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Summary

Trypanosoma brucdi. bruce) is the causative agent of the Human African Trypanosomiasis
(HAT), which is a neglected disease with an endemic occurrence in 3Babalpan African
countries. Theurrent standard of care suffers from low efficanyg aevere side effects. Therefore,
new drugs with better safety and efficacy profiles are urgently neddigdgencontaining
bisphosphonates, a current treatment for bone diseases, have been ditosietie growth of the
T. bruceiparasites by inhiking farnesyl pyrophosphate synthagd®P$; however, due to their
particular pharmacokinetic properties they are not well suitegdaasitic therapy. Recently, an
additional allosteric site was discoveérat the surface of human FPPS that, based on seque
analysis, is likely also presentThbruceiFPPS. The high unmet medical need combined with the
discovery of a potential new target site prompted a fraginased drug discovery approach to
identify nonbisphosphonate binders @nbruceiFPPS, whichs presented in this work.

Fragment screening was performed by NMR an@ycrystallography. To this end robust
T. brucei FPPS crystallization system was established enablingthighghput determation of
crystal structures up to 1.6Y resolution.Structural superimpositions revealed that the allosteric
site found on human FPPS is in fact preseifit imuceiFPPS. Thi®bservation enabled subsequent
proteinobserved NMR and crystal soaking expents with established human FPPS binders
resulting inthree proteidigand complex structures with bound fragments in the previously
unknown allosteric site. For most of theteskbinders, Kby SPR was outside of experimental
range forT. bruceiFPPS ad only for one fragment thegton T. bruceiFPPS was determined three
orders of magnitude higher than thed@lue on human FPPS. Crystal structural analysis revealed
a different binding mode on human aiidbruceiFPPS with reduced proteligand inter&tions on
T. bruceiFPPS, which explains the significantducedbinding affinity.

Encouraged by the detection of first allosteric binders.dsruceiFPPS, fragment pools we
screened by ligandbserved NMR and identified hits were followed by simle compound
ligandobserved NMR and proteimbserved NMR resulting in 2mlidated fragment hits for
T.brucei FPPS. Validated hits were followegh by crystal soaking and -@oystallization
experiments and seven protdigand complex structures were getl 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 thiesis, and twdragments were bound in
surfaceexposed binding sites. Notabn active site bound fragment with a four atom long flexible
' inker adopted an or t khwhgnocangared Ivoithe dthenthreerfigands. al on g
Sixteen fragment analogues of the elongated flexible active site fragment were testedusirfgAR
additional test compounds retrieved fraratalogue and archive, and one crystal structure with a

fragment analogueas solved and was surprisingly found in the allosteric site.
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In addition to the NMR fragment screen, amay screen was performed at XChdbdiamond,
UK) and at EMBL/ESRF (Grenoble, FR) resulting in seven prdigand structures. One fragment
was podioned in the active site, three fragments in the allosteric site, two fragments in a cryptic
site betwaemdiabdl boesfUdagment at the oppesite
a n @. Fragment binding was further validated in protefiserved NMR.

As fragments identified by sudtreeningapproachesgypically exhibit low binding affinities
usually in uM tomM range, structurbased fragment optimisation based on a fragment merging
and growing approach was performed. In total, ten @amgs were synthesised and subjected to
proteinrobserved NMR and Xay structural analysis. Strikingly, a fragment merger based on
T. bruceiandT. cruziactivesite binders bound in a new binding site close to the SARM instead to
the active site.

Taken bgether, this work presents higdsolution structures &f. bruceiFPPS and identified
19 compounds binding to seven different sites thereby paving the way for future studies aiming to
identify highaffinity non-bisphosphonate inhibitors foF. brucei FPPS with pharmacokinetic
properties that are suitable for parasitic indications.
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Zusammenfassung

Trypanosoma brucg(T. bruce) ist der Erreger deAfrikanischen Trypanosomiasiginer
vernachlassigten Krankheit mitneim endemischeuftreten in 36 Subsaharddndern Da
derzeitige Behandlungnoglichkeiten eine geringe Wirksamkeit undtarke Nebenwirkungen
aufweisen sind neue verbesserte Medikamente dringend erforderlichStickstoffhaltige
Bisphosphonate, die derzeit ib&nochenerkrakungen eingesetzt werden, blockieren das
Wachstum deif. bruceiParasiten durch Hemmunter FarnesypyrophosphatSynthase (FPPS)
sind aber aufgrund ihrespeziellenpharmakokinetischen Eigenschaften nicht dig parasitare
Therapie geeignieVor kurzem wirde im humanenFPPS eine zusatzliche allosterischasche
entdeckt, didasierend auf ein@Geqenzanalyse wahrscheinlich aucHirbruceiFPPS vorhanden
ist.

Die hohe medizinische NotwendigkaitKkombination mit der Entdeckurainer poenziellen
neuerBindungstaschiihrte zu einenfragmentbasierten Ansatz Zantwicklungvonneuen rcht-
Bisphosphonabasierten Verbindungen fir. bruceiFPPS, welcher in dieser Arbeit vorgestellt
wird. Kristallographisches und NMBasiertes Fragmentscréeg wurdedurdhgefihrt. Zu diesem
Zweck wurde ein robustesT. brucei FPPS Kiristallisationssystem etabliert, das die
High throughputBestimmung von Kristallstrukturen mit einer Aufldsung von bis zu 1,67 A
ermoglicht. Strukturelle Derlagerungen zeigten, dass die auf demmanen FPPS gefundene
allosterischeTasche, tatséchlich if. brucei FPPS existiert Diese Entdeckungermoglichte
anschlieRenddIMR- und Kristalisationxperimente mit etablierten humanen FPRSbindungen
die zu drei ProteinLigandenKomplexstrukture mt gebundenen Fragmenten ider bisher
unbekannten allosterisch&aschelhrten.

Furdie meisterder getesteteMerbindungen lag der durch SPRufface plasmon resonance
bestimmte K-Wert fir T.brucei auberhalb des experimentelleTestbereichs. Nur flieine
Verbindung wurde delKq-Wert auf T. brucei FPPSbhestimmt und wanm drei Grof3enordnungen
hohe als der IG-Wert auf demhumanen FPPS. Die Istallstrukturanalyse ergaimterschiedliche
Bindungsmodiaufden beiderrPPSEnzymenund zeigte reduziertroteinLigandInteraktionen
aufT. bruceiFPPS, wodurclie deutlich unterschiedliche Bindungsaffinitat erkiderden kann

Ermutigt durchdie EntdeckungersterVerbindungendie in der allogerischen Taschauf
T. bruceiFPPS binden, wurden FragmeRtods durch LiganeNMR im Screen getesteind
identifizierte Hits durch Experimente mit einzelnen Verbindungen in Ligan8i#iR und
ProteirNMR weiterverfolgt. Dadurch wurde25validierte Fragmemt auf T. brucei FPPS
entdeckt, die durchSoaking und Kokristdlisationsexperimnte weiterverfolgt wurden.
Kristalldaten wurden mit PanDDAP@anDataset Density Analygisanalysiert und sieben

ProteinLiganderKomplexstrukturen wurdermgeldst Von den siebe Fragmenten warerier
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Fragmente in dekatalytischeriTaschegebunden, ein Fragment wurde in der allosterisdrasthe
entdeckt, die als Teil dieser Arbeit identifiziert wurde, und zwei Fragmevd#een an
Bindungsstelleran der Oberflachgebunden. Insbesdereein Fragment mit einem vieratomigen
flexiblen Linker, das in der katalytischen Tasche gebunden war, war orthogonal zu den anderen
drei Liganden und entlang der Heltk gebunden. Sechzehn Fragmentanaldge langlichen
flexiblen Fragmentes in dekatalytischen Taschevurden zur Optimierung der Struktur
Aktivitatsbeziehung getestaind eine Kristallstruktr mit einem Fragmentanalogen in der
allosterischemaschewurde glost.Zusatzlichwurden FragmerBcreens durch Kristallisation bei
XChem (Diamod, UK) undamEMBL/ESRF (Grenoble, FR) durchgefihdie zu sieben Protein
Ligand-Strukturen filhrten. Ein Fragment wadn der katalytischen Tascheebunden drei
Fragmente imer allosterischemasche zwei Fragmente in einer kryptisch€aschezwischen de
He | i icuensd; ubd ein Fragment auf der gegeniiberliegenden Seite der allosterissere
naheden Helicedk u n &. Dig Fragmentlsidung wurde zusétzlich in ProteNMR validiert.

Da Fragmentetypischerweise eine geringe Bindungsaffinitat bis in dekl-Bereich
aufweisen, wurde eine strukturbasierte Fragr@ptimierung durch Medizinalchemie
durchgefuhrt Insgesamt wurden zehn Verbindungen synthetisiert innroteirNMR und in
Kristallisationse&perimente getestet. Auffallend war ein fusioniertesgfraent basierend auf
T. bruceiundT. cruziFPPS Verbindungen. Dieses Fragmenniginer neuen Bindungsstehahe
dem zweiterDDxxD Motiv gebunden

Zusammenfasserstellt diese Arbeit hochauflosen#eistallstrukturen vonT. bruceiFPPS
vor undzuséatzich wurdenl9 Verbindungemntdeckt die an sieben verschiedeBimdungssellen
derT. brucei FPPS binden. Dadurclurde derWeg fir zukinftige Studieaur Entdeckung/on
hochaffinen Nicht-Bisphosphonainhibitoren mit pharmakokinetischen Eigensdéaf fur

parasitare Indikationen aiif brucei FPPSgeebnet.
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Abbreviations and Acronyms

[wiv] Weight per volume

[wiw] Weight per weight

° Degree

24-SMT 24-sterol methyl transferase

A Angstrém (160 m = 0.1 nm)

AceDRG A stereechemical descrijwn generatofor ligands

AIMLESS Scale together multiple observations of reflections

AMBER Assisted model building with energy refinement

approx. Approximately

ATP Adenosingriphosphate

autoPROC A frameworkfor automated data processing

bp Base pai

BSA Bovine serum albumin

BSF Bloodstream form

CATT Card agglutinationestfor trypanosomiasis

CCu2 Half-dataset correlatioooefficient

CCD Charge coupled device

CCP4 Collaborative Computational Project 4

clogP The calculated logarithm of the tanolwater partition coefficient

COOoT Crystallographimbjectoriented toolkit

CPMG Carr Purcell Meiboom Gill

CRIMS Crystallizationinformation Management System

CSP Chemical shift perturbations

Da Dalton

DIALS Diffraction integration for advancedjht source

DIMPLE A pipeline for the rapid generation of difference maps from protein
crystals withputatively bound ligands

DMAPP Dimethyl allyl pyrophosphate

DNA deoxyribonucleic acid

DNDi Drugs for Neglected Diseaswstiative

DRC Democratic Repblic of the Congo

DSS 4,4-dimethyl4-silapentanel-sulfonic acid

DTO 24,24dimethylcholests,7,25(27)trienol

DTT Dithiothreitol
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EDso
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EMA
ESRF
ETO
FARM
FBDD
FBS
FGM
FKBP
FPPS
FQ
GC-MS
GE
GPP
GrenADeS
HAT
HBA
HBD
H-bond
hkl
HMG-CoA
HPLC
HRV 3C
HTS
iINEXT
IPP
ISPyB
K

L. donovani
LabCIP
LB

LDM

LE

LLE

Effective concentration 50
Effective dose 50

A framework for pluginbased applications applied ter&y experiment
online data analysis

European Medicines Agency
European synchrotron radiation facility
Ergostab,7,25(273trienol-3 kol

First aspartateich motif
Fragmentbased drug discovery
Fragmentbased screening

Fibroblast growth medium

FK506 Binding Protein

Farnesyl pyrophosphate synthase

Fit quality

Gaschromatographynass spectrometry
Group efficiency

Geranyl pyrophosphate

Grenoble automatic data processing system
Human African Trypanosomiasis
Hydrogenbond acceptor
Hydrogenbond donor

Hydrogenbond

Miller indices
3-hydroxy-3-methylglutary}CoA

High pressure liquid chromatography
Human rhinovirus 3C
High-throughputscreening
Infrastructure for NMR, EM and Xays for Translational Research
Isopentenyl pyrophosphate
Information system for protein crystallography beamlines
Kelvin

Leishmania donovani

Lab cleaningin place

Luria-Bertani

lipid-depletedmedium

Ligand efficiency

LigandHlipophilicity efficiency
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MASSIF

MCSS
MDG
MEP
mins
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MOE
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MW
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NMR
NMT
occ.
ODesoo

P. falciparum
PAINS
PanDDA
PCF
PCR
PDB
PEG
PFT
PGGTI
pH
PHENIX
POINTLESS
PPIs
REFMAC5
Riree

Rmeas

RNAI

Multi-wavekngth anomalous diffraction

Massively Automated Sample Screening and evaluation Integrate
Facility

Multiple CopySimultaneous Search
Methyl-U-D-Glucopyranoside
2-C-methytD-erythritol 4phosphate
Minutes

Macro-molecular Crystallographic Information File
Molecular operating environment
Mevalonate kinase

Molecular weight

Molecular weight cubff

Nitrogencontaining bisphosphonates
Nifurtimox-eflornithine combination therapy
Novartis Institutes for BioMedical Research
Nickel-nitrilotriacetic acid

Nuclear magnetic resonance
N-myristoyltransferase
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Optical density at 600 nm

Plasmodium falciparum

Panassay interference compounds
PanDataset DensitAnalysis

Procyclic form
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Polyethylene glycol
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Proteinprotein ineractions

Refinement of Macromolecular Structures, REFMAC

Free crystallographic fRactor
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rpm

SAR
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SDSPAGE
SOC
SOFASTHMQC
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SRA

T. brucej Tbru,T. b
T. gondii
T2S

B

TCI

TR
TROSY
TryS
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uv

VSG
WHO
wLOGSY
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Rotatable bonds

Rounds per minute

Structureactivity relationship

Second aspartatech motif

Sodium dodecyl sulfate polyacrylamide gel electrophoresis
Super Optimal broth with Catabolite repression

Band Selective Optimized Flip Angle Short Transiértleteronuclear
Multiple Quantum Coherence

Surface Plasmon Resonance

Serum resistaneassociated

Trypanosoma brucei

Toxoplasma gondii

Type Il secretion

Terrific broth

Triple resonance inverse

Trypanothione reductase

Transverse relation optimized spectroscopy
Trypanothione synthetase

Thermal shift analysis

Ultraviolet

Variant surfacglycoproteins

World Health Organisation
Waterligand-observedria gradient spectroscopy
X-ray Detector Software

Expert system and graphical user interface (GUI) for the automate
processing of diffraction images using tkBSprogram suite

Automated data reduction

For amino acid abbreviations, general one and letéer codes are used.
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1. Introduction

1. Intr oduction

The focus of the thesis is the fragment based drug discpvecgss towards an inhibitor of
Trypanosoma brucei (T.bruce) FPPS, a potential target rfo Human African
Trypanosomiasi§HAT). Bisphosphonates already in clinical application for baiseases anithe
identification of an alleteric pocket on human FPPS form the foundation of this projdtdover
nonbisphosphonate binders ®nbruceiFPPS witlpharmacokinetic properti¢ésatare appropriate
for parasitictherapy Sinceits first application in 1996, fragmeittased drug discovery has shown
its potential to identify new binding pockets orostchallenging targets and hdslivered two
approved drugsyith more thard0 drugs irclinical studies.

In Chapter 1the three different g&cts of the projeaill be introduced First, the HAT
disease, th@. bruceiparasite current treatment optiorendclinical drugcandidategor HAT are
describedIn the second parEPPS as potential drug discoveryargetis outlined its role in the
sterol biosynthesis introducedand previous research dn bruceiFPPSis presentedThethird
part is dedicated to theagmentbased drug discoverffighlighting its development, different
screening techniques and hit optinaiion approaches. Metho@snd Materiés are describeth
Chapter2. In Chapter 3, thdevelopmenbf the protein productigrthe crystallization screening
and optimisation phaseleading toa 167 A X-ray structure ofT. brucei FPFS is present
Furthermore, additiondl. bruceiFPPSfragmentco-crystalstructures of reported human allosteric
binders were solved and revealed binding in a similar allosteric pocket on
T. bruceiFPPSChapterd). Additional allosteric bindes, nonbisphosphonate active sitnd
fragmensin new bindingpockets oT. bruceiFPPS were identifieith an NMR and Xray fragment
screen and theliinding modewill be discusse@nd first SARby catalogueon several candidates
will be shown(Chapter5 and6).

In Chapter 7the structurdased fragment optimation by nmedicinal chemistry using fragment
growing and merging is described ansyathesisednerged fragmerttas been developed binding
in a new site The basis for the active site fragments thare used astarting pointsfor the
synthesis and the syntiestrategiesvill be presented

Chapter 8ives aconclusion and outlookn the research of HAtreatmentand Chapter 9
lists the usd references. Lastly, Chapter isthe Appendixcontainingthe plasmid maps list of
compound, SPR plotscrystallogaphictableson data collection and refinemeatditional density

maps.,and a description of theonSurfparameters.



1. Introduction

1.1 Human African Trypanosomiasis

1.1.1 Trypanosoma braei

Trypanosoma brucdiT. bruceior T. b.)is a subspecies of the unicellulargédlate of the
genus Trypanosoma,which causes the uman African TrypanosomiasigHAT). Three
morphologically indistinguisable subspecies have been describeds. rhodesienseausing the
acute form of the diseas€, b. gambienseaesulting in the chrogi progress of the disease and
T.b. brucei which isonly infectious to animalst? All three species contain a characteristic
flagellum starting from the flagellar pocket at the front end of the parasite, whislséstial for
viability of theparasite, a mitochondrion in which the kinetoplast resides, a nucleus and glycosomes
as well as a plethora of other organefié8oth humarinfective subspecieare transmitted bthe

bite of theblood-feedingGlossina also weltknown as tsetse flyF{gure1).>®

Sleeping Sickness, African (African trypanosomiasis)

(Trypanosoma brucei gambiense)
(Trypanosoma brucei rhodesiense)

Tsetse fly Stages Human Stages

Epimastigotes multiply o Tsetse fly takes

in salivary gland. They ablood meal
transform into metacyclic (injects metacyclic trypomastigotes)

trypomastigotes. %
0 ==

Injected metacyclic
trypomastigotes transform
into bloodstream
trypomastigotes, which
are carried to other sites.

)

0

Procyclic trypomastigotes
leave the midgut and transform
into epimastigotes.

binary fission in various
body fluids, e.g., blood,
lymph, and spinal fluid.

Tsetse fly takes
a blood meal
(bloodstream trypomastigotes
are ingested)

Bloodstream trypomastigotes\ /\ A

transform into procyclic — eTrypomasTigotes in bleod

trypomastigotes in tsetse fly's
midgut. Procyclic tryposmatigotes

B _ N
multiply by binary fission. 3 A' Infective Stage

A: Diagnostic Stage

Figure 1: T. bgambienseand T. b rhodesiensdife cycle. The tsetse fly stage and human stage of the paraititéts
morphological changes are depictBcom Alexander J de Silva and Melanie Moser, Centers for Disease Control Public
Health Image Library.

After ingestion of the stumpy bloodstreamnypanosomesn the blood of a tsetse flythe
trypanosomes undergo a complex morphological changee fly tissues through differentiation
to procyclic trypomastigotes. The trypomastigotes replicate by binary fission in akio8bifays
until they reach their fred oating final metacyclictrypomastigote form, which igfective for

human beings. The metacyclic toypastigotesand tsetse saliva are transmittedhtonans by the
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bite of thefly.5'2 Only a population of 0.01 0.1 % of the tsetse flies carry the mature infective
trypanosomes and can transmit the disease but wilocad meal every three days and being
infective for the rest of the lifetime one tsetse fly can infect many pédplence 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 bodpnd body fliids 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 lifecycle of T. brucei(Figure1).1>16

The full genome of. bruceitrypanosomes was recently sequerered 10 % of the genome
encode for their surrounding surface coat consistingg w@ariant  surface
glycoproteing1250i 1500VSG genes}> ¥ Through a high level of antigenic variation
characterised by constarttange of the expression of one of these VSGs, trypanosomes repeatedly
overcome the host immune response and this also makes it diffic@v¢lop a vaccinatiol§. 192

Thehuman serum also contains lytic factors to combat trypanosomal infections, one of which
includes the human trypanolytic factor containing apo lipoprotein apg® 1. b. rhodesiense
expresses serum resistarggsociated (SRA) protein, which neutralizes apolLl and therefore
prevents pore formation as part of the lytic attack of the host orgdhiénm contrast,
T.b. gambiensaloes not contain thera gene and is described to resist lysis by lower levels of
apolL1 uptake. This is achieved by utilizing its haptogldi@emoglobin receptor combined with a
membrane stiffing by @&. b.gambiensepeific glycoprotein?? 2526 |n contrast tal'. b.brucei these
mechanisms have enabled the other tulispecies to combat the host immunity and to cause the
dreaded HAT diseasé.

1.1.2 Epidemiology of human African trypanosomiasis

HAT is a neglected disease in 36 st#haran African countries,us it is consideed as
endemidn these countried.. b. gambienseénfections account for 97 98 % of all reported HAT
disease casesdthey occur in West and Central Afridéigure?2).*®> More specifically, 84 % of all
cases were reported in the Democratic Republic of the Congo (DRC) ir?’2Bil@ontrast,

T. b. rhodesiensgarasitic infections are found in Eastern and Southern Africa with cassts
reported in Ugand& Millions of people were killed since the beging of the 28 century and the

last peak in transmission was reached just before the start ofstloer&liry? 2° Hereafter, strict

control programs of people at risk especially in rural areas and healthtesstor the tratment 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 dowards tred had &d 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 yedf.However, the number of occurring cases is thought to béisantly higher since

the number of undetected cases should not be disregarded as one of the most neglected populations
is affected® * Around 57million people are estimated to be still at risk for infectibAdditionally,

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

expated cases were also reportednon-endemic countries. In tota®4 cases were reported in
nonencemic countries across all five continents in the period of 200m.Q3! The United

Republic of Tanzaniaepresents the main country of origin fbrb. rhodesiensénfections with

59% of all cases whereas expatcases of . b.gambiensénfections originate mainly from the

DRC and Gabon with each accounting for 23 % of all cises.
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Figure 2. Local distribution of T. b. gambienseand T.brucei rhodesienseinfections. T. b. gambienseand
T. b. rhodesiensénfections arén conditional formatting from dark red and dark blue for more than 0.01 infegi@ns
km? per year to white for zero cases, respectively. Yellow shaded areas show the pdistithedion of the tsetse flies.
Reprinted from referenésvith permission from Elsevier.

1.1.3 Clinical progressof the disease

Once the host gets infected, two stages are differentiaedaemolymphatic and a
meningoencephalitic stag&For T. b.rhodesiensénfectionson humansa trypanosomal chancre
of 37 4 cm characterized by heat and local erythemight appeaaround the bite ahe tsetse fly
within 27 3 days. However, foil. b. gambiensethis first clinical sign is rarely seén®? In the
so-called first stage ohe diseasaynspecific symptoms such as lymphadenopathy, headadite,

pain, fatigue, weight loss, malaise, antérmittent feveicanoccur while parasites are only found
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in the blood and lympH: 3334 From hee on, he disease progress highly differs between the two
subspecies. Typically, rhodesieAdAT infections progress to the second meningoencephalitic
stage within weeks after infection and show distinct differences in various focitar&ds.
contrast, for gambiengdAT, 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 mdothoup
than 15 year$.3%3” Hence, the rhdesienseHAT is classified as the acute form and patients
generally die within 6 months whereas patients with gambiklidse can live with the disease for
a number of year®.Nevertheless, both forms are considered fatal if untreated or diagnosed too
late®

The second stage is reached when the pasdsitve crossed the blebdhin barrier and have
invaded the central nervous system resulting in severe neurological symptoms and mental changes
such as motor weakss, speech disorders, walking difficulties, emotional lability, confusion,
dementia and st disturbance with daytime somnolence and insomnia, giving the characteristic
name of the diseas&s.®%4 Nevertheless, clinical symptoms between different patients vary
considerably and the clinical signs beem the two stages overlap. Thus, diagnosis and recognizi
the staging of the disease have proven to be diffiétt.

1.1.4 Diagnosis

Unfortunately no effective vaccination or drug as prophylaxis prevent HATis onthe
market!® “2Hence, the generatrategyfor limiting the disease is the reduction of the distribution
of the vectorGlossinatogether with a rapid diagnosis and treatmwgfore the progress to the
second stge of the diseaséTwo different strategies of diagnosis are followed for the two ji@ras
subspecies. In general, parasitologidi#gnosis of T. b rhodesiensenfections is relatively
easydue to a hip level of parasitemiaThe preparation of a fresh thi blood sample
for microscopicexamination allows the detection of trypanosomes with a tsetysi of
5000trypanosomes/mk> 344344 On the other hand, dattion of T. b. gambiensénfections pose a
challenge and the development of the serologic card agglutination test for trypanosomes (CATT)
in the late 1970s significantly improved diagndSislowadays, the test is also commonly used for
screening of the population in areas with prevalence of gamkiéhEe® The test uses the antigen
type LiTatl.3 of thel. b. gambiensand can be performed on blood, plasma or serum samples. In
the latter case, the sgificity is highly improved>*® 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 coamty carried out by examination of the cerebrospfilugd with
respect to the number of white blood cell count and the detection of trypandSdft@sce the
stage of the disease is determined, an appropresdértent is initiated; however, available drugs

are a least 30years old, have strong limitations, and show varitegrees of toxicity’
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1.1.5 Current treatment options for HAT

The treatment of choice for firstageT. b gambiensés pentamidine isethionate weh was
first introduced in 1937 and is administered by intramuscularctioje of 4 mg/kg for
sevendays(Figure3).4? 8 This mode of action is still not elucidated but it is kmaWat the drug
molecule tghtly interacts with DNA and disrupts the mitochondrial functirf8€>! The therapy is
generally weltolerated, but side effects such as hypotension and nephrotoxicity and
gastrointestinal problems are reported>?

HO3S
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Figure 3: Currently available drugs for the treatment of HAT disease Chemical strutures of pentamidine,
melarsoprol, suramin, eflornithine, nifurtimox are shown frbins.

Suramin, also known as Bayer 205 was first synthesised in 1917 aGehman
pharmaceutical company Bayer and is the-firdine drug for the treatment of the first stage of
T. b. rhodesiensénfections(Figure3).>* The drug needs a slow intravenous administration and the
treatment program can last up to one month with 20 mg/kg injections &vefydays and thus,
requires long hospital staysSide effects frequently occur but they are relatively mild and include
sometimes among others refeilure, anaemiafatigue and pyrexie*® Suramin is also effective
agahst T.b.gambiensebut is rarely used for the gambieAdAT treatment due to easier
administration of pentamidirté.

For the second stage of the diseabkags that cross the blodutain barrier are requiredl.
Historically, melarsoprol, an orgarawsnical compound, and eflornithine, an analogde o
ornithine, were the only available treatment options as monothefapi&flornithine modulates
the ornithine decarboxylase function and, most importantlytheisnly drug with a weltlescribed
molecular target in this conte%t®?

The introduction of the nifurtimoeeflornithine combination therapy (NECT) was a
breakthrough in the treatment of HAT and is now the reffstient and coseffective option to
treat T. b. gambienseinfections®*¢® Nifurtimox is only registered for the treatment of Chagas

disease and therefore, treatment of gra with NECT requires previous autization of the
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ministry of healtH: 1> 67In 2009, NECT was included in the WHO list of essential medicines and
is provided free of charge to endemic countries and afteyeare88 % of aljambienseHAT cases
were already treated with NECT.®® 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 day® Therefore, this combation therapy allowed the reduction of eflornithine
intravenous infusns from56 to 14 applicationsover a period of 10 dayswhich resulted in a
reduced amount of expensive drug needed, a decreased logistic burden and shortened hospital
stayst®> ¢+ ¢9 Additionally, concerns on the higher risk of infections in field conditions than in
previous highly controlled clinical trials were thconfirmed and the NECWas shown to be
justified in endemic cautries’® Most importantly, the combined treatment showed reduced side
effects, overall decreased mortality and lower relapse rates compared to eflornithine
monotherapy>®* Eflornithinemonotherapy is now only the treatment of choice if nifurtimox would
be contraindicative or not accessible.

For the treatment of second stage rhodesietfSE, melarsoprol is still the only option. It
requres an intravenous slow bolus injection of 2.2 mg/kg/day for 10 daMewever, in
57 10% of treated patients an encephalopathic syndrome develops thatl ifofatalf of the
patients. Apart from that, headache, pyrexia, gastrointestinal and skin reaction®gsmtfy
occur® 72 New drugs are urgently needed wiém improved medical profile and easier
administation. For that, mainly phenotyplased higkthrouchput screening (HTS) and
targetbased approaches are followed as discussed in the next chapters.

1.1.6 Phenotypic screening

Phenotypiebased HTS is a wedistabished approach in drug discovery projects fagleeted
diseases*””I't aims to identify mol eioadisease réldvamttwaya |l t e r
and has thus the potential to identify molecules with new modes of action without the knowledge
of a secific target’®

In 1997, Réazet al. describd a widely applied viability assay on bloodstream
form (BSF)T. bruceibased on the dye Alamar Blie ( r e s ia @ 96 wéll fojnat’*8* Among
other studies, the assay was used to saeédrary with4-aminoquinolinebased heterodimeric
compounds and thaost potent compourtl(Figure4) was deterimed with an 1Go of 0.12uM.#2
Interestingly, the inhibitory efficiency was partly explained by the inhibition of the trypanothione
reductase but other biological effects are probably included by its aétivityis whole cell
viability assay was further develapén a 384well format for highthroughput approaches and
applied for an HTS of 87,296 library (WEHI 2003 cta#ctionf® against BSH'. b.bruceilister 427

cells8+85
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Similarly, a 96well and 384well format fa a firefly luciferasebased whole cell viability
assay on BSH. bruceistrain 427 were developed and compared to the Alamar Blue %85ay.
From a firefly Lciferasebased HTS, the optindtion of a hit identied the imidazopyridine lead
compound? (Figure4) with high potency for first stage HAT and cur&édbruceiinfected mice
after 25 mg/kg oral administratioff.
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Figure 4: New moleculeswith activity on T. brucei cells or T. brucei enzyme targets Compound6 and 7 were
identified in HTS phenotypic assay against whole CcEIl brucei Compounds8 i 10 showed activity on
N-myristoyltransferase, trypanothione reductase, trypanothione synthase, respectively. Corhpandd?2 exhibited
activity for first and second age disease and are inspired by the clinically used drug, pentamidine.

Recently, Fariat al.reporteda new robust and cesftfective whole cell assay based on the
cyanine dye SYBR Green At the same timethey screened a 4006ompoundkinase focused
library in the newlyleveloped screen and the AlarBéue screen to compare the assay performance

and to dentify new potent antitrypanosomal chemical scaffélds.

1.1.7 Target based approaches and clinically drugnspired new molecules

In HAT drug discovery, targdiased approaches are widely applied as an alternative to
phenotypic screening in identifying new molecules with-tnyppanosomal activity, generally in an
HTS campaign against a specific tarjek plethora of targets was investigated as summarized in
various comprehensive reviews°2 The enzyme Nmyristoyltransferase (NMT) was shown to
be essential foll. bruceiparasitic growth andsia validated drug target for HAT?* From a
62,000diversity-based compound librafy screen several hits were optimised including the
pyrazolesulfonamide, DDD85646-ifure 4) shown to cure first stag€. bruceiinfections in
mice®°” Another potential target is trypanothione reduet@BR) and Martyret al. identified in
an HTS of 134,500 compounds by measuring the activityR3¥ dompoundd (Figure4) with an
ICso0f 0.34uM againsfT. bruceiand a 5%old selectivity over human glutathione reduct@s®:10!

Trypanothione synthetase (TryS) is an essential targeT .fdirucei survival. In a drug

discovery campaign, indazole compoul@ (Figure 4) was identified which showed to inhibit
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T. brucei TryS with anlCso of 0.09uM.1%2 Recently, therés also increasing interest ihadesian
cysteine proteases as potential drug targets and series of pegdate and peptidomimetic
inhibitors showed promising resuk&1%* Other investigated targets include cathepsity, Burora
kinase 1% pteridine reductas®'®® fructose 1, #isphosphate aldolasé™!® and
phosphofructokinag€. However, most importantly, farnesyltransfetdsg® and several target
enzymes of the sterol biosynthesis, including FPPS, were also studied and a comprehensive
summary is given in Chapté.2.2

Another area of interest hasdm on cliical druginspired molecules, such as diamidines due
to first stage pentamidine therapy in the clinic. These compounds are thought to tamigt AT
stretches of DNA, several studies based on amidines, and diamidines have been described
elsewhee 11%123 A bisamidine compound entered clinical trials but unfortunately, the trial was
discontinued as patients developed transaminases and acute renal insuffi¢ieviogt
importantly, DB829an azadiamidineand 28DAP01{Figure4), a relatechnalogue, showed both
efficacy against the first and second stage of the disease caused by lirotiei subspecie$>126
DB829 showed curation in a monkey model at a dose®mg/kg intramuscular treatment and
28DAP010 demonstrated similiar vivo efficacy in mouse model$®!?” These compounds show
high potential for further drug development ke programs were stopped due to the two
compounds, fexinidazole and SC¥72458 which exhibit a superior profile as described in the next
chaptert?®

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 Diseasesitiative (DNDi) by 2018. Fexinidazole, a-substituted Sitroimidazole
(Figureb), was initially developed by Hoechst in the 1980s, further abandoned and rediscovered in
2005 by DND and is now the most advanced compound in the drug development process with a
potential orakreatment foffirst and second stage gambiem$&T.12%130 A DNDi phasell/lll trial
conducted in the DRC and the Central African Republic with-day0oncea-day oral treatment
regime of 1800ng on day4 to 4 and 1200 mg on y&5 to 10 demonsited that the treatment is
well-tolerated and effectivE! Therefore, the fexinidazole regulatory dossier was accepted by the
European Medicines Agency (EMA) under the Article 58 in 261..n 201 8, t he EN
Commitee for Medicinal Products for Human Use released a positive opinion of fexinidazole and
the drug was registered in the DRC end of 2818nother fhase II/1Il trial is prepared tdart in

mid-2019 in Malawi to assess fexinidazole also for rhodesieiAse 134
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Figure 5: Drug candidates for the treatment of HAT in clinical trials. Chemical suctures of fexinidazole,
SCYX-7158, SCYX1608210 and SCYX330682 are shown.

SCYX-7158 (Acoziborole,Figure5), a benzoxaborole is another candidate that was
optimised from a lead series after an initial screen of a benzoxaboroles librarnhiruaeiviability
assay:*® This benzoxaborole could potentially be administered as a single oral dose due to its
400hours long haHife.*> Additionally, two backup candidates SCY-4330682 and
SCYX-1608210(Figureb) also shaved efficacy in mouse models but the program wasrsébtul
due to the promising results of SCYX 58 in preclinical andhmase | studie¥®'*” In the phase |
study with SCYX7158 the administteon of a single960 mg dose was determined and the
penetration througthe bloodbrain barrier could be confirmed to enable treatment of second stage
gambienseHAT.2%® In 2016, a piotal DND phasell/lll tral (ClinicalTrials.gov
Identifier: NCT0308795% was initiated for SCYX7158 with the contiued recruitment of
191 patients in 2018 and the goal of submisgb@a regulatory dossier to the EMA under Article
58 in 2021%%*

In summary, it is a long route until the approval of a new drug but the development of orally
available fexinidazole is a therapeuticeakthrough for a safe and effective HAT treatment.
Furthermore, SCYX/158 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. bruceiFPPS as a target enzyme for HAT

1.2.1 Sterol biosynthesis

Farnesyl pyrophosphasgnthase (FPPS) is part of the sterol biosynthesis, which is facilitated
by a highly regulated and important metabolic pathway found in most eukaryotes, bacteria, fungi
andplants!4®143 The pathway is particulariwell-studied in humans and part of the synthesis for
sterol isoprenoids and nonsterol isoprespiduch as cholesterol, dolichols, ubiquingne
isopentenyl tRNA* More specifically, cholésrol is involved in the membrane structure and is
further convertednto bile acids, lipoproteins, steroid hormones with a vital role in a variety of
cellular processé¥14 ubiquinones participate in the electron transfoand dolichol is essential

for glycoprotein synthesi¢® Furthermore, isoprenoid pestnslation modification of proteins,

10



1. Introduction

such as Rho, Rac or Ras, playsrdical role in protein local&tion and activity, and cellular
signalling cascadeg4?1%°

It is also wellestablished that the sterol biosynthesiessentiain T. bruceitrypanosomes
however, in contrast to mammalian and similar to plants and fitnygianosomes synthesis
ergosterol and various oth24-methylsterols instead of cholestefdt1°? Ergosterol differdrom
cholesterol by two double bonds in the B ringaaditional double bond at€a n d -mathybat
position 24%%3 Before studying thesterol biosynthesis iif. brucei it is noteworthyto mention
thattwo experimentally studied differefit bruceiforms are dtinguished in thd. brucei life
cycle:theprocyclic form(PCF)(in tsetse fly) and the bloodstream form (B@R)host) These two
forms havea remarkabledifferent sterol content and sterol biosynthesis activitye PCF and
BSFT. brucei are importantd be distinguished when describing the sterol biosynth&3s
Contradictive literature is reported on the necessitthefendogenaibiosynthesis of sterols in
BSF T. brucej which is relevant for antiparaisitdrugs targeting the ergosterol biosynthesis as

discussed in the following chapters.

1.2.1.1 Sterol biosynthesis in procyclic form ofT. brucei

The de novo sterol biosynthesis starts with the mevalonate pathway. Leucine, which is
converted in a $tep procesinto 3-hydroxy-3-methylglutaryfCoenzym A (HMGCoA), was
described as the main carbasusce in PCF off. brucei’®® Apart from that, an SCP2 thiolase,
similarly to the acetoacteyfoA-thiolase in mammalian, wadeantified inT. bruceias essential for
sterol biosynthesis from ketogenic sources, such as glucose, threonine and‘adetife.
SCP2thiolasecatalyseshe condensain of two acetydCoA units to acetoacetf@oA (Figure6).15°
Subsequently, acetoacetybA is catalysed by-Bydroxy-3-methylgluaryl-CoA (HMG)-synthase
to form HMG-CoA with the addition of a third acet@oA unit!%*%°Then HMGCOoA is reduced
to mevalonate through HMGOA reductase, which is the last step of the Hstep mevalonate
pathway%3 %1 The early steps of the mevalonate pathway are localised in the mitochondrion. While
mammalian cells have a mitochondrial and cytosolic HRIGA synthase, both the HMGoA

synthase and the HMGOoA reductase are localised in the mitochondrio.ibrucei'®0 162163

11



1. Introduction

(0]
)J\ Acetyl-CoA Sterol biosynthesis ) o
CoA continued Dolichols, Ubiquinones
SCP2 thiolase ‘ /
0 9 1
Farnesylated
- AN NN A
)J\/U\COA Acetoacetyl-CoA OPP — = proteins
Farnesyl pyrophosphate ( Protein farnesyl transferase )

HMG-CoA synthase

BPs —I [Farnesyl pyrophosphate synthase]

OH;C OH O 3-hydroxy-3-methylglutaryl-CoA

e )\/\/k/\
Geranyl-PP
X N-"opp

Statins —I (HMG-COA reductase]

:

HO

OHO CHs

Mevalonate BPs —I (Farnesyl pryophosphate synthase]

:

HO OH
)J\Is/ogentenyl-PP )\/\ Dimethylallyl-PP
oPP N-"opp
O HQ CH; Mevalonate-5-phosphate ( Isopentenyl-diphosphate isomerase ]

:

HO OoP

(Phosphomevalonate kinase] (Diphosphomevalonate decarboxylase]

i

OHO, CHs

J\/k/\ Mevalonate-PP
HO OPP

Figure 6: First part of sterol biosynthesis inT. bruceiThe 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 fféfn

The mevalonate pathway is followed by the isoprenoid patAt¥aipn the first step,
mevalonate is phosphorylated to mevalofaphosphate through the mevalonate kinase (MVAK)
using ATP0 165The MVAK is conserved across other trypanosomatids andKAwf T. brucei
contains signal sequences PTS1 and PTS2, targeting it for transport to the peroxisomal
matrix 160166167 Proteomic studies, a digitonin titration and iedt 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 cléafe

An additional ATRdemendent phosphorylation step catalysed by phosphooeaia
kinaseforms mevalonatpyrophosphate. In a decarboxylation step diphosphomevalonate
decarboxyla€®® forms isopentenypyrophosphate (IPP)%%1"? Further isomeriation of
isopentenyl pyrophosphatts dimethyl allyl pyrophosphate(DMAPP) by the isopentenyl
diphosphateisomerase enables the formation of longer isoprerdids. a first heaeto-tail
condensation reaction of IPP with DMAPP thecHdbon isoprenoid geranyl pyrophosphate (GPP)
is formed. Then GPP undergoes aroitondensation reaction with a newlemnle of IPP to form
farnesyl pyrophosphate (FPP). These two consecutive condensation reactions are catalysed by the

enzyme farnesyl pyrophosphate synthase (FFPS) 17FPPS constitutes the last enzymehef
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isoprenoid pathway and is followed by committed steps of the sterol biosyrtfi&sis the PCF
of T. bruceithe localgation of FPPS was thoroughly studied by immunofluorescencestiopy
analysis, a permeabitiion assay and Western btétin these studies, FPPS was mainly found in
the cytoplasm with a potentiadiditional localisation in the endoplasmic reticulum (E/RJditional
immunofluorescence experimis with BSF ofT. brucei support the same assumption about the

localisaton.1”®
FPP is a branching point and can either be the substrate for farnesylated and

geranylgeranylated proteiasdthe formation of dolichols, ubiquinones or it is further catdy®

squalene as paof the sterol biosynthesigigure7).112 174176
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Figure 7: Second part of sterol biosynthesis ifT. brucei The figure depicts the steptbe sterol biosynthesis from
farnesylpyrophosphate to ergosterdifferent final products ifT. bruceiand the enzymes in bracketsyich catalyse the
steps. Potential blocking of the catalytic step frorn3d r | a n o s dmethylayimosterol bydinhibitors is marked.

Adapted fromt64and*?’.
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The following reactions of the sterol biosynthesis are reported to take ol the ER5> 178
First, theformation of squalene is cataB¢ by squalene synthase and thioygesquales
diphosphatg squalene is formed bthe condensation of two FPP molecutés Furthermore,
squalene is the preequisite fo the synthesis of 2;8xidosquatne catalysd by squalene
epoxidaseé’®

Then the 30carbon chain 2;8xidosqualenecyclisesin a highly complg reaction to
lanosterolby lanosterol synthasand lanosterol is further dethglated atC, paosition to form
31-norlanosterat®®8! This is in contrast to mammalian, fungi and efercruzipathways where
Cu is first demethylatedt® 182183 |n the next reptitive threestep proces$l-norlanosterol is
catalysed by sterd4Udemethylase (CYP5%f'8° and then through sterol £reductast®,
40-methylzymosterois formed!®” Next, the second methyl group on i removedand zymosterol
is relesed™ Zymosterol is the branching point for mulgép product formation of
ergostab,7,24(28)trienol, ergostab,7,24(25)trienol, 24,24dimethylcholest,7,25(27trienol
(DTO), ergosteb,7,25(273trien-3b-ol (ETO) and cholesta,7,24trienol (Figure7). Methylation
of the side chain to gld 24alkyl sterols are catalgd by the AdoMetlependent 24terol methyl
transferas€24-SMT), which is absent in mammalian cell&gostas,7,25(27jtrienol is further
catalysed to ergosterol (ergo&ta,22(23)trienol) through protothecasterl. Interestingly, the
genett information for a C25(27#eductase and ax&desaturase to form ergosterol was described
to be absent. This is in contrast to other organisms, inclidiomizi.'*> ***However,as proposed
by Zhouet al it could also be a possibility that due to an unuseguence of these enzymes the
genetic database still has its limitatidf.

Gas chromatographyass speobmetry (GCMS) analysis of procyclic cells grown on
fibroblast growth medium (FGM) showed equal amounts of cholesterol and endogenously
synthesisedsterols, mostly cholesta 7,24trienol and ergosta,7,25(27)trienol with only
3.5% ergosterol of the tal sterol content®® However, other studies of procyclic cells indicated

ergosterol accounting for 14.3 % of the total sterol nfdss.

1.2.1.2 Sterol biosynthesis in bloodstream form

For BSF ofT. bruceiit waslong believed that due to their receptoediated uptake of
cholesterol from the host, the endoges biosynthesis of sterols is completely eliminated, which
would limit the effect of antiparasitic drugs targeting the ergosterol biosyntfigSiddowever,
gene expression of all genes for sterol biosynthesis in BSHK. dfrucei was shown and
117 12isoprene unit long dolichols and ubiquinones rdggir FPP were identified by
high-performance liquid chromatograpi{HPLC) and MS.In vitro investigation identified a
functional 24alkyl sterol biosynthesis® 182 Nevertheless, the enzyme activity and expression

levels are different in PCF and BSFbrucei The activity ofHMG-CoA reductase was found to
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be 3fold lower and HMGCoA synthase, MVAK and 28MT were expressed 2,53.78 and
3-fold lower in BSF than in PCF. brucei'*> %% 18 19%Gterol biosynthesis inhibitors werested
on both parasitic life stages and most importantly, growth inhibitory efieatdro andin vivo
were observed on PCF and BBForuceias further discussed in the next chaptef>® 182, 19294

Sterds have a majostructural function for membranes and cholesterol, exogenously taken
up from the host, accounts for more than 95 % of the total sterol contB8F. bruceil®? In
yeast, a dual role of ergostéas a component of the membrane and a sparking niblesignalling
of cell pwoliferation has been describ&§1% A similar picture emerged fof. brucej cholesterol
is the bulk sterol in membranes but estgwol could replace it partly to signal for cell grovatind
function as a ntabolic molecule. Notably, Zhoet al.reported a close association of cholesterol
import with the regulation of the ergosterol biosynthdgaigase of limited cholesterol availéity,
ergosterol biosynthesis is upregulated and with high exogenous tehaleshe endogenous
ergosterol biosynthesis is downregulated but never fully elimirtéted.

However,n an aalysisof the sterol comnt of BSF cells cultured on FGM, which resembles
the cholesterol availabilityin human blood, 0.01 fg/cell ergosteralere detectedby
High-Performance Liquid Chromatographjtraviolet (HPLC-UV) scanning In contrast,n cells
grown onlipid-depletedmedum (LDM), 0.0050.001 fg/cell ergosterol were detectddhis can
only occur via upregulation of the ergosterol biosynthesis with limited cholesterol availsbility.
In any case, the necessity of these small amounts for céfepaion and viabity was further
shown by experiments witfi. brucei 24-SMT RNA interference (RNAI) cell lines on LDM
together with 2Eazalanosterol. In these conditions decreased cell growth was observed and cells
were rescued by the addition of 1Ll ergosterol. Thesresults clearly show, contrary to previous
assumptions, that ergosterol biosynthesis in BS$tuceiis relevant and that enzymes of the sterol
biosynthesis are valid targets for antiparasitic drug discovery. Several research projiffesent

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

1.2.2 Sterol biosynthesignhibitors in procyclic and bloodstream formT. brucei

Enzymesof the sterol biosynthesiand further enzymes usingubstratesof the sterol
biosynthesissuch aprotein farnesyl transferase (PFajeextensivelyinvestigatedasdrug targes
anda comprehensive numbef studiesis presented herdHMG-CoA reductase, ree of the first
enzynes in the mevalonate pathwegn be inhibited by statinkat block tle catalytic binding site
of HMG-CoA1%"1% HMG-CoA reductase is a validated targetfiomans for the treatment of
atherosclerotic cardivascular diseas&atins are widely prescribedrftheir cholestroklowering
propertiesand its potential is further investigated for additional applicafithi®’ Notably,
incubation ofPCFandBSFT. bruceicells withthe statinsynvinolin (simvastatin) also showed a

dosedependent inhibitory growth effecRCF T. bruceigrown on lipoproteiffree serum and
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BSFT. bruceigrown on complete serumere incubated with 26M synvinolin for 40 hourgand a
2-fold in vitro growth reductionwas observedf? Interestingly,Yokoyamaet al. determined an
around 10€fold lower 1Go (2 pM) of synvinolin against BSFT. brucei compared to
PCFT. brucei(150 uM).1*3 Similarly, Anderssoret al. reported the growth inhibitory effect of
0.17 20 pM lovastatin, another HM& oA reductase inhibiting drug, afté0® U/ml interferono
stimulation of BSFT. brucei and showed a reversed effect withe thaddition of
10 mM mevalonateé® Another HMGCOoA reductase inhibitor compactin led to altered
morphologyat cytostatic concentrations in procyclic cells after 3 days HaqMM compactin
resulted in complete growth inhibitidar BSF cells?%

Furthermore FPPS targetingpitrogerncontaining bisphosphonatébl-BPs) are broadly in
clinical use for various b resorption diseases but thesmpound have als shown antparasitic
effects as discussed in détai the next chaptert*118 The Cis-FPPand Go-GPP productsapart
from their role in thesterol biosynthesjsare attached to cysteine residues of proteins, such as
GTPases, for protein farnesylation and gelgesmylation with various roles in
trypanosome&*2%®  The transfer is catalysed by the enzgmePFT and potein
geranylgeranyltransferad€PGGT-1) in T. bruceiand inhibitors of the mammala PFF62%8were
shownto inhibit T. brucei PFT in vitro.}'?113 BSF cells already showed cell deformatiofiea
6 hoursand full lysis after 15durs with incubation of 25M farnesytO-NH-PA ester!'®Similarly,
four CaaX mimetics (FFR77, GGTF297, L-745,631and SCH44342)led tocell deformation after
24 hoursand cytocidal effects oBSFT. brucei?® Several isothiazole dioxideserealsotested for
in vitro inhibition and an isothiazole dioxide with an aisthxazolyl grougshowed an 16, of 2 UM
for T. brucei PFT and no rat PFT inhibition at the same concentration. @elal. showed
in vitro growth intibition of BSFT. brucei?'®2!!

The squalene synthase was previously broadly studied as a target against atherosclerosis in
humang!#213 In an investigation of differeénquinuclidine derivatives as inhibitors of squalene
synthase, growth inhibin of T. bruceiwas observed but no activity against recombinant squalene
synthase could be detected suggesting a different mode of #¢#SnHowever, the
steroll 4-demethylase, CYP51 was fadi to be inhibited in a dos#ependent manner by various
azoles and inhibition correlated well with aptrasitic effects on PCF and B$Foruceil®®
Moreover, the complex structure of CYP51 with a-aanle compound N-(2,4-dichlorophenyl)
2-(1H-imidazol1-yl)ethyl)-4-(5-phneyt1,3,40xadiazol2-yl) benzamide (VNI) was solved and
oraladministration of 20 mg/kg VNI t®. brucetinfected mice showed deslependent decreased
parasitemia®

One of the last steps of the sterol biosynthesis is the famafi24alkyl sterols through
24-SMT, an enzyme missing in mammaliafs 8 Azasterols have demonstrated inhibition of
24-SMT in Saccharomyces cerevisfd® Leishmaniaspp?!’, T. cruzf'”?'® and Pneumocystis

carinii?®® but an investigation of azasterol analogues aSKZ inhibitors againsT. bruceifound
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inhibition of PCF ad BSFT. bruceigrowth with no association to ZBMT inhibition 89 220
Nevertheless, an azasterol lemdmpound showed growth inhibition with an effective
concentratiors0 (EGo) of 12 nM and the structw@ctivity relationship (SAR) was further
investigated®® #?! More recent, substratdbased and transition state analogue inhibitors,
azasterols and 2hialanosterol sulfonium salt demonstrated selective and-dksendent
inhibition of BSFT. brucei with effective dose 50 (Edg values beveen 1 to 3 uM. Treatment
with 5mgkg of 25thialanosterol sulfonium salt prolonged life of mice by at least two #ays.
Further, Leaveetal. investigated the effect of 2@uorolanosterol (26-L) which irreversibly
inactivated the 28MT and showed cell growth inhibitio? Whereas Milleret al. showed
50 % growth inhibition with the addition of around 15 uM 26,-@Zhydrolanosterol, a pidrug
that leads to inactivation of 28MT after Ge-methylation, to PCF and BSF. brucei??®

In combination, these results show that the sterol biosynthesis pathway presents a plethora of
enzymes that can be inhibited by various compound classemwitiho andin vivo anti-parasitic
effects on PCF and BSF. brucei Therefore,these enzymes constitute promising targets for

antiparasitic drugs.

1.2.3 Farnesyl pyrophosphate synthase

Farnesyl pyrophosphate synthadeC@.5.1.10) also known as farnesyl diphosphate
synthas€FPPS) was originally described in 188@nd is a homodimeric Mgdependent enzyme
of two 32 to 44 kDa subunits in various organigf&!l n humans, F P RI®licesonsi st
connected by interhelical dp regiong®? The enzyme has two highly conserved aspartake
motifs: first aspartateich motif (FARM) and second aspartateh motif (SARM) located at
opposite sides of the active sitghichisno st | y f or me d-hdliges Figare8).253°%r al | e |
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Figure 8: Location and amino acids of the active site on human FPPSThe human FPPS hwmodimer in
openconformation (PDB ID 4XQR, yellow) and closed conformation (PDB ID 2F8Z, green) is depicted with IPP
(PDBID 2F8Z, pink) and DMAPP (blugyosition modelled from PDB ID 1RQI(a) Overall view of human FPPS
homodimer with activesite markedn orange. (b)Closeup on active site in open and closed conformat{opnand

(d) Side view andop viewon 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 reptasien. In(c) the FARM andSARM are labelled and ifd) the residues

of both motifs are labelled.

FPPSplays a key role in the isoprenoid pathway of sterol biosynthesis and catalyses the two
consecutive heatb-tail condensation reactions of IPP and DMA® form G°P and further 8P
and IPP to release FPP. The catalysed reaction is described to follow -atéjprasechanism
consisting of ionisation, condensation and eliminatiéigure9).2*’ First, DMAPP ionistion is
facilitatedby the eng me 6 st r P*olusteriwleeee all tHveg Myparticipate in the salt bridge
formation with the unesterified oxygens of the pyrophosphate. A carbenium intermediate with an
allylic carboation isformed that is stabilesd by FPPS interactisrand elecbstatic interactions
with the generated pyrophosphate. At the same time, the metal ions stabilise the negative charge of
the pyrophosphate. The hydrophobie Boprenoid tail of the second substratBP is in
juxtaposition to the positive clge on the MAPP and enables a quick condensation reaction with
the nucleophilic double bond of IPP. For the elimination step, themetatliigated DMAPP
pyrophosphate oxygen serves as the catalytic base amnihésright position to abstract the proton
from the IFP G-pro R to form the double bond of the final prodé¢t.230 238
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