
 

 

Targeting farnesyl pyrophosphate synthase  

of Trypanosoma cruzi by fragment-based lead discovery 

 

 

 

 

 

 

 

 

 

 

 

Dissertation 

 

 

 

zur Erlangung des Doktorgrades der Naturwissenschaften (Dr. rer. nat.) 

dem Fachbereich Pharmazie der Philipps-Universität Marburg 

vorgelegt von 

 

 

Joy Kristin Petrick  

aus Hamburg 

 

 

 

 

 

 

Marburg/Lahn, 2019 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Erstgutachter   Herr Prof. Dr. Gerhard Klebe 

Zweitgutachter  Herr Dr. Wolfgang Jahnke 

 

 

Tag des Einreichens: 01.08.2019 

Tag der mündlichen Prüfung: 12.09.2019 

Hochschulkennziffer: 1180 



 

 



 

 



 

 

 

 

 

Success is not final,  

failure is not fatal:  

it is the courage to continue that counts. 

  

Winston Churchill 

  



 

 



 

Table of contents  

Zusammenfassung .......................................................................................................................... I  

Summary ...................................................................................................................................... III  

List of figures .................................................................................................................................. i 

List of tables .................................................................................................................................. iv 

List of acronyms and abbreviations ........................................................................................... vi 

1. Introduction  ........................................................................................................................... 1 

1.1 Chagas disease ............................................................................................................ 1 

1.1.1 Trypanosoma cruzi .................................................................................................. 2 

1.1.2 Infection .................................................................................................................. 3 

1.1.3 Disease stages .......................................................................................................... 4 

1.2 Diagnosis ..................................................................................................................... 5 

1.2.1 Medication and vaccines ......................................................................................... 6 

1.2.2 Control strategies .................................................................................................... 7 

1.2.3 Chagas disease in non-endemic countries ............................................................... 8 

1.3 Drug discovery landscape against Chagas disease ...................................................... 9 

1.3.1 Clinical trials ......................................................................................................... 10 

1.3.2 Phenotypic approach ............................................................................................. 11 

1.3.3 Target approach ï focus on isoprenoid and sterol biosynthesis ............................ 13 

1.4 Farnesyl pyrophosphate synthase (FPPS) ................................................................. 17 

1.4.1 T. cruzi FPPS ......................................................................................................... 20 

1.4.2 Human FPPS identified as target enzyme of active site-directed N-BPs .............. 22 

1.4.3 T. cruzi FPPS inhibition by N-BPs ........................................................................ 24 

1.4.4 BPs and treatment of non-bone diseases ............................................................... 25 

1.4.5 Research on T. cruzi FPPS inhibitors .................................................................... 26 

1.4.6 Allosteric site binding of novel scaffold inhibitors ............................................... 29 

1.4.7 Further approaches in FPPS inhibition .................................................................. 32 

1.5 Fragment-based lead discovery (FBLD) ................................................................... 34 

1.5.1 Fragment libraries ................................................................................................. 36 

1.5.2 Fragment-based screening by NMR ...................................................................... 37 

1.5.3 Fragment-based screening by X-ray crystallography ............................................ 40 

1.5.4 Fragment-to-lead optimisation .............................................................................. 43 



 

2. Aim of the thesis .................................................................................................................. 46 

3. Materials............................................................................................................................... 47 

3.1 Chemicals .................................................................................................................. 47 

3.2 Plasmids and E. coli strains ....................................................................................... 48 

3.3 Proteins ...................................................................................................................... 49 

3.4 Chromatography resins .............................................................................................. 50 

3.5 Buffers and solutions ................................................................................................. 50 

3.6 Fragment libraries ...................................................................................................... 53 

3.7 Equipment and devices .............................................................................................. 53 

3.8 Software ..................................................................................................................... 55 

4. Methods ................................................................................................................................ 56 

4.1 Recombinant protein expression and purification ..................................................... 56 

4.1.1 Transformation of E. coli ...................................................................................... 56 

4.1.2 Expression and purification of FPPS ..................................................................... 56 

4.1.3 Expression and purification of 13C15N-labelled FPPS ........................................... 57 

4.1.4 Expression and purification of in vivo biotinylated Avi-tagged FPPS .................. 58 

4.1.5 Expression and purification of HRV 3C................................................................ 58 

4.1.6 Protein characterization by mass spectrometry ..................................................... 58 

4.1.7 Protein characterization by SDS-PAGE ................................................................ 59 

4.1.8 Determination of protein concentration ................................................................. 59 

4.2 Nuclear magnetic resonance spectroscopy ................................................................ 60 

4.2.1 General procedures ................................................................................................ 60 

4.2.2 Ligand-observed NMR .......................................................................................... 61 

4.2.3 Protein-observed NMR .......................................................................................... 62 

4.2.4 Kd determination .................................................................................................... 63 

4.3 Crystallization at Novartis laboratories ..................................................................... 63 

4.3.1 General procedures ................................................................................................ 63 

4.3.2 Screening for crystallization conditions and optimization I .................................. 64 

4.3.3 Seed crystals .......................................................................................................... 65 

4.3.4 Screening for crystallization conditions and optimization II ................................. 66 

4.3.5 Soaking .................................................................................................................. 67 

4.3.6 Co-crystallization .................................................................................................. 67 

4.3.7 Data collection at the Swiss Light Source ............................................................. 68 



 

4.3.8 Data processing, structure determination and refinement ..................................... 68 

4.3.9 Data deposition and accession codes .................................................................... 69 

4.4 Crystallization at XChem laboratories ...................................................................... 69 

4.4.1 Crystallization experiments and fragment screen ................................................. 69 

4.4.2 Data collection at the Diamond Light Source ....................................................... 70 

4.4.3 Data processing, structure determination and refinement ..................................... 70 

4.4.4 Data deposition and accession codes .................................................................... 71 

4.5 Crystallization at EMBL laboratories ....................................................................... 71 

4.5.1 Crystallization experiments and fragment screen ................................................. 71 

4.5.2 Data collection at the European Synchrotron Radiation Facility .......................... 72 

4.5.3 Data processing, structure determination and refinement ..................................... 72 

4.5.4 Data deposition and accession codes .................................................................... 73 

4.6 Structure aided lead design ....................................................................................... 73 

4.6.1 Virtual screening ................................................................................................... 73 

4.6.2 Docking ................................................................................................................. 73 

4.7 Medicinal chemistry at the University of Groningen ................................................ 74 

4.7.1 General procedures ................................................................................................ 74 

4.7.2 Synthetic procedures ............................................................................................. 75 

4.7.3 Experimental procedures and characterization data .............................................. 75 

4.8 Medicinal chemistry at Novartis ............................................................................... 80 

4.8.1 General procedures ................................................................................................ 80 

4.8.2 General synthetic procedure for amination of 2-chlorobenzothiazoles ................. 80 

4.8.3 Experimental procedures and characterization data .............................................. 81 

4.8.4 General synthetic procedure for the reductive amination of aldehydes ................ 82 

4.8.5 Experimental procedures and characterization data of benzothiazole series ........ 82 

4.9 Surface plasmon resonance ....................................................................................... 89 

5. Results .................................................................................................................................. 93 

5.1 Target enabling .......................................................................................................... 93 

5.1.1 Recombinant protein expression and purification ................................................. 93 

5.1.2 High resolution crystals of T. cruzi FPPS ï The power of MMS.......................... 95 

5.1.3 Discussion ............................................................................................................. 99 

5.2 Testing of allosteric inhibitors of human FPPS against T. cruzi FPPS ................... 101 

5.2.1 Results ................................................................................................................. 101 



 

5.2.2 Discussion ........................................................................................................... 109 

5.3 FBS by NMR and hit follow up by X-ray crystallography ..................................... 111 

5.3.1 NMR .................................................................................................................... 111 

5.3.2 Follow up of validated fragment hits ................................................................... 114 

5.3.3 Discussion ........................................................................................................... 119 

5.4 FBS by X-ray crystallography ï The power of PanDDA ........................................ 121 

5.4.1 Results of the XChem campaign ......................................................................... 121 

5.4.2 Discussion ........................................................................................................... 133 

5.4.3 Results of the HTX lab campaign ....................................................................... 136 

5.4.4 Discussion ........................................................................................................... 139 

5.5 SBLD by virtual screening in ANCHOR.QUERY ................................................. 141 

5.5.1 Results of virtual screening and synthesis by MCR ............................................ 141 

5.5.2 Discussion ........................................................................................................... 146 

5.6 Fragment-to-lead optimization using fragment merging ......................................... 147 

5.6.1 Results of the fragment-to-lead optimization ...................................................... 147 

5.6.2 Literature review revealed promising compounds with similar scaffolds ........... 155 

5.6.3 Discussion ........................................................................................................... 157 

6. Concluding remarks and outlook ..................................................................................... 159 

Appendix .................................................................................................................................... 161 

Literature  ................................................................................................................................... 214 

Acknowledgements .................................................................................................................... 236 

Curriculum Vitae  ...................................................................................................................... 238 

Conference participation .......................................................................................................... 239 

Erklärung  ................................................................................................................................... 241 

 

 



 

I 

Zusammenfassung 

Ziel dieser Arbeit war die Entdeckung von Substanzen, die an T. cruzi FPPS (TcFPPS) 

binden und nicht der Stoffklasse der Bisphosphonate angehören. Zu diesem Zwecke wurde reines 

und homogenes TcFPPS durch rekombinante Expression in E. coli Bakterien und anschlieɓende 

Aufreinigung mittels IMAC und SEC erhalten (Kapitel 5.1). Darüber hinaus konnte ein 

zuverlässiges, reproduzierbares Kristallisationssystem etabliert werden, das Kristalle mit guten 

Diff raktionseigenschaften liefert. Das System weist ausgezeichnete Eigenschaften für Fragment-

basiertes Screening (FBS) auf, da es mit verschiedenen Kristallisationsplatten kompatibel war und 

Apo-Kristalle lieferte, die bis zu 24 h in 15% DMSO stabil waren und die Aufnahme von 

Datensätzen mit einer Auflösung von etwa 1,6 Å erlaubten. Die höchste erreichte Auflösung für 

einen TcFPPS Kristall lag bei 1,28 Å (PDB ID 6R09). 

Die allosterische Tasche in TcFPPS wurde mittels Sequenzanalyse und struktureller 

Überlagerung verschiedener FPPS Homologe untersucht (Kapitel 5.2). Dabei zeigte sich, dass die 

allosterische Region in FPPS weniger konserviert ist als das aktive Zentrum. Unterschiede 

zwischen Aminosäuren an äquivalenten Positionen, die die allosterische Region bilden, wurden 

festgestellt. Dies ist überraschend, wenn man davon ausgeht, dass dieses Enzym produktinhibiert 

ist, wie für das humane FPPS (hFPPS) gezeigt werden konnte. Ein interessante Beobachtung war, 

dass die Aminosäure Phe50 in TcFPPS eine Ausnahme in einer ansonsten hochkonservierten 

Position ist. Es scheint die Tasche durch sterische Hinderung zu blockieren. Allosterische 

Inhibitoren von hFPPS wiesen zwar Bindungsaffinität zu TcFPPS auf, aber die beiden erhaltenen 

Kristallstrukturen zeigten, dass diese an der Proteinoberfläche binden (Bindungsstelle S1 und S2, 

PDB IDs 6R08 bzw. 6R07). 

Die Novartis Haupt- und Fluor-Fragmentbibliotheken (1336 und 482 Verbindungen) wurden 

auf TcFPPS getestet, was zu 63 bzw. 45 validierten Fragmentbindern führte (Kapitel 5.3). Die 

Durchführung des gleichen Screenings mit T. brucei FPPS (TbFPPS), dem Erreger der 

Afrikanischen Schlafkrankheit, und Gegenkontrolle auf hFPPS zeigte, dass einige Verbindungen 

selektiv an nur eines, oder zwei der Proteine binden. Auffallend war, dass TcFPPS im Allgemeinen 

mehr Binder hatte als TbFPPS, und auch mehr selektive Binder im Vergleich zu TbFPPS. 

Nachfolgende Kristallisationsexperimente mit den Bindern der Haupt-Fragmentbibliothek führten 

zu 3D-Strukturen von zwei TcFPPS-Komplexen. Ein Ligand bindet an die Grenzfläche des 

Homodimers und der andere im aktiven Zentrum. Letzterer wurde mit Hilfe des Tools Pan-Dataset 

Density Analysis (PanDDA) identifiziert. FBS mittels Röntgenkristallographie wurden im XChem 

Labor in Harwell, Großbritannien, und im HTX Labor in Grenoble, Frankreich, durchgeführt 

(Kapitel 5.4). Der XChem-Screen identifizierte 35 Fragmentbinder (PDB IDs 5QPD ï Z, 

5QQ0 ï 9, 5QQA ï B) in Bindungsstellen, die über das gesamte Protein verteilt waren. Dazu 
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gehören das aktive Zentrum, die allosterische Bindungsstelle, die Homodimer-Grenzfläche, 

Bindungsstellen an der Oberfläche und eine neue Tasche in unmittelbarer Nähe des aktiven 

Zentrums. Erstmals wurden Fragmente identifiziert, die an die allosterische Bindungsstelle von 

TcFPPS im offenen Zustand binden. Eine Drehung der Phenyl-Seitenkette von Phe50 führte zur 

Öffnung dieser vorherig geschlossenen Tasche. Der Screen im HTX Labor identifizierte acht 

weitere Fragmentbinder für die aktive und allosterische Tasche.  

Die ersten Optimisierungversuche eines Fragments zu einer Leitstruktur erfolgten mittels 

virtuellem Screening mit dem webbasierten Tool ANCHOR.QUERY. Sie ging von dem 

Fragmentbinder LUY  aus (Kapitel 5.5) und mittels Eintopf-Mehrkomponentenreaktionen wurden 

11 Verbindungen synthetisiert (MCR-1 ï 11). Allerdings war deren schlechte Löslichkeit in 

nachfolgenden Tests abträglich, und Kristallisationsexperimente führten nicht zu einem 

Strukturmodell eines Komplexes. Danach wurde der Ansatz des Fusionierens der Fragmente 

AWM , LVV , LUY , LDV  und AWV  für die chemische Optimierung gewählt (Kapitel 5.6). Eine 

Bibliothek von 12 Verbindungen (MCN-1 ï 12) wurde durch reduktive Aminierung synthetisiert. 

Kristallstrukturen mit den Verbindungen MCN-1, -4 und -8 zeigten unerwartete Bindungsmodi. 

Anstatt an der Bindungsstelle der Ausgangsfragmente, binden die fusionierten Substanzen an die 

auf der Proteinoberfläche befindliche Bindungsstelle S1 (PDB IDs 6R09, 6R0A, 6R0B).  

Die 50 neuen Kristallstrukturen von TcFPPS-Fragment Komplexen, die in dieser Arbeit 

beschrieben sind, werden neue Impulse für die Medikamentenentwicklung für CD geben. Die 

große Vielfalt der chemischen Strukturen der Fragmente und die unterschiedlichen 

Bindungsstellen sind potenzielle Ansatzpunkte für Inhibitoren mit unterschiedlichen 

physikalisch-chemischen Eigenschaften und einer neuartigen Wirkungsweise, die helfen könnten, 

die mit den Bisphosphonaten verknüpften Einschränkungen zu überwinden. 
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Summary 

Trypanosoma cruzi (T. cruzi) is the causative agent of Chagas disease (CD), which mostly 

affects underprivileged populations in South and Central America. The current standard of care for 

this disease are the two empirically discovered drugs benznidazole and nifurtimox. They show low 

efficacy, difficulties in administration and severe side effects. Moreover, there are T. cruzi strains 

that have formed resistances. Thus, the development of a safe and efficient drug is urgently needed. 

T. cruzi is dependent on isoprenoid biosynthesis as ergosterol and other 24-alkylsterols are essential 

metabolites that cannot be acquired by other mechanisms. Therefore, it was hypothesised that 

enzymes along this pathway are promising drug targets. A number of compounds targeting these 

enzymes were tested and have been shown to inhibit parasite growth. Among those enzymes is 

farnesyl pyrophosphate synthase (FPPS), a key branch-point enzyme in the isoprenoid pathway, 

which is in the focus of this work. It catalyses the synthesis of farnesyl pyrophosphate (FPP), a 

C15 building block in sterol biosynthesis and in protein prenylation of signalling proteins. 

Bisphosphonates (BPs) are known active site-directed FPPS inhibitors, which exhibit ideal 

pharmacokinetics to target bone mineral and are used to treat bone diseases. BPs can also combat 

T. cruzi flagellates but are not ideal to treat CD due to their pharmacokinetics. In the search for 

new chemotypes, several non-BP inhibitors that bind to another pocket were found for human FPPS 

(hFPPS) by fragment based screening (FBS). Recently, it was shown that the product of FPPS, 

farnesyl pyrophosphate (FPP), can bind to this pocket and locks the enzyme in an open and inactive 

state, thus showing the allosteric character of this pocket.  

The current work aims at the discovery of non-BP inhibitors of T. cruzi FPPS (TcFPPS), 

which could be starting points for the development of a treatment against CD. Towards this goal, 

recombinant expression in E. coli cells and purification by means of IMAC and SEC yielded pure 

und homogenous TcFPPS (chapter 5.1). This includes unlabelled, 13C15N-labelled and in vivo 

biotinylated avi-tagged TcFPPS. Furthermore, a novel, reliable, highly reproducible, and 

well-diffracting crystallization system was established. The system exhibits excellent properties 

for FBS as it was compatible with different types of 96-well plates. Apo crystals were stable for up 

to 24 h in 15% DMSO and allowed collection of data sets with a diffraction limit of around 1.6 Å. 

The best achieved diffraction limit was 1.28 Å for a soaked TcFPPS crystal (PDB ID 6R09). 

The allosteric region in TcFPPS was investigated by means of sequence analysis and 

structural superimposition of various orthologous FPPSs (chapter 5.2). This revealed that the 

allosteric region is less conserved than the active site. Differences among residues in equivalent 

positions that form the allosteric site were observed, which is surprising if it is assumed that all 

FPPSs can be product inhibited as hFPPS. A remarkable finding is that residue Phe50 in TcFPPS 

is an exception in an otherwise highly conserved position. It causes steric hindrance of the pocket 
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in TcFPPS. An attempt to reposition established allosteric inhibitors of hFPPS showed binding 

affinity to TcFPPS but the two obtained crystal structures demonstrated their binding to sites on 

the protein surface (sites S1 and S2, PDB IDs 6R08 and 6R07, respectively). 

The Novartis core and fluorine library (1336 and 482 compounds) were screened on 

TcFPPS, which resulted in 63 and 45 validated fragment hits, respectively (chapter 5.3). 

Performing the same screen with T. brucei FPPS (TbFPPS), the causative agent of African sleeping 

sickness, and counter screening on hFPPS led to unique, pairwise and triple binders demonstrating 

selectivity at the early stage of FBS. Strikingly, TcFPPS has generally more binders than TbFPPS, 

and TcFPPS has many unique hits when compared to TbFPPS. Subsequent crystallization 

experiments with the core library hits resulted in 3D structures of two TcFPPS complexes. One 

ligand binds to the homodimer interface (site S12) and the other one in the active site. The latter 

was identified by using the statistical analysis tool Pan-Dataset Density Analysis (PanDDA). FBS 

by X-ray crystallography at the XChem facility in Harwell, UK, and the HTXlab in Grenoble, 

France, were conducted (chapter 5.4). The XChem screen identified 35 fragment binders (PDB IDs 

5QPD ï Z, 5QQ0 ï 9, 5QQA ï C) in binding sites that were distributed over the entire protein. 

This includes the active site, the allosteric site, the homodimer interface, sites on the surface and a 

new site in close proximity to the active site. Strikingly, the first two fragments binding to the 

allosteric site of TcFPPS in its open state were identified. Rotation of the phenyl side chain of 

Phe50 led to opening of the former closed pocket. The HTXlab screen identified additional binders 

for the active and allosteric site. In total 1244 data sets were collected and analysed. This process 

was accelerated using PanDDA. 

The first fragment-to-lead optimization by means of virtual screening using the web-based 

platform ANCHOR.QUERY was based on fragment hit LUY  (chapter 5.5). Compounds were 

synthesised using one-pot one-step multi -component reactions. Synthesis of 11 compounds 

(MCR-1 ï 11) was successful, but poor solubility was detrimental in subsequent testing on 

TcFPPS and crystallization experiments did not lead to a structural model of a complex. A second 

fragment-to-lead optimization using a fragment merging approach for chemical optimization was 

based on the active site-directed binders AWM , LVV , LUY , LDV  and AWV  (chapter 5.6). 

A library of 12 compounds (MCN-1 ï 12) was synthesised by reductive amination. X-ray 

structures revealed unexpected binding modes for compounds MCN-1, -4 and -8. Instead of 

retaining the binding site of the fragment, the merged compounds bind to the surface-directed 

binding site S1 (PDB IDs 6R09, 6R0A, 6R0B). Nevertheless, the 50 new crystal structures of 

TcFPPS-fragment complexes discussed in this work will pave the way for future drug discovery 

campaigns for CD. The large diversity of the fragmentsô scaffolds and different binding sites are 

potential starting points for inhibitors with different physicochemical properties and a novel mode 

of action that might help to overcome the limitations related to the BP scaffold.  
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1. Introduction  

1.1 Chagas disease 

Chagas disease (CD) or American trypanosomiasis is a vector-borne disease caused by the 

parasite Trypanosoma cruzi (T. cruzi), a parasite that affects mostly underprivileged populations 

in Southern and Central America[1]. CD is one of 17 neglected diseases listed by the World Health 

Organisation (WHO)[2]. According to the WHO, six to seven million people are infected all over 

the world and more than 70 million people are at risk to get infected. Around 10.000 people die 

every year because of complications linked to this disease[2-3]. In Latin America, CD is a major 

public health burden[4] associated with the loss of approx. 546.000 disability-adjusted life-years 

(DALYs) [5]. This results in an estimated economic burden of more than seven billion dollar per 

year[6]. Countries outside Latin America account for an estimated 4.2% of DALYs and, 

disproportionately, for 21% of health care costs related to CD[5b]. In the last decades, public health 

programs significantly reduced the prevalence of CD through vector control programs, 

improvement of rural housing quality, better screening programs, and access to diagnostics and 

treatment. Nevertheless, CD remains the most prevalent parasitic disease in the Americas[4, 7].  

CD has been present in a sylvatic cycle in America for over 10 million years before the 

arrival of man[8]. Around 10.000 years ago it became an anthropozoonosis, meaning it primarily 

affected animals, but was also transmitted to humans in the context of agricultural activity and the 

domestication of animals[9]. Due to progressive deforestation and a concomitant decrease of wild 

animal populations, triatomine bugs, which are vectors of T. cruzi, lost their main food source. 

Thus, CD turned into an endemic zoonosis approx. 200 to 300 years ago[9b, 10]. In 1909, 

Carlos Chagas first described CD in humans and named T. cruzi as causative agent and triatomine 

bugs as its main vector[1b, 1c, 11]. In 1912, Emile Brumpt described the mode of natural transmission 

of the infection via the feces of the bug[12].  

Today, medication is based on two empirically discovered drugs, benznidazole and 

nifurtimox, which have limitations such as low efficacy in the chronic stage in adults, difficulties 

in administration, severe side effects and ineffectiveness in resistant T. cruzi strains[2, 13]. Thus, an 

effective drug as a reliable cure is lacking and there is no vaccine for disease prevention either[14]. 

In consequence, there is a continuing and compelling need for new drugs for a safe and efficacious 

anti-Chagas treatment[15].  
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1.1.1 Trypanosoma cruzi 

There are more than 150 species of blood-sucking bugs[16]. The most relevant vectors of 

CD are the genus Triatoma, known as kissing bug, (T. infestans, T. brasiliensis), Rhodnius 

(R. prolixus) and Panstrongylus (P. megistus). It is mostly assumed that the occurrence of suitable 

vector species is limited to Southern and Central America[17]. The parasite T. cruzi is a 

homoflagellate protozoan of the order Kinetoplastida and family Trypanosomatidae[1c, 18]. There 

are numerous strains that show phenotypic and genetic diversity and are divided into seven discrete 

typing units (DTUs), TcI to TcVI and Tcbat[19]. Some strains are of higher clinical significance 

than others, which is due to variations in drug susceptibility[20], virulence strength[21], and the 

availability to invade host tissues[22]
. Strains can be classified by a typing assay identifying key 

discriminant single nucleotide polymorphisms (SNPs)[23]. 

T. cruzi has the ability to infect and replicate in various tissue types of its host, including 

cardiac muscle cells, smooth muscle cells, skeletal muscle cells, neurons, macrophages, and 

dendritic cells[22, 24]. The parasite has a life cycle with four phases that occur in its insect vector and 

in the mammalian host: (1) Replicative but non-infectious epimastigotes are found in the vectorôs 

digestive tract. (2) Epimastigotes differentiate into the metacyclic trypomastigotes form and are 

subsequently transferred to the mammalian host via contamination of the bite wound with the bugôs 

feces. (3) Trypomastigotes invade host cells and further differentiate into intracellularly replicative 

amastigotes. (4) Amastigotes differentiate back into trypomastigotes, which invade neighbouring 

cells after host cell disruption[18, 25]. The cycle is completed when blood-borne trypomastigotes are 

ingested by a triatomine bug[25b] (Figure 1).  

In vitro studies have shown that infectious trypomastigotes actively attach to and invade 

mammalian host cells within 5 to 10 min after infection, forming a parasitophorous vacuole[22, 26]. 

After 1 to 2 h the trypomastigote escapes this vacuole and differentiates into a replicative 

amastigote in the host cell cytoplasm[26]. After 5 to 6 d and several replication cycles, amastigotes 

occupy most of the cell volume, transform to trypomastigotes and rupture the host cell[27]. During 

this process, T. cruzi excretes proteins, such as cruzain, P21, phospholipase A and other soluble 

factors[25a] for protection against the hostôs immune response and promotion of its own adhesion, 

recognition and invasion mechanisms by manipulating the host cell signalling pathways[25a, 28]. 

Complexity and timing of the T. cruzi life cycle in mammalian host cells are important 

factors in cell-based screening experiments where parasite growth is quantified in co-culture with 

mammalian host cells[24]. Since the amastigote stage is the replicative form in the mammalian 

host[1a] it is the preferred parasitic target stage in cell-based assays[29]. Zingales et al.[30] recommend 

to validate promising drug candidates for broad activity against each DTU in secondary screens. 
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Figure 1:  Life cycle of T. cruzi. Reprinted from Perez-Molina et al.[31] with permission from Elsevier.  

1.1.2 Infection 

In endemic regions, mainly in rural areas, natural vectorial transmission of T. cruzi via 

triatomine bugs takes place in the course of the bugôs nocturnal blood meal[4]. Infected triatomines 
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often excrete feces contaminated with parasites next to the bite wound[4]. By unintentional 

scratching of the itching bite site the parasites enter the wound or near mucosal surfaces[32]. Other 

infection routes are food born infection[6], congenital transfusion from mother to child[33], 

transfusion of contaminated blood or transplantation of organs[34] and accidental contact in 

laboratories[35].  

Food born infection occurs by ingestion of food or beverages contaminated with 

trypomastigotes in sylvatic and rural environments[6, 36]. Food contaminations occur through whole 

triatomine insects and their feces, or via feces of other vertebrates such as dogs, cats, bats, rats and 

armadillos[6, 36-37]. Taken together, these vectors still play a crucial role in orally transmitted CD, 

which often manifests with particularly severe symptoms due to high initial parasite loads[38]. Food 

preparation techniques such as drying[39] and heating[40] inactivates trypomastigotes, however, 

refrigeration and freezing[41] show little destructive effects. Vertical transmission from mother to 

child is becoming a more prominent infection route representing rates of up to one third of new 

infections[42]. Therefore, screening of pregnant women is critical to prevent disease prevalence[17, 

33, 43]. Infected newborns show high parasite loads in their blood, which allows relatively easy 

diagnosis[17, 44]. Another notable transmission route is the infection after transfusion of 

contaminated blood or transplantation of organs with persistent parasites[34]. Chemical sterilization 

of blood samples in endemic regions with gentian violet[34a] prevented transmission, but proved 

unacceptable due to purplish skin staining of transfusion patients[45]. Therefore, prevention of this 

route is achieved by better control of donors with serological screening[45].  

1.1.3 Disease stages 

After initial infection and an incubation period of 5 d to 40 d, the disease starts with the 

acute phase[4, 17]. While mostly asymptomatic and undetected in adults, children and a small subset 

of adults exhibit fever, headache, decreased appetite, swollen lymph nodes, and show the Romaña 

sign (swollen eyelid) or a Chagoma (swollen bite wound) (Figure 1)[1a, 17]. Around 5% of acutely 

infected patients, again mostly children, die of acute myocarditis (inflammation of the heart 

muscle) or meningoencephalitis (inflammation of the brain)[1a, 14].  

If the patient is left untreated, the acute phase is followed by an intermediate phase that 

lasts for 20 to 30 years[1a]. It is an asymptomatic phase, with no physical signs of disease[14]. Despite 

pathogen persistence, the levels of parasites in the blood are close to the detection limit, therefore 

making parasitaemia difficult  to diagnose. About 70% of intermediate CD patients either clear the 

infection or just remain asymptomatic for the rest of their lives[1a].  

The remaining 30% develop clinical symptoms and become chronic CD patients. They 

experience irreversible damage to cardiac and gut tissues leading to abnormal heart rate, cardiac 

arrest, damage of the nervous system, and digestive tract lesions[1a, 14]. It was initially hypothesized 
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that the organ damage is caused by an autoimmune response[46], however, it was later stated to be 

a consequence of the inflammatory response triggered by parasite persistence in the patient[47]. 

Accordingly, T. cruzi pathology is related to its presence in muscle tissue during the chronic stage 

of the disease[1a]. The four most frequent and severe clinical manifestations are Chagastic 

cardiomyopathy, stroke, and megaoesophagus which are characterized by abnormal enlargement 

of the heart chambers, the colon and oesophagus, respectively (Figure 1)[1a, 15a, 17, 48]. In 

consequence, heart failure and failure of the gastrointestinal tract function are the most common 

causes of death[1a]. Despite ongoing efforts, the underlying mechanism that determines which 

patients develop chronic CD and which patients remain asymptotic are poorly understood[49]. 

Finally, patients undergoing immunosuppressive therapy or immunocompromised individuals, 

such as HIV patients, are at higher risk to experience reactivation of T. cruzi parasites[36, 50].  

1.2 Diagnosis 

The most appropriate diagnostic strategy depends on the clinical stage of CD[17]. During 

the acute phase[51], after congenital infection[52], and after transfusion transmission[53], parasite loads 

in the blood are high and trypomastigotes can be observed in peripheral blood smears under the 

microscope. The second often applied and much more sensitive method is the polymerase chain 

reaction (PCR) which assesses the presence of T. cruzi DNA in peripheral blood[54]. During the 

intermediate and chronic phase the levels of parasites in the blood are below the detection limit, 

therefore making parasitaemia difficult to diagnose. Even PCR can lead to false-negative results[55]. 

Verification of antibodies against T. cruzi in the hostôs blood by use of trypomastigote excreted-

secreted antigens based Western blot analysis (TESA-WB) is an alternative option at this stages of 

disease[56]. It is recommended to use at least two different serological test methods to confirm a 

positive diagnosis because the rates of false-positive tests are high[4].  

Chemotherapy with benznidazole or nifurtimox reduces the parasite load below the 

detection limit making it difficult to determine treatment success or to attest cure[1a]. Microscopic 

quantification of parasitaemia provides a measure of parasite suppression, but is not sufficient to 

prove parasitological cure, as parasites can circulate at low levels in the blood or remain present in 

tissues[29, 57]. Parasitological tests are more sensitive but cannot guarantee a cure either. Among 

them are the aforementioned PCR and xenodiagnosis, in which the feces of previously uninfected 

bugs is analysed after they had been allowed to take a blood meal, and microscopy after a long 

term blood culture[29, 58]. Further conventional serological tests, such as enzyme-linked 

immunosorbent assay (ELISA), indirect immunofluorescence (IIF) and indirect hemagglutination 

assay (IHA) exist and are available for diagnosis[58-59].  
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Currently, new tests are under development. Parasitic persistence was assessed by 

simultaneous profiling of several T. cruzi antigens[60] and lately it was shown that the response of 

the single antibody AB3 is sufficient[61]. Apo lipoprotein A1 and fibronectin fragments were 

identified as potential markers predictive of cure[62]. In mice the most sensitive measure of cure 

after a completed drug treatment is obtained by a subsequent immunosuppressive therapy that 

causes a parasitaemia rebound, which can be detected by microscopy[63], blood culture[64] or PCR[64-

65]. Further research on reliable early diagnostic tools and techniques to determine therapeutic 

responses and evidence of cure are required. The identification of biomarkers to determine parasite 

clearance versus parasite persistence would allow to dramatically improve the treatment of patients 

and to evaluate new drugs to fight CD[7c, 37, 62, 66]. 

1.2.1 Medication and vaccines 

The ultimate goal of CD chemotherapy is to prevent disease manifestation. Whether this 

requires complete parasitological cure is unknown. For chronic patients, chemotherapy should 

prevent disease progression or reverse symptoms[24]. These requirements are partially met by 

benznidazole (BNZ) (1) and nifurtimox (NFX) (2) (Figure 2), the only available trypanocidal 

drugs which have been empirically introduced into clinical therapy in the 1970s and 1960s, 

respectively[67]. BNZ (Abarax®, former Rochagan®) was developed by HOFFMANN-LA ROCHE and 

is now produced by ELEA[68]. NFX (Lampit®) was developed by Bayer. They provide the drug that 

can be requested from the WHO[68].  

 

 

Figure 2:  Chemical structure of BNZ (1) and NFX (2). Key scaffolds are highlighted with a box. 

Both drugs are activated by type I nitroreductase followed by free-radical formation 

overwhelming the antioxidant capabilities of T. cruzi, as well as by the activity of the formed 

reduction intermediates which lead to lethal DNA strand breaks[13a, 69]. BNZ has the better safety 

and efficacy profile and is therefore used as first choice treatment[69a]. Long-term regimes with high 

dosages are required for an effective treatment[69b]. Treatment regimens suggest 5 to 7 mg · kg-1 per 

day of BNZ divided in two doses for adults for 60 days or 8 to 10 mg · kg-1 per day of NFX divided 

in three doses for 90 days[70]. Multiple doses are needed per day, as both drugs are rapidly 

metabolized by the cytochrome P450 system[71]. Severe side effects often prompt the 
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discontinuation of the treatment[69b]. The toxic effect of BNZ and NFX is associated with their 

chemical features. Both pharmaceuticals belong to the class of nitroaromatic drugs, which are 

known for chemistry-driven liver damage causing hepatitis (inflammation of the liver)[72]. Other 

side effects include dermatitis (inflammation of the skin), digestive intolerance (vomiting, 

anorexia), and peripheral neuropathy (damage to peripheral nerves)[73]. In addition, both 

compounds exhibit mutagenic properties[73]. These side effects often result in low patient 

compliance, specifically in intermediate phase patients which are usually symptom free[24, 74]. 

Nevertheless, treatment in the acute phase shows good efficacy in children, but limited 

efficacy in adults[68b]. Treatment success of chronic CD ranges from 20 to 50%[74-75]. The effect in 

advanced chronic patients is low[73a, 76] and efficacy is difficult to assess, since the patient groups 

vary in age distribution, length of CD manifestation and often suffer from additional diseases[75]. 

However, there is evidence that chronic patients treated with BNZ benefit from decrease in parasite 

levels and therefore medication is recommended [73a, 77]. The reasons for failure of treatment have 

not yet been fully explained, however, different evaluation methods, incomplete treatment, variable 

virulence among T. cruzi strains and differences between hostôs immune system are contributing 

factors[68b].  

New therapeutic treatments are needed, not only to reduce side effects and toxicity but also 

because various T. cruzi strains show variable susceptibility to BNZ and NFX[68b, 69b]. The 

Colombian strain for example is highly resistant against both drugs[78]. T. cruzi strains with natural 

resistance against BNZ were shown to overexpress an ABCG-transporter gene that conveys drug 

resistance[79], but also type I nitroreductase and additional mechanisms play a role in 

drug-resistance[80]. 

To date, vaccines against CD are not available, however, preventive and therapeutic 

vaccines are currently being developed[81]. The recombinant antigens Tc24 and TSA-1 showed 

promising results in mice[81]. Recently, they have been tested by Villanueva-Lizama et al.[14] in a 

small group of infected humans (n = 20) and healthy volunteers (n = 19). Indeed, both antigens 

triggered a secondary immune response in Chagastic patients. According to the authors, a 

therapeutic vaccine aimed at preventing or delaying the development of chronic CD would be an 

alternative or complement to current drug treatment[14]. 

1.2.2 Control  strategies 

Public health programs for vector control significantly reduced the prevalence of CD in 

the last decades[4, 7c]. However, CD control is highly heterogeneous between and within regions 

and countries and it is not eradicable at all because T. cruzi is also present in many different 

mammals[82]. Chemical vector control is a powerful way to reduce CD prevalence[83]. Spraying 

rural housings and the surrounding areas with insecticides by professional sprayers led to reduction 
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of triatomine bugs and thus reduction of transmission[68d, 83]. Among them was T. infestans, one of 

the main vectors in South America[84]. As a consequence, vectorial disease transmission was pushed 

back[83]. Some species developed insecticide resistance which is of growing concern today. An 

example is pyrethroid[85] and organophosphate[86] insecticide resistance of T. infestans reported for 

Argentina and Bolivia in the late 1990s. Mougabure-Cueto and Picollo[83] summarized the 

evolution of many different resistances. They reported on varying resistance profiles and 

mechanisms between resistant foci, suggesting an independent origin. Due to insecticide 

resistances, triatomines were observed after spraying with insecticides and the success of spraying 

campaigns was diminishing[83]. To control resistant foci, other known insecticides can be used for 

a while, but investigations on new insecticides will also be necessary[83].  

One more control tool to mitigate the consequences of pesticide resistances is the 

improvement of rural housings to minimize colonization by triatomines, and thus minimizing 

human-triatomine interactions and reducing vector-borne transmission of CD[83]. In this context, 

initiatives to improve housing of the WHO and Pan American Health Organization (PAHO) have 

led to significant improvements[7b].  

1.2.3 Chagas disease in non-endemic countries 

Due to increasing migration flows and travelling, CD became a global health threat in 

non-endemic areas[17, 68d, 82]. This includes Europe, the US, Canada, Asia and Australia[17, 68d, 74, 87]. 

The relevant mechanisms for transmission in non-endemic countries are congenital transmission 

from mother to child[52], blood transfusion and organ transplantation[34c, 53].  

Around 3.5 million Latin American immigrants live in Europe, mainly in Spain, Italy, 

France, the UK and Switzerland[17]. Approximating the number of Chagastic patients in Europe is 

difficult and estimates of CD prevalence vary widely due to different methodological 

approaches[17]. These problems are further exacerbated by qualitatively poor prevalence data from 

endemic regions[88]. Although only 4.290 cases have been confirmed in Europe, Bazile et al.[89] 

estimated that approx. 100.000 people are disease carriers.  

European countries lack federal screening programs, therefore, tests are rare, by far not 

exhaustive or even not consistent[17, 90]. According to Requena-Mèndez et al.[91], testing 

Latin-American migrants for CD would be cost-effective and should be supported. The 

identification of CD infection in pregnant women is a major challenge for the prevention and 

control of CD in non-endemic countries[90]. Some countries have reference centres, but apart from 

that access to diagnosis and treatment is often low[17]. That is at least in part because physicians are 

rarely confronted with CD and lack expertise to accurately diagnose symptoms[17, 88a]. As a first 

step to improve the patientsô situation, physicians need to be trained to recognize and treat 
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CD[17, 88a]. BNZ and NFX are classified as essential drugs by the WHO but are not registered in 

Europe and the US due to their severe side effects[1a, 17, 87a].  

In the US CD became a major concern not only due to migration, but also due to the spread 

of triatomine vectors[70, 92]. They were first described in South Texas in the 1930s[93] and in 

consequence vectorial transmission takes place[94]. Hotez et al.[93] name human migration, poverty, 

climate change, transborder traffic, sea transportation, among others as major external factors 

driving neglected diseases in Texas.  

1.3 Drug discovery landscape against Chagas disease 

Neglected diseases (NDs), such as CD, account for approx. 11% of the global disease 

burden[95], however, only 1.3% (21) of the drugs launched between 1975 and 2004 were for their 

treatment[96]. Thus, the resource investment is disproportionate to the disease burden[15b]. Usually, 

the discovery of novel therapeutics against NDs is driven by academia and non-profit organizations 

as the market for such drugs is not of financial interest to pharmaceutical companies[24]. In 

consequence, the public sector and non-profit organizations finance 90% of resources invested in 

research on NDs[15b, 97]. Within the last two decades, CD emerged in non-endemic countries, 

therefore triggering research interest in the US and in European countries[37]. Several public-private 

partnerships and initiatives, such as Global Health Innovative Technology (GHIT), the 

Bill  &  Melinda Gates Foundation and Drugs for Neglected Disease initiative (DNDi) were 

launched and became a driving force behind drug discovery for CD[7c, 98]. 

Ongoing efforts in drug research for CD include improvement of current treatments, label 

extension of drugs in clinical use, drug repositioning, and de novo drug discovery applied to 

phenotypic or target-based screening[7c, 37, 68d, 99]. Drug repositioning, also known as piggy-back or 

target hopping, in which well-known inhibitors against related targets and thus takes advantage of 

a former drug development process[15b, 100]. Several computational methods are available for drug 

repositioning that can either look for potential targets for a known drug or for potential drugs for a 

specific target[100]. Drug repositioning is inexpensive and saves resources and is thus increasingly 

used to discover novel drug candidates for NDs[101]. Drug discovery by a phenotypic approach 

examines the manifestation of parasitic infection without knowledge of the mechanism of action 

and hence the anti-parasitic activity, membrane permeability and host cell toxicity are directly 

tested[102]. In contrast, a target approach relies on a validated target, such as an enzyme that is 

essential in a metabolic pathway[103]. In this approach, differences in pathways, signalling cascades, 

and protein homologues between the protozoan parasite and the mammalian host are exploited to 

achieve drug selectivity[67, 104]. 
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A compound for CD chemotherapy first needs to cross the cell membrane of infected 

mammalian cells and secondly move through the cytoplasm to cross the membrane of 

amastigotes[104]. Unfortunately, parasite-host interactions, variability of T. cruzi strains, and disease 

progression are not fully understood to date[98]. Nevertheless, a target product profile (TPP) for CD 

was published by the DNDi [105] in 2006 and is constantly updated[24, 106]. It guides the efforts 

towards a curative drug acting by a trypanocidal mechanism[7c, 24, 106b]. The TPP dictates hit and 

lead criteria for in vitro and in vivo testing and adherence to the rules of Lipinski[107] and Veber[108], 

in order to increase the probability of good bioavailability when administered orally. Minimal side 

effects and low drug-drug interactions are required for better patient compliance. Despite these 

advances, minimal requirements for in vitro and in vivo screening strategies are poorly defined, 

which ultimately leads to poor chances to translate from model systems into clinical trials[7c]. This 

issue is further exacerbated by the fact that the experimentalists than run clinical trials utilizing 

diverse experimental models and definitions to rate success of curation. As a result clinical data 

suffer from poor comparability and require careful evaluation[7c]. Current research advances in drug 

discovery on CD are described in the next chapters and an overview of review articles is given in 

Table 27 in the Appendix.  

1.3.1 Clinical trials  

Currently three new drug candidates are tested for chemotherapy of CD. Two of them are 

the repositioned anti-fungal azoles, posaconazole (3) (Noxafil®, Schering Plough)[109] and the 

water-soluble prodrug E1224 (4) (Eisai, Bristol-Myers Squibb)[110] (Figure 3). They are potent 

inhibitors of sterol 14Ŭ-demethylase (CYP51) and block downstream ergosterol biosynthesis, 

which is essential for the parasite[111]. Posaconazole showed promising results in a patient[111c, 112] 

but it exhibited lower efficacy in the phase II clinical trials CHAGASAZOL (NCT01162967)[113] 

and STOP-CHAGAS (NCT01377480)[114] when compared to BNZ controls[113-115]. Unfortunately, 

similar results were found in the phase II clinical trial of E1224 (NCT01489228)[99a, 116]. Therefore, 

both azoles are inadequate as monotherapies[116], however, combination therapies of posaconazole 

or E1224 with BNZ are currently tested[99a]. E1224-BNZ combination showed promising results in 

mice[117] and the phase II clinical trial BENDITA (NCT03378661)[118] started recently. Based on 

these preliminary results it seems likely that combination chemotherapy may play a role in future 

treatment regimens against CD[111a, 119]. The use of additive or synergistic activity of drug 

combinations may result in higher activity, reduced dosages as well as a decreased incidence of 

drug resistance[120]. The third candidate, fexinidazole (5), is a nitroimidazole with antiprotozoal 

effect, and currently tested in clinical trials (Figure 3). It was initially described five decades ago 

and the DNDi successfully rediscovered the substance to treat African sleeping sickness as is 

supported by phase III studies[121]. Fexinidazole was already tested against T. cruzi in 1983[122] and 
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was shown to affect BNZ-resistant T. cruzi strains and to reduce the severity of myocarditis in 

2012[123]. Recently, the DNDi initiated two proof of concept studies to evaluate fexinidazole for 

the treatment of adult patients with CD (NCT02498782, NCT03587766)[124].  

 

 

Figure 3:  Chemical structures of compounds currently investigated in clinical trials. Posaconazole (3), prodrug 

E1224 (4) and fexinidazole (5) (key scaffolds are highlighted with a box). 

Despite these novel approaches, most of the 58 clinical trials on CD investigate 

optimization of treatment regimens for BNZ and NFX or focus on the treatment of clinical 

symptoms of chronic CD[99a]. This includes paediatric formulations, new dosage schemes for 

chronic CD in adults[7c, 99a], diagnostic methodologies[125], and treatment options in Chagastic 

cardiomyopathy[73a]. The phase III clinical trials of BENEFIT (NCT00123916)[73a, 126] and 

TRAENA (NCT02386358)[127] showed that BNZ treatment is highly beneficial in chronic CD[77, 

128]. The beta-blocker carvedilol (phase IV, NCT01557140)[129] and bisoprolol (phase III, 

CHARITY, NCT00323973)[130] were successfully tested for the treatment of chronic CD 

symptoms. Novartis announced to start a clinical trial in 2019 to assess the efficacy and safety of 

their cardiac drug Entresto® against Chagastic cardiomyopathy[131].  

1.3.2 Phenotypic approach 

The full T. cruzi genome was published in 2005[132], which enabled the generation of 

transgenic T. cruzi parasites that express well-established reporter proteins, such as 

ɓ-galactosidase[133], tandem tomato fluorescence protein[134] or the firefly luciferase protein[29]. By 

extension the transgenic parasites enzyme activity, is detected by absorption measurements or by 

imaging after addition of colorimetric and luminescent substrates[75, 135]. Thus, reliable and robust 

phenotypic in vitro assays could be developed[15a, 68d] that are suitable for high-throughput screening 



Introduction 

12 

(HTS)[75], as well as high-content screening (HCS)[136]. Although these strains cannot cover the full 

extent of the T. cruzi genetic background[15a], they are highly valuable and behave biologically very 

similar to their wild-type counterparts[29, 133]. In contrast, the read out of tests that use different life 

stages of T. cruzi showed significant differences that have to be considered[20b]. Often intracellular 

amastigotes are targeted[29, 133, 137] as they are the replicative form in the mammalian host[1a]. 

Transgenic parasites also resulted in faster, more accurate, and more animal-friendly in vivo assays 

in mice, the predominant animal model for CD[138]. The severity of mice infected with transgenic 

parasites can quickly be monitored by detecting light through the skin after injection of 

luciferin[29, 135, 138b].  

In consequence of to the aforementioned innovations and validation of HCS for T. cruzi in 

2010[139], image-based HTS[137, 140] and HCS[15a, 141] identified a large number of clinically approved 

drugs that showed activity against T. cruzi[102, 140b]. In a subsequent process, which is called target 

deconvolution, molecular targets and mechanisms of actions were sought by applying target-based 

screening, genomics, proteomics, metabolomics studies of drug resistant strains and drug affinity 

responsive target stability (DARTS)[142]. In this context many hits were associated with sterol 

14Ŭ-demethylase (CYP51) inhibition[67, 143].  

Recent HCS campaigns led to a series of xanthines, such as GNF5689 (6)[141b] and 

5-amino-1,2,3-triazole-4-carboxamide derivatives (7)[144] which employ an unknown mode of 

action (Figure 4). HCS, subsequent target identification and optimization revealed highly potent 

and selective kinetoplastid proteasome inhibitors with a triazolopyrimidine core, such as 

GNF3849 (8)[145], with an EC50 of 16 nM (Figure 4). Thiazoles, such as compound 9, have 

emerged from the scaffold of NFX, which have effects similar to BNZ and were non-mutagenic[146]. 

The benzothiazole 10 was discovered by drug repurposing, screening the Open Access Malaria 

Box[147], but was not further developed due to low plasma drug concentrations[99a, 101b]. More 

promising was compound 11, a quinoline and derivative of lapatinib, a drug used in lung cancer 

treatment[99a, 148] (Figure 4). Also BNZ derivatives with retained aromatic nitro group, such as 

indazole 12[149], 1,2,3-triazole 13[150], and 1,2,4-tirazole 14[151] (Figure 4) were developed. 

Silva et al.[151] showed that the absence of the nitro group strongly decreases biological activity 

(compound 15, Figure 4). Ursolic acid (16) showed good in vitro and in vivo results[152] and 

recently a new formulation, applying nanoemulsion for oral intake, was developed[153] (Figure 4). 

Arylimidamides, such as DB766 (17), showed promising results against intracellular parasites and 

were also successfully tested against T. cruzi in 2018 (Figure 4)[154], however, some of them were 

toxic in mice[155].  

 



 

13 

 

Figure 4:  Chemical structures of the novel compounds active against T. cruzi. Key scaffolds are highlighted with 

a box. GNF5689 (6), 5-amino-1,2,3-triazole-4-carbocamide (7), GNF3849 (8), thiazole derivative 9, 

benzothiazole derivative 10 and quinoline derivative 11. BNZ derivatives: indazole 12, 1,2,3-triazole 13, 

1,2,4-tirazole 14, triazole without nitro group (15), ursolic acid (16) and arylimidamide DB766 (17). 

1.3.3 Target approach ï focus on isoprenoid and sterol biosynthesis 

The elucidation of the T. cruzi genome sequence[132] enabled target-based drug discovery 

since it made all potential drug targets accessible for recombinant expression. Currently a large 

number of targets, for many of which a structure has been deposited in the PDB[100], and inhibitors 

of various chemotypes are studied for further development of new anti-Chagastic drugs[99a]. One of 

the pathways under investigation is ergosterol biosynthesis, which includes the mevalonate and 

isoprenoid pathway[111c, 156]. It is specific in kinetoplastids[156b] and according to genetic 

profiling[157], it is well understood in T. cruzi. Trypanosomes and humans have many isoprenoid 

and sterol precursors in common, but key steps differ: T. cruzi epimastigotes and amastigotes 

synthesise ergosterol and 24-alkylsterols, respectively, whereas humans produce cholesterol[157-158]. 

Epimastigotes and amastigotes cannot survive on assimilated cholesterol from their host[111d] and 
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blocking the pathway leads to depletion and lack of sterols resulting in changes of lipid bilayer 

integrity and hindrance of proliferation, therefore causing parasite death[156c, 159]. The in vitro and 

in vivo susceptibility to ergosterol biosynthesis inhibitors was demonstrated for several steps of the 

pathway, making these enzymes potential drug targets[13c, 156b] (Table 1, Figure 5).  

Table 1: Proteins as potential drug targets in T. cruzi.. 

Target enzyme inhibitor Citation 

hydroxymethylglutaryl-CoA reductase (HMGCR) statins [160] 

mevalonate kinase (MVK) feedback inhibition by intermediates [161] 

farnesyl pyrophosphate synthase (FPPS) nitrogen-containing bisphosphonates (N-BPs) [162] 

squalene synthase (SQS) quinuclidines [163] 

squalene epoxidase (SQLE) allylamines and hydrazones [164] 

lanosterol synthase or oxidosqualene cyclase (OSC) aminopropylindenes [165] 

sterol 14Ŭ-demethylase (CYP51) anti-fungal azoles [159] 

sterol 24-methyltransferase (S24MT) azasterols  [166] 

 

T. cruzi FPPS (TcFPPS), the target enzyme of this work, represents a metabolic branching 

point and rate limiting step in isoprenoid biosynthesis[156b, 167]. It catalyses the formation of farnesyl 

pyrophosphate (FPP)[168], an essential building block in biosynthesis of isoprenoids such as sterols, 

ubiquinones, dolichols and heme A. With over 30,000 known isoprenoids, sterol biosynthesis is 

quite diverse and its products are ubiquitous and crucial for the survival of the organism[169]. 

Inhibition of FPPS abrogates all downstream processes of sterol synthesis and other processes 

relying on FPP due to a lack of starting materials[162, 167, 170].  

One of the processes, dependent on FPP, is protein prenylation, a posttranslational 

modification important for the localization of the signalling proteins Ras, Rho and Rap to 

membranes and thus for intracellular signal transduction and cell cycle progression[167, 171]. Protein 

farnesyltransferase (PFT) transfers a farnesyl moiety from FPP to the thiol of a cysteine in a 

C-terminal CaaX motif (C: cysteine; a: amino acid with aliphatic side-chain; X: variable amino 

acid)[101d, 172]. Furthermore, FPP is needed for the formation of geranylgeranyl pyrophosphate 

(GGPP) used in geranylation of proteins catalysed by protein geranylgeranyl-transferase 

(PGGT)[173]
. Besides indirect inhibition such as processes downstream of FPPS, T. cruzi PFT and 

PGGT can also be directly inhibited. Repositioned human PFT inhibitors, used in cancer 

therapy[101d], as well as monophosphates[172a, 174] and benzophenone derivatives[172a, 174] are active 

in vivo and in vitro against T. cruzi PFT. N-BPs not only inhibit TcFPPS but also T. cruzi 

PGGT[173]. An overview of the ergosterol pathway and processes depending on FPP are depicted 

in Figure 5.  
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Figure 5:  Sterol biosynthesis pathway in T. cruzi. Metabolic steps start from Acetyl-CoA, lead to mevalonate 

(mevalonate pathway) and further to FPP (isoprenoid pathway) and give the final products ergosterol and 

24-alkylsterols (ergosterol pathway). Inhibitors are written in bold, downstream processes and final 

product are framed.  



Introduction 

16 

In many cases, inhibitors of T. cruzi enzymes involved in ergosterol biosynthesis were 

repositioned from their mammalian homologues. Statins, such as lovastatin (18), are well known 

inhibitors of human HMGCR used in the therapy[175] and were shown to inhibit T. cruzi 

HMGCR[160] (Figure 6). Likewise, quinuclidines active against mammalian SQS were found to 

inhibit T. cruzi SQS[111d]. Many compounds active against CYP51, the most studied target enzyme 

for CD chemotherapy[68d], were derived from phenotypic-based screening[67, 141c]. As mentioned 

earlier, the outcome of clinical trials with the anti-fungals posaconazole and ravuconazole failed to 

meet expectations. In 2019, coadministration of the CYP51 inhibitor VFV (19) with BNZ showed 

significantly better results in mice when compared to a monotherapy with BNZ[176] (Figure 6).  

Another target for anti-Chagastic drug treatment is cruzain, the most abundant cysteine 

protease in T. cruzi essential for intracellular replication, adhesion to host cells and modulation of 

the hostôs immune response[25a, 177]. It was validated in mouse models and the vinyl sulfone 

derivative K777 (20) has proven to be a potent inhibitor[177b, 178] (Figure 6). Due to tolerability 

issues in primates, K777 did not proceed into clinical trials[179]. Currently, newly designed 

benzimidazoles are the most potent inhibitors of cruzain[98].  

 

 

Figure 6:  Chemical structures of lovastatin (18), VFV (19) and K777 (20).  

Other target enzymes are hexokinase[180], triosephosphate isomerase (TIM)[181], and 

glyceraldehyde 3-phosphate dehydrogenase[182], all of which play important roles in glycolysis. 

Further targets include topoisomerase, which is involved in DNA supercoiling and 

entanglement[183], trypanothione reductase[184] and nitroreductase type I[134], which are responsible 

for cell detoxification, and trans-sialidase, which is important in host cell invasion and immune 

evasion[185]. Additional approaches to combat flagellate growth are altering tubulin assembly[186] 

and affecting intracellular calcium homeostasis[187]. The antiarrhythmic drugs amiodarone and 

dronedarone[187] as well as the antiparkinsonian drug bromocryptine[188] change the mitochondrial 

electrochemical potential and lead to alkalinisation of acidocalcisomes, vacuole-type storage 

organelles, rich in pyrophosphate (PP), phosphate, and calcium ions[189].  
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1.4 Farnesyl pyrophosphate synthase (FPPS) 

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

diphosphate synthase (FDPS), was first described in 1959[190]. The fpps gene has been cloned to 

express and purify FPPS of fungi[191], yeast[192], avian[192], algae[193], humans[194], and also 

T. cruzi[195], the parasite of interest. In many organisms FPPS is a cytosolic enzyme, however, in 

some species FPPS is also localized in other cellular compartments[196]. So far all purified and 

characterized FPPSs are stable homodimeric enzymes of about 80 kDa size with a catalytic cleft in 

each monomer[167, 197]. In most reported FPPS crystal structures the two monomers are 

indistinguishable as they are related by crystallographic symmetry, such as in human 

FPPS (hFPPS)[168, 198] and avian FPPS[199], the very first solved FPPS crystal structure. In the E. coli 

FPPS crystal structure, the monomers are not related by symmetry, but show only minor 

differences[200].  

FPPS plays an important role as key enzyme and rate limiting step in isoprenoid 

biosynthesis[167, 201] (chapter 1.3.3, Figure 5) catalysing the formation of the C15 building block 

farnesyl pyrophosphate (FPP) from C5 precursors[168, 202]. FPPS condensates dimethylallyl 

diphosphate (DMAPP) with its isomer isopentyl diphosphate (IPP) to form intermediate geranyl 

pyrophosphate (GPP), and consecutively condensates GPP with a second IPP to form FPP[162b, 167, 

203]. The reaction runs via a consecutive and stereoselective head-to-tail condensation yielding 

exclusively (E,E)-FPP[167] (Figure 7 (A)). Despite the availability of crystal structures, it is 

mechanistically unclear why homodimer formation is required for catalysis, however, it was 

suggested that the two subunits do not act independently[203]. 

 

 

Figure 7: Scheme of the condensation reaction catalysed by FPPS. (A) Condensation reaction catalysed by FPPS. 

(B) Proposed reaction mechanism via carbocation intermediate. 

The comparison of FPPS structures revealed seven conserved regions forming an active 

site cleft featuring prominent aspartate residues of two highly conserved aspartate-rich motifs 
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(DDXXD, D: aspartate; X: variable amino acid), which orient their side-chains into this cavity. 

The latter residues are important for catalytic activity[195, 200, 203-204]. They are called first and second 

aspartate-rich motif, abbreviated as FARM and SARM, and they are part of the region II and VI, 

respectively. These are Ŭ-helical regions forming the opposing sites of the major cleft, which is 

approx. 12 Å in diameter in the open-state and approx. 8 Å in the closed-state[167]. The monomer is 

composed of a two-helix N-terminal hairpin followed by an orthogonal central eight-helix bundle 

and a bundle of three short helices that protrudes perpendicular from the central bundle[162b, 197, 

199-200] (Figure 8).  

 

 

Figure 8: Overview of the structure of FPPS. (A) Monomeric hFPPS with conserved regions I ï VII (PDB ID 

5JA0[205]). (B) Active cleft in open-state hFPPS (grey cartoon, regions are coloured, residues of the 

FARM and SARM are shown as sticks, PDB ID 5JA0[205]). (C) Active cleft of hFPPS in open-state and 

closed-state are superimposed (PDB ID 5JA0[205] and 2F8Z[168]). (D) hFPPS homodimer with chain A 

coloured in blue to red gradually moving from the N-terminus to the C-terminus. Helices are labelled 

accordingly. Chain B is depicted in grey (PDB ID 5JA0[205]). (E) A 90° rotation about the horizontal axis 

of the structure depicted in (D) (PDB ID 5JA0[205]). 
































































































































































































































































































































































































































































