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Zusammenfassung 
 

In dieser kumulativen Arbeit wurden durch strukturbasiertes Wirkstoffdesign neue Inhibitoren auf 

Basis des Gerüstes des sunflower trypsin inhibitor-1 (SFTI-1) Peptids gegen krankheitsrelevante 

Serinproteasen generiert und untersucht.  

Die erste Studie (Org. Biomol. Chem., 2012 , 10, 7753-7762) demonstriert den Nutzen von SFTI-1 als 

Gerüstmolekül für Modellierungen und Dockingversuche. Es wurde gezeigt, dass der Austausch eines 

wichtigen Strukturmotives von SFTI-1[ 1,14], seine Disulfidbrücke, durch unterschiedlich substituierte 
1,2,3-Triazole nur dann gegen die Modellprotease Trypsin erfolgreich ist, wenn die neue Struktur mit 

der ursprünglichen nahezu identisch ist. Im Rahmen dieser Arbeit wurden die Ergebnisse einer in silico 
Studie mit den experimentellen Daten der Inhibitionsversuche verschiedener Peptide gegen die 

krankheitsbezogene Protease Matriptase-1 verglichen. Daraus ergab sich, dass beide Datensätze ein 

nahezu gleiches Ergebnis lieferten, nämlich eine geringe Affinität zu dem Zielprotein. Dies überrascht, 

da die Oberfläche von Matriptase-1 in der Nähe des aktiven Zentrums negativ und SFTI-1[1,14] positiv 

geladen ist. Um dies zu verstehen, wurden die berechneten freien Energien der Verbindungen aus den 

in silico und in vitro  Daten miteinander verglichen, wobei sich diese als nahezu identisch 
herausstellten. Daraus lässt sich schließen, dass die geminderte Affinität durch negative entropische 

Beiträge der C-terminalen Region dafür verantwortlich ist. Folglich sollte eine C-terminale Verkürzung 
oder der Austausch von bestimmten Aminosäuren die Bindungsaffinität gegenüber Matriptase-1 

erhöhen.  

Aus den Daten der in silico Studie folgt, dass die monozyklische Variante von SFTI-1 (SFTI-1[ 1,14]) als 

Ausgangsmolekül für weitere Verbesserungen für potentere Matriptase-1-Inhibitoren eine gute Wahl 

ist. Aus der Kristallstruktur des Matriptase-1-SFTI-1-Komplexes ergaben sich drei Positionen für die 
Austausche, die keine Bindung mit der Protease eingehen. Daher wurden die Aminosäuren Ile7 und 

Ile10 gegen nicht-natürliche Aminosäuren mit Azidfunktionen in der Seitenkette ausgetauscht. Mit 

Hilfe der Kupfer(I) -katalysierten Azid-Alkin -Cycloaddition (CuAAC) wurde mit  Hilfe unterschiedlicher 

Alkine eine Bibliothek von 22 Peptidmimetika synthetisiert. Diese Verbindungen mit 1,2,3-Triazolen 

wurden in einem Inhibitionstest gegen Matriptase-1 auf ihre Aktivität hin untersucht. Zusätzlich wurde 

Phe12 durch weniger raumfüllende kanonische Aminosäuren ersetzt. Nur die Austausche an den 

Positionen 10 und 12 führten zu einer Verbesserung der Inhibition gegen Matriptase-1 im Vergleich zu 

dem Wildtyp SFTI-1[ 1,14]. Die Triazolvariante mit einem Amin in der Seitenkette an Position 10 
wurde durch die positiv geladenen kanonischen Aminosäuren Lysin und Arginin ersetzt. 

Erstaunlicherweise hatten beide Austausche eine bessere Inhibitionskonstante als ihr Vorgänger. Dabei 

war die Variante mit einem Arginin affiner als mit einem Lysin. Das Peptid, das beide Verbesserungen 

an den Positionen 10 und 12 in sich trägt, besitzt eine Inhibiti onskonstante Ki von 11 nM (703 nM für 

den Wildtyp SFTI-1[ 1,14]) und wurde daraufhin als SFTI-1 derived matriptase inhibitor-1 (SDMI-1) 
bezeichnet. Diese Variante beinhaltet nur kanonische Aminosäuren und ist somit leicht durch 

automatische Festphasensynthese zugänglich.  

Die nächste Studie beschäftigte sich mit der Suche nach einer adressierbaren Position im Molekül für 

den Einbau von maßgeschneiderten funktionellen Gruppen. Diese wird z.B. für die Oligomerisierung 

des Inhibitors oder die Konjugation an ausgewählte Gerüstmoleküle wie einen Antikörper oder ein 

C4b-Bindeprotein (dort können alle sieben Ŭ­Helices adressiert werden) benötigt. Dafür wurden 

verschiedene Positionen auf ihre Austauschbarkeit untersucht, aber der jeder dieser Austausche führte 

zu einer erheblichen Verminderung der inhibitorischen Aktivität . Natürlich kann eine neue Gruppe 

einfach an den N-terminus gekoppelt werden. Die Verlängerung der Kette durch ein Fluorophor sorgte 
allerdings ebenfalls für einen starken Verlust der Inhibition (K i = 328 nM). Andererseits hatte die 

Zyklisierung des N- und C-Terminus keine negative Auswirkung auf die Inhibition. Aus diesem Grund 

scheint die fehlende Ladung des freien Amins nicht das Problem zu sein, sondern die ungünstige 

Wechselwirkung des Fluorophors mit der Oberfläche der Protease. Deshalb wurde ein e-Fmoc 

geschütztes Lysin an die erste Position eingebaut. Dadurch kann nach der Entschützung der 

Seitenkette der Einbau der gewünschten Funktionalität genutzt werden. Die Verbindung mit Lys1 
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besitzt eine Inhibitionskonstante Ki von 2,1 nM und ist damit potenter als ihr e Vorgänger, sie wurde 

daraufhin als SDMI-3 bezeichnet. Die Kopplung von verschiedenen Reportermolekülen, wie 

Fluorophoren oder anderen Verbindungen, zeigte nur einen geringen Verlust an Affinität gegenüber 

Matriptase-1. Somit ließ sich SDMI-3 an verschiedene oligovalente Biomoleküle konjugieren, die zu 
Tetrameren im Falle des Fc-Fragmentes eines Antikörpers oder sogar zu einem Heptamer im Falle des 

C4b-Bindeprotein führte . 

Die verbesserten Varianten aus den vorangegangen Studien wurden als Startpunkt für die Entwicklung 

neuartiger Furininhibitoren genutzt. Diese Protease steht im Zusammenhang mit Alzheimer, Krebs, 

Arteriosklerose und anderen Krankheiten. Der Wildtyp SFTI-1[ 1,14] zeigt nur ei ne moderate Inhibition 

von Furin (K i = 35 µM), aber SDMI -3 erwies sich mit 24,1 nM bereits als potente Verbindung. Der 
Einbau der Furinsubstratsequenz (Arg-X-Arg/Lys-ArgŹ) in SDMI-3 führte zu keiner Verbesserung der 

Inhibition. Interessanterweise erwies sich ein Arginin an der P1-Position in diesem Fall nicht optimal.  

Allerdings führte der Austausch gegen ein Lysin zu einer affineren Variante. Darüber hinaus sorgte der 

Austausch von neutralen gegen positiv geladene Aminosäuren für eine bessere Inhibition mit der 

negativ geladenen Oberfläche der Peptidase. Zusätzlich zeigte das in silico Modell keine ausgeprägte 

Wechselwirkung zwischen der C-terminalen Region und der Furin-Oberfläche. Daraufhin wurden 
verkürzte Varianten synthetisiert, bei denen die Aminosäuren 13-14 bzw. 12-14 fehlten. Beide 

Minimierungen hatten einen großen Einfluss auf die Aktivität der beiden Verbindungen mit 

Inhibitionskonstanten von 0,49 und 0,71 nM gegenüber Furin. Die aktivere Variante mit 12 

Aminosäuren wurde daraufhin als SFTI-derived furin inhibitor  (SDFI) bezeichnet.  

Die neu, nach rationalen Kriterien designten Peptide SDMI-3 und SDFI sind vielversprechende 

Varianten, die in der Nuklearmedizin mit  radioaktiven Markierungen zum Beispiel in der 

Tumordiagnostik eingesetzt werden könnten. Dafür wären die Verfahren der Positronen-Emissions-

Tomographie (PET) und Einzelphotonen-Emissionscomputertomographie (SPECT) hervorragend 

geeignet.  
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1. Introduction  

 

 

1.1. Engineering of new drugs  
 

Combating incurable diseases or inefficiently treated disorders requires intensive search and 

development of novel drugs. Different methods have been to date developed to access potent agents 

able to act against a challenging pharmacologic target. One of these strategies is the directed evolution 

based on multiple cycles of mutations in a gene or a protein in order to improve its kinetics, stability, 

or simply endowing it with a new function. Mimicking Nature that required millions of years to evolve 
a certain protein, directed evolution uses similar principles, thus tailoring an archetype according to 

the current needs within an incomparably shorter time. To this end, a template for the desired 

molecule, usually a protein, has to be chosen. Then, a library is generated using random substitutions, 

thus simulating an evolutionary  selection. Different techniques are available to introduce these random 

mutations, among them the error-prone PCR of the DNA,[ 1-2]  randomized oligonucleotides,[ 3-5]  somatic 

hypermutation [ 6] , deficient polymerases,[ 7-8]  or DNA shuffling.[ 9]  Obviously, no structural information 

on the target is required in this method, and advanced technologies have been developed for library 

screening, e.g. the bacterial,[ 10-11]  phage,[ 12-13]  mRNA,[ 14-15]  ribosome,[ 16-17]  or yeast display.[ 18-19] 

However, the huge size of the generated libraries often causes problems with handling and efficient 

screening within a tolerable time.  

Rational design, being a more sophisticated, regulated, and target-oriented approach is a viable 
alternative to directed evolution. However, the structure of a target is a requirement of the method 

rather than its prerequisite. Based on structural information obtained from reliable analytic methods, a 

process called the structure-based drug design can be applied that makes use of in silico experiments. 

The ultimate goal of the method is to obtain binders against a target protein and tailor them towards 

desired potency. Therefore, as a first step the target has to be identified, usually upon linkage with a 

particular disease-related pathway. Afterwards, the target must be produced in an amount required 
(ideally) for the characterization with NMR spectroscopy or X-ray crystallography, and for activity 

assays. Structural information allows for modeling and docking experiments in order to reveal an 

appropriate scaffold. It should possess a moderate activity towards the target, combined with synthetic 

availability, stability, and certain modularity.  Through the modeling process, substitutions of amino 

acids can be done, and binding affinity can be calculated from docking experiments. The next step is 

the verification of the in silico data. Therefore, the new lead variants have to be synthesized and tested 
for activity towards th eir drug target. If no enhancement of activity compared to the parent structure is 

observed, the iterative process of optimizing the lead molecule has to be continued, either by 

launching further modeling attempts or switching to a better design scaffold.[ 20]   

If an enhancement of the affinity towards the drug target  is observed, it has to be compared with the 

desired one. In the case the binding is not sufficient, the cycle of the lead optimization is repeated until 

the desired inhibitory activit y has been obtained. The final compound can optionally be tested in a 

clinical trial and, brought to the market ( Scheme 1).  
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Scheme 1: Algorithm of s tructure -based design of protease inhibitors (scheme modified from Anderson). [20]  
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1.2. Serine proteases of therapeutic relevance 
 

In Nature, endopeptidases catalyze proteolytic cleavage of amide bonds within certain peptidic 

substrates. The Nomenclature Committee of the International Union of Biochemistry and Molecular 

Biology (NC-GS@K@' f_q bcdglcb npmrc_qcq _q §fwbpmj_qcq _argle ml ncnrgbc `mlbqµ,[ 21]  Approximately 

500 genes in the human body encode for various types of proteases. Interestingly, peptidases make up 

about 2 % of proteins in all organisms,[ 22]  with more than 4000 representatives being listed in the 

MEROPS database.[ 23]  Each of these enzymes possesses different amino acids in the catalytic center, 

which promote the hydrolytic cleavage of a peptide bond in an exergonic reaction. This process, 

though being thermodynamically favored, has been never observed in pure water (t1/2  = 10 -1000 

years) and a catalyst is required to accelerate it. This could be explained taking into consideration that 
a carboxamide group possesses partial double-bond character due to delocalization of the nitrogen 

lone pair into the carbonyl group. In  the presence of a suitable biocatalyst degradation of a peptide 

bond reaches completion within milliseconds.  

To date, seven families of proteolytic enzymes are listed in the MEROPS database (Table 1). However, 

for some proteinases the crystal structure, ergo, the catalytic mechanism remains unknown, and several 

members can be attributed to multiple families.  

Table 1: Overview of the different  families of peptidases, with their corresponding nucleophile and amino acids in the catalytic 

center.[24-29]  

Type of protease* Nucleophile AA in the catalytic center Presence in the human body 

Asparagine (N) water Asp, Asn 0 

Aspartic (A)  water Asp, Asp 21 

Cysteine (C)  thiol  His, Asp, Cys 149 

Glutamic (G) water Glu, Gln 0 

Metallo (M) water Glu, His 194 

Serine (S) hydroxyl  His, Asp, Ser 176 

Threonine (T) hydroxyl Thr, Thr 28 
*The alphabetic acronym for the type of a protease is not linked to a one-letter amino acid code. 

 

Diverse factors influence the activation of peptidases, among them specific regulators, inhibitors, and 

pH of the reaction milieu. Being unregulated, endopeptidases, e.g. the matrix metalloproteinases 

(MMPs), can trigger certain diseases, among them arthritis, inflammation, or cancer.[ 26]  Interestingly, 

the MMPs are the only proteases requiring a metal ion, usually zinc, in the active site in order to 

activate water as a nucleophile for the cleavage of the peptide bond. Some other enzymes are 

overexpressed in course of pathologic processes resulting in uncontrolled and undesired cleavage 

activity as well as activation of unwanted pathways. Therefore, control over the activity of 

endopeptidases plays an important role in modern healthcare.  

Trypsin, a pancreatic enzyme found in many vertebrates, is the most studied serine protease. Known to 
man since millennia, this protease is responsible for digestion, blood coagulation, fibrinolysis, 

development, fertilization, apoptosis, and immunity. [ 30]  In the following, the mechanism of the 

catalytic triad in serine proteases (which amount to one-third of all endopeptidases) will be explained 

in detail using trypsin as a typical representative.  

Being similar for almost all proteases, the catalytic mechanism starts with a nucleophilic attack on the 

carbonyl carbon of an amide bond.[ 31]  In serine proteases, the required nucleophile is provided by the 

side chain of Ser195 in the active site, with the proton of the hydroxy group linked to the imida zole ring 

of His57 via a hydrogen bond (Figure 1).  
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Figure 1: Secondary structure of human matriptase-1 (PDB: 3P8F) (left) with a close-up of the three amino acids at the active 

site (right) . 

 

The NH group of the imidazole ring is also linked to a 

carboxylic group of Asp102. These three amino acids, 

referred to as the catalytic triad, compose a highly 

coordinated structure in the very heart of an enzyme and 

are the key players in the hydrolytic cleavage of peptide 

bonds. The nucleophilic oxygen of the hydroxy group of 

Ser195 attacks the carbonyl carbon of the scissile peptide 

bond (Figure 3a). This process is catalyzed by the imidazole 

group from His57 serving as general base, leading to a 

tetrahedral intermediate stabilized by NH-groups on the 
npmrcgl%q qspd_ac &Figure 3b), the so-called oxyanion hole 

(Figure 2). A proton from the positively charged imidazole 

ring is transferred to the primary amine of the scissile 

peptide bond, and the intermediate degenerates to an acyl-

enzyme and an amine product. The acyl-enzyme gets 

deacylated upon a nucleophilic attack by a water molecule, 

which gets deprotonated first by the nitrogen of the 

imidazole group (Figure 3c). This second addition-

elimination reaction leads to a regeneration of the catalytic 

triad and the process can continue with a new peptide bond 

to cleave (Figure 3d-e). 
 

 

 

 

 

 

Figure 2: Depiction of the oxyanion hole of 

chymotrypsin. The occurring tetrahedral 

intermediate will be stabilized by the amine 

groups of Gly193 and Ser195.  
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Figure 3: Catalytic mechanism of a serine protease. The carbonyl carbon of the substrate is attacked by the hydroxyl of serine, 

followed by the cleavage of the amine. A water molecule adds to the carbonyl carbon and the cycle can be repeated.  

 

1.2.1. Matriptase -1 
 

In proteases, the mechanism of the catalytic triad provides a major information about the cleavage of a 

particular substrate. Nevertheless, for the design of an efficient protease inhibitor, more precise 

gldmpk_rgml ml rfc _argtc qgrc%q qsppmslbgleq gq pcosgpcb* c,e, _kglm _agb amknmqgrgml* qspd_ac af_pec, 

and architecture of the binding pockets at sufficient resolution. Therefore, for a structure-based drug 

design structural insights into a target of interest are of high priority.  

Matriptase-1 is a member of the family of type-II transmembrane serine protease (TTSPs) and is also 

referred to as MT-SP1, epithin, serine endopeptidase SNC19, serine protease TADG-15, and CAP3.[ 23]  

Discovered in 1993 in human breast cancer cells, it is still in the focus of numerous disease-related 

studies.[ 32]  Indeed, matriptase-1 is associated with breast[ 33-34]  and ovarian cancer,[ 35]  
atherosclerosis,[ 36]  osteoarthritis, [ 37]  chronic lymphocytic leukemia,[ 38]  and other tumors.[ 39-42]   

Structurally, matriptase-1 comprises the extracellular stem region including a single sea urchin sperm 

protein (SEA), two urchin embryonic growth factor and bone morphogenic protein-1 domains (CUB). 

Its catalytic triad is located C-terminally; four putative N -linked glycosylation sites are disposed at 

positions 109, 302, 485, and 772. The 80-90 kDa glycoprotein is anchored onto the cellular membrane 

via its N-terminus, expressed in several epithelial tissues, and has pleiotropic effects on development, 
cell-cell adhesion and homeostasis (Figure 4).[ 43-44]   
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Figure 4: Left: Crystal structure of matriptase with elements of secondary structure indicated (PDB: 3P8F). Right: Multid omain 

structure of matr iptase-1 comprising the N-terminal cytoplasmic domain and membrane, the extracellular domain containing 

the stem region (including SEA and two CUB domains) and four LDLRA (low-density lipoprotein receptor domain) domains, as 

well as the catalytic triad at the C-terminus (figure modified from K. Uhland ).[45]  

 

Matriptase-1 is naturally  controlled by its Kunitz -type serine protease inhibitor hepatocyte growth 

factor activator inhibitor -1 (HAI -1) which plays a crucial role in the activation of this protease after its 

expression as a zymogen. Without HAI-1 the activity of MT -SP1 drops and the overall surface 

expression is reduced.[ 46-47]  The crystal structure of matriptase-1 in complex with HAI -1 (PDB: 4ISO) 

gives insights into the binding geometry, with the Kunitz domain 1 (KD1) enabling the interaction. 

This motif has a Gly-Arg-Cys-ArgŹ-Gly `glbgle qcosclac `cruccl rfc N2 rm N/% pcqgbscq &lmkclaj_rspc
of Schechter and Berger[ 48]).[ 49]  Interestingly, the substrate sequence required for the recognition by 

matriptase-1 has been defined as Arg/Lys-X-Ser-ArgŹ-Ala (X stands for any non-basic amino acid).[ 50]   

Being able to cleave and activate numerous substrates and enzymes, matriptase-1 represents a 

challenging target for drug development. Thus, in vitro  experiments verified that it is recruited in 

activation of the zymogen of the hepatocyte growth factor (pro -HGF) and the urokinase-type 

plasminogen activator (pro-uPA).[ 50-51]  Both enzymes are involved in the process of invasive growth 
leading to cell proliferation, which is required for organ regeneration and maintenance but also in 

tumor growth and metastasis.[ 45]   

Over the past decade numerous studies aimed at the development of synthetic matriptase-1 inhibi tors 

have been conducted. All these small molecule compounds shared the positively charged residues 

around the P1 position. Using bis-benzamidines as a scaffold for the structure-based drug design, 

potent inhibitors were developed combining a Ki of 208 nM with good selectivity profile against the 

urokinase plasminogen activator (uPA) and thrombin.[ 52]  Steinmetzer et al. tailored a library of 
inhibitors based on bis-basic secondary amides of sulfonylated 3-amidinophenylalanine for better 

interaction with matriptase -1 subsites, resulting in a compound with a Ki of 3.9 nM. [ 53]  This molecule 

was further improved by replacement of the C-terminal basic group with a more neutral one, resulting 

in a Ki of 0.43 nM. [ 54]  The most potent compound, to our knowledge, is an irreversible peptidic 

inhibitor with a K i of 11 pM which possesses a ketobenzothiazole group at the C-terminus, thus making 
matriptase-1 no longer able to cleave the peptide (Figure 5).[ 55]  Although a number of very potent 

inhibitors of MT -SP1 has been developed over the last years,[ 56-61]  there is still room for improvement 

regarding a prolonged half-life in the human body.  
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Figure 5: Selected potent matriptase-1 inhibitors.[52-55, 59, 62]  

 

 

1.2.2. Furin 
 

The type-I transmembrane serine protease furin is a member of the proprotein convertases (PCs) 

family, together with six other members (PACE4, PC1/3, PC2, PC5/6, PC7, and PC4). This subtilisin-

like protease is of growing interest due to its involvement in cancer, Alzheimer%s disease, viral 

infection, osteoarthritis, atherosclerosis, and long-term pathogen infections.[ 63-66]  Discovered in 1986, 

the strictly calcium dependent endoprotease is expressed in all cells and mainly active in the trans-

Golgi network. It contains a signal peptide that directs the expressed protein to the secretory pathway. 

The prodomain functions as a chaperone for proper folding and as an intramolecular inhibitor in order 
to control the activity of furin. It gets cleaved at a neutral pH and a sufficient calcium concentration. 

Other than in matriptase-1, the catalytic domain is located N-terminally. The P-domain is responsible 

for the calcium and pH dependence and enzyme stability. There are three possible glycosylation sites 

located in the catalytic and P-domains. Finally, the transmembrane domain anchors the endopeptide to 

the plasmatic membrane (Figure 6). [ 64, 66-67]  In 2003 Henrich et al. solved the crystal structure of mouse 
furin inhibited by the decanoyl -Arg-Val-Lys-Arg-chloromethylketone (dec-RVKR-cmk) (PDB: 1P8J).[ 68]   

 

 

Figure 6: Left: Crystal structure of furin with elements of secondary structure indicated (PDB: 1P8J). Right: Sketch of 

multidomain structure of furin with its catalytic triad shown in one -letter amino acid code.[64, 66-67]  

 

Shortly after the discovery of furin, various kinds of its inhibitors were synthesized and their activity 

was evaluated. The first generation of inhibitors were the irreversible decanoyl-peptidyl -chloromethyl 
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ketones with single-digit nanomolar K i%q,
[ 69-70]  One of the first protein -based inhibitors was the Ŭ1-

antitrypsin Portland (Ŭ1-PDX), modified from the naturally occurring Ŭ1-antitrypsin serum protease 

inhibitor with a K i of 600 pM, by simply inserting the furin substrate sequence RIPR in the serpin 

reactive site.[ 67, 71]  Screening for oligopeptide binders against furin revealed polyarginine peptides, with 
nona-L-arginine being the most potent one (Ki of 42 nM). [ 72]  As the surface of furin is negatively 

charged, positively charged residues in the binding loop of a potential inhibitor are required. Kacprzak 

et al. were able to improve the inhibitor affinity by using D- instead of L-polyarginines, resulting in 

nona-D-arginine with a K i of 1.3 nM.[ 73]  The development of a 2,5-dideoxystreptamine library 

demonstrated great potential of this scaffold (the best binder possessed a Ki of 6 nM). [ 74]  A different 

small-molecule library of inhibitors was generated based on 4-amidinobenzylamide with a K i of the 
best compound of 0.81 nM.[ 75]  In a following study, the compounds were further improved resulting in 

an affinity to furin of 8 pM ( Figure 7). [ 76]   

 

 

Figure 7: Selected potent furin inhibitors. [74-76]  

 

 

1.3. Disulfide-stabilized scaffolds for drug design  
 

 

During the evolution, Nature developed a vast number of scaffolds ­ molecular platforms serving as 
starting points in structural design towards generation of new functions and properties - which differ 

in size, architecture and complexity (Figure 8). Although these frameworks often diverge considerably 

from each other, they possess several common features: stability, activity, availability, and modularity. 

Among these scaffolds, disulfide-stabilized peptidic architectures can be indicated as a separate group, 

despite they differ in morphology, biologic function, and cystine fold as a prerequisite for constitution 

and stability. 

The biggest disulfide-stabilized scaffolds applied in immunotherapy are the antibodies or 

immunoglobulins (Igs). They ar e divided into five groups and consist of IgG, IgA, IgM, IgD and IgE, 

distinguished by their size and structure. Thus, a typical IgG molecule is a tetramer consisting of two 

identical light and heavy chains comprising repeated structural motifs (homology regions).[ 77]  They 

bear two antigen binding sites (Fabs) and one constant fragment (Fc). Their complementarity 
determining regions (CDRs) are responsible for the diversity of the antibodies and for binding the 

epitope of a particular target. The disulfide bridges provide structural integrity and their number 

differs from 2 for IgD to 12 for IgG3. Antibody -based cancer therapy is to date the main driver of sales 

at the pharmaceutical market.[ 78]   
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Figure 8: Comparison of the molecular weight of an antibody (PDB: 1IGT), EETI (PDB: 2IT7), and SFTI-1 (PDB: 1SFI).  

Another group of disulfide -stabilized molecular scaffolds have been developed using the 

representatives of a large family of the so-called cystine-knot peptides. These unique architectures 

possess nearly all the properties of proteins, except for the molecular size. Indeed, they have a number 

of beneficial features for drug design, such as temperature and protease stability, synthetic 

accessibility, and modularity.[ 79]  These molecules, also 

known as knottins, consist typically of 30-50 amino acids 
and have a core of antiparallel ɓ-strands which is 

stabilized by at least three disulfide bonds (Figure 8, 

Figure 9a). [ 80]  To date, a broad spectrum of knottin 

species has been identified, which possess many-sided 

biological activity, e.g. insecticidal, inhibitory, anti -HIV, 

cytotoxic, antimicrobial, or hormone -like. [ 81]  In these 

molecules, the cysteines are always connected in the 

same way, the first with the fourth, and the second with 

the fifth one. The disulfide bond between the third and 

the sixth cysteine penetrates the ring made by other two 
cystines, thus forming a geometrical pseudo-knot. 

Sometimes the cystine-knot structure is additionally 

stabilized by head-to-tail macrocyclization; these 

peptides are called cyclotides. Although it is still 

questionable how this macrolactamization takes course 

in Nature, it is believed to provide enhanced bioactivities 

by increasing stability and lowering flexibility; better 

resistance against proteolytic cleavage is another 

advantage.[ 82]  In Figure 9, the structures of cyclic and 

open-chain knotted miniproteins are depicted. [ 83]   

Several representatives of the knottin family have got into research focus due to their potential as 

drugs and diagnostic agents,[ 84]  among them miniproteins from the fruit of Momordica cochinchinensis 

&rpwnqgl glfg`grmpq YKAmRG%q['*[ 85]  the seeds of the squirting cucumber Ecballium elaterium (trypsin 

inhibitor [EETI]), [ 82]  an insecticide from the plant Oldenlandia affinis (kalata B1), [ 86]  a fragment of the 

Agouti-related protein (AgRP), numerous toxins from animal species, and many others (Figure 9). [ 80, 

87]  They are able to keep their functional and structural integrity even upon exposing to harsh 

conditions like strong acids and bases, high temperature and proteolytic enzymes.[ 79-80, 88]  Their 

outstanding stability carries hopes for potential oral application, which often is a drawback for other 

protein-based therapeutics. In 2007 Greenwood et al. demonstrated the capability of the miniprotein 

MCoTI-II to internalize into a breast cancer cell line and macrophages.[ 89] The knottins were used in 

grafting experiments with bioactive peptides inserted in the loops of the cyclotides. Being still able to 

 

Figure 9: Depiction of different disulfide -rich 

miniproteins. a) MCoTI-II (PDB: 1HA9), b) EETI (PDB: 

2IT7) c), Kalata B1 (PDB: 2LUR) d) AgRP (PDB: 

1MR0).[80]  
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fold towards a bioactive conformation; the resulting molecules demonstrated enhanced affinity 

towards their targets.[ 90-91]  Glotzbach et al. showed the viability of this grafting method by generating 
yeast surface-displayed libraries of MCoTI with a diversity of 2 x 10 7, with the best candidates 

possessing inhibitory activity against therapeutically relevant protease matriptase-1 in a subnanomolar 

range.[ 56]  As the design of the library can be combined with a rational approach taking in consideration 

that some amino acids are more favorable at certain positions, the probability of getting improved 

binders is increased.[ 92-93]  

The members of Bowman-Birk inh ibitor  (BBI) family possess intrinsic antiproteolytic activity . In plants 

the BBIs are involved in the defense mechanism, thus bearing potential as cancer chemopreventive.[ 94]  

They all share the same rigid and conserved canonical loop comprising an extensive hydrogen-bond 

network, a disulfide bridge, and a cis-proline motif ( Figure 10). [ 95]  Some inhibitors benefit from their  

flexibility as a key attribute;  in the case of the BBIs the rigidity helps to lock the inhibitor loop in a 

complementary conformation to the enzyme.[ 96]   

The crucial role of the mentioned elements has been proven in a number of experiments. Thus, the 

requirement of the cis-Pro at the P3% position (nomenclature of Schechter and Berger[ 48]) was 
confirmed as a dramatic loss of binding affinity was observed upon a substitution of this residue.[ 94-95, 

97]  Interestingly, the P1 residue important for binding at the active site in the S1 pocket of the protein 

plays no role in the rigidity of the inhibitor construct ,[ 96]  concluding the possibility to change the 

specificity of a BBI towards an alternative target protease without loss of its characteristic 

conformational rigidity. Most of the members of the family have a molecular weight in the range of 6-

8 kDa and are stabilized by 7 disulfide bonds. Many of them are capable to bind two different 

proteases at the same time, usually trypsin and chymotrypsin.[ 98]  

 

 

Figure 10: Active site sequence of Bowman-Birk inhibitors in comparison. A conserved disulfide bond formed by two cysteines 

(bold), and a cis-Pro at the P3ò position (bold) are common in all BBIs. Origin and length of the molecules are also stated 

(figure modified from Daly et al.).[94]  

 

 

One of the smallest and most potent BBIs known is the sunflower trypsin inhibitor-1 (SFTI-1), which 

was isolated 1999 by Luckett et al. from seeds of Helianthus annus.[ 99]  To date, a detailed analysis of its 
structure and inhibitory activity towards different proteases has been done.[ 98, 100-104]  In contrast to 

other inhibitors of the BBI family, comprising typically 60 -70 residues, SFTI-1 contains only the rigid 

canonical loop of 14 amino acids (Figure 10). [ 99] The backbone of SFTI-1 is cyclic and additionally 

stabilized by a disulfide bridge which is responsible for the general rigidity of the peptide ( Figure 

11). [ 105-106]   
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Figure 11: Depiction of the sunflower trypsin inhibitor -1 (SFTI-1) (PDB: 1SFI). Blue: nitrogen, red: oxygen, yellow: sulfur, grey: 

carbon, hydrogen atoms are omitted for clarity.  

 

As the name implies, SFTI-1 is a very potent trypsin inhibitor with a K i of 0.1 nM. During the last 

decade, numerous attempts have been made to improve or tailor the affinity and selectivity of SFTI 

towards other targets. To this end, it is important to id entify, on the one hand, the residues which are 

involved in the interaction with the protein and, on the other hand, those which are essential to keep 
the conformation of the backbone intact. Therefore, a mutation of every amino acid against an alanine 

(an Ala-scan) became an appropriate method which allowed for the identification of the key amino 

acids within the SFTI-1 scaffold.[ 94, 107-108]  Thus, three amino acids, Gly1, Pro9, and Pro13, were only 

marginally involved in the interaction with trypsin, while Lys5 and Pro8 were found indispensable. 

Indeed, the Lys5 is required for the optimal fit in the S1 pocket of trypsin, and cis-conformation of Pro8 

is a fundamental demand for a BBI fold. Other elements of the sequence play their role upon binding, 
being however a second-line participants in the inhibitory process.  

The role of the disulfide bond as well as its substitution against a more redox stable connectivity has 

been studied as well.[ 109]  Thus, Zablotna et al. investigated the effect of the head-to-tail cyclization and 

the cystine motif and found the bicyclic SFTI-1 being the most potent trypsin inhibitor followed by the 

acyclic disulfide-bridged variant. Not surprisingly, the inhibitory activity of the peptide lacking the 

cysteines as a result of their substitution by Ŭ-aminobutyric acid decreased most of all.[ 110]  In a 
different approach, the sulfur was substituted against the isosteric selenium by incorporation of 

selenocysteine, and the Ki was only 3-fold decreased with the new diselenide bridge.[ 111]  Liu et al. used 

a more sophisticated approach and exchanged the disulfide against a methylenedithioether bridge as a 

more redox stable linker. The inhibition of the serine protease matriptase was examined, and the 

engineered peptide showed nearly the same Ki as the parent SFTI-1.[ 112]  Finally, Empting et al. showed 
the utility of 1,5 -disubstituted 1,2,3-triazoles as viable disulfide surrogates.[ 109]   

Additionally, the introduction of non -natural amino acids or other non-canonic compounds at the 

desired positions has been studied. As the repertoire of synthetic building blocks bearing different side 

chains is nearly unlimited, the incorporation of these elements seems intriguing as it can not only lead 

to novel molecules with enhanced potency, but provides insights in the structure-activity relationship 

(SAR) for the new variants. [ 100, 112]  An alternative approach makes use of the application of N-

substituted glycine residues, the so-called peptoids. As these amino acid analogs are fully protease-
resistant,[ 113]  their application could significantly increase the stability of a potential drug. However, 

the Lys5 interacts nearly perfect with the S1 pocket of the enzyme suggesting that substitution at this 

position could lead to decrease in inhibitory activity.  

For diagnostic purposes, e.g. imaging, the derivatization of peptide with markers like fluorophores or 

radiolabels is of high interest. Several groups demonstrated that the labeled peptide still had a very 

potent inhi bition of the target protease.[ 114-116]   
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1.4. Aims and scope 
 

 

During the last decades, natural and engineered compounds possessing peptidic or peptide-like 

structure emerged as a challenging and rapidly commercializing field. In 2011, the net sales of 

peptides worldwide were estimated to 14.7 billion  USD, [ 117]  clearly demonstrating the importance of 

these molecules for the drug market today. Indeed, compared to small molecules and full-size proteins, 

peptidic drugs have the advantage of being highly selective, efficacious, relatively safe, and well 

tolerated.[ 118]   

It is estimated that up to the year 2030 the deaths caused by cancer will be around 11.5 million 

people. To date, monoclonal antibodies which are able to distinguish and eliminate tumor cells with 

high selectivity are often the therapy of choice. However, their high molecular weight, low tissue 
penetration, as well as poor cellular uptake significantly limit their potential. In contrast to antibodies, 

intrinsic solubility, favorable pharmacokinetics, and distinct tissue distribution reside in peptides, 

which enables both efficient uptake and fast elimination. [ 119]   

Several anticancer peptides have been to date either isolated from animal sources or generated via 

library screening, e.g. by phage display.[ 120-123]  De novo drug design is another approach to develop 
peptides with tailored, e.g. anti -tumor, properties. To this end, bioinformatics and computer-aided 

design (CAD) are used, with precise knowledge on both target and lead being an indispensable 

prerequisite.[ 124-125]  Generally, the structure-based design is a powerful tool towards the development 

of novel and optimization of known inhibitors of certain therapeutically -relevant proteases. With the 

information on parent scaffold and the protease of interest, binding properties of an inhibitor can be 

improved or tailored according to the instant needs by means of molecular engineering.  

Sunflower trypsin inhibitor -1 (SFTI-1) is a disulfide-stabilized cyclic peptide which emerged as a viable 

tool for the generation of novel protease inhibitors. [ 61, 126-135]  Engineering this scaffold towards potent 
inhibitors for different protease targets of therapeutic relevance is the main goal of this thesis. 

Therefore, the objectives of this work can be summarized as followed: 

 

 

¶ Comparative study of in vitro  and in silico inhibition of trypsin and matriptase -1 by SFTI-

1[ 1,14] derivatives bearing disulfide -mimicking disubstituted 1,2,3 -triazoles; 
 

¶ Synthesis of SFTI-1[ 1,14] -triazolyl  derivatives with improved affinity to therapeutically 

relevant protease matriptase-1, by amino acids replacement within negligibly interacting 

regions; 

 

¶ Analysis of contributions from each beneficial substitution and their combination towards 

improved activity;  
 

¶ Tailoring of inhibitors towards further modifications upon installation of an additional 

addressable site for orthogonal transformations; 

 

¶ Oligomerization of the matriptase-1 inhibitors using certain biomolecular scaffolds; 

 

¶ Structure-based design of furin inhibitors based on the scaffold of SFTI-1[ 1,14].  
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2. Cumulative Part 

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

 

 

2.1 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).  

 

2.2 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. Org. Biomol. Chem. 2013 , 11, 1848-1857.  
- Reproduced by permission of the Royal Society of Chemistry (RSC).  

 

 

2.3 Heiko Fittler , Olga Avrutina, Martin Empting, Harald  Kolmar, Potent inhibitors of human 

matriptase-1 based on the scaffold of sunflower trypsin inhibitor . J Pept Sci. 2014 , 6, 415-420.  
- Reproduced by permission of John Wiley and Sons.  

 

 

2.4 Heiko Fittler , Alexander Depp, Olga Avrutina, Sven O. Dahms, Manuel Than, Martin 

Empting, Harald Kolmar, Engineering a Constrained Peptidic Scaffold towards Potent and 

Selective Furin Inhibitors. Chembiochem 2015 , 16, 2441-2444.  
- Reproduced by permission of John Wiley and Sons.  

 

 

Additionally, the following articles  have also been published between 2012-2015.  

 

 

Bernhard Glotzbach, Michael Reinwarth, Niklas Weber, Sebastian Fabritz, Michael Tomaszowski, 

Heiko Fittler , Andreas Christmann, Olga Avrutina, Harald Kolmar, Combinatorial optimization of 

cystine-knot peptides towards high-affinity inhibitors of human matriptase -1, PLoS One 2013 , 8, 

e76956 

 
 

Vanessa Siegmund, Stefan Schmelz, Stephan Dickgiesser, Jan Beck, Aileen Ebenig, David Fiebig, Heiko 
Fittler , Holm Frauendorf, Birgit Piater, Ulrich Betz, Olga Avrutina, Andrea Scrima, Hans-Lothar 

Fuchsbauer, Harald Kolmar, Locked by design: A conformationally constrained transglutaminase tag 

enables efficient site-specific conjugation. Angewandte Chemie 2015 , DOI: 10.1002/anie.201504851 .  
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