further developed in a 384-well format for high-throughput approaches and 

applied for an HTS of a 87,296 library (WEHI 2003 collection)83 against BSF T. b. brucei lister 427 

cells.84-85  
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 Similarly, a 96-well and 384-well format for a firefly luciferase-based whole cell viability 

assay on BSF T. brucei strain 427 were developed and compared to the Alamar Blue assay.86-87 

From a firefly luciferase-based HTS, the optimisation of a hit identified the imidazopyridine lead 

compound 7 (Figure 4) with high potency for first stage HAT and cured T. brucei infected mice 

after 2.5 mg/kg oral administration.88  

 

Figure 4: New molecules with activity on T. brucei cells or T. brucei enzyme targets. Compound 6 and 7 were 

identified in HTS phenotypic assay against whole cell T. brucei. Compounds 8 ï 10 showed activity on 

N-myristoyltransferase, trypanothione reductase, trypanothione synthase, respectively. Compounds 11 and 12 exhibited 

activity for first and second stage disease and are inspired by the clinically used drug, pentamidine. 

 Recently, Faria et al. reported a new robust and cost-effective whole cell assay based on the 

cyanine dye SYBR® Green. At the same time, they screened a 4000 compound kinase focused 

library in the newly developed screen and the Alamar Blue screen to compare the assay performance 

and to identify new potent antitrypanosomal chemical scaffolds.89 

1.1.7 Target based approaches and clinically drug inspired new molecules 

 In HAT drug discovery, target-based approaches are widely applied as an alternative to 

phenotypic screening in identifying new molecules with anti-trypanosomal activity, generally in an 

HTS campaign against a specific target.90 A plethora of targets was investigated as summarized in 

various comprehensive reviews.51, 90-92 The enzyme N-myristoyltransferase (NMT) was shown to 

be essential for T. brucei parasitic growth and is a validated drug target for HAT.93-94 From a 

62,000 diversity-based compound library95 screen several hits were optimised including the 

pyrazolesulfonamide, DDD85646 (Figure 4) shown to cure first stage T. brucei infections in 

mice.96-97 Another potential target is trypanothione reductase (TR) and Martyn et al. identified in 

an HTS of 134,500 compounds by measuring the activity of TR98 compound 9 (Figure 4) with an 

IC50 of 0.34 µM against T. brucei and a 59-fold selectivity over human glutathione reductase.51, 99-101  

 Trypanothione synthetase (TryS) is an essential target for T. brucei survival. In a drug 

discovery campaign, indazole compound 10 (Figure 4) was identified, which showed to inhibit 
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T. brucei TryS with an IC50 of 0.09 µM.102 Recently, there is also increasing interest in rhodesian 

cysteine proteases as potential drug targets and series of peptide-based and peptidomimetic 

inhibitors showed promising results.103-104 Other investigated targets include cathepsin B105, Aurora 

kinase 1106, pteridine reductase107-108, fructose 1, 6-bisphosphate aldolase109-110 and 

phosphofructokinase111. However, most importantly, farnesyltransferase112-113 and several target 

enzymes of the sterol biosynthesis, including FPPS114-118, were also studied and a comprehensive 

summary is given in Chapter 1.2.2. 

 Another area of interest has been on clinical drug-inspired molecules, such as diamidines due 

to first stage pentamidine therapy in the clinic. These compounds are thought to target AT-rich 

stretches of DNA, several studies based on amidines, and diamidines have been described 

elsewhere.119-123 A bisamidine compound entered clinical trials but unfortunately, the trial was 

discontinued as patients developed transaminases and acute renal insufficiency.124 Most 

importantly, DB829, an aza-diamidine and 28DAP010 (Figure 4), a related analogue, showed both 

efficacy against the first and second stage of the disease caused by both T. brucei subspecies.125-126 

DB829 showed curation in a monkey model at a dose of 2.5 mg/kg intramuscular treatment and 

28DAP010 demonstrated similar in vivo efficacy in mouse models.126-127 These compounds show 

high potential for further drug development but the programs were stopped due to the two 

compounds, fexinidazole and SCYX-7158 which exhibit a superior profile as described in the next 

chapter.128 

1.1.8 Drug candidates in clinical trials 

An orally available, safe and effective drug was set as the overall goal of the Drugs for 

Neglected Diseases initiative (DNDi) by 2018. Fexinidazole, a 2-substituted 5-nitroimidazole 

(Figure 5), was initially developed by Hoechst in the 1980s, further abandoned and rediscovered in 

2005 by DNDi and is now the most advanced compound in the drug development process with a 

potential oral treatment for first and second stage gambiense-HAT.129-130 A DNDi phaseII/III trial 

conducted in the DRC and the Central African Republic with a 10-day once-a-day oral treatment 

regime of 1800 mg on days 1 to 4 and 1200 mg on days 5 to 10 demonstrated that the treatment is 

well-tolerated and effective.131 Therefore, the fexinidazole regulatory dossier was accepted by the 

European Medicines Agency (EMA) under the Article 58 in 2017.132 In 2018, the EMAôs 

Committee for Medicinal Products for Human Use released a positive opinion of fexinidazole and 

the drug was registered in the DRC end of 2018.133 Another phase II/III trial is prepared to start in 

mid-2019 in Malawi to assess fexinidazole also for rhodesiense-HAT.134 
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Figure 5: Drug candidates for the treatment of HAT in clinical trials. Chemical structures of fexinidazole, 

SCYX-7158, SCYX-1608210 and SCYX-1330682 are shown.  

SCYX-7158 (Acoziborole, Figure 5), a benzoxaborole is another candidate that was 

optimised from a lead series after an initial screen of a benzoxaboroles library in a T. brucei viability 

assay.135 This benzoxaborole could potentially be administered as a single oral dose due to its 

400 hours long half-life.42 Additionally, two back-up candidates SCYX-1330682 and 

SCYX-1608210 (Figure 5) also showed efficacy in mouse models but the program was set on hold 

due to the promising results of SCYX-7158 in preclinical and phase I studies.136-137 In the phase I 

study with SCYX-7158 the administration of a single 960 mg dose was determined and the 

penetration through the blood-brain barrier could be confirmed to enable treatment of second stage 

gambiense-HAT.138 In 2016, a pivotal DNDi phaseII/III trial (ClinicalTrials.gov 

Identifier: NCT03087955) was initiated for SCYX-7158 with the continued recruitment of 

191 patients in 2018 and the goal of submission of a regulatory dossier to the EMA under Article 

58 in 2021.139 

In summary, it is a long route until the approval of a new drug but the development of orally 

available fexinidazole is a therapeutic breakthrough for a safe and effective HAT treatment. 

Furthermore, SCYX-7158 also shows a high potential to be introduced for treatment. Additionally, 

many other research programs are ongoing and one of them will be described in this thesis. 

 

1.2 T. brucei FPPS as a target enzyme for HAT 

1.2.1 Sterol biosynthesis 

Farnesyl pyrophosphate synthase (FPPS) is part of the sterol biosynthesis, which is facilitated 

by a highly regulated and important metabolic pathway found in most eukaryotes, bacteria, fungi 

and plants.140-143 The pathway is particularly well-studied in humans and part of the synthesis for 

sterol isoprenoids and nonsterol isoprenoids, such as cholesterol, dolichols, ubiquinones, 

isopentenyl tRNA.144 More specifically, cholesterol is involved in the membrane structure and is 

further converted into bile acids, lipoproteins, steroid hormones with a vital role in a variety of 

cellular processes145-146, ubiquinones participate in the electron transport147, and dolichol is essential 

for glycoprotein synthesis.148 Furthermore, isoprenoid post-translation modification of proteins, 
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such as Rho, Rac or Ras, plays a critical role in protein localisation and activity, and cellular 

signalling cascades.149-150 

 It is also well-established that the sterol biosynthesis is essential in T. brucei trypanosomes; 

however, in contrast to mammalian and similar to plants and fungi, trypanosomes synthesise 

ergosterol and various other 24-methyl sterols instead of cholesterol.151-152 Ergosterol differs from 

cholesterol by two double bonds in the B ring, an additional double bond at C22 and a ɓ-methyl at 

position 24.153 Before studying the sterol biosynthesis in T. brucei  it is noteworthy to mention 

that two experimentally studied different T. brucei forms are distinguished in the T. brucei  life 

cycle: the procyclic form (PCF) (in tsetse fly) and the bloodstream form (BSF) (in host). These two 

forms have a remarkable different sterol content and sterol biosynthesis activity. The PCF and 

BSF T. brucei are important to be distinguished when describing the sterol biosynthesis.154-155 

Contradictive literature is reported on the necessity of the endogenous biosynthesis of sterols in 

BSF T. brucei, which is relevant for antiparasitic drugs targeting the ergosterol biosynthesis as 

discussed in the following chapters.  

1.2.1.1 Sterol biosynthesis in procyclic form of T. brucei  

 The de novo sterol biosynthesis starts with the mevalonate pathway. Leucine, which is 

converted in a 5-step process into 3-hydroxy-3-methylglutaryl-Coenzym A (HMG-CoA), was 

described as the main carbon source in PCF of T. brucei.155 Apart from that, an SCP2 thiolase, 

similarly to the acetoacteyl-CoA-thiolase in mammalian, was identified in T. brucei as essential for 

sterol biosynthesis from ketogenic sources, such as glucose, threonine and acetate.17, 156-158 

SCP2 thiolase catalyses the condensation of two acetyl-CoA units to acetoacetyl-CoA (Figure 6).156 

Subsequently, acetoacetyl-CoA is catalysed by 3-hydroxy-3-methylglutaryl-CoA (HMG)-synthase 

to form HMG-CoA with the addition of a third acetyl-CoA unit.159-160 Then HMG-CoA is reduced 

to mevalonate through HMG-CoA reductase, which is the last step of the three-step mevalonate 

pathway.153, 161 The early steps of the mevalonate pathway are localised in the mitochondrion. While 

mammalian cells have a mitochondrial and cytosolic HMG-CoA synthase, both the HMG-CoA 

synthase and the HMG-CoA reductase are localised in the mitochondrion in T. brucei.160, 162-163 



 1. Introduction   

12 

 

Figure 6: First part of sterol biosynthesis in T. brucei.The figure depicts the steps of the sterol biosynthesis from 

Acetyl-CoA to farnesyl pyrophosphate and the enzymes in brackets, which catalyse the steps. Potential blocking of the 

catalytic steps by inhibitors is marked. Adapted from 164. 

The mevalonate pathway is followed by the isoprenoid pathway.153 In the first step, 

mevalonate is phosphorylated to mevalonate-5-phosphate through the mevalonate kinase (MVAK) 

using ATP.160, 165 The MVAK is conserved across other trypanosomatids and MVAK of T. brucei 

contains signal sequences PTS1 and PTS2, targeting it for transport to the peroxisomal 

matrix.160, 166-167 Proteomic studies, a digitonin titration and indirect immunofluorescence 

experiments showed further evidence for a glycosomal location of MVAK but how it is imported 

into the glycosome for phosphorylation through MVAK is not clear.160, 168  

 An additional ATP-dependent phosphorylation step catalysed by phosphomevalonate 

kinase forms mevalonate-pyrophosphate. In a decarboxylation step diphosphomevalonate 

decarboxylase169 forms isopentenyl-pyrophosphate (IPP).169-171 Further isomerisation of 

isopentenyl pyrophosphate to dimethyl allyl pyrophosphate (DMAPP) by the isopentenyl-

diphosphate isomerase enables the formation of longer isoprenoids.153 In a first head-to-tail 

condensation reaction of IPP with DMAPP the 10-carbon isoprenoid geranyl pyrophosphate (GPP) 

is formed. Then GPP undergoes another condensation reaction with a new molecule of IPP to form 

farnesyl pyrophosphate (FPP). These two consecutive condensation reactions are catalysed by the 

enzyme farnesyl pyrophosphate synthase (FPPS).153, 170, 172 FPPS constitutes the last enzyme of the 
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isoprenoid pathway and is followed by committed steps of the sterol biosynthesis.153 For the PCF 

of T. brucei the localisation of FPPS was thoroughly studied by immunofluorescence microscopy 

analysis, a permeabilisation assay and Western blot.173 In these studies, FPPS was mainly found in 

the cytoplasm with a potential additional localisation in the endoplasmic reticulum (ER). Additional 

immunofluorescence experiments with BSF of T. brucei support the same assumption about the 

localisation.173  

 FPP is a branching point and can either be the substrate for farnesylated and 

geranylgeranylated proteins and the formation of dolichols, ubiquinones or it is further catalysed to 

squalene as part of the sterol biosynthesis (Figure 7).112, 174-176  

 

Figure 7: Second part of sterol biosynthesis in T. brucei. The figure depicts the steps of the sterol biosynthesis from 

farnesyl pyrophosphate to ergosterol, different final products in T. brucei and the enzymes in brackets, which catalyse the 

steps. Potential blocking of the catalytic step from 31-norlanosterol to 4Ŭ-methylzymosterol by inhibitors is marked. 

Adapted from 164 and 177. 
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The following reactions of the sterol biosynthesis are reported to take place in the ER.155, 178 

First, the formation of squalene is catalysed by squalene synthase and through presqualene-

diphosphate, squalene is formed by the condensation of two FPP molecules.153 Furthermore, 

squalene is the pre-requisite for the synthesis of 2,3-oxidosqualene catalysed by squalene 

epoxidase.179 

Then, the 30-carbon chain 2,3-oxidosqualene cyclises in a highly complex reaction to 

lanosterol by lanosterol synthase and lanosterol is further demethylated at C4 position to form 

31-norlanosterol.180-181 This is in contrast to mammalian, fungi and even T. cruzi pathways where 

C14 is first demethylated.155, 182-183 In the next repetitive three-step process 31-norlanosterol is 

catalysed by sterol-14Ŭ-demethylase (CYP51)184-185 and then through sterol C14-reductase186, 

4Ŭ-methylzymosterol is formed.187 Next, the second methyl group on C4 is removed and zymosterol 

is released.155 Zymosterol is the branching point for multiple product formation of 

ergosta-5,7,24(28)-trienol, ergosta-5,7,24(25)-trienol, 24,24,-dimethylcholesta-5,7,25(27)-trienol 

(DTO), ergosta-5,7,25(27)-trien-3ɓ-ol (ETO) and cholesta-5,7,24-trienol (Figure 7). Methylation 

of the side chain to yield 24-alkyl sterols are catalysed by the AdoMet-dependent 24-sterol methyl 

transferase (24-SMT), which is absent in mammalian cells. Ergosta-5,7,25(27)-trienol is further 

catalysed to ergosterol (ergosta-5,7,22(23)-trienol) through protothecasterol.177 Interestingly, the 

genetic information for a C25(27)-reductase and a C22-desaturase to form ergosterol was described 

to be absent. This is in contrast to other organisms, including T. cruzi.155, 164 However, as proposed 

by Zhou et al. it could also be a possibility that due to an unusual sequence of these enzymes the 

genetic database still has its limitations.182 

 Gas chromatography-mass spectrometry (GC-MS) analysis of procyclic cells grown on 

fibroblast growth medium (FGM) showed equal amounts of cholesterol and endogenously 

synthesised sterols, mostly cholesta-5,7,24-trienol and ergosta-5,7,25(27)-trienol with only 

3.5 % ergosterol of the total sterol content.188 However, other studies of procyclic cells indicated 

ergosterol accounting for 14.3 % of the total sterol mass.189  

1.2.1.2 Sterol biosynthesis in bloodstream form 

 For BSF of T. brucei it was long believed that due to their receptor-mediated uptake of 

cholesterol from the host, the endogenous biosynthesis of sterols is completely eliminated, which 

would limit the effect of antiparasitic drugs targeting the ergosterol biosynthesis.190-191 However, 

gene expression of all genes for sterol biosynthesis in BSF of T. brucei was shown and 

11 ï 12 isoprene unit long dolichols and ubiquinones requiring FPP were identified by 

high-performance liquid chromatography (HPLC) and MS. In vitro investigation identified a 

functional 24-alkyl sterol biosynthesis.155, 182 Nevertheless, the enzyme activity and expression 

levels are different in PCF and BSF T. brucei. The activity of HMG-CoA reductase was found to 
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be 3-fold lower and HMG-CoA synthase, MVAK and 24-SMT were expressed 2.5-, 3.78- and 

3-fold lower in BSF than in PCF T. brucei.155, 160, 189, 192 Sterol biosynthesis inhibitors were tested 

on both parasitic life stages and most importantly, growth inhibitory effects in vitro and in vivo 

were observed on PCF and BSF T. brucei as further discussed in the next chapter.115, 155, 182, 192-194 

 Sterols have a major structural function for membranes and cholesterol, exogenously taken 

up from the host, accounts for more than 95 % of the total sterol content in BSF T. brucei.182  In 

yeast, a dual role of ergosterol as a component of the membrane and a sparking role in the signalling 

of cell proliferation has been described.195-196 A similar picture emerged for T. brucei, cholesterol 

is the bulk sterol in membranes but ergosterol could replace it partly to signal for cell growth and 

function as a metabolic molecule. Notably, Zhou et al. reported a close association of cholesterol 

import with the regulation of the ergosterol biosynthesis. In case of limited cholesterol availability, 

ergosterol biosynthesis is upregulated and with high exogenous cholesterol, the endogenous 

ergosterol biosynthesis is downregulated but never fully eliminated.182 

 However, in an analysis of the sterol content of BSF cells cultured on FGM, which resembles 

the cholesterol availability in human blood, 0.01 fg/cell ergosterol were detected by 

High-Performance Liquid Chromatography-Ultraviolet (HPLC-UV) scanning. In contrast, in cells 

grown on lipid-depleted medium (LDM), 0.005-0.001 fg/cell ergosterol were detected. This can 

only occur via upregulation of the ergosterol biosynthesis with limited cholesterol availability.188 

In any case, the necessity of these small amounts for cell proliferation and viability was further 

shown by experiments with T. brucei  24-SMT RNA interference (RNAi) cell lines on LDM 

together with 25-azalanosterol. In these conditions decreased cell growth was observed and cells 

were rescued by the addition of 1.2 µM ergosterol. These results clearly show, contrary to previous 

assumptions, that ergosterol biosynthesis in BSF T. brucei is relevant and that enzymes of the sterol 

biosynthesis are valid targets for antiparasitic drug discovery. Several research projects on different 

sterol biosynthesis targets are reported in the literature and described in the next chapter.  

1.2.2 Sterol biosynthesis inhibitors  in procyclic and bloodstream form T. brucei  

 Enzymes of the sterol biosynthesis and further enzymes using substrates of the sterol 

biosynthesis, such as protein farnesyl transferase (PFT), are extensively investigated as drug targets 

and a comprehensive number of studies is presented here. HMG-CoA reductase, one of the first 

enzymes in the mevalonate pathway can be inhibited by statins that block the catalytic binding site 

of HMG-CoA.197-198 HMG-CoA reductase is a validated target in humans for the treatment of 

atherosclerotic cardiovascular disease. Statins are widely prescribed for their cholesterol-lowering 

properties and its potential is further investigated for additional applications.199-202 Notably, 

incubation of PCF and BSF T. brucei cells with the statin synvinolin (simvastatin) also showed a 

dose-dependent inhibitory growth effect. PCF T. brucei grown on lipoprotein-free serum and 
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BSF T. brucei grown on complete serum were incubated with 25 µM synvinolin for 40 hours and a 

2-fold in vitro growth reduction was observed.192 Interestingly, Yokoyama et al. determined an 

around 100-fold lower IC50 (2 µM) of synvinolin against BSF T. brucei compared to 

PCF T. brucei (150 µM).113 Similarly, Andersson et al. reported the growth inhibitory effect of 

0.1 ï 20 µM lovastatin, another HMG-CoA reductase inhibiting drug, after 103 U/ml interferon-ɔ 

stimulation of BSF T. brucei and showed a reversed effect with the addition of 

10 mM mevalonate.203 Another HMG-CoA reductase inhibitor, compactin led to altered 

morphology at cytostatic concentrations in procyclic cells after 3 days and 15 µM compactin 

resulted in complete growth inhibition for BSF cells.204 

 Furthermore, FPPS targeting nitrogen-containing bisphosphonates (N-BPs) are broadly in 

clinical use for various bone resorption diseases but these compounds have also shown anti-parasitic 

effects as discussed in detail in the next chapter.114-118 The C15-FPP and C20-GPP products, apart 

from their role in the sterol biosynthesis, are attached to cysteine residues of proteins, such as 

GTPases, for protein farnesylation and geranylgeranylation with various roles in 

trypanosomes.204-205 The transfer is catalysed by the enzymes PFT and protein 

geranylgeranyltransferase-I (PGGT-I) in T. brucei and inhibitors of the mammalian PFT206-208 were 

shown to inhibit T. brucei PFT in vitro.112-113 BSF cells already showed cell deformation after 

6 hours and full lysis after 15 hours with incubation of 25 µM farnesyl-O-NH-PA ester.113 Similarly, 

four CaaX mimetics (FTI-277, GGT-297, L-745,631, and SCH-44342) led to cell deformation after 

24 hours and cytocidal effects on BSF T. brucei.209 Several isothiazole dioxides were also tested for 

in vitro inhibition and an isothiazole dioxide with an aryl-isoxazolyl group showed an IC50 of 2 µM 

for T. brucei PFT and no rat PFT inhibition at the same concentration. Gelb et al. showed 

in vitro growth inhibition of BSF T. brucei.210-211 

 The squalene synthase was previously broadly studied as a target against atherosclerosis in 

humans.212-213 In an investigation of different quinuclidine derivatives as inhibitors of squalene 

synthase, growth inhibition of T. brucei was observed but no activity against recombinant squalene 

synthase could be detected suggesting a different mode of action.214-215 However, the 

sterol 14Ŭ-demethylase, CYP51 was found to be inhibited in a dose-dependent manner by various 

azoles and inhibition correlated well with anti-parasitic effects on PCF and BSF T. brucei.193 

Moreover, the complex structure of CYP51 with a non-azole compound N-1-(2,4-dichlorophenyl)-

2-(1H-imidazol-1-yl)ethyl)-4-(5-phneyl-1,3,4-oxadiazol-2-yl) benzamide (VNI) was solved and 

oral administration of 20 mg/kg VNI to T. brucei-infected mice showed dose-dependent decreased 

parasitemia.185  

 One of the last steps of the sterol biosynthesis is the formation of 24-alkyl sterols through 

24-SMT, an enzyme missing in mammalians.183, 189 Azasterols have demonstrated inhibition of 

24-SMT in Saccharomyces cerevisiae216, Leishmania spp.217, T. cruzi217-218 and Pneumocystis 

carinii219 but an investigation of azasterol analogues as 24-SMT inhibitors against T. brucei found 
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inhibition of PCF and BSF T. brucei growth with no association to 24-SMT inhibition.189, 220 

Nevertheless, an azasterol lead compound showed growth inhibition with an effective 

concentration 50 (EC50) of 12 nM and the structure-activity relationship (SAR) was further 

investigated.189, 221 More recently, substrate-based and transition state analogue inhibitors, 

azasterols and 25-thialanosterol sulfonium salt demonstrated selective and dose-dependent 

inhibition of BSF T. brucei  with effective dose 50 (ED50) values between 1 to 3 µM. Treatment 

with 5 mg/kg of 25-thialanosterol sulfonium salt prolonged life of mice by at least two days.188 

Further, Leaver et al. investigated the effect of 26-fluorolanosterol (26-FL) which irreversibly 

inactivated the 24-SMT and showed cell growth inhibition.222 Whereas Miller et al. showed 

50 % growth inhibition with the addition of around 15 µM 26, 27-dehydrolanosterol, a pro-drug 

that leads to inactivation of 24-SMT after C26-methylation, to PCF and BSF T. brucei.223 

 In combination, these results show that the sterol biosynthesis pathway presents a plethora of 

enzymes that can be inhibited by various compound classes with in vitro and in vivo anti-parasitic 

effects on PCF and BSF T. brucei. Therefore, these enzymes constitute promising targets for 

antiparasitic drugs.  

1.2.3 Farnesyl pyrophosphate synthase  

 Farnesyl pyrophosphate synthase (EC 2.5.1.10), also known as farnesyl diphosphate 

synthase (FPPS) was originally described in 1959224 and is a homodimeric Mg2+ dependent enzyme 

of two 32 to 44 kDa subunits in various organisms.225-231 In humans, FPPS consists of 13 Ŭ-helices 

connected by interhelical loop regions.232 The enzyme has two highly conserved aspartate-rich 

motifs: first aspartate-rich motif (FARM) and second aspartate-rich motif (SARM) located at 

opposite sides of the active site, which is mostly formed by antiparallel Ŭ-helices (Figure 8).233-236  
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Figure 8: Location and amino acids of the active site on human FPPS. The human FPPS homodimer in 

open-conformation ((PDB ID 4XQR, yellow) and closed conformation (PDB ID 2F8Z, green) is depicted with IPP 

(PDB ID 2F8Z, pink) and DMAPP (blue, position modelled from PDB ID 1RQI). (a) Overall view of human FPPS 

homodimer with active site marked in orange. (b) Close-up on active site in open and closed conformation. (c) and 

(d) Side view and top view on the active site. The FARM is marked in cyan and the SARM is marked in yellow and for 

both motifs, residues are shown as stick representation. In (c) the FARM and SARM are labelled and in (d) the residues 

of both motifs are labelled. 

 FPPS plays a key role in the isoprenoid pathway of sterol biosynthesis and catalyses the two 

consecutive head-to-tail condensation reactions of IPP and DMAPP to form GPP and further GPP 

and IPP to release FPP. The catalysed reaction is described to follow a three-step mechanism 

consisting of ionisation, condensation and elimination (Figure 9).237 First, DMAPP ionisation is 

facilitated by the enzymeôs trinuclear Mg2+ cluster where all three Mg2+ participate in the salt bridge 

formation with the unesterified oxygens of the pyrophosphate. A carbenium intermediate with an 

allylic carbocation is formed that is stabilised by FPPS interactions and electrostatic interactions 

with the generated pyrophosphate. At the same time, the metal ions stabilise the negative charge of 

the pyrophosphate. The hydrophobic C5 isoprenoid tail of the second substrate, IPP is in 

juxtaposition to the positive charge on the DMAPP and enables a quick condensation reaction with 

the nucleophilic double bond of IPP. For the elimination step, the non-metal-ligated DMAPP 

pyrophosphate oxygen serves as the catalytic base and is in the right position to abstract the proton 

from the IPP C2-pro R to form the double bond of the final product. 227, 230, 238  






































































































































































































































































































































































































































