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ABSTRACT

The communication systems of eukaryotes and prokaryotes display targets for innovative therapeutic
interventions to overcome resistance in the treatment of cancer and infectious diseases. As 17p-HSD1
inhibitors are promising compounds for the treatment of estrogen-dependent diseases, the
endometriosis model in C. jacchus has been identified to adduce the in vivo proof of concept. A series
of potent 17B-HSD1 inhibitors has been evaluated in vitro in this species and the class of the
(hydroxyphenyl)naphthols with good pharmacokinetic properties has been optimized concerning their
species-specific activity. The resulting 173-HSD1 inhibitors are highly potent toward human 17p3-
HSD1 and at least one highly active and selective candidate toward 17p-HSD1 of C. jacchus was
identified. After further pharmacological evaluation this compound might be able to be a candidate for
the in vivo evaluation in C. jacchus.

To interfere via PgsD and PgsR with the pgs QS-System of P. aeruginosa is a promising strategy to
overwhelm antibiotic resistance. In the current work two SPR-biosensor assays have been developed
to investigate these target proteins. The kinetic mechanism of PgsD was elucidated by SPR-based
results. Moreover, by combination of rational design and biophysical methods the first drug-like PgsR-
antagonists have been identified. The best compound showed good activity in P. aeruginosa and is a
candidate for further optimization.
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ZUSAMMENFASSUNG

Die Kommunikationssysteme von Eukaryoten und Prokaryoten bieten zahlreiche Ansatzpunkte zur
Entwicklung innovativer Strategien zur Uberwindung von Resistenzen bei der Behandlung von Krebs-
und Infektionserkrankungen. Fir 17p-HSD1-Inhibitoren als vielversprechender Ansatz zur Therapie
von estrogen-abhéngigen Erkrankungen wurde das Endometriosemodell in C. jacchus zur
Durchfihrung eines in vivo Proof of Concepts identifiziert. Eine Reihe hochpotenter 173-HSD1-
Hemmstoffe wurde in vitro an Enzymen dieser Spezies untersucht und die Klasse der
(Hydroxyphenyl)naphthole mit sehr gutem pharmakokinetischen Profil hinsichtlich ihrer
speziesspezifischen Aktivitat weiter optimiert. Die entwickelten 17B8-HSD1-Inhibitoren zeigen eine
hohe Aktivitat an der humanen 17p-HSD1 und ein hochpotenter und selektiver Kandidat an C. jacchus
178-HSD1 konnte identifiziert werden. Nach pharmakologischen Untersuchungen soll dieser
Hemmstoff als Kandidat fiir Untersuchungen im Endometriosemodell dienen.

Der Eingriff in das pgs-QS- System von P. aeruginosa ber PgsD und PgsR bietet einen
aussichtsreichen Angriffspunkt zur Uberwindung von Antibiotikaresistenzen. In dieser Arbeit wurden
SPR-Biosensorassays zur Untersuchung dieser beiden Targetproteine entwickelt. Der kinetische
Mechanismus von PgsD wurde durch SPR-spektroskopisch-gestiitzte Ergebnisse geklart. Die
Kombination aus rationalem Design und biophysikalischen Methoden resultierte in den ersten ,,drug-
like* PgsR-Antagonisten. Die Hitverbindung dieser Studie zeigt dariiber hinaus gute Aktivitét in
P.aeruginosa und hat sehr gutes Potential fur eine  weitere  Optimierung.
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EINLEITUNG 1

1 Einleitung

Neben Herzkreislauferkrankungen gehdren Krebs und Infektionskrankheiten zu den weltweit
h&ufigsten Todesursachen. (WHO, 2008). Die Sterberate der weltweit an Krebs erkrankten Patienten
liegt bei 80 %. Laut WHO liegt die Haufigkeit von tddlichen Infektionen bei 11.6 Mio. jahrlich
(WHO, 2002b). Die hohe Sterberate fir diese Erkrankungen ist zum Grof3teil auf die Entwicklung von
Resistenzen gegeniiber Chemotherapeutika und Antibiotika zuriickzufihren (WHO, 2002a; Siddik and
Mehta, 2009). Deshalb ist es dringend notwendig die entsprechenden Resistenzmechanismen zu

uberwinden und neue Medikamente gegen diese Erkrankungen zu entwickeln.
1.1 17p-Hydroxysteroiddehydrogenase 1
1.1.1 Estrogenabhéngige Erkrankungen

1.1.1.1 Brustkrebs

Krebs ist das unkontrollierte Zellwachstum, was durch ein gestdrtes Gleichgewicht zwischen
Zellzyklus und Apoptose entsteht. Brustkrebs ist die hdufigste Krebsart bei Frauen und macht mehr als
ein Viertel aller Krebserkrankungen von weiblichen Patienten aus. Die Ursachen der meisten
Brustkrebserkrankungen sind hormonellen Ursprungs. Estrogene, insbesondere Estradiol (E2), spielen
fiir das Fortschreiten der Erkrankung eine groRe Rolle (Key et al., 2003). Brustkrebs wird in zwei
Klassen eingeteilt; estrogenrezeptor-positiver (ER+) und estrogenrezeptor-negativer (ER-) Brustkrebs.
Ungefdhr 57 % der Brustkrebserkrankungen bei pramenopausalen Frauen sind ER®, bei
postmenopausalen Frauen sind es 72% (Lower et al., 1999). Die Haufigkeit der auftretenden
Brustkrebserkrankungen bei postmenopausalen Frauen ist auf die Einstellung der Estrogen-
Biosynthese der Ovarien zurtickzufuhren, wodurch E2 lokal in den peripheren Zielgeweben, wie

beispielsweise der Brust, gebildet wird (Simpson et al., 1999)

1.1.1.2 Endometriose

Endometriose sind gutartige Wucherungen des Gebarmutterschleimhautgewebes (Endometrium), die
sich auBerhalb der Geb&rmutter vermehrt in den Ovarien, den Eileitern und auch in der Bauchhohle
ansiedeln. Die Pravalenz liegt bei 10 — 15 % bei Frauen im fruchtbaren Alter (Allaire, 2006), bei 25 -
40 % bei infertilen Frauen. Die Ursachen einer Endometriose sind eine Kombination aus retrograder
Menstruation in die Bauchhohle und ektoper Endometriumanomalien, denen eine verdnderte
Proteinbiosynthese und deren Sekretion und ein verédndertes Genexpressionsmuster zugrunde liegen
(Stilley et al, 2012.). Das potente, weibliche Geschlechtshormon E2 ist in sehr hohen Konzentrationen
im ektopen Gewebe vorzufinden und ist fir die Implantation und Proliferation verantwortlich (Bulun
et al., 2000). E2 induziert die Cyclooxygenase 2 (COX 2), wodurch dann indirekt die Produktion von

Prostaglandin E2 (PGE2) stimuliert wird, welches wiederum die E2-Biosynthese fordert (Bulun,
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2009). In endometrischen Lasionen spielt sich stdndig ein circulus vituosus aus den beschriebenen

Stimulationen ab, wodurch das Wachstum des Gewebes weiter gefordert wird.

1.1.2 Therapieoptionen fir estrogenabhéngige Erkrankungen

Eine Mdglichkeit der Behandlung stellt die operative Entfernung des erkrankten Gewebes dar, wobei
dies im Fall von Brustkrebs - um Rezidive zu verhindern - meistens in Kombination mit Chemo- oder
Strahlentherapie Anwendung findet. Bei der Laparoskopie ist die Entstehung von Rezidiven per se
sehr hoch. Haufig werden zur Endometriosebehandlung auch COX2-Hemmer eingesetzt, die in die
entziindlichen Prozesse der Endometriose eingreifen und gleichzeitig auch fur Schmerzlinderung
sorgen (Laschke et al., 2007).

Ein weiterer Ansatz zur Behandlung von Brustkrebs und Endometriose ist auf endokriner Ebene
angesiedelt (Adamo et al., 2007; Miller et al., 2007), wobei man versucht mit der Estrogenwirkung zu
interferieren (Miller et al., 2007). Dies ist einerseits durch das Eingreifen in die Estrogenbiosynthese

und andererseits durch eine Unterdriickung der Estrogenwirkung mdglich.

Blutgefa

A Androstendione

- v
A
Aromatase /\ v Estradiol

Aromataseinhibitoren

(B) v I— GnRH-Analoga
u SERM, (BIE)
Antiestrogene

VD O .0 O & G NN

Tumorzelle

Abbildung 1: Endokrine Therapie bei estrogenabhéngigen Erkrankungen; B: Brustkrebstherapie; E:
Endometriosetherapie

Ein moglicher Eingriff zur Unterdriickung der Estrogenbiosynthese ist die Gabe von GnRH-Analoga
(Gonadotropin-Releasing-Hormon-Analoga, Abbildung 1). Diese unterbrechen den zentralen
Feedback-Mechanismus, der die Biosynthese steuert. Damit wird die Estrogenbildung im ganzen
Korper reduziert (Emons et al., 2003).

Peripher lasst sich die Estrogenbiosynthese durch Aromataseinhibitoren, die den letzten Schritt der
Estronbiosynthese hemmen, unterdriicken. Zur Endometriosebehandlung werden
Aromataseinhibitoren momentan noch nicht eingesetzt, es gibt jedoch vielversprechende Studien zum
Therapieeinsatz (Bulun et al., 2001; Racine et al., 2012). Durch die Behandlung mit Antiestrogenen

oder SERMs (Selektive-Estrogenrezeptormodulatoren) lasst sich eine Verhinderung der
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Estrogenwirkung auf Rezeptorebene erzielen. Hier unterscheiden sich Antiestrogene und SERMs in
ihrem Wirkort. Waéhrend Antiestrogene im ganzen Organismus wirken, wirken SERMSs
gewebsspezifisch als Agonisten oder Antagonisten. Diese Therapien finden momentan nur
Anwendung bei Brustkrebserkrankungen. In einer Mausmodellstudie hat man jedoch gefunden, dass
Bazedoxifen (ein sehr starker ER-Antagonist) in der Lage ist, sowohl die Grofe von
Endometrioseldasionen zu verringern, als auch die Marker der endometrischen Proliferation
herabzusetzen (Kulak et al., 2011).

1.1.3 Nachteile und Resistenzen bestehender Therapien

Generell fuhrt eine systemische Absenkung der Estrogenkonzentration zu einem Missverhéltnis der
natrlichen Hormonbilanz und kann dadurch bedingt zahlreiche bekannte und unbekannte,
unerwiinschte Wirkungen nach sich ziehen. GnRH-Analoga stellen durch die Unterdriickung der
Estrogenbiosynthese in den Ovarien und damit auch im ganzen Korper ein grolRes Risiko fiir
Nebenwirkungen dar. Auch bei Aromataseinhibitoren, die zwar fokussierter ihre Wirkung zeigen,
kommt es durch die vollstdndige Unterdriickung des Estrogenbiosynthese zu starken Nebenwirkungen
wie Osteoporose, Hitzewallungen oder Depressionen (Perez, 2007; Abdulhag und Geyer, 2008).
Hinzu kommt, dass solche Inhibitoren nur bei postmenopausalen Frauen eingesetzt werden kénnen, da
bei pramenopausalen Frauen durch einen hypothaldmisch/hypophysaren Feedback-Mechanismus die
Ovarien stark stimuliert wiirden (Ortmann et al., 2009). Des Weiteren fuhrt auch die langerfristige
Anwendung zu Resistenzen und damit zu zahlreichen Problemen bei der Behandlung von erkrankten
Frauen (Urruticoechea, 2007). Auch im Falle von Estrogenrezeptorantagonisten ist eine
Resistenzentwicklung zu beobachten (Gradishar, 2004; Jordan und O'Malley, 2007; Hurvitz und
Pietras, 2008). Durch verstarktes Wachstum von Uterusgewebe kann es zusétzlich noch zum
Endometriosekarzinom kommen (Saadat et al., 2007; DeMichele et al., 2008).

Zusammenfassend kann man sagen, dass effiziente Therapieoptionen zur Verfligung stehen, welche
jedoch eine Reihe von Nachteilen aufweisen, inshesondere durch die Resistenzentwicklung. Deshalb
ist es notwendig, neue Ansatze zur Therapie von estrogenabhangigen Erkrankungen zu finden.

1.1.4 17p-HSD1 als neues Target zur Behandlung von estrogenabhéngigen

Erkrankungen

1.1.4.1 Allgemeines

E2 ist das potenteste weibliche Sexualhormon und ist verantwortlich fur die Differenzierung und
Progression von estrogensensitiven Geweben wie der Brust und der Gebédrmutterschleimhaut.

Hauptsachlich produziert wird E2 in den Granulosazellen der Ovarien. In einem ersten Schritt wird es
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durch Aromatisierung von Androstendion gebildet, worauf die lokale Konversion von Estron (E1) zu
E2 durch die 17p-Hydroxysteroiddehydrogenase Typ 1 (17p-HSD1) erfolgt (Abbildung 2).

17-HSD1, NAD(P)H_

—~——
17p-HSD2 NAD*

El E2

HO HO

Abbildung 2: Katalyse von E1 zu E2

Das Verhéltnis von E2 gegeniiber E1 ist sowohl in Brusttumoren als auch in endometriotischen
Lé&sionen erhéht (Smuc et al., 2007; Jansson, 2009) und zusétzlich liegen hohe Level an173-HSD1-
mRNA vor. Durch dieses Missverhiltnis und die Uberexpression ist die E2-Biosynthese lokal im
erkrankten Gewebe verstarkt, wodurch die Proliferation des Gewebes direkt stimuliert wird. Die
Hemmung von 17B-HSD1 stellt einen interessanten Ansatz dar, um direkt im Zielgewebe die E2-
Konzentration zu verringern und dadurch das Fortschreiten der Erkrankung zu unterdriicken. Dieses
intrakrine Konzept bringt den Vorteil mit sich, dass durch die Hemmung der E2-Biosynthese in ihrem
letzten Schritt, E1 weiterhin seine schwach estrogene Wirkung im Organismus entfalten kann.
Dadurch kénnte den typischen Nebenwirkungen wie Osteoporose, Hitzewallungen und Depressionen
vorgebeugt werden. 173-HSD1 stellt also ein interessantes, vielversprechendes Target zur Therapie

von estrogen-abhéngigen Erkrankungen dar.

1.1.4.2  Struktur und Funktion

17B-HSD1 ist ein cytosolisches Enzym, das zur Klasse der side-chain-Dehydrogenasen/Reduktasen
(SDRs) gehort (Joernvall et al., 1995). Es liegt in der aktiven Form als ldsliches, cytosolisches
Homodimer vor, von welchem die Untereinheiten jeweils aus 327 Aminosauren (34.9 kDa) bestehen
(Peltoketo et al., 1988). Ein Monomer besteht aus sieben parallel angeordneten B-Faltblattern und 11
a-Helices (Ghosh et al., 1995).
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Abbildung 3: Rontgenkristallstruktur der humanen 175-HSD1 als Kokristallisat mit E2 (griin) und
NADP+ (Tirkis), PDB Code 1a27. a-Helices und f-Faltblatter in grau dargestellt, flexibler Loop in
violett.

Strukturell lasst sich die 17p-HSD1 in Rossmanfold, Substratbindetasche und Cofaktorbindetasche
unterteilen. Die Cofaktorbindetasche kann man sich als hydrophoben Tunnel mit polaren Funktionen
an beiden Enden vorstellen. Auf der C-terminalen Seite wird der Tunnel durch die polaren
Aminosduren His221 und Glu282 begrenzt und durch Ser142 und Tyr155 auf der N-terminalen Seite.
Letztere Aminosduren bilden zusammen mit Asn114 und Lys159 die katalytische Tetrade, die man in
den meisten der charakterisierten SDRs findet (Azzi et al., 1996; Filling et al., 2002). Im aktiven
Zentrum bindet das Produkt der Kkatalytischen Reaktion E2. Es wird (ber drei bis vier
Wasserstoffbriicken und durch hydrophobe Wechselwirkungen mit den apolaren Aminosduren der
Bindetasche im aktiven Zentrum stabilisiert (Abbildung 4). Die Hydroxygruppe am C17 von E2 bildet
zwei Wasserstoffbriicken zu Ser142 und Tyrl55 auf der einen Seite des katalytischen Zentrums und
die phenolische Hydroxygruppe am C3 interagiert mit His221 auf der gegeniberliegenden Seite.
Obwohl Mutagenesestudien ergaben, dass Glu282 zur Substratbindung nicht notwendig sein sollen,
fand man in Kristallstrukturen Wasserstoffbriickenbindungen zwischen der phenolischen
Hydroxyfunktion von E2 und Glu282 (Sawicki et al., 1999). Durch Ausbildung einer Salzbriicke zum
His221 soll der Glutamatrest auch zur Stabilitat des Enzyms beitragen (Ghosh et al., 1995).
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Abbildung 4: Bindungsmodus von E2 (griin) in der Substratbindetasche der humanen 175-HSD1
(PDB ID: 1A27), Wasserstoffbriicken in schwarz (gestrichelt)

Zurzeit sind 22 Kristallstrukturen der humanen 173-HSD1 in der Proteindatenbank vertffentlicht, als

Apoform, als bindrer oder terndrer Komplex (http://www.pdb.org, Mazumdar et al., 2009a ;

Mazumdar et al., 2009b; Marchais-Oberwinkler et al., 2011) Alle Kristallstrukturen zeigen eine fast
identische Tertiérstruktur mit groBen Unterschieden im hochflexiblen BFaG’-loop. In 10 der
Kristallstrukturen ist dieser Loop nicht aufgeldst und in den verbleibenden 12 Kristallstrukturen fand
man hohe B-Faktoren flir diese Region, was ein weiterer Hinweis auf die hohe Flexibilitét ist. Dieser
Proteinabschnitt stellt die Grenze von Substrat- und Cofaktorbindetasche dar, und definiert somit
Volumen und Form dieser Kavitdten. Abhangig von Anwesenheit des Cofaktors und Ligand kann der
Loop drei verschiedene Positionen einnehmen: eine gedffnete, eine halb-gedffnete und eine

geschlossene Enzymkonformation (Negri et al., 2010).

1.1.4.3 Propagierter Katalysemechanismus

Obwohl eine Vielzahl struktureller Informationen zur 173-HSD1 verfiigbar sind, konnte bis dato noch
nicht genau geklart werden, wie der katalytische Mechanismus ablauft. Drei unterschiedliche
Mechanismen werden in der Literatur postuliert, ein konzertierter (Ghosh und Vihko, 2001) und zwei
schrittweise Mechanismen (Penning, 1997). Allen gemeinsam ist, das ein reversibler Hydrid- oder

Protonentransfer von NADPH oder Hydroxysteroid zum Ketosteroid bzw. zum NAD" stattfindet.


http://www.pdb.org/
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Abbildung 5: Postulierter schrittweiser Katalysemechanismus (Substrat in grin, Cofaktor in tirkis,
Aminosauren in schwarz, Elektronentransferpfeile in rot, Wasserstoffbriicken in schwarz-gestrichelt
und z-stacking in dunkelgrin-gestrichelt dargestelit.)

Am plausibelsten erscheint der schrittweise Mechanismus, da das Sauerstoffanion des tetrahedralen
Kohlenstoffs am C17 besser die Protonen vom Tyrl155 aufzunehmen kann als der Sauerstoff des
planaren C17-Kohlenstoffs am E1.

In einem ersten Schritt wir das pro S-Hydrid von NADPH auf die a-Seite des planaren C17
Kohlenstoffs von E1 (bertragen, woraus das energetisch favorisierte aromatische System des
Nicotinamidrest von NADP resultiert. AnschlieBend wird das entstandene Oxyanion von der aziden
Hydroxygruppe des Tyrl55 protoniert. Diese Protonenlbertragung wird einmal durch das
Wasserstoffbrickennetzwerk zwischen Tyr155, Lys159 dem Ruckgrat von Asn114 und zwei
Wassermolekiilen begnstigt, sowie durch das n-stacking der beiden Phenylringe von Tyr155 und
Phe192 (Negri et al., 2010).

1.1.4.4 Interspeziesanalyse

Interspeziesunterschiede sind fur die Auswahl einer geeigneten Spezies fur in-vivo-Studien zur
Evaluierung der Hemmstoffe in vivo von grofler Bedeutung. Die Aminosauresequenz-ldentititen
zwischen humaner 17p-HSD1 und 17p-HSD1 von anderen Spezies reichen von 68 % bei der Maus bis
hin zu 99 % beim Schimpansen, wéhrend die vergleichbaren Similaritdten von 77 % bis 100%

reichen.
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Abbildung 6: Multiples Sequenzalignment von 174-HSD1 verschiedener Spezies. Die rote Box
reprasentiert das F/G-Segment, die griine Box die C-terminale Region. Die Nummerierungen der
Aminosauren beziehen sich auf die humane Sequenz. Das Alignment wurde mit Jalview 2.5.1 als
MAFFT muliple sequence alignment webserver erstellt.

Die groBten Unterschiede im Vergleich der humanen Sequenz mit verschiedenen Spezies in der
Primarstruktur und auch in der Tertidrstruktur findet man in den beiden Bereichen, die die polare
Substratbindetasche darstellen: das F/G-Segment (AS 191 — 230) und der C-terminale Bereich (AS
262 - 287). Diese nur moderaten Similaritaten kénnen zu Schwierigkeiten bei der Identifizierung einer
geeigneten Spezies fir ein in vivo Proof of Concept flihren. Fir Ratte und Maus liegen die
Similaritaten beispielsweise bei 78 % und 77% (ldentitaten: 69 % [Ratte] und 68 % [Maus]) in den
ersten 287 Aminoséuren. Dadurch erkldren sich auch die verschiedenen Substrataffinitdten und die
Tatsache, dass die murine 173-HSD1 im Gegensatz zu den anderen Spezies auch Androgene umsetzen
kann (Akinola et al., 1996; Nokelainen et al., 1996; Mindnich et al., 2005). Verschiedene Ansétze zur
Evaluierung von 17B-HSD1- Inhibitoren an verschiedenen Spezies sind in der Literatur beschrieben.
So wurden verschiedene nicht-steroidale Hemmstoffe (hoch aktiv und selektiv am humanen Enzym)
an Rattenleberpreparationen getestet (Kruchten et al., 2009¢) und dabei nur moderate Aktivitdten und
geringe Selektivitaten gegenuber 173-HSD2 der Ratte festgestellt wurden. Ein &hnlicher Ansatz war
der von Modller et al., in dem die Inhibitorpotenz von E2/E1-Derivaten gegenuber 173-HSD1 von
verschiedenen Spezies (rekombinant aus E.coli) getestet wurden. Auch hier fand man Inaktivitat
gegenuber den murinen Enzymen. Vergleichbare Aktivitdten mit dem humanen Enzym fir die oben
genannten Derivate wurden gegeniiber 17B8-HSD1 von Callithrix jacchus (C. jacchus, 80 % Identitat)
gefunden (Mdller et al., 2010).
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1.1.45 Tiermodelle

Tiermodelle werden in der Regel verwendet um weitere Einblicke in die physiologische Rolle des
Targets zu bekommen und auch um zu testen, wie sich die Behandlung mit einem potentiellen
Arzneimittelkandidaten auf den Organismus einer Spezies auswirkt. Je ndher der Organismus eines
Modells dem menschlichen Organismus kommt, desto besser ist dieser als Tiermodell geeignet, da
man dadurch mehr Uber eventuelle off-target-Effekte am Menschen erfahren kann. Fiir die Inhibitor-
Evaluierung von 17p-HSD1 sind verschiedene Tiermodelle in verschiedenen Spezies beschrieben.
Durch die groRBen Speziesunterschiede zwischen der humanen 17p-HSD1 (h17B-HSD1) und den
murinen Enzymen (siehe Kapitel 1.1.4.4) besteht eine hohe Wahrscheinlichkeit, dass die humanen
Hemmstoffe keine Effekte in einem murinen Modell auslésen. Hinzu kommt das verdnderte
Expressionsmuster des Targetenzyms in den verschiedenen Geweben. Um diese Probleme zu
umgehen, verwendet man Xenograft- oder Nacktmausmodelle. Eine weitere Mdoglichkeit ist die
Verwendung von transgenen Mé&usen, die das Gen fur humane 173-HSD1 aufweisen und dadurch das
Enzym exprimieren. Lamminen et al. beschreiben ein solches Modell, bei dem sie sowohl eine erhdhte
178-HSD1 Aktivitat in verschiedenen Geweben, als auch die Hemmung der E1/E2-Konversion
gezeigt haben (Lamminen et al., 2009).

1.1.4.6 Tiermodelle fiir estrogenabhangige Erkrankungen

1.1.4.6.1  Brustkrebs

Es gibt zwei beschriebene Krankheitsmodelle fir Brustkrebs, bei denen immundefizienten Mausen
Brustkrebs induziert wird, indem man humane Mammakarzinomzellen einpflanzt. Eines dieser
Modelle verwendet MCF-7-Zellen (Husen et al., 2006a; Husen et al., 2006b). Diese Zelllinie
exprimiert 17p-HSD1 nur im geringen Ausmal} (Day et al., 2006; Smuc and Rizner, 2009), weshalb
die Zellen vor der Inokulation in die Flanke von ovarektomierten Md&usen stabil mit 173-HSD1
transfiziert werden. Zur Ausbildung der Tumore wird das Wachstum zundchst mit E2 stimuliert.
Waéhrend der Experimente wird E1 zugefiihrt, damit man die enzymatische Konversion zu E2 der im
Tumor exprimierten 173-HSD1 messen kann. Als Marker, wird die TumorgréRe verwendet. In diesem
Modell hat man bereits steroidale 17p-HSDZ1-Inhibitoren untersucht (Messinger et al., 2006).

In einem zweiten Xenograft-Modell werden T47D-Zellen (Day et al., 2008b) verwendet, welche von
sich aus genugend 17B-HSD1 exprimieren. (Day et al., 2006). Hier erfolgt die Tumorstimulation tber
E1l. Als Marker dienen TumorgroRe, E2-Spiegel im Plasma und 17B-HSD1-Aktivitdt im
Tumorgewebe. Ein verringertes Tumorwachstum konnte hier mit dem steroidalen Inhibitor STX1040
demonstriert werden (Day et al., 2008a).

Durch die Verwendung von Xenograft-Modellen kann man zusétzlich zu den Informationen uber das

Verhalten potenzieller Hemmstoffe in den Zelllinien auch pharmakokinetische Parameter evaluieren.
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Abbildung 7: Tiermodelle fiir Brustkrebs und Endometriose [ (Laschke et al., 2005)]

1.1.4.6.2 Endometriose

Auch fur Endometriose gibt es einige interessante Tiermodelle. Zusétzlich zu den Nagermodellen sind
hier auch Primatenmodelle beschrieben. Nur eines der Modelle arbeitet jedoch mit humaner 17p3-
HSD1, deshalb miissen hier auch die beschriebenen Speziesunterschiede dementsprechend
berucksichtigt werden. Fir das von Laschke et al. beschriebene Skinfoldchamber-Modell kdnnen
verschiedene Nager eingesetzt werden. Den Tieren werden autologe Endometriumfragmente in die
Nackenfalte transplantiert (Menger et al., 2002; Laschke et al., 2005). Als Parameter gelten hier
erreichte GroRRe des Transplantats, VEGF und PCNA (proliferating cell nuclear antigen) als Marker fur
das Wachstum. Potentielle Hemmstoffe wurden an diesem Modell bisher nicht getestet. Das Modell
von Grimmer et al. arbeitet mit humanen Endometriosefragmenten, die am Peritoneum von
ovariektomiereten Nacktmausen verndht werden (Scotti et al., 2000; Grimmer et al., 2001). Es
werden Expressionsédnderungen E2-sensitiver Gene, von 173-HSD1 und Aromatase untersucht und der
Blutestradiolspiegel kontrolliert. Eine Reihe von 17B-HSD1-Inhibitoren zeigten an diesem Modell
veranderte Genexpressionsmuster (Firnhaber, 2006).

Zwei Primatenmodelle sind fir das Krankheitsbild der Endometriose beschrieben, eines an
Zynomolgen (Macaca fascicularis, 92 % Aminosauresequenzidentitat) und eines an
Weillhlschelohraffen (C. jacchus). Diese sind weniger artifiziell, jedoch auch deutlich aufwéndiger.
Am Zynomolgenmodell werden autologe Endometriumfragmente in das Abdomen transplantiert. Als
Marker werden die GroRe der entstandenen Lé&sionen, IL-6 (Interleukin 6), IL-6-SR (Interleukin 6
soluble receptor) und die Plasmaestradiolspiegel untersucht (Sillem et al., 1996; Yang et al., 2000).
Am Modell des WeilRbuschelohraffen wird Endometriose induziert, indem man Endometriumzellen

durch den Bauchraum in den Uterus einspilt, wo sie sich zu Endometrioseherden entwickeln. Es
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werden die GroRe der entstandenen Lésionen und der Blutfluss innerhalb dieser Lasionen, die Protein-
und mRNA-Expression von CYP19, 17B-HSD1 und ER untersucht (Einspanier et al., 2006).

Die Ergebnisse, die man in der Anwendung von 17B-HSD1-Inhibitoren an verschiedenen
Tiermodellen fiir estrogen-abhangige Erkrankungen erzielt hat, stellen einen interessanten
Ansatzpunkt dar. Die weitere Entwicklung von 173-HSD1-Inhibitoren ist somit ein vielversprechender

Ansatz zur Therapiemdglichkeit.

1.1.4.7 17p-HSD1-Inhibitoren

In den letzten Jahren sind eine Reihe von 17B-HSD1-Inhibitoren entwickelt und beschrieben worden,
was das enorme Potential dieser Hemmstoffe und das Interesse, auch seitens der pharmazeutischen
Industrie, widerspiegelt. Es sind verschiedene Ubersichtsartikel in der Literatur veréffentlich, die sich
mit steroidalen und nicht-steroidalen 17B-HSD1 Inhibitoren befassen (Poirier, 2003; Brozic et al.,
2008; Day et al., 2008a; Poirier, 2009; Day et al., 2010; Marchais-Oberwinkler et al., 2011). Bis auf
die von Michiels et al. beschriebenen Phytoestrogene (Michiels et al., 2009) binden alle bekannten
Hemmstoffe in der Substratbindetasche und/oder in der Cofaktorbindetasche. Fur die Phytoestrogene
wurden durch kompetitive NMR-Experimente weder Wechselwirkungen mit der Substratbindetasche
noch mit der Cofaktorbindetasche gefunden, sondern das Dimerinterface von 173-HSD1 wurde als
mdogliche Bindestelle postuliert (Michiels et al., 2009).

Die steroidalen Inhibitoren leiten sich im Wesentlichem vom E1 oder E2-Grundgerdist ab (Allan et al.,
20064a; Allan et al., 2006b; Vicker et al., 2006). Es wurden Variationen an C17 durchgefiihrt (Deluca
et al., 2006) und auch weitere Seitenketten an C2 (Cushman et al., 1995; Leese et al., 2005), C5, C6,
C15 (Messinger et al., 2008b; Messinger et al., 2008a; Messinger et al., 2009) und C16 (Sam et al.,
1998; Rouillard et al., 2008) am Steroidgrundgeriust eingefuihrt. Mit dem steroidalen Inhibitor
STX1040 (Abbildung 8 A, (Lawrence et al., 2005)) wurde das erste Proof of Concept fur 17p-HSD1-
Inhibitoren erstellt (Day et al., 2008b). Mit E2B, einem weiteren steroidalen Hemmstoff (Abbildung 8
B) hat man durch Co-Kristallisation eine zusétzliche, kleine lipophile Bindetasche unterhalb des
katalytischen Zentrums identifiziert (Mazumdar et al., 2009c).

Von dem ersten sogenannten Dual-site-Inhibitor (Abbildung 8 C), eine Kombination aus Estradiol-
Grundgerust, das uber einen Alkylspacer mit einem Adenosinrest verbunden ist, erwartete man, dass
sowohl die Substratbindetasche, als auch die Cofaktorbindetasche besetzt wiirden (Qiu et al., 2002).
Als erste nicht-steroidale Hemmstoffe mit vergleichsweise geringer Aktivitat wurden Coumestrol- und
Gossypolderviate beschrieben (Mékeld et al.,, 1995; Brown et al., 2003). Bei einem
computergestiitzten Ansatz wurden mit Hilfe eines Pharmakophormodells die relativ schwach aktiven
Glycyrrhetinsiurederivate gefunden (Schuster et al., 2008). Ahnlich geringe Aktivitaten fand man fiir
die Phenylketone (Lota et al., 2007) und die Phenylalkylimidazole (Olusjano et al., 2004). Mit dem

Ziel den natiirlichen Liganden E1 zu imitieren, entwickelte Allan et al. die Biphenylethanone und die
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Indanon/Tetralon-Derivate, welche mittlere Aktivitaten zeigten (z.B. Abbildung 8 D, Allan et al.,
2008).

Eine weitere Verbindungsklasse, zu denen zwei der aktivsten nicht-steroidalen Hemmstoffe gehdren,
sind die Thiophenpyridiminone (Abbildung 8E, Messinger et al., 2006; Karkola et al., 2009;
Lilienkampf et al., 2009).

/\
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Abbildung 8: Beispiele fur steroidale und nicht-steroidale Hemmestoffe verschiedener Substanzklassen
und deren biologische Aktivitat gegentiber 175-HSD1

In unserem Arbeitskreis wurden bis dato vier unterschiedliche hoch aktive Substanzklassen von nicht-
steroidalen Hemmstoffen entwickelt, die allesamt sehr gute Selektivitdten gegenuber 178-HSD2
zeigen.

In der Klasse der Bis(hydroxyphenyl)arene (Bey et al., 2008a; Bey et al., 2008b; Al-Soud et al., 2009;
Bey et al., 2009, Abbildung 9 A) wurden ausfihrliche SAR-Studien durchgefiihrt, in denen gezeigt
wurde, dass der Austausch des mittleren Rings einer inaktiven Verbindung zu hochaktiven und
selektiven Verbindungen fiihren kann. Eine mdgliche Erklarung fur diese scharfe SAR, konnte durch
die unterschiedlichen MEP-(Molekular-Elektrostatisches Potential)Verteilungen dieser Verbindungen
identifiziert werden. Durch das Erstellen eines Pharmakophor-Modells, das auf den zwei steroidalen
Sauerstoffen des E2 basiert (Abstand 12 A) konnte eine weitere Substanzklasse identifiziert werden,
die (Hydroxphenyl)naphthalene (Frotscher et al., 2008; Marchais-Oberwinkler et al., 2008; Marchais-
Oberwinkler et al.,, 2009), Abbildung 9B). Durch die Kombination von liganden- und

strukturbasiertem Ansatz wurden heterozyklische, substituierte Estronmimetika unter Einbeziehung
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eines  Pharmakophormodells zu  bizyklischen,  substituierten  Hydroxyphenylmethanonen
weiterentwickelt (Oster et al., 2010a; Oster et al., 2010b; Oster et al., 2010c); Abbildung 9 C). Die
Hydroxybenzothiazole (Spadaro et al., 2012a; Spadaro et al., 2012b), Abbildung 9 D) wurden unter
Einsatz eines kristallstrukturbasierten Pharmakophormodells und einem anschlieenden virtuellen
Screening einer kleinen Substanzbibliothek identifiziert.

Abbildung 9: Nicht-steroidale 175-HSD1 Inhibitorklassen aus unserem Arbeitskreis

Alle entwickelten Verbindungen werden in einem biologischen Screeningsystem, das aus zehn
unterschiedlichen Assays besteht, evaluiert. Die Verbindungen werden hinsichtlich ihrer Aktivitét
(zellfrei und zellul&r) und ihrer Selektivitat (17p-HSD2, ERa, ERB und hepatischer CYPs) genau
untersucht (Kruchten et al., 2009a). Auch hinsichtlich ihrer spezies-spezifischen Aktivitat werden die
Verbindungen evaluiert (Kruchten et al., 2009c). Ein in vitro Proof of Concept wurde flir ausgesuchte
Verbindungen aus  der  Substanzklasse  der Bis(hydroxyphenyl)arene und der
Hydroxphenyl)naphthalene an einem zelluldren System (T47D) erbracht. Die Verbindungen waren in

der Lage, eine E1-induzierte Zellproliferation zu hemmen (Kruchten et al., 2009b).
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1.2 Quorum Sensing

1.2.1 Pseudomonas aeruginosa

Pseudomonas aeruginosa (P. aeruginosa) sind gram-negative, opportunistische Stadbchenbakterien,
die sehr anpassungsfahig sind und in relativ anspruchsloser Umgebung Uberleben. Sie verursachen
eine Reihe von Infektionen, hauptséchlich der Atem- und Harnwege, Brandwunden oder auch Sepsi.
Circa 10 % aller nosokomialen Infektionen werden durch dieses Pathogen verursacht (de Bentzmann
and Plésiat, 2011), mitunter ist es verantwortlich flr die chronische Lungeninfektion von mehr als 80

% der Patienten mit cystischer Fibrose (van Delden and Iglewski, 1998).

Abbildung 10: Pseudomonas aeruginosa (www.pseudomonas-aeruginosa.de)

Cystische Fibrose (CF), oder auch Mukoviszidose, ist eine autosomal, rezessiv vererbte
Stoffwechselerkrankung, die durch Mukusibersektretion aufgrund einer Fehlfunktion in
Chloridionenkandlen, charakterisiert ist. CF ist die am haufigsten auftretende, todlich verlaufende
genetische Erkrankung bei Menschen weil3er Hautfarbe (Donaldson und Boucher, 2006). 1989 wurde
das Gene, das verantwortlich flr diesen Defekt ist, identifiziert und kloniert, seitdem kennt man die
Ursache dieser Fehlfunktion (Kerem et al., 1989; Riordan et al., 1989). Es sind Mutationen am langen
Arm des Chromosoms 7 des Gens, das fur CTRF (cystic fibrosis transmembrane conductance
regulator) codiert (Rommens et al., 1989). Die hdufigste Mutation ist die A508F, was fiir das Fehlen
des Phenylalanins an Position 508 steht. Das CTRF-Protein besteht aus 1480 Aminosauren und ist in
der apikalen Membran von Epithelzellen lokalisiert. Es ist ein cAMP-sensitiver Chloridkanal, der mit
flir den lonenaustausch verantwortlich ist und zur Familie der ABC-Transporter gehdrt. Durch die
Mutation des CTRF-Gens kommt es zu einem gestdrten Transport von Chloridionen und dadurch zu
einem Missverhdltnis der Chlorid-Konzentration von intra- zu extrazelluldr. Die Rolle des CTRF-Gens
beschrankt sich jedoch nicht nur auf die Funktion Chloridkanale, sondern es wirkt auch aus bisher
ungeklarten Mechanismen insbesondere hemmend auf die epithelialen Natriumkanéle (Stutts et al.,
1995; Stutts et al., 1997). Das CTRF-Gen gilt daher als zentraler Regulator des Salz-und
Wassertransports und die Mutation dieses Gens hat organspezifische Stérungen zur Folge. Es kommt
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zur verringerten, zahflissigen Schleimbildung bei CF-Patienten. Insbesondere die Atemwege sind
davon betroffen, da es dort durch den zédhen Mucus zur Stérung des natlrlichen Abwehrmechanismus
der Atemwege kommt und Pseudomonaden sich dort gut am Epithel kolonisieren kénnen (Matsui et
al., 2005). Die Kolonialisierung ist der erste Schritt zur Biofilmformation. Die Entstehung eines
manifesten Biofilms lasst sich in drei Phasen einteilen; Induktions-, Wachstums- und Plateauphase
(Reisner et al., 2005), Abbildung 11).

Virulenzfaktoren
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Abbildung 11: Phasen der Biofilmentstehung

In der Induktionsphase heften sich die Bakterien an der Oberflache an, im Fall von CF bevorzugt in
der Lunge oder den Atemwegen, zuerst geschieht dies reversibel, worauf nach langerer
Aufenthaltsphase die irreversible Phase folgt. In der zweiten Phase, kommt es zur Adaption des
Stoffwechsels, die Bakterien gehen in die sessile Lebensform uber (Reisner et al., 2005). Es werden
biofilmspezifische Gene induziert und die Bildung einer extrazelluldren Polymermatrix (EPS) wird
eingeleitet (Costerton et al., 1995), zusétzlich akkumulieren weiterhin auch noch planktonische Zellen.
Die Plateauphase ist gekennzeichnet durch ein Gleichgewicht zwischen Wachstum und Abldsung von
Zellen (Molin und Tolker-Nielsen, 2003). Ein Biofilm besteht hauptsachlich aus Wasser, den
Bakterien und einer extrazellularen Polymermatrix (EPS). Diese besteht aus Polysaccariden,
extrazelluldrer DNA und anderen Makromolekiillen wie Proteinen und Nukleinsduren. Die hohe
Persistenz von P. aeruginosa in CF-Patienten ist mitunter darauf zurtickzufiihren, dass diese
Mikroorganismen in der Lage sind einen Biofilm auszubilden, der sie von Angriffen des
Immunsystems und auch vor Antibiotika schitzt (Costerton et al., 1995; Costerton et al., 1999).
Hierbei schirmt die EPS-Matrix die Bakterien vor den Phagozyten des Immunsystems ab (Hoiby et al.,
2001) und wirkt gleichzeitig auch als Barriere flr Antibiotika, die regelrecht durch die EPS adsorbiert
werden kénnen, wodurch das Durchdringen zu den Bakterien und somit auch ihre Wirkung verringert
ist. Durch die Kolonialisierung verandert sich auch das Expressionsmuster der Bakterien, es werden
spezifische Schutzfaktoren (Multidrug-Efflux-Pumpen oder Stressreaktionsregulatoren), die mitunter
far die erhohte Resistenz verantwortlich sind, und extrazellulare Virulenzfaktoren gebildet (van
Delden und Iglewski, 1998; Stoodley et al., 2002). Die Regulation all dieser Faktoren und die
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Biofilmformation werden Uber ein komplexes zelldichte-abhangiges Kommunikationssystem

gesteuert, das als Quorum-Sensing bezeichnet wird (Swift et al., 2001).

1.2.2 Quorum Sensing

1.2.2.1  Allgemeines

Quorum Sensing bezeichnet man das Phadnomen, das es Bakterien erlaubt Uber kleine, hormonartige
Signalmolekile, die man als Autoinducer bezeichnet, miteinander zu kommunizieren (Fuqua et al.,
1994). Bei geringer Zelldichte liegt die Konzentration der Autoinducer auf einem Basallevel, die sich

jedoch mit ansteigender Zelldichte erhoht.

!
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Abbildung 12: Das Zell-Zell-Kommunikationssystem besteht aus mindestens 2 Genen, Das I-Gen
codiert fur die Autodinducersynthase und das R-Gen fur den Transkriptionsregulator (R-Protein). Die
Autoinducer-Synthase ist flr die Synthese des Autoinducers (Al) verantwortlich, der die Zellmembran
passieren kann. Der R-Protein-Al-Komplex aktiviert die Expression der spezifischen Target-Gene
(modifiziert von Van Delden 1998)

Erreicht die Konzentration einen Schwellenwert, wird Uber spezifische Rezeptoren (R-Protein) die
Autoinduktion vermittelt, es entsteht ein Rezeptor/Autoinducer-Komplex, welcher an die spezifische
DNA binden kann und so die Gentranskription und die anschliefende Expression von verschiedenen
Genen aktiviert. Unter anderem werden auch die Gene exprimiert, die fir die Expression der
Autoinducer selbst verantwortlich sind. Diese positive Ruckkopplung fiihrt zur vollstandigen
Aktivierung des Rezeptors, was wiederum die Regulation von weiteren Genen zur Folge hat
(Abbildung 12, (van Delden und Iglewski, 1998; Waters und Bassler, 2005).

Das erste beschriebene Quorum Sensing System ist das lux-System der gram-negativen Vibrio fischeri
(Fuqua et al., 1996). Das lux-System kontrolliert die Expression der Gene, die die Biolumineszenz
dieser Bakterien ausldsen. Bei Vibrio fischeri stellt LuxR das R-Protein und LuxI die Autoinducer-

Synthase dar. Die meisten der gramnegativen Bakterien besitzen Kommunikationssysteme des LuxIR-
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Typs und kommunizieren tber Acyl-homoserin-Lactone (AHL) als Signalmolekile (Fuqua et al.,
1996; Manefield und Turner, 2002), weshalb man diese Kommunikationssysteme auch als AHL-

Systeme bezeichnet.

1.2.2.2  Quorum Sensing in Pseudomonas aeruginosa

In P. aeruginosa gibt es zwei AHL-Systeme, das Las-und das Rhl-System (Abbildung 13). Das Las-
System besteht aus lasl, dem Autoinducer-Synthase Gen fiir die Synthese von 3-0x0-C12-HSL (N-[3-
oxododecanoyl]-L-homoserinlacton) und lasR, dem Gen, das die Transkription reguliert. Das Las-
System kontrolliert die Produktion verschiedenster Virulenzfaktoren, die bei der akuten Infektion und
bei der Zerstorung der Wirtszellen involviert sind, wie LasA, LasB, Elastase und Exotoxin A. Das
Rhl-System produziert Gber die Rhll-Synthase seinen Autoinducer C4HSL (N-butanoyl-homoserin-
Lacton) als Autoinducer, welcher iber den Transkriptionsregulator RhIR erkannt wird. Dieses System
ist unter anderem fir die Regulation der Rhamnolipid-Expression verantwortlich. Trotz der
Ahnlichkeit ihrer Autoinducer sind diese beiden Systeme sehr spezifisch, d.h. weder 3-oxo0-C12-HSL
ist in der Lage RhIR zu aktivieren, noch ist C4-HSL in der Lage LasR zu aktivieren (Latifi et al.,
1995; Pearson et al., 1997). Dennoch stehen sie in einer Hierarchie zueinander, das Las-System
kontrolliert das Rhl-System, dadurch, dass der 3-oxo-C12-HSL/LasR-Komplex direkt die rhiIR-
Transkription positiv reguliert (Latifi et al., 1996). Ein drittes Kommunikationssystem hat man mit der
Entdeckung von 2-heptyl-3-hydroxy-4-Chinolon, dem Pseudomonas Quinolone Signal (PQS),
identifiziert (Pesci et al., 1999). Dieses Signal kontrolliert eine Vielzahl von Virulenzfaktoren und
greift in die Quorum Sensing Kaskade ein, indem es den regulatorischen Link zwischen dem Las- und
dem RhI-System darstellt (McKnight et al., 2000; Diggle et al., 2003). Das PQS-System wird positiv
von LasR und negativ von RhIR reguliert. Die pqgsABCD Genprodukte katalysieren die Umsetzung
von Anthranilat und einer a-Ketofettsdure zu 2-Heptyl-4-Chinolon (HHQ), der Vorstufe von PQS.
PgsA wurde als Benzoat Coenzym A Ligase identifiziert, wahrend PgsB, PgsC und PgsD Ahnlichkeit
zu B-Keto-Acyl-Acyl Carrier Protein Synthetasen zeigen (Lépine et al., 2004). PqsD katalysiert den
letzten Schritt der HHQ-Biosynthese (Pistorius et al., 2011). HHQ wird dann intrazellul&r durch PgsH
zu PQS umgesetzt (Gallagher et al., 2002; Lépine et al., 2004), ist ein bestimmter Schwellenwert an
PQS erreicht, bindet PQS an PgsR. Dieser PQS/PgsR-Komplex aktiviert wiederum die Expression des
pgsABCD- und phnA-Operons, woraus gesteigerte PQS- und Pyocyanin-Produktion resultiert (Cao et
al., 2001; Diggle et al., 2003; Déziel et al., 2005).
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Abbildung 13. Biosynthese, Autoinduktion und Virulenzregulation der P. aeruginosa cell-to-cell-
Signalubertragung. AHQ und AHL-abhéngiges Quorum sensing sind eng miteinander verknipft.
LasR/3-0xo0-C12-HSL reguliert die Expression von pgsH. pgsR ist positiv unter der Kontrolle von
lasR. pgsA und pgsR werden durch RhIR unterdriickt. HHQ wird tber pgsA produziert, was sich selbst
Uber pgsR reguliert. PQS und HHQ induzieren PgsR- abhangig die Expression von pgsA. Fur die
Expression von Lectin und Pyocyanin ist PgsE notwendig. PQS aus der Zelle bildet einen PQS-Fe®*-
Komplex. Entfernung des Eisens aus der extrazellularen Umgebung durch PQS induziert die
Genexpression fir die Siderophorproduktion unabhéangig von der cell-to-cell-Signallibertragung.
Graue Pfeile reprasentieren die positive Regulation, rote Linien die negative Regulation (modifiziert
von (nach Dubern und Diggle, 2008; Nadal Jimenez et al., 2012).

Das pgsABCDE-Operon beinhaltet ein flinftes Gen, pgsg, das fir ein Protein mit Metallo-f-
Lactamase-Region codiert. PgskE ist fir die PQS-Synthese nicht notwendig und bisher ist Gber die
Funktion von PgsE und seine Substrate wenig bekannt. Sicher ist jedoch, dass es sich um den
Hauptvirulenzeffektor bei den 4-Alkylchinolonen handelt, welcher die Produktion von Pyocyanin,
Lectin, den Rhamnolipiden und HCN kontrolliert und somit eine grof3e Rolle in der akuten Infektion
spielt (Gallagher et al., 2002; Diggle et al., 2003). Eine Vielzahl von strukturverwandten 4-
Chinolonen werden durch die PqsABCD-Proteine produziert, die meisten jedoch in solch geringen
Konzentrationen, dass sie keine Rolle in der Zellkommunikation spielen. Eine Ausnahme bildet HHQ,
der Vorlaufer von PQS, fur den man gezeigt hat, dass dieser auch als Signalmolekil wirken kann
(Lépine et al., 2004). HHQ kann ins extrazelluldre Medium abgegeben und von den benachbarten
Zellen aufgenommen werden, wo es entweder durch PgsH umgesetzt wird oder aber auch direkt an
PgsR binden kann. In beiden Féllen wird die PQS-regulierte Genexpression in Gang gesetzt, entweder
durch die Bindung von HHQ an den Rezeptor (PgsR) oder durch das entstandene PQS. Uber diese
HHQ-Aktivierung kommt es jedoch nicht zur Pyocyanin-Biosynthese (Xiao et al., 2006).
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1.2.3 Quorum  Sensing als neues Target zur  Uberwindung  von

Resistenzmechanismen

1.2.3.1 Quorum Sensing Inhibitoren

Quorum  Sensing Inhibitoren  (QSIs), die ganz spezifisch mit dem bakteriellen
Zellkommunikationssystem interferieren, sind eine alternative Behandlungsmdéglichkeit zur
herkdmmlichen Antibiotikatherapie (Rasmussen und Givskov, 2006; Bjarnsholt und Givskov, 2007).
Der selektive Eingriff in die Pathogenitat, ohne das Bakterienwachstum zu beeinflussen, reduziert den
natlrlichen Selektionsdruck und somit eventuell auch die Entwicklung von Resistenzen. Die
Autoinducer-Synthase (Al-Synthase, Abbildung 12) und der Signalrezeptor (R-Protein, Abbildung 12)
bieten verschiedene Angriffspunkte im QS-System von P. aeruginosa fur die Entwicklung von QSlIs.
Eines der wenigen Antibiotika, das das klinische Resultat von CF Patienten, die mit P. aeruginosa
infiziert sind, verbessert, ist Azithromycin. Skindersoe et al. haben gezeigt, dass sowohl
Azithromycin, als auch Ceftazidim und Ciprofloxacin das QS-System von P. aeruginosa beeinflussen,
indem sie moglicherweise die Membranpermeabilitat verdndern und dadurch den 3-oxo-C12-HSL-
Fluss beeinflussen (Skindersoe et al., 2008). Sie wirken jedoch bakteriostatisch und fiihren somit auch
zu Selektionsdruck und Resistenzentwicklung (Tramper-Stranders et al., 2007). Suga et al.
identifizierten 2003 die ersten LasR-Antagonisten, unter denen 2-Amino-Cyclopentanon und 2-
Amino-Cyclohexanon (Abbildung 14, A und B) die potentesten sind. Fur Letzeres hat man zusétzlich
einen geringen RhIR-Antagonismus nachgewiesen (Smith et al., 2003b, 2003a; Suga und Smith,
2003). Strukturelle Ahnlichkeit mit dem natiirlichen Substrat haben auch die von Geske et al.
synthetisierten LasR-Antagonisten; PHL und Indol-AHL (Abbildung 14 C und D; (Geske et al.,
2005). Als besonders potent haben sich die zwei halogenierten Furanone, C30 und C56, herausgestellt
(Abbildung 14 E und F, Hentzer et al., 2003). Fir C30 hat man Uber einen funktionalen Assay hinaus
in Versuchen mit P. aeruginosa Biofilmen eine erhdhte Anfalligkeit bei der Behandlung mit
Antibiotika und Detergenzien festgestellt (Manefield and Turner, 2002; Hentzer et al., 2003). In einem
Ultra-Highthroughput-Screening hat man zwei weitere Verbindungen identifiziert, die generell das
QS-System inhibieren und als Grundstrukturen flir weitere Entwicklungen dienen kénnen (Abbildung
14 G und H, Muh et al., 2006). Ein weiterer Ansatz zu ldentifizierung von QSls, war das
strukturbasierte, virtuelle Screening von Yang et al., bei dem drei bereits bekannte Arzneistoffe als
potentielle LasR-Antagonisten gefunden wurden (Salicylséure, Nifuroxazid, Chloroxazon; (Yang et
al., 2009).

Fir die von Amara et al. gefundenen Acetamide (Abbildung 14 I; Amara et al., 2009) hat man eine
kovalente Bindung an Cys79 von LasR nachgewiesen und so auch den partiellen Agonismus dieser

Verbindungen erklart.
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Abbildung 14: Quorum Sensing Inhibitoren (QSIs)

Verbindungen, die mit dem pgs-System interferieren, hat man bisher nur in einer Strukturklasse
identifiziert. Die Substrat-Analoga von Lu et al. (Abbildung 15; Lu et al., 2011) antagonisieren den
PgsR. Bei diesen hochpotenten Verbindungen handelt es sich um am Chinolongerist substituierte
HHQ-Analoga, die Aktivitat im unteren nanomolaren Bereich zeigen (Abbildung 15 A, B, C). Da das
pgs System eine entscheidende Rolle in der Pathogenitét spielt, ist dieses System ein attraktives Target
fir die Entwicklung von QSls, um die pgs-abhéngige Genexpression zu stéren. Auch die Tatsache,
dass man PQS in groRen Mengen im Sputum von CF-Patienten gefunden hat (Collier et al., 2002),
verdeutlicht die Annahme, dass die Blockade des pgs QS Systems die durch P. aeruginosa
verursachten Lungeninfektionen in CF-Patienten zur besseren Behandlung fuhrt. In diesem System
gibt es Uber den Pgs-Rezeptor hinaus noch ein weiteres, vielversprechendes Target; die Hemmung von
PgsD und somit die Hemmung des letzten Schritts der HHQ-Biosynthese. Beiden Strategien
gemeinsam ist die Limitierung der Pathogenitdt von P. aeruginosa, ohne dabei die Viabilitat der
Bakterien zu beeinflussen und SO den Selektionsdruck  und auch die

Resistenzmechanismusentwicklung zu unterbinden.
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Abbildung 15: HHQ-Analoga
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1.2.3.2 Tiermodelle.

Verschiedene Tiermodelle bestdtigen den Einfluss der QS-regulierten Virulenzfaktoren auf die
Pathogenitat von P. aeruginosa. Das einfachste Infektionsmodel wurde in C. elegans (Caernorhabditis
elegans) etabliert. Werden Nematoden mit P. aeruginosa gefttert, so sterben sie innerhalb kiirzester
Zeit durch die von P. aeruginosa sekretierten Cyanide und Phenazine. Fiittert man sie jedoch mit P.
aeruginosa, die Mutationen im QS-System aufweisen, so wird das Sterben der Nematoden verhindert
(Darby et al., 1999; Mahajan-Miklos et al., 1999; Rasmussen et al., 2005). Fur PgsD- und PgsR-
Mutanten wurde im Nematodenmodell eine herabgesetzte Mortalidt gezeigt (Gallagher et al., 2002).

In einem Verbrennungsmodell an Mausen hat man hat gezeigt, dass QS eine signifikante Rolle bei
Wundinfektionen spielt (Rahme et al., 1995). PgsR-Mutanten setzen in diesem Mausmodell die
Mortalitat herab (Cao et al., 2001; Déziel et al., 2005; Xiao et al., 2006).

In einem weiteren Mausmodell werden die initialen Stadien einer chronischen Lungeninfektion durch
das Einsetzten von mit P. aeruginosa behafteten Beads in die Lunge von Madusen und Ratten,
modelliert (Pedersen et al., 1990). Sind diese Mé&use mit QS-Mutanten infiziert, so ist ihre
Immunantwort und auch die Akkumulation der Antikérper in der infizierten Lunge schneller (Wu et
al., 2001; Smith et al., 2002; Bjarnsholt et al., 2005).



EINLEITUNG 22

1.3 Oberflachenplasmonresonanz-Spektroskopie

1.3.1 Allgemeines

Oberflachenplasmonresonanz (SPR) st ein physikalischer Prozess, der eintritt wenn linear,
polarisiertes Licht bei totaler interner Reflektion auf einen Metallfilm trifft (Biacore, 2005).

An der Grenzflache zweier transparenter Medien mit verschiedenen Refraktionsindices (bspw. Wasser
und Glas) wird einfallendes Licht von der Seite des héheren Brechungsindex teilweise reflektiert und
teilweise gebrochen. Oberhalb eines kritischen Einfallswinkels (6) wird kein Licht tber die
Grenzflache hinweg gebrochen, sondern es kommt zur totalen internen Reflexion (TIR). Obwohl das
einfallende Licht komplett reflektiert wird, kann jedoch ein elektromagnetisches Feld (iber eine kurze
Distanz hinweg in das Medium des geringeren Brechungsindex penetrieren, man nennt dieses
elektromagnetische Feld eine evaneszente Welle.

Wenn polarisiertes Licht nun durch ein Prisma hindurch auf einen Sensorchip, der mit einem diinnen
Metallfilm beschichtet ist, fallt, wird bei einem spezifischen Einfallswinkel die Intensitdt des
reflektierten Lichtes deutlich reduziert (Abbildung 15). Genau bei diesem Einfallswinkel sind die
Photonen des einstrahlenden Lichtes in der Lage mit den freien Elektronen der Metallbeschichtung
wechselzuwirken, sie werden absorbiert und ihre Energie wird auf die Elektronen transferiert,
wodurch Oberflachenplasmone entstehen. Dadurch wird die Energie des reflektieren Lichtes reduziert
(Abbildung 15). Dieses Phanomen bezeichnet man als Oberflachenplasmonresonanz und der
spezifische Einfallswinkel nennt man Resonanzwinkel oder SPR-Winkel 6 (Schaasfort and Tudos,
2008).

Il;llt‘:tf;lt:: Resonanz
reflektiertes
Signal
@ Licht / % ¢
3 M

#*

> -
Winkel 8 Zeit

Abbildung 15: Schematisches Setup-Up der Oberflachenplasmonresonanz. Ein mit Gold beschichteter
Sensorchip ist auf einem Prisma fixiert. Polarisiertes Licht scheint von der Lichtquelle (Stern) auf den
Chip. Das reflektierte Licht wird vom Detektor gemessen (Disk). In einem bestimmten Einfallswinkel,
werden Oberflachenplasmone angeregt, woraus ein Minimum in der Intensitat des reflektierten
Lichtes resultiert (A). Eine Anderung des Brechungsindex auf der Goldoberflache verandert den
Einfallswinkel von A nach B. Diese Anderung wird in einem Sensorgramm aufgezeichnet (Modifiziert
aus Handbook of Surface Plasmon Resonance).

Dieser Winkel ist abhdngig von der optischen Charakteristik des Systems, wie beispielsweise dem

Brechungsindex der beiden Medien und auch des verwendeten Metalls auf der Oberflache des
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Sensorchips. Fur die Beschichtung wird hauptsachlich Gold verwendet, da es inert gegentiber den
meisten wassrigen Losungen ist. Bei der Oberflachenplasmon Resonanz Spektroskopie éndert sich der
Brechungsindex auf der Prismenseite nicht, in der unmittelbaren Nahe der Metalloberflache éndert
sich dieser jedoch durch Massenanderungen, beispielsweise durch adsorbierende Proteine.
Infolgedessen &ndern sich die Oberflachenplasmonresonanz Bedingungen und durch die damit
einhergehende Verschiebung des SPR-Winkels 6 kann man Aussagen Uber die Proteinadsorption auf
der Oberflache treffen. Die Anderung des SPR-Winkels wird in ein Response Signal umgewandelt
(Abbildung 16), dessen Einheit die Response Unit (RU) ist, was einem Winkel von 10™° entspricht
(Johnsson et al., 1991). Die Korrelation zwischen Massenanderung und Resonanzsignal wurde

experimentell bestimmt und l&sst sich folgendermalien darstellen (Stenberg et al., 1991):
1 RU = 1pg/mm?

In einem typischen SPR-Experiment ist ein Bindungspartner (Ligand) an der Oberflache des
Sensorschips immobilisiert und der zweite Bindungspartner wird in Losung injiziert (Abbildung 16).
Die Sensorchips besitzen eine spezielle Oberflache, die eine biologisch aktive Immobilisierung des

Liganden erlaubt.

Pufferfl
ufferfluss
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®
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Abbildung 16: Schematischer Aufbau eines SPR-Experimentes. Ein Ligand ist in einem polymeren
Hydrogel auf der Goldoberflache immobilisiert. Detektion der Bindung eines Analyten in Losung ist
durch Oberflachenplasmonresonanz mdoglich.

Man kann sich diese Oberflache als polymere Matrix aus thiolierten Carboxymethyl-Dextran-Ketten
vorstellen, die tber eine Adhasionslinkerschicht direkt mit der Goldoberflache verbunden sind. Die
freien Carboxylgruppen dieser Ketten ermdglichen eine Immobilisierung in diese Matrix Uber eine
Vielzahl von verschiedenen Methoden (siehe Kapitel 1.3.2 Immobilisierungsmethoden). Die
Anderung des SPR-Winkels 6 wird in Echtzeit gemessen und in Abhéngigkeit der Zeit gezeigt. Ein
solches Diagramm nennt man Sensorgramm, das die verschiedenen Stadien einer Bindung aufzeigt

und die Evaluierung dieser erlaubt (Abbildung 17).
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Abbildung 17: Schematisches Sensorgram als zeitliche Ansicht des Bindungsevents. R (Regeneration).

Flielt lediglich Puffer durch das System erreicht das Signal eine stabile Basislinie. Wird nun ein
Analyt in Loésung injiziert, kann man die Bindung des Analyten an das immobilisierte Targetmolekl
(Ligand) durch das ansteigende Signal beobachten - die Assoziation. Nach einer gewissen Zeit erreicht
das Signal den Steady-State, was bedeutet, dass sich ein Equilibrium zwischen freiem Analyt und
Target-Analyt-Komplex eingestellt hat. Sobald die Injektion stoppt, flie3t nur noch Puffer Giber den
Liganden und der Target-Analyt-Komplex 16st sich auf — die Dissoziation. Ist die Interaktion zwischen
Analyt und Ligand sehr stark, kann eine Regeneration des Komplexes notwendig sein um wieder eine
stabile Basislinie zu erhalten. Anhand der Form der entstandenen Kurve kdnnen kinetische Parameter,
wie die Assoziation- und Dissoziationsgeschwindigkeit ky (Kon) und kg (Ko) bestimmt werden. Die
Dissoziationskonstante Kp kann entweder aus den kinetischen Geschwindigkeiten (k, und kg)

berechnet werden oder aber konzentrationsabhéngig tber die Signale am Equilibrium.

1.3.2 Immobilisierung

Die Immobilisierung ist die Kupplung eines Liganden in die Matrix des Sensorchips. Dies ist der
kritische Schritt wenn man biomolekulare Interaktionen messen mochte, weil hierzu gewahrleistet sein
muss, dass der Ligand nach der Immobilisierung aktiv und auch sterisch noch zugénglich ist. Es gibt
verschiedene Immobilisierungsstrategien: die der adsorptiven, der kovalenten, der ionischen und der

adaptiven Kupplung.

Die am hdufigsten verwendeten Kupplungsstrategien sind die der kovalenten und der adaptiven
Immobilisierung (Abbildung 18). Stellvertretend fir diese beiden Methoden, werden die

Aminkupplung sowie die Immobilisierung lber Biotin naher erléutert.
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Abbildung 18: Hauptsachlich verwendete Immobilisationsmethoden. Kovalent sonstige: Thiol- oder
Aldehydkupplung; Adaptiv Sonstige: Antikdrper, GST (Glutation-S-transferase), Protein A (modifiziert
von (Rich und Myszka, 2005))

1.3.2.1  Aminkupplung
Bei der Aminkupplung (Abbildung 19) werden die freien Carboxylgruppen der Matrix durch

Carbodiimid aktiviert und dann in Aktivester umgewandelt. Diese chemische Modifikation erfolgt
meistens durch die Zugabe von einem EDC/NHS-Gemisch (EDC = N-ethyl-N’"-
(dimethylaminopropyl)carbodiimid; NHS = 2-(N-hydroxysuccinimid). Die Aktivester formen mit
Lysinen oder freien NH,-Gruppen des Liganden eine Amidbindung. Bei dieser
Immobilisierungsmethode spielt der pH-Wert eine grofie Rolle, denn fur die Kupplung von Aktivester
und Aminogruppe (Abbildung 19) muss der Ligand mdglichst nah an die Chip-Oberflache gebracht
werden. Dies erreicht man, in dem man den pH-Wert des Immobilisierungspuffers unterhalb des
isoelektrischen Punktes (pl) des Liganden einstellt, wodurch eine Prakonzentrierung erreicht wird.
Der positiv geladene Ligand kann so Uber elektrostatische Wechselwirkungen mit den negativ
geladenen Carboxylgruppen der Matrix interagieren (Johnsson et al., 1991). Da die Reaktion zwischen
Aktivester und Aminogruppen jedoch nur mit ungeladenen Aminogruppen funktioniert, sollte der pH-
Wert nicht zu niedrig gewahlt werden (Johnsson et al., 1991). Die unreagierten Aktivester werden
anschlieBend durch die Zugabe von Ethanolaminhydrochlorid (1M, pH 8.5) inaktiviert (2-
Hydroxyethanamide entstehen), zusatzlich erfolgt durch die hohe Salzkonzentration dieser Ldsung
gleichzeitig das Abschwachen der elektrostatischen Wechselwirkung, so dass auch unreagierte
Proteine mit dem Pufferfluss abtransportiert werden kénnen (Johnsson et al., 1991). GrolRe Vorteile
dieser Immobilisierungsmethode sind die Effizienz dieser Reaktion, die schnelle Durchfiihrbarkeit und
ihre universelle Einsetzbarkeit, da die meisten Proteine freie Aminogruppen bzw. Lysine an ihrer
Oberflache tragen. Andererseits kdnnen auch ungerichtete Immobilisierungen und Crosslinking
auftreten, wodurch die Aktivitat des Liganden deutlich verringert sein kann (Schaasfort und Tudos,
2008).
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Abbildung 19: Kovalente Immobilisierung tiber Aminkupplung

1.3.2.2 Biotinkupplung

Die Biotin-Kupplung ist eine indirekte Immobilisierungsmethode, bei der die Liganden uber die sehr
starke Affinitat von Biotin zu Streptavidin (10" M, (Haun und Wasi, 1990) auf dem Sensorchip
verankert werden. Es gibt kommerziell erhdltliche Sensorchips, die eine Streptavidin behandelte
Oberfl&che besitzen, auf der man den biotinylierten Liganden direkt immobilisieren kann (Abbildung
20). Eine Biotinylierung kann direkt mit der Expression des gewinschten Proteins erreicht werden,
indem ein Expressionsvektor verwendet wird, der gleichzeitig auch fir eine Biotinligase codiert
(Beckett et al., 1999). Oder es erfolgt eine synthetische Biotinylierung nach der Expression durch
Sulfo-NHS-aktiviertes Biotin, das mit primaren Aminen eine Amidbindung eingeht. Die synthetische
Biotinylierung kann bei geringen Temperaturen und in Puffer durchgefiihrt werden (Papalia und
Myszka, 2010), was sehr schonend fur die Proteine ist. Durch das Einflhren eines Spacers in
verschiedenen Langen hat man die Mdglichkeit den Liganden mdglichst flexibel auf der Oberflache zu

immobilisieren.
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Abbildung 20: Adaptive Immobilisierung uber Streptavidin-Biotin Kupplung (Stern: Streptavidin
kovalent am Sensorchip immobilisiert, Funfring: Biotin tiber Linker mit dem Liganden verbunden
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Ein wichtiger Punkt bei der synthetischen Methode ist jedoch die Minimalbiotinylierung (Papalia und
Myszka, 2010). So kann Crosslinking komplett vermieden werden, was den grolRen Vorteil dieser

Methode ausmacht.

1.3.3 SPR-Spektroskopie im Drug Discovery Prozess

Oberflachenplasmonresonanz Biosensoren sind mittlerweile ein Standardtool in der pharmazeutischen
und biotechnologischen Forschung. Der grofle Vorteil ergibt sich aus der label-freien Echtzeit-
Messung, bei der Interaktionen von molekularen Systemen aller Art aufgezeichnet werden kdnnen.
Angefangen bei der Targetidentifizierung und Hitfindung tUber Leadoptimierung bis hin zu klinischen
Studien und der Produktion von Arzneistoffen findet man beschriebene SPR-Biosensorassays flr die
jeweilige Anwendung (Abbildung 21, (Myszka und Rich, 2000).

Eine Methode zur Targetidentifizierung ist die von Graffinity Pharmaceuticals entwickelte Methode
(www.graffinity.com). Es werden gleichzeitig eine Vielzahl an Fragmenten auf einem Biosensor
kovalent gebunden. Statt eines Screenings mit unzahligen Verbindungen gegen ein immobilisiertes
Target, kdnnen unbekannte Proteine gegen bekannte Verbindungen getestet und so neue Targets
identifiziert werden. Ist ein neues Target identifiziert, konnen spezifische Assays entwickelt und
weitere Screenings durchgefihrt werden. Hierbei ist der hohe Durchsatz von groem Vorteil. In einem
Primérscreening werden Bindungspartner gefunden und dann in einem sekundéren Screening validiert
und néher charakterisiert. So kann man ,,falsch-positive* Hits identifizieren und direkt am Anfang der
Arzneistoffentwicklung eliminieren (Karlsson et al., 2000). Im weiteren Prozess der Leadfindung
kénnen kinetische und thermodynamische Parameter bestimmt und erste SAR-Studien mittels dieser
Daten durchgefuhrt werden. Makren et al. beschreiben hierzu einen Assay, bei dem die ,,Binder
aufgrund ihrer Assoziations- und Dissoziationsraten gerankt und Lead-SAR-Studien durchgefiihrt
werden (Markgren et al., 2002).

Lipid Absorption

Plasmaproteinbindung
CYP-Interaktion

K‘ndid.t

Konzentrationsanalyse

Identifizierung
Charakterisierung

Qualitatskontrolle
Zulassung

Validierung
Assay Entwicklung
Ligand Fishing

Abbildung 21: Ubersicht der Anwendungsméglichkeiten der SPR-Spektroskopie im Drug Discovery
Prozess (modifiziert von Cooper 2002).
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Das Erstellen pharmakokinetischer Profile ist ein wichtiges Kriterium im Prozess der
Arzneistoffentwicklung. Viele Substanzen binden reversibel an humanes Serumalbumin (HSA), a;-
saures-Glykoprotein (AGP) und andere Serumkomponenten, wie Immunglobuline. Eine starke
Proteinbindung reduziert die Konzentration an freiem Arzneistoff und dadurch auch dessen
physiologische Aktivitat. Deshalb ist die Plasmaproteinbindung ein wichtiger Faktor fir die Balance
zwischen physiologischer Aktivitat, Langzeiteffizienz und potentieller Nebenwirkungen (Frostell-
Karlsson et al., 2000). Studien zur Plasmaproteinbindung wurden von verschiedenen Gruppen mit
bekannten Arzneistoffen an HSA und auch an AGP durchgefiihrt und die bereits bekannten Daten fur
Plasmaproteinbindung durch einen Biosensorassay bestatigt (Frostell-Karlsson et al., 2000; Day und
Myszka, 2003; Cimitan et al., 2005; Gustafsson et al., 2011). Ein weiterer wichtiger ADME-Faktor ist
die passive und aktive Arzneistoffaufnahme Uber den Gastrointestinaltrakt oder auch die Blut-Hirn-
Schranke. Zur Bestimmung der Permeabilitdt kdnnen verschiedene Lipidschichten auf einem
Biosensor immobilisiert und die Substanzen hinsichtlich ihrer Permeabilitdt evaluiert werden
(Danelian et al., 2000; Baird et al., 2002; Ahmad et al., 2003; Abdiche und Myszka, 2004).

Am Ende der Pipeline der Arzneistoffentwicklung stehen die Qualitatskontrolle und die
Konzentrationsanalyse. Auch in diesem Bereich finden Biosensorstudien ihre Anwendung (Swanson
und Mytych, 2011), insbesondere in der Analyse von serologischen Proben hinsichtlich der
Antikorper-Titer (Ritter et al., 2001; Hale et al., 2010).

SPR-Spektroskopie bietet den besonderen Vorteil, dass es sich um ein label-freies System handelt,
geringe Mengen Protein bendtigt werden und eine enorme Flexibilitat, was das Assaydesign betrifft,
vorhanden ist (Cooper, 2002). Im Allgemeinen unterscheiden sich die Daten, die mittels SPR
Biosensoren generiert werden nicht von denen der Experimente in Ldsung, dies bestatigen zahlreiche
Studien (Day et al., 2002; Myszka D. G. et al., 2003; Navratilova et al., 2007; Heinrich et al., 2010).
SPR-Daten sollten jedoch mit anderen Methoden generierte Daten mit komplementdren Methoden
(ITC, NMR, ELISA, Fluoreszenz-Assays) validiert und nicht als reine Alternative angesehen werden.
Unter Berlcksichtigung dieser Argumente kdnnen SPR-Biosensorexperimente eine wichtige Rolle
spielen und auch zu einer deutlichen Kostenerleichterung im Drug Discovery Prozess fiihren.
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2 Ziel der Arbeit

Aufgrund der hohen Resistenzentwicklung gegentber herkdmmlichen Arzneistoffen zur Behandlung
von Krebs- und Infektionserkrankungen ist es dringend notwendig neue Ansatze zur Uberwindung
dieser Mechanismen zu erforschen. Die vorliegende Arbeit befasst sich mit der Entwicklung von

neuen Substanzen zur Uberwindung dieser Resistenzen und gliedert sich in zwei Teile.

E2 ist in die Entstehung und Progression von estrogen-abh&ngigen Erkrankungen wie Brustkrebs und
Endometriose involviert. Den letzten Schritt der E2-Biosynthese katalysiert die Steroiddehydrogenase
17B-HSD1, deren mRNA in den erkrankten Geweben (iberexprimiert vorliegt (Gunnarsson et al.,
2005; Smuc et al., 2007). Deshalb ist die Entwicklung von 178-HSD1-Inhibitoren ein
vielversprechender Ansatz um die intrazellularen E2-Konzentrationen zu reduzieren und
estrogenabhéngige Erkrankungen zu therapieren. Das schwach aktive E1 bleibt im gesamten
Organismus erhalten und die bekannten Nebenwirkungen herkdmmlicher Therapien, die auf einem
vollkommenen Estrogenentzug beruhen, bleiben aus.

Im Arbeitskreis gibt es bereits eine Reihe wvon hochpotenten nicht-steroidalen 17B-HSD1
Hemmstoffen, die sich fir den Eintritt in die prdklinische Phase eignen. Fur einige Verbindungen
wurde bereits ein in vitro Proof of Concept erbracht (Kruchten et al., 2009b). Ein néchster Schritt in
Richtung préklinischer Phase ist das in vivo Proof of Concept in einem geeigneten Tiermodell. Es soll
zundchst eine geeignete Spezies identifiziert werden, in der nach Maoglichkeit bereits ein
Krankheitsmodell etabliert ist. Danach soll ein biochemischer Assay mit 173-HSD1 der geeigneten
Spezies etabliert werden, um die ausgewahlten Spitzenverbindungen jeder Substanzklasse zu
untersuchen. Zusatzlich sollen hier auch Aussagen uber die Selektivitdt gegenuber 17B3-HSD2
getroffen werden konnen. Da unterschiedliche Spezies Variationen in der Aminosauresequenz der
17B8-HSD1 aufweisen, ist es durchaus moglich, dass die evaluierten Verbindungen verdanderte
Aktivitaten an 17p-HSD1 der jeweiligen Spezies zeigen. In diesem Fall soll eine speziesspezifische
Optimierung der ausgewéhlten Hemmstoffe erfolgen, um einen geeigneten Kandidaten fiir das in vivo
Proof of Concept zu identifizieren.

P. aeruginosa ist ein adaptives opportunistisches Pathogen, das fur eine Vielzahl nosokomialer
Infektionen und auch fur die chronische Lungeninfektion der meisten CF Patienten verantwortlich ist.
Diese Bakterien koordinieren sich tber ein zelldichte-abha&ngiges pgs QS- System, das charakteristisch
fir P. aeruginosa ist. Es wirkt tber die beiden Signalmolekile PQS und dessen Vorlaufer HHQ, die
mit PgsR interagieren und so Transkription von Virulenzfaktoren und die Biofilmformation
kontrollieren. Eine vielversprechende Strategie zur Uberwindung von Antibiotikaresistenzen
insbesondere in P. aeruginosa ist es deren Pathogenitdt zu schwéchen ohne ihre Viabilidt zu
beeinflussen. Geeignete Angriffspunkte im pgs-System von P. aeruginosa sind hierfir die Hemmung

von PgsD und auch die Antagonisierung des Rezeptors PgsR. Die vielseitige Anwendbarkeit der
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Oberflachenplasmonresonanz-Spektroskopie im Drug Discovery Prozess (Kapitel 1.3.3) soll anhand
der beiden Targetproteine PgsD und PgsR demonstriert werden.

PgsD gehort zu den Bi-Substrat-Enzymen und katalysiert die Bildung von HHQ aus Anthraniloyl-CoA
und B-Ketodecansaure. Sowohl die katalytischen als auch die kinetischen Parameter fur PgsD sind
unbekannt. Da diese Faktoren eine Rolle fur die Hemmstoffentwicklung spielen, sollen sie im
Folgenden genauer untersucht werden. Es soll ein SPR-Assay entwickelt werden, der es erméglicht
Untersuchungen zum katalytischen und kinetischen Mechanismus von PgsD anzustellen und fir
spatere Substanztests anwendbar sein.

Fur PgsR wurden im Arbeitskreis bereits hochpotente Antagonisten gefunden. Diese sind vom
naturlichen Substrat HHQ abgeleitet und zeigen dadurch jedoch ungenugende physikochemische
Eigenschaften, was sie fiir einen Einsatz als Arzneistoffe ungeeignet macht. Aufgabe war es deshalb
neue Leitstrukturen fir die Entwicklung von PgsR-Antagonisten zu identifizieren. Hierzu sollte ein
SPR-Assay aufgebaut werden, der es ermdglicht Verbindungen im High-Throughput zu analysieren.
AnschlieRend sollte eine geeignete Methode entwickelt werden, die es erlaubt, die untersuchten

Verbindungen maoglichst effizient zu klassifizieren und dadurch die Lead-Findung zu erleichtern.
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Abstract: 17p-Hydroxysteroid dehydrogenase type 1 (17p-HSD1) catalyzes the reduction of estrone
to estradiol, which is the most potent estrogen in humans. Inhibition of 173-HSD1 and thereby
reducing the intracellular estradiol concentration is thus a promising approach for the treatment of
estrogen dependent diseases. In the past, several steroidal and non-steroidal inhibitors of 173-HSD1
have been described but so far there is no cocrystal structure of the latter in complex with 173-HSD1.
However, a distinct knowledge of active site topologies and protein-ligand interactions is a
prerequisite for structure-based drug design and optimization. An elegant strategy to enhance this
knowledge is to compare inhibition values obtained for one compound toward ortholog proteins from
various species, which are highly conserved in sequence and differ only in few residues. In this study
the inhibitory potencies of selected members of different non-steroidal inhibitor classes toward
marmoset 173-HSD1 were determined and the data were compared with the values obtained for the
human enzyme. A species specific inhibition profile was observed in the class of the
(hydroxyphenyl)naphthols. Using a combination of computational methods, including homology
modelling, molecular docking, MD simulation, and binding energy calculation, a reasonable model of
the three-dimensional structure of marmoset 17p-HSD1 was developed and inhibition data were
rationalized on the structural basis. In marmoset 173-HSD1, residues 190 to 196 form a small a-helix,
which induces conformational changes compared to the human enzyme. The docking poses suggest
these conformational changes as determinants for species specificity and energy decomposition
analysis highlighted the outstanding role of Asn152 as interaction partner for inhibitor binding. In
summary, this strategy of comparing the biological activities of inhibitors toward highly conserved
ortholog proteins might be an alternative to laborious x-ray or site-directed mutagenesis experiments
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in certain cases. Additionally, it facilitates inhibitor design and optimization by offering new

information on protein-ligand interactions.

Introduction
Human 17p-hydroxysteroid dehydrogenase type 1 (17p-HSD1) catalyzes the NAD(P)H dependent

reduction of the weak estrogen estrone (E1) to the biologically most active estrogen estradiol (E2;
Fig. 1) [1].

17B-HSD1

_— =
-

17p-HSD2

HO HO
Estrone E1 Estradiol E2

Figure 1. Interconversion of estrone (E1) and estradiol (E2).

This reaction, which represents the last step in E2 biosynthesis, takes place in target cells where the
estrogens exert their effects via the estrogen receptors o and . Besides their physiological effects,
estrogens are involved in the development and the progression of estrogen dependent diseases (EDDs)
like breast cancer, endometriosis and endometrial hyperplasia [2-4]. In the past few years, aromatase
inhibitors have been intensively investigated for the treatment of EDDs [5-7] but they lead to
unwanted side effects due to their strong reduction of estrogen levels in the whole body. Therefore
reducing local E2 levels by inhibition of 173-HSD1 is a promising therapeutic approach for the
treatment of EDDs. An analogous intracrine concept has already been proved successful for the
treatment of androgen dependent diseases such as benign prostatic hyperplasia and alopecia by using
5a-reductase inhibitors [8-11]. 173-HSD2 catalyzes the reverse reaction (oxidation of E2 to E1; Fig. 1)
and inhibition of this enzyme must be avoided for the therapeutic concept to work. However, specific
inhibition of 17p-HSD2 in bone cells may provide a novel approach to prevent osteoporosis [12].
178-HSD1 is a cytosolic enzyme that belongs to the superfamiliy of short-chain
dehydrogenases/reductases (SDRs) [13]. It consists of 327 amino acid residues (34.9 kDa) and the
active form exists as homodimer [14]. 17B-HSD1 comprises a Rossmann fold, associated with
cofactor binding, and a steroid-binding cleft [15]. The latter is described as a hydrophobic tunnel with
polar residues at each end: His221/Glu282 on the C-terminal side, and Ser142/Tyr155, belonging to
the catalytic tetrad, which is present in the majority of characterized SDRs [16], on the other side [17].
To date 22 crystal structures of 178-HSD1 are available as apoform, binary or ternary complexes [18-
20]. All crystal structures show an overall identical tertiary structure, while major differences have
been identified only for the highly flexible BFaG’-loop. It is not resolved in ten crystal structures,
while the remaining twelve showed high b-factor values for this area, which is an additional hint for
the flexibility of the BFaG’-loop. In some crystal structures a short a-helix was observed in the loop

region but its occurrence seems not to be dependent on the presence of steroidal ligands, cofactor or
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inhibitor. However, the position and length of the a-helix changes: in the apoform (PDB entry 1bhs)
the helix is limited to the beginning of the loop while in presence of steroidal ligands and/or cofactor it
is shifted to the end (PDB entries 1dht, 1equ, and liol). Further, dependent on the presence of cofactor
and ligands, the BFaG’-loop can occupy three possible orientations: an opened, semi-opened, and
closed enzyme conformation [21].

Several steroidal and non-steroidal inhibitors of 173-HSD1 have been described [18,22-37], but only
for the former cocrystal structures exist. While several computational studies have been performed in
order to elucidate the interactions of non-steroidal inhibitors with 17p-HSD1 [26,27,33,37,38],
structural data confirming the results are still missing.

However, a distinct knowledge of active site topologies and protein-ligand interactions is a
prerequisite for structure-based drug design and optimization. To further increase this knowledge,
inhibition values obtained for one compound toward proteins, differing only in few residues might be
advantageous. For this purpose, wild type proteins and their mutants carrying a set of point mutations
can be used. As alternative, proteins from various species, which are highly conserved in sequence and
differ only in few residues, might be considered.

This latter approach was applied in the present study employing human and marmoset monkey
(callithrix jacchus) 17B-HSD1. Selected human 17B-HSD1 inhibitors, representative of our
structurally diverse inhibitor classes, were tested toward the marmoset 17p-HSD1. The resulting
inhibitory potencies were compared with those obtained for the human enzyme and remarkable
differences were only observed in the class of the (hydroxyphenyl)naphthols. In order to rationalize
the species-specific inhibition profiles at the structural basis, a homology model of the marmoset
enzyme was built using a human 173-HSD1 x-ray structure as template. Further, the docking poses of
selected compounds into both the human crystal structure and the modelled marmoset 17p-HSD1 were
considered. Notably, the marmoset homology model and the docking poses of the inhibitors presented
herein were validated by their ability to explain inhibition data. Subsequently, the complexes of two
representative inhibitors, docked into the marmoset model and the human crystal structure,
respectively, were subjected to MD simulations to investigate their conformational equilibrium. In
addition, binding energy calculations as well as energy decomposition analysis were performed, with
the aim to investigate the influence of the marmoset amino acid variations on the inhibitory potencies.
The current work provides new insights into the marmoset 173-HSD1 active site topology, reveals
probable inhibitor binding modes in human and marmoset 173-HSD1, and identifies amino acids
responsible for species specificity in 17p-HSD1 inhibition.

Results

Comparison of 17B-HSD type 1 and type 2 sequences

To identify regions that are conserved through several species, the sequences of rodent, cynomolgus,
marmoset and human 173-HSDs 1 were aligned (Fig. 2A). The N-terminal region (residues 1-190),

which constitutes the common Rossmann fold as well as the catalytic tetrad, is highly conserved for
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the analyzed species. Remarkable differences were observed in the F/G segment (residues 191-230),
which is lining the steroid-binding site, and the C-terminal region (residues 231-285). Sequence
alignment of human and marmoset 173-HSD1 revealed that they share 80 % sequence identity and 85
% similarity (Fig. 2A). Focusing on the steroid-binding site (residues 94 to 196 and 214 to 284), the
identity increases to 87 %, with five major amino acid variations observed in the marmoset enzyme:
Al191P, E194Q, S222N, V225I and E282N. In contrast, comparing cynomolgus and human 173-
HSD1, which show even 91% identity, only one of the aforementioned amino acid variations can be
found (E282H; Fig. 2A). With the exception of marmoset 173-HSD1, Alal91 and Glul94 are
conserved through the analyzed species (Fig. 2A) indicating the significance of the observed variations
between human and marmoset. 178-HSDs 1 of mouse and rat are 83 % similar to the human enzyme
in the first 287 amino acids. In both analyzed rodent enzymes His221, which is involved in steroid
binding [17], is mutated into a glycine (H221G). Moreover, several other amino acids of the substrate-
binding site are replaced by more bulky residues (L96F, N152H, M193Y/H, S222Y). Interestingly, rat
and mouse 17B-HSDs 1 are significantly less sensitive to inhibition by steroidal inhibitors compared to
the human ortholog [39] and different classes of non-steroidal potent human 17B-HSD1 inhibitors
turned out to be only weak inhibitors of E2 formation in rat liver preparations [40]. This might be
partially explained by the absence of His221 as interaction partner as well as by the reduced volume of
the active site (M193Y/H, S222Y).

Sequence identities between human 17p-HSD2 and 17p-HSD2 of the selected species range from 61
% (mouse) to 93 % (cynomolgus) while the F/G segment and the C-terminal region show the most
pronounced variability (Fig. 2B). The comparison of 178-HSD1 with the correspondent type 2
enzymes of the analyzed species revealed, that the type 2 enzymes have about 80 additional N-
terminal residues relative to the type 1 enzymes. Sequence comparison showed that they share a very
low overall sequence identity (< 25 %) with major differences in the F/G segment and the C-terminal
domain, which constitute the active site. However, some amino acid motifs, characteristic for SDR
enzymes [18], are highly conserved: the T-G-xxx-G-x-G motif, the Y-xxx-K sequence and the N-A-G
motif (Fig. 2B). For marmoset 173-HSD2 only a fragment of the primary sequence is available, which
is 143 amino acids in length and constitutes the Rossman fold whereas the F/G segment and the C-

terminal region are missing (Fig. 2B). This segment is 29 % identical to marmoset 173-HSD1.



ERGEBNISSE 35

A

fhuman_178-HS01 1 AR] { 7] LSl LG 5| 115
manmasel_ITAHSDT 1 AC] ; T L LB! 5/ 115
cynamaligus_17A-HE0T 1 AR] LI 'I' LGEL| 5| 115
mouse_176-H501 1 DP' L REEF HE LN A 115
ral_178-HSD!  1DS L i REIF HE LNANGA 115
human_178-HS01 116 V| H I. evioT AHSKEVF
mammase_178-HSDT 116 A H I \r L R ! EIF
cynomoalgus_17A-HSDT 116 ¥ - ! i I.P L Y EKVLEsBoEYEDRT | H ILAHS K@V
mouse_17-HSD1 116 L| | L ERL L RGYEQALSE - B229
ral_179-HS07 116 LG | L ERL il YEQALSE- K229
fumnan_T7A-HS0T 20 7| REVEG. .- - .- D P 285
marmoset_178-HS0T 23 n NVEPKEPAEAERGABAGG: =« s cnuean VGDOEELGDTLAAPG:- = s cscecccancnananan M
cynomalgus_T7A-HSD1 231 HVEGDDP AEAEAGAGP GAGAGPSE - - - - - VGDPELGDPPATPG: - -~ s veeennmeaens 313
- EAFSHNLOTOENAKAGAQVPGVSDTASSALICLPECA | PRVASE LGWSASDKPGODNSCYQOK | 343
rat_178-HSOD1 7] E EABsDLOVQE DTPPRALICLEECA|PRVTAELGWS ASDKPGONKSCYQOK I 343

U

mouse_175-HSD1 u

T+
tumnan_17A-HSDT TRecocmnernennnnens e e e e e eeaetaatecsasseeisaseeesas serereaeaae asnpsos 34
turnan_17A-HSDZ 1 5TEEBoTAW ERAve T _‘m. TV EEKYKKES cBLvwe Wl ELAGL: - AVELL 1 LEP FWG | UFEvsEE- Dn¥ v LEG PV 110
cynomolgus_178-H5D2 1 STRFEDTTWI GLAVF TWLCGTY FEKY LAGLC - AVELL | LEPFWGL | LFELSCF - LMY TYLEG “a 10
mouse_17f-HS02 18P AWLELAAAA Lcan.l.eo e AGLWGGACLLS LS LLCTLFLLEVAGFLLL 11
rad_17B-HSD2 | NPESE WLELTATA MLLEK - AGLWGGACLLSLSLLCSLFLLEVSCRFLLY m
R TR B0 et I oot s E Al Lmb v i e e r ILINE & TN e o G0 0 iRl S S et R B S S PN D R 2

fhuman_{78-HS0T 35 TLRDI.KT RLWE RaLaCPPas THELElRDsKs VA TEGRVE - - - - vLVcHlE- G -Asvu: RMI.CM Ros @RV LY T
tumman_178-HS0Z 111 aAMLEBR 1 G
cynomolgus_178-HS02 111 NEN AAML | GFPS
mouse_17E-HS02 112 BNE TEKI L 221
ral_17-HSD2 lIl DKE 1 I F 221
marmosed_178-HSD2 NEN KMV ATL GFR:

human_178-HSDT 145 I.PFHDV ICAS FII.EGLCESI.AVL VH I.SI. PEEV LDR'OIHTFHRFYQYLAHSKU\PFREAAENP EVAEVFLTALRAPKPTLRYFTTERF 259
human_{78-HS02 221 55 RAR Ssv LD DI'GQDTLL» RNFLLLINSLASKEF 317
gmomolgus_176-H502 221 @GARM “L nllsvml KWVS - - D'mquhLs:mrLLF:Nsms‘rnsaﬂ
mouse_170-H502 222 @TVELGMTSARAAT] ﬂLI"STII KWV TIKPE- YVHTAKLI IPTL DI 318
rw_170-H502 222 AMI BFaMVAARAS THAR | SMESAV | Kvv THHPE - ¥VHTAKLALP 318
marmoset_178-HS02 13T BOGABMAK - - - - - - o o e eaeeecaeaaieeaiescasaaoeen 143
turnan_178-4501 260 LELER- - - - - MRLODESGSNYVTAMM - - - - - ... e e e REVG . e 288
human_{70-HSDZ 318 § TGHATLAKSBFAY Y TPBKGAYLWI ELAHYLE 161 vO¥ FAKRHEGQDKP MPRALRMP NY KKKAT 86
cynomalgus_178-H502 318 5 1OHA | SAKSBFAYY TPGHAAY LWLELAFY LRI GI YNYFAERNEGKDEPMPRALS MPNY KRKAT 386
mouse_17f-HSD2 319 T| 1QHA LS ARNBSS FYYPGRMAY LW ELAAYCPTSLLDYV | KKGR- YPOP TRRALRTVH - - - - - - 360
rai_178-HSD2 310 T| QHA LA F ¥LWI CFAAYSPISLLDY | LKNYE- TPKLMPRALRTAS - - - - - - 380

TR TA SO0 3t JF axtiavs = e oot soesvctc iRz ININL TINENSree o A0S & o, S SN ol SR CHENCVRNT B0t 412 ISR THENNE

Figure 2. Multiple sequence alignment of 174-HSD type 1 and type 2 from selected species. Species
and subtype are indicated on the left, followed by residue numbering. Residues are colored by
percentage identity and red arrows indicate major amino acid variations in marmoset compared to the
other species. A) Multiple sequence alignment of 174-HSD1 from selected species. B) Multiple
sequence alignment of human 174-HSD1 with 17-HSD2 from selected species.

As human and marmoset 173-HSD1 differ in few residues of the active site, comparison of the
inhibitory potencies of selected inhibitors, observed toward both enzymes, is suitable to further
increase the knowledge of active site topologies and protein-ligand interactions. In particular, the
amino acid variations in the flexible BFaG’-loop, which is suggested to play a crucial role in ligand

binding, will be used to elucidate the function of the loop in more detail.

Inhibition of marmoset 17p-HSD1 and 17p-HSD2

Marmoset placental tissue was used as enzyme source and the proteins were partially purified
following a described procedure [41]. Tritiated E1 was incubated with 17B8-HSD1, cofactor and
inhibitor. The separation of substrate and product was performed by HPLC. In an assay similar to the
17B-HSD1 test, marmoset placental microsomes containing 17B-HSD2 were incubated with tritiated
E2 in the presence of NAD" and inhibitor. Labelled product was quantified after HPLC separation.
The inhibition values of compounds 1-20 (Fig. 3) are shown in Table 1. The bis(hydroxyphenyl)
substituted arenes 1-11 showed comparable or even higher inhibitory potencies toward marmoset 17f-
HSD1 compared to the human enzyme. For example, compound 8, which is a potent inhibitor of
human 17B3-HSD1 (ICs, = 151 nM), showed a stronger inhibitory potency toward marmoset 17f3-
HSD1 (ICso = 4 nM). Comparable inhibition data for human and marmoset 173-HSD1 were also
measured for the bicyclic substituted hydroxyphenylmethanones 12 and 13. This indicates that the
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binding of the two aforementioned inhibitor classes is reinforced or at least not affected by the amino
acid variations in marmoset 17p-HSDL1. In the class of the (hydroxyphenyl)naphthols, the human 173-
HSD1 inhibitor 14 (ICs, = 116 nM) showed also a good inhibitory potency toward marmoset 17f-
HSD1 (ICsq > 50 nM). The introduction of space filling substituents in position 1 of the naphthol core
of 14 is beneficial for the inhibition of the human enzyme (16, 1Cs, = 26 nM), but for marmoset 17p-
HSD1 no increase in inhibitory potency was observed (16, ICs, > 50 nM) compared to the
unsubstituted 14. Interestingly, further enlargement of the substituents in 1-position of 14 led to highly
active human 17B-HSD1 inhibitors (19, ICs, = 15 nM) while a reduced potency toward marmoset 17p3-
HSD1 (19, ICs, > 50 nM) was found.

The inhibitory potencies of compounds 1-20 toward marmoset 17p-HSD2 were also determined to
prove whether marmoset monkey is a suitable species for in vivo evaluation of 173-HSD1 inhibitors
(Table 1). Remarkably, lower selectivity of compounds toward non-target marmoset 173-HSD2 was

observed, when comparing to human 17p-HSD2.
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Figure 3. Chemical structures of selected human 174-HSD1 inhibitors. Representative structures of
our three inhibitor classes: the bis(hydroxyphenyl) substituted arenes (1-11), the bicyclic substituted
hydroxyphenylmethanones (12, 13) and the (hydroxyphenyl)naphthols (14-20).

Table 1. Inhibition of human and marmoset 178-HSD1 and 17B-HSD2 by compounds 1-20.

Human ICso [nM] Marmoset ICso [NM]°
compd X R1 R. Rs 17B-HSD1* 17p-HSD2” 17B-HSD1®  17p-HSD2°
1 CH F H 8 940 <5 > 50
2 N H H 50 4004 102 > 50
3 CH H H 69 1953 31 > 50
4 CH CHs H 46 1971 <50 > 50
5 N CHs H 143 2023 <50 > 50
6 CH H F 42 463 <5 85
7 CH F F 17 218 <5 43
8 4-OH OH H 151 1690 4' >50
9 3-OH H OH 77 1271 2' >50
10 3-OH CHs; OH 64 869 3 >50
11 3-OH F  OH 64 510 <50 72
12 H OH 33 478 <50 43
13 OC;Hs 78 502 <50 59
14 116 5641 > 50 > 50
15 C OH 36 959 32 > 50
16 N 26 1157 > 50 > 50
17 C H 20 540 52 > 50
18 C NH. 53 1757 n.i. > 50
19 C  NHSO,CHs 15 403 > 50 > 50
20 C  NHCOCH; 83 1239 > 50 n.i.

*Human placental, cytosolic fraction, substrate E1, 500 nM, cofactor NADH, 500uM; °Human placental,
microsomal fraction, substrate E2, 500 nM, cofactor NAD", 1500uM; °Logit transformed values calculated
from % inhibition at 50 nM inhibitor concentration, for inhibition values < 30% or > 70%, a trend is given;
dMarmoset monkey placental, cytosolic fraction, substrate E1, 500 nM, cofactor NADH, 500pM; *Marmoset
monkey placental, microsomal fraction, substrate E2, 500 nM, cofactor NAD®, 1500uM; ‘Inhibitor
concentration: 5nM; n.i.: no inhibition; Human ICs, values were retrieved from literature (corresponding
references are indicated with the structural formulas in Fig. 3).
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Homology modelling and MD simulations of marmoset 17f-HSD1

In order to obtain a more precise picture of the three-dimensional structure of the marmoset 17f3-
HSD1, a homology model was generated. A set of 100 models was built with MODELLER 9v7 [42]
using the ternary complex E1-NADPH-human 173-HSD1 as template. This complex was obtained by
docking E1 into human 17B-HSD1 employing the Protein Data Bank (PDB) entry 1fdt with
conformation B for residues 187-200 (in the following determined as 1fdtB). This 3D structure was
chosen as it represents a ternary complex with NADP* and E2 in the closed enzyme conformation, as
the BFaG’-loop is resolved, and as this protein structure was already successfully used in previous
docking studies with the investigated compound classes [30,36]. The best model was chosen according
to internal DOPE-score [43] and PROCHECK [44] tests. Notably, it presents a short a-helix (residues
190-196) in the region between the BF-sheet (residues 178-186) and the aG’-helix (residues 209-227),
with Pro191 in the first turn of the helix (N1 position; Fig. 4), thus differing from the secondary
structure of the template.

Asr(lfg_lu282
78\

Figure 4. Three-dimensional structure superimposition of marmoset and human 174-HSD1. Low
energy structure of marmoset 173-HSD1 (green) in complex with E1 and NADPH (orange) from MD
simulation superimposed onto the x-ray structure of human 174-HSD1 (grey, PDB code: 1fdtB). When
two residues are indicated, the first corresponds to marmoset 175-HSD1 and the second to human
17p4-HSD1

The selected model was further refined both as holoenzyme with NADPH and as ternary complex with
NADPH and E1 by MD simulations. The trajectories of the two MD simulations were stable with a o-
carbon root-mean-square deviation (RMSD) to the starting structure below 3.0 A (Fig. 5). No major
structural differences were observed when comparing the simulated holoenzyme and the ternary
complex. Therefore, the following results, based on analysis of the ternary complex, also apply to the
holoform.
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Figure 5. RMSD analysis of the MD simulations of the marmoset 17/5-HSD1 model. Time-dependent
C,-RMSD for all residues of the secondary (orange) and ternary (green) complex.

After an initial inward rotation in the MD simulation, the short a-helix (residues 190-196) remained
stable for the last 5 ns of the MD simulation, with an average backbone RMSD to the final
conformation of 1.03 A. Remarkably, a similar behaviour cannot be expected for the region between
the BF-sheet and the aG’-helix in the human enzyme. The differences in the crystal structures suggest
a high flexibility for the BFaG’-loop: it is not resolved in ten crystal structures and the remaining
twelve show high b-factor values for this area. Some crystal structures present a short a-helix in the
loop region whose position and length varies dependent on the presence of steroidal ligands, cofactor
or inhibitor. In the apoform (PDB entry 1bhs) the helix is limited to the beginning of the loop, whereas
in presence of steroidal ligands and/or cofactor it is shifted to the end (PDB entries 1dht, 1equ, and
Liol). Further, in the human enzyme, the BFaG’-loop axis occupies different orientations dependent on
the presence of cofactor and ligands. In the marmoset however, both the holoform and the ternary
complex show a helix starting already at the beginning of the BFaG’-loop with its axis in only one
conformation.

The presence of the newly formed a-helix (residues 190-196) induced a different orientation of

the side chain of Met193. Compared to the template structure, Met193 protrudes deeper into the
substrate-binding site and stabilizes E1 by hydrophobic interactions (Fig. 4). Furthermore, during MD
simulation a kink in the loop between the BD-sheet and the aE-helix was observed. Thereby the side
chain of Leu96 was brought closer to E1 allowing Van der Waals contacts (Fig. 4). Summarizing, in
the final part of the MD simulation E1 was stabilized by both lipophilic interactions and hydrogen
bonds: Leu96, Leul49, Met193, and Phe259 constrained the steroidal scaffold while Ser142/Tyr155
and His221/Asn282 interacted with the carbonyl oxygen in 17-position and the 3 OH-group,
respectively. The latter residue took over the H-bond acceptor abilities of Glu282, which is involved in
forming an H-bond with the 3 OH-group of E1 in the human enzyme.
Employing CASTp [45], the active site volumes of human and marmoset 178-HSD1 were calculated.
The above-described conformational changes of Leu96 and Met193 as well as the S222N and V2251
mutations resulted in a reduced volume of the marmoset 17p-HSD1 active site (478 A% compared to
that of the human ortholog (627 A%).
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The stereochemical quality of the holoenzyme and the ternary complex models obtained from MD
simulations was checked with PROCHECK [44]. The majority of the residues of the investigated
structures were found to occupy the most favoured regions of the Ramachandran plots, while the other
residues occupied the additional allowed regions. In detail, in the ternary complex 78.1 % of the
residues were placed in the most favoured region, 20.2 % in the additional allowed region, 1.2 % in
the generously allowed region, and only 0.4 % in the disallowed region (for the holoform: 81.8 %,
17.4 %, 0.8 % and 0 %).

Molecular docking

As the potent inhibitors of human 17B-HSD1 12 and 19 are structurally diverse and exhibit different
potencies toward marmoset 17B-HSD1 they were chosen as representatives to rationalize the observed
species-specific inhibition profiles. Employing AutoDock 4 [46], both compounds were docked into
the active sites of marmoset and human 17B3-HSD1 using the equilibrated, ternary complex after 5537
ps and the x-ray structure 1fdtB (see experimental part), respectively. The inhibitor poses used for
further investigation were selected considering binding energy and statistical representativity (cluster
population; Table S1) and are shown in Figure 6.

In the human enzyme both inhibitors are placed in the substrate-binding site and they occupy an apolar
subpocket consisting of the following amino acids: Gly94, Leu95, Leu96, Asnl52, Tyrl55, and
Phe192 (Fig. 6A). While the carbonyl group of compound 12 mimics the D-ring keto function of E1,
forming H-bonds with Serl42 and Tyrl55, its para-OH group resembles the 3-OH of E1, which
interacts with His221 via an H-bond. The meta-hydroxyphenyl moiety is projecting into the
subpocket, where it forms an additional H-bond with Asn152 and is stabilized by m-w-interactions with
Tyrl55 and Phe192.

The (hydroxyphenyl)naphthol-core of compound 19 occupies the substrate-binding site and is
stabilized by three H-bonds: the 2-OH group interacts with Ser142 as well as with Tyr155 and the OH
group in meta position of the phenyl ring in 6-position interacts with His221. In this case, the
sulfonamide substituted phenyl ring in 1-position of the naphthol core protrudes into the subpocket,
where it is stabilized by H-bonds with Asn152 and with the -NH- of the backbone of Leu95 (Fig. 6A).
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Table S1. Cluster analysis of molecular docking results.

Comp No of clusters Cluster No of conformations Best binding energy (AGging)

Human x-ray structure (1fdtB)

12 3 1 2 -4.77
2 45 -4.65
3 3 -4.58
19 5 1 24 -5.94
2 1 -5.44
3 19 -4.98
4 1 -4.92
5 5 -4.87
Marmoset monkey homology model
12 3 1 21 -5.60
2 27 -5.41
3 1 -5.0
4 1 -4.59
19 5 1 7 -5.79
2 33 -5.74
3 3 -5.11
4 5 -4.41
5 2 -4.10

All energies are expressed in kcal mol™. The lowest energy conformation of each cluster, which is marked in
bold was used for further investigation.

Also in the marmoset enzyme both compounds occupy the substrate-binding site, but only 12
protrudes into the apolar subpocket (Fig. 6B). Due to the altered side chain conformation of Leu96 in
the marmoset enzyme, compound 12 is slightly displaced toward the C-terminus (Fig. 6C). Regarding
the interaction pattern, only minor changes were observed: the carbonyl group forms only an H-bond
with Ser142 but for the para-OH group a second H-bond with Asn282 was observed (Fig. 6C).
Interestingly, compound 19 resulted in a completely different binding mode when docked into the
homology model of marmoset 173-HSD1 with respect to its position in the human crystal structure
1fdtB (Fig. 6D). The OH-group in meta position of the phenyl ring makes an H-bond with the
backbone carbonyl oxygen of Cys185 and the 2-OH function forms H-bonds with His221 and Asn282
in a bifurcated fashion. The sulfonamide substituted phenyl ring is located in the C-terminal gate and
might be stabilized by m-m-interactions with Phe259 and an H-bond with the backbone -NH- of
Leu262.
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Figure 6. Hypothetical binding modes of compounds 12 and 19. A) Superimposition of lowest energy
structures of 12 (orange) and 19 (cyan) obtained by docking into the x-ray structure of human 174-
HSD1 (magenta, PDB code: 1fdtB). B) Superimposition of lowest energy structures of 12 (light green)
and 19 (yellow) obtained by docking into the marmoset 17/5-HSD1 homology model (green). C)
Superimposition of lowest energy structures of 12 (light green) docked into the marmoset 17/5-HSD1
model (green) and of 12 (orange) docked into the x-ray structure of human 174-HSD1 (magenta, PDB
code: 1fdtB). D) Superimposition of lowest energy structures of 19 (yellow) docked into the marmoset
175-HSD1 model (green) and of 19 (cyan) docked into the x-ray structure of human 174-HSD1
(magenta, PDB code: 1fdtB).

Validation of the docking complexes by means of MD simulations and free energy calculations
(MM/PBSA)

With the aim to validate the docking results and to unravel possible induced-fit mechanisms, different
MD simulations were run in explicit aqueous solution. Distance restraints were applied to inhibitors
only in the first ns of the MD simulations with the aim of maintaining their proper orientation. For the
rest of the MD simulation no restraints were used and the whole complexes were left free to move.
This was done in order to avoid trapping the inhibitor in an unstable conformation, which could bias
the results. The RMSD values of the heavy atoms of the inhibitors and of the Ca-atoms of the
enzymes were analyzed as a function of time to assess the degree of conformational drift, as shown in

Figure 7.
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Figure 7. Time dependent RMSD analysis of Ca of 178-HSD1 and of the heavy atoms in the ligands.
A) Ca-RMSD of human 174-HSD1 is colored in magenta and the heavy atoms RMSD of compound 12
in light green. B) Ca-RMSD of human 174-HSD1 is colored in magenta and the heavy atoms RMSD
of compound 19 in yellow. C) Ca-RMSD of marmoset 174-HSDL1 is colored in green and the heavy
atoms RMSD of compound 12 in light green. D) Ca-RMSD of marmoset 17/4-HSD1 is colored green
and the heavy atoms RMSD of compound 19 in yellow.

In the simulation of 12 bound to human 173-HSD1 the Ca-RMSD of the protein as well as the RMSD
of the heavy atoms of 12 showed a stable plateau (~ 2.2 A) from 1.0 to 2.5 ns (Fig. 7A). After 2.5 ns
the Ca-RMSD of the protein increased and a minor fluctuation of the heavy atom RMSD of 12 was
observed. The latter finding could be related to a slight shift of the inhibitor toward the C-terminal end
of the enzyme. Notably, the hydrogen bonds between 12 and 17p3-HSD1, which were observed in the
initial structure, were conserved during the 4 ns simulation suggesting that both protein and 12
fluctuations do not impact the inhibitor binding.

Both human 178-HSD1 and compound 19 were stable in the simulation of their complex (Fig 7B).
During the simulation (after 1.5 ns) the hydrogen bond of the meta-OH group with His221 is replaced
by an H-bond with Glu282. However, after 2.1 ns, this hydrogen bond is interrupted for 0.2 ns
allowing the hydroxyphenyl ring to rotate freely around the axis of the bond to the naphthol core
thereby inducing a minor fluctuation of the heavy atom RMSD of 19. After this short interruption the
H-bond interaction with Glu282 is re-established. On the other side, the hydrogen bonds between the
2-OH group and Ser142/Tyr155 as well as between the sulfonamide moiety and Asn152/Leu95
endured constant.

During the MD simulation of 12 in complex with marmoset 173-HSD1, the meta-hydroxyphenyl
moiety of 12 moved further out of the subpocket. This was reflected by the minor fluctuation of the
RMSD of the heavy atoms of 12 after 1.4 ns (Fig. 7C). While this motion caused the break of the H-
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bond with Asnl52, it also placed the meta-OH group in an appropriate distance to Asn222, thus
allowing a new H-bond formation.

The analysis of the MD simulation of the marmoset 173-HSD1-19 complex revealed an overall stable
Ca-RMSD of the protein. However, after 1.8 ns, a~ 0.5 A fluctuation of the heavy atom RMSD of 19
was observed (Fig. 7D) corresponding to the rotation around the axis of the bond between the
hydroxyphenyl ring and the naphthol core. Thereby the H-bond with the backbone amino group of
Leu262 was lost.

Furthermore, for each of the four MD trajectories absolute free energy (AG) and relative binding

affinity (AGying) Were calculated applying MM/PBSA methods and NMODE analysis (Table 2).

Table 2. Free energy calculations for the MD simulations of the four docking complexes.

comp ELEC VDW GAS  PBSOL PBTOT (AGying) TSTOT AG
mean mean mean mean (+SE) mean (xSE) mean (xSE)

Human x-ray structure (1fdtB)

12 -15.4 -40.4 -55.7 35.1 -20.6+3.8 -15.9+6.6 -4.7+7.6
19 -36.7 -50.1 -86.8 64.2 -22.6+5.0 -15.316.8 -7.318.4
Marmoset monkey homology model

12 -24.5 -38.1 -61.3 40.0 -21.3+4.9 -15.445.3 -5.8+7.2
19 -42.2 -34.4 -76.5 50.3 -26.3+4.4 -23.1+4.3 -3.246.1

AG and AGbind values correspond to the longest stable plateau for each MD. (AG) free binding energy;
(PBTOT) (AGbind) relative binding energy; (ELEC) electrostatic contribution in gas phase; (VDW) Van der
Waals contribution in gas phase; (GAS) free energy in vacuum; (PBSOL) solvation energy; (TSTOT) (TAS)
entropic contribution; (mean) mean value; (SE) standard error of the mean; all energies expressed in kcal mol™.

This was done for the following stable sectors: 1000 to 2500 ps for 12 in complex with human 17p3-
HSD1 (Fig. 7A), 2300 to 4160 ps for 19 in complex with human 173-HSD1 (Fig. 7B), 1500 to 4160
ps for 12 in complex with marmoset 178-HSD1 (Fig. 7C) and 1800 to 4160 ps for 19 in complex with
marmoset 173-HSD1 (Fig 7D). All four complexes showed favourable AG values, ranging from -7.3
kcal mol™ to -3.2 kcal mol™. The free energies observed for compound 12 in complex with human (AG
= -4.7 kcal mol™) and marmoset 17B-HSD1 (AG = -5.8 kcal mol™) are in the same range. This is in
accordance with the inhibitory activities of 12, which are comparable for both species (see Table 1).
Regarding compound 19, the complex with human 173-HSD1 shows a more favourable free energy
(AG = -7.3 kcal mol™) than the one with marmoset 178-HSD1 (AG = -3.2 kcal mol™). This is mainly
due to poor entropic contributions in the latter case. Remarkably, this finding is in concert with the
experimentally determined inhibition data: compound 19 is a highly potent human 178-HSD1

inhibitor (ICso = 15nM) with reduced activity toward the marmoset enzyme (I1Cs > 50 nM).
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Analysis of the binding interactions using MM/GBSA methods

Focusing on the specific interactions, which mediate the binding of 12 and 19 to human and marmoset
17B-HSD1, we have analyzed the interaction energies of both inhibitors with the residues of the
binding sites, employing a pairwise per-residue energy decomposition analysis.

Inspection of the interaction energies with human 173-HSD1 (Table 3) showed that the hydrogen
bonds of 12 (-4.1 kcal mol™) and 19 (-5.7 kcal mol™) with Asn152 contributed most to the interaction
energies. Besides Asn152, further residues of the subpocket (Gly94, Leu95, Leu96) interact with both
inhibitors revealing energies from -0.3 kcal mol™ to -1.8 kcal mol™. The energies of the hydrogen
bonds between 12 and the catalytic residues Ser142 as well as Tyr155 are -1.3 kcal mol™ and -1.5 kcal
mol™, respectively. In case of compound 19 the interaction energies are -1.3 kcal mol™ for the H-bond
with Ser142 and -1.3 kcal mol™ for the H-bond with Tyr155. Further binding site residues, which
significantly contribute to the binding of compounds 12 and 19 (Leul49, Prol187, Phel92, Met193,
Val225, and Phe259) show interaction energies from -0.9 kcal mol™ to -2.2 kcal mol™. Regarding the
polar amino acids at the C-terminal end of the binding site, His221 takes primarily part in the binding
of 12 (-1.8 kcal mol™ for 12 vs. -0.2 kcal mol™ for 19) while Glu282 is mainly involved in binding
compound 19 (-0.1 kcal mol™ for 12 vs. -4.3 kcal mol™ for 19).

Table 3. Interaction energies between the inhibitors 12 and 19 and the proximal (4.0 A) binding site residues of
human 178-HSD1.

comp Gly94 Leu95 Leu96 Ser142 Leul49 Asn152 Tyr155 Cys185 Gly186 Pro187
12 -1.8 -0.3 -1.2 -1.3 -2.2 -4.1 -1.5 -0.2 -0.4 -1.3
19 -0.7 -0.7 -1.7 -1.3 -2.0 -5.7 -2.6 -0.3 -0.8 -2.0

comp Phel92  Met193 Tyr218 His221 Ser222 Val225 Arg258 Phe259 Leu262 Glu282

12 -1.2 -1.0 -0.7 -1.8 -0.8 -1.7 -0.1 -1.2 -0.4 -0.1
19 -1.8 -1.9 -0.1 -0.2 -0.4 -1.9 -0.5 -0.9 -0.3 -4.3

All energies are expressed in kcal mol™.

The interaction energies of 12 and 19 with marmoset 178-HSD1 are listed in Table 4. Remarkably, for
inhibitor 12, the energy contribution of the H-bond with the marmoset Asn152 (-1.6 kcal mol™) is 2.6
fold reduced compared to the human enzyme, while for compound 19 it is almost lost (-0.2 kcal mol
1. Both for 12 and 19 reduced energies were also observed for interactions with Gly94, Leu95, and
Leu96. Interestingly, inhibitor 12 showed an interaction with Asn222 in the marmoset enzyme (-3.3
kcal mol™), which was not observed for Ser222 in human 178-HSD1 (-0.8 kcal mol™). This is not the
case for 19, as the interaction with Asn222 (-0.3 kcal mol™) does not contribute significantly to the
interaction energy. In addition to Leul49, Pro187, Met193, 11e225, and Phe259, which interact with
both compounds in the human enzyme, Gly186, His221, and Asn282 significantly contribute to the
binding of 12 and 19 to marmoset 173-HSD1 with interaction energies in the range from -0.4 kcal
mol™ to -3.6 kcal mol™. Interestingly, in marmoset 17p-HSD1 the interaction energy between 12 and

Asn282 (-3.2 kcal mol™) is 32 fold increased compared to that with Glu282 in the human enzyme (-0.1
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kcal mol™). In marmoset 17p-HSD1 an increased energy is also observed for the interaction of

compound 19 with His221 (-2.6 kcal mol™) compared to the human enzyme (-0.2 kcal mol™).

Table 4. Interaction energies between the inhibitors 12 and 19 and the proximal (4.0 A) binding site residues of
marmoset monkey 173-HSD1.

comp Gly94 Leu95 Leu96 Ser142 Leul49 Asn152 Tyr155 Cys185 Gly186 Pro187

12 -0.0 -0.1 -0.8 2.1 -2.0 -1.6 -0.8 -0.3 -0.7 -2.0
19 -0.0 -0.1 -0.2 -0.9 -1.1 -0.2 -0.3 -3.5 -2.0 -2.0
comp Phel92  Met193 Tyr218 His221 Asn222 lle225 Arg258 Phe259 Leu262 Asn282
12 -0.4 -1.3 -1.4 -0.8 -3.3 -1.9 -0.1 -1.3 -0.9 -3.2
19 -0.0 -0.4 -0.0 -2.6 -0.3 -2.6 -3.7 -1.9 -1.0 -3.6

All energies are expressed in kcal mol™.

Discussion

When the three-dimensional structures of marmoset and human 178-HSD1 are compared, one of the
most striking features is the small a-helix including the residues 190 to 196. It is formed in the
segment between the BF-sheet and the aG’-helix starting from the interface residue Thr190, which is
half in and half out of the helix (N-cap position). In contrast to the human enzyme, where this region is
highly flexible, as suggested by the different crystal structures, the o-helix stayed stable during the
MD simulation in both the holoform and the ternary complex. The observed conformational stability
might be explained by the presence of a proline in position 191 instead of an alanine. Proline is a
favourable candidate for N1 position because of its own conformational properties: with only one
rotatable angle it loses less entropy than other amino acids in forming an a-helix and thereby it should
have some stabilizing influence [47]. Furthermore, in an analysis of sequence-structural characteristics
in protein crystal structures, proline was found to be a favoured residue at N1 position. Especially the
residue pair involving threonine at N-cap and proline at N1 position, which is observed for marmoset
17B-HSD1, has a high prevalence [48].

In order to analyse the influence of the conformational changes in marmoset 178-HSD1 on ligand
binding, docking studies with subsequent MD simulations, free energy calculations, and energy
decomposition analyses were carried out. While the conformational differences between the marmoset
and the human enzyme did not affect the binding mode of 12 remarkably, the suggested binding mode
of 19 differed strongly in 17p-HSD1 of both species. One possible explanation for that might be the
lower sterical demand of 12 compared to 19. However, the energy contribution of the interaction
between 12 and the marmoset Asn152 is reduced, whereas it was outstanding in complex with the
human enzyme. Due to the minimal shift of 12 in the marmoset binding pocket, the geometric
parameters for the H-bond with Asn152 are no longer optimal. Interestingly, in the marmoset enzyme
an additional interaction of 12 with Asn222 is observed, which seems to compensate the deficit in

interaction energy due to the absent interaction with Asn152 resulting in comparable binding energies
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for 12 in complex with human and marmoset 17p-HSD1. The latter finding is in accordance with the
inhibition data observed for compound 12 and validates the marmoset 173-HSD1 model.

Considering compound 19, no particular interactions with the subpocket residues of the marmoset
enzyme exist. Although weak interactions between 19 and the C-terminal region of marmoset 173-
HSD1 are observed, the binding free energy is less favourable compared to that calculated for the
human 17B-HSD1-19 complex. As the C-terminal part of the enzyme has already been discussed as a
potential product exit gate of the enzyme [21], inhibitor 19 might be solvent exposed. This is
consistent with the unfavourable entropy term of this complex resulting in the least favourable free
energy.

Obviously, the presence of a proline in the flexible loop region and the thereby induced
conformational changes in marmoset 17p-HSD1 are decisive for the species specific inhibition of 19.
On one hand interactions with subpocket residues like Asn152, recently discussed as relevant
interaction partner [49], are prevented and on the other hand the inhibitor is forced in an unfavourable
solvent exposed conformation.

The bis(hydroxyphenyl) substituted arenes (compounds 1-11) show similar or increased inhibitory
potencies toward marmoset 173-HSD1 when comparing to human 173-HSD1. Recently performed
docking experiments proposed a steroidal binding mode when the human crystal structure 1fdtB was
used [33]. The high inhibitory potencies toward marmoset 173-HSD1 are in concert with the modelled
structure of marmoset 17B-HSD1 as steroid-like binding is not affected by the proposed
conformational changes. Obviously, they even stabilize the bis(hydroxyphenyl) substituted arenes in
the marmoset 17p-HSD1 binding pocket as indicated by the observed inhibitory potencies.

Differing inhibitory potencies toward human 178-HSD1 and 173-HSD2 may arise from sequence
variations in the regions 94-196 and 214-284 (numbering according to 17p-HSD1), which might lead
to differences in the active sites of the two human subtypes. A lower selectivity of compounds toward
non-target marmoset 17p-HSD2 was observed, when comparing to human 173-HSD2. Obviously, the
differences in the active sites of marmoset 173-HSD1 and 173-HSD?2 are less pronounced compared to
the human orthologs. However, as the available marmoset 173-HSD2 sequence is missing the F/G
segment and the C-terminal part this hypothesis cannot be proved.

The validity of the presented homology model is further substantiated by its ability to explain the
reduced inhibitory potency of C-15 substituted estrone derivatives toward marmoset 173-HSD1 [39].
The substituents in 15-position of the steroid were designed to occupy the hole between the flexible
BFaG’-loop and the aG’-helix in the human enzyme [50]. Together with the helix formation and the
conformational changes in the BD/aE-segment, the S222N mutation limits the size of the hole in

marmoset 173-HSD1 and thereby might reduce the inhibitory potency toward the marmoset enzyme.
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Conclusion

An elegant strategy to gain more knowledge of active site topologies and, in particular, of protein-
ligand interactions is to compare inhibition values obtained for one compound toward ortholog
proteins from various species, which are highly conserved in sequence and differ only in few residues.
Thereby, such an approach can be a valid alternative to site-directed mutagenesis. As human and
marmoset 17B-HSD1 enzymes meet these criteria, selected human 173-HSD1 inhibitors were assessed
for their inhibitory potencies toward marmoset 173-HSD1. While a species specific inhibition profile
was observed in the class of the (hydroxyphenyl)naphthols, representatives of the other evaluated
compound classes showed similar or even higher inhibition compared to those observed for the human
enzyme. Using a combination of computational methods, including homology modeling, molecular
docking, MD simulation, and binding energy calculation, a reasonable model of the three-dimensional
structure of marmoset 17p-HSD1 was developed and inhibition data were rationalized on the structural
basis. In the marmoset 173-HSD1, residues 190 to 196 form a small a-helix, which is obviously
stabilized by the presence of a proline in N-cap position (residue 191) and induces conformational
changes that affect ligand binding. Furthermore energy decomposition analysis highlighted the
important role of Asn152 as interaction partner for inhibitor binding.

This work could not only offer a better understanding of the active site topologies and of the protein-
ligand interactions, but also provides novel structural clues that will help to design and optimize potent
human 17B3-HSD1 inhibitors with improved inhibitory potency toward marmoset 173-HSD1. This is
an important step to turn compounds, which show a promising pharmaceutical profile, into candidates
for in vivo evaluation. Thus, our combined computational approach could also be considered as a
valuable tool to achieve this goal.
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Methods

Sequence Alignment and Model Building

The amino acid sequences of rat (accession number P51657), mouse (P51656) cynomolgus (Q4JK77)
and marmoset 17p-HSD1 (Q9GME2) as well as human (P37059), cynomolgus (Q4JK76), marmoset
(QI9GMES), mouse (P51658) and rat (Q62730) 17p-HSD2 were obtained from the uniprot webpage.
These sequences were pairwise aligned with human 17p-HSD1 (PDB code: 1fdt) using MAFFT
version 5 [51]. Using this alignment, a set of 100 comparative models of marmoset 173-HSD1 was
built employing Modeller9v7 [42], with the ternary complex E1-NADPH-human 17B3-HSD1 as
template. This complex resulted from docking of E1 to human 17p-HSD1 (PDB code: 1fdtB) (see
below). The best homology model was then selected according to the Modeller energy score, DOPE
score [43] and PROCHECK [44] tests. The reliability of the built homology models was checked by
Prosa2003 [52] (Fig. S1), ERRAT [53], and Verify3D [54] (Fig. S2).
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Figure S1. Energy profile drawn for the marmoset 174-HSD1 model using PROSA. Energy profiles of
marmoset 1745-HSD1 in complex with NADPH (orange) and of marmoset 17/4-HSD1 in complex with
NADPH and E1 (green).
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Figure S2 Verify3D results for the marmoset 17/5-HSD1 model.. Verify-3D results are shown for the

secondary complex of marmoset 174-HSD1 (orange) with NADPH and for ternary complex (green)
with NADPH and E1; residues with positive score are reasonably folded.
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MD Simulations

MD simulations were performed using the AMBER 9.0 suite program [55]. The partial atomic charges
for E1 and the inhibitors were derived from the molecular electrostatic potential (MEP) previously
calculated using GAMESS [56], according to the RESP methodology [57]. For the protein, partial
atomic charges were read from the AMBER 9.0 libraries. The AMBER99SB force field [58] was
employed to define atom types and potentials for the protein, while the general AMBER force field
(gaff) [59] was used to define all needed atom types and parameters for E1 and the inhibitors. For
NADPH (charge -4), the parameters previously reported by UIf Ryde were applied

(http://www.teokem.lu.se/~ulf/).

The input files for the MD simulation were prepared with the xLEaP module of AMBER. Each system
was solvated with an octahedral box of TIP3P water molecules of 10A radius and neutralized by the
addition of Na" ions. Finally, for each complex the topology and the coordinate files were written and
used in the MD simulations.

Before starting the production-run phase, the following equilibration protocol was applied to all
systems. At the beginning the system was energy-minimized in two stages: firstly, the solvent was
relaxed while all the solute atoms were harmonically restrained to their original positions with a force
constant of 100 kcal mol* A for 1000 steps; and secondly, the whole molecular system was
minimized for 2500 steps by conjugate gradient. Subsequently, the system was heated during 60 ps
from 0 to 300 K at constant volume conditions (NTV, PBC conditions), and then equilibrated keeping
both temperature and pressure constant (NTP, PBC conditions, 300 K, 1 atm) during 100 ps.
Electrostatic interactions were computed using the Particle Mesh Ewald method [60], and the SHAKE
[61] algorithm was employed to keep all bonds involving hydrogen atoms rigid. NADPH, E1 and the
inhibitors were constrained during the equilibration with a force constant of 20 kcal mol™ A, After
equilibration, a MD production stage (NTP, PBC conditions, 300 K, 1 atm) was performed. The total
simulation length differed for the various complexes ranging from 4 to 6 ns. Distance restraints were
applied to substrate/inhibitor with the aim of maintaining their proper orientation at the beginning
(first ns) of production stage.

For the ternary complex of marmoset 178-HSD1 with E1 and NADPH, two additional distance
restraints were used: between the keto-oxygen of E1 and the side chain oxygen of Serl42 (d=2.40-
3.00 A; force constant: 10 kcal mol™ A) and between the oxygen of the OH-group in 17-position of
E1 and the NE2 nitrogen of the His221 side chain (d=2.70-3.40 A; force constant: 10 kcal mol™ A?).
For the ternary complex of human 17p-HSD1 with 12 and NADPH, three additional distance restraints
were used: between the keto-oxygen of 12 and the side chain oxygen of Tyr155 (d=2.80-3.40 A; force
constant: 10 kcal mol™ A®), between the oxygen of the OH-group in meta-position of 12 and the OD1
oxygen of the Asn152 side chain (d=2.70-3.30 A; force constant: 10 kcal mol™ A?), and between the
oxygen of the para OH-group of 12 and the NE2 nitrogen of the His221 side chain (d=2.70-3.30 A;

force constant: 10 kcal mol™ A™).
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For the ternary complex of marmoset 17p-HSD1 with 12 and NADPH three additional distance
restraints were used: between the keto-oxygen of 12 and the side chain oxygen of Ser142 (d=2.50-3.10
A,; force constant: 10 kcal mol™ A®), between the oxygen of the OH-group in meta-position of 1 and
the OD1 oxygen of the Asn152 side chain (d=2.40-3.00 A: force constant: 10 kcal mol™ A?), and
between the oxygen of the para OH-group of 12 and the OD1 oxygen of the Asn282 side chain
(d=2.50-3.10 A; force constant: 10 kcal mol™ A?).

For the ternary complex of human 178-HSD1 with 19 and NADPH three additional distance restraints
were used: between the oxygen of the OH-group in 2-position of the naphthol core and the side chain
oxygen of Tyr155 (d=2.80-3.40 A; force constant: 10 kcal mol™ A®), between the oxygen of the OH-
group in meta-position of the phenyl ring and the NE2 nitrogen of the His221 side chain (d=3.00-4.20
A; force constant: 10 kcal mol™ A®), and between the nitrogen of the sulfonamide moiety of 19 and
the OD1 oxygen of the Asn152 side chain (d=2.70-3.40 A; force constant: 10 kcal mol™ A*).

For the ternary complex of marmoset 173-HSD1 with 19 and NADPH two additional distance
restraints were used: between the oxygen of the OH-group in 2-position of the naphthol core and the
NE2 nitrogen of the His221 side chain (d=2.70-3.40 A; force constant: 10 kcal mol™ A”) and between
the oxygen of the OH-group in meta-position of the phenyl ring of 19 and the backbone carbonyl
oxygen of Cys185 (d=2.40-3.00 A; force constant: 10 kcal mol™ A™).

Trajectories were analyzed using the AMBER ptraj module, the MMTSB toolset [62] and the
molecular visualization program VMD (Visual Molecular Dynamics) [63]. The resulting low energy
structures were extracted for the homology model (apoform and ternary complex) and subjected to a
subsequent minimization of 1000 steps (500 steps of steepest descent followed by 500 steps of
conjugate gradient), using the sander module of AMBER. The modified generalized Born solvation
model (IGB=2) [64] was used. Active site volumes of low energy structures were calculated using the
CASTp [45].

Molecular docking

The three-dimensional structures used for docking studies were either retrieved from the PDB (1fdt,
conformation B for residues 187-200) or from the homology modelling with subsequent MD
simulation (equilibrated ternary complex after 5537 ps). The cocrystallized E2 and water molecules
were removed from the PDB file. Hydrogen atoms and neutral end groups were added, NADP" was
turned into NADPH and correct atom types were set. lonization states and hydrogen positions were
assigned using the Protonate 3D utility of MOE2009.10 (Chemical Computing Group Inc., Montreal,
Canada). Ligand structures were built in MOE and RESP charges were assigned as described above.
The 17p-HSD1 three-dimensional structures and ligand structures were prepared for docking studies
through the graphical user interface AutoDockTools4 [46]. For the ligands, non-polar hydrogen atoms
were deleted, rotatable bonds were defined and RESP charges were kept. For the protein, non-polar
hydrogen atoms were deleted and charges were added to the structure. Autodock4.2 [46] was used to

dock the ligands in the steroidal binding site of the processed protein structures. A box, centered on
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the steroid-binding site, was set to define the docking area. Grid points of 90 x 90 x 90 with 0.250 A
spacing were calculated around the docking area for all the ligand atom types using AutoGrid4.2. For
each inhibitor, 50 separate docking calculations were performed. Each docking calculation consisted
of 25x10° energy evaluations using the Lamarckian genetic algorithm local search (GALS) method.
Each docking run was performed with a population size of 250. A mutation rate of 0.02 and a
crossover rate of 0.8 were used to generate new docking trials for subsequent generations. The docking
results from each of the 50 calculations were clustered on the basis of root-mean-square deviation
(RMSD = 2.0 A) between the Cartesian coordinates of the ligand atoms and were ranked on the basis
of the free binding energy.

Free energy calculations using the MM/PBSA method

The calculation of binding free energy was evaluated using the MM/PBSA (Molecular Mechanics/
Poisson Boltzmann Surface Area) method as implemented in AMBERZ11 [65]. The electronic and Van
der Waals energies were calculated using the sander module in AMBER11. The solvation free energy
contributions may be further decomposed into an electrostatic and hydrophobic contribution. The
electrostatic portion is calculated using the linearized PB equation. The hydrophobic contribution is
approximated by the LCPO method [66] implemented within sander. The changes in entropy upon
ligand association AS are estimated by normal mode analysis. For stable plateaus of the MD
trajectories, snapshots were collected every 20™ frame (every 20 ps) and used to calculate relative
binding affinity (AGuying) and absolute free energy (AG).

Energy decomposition using the MM/GBSA method

A free energy decomposition of the protein ligand complexes was performed on a pairwise per-residue
basis using the MM/GBSA (Molecular Mechanics/ Generalized Born Surface Area) method as
implemented in AMBER11. The GBSA implicit-solvent solvation model was used in order to avoid
the retarding effect of the PBSA method.

Inhibition assay

[2, 4, 6, 7-°H]-E1 and [2, 4, 6, 7-*H]-E2 were bought from Perkin Elmer, Boston. Quickszint Flow 302
scintillator fluid was bought from Zinsser Analytic, Frankfurt. Marmoset 17p-HSD1 and 17p-HSD2
were obtained from marmoset placenta according to previously described procedures [41]. Fresh
marmoset placenta was homogenized and cytosolic and microsomal fractions were separated by
centrifugation. For the partial purification of 17p-HSDL1, the cytosolic fraction was precipitated with
ammonium sulfate. 17p-HSD2 was obtained from the microsomal fraction.

Inhibition of 17B-HSD1: Inhibitory activities were evaluated by an established method with minor
modifications [41]. Briefly, the enzyme preparation was incubated with NADH [500 pM] in the
presence of potential inhibitors at 37 °C in a phosphate buffer (50 mM) supplemented with 20 % of
glycerol and EDTA (1 mM). Inhibitor stock solutions were prepared in DMSO. The final
concentration of DMSO was adjusted to 1 % in all samples. The enzymatic reaction was started by
addition of a mixture of unlabelled- and [2, 4, 6, 7-*H]-E1 (final concentration: 500 nM, 0.15 uCi).
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After 10 min, the reaction was stopped by the addition of HgCl, (10 mM) and the mixture was
extracted with diethylether. After evaporation, the steroids were dissolved in acetonitrile. E1 and E2
were separated using acetonitrile/water (45:55) as mobile phase in a C18 reverse phase
chromatography column (Nucleodur C18 Gravity, 3 um, Macherey-Nagel, Diren) connected to an
HPLC-system (Agilent 1200 Series, Agilent Technologies, Waldbronn). Detection and quantification
of the steroids were performed using a radioflow detector (Agilent 1200 Series, Agilent Technologies,

Waldbronn). The conversion rate was calculated after analysis of the resulting chromatograms

. . . %conversion =£x100
according to the following equation: %E2+%El . Each value was calculated from at least

three independent experiments.

Inhibition of 178-HSD2: The 173-HSD2 inhibition assay was performed similarly to the 173-HSD1
procedure. The microsomal fraction was incubated with NAD* [1500 uM], test compound and a
mixture of unlabelled- and [2, 4, 6, 7-*H]-E2 (final concentration: 500 nM, 0.11 uCi) for 20 min at 37
°C. Further treatment of the samples and HPLC separation was carried out as mentioned above. The

conversion rate was calculated after analysis of the resulting chromatograms according to the

0 . %E1L
. . %conversion =
following equation: %EL+%E2

x100
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Abstract

Inhibition of 17B-hydroxysteroid dehydrogenase type 1 (178-HSD1) is a novel and attractive approach
to reduce the local levels of the active estrogen 17p-estradiol in patients with estrogen-dependent
diseases like breast cancer or endometriosis. With the aim of optimizing the biological profile of 1753-
HSD1 inhibitors from the hydroxyphenylnaphthol class, structural optimizations were performed at 1-
position of the naphthalene by introduction of different heteroaromatic rings as well as substituted
phenyl groups. In the latter class of compounds, which were synthesized applying Suzuki-cross
coupling, the 3-methanesulfonamide 15 turned out to be a highly potent 17p-HSD1 inhibitor (ICs, =
15 nM in a cell-free assay). It was also very active in the cellular assay (T47D cells, ICso = 71 nM) and
selective toward 17B-HSD2 and the estrogen receptors a and . It showed a good membrane

permeation and metabolic stability and was orally available in the rat.
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Introduction

The great importance of 17p-estradiol (E2)!, the most potent estrogen, in the development and
progression of estrogen-dependent diseases (EDD), like breast cancer®® and endometriosis** is now
well established. In case of estrogen-dependent tumors, current hormonal therapies are aimed either at
blocking the action of estrogens (with anti-estrogens or selective estrogen receptor modulators
(SERMSs)) or at lowering the levels of both circulating and tissue E2 by inhibiting estrogen synthesis
(by use of aromatase inhibitors (Al)°® or GnRH analogs). Although the emergence of these therapies
has led to major advances in the treatment of breast cancer, the tumor often develops resistance
mechanisms during the treatment, leading to failure of these medications. Search for alternative
therapies is therefore necessary. Restricting the estrogen decrease to the target cells only is an
attractive approach for the treatment of EDD which should be associated with fewer side-effects. Such
a therapeutic strategy (intracrine concept) had been shown to be successful in androgen dependent
diseases like benign prostate hyperplasia by using 5a-alpha reductase inhibitors®**2. Such an approach
could be implemented for EDD applying inhibitors of 17p-hydroxysteroid dehydrogenase type 1 (173-
HSD1), the enzyme which catalyzes the last step of estrogens biosynthesis, transforming estrone (E1)
to E2. These inhibitors, decreasing the E2 levels in the target tissues only, should thus be superior to
Al which influence the systemic levels of E1 and E2, leading to severe side-effects like osteoporaosis.

1314 and in

High expression of 178-HSD1 mRNA has been found in breast cancer tissues
endometriosis™. In addition, 17B-HSD1 is highly expressed in breast cancer cells while 173-HSD2,
the enzyme catalyzing the reverse reaction (deactivating E2 into E1) is frequently down-regulated in
malignant cells. This disrupted 173-HSD1/173-HSD2 ratio suggests the important role of 178-HSD1
in the production of E2 in breast tumors compared to normal breast tissue (E2 concentration is up to
2.3 times higher in malignant tissues'®*"). Blocking the last step of estrogen biosynthesis by inhibition
of 17B-HSD1 is therefore an attractive approach for the treatment of these diseases.

Recently in vivo efficacy of 178-HSD1 inhibitors has been reported in two animal models.
Immunodeficient mice were inoculated either with MCF-7 cells over-expressing human recombinant
17B-HSD1 enzyme'®*® or with T47D cells naturally expressing 178-HSD1%. In both models, the E1
induced tumor growth was reduced by 17B-HSD1 inhibitors. This effect was also demonstrated by

Kruchten et al.%

using an in vitro proliferation assay: in a control experiment equivalent tumor growth
stimulation could be reached at equal concentration of E1 and E2 because of the very fast reduction of
the weakly active EDD stimulator E1 to the highly potent E2 catalyzed by 17B-HSD1. Application of
a 17B-HSD1 inhibitor could reduce significantly the cell proliferation induced by E1 only. The
combination of these in vitro and in vivo experiments validates 178-HSD1 as a novel target for the
treatment of EDD. Up to date however, no 173-HSD1 inhibitor has entered clinical trials.

17B-HSD1 belongs to the 17B-hydroxysteroid dehydrogenase (HSD) family. Together with type 7 and

12, the subtype 1 is able to catalyze the NADPH dependent reduction of E1 into E2. However, only



ERGEBNISSE 59

type 1 is considered to be efficient in the transformation of the sex steroid, type 7 and 12 are involved
in cholesterol synthesis? and in lipid biosynthesis®, respectively.

17B-HSD1 is a soluble cytosolic enzyme; it has been crystallized with different steroidal ligands®*™>".
The X-ray structures provided useful information about the enzyme active site for the design of potent
inhibitors.

32-38

Several classes of 173-HSD1 inhibitors have been described in the last years™™*, most of them having

a steroidal core. Within the nonsteroidal inhibitors, only five different templates revealed interesting

activities: flavones and isoflavones®, thienopyrimidinones*®*, bishydroxyphenyl arenes**,

449 the three latter classes were

heterocyclic substituted biphenylols* and hydroxyphenylnaphthols
described by our group. In the series of hydroxyphenylnaphthols, the steroidomimetic A* (Chart 1)
was previously identified as a new scaffold for 173-HSD1 inhibitors. The biological profile of A was

optimized and the hit compound B**

(Chart 1), bearing a phenyl ring at the 1-position of the
naphthalene ring, was discovered as the most promising in this series of inhibitors with a good
inhibitory activity (ICso = 20 nM), a good selectivity toward 178-HSD2 (selectivity factor (SF): 27)
and a weak affinity to the estrogen receptors (ER) a and .

OH OH

HO HO 1

A B

Chart 1: Previously identified hits as 17-HSD1 inhibitors

After introduction of various substituents at different positions on the hydroxyphenyl and/or
naphthalene moiety, we identified a plausible binding mode for B in the active site: the hydroxyphenyl
part mimics the A-ring of E2 and the naphthol-OH interacts with the catalytic tetrad. The 1-phenyl
group is stabilized by 7-m interactions with the amino acids Phe226 and Tyr155 and the nicotinamide
ring of the cofactor*®,

As our goal is to develop new compounds demonstrating therapeutic efficacy, they should not only
show good inhibitory activity but they should also have a good ADME/Tox profile and therefore
should not be as lipophilic as compound B (logP 5.6). Considering the sharp structure-activity
relationship (SAR) observed in this class of compounds*’ and in order to improve the in vivo activity
of this compound class, we decided to perform structure modifications at the 1-position of the

naphthalene.
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Chart 2: Synthesized compounds.

Two strategies were followed: a) exchange of the 1-phenyl moiety of B for different heterocycles
(compounds 1-8, Chart 2) and b) introduction of substituents on the 1-phenyl group (compounds 9-15,
Chart 2).
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These substituents should on the one hand be able to establish H-bond interactions with amino acids
from the active site located around the catalytic tetrad and on the other increase the hydrophilicity of
the inhibitors.

Herein, we report about our efforts to improve the therapeutic properties of this class of compounds

starting from B, developing new, potent and selective 173-HSD1 inhibitors.

Chemistry

Introduction of aromatic heterocycles - compounds 1-8

Compounds  1-8 were prepared in two steps from  1-bromo-2-methoxy-6-(3-
methoxyphenyl)naphthalene 1b (Scheme 1). Demethylation using boron tribromide® (Method A) led
to 1a, which was subsequently submitted to Suzuki coupling using the appropriate boronic acid™
(Method B or C) to afford 1-5 and 8. Compounds 6 and 7 were obtained from 1b via a cross-coupling

under microwave assisted conditions (Method C) and subsequent ether cleavage.

~o OH OH

e ) oo .
—_— E—

oC QOO et 12
~o0 HO HO
Br Br R1

1b

la 15,8
1 R1: 3-furyl
Het-B(OH), 2 R1: 3-pyridyl
¢ 3 R1: 3-(4-OMe)pyridyl
~o OH 4 R1: 4-pyridyl

5 R1: pyrimidin-5-yl

O O 8 R1: (2,4-diOMe)pyrimidin-5-yl
e .
—_—
o HO
R2 R2

6a R2: indol-5-yl 6 R2: indol-5-yl
7a R2: 1-CH,-pyrazol-4-yl 7 R2: 1-CH,-pyrazol-4-yl

@ Reagents and conditions: a. BBr,;, CH,Cl,, -78 °C to RT, overnight, Method A; b. Pd(PPh,),, aq.
Na,CO,, toluene/ethanol 5:1 for 1, 3 and 4, 2:1 for 2, 5:3 for 5, 80 °C for 1-3 and 5, 100 °C for 4, 1 h
for 2 and 4, 2 hfor 1, 3 h for 3, 15 h for 5, Method B; c. Pd(PPh,),, ag. Cs,CO,;, DME/EtOH/H,O
1:1:1 microwave irradiation, 150 W, 150 °C, 15 bar, 25 min for 8, 6a and 7a, Method C.

Scheme 1: Synthesis of compounds 1-8.

Introduction of substituted aryls - compounds 9-15

Compound 9 was obtained by cross coupling reaction of 1,6-dibromo-2-naphthol 9a with an excess of
3-hydroxybenzeneboronic acid following Method B (Scheme 2). Compounds 10 and 12-15 were
prepared by coupling 1a either to a boronic acid to give 10 and 14 or to a pinacolatoester in case of the
amides 12, 13 and the sulfonamide 15 (Method B, Scheme 2).
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OH

: e
. O
OOt e
HO

a—> HO
B 0a R2
3
4
B(OH), 9 R2:3-OH

10 R2: 3-COOH
14 R2: 4-morpholine

OH

N 12 R1: COCH,
13 R1: COCH,CH,COOH
15 R1: SO,CH,

@ Reagents and conditions: a. Pd(PPh,),, ag. Na,CO;, toluene for 9, toluene/ethanol
2:1for 10 and 13, 5:3 for 14 and 5:1 for 12 and 15, 80 °C, 2 h for 10, 12 and 15, 10
min for 13, 1 h for 9 and 21 h for 14, Method B.

Scheme 2: Synthesis of compounds 9-10, 12-15.

The synthesis of compound 11 is depicted in Scheme 3. The dimethoxylated aniline derivative 11a
was prepared from 1b by cross-coupling reaction following method B. Cleavage of the methoxy

groups with boron tribromide (Method A) afforded 11 directly.

~
OH

] (] (]
J. T, e
O oy e
\O B(OH),
- Q
NH NH

1b "Mz 11a z 11 2

a Reagents and conditions: a. Pd(OAc),, Na,CO,, TBAB, water, 150 °C, 1 h, Method A; b. BBr,
CH,CI,, -78 °C to RT, overnight, Method A.

Scheme 3: Synthesis of compound 11.
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Investigation of the hydroxy group substitution pattern of the pyrimidine derivative -
Compounds 16-20

Three monohydroxylated derivatives of the pyrimidine 5 (compounds 16-18) were synthesized
(Scheme 4 and 5).

16f 16d: 2'-OM H
16e OMe 174, 3 -OMe 16¢: 2'-OMe
' 17c: 3'-OMe

16b: 2"-OMe
17b: 3'-OMe

16a: 2"-OMe
17a: 3'-OMe

a Reagents and conditions: a. triflic anhydride, pyridine, CH,CI,, 0 °C, 30 min; b. Pd(PPh;),, aq. Na,CO,, toluene/

ethanol 5:1, 80 °C, 11 h for 16a and 8 h for 17a, Method B; c. 10% Pd/C, p-cymene, reflux, overnight; d. pyridinium
hydrochloride, 220 °C, 3 h for 16, BBr,;, CH,CI,, -78 °C to RT, overnight for 17, Method A.

Scheme 4: Synthesis of compounds 16 and 17.

Compounds 16 and 17 with the hydroxy group on the phenyl ring were prepared from the tetralone
16f, which was converted to 16e. A Suzuki reaction of the triflate 16e and the corresponding
methoxybenzeneboronic acid (Method B) led to the tetralones 16d and 17d*"** which were
aromatized in presence of palladium on charcoal as catalyst. Subsequent triflation resulted in 16b and
17b°%. Cross-coupling reaction with pyrimidine-5-boronic acid (Method B®?) followed by ether
cleavage with pyridinium hydrochloride or boron tribromide afforded compounds 16> and 17,
respectively.

The synthesis of the monohydroxylated naphthalene 18 started from 6-bromo-2-methoxy-naphthalene
18c¢ (Scheme 5). Bromination with N-bromosuccinimide followed by regioselective Suzuki coupling
with one equivalent of benzeneboronic acid (Method C) gave compound 18b°, which after coupling
with pyrimidine-5-boronic acid (Method D) and subsequent ether cleavage with boron tribromide
afforded 18. For the synthesis of the dihydroxylated derivatives 19 and 20, the hydroxylated phenyl
group was introduced on 6-bromo-2-naphthol 19d by Suzuki reaction (Method C). The resulting
compounds 19c and 20b°* were further brominated with N-bromosuccinimide to afford 19b and 20a>
respectively. A second Suzuki coupling reaction with pyrimidine-5-boronic acid (Method D) gave

compounds 19a and 20%. The ether group in 19a was cleaved using boron tribromide to yield 19°.
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> 4 > 4
OR, OR,
L -
_—
R,0 B(OH)Z R,0 R,0
OR2

Br

19c R1: H, R2: 2’-OMe 19b R1: H, R2: 2"-OMe
18c R1: CHs' R3: H 20b R1: H, R2: 4"-OH 20a R1: H, R2: 4"-OH
18b R1: CH,, R3: Br
19d R1: H, R3: H J c
B(OH)2 P a4
e
OO OO
R,0 HO 3
NVN
18a R1: CH, . o
19a R1: H, R2: 2"-OMe
d |: 19 R1:H, R2: 2-OH

20 R1:H,R2:4-OH
aReagents and conditions: a. Pd(PPh,),, ag. Cs,CO,;, DME/EtOH/H,0 1:1:1, microwave irradiation 150 W, 150 °C,
15 bar, 25 min, Method C; b. NBS, AcCN, RT, 5 min for 19b and 1h for 18b and 20a; c. pyrimidine-5-boronic acid, Pd(OAc),,

PPh,, 1,4-dioxane/EtOH 2:1, microwave irradiation 150 W, 150 °C, 15 bar, 15 min, Method D; d. BBr;, CH,Cl,, -78 °C
to RT, overnight, Method A.

Scheme 5: Synthesis of compounds 18-20.

Results

Inhibition of human 17B-HSD1 and selectivity toward 17B-HSD2

17B-HSD1 and 17B-HSD?2 inhibitory activities of the synthesized compounds were first evaluated in
cell-free assays. 173-HSD2 catalyzes the oxidation of E2 into E1, thus deactivates E2. It should not be
affected by 17B-HSD1 inhibitors.

In the assays, both human recombinant and placental enzymes were used. In the 17B-HSD1 assay,
incubations were run with tritiated E1, cofactor and inhibitor. The hybrid inhibitor (EM-1745)

described by Poirier et al.*

was used as reference compound and gave similar values as described
(ICsp = 52 nM). The 17B-HSD2 assay was performed similarly using tritiated E2 as substrate. The
percent inhibition values of all hydroxy compounds are shown in Tables 1-3. Compounds showing
less than 10% inhibition at 1uM were considered to be inactive. 1Cs, values were determined for
compounds showing more than 70% inhibition at 100 nM in the 173-HSD1 assay and are shown in
Table 4. All molecules with methoxy groups showed activity neither in the 178-HSD1 nor in the 17(-
HSD2 assays (data not shown). The 1-phenyl substituted naphthol B identified in a previous work®
was used as internal reference. In an attempt to decrease the lipophilicity of B and to strengthen
interactions with the enzyme, the 1-phenyl moiety was replaced by different 6- and 5-membered
heteroaromatic cycles (1-8, Table 1).

Introduction of a nitrogen in the phenyl ring (3-pyridine 2 and 4-pyridine 4) was well tolerated by the
enzyme showing activity in the same range as the reference B (87%, 74% and 76% inhibition at 100
nM for 2, 4 and B respectively) indicating that it is unlikely that supplementary interactions are

achieved by the N. Addition of the electron donating methoxy group on the pyridine ring (3) is also
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tolerated, it shows that there is some space around the heterocycle for introduction of a small
substituent. Interestingly, introduction of a second nitrogen into the pyridine leading to the pyrimidine
5 led to an inactive compound (at 100 nM). The position of this N in the active site or the change of
electronic distribution might be unfavorable, preventing 5 from integrating into the binding pocket. A
moderate regain of activity (31% inhibition at 100 nM) was achieved by introduction of two methoxy
groups into the pyrimidine core (8). The 2-OMe group of 8 certainly induces an ortho effect,
constraining the pyrimidine to adopt a different geometry compared to 5 and restraining its free
rotation. The N-methylpyrazole 7 also containing two nitrogens showed a weak inhibition (28% at 100
nM), indicating that only one nitrogen is tolerated in this area. Conversely, the furane 1 is a highly
potent inhibitor (83% inhibition at 100 nM). The moderate activity of the indole 6 (50% inhibition at
100 nM) confirms that there is space available in this area for introduction of substituents on the
phenyl ring as seen with 3. A good (3, 4, 6, 7, 8) to moderate (1, 2) selectivity toward 173-HSD2 was
observed for all compounds with the exception of 5 which was more potent for 173-HSD2 (85%
HSD?2 inhibition vs. 41% HSD1 inhibition at 1 uM).

The logP values were calculated using the commercial ChemDrawPro 11.0 program and are indicated
in Table 1 and 2. Compared to B the calculated logP suggested for all the compounds a better
hydrophilicity, which should facilitate membrane permeation.

Various substituents were also introduced in the phenyl ring (Table 2). We focused on substituents
which could establish interactions with the protein and which could increase the hydrophilicity of the
lipophilic parent compound B. Introduction of a hydroxy (9) or an amino group (11) in position 3 did
not dramatically change the inhibition compared to the naked B (83%, 74% and 76% inhibition at 100
nM for 9, 11 and B, respectively). The unsubstituted carboxylic groups (compounds 10 and 13) led to
a decrease in activity (45% and no inhibition at 100 nM, respectively), which might be due to the
absence of protonated amino acids in this area of the active site. The amides 12 and 13 bearing
different substituents showed reasonable logP but only low or no activity. The most interesting
compound in this series was the sulfonamide 15, which exhibited the lowest logP (3.8) and a high
potency. The most potent compounds 9, 11 and 15 showed no to low inhibition of 173-HSD2
(inhibition at 100 nM < 31% for 15, Table 2) and therefore a good selectivity toward this enzyme.
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Table 1: Inhibition of human 174-HSD1 and 178-HSD2 by compounds 1-8.
OH

SO

R1
1-8
Inhibition of Inhibition of
Cmpd R1 17B-HSD1 [%] 17B-HSD2 [%] LogP®
100 nM 1M 100 nM 1M
B \© 76° 89° 220 77° 5.6
1 / \ 83? 89? 61° 92° 4.2
(@]
2 s ‘ 878 92° 66° 90° 43
N\
N
3 X ‘ 86° 89° 24P 67° 49
\N OMe
4 p ‘ 742 86° 12° 49° 4.3
N
5 s N <10° 41° n.d. 85¢ 3.7
Sy B
6 @ 50° 87° n.d. 19¢ 5.1
7 e 28° 71° n.d. 24¢ 3.9
N
8 Y\‘N 31° 79° n.d. 9 46
MeO \N)\OMe

& Recombinant human 17p-HSD1, substrate [3H]-E1+ E1 [30 nM], cofactor NADPH [1 mM], Procedure A; mean value of
two determinations, relative standard deviation < 20%, ® Recombinant human 17p-HSD2, substrate [*H]-E2 + E2 [30 nM],
cofactor NAD* [1 mM], Procedure C, mean value of two determinations, relative standard deviation < 20%, ¢ Human
placenta, cytosolic fraction, substrate [*H]-E1 + E1 [500 nM], cofactor NADH [0.5 mM], Procedure B, mean value of three
determinations, relative standard deviation < 10% except for 7: 20%, 4 Human placenta, microsomal fraction, substrate [3H]-
E2 + E2 [500 nM], cofactor NAD" [1.5 mM] Procedure D, mean value of three determinations, relative standard deviation <
10%, n.d.: not determined, © calculated logP data.



ERGEBNISSE

Table 2: Inhibition of human 174-HSD1 and 175-HSD2 by compounds 9-15.

N

A

OH

15
4 R2
Inhibition of Inhibition of
Cmpd R2 17p-HSD1 [%]* 17p-HSD2 [%]" LogP®
100 nM 1uM 100 nM 1uM
B H 76 89 22 77 5.6
9 3-OH 83 93 <10 40 5.2
10 3-COOH 45 80 <10 34 5.2
11 3-NH, 74 87 <10 39 4.8
O
12 3 ,\'NJKCH 35 82 24 64 45
H 3
(0]
13 3 ,x'H)K/\COOH <10 62 24 68 42
4 \/"N/\’
14 s 32 65 12 32 5.5
NS //O
15 3 Xn-Sen 88 91 31 71 3.8

67

 Recombinant human 17p-HSD1, substrate [*H]-E1+ E1 [30 nM], cofactor NADPH [1 mM], Procedure A; mean value of
two determinations, relative standard deviation < 20%, ® Recombinant human 17B-HSD2, substrate [*H]-E2+ E2 [30 nM],
cofactor NAD" [1 mM], Procedure C, mean value of two determinations, relative standard deviation < 20%, ° calculated logP

data.

Intrigued by the selectivity shown by pyrimidine 5 in favor of 178-HSD2, a few pyrimidine

derivatives (Table 3) lacking one OH group (16-18) or showing a changed hydroxysubstitution pattern

(19 and 20) were examined with the goal to simplify and identify a new template for the further

development of 17p3-HSD?2 inhibitors. Derivatives bearing one hydroxy group (16-18) turned out to be

inactive on both 173-HSD1 and 173-HSD2. The potency could not be improved with derivatives

bearing two hydroxy moieties (19-20). The distance between the two hydroxy groups might be either

too long (20) or too short (19), to establish H-bond interactions.
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Table 3: Inhibition of human 174-HSD1 and 174-HSD2 by compounds 16-20.

16-20

Inhibition of 17p-
Inhibition of 17p-
Cmpd R3 R4 HSD2 [%]° at 1
HSD1 [%]*°at 1 pM

UM
5 OH 3-OH 41 85
16 H 2-OH <10 <10
17 H 3-OH <10 <10
18 OH H 22 <10
19 OH 2-OH <10 <10
20 OH 4-OH 35 22

®Human placenta, cytosolic fraction, substrate [*H]-E1 + E1 [500 nM], cofactor NADH [0.5 mM], Procedure
B, ® Mean value of three determinations, standard deviation < 10%, ‘Human placenta, microsomal fraction,
substrate [*H]-E2 + E2 [500 nM], cofactor NAD" [1.5 mM], Procedure D.

We focused therefore our efforts on the novel 178-HSD1 inhibitors and measured ICsy values for the
most potent ones (Table 4) and determined their SF. All tested compounds showed 1Cs, values in the
low nanomolar range between 15 and 70 nM. The selectivity toward 173-HSD2 could also be
optimized with a SF up to 52.

As cell membrane permeation is an important criterion in the development of a drug, the potencies of
the compounds were evaluated in a cellular assay using T47D cells (Table 4). All tested compounds,
except the methoxy pyridine 3, showed a better activity compared to the reference B (ICs, = 281 nM),
the sulfonamide 15 being the best one with an 1Cs, of 71 nM. This finding also indicates, that 15 is
metabolically stable in these cells.

Selectivity toward the ERa and ERB

Designed as steroidomimetics the synthesized compounds might show some affinity to the ERa and
ERpB. Agonistic properties would counteract the therapeutic concept of 178-HSD1 inhibition and
cannot be tolerated. This is also true for antagonistic effect which could lead to unwanted drug action
similar to the ones observed for the anti-estrogens or SERMs. The most potent compounds were tested
for their binding affinity to the ERs using the recombinant human proteins and applying a competition
assay with [*H]-E2. All tested compounds show a relative binding affinity of less than 0.1% to the

estrogen receptors except for the reference compound A, which is included for comparison and is
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considered as weak ligand of the ERs (Table 4). A RBA range between 0.01 and 0.1 means that the
compound shows an affinity to the ERs between 0.01% and 0.1% compared to the affinity of E2
(RBA=100%). Due to these results the compounds are classified as low to very low affinity ligands of

the ERs and are not expected to evoke ER-mediated effects under in vivo conditions.

Table 4: ICg, values, selectivity factor and binding affinities for the ERa and ERpS for selected

compounds.
Cell
Cell free assay
assay ERa ERB
Cmpd
178-HSD1 17B-HSD2 ; 17p-HSD1 RBA (%) RBA (%)
SF
ICso [NM]*® 1Cs [NM]* ICso [NM]**
A 116 5641 49 229 0.1<RBA<1 0.1<RBA<1
B 20 540 27 281 0.01<RBA<0.1 0.01<RBA<0.1
1 70 527 7.5 n.d. 0.01<RBA<0.1 0.01<RBA<0.1
2 26 1157 45 165 0.01<RBA<0.1 0.01<RBA<0.1
3 33 530 16 670 <0.01 <0.01
4 64 3340 52 n.d. <0.01 <0.01
9 36 959 27 115 <0.01 0.01<RBA<0.1
11 53 1757 33 n.d. <0.01 <0.01
15 15 403 27 71 0.01<RBA<0.1 <0.01

 Mean value of three determinations except 1C50 (17p-HSD2) for 4 two determinations, b Human placenta,
cytosolic fraction, substrate [3H]-E1 +E1 [500 nM], cofactor NADH [0.5 mM], Procedure B, relative standard
deviation < 10%, © Human placenta, microsomal fraction, substrate [3H]-E2+ E2 [500 nM], cofactor NAD+ [1.5
mM] Procedure D, relative standard deviation < 8%, ¢ SF: selectivity factor = IC50 (17B-HSD2)/ ICso (17p-
HSD1), ® T47D cells, substrate [3H]-E1 +E1 [50 nM], relative standard deviation < 13% f RBA: Relative
Binding Affinity, E2 = 100%, n.d.: not determined.

Further in vitro assays

According to their potency (cell-free and cellular assays) and their selectivity toward 173-HSD2 and
ERs, compounds 2, 3, 9, 11 and 15 were the best compounds identified in this study. They were
further evaluated in our screening system.” Metabolic stability of 2, 3 and 11 was determined using
rat liver microsomes and human liver microsomes for 15 (Table 5). For 2, 3, 11

and 15 half-life and intrinsic body clearance were evaluated and compared to the references diazepam
(high metabolic stability, ty, = 41 min) and diphenhydramine (low metabolic stability, t;, = 7 min).
The short half-life of 2 (t;, = 14 min) and the fast clearance of 11 (Cli,x = 93 puL/min/mg protein)
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indicate a moderate metabolic stability. In the case of 15, an exceptional metabolic stability was
observed: 100% of the compound is still intact after 45 min incubation.

Subsequently the compounds were investigated for permeation of Caco-2 cells (Table 5), which are
generally accepted to be an appropriate model for the prediction of peroral absorption®’. All

compounds showed medium to high cell permeation.

Table 5: Metabolic stability using liver microsomes and Caco-2 cell permeation.

Clinta' ¢ Pappay d
Cmpd ty, [min]*® Permeability®
[UL/min/mg protein] [-10® cm/sec]

B n.d. n.d. 9.3 medium
2 14 340f 14 high

3 289 n.d.f 8 medium
11 507 93" 16 high
15 n.co” nco’ 19 high
Diazepam 41" 113f n.d. n.d.
Diphenhydramine 7' 680" n.d. n.d.

 Mean value of three determinations; ° t,,,: half-life; ¢ Cliy: intrinsic body clearance; © Papp: apparent permeability, relative
standard deviation < 9%, ° Permeability of the investigated molecules was classified according to Yee®, ' Rat liver
microsomes, ¢ Human liver microsomes, " Not calculated as 15 was metabolically stable over 45 min, n.d.: not determined,
n.c.: not calculated.

For the evaluation of potential drug-drug interactions, compounds 2, 9 and 11 were tested for
inhibition of the most important hepatic CYP enzymes (six human hepatic enzymes: CYP1A2, 2B6,
2C9, 2C19, 2D6, 3A4, Table 6). Compounds 2 and 9 show high inhibition of CYP3A4 (ICs, = 0.22
and 0.04 uM, respectively), which is responsible for 50% of drug metabolism. In the case of
compound 11, only CYP2C19 (ICs, = 0.68 uM), was slightly inhibited, indicating a rather low risk of

drug-drug interactions



ERGEBNISSE 71

Table 6: Inhibition of selected hepatic CYP enzymes by compounds 2, 9 and 14 and control inhibitors

ICso [UM]?
CYP1A2 CYP2B6 CYP2C9 CYP2C19 CYP2D6 CYP3A4
B 7.16 7.96 1.64 1.41 15.49 2.77
2 0.014 5.34 0.15 0.88 22.90 0.221
9 19.04 11.84 0.27 6.03 24.8 0.04
14 10.45 10.4 1.25 0.680 40.00 1.07
. ranyl . .
Control Furafylline ) Sulphenazole  Tranylcypromine Quinidine  Ketoconazole
cypromine
inhibitor
3.04 6.96 0.250 3.04 0.011 0.054

& Mean value of three determinations, standard deviation < 10% except for 2: 20%

In vivo pharmacokinetics in the rat

The pharmacokinetics of 2, 9, 11 and 15 were determined in Wistar male rats. Compounds B, 9, 11
and 15 were administered (10 mg/kg, n = 4) in cassette dosing approach. Compound 11 as well as
compound 2 were also administered in a single dose (50 mg/kg, n = 5). Plasma samples were collected
over 24 h and concentrations of each compound were independently measured by LC-MS/MS
guantification. The pharmacokinetic profiles are presented in Table 7.

Beside the advantage that data can be generated for more compounds and that fewer animals are used,
cassette dosing is mainly used to rank compounds. The data shown in Table 7 indicates that compound
B has the best area under the curve (AUC) and C,a, followed by 9, 15 and 11. In single dose
application, compounds 2 and 11 (AUC = 203 and 337 ng-h/mL, respectively) showed insufficient
pharmacokinetics. Accordingly 2 and 11 could not be considered as potential candidates for further
development. Even tested at a 5 times higher dose, a poorer AUC value (337 vs. 539 ng-h/mL for
single dose and cassette dosing, respectively) is observed for 11 in the single dose application
compared to the one in the cassette dosing experiment. This might be explained by a high metabolism
of 11 in case of the single dose application while in the cassette experiment metabolism might be
lower because of the competition between the test compounds and the metabolizing enzymes.
Considering that the half-life of the compounds in plasma (t1,) and oral delivery (C.x and AUC) are
the most important criteria, the hydroxyphenyl compound 9 presents the most favorable profile (AUC
= 10681 ng-h/mL, Cua = 843 ng/mL, ti, = 0.9 h). Compound 15 also showed acceptable
pharmacokinetics (AUC = 1332 ng-h/mL, Cpa = 110 ng/mL, ty, = 1.1 h).

Regarding all biological data compound 15 can be considered as a good drug candidat while

compound 9 inhibits hepatic CYP enzymes and shows faster metabolism.
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Table 7: Pharmacokinetic parameters of compounds B, 2, 9, 11 and 15 in rats after oral application in cassette

dosing (10 mg/kg) and /or in single dose application (50 mg/kg).

Parameters®
Compound Dose Cinax obs C, tmax obs t, t1/2; AUC,
[mg/kg]  [ng/mL]  [ng/mL]  [h] (h] [h] [ng-h/mL]

Cassette dosing

B 10 861 115 4 24 5.9 11702

9 10 844 557 6 10 0.9 10681
11 10 43 04 2 24 24 539
15 10 110 67 2 10 11 1332

Single dose

2 50 16 18 2 8 1.5 203

11 50 44 14 2 8 1.6 337

& Crmax obs. Maximal measured concentration, C,: last analytical quantifiable concentration, tya obs: time to reach the maximum
measured concentration, t,: time of the last sample which has an analytically quantifiable concentration, ty,,: half-life of the
terminal slope of a concentration — time curve, AUC,,: area under the concentration-time curve up to the time t, of the last
sample, AUC,_,.: area under the concentration-time curve extrapolated to infinity.

Discussion and conclusion

In this study, starting from the hit candidate B, we have developed new highly active inhibitors of
17B-HSD1. Exchange of the phenyl moiety by different heteroaromatics is well tolerated but does not
improve the activity. Introduction of substituents like carboxylic acid, amide or morpholine into the
phenyl ring are detrimental for the activity. However in this study a very interesting steroidomimetic*’
was identified as an inhibitor of 17B-HSD1: the sulfonamide 15. It is highly potent (cell-free assay
ICso = 15 nM), selective toward 173-HSD2 and the ERs. In addition, its cellular activity (T47D cells,
ICsp = 71 nM) was improved compared to B (T47D cells, ICsy = 281 nM). Such a good cellular
activity, which is identified for the first time in this class of inhibitors, indicates that it can permeate
membranes easily. This finding demonstrates that 15 is clearly superior to the hybrid inhibitor (EM-
1745) and slightly better than B. Its favorable pharmacokinetic profile in the rat validates 15, together
with B as two promising drug candidates.

To be appropriate as a drug, a compound should have a favorable ADME/Tox profile as well as no or
low toxicity. Hepatic CYP interactions and metabolic stability have been evaluated for the most
interesting compounds. Compound 15 showed favorable properties. As toxicity remains a major cause

of attrition during development, further toxicology studies should be undertaken for compound 15.
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Off-target effects should be investigated by performing metabolomic studies and reactive metabolites
should be identified and tested as they often cause toxicity.

Sulfonamides are often considered as key polar replacement groups for amides. Interestingly, in this
study the exchange amide (12) / sulfonamide (15) led to an important increase in activity. This might
be explained by the different geometry of the two groups: the amide is planar while the sulfonamide
exhibits a tetrahedral shape, allowing these functional groups to undergo H-bond interactions with
partners located in different areas of the binding site. Additionally, the presence of the second oxygen
in the sulfonamide group is responsible for an increased acidity.

The selectivity demonstrated by the compounds toward 178-HSD2 and the ERs is an important aspect
of this study. Selectivity toward 173-HSD2 is important because this enzyme catalyzes the reverse
reaction compared to 173-HSD1. 173-HSD2 inhibitory activity was measured for all compounds and
for the most potent ones a SF was determined. Considering that the expression of 173-HSD2 is down-
regulated in EDD tissues, selectivity should be achieved to mainly avoid systemic effects. 173-HSD2
is present in several organs (liver, small intestine, endometrium, adrenals, bones). It can be expected
that inhibition of this enzyme would mainly lead to side-effects in estrogen sensitive tissues like
endometrium. However it is difficult to estimate how high the SF should be to minimize potential side
effects.

Selectivity toward the ERs is also an important issue. Neither agonistic nor antagonistic effects can be
tolerated for ERs to avoid activation of the receptor or systemic effects as observed with the use of
anti-estrogens. After analysis of the ERs X-ray structures, it became apparent that designing large
compounds would be beneficial to achieve selectivity toward the ERs as the ER binding site is smaller
than that of 17B-HSD1 (no cofactor binding pocket present). For the evaluation of the ER affinity,
RBA values were determined for all compounds showing a SF (toward 173-HSD2) higher than 10. All
newly reported inhibitors exhibit less than 0.1% relative binding affinity and are therefore considered
not to bind to the ERs under in vivo conditions (T47D cell line). This assumption is based on the
comparison of the compound’s binding affinity with the one of El. Under 17B-HSD1 inhibitor
treatment E2 levels are decreased and E1 levels are maintained or slightly increased. At an E1
concentration of 50 nM, 71 nM of 15 are needed to suppress E2 formation by 50% (Table 4). E1 itself
is a ligand of the ERs with a relative binding affinity of about 10%°%*°. Thus, the inhibitors compete
with E1 for the ER binding. Due to their RBA values of less than 0.1%, they will be displaced by E1
from the ER binding site and are unlikely to exert an ER mediated effect in vivo.

In this study the pyrimidine 5 was identified as a 173-HSD2 inhibitor (ICs, = 249 nM and 1387 nM for
17B8-HSD2 and 17B-HSD1, respectively with a SF of 6 in favor of 173-HSD2). Contrarily the
pyridines 2 and 4 showed a high potency for 178-HSD1 (ICs, = 26 and 64 nM, respectively),
indicating that the position of the N is not critical for the inhibition. It is striking that introduction of
one additional nitrogen in 2 induced a dramatic loss in 173-HSD1 inhibitory activity. This might be
due to a direct effect of the nitrogen, but also to an unfavorable electronic distribution increasing the
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electron deficiency in the heterocycle. As a consequence the acidity of the naphthol-OH located in
ortho position to the heteroring is increased and prevents tight interactions with amino acids in the
binding pocket as observed for 2 or B. In case of the dimethoxypyrimidine 8, a regain in activity was
observed (79% inhibition at 1 uM for 8). This might be due to the increase of electronic density
caused by the dimethoxy substituents or to the ortho effect forcing the second nitrogen in a different
area.

Attempts to identify a new template for 178-HSD2 inhibitors with only one OH group failed. Change
in the dihydroxysubstitution pattern led to a complete loss of activity. Obviously this protein is rather
inflexible i.e. it cannot adopt a favorable conformation to bind the ligand. A similar phenomenon has
been observed for 178-HSD1*, where sharp SARs were also proposed as a result of enzyme rigidity.
In this paper, we reported on the synthesis and biological evaluation of new 1-substituted
hydroxyphenyl-2-naphthols as 178-HSD1 inhibitors. The goal of the study was the identification of a
drug-like steroidomimetic with a good in vivo profile and ADME/Tox properties. We discovered the
highly potent methyl sulfonamide 15 (with a very good cellular activity), which proved to be selective
toward 17b-HSD2 and ERs. It shows good membrane permeation, low metabolism and rather good
pharmacokinetics after peroral application. The efficacy of this compound still needs to be
demonstrated in an appropriate disease oriented animal model. The identification of the species, in
which this compound will show the best 173-HSD1 inhibitory activity, will be the goal of another
study.
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Experimental Section

Chemical Methods

IR spectra were measured neat on a Bruker Vector 33FT-infrared spectrometer.

1H-NMR spectra were recorded on a Bruker DRX-500 (500 MHz) instrument at 300 K in CDCls,
CD30D, DMSO-d6 and acetone-d6. Chemical shifts are reported in & values (ppm), the hydrogenated
residues of deuteriated solvents were used as internal standard (CDCls: 8 = 7.26 ppm in 1H-NMR and
o =77 ppm in 13C-NMR, CD;OD: & = 3.35 ppm in 1H-NMR and & = 49.3 ppm in 13C-NMR,
DMSO-d6: § = 2.50 ppm in 1H-NMR and & = 39.5 ppm in 13C-NMR, acetone-d6: 6 = 2.05 ppm in
1H-NMR and 6 = 29.8 ppm and 206.3 ppm in 13C-NMR). Signals are described as s, d, t, dd, ddd, m,
b for singlet, doublet, triplet, doublet of doublet, doublet of doublet of doublet, multiplet and broad,
respectively. All coupling constants (J) are given in Hz.

Mass spectra (ESI) were measured on a TSQ Quantum instrument (ThermoFisher).

Chemical names follow IUPAC nomenclature.

All microwave irradiation experiments were carried out in a CEM-Discover microwave apparatus.
Column chromatography was performed using silica gel (70-200 pm) and the reaction progress was
determined by TLC analyses on ALUGRAM SIL G/UV254 (Macherey-Nagel). Preparative
chromatography was performed on glass plate SIL G-100/UV254 (TLC, silica, 1 mm thick) from
Macherey-Nagel. Visualization was accomplished with UV light. Purifications with preparative HPLC
were carried out on a Agilent 1200 series HPLC system from Agilent Technologies, using a RP C18
Nucleodur 100-5 column (30100mm/50 pm — from Macherey-Nagel GmbH) as stationary phase with
acetonitrile/water as solvent in a gradient from 20:80 to 100:0.

Tested compounds are > 95% chemical purity as measured by HPLC. The methods for HPLC analysis
and a table of purity for all tested compounds are provided in the supporting information.

Starting materials (different boronic acids and compounds 9a, 16f, 18c and 19d) were purchased from
Aldrich, Acros, Lancaster or Fluka and were used without purification. No attempts were made to
optimize yields.

The following compounds were prepared according to previously described procedures: 6-(3-
hydroxyphenyl)-2-naphthol ~ A*";  6-(3-hydroxyphenyl)-1-phenyl-2-naphthol  B*; 1-bromo-6-(3-
hydroxyphenyl)-2-naphthol 1a*®; 1-bromo-2-methoxy-6-(3-methoxyphenyl)naphthalene 1b*; 5-oxo-
5,6,7,8-tetrahydronaphthalen-2-yl trifluoromethanesulfonate ~ 16e®;  6-(3-methoxyphenyl)-3,4-
dihydronaphthalen-1(2H)-one 17d; 6-(4-hydroxyphenyl)-2-naphthol 20b>.

General procedure for ether cleavage:

Method A: To a solution of methoxy derivative (1 equivalent (eq)) in dichloromethane cooled at -
78 °C boron tribromide (1M solution in dichloromethane, 3 eq to 5 eq per methoxy function) was
slowly added under N2. The reaction mixture was stirred at -78 oC for 1 h and at room temperature

overnight. The reaction was quenched by the addition of 2% Na,CO; and extracted with
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dichloromethane. The combined organic layers were washed with brine and dried over magnesium
sulfate and concentrated to dryness.

General procedures for Suzuki coupling:

Method B: A mixture of arylbromide (1 eq), boronic acid (1 eq), 10% aqueous solution of sodium
carbonate (2 eq) and tetrakis(triphenylphosphine) palladium(0) (0.05 eq) in toluene/ethanol mixture
(oxygen free) was stirred at 80 °C under nitrogen for several hours. The reaction mixture was cooled
to room temperature, quenched by the addition of 2% HCI and extracted with ethyl acetate. The
organic layer was washed with brine, dried over magnesium sulfate and concentrated to dryness.
Method C: A mixture of arylbromide (1 eq), boronic acid (1.3 eq), cesium carbonate (2 eq) and
tetrakis(triphenylphosphine) palladium(0) (0.05 eq) was suspended in a DME/EtOH/water (1:1:1)
solution. The reaction mixture was exposed to microwave irradiation (25 min, 150 W, 150 °C, 15 bar).
After reaching room temperature, 1IN NH,Cl was added and the aqueous layer was extracted with
ethyl acetate. The organic layer was washed with brine, dried over sodium sulfate, filtered and
concentrated to dryness.

Method D: A mixture of arylbromide (1 eq), boronic acid (1.2 eq), potassium carbonate (2 eq),
palladium acetate (0.1 eq) and triphenylphosphine (0.2 eq) was dissolved in a 1,4-dioxane/EtOH (2:1)
solution. The reaction mixture was exposed to microwave irradiation (15 min, 150 W, 150 °C, 15 bar).
After reaching room temperature, the solution was filtered off, water and dichloromethane were added
to the filtrate. The aqueous layer was extracted with dichloromethane and the combined organic layers
were washed with brine, dried over sodium sulfate, filtered and concentrated to dryness.
1-(3-Furyl)-6-(3-hydroxyphenyl)-2-naphthol (1). The title compound was prepared by reaction of 1-
bromo-6-(3-hydroxyphenyl)-2-naphthol 1a (80 mg, 0.25 mmol, 1 eq) with furan-3-boronic acid (28
mg, 0.25 mmol, 1 eq) in toluene/ethanol 5:1 at 80 °C for 2 h according to Method B. The analytically
pure compound was obtained after purification by column chromatography under pressure
(dichloromethane/methanol 98:2) in 46% yield (35 mg). C,oH14,03; MW 302; 1H-NMR (CDs;OD + 3
drops CDCl3): 6 7.98 (d, J = 1.9 Hz, 1H), 7.86 (d, J = 8.8 Hz, 1H), 7.79 (d, J = 8.8 Hz, 1H), 7.71-7.70
(m, 1H), 7.68-7.67 (m, 1H), 7.64 (dd, J = 2.2 Hz, J = 8.8 Hz, 1H), 7.31-7.28 (m, 1H), 7.23 (d, J = 8.8
Hz, 1H), 7.20-7.19 (m, 1H), 7.18-7.17 (m, 1H), 6.81 (ddd, J = 0.9 Hz, J = 2.5 Hz, J = 7.9 Hz, 1H), 6.65
(dd, J =0.9 Hz, J = 1.9 Hz, 1H); 13C-NMR (CDsOD + 3 drops CDClz): 8 161.3, 156.1, 146.6, 146.3,
145.8, 139.4, 137.2, 133.5, 133.0, 132.8, 129.4, 128.7, 122.5, 122.1, 121.9, 117.7, 117.5, 116.9, 116.1;
IR: 3340, 1601, 1493 cm™; MS (ESI): 301 (M-H)".
6-(3-Hydroxyphenyl)-1-(pyridin-3-yl)-2-naphthol (2). The title compound was prepared by reaction
of 1-bromo-6-(3-hydroxyphenyl)-2-naphthol 1a (100 mg, 0.32 mmol, 1 eq) with pyridine-3-boronic
acid (39 mg, 0.32 mmol, 1 eq) in toluene/ethanol 2:1 at 80 °C for 1 h according to Method B. The
analytically pure compound was obtained after purification by column chromatography under pressure
(gradient hexane/ethyl acetate 3:2 to 0:1) in 59% vyield (59 mg). CyHisNO,; MW 313; 1H-NMR
(CD30OD): 6 9.03-9.02 (m, 1H), 8.95 (d, J = 5.7 Hz, 1H), 8.81-8.79 (m, 1H), 8.30 (dd, J = 5.7 Hz, J =
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7.9 Hz, 1H), 8.12 (d, J = 1.9 Hz, 1H), 8.04 (d, J = 8.8 Hz, 1H), 7.75 (dd, J = 1.9 Hz, J = 8.8 Hz, 1H),
7.55 (d, J = 8.5 Hz, 1H), 7.35 (d, J = 9.1 Hz, 1H), 7.32 (t, J = 7.9 Hz, 1H), 7.23-7.21 (m, 1H), 7.18-
7.17 (m, 1H), 6.83 (ddd, J = 0.9 Hz, J = 2.5 Hz, J = 7.9 Hz, 1H); 13C-NMR (CD;OD): 6 159.1, 154.1,
151.0, 144.8, 143.2, 140.8, 133.3, 133.1, 131.0, 130.3, 128.4, 128.2, 127.2, 124.1, 119.3, 119.1, 115.4,
114.8; IR: 3091, 1581, 1493, 1276, 1209, 1180 cm™; MS (ESI): 314 (M+H)".
6-(3-Hydroxyphenyl)-1-(4-methoxypyridin-3-yl)-2-naphthol (3). The title compound was prepared
by reaction of 1-bromo-6-(3-hydroxyphenyl)-2-naphthol l1a (100 mg, 0.32 mmol, 1 eq) with 4-
methoxypyridin-3-boronic acid (49 mg, 0.32 mmol, 1 eq) in toluene/ethanol 5:1 at 80 °C for 3 h
according to Method B. The analytically pure compound was obtained after purification by column
chromatography under pressure (hexane/ethyl acetate 8:2) in 84% yield (92 mg). C,,H;7NO3; MW
343; 1H-NMR (CD3;OD): 6 8.15 (d, J = 2.5 Hz, 1H), 8.01 (d, J = 1.9 Hz, 1H), 7.84 (d, J = 8.8 Hz, 1H),
7.72 (dd, J = 2.5 Hz, J = 8.5 Hz, 1H), 7.61 (dd, J = 1.9 Hz, J = 8.8 Hz, 1H), 7.49 (d, J = 8.8 Hz, 1H),
7.29-7.26 (m, 1H), 7.26 (d, J = 8.8 Hz, 1H), 7.20-7.19 (m, 1H), 7.18-7.17 (m, 1H), 6.98 (dd, J = 0.6
Hz, J = 8.5 Hz, 1H), 6.81 (ddd, J = 0.9 Hz, J = 2.5 Hz, J = 8.2 Hz, 1H), 4.02 (s, 3H); 13C-NMR
(CD3;0OD): 6 164.8, 158.9, 153.6, 149.5, 143.7, 143.5, 136.8, 134.7, 130.9, 130.3, 126.9, 126.8, 125.5,
119.4, 118.9, 115.1, 114.8, 111.2, 54.2; IR: 3357, 2917, 2849, 1586, 1493 cm™; MS (ESI): 344
(M+H)".

6-(3-Hydroxyphenyl)-1-(pyridin-4-yl)-2-naphthol (4). The title compound was prepared by reaction
of 1-bromo-6-(3-hydroxyphenyl)-2-naphthol 1a (100 mg, 0.32 mmol, 1 eq) with pyridine-4-boronic
acid (39 mg, 0.32 mmol, 1 eq) in toluene/ethanol 5:1 at 100 °C for 1 h according to Method B. The
analytically pure compound was obtained after purification by column chromatography under pressure
(hexane/ethyl acetate 8:2) in 44% yield (44 mg). C,1HisNO,; MW 313; 1H-NMR (CDs;0OD): & 8.95 (d,
J=6.9 Hz, 2H), 8.26 (d, J = 2.6 Hz, 2H), 8.13 (d, J = 1.9 Hz, 1H), 8.06 (d, J = 8.8 Hz, 1H), 7.77 (dd, J
=19 Hz,J=8.8Hz, 1H), 7.65 (d, J = 8.8 Hz, 1H), 7.34 (d, J = 8.8 Hz, 1H), 7.34-7.31 (m, 1H), 7.24-
7.22 (m, 1H), 7.18-7.17 (m, 1H), 6.84 (ddd, J = 0.9 Hz, J = 2.2 Hz, J = 7.9 Hz, 1H); 13C-NMR
(CD3;0OD): 6 159.0, 153.0, 149.9, 148.1, 143.5, 137.1, 133.8, 133.1, 133.0, 131.6, 130.9, 130.0, 129.9,
128.4, 127.2,126.8, 125.2, 119.4, 119.3, 115.2, 114.8; IR: 3080, 1631, 1596, 1580, 1359, 1276, 1201,
1179 cm™; MS (ESI): 314 (M+H)".

1,6-Bis(3-hydroxyphenyl)-2-naphthol (9). The title compound was prepared by reaction of 1,6-
dibromo-2-naphthol 9a (200 mg, 0.66 mmol, 1 eq) with 3-hydroxyphenylboronic acid (366 mg, 2.64
mmol, 4 eq) in toluene for 15 h according to Method B. The analytically pure compound was obtained
after purification by column chromatography (gradient dichloromethane/methanol 99:1 to 90:10) in
20% vyield (43 mg). C,H1605; MW 328; 1H-NMR (CDClI; + 3 drops CD3;0D): 8 7.92 (d, J = 1.6 Hz,
1H), 7.76 (d, J = 8.8 Hz, 1H), 7.53 (dd, J = 1.9 Hz, J = 8.8 Hz, 1H), 7.48 (d, J = 8.8 Hz, 1H), 7.39-7.36
(m, 1H), 7.26-7.23 (m, 1H), 7.20 (d, J = 8.8 Hz, 1H), 7.16-7.14 (m, 1H), 7.11-7.10 (m, 1H), 6.92 (ddd,
J=0.9Hz, J=25Hz J=8.2 Hz, 1H), 6.89-6.87 (m, 1H), 6.85-6.84 (m, 1H), 6.78 (ddd, J = 0.9 Hz, J
= 2.5 Hz, J = 7.9 Hz, 1H); 13C-NMR (CDCl; + 3 drops CD;OD): 190.7, 157.5, 156.9, 150.3, 142.6,
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135.9, 135.8, 132.5, 130.5, 129.8, 129.5, 125.7, 125.2, 122.4, 121.0, 118.9, 117.9, 117.8, 115.3, 114.0;
IR: 3355, 1702, 1581, 1494, 1447, 1203, 1154 cm™; MS (ESI): 327 (M-H)"
1-(3-Aminophenyl)-6-(3-hydroxyphenyl)-2-naphthol (11). The title compound was prepared by
reaction of 3-[2-methoxy-6-(3-methoxyphenyl)-1-naphthyl]aniline 11a (1.0 g, 2.82 mmol, 1 eq) with
boron tribromide (14.1 mL, 14.1 mmol, 5 eq) according to Method A. The title compound was
obtained pure in a quantitative yield (922 mg). C,,H7NO,; MW 327; 1H-NMR (CD;OD): 6 8.00 (d, J
=1.6 Hz, 1H), 7.82 (d, J = 8.8 Hz, 1H), 7.58 (dd, J = 1.9 Hz, J = 8.8 Hz, 1H), 7.54 (d, J = 8.8 Hz, 1H),
7.32-7.29 (m, 1H), 7.29 (t, J = 7.9 Hz, 1H), 7.23 (d, J = 9.1 Hz, 1H), 7.22-7.20 (m, 1H), 7.17-7.16 (m,
1H), 6.87-6.85 (m, 1H), 6.81-6.79 (m, 2H), 6.75-6.73 (m, 1H); 13C-NMR (CD;OD): 6 158.9, 152.4,
148.9, 143.9, 136.6, 134.6, 130.8, 130.2, 130.0, 126.5, 126.4, 126.3, 123.5, 122.1, 119.5, 119.4, 119.3,
115.7, 115.0, 114.8; IR: 3387, 3282 cm™; MS (ESI): 326 (M-H) .
N-(3-[2-Hydroxy-6-(3-hydroxyphenyl)-1-naphthyl]phenyl)methanesulfonamide (15). The title
compound was prepared by reaction of 1-bromo-6-(3-hydroxyphenyl)-2-naphthol 1a (100 mg, 0.32
mmol, 1 eq) with N-[3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl]methanesulfonamide (94
mg, 0.32 mmol, 1 eq) in toluene/ethanol 5:1 for 2 h according to Method B. The analytically pure
compound was obtained after purification by column chromatography under pressure (hexane/ethyl
acetate 3:2) in 64% yield (83 mg). C»3H;sNO,S; MW 405; 1H-NMR (CD3;OD + 3 drops CDCls): 6
8.01 (d, J=1.6 Hz, 1H), 7.85 (d, J = 9.1 Hz, 1H), 7.60 (dd, J = 1.9 Hz, J = 8.8 Hz, 1H), 7.53-7.50 (m,
2H), 7.39-7.37 (m, 1H), 7.32-7.31 (m, 1H), 7.29 (t, J = 7.9 Hz, 1H), 7.26 (d, J = 8.8 Hz, 1H), 7.23-7.20
(m, 2H), 7.17-7.16 (m, 1H), 6.82-6.80 (m, 1H), 3.07 (s, 3H); 13C-NMR (CD3;OD + 3 drops CDCI3): &
161.4, 155.3, 146.3, 142.1, 141.7, 139.3, 136.8, 133.4, 133.1, 133.0, 132.8, 131.2, 129.3, 129.2, 128.6,
127.0, 124.9, 123.0, 122.0, 121.9, 117.6, 117.4, 64.1; IR: 3406, 1704, 1600, 1585, 1323, 1268 cm™;
MS (ESI): 404 (M-H)"

LogP determination

The LogP values of compounds B and 1-15 were calculated from CambridgeSoft Chem & Bio Draw
11.0 using the ChemDrawPro 11.0 program.

Biological Methods

[2,4,6,7-3H]-E1 and [2,4,6,7-3H]-E2 were purchased from Perkin Elmer, Boston. Quickszint Flow 302
scintillator fluid was bought from Zinsser Analytic, Frankfurt. T47D cells (passage 9) were obtained
from ECACC, Salisbury. FCS was purchased from Pan Biotech GmbH. Cell culture media was bought
from CCPRO, Oberdorla. Other chemicals were purchased from Sigma, Roth or Merck.

1. 17B-HSD1 and 17B-HSD2 Enzyme preparation

Recombinant human enzyme (17B-HSD1: Procedure A and 173-HSD2: Procedure C):

Recombinant baculovirus was produced by the "Bac to Bac Expression System" (Invitrogen).
Recombinant bacmid was transfected to Sf9 insect cells using "Cellfectin Reagent"” (Invitrogen). Sixty

hours later cells were harvested; the microsomal fraction was isolated as described by Puranen®.
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Aliquots containing 17B3-HSD1 or 17B8-HSD2 were stored frozen until determination of enzymatic
activity.

Human placental enzyme (17B-HSD1: Procedure B and 17B-HSD2: Procedure D):

17B-HSD1 and 17B-HSD2 were obtained from human placenta according to previously described
procedures>®®®. Fresh human placenta was homogenized and the enzymes were separated by fractional
centrifugation at 1000 g, 10000 g and 150000 g. For the purification of 17B-HSD1, the cytosolic
fraction was precipitated with ammonium sulfate. 178-HSD2 was obtained from the microsomal
fraction. Aliquots containing 173-HSD1 or 17B-HSD2 were stored frozen.

2. Inhibition of 17B-HSDL1 in cell-free assay

The synthesized compounds were tested for their ability to inhibit 17p-HSD1 according to Procedure
A (recombinant human enzyme, percentage of inhibition determination) or Procedure B (human
placental enzyme). For selected compounds, ICs, values were determined according to Procedure B
(human placental enzyme). Procedure A and B differ in enzyme source and substrate concentration.
The two procedures have been compared and give similar results.

Procedure A using recombinant human enzyme

Assay: Recombinant human protein (0.1 pg/mL) was incubated in 20 mM KH,PO, pH 7.4 with 30 nM
[*H]-estrone and 1mM NADPH for 30 min at room temperature, in the presence of potential inhibitors
at concentrations of 1 pM or 100 nM. Inhibitor stock solutions were prepared in DMSO. Final
concentration of DMSO was adjusted to 1% in all samples. The enzyme reaction was stopped by
addition of 10% trichloroacetic acid (final concentration). Samples were centrifuged in a microtiter
plate at 4000 rpm for 10 min. Supernatants were applied to reverse phase HPLC on a Waters
Symmetry C18 column, equipped with a Waters Sentry Guard column. Isocratic HPLC runs were
performed at room temperature at a flow rate of 1 mL/min of acetonitrile/water (48:52) as eluent.
Radioactivity of the eluate was monitored by a Packard Flow Scintillation Analyzer. Total
radioactivities for E1 and E2 were determined in each sample. The conversion rate was calculated
according to the following formula: % conversion = 100 [(cpm E2 in sample with inhibitor)/(cpm E1
in sample with inhibitor + cpm E2 in sample with inhibitor)]/[(com E2 in sample without
inhibitor)/(cpom E1 in sample without inhibitor + cpm E2 in sample without inhibitor)]. Percentage of
inhibition was calculated according to the following equation: % inhibition = 100 - % conversion.
Each value was calculated from two independent experiments.

Procedure B using human placental enzyme

Assay: Inhibitory activities were evaluated by an established method with minor modifications®® %,
Briefly, the enzyme preparation was incubated with NADH [0.5 mM] in the presence of potential
inhibitors at 37 °C in a phosphate buffer (50 mM) supplemented with 20% of glycerol and EDTA
1mM. Inhibitor stock solutions were prepared in DMSO. Final concentration of DMSO was adjusted
to 1% in all samples. The enzymatic reaction was started by addition of a mixture of unlabelled- and
[*H]-E1 (final concentration: 500 nM, 0.15 pCi). After 10 min, the incubation was stopped with HgCl,
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and the mixture was extracted with ether. After evaporation, the steroids were dissolved in acetonitrile.
E1 and E2 were separated using acetonitrile/water (45:55) as mobile phase in a C18 RP
chromatography column (Nucleodur C18, 3um, Macherey-Nagel, Diiren) connected to a HPLC-
system (Agilent 1100 Series, Agilent Technologies, Waldbronn). Detection and quantification of the
steroids were performed using a radioflow detector (Berthold Technologies, Bad Wildbad). The
conversion rate was calculated according to the following equation:

. %E2 .
%%conversion =————-__¢100. Each value was calculated from at least three independent

%E2+%E1
experiments. Compounds showing < 10% inhibition were considered to be inactive.
3. Inhibition of 17p-HSD2 in cell-free assay
The synthesized compounds were tested for their ability to inhibit 173-HSD2 according to Procedure
C (recombinant human enzyme) or D (human placental enzyme). For select compounds, ICs, values
were determined according to Procedure D (human placental enzyme). Procedure C and D differ from
enzyme source and substrate concentration. The two procedures have been compared and give similar
results.
Procedure C using recombinant human enzyme
The 17B-HSD2 inhibition assay was performed as previously described for 178-HSD1 according to
procedure A from the recombinant human protein, using [*H]-E2 as substrate [30 nM] and NAD" [1
mM] as cofactor.
Procedure D using human placental enzyme
The 17B-HSD2 inhibition assay was performed similarly to the 17B-HSD1 procedure B. The
microsomal fraction was incubated with NAD" [1.5 mM], test compound and a mixture of unlabelled-
and [*H]-E2 (final concentration: 500 nM, 0.11 pCi) for 20 min at 37 °C. Further treatment of the
samples and HPLC separation was carried out as mentioned above for 17B-HSD1. Compounds
showing < 10% inhibition were considered to be inactive.
4. Inhibition of 17B-HSD1 in cellular assay
Cellular 17p-HSD1 activity was measured using the breast cancer cell line T47D. A stock culture of
T47D cells was grown in RPMI 1640 medium supplemented with 10% FCS, L-glutamine (2 mM),
penicillin (100 1U/mL), streptomycin (100 pg/mL), insulin-zinc-salt (10 pg/mL) and sodium pyruvate
(1 mM) at 37 °C under 5% CO, humidified atmosphere.
The cells were seeded into a 24-well plate at 1+10° cells/well in DMEM medium with FCS, L-
glutamine and the antibiotics added in the same concentrations as mentioned above. After 24 h the
medium was changed for fresh serum free DMEM and a solution of test compound in DMSO was
added. Final concentration of DMSO was adjusted to 1% in all samples. After a pre-incubation of 30
min at 37 °C with 5% CO,, the incubation was started by addition of a mixture of unlabelled- and [2,

4, 6, 7-*H]- E1 (final concentration: 50 nM, 0.15 uCi). After 30 min incubation, the enzymatic reaction
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was stopped by removing of the supernatant medium. The steroids were extracted with ether. Further
treatment of the samples was carried out as mentioned for the 173-HSD1 assay (Procedure B).

5. ER affinity

The binding affinity of selected compounds to the ERa and ERPB was determined according to
Zimmermann et al.® using recombinant human proteins. Briefly, 0.25 pM of ERa or ERB,
respectively, were incubated with [3H]-E2 (10 nM) and test compound for 1 h at room temperature.
The potential inhibitors were dissolved in DMSO (5% final concentration). Evaluation of non-
specific-binding was performed with diethylstilbestrol (10 pM). After incubation, ligand-receptor
complexes were selectively bound to hydroxyapatite (5 g/ 60 ml TE-buffer). The formed complex was
separated, washed and resuspended in ethanol. For radiodetection, scintillator cocktail (Quickszint
212, Zinsser Analytic, Frankfurt) was added and the samples were measured in a liquid scintillation
counter (Rack Beta Primo 1209, Wallac, Turku). From these results the percentage of [3H]-E2
displacement by the compounds was calculated. The plot of % displacement versus compound
concentration resulted in sigmoidal binding curves. The compound concentration to displace 50% of
the receptor bound [3H]-E2 were determined. Unlabelled E2 was used as a reference. For
determination of the relative binding affinity (RBA) the ratio was calculated according to the

ICs0(E2)

«100 .%" This results in an RBA value of 100% for
ICso(compound )

following equation: RBA[%]=

E2. After the assay was established and validated a modification was made to increase throughput.
Compounds were tested at concentrations of 1000xICs, (E2) and 10000xICs, (E2). Results were
reported as RBA ranges. Compounds with less than 50% displacement of [3H]-E2 at a concentration
of 10000xICsq (E2) were classified as RBA <0.01%, compounds that displace more than 50% at
10000xICs (E2) but less than 50% at 1000xICs, (E2) were classified as 0.01%<RBA<0.1%.

6. Caco-2 Assay

Caco-2 cell culture and transport experiments were performed according to Yee®® with small
modifications. Cell culture time was reduced from 21 to 10 days by increasing seeding density from
6.3¢10" to 1.65+10° cells per well. Four reference compounds (atenolol, testosterone, ketoprofene,
erythromycin) were used in each assay for validation of the transport properties of the Caco-2 cells.
The compounds were applied to the cells as a mixture (cassette dosing) to increase the throughput of
the cell permeability tests. The initial concentration of the compounds in the donor compartment was
50 UM (for each compound, in buffer 0.2 M MES, pH: 6.5, containing either 1% ethanol or DMSO).
Samples were taken from the acceptor side after 0 min, 60, 120 and 180 min and from the donor side
after 0 and 180 min. Each experiment was run in triplicate. The integrity of the monolayers was
checked by measuring the transepithelial electrical resistance (TEER) before the transport experiments
and by measuring lucifer yellow permeability after each assay. All samples of the CaCo-2 transport

experiments were analyzed by LC/MS/MS. The apparent permeability coefficients (P,y,) were
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dQ

. . d . .
calculated using equation Papp =ﬁ, where m is the appearance rate of mass in the acceptor
Co

compartment, A the surface area of the transwell membrane, and cO the initial concentration in the
donor compartment.

7. Metabolic stability assay

The assay was performed with liver microsomes from male Sprague-Dawley rats (BD Gentest,
Heidelberg, Germany). Stock solutions (10 mM in acetonitrile) were diluted to give working solutions
in 20% acetonitrile. The incubation solutions consisted of a microsomal suspension of 0.33 mg/mL of
protein in phosphate buffer 100 mM pH 7.4 and 90 uL NADP-regenerating system (NADP* 1 mM,
glucose-6-phosphate 5 mM, glucose-6-phosphate dehydrogenase 5 U/mL, MgCl, 5 mM).

The reaction was initiated by the addition of test compound to the pre-incubated microsomes/buffer
mix at 37 °C. The samples were removed from the incubations after 0, 15, 30 and 60 minutes and
processed for acetonitrile precipitation. The samples were analyzed by LC-MS/MS. Two control
groups were run in parallel: positive controls (PC; n= 1) using 7-ethoxycoumarin as reference
compound to prove the quality of the microsomal enzymatic activity and negative controls (NC; n=1),
using boiled microsomes (boiling water bath, 25 minutes) without regenerating system to ensure that
the potential apparent loss of parent compound in the assay incubation is due to metabolism. The
amount of compound in the samples was expressed in percentage of remaining compound compared to
time point zero (= 100%). These percentages were plotted against the corresponding time points and
the half-life time was derived by a standard fit of the data.

Intrinsic clearance (Cl;y) estimates were determined using the rate of parent disappearance. The slope
(-k) of the linear regression from log [test compound] versus time plot was determined as well as the
elimination rate constant: k= In2/t1/2. The equation expressing the microsomal Cl;,; can be derived:
Clin= keVef, [uL/min/mg protein], where fu is the unbound fraction. V gives a term for the volume of
the incubation expressed in micro liters per mg protein. As fu is not known for the tested compound,
the calculation was performed with f, = 1 (V = incubation volume [pL]/microsomal protein [mg] =
6667).

8. Inhibition of human hepatic CYPs.

The commercially available P450 inhibition kits from BD Gentest (Heidelberg, Germany) were used
according to the instructions of the manufacturer. Compounds were tested for inhibition of the
following enzymes: CYP1A2, 2B6, 2C9, 2C19, 2D6 and 3A4. Inhibitory potencies were determined
as 1Csq-values.

9. Evaluation of plasma concentrations of compounds B, 9, 11 and 15 after peroral application to
adult male rats in cassette dosing.

Four adult male Wistar rats (Janvier, France) were used. Animals were housed in a temperature-
controlled room (20-22 °C) and maintained in a 12 h light/12 h dark cycle. Food and water were
available ad libitum. Rats were anaesthetized with a ketamine (135 mg/kg) / xylazine (10 mg/kg)

mixture and cannulated with silicone tubing via the right jugular vein. Prior to the first blood
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sampling, animals were connected to a counterbalanced system and tubing, to perform blood sampling
in the freely moving rat. The tested compounds, dissolved in labrasol/water (1:1) as vehicle, were
administered in peroral doses of 10 mg/kg in a cassette dosing approach. At time O, the tested
compounds were applied and blood samples (200 uL) were taken at 1, 2, 3, 4, 6, 8, 10 and 24 h post-
dose, collected in heparinized tubes and stored on ice. Plasma was harvested and kept at —20 °C until
being assayed. HPLC-MS/MS analysis and quantification of the samples was carried out on a
Surveyor-HPLC-system coupled with a TSQ Quantum (ThermoFisher) triple quadrupole mass
spectrometer equipped with an electrospray ioninterface (ESI).

10. Evaluation of plasma concentrations of compounds 2 and 11 after peroral application to
adult male rats in single dose application.

Five adult male Wistar rats (Janvier, France) were used in similar conditions as described in the
cassette dosing experiment. The tested compounds, dissolved in labrasol/water (1:1) as vehicle, were
administered in peroral doses of 50 mg/kg. At time 0, the tested compounds were applied and blood
samples (200 pL) were taken at 1, 2, 3, 4, 6, 8, 10 and 24 h post-dose, and treated the same way as

described in the cassette dosing experiment.
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Abstract
The reduction of estrone to estradiol, the most potent estrogen in human, is catalyzed by 17p-

hydroxysteroid dehydrogenase type 1 (17p-HSD1). A promising approach for the treatment of
estrogen dependent diseases is the reduction of intracellular estradiol formation by inhibition of 1753-
HSD1. For the species specific optimization of the (hydroxyphenyl)naphthols a combinatorial
approach was applied and enhanced by a focused synthesis that resulted in the aromatic substituted
(hydroxyphenyl)naphthol sulfonamides. Rigidification of 12 led to the 4-indolylsulfonamide 30 which
is a highly active and selective human 173-HSD1 inhibitor, as well as a highly potent and selective
inhibitor of 17B-HSD1 from Callithrix jacchus. It shows no affinity to the estrogen receptors a and 8
and good intracellular activity (T-47D). Thus, compound 30 shows good properties for further

ADMET studies and might be a candidate for the in vivo proof of concept in Callithrix jacchus.
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Introduction
Estradiol (E2), the most important estrogen in females is responsible for the development and

differentiation of estrogen-sensitive tissues, e.g. breast and endometrial tissue. It is mainly produced in
the granulosa cells of the ovaries. In a first step estrone (E1) is formed by aromatization of
androstenedione, followed by the local conversion of E1 to E2 by 17p-hydroxysteroid dehydrogenase
type 1 (17B-HSD1, Figure 1). Beside its physiological effects E2 is involved in the development and
progression of estrogen dependent diseases (EDD) like breast cancer,"* ovarian tumor,®
endometriosis,*> endometrial hyperplasia,® and uterine leiomyoma.” The conventional treatment for
these diseases is the therapy with antiestrogens,® selective estrogen receptor modulators (SERMs) or

9,10

aromatase inhibitors™™ to block the synthesis of estrogens on the systemic level.

O OH

17p-HSD1, NAD(PyH

-
-%

17p-HSD2 NAD*

HO HO

Figure 1: Interconversion of estrone (E1) to estradiol (E2)

Notably, mRNA of 178-HSD1, which is often used as prognostic marker, has been found highly
expressed in breast cancer'' and endometriotic tissue.'> Therefore the development of 17f-HSD1
inhibitors is an attractive approach to reduce the intracellular E2 levels and to treat EDDs, particularly,
since such an intracrine concept has already been proven to be successful for the treatment of the
androgen dependent diseases BPH (benign prostatic hyperplasia) and alopecia by using 5a-reductase
inhibitors.***

To decrease undesirable pharmacological effects, the 173-HSD1 inhibitors should be selective toward
17B-hydroxysteroid dehydrogenase type 2 (178-HSD2), which catalyzes the deactivation of E2 to E1
(Figure 1) and is downregulated in malignant breast cancer cells. Specific inhibition of 173-HSD2 was
recently published as a novel approach to prevent osteoporosis.”>*® Further, potential inhibitors should
not show any affinity to estrogen receptors o and B (ERo and B) in order to reduce the risk of
estrogenic side effects.

Some 17B-HSD1 inhibitors are already described. Most of them are based on a steroidal skeleton.?%

23-26

In the last couple of years selective non-steroidal inhibitors were published by others and our

group. Our work is based on a long time experience in steroid mimetics which led to the development
of selective inhibitors of CYP19,2%® CYP17,2% CYP11B2%**** and CYP11B1** and resulted in

three classes of non-steroidal 17B-HSD1 inhibitors: the bis(hydroxyphenyl)heterocycles,® 2

%45 and the (hydroxyphenyl)naphthols.**® Recently we reported on the

hydroxyphenylmethanones
optimization of the latter class that led to the identification of a highly active and selective

sulfonamide substituted derivative A with no affinity to ERo and ERp (Figure 2).%
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Figure 2: Recently published inhibitor

As this compound showed good intracellular activity and favourable pharmacokinetics it should be the
starting point for the establishment of an in vivo proof of concept in a disease oriented animal model.
Several animal models for breast cancer and endometriosis using different species are available.>*>*
For an in vivo experiment with rodents there are either rodent enzyme active inhibitors necessary or
experiments with xenograft models or transgenic mice have to be performed. Previous studies had
revealed that representative inhibitors of the aforementioned classes only show low inhibition of E2-
formation in the rat and in the mouse.** ** *® Therefore we focus on a species, in which 17p-HSD1
shows high sequence identity to the human enzyme to increase the probability to find compounds for
in vivo experiments. Due to the high phylogenetic similarity of monkeys and humans, models of the
former species are preferable. An appropriate animal should be Callithrix jacchus (common
marmoset), as there is an endometriosis model described.* The high overall sequence identity of 80%
between human and Callithrix jaccus 17p-HSD1 (cj17p-HSD1) increases up to 87%, if only the
steroidal binding site is considered, with five major amino acid variations observed in common
marmoset: A191P, E194Q, S222N, V225! and E282N.> This high identity makes the animal model
very appropriate for in vivo evaluation of designed inhibitors. Two different forms of endometriosis
can be induced: developing and established endometriosis. Furthermore the pathogenesis of
endometriosis and the relationship between local and central estrogen metabolism have been studied,
which is important for validation of the intracrine concept of 173-HSD1 inhibitors.

After having established an assay to screen our in house library for compounds showing good
inhibition of cj17p-HSD1, the lead compound in the class of the sulfonamide substituted
hydroxyphenylnaphthols (Figure 2), however, showed only very low inhibitory potency (16 %
inhibition at 50 nM) and no selectivity toward cj17B-HSD2 (23 % inhibition at 50nM).> Therefore it
IS our aim to increase the potency toward cj17p-HSD1 without decreasing the activity toward h17p-
HSD1 in this class of compounds to identify a potential candidate for the in vivo proof of concept in
the common marmoset.

In this study we report on the optimization of the hydroxyphenylnaphthols at the sulfonamide core. In
a previous study it was found that the exchange of aliphatic sulfonamides by aromatic sulfonamides
led to an increase in activity toward h17p-HSD1.* Therefore we designed and synthesized a library

(parallel synthesis) of aromatic substituted sulfonamides (Figure 3) and the compounds were evaluated
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for inhibition of h17B-HSD1 in a cell-free assay. The most promising compounds were resynthesized
in a larger amount, and were further evaluated biologically. To optimize and to derive a meaningful
SAR, substituents in the phenyl moieties were varied regarding their electronic and lipophilic

properties (Table 1).

Cmpd R Cmpd R Cmpd R Cmpd R
\," S
< s ~ S B ; \ /
1 a2 L/ 3 N N
W o o \ / N\
r \ \
s F
< S \,"I N/ \ N,
5 / 6 'D\ 7 / 8
@N> O,N CF,4 i/ Br
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OCF, , NO,
< > A </ S ,
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Br N
CN

15 CL 17 @
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Figure 3: Library compounds

Chemistry

The available 2-bromo-6-methoxynaphthalene was brominated with N-bromosuccinimide followed by
Suzuki cross-coupling with 3-(methoxyphenyl) boronic acid, sodium carbonate and Pd(PhPs), in
toluene/H,O/MeOH (3:2:2) to obtain compound 1c. In a second Suzuki cross-coupling with 3-
(aminophenyl) boronic acid, caesium carbonate and Pd(PhsP), in dimethoxyethane/EtOH/H,0 (1:1:1)

compound 1b was prepared (Scheme 1).



ERGEBNISSE 92

Scheme 1% Synthesis of compound 1b.

Br Br /©\ b
e (O oo
MeO MeO
Br

1d
l OomMe ! OMe
+
MeO B(OH), c MeO
Br 3
e @ O
NH, NH,
1b

®Reagents and conditions: (a) NBS, reflux, 2 h; (b) Na,COs;, Pd(PhPs), toluene/H,O/MeOH (3:2:2); (c)
Cs,COs3, Pd(PhP3),4, dimethoxyethane/EtOH/H,0 (1:1:1), 15 min microwave irradiation (150 °C, 1.5 bar).

The library synthesis was started using 3-(2-methoxy-6-(3-methoxyphenyl)naphthalen-1-yl)aniline
(1b) and an ether cleavage according to Method C was performed yielding the demethylated
compound l1a. The diversity was introduced with different commercially available sulfonyl chlorides
(1-11, 14, 15, 17, Method A, Scheme 2).

Scheme 2% Synthesis of library compounds 1-11, 14, 15 and 17.

O OMe 4 ‘ OH
—_—
MeO HO
l NH, ‘ NH,
1b

1a
lb
\Y
S
N“ SR
H

1-11,14,15,17

®Reagents and conditions: (a) BBrs, CH,Cl,, -78 to RT, 18h, Method C; (b) PS-morpholine, PS-
DMAP, THF, 48 h, RT, Method A.

HO
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The important intermediate 12b was synthesized in four steps. After bromination of B-naphthol in
glacial acetic acid the B-hydroxy function was protected with benzyl bromide (12d). Via two
successive Suzuki cross-couplings with 3-(benzoxyphenyl) and 3-(aminophenyl) boronic acid 12b was
obtained (Scheme 3).

Scheme 3% Synthesis of compound 12b.
B(OH)2

Br Br
a b c
_ e + »
HO HO BnzO BNnzO
Br Br

12e 12d

CO OBnZ ©\ d OO OBnZ
+ —_—
BnzO NH, BnzO

Br
NH2

12b

®Reagents and conditions: (a) Br,, acetic acid, reflux, 3 h; (b) Benzyl bromide, K,COs, EtOH, reflux, 15 h; (c)
Cs,CO0;3, Pd(PhgP),, THF/H,0 (1:1), reflux, 4 h; (d) Cs,COz, Pd(PhsP),, DME/EtOH/H,0 (1:1:1), 15 min
microwave irradiation (150 °C, 1.5 bar).

The synthesis of the protected sulfonamides 8a—29a and the deprotection yielding 8-29 is shown in
scheme 4. The sulfonamide coupling with compound 1b or compound 12b and the commercially
available sulfonyl chlorides was performed according to Method B (DMAP, pyridine, RT, 6 d). In a
last step compounds 8a, 10a, 1la, 15a, 17a and 18a were demethylated with boron tribromide
(Method C; BBrz, CH,CI,, -78°C to RT, 18h, Scheme 4). Compound 9a, 12a-14a, 16a and 19a—-29a
were debenzylated using the same reagent according to Method D (BBrz, CH,CI,, -25°C 1h, RT 2 h,
Scheme 4).

For the synthesis of the rigidified sulfonamides 30 and 31, the 4-indolylphenylsulfonamide and the 6-
indolylphenylsulfonamide residues were introduced to compound 12c by a Suzuki coupling with the
corresponding indolyl boronic acids. A tetrabutyl ammonium chloride (TBAC) -catalyzed sulfonamide
coupling resulted in compounds 30a and 3la. Cleavage of the benzyloxy moieties with boron
tribromide (Method D) afforded 30 and 31 (Scheme 5).
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Scheme 4% Synthesis of compound 8 — 29.

O Rl
" . RZ,SOCIZ

I NH, l a

1b R!=-OMe
12b R=-0OBnz

8a-29a 8-29

8a, 10a-11a15al7a: R!=-OMe
9a,12a-14a,16a,18a-29a: Rl =-OBnz

®Reagents and conditions: (a) DMAP, pyridine, rt, 6 d, Method B; (b) BBrs, CH,Cl,, -78 °C to rt, 18 h,
Methaod C; (c) BBr3, CH,Cl,, -25 °C 1h, rt 2 h, Method D

Scheme 5% Synthesis of compound 30 - 31.

o 20
— ®» Bnzo

indolyl boronic
acid RS

l OBnz

30b R® indol-4-yl
benzene sulfonyll b 31b R3: indol-6-yl

chloride
O OBnNz

30, 31
*Reagents and conditions: (a) Cs,COs;, Pd(PhsP);, DME/EtOH/H,O (1:1:1), 15 Min microwave
irradiation (150 °C, 1.5 bar); (b) DCM, TBAC, NaOH, 3h, 10°C; (c) BBrs, CH,Cl,, -25 °C 1h, rt 2 h,
Method D.
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Biological results

Inhibition of 17B-HSD1, selectivity toward 17B-HSD2 in human and Callithrix jacchus

The assays were performed with placental enzymes from human and Callithrix jacchus (cj). For the
17p-HSD1 assay the cytosolic fraction, tritiated E1, cofactor and inhibitor were used. The 173-HSD2
assay was performed similarly using the microsomal fraction and tritiated E2.

In a first step a synthetic library was designed to introduce aromaticity into the sulfonamide core
(Figure 3). Biological evaluation of these compounds revealed that several are highly potent h17p-
HSD1 inhibitors. Compounds which exhibited more than 30% inhibition of h178-HSD1 at 10 nM
were resynthesized, 1Csy values and selectivity factors (SFs) toward h17p-HSD2 as well as percentage
inhibition values against cj178-HSD1 and 178-HSD2 were determined (8-11, 14, 15, 17). Further, in
order to elaborate a meaningful SAR, substituents differing in their electronic and lipophilic properties
were introduced in the aromatic moiety and the corresponding compounds were also tested against the
human and cj enzymes (12, 13, 16, 18-31, Table 1)

All compounds showed ICs; values toward h173-HSD1 in the low nanomolar range (between 12 nM
and 92 nM) as well as selectivity toward h173-HSD2 (SF between 2 and 71).

The only exception is the di-nitro-substituted sulfonamide 16 with 30 fold reduced activity toward
h17B-HSD1. Interestingly, 16 turned out to be a moderate h17B-HSD?2 inhibitor. By introduction of
meta- and para-substituents into the phenyl substituent of 12, selectivity toward h173-HSD2 could be
further improved up to a SF of 71 for compound 23.

To explore whether rigidification leads to an improvement of affinity toward the target, as it has been
shown in previous studies® and to get more insights into the binding site two rigidified conformers
were synthesized. The rigidification of 12 resulted in two compounds with different conformations in
the sulfonamide moiety, the indoles 30 and 31. Interestingly, one conformation remained highly active
toward h17p-HSD1 (30) while the other conformer lost activity (31).

The activity toward cj17p-HSD1 and also the selectivity toward cj173-HSD2 could be slightly
optimized for all compounds. Remarkably, the rigidified 12 (compound 30) turned out to be a highly
active and selective inhibitor of cj17p-HSD1 (79% inhibition of cj17B-HSD1 and 43% inhibition of
cj17p-HSD2 at 50 nM).

A selection of the compounds (reference A, 12, 17, 23 and 29) was also tested using the cytosolic and
microsomal fraction of mouse liver homogenate, which are described to be responsible for the E1 and
E2 conversion, respectively,57 to examine whether the aromatic sulfonamides show activity in this
species. In the cytosolic fraction E1 conversion was observed but the compounds did not show
inhibitory activity. In the microsomal fraction E2 oxidation was monitored and the compounds

exhibited moderate inhibition of estrone formation (Table 2).
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Table 1% I1Cs, values toward h17B-HSD1, selectivity factor toward h17B-HSD2 and inhibition of
cj17p-HSD1 and cj17p-HSD2 for compounds 8-31.

30-31
\ SF i a
ICsq (NM) d Inhibition at 50 nM (%)
Cmpd R
h17pHSD1° h17HSD2° cj17B-HSD1®  cj17p-HSD2'
A -CH;, 15 403 27 16 23
F
8 i;L 46 223 5 14 17
Br
OCF,
9 @ 74 213 3 n.i. n.i.
Br
\ A
10 Q\/Nj 92 535 6 38 13
< S
11 Y 28 1104 39 25 18
12 @ 15 403 27 19 ni.
NO,
13 © 17 238 14 n.i. 21
N NO,
14 O 20 374 19 16 17
15 ' QNOZ 49 1058 22 28 13
NO,
16 @ 690 371 05 16 36
NO,
CN
17 © 14 439 31 43 35
</ CN
18 © 30 607 20 11 n.i.
19 'QCN 25 825 33 25 30
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n.i.
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20

n.i.
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n.i.

11

11

n.i.
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12
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mean values of three determinations, standard deviation less than 18 %,°human placenta, cytosolic fraction, substrate [*H]-
E1 + E1 [500 nM], cofactor NADH [500 uM]; "uman placenta, microsomal fraction, substrate [*H]-E2 + E2 [500 nM],
cofactor NAD* [1500 puM], %ICs, (17B-HSD2)/ 1Cs, (17B-HSD1), ®Callithrix jacchus placenta, cytosolic fraction, substrate
[*H]-E1 + E1 [500 nM], cofactor NADH [500 pM]; "Callithrix jacchus placenta, microsomal fraction, substrate [°H]-E2 + E2
[500 nM], cofactor NAD* [1500 uM]," n.i.: no inhibition, i.e. inhibition < 10% , %aliphatic sulfonamide inhibitor A*® is used

as reference.

Selectivity toward estrogen receptors a and p (ERa & p)

Because of the similarity of the compounds to the estrogen scaffold it cannot be excluded that the

phenyl naphthalene sulfonamides show affinity toward the estrogen receptors a and . Agonistic as

well as antagonistic effects are not compatible with the therapeutic concept for 17B-HSD1 inhibitors.

Agonistic properties would stimulate cell proliferation and thus counteract the effect of these

inhibitors. Antagonistic qualities are likely to lead to unwanted pharmacological effects and could

reduce the advantages of the new therapeutic intracrine concept compared to antiestrogens or SERMs.

The compounds were tested in an assay using the recombinant human ERs in competition with [°H]-
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E2. Affinity of E2 was set to 100%. A RBA of 0.1% means that the compound shows a 1000fold

weaker affinity to the receptor than E2 and is considered as satisfactory.

All compounds, including reference A showed RBA values lower than 0.1 % toward ERa and ERf

and were classified as very low affinity ligands (Table 3).

Table 2 Percentage inhibition of estradiol and estrone formation in mice liver preparation

Inhibition at 1pM?®

Compd Estradiol formation (%)" Estrone formation (%6)°
A n.i. n.i.
14 n.i. 41
15 n.i. 28
23 n.i. 39
29 n.i. 29

mean values of three determinations, standard deviation less than 18 % °Mice liver, cytosolic fraction, substrate [*H]-
E1 + E1 [500 nM], cofactor NADH [500 uM]; *Mice liver, microsomal fraction, substrate [*H]-E2+ E2 [500 nM],

cofactor NAD" [1500 uM], n.i.: no inhibition, i.e. inhibition < 10%.

Table 3: Estrogen Receptor a and B binding affinity

e ERu ERB e ERo ERB
P RBA (%)™ RBA (%)™ P RBA (%)™ RBA (%)™
8 0.001<x<001 _ 0.001<x<0.01 20 <0.1 <01
9 0.01<x<0,1 0.01<x<0.1 21 <0.1 <0.1
10 <0.001 <0.001 22 <0.1 <0.1
11 0.001<x<0.01  0.001<x<0.01 23 <0.1 <01
12 <0.1 <0.1 24 <0.1 <0.1
13 <0.1 <0.1 25 <0.1 <0.1
14 <0.001 0.001<x<0.01 26 <0.1 <01
15 <0.1 <0.1 27 <0.1 <0.1
16 <0.1 <0.1 28 <0.1 <0.1
18 <0.1 <0.1 29 <0.1 <0.1
19 <0.1 <0.1 30 <0.1 <0.1

a\ean value of three determinations, ® RBA: Relative Binding Affinity, E2 = 100%);

Further biological evaluation
To get insights into cellular activity, the mammary tumor T-47D cell line, which expresses h17p-

HSD1 and h17B-HSD2, was used to determine ICs, values for selected compounds (Table 2). All

tested compounds showed ICs, values around or below 1000 nM. Compound 17 exhibiting an ICsy

value of 157 nM turned out to be the most active one of this series.
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Table 4% ICs, values in the T-47D cell assay for selected compounds.

Cell assay
1Cso (NM)* ICs0 (NM)* 1Cso (NM)*
compd gHSDI compd 17BHSD1 compd 17BHSDI
A 71 17 157 25 525
8 646 18 402 26 440
10 498 19 555 27 633
11 316 20 429 28 240
12 196 21 462 29 246
13 462 22 637 30 1100
14 396 23 701
15 753 24 1009

*Mean values of three determinations, standard deviation less than 25 %:; "T47D cells, substrate [°H]-E1 +E1 [50
nM].

To further characterise the inhibitors regarding their biophysical properties tPSA values were
calculated using the commercial ChemDrawUltra 12.0 program and are shown in Table 5.

Except for 16, (190.25 A, Table 3) all compounds showed tPSA values which are in an adequate range
for oral bioavailabity® (Table 5).

Discussion and Conclusion
The identification of a highly active h17p-HSD1 inhibitor (A) with properties suitable for further

preclinical studies provided the starting point for the optimization concerning activity toward cj17p-
HSD1. Starting with a parallel synthesis approach several highly potent h17p-HSD1 inhibitors were
discovered. With the 4-indolyl substituted hydroxyphenyl naphthalene sulfonamide 30 a highly potent
h- and cj17B3-HSD1 inhibitor was identified, which might be an appropriate candidate for in vivo proof
of concept.

The introduction of aromatic moieties differing in their electronic and lipophilic effects into the
sulfonamide core is well tolerated by h17BHSDI, but did not resulted in higher activities. This finding
cannot exclude additional beneficial interactions in the binding site initiated by the introduced
substituents. However, they are obviously compensated by adverse effects, like losing a hydrogen
bond from one of the two essential hydroxy groups™ or by stripping the hydrate sheath for diffusion
into the binding pocket

The strongly reduced activity of compound 16 could be explained by the high electron withdrawing
effects of the two bulky nitro groups, disrupting potential n-n-interaction with the protein. A crystal
structure will be necessary to shed light on the real binding mode of the synthesized compounds.
Rigidification is a common strategy in drug design to minimize entropic costs of binding and thus
optimize the interaction. In this study, rigidification of the sulfonamide core led to the discovery of the

highly active human- and cj17p-HSD1 inhibitor 30. The structure of this compound obviously is very
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close to the biologically active conformation of 12. Contrarily, for the other conformation, rigidified in
compound 31, a significant reduced inhibition of h17B-HSD1 was found. This conformation is

obviously not able to form sufficiently strong interactions in the active site of h17p-HSDL1.

Table 5: Biophysical data of all compounds

Cmpd tPSA (A)? MW (g/mol) clogP ?
A 86.63 403 3.82
8 86.63 581 7.15
9 95.86 630 8.37
10 98.99 518 6.09
11 86.63 455 6.01
12 86.63 467 6.12
13 138.44 512 6.14
14 138.44 512 6.14
15 138.44 512 6.14
16 190.25 557 6.10
17 140.43 492 6.04
18 140.43 492 6.04
19 140.43 492 6.04
20 86.63 485 6.17
21 86.63 485 6.17
22 86.63 485 6.17
23 106.83 483 5.62
24 106.83 483 5.62
25 86.63 481 6.50
26 86.63 481 6.50
27 86.63 481 6.50
28 115.73 524 4.92
29 86.63 473 4.98
30 86.63 492 6.59
31 86.63 492 6.59

2calculated values with ChemDrawUlItra 12.0

Interestingly, the rigidification of 12 leading to 30 has a strong influence on inhibitory activity for the

common marmoset enzyme compared to the human. The discovery of compound 30 as the
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biologically active conformation of this class of inhibitors is of great importance and can be used for
further structural optimization.

Through the introduction of aromatic substituents the activity toward cj17p-HSD1 could be increased
significantly and also selectivity toward cj17p-HSD2 could be achieved for this class of compounds.
H-bond-acceptors in para-position of the phenyl moiety seem to be beneficial for selectivity in
Callithrix jacchus. Considering the fact, that the expression of 17B8-HSD2 is downregulated in EDD
tissues, it is nevertheless important to obtain selectivity toward this isozyme to avoid systemic
enhancement of E2 levels and the side effects associated with it.

The differences in inhibitory activities between h- and cj17p-HSD1 in this compound class could be
indications for different binding modes for the two species. However, an in depth investigation of the
SAR for further elucidation is hampered by a somewhat blurred relationship.

All aromatic sulfonamides showed a decrease in cellular activity in T47-D cells, especially the indolyl-
derivative 30 (IC5, = 1100 nM) which could be explained by the higher molecular weight and the
increased clogP value compared to the reference A (491 g/mol vs. 405 g/mol and clogP 6.59 vs 3.91,
respectively, supporting information Table 4). Intracellular metabolism might also play a role for the
decreased cellular activity.

Another important issue in drug development is oral bioavailability. Molecular weight and
lipophilicity are not sufficient for prediction of oral bioavailability. The polar surface area and the
number of free rotatable bonds are more appropriate parameters™ and should be considered for the
development of potential drugs. The polar surface area of 77.84 A? for compound 30 is in an excellent

range (86.63 A? for reference A) and also the more rigid structure is promising.

For mimetics of the steroidal scaffold, selectivity toward the estrogen receptors is very important. To
avoid estrogenic side effects neither agonistic nor antagonistic activities can be tolerated. With RBA
values below 0.1 % for ERa and B, all herein reported compounds are not expected to exert ER

mediated effect.

In this paper we described a species specific optimization of hydroxyphenyl sulfonamide naphthols
starting with a combinatorial library approach followed by optimization of discovered hits. The goal of
the present study was the identification of cj178-HSD1 inhibitors. Thus, it was successful, as we
discovered the rigidified sulfonamide 30, which is highly potent toward h178-HSD1 as well as toward
cj17p-HSD1 and shows selectivity toward 173-HSD2 of both species and the ERs. This h- and cj17f-
HSD1 inhibitor seems to be an appropriate candidate for the proof of concept in the endometriosis
common marmoset model. Nevertheless, before performing an in vivo experiment further parameters

like metabolic stability and pharmacokinetic properties will be investigated.
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Experimental Section
Chemistry
Chemical names follow IUPAC nomenclature. Starting materials were purchased from commercial

suppliers and were used without further purification. Column flashchromatography was performed on
silica gel (70 — 200 um), preparative thin layer chromatography (PTLC) on 1mm SIL-G-100 UVys4
glass plates (Macherey-Nagel) and reaction progress was monitored by TLC on TLC Silica Gel 60 Fs4
(Merck). NMR spectra were measured on a Bruker AM500 spectrometer (500MHz) at 300 K.
Chemical shifts are reported in & (parts per million: ppm), TMS was used as internal reference and
hydrogenated residues of deuteriated solvent as internal standard (CDCly: & = 7.24 ppm (*H-NMR)
and & = 77 ppm (**C-NMR); CD5COCD3: & = 2.05 ppm (*H-NMR) and & = 29.8 ppm (**C-NMR)).
Signals are described as s, d, t, dd, m, dt, ddd for singlet, doublet, triplet, doublet of doublets,
multiplet, doublet of triplets and doublet of doublet of doublets, respectively. All coupling constants
(J) are given in Hertz (Hz). The purity of final products (>95%) was confirmed by analytical HPLC.
HPLC/MS was performed on a MSQ® electro spray mass spectrometer (Thermo Fisher). The system
was operated by the standard software Xcalibur®. A RP C18 NUCLEODUR 100-5 (125 x 3 mm)
column was used as stationary phase with water/acetonitrile mixtures as eluents. Mass spectra (ESI)
were recorded on a TSQ Quantum (Thermofischer) instrument. Melting points were measured using
melting point apparatus SMP3 (Stuart Scientific). The apparatus is uncorrected.

General procedure for sulfonamide library (1-11, 14, 15, 17). Method A. A solution of
sulfonylchloride [1.2 eq] in 2 mL THF was added to a solution of 1-(3-aminophenyl)-6-(3-
hydroxyphenyl)naphthalene-2-ol 1a [1.0 eq] and PS-morpholine in 2 mL THF (55mg). After stirring
for 15 h at rt a catalytic amount of PS-DMAP was added and the mixture was stirred another 15 h at rt.
A catalytic amount PS-Tris(2-aminoethyl)-amine and PS-isocyanate were added to the mixture of
compound 15 and 17. After filtration and evaporation the compounds were purified by preparative
HPLC (Varian Inertsil C18 50x21mm) (H,O/CH;CN + 0.1% TFA) (100:0) - (0:100). The remaining
compounds were stirred for 15 h at 60°C and afterwards finished with the same procedure as 15 and
17. After filtration and evaporation the compounds were purified by combi-flashchromatography
(hexane/ethylacetate (2:1 > 1:1).

General procedure for the synthesis of the protected phenylnaphthalenesulfonamides. Method
B.®  3-(2-methoxy-6-(3-methoxyphenyl)naphthalen-1-yl)aniline  (1b) or 3-(2-benzyloxy)-6-(3-
benzyloxy)phenyl)naphthalene-1-yl)aniline (12b) [1 eq.] was dissolved in pyridine abs. and was
spiked with the accordant sulfonyl chloride [1.5 eq.] and DMAP as a catalyst. The reaction mixture
was stirred 6 d by rt. The reaction was quenched by adding 10 mL of 2N HCI and extracted with ethyl

acetate. The organic layers were washed with saturated NaHCO; and brine, dried over MgSO, and
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were evaporated under vacuum. The product was purified by flashchromatography to give the title
compounds.

General Procedure for FEther Cleavage. Method C.**® A  3-(2-methoxy)-6-(3-
methoxy)phenyl)naphthalene-1-yl)sulfonamide derivative [1 eq] was dissolved in dichloromethane
abs. and was cooled to -78°C (acetone/dry ice). Boron tribromide (1M, 3.5 eq per methoxygroup) was
added drop wise under stirring. The reaction mixture was stirred 18 h from -78 °C to rt. The reaction
was quenched by adding 10 mL of water and extracted with ethyl acetate. The organic layers were
washed with saturated NaHCO; and brine, dried over MgSO, and were evaporated under reduced
pressure. The product was purified by flashchromatography to give the title compounds.

General Procedure for Ether Cleavage. Method D* % A 3-(2-benzyloxy)-6-(3-
benzyloxy)phenyl)naphthalene-1-yl)sulfonamide derivative [1 eq] was dissolved in dichloromethane
abs. and was cooled to -25°C. Boron tribromide (1M, 10 eq per benzyloxygroup) was added drop wise
under stirring. The reaction mixture was stirred 1h at -25°C and than 3h at rt. The reaction was
guenched by adding 10 mL of water and extracted with ethyl acetate. The organic layers were washed
with saturated NaHCO; and brine, dried over MgSO, and were evaporated under reduced pressure.
The product was purified by flashchromatography to give the title compounds.
5-chloro-N-(3-(2-hydroxy-6-(3-hydroxyphenyl)naphthalen-1-yl)phenyl)thiophene-2-sulfonamide
(1). The title compound was prepared by reaction of 1-(3-aminophenyl)-6-(3-
hydroxyphenyl)naphthalen-2-ol (1a) and 5-chlorothiophene-2-sulfonyl chloride according to Method
A, yield: 35 % (8.8 mg). MS (ESI): 508 (M+H)".
4,5-dibromo-N-(3-(2-hydroxy-6-(3-hydroxyphenyl)naphthalen-1-yl)phenyl)thiophene-2-
sulfonamide (2): The title compound was prepared by reaction of 1-(3-aminophenyl)-6-(3-
hydroxyphenyl)naphthalen-2-ol (1a) and 4,5-dibromothiophene-2-sulfonyl chloride according to
Method A. yield: 21 % (6.6 mg). MS (ESI): 629 (M+H)".

Methyl 5-(N-(3-(2-hydroxy-6-(3-hydroxyphenyl)naphthalen-1-yl)phenyl)sulfamoyl)-4-
methoxythiophene-3-carboxylate (3). The title compound was prepared by reaction of 1-(3-
aminophenyl)-6-(3-hydroxyphenyl)naphthalen-2-ol ~ (1a) and methyl  5-(chlorosulfonyl)-4-
methoxythiophene-3-carboxylate according to Method A, vyield: 19 % (54 mg). MS
(ESI): 562 (M+H)".
N-(3-(2-hydroxy-6-(3-hydroxyphenyl)naphthalen-1-yl)phenyl)-5-(2-(methylthio)pyrimidin-4-
yl)thiophene-2-sulfonamide (4). The title compound was prepared by reaction of 1-(3-aminophenyl)-
6-(3-hydroxyphenyl)naphthalen-2-ol (1a) and 5-(2-(methylthio)pyrimidin-4-yl)thiophene-2-sulfonyl
chloride according to Method A, yield: 22 % (6.7 mg). MS (ESI): 598 (M+H)" .
N-(3-(2-hydroxy-6-(3-hydroxyphenyl)naphthalen-1-yl)phenyl)benzo[d]thiazole-6-sulfonamide
(5). The title compound was prepared by reaction of 1-(3-aminophenyl)-6-(3-
hydroxyphenyl)naphthalen-2-ol (1a) and benzo[d]thiazole-6-sulfonyl chloride according to Method A,
yield: 42 % (11 mg). MS (ESI): 525 (M+H)".
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N-(3-(2-hydroxy-6-(3-hydroxyphenyl)naphthalen-1-yl)phenyl)-2-nitro-4-
(trifluoromethyl)benzenesulfonamide (6). The title compound was prepared by reaction of 1-(3-
aminophenyl)-6-(3-hydroxyphenyl)naphthalen-2-ol (1a) and 2-nitro-4-(trifluoromethyl)benzene-1-
sulfonyl chloride according to Method A, yield: 18 % (5.1 mg).MS (ESI): 581 (M+H)".
5-chloro-N-(3-(2-hydroxy-6-(3-hydroxyphenyl)naphthalen-1-yl)phenyl)-6aH-pyrrolo[3,2-
d]thiazole-6-sulfonamide (7). The title compound was prepared by reaction of 1-(3-aminophenyl)-6-
(3-hydroxyphenyl)naphthalen-2-ol (1a) and 5-chloro-6aH-pyrrolo[3,2-d]thiazole-6-sulfonyl chloride
according to Method A, yield: 24 % (6.6 mg). MS (ESI): 548 (M+H)".

Compounds 8-11, 14, 15 and 17 were synthesized in the parallel synthetic approach according to
method A and afterwards resynthesized in a bigger scale according to descriptions below.
N-(3-(2-hydroxy-6-(3-hydroxyphenyl)naphthalen-1-yl)phenyl)-4-bromo-2,5-fluorobenzene-
sulfonamide (8): The title compound was synthesized by reaction of 4-bromo-2,5-difluoro-N-(3-(2-
methoxy-6(3-methoxyphenyl)naphthalen-1-yl) phenyl) benzenesulfonamide (8a) (70 mg, 0.15 mmol)
and boron tribromide (1.05 mmol) according to method C. The product was purified by preparative
HPLC (Agilent PrepC18 (H,O/CH;CN + 0.1% TFA) (20:80) —=(0:100) in 35 Min.; yield: 63 % (52
mg). MS (ESI): 583 (M+H)".
N-(3-(2-hydroxy-6-(3-hydroxyphenyl)naphthalen-1-yl)phenyl)-4-bromo-2-trifluoro-
methoxybenzenesulfonamide (9): The title compound was synthesized by reaction of N-(3-(2-
(benzyloxy)-6-(3-(benzyloxy)phenyl)naphthalen-1-yl)phenyl)-4-bromo-2-(trifluoro-
methoxy)benzenesulfonamide (9a) (280 mg, 0.34 mmol) and boron tribromide (3.40 mmol) according
to method D. The product was purified by flashchromatography hexane/ethylacetate (5:3); yield: 84 %
(180mg). MS (ESI): 631 (M+H)".
N-(3-(2-hydroxy-6-(3-hydroxyphenyl)naphthalen-1-yl)phenyl)-quinolin-6-sulfonamide (10): The
title compound was synthesized by reaction N-(3-(2-methoxy-6(3-methoxyphenyl)naphthalen-1-yl)
phenyl)quinoline-6-sulfonamide (10a) (61 mg, 0.12 mmol) and boron tribromide (0.9 mmol)
according to method D. The product was purified by flashchromatography hexane/ethylacetate (1:1);
yield: 63 % (30 mg). MS (ESI): 519 (M+H)".
N-(3-(2-hydroxy-6-(3-hydroxyphenyl)naphthalen-1-yl)phenyl)-thiophene-2-sulfonamide (12):
The title compound was synthesized by reaction N-(3-(2-methoxy-6(3-methoxyphenyl)naphthalen-1-
yl) phenyl) thiophene-2-sulfonamide (11a) (50 mg, 0.1 mmol) and boron tribromide (0.75 mmol)
according to method C. The product was purified by flashchromatography hexane/ethylacetate (1:1);
yield: 34 % (16 mg). MS (ESI): 473 (M+H)".
N-(3-(2-hydroxy-6-(3-hydroxyphenyl)naphthalen-1-yl)phenyl)benzenesulfonamide (12): The title
compound was synthesized by reaction of N-(3-(2-(benzyloxy)-6-(3-(benzyloxy)phenyl)naphthalen-1-
yl)phenyl)-3-methylbenzene-sulfonamide (12a) (215 mg, 0.33 mmol) and boron tribromide (3.32
mmol) according to method D. The product was purified by preparative HPLC (Agilent PrepC18
(H,O/CH;CN + 0.1% TFA) (35:65) =(0:100) in 42 Min.; yield: 23 %. MS (ESI): 468 (M+H)".
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N-(3-(2-hydroxy-6-(3-hydroxyphenyl)naphthalen-1-yl)phenyl)-2-nitrobenzene-sulfonamide (13):
The title compound was synthesized by reaction of  N-(3-(2-(benzyloxy)-6-(3-
(benzyloxy)phenyl)naphthalen-1-yl)phenyl)-2-nitrobenzenesulfonamide (13a) (190 mg, 0.27 mmol)
and boron tribromide (2.70 mmol) according to method D. The product was purified by preparative
HPLC (Agilent PrepC18 (H,O/CH;CN + 0.1% TFA) (35:65) —>(0:100) in 42 Min.); yield: 9 %
(12mg). MS (ESI): 530 (M+H,0)". N-(3-(2-hydroxy-6-(3-hydroxyphenyl)naphthalen-1-yl)phenyl)-
3-nitrobenzene-sulfonamide (14): The title compound was synthesized by reaction of N-(3-(2-
(benzyloxy)-6-(3-(benzyloxy)phenyl)naphthalen-1-yl)phenyl)-3-nitrobenzene-sulfonamide (14a) (150
mg, 0.22 mmol) and boron tribromide (2.20 mmol) according to method D. The product was purified
by preparative HPLC (Agilent PrepC18 (H,O/CH;CN + 0.1% TFA) (35:65) - (0:100) in 42 Min.);
yield: 21 % (24 mg). MS (ESI): 513 (M+H)".
N-(3-(2-hydroxy-6-(3-hydroxyphenyl)naphthalen-1-yl)phenyl)-4-nitrobenzene-sulfonamide (15):
The title compound was synthesized by reaction N-(3-(2-methoxy-6(3-methoxyphenyl)naphthalen-1-
yl) phenyl)4-nitrobenzene-sulfonamide (15a) (150 mg, 0.28 mmol) and boron tribromide (2.8 mmol)
according to method C. The product was purified by flashchromatography hexane/ethylacetete (1:1);
yield: 43 % (62 mg). MS (ESI): 512 (M+H)".
N-(3-(2-hydroxy-6-(3-hydroxyphenyl)naphthalen-1-yl)phenyl)-2,4-dinitrobenzene-sulfonamide
(16): The title compound was synthesized by reaction of N-(3-(2-(benzyloxy)-6-(3-
(benzyloxy)phenyl)naphthalen-1-yl)phenyl)-2,4-dinitro-benzenesulfonamide (16a) (150 mg, 0.26
mmol) and boron tribromide (2.60 mmol) according to method D. The product was purified by
flashchromatography hexane/ethyl acetate (5:1); yield: 21 % (24 mg). MS (ESI): 558 (M+H)".
2-Cyano-N-(3-(2-hydroxy-6-(3-hydroxyphenyl)naphthalen-1-yl)phenyl)benzene-sulfonamide
(17): The title compound was synthesized by reaction of 2-Cyano-N-(3-(2-methoxy-6(3-
methoxyphenyl)naphthalen-1-yl) phenyl)benzene sulfonamide (17a) (226 mg, 0.16 mmol) and boron
tribromide (1.12 mmol) according to method C. The product was purified by flashchromatography
hexane/ethyl acetate (15:1 = 5:1); yield: 23 % (38 mg). MS (ESI): 493 (M+H)".
N-(3-(2-hydroxy-6-(3-hydroxyphenyl)naphthalen-1-yl)phenyl)-3-cyanobenzene-sulfonamide
(18): The title compound was synthesized by reaction of N-(3-(2-(benzyloxy)-6-(3-
(benzyloxy)phenyl)naphthalen-1-yl)phenyl)-3-cyanobenzene-sulfonamide (18a) (200 mg, 0.33 mmol)
and boron tribromide (3.30 mmol) according to method D. The product was purified by
flashchromatography hexane/ethyl acetate (10:1 = 6:1); yield: 49 % (72 mg). MS (ESI): 495 (M+H)".
N-(3-(2-hydroxy-6-(3-hydroxyphenyl)naphthalen-1-yl)phenyl)-4-cyanobenzene-sulfonamide
(19): The title compound was synthesized by reaction of N-(3-(2-(benzyloxy)-6-(3-
(benzyloxy)phenyl)naphthalen-1-yl)phenyl)-4-cyanobenzene-sulfonamide (19a) (170 mg, 0.25 mmol)
and boron tribromide (2.50 mmol) according to method D. The product was purified by preparative
TLC hexane/ethyl acetate (2:1); yield: 50 % (66 mg). MS (ESI): 493 (M+H)".
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N-(3-(2-hydroxy-6-(3-hydroxyphenyl)naphthalen-1-yl)phenyl)-2-fluorobenzene-sulfonamide
(20): The title compound was synthesized by reaction of N-(3-(2-(benzyloxy)-6-(3-
(benzyloxy)phenyl)naphthalen-1-yl)phenyl)-2-fluorobenzene-sulfonamide (20a) (190 mg, 0.29 mmol)
and boron tribromide (2.90 mmol) according to method D. The product was purified by preparative
TLC hexane/ethyl acetate (3:2); yield: 71 % (100 mg). MS (ESI): 508 (M+Na)".
N-(3-(2-hydroxy-6-(3-hydroxyphenyl)naphthalen-1-yl)phenyl)-3-fluorobenzene-sulfonamide
(21): The title compound was synthesized by reaction N-(3-(2-(benzyloxy)-6-(3-
(benzyloxy)phenyl)naphthalen-1-yl)phenyl)-3-fluorobenzene-sulfonamide (21a) (150 mg, 0.23 mmol)
and boron tribromide (2.30 mmol) according to method D. The product was purified by preparative
TLC hexane/ethyl acetate (2:1); yield: 13 % (15 mg). MS (ESI): 508 (M+Na)".
N-(3-(2-hydroxy-6-(3-hydroxyphenyl)naphthalen-1-yl)phenyl)-4-fluorobenzene-sulfonamide
(22): The title compound was synthesized by reaction of N-(3-(2-(benzyloxy)-6-(3-
(benzyloxy)phenyl)naphthalen-1-yl)phenyl)-4-fluorobenzene-sulfonamide (22a) (250 mg, 0.38 mmol)
and boron tribromide (3.80 mmol) according to method D. The product was purified by
flashchromatography hexane/ethyl acetate (5:3); yield: 44 % (80 mg). MS (ESI): 486 (M+H)".
N-(3-(2-hydroxy-6-(3-hydroxyphenyl)naphthalen-1-yl)phenyl)-3-hydroxybenzene-sulfonamide
(23):  The title compound was synthesized Dby reaction N-(3-(2-(benzyloxy)-6-(3-
(benzyloxy)phenyl)naphthalen-1-yl)phenyl)-3-methoxybenzene-sulfonamide (23a) (100 mg, 0.15
mmol) and boron tribromide (2.10 mmol) according to method D. The product was purified by flash
chromatography hexane/ethyl acetate (5:3); yield: 72 % (52 mg). MS (ESI): 484 (M+H)".
N-(3-(2-hydroxy-6-(3-hydroxyphenyl)naphthalen-1-yl)phenyl)-4-hydroxybenzene-sulfonamide
(24): The title compound was synthesized by reaction N-(3-(2-(benzyloxy)-6-(3-
(benzyloxy)phenyl)naphthalen-1-yl)phenyl)-4-methoxybenzene-sulfonamide (24a) (150 mg, 0.22
mmol) and boron tribromide (2.20 mmol) according to method D. The product was purified by flash
chromatography hexane/ethyl acetate (2:1->1:1); yield: 10 % (11 mg). MS (ESI): 484 (M+H)".
N-(3-(2-(hydroxy)-6-(3-(hydroxy)phenyl)naphthalen-1-yl)phenyl)-2-methylbenzene-sulfonamide
(25). The title compound was synthesized by reaction N-(3-(2-(benzyloxy)-6-(3-
(benzyloxy)phenyl)naphthalen-1-yl)phenyl)-2-methylbenzene-sulfonamide (25a) (40 mg, 0.08 mmol)
and boron tribromide (0.8 mmol) according to method D. The product was purified by HPLC (Agilent
PrepC18 (H,O/CH3CN + 0.1% TFA) (60:40) =(0:100) in 42 Min.); yield: 10 % (11 mg). MS (ESI):
482 (M+H)". N-(3-(2-hydroxy-6-(3-hydroxyphenyl)naphthalen-1-yl)phenyl)-3-methylbenzene-
sulfonamide (26): The title compound was synthesized by reaction N-(3-(2-(benzyloxy)-6-(3-
(benzyloxy)phenyl)naphthalen-1-yl)phenyl)-3-methylbenzene-sulfonamide  (26a) (150 mg, 0.23
mmol) and boron tribromide (2.30 mmol) according to method D. The product was purified by HPLC
(Agilent PrepC18 (H,O/CH3;CN + 0.1% TFA) (35:65) =(0:100) in 42 Min.); yield: 14 % (15 mg). MS
(ESI): 499 (M+H,0)".
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N-(3-(2-hydroxy-6-(3-hydroxyphenyl)naphthalen-1-yl)phenyl)-4-methylbenzene-  sulfonamide
(27):  The title compound was synthesized by reaction N-(3-(2-(benzyloxy)-6-(3-
(benzyloxy)phenyl)naphthalen-1-yl)phenyl)-4-methylbenzene-sulfonamide (27a) (213 mg, 0.32
mmol) and boron tribromide (3.20 mmol) according to method D. The product was purified by HPLC
(Agilent PrepC18 (H,O/CHsCN + 0.1% TFA) (35:65) = (0:100) in 35 Min.); yield: 45 % (70 mg). MS
(ESI): 499 (M+H,0)".
N-(4-(N-(3-(2-(hydroxy)-6-(3-(hydroxy)phenyl)naphthalen-1-yl)phenyl)sulfamoyl)-phenyl)-
acetamide (28): The title compound was synthesized by reaction N-(4-(N-(3-(2-(benzyloxy)-6-(3-
(benzyloxy)phenyl)naphthalen-1-yl)phenyl)sulfamoyl)-phenyl)-acetamide (28a) (299 mg, 0.40 mmol)
and boron tribromide (4.00 mmol) according to method C. The product was purified by HPLC
(Agilent PrepC18 (H,O/CH;CN + 0.1% TFA) (55:45) =(0:100) in 42 Min.); yield: 37 % (70 mg). MS
(ESI): 525 (M+H)".
N-(3-(2-hydroxy-6-(3-hydroxyphenyl)naphthalen-1-yl)phenyl)-2,2,2-trifluoro-ethanesulfonamide
(29): The title compound was synthesized by reaction N-(3-(2-(benzyloxy)-6-(3-
(benzyloxy)phenyl)naphthalen-1-yl)phenyl)-2,2,2-trifluoro-ethanesulfonamide (29a) (300 mg, 0.5
mmol) and boron tribromide (5.00 mmol) according to method D. The product was purified by HPLC
(Agilent PrepC18 (H,O/CH;CN + 0.1% TFA) (35:65) =(0:100) in 38 Min.); yield: 25 % (60 mg). MS
(ESI): 474 (M+H)".

6-(3-hydroxyphenyl)-1-(1-(phenylsulfonyl)-1H-indol-4-yl)naphthalen-2-ol (30):

The  title  compound was  synthesized by reaction of  4-(2-(benzyloxy)-6-(3-
(benzyloxy)phenyl)naphthalen-1-yl)-1-(phenylsulfonyl)-1H-indole (30a) (70 mg, 0.14 mmol) and
boron tribromide (1.40 mmol)according to method D. The product was purified by HPLC (Agilent
PrepC18 (H,O/CH3;CN + 0.1% TFA) (75:25) - (0:100) in 55 Min.); yield: 10 % (5.00 mg). MS (ESI):
493 (M+H)".
5-(2-(benzyloxy)-6-(3-(benzyloxy)phenyl)naphthalen-1-yl)-1-(phenylsulfonyl)-1H-indole (31a)
and 1-[1-(Benzensulfonyl)indol-6-yl]-6-(3-hydroxyphenyl)naphthalen-2-ol (31):

Powdered sodium hydroxide (5 mg, 0.11 mmol) and a catalytic amount of tetra-butyl ammonium
chloride were stirred for 10 Min in dichloromethane at 0 °C under nitrogen atmosphere. (6-(2-
(benzyloxy)-6-(3-(benzyloxy)phenyl)naphthalen-1-yl)-1H-indole (31b) (20 mg, 0.038 mmol) was
added without further purification and stirred for a while. A solution of benzenesulfonyl chloride (7
mg, 0.04 mmol) in dichloromethane was added drop wise during a period of 15 Min. The solution was
stirred for 3 h under 10 °C. The product was extracted with ethyl acetate, the combined organic layers
were dried over MgSO, and evaporated under vacuum. The product was used without further
purification for the ether cleavage according to method D (3.60 mmol boron tribromide were used).
The product was purified by HPLC (Agilent PrepC18 (H,O/CH;CN + 0.1% TFA) (75:25) =(0:100) in
40 Min.); yield: 11 % (2.3 mg). MS (ESI): 493 ([M+H])".
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Biophysical characterization

The molecular weight, clogP and tPSA values of all compounds were calculated from CambridgeSoft
Chem & Bio Draw using the ChemDrawUItra 12.0 program.

Biological Methods

[2, 4, 6, 7-*H]-E2 and [2, 4, 6, 7-*H]-E1 were purchased from Perkin Elmer, Boston. Quickszint Flow
302 scintillator fluid was bought from Zinsser Analytic, Frankfurt. T-47D cells were obtained form
ECACC, Salisbury. FCS war purchased from Sigma, Taufkirchen. Cell culture media and dextran
coated charcoal stripped FCS (DCC-FCS) were ordered from CCPRO, Oberdorla. Other chemicals
were purchased from Sigma, Roth or Merck

Enzyme preparation (17HSD1 and 17HSD2) of placenta from human and Callithrix jacchus
17B-HSD1 and 17B-HSD2 were obtained from human placenta and Callithrix jacchus placenta
according to previously described procedures.®® ® Fresh human placenta and frozen Callithrix jacchus
placenta was homogenized and separated by partial centrifugation. The pellet fraction contains the
microsomal 17B-HSD2, while 173-HSD1 was obtained after precipitation with ammonium sulfate
from the cytosolic fraction. Aliquots of 17B-HSD1 and 17p-HSD2 were stored frozen at -80°C.
Inhibition of 17B-HSDL1 in cell free assay

Inhibitory activities toward human and Callithrix jacchus enzymes were evaluated by a well-
established method with minor modifications.®®’ Briefly, the enzyme preparation was incubated with
NADH [500 pM] in the presence of potential inhibitors at 37 °C in a phosphate buffer (50 mM)
supplemented with 20 % of glycerol and EDTA. 10 mM inhibitor stock solutions were prepared in
DMSO. Final concentration of DMSO was adjusted to 1 % in all samples. The enzymatic reaction was
started by addition of a mixture of unlabelled- and [*H]- E1 (final concentration: 500 nM, 0.15 uCi).
After 10 min, the incubation was stopped with HgCl, (10 mM) and the mixture was extracted with
diethylether. After evaporation, the steroids were dissolved in acetonitrile. E1 and E2 were separated
using acetonitrile/water (45:55) as mobile phase in a C18 rp chromatography column (Nucleodur C18
Gravity, 3 um, Macherey-Nagel, Diiren) connected to a HPLC-system (Agilent 1200 Series, Agilent
Technologies, Waldbronn). Detection and quantification of the steroids were performed using a
radioflow detector (Ramona Star, Raytest, Straubenhardt). The conversion rate was calculated
according to following equation:

. %E 2 .
%conversion = ————<.100. Each value was calculated from at least three independent

%E2+%E1
experiments.
Inhibition of 17p-HSD2
The 17p-HSD2 inhibition assays were performed similarly to the 17B-HSD1 procedure. The
microsomal fraction was incubated with NAD" [1500 pM], test compound and a mixture of

unlabelled- and [®H]-E2 (final concentration: 500 nM, 0.14 uCi) for 20 min at 37 °C (the reaction was
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stopped with 1mM HgCl,). Further treatment of the samples and HPLC separation was carried out as
mentioned above.

ER affinity

The binding affinity of selected compounds to the ERa and ERB was determined according to
Zimmermann et al.®® Briefly, 0.25 pmol of ERa or ERP, respectively, were incubated with [2, 4, 6, 7-
*H]-E2 (10 nM) and test compound for 1 h at rt. The potential inhibitors were dissolved in DMSO (5
% final concentration). Non-specific-binding was performed with diethylstilbestrol (10 uM). After
incubation, ligand-receptor complexes were selectively bound to hydroxyapatite (5 g/ 60 mL TE-
buffer). The formed complex was separated, washed and resuspended in ethanol. For radiodetection,
scintillator cocktail (Quickszint 212, Zinsser Analytic, Frankfurt) was added and samples were
measured in a liquid scintillation counter (Wallac Micro Beta TriLux, Perkin Elmer). For
determination of the relative binding affinity (RBA), inhibitor and E2 concentrations required to
displace 50 % of the receptor bound labelled E2 were determined. RBA values were calculated

|C50(E2)

-100. The RBA value for E2 was
ICso(compound )

according to the following equation: RBA[%]:

arbitrarily set at 100 %.

Inhibition of 17B8-HSDL1 in cellular assay using T47-D

A stock culture of T-47D cells was grown in RPMI 1640 medium supplemented with 10 % FCS, L-
glutamine (2 mM), penicillin (100 1U/mL), streptomycin (100 pg/mL), insulin-zinc-salt (10 pg/mL)
and sodium pyruvate (1 mM) at 37 °C under 5 % CO, humidified atmosphere.

The cells were seeded into a 24-well plate at 5x10° cells/well in DMEM medium with FCS, L-
glutamine and the antibiotics added in the same concentrations as mentioned above. After 24 h the
medium was changed for fresh serum free DMEM and a solution of test compound in DMSO was
added. Final concentration of DMSO was adjusted to 1 % in all samples. After a pre-incubation of 30
min at 37°C with 5 % CO,, the incubation was started by addition of a mixture of unlabelled- and [2,
4, 6, 7-*H]- E1 (final concentration: 50 nM, 0.15 uCi). After 30 min incubation, the enzymatic reaction
was stopped by removing of the supernatant medium. The steroids were extracted into diethylether.

Further treatment of the samples was carried out as mentioned for the 173-HSD1 assay.
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Abstract

Surface plasmon resonance as a label-free biosensor technique has become an important tool in drug
discovery campaigns in the last couple of years. For good assay performance, it is of high interest to
verify the functional activity upon the immobilization of the target protein on the chip. This study
illustrates the verification of the catalytic activity of the drug target protein PgsD by monitoring
substrate conversion as a decrease in SPR signal and product detection by UHPLC/MS2. This assay

would be applicable to control surface activity of immobilized ligands.
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Surface Plasmon Resonance (SPR)! spectroscopy is an outstanding method for the characterization of
a variety of molecular interactions. The real-time measurement allows the determination of Kinetic
parameters, thermodynamics, concentrations and quantitative characterizations of ligand and analyte
interactions [1]. The widespread application ranges, the low consumption of unlabelled protein and the
monitoring of binding events and the high-throughput capability are striking advantages of the SPR
technique [2]. Typically a ligand is permanently immobilized on a sensor surface and by the
adsorption of an analyte a rise in signal can be detected [3]. It is known that the immobilization
process affects the activity of a ligand [4], complicating data analysis [5]. Therefore it is of high
interest to verify the ligand activity to obtain good quality data. However, this proof is normally
performed using an antibody or a known binder [6] providing affinity data, but no activity data.

In this study, we describe a novel approach for the determination of ligand activity, the investigation
of the “on-chip” enzymatic product formation using mass spectrometry. For the demonstration PgsD
was used as an exemplary protein that is discussed as potential drug target for the development of
antivirulence compounds. PgsD is involved in the PQS biosynthetic pathway, a signal molecule of the
guorum sensing (QS) communication system in Pseudomonas aeruginosa [7-9]. It belongs to the
bisubstrate enzymes and catalyzes the biosynthesis of HHQ [10] by the condensation of anthraniloyl-
coenzyme A (ACoA) [11] and B-ketodecanoate (B-K) [12]. HHQ is a precursor of PQS and both
interact with their receptor PgsR to control the transcription of PgsR-dependent target gene, e.g.
virulence gene [13].

The principle of product formation measurement is described in Fig 1A. Immobilized PgsD is
incubated successively with its two substrates. Firstly, PgsD is incubated with ACo0A, whereof
anthranilic acid binds covalently to Cys112 of the catalytic center in the active site of the protein [14]
and the second, B-K, which is subsequently assembled in a condensation reaction with the covalently
bound anthranilic acid to form HHQ. These steps are monitored by SPR and the formed product is
determined by mass spectrometry.

After EDC/NHS surface activation, PqsD was covalently immobilized in a carboxymethyl dextran
matrix under acidic conditions (10 mM NaAc, pH 4.5) to a high density surface. The PgsD loaded
sensor was first treated with ACoA (Kp = 0.9 uM, Figure 1C) for 5 min at 37 °C to allow a covalent
binding of anthranilic acid, excessive material was washed out by the buffer flow (5 min), until p-K
was injected for additional 15 min. By the start of the second injection, the flow-through was collected

for the mass spectrometric analysis. The SPR signal was monitored as shown in figure 1.
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Figure 1. (A) Schematic view to detect surface activity of an enzyme immobilized on biosensor chip.
(B) Sensorgram of surface activity determination for PqsD immobilized on the surface. Injections are
indicated in the figure: 5uM ACoA for 5 min and 10 xM f-K for 15 min, Sensorgram is blank surface
referenced. (C) Binding affinity ACoA. Fit of the duplicate of the kinetic titration data from the H6-
PgsD surface to a conformtional change model using Clamp (D) Fragmentation pattern of HHQ[15]
(CID = collision induced decay) (D1) UHPLC-MS analysis of synthetic HHQ reference (D2) UHPLC-
MS2 fragmentation pattern of synthetic HHQ reference at retention time 0.78 (D3) UHPLC-MS
analysis of HHQ formed “on-chip” (D4) UHPLC-MS2 fragmentation pattern of HHQ formed ““on-
chip” at retention time 0.78 min. All data for the mass spectroscopy were obtained on a Thermo

Fisher TSQ Access Max mass spectrometer.
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/

Figure 2: Sensorgram for ACoA injection. The dissociation stopped at a defined level, indicating a
covalent binding event.
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A clear signal increase was observed for ACoA, which did not decrease back to the baseline level
during the dissociation phase (see also figure 2) demonstrating the covalent binding of anthranilic acid
(ARU = 15). As a consequence of the B-K injection, the baseline decreased to the initial level (0 RU),
indicating the elimination of HHQ from the active site by the condensation of the two substrates. The
flow-through was analyzed to prove the product formation (HHQ) by ultra high performance liquid
chromatography coupled to mass spectrometry (UHPLC-MS?) which confirmed HHQ formation
(137 pmol/pmol PgsD in 25 Min) on the PgsD-sensor by comparison of retention time and
fragmentation pattern [15] to the synthetic reference [12]. (figure 1D, 1D1-D4, Supporting
information). Thus, we provided successfully the direct experimental proof that PgsD, immobilized on
a sensor surface, is catalytically active. For comparison of the activity of PgsD, experiments were
performed with the enzyme in solution. PgsD is incubated in the same substrate order and the same
time as in the biosensor-experiments and analyzed for HHQ-formation (336 pmol/pmol PgsD in 25
min). Ligand stability over time was demonstrated by measuring product-formation over a specified
time period, resulting in quantifiable amounts until day 5. After 14 days HHQ-signals were still
detectable. (Figure 3). This demonstrates that the ligand immobilization onto a surface does not
interrupt the binding event and the functionality of the ligand confirming the use of SPR as a label-free
technology. The proof of activity should be regarded as one of the initial, important steps in SPR assay
development to enable efficient SPR studies. Evidencing the catalytic activity of an immobilized
enzyme before starting intensive SPR-studies would be very helpful by interpreting the data. This
finding gains the knowledge of the binding site’s accessibility of the immobilized ligand which wants

to be targeted.
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Figure 3: Long term stability of He-PgsD-biosensor

In conclusion, we succeeded to demonstrate real-time monitoring of an “on chip” enzymatic reaction
by the combination of SPR and mass spectrometry. The current study provides useful information
about functional activity and stability of the exemplary protein PgsD on the surface of a chip and

illustrates an improved alternative for the biosensor surface evaluation. It can be used instead of an
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antibody or known binder as positive control. Demonstrating product formation we have constrained
that an immobilization process is not necessarily detrimental for activity of an immobilized ligand.
Therefore the “on-chip” reaction is a method that can be applied to further activity monitoring of

potential target proteins, which are to be examined by SPR.
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Experimental Section

Surface Plasmon Resonance

SPR binding studies were performed using Reichert SR7500DC instrument optical biosensor (Reichert
Technologie, Depew, NY 14043 USA). CMD500 sensor chips were purchased from Xantec Analytics.
(Dusseldorf, Germany).

Protein Expression and Purification

His-tagged-PgsD (Hg-PgsD) was expressed in E. coli and purified using a single affinity
chromatography step. Briefly, E. coli BL21 (ADE3) cells containing the pET28a(+)/pgqsD were grown
in LB medium containing 50 pug ml-1 kanamycin at 37 °C to an OD600 of approximately 0.8 units and
induced with 0.2 mM IPTG for 16 h at 16 °C. The cells were harvested by centrifugation (5000 rpm,
10 min, 4 °C) and the cell pellet was resuspended in 100 ml binding buffer (25 mM Tris-HCI pH 7.8,
500 mM NacCl, 20 mM imidazole, 5 mM B-mercaptoethanol) and lysed by sonication for a total
process time of 2.5 min. Cell debris were removed by centrifugation (13000 rpm, 30 min) and the
supernatant was filtered through a syringe filter (0.45 um). The clarified lysate was immediately
applied to a Ni-NTA column (GE Healthcare), washed with binding buffer and eluted with 500 mM
imidazole. The protein containing fractions were buffer-exchanged into PBS pH 7.4, 10 % glycerol
(v/v) for using a PD10 column (GE Healthcare) and judged pure by SDS-PAGE analysis. The Hg-
PgsD was stored in aliquots at -80 °C.

Immobilization of Hs-PqsD

He-PgsD was immobilized on CMD500 sensor chips at 25 °C using standard amine coupling
chemistry. H,O was used as immobilization buffer. The carboxymethyl dextran surface was prepared
with five sodium borate (1M pH 9.5) injections and was activated with a 7-min injection of a 1:1 ratio
of 0.4 M 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC)/0.1 M N-hydroxy
succinimide (NHS). Hg-PgsD was diluted into sodium acetate (10 mM pH 4.5) to 100pug/mL and
coupled to the surface with a 1.5 min injection. Remaining activated groups were blocked with a 7-
min injection of 1 M ethanolamine (pH 8.5). He-PgsD (38400 Da) was immobilized at densities of
13,922 RU (Chip (1)), 13618 RU (Chip (1)) and 15628 RU (Chip I1I) for the experiments to determine
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catalytic activity and at a density of 2922 RU (Chip V) and 2322 RU (Chip V) for the Kinetic titration
experiments.

Amounts of protein were calculated belonging to the acquisition that 1RU is 1pg/mm?. Flow cell size
of the SPR instrument is 4.5 mm?. A Anthranilsaurederivative [10] was used as initial positive control.
Binding affinity for ACoA

The binding experiments were performed with Chip IV and V at 12°C at a constant flow rate of 20
ul/min in instrument running buffer (50 mM TRIS-HCI pH = 8.0, 150 mM NacCl, 0.1% Triton-X-100
(v/v)). For the Kinetic titration A 2.5 mM stock of ACoA in water was diluted to a concentration of 50
UM and then diluted in a 3-fold dilution series down to 617 nM. Before starting the experiments 12
warm-up blank injections were performed. Zero-buffer blank injections were included for double
referencing. Within a single binding cycle, the ACoA samples were injected sequentially in order of
increasing concentration over the ligand and the reference surfaces for 180 s association and 10 min
dissociation time. Scrubber software was used for processing and Clamp software for analysing data.
Kinetic Dissociation constant (Kp) was determined by simulation and fitting appropriate experimental
data to a conformational change model using Clamp software [16].

Catalytic activity of Hs-PgsD-biosensor:

Tris (50 mM Tris-HCI pH 8.0, 150 mM NacCl, 0.1% Triton-X-100 (v/v)) was used as the running
buffer. Anthraniloyl-CoA was provided as 5 mM stock solution in water and was diluted into running
buffer to 10 uM. B-Ketodecanoate was dissolved in methanol to a 10 mM stock solution by mass and
then diluted into running buffer to 20 uM. ACoA was injected for 5 min association and 5 min
dissociation time, the injection was followed by the injection of [-ketodecanoate for 15 min
association time and 10 min dissociation time. Experiments were performed at a flow rate of 25 pL
and 37 °C. The flow-through was collected, evaporated and diluted in MeOH. HHQ-formation was
detected using UHPLC-MS/MS.

Catalytic activity of Hs-PgsD:

Tris (50 mM Tris-HCI pH 8.0, 150 mM NaCl, 0.1% Triton-X-100) was used as the test buffer.
Anthraniloyl-CoA was provided as 5 mM stock solution in water and was diluted into test buffer to 10
uM. B-Ketodecanoate was dissolved in methanol to a 10 mM stock solution by mass and then diluted
into running buffer to 20 uM. 1 pmol PgsD was preincubated for 10 Min with ACoA followed by the
addition of P-ketodecanoate for 25 min. Experiments were performed 37 °C. The reaction was
stopped, HHQ was extracted, evaporated and diluted in MeOH. HHQ-formation was detected using
UHPLC-MS/MS. 336 pmol HHQ were formed per pmol HgPgsD in 25 min.

UHPLC-MS/MS analyses:

The analyses were performed using a TSQ Quantum Access Max mass spectrometer equipped with an
ESI source and a triple quadrupole mass detector (Thermo Scientific Finnigan, San Jose, CA). The MS

detection was carried out in heated ESI mode, at a spray voltage of 3.0 kV, a probe temperature of 500



ERGEBNISSE 120

°C, a nitrogen sheath gas pressure of 3.5 x 10° Pa, an auxiliary gas pressure of 1.75 x 10° Pa and a
capillary temperature of 330 °C in positive ionization mode.

Xcalibur software was used for data acquisition and for the quantitative evaluation of the MS data and
GraphPad Prism software (version 5.0) was used for plotting.

The chromatographic separation was carried out on an Accela UHPLC consisting of a quaternary
pump, degasser and autosampler (Thermo Finnigan, San Jose, CA) using a Accucore RP-MS column
(150 x 2.6um) with an injection volume of 25 pL.

The solvent system consisted of water, containing 10 mM ammonium acetate and 0.1% TFA (A) and
acetonitril containing 0.1% TFA (B). In a gradient run the percentage B was increased from an initial
concentration of 45 % to 96 % in 1.50 min, kept for 0.1 min. The injection volume was 25 pL and the
flow rate was set to 880 uL/min. The amount of HHQ was determined observing the precursor ion
244.191 m/z and the product ion 159.134 m/z, with a scan time of 0.1 sec and a collision voltage of
31V.

For HHQ a calibration of 39, 78, 156, 312, 1250, 2500, 5000 pM was used.
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3.5 Disclosure of the kinetic cycle of PgsD by enzyme Kkinetics and SPR and MD
simulations

Matthias Negri, Christine Maurer, Claudia Henn, Anke Steinbach, Rolf W. Hartmann

Introduction

Quorum sensing (QS) is a chemical cell-to-cell communication system in bacteria ruled by small
extracellular signal molecules. It coordinates the social life of bacteria by regulating many intraspecies
and interkingdom group-related behaviors, such as biofilm formation and virulence factor
production[1-3]. Anti-QS has been recognized as an attractive strategy in the fight against bacteria,
which is based on an anti-virulence and anti-biofilm action and not on bacterial killing. The advantage
of this approach relies in the expectation of a reduced selective pressure and, hence, minor resistance
development.

The opportunistic Gram-negative pathogen P. aeruginosa has been shown to be a good model to study
QS and QS-related pathogenicity [3]. Three distinct QS pathways are known, each with its own
individual signal molecule as “autoinducer”. They regulate in a hierarchical manner the QS-dependent
target gene expression and the biosynthesis of their “autoinducer”. The first two quorum sensing
systems, las [4] and rhl [5, 6], utilize N-acyl homoserine lactones (AHL) (C4 and C12 AHL) and the
receptors LasR and RhIR [7]. The third QS-system is 2-alkyl-4-hydroxyquinoline (HAQ) dependent
and is specific for P. aeruginosa [8] and some Burkholderia strains [9] whereat only P. aeruginosa
produces PQS (Pseudomonas Quinolone Signal). PQS and to a lesser extent its precursor HHQ (2-
heptyl-4-hydroxyquinoline) activate PgsR (MvfR: Multiple virulence factor Regulator 10]). Besides
many other genes, PgsR also controls the PQS signaling by positively regulating (McGrath et al, 2004)
the expression of genes of its own biosynthesis operons (pgsABCD(E)[11] (HAQ biosynthesis)
phnAB5[10] operons (anthranilic acid biosynthesis). A key enzyme of PQS biosynthesis pathway is
PgsD (PQB biosynthetic 3-oxoacyl-[acyl-carrier-protein] synthase Ill; EC 2.3.1.180), which catalyzes
the formation of HHQ by “head-to-head” decarboxylative condensation of anthranilic acid and 3-oxo-
fatty acid moieties, i.e. anthraniloyl-CoA (ACoA) and B-ketodecanoate (BK)-ACP [12].

Target validation of PQS system: Several groups proved that P. aeruginosa pgsD-knockout-mutant as
well as PQS-deficient P. aeruginosa strains have an attenuated virulence in nematode and mouse
models, evidencing the significance of PQS signaling also in mammalian pathogenesis[10, 13-15].
The commitment to the PQS cell-to-cell communication system makes PgsD to a promising target, as
inhibition of the biosynthesis of HHQ will also interrupt PQS formation. Consequently, inhibition of
HHQ biosynthesis should reduce biofilm formation making the bacteria more susceptible to classic

antibiotics.
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PgsD is a homodimeric bi-substrate enzyme with high structural similarity to FabH and other KAS 111
(B-ketoacyl-acyl-carrier-protein [ACP] synthases I11) enzymes sharing a virtually identical active site
architecture with a long access channel and catalytic triad and common thiolase fold (apafa) [16].

Three crystal structures of PgsD exist [17] either as unligated apoform (E; PDB-ID 3H76), as Cys112-
ligated anthranilate complex and additional ACoA molecules in the primary funnel (E*; PDB-ID
3H77) and as inactive Cys112Ala mutant with anthranilic acid (PDB-ID 3H78)[17]. Cys112, His257,
and Asn287 form the FabH-like catalytic triad of PqgsD, which can be accessed by two channels
perpendicular (L-shaped) to each other: a primary, well exploited CoA/ACP-funnel, and a shorter,
hydrophobic secondary channel. The three crystal structures contribute to elucidate entrance and active
site binding of ACoA as well as the active site conformation after covalent bondage of anthranilate to
Cys112, the molecular details as well as the dynamic motions governing the kinetic cycle of the HHQ-

biosynthesis remain still unknown.
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Figure 1. Bi-bi ping-pong kinetic cycle of PgsD. Steps linked by blue arrows are supported by existing
crystallographic data and the starting conformation of protein and ligands were derived from them.
On contrary, no 3D-information was available for the steps linked by red arrows, thus the position of
pK and HHQ, as well as the conformational changes within the hairpin-loop were derived from
comparative studies with MtFabH (8K), docking studies (HHQ) and hinge-analysis/-prediction tools

In this study we chose a multi-disciplinary approach to disclose the dynamic motions that guide the
kinetics of PgsD in HHQ biosynthesis. We postulated a kinetic cycle model for the presumed ping-
pong mechanism Thereby, we determined the kinetics of the HHQ-biosynthesis by surface plasmon

resonance (SPR) biosensor experiments and classic enzyme kinetic analysis.
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Results

The main steps of the kinetic cycle of PgsD were postulated from mechanistic insights of the kinetic
cycle based on the crystal structures of PgsD [17] and molecular dynamic simulations (Figurel).
Surface Plasmon Resonance

Our first aim was to prove that PgsD follows a ping-pong mechanism in the HHQ-biosynthesis. PgsD
was immobilized as a dimer with a His-tag to the chip. After the first substrate ACoA was added, an
increase in response (Figure 2) was measured corresponding to the covalent linkage of anthranilate (A)
to Cysl12, confirmed also after washing processes. The CoA release was detected using mass
spectrometry.

As expected, addition of the second substrate B-ketodecanoic acid (BK) could displace the anthranilate
from its covalent binder Cysl112 (Figure 2A) with consequent HHQ formation, as proven by
determining HHQ via mass spectrometry (Figure 2B).

To further investigate the single steps of the bi-bi ping-pong kinetics the experiment was repeated but
inverting the substrate order. Thereby, only a very small amount of HHQ could be determined
indicating that a precise substrate addition order is necessary for catalytic activity, suggesting that the
presence of BK in the enzyme could eventually block the access to the catalytic triad, drastically
reducing the affinity of ACoA towards HgPqsD (Figure 2B)
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Figure 2. A.) SPR experiments were performed at 37° C with Tris-buffer (50 mM Tris-HCI pH 8.0,
0.1% Triton-X-100) as running buffer, 1.6 pmol protein concentration and 10 uM ACoA and 20 pM
PK. B) (Time-dependent) HHQ-formation as function of the substrate addition order determined by
SPR experiments.

Enzyme Kinetic analysis

As resulted from the SPR experiments HHQ production is strongly influenced by the substrate
addition order (Figure 2B). Thus, enzyme kinetic studies were performed to elucidate the kinetic

parameters for each substrate.
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Kinetic experiments were performed using a 96-well format based in vitro assay with the purified
enzyme PgsD. Optimum enzymatic reaction conditions were determined in advance. Plotting product
formation versus time at different constant PgsD concentrations we found that a reaction time of 4 min
in combination with an enzyme concentration of 0.25 uM was suitable and that values in linear range
within the progress curve could be obtained (data not shown). The initial velocity (v) was calculated
by dividing the product concentration by the reaction time.

Plotting the data with the enzyme kinetics module of GraphPad Prism 5 software resulted in an array
of parallel lines in the Lineweaver-Burk-Plot and a common Y-axis-intercept in the Hanes-Woolf-Plot
(Figure 3). These results clearly demonstrate that PgsD follows a ping-pong kinetic mechanism and
that ACoA is the substrate binding first.
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Figure 3. Analysis of the PgsD kinetic mechanism. Lineweaver-Burk Plot (A) and Hanes-Woolf Plot
(B) representing the activity of PgsD as a function of ACoA concentration in the presence of 60
(diamonds), 120 (black circles), 240 (triangles), 480 (open squares) and 1000 uM (open circles) B-
ketodecanoic acid. All data are mean values of four replicates. (C) Kinetic parameters of PgsD. All
data were fitted using GraphPad Prism 5 software.

kinetic parameters (s. Figure 3(C)) were determined by fitting the data with the ping-pong equation (1)
[Segel, Enzyme Kinetics, p. 609, equation 1X-143]:
v =Vmax * [ACoA] / (Km ACoA + [AC0A] (1 + (Km Bkt / [Bkt]))) (1)

Discussion

In this study we could clearly prove the results from molecular dynamic simulation (Figure 1). We
could show via classic enzymology and, in particular, by SPR experiments, that PgsD is
biosynthesizing HHQ following the ping-pong catalytic mechanism with a precise substrate addition
order (Figure 3).

SPR biosensor experiments allowed real time measurements of the HHQ biosynthesis, starting from
the covalent anthranilate loading on PgsD to the final fK-dependent HHQ-production we were able to
trace the formation of the covalent linkage of anthranilate (A) to Cys112, but also of the displacement
of anthranilate from its covalent binder Cys112 by addition of the second substrate K. The CoA
release as well as the HHQ production was confirmed by mass spectrometry as additional validation of

the HHQ biosynthesis. Reversing the substrate addition order we could show that a clear substrate
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order dependency exists for HHQ biosynthesis with PgsD. The mass spectrometry determination of
the first step product CoA before addition of the second substrate was an important contribution
supportive that PgsD follows a bi-bi kinetic mechanism. The obtained kinetic parameters were in
accordance with previous findings by Pistorius et al. (Kgk = 598.5 + 106 UM; Vi = 495.8 + 37.5
fmol HHQ/min/pmol PgsD; k.. (PgsD as monomer) = 0.01 s™). We explain the slightly increased
catalytic activity of PgsD with more stable assay conditions and with optimized pH range (50 mM
MOPS buffer at pH 7 versus 50 mM Tris-HCI) (data not shown). Taken the high K, for R-
ketodecanoic acid and the very low kcat of the PgsD catalyzed formation of HHQ from anthraniloyl
CoA and R-ketodecanoic acid account for the presumption, that K might not be the natural substrate
of PgsD in P. aeruginosa and that it might occur in vivo in its activated form bound to CoA or ACP.

In order to disclose the kinetic mechanism of PgsD kinetic analyses were performed using an in vitro
assay with the purified enzyme. Different plots of the kinetic data reveal that PqsD follows a ping-
pong kinetic mechanism (s. Figure 3A and B).

The kinetic parameters were derived from the variation of both substrates (s. Figure 3C) and are within
the range of the apparent values previously determined by Pistorius et al. 2011 (app. Kmpk = 598.5 +
106 UM; Vax = 495.8 + 37.5 fmol HHQ/min/pmol PgsD; k. (PgsD as monomer) = 0.01 s™). We
believe that the higher catalytic activity in our assay system is due to an improvement of assay
conditions, as the reactions were performed in 50 mM MOPS buffer at pH 7.0, which was found to be
the pH optimum of the enzymatic reaction (data not shown; versus 50 mM Tris-HCI, pH 8.0) and as
Triton X-100 was used in sub-CMC concentrations (0.005% versus 0.1%).

Nevertheless, taken together both results, the high K., for -ketodecanoic acid and the very low kg of
the PgsD catalyzed formation of HHQ from anthraniloyl CoA and 3-ketodecanoic acid account for the
presumption, that 3-ketodecanoic acid is not the natural substrate of PgsD in P. aeruginosa. This
hypothesis is supported by the fact that very high amounts of HHQ and PQS are found in P.
aeruginosa cultures [18]. Thus, we think that in vivo 3-ketodecanoic acid occurs in an activated form,

possibly as an ACP-bound thioester.

Conclusion

Herein we chose a multi-disciplinary approach to disclose the dynamic motions that guide the ping-
pong kinetic mechanism, of PgsD in HHQ biosynthesis. We showed by surface plasmon resonance
(SPR) biosensor experiments and classic enzyme analysis that PgsD synthesizes HHQ biosynthesis
following a ping-pong kinetic mechanism with a preferential substrate order, Notably, PgsD is still
catalytically active when attached to the chip and real time measurements by SPR could be performed
with Cys112-liganded anthranilate being displaced by BK and HHQ formed.

Based on structural, biochemical and biophysical data we postulated the kinetic cycle of PgsD.

Our work described herein lays the basis for a better understanding of the kinetic mechanism of PqsD
and of the dynamic motions therein. Moreover, as recently shown by Perez-Castillo [19] with E. coli
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FabH exploration of a conformational ensemble generated via MD simulations led to enviable results
in terms of molecular docking and binding free energy prediction. According to the structural
similarity we conclude that analogous results are to be expected also for PgsD and that the conformer
ensemble generated in this study will be a useful tool in virtual screening and ensemble docking to
identify first PgsD inhibitors as potential drugs to treat P. aeruginosa infections and related biofilm
formation. Concluding, given the high similarity to Burkholderia FabH2 all information derived in this
study might also be applied to this enzyme and bacterial strains, representative for a more general

character and importance of the investigations presented herein.
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Material and Methods
Experimental procedures

Coenzyme A trilithium salt dihydrate was purchased from Applichem and isatoic acid from Acros
Organics.

Chemical and analytical methods

'H and **C NMR spectra were recorded on a Bruker DRX-500 instrument. Chemical shifts are given
in parts per million (ppm), and tetramethylsilane (TMS) was used as internal standard for spectra
obtained in CDCl; and MeOH-d,. All coupling constants (J) are given in hertz. Mass spectrometry
(LC/MS) was performed on a MSQ® electro spray mass spectrometer (Thermo Fisher). The system
was operated by the standard software Xcalibur®. A RP C18 NUCLEODUR® 100-5 (125 x 3 mm)
column (Macherey-Nagel GmbH) was used as stationary phase with water/acetonitrile mixtures as
eluents. All solvents were HPLC grade. Reagents were used as obtained from commercial suppliers
without further purification. Flash chromatography was performed on silica gel 60, 70-230 mesh
(Fluka) and the reaction progress was determined by thin-layer chromatography (TLC) analyses on
silica gel 60, F254 (Merck). Visualization was accomplished with UV light. The melting points were
measured using melting point apparatus SMP3 (Stuart Scientific). The apparatus is uncorrected.

Synthesis of Anthraniloyl-S-Coenzym A thioester (ACoA): ACoA was synthesized from isatoic
anhydride and coenzyme A (CoA) using a previously described method (Simon EJ, Shemin D. The
Preparation of S-Succinyl Coenzyme A. J. Am. Chem. Soc 1953;75:2520). ACoA was purified by
HPLC (Agilent 1200 series consisting of a quaternary pump, a fraction collector and an MWD;
Agilent Technologies, USA) after freeze drying of the aqueous reaction mixture (25 mL) and
resuspending of the dried residue in 3 mL of a mixture of 50% methanol and water. A 10 um RP C18

150-30 column (30 x 100 mm, Agilent) was used along with a mobile phase consisting of water
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containing 1% TFA (A) and acetonitrile containing 1%. TFA (B) with a flow rate of 5 mL/min. The
following gradient was used: 0-35 min, linear gradient 10 % - 100 % B; 35-42 min, 100 % B; 42-43
min, 10 % B (initial conditions). ACoA containing fractions were pooled and freeze dried.

Synthesis of ethyl 3-oxodecanoate: To a THF solution of 2M LDA (20 ml, 40 mmol 2.4 equiv) was
added ethyl acetoacetate (2.16 g, 16.6 mmol, 1.0 equiv) at 0 °C. The deep yellow clear solution was
stirred at 0 °C for 1 h. To this solution the 1-iodohexane was added (4.20 g, 19.81 mmol, 1.2 equiv) at
-78 °C. The temperature was allowed to reach an ambient temperature over 14 h and the solution was
stirred at r.t. for 2 h. To the solution was added 10% HCI (200 ml) and the mixture was extracted with
Et,O (4 x 250 ml). The combined organic layers were dried over Na,SQ,, filtered, and the filtrate was
concentrated in vacuo. The residue was purified by column chromatography (n-hexane/ethyl acetate,
30/1) to give ethyl 3-oxodecanoate as a yellow oil (1.98 g, 9.24 mmol, 55%). 1H-NMR (500 MHz,
CDCl;): 6 = 0.84 (t, ] = 7.0 Hz, 3H), 1.23-1.28 (m, 11H), 1.54 (quint, J = 7.0 Hz, 2H), 2.49 (t, J = 7.0
Hz, 2H), 3.39 (s, 2H), 4.16 (m, 2H). LC/MS: m/z 457.98, 87.1% (Nguyen et al., 2006).

Synthesis of 3-oxodecanoic acid. Ethyl 3-oxodecanoate (300 mg, 1.4 mmol, 1 equiv) was stirred with
NaOH (56 mg, 1.4 mmol, 1 equiv) in water (2 ml) overnight. Any remaining ester was removed by
washing with Et,O (10 ml). The aqueous layer was cooled and acidified with 32% HC1 to pH = 6.
After filtration the 3-oxodecanoic acid was dried in vacuo and obtained as white solid (100 mg, 0.54
mmol, 38%). ‘H-NMR (500 MHz, CDCl;): 5 = 0.86 (t, J = 7.0 Hz, 3H), 1.25-1.29 (m, 8H), 1.58
(quint, J = 7.0 Hz, 2H), 2.54 (t, J = 7.5 Hz, 2H), 3.49 (s, 2H). LC/MS: m/z 242.04, 99.0% (Cook et al.,
1987).

Synthesis of 2-heptylquinolin-4(1H)-one. 2-heptylquinolin-4(1H)-one was synthesized as described
by Lu et al. 2012 [20].

Production and purification of recombinant PgsD in E. coli. The overexpression and purification
of PgsD as an N-terminal Hisg-tagged fusion protein in E.coli BL 21 (lambdaDE3) using the vector
PET28b(+) -pgsD was performed using a previously described method (Pistorius et al. 2011) with the
following modifications: bacterial cells were lysed by ultrasonic treatment (Bandelin Sonopuls HD60)
in binding buffer consisting of 25 mM Tris-HCI, pH 7.9, 150 mM NacCl, 20 mM imidazole, 1 mM 2-
mercaptoethanol (2-ME) and 10 % (v/v) glycerol. For purification, a 5 ml His Trap HP 5 column was
used. The elution buffer consisted of binding buffer with 500 mM imidazole. The protein containing
fractions were buffer exchanged to 50 mM Tris-HCI, pH 8.0, 50 mM NaCl, 1 mM 2-ME using PD10
columns (Amersham Biosciences).

To remove the Hisg-tag, the obtained protein was subjected to a thrombin cleavage performed at 16°C
for 16 h in a 50 mM Tris-HCI buffer, pH 8.0, containing 150 mM NaCl, 1 mM 2-ME, 2.5 mM CaCl2
and 1 unit thrombin per mg protein followed by a second passage through the His Trap HP 5 column.
After addition of 10 % (v/v) glycerol, the final protein concentration was determined
spectrophotometrically (A280 nm) and the protein was frozen in liquid nitrogen.

Computational Methods
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Simulation protocol. System setup was performed as follows for all simulated systems. Atomic
coordinates were taken from 3h76 for MD simulations A, B, C1, C2 and F, from 3h77 for D, E1, E2a
and E2b. Protonation states for histidines and other titratable groups were determined at pH 7 and 8 by
the PDB2PQR13 web server using PROPKA14 and manually verified. Water moleules as well as ions
present in the crystals were removed. The enzyme complexes were minimized with MOE (ref) using
the modules ligX and Protonate3D. All final systems were then setup using the AMBER11 [21]
program xLeap with the AMBER99SB force field. A 9 A pad of TIP3P waters was added to solvate
to each system. Neutralizing counter ions were added to each system.

All MD simulations were performed with the parallelized PMEMD module from AMBER 11 [21].
The initial PgsD complexes were minimized and equilibrated, with the backbone atoms restricted by
harmonic restraints of initially 10 kcal mol ™ A ~.on the backbone atoms were progressively reduced
to 5, 2, 1 and 0 kcal/mol. After minimization, the system was heated to 310 K in the canonical NVT
ensemble (constant number of particles, N; constant volume, V; constant temperature, T) using a
Langevin thermostat, with a collision frequency of 3.0 ps * A ~ on the backbone atoms. Production
runs were then made for 30-37 ns duration in the NPT ensemble at 300 K. As with the heating, the
temperature was controlled with a Langevin thermostat (but with a 1.0 ps ~* collision frequency). The
time step used for all stages was 2 fs and all hydrogen atoms were constrained using the SHAKE
algorithm. Long-range electrostatics were included on every step using the Particle Mesh Ewald
algorithm [22] with a 4th order B-spline interpolation, a grid spacing of < 1.0 A, and a direct space
cutoff of 9 A. For all trajectories, the random number stream was seeded using the wall clock time in
microseconds.

RMSD, interatomic distances and B-factor calculations. B-factor, distances and RMSD time series
were calculated using the cpptraj analysis tool of the AmberTool 1.5 package [21]. Structures were
sampled at 20 ps intervals. Before performing each calculation, external translational and rotational
motions were removed by minimizing the RMSD distance of the alpha-carbon atoms to the equivalent
atoms of the first frame of the trajectory. RMSD and B-factor values were calculated for all heavy-
atoms and in particular for each of the following regions: sL, h8-9, hL, h12.

Volume changes with FPOCKET. The volume changes for the five internal cavities in PgsD were
tracked using the fpocket software package [23]. Default parameters for the identification of small
cavities and channels were used.

Docking of PK and HHQ. K and HHQ were docked with GOLDv5.0 using the GOLDSCORE
function. The docking site was defined including all residues within 9 A of the ACoA found in PDB
3H77 and both the apoform and the covalent ligated PgsD structure were used in the docking
processes. BK and HHQ were docked each 50 times. The default gold parameters were used.

Figures and plots. Excel was used to generate all plots and molecular images were created using
Pymol or MOE2010.



ERGEBNISSE 130

MM-PBSA Calculations. MM-GB/PBSA was used to calculate the relative binding free energies of
ACoA, BK and HHQ to PgsD. The details of this method have been presented elsewhere. Briefly, the

binding affinity for a protein/ligand complex corresponds to the free energy of association in solution

as shown in

AGhing = Geomplex = (Gunbound protein + Giree ligand) (1)

while the relative affinities for two ligands can be calculated using
AAGindg(1-2)= AGping) - AGpind() 2)

In MM-PBSA, the binding affinity in eq 1 is typically calculated using
AGping= AEpm + AGgoly - TASgonte 3)

where AEwwm represents the change in molecular mechanics potential energy upon formation of the
complex, calculated using all bonded and nonbonded interactions. Solvation free energy, Gso, IS
composed of the electrostatic component (Gpg) and a nonpolar component (Gyy):

AGso, = AGpg + AGpp (4)

Gpg Was calculated using the PBSA solver of AMBER11.

Surface Plasmon Resonance

SPR binding studies were performed using a Reichert SR7000DC optical biosensors instrument
(Reichert Technologie, Depew, NY 14043 USA). HC1000m sensor chips were purchased from Xantec
Analytics. (Dusseldorf, Germany).

Immobilisation of HgPqsD. The overexpression and purification of PgsD as an N-terminal Hisg-
tagged fusion protein in E.coli BL 21 (ADE3) using the vector pET28b(+) -pgsD was performed as
previously described (Henn et al. 2012). HsPgsD was immobilized on HC1000m sensor chip using
standard amine coupling chemistry at 25 °C. Water was used as the running buffer. The
carboxymethyl dextran surface was activated with a 7-min injection of a 1:1 ratio of 0.4 M 1-ethyl-3-
(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC)/0.1 M N-hydroxy succinimide (NHS).
HePgsD was diluted into 10 mM sodium acetate (pH 4.5) to a concentration of 100 ug/mL and coupled
to the surfaces with a 18 min injection. Remaining activated groups were blocked with a 7-min
injection of 1 M ethanolamine (pH 8.5). PgsD was immobilized at densities between 15000 and 20000
RU.

Catalytic activity of PgsD. Anthranoyl-CoA was provided as stock solution in water and was diluted
into running buffer to 10 uM. B-ketodecanoate was dissolved in methanol to a 10 mM stock solution
and then diluted into running buffer to 20 uM. In the first experiment ACoA was injected for 5 Min
association and 10 Min dissociation time the injection was followed by the injection of f-
Ketodecanoate for 20 Min association time. In the second experiment 3-ketodecanoate was added to
the running buffer (100 uM in 50mM TRIS pH 8.0, 150 mM NacCl, 0.1% Triton-X-100). The ACoA-
injection (10 uM for 5 Min) followed when the binding site was saturated, indicated by a stable

baseline.
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In all experiments the flow through was collected. After ACoA addition CoA emission was detected
using LC-MS/MS (method missing). After addition of the second substrate (experiment dependent)
the flow through was extracted with 1 mL CHCIs, evaporated and diluted in 50uL. MeOH. HHQ-
formation was detected using LC-MS/MS according the method described below.

LC-MS/MS analysis of CoA The analyses were performed using a TSQ Quantum Access Max mass
spectrometer equipped with an ESI source and a triple quadrupole mass detector (Thermo Scientific
Finnigan, San Jose, CA). The MS detection was carried out in heated ESI mode, at a spray voltage of
3.0 kV, a probe temperature of 500 °C, a nitrogen sheath gas pressure of 3.5 x 10° Pa, an auxiliary gas
pressure of 1.75 x 10° Pa, a capillary temperature of 330 °C positive ionization mode.

Xcalibur software was used for data acquisition and GraphPad Prism software (version 5.0) was used
for plotting.

The chromatographic separation was carried out on an Accela UHPLC consisting of a quaternary
pump, degasser and autosampler (Thermo Finnigan, San Jose, CA) using a Accucore RP-MS column
(150 x 2.6pm) with an injection volume of 25 pL.

The solvent system consisted of water, containing 10 mM ammonium acetate and 0.1% TFA (A) and
acetonitril containing 0.1% TFA (B). In a gradient run the percentage B was increased from an initial
concentration of 5 % to 96 % in 1.50 min, kept for 0.1 min. The injection volume was 25 puL and the
flow rate was set to 1000 pL/min. CoA was determined observing the precursor ion 768.0 m/z and the
product ion 260.977 m/z, with a scan time of 0.5 sec and a collision voltage of 27V.

LC-MS/MS analysis of HHQ.The analyses were performed using a TSQ Quantum Access Max mass
spectrometer equipped with an ESI source and a triple quadrupole mass detector (Thermo Scientific
Finnigan, San Jose, CA). The MS detection was carried out in heated ESI mode, at a spray voltage of
3.0 kV, a probe temperature of 500 °C, a nitrogen sheath gas pressure of 3.5 x 10° Pa, an auxiliary gas
pressure of 1.75 x 10° Pa and a capillary temperature of 330 °C in positive ionization mode.

Xcalibur software was used for data acquisition and for the quantitative evaluation of the MS data and
GraphPad Prism software (version 5.0) was used for plotting.

The chromatographic separation was carried out on an Accela UHPLC consisting of a quaternary
pump, degasser and autosampler (Thermo Finnigan, San Jose, CA) using a Accucore RP-MS column
(150 x 2.6pm) with an injection volume of 25 pL.

The solvent system consisted of water, containing 10 mM ammonium acetate and 0.1% TFA (A) and
acetonitril containing 0.1% TFA (B). In a gradient run the percentage B was increased from an initial
concentration of 45 % to 98 % in 1.50 min, kept for 0.1 min. The injection volume was 25 pL and the
flow rate was set to 880 pL/min. The amount of HHQ was determined observing the precursor ion
244.191 m/z and the product ion 159.134 m/z, with a scan time of 0.1 sec and a collision voltage of
31V.

For HHQ a calibration of 39, 78, 156, 312, 1250, 2500, 5000 pM was used.
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Enzyme kinetic analysis. The PgsD catalyzed formation of HHQ was analyzed using an LC-MS/MS
based in vitro assay performed in 96 -well microtiter plates (Greiner) using the method of Pistorius et
al. [12] with some modifications. First, the purified enzyme PgsD (0.8 uM; in 50 mM MOPS, pH 7.0,
0.016% (v/v) Triton X-100) was preincubated without substrates for 5 min at 37 °C. Then, the reaction
buffer (15 pL; 50 mM MOPS, pH 7.0) and the substrates anthraniloyl CoA (20 uL; concentrations: 2,
4, 10, 20, 30, 40 uM; in 50 mM MOPS, pH 7.0) and B-ketodecanoic acid (20 pL; concentrations: 240,
480, 960, 1440, 4000 puM; in 50 mM MOPS, pH 7.0, 8% (v/v) methanol) were distributed to the wells
of the microtiter plate. The reaction was started by the addition of preincubated enzyme (25 pL; 0.8
MM; in 50 mM MOPS, pH 7.0, 0.016% (v/v) Triton X-100) resulting in a total reaction volume of 80
pL with the following final concentrations: PgsD 0.25 uM, anthraniloyl CoA 0.5, 1.0, 2.5, 5.0, 7.5,
10.0 uM and RB-ketodecanoic acid 60, 120, 240, 480, 1000 uM, Triton X-100 0.005%, methanol 2%.
The reaction was stopped after 4 min at 37°C by adding 80 pL of methanol containing 1 uM of the
internal standard amitriptyline to give a final concentration of 500 nM. Reagents and buffers were
prepared in deionized MilliQ-filtered water. For each sample, the reactions were performed in
quadruplicate. GraphPad Prism 5 software was used to plot the kinetic data.

LC-MS/MS analysis of HHQ for enzyme kinetics: The analyses were performed using a TSQ
Quantum mass spectrometer equipped with an ESI source and a triple quadrupole mass detector
(Thermo Finnigan, San Jose, CA). The MS detection was carried out at a spray voltage of 3.0 kV, a
nitrogen sheath gas pressure of 4.0 x 10° Pa, an auxiliary gas pressure of 1.0 x 10° Pa, a capillary
temperature of 270 °C, a tube lens offset of 155 V and source CID of 10 V.

Observed ions were (mother ion [m/z]; collision energy [V]; product ion [m/z]; scan time [s]; scan
width [m/z]): HHQ: 243.988; 30; 159.181; 0.3; 3.000, internal standard (Amitriptyline): 278.000; 22;
233.000; 0.1; 3.000. Xcalibur software was used for data acquisition and quantification with the use of
a calibration curve relative to the area of the internal standard. All samples were injected by
autosampler (Surveyor®, Thermo Finnigan) with a volume of 15 pL. A Nucleodur C18® 3 um (125 x
3.0 mm) column (Machery-Nagel, Diren, Germany) was used as stationary phase along with a mobile
phase consisting of water containing 1% TFA (v/v; A) and acetonitril containing 1% TFA (v/v; B)
and a flow rate of 0.5 mL/min. The following gradient was used: 0-2.8 min, linear gradient 45-100 %
B; 2.8-4.5 min 100% B; 4.5-5.5 min initial conditions (45 % B).
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ABSTRACT: The Gram-negative opportunistic pathogen Pseudomonas aeruginosa produces an
intercellular alkyl quinolone signaling molecule, the Pseudomonas quinolone signal. The pgs quorum
sensing communication system that is characteristic for P. aeruginosa regulates the production of
virulence factors. Therefore, we consider the pgs system as a novel target to limit P. aeruginosa
pathogenicity. Here, we present small molecules targeting a key player of the pgs system, PgsR. A
rational design strategy in combination with surface plasmon resonance biosensor analysis led to the
identification of PgsR binders including four top candidates with good ligand efficiencies.
Determination of thermodynamic binding signatures using isothemal titration calorimetry and
functional characterization in a heterologous reporter gene assay in E. coli guided the optimization of
the best hit that resulted in the potent hydroxamic acid-derived PgsR antagonist 11 (ICso = 12.5 uM).
This compound showed a Kp value of 4.1 uM and remarkably it displayed comparable potency in P.
aeruginosa (ICso = 23.6 uM) and is able to reduce the production of the virulence factor pyocyanin.
Beyond this, site-directed mutagenesis together with thermodynamic analysis provided insights into
the energetic characteristics of protein-ligand interactions suggesting the presence of hydrogen bonds
and CH/z interactions. Thus the identified PqsR antagonists are promising scaffolds for further drug

design efforts against this important pathogen.
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Pseudomonas aeruginosa is an environmental highly adaptable opportunistic pathogen that is one of
the leading causes for nosocomial infections® and is responsible for chronic lung infections in the
majority of cystic fibrosis patients.? It coordinates group behaviours via a cell density dependent cell-
to-cell communication system known as quorum sensing (QS).? Besides the las* ° and the rhl® ’
communication systems, which use N-acyl homoserine lactones as autoinducers, P.aeruginosa
employs a characteristic pgs QS system.® It functions via the signal molecules PQS (2-heptyl-3-
hydroxy-4-quinolone) and its precursor HHQ (2-heptyl-4-quinolone) that interact with their receptor
PgsR to control production of a number of virulence factors such as pyocyanin and biofilm
formation.®*! Due to growing antibiotic resistance there is an urgent need for therapeutics with novel
modes of action. Targeting bacterial virulence or disrupting the interaction between the host and the
pathogen are attractive options that are increasingly being explored.'? Therefore we consider PgsR as a
novel, promising target to disrupt PgsR-dependent gene expression thereby limiting P. aeruginosa
pathogenicity without affecting bacterial viability."* Recently, we reported on the discovery of the first
PgsR antagonists.* However, as their structures are derived from the natural effector HHQ they have
insufficient physicochemical properties to be used as a drug. Herein, we describe the discovery and
optimization of small molecules targeting the transcriptional regulator PgsR using a rational design
strategy guided by biophysical methods. Combination of site-directed mutagenesis and
thermodynamic analysis enabled us to study protein-ligand interactions into details.

The k-opioid receptor agonist (z)-trans-U50488 (1) was recently found to stimulate the transcription
of pgsABCDE in P. aeruginosa PAO1 indicating that it could act via PgsR.”® Employing surface
plasmon resonance (SPR) biosensor analysis and isothermal titration calorimetry (ITC) we confirmed
that 1 binds to PgsR (Figure 1) thereby providing a promising starting point for the identification of

small-molecule PgsR ligands.

a) b)

25 | 1-Flow cell 1 2 - Flow cell 1

100 |
Ko = S.6TIUM

Aesponse
Percent capacity

0 50 100 150 104 10t 10

Figure 1. Binding affinity for (£)-trans-U50488 a) Overlay of sensorgrams for confirmed hit binding
to HeSUMO-PgsR®® measured in duplicates at 12°C; double referenced. b) Fit of the duplicate ()-
trans-U50488 equilibrium response data from the H;SUMO-PgsR“®’ surface to a 1:1 interaction.

We applied a rational design strategy that involves the simplification of 1 into smaller fragments and
analogues. In the context of antibacterial discovery, fragment-based design is a promising strategy

since it allows to address the key issues namely insufficient physicochemical properties and the lack of
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chemical diversity.!> ¥ The derived in house library included (i) N-heteroaromatic substituted
benzamides, (ii) substituted benzyl- and benzamides, and (iii) N-phenyl substituted isonicotin- and
nicotinamides (Figure 2). Screening of the focussed library (106 compounds) in a SPR biosensor assay
monitoring the affinity toward PgsR (biotinylated PgsR was immobilized on a streptavidin coated
sensorchip) revealed binders including four top candidates with outstanding ligand efficiencies (LE,

Figure 2).

KD 3.6 uM
LE 0.31 kcal/mol

A A 2 S
¥z Pz (0] Pz
i ii ii

Figure 2. Ligand-based design strategy. Structure of the PgsR ligand (£)-trans-U50488 1 (top) and
general structures i-iii of the derived focused library (below). Kp value and ligand efficiency (LE)
were determined using ITC.

The major drawback of screening small simple molecules is that the binding affinity is usually low."’
Therefore, LE, which is calculated as the binding energy of the ligand per heavy atom thereby
normalizing the affinity and molecular size of a compound, was used for effective hit selection.'® To
account for heteroatoms the binding efficiency index (BEI), that engages the total molecular weight
instead of the number of non-hydrogen atoms™ is superior but here the ranking did not change. To
verify and further characterize the best hit 4, we carried out a thermodynamic analysis and evaluated
its agonistic and antagonistic activity (Table 1). Using ITC a dissociation constant (Kp) of 25.5 uM
was determined for 4 binding to PgsR and the LE of 0.63 kcal/mol confirmed the high potential of 4 as
starting point for optimization. Further, we examined the PgsR-mediated transcriptional effect in a
reporter gene assay by measuring the B-galactosidase activity in E. coli harbouring the pEALO08-2
plasmid containing the tacP-pgsR and pgsAP-lacZ fusion genes.”® E.coli was used as it provides a
system to characterize the functionality of PgsR ligands independent of the entire pgs system present
in P. aeruginosa.”* Remarkably, in the E. coli reporter gene assay 1 did not stimulate the transcription
of pgsABCDE as described,” rather it acts as a weak PgsR antagonist. More important, for ligand 4 a
significant reduction of the PgsR stimulation was observed. Considering the promising LE and the

antagonistic activity compound 4 was chosen as starting point for structural modifications.
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Table 1. Thermodynamic parameters of ligands 1, 4, and 6-12 binding to PqsR and their agonistic and
antagonistic activities.

O
/©)LNH2 /©)LH,0H
R R
4, 6-10 11,12
Ligand R Kp AG AH -TAS LE Agonistic  Antagonistic
[uM] [kcal mol™]  [kcal mol™]  [kcal mol™] [kcal activity activity [%]
mol™] [%]
1 3.6+0.4 -7.4£0.1 -4.7%0.1 -2.7+0.1 0.31 n.a. 1843
4 Cl 25.5+2.5 -6.3+0.1 -4.1£0.2 -2.1+0.2 0.63 n.a. 53+7%
6 Me 31.2+3.4 -6.1+0.1 -2.2+0.1 -3.9+0.1 0.62 3342% n.i
7 Et 7.3+0.6 -7.0%£0.1 -4.610.3 -2.4%0.3 0.64 1224137 n.i
8 iPr 3.0£0.4 -7.5+0.1 -6.3+0.3 -1.3+0.4 0.63 1m+10% n.i.
9 tBu 0.9+0 -8.3t0 -9.7+0.3 1.5+0.3 0.63 43+3% 48+1%
10 iBu 5.7+0.9 -7.2+0.2 -7.9+0.4 0.7+0.1 0.55 3243 45+8%
1 tBu 4.1%0.6 -7.4%0.1 -8.9+0.2 1.5+0.3 0.53 n.a. 78+12*
12 Et 19.7+1.2 -6.4x0 -4.8+0.2 -1.6+0.2 0.64 n.a. 50+9™

ITC titrations were performed at 298 K. Data represent mean + SD from at least three independent experiments.
Agonistic activity was determined by measuring the PgsR stimulation induced by 100 puM of the test compound
compared to 50 nM PQS (= 100%); n.a. = no agonism (agonistic activity < 10%). Antagonistic activity was
determined by measuring the inhibition of the PgsR stimulation induced by 50 nM PQS in the presence of 100
pM test compound (full inhibition = 100%); n.i. = no inhibition (antagonistic activity < 10%). Mean value of at
least two independent experiments with n = 4, standard deviation less than 25%. Significance: For the agonist
test, induction compared to the basal value; for the antagonist test, decrease of the PQS-induced induction. * p <
0.003; * p < 0.05.

Variation of the length of the alkyl chain in PQS*" ?* as well as in HHQ and its derivatives™ had
demonstrated a chain length dependency of agonistic and antagonistic activities revealing the alkyl
chain as a key feature. Therefore, alkyl chains varying from C1 to C4 were introduced in the para-
position of the benzamide core that led to compounds 6-10 (Table 1; Figure 3a). Compared to 4 (Kp =
25.5 pM) the tert-butyl substituted benzamide (9, Kp = 0.9 uM) showed a 29-fold increase in binding
affinity and the LE remained constant at a value of 0.63 kcal/mol. However, changing the constitution
from tert- to iso-butyl (compound 10, Kp = 5.7 uM) reduced the affinity again. Analysis of the
thermodynamic signatures revealed that ligands 7-10 are enthalpy driven binders indicating a good
non-covalent bond complementary between the protein and the compounds.? Though, with increasing
enthalpic contribution in this series the entropic terms became more unfavorable, thereby partially

compensating the enthalpic gain (Figure 3b).
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Figure 3. a) Flexible alignment of 7, 8, and 9 (magenta) with the natural ligand PQS (green).
Alignment was done using the flexible alignment utility of MOE2009.10 (Chemical Computing Group
Inc., Montreal, Canada). b) Plot of enthalpy (4H) vs entropy (-TAS). AH and —-TAS are highly
correlated thereby clearly evidencing an enthalpy-entropy compensation effect in the protein-ligand
complexes of the current study.

The replacement of the Cl-substituent in para-position of 4 by alkyl-residues (compounds 6-10)
inverted the functional properties from antagonistic (4) to agonistic activity (6-10). Interestingly, the
ligands with the bulkiest substituents 9 and 10 showed in addition to their moderate agonistic activity a
significant reduction of the PgsR stimulation. These findings demonstrate the impact of the alkyl
moiety on binding affinity as well as on functional properties.

Table 2. Effect of the Q194A mutation on the thermodynamic parameters of ligand binding.

Ligand AAG AAH -TAAS
[kcal mol™] [kcal mol™] [kcal mol™]
0.0£0.1 0.1#0.1 -0.1£0.1
8 -1.3+0.3% -4.040.3% 2.7+0.4%
9 -1.3+0% -4.4+03% 3.1+0.3%
u -0.5+0.1% -4.1+0.4% 3.6£0.4%

AAG, AAH, and —TAAS are AGwt — AGmytanty AHwT — AHmutant, and =T(ASwt — ASiuant), respectively. Negative
values indicate a loss; positive values, a gain compared to wild-type. Errors indicate SD calculated via Gaussian
error propagation. Significance: effect of the Q194A mutation on the thermodynamic parameters of ligand
binding compared to the wild-type. * p < 0.003.

In order to elucidate the role of the amide function, we exchanged it by a hydroxamic acid in the
ligand with the highest affinity and the most favorable enthalpic contribution (compound 9). The
resulting compound 11 (Kp = 4.1 uM) displayed a 4.6-fold reduced affinity compared to 9 that is due
to a decrease in AH. Interestingly, the antagonistic potency was improved and the agonistic activity
was completely lost. To investigate whether in the alkyl-substituted series the replacement of the
amide by a hydroxamic acid in general can turn agonists into antagonists the corresponding derivative
of 7 (compound 12) was synthesized. Indeed, 12 (Kp = 19.7 uM) is also a pure PgsR antagonist.

Combining ITC with site-directed mutagenesis provides a valuable thermodynamic tool to identify the

effects of specific residues in interaction with ligands.?* GIn194, the only polar residue in the PQS-
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binding pocket,” % was mutated and the binding of 1, 8, 9, and 11 to the resulting PgsR Q194A
mutant was analyzed by ITC (Table 2).

While the point mutation of GIn194 to Ala did not affect the binding of 1, the affinity of 8, 9, and 11
was significantly decreased. The latter reveals that GIn194 is only involved in the binding of 8, 9, and
11, but, competition experiments confirmed that 1 and 11 though bind to the same binding site (Figure

4).
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Figure 4. Competitive binding of ligands to PgqsRC® as measured by ITC and SPR. a) Raw ITC data
(top) and integrated normalized data (bottom) for titrations of 94 uM HgSUMO-PgsR“®” with 900 uM
11 (m) in the absence of 1 and in the presence of 1 mM co found 1 (4). b) Overlay of sensorgrams for
compound 1 in competition with 11 to HsSUMO-PqsR®®" measured in duplicates at 12°C; double
referenced and DMSO calibrated. ¢) Blue line: Fit of the duplicate (+)-trans-U50488 equilibrium
response data from the HsSUMO-PgsR®®’ surface to a 1:1 interaction; black line: Fit of the duplicate
(+) -trans-U50488 equilibrium response data from the HgSUMO-PgsR®®’ surface to a 1:1 interaction
in the presence of 100uM of compound 11.

Interestingly, for the interaction of 8, 9, and 11 with the Q194A mutant a comparable loss in AH was
observed with values ranging from 4.0 to 4.4 kcal/mol. Considering that a well-placed H-bond can
make a favorable enthalpic contribution in the order of -4 to -5 kcal/mol,?” the results suggest that
GIn194 forms H-bonds with 8, 9, and 11. Further, the binding of the latter ligands to the Q194A
mutant showed positive -TAAS values relative to those of the wild-type. This might be due to the
increased conformational flexibility both of the ligand and the protein in the absence of the H-bond.
As shown in Table 1, variation of the alkyl chain (compounds 6-10) affects the enthalpy AH
demonstrating that the alkyl chain is involved in the formation of non-covalent interactions like CH/nt
hydrogen bonds. The latter have their origin in dispersion forces, which have an impact on the
enthalpic term of free energy.?® To probe for CH/r interactions Phe221 that is lining the PQS-binding
pocket® ¢ was mutated to Ala. Ligand 9, which showed the highest affinity toward PgsR (Kp = 0.9
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M) was selected for analysis and the thermodynamic signatures for the binding of 9 to wild-type and

F221A mutant PgsR are shown in Figure 5.

-TAS

kcal/mol

-10 I
wild-type F221A mutant

Figure 5. Thermodynamic profiles determined by ITC for the binding of ligand 9 to wild-type and
F221A mutant PgsR. Data shown are mean = SD, n = 3.

Indeed, the F221A point mutation affected the binding of 9 and with a deficit of 7.6 kcal/mol the
enthalpic contribution was significantly reduced compared to the wild-type. A salient feature of the
CH/r hydrogen bond is that it works cooperatively and for cases involving aliphatic CH groups as the
hydrogen donor, the energy of a CH/n hydrogen bond is between -1.5 and -2.5 kcal/mol.”® This
indicates that Phe221 might form three CH/m bonds with the tBu-moiety of 9 as described for the
interaction of benzene with isobutane. *

Given that P. aeruginosa is characterized by an intrinsic resistance to a variety of antimicrobial agents,
which is due to the synergy between drug efflux pumps with broad substrate specificity and low outer
membrane permeability®’ we examined whether the most potent antagonist 11 also shows an effect
when tested in a P. aeruginosa background. Remarkably, the antagonistic activity could be confirmed
(ICsp in E. coli = 12.5 uM vs. ICs; in P. aeruginosa = 23.6 uM; Figure 6a). Two possible explanations
for this finding might be that the penetration of the hydrophilic hydroxamic acid 11 (logP = 2.1) across
the outer membrane overwhelms its efflux or that the antagonist 11 is no substrate of the efflux pumps.
Additionally, 11 is able to reduce the production of the virulence factor pyocyanin in P. aeruginosa
(ICso = 87.2 UM; Figure 6b). In summary, through application of rational design and biophysical
methods, we developed to the best of our knowledge the first small-molecule PgsR ligands. LEs and
functional properties were used to guide the elaboration process that resulted in the potent hydroxamic
acid-derived PgsR antagonist 11. Compared to the recently described HHQ analogues™ compound 11
is a less potent antagonist but, as a consequence of its low molecular weight and its activity in P.
aeruginosa, it has a high potential for further optimization. Beyond this, site-directed mutagenesis
together with thermodynamic analysis disclosed that GIn194 and Phe221 are involved in ligand
binding, probably by making hydrogen bonds and CH/m interactions, respectively. The rational
simplification strategy in combination with biophysical methods, using LE as a primary filter, revealed

promising hits. Accordingly, this approach is a valuable tool in drug design. Future experiments will
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address hit to lead optimization to open the door for antibiotics with novel modes of action for the

treatment of P. aeruginosa.
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Figure 6. a) Determination of 1Cs, values in E.coli and P. aeruginosa. 1Cs, values were determined in
the reporter gene assays. Compound 11 was tested at seven concentrations in competition with 50 nM
PQS. ICs, value in E.coli: 12.5 puM; mean value of three experiments. 1Csy value in P. aeruginosa:
23.6 pM; mean value of two experiments with n = 4. The log (inhibitor) vs. response model (Prism
5.0) was applied for nonlinear regression and determination of ICsp-values; the Hill slope was
constrained equal to 1.0. b) Effect of 11 on the pyocyanin production in P. aeruginosa PA14. For the
determination of the ICs, value the pyocyanin levels in P. aeruginosa PA14 were
spectrophotometrically determined at Asy, nm in the presence of compound 11 at six concentrations.
ICs value in: 87.3 uM; mean value of two experiments. The log (inhibitor) vs. response-variable slope
model (Prism 5.0) was applied for nonlinear regression and determination of the 1Cs,-value.
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Synthetic and analytical methods for the compounds described herein. Detailed description of the
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METHODS
Construction of pSUMO3_ck4 pgsR“Y. For generation of pSUMO3_ck4 pgsR®®" containing the

truncated pgsR“®’

gene of P. aeruginosa PA14, the pgsR gene from nucleotide 259 to the stop codon
was  PCR-amplified  from  genomic  DNA  using the  forward  primer 5’-
TATGAGTACTAATCTCAACAAGGGTCCGCGC-3’ and reverse primer 5'-
TGTACAATTGCTACTCTGGTGCGGCGCGCT-3" (Scal/Mfel sites underlined) and subsequently

cloned into the Scal/Mfel sites of the pSUMO3_ck4 vector in order to express it as a HsSSUMO-fusion
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protein. The construct was confirmed by DNA sequencing. This plasmid adds 104 amino acids to the
N-terminus of the PgsR sequence starting at N87 .

Preparation of pPSUMO3_ck4 Q194ApqsR®®” and pSUMO3_ck4 F221ApqsR®®’. The Q194A and
the F221A mutants was generated using the QuikChange Site-Directed Mutagenesis Kit (Stratagene,
La Jolla, CA) according to the manufacturer’s instructions using the pSUMO3-ck4-pgsR“®’ plasmid as
an template. Briefly, the forward primer 5’-CTGGCCAATTACCGGGCGATCAGCCTCGGCAGC-3’
(A194 underlined) and the reverse primer 5’-GCTGCCGAGGCTGATCGCCCGGTAATTGGCCAG-
3’ (A194 underlined) were used to amplify the Q194A gene through 16 cycles of PCR (35 s
denaturation at 95 °C, 60 s annealing at 55 °C, and 6.5 min extension at 68 °C). The forward primer 5'
CTCTTCGTGGAAAACGCGGACGACATGCTGCGTCTG 3' (A221 underlined) and the reverse
primer 5 CAGACGCAGCATGTCGTCCGCGTTTTCCACGAAGAG 3' (A221 underlined) were used
to amplify the F221A gene through 16 cycles of PCR using the same conditions as described above.
After treatment with Dpnl, the PCR product was transformed into E. coli strain XL1-Blue. Plasmid
DNA was then purified from transformants using the GenElute™ HP Plasmid Miniprep Kit (Sigma-
Aldrich, St. Louis, MO) and sequenced to confirm the Q194A and the F221A mutations.

Protein Expression and Purification. Wild-type, Q194A mutant, and F221A mutant HsSUMO-
PgsR°®" were expressed in E. coli and purified using a single affinity chromatography step. Briefly, E.
coli BL21 (DE3) cells containing the pPSUMO3_ck4_pgsR“*’, the pSUMO3_ck4_Q194ApasR°® or the
the pSUMO3_ck4 F221ApgsR®’ plasmid were grown in LB medium containing 50 pg ml™
kanamycin at 37 °C to an ODgy, of approximately 0.8 and induced with 0.2 mM IPTG for 16 h at 16
°C. The cells were harvested by centrifugation (5000 rpm, 10 min, 4 °C) and the cell pellet was
resuspended in 100 ml binding buffer (50 mM Tris-HCI, pH 7.8, 150 mM NaCl, 20 mM imidazole,
10% glycerol (v/v)) and lysed by sonication for a total process time of 2.5 min. Cell debris were
removed by centrifugation (13000 rpm, 30 min) and the supernatant was filtered through a syringe
filter (0.2 um). The clarified lysate was immediately applied to a Ni-NTA column (GE Healthcare),
washed with 50 mM Tris-HCI, pH 7.8, 150 mM NaCl, 20 mM imidazole, 10% glycerol (v/v), and
eluted with 500 mM imidazole. The protein containing fractions were buffer-exchanged into 20 mM
Tris, pH 7.4, 150 mM NaCl, 10% glycerol (v/v) for the wild-type and into 20 mM Tris, pH 7.8, 300
mM NacCl, 10% glycerol (v/v) for the Q194A and the F221A mutants, using a PD10 column (GE
Healthcare) and judged pure by SDS-PAGE analysis. The HsSUMO-tagged proteins were stored at -80
°C and used for biophysical studies.

Minimal biotinylation of HSUMO-PgsR®®’. Minimal biotinylation of the HSUMO-PqsR“®" was
achieved by mixing 56 nmol of H;SUMO-PgsR“®’ (1 eq.) with 28 nmol of EZ-link sulfoNHS LC-LC-
biotin (0.5 eq.; Thermofisher Scientific) that was freshly dissolved in water. Biotinylation reaction
mixture was incubated on ice for 2 hours. To remove unreacted biotin reagent, the entire biotinylation
mixture was subjected to size exclusion chromatography on a Superdex200 HR (16/600) column

equilibrated in storage buffer (1x PBS, pH 7.4, 10% glycerol (v/v)). A protein peak containing
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biotinylated HsSUMO-PgsR“®’ protein was collected (0.3 mg/ml), stored at -80 °C and used for SPR
studies.

Surface Plasmon Resonance. SPR binding studies were performed using a Reichert SR7500DC
instrument optical biosensor (Reichert Technologie, Depew, NY 14043 USA). SAD500 sensor chips
from Xantec (Xantec Analytics, Disseldorf) were used. Dimethyl sulfoxide (DMSO), biotin and (£)-
trans-U50488 methanesulfonate were purchased from Sigma. Library collection consisted of 106
compounds with molecular weight range of 100 to 350 Da.

Immobilization of biotinylated HsSumo-PgsR“’. Biotinylated HsSUMO-PgsR“®" was immobilized on
a SAD500 (Streptavidin coated) sensor chip at 25 °C. HEPES (50 mM HEPES, pH 7.4, 150 mM
NaCl) was used as the running buffer. The streptavidin carboxymethyl dextran surface was
preconditioned 30 min with running buffer until the baseline was stable. Biotinylated HsSUMO-
PqsR“®'was diluted into running buffer to a concentration of 100 pg/mL and coupled to the surface
with a 2-min injection. Remaining streptavidin and the reference cell were blocked with a 3-min
injection of biotin (3ug/mL). Biotinylated H;SUMO-PqsR“®" (39494 Da) was immobilized at density
of 2200 RU for the binding affinity experiment of (+)-trans-U50488 methanesulfonate and at a density
of 5506 RU for the library screen.

Binding affinity for (£)-trans-U50488 methanesulfonate. The binding experiment was performed at
12°C at a constant flow rate of 80 ul/min in instrument running buffer (50 mM HEPES, 150 mM
NaCl, pH 7.4, 5% DMSO (v/v), 0.05% P20 (v/v). A 10 mM stock of trans-U50488 methanesulfonate
in running buffer was directly diluted to a concentration of 1 mM and then diluted in a 3-fold dilution
series from 111 uM down to 457 nM. Before starting the experiments 12 warm-up blank injections
were performed. Zero-buffer blank injections and DMSO calibrations were included for double
referencing. Individual concentrations were injected in duplicates from lowest to highest
concentrations for 120 s association and 5 min dissociation time. Scrubber software was used for
processing and analysing data. Equilibrium dissociation constant (Kp) was determined by locally
fitting appropriate experimental data to a 1:1 model using fitting procedure available within Scrubber
software. Overlay plot of sensorgrams and affinity plot in adequate logarithmic units for the
concentrations® are shown in Supplementary Figure 1.

Library Screening. Concentrations of ligand stock solutions in DMSO were determined by the
weight of the compound. Compounds as 10 mM DMSO stocks were diluted in DMSO to 2 mM. Final
ligand concentrations (100 uM) were achieved by diluting 1:20 (v/v) in the experimental buffer (50
mM HEPES, pH 7.4, 150 mM NaCl, 0.05% P20 (v/v)) resulting in a final DMSO concentration of 5%
(v/v). Binding experiments were performed at 12°C at a constant flow rate of 100 pl/min in instrument
running buffer (50 mM HEPES, pH 7.4, 150 mM NaCl, 5% DMSO (v/v), 0.05% P20 (v/v). Each
compound was injected for 26 s association - and 120 s dissociation time. Positive control ((£)-trans-
U50488 methanesulfonate) was injected each 25" injection at 20 pM to assess stability and

reproducibility of the assay. 110 compounds were screened within 6 hours in 96 well plates. Data
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evaluation was performed using Scrubber (http://www.biologic.com.au) and Microsoft Excel software
for data processing and analysis. Using Scrubber software, SPR signals in flow cell containing
captured biotinylated protein were transformed, referenced against the blank surface (streptavidin) and
further corrected for DMSO refractive index change (excluded volume effect). Compounds showing
promiscuous binding response® were removed from the screening data. Report binding points, taken
for each fragment injection after a contact interval of 19-s were analyzed. Kp values were estimated

using Eq. (1) derived from the Langmuir adsorption isotherm.

KD = (Rmax*C/R)'C (1)

Rmax: R, and C correspond to the normalized saturation response of the compound, the normalized
response of the test compound, and the concentration of the test solution, respectively. For the ranking
of the best hits, the LE was calculated as previously described'® ** from Eq. (2),

LE = -RTInKp/(heavy atom count) (2)

T is the absolute temperature, and R = 1.98 cal/mol/K.

1 - pgsR C87 bictinylated S506RU

Response

Figure 7. Overlay of 110 sensorgrams for tested compounds against biotinylated HsSUMO-PqsR“®"".

The data read-out line is indicated by the dashed line.

Competition experiments for (x)-trans-U50488 methanesulfonate and compound 11. The
competition experiment was performed at 12°C at a constant flow rate of 25 ul/min in instrument
running buffer (50 mM HEPES, 150 mM NaCl, pH 7.4, 5% DMSO (v/v), 0.05% P20 (v/v), 100uM
compound 11. A 10 mM stock of trans-U50488 methanesulfonate in running buffer was directly
diluted to a concentration of 1 mM and then diluted in a 3-fold dilution series from 333 uM down to
4,57 uM. Before starting the experiments 12 warm-up blank injections were performed. Zero-buffer

blank injections and DMSO calibrations were included for double referencing. Individual
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concentrations were injected in duplicates from lowest to highest concentrations for 120 s association
and 5 min dissociation time. Scrubber software was used for processing and analysing data.
Equilibrium dissociation constant (Kp) was determined by locally fitting appropriate experimental data
to a 1:1 model using fitting procedure available within Scrubber software. Overlay plot of sensorgrams
and affinity plot in adequate logarithmic units for the concentrations® are shown in Figure 7.

Isothermal titration calorimetry. ITC experiments were carried out using an ITCyy instrument
(Microcal Inc., GE Healthcare). Concentrations of ligand stock solutions in DMSO were determined
by the weight of the compound. Final ligand concentrations were achieved by diluting 1:20 (v/v) in
the experimental buffer resulting in a final DMSO concentration of 5% (v/v). Protein concentration
was determined by measuring the absorbance at 280 nm using a theoretical molarity extinction
coefficient of 22,900 M™cm™. DMSO concentration in the protein solution was adjusted to 5% (v/v).
ITC measurements were routinely performed at 25 °C in 20 mM Tris, pH 7.4, 150 mM NacCl, 10%
glycerol (v/v), 5% DMSO (v/v) for the wild-type PqsR“®*and in 20 mM Tris, pH 7.4, 300 mM NaCl,
10% glycerol (v/v), 5% DMSO (v/v) for the Q194A and the F221A mutants, respectively. The
titrations were performed on 66-200 UM HgSUMO-PgsR®*’, HsSUMO-Q194APgsR“®’ or HsSUMO-
F221APqsR°® in the 200 pl sample cell using 2-2.7 pl injections of 0.7-2.5 mM ligand solution every
180 s. The competition experiment was performed on 94 M HgSUMO-PqsR“®’, which was incubated
with 1mM compound 1 for 30 min at 25 °C. Raw data were collected and the area under each peak
was integrated. To correct for heats of dilution and mixing the final base line consisting of small peaks
of the same size at the end of the experiment was subtracted. The experimental data were fitted to a
theoretical titration curve (one site binding model) using MicroCal Origin 7 software, with AH
(enthalpy change in kcal/mol), Ka (association constant in M), and N (number of binding sites) as

adjustable parameters. Thermodynamic parameters were calculated from Eqg. (3),

AG = AH - TAS = RTInK, = -RTInK; ©)

where AG, AH, and AS are the changes in free energy, enthalpy, and entropy of binding, respectively,

T is the absolute temperature, and R = 1.98 cal/mol/K. The LE for each compound was calculated from
Eq. (4),

LE = -AG/(heavy atom count) (4)

where AG is the change in free energy and heavy atom count is the number of non-hydrogen atoms of
the compound. For each ligand at least three independent experiments were performed. Representative
ITC titrations are shown in Supporting Information.

Synthesis. Complete chemical and analytical methods are descrided in the Supporting Information.
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Reporter Gene assays. The p-galactosidase reporter gene assays in E.coli and P. aeruginosa PA14
were performed as previously described and are explained into details in the Supporting Information.
Pyocyanin assay. The pyocyanin assay in P. aeruginosa PA14 was performed as previously described

and is explained into details in the Supporting Information.



ERGEBNISSE 148

References

(1) Blanc, D. S., Petignat, C., Janin, B., Bille, J., and Francioli, P. (1998) Frequency and molecular
diversity of Pseudomonas aeruginosa upon admission and during hospitalization: a prospective
epidemiologic study. Clin. Microbiol. Infect. 4, 242-247.

(2) Koch, C., and Hgiby, N. (1993) Pathogenesis of cystic fibrosis. Lancet 341, 1065-1069.

(3) Swift, S., Downie, J. A., Whitehead, N. A., Barnard, A. M., Salmond, G. P., and Williams, P. (2001)
Quorum sensing as a population-density-dependent determinant of bacterial physiology. Adv.
Microb. Physiol. 45, 199-270.

(4) Gambello, M. J., and Iglewski, B. H. (1991) Cloning and characterization of the Pseudomonas
aeruginosa lasR gene, a transcriptional activator of elastase expression. J. Bacteriol. 173, 3000-
3009.

(5) Passador, L., Cook, J. M., Gambello, M. J., Rust, L., and Iglewski, B. H. (1993) Expression of
Pseudomonas aeruginosa virulence genes requires cell-to-cell communication. Science 260,
1127-1130.

(6) Ochsner, U. A., Koch, A. K., Fiechter, A., and Reiser, J. (1994) Isolation and characterization of a
regulatory gene affecting rhamnolipid biosurfactant synthesis in Pseudomonas aeruginosa. J.
Bacteriol. 176, 2044-2054.

(7) Ochsner, U. A., and Reiser, J. (1995) Autoinducer-mediated regulation of rhamnolipid biosurfactant
synthesis in Pseudomonas aeruginosa. Proc. Natl. Acad. Sci. USA 92, 6424-6428.

(8) Pesci, E. C., Milbank, J. B., Pearson, J. P., McKnight, S., Kende, A. S., Greenberg, E. P., and
Iglewski, B. H. (1999) Quinolone signaling in the cell-to-cell communication system of
Pseudomonas aeruginosa. Proc. Natl. Acad. Sci. USA 96, 11229-11234.

(9) Allesen-Holm, M., Barken, K. B., Yang, L., Klausen, M., Webb, J. S., Kjelleberg, S., Molin, S.,
Givskov, M., and Tolker-Nielsen, T. (2006) A characterization of DNA release in Pseudomonas
aeruginosa cultures and biofilms. Mol. Microbiol. 59, 1114-1128.

(10) Dubern, J.-F., and Diggle, S. P. (2008) Quorum sensing by 2-alkyl-4-quinolones in Pseudomonas
aeruginosa and other bacterial species. Mol. Biosyst. 4, 882-888.

(11) Déziel, E., Gopalan, S., Tampakaki, A. P., Lépine, F., Padfield, K. E., Saucier, M., Xiao, G., and
Rahme, L. G. (2005) The contribution of MvfR to Pseudomonas aeruginosa pathogenesis and
guorum sensing circuitry regulation: multiple quorum sensing-regulated genes are modulated
without affecting lasRlI, rhiIRI or the production of N-acyl-L-homoserine lactones. Mol. Microbiol.
55, 998-1014.

(12) Clatworthy, A. E., Pierson, E., and Hung, D. T. (2007) Targeting virulence: a new paradigm for
antimicrobial therapy. Nat. Chem. Biol. 3, 541-548.

(13) Xiao, G., Déziel, E., He, J., Lépine, F., Lesic, B., Castonguay, M.-H., Milot, S., Tampakaki, A. P.,
Stachel, S. E., and Rahme, L. G. (2006) MVfR, a key Pseudomonas aeruginosa pathogenicity
LTTR-class regulatory protein, has dual ligands. Mol. Microbiol. 62, 1689-1699.

(14) Lu, C., Kirsch, B., Zimmer, C., de Jong, J. C., Henn, C., Maurer, C. K., Musken, M., Haussler, S.,
Steinbach, A., and Hartmann, R. W. (2012) Discovery of Antagonists of PgsR, a Key Player in 2-
Alkyl-4-quinolone-Dependent Quorum Sensing in Pseudomonas aeruginosa. Chem. Biol. 19,
381-390.

(15) zaborina, O., Lepine, F., Xiao, G., Valuckaite, V., and Chen, Y. (2007) Dynorphin activates
quorum sensing quinolone signaling in Pseudomonas aeruginosa. PLoS Pathog.

(16) Mochalkin, 1., Miller, J. R., Narasimhan, L., Thanabal, V., Erdman, P., Cox, P. B., Prasad, J. V. N.
V., Lightle, S., Huband, M. D., and Stover, C. K. (2009) Discovery of antibacterial biotin
carboxylase inhibitors by virtual screening and fragment-based approaches. ACS Chem. Biol. 4,
473-483.

(17) Waldrop, G. L. (2009) Smaller is better for antibiotic discovery. ACS Chem. Biol. 4, 397-399.

(18) Hopkins, A. L., Groom, C. R., and Alex, A. (2004) Ligand efficiency: a useful metric for lead
selection. Drug Discov. Today 9, 430-431.

(19) Abad-Zapatero, C., and Metz, J. T. (2005) Ligand efficiency indices as guideposts for drug
discovery., In Drug Discov. Today, pp 464-469.

(20) Cugini, C., Calfee, M. W., Farrow, J. M., Morales, D. K., Pesci, E. C., and Hogan, D. A. (2007)
Farnesol, a common sesquiterpene, inhibits PQS production in Pseudomonas aeruginosa. Mol.
Microbiol. 65, 896-906.

(21) Fletcher, M. P., Diggle, S. P., Crusz, S. A, Chhabra, S. R., Camara, M., and Williams, P. (2007) A
dual biosensor for 2-alkyl-4-quinolone quorum-sensing signal molecules. Environ. Microbiol. 9,
2683-2693.

(22) Hodgkinson, J., Bowden, S. D., Galloway, W. R. J. D., Spring, D. R., and Welch, M. (2010)
Structure-activity analysis of the Pseudomonas quinolone signal molecule. J. Bacteriol. 192,
3833-3837.



ERGEBNISSE 149

(23) Ladbury, J. E., Klebe, G., and Freire, E. (2010) Adding calorimetric data to decision making in
lead discovery: a hot tip. Nat. Rev. Drug Discov. 9, 23-27.

(24) Ciulli, A., Williams, G., Smith, A. G., Blundell, T. L., and Abell, C. (2006) Probing Hot Spots at
Protein-Ligand Binding Sites: A Fragment-Based Approach Using Biophysical Methods. J.
Med, Chem. 49, 4992-5000.

(25) de Bentzmann, S., and Plésiat, P. (2011) The Pseudomonas aeruginosa opportunistic pathogen
and human infections. Environ. Microbiol. 13, 1655-1665.

(26) Williams, P. (2011) Book of Abstracts. 1st International HIPS Symposium, Saarbriicken,
Germany, June 16.

(27) Freire, E. (2008) Do enthalpy and entropy distinguish first in class from best in class? Drug
Discov. Today 13, 869-874.

(28) Ramirez-Gualito, K., Alonso-Rios, R., Quiroz-Garcia, B., Rojas-Aguilar, A., Diaz, D., Jiménez-
Barbero, J., and Cuevas, G. (2009) Enthalpic nature of the CH/pi interaction involved in the
recognition of carbohydrates by aromatic compounds, confirmed by a novel interplay of NMR,
calorimetry, and theoretical calculations. J. Am. Chem. Soc. 131, 18129-18138.

(29) Nishio, M. (2011) The CH/1mr hydrogen bond in chemistry. Conformation, supramolecules, optical
resolution and interactions involving carbohydrates. Phys. Chem. Chem. Phys. 13, 13873-
13900.

(30) Ran, J., and Wong, M. W. (2006) Saturated hydrocarbon-benzene complexes: theoretical study of
cooperative CH/pi interactions. J. Phys. Chem. A 110, 9702-9709.

(81) Ma, D., Cook, D. N., Hearst, J. E., and Nikaido, H. (1994) Efflux pumps and drug resistance in
gram-negative bacteria. Trends Microbiol. 2, 489-493.

(32) Rich, R. L., and Myszka, D. G. (2010) Grading the commercial optical biosensor literature-Class
of 2008: &apos;The Mighty Binders&apos;. J. Mol. Recognit. 23, 1-64.

(33) Giannetti, A. M., Koch, B. D., and Browner, M. F. (2008) Surface plasmon resonance based
assay for the detection and characterization of promiscuous inhibitors. J. Med. Chem. 51, 574-
580.

(34) Navratilova, I., and Hopkins, A. L. (2010) Fragment screening by surface plasmon resonance.
ACS Med. Chem. Lett. 1, 44-48.



ZUSAMMENFASSENDE DISKUSSION 150

4 Zusammenfassende Diskussion

4.1 Design, Synthese und Validierung von 17p-HSD1 Hemmstoffen zur

Erbringung des in vivo Proof of Concepts

17B-HSD1 stellt als Schlusselenzym der E2-Biosynthese ein neues, vielversprechendes Target flr die
Therapie von estrogen-abhangigen Erkrankungen dar. Durch die Hemmung dieses Enzyms verspricht
man sich eine lokale Estradiolabsenkung im erkrankten Gewebe und dadurch die Reduzierung von
unerwiinschten Nebeneffekten, wie sie bei herkémmlichen Therapien vorkommen. Zur Validierung
neuer Targets ist das Erbringen des Proof of Principle und des Proof of Concepts im geeigneten
Tiermodell unerldsslich. Da die gefundenen Leitverbindungen an 17B-HSD1 von
Rattenleberpreparationen keine ausreichende Aktivitdt gezeigt haben (Kruchten 2008), ist es
notwendig eine alternative Spezies zu identifizieren.

In Kapitel 3.1 ist der Vergleich von 17B-HSD1 verschiedener Spezies beschrieben. Fur die Spezies in
denen Tiermodelle etabliert sind, wurde fir den Vergleich von 178-HSD1 von Maus, Ratte,
Cynomolgus, Callithrix jacchus und Mensch ein Sequenzalignment durchgefiihrt. Vergleicht man fiir
die ersten 287 Aminosauren die Ahnlichkeit von Ratte/Maus und humaner 178-HSD1 (h178-HSD1),
so kommt man lediglich auf 69 % Identitat. Insbesondere der Austausch von H221 der humanen
Sequenz in Glycin (H221G) ist in den murinen Sequenzen sehr weitreichend. Diese Aminoséure
befindet sich in der Steroidbindetasche und ist mal3geblich an der Steroidbindung beteiligt (Azzi et al.,
1996). Zusétzlich sind weitere Aminoséuren der murinen Substratbindetasche durch sperrige Reste
ausgetauscht. Das Fehlen von H221 und das reduzierte Volumen der Substratbindetasche mag eine
Erklarung fir die Inaktivitat der 178-HSD1 Leitstrukturen darstellen. Vergleicht man dann die humane
Sequenz mit der von C. jacchus erhalt man eine Identitat von 80%, die sich auf 87 % erhoht, wenn
man nur die Steroidbindetasche berucksichtigt. Auch aufgrund der hohen phylogenetischen
Ahnlichkeit von Affe und Mensch ist die Spezies C. jacchus fiir die Validierung von 17p-HSD1
Hemmstoffen der Nagerspezies vorzuziehen. Ein geeignetes Tiermodell in C. jacchus ist das
Endometriosemodell, hier kdnnen zwei verschiedene Formen von Endometriose induziert werden
(Einspanier et al., 2006). Das Endometriosegewebe hat seinen Ursprung also in C. jacchus. Deshalb
ist es von groRRer Bedeutung, dass potentielle Kandidaten fiir das in vivo Proof of Concept Aktivitét an
17B-HSD1 dieser Spezies zeigen. Ein weiterer Vorteil, den dieses Endometriosemodell bietet, ist
zusétzlich zur intensiven Studie der Endometrioselasionen die Untersuchung des lokalen und zentralen
Estrogenmetabolismus. Durch diese Daten kénnte man auch das intrakrine Konzept der 17p-HSD1
Hemmstoffen validieren. Durch die Uberexpression von 178-HSD1 im erkrankten Gewebe kidme es
also nur lokal zur Absenkung der E2-Spiegel und E2 kdnnte im Organismus weiterhin seine normale

Funktion austiben.
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Zum Aufbau eines biochemischen Assays fiir die Evaluierung der vorhandenen Inhibitoren am
isolierten Target ist es notwendig die 17B-HSD1 von C. jacchus (cj17p-HSD1) in ausreichender
Menge zur Verfligung zu haben. Prinzipiell gibt es zwei Mdglichkeiten an ¢j17p-HSD1 zu kommen;
durch eine Transfektion in geeignete Zellen oder durch die Aufreinigung aus Gewebe, das das Protein
in ausreichender Menge exprimiert. Bei letzterer Methode ist es jedoch wichtig sicherzustellen, wie
sich das Expressionsmuster von weiteren Enzymen, die in der Lage sind dieselbe Reaktion zu
katalysieren, verhalt. Studien haben gezeigt, dass das Plazentagewebe von C. jacchus hauptséchlich
17B-HSD1 und in sehr geringen Mengen auch 17B-HSD?7, die in der Lage ist E1 zu reduzieren, enthalt
(Schwabe et al., 2001). Dieses Expressionsmuster ist in diesem Fall jedoch von geringer Bedeutung,
da es sich bei 178-HSD1 um ein cytosolisch geldstes und bei 173-HSD7 um ein zellmembranstandiges
Enzym handelt. Bei der Aufarbeitung werden durch fraktionierte Zentrifugation zuerst Zelldebris und
die schweren Zellbestandteile abgetrennt, wodurch die 173-HSD7 auch aus dem Gemisch entfernt
wird. AnschlieBend werden cytosolische und mikrosomale Fraktion durch Ultrazentrifugation
voneinander getrennt. Die cytosolische Fraktion wird fur die Etablierung des Hemmstoffassays
verwendet. Geht man davon aus, dass das Expressionsmuster der C. jacchus-Plazenta annahernd
identisch mit dem der humanen Plazenta ist, dann enth&lt die mikrosomale Fraktion 173-HSD2 und
17B-HSD4, die beide in der Lage sind die Oxidation von Estradiol zu katalysieren. Beide Enzyme
kann man durch Zentrifugation nicht weiter voneinander trennen. 17p-HSD2 liegt jedoch in deutlich
hoheren Konzentrationen vor und zusammengenommen mit der Tatsache, dass 173-HSD2 auch die
deutlich hohere Affinitat zu E2 hat (Wu et al., 1993; Adamski et al., 1995), kann die mikrosomale
Fraktion fiir Evaluierung von Selektivitaten verwendet werden. Die Aktivitdtsmessungen erfolgen
Uiber HPLC-Separation und anschlieender Radiodetektion, es wird der Umsatz von E1 zu E2, bzw.
von E2 zu E1 detektiert, so dass andere NADPH- und NAD"- abhangige Reaktion keine Rolle spielen.
An diesem Testsystem wurden eine Reihe hochpotenter h173-HSD1 Inhibitoren hinsichtlich ihrer
Aktivitat an cj17B-HSD1 und Selektivitat gegentiber ¢j17p-HSD2 evaluiert. Es wurden Verbindungen
drei verschiedener Substanzklassen getestet (Abbildung 22), die Bis(hydroxyphenyl)-substituierten
Arene 1/1-1/11", die bizyklisch substituierten Hydroxyphenylmethanone 1/12-1/13 und die
(Hydroxyphenyl)naphthole 1/14-1/20. Die Ergebnisse sind zweigeteilt. Fiir die ersten beiden Klassen
hat man vergleichbare oder hohere Aktivitaten an cj173-HSD1 wie fir die h17p-HSD1 gefunden.

Fur die Klasse der Hydroxyphenylnaphthole hat man fiir Verbindung 1/14 als einzige Substanz dieser
Klasse vergleichbare Aktivitaten von h- und cj17p-HSD1 gefunden. Alle VergréRerungen an der
Corestruktur (1/15 — 1/20), die zu verbesserten humanen Aktivitaten fihrten, waren nachteilig fur die
Potenz an cj17p-HSD1.

tAlle Verbindungen, auf die sich in Kapitel 3 bezogen wird, kénnen durch Nennung der Rémischen Ziffer der
entsprechenden Publikation zugeordnet werden. Die Arabische Ziffer steht fiir die jeweilige Verbindung in der
entsprechenden Publikation (z.B.1/8 bezieht sich auf Verbindung Nr. 8 in Publikation Nr. I)
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Abbildung 21: Getestete Verbindung verschiedener Substanzklassen und Inhibitionstrend von h17s-
HSD Typ 1 & 2 und cj174-HSD Typ 1 und Typ 2. Linke Seite: gleichbleibende Inhibitionstendenz,
rechte Seite: verandertes Inhibitionsprofil

Eine mdgliche Erklarung fur das spezies-spezifische Inhibitionsprofil an 17p-HSD1 fiir die Klasse der
(Hydroxyphenyl)naphthole kann der hohe sterische Anspruch dieser Klasse sein. Vergleicht man die
Strukturen auf der linken und rechten Seite von Abbildung 21 so kann man erkennen, dass es sich bei
der Klasse der (Hydroxyphenyl)naphthole um die sterisch weniger flexiblen Substanzen handelt.
Zusatzlich ist in der Aminosduresequenz der cj17p-HSD1 Alal91 gegen ein starres Prolin (A191P)
ausgetauscht. Dies sitzt in der in a-Helix, die in den humanen Kristallstrukturen als hoch flexibel
gefunden wurde (Negri et al., 2010). Durch die speziellen Konformationseigenschaften von Prolin, mit
nur einer frei drehbaren Bindung, wird die Flexibilitdt dieser a-Helix (AS 190-196) stark
eingeschrankt und stabilisiert. Durch die beiden Faktoren besteht die Mdglichkeit, dass die
(Hydroxyphenyl)naphthole einen anderen Bindungsmodus in cj17p-HSD1 einnehmen, als im
humanen Enzym (Abbildung 22).

In beiden Modellen findet man beim Docking Verbindung 1/19 in der Substratbindetasche, jedoch sind
die beiden Bindungsmodi um circa 180° verdreht (Abbildung 22B). So dass im humanen Modell die
2-Hydroxygruppe mit Ser142 und Tyr155, sowie die meta-Hydroxygruppe des Phenylrings mit H221
Wasserstoffbriickenbindungen bilden. Der in 1-Position substituierte Phenylring ragt in die Subtasche
und wird durch Wasserstoffbriicken mit Asn 152 und dem NH aus dem Rickgrat von Leu95
stabilisiert. Im cj-Modell bildet die Hydroxyfunktion des Phenylrings eine Wasserstoffbriicke mit dem
Carbonylsauerstoff des Ruckgrats von Cys185 wund die 2-Hydroxygruppe wird durch
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Wasserstoffbriicken mit H221 und Asn282 in ihrer Postition stabilisiert. Der Sulfonamidring ist am C-
terminalen Ausgang der Bindetasche wahrscheinlich durch zw-n-Wechselwirkungen mit Phe259
stabilisiert. Durch die rdumliche Nahe zum Produktausgang des Enzyms konnte Verbindung 1/19
schon Wechselwirkungen mit Wasser ausgesetzt sein, wodurch ungiinstige Entropieterme entstehen,
die zu weniger gunstigen freien Energien fiihrten und dadurch die verringerte Hemmpotenz zustande

kommen kénnte.
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Abbildung 22: A) Verbindung 1/19 mit Hemmdaten gegentiber h- und cj174-HSD1 (cj = prozentuale
Hemmung bei 50 nM Inhibitorkonzentration). B) Uberlagerung von Verbindung 1/19 (cyan) in die
Kristallstruktur 1fdt der h1758HSDI (magenta) gedockt und Verbindung 1/19 (gelb) in das ¢j174-HSD1
Modell (griin) gedockt

Um Aussagen uber ihre Selektivitat treffen zu kénnen, wurden die Verbindungen auch auf Potenz
gegenuber cj17p-HSD2 (katalysiert die Oxidation von E2 zu E1) getestet (Abbildung 21). Hier
verhalten sich die drei Verbindungsklassen gleich, die Selektivitdten gegeniiber cj17p-HSD2 sind
durchgéngig geringer als die gegeniiber der h17p-HSD2. Dies koénnte ein Hinweis darauf sein, dass
sich die beiden cj-Enzyme strukturell &hnlicher sind, als es h17p-HSD Typ 1 und 2 sind. Da in der
cj17B-HSD2 Sequenz jedoch wichtige Teile, wie das F/G-Segment und das C-terminale Ende fehlen,
kann diese Hypothese nicht klar belegt werden. Es konnen anhand dieser Daten keine Studien
durchgefuhrt werden, die genaue Aussagen ber Homologien und Similaritdten von 173-HSD2 der
beiden Spezies geben. Berticksichtigen muss man aber auch, dass es zum Expressionsmuster von 17f3-
HSD Typ 2 und 4 in C. jacchus Plazenta keine Studien gibt. Die geringeren Selektivitdten kdnnten
auch durch eine 17p-HSDA4-Inhibition zustande kommen, da die Mdglichkeit besteht, dass dieses
Enzym in hoherem MaRe im Plazentagewebe von C. jacchus exprimiert wird, als ¢j173-HSD2. Man
kénnte hier also auch von einer Hemmung der E1-synthetisierenden Enzymen ausgehen. Um dies
jedoch genau zu belegen, missten Studien an den isolierten Enzymen separat fiir jeden Subtyp

durchgefihrt werden.
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Vielmehr stellen jedoch die Aktivitaten der (Hydroxyphenyl)naphthole gegeniber der ¢j17p-HSD1 ein
Ausschlusskriterium flr das in vivo Proof of Concept in C. jacchus dieser Verbindungsklasse dar.
Insbesondere das Sulfonamid 1/19 (auch als 11/15 und I11/A in dieser Arbeit zu finden, im Folgenden
der Einfachheit halber immer als 1/19 benannt.) stellt in dieser Verbindungsklasse eine sehr
interessante, hoch potente Verbindung mit sehr guten pharmakokinetischen Parametern dar
(Abbildung 23) und erfullt die Kriterien, die man sich fir einen Kandidaten zur Erbringung des in vivo
Proof of Concepts vorstellt (Abbildung 23).

T47D (ICs;) | 71nM |

h17B-HSD1(ICs,) | 15nM A ERa. | 0.01<RBA<0.1

SF(h17P-HSD2) | 27 P J H ERB | <0.01

PN
Metabolisch stabil Sk s

| Hohe Permeabilitédt

AUC 1332 ng*h*ml?

Crnax 110 ng*ml*

¢j17B-HSD1 | 16 % bei50nM

o 1.1h

¢j17B-HSD2 | 23% bei 50nM

Abbildung 23: Biologisches Profil des Methylsulfonamids 1/19 der (Hydroxyphenyl)Naphtholklasse

Das Ziel der Studie 111 in Kapitel 3.1.3 dieser Arbeit war es nun die ungeniigende Aktivitat an cj17p-
HSD1 und die Selektivitat gegeniuiber cj17p-HSD2 dieser Verbindung zu optimieren und zwar ohne
dabei die humane Aktivitat zu beeinflussen. Startpunkt war ein parallelsynthetischer Ansatz zur
Synthese von aromatischen Sulfonamiden, die auf ihre Aktivitat an h173-HSD1 getestet wurden. Die
vielversprechendsten Verbindungen wurden dann im groBeren Mafstab synthetisiert und weiter
charakterisiert. Da die aromatischen Sulfonamide sich als sehr potent am humanen Enzym erwiesen,
wurde eine Bibliothek synthetisiert, in der die Substituenten hinsichtlich ihrer lipophilen und
elektronischen Effekte variieren (Abbildung 24). Alle Verbindungen wurden hinsichtlich ihrer
Aktivitat an h- und cj17p-HSD1 und ihrer Selektivitat gegeniiber h- und cj17p-HSD2 evaluiert. Die
Aktivitdten an h17B-HSD1 liegen fir alle Substanzen im niedrigen nanomolaren Bereich (12 — 92
nM), die Selektivitidten gegenliber h173-HSD2 reichen von Faktor 6 — 36. Einzige Ausnahme bildet
die 2,4-di-Nitro substituierte Verbindung 111/16, die an h17p-HSD2 bessere Aktivitat zeigt als an
h17B-HSD1. Das konnte am hohen sterischen Anspruch dieser Substituenten liegen und deutet darauf

hin, dass h17B-HSD2 groliere Substituenten besser toleriert.
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Abbildung 24: A) Ubersichtsstruktur der synthetisierten Bibliotheksubstanzen B) Ubersicht tiber die in
der Bibliothek eingefiihrten Substituenten hinsichtlich Sigma-Hammet-Faktoren und lipophilen
Eigenschaften.

Dass man keine signifikanten Steigerungen der Aktivitdt beobachten kann, ist aufgrund der
verschiedenen Substituenten (Abbildung 24) und deren Einfluss auf die Elektronendichte im
Phenylring und die Lipophilie verwunderlich. Geht man davon aus, dass die phenylsubstituierten
Sulfonamide (Abbildung 24 A) den gleichen Bindungsmodus in der h173-HSD1 einnehmen, wie das
methylsubstituierte Sulfonamid 1/19, wéren zusétzliche r-n-Wechselwirkungen des Phenylrings am
Sulfonamid mit Phel192 denkbar (Abbildung 25 A). Nicht zu begrinden sind dadurch die fehlenden
Einflusse der Substituenten. Eine mdgliche Erklarung hierfir wére die Kompensation durch den
Verlust einer der oben beschriebenen H-Briicken mit dem Protein. Denkbar fir die
phenylsubstituierten Verbindungen ware aber auch ein Bindungsmodus der dem von Verbindung 1/19
in cj17p-HSD1 &hnelt (Abbildung 25B). Hier waren stabilisierende m-n-Wechselwirkungen des
Phenylrings am Naphthalenkern mit Phe259 mdglich. Die weiteren eingefiinrten Substituenten wirden
so aus der Bindetasche rausragen, kdnnten dadurch auch keine Effekte erzielen und waren zusétzlich
noch Solvenzeffekten an der Proteinoberflaiche ausgesetzt. Diese hier diskutierten verschiedenen
Mdglichkeiten der Bindungsmodi kénnen nur durch ein Co-Kristallisat belegt werden. Auf der einen
Seite sind die gleichbleibenden Aktivitaten dieser Verbindungsklasse durch die dadurch fehlenden
SAR-Studien von Nachteil, andererseits konnten sie auch von Vorteil sein. Man hat so die
Maoglichkeit, die Verbindungen hinsichtlich ihrer physikochemischen und biochemischen
Eigenschaften zu optimieren ohne dabei eventuell ihre Wirksamkeit abzuschwachen. Dies wirde einen
grofRen Vorteil in der nachfolgenden ADMET-Optimierung bieten.
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Abbildung 25: A) Bindungsmodus von 1/19 gedockt in 1fdt (www.uniprot.org) B) Bindungsmodus von
1/19 gedockt in das Homologiemodell von cj174-HSD1.

Die Aktivitdten an cj17p-HSD1 und auch die Selektivitaten konnten durch das Einfligen der
Aromatizitadt am Sulfonamid von 1/19 geringfiigig verbessert werden. Auch hier konnten keine klaren
Strukturwirkungsbeziehungen ausgemacht werden. Durchgéangig zeigen die Verbindungen (111/8 —
111/29) schlechtere Hemmdaten an cj17p3-HSD1.

Eine allgemeine Strategie in der medizinischen Chemie zur Steigerung der Aktivitat ist die
Rigidisierung einer Verbindung. Durch das Einfrieren einer Konformation verringert man den
entropischen Anteil einer Bindung und kann so mdglicherweise seine Affinitat steigern. Um diesen
Ansatz zu verfolgen wurde Verbindung 111/12 am Sulfonamid rigidisiert und dabei zwei Konformere
erhalten (111/30 und 111/31). Konformer 111/30 behdlt seine Aktivitat gegenuber h17p-HSD1 bei und
Konformer 111/31 bufRt sehr stark an Aktivitét ein. Man hat mit

Verbindung 111/30 die biologisch aktive Konformation gefunden, wahrend Verbindung 111/31
offensichtlich nicht in der Lage ist die ndtigen Interaktionen mit der Bindungstasche einzugehen.
Bemerkenswert ist jedoch die Aktivitat an cj173-HSD1 und auch die Selektivitat gegenuber cj17p-
HSD2. Konformer 111/30 (Abbildung 26) zeigt als einzige der synthetisierten Verbindungen eine sehr
hohe Aktivitat an cj173-HSD1 und auch eine deutliche Selektivitat, wahrend das andere Konformer
111/31 genauso wenig aktiv ist wie die Ausgangsverbindung 1/19.
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Abbildung 26: 111/12, aktives Konformer 111/30 und deren Inhibitionsprofile

Das Einfrieren der Verbindung 111/12 in einer Konformation nahe der biologisch aktiven
Konformation beeinflusst die Aktivitat an cj17p-HSD1 deutlich mehr am humanen Pendant. Eine
Erklarung hierfir mag in der durch Pro191 eingeschrankten Flexibilitit der Bindetasche von cjl17p-
HSD1 liegen, die womdglich nur die Bindung der biologisch aktiven Konformation zul&sst. Durch die
groBere Bindetasche der hl17p-HSD1 stellt Verbindung 111/30 wohl nur eine der mdglichen
Konformationen nahe der biologisch aktiven Konformation, die vom Enzym toleriert werden, dar.
Handelt es sich tatsachlich um die biologisch aktive Konformation wiirde man einen deutlichen
Aktivitadtszuwachs an h17B-HSD1 erwarten. Fur die Verbindungen mit freier Drehbarkeit am
Sulfonamid bedeuten diese Ergebnisse, dass der Energieaufwand von energetisch glnstiger
Konformation in Losung zu biologisch aktiver Konformation in der Bindetasche groRer ist, als der
Energiegewinn durch die Bindung im aktiven Zentrum. Fiir die rigidisierte Verbindung 111/30 ist
dieser Energieverlust nicht gegeben und man erhélt daher die gesteigerte Potenz der Verbindung an
cj17B-HSD1.

Die weiteren biologischen Daten, die fiir diese Verbindung evaluiert wurden, deuten auf einen
vielversprechenden Kandidaten fir das in vivo Proof of Concept im beschriebenen Tiermodell hin. Sie
ist selektiv gegenuiber ER a und B und zeigt Aktivitat im zelluldren System T47D. Der néchste Schritt
in Richtung Proof of Concept wére die Evaluierung der metabolischen Stabilitdt und auch die
Bestimmung der Pharmakokinetik des Kandidaten.

Das Hauptziel des ersten Teils dieser Arbeit war die Identifizierung einer geeigneten Spezies und die
Auswahl einer geeigneten Verbindung flr das in vivo Proof of Concept fir 17BHSD1 Inhibitoren in
einem Tiermodell. Die Auswahl der geeigneten Spezies wurde durch computer-gestiitzte Methoden
erzielt. Hier stellt C. jacchus und das darin etablierte Endometriosemodell eine gute Mdglichkeit fur
die Validierung der entwickelten Hemmstoffe dar. Im anschliefend entwickelten biochemischen
Assay stellte sich heraus, dass die Verbindungsklasse mit dem vielversprechendsten biologischen



ZUSAMMENFASSENDE DISKUSSION 158

Profil an dieser Spezies nur geringe Aktivitat zeigt. Deswegen wurde in einem rationalen
Optimierungsprozess die Verbindungsklasse hinsichtlich ihrer Aktivitat an cj17p-HSD1 verbessert.
Hierbei wurde die hochaktive Verbindung 111/30 als potentieller Kandidat fur das in vivo Proof of

Concept in C. jacchus entwickelt.
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4.2 SPR-Spektroskopie zum Einsatz im Drug Discovery Prozess

Um weiteren Antibiotikaresistenzen entgegenzuwirken, missen neue Ansétze gefunden werden diese
Mechanismen zu umgehen. Das fiir P. aeruginosa charakteristische pgs-QS System stellt einen
vielversprechenden Ansatzpunkt dar. Der Eingriff tber das Kommunikationssystem bringt den
Vorteil, dass die Pathogenitdt der Bakterien abgeschwécht wird, ohne dabei ihre Viabilitat zu
beeinflussen. Der natiirliche Selektionsdruck und somit auch die Resistenzentwicklung wiirde dadurch
reduziert werden. Die Entwicklung von QSlIs, die uber PgsD und/oder PgsR ihre Wirkung ausuben,
gehort zu einer vielversprechenden Alternative gegenuber der herkdmmlichen Antibiotikatherapie
(Kapitel 1.2). Ziel der Arbeit war die Entwicklung von validen SPR-Biosensor-Assays fir beide
Targets, die es erlauben die SPR-spektroskopische Methode in der Entwicklung von QSls effizient
einzusetzen.

Ein SPR-Biosensor-Assay lasst sich in drei Teile gliedern; Immobilisierung, Bindungsstudien und
Interpretation der Daten. Zur Vorbereitung des Target-Proteins spielt die Auswahl der
Immobilisierungsmethode eine wichtige Rolle. Die am haufigsten verwendete Immobilisierungsart ist
die Aminkupplung (siehe Kapitel 1.3.2.1), welche auch fiir die Immobilisierung von PgsD an der
Sensoroberflache  ausgewahlt wurde. Hierbei spielt nicht nur der pH-Wert des
Immobilisierungspuffers, sondern auch dessen lonenstarke und Zusammensetzung eine groRe Rolle.
Da der Zusatz von Nucleophilen, wie TRIS oder Detergenzien wie DTT oder B-Mercaptoethanol die
Immobilisierungsreaktion stéren, wurde PgsD nach der Expression und Aufreinigung in PBS-Puffer
gelagert. Um den optimalen Immobilisierungspuffer zu identifizieren, wurden zur Prakonzentrierung
(Kapitel 1.3.2.1) vier verschiedene Puffer verwendet (Abbildung 27A). 10 mM Natriumacetat bei pH
4.5 eignet sich am besten zur Prékonzentrierung, was an der Intensitat des Signals deutlich wird
(Abbildung 27A) und wurde deshalb als Puffer fir die Aminkupplung verwendet (Abbildung 27B).
Dieses Puffersystem erweist sich als sehr effizient. Man erreicht schnell eine hohe Beladungsdichte
(Abbildung 27B).
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Abbildung 27: A) pH-Scouting mit 10 mM NaAc fir He-PgsD. B) Immobilisierung von He-PgsD.

Um nach der Immobilisierung die Aktivitat des Liganden zu tberprifen, ist es unbedingt notwendig
einen Referenzbinder fir das Protein als Positivkontrolle zu haben. Bei der fur PgsD verwendeten
Referenzsubstanz handelt es sich um ein Anthranilsdurederivat 1VV/1 (Abbildung 28 B), fiir das im
funktionalen Kompetitionsassay (Pistorius et al., 2011) eine Hemmung von 65 UM (ICs,) bestimmt
wurde. Die Verbindung zeigt am immobilisierten Target eine Equilibriumbindungskonstante Kpeq VOn
435 uM (Abbildung 28). Wie man jedoch am Fit der Equilibrium Response sehen kann, ist die
Proteinoberflache nur zu ca. 60 % geséttigt. Um den Sattigungszustand zu erreichen, missten deutlich
hohere Konzentrationen des Hemmstoffes eingesetzt werden, fir die man hier an die
Loslichkeitsgrenze der Verbindung im Puffersystem stofRen wirde. In Studien wurde gezeigt, dass es
nicht zwingend notwendig ist die Sattigung zu erreichen um einen verlasslichen Fit zu erhalten
(Myszka and Rich, 2011). Solche Ergebnisse sollten jedoch immer kritisch hinterfragt und analysiert
werden. Eine Alternative zum Kpeq ist die Bestimmung des Kp-Wertes tber die Assoziations- und
Dissoziationsgeschwindigkeiten (Ko, und ko). Da das Anthranilsaurederivat 1V/1 aber die typischen
SPR-Signale fur einen schwach affinen Binder zeigt, also schnelle Assoziation und auch schnelle
Dissoziation, ist diese Methode in diesem Fall weniger gut geeignet. Durch die Bindung von 1V/1 an
PgsD wurde klar gezeigt, dass nach der Immobilisierung Affinitatsstudien mit dem Protein problemlos
moglich sind. Die Aminkupplung bei pH 4.5 ist fir die PgsD-Immobilisierung also eine geeignete
Methode. Mit dem Beweis der Bindung von 1V/1 kénnen jedoch keine Aussagen (iber den Einfluss der
Immobilisierung auf die katalytische Aktivitat des Proteins getroffen werden. PgsD katalysiert die
Biosynthese von HHQ aus Anthraniloyl-CoA (ACoA) und B-Ketodecanoat (Pistorius et al., 2011).
Deshalb wurde ein Assay entwickelt (Kapitel 3.4), mit dem es mdglich ist, die Produktformation am
Chip zu untersuchen, indem die SPR-Spektroskopie mit der massenspektrometrischen Analyse

gekoppelt wurde.
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Abbildung 28: Bindungsaffinitat fur 1\VV/1 A) Overlay der Sensorgramme fur die Bindung von 1V/1 an
He-PgsD gemessen als Duplikate bei 25°C; DMSO kalibriert und doppelt referenziert. B) Fit der
Duplikate der Equilibrium Response fir die Bindung von IV/1 an H6-PgsD nach einer 1:1
Interaktion.

Der PgsD-Biosensor wurde mit ACoA inkubiert und der Durchfluss auf HHQ-Formation untersucht.
Als Kontrolle wurde synthetisches HHQ eingesetzt (Abbildung 29). Die Ergebnisse zeigen, dass die
katalytische Aktivitdt des Proteins durch die Immobilisierung nicht verloren geht. Im Vergleich zum
nativen Protein in Losung ist sie zwar geringer, was aber auf die relativ hohe Proteindichte am Chip

und die damit verbundene eingeschrénkte Flexibilitat zuriickzufiihren sein mag.
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Abbildung 29: Fragmentationsmuster von HHQ (CID = collision induced decay) A) UHPLC-MS
Analyse der synthetischen HHQ Referenz B) UHPLC-MS? Fragmentierungsmuster der synthetischen
HHQ Referenz bei einer Retentionszeit von 0.98 C) UHPLC-MS Analysis des “on-chip” gebildete
HHQ D) UHPLC-MS? Fragmetierungsmuster des ,,on-chip* gebildeten HHQ.

Uberaus bemerkenswert ist aber die Stabilit4t des Proteins am Chip. Selbst nach zwei Wochen kann
noch katalytische Aktivitat nachgewiesen werden. Diese Ergebnisse demonstrieren deutlich, dass eine
kovalente Immobilisierung die katalytische Aktivitat des Proteins nur geringfiigig beeinflusst und man
die SPR-Spektroskopie durchaus als Label-freies System bezeichnen kann. Weiterhin ist die
Uberpriifung der katalytischen Aktivitat als Alternative oder zusitzlich zur Positivkontrolle fiir
immobilisierte Enzyme zu sehen. Oftmals gibt es neue Targets fir die es noch keine bekannten
Analyten gibt, hier ware die Messung des Substratumsatzes zur Uberpriifung der Aktivitat nach der

Immobilisierung von deutlichem Vorteil.
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Da der katalytische Mechanismus von PgsD bisher noch ungekléart ist, wurde eine Kombination aus
Molekularem Modelling, konventioneller Enzymkinetik und SPR-Spektroskopie verfolgt, um den
Mechanismus genauer zu untersuchen (Kapitel 3.5). In silico wurde ein Ping-Pong-Bi-Bi-
Mechanismus flir das Bi-Substratenzym postuliert, welcher dann durch experimentelle Nachweise
validiert wurde. Der beschriebene SPR-Assay zur Bestimmung der katalytischen Aktivitat wurde dazu
verwendet verschiedene Parameter, die flr einen Ping-Pong-Bi-Bi-Mechanismus charakteristisch sind,
zu belegen und damit die konventionellen enzymkinetischen Methoden zu unterstlitzen (Abbildung
30).

Abbildung 30: Validierung des Ping-Pong-Mechanismus (8-K = p-Ketodecanoat, B = Puffer) A)
Bevorzugte Reihenfolge der Substratzugabe. A1) Ubersichtsschema, A2) Sensorgramm: PgsD wird mit
ACOA inkubiert, Anthranilat bleibt kovalent gebunden, durch Zugabe von g-K entsteht HHQ und die
Basislinie erreicht ihr Ausgangslevel, A3) HHQ-Bestimmung mittels HPLC-MS? B) Nachteilige
Substratzugabe: B1)Ubersichtsschema, B2) Sensorgramm: Blaue Kurve: Affinitat von ACoA zu PgsD.
Schwarze Kurve: PgsD vorbehandelt mit g-K, keine Bindung von ACoA mdglich, B3) HHQ-
Bestimmung mittels HPLC-MS?.

Um einen Ping-Pong-Bi-Bi-Mechanismus nachzuweisen, muss man zwingend zwischen zwei Bi-Bi-
Mechanismen unterscheiden. Beim sequenziellen Bi-Bi-Mechanismus miissen zuerst alle Substrate an
das Enzym binden, bevor die Reaktion ablaufen kann und die Produkte freigesetzt werden (Voet and
Voet, 1992). Der Unterschied zum Ping-Pong-Bi-Bi-Mechanismus besteht darin, dass bei diesem
Mechanismus ein oder mehrere Produkte freigesetzt werden bevor alle Substrate gebunden haben
(Voet and Voet, 1992).

Wichtig fir den Nachweis des Ping-Pong-Bi-Bi-Mechanismus ist, dass die Produktformation des
ersten Produktes nachgewiesen werden kann, fir PgsD also das Coenzym A. Haufig ist es fir einen
Ping-Pong-Bi-Bi-Mechanismus auch der Fall, dass ein Substrat zuerst kovalent bindet (\Voet and Voet,
1992). Dieser Faktor stutzt zusétzlich die These des Ping-Pong-Bi-Bi-Mechanismus fiir PgsD. Die
SPR-Experimente (Abbildung 30A, Kapitel 3.4) haben gezeigt, dass Anthranilat kovalent am Enzyme
gebunden bleibt und Coenzym A frei wird. Dann erst kann B-Ketodecanoat als weiteres Substrat
binden und die zweite Produktbildung (HHQ) erfolgt. In Abbildung 30B ist die Negativkontrolle fiir
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diesen Mechanismus dargestellt. Nach Inkubation mit pB-Ketodecanoat, kann ACoA als zweites
Substrat nicht mehr an PgsD binden, was sich auch an der HHQ-Formation bemerkbar macht.

Durch den entwickelten SPR-Assay konnte die katalytische Aktivitat von PgsD als weiterfihrende
Kontrolle zur Oberflachenstabilitat etabliert und in einem multi-disziplindren Ansatz zur Validierung
des kinetischen Mechanismus von PgsD eingesetzt werden. Die hohe Stabilitat des Enzyms, wenn es
am Sensorchip gebunden vorliegt, erméglicht die Anwendung des Assays auch fiir das Screening von
groBen  Substanzbibliotheken, was zur Identifizierung neuer Strukturklassen fir die

Inhibitorentwicklung von wichtiger Bedeutung ist.

PgsR ist der Rezeptor, Uber den PQS und auch in geringem Male HHQ ihre Funktionen im pgs-
System ausiiben. Das Konzept mit dem Rezeptor zu interagieren, sieht die Entwicklung von
Rezeptorantagonisten vor, die mit dem nattrlichen Substrat um die PQS-Bindestelle konkurrieren. Da
es sich beim kompletten Rezeptor um ein unldsliches Protein handelt, wurde dieser in einer verkirzten
Version (C¥) mit einem SUMO-Tag zur Erhéhung der Léslichkeit kloniert, exprimiert und
aufgereinigt. Um das empfindliche Protein nicht der niedrigen Salzkonzentration und dem niedrigen
pH-Wert der Aminkupplung auszusetzen, wurde der Rezeptor nach der Expression biotinyliert um ihn
anschlielend Uber Streptavidin-Biotin-Interaktionen auf dem Sensorchip zu immobilisieren (Kapitel
1.3.2.2 und Kapitel 3.6). Die Biotinylierung kann in jedem fur das Protein geeigneten Puffersystem
durchgefuhrt werden. Studien haben gezeigt, dass hier auch TRIS-Puffer keine negative Auswirkung
auf den Biotinylierungsgrad hat (Papalia and Myszka, 2010), obwohl die Biotinylierung auch tber
freie NH,-Gruppen ablauft. Wichtig vor der Immobilisierung ist nur die vollstandige Entfernung von
nichtreagiertem Biotin. Als Positivkontrolle zur Assayvalidierung diente ein k-Opiod V1/1, das in der
Literatur als Stimulator der Transkription des pgsABCDE Operons beschrieben ist und fiir das eine
Bindung an PgsR im ITC-Experiment nachgewiesen wurde. SPR-Experimente bestatigten die hohe
Affinitat von VI/1 an PqsRC?*” (Abbildung 31).

Im Unterschied zur 1V/1 erreicht man mit dieser Verbindung den S&ttigungszustand, man erhalt einen
verlasslichen Fit und einen Kpeq von 5.6 puM. Dieser Wert stimmt mit der ber ITC bestimmen
Bindungskonstante (Kp = 3.6 pM) sehr gut Uberein, so dass man die Immobilisierungsmethode und

auch den entwickelten Assay als valide betrachten kann.
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Abbildung 31: Bindungsaffinitat flr k-Opiod VI/1 A) Overlay der Sensorgramme flr die Bindung von
VI/1 an Hg-PgsRC¥ gemessen als Duplikate bei 12°C; DMSO kalibriert und doppelt referenziert. B)
Fit der Duplikate der Equilibrium Response fiir die Bindung von VI/1 an He-PqsRC?®" nach einer 1:1
Interaktion.

Ausgehend von dieser Verbindung wurde eine Fragmentbibliothek zusammengestellt um neue
Leitstrukturen mit verbesserten physikochemischen Eigenschaften gegeniiber den Substratanaloga
(Kapitel 1.2 und (Lu et al., 2012) zu identifizieren. Insbesondere im Kontext des antibakteriellen Drug
Discovery stellt die Strategie der fragmentbasierten Wirkstofffindung ein vielversprechender Ansatz
zur Uberwindung der Antibiotikaresistenzen dar (Mochalkin et al., 2009; Waldrop, 2009). Nachteile
beim Screening von kleinen Molekilen ergeben sich jedoch aus deren meist schwachen
Bindungsaffinitaten und damit auch geringen Signalintensititen. Eine Mdglichkeit diese zu umgehen
ist eine hohe Screeningkonzentration der Fragmente, was aber auch gleichzeitig unspezifische
Bindung am Target férdern kann (Giannetti and Lawrence, 2011). Deshalb wurde das PgsR-Screening
bei einer geringen Konzentration von 100 puM und bei erniedrigter Temperatur von 12°C durchgefihrt.
Die erniedrige Temperatur ist zum einen forderlich fur die Proteinstabiliat, zum anderen ist die Kqg-
Geschwindigkeit herabgesetzt, so dass man die deutlicheren Bindungskurven erhélt. Zur effizienten
Klassifizierung der Fragmente beziglich ihrer Affinitdt wurde die Ligandeneffizienz (LE) als
Kriterium ausgewahlt (Hopkins et al., 2004). Diese berechnet sich aus der Bindungsenergie des
Liganden pro schweres Atom und erlaubt die Normalisierung der Affinitdt gegenlber dem
Molekulargewicht (je groRer der Zahlenwert, desto besser die LE).

Durch die Kombination aus Simplifizierung eines bekannten Liganden, geringer Konzentration der
Fragmente, niedriger Assay-Temperatur und der Einstufung nach LE ist es gelungen ein effektives
Screening durchzufiihren. Es wurde ein hochaktiver Hit identifiziert, der ohne weitere Optimierung
zwar schwéchere Affinitat als die Ausgangverbindung zeigt, die sich jedoch unter Berlicksichtigung
des Molekulargewichts normalisieren lasst (LE VI1/1 = 0.31 versus LE VI1/4 = 0.63). Zusétzlich zeigt
Verbindung V1/4 eine hohere antagonistische Aktivitat als VI/1. Ausgehend von dieser Verbindung
wurden Optimierungen durchgefiihrt, was zu einem hochpotenten PgsR-Antagonisten (V1/11) fuhrte,
der um dieselbe Bindungsstelle konkurriert wie Ausgangsverbindung VI/1. Um eine Bindung an
dieselbe Substratbindestelle nachzuweisen, wurden Kompetitionsexperimente durchgefihrt, die diese
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Annahme bestatigten (Abbildung 32). VI/1 ist in der Lage, Verbindung V1/11 konzentrationsabhéngig
aus der Bindetasche zu verdrangen. Sowohl am isolieren System in E.coli (ICsq = 12.5uM) als auch im
komplexen QS-System in P. aeruginosa (ICs, = 23.6 M) zeigt die Hitverbindung ein sehr gutes
Hemmprofil. Hinsichtlich der beschriebenen Beobachtungen, dass E.coli die héheren Sensitivitdten
gegenuber Substraten aufweist (Fletcher et al., 2007; Hodgkinson et al., 2010), ist der geringe
Unterschied der Hemmpotenz zwischen E.coli und P. aeruginosa sehr bemerkenswert.
Maoglicherweise liegt diese hohe Potenz der Hydroxamséaure V1/11 in ihrer Hydrophilie (logP = 2.1),
die zur Penetration der P. aeruginosa Membran von Vorteil ist, oder aber die Verbindung stellt kein
Substrat der fir P. aeruginosa spezifischen Effluxpumpen dar, die mitunter fur die hohe Resistenz

gegeniber Antibiotika verantwortlich sind (Ma et al., 1994).

Percent capacity
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Abbildung 32: Kompetitionsexperiment fiir die Bindung von VI/1 und VI/11. A) Blaue Kurve: Fit der
Duplikate der Equilibrium Response von 1V/1 an HSUMO-PgsR®®" nach einer 1:1 Interaktion;
Schwarze Kurve: Fit der Duplikate der Equilibrium Response von 1V/1 an HgSUMO-PgsR®®’ nach
einer 1:1 Interaktion in Anwesenheit von 100uM V1/11.

Durch die Kombination aus rationalem Design und biophysikalischen Methoden ist es gelungen, die
ersten antagonistischen kleinen Molekile als PgsR-Liganden zu entwickeln. Sie sind zwar deutlich
schwécher antagonistisch als die bereits beschriebenen Substratanaloga (Lu et al., 2012), aber
hinsichtlich ihres geringen Molekulargewichtes und ihrer Aktivitat in P. aeruginosa bieten sie hohes
Potenzial zur weiteren Optimierung.

Diese Ergebnisse unterstreichen den Einsatz der SPR-Spektroskopie als ausgezeichnete Methode zur

Hitstrukturfindung im fragmentbasierten Drug Discovery Prozess.
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Der Fokus dieser Arbeit lag auf der Entwicklung von neuen Substanzen zur Behandlung von
Infektions- und Krebserkrankungen, die die Problematik der Resistenzentwicklung umgehen und so
vielversprechende Ansétze in der Therapie dieser Krankheiten bilden. Die im Rahmen dieser Arbeit
entwickelten 17B-HSD1-Inhibitoren stellen eine vielversprechende Strukturklasse flr das in vivo Proof
of Concept am Endometriosemodell in C. jacchus dar. Der entwickelte spezies-spezifische
Kompetitionsassay kann sowohl fiir die weitere Charakterisierung von selektiven 178-HSD1-
Hemmstoffen als auch fiir die Charakterisierung von 173-HSD2-Hemmstoffen angewendet werden.

Die Etablierung der SPR-Biosensor-Assays ermoglicht weitere Untersuchung zur Target-
Charakterisierung an PgsD und PgsR. Sie kénnen sowohl fir die Identifizierung neuer Strukturklassen
als auch zur Optimierung des kinetischen Profils bereits bekannter Liganden eingesetzt werden. Das
Hydroxamsdurederivat (V1/11) als PgsR-Antagonist bietet einen vielversprechenden Ausgangspunkt

fiir medizinisch-chemische Modifikationen in der Entwicklung von hochpotenten PgsR-Antagonisten.
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