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Abstract

Eliminating past concerns about toxicity issues, covalent inhibitors have successfully overcome their
bad reputation and ushered a new era in the development of protease inhibitors. This resulted in the
approval of several drugs by the U.S. Food and Drug Administration. A peptidomimetic recognition
sequence, combined with an electrophilic moiety (warhead), which is responsible for the covalent bond
to the target enzyme, has been recognized as an effective inhibitor scaffold. The present dissertation is
about the investigation and characterization of covalent peptidomimetic protease inhibitors, regarding
their pharmacodynamic properties and improvement of the associated fluorometric inhibition assay

(chapter A) as well as the evaluation of covalent inhibitors for trypsin-like serine proteases (chapter B).

Chapter A: To reduce possible side effects of covalent inhibitors, due to non-selective binding to
physiological nucleophiles and other enzymes, the right choice of an appropriate warhead in
combination with a suitable peptidomimetic recognition sequence is of utmost importance during drug
development. Within the first project, an assortment of peptidomimetic scaffolds targeting different
proteases, combined with various warheads were synthesized. Fluorometric inhibition studies of the
inhibitors revealed the impact of both structure parts concerning their affinity to its target protease and
selectivity profile. Additional NMR- and LC-MS-based reactivity studies were performed, investigating
the chemoselectivity of the used warheads against model nucleophiles of serine/threonine and cysteine
proteases. The observed results in both test systems were further explained by quantum mechanics and

docking simulations.

Conventionally used fluorogenic substrates for inhibition assays display excitation and emission
maxima in the lower wavelength area, which is vulnerable to assay interferences and bears the danger
of leading to false positive or negative results. Here, the development and characterization of new 7-
nitrobenz-2-oxa-1,3-diazol-4-amine (NBD)-based substrates presented an alternative strategy to
mitigate common assay interferences, due to the shift of the excitation and emission wavelength of the

NBD fluorophore to higher wavelengths and resulting in more reliable inhibition data.

Chapter B: Trypsin-like serine proteases are involved in many important physiological processes like
blood coagulation and remodeling of the extracellular matrix. However, they are also associated with
pathological events. Overexpression and dysregulation of urokinase-type plasminogen activator (uPA)
and hepsin promotes tumor progression, proliferation and metastasis. Another member of this protease
class represents the transmembrane protease serine subtype 2 (TMPRSS2), which enables the viral cell
entry of coronaviruses and received a lot of attention during the SARS-CoV-2 pandemic. Within this
chapter, peptidomimetic covalent protease inhibitors were designed to target each protease with high

potencies and promising selectivity profiles.
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Kurzfassung

Kovalente Inhibitoren konnten ihren schlechten Ruf beziiglich friiherer Toxizitdtsbedenken liberwinden
und lduteten eine neue Ara der Entwicklung von Proteaseinhibitoren ein, welche zu mehreren
Arzneimittelzulassungen der U.S. Food and Drug Administration fiihrte. Dabei kristallisierte sich eine
peptidomimetische Erkennungssequenz, gepaart mit einer geeigneten elektrophilen Kopfgruppe
(Warhead) als effektives Grundgeriist fiir die Entwicklung von Inhibitoren heraus. Die vorliegende
Dissertation handelt von der Untersuchung kovalenter Proteaseinhibitoren beziiglich ihrer
pharmakodynamischen Eigenschaften sowie Optimierung des fluoreszenzbasierten Inhibitionsassays
(Kapitel A), und présentiert das rationale Design kovalenter Inhibitoren gegeniiber Trypsin-dhnlichen

Serinproteasen (Kapitel B).

Kapitel A: Zur Vermeidung potenzieller Nebenwirkungen, verursacht durch unspezifische Bindung an
physiologische Nukleophile und andere Enzyme, ist es von groBter Wichtigkeit, die richtige Wahl des
kovalenten Warheads und der peptidomimetischen Erkennungssequenz im Rahmen der Inhibitor-
Entwicklung zu treffen. Das erste Projekt umfasst die Synthese kovalenter Inhibitoren mit
Kombinationen verschiedener peptidomimetischer Grundgeriiste und Warheads sowie die
Charakterisierung ihrer Inhibition durch Fluoreszenzassays gegeniiber unterschiedlichen Proteasen.
Zusitzlich wurden NMR- und LC-MS-basierte Reaktivititstestungen mit den ausgewéhlten Warheads
gegeniiber Modell-Nukleophilen der Serin-/Threonin- und Cysteinproteasen durchgefiihrt. Die
erhaltenen Ergebnisse beider Testsysteme wurden mit quantenmechanischen und computergestiitzten

Bindungsexperimenten untermauert.

Haufig verwendete Fluoreszenzsubstrate des oben erwéhnten Inhibitionsassays besitzen Anregungs-
und Emissionwellenlédngen der jeweiligen freien Fluorophore im kurzwelligen Bereich. Dadurch besteht
die Gefahr von typischen Assay-Interferenzen, welche zu falsch-positiven und -negativen Ergebnissen
fiihren konnen. Aufgrund dessen wurden durch Nutzung von 7-Nitrobenz-2-oxa-1,3-diazol-4-amin
(NBD) als Fluorophor Anregungs- und Emissionswellenléngen in den héheren Wellenlangenbereich
verschoben, sodass typische Assay-Interferenzen vermieden und verldssliche Inhibitionsergebnisse

erhalten werden konnen.

Kapitel B: Trypsin-dhnliche Serinproteasen stellen einen wichtigen Bestandteil von vielen
physiologischen Prozessen wie der Blutgerinnung und der Umstrukturierung der extrazelluldren Matrix
dar, konnen jedoch bei Deregulierung pathologische Ereignisse fordern. Die Enzyme Urokinase-Typ
Plasminogen-Aktivator (uPA) und Hepsin konnen beide bei Uberexpression die Tumorprogression, -
proliferation und -metastasierung unterstiitzen. Ein weiteres Beispiel stellt die Transmembran-
Serinprotease 2 (TMPRSS2) dar, welche den viralen Zelleintritt von Coronaviren ermoglicht und erneut
durch die SARS-CoV-2 Pandemie in den Fokus geriet. Kapitel B beschreibt das rationale Design von

peptidomimetischen kovalenten Inhibitoren gegeniiber den drei genannten Serinproteasen.
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1. Introduction

1.1 Functional Role and Classification of Proteases

The hydrolysis of amide bonds is probably one of the oldest known mechanism of proteins. At the
beginning of the 20" century, it was long considered that the process of proteolytic enzymes only served
the purpose of receiving amino acid nutrients by nonspecific degradation of dietary proteins (protein
catabolism)."M?) However, the pioneering work on trypsinogen activation and mechanism of blood
clotting in the middle of the 20™ century revealed, that precise cleavage of proteins by proteolytic
enzymes, so called proteases, can regulate other proteins or even affect signal pathways.[* > This led to
the concept of “proteolytic processing”, in which inactive precursors or zymogens are converted to their
physiologically active forms with selective enzymatic hydrolysis of peptide bonds.!) According to this
realization, many functional roles of proteases were discovered and characterized. This comprises intra-
and extracellular processes like cell proliferation and cell death, tissue remodeling, immune response
and hemostasis.”" 'l In contrast to the majority of other signaling pathways, protease signaling is mostly
irreversible.”) Thus, constant and strict regulation of the enzymatic activity, which includes gene
expression, zymogen inactivation or endogenous inhibitors, plays a crucial role for maintaining key
physiological roles.®"'2H!3] Therefore, it is not difficult to understand that dysregulation of proteases
can have severe pathological consequences such as cancer, cardiovascular or neurodegenerative

diseases. 14-110]

The evolutionary complexity of living organisms presents a large repertoire of proteases, defined by
different functionalities with various structural characteristics and specificities. The effort of the
scientific community who seeks new applications for proteases under physiological or pathological
conditions, led to the development of degradomics as an experimental field for identification and
characterization of proteases, their substrates and inhibitors.[*"!"'"¥] By using information retrieved
from sequencing projects, combined with bioinformatic analysis, over 550 proteases (~2% of the

HI9L2 To provide an overview of the large

genome) have been identified for the human degradome.!”
number of different proteases, mainly two international systems for protease nomenclature are used. The
Enzyme Commission Number (EC number), developed in the 1950s is a numerical classification for
enzymes, based on the chemical reactions they catalyze.*!) Proteases are classified in class EC 3, as
hydrolases, subclass EC 3.4 peptidases, due to the catalytic hydrolyzation of peptide bonds.!'®
Furthermore, peptidases are divided into endopeptidases and exopeptidases, depending on their cleavage
site. Exopeptidases cleave only one of the three amide bonds near the C (carboxypeptidase)- or N
(aminopeptidase)-terminus. In contrast, endopeptidases can cleave bonds much further away from both
termini but may also cleave peptide bonds near a C-or N-terminus.”?) Nowadays, peptidases can

additionally be characterized by their catalytic mechanism, due to a better knowledge of protease
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structures. The peptidase database MEROPS classifies proteases by their catalytic mechanism, whereby
the names originate from the catalytic active amino acid or metal, present in the active site: (A) aspartic
peptidases (EC 3.4.23), (C) cysteine peptidases (EC 3.4.22), (G) glutamic peptidases (EC 3.4.19), (M)
metallo peptidases (EC 3.4.24), (S) serine peptidases (EC 3.4.21), (T) threonine peptidases (EC 3.4.25)
and (U) unknown peptidases. A seventh group has been identified with the asparagine peptide lyases
(N). However, due to a different catalytic mechanism without consumption of a water molecule, it is
assigned to the lyases (EC 4.3.2).¥ Furthermore, the classes are categorized with respect to their tertiary

structure and basis of common ancestry into clans and families (Figure 1).1*!
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4 Introduction

Proteases take on a broad range of physiological roles, which is mainly due to the large repertoire of
specialized substrate pockets. This comprises binding pockets from highly promiscuous proteases that
can cleave a big variety of substrates, to proteases with specificity for particular substrate

[24],[25

sequences. ] Molecular interactions between the substrate and the binding pocket of the protease

determines substrate specificity, which are mainly represented by electrostatic and hydrophobic

26127] The amino acid side chains of substrate peptides protrude into sub-pockets of the

interactions.!
protease binding site. This results in a locked extended f-strand conformation of the substrate in the
binding cleft. Therefore, folded proteins which consist of helices, turns/loops and sheets are protected
from degradation.” Schechter and Berger developed a nomenclature, which describes the substrate-
binding site of the protease and the residues of the substrate that occupy them.?®! The surface of the
protease within the binding site, which can accommodate one side chain of a substrate residue is called
subsite or subpocket. Beginning from the scissile bond, which is located between the residues P1 and
P1’ of the substrate, subpockets of the binding sites are numbered S1-Sn towards the N-terminus (non-

primed site) and S1'-Sn’ towards the C-terminus (primed site). In analogy, the side chains of the

substrate are described as P1-Pn (non-primed site) and P1'-Pn’ (primed site; Figure 2).["H%!

Substrate

Scissile bond

N-terminus C-terminus

non-Primed side Primed side

Protease

Figure 2: Schematic representation of a protease binding site with its substrate. Numbering of the substrate residues according
to Schechter and Berger nomenclature, with P1-Pn towards the N-terminus (blue) and P1'—Pn” towards the C-terminus (beige)
and in similar fashion to the subpockets (S1-Sn, S1—Sn"). Figure created with BioRender.com and modeled after Turk et al.l"!

The formation of a peptide bond occurs via a dehydration reaction, where water is released. Therefore,
it is not surprising that the breakdown of a peptide is accomplished by hydrolysis. The six major protease
classes can be divided into two classes, concerning their catalytic mechanism. Cysteine, serine and
threonine proteases harbor a nucleophilic amino acid in their active site (covalent catalysis) and stabilize
the tetrahedral transition-state by a covalent bond between the substrate and the catalytic active amino

acid.
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The aspartic, glutamic and metalloproteases instead use an activated water molecule (non-covalent

catalysis) for formation of the tetrahedral transition-state during the peptide breakdown (Figure
3).0221025)

Covalent catalysis Acid-base catalysis
(Cys, Ser, Thr) (Metallo, Asp, Glu)

Figure 3: Catalytic mechanism of the six major protease classes. Cysteine, serine and threonine proteases harbor the respective
amino acid residue that resembles the nucleophile of the catalytic site (covalent catalysis) and gets activated by a base in
proximity (often histidine; left). Metallo-, aspartate and glutamate proteases harbor an activated water molecule in the active
site as the nucleophile (acid-base catalysis), where aspartate, glutamate, or zinc (metalloproteases) work as acids and bases.
Figure created with BioRender.com and modeled after Turk et al.l"]

1.2 Serine Proteases as Potential Therapeutic Targets

1.2.1 General Properties of Serine Proteases

Serine proteases (EC 3.4.21) represent almost one-third of all identified proteases and are considered as

241,[291,[30

the largest proteolytic class.! ! The structure of the catalytic machinery of serine proteases was

B X-ray

originally distinguished by the catalytic triad Asp-His-Ser of a-chymotrypsin in 1964.
crystallography revealed that the catalytic Ser195 was in proximity to His57 to form a hydrogen bond.
Later, Asp102 was identified to also play an important catalytic role as part of the “charge relay” system

4311321 Before the structure elucidation of subtilisin, it was thought that

due to polarization properties.
all serine proteases would be homologous to a-chymotrypsin. However, 1969 X-ray crystallography
showed that subtilisin harbors the same catalytic triad, with a totally different main-chain structure.*
The presence of the identical amino acids in the active site in a different structural context of subtilisin
demonstrated that there must be independent evolutionary paths to the triad.?? Overall, there are four
existing distinct protein folds, illustrated by chymotrypsin, subtilisin, carboxypeptidase and Clp protease
that utilize the Asp-His-Ser triad in the same manner to catalyze hydrolysis of peptide bonds.*”
Moreover, further serine proteases mediate catalysis with different catalytic triads, such as a pair of His

residues combined with the nucleophilic serine (His-Ser-His) or an exchange of the aspartate residue
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with glutamate (Glu-His-Ser). Other proteases employ a simpler mechanism with dyads containing Lys

or His paired with the nucleophilic serine.***? Figure 4 presents five examples of different serine

proteases to highlight the structural diversity of the protease class. In total there are 13 clans and 51

families of serine proteases currently listed, according to the MEROPS database.” A summary of the

different catalytic units in all serine protease clans is listed in Table 1.

Table 1: Tllustration of all clans and families of serine proteases with their catalytic residues and characteristic protein fold.*!

Clan Family Representative Member Catalytic Fold
Residues

PA 14 Trypsin/Chymotrypsin Asp-His-Ser Greek-key f-barrels
SB 2 Subtilisin Asp-His-Ser 3-layer sandwich
SC 7 Prolyl oligopeptidase Asp-His-Ser olff
SE 3 D-Ala-D-Ala carboxypeptidase A Lys-Ser a-helical bundle
SF 2 LexA peptidase His/Lys-Ser all p
SH 5 Cytomegalovirus assemblin His-His-Ser o/f barrel
SJ 3 Lon peptidase Ser-Lys olf
SK 3 Clp peptidase Asp-His-Ser o/
Sp 1 Nucleoporin Lys-Ser all p
Sp 1 Aminopeptidase DmpA His-Ser 4-layer sandwich
SR 1 Lactoferrin Lys-Ser 3-layer sandwich
SS 1 L, D-Carboxypeptidase K Glu-His-Ser [-sheet + f-barrel
ST 8 Rhomboid His-Ser a-barrel
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Figure 4: Overview of structurally diverse serine proteases from different clans, to highlight the various evolutionary paths of
serine proteases. The tertiary structure of the proteases is shown, containing a-helices (yellow) and f-sheets (red). The catalytic
residues are highlighted in sticks (cyan). (A) Trypsin (pdb: 1TRN) represents a prototypic example of serine proteases. The
catalytic triad Asp-His-Ser is located between two similar S-barrels. (B) Prolyl oligopeptidase (pdb: 1QFS) presents a two-
domain structure, with an N-terminal eight-bladed f-propeller and C-terminal o/f hydrolase domain, containing the Asp-His-
Ser triad. (C) LexxA repressor (pdb: 1JHF) displays a scaffold that is mainly consisting of S-strands containing the catalytic
dyad Lys-Ser. (D) D-Ala-D-Ala-carboxypeptidase (pdb: 3PTE) shows a catalytic dyad Lys-Ser on top of a a-helical bundle.
(E) Rhomboid protease (pdb: 2IC8) presents an intramembrane protease with the dyad His-Ser located in a shallow surface
within an o-barrel.[3%! Figure created with PyMOL and PowerPoint.

Serine proteases are widely distributed in nature as well as found in most compartments of cellular life.
But major differences in their appearance exist of each clan across species. For example, the PA clan

3011361 Most serine

proteases appears mostly in eukaryotes, but rarely in prokaryotic and plant genomes.
proteases are endopeptidases, which catalyze the hydrolysis of an amide bond in the middle of a
polypeptide. However, several exopeptidases were discovered, that can remove one or more amino acids

3337 This enables the proteases to cleave amino acids from large

from the termini of a peptide chain.!
protein molecules, which expands the overall substrate-range and influence of physiological

pI'OCCSSCS.Bg]

Through evolutionary activities caused by gene duplication and divergence, four protease families cover
around 40% of all proteolytic enzymes in human:®” (1) the ubiquitin-specific proteases (cysteine
proteases), which are responsible for the regulated protein turnover, (2) adamalysins (metalloproteases),
controlling growth factors and integrin function, (3) prolyl oligopeptidases (serine proteases), cleaving

mainly peptide hormones and neuropeptides, and (4) the trypsin-like serine proteases, which are
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involved in many physiological mechanism like digestion, tissue remodeling, blood clotting etc.* ¢!

Moreover, the trypsin-like protease family S1 presents the largest group of homologous proteases in
human genome.*"

1.2.2  Structural Biology and Catalytic Mechanism of Trypsin-Like Serine Proteases

The S1 family of the PA clan is composed of two subfamilies: S1A and S1B.*”) S1B proteases are found
in all cellular life and regulate the intracellular protein turnover, while the S1A proteases are responsible

[30],[35],[47

for extracellular processes. I The S1A proteases are grouped into six functional categories for

human: coagulation and immunity, tryptase, matriptase, kallikrein, granzymes, and digestion.!**}1%%]
Trypsin, chymotrypsin and elastase belong to the S1A family and act as digestive enzymes.** 1 They
are endopeptidases and cleave polypeptides into shorter chains. Additional digestion can be mediated

by different exopeptidases.> 8!

The trypsin-like architecture, here exemplarily demonstrated by trypsin, is characterized by two six-
stranded fS-barrels, where the S-strand topology presents a classic Greek-key architecture (Figure 5 A &
C). The active site residues are placed in the cleft between the barrels. His57 and Asp102 are located on
the N-terminal S-barrel, whereas Ser195 and the oxyanion hole (Ser195 and Gly193) originates from the
C-terminal barrel.®” Each barrel is partitioned with one end involved in catalysis, and the other in
regulation (Figure 5 B). The entrance to the active site is decorated with eight surface exposed loops
(Figure 5 C & D). Here, each f-barrel end donates three loops to the active site face, and two loops wrap

30],[35],[47

around from the back of the protein.! I Furthermore, the protein structure is stabilized by six

conserved disulfide bridges against the reductive environment of the gastrointestinal tract.[*”

Proteolytic processing of inactivated zymogens is required for the activation of many trypsin-like serine
proteases.!®” The initial cleavage of the proprotein precursor between residues 15 and 16 (trypsin
numbering) occurs in most members of the S1A family. The following formation of an ion-pair between
the N-terminus, which is originally unstructured, and Asp194 stabilizes the oxyanion hole and substrate-
binding site. Simultaneously, residues near the active site change their flexible state in the zymogen to
an ordered state in the active enzyme.['M° Alternatively, the S1A serine protease tissue-type
plasminogen activator (tPA) carries a Lys156, which builds an ion-pair with Asp194 and induces the

conformational change without proteolytic cleavage at residue 15.1"
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Figure 5: Overview of the trypsin fold. (A) X-ray crystal structure of trypsin (pdb:1TRN) showing the N-terminal f-barrel
(green) and C-terminal S-barrel (blue) with the catalytic active site Asp-His-Ser (cyan) between them. The C-terminal a-helix
(red) and zymogen-activation peptide (magenta) stabilize the overall structure. (B) Schematic representation of the trypsin fold.
Catalytic and regulatory ends are partitioned and showing in opposing directions. (C) S-strand topology of trypsin displaying
the structural similarity between both S-barrels and the Greek-key architecture. (D) Top view of trypsin with the catalytic active
site in the middle (black), surrounded by eight loops. Numbers in (C & D) indicates the amino acid, which is included in the
respective loop. Figure created with BioRender.com, PyMOL and PowerPoint. Modeled after Di cera et al..l’”]

Although the characteristic protein fold of Clan PA proteases is presented in trypsin, chymotrypsin and
clastase, they display different substrate specificities. Trypsin prefers basic amino acid side chains
(Arg/Lys) at the P1 site of substrates, chymotrypsin large aromatic residues (Phe/Tyr/Trp) and elastase

3516411651 The molecular reason for the differences is located in the S1

small aliphatic side chains (Ala).!
pocket of the proteases. The ca. 10 A deep cavity harbors different amino acids at the bottom of the
pocket. Trypsin displays a negatively charged Asp189, which allows formation of a salt bridge with Arg
or Lys. Chymotrypsin harbors a Ser189 that eliminates the possibility of ionic interactions with the
substrate and changes the favor to bulky aromatic residues and elastase’s specificity results due to the
presence of Val216 and Thr226. Both residues block the S1 pocket for bulky structure elements from
entering. In contrast, trypsin and chymotrypsin both harbor two glycine residues at that

position POHEHATHES]

The reaction mechanism of peptide hydrolysis by trypsin-like serine proteases with a catalytic triad
(Asp-His-Ser) is executed in two steps. The hydrogen bond between the aspartate and histidine residue
in the active site causes an increased electronegativity of the nitrogen atom (Figure 6 A). Therefore,
histidine acts as a base, which is responsible for the deprotonation of the nucleophilic serine. The attack
of the activated hydroxyl oxygen atom in the serine residue to the sp*-hybridized carbonyl carbon atom

of the amide bond results in the formation of a tetrahedral transition-state, which is stabilized by the
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backbone nitrogen atoms of Gly and Ser (Figure 6 B). Both residues generate a positively charged
pocket, called the oxyanion hole. The release of the C-terminal fragment takes place with donating the
acquired proton from histidine to the leaving amine group (Figure 6 C). The second step starts with the
deprotonation of a water molecule in the active site by histidine and following nucleophilic attack
towards the acyl-enzyme intermediate (Figure 6 D). After the collapse of the second tetrahedral
transition-state and the release of the N-terminal fragment, the return of the proton from histidine to the

catalytic serine resets the enzyme for the next peptide bond hydrolysis cycle (Figure 6 E).2430H47]
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Figure 6: Catalytic reaction mechanism of trypsin-like serine proteases with the catalytic triad (Asp-His-Ser). (A) The charge
relay system displaying the activation of the Ser residue by His and Asp. (B) Formation of the first tetrahedral transition-state
by nucleophilic attack of Ser towards the amide bond. (C) Stabilization of the tetrahedral complex by the oxyanion hole and
release of the C-terminal fragment. (D) Activation of one water molecule in the active site and following nucleophilic attack to
the acyl-enzyme intermediate. (E) Collapse of the second tetrahedral transition-state by releasing the N-terminal fragment and
recovery of the catalytic triad. Figure created with ChemDraw.
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1.2.3  Physiological Roles of Serine Proteases
Out of 699 proteases in man, 178 are serine proteases and 138 of them belong to the S1 trypsin-like
family.*®! Therefore, it’s not surprising that this class of proteases is involved in pivotal physiological

mechanisms.

The probably oldest known role of proteolytic enzymes presents the degradation of dietary proteins.?!
The protein catabolism displays the breakdown of proteins into monomers, which enables absorption
for further degradation or reassembly.!®”) Essential amino acids cannot be biosynthesized by humans but
are important building blocks for the biosynthesis of vital proteins. Thus, their only source is polypeptide
breakdown of dietary proteins through digestive enzymes. The exocrine pancreas secrets a variety of
digestive enzymes, of which trypsin resembles the most known member. Trypsin is secreted in its
zymogen form trypsinogen and gets activated either by enteropeptidase or other active trypsin
proteins.!®®! Additionally, trypsin continues to activate other proenzymes like chymotrypsinogen,
proelastase and procarboxypeptidase.'®! Above all, trypsin hydrolyzes polypeptides at specific cleavage
points (Arg/Lys, 1.2.2) into amino acids or oligopeptides, which can get further cleaved into amino acids
by exopeptidases.'*”! Then, active uptake mechanisms guide the amino acids into cells for biosynthesis
of new proteins with vital intracellular functions.”” They can also enter the citric acid cycle for energy

generation or get modified and excreted mostly through the kidneys.[*7!

Another example of a crucial role of trypsin-like serine proteases can be found in the blood. The supply
of nutrients and oxygen to the brain and muscles, which is dependent by an intact blood circulation,
requires strategies to maintain this fragile system. Blood coagulation demonstrates an important
physiological machinery and is always required by bleeding, which in the worst case could lead to death.
The mechanism involves forming a tight mesh of cross-linked fibrin, which covers a platelet plug to
stop the bleeding and stabilize blood circulation. The coagulation cascade consists of multiple serine
proteases that get activated one after the other, providing a biochemical amplification process.** Upon
damage of the vasculature, a tissue factor gets exposed and binds to the first serine protease coagulation
factor VILI?! The activation of this protease leads to cascade-like activation of several proteases. Key
enzymes represent the trypsin-like serine proteases factor Xa and thrombin.!”*! The latter is responsible
for the cleavage of fibrinogen to fibrin, which gets cross-linked by the transglutaminase factor XIII and

generates the abovementioned mesh to stabilize the platelet plug and stop bleeding.[*)

Protein catabolism and blood coagulation resembles just two important physiological roles of trypsin-
like serine proteases. Further involvement of this protease class comprises cell proliferation and cell

death, the immune response system and neural development, which can be researched in literature.*”
[101,751,(76]
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1.2.4 Pathological Associations

On basis of the previously mentioned involvement of serine proteases in a variety of important
physiological roles to enable life as we know it, it is not surprising that dysregulation of these enzymes
could lead to severe pathological circumstances, represented for example by cancer. It is widely known
that cancer arises from the transformation of normal cells into tumor cells in a multi-stage process and
afterwards spreads via metastasis to other compartments of the human body.!””"7*] Dysregulated serine
proteases have been associated with tumor development and metastasis for a variety of cancer-

791,180

types.! I The trypsin-like serine proteases urokinase-type plasminogen activator (uPA) and kallikrein

for example, play a crucial role in the remodeling of the extracellular matrix (ECM), angiogenesis and

81821 Both proteases exert their proteolytic activity in the tumor microenvironment,

cell proliferation!
mainly activating signaling networks and modulating the expression of genes to accelerate tumor growth
and invasion. This includes pathways like the activation of other proteases like metalloproteases that
promote the degradation of the ECM to enable metastasis, or activate signal pathways like the EGFR

signal cascade, which result in cell proliferation and overall tumor progression.®*}4

Moreover, serine proteases are not only involved in pathological processes of cellular origin, but also a
key element for the distribution of extrinsic pathological diseases like viruses. Two prominent examples
are zika and dengue fever, which are relevant in tropical and subtropical countries. Spread by mosquitos,
the zika and dengue virus can lead from mild flu-like symptoms such as fever to severe deadly symptoms
with bleeding and cardiovascular collapse.®®! Dengue and zika viruses are small enveloped flaviviruses
harboring a single-stranded (+) sense RNA genome, which get translated into a polyprotein after the
viral cell entry.®*"¥7] This polyprotein consists of the viral trypsin-like serine protease NS2B-NS3.[*¢!
Co- and post translational processing by host proteases or the viral protease itself, leads to the formation
of functional proteins.’*” The activated trypsin-like serine protease continues supporting the replication
process of the virus by cleavage of the polyprotein and overall the spread of the virus infection in

human.®®

Due to the involvement of the trypsin-like serine proteases uPA, TMPRSS2 and hepsin within the work
of this dissertation, their structures, physiological roles and pathological associations will be discussed

in more detail later.

1.2.5 Serine Proteases as Clinical Therapeutics

Proteases are not only considered as key elements in important physiological or pathological pathways,
but also used as potential therapeutics in medicine. Due to beneficial properties in recombinant
production and a general high stability compared to other protease classes, serine proteases have

s.2M%I The first approved protease-drug

attracted world-wide attention for biotechnological application
uPA by the Food and Drug Administration (FDA) in 1978 presented a new alternative therapeutical

approach against thrombotic diseases, contrary to the conventional surgical removal of emboli.” M Tt
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is used to dissolve blood clots in blood vessels, by proteolytic activation of the inactive zymogen
plasminogen to plasmin. The increased plasmin activity leads to the degradation of fibrin clots to remove

emboli.”’!

In contrast, thrombin presents another serine protease, which is a pivotal component of the coagulation
cascade and responsible for the formation of stable blood clots by converting fibrinogen into fibrin
monomers and initiating the following multimerization (1.2.3).°* Since 2008, human thrombin,
sometimes combined with fibrin or collagen and formulated into bandages, is used to treat bleeding from
surgery or trauma.'”” Both examples highlight the potential therapeutic use of protease-drugs and present

one additional opportunity for treatment of diseases in medicine.
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1.3 Serine Protease Inhibitors

1.3.1 Endogenous Serine Protease Inhibitors

Because of the crucial physiological roles (1.2.3) and the accompanying severe diseases (1.2.4) by
dysregulation, the proteolytic activity of serine proteases underlies a strict regimen by endogenous
inhibitors to maintain the homeostatic equilibrium. Serpins (serine protease inhibitors) are the largest
superfamily of endogenous protease inhibitors.”*'” Many disease-related proteases are regulated by
serpins, e.g. a-1-antitrypsin inhibits trypsin to prevent pancreatitis due to chronic tissue breakdown or
antithrombin inhibits thrombin to control coagulation."*"*! Additionally, it is often the case that one
serpin can modulate multiple proteases, like a-1-antitrypsin inhibits trypsin, neutrophil elastase, tryptase
etc.””) Serpins inhibit the target serine protease in an irreversible manner. The active endogenous
inhibitor inserts their reactive center loop into the catalytic binding site of the protease. The loop gets
cleaved and binds to the nucleophilic serine residue of the enzyme. The covalent serpin-protease

complex is stabilized by major conformational change of both proteins.!'*”!

1.3.2  Clinical Applications of Serine Protease Inhibitors

Recombinant endogenous inhibitors are of considerable interest for clinical applications, due to the
severe pathology by deficiencies. For example, recombinant a-1-antitrypsin is approved by the FDA for
delaying the progression of emphysema, which originates in the deficiency of a-l-antitrypsin in

1011,[102

lungs.! ] Another class of biological therapeutic inhibitors presents the Kunitz-based inhibitors and

include for example the pancreatic trypsin inhibitor aprotinin, which display the typical irreversible

1031,[104]

inhibition mechanism of endogenous inhibitors (1.3.1).! One additional famous member

resembles ecallantide. The recombinant biological therapeutic is a kallikrein inhibitor that is FDA
approved for treatment of hereditary angioedema, which is caused by a serpin inhibitor deficiency.!""
Nevertheless, due to the high molecular weight and presence of hydrophilic and hydrophobic structure
elements, poor permeability and lacking oral bioavailability as well as vulnerability against protein
degradation and excretion highlight general challenges for the use of recombinant endogenous

inhibitors.!%

The most frequently employed strategy to target serine proteases, and proteolytic enzymes in general,
involves the synthesis of substrate mimics, that compete with the natural protease ligand in the active
site of the enzyme. In the 1950s, a patent of a Japanese company mentioned the very first protease
inhibitor. e-Aminocaproic acid was described as a “compound for combatting diseases associated with
plasmin activation and other proteolytic action”.'“"!%! Around 1960, in vivo and in vitro studies
revealed positive therapeutic effects of the abovementioned compound to allergic diseases and bleeding

107],

caused by an increase of fibrinolytic activity, with almost no toxicity.'°”"!] Because of the promising

clinical use, e-aminocaproic acid was approved by the FDA as the first protease inhibitor in 1964 for

[110

perioperative hemostasis, even without knowing the exact mechanism of action.!''” Only seven years
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later, it was discovered that e-aminocaproic acid binds to the inactivated zymogen plasminogen and

therefore prevents catalytic activation through other proteases.!''

Compared with common drug development nowadays, the described fashion for discovery of ¢-
aminocaproic acid as a protease inhibitor by lucky coincidences remains exotic and represents an
exception. Within time, principles and guidelines have been developed about “drug-like” properties and

ML) New technologies

were expanded through new discoveries of protein-ligand interactions.!
and methods regarding structure elucidation, protein expression and the resulting improved
characterization of the target proteins and their inhibitors built the foundation for the rational design of

protease inhibitors.!''"]

Beginning with ¢-aminocaproic acid as the first (serine) protease inhibitor, between 1964 and 2023, at
least 64 “small-molecule” protease targeting drugs with molecular weights ranging from 200 to 600 Da
have been approved by the FDA.!"'"" The largest part of the approved drugs accounts for serine protease
inhibitors with 29 representatives (Figure 7).
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Figure 7: Timeline of all approved “small molecule” serine protease inhibitors by the FDA from 1964 until 2023. Examples of
approved inhibitors are shown, which represent important derivates of different drug classes against their respective target. (A)
e-Aminocaproic acid as the first approved serine protease inhibitor by preventing the activation of plasminogen. (B) Argatoban
as the first competitive serine protease inhibitor, targeting thrombin. (C) Vildagliptin represents the drug class of gliptines as
oral hypoglycemics, targeting the dipeptidyl peptidase IV. (D) Boceprevir as the first hepatitis C virus inhibitor towards the
viral serine protease. (E) Berotralstat as the latest approved serine protease inhibitor, targeting kallikrein for treatment of
hereditary angioedema.!''” Figure created with PowerPoint and ChemDraw.

Besides g-aminocaproic acid (Figure 7 A) and the lysine-analogue tranexamic acid, which belongs to
the class of e-amino acids and displays the same mechanism of action, all approved serine protease
inhibitors can be assigned as competitive inhibitors, and compete with the natural substrate in the active

[115

site."'*! Argatoban (Figure 7 B) was the first FDA approved competitive serine protease inhibitor in

2000, which targets the trypsin-like serine protease thrombin.!''"!"""l This was followed by five



16 Introduction

approved direct oral anticoagulants, targeting thrombin or factor Xa, becoming the gold standard for

118]-[121

treatment of thrombosis.| I Besides the development of antithrombotic agents, the research field of

oral hypoglycemics, so called gliptins represents another large drug class. The designed inhibitors block
the serine protease dipeptidyl peptidase IV and are used for treatment of type 2 diabetes mellitus.!'**!
Starting with sitagliptin and vildagliptin (Figure 7 C) as the first representatives, nine more derivates

122IH128) Apother important drug class was the development

were approved between 2006 and 20239
of hepatitis C virus (HCV) inhibitors. In total nine HCV inhibitors were approved by the FDA, started
with boceprevir in 2011 (Figure 7 D), which target the viral NS3 serine protease.!'*"1*") The most
recently approved serine protease inhibitor, represents berotralstat (Figure 7 E), which inhibits kallikrein

and is used to prevent attacks of hereditary angioedema.['*"

Based on the presented FDA approved serine proteases it becomes apparent that due to the growing
knowledge of protein-ligand interactions, rational design of protease inhibitors increased the tendency
to the development of synthetic peptidomimetics as potent drugs (Figure 7). t#M!321 This inhibitor
class combines simple peptides, which imitate the natural substrate of the targeted proteases, with
nonpeptide structure elements. Peptidic drugs are often characterized by short half-times, due to
proteolytic degradation, lack of oral bioavailability, rapid metabolism and following excretion.
However, these limitations and other pharmacokinetic issues can get bypassed by introduction of non-

peptide structure elements.!**!

This comprises for example the replacing of natural amino acids with unnatural derivates, side-chain

1331,[134

substitutions or backbone modification to increase the metabolic stability.**" ] Macrocyclization

is another proven strategy to overcome proteolytic degradation and is often used to enhance the
membrane permeability, due to hiding of polar structure elements by intramolecular interactions.!**!
Covering polar groups is not only possible through conformational change induced by cyclisation, but
through reversible drug derivatization. The prodrug approach describes the masking of structure
elements, to overcome pharmacokinetic barriers like low oral drug absorption. For example, the
thrombin inhibitor dabigatran showed very poor intestinal absorption after oral administration. In
response, the highly basic benzamidine group was converted to the n-hexyl carbamate ester and the
carboxylic acid into the ethyl ester moiety. This resulted in an improvement of the oral bioavailability
and after enzymatic cleavage of the prodrug to an overall increase of dabigatran plasma

concentrations. '3

1.3.3 Targeted Covalent Inhibitors

In contrast to the traditional inhibition mechanism that displays the non-covalent reversible interaction
between the inhibitor and the target enzyme, covalent inhibitors are compounds that by design are
intended to form a covalent bond with their biological target and thereby suppress its biological function.

This class of drugs are called “Targeted Covalent Inhibitor” (TCI).['¥7-!38]
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The process of inhibiting their biological protein relies upon two steps. First, the inhibitor gets near to
its target binding site and forms a non-covalent protein-inhibitor complex. This brings the electrophilic
moiety of the inhibitor (warhead) in close proximity to a nucleophilic residue of the protein. The second
step contains the spontaneous reaction between the functional groups of the inhibitor and protein, which
results in a covalent bond and inactivation of the biological target. The covalent bond formation can be

either reversible or irreversible, depending on the used warhead.!"*"!

Bortezomib was the first FDA approved protease inhibitor with the boronic acid moiety as warhead,
targeting the catalytic threonine of the 26S proteasome for treatment against multiple myeloma."*”! The
approval was a significant milestone for the development of covalent protease inhibitors. Previously,
covalent inhibitors were avoided by the pharmaceutical industry, justified by high risks in terms of
toxicity and side effects. The skepticism appears to stem largely from the possible activation of the
immune system through haptenization of irreversibly covalently inhibited proteins and the random,
covalent binding of highly reactive drugs to cellular macromolecules, that can result in tissue

[139],[141

injury. I Additionally, the introduced electrophilic trap can react with different physiologically

important nucleophiles in the human body by insufficient selectivity, for example with glutathione.!"*?
Nevertheless, covalent inhibitors provide several advantages for clinical use over traditional non-
covalent drugs. The improved efficacy, due to the prolonged inhibition time of proteins leads to lower
dosage of drugs, which on the one hand minimizes off-target reactions and side effects and on the other

hand reduces drug resistance mechanism, caused for example by efflux pumps.!'+*1'4]

Since the approval of bortezomib, it has been recognized, that the rational design of covalent protease
inhibitors, combining a peptidomimetic scaffold with a suitable warhead moiety, results in potent drug
candidates with clinical use. The peptidomimetic structure element presents enhanced pharmacokinetic
properties (stability, permeability etc.) and selectivity towards other proteases, while the warhead is

responsible for the affinity to the target.

In this context, the aim of this dissertation is the investigation and characterization of both structure
elements (peptidomimetic recognition sequence & warhead) and possible combinatorial effects,
regarding their impact on the pharmacodynamic properties of protease inhibitors. The results are shown

in the presentation of the scientific article in chapter A (5.1).

In 2009, the first covalent serine protease inhibitor vildagliptin was approved as an antidiabetic drug
(Figure 7 C). It displays the nitrile moiety as the warhead and a peptidomimetic scaffold as the
recognition sequence. Overall, 10 covalent serine protease inhibitors were approved by the FDA
between 2009 and 2023, containing either a nitrile or a a-ketoamide moiety as the electrophilic

trap.[146]’[147]
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Generally, covalent inhibitors can be classified into two major categories depending on the inhibition
mechanism. Covalent reversible inhibitors are characterized by finite inhibition of the target protein,
meaning the covalent bond breaks after a while and the enzyme regains its biological functionality.
Examples of this inhibitory mechanism can be found in the HCV protease inhibitors and gliptins bearing
the covalent reversible nitrile or a-ketoamide warheads. Further examples are aldehydes, boronic acids
and a-ketoheterocycles that are usually used for serine and threonine protease inhibitors.!'*¥I1!3!] The
nitrile, carbonyl derivates and boronic acid all provoke the reversible nucleophilic attack of the activated
serine residue to the electrophilic carbon/boron atom, resulting in the respective imidate (Figure 8 A),

hemiacetal/hemiketal (Figure 8 B) or boronate ester (Figure 8 C).!!471132]
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Figure 8: Overview of generally used covalent reversible warheads (red) with their mechanism of action. Reaction mechanism
displayed using the example of a His-Ser dyad. (A) Nitrile inhibitors with their respective covalent reversible inhibition
mechanism by formation of the imidate adduct. (B) Carbonyl-based inhibitors attacked by the activated serine residue at the
electrophilic carbonyl carbon atom, leading to the reversible reacting hemiacetal/hemiketal. (C) Boronic acid as the
electrophilic trap, which leads to the formation of a reversible boronate ester. Figure created with ChemDraw.
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In contrast, the covalent adduct between an irreversible inhibitor and its target is permanent. This
comprises for example electrophilic functionalities like a-halomethylketones and phosphonates, which
are mainly developed for serine and threonine proteases.!'**'!'*] After the nucleophilic attack of the
activated serine residue to the carbonyl carbon atom of the a-halomethylketone, there are two possible
ways leading to the irreversibly inhibited enzyme. Either intramolecular cyclisation leads to the
formation of an epoxid, which gets attacked by the histidine residue resulting in the irreversible product
(Figure 9 A/1) or by direct substitution of the halogenide by histidine (Figure 9 A/2).l'3 Cysteine
proteases also get irreversibly inhibited by a-halomethylketones. However, the covalent bond between
protease and inhibitor occurs with the nucleophilic cysteine residue, forming a thioether, instead of the
histidine in the active site. Similar to the inhibition of the serine proteases, there are two possible
mechanism, resulting to the thioether formation. First one is the direct substitution of the halide group
by the thiol/thiolate anion (Figure 9 B/1). The second mechanism involves the formation of a
thiohemiketal and a three-membered sulfonium intermediate, which presents the thioether adduct after

1331 The phosphonate warhead shows a similar reaction mechanism to the

rearrangement (Figure 9 B/2).!
boronic acid, but inhibits the enzyme irreversible, due to the strong P-O bond by ester cleavage (Figure

9 C).l"%
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Figure 9: Overview of generally used covalent irreversible warheads (red) with their mechanism of action. Reaction mechanism
displayed using the example of a His-Ser dyad. (A) Irreversible inhibition mechanism of a-halomethylketones displaying two
possible paths for formation of the irreversibly inhibited enzyme. (B) Irreversible inhibition mechanism of cysteine proteases
by a-halomethylketones displaying two possible routes for formation of the irreversibly inhibited enzyme. (C) Phosphonate-
based inhibitors showing similar reaction mechanism to the boronic acid warhead but leading to an irreversible phosphonate
ester derivate.!'>] Figure created with ChemDraw.
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Regarding the latest approved covalent serine protease inhibitors berotralstat (nitrile) and narlaprevir (a-
ketoamide), it becomes clear that the development of this inhibitor-type is preferred over irreversible
analogues, primarily, due to the abovementioned possible side effects of haptenization.!'**}!4!]
Additionally, the increasing amount of approved covalent protease inhibitors clearly shows that the
initial concerns regarding toxicity issues has been set aside by rational design of selective inhibitors and
the concept of covalent drugs represents a promising possibility for developing potent drugs in medicinal

chemistry.

In the following, the trypsin-like serine proteases urokinase-type plasminogen activator (uPA),
transmembrane serine protease subtype 2 (TMPRSS2) and hepsin with their current state of inhibitor
development will be presented. During the course of this work, new covalent-reversible inhibitors were
designed and tested targeting the three abovementioned serine proteases with enhanced
pharmacodynamic properties. The results are displayed in the presentation of the respective scientific

articles in chapter B (5.1, 5.2, 5.3).

1.4 Urokinase-Type Plasminogen Activator (uPA)

The ubiquitous expressed serine protease uPA, together with its cell membrane-anchored uPA receptor
(uPAR), forms the urokinase-type plasminogen activating system (uPAS). Along with the endogenous
plasminogen activator inhibitors 1 & 2 (PAI-1, PAI-2), the complex is involved in numerous

physiological and pathological processes, which comprise cell proliferation, adhesion and migration,

ECM remodeling as well as tumor progression and metastasis.[*3-!371-1160]

1.4.1 Physiological Background of the uPA System (uPAS)

The urokinase-type plasminogen activator is secreted as a single chain zymogen (pro-uPA), consisting

[161

of a 53 kDa multidomain of 411 residues.'® Once released into the extracellular environment, the

zymogen gets cleaved between Lys158 and Ile159 by plasmin, thermolysin, trypsin or kallikrein for
converting the proenzyme to the active disulfide bridge-linked high molecular weight uPA (HMW-

uPA).["% Alternatively, the zymogen can be processed at different positions by thrombin and elastase to

163

enzymatically inactive HMW-uPA.!"®! The active two-chain uPA is structured into the N-terminal A-

chain, which consists of the kringle domain (KD) and the growth factor-like domain (GFD), and the C-

164

terminal B-chain (Figure 10).!"*Y Studies have shown that the kringle domain is involved in chemotaxis,

where the mechanism is not yet fully understood, while the GFD domain is responsible for the binding

of the uPA to the uPAR.["®! The C-terminal B-chain harbors the catalytic serine protease domain.['*¥

Further processing of the two-chain uPA results in forming a shorter A-chain, the inactive amino-
terminal fragment (ATF), and the low-molecular weight uPA (LMW-uPA, 33 kDa), which is still

enzymatically active, but lost the possibility to bind to the uPAR.!"*
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Pro-uPA GFD KD e Catalytic domain
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Figure 10: Proteolytic activation of the zymogen pro-uPA containing the N-terminal growth-factor domain (GFD), kringle
domain (KD) and the C-terminal catalytic serine protease domain. After the first cleavage between Lys158 and Ile159 the
HMW-uPA is formed and stabilized by a disulfide bond. Further processing leads to the LMW-uPA and amino-terminal
fragment (ATF). S-S represents the disulfide bond. Figure created with BioRender.com and modeled after Mahmood et al..['**]

The uPA receptor is a 60 kDa glycoprotein consisting of three distinct domains (D1, D2 and D3) that

are connect by flexible linker sequences.!'®"

During the maturation process, a glycosyl
phosphatidylinositol (GPI) anchor is added at the C-terminus, which is responsible for the covalent
connection between the uPAR and the cell membrane.'®” The receptor has no transmembrane nor
cytoplasmatic domains. The binding of the pro-uPA or active enzyme involves all three domains of the

r.'*") The role of the uPAR is not limited to uPA binding/activation. The receptor can also interact

recepto
with different ligands like vitronectin or other transmembrane receptors, for example integrins to
facilitate downstream cell signaling and enhance cell migration, survival and proliferation (Figure
11).'871 Dye to the involvement of important physiological processes besides the binding and
activation of the uPA, the uPAR also presents a valid target for cancer treatment, but will not be further

discussed since the focus of this work is aimed at the uPA.[72H173]

The main physiological process of uPA is the proteolytic activation of the zymogen plasminogen to its
active form plasmin. Plasmin itself also is a trypsin-like serine protease which is directly involved in the
degradation of the ECM by breakdown of different components like collagen, laminin, fibrin and

1641,[174

fibronectin.! I Furthermore, plasmin can activate other proteases, like matrix metalloproteases

(MMPs), that also catalyze the ECM degradation and cause the release of growth factors (Figure 11).
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The Fibroblast Growth Factor 2 (FGF-2) and the Hepatocyte Growth Factor (HGF) can stimulate the

expression of uPAS compartments, especially of the uPAR.'®!

pro-uPA to its active form, thus enhancing its own production

» [1601,[176]
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Figure 11:Schematic overview of the urokinase-type plasminogen activating

system (uUPAS) and mediated pathways. The GPI-

anchored uPAR consisting of three domains (D1, D2, D3) binds the zymogen pro-uPA as well as the active enzyme. The
activated serine protease converts plasminogen to plasmin, which induces ECM degradation either by itself or by activation of
MMPs, that also lead to the release of growth factors. This results overall in cell migration and tissue remodeling. Furthermore,
uPAR also binds to vitronectin, which enhances cell migration. Interaction of the uPAR with integrins activates different
intracellular pathways, like JAK-STAT, focal adhesion kinase (FAK) and Ras/MAPK, which regulates cell proliferation and
survival. Inhibited uPA by the endogenous inhibitor PAI leads to internalization of the uPA/uPAR, while the uPA/PAI complex
gets degraded and the uPAR recycled (bottom right corner, 1.4.4). Figure created with BioRender.com and modulated after

Mahmood.[1¢4]
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The uPA system is also involved in the regulation of the fibrinolytic system, due to the possible
degradation of fibrin networks by plasmin.!'”” This enhanced the intravascular blood circulation and

highlights the uPA as an alternative therapeutic approach against thrombotic diseases (1.2.5)

1.4.2 Pathological Association of the uPA System
The uPA system presents a pivotal point for different physiological mechanism, which comprises ECM

remodeling, wound healing and different cellular events like cell proliferation, adhesion and

1681,[177

motility.! I However, these mechanisms can accelerate neoplastic evolution by dysregulation and

facilitate metastasis progress immensely in a variety of solid tumors, including breast, ovarian, gastric,

7818 During cancer progression and metastasis malignant cells

pancreatic, colorectal, liver cancer etc.!
need to migrate through the ECM towards blood vessels for intravasation, extravasation and
colonialization of target metastatic tissue. Studies have shown that the inhibition of uPA with antibodies
reduced this mechanism. This proved the importance of the ECM degradation by the protease itself and
further activated enzymes, especially plasmin, during the metastasis process (Figure 12).'82/'%3] Before
the invasion of peripheric tissue, the cancer cells need to detach from the primary tumor.!"®"l The release
of growth factors (FGF-2, HGF) through the degradation of the ECM and the interaction of integrins
and vitronectin with the uPAR accelerate cell migration and cell proliferation, which in turn improve

[831,[161

tumor progression. I Furthermore, growth factors stimulate angiogenesis, which provides the tumor

tissue with oxygen and nutrients, and therefore supports tumor growth.!'®*!
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Figure 12: Involvement of the uPA/uPAR in tumor metastasis by activating plasminogen to plasmin. This leads to ECM
degradation and acceleration of tumor progression through facilitated metastasis. Figure created with BioRender.com.
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1.4.3 Structure of uPA

According to the MEROPS database, the urokinase-type plasminogen activator belongs to the trypsin-
like serine proteases (EC 3.4.21.73, clan PA, family S1) harboring the catalytic triad Asp102-His57-
Ser195. Thus, the uPA displays a high structure similarity to the characteristic protein fold of clan PA
proteases with the corresponding catalytic mechanism (1.2.2). Typical for trypsin-like proteases, uPA
consists of two opposed six-stranded fS-barrels. The active site residues are located at the junction of the
two barrels containing the recognition subsites S1-S4 with the catalytic triad (Figure 13, left).'"*) The
substrate binding groove contains a deep and well-defined S1 pocket, with a negatively charged Asp189
residue, responsible for the basic substrate specificity (Figure 13, right).®*"!”] The pocket is defined by
two surrounding f-strands, consisting on one side of Gly216—-Gly219 and Gly226-Tyr228 and on the
other side of Ser190-Cys191-GIn192. One important difference over structurally related serine
proteases displays Ser190 in the S1 pocket, which is sometimes exchanged by Alal90 (tPA, thombin)
or Thr190 (kallikrein).!"*>"'% [t has been shown that a highly conserved water molecule at the S1 site
can be displaced by inhibitors to enable polar interactions to Ser190, resulting in a stronger binding. In
contrast, proteases with an Alal90 residue cannot be addressed in this manner. Furthermore, the Sl
pocket is deeper and broader than other trypsin-like serine proteases. The S2 pocket is presented by a
small depression on the surface of the uPA and characterized by His57, His99, and Trp215, allowing
only small ligand residues and offers possible aromatic stacking interactions. The S3 pocket is on top of
Gly216 and Trp215. Additionally, a new binding site S1P was identified from structure analysis, which
is formed by the residues Lys143, Ser146, GIn192 and Gly218. Another characteristic structure element
presents the loop region Asp97-Thr97a-Leu-97b that forms the S4 pocket in uPA. The “97” loop can

adopt different conformations, depending on the bounded ligand structure.!'*-!7]

Together, the overall bigger S1 pocket containing the displaceable conserved water molecule for
enabling additional hydrogen bonding with Ser190, plus the unique subpocket S1B and the specific
subpockets S2—S4 highlight possibilities to design potent and selective inhibitors targeting the uPA,

which will be discussed in the following section.
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Figure 13: X-ray crystal structure of uPA (pdb: 7VM?7) showing the characteristic trypsin-like fold with two opposed six-
stranded f-barrels (green and red), harboring in the middle the catalytic active site (cyan). On the right side, visualization of
the binding site (co-crystallized with nafamostat, magenta) formed by the catalytic triad (Asp102-His57-Ser195), deep S1
pocket (Asp189, Ser190, Gly216), S1B, S2 (His57, His99), 83 (Gly216) and S4 (Asp97-Thr97a-Leu-97b).['"°! Some residues
are not shown for clarity and are described in 1.4.3. Yellow dashed line presents polar interactions between the inhibitor and
the residues of the binding site. Figure created with PyMOL and PowerPoint.

1.4.4 Inhibitors of uPA
The regulation of the proteolytic activity of uPA plays an important role, due to the abovementioned
physiological influences regarding tissue remodeling, cell proliferation, adhesion and motility, and

possible pathological association by dysregulation (1.4.1 & 1.4.2).

The activity of the uPA system is physiologically regulated by the serpin (serine protease inhibitor)
family members.!"**111%] The inhibitors PAI-1 and PAI-2 inhibit specifically the uPA, as described in
1.3.1, by presenting a surface-exposed loop, which will be recognized by the uPA as a pseudo-substrate.
After cleavage, the newly generated C-terminal residue is bounded covalently to the active site of the
uPA and inhibits the protease activity irreversibly. The serpins are considered as suicide inhibitors since
they induced endocytosis of the uPA-uPAR-PAI complex after inhibition and get degraded together with
the uPA, while the uPAR is recycled and transported back to the cell surface (Figure 11).['6!-!911192]

The first synthetic compounds which were designed to inhibit uPA represent small molecules with an
aromatic amidine moiety, that addresses the deep S1 pocket with the negatively charged Asp189. The
addition of a halogen atom in position 6 of the 5-amidinobenzimidazole inhibitor led to a significant
increase of selectivity toward uPA against other proteases with an Alal190, due to the abovementioned
displacement of the conserved water molecule and interaction of the Ser190 residue in the S1 pocket
(1.4.3, Table 2 entry a).'"8"! Another class of aromatic amidines represent the 2-naphthamidines, which
fit well in the S1 pocket and by substitution at position 8 utilize the unique S1p subpocket to improve

193]1,[194

potency and selectivity (Table 2 entry b).! JIn recent years, the small molecule nafamostat received
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increased attention due to the excellent inhibitory activity against serine proteases. The inhibitor presents
an aryl guanidine group, which addresses the S1 pocket (Table 2 entry c). Furthermore, the uPA gets

inhibited by covalent reversible modification (acylation) of the Ser195 residue.!'*”!

Structure-based design led to the development of peptidomimetic inhibitors. One of the first synthesized
compounds are the 4-amidinobenzylamide-based inhibitors, which target almost every pocket of the
binding groove (S1-S4), in contrast to the small molecule inhibitors, which primarily address the S1
pocket. By combining the aromatic amidine element of the previously mentioned small molecule
inhibitors with the peptidomimetic backbone, promising drug candidates could be obtained with
affinities in the single digit nanomolar range and moderate selectivity towards other trypsin-like serine

proteases (Table 2 entry d).['**]

Introducing electrophilic moieties at the C-terminus, the originally non-covalent inhibitors were

converted into covalent reversible aldehyde or irreversible phosphonate inhibitors (Table 2 e, ). Both

180],

inhibitors exhibit decent affinities in the nanomolar range with moderate selectivity.!"*"*'""l Because of

the irreversible binding mechanism of the phosphonate warhead and the metabolic instability of the
aldehyde group, which can lead to toxicity issues and deletion of the inhibitory activity towards the

target protease, these inhibitor classes were not suitable for further drug development.!!?$11200]
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Table 2: Selected uPA-targeting inhibitors representing typical structures of (non-)covalent small molecule/peptidomimetic
drugs. Basic moiety which interacts with the negatively charged Asp189 residue in S1 is circled in green. Electrophilic moieties
of covalent inhibitors are indicated with a red arrow.
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Despite their high inhibitory potency towards uPA, most of the presented drugs are limited in their oral
bioavailabilities and pharmacokinetic behaviors, due to the presence of the positively charged P1 moiety.
To improve the efficacy of these inhibitors, the prodrug-approach can be used to cover the polar
amidine/guanidine group of the respective inhibitor for better pharmacokinetic properties.**?) The
amidine compound WX-UK1 (Mesupron®, upamostat, Wilex-AG) was converted into its amidoxime
prodrug for better oral bioavailability. Although the comparatively low potency to the uPA, WX-UKI1 is
currently the most promising candidate yet, which is in clinical phase II trials as an antimetastatic agent

in breast cancer, due to the enhanced pharmacokinetic behavior, 2204

K; =410 nM (active drug)

Figure 14: Upamostat as the most promising uPA inhibitor with an K; value of 410 nM of the active drug.?%! Shown in its
prodrug form with an amidoxime moiety. Wavy line indicates cleavable bond of the prodrug. Figure created with ChemDraw.

1.5 Transmembrane Serine Protease Subtype 2 (TMPRSS2)

So far, all mentioned serine proteases describe the archetype of proteases like trypsin, thrombin and

1611,[206 207]

uPA, which are secreted from cells.*®} ! In fact, many proteases are membrane-associated.!
Type II transmembrane serine proteases (TTSPs) are multidomain enzymes, which consist of an
extracellular, a transmembrane, and an intracellular domain. Based on their phylogeny and architecture,
the TTSP family contains over twenty members, which are grouped into four subfamilies:
Hepsin/TMPRSS, Matriptase, HAT/DESC and Corin.*®® Here, I present the physiological background
of the transmembrane serine protease subtype 2 (TMPRSS2), its role in viral infection and possible

treatment targeting TMPRSS2.

1.5.1 Physiological Background of TMPRSS2

TMPRSS?2 is expressed as a 492 amino acid protein, consisting of an N-terminal cytoplasmatic domain,
a transmembrane domain, the LDL receptor class A domain (LDLRA) that binds calcium ions, a
scavenger receptor cysteine-rich domain (SRCR) important for mediating non-opsonic phagocytosis

1782092121 Aytoactivation

upon ligand binding and the C-terminal serine protease domain (Figure 15).!
of the 54 kDa zymogen by proteolytic cleavage between Arg255 and Ile256 results in the catalytically

active serine protease domain. Thereby, the protease domain can remain bounded to the pro-domain by
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an interdomain disulfide bond or can be secreted into extracellular space.?'*2'* Multiple human organs
express TMPRSS2, including the prostate, respiratory tract, gastrointestinal tract as well as the
liver.?'H21% The transmembrane protease is predominantly found in plasma membranes of epithelial
cells, for example on the apical membrane of luminar cells of the prostate, on epithelial cells of nasal

and tracheal tissues, and in the distal airways.[!7H2!8]

DLRA | SRCR ISAsp Ser  |c
Catalytlc Domain

105 112 256 492

Vv JR/JK Vv /

CP EC

Figure 15: Architecture of (inactive) TMPRSS2 consisting of the cytoplasmic domain (CP), transmembrane domain (TM) and
extracellular domain (EC), divided into the LDL receptor class A domain (LDLRA), scavenger receptor cysteine-rich domain
(SRCR) and catalytic serine protease domain with the triad (His296-Asp345-Ser441). Numbers indicate amino acid positions
and S-S represents the disulfide bond. Figure created with BioRender.com and modified from Wettstein et al..[>'?]

Although the biological function of mammalian TMPRSS2 remains largely elusive, several potential
substrates have been described. In vitro studies using androgen-dependent prostate cancer cell lines
revealed that the protease-activated receptor-2 (PAR-2) might be an endogenous substrate of
TMPRSS2.2"1 The release of calcium ions from intracellular stores after activation of PAR-2, indicate
also initiation of downstream signaling.”*”) Additional studies revealed that overexpression of
TMPRSS?2 activates the structurally related transmembrane protease matriptase, which in turn activates
PAR-2.[212H21H222] Degpite the fact that PAR-2 is found in several TMPRSS2 associated tissues and
mediates protective functions in the respiratory and gastrointestinal tract, deeper investigations have to
be performed to elucidate the connection between TMPRSS2 and the matriptase-PAR-2 axis.[?2*H224]
Due to the observed decreased amiloride-sensitive epithelial sodium channel (ENaC) activity and
reduced protein levels in presence of TMPRSS2, the serine protease might also influence the airway

surface liquid volume and mucociliary clearance.*'”"?**! However, it remains unclear whether it is a

TMPRSS2-mediated phenomenon or not.

Furthermore, studies of TMPRSS2-knockout mice did not reveal phenotypic abnormalities in terms of
embryonic development, fertility and organ function, which points out the functional redundancy of one
or more TTSPs family members.? In contrast to the physiological background, the pathological role
of TMPRSS2 concerning viral cell entry has been investigated extensively and will be discussed in the

following.
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1.5.2 Role of TMPRSS2 in Viral Cell Entry

Enveloped viruses like influenza and coronaviruses use their envelope glycoproteins to interact with cell
surface receptors to initiate cell entry. Before the membrane fusion of the virus and the host cell occurs,
proteolytic activation is sometimes necessary. Depending on the virus, some glycoproteins either get
cleaved after viral egress from producer cells, immediately before the membrane fusion, or experience

2271228 The involvement of specific proteases for these events is

multiple independent cleavage events.!
dependent on the cleavage site motifs on the glycoproteins. Because of the high expression levels of
TMPRSS2 in the human airways, the TTSP has an important role in viral cell entry of relevant

respiratory diseases.!**"!

Since the outbreak of a new respiratory disease in Wuhan (China) 2019 and the assignment to the family
of the coronavirus, these viruses regained attention.°#!] Due to the high (RNA-)genome similarity
to severe acute respiratory syndrome-coronavirus (SARS-CoV; 79% sequence identity), it was called
SARS-CoV-2.122I The virus rapidly spread and became a pandemic, which caused over 770 million

infection and 7 million deaths worldwide, according to the WHO so far.!***!

Coronaviruses belong to the family of Coronaviridae and can be divided into four classes, which
comprise seven coronaviruses that infect humans (hCoVs): the a-CoV (hCoV-229E and hCoVNL63),
p-CoV (hCoV-0OC43, hCoV-HKU1, SARS-CoV, MERS-CoV, SARS-CoV-2), y-CoV and 5-CoV.[**
The a-CoVs and f-CoVs (hCoV-OC43, hCoV-HKU1) usually cause mild respiratory illness, whereas
SARS-CoV, MERS-CoV and SARS-CoV-2 are characterized by severe courses of disease.”*”! SARS-
CoV-2 belongs to the positive-sense single-stranded RNA viruses (ss-(+))-RNA, which encodes at least
29 proteins in total, consisting of four structural proteins: the spike (S)-, membrane (M)-, envelope (E)-
, and nucleocapsid (N)-protein.[**> The virions display a spherical structure, with the prominent crown-
shaped spike- , membrane- and envelope-proteins located on the surface, while the nucleocapsid protein

binds and protects the genomic RNA inside the particle.!**®!

Coronavirions bind to the angiotensin-converting enzyme 2 receptor (ACE2) on the cell surface which
promotes the viral cell entry together with other host factors (TMPRSS2). After the release and
uncoating of the viral RNA, the intracellular replication process of the SARS-CoV-2 virus immediately
starts with translation of non-structural proteins and the following formation of a replication complex
(Figure 16). Afterwards, the polyproteins ppla and pplab are expressed by translation of the replicase
gene of the RNA. Ppla and pplab get processed through autocleavage by the main viral protease (M™°)
and papain-like protease (PL"). This results in the formation of non-structural proteins (nsps), which
form the viral replication/transcription complex, and structural proteins (S-, M-, E-proteins). These
translocate into endoplasmic reticulum (ER) membranes and transit through the ER to the Golgi

intermediate compartment, where interaction with N-protein encapsulated, freshly produced genomic
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237],[238

RNA results in virus assembly.! I'The finished virus particles are transported to the cell surface and

release by exocytosis.[**”)
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Figure 16: Schematic replication cycle of the SARS-CoV-2 coronavirus. The virus particle binds with the S-protein to its
specific receptor (ACE2), gets processed by TMPRSS2 or cathepsin L, and fusions with the cellular or endosomal membrane.
Immediately after uptake, the uncoated RNA gets translated into non-structural proteins leading to the formation of the
replication/transcription complex. Replicated viral RNA is translated into polyproteins ppla and pplab, which get processed
by viral proteases (MP™ & PLP™) to nsps and structural proteins (S-, M-, E-, N-proteins). These result in formation of assembled
virus particles and replication complexes. The virions get maturated in the Golgi apparatus and released via exocytosis. Figure
created with BioRender.com and modulated after V 'kovski et al. 227

The 600 kDa homotrimeric S-protein on the viral surface is the main mediator for the viral cell entry
and plays a crucial role for the receptor recognition of the ACE2 receptor, cell-virus fusion and
intracellular release of the viral RNA.?*) The glycoprotein is divided into the functional parts S1 and
S2. During the intracellular biosynthesis of the virions, the S1 and S2 subunits are cleaved by the serine

protease furin in the golgi-apparatus (maturation, Figure 16), but are still non-covalently associated with
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240

each other.**”! The surface-exposed S1 subunit contains the receptor-binding domain (RBD), which is

responsible for the ACE2 recognition and binding. The transmembrane S2 domain contains the fusion

[239],[241

protein (FP) that is crucial for the fusion of viral and cellular membranes. I After receptor binding

of the virus particle, a second cleavage at the S2 subunit, termed the S2” site occurs, mainly by
TMPRSS? at the cell surface or by cathepsin L in the endosomal compartment.**?* This induces the

release of the fusion peptide, initiating pore formation and enables membrane fusion (Figure 17).1*)

SARS-CoV-2
Spike Protein

Binding Site to
ACE2 (RBD)

N-Terminal
Domain (NTD)

Fusion
Protein (FP)

Transmembrane
Segment (TM) and
Cytoplasmic Tail (CT)

Primary Structure

S1 S2° S2
| 1 |
NDT RBD * FP  HR1 HR2 TM/CT
| | | N N | |
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S1/S2

SARS-CoV-2

Figure 17: SARS-CoV-2 virus particle with structural insight of the S-protein (pdb: 6VXX) and its primary structure (numbers
indicate amino acid positions), consisting of the S1 und S2 subunit. S1 contains the receptor binding site to ACE2 (RBD, mint
green) and N-terminal domain (NTD, blue). S2 contains the fusion protein (FP, green), heptad repeat 1 & 2 (HR1/HR2, orange),
which is involved in the formation of the fusion pore, as well as the transmembrane segment, cytoplasmic tail (TM, CT, red)
and S2’ cleavage site. Figure created with BioRender.com and modified after Jackson et al. and Miiller et al..[2!11246]

Although both proteases (cathepsin L & TMPRSS2) can mediate the virus-cell fusion in cell culture,
several in vivo studies suggest a preference of TMPRSS2-dependent viral cell entry. Firstly, coronavirus
infect and replicate primarily in epithelial cells of the respiratory tract while the expression levels of
cathepsins in lungs are low. Furthermore, TMPRSS2-knockout mice showed a reduced pathogenicity
and spread of f-CoVs (MERS-CoV, SARS-CoV and SARS-CoV-2).7H*¥8 Hence, targeting TMPRSS2
to prevent the viral cell entry of SARS-CoV-2 represents a promising strategy for treatment of the virus

infection.
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1.5.3  Structure of the TMPRSS2 Protease Domain

The extracellular catalytic serine protease domain at the C-terminus belongs to the PA clan, S1 family
of trypsin-like serine proteases according to the MEROPS database.!*”! Therefore, it consists of the
typical catalytic triad of Asp345-His296-Ser441 and displays the canonical trypsin fold with two six-

2991 In general, the

stranded S-barrels harboring the active site cleft in between (1.2.2, Figure 18, left).!
serine protease domain is highly conserved with all TTSPs, but divergent substrate specificity is
conferred by eight highly variable surface-exposed loops. The characteristic negativley charged Asp435,
together with Ser436 and Gly464 form the S1 subpocket and lead to the trpysin-like substrate specificity
of an positively charged Arg or Lys residue (Figure 18, right). The S2 pocket harbors Lys342 that likely
prefers small and/or electronegative substrates. S3 and S4 appears suitable for various amino acids with
the respective GIn438 and Thr341 residues. Overall, the active site of TMPRSS2 seems to be flexible

and therefore capable of binding different substrate sequences with the biggest selectivity behavior

caused by S1 and S2 pocket.**!

Figure 18: X-ray crystal structure of TMPRSS2 protease domain (pdb: 7MEQ) showing the characteristic trypsin-like fold with
two opposed six-stranded f-barrels (green and red), harboring in the middle the catalytic active site (cyan). On the right side,
visualization of the binding site (co-crystallized with nafamostat, magenta) formed by the catalytic triad (Asp435-His296-
Serd41), deep S1 pocket (Asp435, Ser436, Gly464), S2 (Lys342), S3 (GIn438) and S4 (Thr341).241 Yellow dashed line presents
polar interactions between the inhibitor and the residues of the binding site. Figure created with PyMOL and PowerPoint.
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1.5.4 Inhibitors of TMPRSS2

The characterization of the serine protease domain of TMPRSS2 by X-ray crystallography in 2022
simplified and accelerated the development of potential drugs against TMPRSS2. Since the outbreak of
COVID-19, several known serine protease inhibitors or new designed drugs targeting the catalytic

domain of TMPRSS2 have been described and will be discussed in the following.

The small molecule inhibitor gabexate was predicted to inhibit the proteolytic activity of TMPRSS2 by
virtual screening.!**” Afterwards, reduced enzymatic activity could be shown with nanomolar affinities
in in vitro assays (Table 3 entry a). The inhibition mechanism is based on the reversible acylation of the
catalytically active Ser441, comparable with nafamostat (1.4.4). However, in further studies no
reduction of SARS-CoV-2 mediated entry into lung cells could be detected nor an effect to the respective

virus-cell membrane fusion.[>>!

The small molecule inhibitor nafamostat, approved in Japan and Korea for treatment of pancreatitis and
used as an anticoagulant, was detected to inhibit recombinant TMPRSS2. The inhibitor displays
affinities in the subnanomolar range and blocks the catalytical serine in a covalent-reversible mechanism
(Figure 19).%% In contrast to gabexate, the drug also inhibits SARS-CoV-2 infection in human cells.*>*!
Another example of drug repurposing represents the non-covalent kallikrein inhibitor avoralstat, which
is in clinical trials for treatment against hereditary angioedema and showed positive results in blocking

SARS-CoV-2 cell entry and infection (Table 3 entry) b.>*

Based on previously designed peptidomimetic inhibitors against other TTSPs and trypsin-like serine
proteases, several TMPRSS2 substrate analogues were developed. One of the most potent non-covalent
inhibitors belong to the groups of 4-amidinobenzylamide and 3-amidinophenylalanyl inhibitors with

2551 Similar to the small molecules, the

affinities in the low nanomolar range (Table 3 entry c, d).l
positively charged amidine moiety of both inhibitor groups protrudes into the S1 pocket and interacts

with the negatively charged Asp435.
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Table 3: Selected TMPRSS2 targeting inhibitors representing typical structures of (non-)covalent small
molecule/peptidomimetic drugs. Basic moiety, which interacts with the negatively charged Asp435 residue in S1 in green
circled. Electrophilic moiety of covalent inhibitors indicated with a red arrow.

Inhibitor K; Literature Entry
[nM]
(0]
o — N\n/NHZ 9% [252] .

[254]

Small Molecule Inhibitors
A\
o
=
2

18 (23] c

8 [255] d

Peptidomimetic Inhibitors
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Due to the positive effect of nafamostat in blocking the viral cell entry, first randomized clinical trials
were performed to investigate the efficacy and safety in hospitalized patients with severe COVID-19
patients. The convincing results regarding safety and efficacy qualify nafamostat as a possible drug for
treatment of SARS-CoV-2 infections. This progress of TMPRSS2 inhibitor-development highlights the
opportunity for an alternative or additional therapeutical approach in comparison to currently treatment

by targeting the viral host protease MP™ [2561237]

Ki =0.2 nM

Figure 19: Nafamostat as the most promising TMPRSS?2 inhibitor with an K; value of 0.2 nM.[?52! Figure created with
ChemDraw.

1.6 Hepsin

Hepsin represents another type II transmembrane serine protease and belongs to the same subfamily
(Hepsin/TMPRSS) as the above described TMPRSS2 (1.5).2%8H238] Therefore, the architecture of hepsin
as well as the biosynthesis and zymogen activation is similar to the presented structure-related

TMPRSS2 (1.5) and will not be discussed further.[’']

1.6.1 Physiological Function and Pathological Association of Hepsin

In 1988 hepsin was first identified in human hepatocytes and named to the greek word hepar — liver.*"!
In addition to the liver, the serine protease is expressed in a wide range of tissues, including prostate,
lung, kidney, thyroid tissues etc. and is associated with multiple physiological functions. ! In vivo
experiments revealed that hepsin-deficient mice have low levels of liver glycogen, triglyceride, blood
glucose and cholesterol. Furthermore, the levels of hepatic triglyceride and cholesterol remained low,
when hepsin-knockout mice were treated with a high fat diet, compared to similarly treated wild-type

mice.*’

] Responsible for these observations is the regulatory mechanism of the glycogen, lipid and
protein metabolism. Hepsin cleaves the pro-hepatocyte growth factor (pro-HGF) to the active two-chain
HGF, which represents a ligand for the receptor tyrosine kinase Met. Pro-HGF is synthesized in the liver
and binds, but not activates, Met. After the activation, downstream signaling increases the glycogen,
lipid and protein synthesis in hepatocytes. Hepsin-mediated pro-HGF cleavage and following Met

activation have been shown in in vivo and in vitro experiments, 221264

Overexpression of hepsin is reported in different cancer-types, including prostate, lung, breast cancer

etc. and displays different mechanism enhancing tumor progression.’’"?**! These comprise the
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upregulation of the HGF/Met signaling, induced by high expression levels of hepsin in prostate

262

cancer.? Furthermore, ex vivo studies revealed the activation of pro-matrix metalloproteases by hepsin

leading to the degradation of the extracellular matrix.!**”) Both pathological-associated mechanism lead
to an aggressive metastatic behavior as well as enhance the tumor progression and survival,[2*?-267-268]
Thus, the transmembrane serine protease hepsin represents a promising target for treatment against

numerous cancer-types.

1.6.2  Structure of the Hepsin Protease Domain

The protease domain of hepsin is represented by a trypsin-like serine protease (clan PA, S1 family),
harboring the catalytic triad Asp257-His203-Ser353 in the active site between the two six-stranded f-
barrels of the canonical trypsin fold (1.2.2, Figure 20, left). A negatively charged Asp347 combined with
Gly380 form the deep S1 pocket and lead to the characteristic trypsin-like substrate specificity for a
positively charged Arg or Lys residue (Figure 20, right). The S2 site is defined by a shallow binding
pocket, consisting of Ser376 and His203, which accommodate mostly smaller hydrophobic or polar
groups. S3 contains Asn254 and Gly378 that enable hydrogen bonding with different polar residues. The
oxygen atom of GIn331 point towards the S4 pocket, which gives an overall negative electrostatic
potential and explains why a lysine is favored in this position.!**? Similar to TMPRSS2, hepsin presents
a flexible active site able for binding various substrates, but partly displaying different amino acid
residues in the subpockets, which offer the opportunity for development of potent and selective

inhibitors.
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Figure 20: X-ray crystal structure of the hepsin protease domain (pdb: 1Z8G) showing the characteristic trypsin-like fold with
two opposed six-stranded f-barrels (green and red), harboring in the middle the catalytic active site (cyan). On the right side,
visualization of the binding site (co-crystallized with the peptidomimetic inhibitor acetyl-Lys-Gln-Leu-Arg-
chloromethylketone, magenta) formed by the catalytic triad (Asp257-His203-Ser353), deep S1 pocket (Asp347, Gly380), S2
(Ser376, His203), S3 (Asn254 and Gly378) and S4 (GIn331). Yellow dashed line presents polar interactions between the
inhibitor and the residues of the binding site.**?] Figure created with PyMOL and PowerPoint.
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1.6.3 Inhibitors of Hepsin

The involvement of hepsin overexpression in several cancer-types has attracted considering interests in
developing hepsin inhibitors. Numerous low molecular weight inhibitors have been designed and can
be categorized into two classes. First ones present heterocyclic amidine/guanidine-based

compounds.?%”)

1H-Indole-5-carboxamidine derivates were found as potent hepsin inhibitors showing affinities in the
nanomolar range (Table 4 entry a), which protrude the basic amidine moiety into the S1 pocket for
electrostatic interactions with the negatively charged Asp347. Substitution at C-2 position with a
pyridine N-oxide derivate resulted in an increase of affinity, due to additional interactions between the

270]

tert-hydroxyl and N-oxide group with the catalytic Ser353 and His203.!

Other members of this inhibitor class are the benzamidine/guanidine derivates, listed with the small
molecule nafamostat as the most potent compound. The covalent-reversible inhibitor displays inhibition

rates in the subnanomolar range (Table 4 entry b).*""!

The second class represents peptide-derived analogs. Tetrapeptides were developed to mimic the natural
substrate of hepsin, which were attached at the C-terminus with an a-ketobenzothiazole warhead. This

resulted in very potent covalent-reversible inhibitors with affinities in the subnanomolar range (Table 4

entry c).?’?!
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Table 4: Selected hepsin targeting inhibitors representing typical structures of (non-)covalent small molecule/peptidomimetic
drugs. Basic moiety, which interacts with the negatively charged Asp347 residue in S1 in green circled. Electrophilic moiety
of covalent inhibitors indicated with a red arrow.
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1.7 Challenges in the Development of Trypsin-Like Serine Proteases

The structural comparison between the presented uPA, TMPRSS2 and hepsin inhibitors as well as
binding sites suggest cross-reactivity of the drugs towards all three proteases. Indeed, for example
nafamostat (K; (uPA): 1 nM, K; (TMPRSS2): 0.2 nM, K; (hepsin): 0.5 nM) and gabexate (K; (uPA):
191 nM, K; (TMPRSS2): 96 nM, K; (hepsin): not available) display similar literature known inhibitory

(195112321273 This highlights one major problem in the development of potential

effects on the proteases.
trypsin-like serine protease inhibitors for clinical use. The high similarity of the binding pockets, caused
by the conserved trypsin-fold, results frequently in off-target interactions of synthesized inhibitors. Due
to the involvement of this protease class in important processes, like hemostasis and general supply of
nutrients and therefore maintenance of the physiological system (1.2.3), off-target inhibition can lead to

severe side effects. 27412761
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Therefore, it is of utmost importance to synthesize not only potent inhibitors towards the target protease,
but selective ones. This can be achieved for example by structure-based design, which includes
identification and characterization of potential binding sites as well as discovering unique properties
like single amino acid mutation and unusual shapes of subpockets, that could present opportunities for
designing highly selective inhibitors (1.4.3).['85M2772%01 A qditionally, different computational tools to
simulate possible binding events can help to get a deeper insight of the binding cleft and enhance the

drug design.[**!

Another challenge is the insufficient oral bioavailability and general problematic pharmacokinetic
properties of the highly basic and polar inhibitors described in 1.4.4 .12 One strategy to overcome this
issue presents the aforementioned prodrug approach (1.4.4) to mask the polar groups, for example by

conversion to their respective amidoxime, carbamate or N-hydroxyguanidine derivates, until their target

202],

compartment is reached.??"?®! Another possibility displays a more technological approach, by

nanoparticle formulation of polar drugs to enhance the pharmacokinetic properties and lead to sufficient

drug concentration at their target.?%H2%]
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1.8 Investigation of Covalent Protease Inhibitors

The goal of rational drug design of protease inhibitors is the development of selective and active
compounds — generally a small peptidomimetic molecule that inhibits the action of the enzyme (1.3.2).
The evaluation of the pharmacodynamic properties in terms of affinity and specificity towards the target
protease as well as the inhibition mechanism of the inhibitor present the next steps to gain important

information for identifying active compounds and further optimization.!?*}27]

1.8.1 Fluorometric Protease Inhibition Assays

The gold standard for initial potency investigations of protease inhibitors in medicinal chemistry
represent the fluorometric based in vitro assays. This method is widely used, due to the easily accessible
instrumentation, time efficiency and high sensitivity.***"2%! Additionally, there is a large supply of
different, commercially available fluorometric protease substrates, which cover the majority of
proteases. The first fluorometric substrates resembles the so-called Forster energy transfer (FRET)
substrates in 1973, which includes a quencher (Q) molecule and a fluorophore (F).**”! Due to the
enhanced detection sensitivity, the newly invented fluorometric method replaced the previously used

291

colorimetric p-nitroanilide (pNA) substrates.l*’!! Three years later the implementation of the 7-amino-

4-methyl coumarin (AMC) derivates led to new fluorescent protease substrates, which were less

vulnerable to assay interferences compared to the FRET and pNA derivates.!**

The process of fluorometric protease inhibition assays is described as follows: The fluorescent peptide
gets cleaved by the target protease via amide bond hydrolyzation. This leads either in an increased
distance between the quencher molecule and the fluorophore regarding the FRET substrates or in the

2931 In both cases, the fluorophore

separation of the fluorescent AMC group from the peptide (Figure 21).!
is now able to get excited for example by a microplate reader at a specific excitation wavelength and
following fluorescence can be detected at a corresponding emission wavelength. The resulting increase
of fluorescence over time is a direct indicator for the proteolytic activity of the enzyme. In presence of
an inhibitor, the impaired protease is hindered for substrate cleavage. Thus, the resulting decrease in
fluorescence over time is proportional to the inhibitory potency and can be evaluated by different

methods.?¥H2%4
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Figure 21: Principle of fluorometric substrates. (A) After the enzymatic cleavage of the peptide bond, the distance between
fluorophore (F) and quencher (Q) increases. This allows fluorescence measurement, which was suppressed by the quencher.
(B) Enzymatic cleavage results in release of 7-amino-4-methyl coumarin (AMC) and following detection of fluorescence.
Figure created with ChemDraw and PowerPoint.

It is important to check the inhibitory mechanism of the designed compounds to determine the
appropriate kinetic data, since the evaluation of reversible and irreversible binding inhibitors differs,
and the use of the same kinetic constants would be meaningless and lead to false information.?**]
Usually, covalent interactions (reversible and irreversible) can be predicted due to structure elements in

[296

most cases by the appearance of electrophilic traps (warheads).*”’"2*! However, the exact covalent

binding mode is only evident through binding experiments like LC/MS analysis with the target

protein.*”!

Within the scope of this dissertation, the evaluation of covalent reversible and two-step covalent
irreversible inhibitors were performed. Therefore, both analysis methods will be presented in the

following.

1.8.2 Evaluation of (Non-)Covalent Reversible Protease Inhibitors by Fluorometric Assays
Reversible inhibitors regardless of covalent or non-covalent nature, are characterized by the formation

and dissociation of an enzyme-inhibitor complex [EI] (Figure 22).
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Figure 22: Schematic presentation of (non-)covalent reversible inhibition. E = unbound enzyme, I = unbound inhibitor, [EI] =
(non-)covalent reversible enzyme-inhibitor complex, K; = inhibition constant, which describes the equilibrium for formation
and dissociation of the enzyme-inhibitor complex. Figure created with BioRender.com.

To characterize the potency of this inhibitor type, the ICso value represents an adequate parameter. It
indicates the inhibitor concentration necessary for 50% enzyme inhibition. At the beginning,

fluorescence progress curves for different inhibitor concentrations are measured, which follow a linear
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relationship (Figure 23, left). Afterwards, the relative slopes between a negative control without inhibitor
and the measurements with different inhibitor concentrations are calculated, which represents the
residual enzyme activity. Then, the ICso value can be calculated with the following 4-parameter equation
1.

_ Ymax ~ Ymin

i+ (ﬂ>s +ymin
ICsg

y

Here, the inhibitor concentration [/] is plotted semilogarithmically against the remaining enzymatic
activity [y]. ¥max displays the maximum enzymatic activity at small inhibitor concentration and ymin the
minimum values at high inhibitor concentrations. The Hill factor s describes the steepness of the middle

part of the sigmoidal dose-response curve (Figure 23, right).[?**]
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Figure 23: Evaluation of (non-)covalent reversible protease inhibitors by fluorometric assays. Resulting linear fluorescence-
progress curves after 10 min measurement without addition of inhibitor (black line) and in presence of different inhibitor
concentration (grey lines, left). Typical sigmoidal dose-response curve, after plotting the inhibitor concentration [/] against the
residual enzyme activity [%], showing the ICsg value, ymax and ymin as well as the hill factor s. Figure created with GraphPad
and PowerPoint.

For competitive inhibitors, the ICsj is dependent on the substrate affinity of the protease, characterized
by the Michaelis Menten constant (Km), and its concentration. In contrast, the inhibitory constant Kj is
independent of the abovementioned values and therefore recommended to use instead, for better
comparison of the inhibition activity towards different proteases. It describes the equilibrium constant
for formation and dissociation of the enzyme-inhibitor complex and can be calculated with the

mathematical Cheng-Prussoff equation 2.12%2%

It presents the relationship between the ICso value with
the inhibition constant Kj, the substrate concentration [S] and the Michaelis Menten constant K.
Regarding non-competitive inhibitors, the ICso value is independent of the substrate affinity and

concentration, therefore equals the K; value.[***]

ICso = K; (1 + I%) 2
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1.8.3 Evaluation of Two-Step Covalent Irreversible Protease Inhibitors

In case of irreversible inhibitors, the characterization with the ICso value would be meaningless, because
the kinetic parameter is not only dependent of the substrate concentration and affinity towards the
protease (1.8.2), but also on the incubation time of the inhibitor with enzyme prior to the substrate
addition. This is explained by the two-step inhibition mechanism, which added the irreversible
inactivation step of the covalent-modified enzyme [EI]", after formation of the reversible enzyme-

inhibitor complex [EI] (Figure 24).12%%!
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Figure 24: Schematic presentation of two-step covalent irreversible inhibition. E = unbound enzyme, I = unbound inhibitor,
[EI] = (non-)covalent reversible enzyme-inhibitor complex, [EI]" covalent irreversible enzyme-inhibitor complex, K; =
inhibition constant, which describes the equilibrium for formation and dissociation of the reversible enzyme-inhibitor complex,
kana = inactivation efficiency, that comprises the inactivation rate (kinact) over the inhibition constant (Xi). Figure created with
BioRender.com.

Due to the irreversible covalent bond, the ICso would decrease exponentially with time. This concludes,
that if the incubation time is long enough, the ICso value would always equal half of the total enzyme
concentration, which can lead to false information regarding the inhibitor potency.***"***! One hint for
a time-dependent irreversible reacting inhibitor displays the fluorescence-progress curves over time, due
to their non-linear behavior following the exponential equation 3, compared to the linear shaped progress
curves of reversible inhibitors or in absence of inhibitor (Figure 26, left). However, non-linear
fluorescence progress curves are not sufficient, to determine the irreversible inhibition mechanism of
compounds. Additional experiments like dilution or dialysis assays should be conducted for final

[3001,[301]
proof.

F=A(1-e*ovst) + B + of fset 3

\
( |

v,
F= }Cobs 2 (1 —e7*obst) + v t + of fset 4

The exponential equation 3 expresses the behavior of the fluorescence intensity F, described by the

background fluorescence (offset), 4 ( ) and B (vst), which are related to the initial v; and steady-state

velocities vs of the reaction between the inhibitor and the enzyme 4. Due to the irreversible inhibition of
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the enzyme activity after the formation of the covalent bond by the inhibitor, vs and therefore B equals
0, which leads to the simplified equation 5.

v.
F=——(1—e *obst) + offset 5
kobs

The apparent first-order rate constant kos describes the conversion between the initial rate from (non-
)covalent inhibition v; to the inactivation steady-state vs velocity of the reaction and can be calculated

by fitting the fluorescence intensity against the incubation time ¢ using equation 5 (Figure 25).
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Figure 25: Non-linear fluorescence-progress curve of a two-step irreversible inhibition mechanism, showing the initial velocity
vi ((non-)covalent inhibition) and final velocity vs (inactivation at reaction completion). kqps describes the rate from (non-
)covalent inhibition v; to the inactivation of the enzyme v;.

The apparent inhibition constant Ki**" (represents the equilibrium constant for formation and dissociation
of the reversible enzyme-inhibitor complex, 1.8.2) and kinact, Which describes the inactivation rate of the

enzyme by irreversible inhibition, can be determined by plotting the inhibitor concentration [/] to the

obtained kops values and fitted to equation 6 (Figure 26, right).
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Figure 26: Evaluation of two-step covalent-irreversible protease inhibitors by fluorometric assays. Resulted non-linear
fluorescence-progress curves after 10 min measurement without addition of inhibitor (black line) and in presence of different
inhibitor concentration (grey lines, left). Hyperbolic dose-response curve, after plotting the inhibitor concentration [/] against
the calculated kobs values [s!], showing the Ki*P and kinae value. Figure created with GraphPad and PowerPoint.
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The resulting K™ value can be corrected of the substrate concentration [S] and affinity by equation 2,
obtaining the K7 value for an adequate comparison of the inhibition data between different proteases.
Furthermore, using equation 7 leads to the calculation of k2.4, which describes the inactivation efficiency

of the irreversible inhibitor (Figure24).5%

Kinact

Kona ==, 7

K1

1.8.4 Interferences of Fluorometric Protease Inhibition Assays

At least equally important as the correct evaluation of the respective inhibitor type is the vulnerability
of a fluorometric assay system regarding non-specific interferences. Assay robustness describes the
ability of the measured signal to avoid perturbation by numerous effects, that originate from various

3033051 Ope common interference

sources like assay components, including the inhibitors themselves.!
during the fluorometric protease inhibition assay is the inner-filter effect. It defines the absorption of the
excitation UV light by the analyzed compound, which is caused by similar absorption maxima between
the fluorophore and the drug. Due to the spectral overlap of the excitation light and absorption maximum
of the inhibitor, the fluorescence is impaired and leads to the false assumption of a positive inhibition
result (Figure 27 A). Similar to the inner-filter effect and frequently wrongly confused with each other
represents fluorophore quenching by the investigated compound. In contrast to the first mentioned
interference, quenching describes the absorption of the fluorescence emitted by the fluorophore, which

0313041 Aytofluorescence decay represents

leads again to false-positive inhibition results (Figure 27 B).
another phenomenon, which appears when the excitation wavelength of the analyzed compound and
fluorophore overlaps as well as the emission wavelengths of both are located in the same detection
wavelength. This leads to a fluorescence increase in the beginning, but might change to a decrease of

the fluorescence intensity, due to degradation of the compound (Figure 27 C).%!

The abovementioned examples represent typical fluorescence-based assay interferences, using AMC-
and FRET-based fluorogenic substrates, during the evaluation of protease inhibitors. To avoid false
results, it is necessary to validate the potential inhibitory activity of the analyzed compounds with

3931 This leads to more time-consuming and expensive experiments,

additional orthogonal experiments.|
which affect the overall drug development. Therefore, one project within this dissertation presents the
synthesis and characterization of alternative fluorogenic substrates, which are designed to mitigate

common assay interferences (chapter A, 4.2).
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Figure 27: Overview of common fluorometric protease assay interferences caused by the analyzed inhibitor. E = enzyme, I =
inhibitor, F = fluorophore, /.« = excitation wavelength. Showing fluorescence-progress curves of AMC- or FRET-based
fluorogenic substrates without addition of inhibitor (black line) and in presence of an inhibitor inducing the respective
interference (grey line). (A) The inner-filter effect describes the absorption of the excitation UV light by the inhibitor. (B)
Fluorophore quenching presents the absorption of the fluorescence emitted by the fluorophore. (C) Autofluorescence decay is
represented by an increase of the fluorescence signal due to the spectral overlap of the excitation and emission wavelength of
the analyzed inhibitor and fluorophore. The overall fluorescence decreases after time, because of the degradation of the
inhibitor. Figure created with BioRender.com and modified after Maus et al.[3%¢]
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2 Projects and Objectives

The scientific work in this doctoral thesis can be categorized into two chapters focused on covalent
protease inhibitors. The first one represents the investigation of peptidomimetic covalent inhibitors by
different experiments, resulting in a deeper insight and better understanding of this inhibitor class, and

improvement of the associated fluorometric inhibition assay.

2.1 Chapter A: Investigation and Characterization of Warheads and

Substrates for Proteases and their Inhibitors

The positive outcome regarding the pharmacodynamic properties of covalent protease inhibitors,
suggests promising results by selecting a suitable peptidomimetic scaffold for the target protein, which
prevents possible off-target interactions with other structure-related enzymes. Furthermore, it is of great
importance to choose a matching warhead towards the catalytically active amino acid, not just for
securing high affinity properties, but to reduce possible side effects like haptenization or off-target
binding with physiological nucleophiles.!"*) Therefore, the first project represents an extensive
systematic study regarding the influence of both structure elements and possible combinatorial effects

in terms of selectivity and reactivity.

An assortment of various peptidomimetic scaffolds, in combination with different reversible- and
irreversible-reacting warheads were synthesized, targeting different proteases. Based on fluorometric
inhibition studies (1.8), the impact of the peptidomimetic scaffold and respective warhead, regarding
the affinity and selectivity profiles were evaluated. Additionally, reactivity studies with tool compounds
containing the used warheads in the in vitro study, reacting with model nucleophiles in solution as well
as docking studies and quantum mechanics simulations allowed further characterization of both

structure motives.

Fluorometric inhibition studies represent an important investigation tool for evaluation of protease
inhibitors regarding affinity and selectivity profiles (1.8). Hence, it is of great interest to minimize
possible interferences, that originate from different sources and lead to false information and overall

305

failing development of potential drug candidates (1.8.4).5°! The second part of this project highlights
possible errors during fluorometric inhibition studies and presents suggestions for improving the

vulnerability against assay interferences.



50 Projects and Objectives

The following publications are part of the results obtained in this project:

(1) Patrick Miiller!, Mergim Meta’, Jan Laurenz Meidner', Marvin Schwickert, Jessica Meyr, Kevin

Schwickert, Christian Kersten, Collin Zimmer, Stefan Josef Hammerschmidt, Ariane Frey, Albin Lahu,
Sergio de la Hoz-Rodriguez, Laura Agost-Beltran, Santiago Rodriguez, Kira Diemer, Wilhelm
Neumann, Florenci V. Gonzalez, Bernd Engels and Tanja Schirmeister’. “Investigation of the
Compatibility between Warheads and Peptidomimetic Sequences of Protease Inhibitors—A
Comprehensive Reactivity and Selectivity Study” [International Journal of Molecular Sciences

2023, 24(8), 7226; https://doi.org/10.3390/ijms24087226.

Own contributions: Inhibitor synthesis (compounds 3, 4, 6, 7, 8, 9, 25, 51, 52, 65, 99, 101-107, 109—
111), uPA and rhodesain inhibition assays, NMR-reactivity tests, LC-MS analysis, molecular docking

and writing of the original draft plus editing of the manuscript.

Contribution from other authors: Inhibitor synthesis (compounds 11-22, 26-96, 112—117), cathepsin
S, proteasome fS5-subunit, and MP inhibition assays, LC-MS reactivity tests, molecular docking,
quantum mechanics and kinetic simulations and writing of the original draft plus editing of the

manuscript.

(2) Hannah Maus’, Patrick Miiller’, Mergim Meta, Sabrina N. Hoba, Stefan Josef Hammerschmidt,
Robert A. Zimmermann, Collin Zimmer, Natalie Fuchs, Tanja Schirmeister and Fabian Barthels”. “Next
Generation of Fluorometric Protease Assays: 7-Nitrobenz-2-oxa-1,3-diazol-4-yl-amides (NBD-Amides)

as Class-Spanning Protease Substrates” Chemistry — A European Journal 2023, 29(50), 1-11;
doi.org/10.1002/chem.202301855.

Own contributions: Substrate synthesis (2a—j, 4, 6a—d, 7a—j, 18-20) and writing of the original draft
plus editing of the manuscript.
Contribution from other authors: Inhibitor synthesis, protein expression and purification, substrate

stability assays, molecular docking, kinetic characterization of substrates, investigations on assay

interferences and writing of the original draft plus editing of the manuscript.
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2.2 Chapter B: Evaluation of Covalent Inhibitors for Trypsin-Like Serine

Proteases

This part of the doctoral thesis describes the development of covalent inhibitors targeting the trypsin-

like serine proteases TMPRSS2, uPA and hepsin.

The important physiological role (1.2.2) and their pathological association (1.2.3) highlight the
possibility for treatment of various diseases by targeting trypsin-like serine proteases.SH!'6!24] The
transmembrane serine protease subtype 2 (TMPRSS2) cleaves the SARS-CoV-2 spike protein and
enables viral cell entry (1.5.2). Hepsin presents another type of transmembrane serine protease and leads
if upregulated to an increase of growth factor release, which supports tumor progression in numerous

3971 The first two projects aim to develop potent peptidomimetic covalent inhibitors

cancer-types (1.6.1).!
targeting TMPRSS2 and hepsin. In silico studies by molecular docking and virtual screenings were
executed to identify suitable peptidomimetic recognition sequences, which were coupled with different
warheads and synthesized. Afterwards, the inhibitors were evaluated with fluorometric inhibition assays
(1.8) regarding their affinity and selectivity. Additionally, stability and cytotoxicity tests as well as

specific cell tests concerning the viral cell entry of the coronavirus were performed.

Based on the results of the previously described work, new peptidomimetic covalent uPA inhibitors were
designed and evaluated in the last project. Furthermore, due to a high structure similarity between uPA
and TMPRSS2, structure-activity relationship (SAR-) studies were executed with the abovementioned
designed TMPRSS?2 inhibitors for further optimization.

The following publications are part of the results obtained in this project:

(3) Lukas Wettstein’, Philip Maximilian Knaft’, Christian Kersten', Patrick Miiller, Tatjana Weil,

Carina Conzelmann, Janis A. Miiller, Maximilian Briickner, Markus Hoffmann, Stefan P6hlmann, Tanja
Schirmeister, Katharina Landfester, Jan Miinch and Volker Mailidnder". “Peptidomimetic inhibitors of
TMPRSS2 block SARS-CoV-2 infection in cell culture” Communications Biology 2022, 5, 681;
https://doi.org/10.1038/s42003-022-03613-4.

Own contributions: Inhibitor synthesis (S1-S5) and writing of the original draft plus editing of the

manuscript.

Contributions from other authors: Inhibitor synthesis (1-8), inhibition-, cytotoxicity- and stability

assays, molecular docking, pseudovirus inhibition assay, SARS-CoV-2 inhibition assay and writing of

the original draft plus editing of the manuscript.
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(4) Philip Maximilian Knaff, Patrick Miiller, Christian Kersten, Lukas Wettstein, Jan Miinch, Katharina
Landfester and Volker Mailinder’. “Structure-Based Design of High-Affinity and Selective
Peptidomimetic Hepsin Inhibitors” Biomacromolecules 2022, 23, 2236-2242;

https://doi.org/10.1021/acs.biomac.1c01011.

Own contributions: Inhibitor synthesis (S1-S5) and writing of the original draft plus editing of the

manuscript.

Contributions from other authors: Inhibitor synthesis (1-10), inhibition-, cytotoxicity- and stability-

assays, molecular docking and writing of the original draft plus editing of the manuscript.

(5) Patrick Miiller, Collin Zimmer, Ariane Frey, Gideon Holzmann, Annabelle Carolin Weldert and

Tanja Schirmeister . ,,Ligand-Based Design of Selective Peptidomimetic uPA and TMPRSS2 Inhibitors
with Arg Bioisosteres” [International Journal of Molecular Sciences 2024, 25(3), 1375;
https://doi.org/10.3390/ijms25031375.

Own contributions: Inhibitor synthesis (3, 5, 9, 11, 12a, 13, 14a, 15, 21-45), inhibition assay and

writing of the original draft plus editing of the manuscript.

Contributions of others: Inhibitor synthesis (6b—e, 10b—f, 12b—f, 14b—f, 17-20), parallel artificial

membrane permeation assay (PAMPA), absorption spectra, calculation of physicochemical properties,
calculation of protein similarity, stability studies and writing of the original draft plus editing of the

manuscript.



List of Publications 53

3 List of Publications

3.1 Publications as Part of this Doctoral Thesis

3.1.1 Chapter A: Investigation and Characterization of Warheads and Substrates for Proteases
and their Inhibitors

1) Patrick Miiller!, Mergim Meta’, Jan Laurenz Meidner, Marvin Schwickert, Jessica Meyr, Kevin
g

Schwickert, Christian Kersten, Collin Zimmer, Stefan Josef Hammerschmidt, Ariane Frey, Albin Lahu,
Sergio de la Hoz-Rodriguez, Laura Agost-Beltran, Santiago Rodriguez, Kira Diemer, Wilhelm
Neumann, Florenci V. Gonzalez, Bernd Engels and Tanja Schirmeister’. “Investigation of the
Compatibility between Warheads and Peptidomimetic Sequences of Protease Inhibitors—A
Comprehensive Reactivity and Selectivity Study” International Journal of Molecular. Sciences 2023, 24
(8), 7226; https://doi.org/10.3390/ijms24087226.

(2) Hannah Maus', Patrick Miiller’, Mergim Meta, Sabrina N. Hoba, Stefan Josef Hammerschmidt,
Robert A. Zimmermann, Collin Zimmer, Natalie Fuchs, Tanja Schirmeister and Fabian Barthels”. “Next
Generation of Fluorometric Protease Assays: 7-Nitrobenz-2-oxa-1,3-diazol-4-yl-amides (NBD-Amides)

as Class-Spanning Protease Substrates” Chemistry — A European Journal 2023, 29 (50), 1-
11; doi.org/10.1002/chem.202301855.

3.1.2 Chapter B: Evaluation of Covalent Inhibitors for Trypsin-Like Serine Proteases
(3) Lukas Wettstein’, Philip Maximilian Knaft’, Christian Kersten', Patrick Miiller, Tatjana Weil,

Carina Conzelmann, Janis A Miiller, Maximilian Briickner, Markus Hoffmann, Stefan P6hlmann, Tanja
Schirmeister, Katharina Landfester, Jan Miinch and Volker Mailidnder". “Peptidomimetic inhibitors of
TMPRSS2 block SARS-CoV-2 infection in cell culture” Communications Biology 2022, 5, 681;
https://doi.org/10.1038/s42003-022-03613-4.

(4) Philip Maximilian Knaff, Patrick Miiller, Christian Kersten, Lukas Wettstein, Jan Miinch, Katharina
Landfester and Volker Mailinder’. “Structure-Based Design of High-Affinity and Selective
Peptidomimetic Hepsin Inhibitors” Biomacromolecules 2022, 23, 2236-2242;

https://doi.org/10.1021/acs.biomac.1c01011.

(5) Patrick Miiller, Collin Zimmer, Ariane Frey, Gideon Holzmann, Annabelle Carolin Weldert and

Tanja Schirmeister . ,,Ligand-Based Design of Selective Peptidomimetic uPA and TMPRSS2 Inhibitors
with Arg Bioisosteres” [International Journal of Molecular Sciences 2024, 25(3), 1375;
https://doi.org/10.3390/ijms25031375.



54 List of Publications

3.2 Publications beyond this Doctoral Thesis

3.2.1 Research Article

(6) Armin Welker, Christian Kersten, Chrsitin Miiller, Ramakanth Madhugiri, Collin Zimmer, Patrick
Miiller, Robert A. Zimmermann, Stefan J. Hammerschmidt, Hannah Mus, John Ziebuhr, Christoph
Sotriffer, Tanja Schirmeister. “Structure-Activity Relationships of Benzamides and Isoindolines
Designed as SARS-CoV Protease Inhibitors Effective against SARS-CoV-2” ChemMedChem 2021, 16
(2): 340-354; doi: 10.1002/cmdc.202000548.

3.2.2 Review Article

(7) Patrick Miillert, Hannah Maus*, Stefan J. Hammerschmidt?, Philip M. Knaff, Volker Mailinder,
Tanja Schirmeister, Christian Kersten. “Interfering with Host Proteases in SARS-CoV-2 Entry as a
Promising Therapeutic Strategy” Current Medicinal Chemistry 2022, 29 (4): 635-665, doi:
10.2174/0929867328666210526111318.

3.2.3 Other Publication

(8) Stefan Josef Hammerschmidt, Patrick Miiller, Tanja Schirmeister. “SARS-CoV-PLpro-Inhibitoren
als mogliche Breitspektrum-Virostatika” BlOspektrum 2021, 27(3):254-256.
https://doi.org/10.1007/s12268-021-1576-6.



Chapter A: Investigation and Characterization of Warheads and Substrates for Proteases and 55
their Inhibitors

4 Chapter A: Investigation and Characterization of Warheads

and Substrates for Proteases and their Inhibitors

4.1 Investigation of the Compatibility between Warheads and
Peptidomimetic Sequences of Protease Inhibitors—A Comprehensive

Reactivity and Selectivity Study

4.1.1 Context, Project Summary, and own Contributions

Numerous SAR-campaigns aim for discovery of new potential lead structures and clinical candidates,
by designing and synthesizing new protease inhibitors. Covalent peptidomimetic inhibitors gained a lot
of attention in drug development in recent years (1.3.2, 1.3.3). Selecting a suitable peptidomimetic
recognition sequence, paired with an appropriate electrophilic warhead led to promising drug candidates
in the past with enhanced pharmacodynamic properties, but can also display toxicity risks, due to non-

selective off-target protein binding.!"*"

Therefore, we investigated in an extensive systematic study the influence of peptidomimetic scaffolds
and warheads as well as possible combinatorial effects in different experiments regarding their

pharmacodynamic properties.

We synthesized covalent reversible and irreversible inhibitors with peptidomimetic recognition
sequences suited for five different proteases that comprises serine-, threonine- and cysteine catalytic
mechanisms. Seven warheads were chosen with different specificities for cysteine, and serine/threonine
proteases. Afterwards, the synthesized compounds were tested against all five proteases to get a deeper
insight into their affinity and selectivity profile. The in vitro results highlighted the crucial role of the
peptidomimetic backbone regarding the selectivity properties, displaying mostly affinity of inhibitors to
their targeted enzyme, with exception of structurally similar proteases, that showed cross-reactivity of
the respective inhibitors. Choosing a matching warhead for the target nucleophile of the proteases
resulted in high affinity inhibitors against the target enzyme. Furthermore, for some proteases it was
demonstrated, that only the right combination of a specific warhead and peptidomimetic recognition
sequence displayed inhibitory activity at all. Molecular docking with the synthesized inhibitors and
tested proteases could confirm the observed activity of the compounds, by finding the warheads in close
proximity to the catalytic amino acid and the peptidomimetic recognition sequences protruding in the

expected subpockets of the enzymes.

Within the reactivity test system, containing model nucleophiles and tool compounds with the used
electrophilic warheads of the inhibitors, the chemoselectivity were investigated by NMR and LC-MS

measurements and additionally explained with quantum mechanics simulations. The results could
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partially confirm the observed enzyme inhibition assay data with the detected reactivity between model
nucleophile and warhead in solution. Nevertheless, some differences could be observed, which may
have occurred by using different conditions in the chemical test system and biochemical in vitro studies.
Overall, the extensive study highlights the crucial role of the peptidomimetic sequence and warheads to

the selectivity and affinity profile, as well as characterized the properties of the used electrophilic traps,

which help the scientific community for developing new lead structures and potential drug candidates

(Figure 28).

/ In vitro studies Reactivity assay In silico studies\

Figure 28: Investigation and characterization of covalent protease inhibitors regarding their pharmacodynamic properties. In
vitro studies towards five different proteases were performed of the synthesized inhibitors, consisting of different
peptidomimetic sequences and warheads (a-ketobenzothiazole, (F-)vinylsulfones, a-oxoenoate, nitrile, nitroalkene and /-
lactam). Additional reactivity assays and in silico studies for a deeper insight of the inhibitor properties were executed. Figure
prepared with PowerPoint.

Own contributions: Inhibitor synthesis (compounds 3, 4, 6-9, 25, 51, 52,99, 101-107, 109—111), uPA,
rhodesain inhibition assay, NMR-reactivity tests, molecular docking and writing of the original draft

plus editing of the manuscript.

Contribution from other authors: Inhibitor synthesis (compounds 11-22, 26-50, 53-98, 112-117),
cathepsin S, proteasome S5-subunit, MP® inhibition assay, LC-MS reactivity tests, molecular docking,
quantum mechanics and kinetic simulations and writing of the original draft plus editing of the

manuscript.

This work has been published in International Journal of Molecular Sciences (impact factor 5.60).
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Article reprinted with permission of Journal of Molecular Sciences 2023 “Investigation of the
Compatibility between Warheads and Peptidomimetic Sequences of Protease Inhibitors—A

Comprehensive Reactivity and Selectivity Study.” © 2023 MDPI AG, Basel (Switzerland).

The appended Supporting Information represents an abridged version. The full version can be accessed

online at https://www.mdpi.com/1422-0067/24/8/7226.

4.1.2 Publication
The following publication quoted within “”” from page 58 to page 123 is the same as the manuscript

cited on page 53.
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Abstract: Covalent peptidomimetic protease inhibitors have gained a lot of attention in drug devel-
opment in recent years. They are designed to covalently bind the catalytically active amino acids
through electrophilic groups called warheads. Covalent inhibition has an advantage in terms of
pharmacodynamic properties but can also bear toxicity risks due to non-selective off-target protein
binding. Therefore, the right combination of a reactive warhead with a well-suited peptidomimetic
sequence is of great importance. Herein, the selectivities of well-known warheads combined with
peptidomimetic sequences suited for five different proteases were investigated, highlighting the
impact of both structure parts (warhead and peptidomimetic sequence) for affinity and selectivity.
Molecular docking gave insights into the predicted binding modes of the inhibitors inside the binding
pockets of the different enzymes. Moreover, the warheads were investigated by NMR and LC-MS
reactivity assays against serine/threonine and cysteine nucleophile models, as well as by quantum
mechanics simulations.

Keywords: covalent inhibitors; in vitro study; protease inhibitors; peptidomimetic sequence; warhead;
reactivity and selectivity study

1. Introduction

The human organism expresses about 600 different proteases falling into five different
catalytic classes: aspartic, cysteine, metallo, serine and threonine proteases [1,2]. With
their ability to catalyze irreversible protein hydrolysis, these members of the degradome
manage the functions of many proteins through various mechanisms, such as activating
or inactivating, e.g., growth factors, cytokines and other enzymes. As a result, they play
an important role in physiological and developmental processes. These include DNA
replication, cell proliferation and differentiation, but also tissue remodeling and neuronal
outgrowth [3,4]. Due to their essential roles in such vital processes, dysregulation of these
proteins causes severe pathologic conditions, such as cancer and neurodegenerative or
cardiovascular disorders [5,6]. Furthermore, proteases play a key role in infectious diseases
of, for example, parasitic or viral origin. African trypanosomiasis, also called sleeping
sickness, and Chagas disease are caused by parasites and are classified as neglected tropical
diseases and constitute important health issues in Latin American and Sub-Saharan African
countries. For both diseases, proteases have been identified, which are essential for the

Int. J. Mol. Sci. 2023, 24, 7226. https:/ /doi.org/10.3390/ijms24087226
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development of the parasites and the progression of the disease [7,8]. The 2019-2020
coronavirus (SARS-CoV-2) outbreak is the most recent example of a viral disease with
global impact and burden. The viral replication and spreading is associated with proteases
playing crucial roles in the viral life cycle, turning them into valid targets for the design of
new anti-infectives [9,10].

Over the course of time, various protease inhibitors have been discovered either
by targeted design or serendipity. Depending on the target binding site and inhibition
mechanism, the molecular structures vary significantly. These range from small molecules
to macrocyclic drugs and from non-covalent to covalent inhibition types [11-13]. Until
recently, covalent modifiers which consist of an electrophilic trap (warhead) were con-
troversially discussed as therapeutics due to the possibility of unselective reactions with
off-target proteins and associated immunogenicity and toxicity. These compounds are
emerging as potential drugs due to various inherent advantages, such as longer residence
times and an accompanying lower drug dosage necessary for effective therapy [14]. There
are many covalent drugs that have been approved, including some protease inhibitors, such
as the proteasome inhibitors bortezomib or carfilzomib, for treatment of multiple myeloma,
which inhibit the proteasome’s f5-subunit in an irreversible manner, due to the permanent
covalent bond to the catalytically active Thr-1. On the other hand, the nitriles saxagliptin
and vildagliptin for treatment of type 2 diabetes and the recent first-approved cysteine
protease inhibitor nirmatrelvir for treatment of COVID-19 bind covalent-reversibly to their
target proteases, due to the decomposition of the (thio)-imidate adduct formed between the
inhibitor and the amino acid of the protease, which is preferable since covalent-reversible
inhibition leads to a lower risk of haptenization and binding to off-targets [15-17].

The binding of such covalent protease inhibitors proceeds in two stages. A peptidic or
peptidomimetic recognition sequence is mainly responsible for the non-covalent interac-
tions (first step) with the substrate binding pockets. It mainly determines the selectivity
profile of the inhibitor towards the protease of interest, due to polar and non-polar interac-
tions between the peptidic residues and the enzyme sub pockets. In the second step, the
reaction between the warhead and an active site amino acid residue leads to the formation
of a covalent bond, either reversibly or irreversibly, between the drug and the enzyme. This
step mainly determines the affinity of the inhibitor to the target protease [14,18]. However,
the warhead must be suitable for the respective nucleophilic amino acid residue in the
active site. Depending on the type of nucleophile, different warheads can be used to target
thiol or hydroxy groups of amino acid residues. Functional groups, such as p-lactams,
but also boronic acids, which are all considered hard electrophiles with regard to the
HSAB theory, are warheads targeting mainly serine and threonine-based proteases. Unsatu-
rated, vinylogous Michael-acceptor-like structures, which are considered soft electrophiles,
preferably react with cysteine proteases [18-21]. There are also warheads, e.g., ketones,
aldehydes and nitriles, that are similarly suitable for serine-, threonine- and cysteine-based
proteases [22-25]. Thus, exchanging the warhead can lead to different reactivity and affinity
profiles, and alterations to the peptidomimetic/peptidic sequence may affect the selectivity
of an inhibitor.

Within this extensive systematic study, we selected peptidomimetic sequences specif-
ically to ensure a high affinity towards the protease of interest, which will be discussed
below. We collected information about different kinds of warheads regarding their elec-
trophilic properties and inhibition mechanisms to obtain a well-balanced assortment to
potentially target cysteine and serine-/threonine proteases and combined them with the
sequences (Figure 1) [18,21,22,24]. In vitro testing of all inhibitors on every target, first
with the suited peptidomimetic sequence with differing warheads for their on-target and
afterwards towards the off-target proteases, revealed the impact of the peptidomimetic
sequences and the warheads on affinity and selectivity. The results indicate that, depending
on the protease, every tested warhead behaved differently. The experimental results were
compared with molecular docking results, visualizing putative binding modes in order to
achieve a better understanding of the characteristics of the tested compounds.
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Additionally, a reactivity study was carried out using model compounds containing
the seven different warhead types, which were reacted with hydroxy and thiol model
nucleophiles representing serine, threonine and cysteine proteases. Quantum mechanical
computations of the reactions between the warheads and model nucleophiles were used
to explain the experimental reactivity test data. These data highlight the preference of the
warheads for specific active site residues.

To our knowledge, this is the first systematic study of this extent to evaluate the
inhibition properties of peptidomimetic inhibitors with different warheads described in the
literature, including in vitro testing towards a series of selected proteases, reactivity tests
of the warheads in solution with model nucleophiles and in silico studies (docking and
quantum mechanics and kinetic simulations) to explain the experimentally obtained data.

For our studies, the urokinase-type plasminogen activator (uPA) was chosen as a
serine, the B5-subunit of the proteasome as a threonine and human cathepsin S (CatS),
SARS-CoV-2 main protease (MP™) and T. brucei thodesain (TbCatL) as representatives of
cysteine proteases.

The uPA belongs to the trypsin-like serine protease superfamily and contains a catalytic
triad consisting of Ser195, His57 and Asp102 [26]. The enzyme is involved in several
physiological functions, such as the degradation of the extracellular matrix (ECM), cell
migration and thrombolysis [27,28]. Dysregulation of the uPA is involved in the metastasis
of several cancer species [29]. We chose Ac—(L)Gly—(L)Thr—(L)Ala—(L)Arg—(warhead) as
the specific peptidomimetic sequence for the uPA-inhibitors because of its high selectivity,
which has been reported in the literature [30].

The 20S proteasome is responsible for most of the protein degradation in cells but can
also lead to cancer by dysfunction [31]. It consists of three S-subunits (81, f2 and B5), each
containing a catalytic threonine. Here, we focus on the f5-subunit with the catalytic triad
Thr1, Lys33 and Aspl7, as it has the greatest impact on the proteolytic activity of the 20S
proteasome. We selected the peptidomimetic sequence of bortezomib Pyz—(L)Phe—(L)Leu—
(warhead) because of its clinically proven properties as a potent drug [32].

As cysteine proteases, we chose CatS, MP™ and rhodesain. Since CatS and rhodesain
are both members of the papain family, they would allow a closer examination of the
selectivity of the tested inhibitors towards related proteases [33]. CatS contains a catalytic
dyad consisting of Cys25 and His164 [34]. It is partly tethered at the cell surface and
involved in tissue remodeling, which can lead to cancer cell growth and spreading [35].
We utilized the peptidomimetic sequence morpholine—(L)cyAla—(L)Ser(OBn)—(warhead)
which has been reported in the literature because of its described affinity and selectivity
properties [36].

In contrast to the aforementioned proteases, rhodesain and MP™ do not originate from
the human organism but play significant roles in the progression of infectious diseases.
Rhodesain is essential for the development of the parasite Trypanosoma brucei rhodesiense,
which is responsible for the sleeping sickness “Human African Trypanosomiasis”. Anal-
ogously to CatS, it contains a catalytic dyad consisting of Cys25 and His159 [37]. There
are various peptidomimetic sequences that have been published for rhodesain inhibitors.
We decided to utilize Cbz—(L)Phe—(L)iPhe—(warhead), as it is a commonly used sequence
with great affinity and selectivity [38]. MP™ originates from SARS-CoV-2 and plays a key
role in the virus replication. The active site contains Cys145 and His164 as a catalytic
dyad [39]. Similar to the newly published MP™ inhibitors, we chose 4-(OMe)-1H-indole—
(L)Leu-3-[(3S)-2-oxopyrrolidin-3-yl]-(L) Ala—(warhead) as the general structure [40]. All
peptidomimetic sequences and warheads are illustrated in Figure 1.
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Figure 1. Combination of characteristic peptidomimetic inhibitor sequences for the targets: urokinase-
type plasminogen activator (uPA), PDB-ID: 1W10 [41], proteasome B5-subunit, PDB-ID: 5LF3 [42],
cathepsin S, PDB-ID: 1IMS6 [43], SARS-CoV-2 main protease (MP™), PDB-ID: 6XR3 [44] and rhode-
sain, PDB-ID: 2P7U [45], with selected warheads (vinyl sulfone, F-vinyl sulfone, nitroalkene, -
ketobenzothiazole, 4-oxoenoate, nitrile and B-lactam). The resulting compounds were tested on each
target to determine affinity and selectivity.

2. Results
2.1. Chemistry
2.1.1. Synthesis of Precursors

All tested substances were synthesized in multi-step reactions [19,21]. Regarding the
synthesis of the (F-)vinyl sulfone and S-lactam compounds, the same precursor molecules
were used repeatedly. The preparation of these precursors is shown in Scheme 1.
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Scheme 1. Synthesis of precursor molecules. (A) Synthesis of phosphonate building block 4.
(B) Synthesis of B-Lactam building block 9. Reaction conditions: (a) n-BuLi, DECP, THF, —78 °C;
(b) 3, LHMDS, Selectfluor®, THF, DMF, —78 °C, 3 h, 49%; (c) Cbz-Cl, NaHCOj3, H,O, 12 h, rt, 90%;
(d) aniline, TBTU, HOBt - H,O, EtOAc, 12 h, rt, 74%; (e) ImSO,, NaH, DMF, F20 °C, 1.5 h, 77%;
(f) Pd/C, Hy, THE, 88%.
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In a substitution reaction on diethyl chlorophosphate (DECP) 2 using methyl phenyl
sulfone 1 and n-butyllithium (n-BuLi), the phosphonate 3 was prepared. Subsequent
fluorination of 3 with Selectfluor® led to phosphonate 4. These precursors were used for
the synthesis of vinyl sulfone warheads.

The synthesis of the B-lactam precursor 9 was conducted from L-serine. Benzyloxy-
carbonyl (Cbz) protection followed by amide coupling of the free carboxylic acid moiety
with aniline led to the intermediate 7. The following cyclisation was performed using 1,1'-
sulfonyldiimidazol (ImSO;) and sodium hydride (NaH). Cbz deprotection with hydrogen
and palladium on carbon (Pd/C) yielded precursor 9.

2.1.2. Rhodesain Inhibitors

The synthesis of substances with the targeting structure designed for rhodesain was
conducted according to Scheme 2.
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Scheme 2. Synthesis of rhodesain compounds. Reaction conditions: (a) N,O-dimethylhydroxylamine
- HCl, DCC, HOBt - H,O, DIPEA, THF, rt, 12 h, 46%; (b) LAH, THF, 0 °C, 2 h, 67%; (c) 1. MeNO,,
EtsN, DCM, rt, 8 h, 2. TFA, DCM, rt, 0.5 h, 3. Cbz-(L)Phe-OH, EDC - HCI, TEA, DCM, 1t, 12 h, 4.
MsCl, DIPEA, DCM, rt, 2 h, 75%; (d) 3/4, LIHMDS, THF, —80 °C, 12 h, 59% (14), 57% (15); (e) TEA,
DCM, Cbz-(L)Phe-OH, T3P, DIPEA, DMF, rt, 12 h, 65% (16), 48% (17); (f) 1. benzothiazole, n-BuLi,
THEF, —78 °C, 3 h, 2. TFA, DCM, rt, 2 h, 3. Cbz-(L)Phe-OH, EDC - HCI, HOBt - H,O, Et3N, DCM, rt,
8 h, 56%; (g) H-(L)hiPhe-OMe, HATU, 2,4,6-collidine, DCM/DME, rt, 16 h, quant.; (h) DMMP, n-BulLi,
THE, -70 °C, 2 h, 98%; (i) ethyl glyoxylate, K,COs, EtOH, rt, 2 h, 76%; (j) LiOH, THF/H,0, rt, 16 h,
quant.; (k) 9, HATU, 2,4,6-collidine, DCM/DME, rt, 16 h, 67%; (1) 1. EDC - HCI, HOBt - H,O, NH,OH,
DME, rt, 12 h, 2. TFAA, pyridine, DMF, 0 °C, 0.1 h, 40%.

The first step of the synthesis of rhodesain inhibitors was the conversion of Boc-
(L)hPhe-OH 10 into Weinreb amide 11. From this intermediate, the nitroalkene inhibitor
13 was accessible by reduction to aldehyde 12 and subsequent Henry reaction followed
by standard deprotection and amide coupling to connect the P2-P3 residues. In a similar
way, the vinyl sulfone 16 and F-vinyl sulfone 17 were obtained, whereby the aldehyde 12
was used in a Horner-Wadsworth-Emmons (HWE) reaction with the precursors 3 and 4
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followed by the attachment of the P2-P3 residues. The a-ketobenzothiazole inhibitor 18
was prepared by alkylation of the Weinreb amide 11 with benzothiazole and subsequent
attachment of the P2-P3 residues. Starting from Boc-(L)iPhe-OH, the methyl ester 20 was
prepared by amide coupling. A following alkylation with dimethyl methylphosphonate
(DMMP) and HWE reaction with ethyl glyoxylate led to the 4-oxoenoate 22. For the
synthesis of B-lactam 24, hydrolysis of methyl ester 20 and amide coupling with precursor
9 yielded the desired product. Nitrile 25 was prepared from carboxylic acid 23 via amide
coupling with ammonia followed by dehydration.

2.1.3. Cathepsin S Inhibitors

Compounds designed for the inhibition of cathepsin S were synthesized according
to Scheme 3.
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Scheme 3. Synthesis of cathepsin S compounds. Reaction conditions: (a) SOCl,, MeOH, -10 °C, 16 h,
91%; (b) morpholine, triphosgene, NaHCO3, CHCl,, 0 °C; 16 h, 98%; (c) LiOH, THF/H,0, 3 h, 97%,;
(d) 1. NaCN, NH4Cl, NH3, 2-(benzyloxy)acetaldehyde, Et,O, 2. HATU, 2,4,6-collidine, DCM/DMF,
rt, 16 h, 53%; (e) N,O-dimethylhydroxylamine - HCI, DCC, HOBt - H,O, DIPEA, THE, -15-0°C, 16 h,
80%; (f) 1. LAH, Et;O, 0 °C, 2 h, 2. 3/4, KHMDS/ LHMDS, THE, -78 °C, 3 h; 75% (33), 44% (34); (g) 1.
4 N HCl in 1,4-dioxane, 2. 29, HATU, collidine, DCM/DME, rt, 16 h, 63% (35), 60% (36); (h) Mel, DME,
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0 °C, 16 h, 97%; (i) n-BuLi, DMMP, THE, -78 °C, 3 h, 79%; (j) 1. 4 N HCl in 1,4-dioxane, 2. 29,
HATU, 2,4,6-collidine, DCM/DMEF, rt, 16 h, 52%; (k) LiCl, ethyl glyoxylate, DIPEA, MeCN, 0 °C,
2 h, 39%; (1) benzothiazole, n-BuLi, THF, -78 °C, 3 h, 38%; (m) 1. 4 N HCl in 1,4-dioxane, 2. 29
HATU, 2,4,6-collidine, DCM/DME, rt, 16 h, 43%; (n) 1.4 N HCl in 1,4-dioxane, 2. 29, HATU, collidine,
DCM/DMEF, rt, 16 h, 90%; (o) LiOH, THE/HO, rt, 3 h, 99%; (p) 9, HATU, 2,4,6-collidine, DCM/DME,
rt, 16 h, 81%; (q) NaBHy, MeOH, THE, 0 °C, 16 h, 91%; (r) Dess—-Martin—Periodinan, DCM, rt, 16 h,
70%; (s) NaH, MeNO,, THF, 0 °C, 1 h, 58%; (t) MsCl, Et3N, DCM, 0 °C, 3 h, 45%.

For the synthesis of cathepsin S inhibitors, the P2-P3 intermediate 29 was used re-
peatedly. It was prepared by attaching a morpholino-urea residue to cyclohexyl alanine
26 followed by hydrolysis of the methyl ester. In a direct conversion from 29, the nitrile
inhibitor 30 was prepared by amide coupling with ammonia and dehydration. From
Boc-(L)Ser(OBn)-OH 31, the vinyl sulfone 35 and F-vinyl sulfone 36 were obtained by con-
version into Weinreb amide 32 followed by reduction, HWE reaction with the precursors
3 and 4 and subsequent standard deprotection and amide coupling with intermediate 29.
Boc-(L)Ser(OBn)-OH 31 was also converted into the methyl ester 37, which was used for
the synthesis of the 4-oxoenoate 40. Therefore, an alkylation with DMMP and subsequent
introduction of the P2 and P3 residues by deprotection and amide coupling led to the
phosphonate intermediate 39, which was converted into the desired product by HWE
reaction with ethyl glyoxylate. The a-ketobenzothiazole 42 was prepared from methyl ester
37 in an alkylation reaction with benzothiazole and attachment of the P2-P3 residues by
deprotection and amide coupling with intermediate 29. Starting from methyl ester 37, de-
protection and amide coupling with intermediate 29 led to the methyl ester intermediate 43,
which was converted into the -lactam 45 by hydrolysis and amide coupling with precursor
9. The nitroalkene 49 also was prepared from methyl ester 43 by firstly converting it to the
alcohol 46 and then to aldehyde 47, which was used in a Henry reaction with nitromethane
and subsequent dehydration.

2.1.4. Proteasome 35-Subunit Inhibitors

Compounds designed for the inhibition of the proteasome B5-subunit were synthe-
sized according to Scheme 4.

The synthesis of proteasome B5-subunit targeting compounds started from Boc-(L)Leu-
OH 50, which was converted into the Weinreb amide 51. From this, the F-vinyl sulfone
55 was prepared by reduction to aldehyde 52 and subsequent HWE reaction followed
by a standard deprotection and amide coupling procedure connecting the P2 and P3
residues. For the vinyl sulfone inhibitor 58, a different route was taken. First, the Weinreb
amide intermediate 56 containing the P2 and P3 residues was prepared by standard amide
coupling. Subsequent reduction and HWE reaction led to the desired inhibitor. The
Weinreb amide 57 was also the intermediate for nitroalkene 59, which was prepared by
reduction and Henry reaction with subsequent dehydration. From Weinreb amide 51, the
a-ketobenzothiazole moiety was introduced by alkylation. The attachment of the P2 and P3
residues by standard deprotection and amide coupling yielded the a-ketobenzothiazole 62.

The 4-oxoenoate inhibitor 68 was prepared by HWE reaction of ethyl glyoxylate with
the phosphonate intermediate 67. The latter was synthesized by starting with the Boc
protection of H-(L)Leu-OMe - HCl 63, followed by alkylation of the methyl ester with
DMMP and successive deprotection/amide coupling to introduce the P2 and P3 residues.
In the same way, the introduction of the P2 and P3 residues to H-(L)Leu-OMe - HCI 63 led
to the methyl ester intermediate 70, from which the B-lactam 72 was prepared by hydrolysis
and subsequent amide coupling with precursor 9. Methyl ester 70 was also converted into
the nitrile 74 by ammonolysis and dehydration.
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Scheme 4. Synthesis of proteasome B5-subunit compounds. Reaction conditions: (a) N,O-
dimethylhydroxylamine - HCI, TBTU, HOBt - H;,0O, 2,4,6-collidine, DCM, 0-20 °C, 16 h, 86%; (b) LAH,
THE, 0 °C, 30 min, 29%; (c) 4, LiCl, DBU, MeCN, 0 °C, 1 h, 80%; (d) 1. 4 N HCl in 1,4-dioxane, rt,
1h, 2. Boc-Phe-OH, TBTU, HOBt - H,O, 2,4,6-collidine, DCM, 0 °C, 16 h, 97%; (e) 1. 4 N HCl in
1,4-dioxane, rt, 1.5 h, 2. pyrazinoic acid, TBTU, HOBt - H,O, 2,4,6-collidine, DCM, 0 °C, 16 h, 67%;
(f) 1. 4 N HCl in 1,4-dioxane, rt, 1 h, 2. Boc-(L)Phe-OH, TBTU, HOBt - H,O, 2,4,6-collidine, DCM,
0-20 °C, 16 h, 97%; (g) 1. 4 N HCl in 1,4-dioxane, rt, 1 h, 2. pyrazinoic acid, TBTU, HOBt - H,O,
2,4,6-collidine, DCM, 0-20 °C, 16 h, 88%; (h) 1. LAH, THF, 0 °C, 1 h, 2. 3, LiCl, DBU, MeCN, 0 °C,
1.5h, 11%; (i) 1. LAH, THF, 0 °C, 1 h, 2. MeNO, EtzN, DCM, 0-20 °C, 16h, 3. MsCl, DIPEA, DCM,
rt, 3 h, 19%; (j) benzothiazole, n-BuLi, THF, -78 °C, 6 h, 65%; (k) 1. 4 N HCl in 1,4-dioxane, rt, 1 h,
2. Boc-(L)Phe-OH, TBTU, HOBt - H;O, 24,6-collidine, DCM, 0-20 °C, 16 h, 68%; (1) 1. 4 N HCl
in 1,4-dioxane, rt, 1 h, 2. pyrazinoic acid, TBTU, HOBt - H,O, 2,4,6-collidine, DCM, 0-20 °C, 16 h,
53%; (m) Boc, O, NaHCO3, water, 1,4-dioxane, 3 h, rt, 99%; (n) n-BuLi, THE, =78 °C, 6 h, 88%; (o) 1.
4 N HCl in 1,4-dioxane, rt, 1 h, 2. Boc-(L)Phe-OH, TBTU, HOBt - H,O, 2,4,6-collidine, DCM, DMF,
0-20 °C, 16 h, 72%; (p) 1. 4 N HCl in 1,4-dioxane, rt, 1 h, 2. pyrazinoic acid, TBTU, HOBt - H,0,
2,4,6-collidine, DCM, DMF, 0-20 °C, 16 h, 66%; (q) ethyl glyoxylate, LiCl, DIPEA, MeCN, 1 h, 0 °C,
79%; (r) Boc-(L)Phe-OH, TBTU, HOBt - H,0, 2,4,6-collidine, DCM, 0-20 °C, 16 h, 82%; (s) 1. 4 N HCl
in 1,4-dioxane, rt, 1 h, 2. pyrazinoic acid, TBTU, HOBt - H,O, 2,4,6-collidine, DCM, 0-20 °C, 16 h,
82%,; (t) LiOH, water, THE, rt, 17 h, quant.; (u) 9, TBTU, HOBt - H,O, 2,4,6-collidine, DCM, 0-20 °C,
16 h, 65%; (v) 7 N NH;z in MeOH, rt, 48 h, 89%; (w) cyanuric chloride, DMF, 0 °C, 48 h, 47%.
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2.1.5. SARS-CoV-2 MP™ Inhibitors

Compounds designed for the inhibition of SARS-CoV-2 MP™ were synthesized accord-
ing to Scheme 5.
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Scheme 5. Synthesis of SARS-CoV-2 MP™ compounds. Reaction conditions: (a) H-(L)Leu-OBn -
pTsOH, TBTU, DIPEA, DCM, 0-20 °C, 16 h, 93%; (b) Hp, Pd/C (10%), EtOH, quant.; (c) DMMP,
n-BuLi, THE, -78 °C, 5 h, 24%; (d) 1. TFA, DCM, 0 °C, 3 h, 2. 77, EtOCOCI, NMM, THE, -20 °C,
2 h, 40%; (e) ethyl glyoxylate, LiCl, DIPEA, MeCN, 0 °C, 2 h, 47%; (f) 1. TFA, DCM, 0 °C, 3 h, 2. 77,
HATU, 2,4,6-collidine, DMF, 0-20 °C, 16 h, 83%; (g) 1. LiOH, THF/H,0, 04 °C, 16 h, 2. NH4OH,
HATU, OxymaPure®, 2,4,6-colllidine, DMEF, 0-20 °C, 16 h, 65%; (h) burgess reagent, DCM, rt, 2 h,
67%; (i) 1. LiOH, THF/MeOH/H,0, 0-4 °C, 16 h, 2. N,O-dimethylhydroxylamine - HCl, HATU,
2,4,6-colllidine, DMF, 0-20 °C, 16 h, 76%; (j) 1. LAH, THE, —20 °C, 2 h, 2. MeNO,, EtN3, DCM, rt,
15 h, 71%; (k) 1. TFA, DCM, 0 °C, 3 h, 2. 77, EDC - HCI, HOBt - H,O, DIPEA, DCM, 0-20 °C, 16 h, 3.
MsCl, DIPEA, DCM, 0-20 °C, 16 h, 50%; (1) benzothiazole, n-BuLi, THF, -78 °C, 5 h, 59%; (m) 1. TFA,
DCM, 0 °C, 3 h, 2. 77, EtOCOCI, NMM, THE -20 °C, 2 h, 54%; (n) 1. LAH, THF, —20°C, 2 h, 2. 3/4,
LiCl, DBU, MeCN, 0 °C, 2 h, 65% (89), 35% (90); (o) 1. TFA, DCM, 0 °C, 3 h, 2. 77, EEOCOCl, NMM,
THE, —20 °C, 2 h, 18% (91), 15% (92); (p) 1. LiOH, water, THF, 16 h, 2. 9, TBTU, HOBt - H,O, DIPEA,
DCM, 0-20 °C, 48 h, 39%; (q) TFA, DCM, 0 °C, 3 h, 2. 77, EtOCOCI, NMM, THF, -20 °C, 2 h, 80%.
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Potential SARS-CoV-2 MP™ inhibitors were synthesized, starting from the rigidized
glutamine analogs 78 and 85, which had been prepared according to methods reported in
the literature [46,47]. The P2-P3 residues fragment of the potential inhibitors was prepared
by standard amide coupling with 75 and subsequent deprotection, yielding the intermediate
77. From glutamine analog 78, the 4-oxoenoate 81 was prepared by alkylation with DMMP
and subsequent deprotection and amide coupling with 77 followed by HWE reaction with
ethyl glyoxylate. Also starting from 78, deprotection and amide coupling with 77 followed
by hydrolysis and coupling with ammonia and subsequent dehydration yielded the nitrile
inhibitor 84. Starting with the preparation of Weinreb amide 86 from glutamine analog 85,
the nitroalkene 88 was accessible through reduction, a subsequent Henry reaction with
nitromethane followed by dehydration and final deprotection and amide coupling with
77. Introduction of the a-ketobenzothiazole moiety to 86 and connection of the P2-P3
residues by deprotection and coupling with 77 led to a-ketobenzothiazole 90. Similarly, the
reduction of 86 and HWE reaction with the precursors 3 and 4 and subsequent attachment
of the P2-P3 residues yielded the vinyl sulfone 93 and F-vinyl sulfone 94. For the -lactam
96, hydrolysis of 85 and amide coupling with precursor 9 followed by attachment of the
P2-P3 residues yielded the desired product.

2.1.6. uPA Inhibitors

Compounds designed for the inhibition of the uPA were synthesized according to
Scheme 6.
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Scheme 6. Synthesis of the uPA compounds. (A) solid phase peptide synthesis of building
block 99. (B) combined synthesis of the final uPA compounds. Reaction conditions: (a) N,O-
dimethylhydroxylamine- HCI, TBTU, DIPEA, DCM, rt, 12 h, 95%; (b) benzothiazole, n-BuLi, THE,
-78 °C, 2 h, 76%; (c) 1. TFA, DCM, rt, 0.5 h, 2. HATU, DIPEA, DMF, DCM, rt, 12 h, 3. TFA, DCM, rt,
2h,10%; (d) 1. LAH, THF, 0 °C, 2. 3/4, LiCl, DBU, MeCN, 0 °C, 1 h, 72% (104), 31% (105); (e) 1. TFA,
DCM, rt, 0.5 h, 2. 99, HATU, DIPEA, DMFE, DCM, rt, 12 h, 3. TFA, DCM, rt, 2 h, 16% (106), 11% (107).

The potential uPa inhibitors are based on a peptide sequence which was synthesized
via a standard Fmoc solid-phase peptide synthesis (SPPS) protocol. The obtained peptide
99 was coupled to the a-ketobenzothiazole intermediate 102, which had been prepared
from Boc- (L)Arg(Pbf)-OH 100 by alkylation of its Weinreb amide with benzothiazole to
yield the a-ketobenzothiazole 103, after deprotection. The vinyl sulfone 106 and F-vinyl
sulfone 107 were prepared by reduction of Weinreb amide 101, followed by a subsequent
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HWE reaction with the precursors 104 and 105, which were then coupled with 99 and
finally deprotected. The inhibitors with the B-lactam, nitrile and 4-oxoeonoate moiety were
not synthetically accessible due to the acidic conditions for the Pbf-deprotection to obtain
the final inhibitors.

2.1.7. Synthesis of Reactivity Probes

Substances designed for reactivity assay were synthesized according to Scheme 7.
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Scheme 7. Synthesis of the reactivity probes. Reaction conditions: (a) 9, HATU, collidine, DCM, DMF,
rt, 16 h, 97%; (b) TBTU, HOBt - H,O, N,O-dimethylhydroxylamine - HCI, 2,4,6-collidine, rt, 12 h,
quant.; (c) 1. LAH, Et,0, 0 °C, 1 h, 89%; (d) 3/4, LiCl, DBU, MeCN, 0 °C, 1 h, 50% (109), 30% (110);
(e) 1. NaH, MeNO,, THEF, 0 °C, 1 h, 2. MsCl, Et3N, DCM, 0 °C, 1 h, 15%; (f) DMMP, n-BuLi, THF,
-78 °C, 1.5 h, 70%; (g) ethyl glyoxylate, LiCl, DBU, MeCN, 0 °C, 1 h, 45%; (h) TBTU, HOBt - H,0O,
N,O-dimethylhydroxylamine - HCl, 2,4,6-collidine, 0-20 °C, 16 h, 95%; (i) benzothiazole, n-BuLi, THF,
-78 °C, 3.5 h, 56%; (j) EDC - HCl, HOBt - H,O, NH,OH, DMF, rt, 16 h, 14%; (k) TFAA, pyridine, THF,
-10°C, 2 h, 74%.

For the synthesis of the reactivity probes, leucine was chosen as the model amino
acid due to availability and to avoid side-chain reactivity. The different warheads were
synthesized in the same way as described above for the full peptidic/peptidomimetic
inhibitors. The B-lactam 108, (F-)vinyl sulfone 109, 110 and nitroalkene 111 reactivity
probes were synthesized starting from Boc-(L)Leu-OH 50, whereas the 4-oxoenoate 112
was prepared from Boc-(L)Leu-OMe 64. Boc-(L)Leu-1-13C-OH 113 was the starting material
for the 13C-labelled a-ketobenzothiazole 115 and nitrile 117 reactivity probes.

2.2. Reactivity Tests

To investigate the reactivity between the different warheads towards the three classes
of proteases (serine, threonine and cysteine proteases), their behavior in model systems
under the same reaction conditions (solvent, nucleophile and base) using either NMR or
LC-MS analysis was investigated. We used reactivity probes with a Boc-L-Leu-(warhead)
sequence. Leucin was chosen as a P1 amino acid to minimize influences of the side chain
and due to synthetic accessibility. 2-Phenylethanethiol was used as a model nucleophile
to mimic the thiol moiety of cysteine proteases, and sodium ethoxide was used as a ser-
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ine/threonine replacement. DMSO-dq was used as solvent. Under these conditions, the nu-
cleophile is deprotonated, simulating the activated serine or threonine in the catalytic triad
of serine and threonine proteases, while ethanol as protonated alcohol species turned out
to be unreactive in preliminary test reactions. The reactivity tests using 2-phenylethanthiol
were carried out in the presence and absence of triethylamine as a base. This allowed for a
reactivity comparison of the warheads towards protonated and deprotonated nucleophilic
thiol species. Generating a deprotonated thiol species in the presence of triethylamine
simulates the deprotonated cysteine in the catalytic dyad of cysteine proteases. Scheme 8
illustrates the reaction of the reactivity assay with both model nucleophiles and the vinyl
sulfone moiety 109 as an example.

0.0 S
By on +1- (EtN) N P
Boc” E/\/ Ph + HST “omson B “Ph
i (2eq.) iPr
109 118
0.0 oJ
B Y NaOEt N Q§9
Boc” “Ph —_— Boc” ~Ph

\im DMSO, rt °°

P iPr

109 119

Scheme 8. Reaction scheme of the reactivity assay with both model nucleophiles under equal reaction
conditions and the vinyl sulfone moiety 109.

The reactivity tests of all Michael acceptors, 109, 110, 111 and 112, the a-ketobenzothiazole
115 and nitrile 117 were investigated using an NMR-based analysis method, while the
B-lactam 108 reactivity was investigated via LC-MS, due to its lack of proton signals, which
could be used for evaluation of the reactivity in the 'H-NMR studies, and the irreversible
reaction mechanism, which allowed the LC-MS analysis. Additionally, LC-MS analyses
of all reactions were performed in order to prove the formation of the expected reaction
products. Formation of the expected adducts with the nitrile 117 (PhEtSH/PhEtS™/EtONa),
the a-ketobenzothiazole 115 (PhEtSH/PhEtS™) and the nitroalkene 111 (EtONa) could
not be observed. This may have been due to the covalent reversible reaction mechanism
of the nitrile and a-ketobenzothiazole and the overall difficult ionization of the specific
compounds by an electron spray ionization mass spectrometer.

Method A (NMR): "H-NMR spectra were recorded for the respective warhead and
nucleophile mixture, before the addition of the nucleophile (0 min) and after 5, 30, 60, 120
and 240 min reaction time. For quantification, the double bond-signals (doublet/doublet
of doublets, around 7.4-6.7 ppm) of the Michael acceptors were integrated relative to
1,3-dioxolane as an internal standard. The acetal CH; signal of the internal standard at
5.3 ppm was used as a reference.

The a-ketobenzothiazole 115 and nitrile 117 were similarly analyzed by '*C-NMR.
Therefore, the corresponding 13C-leucin derivates were synthesized (Scheme 7). Quan-
tifications of the reactions were carried out by using the integral of the carbonyl carbon
atom signal at 195 ppm for the a-ketobenzothiazole and 120 ppm for the nitrile moiety. The
reference signal of DMSO-dg was set to 39.52 ppm.

In Figure 2, the 'H-NMR spectra of the test reaction of the 4-oxoenoate 112 with
2-phenylethanthiol 118 are shown exemplarily. After four hours, 92% conversion of the
inhibitor to the product 120 was observed. LC-MS analysis confirmed the diastereomeric
formation of the expected product 120.
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Figure 2. 'TH-NMR spectra of the 4-oxoenoate 112 before the addition (0 min) and after 5, 30, 60, 120
and 240 min reaction time with 2-phenylethanthiol in the absence of triethylamine. The integrals of
the B-proton of the double bond at 7.17 ppm in relation to the 2-CHj signal of the internal standard
1,3-dioxolane at 5.3 ppm are given. LC-MS analysis of the same reaction at 30 min.

Method B (LC-MS): The reactivity of the B-lactam test compound 108 with the nucle-
ophiles was investigated using an LC-MS-based method. To quantify the conversion, the
AUCs were determined at 254 nm. In Figure 3, the UV spectra of the test reaction of the
B-lactam 108 with EtONa are shown exemplarily. After one hour, complete conversion of
the inhibitor to the adduct 122 was observed.
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Figure 3. LC-MS spectra of the -lactam 108 before (0 min) the addition and after 5, 30 and 60 min
reaction time with sodium ethoxide.

All "TH-NMR/!3C-NMR spectra and chromatograms of the reactivity tests are pre-
sented in the Supporting Information (Figures S1-5S18). The reactivity test results of all
warhead compounds with PhEtSH, PhEtSH + Et3N and EtONa are shown in Figure 4.
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Figure 4. Progress curves of the reactions of the different warhead compounds with the model
nucleophiles PhEtSH, PhEtSH + Et3N and EtONa as measured by NMR and LC-MS analysis.

As depicted in Figure 4A, the 4-oxoenoate 112, the a-ketobenzothiazole 115 and the
nitrile 117 moiety did indeed react with PhEtSH under non-basic conditions. In contrast,
conversion was not observed with the vinyl sulfone 109, F-vinyl sulfone 110, S-lactam 108
and nitroalkene 111 warheads. After 240 min, the 4-oxoenoate 112 had nearly completely
(92%) reacted with PhEtSH, while only 18% conversion of the a-ketobenzothiazole 115
was observed. The equilibrium of the a-ketobenzothiazole 116 was reached after 5 min.
Similarly, with the nitrile moiety 117, only 7% conversion was detected, indicating that the
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formed thioimidate adduct is relatively unstable (Figure 4A). With the addition of EtsN
(Figure 4B) the overall reactivity increased. Every warhead except the B-lactam 108 and the
nitrile 117 reacted with the deprotonated thiol species. Full conversion of the 4-oxoenoate
112 could be observed after 5 min, followed by the vinyl sulfone 109, which took 60 min
for complete reaction. The F-vinyl sulfone 110 and nitroalkene 111 both showed similar
reactivity with the thiolate species, with a maximum conversion of 86% and 82% after
240 min, respectively. The a-ketobenzothiazole 115 also showed an increased reactivity,
with around 30% conversion. The reactivity tests with EtONa as nucleophile revealed the
4-oxoenoate 112 moiety as the most reactive warhead, which was completely consumed
after 5 min (Figure 4C). However, LC-MS analysis did not prove the formation of the
expected product but rather unspecific conversion of 112 (see Supplementary Materials,
Figure S8). The nitroalkene 111 showed a similar behavior in comparison to the reactivity
test with the deprotonated thiolate species, with a conversion of 84% after 240 min. The g-
lactam 108 compound showed full conversion after 60 min. In contrast to the deprotonated
PhEtSH species, the results indicated a much slower reactivity of the vinyl sulfone 109 with
a conversion of 70% after 240 min. No conversion with EtONa was observed for the F-vinyl
sulfone 110. The a-ketobenzothiazole 115 showed a higher conversion in the presence of
EtONa (37%) than with PhEtSH, but reached this maximum only after 60 min, showing a
slower reaction rate compared to the deprotonated thiol species at 5 min. The equilibrium
between the a-ketobenzothiazole 115 and hemiacetal shifted to 37% conversion and was
higher compared to the reactivity test with the thiol nucleophiles. The nitrile 117 showed a
similar conversion at 5 min with EtONa compared to the protonated thiol species, with 10%
conversion, but again decreased after a period of time, which again indicates the instability
of the imidate adduct under basic conditions.

The high reactivity of the 4-oxoenoate 112 warhead with the thiolate is in accordance
with the high inhibitory potency of dipeptidyl 4-oxoenoate-based compounds against
cysteine protease [48]. The missing reactivity of both vinyl sulfones 109 and 110 toward
protonated thiol species and the high reactivity with deprotonated thiols are also in agree-
ment with the high activity of vinyl sulfone inhibitors against cysteine proteases with a
thiolate residue in the catalytic center, as reported in the literature.

Nitroalkenes are classified as cysteine targeting warheads, which is also confirmed by
the observed reactivity with the model thiolate nucleophile [49].

B-lactams are commonly known as warheads in antibacterial agents with transpeptidase-
inhibiting properties but have also been used in the development of serine protease in-
hibitors [21,50,51]. The reactivity tests demonstrate the preference for alcoholate-based
nucleophiles, since they only reacted with EtONa and not with PhEtSH/PhEtS~.

a-Ketobenzothiazole derivatives are used as potent serine and cysteine protease in-
hibitors [52,53]. Therefore, the reactivity of the a-ketobenzothiazole 115 moiety towards all
three model nucleophiles was expected. In accordance with the HSAB concept, the stability
of the tetrahedral (thio)hemiacetal decreased from the hard sodium ethoxide to the soft
thiol/thiolate nucleophiles (EtONa>PhEtS~PhEtSH) after 240 min.

The observed reaction of the nitrile 117 with both nucleophiles (PhEtSH/EtONa) is in
accordance with the well-known reactivity of nitrile-based drugs. The observed instability
of the (thio)-imidate adduct might have been due to the neutral or basic reaction conditions
in solution [54,55]. In contrast, the (thio)imidate adduct is stabilized by interaction with
amino acid residues of the enzyme pocket [56].

2.3. Quantum Mechanics Simulations

As model nucleophiles for the QM simulations, methanethiol /ate and methanolate
were used. While the formed products were identical, the warheads vinyl sulfone, F-
vinyl sulfone and nitroalkene exhibited varying reactivities for PhEtSH and PhEtSH in the
presence of triethylamine. Only for 4-oxoenoate and a-ketobenzothiazole was significant
reactivity towards PhEtSH observed, whereas for PhEtSH + Et3N, all warheads except the
nitrile and the B-lactam showed reactivity (Figure 4). Since most of the reaction energies
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with both MeSH and MeSH + EtzN were computed to be exergonic (Figure 5A), this
cannot be explained merely by thermodynamics. For instance, the experimental results
do not show reactivity of the warheads vinyl sulfone, F-vinyl sulfone and nitroalkene
with PhEtSH, despite a computed negative free energy of reaction. Thus, to determine
whether a reaction can be expected to take place, it is important to consider the whole
reaction path, including the activation barriers, which determine the kinetics. Previous
calculations have revealed that MeSH is often insufficiently nucleophilic to allow a reaction
to occur at room temperature [57]. A base, such as triethylamine, serves as interim storage
for the thiol proton before it is transferred to the warhead. By deprotonating the thiol
prior to the nucleophilic attack, the nucleophilicity of MeSH is strongly increased, thereby
decreasing the associated activation barriers considerably (Figures 522C, S23B and S24A-C).
Following the addition of the nucleophile, the proton is transferred back from the base to the
anionic intermediate. Unlike the 4-oxoenoate, vinyl sulfone, F-vinyl sulfone and nitroalkene
warheads, the B-lactam warhead does not show any reactivity with PhEtSH + Et3N. The
computed reaction mechanism revealed three consecutive steps to obtain the product
(Figure 5C). First, the nucleophile attacks the amide carbonyl group (TS1), resulting in a
tetrahedral anionic intermediate (Intl). The rate-determining step is the opening of the
lactam ring in the second step (TS2). This was computed to be about 33 kcal mol~! for
MeSH + NEt3, which is in excellent agreement with the experimental data. In the last step,
the former amide nitrogen is protonated by the base to yield the final product (TS3). For
the nitrile warhead, a weak reaction with PhEtSH but none with PhEtSH + triethylamine
was observed experimentally, which cannot be explained by reference to the computational
data. As described in the reactivity tests, this might have been due to the instability of
thioimidates in basic solution.

As a result of our calculations, the difference in reactivity between PhEtSH and
PhEtSH + Et3N for the vinyl sulfone, F-vinyl sulfone and nitroalkene warheads was at-
tributed to a significant reduction in activation barriers caused by proton transfer from the
nucleophile to the base prior to the nucleophilic attack. We therefore investigated the reason
for the reactivity of 4-oxoenoate and a-ketobenzothiazole warheads with PhEtSH in DMSO
in the absence of a base. For 4-oxoenoate, a conversion of 92% was observed experimentally,
which corresponds to a computed free energy of reaction of about -9 kcal mol~! for the
nucleophilic attack at C, and about ~11 kcal mol ! for the addition at C B. The reaction of
PhEtSH with a-ketobenzothiazole, however, showed only about 18% conversion, and the
corresponding product was computed to be 8 kcal mol~! (Figure 5B) and 9 kcal mol ! for
the thermodynamic calculation with a bigger basis set (Figure 5A). The solvent used in the
experiments was not completely free of water, and, as a result, water molecules were able
to catalyze the nucleophilic attack for a-ketobenzothiazole and 4-oxoenoate, as well as the
keto-enol tautomerization for the latter (Figure 5B and Figure S22A,B) [58]. Our calculations
demonstrate that traces of water in the solvent can function as a base to catalyze the reaction
of MeSH with the warhead. The activation barrier for a-ketobenzothiazole is reduced from
more than 40 kcal mol~! to roughly 25 kcal mol !, and the product energy is lowered to
1 keal mol~! (Figure 5B). Similarly, water catalyzes both the nucleophilic attack of MeSH
at the 4-oxoenoate warhead and the subsequent keto-enol tautomerization, leading to a
decreased activation barrier of 26 kcal mol~! for the first step (TS1) and one of 20-25 kcal
mol~! for the second step (TS2). Additionally, the product energy is even more exergonic
at —17-(-18) kcal mol~? (Figure S22B). Contrary to the reaction without water, the proton
does not have to be transferred directly from the thiol to the atom to be protonated. Instead,
it is shuffled along a chain of water molecules. The keto-enol tautomerization is favored for
the Cg-addition, but the barrier associated with the rate-determining nucleophilic attack
is nearly identical (Figure S22B). Thus, it is expected that both reactions should occur in
solution. For the reaction with an enzyme, the conformation of the binding pocket will
likely determine at which carbon atom the nucleophilic attack will occur.
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Figure 5. (A) Free energies of the reactions for all inhibitor warheads with MeSH, MeSH + Et3N
and MeO™ + 3H;0, computed as described in the Supplementary Materials section and Figures 524
by wB97X—-D/6—-311++G**//wB97X—D/6-31+G* calculations. (B) Free energy reaction paths of
the a-ketobenzothiazole warhead with MeSH (red) and with MeSH in the presence of three water
molecules (blue). For MeSH (red), the van der Waals complex (P vdw) and separated product
molecules (P) are identical since the reaction yields only a single product molecule. For MeSH + water
(blue), the energies are referenced on MeSH + 2H,0 and the a-ketobenzothiazole warhead + H,O (R).
(C) Free energy reaction paths of the B-lactam warhead with MeSH + NEt3 (red) and with MeO™ in
the presence of three water molecules (blue). The reaction proceeds in three consecutive steps: first,
nucleophilic attack at the amide carbonyl group (TS1); second, the opening of the lactam ring (TS2);
and third, the proton transfer from the base (NEt; or H,0O) to the former amide nitrogen (TS3).

To mimic the reaction of the warheads with NaOEt, we calculated the reaction path
with MeO™ and included three water molecules to allow for protonation of the intermediates
to obtain the final products and stabilize the reactive anionic species (Figures 5C, 522D, S23D
and 524A-C). The reaction can either terminate at the anionic intermediate or proceed to the
neutral adduct by transferring one proton from a water molecule, depending on the basicity
of the intermediate, i.e., the intermediate carbanion is poorly stabilized for the vinyl sulfone,
hence the reaction progresses to form the neutral addition product (Figure S24A). The
nitroalkene carbanion, however, is strongly stabilized, and our calculations suggest that the
reaction might stop at the intermediate (Figure S24C). Analogously, the a-ketobenzothiazole
forms a deprotonated hemiacetal (Figure S23B). Experimentally, no reactivity of the F-vinyl
sulfone warhead with NaOEt was observed, which was not supported by our calculations
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and is contradictory to chemical intuition (Figure S24B). As previously stated, the barrier
for the B-lactam ring opening in reaction with MeSH + EtzN was computed to be over
30 kcal mol~?, explaining the lack of reactivity in the experiments. Since the anionic species
and ring opening are better stabilized in the reaction with MeO™ + 3H,0, only 23 kcal mol~!
is required in this step, which is consistent with the experimental data (Figure 5C).

2.4. In Vitro Evaluation of the Synthesized Compounds

Inhibition of the target enzymes was tested via fluorometric assays. Therefore, fluoro-
genic AMC- or FRET-based substrates with appropriate peptide sequences for the different
proteases were used (see Supplementary Materials, Figures 519-520).

The potential inhibitors were initially screened against all five target enzymes at
20 uM. A cut-off value of 80% inhibition at this concentration was set to differentiate the
non-active (n.a.) compounds from active ones.

For the reversible inhibitors (x-ketobenzothiazole, nitroalkene, F-vinyl sulfone and
nitrile), the IC5 values were determined and converted to corresponding K; values using
the Cheng-Prusoff equation [56]. Regarding the irreversible inhibitors (vinyl sulfone, 4-
oxoenoate and B-lactam) the Kj, kinact and kp,q values were determined (see Table S1) [56].
For a better overview, the pK; values were calculated and are presented in Figure 6.
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(C) Cathepsin S inhibition data
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Figure 6. Inhibition data for the assays with uPA (A), proteasome B5-subunit (B), cathepsine
S (C), SARS-CoV-2 MP™ (D) and rhodesain (E). pK; values were calculated from the K;j values
(-log10(K;/M)) [59]. The height of a bar indicates the inhibitory potency of an inhibitor towards the
target enzyme, and the color of a bar indicates the warhead of the inhibitor; the peptidomimetic
sequence is indicated by the enzyme name under the bars, e.g., the purple bar with the height value
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of 7.5 for rhodesain inhibition (Figure 6E) by inhibitor 40 with the oxoenoate warhead and the CatS
sequence. * Respective compounds were inactive in the in vitro assay due to instability towards DTT
in the buffer.

In the following, the inhibition data will be analyzed for each enzyme, first with their
suited peptidomimetic sequences (Figure 6, parts A, B, C, D and E), followed by cross
testing against the other enzymes.

uPA. Only the a-ketobenzothiazole inhibitor 103 was found to be active. The combina-
tion of the appropriate sequence for uPA with the a-ketobenzothiazole warhead resulted in
a potent inhibitor with a pK; value of 6.9. Other enzymes were not inhibited (Figure 6A).

Proteasome B5-subunit. None of the compounds with the Pyz—(L)Phe—(L)Leu se-
quence (55, 85, 59, 62, 68, 72 and 74), which is well-known from the potent boronic acid-
based inhibitor bortezomib, showed inhibition of the proteasome at 20 uM, independently
of the warhead used (Figure 6B). Moreover, none of the other compounds with any of
the other peptidomimetic sequences showed any inhibition. This highlights the general
difficulty of addressing this protease with peptidomimetic inhibitors [56]. An alternative
warhead which reacts preferably with Ser or Thr proteases is the epoxide functionality,
which is also present in the approved proteasome inhibitor carfilzomib. Although very
potent, due to its unpredictable reaction mechanism, this warhead was not included
in this study [60].

CatS. Regarding the in vitro testing of the cysteine protease CatS, a total of 20 hits
were detected (Figure 6C). The most potent inhibitors with the fitting CatS sequence were
the nitrile 30 (pK; = 9) and the vinyl sulfone 35 (pK; = 8.5). The nitroalkene 49 (pK; = 7.9)
also showed high affinity towards CatS, followed by the 4-oxoenoate 40 (pK; = 7.7), the
a-ketobenzothiazole 42 (pK; = 6.5), B-lactam 45 (pK; = 6.1) and F-vinyl sulfone 36 (pK; = 5.5).
Since CatS and rhodesain are both papain-like cysteine proteases with similar active sites,
cross reactivity between these two series was expected and has been well described in
the literature [61]. The vinyl sulfone with the rhodesain-targeting sequence 16 (pK; = 9)
showed the same inhibition constant as the corresponding inhibitor with the CatS sequence.
The vinyl sulfones with the proteasome and the MF™ sequences inhibited CatS to lower
degrees (pK;j = 6.9 and 5.5). A comparison of the 4-oxoenoates of the CatS and rhodesain
series yielded the same results, since both exhibited the same pK; value of 7.7 for inhibition
of CatS. The 4-oxoenoates designed for targeting the proteasome 68 and the MF™ 81 were
essentially inactive against CatS (no inhibition in the initial screening at 20 uM). This can
be explained by the instability of these compounds in the CatS assay buffer containing
dithiothreitol (DTT).

The F-vinyl sulfones, which are reversibly reacting counterparts of the vinyl sul-
fones, inhibited CatS to a lower degree, and exchange of the peptidomimetic sequence
(36, pKi = 5.5 vs. 17, pK; = 6 vs. 55, pKj = 6 vs. 94, pK; = 5.9) had little to no effect, except
for the compounds with the uPA sequence (103, 106 and 107), which was not active at
20 uM against CatS.

The nitroalkene inhibitor which contains the CatS sequence showed a high on-target
affinity but changing the sequence to any of the other targeting sequences led to less
potent inhibitors (13, pK; = 6.7 vs. 88, pK; = 6.4 uM vs. 59, pK; = 6.2). Interestingly,
the a-ketobenzothiazole- (42, pK; = 6.6) and p-lactam- (45, pK; = 6.1) based inhibitors
showed only significant inhibition of CatS if connected to the respective CatS sequence,
indicating the strong dependency of a suitable peptidomimetic sequence combined with
one of these warheads.

MP™_ In comparison to the MP™ inhibitors a-ketobenzothiazole 90 (pK; = 7.6) and
nitrile 84 (K; = 7.5) described in the literature, vinyl sulfone 93 (pK; = 5.5), F-vinyl sulfone
94 (pK; = 6.3) and nitroalkene 88 (pK; = 5.7), all of which contain the appropriate MP™
peptidic sequence, showed weaker inhibition (Figure 6D) [40,62]. A clear preference of
the protease for specific warheads could be observed. The vinylogous warheads (vinyl
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sulfone, F-vinyl sulfone and nitroalkene) showed significantly weaker inhibition than
the a-ketobenzothiazole- and nitrile-based compounds. As also observed in the model
reactivity studies, the in vitro studies with CatS and both 4-oxoenoate inhibitors with the
MP™® 81 and the proteasome B5-subunit 68 sequences revealed instability in the buffer with
DTT. The B-lactam 96 as well as all compounds containing a targeting structure designed
for other proteases were inactive at 20 uM. This indicates a high specificity of the MP™
towards its peptidomimetic sequence.

Rhodesain. The results showed similar trends to those found for CatS, with 20 compounds
active in the assays (Figure 6E). The most potent was the nitroalkene 13 which contains the
corresponding rhodesain peptidic sequence (pK; = 10.2), followed by the vinyl sulfone 16,
4-oxoenoate 22 and nitrile 25, which showed similar inhibition constants (pK;-= 7.1-7.7).
The F-vinyl sulfone 17 showed moderate inhibition (pK; = 5.4), and the B-lactam 24 and
a-ketobenzothiazole 18 were inactive at 20 uM, indicating a preference of rhodesain for
vinylogous warheads. Comparable to the CatS study, inhibitors lacked selectivity between
rhodesain and CatS due to the structural similarity of the proteases. This is evident through
the high pK; values of the synthesized CatS inhibitors with 4-oxoenoate- 40 (pK; = 7.5),
nitroalkene- 49 (pK; = 8.7), vinyl sulfone- 35 (pK; = 7.7) and nitrile- 30 (pK; = 7.7) moieties.
Surprisingly, the a-ketobenzothiazole 42 designed for targeting CatS showed significant
inhibition (pK; = 6.5), whereas the a-ketobenzothiazole with the rhodesain peptidic se-
quence 18 was inactive. Among the compounds designed for MP™ and the proteasome, the
nitroalkene derivatives 88 and 59 showed the same potency as the CatS analogue 49, both
with a pK; value of 8.7. Interestingly, the vinyl sulfones with the MP™ 93 (pK; = 5.7) and
the proteasome sequence 58 (pK; = 6.5) showed significantly lower affinity compared to
the vinyl sulfone designed for rhodesain 16 (pK; = 4.7). Differently, the F-vinyl sulfones 55
(pKi = 6.3) and 94 (pK; = 7.7) showed higher affinities than the analogue with the rhodesain
sequence 17 (pK; = 5.4). The 4-oxoenoate inhibitor 68 (pK;-= 8.0) designed for the protea-
some and the one designed for the MP™ 81 (pK; = 7.0) also showed strong inhibition. All
other inhibitors with the B-lactam and a-ketobenzothiazole moiety were inactive, as well as
the compounds containing the uPA sequence (103, 106 and 107).

2.5. Molecular Docking

To further elucidate the impact of the different warhead types on the binding modes
of the inhibitors, protease-inhibitor complexes were investigated with non-covalent and
covalent docking [63,64]. For the non-covalent docking, special emphasis was laid on the
distances between the reactive nucleophilic carbon atoms of the corresponding warheads
to the thiol(ate) or hydroxyl(ate) side chains of the cysteine/serine(threonine) active site
amino acids, respectively, as estimates for covalent-bond-formation likeliness. Additionally,
the impact of the different warhead moieties on the binding conformation of the inhibitors
with otherwise identical peptidomimetic recognition sequences was analyzed. The covalent
docking setup was used to investigate whether realistic poses for the covalent complexes
could be generated and whether larger conformational rearrangements of the ligand may
occur after the covalent reaction.

Conventional non-covalent docking yielded generally reasonable binding modes for
all complexes resembling interactions of the crystallographic reference ligands and pep-
tidomimetic recognition sequences in their expected subpockets. Additionally, electrophilic
warheads were regularly found in close proximity to the nucleophilic catalytic amino acids
(Figure 7, Tables S2 and S3).
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Figure 7. Predicted binding modes and polar interactions (yellow dashed lines) of different inhibitor
classes with different enzymes (white carbon atoms and surface). For non-covalent docking poses,
the distance between electrophilic carbon and nucleophilic sulfur or oxygen is shown as a red dashed
line, with the distance measured in A. For a clear view, only amino acids that form polar interactions
with the ligands are shown as sticks and labelled. Black dashed lines indicate subpocket locations.
Non-covalent docking poses are shown with cyan C-atoms and the covalent docking poses with
green C-atoms. (A) Superposition of the non-covalent and the covalent docking pose of 13 with
rhodesain, PDB-ID (2P7U). (B) Superposition of the non-covalent and the covalent docking pose of 30
with CatS, PDB-ID (1MS6). (C) Superposition of the non-covalent and the covalent docking pose of 90
with SARS-CoV-2-MP™, PDB-ID (6XR3). (D) Predicted binding mode of non-covalently docked 103
with uPA, PDB-ID (1W10). (E) Superposition of the non-covalent docking pose of 72 and bortezomib
(palegreen C-atoms) with the -5 subunit of human 20S-proteasome, PDB-ID (5LF3).

The docking with rhodesain (pdb entry 2P7U) indicated that the introduction of a
Michael-acceptor system as the warhead led to binding poses similar to the co-crystallized
reference ligand, with all the essential interactions between inhibitor and enzyme be-
ing nearly identical, as exemplified for the docking poses of the nitroalkene inhibitor 13
(Figure 7a). The poses of the covalent and the non-covalent docking showed that the
overall orientation of the inhibitor inside the active site should not change much after the
covalent reaction, since the final covalent enzyme—inhibitor complex is very similar to the
non-covalent complex (Figure 7a). The corresponding electrophilic C-atoms of all warheads
were predicted to be in close proximity to the sulfur atom of Cys25 (2.54-3.50 A), suggest-
ing a high probability for a nucleophilic attack. High docking scores were also found for
the nitroalkene inhibitor 13 (FlexX score: —24.03 kJ/mol; MOE score: —2.66), indicating
that it should form very favorable non-covalent interactions while correctly placing the
electrophilic warhead (distance to Cys25 sulfur: 3.50 A). This is consistent with the in vitro
data, showing that the nitroalkene moiety represents the most potent inhibitor class for
rhodesain. Since the a-ketobenzothiazole designed for CatS (42) surprisingly inhibited
rhodesain with a submicromolar affinity, we compared the non-covalent docking poses
between 42 and the ketobenzothiazole with the rhodesain sequence (18) (Figure 521). Su-
perposition of the non-covalent docking poses showed that both inhibitors have almost the
same positioning with the warhead close to Cys-25 (2.5 A) inside the active site of rhodesain,
indicating that both compounds should have similar affinities towards rhodesain. This
makes it hard to explain why inhibitor 42 had a significantly higher affinity for rhodesain
in the in vitro testing. Since molecular docking is an inaccurate method, flawed docking
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poses are no rarity. The non-covalent docking method used in this case might not be suited
to explaining this in vitro result. The results of the docking with CatS (1MS6) showed
similar trends, since the distances between the electrophilic C-atoms of the warheads and
the sulfur atom of Cys25 were again in close proximity in all cases (2.69-3.37 A). The vinyl
sulfone 35 and the nitrile 25 had high scores (FlexX score: —27.35/-26.22 kJ/mol; MOE
score: -5.32/-3.00 kcal /mol) combined with similar binding geometries for the covalent
and the non-covalent docking poses (shown for nitrile inhibitor 25, Figure 7b). These data
are in accordance with the in vitro data showing that the nitrile warhead was the most
potent one, but other warheads also led to productive enzyme inhibition.

For SARS-CoV-2 MP™ (6XR3), the distances between the electrophilic C-atoms and
the Cys145 sulfur atom were overall slightly higher (2.90-4.91 A) compared to the papain-
like cysteine proteases. The a-ketobenzothiazole warhead seems to have a very favorable
positioning in the binding pocket, as illustrated by the close proximity (3.41 A) of the
electrophilic C-atom to the thiol of the enzyme Cys145 (Figure 7c). Superposition of the
covalent and non-covalent docking poses of 90 showed almost identical positioning of the
inhibitor inside the enzyme, with most of the polar interactions retained.

Out of all the investigated warheads in this series, only the nitrile, the a-ketobenzothiazole
and the B-lactam warheads are known to react with oxygen containing amino acid residues
in serine (uPA) or threonine (proteasome) proteases.

For the uPA, which was the only target with only one hit in the enzymatic assay,
non-covalent docking revealed a large distance between the electrophilic C-atom and the
hydroxy-group in the active site for the B-lactam (5.07A) as a known serine warhead. Only
the a-ketobenzothiazole inhibitor 103, which had one of the highest scores out of all the
inhibitors (FlexX score: -51.59 kJ/mol), was in close proximity to the oxygen of Ser195
(2.84 A distance to the electrophilic C-atom). This inhibitor also showed a high potency
in the in vitro study (Figure 7d). Finally, docking of the B-lactam containing inhibitor 72
designed for the proteasome revealed that the warhead position was, again, too far away
from the threonine oxygen (4.95 A), possibly preventing a covalent reaction (Figure 7e).
This could be explained by the shifted positioning of the lactam moiety compared to the
other warheads. Although the docking of the nitrile and a-ketobenzothiazole inhibitors
74 and 62 might suggest that these compounds should inhibit their target sufficiently
since the warheads are positioned correctly and in close proximity (2.27 A/3.16 A) to
the Thr-1 oxygen atom, there was still no inhibition with these warheads in the in vitro
study. This might have been due to wrongly generated binding poses, since docking
approaches are not always reliable and cannot be considered flawless in all cases. A
possible explanation why none of the compounds designed to address the p5-subunit
of the proteasome showed any inhibition might be the catalytic dyad in the active site
consisting of Lys33 and Thrl compared to the catalytic dyads or even triads in the other
enzymes, where the deprotonation of the active site residue is assisted by histidine and/or
asparagine. The lysine residue might not always be able to deprotonate the threonine in
the active site, depending on the inhibitor, and thus facilitate the covalent reaction step
with a warhead [65].

2.6. Comparison of the Reactivity Assay Results with the In Vitro Study

Based on the reactivity assay, all Michael acceptors (4-oxoenoate 112, (F-) vinyl sulfone
109/110 and nitroalkene 111) showed high reactivity toward the deprotonated cysteine
model nucleophile, which is congruent with the observed behavior of the synthesized
compounds designed for CatS and rhodesain inhibition in the in vitro studies. Further-
more, the a-ketobenzothiazole warhead 115 showed a strong reactivity for both model
nucleophiles (PhEtS™ /EtONa), which is consistent with the correspondent uPA and MP™
inhibitors 103 and 90 in the protease assays. However, the nitrile 117 showed no reaction
with the deprotonated cysteine but with the serine model nucleophile, which contradicts
the high inhibitory activity against the cysteine proteases and the missing inhibition by
the proteasome B5-subunit inhibitor 74. This might have been due to the aforementioned
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instability of the thioimidate adduct in basic conditions compared to the stabilized adduct
in the enzyme pocket and the overall difficulty of addressing the proteasome B5-subunit.
The B-lactam 108 showed only a strong reactivity towards the serine model nucleophile,
but the corresponding bortezomib derivative 72 did not inhibit the proteasome B5-subunit,
which might have been due to the shift of the electrophilic center of the f-lactam moiety
into the S1” pocket and the resulting increase in distance. The 4-oxoenoate moiety 112
was the only warhead that showed high reactivity toward the protonated cysteine model
nucleophile, which might hint at non-selective reactivity behavior toward thiol species
under physiological conditions. This could also be observed in the in vitro studies. The
4-oxoenoate compounds designed for the MP™ 81 and proteasome-B5-subunit 68 both
reacted quickly with DTT in the respective buffer solutions and appeared to be inactive.

3. Discussion

Covalent targeting has become a popular and powerful concept in drug discovery, and
great efforts have been devoted to developing and repurposing different warheads [66].
In this first extensive systematic study, we aimed to achieve a deeper insight into the
reactivities and selectivities of a selection of electrophilic traps combined with established
peptidomimetic sequences for the uPA, CatS, f5-subunit of the proteasome, SARS-CoV-2
MP' and rhodesain, which represent cysteine, serine and threonine proteases. Based on
these peptidomimetic sequences, we synthesized compounds decorated with warheads of
different specificities. We chose the Michael acceptors ((E-)vinyl sulfone, nitroalkene and 4-
oxoenoate) as cysteine-targeting and B-lactam as serine/threonine-targeting representatives.
Furthermore, nitriles and a-ketobenzothiazoles were used, as they are applicable for both
hydroxy- and thiol-containing nucleophiles. The compounds were tested on each target to
analyze their affinities as well as their selectivity profiles.

Based on the in vitro studies, it is evident that the peptidomimetic sequences of the
synthesized compounds play a crucial role in the selectivity towards the tested on-target and
off-target proteases. This could be observed by the selectivity profile towards the cysteine
protease MP™ and serine protease uPA. Only the inhibitors with the suited peptidomimetic
sequence for MP™ (84, 88, 90, 93 and 94) and for uPA (103) displayed inhibitory activity
towards their targeted protease. Furthermore, the selection of a suitable warhead for the
specific type of protease nucleophile ensures high affinity to the target or even activity in
the first place, as demonstrated with the bortezomib congeners and the a-ketobenzothiazole
inhibitor 103 as the only affine compound towards the uPA. The structurally similar papain-
like proteases CatS and rhodesain showed that cross reactivity can occur, despite the design
of well-defined peptidomimetic sequences. Therefore, the combination of both a highly
reactive warhead towards the target protease, for example, the nitrile 30 group for CatS
or the nitroalkene 13 for rhodesain, with a suitable peptidomimetic sequence can lead to
potent inhibitors with promising pharmacodynamic properties.

Non-covalent docking yielded reasonable binding modes for all compounds resem-
bling interactions of the crystallographic reference ligands and peptide recognition se-
quences in their expected subpockets. Additionally, electrophilic warheads were regularly
found in close proximity to the nucleophilic catalytic amino acids, except for the p-lactams.

A reactivity test system with tool compounds of the used warheads and model nu-
cleophiles was established to evaluate chemoselectivity. The findings confirmed the high
reactivity of the 4-oxoenoate, the (F-)vinyl sulfones and the nitroalkene moieties towards
the deprotonated thiol nucleophile/cysteine model, and high affinity of the Michael accep-
tor inhibitors towards the cysteine proteases was observed. Analogously to the in vitro
studies of the uPA and MP™ target, the a-ketobenzothiazole warhead was found to be
a potent electrophilic trap for both cysteine and serine proteases. Nevertheless, some
major differences in reactivity could be observed, which might have been due to different
conditions used in the chemical test system and the biochemical in vitro studies. To the best
of our knowledge, this is the first extensive study in which different warhead types were
combined with different peptidic recognition units and in which the resulting compounds
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were cross tested against different protease types. Similar published studies limited their
focus to testing different warheads on one target or exchanging the peptidic backbone
while retaining the same warhead [37,59,67,68].

4. Material and Methods

The material as well as the methods used for this study are described in the Sup-
porting Information. The authors have cited additional references within the Supporting
Information [21,42,43,46,47,63,64,69-89] (Supplementary Figures of the reactivity study
(Figures S1-518), of the fluorometric inhibition assays (Figures S19 and S20), of molecu-
lar docking (Figure 521), of quantum mechanics simulation (Figures S22-525) and of the
NMR-spectra and HPLC-chromatograms of the final inhibitors (Figures S26-S137) can be
accessed in the supporting information).

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/ijms24087226/s1.
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In vitro results of the synthesized compounds

Table S1. In vitro results of the tested compounds against the corresponding protease. The peptidic sequence targeting the
protease is shown on top.

NH
HN%NHZ
Ki (UM)/ Kinact (s™1)/ kana (M7! 571)
R! uPA Proteasome SB5- CatS MPro Rhodesain
subunit
o]
0 A na n.a n.a n.a
%N 0.141 £0.027 9
H
103
ii/\/SOzPh n.a. na. n.a. n.a. n.a.
106
Wsozph n.a n.a n.a na n.a
F
107
o PhH
2
N N\}QR
[\ J a1 :
oy
Ki (WM ki (5 1) kang (W 5)
R? uPA Proteasome CatS MPre Rhodesain
B5-subunit
o n.a. n.a. na.’ n.a. 0.009 + 0.001/
MO\/ 0.006  0.001/
5 6.65x 10°
68 +1.57 x10*
{\/Noz n.a n.a. 0.619+0.054 ¥ n.a. 0.002 + 0.005 @
59
o Ot Ph n.a. n.a. n.a. n.a. n.a.
N
N
H
72
o n.a n.a. n.a n.a n.a
?Krs
-0
N
62
i{\/SOZPh n.a n.a. 0.126 £0.071/ n.a. 0.331+0.041/
58 0.013 £0.002/ 0.019 +0.001/
1.00 x 10° 5.85x10*
+1.25x10* +1.66 x10°
- SOzPh
B n.a n.a. 0.934+0.138 9 n.a. 0.462 +0.039 ¥
55
‘;{CN n.a. n.a. 0.238 +0.023% n.a 0.560 + 0.267
74
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o [ i
KNJLN N\;}?’Ra
o Mo i,

Ki (UM)/ Kinact (s kond (M7 571)

R} uPA  Proteasome f35- CatS MPre Rhodesain
subunit
0] n.a n.a. 0.022 £ 0.004/ n.a. 0.035 £ 0.009/
MO\/ 0.0023 + 0.00007/ 0.003 00001/
1.04x 10° 1.03x 10°
400 + 1.04 x10% +1.09 x10*
{\/Noz n.a n.a. 0.012 +0.001 @ n.a. 0.002 £ 0.0002
49
Q Ph n.a n.a. 0.86 +0.13/ n.a n.a
)OJ\ N~ 0.00046 = 0.00002/
% H\" 534x10°
45 +8.29 x10*
o
gkrs na. na. 0.233 £ 0.024 9 n.a. 0.324+0.089 9
|
O
42
Y\/SOZPh n.a. n.a. 0.003 + 0.0006/ n.a. 0.022 + 0.002/
35 0.02022 + 0.0006/ 0.006 £ 0.0004/
7.24 x 10° 257x10°
+2.36x10° +1.04x103
-S0Ph
£ n.a n.a. 3.215+0.6129 n.a n.a.
36
‘;{CN n.a n.a. 0.001 +0.0001 ® n.a 0.021 + 0.002
30
Q H
4
—0 ~ N N\;/LS.LR
TR [—L
e
N
Ki (M) Kinaor (7)) kang (M s1) \
R* uPA Proteasome CatS Mpre Rhodesain
B5-subunit
¢} n.a - na’ na’ 0.099 + 0.024/
Mo\/ 0.006 = 0.0009/
5 6.41x 10*
81 +3.00 x10°-
&{\/Noz n.a. n.a. 0.388 £0.277% 2.197+£0.184 a) 0.002 = 0.0001 »
88
2 Ph
Q N~ n.a n.a n.a n.a n.a
N
H
96
[e]
3.)&(5 n.a. n.a n.a 0.026 = 0.003 a) n.a
|
0O
90
i(\/soﬂ:h n.a. n.a. 0.330 £ 0.065/ 3.531+£1.112/ 2.002 £ 0.604/
93 0.0087 £+ 0.0001/ 0.0137 £ 0.0061/ 0.029 + 0.008/
2.62x 10* 2.79x 10° 1.49x 10*
+2.41x10° +3.12 x10? +1.09 x10*
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WSOZPh
B n.a. n.a. 1.351£0.09 0.517+£0.033 9 0.217+£0.0319
94
‘L{CN n.a. n.a. 0.104 £ 0.009 0.031 + 0,005 @) 0.042 £ 0.005
84
Ph
H 5
R
Cbz\Nj}rN\i};
H o z
Ph
Ki (uM)/ Kinact (s kana (M s7)
RS uPA Proteasome ,B—S- CatS MPro Rhodesain
subunit
o] n.a. n.a. 0.018 £ 0.003/ n.a. 0.079 +0.007/
Mo\/ 0.0022 £ 0.0001/ 0.008 % 0.001/
1.24x10° 1.06 x 10°
I~ +1.86 x10* +4.57x10?
Y\/NOZ n.a. n.a. 0.201+0.093® n.a. 0.060 + 0.006 nM »
13
Q n.a. n.a. n.a. n.a. n.a.
o EN,Ph
Ty
N
24
o n.a n.a n.a n.a n.a
HH)KVS
-0
N
18
w{\/sozph n.a. na. 0.001 £ 0.0006/ n.a. 0.020 + 0.002/
16 0.0037 £ 0.0006/ 0.005 +0.0001/
2.88 x 10° 2.90 x 10°
+8.56 x10° +3.17x10°
WSOZPh n.a. n.a. 0.966 + 0.104) n.a. 3.565+0.437 %
F
17
%{CN n.a. n.a. 0.136 £ 0.012 @ n.a. 0.088 +£0.0174%
25

a) Calculated from ICso value with the Cheng—Prusoft equation.
n.d. not determined.
n.a. not active.
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Reactivity assay
Method A ('H-NMR):

The corresponding Michael-acceptor (0.07 mmol, 1 eq) and the reference compound 1,3-
dioxolan (0.5 eq) were dissolved in DMSO-ds (0.5 mL). The reaction was measured in time
intervals before (0 min) and 5, 30, 60, 120 and 240 mins after the addition of the corresponding
nucleophile (PhEtSH/EtONa, 2 eq) in presence or absence of EtsN (2 eq). The CHz-signal of
1,3-dioxlan was set at 5.3 ppm to get uniform shifts of the olefin signals in the "H-NMR spectra.

_»Ju -
_odu B

i \Q\s”o i s7
Boc”’ “Ph AP ——— AN :
+ HS DMSO, t Boc’ Ph
(2eq.) \(

118

Figure S1. '"H-NMR spectra of 109 after certain time intervals. Reaction of 2-phenylethanthiol with the vinyl sulfone moiety.
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o0 + HST oMeo Boc Ph
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110 123

Figure S2. '"H-NMR spectra of 110 after certain time intervals. Reaction of 2-phenylethanthiol with the F-vinyl sulfone moiety.
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Figure S3. '"H-NMR spectra of 111 after certain time intervals. Reaction of 2-phenylethanthiol with the nitroalkene moiety.
0 min

5 min

L by
2 2

W
g8
4 73 72 71 70 69 68 67 66 65 64 63 62 61 60 59 58 57 56 55 54 53
f1 (ppm)
m/z: 451.24
6.0 6.5 7.0 7.5 8.0 8.5 9.0 9.5
min

o

o
H EtN (2 eq.) H
N A~ OEt N (2 eg. N OEt
Boc” ~_-Ph S
M M DMSO, rt Boc
(2eq) S_ 0
120 \L
Ph

\( [o]
12

m/z: 451.24

Figure S4. 'H-NMR spectra of 112 after certain time intervals. Reaction of 2-phenylethanthiol with the 4-oxoenoate moiety in

presence of EtzN. LC/MS analysis of the same reaction at 10 min.

S6



their Inhibitors

Chapter A: Investigation and Characterization of Warheads and Substrates for Proteases and

93

0 min

5 min

1.00 =

30 min

—

1.00 =

60 min

L

Y
S
7.3 7.2 71 7.0 69 6.8 67 6.6 65 6.4 6.3 6.2 6.1 6.0 5.9 5.8 5.7 5.6 5.5 5.4 5.3
f1 (ppm)
m/z: 353.48
m/z: 491.71
' - ; - ; .
60 65 70 7.5 80 85
min
J/F'h
S
EtN (2 eq) H o, 0
~_Ph N s’
+ |HS DMSO, rt Boc’ Ph
(2eq.)
118

m/z: 353.48
Figure S5. "H-NMR spectra of 119 after certain time intervals. Reaction of 2-phenylethanthiol with the vinyl sulfone moiety

in presence of EtsN. LC/MS analysis of the same reaction at 10 min.

S7

m/z: 491.71



94 Chapter A: Investigation and Characterization of Warheads and Substrates for Proteases and
their Inhibitors

0 min

100

5 min

30 min

100 L 100-]

60 min

120 min

240 min

o | 100= 1.00-x h— 100-f

e W o U S |
__/w
w
e Aam M
—,_.\_A_,_,._“__/LN\_V}L/LN\_L
Y UYOY v, UYaE

«
©
@
@
«
N
»
o
o
o
«
IS
«
W

0 6.9 6.8 6.7 6.6 6.5 6.4 6.3 6.2 6.1 6.0
f1 (ppm)

m/z: 509.70
Jﬁ m/z: 371.47

6.0 6.5 7.0 7.5 8.0 8.5 9.0 9.5

min
Ph
s
on Et;N (2 eq.) n 0\\8/,0
A _— - <
+| Hs NSO, Tt Boc Ph
(2eq.) F
110 123
m/z: 509.70

miz: 371.47

Figure S6. "H-NMR spectra of 110 after certain time intervals. Reaction of 2-phenylethanthiol with the F-vinyl sulfone moiety
in presence of EtsN. LC/MS analysis of the same reaction at 120 min.
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Method A (3C-NMR):

The a-ketobenzothiazole or nitrile 115, 117 (0.07 mmol, 1 eq) was dissolved in DMSO-ds (0.5
mL). The reaction was measured in time intervals before (0 min), 5, 30, 60, 120 and 240 mins
after the addition of the corresponding nucleophile (PhEtSH/EtONa, 2 eq) in presence or
absence of EtsN (2 eq). The reference signal of DMSO-ds was set at 39.52 ppm.
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Figure S12. '*C-NMR spectra of 115 after certain time intervals. Reaction of 2-phenylethanthiol with the ketobenzothiazole
moiety.
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Figure S14. 3C-NMR spectra of 115 after certain time intervals. Reaction of sodium ethanolate with the a-ketobenzothiazole
moiety. LC/MS analysis of the same reaction at 10 min.
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Figure S15. 3C-NMR spectra of 117 after certain time intervals. Reaction of 2-phenylethanthiol with the nitrile moiety. The
blue marked peak was identified by NMR analysis as 117. The yellow marked peak corresponds to the supposed product 130,
identification with LC-MS was not possible.
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Fluorometric inhibition assays

The inhibitory activities of the compounds against the proteases were determined with assays
based on fluorogenic or FRET-based substrates. The fluorescence was measured in a white flat-
bottom 96-well plate from Greiner Bio-One using a Tecan Infinite F2000 Pro plate reader.
Measurements were performed as triplicates. The substrate and the compounds were prepared
as stock solutions in DMSO. Each well contained a total volume of 200 uL, consisting of
185 uL buffer, 5 puL inhibitor in DMSO or pure DMSO as negative control, 5 pL substrate in
DMSO and 5 pL enzyme solution in buffer. Dilution series between 200 uM and 50 pM were
prepared for the determination of the inhibition constants. The fluorescence signal was
measured every 30 s for 10 min at 25 °C with the corresponding excitation and emission
wavelengths. ICso values for the reversible inhibitors were calculated by fitting the remaining
enzymatic activity to the four parameter ICso equation with Y [AF/min] as the substrate
hydrolysis rate, Ymax as the maximum value of the dose response curve at inhibitor
concentrations [I] = 0 pM, Ymin as the minimum value at high inhibitor concentrations and s as
the hill coefficient.!'! The sigmoidal dose-response curves of the compounds 30 and 94 against

rhodesain are shown exemplary in Figure S19.
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Figure S19. (left) Fluorescence progress curves for 30 and 94 against rhodesain. (right) Plots showing the respective ICso
values from sigmoidal fits.

Due to the dependence of the ICso value on the substrate affinity and concentration, the Ki
values were calculated with the Cheng-Prusoff equation (1) for appropriate comparison of the

inhibitory activities to the other enzymes and inhibitors.["]

ICsp
K = —2 1
|

Km
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To evaluate the inhibitory activities of the irreversible inhibitors, reporting ICso values is less
suitable, because the ICso values are heavily depending on the incubation time of the enzyme
and inhibitor. Therefore, the dissociation constant of the reversible enzyme-inhibitor complex
K1, the maximum inactivation rate kinact and the second-order rate constants of inhibition Aond
were determined. The substrate-conversion plots in presence of the compounds 16, and 35
against rhodesain are indicating a time-dependent inhibition as shown exemplary in Figure S20.
It is shown, that the apparent first-order rate constant kobs changed hyperbolically with the
inhibitor concentration. A limiting value was approached at higher inhibitor concentrations,

indicating a two-step inhibition-mechanism. !
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Figure S20. (left) Fluorescence progress curves for 16 and 35 against rhodesain. (right) kobs against [I] plots showing the
respective Ki*?P and inact values from hyperbolic fits.

For determination of the kobs values, progress curves were analyzed by non-linear regression
analysis up to 10 min with the exponential equation (2). F represents the fluorescence intensity,
which is proportional to the product concentration [P] and offset represents the background

fluorescence.
F = [P]*(1 — e *obst) + offset 2

The received kobs values were fitted against the inhibitor concentrations using the hyperbolic
equation (3) to get the kinact and Ki**? values. For compound 93 no kobs saturation was observed.

A Lineweaver-Burk linearization (4) was used to receive Ki*? and kinact.

kinact [1] 3
A
KPP+ (1]

obs =

App
1 K11 A

+
kobs kinact[l] [I] kinact
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The KPP values were corrected to the Kivalues by the Cheng-Prussoff equation (5), for better

comparison of the inhibitory constants to the other enzymes and compounds.

App

K = Ki
E
Ku 5

The second-order rate constant of inhibition k2nda were calculated from the equation (6).!"]

kinact
Koppg = —— 6
2n KI

Buffers and substrates

The following buffers and substrates were used for the respective assays: Rhodesain (50 mM
Na-acetate pH 5.5, 5 mM EDTA, 200 mM NacCl, 50 uM DTT, 0.005% Brij 10 uM Cbz-Phe-
Arg-AMC, 1 nM rhodesain), Cathepsin S (50 mMm KH2PO4, pH 6.5, 50 mM K2HPO4, 2.5 mMm
DTT, 2.5 mMm EDTA, Z-Val-Arg-Arg-AMC, 10 nM CatS), S-5-subunit of the proteasome (50
mM Tris HCI, 25 mM NaCl, 10 mMm NaCl, MgClz - 6 H20, 100 uM Succ-Leu-Leu-Val-Tyr-
AMC, 0.02 mg/mL proteasome B5-subunit), Sars-Cov-2 MF® (20 mM TRIS, pH 7.5, 0.1 mM,
NaCl 200 mM, DTT 1 mM, 50 nm MF™), an internally quenched 14-mer fluorogenic (FRET)
peptide (DABCYL-KTSAVLQSGFRKME-EDANS)), uPA (50 mMm Tris HCI, 150 mm pH 7.5,
NaCl, 10 mM CaClz, 0.005% TX-100, 240um Cbz-Gly-Gly-Arg-AMC, 2.5 U uPA). As positive
controls, several well-known inhibitors have been used for the respective enzymes and their
biological activity was reproduced.

The human uPa and recombinant CatS were purchased from Sigma Aldrich, and the proteasome
S5-subunit from Enzo Life sciences. Rhodesain and SARS-CoV-2 MP™ were expressed under

the conditions described below.

Protein Expression and purification

SARS-CoV-2 MPr,

The expression of SARS-CoV-2 Mpro was performed as described previously.”™ Briefly, the
pMal-c2 plasmid (New England Biolabs, Ipswich, MA, USA), harboring the DNA of the entire
SARS-CoV-2 MP™ coding sequence framed by a short sequence specifying the 5 C-terminal
residues of nonstructural protein 4 (nsp4/nsp5 cleavage site) at the 5° end and the sequence of
a hexahistidine tag at the 3’ end. The presence of the nsp4/nsp5 cleavage site between the

plasmid’s MBP and the MP™ sequence together with the native nsp5/nsp6 cleavage site between
S23
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Synthesis

General Methods and Materials:

All reagents and solvents were purchased commercially and used as provided by the supplier
without further purification. Solvents for synthesis, extraction, and chromatography were of
analytical grade. Moisture-sensitive reactions were carried out under argon atmosphere, and
anhydrous solvents were used as provided by the commercial supplier. Reaction progress was
monitored by thin-layer chromatography using Alugram Xtra F254 silica plates from
Macherey-Nagel and/or LC-MS. Therefore, an Agilent 1100 series HPLC system and an
Agilent Poroshell 120 EC-C18, 150 x 2.10 mm, 4 um column coupled to an Agilent 1100 series
LC/MSD Trap with electron spray ionization (ESI), was used. The identities and purities of
compounds were determined by the same LC-MS system with a gradient of acetonitrile and
water (+0.1% formic acid). Signals were detected at 210/254 nm with quantitation by AUC and
masses were determined in positive ionization mode (ESI). HPLC purification was performed
with the Agilent 1290 II Infinity Preparative LC System using an InfinityLab Pursuit XRs C18,
30 x 250mm, 5 pm, preparative LC column. Flash chromatography was performed with the
Biotage Isolera™ One system using prepacked columns from Biotage. Silica gel (0.040 —
0.063 mm) from Macherey-Nagel was used for column chromatography. Optical rotations
[a]%? were measured on an P3000 polarimeter from Kriiss at 22 °C and are reported in ml-dm’
I.g! with the concentration ¢ being g/100 ml. Fourier-transformed ATR-corrected IR spectra
were measured on an Avatar 330 single crystal spectrometer from ThermoNicolet. Melting
points (uncorrected) were measured with an MPM-H3 using semi-open capillaries. NMR
spectra were recorded as stated individually on Bruker Fourier 300 MHz, Bruker Avance DSX
400 MHz and Bruker Avance III 600 MHz. Chemical shifts are indicated in parts per million
(ppm), with the solvent resonance (CDCls, DMSO-ds or CD3OD from Deutero GmbH) as
internal standard. The purity of all compounds tested in biological assays was >95% as
determined by LC-MS.
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Synthesis of the vinyl sulfone precursors'*

3, Diethyl ((phenylsulfonyl)methyl)phosphonate

] Q
P \\S//
/\O/ NS \Ph
~_©

Methyl phenyl sulfone (1.5 g, 9.9 mmol, 1 eq) was dissolved in dry THF (30 mL) under argon
atmosphere and cooled to 0 °C. Subsequently, n-BuLi (2.5 M in hexanes, 9.6 mL, 24 mmol,
2.5 eq) was added dropwise and the reaction mixture stirred for one hour at 0 °C. Afterwards,
diethyl chlorophosphate (2.4 mL, 16 mmol 1.2 eq) was added and stirring was continued for
one hour. The reaction was quenched with the addition of saturated NH4ClI (10 mL) and diluted
with DCM (30 mL). The aqueous phase was extracted with DCM (3x 20 mL) and the combined
organic layers were dried over anhydrous NaxSO4. The solvent was removed under reduced
pressure and the crude product was purified by column chromatography (CH/EA 4:1) to yield
the desired product as a colorless solid (1.47 g, 5 mmol, 51%). 'H NMR (300 MHz, CDCl3):
o/ppm = 8.01 — 7.95 (m, 2H), 7.70 — 7.63 (m, 1H), 7.61 — 7.53 (m, 2H), 4.20 — 4.09 (m, 4H),
3.75 (d,J=16.9 Hz, 2H), 1.28 (td, J= 7.1, 0.6 Hz, 6H). 3*C NMR (75 MHz, CDCls): 6/ppm =
140.0, 134.2, 129.2, 128.4, 63.5, 54.8, 52.9 (d, J = 6.5 Hz), 23.6 16.3. FT-IR: v/cm™ ! = 2988,
2898, 1324, 1257, 1155, 1018, 970, 796, 751, 683, MS (ESI) m/z calculated for [C11H1sOsPS]*
([M+HT"): 293.1, found 293.0.

4, Diethyl (fluoro(phenylsulfonyl)methyl)phosphonate

1} O\/
P \S/
-0 LY Ph
\/O F

3 (1 g, 4.45 mmol, 1 eq) was dissolved in dry THF (15 mL) and cooled to —78 °C. LIHMDS
(1 M in THF, 5.6 mL, 5.56 mmol, 1.25 eq) was added and stirring was continued for 30 min at
—78 °C. Afterwards, Selectfluor® (2.4 g, 6.66 mmol, 1.5 eq) in DMF (10 mL) was added
dropwise and the mixture stirred for two hours. The reaction was quenched with saturated
NH4Cl solution (15 mL) and diluted with EtOAc (30 mL). The aqueous phase was extracted
with EtOAc (3x 20 mL) and the combined organic phases were dried over anhydrous Na2SO4
and the solvent was removed under reduced pressure. The crude product was purified by
column chromatography (CH/EA 4:1) to yield the desired product as a colorless solid (0.81 g,
2.6 mmol, 58%). '"H NMR (300 MHz, CDCI3): §/ppm = 8.03 — 7.96 (m, 1H), 7.75 — 7.68 (m,
1H), 7.60 (dd, J = 8.3, 6.9 Hz, 2H), 5.38 (dd, J=45.5, 6.6 Hz, 1H), 4.35 — 4.19 (m, 4H), 1.34
(t, J = 7.1 Hz, 6H). *C NMR (75 MHz, CDCl3): 6/ppm = 136.3, 135.0, 129.9, 129.3, 100.0,
97.9, 97.0, 94.9, 65.0 (t, J= 7.1 Hz), 16.41 (d, J = 5.9 Hz). mp: 61 — 65 °C. FT-IR: v/cm ! =
2990, 2907, 1449, 1331, 1263, 1221, 1159, 1061, 1006, 967, 852, 784, 755, 716, 699, 680. MS
(ESI) m/z calculated for [C11H17FOsPS]* ((M+H]"): 311.0, found 311.0.
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Synthesis of the f-lactam precursor!??)

6, (S)-2-(((Benzyloxy)carbonyl)amino)-3-hydroxypropanoic acid
o}

H
Cbz/N\:)J\OH

SOoH

H-Ser-OH (1 g, 9.6 mol, 1 eq) and NaHCOs (2 g, 24 mmol, 2.5 eq) were dissolved in water
(20 mL) and cooled to 0 °C. Benzyl chloroformate (2.01 mL, 14.4 mmol, 1.5 eq) was added
dropwise. The reaction mixture was stirred for two hours at 0 °C and overnight at room
temperature. The aqueous solution was acidified to pH = 2 with hydrochloric acid (1 M) and
then extracted with EtOAc (3x, 10 mL). The combined organic layers were dried over Na2SOs,
filtered and the solvent was removed under reduced pressure to yield the desired product as a
colorless solid (2 g, 8.64 mmol, 90%). 'H NMR (300 MHz, DMSO-ds): 6/ppm = 7.40 — 7.25
(m, 5H), 5.04 (s, 2H), 4.06 (dt, J = 8.2, 5.1 Hz, 1H), 3.66 (d, J = 5.1 Hz, 2H). 3C NMR (75
MHz, DMSO-ds): o/ppm = 172.2, 156.1, 137.0, 128.4, 127.8, 65.5, 61.3, 56.7. mp: 115 —
116 °C. [a]Z® = +9 (c 1.00, DMSO). FT-IR: v/em™! = 3320, 2935, 1710, 1690, 1567, 1477,
1285, 996, 821, 755. MS (ESI) m/z calculated for [C11H1aNOs]" ((IM+H]"): 240.1, found 262.1.

7, (S)-Benzyl (3-hydroxy-1-oxo-1-(phenylamino)propan-2-yl)carbamate
io9 @
Cbz/N\E)J\H
_\OH

6 (3.26 g, 13.6 mmol, 1 eq) was dissolved in EtOAc (50 mL) under argon atmosphere and
cooled to 0 °C. NMM (1.65 mL, 15 mmol, 1.1 eq) and TBTU (5.3 g, 16.3 mmol, 1.2 eq) were
added and stirring was continued for 30 min at 0 °C. Afterwards, aniline (1.4 mL, 15 mmol,
1.1 eq) was added and the reaction mixture stirred for 12 h. The mixture was evaporated under
reduced pressure and the crude product was purified by column chromatography (CH/EA 1:1)
to yield the desired product as a colorless oil (3.32 g, 10.06 mmol, 74%). 'H NMR (300 MHz,
DMSO-db): o/ppm = 7.65 — 7.58 (m, 2H), 7.39 — 7.25 (m, 7H), 7.09 — 7.01 (m, 1H), 5.07 - 5.03
(m, 2H), 4.94 (dt, J=10.7, 5.8 Hz, 1H), 4.24 (dt,J=17.9, 5.8 Hz, 1H), 3.66 (dq, /= 10.7, 5.5,
4.8 Hz, 2H). 3C NMR (75 MHz, DMSO-ds): 6/ppm = 169.1, 155.9, 138.9, 136.9, 128.6, 128.3,
127.8, 127.7, 123.3, 119.2, 65.5, 61.7, 57.7. [a]3® = +11 (c 1.00, DMSO). FT-IR: v/em™! =
2241, 2108, 1740, 1689, 1510, 1341, 1049, 1015, 832, 754, MS (ESI) m/z calculated for
[C17H19N204]* (IM+H]"): 315.1, found 315.1.
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8, (S)-Benzyl (2-o0xo-1-phenylazetidin-3-yl)carbamate

o S
s
Chz—

H
7 (1.5 g, 4.8 mmol, 1 eq) was dissolved in DMF (25 mL) under argon atmosphere and cooled
to 0 °C. 1,1-sulfonyldiimidazole (1.42 g, 7.20 mmol, 1.5 eq) was added and stirred for 30 min
at 0 °C. Afterwards, the reaction mixture was cooled to —20 °C and NaH (60%, 0.20 g,
7.20 mmol, 1.5 eq) was added portion wise. After additional 30 min of stirring, mixture of
MeOH (0.04 mL) and water (20 mL) were added. The precipitate was filtered under reduced
pressure and washed with cold water (15 mL) to yield the desired product as a white solid (1.1 g,
3.70 mmol, 77%). 'H NMR (300 MHz, DMSO-ds): 6/ppm = 8.09 (d, J = 8.4 Hz, 1H), 7.39 —
7.33 (m, 9H), 7.13 = 7.07 (m, 1H), 5.06 (s, 2H), 4.88 (ddd, J= 8.8, 5.8, 2.9 Hz, 1H), 3.94 (dt, J
= 8.8, 5.8 Hz, 1H), 3.60 (dd, J = 5.8, 2.9 Hz, 2H). '3C NMR (75 MHz, DMSO-ds): é/ppm =
164.7, 155, 138.0, 136.7, 129.2, 128.3, 127.9, 127.8, 123.6, 116.2, 65.7, 56.2, 46.4. [a]3° = -5
(c 1.00, DMSO). FT-IR: v/em ™' = 1754, 1512, 1501, 1380, 1341, 1254, 1023, 1004, 813, 756. MS
(ESI) m/z calculated for [C17H17N203]" ((M+H]"): 297.1, found 297 4.

9, (S)-3-Amino-1-phenylazetidin-2-one hydrochloride

o O
AR
HCIH,N

9 (0.5 g, 1.7 mmol, 1 eq) was dissolved in THF (5 mL). Subsequently, Pd/C (50 mg, 10%) was
added, and the reaction mixture was stirred for two hours under a H2 atmosphere (3 bar).
Afterwards, the solution was filtered through Celite® 545 and acidified with hydrochloric acid
(1M, 7mL). The desired product was obtained after removing the solvent under reduced
pressure as a white solid (0.3 g, 1.5 mmol, 88%). 'H NMR (300 MHz, DMSO-ds): 6/ppm =
9.14 (s, 1H), 7.44 — 7.36 (m, 4H), 7.16 (ddt, /= 6.3, 5.2, 2.9 Hz, 1H), 4.67 (dd, /= 5.6, 2.5 Hz,
1H), 4.0 (dd, J= 6.7, 5.6 Hz, 1H), 3.74 (dd, J = 6.7, 2.6 Hz, 1H). 3C NMR (75 MHz, DMSO-
ds): 6/ppm = 160.3, 137.4, 129.4, 124.5, 116.5, 53.5, 44.0. [a]Z® = +17 (c 1.00, MeOH). FT-
IR: v/iem™ = 1749, 1532, 1509, 1368, 1339, 1244, 1025, 1000, 813, 756. MS (ESI) m/z calculated
for [CoH11N201" ([M+H]"): 163.1, found 163.0.
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25, Benzyl ((S)-1-(((S)-1-cyano-3-phenylpropyl)amino)-1-oxo-3-phenylpropan-2-

ylcarbamate
Ph
H _N
Cbz. N ~
o =

Ph

23 (0.15 g, 0.32 mmol, 1 eq) was dissolved in DMF (3 mL) and the solution was cooled to 0 °C.
EDC - HCI (0.07 g, 0.39 mmol, 1.2 eq) and HOBt - H20 (0.05 g, 0.39 mmol, 1.2 eq) were
added and the mixture was stirred for 30 min before NH4OH solution (25% in water, 3 mL)
was added. The mixture was allowed to warm up to room temperature and was stirred overnight.
The solvent was removed under reduced pressure and EtOAc (5 mL) was added. The organic
phase was washed with saturated NaHCO3 solution (5 mL) and hydrochloric acid (1 M, 5 mL),
dried over anhydrous Na2SO4 and evaporated under reduced pressure. The crude product was
used without further purification in the next step and solved in dry DMF (3 mL) under argon
atmosphere. The solution cooled to 0 °C, pyridine (0.08 mL, 0.98 mmol, 3 eq) and TFA
anhydride (0.14 mL, 0.98 mmol, 3 eq) were added and the reaction mixture stirred for 60 min.
Subsequently, the reaction was quenched with saturated NH4Cl solution (5 mL) and evaporated
under reduced pressure. The crude product was purified by preparative HPLC to yield the
desired product as a colorless solid (83.7 mg, 0.19 mmol, 60%). '"H NMR (600 MHz, CDCl3):
o/ppm = 7.35 - 7.03 (m, 15H), 6.35 (s, 1H), 5.32 — 5.22 (m, 1H), 5.10 — 5.01 (m, 2H), 4.77 —
4.66 (m, 1H), 4.41 —4.29 (m, 1H), 3.10 —2.98 (m, 2H), 2.66 (dt, J=29.3, 7.1 Hz, 2H), 1.98 (h,
J=1.1, 6.6 Hz, 2H) ppm. '3C NMR (600 MHz, CDCl3): 6/ppm = 170.6, 156.2, 139.1, 135.8,
129.4,129.1, 128.9, 128.7, 128.5, 128.2, 127.5, 126.8, 117.8, 67.5, 56.2, 40.1, 38.3, 34.3,31.4.
FT-IR: viem™! = 3294, 3024, 1667, 1529, 1445, 1254, 1035, 894, 748, 689. MS (ESI) m/z
calculated. for [C27H2sN303]" ([M+H]"): 442.2, found: 442.0. Purity: 97%.
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Synthesis of proteasome targeting compounds

51, tert-Butyl (S)-(1-(methoxy(methyl)amino)-4-methyl-1-oxopentan-2-yl)carbamate

o0
BN \)k N o
SiPr

To a 0 °C cold solution of Boc-Leu-OH 50 (2.04 g, 8.81 mmol, 1 eq) in DCM (80 mL) were
added HOBt - H20 (1.35 g, 8.81 mmol, 1 eq) and 2,4,6-collidine (2.34 mL, 17.62 mmol, 2 eq).
After stirring at 0 °C for 30 min, TBTU (2.83 g, 8.81 mmol, 1 eq) was added. The solution was
stirred for further 30 min at 0 °C and N,O-dimethylhydroxylamine - HCI (0.89 g, 8.81 mmol,
1 eq) was added. After stirring at room temperature overnight, the solvent was removed under
reduced pressure and the residue was taken up in EtOAc (100 mL). The mixture was washed
with saturated NaHCO3 solution (3x 80 mL) and hydrochloric acid (1 M, 3x 80 mL) and filtered
over a small silica column. The filtrate was concentrated under reduced pressure to yield the
desired product as a colorless oil (2.24 g, 8.18 mmol, 93%). 'H NMR (300 MHz, CDCl3):
o/ppm = 5.05 (d, J = 9.5 Hz, 1H), 4.70 (s, 1H), 3.77 (s, 3H), 3.18 (s, 3H), 1.78-1.62 (m, 1H),
1.47-1.38 (m, 11H), 0.99-0.88 (m, 6H). '3C NMR (75.5 MHz, CDCl3): 6/ppm = 174.0, 155.8,
79.6, 61.7,49.1, 42.2, 32.3, 28.5, 24.8, 23.5, 21.7. [@]3? = -9 (c 1.00, CHCl3). FT-IR: v/cm™'
= 3324, 2958, 2936, 2870, 1709, 1658, 1501, 1389, 1366, 1250, 1165, 1045, 1016, 989, 876.
MS (ESI) m/z calculated for [C13H26N204+Na]™ ([M+Na]"): 297.2, found: 297.1.

52, tert-Butyl (4-methyl-1-oxopentan-2-yl)carbamate

0]

%H

iPr

H
N

Boc

To a solution of 51 (1.51 g, 5.50 mmol, 1 eq) in dry THF (20 mL) was added LiAIH4 (271 mg,
7.15 mmol, 1.3 eq) portion wise at 0 °C under argon atmosphere. After stirring at 0 °C for
30 min, diethyl ether (50 mL) and KHSOs solution (0.33 M, 80 mL,) were added. The
suspension was filtered, and the filtrate was extracted with diethyl ether (2x 50 mL). The
combined organic extracts were washed with hydrochloric acid (1 M, 2x 40 mL) and saturated
NaHCOs solution (2x 40 mL) and dried over anhydrous Na2SOa. After removing the solvent
under reduced pressure, the desired product was obtained as a colorless oil (345 mg, 1.60 mmol,
29%). 'H NMR (300 MHz, CDCl3): é/ppm = 9.57 (s, 1H), 4.95 (d, J = 7.3 Hz, 1H), 4.23 (s,
1H), 1.81-1.70 (m, 1H), 1.67-1.58 (m, 1H), 1.44 (s, 9H), 1.39-1.32 (m, 1H), 0.98-0.94 (m,
6H). *C NMR (75.5 MHz, CDCl3): 6/ppm = 200.5, 155.8, 80.2, 58.5, 38.3, 28.4, 24.8, 23.2.
[a]3? =9 (c 1.00, CHCl3). FT-IR: v/em™' = 3352, 2958, 2932, 2871, 1689, 1507, 1455, 1391,
1366, 1249, 1164, 1045, 1010, 873, 779.
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Synthesis of uPA targeting compounds

General procedure of Fmoc-Solid phase peptide synthesis (SPPS)
A resin Loading

Solid phase peptide synthesis was prepared in a fritted 12 mL polypropylene syringe. 1 g of 2-
Chlorotritylchloride resin (2-CTC resin, 1.2 mmol loading capacity) was prewetted in 8 mL
DCM for 15 min and drained. The first amino acid (3.6 mmol, 3 eq relative to resin loading
capacity) was added in 1.8 M NMM/DCM (6 mL) and the mixture was mixed on a rocker for
12 h. After draining the solution, the resin was washed with DMF (3x 6 mL, 1 min each) and
DCM (3 x 6 mL, 1 min each).

B resin capping

The remaining free 2-CTC resin linkers were capped with methanol in a solution of
DCM/MeOH/DIPEA (9:2:1). The resin was mixed on a rocker for one hour, drained and
washed with DCM (3x 6 mL).

C Fmoc deprotection

The resin was treated with a 20% piperidine in DMF solution (2x 6 mL, 10 min each) and
subsequently washed with DMF (3x 6 mL).

D peptide coupling with HATU

A coupling cocktail was prepared consisting of the specific Fmoc-protected amino acid
(3.6 mmol, 3 eq) with HATU (3.6 mmol, 3 eq) and DIEA (10.8 mmol, 3 eq) in DMF (4.8 mL).
The solution was added to the resin and mixed on a rocker for 3 h with exception of the amino
acid Fmoc-Arg(Pbf)-OH which coupled overnight. After the reaction, the resin was drained and
washed with DMF (3x 6 mL, 1 min each) and DCM (3x 6 mL, 1 min each).

E resin cleavage under preservation of protecting groups

After the last coupling, the resin washed with DMF (3x 6 mL, 1 min each) and DCM (3x 6 mL,
1 min each). Then the cleavage cocktail containing AcOH/Trifluoroisopropanol/DCM (1:1:4,
6 mL) was added and mixed on a rocker for 1.5 h. The resin was drained and washed with DCM
(5 mL). The combined organic solvents were concentrated under reduced pressure to yield the
crude linear peptide. The purification of the crude product was done by reversed phase flash
chromatography (H20/MeCN, gradient).
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99, N-(Acetylglycyl)-O-(tert-butyl)-L-allothreonyl-L-alanine

0 e
)J\N/YN\:)kN/LWOH
"o A M o

IfBu

The title compound was prepared according to general procedures A, B, C, D, and E on
1.2 mmol scale. The product was purified by reversed phase flash chromatography
(H20/MeCN, gradient) and obtained as a colorless solid after lyophilization (414 mg, 0.6 mmol,
50%) 'H NMR (300 MHz, CDCl3): 8/ppm = 8.19 (t, J= 5.8 Hz, 1H), 7.95 (d, J= 7.0 Hz, 1H),
7.53 (d, J=8.5 Hz, 1H), 4.26 — 4.16 (m, 2H), 3.92 (qd, J= 6.2, 3.9 Hz, 2H), 3.74 (dd, J=7.2,
5.8 Hz, 2H), 1.86 (s, 3H), 1.28 (d, J = 7.2 Hz, 3H), 1.12 (s, 9H), 1.01 (d, J = 6.2 Hz, 3H). 1*C
NMR (75 MHz, CDCI3): é/ppm = 173.8, 169.9, 169.3, 168.9, 73.8, 67.2,57.3,47.7,42.3, 28.1,
22.4,19.3,17.5. mp: 87— 95 °C. [a]2° = +12 (¢ 1.00, CHCI3). FT-IR: v/cm™! = 668, 701, 1081,
1121, 1159, 1192, 1214, 1371, 1518, 1636. MS (ESI) m/z calculated for [CisH2sN3Os]"
(IM+H]"): 346.2, found 368.1. Purity: 97.8%.

101, tert-Butyl (S)-(1-(methoxy(methyl)amino)-1-o0x0-5-(3-((2,2,4,6,7-pentamethyl-2,3-
dihydrobenzofuran-5-yl)sulfonyl)guanidino)pentan-2-yl)carbamate

e
N )
Boc” \)L'I‘ o

It

(Adapted from St-Georges et al.)!*”)

Boc-Arg(Pbf)-OH 100 (6.00 g, 11.39 mmol, 1 eq) was dissolved in DCM (40 mL) under argon
atmosphere. At 0 °C DIPEA (15.9 mL, 31.12 mmol, 8 eq) and TBTU (4.38 g, 13.67 mmol,
1.2 eq) were added. The reaction mixture stirred for 30 min at 0°C, N,O-dimethyl
hydroxylamine - HC1 was added and stirred for 12 h. The solution was diluted with DCM
(20 mL) and washed with saturated NaHCO3 solution (3x 20 mL) and saturated NaCl solution
(3x 20 mL). The organic solution dried over anhydrous Na2SO4 and evaporated under reduced
pressure. The crude product was purified by column chromatography (EA) to yield the desired
product as a colorless solid (6.16 g, 10.82 mmol, 95%). 'H NMR (300 MHz, CDCI3): 6/ppm =
6.38 (s, 1H), 5.49 (d, /= 8.8 Hz, 1H), 4.61 (s, 1H), 3.73 (s, 3H), 3.18 (s, 3H), 2.95 (s, 3H), 2.56
(s, 3H), 2.50 (s, 3H), 2.08 (s, 3H), 1.74 — 1.52 (m, 4H), 1.45 (s, 6H), 1.41 (s, 9H) ppm, 1*C NMR
(75 MHz, CDCI3): o/ppm = 156.4, 156.0, 138.8, 132.7, 124.8, 117.7, 86.6, 80.3, 61.7, 43.3,
41.0, 30.9, 28.7, 28.4, 24.9, 19.4, 18.0, 12.5. mp: 76 — 84 °C. [a]3° = 7 (¢ 1.00, CHCI:). FT-
IR: viem™ = 668, 756, 1106, 1165, 1456, 1556, 1652, 2362, 2974, 2981. MS (ESI) m/z
calculated for [C26H44NsO7ST" ((M+H]"): 570.3, found 570.3.
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102, ter-Butyl (1-(benzo|d]thiazol-2-yl)-1-0x0-5-(3-((2,2,4,6,7-pentamethyl-2,3-
dihydrobenzofuran-5-yl)sulfonyl)guanidino)pentan-2-yl)carbamate

H (0]
Boc” %V/N
ES@
NH

. _pbf

HN™ °N
H

(Adapted from Costanzo et al.)*®!

Benzothiazole (3.47 g, 25.69 mmol, 10.2 eq) was dissolved in dry THF (70 mL) under argon
atmosphere and cooled to —78 °C. n-BuLi (2.5 in hexanes, 2,97 mL, 25.19 mmol, 10 eq) was
added dropwise and the reaction stirred for 1.5 h at the same temperature. Afterwards, 101
(1.43 g, 2.51 mmol, 1 eq) dissolved in dry THF (15 mL) was added slowly to the reaction
mixture and stirred for two hours at =78 °C. The reaction mixture was quenched with saturated
NHA4Cl solution (20 mL). The organic phase was separated and washed three times each with
saturated NaHCOs3 solution (25 mL) and saturated NaCl solution (25 mL). The organic phase
was dried over anhydrous NaSO4 and concentrated under reduced pressure. The crude product
was purified by column chromatography (CH/EA, 1:1 to 0:1) to yield the product as a colorless
solid (1.11 g, 1.90 mmol, 76%). '"H NMR (300 MHz, CDCI3): é/ppm = 8.23 — 8.15 (m, 1H),
8.00 — 7.91 (m, 1H), 7.60 — 7.49 (m, 2H), 6.31 (s, 1H), 6.21 (s, 2H), 5.65 (d, J= 8.6 Hz, 1H),
5.61 —5.49 (m, 1H), 3.57 — 3.18 (m, 2H), 2.92 (s, 3H), 2.54 (s, 3H), 2.49 (s, 3H), 2.06 (s, 3H),
1.72 (s, 4H), 1.45 (s, 6H), 1.41 (s, 9H). ppm, '*C NMR (75 MHz, CDCI3): §/ppm = 158.8,
156.2, 153.5, 138.5, 137.3, 133.0, 132.5, 128.3, 127.4, 126.0, 124.7, 122.5, 117.5, 86.4, 80.6,
43.3, 40.8, 28.7, 28.4, 25.5, 19.3, 18.0, 12.5. mp: 105 — 115 °C. [a]Z® = +2 (¢ 1.00, CHCI3).
FT-IR: viem™' = 668, 756, 1102, 1164, 1216, 1369, 1483, 1552, 1622, 1694. MS (ESI) m/z
calculated for [C31H42N506S2]" ([M+H]"): 644.3, found 644.3. Purity: 98%.

104, tert-Butyl (S,E)-(6-(3-((2,2,4,6,7-pentamethyl-2,3-dihydrobenzofuran-5-
yDsulfonyl)guanidino)-1-(phenylsulfonyl)hex-1-en-3-yl)carbamate

H Q.0

N s.
Boc N py

_Pbf

Iz

(Adapted from Andreasen et al.)*)

101 (1 g, 1.76 mmol, 1 eq) was dissolved in dry THF (20 mL) under argon atmosphere and

cooled to 0 °C. LiAlH4 (1 M in THF, 2.2 mL, 1.25 eq) was added dropwise to the solution at

0 °C and stirred one hour at the same temperature. The reaction mixture was quenched with

KHSO4 solution (5%, 10 mL) and diluted with EtOAc (20 mL). The organic phase was washed

with saturated NaHCOs3 solution (25 mL) and saturated NaCl solution (25 mL), dried over
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anhydrous NaxSOs and evaporated under reduced pressure, to yield the crude aldehyde as a
colorless oil (0.67 g). The crude aldehyde (0.39 g, 0.76 mmol, 1eq) and LiCl (0.04 g,
0.91 mmol, 1.2 eq) were dissolved in dry MeCN (15 mL) under argon atmosphere and cooled
to 0 °C. Subsequently DBU (0.12 mL, 0.76 mmol, 1 eq) and 10 min later 3 (0.22 g, 0.76 mmol,
1 eq) in MeCN (2 mL) were added dropwise to the solution and stirred one hour at 0 °C and
one hour at room temperature. The reaction mixture was quenched with citric acid solution
(10%, 8 mL). The organic phase was separated and the aqueous phase extracted with EtOAc
(3x 20 mL). The combined organic extracts were dried over anhydrous Na2SO4 and evaporated
under reduced pressure. The crude product was purified by column chromatography (CH/EA
1:2) to yield the desired product colorless solid (0.36 g, 0.55 mmol, 72%). 'H NMR (300 MHz,
CDCI3): o/ppm = 7.89 — 7.80 (m, 2H), 7.63 — 7.47 (m, 3H), 6.90 (dd, J = 15.0, 4.6 Hz, 2H),
6.51 — 6.33 (m, 3H), 5.26 (d, J=8.7 Hz, 1H), 4.31 (s, 1H), 3.30 — 3.16 (m, 2H), 2.55 (s, 3H),
2.08 (s, 3H), 1.68 — 1.54 (m, 4H), 1.45 (s, 6H), 1.34 (s, 9H) ppm, '3*C NMR (75 MHz, CDCI3):
o/ppm=156.1,155.6, 146.9, 140.1, 138.6, 133.6, 132.6, 130.3, 129.5, 127.7, 124.9, 117.7, 86.6,
43.3,28.7,28.3,19.4, 18.1, 12.6. mp: 73 — 77 °C, [a]3? = -9 (c 1.00, CHCl3), FT-IR: v/em™' =
2957, 1706, 1512, 1358, 1302, 1141, 1091, 908, 748, 731. MS (ESI) m/z calculated for
[C31H4sN4O7S2]" (IM+H]Y): 649.3, found 649.3.

105, tert-Butyl (S,E)-(1-fluoro-6-(3-phenylguanidino)-1-(phenylsulfonyl)hex-1-en-3-
ylcarbamate

101 (1 g, 1.76 mmol, 1 eq) was dissolved in dry THF (20 mL) under argon atmosphere and
cooled to 0 °C. LiAlH4 (1 M in THF, 2.2 mL, 1.25 eq) was added dropwise to the solution at
0 °C and stirred one hour at the same temperature. The reaction mixture was quenched with
KHSO4 solution (5%, 10 mL) and diluted with EtOAc (20 mL). The organic phase was washed
with saturated NaHCOs solution (25 mL) and saturated NaCl solution (25 mL), dried over
anhydrous NaxSOs and evaporated under reduced pressure, to yield the crude aldehyde as a
colorless oil (0.67 g). The crude aldehyde (0.25g, 0.49 mmol, 1eq) and LiCl (0.03 g,
0.59 mmol, 1.2 eq) were dissolved in dry MeCN (8 mL) under argon atmosphere and cooled to
0 °C. Subsequently DBU (0.08 mL, 0.49 mmol, 1 eq) and 10 min later 4 (0.15 g, 0.49 mmol,
1 eq) in MeCN (1 mL) were added dropwise to the solution and stirred one hour at 0 °C and
one hour at room temperature. The reaction mixture was quenched with citric acid solution
(10%, 6 mL). The organic phase was separated, and the aqueous phase extracted with EA (3x
20 mL). The combined organic extracts were dried over Na2SO4 and evaporated under reduced
pressure. The crude product was purified with column chromatography (CH/EA, 1:1) to yield
the desired product as a colorless oil (0.1 g, 0.15 mmol, 31%). 'H NMR (300 MHz, CDCI3):
o/ppm=7.92 (dd, J=7.2, 1.8 Hz, 2H), 7.72 — 7.64 (m, 1H), 7.57 (dd, J = 8.3, 6.9 Hz, 2H), 6.37
(s, 2H), 6.19 (d, J=35.7 Hz, 2H), 5.21 (s, 1H), 4.41 (s, 1H), 3.20 (s, 2H), 2.96 (s, 2H), 2.56 (s,
3H), 2.50 (s, 3H), 2.09 (s, 3H), 1.67 — 1.50 (m, 4H), 1.46 (s, 6H), 1.30 (s, 9H) ppm, '*C NMR
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(75 MHz, CDCI3): d/ppm = 156.1, 155.5, 152.4, 134.7, 129.6, 128.8, 124.9, 117.8, 86.7, 43.3,
40.9,28.7,28.3,25.4,19.4,18.0, 12.6. [a]2° =+9 (c 1.00, CHCl3). FT-IR: v/cm ™! =2974, 1692,
1628, 1563, 1369, 1245, 1161, 1094, 737, 658. MS (ESI) m/z calculated for [C31Ha4FN507S2]"
(IM+HT"): 666.3, found 666.8.

General procedure for the amide bond formation between the H;N-Arg-warhead moiety
and 99

The respective H2N-Arg-warhead moieties 102, 104, 105 were deprotected by using a
deprotection mix of 16% TFA in DCM (4 ml) and stirred for 30 min at rt. The solvent was
removed under reduced pressure to yield the deprotected amines as trifluoroacetate salts.

99 (1.0 eq) was dissolved in DCM and cooled to 0 °C with an ice-water bath. DIPEA (3 eq) and
HATU (1.2 eq) were added and stirring was continued for 30 min at 0 °C. Then, the respective
deprotected amine (1 eq) as a solution in DMF were added, stirred for 30 minat 0 °C and 16 h
at room temperature. DCM and water were added, and the aqueous phase was extracted three
times with DCM. The combined organic phases were dried over Na2SO4 and the solvent was
removed under reduced pressure.

103, (28,35)-2-(2-Acetamidoacetamido)-N-((S)-1-(((S)-1-(benzo[d] thiazol-2-yl)-5-
guanidino-1-oxopentan-2-yl)amino)-1-oxopropan-2-yl)-3-hydroxybutanamide

O H 0} H O
)J\N/\H/N\i)J\N/kﬂ/N\l)j\r/N
"o «;korr © i\L\S‘%i::>
NH

HN” “NH,

The crude product was used without further purification for the following deprotection of the
Pbf- and O'Bu-protecting group. It was dissolved in TFA/DCM (50%, 2 mL) and stirred for 2 h
at room temperature. The solution was evaporated under reduced pressure and purified by
preparative HPLC (12.8 mg, 0.017 mmol, 10%). 'H NMR (400 MHz, DMSO-ds): 6/ppm = 8.57
—8.39 (m, 1H), 8.31 — 8.24 (m, 2H), 8.23 — 8.16 (m, 1H), 8.08 — 7.96 (m, 1H), 7.83 — 7.72 (m,
1H), 7.71 — 7.63 (m, 2H), 7.60 — 7.54 (m, 1H), 5.54 — 5.41 (m, 1H), 5.00 (d, /= 35.3 Hz, 1H),
4.36 (ddd, J=10.0, 7.2, 2.7 Hz, 1H), 4.17 (tdd, J= 12.1, 8.0, 4.2 Hz, 1H), 3.97 (ddt, J= 16.9,
11.2, 5.2 Hz, 1H), 3.83 —3.69 (m, 2H), 3.14 (p, J = 6.6 Hz, 2H), 1.97 (td, J = 13.7, 11.4, 6.7
Hz, 2H), 1.90 — 1.82 (m, 2H), 1.79 — 1.69 (m, OH), 1.65 — 1.54 (m, 2H), 1.27 — 1.17 (m, 3H),
1.06 — 0.98 (m, 3H). '3C NMR (400 MHz, DMSO-ds): d/ppm = 193.1, 172.6, 169.9, 169.7,
169.5, 164.5, 156.8, 153.0, 136.5, 128.3, 127.6, 125.3, 123.3, 66.7, 58.2, 54.3,47.9,42.2,42.2,
27.8,252,22.4,19.7, 18. [a]3® = +34 (c 1.00, DMSO). FT-IR: v/cm ™' = 660, 668, 756, 1136,
1215, 1673, 1684, 2922, 2964, 3327, MS (ESI) m/z calculated for [C2sH34NsOsS+H]*
([M+HT"): 563.2, found 563.2. Purity: 98%.
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106, (25,35)-2-(2-acetamidoacetamido)-N-((S)-1-(((S,E)-6-guanidino-1-
(phenylsulfonyl)hex-1-en-3-yl)amino)-1-oxopropan-2-yl)-3-hydroxybutanamide

)J\N/\H/H\.)J\N N\./\/\\S//\Ph
H : H z
NH
HN)\NHZ

The crude product was used without further purification for the following deprotection of the
Pbf- and O'Bu-protecting group. It was solved in TFA/DCM (50%, 6 mL) and stirred for 2 h at
room temperature. The solution was evaporated under reduced pressure and purified preparative
HPLC (18.0 mg, 0.031 mmol, 16%). 'H NMR (300 MHz, DMSO-ds): é/ppm = 8.27 — 8.15 (m,
1H), 8.00 (dd, J=17.8, 3.3 Hz, 2H), 7.86 — 7.60 (m, 7H), 6.84 (d, J = 3.3 Hz, 1H), 6.81 — 6.65
(m, 1H), 4.57 — 4.45 (m, 1H), 4.23 — 3.66 (m, 5H), 3.13 — 2.99 (m, 2H), 1.64 — 1.37 (m, 4H),
1.22 (dd, J= 7.2, 4.9 Hz, 2H), 1.01 (dd, J = 6.3, 1.3 Hz, 3H). '*C NMR (75 MHz, DMSO-dk):
o/ppm=172.1,170.2,170.1, 169.9, 169.6, 156.8, 146.5, 140.2, 133.8, 130.1, 129.7, 127.1, 66.6,
59.0,58.3,48.6,42.4,42.2,30.1,25.0,22.4,19.7,17.8, 17.6. [a]3° =+13 (c 1.00, DMSO). FT-
IR: viem ! = 675, 709, 734, 796, 1130, 1341, 1445, 1540, 1636, 3283, MS (ESI) m/z calculated
for [C24H3sN707ST" (IM+HT"): 568.7, found 568.2. Purity: 100%.

107, (28,35)-2-(2-acetamidoacetamido)-N-((S)-1-(((S, E)-1-fluoro-6-guanidino-1-
(phenylsulfonyl)hex-1-en-3-yl)amino)-1-oxopropan-2-yl)-3-hydroxybutanamide

/j: H\/ji H R
N N S.

7 OH iF

NH

HN” “NH,

The crude product was used without further purification for the following deprotection of the
Pbf- and O'Bu-protecting group. It was solved in TFA/DCM (50%, 2 mL) and stirred for 2 h at
rt. The solution was evaporated under reduced pressure and purified by preparative HPLC
(5.6 mg, 0.021 mmol, 6%). 'H NMR (600 MHz, DMSO-ds): §/ppm = 8.25 — 8.19 (m, 1H), 8.09
—8.01 (m, 1H), 7.94 — 7.90 (m, 2H), 7.86 (td, J = 7.6, 3.8 Hz, 1H), 7.76 — 7.71 (m, 2H), 7.54
(t, J=5.8 Hz, 1H), 7.34 (s, 1H), 6.83 (s, 2H), 6.32 (ddd, J = 36.4, 33.6, 9.1 Hz, 1H), 5.11 (s,
1H), 4.63 —4.51 (m, 1H), 4.21 — 4.05 (m, 2H), 4.02 — 3.88 (m, 1H), 3.86 — 3.68 (m, 2H), 3.07
—3.00 (m, 2H), 1.86 (d, /= 11.5 Hz, 2H), 1.58 — 1.29 (m, 4H), 1.23 — 1.17 (m, 3H), 1.05 (t, J
= 6.3 Hz, 3H). *C NMR (151 MHz, DMSO-ds): é/ppm = 171.9, 171.7, 170.12, 170.0, 169.9,
169.8,169.7, 169.6, 158.3, 158.1, 156.6, 136.4, 136.3, 135.4, 135.3, 130.3, 130.2, 128.2, 128.2,
118.7,66.5,66.4,59.2,58.1,48.5,43.8,43.9,43.8,42.3,42.0,30.6,30.5,24.8,24.8,22.4,22 4,
19.7,19.6,17.7,17.6. [a]3° = +27 (¢ 1.00, DMSO). FT-IR: v/cm ! = 680, 713, 740, 781, 1145,
1335, 1444, 1561, 1640, 3260. MS (ESI) m/z calculated for [C24H36sFN707SNa]" ([M+Na]"):
586.7, found 586.2. Purity: 98%.
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Synthesis of reactivity test compounds

108, tert-Butyl ((2S)-4-methyl-1-0xo0-1-((2-0xo0-1-phenylazetidin-3-yl) amino) pentan-2-yl)
carbamate

R Ph
O t -
H N
N .
Boc” \)J\H‘

P’
Boc-Leu-OH 50 (0.13 g, 0.67 mmol, 1.0 eq) was dissolved in a mixture of DCM/DMF (9:1) at
0 °C. Under stirring HATU (0.31 g, 0.80 mmol, 1.2 eq) was added in portions. Afterwards
2,4,6- collidine (0.24 g, 2.0 mmol, 3.0 eq) was added and stirred for an additional 10 min at
0 °C. A solution of 9 (0.14 g, 0.67 mmol, 1 eq) in DCM (5 ml) was added dropwise and the
reaction mixture was allowed to reach room temperature and was stirred overnight. H20 (30
mL) was added, and the organic phase separated. The aqueous phase was extracted with EtOAc
(3 x 20 mL). The combined organic extracts were washed with aq. sat. NaCl-solution (40 mL)
and dried over Na2SOa. The solvent was evaporated under reduced pressure to give a crude
product that was purified with column chromatography (EA:Cy = 7:4) yielding the title
compound as an off-white solid (0.2 g, 0.54 mmol, 81%). 'H NMR (300 MHz, CDCls): §/ppm
=7.65—-7.45 (m, 1H), 7.38 — 7.20 (m, 4H), 7.06 (tdd, /= 5.9, 4.6, 3.0 Hz, 1H), 5.18 — 4.99 (m,
2H), 3.88 (t,J=5.7 Hz, 1H), 3.51 (dd, /= 5.9, 2.7 Hz, 1H), 1.75 — 1.44 (m, 3H), 1.39 (s, 10H),
0.90 (dd, J= 6.3, 3.8 Hz, 6H). '*C NMR (75 MHz, CDCl3): 6/ppm = 173.6, 163.8, 156.0, 137.8,
129.3, 124.5, 116.8, 80.3, 65.4, 55.4, 53.1, 47.4, 41.6, 28.4, 24.8, 23.1, 21.9, 14.2. mp: 84 —
85 °C. [a]3’ =—16 (c 1.00, CHCl3). MS (ESI) m/z calculated for [C20H2sN304Na]" ([M+Na]"):
389.2, found: 398.2. Purity: 99%.

109, tert-Butyl (S,E)-(5-methyl-1-(phenylsulfonyl)hex-1-en-3-yl)carbamate

i
Boc” \{V “Ph
P

3(0.52 g, 1.77 mmol, 1 eq) and LiCl (0.09 g, 2.21 mol, 1.25 eq) were dissolved in dry MeCN
(18 mL) under argon atmosphere and cooled to 0 °C. Subsequently DBU (0.27 mL, 1.77 mmol,
1 eq) and 10 min later 52 (0.38 g, 1.77 mmol, 1 eq) in MeCN (5 mL) were added dropwise to
the solution and stirred one hour at 0 °C and one hour at room temperature. The reaction mixture
was quenched with citric acid solution (10%, 10 mL). The organic phase was separated, and
the aqueous phase extracted with EtOAc (3x 20 mL). The combined organic extracts were dried
over anhydrous Na2SO4 and evaporated under reduced pressure. The crude product was purified
with column chromatography (CH/EA 1:6) to yield the product as colorless oil (0.18 g,
0.52 mmol, 30%). "H NMR (300 MHz, CDCI3): §/ppm = 7.89 — 7.83 (m, 2H), 7.64 — 7.48 (m,
3H), 6.87 (dd, J=15.0, 4.9 Hz, 1H), 6.42 (dd, J=15.0, 1.3 Hz, 1H), 4.48 — 4.34 (m, 1H), 1.74
—1.59 (m, 2H), 1.40 — 1.32 (m, 9H), 0.92 (d, J = 6.6 Hz, 6H). '*C NMR (75 MHz, CDCI3):
o/ppm = 155.0, 147.2, 140.4, 133.5, 130.1, 129.4, 127.7, 43.4, 28.3,24.8, 22.8, 22.1. mp: 72 —

S94



122 Chapter A: Investigation and Characterization of Warheads and Substrates for Proteases and
their Inhibitors

76 °C. [a]Z® = =7 (c 1.00, CHCI3). FT-IR: v/em ! = 731, 748, 908, 1091, 1141, 1302, 1358,
1512, 1706, 2957. MS (ESI) m/z calculated for [C13H20NO2S]" ([M—Boc+H]"): 254.12, found
254.01. Purity: 99%.

110, tert-Butyl (S, E)-(1-fluoro-5-methyl-1-(phenylsulfonyl) hex-1-en-3-yl)carbamate

4(0.22 g, 0.72 mmol, 1 eq) and LiCl (0.04 g, 0.90 mmol, 1.25 eq) were dissolved in dry MeCN
(10 mL) under argon atmosphere and cooled to 0 °C. Subsequently DBU (0.11 mL, 0.72 mmol,
1 eq) and 10 min later 52 (0.16 g, 0.72 mmol, 1 eq) in MeCN (3 mL) were added dropwise to
the solution and stirred one hour at 0 °C and one hour at room temperature. The reaction mixture
was quenched with citric acid solution (10%, 10 mL). The organic phase was separated, and
the aqueous phase extracted with EtOAc (3x 20 mL). The combined organic extracts were dried
over anhydrous Na2SO4 and evaporated under reduced pressure. The crude product was purified
with column chromatography (CH/EA 1:7) to desired product colorless oil (0.08 g, 0.21 mmol,
30%). '"H NMR (300 MHz, CDCl3): §/ppm = 7.99 — 7.91 (m, 2H), 7.73 — 7.53 (m, 3H), 6.12 (d,
J=31.9 Hz, 1H), 4.53 (s, 1H), 1.65 — 1.45 (m, 2H), 1.35 (s, 9H), 0.90 (dd, J = 6.5, 2.5 Hz, 6H).
13C NMR (75 MHz, CDCl3): é/ppm = 156.3, 154.9, 152.3, 137.3, 134.5, 129.5, 128.7, 119.1,
43.4,28.3,24.8,22.5,22.3. [a]3® = +26 (c 1.00, CHCl3). FT-IR: v/em™! = 683, 717, 756, 1080,
1153, 1335, 1448, 1507, 1703, 2965. MS (ESI) m/z calculated for [CisH2sFNO4SNa]
([M+Na]"): 394.1, found 394.1. Purity: 98%.

111, tert-Butyl ((35)-2-hydroxy-5-methyl-1-nitrohexan-3-yl) carbamate

H
N NO.
Boc” \g/\y 2

iPr~”

52 (0.39 g, 1.84 mmol, 1 eq) was dissolved in DCM (4 ml) and cooled to 0 °C. MeNO:2 (0.67 g,
11.06 mmol, 6 eq) and DBU (0.27 mL, 1.84 mmol, 1 eq) were added and the reaction mixture
stirred for three hours at room temperature. The reaction got quenched with saturated NH4Cl
solution (6 mL) and extracted with DCM (15 mL). The organic solution was washed with brine
(13 mL) and dried over anhydrous Na2SOa. The solvent was evaporated under reduced pressure
and the crude product was used without further purification. The crude nitroaldol intermediate
(0.44 g, 1.59 mmol, 1 eq) was dissolved in DCM (9 ml) and cooled to 0 °C. MsCl (0.36 g,
3.18 mmol, 2 eq) and DIPEA (1.11 mL, 6.36 mmol, 4 eq) were added and the reaction mixture
stirred for 90 min at 0 °C. The reaction was quenched with saturated NH4Cl solution (14 mL)
and extracted with DCM (15 mL). The organic solution was washed with brine (20 mL) and
dried over anhydrous Na:SO4. The solvent was evaporated under reduced pressure and the
crude product was purified by reversed phase flash chromatography (H20/MeCN, gradient) to
yield the desired product colorless solid (0.04 g, 0.16 mmol, 10%). 'HNMR (300 MHz,
CDCl): é/ppm = 7.12 (dd, J = 13.3, 5.3 Hz, 1H), 7.04 (dd, /= 13.3, 0.8 Hz, 1H), 4.47 — 4.36
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(m, 0H), 1.77 — 1.62 (m, 1H), 1.46 — 1.41 (m, 11H), 0.95 (dd, J = 6.6, 1.0 Hz, 6H). '3C NMR
(75 MHz, CDCI3): é/ppm = 155.0, 142.7, 139.7, 80.5, 43.4, 28.4, 24.8,22.7, 22.1. [a]3’ = +11
(c 1.00, CHCl3). FT-IR: v/em™ = 2963, 1698, 1560, 1507, 1358, 1231, 1161, 1049, 849, 756.
Purity: 99%.

112, Ethyl (S,E)-5-((tert-butoxycarbonyl)amino)-7-methyl-4-oxooct-2-enoate

b
_N = (0]
Boc M ~
(@]

e
iPr

A solution of 65 (926 mg, 2.74 mmol, 1 eq) and LiCl (140 mg, 3.29 mmol, 1.2 eq) in dry MeCN
(20 ml) was cooled to 0 °C. DBU (410 pL, 2.74 mmol, 1 eq) was added, followed by the
dropwise addition of a solution of freshly distilled ethyl glyoxylate (559 pL, 5.49 mmol, 2 eq)
in dry MeCN (5 ml), while stirring at 0 °C. After stirring for two hours at 0 °C, hydrochloric
acid (0.1 M, 30 ml) was added and stirring was continued at room temperature for 15 min,
followed by extraction with a mixture of chloroform an isopropyl alcohol (3:1, 4x 15ml). The
combined organic layers were dried over anhydrous Na2SO4 and the solvent was removed under
reduced pressure. The resulting residue was purified by reversed phase flash chromatography
(H20/MeCN, gradient) yielding the desired product as a colorless resin (368 mg, 1.23 mmol,
45%). 'H NMR (300 MHz, Chloroform-d): 6/ppm =7.18 (d, J= 15.8 Hz, 1H), 6.78 (d, J=15.8
Hz, 1H), 5.06 (d, J = 8.2 Hz, 1H), 4.65 — 4.47 (m, 1H), 4.24 (q, J = 7.1 Hz, 2H), 1.81 — 1.64
(m, 1H), 1.60 — 1.48 (m, 1H), 1.41 (s, 9H), 1.40 — 1.33 (m, 1H), 1.30 (t, /= 7.1 Hz, 3H), 0.94
(dd, J = 16.2, 6.5 Hz, 6H). *C NMR (75 MHz, CDCl3): 6/ppm = 198.64, 165.20, 155.48,
136.31, 132.15, 80.00, 61.40, 57.22, 40.36, 28.23, 24.86, 23.17, 21.69, 14.06. [a]3? = +13 (c
1.00, CHCI3). FT-IR: v/em™! = 3367, 2960, 2872, 1700, 1507, 1470, 1391, 1367, 1253, 1165,
1023, 980, 871, 780. MS (ESI) m/z calculated for [C1sH27NOsNa]" ([M+Na]"): 336.2, found:
336.3. Purity: 96%.

113, (tert-Butoxycarbonyl)-L-leucine-1-13C

(Adapted from F. Dutton et al.)l*"!

To a 0 °C cold solution of H-Leu-1-'3C-OH (0.98 g, 7.42 mmol, 1 eq) in 1,4-dioxane (5 mL)
and water (3 mL) were added NaOH solution (1 M, 15 mL) and Boc20 (3.66 g, 16.77 mmol,
2.26 eq). The solution was stirred at room temperature overnight and water (30 mL) was added.
The mixture was washed with n-pentane (4x 80 mL) and acidified to pH = 1 with hydrochloric
acid (1 M). The resulting suspension was extracted with EtOAc (4x 50 mL) and the combined
organic extract were dried over anhydrous Na2SOa. After removing the solvent by distillation
under reduced pressure, the desired product was obtained as a colorless oil (1.72 g, 7.42 mmol,
quantitative). '"H NMR (300 MHz, CDCl3): §/ppm = 4.89 (d, J = 8.5 Hz, 1H), 4.41-4.05 (m,
1H), 1.82-1.50 (m, 3H), 1.45 (s, 9H), 0.95 (d, J = 6.2 Hz, 6H). 1*C NMR (75.5 MHz, CDCl3):
o/ppm = 178.3, 155.9, 80.4, 52.16 (d, J = 58.6 Hz), 41.6, 28.4, 24.9, 23.0, 21.9. [a]3? = -5 (c
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4.2 Next Generation of Fluorometric Protease Assays: 7-Nitrobenz-2-oxa-
1,3-diazol-4-yl-amides (NBD-Amides) as Class-Spanning Protease

Substrates.

4.2.1 Context, Project Summary, and Own Contributions

Since the first approval of a protease inhibitor in 1964, more than 64 protease inhibitors were approved
by the FDA for treatment against human-related diseases (1.3.2).!""! One of the most frequently used
methods in medicinal chemistry for characterization of the inhibitory activity of drug candidates against

3% Decisive properties of this method

proteases represents the fluorometric inhibition assay (1.8).!
represent a simple and time efficient experimental setup, accompanying with a manageable cost and a
steadily growing supply of fluorogenic substrates. The principle underlies the cleavage of an amide bond
of substrates, resulting in a change of fluorescence emission, which is a scale for the enzymatic activity.
Therefore, the impaired reaction rate of an enzyme in presence of an inhibitor correlates with the change
of the fluorescence intensity over time and can be used for evaluation of the inhibitory activity with
different methods. However, using the common AMC- and FRET-based fluorogenic substrates,
associated assay interferences can appear, leading to false positive or false negative results (1.8.4).5%]
Due to the properties of most aromatic drug-like inhibitors, many assay interferences occur in the low
wavelength area. For that reason, one promising strategy represents the shift of the fluorophore’s

excitation and emission wavelength to the high wavelength range.*'"!

Here, we present the 4-amino-7-nitro-benzofurazane (NBD) fluorophore as an alternative approach for
fluorescence assays. With excitation and emission maxima in higher wavelength regions (Aex = 485 nm
Aex =535 nm) than AMC- (L = 380 nm, Adex = 460 nm) and FRET-based fluorophores (e.g.,
Dabcyl/EDANS, Amx = 340 nm, Aex = 490 nm), it is possible to mitigate common assay interferences
(Figure 29).0M22BIBRI We designed and synthesized protease substrates with NBD as the
fluorophore for overall ten proteases including serine-, cysteine and metalloproteases. Due to the

observed SMILES rearrangement of selected NBD-substrates, we addressed not just proteolytic
enzymes with carboxypeptidase activity (XXXINBD) but also endopeptidases (XX|X-NBD). The

enzyme-and substrate-specific kinetic parameters (K, kcat, Vmax) as well as inhibition constants of known
inhibitors were determined, to confirm the suitability of the new protease substrates in inhibition assays.
Further experiments to verify the ability of NBD-based substrates to avoid common assay interferences
like the inner filter effect, autofluorescence decay and fluorophore quenching were performed with

SUCCEsS.

In summary, this project highlights the NBD-based substrates as potent alternative fluorophore to the

commonly used AMC and FRET substrates and may represent a new era of fluorometric assays.
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Figure 29: Development of peptidic NBD-derivates as new fluorogenic substrates. Shift of the excitation and emission
wavelengths of the NBD-based substrates to longer wavelengths, results in mitigation of assay interferences. Figure created
with PowerPoint.

Own contributions: Substrate synthesis (2a—j, 4, 6a—d, 7a—j, 18-20) and writing of the original draft
plus editing of the manuscript.
Contribution from other authors: Inhibitor synthesis, protein expression and purification, substrate

stability assays, molecular docking, kinetic characterization of substrates, investigations on assay

interferences and writing of the original draft plus editing of the manuscript.
This work has been published in Chemistry — A European Journal (impact factor: 5.02).
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Next Generation of Fluorometric Protease Assays: 7-
Nitrobenz-2-oxa-1,3-diazol-4-yl-amides (NBD-Amides) as
Class-Spanning Protease Substrates

Hannah Maus* Patrick Miiller’,”’ Mergim Meta,” Sabrina N. Hoba,"”
Stefan J. Hammerschmidt,'™ Robert A. Zimmermann,? Collin Zimmer,® Natalie Fuchs,™

Tanja Schirmeister,” and Fabian Barthels*™

Fluorometric assays are one of the most frequently used
methods in medicinal chemistry. Over the last 50 years, the
reporter molecules for the detection of protease activity have
evolved from first-generation colorimetric p-nitroanilides,
through FRET substrates, and 7-amino-4-methyl coumarin
(AMC)-based substrates. The aim of further substrate develop-
ment is to increase sensitivity and reduce vulnerability to assay
interferences. Herein, we describe a new generation of sub-
strates for protease assays based on 7-nitrobenz-2-oxa-1,3-
diazol-4-yl-amides (NBD-amides). In this study, we synthesized

Introduction

Fluorescence is one manifestation of the interaction of electro-
magnetic radiation with matter which is ubiquitously used for
the analysis of all kinds of parameters in the life sciences." It is
widely used for the characterization of protein structures and
protein/ligand interactions.? This comprises the analysis of
protein structural changes, localization of proteins in cells,
organisms, and the determination of binding affinities between
proteins and their ligands.®™® Proteolytic enzymes represent a
current field of research, because of their mechanistic involve-
ment in many diseases from virus infections to cancer
progression and immunological disorders.”™ Since 1964, more
than 64 protease inhibitors were approved by the Food and
Drug Administration (FDA) for application in human
therapies;"®"" exemplarily, the recently approved cysteine
protease inhibitor Nirmatrelvir is being used to treat the SARS-
CoV 2 infection." This implies, that proteases are still important
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and tested substrates for 10 different proteases from the serine-
, cysteine-, and metalloprotease classes. Enzyme- and substrate-
specific parameters as well as the inhibitory activity of
literature-known inhibitors confirmed their suitability for appli-
cation in fluorometric assays. Hence, we were able to present
NBD-based alternatives for common protease substrates. In
conclusion, these NBD substrates are not only less susceptible
to common assay interference, but they are also able to replace
FRET-based substrates with the requirement of a prime site
amino acid residue.

targets, and the scientific community strives for discovering
new protease-targeting drugs.>'

Due to their time efficiency and steadily growing supply of
commercially available fluorogenic protease substrates, fluoro-
metric assays are one of the most frequently used methods in
medicinal chemistry to analyze protease-inhibiting drug
candidates."*'® The first, in 1973 introduced fluorogenic
substrates used for the measurement of protease activities were
FRET-based (Forster resonance energy transfer) substrates
which harbor a quencher and fluorophore molecular pair
(Figure 1).'! These replaced the previously utilized colorimetric
p-nitroanilide (pNA) substrates, because of their higher detec-
tion sensitivity."® Only a few years later, in 1976, the
corresponding amides of a fluorescent coumarin derivative (7-
amino-4-methyl coumarin, AMC) were implemented as a new
fluorogenic protease substrate which decreased the vulnerabil-
ity to assay interferences compared to the FRET-based and
colorimetric pNA substrates."”!

In general, the principle of fluorometric protease assays is
described as follows: The target enzyme cleaves an amide bond
of the substrate, which leads to a change in fluorescence
properties of the fluorogenic reporter, for example by separa-
tion of the quencher from the fluorophore (FRET substrate) or
cleavage of the internally quenched fluorogenic residue from
the substrate (AMC substrate).”” The fluorophore is then
excited within a cuvette fluorometer or a microplate reader at a
specific excitation wavelength and the resulting fluorescence
can be detected at its corresponding emission wavelength. The
increasing fluorescence intensity over time describes a scale of
enzymatic activity. By the addition of an inhibitor, the reaction
rate of the enzyme is attenuated which gives information about
the inhibitory activity by different evaluation methods. How-
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Figure 1. Timeline of protease substrates development with selected example substrates including p-nitroanilides (first described in 1962), FRET- (1973), and
AMC-based (1976) fluorogenic substrates. In this study, we report the development of newly designed NBD-based protease substrates for biochemical and

medicinal chemistry assays.

ever, not less important is the resilience of a fluorometric assay
system regarding non-specific interference effects, that origi-
nate from various sources of errors like assay components,
including the analyzed drug compounds themselves.”'"**! Assay
interferences lead to both false positive and false negative
results, which makes it necessary to validate potential hits with
an additional, orthogonal methodology.?¥

A known strategy for mitigation of intrinsic assay interfer-
ences is based on the fact that many of the interfering
physicochemical transitions do occur in the near UV-light
spectrum, due to the molecular properties of mostly aromatic
drug-like inhibitors.?®’ One option to avoid inhibitor-induced
interferences is to shift the assay wavelengths to the lower-
energy range of light, and hence, there are existing biochemical
methods using fluorescent dyes (BODIPY, Cy5, etc.) with their
excitation and emission maxima in the red wavelength region
(>580 nm), leading to minimized interferences.?*?” Over the
last 30 years, FRET substrates were optimized by an overall shift
to longer wavelengths like Dabcyl/EDANS resulting in optimized
sensitivity, photochemical, and low-interference properties.?® In
contrast to the most frequently used AMC- (4, = 380 nm,
Aem = 460 nm) and FRET-based (Dabcyl/EDANS; 4., = 340 nm,
Aem = 490 nm) fluorogenic substrates, the 4-amino-7-nitro-
benzofurazane (NBD) fluorophore displays excitation and
emission maxima in the fluorescein wavelength magnitude (
Aex = 485 nm, A, =535 nm) and might consequently avoid

Chem. Eur. J. 2023, 29, 202301855 (2 of 11)

interferences associated with AMC and EDANS
[17,19,29-31]

common
fluorophores.

Applications for NBD-based chemosensors have already
been described in the literature, leading to several hundreds of
publications and the development of numerous commercial
probes which have already been summarized in reviews.?” For
the analysis of enzymatic turnover, however, the use of NBD-
based derivates has been only described for the study of
histone acetyltransferases, deacetylases, and esterases.***” To
expand the scope, herein, we report the synthesis and
characterization of peptide-based NBD-amides as substrates for
various protease targets. Additionally, due to the observed
Smiles rearrangement mechanism of selected NBD derivates,
we were able to design substrates suited as corresponding
FRET substrate alternatives (Figure 1).283

To evaluate the substrate affinity and turnover rate of the
NBD-based substrates, we determined K}, and k., values. Both
substrate benchmarks were compared with the corresponding
literature known, AMC- or FRET-derived parent substrates. To
demonstrate that this new assay protocol provides comparable
results to the literature-described assays, K, values were
determined for model inhibitors known from the literature.
Afterward, the mitigation of common assay interferences of
conventional fluorogenic substrates was investigated by com-
paring a NBD-based substrate with its AMC-based counterpart.
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Results and Discussion
Synthesis

All NBD substrates were prepared in a two-step synthetic
procedure. First, the variable peptide sequences 2a-j spanning
from the P2-site to the N-capped terminus were synthesized
following a standard fluorenylmethoxycarbonyl (Fmoc)-solid
phase peptide synthesis (SPPS) protocol using a 2-chlorotrityl
resin.%

The second step in the synthetic sequence was the
preparation of the fluorogenic reporter group through a
nucleophilic aromatic substitution of precursor 3 in a meth-
anolic ammonia solution.*" Subsequently, the NBD amine 4
was coupled with the respective tert-butoxycarbonyl (Boc)-
protected P1 amino acid 5, using the in situ activating agents O-
(7-azabenzotriazol-1-yl)-N,N,N’,N"-tetramethyluronium-hexafluor-
ophosphate (HATU) or benzotriazole-1-yl-oxytripyrrolidinophos-
phonium-hexafluorophosphate (PyBOP), and the organic base
N,N-diisopropylethylamine (DIEA). The amino group of the

intermediate 6 a-d was deprotected by trifluoroacetic acid, and
subsequently, coupled with the remaining peptide sequence 2
to yield the desired fluorogenic substrates 7a-j (Scheme 1,
Table 1).

Kinetic Characterization of NDB-based Substrates

To verify and analyze the suitability of the proposed NBD-based
substrates for fluorometric protease assays, the enzyme kinetic
parameters K., V.o K @and the catalytic efficiency k /Ky were
determined for both the NBD substrates and their correspond-
ing parent substrates. Proteolytic cleavage of the substrate
release was detected in 96-well plate format (typically 200 pL).
NBD substrates were excited at 485 nm, and the emission was
detected at 535 nm.“**® The increase in fluorescence intensity
over time (reaction rate) is a measure of the activity of the
protease, and thus, the fluorescent progress traces follow the
Michaelis Menten equation (Eq. (1)) which was used for enzyme
kinetic analysis:

2a Z.Phe-OH (commercially available)
2b Z-Val-Val-OH

2c Boc-Abu-Tle-Leu-OH

2d Bz-Leu-Pro-Ala-Thr(OtBu)-OH

2e Z-Arg(Pbf)-Leu-Arg(Pbf)-Gly-OH

2 Z-Gly-Gly-OH(commercially available)
B2-Nle-Lys(Boc)-Lys(Boc)-OH

2h Ac-Gly-Arg(Pbf)-OH

2 Z-Pro-Leu-Gly-OH

N
&

o 2j  Bz-Gly-Phe-OH (commercially available)
. O c ot Ho)krN\me: — H ™
- R-NH COOH
0 a & @-eded-
1 2a-

TBTU, DIEA

o 0 Q
h-d@®{ v

DCM/DMF 9
QN
Ta-j
NH, W o NO,
o
/Nb . N\A HATU or PyBOP, DIEA Em,NQkNH Deprotection
<\ Boc” Y OH T~ : 7a  Z-Phe-Arg-
N i DCM/DMF R Z-Phe-Arg-NBD
7b  Z-Val-Val-Arg-NBD
NO, 7c Boc-Abu-Tle-Leu-GIn-NDB
4 5 6a-d 7d  Bz-Leu-Pro-Ala-Thr-Gly-NBD
NO, e Z-Arg-Leu-Arg-Gly-Gly-NBD
7f  Z-Gly-Gly-Arg-NBD
6a  Boc-Arg(Pbf)-NBD 7g Bz-Nle-Lys-Lys-Arg-NBD
NH; (M), MeOH & ooty T AcGly-ArgArg NED
6c Boc-Gly-NBD 7i Z-Pro-Leu-Gly-Met-NBD
cl 6d Boc-Met-NBD 7j Bz-Gly-Phe-NBD
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Scheme 1. SPPS/solution phase synthesis of the NBD-based substrates suited for cysteine-, serine-, and metalloproteases.

Table 1. Synthesized NBD-based substrates and their corresponding AMC-/FRET-based parent substrates.

NBD-based substrate Reference/parent substrate

Protease Protease class
T. brucei rhodesain Cysteine
Cathepsin S (human) Cysteine
SARS-CoV 2 MP® Cysteine
S. aureus SrtA Cysteine
SARS-CoV 2 PLP® Cysteine
uPA (human) Serine
DENV NS2B/NS3 Serine
ZIKV

MMP9 (human) Metallo
Thermolysin Metallo

Z—Phe—Arg—NBD (7a)
Z-Val-Val-Arg—NBD (7 b)
Boc—Abu—Tle—Leu—GIn—NBD (7 c)

Bz—Leu—Pro—Ala—Thr—Gly—NBD (7d)
Z-Arg—Leu—Arg—Gly—Gly—NBD (7€)

Z-Gly—Gly—Arg—NBD (7f)
Bz—Nle—Lys—Lys—Arg—NBD (7 g)
Ac—Gly—Arg—Arg—NBD (7 h)
Z—Pro—Leu—Gly—Met—NBD (71i)
Bz-Gly—Phe—NBD (7j)

Z-Phe—Arg—AMC*¥

Z-Val-Val-Arg—AMC"*!

Boc—Abu—Tle—Leu—GIn—AMC“
Abz—Leu—Pro—Glu-Thr—Gly—Dap(Dnp)—OH"“"!
Z-Arg—Leu—Arg—Gly—Gly—AMC*®
Z-Gly—Gly—Arg-AMC*?

Bz—Nle—Lys—Lys—Arg—AMC"”

Ac—Gly—Arg—Arg—AMCE"
Dnp—Pro—Leu—Gly—Met-Trp—Ser—Arg—NH,"?
N-[3-(2-furyl)acryloyl]-glycyl-L-leucine amide (FAGLA)®>*%
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Vinax - [S]

Y= K+ 5] M

where v, is the initial reaction rate, at a given substrate
concentration [S]. v, is the maximum reaction rate, while K},
indicates [S] at which the conversion rate is half-maximal.

The fluorescence progress curves were acquired for at least
six different substrate concentrations for the corresponding
substrate with at least a technical triplicate. Ky, and v,,,, values
were then calculated from the respective Michaelis—-Menten

curves (Table 2 and Figures S55-563). Exemplarily, fluorescence
progress curves for different substrate concentrations and the
resulting Michaelis-Menten plot are shown for the cysteine
protease rhodesain in Figure 2. The signal-to-noise ratio, as
described by the detector-independent reaction rate slope
(lau-s™'1 vs. [S]), was ~3 times higher for NBD than for AMC-
based substrates (calculated by the gain factor-independent
initial slope of Figure 2C vs. 2D). Consequently, the NBD-based
fluorescence assays can be performed at lower enzyme and/or
substrate concentrations than with the corresponding parent

Table 2. Enzyme- and substrate-specific kinetic constants for NBD-based and corresponding AMC-based substrates. Michaelis-Menten constant (Kj),
maximum turnover rate (v,,,,), turnover number (k,), catalytic efficiency (k./Ky)-
protease NBD substrate AMC substrate

Ky Vinax Keat Kear/ Knn Ky Vinax Keat Kea/ K

[uM] [AM-min~"] [min~"] [L-pumol ™" min~"] [uM] [AM-min~"] [min~"] [L-pumol ™" min~]
Rhodesain 2.8440.22 73.8+2.6 59.0£2.1 208+1.8 3.08+0.41 679443 1056 +66 343£50
uPA 10.2:£0.63 174£6 @ o 34735 1847 £90 B o
CatS 28.04+2.68 70.0+3.1 7.00£0.31 0.25+0.03 34.443.06 111+£23 0.45+0.09 0.013+0.003
DENV NS2B/NS3 88.1+11.7 762437 3.05+0.15 0.035+0.005 869167 418+19 0.1740.01 (1.92+0.17) 10°*
ZIKV NS2B/NS3 33.64+1.51 25245 10.1+0.2 0.304+0.01 1381+371 161434 1.2940.27 (9.34+33)10*
pLPe 40.6£4.11 151+8 1.51+£0.08 0.037+£0.004 1332+161 7049 +£427 705443 0.053+0.007
MmPre 18.94+1.38 10.9+0.4 2.62+0.09 0.14+0.01 56.7+11.6 2.06+0.16 0.5040.04 0.009+0.002
The concentration of the uPA protein in mol-L™" is unknown but given in units (U) by the vendor: [a] (1.74-107°+1.20-1077) mol-min~"-U""; [b] (1.71+
0.12) L-min~"-U7"; [c] (1.85-107%49.00-10"%) mol-min~"-U"; [d] (0.53+0.06) L-min~"-U~".
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Figure 2. Exemplary fluorometric enzyme assay graphs for rhodesain. (A) Fluorescence progress curves for the conversion of different concentrations of the
Z—Phe—Arg—NBD (7a) substrate by rhodesain. (B) Fluorescence progress curves for Z—Phe—Arg—AMC by rhodesain. (C) Michaelis-Menten plot for
Z—Phe—Arg—NBD (7a). (D) Michaelis—Menten plot for Z—Phe—Arg—AMC.
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substrate. Especially for highly affine ligands, this might provide
an advantage to avoid tight-binding inhibition ([E] > K)).""!

In general, the K, values for the NBD-based substrates were
found to be in the same order of magnitude or better than the
Ky values determined for the AMC-based parent substrates,
indicating similar or increased affinity compared to their AMC
counterpart. While the K, value of the cysteine proteases
rhodesain, CatS, and MP® substrates is virtually unchanged by
the exchange of the fluorophore from AMC to NBD, the affinity
of uPA, DENV/ZIKV NS2B/NS3, and PLP® substrates is increased
by up to a factor of ~40. The affinity increase was reasoned by
analyzing the binding poses predicted by molecular docking.
Comparing the docking poses of the AMC and the NBD
substrate, it is noticeable that the positioning of the substrate
peptide is mostly not affected by the exchange of the
fluorophore residue. However, the positioning of the fluoro-
phore itself might differ depending on the individual topology
of the binding pocket. By its chemical nature, the NBD
substructure can form more hydrophilic interactions compared
to AMC as highlighted by the interaction analysis (Figure 3 and
Figure S73). The formation of productive interactions with the
charge-polarized catalytic dyad of a protease could be the
reason for the improved affinity of NBD-based substrates. Some
examples in which the NDB residue mediates increased affinity
for protein and lipid surfaces have been previously
documented.®?

Considering the kinetics of catalytic cleavage, for the
rhodesain, uPA, and PLP™ substrates, k., is lower for these NBD-
based substrates than for the AMC-based substrates (10-100x).
For the other enzymes, the k. values are in the same
magnitude or slightly higher for the NBD-based substrates.
Thus, no clear trend is apparent regarding the substrate
cleavage rate, which seems to be an individual characteristic for

uPA

Gly193

Cys111

PLero

each protease probably depending on the positioning of the
susceptible amide bond towards the nucleophilic enzyme
residue. Except for the rhodesain substrate, the catalytic
efficiency k../Ky of the NBD-based substrates was found to be
as high as or higher than the one of the AMC-based substrates.
In the case of the rhodesain NBD substrate (7a) the reduction
of the k., value actually represents an advantage over the AMC
substrate, since the fluorescence progress curves remain linear
for a longer time in the steady-state regiment (Figure 2A) and
there is no early saturation of the fluorescence by reaching an
equilibrium, as is the case with the AMC substrate (Figure 2B).

Autocleavage of a DENV and ZIKV NS2B/NS3 Protease
Substrate

Remarkably, in contrast to all other substrates presented in this
study, our first DENV and ZIKV NS2B/NS3 protease substrate 7g
with the sequence Bz—Nle—Lys—Lys—Arg—NBD (Table 1) showed
a fluorescence increase even in the absence of any enzyme. In
an alkaline buffered solution, this fluorescence increase was
found to be higher than at neutral pH values (Figure 4A and B).
To analyze the molecular mechanism of this non-enzymatic
fluorescence activation, the reaction mixture of the NS2B/NS3
substrate conversion was analyzed by HPLC/MS. By this, two LC
peaks of the same mass (405.70 Da) but different fluorescence
properties were detected, one corresponding to the substrate
educt 7g and the other to a fluorescent product 8, suggesting
an intramolecular rearrangement mechanism for fluorescence
auto-activation (Figure S49). In the literature, an intramolecular
Smiles rearrangement for NBD derivatives incorporating primary
amine groups has been described during a histone deacetylase
assay development.?’

I
Gly193

Cysi11

His272

Figure 3. Predicted binding poses for the NBD- and AMC-based substrates for uPA and PL". (A) Z—Gly—Gly—Arg—NBD (7f) in the active site of the crystal
structure of uPA (pdb: TLMW). (B) Z—Gly—Gly—Arg—AMC in the crystal structure of uPA (pdb: 1LMW). (C) Z-Arg—Leu—Arg—Gly—Gly—NBD (7e) in the crystal
structure of PLP™ (pdb: 7RBS). (D) Z—Arg—Leu—Arg—Gly—Gly—AMC in the crystal structure of PL"™ (pdb: 7RBS).

Chem. Eur. J. 2023, 29, 202301855 (5 of 11)

© 2023 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH

25UROYT SUOWO)) 2ATIERX) 2[qEatddE Y AQ PAUIAAOS AIE SOTOILIE O SN JO SA[NI 10 ATEIqIT AUIUQ) 91 UO (SUORIPUO9-PUE-SWLIRY W09 KoM ATeIqiIauN[uoy/:sdNy) SUONIPUOD) PUE SWIa L o 20 “[p707/40/50] U0 ATEIqIT AUIUO) ASTEAL “SST0ST0Z WRY/Z00101/10p w0 KafiavAreaqujautiuo-adomme-Ansiwatoy/:sdiy woxy papeorumod ‘05 ‘sofz ‘soLe1zs1



Chapter A: Investigation and Characterization of Warheads and Substrates for Proteases and

their Inhibitors

131

Chemistry—A European Journal

Research Article

doi.org/10.1002/chem.202301855

Chemistry

Europe

European Chemical
Societies Publishing

A

25000
pH9.0
20000
pH8.5
'S 15000 pH8.0
n H7.5
T 10000 P
pH7.0
5000 < et
0 200 400 600 800
t [sec]

Figure 4. Autocleavage of the Bz—Nle—Lys—Lys—Arg—NBD (7 g) substrate. (A)
Enzyme-independent fluorescence increase at different pH values (100 uM
Bz—Nle—Lys—Lys—Arg—NBD in DENV NS2B/NS3 buffer). (B) pH-dependence of
the non-enzymatic turnover. (C) Putative Smiles rearrangement of lysine-
containing substrates.

From these and the literature results, we hypothesized that
substrate auto-cleavage is enabled by the presence of free
amine groups in the substrate sequence (Figure 4C). Appropri-
ately, we found that substrates without lysine residues are
stable in their respective assay buffer. This was confirmed both
by mass spectroscopy and by fluorescence spectroscopy
(Figures S50-S52). Nonetheless, we aimed to develop a func-
tional substrate for the NS2B/NS3 proteases, and thus, we
replaced the lysine residues with arginine residues, resulting in
a stable and functional substrate for both proteases
(Ac—Gly—Arg—Arg—NBD 7h, Table 2). Noteworthy, even high
concentrations of buffers containing free amines (e.g., Tris
100 mM) do not lead to instability of the NBD substrates,
however, the application scope of NBD-based substrates should
be limited to lysine-free protease substrates. However, this does
not represent a practical disadvantage in the development of
protease substrates since there is no known protease that only
tolerates lysine and not arginine.

Chem. Eur. J. 2023, 29, 202301855 (6 of 11)

Harnessing NBD-Amide Autocleavage for FRET Substrate
Replacement

We developed the idea of harnessing the characteristic NBD
autocleavage behavior for a FRET substrate replacement (Fig-
ure 5A). By this strategy, endopeptidases with a requirement for
a specific amino acid in their prime site (51') might also become
accessible to the repertoire of NBD substrates. Such proteases
that have specificity for a S1' amino acid usually must be
assayed with a matching FRET substrate because AMC
substrates usually do not fulfill the S1’ specificity requirement
either. To test the hypothesis if a free N-terminus of an H,N-
Xaa-NBD derivative is able to drive the Smiles rearrangement, a
minimal substrate (H,N—Arg(Pbf)-NBD 21a) was analyzed fluo-
rometrically and by LC/MS with enzyme-free assay conditions
(100 mM Tris, 100 mM NaCl, variable pH) which highlighted that
fluorescence auto-activation proceeds as expected (Figure S53),
while at pH value between 5 and 8 the chemical turnover rate
was moderately efficient (k=0.01 min™"). Outside this pH range
the Smiles rearrangement might be less efficient but at very
low or high pH values most proteases do not show enzymatic
activity either.

We designed several NBD substrates from commonly known
FRET-based parent substrates where the N-terminus of the
prime site (S1’) amino acid can induce a Smiles rearrangement,
resulting in fluorescence increase after proteolytic cleavage and
subsequent rearrangement (Figure 5A). Exemplary, such sub-
strates were designed for the proteases SrtA (Figure 5B-C),
MMP9, and thermolysin. LC/MS spectra of the enzymatic
conversion can be found in the Supporting Information (Fig-
ure S54). Similar to the above-described non-prime site sub-
strates, the NBD-based substrates for thermolysin, SrtA, and
MMP9 showed similar or better affinities (Ky) compared to their
parent substrates (Table 3). Both the turnover rates k. and
catalytic efficiency k./Ky of these NBD substrates were lower
than those of the parent substrate. This might be explained by
the two-step reaction mechanism which is limited by the
second step of the chemical rearrangement with moderate
efficiency. However, the disadvantage of a lower processivity
will be outweighed by the higher detection sensitivity and
decreased susceptibility to assay interferences (see below).

Applications for Protease Inhibitor Investigation

To confirm the applicability of the NBD-based substrates in
drug discovery-relevant fluorometric assays, the inhibition
constants K; of literature-known inhibitors were determined for
each protease using NBD-based and the matching parent
substrates (Table S2 and Figures S64-S72). Inhibition constants
(K) were determined from the fluorescence progress curves
using the Cheng-Prusoff equation (Eq. (2)).*¢

L)
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Figure 5. Prime site NBD auto-activating substrates as FRET substrate replacement. (A) Schematic depiction of the substrate activation mechanism.
Rearrangement of the substrate after cleavage by the protease yields fluorophore activation. (B) Fluorescence progress curves for the conversion of the
Bz—Leu—Pro—Ala—Thr—Gly—NBD (7d) substrate by SrtA. (C) Michaelis—-Menten plot for the SrtA substrate.

Table 3. Enzyme- and substrate-specific kinetic constants for NBD-based and corresponding parent substrates. Michaelis-Menten constant (Ky), maximum

turnover rate (v,,,,), turnover number (k,), catalytic efficiency (K.../Ky)-

protease NBD substrate Parent substrate

K Vinax Keat Kea/ Kin Ku Vinax Keat Keat/ Kn

[uM] [NM-min~"] [min~"] [L-umol~" min~"] [uMm] [NM-min~"] [min~"] [L-umol~"' min~"]
Thermolysin 56.4+4.22 528423 73.1£341 1.30+0.11 703£110 (3.0+£0.3) 10* (42+04) 10* 59.1+10.7
SrtA 365+ 35 156+7 0.12+0.01 (3.2840.35)10°* 92.5+9.62 459422 0.35+0.02 0.0038+0.0004
MMP9 26.7+7.70 10.34+1.03 4.12+0.40 0.154+0.05 247+48 241+27 96.5+10.7 3914088

1 The apparent K, value of the SrtA FRET substrate is in accordance with the literature value which is distorted by the inner filter effect (Dnp internal
quenching). An HPLC-derived Ky, value was found to be in the magnitude of K, >1 mM.*®

By this, inhibition values were corrected to the zero-
substrate concentration, which 1.) allowed the comparison
between different substrate affinities and their concentrations;
and 2.) showed that the determined K, values for NBD
substrates (Tables 2 and 3) are valid compared to their reported
parent substrates. Here, we could show that K; values of NBD-
based and parent substrates differ usually by less than 10% and
in some cases by max. a factor of three. It can therefore be
assumed that the NBD-based substrates are a well-suitable
alternative for fluorometric assays in drug discovery.

Mitigation of Typical Protease Assay Interferences

The excitation and detection wavelengths of the NBD fluoro-
phore (1, = 485 nm, A, = 535 nm) are shifted towards the
lower energy range compared to the commonly used AMC
substrates (1., = 380 nm, A, = 460 nm). In this regard, these
assay conditions might be able to suppress the most typical
assay interferences, because interfering physicochemical tran-
sitions do occur in the near UV-light spectrum.?+2>?7

Chem. Eur. J. 2023, 29, 202301855 (7 of 11)

Using rhodesain as an example protease with a drug
discovery context,”” we investigated some compounds from
our in-house library that are known to lead to false positive
results while using the AMC-based rhodesain substrate. By
using the newly developed NBD substrate, we aim to reduce
these recurring assay interferences (Figure 6 and Figure S48). In
this sense, we could show that the apparent inhibition in the
AMC-based assay (attenuation of fluorescence increase) is due
to common assay interferences, and the NBD-based substrate is
not affected. Detailed molecular explanations of the interfer-
ence effects can be found in the Supporting Information.

Smartphone-Based Fluorometer for Usage in Classroom
Applications

The fluorescence of NBD-based dyes is relatively strong in
quantum yield and brightness with the maximum sensitivity in
the visible region (see above).”*® Thus, NBD substrates are
potentially suitable for use with DIY or low-cost Vis-fluorom-
eters to perform kinetic protease studies in classroom-like

© 2023 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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Figure 6. Mitigation of typical AMC assay interferences by an NBD substrate. Each interference example was performed for rhodesain assay conditions with
the respective AMC and NBD substrate. (A) Inner filter effect of compound 12 (100 uM): compound absorbance spectrum; AMC-based assay; NBD-based assay.
(B) Fluorophore quenching by compound 13 (100 uM): compound absorbance spectrum; AMC- and NBD-based assay. (C) Autofluorescence decay of
compound 14 (100 uM) (D) Detector non-linearity by compound 15 (100 uM): compound fluorescence spectrum; AMC- and NBD-based assay. (E)
Photosensitization of radical oxygen species by compound 16 (100 uM). (F) Reflecting inhibitor aggregates of compound 17 (100 puM): fluorometric well-
homogeneity scan with AMC resp. NBD assay wavelengths; AMC- and NBD-based assay.
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experiments.®'** Previous fluorogenic substrates do not allow
for such conceptualizations, as monitoring substrate turnover of
AMC and FRET substrates requires an excitation light source in
the UV range, which is rarely available in the context of
educational activities.

In fact, we were able to show that substrate turnover of
Z—Phe—Arg—NBD (500 uM) using the cysteine protease rhode-
sain (1 uM) is possible by using only a conventional smartphone
(Xiaomi Redmi 10) as a detection device (Figure 7). For this
purpose, the camera lens and the built-in lamp were covered
with LeeFilter films (cost<10 ct): orange film (2x2cm,

A
0. °°

\ |

80 + + Rhodesain
= - Rhodesain
60
=
S 40
-
w
20
0 T T T 1
0 500 1000 1500 2000
t [sec]

Figure 7. Smartphone-based assay for rhodesain activity. (A) Schematic
representation of the experimental setup with a fluorescence-enabled
photograph of an NBD-NH, solution (1 mM) in rhodesain assay buffer. (B)
Screenshot of a reaction mixture containing rhodesain (1 uM) and the
Z—Phe—Arg—NBD substrate (500 pM) in a 96-well plate. Circle 1 highlights a
well after the addition of rhodesain enzyme, whereas circle 2 shows only
NBD substrate in rhodesain assay buffer. (C) Fluorescence progress curves by
analysis of the brightness in the wells (ImageJ 1.53).

Chem. Eur. J. 2023, 29, 202301855 (9 of 11)

LeeFilters 158 Deep Orange) and blue film (2x2 cm, LeeFilters
120 Deep Blue) as excitation resp. emission filters (Figure 7A).
Recording a video of the reaction mixture in a 96-well plate
with the built-in camera and analyzing the brightness in the
well over time enabled the recording of a substrate turnover
curve (Figure 7C and Supporting Information Movie 1).

Conclusions

In this study, protease substrates with NBD as a fluorogenic
reporter group were designed, synthesized, and tested for
utilization in drug discovery applications. Compared to the
previous substrate gold standards, the absorption and emission
characteristics of NBD are red-shifted to the visible spectrum. In
total, we described the synthesis of substrates for 10 different
proteases from the cysteine-, serine-, and metalloprotease
classes. By this, we were able to obtain substrates for proteases
with carboxypeptidase activity (XXX|NBD) as well as for
proteases with endopeptidase activity and specificity require-
ments in the prime site (XX|X—NBD). The suitability of the new
substrates was confirmed by determining enzyme- and sub-
strate-specific kinetic parameters. The K, values determined for
the NBD-based substrates were in the same order of magnitude
as the parent AMC- resp. FRET substrates. Determination of
inhibition constants (K; and k;,..) of known inhibitors confirmed
that NBD substrates are well-suitable for various applications. In
this regard, typical medicinal chemistry-related assay interfer-
ences such as the inner filter effect, fluorophore quenching, and
autofluorescence decay could be avoided by using the NBD
substrates. Thus, in summary, NBD substrates may not only
provide a suitable alternative to previously used fluorophores
but may form the basis of a new generation of fluorometric
assays.

Experimental Section

Fluorometric assays: Fluorometric assays were performed with a
Tecan Spark 10 M plate reader using white flat-bottom 96-well
microtiter plates from Greiner Bio-One. Measurements were
performed in at least three independent technical replicates.
Typically, each well contained 180 uL buffer, 5 uL enzyme stock
solution, 10 uL inhibitor in DMSO or pure DMSO for mock
treatment, and 5pL solution of the corresponding protease
substrate in DMSO, resulting in a total volume of 200 pL (for MMP9:
total volume 100 pL, 1 uL substrate, 98 pL buffer, 1 uL enzyme). The
fluorescence was measured for 10 min or for 30 min every 30 s with
the following excitation and emission wavelengths.

Emission and Excitation wavelengths. AMC: A, =380 nm, A=
460 nm; FAGLA: ), =322 nm; Abz/Dap(dnp): A, =320 nm, A=
430 nm; NBD: A, =485nm, A.,=535nm; Dnp/Trp: A, =280 nm,
hem =360 Nm.

Enzyme Buffers and Substrates. Rhodesain (enzyme: 1 nM, 50 mM
sodium acetate pH5.5, 5mM EDTA, 200 mM NaCl, 5 mM DTT,
10 uM Z—Phe—Arg—AMC/10 uM Z—Phe—Arg—NBD); SARS-CoV 2 MP"
(enzyme: 250 nM, 20 mM Tris pH 7.5, 0.1 mM EDTA, 200 mM Nacl,
1mM DTT, 60 uM Boc—Abu—Tle—Leu—GIn—-AMC/30 uM
Boc—Abu—Tle—Leu—GIn-NBD); DENV2 and ZIKV NS2B/NS3 (en-
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zyme: 250 nM (DENV) & 25 nM (ZIKV), 50 mM Tris pH 7.5, 100 uM
Boc—Gly—Arg—Arg—AMC/50 uM  Z—Gly—Arg—Arg—NBD); Urokinase
plasminogen activator (uPA) (enzyme: 10 U, 50 mM Tris pH 7.4,
50 mM NaCl, 0.5 mM EDTA, 240 uM Z—Gly—Gly—Arg—AMC/10 uM
Z—Gly—Gly—Arg—NBD); Sortase A (SrtA) (enzyme: 1.3 uM, 50 mM
Tris pH 7.5, 150 mM NaCl, 5 mM CaCl,, 0.5 mM Gly,, 25 uM Abz-
LPETG-Dap(dnp)-OH/100 uM Bz—Leu—Pro—Ala—Thr—Gly—NBD);
SARS-CoV 2 PLP (enzyme: 100 nM, 20 mM Tris pH 7.5, 0.1 mM

EDTA, 200 mM Nadl, 1mM DTT, 50 uM
Z—Arg—Leu—Arg—Gly—Gly—AMC/40 pM
Z—Arg—Leu—Arg—Gly—Gly—NBD); Cathepsin S (CatS) (enzyme:

10 nM, enzyme buffer: 35 mM K;PO, pH 6.5, 35 mM sodium acetate,
2 mM DTT, 2 mM EDTA, assay buffer: 50 mM K;PO, pH 6.5, 2.5 mM
DTT, 25mM  EDTA, 10uM  Z-Val-Val-Arg—AMC/10 pM
Z—-Val-Val-Arg—NBD); Matrixmetalloprotease 9 (MMP9) (enzyme:
2.5 nM, 150 mM NaCl, 50 mM Tris—HCI pH 7.5, 20 uM ZnCl,, T mM
Cadl,, Dnp—Pro—Leu—Gly—Met—Trp—Ser—Arg—NH,/40 uM
Z—Pro—Leu—Gly—Met—NBD); Thermolysin (enzyme: 0.7 nM, 100 mM
Tris, 100mM  NaBr, 25mM CaCl, 100puM FAGLA/20 uM
Bz—Gly—Phe—NBD).

Chemistry: All reagents and solvents were of analytical grade
quality and purchased from Sigma-Aldrich, Carbolution, BLDpharm,
or FisherScientific. Chemicals were used without further purifica-
tion. 'H and "C spectra were recorded on a Bruker Fourier 300 or
Bruker Avance Ill 600 using DMSO-d, or CDCl;, as solvent. Chemical
shifts & are given in parts per million (ppm) using residual proton
peaks of the solvent as an internal standard. UV-chromatograms
and mass spectra were obtained by LC-MS consisting of an Agilent
1100 series HPLC system using an Agilent Poroshell 120 EC-C18
150%2.10 mm, 4 um column or an Agilent Zorbax SB Ag. 150%
4.6 mm, 5 um column. Detection wavelengths were 210, 254, and
396 nm. The tested substrates and inhibitors displayed a purity
>95% in all cases. The molecular mass was confirmed by an Agilent
1100 series LC/MSD Trap with electron spray ionization (ESI) in
positive ionization mode. Melting points (uncorrected) were
determined in open capillaries using a Schorpp Gerdtetechnik
MPM-H3 melting point device. Specific rotations [a],®® were
measured on a P3000 polarimeter from Kriiss and are reported in
cm? g'dm ™. Detailed information on the synthesis and analytical
data for characterization of NBD-substrates can be found in the
Supporting Information.
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Experimental Procedures

Protein Constructs

Urokinase plasminogen activator (UPA), matrix metalloprotease 9 (MMP9), cathepsin S (CatS), and thermolysin were purchased from
Sigma Aldrich (SAE0078, 672112, 219343, and P1512).

SARS-CoV 2 MP™, The pMal-c2 plasmid harboring the C-terminal hexahistidine (Hiss)-tagged sequence of SARS-CoV 2 MP™ (GenBank
ID: UCC01618.1) was kindly provided by Prof. John Ziebuhr (Justus Liebig University GieRen, Germany). The sequence contains the
nsp4/nsp5 MP™ cleavage site between maltose binding protein (MBP) and MP™ as well as the nsp5/nsp6 cleavage site between MP™
and the Hise-tag, enabling the purification of MP™ with native termini.

DENV2/ZIKV NS2B/NS3. The pET-15b expression vector, containing a thrombin-cleavable N-terminal Hiss-tagged DENV2 NS2B
cofactor domain covalently linked to the NS3 protease domain via a GlysSerGlys-linker (GenBank ID: AY037116.1) with two point
mutations in the NS3 region (I30A and L31A for better solubility), was kindly provided by the group of Prof. Wibke Diederich (University
of Marburg, Germany).[" The pET-11a vector, containing the N-terminal Hise-tagged sequence of the French Polynesia ZIKV strain
(GenBank ID: KJ776791.1) NS2B covalently linked to the NS3 protease domain via a GlysSerGlys-linker was designed and ordered
from Genscript (New Jersey, USA).?! To avoid autocatalytic cis-cleavage of the two protease domains, a point mutation (R95A) was
introduced into the NS2B sequence.?! Both Hiss tags can be cleaved by either thrombin (DENV2) or tobacco etch virus (TEV) protease
(ZIKV).

S. aureus Sortase A (SrtA). A pET-23b expression construct, containing the codon-optimized sequence for SrtA (GenBank ID:
MBE7584187.1) with an uncleavable C-terminal Hise-tag, was kindly provided by the group of Prof. Dirk Schwarzer (University of
Tlbingen, Germany).F!

SARS-CoV 2 PLP™. The gene sequence coding for SARS CoV 2 PLP™ was obtained from the Protein Databank (PDB-ID: 6W9C). It
was synthesized and inserted into a pET-28b vector by Genscript with Ncol and Xhol as restriction sites. Finally, the sequence was
verified by Eurofins Genomics. The construct harbors a C-terminal (Hiss)-Tag for purification which needs not be removed for protease
activity.

T. brucei Cathepsin L (rhodesain). The general construct and the method for heterologous expression in P. pastoris have been
described in the literature.* The expression system was P. pastoris X-33, stably transfected with a rhodesain gene lacking the C-
terminal domain using the pPICZa vector, enabling AOX-controlled expression when methanol is the sole carbon source.
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Fluorometric Assay

Fluorometric assays were performed with a Tecan Spark 10M plate reader using white flat-bottom 96-well microtiter plates from Greiner
Bio-One. Measurements were performed in at least three independent technical replicates. Typically, each well contained 180 pL buffer,
5 pL enzyme stock solution, 10 pL inhibitor in DMSO or pure DMSO for mock treatment, and 5 pL solution of the corresponding protease
substrate in DMSO, resulting in a total volume of 200 pL (for MMP9: total volume 100 L, 1 pL substrate, 98 uL buffer, 1 pL enzyme).
The fluorescence was measured for 10 min or for 30 min every 30 s with the following excitation and emission wavelengths.

Emission and Excitation wavelengths. AMC: Aex = 380 nm, Aem =460 nm; FAGLA: Aabs = 322 nm; Abz/Dap(dnp): Aex = 320 nm,
Aem = 430 nm; NBD: Aex = 485 nm, Aem = 535 nm; Dnp/Trp: Aex = 280 nm, Aem = 360 nm.

Enzyme Buffers and Substrates. Rhodesain!*! (enzyme: 1 nM, 50 mM sodium acetate pH 5.5, 5 mM EDTA, 200 mM NaCl, 5 mM DTT,
10 UM Z-Phe-Arg-AMC/10 uM Z-Phe-Arg-NBD); SARS-CoV 2 MP™! (enzyme: 250 nM, 20 mM Tris pH 7.5, 0.1 mM EDTA, 200 mM
NaCl, 1 mM DTT, 60 uM Boc-Abu-Tle-Leu-GIn-AMC/30 uM Boc-Abu-Tle-Leu-GIn-NBD); DENV2 and ZIKV NS2B/NS3"! (enzyme:
250 nM (DENV) & 25nM (ZIKV), 50 mM Tris pH 7.5, 100 uM Boc-Gly-Arg-Arg-AMC/50 uM Z-Gly-Arg-Arg-NBD); Urokinase
plasminogen activator (uPA)'">'" (enzyme: 10 U, 50 mM Tris pH 7.4, 50 mM NaCl, 0.5 mM EDTA, 240 uM Z-Gly-Gly-Arg-
AMC/10 uM Z-Gly-Gly-Arg-NBD); Sortase A (SrtA)e! (enzyme: 1.3 pM, 50 mM Tris pH 7.5, 150 mM NaCl, 5 mM CaCly, 0.5 mM Glya,
25 UM Abz-LPETG-Dap(dnp)-OH/100 uM Bz-Leu-Pro-Ala-Thr-Gly-NBD); SARS-CoV 2 PLP™['? (enzyme: 100 nM, 20 mM Tris pH 7.5,
0.1 mM EDTA, 200 mM NaCl, 1 mM DTT, 50 uM Z-Arg-Leu-Arg-Gly-Gly-AMC/40 uM Z-Arg-Leu-Arg-Gly-Gly-NBD); Cathepsin S
(CatS)!"¥l (enzyme: 10 nM, enzyme buffer: 35 mM K3PO, pH 6.5, 35 mM sodium acetate, 2 mM DTT, 2 mM EDTA, assay buffer: 50 mM
KsPO4 pH 6.5, 25mM DTT, 25 mM EDTA, 10 pM Z-Val-Val-Arg-AMC/10 uM Z-Val-Val-Arg-NBD); Matrixmetalloprotease 9
(MMP9)!"! (enzyme: 2.5 nM, 150 mM NaCl, 50 mM Tris-HCI pH 7.5, 20 yM ZnCl,, 1 mM CaCl,, Dnp-Pro-Leu-Gly-Met-Trp-Ser-Arg-
NH2/40 uM Z-Pro-Leu-Gly-Met-NBD); Thermolysin('>'%l (enzyme: 0.7 nM, 100 mM Tris, 100 mM NaBr, 2.5 mM CaCl,, 100 uM
FAGLA/20 uM Bz-Gly-Phe-NBD).

Molecular Docking

A docking protocol (Glide) was conducted within the Schrodinger Maestro 2020.04 worksuite.[') The protein structures MMP9 (pdb:
4JQG), uPA (pdb: 1LMW), SrtA (pdb: 2KID), MP™ (pdb: 6Z2E), PLP™ (pdb: 7RBS), NS2B/NS3 (pdb: 3U1l), and thermolysin (pdb: 1TMN)
were downloaded from the Protein Databank (PDB). Receptor preparation was performed using the automated binding site, protonation,
and energy minimization routine within Maestro “Protein preparation” and “Receptor grid generation.” Ligands were energy minimized
using the “LigPrep” routine. The docking protocol was performed under default parameters with peptide docking (SP-peptide) settings.
Subsequently, predicted binding modes were analyzed using PyMol 2.0.5.

Solid-Phase Peptide Synthesis (SPPS)

A resin loading. Solid-phase peptide synthesis was conducted in a fritted 12 mL polypropylene syringe. 1 g of 2-Chlorotritylchloride
resin (2-CTC resin, 1.2 mmol loading capacity) was pre-swelled in 8 mL DCM for 15 min and drained. The first amino acid (3.6 mmol,
3 eq. relative to resin loading capacity) was added in 1.8M N-Methylmorpholine (NMM)/DCM (6 mL) and the mixture was swiveled for
12 h. After draining the solution, the resin was washed with DMF (3 x 6 mL for 1 min) and DCM (3 x 6 mL for 1 min).

B resin capping. The remaining free 2-CTC resin linkers were capped with methanol in a solution of 9 mL of DCM/MeOH/DIPEA
(9:2:1). The resin was swiveled for 1 h, drained, and washed with DCM (3 x 6 mL).

C Fmoc deprotection. The resin was treated with 20% piperidine in DMF solution (2 x 6 mL for 10 min) and subsequently washed
with DMF (3 x 6 mL).

D peptide coupling with HATU. A coupling cocktail was prepared including the specific Fmoc-protected amino acid (3.6 mmol, 3 eq.),
HATU (3.6 mmol, 3 eq.), and DIEA (10.8 mmol,9 eq.) in DMF (4.8 mL). The solution was added to the resin and swiveled for 3 h with
exception of Fmoc-Arg(Pbf)-OH which was coupled overnight. After the reaction, the resin was drained and washed with DMF (3 x
6 mL for 1 min) and DCM (3 x 6 mL for 1 min).



140

Chapter A: Investigation and Characterization of Warheads and Substrates for Proteases and
their Inhibitors

E resin cleavage with preservation of side chain protecting groups

After the last coupling step, the resin was washed with DMF (3 x 6 mL for 1 min) and DCM (3 x 6 mL for 1 min). Then a cleavage
cocktail containing AcOH/Trifluoroethanol/DCM (1:1:4, 6 mL) was added and swiveled for 1.5 h. The resin was drained and washed
with DCM (5 mL). The combined eluates were concentrated under reduced pressure to yield the crude linear peptide. The purification
of the crude product was performed by flash chromatography on a reversed-phase silica column (POLYPREP 60-50 Cs).

Z-Val-Val-OH 2b

b O
z\H N\:)J\OH

O/:\
26

The title compound was prepared according to general procedures A-E on a 1.2 mmol scale. The product was purified by C18 flash
chromatography and obtained as a colorless solid after lyophilization. 340 mg, 0.97 mmol, yield: 81%, MS (ESI) m/z [M + H]* calcd. for
Ci1gH26N205 351.18 (100%), found 351.15 [M + HJ*.

Boc-Abu-Tle-Leu-OH 2¢

H Q H Q
Boc/N \_,)J\N N \;)kOH
:\ H 0 =

e T

The title compound was prepared according to general procedures A-E on a 1.2 mmol scale. The product was purified by C18 flash
chromatography and obtained as a colorless solid after lyophilization. 334 mg, 0.78 mmol, yield: 65%, MS (ESI) m/z [M + H]* calcd. for
C21H39N306 429.28 (100%), found 452.24 [M + Na]*.

Bz-Leu-Pro-Ala-Thr(tBu)-OH 2d

0 o
H H
e
N_o O A
N-BZ /}\
H
2d

The title compound was prepared according to general procedures A-E on a 1.2 mmol scale. The product was purified by C18 flash
chromatography and obtained as a colorless solid after lyophilization. 269 mg, 0.48 mmol, yield: 40%, MS (ESI) m/z [M + H]* calcd. for
C29H44N4O7 560.68 (100%), found 583.25 [M + Na]*.

Z-Arg (Pbf)-Leu-Arg(Pbf)-Gly-OH 2e

0
S
NH NHO O
o] 0o
H H
N N N N\)]\OH
H S H

2e

The title compound was prepared according to general procedures A-E on a 1.2 mmol scale. The product was purified by C18 flash
chromatography and obtained as a colorless solid after lyophilization. 274 mg, 0.26 mmol, yield: 22%, MS (ESI) m/z [M + H]" calcd. for
Cs4H7sN10013S2 1139.52 (100%), found 570.19 [(M + 2H)?*/2].
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Bz-Nle-Lys(Boc)-Lys(Boc)-OH 2g

HN,Boc
H Q H Q
BZ,N\;)kN N;QLOH
= H =
I o
29 Boc

The title compound was prepared according to general procedures A-E on a 1.2 mmol scale. The product was purified by C18 flash
chromatography and obtained as a colorless solid after lyophilization. 442 mg, 0.64 mmol, yield: 53%, MS (ESI) m/z [M + H]* calcd. for
C3sHs7N50g 692.42.52 (100%), found 592.30 [M - Boc + HJ*.

Ac-Gly-Arg(Pbf)-OH 2h
(o] H (o]
Ay o

AN

NH o

éj\ \\S//O
HNZ N~ 0,
H

2h
The title compound was prepared according to general procedures A-E on a 1.2 mmol scale. The product was purified by C18 flash

chromatography and obtained as a colorless solid after lyophilization. 562 mg, 1.07 mmol, yield: 89%, MS (ESI) m/z [M + H]* calcd. for
C23H3sNs07S 526.23 (100%), found 526.12 [M + H]*.

Z-Pro-Leu-Gly-OH 2i

2i
The commercially available Z-Pro-Leu-Gly-OEt (240 mg, 0.54 mmol, 1 eq.) was dissolved in methanol (5 mL). Subsequently, NaOH
(1M, 2 mL) was added, and the reaction was stirred for 3 h at rt. The solvent was evaporated under reduced pressure at 40 °C and
water (5 mL) was added. The reaction mixture was washed three times with DCM (3 x 15 mL). The aqueous phase was acidified with
conc. HCI to pH 1 and extracted with DCM (3 x 15 mL). The organic phase was washed with brine (20 mL), dried over anhydrous
Na,SO,, filtered, and evaporated under reduced pressure to obtain the desired product as a colorless solid 150 mg, 0.36 mmol, yield:
67%, MS (ESI) m/z [M + H]* calcd. for C21H30N3Og 420.47 (100%), found 420.39 [M + HJ*.

4-amino-7-nitrobenzofurazane 418
N02

NH,

4-chloro-7-nitrobenzofurazane 3 (2 g, 10.05 mmol, 1 eq.) was dissolved in methanol (50 mL), and ammonia solution in methanol (7m,
50 mL) was added dropwise at rt. The solution was stirred for 16 h at room temperature and then evaporated under reduced pressure.
The crude product was purified by silica column chromatography (equilibrate with Cy:EA = 1:1, elute with EA:MeOH = 10:1) to obtain
the titled compound as a brown solid, 1.1 g, 6.11 mmol, yield: 61%, mp: 270-272 °C, '"H NMR: (300 MHz, CDCl3) & = 8.85 (s, 2H), 8.48
(d, J=8.8 Hz, 1H), 6.38 (d, J = 8.8 Hz, 1H) ppm, "3C NMR: (75 MHz, CDCls) & = 147.3, 144.3, 144.0, 137.9, 120.4, 102.6 ppm, FT-IR:
vicm™ = 3356, 1656, 1540, 1425, 1299, 1133, 981, 905, 841, 734. MS (ESI) m/z [M + H]* calcd. for C¢HsN4O3 181.03 (100%), found
180.89 [M + HJ".
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General procedure for the amide bond formation mediated by HATU

The respective carboxylic acid 5, 2a-j (1.0 eq.) was dissolved in DCM and cooled to 0 °C with an ice-water bath. DIEA (3 eq.) and
HATU (1.2 eq.) were added and stirred for an additional 30 min at 0 °C. Then, the corresponding amine 4, 6a—d (after Boc-deprotection)
(1 eq.) in DMF was added and stirred for 30 min at 0 °C and 16 h at rt. DCM and water were added and the aqueous phase was
extracted three times with DCM. The combined organic phases were dried with Na,SOy, filtered, and the solvent was evaporated under
reduced pressure.

Boc-Arg(Pbf)-NBD 6a

O~N
H
Boc’N\;)J\H

NHo//o

X
HN)\ -

N
H

6a

The crude product was purified by silica column chromatography (EA:CH = 3:1), 440 mg, 0.64 mmol, yield: 60%, [«]2° = =12 (10 mg/mL,
CHCls3), '"H NMR: (300 MHz, CDCls) & = 8.48 (d, J = 8.4 Hz, 1H), 8.34 (d, J = 8.4 Hz, 1H), 6.49 (s, 3H), 5.89 (s, 1H), 4.46 (s, 1H), 3.30
(s, 2H), 2.91 (s, 2H), 2.48 (s, 3H), 2.42 (s, 3H), 2.02 (s, 3H), 1.77 (d, J = 28.2 Hz, 2H), 1.44 (s, 6H), 1.41 (s, 9H) ppm, '°C NMR: (75 MHz,
CDCl3) 6 = 172.9, 145.6, 143.5, 134.7, 134.1, 132.9, 131.4, 125.5, 118.3, 114.1, 87.3, 81.8, 55.8, 43.6, 41.3, 29.1, 28.8, 26.0, 19.8,
18.4, 12.9 ppm, FT-IR: vicm™ = 3333, 3019, 1703, 1560, 1437, 1321, 1220, 1094, 754, 664, MS (ESI) m/z [M + H]* calcd. for
C30H40NgOgS 689.26 (100%), found 689.82 [M + H]*; purity (HPLC, 210 nm): 97.5%.

Subsequently, selective Boc-deprotection was performed in TFA/DCM (16%, 5 mL) for 30 min at rt. The solvent was removed under
reduced pressure.

Z-Phe-Arg-NBD 7a
O~N

H
Z. N\)J\N

7a

Z-Phe-OH 2a was commercially obtained. The crude coupling product was used without further purification for the following deprotection
of the Pbf group. It was dissolved in TFA/DCM (50%, 2 mL) and stirred for 2 h at rt. The solution was evaporated under reduced
pressure and purified by HPLC (ACN/H,O/TFA (0.1%), gradient), 28.6 mg, 0.046 mmol, yield: 56%, 'H NMR (600 MHz, DMSO-ds) & =
8.78 (d, J = 8.5 Hz, 1H), 8.57 (d, 1H), 8.38 (d, J = 8.5 Hz, 1H), 7.63 — 7.56 (m, 2H), 7.36 — 7.28 (m, 5H), 7.26 — 7.21 (m, 4H), 7.19 —
7.13 (m, 2H), 4.93 (s, 1H), 4.85-4.80 (m, 1H), 4.37 —4.32 (m, 1H), 3.19 - 3.13 (m, 1H), 3.05-2.99 (m, 1H), 2.77 — 2.70 (m, 1H), 1.87
—1.81 (m, 1H), 1.72 — 1.52 (m, 3H) ppm, '*C NMR: (600 MHz, DMSO-ds) & = 173.1, 172.3, 158.3, 158.1, 156.6, 155.9, 145.5, 143.4,
137.9, 137.0, 135.8, 134.2, 130.2, 129.2, 128.3, 128.1, 127.7, 127.5, 126.3, 114.1, 65.2, 55.8, 53.2, 40.4, 40.0, 37.4, 28.6, 25.2 ppm,
FT-IR: viem™ = 2355, 1664, 1524, 1442, 1330, 1203, 1133, 998, 799, 689. MS (ESI) m/z [M + H]* calcd. for C29H32NsO7 618.23 (100%),
found 618.2 [M + HJ*; purity (HPLC, 210 nm): 98.8%.
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The crude coupling product was used without further purification for the following deprotection of the Pbf-protecting group. It was
dissolved in TFA/DCM (50%, 2 mL) and stirred for 2 h at rt. The solution was evaporated under reduced pressure and purified by HPLC
(ACN/H,O/TFA (0.1%), gradient), 15.64 mg, 0.023 mmol, yield: 34%, 'H NMR (600 MHz, DMSO-ds) & = 8.78 — 8.73 (m, 1H), 8.47 —
8.39 (m, 1H), 8.37 — 8.34 (m, 1H), 8.02 — 7.76 (m, 1H), 7.60 — 7.55 (m, 1H), 7.42 — 7.28 (m, 7H), 5.05 — 4.97 (m, 2H), 4.86 — 4.74 (m,
1H), 4.24 (dd, J = 8.6, 7.1 Hz, 1H), 4.03 — 3.90 (m, 1H), 3.17 — 3.07 (m, 2H), 1.99 — 1.90 (m, 1H), 1.84 — 1.46 (m, 5H), 0.89 — 0.81 (m,
12H) ppm, *C NMR: (600 MHz, DMSO-ds) & = 173.1, 171.4, 171.2, 158.3, 156.6, 156.1, 145.5, 143.4, 137.0, 135.9, 134.2, 130.1,
128.3, 127.6, 113.9, 65.4, 60.2, 57.4, 57.2, 53.2, 52.9, 40.3, 30.7, 30.3, 28.8, 28.3, 25.2, 19.2, 18.2, 18.0, 17.8 ppm, FT-IR: vicm™ =
3291, 2968, 2336, 1653, 1538, 1451, 1347, 1304, 1178, 992. MS (ESI) m/z [M + H]* calcd. for C3oH41N1¢Og 669.30 (100%), found

669.07 [M + HJ*; purity (HPLC, 210 nm): 96.9%.

Bz-Nle-Lys-Lys-Arg-NBD 7g

NH,
O~N
N A No
e.z\H N\)ku N\)LH
0 = 0 \L
\H NH
NH; HN” “NH,
79

The crude coupling product was used without further purification for the following deprotection of the Boc and Pbf-protecting groups. It
was dissolved in TFA/DCM (50%, 5 mL) and stirred for 2 h at rt. The solution was evaporated under reduced pressure and purified by
HPLC (ACN/H,0, gradient), 12.5 mg, 0.016 mmol, yield: 5%, '"H NMR (600 MHz, DMSO-ds) & = 8.76 (d, J = 8.4 Hz, 1H), 8.50 (d, J =
7.4 Hz, 1H), 8.42 (d, J = 7.4 Hz, 1H), 8.35 (d, J = 8.4 Hz, 1H), 8.11 (d, J = 7.8 Hz, 1H), 8.02 (d, J = 7.8 Hz, 1H), 7.88 — 7.85 (m, 2H),
7.79 - 7.65 (m, 8H), 7.53 (s, 1H), 7.48 — 7.43 (m, 2H), 4.83 — 4.79 (m, 1H), 4.47 — 4.43 (m, 1H), 4.36 — 4.31 (m, 1H), 4.26 — 4.21 (m,
1H), 3.11 (dp, J = 20.2, 6.9 Hz, 2H), 2.73 (tq, J = 12.7, 6.1 Hz, 5H), 1.85 - 1.79 (m, 1H), 1.72 — 1.61 (m, 6H), 1.60 — 1.41 (m, 10H),
1.36 — 1.21 (m, 6H), 0.88 (d, J = 6.3 Hz, 3H), 0.85 (d, J = 6.4 Hz, 3H) ppm, '*C NMR: (600 MHz, DMSO-dg) & = 173.0, 172.5, 171.8,
166.7, 158.3, 158.1, 156.7, 145.5, 143.4, 135.7, 134.1, 134.0, 131.4, 130.2, 128.2, 127.5, 118.2, 116.2, 114.1, 52.9, 52.6, 52.1, 51.9,
40.3, 38.6, 31.8, 31.1, 28.7, 26.6, 26.5, 25.1, 24.4, 23.1, 22.3, 22.2, 21.4 ppm, FT-IR: vicm™ = 2948, 2367, 1636, 1535, 1439, 1327,
1200, 1122, 838, 717. MS (ESI) m/z [M + H]* calcd. for C37HsgN130s 810.43 (100%), found 405.66 [(M + 2H)?*/2]; purity (HPLC, 210 nm):

99.3%.
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The general coupling protocol was used with modifications. PyBOP (1.2 eq.) HOBt (1.2 eq.), and DIEA (3 eq.) were used as coupling
reagents. The crude coupling product was used without further purification for the following deprotection of the Pbf-protecting groups.
It was dissolved in TFA/DCM (50%, 4 mL) and stirred for 3 h at rt. The solution was evaporated under reduced pressure and purified
by HPLC (ACN/H,O, gradient), 10.1 mg, 0.017 mmol, yield: 8%, 'H NMR (600 MHz, DMSO-ds) & = 8.77 (d, J = 8.4 Hz, 1H), 8.45 (d,
J=6.9 Hz, 1H), 8.34 (d, J = 8.4 Hz, 1H), 8.16 (t, J = 5.8 Hz, 1H), 8.06 (d, J = 8.0 Hz, 1H), 7.63 (t, J = 5.8 Hz, 1H), 7.56 (t, J = 5.8 Hz,
1H), 4.79 — 4.74 (m, 1H), 4.37 (m, 1H), 3.70 (d, J = 5.8 Hz, 2H), 3.17 — 3.06 (m, 4H), 1.85 (s, 4H), 1.71 — 1.44 (m, 8H) ppm, *C NMR:
(600 MHz, DMSO-dg) & = 173.1, 171.8, 169.9, 169.0, 158.4, 158.2, 145.5, 143.4, 135.8, 134.2, 130.2, 118.2, 116.2, 113.9, 53.2, 51.7,
42.0, 29.3, 28.5, 25.2, 24.9, 22.4 ppm, FT-IR: vicm™ = 3173, 2367, 1667, 1535, 1456, 1313, 1265, 1203, 1116, 950. MS (ESI) m/z
[M + H]* calcd. for C22H34N1307 592.26 (100%), found 296.56 [(M + 2H)?*/2]; purity (HPLC, 396 nm): 97.1%.

Z-Gly-Gly-Arg-NBD 7f

O-N
N \
N N

z \)J\Nﬁ( \;)J\N
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HNZ > NH,

7f

Z-Gly-Gly-OH 2f was commercially obtained. The crude coupling product was used without further purification for the following
deprotection of the Pbf-protecting group. It was dissolved in TFA/DCM (50%, 6 mL) and stirred for 2 h at rt. The solution was evaporated
under reduced pressure and purified by HPLC (ACN/H2O, gradient), 15.6 mg, 0.016 mmol, yield: 39%, 'H NMR (600 MHz, DMSO-dj)
5=8.77 (d, J = 8.4 Hz, 1H), 8.36 (dd, J = 8.4 Hz, 2H), 8.15 (m, 1H), 7.59 (m, 1H), 7.54 (m, 1H), 7.36 — 7.28 (m, 6H), 5.02 (s, 2H), 4.87
—4.82 (m, 1H), 3.86 — 3.73 (m, 2H), 3.64 (d, J = 6.1 Hz, 2H), 3.13 (p, J = 6.5 Hz, 2H), 1.84 — 1.77 (m, 1H), 1.70 — 1.49 (m, 3H) ppm,
3C NMR: (600 MHz, DMSO-dg) & = 173.2, 169.5, 169.3, 156.7, 156.6, 145.5, 143.4, 136.9, 135.8, 134.2, 130.2, 128.4, 127.8, 127.7,
114.1, 65.5, 53.0, 43.5, 41.6, 40.3, 28.8, 25.1 ppm, FT-IR: v/cm™ = 3185, 2358, 1661, 1515, 1434, 1333, 1203, 1125, 998, 717, MS
(ESI) m/z [M + H]* calcd. for C24H29N100s 585.21 (100%), found 585.23.66 [M + H]*; purity (HPLC, 396 nm): 100%.

Boc-GIn-NBD 6b
O-N

H
Boc/N \)J\H

[¢) NH,

6b
The crude coupling product was purified by silica column chromatography (EA:CH = 6:1), 62 mg, 0.152 mmol, yield: 57%, 'H NMR:
(300 MHz, CDCl3) 6 = 8.76 (d, J = 8.5 Hz, 1H), 8.37 (d, J = 8.5 Hz, 1H), 7.36 — 7.25 (m, 2H), 6.85 — 6.78 (m, 1H), 4.40 (s, 1H), 2.28 —
1.70 (m, 4H), 1.39 (s, 9H) ppm, '*C NMR: (75 MHz, CDCl;) 5 = 173.6, 155.7, 145.5, 143.3, 135.8, 134.4, 130.0, 113.8, 78.4, 54.9, 31.6,
28.1,26.6 ppm, FT-IR: vicm™" = 3350, 2918, 1647, 1518, 1442, 1324, 1164, 1088, 998, 863, MS (ESI) m/z [M + H]* calcd. for CasH21NsO7
408.14 (100%), found 431.19 [M + Na]*. Subsequently, Boc-deprotection was performed in TFA/DCM(16%, 2 mL) for 30 min at rt. The
solvent was removed under reduced pressure.
Boc-Abu-Tle-Leu-GIn-NBD 7¢
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The crude coupling product was purified by HPLC (ACN/H,O/TFA (0.1%), gradient), 10.2 mg, 0.014 mmol, yield: 10%, 'H NMR
(600 MHz, DMSO-ds)  =. 8.76 (d, J = 8.4 Hz, 1H), 8.37 — 8.33 (m, 2H), 8.07 (d, J = 8.4 Hz, 1H), 7.46 (d, J= 9.5 Hz, 1H), 7.32 (d, J =
2.5 Hz, 1H), 7.07 (d, J = 8.2 Hz, 1H), 6.86 (d, J = 2.4 Hz, 1H), 4.69 — 4.65 (m, 1H), 4.41 — 4.36 (m, 1H), 4.27 (d, J = 9.5 Hz, 1H), 3.88
—3.83 (m, 1H), 2.29 — 2.14 (m, 2H), 2.02 — 1.96 (m, 1H), 1.92 — 1.85 (m, 1H), 1.62 — 1.41 (m, 5H), 1.37 (s, 8H), 1.33 (s, 1H) ppm,
3C NMR: (600 MHz, DMSO-ds) & = 173.4, 172.9, 172.3,171.7, 169.7, 155.3, 145.5, 143.4, 135.9, 134.4, 130.0, 113.8, 78.0, 59.1, 56.0,
53.3, 50.5, 40.7, 34.7, 31.4, 28.2, 28.0, 27.0, 26.6, 24.9, 24.1, 23.0, 21.4 ppm, FT-IR: vicm™" = 2965, 2353, 1673, 1529, 1439, 1338,
1206, 1127, 995, 796, MS (ESI) m/z [M + H]* calcd. for C32Hs0N9gO10 720.36 (100%), found 620.23 [M - Boc + H]*; purity (HPLC, 210 nm):

99.9%.

Boc-Gly-NBD 6¢
O~N

H
Boc/N\)LN

6c

The crude coupling product was purified by silica column chromatography (EA:CH = 1:3), 140 mg, 0.60 mmol, yield: 64%, 'H NMR:
(300 MHz, CDCl3) 8 = 8.75 (d, J = 8.5 Hz, 1H), 8.37 (d, J = 8.5 Hz, 1H), 7.21 (t, J = 6.1 Hz, 1H), 3.99 (d, J = 6.1 Hz, 2H), 1.40 (s, 9H)
ppm, ®C NMR: (75 MHz, CDCl3) & = 170.6, 156.0, 145.4, 143.3, 135.9, 134.3, 129.8, 113.5, 78.2, 44.2, 28.1 ppm, FT-IR: vicm™ =
2985, 1673, 1518, 1442, 1327, 1153, 1085, 995, 855, 796, MS (ESI) m/z [M + H]" calcd. for C3oHaoNgOsS 338.10 (100%), found 237.95

[M = Boc + HJ".

Subsequently, Boc-deprotection was performed in TFA/DCM(16%, 2 mL) for 30 min at rt. The solvent was removed under reduced

pressure.

Z-Arg-Leu-Arg-Gly-Gly-NBD 7e
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The crude coupling product was used without further purification for the following deprotection of the Pbf-protecting groups. It was
dissolved in TFA/DCM (50%, 7 mL) and stirred for 2 h at rt. The solution was evaporated under reduced pressure and purified by HPLC
(ACN/H2O/TFA (0.1%), gradient). Afterward, the product was dissolved in 0.5 mL TFA and precipitated in diethyl ether as the Di-TFA
salt, 9.23 mg, 0.011 mmol, yield: 5%, 'H NMR (600 MHz, DMSO-d¢) & = 8.76 (d, J = 8.5 Hz, 1H), 8.38 — 8.35 (m, 1H), 8.34 (d, J =
8.5Hz, 1H), 8.24 — 8.22 (m, 1H), 8.10 (d, J = 7.5 Hz, 1H), 7.93 (d, J = 8.0 Hz, 1H), 7.57 — 7.52 (m, 2H), 7.51 (d, J = 8.0 Hz, 1H), 7.36 —
7.30 (m, 6H), 5.02 (s, 2H), 4.31 (td, J = 8.0, 5.6 Hz, 1H), 4.27 — 4.22 (m, 1H), 4.21 — 4.14 (m, 2H), 4.01 — 3.97 (m, 1H), 3.81 (d, J =
5.7 Hz, 2H), 3.09 — 3.04 (m, 4H), 1.72 — 1.44 (m, 12H), 0.88 — 0.81 (m, 6H) ppm, *C NMR: (600 MHz, DMSO-ds) & = 172.2, 171.6,
170.2, 169.3, 158.4, 158.2, 156.6, 156.0, 145.5, 143.4, 136.9, 135.9, 134.3, 130.0, 128.4, 127.9, 127.7, 113.6, 65.5, 54.3, 52.3, 50.9,
43.0, 41.7, 40.7, 40.4, 29.0, 25.1, 24.9, 24.1, 23.2, 21.4 ppm, FT-IR: v/icm™ = 3190, 1653, 1524, 1445, 1324, 1214, 1119, 998, 804,

717, MS (ESI) m/z [M + HJ* calcd. for CasHsoN15010 854.39 (100%), found 427.66 [(M + 2H)?*/2]; purity (HPLC, 210 nm): 95.2%.
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The crude coupling product was used without further purification for the following deprotection of the O'Bu-protecting group. It was
dissolved in TFA/DCM (50%, 5 mL) and stirred for 30 min at rt. The solution was evaporated under reduced pressure and purified by
HPLC (ACN/H.O, gradient), 5.1 mg, 0.01 mmol, yield: 7%, 'H NMR (600 MHz, DMSO-ds) & = 8.76 (d, J = 8.5 Hz, 1H), 8.51 (d, J =
7.7 Hz, 1H), 8.41 — 8.31 (m, 2H), 8.20 — 8.10 (m, 1H), 7.95 — 7.84 (m, 3H), 7.58 — 7.40 (m, 4H), 4.75 — 4.68 (m, 1H), 4.40 — 4.11 (m,
8H), 3.75 - 3.70 (m, 1H), 3.58 — 3.54 (m, 1H), 2.07 — 1.64 (m, 5H), 1.50 — 1.42 (m, 1H), 1.27 — 1.19 (m, 4H), 1.12 - 1.06 (m, 3H), 0.94
—0.88 (m, 3H), 0.87 —0.83 (m, 3H) ppm, *C NMR: (600 MHz, DMSO-ds) & = 172.5, 171.61, 170.7, 170.0, 166.3, 145.4, 143.3, 135.9,
134.2, 133.8, 131.3, 130.0, 128.2, 127.5, 113.7, 66.9, 59.1, 58.2, 49.6, 48.4, 46.7, 43.2, 39.5, 28.9, 24.5, 24.3, 23.1, 21.2, 19.7, 19.1,
17.7,17.5 ppm, FT-IR: vicm™ = 3288, 1633, 1540, 1434, 1330, 1209, 1127, 992, 807, 720, MS (ESI) m/z [M + H]* calcd. for C33H42NgO10
724.3 (100%), found 724.1.66 [M + H]*; purity (HPLC, 210 nm): 98.7%.

Boc-Met-NBD 6d
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N
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6d

The crude coupling product was purified by silica column chromatography (EA:CH = 1:3), 199 mg, 0.48 mmol, yield: 52%, 'H NMR:
(300 MHz, DMSO-ds) d = 8.74 (d, J = 8.5 Hz, 1H), 8.35 (d, J = 8.5 Hz, 1H), 7.41 (d, J = 7.5 Hz, 1H), 4.54 — 4.42 (m, 1H), 2.65 — 2.51
(m, 2H), 2.06 (s, 3H), 2.03 — 1.82 (m, 2H), 1.39 (s, 9H) ppm, C NMR: (75 MHz, DMSO-ds) & = 173.5, 155.8, 145.5, 143.3, 135.8,
134.3, 130.0, 113.9, 78.5, 54.7, 31.1, 29.8, 28.1, 14.6 ppm, FT-IR: v/cm™* =3331, 1701, 1574, 1518, 1316, 1164, 998, 863, 810, 731,
MS (ESI) m/z [M + H]* calcd. for C16H22N506S 412.43 (100%), found 433.99 [M + Na]*.

Subsequently, Boc-deprotection was performed in HCI/Dioxan (4Mm, 4 mL) for 4.5 h at rt. The solvent was removed under reduced
pressure.

Z-Pro-Leu-Gly-Met-NBD 7i
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The crude coupling product was purified by RP-HPLC (ACN/H,O/TFA(0.1%), gradient), 25 mg, 0.035 mmol, yield: 11%, '"H NMR
(600 MHz, DMSO-ds) 6 = 8.78 —8.71 (m, 1H), 8.42 — 8.25 (m, 2H), 8.14 — 8.06 (m, 2H), 7.37 — 7.24 (m, 5H), 5.07 — 5.03 (m, 1H), 4.91
(d, J=13.1 Hz, 1H), 4.86 — 4.79 (m, 1H), 4.30 — 4.19 (m, 2H), 3.82 — 3.69 (m, 2H), 3.49 — 3.38 (m, 2H), 2.61 — 2.52 (m, 2H), 2.17 —
2.01 (m, 5H), 1.96 — 1.57 (m, 5H), 1.53 — 1.46 (m, 1H), 1.41 — 1.37 (m, 1H), 0.80 (ddd, J = 61.8, 28.9, 6.6 Hz, 6H) ppm, *C NMR:
(600 MHz, DMSO-ds) & = 172.3, 172.1, 169.2, 154.2, 153.8, 145.6, 143.4, 136.9, 135.8, 128.4, 128.2, 127.7, 127.5, 126.9, 114.1, 65.7,
59.8,59.0,53.1,51.0,47.1, 46.6, 41.6, 40.8,40.4, 31.5, 31.2, 29.6, 24.0, 22.9, 21.4, 14.6 ppm, FT-IR: v/icm™ = 3288, 2948, 2344, 1656,
1504, 1437, 1327, 1200, 990, 734, MS (ESI) m/z [M + H]* calcd. for C3,H41NgOeS 713.77 (100%), found 713.06 [M + H]*; purity (HPLC,
210 nm): 99.9%.
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Bz-Gly-Phe-OH 2j was commercially obtained. The crude coupling product was purified by RP-HPLC (ACN/H,O/TFA(0.1%), gradient),
8 mg, 0.016 mmol, yield: 14%, 'H NMR (600 MHz, DMSO-ds) & = 8.77 (d, J = 8.4 Hz, 1H), 8.69 (t, J = 5.9 Hz, 1H), 8.48 (d, J = 7.6 Hz,
1H), 8.38 (d, J = 8.4 Hz, 1H), 7.85 - 7.81 (m, 2H), 7.54 — 7.51 (m, 1H), 7.48 — 7.44 (m, 2H), 7.38 — 7.34 (m, 2H), 7.32 — 7.22 (m, 3H),
7.21 =717 (m, 1H), 5.15 - 5.08 (m, 1H), 3.93 (dd, J = 16.5, 5.9 Hz, 1H), 3.83 (dd, J = 16.5, 5.9 Hz, 1H), 3.13 (dd, J = 13.8, 4.4 Hz,
1H), 2.92 (dd, J = 13.8, 10.1 Hz, 1H) ppm, '3C NMR: (600 MHz, DMSO-ds) & = 173.0, 169.5, 166.3, 145.5, 143.4, 137.1, 135.8, 134.3,
133.9, 131.4, 130.2, 129.3, 128.3, 128.1, 127.3, 126.5, 114.1, 54.8, 42.1, 37.0 ppm, FT-IR: v/icm™" = 3286, 2370, 1720, 1667, 1532,
1442, 1335, 1200, 992, 706, MS (ESI) m/z [M + HJ* calcd. for C24H21NsOg 489.14 (100%), found 489.04 [M + H]*; purity (HPLC, 210 nm):
99.9%.

Synthesis of (E)-2-(3-(furan-2-yl)acrylamido)acetic acid (FAGLA) 20
(E)-3-(furan-2-yl)acrylic acid 18
(0]
O~ " oH
\ |
18

According to Kudelko et al., furfural (3.65 g, 38.00 mmol, 1 eq.), malonic acid (9.36 g, 90 mmol, 2.4 eq.), and piperidine (0.3 mL) were
dissolved in pyridine (18 mL). The reaction mixture was stirred for 90 min at 50 °C and refluxed for further 20 min. Subsequently, the
solution was poured into cold water (20 mL) and acidified with conc. HCI to pH 4. The precipitate was filtered and washed with water
to obtain a beige solid, 4.05 g, 29.34 mmol, yield: 77%. mp = 136-138 °C (Lit.: 138—141 °C), '"H NMR (300 MHz, DMSO-ds) 5 = 7.85 —
7.77 (m, 1H), 7.39 (d, J = 15.8 Hz, 1H), 6.91 (d, J = 3.5 Hz, 1H), 6.61 (dd, J = 3.4, 1.8 Hz, 1H), 6.16 (d, J = 15.8 Hz, 1H) ppm, '*C NMR:
(75 MHz, DMSO-d¢) & = 167.4, 150.3, 145.7, 130.8, 116.0, 115.4, 112.7 ppm, FT-IR: vicm™" = 1681, 1628, 1484, 1307, 1259, 1223,
1026, 852, 762, 666.

(E)-ethyl 2-(3-(furan-2-yl)acrylamido)acetate 19

(0]
0 x o~

19

(E)-3-(furan-2-yl)acrylic acid 18 (1.50 g, 10.86 mmol, 1 eq.) was amide coupled with Glycine ethyl ester hydrochloride (1.51 g,
10.86 mmol, 1 eq.) in an analogous way to the “General procedure for the amide bond formation mediated by HATU”. The crude product
was purified by silica gel column chromatography (EA:CH = 1:2) to obtain the desired product as a colorless oil, 1.71 g, 7.66 mmol,
yield: 71%. "H NMR (300 MHz, DMSO-ds) & = 7.45 — 7.37 (m, 2H), 6.53 (d, J = 3.3 Hz, 1H), 6.46 — 6.32 (m, 3H), 4.26 — 4.13 (m, 4H),
1.28 (t, J = 7.1 Hz, 3H) ppm, *C NMR: (75 MHz, DMSO-dg) & = 170.1, 166.1, 151.2, 144.2, 128.7, 117.6, 114.2, 112.2, 61.6,41.7, 14.2
ppm, FT-IR: vicm™ = 3356, 2982, 1743, 1664, 1521, 1372, 1206, 1009, 976, 751. MS (ESI) m/z [M + HJ* calcd. for C11H3NO4 224.08
(100%), found 223.76 [M + H]*.

(E)-2-(3-(furan-2-yl)acrylamido)acetic acid (FAGLA) 20

(0]
o} N OH
20

(E)-ethyl 2-(3-(furan-2-yl)acrylamido)acetate 19 (0.04 g, 0.18 mmol, 1 eq.) was dissolved in dioxane (2 mL) and 0.35 mL of a NaOH-
solution (1M) was added. The mixture was stirred for 4 h at rt and the solution was evaporated under reduced pressure. The crude
product was purified by silica gel column chromatography (EA:CH = 1:1 +TFA(0.1%)) to obtain a colorless oil, 0.03 g, 0.14 mmol, yield:
80%. 'H NMR (300 MHz, DMSO-ds) & = 8.48 (t, J = 5.9 Hz, 1H), 7.77 (d, J = 1.7 Hz, 1H), 7.26 (d, J = 15.6 Hz, 1H), 6.78 (d, J = 3.3 Hz,
1H), 6.61 — 6.44 (m, 2H), 3.88 (d, J = 5.9 Hz, 2H) ppm, "*C NMR: (75 MHz, DMSO-ds) & = 171.2, 165.1, 150.8, 144.8, 126.5, 118.8,
113.9, 112.3 ppm, FT-IR: vicm™ =3269, 2906, 1746, 1647, 1639, 1538, 1198, 1040, 762, 640. MS (ESI) m/z [M + HJ* calcd. for
CoH10NO4 196.05 (100%), found 195.9 [M + H]*; purity (HPLC, 210 nm): 99.9%.
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S Chapter B: Evaluation of Covalent Inhibitors for Trypsin-Like

Serine Proteases

5.1 Peptidomimetic inhibitors of TMPRSS2 block SARS-CoV-2 infection in

cell culture

5.1.1 Context, Project Summary, and Own Contributions

Since the outbreak of SARS-CoV-2 in Wuhan (China), the virus rapidly spread out to a pandemic
dimension and caused over 770 million infections with 7 million deaths worldwide so far (1.5).***
Besides the viral proteases M"® and PL™, the transmembrane serine protease subtype 2 (TMPRSS2)
presents an additional target for treatment of the infection, due to the important role in the viral cell entry
of SARS-CoV-2 (1.5.2).2MH24512%T Most of the published inhibitors yet, display an aromatic small
molecule scaffold with a basic guanidine/amidine moiety, that protrudes into the S1 pocket
(1.5.4).[212H250125211255) Noteworthy is nafamostat that is actually used as treatment for chronic
pancreatitis in Japan and shows remarkable inhibition in subnanomolar range against TMPRSS2 (1.5.4,

Figure 19).2**) In contrast, only few substrate analog inhibitors have been described yet.!***!

Within this study we used computational modeling and docking of combinatorial peptide libraries to
discover potential suitable recognition sequences towards the binding site of TMPRSS2 and combined
them with a a-ketobenzothiazole moiety as the warhead, which resulted in covalent reversible inhibitors.
After fluorometric inhibition studies, we identified four compounds as potential hits with high affinity
to TMPRSS2 and moderate selectivity to other trypsin-like serine proteases. Further cell-based
measurements confirmed the inhibitory activity towards TMPRSS2 in cells of the four lead compounds
and additionally displayed the ability of blocking the spike protein-driven cell entry and viral infection
by different SARS-CoV-2 variants. Stability tests of two inhibitors in different body fluids for 10 days

and subsequent observed inhibitory activity suggest remarkable metabolic resistance.

Summarized, the high potency of the selected inhibitors against TMPRSS2 and anti-SARS-CoV-2
activity, combined with the high stability in body fluids present promising lead structures for further
development and may synergize with other protease inhibitors like nirmatrelvir (FDA approved M

inhibitor) for treatment against the SARS-CoV-2 infection.*'?)
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Own contributions: Inhibitor synthesis (S1-S5) and writing of the original draft plus editing of the

manuscript.

Contributions from other authors: Inhibitor synthesis (1-8), inhibition-, cytotoxicity- and stability
assay, molecular docking, pseudovirus inhibition assay, SARS-CoV-2 inhibition assay and writing of
the original draft plus editing of the manuscript.

This work has been published in Communications Biology (impact factor: 5.90).

Article reprinted with permission of Communications Biology 2022, 5 (681): “Peptidomimetic inhibitors
of TMPRSS2 block SARS-CoV-2 infection in cell culture.” © 2022 Springer Nature AG & KGaA
(Berlin).
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5.1.2  Publication
The following publication quoted within *“” from page 150 to page 161 is the same as the manuscript

cited on page 53.

(3

communications

biology

ARTICLE PSR
Peptidomimetic inhibitors of TMPRSS2 block
SARS-CoV-2 infection in cell culture

Lukas Wettstein 1'9, Philip Maximilian Knaff2'3'9, Christian Kersten 4'9, Patrick Miiller®, Tatjana Weil 1
Carina Conzelmann', Janis A Miiller® >, Maximilian Bru‘ckner23, Markus Hoffmann® &7, Stefan Péhlmann® ©
Tanja Schirmeister?, Katharina Landfester3, Jan Miinch@® 819 & Volker Mailander® 2310

’

The transmembrane serine protease 2 (TMPRSS2) primes the SARS-CoV-2 Spike (S) protein
for host cell entry and represents a promising target for COVID-19 therapy. Here we describe
the in silico development and in vitro characterization of peptidomimetic TMPRSS2 inhibitors.
Molecular docking studies identified peptidomimetic binders of the TMPRSS2 catalytic site,
which were synthesized and coupled to an electrophilic serine trap. The compounds inhibit
TMPRSS2 while demonstrating good off-target selectivity against selected coagulation pro-
teases. Lead candidates are stable in blood serum and plasma for at least ten days. Finally, we
show that selected peptidomimetics inhibit SARS-CoV-2 Spike-driven pseudovirus entry and
authentic SARS-CoV-2 infection with comparable efficacy as camostat mesylate. The pep-
tidomimetic TMPRSS2 inhibitors also prevent entry of recent SARS-CoV-2 variants of con-
cern Delta and Omicron BA.1. In sum, our study reports antivirally active and stable TMPRSS2
inhibitors with prospects for further preclinical and clinical development as antiviral agents
against SARS-CoV-2 and other TMPRSS2-dependent viruses.

Tnstitute of Molecular Virology, Ulm University Medical Center, 89081 Ulm, Germany. 2 Dermatology Clinic of the University Medicine of the Johannes
Gutenberg University Mainz, 55131 Mainz, Germany. 3 Max Planck Institute for Polymer Research, 55128 Mainz, Germany. 4|nstitute of Pharmaceutical and
Biomedical Sciences, Johannes Gutenberg University Mainz, 55128 Mainz, Germany. ° Institute of Virology, Philipps University Marburg, Marburg, Germany.
6 Infection Biology Unit, German Primate Center, 37077 Géttingen, Germany. 7 Faculty of Biology and Psychology, Georg-August-University Gottingen,
37073 Géttingen, Germany. 8 Core Facility Functional Peptidomics, Ulm University Medical Center, 89081 Ulm, Germany. °These authors contributed
equally: Lukas Wettstein, Philip Maximilian Knaff, Christian Kersten. °These authors jointly supervised this work: Jan Miinch, Volker Mailénder.

Memail: jan.muench@uni-ulm.de; mailaend@mpip-mainz.mpg.de
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CoV-2) is the causative agent of coronavirus disease 2019

(COVID-19). By the end of March 2022, the WHO reported
more than 470 million confirmed SARS-CoV-2 infections
worldwide, resulting in more than 6 million deaths since its first
occurrence in late 20191. COVID-19 is characterized by a mild-
to-moderate respiratory illness and infected individuals usually
recover without requiring special treatment. Older people, and
those with underlying medical problems such as cardiovascular
disease, diabetes, chronic respiratory disorders, and cancer are
more likely to develop serious illness, characterized by respiratory
failure, shock, and multiorgan dysfunction?=>. SARS-CoV-2 is
primarily transmitted through aerosols and droplets of saliva. The
inhaled virus may then establish infection in epithelial cells of the
upper respiratory tract from which it may further disseminate to
lower airway epithelial and alveolar cells, and other organs such
as the gastrointestinal tract or heart®=®. Measures to prevent or
mitigate SARS-CoV-2 spread include lockdown strategies, social
distancing, quarantining, use of face masks, and hygiene concepts.
The implementation of effective SARS-CoV-2 vaccination pro-
grams are the best defense against COVID-19 and have raised
hopes that the pandemic is nearing an end. However, the emer-
gence of viral variants of concern that escape pre-existing immunity
and are associated with increased transmissibility and higher case
fatality rates, as well as the slow vaccine rollout in most countries,
may compromise efforts to control the pandemic!%-14. Currently,
the antivirals nirmatrelvir (in combination with ritonavir for CYP-
inhibition, Paxlovid®) and molnupiravir (Lagevri0®) are available
for the treatment of COVID-19'>16, Nevertheless, it remains
imperative to develop further potent therapeutic interventions for
COVID-19 therapy.

SARS-CoV-2 is an enveloped, positive-sense single-stranded
RNA virus. Infection is mediated by the viral spike (S) protein, a
homotrimeric transmembrane glycoprotein. The spike glycopro-
tein is composed of S1 and S2 subdomains. The S1 subdomain
encodes for the receptor-binding domain and is responsible for
binding to angiotensin-converting enzyme 2 (ACE2), the primary
receptor for SARS-CoV-217-19, Subsequently, the transmembrane
protease serine subtype 2 (TMPRSS2) primes the S protein which
triggers conformational changes in S2 leading to fusion of the
viral with the cellular membrane and delivery of the nucleocapsid
into the cytoplasm!®. Of note, TMPRSS2 not only cleaves and
primes SARS-CoV-2 spike, but also surface proteins of several
other viruses, including the hemagglutinin (HA) of certain
influenza A virus strains, the fusion protein (F) of human
metapneumovirus, and the spike proteins of human coronavirus
229E (HCoV-229E), Middle East respiratory syndrome cor-
onavirus (MERS-CoV), and SARS-CoV19-25, TMPRSS2 priming
is essential for triggering fusion of these virions with target cells
and disruption of TMPRSS2 expression was found to markedly
reduce influenza A virus, SARS-CoV and MERS-CoV infection
and pathogenesis in mice. Importantly, TMPRSS2 knockout mice
are phenotypically similar to wild-type animals, suggesting that
the protease is not essential, rendering TMPRSS2 a very pro-
mising target for broad-spectrum antiviral agents20-28,

TMPRSS2 belongs to the family of type II transmembrane
serine proteases (TTSP) which control a variety of physiological
processes, including epithelial differentiation, homeostasis, iron
metabolism, hearing, and blood pressure regulation?’. The family
of TTSP comprises a total of 17 members in four subfamilies
(matriptase, corin, hepsin/TMPRSS, and HAT/DESC subfamily)
with a common domain structure including an intracellular N-
terminus, a transmembrane domain which anchors the protease
in the cell membrane, and an extracellular C-terminus harboring
a serine-protease domain3’. TMPRSS2 belongs to the hepsin/
TMPRSS subfamily with a total of seven serine proteases

Severe acute respiratory syndrome coronavirus 2 (SARS-

including TMPRSS2-5, MSPL, hepsin, and enteropeptidase. The
development of TMPRSS2 inhibitors is hampered by the fact that
no crystal structure was available until early 2021. Up to date,
only few substrate analog inhibitors of TMPRSS2 have been
described®!32. Approved drugs that are known to inhibit
TMPRSS2 may be suitable for off-label use and repurposing in
COVID-19 prevention and therapy. Noteworthy are camostat
mesylate (CM) and nafamostat, which are used for the treatment
of chronic pancreatitis in Japan, as well as the endogenous pro-
tease inhibitor alpha-1 antitrypsin (a;-AT), and the mucolytic
cough suppressant bromhexine!®33-35, However, the selectivity
of some of these inhibitors is low, little is known about structure-
activity relationships and the therapeutic effect of CM in COVID-
19 has not yet been reported.

Herein, we describe our development of peptidomimetic
inhibitors for TMPRSS2 for the treatment of SARS-CoV-2
infection. Using computational modeling and docking of com-
binatorial peptide libraries, we identified high-scoring binders
which were synthesized and characterized with respect to pro-
tease inhibition, selectivity, and antiviral activity. This approach
allowed to identify lead candidates that efficiently inhibit
TMPRSS2 enzyme activity and block SARS-CoV-2 spike-driven
entry into target cells. Furthermore, we demonstrate that these
peptidomimetic TMPRSS2 inhibitors prevent authentic SARS-
CoV-2 infection, including the variants of concern Alpha and
Beta. The tested peptidomimetics are stable in human plasma and
serum for at least 10 days, suggesting that these TMPRSS2
inhibitors are promising leads for further development as anti-
viral drugs in COVID-19 therapy and other viral diseases.

Results

Structure-based design of TMPRSS2 inhibitors. For the iden-
tification of peptide-based TMPRSS2 inhibitors as a potential
treatment of SARS-CoV-2 infection, molecular docking studies
were performed. As no crystal structure of TMPRSS2 was avail-
able in the protein data bank (PDB) at the beginning of the study,
we employed a matriptase crystal structure to build a surrogate
model®037, Matripase shares 41% sequence identity with
TMPRSS2 and previously described substrate analog TMPRSS2
inhibitors showed no selectivity over matriptase’!. Computa-
tional redocking of the crystallographic ligand and the matriptase
surrogate yielded a ligand orientation comparable to that in the
crystal structure (RMSD of 1.8 A), thus validating the surrogate
model (Supplementary Fig. 3a). In addition, a homology model of
TMPRSS2 was built using hepsin (43% sequence identity) as a
template. Both models were tested for selectivity by docking of
known binders and non-binders. Subsequent receiver operating
characteristic (ROC) analysis indicated reliable discrimination
between known binders and decoys for both, the homology and
the surrogate model (Supplementary Fig. 3b, c). Previous studies
characterized the substrate requirements of TMPRSS2, revealing a
preference for arginine in P1 position, a glycine or proline residue
in P2 position, and a p-configured arginine in P3 position
(Supplementary Table 1)3!. Based on this substrate preference, a
reference binder comprising a N-terminal acetyl cap and a
C-terminal aldehyde serine trap with the sequence ace-p-Arg-
Gly/Pro-Arg-aldehyde was designed and docked to the
matriptase-based TMPRSS2 surrogate model (Fig. la and Sup-
plementary Table 3) and the TMPRSS2 homology model
(Fig. 1b). Our dockings show that the reference binder ace-p-Arg-
Pro-Arg-aldehyde binds to the reactive center of the surrogate
and the homology model. To optimize the binding affinity of the
reference binder, we successively altered the residues at P1-P3
position using proteinogenic and non-proteinogenic amino acids
and docked the resulting structures to both, the matriptase
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Fig. 1 Predicted binding of reference binder. a Docking of ace-p-Arg-Pro-Arg-aldehyde reference binder to matriptase surrogate model (white carbon
atoms and surface). For a clear view, only residues forming polar interactions (yellow dashed lines), and the catalytic residues Ser-195 and His-57 are

depicted. b Docking of ace-p-Arg-Pro-Arg-aldehyde reference binder to hepsin-based TMPRSS2 homology model (white carbon atoms and surface). For a
clear view, only residues forming polar interactions (yellow dashed lines) and the catalytic residues Ser-186 and His-41 are depicted. ¢ Docking of ace-p-
Arg-Pro-Arg-aldehyde reference binder to TMPRSS2 crystal structure (PDB-ID: 7MEQ, white carbon atoms and surface). For a clear view, only residues
forming polar interactions (yellow dashed lines), and the catalytic residues Ser-441 and His-296 are depicted. For all panels, carbon atoms of docked

ligands are shown in green, oxygen in red, and nitrogen in blue. The distance between the nucleophilic serine oxygen and the electrophilic carbon atom of

the serine trap in angstrom is illustrated by a dashed blue line.

Table 1 Assembled peptidomimetic inhibitor library selected
for synthesis.

Compound N-cap P3 P2 P1 Serine trap
1 ace p-Arg  Pro Arg kbt
2 ace Arg Pro Arg kbt
3 ace p-His Pro Arg kbt
4 ace His Pro Arg kbt
5 ace Asn Pro Arg kbt
6 ace p-Arg  Pip Arg kbt
7 ace p-Arg  Cyc Arg kbt
8 ace p-Arg  Thr Arg kbt

ace N-terminal acetyl cap, Cyc cyclobutylalanine, Pip pipecolinic acid, kbt ketobenzothiazole.
The bond between the P1 position and serine trap is the site of nucleophilic attack by the
protease catalytic triad.

surrogate and TMPRSS2 homology model. Compounds were
then ranked based on their binding score (Supplementary
Tables 2-4), the plausibility of their binding mode to the S1-S3
sub-pockets of the TMPRSS2 active site, and the proximity of the
aldehyde serine trap to the catalytic Ser-186/195 (TMPRSS2
homology model/matriptase enumeration), as well as commercial
availability of their building blocks. Overall, the p-configuration
for P3 residue was favored to improve metabolic stability. The
most promising compounds were chosen for solid-phase synth-
esis, whereby the aldehyde serine trap used for in silico modeling
was exchanged by a well-established ketobenzothiazole, yielding a
library of peptidomimetic inhibitors (Table 1 and Supplementary
Fig. 4).

We retrospectively validated our molecular docking results by
employing a TMPRSS2 crystal structure (PDB-ID: 7MEQ)?8 that
became available during the course of this study. Superposition
with the TMPRSS2 structure confirmed the accuracy of the
homology- and the matriptase surrogate model, with overall C,-
RMSD values of 0.6 A for both models (Supplementary Fig, 5).
The TMPRSS2 structure allowed successful redocking of its
crystallographic ligand and enabled discrimination of binders and
decoys (Supplementary Fig. 3d, e). Accordingly, the reference
binder  ace-p-Arg-Pro-Arg-aldehyde  accommodated  the
substrate-binding pocket of the TMPRSS2 crystal structure, with
the electrophilic serine trap being in close proximity to the

catalytic serine 441 (Fig. 1c). Retrospective docking studies of the
selected peptide sequences (Table 1) against this crystal structure
confirmed the predicted binding modes found in the homology
model and matriptase surrogate and their classification as
potential TMPRSS2 binders (Supplementary Tables 3 and 4).

Designed peptidomimetic inhibitors block TMPRSS2 and
matriptase activity. We next investigated the impact of the
peptidomimetic inhibitors on the activity of closely related
matriptase and TMPRSS2 enzymes. To this end, the respective
purified proteases were incubated with the compounds 1-8, fol-
lowed by adding a protease-specific reporter substrate that
allowed monitoring of protease activity over time. Overall, the
compounds suppressed TMPRSS2 activity in the low nanomolar
range (K; =2.5-215.9 nM) and inhibit matriptase with compar-
able activity (Fig. 2a, b and Table 2). Compound 1 which contains
the peptide sequence of the reference binder showed an activity of
K; =86.7 nM, while the compounds 2, 3, 4, 5, and 7 were most
active against isolated TMPRSS2, with inhibitory constants of
2.5-57.5nM. The compounds 2 (K;=3.8nM) and 5 (K;=2.5
nM) were 2-3-fold more active than the active metabolite of CM,
FOY-251 (K; = 9.7 nM). Compounds 6 and 8 were the least active
with K; values of 71.5 and 215.9 nM, respectively. The activity of
the inhibitors against TMPRSS2 correlated with their activity
against matriptase (Fig. 3). Yet, compound 1 showed the highest
selectivity (~51-fold) for matriptase while FOY-251 showed the
highest selectivity (~18-fold) for TMPRSS2.

For systemic administration of the protease inhibitors, high
selectivity over off-target proteases is required to reduce side
effects. To investigate potential interference of the peptidomi-
metic inhibitors with serine proteases involved in coagulation, we
assessed their activity against thrombin and factor Xa (Fig. 2¢, d
and Table 2). All compounds excluding compound 1 displayed a
>100-fold selectivity against thrombin (Table 2). Compound
1 showed no selectivity over factor Xa while compounds 2, 3, 4, 5,
6, and 7 revealed 1.6-38.9-fold selectivity compared to TMPRSS2.
Truncation of the ketobenzothiazole serine trap moiety to a
ketothiazole did not improve activity against matriptase, nor
thrombin/factor Xa selectivity, and further reduction to an
alcohol abolished antiprotease activity (Supplementary Fig. 6 and
Supplementary Table 5). Considering the inhibitory constants
and selectivity over potential off-target coagulation proteases, the
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Fig. 2 Peptidomimetic inhibitors block activity of purified proteases. Isolated TMPRSS2 (a), matriptase (b), thrombin (¢), and factor Xa (d) were mixed
with peptidomimetic inhibitors, camostat mesylate (CM), and FOY-251. After 30 min, the fluorogenic reference substrate Boc-GIn-Ala-Arg-AMC was

added to TMPRSS2 or matriptase and the chromogenic substrates p-Phe-Homopro-Arg-pNA or Bz-lle-Glu-Gly-Arg-pNA were added to thrombin or factor
Xa, respectively. The velocity of substrate degradation was assessed by recording the fluorescence intensity at 460 nm or the absorbance at 405 nm within

2 h. Shown are the means + SD of n=1 experiment performed in triplicates.

Table 2 Inhibitory activity (K;) of synthesized TMPRSS2 inhibitors 1-8 against TMPRSS2, matriptase, thrombin, and factor Xa.
K; [nM] Selectivity indices

Compound TMPRSS2 Matriptase Thrombin Factor Xa Matriptase Thrombin Factor Xa

1 86.7 1.7 2077 41 0.02 24 0.05

2 3.8 33 599 106.7 0.9 158 281

3 9.1 14.0 4088 2713 15 449 29.8

4 85 1.5 7217 331 14 849 389

5 25 52 1046 411 21 418 16.4

6 7.5 75.6 >50,000 472.4 11 >699 6.6

7 57.7 30 >50,000 94.1 0.5 >867 1.6

8 2159 159.8 >50,000 965.5 0.7 232 45

™M 0.4 0.6 >50,000 1785.5 1.5 >12,500 4,464

FOY-251 9.7 173.4 >50,000 697 17.9 >5155 71.9

Selectivity indices represent the quotient of K; values of matriptase, thrombin, and factor Xa by the K; value of TMPRSS2.

compounds 2, 4, 5, and 7 were further analyzed for inhibition of
cellular TMPRSS2 activity.

Having demonstrated that the designed peptidomimetics
inhibit cell-free TMPRSS2 activity, we next analyzed inhibition
of cell-associated protease activity. For this, we used SARS-CoV-2
permissive Caco-2 cells, which show high levels of TMPRSS2
mRNA and express TMPRSS2 on the cell surface (Supplementary
Fig. 7)3. Cells were incubated with the respective inhibitors and
treated with fluorogenic protease substrate. The most potent
inhibitors against matriptase and TMPRSS2 also efficiently

prevented cell-mediated proteolysis of the fluorogenic substrate
with half maximum inhibitory concentrations (ICs,) of
12.7-234.2 nM, with compounds 2 (ICso =32 nM) and 5 (IC5 =
12.7 nM) being most active (Fig. 4a and Supplementary Table 6).
To ensure that the reduction in cellular protease activity is due to
inhibition of TMPRSS2, HEK293T cells transiently expressing
TMPRSS2 were treated with the respective inhibitors and
fluorogenic protease substrate. The signals were corrected for
the protease activity of mock-transfected HEK293T cells and
revealed a dose-dependent reduction of cellular TMPRSS2
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activity (Fig. 4b and Supplementary Table 6), with compounds 2
(IC50=3.5nM) and 5 (ICs5o=2.2nM) as the most active
synthesized inhibitors. Taken together, our results demonstrate
that the synthesized peptidomimetic inhibitors potently reduce
the activity of purified matriptase and TMPRSS2 while showing
no activity against thrombin. Further, the selected most potent
inhibitors display selectivity over factor Xa and reduce cellular
TMPRSS2 activity.

TMPRSS2-specific peptidomimetic inhibitors block SARS-
CoV-2 infection. We next analyzed whether compounds 1-8
may inhibit SARS-CoV-2 spike-driven viral entry. For this, Caco-
2 cells treated with serial dilutions of the compounds (and CM as
control) were inoculated with luciferase encoding lentiviral
pseudoparticles carrying the wild-type SARS-CoV-2 spike pro-
tein. Transduction rates were determined 2 days later by mea-
suring cell-associated luciferase activity and showed a
concentration-dependent inhibition of viral entry for all ana-
lyzed compounds (Fig. 5a). Compound 5 was most efficient with
an ICs, value of 467.2nM and was even more potent than CM
(ICso ~ 747.5nM). Compounds 1-4 and 7 suppressed spike-
driven entry with ICs, values between 1200 and 2068 nM while
compounds 6 and 8 were the least antivirally active with ICs,
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Fig. 3 Correlation of the pK; values from compounds 1-8, CM and FOY-
251 against TMPRSS2 and matriptase. A linear regression fit (R2 = 0.96)
was plotted through the data points excluding cpd. 1 and FOY-251.
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values between 5604-12,085nM, respectively (Supplementary
Table 7).

As the wild-type virus has largely been replaced by SARS-CoV-
2 variants of concern (VOC) with increased transmissibility,
virulence, or immune escape, we also determined the activity of
selected compounds against the Alpha, Beta, Delta, and Omicron
BA.1 spike protein. TMPRSS2 inhibitors 2, 4, 5, and 7 suppressed
cell entry mediated by all spike variants in a dose-dependent
manner with ICs, values ranging between 260.7 and 2367 nM
(Fig. 5b-d and Supplementary Table 7). Collectively these data
show that the designed TMPRSS2 inhibitors suppress SARS-
CoV-2 spike-driven viral transduction.

We next analyzed whether the inhibitors may also block
authentic SARS-CoV-2 infection. To this end, Caco-2 cells were
supplemented with serial dilutions of the compounds 1-8 or CM
and were then infected with SARS-CoV-2 strain Wuhan-Hu-1.
Infection rates were determined 2 days later by quantifying
intracellular viral protein expression by ELISA40. All compounds
including CM suppressed SARS-CoV-2 infection in a
concentration-dependent manner (Fig. 6a). The ICs, values were,
however, generally higher as compared to the pseudotype
experiment (Supplementary Table 8). Compounds 2, 4, and 5
were the most potent inhibitors with ICs, values of 4.6, 5.7, and
4.7 uM, respectively, similar to CM (3.6 uM). The remaining
compounds were less active with ICs, values >10 pM. The DMSO
solvent control neither affected the transduction of cells with
SARS-CoV-2 pseudoparticles nor the infection with wild-type
virus (Supplementary Fig. 8) and we did not observe cytotoxic
effects from the compounds tested that exceeded the toxicity of
the solvent control (Fig. 6e and Supplementary Fig. 9).

Finally, we determined the antiviral activity of compounds 2, 4,
5, and 7 against a SARS-CoV-2 isolate harboring the D614G
mutation, which increases viral infectivity (Fig. 6b), and the
VOCs Alpha (Fig. 6¢) and Beta (Fig. 6d)*!. The four selected
compounds as well as CM inhibited all three tested SARS-CoV-2
isolates. Compounds 2 and 5 suppressed the infection of the
SARS-CoV-2 Wuhan-Hu-1 D614G strain with ICs, values of 17.1
and 11.9 pM, respectively, and were even more active than CM
(26.7 uM) (Supplementary Table 8). SARS-CoV-2 variants Alpha
and Beta were most efficiently inhibited by compound 5 (ICs, of
6.8 and 6.3 pM, respectively) and CM (ICs of 16.4 and 9.3 uM,
respectively). Compounds 2, 4, and 7 showed moderately higher
IC5p as compared to CM and compound 5 (Supplementary
Table 8) but were still capable of blocking infection entirely. Thus,
the designed peptidomimetic TMPRSS2 inhibitors prevent
SARS-CoV-2 infection with comparable antiviral activity as
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protease activity. a Peptidomimetic compounds 2, 4, 5, and 7 as well as camostat mesylate (CM) and

FOY-251 were added to Caco-2 cells. After 30 min, the fluorogenic reference substrate Boc-GIn-Ala-Arg-AMC was added, and the reaction rate of
substrate degradation was assessed by recording the fluorescence intensity within 2 h. b Peptidomimetic compounds 2, 4, 5, and 7 as well as camostat
mesylate (CM) were added to HEK293T cells transiently expressing TMPRSS2, followed by addition of fluorogenic reference substrate Boc-Gln-Ala-Arg-
AMC. Graph shows normalized fluorescence intensities after 2 h, corrected for the signal of mock-transfected HEK293T cells. Shown are the means + SD of
n =1 experiment performed in triplicates (a) or duplicates (b). Calculated ICsq values for each compound are presented in Supplementary Table 6.
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Fig. 5 Peptidomimetic inhibitors reduce SARS-CoV-2 spike-driven entry. Peptidomimetic inhibitors and the small molecule camostat mesylate (CM)

were added to Caco-2 cells. After 1h, cells were transduced with lentiviral SARS-CoV-2 pseudoparticles carrying the spike protein of SARS-CoV-2 wild-
type (@), Alpha (b), Beta (¢), Delta (d), or Omicron BA.1 (e) variant of concern. Transduction rates were assessed 2 days post transduction by measuring
luciferase activity in cell lysates. Shown are the means + SEM of n = 2 independent experiments, each performed in triplicates. Calculated ICsq values for

each compound are presented in Supplementary Table 7.

CM, which is currently evaluated in clinical trials as COVID-19
therapeutic.

In vitro stability of selected leads in body fluids and epimer-
ization studies. The stability of peptidomimetic inhibitors is the
main challenge in peptide drug development. Peptidases in blood
might degrade the inhibitor before reaching the desired target in
an adequate time. Therefore, the stability of two compounds in
body fluids was assessed. Compound 2 was selected due to the
high selectivity as well as potency in suppressing genuine SARS-
CoV-2 infection, and compound 7 was selected since the struc-
ture comprises non-proteinogenic amino acids with potential
resistance to proteolysis.

In the first experiment, compound 7 was spiked into 25%
human serum and chromatographic analysis of peptide content
confirmed the presence of residual inhibitor for up to 10 days
(Supplementary Fig. 10). Due to the strong electrophilicity of the
ketobenzothiazole serine trap*?, the P1 Arg Cy-atom of
compound 7 atom readily epimerized within 30 min (Supple-
mentary Fig. 10). Of note, both epimers displayed similar
inhibitory activity, as shown for compound 2 (Supplementary
Fig. 11). The assay buffer used for in vitro activity studies did not
alter the epimerization ratio significantly (Supplementary Fig. 12).
We then determined the residual TMPRSS2 inhibitory activity of
compounds 2 and 7 and camostat mesylate after incubation in
human serum (Fig. 7a-c). Compounds 2 and 7 displayed similar
activity than in assay buffer and both inhibitors retained their
activity against TMPRSS2 for all timepoints tested, with an
increase in K; values of 1.4-1.8-fold during the course of 10 days
(Fig. 7d). In contrast, the activity of the control inhibitor camostat
mesylate reduced by around 60-fold upon addition to serum.
Further reduction in activity was observed up to day 1, while the

inhibition vanished entirely within 10 days in human serum.
Similar observations were made for incubation of the compounds
in human plasma and serum-free cell culture medium (Supple-
mentary Figs. 13 and 14). Therefore, the stability of the
peptidomimetic inhibitors supports further studies in in vivo
models.

Discussion

We here describe potent and stable peptidomimetic inhibitors of
TMPRSS2 that block SARS-CoV-2 infection. Targeting TMPRSS2
is a promising antiviral strategy because the protease is not only
essential for SARS-CoV-2 entry, but also primes glycoproteins of
various other viruses for subsequent fusion and infection. Since
TMPRSS?2 is a host and not a viral protein, TMPRSS2-targeting
therapeutics that block its enzymatic activity should be less likely
to induce resistance mutations.

To develop TMPRSS2 inhibitors, we used literature data on
TMPRSS?2 substrate preferences and designed a reference binder,
which was used as a template for the preparation of peptidomi-
metic libraries, which then were screened in silico against the
binding cavity of matriptase as a surrogate model for TMPRSS2
and against a TMPRSS2 homology model. A library of recogni-
tion sequences was compiled by incorporation of the identified
top-scoring amino acids in the template. The recognition
sequences were connected with an electrophilic ketobenzothiazole
serine trap moiety as a reactive functional group to yield a panel
of inhibitors#3-4>, We tested the inhibitors against isolated
enzymes and our data identified the four compounds 2, 4, 5, and
7 as potential hits with high activity against TMPRSS2 and
matriptase, and good off-target selectivity against coagulation
proteins thrombin and factor Xa. CM and its rapidly forming
active metabolite FOY-251 were used for comparison since they
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Fig. 6 Peptidomimetic inhibitors reduce SARS-CoV-2 infection. Peptidomimetic inhibitors and the small molecule camostat mesylate (CM) were added
to Caco-2 cells. After 1h, cells were infected with SARS-CoV-2 Wuhan-Hu-1 (a), SARS-CoV-2 bearing the spike D614G mutation (b), or the variants of
concern Alpha (¢) and Beta (d). Infection rates were determined 2 days post infection by in cell ELISA for the viral N protein. (e) Cytotoxicity of
peptidomimetic inhibitors. Inhibitors and the small molecule camostat mesylate (CM) were added to Caco-2 cells. Cell viability was assessed 2 days post
addition by measuring ATP content in cell lysates. Due to low stock concentration compounds 1, 6, and 8 were tested at a maximum concentration of
20,000 nM. Shown are the means + SEM of n =3 independent experiments (a-d) or mean = SD of n =1 experiment (e), each performed in triplicates.
Calculated ICsq values for each compound are listed in Supplementary Table 8.
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Fig. 7 Serum stability of inhibitors. Compound 2 (a), compound 7 (b), or camostat mesylate (¢) were incubated in human serum for indicated timepoints.
Samples were mixed with recombinant TMPRSS2, followed by the addition of the fluorogenic reference substrate BOC-GIn-Ala-Arg-AMC. Graph shows
normalized fluorescence intensities after incubation for 2 h. Negative ctrl: no inhibitor, positive ctrl: inhibitor in assay buffer. d Inhibitory constants K; as determined
from (a-¢). Shown are the means + SD of n =1 experiment performed in triplicates. No inh. no inhibition.
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have been shown previously to efficiently inhibit TMPRSS2
proteolytic activity and CM is currently evaluated in clinical trials
for COVID-191946, Our best candidates show inhibitory activities
in the same range as CM, and the compounds 2 and 5 even show
a 2-3-fold higher activity against isolated TMPRSS2 than FOY-
251. The ketobenzothiazole serine trap moiety revealed the
highest activity which may be attributed to a preferential fit in the
hydrophobic S1’ pocket of TMPRSS2, in contrast to the less
hydrophobic and smaller ketothiazole. The addition of further
amino acids or mimetics on the ketobenzothiazole moiety could
improve the interaction with the S™-sites and might be of interest
in further studies®.

Furthermore, the high activity of the top compounds was
confirmed through cleavage of a fluorogenic substrate on Caco-2
epithelial cells, which serve as an intestinal model carrying the
TMPRSS2 protease on the surface, and TMPRSS2 expressing
HEK293T cells. Finally, the inhibitors blocked SARS-CoV-2
spike-driven viral entry into and infection of Caco-2 cells by
authentic SARS-CoV-2 wild-type and variants of concern in a
concentration-dependent manner. Thus, the designed inhibitors
likely block TMPRSS2 mediated proteolytic priming of the viral
spike protein, thereby preventing subsequent receptor binding
and fusion. These data also show that the tested SARS-CoV-2
VOCs are still dependent on TMPRSS2 as essential cofactor for
cell entry and demonstrate that VOCs that escape from pre-
existing immunity are equally sensitive to entry inhibitors, as
previously shown for soluble ACE2 or fusion-inhibiting peptide
EK1 and EK1C4!147,

Two compounds (2 and 7) were incubated in body fluids for up
to 10 days and retained inhibitory activity in the sub-nanomolar
range which is remarkable considering the literature known sta-
bility issues of peptide therapeutics*$4°. Accordingly, CM was
found inactive when incubated for the same period of time. The
rapid epimerization of the compounds in blood serum did not
alter the activity significantly, suggesting that structurally sim-
plified inhibitors may be developed. The high stability in body
fluids and potent anti-TMPRSS2 and anti-SARS-CoV-2 activity
warrants further preclinical development of selected compounds.
Furthermore, a combination with drugs targeting viral replica-
tion, such as the protease inhibitor nirmatrelvir (in combination
with ritonavir, Paxlovid®), could yield synergistic effects. Of note,
the TMPRSS2 inhibitors will not only act against SARS-CoV-2
but potentially also block other TMPRSS2-dependent cor-
onaviruses such as SARS-CoV and MERS-CoV, and likely also
future novel emerging coronaviruses, and TMPRSS2-dependent
viruses from other viral families. In sum, TMPRSS2 represents an
attractive drug target in COVID-19, and downregulation of its
enzymatic activity with active and selective inhibitors should
significantly improve health rehabilitation. Here we showed a new
direction for the fast development of peptidomimetic inhibitors
and our results offer potential candidates with comparable
activities to CM whose efficacy may be further elucidated in
in vivo studies.

Methods

Molecular modeling. When modeling was performed, no crystal structure of
TMPRSS2 was freely available in the protein data bank (PDB)?7. Thus, a TMPRSS2
homology model was built using the Swiss-Model web server®’. The template
structure was selected based on the serine-protease hepsin in complex with N-
acetyl-6-ammonio-L-norleucyl-L-glutaminyl-N-[(1 S)-4-w-1-(chloroacetyl)butyl]-L-
leucinamide (PDB-ID: 1Z8G)>! with a sequence identity to TMPRSS2 of 42.49%
and a 1.5 A resolution. For subsequent docking studies, both the homology model
and the crystal structure of matriptase in complex with N-(3-phenylpropanoyl)-3-
(1,3-thiazol-4-yl)-L-alanyl-N-[(1 S,2 S)-1-(1,3-benzothiazol-2-yl)-5-carbamimida-
mido-1-hydroxypentan-2-yl]-L-valinamide (PDB-ID: 6N4T)3° as a surrogate
model were used. The focused serine-protease inhibitor library was derived from
the ZINC15 database2. Sequences of tripeptides for docking studies on TMPRSS2
homology/surrogate were generated using CycloPs and included proteinogenic and

non-proteinogenic amino acids (aa)>3. The generated SMILES were modified to
carry a N-terminal acetyl cap (ace) and a C-terminal aldehyde serine trap. Prior to
docking, all molecules were protonated and energetically minimized using
MOE2019%4, Hereby, the MMFF94x>° forcefield was used for small molecules and
AMBER14:EHT?® for peptidic molecules. For molecular docking with LeadIT-
2.3.2, the binding site was defined to include all residues within 6 A around the
reference ligand of the hepsin homology model (PDB-ID: 1Z8G)%”. For matriptase,
all residues within 6.5 A around the crystallographic reference ligand (PDB-ID:
6N4T) and water molecules forming at least three interactions with the target and
ligand were included. Structures were protonated with the Protoss module>® within
LeadIT-2.3.2. All dockings were performed using standard settings and the
enthalpy-entropy hybrid approach. The docking strategy was validated for
matriptase surrogate model by redocking of the ligand (PDB-ID: 6N4T), and for
TMPRSS2 homology model and matriptase surrogate model by docking of the
substrate ace-p-Arg-Pro/Gly-Arg-nme, and by a binder vs. non-binder dis-
crimination using 56 published TMPRSS2 inhibitors and 314 decoys generated for
four inhibitors present at ZINC using the database of useful decoys enhanced
(DUD-E)313259, Results were analyzed by FlexX score and visual pose inspection
to select molecules for purchase and synthesis. During the course of this study the
crystal structure of TMPRSS2 in a covalent complex with nafamostat became
available (PDB-ID: 7MEQ)?8. Hence, retrospective docking studies were performed
with this structure as well. After untethering the covalent bond, the binding site
was defined to include residues 8 A around the reference ligand and additionally
residues Leu-419, Lys-340, Thr-341 from the $2-S4 sites and water molecules
forming at least three interactions with the protease (water molecules 703,735 and
792 within the S1 pocket) were included. The LeadIT docking parameters were as
described for the hepsin-based homology model and the surrogate matriptase. The
docking setup was validated by redocking of 4-guanidinobenzoic acid (from
nafamostat) and binder-decoy discrimination. Figures were made with PyMOLS?.

Chlorination of tritylhydroxide resin (Trt-OH). The chlorination of tritylhydr-
oxide resin was performed based on a modified method described elsewhere®!. In
short, a 250-mL round-bottom flask was rinsed with dry dichloromethane (DCM)
and 25 g of Trt-OH (0.8 mmol/g, mesh 100-200, company: Iris Biotech) was added.
The resin was suspended in a mixture of 50% DCM and 50% toluene, just enough
to double the resin volume followed by 10 mL acetyl chloride. The glass vial was
sealed and agitated for 24 h. The next day, the resin was dried and thoroughly

washed with DCM (4 x 5 mL). Chlorinated resin (Trt-Cl) was stored in a freezer.

Addition of first amino acid to Trt-Cl. In all, 15mL of dry DCM was added to
0.8 g of Trt-CI®! resin (0.8 mmol/g) and shaken for 10 min. Next, 2.5 equiv.

(2.5 mmol) of amino acid and 5 equiv. (5 mmol) of activator base were added and
the mixture was shaken overnight at room temperature. The next day, the resin was
filtered and washed with N,N-dimethylformamide (DMF) (2 x 10 mL) and DCM
(2 x 10 mL). Prior to use for solid-phase peptide synthesis, the resin was swollen
with 10 mL DMF.

Solid-phase peptide synthesis. Peptides were synthesized as C-terminal amides on
a loaded 2-chlorotrityl chloride resin using 9-fluorenylmethoxycarbonyl (Fmoc)
strategy. All Fmoc-protected amino acids were purchased from Novabiochem, as well
as benzotriazol-1-yloxytripyrrolidinophosphonium hexafluorophosphate (PyBOP),
N,N-diisopropylethylamine (DIEA), DMF, DCM and were used as received. All
Fmoc-protected amino acids were dissolved in DMF at a concentration of 0.2 M. The
coupling was done with the standard procedure of solid-phase peptide synthesis®2. In
short, Fmoc deprotection was performed by treating the peptidyl resin with 20%
piperidine in DMF for 10 min at 70 °C. After the reaction, the resin was washed with
DMF and DCM, each (2 x 10 mL), then filtrated. The coupling was done by addition
of 7.5 mL of Fmoc-protected amino acid (3 equiv.), 3mL of 1 M PyBOP (3 equiv.)
and 1.5mL of 0.5M DIEA (3 equiv.). The reaction mixture was shaken at 75 °C for
30 min. Afterward, the resin was washed as described above and used for the

next step.

N-Cap modification and cleavage from the resin. The N-terminus of the pep-
tides with protected side chains were acetyl capped using 20 mL of 0.5 M Ac,O/
DMEF and 1 M DIEA/DMEF. The reaction was shaken for 2 h at room temperature.
The resin was filtered and washed with DMF and DCM, each (2 x 10 mL). The
cleavage of the peptide with protected side chains was accomplished using 20 mL of
20% hexafluoroisopropanol (HFIP) in DCM. The mixture was put on an orbital
shaker for 3 h at room temperature and then filtered. The solvent was taken off in
vacuo and the peptide was precipitated using 50 mL of diethyl ether.

Synthesis of Boc-Arg(Mtr) weinreb amide (S1). ((S)-fert-Butyl-(1-(methox-
y(methyl)amino)-5-(3-((4-methoxy-2,3,6-trimethylphenyl)sulfonyl)guanidino)-1-
oxopentan-2-yl)carbamate)°3. To a solution of N-(tert-butoxycarbonyl)-N-((4-meth-
0xy-2,3,6-trimethylphenyl)sulfonyl)-L-arginine (1.56 g, 3.21 mmol, 1.0 equiv.) in

34 mL THF, N,O-dimethylhydroxyl-amine hydrochloride (0.64 g, 6.42 mmol, 2.0
equiv) and 1-hydroxybenzotriazole hydrate (0.54 g, 3.53 mmol, 1.1 equiv.) were dis-
solved at room temperature. DIEA (1.63 mL, 9.63 mmol, 3 equiv.) and EDCI (0.65 g,
3.37 mmol, 1.05 equiv.) were added and the solution was stirred for 4.5 h. The mixture
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was concentrated in vacuo and the reaction mixture extracted with ethyl acetate
(150 mL), washed with 5% aqueous acetic acid (75 mL), sat. aqueous NaHCO;

(75 mL), water (75 mL), and brine (75 mL). The organic layer was dried over MgSO,,
filtered and concentrated in vacuo to yield the Weinreb amide S1 (0.86 g, 1.6 mmol,
yield: 69%) as a white powder (Supplementary Fig. 1). Purity (HPLC, 220 nm) > 80%
1 H NMR (300 MHz, CD30D): 8 = 1.43 (s, 9 H) 1.49-1.60 (m, 4 H) 1.87 (s, 1 H) 2.13
(s, 3H) 2.61 (s,3H) 2.67 (s, 3H) 3.17 (m, 3 H) 3.74 (s, 3 H) 3.90 (s, 3 H) 6.67 ppm (s,
1 H). MS (ESI): m/z: calcd. for Cp3HsoN50;S, [M + H]* 5303, [2M + H]* 1059.6,
found [M + H]* 530.2, [2 M + H]*+ 1059.4.

Synthesis of Boc-Arg(Mtr) ketobenzothiazole (S2). ((S)-tert-Butyl-(1-(benzo[d]
thiazol-2-yl)-5-(3-((4-methoxy-2,3,6-trimethylphenyl)sulfonyl)guanidino)-1-oxo-
pentan-2-yl)carbamate)®%. To a solution of benzothiazole (0.47 g, 3.53 mmol, 1.1
equiv.), n-BuLi (1.6 M, 4 mL, 6.42 mmol, 2 equiv.) was added dropwise to THF

(50 mL). After the mixture was stirred for an additional 30 min, Boc-Arg(Mtr)
Weinreb amide (1.94 g, 3.21 mmol, 1 equiv.) was dissolved in THF (15 mL) and
added slowly over 50 min. The mixture was stirred at -78.8 °C for 3 h. The reaction
was quenched with sat. aqueous NH,Cl (30 mL) and the aqueous layer was extracted
with EtOAc (40 mL). The organic phase was collected, dried with Na,SO,, and then
concentrated. The resulting residue was purified by semi-preparative RP-HPLC to
yield the compound S$2 (0.32 g, 0.5 mmol, yield: 35%) as a yellow powder (Supple-
mentary Fig. 1). Purity (HPLC, 220 nm) >95%. 'H NMR (300 MHz, CD30D):
§=143 (s, 9 H) 1.66 (m, 4 H) 2.05 (s, 3 H) 2.55 (s, 3 H) 2.70 (s, 3 H) 3.23 (m, 2 H)
381 (s, 3 H) 5.32 (m, 1 H) 6.55 (s, 1 H) 7.69 (m, 2 H) 8.27 ppm (m, 2 H). MS (ESI):
m/z: caled. for CogHs;N504S, [M + H]T 604.2, [2 M + H]* 1207.4, found [M + H]+
603.9, [2M + H]* 1206.6.

Synthesis of HCleH-Arg(Mtr) ketobenzothiazole (S3). (N-(N-(4-Amino-5-
(benzo[d]thiazol-2-yl)-5-oxopentyl)carbamimidoyl)-4-methoxy-2,3,6-trimethyl-
benzenesulfonamide)*3. Compound $2 (0.200 g, 0.40 mmol) was stirred in 1.5m
HCl/dioxane (10 mL) at room temperature for 18 h. The solvent was removed the
resulting residue was dried in vacuo and purified by RP-HPLC (Supplementary
Fig. 1). The received compound was used for the following peptide couplings.

Synthesis of Boc-Arg(Mtr) ketothiazole (S4). ((S)-tert-Butyl-(5-(3-((4-methoxy-
2,3,6-trimethylphenyl)sulfonyl)guanidino)- 1-oxo-1-(thiazol-2-yl)pentan-2-yl)
carbamate)®. To a solution of 2-bromothiazol (0.211 g, 1.29 mmol, 3.3 equiv.) in dry
THF (10 mL) n-BuLi (2.5M, 0.52 mL, 1.29 mmol, 3.3 equiv.) was added dropwise
under inert atmosphere at —78 °C. The reaction mixture stirred for 1.5h at -78 °C,
followed by dropwise addition of compound S1 (0.205 g, 0.39 mmol, 1 equiv.) at the
same temperature. The resulting solution was stirred 2 h at -78 °C, after which sat.
aqueous NH,CI (10 mL) was added. The organic phase was separated and the
aqueous phase was extracted three times with EtOAc. The combined organic extracts
were washed with brine (30 mL), dried over Na,SO,, filtered and concentrated in
vacuo. The residue was purified on a silica column eluting with EtOAc/cyclohexane
(4:1v/v), to afford the compound $4 (0.12 g, 0.22 mmol, yield: 56%) as a white foam
(Supplementary Fig. 1). Purity (LC, 254 nm) > 95%!'.H NMR (300 MHz, CDCl,):
§=8.04 (d, 1 H), 7.72 (d, 1 H), 653 (s, 1 H), 5.64 (d, 1 H), 5.41 (s, 1 H), 3.83 (5, 3
H), 3.26 (m, 2 H), 2.67 (s, 3 H), 2.59 (s, 3 H), 2.12 (s, 3 H), 1.76 - 1.57 (m, 4 H), 1.41
(s, 9 H). ppm. MS (ESI): m/z: caled. for Co4H;35N506S, [M + H] T 554.2, found
[M + HJ* 554.2.

Synthesis of TFAeH-Arg(Mtr) ketothiazole (S5). ((S)-N-(N-(4-Amino-5-oxo-5-
(thiazol-2-yl)pentyl)carbamimidoyl)-4-methoxy-2,3,6- trimethylbenzenesulfonamide).
Compound $4 (0.256 g, 0.46 mmol) was stirred in DCM (3 mL) at 0°C and TFA
(1 mL) was added. The reaction mixture stirred for 1 h at ambient temperature, then
isopropyl alcohol (0.5 mL) was added. The solution was concentrated in vacuo and
triturated with diethyl ether. The supernatant was decanted and the residue was
purified by RP-HPLC (Supplementary Fig. 1). The obtained compound S5 was used
for the following peptide couplings.

Synthesis of Boc-Arg(Mtr) alcohole (S6). ((S)-tert-Butyl-(1-hydroxy-5-(3-((4-
methoxy-2,3,6-trimethylphenyl)sulfonyl)guanidino)pentan-2-yl)carbamate). To a
solution of Boc-Arg(Mtr)-OH (0.3 g, 0.62 mmol,1 equiv.) in dry THF (5 mL) were
added NMM (0.063 g, 0.62 mmol, 1 equiv.) and EtOCOCI (0.067 g, 0.62 mmol, 1
equiv.) at -15 °C under argon. The reaction mixture stirred for 1 h at -15 °C, then
transferred dropwise via canula into a stirred solution of NaBH, (0.047 g, 1.24 mmol,
2 equiv.) in water (15 mL). The resulting solution was stirred 5 min at 0 °C and then
diluted with water (15 mL). The aqueous phase was extracted twice with EtOAc
(10 mL). The combined organic extracts were dried over Na,SO, and concentrated in
vacuo to obtain the compound S6 (0.24 g, 0.5 mmol, yield: 81%) as a colorless oil
(Supplementary Fig. 1). Purity (LC, 254 nm) 98%!.H NMR (300 MHz, CDCls)
8=652(s, 1 H), 633 (5,2 H) 5.15 (d, 1 H), 3.82 (s, 3 H), 3.55 (s, 2 H), 321 (s, 1 H),
2.69-2.66 (m, 5 H), 2.59 (s, 3 H), 2.12 (s, 3 H), 1.55 (s, 4 H), 1.40 (s, 9 H) ppm.LC-MS:
m/z: caled. for Cy;HaeN,O6S [M + H]T 473.2, found [M + H]* 473.2.

Synthesis of TFAeH-Arg(Mtr) alcohol (S7). ((S)-N-(N-(4-Amino-5-hydro-
xypentyl)carbamimidoyl)-4-methoxy-2,3,6-trimethylbenzenesulfonamide).

Compound $6 (0.22 g, 0.47 mmol) was stirred in DCM (3 mL) at 0°C and TFA
(1 mL) was added. The reaction mixture stirred for 2 h at ambient temperature,
then isopropyl alcohol (0.5 mL) was added. The solution was concentrated in vacuo
and triturated with diethyl ether. The supernatant was decanted and the residue
was purified by RP-HPLC. The received compound S7 was used for the following
peptide couplings (Supplementary Fig. 1).

Preparation of inhibitors. Respective serine traps (1.5 equiv.) were coupled with
dipeptides (1.0 equiv.) bearing standard protection groups using PyBOP (1.5
equiv.) and DIEA (3 equiv.) in DMF. After the reaction was agitated for 4 h at
room temperature, 3 mL of a deprotection solution was added (93% TFA, 3.5%
TIPS, 3.5% H,0) and further agitated for 8 h at room temperature. After con-
centrating, the crude inhibitor was precipitated in 50 mL cold diethyl ether and
afterward purified using RP-HPLC.

Purification, lyophilization, and analysis of peptide- and serine trap pre-
cursors and inhibitors. All precursor compounds were purified with a semi-
preparative RP-HPLC. The following gradient was applied: 95% H,0/5% ACN to
5% H,0/95% ACN in 30 min. Trifluoracetic acid for deprotection was dissolved in
the water to a concentration of 0.1%. Column used: Zorbax Eclipse XDB C-18
9.4 x 250 mm 5 pm, company: Agilent Technologies. Detector: UV Vis detector
model $-3702, company: Soma. For the detection, a wavelength of 220 nm was
used. After chromatographic purification, the fractions were collected and freeze-
dried overnight. The purified and lyophilized precursor compounds were stored in
the freezer at —20 °C. The mass of the purified compounds was determined with
MS-ESI. Model used: expression-L compact mass spectrometer, company Advion.
Peptides were dissolved to a concentration of ¢ =0.01 mg/mL in MeOH + 0.1%
formic acid. Injection was done by a syringe pump with a flow rate of 10 uL/min.

Enzymes. Recombinant human TMPRSS2 was purchased from Creative BioMart
(New York, USA) or LSBio (Seattle, USA), factor Xa was obtained from Bio-
Techne GmbH (Wiesbaden, Germany). Recombinant human thrombin and
matriptase protein were purchased from R&D Systems (Minneapolis, MN, USA).

Deter! of inhibitory Ki. The activity of the compounds against
the recombinant human enzymes was determined in enzyme inhibition assays. Here,
a ten-point dilution series for the inhibitors was prepared and incubated for 30 min
with the enzyme in TNC buffer (25 mM Tris, 150 mM NaCl, 5mM CaCl,, 0.01%
Triton X-100, pH = 8) prior to adding a fluorogenic reference substrate Boc-Gln-Ala-
Arg-AMC for matriptase and TMPRSS2 or a chromogenic substrate p-Phe-Homo-
pro-Arg-pNA, Bz-Ile-Glu-Gly-Arg-pNA for thrombin and factor Xa, respectively.
The measurements were performed on a Tecan infinite® M1000 and the fluorescence
intensity was measured by exciting the AMC fluorophore at 380 nm wavelength and
recording emission at 460 nm wavelength. The absorption of pNA was measured at
405 nm. Fluorescence intensities and absorption were measured every 2 min for 2 h or
as endpoint after 2 h. The end concentrations of the enzymes were 0.2nM (matrip-
tase) and 0.2 nM (TMPRSS2) in 20 L total volume and 0.6 nM (thrombin), 0.35 nM
(factor Xa) in 100 pL total volume. The end concentration of the reference substrate
was 100 uM (matriptase), 100 uM (TMPRSS2), 200 uM (factor Xa) and 100 uM
(thrombin). To determine the ICs, values, the concentration-response data were
plotted with the program GraphPad prism version 8.4.2 (San Diego, California) and a
nonlinear regression fit with the equation [Inhibitor] vs. normalized response was
applied. The inhibitory constant K; was calculated from the ICs, values using the
Cheng-Prusoff equation (K; = ICs/[S]/Ky) for competitive reversible inhibitors®.
The Ky value was determined to be 77 uM for TMPRSS2 (Supplementary Fig. 2).

Analysis of cellular TMPRSS2 expression. The human colorectal adenocarci-
noma cell line Caco-2 from the Collection of Microorganisms and Cell Cultures
(DSMZ, Germany) was maintained in Eagle’s Minimum Essential Medium
(EMEM) supplemented with 10% FBS, 100 U /mL penicillin, 100 mg/mL strep-
tomycin, and 2 mM glutamine (all Invitrogen, Germany). For the validation of the
expression of the transmembrane serine-protease TMPRSS2, 100,000 Caco-2 cells
were resuspended in 100 puL of Dulbecco’s phosphate-buffered saline (DPBS,
Sigma-Aldrich) and incubated with the TMPRSS2 antibody (ThermoFisher Sci-
entific, PA5-14264) at final concentrations of 10, 20, 40, and 100 pg/mL for 30 min
at 4°C. After the separation from unbound antibody molecules by centrifugation
(200 x g for 3 min) and resuspension of the cells in 100 uL DPBS, 1 uL of a FITC-
labeled secondary donkey anti-rabbit IgG (ThermoFisher, A16024) was added and
incubated for 30 min at 4 °C. Following a final centrifugation (200 x g for 3 min),
the cells were resuspended in 1 mL DPBS and analyzed by flow cytometry. The
measurements were performed on an Attune™ NxT cytometer (ThermoFisher)
with a 488 nm laser for excitation of bound secondary antibody molecules (FITC)
and a 530/30 nm band pass filter for emission detection. Using the Attune™ NxT
software (ThermoFisher), Caco-2 cells were selected by the FSC/SSC plot, thereby
excluding cell debris. From this dot plot gating of Caco-2 cells, a histogram plot of
the BL1-H emission filter signal was generated. The signal of untreated Caco-2 cells
(autofluorescence) was gated to one percent, whereby all other samples refer to the
percentage of events within this gate. For the data analysis, GraphPad Prism ver-
sion 8.4.2 was applied.
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Analysis of inhibition of cellular TMPRSS2 activity. In total, 10,000 Caco-2 cells
(ATCC) in 100 uL. EMEM medium supplemented with 10% FBS, 100 U/mL
penicillin, 100 mg/mL streptomycin, and 2 mM glutamine (all Invitrogen, Ger-
many) were seeded per well in a 96-well plate and incubated at 37 °C for 4 days
until full confluency of the cells. The cells were washed two times with PBS and
EMEM medium without FBS was added. For the determination of ICs values, 1 pL
of inhibitor was incubated for 30 min at room temperature prior to adding 2 uL of
10 mM reference substrate (Boc-Gln-Ala-Arg-AMC). The fluorescence intensity
was measured as described above. In all, 20,000 HEK293T cells (ATCC) were
seeded in 100 uL DMEM supplemented with 10% FBS, 100 U/mL penicillin,

100 mg/mL streptomycin, and 2 mM glutamine. The next day, cells were trans-
fected with 100 ng TMPRSS2 expression plasmid (Addgene 53887, kindly provided
by Roger Reeves, Johns Hopkins University, Baltimore, USA) using poly-
ethyleneimine (PEI). Briefly, DNA was mixed with PEI at a DNA:PEI ratio of 1:3 in
serum-free medium, incubated for 20 min at room temperature, and added to the
cells. After 14 h, transfection mix was removed from the cells and 80 L fresh
medium without FBS and 10 pL inhibitors were added (final concentration 50 uM).
After 15 min, 20 uL of fluorogenic reference substrate Boc-Gln-Ala-Arg-AMC were
added (final concentration of 100 uM). Fluorescence intensity was measured after
2h at 37°C as described above.

SARS-CoV-2 pseudoparticles. To generate replication-deficient lentiviral pseudo-
particles carrying the SARS-CoV-2 spike protein (LV(Luc)-CoV-2), 900,000
HEK293T cells were seeded in 2 mL DMEM supplemented with 10% FBS, 100 U/mL
penicillin, 100 mg/mL streptomycin, and 2 mM glutamine. The next day, the medium
was refreshed and cells were transfected with a total of 1 ug DNA using poly-
ethyleneimine (PEI). To this end, 2% of SARS-2 spike plasmid (encoding the spike
protein of SARS-CoV-2 isolate Wuhan-Hu-1, NCBI reference sequence
YP_009724390.1, SARS-CoV-2 variant Alpha (B.1.1.7), Beta (B.1.351), Delta
(B.1.617.2) or Omicron BA.1 (B.1.1.529) were mixed with pPCMVdR8_91 (encoding
HIV structural proteins gag and pol) and pSEW-Luc2 (crippled lentiviral vector
encoding the luciferase reporter gene) in a 1:1 ratio in serum-free medium. Plasmid
DNA was mixed with PEI at a DNA:PEI ratio of 1:3 (3 pg PEI per 1 ug DNA),
incubated for 20 min at room temperature, and added to cells dropwise. At 8 h post
transfection, the medium was removed, cells were washed with 2 mL of PBS and 2 mL
of HEK293T medium with 2.5% FCS were added. At 48 h post transfection, pseu-
doparticles containing supernatants were harvested and clarified by centrifugation for
5min at 1500 rpm.

SARS-CoV-2 strains and propagation. Viral isolates BetaCoV/Netherlands/01/
NL/2020 (SARS-CoV-2 D614G variant, #010V-03903), BetaCoV/France/IDF0372/
2020 (SARS-CoV-2 WT, #014V-03890) and variant of concern (VOC) Alpha
hCoV-19/Netherlands/NH-RIVM-20432/2020 (B.1.1.7, #014V-04031) were
obtained from the European Virus Archive global. The VOC Beta 2102-cov-IM-r1-
164 (B.1.351) was isolated, sequenced, and kindly provided by Michael Schindler
(Tiibingen Medical Center, Germany). All strains were propagated on Vero E6 or
Caco-2 cells. To this end, 70-90% confluent cells in 75 cm? cell culture flasks were
inoculated with SARS-CoV-2 isolate (multiplicity of infection (MOI) of 0.03-0.1) in
3.5 mL serum-free medium. Cells were incubated for 2 h at 37 °C, before adding
20 mL medium containing 15 mM HEPES. Cells were incubated at 37 °C and
supernatant harvested when a strong cytopathic effect (CPE) was visible. Super-
natants were centrifuged for 5 min at 1000 x g to remove cellular debris, and then
aliquoted and stored at -80 °C as virus stocks. Infectious virus titer was determined
as plaque-forming units (PFU) on Vero E6 cells, which was used to calculate MOI.

Pseudovirus inhibition assay. Overall, 10,000 Caco-2 cells were seeded in 100 pL
DMEM supplemented with 10% FBS, 100 U/mL penicillin, 100 mg/mL strepto-
mycin, 2mM glutamine, 1x non-essential amino acids, and 1 mM sodium pyr-
uvate. The next day, medium was replaced by 60 uL of fresh medium and cells were
treated with 20 pL of serial dilutions of TMPRSS2 inhibitors or small molecule
protease inhibitors for 2 h at 37 °C, followed by transduction with 20 pL of infec-
tivity normalized LV (Luc)-CoV-2 pseudoparticles. Transduction rates were asses-
sed after 48 h by measuring luciferase activity in cell lysates with a commercially
available kit (Promega). Briefly, cells were washed with PBS and incubated with
40 pL cell culture lysis reagent for 10 min at room temperature. In all, 30 uL of
lysates were transferred to opaque 96-well plates and mixed with 50 uL of Luci-
ferase assay substrate. Luminescence was recorded immediately for 0.1 s/well in an
Orion II Microplate luminometer (Berthold) with simplicity 4.2 software. Luci-
ferase activities in absence of inhibitors were set to 100% and ICs, were determined
by linear regression using GraphPad Prism version 8.4.2.

SARS-CoV-2 inhibition assay. Overall, 25,000 Caco-2 cells were seeded in 100 puL
respective medium. The next day 40 pL of medium were removed and cells were
treated with 20 pL of serial dilutions of TMPRSS2 inhibitors or small molecule
protease inhibitors for 2 h at 37 °C, followed by infection with 20 uL. SARS-CoV-2
of the respective virus strain at a multiplicity of infection (MOI) of 5x 10~4
Infection rates were assessed at 2 days post infection by in-cell ELISA for SARS-
CoV-2 nucleocapsid or spike. Briefly, cells were fixed by adding 180 uL 8% par-
aformaldehyde (PFA) for 30 min at room temperature and permeabilized by

incubation with 100 uL 0.1% Triton X-100 for 5 min. After washing once with PBS,
cells were stained with 1:5000 diluted anti-spike protein antibody 1A9 (Biozol
GTX-GTX632604) or anti-nucleocapsid antibody (Sinobiological 40143-MMO05) in
antibody buffer (10% FBS and 0.3% Tween 20 in PBS) for 1h at 37 °C. After two
washes with 0.3% Tween 20 in PBS, the secondary HRP-conjugated antibody
(ThermoFisher #A16066) (1:15,000) was incubated for 1 h at 37 °C. Cells were
washed three times with 0.3% Tween 20 in PBS, TMB peroxidase substrate (Medac
#52-00-04) was added for 5 min and the reaction stopped using 0.5 M H,SO,. The
optical density (OD) was recorded at 450-620 nm using the Asys Expert 96 UV
microplate reader (Biochrom) with DigiRead 1.26 software. Values were corrected
for the background signal derived from uninfected cells and untreated controls
were set to 100% infection.

Cytotoxicity assay. In all, 10,000 Caco-2 cells were seeded in 100 pL respective
medium. The next day medium was replaced by 80 pL of fresh medium and cells were
treated with 20 L of serial dilutions of peptidomimetic TMPRSS2 inhibitors or small
molecule protease inhibitors. Cell viability was assessed after 48 h with a commercially
available kit (Promega). Briefly, medium was removed and cells were lysed with
100 pL CellTiter-Glo reagent for 10 min at room temperature. In total, 50 uL of lysates
were transferred to opaque 96-well plates and luminescence was recorded immedi-
ately for 0.1 s/well in an Orion II Microplate luminometer (Berthold) with simplicity
4.2 software. Luciferase activities in absence of inhibitors were set to 100%.

Stability of inhibitors in serum, plasma, and cell culture medium. The stability
of the inhibitors was measured according to a modified procedure from ref. ¢’. In
short, 10 uL of 10 mM inhibitor solutions were added to 1 mL of 25% (v/v) human
serum or plasma in RPMI 1640 and incubated at 37 °C. At indicated timepoints,
100 pL. samples were taken and mixed with 200 uL of ethanol to precipitate pro-
teins. The cloudy solution was cooled at 4 °C for 15 min and centrifuged at
14,800 rpm for 2 min. The supernatant was aspirated and analyzed using analytical
HPLC. The residual inhibitory constants K; after incubation was assessed by mixing
serial dilutions of the inhibitor with recombinant TMPRSS2 as described above.

Statistics and reproducibility. Sample sizes and the number of replicates are
indicated in the respective figure legend. The number of experiments is described
as n =X, triplicates/duplicates describe individual replicates within each
experiment.

Reporting summary. Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability

Crystal structures were obtained from Protein Data Bank with accession codes PDB-ID:
178G, 6N4T, 7MEQ, and from SWISS-MODEL repository (https://swissmodel.expasy.
org/repository/uniprot/P059812template=128g). Source data are provided with this
paper as Supplementary Data 1. Analytical data are presented in Supplementary Fig. 1.
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5.2 Structure-Based Design of High-Affinity and Selective Peptidomimetic
Hepsin Inhibitors

5.2.1 Context, Project Summary, and Own Contributions
Hepsin presents another trypsin-like transmembrane serine protease and has been shown to be

[2611,[307

overexpressed in prostate cancer. ) Due to the activation of oncogenic proteins like pro-hepatocyte

growth factor (pro-HGF) by hepsin, downstream signal pathways are triggered that promote tumor

314

progression (1.6.1).1*'*! For targeting hepsin-related tumors, the group of Maildnder and Landfester et

al. investigated the development of peptide-based nanocapsules for selective release of cargo

315],

molecules.®'>*3'% Novel substrates with increased affinity and stability properties were designed by

virtual screening and synthesis.*'*)

As a follow-up project, we designed new potential hepsin inhibitors. We combined the best binders of
the aforementioned designed substrates with the electrophilic a-ketobenzothiazole moiety as the

3131 After docking simulations of the inhibitors, we synthesized the best potential compounds

warhead.!
and tested their affinity and selectivity via fluorometric assays towards hepsin and other related trypsin-
like serine proteases. Additionally, we exchanged the warhead moiety with different electrophilic traps
and truncated the peptide recognition sequence to elucidate their influence regarding their
pharmacodynamic properties. Further stability tests in body fluids of the most promising inhibitors,
showed high remaining potency after one day of incubation. We demonstrated that this combinatorial
methodology, beginning with a virtual screening of peptide libraries and combination with a suitable

warhead, lead to potent and selective inhibitors for hepsin.

Own contributions: Inhibitor synthesis (S1-S5) and writing of the original draft plus editing of the

manuscript.

Contributions from other authors: Inhibitor synthesis (1-10), inhibition-, cytotoxicity- and stability-

assay, molecular docking and writing of the original draft plus editing of the manuscript.
This work was published in Biomacromolecules (impact factor: 6.09).

Article reprinted with permission of Biomacromolecules 2022, 23,2236-2242: “Structure-Based Design

of High-Affinity and Selective Peptidomimetic Hepsin Inhibitors.” © 2022 American Chemical Society.
(Washington, D.C).
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5.2.2

Publication

The following publication quoted within *“” from page 163 to page 169 is the same as the manuscript

cited on page 53.
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ABSTRACT: In many solid tumors, increased upregulation of transmembrane
serine proteases (TTSPs) leads to an overactivation of growth factors, which
promotes tumor progression. Here, we have used a combinatorial methodology
to develop high-affinity tetrapeptidic inhibitors. A previous virtual screening of
8000 peptide combinations against the crystal structure of the TTSP hepsin
identified a series of recognition sequences, customized for the non-prime
substrate binding (P) sites of this serine protease. A combination of the top
recognition sequences with an electrophilic warhead resulted in highly potent
inhibitors with good selectivity against coagulation proteases factor Xa and
thrombin. Structure—activity relationships of two selected compounds were
further elucidated by investigation of their stability in biological fluids as well as
the influence of the warhead and truncated inhibitors on the inhibitory potency.
Overall, this methodology yielded compounds as selective inhibitors for

potential cancer drug development, where hepsin is overexpressed.

H INTRODUCTION

Cancer emerges from a complex variety of gene mutations.
Most frequently, the genes encoding for the protein class of
kinases and proteases are highly upregulated.”> The use of
kinase inhibitors is nowadays a common treatment, but
patients can rapidly acquire resistance. To overcome this
obstacle, type II transmembrane serine proteases (TTSPs) as
an alternative drug target has come into research focus.’
Hepsin is a TTSP which shows, in healthy prostate tissues, low
expression levels, while high expression levels have been shown
to play critical roles in cancer such as androgen-independent
prostate cancer.”® This protease activates oncogenic proteins
such as pro-hepatocyte growth factor (pro-HGF) to HGEF,
which then triggers downstream signaling pathways through c-
MET activation. The high proteolytic activity of hepsin was
shown to evoke HGF-related biological effects such as the loss
of epithelial cell membrane integrity, survival, and cellular
growth. In healthy tissues, the activity of TTSP is regulated by
endogenous inhibitors, HAI-1 and HAI-2 proteins. In vivo
hepsin transgenic mice showed primary prostate tumors and
progression to systemic cancer by promoting metastasis.
Contrarily, hepsin knockout mice were shown to develop
normally with no apparent abnormalities. To specifically
address hepsin-overexpressing tumors, the design of enzymati-
cally cleavable peptide-based nanocapsules for a selective
release came into focus. First, investigations in this direction
have been previously published by our group.®” The design of
such peptide-based nanocapsules requires high enzymatic

© 2022 The Authors. Published by
American Chemical Society

7 ACS Publications
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specificity to ensure targeted drug delivery. To meet these
high demands, we improved the literature-known substrate R-
Q-L-R-V-V-G-G and developed novel substrates with a higher
affinity and serum/plasma stability using a combinatorial in
silico approach, paired with organic synthesis and biological
testing.” The in silico approach included the design of a P- and
a P’-site peptide library, consisting of 8000 combinations each,
which target the respective S- and S'-sites of the binding
pocket of hepsin (Figure S1). Peptides with the highest
predicted affinity for hepsin were subsequently synthesized and
tested for their suitability as a hepsin substrate as well as for
their serum and plasma stability. In this paper, we aimed to
validate the possibility of developing selective and high-affinity
substrate-based inhibitors, tailored for the serine protease
hepsin based on the recognition sequences identified
previously (Figure S2). For this purpose, the top binders of
the S-site library were combined with an electrophilic
ketobenzothiazole (kbt) moiety to yield covalent reversible
inhibitors.® Peptide-based inhibitors customized for the
binding cavity of the target protease offer multiple interaction
points and a larger contact area, which increase selectivity in a
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natural manner simply by the sequential choice of amino acids.
Still, previous inhibitors showed activity among similar
proteases like matriptase.” "' Even though matriptase is also
upregulated in prostate cancer; unlike hepsin, matriptase-
deficient mice showed low life expectancy and should be
considered as a potential off-target.'> Toxicity effects of hepsin
and matriptase short-term inhibition still need to be examined.
In vitro screening revealed a panel of tetra-peptidomimetic
inhibitors with activity in the low nanomolar (nM) range for
hepsin with good off-target selectivity over matriptase,
thrombin, and factor Xa. Furthermore, we selected a
compound to elucidate different warhead moieties as well as
truncated recognition sequences to tri- and dipeptides. Our
results show that we can use the screening approach as a fast
and cost-efficient pipeline for the identification of possible
binders, which can further be used for the development of first-
generation hepsin inhibitors. Further, the combinatorial nature
of this approach allows new insights into structure—activity
relationships (SAR).

B MATERIALS AND METHODS

Molecular Docking. Molecular docking studies were performed
as described previously with slight modifications.” Briefly, docking was
performed with LeadIT-2.3.2 using the hepsin—inhibitor complex
crystal structure (PDB ID: 1Z8G), freely available in the protein data
bank (PDB)."*”'® The binding site was defined by all residues within
6.5 A of the crystallographic reference ligand acetyl-Lys-Gln-Leu-Arg-
chloromethylketone and further included highly coordinated water
molecules 188, 302, 409, 425, 438, 448, 476, 524, and 856.
Protonation states were determined with the Protoss module within
LeadIT."” The docking setup was validated by re-docking of the
reference ligand (FlexX-score —50.7 kJ/mol, rmsd 2.7 A). Structures
of potential inhibitors were generated using CycloPs and modified to
contain an N-terminal acetyl cap and a C-terminal kbt warhead.'®
Energetically minimized structures for docking were generated using
the AMBER14/EHT force field within MOE2018."”° Differently
from the previous approach, the docking was performed without any
pharmacophoric constraints.” For selectivity studies, docking against
matriptase was performed using PDB ID: 409V as the receptor with
residues 6.5 A around the reference ligand including water molecule
1004 (re-docking FlexX-score —55.3 kJ/mol, rmsd 1.7 A).”" Figures
were made with PyMOL.>

Preparation of resin, addition of first amino acid, peptide synthesis,
N-Cap modification, and cleavage from the resin as well as synthesis
of the inhibitory head groups and coupling of the inhibitory heads
with the peptides are described in the Supporting Information.

Purification, Lyophilization, and Analysis of Peptide and
Warhead Precursors and Inhibitors. All precursor compounds
were purified with a semi-preparative reversed-phase high-perform-
ance liquid chromatography (RP-HPLC). The following gradient was
applied: 95% H,0/5% ACN to 5% H,0/95% ACN in 30 min.
Trifluoracetic acid was dissolved in the water to a concentration of
0.1%. Column used: Zorbax Eclipse XDB C-18 9.4 X 250 mm $ um,
company: Agilent Technologies. Detector: UV—vis detector model S-
3702, company: Soma. For the detection, a wavelength of 220 nm was
used. After chromatographic purification, the fractions were collected
and freeze-dried overnight. The purified and lyophilized precursor
compounds were stored in the freezer at —20 °C. The mass of the
purified compounds was determined with MS-ESI. Model used:
expression-L compact mass spectrometer, company Advion. Peptides
were dissolved to a concentration of ¢ = 0.01 mg/mL in MeOH +
0.1% formic acid. Injection was done by a syringe pump with a flow
rate of 10 xL/min.

Enzymes. Recombinant human hepsin protein and factor Xa
protein were purchased from Bio-Techne GmbH (Wiesbaden,
Germany). Recombinant human thrombin protein and matriptase

2237

protein were purchased from R&D Systems (Minneapolis, MN,
USA).

Determination of Inhibitory Constant K;. The activity of the
compounds against the recombinant human enzymes was determined
in enzyme inhibition assays. Here, a ten-point dilution series for the
inhibitors was prepared and incubated for 30 min with the enzyme in
TNC buffer (25 mM Tris, 150 mM NaCl, $ mM CaCl,, 0.01% Triton
X-100, pH = 8) prior to adding a fluorogenic reference substrate Boc-
Gln-Ala-Arg-AMC for hepsin and matriptase or chromogenic
substrate D-Phe-Homopro-Arg-pNA, Bz-Ile-Glu-Gly-Arg-pNA, for
thrombin and factor Xa, respectively. The preincubation time did
not significantly influence the activity of the compounds (Table S1).
However, due to consistency with the published literature, 30 min of
preincubation time was maintained. The measurements were
performed on a Tecan infinite M1000 and the fluorescence intensity
was measured by exciting the AMC fluorophore at 380 nm
wavelength and recording emission at 460 nm wavelength. The
absorption of pNA was measured at 405 nm. Fluorescence intensities
and absorption were measured every 2 min for 2 h. The end
concentrations of the enzymes were 0.3 nM (hepsin) and 0.2 nM
(matriptase) in the 20 yL total volume and 0.6 nM (thrombin), 0.35
nM (factor Xa) in the 100 uL total volume. The end concentration of
the reference substrate was 100 uM (matriptase), 157 uM (hepsin),
200 uM (factor Xa), and 100 #M (thrombin). To determine the ICs,
values, the concentration—response data were plotted with the
program GraphPad prism version 8.4.2 (San Diego, California) and a
nonlinear regression fit with the equation [inhibitor] vs normalized
response was applied. Inhibitory constant K; was calculated from the
ICs, values using the Cheng-Prusoff equation (K; = IC4,/[S]/Ky) for
competitive reversible inhibitors.”

Cytotoxicity Assay. 10,000 Caco-2 cells were seeded in 100 yL
DMEM supplemented with 10% FCS, 2 mM glutamine, 100 U/mL
penicillin, and 100 mg/uL streptomycin, 1 X non-essential amino
acids (NEAA) and 1 mM sodium pyruvate. The next day, the medium
was replaced by 80 uL of fresh medium and cells were treated with 20
puL of serial dilutions of peptidomimetic hepsin inhibitors. Cell
viability was assessed after 48 h with a commercially available kit
(Promega). Briefly, the medium was removed and cells were lysed
with 100 uL of CellTiter-Glo reagent for 10 min at room temperature.
50 uL of lysates were transferred to opaque 96-well plates and
luminescence was recorded immediately for 0.1 s/well in an Orion II
Microplate luminometer (Berthold) with simplicity 4.2 software.
Luciferase activities in the absence of inhibitors were set to 100%.

Stability of Inhibitors in Serum, Plasma, and Cell Culture
Medium. The stability of the inhibitors was measured according to a
modified procedure from Jenssen et al.”* In short, hepsin inhibitor
solutions of 1 mM were prepared by dissolving the peptide in pure
dimethyl sulfoxide. 10 uL of the peptide solution were added to 1 mL
RPMI medium 1640 supplemented with 25% (v/v) human serum,
citrate plasma, or only RPMI medium and incubated at 37 °C. At the
indicated intervals, 100 yL of samples was taken and mixed with 200
ML of ethanol for the precipitation of proteins. The cloudy solution
was cooled at 4 °C for 15 min and centrifuged at 14,800 rpm for 2
min. The supernatant was aspirated and analyzed using analytical
HPLC. The residual inhibitory constants K; after 1 day of incubation
in biological fluids was measured as described above.

B RESULTS

Design and Synthesis of a Peptidomimetic kbt
Inhibitor Library. In a previous publication, we reported
the computer-aided development of peptide substrates for the
serine protease hepsin.” In this regard, we used molecular
docking to screen two peptide libraries targeting the P- and P’-
site of the hepsin’s catalytic active cleft and ranked the peptides
based on their calculated binding affinity. For the identification
of novel peptide-based hepsin inhibitors with specific
antiproteolytic properties, we utilized the above-mentioned
highest scoring peptide combinations targeting the P-site

https://doi.org/10.1021/acs.biomac.1c01011
Biomacromolecules 2022, 23, 22362242



Chapter B: Evaluation of Covalent Inhibitors for Trypsin-Like Serine Proteases

165

Biomacromolecules

pubs.acs.org/Biomac

(Table S2) and designed an inhibitor library by coupling the
tripeptides with a highly reactive, C-terminal electrophilic
group, the serine trap, which enables interaction with the
protease’s catalytic triad. Further, the P-site recognition
sequence of the endogenous substrate HGF (Lys-Gln-Leu-
Arg) and of the previously identified hilgh affinity substrate
(Arg-Gln-Leu-Arg) was also included. *25 The common
structure is as follows: N-terminal acetyl cap (ace),
proteinogenic amino acids at P4—P2, arginine at the Pl
position, and a kbt warhead (Table 1). The designed inhibitor

Table 1. Assembled Peptidomimetic Inhibitor Library for
Synthesis

compound  N-cap P4 P3 P2 P1 warhead

RS ace Arg Gln Leu Arg kbt
Ns” ace Lys Gln Leu Arg kbt
1 ace Arg Glu Cys Arg kbt
2 ace Ala Glu Gln Arg kbt
3 ace Gly Gln Arg Arg kbt
4 ace Gln Gln Val Arg kbt
S ace Arg His Gln Arg kbt
6 ace Glu Gln Pro Arg kbt
7 ace Asn Glu Gln Arg kbt
3.1 ace Gly Gln Arg Arg kt
32 ace Gly Gln Arg Arg pvs
33 ace Gly Gln Arg Arg carb
34 ace Gly Gln Arg Arg ol

8 ace Gln Arg Arg kbt
9 ace Arg Arg kbt
10 ace Arg kbt

aRecoinition sequence of previously identified high-affinity substrate
(RS). “Recognition sequence of natural substrate (NS), PDB ID:
1Z8G. For RS, rank 2 docking pose was evaluated due to an inverted
binding mode of the rank 1 pose. kbt = ketobenzothiazole, kt =
ketothiazole, ol = alcohol, carb = carboxyl, pvs = phenylvinylsulfone.

library was virtually prepared and docked in the active binding
cleft of hepsin. All compounds revealed plausible binding
modes with a likeliness for the reaction and high calculated
binding affinities (Table S3). In the next step, we synthesized
the designed inhibitor library using a two-step approach,
previously reported in the literature (Scheme 1).”~"" In the
first step, precursor compounds were prepared. Using a solid
phase peptide synthesis approach, N-acetylated side chain-
protected tripeptides with a free C-terminus (I) were
synthesized. Next, the side chain-protected Arg-kbt warhead
was prepared (IT) and coupled with the tripeptidic compounds
using PyBOP/DIEA as coupling reagents. Following side chain

deprotection, the compounds were subjected to RP-HPLC
purification and then lyophilized (Figure S4).

Evaluation of Tetrapeptidomimetic kbt Inhibitors.
For the analysis of antiprotease activity, the inhibitors were
incubated with the target protease hepsin or off-target
proteases matriptase, thrombin, and factor Xa upon the
addition of a reporter substrate. Overall, multiple members
of the P-site library showed a high potency in the low nM
concentration range against hepsin and the closely related
protease, matriptase, in the fluorometric inhibition assay
(Table 2 and Figure SS). Compound RS with the P-site
recognition sequence of the high hepsin susceptible substrate
and compound NS with the P-site recognition sequence of the
structural similar endogenous substrate HGF revealed the
highest activity against hepsin with K; = 0.8 and K; = 0.5,
respectively. The compounds 1—5 and 7 suppressed hepsin
activity in the range of K; = 1.7-60 nM. Among the most
potent candidates, RS, NS, 1, 4, and 7 revealed a 3.9—26.6-fold
selectivity for hepsin. In contrast, we found that compounds 2
and 3 are more selective for matriptase (3.5- and 5.2-fold,
respectively). Compounds S and 6 showed poor discrimination
between the two proteases.

For systemic administration of hepsin inhibitors, high
selectivity against the large amounts of coagulation proteases
present in the blood are necessarily required. Therefore, the
inhibitors were also tested against thrombin and factor Xa. All
compounds did not inhibit thrombin measurable in the used
concentration range. Compounds RS, NS, 1, and 2 inhibit
factor Xa in the low nM range with selectivity ratios varying
between 12- and 73.6-fold. The highest factor Xa selectivity
reveal compound 3 with 1194-fold and compound 4 with
248.4-fold. We did not observe cytotoxic effects from the
compounds tested that exceed the toxicity of the solvent
control (Figure S6).

To gain a better understanding of the SAR and selectivity-
determining features between hepsin and its off-target TTSPs,
the protease binding sites and predicted binding modes of the
inhibitors were elucidated in detail. Matriptase, thrombin, and
factor Xa share overall sequence similarities of 55, 46, and 49%
with hepsin. Within the binding site (defined as residues within
6 A of the reference ligand ace-Lys-Gln-Leu-Arg-chlorome-
thylketone, PDB ID: 1Z8G), a similarity even increases to 65,
58, and 60%, respectively. With the common preference of
theses TTSPs for basic residues within the S1 pocket, special
attention has to be paid in the design of the selective
inhibitors.”® Based on the molecular docking studies, the
arginine in the P1 position is deeply buried in the S1 pocket of
hepsin forming polar interactions with Asp347 and Gly380.
Thereby, the electrophilic carbon is placed in proximity of
catalytic Ser353, which facilitates covalent-reversible binding

Scheme 1. Synthesis of Tripeptidic Inhibitors”
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“Reagents and conditions: (i) PyBOP/DIEA, RT, 2 h; (ii) TFA/TIPS/H,0 (93/3/4), 8 h.
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Table 2. Inhibition of Hepsin and Off-Target Proteases Matriptase, Thrombin, and Factor Xa in a Fluorogenic Inhibition
Assay”

K; [nM] selectivity indices
compound hepsin matriptase thrombin factor Xa matriptase thrombin factor Xa

RS 0.8 3.8 >50,000 290.7 4.8 n.d 73.6
NS 0.5 12 >50,000 196.1 26.6 nd 15.8
1 1.7 6.5 >50,000 93.1 3.9 n.d 14.4
2 60 17.1 >50,000 205.1 0.3 n.d 12

3 7.3 1.4 >50,000 1668 0.2 n.d 1194
4 5.1 79.1 >50,000 19643 18.5 nd 248.4
N 21.7 55.8 >50,000 1167 2.6 n.d 209
6 467.2 374 >50,000 2647 0.8 nd 7.1

7 202 157.6 >50,000 3081 7.8 nd 19.6
3.1 19.8 39 >50,000 34529 0.2 n.d 8847
32 14,364 4971 >50,000 >50,000 0.3 nd n.d
33 >50,000 >50,000 >50,000 >50,000 nd n.d nd
34 >50,000 >50,000 >50,000 >50,000 nd nd nd

8 4.3 0.4 >50,000 442.2 0.1 nd 1147
9 724 N >50,000 12626 0.1 nd 2544
10 4623 144.6 >50,000 >50,000 0.03 n.d n.d

“Selectivity indices represent the quotient of K; values of matriptase, thrombin, and factor Xa by the K; value of hepsin. n.d = not determined. kbt =
ketobenzothiazole, kt = ketothiazole, ol = alcohol, carb = carboxyl, pvs = phenylvinylsulfone.

A

B

Figure 1. (A) Predicted binding mode of hepsin-selective compound 4 in complex with hepsin (PDB ID: 1Z8G). (B) Predicted binding mode of
matriptase-selective compound 3 in complex with matriptase (PDB ID: 409V) with superposed residues of hepsin. Ligand carbon atoms are
depicted in orange, hepsin carbon atoms and surface in cyan, and matriptase carbon atoms and surface in yellow. Polar interactions are shown as
yellow dashed lines and the distance between electrophilic carbon of kbt and nucleophilic oxygen of Ser as red dashed line. For a clear view, only
residues that are described in the text are depicted and labeled.

(Figure 1A). The S2 pocket of hepsin is characterized by a
small hydrophobic sub-pocket, which accommodates a methyl
group of small hydrophobic amino acids like Val or Leu as
found in RS, NS, and 4 and is likely to be a selectivity-
determining feature. Differently from hepsin, the S2-pocket of
matriptase offers no small sub-pocket for a methyl group as it is
blocked by Phe99 (corresponding to Asn254 in hepsin, Figure
1B). Larger, polar residues like Gln in compound 2 or
especially Arg in compound 3 might enable favorable contacts

2239

in the remote S2-pocket with Asn254 and Ser251 in hepsin or
Asp96 in matriptase.” Gln at P3 further improved the affinity
by additional polar interactions with GIn350 and Gly378 in
hepsin, which also formed H-bonds with the peptidic
backbone. Lastly, P4 tolerates polar and or basic residues,
while acidic residues as Glu (compound 6) or small non-polar
as Ala (compound 2) do not make significant contributions.
Similar binding modes were reported for multi-basic high
affinity matriptase inhibitors before.*"*”

https://doi.org/10.1021/acs.biomac.1c01011
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In the next step, we investigated the change in activity
through progressive, N-terminal truncations on compound 3.
Overall, most of the above-mentioned rationales for con-
tributing activity against hepsin could be confirmed and the
removal of the S2 and S3 residues led to a decrease in
inhibitory potency (Figure S7). The S4 Gly residue of
compound 3 is negligible as it does not increase inhibition
compared to compound 8 (ace-Gln-Arg-Arg-kbt). The smallest
possible structural element still revealing inhibitory activity was
shown to be compound 10 (ace-Arg-kbt); however, no broad
selectivity can be expected among similar proteases. Further,
the truncation of the kbt (3) moiety to a ketothiazole (3.1) led
to a ~3-fold decrease in activity against hepsin and matriptase,
while the introduction of a phenylvinylsulfone (3.2), which is
widely used for the development of potent cysteine protease
inhibitors, strongly decreased activity. Replacement of the
serine trap by a carboxylic acid (3.3) or alcohol (3.4)
abolished any antiprotease activity (Figure S8 and Table 2).

Inhibitor Stability of Selected Inhibitors in Body
Fluids. Stability of peptidomimetic inhibitors is a main
challenge in peptidic drug development. Peptidases might
degrade the inhibitor before reaching the desired target in an
adequate time. For this reason, the N-terminus of the P-site
recognition sequence was modified by acetylation, which
potentially resist enzymatic degradation by aminopeptidases,
endopeptidases, and synthetases.”®> Two compounds were
selected due to their high activity against hepsin and good
selectivity over off-target serine proteases for in vitro stability
studies. Compound 3 which reveals the highest selectivity
against factor Xa (1194-fold) and compound 4 with the
highest matriptase selectivity (15.5-fold). Both compounds
were spiked in the 25% blood serum and the inhibitory activity
was tested at different time points from 0 min to 10 days. As
shown in Figure S9, even after 1 day of incubation, both
compounds still have the potential to fully prevent the
degradation of the fluorogenic reference substrate at a
concentration of 1 yM. After 10—20 days, the peptidomimetic
inhibitors start to lose their potency. Analysis of the residual
activity of compound 3 and 4 after 1 day of incubation in body

fluids revealed only a slight loss of initial potency (Figure 2).
— 80 . .
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Figure 2. Residual inhibitory activity for compound 3 and compound
4 against hepsin after 0 min and 1 day incubation in 25% serum, 25%
plasma, and pure RPMI cell medium.

The most prominent loss can be seen for compound 3, which
had an initial inhibitory potency of K; = 9.4 nM versus K; =
44.6 nM after incubation with plasma for 1 day, which results

in a S-fold loss in activity during the course of incubation.
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B DISCUSSION

In this study, we describe the development of novel potent and
stable peptidomimetic hepsin inhibitors. Hepsin represents a
promising target through its ability to proteolytically activate
growth factor proteins which lead to cell migration and
eventually metastasis in cancerous tissues. As a transmembrane
serine protease, its accessible localization on the cell-surface
and its high upregulation in cancerous diseases, especially in
prostate cancer compared to benign tissue, makes it of
particular interest.

We used a previously published strategy by our group which
allowed the identification of suitable peptide binders which
were calculated with high scoring binding affinities for the S-
and S'-sites of the binding cavity of hepsin. Assembling of
those binders led to efficient substrates for hepsin. This study
uses slight modifications of this strategy for the development of
novel peptidomimetic inhibitors. For this purpose, the top
scoring peptide combinations targeting the S-site of the
binding pocket were used as recognition sequences for the
design of an inhibitor library. The recognition sequences of
tetrapeptides were N-acetyl capped and C-terminally con-
nected with a reactive kbt warhead moiety to yield covalent,
reversible inhibitors. The inhibitory potential was tested for the
isolated enzymes, which revealed for multiple compounds high
activity against hepsin and matriptase with good off-target
selectivity over the coagulation proteases factor Xa and overall
high selectivity against thrombin. The highest potency against
hepsin revealed compounds RS and NS with K; < 1 nM;
however, compounds 3 and 4 with K; & 5—7 nM against
hepsin revealed a significantly higher selectivity (250—1200-
fold) against factor Xa. Like hepsin, the closely related TTSP
matriptase was also shown to be upregulated in cancer and to
activate the endogenous ligand HGF. However, the inhibition
of this protease might lead to side effects due to the broad
expression in many epithelial cells. The highest matriptase
selectivity revealed compound 4 (~16-fold) and our data
suggest the small S2 pocket to be the selectivity-determining
feature for hepsin.

We subjected our top compounds 3 and 4 to stability tests in
body fluids which showed high remaining potency even after 1
day of incubation. The kbt moiety of the serine trap proved to
be the most active, which is consistent with previous findings
in the literature.'”'"* Abandoning the electrophilic serine trap
by replacing with hydroxy or carboxy groups resulted in a loss
of inhibitory potency. However, substitutions on the hetero-
cycle to additionally target the prime site of the binding pocket
could offer a strategy to further increase hepsin selectivity and
potency. Our results might warrant deeper analysis of
pharmacokinetics, broader protease selectivity or in vivo
stability studies. Of note, structurally similar serine proteases
like TMPRSS2 were shown to play an important role in viral
infections like COVID-19. The results in this study might be
used for the design and development of new anticancer or
antiviral drugs.

B CONCLUSIONS

We are demonstrating here how a combinatorial methodology
can be used to develop high affinity tetrapeptidic inhibitors.
From a previous virtual screening of 8000 peptide combina-
tions against the crystal structure of the TTSP hepsin, we had
identified a series of recognition sequences, customized for the
non-prime substrate binding (P) sites of this serine protease.

https://doi.org/10.1021/acs.biomac.1c01011
Biomacromolecules 2022, 23, 22362242
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Here, we then combined these successfully with an electro-
philic warhead. We demonstrated that highly potent inhibitors
with good selectivity can be generated by this approach. We
also demonstrated that stability in biological fluids is highly
advantageous with this approach. Overall, this methodology
resulted in selective inhibitors for hepsin-overexpressing
tumors..
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5.3 Ligand-Based Design of Selective Peptidomimetic uPA and TMPRSS2

Inhibitors with Arg Bioisosteres

5.3.1 Context, Project Summary, and Own Contributions

The urokinase-type plasminogen activator (uPA) belongs also to the trypsin-like serine protease family
but is not anchored to the cell membrane like the before mentioned hepsin and TMPRSS2 proteases.
However, the uPA can bind to its specific uPA-receptor, which represent together the uPA-system (uPAS)
that influences the ECM degradation, cell motility, proliferation and survival (1.4.1).[1%M170]
Dysregulation of the uPA and overall uPAS, can lead to tumor progression, metastasis and angiogenesis

8LI69LIT] Therefore, the uPA presents a promising target for the design

of different cancer-types (1.4.2).!
of inhibitors as anti-metastatic drugs. The current state of the uPA inhibitor development is represented
mostly by (non-)covalent reversible or irreversible small molecule inhibitors, first and foremost by

upamostat as the most promising drug candidate in clinical trials (1.4.4).12%]

Here, we describe the ligand-based development of peptidomimetic covalent reversible inhibitors with
a a-ketobenzothiazole warhead. Starting with a previously discovered uPA inhibitor in project 4.1 and
inspired by the potent serine protease inhibitor nafamostat, we substituted the P1 arginine residue with
different bioisosteres and additionally modified the benzothiazole structure of the warhead moiety.!*”!
Thereby, the cyclohexyl- and phenylguanidine derivates represented the most promising inhibitors,

regarding their pharmacodynamic properties.

In 2021, a high structure similarity was discovered between the uPA and TMPRSS2.1*!'"! Therefore, we
translated the abovementioned cyclohexyl- and phenylguanidine moiety of the uPA inhibitors to the
previously published TMPRSS2 compounds in project 5.1, to enhance the selectivity of the

peptidomimetic covalent reversible inhibitors.

Indeed, the replacement of the P1 arginine side chain by biosiosteres successfully led to nanomolar and
even subnanomolar potent inhibitors towards uPA and TMPRSS2. Additionally, the general selectivity
issue of trypsin-like serine proteases described in 1.7 could be overcome, displaying a promising

selectivity profile against other structurally similar proteases (Figure 30).
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selectivity: 630

Own contributions: Inhibitor synthesis (3,5, 9, 11, 12a, 13, 14a, 15, 21-45), inhibition assay and

writing of the original draft plus editing of the manuscript.

Contributions of others: Inhibitor synthesis (6b—e, 10b—f, 12b—f, 14b—f, 17-20), parallel artificial

membrane permeation assay (PAMPA), absorption spectra, calculation of physicochemical properties,
calculation of protein similarity, stability studies and writing of the original draft plus editing of the

manuscript.
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Abstract: Trypsin-like serine proteases are involved in many important physiological processes like
blood coagulation and remodeling of the extracellular matrix. On the other hand, they are also
associated with pathological conditions. The urokinase-pwlasminogen activator (uPA), which is
involved in tissue remodeling, can increase the metastatic behavior of various cancer types when
overexpressed and dysregulated. Another member of this protease class that received attention
during the SARS-CoV 2 pandemic is TMPRSS2. It is a transmembrane serine protease, which
enables cell entry of the coronavirus by processing its spike protein. A variety of different inhibitors
have been published against both proteases. However, the selectivity over other trypsin-like serine
proteases remains a major challenge. In the current study, we replaced the arginine moiety at the
P1 site of peptidomimetic inhibitors with different bioisosteres. Enzyme inhibition studies revealed
that the phenylguanidine moiety in the P1 site led to strong affinity for TMPRSS2, whereas the
cyclohexylguanidine derivate potently inhibited uPA. Both inhibitors exhibited high selectivity over
other structurally similar and physiologically important proteases.

Keywords: trypsin-like serine proteases; covalent reversible inhibitors; enzyme inhibition study;
protease inhibitors; peptidomimetic sequence; arginine bioisosteres

1. Introduction

With over 600 different proteins, proteases represent an important class of enzymes [1].
Approximately one-third of all known proteolytic enzymes are serine proteases [2]. Ac-
cording to the MEROPS database of peptidases, these enzymes are classified into clans
by their catalytic mechanism and into families on the basis of a common ancestry [3].
The largest family of serine proteases are the trypsin-like proteases (TLPs). The catalytic
triad of TLPs harbors a nucleophilic serine residue in combination with aspartate and
histidine, which increase the nucleophilicity of the serine. The trypsin-like substrate speci-
ficity is characterized by the positively charged side chain of arginine or lysine in the P1
position [3,4]. Numerous important physiological processes rely on trypsin-like serine
proteases. This includes hemostasis, the immune response system and extracellular matrix
remodeling [5-8]. Dysregulation of these enzymes can lead to severe pathological incidents,
which range from cardiovascular disorders to cancer progression or neurodegenerative and
inflammation processes [8-10]. Moreover, proteases often are virulence factors in infectious
diseases. As an example, tropical and subtropical countries are heavily affected by dengue
virus infections, where the viral NS2B-NS3 trypsin-like serine protease is essential for the
replication process of the virus [11]. Undoubtedly, this class of enzymes includes promising
targets in various diseases, and the scientific community still strives to discover more drug
candidates [7].

The urokinase-type plasminogen activator (uPA) is one member of the trypsin-like
serine proteases. The enzyme is involved in the fibrinolytic system [12]. The binding of

Int. J. Mol. Sci. 2024, 25, 1375. https:/ /doi.org/10.3390/ijms25031375
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uPA to its specific glycolipid-anchored uPA receptor (uPAR) on cell surfaces enables the
conversion of plasminogen to the serine protease plasmin [13]. This mediates extracellular
proteolysis and the activation of several further proteases, like activating growth factors
and metalloproteases, which catalyze the degradation and remodeling of extracellular
matrix components [14,15]. Unfortunately, pathophysiological mechanisms like tumor
angiogenesis, tumor progression and metastasis profit from these events, and therefore, in-
hibition of this protease could be beneficial for the mitigation, or even prevention, of tumor
proliferation (Figure 1 left side) [14,15]. Blocking of the catalytic activity was achieved by
specific antibodies, overexpression of the endogenous inhibitors PAI-1 and small-molecule
inhibitors [16-18]. One of the most promising peptidomimetic inhibitors, mesupron® (up-
amostat, WX-671, RHB-107, Wilex AG, Heidelberg, Germany), led to reduced metastasis
and extended lifespan in clinical trials on pancreatic and breast cancer patients [19]. Hence,
uPA can be considered as a promising drug target to block tumor dissemination.
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Figure 1. (A) Ligand-based design of covalent-reversible uPA (left) and TMPRSS2 (right) inhibitors
with arginine bioisosteres. (A) Created with BioRender.com. (B) Visualization of the uPA structure
(red, PDB: 7VM4) containing the catalytic triad (Asp102, His57, Ser195) and Asp189 in the S1 pocket,
TMPRSS2 (blue, PDB: 7MEQ) containing the catalytic triad (Asp345, His296, Ser441) and Asp435
in the S1 pocket and the superimposition of both proteases (red/blue). (B) Created with PyMOL
(Version 2.4.0, Schrodinger, LLC, New York, NY, USA).

Another proteolytic enzyme that belongs to the trypsin-like serine proteases is the
human transmembrane protease serine subtype 2 (TMPRSS2). It has been shown to play
an important role for viral host cell entry, and received increased attention during the
SARS-CoV-2 pandemic due to its ability to enable cell entry and spread of the coronaviruses
SARS-CoV-2, SARS-CoV and MERS-CoV [20-24]. The entry of these viruses is mediated by
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the spike protein, which is located at the viral cell surface. TMPRSS2 processes the spike
protein after binding of the virus to the angiotensin-converting enzyme 2 receptor (ACE2),
initiating the entry into lung cells (Figure 1 right side) [23,25]. Additionally, viral cell entry
can occur via the endosomal pathway, whereby the spike protein is processed by cathepsin
L [26]. Studies have demonstrated that inhibition of TMPRSS2 blocks the viral host cell
entry and replication of SARS-CoV-2 in lung epithelial Calu-3 cells [27,28]. Previous work,
in cooperation with Maildnder et al. showed that peptidomimetic inhibitors efficiently
reduce TMPRSS?2 activity, block SARS-CoV-2 spike-driven entry and prevent SARS-CoV-2
infection in CaCo-2 cells [29]. This highlights the opportunity for an alternative therapeutic
strategy, besides targeting of the viral host proteases papain-like protease (PLP™) and the
3C-like- or “main protease” (3CL- or MP™) [30-32].

In the past decades, several uPA inhibitors have been disclosed, most of them with
non-covalent reversible or covalent-irreversible inhibition mode [16,33]. On the contrary,
only few covalent-reversible inhibitors are found in the literature [34]. Such inhibitors
could combine the benefits from both concepts: the high-affinity properties and extended
residence time by covalent modification of the catalytic serine residue and the reduced
risk for unwanted side effects and toxicity by a reversible binding mechanism [35-37].
Furthermore, in order to minimize the risk for side effects, it is of great importance to
inhibit the target protease selectively. This, however, is a major challenge due to the high
structural similarity within the trypsin-like serine protease family.

In 2021, the group around Huang et al. created a homology structure model of the
TMPRSS2 serine protease domain, and revealed a high similarity between the homology
model and the structure of the uPA [38]. This led to the idea to transfer the design of the
synthesized uPA inhibitors to the previously published TMPRSS2 inhibitors, to receive an
improved set of inhibitors in terms of off-target selectivity (Figure 1) [29].

Herein, we describe the ligand-based development of peptidomimetic inhibitors, which
started with Ac-Gly-L-Thr-L-Ala-L-Arg-ketobenzothiazole (kbt) as a covalent-reversible uPA
inhibitor discovered in previous work [39]. We substituted the P1-arginine moiety with a
variety of bioisosteres, inspired by the serine protease inhibitor camostat, and furthermore
modified the benzothiazole structure [40,41]. The cyclohexyl-and phenylguanidine moiety
presented the most promising results during the enzyme inhibition studies. Therefore,
we translated this structure motif to the suitable peptide sequence Ac-L-Asn-L-Pro-L-Arg-
kbt from our previous work towards TMPRSS2 [29]. Within this study, we successfully
enhanced the affinity and selectivity for both main-target proteases by systematic variation
of different structural elements.

2. Results
2.1. Chemistry

All tested peptidomimetic inhibitors were synthesized in multistep reactions. First,
the peptide sequences (P2-P4) of the inhibitors were prepared via a standard fmoc solid
phase peptide synthesis (SPPS) protocol, which is described in detail in the Supporting
Information. The P1 derivatives with the ketobenzothiazole moiety as warhead were
prepared as described in Schemes 1 and 2.

2.1.1. Synthesis of the (Homo)arginine-Based Inhibitors

Boc-protected N ,-2,2,4,6,7-pentamethyl-dihydrobenzofuran-5-sulfonyl (pbf)-L-arginine
4, which was used as the starting material for the arginine-based inhibitors 14a—f and 15,
was modified to the Weinreb amide 5. The ketobenzothiazole derivatives 12a—f and 13 were
obtained by alkylation of 5 with the respective heterocycles 10a—f and 11. The benzothia-
zole 10a and the benzothiophene 10f were commercially available, whereas the 6-fluoro-,
6-chloro-, 6-bromo-, 6-methoxybenzothiazoles 10b—e and 4,5,6,7-tetrahydrothiazole 11 had
to be synthesized by desamination of the commercially available 2-amino precursors 6b—e
and 9. The 2-amino-4,5,6,7-tetrahydrothiazole 9 was prepared from cyclohexane 7 and
thiourea 8 with iodine. The preparation of the homoarginine inhibitor 20 started with
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the guanylation of boc-protected L-lysine 16 with N,N’-bis-(carbobenzoxy)-1-H-pyrazole-
1-carboxamidine, yielding compound 17. Afterwards, 17 was converted to the ketoben-
zothiazole 19, in analogy to the arginine derivatives. After boc-deprotection of the amino
group, the P1 precursor derivatives were coupled with the Ac-Gly-L-Thr(O'Bu)-L-Ala-OH
peptide 3 using 1-[bis(dimethylamino)methylene]-1H-1,2,3-triazolo [4,5-b]pyridinium 3-
oxide hexafluorophosphate (HATU) as the coupling reagent. Final deprotection of the
(homo)arginine and threonine side chain under acidic conditions and purification via
RP-HPLC yielded the inhibitors 14a—f, 15 and 20.
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Scheme 1. Synthesis of the (homo)arginine-based inhibitors 14a—f, 15, 20. (A) Solid phase peptide
synthesis of peptide sequence 3. (B) Preparation of the final arginine compounds 14af, 15. (C) Syn-
thesis of the homoarginine inhibitor 20. Reaction conditions: (a) N,O-dimethylhydroxylamine-HCI,
TBTU, DIEA, DCM, 1t, 12 h, 70-90%; (b) cyclohexane, thiourea, iodine, 130 °C, 12 h, 53%; (c) isopentyl
nitrite, THF, reflux, 2-5 h, 46-76%,; (d) benzothiazole-derivative, n-Buli, THF, —78 °C, 2 h, 50-88%;
(e) 1. TFA, DCM, 1t, 0.5 h, 2. HATU, DIEA, DMF, DCM, rt, 12 h, 3. TFA, DCM, rt, 2 h, 4-10%; (f) N,N’
bis-(carbobenzoxy)-1-H-pyrazole-1-carboxamidine, Et3N, DMF, rt, 72 h, quant.

2.1.2. Synthesis of the Phenyl/Cyclohexylguanidine-Based Inhibitors

The preparation of the p-phenyl- and p-cyclohexylguanidine-based inhibitors both
started with boc-protected p-nitro-L-phenylalanine 24. The reduction of the nitro group
was carried out with 5% Pd/C in methanol to yield 25, whereas the hydrogenation of the
benzene ring and the nitro group using the Adam'’s catalyst under acidic conditions yielded
the cyclohexane derivative 34. The amine group of both compounds was guanylated with
N,N'-bis-(carbobenzoxy)-1-H-pyrazole-1-carboxamidine. The bis-cbz-protected intermedi-
ates (26, 35) were converted, in a similar way to the arginine-based inhibitors (Section 2.1.1),
to the Weinreb amides 27 and 36 and later to the ketobenzothiazole derivatives 28 and
37. After removal of the boc-protecting groups, the respective peptide sequences 3, 21-23,
which were synthesized via a standard fmoc solid-phase synthesis (SPPS), were coupled
with the p-phenyl- and cyclohexylguanidine precursor derivatives. After final deprotection
of the side chains in TFA/DCM and purification via RP-HPLC, the inhibitors 29-33 and
38-39 were obtained. Starting with m-nitro-L-phenylalanine 40, the inhibitor 45 was pre-
pared in analogy to the 5-step synthetic process of the p-phenylguanidine derivatives 29-33.
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The synthesized final compounds 14a—f, 15, 20, 29-33, 38-39, 45 showed two peaks with
identical m/z ratio and similar retention times in initial chromatographic analyses. This is
due to the partial epimerization of the a-carbon in the P1 amino acid portion during the
reaction of the Weinreb amide with lithium-benzothiazole solution. Since the faster eluting
epimer was always isolated via RP-HPLC in very large excess, while the other diastereomer
was obtained only in traces, we supposed the first one to be the L-epimer, and used it for
all inhibition studies [42].
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Scheme 2. Synthesis of the phenyl/cyclohexylguanidine-based inhibitors 29-33, 38-41, 45.

(A) Solid phase peptide synthesis of peptide sequences 3, 21-23. (B) Preparation of the final p-
phenyl/cyclohexylguanidine compounds 29-33, 38-41. (C) Synthesis of the m-phenylguanidine
inhibitor 45. Reaction conditions: (a) 1. Pd/C 5%, H, (3 bar), MeOH, 3 h, (b) PtO,, H, (3 bar), AcOH,
MeOH, rt, 24 h, (c) N,N/—bis—(carbobenzoxy)—l—H—pyrazole-l—carboxamidir\e, Et;N, DME, rt, 6 h, 90%-—
quant.; (d) N,O-dimethylhydroxylamine-HCIl, TBTU, DIEA, DCM, rt, 12 h, 51-53%; (e) benzothiazole,
n-BuLi, THF, —78 °C, 2 h, 64-84%, (f) 1. TFA, DCM, rt, 0.5 h, 2. HATU, DIEA, DMF, DCM, rt, 12 h, 3.
TFA, DCM, rt, 2 h, 10-40%.
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2.2. Enzyme Inhibition Studies

The inhibitory activity of the synthesized compounds towards the respective main-
and off-target proteases was measured via fluorometric and colorimetric assays. Thus,
fluorogenic AMC- or colorimetric pPNA-based substrates with a peptide sequence suitable
for the tested protease were utilized (see Supplementary Figure S2). At first, the compounds
were screened against five proteases (uPA, TMPRSS2, matriptase, tPA, thrombin, factor
Xa) at 20 uM, and a cut-off value of 80% inhibition at this concentration was set, for
the differentiation between nonactive (n.a.) and active inhibitors. Due to the reversible
inhibition mechanism of the ketobenzothiazole derivates, the ICsy values were determined
with Graphpad Prism 9, and afterwards converted to the corresponding K; values for an
adequate comparison between the inhibitory activities of the compounds toward all tested
proteases. The K; values were calculated using the Cheng—Prusoff equation [43].

2.2.1. Inhibition Studies with uPA Inhibitors

At first, we investigated the selectivity profile of the starting compound 14a, which
exhibited good inhibition of uPA with a K; value of 141 nM. 14a was originally synthe-
sized for the analysis of reactivity and selectivity studies of peptidomimetic covalent
inhibitors [40]. The peptide sequence Ac-L-Gly-L-Thr-L-Ala-L-Arg was used, because of its
literature-known selectivity for uPA vs. tPA [44]. Due to the similar and important physi-
ological roles of uPA and tPA, a good selectivity is necessary to avoid severe side effects
concerning ECM degradation and cell proliferation [5,45,46]. Furthermore, the trypsin-like
serine proteases thrombin and factor Xa were chosen because of their important roles in
blood coagulation, as well as matriptase as a representative of a transmembrane protease,
which is involved in the remodeling of plasma membranes and other lipid matrix forma-
tions [47-49]. Due to their structural similarity (calculated sequence similarity is given
in Tables 1-3) to uPA and their physiological roles, they resemble important off-targets.
As expected, 14a did not show inhibition of tPA, and only moderate selectivities for uPA
towards thrombin (14a K; = 4390 nM) and factor Xa (14a K; = 3360 nM) with inhibition
constants in the low micromolar range. In contrast, a lower K; value was obtained for
mapriptase (14a K; = 32 nM). Exchanging the arginine side chain with a p-phenyl- or cyclo-
hexylguanidine moiety enhanced the inhibitory properties. Both derivates resulted in more
affine inhibitors (29 K; = 29 nM, 38 K; = 39 nM), with a significant improvement in their
selectivity profiles. The inhibitors 29, 38 did not inhibit tPA, thrombin and factor Xa, and
the selectivity indices for matriptase (29 K; = 132 nM, 38 K; = 626 nM) were improved. The
inhibitors 20 and 45, which contain the homoarginine and m-substituted phenylguanidine
moiety, did not show inhibition of all tested proteases at 20 uM, which highlights the
importance of the alkyl chain length and the p-position of the guanidine element for proper
binding into the S1 pocket. Additionally, all compounds were tested against the TMPRSS2
because of the aforementioned structure similarity to uPA [38]. The results indicated a
strong affinity to the TMPRSS2 protease with K; values in the nanomolar range of the
arginine, phenyl- and cyclohexyl derivates (14a K; = 5 nM, 29 K; = 10 nM, 38 K; = 73 nM).
Based on these results, a SAR study with the phenyl- and cyclohexylguanidine moiety as
arginine bioisosteres for new TMPRSS2 inhibitors was performed, which is described in
Section 2.2.2 [29].

Besides the arginine replacement in the P1 position, we also evaluated the influ-
ence of modifications of the benzothiazole moiety (cpds. 14b—f, 15). The introduction
of the electronegative halogen atoms fluorine, chlorine and bromine in position 6 led to
an approximately two-fold increase in the affinity for the chloro- and bromo-derivates
(14c¢ K; = 82 nM, 14d K; = 60 nM), and a three-fold loss of affinity for the fluoro-derivate
(14b K; = 388 nM). Other modifications, like the electron-donating methoxy group in po-
sition 6 (14e K; = 178 nM), the exchange of the benzene ring system with a cyclohexyl
ring (15 K; = 435 nM) or the replacement of the benzothiazole with a benzothiophene
ring, led to a decrease in or complete loss of the affinity towards the uPA. Selectivity
studies were performed with the chloro- and bromo-derivates 14c-d, because they were
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the only inhibitors with slightly better affinity than the nonsubstituted ketobenzothiazole
inhibitor 14a. They revealed similar affinity to TMPRSS2 (14c¢ K; = 9 nM, 14d K; = 6 nM)
and matriptase (14c K; = 59 nM, 14d K; = 38 nM), and reduced selectivity vs. thrombin
(14c K; = 456 nM, 14d K; = 450 nM) and factor Xa (14c K; = 2447 nM, 14d K; = 2847 nM) in
comparison to 14a.

Table 1. Inhibition data (K; values and selectivity indices [SI]) of the synthesized uPA inhibitors 14a,
20, 29, 38, 45 towards uPA, TMPRSS2, matriptase, tPA, thrombin and factor Xa.

e v

14a, 20, 29, 38, 45

K; [nM]
Compound [s1]
P1 PA TMPRSS2 Matriptase tPA Thrombin Factor Xa
° 55.6% 68.9% 66.7 60.0% 62.2%
/\H 5+1 32+14 4390 + 1480 3360 + 320
W 1128 [0.04] 021 e 311 [24]
¥
NH,
/\©\NH 29 29+2 10 +4 133 +3 na. n.a. na.
By [0.3] [4]
HNZ NH,
/\O\NH 38 39+5 73 £ 16 626 + 74 na. na. na.
By [1.8] [16]
HNZ NH,

/H\L 20 n.a. n.a. n.a. n.a. n.a. n.a.

NH

PN

HNZ “NH,

45 n.a. n.a. n.a. n.a. n.a. n.a.
HN.

z

H
NH.

5

Selectivity indices [SI] represent the quotient of the K; values for TMPRSS2, matriptase, tPA, thrombin and factor
Xa to the K; value for uPA; n.a. not active, i.e., <80% inhibition at 20 uM; calculated sequence similarity between
the binding sites of uPA and the other proteases are given in %.

2.2.2. Inhibition Studies with TMPRSS2 Inhibitors

The selection of the peptide sequence Ac-L-Asn-L-Pro-L-Arg was based on the results
of previous work. The published inhibitor Ac-L-Asn-L-Pro-L-Arg-kbt showed K; values
in the single-digit nanomolar range (K; = 2.5 nM) and a good selectivity vs. thrombin
(K; = 1046 nM) [29]. Unfortunately, only slight selectivity could be observed over factor
Xa (Kj = 41.1 nM), and almost no difference in inhibition potency between TMPRSS2 and
matriptase (K; = 5.2 nM). Therefore, we tried to improve the selectivity profile by substi-
tuting the arginine side chain in the P1 position with the previously used phenyl- and
cyclohexylguanidine moiety. Both derivates 30, 39 showed an increase in selectivity for TM-
PRSS2 towards matriptase, with the phenylguanidine-based compound being more affine
for TMPRSS2 (30 K; = 5 nM) than the cyclohexyl derivate (39 K; = 44 nM), but also show-
ing a better inhibition of the matriptase for the phenylguanidine derivate (30 K; = 60 nM,
39 K; =1198 nM). 30-33 and 39 did not inhibit tPA, thrombin and factor Xa. In addi-
tion, 30 and 39 showed a moderate selectivity for TMPRSS2 over uPA (30 K; = 479 nM,
39 K; = 936 nM). Based on these results, and due to the overall good affinity and selectivity
parameters, we decided to maintain the phenylguanidine moiety in the P1 position and
implement P2 modifications with phenyl- and cyclohexylalanine (Phe, Cha) instead of
proline. The latter is based on results obtained with hepsin inhibitors from the group of
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Kwon et al. [40]. The inhibitor 31 with the P2 phenylalanine residue showed inhibition of
TMPRSS2 in the subnanomolar range (31 K; = 0.4 nM) and a significant increase in selectiv-
ity over matriptase (31 K; = 252 nM) and uPA (31 K; = 3574 nM). The inhibitor 32 with the
cyclohexylalanine residue in P2 position also showed very good selectivity over matriptase
(32 K;j = 3333 nM) and uPA (32 K; = 2688 nM), but less affinity to TMPRSS2 (32 K = 34 nM).
In an attempt to improve the drug-like properties of the designed inhibitors, we synthesized
the shortened compound 33. This led to a slightly less active TMPRSS2 inhibitor, but still in
the low nanomolar range (33 K; = 5 nM). The selectivity profile for TMPRSS2 inhibition
over matriptase (33 K; = 1443 nM) and uPA (33 K; = 5264 nM) is still very promising.

Table 2. Inhibition data (K; values and selectivity indices [SI]) of the synthesized uPA inhibitors 14a—f,
15 towards uPA, TMPRSS2, matriptase, tPA, thrombin and factor Xa.

o H (o} H o}
)LNWNJNJYN:JR
" o/:\OHH © \L
14a-f, 15 NH

HN)\NHZ

Compound Ki[[S‘;;vH
R PA TMPRSS2 Matriptase tPA Thrombin Factor Xa
° 55.6% 68.9% 66.7 60.0% 62.2%
N,
A(/ 541 32414 4390 £ 1480 3360 + 320
s@ 14a 141+ 28 004] 03] na. a1] 23]
_N
SQ 14b 388 + 95 . ; ; .
.
_N
941 59 +£9 456 + 72 2447 £ 99
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Q e 2 [01] [07] ne B (301
o
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641 3842 450 + 69 2847 + 844
S
Q 14d 6015 [0.1] [0.6] na (8] [47]
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N
SD e 178 £19 - - - - -
OMe
>
S 14f n.a. - - - -
/N
) 15 435+ 33 - - - -
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Selectivity indices [SI] represent the quotient of the K; values for TMPRSS2, matriptase, tPA, thrombin and factor
Xa to the K; value for uPA; n.a., not active, i.e., <80% inhibition at 20 uM; “-”, not tested; calculated sequence
similarity between the binding sites of uPA and the other proteases are given in %.

2.3. Parallel Artificial Membrane Permeation Assay (PAMPA)

Following the envisioned applications of the presented inhibitors as drug leads for the
treatment of cancer or viral infections, cell permeability is an important factor in the char-
acterization process. Since both main targets (uPA and TMPRSS2) are membrane-located,
extracellular structures, inhibitors seemingly do not require cell permeation to address their
target. However, in the organismic contexts of oral bioavailability (facilitated application)
and biodistribution (reaching target tissue), adequate permeation is an important quality.
To assess this characteristic, PAMPA was used as a suitable model for passive permeation.

Generally, the inhibitor scaffold combines some favorable features: The Arg-like
P1 amino acid (in combination with other hydrophilic amino acids like Asp and Thr)
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ensures high aqueous solubility, even in the presence of the rather hydrophobic benzo-
heteroarenes. The latter motif conveys reliable detectability by spectroscopy-based methods
(Amax = 305-350 nm, depending on substitution pattern). The inhibitors also were found to
be sufficiently stable in the utilized aqueous system (50 mM TRIS, pH = 7.4) over the course
of the assay (7 h at room temperature) and under elevated temperature conditions (17 h at
37 °C). Computed physicochemical properties, absorption spectra and stability studies are
depicted in Supplementary Figures S4 and S5 and Table S1.

Table 3. Inhibition data (K; values and selectivity indices [SI]) of the synthesized TMPRSS2 inhibitors
30-33, 39 towards TMPRSS2, uPA, matriptase, tPA, thrombin and factor Xa.

r“ia%%%“@

NH,
30-33, 39
K; [nM]
Compound [s11
uPA Matriptase tPA Thrombin Factor Xa
P2 P1 TMPRSS2 53.2% 66.7% 62.2% 57.8% 66.7%
52 1046 411
Pro Arg [31] 2.5 - 2 - [418] [16]
AN
Pro ONH 30 5+1 479 17 60 +8 n.a. n.a. n.a.
Py [96] [12]
HNT N
A
Pro O\NH 39 4+7 936 + 100 1198 + 181 na. na. n.a.
ey [21] [27]
NN,
/\CL 3574 + 421 252 + 67
Phe NH 31 0.4+0.1 [>5000] [630] n.a. na. na.
NN
AN
Cha O\NH 32 34+4 2688 & 217 3333 + 1141 n.a na na
A [791 [98]
N7 N
o $ A@L 5264 + 922 1443 + 90
)kn NN::qNH 33 5+£2 [1052] 289] n.a. na. n.a.
H o 2

Selectivity indices [SI] represent the quotient of the K; values for uPA, matriptase, tPA, thrombin and factor Xa
to the K; value for TMPRSS2; n.a., not active, i.e., <80% inhibition at 20 uM; “-”, not tested; calculated sequence
similarity between the binding sites of TMPRSS2 and the other proteases are given in %.

However, all presented compounds were found to have very low permeabilities
(Pe <1 x 107% cm/s) without any indication of improvement between the structural mod-
ifications (as exemplified for 38 in Figure 2). This result is not surprising. The pK, (of
the protonated guanidine function) of all compounds is calculated to be >10 (Marvin JS
23.11.0), meaning that in assay (or physiologic) conditions, all compounds are expected
to be fully (>99.75%) protonated, and therefore remarkably hydrophilic. Most of the pre-
sented compounds have negative logD7 4 values, with 33 being the exception (logD7 4 = 1.2;
compare Supplementary Table S1). This level of lipophilicity, however, was still not enough
to exert measurable permeability. For approved drugs with similar structural characteristics
(e.g., camostat, melagatran, xylometazoline, metformin), only very limited permeabilities
are described as well [50-53]. All this indicates the pronounced hindering effect of the
guanidine group for passive permeation.

The discussed properties of the presented compounds can be paralleled to BCS class I1I
compounds, namely their high aqueous solubility and low permeability. For these types of
drugs, one major option to improve permeability is to remove charge from the molecule. In
amidine-containing drugs, where charge is almost pH-independent due to their immense
basicity, this was addressed by conversion to the amidoxime (ximelagatran or mesupron®)
or carbamate prodrugs (dabigatran) with lower basicities [19,50,54]. For the guanidine
moiety, the conversion to N-hydroxyguanidine is possible [55]. In a technological approach
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to improved absorption, possible options for oral application are the formulation with
permeation enhancing agents, or lipophilic counter ions [56]. For intravenous applica-
tions, nanoparticular formulations can be applied (e.g., for doxorubicin or for protease
inhibitors) [57,58]. Of course, combinations of both chemical and technological approaches
should be employed for optimization.

(A) propranolol (B) methotrexate
0.3 0.5
— acceptor 1 — acceptor 1
— acceptor 2 0.4 — acceptor 2
0.2 — buff — buff
buffer 03 buffer
< — reference < — reference
0.2
0.1
0.1
0. T T 1 0. T T 1
300 400 500 300 400 500
wavelength [nm] wavelength [nm]
(C)38
0.6
— acceptor 1
— acceptor 2
0.4 — buffer
< — reference
0.2
0.4 T T 1
300 400 500

wavelength [nm]

Figure 2. (A) Analysis of PAMPA permeable control propranolol HCl. (B) Analysis of PAMPA
impermeable control methotrexate. (C) Analysis of PAMPA for 38, representative of all synthesized
final compounds of this study. All absorption spectra were baseline-corrected with the measured
buffer spectrum at A > 450 nm prior to AUC calculations. The reference spectra represent manually
prepared samples, equivalent to a maximally permeated experimental sample. The acceptor spectra
result from membrane permeation experiments and their AUC are proportional to the concentration
of permeated compound.

3. Discussion

Trypsin-like serine proteases present attractive drug targets for treatment against
many diseases, which can be of malignant cellular or viral origin [9,11]. Over the past
decades many potent inhibitors were designed with remarkable affinity for the target
protease. But most of them lack selectivity because of the highly structural similarity
between the proteases. Within our study, we describe a systematic ligand-based approach to
enhance affinities and selectivities. Starting from the previous published covalent reversible
ketobenzothiazole inhibitor Ac-Gly-L-Thr-L-Ala-L-Arg-kbt 14a, we modified the P1 arginine
side chain with different bioisosteres [39]. The results indicate that the cyclohexylguanidine
moiety fits best for uPA inhibition. The inhibitor 38 showed remarkable inhibition with
a K; value of 39 nM and a very good selectivity profile towards the other trypsin-like
serine proteases. The modification of the benzothiazole moiety did not improve either the
inhibitory properties nor the selectivity profiles, rendering the original kbt warhead the
most promising.

The transfer of the P1-arginine replacement with the promising phenyl- and cyclo-
hexylguanidine moieties to the previously published TMPRSS2 inhibitor Ac-L-Asn-L-Pro-
L-Arg-kbt was a success, leading to a subnanomolar TMPRSS2 inhibitor 31 (K; = 0.4 nM),
with significantly increased selectivity over other trypsin-like serine proteases [29]. Fur-
thermore, the shortened peptide sequence of the TMPRSS2 inhibitor 31 led to the more
drug-like candidate 33, with still very good inhibitory and selectivity properties. In terms
of permeability, the inhibitor scaffold (and especially the shortened compound 33) leaves
the opportunity for improvement in a focused structure-permeability relationship study.



182 Chapter B: Evaluation of Covalent Inhibitors for Trypsin-Like Serine Proteases

Int. J. Mol. Sci. 2024, 25, 1375 11 of 15

4. Materials and Methods

The materials as well as the methods used for this study are described in the Sup-
porting Information. The authors have cited additional references within the Supporting
Information [29,39,40,43,59-72]. Supplementary Figures of the protein similarity calcu-
lation (Figure S1), fluorometric inhibition assays (Figures S2 and S3), absorption spec-
tra (Figure S4), stability studies (Figure S5), NMR-spectra and HPLC-chromatograms
(Figures S6a-521c) and Table S1 of the computation of physicochemical parameters can be
accessed in the supporting information.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/ijms25031375/s1.
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Abbreviations

Ac acetyl

Ac-Gly acetylglycine

AcOH acetic acid

Ala alanine

AMC 7-amino-4-methyl coumarine

Asn asparagine

Boc: t-butyloxy carbonyl

Cbz benzyloxycarbonyl

Cha cyclohexylalanine

DCM dichloromethane

DIEA N,N-diisopropylethylamine

DMSO dimethylsulfoxide

Et;N triethylamine

Fmoc 9-Fluorenylmethoxycarbonyl

h hours

HATU 2-(7-azabenzotriazol-1-yl)-N,N,N’,N’-tetramethyluronium hexafluorophosphate
MeOH methanol

MERS-CoV Middle East Respiratory Syndrome
n-BuLi n-butyllithium

O'Bu O-tert-butyl

Pbf Nw-2,2,4,6,7-pentamethyl-dihydrobenzofuran-5-sulfonyl
Phe phenylalanine

pPNA para-nitroanilide

Pro proline

quant quantitative

RP-HPLC reversed phase high pressure liquid chromatography
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rt room temperature
SARS-CoV-2 severe acute respiratory syndrome coronavirus type 2
SPPS solid phase peptide synthesis
TA thioanisole
TBTU 2-(1H-Benzotriazole-1-yl)-1,1,3,3-tetramethylaminium tetrafluoroborate
TFA trifluoroacetic acid
THF tetrahydrofurane
TLP trypsin-like serine protease
TMPRSS2 transmembrane protease serine subtype 2
tPA tissue-type plasminogen activator
trt triphenylmethyl
uPA urokinase-type plasminogen activator
uPAR urokinase-type plasminogen activator receptor
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Fluorometric inhibition assays

The inhibitory activities of the compounds against the proteases were determined by enzyme inhibition assays
with fluorogenic or colorimetry-based substrates. The fluorescence, caused by cleaved AMC from the fluorogenic
substrates (uPA, matriptase, TMPRSS2, thrombin), was measured in white flat-bottom 96-well plates from
Greiner Bio-One using a Tecan Infinite F200 Pro plate reader. The absorption, caused by cleaved pNA from
colorimetric substrates (factor Xa and tPA), was measured in transparent flat-bottom 96-well plates from Greiner
Bio-One using a Tecan Spark 10M plate reader. All measurements with the main-target proteases (uPA and
TMRPSS2) were performed as triplicates and with the off-target proteases (matriptase, factor Xa, tPA, thrombin)
as duplicates. The substrates and the compounds were prepared as stock solutions in DMSO. Each well contained
a total volume of 200 pL, consisting of 185 pL buffer, 5 pL inhibitor in DMSO or pure DMSO as negative control,
5 L substrate in DMSO and 5 uL enzyme solution in buffer. Dilution series were prepared for the determination
of the inhibition constants. The fluorescence signal and absorbance were measured every 30 s for 10 min at 25
or 37°C with the corresponding excitation/emission (Aex=380nm/Aem=460nm) and absorbance
(Aabs = 405 nm) wavelengths, depending on the targeted protease. ICso values for the reversible inhibitors were
calculated with Graphpad Prism 9 by fitting the remaining enzymatic activity to the four parameter ICso equation
with Y [%] as the residual enzyme activity , Ymax as the maximum value of the dose response curve at inhibitor
concentrations [I] = 0 UM, Ymin as the minimum value at high inhibitor concentrations and s as the hill
coefficient.[1] The fluorescence progress curves and sigmoidal dose-response curve for inhibition of uPa by
compound 38 is shown exemplary in Figure S2.
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Figure S2: (left) Fluorescence progress curves for inhibition of uPa by cpd. 38. (right) Plot showing the respective ICs value
from sigmoidal fit.

Due to the dependence of the ICso value on the substrate affinity and concentration, the Ki values were calculated
with the Cheng-Prusoff equation, using the final substrate concentration [S] and the Michaelis-Menten constant
Kw, (2) for appropriate comparison of the inhibitory activities to the other enzymes and inhibitors.[1]

Kmvalues were determined by fitting to the Michaelis-Menten equation using Graphpad Prism 9 with v [AF/min]
as the substrate hydrolysis rate, vmax as the maximum slope of the dose-response curve, and the substrate [S]
concentration.[1] The different substrates were serially diluted in DMSO. The measurement was done in analogy
to the determination of the inhibitory activity, but with 5pL pure DMSO instead of inhibitor solution. The
fluorescence progress curves and Michaelis-Menten curve of the specific substrate of uPA is shown exemplarily
in Figure S3.
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Figure S3: (left) Fluorescence progress curves of cleavage of Z-Gly-Gly-Arg-AMC by uPA. (right) Michaelis-Menten curve
showing the respective Ky value.

Buffers and substrates

The following buffers and substrates were used for the respective assays: uPA (50 mM Tris HCl pH = 7.9, 150 mM
NaCl, 10 mM CaClz, 0.005% TX-100, 240 uM Z-Gly-Gly-Arg-AMC (Km: 296.23 + 49.49 uM), 37 °C, 9 U/mL uPA)[2];
TMPRSS2 (25 mM Tris HCl pH = 8.0, 150 mM NaCl, 5 mM CaClz, 0.001% TX-100, 100 uM Boc-GIn-Ala-Arg-AMC
(Km: 68.63 £ 6.64 uM), 25 °C, 3 nM TMPRSS2)[3]; matriptase (50 mM Tris HCl pH = 8.0, 150 mM NaCl, 5 mM CacCl,
0.0001% TX-100, 100 uM Boc-Leu-Arg-Arg-AMC (Km: 36.13 + 5.78 uM, 25 °C, 6 nM matriptase)[4]; tPA (50 mM
Tris HCl pH = 8.3, 250 uM N-methylsulfonyl-D-Phe-Gly-Arg-pNA (Kw: 148.89 +29.72 uM), 37 °C, 0.4 ng/uL tPA)[5];
thrombin (50 mM Tris HCI pH = 8.0, 100 mM NaCl, 5 mM CaClz, 0.01% Tween-20, 200 uM Z-Gly-Gly-Arg-AMC
(Km: 49.70 £ 7.15 uM), 25 °C, 10 nM thrombin)[6]; factor Xa (50 mM Tris HCl pH = 7.5, 150 mM NacCl, 10 mM
CaClz, 0.005% Brij-35, 100 uM Z-D-Arg-Gly-Arg-pNA (Km: 249.12 + 21.59 uM), 37 °C, 0.1 ng/uL factor Xa)[7].

Human uPa and tPA was purchased from Sigma Aldrich, TMPRSS2 from Cusabio, factor Xa and thrombin from
Bio-techne. Matriptase was expressed under the conditions described below.

Protein expression and purification of matriptase 1

Recombinant human matriptase 1 was expressed as described previously with slight adaptations.[8,9] In short,
the pQE-30 vector containing the zymogen of the catalytic domain of matriptase (uniport: Q9Y5Y6 aa 596—855)
with an N-terminal hexa-histidine tag, was transformed into competent Escherichia coli (E. coli) BL21 Gold (DE3)
cells (Agilent Technologies, Santa Clara, CA, USA). The transformed bacteria were grown at 37 °C and 160 rpm in
LB medium (10 L) containing 100 pg/mL ampicillin. After reaching an optical density (ODeoo) of ~0.8
overexpression was induced by adding 1 mM isopropyl-B-D-thiogalactopyranosid (IPTG) and the cells were
incubated over night at 20 °C. Cells were harvested by centrifugation (9000 rpm at 4 °C for 15 min), resuspended
in 250 mL cold lysis buffer (50 mM TRIS-HCI pH 8.0, 10% (v/v) glycerol, 300 mM NaCl, 0.1% (v/v) Tritonx-100, RNase,
DNase, lysozyme, 1 mM dithiothreitol (DTT)) and lysed by sonication (Sonoplus HD 2200; Bandelin, Berlin,
Germany). Inclusion bodies were isolated by centrifugation (20000 rpm at 4 °C for 1 h) and resuspended in
500 mL solubilization buffer (50 mM TRIS-HCI pH 8.0, 5% (v/v) glycerol, 6 M urea, 20 mM imidazole). After stirring
the suspension overnight at 4 °C the mixture was centrifuged (20000 rpm at 4 °C for 1 h) again to remove
insoluble impurities. Matriptase 1 was purified by immobilized metal affinity chromatography (IMAC) using a
HisTrap HP 5 ml column (Cytiva Europe GmbH, Freiburg im Breisgau, Germany). The protein was washed with 5
column volumes (CV) wash buffer (50 mM TRIS-HCI pH 8.0, 6 M urea, 20 mM imidazole), and elution was
achieved with a linear gradient of elution buffer (50 MM TRIS-HCI pH 8.0, 6 M urea, 200 mM imidazole).
Matriptase 1 containing fractions were pooled and refolded by two-step dialysis against 2 L of dialysis buffer 1
(50 mM TRIS-HCl pH 9.0, 1 mM 8-ME, 3 M urea) and 2 L of dialysis buffer 2 (50 mM TRIS-HCl pH 9.0, 1 mM B-ME)
at 4 °C for > 8 h each. For further purification, anion exchange chromatography (AEX) on a HiTrap 5 mL column
(Cytiva Europe GmbH) was utilized. Dialysis buffer 2 was used as AEX wash buffer (5 CV) and Matriptase was
eluted with a linear gradient of dialysis buffer 2 and AEX elution buffer (50 mM TRIS-HCI pH 9.0, 1 mM B-ME, 1 M
NacCl). Fractions containing matriptase, were pooled, flash-frozen in liquid nitrogen and stored at -80°C.
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Calculations of effective permeability Pe were performed using the following equation with Vp and Va as volumes
of donor and acceptor solutions (0.15 cm?® and 0.4 cm?, respectively), AUCacc and AUCrer as the area of the
measured and baseline-corrected spectrum of acceptor and reference solutions after incubation, A as the
porosity-corrected filter area (0.3019 cm?*0.7 = 0.2113 cm?) and t as the incubation time given in seconds.

AUC
Vp*V gxIn( 1-——=4c€
b*Va ( AUCref

Fe=— (Vp+V 4)*Axt

Lit. values for propranolol (Lit-Pe(propranolol) = 8.3-13.9 *107° cm/s [11,12], measured P = 9.0 +

0.2*107° cm/s) and methotrexate (Lit-Pe(methotrexate) = 0.0 *107° cm/s [13], measured Pe = 0¥*107° cm/s) were
replicated ensuring reliability of data for novel compounds.

Synthesis
General Methods and Materials:

All reagents and solvents were purchased commercially and used as provided by the supplier without further
purification. Solvents for synthesis, extraction, and chromatography were of analytical grade. Moisture-sensitive
reactions were carried out under argon atmosphere as indicated, and anhydrous solvents were used as provided
by the commercial supplier. Reaction progress was monitored by thin-layer chromatography using Alugram Xtra
F254 silica plates from Macherey-Nagel and/or LC-MS (Agilent 1100 series HPLC system and an Agilent Poroshell
120 EC-C18, 150 x 2.10 mm, 4 um column coupled to an Agilent 1100 series LC/MSD Trap with electron spray
ionization (ESI)). The identities and purities of compounds were determined by the same LC-MS system with a
gradient of acetonitrile and water (+0.1% formic acid). Signals were detected at 210/254 nm with quantitation
by AUC and masses were determined in positive ionization mode (ESI). HPLC purification was performed with
the Agilent 1290 Il Infinity Preparative LC System using an InfinityLab Pursuit XRs C18, 30 x 250mm, 5 um,
preparative LC column and a gradient method (10% ACN (0.1% formic acid) to 100% ACN (0.1% formic acid)).
Flash chromatography was performed with the Biotage Isolera™ One system using prepacked columns from
Biotage. Silica gel (0.040 — 0.063 mm) from Macherey-Nagel was used for column chromatography. Optical
rotations [a]3? were measured on an P3000 polarimeter from Kriiss at 20 °C and are reported in ml-dm™-g" with
the concentration c being g/100 ml. Fourier-transformed ATR-corrected IR spectra were measured on an Avatar
330ssingle crystal spectrometer from ThermoNicolet. Melting points (uncorrected) were measured with an MPM-
H3 using semi-open capillaries. NMR spectra were recorded as stated individually on Bruker Fourier 300 MHz,
Bruker Avance DSX 400 MHz and Bruker Avance Ill 600 MHz. Chemical shifts are indicated in parts per million
(ppm), with the solvent resonance (CDCl3 or DMSO-ds from Deutero GmbH) as internal standard. The purity of
all compounds tested in biological assays was 295% as determined by LC-MS.

11
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Solid-Phase Peptide Synthesis (SPPS)(2]

A Resin loading. Solid-phase peptide synthesis was conducted in a fritted 12 mL polypropylene syringe. 1 g of 2-
chlorotritylchloride resin (2-CTC resin, 1.2 mmol loading capacity) was pre-swelled in 8 mL DCM for 15 min and
drained. The first amino acid (3.6 mmol, 3 eq. relative to resin loading capacity) was added in 1.8 M N-
methylmorpholine (NMM)/DCM (6 mL) and the mixture was swiveled for 12 h. After draining the solution, the
resin was washed with DMF (3 x 6 mL for 1 min) and DCM (3 x 6 mL for 1 min).

B Resin capping. The remaining free 2-CTC resin linkers were capped with MeOH in a solution of 9 mL of
DCM/MeOH/DIPEA (9:2:1). The resin was swiveled for 1 h, drained, and washed with DCM (3 x 6 mL).

C Fmoc deprotection. The resin was treated with 20% piperidine in DMF solution (2 x 6 mL for 10 min) and
subsequently washed with DMF (3 x 6 mL).

D Peptide coupling with HATU. A coupling cocktail was prepared including the specific Fmoc-protected amino
acid (3.6 mmol, 3 eq.), HATU (3.6 mmol, 3 eq.), and DIEA (10.8 mmol, 9 eq.) in DMF (4.8 mL). The solution was
added to the resin and swiveled for 3 h with exception of Fmoc-Arg(Pbf)-OH which was coupled overnight. After
the reaction, the resin was drained and washed with DMF (3 x 6 mL for 1 min) and DCM (3 x 6 mL for 1 min).

E Acetylation of the N-terminus. The free amino terminus was acetylated using 8 mL of Ac20, DIEA and DCM
(3:2:3). The reaction was shaken overnight and subsequently drained and washed with DMF (3 x 6 mL for 1 min)
and DCM (3 x 6 mL for 1 min).

F Resin cleavage with preservation of side chain protecting groups. After the last coupling or acetylation step,
the resin was washed with DMF (3 x 6 mL for 1 min) and DCM (3 x 6 mL for 1 min). Then a cleavage cocktail
containing AcOH/trifluoroethanol/DCM (1:1:4, 6 mL) was added and swiveled for 1.5 h. The resin was drained
and washed with DCM (5 mL). The combined eluates were concentrated under reduced pressure to yield the
crude linear peptide. The purification of the crude product was performed by flash chromatography on a
reversed-phase silica column (POLYPREP 60-50 Cis).

3, (S)-2-((2S,3S5)-2-(2-Acetamidoacetamido)-3-(tert-butoxy)butanamido)propanoic acid

O H O
o A o
"o A o

Bu

The title compound was prepared according to general procedures A, B, C, D, and F on 1.2 mmol scale. The
product was purified by reversed phase flash chromatography (H.0/MeCN, gradient) and obtained as a colorless
solid after lyophilization (314 mg, 0.90 mmol, 75%) *H NMR (300 MHz, CDCl3): 6/ppm = 8.19 (t, J = 5.8 Hz, 1H),
7.95(d, J=7.0 Hz, 1H), 7.53 (d, J = 8.5 Hz, 1H), 4.26 — 4.16 (m, 2H), 3.92 (qd, J = 6.2, 3.9 Hz, 2H), 3.74 (dd, J = 7.2,
5.8 Hz, 2H), 1.86 (s, 3H), 1.28 (d, J = 7.2 Hz, 3H), 1.12 (s, 9H), 1.01 (d, J = 6.2 Hz, 3H), *C NMR (75 MHz, CDCI3):
6/ppm = 173.8, 169.9, 169.3, 168.9, 73.8, 67.2, 57.3, 47.7, 42.3, 28.1, 22.4, 19.3, 17.5, FT-IR: v/cm™ = 668, 701,
1081, 1121, 1159, 1192, 1214, 1371, 1518, 1636, mp: 87 — 95 °C. [a]3° = +12 (c 1.00, CHCl3), MS (ESI) m/z
calculated for [C1sH2sN30s]" ([M+H]*): 346.2, found 368.1 ([M+Na]*).

12
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21, (S)-1-((S)-2-Acetamido-4-oxo-4-(tritylamino)butanoyl)pyrrolidine-2-carboxylic acid

Hjok oH OH
<N
TJ( L0 O
Nern

The title compound was prepared according to general procedures A, B, C, D, E and F on 1.2 mmol scale. The
product was purified by reversed phase flash chromatography (H.0/MeCN, gradient) and obtained as a colorless
solid after lyophilization (326 mg, 0.63 mmol, 52%) *H NMR (300 MHz, CDCls): §/ppm = 7.71 - 7.41 (m, 2H), 7.22
—7.16 (m, 15H), 5.02 - 4.92 (m, 1H), 4.33 — 4.20 (m, 1H), 3.70 - 3.42 (m, 3H), 2.77 = 2.58 (m, 2H), 1.99 - 1.75 (m,
7H), 3C NMR (75 MHz, CDCI3): 6/ppm = 170.5, 160.5, 154.9, 144.3, 128.9, 127.9, 127.0, 123.8, 70.9, 59.9, 58.1,
48.6,47.6,39.1,31.1, 28.7,24.9, 23.0, FT-IR: v/cm™ = 689, 903, 1198, 1437, 1521, 1628, 1726, 2240, 3047, 3303,
mp: 184 — 188 °C, [a]%® = -16 (c 1.00, CHCls), MS (ESI) m/z calculated for [CsoH32N30s]* ([M+H]*): 513.5, found
536.1 ([M+Nal*).

22, (S)-2-((S)-2-Acetamido-4-oxo-4-(tritylamino)butanamido)-3-phenylpropanoic acid

The title compound was prepared according to general procedures A, B, C, D, E and F on 1.2 mmol scale. The
product was purified by reversed phase flash chromatography (H.0/MeCN, gradient) and obtained as a colorless
solid after lyophilization (514 mg, 0.91 mmol, 76%) *H NMR (300 MHz, DMSO-ds): 6/ppm = 8.51 — 8.37 (m, 1H),
8.22-8.08 (m, 1H), 7.89 —7.79 (m, 1H), 4.69 — 4.57 (m, 1H), 4.50 — 4.39 (m, 1H), 3.10 — 3.01 (m, 1H), 2.96 — 2.84
(m, 1H), 2.65 — 2.54 (m, 1H), 2.03 (s, 1H), 1.85 (s, 3H), 3C NMR (75 MHz, DMSO-ds): 6/ppm = 172.6, 171.2, 169.2,
168.7, 144.8, 137.3, 129.2, 129.1, 128.5, 128.2, 127.4, 126.5, 126.3, 69.3, 53.4, 49.8, 36.5, 22.5, FT-IR: v/cm™ =
697, 748, 903, 1040, 1181, 1439, 1484, 1639, 3041, 3274, mp: 226 — 228 °C, [a]%’ = -14 (c 1.00, DMSO), MS (ESI)
m/z calculated for [C34H3aN3Os]* ([M+H]*): 563.6, found 586.1 ([M+Na]*).

23, (S)-2-((S)-2-Acetamido-4-oxo-4-(tritylamino)butanamido)-3-cyclohexylpropanoic acid

The title compound was prepared according to general procedures A, B, C, D, E and F on 1.2 mmol scale. The
product was purified by reversed phase flash chromatography (H.0/MeCN, gradient) and obtained as a colorless
solid after lyophilization (467 mg, 0.82 mmol, 68%) *H NMR (300 MHz, CDCl3): /ppm = 7.61 — 7.44 (m, 2H), 7.28

13
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—7.14 (m, 15H), 4.90 — 4.67 (m, 2H), 4.40 — 4.21 (m, 1H), 2.93 — 2.54 (m, 2H), 1.87 (s, 3H), 1.71 — 1.04 (m, 12H),
0.85 (g, J = 11.3 Hz, 2H), 3C NMR (75 MHz, CDCI3): 6/ppm = 175.4, 171.7, 171.5, 171.3, 171.1, 144.3, 144.1, 128.8,
128.0, 127.1, 70.9, 50.9, 50.1, 38.6, 37.7, 34.1, 33.4, 32.4, 26.4, 26.1, 26.0, 23.0, FT-IR: v/cm™ = 699, 736, 914,
1204, 1435, 1510, 1656, 1722, 2365, 2926, mp: 180 — 182 °C, [a]2 = -15 (c 1.00, CHCls), MS (ESI) m/z calculated
for [CaaHaoN30s]* ([M+H]*): 569.6, found 592.1 ([M+Nal*).

Synthesis of P1-precursor molecules

5, Tert-Butyl (S)-(1-(methoxy(methyl)amino)-1-oxo-5-(3-((2,2,4,6,7-pentamethyl-2,3-dihydrobenzofuran-5-
yl)sulfonyl)guanidino)pentan-2-yl)carbamate

(Adapted from St-Georges et al.)[14]

Boc-Arg(Pbf)-OH 4 (4.00 g, 7.59 mmol, 1 eq) was dissolved in DCM (30 mL) under argon atmosphere. At 0 °C DIEA
(10.58 mL, 60.76 mmol, 8 eq) and TBTU (2.92 g, 9.11 mmol, 1.2 eq) were added. The reaction mixture was stirred
for 30 min at 0 °C, N,O-dimethyl hydroxylamine - HCI (4.44 g, 45.54 mmol, 6 eq) was added and stirred for 12 h.
The solution was diluted with DCM (15 mL) and washed with saturated NaHCOs solution (3x 20 mL) and saturated
NaCl solution (3x 20 mL). The organic solution was dried over anhydrous Na,SO4 and evaporated under reduced
pressure. The crude product was purified by column chromatography (EA) to yield the desired product as a
colorless solid (3.89 g, 6.83 mmol, 90%). *H NMR (300 MHz, CDCI3): §/ppm = 6.38 (s, 1H), 5.49 (d, J = 8.8 Hz, 1H),
4.61 (s, 1H), 3.73 (s, 3H), 3.18 (s, 3H), 2.95 (s, 3H), 2.56 (s, 3H), 2.50 (s, 3H), 2.08 (s, 3H), 1.74 — 1.52 (m, 4H), 1.45
(s, 6H), 1.41 (s, 9H), 13C NMR (75 MHz, CDCI3): 6/ppm = 156.4, 156.0, 138.8, 132.7, 124.8, 117.7, 86.6, 80.3, 61.7,
43.3,41.0,30.9, 28.7, 28.4, 24.9, 19.4, 18.0, 12.5, mp: 76 — 84 °C. [@]2° = -23 (c 1.00, CHCls). FT-IR: v/cm™ = 668,
756, 1106, 1165, 1456, 1556, 1652, 2362, 2974, 2981. MS (ESI) m/z calculated for [C26H4sNsO7S]* ([M+H]*): 570.3,
found 570.3.

12a, Tert-Butyl (S/R)-(1-(benzo[d]thiazol-2-yl)-1-ox0-5-(3-((2,2,4,6,7-pentamethyl-2,3-dihydrobenzofuran-5-
yl)sulfonyl)guanidino)pentan-2-yl)carbamate

H 0
Boc” gj\(/N
ES@
NH

HN N/F’bf
H

(Adapted from Costanzo et al.)[15]

Benzothiazole 10a (4.83 mL, 44.67 mmol, 10.2 eq) was dissolved in dry THF (80 mL) under argon atmosphere and
cooled to -78 °C. n-Buli (2.5 M in hexanes, 17.52 mL, 43.80 mmol, 10 eq) was added dropwise and the reaction
stirred for 1.5 h at the same temperature. Afterwards, 5 (2.50 g, 4.38 mmol, 1 eq) was dissolved in dry THF
(30 mL), added slowly to the reaction mixture and stirred for two hours at =78 °C. The reaction mixture was

14
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quenched with saturated aqueous NH4Cl solution (20 mL). The organic phase was separated and washed three
times each with saturated NaHCOs solution (25 mL) and saturated NaCl solution (25 mL). The organic phase was
dried over anhydrous NaSO4 and concentrated under reduced pressure. The crude product was purified by
column chromatography (CH/EA, 1:1 to 0:1) to yield the product as a colorless solid (1.11 g, 3.06 mmol, 70%).
H NMR (300 MHz, CDCl3): 6/ppm = 8.23 — 8.15 (m, 1H), 8.00 — 7.91 (m, 1H), 7.60 — 7.49 (m, 2H), 6.31 (s, 1H),
6.21 (s, 2H), 5.65 (d, J = 8.6 Hz, 1H), 5.61 — 5.49 (m, 1H), 3.57 —3.18 (m, 2H), 2.92 (s, 3H), 2.54 (s, 3H), 2.49 (s, 3H),
2.06 (s, 3H), 1.72 (s, 4H), 1.45 (s, 6H), 1.41 (s, 9H), **C NMR (75 MHz, CDCl3): §/ppm = 158.8, 156.2, 153.5, 138.5,
137.3, 133.0, 132.5, 128.3, 127.4, 126.0, 124.7, 122.5, 117.5, 86.4, 80.6, 43.3, 40.8, 28.7, 28.4, 25.5, 19.3, 18.0,
12.5, FT-IR: v/cm™ = 668, 756, 1102, 1164, 1216, 1369, 1483, 1552, 1622, 1694, mp: 105 — 115 °C. [a]2’ = +6 (c
1.00, CHCl3, MS (ESI) m/z calculated for [C31H42NsO6S2]* ([M+H]*): 644.3, found 644.3.

12f, Tert-Butyl (S/R)-(1-(benzo[b]thiophene-2-yl)-1-ox0-5-(3-((2,2,4,6,7-pentamethyl-2,3-dihydrobenzofuran-
5-yl)sulfonyl)guanidino)pentan-2-yl)carbamate

H (0]
Boc” =

_Pbf
HN b

Iz

(Adapted from Costanzo et al.)[15]

1-Benzothiophene 10f (0.71 g, 5.30 mmol, 10 eq) was dissolved in dry THF (20 mL) under argon atmosphere and
cooled to -78 °C. n-Buli (2.5 M in hexanes, 1.70 mL, 4.24 mmol, 8 eq) was added dropwise and the reaction
stirred for 2 h letting the temperature rise to rt. Afterwards, 5 (0.30 g, 0.53 mmol, 1 eq) was dissolved in dry THF
(10 mL), added slowly to the again cooled reaction mixture at =78 °C and stirred for 2.5 h. The reaction mixture
was quenched with saturated NH4Cl solution (5 mL). The organic phase was separated and washed three times
each with saturated NaHCOs solution (10 mL) and saturated NaCl solution (10 mL). The organic phase was dried
over anhydrous NaSOs and concentrated under reduced pressure. The crude product was purified by column
chromatography (CH/EA, 1:1 to 1:3) to yield the product as a yellow solid (0.27 g, 0.42 mmol, 80%). *H NMR
(300 MHz, DMSO-ds): §/ppm = 8.41 (s, 1H), 8.31 (s, 1H), 8.08-7.99 (m, 2H), 7.58-7.44 (m, 3H), 4.92 (s, 1H), 3.12—
3.02 (m, 2H), 2.90 (s, 2H), 2.45 (s, 3H), 2.39 (s, 3H), 1.96 (s, 3H), 1.79-1.48 (m, 5H), 1.42-1.32 (m, 15H), 3C NMR
(75 MHz, DMSO-de): 6/ppm = 194.3, 157.4, 156.1, 155.5, 141.4, 141.2, 139.1, 137.2, 134.1, 131.4, 130.5, 127.8,
126.4, 125.3, 124.3, 123.1, 116.2, 86.2, 79.2, 78.4, 55.8, 40.4, 28.3, 28.1, 18.9, 17.5, 12.2, FT-IR: v/cm™ = 667,
763, 816, 1024, 1097, 1148, 1252, 1561, 2966, 3334, mp: 105 — 126 °C. [a]3 = +7 (c 1.00, DMSO), MS (ESI) m/z
calculated for [C32H42N406S2]* ([M+H]*): 643.3, found 643.2.

9, 2-Amino-4,5,6,7-tetrahydrobenzothiazole
N
HN—C |
S

Cyclohexane 7 (3 g, 30.6 mmol, 1 eq), thiourea 8 (4.65 g, 61.2 mmol, 2 eq) and iodine (7.74 g, 30.6 mmol, 1 eq)
were stirred at 130 °C under argon atmosphere for 12 h. To the cooled mixture was added water (50 mL) and
stirred for 30 min. The aqueous phase was washed three times with ether (50 mL) and neutralized with NaHCOs
(pH = 7). The precipitate was filtered and solved in hot saturated Na2COs solution. The cooled mixture was
extracted with DCM (30 mL) dried over Na2SO4 and evaporated under reduced pressure to yield the product as

15

(Adapted from Furlan et al.)[16]
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a yellowish solid (2.5 g, 16.2 mmol, 53%). *H NMR (300 MHz, DMSO-ds): §/ppm = & 6.56 (s, 2H), 2.51 — 2.41 (m,
2H), 2.39 — 2.30 (m, 2H), 1.76 — 1.63 (m, 4H), 3C NMR (75 MHz, DMSO-ds): §/ppm = 165.3, 144.7, 114.4, 26.2,
23.2,22.7, 22.5, FT-IR: v/em™ = 692, 892, 1018, 1062, 1112, 1236, 1309, 1365, 1524, 1634, mp: 86 — 90 °C, MS
(ESI) m/z calculated for [C7H13N2S]* ([M+H]*): 155.0., found 155.9.

General procedure for desamination of the 2-aminobenzoheterocycle derivatives
(Adapted from Capaldo et al.)[17]

The respective 2-aminobenzoheterocycle 6b-e, 9 (1eq) was dissolved in dry THF (25 mL) under argon
atmosphere. Isopentyl nitrite (2.2 eq) was added dropwise under light protection and the reaction stirred for 2
—5 h under reflux. Afterwards, ice-water was added (40 mL) and the aqueous solution was extracted three times
with EA (30 mL). The organic phase was dried over anhydrous NaSOs and concentrated under reduced pressure.

10e, 6-Methoxybenzo[d]thiazole

The crude product was purified by column chromatography (CH/EA, 20:1) to yield the product as a yellow solid
(1.98 g, 11.96 mmol, 72%). *H NMR (300 MHz, CDCls): §/ppm = 8.84 (s, 1H), 8.01 (dd, J = 9.0, 0.5 Hz, 1H), 7.38 (d,
J=2.5Hz, 1H), 7.12 (dd, J = 9.0, 2.5 Hz, 1H), 3.87 (s, 3H), 3C NMR (75 MHz, CDCls): §/ppm = 158.2, 151.6, 147.5,
135.1, 124.0, 116.1, 104.1, 55.9, FT-IR: v/cm™ = 653, 822, 900, 1018, 1049, 1193, 1246, 1476, 1608, 2952, mp:
72 —75 °C, MS (ESI) m/z calculated for [CsH7NOS]* ([M+H]*): 166.0, found 165.9.

10b, 6-Fluorobenzo[d]thiazole

The crude product was purified by column chromatography (CH/EA, 20:1) to yield the product as a yellow solid
(1.99 g, 12.96 mmol, 66%). *H NMR (300 MHz, CDCl3): 6/ppm = 8.96 (s, 1H), 8.08 (dd, J = 9.0, 4.8 Hz, 1H), 7.62
(dd, J = 8.1, 2.5 Hz, 1H), 7.26 (td, J = 8.9, 2.5 Hz, 1H), 3C NMR (75 MHz, CDCl3): §/ppm = 162.5, 159.3, 149.8,
134.9, 124.6, 115.2, 108.1, FT-IR: v/cm™ = 779, 807, 838, 971, 1218, 1260, 1451, 1482, 1569, 3081, mp: 57 —
61 °C, MS (ESI) m/z calculated for [C7H4FNS]* ([M+H]*): 154.0, found 153.9.

10c, 6-Chlorobenzo[d]thiazole

The crude product was purified by column chromatography (CH/EA, 20:1) to yield the product as a yellow solid
(1.26 g, 7.43 mmol, 46%). *H NMR (300 MHz, CDCl3): 6/ppm = 9.00 (s, 1H), 8.05 (dd, J = 8.7, 0.5 Hz, 1H), 7.93 (dd,
J=2.1,0.5Hz, 1H), 7.48 (dd, J = 8.7, 2.1 Hz, 1H), **C NMR (75 MHz, CDCls): 6/ppm = 154.5, 151.6, 135.0, 131.9,
127.3,124.4, 121.6, FT-IR: v/cm™ = 757, 802, 855, 889, 1046, 1108, 1392, 1426, 1474, 3042, mp: 42 — 47 °C, MS
(ESI) m/z calculated for [C7H4CINS]* ([M+H]*): 170.0, found 169.9.
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10d, 6-Bromobenzo[d]thiazole

The crude product was purified by column chromatography (CH/EA, 30:1) to yield the product as a yellow solid
(2.14 g, 9.99 mmol, 76%). 'H NMR (300 MHz, CDCls): 6/ppm = 9.01 (s, 1H), 8.10 (dd, J = 1.9, 0.5 Hz, 1H), 8.00 (dd,
J=8.7,0.5Hz, 1H), 7.63 (dd, J = 8.7, 1.9 Hz, 1H), 13C NMR (75 MHz, CDCl3): 6/ppm = 154.6, 151.8, 135.5, 130.0,
124.7, 124.6, 119.7, FT-IR: v/cm™ = 740, 799, 858, 886, 1077, 1294, 1386, 1459, 1547, 3039, mp: 50 — 55 °C, MS
(ESI) m/z calculated for [C7H4BrNS]* ((M+H]*): 213.9, found 213.8.

11, 4,5,6,7-Tetrahydrobenzothiazole

The crude product was purified by column chromatography (CH/EA, 7:1) to yield the product as a yellow oil
(1.08 g, 9.99 mmol, 76%). 'H NMR (300 MHz, CDCl3): §/ppm = 8.60 (s, 1H), 2.87 — 2.74 (m, 4H), 1.90 — 1.80 (m,
4H), 3C NMR (75 MHz, CDCls): 6/ppm = 150.8, 149.6, 128.8, 26.7, 23.5, 22.9, FT-IR: v/cm™ = 712, 807, 859, 891,
1138, 1209, 1379, 1413, 1458, 1591, MS (ESI) m/z calculated for [C7HsNS]* ([M+H]*): 140.05, found 139.9.

12e, Tert-butyl (S/R)-(1-(6-methoxybenzo[d]thiazol-2-yl)-1-ox0-5-(3-((2,2,4,5,7-pentamethyl-2,3-
dihydrobenzofuran-6-yl)sulfonyl)guanidino)pentan-2-yl)carbamate

H (0]
Boc” E)H//N
i S\<z E}
NH o—
HN)\N,be
H

(Adapted from Costanzo et al.)[15]

6-methoxybenzo[d]thiazole 10e (1.94 g, 11.72 mmol, 10.2 eq) was dissolved in dry THF (40 mL) under argon
atmosphere and cooled to -78 °C. n-Buli (2.5 M in hexanes, 4.60 mL, 11.50 mmol, 10 eq) was added dropwise
and the reaction stirred for 2 h at the same temperature. Afterwards, 5 (0.66 g, 1.15 mmol, 1 eq) was dissolved
in dry THF (20 mL), added slowly to the reaction mixture at =78 °C and stirred for 2 h. The reaction was quenched
with saturated NH4Cl solution (15 mL). The organic phase was separated and washed three times each with
saturated NaHCOs solution (20 mL) and saturated NaCl solution (20 mL). The organic phase was dried over
anhydrous NaSOas and concentrated under reduced pressure. The crude product was purified by column
chromatography (CHCls/MeOH, 100:1) to yield the product as a brown oil (0.68 g, 1.01 mmol, 88%). 'H NMR
(300 MHz, CDCl3): 6/ppm = 8.04 (d, J = 9.1 Hz, 1H), 7.34 (d, J = 2.5 Hz, 1H), 7.15 (dd, J = 9.1, 2.5 Hz, 1H), 6.52 (s,
2H), 5.68 (d, J = 8.6 Hz, 1H), 5.52 (s, 1H), 3.90 (s, 3H), 3.53 (s, 1H), 3.35-3.23 (m, 1H), 2.93 (s, 2H), 2.54 (s, 3H),
2.49 (s, 3H), 2.06 (s, 3H), 1.83-1.58 (m, 5H), 1.45 (s, 6H), 1.41 (s, 9H), 23C NMR (75 MHz, CDCls): 6/ppm = 193.0,
160.3, 159.3, 156.5, 156.0, 152.4, 148.2, 139.6, 139.0, 133.0, 131.9, 126.8, 124.9, 118.2, 117.8, 103.7, 86.7, 80.6,
56.0, 55.1, 43.3, 40.9, 31.6, 28.7, 28.5, 25.4, 19.4, 18.0, 12.6, FT-IR: v/cm™! = 723, 903, 1091, 1164, 1260, 1485,
1555, 1682, 2974, 3334, [a]2° = +9 (c 1.00, CHCl3), MS (ESI) m/z calculated for [C3:HaaNsO7S2]* ([M+H]*): 674.3,
found 674.2.
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156.3, 156.1, 152.1, 138.9, 138.4, 134.7, 132.8, 131.8,128.5, 126.8, 124.9, 122.0, 117.8, 86.7, 80.7, 55.5, 43.3,
40.8, 28.7, 28.5, 25.5, 19.4, 18.0, 12.6, FT-IR: v/cm™ = 726, 911, 1097, 1162, 1252, 1482, 1552, 1696, 2974, 3337,
, [@]Z° = +5 (c 1.00, CHCls), MS (ESI) m/z calculated for [C31Ha1CINsO6S2]* ([M+H]*): 678.2, found 678.2.

12d, Tert-butyl (S/R)-(1-(6-bromobenzo[d]thiazol-2-yl)-1-ox0-5-(3-((2,2,4,5,7-pentamethyl-2,3-
dihydrobenzofuran-6-yl)sulfonyl)guanidino)pentan-2-yl)carbamate

H 0O
BOC/ {[ka
\L S\i \>
j\H Br

N,be
H

HN

(Adapted from Costanzo et al.)[15]

6-Bromobenzo[d]thiazole 10d (2.11g, 9.9 mmol, 10.1 eq) was dissolved in dry THF (30 mL) under argon
atmosphere and cooled to =78 °C. n-BuLi (2.5 m in hexanes, 3.9 mL, 9.70 mmol, 10 eq) was added dropwise and
the reaction stirred for 1.5 h under the same temperature. Afterwards, 5 (0.55 g, 0.97 mmol, 1 eq) was dissolved
in dry THF (10 mL), added slowly to the reaction mixture at =78 °C and stirred for 2 hours. The reaction was
quenched with saturated NH4Cl solution (5 mL). The organic phase was separated and washed three times each
with saturated NaHCOs solution (10 mL) and saturated NaCl solution (10 mL). The organic phase was dried over
anhydrous NaSO4 and concentrated under reduced pressure. The crude product was purified by column
chromatography (CHCls/MeOH, 70:1) to yield the product as a yellow oil (0.51g, 0.51 mmol, 73%). *H NMR
(300 MHz, CDCls): 6/ppm = 8.23-7.88 (m, 3H), 7.58-7.49 (m, 1H), 6.44 (s, 2H), 5.67 (t, J = 8.8 Hz, 1H), 5.50 (s, 1H),
3.42 (s, 1H), 3.32-3.20 (m, 1H), 2.92 (s, 2H), 2.52 (s, 3H), 2.46 (d, J = 2.1 Hz, 3H), 2.05 (s, 3H), 1.82—1.58 (m, 4H),
1.45 (s, 6H), 1.40 (s, 9H), 3C NMR (75 MHz, CDCl3): 6/ppm = 217.9, 193.4, 159.1, 156.2, 153.5, 152.3, 138.8, 137.3,
132.6,131.1, 128.3,127.4, 127.0, 126.0, 125.0, 124.8, 122.5, 117.7, 86.6, 80.6, 55.6, 43.3, 40.8, 28.7, 28.4, 25.5,
19.4, 18.1, 12.6, FT-IR: v/cm™! = 723, 807, 886, 1097, 1246, 1398, 1459, 1558, 1690, 3042, [a]Z’ = +9 (c 1.00,
CHCl3), MS (ESI) m/z calculated for [C31Ha1BrNsOsS2]* ([M+H]*): 722.2, found 722.1.

13, Tert-butyl (S/R)-(1-ox0-5-(3-((2,2,4,5,7-pentamethyl-2,3-dihydrobenzofuran-6-yl)sulfonyl)guanidino)-1-
(4,5,6,7-tetrahydrobenzo[d]thiazol-2-yl)pentan-2-yl)carbamate

H 0
Boc” E)K(/N
i S\;/ )
NH
HN N/be
H

(Adapted from Costanzo et al.)[15]

4,5,6,7-Tetrahydrobenzothiazole 11 (0.75 g, 5.40 mmol, 10.1 eq) was dissolved in dry THF (18 mL) under argon
atmosphere and cooled to -78 °C. TMEDA (0.79 mL, 5.28 mmol, 10 eq) and n-BulLi (2.5 m in hexanes, 2.1 mL,
5.28 mmol, 10 eq) were added dropwise and the reaction stirred for 1.5 h under the same temperature.
Afterwards, 5 (0.30 g, 0.52 mmol, 1 eq) was dissolved in dry THF (8 mL), added slowly to the reaction mixture at
-78 °C and stirred for 2 hours. The reaction was quenched with saturated NH4Cl solution (5 mL). The organic
phase was separated and washed three times each with saturated NaHCOs solution (10 mL) and saturated NaCl
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solution (10 mL). The organic phase was dried over anhydrous NaSO4 and concentrated under reduced pressure.
The crude product was purified by column chromatography (CHCIz3/MeOH, 40:1) to yield the product as a
colorless oil (0.17 g, 0.26 mmol, 50%). *H NMR (300 MHz, CDCls): 6/ppm = 7.28 (d, J = 7.4 Hz, 1H), 5.05 (s, 1H),
3.02 (d, J = 5.9 Hz, 2H), 2.95 (s, 2H), 2.87 (s, 2H), 2.78 (d, J = 6.1 Hz, 2H), 2.46 (s, 3H), 2.41 (s, 3H), 1.99 (s, 3H),
1.84—1.47 (m, 8H), 1.40 (s, 6H), 1.35 (s, 9H), 3C NMR (75 MHz, CDCl3): 6/ppm = 192.4, 160.5, 157.4, 156.0, 155.4,
153.2,138.6,137.2,134.1,131.4,124.2,116.2,86.2, 78.2,55.2,42.4, 28.1, 26.4, 23.6, 22.4,22.1,18.9,17.5, 12.2,
FT-IR: v/cm™ = 623, 812, 1118, 1164, 1249, 1366, 1425, 1540, 1677, 1719, [a]2° = +5 (¢ 1.00, CHCl3), MS (ESI) m/z
calculated for [C31HasNs06S2]* ([M+H]*): 648.2, found 648.2.

17, (S)-6-(2,3-Bis((benzyloxy)carbonyl)guanidino)-2-((tert-butoxycarbonyl)amino)hexanoic acid

Boc-Lys-OH 16 (2.00g, 8.12 mmol, 1eq) and N,N’-bis-(carbobenzoxy)-1H-pyrazole-1-carboxamidine (3.38,
8.93 mmol, 1.1 eq) were dissolved in DMF (58 mL) and EtsN (1.69 mL, 12.18 mmol, 1.5 eq) was added under
argon atmosphere. The reaction stirred for 72 h and got quenched by addition of NH4Cl (20 mL). The mixture was
extracted with EA (50 mL), dried over MgSOa4 and the organic solvents were removed under reduced pressure.
The crude product was purified by column chromatography (CH/EA, 2:1 + 0.1% TFA) to yield the product as a
colorless oil (4.94 g, 8.12 mmol, quant.). *H NMR (300 MHz, CDCI3): §/ppm = 7.40 — 7.28 (m, 10H), 5.18 (d, J =
16.0 Hz, 4H), 4.27 (s, 1H), 3.47 (s, 2H), 1.92 — 1.56 (m, 6H), 1.43 (s, 9H), 3C NMR (75 MHz, CDCI3): 6/ppm = 175.6,
155.2, 153.7, 135.7, 134.2, 129.1, 128.9, 128.7, 128.6, 128.4, 128.3, 69.0, 68.3, 53.1, 41.8, 31.8, 28.4, 22.4, FT-IR:
v/cm™ = 698, 752, 1052, 1140, 1160, 1204, 1248, 132, 1640, 1729, [a]Z® = +16 (c 1.00, CHCls), MS (ESI) m/z
calculated for [C2sH37N4Os]* ([M+H]*): 557.2, found 557.2.

18, (S)-(1-(Methoxy(methyl)amino)-1-oxo0-6-(2,3-bis((benzyloxy)carbonyl)guanidino)-2-((tert-
butoxycarbonyl)amino)carbamate

b0
N -
Boc” \)J\ITI SN

17 (4.94 g, 8.12 mmol, 1 eq), TBTU (3.64 g, 11.36 mmol, 1.4 eq) and N,O0-dimethyl hydroxylamine - HCI (1.58 g,
16.24 mmol, 2 eq) were dissolved in THF (30 mL) under argon atmosphere and cooled to 0 °C. DIEA (8.48 mL,
48.72 mmol, 6 eq) was added and the reaction stirred overnight. The mixture was extracted with EA (40 mL) and
washed with saturated NaCl solution, dried over MgS0a and the organic solvents were removed under reduced
pressure. The crude product was purified by column chromatography (CH/EA, 1:1) to yield the product as a
colorless oil (3.38 g, 5.68 mmol, 70%). *H NMR (300 MHz, CDCl3): 6/ppm = 7.42 — 7.24 (m, 10H), 5.19 — 5.10 (m,
4H), 4.65 (s, 1H), 3.74 (s, 3H), 3.49 —3.32 (m, 2H), 3.18 (s, 3H), 1.77 — 1.48 (m, 6H), 1.43 (s, 9H), 3C NMR (75 MHz,
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CDCI3): 6/ppm = 163.8, 156.0, 155.6, 153.9, 136.9, 134.7, 128.9, 128.8, 128.6, 128.5, 128.2, 128.0, 79.1, 68.2,
67.2, 61.7, 50.2, 41.0, 32.7, 28.7, 28.4, 22.7, FT-IR: v/cm™ = 1049, 1137, 1167, 1206, 1249, 1323, 1365, 1383,
1425, 1638, [a]3° = +14 (c 1.00, CHCls), MS (ESI) m/z calculated for [Cs1Ha2NsOs]* ([M+H]*): 600.3, found 600.3.

19, (S/R)-1-Ox0-6-(2,3-bis((benzyloxy)carbonyl)guanidino)-2-((tert-butoxycarbonyl) amino)-2-benzo[d]thiazol

b0

Boc” N\gjﬁ//

Benzothiazole 10a (6.20 mL, 57.26 mmol, 10.2 eq) and TEMED (8.47 mL, 56.14 mmol, 10 eq) was dissolved in dry
THF (90 mL) under argon atmosphere and cooled to -78 °C. n-Buli (2.5 M in hexanes, 22,45 mL, 56.14 mmol,
10 eq) was added dropwise and the reaction stirred for 1.5 h at the same temperature. Afterwards, 18 (3.36 g,
5.61 mmol, 1 eq) was dissolved in dry THF (10 mL) and was added slowly to the reaction mixture and stirred for
two hours at -78 °C. The reaction mixture was quenched with saturated NH4Cl solution (15 mL). The organic
phase was separated and washed three times each with saturated NaHCOs solution (20 mL) and saturated NaCl
solution (20 mL). The organic phase was dried over anhydrous NaSO4 and concentrated under reduced pressure.
The crude product was purified by column chromatography (CH/EA, 7:1 to 3:1) to yield the product as an orange
0il (2.52 g, 3.75 mmol, 67%). 'H NMR (300 MHz, CDCI3): §/ppm = 8.36 — 8.27 (m, 1H), 8.24 —8.15 (m, 1H), 8.00 —
7.93 (m, 1H), 7.60 — 7.49 (m, 2H), 7.41 — 7.24 (m, 10H), 5.44 — 5.33 (m, 1H), 5.13 (d, J = 14.6 Hz, 4H), 1.80 - 1.51
(m, 6H), 1.44 (s, 9H), *C NMR (75 MHz, CDCI3): §/ppm = 163.6, 156.0, 153.9, 153.6, 137.3, 136.8, 134.7, 128.9,
128.8, 128.6, 128.5, 128.2, 128.1, 128.0, 127.2, 126.0, 122.4, 80.0, 68.2, 67.2, 56.3, 40.9, 32.8, 28.6, 28.4, 22.9,
FT-IR: v/cm™ = 754, 1050, 1139, 1163, 1215, 1256, 1319, 1382, 1638, 1695, [a]3° = +3 (c 1.00, CHCl3), MS (ESI)
m/z calculated for [C3sHaoNsO7S]* ([M+H]*): 674.3, found 674.2.

25, (S)-2-((Tert-butoxycarbonyl)amino)-3-(4-aminophenyl)propanoic acid
H (0]
N
Boc” QJ\OH

: “NH,

24 (1.50g, 4.84 mmol, 1 eq) was dissolved in methanol (40 mL) and Pd/C (5%, 0.075 g) was added and the reaction
stirred for 3 h under Hz-atmosphere (3 bar). The mixture was then filtered over Celite® and the solvent was
evaporated under reduced pressure. The crude product was used without further purification for the next step.

(Adapted from Kwon et al.)[18]

MS (ESI) m/z calculated for [C14H21N204]* ([M+H]*): 281.1, found 303.1 ([M+Na]*).
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26, (S)-3-(4-(2,3-Bis((benzyloxy)carbonyl)guanidino)phenyl)-2-((tert-butoxycarbonyl) amino)propanoic acid

H
_N

Boc

(Adapted from Kwon et al.)[18]

25 (1.35 g, 4.84 mmol, 1 eq), N,N’-bis-(carbobenzoxy)-1H-pyrazole-1-carboxamidine (2.19 g, 5.80 mmol, 1.2 eq)
were dissolved in DMF (30 mL) and EtsN (1.00 mL, 7.25 mmol, 1.5 eq) was added under argon atmosphere. The
reaction stirred for 6 h and got quenched by addition of NH4Cl (10 mL). The mixture was extracted with EA
(30 mL), dried over MgS0a and the organic solvents were removed under reduced pressure. The crude product
was purified by column chromatography (CH/EA, 4:1 to 2:1 + 0.1% TFA) to yield the product as a colorless solid
(2.86 g, 4.84 mmol, quant.). *H NMR (300 MHz, CDCI3): §/ppm = 7.46 — 7.27 (m, 10H), 7.14 (d, J = 7.9 Hz, 4H),
5.28 — 5.10 (m, 4H), 4.53 (s, 1H), 3.13 — 2.98 (m, 2H), 1.41 (s, 9H), 3C NMR (75 MHz, CDCI3): §/ppm = 175.0,
161.9, 156.1, 154.5, 149.3, 135.2, 135.1, 130.7, 129.4, 129.3, 129.1, 129.0, 128.7, 123.9, 69.0, 56.0, 38.8, 28.8,
FT-IR: v/cm™ = 752, 911, 1003, 1172, 1378, 1456, 1496, 1532, 1726, 1792, mp: 117 — 122 °C, [a]%® = +42 (c 1.00,
CHClz), MS (ESI) m/z calculated for [C31H3sN4Os]* ([M+H]*): 591.2, found 591.0.

27, (S) -(1-(Methoxy(methyl)amino)-1-oxo -3-(4-(2,3-bis((benzyloxy)carbonyl) guanidino)phenyl)-2-((tert-
butoxycarbonyl)amino)carbamate

(Adapted from Kwon et al.)[18]

26 (3.00 g, 5.08 mmol, 1eq), TBTU (2.28 g, 7.12 mmol, 1.4 eq) and N,O-dimethyl hydroxylamine - HCI (0.99 g,
10.16 mmol, 2 eq) were dissolved in THF (15 mL) and DIEA (1.16 mL, 6.66 mmol, 6 eq) was added under argon
atmosphere. The reaction stirred for 12 h and the mixture was extracted with EA (45 mL), washed with saturated
NaCl solution (20 mL), dried over MgSOa and the was removed under reduced pressure. The crude product was
purified by column chromatography (CH/EA, 2:1) to yield the product as a colorless oil (1.64 g, 2.85 mmol, 51%.).
'H NMR (300 MHz, CDCI3): §/ppm = 11.91 (s, 1H), 10.25 (s, 1H), 7.54 — 7.45 (m, 2H), 7.44 — 7.28 (m, 10H), 7.19 —
7.10 (m, 2H), 5.24 (s, 2H), 5.14 (s, 2H), 4.91 (s, 1H), 3.67 (s, 3H), 3.15 (s, 3H), 3.02 (dd, J = 13.7, 6.0 Hz, 1H), 2.85
(dd, J=13.8, 7.0 Hz, 1H), 1.39 (s, 9H), 3C NMR (75 MHz, CDCI3): /ppm = 176.8, 172.9, 169.5, 160.3, 155.3, 154.1,
153.7,130.1, 128.9, 128.6, 128.2, 128.1, 122.6, 68.7, 67.59, 61.7, 51.6, 38.3, 32.2, 28.5, FT-IR: v/cm™! = 754, 1055,
1220, 1265, 1294, 1367, 1383, 1422, 1608, 1639, [a]?’ = +21 (c 1.00, CHCIs), MS (ESI) m/z calculated for
[Ca3HaoNsOs]* ([M+H]*): 634.3, found 634.0.
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28, (S/R) -1-Oxo -3-(4-(2,3-bis((benzyloxy)carbonyl)guanidino)phenyl)-2-((tert-butoxycarbonyl)amino)2-
benzo[d]thiazol
Boc =
8

(Adapted from Kwon et al.)[18]

Benzothiazole 10a (2.86 mL g, 26.42 mmol, 10.2 eq) and TEMED (3.91 mL, 25.90 mmol, 10 eq) were dissolved in
dry THF (35 mL) under argon atmosphere and was cooled to -78 °C. n-Buli (2.5M in hexanes, 10.36 mL,
.25.90 mmol, 10 eq) was added dropwise and the reaction stirred for 1.5 h at the same temperature. Afterwards,
27 (1.64 g, 2.59 mmol, 1 eq) was dissolved in dry THF (15 mL) and was added slowly to the reaction mixture and
stirred for two hours at =78 °C. The reaction mixture was quenched with saturated NH4Cl solution (25 mL). The
organic phase was separated and washed three times each with saturated NaHCOs solution (25 mL) and
saturated NaCl solution (25 mL). The organic phase was dried over anhydrous NaSOa4 and concentrated under
reduced pressure. The crude product was purified by column chromatography (CH/EA, 9:1 to 2:1) to yield the
product as a brown solid (1.18 g, 1.66 mmol, 64%). *H NMR (300 MHz, CDCI3): §/ppm = 8.24 (dd, J = 7.4, 1.7 Hz,
1H), 8.02 — 7.96 (m, 1H), 7.58 (pd, J = 7.2, 1.5 Hz, 2H), 7.46 (d, J = 8.4 Hz, 2H), 7.41 — 7.28 (m, 10H), 7.09 (d, J =
8.0 Hz, 2H), 5.86 (d, J = 7.2 Hz, 1H), 5.24 (s, 2H), 5.13 (s, 2H), 3.43 (dd, J = 14.1, 5.1 Hz, 1H), 3.25 — 3.15 (m, 1H),
1.41 (s, 9H), 3C NMR (75 MHz, CDCI3): 6/ppm = 183.7, 164.0, 155.2, 154.6, 154.0, 153.7, 153.5, 137.4, 127.3,
129.1, 128.9, 128.6, 128.2, 126.0, 122.6, 68.8, 67.8, 57.7, 38.5, 28.4, FT-IR: v/cm™ = 733, 755, 1055, 1218, 1294,
1367, 1422, 1607, 1632, 1694, mp: 175 — 178 °C, [a]?® = +6 (¢ 1.00, CHCl3), MS (ESI) m/z calculated for
[C3gH38Ns0O7S]* ([M+H]*): 708.2, found 708.3.

41, (S)-2-((Tert-butoxycarbonyl)amino)-3-(3-aminophenyl)propanoic acid
O

H
Boc/N%OH

NH,
(Adapted from Kwon et al.)[18]

40 (1.00 g, 3.22 mmol, 1 eq) was dissolved in methanol (26 mL) and Pd/C (5%, 0.05 g) was added and the reaction
stirred for 3 h under Hz-atmosphere (3 bar). The mixture was then filtered over Celite” and the solvent was
evaporated under reduced pressure. The crude product was used without further purification for the next step.

MS (ESI) m/z calculated for [C1aH21N204]* ([M+H]*): 281.1, found 181.0 ([M+H-Boc]*).
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42, (5)-3-(3-(2,3-Bis((benzyloxy)carbonyl)guanidino)phenyl)-2-((tert-butoxycarbonyl) amino)propanoic acid
(0}

H
Boc/NJkOH

(Adapted from Kwon et al.)[18]

41 (0.90 g, 3.22 mmol, 1 eq), N,N’-bis-(carbobenzoxy)-1H-pyrazole-1-carboxamidine (1.46 g, 3.86 mmol, 1.2 eq)
were dissolved in DMF (30 mL) and EtsN (0.67 mL, 4.83 mmol, 1.5 eq) was added under argon atmosphere. The
reaction stirred for 6 h and got quenched by addition of NH4Cl (10 mL). The mixture was extracted with EA
(30 mL), dried over MgSOa4 and the organic solvents were removed under reduced pressure. The crude product
was purified by column chromatography (CH/EA, 3:1 to 1:1 + 0.1% TFA) to yield the product as a colorless oil
(1.70 g, 2.89 mmol, 90%). *H NMR (300 MHz, CDCI3): §/ppm = 7.49 — 7.08 (m, 14H), 5.35 — 5.26 (m, 2H), 5.22 —
5.10 (m, 2H), 4.59 — 4.37 (m, 1H), 3.10 (s, 2H), 1.50 — 1.29 (m, 9H), 3C NMR (75 MHz, CDCI3): §/ppm = 173.9,
173.0, 160.6, 160.1, 153.8, 146.8, 130.3, 129.5, 129.0, 128.7, 128.6, 117.3, 113.5, 80.4, 70.3, 69.9, 54.7, 38.6,
28.4, FT-IR: v/cm™ = 731, 900, 1051, 1164, 1209, 1318, 1504, 1608, 1701, 1748, [a]3° = +20 (c 1.00, CHCls), MS
(ESI) m/z calculated for [C31H3sN4Og]* ([M+H]*): 591.2, found 591.1.

43, (S) -(1-(Methoxy(methyl)amino)-1-oxo -3-(3-(2,3-bis((benzyloxy)carbonyl) guanidino)phenyl)-2-((tert-
butoxycarbonyl)amino)carbamate

Boc

s

N NH
Cbz” X

H

P4

“Cbz

42 (2.26 g, 3.83 mmol, 1 eq), TBTU (1.47 g, 4.60 mmol, 1.2 eq) and N,O-dimethyl hydroxylamine - HCI (2.24 g,
23.00 mmol, 6 eq) were dissolved in THF/DMF (4:1, 20 mL) and DIEA (2.67 mL, 15.32 mmol, 4 eq) was added
under argon atmosphere. The reaction was stirred for 12 h and the mixture was extracted with EA (40 mL),
washed with saturated NaCl solution (20 mL), dried over MgSOa4 and the was removed under reduced pressure.
The crude product was purified by column chromatography (CH/EA, 2:1) to yield the product as a colorless oil
(1.28 g, 2.02 mmol, 53%.). *H NMR (300 MHz, CDCI3): 6/ppm = 7.55 — 7.20 (m, 14H), 6.97 (d, J = 7.6 Hz, 1H), 5.27
—5.11 (m, 4H), 4.91 (s, 1H), 3.63 (s, 3H), 3.13 (s, 3H), 3.05 (dd, J = 13.6, 5.7 Hz, 1H), 2.85 (dd, J = 13.7, 7.6 Hz, 1H),
1.39 (s, 9H), 3C NMR (75 MHz, CDCI3): 6/ppm = 172.2, 163.8, 155.2, 153.6, 137.8, 136.4, 134.6, 129.0, 128.8,
128.6, 128.5, 128.2, 128.0, 126.5, 123.4, 121.2, 79.7, 68.6, 67.5, 61.6, 51.6, 38.8, 32.1, 28.4, FT-IR: v/cm™! = 695,
731, 905, 1049 1116, 1161, 1231, 1422, 1600, 1729, [a]3’ = +26 (c 1.00, CHCls), MS (ESI) m/z calculated for
[Ca3H4oNsOg]* ([M+H]*): 634.3, found 634.2.
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44, (S/R) -1-Oxo -3-(3-(2,3-bis((benzyloxy)carbonyl)guanidino)phenyl)-2-((tert-butoxycarbonyl)amino)2-
benzo[d]thiazol

b0

_N
Boc =
S\©

(Adapted from Kwon et al.)[18]

Benzothiazole 10a (2.22 mL g, 20.60 mmol, 10.2 eq) and TEMED (3.04 mL, 20.20 mmol, 10 eq) were dissolved in
dry THF (30 mL) under argonatmosphere and was cooled to -78 °C. n-Buli (2.5M in hexanes, 8.08 mL,
.20.20 mmol, 10 eq) was added dropwise and the reaction stirred for 1.5 h at the same temperature. Afterwards,
43 (1.28 g, 2.02 mmol, 1 eq) was dissolved in dry THF (10 mL) and was added slowly to the reaction mixture and
stirred for two hours at =78 °C. The reaction mixture was quenched with saturated NH4Cl solution (20 mL). The
organic phase was separated and washed three times each with saturated NaHCOs solution (20 mL) and
saturated NaCl solution (20 mL). The organic phase was dried over anhydrous NaSOas and concentrated under
reduced pressure. The crude product was purified by column chromatography (CH/EA, 7:1 to 3:1) to yield the
product as a brown solid (1.20 g, 1.69 mmol, 84%). *H NMR (300 MHz, CDCI3): §/ppm = 8.23 (d, J = 7.7 Hz, 1H),
8.02-7.93 (m, 1H), 7.63 - 7.51 (m, 3H), 7.44 - 7.17 (m, 12H), 6.95 (d, J = 7.6 Hz, 1H), 5.92 - 5.79 (m, 1H), 5.38 —
5.06 (m, 5H), 3.50 —3.05 (m, 2H), 1.40 (s, 9H) ppm, 3C NMR (75 MHz, CDCI3): §/ppm =192.9, 163.8, 155.2, 153.9,
153.5,137.3,137.2,136.1, 129.4,129.0, 128.8, 128.7, 128.5,128.1, 127.3, 126.9, 126.0, 123.6, 122.5, 121.6, 86.3,
80.1, 68.8, 67.8,57.5, 52.8, 38.6, 28.3 ppm, FT-IR: v/cm™ = 726, 1046, 1167, 1240, 1366, 1422, 1484, 1639, 1687,
2974, mp: 164 — 166 °C, [a]2° = +5 (c 1.00, CHCl3), MS (ESI) m/z calculated for [CasH3sNsO7S]* ([M+H]*): 708.2,
found 708.1.

w

34, (S)-2-((Tert-butoxycarbonyl)amino)-3-(4-aminocyclohexyl)propanoic acid
H (@]
N
Boc” \:)J\OH

24 (1.50 g, 4.84 mmol, 1 eq) was dissolved in AcOH/MeOH (1:1, 30 mL) and PtO2 (0.06 g, 0.48 mmol, 0.1 eq) was
added. The reaction stirred for 24 h under H, atmosphere (3 bar) at rt. The mixture was filtered over Celite” and
the solution was removed under reduced pressure. The crude product was used without further purification for
the next step.

(Adapted from Kwon et al.)[18]

MS (ESI) m/z calculated for [C14H26N204]* ([M+H]*): 286.2, found 326.0 ([M+K]*).
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35, (S)-3-(4-(2,3-Bis((benzyloxy)carbonyl)guanidino)cyclohexyl)-2-((tert-butoxycarbonyl)amino)propanoic
acid

0

H
Boc/N \i)kOH

\O\NH
Cbz /)\

N N
H

_Cbz

(Adapted from Kwon et al.)[18]

34 (1.19 g, 4.16 mmol, 1 eq), N,N’ bis-(carbobenzoxy)-1-H-pyrazol-1-carboxamidin (2.01 g, 5.32 mmol, 1.1 eq)
were dissolved in DMF (30 mL) and EtsN (0.86 mL, 6.25 mmol, 1.5 eq) was added under argon atmosphere. The
reaction stirred for 6 h and got quenched by addition of NH4Cl (10 mL). The mixture was extracted with EA (30
mL), dried over MgSO4 and the organic solvents were removed under reduced pressure. The crude product was
purified by column chromatography (DCM/MeOH, 100:1 to 11:1) to yield the product as a colorless solid
(2.48 g, 4.16 mmol, quant.). *H NMR (300 MHz, CDCI3): 6/ppm = 7.41 — 7.33 (m, 10H), 5.21 (d, J = 8.3 Hz, 2H),
5.02 (s, 2H), 4.10 —3.95 (m, 1H), 3.88 (d, J = 7.5 Hz, 1H), 1.90 — 1.41 (m, 6H), 1.34 (d, J = 17.7 Hz, 9H), 1.03 (ddd,
J=50.6, 24.1, 12.0 Hz, 5H) ppm, 13C NMR (75 MHz, CDCI3): §/ppm = 163.1, 155.5, 155.1, 154.3, 152.8, 135.3,
128.5,128.4, 128.2, 122.2, 77, 67.8, 66.4, 56.8, 51.9, 38.4, 31.6, 30.2, 30.1, 29.4, 28.3, 28.2 ppm, FT-IR: v/cm™ =
696, 733, 1053, 1124, 1162, 1206, 1295, 1367, 1420, 1635, mp: 98 — 112 °C, [a]%® = +18 (c 1.00, CHCls), MS (ESI)
m/z calculated for [C31Ha1N4Og]* ([M+H]*): 597.3, found 597.3.

36, (S) -(1-(Methoxy(methyl)amino)-1-oxo -3-(4-(2,3 bis((benzyloxy)carbonyl) guanidino)cyclohexyl)-2-((tert-
butoxycarbonyl)amino)carbamate

(Adapted from Kwon et al.)[18]

35 (0.66 g, 1.11 mmol, 1 eq), TBTU (0.49 g, 1.55 mmol, 1.4 eq) and N,O-dimethyl hydroxylamine - HCI (0.21 g,
2.22 mmol, 2 eq) were dissolved in THF (7 mL) and DIEA (1.16 mL, 6.66 mmol, 6 eq) was added under argon
atmosphere. The reaction stirred for 12 h and and the mixture was extracted with EA (20 mL), washed with
saturated NaCl solution (10 mL), dried over MgSO4 and the was removed under reduced pressure. The crude
product was purified by column chromatography (CH/EA, 2:1) to yield the product as a colorless solid
(1.64 g, 2.85 mmol, 51%.). *H NMR (300 MHz, CDCI3): §/ppm = 7.49 (d, J = 8.5 Hz, 1H), 7.43 — 7.28 (m, 10H), 7.13
(d, J=8.5Hz, 1H), 5.24 —5.05 (m, 4H), 4.71 (d, J = 9.2 Hz, 1H), 3.77 (d, J = 5.8 Hz, 2H), 3.67 (s, 1H), 3.24 - 3.13 (m,
3H), 3.02 (dd, J = 13.7, 6.0 Hz, 1H), 2.87 (d, J = 7.1 Hz, 1H), 2.07 — 1.51 (m, 7H), 1.41 (d, J = 14.9 Hz, 9H), 1.28 —
1.03 (m, 4H) ppm, 3C NMR (75 MHz, CDCI3): §/ppm = 156.4, 155.1, 154.0, 149.6, 136.9, 128.8, 128.5, 128.2, 79.8,
67.4,61.7,52.7,32.7,32.3, 32.3, 29.5, 28.5 ppm, FT-IR: v/cm™ = 1053,1170, 1227, 1295, 1337, 1366, 1383, 1428,
1639, 1711, mp: 70 — 77 °C, [@]3? = —20 (c 1.00, CHCls), MS (ESI) m/z calculated for [Cs3H4sNsOs]* ([M+H]*): 640.3,
found 640.3.
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37, (S/R) -1-Oxo -3-(4-(2,3-bis((benzyloxy)carbonyl)guanidino)cyclohexyl)-2-((tert-butoxycarbonyl)amino)2-
benzo[d]thiazol
Boc =
D

(Adapted from Kwon et al.)[18]

Benzothiazole 10a (0.88 mL g, 8,02 mmol, 10.2 eq) and TEMED (1.19 mL, 7.86 mmol, 10 eq) were dissolved in dry
THF (13 mL) under argonatmosphere and was cooled to -78 °C. n-BuLi (2.5 M in hexanes, 3.15 mL, .7.86 mmol,
10 eq) was added dropwise and the reaction stirred for 40 min at the same temperature. Afterwards, 36 (0.50 g,
0.78 mmol, 1 eq) was dissolved in dry THF (5 mL) and was added slowly to the reaction mixture and stirred for
two hours at -78 °C. The reaction mixture was quenched with saturated NH4Cl solution (20 mL). The organic
phase was separated and washed three times each with saturated NaHCOs solution (20 mL) and saturated NaCl
solution (20 mL). The organic phase was dried over anhydrous NaSO4 and concentrated under reduced pressure.
The crude product was purified by column chromatography (CH/EA, 9:1 to 4:1) to yield the product as a yellow
solid (0.42 g, 0.59 mmol, 76%). *H NMR (300 MHz, CDCI3): §/ppm = 8.26 — 8.18 (m, 1H), 8.02 — 7.95 (m, 1H), 7.57
(dddd, J = 8.8, 6.7, 4.0, 2.1 Hz, 2H), 7.42 — 7.27 (m, 10H), 5.26 (d, J = 17.0 Hz, 2H), 5.20 - 5.11 (m, 3H), 3.43 (dd, J
=14.0,5.1 Hz, 1H), 3.21 (dd, J = 14.1, 6.9 Hz, 1H), 2.30 — 1.48 (m, 8H), 1.43 (d, J = 9.0 Hz, 9H), 1.32 - 1.12 (m, 3H),
13C NMR (75 MHz, CDCI3): §/ppm = 193.0, 164.0, 160.3, 156.3, 154.9, 149.7, 136.7, 136.6, 128.9, 128.6, 128.1,
127.3, 126.0, 122.6, 80.1, 68.6, 67.6, 50.4, 33.7, 30.5, 28.4, 28.3, FT-IR: v/cm™ = 733, 755, 1055, 1218, 1294,
1367, 1422, 1607, 1632, 1694, mp: 82 —93 °C, [a]2® = +6 (c 1.00, CHCl3), MS (ESI) m/z calculated for [CasHa3sNsO7S]*
(IM+H]*): 714.2, found 714.0.

General procedure for the amide bond formation between the HaN-P1-warhead moiety and the peptide residue

The respective Boc-NH-P1-warhead moieties 12a-f, 13, 19, 27, 36, 43 were deprotected by using a deprotection
mixture of 4 M HCl in dioxane (4 ml) or 16% TFA in DCM (4 mL) and stirred for 30 min at rt. The solvent was
removed under reduced pressure to yield the deprotected amines as hydrochloride or trifluoroacetate salts.

The carboxylic acid of different peptide backbones 3, 21-23 (1.2 eq) was dissolved in DCM and cooled to 0 °C
with an ice-water bath. DIEA (6 eq) and HATU (1.2 eq) were added and stirring was continued for 30 min at 0 °C.
Then, the respective deprotected amine (1 eq) as a solution in DMF were added, stirred for 30 min at 0 °C and
16 h at room temperature. DCM and water were added, and the aqueous phase was extracted three times with
DCM. The combined organic phases were dried over Na;SOs, and the solvent was removed under reduced
pressure. The crude product was purified with reversed-phase flash chromatography performed with the Biotage
Isolera™ and used without further analysis for the next step.
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Synthesis of uPA targeting compounds

144, (25,3S)-2-(2-Acetamidoacetamido)-N-((S)-1-(((S)-1-(benzo[d]thiazol-2-yl)-5-guanidino-1-oxopentan-2-
yl)amino)-1-oxopropan-2-yl)-3-hydroxybutanamide

O H O H O
A A A
: O/:\OHH © _\LS\@
NH

N

HN® “NH,

After the coupling of the respective peptide backbone 3 with the P1-warhead moiety 12a, the deprotection of
the Pbf- and O'Bu-protecting group was performed in a TFA/DCM solution (50%, 2 mL) and stirred for 2 h at room
temperature. The solution was evaporated under reduced pressure and purified by preparative HPLC (12.8 mg,
0.017 mmol, 10%). *H NMR (400 MHz, DMSO-de): 6/ppm = 8.57 — 8.39 (m, 1H), 8.31 — 8.24 (m, 2H), 8.23 - 8.16
(m, 1H), 8.08 — 7.96 (m, 1H), 7.83 — 7.72 (m, 1H), 7.71 — 7.63 (m, 2H), 7.60 — 7.54 (m, 1H), 5.54 — 5.41 (m, 1H),
5.00 (d, J = 35.3 Hz, 1H), 4.36 (ddd, J = 10.0, 7.2, 2.7 Hz, 1H), 4.17 (tdd, J = 12.1, 8.0, 4.2 Hz, 1H), 3.97 (ddt, J =
16.9,11.2, 5.2 Hz, 1H), 3.83 = 3.69 (m, 2H), 3.14 (p, J = 6.6 Hz, 2H), 1.97 (td, J = 13.7, 11.4, 6.7 Hz, 2H), 1.90 — 1.82
(m, 2H), 1.79 — 1.69 (m, OH), 1.65 — 1.54 (m, 2H), 1.27 — 1.17 (m, 3H), 1.06 — 0.98 (m, 3H). 13C NMR (400 MHz,
DMSO-ds): 6/ppm =193.1,172.6, 169.9, 169.7, 169.5, 164.5, 156.8, 153.0, 136.5, 128.3, 127.6, 125.3, 123.3, 66.7,
58.2,54.3,47.9,42.2,42.2,27.8,25.2,22.4,19.7, 18, mp: 68 — 75 °C, [a]3° = +34 (c 1.00, DMSO), FT-IR: v/cm™ =
660, 668, 756, 1136, 1215, 1673, 1684, 2922, 2964, 3327, MS (ESI) m/z calculated for [C2aH3sNgOeS]* ([M+H]*):
563.2, found 563.2. Purity: 97%.

14f, (25,3S)-2-(2-Acetamidoacetamido)-N-((S)-1-(((S)-1-(benzo[b]thiophen-2-yl)-5-guanidino-1-oxopentan-2-
yl)amino)-1-oxopropan-2-yl)-3-hydroxybutanamide

(@] H (@] H (@]
Auﬁr”%uj\m”g
O Aoy O _\LS
NH
HN” “NH,

After the coupling of the respective peptide backbone 3 with the P1-warhead moiety 12f, the deprotection of
the Pbf- and O'Bu-protecting group was performed in a TFA/DCM solution (50%, 2 mL) and stirred for 2 h at room
temperature. The solution was evaporated under reduced pressure and purified by preparative HPLC (16.8 mg,
0.03 mmol, 8%). *H NMR (600 MHz, DMSO-ds): /ppm = 8.53 (d, J = 7.0 Hz, 1H), 8.46 (d, J = 4.7 Hz, 1H), 8.43 —
8.35(m, 1H), 8.33 —8.25 (m, 1H), 8.19 (dt, J = 8.6, 6.1 Hz, 1H), 8.11 - 7.97 (m, 3H), 7.81 (dd, J = 17.4, 8.0 Hz, 1H),
7.58 —7.48 (m, 2H), 5.27 (dddd, J = 32.2, 9.1, 7.5, 4.8 Hz, 1H), 5.00 (dd, J = 29.7, 5.0 Hz, 1H), 4.35 - 4.26 (m, 1H),
4.22 - 4.11 (m, 1H), 4.04 —3.91 (m, 1H), 3.81 — 3.69 (m, 2H), 3.17 — 3.08 (m, 2H), 1.86 (dd, J = 7.3, 6.1 Hz, 4H),
1.71 = 1.50 (m, 3H), 1.24 — 1.10 (m, 4H), 1.02 (d, J = 6.3 Hz, 2H) ppm, 3C NMR (151 MHz, DMSO-ds): 6/ppm =
193.3,172.4,169.9, 169.5, 156.6, 141.6, 141.1, 141.0, 139.1, 131.2, 130.9, 128.0, 126.5, 125.4, 123.1, 66.7, 58.7,
54.1, 48.4, 42.2, 40.3, 28.3, 25.0, 22.5, 19.7, 18.2 ppm, FT-IR: v/cm™ = 716, 757, 929, 1028, 1129, 1202, 1368,
1512, 1644, 3291, mp: 74—80 °C, []3° = +23 (c 1.00, DMSO), MS (ESI) m/z calculated for [C2sH3sN706S]* ([M+H]*):
562.2, found 562.3. Purity: 99%.
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15, (25,35)-2-(2-Acetamidoacetamido)-N-((S)-1-(((S)-5-guanidino-1-oxo-1-(4,5,6,7-tetrahydrobenzo[d]thiazol-
2-yl)pentan-2-yl)amino)-1-oxopropan-2-yl)-3-hydroxybutanamide

0] H 0] H 0]
A M AR
PP RO
NH

HN™ “NH,

After the coupling of the respective peptide backbone 3 with the P1-warhead moiety 13, the deprotection of the
Pbf- and O'Bu-protecting group was performed in a TFA/DCM solution (50%, 4 mL) and stirred for 2 h at room
temperature. The solution was evaporated under reduced pressure and purified by preparative HPLC (16.9 mg,
0.03 mmol, 8%). 'H NMR (600 MHz, DMSO-de): §/ppm = 8.67 — 8.55 (m, 1H), 8.48 —8.42 (m, 1H), 8.31—8.21 (m,
1H), 8.09 (d, J = 7.6 Hz, 1H), 7.89 (dd, J = 55.4, 8.2 Hz, 1H), 7.62 (s, 3H), 5.33 — 5.22 (m, 2H), 4.37 — 4.28 (m, 1H),
4.25-4.21 (m, 1H), 4.05-3.94 (m, 1H), 3.82 - 3.68 (m, 2H), 3.05 (p, J = 8.2, 7.4 Hz, 2H), 2.91 - 2.78 (m, 4H), 1.88
—1.77 (m, 8H), 1.69 — 1.49 (m, 3H), 1.26 — 1.20 (m, 3H), 1.03 (d, J = 6.4 Hz, 3H) ppm, *C NMR (151 MHz, DMSO-
ds): 6/ppm = 191.2, 172.4, 170.0, 169.8, 169.5, 169.3, 167.4, 160.4, 157.2, 153.3, 138.8, 66.5, 58.0, 53.9, 48.3,
47.8, 42.1, 28.1, 26.4, 25.0, 23.6, 22.4, 19.5, 18.0 ppm, FT-IR: v/cm™ =773, 886, 939, 1026, 1231, 1369, 1428,
1532, 1642, 2937, mp: 110 — 114 °C, [0{]2,_70 = +27 (c 1.00, DMSO), MS (ESI) m/z calculated for [C2aH39NsO6S]*
([IM+H]*): 567.6, found 567.1. Purity: 95%.

20, (25,3S5)-2-(2-Acetamidoacetamido)-N-((S)-1-(((S)-1-(benzo[d]thiazol-2-yl)-6-guanidino-1-oxohexan-2-
yl)amino)-1-oxopropan-2-yl)-3-hydroxybutanamide
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After the coupling of the respective peptide backbone 3 with the P1-warhead moiety 19, the deprotection of the
Cbz- and O'Bu-protecting groups was performed in a TFA/TA solution (5:1, 10 mL) and stirred for 12 h at room
temperature. The solution was evaporated under reduced pressure and purified by preparative HPLC (17.3 mg,
0.03 mmol, 8%). *H NMR (600 MHz, DMSO-ds): 6/ppm = 8.54 — 8.33 (m, 1H), 8.25 (m, 2H), 8.18 (m, 1H), 8.06 —
7.93 (m, 1H), 7.87 — 7.54 (m, 4H), 5.56 — 5.39 (m, 1H), 4.44 — 4.31 (m, 1H), 4.25 — 4.13 (m, 1H), 4.05 — 3.92 (m,
1H), 3.80—3.69 (m, 2H), 3.18 — 2.98 (m, 2H), 1.95 (s, 1H), 1.89 — 1.83 (m, 3H), 1.81 —1.34 (m, 6H), 1.28 = 1.19 (m,
3H), 1.06 — 0.98 (m, 3H), 3C NMR (151 MHz, DMSO-ds): 6/ppm = 193.3, 172.6, 169.9, 169.8, 169.7, 169.6, 169.5,
169.4, 164.5, 156.8, 153.0, 136.4, 128.3, 127.6, 126.6, 125.3, 123.3, 66.7, 54.7, 44.6, 42.2, 30.0, 28.0, 22.7, 22.4,
19.6, 19.5, 18.2, 18.0, FT-IR: v/cm™ = 668, 722, 762, 800, 1130, 1203, 1482, 1549, 1634, 3284, mp: 105 - 110 °C,
[a]2® = +31 (c 1.00, DMSO), MS (ESI) m/z calculated for [C2sH37NsOsS]* ([M+H]*): 577.6, found 577.3. Purity: 98%.
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29, (25,3S)-2-(2-Acetamidoacetamido)-N-((S)-1-(((S)-1-(benzo[d]thiazol-2-yl)-3-(4-guanidinophenyl)-1-
oxopropan-2-yl)amino)-1-oxopropan-2-yl)-3-hydroxybutanamide
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After the coupling of the respective peptide backbone 3 with the P1-warhead moiety 28, the deprotection of the
Cbz- and O'Bu-protecting groups was performed in a TFA/TA solution (5:1, 10 mL) and stirred for 12 h at room
temperature. The solution was evaporated under reduced pressure and purified by preparative HPLC (42.7 mg,
0.07 mmol, 25%). *H NMR (600 MHz, DMSO-ds): §/ppm = 8.65 — 8.51 (m, 2H), 8.31 — 8.25 (m, 2H), 8.16 (m, 1H),
7.97—7.90 (m, 2H), 7.70 - 7.66 (m, 2H), 7.52 (s, 4H), 7.42 — 7.37 (m, 2H), 7.20 — 7.16 (m, 2H), 5.74 — 5.67 (m, 1H),
4.98 (s, 1H), 4.38 — 4.12 (m, 3H), 4.04 — 3.90 (m, 1H), 3.75 (dd, 2H), 2.99 — 2.88 (m, 1H), 1.85 (m, 3H), 1.13 (m,
3H), 1.02 — 0.98 (m, 3H), 3C NMR (151 MHz, DMSO-ds): §/ppm = 192.4, 172.6, 172.3, 170.0, 169.8, 169.6, 169.4,
164.2, 159.2, 158.8, 155.8, 152.9, 136.4, 135.6, 133.8, 130.4, 128.3, 127.6, 125.3, 124.4, 123.2, 58.2,47.8, 42.1,
35.7, 22.4, 19.5, 18.2, 18.0, FT-IR: v/cm™ = 668, 721, 762, 801, 1132, 1183, 1202, 1515, 1552, 1645, mp: 125 —
133 °C, [a]%® = -23 (c 1.00, DMSO), MS (ESI) m/z calculated for [CasH3sNsOeS]* ([M+H]*): 611.2, found 611.2.
Purity: 97%.

45, (25,3S)-2-(2-Acetamidoacetamido)-N-((S)-1-(((S)-1-(benzo[d]thiazol-2-yl)-3-(3-guanidinophenyl)-1-
oxopropan-2-yl)amino)-1-oxopropan-2-yl)-3-hydroxybutanamide
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After the coupling of the respective peptide backbone 3 with the P1-warhead moiety 44, the deprotection of the
Cbz- and O'Bu-protecting groups was performed in a TFA/TA solution (5:1, 10 mL) and stirred for 12 h at room
temperature. The solution was evaporated under reduced pressure and purified by preparative HPLC (36.6 mg,
0.06 mmol, 40%). *H NMR (600 MHz, DMSO-ds): 6/ppm = 8.52 (dd, J = 13.2, 7.4 Hz, 1H), 8.44 (d, J = 1.2 Hz, 1H),
8.33-8.28 (m, 2H), 8.21 (dd, J = 26.0, 5.8 Hz, 1H), 8.01 — 7.89 (m, 4H), 7.71 — 7.66 (m, 2H), 7.35 — 7.30 (m, 1H),
7.23—7.14 (m, 2H), 7.08 — 7.02 (m, 1H), 5.77 — 5.67 (m, 1H), 5.28 (s, OH), 5.03 (s, 1H), 4.33 —4.11 (m, 3H), 3.99 —
3.91 (m, 1H), 3.78 — 3.68 (m, 2H), 2.96 — 2.91 (m, 1H), 1.87 — 1.83 (m, 3H), 1.17 — 1.08 (m, 3H), 1.00 (t, J = 6.2 Hz,
3H), 3C NMR (151 MHz, DMSO-ds): 8/ppm = 192.4, 172.5, 172.4, 170.0, 169.7, 169.2, 167.2, 164.2, 156.1, 152.9,
138.9, 136.4, 129.6, 128.3, 127.6, 125.4, 124.6, 123.3, 122.2, 66.6, 57.7, 56.5, 48.0, 42.1, 36.2, 22.4, 19.7, 18.1,
FT-IR: v/cm™ = 751, 886, 1023, 1130, 1251, 1347, 1473, 1512, 1580, 2783, mp: 103 — 106 °C, [0{]2,_70 =+18 (c 1.00,
DMSO0), MS (ESI) m/z calculated for [C2sH3sNsOeS]* ([M+H]*): 611.2, found 611.1. Purity: 96%.
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38, (25,3S5)-2-(2-Acetamidoacetamido)-N-((S)-1-(((S)-1-(benzo[d]thiazol-2-yl)-3-(4-guanidinocyclohexyl)-1-
oxopropan-2-yl)amino)-1-oxopropan-2-yl)-3-hydroxybutanamide
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After the coupling of the respective peptide backbone 3 with the P1-warhead moiety 37, the deprotection of the
Cbz- and O'Bu-protecting groups was performed in a TFA/TA solution (5:1, 10 mL) and stirred for 12 h at room
temperature. The solution was evaporated under reduced pressure and purified by preparative HPLC (24.6 mg,
0.04 mmol, 20%). *H NMR (600 MHz, DMSO-ds): 6/ppm = 8.42 — 8.39 (m, 1H), 8.30 — 8.21 (m, 2H), 8.07 (d, J =
7.6 Hz, 1H), 8.02 — 7.89 (m, 1H), 7.79 (d, J = 8.2 Hz, 1H), 7.71 — 7.65 (m, 2H), 5.63 — 5.51 (m, 1H), 5.19 — 5.05 (m,
1H), 4.39-4.16 (m, 2H), 4.05 - 3.93 (m, 1H), 3.84 —3.66 (m, 2H), 3.29 — 3.22 (m, 1H), 1.96 — 1.38 (m, 9H), 1.36 —
1.06 (m, 5H), 1.06 — 1.00 (m, 3H), *3C NMR (151 MHz, DMSO-ds): §/ppm = 193.7, 172.5, 170.0, 169.4, 167.2,
164.5, 157.9, 155.9, 152.9, 136.4, 135.9, 128.3, 127.7, 125.2, 123.3, 66.6, 58.0, 52.7, 52.5, 49.7, 48.3, 47.8, 42.3,
32.9, 29.9, 22.4, 19.6, 18.1, FT-IR: v/cm™ = 657, 668, 699, 730, 764, 1139, 1203, 1551, 1655, 2343, mp: 148 —
155 °C, [a]%’ = —25 (c 1.00, DMSO), MS (ESI) m/z calculated for [C2sHaiNsOgS]* ([M+H]*): 617.3, found 617.3.
Purity: 97%.

Synthesis of TMPRSS2 targeting compounds

30, (S)-1-((S)-2-Acetamido-4-amino-4-oxobutanoyl)-N-((S)-1-(benzo[d]thiazol-2-yl)-3-(4-guanidinophenyl)-1-
oxopropan-2-yl)pyrrolidine-2-carboxamide
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After the coupling of the respective peptide backbone 21 with the P1-warhead moiety 28, the deprotection of
the Cbz- and O'Bu-protecting groups was performed in a TFA/TA solution (5:1, 10 mL) and stirred for 12 h at
room temperature. The solution was evaporated under reduced pressure and purified by preparative HPLC
(50.0 mg, 0.08 mmol, 19%). 'H NMR (600 MHz, DMSO-ds): §/ppm = & 8.45 — 8.41 (m, 1H), 8.39 — 8.37 (m, 1H),
8.32-8.26 (m, 2H), 7.85 (s, 2H), 7.72 = 7.64 (m, 2H), 7.63 — 7.59 (m, 1H), 7.46 — 7.41 (m, 1H), 7.34 (d, J = 8.3 Hg,
1H), 7.20 — 7.10 (m, 2H), 7.08 — 7.05 (m, 1H), 5.71 — 5.54 (m, 1H), 4.81 — 4.75 (m, 1H), 4.29 (ddd, J = 7.9, 4.8,
2.4 Hz, 1H), 3.78 —=3.64 (m, 2H), 3.33 -3.28 (m, 2H), 3.06 —2.96 (m, 1H), 2.71 - 2.59 (m, 1H), 2.43 - 2.34 (m, 1H),
1.96 — 1.61 (m, 7H), **C NMR (151 MHz, DMSO-ds): 6/ppm = 192.6, 172.3, 172.1, 171.7, 171.5, 170.6, 170.3,
168.9, 167.7, 164.4, 164.1, 156.1, 153.0, 136.4, 130.3, 128.3, 127.6, 125.3, 124.0, 123.7, 59.7, 59.2, 56.8, 47.0,
37.6, 34.9,29.5, 23.6, 22.3, FT-IR: v/cm™ = 759, 877, 1021, 1127, 1203, 1313, 1375, 1420, 1619, 2364, mp: 200
-203°C, [@]?° = -59 (c 1.00, DMSO), MS (ESI) m/z calculated for [C2sH33NsOsS]* ([M+H]*): 593.2, found 593.1.
Purity: 97%.
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39, (S)-1-((S)-2-Acetamido-4-amino-4-oxobutanoyl)-N-((S)-1-(benzo[d]thiazol-2-yl)-3-(4-guanidinocyclohexyl)-
1-oxopropan-2-yl)pyrrolidine-2-carboxamide
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After the coupling of the respective peptide backbone 21 with the P1-warhead moiety 37, the deprotection of
the Cbz- and O'Bu-protecting groups was performed in a TFA/TA solution (5:1, 10 mL) and stirred for 12 h at
room temperature. The solution was evaporated under reduced pressure and purified by preparative HPLC
(27.8 mg, 0.05 mmol, 10%). 'H NMR (600 MHz, DMSO-ds): §/ppm = & 8.40 — 8.31 (m, 1H), 8.29 — 8.20 (m, 2H),
8.17 —8.13 (m, 1H), 7.70 — 7.65 (m, 2H), 7.59 — 7.47 (m, 1H), 7.43 — 7.36 (m, 1H), 5.67 — 5.58 (m, 1H), 5.52 — 5.38
(m, 1H), 4.80 — 4.74 (m, 1H), 4.35 — 4.28 (m, 1H), 3.86 — 3.55 (m, 3H), 3.32 — 3.25 (m, 1H), 2.74 — 2.60 (m, 1H),
2.43 —2.33 (m, 1H), 2.05 = 0.93 (m, 20H), *C NMR (151 MHz, DMSO-ds): 6/ppm = 193.9, 172.8, 172.2, 170.6,
169.3, 165.1, 164.7, 158.6, 156.2, 153.3, 136.7, 128.6, 128.1, 125.5, 123.8, 118.7, 116.7, 60.4, 59.6, 53.3, 50.2,
47.7,37.7,33.4,29.6,24.1, 23.5, 22.7, FT-IR: v/cm™ = 720, 835, 990, 1023, 1119, 1200, 1431, 1538, 1619, 2347,
mp: 113 — 116 °C, [«]3° = -60 (c 1.00, DMSO), MS (ESI) m/z calculated for [C2sH3sNsOsS]* ([M+H]*): 599.2, found
599.1. Purity: 98%.

HNZ “NH,

31, (S)-2-Acetamido-N-((S)-1-(((S)-1-(benzo[d]thiazol-2-yl)-3-(4-guanidinophenyl)-1-oxopropan-2-yl)amino)-1-
oxo-3-phenylpropan-2-yl)succinamide
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After the coupling of the respective peptide backbone 22 with the P1-warhead moiety 28, the deprotection of
the Cbz- and O'Bu-protecting groups was performed in a TFA/TA solution (5:1, 10 mL) and stirred for 12 h at
room temperature. The solution was evaporated under reduced pressure and purified by preparative HPLC
(20.5 mg, 0.03 mmol, 11%). *H NMR (600 MHz, DMSO-de): 6/ppm = 8.80 — 8.69 (m, 1H), 8.34 - 8.29 (m, 1H), 8.13
—7.89 (m, 2H), 7.75 — 7.68 (m, 2H), 7.49 — 7.36 (m, 6H), 7.33 — 7.25 (m, 1H), 7.21 — 7.14 (m, 5H), 7.03 (ddt, J =
5.9, 4.4, 1.7 Hz, 1H), 6.97 — 6.92 (m, 1H), 5.79 — 5.71 (m, 1H), 4.55 — 4.44 (m, 2H), 3.10 — 2.61 (m, 4H), 2.35 - 2.13
(m, 2H), 1.84 — 1.73 (m, 3H), 33C NMR (151 MHz, DMSO-ds): 6/ppm = 192.5, 171.6, 171.3, 169.4, 164.3, 164.2,
155.7, 153.0, 137.5, 136.4, 136.0, 133.9, 130.4, 129.2, 128.4, 128.0, 127.7, 126.3, 125.4, 124.4, 123.8, 118.2,
116.3, 56.4, 53.7, 53.4, 49.9, 49.5, 37.3, 35.5, 22.5, FT-IR: v/cm™' = 700, 728, 779, 877, 1122, 1195, 1377, 1552,
1656, 2358, mp: 136 — 138 °C, [a]Z® = -57 (c 1.00, DMSO), MS (ESI) m/z calculated for [Cs2H3sNsOsS]* ([M+H]*):
643.2, found 643.1. Purity: 96%.
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32, (S)-2-Acetamido-N-((S)-1-(((S)-1-(benzo[d]thiazol-2-yl)-3-(4-guanidinophenyl)-1-oxopropan-2-yl)Jamino)-1-
oxo-3-cyclohexylpropan-2-yl)succinamide
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After the coupling of the respective peptide backbone 23 with the P1-warhead moiety 28, the deprotection of
the Cbz- and O'Bu-protecting groups was performed in a TFA/TA solution (5:1, 10 mL) and stirred for 12 h at
room temperature. The solution was evaporated under reduced pressure and purified by preparative HPLC
(35.2 mg, 0.05 mmol, 19%). *H NMR (600 MHz, DMSO-ds): §/ppm = 8.63 — 8.52 (m, 1H), 8.41 (s, 1H), 8.32 - 8.26
(m, 1H), 8.19 — 8.13 (m, 1H), 7.98 — 7.85 (m, 4H), 7.74 — 7.62 (m, 2H), 7.39 — 7.33 (m, 2H), 7.16 — 7.10 (m, 2H),
6.99—-6.92 (m, 1H), 5.68 — 5.59 (m, 1H), 4.56 — 4.48 (m, 1H), 4.31 - 4.23 (m, 1H), 3.32 — 3.26 (m, 1H), 3.08 (s, 1H),
3.05-2.94 (m, 1H), 2.48 — 2.32 (m, 2H), 1.87 — 1.75 (m, 3H), 1.60 — 1.00 (m, 11H), 0.82 — 0.68 (m, 2H), 3C NMR
(151 MHz, DMSO-ds): 6/ppm = 192.4, 172.4, 171.6, 171.1, 169.6, 169.3, 167.6, 164.2, 161.5, 156.1, 155.1, 153.6,
152.9, 143.7, 136.4, 135.1, 130.3, 129.7, 128.3, 127.6, 125.4, 124.2, 123.7, 123.3, 56.6, 49.8, 37.0, 35.2, 33.1,
31.5, 26.0, 22.6, FT-IR: v/cm™ =664, 754, 1015, 1203, 1377, 1512, 1538, 1636, 2355, 2920, mp: 153 — 155 °C,
[a]2® = -60 (c 1.00, DMSO), MS (ESI) m/z calculated for [Ca2HaiNsOsS]* ([M+H]*): 649.2, found ]*): 649.2, Purity:
96%.

33, (S)-2-Acetamido-N-((S)-1-(benzo[d]thiazol-2-yl)-3-(4-guanidinophenyl)-1-oxopropan-2-yl)-3-
phenylpropanamide
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After the coupling of Ac-Phe-OH with the Pl-warhead moiety 28, the deprotection of the Cbz- and O'Bu-
protecting groups was performed in a TFA/TA solution (5:1, 10 mL) and stirred for 12 h at room temperature.
The solution was evaporated under reduced pressure and purified by preparative HPLC (16.3 mg, 0.03 mmol,
28%). *H NMR (400 MHz, DMSO-ds): §/ppm = 8.76 (dd, J = 28.0, 7.4 Hz, 1H), 8.41 (s, 1H), 8.32 —8.27 (m, 2H), 8.08
(dd, J=8.5, 4.4 Hz, 1H), 7.91 (s, 2H), 7.72 — 7.64 (m, 2H), 7.38 = 7.31 (m, 2H), 7.23 -7.11 (m, 8H), 5.77 - 5.68 (m,
OH), 4.60 —4.50 (m, 1H), 3.32 = 3.29 (m, 1H), 3.00 — 2.52 (m, 3H), 1.73 — 1.66 (m, 3H), 3C NMR (101 MHz, DMSO-
ds): 6/ppm = 193.0, 172.0, 169.6, 167.9, 164.7, 156.6, 153.4, 138.3, 136.9, 135.4, 129.5, 128.4, 128.1, 126.7,
125.8,124.3,123.7,56.7,54.2,37.8, 36.1, 22.8, FT-IR: v/cm = 711, 773, 793, 832, 1125, 1195, 1397, 1510, 1636,
2355, mp: 140 — 143 °C, [a]%® = +57 (c 1.00, DMSO), MS (ESI) m/z calculated for [CasH2sNsO3S]* ([M+H]*): 529.1,
found 529.0. Purity: 95%.
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6 Summary and Outlook

In the framework of ongoing trends of covalent protease inhibitor development in medicinal chemistry,
this doctoral thesis presents a meaningful addition, which can be divided into chapter A “Investigation
and Characterization of Warheads and Substrates for Proteases and their Inhibitors”, and chapter B

“Evaluation of Covalent Inhibitors for Trypsin-Like Serine Proteases”.

The majority of the FDA approved covalent serine protease inhibitors as well as new potential drugs in
current drug design display a peptidomimetic scaffold combined with an electrophilic trap at the C-
terminus. Within the extensive systematic study in project 4.1 important properties of both structure
elements were characterized. Commonly used warhead-types were evaluated regarding their reactivity
towards proteases with different catalytic-active amino acid residues and their raw chemoselectivity in
test systems. The results reveal preferences of the different warheads to specific nucleophiles in the
enzymes and in solution, but also shows disadvantages in case of very high-reactive electrophilic
moieties regarding selectivity and possible safety issues. Additionally, the effectiveness of well suited
peptidomimetic recognition sequences was highlighted, due to very promising selectivity profiles of
some designed inhibitors. However, structurally very similar proteases still showed cross-reactivity and
highlight the challenges of protease inhibitor development. Moreover, for some proteases only the
combination of the right warhead targeting the specific nucleophilic residue of the enzyme with a
suitable peptidomimetic recognition sequence showed affinity in first place. This study presents
important information about peptidomimetic covalent inhibitors with an assortment of specific
warheads, which helps the scientific community for further drug design towards different targets.
Furthermore, it represents an example of well-executed inhibitor development, which might be a

guideline in general, for first characterization-steps in drug research.

The inhibition studies of all inhibitors towards their target protease were performed with a fluorometric
assay. The generally used AMC-or FRET-based substrates can cause assay interferences, which could
lead to false information about the inhibitory activity. Therefore, we designed and synthesized NBD-
based fluorogenic substrates for overall ten different proteases. Evaluation of their kinetic properties and
their suitability for inhibition studies were proven successfully. Due to the shift of the excitation and
emission wavelengths of NBD to a longer wavelength area, common assay interferences could be
mitigated. Further optimization of this new type of fluorogenic substrates should focus on the current
state of the synthetic procedure. Improving the synthesis by different strategies that lead to higher yields
would increase the accessibility of the NBD-based substrates as well as enhance their scope of

application.

Chapter B represents the rational design of specific peptidomimetic covalent inhibitors, mostly
connected with a a-ketobenzothiazole moiety as a warhead, against the trypsin-like serine proteases

hepsin, TMPRSS2 and uPA. The first two projects, regarding TMPRSS2- (5.1) and hepsin- (5.2)
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inhibitors in cooperation with the group around Mailédnder et al. resulted in the development of potent
peptidomimetic, covalent reversible inhibitors with good selectivity profiles towards other structure-
related serine proteases. Cell-based assays of the TMPRSS2 inhibitors also proved the ability to impair
the spike protein-driven cell entry of the coronavirus and block the SARS-CoV-2 infection.

The ligand-based design of uPA and TMPRSS?2 inhibitors, started with the discovered hits of the uPA-
inhibitor in project 4.1 and TMPRSS2 inhibitor in project 5.1. The substitution of the P1 arginine side
chain with a cyclohexyl/phenylguanindine moiety yielded inhibitors with nanomolar/subnanomolar

affinities to their respective target protease and display improved selectivity profiles.

In summary, the developed inhibitors within these three projects (5.1-5.3) represent promising protease
inhibitors with high potencies and advantageous selectivity properties. However, pharmacokinetic
properties like oral bioavailability (facilitated drug application) and biodistribution (reaching target
tissue) are heavily impaired by the positively charged guanidine structure elements. Therefore, next
steps should focus on further drug optimization to improve the abovementioned pharmacokinetic issues
for example by converting the positively charged groups into prodrugs or using nanoparticle

formulations for a target-oriented drug transport (1.7).
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