Disubstituted 1,2,3-Triazoles:

A Multitool for Biomolecular Chemistry

TECHNISCHE
UNIVERSITAT
DARMSTADT

Dissertation

Martin Empting

Organische Chemie und Biochemie







Disubstituted 1,2,3-Triazoles:

A Multitool for Biomolecular Chemistry

TECHNISCHE
UNIVERSITAT
DARMSTADT

Clemens-Schopf-Institut fir
Organische Chemie und Biochemie

7/
=1/
S,
=94
=9
75

Vom Fachbereich Chemie

der Technischen Universitat Darmstadt

zur Erlangung des akademischen Grades eines

Doktor-Ingenieurs (Dr.-Ing.)

genehmigte

kumulative Dissertation
vorgelegt von
Dipl. Ing. Martin Empting

aus Konigs Wusterhausen

Referent: Prof. Dr. Harald Kolmar
Korreferenten: Prof. Dr. Gerd Buntkowsky

Prof. Dr. U. Diederichsen (Universitat Gottingen)

Tag der Einreichung: 02. November 2012
Tag der mindlichen Prifung: 17. Dezember 2012
Darmstadt 2013

D17



Die vorliegende Arbeit wurde unter der Leitung von Herrn Prof. Dr. Harald Kolmar am
Clemens Schopf-Institut fiir Organische Chemie und Biochemie der Technischen Universitét
Darmstadt von Méarz 2009 bis November 2012 angefertigt.




Teile der vorliegenden Arbeit sind bereits veréffentlicht oder wurden zur
Veroffentlichung eingereicht:

1. Heiko Fittler, Olga Avrutina, Bernhard Glotzbach, Martin Empting*, & Harald Kolmar*,
Combinatorial Tuning of Peptidic Drug Candidates: High-Affinity Matriptase Inhibitors
through Incremental Structure-Guided Optimization. Submitted September 2012.

2. Martin Empting*, 1,2,3-Triazole: Multifunktionswerkzeuge fiir die Peptidchemie.
Nachrichten aus der Chemie (2012/13), in press.

3. Olga Avrutina, Heiko Fittler, Bernhard Glotzbach, Harald Kolmar, & Martin Empting*,
Between Two Worlds: a Comparative Study on In Vitro and In Silico Inhibition of Trypsin
and Matriptase by Redox-Stable SFTI-1 Variants at Near Physiological pH. Org. Biomol.
Chem. (2012), 10, 7753-7762.

4. Marco Tischler', Daichi Nasu', Martin Empting’, Stefan Schmelz, Dirk W. Heinz, Philip
Rottmann, Harald Kolmar, Gerd Buntkowsky*, Daniel Tietze*, & Olga Avrutina*, Braces
for the peptide backbone: Insights into structure-activity relationships of protease
inhibitor mimics with locked amide conformations. Angew. Chem. Int. Ed. (2012), 51,
3708-3712.

See also: Peptid in Ketten: Einblicke in die Struktur-Aktivitdts-Beziehungen von
Proteaseinhibitormimetika mit fixierten Amidkonfor-mationen. Angew. Chem. (2012),
124, 3768-3772.

5. Martin Empting’, Olga Avrutina, Reinhard Meusinger, Sebastian Fabritz, Michael
Reinwarth, Markus Biesalski, Stephan Voigt, Gerd Buntkowsky, & Harald Kolmar*,
"Triazole Bridge": Disulfide-Bond Replacement by Ruthenium-Catalyzed Formation of
1,5-Disubstituted 1,2,3-Triazoles. Angew. Chem. Int. Ed. (2011), 50, 5207 -5211.

See also: "Triazolbriicke": ein Disulfidbriickenersatz durch Ruthenium- katalysierte
Bildung von 1,5-disubstituierten 1,2,3-Triazolen. Angew. Chem. (2011), 123, 5313-5317.

T, Martin Empting’, Sebastian Fabritz, Matin Daneschdar, Holm

6. Olga Avrutina
Frauendorf, Ulf Diederichsen, & Harald Kolmar*, Application of copper(I) catalyzed
azide-alkyne [3+2] cycloaddition to the synthesis of template-assembled multivalent

peptide conjugates. Org. Biomol. Chem. (2009), 7, 4177-4185.

"Gemeinsame Erstautorenschaft
*Korrespondenzautor(en)




Weitere Publikationen, die im Rahmen dieser Doktorarbeit vero6ffentlicht wurden:

7. Sebastian Fabritz®, Sebastian Hoérner

, Doreen Konning, Martin Empting, Michael
Reinwarth, Christian Dietz, Bernhard Glotzbach, Holm Frauendorf, Harald Kolmar*, &
Olga Avrutina*, From Pico to Nano: Biofunctionalization of Cube-octameric
Silsesquioxanes by Peptides and Miniproteins. Org. Biomol. Chem. (2012), 10, 6287-6293.

8. Sebastian Fabritz, Dirk Heyl, Viktor Bagutski, Martin Empting, Eckhard Rikowski, Holm
Frauendorf, Ildiko Balog, Wolf-Dieter Fessner, Jorg J. Schneider, Olga Avrutina, & Harald
Kolmar*, Towards click bioconjugations on cube-octameric silsesquioxane scaffolds. Org.

Biomol. Chem. (2010), 8, 2212-2218.

Tagungsbeitrage

9. Martin Empting (2011), Kurzvortrag und Poster, "Triazole bridge": an adequate synthetic
disulfide surrogate?', 10th German Peptide Symposium, Berlin, Germany.

10. Martin Empting (2009), Poster, 'Application of Copper(I)-Catalyzed Azide-Alkyne [3+2]
Cycloaddition to the Synthesis of Template-Assembled Multivalent Peptide Conjugates.',

9th German Peptide Symposium, Gottingen, Germany.

'Gemeinsame Erstautorenschaft
*Korrespondenzautor(en)

iv



Zusammenfassung

Der zentrale chemische Baustein der vorliegenden kumulativen Dissertation ist der 1,2,3-
Triazol und dessen unterschiedliche Anwendungsmoglichkeiten in der Peptidchemie. Die hier
prasentierten Studien konnen grob in zwei Teilgebiete eingeordnet werden: Geriistmolekiil-
basierte Multimerisierung peptidischer Liganden durch Kupfer(I)-katalysierte Azid-Alkin
Cycloaddition (CuAAC) und der Einsatz von 1,2,3-Triazolen als nichtnatiirliche Struktur-
bausteine von Peptidomimetika. Der zweite Themenkomplex umfasst sowohl den
biomimetischen Ersatz von Peptidriickgratelementen als auch die Substitution von
makrozyklischen und linearen Seitenkettenmotiven. Hierfiir kam zusatzlich zu der genannten
CuAAC-Chemie auch eine Ruthenium(II)-katalysierte Variante (RUAAC) zum Einsatz. Die
genannten synthetischen Methoden wurden erfolgreich fiir die Synthese verschiedener
Triazol-haltiger peptidischer Substanzen angewendet und hinsichtlich der Durchfiihrung in
Losung vor allem aber auch an der festen Phase vorangebracht.

Experimente zur Konstruktion wohldefinierter multivalenter Biokonjugate wurden mit fiinf
unterschiedlichen Peptidliganden und zwei regioselektiv addressierbaren funktionalisierten
Platformmolekiilen — so genannten RAFT (regioselectively addressable functionalized template)
— durchgefiihrt. Die CUAAC-Kupplung gelang mit stochiometrischer Konversion der Edukte zu
den gewliinschten verzweigten Peptidoligomeren und lieferte moderate bis gute Ausbeuten.
Eines der synthetisierten Konstrukte beinhaltete vier Kopien einer ,RGD“ Sequenz und
zusétzlich einen Fluoreszenzmarker. Die genannten bioaktiven Peptidliganden konnen den
GPIIb/Illa Rezeptor binden und dadurch die Aggregation von Bltuplattchen inhibieren. Somit
konnte dieses Geriistmolekiil-basierte multivalente Konstrukt fiir Fluoreszenzmikroskopie von
GPIIb/Illa-exprimierenden Zellen geeignet sein. Allerdings wurden keine detaillierten
biologischen Untersuchungen mit diesem Biokonjugat durchgefiihrt, da ohnehin nur mit
einem sehr geringen therapeutischen bzw. diagnostischen Nutzen zu rechnen ist. Desweiteren
bleibt anzumerken, dass bis zum heutigen Zeitpunkt fortschrittlichere Biokonjuga-
tionsmethoden entwickelt worden sind, die nicht der Ubergangsmetallkatalyse bediirfen.
Dennoch stellt die beschriebene Studie eine Blaupause fiir die erfolgreiche Synthese
heteromultivalenter Peptidkonjugate dar. Die berichtete Methode wird unter anderem
weiterhin in der Arbeitsgruppe von Prof. Kolmar in verschiedenen Projekten zum Aufbau
Gertistmolekiil-basierter ~ Konstrukte mit anderen Peptidliganden verwendet, die
therapeutisches oder diagnostisches Potential besitzen.

Eine weitere sehr vielversprechende Anwendung von 1,2,3-Triazolen beruht auf den
besonderen physikochemischen Eigenschaften dieser stickstoffhaltigen aromatischen
Heterozyklen. Sie konnen in Wasserstoffbriickenbindungen sowohl als Akzeptoren als auch
Donatoren wirken, sind polar und besitzen eine gute Wasserloslichkeit. Diese Faktoren und
die Moglichkeit, selektiv 1,4- oder 1,5-disubstituierte 1,2,3-Triazole durch die Wahl des
Ubergangsmetallkatalysators der verwendeten Azid-Alkin Zykloaddition auszubauen, machen
diese Baueinheit zu einem geeigneten nichtnatiirlichen Ersatz von Amidbindungen. Es ist
somit moglich, das Peptidriickgrat durch ein Hydrolyse-resistentes Biomimetikum zu ersetzen
und dariiber hinaus entweder in der trans- oder der cis-Konformation einzufrieren. Dieses
Konzept wurde fiir das Design und die Synthese von peptidomimetischen Varianten des
monozyklischen sunflower trypsin inhibitor-1 (SFTI-1[1,14]) herangezogen. Zu diesem Zweck
wurde eine Strategie verwendet, welche Mikrowellen-unterstiitzte Fmoc-basierte
Peptidfestphasensynthese (Fmoc-SPPS) mit CuAAC- oder RuUAAC-Kupplungen an der festen
Phase kombinierte. Die gewiinschten Verbindungen konnten so in ausreichenden Mengen
synthetisiert werden, um damit sowohl strukturelle Untersuchungen als auch in vitro
Inhibitionstests durchzufiihren. Die gelosten Kristallstrukturen von Trypsin-Inhibitor-
Komplexen durch Rontgenbeugungsexperimente beweisen die erfolgreiche Synthese der
funktionalen Peptidomimetika mit nichtnatiirlichen Riickgratelementen. Desweiteren konnte




gezeigt werden, dass mit diesem Ansatz auch die der nativen Struktur entgegenstehenden
Amidkonformationen erzwungen werden konnen. Somit kann zum Beispiel an einer
ausgewahlten Stelle in der Aminosdurensequenz ein cis-Mimetikum installiert werden. Dieses
ist insofern bemerkenswert, als cis-Peptidbindungen sehr selten in der Natur zu finden sind
und meist nur vor Prolinresten auftreten. Diese Technik ermoglicht es demnach, neue
peptidische Strukturen zu erzeugen, die mit dem kanonischen Repertoire nicht erreichbar
wiren. Wie erwartet fithrte das ,Einfrieren” einer dem natiirlichen Riickgrat gegensitzlichen
Amidkonformation beim SFTI-1 zu einer signifikant verminderten Bioaktivitit. Schlief3lich
gibt einem diese Methode die Moglichkeit an die Hand, bestimmte Peptidsegmente in einem
Molekiil gegen enzymatische Degradation zu schiitzen, was zu einer verbesserten in vivo
Stabilitét fithren sollte.

Zwei weitere Studien hatten zum Inhalt, den Effekt von 1,2,3-Triazol-basierten
Disulfidaustauschen auf die Bioaktivitdt von SFTI-1[1,14] zu untersuchen. Zu diesem Zweck
wurden vier Seitenkettenmakrozyklisierungsmotive unterschiedlicher Linge und Form anstatt
des natiirlichen Cystins mittels kommerziell erhéltlicher Bausteine installiert. Wieder kam
einer Kombination aus Fmoc-SPPS und CuAAC oder RuUACC an der festen Phase zum Einsatz.
Die intramolekulare Reaktion ergab die gewiinschten Triazole-verbriickten peptidomime-
tischen Verbindungen mit einem 1,4- oder einem 1,5-Disubstitutionsmuster. Die reinen
Produkte wurden sowohl mittels Infrarot- und 2D-Kernresonanzspektroskopie als auch durch
Massenspektrometrie (Elektrospray-lonisation) charakterisiert. In vitro Inhibitionsunter-
suchungen zeigten, dass die Substitutionsart des Makrozyklisierungsmotivs einen
dramatischen Einfluss auf die Bioaktivitdt hatte. Interessanterweise waren die Varianten mit
einem 1,5-Muster potente Trypsininhibitoren und besafen Substrat-unabhingige
Inhibitionskonstanten K; im einstellig nanomolaren bis subnanomolaren Bereich. Die 1,4-
Gegenstiicke hingegen zeigten eine signifikant verminderte Bioaktivitit im Vergleich zum
Wildtyp. Die Liange der verbriickenden Einheit zwischen dem Peptidriickgrat und dem
Triazolebaustein hatte einen nicht so entscheidenden Einfluss. Diese in vitro-Ergenisse wurden
durch molekulare Modellierung bestitigt, da in diesen in silico Experimenten eine bessere
Ubereinstimmung mit der Struktur des nativen Peptids fiir das RuAAC-Produkt beobachtet
wurde. Somit wird die Verwendung von 1,5-disubstituierten 1,2,3-Triazolen als
Disulfidbriickenersatz empfohlen. Allerdings sollte die geeignete Linge des Makrozyklisier-
ungsmotivs fiir jeden biologischen Kontext neu evaluiert werden.

Sowohl die vier SFTI-1-Derivate mit , Triazolbriicken“ als auch die beiden nativen mono- und
bizyklischen Varianten wurden auf ihre Aktivitdt gegen die pharmazeutisch relevante Protease
Matriptase getestet. Uberraschenderweise wurde fiir alle sechs genannten Peptide eine
dramatisch schlechtere Affinitit als gegen Trypsin gemessen. Diese Beobachtung war
unerwartet, da ein negatives elektrostatisches Oberfldchenpotential am aktiven Zentrum von
Matriptase Anlass fiir ausgeprigte attraktive Wechselwirkungen zwischen dem positiv
geladenen SFTI-1-Geriist und dem Enzym geben sollte. Um dieses kontraintuitive Ergebnis
weiter zu untersuchen, wurde ein in silico Experiment mit Hilfe der Software YASARA
structure und einem angepassten AMBER-basierten Kraftfeld in zwei Schritten durchgefiihrt.
Zuerst, wurde eine Molekulardynamik Simulation durchgefithrt. Danach wurden 100
Einzelstrukturen aus den erhaltenen Trajektorien fiir ein lokales Docking Experiment
extrahiert. Durch den zugrundeliegenden AUTODOCK-Algorithmus konnten so die freien
Bindungsenergien fiir alle Inhibitor-Enzym-Komplexe berechnet werden. In der Tat deuteten
die in silico Affinitdten auf eine stidrkere Interaktion zwischen dem SFTI-1-Geriist und
Matriptase im Vergleich zur Bindung an Trypsin hin. Allerdings wurde im Vergleich zu
Trypsin eine erheblich reduzierte Rate, die obligatorische canonische Orientierung im aktiven
Zentrum des Enzyms zu treffen, bei den Docking Experimenten gegen Matriptase ermittelt.
Eine Normalisierung der berechneten freien Bindungsenergien mit Hilfe dieses Hitfaktors gab
die tatsdchlich gemessenen Affinititen aus den in vitro Assays relativ gut wieder. Eine
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anschliellende Strukturanalyse der simulierten Trajektorien und die Berechnung der Wurzel
der mittleren quadratischen Abweichung (root-mean-square deviation, RMSD) einzelner
Segmente der jeweiligen SFTI-1-Varianten gaben Anlass zu der Vermutung, dass negative
entropische Beitrige, die ihren Ursprung in den terminalen Regionen der Peptide haben, die
generell reduzierte Bioaktivitit gegen Matriptase verursachen.

Die Ergebnisse der in silico Untersuchungen lieferten wertvolle Hinweise fiir mogliche
Strategien zur Optimierung des Inhibitors gegen die pharmazeutisch relevante Serinprotease,
welche in einer weiteren Studie untersucht wurden. Es wurde beobachtet, dass die
offenkettige Variante von SFTI-1 (SFTI-1[1,14]) eine leichte Préferenz in ihrer Anti-
Matriptase-Wirkung gegen iiber dem bizyklischen Wildtyp zeigte. Somit war dieses
monozyklische Peptid ein geeigneter Startpunkt fiir die weiteren Versuche. Struktur-geleitete
Uberlegungen fithrten zu der Identifikation von drei Positionen innerhalb der
Aminosiuresequenz, die potentiell fiir inkrementelle verteilhafte Modifikationen geeignet
waren. Zwei dieser Reste wurden jeweils mit Azid-funktionalisierten nichtnatiirlichen
Baueinheiten ausgestattet, um eine divergente Synthese mittels eines kombinatorischen
Ansatzes zu ermoglichen. Zusétzlich wurden auch Substitutionen mit ausgewdahlten
kanonischen Aminosduren durchgefiihrt. Zusammen erméglichte dies den raschen Aufbau
einer kleinen Molekiilbibliothek mit 22 Peptiden, die sich durch jeweils eine einzelne andere
Seitenkettenmodifikation unterschieden. Matriptaseinhibitionstests wiesen auf mehrere
vorteilhafte Seitenkettenaustausche hin. Diejenigen Modifikationen mit den ausgeprigtesten
Verbesserungen wurden in einer Verbindung vereint, welche eine K; im einstellig
nanomolaren Bereich besal3. Dieses Peptid wurde SFTI-1-derived matriptase inhibitor-1 (SDMI-
1) genannt und beinhaltete ausschliellich Standardaminosduren. Dennoch wurden auch
signifikante Affinititsverbesserungen fiir einzelne Triazol-haltige Verbindungen gegen
Matriptase beobachtet. Dies zeigte die Niitzlichkeit dieses Ansatzes einer ,,Click-Bibliothek” fiir
die rasche Sondierung diverser Seitenkettenfunktionalititen hinsichtlich bestimmter
gewlinschter Eigenschaften.

Wie bereits erwdhnt konnte ein moglicher nachteilbehafteter entropischer Beitrag durch die
Sekundéarschleife von SFTI-1 die Bindung an Matriptase beeinflusst haben. Deshalb wurden
die zwei C-terminalen Reste von SDMI-1 in einer weiteren Variante trunkiert. Dieses
Dodecapeptid wurde SDMI-2 genannt und besald eine vergleichbare Aktivitdt wie SDMI-1.
Dariiber hinaus wurde ein verbessertes Selektivitatsprofil fiir das kiirzere Peptid festgestellt,
da es eine sechsfach schlechtere Aktivitdt gegen Trypsin als gegen Matriptase zeigte. Die
entwickelten = Verbindungen  konnten  wertvolle  Peptidliganden  fiir  weitere
Biokonjugationseperimente  darstellen und werden derzeit auf eine mogliche
Patentanmeldung gepriift. So zum Beispiel wiirde die direkte Ankopplung von Radionukliden,
welche fiir Positronenemissions- oder Einzelphotonen-Emissionscomputertomographie
(positron emission tomography — PET, single-photon emission computed tomography — SPECT)
geeignet sind, evtl. eine Anwendung als diagnostische Werkzeuge fiir in vivo Bildgebung
ermoOglichen.  Desweiteren ist das Potential fiir weitere  Affinitdts- und
Selektivitdtsverbesserungen in Bezug auf Matriptase oder auch andere Proteasen von
pharmazeutischer Relevanz noch nicht erschopft.

Die in dieser kumulativen Dissertation vorgestellten und durch Fachleute begutachteten
Artikel tragen dazu bei einen vielseitigen Werkzeugkasten fiir das Design und die Synthese
von peptidomimetischen Verbindungen mit Hilfe von disubstituierten 1,2,3-Triazolen
aufzubauen. Die vorgestellten Ergebnisse sind von Interesse fiir die biomolekulare Chemie im
Allgemeinen und die Peptidchemie im Speziellen sein.

vii



viii



Danksagung

Den folgenden Personen mochte ich meinen aufrichtigen Dank ausprechen:

Meinem Doktorvater, Prof. Dr. Harald Kolmar, mochte ich fiir die vielen Dinge danken, die
er mir im Hinblick auf meine Doktorarbeit und dariiberhinaus ermoglicht hat. So durfte ich
interessante Themen bearbeiten und hatte dennoch geniigend Freirdume um eigene Ideen
umzusetzen. Ich habe dies immer als ein Privileg angesehn, welches mich bei bei meiner
Arbeit motiviert und geférdert hat. Vielen Dank dafiir!

Dr. Olga Avrutina, mochte ich fiir ihre Thre Geduld und Sorgfalt danken, mit der sie stets das
Potential der Chemikerrasselbande in produktive Bahnen kanalisiert.Durch Dich habe ich sehr
viel iiber Peptidchemie und wissenschaftliches Schreiben gelernt und bin motiviert diese
wertvollen Hinweise auch weiterhin umzusetzten.

Meiner Lebensgefdhrtin und Ehefrau in spe, Dr. Pia Ockelmann, bin ich zu besonderem Dank
verpflichtet. Du hast mir auch in schwierigen Phasen mit Deiner Liebe und Deinem Zuspruch
immer den Riicken gestdrkt. Durch Dich kenne ich was die wahre Bedeutung von Loyalitét
und Riickhalt ist. Ich konnte mehrfach beobachten, dass dies nicht selbstverstindlich ist, und
bin so gliicklich, dass es Dich gibt!

Mit absoluter Sicherheit kann ich sagen, dass diese Dissertation niemals ohne meine Eltern,
Renate und Thomas Empting, moglich gewesen wére! Thr habt mein Interesse an der
Chemie gefordert, mir das Studium ermoglicht, mich stets ohne zu viel Kontrolle begleitet und
somit den Weg geebnet, der hierher gefithrt hat. Ich hoffe, dass ich die guten
Vorraussetzungen, die Thr mir in den Scho gelegt habt, auch zu eurer Zufriedenheit
umsetzen konnte.

Weiterhin moéchte ich meiner Schwiegermutter in spe, Inge André-Ockelmann, als auch
meinem Schwager in spe, Alexander Ockelmann, fiir ihr Verstdndnis und nachhaltige Hilfe
Tag ein Tag aus herzlich danken. Auch meinem Bruder Christian Empting und seiner frisch
gebackenen kleinen Familie mochte ich danken, da Blut einfach dicker als Wasser ist. Mein
Leben wird durch euch alle bereichert und wére einfach nicht dasselbe ohne euch.

Was wiére die Laborzeit ohne Bjorn Steinmann und Stefan Zielonka gewesen? Ich mochte es
nicht herausfinden. Sicherlich werden sich jetzt unsere Wege in gewisserweise trennen. Umso
mehr denke ich mit Freude an die lustigen Jahre zuriick. Ich hoffe sehr, wir werden uns nicht
aus den Augen verlieren! Oder nicht?

Heiko Fittler und Daichi Nasu mochte ich fiir das Engagement und die ausgesprochen gute
Zusammenarbeit in den gemeinsamen Projekten danken, in denen ihr einen grof3en Teil
beigetragen habt. Tollerweise blieb dabei der Spass auch nicht auf der Strecke.

Dem Rest des Arbeitskreises von Prof. Kolmar mochte ich fiir die vielen Hilfen und das
allseitige Miteinander danken.

Herrn Prof. Dr. Buntkowsky danke ich fiir die Ubernahme des Korreferats und seiner stets
freundlichen und tiberaus hilfsbereiten Art.

Marco Korner (ehemals Tischler) und Daniel Tietze aus dem Arbeitskreis Buntkowsky
mochte ich ebenfalls fiir die unkomplizierte und angenehme Zusammenarbeit danken.







Table of Contents

1 Introduction 1
1.1 1,2,3-Triazoles and the Azide-Alkyne 1,3-Dipolar Cycloaddition (AAC) 3
1.1.1  Copper(I)-Catalyzed AAC — the Archetype of “Click” Reactions 4
1.1.2 Ruthenium (II)-Catalyzed AAC 5

1.2  Triazoles as Versatile Tools for Selective Bioconjugation 7
1.2.1 Complementary Selective Bioconjugation Reactions 7
1.2.2  Direct Linkage of Functional Units 9
1.2.3  The Scaffold-Based Approach to Molecular Complexity 11

1.3 Molecular Prosthesis: Triazoles as Artificial Structural Elements 15
1.3.1  The Ideal Test System: SFTI-1 — a Canonical Inhibitor of Trypsin-like Serine
Proteases 15

1.3.2  Locked trans- and cis-Amide Surrogates 17
1.3.3  The “Triazole Bridge” — a Disulfide Replacement 19
1.3.4  Triazoles as an Interface for Side Chain Variability 21

1.4  Aims and Scope 23

2  Cumulative Part 25
2.1  Heteromultivalent Scaffold-based Peptide Tetramers via CUAAC 29
2.2 Locked trans- and cis-Amide Surrogates within the SFTI-1 Backbone 39
2.3 Disulfide Replacement via 1,5-disubstituted 1,2,3-Triazoles 45
2.4  Invitro & in silico Studies of Matriptase Inhibition by SFTI-1 Variants 51
2.5  Combinatorial “Click Libraries” for the Optimization of Matriptase Inhibition 63

3  Summary 75
4  References 79
5 Abbreviations 87
6  Supporting Information 91
6.1  Supporting Information for Chapter 2.1 93
6.1.1  RP-HPLC traces for scaffolds and peptide ligands 93
6.1.2  RP-HPLC Traces for the Macrocyclization of Cyclic Decapeptide Scaffolds 106
6.1.3 ESI-MS Spectra of Bioconjugates 110
6.1.4  GFC traces of Bioconjugates 116

6.2  Supporting Information for Chapter 2.2 125
6.2.1  Synthetic Procedures 125
6.2.2  Trypsin Inhibition Assays 129
6.2.3 3. Crystallography 131
6.2.4  In silico methods 134
6.2.5  Analytical Data 135
6.2.6  Supporting References 144

6.3  Supporting Information for Chapter 2.3 145
6.3.1 1. 3D Modeling and Calculations 145
6.3.2  Experimental Section 146
6.3.3  Plotted Kinetic Data 151
6.3.4 RP-HPLC 154




6.3.5 ESI-MS 160

6.3.6 IR Spectra 170
6.3.7 NMR Spectra 173
6.4  Supporting Information for Chapter 2.4 183
6.4.1  Experimental Procedures 183
6.4.2  In Silico Methods 185
6.4.3  Supporting Figures 187
6.4.4  Supporting Tables 190
6.5  Supporting Information for Chapter 2.5 195
6.5.1 ESI-MS 195
6.5.2 RP-HPLC 196

6.5.3 Plotted Kinetic Data 201




1 Introduction

The divine proportion is often claimed to be a A

universal design principle ubiquitously found in
Nature. It is believed to entail both function and form
(beauty).! In its simplest representation this “golden
ratio”, also referred to as ¢ (phi), describes the

[19"2)

sectioning of one length “a+b” into two segments “a

730} =112 . . b _
and “b” fulfilling one basic requirement: %: % =

(Figure 1).""! When solved, this equation yields ¢ as
the irrational number “1.618...”; a proportionality
constant that is also the limit of consecutive quotients
of the famous Fibonacci series. Certain geometric
structures like the golden tri- and rectangle contain ¢
as the ratio of their edges and are considered as
aesthetic and harmonic shapes.

These basic forms appear in other more complex
structural units. The pentagon, for example, is one of
the regular polygons which form the faces of platonic
bodies. It intrinsically contains ¢ as it can be sectioned
into golden triangles by connecting opposite corners.
Fascinatingly, architectures derived from these mat-
hematical shapes have been described to be excessively
utilized by Nature.™ Designs like the blossom of the
sunflower or the segmentation of the human body are
believed to contain ¢ and the Fibonacci series in one
way or another (Figure 2). They are attributed with an
intrinsic beauty and have inspired artists and scientists
alike.™ Observation of the divine ratio has even been
A

Figure 2. (A)The Fibonacci numbers found in the blossom of a
sunflower: the seeds are arranged in 34 (blue) or 55 (red) logarithmic

spirals. (B) Sectioning of the human hand by the golden ratio.

B 0,1,1,2,3,5,8, 13,21, 34, 55, 89...

Fo=Foq+Fopwith Fy=0, F =1

. Fn+1
|!|I—r!1: 5 =1.6180339887... = ¢

n

o

Figure 1. (A) Sectioning of a length (a+b)
by the golden ratio. (B) The Fibonacci
numbers, definition of the Fibonacci
sequence, and the limit of consecutive
quotients - ¢. (C) A golden tri- and
rectangle as well as a regular pentagon
with imprinted golden triangle.

reported on the atomic and
molecular levels.”* An article
published in the renowned
journal “Science” describes the
occurrence of ¢ upon certain
quantum phase transitions in
cobalt niobate.™ Other scientific
publications bear evidence of
relations between ¢ and the
human genome.”*

Whether this concept of the ideal
proportion is truly a universal
design principle or not, will not
be further discussed here. Never-
theless, the Fibonacci numbers
and ¢ can be found within the
central molecular building block
relevant for this thesis — the

1,2,3-triazole: One planar n-system is built through the connection of two carbons and three
nitrogens forming a five-membered ring (pentagon). The presented work will provide an
overview on applications of this remarkably versatile structural unit in peptide chemistry that,




at least in my opinion, combines function and form.

Figure 3. Illustration by M. Empting.

"I suspect that the generative faculty in seeds is formed in
the likeness of this self-propagating proportion (the
Fibonacci series) and that the pentagon, which is the
genuine flag of the generative faculty of seeds, is displayed
in the flower”

— Johannes Kepler




1.1 1,2,3-Triazoles and the Azide-Alkyne 1,3-Dipolar Cycloaddition (AAC)

Nitrogen-containing aromatic pentacycles are

. . [\ /N
fundamental molecular structures in organic HN_ N HN. 2
. . e 1. N S

synthesis and related disciplines, among them = imidazole 12 4-triazole /=N
bioorganic, medicinal, or organometallic HN:/> HN, N

; [5-12] /—E [/\
chel'nlst'ry. o pyrrole HN. 2 HN. _N tetrazole
Derivatives of pyrrole and imidazole are N N

. . pyrazole 1,2,3-triazole

frequently found in natural products like

indoles, purines, and other alkaloids, as well . .
number of nitrogen(s) in heterocycle

as heme groups or the side chains of the Figure 4. Series of nitrogen-containing pentagonal
amino acids histidine and tryptophan.***”] heterocycles sorted according to the number of
Pyrazoles, triazoles, and tetrazoles are consi- Mitrogens within the ring.

derably less abundant in nature. Nevertheless,

they constitute integral synthetic structural motifs for the generation of functional moieties
and molecules like coordinating ligands or pharmacophores."®?! A significant impact on
organic chemistry in general can be ascribed to 1,2,3-triazoles. Since the establishment of the
“click chemistry” concept by Sharpless and coworkers in 2001,"*?! this compound class is
gaining more and more popularity. The constantly increasing interest is essentially related to
the[ succe]ss of one type of reaction: the azid-alkyne 1,3-diploar cycloaddition (AAC, Figure
5). 20, 23-25

Put in a nutshell, the AAC refers to the reaction of an azide with an alkyne under formation of
a 1,2,3-triazole. Its basic form, which proceeds under thermal activation and without regio
control, was initially described in detail by Rolf Huisgen.®*”! However, a number of cognate
reactions have been reported to date eliminating the necessity of elevated temperatures and
allowing for the selective synthesis of 1,4- or 1,5-disubstituted 1,2,3-triazoles, respectively

R? R?
N/_<N + N; _ N Huisgen-type thermal AAC,
R N R N no regio control

1 N
R\N °N

\=<

N -
R2 S A
copper(l)- N R? R?
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R
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Ru(ll) .
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ruthenium(ll)-
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1,5-substitution \—{ silver(l)-catalyzed AAC,
R2 1,4-substitution

Figure 5. Schematic depiction of common azide-alkyne 1,3-diploar cycloadditions (AAC). The name of each
reaction type and the substitution pattern of the expected product(s) are given.




(Figure 5). The copper(I)-catalyzed (CuAAC), ruthenium(Il)-catalyzed (RuAAC), silver(l)-
catalyzed (AgAAC), and strain-promoted (SPAAC) variants possess significantly improved
reaction rates at room temperature compared to the Huisgen-type thermal AAC through
activation of the alkyne component. %2831

The work presented in this thesis essentially relies on two of the addressed reaction types: the
CuAAC and the RuAAC. Thus, they will be discussed in detail in the following sections.

1.1.1 Copper(l)-Catalyzed AAC - the Archetype of “Click” Reactions

The chemical modification of highly functionalized compounds such as peptides or
carbohydrates usually meets two main problems: selectivity and reactivity. Due to the high
abundance of nucleophiles like amine, alcohol, or thiol groups as well as the sensititvity of
biomolecules towards harsh environment, a selective chemical modification procedure must
fulfill several key features in order to generate the desired products in a controllable fashion.
The reaction should proceed smoothly in aqueous media under mild conditions, give high
yields, result in no or at least inoffensive side products, and be chemo- as well as
stereoselective. Ideally, reaction partners can be used without protecting groups. These
requirements are typically unmet by the standard repertoire of classical organic synthesis
relying on carbonyl chemistry and nucleophile/electrophile reactivity."?!

One of the most successful endeavors to address the problem of biocompatibility in a
systematic way is certainly the aforementioned concept of “click chemistry.'*?! In the course of
this doctrine, the CuAAC emerged as the archetype of this type of reactions.®® Indeed, it were
the working groups of Meldal and Sharpless who discovered (at the same time and
independently) that azide-alkyne 1,3-dipolar cycloadditions are significantly accelerated by
copper(l) species.'?®?°! Additionally, it was found that only the 1,4-disubstituted regioisomer
of the 1,2,3-triazole is formed, whereas under Huisgen conditions a product mixture is
generated (Figure 5). Finally, a perfect atom economy is maintained upon conversion of
azides and alkynes to 1,2,3-triazoles as all atoms of the starting materials are conserved
within the product(s). This feature accounts also for the other AAC types.

The mechanism of copper(I)-catalysis, however, is not fully elucidated to date. Initial studies
based on DFT calculations proposed a straight-forward catalytic cycle involving only one
copper center.® But recent publications hint towards a more complex behavior of the
copper(I) catalyst. Kinetic studies demonstrated a second order dependence of the CuAAC on
the concentration of copper catalyst under ligand-free conditions.”**3® Additionally,
depending on the experimental setup upon addition of rate-accelerating ligands or bases, the
kinetic behavior of the reaction varied considerably.”?”*? Thus, the presence of either two
separate copper centers, binuclear species or higher order aggregates have been proposed to
be involved in some point of the catalytic cycle. However, it is generally accepted that
formation of a copper acetylide intermediate is the key step in the beginning of this reaction
that is responsible for the intrinsic regioselectivity of the CuAAC, ultimately leading to 1,4-
disubstituted 1,2,3-triazoles.®* Additionally, the second metal center involved is proposed to
function as an auxiliary activator of the copper acetylide complex through n-coordination of
the alkyne triple bond.”" A simplified reaction mechanism is depicted in Figure 6.

Since 2002, a considerable number of articles has been published covering applications of the
CuAAC in all areas of organic chemistry demonstrating the impressive scope of this
reaction.'®® Nevertheless, one significant restriction of the CUAAC is caused by the catalyst
itself. Copper is a cytotoxic agent, which hampers the application of this chemistry in living
systems.* There are several methods known for the preparation of the copper(I) species.
One of the most commonly used strategies is the in situ generation from copper(Il) salts like
CuSO, through reduction (e.g. with sodium ascorbate).*® However, removing residual copper
species is a challenging task. Another restriction of the CuAAC is that it only proceeds with
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Figure 6. Generalized reaction mechanism of the CUAAC.

chemical strategies.***%

Recently, it has been shown that certain silver(I) complexes catalyze the azide-alkyne
cycloaddition very similar to copper(I) species with respect to the proposed reaction
mechanism."®" Thus, 1,4-disubstituited 1,2,3-triazoles are also selectively generated via the
so-called AgAAC (Figure 5). Additionally, recent advances in the design of novel
biocompatible ligands for the CuAAC reaction may allow for the in vivo application of certain
complexed copper(I) species.” This would significantly improve the scope of this
bioconjugation technique and eliminate one of its main restrictions. In the future, these novel
strategies and other catalyst formulations might enable to circumvent the usage of toxic
copper species retaining the regiospecificity.'*" 4

1.1.2 Ruthenium(ll)-Catalyzed AAC

While copper(I)- and silver(I)- co
catalyzed azide-alkyne cycloadditions @/ ﬁ/ H\Rlu/ PCys
allow for the exclusive generation of C|/Ri"~pph3 Cl/th/ Y CysP” | \IT
1,4-disubstituted 1,2,3-triazoles from PPH, H\BHZ

a wide range of azides gnd terminal - cpRyCI(PPh,), . RuH(n2-BH,)(CO)(PCys),
alkynes, a robust chemistry towards Cp"RuCl(COD)

the 1,5-substituted counterparts is Figure 7. Structures of suitable RuAAC catalysts. Cp*:
also available. Ruthenium(II) pentamethylcyclopentgdien, PPhg: triPhenylphosphine, COD:
. cyclooctadien, PCys: tricyclohexylphosphine.

complexes of the [Cp*RuCl]-type

(Figure 7) have been shown to

selectively accelerate the AAC reaction with complementary regioselectivity at room
temperature.'** 434 4®) Thys 1 5-disubstituted 1,2,3-triazoles can be effectively synthesized
via the RUAAC using the same starting materials as in the CuAAC reaction. The proposed
mechanism of ruthenium(II) catalysis is depicted in Figure 8.%% In the first step, both azide
and alkyne components coordinate the ruthenium center through displacement of two
spectator ligands. While the azide group binds through the nitrogen proximal to the carbon,
the alkyne is coordinated in a n-fashion. Then, a ruthenacycle is formed, which directs the
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Although frequently referred Figure 8. Proposed reaction mechanism of the RUAAC. L: spectator ligand.
to as “ruthenium-click”, this

reaction falls short of some essential criteria for click reactions: it is not compatible with
aqueous solvents, many reactive functionalities like, for example, carboxy or amine groups are
not tolerated, and usage of inert gas atmosphere is often required for clean and smooth
conversions. Thus, the applicability of the RuAAC reaction in peptide chemistry is usually
limited to reaction partners with full terminal and side-chain protection. This requirement,
however, can be easily fulfilled when performing reactions on the solid support.'**** Finally,
precisely dosed microwave irradiation can further facilitate RUAAC conversion leading to fast
and efficient reaction rates.!***¥

Interestingly, the described preference of the 1,5-pattern can be inverted in favor of 1,4-
disubstituted 1,2,3-triazoles through variation of the coordination shell at the ruthenium
center.'”*8 Catalysts lacking cyclopentadienyl (Cp) or pentamethylcyclopentadienyl (Cp*)
ligands have been shown to react via ruthenium acetylide species similar to the CuAAC
mechanism."*”’ Thus, usage of, for example, RuH(n?-BH,) (CO)(PCys), (Figure 7) instead of
Cp*RuCl(COD) exclusively yields the 1,4-disubstituted AAC product.””) Nevertheless, it
remains to be proven whether this type of reaction can approach the scope and practicability
of the copper(I)-catalyzed method with the same regioselectivity.




1.2 Triazoles as Versatile Tools for Selective Bioconjugation

Synergy — the effect of two or more functions collaborating in a beneficial manner when
combined appropriately — is a concept that can be applied to the construction of biomolecular
assemblies.**%! One facile strategy to achieve such a “more-than-additive-behavior” with a
synthetic construct relies on the utilization of modular design principles.”®™" For example, a
moiety of moderate binding capabilities can be converted into a highly affine entity by
incorporating multiple copies in one molecule.”*>* If the architecture of such a homooligo- or
homomultimer is convenient, multivalent interaction modes become available decisively
improving binding kinetics as well as thermodynamics (avidity)."*® ** Furthermore, a cleverly
arranged unification of dissimilar modules gives rise to novel molecular features which none
of the used components would possess as singular compounds.”™ Thus, the covalent
combination of a selective binding moiety, for example an antibody, with a bioactive
substance results in a hetero(multi)valent construct suitable for targeted drug delivery."®
Such assemblies are known as antibody-drug conjugates (ADC) and their efficiency is
currently investigated in several clinical trials.**>"!

For the design of synthetic or semi-synthetic higher ordered multimeric compounds several
aspects have to be considered. First, the modules of interest and their associated features
should be identified.”® Second, a suitable molecular architecture for the arrangement of the
involved components should be evaluated considering spatial and chemical requirements as
well as expected modes of action of the resulting construct.”" >* %! Last, an appropriate
synthetic strategy for the covalent (or sometimes non-covalent) linkage of the described
elements should be laid out.'***

In the presented work, peptidic modules were used as binding and interacting moieties.
Thus, a conjugation chemistry was needed that is compatible with biomolecules. It has been
shown that the CuAAC reaction described in chapter 1.1 is a valuable tool applicable to this
kind of synthetic problem. Nevertheless, a few other coupling techniques have been developed
that fulfill the requirements for the selective conjugation of peptides.'®” ®*7®These reactions
can be used as complementary instruments in addition to the CuUAAC and will be reviewed
shortly in section 1.2.1.

In general, strategies for the construction of bioconjugates can be divided into two categories:
direct linkage and scaffold-based approaches.'** 7! The former type refers to the straight-
forward covalent connection of (in most cases) two molecules possessing the desired
properties via relatively short linker segments. This approach is very useful for the
construction of labeled biomolecules and is reviewed in section 1.2.2."®” The second strategy
relies on the generation of more complex architectures using the addressed functional
modules and an additional platform molecule. This method is commonly used for the well-
ordered assembly of constructs containing more than two bioactive components and will be
discussed in detail in section 1.2.3.1°"

[41]

1.2.1 Complementary Selective Bioconjugation Reactions

The scope of chemical reactions suitable for the selective modifications of unprotected
biomolecules is rather limited. Synthetic techniques that are truly innoxious to living systems
and functional in vivo are even fewer in number. Carolyn Bertozzi defined this type of
methods as “bioorthogonal”.””*”"! Indeed, the classic CUAAC does not belong to this elected
group of reactions due to the toxicity of the involved copper species. Nevertheless, chemistry
that is not perfectly bioorthogonal may also be of great value when a general compatibility
with peptide functionality is provided.

Table 1 shows a selection of reactions suitable for selective bioconjugation.




Table 1. Chemical reactions commonly employed in or suitable for bioconjugations of peptides except the CUAAC
(reaction schemes are simplified).

Name Reaction Scheme Type
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The chemoselective modification of free thiol groups is a well-established methodology. ®*®”

811 Usually, a stable thioether linkage is formed through different chemical approaches like the
maleimide-thiol coupling'®®®> ®J or the thiol-ene click reaction.®®” Haloalkane-thiol
nucleophilic substitutions are also possible but precise pH control is required in order to favor
the sulfur nucleophile over, for example, amine or alcohol functionalities.'**®* Additionally,
naturally occurring cysteines in peptide sequences might interfere with all thiol-based
conjugation techniques.

Another functionality frequently used for bioconjugation is the carbonyl group. An aldehyde,
for example, can be easily installed in a peptide in form of a glyoxal moiety via oxidation of
an N-terminal serine.® This carbonyl can then be reacted with aminooxy groups to give an




[68-69. 831 This bond is far more stable than a hydrazone or a thiazolidine linkage that are

[82, 84-86]

oxime.
prone to hydrolysis and, thus, less advisable for such application.
In 2000, Bertozzi and coworkers presented the first truly bioorthogonal conjugation chemistry
in the form of their variant of the Staudinger reduction.”?’ A key component in this reaction is
the azide functionality, which is usually not found in biological systems and provides a soft
nucleophile.®™ Its reaction partner is a phosphine group which is abiotic and non-toxic, as
well. In aqueous environments the resulting aza-ylide intermediate is finally trapped as a
stable amide and a phosphine oxide moieties.”* %/ The applicability of this reaction to in vivo
experiments has been demonstrated in murine models revealing its extraordinary
selectivity.’®” A “traceless” variant of the Staudinger ligation has also been developed suitable
for the synthesis of native peptide bonds under benign conditions.”®*" In this case, the
involved phosphine moiety is entirely removed from the product during the coupling process
leaving nothing behind but the sole amide.

Besides the CuAAC, other cycloaddition reactions have become more and more important for
selective modification of biomolecules.””®”" 737+ 80 92 The strain-promoted azide-alkyne
cycloaddition (SPAAC) is another bioorthogonal conjugation technique developed by the
Bertozzi group.”! It basically operates with the same building blocks like the CuAAC, but
eliminates the need for the copper(I) catalyst through the utilization of the pre-activated triple
bond found in strained cyclooctynes.”? Thus, the SPAAC proceeds with second-order rate
constants around 0.1 M''s™ at room temperatue sufficient for rapid conversions. Nevertheless,
the water solubility of the used alkyne component is a major issue impairing the performance
of the SPAAC in living systems.”" ?*) However, cyclooctynes optimized with respect to
reactivity and solubility may be applicable for selective in vivo experiments in vertebrates.

The strain-promoted alkyne-nitrone cycloaddition (SPANC) also involves cyclooctynes.”*”* In
this reaction a nitrone moiety is used as the dipolar component instead of an azide. It can be
effectively generated from carbonyls in situ (e.g. N-terminal glyoxals in peptides).”* As the
cycloaddition proceeds only in the presence of the nitrone, this reaction can be switched on
through addition of alkylhydroxylamine to a non-reacting mixture of the cyclooctyne and
carbonyl components giving the desired dipolar functionality for SPANC coupling."”¥

Finally, a variant of the Diels-Alder reaction suitable for selective bioconjugate chemistry has
been developed.”®”® This type of cycloaddition involves a tetrazine as an electron-poor diene
and an electron-rich dienophile (e.g. the Reppe anhydride or certain cyclooctynes). Thus, the
electron demand of the reaction partners is inverse compared to a “regular” Diels-Alder
cycloaddition. This chemistry performs well in living systems and can be, therefore,
considered as a bioorthogonal one."””

In theory, all of the selective bioconjugation techniques described in this section can be
combined with the CuAAC either following the one-pot or sequential reaction schemes. For
example, thiol- and carbonyl-based procedures have been shown to be perfectly orthogonal to
the “copper-click” methodology,'®®? while the inverse-electron demand Diels-Alder should
proceed cleanly in the presence of free alkynes or azides. Furthermore, strained cyclooctynes
can be selectively addressed prior to terminal alkynes, although both moieties basically
undergo cycloadditions with azide groups.®* A similar strategy would rely on the Staudinger
ligation in the presence of non-activated triple bonds, which can be addressed in a second
step using the CuAAC. This array of selective chemical reactions allows for the assembly of
complex heteromultivalent molecular constructs suitable for all kinds of applications in
chemical biology.""!

1.2.2 Direct Linkage of Functional Units

The CuAAC conjugation methodology has been excessively used to directly link two
biomolecules together or to attach functional molecules like flourophors or radio labels to




proteins, peptides, nucleic acids, etc.””**®" The biggest challenge in this context is to find
reaction conditions that suit educts and products alike. Thus, different CHAAC protocols have
been elaborated with catalyst concentrations ranging from about 1 to 500 mol% compared to
the alkyne component.> 78! The copper(I) source can be Cu® wires or powder, as well as
Cu' or Cu" salts, while the latter variant is more frequently used.® ** %1% The addition of
accelerating ligands or bases can improve reaction rates and facilitate quantitative
conversions.?® 3! Furthermore, several solvent systems are available including aqueous
buffers with or without organic modifiers like tert-butanol (tBuOH), as well as pure organic
solutions or even neat reactions.”® %%

As the CuAAC proceeds fastest in aqueous environments, this medium is highly
recommended for the dimerization or modification of biomolecules, which usually possess an
adequate to excellent water solubility and have to be handled under mild conditions.
Representative conditions for this type of reactions are given in Figure 9.
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Figure 9. Typical conjugation schemes for the direct modification of peptides using CuAAC. Functional molecules
could be fluorescence or radio labels, as well as bioactive organic compounds. Conditions: a) 1 eq peptide 1 and
1 eq peptide 2 in H,O/tBuOH (2:1, v/v), 3-10 eq CuSOy, 3-10 eq sodium ascobate (NaAsc), r.t., 1-24 h. b) 1 eq peptide 1
and 1.2 eq “clickable” functional molecule in H,O/fBuOH (2:1, v/v), 5eq CuSO4 5eq NaAsc, 20eq of N,N-
diisopropylethylamine (DIEA), r.t., 1-24 h. c¢) 1 eq resin-bound peptide and 5 eq “clickable” functional molecule in
degassed and argon-flushed DMF, 1 eq CuSOy,, 1 eq NaAsc, 8 eq of DIEA, r.t, overnight.

Usually, the amount of copper(I)-catalyst needed for clean and smooth conversions upon
bioconjugation reactions is quite high. Equimolar stoichiometries or even ten-fold excess of
the transition metal compared to the alkyne component are not seldom found in common
CuAAC protocols.”"> *”) In contrast, only 0.1-10 mol% of the copper(I) species is often
sufficient to conduct catalyzed cycloadditions with small organic compounds.®® Thus,
chromatographic work-up of crude bioconjugates is mandatory to remove residual copper
salts.

In general, azide and alkyne functionalities can be efficiently introduced either in the side
chains or at the N-terminus of peptides. Typical carbon-carbon triple bond containing building
blocks are stable and do not react under the conditions of Fmoc-based solid phase peptide
synthesis (Fmoc-SPPS).**** 1% Thys, they are perfectly suited for installation of alkyne
moieties at any desired position in the amino acid sequence. Azides located in side chains,
however, have been reported to cause side reactions in some cases."*' Nevertheless, this
functionality also possesses a sufficient tolerance towards active-ester coupling and basic
deprotection chemistry to allow for a wide range of applications in Fmoc-SPPS.""

A typical strategy to install the addressable functionalities into peptides is to couple azide- or
alkyne-bearing carboxylic acids to free amino groups during peptide synthesis on the solid
support.'*"> ' The respective nitrogen nucleophile could either be the N-terminus that is

10



available at every amino acid residue after Fmoc-deprotection or the side chain functionality
of, for example, lysine or ornithine.""** ) The latter approach requires certain orthogonal
protecting groups that are selectively cleavable without interfering with the Fmoc-strategy.

A very decent way to introduce azides or alkynes into peptides is to utilize non-natural amino
acids already bearing the desired functionalities in their side chains."**°”) Some commercially
available or easily accessible building blocks are depicted in Figure 10. The presented
compounds are commonly used as vehicles for the facile introduction of the desired
functionalities into biomolecules in general and peptides in particular.

functionalized carboxylic acids:

0 0 0
Nov o /OH \\M)nJ\OH

2: 4-pentynoic acid,
3: 5-hexynoic acid

n=3: 4-azidobutanoic acid, propiolic acid
n=4: 5-azidopentanoic acid

n
n
Fmoc-protected amino acids:
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n=1: azidoalanine, N3

n=2: azidohomoalanine, azidophenylalanine azidoproline propargylglycine
n=3: azidoornithine,

n=4: azidolysine

Figure 10. A collection of building blocks suitable for the facile installation of azide- and
alkyne functionalities in peptides.

This repertoire of azide- and alkyne-bearing building blocks enables the direct covalent
linkage of two biomolecules possessing desired features. Additionally, modular synthetic
approaches and combinatorial chemistry become possible. Hence, compound libraries of
reasonable size can be constructed from a relatively small set of clickable components using
divergent synthetic routes.!'® The resulting collection of different molecular constructs can
be screened for beneficial properties. This may facilitate the identification of tailor-made
conjugates for an aspired biochemical application.

1.2.3 The Scaffold-Based Approach to Molecular Complexity

Higher ordered molecular assemblies are frequently observed in Nature.””’ The
immunoglobulin M (IgM) pentamer, for example, possesses a well-defined architecture and
orientation of the functional units.!"® This special geometry is established through covalent
linkage of five singular antibodies via certain “joining peptides” and allows for enhanced
target binding through multivalent interactions.

Scaffold-based bioconjugates can be regarded as artificial analogues of such complex natural
architectures. Nevertheless, functional modules of synthetic constructs are usually
considerably smaller in size (between 0.5 and 5 kDa) compared to their biological ancestors
(180kDa for IgM monomer).*#* ¢ 190 Ag a consequence, the shape and physical
characteristics of artificial assemblies are significantly influenced by the structural unit which
links all functional modules together. This scaffold defines the orientation of bioactive ligands
as well as other attached moieties and acts as a structural template for the resulting
conjugate.

Suitable molecules for such framework units are rich in number and may originate from every
category of chemical compounds. Peptides, carbohydrates, smaller organic molecules, as well
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Figure 11. Peptide multimers synthesized via CuAAC in different representations (3D model, chemical structure,
and schematic representation). (Top) A heteromultivalent bioconjugate consisting of a cyclic decapeptide scaffold,
four attached peptide ligands, and one fluorescent label. Pra: propargylglycine. (Bottom) A homooctamer of the
same peptide ligand attached to a cube-octameric silsesquoxane scaffold.

as inorganic pico- or nanoparticles are possible materials for a scaffold unit." 3% 19>1%1 Two
exemplary CuAAC conjugates possessing four or eight identical peptide ligands, respectively,
are depicted in Figure 11.1% 1V

One of these constructs is based on a peptidic scaffold which possesses the shape of two short
anti-parallel p-sheets that are joined together via two terminal proline-glycine turns.!® This
macrocyclic structure provides a versatile conformationally restrained template that directs
the functionalizable side chains of two amino acids into oppositely to the four remaining
coupling sites. In principle, any desired reactive group can be installed at each of the six
possible positions of this versatile framework. This allows for a wide range of combinations of
different functional modules in various relative orientations.'* °> '%! Chapter 2.1 of the
cumulative section describes the synthesis of the conjugate shown in the top of Figure 11.
Interestingly, the peptidic ligand which was displayed in a four-fold manner contained a so-
called RGD motif.!"'%™! These sequences of arginine, glycine, and aspartate have been shown
to bind transmembrane receptor molecules known as integrins."''® # This attribute makes
them interesting for tumor therapy as inhibitors of angiogenesis.™!' 12!
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The synthesis of such scaffold-based
multivalent constructs via CuAAC is
possible using the same protocols as
described in section 1.2.2 for the
direct  linkage  approach.**
However, a pronounced tendency
towards precipitation of resulting
bioconjugates in aqueous solvent
systems has been observed."!
Nevertheless, successful resolvation
of formed solids was achieved
through  addition of  diluted
ammonia allowing for chromato-
graphic isolation.*!!

The full potential of the CuAAC
methodology can be unlocked
through combination with the com-
plementary bioconjugation tech-
niques described in section 1.2.1
(Figure 12).1°"°%  This strategy
opens avenues towards regioselec-
tively addressable functionalized
templates (RAFT) perfectly suitable
for the facile construction of
heteromultivalent biomolecular con-
structs.""®! Boturyn and coworkers
have provided an impressive
example of a sequential one-pot
triple conjugation wusing three
different ligation strategies at within
the same procedure.'®’ Through
successive oxime, maleimide-thiol,
and CuAAC coupling of peptides and
carbohydrates to a well-defined
cyclic  decapeptide  framework,
highly-ordered assemblies were
synthesized chemo- and regio-
selectively (Figure 12). Constructs
based on this scaffold have already
been tested in vivo and showed
promising results for the application
as molecular imaging devices in
living systems.***

Presenting bioactive modules in
such a multivalent manner can have
several beneficial effects. Most
importantly, singular modules may
cooperate in a synergistic way
through simultaneous interaction
with one or multiple molecular

SH
3
bio-
molecular
module 2
bio-
molecul

bio- bio-
molecul molecul

bio-
molecul

N
bio- j;): o
molecular ~+s
module 2

Figure 12. Scheme of a sequential one-pot triple bioconjugation of
three different biomolecular modules to a cyclic decapeptide
scaffold.

target(s), significantly improving overall binding affinity."***°" This phenomenon is termed
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avidity and includes thermodynamic as well as kinetic effects.*”’ In addition to the mere sum
of the individual enthalpic terms to the free energy of binding, a beneficial entropic
contribution occurs when the spatial orientation and fixation of the ligands promotes
concerted interaction. The latter effect can also be considered from a kinetic perspective as
multiple binding-competent units are brought to close proximity, thereby increasing their
local concentration, which significantly decreases the rates of dissociation. However, shape
and rigidity of the scaffold molecule have a significant influence on these effects.*!

The presentation of ligands on an appropriate template compound may give rise to new
modes on action. For example, a multivalent binder of certain cell-surface receptors may
facilitate receptor dimerization leading to an initiation of the related signal transduction
cascade triggering specific cellular responses. % Other interesting effects of complex
architectures with multiple effector regions have been described for antibody-based
therapeutics. These new biological entities (NBE) are capable of recruiting parts of the
immune system to tumor cells and, thus, induce antibody-dependent cell-mediated
cytotoxicity (ADCC) or complement-dependent cytotoxicity (CDC)."'*'**! These principles
may also be applied for the design of artificial ADCC- or CDC-competent bioconjugates as well
as constructs suitable for targeted drug delivery.

Another beneficial property of higher ordered molecular assemblies is their enhanced
resistance towards enzymatic degradation and, thus, increased serum stability.™'® In
combination with an attenuated renal clearance, prolonged circulation times can be achieved
with bioconjugates larger than approximately 15 kDa. 78]
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1.3 Molecular Prosthesis: Triazoles as Artificial Structural Elements

“Protein prosthesis” — a term coined by Tam et al. in 2007 — was used to describe the
utilization of 1,2,3-triazoles as backbone surrogates in amino acid sequences.!*”’ Indeed,
several other applications of this versatile nitrogen-containing pentacycle as substitutes of
different structural elements within peptides or proteins have been reported.'¥*% 119124
Among them are triazole-based disulfide mimics,"** 2" locked trans- and cis-amide
surrogates,* ' as well as constrained side chain replacements (Figure 13).!"**'2*) The first
two types of bioisosterism have been thoroughly investigated in the frame of this thesis.
Additionally, the possibility of using 1,2,3-traizoles as an interface for the rapid generation of
small biomimetic side chain libraries was studied.

For all of these applications and concepts, a naturally occurring peptide called sunflower
trypsin inhibitor-1 (SFTI-1) was used as a model compound for in vitro validation."?**3!
SFTI-1 and relevant target serine proteases will be introduced shortly in section 1.3.1 prior to
brief descriptions of triazole-based backbone mimics (section 1.3.2) and disulfide
replacements (section 1.3.3). Finally, the utilization of azide-alkyne cycloadditions for the
installation of diverse side-chain functionalities in peptide frameworks will be discussed
(section 1.3.4).

amide mimic cystine mimic non-natural side chains

Figure 13. Different possibilities for the application of disubstituted 1,2,3-triazoles as mimics or replacements of
important structural elements of peptides and proteins.

1.3.1 The Ideal Test System: SFTI-1 — a Canonical Inhibitor of Trypsin-like Serine Proteases

Serine proteases constitute an important class of hydrolases and are very common in all kinds
of organisms and tissues.®>'*¥ One prototypic serine-protease is trypsin."** This digestive
enzyme is present in the intestines of most vertebrates and invertebrates.'**'**! Together with
the structurally similar chymotrypsin, it defines a category of endopeptidases that possess the
trypsin or chymotrypsin fold.!"**’ These enzymes are rich in number and fulfill various
important tasks in healthy organisms."**'*”! However, some serine proteases play also crucial
roles in pathological processes, which renders them interesting pharmaceutical targets.*% 3%
They all share a common tertiary structure of the catalytical domain with a key feature called
“catalytical triad”.""*®! An aspartate, a histidine, and a serine residue operate together enabling
the nucleophilic attack of the activated hydroxylic group of the latter amino acid on the
backbone carbonyl atom of a peptidic substrate positioned in the active site. This facilitates
breakage of the amide bond followed by hydrolysis of the enzyme-peptide ester intermediate.
Due to substrate-specific pockets at the active site, serine proteases can be very selective
towards certain amino acid sequences, especially concerning the residue after which the
amide bond is cleaved. A selection of serine proteases with pharmaceutical importance in an
overlay with trypsin is shown in Figure 14,4014
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Figure 14. (Left) Overlay of 3D structures of the catalytical domains of trypsin, matriptase, urokinase-type
plasminogen activator (uPA), hepsin, mast cell tryptase, and neutrophil elastase. (Right) Close-up of the
catalytical triad (blue).

One trypsin-like enzyme that selectively cleaves peptide bonds after the basic residues lysine
or arginine is matriptase (other names: MT-SP1, TADG-15,and ST14/SNC19)."*% It has been
thoroughly studied as a potential drug target and is also an integral part of research articles
presented in this thesis.!'?> 149141 131 yplike soluble trypsin, it is anchored to the basolateral
membrane of epithelial cells via an N-terminal stem region."™*" ' This surface
immobilization is typical for type II transmembrane serine proteases (TTSP)."**153) In healthy
tissue the proteolytic activity of matriptase is precisely regulated by its cognate inhibitors
hepatocyte growth factor activator inhibitor-1 and 2 (HAI-1, HAI-2).">*'** Enzymatic
processing of extracellular components by this TTSP is important for development, growth,
differentiation, and remodeling of the surrounding tissue."*®***) However, a dysregulation of
this natural activity by, for example, overexpression of matriptase can have severe
pathological outcomes and has been correlated with the development and progression of
epithelial tumors, inflammation-
related diseases, as well as
osteoarthritis and athero-
sclerosis. 14 1% As a conse-
quence, a number of synthetic
compounds has been designed
for in vivo Dblockade of
matriptase activity.'® 6%

A promising approach towards
the development of efficient
serine protease inhibitors is the
optimization of naturally occur-
ring peptides with intrinsic anti-
proteolytic activity.'®*'*  Pre-

viously mentioned SFTI-1 is such @I'S'am'd;

a molecule (Figure 15)."%Y It
consists of 14 amino acids and

binds to trypsin-like enzymes loop is highlighted and the disulfide bond as well as the cis-amide are
predominantly via the seven N- indicated.

Figure 15. 3D model of SFTI-1 upon interaction with trypsin (PDB-ID:
1SFI). A cut surface of trypsin is shown. The Bowman-Birk inhibitor

terminal residues.!'?’12 131 This
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region is shaped like the peptide substrate upon binding, facilitating a favorable interaction
with serine proteases.!'®® This canonical conformation is achieved and maintained through
the so-called Bowman-Birk inhibitor (BBI) loop.!****®® This rigid and constrained structure
comprises a cis-proline motive, a disulfide bridge, and an extended hydrogen-bond
network."®” In addition to the BBI segment, a secondary loop is present at the terminal
regions of native bicyclic SFTI-1. However, this backbone macrocyclization motif is not
mandatory for protease inhibition."?®

All of these structural features render native SFTI-1 as a very potent inhibitor of trypsin with
an inhibition constant K; in the subnanomolar range.?® '°!! As the addressed cis-amide and
the cystine motifs are essential for biological activity, this peptide is perfectly suited as a
model compound for the validation of the non-natural replacements described in sections
1.3.2 and 1.3.3. Additionally, SFTI-1 shows a latent activity against other serine proteases,
e.g. matriptase.'”*” This gives rise to a possible optimization of this fascinating framework
towards the pharmaceutically relevant TTSP via side chain modifications explained in section
1.3.4.

Substantial data on SFTI-1 comprising X-ray coordinates of enzyme-inhibitor complexes, NMR
solution structures, and structure-activity relationships (SAR) have already been reported in
the literature.'?® 13% 143 18] Aqditionally, a straight-forward synthetic access via Fmoc-SPPS
and a routine measurement of inhibition constants of SFTI-1 variants facilitate structure-
guided studies.

1.3.2 Locked trans and cisAmide Surrogates

Biological macromolecules, as all polymers, are

constructed of smaller structural units, whereas the (”)\ . (J)\ o (J)\\ .
central monomeric building blocks of proteins and -~ H’ R H D ”
peptides are amino acids. Linking two amino acids  myide
together via the a-amino and carboxy groups results
in a peptide bond. Together with the o-carbon ﬁ\ O T\ F
atoms, this special form of an amide linkage -~ >N°° ”\O P J\
constitutes the backbone of every proteinaceous H

thioamide ester alkene

substance. This group has several important
properties; among them the ability to act as a Figure 16. (Top) Amide bond and resonance
hydrogen bond donor and acceptor. Resonance structures. (Bottom) A fc?w funcFionalities that
. . . have been used as isosteric to amide bonds.
structures illustrate its partial double bond character
that leads to two possible conformers (cis and
trans).''®*7% Finally, it is susceptible to hydrolysis in a strong basic or acidic environment as
well as enzymatic degradation.
An ideal biomimicry of a peptide bond possesses all relevant structural characteristics of
amides, is stable under harsh conditions, and is easy to synthesize. Some possible isosters are
shown in Figure 16.""7" Thioamides, for example, are suitable amide replacements in terms of
shape and general chemical properties."”!! However, they only tolerate mild reagents and
conditions due to the intrinsic reactivity of the carbon-sulfur double bond.
Interestingly, it has been shown that 1,2,3-triazoles can be installed within the peptide
backbone without significantly disturbing structure and, thus, maintaining biological
function.!* 1912% 721 More importantly, these amide mimics are capable of locking defined
backbone conformations depending on the substitution pattern present on the aromatic
heterocycle. Hence, 1,4-disubstituted 1,2,3-triazoles are similar to trans-amides, while the 1,5-
disubstituted counterpart corresponds to a cis-isomer.
Synthesis proceeds via the Fmoc-SPPS methodology in combination with on-resin CuAAC or
RUAAC steps using non-natural azide- and alkyne-bearing amino acid analogs (Figure 17).**
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The residue on the N-terminal 0 0
side of the respective dipeptide R1HN_JJ\OH + HZN.JJ\R4
is replaced by a building block R? R3
possessing a triple bond J -H,0
instead of a carboxy group. It

is accessible from the weinreb _ . 0
R HN%NLH
R2 ..

3
amide (aldehyde) derivative of o R
RTHN \N+ RY =—

the respective amino acid via a Y N 0
Seyferth-Gilberth  homologa- Rz 1 0o R T4

tion using the Bestmann-Ohira trans-amide cis-amide
reagent.!’? N

The C-terminal residue pos- N=N R3 \ 1 v[ ‘N

sesses an azide functionality R1HNJ§/N . RN v N 0
instead of the free a-amino Fi{2 g R R® Rs\'\\(
group, which can be directly R*
introduced via diazotransfer 1,4-disubstituted 1,5-disupstituted
using trifluoromethanesulfonyl 1,2,3-triazole 1,2,3-triazole

azide (triflyl azide).""?!

A preferable synthetic route C”AA& %L‘AAC

towards the installation of o}

triazole-based backbone re- R1HN/// . N3\)LR4

placements  involves AAC Iiz Iig

chemistry on the solid support

in the course of Fmoc-SPPS."* o o / \1

172 The azide-bearing building /[H(B(OMe)Z 1 0 0 0
block is coupled to the peptide + R HNQJ\H F3C—S—N3 + HsNJJ\R4
resin at the desired position in N* R2 o &3

the amino acid sequence using
active ester strategies. Then Figure 17. Schematic depiction of triazole-based trans- and cis-amide
the triazole is formed using mimics. (Top) Condensation of two amino acids forming a dipeptide with

a trans- and cis-amide equilibrium. (Bottom) Synthetic route to 1,4- and
the alkyne component and 1,5-disubstituted 1,2,3-triazoles installed within the peptide backbone
AAC methodologies. Through using CuUAAC or RUAAC methodologies. This step is preferably conducted
choice of the catalyst on the solid support in the curse of Fmoc-SPPS. Alkyne components can be
(copper(l) or ruthenium(Il)) a synthesized from corresponding aldehydes using the Bestmann-Ohira
reagent. The azide component is accessible from the corresponding free

defined substitution pattern of amine through diazotranfer using trifluoromethanesulfonyl azide.

the non-natural backbone

element is achieved which

reflects either the cis or the trans conformer of the native amide bond.

The two isomers of the peptide bond are interconvertable with a strong emphasis on the trans
conformation."®7% This is caused by a more favourable orientation of amino acid side-chain
functionalities. Thus, cis-amides are very rarely observed in nature. They are usually restricted
to positions followed by a proline residue, where the preference of the trans conformation is
less pronounced compared to all other canonical amino acids."® '”*! However, if a cis-amide
is present, it is usually an important structural feature in the biological context and mandatory
for bioactivity.™ 17#17%1 Thus, the ability to literally lock the peptide backbone in one of the
two possible conformations using triazole mimics bears great potential for structure-guided
approaches towards tailor-made peptides. In theory, this strategy allows for the installation of
any amino acid side chain after a cis-amide bond."* '**! Hence, new possibilities for rational
design approaches are provided, otherwise not accessable using only the 20 canonical amino
acid building blocks.

Finally, this concept has been successfully applied to SFTI-1 which possesses a cis-prolyl motif
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INTRODUCTION

within the BBI loop important for biological activity."**) Hence, peptidomimetic variants with
locked backbone amides have been assembled and tested for bioactivity. The synthesized
compounds allowed for functional and structural analysis of inhibitor-trypsin complexes using
X-ray diffraction crystallography, which undoubtedly proved the structural similarity between
the triazole-containing peptidomimetics and the native peptide (Figure 18)."* Chapter 2.2 in
the cumulative section of this thesis provides more detail on this topic.

Figure 18. 3D representations of inhibitor-enzyme complexes between trypsin (white surface) and SFTI-1 (top,
PDB-ID: 1SFI) and peptidomimetics containing either a 1,4-disubstituted 1,2,3-traizole (bottom left, PDB-ID:
4ABI) or a 1,5-disubstituted 1,2,3-traizole (bottom right, PDB-ID: 4ABJ). Replaced amide bonds as well as the
corresponding triazole-based backbone elements are highlighted.

1.3.3 The “Triazole Bridge” — a Disulfide Replacement

Disulfide bonds are very common structural elements of proteins and peptides. They are
readily formed from free thiol groups of two cysteine residues in oxidative environments."””’
This side-chain-to-side-chain linkage provides the possibility for a reversible covalent
connection of amino acids that are not adjacent in the primary structure. Thus, it contributes
significantly to protein stability and rigidity. Indeed, extraordinary temperature and
proteolysis resistant miniproteins usually contain at least three disulfide bridges forming a
special “knotted” tertiary structure."”®'7®) These cystine knots comprise typically 30-50 amino
acids and constitute an extreme type of side-chain macrocyclization motifs. However, singular
disulfide bonds are also frequently found in smaller bioactive peptides.** 12! 1801821 They are
usually essential structural constraints limiting the conformational freedom and, thus,
improve biological activity through reduced unfavorable entropic contributions.

Nevertheless, some disulfide-containing peptides like, for example, amylin-(18) still suffer
from stability issues.!'®'%% It has been shown that the utilization of redox-stable cystine
replacements can significantly increase the resistance of such peptides towards
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degradation.' A number of A

. . g .. | “NH ! "NH
strategies for disulfide mimics have ! -
o . . W - o S ' O
been described in the literature. O%\"‘ Sgr S K%O O%\' e K&
Two very common replacements HN. _ : HN. '
are thioether or alkene analogs disulfide bridge thioether bridge

(Figure 19).'%1%) However, mul-
tiple synthetic steps and the need “NH
for orthogonal protection as well as : *NH : \K& o
the occurrence of czs/tran:s isomers o A\/\K&O L 9\n )
hamper their broader application. ! 04‘\ N™X
Interestingly, it has been shown HN. ' AN, NsN
that disubstituted 1,2,3-triazoles dicarba bridge triazole bridge
are versatile side-chain macro-
cyclization motifs that can be

installed in peptides on the solid HOMO

support without additional protec-

ting groups.® This is made ijOC'SPPS

possible by the usage of com- H @ H ©

mercially available non-natural PEPTlDE_NJ_ PEPTlDE_NJ_ PEPTlDEMO
amino acids bearing the functional ) z

groups required for AAC reactions " Ng /

introduced in section 1.2.2. Hence, n=1,2

cysteine residues are replaced by ‘RuAAC

azide- and alkyne-bearing building o o

blocks. Then, an intramolecular pEPT|DE—H J—PEPTlDE—HJ—PEPTIDE’WO
triazole linkage with either a 1,4- or : H

a 1,5-substitution pattern can be nH\INr

generated via on-support CuAAC or n=12 N.

RUAAC reactions.** ! However

ful choi f the SPPS ..’ TFigure 19. (A) A disulfide bridge and examples of suitable disulfide
care'u choice of the . resin 1s replacements. (B) Synthetic route towards a 1,5-disubstituted 1,2,3-
crucial for clean conversions and triazole side chain macrocyclization motif.

the amount of peptide loaded onto

the solid support must be low in order to suppress unwanted side reactions. Notably, CuAAC
macrocyclization can also be performed in diluted solution. However, chromatographic isola-
tion is in any case mandatory for pure products.™*

Both types of “triazole bridges” have been successfully applied to the generation of bioactive
peptidomimetic compounds. Meldal and coworkers reported the installation of triazole
bridges via CuAAC in tachyplesin-I (TP-I) analogs and reported a conservation of antibacterial
activity.!"*) However, Kowalczyk et al. used the same approach for triazole-containing amylin-
(18) peptidomimetics, but could not detect the desired anabolic effect on primary foetal rat
bone-forming cells or osteoblasts."%"!

A similar result using 1,4-disubstituted 1,2,3-triazoles as disulfide replacements was observed
for SFTI-1."*¥ In vitro studies revealed a dramatic loss of inhibitory activity compared to the
native peptide for the CuAAC product. However, using ruthenium(II) catalysis for the
intramolecular azide-alkyne cycloaddtion yielded potent peptidomimetics with anti-tryptic
activity in the range of the parent compound.*" Interestingly, it was observed that the
addressed substitution pattern had a more dramatic effect on bioactivity than the length of
the linker between the peptide backbone and the azide functionality.** ! Thus, both
combinations of propargylglycine with either azidoalanine or azidohomoalanine result in
adequate disulfide replacements using RUAAC macrocyclization (Figure 20).1* !

These results have been corroborated by molecular dynamics similations and additional in-

N
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depth in silico experiments showing that side-chain-to-side-chain linkages using a 1,5-
substitution pattern match the structural requirements of a disulfide bond better than the 1,4-
patterned counterparts.”** '°! Nevertheless, it has to be evaluated individually for every
particular biological context which of the possible triazole bridges is the preferable design in
terms of activity. Chapters 2.3 and 2.4 in the cumulative section of this thesis provide more
detail on in vitro and in silico studies of triazole-containing SFTI-1-based inhibitors of trypsin
as well as matriptase.

N

e

Figure 20. Tube representations of the moncyclic cystine-containing variant of SFTI-1 (left) in an overlay with
triazole-bridged derivatives (middle and right) possessing the 1,5-substitution pattern and different linker lengths.

1.3.4 Triazoles as an Interface for Side Chain Variability

The natural repertoire of 20 canonical amino acids provides a profound selection of diverse
side chain functionalities. This variability is dramatically increased when the singular building
blocks are combined to linear oligo- or polymers which in turn are able to fold into complex
three-dimensional architectures. A simple random sequence of only 14 canonical amino acids
describes a totality of 14°° individual molecules, which in quantity corresponds to the number
of stars within the observable Universe.!"!! At least by today’s standards, the structure space
that is reflected by this gigantic amount of compounds cannot be completely explored in
reasonable time scales.!"””) However, Nature evolved additional mechanisms to generate even
more possibilities for functional biomacromolecules. Thus, two extra amino acids -
selencysteine and pyrrolysine — are used for protein synthesis in certain organisms, while
post-translational modification of the standard repertoire adds another dimension of
complexity.'**%! Hydroxylation, phosphorylation, glycosylation, ubiquitination, or covalent
cross-linking of amino acid side chains are only a few examples of Nature’s intrinsic modular
design beyond mere protein synthesis.!"*>**”) Nevertheless, these biological processes require
intricate enzymatic machineries to operate with desired accuracy.

A feasible method to achieve a similar efficiency in peptide chemistry is the utilization of
biocompatible reactions.!’*®'*) Burk and coworkers, for example, used oxime ligation to
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decorate a moderate binder of polo-like kinase 1 Homo
(PlIk1) with non-natural building blocks as
functional side-chain groups.'**”’ They were able to l Fmoc-SPPS
identify peptide derivatives with significantly o
. . . . H
1mproved interaction profiles unmatcl.led l:?y PEPTIDE—N\)—PEPTIDEM
variants containing only the standard amino acid
repertoire. This strategy is reminiscent of the direct Ns/L ) n
bioconjugation methodology described in section ///
1.2.2. l R

CuAAC

A similar approach was used to optimize SFTI-1

towards matriptase. In this study presented in H 9

chapter 2.5 of the cumulative section non-natural PEPTDE—N\_)I—PEPT'DE"‘“
azide-bearing amino acids were used as anchor No )

points for the installation of diverse side-chain N© ONT D

functionalities via CuAAC  (Figure 21).0**" >ﬁ

Additionally, also amino acid substitutions using R

the canonical repertoire were performed. The R:

positions within the peptide sequence suitable for O 0 @
modification were identified through structure- ”\ M N

OH - “OMe - “NH,

uided considerations prior to synthesis. Indeed .
& P y > neutral, polar  basic hydrophobic

several triazole-containing SFTI-1-derivatives with acidic
improved matriptase affinities were identified. Figure 21. Scheme of a divergent synthetic route
However, the best inhibition constant was towards a targeted compound library containing
. . . . different side chain functionalities.

determined for a peptide containing only natural

amino acids. Nevertheless, the modular approach

using the CuAAC methodology allowed for a divergent synthetic route towards
peptidomimetic variants. Thus, a targeted compound library of reasonable size was generated
which enabled to probe the SFTI-1 framework for beneficial side-chain modifications (Figure
22). A big challenge in this context is to refine the gigantic structure space of conceivable
variants to a reasonable number of potentially functional modifications. This can be achieved
via rational molecular design principles including ligand- or structure-based virtual screening
or general considerations using structure-activity relationships (SAR).

L

-

r

\ R

Figure 22. 3D illustration of triazole-based side chain modifications installed in one position of the monocyclic
variant of SFTI-1 enabling to probe for residues R possessing beneficial interaction profiles with matriptase (white
surface).
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1.4 Aims and Scope

The application of synthetic
peptides and peptide conjugates
in modern life sciences is an
emerging field with promising
perspectives.”®  Compounds
like Cilengitide or DOTATOC
(Figure 23) demonstrate the
potential of this type of
compounds for therapy or
diagnosis of various cancer types
and other deseases.''" 201203
High affinities and sufficient
selectivities  towards desired
target molecules, good solubility,
as well as low toxicity are
beneficial attributes for a
possible pharmaceutical appli-
cation. 204201

Nevertheless, many peptides
suffer from certain unfavorable
properties impairing their use as
drugs:

1. Most peptides are suscep-
tible to enzymatic degrada-
tion resulting in low serum
stability. %627

2. Even small peptides usually
violate three criteria of the
Lepinski ‘s rule of five: They
easily exceed a molecular
mass of 500Da, possess
more than 5 hydrogen bond
donors, and have more than
10 hydrogen bond accep-
tors. Thus, they commonly
show a low “druglikiness”
and are  not orally
bioavailable.**®!

3. Peptides  below 15kDa
typically undergo fast renal
clearance significantly redu-
cing circulation times.™'®!

O o)

Q /_({(
NHHN OH
o)

NH | HN
N 7]

o)

Cilengitide

QN

DOTATOC

SFTI-1[1,14]

Figure 23. Chemical structures of Cilengitide, DATOTOC, and the
monocyclic variant of the sunflower trypsin inhibitor-1 (SFTI-1[1,14]).

Some of these drawbacks, especially regarding the drug-like properties (point 2), cannot be
eliminated without sacrificing essential characteristics of peptides. However, stability issues
and renal clearance rates can be addressed through chemical modifications."'®***®! Hence,
PEGylation, PASylation, or simply increase of molecular weight, e.g. via multimerization, have

been shown to significantly attenuate filtration of 23iological by the kidneys.

[116-118]

Furthermore, the use of non-natural building blocks like D-amino acids or peptoid structures,
as well as side-chain-to-side-chain or head-to-tail cyclization can improve the tolerance of
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peptides towards degradation in vivo.

(206, 2092101 Hence, the advancement of bioconjugation

techniques as well as the development of non-natural mimics of structural elements of
peptides are important and challenging tasks which have been pursued in the frame of this
work.

The applicability of azide-alkyne cycloaddition methodologies and resulting 1,2,3-triazoles for
peptide modification and optimization was investigated with respect to the following
objectives:

1.

An efficient synthetic route towards the assembly of heteromultivalent constructs using

peptidic ligands, a suitable scaffold, and additional reporter molecules via CuUAAC had to
be established.

. The possibility of replacing essential structural elements of the monocyclic variant of the

sunflower trypsin inhibitor-1 (SFTI-1[1,14]) by non-natural 1,2,3-triazole-based building
blocks had to be investigated. These studies included modification of cis- and trans-amide
bonds as well as mimicking the cystine motive.

. Establishing and advancing the on-support CuAAC and RuAAC methodologies was

necessesary to gain access to desired peptidomimetic compounds.

. The impact of these modifications in structure and anti-tryptic activity of the resulting

peptidomimetic compounds had to be examined by enzyme inhibition assays, molecular
dynamics simulations, docking experiments, as well as X-ray diffraction crystallography of
enzyme-inhibitor complexes.

. Finally, the SFTI-1[1,14] framework had to be optimized towards the pharmacologically

relevant target protease matriptase. For this purpose a small “click library” had to be
designed using structure-guided principles, synthesized via a combinatorial approach, and
screened for beneficial modifications.
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Application of copper(1) catalyzed azide—alkyne [3+2] cycloaddition to the
synthesis of template-assembled multivalent peptide conjugatest
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UIf Diederichsen” and Harald Kolmar**
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Here we describe the facile generation of tetravalent peptide conjugates via a copper(1) catalyzed
azide-alkyne cycloaddition (CuAAC) using a cyclic peptide template as a versatile conjugation scaffold.
This stable and rigid framework is a conformationally constrained cyclic B-sheet decorated with
spatially defined alkyne moieties that serve as selectively addressable coupling sites. The proposed
method allows for the effective coupling of unprotected peptide monomers in water at room
temperature within comparatively short reaction times. The resulting conjugates display the ligands in
an oriented manner, thus allowing for multivalent interactions with given target molecules, which may
contribute to enhanced affinity and specificity. In addition, the selected scaffold offers an orthogonal
coupling site for the incorporation of fluorescent labels or radioligands.

Introduction

A number of interactions taking place in nature occur in mul-
tivalent mode.! It is known that a multivalent display created
through multiplication of biologically active monomers on an
appropriate scaffold can significantly enhance the net affinity of a
resulting construct towards its target in comparison to the inter-
actions of individual monomers."* Linear or branched polymers,
dendrimers, and peptides placed on various scaffold structures
have already been used e.g. to enhance antigen immunogenicity,
binding affinity, or selectivity.*® Better understanding of the nature
and mechanisms of multivalent interactions between the interplay
partners is of particular research interest. Enhanced binding
affinity towards desired targets, probably due to an improved steric
orientation, make them potentially attracting objects in the design
of antibodies, receptors, and inhibitors of proteases.™®

Two different mechanistic models can be considered for the
explanation of increased binding affinity of multimeric systems.”
First, when a simultaneous binding to the corresponding receptors
cannot take place, an increase in receptor-ligand binding can be
explained by an apparent increase in local ligand concentration.
Second, in cases of polyvalent binding, e.g. by interacting with
receptors that are located on cell surfaces in several copies, co-
operative interactions between multiple ligands and receptors can
occur resulting in increased net affinity (avidity) of the receptor—
ligand interaction.

In the context of multivalent peptide conjugation, the choice of
a proper structural framework is of particular importance.' This

“Clemens-Schapf Institute of Organic Chemistry and Biochemistry, Darm-
stadt University of Technology, Petersenstr. 22, 64287, Darmstadt, Germany
"Institut fiir Organische und Biomolekulare Chemie, Georg-August Univer-
sitdr Gottingen, Tamannstrafie 2, 37077, Gottingen, Germany

1 Electronic supplementary information (ESI) available: RP-HPLC for
peptides 1-13, RP-HPLC traces of template 2 cyclization under activation
with HBTU and PyBOP, ESI-MS for peptides 8-13, GFC traces for con-
jugates 9-13 and corresponding monomers. See DOI: 10.1039/b908261a
1 These authors contributed equally to this work.

scaffold should possess a three dimensional architecture providing
free access to reactive moieties and making, therefore, possible
the coupling of the ligands of choice without steric hindrance.
Moreover, it is highly desirable for the scaffold to offer not only the
possibility to oligomerize functional monomers but also to give an
option for the introduction of other substituents, e.g. fluorescent
dyes, lipophilic molecules for membrane association, chelators for
incorporation of radionuclides, or additional orthogonal reactive
moieties for the introduction of other bioactive ligands as shown
schematically in Fig. 1.

Functional ligands

Scaffold

Orthogonal
functionalities

Fig. 1 Schematic representation of cyclic decapeptide scaffold decorated
with different types of ligands. P, proline; G, glycine; X, chemo- and
regioselectively addressable conjugation sites; Y, Z, sites for alternative
(orthogonal) functionalization.

Cyclic peptides and their mimics are versatile molecules with
particular properties. It was shown that cyclic decapeptides
developed by Mutter and colleagues in the frame of their concept

This journal is © The Royal Society of Chemistry 2009
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Scheme 1 Synthetic strategy for the preparation of multivalent peptide conjugates on alkyne functionalized cyclic decapeptide scaffolds using copper(1)

catalyzed azide—alkyne [3+2] cycloaddition.

of template assembled synthetic proteins (TASP)!'""*' possess due
to the presence of two glycine-proline turns an architecture of an
antiparallel B-sheet® > that can also serve as scaffolds for coupling
of a wide spectrum of ligands with diverse functionalities.!®*3!

Herein, we report the synthesis of tetravalent peptide conjugates
by copper(1) catalyzed azide-alkyne [3+2] cycloaddition on a
decameric peptide template bearing alkyne groups that were
introduced using the commercially available non-natural amino
acid building block Fmoc-L-propargylglycine (Pra). We show that
unprotected peptide ligands can be effectively assembled on the
framework alone or in combination with an orthogonally attached
fluorescent reporter group (Scheme 1). Our presented strategy
provides a short route towards efficient generation of multimeric
compounds.

Results and discussion
General strategy

Cyclic decapeptides have been widely used in protein de novo design
and drug discovery** due to their well-defined architecture
furnishing a topological arrangement with sterically defined active
groups, which provides a possibility for coupling of functional
building blocks. A variety of synthetic strategies based on or-
thogonal protecting groups in combination with chemoselective
ligations has been reported to date.!0252623144 The concept
of regioselectively addressable templates (RAFT) conventionally
employs two main approaches aimed at the conjugation of
unprotected peptides onto the functional scaffold. One involves
the formation of amide bonds between the y-amines of lysine
side chains and linker molecules bearing reactive groups suitable
for successive chemoselective ligations (Scheme 2A). The other
exploits the particular reactivity of thiol functions of cysteine
residues (Scheme 2B). Both approaches require the proper pro-
tection of the reactive moieties not only during assembly of linear
precursors on the solid support but also in the course of head-to-
tail cyclization. Lysine based templates also require additional
steps for the introduction of selectively addressable moieties,
usually aldehydes or aminooxy groups, for oxime bond formation*
and recently reported alkynes and azides for the click coupling.®!
Cysteine based cyclic decapeptide scaffolds, though allowing
for the direct chemoselective ligation via thio-ether bonds, are
predisposed to the formation of undesired disulfides. Moreover,

the regioselective conjugation is not possible with peptides or
proteins containing unprotected cysteine residues.

Obviously very simple, our design was based on a construct
derived from the well established e¢yclo-(Xaa-Ala-Xaa-Pro-Gly),
sequence. We reasoned that the incorporation of alkyne moieties
in the desired positions (Xaa) of the decapeptide framework could
be easily accomplished using Fmoc protected propargylglycine
(Scheme 2C). This commercially available alkyne bearing building
block could be easily incorporated in the growing peptide without
side chain protection, therefore significantly reducing complexity
of the whole procedure.

Synthesis of alkyne and azide building blocks

As alkyne components, two different decameric cyclopeptides were
synthesized, 1 and 2. Sharing the same topological features, they
differ in the amino acid residue at position 9 (Fig. 1). While scaffold
1 contains no coupling sites other than the desired propargyl side
chains, cyclopeptide 2 possesses an orthogonal reactivity in the
form of a lysine y-amino group that is labeled with FITC to
demonstrate its utility for the coupling of additional ligands like
fluorescent dyes, metal chelators, cell penetrating peptides, etc.
prior to peptide conjugation via click reaction.

Solid phase synthesis of both templates, due to the influence
of applied microwave irradiation, was fast and resulted in crude
linear precursors of remarkable quality and in excellent yields.
They were converted into the cyclic successors without further
purification via active ester activation of the carboxy terminus. Our
experiments corroborated the known fact* of N-terminal guani-
dination caused by uronium based reagent HBTU during head-
to-tail cyclization. Therefore, phosphonium activator PyBOP was
applied to the macrocyclization of template 2 (for further details
refer to the supplemental materialt).

Introduction of FITC as a model ligand for orthogonal coupling
was carried out after macrocyclization of the corresponding
precursor followed by cleavage of the Boc protecting group.
Similar to previous synthetic steps, this transformation yielded
a labeled alkyne functionalized RAFT scaffold in excellent yield
(73% after four synthetic steps) and quality. Interestingly, no
chromatographic purification was necessary during the whole
course of the synthesis for template 2.

Azide functionality was effectively introduced into model
peptide ligands 4-7 during solid phase synthesis using

4178 | Org. Biomol. Chem., 2009, 7, 4177-4185
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Scheme 2 Comparison of homo-tetramerization strategies using different RAFT scaffolds. A, selected approaches for the peptide conjugation using a
lysine based template. B, general approach for the homo-multimerization through cysteine based templates. C, general scheme for the peptide conjugation
via a progargylglycine based scaffold used in this study. PG, protecting group; R, unprotected bioactive ligand; (a) Fmoc SPPS and acidic cleavage from the
support, (b) head-to-tail cyclization via C-terminal activation, (c) side chain deprotection, (d) propionic acid, DCC,* (e) R-N;, CuSO,, sodium ascorbate,
t-BuOH-H,0 (1 : 1), (f) BocNHOCH,COOSu, DIEA, DMF, then Boc deprotection,” (g) CHO-CO-R, buffer pH = 4.6, (h) Boc-Ser(t-Bu)OH,
PyBOP, DIEA, DMF, then Boc deprotection,* (i) NalO,, H,0.* (j) R-O-NH,, 10% AcOH,* (k) R-Br, pH = 7.5,** (1) R-N;, CuSO,, Cu(0), sodium

ascorbate, DIEA, H,0.

4-azidobutanoic acid 3 as an N-terminal building block under
standard coupling conditions generally applied in this work.

Click ligations

As a conjugation strategy, copper(1) catalyzed azide-alkyne cy-
cloaddition [3+2] was chosen (Scheme 1). It is a highly efficient
coupling method, orthogonal to most known ligation techniques,
which gives an option to link together peptidic ligands as well as
other functional substituents.*4

To demonstrate the utility of the novel cyclic decapeptide
scaffolds 1 and 2 towards the conjugation of unprotected peptide
ligands and to investigate steric effects on ligation efficacy, azido-
functionalized peptides of different length ranging from four
to fourteen residues were used for coupling onto the presented
scaffolds. Prior to the coupling of bulky peptidic building blocks,
initial studies towards general applicability and optimization of
reaction conditions were conducted using the small non-peptidic
azido building block 3. For this purpose, different click systems
were tested such as iodo(trimethylphosphite)copper(1)/DIEA in

MeOH-acetonitrile, CuSO,/sodium ascorbate/DIEA in water,
Cu-wire in water, CuSO,/Cu wire/sodium ascorbate/DIEA in
water. Combined addition of Cu(n1) and Cu(0) in the presence
of sodium ascorbate comprised the optimal system characterized
with faster and cleaner conversions. We reasoned that as for bulky
biological ligands reaction times could be prolonged, a continuous
Cu(1) source in the form of a redox pair of Cu(il) and Cu(0)
should be installed. The chromatographic traces of the chosen
reaction system revealed the formation of synthesis intermediates
already 5 min after catalyst addition. Complete conversion was
reached within 50 min (Fig. 2). Conjugation of peptides 4-7
onto template 1 were accomplished in the same way. HPLC
traces of the reaction components and conjugation products are
shown in Fig. 3. Though HPLC monitoring proved that educts
were completely consumed, the yields of the resulting conjugates
decreased according to the length of the ligands, probably due to
the tendency of particular peptides to aggregate in concentrated
solutions (see Table 2). The irregular low yield of conjugate
11 could be explained by losses during preparative purification
focused on obtaining a high quality product.

This journal is © The Royal Society of Chemistry 2009
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Fig. 2 HPLC monitoring of CuAAC reaction between alkyne 1 and
azide 4 at 220 nm. Gradient: 9—45% acetonitrile in 0.1% aq. TFA over
30 minutes at flow rate 1 mL/min.

High resolution ESI-MS analysis proved the formation of
tetrameric conjugates. Exemplary high resolution ESI-MS spectra
for conjugate 12 are shown in Fig. 4; for the complete data set
see the supplemental material.T Formation of the tetrapeptide
conjugates 9-12 was further proved by analytical gel filtration.
This analysis was of particular importance for the cases when
the click conjugates and their corresponding monomeric peptide
ligands showed similar elution behaviour under RP-HPLC con-
ditions (Fig. 3B and C). Size exclusion chromatography made
it possible to doubtlessly distinguish between the tetramers and
monomers as shown exemplary for compounds 10and 11 in Fig. 5.
Click coupling onto additionally derivatized scaffold 2 differed

from that for 1 carrying only alkyne moieties. Introduction of
a bulky hydrophobic FITC substituent affected water solubility
of template 2 significantly. Two modifications of the proposed
click protocol were employed. Since it was not possible to dissolve
the cyclic decapeptide 2 in water, a water-acetonitrile mixture
was used. After two days of reaction the presence of click
conjugation intermediates could still be detected in the HPLC
trace (Fig. 6A), and the yield of the final product was significantly
lower in comparison to the reactions carried out in pure water
(13% and 30% after purification, respectively). Therefore, we
increased the amount of tertiary amino base (DIEA) in the
reaction system that made it possible to avoid the use of an
organic co-solvent. This resulted in a remarkable acceleration
of the reaction rate and yielded the target conjugation product
within 5 h.

Nevertheless, taking into consideration the solubility problems
caused by bulky substituents, it seems reasonable to introduce a
solubilizing moiety like PEG into templates carrying hydrophobic
ligands through one of the possible ligation sites (Fig. 1, e.g
position 4). This can be easily achieved via an incorporation of
an additional orthogonal amino group or thiol function.

Experimental
General procedures

All chemicals and solvents purchased from Acros, Roth, Nov-
abiochem, Aldrich or Sigma were of highest grade available. Fmoc-
L-Pra-OH was obtained from Anaspec. All comprising a PrepStar
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Fig. 3 HPLC traces of click reaction components and the resulting conjugates at 220 nm. Gradient: 9—45% acetonitrile in 0.1% aq. TFA over

30 minutes at flow rate | mL/min.
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Fig. 4 Mass spectra of conjugate 12. A, ESI-MS spectrum; B, high resolution spectrum recorded for [M + 9H]**; C, mass distribution calculated for
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Fig. 5 GFC traces of monomeric peptide ligands and corresponding
tetra-conjugates at 220 nm. Eluent: 150 m ag. NaCl at flow rate
0.75 mL/min.

218 Solvent Delivery Module, a ProStar 410 HPLC AutoSampler
and a ProStar 325 Dual Wavelength UV-Vis HPLC Detector using
a Phenomenex Synergi 4u Hydro-RP 80 A (250 x 4,6 mm, 4 um,
8 nm) column for analytical runs and a YMC J’sphere ODS-HB80,
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Fig. 6 HPLC monitoring of CuAAC reaction between alkyne 2 and
azide 5 at 220 nm. Gradient: 9— 72% acetonitrile in 0.1% aq. TFA over
30 minutes at flow rate 1 mL/min. A, click reaction in water-acetonitrile
(2 : 1); B, click reaction in water with excess DIEA (2 eq. according to
copper catalyst).

RP C-18 (250 % 20 mm, 4 m, 8 nm) for semi-preparative ones. The
solvent system consisted of eluent A (0.1% aq. TFA) and eluent B
(90% aq. acetonitrile containing 0.1% TFA). ESI mass spectra

This journal is © The Royal Society of Chemistry 2009
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Table 1 Building blocks synthesized in the presented study

Entry Sequence Calculated Mol. Wt. Observed m/z R,? Yield [%0]
Alkyne 1 Pra Pra 830.4 853.6 20.29 36
g~ a7 p
4_Pra Pra_ /
g sy N
2 /Pra\ Pra\ 1276.6 1299.6 22.71 73
G ' /P
Pra Pra
F‘l’ s 8N4
HN )a
FITC
Azide 3 o] 129.1 n.d.” 13.54 78
NS\/\)LOH
4 O 620.3 621.3 16.04 33
N
3‘HﬁkNH-DYRG-OH
5 (0] 1043.5 1044.6 20.92 17
N
3\(~')5L|~1H-|PRGDYRG-OH
6 (0] 1328.6 1329.7 20.54 )
N
3’(")£1\NH-EQKLISEEDAG-OH
7 o] 1614.8 1616.0 27.41 23

NSH?\NH-LLADTTHHRPWTG-OH

“ Characterized by 1H- and 13C-NMR.** Compounds 1 and 3-7: gradient: 9—45% acetonitrile in 0.1% TFA over 30 minutes at | mL/min; compound 2:
gradient: 9—72% acetonitrile in 0.1% TFA over 30 minutes at 1 mL/min. © Overall yield calculated from initial loading of the resin.

were recorded on a Bruker-Franzen Esquire LC and a Bruker
Apex-Q IV FT-ICR mass spectrometer. 'H-NMR and “C-NMR
spectra were obtained with a Bruker DRX300 instrument
(300 MHz). Peptides were synthesized on a manual Discover SPS
Microwave Peptide Synthesizer (CEM) using the Fmoc strategy.
Amino acids were employed in 4 eq. excess according to resin.
HBTU (3.9 eq) and DIEA (8 eq.) were applied as coupling
reagents. Coupling microwave conditions were 55 °C and 20 W
within 10 min. Fmoc deprotection was performed by treatment
with piperidine (20% in NMP) at 50 °C by 20 W microwave
power and within 5 min. Cleavage from the Wang resin was
done either at room temperature within 2 h or in the microwave
at 40 °C, other amino acids were supplied by CEM; preloaded
Fmoc-Gly-Wang-resin by Novabiochem; preloaded H-Gly-2Cl-
Trt-resin by Iris Biotech. Both analytical and semi-preparative
RP-HPLC were performed on a Varian modular system 20 W
within 30 min using TFA/H,O/anisole/TES (36:2:1:1, v/v/v/v)
cleavage cocktail. Cleavage from 2-CI-Trt resin was performed with
acetic acid/DCM/MeOH (5:4:1, v/v/v) mixture within 2-3 h.

Synthesis of scaffold 1

The linear precursor peptide NH,-Pra-Ala-Pra-Pro-Gly-Pra-Ala-
Pra-Pro-Gly-OH was synthesized via microwave assisted Fmoc

SPPS on Wang resin preloaded with Fmoc-Gly (loading capacity
0.61 mmol/g). Coupling efficacy was controlled by the Kaiser
test. Both Fmoc-Ala-OH building blocks were double coupled
as well as the C-terminal proline. After cleavage from the resin
with 95% aq. TFA and lyophilization, cyclization was performed
without further purification by treatment with HBTU (1 eq.) and
DIEA (2 eq.) in diluted solution (1 mg peptide/1 mL DMF)
overnight at ambient temperature. After solvent removal under
reduced pressure, the crude cyclic decapeptide was purified by
preparative HPLC to yield 55 mg of pure cyclo-(Pra-Ala-Pra-
Pro-Gly), 1 (Table 1).

Synthesis of scaffold 2

The linear precursor peptide NH,-Pra-Lys(Boc)-Pra-Pro-Gly-
Pra-Ala-Pra-Pro-Gly-OH was synthesized via microwave assisted
Fmoc SPPS on a 2-CI-Trt resin preloaded with Fmoc-Gly. Cou-
pling efficacy was controlled by the Kaiser test. All amino acids
were double coupled except for the Fmoc-Pra-OH building blocks.
After cleavage from the resin with a cleavage cocktail containing
50% acetic acid, 40% DCM and 10% methanol followed by
Iyophilization, cyclization was performed directly with the crude
linear peptide by treatment with PyBOP (1.2 eq.) and DIEA
(3 eq.) in diluted solution (1 mg peptide/1 mL DMF) overnight
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Table 2 Peptide tetra-conjugates 8-13

Educts
Entry Alkyne Azide HPLC*R,/min GFC'R,/min  Yield/%
8 1 3 17.50 — —
9 1 4 17.87 12.32 75
10 1 5 20.9 12.76 50
11 1 6 20.69 11.02 14
12 1 7 25.85 13.52 28
13 2 5 16.27 12.81 30

* Compounds 8-12: gradient: 9—45% acetonitrile in 0.1% TFA over
30 minutes at 1 mL/min; compound 13: gradient: 9— 72% acetonitrile
in 0.1% TFA over 30 minutes at 1 mL/min. * Eluent: 150 m aq. NaCl at
flow rate 0.75 mL/min. ¢ Pure yield after purification vie HPLC; the loss of
substance during routine monitoring of reaction progress and analytical
purposes is not considered.

at ambient temperature. The solvent was removed under reduced
pressure and the crude cyclic decapeptide cyclo-(Pra-Lys(Boc)-
Pra-Pro-Gly-Pra-Ala-Pra-Pro-Gly) was treated with 95% aq.
TFA to remove the Boc protecting group. Precipitation and
washing with MTBE vyielded crude cyclo-(Pra-K-Pra-P-G-Pra-
A-Pra-P-G) in excellent quality that enabled its labelling with
amino reactive FITC (2 eq.) in the presence of DIEA (2 eq.)
in DMF without additional purification. After DMF removal
under reduced pressure the excess of FITC was extracted with
ether from a water-methanol (5:1) solution of labelled cyclic
decapeptide 2. This yielded FITC labelled alkyne functional-
ized RAFT scaffold 2 in excellent yield and quality (19 mg,
Table 1).

Synthesis of N-terminal azido functionalized peptides 4-7

Peptide ligands were synthesized using microwave assisted Fmoc
SPPS on Fmoc-Gly preloaded Wang resin using HBTU/DIEA
activation in NMP. Each coupling cycle took 10 min, and the
Fmoc deprotection was accomplished within 5 min. To introduce
the N-terminal azido-group, 4 eq. of 4-azidobutanoic acid 3
synthesized from methyl 4-bromobutanoate following a reported
procedure® were coupled onto the terminal amino group under
the same coupling conditions. Cleavage from the solid support

was conducted in the microwave oven within 30 min using 95%
TFA at 38 °C. After microwave assisted cleavage from the solid
support followed by MTBE precipitation, purification was done
by preparative HPLC to yield pure azide functionalized peptide
ligands 4-7 (see Table 1).

Copper(1) catalyzed azide-alkyne |3+2] cycloaddition (CuAAC)
reaction

The click ligations of the alkyne scaffold 1 and the azido building
blocks 3-7 were accomplished by treatment of an aqueous
solution of 1 (2.4 pumol) and the corresponding azide (9.6 wmol)
with CuSO, (28.8 umol), sodium ascorbate (28.8 umol), DIEA
(28.8 umol) and 15 mg of HNO;-treated Cu-wire. Reaction
progress was monitored by analytical HPLC (Fig. 2, 3 and 6)
until conversion of both the azide and alkyne components was
complete (50 min—4 h). The solvation of occasional precipitate
was performed by addition of 0.3% ammonia. Conjugates 8-13
were isolated via semi-preparative RP-HPLC and characterized
via RP-HPLC, GFC and ESI-MS as mentioned in Tables 2
and 3.

The click reaction between FITC labeled alkyne scaffold 2 and
the azido building block 5 was conducted by treatment of the
solution of 2 (1.56 pmol) and the azide (6.28 pmol) in water with
CuSO, (18.72 umol), sodium ascorbate (18.72 umol) and DIEA
(37.44 pmol). The reaction was continuously shaken at ambient
temperature. Reaction progress was monitored by analytical
RP-HPLC (Fig. 6B). The conjugation product was isolated by
semi-preparative RP-HPLC yielding 2.6 mg of 13 as a yellow
powder (Tables 2, 3). The formation of the desired conjugate was
proven by GFC and ESI-MS.

Conclusions

We demonstrate the utility of the CuA AC reaction for the synthesis
of tetravalent peptide conjugates on a cyclic peptide template.
Unprotected biologically relevant azido peptides are efficiently
converted into the corresponding cycloaddition products. The
introduction of an azide moiety into the growing peptide chain
by pre-activated 4-azidobutanoic acid is easy, efficient and needs
no protecting groups or harsh reaction conditions. Alternatively,

Table 3 Summarized ESI-MS data for the synthesized peptidic tetra-conjugates 9-13

Entry 9 10 11 12 13

Cale. MW 33114 5004.5 6144.9 7289.6 5450.6

Formula CraoH 0 NsoOse CoisHie N7 Oy CassHu N7 Oy Ci2aHaaN 1600 CouHiuNy O S
Measured [M + H]* 331245 5005.51 6145.92 7290.63 5451.6

[M + 2H]* — — s o -

[M + 3H]* 1104.83 — — 2430.88 —

[M + 4H]* 828.87 1252.13 1537.74 — —

[M + SHJ™ 663.30 1001.91 — 1459.53 —

[M + 6H]* s 835.0863 e 1216.27 =

[M + 7H]™ — 715.9316" — 1042.52 —

[M + 8H]* — 626.5661¢ — 912.2046¢ —

[M + 9H]* — — — 810.9598¢ =

* High resolution spectra (see Fig. 4 and supplementary informationt).

This journal is © The Royal Society of Chemistry 2009
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azide bearing peptides and proteins are also readily accessible
not only vie Fmoc SPPS using the commercially available build-
ing blocks, e.g. Fmoc-L-azidohomoalanine, but through several
selective protein modifications.”** Azido group bearing proteins
can be obtained by recombinant expression methods via growing
E. coli strains deficient in methionine synthesis in the presence of
azido homoalanine (AZH) resulting in the incorporation of AZH
in place of methionine in proteins.®' Moreover, a recently reported
single-step azide introduction via an aqueous diazo transfer
provides another possibility to functionalize native proteins with
a clickable moiety.*

The alkyne functionalized cyclic peptide templates used in this
study can be easily synthesized from commercially available build-
ing blocks and encompass two important features: (a) they have
defined three dimensional architecture that provides free access
to reactive moieties and allows for the coupling of bulky ligands
without hindrance and (b) they enable conjugation of unprotected
peptides in water using the simple, inexpensive and effective
copper catalyst also providing an option for the oligomerization
of native folded proteins. Click cycloaddition is fast and highly
selective; the resulting conjugates are easily separable via HPLC or
GFC.

It will be interesting to see whether larger peptides exceeding
the length of 14 residues used in this study, miniproteins™ or even
proteins can be placed in fourfold copies onto the decapeptide
scaffold and if steric constrains exist that might negatively
influence conjugation efficiency. In this case, flexible linkers like
polyethylene glycol® or oligoglycine could be introduced for
enhancing conformational flexibility.

Peptide 5 of the model peptides used in this study (IPRGDYRG)
contains an RGD motif and is known to bind GPIIb/Illa
receptor on the surface of platelets, thereby inhibiting platelet
aggregation.” Systematic studies to compare biological activity
of tetravalent peptide conjugates compared to their monomeric
counterparts are currently underway aimed at obtaining a better
understanding of the avidity effects imposed by the particular
spatial orientation of peptide ligands induced by the conjugation
onto a cyclic decapeptide scaffold.
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The architecture of protein macromolecules fundamentally
depends on the sequential arrangement of peptide backbone
bonds in defined conformations. Among the three torsion
angles (¢, ¥, and w) present at each amino acid, it is the amide
bond (w) which is intrinsically hindered as a result of its
partial double-bond character and it is thus more or less
restricted to either a trans or a cis conformation (Figure 1).I'!
Generally, amide bonds occur predominantly in the frans
conformation as it minimizes unfavorable contacts between
adjacent amino acids.I"! Nevertheless, cis amides, if present,
are usually an imperative for bioactivity.”!

The distribution of cis/trans conformations drastically
changes from about 0.03% for non-prolyl peptide bonds to
about 6% for Xaa-Pro motifs.""*! This is directly linked to
the propensity of proline with its cyclic side chain to form
a sterically hindered backbone motif which strongly affects
the preceding peptide bond."!

Beyond the structural features that cis amide bonds
induce in proteins, cis—trans isomerization (CT1) adds a kinetic
dimension to biomolecular systems. In fact, it is not only one
of the rate-determining steps in protein folding.*! but CTI
also provides the possibility for a time-dependent conforma-
tional switch, thus allowing for a dynamic modulation of
structure and activity."!

During the last decade, a few structural mimics of cis
amides in peptides and proteins have been reported, among
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a) i b) i Q‘
trans-amide cis-amide
—
= mimic

o

1,4-disubstituted 1,2,3-triazole

= 5
= mimic

1,5-disubstituted 1,2,3-triazole

Figure 1. Representation of triazolyl amide mimics incorporated into

a generic peptide backbone. a) trans amide mimic based on a 1,4
disubstituted 1,2,3-triazole, b) ¢cis amide mimic based on a 1,5-disub-
stituted 1,2,3-triazole. Backbone atoms are depicted as sticks and side-
chain moieties as balls. An overlay of the Lewis structure with stereo
information is given. N blue, C light gray, O red, side chains yellow;
hydrogen atoms omitted for clarity. The dihedral angles defining the
trans and cis amide bonds (w torsion angles) and the respective
triazole-based mimics are highlighted by black outlines.

them pseudo-prolines,”™! disubstituted tetrazoles,” and tri-
azoles."*" Thus, an Asn-cis-Pro bond in bovine pancreatic
ribonuclease was successfully replaced by a triazolyl unit
through expressed protein ligation® without loss of catalytic
ac!ivily.[2“| In fact, disubstituted 1,2,3-triazoles have been
shown to be viable surrogates for cis and trans- amide bonds,
depending on their substitution pattern (Figure 1).%* To our
knowledge, no detailed insights into the molecular architec-
ture and structural requirements of a bioactive cis amide
mimic containing a 1,5-disubstituted 1,2,3-triazole upon bind-
ing to its target have been reported.

Herein, we demonstrate the applicability of modular
triazole-based backbone elements for locking cis and rrans
amides within the functional loop of a Bowman-Birk
protease inhibitor (BBI)."” High-resolution crystal structures
revealed the detailed structural features of both cis and trans
triazolyl amide surrogates in highly potent peptidomimetics
bound to bovine trypsin. Our results provide new information
on the behavior of triazolyl units within active biomolecules,

Angew. Chem. Int. Ed. 2012, 51, 3708 3712
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and lead to a re-evaluation of their steric and electronic
homology to the native peptide bond.

As a model peptide the highly potent sunflower trypsin
inhibitor 1 (SFTI-1) from Helianthus annuus was chosen.!" In
the native form, its 14 amino acid backbone GRCTKSIP-
PICFPD is cystine bridged and head-to-tail cyclized, and
contains an lle-cis-Pro amide bond as an indispensible
prerequisite for bioactivity.'””! Recently we demonstrated
the utility of its open-chain variant (SFTI-1[1,74]) to study the
influence of subtle changes within shape-defining regions, like
the disulfide bridge, on structure-activity relationships.!"]
Because of to the highly conserved canonical conformation
of the functional loop of protease inhibitors, even minor steric
alterations on the sub-Angstrom range have significantly
affected the bioactivity of the investigated peptidomimet-
ics.13!

Besides the cystine motif, the cis amide bond between Ile7
and Pro8 is a prominent structural element within the
inhibitor loop of SFTI-1[/,/4] crucial for its bioactivity
(Figure 2)."”l Consequently, the replacement of this intriguing
conformational archetype by a 1,5-disubstituted 1,2,3-triazole
mimic appeared to be a promising concept, although previous
attempts to mimic this particular motif with non-natural
surrogates were not successful."*! Thus, a cis amide mimic
must not only match the steric requirements of the parent
perfectly, but also provide a similar chemical environment.

It has been shown that replacement of Pro8 by an alanine
residue (Figure 2, compound 1) led to a drastic decrease of
inhibitory activity against trypsin."? This was apparently
caused by an induced conformational heterogeneity resulting
from the loss of the cis amide stabilizing effect of proline. To

1 H-Gly-Arg-Cys-Thr-Lys-Ser-lle-Ala-Pro-lle-Cys-Phe-Pro-Asp-OH
| J

2 H-Gly-Arg-Cys-Thr-Lys-Ser-lle-Pro-Ala-lle-Cys-Phe-Pro-Asp-OH
| J

7N
3 H-Gly-Arg-Cys-Thr-Lys-Ser-NH  N-N

‘ " Pro-lle-Cys-Phe-Pro-Asp-OH
o |

& o

L\—C‘ ]

|

4  H-Gly-Arg-Cys-Thr-Lys-Ser—NH R N\:)LPro—lle»Cys-Phe—Pro-As;}OH
| |

5 H-Gly-Arg-Cys-Thr-Lys-Ser-lle-N
/ §|Jﬁrlle-CyS-Phe-Pm—Asp—Oﬂ
NN O |

6 H-Gly-Arg-Cys-Thr-Lys-Ser-lle-N
N
N-N_jie-Cys-Phe-Pro-Asp-oH

Figure 2. Overview of synthesized compounds: [Ala®|SFTI-1[1,74] (1),
[Al2°]SFTI-1[1,14] (2), [|CA7'SISFT|-'|[],J4] (3), [|1A7'E]SFTI-'I[1,14] (4),
[PcAR¥|SFTI-1[1,14] (5), [PtA**|SFTI-1{1,74] (6). The investigated cis
(between lle7 and Pro8) and trans amides (between Pro8 and Pro9)
are highlighted in bold.
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validate our results and to assure consistency within the test
system used, we included the corresponding Pro—Ala
mutants 1 and 2 in this work. Efforts were made to exchange
the subsequent trans amide bond with a corresponding 1.4-
disubstituted counterpart 6 and to synthesize SFTI-1[/,74]
derivatives bearing the respective mismatched substitution
patterns of the triazolyl moiety at each position (4 and 5). To
precisely refer to each peptidomimetic compound, we
assigned a three-letter code for the introduced dipeptide
surrogates. Thus, the one-letter code was used to reflect the
mimicked amino acid sequence. A “c” or “¢” indicates the
conformation of the amide bond locked by the triazole
counterfeit.

Based on 1,5-disubstituted 1,2,3-triazoles, conformation-
ally defined non-prolyl backbone motifs are easily accessible
by solid-phase peptide synthesis. All peptides were assembled
on a solid support either using commercially available
building blocks or synthetic precursors (Scheme 1 and the
Supporting Information). (S)-2-Azidopropanoic acid (7) and
the Fmoc-protected alkyne components 8 and 9 were
synthesized according to previously reported procedures.!"”!

Azide 7 was introduced at position 8 or 9 in the growing
peptide chain using in situ activation under gentle microwave
irradiation. The subsequent generation of 1,4- or 1,5-disub-
stituted 1,2,3-triazoles 14-17 was achieved by Cu'- or Ru'-
catalyzed azide-alkyne cycloaddition (CuAAC or RuAAC,
respectively) on the solid support.”™>' Microwave-
assisted Fmoc-SPPS was continued until the peptide chain
was assembled. After acidolytic cleavage, precipitation, and
DMSO- or air-mediated oxidation of crude products, chro-
matographic purification yielded the cyclic target compounds
1-6 on a multi-milligram scale.

In order to gain insights into the spatial aspects of the
active loop conformation upon binding to a serine protease, in
silico calculations (Supporting Information) and crystallo-
graphic analysis were conducted using a modified proce-
dure,"! which resulted in high-resolution crystal structures
(1.45-1.55 A) for the complex of bovine trypsin with
[IcA™|SFTI-1[1,14] 4 and [PtA*’|SFTI-1[1,14] 6 (Figure 3).
The inhibitory potency of all synthesized SFTI derivatives was
evaluated in enzyme kinetic studies with active-site-titrated
trypsin using the chromogenic substrate Boc-QAR-pNA, and
the apparent and substrate-independent inhibitory constants
(K™ and K;) were determined as previously reported.!'® 13

As seen from Table 1, the presence of the undesirable
conformation at each of the two examined positions led to
a drastic decrease of inhibitory activity. Thus, the alanine
exchange at position 8 (SFTI derivative 1) resulted in the loss
of the cis-stabilizing effect of proline, hence, dynamic disorder
of the inhibitory loop by CTI. Locking the trans conformation
at this position by a 1,4-disubstituted 1,2,3-triazole had an
even more dramatic effect: peptidomimetic 4 possessed the
lowest activity of all studied compounds. Vice versa, the
variant with a locked cis conformation through the use of
a 1,5-disubstituted triazolyl building block between Ile7 and
Ala8 (compound 3) showed a significant improvement in
bioactivity over compound 1, although not in the range of the
parent peptide SFTI-1[7,74]. This can be explained consider-
ing the crystal structures of the wild-type inhibitor and 3 in
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%
®

2 1213
c)
N:N o)
ARG =
8 FmocHN ™, =~ 14
RUAAC C
12
CuAAC
8 FmocHN N:N o]
:f\—Q\,N\)—R" > 4
/N ERT
N= o
N N\)L_R‘l —I'_-_ 5
9 i 18
FmocN™ ™
RUAAC L./
13

10,12,14,15: R'= Pro-lle-Cys(Trt)-Phe-Pro-Asp(tBu)
11,13,16,17: R'= lle-Cys(Trt)-Phe-Pro-Asp({Bu)

Scheme 1. a) Azide- and alkyne-bearing building blocks (25)-2-azido-
propanoic acid (7), (25,35)-N-(9-fluorenylmethyloxycarbonyl)-1-ethynyl-
2-methylbutylamine (8), and (25)-N-(9-fluorenylmethyloxycarbonyl)-2-
ethynylpyrrolidine (9). b) Synthesis of azide-bearing peptide resins 12
and 13. ¢) Synthesis of oxidized peptidomimetics 3-6. Fmoc-SPPS:
Fmoc-assisted solid-phase peptide synthesis; HATU: 2-(1H-7-azaben-
zotriazol-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate; DIEA:
N,N-diisopropylethylamine; MW: microwave; RUAAC: ruthenium(ll)-
catalyzed azide-alkyne cycloaddition using [Cp*Ru(cod)Cl]
(Cp*=CsMe;, cod =cyclooctadiene) as catalyst; CuAAC: copper(l)-
catalyzed azide-alkyne cycloaddition using CuSO,, sodium ascorbate,
and DIEA for catalysis; multiple reaction arrows at the end of the
synthetic sequence: Fmoc-SPPS, acidolytic cleavage, precipitation,
DMSO- or air-mediated oxidation, and chromatographic isolation.

complex with trypsin (Figure 3). It is evident that SFTI-1 is
able to form a hydrogen bond with the phenolic hydroxy
group of Tyr39 near the binding pocket of the protease
through the carbonyl oxygen of Ile7. This finding is supported
by in silico experiments, as an energy-minimization procedure
(AMBER force field) applied to the crystal structure (1SFI)
resulted in formation of the aforementioned hydrogen bond,
which may contribute to the binding enthalpy of SFTI-1[1,74].
Indeed, the N2 and N3 atoms of 1,2,3-triazoles have been
reported to possess hydrogen-bond-accepting abilities! and,
thus, may partly compensate for the missing interactions.
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Figure 3. Comparison of the inhibitor loops of SFTI-1 and peptido-
mimetics 3 and 6 in the corresponing protease/inhibitor complexes.
Structures aligned at Lys5 of inhibitors. The orientation of the side
chain of Tyr39 from trypsin (surface) before (dashed outline) and after
energy minimization (solid outline) and the formed hydrogen bonds
are shown (Software: YASARA structure with AMBERO3 force field,
POVRay). Inhibitors shown as stick representations; N blue, O red;
hydrogen atoms omitted for clarity. a) Native bicyclic SFTI-1 (C white,
PDB ID code: 1SFI). b) [IcA”*|SFTI-1{1,14] 3 (solid outlines, C lemon
yellow, PDB ID code: 4AB|) in an overlay with 1SFI (thin white).

c) [PtA®°|SFTI-1[1,14] 6 (solid outlines, C orange, PDB ID code: 4ABI)
in an overlay with 1SFI (thin white).

In full agreement with our expectations, the alanine
exchange at residue 9 (2) locked the trans conformation with
a 14-disubstituted 1,2,3-triazole between Pro8 and Ala9 (6)
and also had no pronounced effect on bioactivity. This finding
can easily be explained taking into consideration that no
alterations have been made relative to the native conforma-
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Table 1: Inhibitory activity of compounds 1-6 and monocyclic
SFTI-1[1,74] (wild-type, wt).""

Entry Sequence K; [nm]#! Relative activity
1 GRCTKSIAPICFPD 178425 1"

2 GRCTKSIPAICFPD 32405 16

3 GRCTKS[IcA]PICFPD 3445 0.2

4 GRCTKS[ItAJPICFPD 302450 1.78

5 GRCTKSI[PcA]ICFPD 255:+42 8ok

6 GRCTKSI[PtA]ICFPD 63+1.8 21

wt GRCTKSIPPICFPD 0.240.03 -

[a] Error calculated by propagation of error for K" and K,, (see the
Supporting Information); relative activities are calculated as the ratios of
the K, values for the respective compound to that of [b] 1 or [¢] 2.

tion, and no relevant contacts between residue 9 and trypsin
were observed in the crystal structure (Figure 3 ¢). In contrast,
an induced conformational mismatch (5) caused a drastic
reduction of binding affinity.

Nevertheless, it must be mentioned that as a result of its
intrinsic architecture, the 1,4-disubstituted 1,2,3-triazole unit
as a trans amide backbone element increases the distance
between the a-carbons of adjacent residues by 1.3 A. In
contrast, the 1,5-disubstituted 1,2,3-triazolyl cis amide mimic
preserves bond length and spatial arrangement almost
perfectly (increase of distance between a-carbons: 0.376 A).
Interestingly, the crystal structure of peptidomimetic 6
revealed that the predominant orientation of the incorpo-
rated 1,4-disubstituted 1,2,3-triazole significantly differed
from the geometry predicted from the hydrogen-bond profile
(see the Supporting Information).”!

In summary, we have demonstrated that 1,4- and 1,5-
disubstituted 1,2,3-triazoles can easily be introduced into the
backbone of synthetic peptides as viable amide surrogates for
the generation of locked frans or cis conformations. Only
peptidomimetics resembling the native-like amide isomers
showed high inhibition potency (two-digit nanomolar K;
values). Our approach allowed for the establishment of the
rather uncommon cis conformation in sensitive, structure-
defining regions of the functional loop of BBI SFTI-1 through
the introduction of non-prolyl backbone motifs. The exchange
of a proline residue following a cis amide bond by any of the
other 19 natural amino acids usually leads to a formation of
the undesired trans isomer. The presented synthetic strategy,
in principle, enables the installation of each desired side chain
without violating the backbone structure, thus, providing
access to tailor-made cis amide mimics previously excluded
from rational design.

Generally, SFTI-1 is a valuable framework for the
development of selective protease inhibitors of diagnostic
and therapeutic relevance.!""'"! Since all BBIs share a con-
served cis-Pro motif in their functional loop, data and
structural insights validated for the SFTI-1 scaffold may be
extrapolated to the whole inhibitor family.”"! Nevertheless, as
other trypsin-like proteases of pharmaceutical relevance may
differ in their amino acid composition close to the enzyme
active pocket, the loss of binding affinity for the cis amide
mimic 3, presumably caused by changes in the intermolecular
hydrogen-bonding pattern, might not be a general problem.
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To conclude, our facile preparation of peptidomimetics
bearing triazolyl backbone units may find utility in various
biochemical applications, as, in contrast to the native amide
bond, a triazole does not undergo proteolytic hydrolysis.
Therefore, enhanced metabolic stability can be expected.”!!
Gathered crystallographic data provide fundamental infor-
mation important for ongoing research aimed at the improve-
ment of peptidomimetic protease inhibitors through imple-
mentation of non-natural (triazole) units in their activity-
defining regions.
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About one fourth of the peptidic macromolecular structures
deposited in the protein data base (PDB) contain at least one
disulfide bridge.'ll In nature, disulfide bonds are formed in a
milieu where oxidizing conditions prevail, for example, on the
cell surface or in the extracellular matrix. Many proteins
benefit from disulfide contributions to their conformational
stability. In particular, the defined tertiary folding of oligo-
peptides smaller than 30 residues essentially relies on macro-
cyclization through the cystine motif because of the restricted
number of noncovalent intramolecular interactions available.
Moreover, formation of the disulfide pattern results in
structural rigidity of the peptidic framework, as for example,
in the family of cystine knot miniproteins,?! leading to
conformationally constrained scaffolds with extraordinary
thermal stability and resistance against proteolytic degrada-
tion.”! Hence, the discovery and development of disulfide-
bridged peptides suitable for diagnostic and therapeutic
applications remains a field of intense research.”!

The in-vitro generation of disulfide bonds in peptides is
usually achieved post-synthetically and mediated by DMSO,
air oxygen, or other oxidizing agents. Although this reaction
step can be achieved under relatively mild conditions in
solution, it remains one of the most demanding obstacles
towards high-yield peptide synthesis, especially for disulfide-
rich species in which the controlled regiospecific formation of
several disulfide bonds is not trivial to control.”¥! In addition,
to suppress unwanted intermolecular reactions of the thiol
groups of individual peptides, oxidative folding usually has to
be conducted in highly diluted solutions. In spite of the use of

[*] M. Empting, Dr. O. Avrutina, Dr. R. Meusinger, S. Fabritz,

M. Reinwarth, Prof. Dr. H. Kolmar
Clemens-Schépf-Institut fiir Organische Chemie und Biochemie
Technische Universitdt Darmstadt
Petersenstrasse 22, 64287 Darmstadt (Germany)
Fax: (+49) 6151-16-5399
E-mail: kolmar@biochemie-tud.de
Homepage: http://www.chemie.tu-darmstadt.de/kolmar
Prof. Dr. M. Biesalski
Ernst-Berl-Institute fiir Technische und Makromolekulare Chemie
Technische Universitit Darmstadt (Germany)
S. Voigt, Prof. Dr. G. Buntkowsky
Eduard-Zintl-Institut fir Anorganische und Physikalische Chemie
Technische Universitat Darmstadt
Petersenstrasse 22, 64287 Darmstadt (Germany)

[**] This research was supported by the Deutsche Forschungsgemein-
schaft through grant Ko 1390/9-1, LOEWE—Soft Control and by
BMBF.

@ Supporting information for this article is available on the WWW
under http://dx.doi.org/10.1002/anie.201008142.

Angew. Chem. Int. Ed. 2om, 50, 5207 -5211

© 201 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

gluthathione-based redox buffers, polymer-supported oxida-
tion systems, macrocyclization on the solid support and/or
orthogonal protecting groups, control over the topology of the
disulfide bridges formed is still a challenge. <3

In view of these difficulties and to improve the redox
stability of bridged peptides, several routes towards synthetic
disulfide surrogates have been developed.”! Straightforward
approaches usually employ thioether, olefin, or alkane-based
isosters.[®**¢l However, cystathione bridges require multiple
synthetic steps and careful choice of orthogonal protection,
and dicarba bridges give cis/trans isomers during ring-closing
metathesis (RCM).*®1 Only an additional purification step
or the subsequent palladium-catalyzed hydrogenation of the
unsaturated species to the corresponding alkane leads to a
construct with defined configuration.*™1

In 2004, Meldal et al. described the utility of copper(I)-
catalyzed azide-alkyne cycloaddition (CuAAC) for a tria-
zole-based disulfide replacement.*! Owing to the compelling
characteristics of this prototypic “click” reaction, it has been
extensively applied in peptide chemistry exploiting the almost
perfect orthogonality to side-chain reactivities.”” The intro-
duction of 1.4-disubstituted 1,2,3-triazoles into peptides has
also been used to mimic and rigidify conformations of the
amide backbone."*® Moreover, a variety of examples of
CuAAC-based macrocyclizations of peptides in solution and
on solid supports has been reported.®%°l

Using the same azide- and alkyne-functionalized buidling
blocks, 1.,5-disubstituted 1,2,3-triazoles can be generated in
the ruthenium(Il)-catalyzed variant (RuAAC) of the
CuAAC." This reaction expands the range of peptidomi-
metic structures selectively accessible from the same precur-
sor and having different biological activities governed by the
architecture of the incorporated triazole.!'%"!

To our knowledge, 1,5-disubstitiuted 1,2 3-triazoles have
not been taken into consideration as disulfide mimics to date.
Herein, we report the facile introduction of 1.4- and 1.5-
disubstituted 1,2,3-triazoles into a monocyclic variant of the
sunflower trypsin inhibitor-1 (SFTI-1[1,74], 1:"! Figure 1) and
show that the macrocyclic peptidomimeticum 2 with the “1,5”
substitution pattern retains nearly full biological activity in
contrast to the “1,4” variants 3 and 4.

The choice of 1 as the model peptide for the investigation
of triazole-based disulfide replacements had several reasons.
SFTI-1is a small, though very potent, inhibitor of trypsin.['"-'?!
Therefore, the influence of different modes of macrocycliza-
tion on the bioactivity of the corresponding synthetic variant
can be routinely examined by serine protease inhibition
assays‘ﬁe,(m.ll"llc,iﬂ
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Figure 1. Chemical formula of monocyclic SFTI-1[1,74] (1),I")
[Ala* (&), Ala" (&3)]SFTI-1[1, T4)[(&'-CH,-1,5-[1,2,3]triazolyl-&2)] (2),
[Ala*(&"),Ala" (&3)]SFTI-1[1, 14][(&-1,4-[1,2,3]triazolyl-&?)] (3), and
[Al2*(&"),Ala" (&3)]SFTI-1[1, T4)[(&'-CH,-1,4-[1,2,3]triazolyl-&2)] (4).
& = Conjunction of peptide backbone and the corresponding macro-
cyclization motif.

Craik and co-workers intensely investigated the structure
and proteolytic stabilities of monocyclic and linear variants of
SFTI-1 and demonstrated the importance of the disulfide
bridge in maintaining the inhibitory activity of open-chain
species.!”*!¥ Furthermore, Roller et al. and Rolka et al. have
shown that disulfide replacements are tolerated depending on
the steric demand at residue 3 (Figure 1).[%1%¢15]

A solution structure of SFTI-1[/,/4] (PDB code:
1JBN)!"? enabled possible triazole-based linkages within
the peptide chain to be modeled and to evaluate their fit into
the parent disulfide-bridged template 1 (Figure 2).

a) b)
RMSD = 0.109

c) RMSD =0.328 d) RMSD = 0.391

4.52

¢
d ‘,‘q

Figure 2. Structure and overlays of energy-minimized 3D models of
SFTI-1 variants 1-4 showing the region of the disulfide bridge and the
corresponding triazole-based substitutes. a) 1, b) 1 and 2, ¢) 1 and 3,
d) 1 and 4.l Models were aligned at the respective carbonyl, C,, Cs,
and amide nitrogen atoms of residue 11. The root mean square
deviations (RMSD) calculated for the respective carbonyl, C,,, C, and
amide nitrogen atoms of residues 3 and 11 at the compared structures
are given in A. Measured distances between the C,, atoms of residues
3 and 11 of the corresponding model are shown as dashed lines and
values are given in A. Blue nitrogen, light gray carbon atoms of 1, dark
gray carbon atoms of 2-4, red oxygen, yellow sulfur, hydrogen atoms
are omitted for clarity (for details see the Supporting Information).
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The alignment of the deduced structures of peptidomi-
metics 2-4 with disulfide-bridged peptide 1 gave insight into
the steric requirements of the proposed triazole bridges and
allowed their tendency to disturb the parent backbone
conformation to be investigated (Figure 2b-d). The incorpo-
ration of 1,4-disubstituted 1,2,3-triazoles led to increased
distances between the C, atoms of residues 3 and 11
compared to those of the corresponding cysteines in 1
(Figure 2c.d). In the case of the 1,5-disubstituted species the
spacing remained essentially the same (Figure 2a,b). Owing
to the planar and rigid architecture resulting in low degrees of
structural freedom for the aromatic heterocycle, the “1,4”
substitution pattern renders compounds 3 and 4 unable to
adopt the native conformation of 1 properly, thereby forcing
the residues 3 and 11 into more remote positions. In contrast,
the “1,5” pattern of 2 seems to be compatible with the
intrinsic geometry of 1. Therefore, a significant difference
between the inhibitory activities of compounds 2, 3, and 4
depending on the mode of macrocyclization was expected.

SFTI-1[1,14] (1) was synthesized by microwave-assisted
Fmoc-SPPS with subsequent DMSO mediated oxidation
(Supporting Information). Compounds 3 and 4 were synthe-
sized in a similar way using commercially available SPPS
building blocks Fmoc-L-propargylglycine (Fmoc-Pra-OH)
and Fmoc-L-azidoalanine (Fmoc-Aza-OH) or Fmoc-L-azido-
homoalanine (Fmoc-Aha-OH) yielding the linear precursors
5 ([Aza’Pra"]SFTI-1[/,/4]) and 6 ([Aha’Pra"]SFTI-1-
[1,14]), respectively (Scheme 1a,b). CuAAC-mediated mac-
rocyclization of unprotected peptides 5 and 6 was performed
in diluted solution after acidic cleavage from the support.

As expected, RUAAC conditions appeared incompatible
to solution-phase macrocylization of unprotected peptide 6
leading to an undefined mixture of side products. Instead, the
1,5-disubstituted 1,2,3-triazole was successfully installed
during SPPS using [Cp*RuCl(cod)] as the catalyst and
microwave irradiation to give compound 2, though in low
yield (2.1% according to initial resin load, Scheme 1c).
Purified peptides 1-6 were characterized by RP-HPLC, ESI-
MS, IR-, and NMR-spectroscopy.

Though a formation of an intramolecular triazole bridge
proceeds without change of the molecular mass and cannot be
detected by standard mass spectrometry, the azide group
gives a prominent IR absorption band around 2100 cm 1.1l
This band is sufficiently separated from the main IR signals
commonly found in peptides, and it absence products 2, 3, and
4 thus indicates the generation of triazoles (Figure 3a). 2D
HSQC NMR spectroscopy studies enabled to discriminate
1,4- from 1,5-disubstituted 1,2,3-triazoles by measuring the
chemical shifts of the 'H,"”C coupling signal assigned to the
unique carbon-bound proton found in both heterocycles
(Figure 3b).

The signals correlating to the single proton and the
corresponding carbon nucleus at position 5 or 4 in the 1,4- or
1,5-disubstituted 1,2,3-triazole bridges of compounds 2, 3, and
4 were found in the aromatic region between 6 =7.8-7.3 ppm
("H) and 6 = 135-120 ppm ("*C). The 2D NMR spectroscopy
procedure enabled them to be distinguished from protons not
bound to carbon and from the intrinsic phenyl multiplet
arising from the side chain of residue 12. The measured 'H
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Scheme 1. a) Non-natural amino acid building blocks Fmoc-L-azidoala-
nine (Fmoc-Aza-OH), Fmoc-L-azidohomoalanine (Fmoc-Aha-OH),
Fmoc-L-propargylglycine (Fmoc-Pra-OH) and the catalyst for RUAAC
mediated macrocyclization. b) Synthesis of peptidomimetics 3 and 4
bridged by 1,4-disubstituted 1,2,3-triazole. c) Synthesis of peptidomi-
metic 2 bridged by 1,5-disubstituted 1,2,3-triazole. DIEA = N,N-diiso-
propylethylamine, Fmoc = Fluorenylmethoxycarbonyl, NaAsc = sodium
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Figure 3. a) Superimposed IR transmission spectra of peptides

4 (—) and 6 (-----), respectively, and assigned asymmetric NNN
stretch band of the azide group of 6 at 2110 cm . b) 2D HSQC NMR
spectra ("H,"C heteronuclear correlations) showing the aromatic
region of the peptides 1-4. Corresponding structural formula and
"H,"”C chemical shifts for signals assigned to the unique carbon-bound
proton of 1,4- and 1,5-disubstituted 1,2,3-triazoles are shown.

Table 1: Summary of K7 values determined for compounds 1-6.

ascorbate, TFA =trifluoroscetic acid, Cp* = C;Me;, cod = cycloocta- 1
diene, SPPS = solid-phase peptide synthesis.

and "C chemical shifts were in good agreement with reported
data"™ and displayed a significant difference between the
“1,4” and *1,5” substitution pattern confirming the proposed

constitution of RUAAC and CuAAC products 2, 3, and 4 5

Entry Bridging motif K*P [nm]® Relative
activity®!

cystine 1.48+£0.1 1
1,5-disubstituted 2.4+0.14 1.6
1,2,3-triazole

3 1,4-disubstituted 1908 + 261 1288
1,2,3-triazole
1,4-disubstituted 742488 501
1,2,3-triazole
- 1916 4205 1293
- 13845+1835 9347

(Figure 3b). 6

The inhibitory activity of peptides 1-6 was determined by
kinetic studies using active-site titrated trypsin (see Figure 4
and the Supporting Information)."”!

The determined K" values for compounds 1-6 are
summarized in Table 1. Peptidomimetic 2 with the “1,5”
substitution pattern displayed an inhibitory potency in nano-
molar range, which is comparable to that of the disulfide-
bridged parent peptide 1. In contrast, monocyclic SFTI-1
variants 3 and 4 produced by CuAAC macrocyclization
showed a dramatic decline in inhibitory activity against
trypsin. Two main issues could provide a plausible explan-

Angew. Chem. Int. Ed. 20m, 50, 52075211

© 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

[a] Standard error of the nonlinear regression is given. [b] Relative
activities are calculated as the ratios of the K™ values for the respective
compound to that of peptide 1.

ation for this finding. First, the rigidity of the 1,2,3-triazole
formed prevents the “1,4” pattern from having a proper fit
into the parent structure, thereby increasing the bridging
distance of the peptide backbone. Though significant toler-
ance of the monocyclic SFTI-1 backbone towards the length
of the connecting element has been recently reported for non-
rigid, flexible linkers,"! the impact of structurally constrained
www.angewandte.org
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Figure 4. Kinetic data for the inhibition of trypsin-catalyzed proteolysis
of chromogenic substrate Boc-QAR-pNA (Bachem) by SFTI-1 ana-
logues 1 (®),2 (V), 3 (¢), and 4 (m) and corresponding curves of the
Morrison equation (fitted by the Marquardt-Levenberg algorithm of
SigmaPlot 11). Error bars indicating the standard deviation of each
data point (triple determination).

disulfide substitutes could be dramatic, as shown herein. As
another reason for the reduced activity of compounds 3 and 4
the steric demand in proximity to or at the C; atom of
residue 3 can be considered, since it has been shown that
bulky moieties at this position cause a drastic decrease of the
inhibitory effect.!'¥!

In conclusion, we demonstrated the utility of a 1,5-
disubstituted 1,2,3-triazole bridge as a disulfide replacement.
Owing to its redox stability and dissimilarity to common
building blocks of nature, improved pharmacokinetic proper-
ties can be expected for this disulfide surrogate. Since, for a
range of bioactive molecules the preference of 1,5-disubsti-
tuted 1,2,3-triazoles over the 1,4 species may turn out to be
not so explicit as for the structures described, a modular
approach towards tailor-made heterodetic compounds can be
achieved through the variation of RuAAC and CuAAC
macrocyclization strategies using commercially available
building blocks. Experiments towards generation of peptides
containing both a triazole bridge and disulfide bonds are
currently under way. This strategy may help to overcome the
difficulties that often arise during oxidative folding of cystine-
rich peptides in vitro.
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pH

Olga Avrutina, Heiko Fittler, Bernhard Glotzbach, Harald Kolmar and Martin Empting*

Received 18th June 2012, Accepted 3rd August 2012
DOI: 10.1039/c20b26162f

A comparative study on in vitro and in silico inhibition of trypsin and matriptase by derivatives of the
sunflower trypsin inhibitor-1 at near physiological pH is reported. Besides wild-type bicyclic SFTI-1,
monocyclic variants possessing native cystine as well as redox-stable triazolyl side-chain
macrocyclization motifs were studied for the first time in matriptase inhibition assays. Interestingly,
monocyclic SFTI-1[/,/4] demonstrated higher potency against this pharmacologically relevant protease
compared to its bicyclic counterpart. Structural analysis of binding/inhibition of investigated SFTI-1
derivatives was performed using a combination of molecular dynamics simulations and docking
experiments. /n silico data were in good accordance with in vitro results, indicating the importance of the
terminal inhibitor regions for the affinity towards matriptase. Presented work gives new perspectives for
the optimization of the SFTI-1 framework towards in vivo applications.

Introduction

Very often interesting scientific findings arise from unexpected
or even counterintuitive results. Recently, a comparison between
the crystal structures of the sunflower trypsin inhibitor-1
(SFTI-1), a bicyclic tetradecapeptide, in complex with two
closely related serine proteases revealed a surprising biochemical
peculiarity.'” By analyzing the binding geometry of
SFTI-1 matriptase and trypsin aggregates, Yuan ef a/. confirmed
a high similarity between both structures.” Though the homolo-
gous interaction profile of these serine proteases with SFTI-1
was expected, it appeared rather astonishing that this smallest
naturally occurring Bowman-Birk Inhibitor (BBI** favors
trypsin over matriptase in retrospect.' > Under the basic con-
ditions (pH 8.2-8.5) commonly applied to in vitro inhibition
assays for these enzymes, the electrostatic surface potential
around the active site of matriptase shows, compared to the
environment around the catalytic center of trypsin, a significantly
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+ Electronic supplementary information (ESI) available: Detailed syn-
thetic procedures of compounds 1 and 3, experimental details of enzyme
assays, Fig. S1-89 (SDS-Page analysis of inclusion body production,
refolding/autoactivation, and purification of recombinant matriptase, as
well as RP-HPLC traces, ESI-MS spectra, and dose-response curves
against trypsin for previously uncharacterized inhibitors 1 and 3),
and Tables S1-S7 (determination of K; values using alternative
equations and the full set of used force field parameters). See DOI:
10.1039/c20b26162f

higher negative polarization (Fig. 1). This provides a better
overall charge complementarity with SFTI-1. It has been pro-
posed that this anticipated enthalpic preference is overcompen-
sated by an entropic penalty predominantly originating from the
secondary binding loop of SFTI-1." This might explain the sur-
prising difference between its inhibitory activity against trypsin
(K; 0.1 nM) and matriptase (K; 1-100 nM).'

However, selective binding and/or inhibition of matriptase
under physiological conditions is of great pharmacological inter-
est as this type Il transmembrane serine protease (TTSP) is
involved in a variety of pathological processes like progression
and metastasis of epithelial tumors, as well as osteoarthritis and
atherosclerosis.*™'" A number of potent inhibitors of this serine
protease based either on small organic molecules or large anti-
body fragments and exhibiting single digit nanomolar or
even picomolar inhibition constants, respectively, have already
been reported.“‘]2 Nevertheless, attempts to tune the peptidic
SFTI-1 framework towards matriptase resulted in inhibitors with
enhanced selectivity but dramatically decreased potency.’
Besides monocyclic variants lacking the disulfide connectivity
and possessing substantially worsened kinetic properties, matrip-
tase inhibition by side-chain cyclized SFTI-1 derivatives having
free N- and C-termini has not been reported to date.

Recently, we developed potent inhibitors of trypsin based on
monocyclic SFTI-1 derivatives containing redox-stable triazole
bridges of different length and shape.'® The impact of the macro-
cyclization motif in their bioactivity was demonstrated as well."?
Herein, we report an unexpected change of the relative potency
within the set of matriptase inhibitors 1-6 (Fig. 2) and evaluate
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Fig. 1 Molecular surfaces of bicyclic SFTI-1 (transparent surface and
yellow sticks) in complex with (A) trypsin (PDB ID: ISFI) and (B)
matriptase (PDB ID: 3P8F). Color gradients (red to blue) indicate elec-
trostatic surface potentials (negative to positive) at pH 8.5 calculated via
the Particle Mesh Ewald method with a maximum value of 500 kJ
mol™".'* (C) Stick representation of SFTI-1 structure. Blue: nitrogen,
red: oxygen, green: sulfur, white: carbon, hydrogen omitted for clarity.

this finding on a structural basis using a two-step in silico
method.

Recently, Swedberg and coworkers have used molecular
dynamics (MD) simulations to predict beneficial amino acid
exchanges for SFTI-1-derived inhibitors of kallikrein-related
peptidase 4 (KLK4)."> Our computational approach combines an
MD calculation with subsequent semi-flexible and rigid docking
experiments using a customized AMBER-derived force field
(YASARA2) with embedded parameters for the calculation of
non-natural triazolyl moieties within peptides.'®'® This pro-
cedure enabled us to investigate the structural characteristics of
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Fig. 2 Structures of investigated peptides and peptidomimetics. Bicyc-
lic SFTI-1 (1), monocyclic SFTI-1[7,/4] (2), monocyclic peptidomi-
metics containing either a 1,5-disubstituted 1,2,3-triazole (3, 4) or a
1.,4-disubstituted 1,2,3-triazole (5, 6) as the macrocyclization motif.

each peptidic ligand in solution and upon binding to both trypsin
and matriptase. /n silico binding affinities were calculated and
compared with the in vitro results. Thus, the role of the second-
ary loop as well as the impact of different macrocyclization
motifs in matriptase inhibition of variants 1-6 were elucidated.

Results and discussion
In vitro inhibition of trypsin and matriptase

Trypsin is a prominent digestive protease commonly found in
the small intestine of vertebrates'® and operating most effectively
under the mild basic conditions of its native environment (pH ~
8).2° Membrane-anchored matriptase, on the other hand, is
usually expressed in epithelial cells and regulates cellular
adhesion and growth by hydrolyzing proteins bound to cell sur-
faces or present in the extracellular matrix.”" Thus, it functions
in an environment controlled by homeostasis in healthy tissues
(pH 7.4). Furthermore, tumors in general are known to generate
hypoxic regions leading even to acidic microenvironments.”>>*
However, cancer-related matriptase possesses a pH optimum of
about 9, therefore, the majority of reported inhibition assays
have been carried out at a pH range between 8 and 9.%%11:12:25.26

We evaluated the potency of synthesized inhibitors through
the determination of the fractional activity of the respective
enzyme (v/vg) in the presence of an inhibitor at various concen-
trations [I]. A number of mathematical methods are commonly
used for the calculation of apparent inhibition constants K;*"" or
ICsy values (concentration of the inhibitor to achieve a half-
maximal degree of inhibition) for competitive inhibitors like
SFTI-1.7-%
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Therefore, we used the following equations for the non-linear
fit of observed dose-response curves ([E] meaning active con-
centration of the enzyme).

v 1

v0:1+_lif_ (])

1Cso

v ([E-[]-K")+ \/([l] + K™ _ [E])? + 4K™[E]

Vo 2 [E]
(2)

Table 1 Determined K; for compounds 1-6

Matriptase/uM
Trypsin/nM

Entry pH 7.6 pH 7.6 pH 8.5

1 0.07 +£0.01 1.1 +0.14 0.15+0.03
2 0.21 £0.03° 0.7 £0.09 0.1 +0.02
3 5110 1.24+0.16 n.d.

4 0.34 +0.05¢ 129+1.6 n.d.

5 273 + 51¢ 285 £37 n.d.

6 106 + 18* 94.1 £12 n.d.

Al experiments were performed in triplicate. n.d. means not
determined.” Values calculated from previously reported K;*P.'

v ([E]—[I]+K?"")—\/([E]+[l}+K?““)2—4[E][l]
v 2[E]

()

In the case of reversible competitive inhibition ICs, values
calculated using eqn (1) can be converted into the substrate-inde-
pendent K; using eqn (4) ([S] is the concentration of the chromo-
genic substrate used within the enzyme assay and Ky is the
corresponding Michaelis-Menten constant).?’

1Csp
S “4)
1+

K=

7=

In the case of tight-binding inhibition, eqn (5) has to be used
instead of eqn (4).*®

1 1+%\l—

Eqn (2) and (3) are both adaptations of the Morrison equation
for the determination of the substrate-dependent (apparent) inhi-
bition constants for tight-binding inhibitors.”***> They can be
transformed into each other via simple arithmetic conversions
(see ESIT). Substrate-independent inhibition constant K; can be
calculated from K;*" through eqn (6).*°

K‘;‘DP
i . (

However, all used methods yielded essentially the same K;
values (see ESIt). For the sake of comparability with our pre-
vious studies, the results generated via eqn (3) and (6) are sum-
marized in Table 1.

To investigate the effect of near physiological pH on matrip-
tase inhibition by SFTI-1 (1) and SFTI-1[/,/4] (2), we deter-
mined K; values for both compounds at pH 7.6 and 8.5 (Fig. 3A,
Table 1). A significant decrease in inhibitory activity for 1 and 2
at lower pH was observed. However, the detected inhibitory
potency of bicyclic SFTI-1 under more basic conditions was in
accordance with reported data (0.1 uM — Li et al., 0.15 uM —
this work).S Interestingly, the monocyclic variant SFTI-1[/,/4]
(2) possessing only a disulfide bond as the macrocyclization
motif showed a better inhibition of matriptase compared to its
backbone-cyclized counterpart 1. To our knowledge, this unex-
pected finding has not been reported to date.

In the case of trypsin, the highly constrained bicyclic wild-
type peptide (1) was the most potent inhibitor within the set of
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Fig. 3 Dose-response curves for the inhibition of matriptase-catalyzed
proteolysis of chromogenic substrate Boc-QAR-pNA with the X-axis on
a logarithmic scale. (A) Comparison of bicyclic SFTI-1 (1) with mono-
cyclic SFTI-1[7,14] (2) at pH 7.6 (white and black circles, respectively)
and 8.5 (white and black triangles, respectively). (B) Comparison of
disulfide-bridged inhibitors 1 (white circles) and 2 (black circles) with
triazole-bridged peptidomimetics 3 (grey triangles), 4 (black triangles),
5 (grey squares), and 6 (black squares) at pH 7.6. Data points are arith-
metic means of three experiments and error bars are given as the stan-
dard deviation.
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tested compounds 1-6. Each modification of the SFTI-1 scaffold
resulted in the loss of bioactivity against trypsin (Table 1).
Nevertheless, the decrease in potency was quite marginal for
open-chain variants 2 and 4. The substitution pattern within the
macrocyclization motif of peptidomimetics 3—6 had a dramatic
influence on their bioactivity.13 Inhibitors 3 and 4 containing a
1.5-disubstituted 1,2,3-triazole were significantly more potent
compared to variants 5 and 6 possessing the 1,4-isomer.

However, novel compound 3 lacking one methylene unit
within the side chain of the third residue (Fig. 2) was not as
active as variant 4.

To study the effect of the described SFTI-1 framework modifi-
cations on matriptase inhibition, we determined K; values for all
compounds at pH 7.6 (Fig. 3B, Table 1). Similarly to trypsin
inhibition, peptidomimetics 3 and 4 showed better performance
than 5 and 6 in matriptase assays as well. Surprisingly, compari-
son of variants 3 and 4 showed that 3 was more active against
matriptase, while 4 was the better trypsin inhibitor.

The collected in vitro data shown in Table 1 emphasize that
the native SFTI-1 scaffold has a general preference for trypsin
over matriptase, especially at near physiological pH. The dis-
crimination between trypsin and matriptase upon changing the
target enzyme must have intrinsic structural reasons. Moreover,
the unexpected inversion of relative affinities (1 versus 2, and 3
versus 4) has to be explained.

MD simulation of SFTI-1 (1), SFTI-1[1,14] (2) and
peptidomimetic compounds 3—-6

To elucidate in atomic detail the impact of every single modifi-
cation, we simulated compounds 1-6 as shown in Fig. 4 (see
also the Experimental section).

A significant amount of structural data on SFTI-1 in solution
as well as in complex with relevant proteases is available in the
protein data base."*3* Thus, for the simulation of monocyclic
variants 3—6 initial coordinates were derived from the reported
ones (1JBN). However, preliminary studies revealed that the
extensive hydrogen bond network of the SFTI-1 framework is
able to compensate the steric strain on the peptide backbone gen-
erated by rigid, planar triazole bridges. This resulted in unnatu-
rally bent heterocyclic structures within compounds 5 and 6
(ESIt). Thus, we decreased the scaling factor for non-bonded
interactions and applied increased temperature during the initial
phase of simulation (Fig. 4). This procedure allowed respective
structures to leave the local minimum of the template coordi-
nates. After incremental rescaling of parameters within 1 ns and
an additional relaxation period of 8 ns no significant fluctuations
in backbone root mean square deviations (RMSD) were observed
(Fig. 5A). Hence, stable trajectories were analyzed in detail
revealing fundamental structural differences between compounds
1-6 (Fig. 5B, C, and Table 2). The most dramatic effect on the
peptide structure is caused by the 1,4-disubstituted 1,2,3-triazole
bridge within variant 5. Fig. 5B clearly illustrates a
significant distortion of the inhibitory loop compared to crystal
structures of wild-type SFTI-1 in complex with trypsin and
matriptase. A similar, although not so dramatic, effect was
observed for compound 6 which contained the 1,4-substitution
pattern as well.

The applied simulation procedure resulted in significantly
larger distances between the o-carbons of residues 3 and 11 for
both compounds (5 and 6) compared to our previous study
where only an energy minimization step was used.'> Thus, the
two opposing B-strands within the respective peptide frameworks
are more remote from each other than within the structures of
inhibitors 1-4. Consequently, the possibility to form intramole-
cular hydrogen bonds is reduced for peptides 5 and 6 (Table 2).
Since the hydrogen bond network is a structural prerequisite for
the stability of the BBI loop conformation and, thus, biological
activity,'” these findings could explain the observed loss of
potency for SFTI-1 variants possessing the 1,4-substitution
pattern within their macrocyclization motif.

Bicyclic wild type 1 and monocyclic compound 2, as well as
1,5-disubstituted 1,2,3-triazole containing peptidomimetics 3
and 4, did not show a significant disorder of the inhibitor loop
(Fig. 5B). Nevertheless, considerable structural changes within
the N- and C-terminal regions of compounds 2-6 compared to
the secondary loop of SFTI-1 occurred (Fig. 5C). This result,
however, was highly anticipated as the conformational con-
straints caused by the additional backbone macrocyclization of
peptide 1 are missing within the open-chain variants. The struc-
tural deviation of residues 1, 2 and 12-14 within highly potent
trypsin inhibitor 4 was the most prominent one, while the values
for compounds 3, 5, and 6 were in the range of monocyclic
SFTI-1[1,14] (Fig. 5C). Considering the decreased relative
activity of 4 against matriptase, our structural data support the
notion that the N- and C-terminal regions are responsible for
enzyme specificity rather than for the general capability to
inhibit trypsin-like proteases. Thus, the observed structural
changes and increased flexibility of these backbone segments in
open-chain variants most likely are the reason for the improved
activity of monocyclic compound 2 compared to bicyclic 1
against matriptase.

Docking of SFTI-1 (1), SFTI-1[1,14] (2) and peptidomimetic
compounds 3—6 to trypsin and matriptase

To investigate the impact of described framework modifications
in the binding geometries of inhibitor—protease complexes,
docking experiments were performed (see the Experimental
section, Fig. 4). The collected data are summarized in Table 3.
As all of the investigated compounds 1-6 inhibit trypsin and
matriptase in a concentration-dependent manner (Fig. 3 and
Table 1), we rationalized that interaction of open-chain variant 2
and peptidomimetics 3—6 with these proteases must follow a
similar binding geometry to wild-type SFTI-1. This postulation
is supported by recently solved inhibitor—trypsin complex struc-
tures of monocyclic SFTI-based peptidomimetics.** Thus, in
order to exhibit observed biological activities, each compound
must penetrate the S1 site of a respective protease with the side
chain of Lys5. Consequently, we screened the set of generated
inhibitor—protease complexes for structures that fulfilled this
requirement. The ratio of counted aggregates matching the
expected binding geometry to the number of all calculated struc-
tures (100 each) is given as Pp; (Table 3). Interestingly, in our
docking experiments this value was significantly higher for
trypsin than for matriptase. Furthermore, all potent inhibitors
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Fig. 4 Design of the two-step in silico experiment. Illustrative images (left) show a simulation cell containing water and a peptidic ligand (top left),
as well as a number of ligand poses generated in a local docking experiment restricted by a simulation cell around the active site of the receptor
(bottom left). The MD simulation procedure (top) is depicted as time-lapsed absolute temperature (dashed, white) and scaling factor curves for non-
bonded interactions (black, solid). Both parameters are given in percent to 298 K and 1, respectively. The color gradient (red to blue) qualitatively
illustrates the resulting stress applied to the simulated structure; red means harsh and blue means normalized conditions. The 8 ns period for relaxation
is shortened. Snapshots between nanosecond nine and ten are analyzed using a docking procedure (bottom). Free energies of binding AgG are calcu-
lated by sequential semi-flexible and rigid docking steps. Receptor molecules trypsin and matriptase are shown as white surfaces. The ligand is
depicted as yellow tubes and sticks. The star symbol indicates an energy minimization step.

1-4 consistently showed a higher probability Py; to interact with
both proteases in a mode similar to the reported complexes of
SFTI-1, compared to weak binders 5 and 6.

We also investigated the capability of compounds 1-6 to form
intermolecular hydrogen bonds with each of the target proteases.

Thus, the number of corresponding interactions was counted
for each complex with the ligand docked following the described
binding mode. As expected, peptidomimetic 5 showed the
lowest number of hydrogen bonds within the set of examined
structures. However, the amount of measured intermolecular
proton donor—acceptor interactions of compound 6 with trypsin
and matriptase was in the same range as for inhibitors 1-4.

The analysis of the structural and thermodynamic properties
of the generated docking results was of particular importance.
The applied procedure enabled us to determine the free energy
of binding AgG for each ligand—receptor complex (Table 3).
Calculated structures of compounds 1-6 bound to matriptase and
possessing the highest absolute value of AgG are shown in
Fig. 6. These models exhibited the most favorable interaction
profiles observed, therefore were the best predicted structures for
the actual binding geometry within our in silico experiment.
Complexes 1 and 2 were found to interact with matriptase in a
very similar manner compared to the reported crystal structure
(Fig. 6A, B). Due to the highly distorted BBI loop of peptidomi-
metic 5, this variant showed the most deviating docking geome-
try (Fig. 6E). The N- and C-terminal regions were drastically
displaced, considerably reducing the possibility for attractive

interactions. Indeed, only a moderate increase of the backbone
RMSD values was observed for compounds 3, 4, and 6. Similar
data were extracted from docking experiments with trypsin
(Fig. S9, ESI¥). However, a more prominent deviation between
predicted binding geometries and the crystal structure was
measured for the residues corresponding to the secondary loop
of SFTI-1. The stability of the investigated aggregates was evalu-
ated by averaging calculated AgG for every structure with
expected binding geometry resulting in AgG* (Table 3).

In general, the calculated mean values indicated a significantly
more favorable interaction between matriptase and inhibitors 1-6
compared to respective complexes with trypsin. This finding cor-
roborated the expected influence of charge complementarity
between the SFTI-1 scaffold and the surface around the active
site of matriptase on overall complex stability.

The most prominent deviations upon docking to trypsin are
observed in the N- and C-terminal regions of compounds 1-6.
This indicates less conformational constraints compared to the
respective matriptase complexes. Thus, an increased flexibility of
bound SFTI ligands is provided, while the amount of attractive
electrostatic interactions is reduced. A tighter, but also more con-
strained binding of SFTI-1 to matriptase had already been postu-
lated by Yuan et al. and was corroborated by our experiments.'

Surprisingly, the ability to bind similarly to the reported
crystal structures did not necessarily lead to high values of mean
AG®*, Thus, for variant 6 the best docking complexes were
characterized by rather low backbone RMSD values (Fig. 6F and
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Table 2 Data collected from the simulation experiments for
compounds 1-6
Backbone Distance Intramol.

Entry RMSD*?/A Co3-Call”/A H-bonds"
1 0.87 +0.09 3.93+0.08 6.08 £ 1.08
2 1.13 +£0.07 3.95+0.07 6.12+1.14
3 1.72+0.15 3.90 +0.06 585+1.15
4 1.74 +£0.06 429+0.10 5.67 £0.96
5 3.02+0.10 5.66£0.12 2.63+091
6 1.79 +£0.15 5.16+0.14 4.36 +0.82

“ Compared to solution structure 1JBL.  Values are arithmetical means
of 100 structures taken from the last nanosecond of simulation.
Errors are given as standard deviation. “ Measured using a threshold of
6.25 kJ mol .
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Fig. 5 (A) Backbone RMSD values of 1 (top, black), 2 (top, grey),
3 (middle, black), 4 (middle, grey), 5 (bottom, black), and 6 (bottom,
grey) compared to SFTI-1 solution structure 1JBL plotted against the
simulation time. Dot plots of backbone RMSD values of the inhibitory
loop (B) and the secondary loop/N- and C-terminal regions (C) of com-
pounds 1-6 compared to SFTI-1 in complexes with trypsin (black) and
matriptase (grey) showing 100 values determined every 10 ps during the
last nanosecond of simulation.

S9F). Nevertheless, more distorted structures with significantly
lower affinities were also observed. This heterogeneity of inter-
action profiles was reflected by the highest errors (standard devi-
ations) of corresponding Az G within the set of investigated
compounds (Table 3). This probably originates from the
described moderate distortion of the inhibitory loop during

simulation (Fig. 5B). Nevertheless, the applied two-step docking
procedure allowed a number of the in silico samples of peptido-
mimetic 6 to reconfigure the backbone conformation to the orig-
inal BBI geometry upon interaction with the target enzymes.

In our docking experiments, compound 4 showed average
values of AgG"* very similar to 6 (Table 3). In this case, the
pronounced deviation within the N- and C-terminal regions can
be considered as the reason for the reduced complex stability
(Fig. 5C). Thus, within the predicted inhibitor 4-matriptase
complex the aromatic side chain of Phel2 is positioned consider-
ably different to inhibitors 1-3 (Fig. 6D). In the corresponding
crystal structure this residue is highly constrained, being flanked
by two benzyl groups of Phe97 and Phe99 of the protease mole-
cule.' Thus, affinity of peptidomimetic 4 towards matriptase
might be reduced due to a loss of favorable hydrophobic inter-
actions within this region. Upon docking to trypsin, the C-term-
inal residues were even more displaced (Fig. S9D7Y).
Nevertheless, the observed loss of free binding energy was still
only of moderate magnitude for compound 4. Interestingly, this
inhibitor demonstrated the highest probability to interact with
both proteases in the BBI geometry within the set of peptido-
mimetics 3—6 (Table 3).

Compound 3 showed significantly lower Py;, values compared
to 4. However, if bound in the BBI modality, 3 formed far more
stable complexes. The determined absolute values of AgGUe™®
were even higher than those of monocyclic 2. As, compared to
4, peptidomimetic 3 lacks one methylene unit within the macro-
cyclization motif (Fig. 2), this structure possesses less degrees of
conformational freedom. As a result, the proximity of a-carbons
between residues 3 and 11 in compound 3 matches the corre-
sponding distance within the wild-type peptides 1 and 2 almost
perfectly (Table 2). Nevertheless, the discussed structural con-
straints also caused the loss of backbone flexibility. Thus, com-
pound 3 is held within a defined range of conformations
displaying high stabilities of complexes with both proteases,
once the inhibitor is positioned accordingly. However, the
applied docking algorithm did not always succeed to fit com-
pound 3 into the BBI geometry. This indicates that the latitude
between perfect fit and steric clashes for SFTI-1 variants in
complex with matriptase is rather limited.

A similar effect was observed for wild type 1. This very
constrained bicyclic inhibitor consistently showed the highest
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Table 3 Data collected from the docking experiments for compounds 1-6 against trypsin and matriptase and corresponding in vitro free energies of
binding AgG™*?

Trypsin Matriptase

P/ Intermol. MG Y ARG ApG™P Y P/ Intermol. MG Y ARG Y ApGP Y
Entry (%) H-bonds™®  (kImol™)  (kJmol™)  (Kmol™) (%) H-bonds” KImol™)  (kKJmol™)  (kImol™
1 96 103+1.9 613+63  589+6.1 58004 51 92+18  7L0+8.1 36.2+4.1 34003
2 99 1M3+15 516+49  51.1+48  552+04 67 10.1£21  632+49  423+58 35103
3 87 109+ 1.4 548+69 47760 47305 51 11.0£1.6 69069  352+44 33703
4 100 10.0+1.7 48.6+54  486+54  540=03 6l 9.1+19  564+54  344+71 27.9+03
5 69 89+14 33.6+39 232427  375+05 47 84+15  426+39  200+30  202+03
6 81 98+ 1.6 438+98  354+80  398+04 43 93+22  561+9.8  241+48  23.0+03

“Values are arithmetical means of all inhibitor—protease complexes following BBI modality and errors are standard deviations. ” Measured using a
threshold of 6.25 kI mol™'. ¢ Calculated using AgG'¢ = Py, x AgG°®*. ¥ Calculated using eqn (7). Errors of AgG™P were calculated by propagation
of errors (ESIY).

RMSD =1.773 - RMSD = 1.538

Fig. 6 Predicted structures of compounds 1 (A), 2 (B), 3 (C), 4 (D), 5 (E), and 6 (F) in complex with matriptase (grey surface) as an overlay with
reported crystal structure 3P8F (white sticks)." Blue: nitrogen, green: sulfur, red: oxygen, yellow: carbon, hydrogen is omitted for clarity. Measured
RMSD values for inhibitor backbones compared to 3P8F are given in A.

values of AgG upon binding to both enzymes. Never- Comparison of in vitro and in silico data
theless, the probability of 1 to actually interact under the
mode revealed by crystal structures was significantly lower
than for compounds 2 and 4. Thus, flexibility within the
region of the secondary loop might be crucial for the inhibitor
to be effectively transferred from solution (simulation) into
the active site of the proteases (docking). This effect is far

more pronounced in the case of matriptase, probably due to compou'nds. Fo.wards examined proteases. Additionally, experi-
the mentioned reduced space around residue 12 of inhibitors mental inhibition constants K; were used to calculate free ener-
1-6. gies of binding AgG™*? using eqn (7) (R meaning the universal
gas constant and 7 the absolute temperature).

To take into account the reduced probabilities for SFTI-1 deriva-
tives to bind to matriptase according to elucidated crystal struc-
tures, we directly weighted all AgG“* by corresponding Py to
calculate in silico binding affinities AgG®™ (Table 3). This pro-
cedure allowed evaluating relative potencies of the investigated

Monocyclic inhibitor 2 seems to provide a good compromise
between flexibility and proper backbone arrangement. Hence, it
forms very stable complexes with both proteases at a high
probability. AgG™ = —RTInK; (7

This journal is © The Royal Society of Chemistry 2012 Org. Biomol. Chem., 2012, 10, 7753-7762 | 7759
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Fig. 7 Bar chart of in vitro AgG®® (black) and in silico AgG™™° (grey)
for complexes of compounds 1-6 with trypsin (A) and matriptase (B).
Rankings of binding affinities for both in vitro and in silico experiments
are indicated by attic numerals (best to worst: L—VL.).

Thus, the collected in silico data were compared with corre-
sponding in vitro results (Fig. 7).

The applied simulation/docking procedure enabled to fully
reproduce the outcome of the enzyme assays qualitatively. Thus,
ranking investigated inhibitors 1-6 according to their affinity
(ApG*™ or AgG®*P) resulted in the same relative order for both
proteases (Fig. 7). Generally, absolute values of AgG™ for the
inhibition of matriptase were higher compared to those deter-
mined by in vitro experiments. Since calculated binding affinities
can only be regarded as rough estimates, both AgG* and
AgG®*® are in astonishingly good agreement.

A similar result was achieved for trypsin inhibition. However,
the most significant difference between in vitro and in silico data
was observed for the weakest inhibitor 5 (Fig. 7A). Thus, it is
probable that the applied docking procedure overestimates the
influence of the massive distortion of the BBI loop in solution
on trypsin affinity. The dramatic displacement of the peptide
backbone may actually be attenuated through dynamic inter-
actions of 5 with the surface of the protease. Nevertheless, the
possibility for minor backbone readjustments was provided by
energy minimization between the semi-flexible and the rigid
docking steps. An additional time-intensive MD simulation pro-
cedure might be required to cover the dynamic nature of ligand—
receptor interactions as well as the influence of solvent mol-
ecules on the investigated complex structures. Furthermore,
effects of transient or permanent breakage and formation of
covalent bonds have to be ignored within the classical force field
approach. Such reactions might have a significant impact in the
investigated system, as dynamic hydrolysis/recyclization equili-
brium has been reported for trypsin inhibition by SFTI-1.%°

Conclusion

Our in vitro data show that the in vivo application of the wild-
type SFTI-1 as a therapeutic agent targeting matriptase is limited
due to its drastically reduced potency at physiological pH.
Nevertheless, as reported in previous works, the SFTI-1 frame-
work provides an appropriate starting point for lead compound
optimization towards inhibition of pharmacologically relevant
proteases.'>*°** With the focus on matriptase as the target
enzyme, we suggest the open-chain variant SFTI-1[/,/4] as a
promising scaffold rather than its bicyclic ancestor. Based on
these findings, we developed SFTI-1[/,/4] derivatives with sig-
nificantly improved affinity and selectivity towards the addressed
TTSP; these results will be published elsewhere.

Additionally, triazole-bridged matriptase inhibitor 3 provides
the best kinetic properties within the set of peptidomimetics 3—6.
Its highly constrained side-chain macrocyclic motif might also
be a valuable asset when redox stability is of particular impor-
tance within the pharmaceutical context.

Qur in silico experiments provided a plausible explanation for
the potencies observed in vitro. Despite the intrinsic limitations
and simplifications of the force field approach, computed
binding affinities Ag G="'° represented satisfactory qualitative esti-
mates of values determined by enzyme assays. Structural analy-
sis of the simulation and docking experiments indicated the
importance of the terminal regions of SFTI-1 derivatives upon
matriptase binding/inhibition. Higher conformational constraints
lead to better interaction profiles while lowering the overall prob-
ability to bind matriptase following the expected modality.
Nevertheless, changes within the structure of the BBI macro-
cycle affected inhibitory potency in the most severe manner.
However, further refinement of force field parameters for triazo-
Iyl moieties within peptidic molecules using additional X-ray
and/or NMR experiments might be necessary for more precise
calculations. Additionally, to confirm the predicted entropic
effects on inhibitory potency, isothermal calorimetry could be
conducted.

Experimental
Chemicals

All Fmoc-protected amino acids, resins for solid phase peptide
synthesis (SPPS), solvents, and other chemicals were purchased
from Agilent (Varian), Bachem, Fischer Chemicals, Iris Biotech,
Novabiochem, Roth and Sigma-Aldrich.

Peptide synthesis

Linear peptide precursors were assembled by automated micro-
wave-assisted SPPS using the Fmoc strategy.***!

Bicyclic SFTI-1 (1) was synthesized vig solution-phase back-
bone macrocyclization of linear precursor H-Arg(Pbf)-Cys(Trt)-
Thr(sBu)-Lys(Boc)-Ser(Bu)-lle-Pro-Pro-1le-Cys(Trt)-Phe-Pro-Asp-
(1Bu)-Gly-OH using C-terminal PyBOP/HOBt activation followed
by acidolytic side-chain deprotection, oxidative disulfide bond
formation and chromatographic isolation.

Synthesis and characterization of monocyclic SFTI-1[/,/4]
(2) and triazole-containing peptidomimetics 4-6 have been

7760 | Org. Biomol. Chem., 2012, 10, 7753-7762
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previously reported.'® New peptidomimetic compound 3 posses-
sing a 1,5-disubstituted 1,2,3-triazolyl side chain macrocycliza-
tion motif was synthesized using a similar approach.'® First, the
peptide resin containing unnatural amino acids azidoalanine
(Aza) and propargylglycine (Pra) (Fmoc-Aza-Thr(tBu)-Lys
(Boc)-Ser(fBu)-lle-Pro-Pro-lle-Pra-Phe-Pro-Asp(fBu)-resin) was
synthesized. Then, the triazole bridge was installed via on-
support ruthenium(n)-catalyzed azide-alkyne cycloaddition
(RuAAC) followed by coupling of N-terminal residues Glyl and
Arg2. Acidolytic cleavage and chromatographic isolation
followed.

For experimental details and analytical data on bicyclic
SFTI-1 (1) and new triazole-bridged compound 3 refer to ESL}

Recombinant production of matriptase

BL21-CodonPlus (DE3)-RP competent E. coli cells (Stratagene)
were transformed with expression vector pET42dest-His-hMatl
(cd)596-855. This vector was constructed for overexpression of
the zymogen sequence of the catalytic domain of matriptase
as the following fusion: Met-Ser-Tyr-Tyr-His6-aa596-855.
Inclusion body production, protein denaturation, purification and
refolding/autoprotolytic activation were conducted according to
reported procedures (see ESI, Fig. S1 and S2+ for details).''****
Substrate-specific catalytic activity of the purified enzyme
was verified through the hydrolysis of chromogenic substrate
Boc-QAR-pNA and quantified via active-site titration using
4-methylumbelliferyl-p-guanidinobenzoate (MUGB) (see ESI,
Fig. §31). 43

Inhibition assays

Apparent (substrate-dependent) inhibition constants K" of
SFTI-1-derivatives 1-6 against active-site-titrated bovine trypsin
([E] = 0.5 nM) and matriptase ([E] = 0.9 nM) were determined
by recording kinetic curves of the enzymatic hydrolysis of
chromogenic substrate Boc-QAR-pNA ([S] = 250 uM) at differ-
ent concentrations of inhibitor [I] (pH 7.6 or pH 8.5) using a
Tecan GENios microplate reader.'® Calculated relative initial
velocities of the residual proteolytic reaction (v/vp) were plotted
against [I]. Eqn (3) for tight-binding inhibitors was fitted by
non-linear regression to the resulting dose—response curves using
the Marquardt—Levenberg algorithm of Sigma Plot 11.*°

Substrate-independent inhibition constants K; were calculated
from K;*"P and the Michaelis-Menten constants K\, for the cor-
responding enzyme-substrate complex using eqn (6).>>*

Ky for Boc-QAR-pNA in complex with matriptase at pH 7.6
and pH 8.5 were calculated by Lineweaver—Burk plots as 236.8
+ 56.1 uM and 66.6 + 16.0 uM, respectively. Ky, for trypsin as
well as the method for the estimation of errors for each individ-
ual K; have been recently reported.**

In the case of reversible competitive inhibition K; equals the
dissociation constant Ky of the inhibitor-enzyme complex.*’
Thus, the free energy of binding AgG can be calculated from K;
using eqn (7).

Force field customization

All in silico experiments were performed with the YASARA
structure package (YASARA Biosciences). For the precise hand-
ling of triazole-bridged peptides during in silico calculations,
new topology entries and atom types for the involved carbon and
nitrogen species have been implemented into the YASARA2
force field description file. Thus, amino acid residues with 1,4-
and 1,5-disubstituted 1,2,3-triazoles in the side chain of com-
pounds 3-6 were covered. Corresponding equilibrium bond
lengths, bond angles and dihedrals have been deduced from
reported crystal structures.*®*” Values for force constants and
scaling factors were adopted from similar aromatic and hetero-
aromatic structures (e.g. imidazole) within the original force
field. The full set of parameters used to calculate disubstituted
1,2,3-triazoles is given in the ESL.{

Molecular dynamics simulation and docking

Solution NMR structures of SFTI-1 (PDB ID: 1JBL) and SFTI-1
[1,14] (PDB ID: 1JBN) were used as initial templates for com-
pounds 1-6.% Triazole bridges of peptidomimetics 3-6 were
modelled into 1JBN to match the topology entry within the cus-
tomized force field. Each compound was then subjected to a
two-step simulation and docking procedure performed via a self-
written command sequence (macro). The design of the in silico
experiment is sketched in Fig. 4.

Following point charge assignment via semi-quantitative
quantum mechanics,” an energy minimization was conducted
with initial structures of compounds 1-6 in 0.9% (m/v) NaCl
(aq.) at pH 7.6. To prevent structures from being trapped in the
local minimum of the template coordinates, all compounds were
then simulated at 373 K and the scaling factor for non-bonded
interactions was reduced to 10%. This parameter was stepwise
re-adjusted to 100% within 500 ps. After 1 ns of simulation, the
temperature was set to 298 K and energy-minimized structures
were simulated for another 9 ns. Trajectories (snapshots) were
saved every 10 ps. Thus, 100 models for each individual com-
pound 1-6 from the last nanosecond of the simulation were
extracted and used for the docking experiment. Semi-flexible
docking to the active sites of trypsin and matriptase with fixed
ligand backbones and adjusted side-chain atoms of Lys5 was
performed to identify the most probable binding geometry using
the AutoDock 4 algorithm with 999 runs.'® The highest ranked
complex structure was subjected to an energy minimization with
fixed receptor atoms followed by another energy minimization
step with a fully unrestrained ligand-receptor complex. The
resulting structures were then used for the rigid docking experi-
ment (additional 999 runs) to compute virtual free energies of
binding AgG with AutoDock.
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Combinatorial Tuning of Peptidic Drug Candidates: High-Affinity
Matriptase Inhibitors through Incremental Structure-Guided

Optimizationt

Heiko Fittler,” Olga Avrutina,” Bernhard Glotzbach,” Martin Empting,*" and Harald Kolmar*“

Received (in XXX, XXX) Xth XXXXXXXXX 20XX, Accepted Xth XXXXXXXXX 20XX
DOI: 10.1039/b000000x

Herein we report a convenient strategy for the development of novel, highly-potent peptidic inhibitors of
the trypsin-like serine protease matriptase based on the monocyclic variant of the sunflower trypsin
inihibitor-1 (SFTI-1[/,74]). We screened SFTI-1[/,/4] variants possessing incremental modifications of
the parent peptide for beneficial binding properties. This compound library comprising 6 peptides and 16
triazole-containinng peptidomimetics was established via structure-guided rational design and synthesized
using a divergent strategy employing "copper-click" chemistry. The most favorable amino acid
substitutions were combined in one framework yielding potent SFTI-1-derived matriptase inhibitor-1
(SDMI-1) and the truncated dodecapeptide variant (SDMI-2) with single-digit nanomolar inhibition
constants. /n silico studies indicated that the improved matriptase affinity compared to the parent peptide
is caused by the successful establishment of additional favorable proton donor-acceptor interactions
between basic inhibitor side chains and acidic residues on the surface of the target enzyme. SDMI-1 and 2
are potent inhibitors of the pharmaceutically relevant protease matriptase at a near physiological pH and,

thus, may find applications in therapy or diagnostics.

Introduction

Trypsin is one of the most prominent digestive enzymes
ubiquitously found in the small intestine of vertebrates.' Its
intriguing molecular framework includes the famous triad Asp-
His-Ser as a core feature implementing its proteolytic activity,2
This prototypic architecture and the ability to cleave peptide
bonds after basic residues constitutes the structural and functional
groundwork of a whole class of biocatalysts referred to as
trypsin-like serine proteases.” Members of this enzyme family are
involved in diverse biological processes and occur in soluble
form or as membrane-anchored entities.* Type Il transmembrane
serine proteases (TTSP), for instance, are bound to the cell
surface vig the N-terminus and have been characterized as
important mediators of the pericellular procession and activation
of various effector molecules.’” Active forms of peptide
hormones, growth and differentiation factors, receptors, enzymes,
and adhesion molecules are generated from inactive precursors
through endoproteolytic cleavage by specific TTSPs.* Hence,

“ Clemens-Schopf Institute of Organic Chemistry and Biochemistry,
Technische Universitdt Darmstadt, Petersenstr. 22, 64287 Darmstadt,
Germany. E-mail: M. Empting(@Biochemie-TUD.de,
Kolmar@Biochemie-TUD.de

tElectronic Supplementary Information (ESI) available: Tabulated data of
ESI-MS analysis, RP-HPLC chromatogramms, and plotted kinetic data
of enzyme inhibition assays for all compounds. See
DOI: 10.1039/b000000x/

&

&

2

they play crucial roles in the cellular development and
maintenance of homeostasis.’

A well-studied example of a membrane-anchored trypsin-like
serine protease with pharmaceutical relevance is matriptase.®'® It
is widely expressed on the surface of epithelial cells in healthy
tissue where its proteolytic activity is precisely regulated by
natural protease inhibitors like the hepatocyte growth factor
activator inhibitor-1 and 2 (HAI-1, HAI-2).'" " However,
dysregulation of this physiological inhibitor-protease balance is
believed to facilitate pathological processes. Indeed, a number of
studies associate matriptase overexpression with the development
and progression of epithelial tumors, as well as osteoarthritis and
atherosclerosis.''®  Furthermore, Napp et al observed
pronounced in vivo matriptase activity in a murine orthotopic
pancreatic tumor model and showed that the administration of
active-site inhibitors significantly reduces proteolysis of the
substrate analyte.!" Hence, potent and selective matriptase
inhibitors are of great therapeutic importance, and their
development is a challenging task. To date, a number of small
synthetic organic compounds as well as large antibody fragments
exhibiting single-digit nanomolar to subnanomolar inhibition
constants have been reported.'”?' Very recently, Marsault and
coworkers  have  demonstrated the  applicability  of
peptidomimetics bearing a benzothiazole-based “serine trap” for
the development of very potent matriptase inhibitors.”’ Reactive
carbonyl functionality at the Pl position allowed for the
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Fig. 1 Predicted structure of the SFTI-1[/,/4] (1)-matriptase complex generated via molecular dynamics simulations followed by a two-step docking
procedure.” Blue: nitrogen, green: sulfur, red: oxygen, yellow: carbon, hydrogen is omitted for clarity. Reported X-ray/NMR structures 3P8F and 1JBN
were used as initial coordinates.' > (A) Molecular surface of the catalytic domain of matriptase in complex with 1 (sticks). Color gradients (red to blue)

o

indicate electrostatic surface potentials (negative to positive) at pH 7.4 calculated via the Particle Mesh Ewald method with a maximum value of

500 kJ/mol.** (B) Enlarged depiction of the active site. Regions concealing parts of the ligand are shown transparently. Bound inhibitor 1 is highlighted by
a black outline. (C) Sequence and schematic representation of SFTI-1[/,/4] (1). (D) Depiction of the active site indicating side chains of matriptase
residues (cyan sticks, black outline) which have been considered within the presented approach for the structure-guided optimization of the SFTI-1

framework (sticks, black outline).

establishment of a transient covalent linkage between the
ligand and the active-site serine.?" ¢

In this study, we present a convenient strategy for the
development of non-covalent high-affinity matriptase inhibitors
starting from a naturally occurring peptidic framework
comprising a canonical protease inhibitor loop (Fig. 1). We used
the rigid and well-defined tetradecapeptide framework of the
sunflower trypsin inhibitor-1 (SFTI-1) as a starting point for
structure-guided lead compound optimization. This molecular
scaffold possesses a canonical (substrate-mimicking) loop for
anti-proteolytic activity and has already been successfully used
for the generation of inhibitors of chymotrypsin, elastase,
cathepsin G, P-tryptase, proteinase K or kallikrein-related
peptidase.”’! Additionally, a latent inhibitory activity against
matriptase in the nanomolar range (K; = 1-150 nM) has been
25 reported for the bicyclic peptide at the pH optimum of the TTSP
(pH ~8.5-9).7> ¥ Very recently, we showed that this moderate

s

b3

o
S

potency is essentially decreased in an environment with near
physiological parameters (K; = 1.1 pM at pH 7.6).> This is of
particular importance for potential in wvivo applications. A
w therapeutic/diagnostic agent must possess high activity under
homeostasis or — in case of tumor as well as inflammation-
induced hypoxia — more acidic conditions.***"
Using a structure-guided incremental optimization strategy
we were able to generate SFTI-1 derivatives with single-digit
;s nanomolar K; as well as an improved trypsin/matriptase
selectivity profile.

Results and Discussion

In our previous study, we reported that the monocyclic variant
SFTI-1[1,/4] possesses a slightly improved inhibition constant
w compared to the bicylcic wild type.”> Thus, the open-chain
derivative represents a promising starting point for the design of
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N
ﬁ 27,28,29
HaN

N N’
=l 30, 31,32 =l 33 34 35
MeO
(o]

b), c)l h)‘y w.e) b), c)‘
1,2,10 3,412 5,6,14 7,8,18

27, 30, 33: R* =Gly-Arg(Pbf)-Cys(Trt)-Thr(tBu)-Lys(Boc)-Ser(fBu).
R? =Pro-Pro-lle-Cys(Trt)-Phe-Pro-Asp({Bu), n=1

28, 31, 34: R" =Gly-Arg(Pbf)-Cys(Tr)-Thr(tBu)-Lys(Boc)-Ser(tBu),
R® =Pro-Pro-lle-Cys(Tr)-Phe-Pro-Asp(tBu), n=2

29, 32, 35: R* =Gly-Arg(Pbf)-Cys(Trt)-Thr(tBu)-Lys(Boc)-Ser(tBu)-lle-Pro-Pro,
R® =Cys(Trt)-Phe-Pro-Aspi(tBu), n=2
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36-38: R® =Cys(Trt)-Phe-Pro-Asp((Bu)
39-41: R* =Gly-Arg(Pbf)-Cys(Trt)-Thr(tBu)-Lys(Boc)-Ser(tBu)-lle-Pro-Pro,
RS =Cys(Trt)-Phe-Pro-Asp(tBu)

Fig. 2 Design and synthesis of a small compound library comprising SFTI-1{/,/4] derivatives 1-22. (A) Collection of triazolyl-containing peptides 1-16
as well as variants 17-22 with a singular substitutions at positions 10 and 12 using canonical amino acids lysine, arginine, alanine, valine, isoleucine, or
histidine. (B) Synthesis of precursors 23, 24, 25, and 26 as well as inhibitors 17-22. (C) and (D) Schematic depictions of synthetic routes yielding

w

triazolyl-containing peptides 1-16. Conditions:
TFA/H>O/anisole/TES (47:1:1:1, vzviviv) and dithiothreitol (DTT),

a) microwave-assisted Fmoc-SPPS; b) acidolytic cleavage from the solid support using
c) air-mediated oxidative macrocyclization in 100 mM (NH4),COs; aq (pH=8.4) at

1 mg peptide/mL; d) on-resin CuAAC using given alkyne component (5 eq), CuSO45H,O (20 mol %), sodium ascorbate (20 mol %), and N,N-
diisopropylethylamine (DIEA, 8 eq) in DMF at ambient temperature (overnight) e) air-mediated oxidative macrocyclization in 100 mM (NH4).CO; aq
(pH=7.7) at 1 mg peptide/mL. All compounds 1-22 were isolated through preparative reversed-phase HPLC.

s

novel

matriptase inhibitors. A combination of molecular

dynamics simulation and docking experiments yielded an in silico
SFTI-1[/,/4]-matriptase complex, very similar to the reported

wild-type inhibitor-protease X-ray structure (Fig. 1).
Using this structural data and considering suggestions made
by Yuan et al.,"* we designed a minimal compound library 1-22

by

12,22

suitable for an initial search for incremental enhancements of the
lead structure (step 1, Fig. 2). In a second step we investigated
whether a combination of the individual beneficial modifications
of the SFTI-1 framework results in an additive effect (step 2).

20 Finally, we truncated the most promising variant to study the

influence of the C-terminal residues on matriptase affinity and
selectivity (step 3).

Step 1: Tuning Affinity of Singular Residues (Increments)

Trypsin and matriptase share a very similar substrate spectrum.

s Thus, we rationalized that substitutions within the canonical

region of SFTI-1[7,/4] (Fig. 1C) would be detrimental towards
improved affinity. However, we included the P2’ position (Ile7)
as a site for side-chain replacements within our molecular design
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(Fig. 2A). Histidines 40 and 143 of matriptase are in close
proximity to this residue, therefore they might provide the
possibility for favourable hydrogen bonding interactions with the
ligand (Fig. 1D).

To reduce the synthetic expense and to cover an adequate
structural and functional space, we set up a divergent synthetic
procedure. Azide-bearing peptidic scaffolds 23 and 24 were
assembled on the solid support using commercially available
building blocks Fmoc-L-azidoalanine (Fmoc-Aza-OH) and
Fmoc-L-azidohomoalanine (Fmoc-Aha-OH) (Fig. 2B). On-resin
copper(l)-catalyzed azide-alkyne cycloaddition (CuAAC) with
different alkyne components allowed for the facile installation of
an amine, a carboxylic acid, the corresponding methyl ester and a
phenyl functionality at position 7. This combinatorial approach is
quite similar to the “tethered fragment” strategy previously
described by Burke Jr. and coworkers.”"” ** Acidolytic cleavage
from the solid support, oxidative macrocyclization and chromato-
graphic isolation gave SFTI-1[/,/4] derivatives 1-8 (Fig. 2C).
Interestingly, both free carboxylic acids 3 and 4 as well as
corresponding methyl esters 5 and 6 were selectively accessible
from the respective open-chain methyl ester precursor peptides
through the choice of macrocyclization conditions. The methyl
carboxylate was hydrolyzed during disulfide bond formation at
pH 8.4 giving free acids 3 and 4. Setting the pH to 7.7, however,
allowed for the preservation of the methyl ester group yielding
the corresponding cystine-bridged products 5 and 6.

Unfortunately, none of the postion 7 variants 1-8 showed an
improved matriptase affinity over SFTI-1[/,/4] in enzyme
inhibition assays (Table 1). Thus, we focused our further
experiments on the optimization of positions 10 and 12.

In the ligand-receptor complex, the side chain of residue 10
of SFTI-1[{,14] is oriented towards a surface area of matriptase
with a pronounced negative polarization (Fig. 1). The pB-
carboxylic group of the Asp96 contributes significantly to this
environment., Yuan et al. suggested installing short basic side
chain functionalities with low degrees of conformational freedom
like aminoalanine or aminohomoalanine at position 10 of the
inhibitor to establish favorable electrostatic —interactions.'”
Nevertheless, initial molecular modeling implied that a linker of
about four to five methylene units is needed to position a basic
functionality in proximity to the p-carboxylic group of Asp96 in
its native conformation present in the crystal structure (PDB-ID:
3P8F). Thus, we designed SFTI-1[/,/4] derivatives 9-16
possessing planar and rigid triazolyl linkers of appropriate length
to investigate the possibility for new favorable interactions
between the ligand and the receptor (Fig. 2A).

Initially, synthetic routes for 9-16 were devised as modifications
of to the approach used for SFTI-1[/,/4] variants 1-8. While
variants 10, 12, 14, and 16 were readily accessible via this
strategy (Fig. 2C), compounds 9, 11, 13, and 15 could not be
synthesized in this manner. An attempt to assemble the Azal0
analog of peptide-resin 25 on the solid support resulted in an
undefined mixture of side products (data not shown).
Nevertheless, we were able to synthesize compounds 9, 11, 12,
and 15 via the resin-bound pentapeptide intermediate 26 as
depicted in Fig. 2D.

Interestingly, a significant increase of matriptase affinity over
SFTI-1[1,14] was observed for four of the eight triazolyl-

Table 1 Determined inhibition constants of compounds 1-22 against
s0 matriptase at pH 7.6 and calculated differences in free energies of
binding/dissociation compared to SFTI-1[/,/4].

» Relative  ApG — AaGiseriigriag‘/
Entry i Activity ® (kJ-mol™)
SFTI-1[1,14] 703 +877 1 0
1 4892 + 663 7.0 48+05
2 3822 + 494 5.4 -42+04
. 3 13886 + 1711 19.8 74+04
> 4 2380 + 291 3.4 3.0+£0.4
8 5 1629 = 200 23 2.1+04
6 10857 + 1349 15.4 -6.8+0.4
7 3342+ 414 4.8 3.9+04
8 1252 + 155 1.8 14404
9 148+ 19 0.21 39+04
10 513+ 66 0.73 08+0.4
11 46287 + 5728 65.8 -104+04
N 12 8096 + 1011 11.5 -6.1+0.4
= 13 208 £27 0.30 3.0+04
2 14 2224 + 277 32 29+04
= 15 556 + 70 0.79 06+04
16 4750 + 585 6.8 47404
17 232+29 0.33 27404
18 50.6 + 6.5 0.072 65+04
B 19 1614 + 206 23 21+04
= 20 580+ 72 0.83 05+04
g 21 319+ 40 0.45 20+04
A 22 206 + 27 0.29 3.0+0.5

“ Determined as described in the Experimental Section. * Relative activity
given as the ratio K of the corresponding compound / K of SFTI-1[/,/4].
© ApGyy) refers to the free energy of binding/dissociation of compound x.

65 ApG were calculated from respective K; using AgG=—R7InK;.** ** Errors
of the given differences ApGny — ApGsrriip.gy were caleulated by
propagation of errors. “ As published before.”” © The modified position of
the SFTI-1[/,/4] framework is given.

containing peptidomimetics 9-16 (Table 1).

70 The most pronounced enhancement within the set of

inhibitors 9, 10, 13, and 15 was detected for the aminomethyl-

functionalized 1,2,3-triazole 9. The difference of the free energies
of binding/dissociation AgG between compound 9 and SFTI-

1[/,14] was calculated as 3.9 kJ/mol. Thus, additional favorable

electrostatic inhibitor-enzyme interactions were successfully

established by furnishing the peptide with a basic functionality at
position 10. However, iflength of the triazolyl linker is increased
by only one methylene unit (10), the attractive contribution is
significantly reduced. Furthermore, the installation of an acidic
so carboxy group at this position (11, 12) is detrimental for
matriptase inhibition. Noteworthy, a significant increase of
inhibitor potency compared to SFTI-1[/,/4] is also observed for
the formally uncharged methyl ester derivative 13 although not as
pronounced as in the case of the amino-functionalized variant 9.

8 Additionally, we investigated the impact of basic canonical
amino acids, lysine and arginine, at position 10 (17, 18) on
matriptase affinity. Surprisingly, compound 18 equipped with a
flexible aliphatic linker demonstrated the highest potency of
SFTI-1[1,14] variants 1-22 listed in Table 1. Due to the inherent

%0 degrees of conformational freedom of the respective amino acid
side chains, a pronounced entropic penalty has been expected for
compounds 17 and 18.2 Indeed, e-amino-functionalized
derivative 17 was slightly less potent than inhibitor 9 possessing a
more rigid and restrained linker motif of comparable length.

os However, a double-digit nanomlar K; corresponding to an
increase of AgG by 6.5 kJ/mol resulted from a singular amino

=
>
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acid substitution (18).

Finally, we investigated the impact of modifications at
position 12 of the SFTI-1[/,/4] framework on matriptase affinity.
Yuan et al. described a pronounced undesirable enthropic effect
on Phel2 of SFTI-1 due to conformational restraints caused by
Phe97 and Phe99 side chains forming the S4 subsite of the
enzyme (Fig. D). As a consequence, substitution of Phel2 by
non-natural amino acids possessing larger aromatic side chains
has a detrimental effect on bioactivity;n Thus, we decided to
replace the native phenylalanine residue by smaller aliphatic,
hydrophobic, as well as heteroaromatic amino acids alanine,
valine, isoleucine, and histidine (Fig. 2A). Respective compounds
19-22 were synthesized through routine microwave-assisted
Fmoc-SPPS followed by oxidative macrocyclization and
chromatographic isolation (see Supporting Information).

Indeed, we observed a beneficial effect of Phel2lle (21) as
well as Phel2His (22) substitutions on matriptase inhibition in
our in vitro assays. In particular, the imidazole functionality at
position 12 (22) facilitated an improved interaction between the
20 SFTI-1 framework and the surface of the enzyme of about

3 kJ/mol.

o

s

b

Step 2: Combination of Beneficial Increment Modifications

Encouraged by the enhanced matriptase affinities observed for
compounds 9, 18 and 22, we combined the singular modifications
of position 10 (9, 18) with the described Phel2His substitution

(22). The resulting constructs 42 and 43 (Fig. 3) were synthesized

either via microwave-assisted Fmoc-SPPS (42) or by using a

strategy analogous to that described for compounds 9-16 (42)

(compare Fig. 2D).

30 Inhibitors 42 and 43 demonstrated a further increased
matriptase affinity compared to SFTI-1[/,/4] derivatives 9, 18,
and 22 (Table 2). Our calculations suggest that the observed
improvement in ApG relies predominantly on an additive effect.
The determined individual favorable contributions of compounds

35 18 and 22 sum up to 9.6 £ 0.6 kl/mol, whereas, the difference of
free energies of binding/dissociation between 43 and SFTI-
1[/,14] was calculated as 10.3 +0.4 kJ/mol. The difference
between these two values could be accounted to a synergistic
behavior.® However, the observed effect is negligible

10 considering the respective estimated uncertainties. In case of
inhibitor 42 even an unfavorable non-additive portion was
detected for the installed modifications as the calculatedincrease
of AyG was smaller than the sum of the incremental
improvements (Table 2).

s Nevertheless, tetradecapeptide 43 which we refer to as the

1

SFTI-1-derived matriptase inhibitor-1 (SDMI-1) possesses a low

inhibition constant of 11 nM near the physiological pH.

Furthermore, in the enzyme assay conducted near the pH

optimum of matriptase (pH = 8.5) a single-digit nanomolar K
so (1.1 nM) was observed.

Step 3: Truncation of Most Promising Variant

In a very recent study we performed a structural analysis of
several monocyclic triazole-bridged SFTI-1 derivatives in
silico. The yielded results indicated a pronounced influence of

s the terminal regions on matriptase affinity. An enthropic penalty
caused by the fixation of the Phel2 residue of the parent bicyclic
peptide through aromatic side chains of the enzyme has already
been described and addressed in the presented work."”> However,
additional conformational constraints of residues Prol3 and
Aspl4 forming the secondary loop may cause unfavourable
entropic contributions upon binding to matriptase. According to
our calculations interaction with trypsin is not affected in this
manner. As a consequence, the truncation of the two C-terminal
residues might have a beneficial effect on matriptase inhibition.
s Additionally, we rationalized that removing the negative charge
of the terminal carboxy group by introduction of a C-terminal
amide might enhance the overall charge complementarity
between the target enzyme and the inhibitor.

@
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70 Fig. 3 Structures of triazolyl-containing SFTI-1[/,/4] derivative 42,
SFTI-1 derived matriptase inhibitor-1 (SDMI-1) 43 and SFTI-1 derived
matriptase inhibitor-2 (SDMI-2) 44.

Table 2. Determined inhibition constants of compounds 42-44 against matriptase at pH 7.6 (8.5), calculated differences in free energies of
binding/dissociation compared to SFTI-1[/,/4] as well as trypsin affinity and selectivity at pH 7.6."!

Sum of Increment

Matriptase Relative ApG — AgGisrriigniay/ ool e Trypsin o
Hitey K */nM Activity (kl-mol”) Cvﬂll(l}lt::gﬁns / S Selectivity
SFTI-1[1,14] 703 +87° 1 0 n.a. 0.21£0.03° 0.0003
42 89.5+11.1 0.13 5104 6.9 +0.6 9221 0.1
43 (SDMI-1) 11.0+£ 1.4 (1.1 £0.3) 0.016 103+04 9.6 +£0.6 11.2£2.0 1.0
44 (SDML2)  62+12(2.3+08) 0.009 117406 n.a. 380+ 11.1 6.1

75 “ Experiments were performed as described in the footnote of Table 1 and in the Experimental Section. ® Values in brackets correspond to K; determined at
pH 8.5. © Errors were calculated by propagation of errors. ¢ Calculated as the ratio of K; against matriptase (pH 7.6) /K; against trypsin (pH 7.6). ¢ As
published before.”
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Inspired by these considerations, we synthesized the monocyclic
dodecapeptide 44 as described in the Experimental Section
(Fig. 3).Indeed, we observed an additional minor improvement of
inhibitor potency resulting in a K; of 6.2 + 1.2 nM. This SFTI-1-
derived matriptase inhibitor-2 (SDMI-2) exhibits a 2.3 0.8 nM
inhibition constant at pH 8.5 and shows an improved selectivity
towards matriptase over trypsin (6-fold). To our knowledge, 43
and 44 are to date the most potent Bowmann-Birk matriptase
inhibitors described.

Finally, we modeled the inhibitor-protease complex for
SDMI-2 (44) based on the in silico coordinates of SFTI-1[/,/4]
and matriptase described above (see Fig. 1).” First, the amino
acid exchanges Ile10Arg and Phel2His were introduced into the
parent model. Then, residues Prol3 and Aspl4 were replaced by
a C-terminal amide. Optimization of side-chain geometry and
subsequent energy minimization yielded a structure quite similar
to the corresponding SFTI-1 co-crystal (3P8F, Fig. 4A).
Nevertheless, additional favorable interactions between 44 and
matriptase were observed (Fig. 4B). The side chain of Asp96 was
reoriented to form a bidentate hydrogen bond with the guanidinyl
functionality of Argl0. Furthermore, the possibility for a proton
donor-acceptor interaction between the backbone carbonyl
oxygen of Asp96 and the e>-nitrogen of Hisl2 was detected.
However, an X-ray structure of the SDMI-2-matriptase complex

s is needed to undoubtedly prove whether the predicted in silico

coordinates are valid. Yuan et al. suggested to use short basic
residues like aminohomoalanine at position 10 to establish an
effective electrostatic interaction with Asp96 while attenuating
entropic penalties arising from extended flexible linkers."
However, it remains to be tested whether such a short side chain
is sufficient to position a basic functionality in proximity to the
carboxylic group of Asp96.

Conclusion

In this study we present a convenient strategy for the
development of novel, highly potent inhibitors of matriptase
based on the SFTI-1 framework. Using a divergent synthetic
route we screened 22 compounds for beneficial modifications of
the parent peptide. Combination of the most favorable amino acid
substitutions and subsequent C-terminal truncation yielded SFTI-
1 derived matriptase inhibitors-1 and 2 (SDMI-1 and 2) with
inhibition constants in the low nanomolar to single-digit
nanomolar range. The structure-guided design of the initial
peptide/peptidomimetic library as well as the shortening of the
amino acid sequence were inspired by in silico experiments
which were used as an idea generator towards beneficial
modifications of the wild-type compound.'* ** Thus, an inhibitor
possessing only twelve residues as well as an inverted trypsin-
matriptase selectivity in favor of the latter enzyme was
developed.

Although the applied synthetic strategy using “copper-click”
chemistry was applicable for the assembly of the majority of the
triazolyl-containing peptidomimetics 1-16, it was incompatible
with the use of non-natural amino acid azidoalanine at position 10
(compounds 9, 11, 13, and 15). In our previous works, we did not
observe significant limitations using Fmoc-Aza-OH as a building
block for microwave assisted Fmoc-SPPS.* However, the
unexpected restricted applicability of the unprotected azide
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Fig. 4 (A) Predicted structure of SFTI-1 derived matriptase inhibitor-1
(SDMI-2) 44 (thick coloured sticks) upon binding to matriptase (surface).
The SFTI-1-matriptase X-ray structure (3P8F) is shown as thin white
sticks and the calculated peptide backbone rout mean square deviation
(RMSD) is given for both complexes. The angle of view for the picture
below is indicated. (B) Close-up of the predicted inhibitor 44-enzyme
complex. Important matriptase residues are depicted as transparent white
sticks with black outlines and putative hydrogen bond interactions are
shown as dashed yellow lines. Blue: nitrogen, green: sulfur, red: oxygen,
yellow: carbon, hydrogen is omitted for clarity. Color gradients (red to
blue) indicate electrostatic surface potentials (negative to positive) at pH
7.6 calculated via the Particle Mesh Ewald method with a maximum
value of 500 kJ mol”.**

functionality under the described conditions was circumvented
through a modified synthetic route.
Novel compounds 43 and 44 are potent inhibitors of

s matriptase in a pH range near the physiological one and, thus,

may find applications in therapy or diagnostics. Notably, the
activity of these SFTI-1 derivatives composed exclusively of
natural amino acids is not in the range of recently reported
peptidomimetics bearing reactive carbonyl functionalities.” Since
only two residues have been furnished with new side-chain
functionalities, the SFTI-1 framework provides further potential
for the establishment of unique attractive interactions with
matriptase and, therefore, improvement of affinity and selectivity.
Additionally, our ongoing studies show that 43 and 44 can serve
as versatile platforms for conjugation with reporter molecules
without sacrificing bioactivity. This strategy would allow for in
vivo imaging experiments using for example PET/SPECT or

69



w

=

@

2

=

b

&

4548

NIRF methodologies.

Nevertheless, further selectivity tests using an extended set of
relevant trypsin-like proteases as well as characterization of these
two peptidic inhibitors in vivo are issues that have to be addressed
in the future.

Experimental
General

All chemicals and solvents were purchased from Bachem, Iris
Biotech, Novabiochem, Sigma-Aldrich, Rapp Polymere, Roth or
Varian (Agilant).

Analytical and semi-preparative RP-HPLC were performed
on a Varian 920-LC system and a Varian 940-LC system,
respectively. A Phenomenex Hypersil 5u BDS C18 LC column
(150 x 4.6 mm, 5 um, 130 A) and a Phenomenex Luna 5u C18
LC column (250 x 1220 mm, 5 pm, 100 A) were used as
stationary phases. The eluent system consisted of eluent A (0.1%
aq. TFA) and eluent B (90 % aq. acetonitrile containing 0.1%
TFA).

ESI mass spectra were recorded with a Shimadzu LCMS-
2020 using a Phenomenex Jupiter 5u C4 LC column (50 x 1 mm,
5 um, 300 A) as well as a binary eluent system consisting of
eluent A (0.1% aq. formic acid, LC-MS grade) and eluent B
(100 % acetonitrile containing 0.1% formic acid, LC-MS grade).

Peptides were synthesized using a Liberty 12-channel
automated peptide synthesizer on a Discover SPS microwave
peptide synthesizer platform (CEM) following the Fmoc strategy.

Chemistry

General Procedures of Peptide Synthesis. All peptide bearing a
C-terminal carboxy acid were assembled on a TentaGel S AC
resin (Rapp Polymere) or a 2-chlorotrityl chloride resin (Iris
Biotech) preloaded with Fmoc-L-Asp(fBu). Corresponding
peptide amides were assembled on AmphiSpheres 40 RAM resin
(Agilent).

Loading of 2-chlorotrityl chloride resin was performed
manually as follows. A solution of 103 mg Fmoc-L-Asp(rBu)-OH
(0.25 mmol) and 34 pL N,N-diisopropylethylamine (DIEA,
I mmol) in a minimal amount of dichloromethane (DCM) was
added to the resin. The resulting mixture was shaken for 2 h at
ambient temperature. The solution was removed by filtration and
s0 the loaded resin was washed with DCM/methanol/DIEA (17:2:1;
3x), DCM (3x), dimethylformamide (DMF, 3x) and DCM (3x).

Canonical amino acids were attached by double or triple
coupling using 4 eq of the corresponding amino acid, 3.9 eq of 2-
(1H-benzotriazol-1-yl)-1,1,3,3-tetramethyluronoium hexafluoro-
phosphate (HBTU) and 8 eq of DIEA, or, in case of cysteine, 3-
4 eq of 2,4,6-trimethylpyridine (collidine). Arginine and cysteine
were coupled using a two-step microwave program: 1. RT, 0 W,
25 min; 2. 75 °C, 25 W, 0.5 min (Arg) and 1. RT, 0 W, 2. min;
2.50 °C, 25 W, 4 min (Cys), respectively. All other amino acids
so were coupled using a standard microwave program: 75 °C, 21 W,
5 min.

Non-natural azide-bearing building blocks Fmoc-L-Aza-OH
and Fmoc-L-Aha-OH were attached via double coupling using
2 eq of the corresponding amino acid, 1.9 eq HATU, and 4 eq
ss DIEA and a two-step microwave program (1. 60°C, 30 W,
45 min, 2. 75 °C, 20 W, 5 min).
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Fmoc deprotection was achieved in two steps by reaction
with 20% piperidine in DMF at 75 °C, 42 W for 0.5 min (initial
deprotection) followed by a second deprotection step with 20%
piperidine in DMF at 75 °C, 42 W for 3 min.

Cleavage of peptides from the solid support and removal of
side-chain protecting groups was achieved via acidolysis using a
standard cleavage cocktail consisting of trifluoroacetic acid
(TFA)/H,0O/anisole/triethylsilane (TES) (47:1:1:1, v:viv:v) and
DTT to suppress unwanted oxidation. The resulting reaction
mixture was shaken for 3 h at RT followed by precipitation and
subsequent washing (3x) with methyl tertiary butyl ether (MTBE)
to yield crude linear peptides.

Air-mediated oxidative macrocyclization of the crude
peptides was conducted in 100 mM (NH,),CO;5 aq (I mg/mL,
pH = 8.4) and monitored by analytical RP-HPLC. After complete
conversion (1-7 days) the solvent was removed by freeze-drying
to yield the crude peptides. To suppress unwanted saponification
of the methyl ester of compounds 5, 6, 13, and 14, a 100 mM
(NH,4),CO; aq buffer (pH 7.7) was used (Fig. 2).

Triazolyl-containing peptides 1-8, 10, 12, 14, and 16.
Azide-bearing peptide resins 23, 24, and 25 were assembled on a
TentaGel S AC-Asp(f-Bu) Fmoc resin (loading: 0.21 mmol/g)
according to the described procedures on a 0.25 mmol scale,
washed (3x with DCM and 3x with ether) and dried in an
exsiccator.

On-support copper(l)-catalyzed azide-alkyne cycloaddition
(CuAAC) was conducted with 0.05 mmol of intermediates 23, 24,
and 25 and the respective alkyne component (propargylamine,
methyl propiolate, or phenylacetylene) according to the scheme
laid out in Fig. 2C. A solution of 5 eq alkyne, 1 eq copper(Il)
sulfate pentahydrate (CuSO45H,0), 1 eq sodium ascorbate
(NaAsc) and 8 eq DIEA in 5 mL argon-flushed DMF was added
to the peptide resin and shaken at ambient temperature overnight.
Then, the solution was removed by filtration and the peptide resin
was washed with methanol (3x), 0.5 % sodium
diethyldithiocarbamate in DMF (w/v, 3x), DMF (3x) and DCM
(3x) yielding intermediates 27-35.

After Fmoc deprotection, acidolytic cleavage from the solid
support, ether precipitation, and oxidative disulfide formation,
macrocyclic peptides were isolated via semi-preparative RP-
HPLC. This gave compounds 1-8, 10, 12, 14, and 16 as white
solids in the following yields. 1: 13.5 mg (17 %); 2: 14.9 mg
(18.6 %); 3: 9.3 mg (11.6 %); 4: 6.3 mg (7.8 %); 5: 2.4 mg (3 %);
6: 2 mg (2.5 %); 7: 0.5 mg (0.6 %); 8: 5.1 mg (6.2 %); 10: 4.6 mg
(5.8 %); 12: 4 mg (5 %); 14: 4 mg (4.9 %); 16: 2 mg (2.4 %). For
analytical data, please refer to the supporting information.

Triazolyl-containing peptides 9, 11, 13, and 15. Azide-
bearing peptide resin 26 was assembled on a TentaGel S AC-
Asp(#-Bu) Fmoc resin (loading: 0.21 mmol/g) according to the
described procedures on a 0.25 mmol scale, washed (3x with
DCM and 3x with ether) and dried in an exsiccator.

On-support copper(l)-catalyzed azide-alkyne cycloaddition
(CuAAC) was conducted with 0.05 mmol of intermediates 26 and

1o the respective alkyne component (N-Boc-propargylamine, methyl

propiolate, or phenylacetylene) according to the scheme laid out
in Fig. 2D. A solution of 5 eq alkyne, 1 eq copper(Il) sulfate
pentahydrate (CuSOy4-5H,0), 1 eq sodium ascorbate (NaAsc) and
8 eq DIEA in 5 mL argon-flushed DMF was added to the peptide
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resin and shaken at ambient temperature overnight. Then, the
solution was removed by filtration and the peptide resin was
washed with methanol (3x), 0.5 % sodium diethyldithiocarbamate
in DMF (w/v, 3x), DMF (3x) and DCM (3x) yielding
intermediates 36-38.

The Fmoc protecting group was removed according to the
described procedure. The remaining N-terminal residues were
attached to each triazolyl-containing peptide resin yielding
intermediates  39—41. After Fmoc deprotection, acidolytic
cleavage from the solid support, ether precipitation, and oxidative
disulfide formation, macrocyclic peptides were isolated via semi-
preparative RP-HPLC. This gave compounds 9, 11, 13, and 15 as
white solids in the following yields. 9: 16.8 mg (21.2 %); 11: 6.6
mg (8.2 %); 13: 4.1 mg (5.1 %); 15: 42 mg (5.1 %). For
analytical data, please refer to the supporting information.

Triazolyl-containing peptide 42. Inhibitor 42 was
synthesized following a strategy similar to that described for
compounds 9, 11, 13, and 15. First peptide-resin intermediate
Fmoc-Aza-Cys(Trt)-His(Trt)-Pro-Asp(rBu)-resin was assembled
on a 2-chlorotrityl chloride resin preloaded with Fmoc-Asp(/Bu)
(loading: 0.23 mmol/g) on a 0.05 mmol scale. Then, a solution of
39 mg N-Boc-propargylamine (0.25 mmol), 14 mg CuSO,4 5H,O
(0.05 mmol), 10 mg NaAsc (0.05mmol) and 70 uL DIEA
(0.4 mmol) in 5 mL argon-flushed DMF were added to the
peptide resin and shaken at ambient temperature overnight. The
solution was removed by filtration and the peptide resin was
washed with methanol (3x), 0.5 % sodium diethyldithiocarbamate
in DMF (w/v, 3x), DMF (3x) and DCM (3x).

The Fmoc protecting group was removed according to the
described procedure. The remaining N-terminal residues were
attached to the triazolyl-containing peptide resin. After Fmoc
deprotection, acidolytic cleavage from the solid support, ether
precipitation, and oxidative disulfide formation, macrocyclic
peptide 42 was isolated via semi-preparative RP-HPLC. This
gave 0.9 mg (1.2 %) of pure 42 as a white solid. For analytical
data, please refer to the supporting information.

Peptides 17-22, and 43. Linear precursors were synthesized
on a 2-chlorotrityl chloride resin preloaded with Fmoc-Asp(rBu)
(loading: 0.23 mmol/g) on a 0.05 mmol scale.

After acidolytic cleavage from the solid support, ether
precipitation, and oxidative disulfide formation, macrocyclic
peptides were isolated via semi-preparative RP-HPLC. This gave
compounds 17-22, and 43 as white solids in the following yields.
17: 3 mg (3.9 %); 18: 6.2 mg (7.9 %); 19: 17.4 mg (23.9 %); 20:
11.2 mg (15.1 %); 21: 23.2 mg (31 %); 22: 9.2 mg (12.1 %); 43:
0.9 mg (1.2 %). For analytical data, please refer to the supporting
information.

Inhibitor 44. The linear precursor of 44 was synthesized on
an AmphiSpheres 40 RAM resin (0.44 mmol/g) on a 0.1 mmol
scale. After acidolytic cleavage from the solid support, ether
precipitation, and oxidative disulfide formation, the macrocyclic
peptide was isolated via semi-preparative RP-HPLC. This gave
10.5 mg (7.8 %) of 44 as a white solid. For analytical data, please
refer to the supporting information.

In Vitro Assays

Enzymes. Recombinant production, autocatalytic activation and
purification of matriptase were conducted as previously
decribed.”? Bovine trypsin was purchased from Sigma-Aldrich.
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Active-site titration and determination of Michaelis-Menten
constants Ky for the chromogenic substrate Boc-QAR-pNA was
performed as reported earlier.”

Data Collection and Analysis. All experiments were
performed in triplicate. Active-site titrated matriptase (final
concentration: [E]=0.9nM) or trypsin (final concentration:
[£]=0.5nM) were incubated with the respective inhibitor in
different concentrations [/] at pH 7.6 or 8.5 for 30 min. Then, the
chromogenic substrate Boc-QAR-pNA (final concentration:
[S] =250 uM) was added. The residual proteolytic activity (v/vy)
was determined by monitoring the absorption of the
corresponding samples in 96-well plates (NUNC, round bottom,
clear) at 405 nm in 60 sec intervals over 30 min at RT using the
Tecan GENios microplate reader. Slopes of the initial reaction
velocities (steady-state) were calculated and normalized to the
data of the uninhibited enzymatic hydrolysis of Boc-QAR-pNA.

s The determined v/v, values were plotted against the concentration

of the inhibitor. The resulting dose-response curves were fitted
either by equation | or in case of tight-binding inhibition (trypsin:
42; matriptase: 43 at pH 8.5, 44 at pH 7.6 and 8.5) by equation 2
through non-linear regression.

v (L Y
w=(7ig) M
o QEH I+ K™ ~ (214 00+ K - ALE)
o T 2[E]

@

Substrate-independent inhibition constants K; were calculated
from respective ICs, values or apparent (substrate-dependent)
inhibition constants K" using equations 3 and 4, respectively.

|

Ki= 15 (1+ %) -
Ki= K™ (14 %)71 .

Errors were calculated through propagation of errors
(compare Tischler ef al.).*’

In Silico Procedures

General. All in silico experiments were performed on an Intel®
Core™ i7-2600 workstation with 8 virtual cores using the
YASARA structure package (YASARA Biosciences) and the
YASARA2 force field.” Graphical content was generated with
YASARA and POVRay.*"*'

SDMI-2-matriptase complex. Prediction of a SFTI-1[/,/4]-
matriptase complex based on the X-ray structure of the SFTI-1-
matriptase complex (PDB ID: 3P8F) has been recently
described." * Tlel10 and Phel2 were replaced by Argl0 and
His12 within the calculated structure of the open-chain variant.
Residues Prol3 and Aspl4 were deleted and the C-terminal
amide functionality was installed. Then, Argl0 and His12 side-
chain geometries were optimized using a rotamer library and
steepest decent minimization. ¥ A global energy minimization
with an increased scaling factor for non-bonded interactions (1.2
instead of 1.0) was performed. Finally, a second energy
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minimization was performed with a reset scaling factor for non-
bonded interactions (1.0) to yield the SDMI-2-matriptase
complex depicted in Fig. 4.
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3 Summary

The studies presented in the cumulative section of this thesis illustrate a variety of
applications of disubstituted 1,2,3-triazoles for biomolecular chemistry in general and peptide
modification in particular. Taken together, these peer-reviewed reports provide a toolbox for
the design and synthesis of peptidomimetic compounds. CUAAC and RUAAC methodologies
have been established and advanced with respect to feasible conduction of regioselective
azide-alkyne cycloadditions in solution as well as on the solid support. In combination with
relevant publications by other working groups addressed in the introduction, a detailed
knowledge of the scope and limitations of 1,2,3-triazoles and general AAC techniques suitable
for peptide modification has been gathered. The described studies can be divided into two
main sections: Scaffold-based multimerization of peptide ligands and 1,2,3-triazoles as non-
natural structural elements of peptides. The latter topic comprises the design and synthesis of
biomimetic backbone segments as well as macrocyclic or linear side-chain motifs.
Bioconjugation experiments towards well-defined multivalent architectures were conducted
with five different azide-bearing ligands and two tetra alkyne RAFT molecules. CuAAC
coupling resulted in stoichiometric conversions giving desired branched peptide oligomers in
moderate to good yields. One construct contained four copies of an RGD sequence and a
fluorescent label. The addressed bioactive peptide ligand can bind to GPIIb/Illa receptor
molecules and, thus, inhibit platelet aggregation. This scaffold-based multivalent construct
may be suitable for fluorescence microscopy of GPIIb/Illa-expressing cells and have
anticoagulant activity. However, detailed biological assays have not been conducted owing to
a low expected therapeutic or diagnostic benefit. Additionally, it has to be stated that to date
more advanced bioconjugation techniques are available eliminating the need for transition
metal catalysis. Nevertheless, the reported study provides a blueprint for the successful
synthesis of heteromultivalent peptide conjugates and the described methodologies still find
application in the Kolmar group for the “scaffolding” of other ligand molecules possessing
therapeutic and diagnostic potential.

One very promising application of 1,2,3-triazoles relies on their ability to form hydrogen
bonds, their polarity, and a good solubility in water. These features render this nitrogen-
containing aromatic heterocycle a suitable hydrolysis-resistant mimic of amide bonds. The
possibility to synthesize 1,4- or 1,5-disubstituted 1,2,3-triazoles through the choice of
transition metal catalyst allows for the generation of amide mimics locked either in trans or
cis conformation, respectively. This concept has been applied to the design and synthesis of
peptidomimetic variants of monocyclic sunflower trypsin inhibitor-1 (SFTI-1[1,14]). For this
purpose, a combination of microwave-assisted Fmoc-based solid phase peptide synthesis and
on-support CuAAC as well as RuUAAC was used yielding desired compounds in sufficient
amounts for structural analysis and in vitro inhibition assays. The solution of crystal structures
of trypsin-inhibitor complexes through X-ray diffraction crystallography undoubtedly proved
the successful synthesis of functional peptidomimetics. Moreover, it has been shown that a
backbone shape corresponding to the sterically unfavorable cis isomer can be enforced at
positions of choice within a given peptide sequence. This eliminates the need for proline side
chains after cis-amides and gives rise to novel peptide structures that would not be accessable
using only canonical amino acids. As expected, it was observed that locking the opposite
conformation to the native structure of SFTI-1 results in a detrimental effect on bioactivity.
Additionally, the possibility for protection of certain backbone segments towards enzymatic
hydrolysis is provided which gives rise to an enhanced in vivo stability.

In two other studies we investigated the effect of 1,2,3-triazole-based disulfide replacements
on the biological activity of SFTI-1[1,14]. Four side-chain-to-side-chain macrocyclization
motifs differing in length and shape were installed instead of the native cystine using
commercially available azide- and alkyne-bearing building blocks. This was achieved via
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microwave-assisted Fmoc-SPPS followed by intrachain RUAAC or CuAAC on the solid support
or in solution, respectively. This yielded “triazole-bridged” peptidomimetic compounds
possessing either a 1,4- or a 1,5-disubstitution pattern. Pure products were characterized by
IR and 2D NMR spectroscopy as well as ESI-MS analysis. In vitro inhibition assays revealed
that the substitution pattern of the macrocyclization motif had a dramatic effect on
bioactivity. Interestingly, the variants possessing a 1,5-disubstitution pattern were potent
inhibitors of trypsin with substrate-independent inhibition constants K; in the single-digit
nanomolar to subnanomolar range. However, the 1,4-patterned counterparts showed a
significantly decreased bioactivity compared to the wild-type peptide. The linker length
between the peptide backbone and the triazole moiety did not have such a pronounced
influence. The in vitro results were corroborated by molecular modeling indicating that the
RuAAC products provided a better overall fit to the structure of the parent peptide. Thus, the
use of 1,5-disubstituted 1,2,3-triazoles as disulfide replacements is recommended. However,
the adequate linker length has to be determined individually for a particular biological
context.

The SFTI-1 variants containing “triazole bridges” as well as mono- and bicyclic SFTI-1 have
also been tested for activity against the pharmacologically relevant type II transmembrane
serine protease matriptase. Surprisingly, all of these six peptides possessed a dramatically
decreased affinity towards this pharmacologically relevant enzyme compared to trypsin. This
was unexpected as the negative electrostatic surface potential around the active site of
matriptase should provide significant attractive contributions to the binding of the positively
charged SFTI-1 framework. To further study this counterintuitive result, a two-step in silico
experiment was set up using the YASARA structure software package and a customized
AMBER-based force field. First, a molecular dynamics simulation was performed. Then, 100
snapshots from the resulting trajectories were used for a local docking experiment applying
the AUTODOCK algorithm. This allowed for the calculation of free energies of binding for
every inhibitor-enzyme complex. Indeed, the yielded in silico affinities hinted towards a
tighter interaction between the SFTI-1 framework and matriptase compared to trypsin
binding. Nevertheless, a significantly reduced success rate to hit the obligatory canonical
orientation was observed for docking experiments to matriptase compared to trypsin.
Normalization of computed free energies of binding by this hit factor reflected the affinities
determined in vitro quite well. Subsequent structural analysis of the simulated peptides and
calculation of route-mean-square deviations (RMSD) for certain segments of the SFTI-1
variants gave rise to the assumption that entropic penalties originating from the terminal
regions caused the reduced potencies of the investigated peptides against matriptase in
comparison to trypsin.

These in silico results delivered useful information for possible optimization strategies which
were addressed in another study. Due to the observation of a slight preference of the
monocyclic variant of SFTI-1 (SFTI-1[1,14]) in matriptase inhibition, this peptide was used as
a lead compound for further investigations. Initial structure-guided considerations allowed for
the identification of three positions within the peptide sequence that provided the potential
for incremental beneficial modifications. Two of these residues were individually furnished
with azide-bearing non-natural building blocks to facilitate a divergent synthetic strategy via a
combinatorial approach. Additionally, substitutions with selected canonical amino acids were
performed. This procedure enabled to rapidly generate a small compound library of 22
peptides possessing different singular side-chain modifications. Matriptase inhibition assays
revealed several beneficial side-chain replacements. The most favorable modifications were
merged into one compound, which demonstrated a K; in the single-digit nanomolar range.
Notably, this variant now referred to as SFTI-1-derived matriptase inhibitor-1 (SDMI-1)
contained only standard amino acids, although significant improvements of matriptase affinity
were observed for triazole-containing compounds as well. This demonstrates the utility of this
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“click-library” approach for the rapid screening of diverse side-chain functionalities for desired
effects.

As mentioned before, a possible entropic penalty arising from the secondary loop of SFTI-1
upon binding was assumed to impair matriptase affinity. Thus, the C-terminal region of SDMI-
1 was truncated by two residues resulting in the dodecapeptide SDMI-2. This compound
possesses a similar activity towards matriptase as SDMI-1 but has an improved selectivity
profile as it is sixfold less potent against trypsin. The developed compounds might be valuable
platforms for further studies and are currently under consideration for a possible patent
application. For example, the direct attachment of radiotracers suitable for PET/SPECT
methodologies would enable the utilization as diagnostic tools for in vivo imaging. However,
the potential for additional improvements of this peptidic framework towards matriptase or
other pharmaceutically relevant proteases is not yet exhausted.
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5 Abbreviations

ADCC
aq.
AgAAC
AMBER
BBI
BOP
Boc

tBu

°C

calc.
CDC
Cp

Cp*
COD
COSs
CuAAC
9]

Da
DCM
DIEA
DMF
DMSO
DOTATOC

EI
ELISA
eq.
ESI

et al.
Fc
Fig.
FITC

Fmoc

f\ngstr(z)m (10-10 m)

amino acid

antibody-drug conjugates

antibody-dependent cell-mediated cytotoxicity
aqueous

silver(I)-catalyzed azide-alkyne cycloaddition
assisted model building with energy refinement
Bowman-Birk inhibitor
benzotriazol-1-yloxy)tris(dimethylamino) phosphonium hexafluorophosphate
tert-butyloxycarbonyl

tert-butyl

degree Celsius

cyclo

calculated

complement-dependent cytotoxicity
cyclopentadienyl

pentamethylcyclopentadien

cyclooctadien

cube-octameric silsesquioxanes
copper(I)-catalized azide-alkyne cycloaddtion
chemical shift, ppm

Dalton

dicloromethane (CH2CI2)

ethyl diisopropyl amine (Hiinig base)
dimethylformamide

dimethylsulfoxide

2-[4-[2-[[(2R)-1-[[(4R,7S,10S,13R,16S,19R)-10-(4-aminobutyl)-4-[[(2R,3R)-1,3-
dihydroxybutan-2-yl]carbamoyl]-7-[ (1R)-1-hydroxyethyl]-16-[ (4-hydroxyphenyl)
methyl]-13-(1H-indol-3-ylmethyl)-6,9,12,15,18-pentaoxo-1,2-dithia-5,8,11,14,17-
pentazacycloicos-19-yl]lamino]-1-oxo-3-phenylpropan-2-ylJamino]-2-oxoethyl]-
7,10-bis(carboxymethyl)-1,4,7,10-tetrazacyclododec-1-yl]acetic acid

electron ionization

enzyme-linked immunosorbent assay
equivalent

electro-spray ionization

et alii, et aliae, et alia

fragment, crystallizable (antibody)
figure

fluoresceinisothiocyanate

9-fluorenylmethyloxycarbonyl
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min

MS
MTBE
MW
MWD
MT-SP1

m/z

NBE
NCE
NMP
NMR

Pbf
PCy;
PDB
PEG
PET

gel filtration chromatography

gel permeation chromatography

hour

hepatocyte growth factor activator inhibitor-1
hepatocyte growth factor activator inhibitor-2
O-(7-azabenzotriazol-1-yl)-1,1,3,3-tetramethyluroniumhexafluorophosphate
O-(1H-benzotriazol-1-yl)-1,1,3,3-tetramethyluroniumhexafluorophosphate
O-(1H-6-chlorobenzotriazol-1-yl)-1,1,3,3-tetramethyluroniumhexafluorophosphate
7-aza-1-hydroxybenzotriazol
1-hydroxybenzotriazol

high-perfomance liquid chromatography
high-resolution

mean inhibitory concentration

immunoglobulin M

kilo (10%)

inhibition constant (substrate-independent)
apparent inhibition constant (substrate-dependent)
liter

wavelength

molar concentration (mol/L)

milli (10)

methyl

minute

mass spectrometry

tert-butyl-methylether

molecular weight

molecular weight distribution

membrane-type serine protease

micro (10'6)

ratio of mass to charge

nano (1079)

new biological entities

new chemical entities

N-methylpyrrolidinone

nuclear magnrtic resonance

pico (10’12)
2,2,4,6,7-pentamethylchromane-6-sulfonyl
tricyclohexylphosphine

protein data base

polyethyleneglycol

positron emission tomography
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PG

pH
Plk1
POSS
PPh,
PyBOP

RAFT
RMSD
RP

Rt
RuAAC
SAR
SDMI-1
SDMI-2
SEC
SFTI-1
SPAAC
SPANC
SPECT
SPPS
ST14

TASP
Tab.
TFA
TES
TP-1
TPO
Trt
TTSP
UV/VIS

protecting group

-Ig[H"]

polo-like kinase 1
polyhedral silsesquioxanes

triphenylphosphine

benzotriazol-1-yloxy)tripyrrolidinophosphonium hexafluorophosphate

residue

regioselectively addressable functionalized template
root-mean-square deviation

reversed-phase

retention time

ruthenium (II)-catalized azide-alkyne cycloaddtion
structure-activity relation

SFTI-1-derived matriptase inhibitor-1
SFTI-1-derived matriptase inhibitor-2

size exclusion chromatography

sunflower trypsin inhibitor-1

strain-promoted azide-alkyne cycloaddtion
strain-promoted alkyne-nitrone cycloaddtion
single-photon emission computed tomography
solid phase peptide synthesis

suppression of tumorigenicity 14 (colon carcinoma)
temperature

template-assembled synthetic peptide

table

trifluoroacetic acid

triethylsilane

tachyplesin-I

thrombopoietin

trityl

Type II transmembrane serine protease
Ultraviolet-visible

volume

initial velocity
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6 Supporting Information

This section contains the supporting information for the studies presented in section 2. It
includes relevant additional details on experimental procedures, as well as RP-HPLC or GFC
chromatograms, MS, IR and NMR spectra. Furthermore, it provides information on
crystallographic and in silico procedures.

The data in chapters 6.1 to 6.4 is also available online:

6.1

6.2

6.3

6.4

6.5

Supporting Information for:

Olga Avrutina, Martin Empting, Sebastian Fabritz, Matin Daneschdar, Holm Frauendorf,
Ulf Diederichsen, Harald Kolmar, Application of copper(I) catalyzed azide-alkyne [3+2]
cycloaddition to the synthesis of template-assembled multivalent peptide conjugates.
Org. Biomol. Chem. (2009), 7, 4177-4185.
—http://www.rsc.org/suppdata/ob/b9/b908261a/b908261a.pdf

Supporting Information for:

Marco Tischler, Daichi Nasu, Martin Empting, Stefan Schmelz, Dirk W. Heinz, Philip

Rottmann, Harald Kolmar, Gerd Buntkowsky, Daniel Tietze, Olga Avrutina, Braces for

the peptide backbone: Insights into structure-activity relationships of protease inhibitor

mimics with locked amide conformations. Angew. Chem. Int. Ed. (2012), 51, 3708-3712.

—http://onlinelibrary.wiley.com/store/10.1002/anie.201108983/asset/supinfo/anie_2
01108983 sm_miscellaneous_information.pdf?v=1&s=26a6b399ba6d4bb3e9b442c
30cc8447fc5ffb5£6

Supporting Information for:

Martin Empting, Olga Avrutina, Reinhard Meusinger, Sebastian Fabritz, Michael

Reinwarth, Markus Biesalski, Stephan Voigt, Gerd Buntkowsky, Harald Kolmar,

"Triazole Bridge": Disulfide-Bond Replacement by Ruthenium-Catalyzed Formation of

1,5-Disubstituted 1,2,3-Triazoles. Angew. Chem. Int. Ed. (2011), 50, 5207 -5211.

—http://onlinelibrary.wiley.com/store/10.1002/anie.201008142/asset/supinfo/anie_2
01008142 sm_miscellaneous_information.pdf?v=1&s=d4445de4d7733c392000cf43
08075ec4b8c683a2

Supporting Information for:

Olga Avrutina, Heiko Fittler, Bernhard Glotzbach, Harald Kolmar, Martin Empting,
Between Two Worlds: a Comparative Study on In Vitro and In Silico Inhibition of
Trypsin and Matriptase by Redox-Stable SFTI-1 Variants at Near Physiological pH. Org.
Biomol. Chem. (2012), 10, 7753-7762.
—http://www.rsc.org/suppdata/ob/c2/c20b26162f/c20b26162f.pdf

Supporting Information for:

Heiko Fittler, Olga Avrutina, Bernhard Glotzbach, Martin Empting, Harald Kolmar,
Combinatorial Tuning of Peptidic Drug Candidates: High-Affinity Matriptase Inhibitors
through Incremental Structure-Guided Optimization.

— Submitted for publication in September 2012.
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6.1 Supporting Information for Chapter 2.1

6.1.1 RP-HPLC traces for scaffolds and peptide ligands

RP-HPLC traces for scaffolds and peptide ligands were recorded at 220 (black) and 280 (red)
nm.

(061208 NVE a174 ref --c-1Pra#?--_10t0h0 DATA [PS325 Absorbance Kanal[ 1 | ]

061208 VE @174 ref --c-TPra#2-- "10to50.DATA [PS325 Absorbance Kanal2

gradient: 9—545% acetonitrile in 0.1% TFA over 30 minutes at 1 mL/min
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¢

55 AbSOrbance Kanaiz

RTminlf

gradient: 9—72% acetonitrile in 0.1% TFA over 30 minutes at 1 mL/min.
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SUPPORTING INFORMATION

z
i
o
T

g 3 B B 8 g & & 8 & 3 8 3 @ 8 & 8

o
=]

o

2
c

(081208 NE ai77 ref --4-azidobutanonic acid-- 10to50 DATZ
081208 VE a177 Tef ~4-azidobutanonic acid-- T01050.DATA [

X Absorbance Kana
25 Absorbance Kanal2

RT{min]

gradient: 9—545% acetonitrile in 0.1% TFA over 30 minutes at 1 mL/min
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(0]

N
3 HﬁJ\NH-DYRG-OH

750

700

250

200

8

S

mAU

25 Absorbance

n2

gradient: 9—+45% acetonitrile in 0.1% TFA over 30 minutes at 1 mL/min

*Vh

3

S et ettt : fWeste | : : et e Y [min]
o 2 4 6 8 10 12 14 16 18 2 4 28 32 3B 40 42 4 4
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0

N
3*Hﬁj\NH-|F>RGDYRG-0H

1.300 1

1250
1200
1150
1Joo§
1,050
1,000

9507

9003

8503

8003

7503

7003
6501

6003

550

mAU (081208 NE ai176 ref --RGD-8-- 10to50 DATA [PS325 Absorbance Kanal 1 T ]
081208 ME 2176 Tef ~-RGD-8 10t050.DATA [PS325 Absorbance Kanal2

I

gradient: 9—45% acetonitrile in 0.1% TFA over 30 minutes at 1 mL/min
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(0]
N3
5 H-EQKLISEEDAG-OH
3203 mAU (051208_NE_a167_purity-inproverment--Na-cyc-—_10io50_d DATA [P5325 Absorbance Kana
3105 051208 VE 2167 _purity-inprovement--N3-cMyc--- ~10to50__d.DATA [PS325 Absorbance Kanal2

RTminlf
22 24 26 28 30 32 34 36 38 40 42 44 46

gradient: 9—+45% acetonitrile in 0.1% TFA over 30 minutes at 1 mL/min
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SUPPORTING INFORMATION

(0]

Na Hﬁj\ NH-LLADTTHHRPWTG-0OH

1.850 3 maU 041208_NE_al61_purity-impoverment--N3-Bra
18003 041208 VE "a161_purity-impovement--N3-Brail
1.750F
1.700F
1650F
1.600F
15503
15003

--_10tob0 b DATA sorbance Kana
- "10to50_B.DATA [PS325 Absorbance Kanal2

L—M

=~

»

Waste RT [minl§
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46

gradient: 9—545% acetonitrile in 0.1% TFA over 30 minutes at 1 mL/min

99



(ME_151208 a0197 click?3A_--c-TPra--+--azbu-- QuAsc DIFA_10to50 _174mn5 DATA [PS325 Absarbance Kanal 1 T ]
325 Absorbance Kanal2

1100 ME_151208 20197 _Click23A. - -a—+--azbu— CUASC_DIEA 10to50 174min5.DATA |

gradient: 9—>45% acetonitrile in 0.1% TFA over 30 minutes at 1 mL/min
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8501

soog
7505
700§
650§
aoog
5505
5oo§
450§
400§
3505
3oo§
250§
2oo§
150§
1005

504

-503

0} (0]
HO-GRYD- NJQ\* N N=N, +}\”—DYRG—OH
3N = SN N 3
N=y =N,
HO-GRYD- _Pra N-DYRG-OH
0 c| \A’ ~Np o H
/Pra\ /Pra\
P A G
mAu 061208'NE 2172 _purltylrrproverrent = TH'aX4RGDA— "IOtoSO'b DATA[ 325bn n2

3
3 ) ) ) ) ) . . . . Waste . . . ) . . . . RT [min]
T Y R LA P VA

gradient: 9—45% acetonitrile in 0.1% TFA over 30 minutes at 1 mL/min
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O O,

gradient: 9—>45% acetonitrile in 0.1% TFA over 30 minutes at 1 mL/min
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)

N=N +}\N—EQKLISEEDAG—OH
= N H

3

~ "N
(d 3
Pra_  [Pra ‘>\m—EQKLISEEDAG—OH

A P O

1150
1100§
10503
mooog

9507

9004

850
800§

7503

7003

650

6007

550

5003

450

4007
3507
3003

250§

o
MrRREYA TR

&
3

mAU

-100$

(101208 ME_a185 ref —TX4cMyc-- 10tas0 #2 DATA [PS325 Absorbance Kanal[1 ||

101208 VE 2185 Tef —TXdcMyc-- 101050 #2.DATA [P

25 Absorbance Kanal2

gradient: 9—45% acetonitrile in 0.1% TFA over 30 minutes at 1 mL/min
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HO-GTWPRHHTTDALL— N%’N

3
N=
3N —
HO-GTWPRHHTTDALL—
(0]
P
1.900§~ AU
1.850 3
1.800 %

(o)

1750 %
17003
16503
1.600F

gradient: 9—545% acetonitrile in 0.1% TFA over 30 minutes at 1 mL/min
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o}

(@]
HO—GRYDGRPI—N//Q\‘)» N= N=N N—IPRGDYRG-OH
: N «\/N 3 "

3N
N= =N
’ \
HO-GRYDGRPI—N Pra _Pra N—IPRGDYRG-OH
H Yo || S o H
/Pra\ /Pra\/
P K G

1 mAU (ME_140409 _a026 Click001_--c-TPraK(FITC)X4 D8 pT 15 5 -- NME 10toB0loop _excelexp DATA [PS3925 Absorbance Kanal 1 T ]
E ME 140409 ~a026 Tlick001_=-c-TPraK(FITC)X4RGD8 p1.15 5 -- ME 10to80loop “excelexp.DATA [PS325 Absorbance Kanal2

3]

=]
i
t

(=]

Tabolll 1t

-50

1

o
N
IS
=
©
5]
N
N
>
»
8
N
b
8
&
8
8
®
8
&
5
IS
S
5

gradient: 9—72% acetonitrile in 0.1% TFA over 30 minutes at 1 mL/min.
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6.1.2 RP-HPLC Traces for the Macrocyclization of Cyclic Decapeptide Scaffolds

RP-HPLC traces for the macrocyclization of NH2-Pra-Lys(Boc)-Pra-Pro-Gly-Pra-Ala-Pra-Pro-
Gly-OH to cyclo-(Pra-Lys(Boc)-Pra-Pro-Gly-Pra-Ala-Pra-Pro-Gly) using HBTU orPyBOP were
recorded at 220 (black) and 280 (red) nm.

HBTU activation

Pra Pra

N

~
Ala Pro

Pra
-\'Ly§" .-73ﬂ:

A =z
%ﬁ 7
(3ny/;;

ra
A

)y .
BocHN min.
NH,-Pra-Lys(Boc)-Pra-Pro-Gly-Pra-Ala-Pra-Pro-Gly-OH —>HBTU /DIEA ¥
H,N
}—NHZ-Pra-Lys(Boc)—Pra-Pro-GIy-Pra-AIa-Pra-Pro-GIy-OH
HaNg

mayj

Reference: NH,-Pra-Lys(Boc)-Pra-Pro-Gly-Pra-Ala-Pra-Pro-Gly-OH

1.150
3 mAU (011208 ME a153 --o-TPraK-crude-- 10ta50 DATA [PS325 Absorbance Kanal 1 T ]
E 011208 VE 2153 --o-TPraK-crude-- ~10t050.DATA [PS325 Absorbance Kanal2

11003
10503
10003
9503
903
8503
8003
7503
7003
6503
6003
5503
5003
as0}
Y
3503
3003
250}

2003

150
1003

503

03

,50%..

00}

gradient: 9—>45% acetonitrile in 0.1% TFA over 30 minutes at 1 mL/min
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Reaction mixture:

1.8004
1.7503
1.7003
1.6503
1.6003
1.5503
1.5003
1.4503
14003

1.3503
1.3003
1.2503
1.2003
1.1503
1.1003
1.0503
1.0003

9503

9003

mAU

PS325 Absarbance Kanal T | ]

325 Absorbance Kanal2

R,= 26 min: guanidinated open chain precursor
R/~ 30 min: cyclo-(Pra-Lys(Boc)-Pra-Pro-Gly-Pra-Ala-Pra-Pro-Gly)
gradient: 9545% acetonitrile in 0.1% TFA over 30 minutes at 1 mL/min
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PyBOP activation

A =
A =
Pra\ Pra
Gly Ala Pro
PyBOP / DIEA /- ra
NH,-Pra-Lys(Boc)-Pra-Pro-Gly-Pra-Ala-Pra-Pro-Gly-OH @~ ———  — — & e N ” N\
ro Lys Gly
)
BocHN’(J 4

Reference: NH,-Pra-Lys(Boc)-Pra-Pro-Gly-Pra-Ala-Pra-Pro-Gly-OH
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1000
9503
9003
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(VE_190309_a001_--o-T-PraK(Bac) crude--_30i080 DATA [PS325 Absorbance Kana[1 | ]

VE-190309 2001 —-o-T-FraK(Boc) crude-- 30t080.DATA [P

25 Absorbance Kanal2

RTimir]

gradient: 30—+80% methanol in 0.1% TFA over 30 minutes at 1 mL/min

44 46
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SUPPORTING INFORMATION

Reaction mixture:
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VE 200309 2003, —c-T-FraK(Bo

)_ref_for test Boc-cl

[eavage—_30foR0 DATA [PS325 Absarbance Kanal 1]
_tef_For_Test Boc-cleavage--_30to80.DATA [P

25 Absorbance Kanal2

R/~ 24 min: cyclo-(Pra-Lys(Boc)-Pra-Pro-Gly-Pra-Ala-Pra-Pro-Gly)
gradient: 30—80% methanol in 0.1% TFA over 30 minutes at 1 mL/min
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6.1.3 ESI-MS Spectra of Bioconjugates
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: 0 | ~w| PO
(M+2Na-HJ / Pra Pra
1391.7 P P ¥
8
- CegHgN o0
[M-+3Na-2H] 56117322113
14137 calc. mass: 1346,§
M=K [M+4Na-3H]*
1385.7 [MNa+K-H] o 21:];35.6 [Mﬁlg??;m]f
; i A [M+3Na+K-3H]* . s
B T G
G s i o At R T PRI FYTT fsamcnalita, .th.
820.7
6856 11997
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1724 941.6 l
124 43813.:‘1 ol T o [T | R | ¥ X
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miz

Conjugate 8: C5¢H,gN,,0,5 Calc. Mass: 1346.6
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SUPPORTING INFORMATION
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Conjugate 9: Cy140H194N50046, Calc. Mass: 3311.4
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Martin Empting

DOCTORAL THESIS
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Conjugate 10: Cy;6H326N75062, Calc. Mass: 5004.5
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SUPPORTING INFORMATION

z/m

08T°
|

gulc ce=95791 L

DY uop

0ETS
|

AOUJEAYS LU LWPY

VL/edEpay L/ JluclBoeuLinane/ Lso/eqed/

0809
|

0€09
|

i

OOODOOOORO
€21 N NN NN NN N
COWONOUTDWN
00 00 00 O 00 WO €0 (0
WANOONT W

Nitaate

[ RORORORORORORORe)
elejelsicolisialale!
NI ISt =S
N-OCQOX~JOUOH
00 0o 0o CoCoCo0alo0o
—OPEN=N=W

VA+OH/HOAN ur gfokgopy] puryniay

I L L L L L L L L L L L

LANNL AN B N B B I B L L B

I

00+=0"

S0+30°

90+=0"

90+3g°

90+=0"

90+3G"

90+30°

90+=2g"

90+20°

20t=5°

Conjugate 11: Cy56H402N740102, Calc. Mass: 6144.9
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Martin Empting

DOCTORAL THESIS
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Conjugate 12: C324H474N196090, Calc. Mass: 7289.6

114



SUPPORTING INFORMATION
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DOCTORAL THESIS Martin Empting

6.1.4 GFC traces of Bioconjugates

GFC traces were recorded at 220 nm: (eluent: 150 m aq. NaCl at flow rate 0.75 mL / min).

Conjugate 9
Geminyx Version 1.91 INTEGRATION SSP

SYS1 - MDGFC3.SMP: (modified)

No. 27: mdgfc3 27.01 Acquired : 10.12.08 11:55:38
Channel 1: DAD 1 chrom. 220/ 5 Processed: 22.12.08 11:29
No Text

=15 25 50 75 100 125 150 175 200

98 mAbs

12.0
s 1253201

150 > 15.14:2
’

= 1:5%:03:3

18.0

21.0

24.0

27.0

30,0 ™I
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SUPPORTING INFORMATION

Conjugate 10
Peptide ligand 5:

Geminyx Version 1.91 INTEGRATION SSP

SYS1 - MDGFC3.SMP: (modified)

No. 23: mdgfe3 23.01 Acquired : 10.12.08 09:44:56
Channel 1: DAD 1 chrom. 220/ 5 Processed: 22.12.08 1T#16
No Text

-10 20 40 60 80 100 120 150

| | |
03 hAbE

10—

15.0— _————= 14.99:1

18.0 |

21.0

24.0

27.0 !

i |
30.0 min |
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DOCTORAL THESIS Martin Empting

Conjugation product 10:

Geminyx Version 1.91 INTEGRATION SSP

S¥YS1 - MDGFC3.SMP: (modified)

No. 28: mdgfe3 28.01 Acquired : 10.12.08 13:53:24
Channel 1: DAD 1 chrom. 220/ 5 Processed: 22.12.08 LT3
No Text

-30 75 150 225 300 375 500

|
0.3 hhba

12%:0— o T

———— 12.76:1

{
e 114.92:2
15.0 /

18.0

21.0

24.0

27.0

30.0
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SUPPORTING INFORMATION

Conjugate 11
Peptide ligand 6:

Geminyx Version 1.91 INTEGRATION

SYS1 - MDGFC3.SMP: (modified)

No. 24: mdgfec3 24.01 Acquired : 10.12.08
Channel 1: DAD 1 chrom. 220/ 5 Processed: 22.12.08
No Text
e 25 50 75 100

0.3 | |

3.0

6.0

9.0

12.0— Ve

15.0— D 15.10:2

18.0 I

21.0

24.0 !

27.0 |

30,0 M0

1017 2.
1T=282

125

150

175

= 12.59:1

SSP

200

mAbs
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DOCTORAL THESIS Martin Empting

Conjugation product 11:

Geminyx Version 1.91 INTEGRATION SSP
S¥YS1 - MDGFC3.SMP: (modified)
No. 35: mdgfe3 35.01 Acquired : 10.12.08 19:19:44
Channel 1: DAD 1 chrom. 220/ 5 Processed: 22.12.08 11551
No Text
=10 20 40 60 80 100 120 150
| | |
0.3 i mAbs
;
3.0— ?
I3
3
6.0
i
F
:
9.0 2
- 10.82:1
12.0 Lz
f‘
15.0— T 14.92:2
e
[
£
;
;
18.0 t
[
§
3
19
|
21.0 [
24.0 ;
f
[
27.0 {

30.0
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SUPPORTING INFORMATION

Conjugate 12
Peptide ligand 7:

Geminyx Version 1.91 INTEGRATION SSP
SYS1 - MDGFC3.SMP: (modified)
No. 25: mdgfe3 25.01 Acquired : 10.12.08 10:48:16
Channel 1: DAD 1 chrom. 220/ 5 Processed: 22.12.08 1T:26
No Text
-30 75 150 225 300 375 500
|
0.3 hAbE
|
|
S |
6.0
9.0
12.0—
‘\\.
) 13.68:1
—
15.0—

18.0

21.0 /

24.0 !

27.0

min

30.0
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DOCTORAL THESIS Martin Empting

Conjugation product 12:

Geminyx Version 1.91 INTEGRATION
SYS1 - MDGFC3.SMP: (modified)
36: mdgfe3 36.01

No.
Channel 1: DAD 1 chrom. 220/ 5
No Text
-8 20 40
0.3 [
¢
g —
6.0
(
[
[
[
9.0 L
g
a - I e
15:0—
//‘r‘
,,/ .
Z
18.0 4
.-/4’
21.0 {
i
24.0 i
¢
!
|
4
27..0 i
3
[
3
!
30,0 Min J

Acquired 10.12.08
Processed: 22.12.08

60 80

20:03:12
11:53

100

s 13, 524:1

120

ssp

150
mAbs
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SUPPORTING INFORMATION

Conjugate 13
Peptide ligand 5 see “conjugate 10”
Conjugation product 13:

Geminyx Version 1.91 INTEGRATION

SYS1 - MDGFC4.SMP: (modified)

No. 80: mdgfc4 80.01 Acquired : 15.04.09
Channel 1: DAD 1 chrom. 220/ 5 Processed: 20.04.09
No Text
=810 10.0 20.0 30.0 40.0
0.3 !
g o]
6.0—
9.0
“\.
12.0

15.0

18.0

21.0 i

24.0

27.0

10:48:58
18:09
50.0 60.
|
S LT

SSP

75.

mAbs

25.9
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DOCTORAL THESIS Martin Empting

GEC trace of 13 at 220 nm and 485 nm:

Geminyx Version 1.91 Chromatogram Overlay SSP

58.

52.

45.

= A

30.

22

LB

g mV

A5

20.

MDGFC4 .80 1/220/5
MDGFC4 .80 4/485/5

25.0

min

29.9
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6.2 Supporting Information for Chapter 2.2

6.2.1 Synthetic Procedures

General Information

Chemicals and solvents were purchased from Bachem, Iris Biotech, Novabiochem, Sigma-
Aldrich, Rapp Polymere, Roth, or Varian (Agilant). Azide and alkyne building blocks Fmoc-L-
propargylglycine (Fmoc-Pra-OH), Fmoc-L-azidoalanine (Fmoc-Aza-OH) and Fmoc-L-
azidohomoalanine (Fmoc-Aha-OH) were obtained from Iris Biotech and chloro(pentamethyl-
cyclopentadienyl) (cyclooctadiene)ruthenium(II) (Cp*RuCl(COD) from Sigma-Aldrich.
Analytical HPLC was conducted with a Varian 920-LC system using a Phenomenex Hypersil 5u
BDS C18 LC column (150 x 4.6 mm, 5 um, 130 A). Semi-preparative RP-HPLC was performed
on a Varian modular system comprising a PrepStar 218 Solvent Delivery Module, a ProStar
410 HPLC AutoSampler and a ProStar 325 Dual Wavelength UV-Vis HPLC Detector using a
YMC J'sphere ODS-H80 C-18 LC column (250 x 20 mm, 4 um, 8 nm). The eluent system for
analytical and semi-preparative HPLC consisted of eluent A (0.1% ag. TFA) and eluent B
(90 % aq. acetonitrile containing 0.1% TFA).

ESI mass spectra were recorded with a Shimadzu LCMS-2020 equipped with a Phenomenex
Jupiter 5u C4 LC column (50 x 1 mm, 5 um, 300 A). The eluent system consisted of eluent A (0.1 %
aq. formic acid, LC-MS grade) and eluent B (100 % acetonitrile containing 0.1% formic acid,
LC-MS grade).

NMR studies were conducted on a Bruker DRX 300 instrument (300 MHz). All samples were
dissolved in CD,Cl,. Resulting spectra were processed and analyzed using the MestReNova
software (Mestrelab Research) and are given in section 5.

Synthesis of Azide and Alkyne Building Blocks for Fmoc-SPPS

(2S)-2-Azido-propanoic acid (7). A solution of sodium azide (5 g, 76.9 mmol) was dissolved
in distilled H,O (13 mL) with CH,Cl, (22 mL) and cooled on an ice bath. Triflyl anhydride
(2.5 mL, 14.9 mmol) is added slowly over 5 min with stirring continued for 2 h. The mixture
was placed in a separatory funnel and the CH,Cl, phase was removed. The aqueous portion
was extracted with CH,Cl, (2 X 20 mL). The organic fractions containing the triflyl azide
were pooled and washed once with saturated Na,CO; and used without further purification. A
mixture of L-alanine (715 mg, 8.0 mmol), K,CO; (1.63 g, 11.8 mmol), CuSO, pentahydrate
(28 mg, 0.112 mmol) was dissolved in 75 mL H,O/methanol solution (1:2, v:v), and the
prepared triflyl azide in CH,Cl, was added. The mixture was stirred at ambient temperature
overnight. Subsequently, the organic solvents were removed under reduced pressure and the
aqueous slurry was diluted with H,O (150 mL), acidified to pH 6 with conc. HCl, diluted with
150 mL phosphate buffer (0.25 M, pH 6.2), and extracted with EtOAc (4 X 80 mL) to remove
sulfonamide by-product. The aqueous phase was then acidified to pH 2 with conc. HClL. The
product was obtained from another round of EtOAc extractions (3 X 80 mL). These EtOAc
extracts were combined, dried over MgSO,(s) and evaporated to dryness giving 828 mg of
(2S)-2-azido-propanoic acid as a pale oil (90 % yield) with no need for further purification.

'H NMR (300 MHz, CD,Cl,) 6 = 11.20 (s, 1 H), 4.08 (q, J = 6 Hz, 1 H), 1.54 (d, J = 6 Hz, 3
H); *C NMR (75 MHz, CD,Cl,) § = 177.2, 57.1, 16.5. EI-MS: m/z: [M]* obsd. = 115.0
(calc = 115.04).

(25,35)-V-(9-Fluorenylmethyloxycarbonyl)-1-ethynyl-2-methyl-butylamine (8) and (25)-
N-(9-fluorenylmethyloxycarbonyl)-2-ethynyl-pyrrolidine (9). The respective Boc-protected
Weinreb-amide (9.3 mmol) was dissolved in anhydrous CH,Cl, (75 mL), and the resulting
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solution was cooled to -78 °C in a dry ice/acetone bath. Diisobutylaluminum hydride (1 M in
CH,Cl,, 13 mL, 13 mmol) was added dropwise, and the resulting mixture was stirred at -78 °C
for 45 min. Excess hydride was quenched by the addition of anhydrous MeOH (20 mL) and
the resulting solution was warmed to O °C in ice/water bath. Potassium carbonate (2.8 g,
20 mmol) and dimethyl-(1-diazo-2-oxopropyl)phosphonate (Bestmann-Ohira reagent, 2.09 g,
10.8 mmol) were added to the reaction mixture. The resulting solution was stirred at room
temperature for 19 h. The solvents were removed under reduced pressure, and the crude
residue was dissolved in 200 mL EtOAc/H,0 mixture (1:1, v:v). The layers were partitioned,
and the organic extracts were washed with water and dried over anhydrous MgSO,(s). The
solvent was removed under reduced pressure, and the pale oil purified by column
chromatography (silica gel 60 0,040-0,063 mm, 230-300 mesh, eluent CHCl;/CH3;0H, 100:1,
v:v) to yield the Boc-protected intermediates (2S,3S)- N-(tert-butyloxycarbonyl)-1-ethynyl-2-
methyl-butylamine (56 %) and (2S)-N-(tert-butyloxycarbonyl)-2-ethynyl-pyrrolidine (57 %),
respectively.

Respective Boc-protected alkyne (4.7 mmol) was dissolved in 50 % TFA in CH,Cl, (10 mL)
and stirred at room temperature for 90 min. The solvent was removed under reduced pressure
to yield a pale oil. This oil was dissolved in 50 % acetone in H,O (20 mL) and Na,CO; (611
mg, 5.7 mmol) was added. Fmoc-OSu (1.8 g, 5.3 mmol) was added stepwise while the pH
was kept at 9-10 by addition of 1 M aq Na,COs. After stirring overnight, EtOAc (20 mL) was
added and the mixture was acidified with 6 M HCl. The organic layer was separated, washed
with H,O (4 times with 10 mL each) and dried over anhydrous MgSO,. The organic solvents
were removed under reduced pressure and the crude residue was washed with hexane to give
alkynes 8 and 9 as white solids in 1.375 g and 1.459 g (85 % and 82 % yield), respectively.

8: 'H NMR (300 MHz, CD,Cl,) § = 7.82 (d, J = 9 Hz, 2 H), 7.65 (d, J = 9 Hz, 2 H), 7.4 (m, 4
H), 514 (d, J = 6 Hz 1 H), 45 (m, 3 H), 4.26 (t, J= 6 Hz, 1 H), 2.80 (s, residual
succinimide), 2.36 (d, J = 3 Hz, 1 H), 1.69-1.54 (m, 2 H), 1.27 (m, 1 H), 0.99 (m, 6 H); *C
NMR (75 MHz, CD,Cl,) 6 = 155.3, 144.0, 141.3, 127.7, 127.0, 125.0, 119.9, 81.5, 72.0, 66.7,
47.3,39.2, 42.1, 25.9, 14.2, 11.3; ESI-MS: m/z: [M+Na]* obsd. = 356.3 (calc = 356.16).

9: 'H NMR (300 MHz, CD,Cl,) § = 7.83-7.33 (m, 8 H), 4.59 (d, J = 3 Hz, 1 H), 4.5-4.30 (m,
3 H), 3.55 (s, 1 H), 3.42 (m, 1 H), 2.35 (s, 1 H), 2.15-1,98 (m, 4 H); *C NMR (75 MHz,
CD,Cl,) 0 = 154.27, 144.20, 141.27, 127.59, 126.95, 125.12, 119.85, 77.53; 69.91, 67.18,
48.34, 47.33, 45.89, 32.95, 24.45; ESI-MS: m/z: [M+Na] " obsd. = 340.3 (calc = 340.13).

Peptide Synthesis and Macrocyclization

General Fmoc-SPPS procedure. Peptides were synthesized in a Liberty 12-channel
automated peptide synthesizer on a Discover SPS microwave peptide synthesizer platform
(CEM) using the Fmoc strategy. All peptides were synthesized on a Fmoc-Asp(tBu) preloaded
TentaGel® S AC resin 0.22 mmol/g (Rapp Polymere). All amino acids were attached by
double or triple coupling employing 4 eq of the corresponding amino acid, 4 eq of 2-(1H-
benzotriazol-1-y1)-1,1,3,3-tetramethyluronoium hexafluorphosphate (HBTU) and 8eq of
DIEA, or in case of cysteine 3-4eq of 2,4,6-trimethylpyridine (collidine). Arginine and
cysteine were coupled using a two step microwave program: 1. RT, 0 W, 25 min; 2. 75 °C, 25
W, 0.5 min (Arg) and 1. RT, 0 W, 2 min; 2. 50 °C, 25 W, 4 min (Cys), respectively. All other
amino acids were coupled using a standard microwave program: 75 °C, 21 W, 5 min. Fmoc
deprotection was achieved in two steps by reaction with 20% piperidine in DMF at 75 °C, 42
W, for 0.5 min (initial deprotection) followed by a second deprotection step with 20%
piperidine in DMF at 75 °C, 42 W, for 3 min.

Cleavage of peptides from the solid support and removal of side chain protecting groups was
achieved via acidolysis using a standard cleavage cocktail consisting of trifluoroacetic acid
(TFA)/H,0/anisole/triethylsilane (TES) (47:1:1:1, v:v:v:v) and 1,4-dithio-D-threitol (DDT).
The resulting reaction mixture was shaken for 3 h at RT followed by precipitation and
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subsequent washing (4x) with methyl tert-butyl ether (MTBE) to yield crude unprotected
peptides.

[Ala®]SFTI-1[ 1, 14] (1). The linear precursor GRCTKSIAPICFPD was synthesized according to
the automated Fmoc-SPPS protocol on a 0.1 mmol scale. Acidolytic cleavage, ether
precipitation and washing gave 109.9 mg of crude linear peptide (72.9 %). Oxidative
macrocyclization was conducted with 10 mg (6.65 umol) of reduced peptide in solution
(1 mg/mL) in 100 mM (NH,),CO; aq with 0.5 % (v:v) DMSO over three days at RT. The
solvent was removed by freeze-drying followed by semi-preparative purification via HPLC to
yield 3.7 mg (2.46 umol, 27.1 % overall yield) of pure disulfide bridged peptide 1. RP-HPLC:
Rt = 14.5 min, 18 % acetonitrile over 2 min followed by 18 %—41.5 % acetonitrile over 20
min in 0.1 % aq. TFA at flow rate 1 ml/min. ESI-MS: m/z: [M+2H]** obsd. = 754.06
(calc = 753.37), [M+3H]** obsd. = 503.13 (calc = 502.58), [M-H] obsd. = 1504.09 (calc =
1503.71), [M-2H]?* obsd. = 751.85 (calc = 751.35).

[Ala®1SFTI-1[ 1, 14] (2). The linear precursor GRCTKSIPAICFPD was synthesized according to
the automated Fmoc-SPPS protocol on a 0.1 mmol scale. Acidolytic cleavage, ether
precipitation and washing gave 137.6 mg of crude linear peptide (86.0 %). Oxidative
macrocyclization was conducted with 10 mg (6.65 umol) of reduced peptide in solution
(1 mg/mL) in 100 mM (NH,),CO; aq with 0.5 % (v:v) DMSO over three days at RT. The
solvent was removed by freeze-drying followed by semi-preparative purification via HPLC to
yield 1.0 mg (665 nmol, 9.1 % overall yield) of pure disulfide bridged peptide 1. RP-HPLC: Rt
= 14.9 min, 18 % acetonitrile over 2 min followed by 18 %—41.5 % acetonitrile over 20 min
in 0.1 % aq. TFA at flow rate 1 ml/min. ESI-MS: m/z: [M+2H]** obsd. = 754.08
(calc = 753.37), [M+3H]** obsd. = 503.10 (calc = 502.58), [M-H] obsd. = 1504.09 (calc =
1503.71), [M-2H]?* obsd. = 751.84 (calc = 751.35).

[IA”®ISFTI-1[1,14] (3) and [IA”®ISFTI-1[1,14] (4). Peptide resin 10 (H-
PIC(Trt)FPD(tBu)-resin) was synthesized according to the automated Fmoc-SPPS protocol on
a 0.25 mmol scale. Azide acid 7 was attached to the free N-terminus using HATU/DIEA
activation under microwave irradiation (double coupling; conditions: 60 °C, 30 W, 60 min;
3eq of acid 7, 2.9 eq HATU, 6 eq DIEA). The resulting peptide resin 12 was dried, weight
(1.257 g) and splitted to use one half (0.125 mmol) for on resin RUAAC and the other
(0.125 mmol) for on resin CuAAC, respectively.

RUuAAC attachment of alkyne 8 Peptide resin 12 (0.125 mmol) was placed in a 20 mL syringe
barrel suitable for Fmoc-SPPS fitted with a frit (syringe piston removed) and an argon line
attached at the outlet nozzle. 166.5 mg of alkyne 8 (4 eq) were added in dry DMF (5 mL)
from top, argon was bubbled through the mixture for 10 min. Then 9.5 mg Cp*RuCl(COD)
(20 mol% according to initial loading of the resin) were added from top and the reaction
mixture was bubbled with argon for another 10 min. Then the syringe was carefully sealed
with the syringe piston from top and with a cover at the outlet nozzle. The sealed syringe and
an open reference syringe filled with DMF were placed in the manual Discover SPS microwave
peptide synthesizer with the fiber-optic temperature probe measuring the temperature of the
reference. After running the microwave program (60 °C, 30 W, 5 h) the solution was removed
via filtration and the peptide resin was washed with methanol (3 times), 0.5 % sodium
diethyldithiocarbamate in DMF (w/v, 3 times) DMF (3 times) and dichloromethane (DCM, 3
times). The peptide resin was dried to yield intermediate 14.

CuAAC attachment of alkyne 8 166.5 mg of alkyne 8 (4 eq) were dissolved in dry DMF
(5 mL) and 7 mg copper(Il) sulfate pentahydrate (CuSO4-5H,0, 20 mol% of initial loading of
the resin), 5 mg sodium ascorbate (NaAsc) and 170 uL. DIEA were added. The yellowish
suspension was added to peptide resin 12 (0.125 mmol) and the reaction mixture was shaken
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at ambient temperature for 5 h. The solution was removed via filtration and the peptide resin
was washed with methanol (3 times), 0.5 % sodium diethyldithiocarbamate in DMF (w/v, 3
times) DMF (3 times) and dichloromethane (DCM, 3 times). The peptide resin was dried to
yield intermediate 15.

Triazolyl peptide resins 14 and 15 were subjected to the automated Fmoc-SPPS procedure to
assemble the N-terminal sequence GRCTKS using the described protocol. Subsequent
acidolytic cleavage from the solid support, ether precipitation and washing gave 137 mg of
crude linear 1,5-disubstituted 1,2,3-triazole containing peptide GRCTKS[IcA]PICFPD (72 %)
and 137 mg of crude linear 1,4-disubstituted 1,2,3-triazole containing peptide
GRCTKS[ItA]PICFPD (72 %).

Air-mediated oxidation of GRCTKS[IcA]PICFPD was conducted with 44 mg (26.15 umol) in
solution (1 mg/mL) in 100 mM (NH,4),CO; aq over three days at RT. The solvent was removed
by freeze-drying followed by semi-preparative purification via HPLC to yield 6.3 mg (4.12
wmol, 11.3 % overall yield) of pure disulfide bridged peptide 3. RP-HPLC: Rt = 13.6 min, 18
% acetonitrile over 2 min followed by 18 %—41.5 % acetonitrile over 20 min in 0.1 % agq.
TFA at flow rate 1 ml/min. ESI-MS: m/z: [M+1H]" obsd. = 1530.01 (calc = 1529.74),
[M+2H] ** 765.84 (calc = 765.37), [M+3H]*" obsd. = 510.87 (calc = 510.58), [M-H] obsd.
= 1528.0 (calc = 1527.72), [M-2H]* obsd. = 763.75 (calc = 763.35).

Air-mediated oxidation of GRCTKS[ItA]PICFPD was conducted with 48 mg (31.38 umol) in
solution (1 mg/mL) in 100 mM (NH,4),CO; aq over three days at RT. The solvent was removed
by freeze-drying followed by semi-preparative purification via HPLC to yield 5.3 mg (3.46
wmol, 7.9 % overall yield) of pure disulfide bridged peptide 4. RP-HPLC: Rt = 15.35 min, 18
% acetonitrile over 2 min followed by 18 %—41.5 % acetonitrile over 20 min in 0.1 % agq.
TFA at flow rate 1 ml/min. ESI-MS: m/z: [M+2H]*" obsd. = 765.80 (calc = 765.37),
[M+3H]*" obsd. = 510.87 (calc = 510.58), [M-H] obsd. = 1527.96 (calc = 1527.72), [M-
2H]* obsd. = 763.74 (calc = 763.35).

[PcA®®]SFTI-1[1,14] (5) and [PtA®]SFTI-1[1,14] (6). Peptide resin 11 (H-
IC(Trt)FPD(tBu)-resin) was synthesized according to the automated Fmoc-SPPS protocol on a
0.2 mmol scale. Azide acid 7 was attached to the free N-terminus using HATU/DIEA
activation under microwave irradiation (double coupling; conditions: 60 °C, 30 W, 60 min;
3 eq of acid 7, 2.9 eq HATU, 6 eq DIEA). The resulting peptide resin 13 was dried and split
into two charges: one half (0.1 mmol) for on resin RUAAC and the other (0.1 mmol) for on
resin CuAAC.

RuAAC attachment of alkyne 9. Peptide resin 13 (0.1 mmol) was placed in a 20 mL syringe
barrel suitable for Fmoc-SPPS fitted with a frit (syringe piston removed) and an argon line
attached at the outlet nozzle. 159 mg of alkyne 9 (5 eq) were added in dry DMF (6 mL) from
top, argon was bubbled through the mixture for 20 min. Then 8 mg Cp*RuCl(COD) (20 mol%
of initial loading of the resin) were added from top and the reaction mixture was bubbled
with argon for another 10 min. Then the syringe was carefully sealed with the syringe piston
from top and with a cover at the outlet nozzle. The sealed syringe and an open reference
syringe filled with DMF were placed in the manual Discover SPS microwave peptide
synthesizer with the fiber-optic temperature probe measuring the temperature of the
reference. After running the microwave program (60 °C, 30 W, 5 h) the solution was removed
via filtration and the peptide resin was washed with methanol (3 times), 0.5 % sodium
diethyldithiocarbamate in DMF (w/v, 3 times) DMF (3 times) and dichloromethane (DCM, 3
times). The peptide resin was dried to yield intermediate 16.

CuAAC attachment of alkyne 9. 159 mg of alkyne 9 (5 eq) were dissolved in dry DMF (5 mL)
and 5 mg copper(Il) sulfate pentahydrate (CuSO4-5H,0, 20 mol% of initial loading of the
resin), 6 mg sodium ascorbate (NaAsc) and 122 ul. DIEA were added. The yellowish
suspension was added to peptide resin 13 (0.1 mmol) and the reaction mixture was shaken at
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ambient temperature for 5 h. The solution was removed via filtration and the peptide resin
was washed with methanol (3 times), 0.5 % sodium diethyldithiocarbamate in DMF (w/v, 3
times) DMF (3 times) and dichloromethane (DCM, 3 times). The peptide resin was dried to
yield intermediate 17.

Triazolyl peptide resins 16 and 17 were subjected to an automated Fmoc-SPPS procedure to
assemble the N-terminal sequence GRCTKSI using the described protocol. Subsequent
acidolytic cleavage from the solid support, ether precipitation and washing gave 65.1 mg of
crude linear 1,5-disubstituted 1,2,3-triazol containing peptide GRCTKSI[PcA]JICFPD (43 %)
and 89.2 mg of crude linear 1,4-disubstituted 1,2,3-triazol containing peptide
GRCTKSI[PtA]ICFPD (59.2 %).

DMSO-mediated oxidation of GRCTKSI[PcA]ICFPD was conducted with 10 mg (6.54 umol) in
solution (1 mg/mL) in 100 mM (NH,4),COs aq with 0.5 % (v:v) DMSO over three days at RT.
The solvent was removed by freeze-drying followed by semi-preparative purification via HPLC
to yield 1.4 mg (916 nmol, 13.2 % overall yield) of pure disulfide bridged peptide 5. RP-
HPLC: Rt = 15.6 min, 18 % acetonitrile over 2 min followed by 18 %—41.5 % acetonitrile
over 20 min in 0.1 % aqg. TFA at flow rate 1 ml/min. ESI-MS: m/z: [M+2H]** obsd. =
766.03 (calc = 765.37), [M+3H]*>" obsd. = 511.12 (calc = 510.58), [M-H] obsd. = 1528.16
(calc = 1527.72), [M-2H]?* obsd. = 763.94 (calc = 763.35).

DMSO-mediated oxidation of GRCTKSI[PtA]ICFPD was conducted with 10 mg (6.54 umol) in
solution (1 mg/mL) in 100 mM (NH,),CO3 aq with 0.5 % (v:v) DMSO over three days at RT.
The solvent was removed by freeze-drying followed by semi-preparative purification via HPLC
to yield 1.8 mg (3.46 umol, 10.5 % overall yield) of pure disulfide bridged peptide 6. RP-
HPLC: Rt = 15.2 min, 18 % acetonitrile over 2 min followed by 18 %—41.5 % acetonitrile
over 20 min in 0.1 % aq. TFA at flow rate 1 ml/min. ESI-MS: m/z: [M+2H]*" obsd. = 765.98
(calc = 765.37), [M+3H]*" obsd. = 511.15 (calc = 510.58), [M-H] obsd. = 1528.0 (calc =
1527.72), [M-2H]?* obsd. = 763.85 (calc = 763.35).

6.2.2 Trypsin Inhibition Assays

General

Kinetic curves were recorded by monitoring the absorption of the corresponding samples in
96-well plates (NUNC, flat bottom, clear) at 405 nm in intervals of 60 sec over 30 min at RT
using the Tecan GENios microplate reader. All experiments were performed in triplicate.
Trypsin from bovine pancreas (Sigma) was standardized by active-site titration with
p-nitrophenyl-p'-guanidinobenzoate (NPGB) in phosphate buffered saline (PBS: 137 mM
NaCl, 2.7 mM KCl, 10.0 mM Na,HPO,, 1.76 mM KH,PO,, pH 7.4).

Determination of Michaelis-Menten Constant (Ky;) for Boc-QAR-pNA

The initial reaction rate (v ;) of the proteolytic degradation of Boc-QAR-pNA (Bachem) by
bovine Trypsin (100 nM) was determined for a series of concentrations ([S];) of the
chromogenic substrate (5000 uM - 500 uM). The Michaelis-Menten constant (Ky) was
calculated via Lineweaver-Burk plot (reciprocal initial reaction rate (1/ v ; ) versus the
reciprocal substrate concentration 1/[S];) and linear regression of the resulting data. The
experiment was performed in triplicate yielding Ky as 41.70+6.21 uM (arithmetic mean,
standard deviation given as error).

Determination of Apparent Inhibition Constant (K;**?) of SFTI Derivatives 1-6

The normalized residual proteolytic activity (v/v,) of trypsin towards the chromogenic
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substrate Boc-QAR-pNA (250 uM, Bachem) at different concentrations of linear and
monocyclic SFTI-1 analogues 1-6 (I,) was determined for ~ 0.5 nM active enzyme (E,) in
buffer (50 mM Tris/HCl, 150 mM NacCl, 0.01% Triton X-100, 0.01% sodium azide, pH 7.6).
The apparent inhibition constants (K;*’) were calculated through fitting the Morrison
equation for tight binding inhibitors (1) onto the resulting kinetic data with the Marquardt-
Levenberg algorithm of SigmaPlot 11.

(EO+10+K?7’7’)—\/(EO+IO+KEC‘W)2—45010

o 2E,

Table S1. Apparent inhibitory constants of compounds 1-6 and monocyclic SFTI-1[1,14] (wt, Ref. 13 from main
text).

Entry Name Sequence K /nM™
1 [Ala®]SFTI-1 [1,14] GRCTKSIAPICFPD 178 £ 25
2 [Ala’]SFTI-1 [1,14] GRCTKSIPAICFPD 22.2+2.6
3 [IcA7*]SFTI-1[1,14] GRCTKS[IcA]PICFPD 236 + 22
4 [1tA”®]SFTI-1 [1,14] GRCTKS[IA]PICFPD 2109 + 221
5 [PcA**]SFTI-1[1 ,14] GRCTKSI[PcA]ICFPD 1787 £ 187
6 [PtA*1SFTI-1[1,14] GRCTKSI[P£A]ICFPD 44.0 +11.4
wt SFTI-1[1,14] GRCTKSIPPICFPD 1.48£0.1

[a] Error of K** is given as the standard error of the global non-linear regression.

Calculation of Substrate Independent Inhibition Constant (K;) of SFTI Derivatives 1-6

Substrate independent inhibition constant K; was calculated from K/” and Ky using the
equation (2) (with [S] = concentration of chromogenic substrate Boc-QAR-pNA used for K*?
determination).

KPP
Ki = % ()
(1+50)
The error of K; (AK)was calculated by propagation of errors of K*” and Ky using the
following approach:

2 2
0K; 2 0K;
- 8K = |sats| - (AKTP)” 4 [] (aky? (3)
2 2
0K; 2 0K;
> MK = [lozam| - (AKTP) + S kw2 @)
Differentiation of K; with respect to K*” yields:
Lok 1 (5)
o)

Differentiation of K; with respect to Ky:

using K; = K;'*? (1 + 15

-1
E) and chain rule for differentiation yields:

130



oK _ [ & . (— ﬂ) and, thus:
6KM (1+ﬂ)2 KMZ ] .
KM
OK; KPP[s)
=TT — ©

M (1) a2

Combination of (4), (5) and, (6) gives the final formula for calculating the error of K;:

[S

2
app,
~ 8K = || | - (AKP) [ — | - (aKyy)? %)
<1+ ) <1+E) .(KM)Z

Km

6.2.3 3. Crystallography

Trypsin Crystallization, Soaking, and Data Collection

Trypsin crystals for soaking were obtained by mixing equal volumes of protein solution with
precipitant solution (1.85-2 M (NH,)»SO,4, 50 mM Tris, pH 8.5). To 10 uL of protein solution
(30-60 mg/mL bovine pancreas trypsin (Sigma T1426), 0.3 M (NH4),SO,;, 60 mM
benzamidine, 6 mM CaCl,, 0.1 M Tris, pH 8.15) 0.5 uL. DMF were added prior to
crystallization (modified from Luckett, S. et al (1999); Ref. 17 from main text). Crystals grew
in hanging-drop vapor-diffusion plates (EasyXtal; QIAGEN) at 19 °C and after 1-2 weeks
resulting crystals were used for soaking with [IcA”®]SFTI-1[1,14] or [PtA**]SFTI-1[1,14]. The
complexes of trypsin and modified inhibitors were obtained by adding small amounts of
lyophilized peptidomimetic directly to crystallization wells which were left overnight at 19 °C.
This procedure was repeated twice. In total, crystals were soaked for 8 days with [PtA®*?]SFTI-
1[1,14] and 3 weeks with [IcA”*]SFTI-1[1,14].

Prior to flash-freezing in liquid nitrogen, crystals were cryoprotected with 25% (v/v) glycerol.
X-ray diffraction data were collected at 100 K on a Rigaku MicroMax 7HF Cu anode equipped
with a Saturn 944+ detector (home source) using a 2Theta angle with 15-25° to gain a
resolution up to 1.4 A. Data were indexed, integrated, and scaled with HKL2000." Phases
were obtained with Phaser[sz]using trypsin coordinates (PDB code: 1SFI) as a search model.
The coordinates were refined with Refmac5®*'from the CCP4 suite®"and manually checked
and corrected with COOT.®*The peptidic inhibitors were manually modeled with COOT."*
Jligand (Version 1.0.25) from the CCP4 suite was used to get initial restraints for each
triazole, which were manually optimized based on small molecule data.’®*'Crystallographic
data collection and refinement statistics are summarized in Table S2. Unbiased F,-F. and final
refined 2F,-F. electron density maps for [IcA”®]SFTI-1[1,14] and [PtA*°]SFTI-1[1,14] are
shown in Figure S1 and S2, respectively. Figures were prepared using PyMOL."®
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Table S3. Crystallographic data collection (A) and refinement statistics (B) of [IcA”®]SFTI-1[1,14] and

[PtAS’g] SFTI-1[1,14] co-complex structure with bovine trypsin.

A B
[IcA®ISFTI- [PtAS*|SFTI- [lcA"]SFTI- [PtAR%|SFTI-
Data collection 101.74] ) 1[1.74] ) Refinement 107.74] ) 101,741
co-complex with co-complex with co-complex with co-complex
trypsin trypsin trypsin with trypsin
Space group P212424 P2:2424 No. Reflections 40999 36482
Cell dimensions Ruork/Riree 19.0/20.4 19.0/21.9
a, b, c(A) 618,634,693  61.1,63.2, 69.9 Rm.s
deviations
B length
a, By () 90.0,90.0,90.0  90.0, 90.0, 90.0 ( ;)”d engths 0.007 0.0087
Bond angles (°) 1.261 1.188
Resolution (A) 46.8 - 1.45 46.9-1.55
E;';h%t shell (1.48 -1.45) (1.61-1.55) Ramachandran
Rmerge 9.6 (45.3) 9.7 (39.0) favored /outliers 97.8%/0 97.8%/0
ol 21.1(3.7) 125 (2.1) Molprobity 1.43/89" 1.4/93"
score/percentile
((f;;"p'ete"ess 95.5 (84.0) 96.3 (90.4)
(4]
Redundancy 11.2(7.0) 3.8(2.2) PDB Codes 4abj 4abi

Figure S1. Unbiased F,-F. (A) and refined 2F,-F. electron density map (B) of [ICA7’8]SFTI—1[1,14] contoured at 2.5
6 and 1.0 §, respectively. Insets of A and B show a close-up on the 1,5-disubstituted 1,2,3-triazole [ICA7’8].
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Figure S2. Unbiased F,-F. (A) and refined 2F,-F. electron density map (B) of [PtAB’g]SFTI-1[1,14] contoured at 2.5
6 and 1.0 §, respectively. Insets of A and B show a close-up on the 1,4-disubstituted 1,2,3-triazole [PtAB’g].

Figure S3. Comparison of energy minimized models with those generated from crystallographic data. A
Ener7ggl minimized model of [IcA”*]SFTI-1[1,14] in yellow, crystallographic coordinates shown in grey,
[IcA”"] is highlighted in lemon. B Energy minimized model of [PtAS’g] SFTI-1[1,14] in yellow,
crystallographic coordinates shown in blue, [PtA®?] is highlighted in orange. C Close-up of B. Note that
the 1,4-disubstituted 1,2,3-triazole of [PtA*"] of the crystallographic model has flipped compared to the
energy minimized model.
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Figure S4. Comparison of the two likely conformations of 1,4-disubstituded 1,2,3-triazole of [PtA**]SFTI-
1[1,14]. Each conformation was refined with the same parameters, and its corresponding electron density
displayed. 2F,-F. maps are shown in grey with a 3-level of 1.0. F,-F, maps are shown with 8-levels of -4.0 (red)
and +4.0 (green). Conformation 1 is shown with white carbons, while conformation 2 of [Pta®?] SFTI-1[1,14] is
shown with lemon carbons. A Individually refined conformation 1 of [PtA%?1SFTI-1 [1,14]. B Individually refined
conformation 2 of [PtA*?]SFTI-1[1,14]. Places were F,-F, difference map is positive or negative are highlighted
with green or red arrows, respectively. Note that the alanine-like side-chain does not fit well into the 2F,-F.
density. C Superposition of conformation 1 (white carbons) and conformation 2 (lemon) with corresponding
2F,-F. electron density maps in grey and blue, respectively. D Refined [PtA**]SFTI-1[1,14] with one alternative
conformation. Conformation 1 atoms (white carbons) were set to 80 % occupant, while conformation 2 atoms
(lemon carbons) were set to 20 % occupant. Places were F,-F. difference map is positive or negative are
highlighted with green or red arrows, respectively. Note that conformation 2 is pushed out of 2Fo-Fc electron
density, when refined with conformation 1.

6.2.4 /n silico methods

Structures for Figure 3 from the main text

Crystal structures of peptidomimetics 3 and 6 from pdb files 4ABJ and 4ABI were aligned at
Lys5 of the inhibitor loop of 1SFI and energy minimized with YASARA structure (AMBERO3
force field, 298.1 K, pH = 7, coordinates of the respective inhibitor fixed). *”)Graphics were
rendered with POVRay (www.povray.org).

Structures for Figure S3 and S4

In silico models of peptidomimetics 3 and 6 were generated starting from 1SFI using YASARA
structure.®”’ Corresponding 1,5- and 1,4-disubstituted 1,2,3-traizoles were modeled into the
backbone, parameterized with AutoSMILES™®and energy minimized using the AMBERO3
force field. The structure of compound 6 was explicitly modeled to match the natural
hydrogen bond capabilities of the amide between Pro8 and Pro9 in the inhibitor loop of 1SFI
(see Figure S3 C and S4; Ref. 9b from main text). Nevertheless, the predominant orientation
of the 1,4-disubstituted 1,2,3-triazole within compound 6 (4ABI) was found to possess a
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“flipped” geometry (Figure S3 C).

6.2.5 Analytical Data

Plotted Kinetic Data
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[IcA”®]SFTI-1[1,14] (3)
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[PcA®?1SFTI-1[1,14] (5)
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NMR-spectra of azide and alkyne building blocks
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'H NMR spectra of (2S)-2-Azido-propanoic acid (7) recorded at 300 MHz.
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3¢ NMR spectra of (2S)-2-Azido-propanoic acid (7) recorded at 75.4 MHz.
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"H NMR spectra of (2S,3S)-N-(9-Fluorenylmethyloxycarbonyl)-1-ethynyl-2-methyl-butylamine (8) recorded at 300
MHz.
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3C NMR spectra of (25,3S)-N-(9-Fluorenylmethyloxycarbonyl)-1-ethynyl-2-methyl-butylamine (8) recorded at
75.4 MHz.
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'H NMR spectra of (2S)-N-(9-fluorenylmethyloxycarbonyl)-2-ethynyl-pyrrolidine (9) recorded at 300 MHz.
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3C NMR spectra of (25)-N-(9-fluorenylmethyloxycarbonyl)-2-ethynyl-pyrrolidine (9) recorded at 75.4 MHz.
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RP-HPLC

[Ala®]SFTI-1[1,14] (1)
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HPLC chromatogram of purified 1 recorded at 220 nm. Gradient: 18—40.5 % acetonitrile in 0.1% aq. TFA over 20 minutes at

flow rate 1 mL/min.
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HPLC chromatogram of purified 2 recorded at 220 nm. Gradient: 18—40.5 % acetonitrile in 0.1% aq. TFA over 20 minutes at

flow rate 1 mL/min.
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[IcA”®|SFTI-1[1,14] (3)
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2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34
HPLC chromatogram of purified 3 recorded at 220 nm. Gradient: 18—40.5 % acetonitrile in 0.1% aq. TFA over 20 minutes at
flow rate 1 mL/min.
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HPLC chromatogram of purified 4 recorded at 220 nm. Gradient: 18—>40.5 % acetonitrile in 0.1% aq. TFA over 20 minutes at
flow rate 1 mL/min.
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[PcA®?]SFTI-1[1,14] (5)
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HPLC chromatogram of purified 5 recorded at 220 nm. Gradient: 18—40.5 % acetonitrile in 0.1% aq. TFA over 20 minutes at

flow rate 1 mL/min.

[PtA%°]SFTI-1[1,14] (6)
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HPLC chromatogram of purified 6 recorded at 220 nm. Gradient: 18—40.5 % acetonitrile in 0.1% aq. TFA over 20 minutes at

flow rate 1 mL/min.
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6.3 Supporting Information for Chapter 2.3

6.3.1 1. 3D Modeling and Calculations

3D models of [Ala*(&"),Ala''(&*)]SFTI-1[1,14][(&"-CH,-1,5-[1,2,3]triazolyl-&*)] (2),
[Ala®(&"),Ala" (&*)]SFTI-1[1,14][(&'-1,4-[1,2,3]triazolyl-&%)] 3 and
[Ala®(&"),Ala" (&*)]SFTI-1[1,14][(&'-CH,-1,4-[1,2,3]triazolyl-&)] (4) were derived from the
NMR solution structure of monocyclic SFTI-1[1,14] (1) (PDB ID code: 1JBN) and all in silico
experiments were done with the YASARA structure package applying the YASARA 2 force
field.

After loading 1jbn.pdb into YASARA (YASARA Biosciences), an energy minimization was
performed (in vacuum). The disulfide connection between residues 3 and 11 was removed
retaining the respective C; atoms. Then, the corresponding triazole linkages were modelled
into the molecule and an energy minimization was performed (in vacuum). The obtained
macrocyclic structures of compounds 1-4 were subjected to an energy minimization in 0.9 M
NaCl (aq) at pH 7.4 and 298.16 K.

The resulting models were loaded into PyMOL 0.991c6 (DeLano Scientific LLC) and aligned at
the respective carbonyl, C,, Cs, and amide nitrogen atoms of residue 11 using the “Pair
Fitting” command wizard. Distances between C, atoms of residues 3 and 11 were calculated
with the “Measurement” command wizard. The route mean square deviations (RMSD) were
calculated for the respective carbonyl, C,, Cs, and amide nitrogen atoms of residues 3 and 11
at the compared structures using the “RMS” command.

Table S1. Summary of measured distances between C, atoms of residues 3 and 11 (d(C,3, C411)) and calculated
RMSD values for the respective carbonyl, C,, Cs, and amide nitrogen atoms of residues 3 and 11 for compounds 2,
3, 4 and 9 compaired to 1.

Entry  Structure d(Cas, Cat1) RMSD [A]
(Al

o (¢]
H H
H*Gly*Arg*NJ*Thr*Lys*Serflle*ProfProfllefNJ*Phe*ProfAsp*OH 4.00 }
e <

O O
H H
H*Gly*ArngJ*Thr*LyS*Serflle*ProfProfllefN%Phe*PrO*AspfOH

2 \ { 4.18 0.109

H-Gly-Arg- N&Thr Lys-Ser—lle-Pro-Pro-lle- NJ*Phe Pro-Asp-OH
3 4.76 0.328
\NM

N=N

o O
H H
H*Gly*ArngJ—Thr*LyS*Ser*IIe*ProfProfllefNJ~Phe*Pr07AspfOH
(oo :
N/\/

H-Gly-Arg- NJ*Thr Lys-Ser—lle-Pro-Pro—lle- NJ*Phe Pro-Asp-OH

9% \ 3/ 3.69 0.361

[a] Compound 9 was omitted from synthesis.

4.52 0.391
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6.3.2 Experimental Section

General Information

Chemicals and solvents were purchased from Bachem, Iris Biotech, Novabiochem, Sigma-
Aldrich, Rapp Polymere, Roth or Varian (Agilant). Azide and alkyne building blocks Fmoc-L-
propargylglycine (Fmoc-Pra-OH), Fmoc-L-azidoalanine (Fmoc-Aza-OH) and Fmoc-L-
azidohomoalanine (Fmoc-Aha-OH) were obtained from Iris Biotech and chloro(pentamethyl-
cyclopentadienyl) (cyclooctadiene)ruthenium(II) (Cp*RuCl(COD) from Sigma-Aldrich.
Analytical HPLC was conducted with a Varian 920-LC system using a Phenomenex Hypersil 5u
BDS C18 LC column (150 x 4.6 mm, 5 um, 130 A). Semi-preparative RP-HPLC was performed on a
Varian modular system comprising a PrepStar 218 Solvent Delivery Module, a ProStar 410
HPLC AutoSampler and a ProStar 325 Dual Wavelength UV-Vis HPLC Detector using a YMC
J'sphere ODS-H80 C-18 LC column (250 x 20 mm, 4 um, 8 nm). The eluent system for
analytical and semi-preparative HPLC consisted of eluent A (0.1% aq. TFA) and eluent B
(90 % aqg. acetonitrile containing 0.1% TFA).

ESI mass spectra were recorded with a Shimadzu LCMS-2020 equipped with a Phenomenex
Jupiter 5u C4 LC column (50 x 1 mm, 5 um, 300 A) and a Bruker-Franzen Esquire LC mass
spectrometer. The eluent system consisted of eluent A (0.1% aq. formic acid, LC-MS grade)
and eluent B (100 % acetonitrile containing 0.1% formic acid, LC-MS grade).

IR-spectra were measured on a PerkinElmer Spectrum One FT-IR spectrometer. Peptidic
samples were dissolved in methanol and applied onto a silicon wafer. After vaporization of
the solvent the coated wafer was inserted into the instrument. Recorded raw data was
exported to an ASCII file and plotted with SigmaPlot 11.0 (Systat Software, Inc).

NMR studies were conducted on a Bruker DRX 500 instrument (500 MHz). All samples were
dissolved in DMSO-ds and measured using a Shigemi Smm Symmetrical NMR microtube
(magnetic susceptibility matched to DMSQO). Resulting spectra were processed and analyzed
using the MestReNova software (Mestrelab Research) and are given in section 7. Broad
signals in the "H and HSQC spectra of 1,4-disubstitued 1,2,3-triazoles 3 and 4 might be
caused by paramagnetic contaminations (presumably traces of copper(Il) ions) due to the
solution CuAAC approach. A detailed signal assignment for 'H and "*C chemical shifts was
made for compound 1 using HSQC, HMBC, COSY, TOCSY and NOESY experiments; for
compounds 2-6 HSQC spectra are given.

Peptide Synthesis and Macrocyclization

General Fmoc-SPPS procedures. Peptides were synthesized in a Liberty 12-channel
automated peptide synthesizer on a Discover SPS microwave peptide synthesizer platform
(CEM) using the Fmoc strategy. All amino acids were attached by double or triple coupling
employing 4 eq of the corresponding amino acid, 4 eq of 2-(1H-benzotriazol-1-yl)-1,1,3,3-
tetramethyluronoium hexafluorphosphate (HBTU) and 8 eq of DIEA, or in case of cysteine 3-
4 eq of 2,4,6-trimethylpyridine (collidine). Arginine and cysteine were coupled using a two
step microwave program: 1. RT, 0 W, 25 min; 2. 75 °C, 25 W, 0.5 min (Arg) and 1. RT, 0 W,
2 min; 2. 50 °C, 25 W, 4 min (Cys), respectively. All other amino acids were coupled using a
standard microwave program: 75 °C, 21 W, 5 min. Fmoc deprotection was achieved in two
steps by reaction with 20% piperidine in DMF at 75 °C, 42 W for 0.5 min (initial deprotection)
followed by a second deprotection step with 20% piperidine in DMF at 75 °C, 42 W for 3 min.
Cleavage of peptides from the solid support and removal of side chain protecting groups was
achieved via acidolysis using a standard cleavage cocktail consisting of trifluoroacetic acid
(TFA)/H,0/anisole/triethylsilane (TES) (47:1:1:1, v:v:v:v). The resulting reaction mixture
was shaken for 3 h at RT followed by precipitation and subsequent washing (4 x) with methyl
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tert-butyl ether (MTBE) to yield crude unprotected peptides.

SFTI-1[ 1,14] (1). The linear precursor peptide H-GRCTKSIPPICFPD-OH (9) was synthesized
on a 2-chlorotrityl chloride resin (1.56 mmol/g, Iris Biotech) at 0.25 mmol scale. Loading of
the first amino acid was conducted manually by adding a solution of 206 mg Fmoc-Asp(tBu)-
OH (0.5 mmol, 2eq) and 342 ul. N,N-diisopropylethylamine (DIEA, 2 mmol, 8 eq) in a
minimum amount of DCM to 160 mg resin and shaking the resulting mixture for 2 h at room
temperature (RT). The solution was removed by filtration and the loaded resin was washed
with DCM/methanol/DIEA (17:2:1; 3 times), DCM (3 times), DMF (3 times) and DCM (3
times) and then subjected to the automated microwave assisted Fmoc-SPPS procedure. All
amino acid residues were attached using double coupling. The resulting peptide resin was
dried and splitted to keep one half for storage. To suppress unwanted oxidation of thiol
groups at residues 3 and 11 during acidolytic cleavage of the other half of the peptide resin,
dithiothreitol (DTT) was added to the cleavage cocktail. Ether precipitation and washing
yielded 146 mg of crude linear peptide 9 (95 umol, 76 % according to % of the initial loading
of the resin). Oxidative macrocyclization of crude 9 was conducted in solution (1 mg/mL) in
100 mM (NH,4),CO3; aq with 0.5 % (v:v) DMSO over two days at RT. The solvent was removed
by freeze-drying followed by semi-preparative purification via HPLC to yield 33 mg of pure
disulfide bridged peptide 1 (21.5 umol, 17.2 % according to % of the initial load of the resin).
IR (cm™) 3285, 3073, 2966, 2880, 1636, 1556, 1452, 1203, 1138. ESI-MS (m/z) [M+2H]**
obsd. = 766.50 (calc = 766.37), [M+H]"* obsd. = 1531.90 (calc = 1531.74), [M-H] obsd. =
1529.75 (calc = 1529.72), [M+TFA-H] obsd. 1643.70 (calc = 1643.72). For the isotope
pattern of [M+H]" see spectra in section 5.

In full accordance with the literature[12a], we observed that under the conditions of
conducted NMR experiments additional signals from minor conformation(s) occurred. 1H and
13C NMR shifts for the main conformer are given in tables S2 and S3.

Table S2. Observed 'H-NMR chemical shifts for main conformer of compound 1.”

Residue NH a-CH B-CH y-CH 6-CH e-CH ¢-CH Others
Gly1 n.a. 3.74 - - - - - -
Arg2 8.43 4.66 1.72,1.57 1.52 3.09 - - e-NH 7.75, HH 7.20
Cys3 8.70 5.60 2.90, 2.80 - - - - -
Thr4 8.54 413 4.20 1.27 - - - B-OH 5.32
Lys5 8.46 4.26 1.81, 1.46 1.31 1.54 2.77 - e-NH; n.a.
Ser6 7.20 4.32 3.76, 3.46 - - - - B-OH 5.17
lle7 8.24 4.24 1.72 1.37, 0.96 0.80 - - B-CH3 0.79
Pro8 - 4.95 2.25,1.87 1.77,1.67 3.46, 3.31 - - -
Pro9 - 417 2.38, 1.66 1.97,1.25 3.75, 3.49 - - -
lle10 7.55 4.27 1.72 1.34, 1.04 0.72 - - B-CH; 0.62

Cys11 8.79 5.26 2.75, 2.60 - - - - -
Phe12 8.52 4.79 3.11, 2.80 - 7.25 7.18 711 -
Pro13 - 4,44 2.04,1.95 2.66 3.69, 3.62 - - -
Asp14 8.37 4.58 2.88; 2.84 - - - - -

[a] Parameters: 500 MHz, DMSO-ds, 300K, 'H reference: DMSO = 2.50; n.a.: not assigned.
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Table S3. Observed >C-NMR shifts for main conformer of compound 1.”

Residue Ca Cs Cy Cs C. Co C=0 Others

Giy1 40.38 - - - - - n.a. -

Arg2 52.00 30.50 24.41 40.45 - - 171.58 NH2-CN=NH 157.10

Cys3 52.23 45.87 - - - - 169.89 -

Thr4 58.64 67.03 20.31 - - - 170.33 -

Lys5 51.48 28.31 22.34 26.75 38.68 - n.a. -

Ser6 53.40 63.55 - - - - n.a. -

lle7 53.71 36.68 2413 10.85 - - n.a. B-CH; 14.98

Pro8 58.62 30.31 21.62 46.30 - - n.a. -

Pro9 59.54 29.25 24.00 47.11 - - 170.82 -

lle10 56.22 35.83 23.90 10.12 - - 172.86 B-CHs3 15.22
Cys11 52.00 44.72 - - - - 168.47 -
Phe12 51.59 37.84 136.91 129.45 128.02 126.35 170.37 -
Pro13 59.69 28.98 24.00 46.94 - - n.a. -
Asp14 51.71 39.33 - - - - n.a. B-COO n.a.

[a] Parameters: 500 MHz, DMSO-ds, 300K, **C reference: DMSO = 39.50; n.a.: not assigned.

[Ala®(&"),Ala' (&*)]SFTI-1[ 1, 14 [ (&'-CH,-1,5-[1,2,3]triazolyl-&%)] (2). The 12 C-terminal
amino acid residues (intermediate 7: Fmoc-Aha-Thr-Lys-Ser-Ile-Pro-Pro-Ile-Pra-Phe-Pro-Asp-
resin) were assembled first on an AmphiSpheres 40 HMP resin (0.4 mmol/g, Varian/Agilent)
at 0.25 mmol scale using the automated microwave-assisted Fmoc-SPPS procedure. The
described general conditions using triple coupling were applied except for the following
changes. Loading of the resin with Fmoc-Asp(tBu)-OH: triple coupling, 2 eq AA, 2 eq 2-(1H-7-
azabenzotriazol-1-yl)-1,1,3,3-tetramethyluronoium hexafluorphosphate (HATU), 4 eq DIEA,
two step microwave program (1. 60 °C, 30 W, 45 min, 2. 75 °C, 20 W, 5 min). Coupling of
Fmoc-Aha-OH and Fmoc-Pra-OH: double coupling, 2 eq AA, 2 eq HATU, 4 eq DIEA, two step
microwave program (1. 60 °C, 30 W, 45 min, 2. 75 °C, 20 W, 5 min). The resin was dried to
yield intermediate 7.

Ruthenium(II)-catalyzed macrocyclization of intermediate 7 on the solid support was
conducted as follows. Dry peptide resin was placed in a 20 mL syringe barrel suitable for
Fmoc-SPPS fitted with a frit (syringe piston removed) and an argon line attached at the outlet
nozzle. After addition of dry DMF from top, argon was bubbled through the mixture for
30 min. Then 19 mg Cp*RuCl(COD) (20 mol% of initial loading of the resin) were added
from top and the reaction mixture was bubbled with argon for another 10 min. Then the
syringe was carefully sealed with the syringe piston from top and with a cover at the outlet
nozzle. The sealed syringe and an open reference syringe filled with DMF were placed in the
manual Discover SPS microwave peptide synthesizer with the fiber-optic temperature probe
measuring the temperature of the reference. After running the microwave program (60 °C, 30
W, 5h) the solution was removed via filtration and the peptide resin was washed with
methanol (3 times), 0.5 % sodium diethyldithiocarbamate in DMF (w/v, 3 times) DMF (3
times) and dichloromethane (DCM, 3 times). The peptide resin was dried to yield
intermediate 8.

The two N-terminal amino acids, glycine and arginine, were attached manually after standard
Fmoc deprotection using double coupling, 4 eq AA, 3.9 eq HBTU, 8 eq DIEA (calculated
according to initial loading of the resin) and microwave irradiation (50 °C, 30 W, 30 min).
Then the peptide resin was dried and subjected to acidolytic cleavage (standard cleavage
cocktail). Ether precipitation, washing and subsequent purification via semi-preparative HPLC
yielded 8.2 mg macrocyclic peptide 2 (5.3 umol, 2.1 % according to the initial loading of the
resin). IR (cm™) 3281, 3072, 2972, 2880, 1637, 1554, 1449, 1204, 1139. ESI-MS (m/z)
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[M+2H]*" obsd. = 775.59 (calc = 774.92), [M+H]" obsd. = 1549.03 (calc = 1548.83), [M-
2H]* obsd. = 773.10 (calc = 772.90), [M-H] obsd. = 1547.20 (calc = 1546.81). For the
isotope pattern of [M+H] " see spectra in section 5.

[Ala®(&"),Ala' (&*)ISFTI-1[ 1, 14 [(&'-1,4-[1,2,3]triazolyl-&%)] (3). The linear precursor
peptide [Aza’,Pra'']SFTI-1[1,14] (5) was synthesized on a preloaded TentaGel S AC
Asp(tBu) Fmoc resin (0.22 mmol/g, Rapp Polymere) at 0.22 mmol scale using the automated
microwave-assisted Fmoc-SPPS procedure. The described general conditions using triple
coupling were applied except for the coupling of Fmoc-Aha-OH and Fmoc-Pra-OH: double
coupling, 2 eq AA, 2 eq HATU, 4 eq DIEA, two step microwave program (1. 60 °C, 30 W,
45 min, 2. 75°C, 20 W, 5min). The resulting peptide resin was dried and subjected to
acidolytic cleavage (standard cleavage cocktail). Ether precipitation, washing and subsequent
purification via semi-preparative HPLC yielded crude 280 mg linear peptide 5 (182 umol, 83
% according to the initial loading of the resin). One half of crude 5 was purified via semi-
preparative HPLC yielding 27 mg pure linear peptide 5 (17.6 umol, 16 % according to initial
load of the resin). IR (cm™) 3287, 3073, 2968, 2880, 2110, 1668, 1531, 1448, 1203, 1137.
ESI-MS (m/z) [M+2H]*" obsd. = 768.16 (calc = 767.91), [M-H] obsd. = 1532.68 (calc =
1532.80), [M+TFA-H] obsd. 1647.79 (calc = 1646.80).

Copper(I) catalyzed macrocyclization of the other half of crude linear peptide 5 was
conducted in degassed and argon-flushed H,O (1 mg/mL) with 1eq of copper(Il) sulfate
pentahydrate (CuSO4-5H,0), 1 eq sodium ascorbate (NaAsc) and 8 eq DIEA at RT overnight.
The solvent was removed by freeze-drying followed by semi-preparative purification via HPLC
to yield 12.7 mg macrocyclic peptide 3 (8.3 umol, 7.5 % according to initial load of the resin).
IR (cm™) 3287, 3073, 2968, 2880, 1652, 1530, 1449, 1203, 1138. ESI-MS (m/z) [M+H]"
obsd. = 1535.17 (calc = 1534.81), [M+Na]* obsd. = 1557.07 (calc = 1556.79), [M-H]
obsd. = 1532.78 (calc = 1532.80), [M+TFA-H] obsd. 1646.79 (calc = 1646.79). For the
isotope pattern of [M+H] " see spectra in section 5.

[Ala®(&"),Ala''(&*)ISFTI-1[ 1, 14 [(&'-CH»-1,4-[1,2,3]triazolyl-&*)] (4). The linear
precursor peptide [Aha® Pra'']SFTI-1[1,14] (6) was synthesized on a preloaded TentaGel S
AC Asp(tBu) Fmoc resin (0.22 mmol/g, Rapp Polymere) at a scale of 0.22 mmol using the
automated microwave-assisted Fmoc-SPPS procedure. The described general parameters
using triple coupling were applied except for the coupling of Fmoc-Aha-OH and Fmoc-Pra-OH:
double coupling, 2 eq AA, 2 eq HATU, 4 eq DIEA, two step microwave program (1. 60 °C, 30
W, 45 min, 2. 75°C, 20 W, 5 min). The resulting peptide resin was dried and subjected to
acidolytic cleavage (standard cleavage cocktail). Ether precipitation, washing and subsequent
purification via semi-preparative HPLC yielded crude 278 mg linear peptide 6 (180 umol, 82
% according to the initial loading of the resin). 100 mg of crude 6 were purified via semi-
preparative HPLC yielding 24 mg pure linear peptide 6 (15.5 umol, 20 % overall yield). IR
(cm™) 3288, 3074, 2969, 2880, 2110, 1652, 1538, 1448, 1202, 1137. ESI-MS (m/z)
[M+2H]** obsd. = 775.26 (calc = 775.38), [M+2H]*" obsd. = 775.26 (calc = 774.92), [M-
H] obsd. = 1546.88 (calc = 1546.81), [M+TFA-H] obsd. 1660.89 (calc = 1660.81).

Copper(I) catalyzed macrocyclization of 50 mg crude linear peptide 6 (32.3 umol) was
conducted in degassed and argon-flushed H,O (1 mg/mlL) with 1eq of copper(Il) sulfate
pentahydrate (CuSO4-5H,0), 1 eq sodium ascorbate (NaAsc) and 8 eq DIEA at RT over night.
The solvent was removed by freeze-drying followed by semi-preparative purification via HPLC
to yield 7.8 mg macrocyclic peptide 4 (5.04 umol, 12.8 % overall yield). IR (cm™) 3288, 3074,
2969, 2880, 2110, 1652, 1538, 1448, 1202, 1137. ESI-MS (m/z) [M+Na+H]** obsd. =
786.50 (calc = 785.91), [M+H]" obsd. = 1549.11 (calc = 1548.83), [M+Na]" obsd. =
1571.06 (calc = 1571.82), [M-H] obsd. = 1546.78 (calc = 1546.81), [M+TFA-H] obsd.
1661.39 (calc = 1660.81). For the isotope pattern of [M+H]" see spectra in section 5.
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Trypsin Inhibition

Kinetic curves were recorded by monitoring the absorption of the corresponding samples in
96-well plates (NUNC, flat bottom, clear) at 405 nm in intervals of 60 sec over 30 min at RT
using the Tecan GENios microplate reader and all experiments were performed in triplicate.
Trypsin from bovine pancreas (Sigma) was standardized by active-site titration with
p-nitrophenyl-p'-guanidinobenzoate (NPGB) in phosphate buffered saline (PBS: 137 mM
NacCl, 2.7 mM KCl, 10.0 mM Na,HPO,, 1.76 mM KH,PO,, pH 7.4). The normalized residual
proteolytic activity (v/vy) of trypsin towards the chromogenic substrate Boc-QAR-pNA
(250 uM, Bachem) at different concentrations of linear and monocyclic SFTI-1 analogues 1-6
(Ip) was determined for ~ 0.6 nM active enzyme (E,) in buffer (50 mM Tris/HCI, 150 mM
NaCl, 0.01% Triton X-100, 0.01% sodium azide, pH 7.6). The apparent inhibition constants
(K™") were calculated through fitting the Morrison equation for tight binding inhibitors (1)
onto the resulting kinetic data with the Marquardt-Levenberg algorithm of SigmaPlot 11.

v (EO+10+K1.‘””'°)—J(ED+10+.f(i“’“p)2—41501O

—=1 o (M
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6.3.3 Plotted Kinetic Data
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[Ala*&"),Ala" (&)]SFTI-1[1, 14][(&-1,4-[1,2,3]triazolyl-&2)] (3)
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[Aza® Pra''|SFTI 1[1,14] (5)
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DOCTORAL THESIS Martin Empting

6.3.4 RP-HPLC
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HPLC chromatogram of purified 1 recorded at 220 nm. Gradient: 18—40.5 % acetonitrile in 0.1% aq. TFA over 20
minutes at flow rate 1 mL/min.
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SUPPORTING INFORMATION

[Ala®(&"),Ala" (&%)]SFTI-1[1,14][(&"'-CH,-1,5-[1,2,3]triazolyl-&*)] (2)
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HPLC chromatogram of crude 2 recorded at 220 nm. Gradient: 18—40.5 % acetonitrile in 0.1% aq. TFA over 20
minutes at flow rate 1 mL/min.
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HPLC chromatogram of purified 2 recorded at 220 nm. Gradient: 18—>40.5 % acetonitrile in 0.1% aq. TFA over 20
minutes at flow rate 1 mL/min.
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[Ala®(&"),Ala" (&%) ]SFTI-1[1,14][(&'-1,4-[1,2,3]triazolyl-&*)] (3)
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HPLC chromatogram of crude 3 recorded at 220 nm. Gradient: 18—>54 % acetonitrile in 0.1% aq. TFA over 20
minutes at flow rate 1 mL/min.
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HPLC chromatogram of purified 3 recorded at 220 nm. Gradient: 18—54 % acetonitrile in 0.1% aq. TFA over 20

minutes at flow rate 1 mL/min.
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SUPPORTING INFORMATION

[Ala®(&"),Ala" (&*)]SFTI-1[1,14][(&"-CH,-1,4-[1,2,3]triazolyl-&%)] (4)
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HPLC chromatogram of crude 4 recorded at 220 nm. Gradient: 18—>40.5 % acetonitrile in 0.1% aq. TFA over 20

minutes at flow rate 1 mL/min.
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HPLC chromatogram of purified 4 recorded at 220 nm. Gradient: 18—>40.5 % acetonitrile in 0.1% aq. TFA over 20

minutes at flow rate 1 mL/min.
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[Aza® Pra'']SFTI-1[1,14] (5)
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HPLC chromatogram of purified 5 recorded at 220 nm. Gradient: 18—54 % acetonitrile in 0.1% aq. TFA over 20
minutes at flow rate 1 mL/min.




SUPPORTING INFORMATION

[Aha® Pra''|SFTI-1[1,14] (6)
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HPLC chromatogram of purified 6 recorded at 220 nm. Gradient: 18—40.5 % acetonitrile in 0.1% aq. TFA over 20
minutes at flow rate 1 mL/min.
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6.3.5 ESI-MS

SFTI-1[1,14] (1)
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SUPPORTING INFORMATION

Polarity: Negative
Intensity
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[Ala®(&"),Ala" (&%)]SFTI-1[1,14][(&'-CH,-1,5-[1,2,3]triazolyl-&%)] (2)
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SUPPORTING INFORMATION

Polarity: Negative
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[Ala®(&"),Ala" (&%) ]SFTI-1[1,14][(&'-1,4-[1,2,3]triazolyl-&*)] (3)
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SUPPORTING INFORMATION

Polarity: Negative
Intensity
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[Ala®(&"),Ala" (&%) ]SFTI-1[1,14][(&'-CH,-1,4-[1,2,3]triazolyl-&*)] (4)
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SUPPORTING INFORMATION

Polarity: Negative
Intensity
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DOCTORAL THESIS Martin Empting

[Aza® Pra'']SFTI-1[1,14] (5)
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SUPPORTING INFORMATION

[Aha® Pra''|SFTI-1[1,14] (6)
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6.3.6 IR Spectra

SFTI-1[1,14] (1)
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[Ala®(&"),Ala" (&%)]SFTI-1[1,14][(&"-1,4-[1,2,3]triazolyl-&*)] (3)
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[Aza® Pra'']SFTI-1[1,14] (5)
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SUPPORTING INFORMATION

6.3.7 NMR Spectra

SFTI-1[1,14] (1)
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Martin Empting

DOCTORAL THESIS

['H,3C]-HMBC (1)
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SUPPORTING INFORMATION

['H,"H]-COSY (1)

o

9.0 8.5

8.0

7.5

7.0

0.5

f1 (ppm)

175



DOCTORAL THESIS Martin Empting
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SUPPORTING INFORMATION

['H,"H]-NOESY (1)
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DOCTORAL THESIS Martin Empting

[Ala®(&"),Ala" (&%)]SFTI-1[1,14][(&'-CH,-1,5-[1,2,3]triazolyl-&%)] (2)
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SUPPORTING INFORMATION

[Ala®(&"),Ala" (&*)1SFTI-1[1,14][(&'-1,4-[1,2,3]triazolyl-&*)] (3)
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DOCTORAL THESIS Martin Empting

[Ala*(&"),Ala" (&)]SFTI-1[1,14][(&"-CH,-1,4-[1,2,3]triazolyl-&%)] (4)
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SUPPORTING INFORMATION

[Aza® Pra'']SFTI-1[1,14] (5)
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[Aha® Pra'']SFTI-1[1,14] (6)
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6.4 Supporting Information for Chapter 2.4

6.4.1 Experimental Procedures

Instrumentation

Analytical HPLC was conducted using a Varian 920-LC system equipped with a Phenomenex
Hypersil 5u BDS C18 LC column (150 x 4.6 mm, 5 um, 130 R). Semi-preparative RP-HPLC
was performed on a Varian modular system comprising a PrepStar 218 Solvent Delivery
Module, a ProStar 410 HPLC AutoSampler and a ProStar 325 Dual Wavelength UV-Vis HPLC
Detector using a YMC J'sphere ODS-H80 C-18 LC column (250 x 20 mm, 4 um, 8 nm). The
eluent system for analytical and semi-preparative HPLC consisted of eluent A (0.1% aq. TFA)
and eluent B (90 % aq. acetonitrile containing 0.1% TFA).

ESI mass spectra were recorded using a Shimadzu LCMS-2020 equipped with a Phenomenex
Jupiter 5u C4 LC column (50 x 1 mm, 5 wm, 300 A). The eluent system consisted of eluent A
(0.1% aq. formic acid, LC-MS grade) and eluent B (acetonitrile containing 0.1% formic acid,
LC-MS grade).

Fast protein liquid chromatography (FPLC) was conducted using an AKTApurifier (Amersham
Pharmacia Biotech).

General Fmoc-SPPS Procedures

Peptides were synthesized on a Liberty 12-channel automated peptide synthesizer coupled
with a Discover SPS microwave peptide synthesizer platform (CEM) using the Fmoc strategy.
Amino acids were attached by double or triple coupling employing 4 eq of the corresponding
amino acid, 4 eq of 2-(1H-benzotriazol-1-yl)-1,1,3,3-tetramethyluronoium
hexafluorphosphate (HBTU) and 8 eq of N,N-diisopropylethylamine (DIEA), or in case of
cysteine 3-4 eq of 2,4,6-trimethylpyridine (collidine). Arginine and cysteine were coupled
using a two-step microwave program: 1. RT, O W, 25 min; 2. 75 °C, 25 W, 0.5 min (Arg) and
1. RT, 0 W, 2 min; 2. 50°C, 25 W, 4 min (Cys), respectively. All other amino acids were
coupled using a standard microwave program: 75 °C, 21 W, 5 min.

Fmoc deprotection was achieved in two steps by reaction with 20% piperidine in DMF at
75 °C, 42 W for 0.5 min (initial deprotection) followed by a second deprotection step with
20% piperidine in DMF at 75 °C, 42 W for 3 min.

Compounds 2 and 4-6

Synthesis and characterization of compounds 2 and 4-6 have already been described in detail
in reference 13 from the main text.

SFTI-1 (1)

The linear precursor of 1 was synthesized on chlorotrityl resin preloaded with Fmoc-Gly
(0.59 mmol/g) at 0.25 mmol scale according to the automated Fmoc-SPPS protocol described
above. The peptide was cleaved from the resin under conservation of side chain protection
using 5 mL of a mixture of acetic acid, DCM, and methanol (50:40:10, v/v/v) for 2 h at
ambient temperature. The solvents were evaporated. To the resulting yellow oil n-hexan was
added and then evaporated. This step was repeated three times. The residue was dissolved in
20 mL H20/CHsCN (1:1, v/v) and lyophilized. 30 mg (0.025 mmol) of the linear peptide were
dissolved in 30 mL dry DMF, and 4.4 mg HOBT (5eq), 17mg (5eq) benzotriazol-1-yl-
oxytripyrrolidinophosphonium hexafluorophosphate (PyBOP) as well as 11.3 uL. (10 eq) DIEA
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were added for backbone macrocyclization. After 16 h of reaction, additional portions of
HOBT (4.4 mg, 5 eq), PyBOP (17 mg, 5 eq), and DIEA (11.3 uL, 10 eq) were added and the
reaction mixture was stirred overnight at ambient temperature. The solvent was evaporated
and the protecting groups were removed by acidolytic cleavage using
TFA/H,0O/anisole/triethylsilane (TES) (47:1:1:1, v/v/v/v) and a small amount of
dithiothreitol (DTT). The reaction mixture was shaken for 3 h at ambient temperature with
subsequent by precipitation and washing (3x) with 30 mL methyl tert-butyl ether (MTBE) to
yield the crude monocyclic peptide. Oxidative disulfide formation was conducted in 100 mM
(NH,4),COs aq (pH = 8.6) at 1 mg peptide/mL dilution. After complete conversion, the solvent
was removed in vacuo to yield the crude peptide. Chromatographic isolation by RP-HPLC
yielded 4.5 mg of pure 1 (11.9 %).

RP-HPLC: Rt = 15.5 min (18 % acetonitrile over 2 min followed by 18—40.5 % acetonitrile in
0.1 % TFA over 20 min at flow rate 1 mL/min). ESI-MS: m/z: [M+H]" obsd. = 1514.6 (calc
= 1513.7), [M+2H]** obsd. = 757.8 (calc = 757.4), [M-H] obsd. = 1511.8 (calc = 1511.7).

[Ala®(&"),Ala"" (&%)]1SFTI-1[1,14]1[(&'-1,5-[1,2,3]triazolyl-&%)] (3)

The amino acid sequence Fmoc-Aza-Thr(tBu)-Lys(Boc)-Ser(tBu)-Ile-Pro-Pro-Ile-Pra-Phe-Pro-
Asp(tBu) was assembled on an AmphiSpheres 40 HMP resin (0.4 mmol/g, Varian/Agilent) at
0.125 mmol scale using the automated microwave-assisted Fmoc-SPPS procedure described
above. Loading of the resin with Fmoc-Asp(tBu)-OH was conducted by triple coupling 2 eq
AA, 2eq 2-(1H-7-azabenzotriazol-1-yl)-1,1,3,3-tetramethyluronoium hexafluorphosphate
(HATU), 4 eq DIEA and two-step microwave program (1. 60 °C, 30 W, 45 min, 2. 75 °C, 20 W,
5 min). Fmoc-Aza-OH and Fmoc-Pra-OH were attached using double coupling of 2 eq AA, 2 eq
HATU, 4 eq DIEA, and two-step microwave program (1. 60 °C, 30 W, 45 min, 2. 75 °C, 20 W,
5 min). On-support ruthenium (II)-catalyzed macrocyclization of linear resin-bound precursor
was conducted as previously reported (reference 12 from the main text). N-terminal sequence
Gly-Arg(Pbf) was assembled using double coupling for each amino acid (4 eq aa, 3.9 eq
HBTU, 8 eq DIEA) and microwave irradiation (50 °C, 30 W, 30 min). The peptide resin was
dried and subjected to acidolytic cleavage using TFA/H,O/anisole/TES (47:1:1:1, v/v/v/V).
Ether precipitation, washing, and subsequent purification via semi-preparative HPLC yielded
2.1 mg macrocyclic peptide 3 (1.37 umol, 1.1 % according to the initial loading of the resin).
RP-HPLC: Rt = 16.2 min (18 % acetonitrile over 2 min followed by 18—40.5 % acetonitrile in
0.1 % TFA over 20 min at flow rate 1 mL/min). ESI-MS (m/z) [M+2H]*" obsd. = 768.56
(calc = 767.9), [M+3H]** obsd. = 512.85 (calc = 512.8), [M-H] obsd. = 1533.29 (calc =
1532.8). IR (cm™) 3424, 2924, 1652, 1538, 1451, 1203, 1132.

Inhibition Assays

Kinetic curves were recorded by monitoring the absorption of the corresponding samples in
96-well plates (NUNC, flat bottom, clear) at 405 nm in intervals of 60 sec over 30 min at RT
using the Tecan GENios microplate reader. All experiments were performed in triplicate.
Trypsin from bovine pancreas (Sigma) or matriptase were standardized by active-site titration
with p-nitrophenyl-p'-guanidinobenzoate (NPGB) in phosphate buffered saline (PBS: 137 mM
NaCl, 2.7 mM KCl, 10.0 mM Na,HPO,, 1.76 mM KH,PO,, pH 7.4).

The normalized residual proteolytic activity v/v, of trypsin against the chromogenic substrate
Boc-QAR-pNA (250 uM, Bachem) at different concentrations of bicyclic and monocyclic SFTI-
1 analogues 1-6 [I] was determined for ~ 0.5 nM (trypsin) or 0.9 nM (matriptase) active
enzyme ([E]) in aqueous buffer (50 mM Tris/HCIl, 150 mM NacCl, 0.01% Triton X-100, 0.01%
sodium azide, pH 7.6 or 8.5). The apparent inhibition constants (K;**) were calculated by
fitting the Morrison equation for tight binding inhibitors (1) onto the resulting kinetic data
with the Marquardt-Levenberg algorithm of SigmaPlot 11.
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Determination of Michaelis-Menten Constant (Ky;) for Boc-QAR-pNA against Matriptase

The initial reaction rate (v;) of the proteolytic degradation of Boc-QAR-pNA (Bachem) by
matriptase (1 nM) was determined for a series of concentrations ([S];) of the chromogenic
substrate (1000-75 uM for pH 7.6 and 1000-50 uM for pH 8.5). The Michaelis-Menten
constant (Ky) was calculated via Lineweaver-Burk plot (reciprocal initial reaction rate 1/vi
versus the reciprocal substrate concentration 1/[S];) and linear regression of the resulting
data. The experiment was performed in triplicate yielding Ky as 236.8+56.1 uM (pH 7.6) and
66.6+16.0 uM (pH 8.5) (arithmetic mean, standard deviation given as error).

Transformation of Equation (2) into Equation (3)

v ([E]-[I]-K;‘W)+J([1]+1<f”’-[5])2+41<?m’[s]

v, 2[E] @

» 2[E]—Z[E]+[E]—[I]—K;.1pp+J([I]+K:.1pp—[E])2+4K?pp[E]

v, 2[E] ®

v 2E] —[E]—[I]—K?pp+J([l]+K:.1pp—[E])2+4K?pp[E]

T o) ©
[E]+[11+K&PP)— | ([0+KPP~[E])" +4K PP [E]

vy ¢ - ) 10

vo 2[E]

1 ([E]+[1]+K§”’”)—\/[1]2+(Kf”1’)2+[E]2+szW[1]—2[E][I]—zK?VP[E]+4K‘i‘m’[E]

vy 2[E]

)

[E]+[1+K%P)— | [1]2+[E]2+(K%PP)? +2K%PP [E]+2K*PP [1]+2[E] (1] -2 [E][T]-2[E][I
_ 1 13 1A L 1A

! o
o= 2E] (12) trinomial theorem

([EJ+m+K§"”’)—J([E]+[IJ+K?””)Z—4[EJ[I]
Vo 1- 2[E]

G =

Propagation of Errors for AzG*”

ApG®? for trypsin and matriptase complexes of compounds 1-6 were calculated from in vitro
K; using equation (7). The error of AzG*® (AARG®*) was calculated by propagation of errors of
K; (AK)) as follows:

ex; 2

(A85GeP)? = |22 (a2 (13)
ex 2

856 = |25 (AK;)? (14)

Finally, differentiation of AzG“? with respect to K; yields equation (15).

—-RT
K;

2
6o = [|20] (k)2 (15)

6.4.2 In Silico Methods

Instrumentation

All in silico experiments were performed on an Intel® Core™ i7-2600 workstation using 8
virtual cores.
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Graphical Content

Graphical content for Figures 1, 3, 6, S1, and S2 was generated with YASARA
(www.yasara.org) and POVRay (www.povray.org).

Force Field Parameters for Triazoles within Peptidomimetics 3—-6

Each triazolyl moiety was modeled manually into residue 11 of peptidomimetics 3—6 and then
connected via a single C-C bond to residue 3 as depicted in Scheme S1.

1,5-disubstituted 1,2,3-triazole 1,4-disubstituted 1,2,3-triazole
compound 3 compound 4 compound 5 compound 6
| =N
O%)‘ vN ¥ - HN f \/ . OHN <N h\x
residue 3 ‘N)H] “NRo f “NH o
residue 3 / residue 11 rsicue 3 residue 11
residue 11 residue 11 residue 3

Scheme S1. Affiliation of atoms within triazolyl moieties to respective residues within compounds 3-6.
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SUPPORTING INFORMATION

6.4.3 Supporting Figures

Fig S1 (A) SDS-PAGE of fractions collected using an immobilized metal ion affinity chromatography (IMAC)
column upon purification of human matriptase I under denaturing conditions. Inclusion bodies were produced in
E. coli BL21-DE3-CodonPlus-RP with the expression vector pET42dest-His-hMatI(cd)596-855 and dissolved in
buffer 1 (50 mM Tris-HCl, 100 mM NaCl, 1 mM 2-mercaptoethanol, 6 M urea) after cell disruption. Elution was
achieved using buffer 2 (50 mM Tris-HCl, 100 mM NaCl, 1 mM 2-mercaptoethanol, 4.5 M urea). (B) SDS-PAGE of
human matriptase I before and after refolding. Refolding was achieved by 3 steps of dialysis for 4-6 hours: 1x
against refolding buffer 1 (50 mM Tris-HCl, 100 mM NaCl, 1 mM 2-mercaptoethanol, 3 M urea) and then 2x
against refolding buffer 2 (50 mM Tris-HCI, 100 mM NaCl, 1 mM 2-mercaptoethanol).

A

wAU

“Mamual run 8:1_UV1_2800m ‘Manual run 8:1_UV2_2600m . 1 —— — Mamual run 8:1_Fractions

o \ — . o= LLLHTTTEH T THHE
| Lii Wase | bbbl A M wane
220

Fig S2 (A) FPLC trace of refolded/autocatalytically activated human matriptase I using an anion-exchange chromatography
column (HiTrap Q HP, GE Healthcare) with detection at 260 nm (red) and 280 nm (blue). Sodium chloride was removed
from protein solution before FPLC via dialysis against 50 mM Tris-HCI pH 8. Target protease was eluted by an increasing
sodium chloride gradient 0—500 mM in 50 mM Tris-HCI (green) at a flow rate of 1 mL/min. Collected fractions are
indicated (red lines). (B) SDS-PAGE of the collected fractions.
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Fig S3 Analysis of proteolytic activity of the purified matriptase. (A) Calibration curve (linear regression) for
fluorophor 4-methylumbelliferone (MU; Sigma) recorded at 465 nM using eight different concentrations and an
excitation wavelength of 360 nM. (B) Active-site titration of purified matriptase using fluorogenic 4-
methylumbelliferyl-p-guanidinobenzoate (MUGB; 1uM; Sigma) in buffer (50 mM Tris/HCl, 150 mM NacCl, 0.01%
(v/v) Triton X-100, 0.01% (w/v) sodium azide, pH 7.6). Mean values of two independent measurements over 30
minutes (white circle 250 nM and black circle 200 nM of purified protease) y-intercept of linear regression is given.
Protease activity was determined as 43 % of total protein concentration.
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Fig S4 (A) RP-HPLC trace of bicyclic SFTI-1 (1). Conditions: 18 % acetonitrile over 2 min followed by 18—40.5 %
acetonitrile in 0.1 % TFA over 20 min at flow rate 1 mL/min. (B) ESI mass spectrum of 1 (positive polarization).
(C) ESI mass spectrum of 1 (negative polarization). (D) Section (m/z 1505-1520) of negative ESI mass spectrum
showing isotopic pattern of [M-H] signal of 1.
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Fig S5 (A) RP-HPLC trace of peptidomimetic inhibitor (3). Conditions: 18 % acetonitrile over 2 min followed by 18—40.5
% acetonitrile in 0.1 % TFA over 20 min at flow rate 1 mL/min. (B) ESI mass spectrum of 3 (positive polarization). (C)
ESI mass spectrum of 3 (negative polarization). (D) Section (m/z 1530-1540) of negative ESI mass spectrum showing
isotopic pattern of [M-H] signal of 3.
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Fig. S6 Plottet kinetic data for the inhibition of the proteolytic activity of trypsin by bicyclic inhibitor 1 and
resulting curve for the global non-linear fit of equation (3) onto the three sets of experimental data (1: white circle,
2: black circle, 3: black triangle). Determined apparent inhibition constant K;”” and the standard error of the fit
are given in nM.
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1,0
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08 1 Std. Error = 5.612
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Fig. S7 Plottet kinetic data for the inhibition of the proteolytic activity of trypsin by peptidomimetic inhibitor 3 and
resulting curve for the global non-linear fit of equation (3) onto the three sets of experimental data (1: white circle,
2: black circle, 3: black triangle). Determined apparent inhibition constant K;"”” and the standard error of the fit
are given in nM.
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residue 3

residue 11 residue 3

residue 11

Fig S8 Bent triazolyl structures within the macrocyclization motif of compounds 5 (A) and 6 (B) resulting after
modeling and a singular energy minimization step in an overlay with a corresponding planar triazole structure
(thin, black). Blue: nitrogen, red: oxygen, white: carbon, hydrogen omitted for clarity, only residues 3 and 11 are
shown.

Fig. S9 Predicted structures of compounds 1 (A), 2 (B), 3 (C), 4 (D), 5 (E), and 6 (F) in complex with trypsin
(grey surface) as an overlay with reported crystal structure 1SFI (reference 2 from the main text) (white sticks).
Blue: nitrogen, green: sulfur, red: oxygen, yellow: carbon, hydrogen is omitted for clarity. Measured RMSD values
for inhibitor backbones compared to 1SFI are given in A.

6.4.4 Supporting Tables

Table S1 Determined K; for compounds 1-6 against trypsin at pH 7.6 using equations (1) and (4 or 5)“’b (Kl-l), 2
and (6) (K, as well as (3) and (6) (K.

Entry K'/mM K’nM K?nM
0.06° 0.07 0.07
0.21¢ 0.21 0.21
5.08” 5.07 5.07
0.34¢ 0.34 0.34

272,74 27272 27273

106.12°  106.09  106.09

“Equation (5) was used. quuation (4) was used.

AN B W -
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Table S2 Determined K; for compounds 1-6 against matriptase at pH 7.6 using equations (1) and (4) (Kil), (2) and
(6) (K, as well as (3) and (6) (K).
Entry K'/mM K?nM K’mnM

1 1100.1 1099.9 1099.9
2 702.8 702.5 702.5
3 1236.9 1236.7 1236.7
4 12930.0 12929.1 12929.8
5 285258.8 2847495 2847484
6 94092.1 94084.5 94096.2

Table S3 Determined K; for compounds 1 & 2 against matriptase at pH 8.5 using equations (1) and (4) (Kil), 2
and (6) (K?), as well as (3) and (6) (K).
Entry K!/mM K’nM K?mnM
1 147.5 147.4 147.4
2 100.3 100.2 100.2

Table S4 Assignment of atom types for investigated 1,5-disubstituted 1,2,3-triazoles and 1,4-disubstituted 1,2,3-
triazoles.

Structure Atom  Atom type
N2 f— N3 ]\Il N/
VA M
N N)
7 | 1 ct ct cl
H'< c’7 ~N N 77~ H4 s C(
I c® e c2
1 | Heé c’ C2
! 6 - H' H4
Pl \ H HC
Ho o HC

1,5-disubstituted 1,2,3-triazole
2 — N3 N' NS
. ;‘ - N\ He N N%
H N N&
| 1 C4 1 6 ct C$
H7\C7/N\ 2% ~cs-H & C%
- o \ ct Cc2
7

) I \ C5 C2
I 5 \ H H4
~H _ H° HC
1,4-disubstituted 1,2,3-triazole H’ HC

Table S5 Bond parameters.
Atoml-Atom2  Force constant/(kcal/(molxA%) Equilibrium distance/A

C$-C% 596.25000 1.377
C$-N& 596.25000 1.363
C2-C$ 396.25000 1.509
C%-H4 458.75000 0.949
C%-N$ 596.25000 1.366
Ns$-C2 632.25000 1.467
N&-N% 596.25000 1.293
N%-N§ 596.25000 1.363
C(-C/ 596.25000 1.377
C/-N) 596.25000 1.354
C2-C( 396.25000 1.479
C/-H4 458.75000 0.949
C(-N/ 596.25000 1.365
N/-C2 632.25000 1.470
N)-N( 596.25000 1.322
N(-N/ 596.25000 1.358
C2-hl 425.00000 1.093
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Table S6 Angle parameters.
Atoml1-Atom2-Atom3  Force constant/(kcal/(molxrad?))

Equilibrium angle/degrees

C2-C$-C%
C2-C$-N&
C$-C%-H4
C$-C%-N$
C$-N&-N%
C%-N$-C2
C%-C$-N&
N&-N%-N$
C%-N$-N%
H4-C%-N$
N%-N$-C2
C$-C2-C1
C$-C2-HC
C1-C2-N$
N$-C2-hl
C2-C2-N$
HC-C2-N$
C2-C(-C/
C2-C(-N/
C(-C/-H4
C(-C/-N)
C/-N)-N(
C(-N/-C2
N)-N(-N/
C(-N/-N(
H4-C/-N)
N(-N/-C2
C/-C(-N/
C(-C2-C1
C(-C2-HC
C1-C2-N/
N/-C2-hl
C2-C2-N/
HC-C2-N/
h1-C2-h1
HC-C1-N
C-CI-HC
C1-C2-hl
h1-C2-h1
HC-C1-N
C-CI-HC

373.02300
373.02300
95.500000
373.02300
373.02300
373.02300
373.02300
373.02300
373.02300
95.500000
373.02300
64.700000
47.200000
65.800000
49.900000
65.800000
49.900000
373.02300
373.02300
95.500000
373.02300
373.02300
373.02300
373.02300
373.02300
95.500000
373.02300
373.02300
64.700000
47.200000
65.800000
49.900000
65.800000
49.900000
39.200000
49.800000
47.200000
46.400000
39.200000
49.800000
47.200000

125.684
126.776
126.385
107.231
107.954
131.073
107.540
111.267
105.954
126.385
122.982
108.100
110.860
112.590
109.450
112.590
109.500
129.650
126.517
125.288
109.412
108.718
129.074
107.118
111.158
125.300
119.767
103.833
108.100
110.860
112.590
109.450
112.590
109.500
109.550
109.500
109.680
110.070
109.550
109.500
109.680
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Table S7 Dihedral angle parameters.
Atoml-Atom2-Atom3-Atom4  Bond paths  Force constant/(kcal/mol) Phase angle/degrees  periodicity

C2-C$-N&-N% 2 11.50000 180.00 2
C%-C$-N&-N% 2 11.50000 180.00 2
C2-C$-C%-N$ 4 23.69000 180.00 2
C2-C$-C%-H4 4 23.69000 180.00 2
N&-C$-C%-N$ 4 23.69000 180.00 2
N&-C$-C%-H4 4 23.69000 180.00 2
C$-C%-N$-C2 2 11.50000 180.00 2
C$-C%-N$-N% 2 11.50000 180.00 2
H4-C%-N$-C2 2 11.50000 180.00 2
H4-C%-N$-N% 2 11.50000 180.00 2
C2-N$-N%-N& 2 9.600 180.00 2
C%-N$-N%-N& 2 9.600 180.00 2
C$-N&-N%-N$ 1 4.000 180.00 2
X -C$-C2-X 6 0.000 0.000 3
X -C2-N$-X 6 0.000 0.000 3
H4-C/-N)-N( 2 11.50000 180.00 2
C(-C/-N)-N( 2 11.50000 180.00 2
N/-C(-C/-H4 4 23.69000 180.00 2
C2-C(-C/-H4 4 23.69000 180.00 2
N/-C(-C/-N) 4 23.69000 180.00 2
C2-C(-C/-N) 4 23.69000 180.00 2
C/-C(-N/-C2 2 11.50000 180.00 2
C/-C(-N/-N( 2 11.50000 180.00 2
C2-C(-N/-C2 2 11.50000 180.00 2
C2-C(-N/-N( 2 11.50000 180.00 2
C2-N/-N(-N) 2 9.600 180.00 2
C(-N/-N(-N) 2 9.600 180.00 2
C/-N)-N(-N/ 1 4.000 180.00 2
X -C2-C(-X 6 0.000 0.000 3
X -C2-N/-X 6 0.000 0.000 3
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6.5 Supporting Information for Chapter 2.5

6.5.1

ESI-MS

Table S1 ESI-MS spectral data for compounds 1-22 and 42-44."

Entry

Monoisotopic
mass / g-mol”’

[M+H]

[M+2H]**

[M+3H]*"

[M-2H]*

o 0 1 N N R W N -

B OOEA N NN e e e e e e e e ek
W N N = © O @0 939 & 0t b W N = O

44

1585.8
1599.8
1600.8
1614.8
1614.8
1628.8
1632.9
1646.9
1585.8
1599.8
1600.8
1614.8
1614.8
1628.8
1632.9
1646.9
1546.8
1574.8
1455.7
1483.8
1497.8
1521.8
1575.8
1564.8
1351.6

1601.5 (1601.8)

1615.3 (1615.8)
1615.7 (1615.8)
1630.0 (1629.8)

1457.0 (1456.7)
1484.7 (1484.8)
1522.6 (1522.8)

794.8 (793.9)
800.9 (800.9)
801.2 (801.4)
308.4 (808.4)
808.4 (808.4)
815.4 (815.4)
818.3 (817.5)
824.4 (824.5)
793.9 (793.9)
800.7 (800.9)
801.2 (801.4)
308.1 (808.4)
808.4 (808.4)
815.4 (815.5)
817.4 (817.5)
824.5 (824.5)
774.4 (774.4)
788.4 (788.4)
728.8 (728.9)
742.8 (742.9)
749.8 (749.9)
761.8 (761.9)
788.9 (788.9)
783.4 (783.4)
676.7 (676.8)

530.3 (529.6)
534.2 (534.3)
534.5 (534.6)
539.3 (539.3)
539.3 (539.3)
543.9 (543.9)
545.9 (545.3)
549.9 (550.0)
529.6 (529.6)
534.2 (534.3)
534.5 (534.6)
539.1 (539.3)
539.3 (539.3)
543.9 (543.9)
545.3 (545.3)
549.9 (550.0)
516.8 (516.8)
526.0 (525.9)
486.2 (486.2)
495.6 (495.6)
500.2 (500.3)
508.2 (508.3)
526.3 (526.3)
522.6 (522.6)
451.4 (451.5)

806.3 (806.4)
806.2 (806.4)
813.2 (813.4)
816.3 (815.5)

791.8 (791.8)

799.0 (799.4)
806.2 (806.4)
813.3 (813.4)

772.5 (772.4)
786.2 (786.4)

740.8 (740.9)
508.2 (508.3)
786.7 (786.9)
781.3 (781.4)
674.7 (674.8)

“ Observed mass-to-charge (m/z) ratio is shown in the table, the calculated m/z ratio is given
in brackets.
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6.5.2 RP-HPLC

Table S2 Retention time of compounds 1-22 and 42-44 measured with RP-HPLC.

Entry R, /min Gradient

1 12.0 18—40.5 %“
2 11.8 18—40.5 %“
3 12.5 18—40.5 %“
4 12.7 18—40.5 %“
5 13.3 18—40.5 %“
6 12.9 18—40.5 %“
7 15.9 18—40.5 %
8 16.7 18—40.5 % “
9 7.6 18—40.5 %
10 7.0 18—40.5 % “
11 11.6 18—40.5 %
12 13.2 18—40.5 % ¢
13 11.6 18—40.5 %
14 11.7 18—40.5 % “
15 16.5 18—40.5 %
16 16.7 18—40.5 % “
17 18.2 0—36 % °
18 18.5 036 %°
19 9.8 18—40.5 %
20 12.2 18—40.5 %*
21 13.5 18—40.5 %
22 13.9 18—40.5 %*
42 11.5 945 %°¢
43 12.0 9—45 %°
44 11.4 945 %°¢

? 18 % acetonitrile over 2 min followed by 18—40.5 % acetonitrile in 0.1 % TFA over 20 min
at flow rate 1 mL/min * 0 % acetonitrile over 2 min followed by 0—36 % acetonitrile in 0.1 %
TFA over 20 min at flow rate 1 mL/min. © 9 % acetonitrile over 2 min followed by 9—45 %
acetonitrile in 0.1 % TFA over 20 min at flow rate 1 mL/min.
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~N o w =

t [min]

Fig. S1 HPLC chromatogram of purified 1, 3, 5 and 7 recorded at 220 nm. Gradient: 18—40.5 % acetonitrile in
0.1% aq. TFA over 20 minutes at flow rate 1 mL/min.

ﬂ
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Fig. S2 HPLC chromatogram of purified 2, 4, 6 and 8 recorded at 220 nm. Gradient: 18—40.5 % acetonitrile in
0.1% aq. TFA over 20 minutes at flow rate 1 mL/min.
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Fig. S3 HPLC chromatogram of purified 9, 11, 13 and 15 recorded at 220 nm. Gradient: 18—40.5 % acetonitrile
in 0.1% aq. TFA over 20 minutes at flow rate 1 mL/min.
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Fig. S4 HPLC chromatogram of purified 10, 12, 14 and 16 recorded at 220 nm. Gradient: 18—40.5 % acetonitrile
in 0.1% aq. TFA over 20 minutes at flow rate 1 mL/min.
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— 17
— 18
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Fig. S5 HPLC chromatogram of purified 17 and 18 recorded at 220 nm. Gradient: 0—36 % acetonitrile in 0.1% aq.
TFA over 20 minutes at flow rate 1 mL/min.
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Fig. S6 HPLC chromatogram of purified 19, 20, 21 and 22 recorded at 220 nm. Gradient: 18—40.5 % acetonitrile
in 0.1% aq. TFA over 20 minutes at flow rate 1 mL/min.
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Fig. S7 HPLC chromatogram of purified 42, 43 and 44 recorded at 220 nm. Gradient: 9—45 % acetonitrile in
0.1% aq. TFA over 20 minutes at flow rate 1 mL/min.
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6.5.3 Plotted Kinetic Data

1.2
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Fig. S8 Dose-response curves for the inhibition of matriptase-catalyzed proteolysis of chromogenic substrate Boc-
QAR-pNA with the X-axis on a logarithmic scale. Comparison of disulfide-bridged inhibitors 1 (white circle), 3
(black diamond), 5 (white traingles) and 7 (black squares) at pH 7.6. Data points are arithmetic means of three
experiments and error bars are given as the standard deviation.
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Fig. S9 Dose-response curves for the inhibition of matriptase-catalyzed proteolysis of chromogenic substrate Boc-
QAR-pNA with the X-axis on a logarithmic scale. Comparison of disulfide-bridged inhibitors 2 (white circle), 4
(black diamond), 6 (white traingles) and 8 (black squares) at pH 7.6. Data points are arithmetic means of three
experiments and error bars are given as the standard deviation.
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Fig. S10 Dose-response curves for the inhibition of matriptase-catalyzed proteolysis of chromogenic substrate Boc-
QAR-pNA with the X-axis on a logarithmic scale. Comparison of disulfide-bridged inhibitors 9 (white circle), 11

(black diamond), 13 (white traingles) and 15 (black squares) at pH 7.6. Data points are arithmetic means of three
experiments and error bars are given as the standard deviation.
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Fig. S11 Dose-response curves for the inhibition of matriptase-catalyzed proteolysis of chromogenic substrate Boc-
QAR-pNA with the X-axis on a logarithmic scale. Comparison of disulfide-bridged inhibitors 10 (white circle), 12
(black diamond), 14 (white traingles) and 16 (black squares) at pH 7.6. Data points are arithmetic means of three
experiments and error bars are given as the standard deviation.
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Fig. S12 Dose-response curves for the inhibition of matriptase-catalyzed proteolysis of chromogenic substrate Boc-
QAR-pNA with the X-axis on a logarithmic scale. Comparison of disulfide-bridged inhibitors 17 (white circle) and
18 (black diamond) at pH 7.6. Data points are arithmetic means of three experiments and error bars are given as
the standard deviation.
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Fig. S13 Dose-response curves for the inhibition of matriptase-catalyzed proteolysis of chromogenic substrate Boc-
QAR-pNA with the X-axis on a logarithmic scale. Comparison of disulfide-bridged inhibitors 19 (white circle), 20
(black diamond), 21 (white traingles) and 22 (black squares) at pH 7.6. Data points are arithmetic means of three
experiments and error bars are given as the standard deviation.

203



DOCTORAL THESIS Martin Empting
12
42 08 10
10 o IC50 =184 +-4 nM 43 B . “
" IC50=22.7 +-0.78 nM 08 9. Kilang) = 126 +- 1.0 1M
08 o
06 M
-} 0.4
3 06 2 =
> o 8 oa
> >
04 02
02
o . w %
0.0 .
00
¢ o e e ° =00 1000 1e00 2000 2500 o0 200 400 600 200 1000 1200
XData X Data

X Data

Fig. S14 Dose-response curves for the inhibition of matriptase-catalyzed proteolysis of chromogenic substrate Boc-
QAR-pNA of compound 42 (left), 43 (middle) and 44 (right).
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Fig. S15. Dose-response curves for the inhibition of matriptase-catalyzed proteolysis of chromogenic substrate Boc-
QAR-pNA at pH 8.5 of compound 43 (left) and 44(right).
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Fig. S16 Dose-response curves for the inhibition of trypsin-catalyzed proteolysis of chromogenic substrate Boc-
QAR-pNA of compound 42 (left), 43 (middle) and 44(right).
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