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Zusammenfassung

Ziel dieser Arbeit war die Entdeckung von Substandém anT. cruziFPPS (TcFPPS)
binden undhicht der Stoffklasse der BisphosphonatgehdrenZu diesem Zwecke wurdeines
und homogene$cFPPS durchekombinante Expression . coli Bakterienunda nsc hl i ebend
Aufreinigung mittels IMAC und SECerhalten (Kapiteb.1). Darlker hinaus konnteein
zuverlassigesteproduziebaresKristallisationssystem etabliewerden das Kristalle mit guten
Diff raktionseigenschaften lieferDas System weist ausgezeichngigenschaften fUFragment
basiertes Screenirn{§BS)auf, da es mit verschiedenKristallisationsplaien kompatibel war und
Apo-Kristalle lieferte, diebis zu 24 h in 15% DMSO stabitaren unddie Aufnahme von
Datensétzen mit eer Auflosungvon etwa 1,68 erlaubten Die héchste erreicht@uflosungfiir
einen TcFPPS Kiristalag bei 1,8 A (PDB ID 6R09).

Die allosterischeTaschein TcFPPS wurde mittels Sequenzanalyse und struktureller
Uberlagerung verschiedenePPSHomologeuntersucht (Kapites.2). Dabei zeigte sich, dass die
allosterische Regioin FPPSweniger konserviert ist als daasktive Zentrum Unterschiede
zwischenAminosaurenan aquivalenten Positionen, die die allosteris&egionbilden, wurden
festgestellt. Dies idfiberrascheay wenn man deon ausgeht, dass dieses Enzym produktinhibiert
ist, wie fir dashumangd=PPS(hFPPS) gezeigt werden konnkininteressante Beobachtung war
dass die AmiosaurePhe50 in TcFPPS eine Ausnahme in einer ansonsten hochkonservierten
Position ist. Es scheintdie Tasche durch sterischeinderung zu blockierenAllosterische
Inhibitoren von hFPP®iesenzwar Bindungsaffiiitat zu TcFPP&wf, aber die beiden erhaltenen
Kristallstrukturen zeigten, dass diese an Besteinoberflachéinden(Bindungsstelle S1 und S2,
PDB IDs 6R08 bzw. 6R07).

Die Novartis Hauptund FluorFragmerbibliotheken(1336 und 482 Verbindungen) wurden
auf TcFPPyetestetwas zu 63 bzw. 45 validiertdfragmentbinderritihrte (Kapitel5.3). Die
Durchfiihrung des gleichen Screenings it brucei FPPS (TbFPPS), dem Erregerrde
Afrikanischen Schlafkrankheitind Gegenkontrollauf hFPP&eigte dass einige Verbindungen
selekiv an nur eies, oder zwei der Proteine bindéwffallend war dass TFPPS im Allgemeinen
mehr Binderhate als TbFPPS, unduch mehr selektiv®inder im Vergleich zu TbFPPS.
Nachfolgende Kristallisationgperimente mit den Bindern der Hatfragmeniibliothek fiihrten
zu 3D-Strukturen von zwei TcFPPSomplexen. Ein Ligand bindean die Grenzflachedes
Homodimeraund der anderign aktiven ZentrumLetzteremvurde mit Hilfe ded ools ParDataset
Density Analysis (PanDDA) identifiziert. FBS mittel®fRgenkristallographievurdenim XChem
Labor in Harwell, GroR3britannien, und im HTX Labdan Grenoble, Frankreich, durcéfiihrt
(Kapitel 5.4). Der XChemScreen identifizierte 3Bbragmenbinder (PDB IDs 5QPDi Z,
5QQ071 9, 5QQAT B) in Bindungsstellen, die Uber das gesamte Proterteilt waren Dazu
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gehoren das aktive Zentrundie allosterischeBindungsstelle, die Homodim&ren#lache,
Bindungsstelleran der Oberflache und eine neliasche in unmittelbarer Nahe des aktiven
Zentruns Erstmals wurderFragmentadentifiziert, die an die allosterischBindungsstellevon
TcFPPS im offenen Zustandnidien Eine Drehung der Phem@eitenketteszon Phe50 fuhrte zur
Offnung dieservorherig geschlossenen Tasche. Der Screen im HEXor identifizierte acht
weitere Fragmentbindefiir die aktive und allosterischigasche

Die ersta Optimisierungersucle eines Fragmentzu einer Leitstrukir erfolgten mittels
virtuellem Screening mit denmwebbasiertenTool ANCHOR.QUERY. Sieging von dem
FragmentbindeLUY aus(Kapitel 5.5) undmittels EintopfMehrkomponentenreaktionevurden
11Verbindungensynthetisiert(MCR-1 i 11). Allerdings war derenscHechte Loéslichkeit in
nachfolgenden Tests abtraglichund Kristallisationsexperimente filhrten nicht zu einem
Strukturmodell eines Komplexef®anach wurde der Ansatz des Fusionierens der Fragmente
AWM , LVV, LUY, LDV und AWV fir die chemische Optimierurgewahlt(Kapitel 5.6). Eine
Bibliothek von 12Verbindungen MCN-11 12) wurde durch reduktive iinierung synthetisiert.
Kristallstrukturenmit denVerbindungerMICN-1, -4 und -8 zeigten unerwartete Bindungsmodi
Anstatt an der Bindungsstelle deusgangsfragmentéinden die fusionierteBubstanzean die
auf der Proteinoberflache befindliche Bindungsstelle S1 (FI385R09, 6R8\, 6ROB).

Die 50neuenKristallstrukturenvon TcFPPSFragmentKomplexen, diein dieser Arbeit
beschrieben sindverdenneue Impulse fir die Medikamentenentwicklung fir CD geli®a
groBe Vielfalt der chemischen Strukturender Fragmente und die unterschiedlichen
Bindungsstellen sind potenzielle Ansatzpunkte fir Inhibitoren maitterschiedlichen
physikalischchemischen Eigenschaften und einer neuartigen Wirkungswiedseelfen konren,
die mit den Bisposphonaten verknipftétinschrankungen zu tberwinden.



Summary

Trypanosoma cruZiT. cruz) is the causative agent Ghagas disease (CD), whiatostly
affects underprivileged populations in South and Central Amdriecurrent standard ofrefor
this diseasare the twaempirically discovered drug®nznidazolend nfurtimox. They showow
efficacy, difficulties in administradn andsevere side effect™oreover, there ar€. cruzistrans
that have formed resistanca@$ius, thelevelopment of a safe and efficient drug is urgently needed.
T. cruziis dependent on isoprenoid biosyntlemergosterol and other 2akylsterolsare essential
metabolites that cannot be acquired by other mechaniBhesefore, itwas hypothesised that
enzymes alonghis pathway are promising drug targetsnumber of compoundsrgeting these
enzymeswere ested andhave beershown toinhibit parasite growthAmong those enzymes
farnesyl pyrophosphate synthagd®P3, a key brancipoint enzyme in the isoprenoid pathway,
which is in the focus of this work. tatalyses the synthesis farnesyl pyrophospta (FPB, a
C15 building block in sterobiosynthesis andn protein prenylation of signalling proteins
Bisphosphonies (BPs) are known active si@ected FPPS inhibitors, whichxlabit ideal
pharmacokinetics to targbbne mineral and are used to treahe diseases. BPs can also combat
T. cruziflagellates but are not ideal to treat @De to their pharmacokinetics the search for
new chemotypeseseral no-BP inhibitors that bind tanothempocket were found for human FPPS
(hFPPS)oy fragment based screening (FBS)eé€ently it was shown that the product of FPPS,
farnesyl pyrophosphat(FPP)can bind to this pockeind locks the enzyme in an open and inactive
state thusshowingthe allosteic character of this pocket.

The current work aimatthe discovery of no8P inhibitorsof T. cruziFPPS(TcFPPS)
which could be starting points for thevelopmenof a treatment against CD. Towards this goal
recombinant expression i coli cells ar purificationby means of IMAC and SEC yieldgdire
und homogenou3cFPPS(chapter5.1). This includesunlabelled,**C*N-labelled andin vivo
biotinylated awtagged TcFPPS. Furthermore, novel, reliable highly reproducible, and
well-diffracting crystallization system wasstablishedThe system exhibits excellent properties
for FBS as it was compatible with differtetypes of 96wvell plates Apo crystals were stablfer up
to 24h in 15%DMSO and allowed collection of data sets with a diffraction limit of aroud 1.
Thebestachievedliffraction limit was1.28A for a soaked TcFPPS cryst®DB ID 6R09.

The allosteric region iMcFPPS was investigated by means of sequence analysis and
structural superimposition of various orthologous FPR®spter5.2). This revealedthat the
allosteric region is less conserved thandbtvessite. Differences among residues in equivalent
positions that form the allosteric site were observddch is surprising if it is assumed that all
FPPSs can be product inhibited as hFPPS. A remarkabieg is that residue Phe50 in TcFPPS
is an exception in an otherwise highly conserved posili@auses steric hindrance of the pocket
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in TcFPPS. An attempt to reposition established allostehibitors of hFPPS$howed binding
affinity to TcFPPS buthe two obtained crystal structures demonstrated their binding to sites on
the protein surfacésitesS1andS2 PDB IDs6R08 and 6RO respectively.

The Novartis coreand fluorinelibrary (1336and 482compounds)were screene@n
TcFPPS, whichresulted in 6&nd45validated fragment hits, respectivelyfchapter 5.3).
Performing the same screen withbruceiFPPSTbFPPS)the causative agent of African sleeping
sicknessand counter screening on hFPPS led to unique, pairwise and triple binders demonstrating
selectivity athe early stage diBS. Strikingly, TcFPPS has generally more binders than TbFPPS
and TcFPPS has manynique hits when compared to ThFRPPSibsequent crystallization
experiments with the core library hits resulted3D structures ofwo TcFPPS complexe€ne
ligandbindsto the homodimer interface (sigl2) and the othemein the active siteThe latter
was identified by usintghestatistical analysis tool Pdbataset Density Analysis (PanDDABS
by X-ray crystallography at the XChem facility in Harwell, UK, and the HTXlab in Grenoble,
Francewere conducted (chaptgrd). The XChem screeidentified 35 fragment binde(PDB IDs
5QPDI Z, 5QQ0i 9, 5QQAI C) in binding sites that were distributed over the entire protein.
This includes the active site, the atlrsc site, the homodimer interface, sites on the surface and a
new site in close proximity to the active sigrikingly, the first two fragmentdinding tothe
allosteric site of TcFPPS in its open state were identified. Rotatioregshnyl side chaiof
Phe50 ledo opening of the former closed pockBte HTXlab screen identified additional binders
for the active and allosteric site. In total 12¥&ta sets were collected amalysed This process
wasacceleatedusing PanDDA.

The firstfragmentto-lead optimizatiorby means of virtual screening using the viatsed
platftorm ANCHOR.QUERY wadased on fragment hitUY (chapter5.5. Canpounds were
synthesisedusing onepot onestep miti-component reactionsSynthesis of 1ltompounds
(MCR-17 11) was successful, but poor solubilityas detrimentain subsequentesting on
TcFPPS and crystallization experiments did not leadgtuctual model ofa complexA second
fragmentto-lead optimization using fragment merging approach for chemical optimizati@s
based on the as# sitedirected binder’AWM, LVV, LUY, LDV and AWV (chapter5.6).

A library of 12compounds NMICN-171 12) was synthesised by reductive aminatiotrray

structures rewvaed unexpected binding modes fmompoundsMCN-1, -4 and-8. Instea of

retaining the binding site of the fragment, the merged compobindsto thesurfacedirected

binding site SI(PDB IDs 6R09, 6R0OA, 6ROBMNeverthelessthe 50 new crystal structure®f
TcFPPSfragmentcomplexediscussedn this workwill pave the wayfor future drug discovery
campaignsfor COT he | ar ge di v e r scaftolgsand dlifferertt ndifigrsi,e@tene nt s 6
potential starting points for inhibitors withifferent physicochemical properties amtovel mode

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

1.1 Chagas disease

Chagas diseag€D) or American trypanosomiaggavectorbornediseaseausedy the
parasiteTrypanosomaruzi (T. cruz), a parasite thaffects mostly underprivileged populations
in Southern and Central Ameri8aCD is one of 17 neglected diseases listed by¥oeld Health
Organisation (VHO)®. According to the WHOsix to sevemillion peopleare infected all over
the world and more thar0 million people are at risk to get infecteround 10000 people die
every yeabecause otompications linked to this dised$é. In Latin America CD is a major
public health burdéfi associated with the loss approx.546.000disability-adjusted lifeyears
(DALYS)Bl, This resultdn an estimatedeconomic burden of more than seifion dollar per
yeaf’!, Cowntries outside Latin Americaaccount foran estimated 4.2% of DALYs and,
disproportionately, foR21% of health care costs related to®Din the last decades, public health
programs significantly reducethe prevalence of CDthrough vector ©ntrol programs
improvement of rural housing qualjtipetter screening progragend access to diagnostics and
treatment NeverthelessCD remains the most prevalent parasitic disease in the Aniéricas

CD has been present in a sylvatic cycle in America for over 10 million years before the
arrival of maff!. Around 10.000 years agbbecame an anthropozoongsiseaning itprimarily
affected animalsbut was alsdransnitted to humani the context ofgriculturalactivity andthe
domestication of animdfs Due toprogressive deforestation ancconcomitant decrease of wild
animal populations triatominebugs, which are vectors @f. cruzj lost theirmain food source
Thus CD turned into an endemic zoonosis approx. 200 to 300 yeaf¥ afoin 1909,
CarlosChagadirst describedCD in humansand named'. cruzias causative ageandtriatomine
bugs asts main vectdt® 111 |n 1912 Emile Brumpt described the mode of natural transioiss
of the infection via th feces of the buéy.

Today, nedication is based on twempirically discovered drugs, benznidazole and
nifurtimox, which have limitations such as low efficacy in the chronic stagalilts, difficulties
in administration, severside effectandineffectiveness imesistantl. cruzistraing 3. Thus an
effective drugasa reliable curés lacking and there iso vaccire for diseasereventioneithef4l,

In consequencgehere is aontinuing and compellingeed fomew drugs foa safe and efficacious
anti-Chagastreatmerit®.,
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1.1.1 Trypanosomecruzi

There are more than 150 spexiof bloodsucking bugs?l. The most relevant vectors of
CD are the genus Triatom&nown as kissing bug(T.infestans T. brasiliensig, Rhodnius
(R.prolixus) and Panstrongylu®(megistuk It is mostly assumed thtie occurrence of suitable
vector species is limited to Southern and Central Améficahe parasite T.cruzi is a
homoflagellate protozoan of the ord€inetoplastidaand family Trypanosomatidd¥: 8. There
are numerous strains thgiiow phenotypic angeretic diversity andredivided into sevediscrete
typing units(DTUs), Tclto TcVI and Tcbdt’. Somestrains are of higher clinicaignificance
than otherswhich is dueto variations indrug susceptibilit§”, virulence strength!, and the
availability to invade host tissu& Strainscan beclassifiedby a typing assay identifying key
discriminant singlenucleotidepolymorphisms (SNPEY.

T. cruzihas the ability to infect and repliedan various tissue types of it®st, including
cardiac muscle cells, smooth muscle cells, skeletal muscle cells, neurons, macrophages,
dendritic cell&? 2?4, The parasithas dife cycle with four phasethat occur in its insect vector and
in the mammalian host: (Beplicative but nosnfectiousepimastigotesa r e f ound i n the ve
digestive tract. (2pimastigotes differentiate inthhe metacyclic trypomastigoteerm and are
subsequentlyransferred to the mammalianhest a cont ami nati on of the bite
feces (3) Trypomastigotemvade host cells arfdrtherdifferentiate into intracelluldy replicative
amastigotes(4) Amastigotedifferentiae back into trypomastigoteshich invade neighbouring
cells afterhost celldisruptiort'® 251, The cycle is completed when blebdrnetrypomastigotes are
ingested by ariatomine bu§®® (Figure 1).

In vitro studieshave showrthat infectious trypomastigotesctively attachto and invade
mammalian host cellwithin 5to 10 minafter infection forming a parasitophorous vacuéte’®l
After 1to2h the trypomastigoteescapes this vacuole and differentiates into a replicative
amastigote in the host cell cytopla&fh After 5 to 6 d and several replication cyclamastigotes
occupy most of the cell volume, transform to trypomastigotes and rupture the Ho'stReting
this processT. cruzi excretes proteins, such as cruzain, P21, phosphelWpasd other soluble
factord?®@ for protectionagainst the has6 s i mmune r e s p ois®wen aghestbn, pr omot i o
recognition and invasion mechanisms by manipulating the host cell signalling patPi8ys

Complexity and timing of th&. cruzilife cycle in mammalian host cells amaportant
factorsin cell-based screening experintenvhere parasite growth is quantified inradture with
mammalian host celfé. Since the amastigote staigethe replicative form in the mammalian
host'd it is the preferred parasitic target stage in-balsed assalf¥. Zingaleset al.% recommend
to validatepromising drug candidates for broad activity against each DTU in secondary screens.
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Trypomastigotes differentiate
into epimastigotes, which
replicate by binary fission

in the midgut

Epimastigotes differentiate
into metacyclic trypomastigotes

The triatomine vector
takes a blood meal and
ingests trypomastigotes

Intracellular amastigotes
transform into trypomastigotes
followed by rupture of the host
cell and enter the bloodstream

Chronic clinical features

2@

Megacolon  Cardiomyopathy

Megaoesophagus

Figure 1:

1.1.2 Infection

Trypomastigotes can infect other
cells and start a new replication
cycle

Metacyclic trypomastigotes
excreted with faeces enter bite
wounds or mucosal membranes
such as the conjunctiva

Romana sign

Chagoma lesion

Intracellular amastigotes multiply
by binary fission in cells

Metacyclic trypomastigotes
penetrate cells at the bite wound
site; inside cells, they transform
into amastigotes

Life cycle of T. cruzi Reprinted fromnPerezMolina et all31 with permission from Elsevier.

In endemic regions, mainly in rural areas, natuesdterial tansmissiorof T. cruzi via

triatomine bugs a k e s

pl ace i

hobternaldbload meék Infected tintbmeénesb u g 6 s
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often excete feces contaminated with parasitesxt to the bite wourld. By unintentional
scratchingof the itching bite sitéhe parasites enter theound or near mucosal surfaéé. Other
infection routes areood born infectiolf!, congenital transfusiodfrom mother to chil&®,
transfusion of contaminated bloaat transplantation oforgan§¥ and accidental contadh
laboratories®!,

Food born infectionoccurs by ingestion of food or beveragesontaminatedwith
trypomastigote# sylvatic and rural environmeffts®. Food @ntamination®ccur througlwhole
triatomineinsect andtheirfeces,or via feces ofother vertebrates such @sgs, catshats,rats and
armadillo¥ 36371, Taken togethethesevectors still play arucialrole in orally transmitted CD,
which often manifests with particulabgveresymptoms due to high initial parasite lo&8dsFood
preparation techniques such @ying® and heating” inactivatestrypomastigoteshowever,
refrigeration and freeziffg' showlittle destructiveeffects. Vertical transmission from mother to
child is becominga more prominent infection routepresenting rates of up to one thof new
infection$*?l. Therefae, screening of pregnant womisrcritical to prevent disease prevalefite
33. 43 Infected newborns show high parasite loads irir thivod, which allows relativelyeasy
diagnosi8” 44 Another notable transmissionroute is theinfection after transfsion of
contaminated blood dransplantation of organs with persistent pardéteShemical sterilization
of blood samples in endemic regions with gentian Viéteprevented transmissipbut proved
unacceptable due to purplish skin staining of transfusion pattenteerefore, prevention dhis
route is achieved by betteontol of donorswith serological screeniffg.

1.1.3 Disease stages

After initial infectionand an incubation period of &to 40 d, the diseae starts with the
acute phage!’”. While mostly asymptomatic and undetedieadults children and a small subset
of adults exhibifever,headachejecreased appetite, swollen lymph nodesishowthe Romana
sign (swollereyelid) or a Chagomaswollen bite woundjFigure 1)*2 ") Around5% of acutely
infected patients, again mostthildren, die of acute myocarditis (inflammation of the heart
musclg or meningoencephalitis (inflammation of the by&int4.

If the patient is left untreatedhe acute phase ifollowed by arintermediatephase that
lastsfor 20 to 30 yeaf¥. It is anasymptomatiphasewith no physical signs of dise&iée Despite
pathogen persistence, the levels of parasites in the bloatbaeetothe detectionimit, therefore
making @rasigemia difficult to diagnose. About 70% of intermediate CD patieittserclear the
infection orjust remain asymptuoatic for the rest of their live'?,

The remaining30% develop clinical symptoms arzkcome chronic Clpatients They
experience irreversible damagecardiac and gut tissuésading to abnormal heart rate, cardiac
arrestdamage of the nervous systeangd digestive tract lesigt® 4. It was hitially hypothesized



that the organ damagedaused byan autoimmuneesponsé®, howeverjt was later statetb be

a consequence of theflammatory response trigred by parasite persistence in the pdtfént
Accordingly, T. cruzi pathology is related to its presence in muscle tissue during the chronic stage
of the disead®. The four most frequent and severe clinical manifestatiane Chagastic
cardiomyopatis, stroke,and negaesophagusvhich are characterized @abnormal enlargement

of the heart chambers, the coland oesophagus, respectivélyigure 1)i*a 158 17. 48 |n
consequence,dart failure and failure of the gastrointestinal tract functiornttaemost common
causs of deatt®, Despite ongoing efforts, the underlying mechanism that determines which
patients develop chronic CD and which patients remain asymptotic are poorly und&tstood
Finally, patients undergoingnmunosuppressive theramy immunocompromised individuals
such adH1V patients are ahigherrisk to experience reactivation f cruziparasite® 5%,

1.2 Diagnosis

The most appropriate diagnostic strategy depends on the clinicalo$t@ft'’l. During
the acute pha&d, after congenital infectid?¥, and aftetransfusion transmissié#l, parasite loads
in the blod are high and trypomastigotes can be observed in peripherdl $logars under the
microscopeThe seconaften appliedand muchmore sensitive method the polymerase chain
reaction (PCR) which assesses the presende ofuziDNA in peripheral bloo®". During the
intermediateand chronighasethe levels of parasites in thood are belowhe detectionlimit,
thereforemaking paraséemia difficultto diagnose. Even PGRan lead tdalse-negative result®.
Verification of antibodies againgi. cruzii n t h e ool ly sige 6ftypomastigote exreted
secreted antigens basea@$tern blot analysis (TESWB) is an alternativeption at this stages of
diseasg®l. It is recommended to use at leasb differentserologicaltest methodso confirm a
positive diagnosibecause¢herates offalse-positive tests are higth

Chemotherapywith benznidazole or ifurtimox reduces the parasite load beldiae
detection limitmakingit difficult to determine treatmersiiccess oto attest curé?. Microscopic
guantification of parasitaemia provides a measure of parasite suppression, but is not sufficient to
prove parasitological cure, as parasites ¢aulate at low levels in the blood or remain present in
tissue&® °7. Parasitological testare more sensitive but cannot guarantee a cure either. Among
them arghe aforementioneBCR andkenodiagnosisgn whichthe feces of previously uninfected
bugs is analysed after they had been allowed to take a bloodandatjcroscopy aftea long
term blood culturé® 58 Further conventional serological tests, such as endiyked
immunosorbent assay (ELISA), indirect immunofluorescence (lIF) and indirect hemagglutination
assay (IHA)exist and aravailablefor diagnosis®>9,
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Currently, new tests are under developmeraraBitic persistencevas assessed by
simultaneouprofiling of severall. cruziantigen8% and lately it wa shown that the response of
the single antibody AB3s sufficient®t. Apo lipoprotein Al and fibronectin fragments were
identified aspotential markers predictive afird®?. In mice themost sensitive measure of cure
after a completeddrug treatment is obtained bysabsequenimmunosuppressive theraplyat
causes parasitaemiaebound, whicttan be detectdaly microscopy®!, blood culturé4 or PCRE*

I, Further research oreliable early diagnostictools and techniqueso determinetherapeutic
responseandevidence otureare required. fieidentification ofbiomarkerdo determine parasite
clearance versus paragiersistencavould allow to dramaticalljmprove the treatment of patients
andto evaluate new drugs fight CD7¢ 37. 62. 66]

1.2.1 Medication and vaccines

The ultimate goal o€D chemotherapys to prevent diseaseanifestation Whether this
requires complete parasitological cureuisknown For chronic patientschemotherapy should
preventdisease progression oeverse symptorfd. These requirements are partially met by
benznidazole (BNZ)Y1) and nfurtimox (NFX) (2) (Figure 2), the only availabldrypanocidal
drugs which have been empirically imiduced into clinical therapy in the 1970s and 1960s,
respectivelf’. BNZ (Abarax®, former Rochagdf) was developed bifoFFMANN-LA ROCHE and
is now produced by ELE®!. NFX (Lampit®) was developelly Bayer. They provide the drug that
can be requested from the WD

nitroimidazole .
nitrofuran

............

Figure 2:  Chemical structure of BNZLJ and NFX Q). Key scafblds are highlighted with a box

Both drugsare activated by type nitroreductaseollowed by freeradical formation
overwhelming the antioxidant capabilities Df cruzj as well asy the activity of the formed
reductionintermediatesvhich lead tdethal DNA strand breaks* ] BNZ has the bettesafety
and efficacy profile and is thefore used as first choi¢eeatmerit®. Long-term regimes with high
dosages are required for an effective treatl#@nTreatment regimermiggesb to7 mg- kg per
dayof BNZ divided in twodoses for adults for 6Gagtsor 8 t010 mg- kg per dayof NFX divided
in three doses for 9@ays’™. Multiple doses a needed per day, as both druaye rapidly
metabolized by the cytochrome P450 systéth Severe side effegtoften prompt the



discontinuation of the treatméiitl. The toxic effect of BNZ and NFX is associated with their
chemical features. Bothharmaceutical®elong to he class of nitroaromatic drugahich are
known for chemistndriven liver damage&ausing hepatitis (inflammation of the livié) Other
side effects includedermatitis (inflammation of the skin), digestive intoleran@®miting,
anorexia) and peripheral neuropathfdamage to p&vheral nervesyl. In addition both
compounds exhibitmutagent propertie€®. These side effecs often result in low patient
compliancespecifically in intermediate phagatientswhich are usually symptom frée 74l

Nevertheless réatmentin the acute phasghows good efficacy in children, but limited
efficacy in adult$®), Treatment success chronic CDrangesrom 20 to50%4747%. The effect in
advanced chronic patients is 16 "landefficacy is difficult to assess, since the patient gsoup
vary in agedistribution length of CD manifestatioandoften suffer fromadditionaldiseas€e®’.
However, thee is evidence that chronic patients treated with BNZ benefit from decrease in parasite
levels andhereforemedication isecommended®* 7”1 The reasons fofailure of treatmenhave
notyet been fully explainedhowever, dferent evaluatio methods, incomplete treatmedriable
virulenceamongT. cruzi strains andlifferences betweehn o0 st 6 s | mranecomribigings t e m
factords®],

Newtherapeutic treatments are needed, not only to reduce side effects and toxicity but also
because varioud. cruzi strains showvariable susceptibility toBNZ and NFX6 %] The
Colombian strain for example is highly resistant agdogdrugs’®. T. cruzistrainswith naturd
resistance again®&NZ were shown to overexpreas ABCGtransportegenethat conveys drug
resistancé®, but also type | nitroreductasand additional mechanisms play a role in
drugresistancé”,

To date, vaccines against CD are not available, however, preventive and therapeutic
vaccines are currently being devesolf'. The recombinant antigens Tc24 and FSAhowed
promising resits in micé®y. Recently, they have been testadVillanuevaLizamaet all** in a
small group of infected humang £ 20) and healthy volunteers £19). Indeed, both antigens
triggerad a secondary immune response in Chagastic patients. Accaiitige authors a
therapeutiozaccine aimed at preventing or delaying the development of chronic CD would be an
alternative or comgiment to current drug treatm@fit

1.2.2 Control strategies

Public health programs for vector control significantly reduced the prevalence of CD in
the last decad®s’. However,CD control is highly heterogeneous between and within regions
and countries and is not eradicablat all becauseT. cruzi is also present in many different
mammal§2. Chemical ector control isa powerful wayto reduce CD prevalen€®. Spraying
ruralhousingsand the surrounding areagth insecticidesy professional sprayelesdto reduction
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of triatomine bugsnd thugeeductionof transmissioli®® &l Among them wag. infestans one of

the main vectorism South Americl¥. As a consequenpeectorial diseasgansmissionvas pushed
back®!l. Some species developed insecticide resistavitieh is of growing concertoday. An
example ipyrethroid®® and organophosphét@insecticide resistance @f infestanseported for
Argentina ad Bolivia in the late 1990sMougabureCueto and Picoll®! summarized the
evolution of many differentresistance They repored on varying resistance profileand
mechanisma between resistant fqcisuggestingan independent origin Due to insecticide
resistancedriatomines were observed after spraying with insecticides and the success of spraying
campaigns was diminishiffgl. To control resistant fogbther known insecticides can be used

a while but investigations onewinsecticideswill also be necessafy.

One more control tooto mitigate the consequences of pesticide resistances is the
improvement of rural housing® minimize colonization by tiatomines, and thus minimizing
humantriatomine interactions aneducingvectorborne transmission of G3. In this context,
initiativesto improve housingf the WHO and?an American Healt@rganizationfPAHO) have
led to significant improvementd.

1.2.3 Chagas dsease imon-endemic countries

Due to increasing migration flows and trdirey, CD became a global hdhlthreat in
non-endemic ared$ %8¢ 82 Thisincludes Europe, theJS, Canada, Asia and Australiaf®d 74 8]
The relevant mechanisms for transmission in-andemic countries are congenital transmission
from mother to child?, blood tranfusion and organ transplantatitff 531

Around 3.5 million LatinAmerican immigants live in Europe, mainlin Spain, Italy,
France, the UK and Switzerldid Approximating the number of Chagastiatients in Europe is
difficult and estimates of CD prevalence vary widely due to differenethodological
approachéd¥’. These problems are further exacerbated by qualitatively pocalpnee data from
endemic regiort€l. Although only 4.290 cases have been confirimeBurope Bazile et al®®
estimatedhat approx100.0® people are disease carriers.

Europan countriedack federal screening programs, therefoestsare rare, by far not
exhaustiveor even not consistdht °©. According to RequenMéndez et all®, testing
Latin-American migrants for CD would be ceaffective and should be supporte@ihe
identification of CD infection in pregma women is a major challenge ftine preention and
control of CD in norendemic countrié¥!. Some countries haveference centrebut apart from
that acess to diagnosis and treatment is oftetfdWhat isat least in part becauplysicians are
rarely confronted with CD ankhck expertise to accuratetliiagnose symptorfié 82l As a first
step to improve the a t i sitnatios,hysicians need to be trained to recognize and treat



cD7.88a BNZ and NFXare classifiechs essential drugsy the WHO butare not registered in
Europe and the US due to their severe side effeétss’a

In the USCD became a majaroncermot only due to migration, but also duelte spread
of triatomine vectord °2. They were first described in Soutfiexas in the 193¢ and in
consequenceectorial transmissiotakes plac&’l. Hotezet al®®l name human migration, poverty,
climate change, transbomrdeaffic, sea transportatigramong others as major external factors
driving neglected diseases in Texas.

1.3 Drug discovery landscapeagainst Chagas disease

Neglected diseasddlDs), such as CDaccount for approx11% of the global disease
burder®, howeveronly 1.3% (21) of thalrugslaunched between 1975 and 2004 were for their
treatmerit®. Thus, the resource investment is disproportionate tdifesse burdef®®. Usually,
the discoveryf novel therapeutics againdDsis driven by academia and nprofit organizations
as the market for such drugs is not of financial interesphbarmaceutical compani&€s In
consequencehe public sector and neprofit organizations finate 90% of resources invested in
researchon NDs*° 971 Within the last two decade§€D emerged in norendemic countries,
therefore triggering research interesttiaUS andn European countri€d. Several publieprivate
partnerships and initiativessuch asGlobal Heath Innovatie Technology (GHIT), the
Bill & Melinda Gaes Foundationand Drugs for Neglected Diseasaitiative (DNDi) were
launched and bame a driving force behimdrug discovery for CEr %81

Ongoingeffortsin drug research for CD includeprovement of current treatmentabel
extension of drugs in clical use,drug repositioningand denovo drug discoveryapplied to
phenotypic otargetbased screenif§ 3" 584 % Drug repositioningalso known as piggipackor
targethopping, in whichwell-knowninhibitors against related targets and thakes advantage of
a former drug development procé¥s1% Several computational methods are available for drug
repositioning that can either look for potential targets for a known driay potentialdrugs for a
specific targét®!. Drug repositioning isnexpensive and saves resources and isittmueasingly
used to discover novel drug candidates fors\8. Drug discovery by ahenoypic approach
examines the manifestation of parasitic infectiathout knowledge othe mebanism ofaction
and hence theanti-parasitic activity membrane permeability and host cell toxicity are directly
tested®?. In contrast, a target approach relies on a validated target, such as an dratyise
essential im metabolic pathway?!. In this approach,itferencesn pathwayssignalling cascades
andproteinhomologuedetween th@rotozoarparasite and the mammalian hast exploitedo
achieve drug selectivifif- 104
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A compound for CD chemotherafiyst needs to cross the cell membrane of infected
mammalian cells andsecondly move through the cytoplasm to cross the membrane of
amastigote®®¥. Unfortunately, parasitbost interactions;ariability of T. cruzistrains anddisease
progresi®n are not fully understood to d&& Neverthelss, a target product profile (TPP) for CD
was published by the DNEFY in 2006 andis constantly updatédt 1% It guides the efforts
towards a curative drug aictg by a trypanocidal mechani§m?* %6 The TPPdictateshit and
lead criteria foin vitro andin vivotesting anchdherence tthe rules ot.ipinskil’®” and Vebé%®),
in order to increase the probabilitygdod bioavailabilitywhen administered orallyvinimal side
effects and low druglrug interactionsare required fobetter patientompliance Despite these
advances, minimalkequirements foim vitro andin vivo screening strategiesre poorly defined,
which ultimately leads to poamhances to translafeom model systems ia clinicaltrials’. This
issue is further exacerbated by the fact thatexperimentalists than run clinical trialslizing
diverseexperimental models and definitiotts rate success of curatioAs a resultlinical data
suffer from poor comparability and require carefuhluatio®l. Current research advandasirug
discovery on Care described in theextchapters andn overview of review articles is given in
Table 27in the Appendix

1.3.1 Clinical trials

Currently three new drug candidates are tested for chemotherapy. dff@f them are
the repositioned anfungal azoles, posaconazol8) (Noxafil®, ScheringPlough§®? and the
watersoluble prodruge1224 @) (Eisai, BristotMyers Squibb}!? (Figure 3). They are potent
i nhi bitor s-deméthylase €YR51) andl Bldtk downstream ergdstéosynthesis,
which isessential for the paraditél. Posaconazole showed promising results in a p&tiént?
but it exhibitedlower efficacy inthe hasell clinical trials CHAGASAZOL (NCT0116296 7!
and STOPCHAGAS (NCT0137748®4 when compared to BNZ contréf$*15, Unfortunately,
similarresults were found ithe phase Il clinical trial of E1224 (NCT014892#8) 116 Therefore
both azoles armadequate as monotherapi¥ howevercombination therapies glosaconazole
or E1224with BNZ are currently test&$. E1224BNZ combination showepromisingresults in
mice'!” and the pase I clinical triaBENDITA (NCT0337866)"¢ startedrecently Based on
thesepreliminary resultstiseems likely that combination chemotherapy may play andlgure
treatment regimens again€DI!'!® 119 The use of additive or synergistic activity of drug
combinations may result in higher activitgduceddosages as well asdecrease incidence of
drug resistand®”. The third candidatefexinidazole(5), is a nitroimidaole with antiprotozoal
effect,and currentlytested in clircal trials Figure 3). It wasinitially describedfive decades ago
and the DND successfully rediscovered the substattéreatAfrican sleeping sickness as is
supportedy phase Il studié€!. Fexinidazole waalreadytested againsk. cruziin 198322 and
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was shown to #ect BNZ-resistantT. cruzi strains and to redudbe severity ofmyocarditis in
2012'%1, Recently, the DNDinitiated two proofof concept studies to evaluate fexinidazole for
the treatment of adult patients with QRCT02498782, NCT03587766)!.

nitroimidazole

Figure 3:  Chemical structures of compounds curngritivestigated in clinical trialsPosaconazol¢3), prodrug
E1224(4) and fexinidazolg5) (key scaffolds are highlighted with a box)

Despite these novel approachesost of the 58 clinical trials on CD investigate
optimization of treatment regimerfier BNZ and NFXor focus on thdreatnent of clinical
symptoms of chronicCDP%, This includes paediatric formulations, new dosage schemes for
chronic CD in aduli& *@ diagnostic methodologié®!, and treatment options in Chagastic
cardiomyothy’3¥. The phase Ill clinical trialsof BENEFIT (NCT00123916¥2 %I and
TRAENA (NCT02386358)?"1 showed that BNZ treatment is highly beneficial in chronid’€D
28] The Ietablocker carvedilol (paselV, NCT01557140§%° and bisoprolol (paselll,
CHARITY, NCT003239735° were successfully tested for the treatment of chronic CD
symptomsNovartis announced to start a clinical tial2019to assess the efficacy and safety of
their cardiaadrug Entrest® against Chagastic cardiomyopdtfy.

1.3.2 Phenotypicapproach

The full T.cruzi genome was published in 2388, which enabled thgeneration of
transgenic T.cruzi parasites that express welkstablished reporter proteins, such as
b-galactosidad®?l, tandem tomato fluorescence protéfhor the firefly luciferase protefil. By
extension the transgenic parasiezyme activityis detected by absorption measurements or by
imaging after addition of colorimetric and luminescent substfated Thus, eliable and robust
phenotypidn vitro assaysould be developéd?® 589 that aresuitable for higithroughput screening

11
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(HTS)™, as well asigh-content screening (HCS¥. Althoughthese strains cannot cover faé
extent of théT. cruzigenetic backgrourd?, they arehighly valuableandbehave biologicallyery
similar totheir wild-type counterpart® 133 In contrastthe read out aessthat usedifferent life
stages of". cruzi showedsignificant differenceshat have to beonsidered®!. Oftenintracellular
amastigotesare targetdd 133 371as they arehe replicative form in the mammalian H&%t
Transgenic parasitedso resulted ifastermore accurategnd more animdiriendly in vivoassays
in mice, thepredominananimal model for CB%*. Theseverityof mice infectedwith transgenic
parasitescan quickly be monitored by detecting light through the skin after injeatfon
luciferinf2°: 135 138b]

In consequence ob the aforementionedrivations and validation of HCS for cruziin
2010 imagebased HT&%" 140land HC S5 lidentified a large number dfinically approved
drugsthatshowed activityagainstT. cruzit®? 14%! |n a subsequent process, which is caiéedet
deconvolutionmolecular targets and mechanisaof actionsweresoughtby applying targebased
screeninggenomics, proteomicsnetabolomicstudies of drug resistant strains addig affinity
responsive target stability (DARTSY. In this context rany hits were associated wisiterol
1 4-démethylase@YP51) inhibition!®”: 1431

Recent HCS campaignsd to a series of xanthise such as GNF568@)*4*! and
5-amino1,2,3triazole4-carboxamide derivatives (7)44 which employ anunknown mode of
action(Figure 4). HCS, subsequent target identification and optimization revédmadgdy potent
and selectivekinetoplastid proteasome inhibitonwith a triazolopyrimidine core, such as
GNF3849(8)14%1, with an EGso of 16nM (Figure 4). Thiazoles such as compourj have
emergedrom the scaffold of NFXwhich haveeffects similar to BNZ anderenon-mutageni&“.
The benzothiazolel0 was discovered by drug repurposisgreening the Open Access Malaria
Box**"l but was not further developed due lmv plasma drugconcentratiori®? 1°1°1 More
promising wascompoundll, a quinoline andlerivativeof lapatinib, a drug used in lung cancer
treatment®®® 48 (Figure 4). Also BNZ derivativeswith retainedaromaticnitro group such as
indazole 12149, 1,2 3triazole 13*% and 1,2,4tirazole 14™%Y (Figure 4) were developed.
Silvaetal.’*y showed that the absence of the nitro group strongly desréasegical activity
(compound15, Figure 4). Ursolic acid (16) showed goodn vitro and in vivo result§®? and
recently anewformulation applying nanoemulsiorior oral intake was developet® (Figure 4).
Arylimidamides, such as DB7&&7), showedoromising resultaigainst intracellular parasites and
were alsesuccessfullytestedagainstT. cruziin 2018(Figure 4)*%%, howeversome of them were
toxic in mice!sl,

12



xanthine 1,2,3-triazole ~ /
(0]

16 17 picolinimidamide

Figure 4:  Chemical structures of the nov@mpoundsactiveagainstT. cruzi. Key scaflds are highlighted with
a box.GNF5689(6), 5-amimo-1,2,3triazole4-carbocamidg7), GNF3849(8), thiazolederivative 9,
benzothiazolelerivativel0and quinolinederivativell. BNZ derivatives: indazolé2, 1,2,3triazolel13,
1,2,4tirazole14, triazole without nitro groupX5), ursolic acid16) and arylimidamide DB766L7).

1.3.3 Target approachi focus onisoprenoid and sterolbiosynthesis

Theelucidation of theT. cruzi genome sequené®! enabled targebased drug discovery
sinceit made # potential drug targets accessible for recombinant expresSimently alarge
number of targetdor many of which a structure has been depositeéde PDB'°?, and inhibitors
of various chemotypearestudiedfor further development of new arihagastic drud¢¥?. One of
the pathways under investigation ig@sterolbiosynthesiswhich includes the mevalonate and
isoprenoid pathwa¥t!e %6 |t is specific in kinetoplastidg®® and according to genetic
profiling®*®7, it is well understoodn T. cruzi. Trypanosomes and humahavemany isoprenoid
and sterol precursolim common, butkkey steps differT. cruzi epimastigotes and amastigotes
synthesisergosterol and 24lkylsterols respectivelywhereashumans produce cholestetdl %8,
Epimastigotes and amastigotes cannot survive on assimilated clulstertheir hodt''? and

13
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blocking the pathway leads to depletion and lack of sterols resulting in changes of ligyier bi
integrity and hindrance gfroliferation thereforecausingparasite deatt¥® 1*°! Thein vitro and

in vivosusceptibility to ergosterol biosynthesis inhibitors was demonstrated for several steps of the
pathway, making these enzymes potential drug tatjets!(Table 1, Figure 5).

Table 1: Proteirs as potential drug targetsTncruzi.

Target enzyme inhibitor Citation
hydroxymethylglutarydiCoA reductase (HMGCR)  statins [160]
mevalonate kinase (MVK) feedback inhibition by intermediates [161]
farnesyl pyrophosphate synthase (FPPS) nitrogencontaining bisphosphonates-@Ps)  [162]
squalene synthase (SQS) quinuclidines [163]
squalene epoxidase (SQLE) allylamines and hydrazones [164]
lanosterol synthase or oxidosqualene cyclase (O¢ aminopropylindenes [165]
st er aémethyagk (CYRL) anti-fungal azoles [159]
sterol 24methyltransferase (S24MT) azasterols [166]

T. cruziFPPYTcFPPS)the target enzyme of this work, represents a metabolic brgnch
point and rate limiting step in isoprenoid biosyntH&$is1¢7! |t catalyss theformation of farnesyl
pyrophosphate (FPE¥!, anessential building block in biosynthesis of isoprenoids such asgsstero
ubiquinones, dolicholandhemeA. With over 30,000 known isoprenoidsterol biosynthesis is
quite diverse and its productse ubiquitousand crucial for the survival of the organigi?.
Inhibition of FPPSabrogatesall downstream processes of sterol synthasid other processes
relying on FPRIueto a lack of starting matergi®? 167 170

One of theprocessesdependenon FPP, is protein prenylation, a posttranslational
modification important for the localization dhe signalling proteinsRas, Rho and Ram
membranes and s forintracelular signal transduction amell cycleprogressiol” 1711 Protein
farnesyltransfease (PFT)ransfers a farnesyhoiety from FPP to the thiol o& cysteine in a
C-terminal CaaX motif (C: cysteine; amino acidwith aliphdic sidechain; X: variable mino
acig*01d 1721 Fyrthermore, FPP is needed for the formation of geranylgeranyl pyrophosphate
(GGPP) used in geranylation of proteins catalydsd protein geranylgeranytansferase
(PGGTJ'"?l Besidesndirect inhibitionsuchasprocesseslownstream ofPPS,T. cruzi PFT and
PGGT can also bedirectly inhibited. Repositioned human PFT inhibitotssed in cancer
therapy*°'d, as well asmonophosphaté$’* 1"4and benzophenone derivatié%- "4are active
in vivo and in vitro againstT.cruziPFT. NBPs not only inhibit TcFPPS but alsh cruzi
PGGT!3l. An overview of the ergosterol pathway and processes depending on FPP are depicted
in Figure 5.

14



e on?
)J\ — HOOC\>'\/U\ HMG-CoA
CoA CoA

Acetyl-CoA HMGCR
statins

OH
HOOC \>\/\ mevalonate
OH

MVK
feedback inhibition

OH ,
HOOC \>\/\ oo IPP

mevalonate-5-phosphate OH

feedback inhibition

)\/\ \ DMAPP

‘ isopentylpyrophosphate isomerase

squalen

SQLE SQS IPP\ FPPS
allylamines, hydrozones quinuclidines N-BPs
(0} (0}
1} 1l .

| | OH
OH OH

IPP \ FPPS
N-BPs /

DI\

[eN®
aminopropylindenes

4
4
4
o
\_
o=
@]
\_
o=
o
T
!
-0
v

HO

lanosterol

OH OH
IPP GGPPS PFT
N-BPs farnesylation
O O

CYP51 I ||
azoles A A A A P ~ GGPP

PGGT
geranylation

HO

zymosterol -
+ S24MT -

azasterols ergosterol

in T. cruzi epimatigotes

24-alkylsterol
in T cruzi amastigotes

fecosterol
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In many caes, inhibitors ofT. cruzi enzymesinvolved in ergosterol bisynthesis were
repositionedrom thaér mammaliarhomologuesStatins, such as lostatin (L8), are well known
inhibitors of human HMGCR used in the therdg} and wee shown toinhibit T.cruzi
HMGCR1 (Figure 6). Likewise, quinuclidines active against mammalian SQS were found to
inhibit T. cruzi SQ$'*19. Manycompounds active against CYP51, the most studied target enzyme
for CD chemotheraf$#, were derived from phenotyploased screeniffg 41! As mentioned
earlier, he outcome of clinical trials with the atfitingals posaconazole and ravuconatailed to
meet expectationsn 2019 coadministration of the CYP51 inhibitor VF\LY) with BNZ showed
significantly better results in mice when comgxhto a monotherapy with BNZS! (Figure 6).

Another targefor arti-Chagastic drug treatment isuzain, the most abundant cysteine
protease ifT. cruziessential for intracellular replication, adhesion to host cells and modulation of
the hosb smmune respon&&* 1771 |t was validated in mouse modedsid the vinyl sulfone
derivativeK777 (20) has proverto be a potent inhibit8f™ 178 (Figure 6). Due to tolerability
issuesin primates K777 did not proceedinto clinical trialdt’®. Currently, newly designed
benimidazoles are the most potentiinitors of auzair®!,

Figure 6:  Chemical structures of lostatin (L8), VFV (19) and K777 20).

Other target enzymes are hexokitd8e triosephosphate isomerase (TH, and
glyceraldehyd@-phosphat@ehydrogenadé?, all of which playimportantrolesin glycolysis.
Further targets includetopoisanerase, which is involvedin DNA supercoiling and
entanglemeff?], trypanothione reductds®! and nitroreductase typ834, which areresponsible
for cell detoxification andtranssialidase which isimportant in host €ll invasion and immune
evasioft®, Additional approacheto combat flagellate growth aadtering tubulin assemihkj®!
and affecting intracellular calcium homeosta$id. The antiarrhythmic drugs amiodarone and
dronedaron&” as well as thantiparkinsoniamrug bromocryptiné?® changethe mitochondrial
electrotiemical potential andead to alkalinisation of acidocalcisomgesacuoletype storage
organellesrich in pyrophosphate (PPphosphateand calcium ior&.,
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1.4 Farnesyl pyrophosphate synthaseHPPS

Farnesyl pyrophosphate syhase (FPPS) (EQ.5.1.10) also known as farnesyl
diphosphate synthagEDPS) was first described in 198%. The fppsgene has been cloned to
express and purify FPPS of fuhdf, yeast®d, aviait'®?, algaé®], humanB®l, and also
T. cruzi*®®, the parasite of interedh many organisms FPPS is a cytosolic enzyme, however, in
somespecies FPPS is also localized in other cellular compartii€no far all purified and
characterized FPPSs atablehomodimeric enzymes of abd@® kDasizewith a catalytic cleft in
each monomé&f” %1 In most reported FPPS crystal structures the two monomers are
indistinguishable as they are related by crystallographic symmetry, such asmanh
FPPS(hFPPS}%8 1%land avian FPRSY, the very first solved FPPS crystal structurghkE. coli
FPPScrystal structure, the monomesse not related by symmetry, but show only minor
difference&l,

FPPS plays an important role &sy enzymeand rate limiting stegdn isoprenoid
biosynthesig®” 201 (chapterd.3.3 Figure 5) catalysingthe formation ofthe Gs building block
farnesyl pyrophosphate (FPRjom GCs precursord®® 2020 FPPS condensates dimethylallyl
diphosphate MAPP) with its isomer isopentyl diphosphate (IPP) to form intermediate geranyl
pyrophosphate (GPP), andnsecutivelycondensates GPP with a second IPP to forni*fpps7:

2031 The reaction runs via eonsecutive andtereoselective hedd-tail condensation yielding
exclusively EE)-FPPY®Y (Figure 7 (A)). Despite the availability of crystal structurés is
mechanistically unclear why homodimer formation is required for catalysis, however, it was
suggested that the two subunits do not act independ&htly

)\/\ ﬁ’FPPS )\/\/K/\ ﬁ’FPPS X X X
OPP OPP OPP

DMAPP (E)-GPP (E,E)-FPP

OPP PPO OPP PPO

IPP IPP

/_jj\)opp
)\/\ )\/Jr : o )\/\/k/\
x —» M. CH, PPO — .
OPP 2 X * OPP N X-"opp
H Hw\

- PPOH
DMAPP (E)-GPP

(B) PPO_

Figure 7:  Scheme of the condensation reaction catalysed by RRPSondensation reaction catalysed by FPPS.
(B) Proposedeaction mechanism via carbocation intermediate.

The comparisonfd=PPSstructuregevealed seven conserved regiémsning an active
site cleft featuring prominentspartate residues of two highly conserved aspaitdtemotifs
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(DDXXD, D: aspartate; Xvariable amino acid which orient their sidechainsinto this cavity
The latter residueare important for catalytic activify®> 2°0- 20204 They are called first and second
aspartategich motif, abbreviated as FARM and\RM, andtheyare part of the regiol and VI,
respectivelyThes e  ahelieal réyionsorming the opposing sitesf the mapr cleft, which is
approx.12 A in diameteiin theopenstate andpprox.8 A in theclosel-staté'®”l. The monomeis
composed of twohelix N-terminal hairpin followed by an orthogor@ntral eighthelix bundle
and a bundle of three short helices thaitrudes perpendicular from the central bubgie 7.
1992001 (Figure 8).

Figure 8:  Overview of the structure of FPP&\) Monomeric hFPPS withanserved regionsi VII (PDB ID
5JA0%%%)), (B) Active cleft in operstate hFPPS (grey cartoon, regicarg coloured, residues tfe
FARM and SARM are shown as sticks, PDB ID 56#0). (C) Active cleft of hFPPS in opeistate and
closedstate are superimposed (PDB ID 5880 and 2F82£¢8)). (D) hFPPS homodimer with chain A
coloured in blue to redradually movingrom the Nterminus to the @erminus Helices ardabelled
accordingly Chain B is depicted in gr? DB ID 5JA02%9)). (E) A 90° rotationabout the horizontal axis
of the structure depicted {{D) (PDB ID 5JAG)).
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