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Zusammenfassung 

Der zentrale chemische Baustein der vorliegenden kumulativen Dissertation ist der 1,2,3-

Triazol und dessen unterschiedliche Anwendungsmöglichkeiten in der Peptidchemie. Die hier 

präsentierten Studien können grob in zwei Teilgebiete eingeordnet werden: Gerüstmolekül-

basierte Multimerisierung peptidischer Liganden durch Kupfer(I)-katalysierte Azid-Alkin 

Cycloaddition (CuAAC) und der Einsatz von 1,2,3-Triazolen als nichtnatürliche Struktur-

bausteine von Peptidomimetika. Der zweite Themenkomplex umfasst sowohl den 

biomimetischen Ersatz von Peptidrückgratelementen als auch die Substitution von 

makrozyklischen und linearen Seitenkettenmotiven. Hierfür kam zusätzlich zu der genannten 

CuAAC-Chemie auch eine Ruthenium(II)-katalysierte Variante (RuAAC) zum Einsatz. Die 

genannten synthetischen Methoden wurden erfolgreich für die Synthese verschiedener 
Triazol-haltiger peptidischer Substanzen angewendet und hinsichtlich der Durchführung in 

Lösung vor allem aber auch an der festen Phase vorangebracht. 

Experimente zur Konstruktion wohldefinierter multivalenter Biokonjugate wurden mit fünf 

unterschiedlichen Peptidliganden und zwei regioselektiv addressierbaren funktionalisierten 

Platformmolekülen  so genannten RAFT (regioselectively addressable functionalized template) 

 durchgeführt. Die CuAAC-Kupplung gelang mit stöchiometrischer Konversion der Edukte zu 

den gewünschten verzweigten Peptidoligomeren und lieferte moderate bis gute Ausbeuten. 

Eines der synthetisierten Konstrukte beinhaltete vier Kopien einer „RGD“ Sequenz und 

zusätzlich einen Fluoreszenzmarker. Die genannten bioaktiven Peptidliganden können den 
GPIIb/IIIa Rezeptor binden und dadurch die Aggregation von Bltuplättchen inhibieren. Somit 

könnte dieses Gerüstmolekül-basierte multivalente Konstrukt für Fluoreszenzmikroskopie von 

GPIIb/IIIa-exprimierenden Zellen geeignet sein. Allerdings wurden keine detaillierten 

biologischen Untersuchungen mit diesem Biokonjugat durchgeführt, 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 Übergangsmetallkatalyse bedürfen. 

Dennoch stellt die beschriebene Studie eine Blaupause für die erfolgreiche Synthese 

heteromultivalenter Peptidkonjugate dar. Die berichtete Methode wird unter anderem 

weiterhin in der Arbeitsgruppe von Prof. Kolmar in verschiedenen Projekten zum Aufbau 

Gerüstmolekül-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 können in Wasserstoffbrückenbindungen sowohl als Akzeptoren als auch 

Donatoren wirken, sind polar und besitzen eine gute Wasserlöslichkeit. Diese Faktoren und 

die Möglichkeit, selektiv 1,4- oder 1,5-disubstituierte 1,2,3-Triazole durch die Wahl des 

Übergangsmetallkatalysators der verwendeten Azid-Alkin Zykloaddition auszubauen, machen 

diese Baueinheit zu einem geeigneten nichtnatürlichen Ersatz von Amidbindungen. Es ist 

somit möglich, das Peptidrückgrat durch ein Hydrolyse-resistentes Biomimetikum zu ersetzen 

und darüber hinaus entweder in der trans- oder der cis-Konformation einzufrieren. Dieses 
Konzept wurde für 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-unterstützte Fmoc-basierte 

Peptidfestphasensynthese (Fmoc-SPPS) mit CuAAC- oder RuAAC-Kupplungen an der festen 

Phase kombinierte. Die gewünschten Verbindungen konnten so in ausreichenden Mengen 

synthetisiert werden, um damit sowohl strukturelle Untersuchungen als auch in vitro 

Inhibitionstests durchzuführen. Die gelösten Kristallstrukturen von Trypsin-Inhibitor-

Komplexen durch Röntgenbeugungsexperimente beweisen die erfolgreiche Synthese der 
funktionalen Peptidomimetika mit nichtnatürlichen Rückgratelementen. Desweiteren konnte 
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gezeigt werden, dass mit diesem Ansatz auch die der nativen Struktur entgegenstehenden 

Amidkonformationen erzwungen werden können. Somit kann zum Beispiel an einer 

ausgewählten Stelle in der Aminosäurensequenz 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 ermöglicht es demnach, neue 

peptidische Strukturen zu erzeugen, die mit dem kanonischen Repertoire nicht erreichbar 

wären. Wie erwartet führte das „Einfrieren“ einer dem natürlichen Rückgrat gegensätzlichen 

Amidkonformation beim SFTI-1 zu einer signifikant verminderten Bioaktivität. Schließlich 

gibt einem diese Methode die Möglichkeit an die Hand, bestimmte Peptidsegmente in einem 

Molekül gegen enzymatische Degradation zu schützen, was zu einer verbesserten in vivo 

Stabilität führen sollte.  
Zwei weitere Studien hatten zum Inhalt, den Effekt von 1,2,3-Triazol-basierten 

Disulfidaustauschen auf die Bioaktivität von SFTI-1[1,14] zu untersuchen. Zu diesem Zweck 

wurden vier Seitenkettenmakrozyklisierungsmotive unterschiedlicher Länge und Form anstatt 

des natürlichen Cystins mittels kommerziell erhältlicher Bausteine installiert. Wieder kam 

einer Kombination aus Fmoc-SPPS und CuAAC oder RuACC an der festen Phase zum Einsatz. 

Die intramolekulare Reaktion ergab die gewünschten Triazole-verbrückten 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-Ionisation) charakterisiert. In vitro Inhibitionsunter-

suchungen zeigten, dass die Substitutionsart des Makrozyklisierungsmotivs einen 

dramatischen Einfluss auf die Bioaktivität hatte. Interessanterweise waren die Varianten mit 

einem 1,5-Muster potente Trypsininhibitoren und besaßen Substrat-unabhängige 

Inhibitionskonstanten Ki im einstellig nanomolaren bis subnanomolaren Bereich. Die 1,4-

Gegenstücke hingegen zeigten eine signifikant verminderte Bioaktivität im Vergleich zum 

Wildtyp. Die Länge der verbrückenden Einheit zwischen dem Peptidrückgrat und dem 

Triazolebaustein hatte einen nicht so entscheidenden Einfluss. Diese in vitro-Ergenisse wurden 

durch molekulare Modellierung bestätigt, da in diesen in silico Experimenten eine bessere 

Übereinstimmung mit der Struktur des nativen Peptids für das RuAAC-Produkt beobachtet 

wurde. Somit wird die Verwendung von 1,5-disubstituierten 1,2,3-Triazolen als 
Disulfidbrückenersatz empfohlen. Allerdings sollte die geeignete Länge des Makrozyklisier-

ungsmotivs für jeden biologischen Kontext neu evaluiert werden. 

Sowohl die vier SFTI-1-Derivate mit „Triazolbrücken“ als auch die beiden nativen mono- und 

bizyklischen Varianten wurden auf ihre Aktivität gegen die pharmazeutisch relevante Protease 

Matriptase getestet. Überraschenderweise wurde für alle sechs genannten Peptide eine 

dramatisch schlechtere Affinität als gegen Trypsin gemessen. Diese Beobachtung war 

unerwartet, da ein negatives elektrostatisches Oberflächenpotential am aktiven Zentrum von 

Matriptase Anlass für ausgeprägte attraktive Wechselwirkungen zwischen dem positiv 

geladenen SFTI-1-Gerüst 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 durchgeführt. 

Zuerst, wurde eine Molekulardynamik Simulation durchgeführt. Danach wurden 100 
Einzelstrukturen aus den erhaltenen Trajektorien für ein lokales Docking Experiment 

extrahiert. Durch den zugrundeliegenden AUTODOCK-Algorithmus konnten so die freien 

Bindungsenergien für alle Inhibitor-Enzym-Komplexe berechnet werden. In der Tat deuteten 

die in silico Affinitäten auf eine stärkere Interaktion zwischen dem SFTI-1-Gerüst 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 tatsächlich gemessenen Affinitäten aus den in vitro Assays relativ gut wieder. Eine 
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anschließende 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 Beiträge, die ihren Ursprung in den terminalen Regionen der Peptide haben, die 

generell reduzierte Bioaktivität gegen Matriptase verursachen. 

Die Ergebnisse der in silico Untersuchungen lieferten wertvolle Hinweise für mögliche 
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 Präferenz in ihrer Anti-

Matriptase-Wirkung gegen über dem bizyklischen Wildtyp zeigte. Somit war dieses 

monozyklische Peptid ein geeigneter Startpunkt für die weiteren Versuche. Struktur-geleitete 
Überlegungen führten zu der Identifikation von drei Positionen innerhalb der 

Aminosäuresequenz, die potentiell für inkrementelle verteilhafte Modifikationen geeignet 

waren. Zwei dieser Reste wurden jeweils mit Azid-funktionalisierten nichtnatürlichen 

Baueinheiten ausgestattet, um eine divergente Synthese mittels eines kombinatorischen 

Ansatzes zu ermöglichen. Zusätzlich wurden auch Substitutionen mit ausgewählten 

kanonischen Aminosäuren durchgeführt. Zusammen ermöglichte dies den raschen Aufbau 

einer kleinen Molekülbibliothek mit 22 Peptiden, die sich durch jeweils eine einzelne andere 

Seitenkettenmodifikation unterschieden. Matriptaseinhibitionstests wiesen auf mehrere 

vorteilhafte Seitenkettenaustausche hin. Diejenigen Modifikationen mit den ausgeprägtesten 

Verbesserungen wurden in einer Verbindung vereint, welche eine Ki im einstellig 

nanomolaren Bereich besaß. Dieses Peptid wurde SFTI-1-derived matriptase inhibitor-1 (SDMI-

1) genannt und beinhaltete ausschließlich Standardaminosäuren. Dennoch wurden auch 
signifikante Affinitätsverbesserungen für einzelne Triazol-haltige Verbindungen gegen 

Matriptase beobachtet. Dies zeigte die Nützlichkeit dieses Ansatzes einer „Click-Bibliothek“ für 

die rasche Sondierung diverser Seitenkettenfunktionalitäten hinsichtlich bestimmter 

gewünschter Eigenschaften. 

Wie bereits erwähnt könnte ein möglicher nachteilbehafteter entropischer Beitrag durch die 

Sekundärschleife 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 besaß eine vergleichbare Aktivität wie SDMI-1. 

Darüber hinaus wurde ein verbessertes Selektivitätsprofil für das kürzere Peptid festgestellt, 

da es eine sechsfach schlechtere Aktivität gegen Trypsin als gegen Matriptase zeigte. Die 

entwickelten Verbindungen könnten wertvolle Peptidliganden für weitere 

Biokonjugationseperimente darstellen und werden derzeit auf eine mögliche 

Patentanmeldung geprüft. So zum Beispiel würde die direkte Ankopplung von Radionukliden, 

welche für Positronenemissions- oder Einzelphotonen-Emissionscomputertomographie 

(positron emission tomography  PET, single-photon emission computed tomography  SPECT) 

geeignet sind, evtl. eine Anwendung als diagnostische Werkzeuge für in vivo Bildgebung 

ermöglichen. Desweiteren ist das Potential für weitere Affinitäts- und 

Selektivitätsverbesserungen in Bezug auf Matriptase oder auch andere Proteasen von 

pharmazeutischer Relevanz noch nicht erschöpft.  

Die in dieser kumulativen Dissertation vorgestellten und durch Fachleute begutachteten 

Artikel tragen dazu bei einen vielseitigen Werkzeugkasten für das Design und die Synthese 
von peptidomimetischen Verbindungen mit Hilfe von disubstituierten 1,2,3-Triazolen 

aufzubauen. Die vorgestellten Ergebnisse sind von Interesse für die biomolekulare Chemie im 

Allgemeinen und die Peptidchemie im Speziellen sein. 
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INTRODUCTION 

1 

1 Introduction 

The divine proportion is often claimed to be a 

universal design principle ubiquitously found in 

Nature. It is believed to entail both function and form 

(beauty).[1] In its simplest representation this “golden 

ratio”, also referred to as  (phi), describes the 

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

and “b” fulfilling one basic requirement: 
 

 
 

   

 
   

(Figure 1).[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.[1] 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.[2-4] Observation of the divine ratio has even been 

reported on the atomic and 

molecular levels.[2-4] An article 
published in the renowned 

journal “Science” describes the 

occurrence of  upon certain 

quantum phase transitions in 

cobalt niobate.[2] Other scientific 

publications bear evidence of 

relations between  and the 

human genome.[3-4] 

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 -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, 

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. 

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. 
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at least in my opinion, combines function and form. 

  

"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 

Figure 3. Illustration by M. Empting. 
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1.1 1,2,3-Triazoles and the Azide-Alkyne 1,3-Dipolar Cycloaddition (AAC) 

Nitrogen-containing aromatic pentacycles are 

fundamental molecular structures in organic 

synthesis and related disciplines, among them 

bioorganic, medicinal, or organometallic 

chemistry.[5-12] 

Derivatives of pyrrole and imidazole are 

frequently found in natural products like 
indoles, purines, and other alkaloids, as well 

as heme groups or the side chains of the 

amino acids histidine and tryptophan.[13-17] 

Pyrazoles, triazoles, and tetrazoles are consi-

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.[18-21] 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,[22] this compound class is 
gaining more and more popularity. The constantly increasing interest is essentially related to 

the success 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.[26-27] 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 

HN

HN
N

HN N

pyrrole

pyrazole

imidazole

HN
N

N

N

HN
N

1,2,3-triazole

1,2,4-triazole
N

HN
N

N

tetrazole

number of nitrogen(s) in heterocycle

Figure 4. Series of nitrogen-containing pentagonal 

heterocycles sorted according to the number of 

nitrogens within the ring. 
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N
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F
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N R1

Ag(I)

R2

R2

Huisgen-type thermal AAC,
no regio control

strain-promoted AAC,
no regio control

silver(I)-catalyzed AAC,
1,4-substitution

ruthenium(II)-
catalyzed AAC,
1,5-substitution

copper(I)-
catalyzed AAC,
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. 
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(Figure 5). The copper(I)-catalyzed (CuAAC), ruthenium(II)-catalyzed (RuAAC), silver(I)-

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. [24, 28-31] 

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(I)-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.[32] 

One of the most successful endeavors to address the problem of biocompatibility in a 

systematic way is certainly the aforementioned concept of “click chemistry.[22] In the course of 
this doctrine, the CuAAC emerged as the archetype of this type of reactions.[33] 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(I) species.[28-29] 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.[34] 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.[35-36] Additionally, 

depending on the experimental setup upon addition of rate-accelerating ligands or bases, the 

kinetic behavior of the reaction varied considerably.[37-39] 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.[34] Additionally, the second metal center involved is proposed to 

function as an auxiliary activator of the copper acetylide complex through -coordination of 
the alkyne triple bond.[31] 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.[36] 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.[40] 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(II) salts like 
CuSO4 through reduction (e.g. with sodium ascorbate).[36] However, removing residual copper 

species is a challenging task. Another restriction of the CuAAC is that it only proceeds with 
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terminal alkynes as the required 

copper acetylide species cannot 

be formed with internal triple 
bonds. 

In the context of peptide 

synthesis and modifications, 

this reaction shows its full 

potential. Practically all side-

chain functionalities of the 20 

canonical amino acids are 

tolerated without the need for 

protection groups. Generally, 

fast conversion rates as well as 

comparably high yields can be 
achieved in aqueous media.[41-

42] Additionally, the reaction 

can be conducted in solution as 

well as on the solid support 

during solid phase peptide 

synthesis (SPPS), thus allowing 

for versatile and modular 

chemical strategies.[43-44] 

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.[31] 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.[45] 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.[31, 40] 

1.1.2 Ruthenium(II)-Catalyzed AAC 

While copper(I)- and silver(I)-

catalyzed azide-alkyne cycloadditions 

allow for the exclusive generation of 

1,4-disubstituted 1,2,3-triazoles from 

a wide range of azides and terminal 

alkynes, a robust chemistry towards 

the 1,5-substituted counterparts is 

also available. Ruthenium(II) 

complexes of the [Cp*RuCl]-type 

(Figure 7) have been shown to 
selectively accelerate the AAC reaction with complementary regioselectivity at room 

temperature.[30, 43-44, 46] Thus, 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.[30] 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 -fashion. Then, a ruthenacycle is formed, which directs the 

CuI(Ln)

R2

-H+

R2

Cu(Ln)

copper(I) acetylide
complex

R2

Cu(Ln)
N3

R1

N

R1
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Cu(Ln)

bimetallic intermediate

N

N

N

R1

R2

M(Ln)

metalated triazole

N

N

N

R1

R2

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

+H+

copper(I) catalyst

Figure 6. Generalized reaction mechanism of the CuAAC. 
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Cp*RuCl(COD)
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Cp*RuCl(PPh3)2
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H
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RuH(2-BH4)(CO)(PCy3)2

Figure 7. Structures of suitable RuAAC catalysts. Cp*: 

pentamethylcyclopentadien, PPh3: triphenylphosphine, COD: 

cyclooctadien, PCy3: tricyclohexylphosphine. 
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formation of the 1,2,3-triazole 

with the described regio-

selectivity.[30] Reductive elimi-
nation of the formed triazole 

and recoordination of the 

spectator ligands complete the 

catalytic cycle. As this 

reaction proceeds via a -

coordinated alkyne and not a 

metal acetylide, the RuAAC is 

applicable to internal alkynes. 

The pentamethylcyclopenta-

dienyl (Cp*) ligand is 
considered to be essential for 

high reaction rates as its 

sterical demand facilitates the 

initial displacement of spec-

tator ligands like, for 

example, bidentatic cyclo-

octadien (COD).[30] 

Although frequently referred 

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.[43-44] Finally, 

precisely dosed microwave irradiation can further facilitate RuAAC conversion leading to fast 

and efficient reaction rates.[43-44] 

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.[47-48] Catalysts lacking cyclopentadienyl (Cp) or pentamethylcyclopentadienyl (Cp*) 

ligands have been shown to react via ruthenium acetylide species similar to the CuAAC 
mechanism.[47] Thus, usage of, for example, RuH(η

2-BH4)(CO)(PCy3)2 (Figure 7) instead of 

Cp*RuCl(COD) exclusively yields the 1,4-disubstituted AAC product.[47] 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.  
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1,5-disubstituted
1,2,3-triazole

ruthenium(II) catalyst

Ru LCl

L

Ru
N

Cl

R2

R1

N

N

Ru
N

Cl

R2

R1

N
N

Ru
NCl N

N
R1

R2

+2L

R2

Figure 8. Proposed reaction mechanism of the RuAAC. L: spectator ligand. 
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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.[49-50] One facile strategy to achieve such a “more-than-additive-behavior” with a 

synthetic construct relies on the utilization of modular design principles.[51] For example, a 
moiety of moderate binding capabilities can be converted into a highly affine entity by 

incorporating multiple copies in one molecule.[52-53] 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).[49, 54] 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.[55] 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.[56] 

Such assemblies are known as antibody-drug conjugates (ADC) and their efficiency is 

currently investigated in several clinical trials.[56-57] 

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.[58] 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.[51, 54, 59] Last, an appropriate 

synthetic strategy for the covalent (or sometimes non-covalent) linkage of the described 

elements should be laid out.[60-62] 

In the presented work, peptidic modules were used as binding and interacting moieties.[41] 

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.[60, 63-78]These reactions 
can be used as complementary instruments in addition to the CuAAC 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.[41, 79] 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.[80] 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.[61] 

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”.[70-71] 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. 
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Table 1. Chemical reactions commonly employed in or suitable for bioconjugations of peptides except the CuAAC 

(reaction schemes are simplified). 

Name Reaction Scheme Type 

maleimide-thiol 

coupling 
R1 SH

N R2

O

O

N R2

O

O

S
R1

R1 SH
Br R2 S R2

-HBr
R1

R1 SH
R2

S R2R1h
(radical
source)

R1 O
R2 N R2O

NH2

O

R1

R1

N

N N

N

R2

-N2

N
O

R2

R1 R1

N
O

R2

R1

N3
R2

OMe

O

PPh2
-N2
-MeOH

H2O

R1

NHR2

O

PPh2

O

-H2O

N3 R2

R1
R1

N
N

N

R1

N

O

O

R3

R1

N

HN

R2

N

O

O

R3

 

Michael-type addition 

thioether coupling 
nucleophilic 

substitution 

thiol-ene click radical reaction 

oxime ligation carbonyl chemistry 

Staudinger ligation  

Staudinger-type 

reaction, 

bioorthogonal 

strain-promoted 

azide-alkyne 

cycloaddition 

(SPAAC) 

[3+2] cycloaddition, 

bioorthogonal 

strain-promoted 

nitrone cycloaddition 

(SPANC) 

[3+2] cycloaddition, 

switchable 

inverse electron-

demand Diels-Alder 

[4+2] cycloaddition, 

bioorthogonal 

 

The chemoselective modification of free thiol groups is a well-established methodology.[62-67, 

81] Usually, a stable thioether linkage is formed through different chemical approaches like the 

maleimide-thiol coupling[62-63, 81] or the thiol-ene click reaction.[66-67] 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.[64-65] 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.[82] This carbonyl can then be reacted with aminooxy groups to give an 
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oxime.[68-69, 83] This bond is far more stable than a hydrazone or a thiazolidine linkage that are 

prone to hydrolysis and, thus, less advisable for such application.[82, 84-86] 

In 2000, Bertozzi and coworkers presented the first truly bioorthogonal conjugation chemistry 
in the form of their variant of the Staudinger reduction.[72] A key component in this reaction is 

the azide functionality, which is usually not found in biological systems and provides a soft 

nucleophile.[87] 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.[72, 88] The applicability of this reaction to in vivo 

experiments has been demonstrated in murine models revealing its extraordinary 
selectivity.[89] A “traceless” variant of the Staudinger ligation has also been developed suitable 

for the synthesis of native peptide bonds under benign conditions.[90-91] 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.[70-71, 73-74, 80, 92] The strain-promoted azide-alkyne 

cycloaddition (SPAAC) is another bioorthogonal conjugation technique developed by the 

Bertozzi group.[71] 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.[92] Thus, the SPAAC proceeds with second-order rate 

constants around 0.1 M-1s-1 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.[71, 93] 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.[73-75] 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).[74] 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.[74] 

Finally, a variant of the Diels-Alder reaction suitable for selective bioconjugate chemistry has 

been developed.[76-78] 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.[77] 

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,[61-62] 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.[62] 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.[61] 

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 
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proteins, peptides, nucleic acids, etc.[94-96] The biggest challenge in this context is to find 

reaction conditions that suit educts and products alike. Thus, different CuAAC protocols have 

been elaborated with catalyst concentrations ranging from about 1 to 500 mol% compared to 
the alkyne component.[41, 97-98] The copper(I) source can be Cu0 wires or powder, as well as 

CuI or CuII salts, while the latter variant is more frequently used.[36, 41, 99-100] The addition of 

accelerating ligands or bases can improve reaction rates and facilitate quantitative 

conversions.[36, 38] 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.[36, 97-98] 
As the CuAAC proceeds fastest in aqueous environments,[98] 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. 

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.[41, 97] In contrast, only 0.1-10 mol% of the copper(I) species is often 

sufficient to conduct catalyzed cycloadditions with small organic compounds.[36] 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).[43-44, 101] Thus, 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.[102] 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.[41] 

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.[41, 101] The respective nitrogen nucleophile could either be the N-terminus that is 
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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 H2O/tBuOH (2:1, v/v), 3-10 eq CuSO4, 3-10 eq sodium ascobate (NaAsc), r.t., 1-24 h. b) 1  eq peptide 1 

and 1.2 eq “clickable” functional molecule in H2O/tBuOH (2:1, v/v), 5 eq CuSO4, 5 eq NaAsc, 20 eq 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 CuSO4, 1 eq NaAsc, 8 eq of DIEA, r.t, overnight. 
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available at every amino acid residue after Fmoc-deprotection or the side chain functionality 

of, for example, lysine or ornithine.[41-42, 101] 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.[44, 97] 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. 

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.[103] 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.[49] The 

immunoglobulin M (IgM) pentamer, for example, possesses a well-defined architecture and 
orientation of the functional units.[104] 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 
(180 kDa for IgM monomer).[41-42, 61, 101] As 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 

FmocHN
OH

O

FmocN

O
OH

N3

nN3

n=1: azidoalanine,
n=2: azidohomoalanine,
n=3: azidoornithine,
n=4: azidolysine

FmocHN
OH

O

N3

azidophenylalanine azidoproline

FmocHN
OH

O

propargylglycine

Fmoc-protected amino acids:

functionalized carboxylic acids:

N3
OH

O

n

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

OH

O

propiolic acid

OH

O

n

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

Figure 10. A collection of building blocks suitable for the facile installation of azide- and 
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as inorganic pico- or nanoparticles are possible materials for a scaffold unit.[51, 59, 105-109] Two 

exemplary CuAAC conjugates possessing four or eight identical peptide ligands, respectively, 

are depicted in Figure 11.[41, 101] 

One of these constructs is based on a peptidic scaffold which possesses the shape of two short 

anti-parallel β-sheets that are joined together via two terminal proline-glycine turns.[105] 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.[41, 61, 105] 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.[110-111] These sequences of arginine, glycine, and aspartate have been shown 
to bind transmembrane receptor molecules known as integrins.[110, 112] This attribute makes 

them interesting for tumor therapy as inhibitors of angiogenesis.[111-112] 

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. 
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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.[41-42] 

However, a pronounced tendency 

towards precipitation of resulting 

bioconjugates in aqueous solvent 

systems has been observed.[41] 
Nevertheless, successful resolvation 

of formed solids was achieved 

through addition of diluted 

ammonia allowing for chromato-

graphic isolation.[41] 

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).[61-62] This strategy 
opens avenues towards regioselec-

tively addressable functionalized 

templates (RAFT) perfectly suitable 

for the facile construction of 

heteromultivalent biomolecular con-

structs.[113] Boturyn and coworkers 

have provided an impressive 

example of a sequential one-pot 

triple conjugation using three 

different ligation strategies at within 

the same procedure.[61] 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.[113] 

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 

target(s), significantly improving overall binding affinity.[49-50] This phenomenon is termed 
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avidity and includes thermodynamic as well as kinetic effects.[49] 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.[49] 

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. [54] 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).[114-115] 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.[116] In 

combination with an attenuated renal clearance, prolonged circulation times can be achieved 

with bioconjugates larger than approximately 15 kDa.[117-118] 
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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 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.[119] Indeed, 

several other applications of this versatile nitrogen-containing pentacycle as substitutes of 

different structural elements within peptides or proteins have been reported.[43-44, 119-124] 

Among them are triazole-based disulfide mimics,[44, 121] locked trans- and cis-amide 
surrogates,[43, 119] as well as constrained side chain replacements (Figure 13).[124-125] 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.[126-131] 
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). 

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.[132-133] One prototypic serine-protease is trypsin.[134] This digestive 

enzyme is present in the intestines of most vertebrates and invertebrates.[134-135] Together with 

the structurally similar chymotrypsin, it defines a category of endopeptidases that possess the 

trypsin or chymotrypsin fold.[132] These enzymes are rich in number and fulfill various 

important tasks in healthy organisms.[136-137] However, some serine proteases play also crucial 

roles in pathological processes, which renders them interesting pharmaceutical targets.[136, 138] 

They all share a common tertiary structure of the catalytical domain with a key feature called 

“catalytical triad”.[139] 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.[140-149] 
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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).[150] It has been 

thoroughly studied as a potential drug target and is also an integral part of research articles 

presented in this thesis.[125, 140-141, 151] Unlike soluble trypsin, it is anchored to the basolateral 

membrane of epithelial cells via an N-terminal stem region.[141, 143] This surface 
immobilization is typical for type II transmembrane serine proteases (TTSP).[152-153] 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).[154-155] Enzymatic 

processing of extracellular components by this TTSP is important for development, growth, 

differentiation, and remodeling of the surrounding tissue.[156-159] 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.[140-141, 160] As a conse-

quence, a number of synthetic 

compounds has been designed 

for in vivo blockade of 

matriptase activity.[161-162] 

A promising approach towards 
the development of efficient 

serine protease inhibitors is the 

optimization of naturally occur-

ring peptides with intrinsic anti-

proteolytic activity.[163-164] Pre-

viously mentioned SFTI-1 is such 

a molecule (Figure 15).[164] It 

consists of 14 amino acids and 

binds to trypsin-like enzymes 

predominantly via the seven N-
terminal residues.[127-129, 131] This 

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). 

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 

loop is highlighted and the disulfide bond as well as the cis-amide are 
indicated. 
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region is shaped like the peptide substrate upon binding, facilitating a favorable interaction 

with serine proteases.[163] This canonical conformation is achieved and maintained through 

the so-called Bowman-Birk inhibitor (BBI) loop.[165-166] This rigid and constrained structure 

comprises a cis-proline motive, a disulfide bridge, and an extended hydrogen-bond 

network.[167] 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.[128] 

All of these structural features render native SFTI-1 as a very potent inhibitor of trypsin with 

an inhibition constant Ki in the subnanomolar range.[128, 151] 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.[130] 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.[128, 130, 143, 168] Additionally, 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 cis-Amide Surrogates 

Biological macromolecules, as all polymers, are 

constructed of smaller structural units, whereas the 

central monomeric building blocks of proteins and 

peptides are amino acids. Linking two amino acids 

together via the α-amino and carboxy groups results 

in a peptide bond. Together with the α-carbon 
atoms, this special form of an amide linkage 

constitutes the backbone of every proteinaceous 

substance. This group has several important 

properties; among them the ability to act as a 

hydrogen bond donor and acceptor. Resonance 

structures illustrate its partial double bond character 

that leads to two possible conformers (cis and 

trans).[169-170] 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.[171] Thioamides, for example, are suitable amide replacements in terms of 
shape and general chemical properties.[171] 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.[43, 119-120, 172] 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).[43] 
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Figure 16. (Top) Amide bond and resonance 

structures. (Bottom) A few functionalities that 

have been used as isosteric to amide bonds. 
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The residue on the N-terminal 
side of the respective dipeptide 

is replaced by a building block 

possessing a triple bond 

instead of a carboxy group. It 

is accessible from the weinreb 

amide (aldehyde) derivative of 

the respective amino acid via a 
Seyferth-Gilberth homologa-

tion using the Bestmann-Ohira 

reagent.[172] 

The C-terminal residue pos-
sesses an azide functionality 

instead of the free α-amino 

group, which can be directly 

introduced via diazotransfer 

using trifluoromethanesulfonyl 
azide (triflyl azide).[172] 

A preferable synthetic route 

towards the installation of 

triazole-based backbone re-

placements involves AAC 

chemistry on the solid support 

in the course of Fmoc-SPPS.[43, 

172] The azide-bearing building 

block is coupled to the peptide 

resin at the desired position in 

the amino acid sequence using 
active ester strategies. Then 

the triazole is formed using 

the alkyne component and 

AAC methodologies. Through 

choice of the catalyst 

(copper(I) or ruthenium(II)) a 

defined substitution pattern of 

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.[169-170] 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.[169, 173] However, if a cis-amide 

is present, it is usually an important structural feature in the biological context and mandatory 

for bioactivity.[119, 174-176] 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.[43, 119] 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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mimics. (Top) Condensation of two amino acids forming a dipeptide with 
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synthesized from corresponding aldehydes using the Bestmann-Ohira 

reagent. The azide component is accessible from the corresponding free 

amine through diazotranfer using trifluoromethanesulfonyl azide. 
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within the BBI loop important for biological activity.[43] 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).[43] Chapter 2.2 in 

the cumulative section of this thesis provides more detail on this topic. 

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.[177] 

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.[178-179] 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.[44, 121, 180-182] 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.[183-184] It has been shown that the utilization of redox-stable cystine 

replacements can significantly increase the resistance of such peptides towards 

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. 
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degradation.[183-184] A number of 

strategies for disulfide mimics have 

been described in the literature. 
Two very common replacements 

are thioether or alkene analogs 

(Figure 19).[185-189] However, mul-

tiple synthetic steps and the need 

for orthogonal protection as well as 

the occurrence of cis/trans isomers 
hamper their broader application. 

Interestingly, it has been shown 

that disubstituted 1,2,3-triazoles 

are versatile side-chain macro-

cyclization motifs that can be 

installed in peptides on the solid 

support without additional protec-

ting groups.[190] This is made 

possible by the usage of com-

mercially available non-natural 

amino acids bearing the functional 
groups required for AAC reactions 

introduced in section 1.2.2. Hence, 

cysteine residues are replaced by 

azide- and alkyne-bearing building 

blocks. Then, an intramolecular 

triazole linkage with either a 1,4- or 

a 1,5-substitution pattern can be 

generated via on-support CuAAC or 
RuAAC reactions.[44, 121] However, 

careful choice of the SPPS resin is 

crucial for clean conversions and 

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.[44] 

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.[121] 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.[184] 

A similar result using 1,4-disubstituted 1,2,3-triazoles as disulfide replacements was observed 

for SFTI-1.[44] 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.[44] 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.[44, 151] Thus, both 

combinations of propargylglycine with either azidoalanine or azidohomoalanine result in 

adequate disulfide replacements using RuAAC macrocyclization (Figure 20).[44, 151] 

These results have been corroborated by molecular dynamics similations and additional in-
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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.[44, 151] 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. 

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 1420 individual molecules, which in quantity corresponds to the number 

of stars within the observable Universe.[191] 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.[192] 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.[193-195] 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.[195-197] 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.[198-199] Burk and coworkers, for example, used oxime ligation to 
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decorate a moderate binder of polo-like kinase 1 

(Plk1) with non-natural building blocks as 

functional side-chain groups.[199] They were able to 
identify peptide derivatives with significantly 

improved interaction profiles unmatched by 

variants containing only the standard amino acid 

repertoire. This strategy is reminiscent of the direct 

bioconjugation methodology described in section 

1.2.2. 

A similar approach was used to optimize SFTI-1 

towards matriptase. In this study presented in 

chapter 2.5 of the cumulative section non-natural 

azide-bearing amino acids were used as anchor 

points for the installation of diverse side-chain 

functionalities via CuAAC (Figure 21).[125] 

Additionally, also amino acid substitutions using 

the canonical repertoire were performed. The 

positions within the peptide sequence suitable for 

modification were identified through structure-

guided considerations prior to synthesis. Indeed, 
several triazole-containing SFTI-1-derivatives with 

improved matriptase affinities were identified. 

However, the best inhibition constant was 

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). 
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Figure 21. Scheme of a divergent synthetic route 

towards a targeted compound library containing 

different side chain functionalities. 

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.[200] 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.[111, 201-203] 

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.[204-205] 
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.[206-207] 

2. Even small peptides usually 

violate three criteria of the 

Lepinski´s rule of five: They 
easily exceed a molecular 

mass of 500 Da, 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.[208] 

3. Peptides below 15 kDa 
typically undergo fast renal 

clearance significantly redu-

cing circulation times.[118] 

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.[116-118] 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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Figure 23. Chemical structures of Cilengitide, DATOTOC, and the 

monocyclic variant of the sunflower trypsin inhibitor-1 (SFTI-1[1,14]). 
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peptides towards degradation in vivo.[206, 209-210] 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 CuAAC had to 
be established. 

2. 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. 

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

necessesary to gain access to desired peptidomimetic compounds. 

4. 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. 

5. 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. 

  



CUMULATIVE SECTION 

25 

2 Cumulative Part 

This section contains the following articles that have been published in peer-reviewed journals 

or are currently under review. 

 

2.1 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. 

 Reproduced by permission of the Royal Society of Chemistry (RSC). 

 

2.2 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. 

 Reproduced by permission of John Wiley and Sons. 
 

2.3 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. 

 Reproduced by permission of John Wiley and Sons. 
 

2.4 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. 

 Reproduced by permission of the Royal Society of Chemistry (RSC). 

 

2.5 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 in September 2012. 

 

Figures from the following article have been reused in the introduction (section 1) by 

permission of the Gesellschaft Deutscher Chemiker (GDCh): 

 

 Martin Empting*, 1,2,3-Triazole: Multifunktionswerkzeuge für die Peptidchemie. 

Nachrichten aus der Chemie (2012/13), in press. 
  

†shared primary authorship, *corresponding author(s) 
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Additionally, the following articles have also been published between 2009 and 2012: 

 

 Sebastian Fabritz‡, Sebastian Hörner‡, Doreen Könning, 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. 

 

 Sebastian Fabritz, Dirk Heyl, Viktor Bagutski, Martin Empting, Eckhard Rikowski, 

Holm Frauendorf, Ildiko Balog, Wolf-Dieter Fessner, Jörg J. Schneider, Olga Avrutina, 

& Harald Kolmar*, Towards click bioconjugations on cube-octameric silsesquioxane 

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

  

†shared primary authorship, *corresponding author(s) 
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Front cover of issue 20, volume 7, Organic & Biomolecular Chemistry 2009 

 Reproduced by permission of the Royal Society of Chemistry (RSC). 
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2.1 Heteromultivalent Scaffold-based Peptide Tetramers via CuAAC 

 

Title:  

Application of copper(I) catalyzed azide–alkyne [3+2] cycloaddition to the synthesis of 
template-assembled multivalent peptide conjugates 

Authors:  

Olga Avrutina, Martin Empting, Sebastian Fabritz, Matin Daneschdar, Holm Frauendorf, Ulf 
Diederichsen, Harald Kolmar 

 

Bibliographic Data:  

Organic & Biomolecular Chemistry, 
Volume 7, Issue 20, Pages 4177-4185, October 21, 2009. 
DOI: 10.1039/B908261A. 
First published online: August 25, 2009. 

 

Graphical Abstract:  

 

Tetravalent peptide conjugates were synthesized from unprotected peptide monomers on a 
cyclic decapeptide as a conjugation scaffold using “click” azide–alkyne cycloaddition in water 
at room temperature within comparatively short reaction times. 

 

Contributions by M. Empting:  

 Synthesized and isolated all peptidic compounds 
 Performed HPLC and GFC analysis 
 Wrote experimental section of the article and created all figures 
 Created cover artwork 
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2.2 Locked trans- and cis-Amide Surrogates within the SFTI-1 Backbone 

Title:  

Braces for the Peptide Backbone: Insights into Structure–Activity Relationships of 
Protease Inhibitor Mimics with Locked Amide Conformations 

Authors:  

Marco Tischler, Daichi Nasu, Martin Empting, Stefan Schmelz, Dirk W. Heinz, Philipp 
Rottmann, Harald Kolmar, Gerd Buntkowsky, Daniel Tietze, Olga Avrutina 

 

Bibliographic Data:  

Angewandte Chemie International Edition, 
Volume 51, Issue 15, Pages 3708–3712, April 10, 2012. 
DOI: 10.1002/anie.201108983. 
First published online: Febuary 28, 2012. 

 

Graphical Abstract:  

 

Flower power: Potent protease inhibitors containing triazolyl mimics of cis and trans 
backbone amides were engineered based on the structure of the sunflower trypsin inhibitor 
1. The biologically relevant cis-Pro motif was successfully replaced with a non-prolyl unit. 
High-resolution crystal structures of 1,4- and 1,5-disubstituted 1,2,3-triazolyl 
peptidomimetics can serve in the design of tailor-made Bowman–Birk inhibitors. 

 

Contributions by M. Empting: 

 Developed concept together with MT, DT, and OA 

 Synthesized and isolated peptidic compounds 3, 4, and wild-type SFTI-1[1,14] 

 Performed HPLC and ESI-MS analysis of 3, 4, and wild-type SFTI-1[1,14] 

 Performed trypsin-inhibition assays with 3, 4, and wild-type SFTI-1[1,14] 

 Wrote the article together with MT, DT, and OA 

 Created all figures of the maintext 
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2.3 Disulfide Replacement via 1,5-disubstituted 1,2,3-Triazoles 

Title:  

“Triazole Bridge”: Disulfide-Bond Replacement by Ruthenium-Catalyzed Formation of 
1,5-Disubstituted 1,2,3-Triazoles 

Authors:  

Martin Empting, Olga Avrutina, Reinhard Meusinger, Sebastian Fabritz, Michael Reinwarth, 
Markus Biesalski, Stephan Voigt, Gerd Buntkowsky, Harald Kolmar 

 

Bibliographic Data:  

Angewandte Chemie International Edition, 
Volume 50, Issue 22, Pages 5207–5211, May 23, 2011. 
DOI: 10.1002/anie.201008142. 
First published online: May 04, 2012. 

 

Graphical Abstract:  

 

A good impression: A modular approach using a ruthenium(II) catalyst during peptide 
synthesis gives rigid and well-defined triazole bridges as tailor-made substitutes for natural 
disulfide bridges (see structures). The corresponding modification of the monocyclic 
sunflower trypsin inhibitor-1 yielded an equally potent peptidomimetic containing a redox 
stable 1,5-disubstituted 1,2,3-triazole bridge. 

 

Contributions by M. Empting: 

 Developed concept together with OA 
 Synthesized and isolated all peptidic compounds 
 Performed HPLC, ESI-MS, and IR-analysis as well as trypsin-inhibition assays of all 

peptidic compounds 
 Wrote the article and created all figures 
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2.4 In vitro & in silico Studies of Matriptase Inhibition by SFTI-1 Variants 

Title:  

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 

Authors:  

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

 

Bibliographic Data:  

Organic & Biomolecular Chemistry, 
Volume 10, Issue 38, Pages 7753-7762, September 12, 2012. 
DOI: 10.1002/anie.201008142. 
First published online: August 06, 2012. 

 

Graphical Abstract:  

 

Derivatives of sunflower trypsin inhibitor-1 possessing native cystine as well as triazolyl 
side-chain macrocyclization motifs were studied in vitro and in silico for matriptase 
inhibition. 

 

Contributions by M. Empting: 

 Developed concept 
 Performed all in silico experiments 
 Wrote the article 
 Created all figures 
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2.5 Combinatorial “Click Libraries” for the Optimization of Matriptase Inhibition 

Title:  

Combinatorial Tuning of Peptidic Drug Candidates: High-Affinity Matriptase Inhibitors 
through Incremental Structure-Guided Optimization 

Authors:  

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

 

Bibliographic Data:  

Submitted for publication in September 2012. 

 

Graphical Abstract:  

 

The combination of incremental improvements of the sunflower trypsin inhibitor-1 (SFTI-1) 
yields single-digit nanomolar inhibitors of matriptase. Beneficial modifications of the 
peptidic framework were identified via a small "click" library and allowed for the 
establishment of additional favorable interactions between the enzyme and the inhibitor. 

 

Contributions by M. Empting: 

 Developed concept 
 Performed all in silico experiments 
 Wrote the article 
 Created all figures 
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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/IIIa receptor 

molecules and, thus, inhibit platelet aggregation. This scaffold-based multivalent construct 

may be suitable for fluorescence microscopy of GPIIb/IIIa-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 RuAAC 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 Ki 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 Ki 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 

Å Ångstrøm (10–10 m) 

aa amino acid 

ADC antibody-drug conjugates 

ADCC antibody-dependent cell-mediated cytotoxicity 

aq. aqueous 

AgAAC silver(I)-catalyzed azide-alkyne cycloaddition 

AMBER assisted model building with energy refinement 

BBI Bowman-Birk inhibitor 

BOP benzotriazol-1-yloxy)tris(dimethylamino)phosphonium hexafluorophosphate 

Boc tert-butyloxycarbonyl 

tBu tert-butyl 

°C degree Celsius 

c cyclo 

calc. calculated 

CDC complement-dependent cytotoxicity 

Cp cyclopentadienyl 

Cp* pentamethylcyclopentadien 

COD cyclooctadien 

COSS cube-octameric silsesquioxanes 

CuAAC copper(I)-catalized azide-alkyne cycloaddtion 

δ chemical shift, ppm 

Da Dalton 

DCM dicloromethane (CH2Cl2) 

DIEA ethyl diisopropyl amine (Hünig base) 

DMF dimethylformamide 

DMSO dimethylsulfoxide 

DOTATOC 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]amino]-1-oxo-3-phenylpropan-2-yl]amino]-2-oxoethyl]-

7,10-bis(carboxymethyl)-1,4,7,10-tetrazacyclododec-1-yl]acetic acid 

EI electron ionization 

ELISA enzyme-linked immunosorbent assay 

eq. equivalent 

ESI electro-spray ionization 

et al. et alii, et aliae, et alia 

Fc fragment, crystallizable (antibody) 

Fig. figure 

FITC fluoresceinisothiocyanate 

Fmoc 9-fluorenylmethyloxycarbonyl 
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GFC gel filtration chromatography 

GPC gel permeation chromatography 

h hour 

HAI-1 hepatocyte growth factor activator inhibitor-1 

HAI-2 hepatocyte growth factor activator inhibitor-2 

HATU O-(7-azabenzotriazol-1-yl)-1,1,3,3-tetramethyluroniumhexafluorophosphate 

HBTU O-(1H-benzotriazol-1-yl)-1,1,3,3-tetramethyluroniumhexafluorophosphate 

HCTU O-(1H-6-chlorobenzotriazol-1-yl)-1,1,3,3-tetramethyluroniumhexafluorophosphate 

HOAt 7-aza-1-hydroxybenzotriazol 

HOBt 1-hydroxybenzotriazol 

HPLC high-perfomance liquid chromatography 

HR high-resolution 

IC50 mean inhibitory concentration 

IgM immunoglobulin M 

k kilo (10
3
) 

Ki inhibition constant (substrate-independent) 

Ki
app

 apparent inhibition constant (substrate-dependent) 

L liter 

λ wavelength 

M molar concentration (mol/L) 

m milli (10
–3

) 

Me methyl 

min minute 

MS mass spectrometry 

MTBE tert-butyl-methylether 

MW molecular weight 

MWD molecular weight distribution 

MT-SP1 membrane-type serine protease 

μ micro (10
–6

) 

m/z ratio of mass to charge 

n nano (10
–9

) 

NBE new biological entities 

NCE new chemical entities 

NMP N-methylpyrrolidinone 

NMR nuclear magnrtic resonance 

p pico (10
-12

) 

Pbf 2,2,4,6,7-pentamethylchromane-6-sulfonyl 

PCy3 tricyclohexylphosphine 

PDB protein data base 

PEG polyethyleneglycol 

PET positron emission tomography 
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PG protecting group 

pH –lg[H
+

] 

Plk1 polo-like kinase 1 

POSS polyhedral silsesquioxanes 

PPh3 triphenylphosphine 

PyBOP benzotriazol-1-yloxy)tripyrrolidinophosphonium hexafluorophosphate 

R residue 

RAFT regioselectively addressable functionalized template 

RMSD root-mean-square deviation 

RP reversed-phase 

Rt retention time 

RuAAC ruthenium(II)-catalized azide-alkyne cycloaddtion 

SAR structure-activity relation 

SDMI-1 SFTI-1-derived matriptase inhibitor-1 

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

SEC size exclusion chromatography 

SFTI-1 sunflower trypsin inhibitor-1 

SPAAC strain-promoted azide-alkyne cycloaddtion 

SPANC strain-promoted alkyne-nitrone cycloaddtion 

SPECT single-photon emission computed tomography 

SPPS solid phase peptide synthesis 

ST14 suppression of tumorigenicity 14 (colon carcinoma) 

T temperature 

TASP template-assembled synthetic peptide 

Tab. table 

TFA trifluoroacetic acid 

TES triethylsilane 

 TP-I tachyplesin-I 

TPO thrombopoietin 

Trt trityl 

TTSP Type II transmembrane serine protease 

UV/VIS Ultraviolet-visible 

V volume 

v 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 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 
 

6.2 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

30cc8447fc5ffb5f6 

 

6.3 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 

 

6.4 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/c2ob26162f/c2ob26162f.pdf 

 

6.5 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. 
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gradient: 972% acetonitrile in 0.1% TFA over 30 minutes at 1 mL/min. 
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gradient: 945% acetonitrile in 0.1% TFA over 30 minutes at 1 mL/min 
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gradient: 945% acetonitrile in 0.1% TFA over 30 minutes at 1 mL/min 
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gradient: 945% acetonitrile in 0.1% TFA over 30 minutes at 1 mL/min 
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gradient: 945% acetonitrile in 0.1% TFA over 30 minutes at 1 mL/min 
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gradient: 945% acetonitrile in 0.1% TFA over 30 minutes at 1 mL/min 
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gradient: 945% acetonitrile in 0.1% TFA over 30 minutes at 1 mL/min 
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gradient: 945% acetonitrile in 0.1% TFA over 30 minutes at 1 mL/min 
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gradient: 945% acetonitrile in 0.1% TFA over 30 minutes at 1 mL/min 
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gradient: 945% acetonitrile in 0.1% TFA over 30 minutes at 1 mL/min 
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gradient: 945% acetonitrile in 0.1% TFA over 30 minutes at 1 mL/min 

4644424038363432302826242220181614121086420

1.900

1.850

1.800

1.750

1.700

1.650

1.600

1.550

1.500

1.450

1.400

1.350

1.300

1.250

1.200

1.150

1.100

1.050

1.000

950

900

850

800

750

700

650

600

550

500

450

400

350

300

250

200

150

100

50

0

-50

-100

0
,0

0

4
6
,0

2

Waste0
,0

0

RT [min]

101208_ME_a186_ref_--TX4Brain--_10to50_#2.DATA [PS325 Absorbance Kanal 1    ]
101208_ME_a186_ref_--TX4Brain--_10to50_#2.DATA [PS325 Absorbance Kanal2      ]
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gradient: 972% 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 
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HBTU / DIEA

NH2-Pra-Lys(Boc)-Pra-Pro-Gly-Pra-Ala-Pra-Pro-Gly-OH

H2N

H2N

min.

maj.  
Reference: NH2-Pra-Lys(Boc)-Pra-Pro-Gly-Pra-Ala-Pra-Pro-Gly-OH 

 

gradient: 945% acetonitrile in 0.1% TFA over 30 minutes at 1 mL/min 
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011208_ME_a153_--o-TPraK-crude--_10to50.DATA [PS325 Absorbance Kanal 1    ]
011208_ME_a153_--o-TPraK-crude--_10to50.DATA [PS325 Absorbance Kanal2      ]
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Reaction mixture: 

 

Rt= 26 min: guanidinated open chain precursor 

Rt= 30 min: cyclo-(Pra-Lys(Boc)-Pra-Pro-Gly-Pra-Ala-Pra-Pro-Gly) 

gradient: 945% acetonitrile in 0.1% TFA over 30 minutes at 1 mL/min 
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021208_ME_a154_--c-TPraK-crude--_10to50.DATA [PS325 Absorbance Kanal2      ]
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PyBOP activation 
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Reference: NH2-Pra-Lys(Boc)-Pra-Pro-Gly-Pra-Ala-Pra-Pro-Gly-OH 

 

gradient: 3080% methanol in 0.1% TFA over 30 minutes at 1 mL/min
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ME_190309_a001_--o-T-PraK(Boc)_crude--_30to80.DATA [PS325 Absorbance Kanal2      ]
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Reaction mixture: 

 

 
Rt= 24 min: cyclo-(Pra-Lys(Boc)-Pra-Pro-Gly-Pra-Ala-Pra-Pro-Gly) 

gradient: 3080% methanol in 0.1% TFA over 30 minutes at 1 mL/min 
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6.1.3 ESI-MS Spectra of Bioconjugates 

Conjugate 8: C56H78N22O18 Calc. Mass: 1346.6 
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Conjugate 9: C140H194N50O46, Calc. Mass: 3311.4 
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Conjugate 10: C216H326N78O62, Calc. Mass: 5004.5 
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Conjugate 11: C256H402N74O102, Calc. Mass: 6144.9 
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Conjugate 12: C324H474N106O90, Calc. Mass: 7289.6 



SUPPORTING INFORMATION 

115 

 

Conjugate 13: C240H344N80O67S, Calc. Mass: 5450.6 
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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
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Conjugate 10 
Peptide ligand 5:
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Conjugation product 10: 
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Conjugate 11 
Peptide ligand 6:
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Conjugation product 11: 
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Conjugate 12 
Peptide ligand 7:
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Conjugation product 12: 

 

  



SUPPORTING INFORMATION 

123 

Conjugate 13 
Peptide ligand 5 see “conjugate 10” 

Conjugation product 13: 
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GFC trace of 13 at 220 nm and 485 nm:
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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 µm, 130 Å). 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 μm, 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 with a Shimadzu LCMS-2020 equipped with a Phenomenex 

Jupiter 5u C4 LC column (50 x 1 mm, 5 µm, 300 Å). 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 CD2Cl2. 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 H2O (13 mL) with CH2Cl2 (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 CH2Cl2 phase was removed. The aqueous portion 

was extracted with CH2Cl2 (2 × 20 mL). The organic fractions containing the triflyl azide 

were pooled and washed once with saturated Na2CO3 and used without further purification. A 

mixture of L-alanine (715 mg, 8.0 mmol), K2CO3 (1.63 g, 11.8 mmol), CuSO4 pentahydrate 
(28 mg, 0.112 mmol) was dissolved in 75 mL H2O/methanol solution (1:2, v:v), and the 

prepared triflyl azide in CH2Cl2 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 H2O (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 × 80 mL) to remove 

sulfonamide by-product. The aqueous phase was then acidified to pH 2 with conc. HCl. The 

product was obtained from another round of EtOAc extractions (3 × 80 mL). These EtOAc 
extracts were combined, dried over MgSO4(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. 
1H NMR (300 MHz, CD2Cl2) δ = 11.20 (s, 1 H), 4.08 (q, J = 6 Hz, 1 H), 1.54 (d, J = 6 Hz, 3 

H); 13C NMR (75 MHz, CD2Cl2) δ = 177.2, 57.1, 16.5. EI-MS: m/z: [M]+ obsd. = 115.0 

(calc = 115.04). 

 
(2S,3S)-N-(9-Fluorenylmethyloxycarbonyl)-1-ethynyl-2-methyl-butylamine (8) and (2S)-
N-(9-fluorenylmethyloxycarbonyl)-2-ethynyl-pyrrolidine (9). The respective Boc-protected 

Weinreb-amide (9.3 mmol) was dissolved in anhydrous CH2Cl2 (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 

CH2Cl2, 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 0 °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/H2O mixture (1:1, v:v). The layers were partitioned, 

and the organic extracts were washed with water and dried over anhydrous MgSO4(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 CHCl3/CH3OH, 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 CH2Cl2 (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 H2O (20 mL) and Na2CO3 (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 Na2CO3. After stirring overnight, EtOAc (20 mL) was 

added and the mixture was acidified with 6 M HCl. The organic layer was separated, washed 

with H2O (4 times with 10 mL each) and dried over anhydrous MgSO4. 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: 1H NMR (300 MHz, CD2Cl2) δ = 7.82 (d, J = 9 Hz, 2 H), 7.65 (d, J = 9 Hz, 2 H), 7.4 (m, 4 

H), 5.14 (d, J = 6 Hz 1 H), 4.5 (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); 13C 
NMR (75 MHz, CD2Cl2) δ = 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: 1H NMR (300 MHz, CD2Cl2) δ = 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); 13C NMR (75 MHz, 

CD2Cl2) δ = 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-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)/H2O/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 (4×) with methyl tert-butyl ether (MTBE) to yield crude unprotected 
peptides. 

 

[Ala8]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 µmol) of reduced peptide in solution 

(1 mg/mL) in 100 mM (NH4)2CO3 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 µmol, 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]2+ obsd. = 754.06 

(calc = 753.37), [M+3H]3+  obsd. = 503.13 (calc = 502.58), [M-H]- obsd. = 1504.09 (calc = 

1503.71), [M-2H]2- obsd. = 751.85 (calc = 751.35). 

 
[Ala9]SFTI-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 µmol) of reduced peptide in solution 

(1 mg/mL) in 100 mM (NH4)2CO3 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]2+ obsd. = 754.08 

(calc = 753.37), [M+3H]3+  obsd. = 503.10 (calc = 502.58), [M-H]- obsd. = 1504.09 (calc = 

1503.71), [M-2H]2- obsd. = 751.84 (calc = 751.35). 

 

[IcA7,8]SFTI-1[1,14] (3) and [ItA7,8]SFTI-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; 

3 eq 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. 

RuAAC 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(II) sulfate pentahydrate (CuSO4·5H2O, 20 mol% of initial loading of 

the resin), 5 mg sodium ascorbate (NaAsc) and 170 µL 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 µmol) in 

solution (1 mg/mL) in 100 mM (NH4)2CO3 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 

µmol, 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 % aq. 

TFA at flow rate 1 ml/min. ESI-MS: m/z: [M+1H]+ obsd. = 1530.01 (calc = 1529.74), 

[M+2H] 2+ 765.84 (calc = 765.37), [M+3H]3+  obsd. = 510.87 (calc = 510.58), [M-H]- obsd. 

= 1528.0 (calc = 1527.72), [M-2H]2- obsd. = 763.75 (calc = 763.35). 

Air-mediated oxidation of GRCTKS[ItA]PICFPD was conducted with 48 mg (31.38 µmol) in 

solution (1 mg/mL) in 100 mM (NH4)2CO3 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 
µmol, 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 % aq. 

TFA at flow rate 1 ml/min. ESI-MS: m/z: [M+2H]2+ obsd. = 765.80 (calc = 765.37), 

[M+3H]3+  obsd. = 510.87 (calc = 510.58), [M-H]- obsd. = 1527.96 (calc = 1527.72), [M-

2H]2- obsd. = 763.74 (calc = 763.35). 

 

[PcA8,9]SFTI-1[1,14] (5) and [PtA8,9]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(II) sulfate pentahydrate (CuSO4·5H2O, 20 mol% of initial loading of the 

resin), 6 mg sodium ascorbate (NaAsc) and 122 µL 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]ICFPD (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 µmol) in 

solution (1 mg/mL) in 100 mM (NH4)2CO3 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 % aq. TFA at flow rate 1 ml/min.  ESI-MS: m/z: [M+2H]2+ obsd. = 

766.03 (calc = 765.37), [M+3H]3+  obsd. = 511.12 (calc = 510.58), [M-H]- obsd. = 1528.16 

(calc = 1527.72), [M-2H]2- obsd. = 763.94 (calc = 763.35). 

DMSO-mediated oxidation of GRCTKSI[PtA]ICFPD was conducted with 10 mg (6.54 µmol) in 

solution (1 mg/mL) in 100 mM (NH4)2CO3 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 µmol, 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]2+ obsd. = 765.98 

(calc = 765.37), [M+3H]3+  obsd. = 511.15 (calc = 510.58), [M-H]- obsd. = 1528.0 (calc = 

1527.72), [M-2H]2- 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 Na2HPO4,  1.76 mM KH2PO4, pH 7.4). 

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

The initial reaction rate (v i) of the proteolytic degradation of Boc-QAR-pNA (Bachem) by 
bovine Trypsin (100 nM) was determined for a series of concentrations ([S]i) of the 

chromogenic substrate (5000 µM – 500 µM). The Michaelis-Menten constant (KM) was 

calculated via Lineweaver-Burk plot (reciprocal initial reaction rate (1/ v i ) versus the 

reciprocal substrate concentration 1/[S]i) and linear regression of the resulting data. The 

experiment was performed in triplicate yielding KM as 41.70±6.21 µM (arithmetic mean, 
standard deviation given as error). 

Determination of Apparent Inhibition Constant (Ki
app) of SFTI Derivatives 1-6 

The normalized residual proteolytic activity (v/v0) of trypsin towards the chromogenic 
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substrate Boc-QAR-pNA (250 µM, Bachem) at different concentrations of linear and 

monocyclic SFTI-1 analogues 1-6 (I0) was determined for ~ 0.5 nM active enzyme (E0) in 
buffer (50 mM Tris/HCl, 150 mM NaCl, 0.01% Triton X-100, 0.01% sodium azide, pH 7.6). 

The apparent inhibition constants (Ki
app) 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. 

   

  (1) 

 

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

Entry Name Sequence Ki
app

  / nM
[a]

 

1 [Ala
8
]SFTI-1[1,14] GRCTKSIAPICFPD 178  25 

2 [Ala
9
]SFTI-1[1,14] GRCTKSIPAICFPD 22.2  2.6 

3 [IcA
7,8

]SFTI-1[1,14] GRCTKS[IcA]PICFPD 236  22 

4 [ItA
7,8

]SFTI-1[1,14] GRCTKS[ItA]PICFPD 2109  221 

5 [PcA
8,9

]SFTI-1[1,14] GRCTKSI[PcA]ICFPD 1787  187 

6 [PtA
8,9

]SFTI-1[1,14] GRCTKSI[PtA]ICFPD 44.0  11.4 

wt SFTI-1[1,14] GRCTKSIPPICFPD 1.48  0.1 

[a] Error of Ki
app

 is given as the standard error of the global non-linear regression. 

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

Substrate independent inhibition constant Ki was calculated from Ki
app and KM using the 

equation (2) (with [S] ≡ concentration of chromogenic substrate Boc-QAR-pNA used for Ki
app 

determination). 

 

   
  

   

   
   

  
 
  (2) 

The error of Ki  (ΔKi)was calculated by propagation of errors of Ki
app and KM using the 

following approach: 
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Differentiation of Ki with respect to Ki
app yields: 

 
   

  
 
    

 

   
   

  
 
  (5) 

 

Differentiation of Ki with respect to KM: 

using         
   

   
   

  
 

  
   and chain rule for differentiation yields: 
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Combination of (4), (5) and, (6) gives the final formula for calculating the error of Ki: 

       
 

   
   

  
 
 

 

     
   

 
 

  
  

   
    

   
   

  
 
 

      
 

 

         (7) 

 

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 (NH4)2SO4, 50 mM Tris, pH 8.5). To 10 µL of protein solution 

(30-60 mg/mL bovine pancreas trypsin (Sigma T1426), 0.3 M (NH4)2SO4, 60 mM 

benzamidine, 6 mM CaCl2, 0.1 M Tris, pH 8.15)  0.5 µL 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 [IcA7,8]SFTI-1[1,14] or [PtA8,9]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 [PtA8,9]SFTI-

1[1,14] and 3 weeks with [IcA7,8]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 Å. Data were indexed, integrated, and scaled with HKL2000.[S1] Phases 

were obtained with Phaser[S2]using trypsin coordinates (PDB code: 1SFI) as a search model. 

The coordinates were refined with Refmac5[S3]from the CCP4 suite[S4]and manually checked 

and corrected with COOT.[S3]The peptidic inhibitors were manually modeled with COOT.[S3] 
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.[S5]Crystallographic 

data collection and refinement statistics are summarized in Table S2. Unbiased Fo-Fc and final 

refined 2Fo-Fc electron density maps for [IcA7,8]SFTI-1[1,14] and [PtA8,9]SFTI-1[1,14] are 

shown in Figure S1 and S2, respectively. Figures were prepared using PyMOL.[S6] 
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Table S3. Crystallographic data collection (A) and refinement statistics (B) of [IcA
7,8

]SFTI-1[1,14] and 

[PtA
8,9

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

A B 

 

Data collection 

[IcA
7,8

]SFTI-

1[1,14] 

co-complex with 

trypsin 

[PtA
8,9

]SFTI-

1[1,14] 

co-complex with 

trypsin 

 Refinement 

[IcA
7,8

]SFTI-

1[1,14] 

co-complex with 

trypsin 

[PtA
8,9

]SFTI-

1[1,14] 

co-complex 

with trypsin 

Space group P212121 P212121  No. Reflections 40999 36482 

Cell dimensions    Rwork/Rfree 19.0/20.4 19.0/21.9 

a, b, c (Å) 61.8, 63.4, 69.3 61.1, 63.2, 69.9  
R.m.s 

deviations 
  

α, β, γ (°) 90.0, 90.0, 90.0 90.0, 90.0, 90.0  
Bond lengths 

(Å) 
0.007 0.0087 

    Bond angles (°) 1.261 1.188 

Resolution (Å) 46.8 - 1.45 46.9-1.55     

(highest shell 

(Å)) 
(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 

I/σI 21.1 (3.7) 12.5 (2.1)  
Molprobity 

score/percentile 
1.43/89

th
 1.4/93

th
 

Completeness 

(%) 
95.5 (84.0) 96.3 (90.4)     

Redundancy 11.2(7.0) 3.8 (2.2)  PDB Codes 4abj 4abi 

 

Figure S1. Unbiased Fo-Fc  (A) and refined 2Fo-Fc  electron density map (B) of [IcA
7,8

]SFTI-1[1,14] contoured at 2.5  

δ  and 1.0 δ, respectively. Insets of A and B show a close-up on the 1,5-disubstituted 1,2,3-triazole [IcA
7,8

]. 
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Figure S2. Unbiased Fo-Fc  (A) and refined 2Fo-Fc electron density map (B) of [PtA
8,9

]SFTI-1[1,14] contoured at 2.5  

δ  and 1.0 δ, respectively. Insets of A and B show a close-up on the 1,4-disubstituted 1,2,3-triazole [PtA
8,9

]. 

 

Figure S3. Comparison of energy minimized models with those generated from crystallographic data. A 

Energy minimized model of [IcA
7,8

]SFTI-1[1,14] in yellow, crystallographic coordinates shown in grey, 

[IcA
7,8

] is highlighted in lemon. B Energy minimized model of [PtA
8,9

]SFTI-1[1,14] in yellow, 

crystallographic coordinates shown in blue, [PtA
8,9

] is highlighted in orange. C Close-up of B. Note that 

the 1,4-disubstituted 1,2,3-triazole of [PtA
8,9

] of the crystallographic model has flipped compared to the 

energy minimized model. 
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6.2.4 In 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 (AMBER03 

force field, 298.1 K, pH = 7, coordinates of the respective inhibitor fixed). [S7]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.[S7] Corresponding 1,5- and 1,4-disubstituted 1,2,3-traizoles were modeled into the 

backbone, parameterized with AutoSMILES[S8]and energy minimized using the AMBER03 

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 

 

Figure S4. Comparison of the two likely conformations of 1,4-disubstituded 1,2,3-triazole of [PtA
8,9

]SFTI-

1[1,14]. Each conformation was refined with the same parameters, and its corresponding electron density 
displayed. 2Fo-Fc maps are shown in grey with a δ-level of 1.0. Fo-Fc maps are shown with δ-levels of -4.0 (red) 

and +4.0 (green). Conformation 1 is shown with white carbons, while conformation 2 of  [PtA
8,9

]SFTI-1[1,14] is 

shown with lemon carbons. A Individually refined conformation 1 of [PtA
8,9

]SFTI-1[1,14]. B Individually refined 

conformation 2 of [PtA
8,9

]SFTI-1[1,14]. Places were Fo-Fc 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 2Fo-Fc 
density. C Superposition of conformation 1 (white carbons) and conformation 2 (lemon) with corresponding 

2Fo-Fc electron density maps in grey and blue, respectively. D Refined [PtA
8,9

]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 Fo-Fc 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. 
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“flipped” geometry (Figure S3 C). 

6.2.5 Analytical Data 

Plotted Kinetic Data 
 

[Ala8]SFTI-1[1,14] (1) 

 

[Ala9]SFTI-1[1,14] (2) 
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[IcA7,8]SFTI-1[1,14] (3) 

 

 

[ItA7,8]SFTI-1[1,14] (4) 
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[PcA8,9]SFTI-1[1,14] (5) 

 

 

 

[PtA8,9]SFTI-1[1,14] (6) 
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NMR-spectra of azide and alkyne building blocks 

 

1
H NMR spectra of (2S)-2-Azido-propanoic acid (7) recorded at 300 MHz. 

 

13
C NMR spectra of (2S)-2-Azido-propanoic acid (7) recorded at 75.4 MHz. 
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1
H NMR spectra of (2S,3S)-N-(9-Fluorenylmethyloxycarbonyl)-1-ethynyl-2-methyl-butylamine (8) recorded at 300 

MHz. 

 

 

13
C NMR spectra of (2S,3S)-N-(9-Fluorenylmethyloxycarbonyl)-1-ethynyl-2-methyl-butylamine (8) recorded at 

75.4 MHz. 
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1
H NMR spectra of (2S)-N-(9-fluorenylmethyloxycarbonyl)-2-ethynyl-pyrrolidine (9) recorded at 300 MHz. 

 

 

13
C NMR spectra of (2S)-N-(9-fluorenylmethyloxycarbonyl)-2-ethynyl-pyrrolidine (9) recorded at 75.4 MHz. 
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RP-HPLC 

[Ala8]SFTI-1[1,14] (1) 

 

HPLC chromatogram of purified 1 recorded at 220 nm. Gradient: 1840.5 % acetonitrile in 0.1% aq. TFA over 20 minutes at 

flow rate 1 mL/min. 

 

 

[Ala9]SFTI-1[1,14] (2) 

 

HPLC chromatogram of purified 2 recorded at 220 nm. Gradient: 1840.5 % acetonitrile in 0.1% aq. TFA over 20 minutes at 

flow rate 1 mL/min. 
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[IcA7,8]SFTI-1[1,14] (3) 
 

HPLC chromatogram of purified 3 recorded at 220 nm. Gradient: 1840.5 % acetonitrile in 0.1% aq. TFA over 20 minutes at 

flow rate 1 mL/min. 

 

 

[ItA7,8]SFTI-1[1,14] (4) 

 
HPLC chromatogram of purified 4 recorded at 220 nm. Gradient: 1840.5 % acetonitrile in 0.1% aq. TFA over 20 minutes at 

flow rate 1 mL/min. 
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[PcA8,9]SFTI-1[1,14] (5) 

 

HPLC chromatogram of purified 5 recorded at 220 nm. Gradient: 1840.5 % acetonitrile in 0.1% aq. TFA over 20 minutes at 

flow rate 1 mL/min. 

 

 

 

[PtA8,9]SFTI-1[1,14] (6) 

 

HPLC chromatogram of purified 6 recorded at 220 nm. Gradient: 1840.5 % 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 [Ala3(&1),Ala11(&2)]SFTI-1[1,14][(&1-CH2-1,5-[1,2,3]triazolyl-&2)] (2), 

[Ala3(&1),Ala11(&2)]SFTI-1[1,14][(&1-1,4-[1,2,3]triazolyl-&2)] (3) and 

[Ala3(&1),Ala11(&2)]SFTI-1[1,14][(&1-CH2-1,4-[1,2,3]triazolyl-&2)] (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 Cβ 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 0.99rc6 (DeLano Scientific LLC) and aligned at 
the respective carbonyl, Cα, Cβ, and amide nitrogen atoms of residue 11 using the “Pair 

Fitting” command wizard. Distances between Cα 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, Cα, Cβ, and amide nitrogen atoms of residues 3 and 11 

at the compared structures using the “RMS” command. 

Table S1. Summary of measured distances between Cα atoms of residues 3 and 11 (d(Cα3, Cα11)) and calculated 

RMSD values for the respective carbonyl, Cα, Cβ, and amide nitrogen atoms of residues 3 and 11 for compounds 2, 

3, 4 and 9 compaired to 1. 

Entry Structure d(Cα3, Cα11) 

[Å]
 

RMSD [Å]
 

1 
H Gly Arg

H
N Thr

O

S

Lys Ser Ile Pro Pro Ile
H
N Phe

O

S

Pro Asp OH

 

4.00 - 

2 

H Gly Arg
H
N Thr

O

N

Lys Ser Ile Pro Pro Ile
H
N Phe

O

Pro Asp OH

2

N
N  

4.18 0.109 

3 

H Gly Arg
H
N Thr

O

N

Lys Ser Ile Pro Pro Ile
H
N Phe

O

Pro Asp OH

N N  

4.76 0.328 

4 

H Gly Arg
H
N Thr

O

N

Lys Ser Ile Pro Pro Ile
H
N Phe

O

Pro Asp OH

N N

2

 

4.52 0.391 

9
a) 

H Gly Arg
H
N Thr

O

N

Lys Ser Ile Pro Pro Ile
H
N Phe

O

Pro Asp OH

N
N  

3.69 0.361 

[a] Compound 9 was omitted from synthesis. 
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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 µm, 130 Å). 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 μm, 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 with a Shimadzu LCMS-2020 equipped with a Phenomenex 
Jupiter 5u C4 LC column (50 x 1 mm, 5 µm, 300 Å) 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-d6 and measured using a Shigemi 5mm Symmetrical NMR microtube 
(magnetic susceptibility matched to DMSO). Resulting spectra were processed and analyzed 

using the MestReNova software (Mestrelab Research) and are given in section 7. Broad 

signals in the 1H and HSQC spectra of 1,4-disubstitued 1,2,3-triazoles 3 and 4 might be 

caused by paramagnetic contaminations (presumably traces of copper(II) ions) due to the 

solution CuAAC approach. A detailed signal assignment for 1H and 13C 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)/H2O/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×) 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, 2 eq) and 342 µL 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 µmol, 76 % according to ½ of the initial loading 

of the resin). Oxidative macrocyclization of crude 9 was conducted in solution (1 mg/mL) in 

100 mM (NH4)2CO3 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 µmol, 17.2 % according to ½ of the initial load of the resin). 

IR (cm-1) 3285, 3073, 2966, 2880, 1636, 1556, 1452, 1203, 1138. ESI-MS (m/z) [M+2H]2+ 

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 
1
H-NMR chemical shifts for main conformer of compound 1.

a) 

[a] Parameters: 500 MHz, DMSO-d6,  300K, 
1
H reference: DMSO = 2.50; n.a.: not assigned. 

Residue NH  α-CH  β-CH  γ-CH   δ-CH   ε-CH  φ-CH Others 

Gly1 n.a. 3.74 - - - - - - 

Arg2 8.43 4.66 1.72, 1.57 1.52 3.09 - -  ε-NH 7.75, HH 7.20 

Cys3 8.70 5.60 2.90, 2.80 - - - - - 

Thr4 8.54 4.13 4.20 1.27 - - - β-OH 5.32 

Lys5 8.46 4.26 1.81, 1.46 1.31 1.54 2.77 - ε-NH2 n.a. 

Ser6 7.20 4.32 3.76, 3.46 - - - - β-OH 5.17 

Ile7 8.24 4.24 1.72 1.37, 0.96 0.80 - - β-CH3 0.79 

Pro8  -  4.95 2.25, 1.87 1.77, 1.67 3.46, 3.31 - - - 

Pro9  -  4.17 2.38, 1.66 1.97, 1.25   3.75, 3.49 - - - 

Ile10 7.55 4.27 1.72 1.34, 1.04 0.72 - - β-CH3 0.62 

Cys11  8.79 5.26 2.75, 2.60 - - - - - 

Phe12 8.52 4.79 3.11, 2.80 - 7.25 7.18 7.11 - 

Pro13  - 4,44 2.04, 1.95 2.66 3.69, 3.62 - - - 

Asp14 8.37 4.58 2.88; 2.84 - - - - - 
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Table S3. Observed 
13

C-NMR shifts for main conformer of compound 1.
a) 

Residue Cα  Cβ  Cγ  Cδ  Cε Cφ C=O Others 

Gly1 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. - 

Ile7 53.71 36.68 24.13 10.85 - -  n.a. β-CH3 14.98 

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

Pro9 59.54 29.25 24.00 47.11 - - 170.82 - 

Ile10 56.22 35.83 23.90 10.12 - - 172.86 β-CH3 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. β-COO n.a.  

[a] Parameters: 500 MHz, DMSO-d6,  300K, 
13

C reference: DMSO = 39.50; n.a.: not assigned. 

[Ala3(&1),Ala11(&2)]SFTI-1[1,14][(&1-CH2-1,5-[1,2,3]triazolyl-&2)] (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, 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 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 µmol, 2.1 % according to the initial loading of the 

resin). IR (cm-1) 3281, 3072, 2972, 2880, 1637, 1554, 1449, 1204, 1139. ESI-MS (m/z) 
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[M+2H]2+ obsd. = 775.59 (calc = 774.92), [M+H]+ obsd. = 1549.03 (calc = 1548.83), [M-

2H]2- 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. 
 

[Ala3(&1),Ala11(&2)]SFTI-1[1,14][(&1-1,4-[1,2,3]triazolyl-&2)] (3). The linear precursor 

peptide [Aza3,Pra11]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, 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 280 mg linear peptide 5 (182 µmol, 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 µmol, 16 % according to initial 

load of the resin). IR (cm-1) 3287, 3073, 2968, 2880, 2110, 1668, 1531, 1448, 1203, 1137. 

ESI-MS (m/z) [M+2H]2+ 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 H2O (1 mg/mL) with 1 eq of copper(II) sulfate 

pentahydrate (CuSO4·5H2O), 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 µmol, 7.5 % according to initial load of the resin). 

IR (cm-1) 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. 

 

[Ala3(&1),Ala11(&2)]SFTI-1[1,14][(&1-CH2-1,4-[1,2,3]triazolyl-&2)] (4). The linear 

precursor peptide [Aha3,Pra11]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 µmol, 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 µmol, 20 % overall yield). IR 

(cm-1) 3288, 3074, 2969, 2880, 2110, 1652, 1538, 1448, 1202, 1137. ESI-MS (m/z) 

[M+2H]2+ obsd. = 775.26 (calc = 775.38), [M+2H]2+ 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 µmol) was 

conducted in degassed and argon-flushed H2O (1 mg/mL) with 1 eq of copper(II) sulfate 

pentahydrate (CuSO4·5H2O), 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 µmol, 12.8 % overall yield). IR (cm-1) 3288, 3074, 

2969, 2880, 2110, 1652, 1538, 1448, 1202, 1137. ESI-MS (m/z) [M+Na+H]2+ 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 

NaCl, 2.7 mM KCl, 10.0 mM Na2HPO4,  1.76 mM KH2PO4, pH 7.4). The normalized residual 

proteolytic activity (v/v0) of trypsin towards the chromogenic substrate Boc-QAR-pNA 
(250 µM, Bachem) at different concentrations of linear and monocyclic SFTI-1 analogues 1-6 

(I0) was determined for ~ 0.6 nM active enzyme (E0) in buffer (50 mM Tris/HCl, 150 mM 

NaCl, 0.01% Triton X-100, 0.01% sodium azide, pH 7.6). The apparent inhibition constants 

(Ki
app) 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. 

   

  (1) 
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6.3.3 Plotted Kinetic Data 
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6.3.4 RP-HPLC 

 
SFTI-1[1,14] (1)  

 

HPLC chromatogram of purified  1 recorded at 220 nm. Gradient: 1840.5 % acetonitrile in 0.1% aq. TFA over 20 
minutes at flow rate 1 mL/min. 
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[Ala3(&1),Ala11(&2)]SFTI-1[1,14][(&1-CH2-1,5-[1,2,3]triazolyl-&2)] (2) 
 

 

HPLC chromatogram of crude 2 recorded at 220 nm. Gradient: 1840.5 % acetonitrile in 0.1% aq. TFA over 20 
minutes at flow rate 1 mL/min. 

 

HPLC chromatogram of purified 2 recorded at 220 nm. Gradient: 1840.5 % acetonitrile in 0.1% aq. TFA over 20 
minutes at flow rate 1 mL/min. 
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[Ala3(&1),Ala11(&2)]SFTI-1[1,14][(&1-1,4-[1,2,3]triazolyl-&2)] (3) 
 

 

HPLC chromatogram of crude 3 recorded at 220 nm. Gradient: 1854 % acetonitrile in 0.1% aq. TFA over 20 
minutes at flow rate 1 mL/min. 

HPLC chromatogram of purified 3 recorded at 220 nm. Gradient: 1854 % acetonitrile in 0.1% aq. TFA over 20 
minutes at flow rate 1 mL/min. 
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[Ala3(&1),Ala11(&2)]SFTI-1[1,14][(&1-CH2-1,4-[1,2,3]triazolyl-&2)] (4) 
 

HPLC chromatogram of crude 4 recorded at 220 nm. Gradient: 1840.5 % acetonitrile in 0.1% aq. TFA over 20 
minutes at flow rate 1 mL/min. 

HPLC chromatogram of purified 4 recorded at 220 nm. Gradient: 1840.5 % acetonitrile in 0.1% aq. TFA over 20 
minutes at flow rate 1 mL/min. 
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[Aza3,Pra11]SFTI-1[1,14] (5) 
 

 

HPLC chromatogram of purified 5 recorded at 220 nm. Gradient: 1854 % acetonitrile in 0.1% aq. TFA over 20 

minutes at flow rate 1 mL/min. 



SUPPORTING INFORMATION 

159 

[Aha3,Pra11]SFTI-1[1,14] (6) 
 

 

HPLC chromatogram of purified 6 recorded at 220 nm. Gradient: 1840.5 % 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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[Ala3(&1),Ala11(&2)]SFTI-1[1,14][(&1-CH2-1,5-[1,2,3]triazolyl-&2)] (2) 
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[Ala3(&1),Ala11(&2)]SFTI-1[1,14][(&1-1,4-[1,2,3]triazolyl-&2)] (3) 
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[Ala3(&1),Ala11(&2)]SFTI-1[1,14][(&1-CH2-1,4-[1,2,3]triazolyl-&2)] (4) 
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[Aza3,Pra11]SFTI-1[1,14] (5) 
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[Aha3,Pra11]SFTI-1[1,14] (6) 
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6.3.6 IR Spectra 

 

SFTI-1[1,14] (1) 

 

[Ala3(&1),Ala11(&2)]SFTI-1[1,14][(&1-CH2-1,5-[1,2,3]triazolyl-&2)] (2) 
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[Ala3(&1),Ala11(&2)]SFTI-1[1,14][(&1-1,4-[1,2,3]triazolyl-&2)] (3) 

 

 

 

[Ala3(&1),Ala11(&2)]SFTI-1[1,14][(&1-CH2-1,4-[1,2,3]triazolyl-&2)] (4) 
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[Aza3,Pra11]SFTI-1[1,14] (5) 

 

 

[Aha3,Pra11]SFTI-1[1,14] (6) 
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6.3.7 NMR Spectra 

 

SFTI-1[1,14] (1) 
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[Ala3(&1),Ala11(&2)]SFTI-1[1,14][(&1-CH2-1,5-[1,2,3]triazolyl-&2)] (2) 
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[Ala3(&1),Ala11(&2)]SFTI-1[1,14][(&1-1,4-[1,2,3]triazolyl-&2)] (3) 
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[Ala3(&1),Ala11(&2)]SFTI-1[1,14][(&1-CH2-1,4-[1,2,3]triazolyl-&2)] (4) 
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[Aza3,Pra11]SFTI-1[1,14] (5) 
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[Aha3,Pra11]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 µm, 130 Å). 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 μm, 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 µm, 300 Å). 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 ÄKTApurifier (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, 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. 

Compounds 2 and 46 

Synthesis and characterization of compounds 2 and 46 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 H2O/CH3CN (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 (5 eq), 17 mg (5 eq) benzotriazol-1-yl-

oxytripyrrolidinophosphonium hexafluorophosphate (PyBOP) as well as 11.3 μL (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 μL, 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/H2O/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 (3) with 30 mL methyl tert-butyl ether (MTBE) to 

yield the crude monocyclic peptide. Oxidative disulfide formation was conducted in 100 mM 

(NH4)2CO3 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]2+ obsd. = 757.8 (calc = 757.4), [M-H]- obsd. = 1511.8 (calc = 1511.7). 

[Ala3(&1),Ala11(&2)]SFTI-1[1,14][(&1-1,5-[1,2,3]triazolyl-&2)] (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, 2 eq 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/H2O/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 µmol, 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]2+ obsd. = 768.56 

(calc = 767.9), [M+3H]3+ obsd. = 512.85 (calc = 512.8), [M-H]- obsd. = 1533.29 (calc = 

1532.8). IR (cm-1) 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 Na2HPO4, 1.76 mM KH2PO4, pH 7.4). 

The normalized residual proteolytic activity v/v0 of trypsin against the chromogenic substrate 

Boc-QAR-pNA (250 µM, 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/HCl, 150 mM NaCl, 0.01% Triton X-100, 0.01% 

sodium azide, pH 7.6 or 8.5). The apparent inhibition constants (Ki
app) 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 (KM) for Boc-QAR-pNA against Matriptase 

The initial reaction rate (vi) of the proteolytic degradation of Boc-QAR-pNA (Bachem) by 

matriptase (1 nM) was determined for a series of concentrations ([S]i) of the chromogenic 

substrate (1000-75 μM for pH 7.6 and 1000-50 μM for pH 8.5). The Michaelis-Menten 

constant (KM) was calculated via Lineweaver-Burk plot (reciprocal initial reaction rate 1/vi 

versus the reciprocal substrate concentration 1/[S]i) and linear regression of the resulting 
data. The experiment was performed in triplicate yielding KM as 236.8±56.1 µM (pH 7.6) and 

66.6±16.0 µM (pH 8.5) (arithmetic mean, standard deviation given as error). 

Transformation of Equation (2) into Equation (3) 
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 (12) trinomial theorem 
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Propagation of Errors for ΔBG
exp 

ΔBG
exp for trypsin and matriptase complexes of compounds 16 were calculated from in vitro 

Ki using equation (7). The error of ΔBG
exp

 (ΔΔBG
exp) was calculated by propagation of errors of 

Ki (ΔKi) as follows: 
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Finally, differentiation of ΔBGexp with respect to Ki
 yields equation (15). 

          
   

  
 
 
     

   (15) 

 

6.4.2 In Silico Methods 

Instrumentation 

All in silico experiments were performed on an Intel® CoreTM 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 36 

Each triazolyl moiety was modeled manually into residue 11 of peptidomimetics 36 and then 

connected via a single C-C bond to residue 3 as depicted in Scheme S1. 

 

N
H

N

NN

NH

residue 3
residue 11

compound 5

residue 3
residue 11

compound 6

N

NN

residue 3

residue 11

compound 3

residue 3

residue 11

compound 4

HN

NH

N

NN

NH

HN N

NN

NH

HNO

O
O

O

O

O
O O

1,5-disubstituted 1,2,3-triazole 1,4-disubstituted 1,2,3-triazole

Scheme S1. Affiliation of atoms within triazolyl moieties to respective residues within compounds 36. 
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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: 1 

against refolding buffer 1 (50 mM Tris-HCl, 100 mM NaCl, 1 mM 2-mercaptoethanol, 3 M urea) and then 2 
against refolding buffer 2 (50 mM Tris-HCl, 100 mM NaCl, 1 mM 2-mercaptoethanol). 

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-HCl pH 8. Target protease was eluted by an increasing 

sodium chloride gradient 0→500 mM in 50 mM Tris-HCl (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; 1µM; Sigma) in buffer (50 mM Tris/HCl, 150 mM NaCl, 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. 

 

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. 

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 Ki
app

 and the standard error of the fit 

are given in nM. 

 

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 Ki
app

 and the standard error of the fit 
are given in nM. 
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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 Å. 

6.4.4 Supporting Tables 

Table S1 Determined Ki for compounds 1-6 against trypsin at pH 7.6 using equations (1) and (4 or 5)
a,b

 (Ki
1
), (2) 

and (6) (Ki
2
), as well as (3) and (6) (Ki

3
). 

Entry Ki
1/nM Ki

2/nM Ki
3/nM 

1 0.06a 0.07 0.07 

2 0.21a 0.21 0.21 

3 5.08b 5.07 5.07 

4 0.34a 0.34 0.34 

5 272.74b 272.72 272.73 

6 106.12b 106.09 106.09 
aEquation (5) was used. bEquation (4) was used. 
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Table S2 Determined Ki for compounds 1-6 against matriptase at pH 7.6 using equations (1) and (4)
 
(Ki

1
), (2) and 

(6) (Ki
2
), as well as (3) and (6) (Ki

3
). 

Entry Ki
1/nM Ki

2/nM Ki
3/nM 

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 284749.5 284748.4 

6 94092.1 94084.5 94096.2 

Table S3 Determined Ki for compounds 1 & 2 against matriptase at pH 8.5 using equations (1) and (4)
 
(Ki

1
), (2) 

and (6) (Ki
2
), as well as (3) and (6) (Ki

3
). 

Entry Ki
1/nM Ki

2/nM Ki
3/nM 

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

N1

C5

C4

N3

H4
C7H7

H7

C6

H6

H6

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

N1 N/ 

N2 N( 
N3 N) 

C4 C/ 

C5 C( 
C6 C2 

C7 C2 

H4 H4 
H6 HC 

H7 HC 

N2

N1

C5

C4

N3

C6
C7H7

H7

H6

H6

H5
 

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

N1 N$ 

N2 N% 
N3 N& 

C4 C$ 

C5 C% 
C6 C2 

C7 C2 

H5 H4 
H6 HC 

H7 HC 

Table S5 Bond parameters. 

Atom1-Atom2 Force constant/(kcal/(molÅ2)) Equilibrium distance/Å 

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 

N$-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-h1 425.00000 1.093 
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Table S6 Angle parameters. 

Atom1-Atom2-Atom3 Force constant/(kcal/(molrad2)) Equilibrium angle/degrees 

C2-C$-C% 373.02300 125.684 
C2-C$-N& 373.02300 126.776 

C$-C%-H4 95.500000 126.385 
C$-C%-N$ 373.02300 107.231 

C$-N&-N% 373.02300 107.954 

C%-N$-C2 373.02300 131.073 
C%-C$-N& 373.02300 107.540 

N&-N%-N$ 373.02300 111.267 

C%-N$-N% 373.02300 105.954 
H4-C%-N$ 95.500000 126.385 

N%-N$-C2 373.02300 122.982 

C$-C2-C1 64.700000 108.100 
C$-C2-HC 47.200000 110.860 

C1-C2-N$ 65.800000 112.590 

N$-C2-h1 49.900000 109.450 
C2-C2-N$ 65.800000 112.590 

HC-C2-N$ 49.900000 109.500 

C2-C(-C/ 373.02300 129.650 
C2-C(-N/ 373.02300 126.517 

C(-C/-H4 95.500000 125.288 

C(-C/-N) 373.02300 109.412 
C/-N)-N( 373.02300 108.718 

C(-N/-C2 373.02300 129.074 

N)-N(-N/ 373.02300 107.118 
C(-N/-N( 373.02300 111.158 

H4-C/-N) 95.500000 125.300 

N(-N/-C2 373.02300 119.767 
C/-C(-N/ 373.02300 103.833 

C(-C2-C1 64.700000 108.100 

C(-C2-HC 47.200000 110.860 
C1-C2-N/ 65.800000 112.590 

N/-C2-h1 49.900000 109.450 

C2-C2-N/ 65.800000 112.590 
HC-C2-N/ 49.900000 109.500 

h1-C2-h1 39.200000 109.550 

HC-C1-N 49.800000 109.500 
C -C1-HC 47.200000 109.680 

C1-C2-h1 46.400000 110.070 

h1-C2-h1 39.200000 109.550 
HC-C1-N 49.800000 109.500 

C -C1-HC 47.200000 109.680 
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Table S7 Dihedral angle parameters. 

Atom1-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.
a
 

Entry 
Monoisotopic 

mass / g·mol-1 
[M+H]+ [M+2H]2+ [M+3H]3+ [M-2H]2- 

1 1585.8 - 794.8 (793.9) 530.3 (529.6) - 

2 1599.8 - 800.9 (800.9) 534.2 (534.3) - 

3 1600.8 1601.5 (1601.8) 801.2 (801.4) 534.5 (534.6) - 

4 1614.8 - 808.4 (808.4) 539.3 (539.3) 806.3 (806.4) 

5 1614.8 - 808.4 (808.4) 539.3 (539.3) 806.2 (806.4) 

6 1628.8 - 815.4 (815.4) 543.9 (543.9) 813.2 (813.4) 

7 1632.9 - 818.3 (817.5) 545.9 (545.3) 816.3 (815.5) 

8 1646.9 - 824.4 (824.5) 549.9 (550.0) - 

9 1585.8 - 793.9 (793.9) 529.6 (529.6) 791.8 (791.8) 

10 1599.8 - 800.7 (800.9) 534.2 (534.3) - 

11 1600.8 - 801.2 (801.4) 534.5 (534.6) 799.0 (799.4) 

12 1614.8 1615.3 (1615.8) 808.1 (808.4) 539.1 (539.3) - 

13 1614.8 1615.7 (1615.8) 808.4 (808.4) 539.3 (539.3) 806.2 (806.4) 

14 1628.8 1630.0 (1629.8) 815.4 (815.5) 543.9 (543.9) 813.3 (813.4) 

15 1632.9 - 817.4 (817.5) 545.3 (545.3) - 

16 1646.9 - 824.5 (824.5) 549.9 (550.0) - 

17 1546.8 - 774.4 (774.4) 516.8 (516.8) 772.5 (772.4) 

18 1574.8 - 788.4 (788.4) 526.0 (525.9) 786.2 (786.4) 

19 1455.7 1457.0 (1456.7) 728.8 (728.9) 486.2 (486.2) - 

20 1483.8 1484.7 (1484.8) 742.8 (742.9) 495.6 (495.6) 740.8 (740.9) 

21 1497.8 - 749.8 (749.9) 500.2 (500.3) - 

22 1521.8 1522.6 (1522.8) 761.8 (761.9) 508.2 (508.3) 508.2 (508.3) 

42 1575.8 - 788.9 (788.9) 526.3 (526.3) 786.7 (786.9) 

43 1564.8 - 783.4 (783.4) 522.6 (522.6) 781.3 (781.4) 

44 1351.6 - 676.7 (676.8) 451.4 (451.5) 674.7 (674.8) 
a 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 Rt /min Gradient 

1 12.0 18→40.5 % a 

2 11.8 18→40.5 % a 

3 12.5 18→40.5 % a 

4 12.7 18→40.5 % a 

5 13.3 18→40.5 % a 

6 12.9 18→40.5 % a 

7 15.9 18→40.5 % a 

8 16.7 18→40.5 % a 

9 7.6 18→40.5 % a 

10 7.0 18→40.5 % a 

11 11.6 18→40.5 % a 

12 13.2 18→40.5 % a 

13 11.6 18→40.5 % a 

14 11.7 18→40.5 % a 

15 16.5 18→40.5 % a 

16 16.7 18→40.5 % a 

17 18.2 0→36 % b 

18 18.5 0→36 % b 

19 9.8 18→40.5 % a 

20 12.2 18→40.5 % a 

21 13.5 18→40.5 % a 

22 13.9 18→40.5 % a 

42 11.5 9→45 % c 

43 12.0 9→45 % c 

44 11.4 9→45 % c 
a 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 0 % acetonitrile over 2 min followed by 0→36 % acetonitrile in 0.1 % 

TFA over 20 min at flow rate 1 mL/min. c 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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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. 

 

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. 

 

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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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. 

 

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 

 

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. 

 

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. 

 

 

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. 

 

 

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. 
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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).  

 

  

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). 

 

   

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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