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Abstract

Abstract

A new strategy for the treatment of cancer is the concept of hollow nanocarriers which function
as a delivery vehicle for drugs and allow increased drug efficiency. For targeted release of the
drug to the site of action, nanocarriers can be functionalized with a smart moiety. In the scope
of the "HEPSIN-NANOLYSIS" project, this moiety comprises of a peptide which act as a
proteolytically degradable substrate for the serine protease hepsin. As a pericellular-active
protease, hepsin is easily accessible and its high overexpression in androgen-independent
prostate cancer makes it of particular interest. The peptide substrate known in literature with
the amino acid sequence RQLR|VVGG lacks specificity towards hepsin, which limits the
applicability of this therapeutic concept due to the large number of proteases present in blood.
To tackle this issue, a methodology for finding and optimizing novel cleavable substrates is
developed in the first study of chapter A. This methodology included the in silico preparation
of combinatorial peptide libraries targeting the P- and P'-site and molecular docking of the
respective library in the catalytic active sub site cavity of hepsin. Calculation of binding scores
and analysis of binding modes allowed the selection of peptide combinations which were used
to improve the reported substrate RQLR|VVGG. Selected substrate candidates were
synthesized as IQF substrates using the FRET system Mca/Dnp and enzymatically tested. In
vitro screening against hepsin revealed catalytic efficiencies up to 2.3-fold higher than the
literature known substrate. The stability in body fluids could be further improved through
introduction of D-amino acids on a selected substrate. With this strategy, two substrate
combinations were identified with resistance to degradation by serum or plasma while

maintaining cleavability to hepsin.

The enzymatic activity of hepsin may not only be used as stimulus for triggered drug release,
but it also presents an attractive drug target through its ability to promote the formation of
cancer metastasis through cell migration. Therefore, the above-mentioned approach was used
to design covalent peptidomimetic inhibitors for this serine protease. In this regard, eight top
scoring peptide combinations targeting the P-site were connected with electrophilic serine
traps. It was shown that the peptide combinations result in hepsin inhibitors having high
potency and good off-target selectivity against coagulation proteases. Lead candidates were
stable for up to 10 days in serum, plasma and medium. Further, the influence of the serine trap
and truncated versions on a selected candidate were investigated which allowed deeper
insides into structure-activity relationships. With this strategy, a variety of candidates with high
antiproteolytic activity could be identified with new structures which may offer a promising

scaffold for further drug development.




Abstract

Our strategy to prevent viral infections synergizes with potential anticancer therapeutics, too.
The transmembrane serine proteases 2 (TMPRSS2) primes the SARS-CoV-2 spike protein
and drives viral entry into human cells. Therefore, TMPRSS2 represents an interesting target
for COVID-19 therapy and in analogy to hepsin, peptidomimetic TMPRSS2 inhibitors were
developed. Molecular docking studies were used to identify tripeptidomimetic binders of the
TMPRSS2 catalytic site, which were then connected to an electrophilic serine trap to create
covalent and stable inhibitors. The synthesized compounds inhibited TMPRSS2 and selected
coagulation proteases with good off-target selectivity and lead candidates were stable in cell
culture medium, blood serum and plasma for at least ten days. Selected compounds were
shown to prevent SARS-CoV-2 pseudoparticle and genuine SARS-CoV-2 wildtype infection in
cell culture with comparable efficiency as camostat mesylate. Notable, the compounds also
inhibited infection of SARS-CoV-2 variants of concern carrying spike mutations D614G, B.1.1.7
and B.1.315. The results highly motivate further development of the best antiviral TMPRSS2
inhibitors with regard to pharmacokinetic analysis and the potential route of application e.g. in

form of an inhalative spray.
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Introduction

Introduction

Serine proteases are a class of enzymes which regulate a high variety of physiological
processes and are therefore of high importance. Those processes are diverse and range for
example from blood coagulation to fibrinolysis, cell growth, apoptosis and digestion.
Consequently, balanced activation of serine proteases is a prerequisite for well-functioning
homeostasis. If unbalanced, as it occurs for example in untreated cancer, an overactivation of
serine proteases may support life threatening malignancies. Besides in cancer, serine
proteases play also an important role in viral infections which according to the world health
organization in 2021 pose the greatest public health risk due to their inherent pandemic

potential.’

Chapter A is part of the project 'Hepsin cleavable nanocapsules for precision medicine in
prostate carcinoma' (HEPSIN-NANOLYSIS) which is supported by the Deutsche
Forschungsgemeinschaft and a collaborative project with Max Planck Institute for Polymer
Research, Johannes Gutenberg University Mainz and the Institute for Laser Technologies in
Medicine and Metrology at the University of Ulm. This project intends to use the enzymatic

activity of hepsin for the selective release of antitumor drugs to prostate cancer cells.

Previous studies worked on a hepsin responsive nanocapsulate system which aimed to work
as a delivery vehicle for the selective opening and release of bioactive substances on the
surface of prostate cancer cells. With this strategy we expected to increase substance
bioavailability and to reduce drug-induced side effects. This system was developed by using
peptide-based triblock copolymers with the structure polymer-peptide-polymer and the
technique of nanoprecipitation was used to form capsules. Those nanocapsules were first
shown to be applicable as a system to optically detect the enzyme and for this purpose, a
literature known hepsin-cleavable peptide substrate was used for the preparation of the
copolymer and a hydrophilic fluorescent dye was encapsulated in high, self-quenching
concentrations. After degradation of this peptide substrate by hepsin, the dye was released

and the recovery of fluorescence intensity over time could be monitored.

Despite the successful preparation of hepsin sensitive nanocapsules, this concept is not yet
functioning for potential drug delivery application. High susceptibility towards hepsin and low
degradation by body fluids are necessarily required for site-specific drug release and long
circulation times. For this reason, the development of highly selective peptide substrates is
urgently needed. This aspect was addressed in the first study of chapter A, where a
combinatorial strategy was used to identify peptide binders for the active binding site of hepsin.
With this, the development of novel substrates for hepsin was investigated and the enzymatic

activity in terms of hepsin degradability and stability in body fluids was further analyzed. The
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second study describes the development of peptidomimetic inhibitors to downregulate the
activity of hepsin. Overall, this chapter shows the development of novel peptide substrates
which can be used for the preparation of hepsin cleavable nanocarriers, as well as the

development of inhibitors for hepsin.

Chapter B is part of the project 'Fight-nCoV' which is supported by the EU's Horizon 2020
research and innovation program. The goal of this project is to develop potent therapeutic
interventions for COVID-19 and potential newly emerging viral diseases. COVID-19 is the
disease of SARS-CoV-2 infection which causes a mild to moderate respiratory illness.
However, people with pre-existing health conditions and older people are more prone to

develop a more serious disease with strong symptoms like respiratory failure and shock.

SARS-CoV-2 carries a surface spike (S) protein on the surface which can be primed by host
proteases present in the respiratory tract, primarily TMPRSS2, and drive infection of human
cells. The recent success on the development of efficient vaccines raises hope to limit further
spread of infection. However, newly emerging variants of concerns (VOCs) show increased
transmissibility and are capable of escaping the immune system. In this regard, a new route
for potential COVID-19 treatment is investigated which targets the host cell serine protease
TMPRSS2 to prevent viral cell entry. Recent studies showed that blocking of TMPRSS2 by an
inhibitor can efficiently prevent SARS-CoV-2 infection without causing toxicity.> ® Until now,
only repurposed serine protease inhibitors of TMPRSS2 have been reported and there is a
clear gap for new pharmaceutical compounds. Chapter B comprises of two studies which
describe antiviral inhibitors for the surface-active protease TMPRSS2. The first study describes
the development of a new class of TMPRSS?2 inhibitors, based on peptidomimetic structures.
The second study aimed to identify endogenous TMPRSS2 inhibitors based on a proteomic
approach. Further, the potential antiviral activity of the inhibitors to prevent viral SARS-CoV-2

wildtype and VOC infection was analyzed by collaboration partners.
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Chapter A - Development of substrates and inhibitors for the serine protease hepsin

Chapter A - Development of substrates and inhibitors for the

serine protease hepsin

Chapter A is divided into three subchapters. The first subchapter gives an overview over the
research area and theoretical aspects of the underlying principles which were used in this
dissertation. The second subchapter presents the first study [1], which aimed to develop new
peptide substrates for the serine protease hepsin. Those results were published in a peer-
reviewed journal (Biomacromolecules) and the text below is therefore in nearly all instances a
word-by-word reproduction of the peer-reviewed and published paper. The third subchapter
presents the second study [2] and describes the development of peptidomimetic inhibitors for

hepsin. This study is to be published in a peer-reviewed journal.

[1] Philip_Maximilian Knaff*, Christian Kersten, Ramona Willbold, Carole Champanhac,

Daniel Crespy, Rainer Wittig, Katharina Landfester, Volker Mailander. From in-silico to
Experimental Validation: Tailoring Peptide Substrates for a Serine Protease.
Biomacromolecules 2020 21 (4), 1636-1643.

[2] Philip Maximilian Knaff*, Christian Kersten, Lukas Wettstein, Patrick Muller, Tatjana Weill,

Carina Conzelmann, Janis Miller, Stefan Péhimann, Markus Hoffmann, Tanja Schirmeister,

Jan Minch, Katharina Landfester, Volker Mailander. Tailored Inhibitors for the Serine

Protease Hepsin. To be submitted.
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1. Theoretical background

1.1 Prostate cancer as potential therapeutic target

Among new cancer cases, prostate cancer (PCa) shows the second highest incidence rate (1
414 259 cases) after lung cancer and the fifth highest mortality rate (375 304 cases) for men
worldwide in 2020 (Figure 1.1).* The incidence rate increases significantly with age and
reaches nearly 60% for men over the age of 65 years.* ® The disease proceeds often
asymptomatic and requires minimal treatment however common symptoms include frequent
urination, nocturia and urination hesitancy. In a more advanced disease stage PCa may
become metastatic. Ethnical data indicate a higher incidence rate among African-American
men with a mortality rate twice as high compared to Caucasians.® Asian men are less likely of
getting PCa.” The risk of prostate cancer correlates with family history and men with first
degree relatives affected had a twice fold increase risk to develop PCa.® Several lifestyle
factors were also shown to negatively affect PCa, above all smoking increased mortality rate
by 61%. The high incidence rates make prostate cancer a considerable public health concern

and patients may benefit from new diagnostic and therapeutic concepts.

According to the worlds health organization prostate cancer can be classified either as benign
or malignant tumors. The benign tumors comprises of prostatic intraepithelial neoplasis (PIN),
atypical small acinar proliferation (ASAP) or benign prostatic hyperplasia (BPH) which
phenotypically show the precancerous cell formation or prostate enlargement.® Malignant
tumors are classified based on their origin as epithelial which is the most redundant form of
prostate cancer originated from epithelial cells or sarcoma which is rare and formed from
connective tissue of the prostate. As a measure for the progression and aggressiveness of the
tumor, a biopsy is examined immunohistochemically and graded by two complimentary scales
(Gleason-Score and TNM-classification). The Gleason-Score was created in 1966 by Donald
F. Gleason and updated by the International Society of Urological Pathology (ISUP) in 2005
and 2015."° The architectural pattern of the tumor is classified into 5 grades and calculated by
addition of the primary grade of the predominant pattern with the secondary grade of the
second most predominant pattern (Figure 1.1, Table 1.1)."" TNM-classification gives
information about the disease stage through 3 criteria. 1) The size and expansion of the tumor,
2) lymph node metastases and 3) distant metastasis.'® Prostate cancer screening uses the
prostate specific antigen (PSA) which is organ-specific and widely used for diagnostic but it is
a unspecific biomarker for prostate cancer and thus controversial. Increased levels of serum
PSA can be found in prostate cancer, benign prostatic hyperplasia, prostatitis or through sport-
related activities like cycling.'™'" The low positive predictive value ranges between 25-40%

and the sensitivity and specificity of the testing ranges from 70 to 90% and 20 to 40%. '®'" This
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Chapter A - Development of substrates and inhibitors for the serine protease hepsin

results in unnecessary prostate biopsies and wrong positive screening results. Thus, PSA
testing as precautionary measures is not unambiguously recommended and causes
unnecessary measures for men with prostate cancer that does not require treatment and men
with a false-positive screening results.”® '° Besides PSA, the serine protease hepsin is
discussed as new potential prostate cancer biomarker due to the significant upregulation in
tumor tissue versus benign tissue. A recent study reported serum hepsin level specificity of
89%.%

I Prostate
[ Lung
I stomach

[ I Liver

[[77] Kaposi sarcoma

[ Esophagus

[ Oral cavity

[ Bladder

[Z7] Non-Hodgkin lymphoma
[7] Colorectum

D.F. Gleason, MD ".‘:-. 3

Weinzerl | Visual Media
© 2015 Indiana University

Figure 1.1. A Most commonly diagnosed cancer among men worldwide in 2008. The figure was adapted
from Center M. M. et al.*' 42 B Histologic patterns of prostate adenocarcinoma: original from Gleason F.
D. (left) and 2015 modified ISUP Gleason schematic (right).! 2" 22
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Table 1.1. 2014 ISUP Gleason score and gleason grade groups. The table was adapted from Shah B.
M. et al.?

Gleason

Grade Group Score Definition

1 3+3=6 Only individual discrete well-formed glands

Predominantly well-formed glands with a lesser

2 3+4=7 component ofpoorly/fused/cribriform glands

Predominantly poorly formed/fused/cribriform glands

3 443=7 with a lesser component of well-formed glands

Only poorly formed/fused/cribriform glands (>95%) or
5+3, 3+5, 4+4 Predominantly well-formed glands and lesser

4 (Gleason score 8) | component lacking glands or predominantly lacking
glands and a lesser component of well-formed glands
Gleason scores | Lack of gland formation (or with necrosis) (>95%)

5

9and 10 with or without formed/fused/cribriform glands

1.2 Therapy of prostate cancer

After diagnosis of prostate cancer, therapy options should be applied dependent on the
disease progress and patients' health condition. Since most invasive therapy options like
surgery, radiotherapy or chemotherapy have severe side effects, if applicable, non-invasive
measures are often preferred and termed as expectant management. This includes active
surveillance, which intends to intervene in case of disease progression or watchful waiting,
which is meant for patients with severe health conditions, who will not benefit from an invasive
therapy. For low-risk prostate cancer patients, active surveillance was shown to not
compromise the cancer-specific survival at 10 years and is therefore in many cases a suitable
option to prevent side-effects of invasive, aggressive treatments.?* In case of disease
progression of a localized prostate tumor or if active surveillance is not feasible active
treatments are initiated which entails the use of radical prostatectomy, radiation therapy or a
combination thereof (Figure 1.2). For metastatic tumor stages, a hormonal androgen
deprivation therapy (ADT) in combination with chemotherapy is often reserved. ADT was
observed by Huggins in 1941 and it aims to deprive the prostate tumor of androgens which
reduces androgen receptor signaling that drive cell grow and proliferation.?®> However, within
1-2 years in most cases the disease emerges and progresses to the androgen-independent
form of metastatic castration-resistant prostate cancer (mMCRPC) which is incurable with
median survival rates of 15 months.?>?” The use of the drug docetaxel, a chemotherapeutic

binder for microtubules preventing disassembly, increases the quality of life and survival for
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nearly two months in men with mCRPC and was approved in 2004 by the FDA 28 20 30.31 A
recent clinical study showed that chemohormonal therapy by combination of ADT with the
cytostatic docetaxel improved significantly the overall survival over ADT alone (Clinical Trials.
gov number, NCT00309985).3% 3* The therapeutic options of ADT, radical prostatectomy,
radiation and chemotherapy have severe side effects and the development of new and more
effective therapeutic or diagnostic approaches which may utilize the serine protease hepsin,
as biomarker and metastasis supporting protein is of importance and subject of chapter A in

this dissertation.®*

Radiation +/- ADT Docetaxel

2015
Abiraterone
Surgery 2017
Active -
surveillance Clinical
metastases
Clinically N . 7
localized —>{ Rising PSA mCRPC. — mCR.PC. ------ > m;RPC.
> 15tline 2" line Line X
disease
nmCRPC Docetaxel Cabazitaxel
au 2004 2010
Apalutamide Sipuleucel-T Abiraterone
2018 2010 2011

Enzalutamide* Abiraterone Enzalutamide
[:] Noncastrate 2018 2012 2012

Castration-resistant

Enzalutamide Alpharadin
Unselected population 2014 2013
Biomarker-selected Olaparib***
2016
Phase 11l data
Pembrolizumab**
Phase Il data 2017

Figure 1.2. Clinical states of prostate cancer with management options in different clinical stages.
mMCPRC, metastatic castration-resistant prostate cancer; nmCPRC, nonmetastatic castration-resistant
prostate cancer; PSA prostate-specific antigen. This Figure was adapted from Prostate Working Group
3and Teo Y. M. et al.?" %

1.3 Hepsin

Hepsin was first described by Davie and coworkers in 1988, who identified a novel trypsin-like
protease in human liver by cDNA library screening using the colony hybridization technique.
They named the protease hepsin after the greek word hepar - liver.>® The gene of hepsin (HPN)
is located on human chromosome 19 at q11-13.2 and result in the transcription of an mRNA
with a size of 1.85 kilobasis.*” The mRNA is translated into a 417 amino acid long single

polypeptide chain with a calculated mass of ~45 kDa (due to glycosylation, the full-length
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protein migrates at 51 kDa in SDS-PAGE) and activated through proteolytic cleavage between
Arg162 and lle163, thus separating the protease domain from the rest of the protein.®® 3 The
two resulting domains of hepsin are connected through a covalent disulfide bonds between
Cys277 and Cys153.%° Previous studies showed a concentration depended autoactivation of
hepsin to the active, disulfide-linked two chain form, but it is still unclear if other proteases are

involved in the activation process.*

Due to evolutionary relationships, some proteases share a similar folding of the catalytic active
site and are therefore assigned to clans and families according to the MEROPS database.*’
The hepsin protease belongs to the serine and cysteine endoprotease clan (clan PA) among
the family of trypsin-like proteases (family S1, subfamily A) and can be found under the
MEROPS ID of S01.224.*" This protease contains a characteristic type Il transmembrane
serine protease domain structure with a cytosolic N-terminus, a central hydrophobic domain
which is involved in anchoring the protease in the cell membrane, a scavenger receptor
cysteine rich domain (SCRD) and an extracellular C-terminus bearing the catalytic active
domain (SPD) enabling localized cell surface proteolysis. Thus, hepsin is considered to be a
member of Type Il Transmembrane Serine Proteases and is further subgrouped in the
hepsin/TMPRSS2 subfamily together with TMPRSS2-4, MSPL, Spinesin, and
Enteropeptidase (Table 1.2).

Table 1.2. The family of transmembrane serine proteases. TTSP are divided into four subfamilies based

on the highly variable stem region.

TTSP subfamily Members

HAT, DESC1
HAT-like 4
TMPRSS11A
HAT-like 5

HAT/DESC

Hepsin
TMPRSS2-4
Hepsin/TMPRSS2 MSPL
Spinesin

Enteropeptidase

Matriptase 1-3
Matriptase
Polyserase-1

Corin Corin
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The catalytic active site of this serine protease is formed by the residues His203, Asp257 and
Ser353 (His57, Asp102, Ser195 in standard chymotrypsin numbering system) which act as a
coordinated network to induce covalent catalysis to hydrolyze the peptide bond of a substrate.
As show in Figure 1.3, the proton of the hydroxyl group from Ser353 forms a hydrogen bond
with the imidazole ring of His203 which, in turn, forms a hydrogen bond with the carboxyl group
of Asp257. This arrangement of the catalytic triad ensures correct alignment and increases the
nucleophilicity of the hydroxyl group through polarization. After binding of a substrate in the
active site of the enzyme, the oxygen atom of the serine residue is now capable of performing
a nucleophilic attack on the carbonyl atom of the peptide bond and the proton of the hydroxyl
group can be directly transferred to the imidazole ring. A covalent tetrahedral transition state
of the substrate is formed and the negative charge of the alkoxide is stabilized using the
enzyme's backbone amides.** This stabilization is mainly driven through coordination with NH-
groups and the respective pocket referred to as oxyanion pocket. The transition state
collapses, and the attacked peptide bond of the substrate disintegrate into two fragments,
whereas one fragment is covalently bound to the enzyme (acyl-enzyme intermediate). In
analogy to the above-mentioned nucleophilic attack, a water molecule can then be coordinated
by the imidazole ring of the histidine residue and hydrolyze the acyl-enzyme intermediate. The

second fragment is released, and the catalytic triad is regenerated for a new cycle.

10
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o
I Re

RT\'N
H
Asp102 His57
Sp ™
9 N/\\N/,—Hho Ser195

+ H20

- HOOC-R?

Figure 1.3. Catalytic triad. Asp102, His57 increase the nucleophilicity of Ser195 and act in concert to

induce hydrolysis of the peptide bond. This figure was adapted from Berg et al. and Millies et al.*> 44

According to the Schechter & Berger nomenclature the specificity of proteases can be divided
into subsites. "S" for subsite of the active site of the protease and "P" for the corresponding
subsite of the substrate.** Protease substrate specificity can be determined by using a
database like MEROPS, PS-SCL, or testing of individual substrates.*'*®4” The MEROPS
database collect experimental data from publications and creates a specificity matrix by listing
the mentioned amino acid in the respective position. Positional scanning of substrate
combinatorial libraries (PS-SCL) is a popular screening method to analyze the S4-S1 pocket
preference. This strategy utilizes different libraries in which a fluorescent molecule like ACC is
fixed at P1’ position and an amino acid of interest is fixed while the others are randomized by
using isokinetic mixtures of amino acids.*® Upon cleavage at the scissile bond P1|P1’ the
fluorophore is released which enables optical detection. This strategy serves as an
experimental tool to identify substrate specificity for the P-site and thus, a high-resolution
crystal structure of the extracellular region of hepsin bound with the tetrapeptide Lys-GIn-Leu-
Arg was identified (PDB-ID: 1Z8G, resolution 1.55 A).*® This crystal structure allowed deeper
insights in structure-activity relationships. As commonly observed with trypsin-like serine
proteases, hepsin was shown to have a clear preference for Arg in P1 position which interacts
with a strong salt bridge with Asp347 in the S1 pocket. The Leu in P2 position, binds to a small,
S2 pocket (formed by residues His203, Tyr243, Asn254, Asp257, Ser376) with van der Waals
interactions. The Glu in P3 position forms a hydrogen bond with Tyr301 and the Lys in P4
position binds the S4 pocket (formed by Trp377, Glu252, Glu 253, Asn254, GIn331) which

|46

reveals overall a negative electrostatic potential.”® Yet the PS-SCL screening strategy has
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some substantial drawbacks. Only S-site preferences can be investigated and the close
proximity of the fluorophore to the cleavable bond in P1' position may influence hydrolysis
behavior. Furthermore, MEROPS database and PS-SCL screening strategy ignore
cooperativity effects of adjacent amino acids. Such effects can be of intramolecular nature,
where neighboring amino acids interact within the protease substrate and change accessibility
of the cleavage site. They may also be of an intermolecular nature, where binding of a
substrate residue in a protease subsite affects the binding affinity of neighboring amino acids.
This phenomenon has been termed subsite cooperativity and is observed in many

proteases.*®

The hepsin gene is ubiquitously expressed at low expression levels but shows a high
expression in the liver, spleen and pancreas.’’® Hepsin plays a particular role through
activation of growth factors. The growth zymogens pro-hepatocyte growth factor (pro-HGF)
and pro-macrophage stimulating protein (pro-MSP) were identified as preferred endogenous
substrates for the transmembrane serine proteases hepsin, matriptase and for the plasma
protease hepatocyte growth factor activator (HGFA).*6: 53 54 %5 The similar substrates of the
proteases indicate overlapping functions. After proteolytic processing of pro-HGF and pro-MSP
the active proteins HGF and MSP can bind to the tyrosine kinase receptors c-MET (hepatocyte
growth factor receptor; HGFR) and RON (macrophage stimulating protein receptor; MST1R),
respectively, and subsequent activate downstream signaling pathways. Activation of those
receptors triggers events like cellular migration, proliferation and survival.*® % Hepsin was also
shown to directly degrade laminin, a protein of the basement membrane, and activate pro-
matrix metalloproteinases thus promotes ECM degradation.®” % Furthermore, it also amplifies
plasmin through activation of pro-urokinase-type plasminogen activator (pro-uPA) which
triggers the conversion of plasminogen to plasmin and the plasmin-mediated disruption of
basement membranes.”® Doxycycline-induced hepsin expression was shown to
downmodulate desmosomal structures in epithelial cell membranes which are involved in cell

cohesion and hemidesmosomes which connect epithelial cells with the basal lamina.®

Hepsin is not an essential gene and hepsin deficient mice were viable, fertile and grow
normally.®" 2 Abnormalities could be observed in increased levels of pro-HGF and reduced
levels of active HGF which interfered with liver metabolism by reduced glycogen, lipid and
protein synthesis, with adipocyte differentiation by increased energy metabolism, with inner
ear by incomplete cochlear formation and profound hearing loss and with kidney by decreased

uromodulin levels for urinary tract defense.%® 64 656

The TTSP-mediated activation of growth factor is mainly regulated in pericellular environment
by two endogenous inhibitors named HGFA inhibitor type 1 and type 2 (HAI-1, HAI-2). In
cancers like prostate, ovarian, renal and breast cancer increased overexpression of the hepsin

gene was found in epithelial tissue.®”: ¢ 70 HPN was found to be upregulated in 90% of
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prostate tumors and is often one of the highest expressed genes with up to 10-fold higher
expression level compared to benign prostate tissue. > /- 872 |ncreased levels of hepsin are
maintained throughout prostate cancer progression from primary tumors to metastasis and
correlated with the Gleason score.®® ™ ™ The oncogenic overexpression of hepsin leads to
proteolytically shedding of HAI-1 which further reinforces the hepsin-to-HAI-1 ratio and thus
increases proteolytic activity.®® Such activity was proven in vivo to promote cancer progression
and the formation of metastasis of a primary tumor to liver, lung and bone through disruption
of the basement membrane.””” Long term oral application of a small-molecule inhibitor in vivo
was shown to block the cell-surface active protease hepsin and inhibited liver, lung and bone

metastasis with no visually inspectable deficiencies in mice.”" "

1.4 Solid phase peptide synthesis

The beginning of the area of peptide synthesis was marked by E. Fischer who synthesized the
first dipeptide, glycyl-glycine, in 1901.7° Since then several small biologically active peptides
could be prepared like the synthesis of the hormone oxytocin by V. Vigneaud (Nobel Prize in
Chemistry, 1955).2% With increasing numbers of amino acids, the synthesis and purification of
larger peptides is more challenging. To overcome those difficulties R. Merryfield presented in
1963 a new concept for the synthesis of a peptide (Nobel Prize in Chemistry, 1984).2" 8 This
concept included the use of insoluble solid resin particles to synthesize the peptide chain on.
The amino acids can be coupled in a stepwise manner and the growing peptide chain can
easily be handled and tuned. This solid support allows the removal of uncoupled excessive
reagents and by-products through washing steps which tremendously facilitates the
purification process and efficiency of the synthesis. In the following years more research was
carried out and several strategies were developed to improve the solid-phase peptide
synthesis (SPPS) such as automatization of the synthesis, application of microwave systems,
novel solid supports and coupling reagents. Nowadays in SPPS, the transient protection
groups for the amino groups that form the peptide bond determines the strategy of the
chemistry. Widely used are N-terminal protection groups like tert-butyoxycarbonyl (Boc) group
which are sensitive to acids or fluoren-9-ylmethyloxycarbonyl (Fmoc) group which is sensitive
to bases.®" # The chemistry of the Fmoc-group is often preferred due to the orthogonal
protection scheme and milder reaction conditions. In the scope of this dissertation the strategy

utilizing the Fmoc-group was used.
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1.5 The Fmoc strategy

In the following section the principle of the Fmoc strategy and the most important underlying
mechanisms will be presented further in detail. As shown in Figure 1.4, the synthesis starts by
loading the resin with the first Fmoc protected amino acid. In this process, the carboxylic group
of the amino acid is attached on a functionalized resin which allow N-terminal coupling of the
subsequent amino acid. The coupling process consists of two iterative steps for each amino
acid. In the first step, the amino protection group Fmoc is cleaved of with a mild base to yield
the free amine (step (A) N,-deprotection). After removal of the protection group, the free amine
can then be coupled with the carboxylic group of the next Fmoc protected amino acid (step (B)
amino acid coupling). To this point, the peptide chain was lengthened by one amino acid under
formation of a peptide bond. Elongation of the chain with further amino acids can be achieved
through alternating step (A) and step (B) until the desired sequence has been synthesized. In
a final step, the acid labile side chains are deprotected and the immobilized peptide on the

resin can be cleaved to yield the crude peptide.

Fmoc is a base-labile amine protection group which can readily be cleaved with a secondary
amine e.g. piperidine. A detailed mechanism of the deprotection is shown in Figure 1.4. The
electron-withdrawing fluorene makes the proton at the 9-position acidic which can be
abstracted by using a 20% piperidine solution in DMF. The stabilized anion disintegrates in an
elimination mechanism (E1cB) which triggers the release of carbon dioxide, dibenzofulvene
and the fully deprotected amine.?* The latter is highly reactive and will be immediately trapped

by the secondary amine to form the dibenzofulvene-piperidine adduct.

The solid phase peptide synthesis relies on high amino acid coupling yields for the successful
synthesis of a peptide. Mixing of an amine with a carboxylic acid results first in a acid-base
reaction and the formation of a salt. A condensation reaction yielding the amide can be either
achieved at high temperatures or with reagents which accelerate the amide bond formation.
Therefore, a panel of highly effectively peptide-coupling reagents have been developed which
activate the carboxyl group through introduction of an electron withdrawing moiety which
facilitates nucleophilic attack by an amino group.®® The detailed mechanism of this reaction
using the coupling reagents PyBOP/DIEA is presented in Figure 1.4. To activate the carboxylic
acid, it is first deprotonated by a base e.g. diisopropylethylamine and the nucleophilic
carboxylate anion is then coupled with PyBOP to create an activated acylphosphonium
species.®® This species represents a good leaving group and makes the nucleophilic attack of
the amine from the growing peptide chain feasible. A new peptide bond is then formed under
aminolysis. The driving force of this reaction is the formation of the phosphoric amide. Besides
PyBOP a broad range of coupling reagents are nowadays commercially available. Popular are

dicyclohexylcarbodiimide (DCC), diisopropylcarbodiimide (DIC), PyBOP (Benzotriazol-1-
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yloxy-tripyrrolidino-phos-phonium  hexafluorophosphate) and HCTU (2-(6-chloro-1H-

benzotriazol-1-yl)-N,N,N’,N’-tetramethylaminium hexafluoro-phosphate).®’

General scheme of the Fmoc-strategy
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Figure 1.4. Scheme for the solid-phase peptide synthesis of peptides using the Fmoc strategy. (A)
Mechanism for the removal of the Fmoc group with piperidine. (B) PyBOP-mediated amide bond
formation mechanism over the acyloxyphosphonium pathway. X = O or NH. PG = protection group. This

figure was adapted from Biron et al. .88

1.6 Forster resonance energy transfer

The phenomenon of energy transfer between two molecules was theoretically described by
Theodore Forster in 1946 and it describes the radiationless energy transfer from a donor
molecule to an acceptor molecule.®® This energy transfer is strongly depended on the distance
between these molecules and rapidly falls off with increased distance.® ' Most moieties used

for traditional FRET are efficient in a distance less than 10 nm and the energy transfer was

15



Chapter A - Development of substrates and inhibitors for the serine protease hepsin

shown to be suitable as a "molecular ruler" to investigate biological interactions.®? A typical
situation for FRET is shown in Figure 1.5. FRET is frequently used with donor and acceptor
molecules as fluorophores and thus also called fluorescence resonance energy transfer but
chromophores can also act as quenchers and absorb the transferred energy. The FRET
efficiency is the proportion of excited states that transferred the energy to the acceptor moiety
and can be calculated with equation 1.

_ _R§
T6+R$

(1)

E is the FRET efficiency which depends on the distance r of the fluorophores to the inverse
sixth power and R§ is the distance at which FRET efficiency is E = 50%.%> The FRET
efficiency can also be calculated using the fluorescence intensity of the donor in presence of
the acceptor (Ip4) or in absence of the acceptor (Ip) using equation (2).

E=1-"4 )

Ip

Besides the distance, the transfer rate is dependent on the spectral overlap integral /(1) of the
donor emission and the acceptor excitation spectra and the dipole orientation factor k? of each
fluorophore. k2 is dependent on the angle between the donor and acceptor dipole and can
have values between 0 (perpendicular) and 4 (aligned). For freely rotatable fluorophores the
averaged value is assumed to be 2/3.% The Férster distance R, can be calculated using
equation 3.%* The character n represents the refractive index of the solution and Qp, represents
the fluorescence quantum yield of the donor in the absence of a quencher and describes the

efficiency of the excited state being emitted as fluorescence.

Ry = 0.211 x §/k2n=4QpJ (1) (3)

The Jablonski Diagram illustrates the FRET effect (Figure 1.5). Excitation of the donor
molecule by absorption of a photon promotes electrons from the ground state S, to an excited
energy level Si. This electron rises to different vibrational levels and a part of this energy
dissipates through vibrational energy relaxation. In absence of an acceptor molecule, the
electron in the excited state relaxes to the ground state and emits a photon (fluorescence).
The emitted photon has a higher wavelength which is described by the phenomena called
Stokes shift.*® In presence of a suitable acceptor the energy is transferred to the acceptor
molecule in a non-radiative manner through dipole interactions and the excited electron in the

donor returns to the ground state without light emission.®
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1.7 Internally quenched fluorescent substrates

Since the discovery of FRET it became an important tool in the field of biochemistry with
numerus applications e.g. interactions between proteins, in membranes, tracking of cellular
signaling pathways or in small-molecule fluorescent probes.?”'® FRET-based sensor for
biomacromolecules include the type of internally quenched fluorescent substrates wherein
donor and acceptor molecules are incorporated into a single probe. Those molecules are
connected through a peptide which act as a recognition sequence for an enzyme to afford an
enzyme-specific FRET sensor. An exemplary structure of an IQF substrate used in this
dissertation is shown in Figure 1.5. The peptide comprises of eight amino acids and act as a
substrate for the serine protease hepsin. The fluorophores (7-methoxycoumarin-4-yl)acetyl
(Mca) and the chromophore 2,4-dinitrophenol (Dnp) are bound to the e-amino group of lysine
residues adjacent to the N-terminal arginine and C-terminal glycine residue. The stretched IQF
substrate shows a maximum length of 3.9 nm between the lysine residues and lies within the

R, value for the Mca/Dnp pair which was calculated to be 3.65 nm (Table 1.3).'"!

Table 1.3. Spectral properties of the FRET pair Mca/Dnp.%" 102

Donor Donor Donor Acceptor Molar Férster

FRET pair | Excitation | Emission | Quantum Extinction Distance
Maximum | Maximum Yield Coefficient

Mca/Dnp 325 nm 392 nm 0.72 17300 M'em™ | 3.65 nm

As prepared, the fluorophore Mca can be excited at 325 nm and the emitted fluorescence at
392 nm can efficiently be quenched by Dnp (Figure 1.5). Upon proteolytic cleavage of the
substrate by hepsin, Mca loses the proximity to Dnp which prevent efficient energy transfer

and the emitted fluorescence of Mca can be detected.'"
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Figure 1.5. A The basic principles of IQF substrates in protease assays with Mca (C-terminal) as donor
moiety and Dnp (N-terminal) as acceptor moiety. B Spectral overlap J(4) of the donor emission and the
acceptor excitation spectra (left panel). Jablonski Diagram explaining the effect of FRET (right panel).

This figure was adapted from Hochreiter et al.®
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1.8 Enzyme kinetics

The chemical reaction of a reactant to a product in the absence of a catalyst proceeds usually
very slow, especially in physiological surroundings.'® The reactant and the product have
different energy levels which are separated through an energetic barrier. This barrier is known
as the activation energy AGilE10 which is necessary to transform the reactant in a high-energetic

transition state shortly before reacting to the product. In this process, the activation energy

AGIﬁO is released together with the free Gibbs energy AG during the reaction. A catalyst can

provide an alternative mechanism through molecular interaction with the reactant which lowers

the activation energy AG?,, (Figure 1.6). As a result, more reactants are leveled up in the

transition-state which fastens the reaction but do not change reaction equilibria.

Enzymes are specialized catalysts for biochemical reactions. In an enzyme-mediated catalytic
process, the substrate binds to the so-called 'active site' of the enzyme which is formed through
a three-dimensional arrangement of its amino acids. Substrate specificity can be generated
due to the chemical properties of its amino acids and the driving force of substrate binding
significantly depends on ionic- or hydrophobic interactions, hydrogens bonds or Van der Waals

forces.

The catalytic activity of the enzyme can be influenced by several factors e.g., pH, temperature,
presence of inhibitors or substrate concentration. The best-known model which describes
enzyme kinetics was proposed by Leonor Michaelis and Maud Menten in 1913 (Scheme
1.1)." An enzyme E bind a substrate S through the key and lock interaction and forms in the
first step an enzyme-substrate complex ES. This reaction is an equilibrium, and the association
and dissociation rate constants of this complex are described with k1 and k.4, respectively. If
no dissociation occurs, ES can be converted with the rate constants k. and k., to the enzyme-
product complex EP. From this complex, the enzyme may dissociate and release the product
P (Scheme 1.1). Since the formation of product is at the beginning of such an enzymatic
reaction less, the reverse reaction to the EP complex is neglectable and a simplified reaction

model explaining the Michaelis-Menten model is used (Scheme 1.1).
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Figure 1.6. Energy profile diagram of an uncatalyzed reaction (black line) or enzyme catalyzed reaction

(red line) along a reaction coordinate.
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Scheme 1.1. A Enzymatic reaction pathway of a substrate to its product. B Simplified reaction equation

explaining the Michaelis-Menten model.

The reaction rate of the product formation is depended on the substrate concentration and its
dependency under steady-state of ES concentration can be described in a typical Michaelis-
Menten plot (Figure 1.7). This hyperbolic curve shows at low substrate concentrations a
proportional increase of the reaction rate which at some point reaches saturation. Here, all
enzymes are saturated, and addition of more substrate does not increase the reaction velocity.
The substrate concentration, at which half of the maximum velocity is reached is the Ku value
and this represents a good measure for the affinity of the enzyme to its substrate. With
programs providing nonlinear regression analysis, the asymptotic curve can be plotted and the
values for Vmax and Ku determined. The progress of the curve can be described with the
Michaelis-Menten equation (4).

— Vmax X [S]
V= Ky + [S] (4)

Another possibility which uses linear regression to determine enzyme Kkinetics is called
Lineweaver-Burk diagram. This diagram uses a straight-line equation with the form

f(x) = mx x + n which can be plotted through the data points by double-reciprocal
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representation of the reaction rate against the substrate concentration (Figure 1.7, equation
5)_105

1 _ Km 1
v Vmax [S] + Vmax (5)

The slope of the curve corresponds to the term Ku/Vmax and a flat progress indicates high
enzymatic activity. From the intersection of the ordinate, the reciprocal reaction rate 1/Vmax can
be retrieved while the intersection with the abscissa discloses the reciprocal value of the
Michaelis-Menten constant 1/Ku which can be determined through extrapolation of the data
points. An exemplary Michaelis-Menten and Lineweaver-Burk plot of the enzyme TMPRSS2

towards the fluorogenic substrate Boc-GIn-Ala-Arg-AMC is shown in Figure 1.7.

Michaelis-Menten plot Lineweaver-Burk plot
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Figure 1.7. A Michaelis-Menten plot. Shown is the plot of the reaction rate in dependance of the
substrate concentration using nonlinear regression. B Lineweaver-Burk plot. Double-reciprocal
transformation of the Michaelis-Menten equation allows determination of kinetic parameters using linear

regression. Vmax = maximum velocity, Ku = Michaelis-Menten constant.

As previously discussed, the Michaelis-Menten constant is a measure for the enzyme's affinity
to its substrate by formation of the enzyme-substrate complex ES. Once formed, the rate of
product formation depends also on the capability of the enzyme to convert the substrate into
product and is expressed as the rate constant k.. This rate constant is also known as the
turnover number ket which represents the maximum number of converted substrates per
second into products at Vinax. The fraction of both parameters kea/Ku describes the catalytic
efficiency and can be used to compare the relative rates of reaction of different substrates to
the enzyme.

The regulation of enzymes is mainly driven by inhibitors which can be either produced by the

organism (endogenous) itself or are derived synthetically (exogenous) in the laboratory. There
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are several types of inhibition like e.g. reversible or irreversible. In this dissertation, the type of
reversible inhibitors with a substrate-like competitive binding mode is addressed. Those
inhibitors resemble a substrate and compete with them for the catalytic active site of the
enzyme. Upon binding of the inhibitor, the active site is blocked which prevents conversion of
the substrate. Therefore, a higher substrate concentration is needed to reach the maximum
reaction rate Vmax Which also increases Michaelis-Menten constant Ku. The characteristic
changes on enzyme kinetics can be displayed using the Lineweaver-Burk diagram as shown
in Figure 1.7. The y-intercept does not change which indicates that the maximum reaction rate
Vmax stays unaffected, instead the slope of the curve get steeper which shows the increase of

the Ku value.

The influence of an inhibitor can be analyzed in assays where the enzyme degrades a
substrate and upon degradation e.g. a fluorophore is liberated which can be monitored. In
presence of an inhibitor, the active binding site is blocked which lowers the velocity of
fluorophore liberation. For the comparison of several inhibitors, the potencies are determined
which are usually analyzed as the half maximal inhibitory concentration (ICso). The ICso value
is the concentration where half of the enzyme's reaction rate is reached, and it can be derived
through non-linear regression of the velocity against the inhibitor concentration (Figure 1.8).
Due to the strong substrate dependency of the ICso value, a measure for the absolute inhibitory

affinity is usually calculated using the Cheng-Prusoff equation 6.%

ICso
K = -0 (6)
S Pl
Km
Lineweaver-Burk plot Half maximal inhibitory concentration (IC50)
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Figure 1.8. A Lineweaver-Burk plot showing the influence of competitive reversible inhibitors on enzyme
kinetics. B Calculation of the half maximal inhibitory concentration (ICs0) of CM against the enzyme

TMPRSS2. Vmax = maximum velocity, Ku = Michaelis-Menten constant.
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2. From in silico to experimental validation: tailoring peptide

substrates for a serine protease

Copyright:

This sub-chapter 2 was published as a peer-reviewed journal [1]. Therefore, the text below is
in nearly all instances a word-by-word reproduction of the peer-reviewed and published paper.
Presented results are reprinted with permission from American Chemical Society,

Biomacromolecules. Copyright © 2020 American Chemical Society.

[1] Philip_Maximilian Knaff*, Christian Kersten, Ramona Willbold, Carole Champanhac,

Daniel Crespy, Rainer Wittig, Katharina Landfester, Volker Mailander. From in-silico to
Experimental Validation: Tailoring Peptide Substrates for a Serine Protease.
Biomacromolecules 2020 21 (4), 1636-1643.

Aim:

Hepsin, a pericellular transmembrane serine protease, is selectively overexpressed in prostate
cancer and promotes tumor progression and metastasis. Hence, hepsin represents an
attractive target for the development of peptide-based enzyme cleavable nanocarriers for
efficient diagnostic or therapeutic purposes. In this context, the peptides serve as substrates
for hepsin which are used as a proteolytic responsive trigger to open the nanocarriers in the
proximity of prostate cancer cells. The aim of this study is to identify a peptide sequence with
high specificity for hepsin and high stability in body fluids which can be used to selectively

target hepsin expressing cancer cells.

Contribution:

| developed the methodology and carried out the molecular docking studies, synthesis and
characterization of IQF substrates and stability assays in body fluids. Dr. Christian Kersten
supported me with the molecular docking studies. Ramona Willbold performed testing of the
IQF substrates against hepsin. The project was supervised by Dr. Carole Champanhac, Prof.

Dr. Volker Mailander and Prof. Dr. Katharina Landfester.
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2.1 Abstract

Smart nanocarriers for the transport of drugs to tumor cells are nowadays of great interest for
treating cancer. The use of enzymatic stimuli to cleave peptide-based drug nanocapsules for
the selective release of nanocapsules cargo in close proximity to tumor cells opens new
possibilities in cancer research. In the present work, we demonstrate a methodology for finding
and optimizing cleavable substrate sequences by the type Il transmembrane serine protease
hepsin, which is highly overexpressed in androgen-independent prostate cancer. The design
and screening of combinatorial libraries in silico against the binding cavity of hepsin allows the
identification of a panel of promising substrates with high-calculated docking scores. In vitro
screening verifies the predictions and showed that all substrates are cleaved by hepsin with
higher efficiency than the literature known hepsin substrate RQLR|VVGG. The introduction of
D-amino acids on a selected peptide with the highest catalytic efficiency (kca/Kw) renders it

resistant to cleavage by plasma or serum while maintaining their susceptibility to hepsin.
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2.2 Introduction

Prostate carcinoma is the most common form of cancer in men, accounting for 20% of all
incident cases of cancer.'”” The lack of visible symptoms can lead to undetected progression
of the tumor. In the early stage, prostate cancer can be however efficiently cured by surgery.'®
In the later stages, prostate cancer can be treated with hormone therapy. Lowering androgen

level decrease the tumor size but does not cure it completely.'®

If no regression occurs, these
cancer cells eventually become androgen-independent and the therapy loses its efficiency.'®
The standard therapy for androgen independent prostate cancer is a combination of Paclitaxel
and corticosteroid derivatives."" "2 This treatment leads to life extension and improves the
quality of life in men. Nevertheless, median survival lies between 16 and 18 months.'"®

Therefore, the development of a new effective therapy approach is highly desirable.

Our strategy is to develop a therapy based on a novel nanocarrier that releases cancer drugs
to tumor cells via external stimuli. Nanostructures that respond to different stimuli such as light,
pH value or temperature changes have already been presented, also enzymatic driven stimuli
based on peptide-polymer conjugates have been reported as promising candidates.'™ 1% 116
7. 118 Andrieu et al. synthesized peptide-polymeric hybrid capsules, produced by inverse

miniemulsion, with incorporated enzymatic cleavable peptide substrates in the outer shell.""

In prostate cancer cells, type Il transmembrane serine proteases (TTSP) like matriptase,
matriptase-2, hepsin and DESC-1 are highly expressed.'?® Among those, hepsin was found to
be the most overexpressed gene, especially involved in prostate cancer progression and
metastasis.”’ The overexpression of this tumor-associated serine protease makes it an
attractive target for enzymatic sensitive nanocarriers. These nanocarriers require a release
mechanism based on peptide substrates to trigger the selective release of the cargo in close
proximity to the tumor cells. Since serine proteases are present in blood and due to the similar
substrate spectrum of type Il transmembrane serine proteases, it is of essential importance to
identify substrates with a preferential cleavage by hepsin. Béliveau et al. reported a peptide
substrate (RQLR|VVGG) which showed a higher specificity for hepsin among TTSP.#

We developed a methodology that can be used to rapidly identify and optimize enzyme
cleavable substrates. The pre-requirements are a known crystal structure of the serine
protease and the use of an “anchor’-residue (arginine) at the cleavable peptide bond for the
definition of the peptide database. Based on the formerly identified high affinity hepsin
substrate RQLR|VVGG, we used molecular docking tools to predict 3D coordinates of
peptides, which were then docked against the binding cavity of hepsin to obtain substrate-
enzyme complexes.” Studies of their docking interactions helped us to select potential

candidates for the development of hepsin-specific cleavable substrates. Following this
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structure-based design, peptides with the highest potential were selected, based on their
binding score. Next, the selected peptides were synthesized using a fluorophore/quencher
system for live monitoring of enzymatic cleavage in solution (IQF substrates). Finally, we
validated our predicted substrates by screening them against hepsin in vitro, showing that all
selected substrates have a higher catalytic efficiency by hepsin. Moreover, all identified IQF
substrates show an increased stability in blood serum and citrate plasma. In this study, we
have selected one such peptide with the highest catalytic efficiency and introduced D-amino
acids around the cleavage site. Our results suggest a panel of peptides that can be used for

peptide-polymer nanocarrier systems.
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2.3 Material and methods

Peptide Database Preparation. For the identification of novel high affinity hepsin substrates,
virtual libraries were generated from 20 proteinogenic L-amino acids using CycloPs."?' The
libraries were composed of 8,000 tetramers for P1-P4-sites with a sequence motif of X-X-X-R
and a 8,000 pentamers for P1-P4'-sites with a sequence motif of R-V-X-X-X. To avoid
unwanted terminal charges, N-terminal acetylation (ace) and C-terminal N-methyl amidation
(nme) caps were added. All structures were subsequently protonated (resulting in protonated
Arg and Lys, deprotonated Asp and Glu and His carrying a hydrogen at the ¢-nitrogen) and
energy-minimized using the AMBER10EHT force field within MOE2015.122123.124.125

Molecular Docking. A crystal structure of a hepsin-inhibitor complex is available for free in
the protein data bank (PDB) with accession code 1Z8G."?* % The docking was conducted using
LeadIT-2.3.2."%" For the P-site screening the binding-site was defined using the reference
ligand, N-acetyl-6-ammonio-L-norleucyl-L-glutaminyl-N-[(1S)-4-1-(chloroacetyl)butyl]-L-
leucinamide from the crystal structure, and including all protein residues within 6.5 A of the
ligand. The final binding site included His203, Tyr243, Ser251, Glu252, Glu253, Asn254,
Asp257, Tyr301, Tyr328, GIn331, Lys333, Asp347, GIn350, Asp352, Ser353, Ser376, Thr379,
Lys386 and Tyr390. The residues were protonated using the Protoss module within LeadIT
resulting in deprotonated Asp and Glu residues and protonated Lys. His203 was protonated in
O-position to interact with Asp257. Both residues are part of the catalytic triad. Water molecules
forming at least three interactions with the protein were kept as part of the receptor, namely
water 188 and 302 of chain L and 409, 425, 438, 448, 476, 524 and 856 of chain A. To ensure
the correct orientation within the binding site, pharmacophoric restraints were defined for Cq
(xyz-coordinates 38.7/-2.4/29.4, radius 1 A) and backbone nitrogen (xyz-coordinates 38.0/-
3.5/30.3, radius 1 A) of the arginine-moiety of the inhibitor and any atom to be close to Cq of
lysine (xyz-coordinates 39.2/-11.3/33.0, radius 2 A) (Figure 2.1). The receptor setup was
validated by re-docking of the reference ligand in its intermediate alcohol-state for which the
covalent bond to Ser353 detached, but no chlorine was added. The re-docking for the top pose
had a score of -50.5 kJ/mol and a root mean square deviation (RMSD) of 2.6 A, which was
sufficient for the large number of rotating bonds. For the re-docking, the hybrid approach for
enthalpy and entropy was used with 200 solutions for iteration and fragmentation. The docking
of the 8,000 molecule P1-4-site peptide library was conducted under the same conditions.

For the P'-site docking, no reference ligand was available, therefore the binding site was
manually defined using the arginine from P1-site as an anchor point. The final receptor
included His186, His203, Asn209, Asn254, Asp257, Asn298, Thr299, GIn300, Tyr301, Tyr302,
GIn304, GIn305, Asp347, GIn350, Asp352, Ser353, Ser376 and Tyr390 as well as water
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molecules 448 and 524 of chain A being close to P1-site and as to be displaceable defined
water molecules 302 and 409 of chain L and 682 and 713 of chain A. All further water
molecules with two or less interactions with the protein were removed. Protonation was
performed as for the P1-4-site docking resulting in deprotonated aspartates, His186 being
protonated at e-position, His203 in &-position. To ensure the correct orientation within the
binding site, pharmacophore constraints were added including an essential donor functionality
on the arginine side-chain (xyz-coordinates 41.3/-7.0/25.7, radius 2 A) and any atom being
present 2 A around xyz-coordinates 46.5/3.6/32.0 (Figure 2.1). The parameters for P1,1"-P4'-

site, for base placement and scoring during docking were identical with the P1-4-site docking.
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Figure 2.1. Binding-site definition for molecular docking with hepsin residues depicted as lines with teal
carbon atoms and water molecules as red spheres (PDB-ID: 1Z8G). A Definition for P-site including
pharmacophoric constraints as blue sphere for nitrogen atom, grey sphere for carbon atom and yellow
sphere for any atom. Docking pose of ace-R-Q-L-R-nme with transparent sticks and green carbon atoms
shown for orientation. B Definition of P'-site including pharmacophoric constraints for H-bond donor
functionality (light blue sphere) and any atom (yellow sphere). Docking pose of ace-R-V-G-G-Q-nme

depicted as transparent sticks and cyan carbon atoms shown for orientation.

IQF substrate synthesis. Peptides were synthesized as C-terminal amides on Rink amide
resin using 9-fluorenylmethoxycarbonyl (Fmoc) strategy as described before.’?®'2° All Fmoc-
protected amino acids were purchased from Novabiochem, as well as, PyBOP, DIEA, Fmoc-
Rink amide (loading 0.36 mmol/g), N,N-dimethylformamide (DMF, p.a., Sigma Aldrich), DCM
(>99.9%, Carl Roth), and were used as received. All Fmoc-protected amino acids were
dissolved in DMF at a concentration of 0.2 M, except for Fmoc-K(Mca)-OH which was used

with a concentration of 0.077 M due to poor solubility. The coupling times for the peptides were
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increased from 5 to 10 minutes and the fluorophore Fmoc-K(Mca)-OH and quencher Fmoc-
K(Dnp)-OH were coupled twice on the same step to ensure high purities and yield. The
peptides were cleaved from the resin with trifluoroacetic acid (TFA) containing a scavenger
(TFA:TIPS:H20 94:3:3) for 3h. The peptides were precipitated and washed three times with
cold diethyl ether, freeze dried overnight and stored at -20 °C in the dark.

Human blood plasma and serum. Human blood was obtained from the Department of
Transfusion Medicine Mainz from seemingly healthy donors in accordance with the Declaration
of Helsinki. Blood was clotted overnight according to the standard protocol to generate human
serum. A serum pool from seven volunteers was used and stored at -80 °C. To remove any
protein aggregates after thawing, human serum and plasma were centrifuged for 15 minutes

at 20,000 g before usage.

Enzymes. Recombinant human hepsin protein (HPN) was purchased from Bio-Techne GmbH

(Wiesbaden, Germany).

IQF substrate kinetics. Hydrolysis of IQF peptide substrates by hepsin were measured by
recording the fluorescence using a FLUOstar Omega BMG Labtech plate reader (Ex; 320 nm;
Em, 400 nm) at 37 °C. The measurements were performed in a total volume of 100 pL in 50
mM ammonium bicarbonate buffer (pH 7.8). The enzyme concentration used was 0.2 ng/uL
and the peptide concentrations varied between (0-200 uM). The linear part of the progress
curve was used to determine the reaction velocity. The measurements were repeated, and the
data presented are the average of at least three measurements. The catalytic parameters kcat
and Ku were calculated using Omega Data Analysis Software to directly fit the initial velocities

to the Michaelis-Menten equation using non-linear regression analysis.

Serum and Plasma stability tests. The stability of the peptide were measured according a
procedure from Jensen et al. .™*° In short, peptide stock solutions 0.1-5 mg/mL were prepared
by dissolving the peptide in pure dimethyl sulfoxide. RPMI medium 1640 was supplemented
with 12.5% (v/v) human serum or citrate plasma and aliquoted into 2 mL low protein binding
Eppendorf tubes. All kinetic measurements were performed using a Tecan M1100 at 37 °C
(Exa 325 nm; Em, 392 nm). The substrate concentrations varied between (0-166 uM) and the
total reaction volume was set to 100 uL per well. Measurements were conducted for 5 h. Non-
linear regression analysis were performed according to IQF substrate kinetics method and the

enzyme concentration was set to 1.0 uM by definition.
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2.4 Results

Experimental Approach. The experimental workflow is schematically shown in Figure 2.2.
Briefly, the known substrate RQLR |VVGG (reference peptide), for the serine protease hepsin,
was used to generate peptide combinations in silico. The arginine around the cleavage site
R|V was kept as an “anchor” while amino acids on each side of the cleavage site were
permutated. Through this approach, two peptide libraries with the pattern X-X-X-R (for P-site)
and R-V-X-X-X (for P'-site) were created with a total of 16,000 peptide combinations (Step 1).
In the next step, these two peptide libraries were virtually screened with the software Molecular
Operating Environment (MOE) against the binding pocket of hepsin and the peptides were
ranked based on their calculated binding score. The peptides with the highest binding score
were selected and peptide combinations were created in such a way, that one side of the
reference peptide was changed while the other one was kept constant, respectively (Step 2).
These peptide candidates were synthesized as internally quenched fluorescent peptides (IQF
peptides) by solid phase peptide synthesis, using the Fmoc strategy. In the last step, the
peptides were screened against the serine protease hepsin and the stabilities of the peptides

were tested in serum and citrate plasma (Step 3).
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Step 1: Design of peptide libraries
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Step 2: Screening and Ranking

FRET transfer

Figure 2.2. Workflow of the optimization process of hepsin cleavable IQF peptide substrates. Two
different peptide libraries were designed (P-side library and P'-side library) and screened against the
binding pocket of hepsin (protein coordinates taken from PDB-ID: 1Z8G, 1.55 A resolution).'?
Afterwards, the peptides were ranked based on their calculated score and the peptides with the highest

scores were synthesized by solid phase peptide synthesis.

IQF peptides. In the present work, internally quenched fluorescent peptides were prepared
where donor and acceptor fluorophores were conjoined via g-amino group of lysine in the
peptide, thus being in close proximity. If the emission spectrum of the donor overlaps with the
absorption spectrum of the quencher the energy transfer happens within the molecule and no
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fluorescence can be recorded. The peptide between the FRET pair is a substrate for the serine
protease which can be cleaved during an interaction. Upon cleavage of the IQF peptide,
fluorophore and quencher are not close anymore and fluorescence can be detected. To
confirm that cleavage occurs at the predicted position between suggested P1 (arginine) and
P1' position (valine), an IQF peptide with cleavage pattern R|V was incubated with hepsin and

the cleavage products were analyzed by MS (Figure 2.3).
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Figure 2.3. ESI mass spectra of the reference peptide with Dnp/Mca FRET pair. After treatment with
hepsin, the peptide is cleaved between the scissile peptide bond R|V.

Structure-based design of hepsin substrates. Prior knowledge and previous results
identified the octapeptide (P4-4') RQLR|VVGG to be a high-affinity hepsin substrate.*! #
However, its identification was based on the similarity to known TTSP substrates such as the
auto-activation sequences of matriptase (RQAR|VVGG) or of the hepatocyte growth factor
(KQLR|VVNG), without a special focus on hepsin specificity or bloodstream stability, which
must be optimized for the desired targeting. Therefore, a virtual screening to identify novel
hepsin substrates with improved bloodstream stability was conducted. The high number of

rotatable bonds and the connected high degree of conformational freedom for octameric
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peptides is a general challenge in molecular docking.”™" ¥ The process of docking was
conducted in two parts: Identification of favored residues for P2-P4 sites of the binding site,
keeping P1 residue constant as arginine; followed by identification of P2'-P4" keeping P1’
constant as valine and also adding P1-residue arginine as an “anchor” residue due to its
directional interactions within the sharply defined S1 pocket."® The 20 proteinogenic L-amino
acids were included in the peptide design and 8,000 tetramers of the structure acetyl(ace)-X-
X-X-R-amidation(nme) for P1-4 -sites and 8,000 pentamers ace-R-V-X-X-X-nme for the P1-4'

design were virtually generated (Figure 2.4).

NH NH
® ®
H,N~ "NH, H,N“" " NH,
e e
D b
Asp102 A;‘;;oz

Figure 2.4. Architecture of the virtually generated peptide libraries. P-side library (left side) and P'-side
library (right side) with X being natural amino acids. The arginine at P1 position serves as an anchor

residue.
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The molecules were subsequently docked into the prepared P-site and P'-site binding pockets,

respectively, and ranked according to their score (Figure 2.5).
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Figure 2.5. Ranked peptides of P-side and P'-side library based on their calculated score. (a) negative
control, (b) reference peptide.

The highest scoring peptides were verified by visual inspection of the binding mode and the
most promising sequences were created by combining either the high scoring P-site
sequences with the P'-site of the reference peptide, or the high scoring P'-site sequences with
the P-site of the reference peptide (Table 2.1). Those peptides were synthesized as IQF
peptides for testing, as well as two low scoring peptides DLSR|VSEV and GVTR|VSWC
serving as negative controls (Table 2.1).

Table 2.1. A Docking result for P-site (P1-P4) designed molecules with structure being acetyl-X-X-X-R-
methylamide and B docking result for P'-site (P1-P4’) designed molecules with acetyl-R-V-X-X-X-
methylamide structure and X being proteinogenic amino acids. C Designed IQF type peptide libraries

for P-site and P'-site. (a) reference sequence of known substrate, (b) negative control.

A B
P4 P3 P2 P1 | sc”&g':“’k’)m'] P1 | PI' P2 P3 P& sc”&g:;’k’)’m']
R Q L R  -60.1(175) R v Vv G G -44.2 (836)°
A E Q R 727 (2) R v. H s L -55.2 (4)
G Q R R 72.7 (3) R v G R H -55.1 (5)
R N H R -71.6 (4) R v 6 G Q -53.9 (9)
Q Q V R -69.5 (5) R VvV S E V -33.1 (4562)°
D L S R  -333(4256) R V. 8§ W C  -331(4552)
G V T R  -39.8(3108)
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Cc
P4 P3 P2 P1 | P1" P2' P3 P4
reference  K(Dnp) R Q L R v V G G K(Mca)
P1 Kbnp) A E Q R V. V. G G K(Mca)
8| P2 Kbnp) G Q R R V. V. G G K(Mca)
f-\-‘{’ P3 KDnp) R N H R V. V. G G K(Mca)
P4 K(Dnp) Q Q V R v V G G K(Mca)
P"1 Kbnp) R Q L R V. H S L K(Mca)
i% P2 KbDnp) R Q L R V. G R H K(Mca)
- P3 KbDnp) R Q L R V. G G Q K(Mca)
negative1 K(Dnp) D L S R vV S E V K(Mca)
negative2 K(Dnp) G v T R v S§ W C K(Mca)

The binding modes of potential substrates (Figure 2.6) indicated that for the P4-position a polar
residue was favored, potentially carrying a positive charge like Arg or Lys to interact with

Glu253 or Glu252 via ionic interactions.
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Figure 2.6. Superposition of predicted binding modes for P-site peptide ace-R-Q-L-R-nme (green

GLY-380

carbon atoms) and P'-site peptide ace-R-V-G-G-Q-nme (cyan carbon atoms) in complex with hepsin
(teal carbon atoms and surface, PDB-ID: 1Z8G). For a clear view only binding site residues that form
polar interactions with the peptides or are part of the catalytic triad (Ser353, His203, Asp257) are labeled
and depicted as lines.

For P3 also, a polar group, preferably Gin, interacting with Thr379 and the backbone of Gly378
is found. At P2’ polar and non-polar residues seemed to be tolerated in the docking, which is
also supported by previous reports.*! In case of Leu, a hydrophobic contact area is built with
His203 of the catalytic triad and Asn254. Arg or Lys are crucial at the P1-site because the
positively charged moiety interacts with Asp347, Gly380 backbone oxygen and an additional
water molecule (wat302) in a deeply buried sub-pocket. Therefore, Arg was preliminary defined
as the anchor residue. Differently from P-sites, the P'-sites are less clearly defined and more
on the protein surface. From literature, no clearly favored residues are known, which is also
reflected in the docking. Even though pentapeptides were docked during the P'-site screening,
the overall scores were lower compared to the P-site tetrapeptide docking (Table 2.1, Figure
2.5) indicating that only weaker interactions can be formed. Small non-polar side chains like
pre-defined Val seemed to fit well into P1" interacting with His203, Cys188 and Leu187. For
subsequent P2'-P4' residues Gly, Gly and GIn polar interactions were only predicted for amides
with Gly351 and Asn298 and the side-chain amide for P4’ GIn with Tyr301 and Gly303 of the

protein backbone. As no deep cavities are present, smaller residues might be preferred.

36



Chapter A - Development of substrates and inhibitors for the serine protease hepsin

Validation of predicted hepsin cleavable substrates. To study if the substrates predicted
by molecular docking lead to an optimization of the known substrate (RQLR|VVGG), we
synthesized the selected candidates as IQF peptides with the FRET pair Mca/Dnp and
assayed for enzymatic activity. Table 2.2 and Figure A2.1 present the kinetic values (Kcat, K,
Vmax, and Keat/Kim) for all substrates. The term kca/Km was used as catalytic efficiency to compare
reaction rates of substrates transformed by enzymes relative to the reference peptide.
Strikingly, all selected peptides, except negative controls, showed a higher catalytic efficiency
during cleavage by hepsin. P3 peptide (319% rel. catalytic efficiency) showed no Michaelis-
Menten behavior. Excluding this peptide from the rest showed that relative catalytic efficiencies
of peptides with novel P-site ranges between 124-151%. Hepsin was more permissive with
novel P'-site peptides, showing relative catalytic efficiencies between 120-232% indicating a
better fit of the substrates in the hepsin binding cavity, thus leading to a higher cleavage rate
(Table 2.2). P'3 K(Mca)-RQLR |VGGQ-K(Dnp) led to a 2.3-fold increase of catalytic efficiency
compared to the reference peptide K(Mca)-RQLR|VVGG-K(Dnp). Substitutions of valine at
P2' position by a sterically more favorable glycine and glycine at P4’ position by a large polar
glutamine suggest that these positions play an important role in substrate recognition by

hepsin.
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Table 2.2. Hydrolysis of IQF peptides by hepsin, serum and plasma. Constants were calculated from

nonlinear regressions of hyperbolic Michaelis—Menten rate equations. Relative catalytic efficiencies (%)

are the catalytic efficiency values of the IQF peptides relative to that of the reference peptide. Enzymatic

measurements were performed in triplicates. N.c = not cleaved.

Hepsin Serum Plasma
IQF substrate Kcat/Km rel. catalytic Kcat/Km rel. catalytic Kcat/Km rel. catalytic
[sec uM-']  efficiency | [sec' uM']  efficiency | [sec' uM'] efficiency
reference 18.5 x 1072 100% 6.44 x 10 100% 7.71 x 10* 100%
P1 24.2 x 107? 131% 2.95 x 104 46% 1.65 x 10 37%
A) P2 23.0 x 1072 124% 3.00 x 104 47% 1.50 x 10 21%
P3 59.1 x 102 319% 4.48 x 10 70% 3.78 x 104 49%
P4 28.0 x 107 151% 5.63 x 10 87% 3.14 x 10* 41%
P'1 22.2 x 1072 120% 5.22 x 104 81% 3.57 x 104 46%
B) P'2 34.6 x 102 187% 4.68 x 10* 73% 5.35 x 10 69%
P'3 24.9 x 107? 232% 4.51 x 104 70% 5.64 x 104 73%
P'3.1 17.1 x 1072 95% n.c. n.c.
P'3.2 31.6 x 102 176% n.c. n.c.
© P'3.3 n.c. 2.70 x 104 41% 2.01 x 104 26%
P'3.4 26.7 x 107? 148% 5.53 x 104 86% 5.17 x 104 67%
P 14.9 x 102 80% 4.77 x 10 74% 2.62 x 10* 34%
0) P"2 19.5 x 107? 105% 5.26 x 104 82% 245 x 104 32%
negative 1 n.c. 2.58 x 104 40% 2.62 x 10* 31%
E) negative 2 n.c. n.c. n.c.
negative n.c. n.c. n.c.
control
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In vitro IQF peptide stability in blood serum and plasma. An effective peptide polymer
conjugate nanocapsule needs to be stable in biological fluids for an adequate time to reach
the desired target. To test the in vitro stability, the identified IQF peptides (Table 2.1) were
synthesized in a free form (with capped C-terminus, ace) and stability was tested in blood
serum and citrate plasma. To gain an overall picture of the serum/plasma stability of the
fluorescent peptide substrates, all peptides were first incubated at a fixed concentration (33.3

uM) with 12.5% serum and 12.5% plasma in RPMI cell culture medium (Figure 2.7).
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Figure 2.7. Exemplary presentation of the degradation of IQF peptides in serum (left panel) and plasma
(right panel). Shown are the percentage of cleaved IQF peptides (33.3 pM) in 12.5% serum/plasma for

a single experiment.

As shown in Figure 2.7, the reference peptide K(Mca)-RQLR|VVGG-K(Dnp) is fully degraded
after 60 min in serum. All identified IQF peptides with modified P- and P’-side were stable in
serum and plasma over a longer period of time (Table 2.2, Figure A2.2 and Figure A2.3). Of
these, IQF peptides with modified P-side show a higher stability than IQF peptides with
modified P'-side. To better evaluate specificity of the IQF peptides against serum and plasma,
we determined kinetic parameters using standard Michaelis-Menten kinetics. Of all the IQF
peptides with modified P-site, the P2 peptide showed the highest stability in serum and plasma
(Table 2.2). This IQF peptide yielded a keat/Ku value (3.00 x 10* s™ uM™) in serum, 47% of the
catalytic efficiency relative to the reference peptide, while showing only 21% relative catalytic
efficiency in plasma. Changes in the P'-site of the reference peptide lead to an increase of
stability in biological fluids. Relative catalytic efficiencies vary between 70-81% in serum and
46-73% in plasma but are not as pronounced as changes in the P-site, which vary between
46-87% in serum and 21-49% in plasma, suggesting that amino acids in the P-site play a
superordinate role in recognizing substrates by proteases occurring in serum and plasma. The
two docked peptides, which showed low binding affinities to hepsin in the in silico approach,
showed the highest serum/plasma stabilities among all synthesized IQF peptides. Negative
peptide 1 K(Mca)-DLSR |VSEV-K(Dnp) showed a relative catalytic efficiency of 40% in serum
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and 31% in plasma. Negative peptide 2 K(Mca)-GVTR | VSWC-K(Dnp) and the negative control
K(Mca)-AAAA-AAAA-K(Dnp) lacking the cleavage motif R|V showed no degradation.

Optimization of P'3 peptide using D-amino acids. Successful validation of predicted hepsin
cleavable substrates based on the reference peptide sequence RQLR-VVGG has shown the
applicability of our approach. A series of peptides with higher hepsin cleavage efficiency and
stability in biological fluids could be identified. The results observed are summarized in Table
2.2. To increase the specificity for hepsin and stability in blood, a strategy in analogy to
Kumaresan et al. was applied.” Starting from the identified P'3 peptide
K(Mca)-RQLR-VGGQ-K(Dnp), we introduced subsequently D-amino acids on both sides
around the cleavage site R|V to finally produce a panel of sequences (P'3.1 — P'3.4) in the

form shown in Table 2.3.

Table 2.3. Pattern for the introduction of D-amino acids to increase stability in biological fluids.

substrate P4 P3 P2 P1 ! P1" P2' P3 P4

P'3 R Q L R \Y G G Q
P'3.1 r Q L R \Y G G Q
P'3.2 R L R \Y G G Q
P'3.3 R Q | R \ G G Q
P'3.4 R Q L R \Y G G q

In biological fluids. Introduction of D-amino acids can heavily influence the degradation of
peptides. Inverting the stereogenic center from L- to D-configuration for the P-site of the peptide
could increase the stability in biological fluids. P4 position (arginine) and P3 position
(glutamine) of P'3 peptide K(Mca)-RQLR-VGGQ-K(Dnp) was of great help and made the
peptides nondegradable in blood serum and citrate plasma. In Figure 2.8, the fluorescence
intensity over time is shown, as an example, at one concentration (Cpepice = 166 PM).
Incorporation of D-leucine (P'3.3) approximately doubled the stability of the peptide while
modifying the P'-site with D-glutamine led to no significant benefit in stability. This further
strengthens our observation that the P-site of the substrate plays a major role in substrate
recognition by blood enzymes and should be especially taken into account for preventing

degradation.
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Figure 2.8. The fluorescence intensity of P3’ peptide and its b-amino acids variations P3.1' — P3.4".
Exemplary representation of IQF substrate degradation (c = 166 uM) incubated with 12.5% blood serum
at 37 °C for 5 h.

For hepsin. In order to investigate the effect of D-amino acids on substrate recognition and
cleavage, the IQF substrates P'3.1-P'3.4 were screened against hepsin. Introduction of
D-amino acids influence the enzymatic cleavage notably. The peptides P'3.2 and P'3.4 showed
with 163% and 145% relative catalytic efficiency a higher cleavage rate than the reference
peptide (but lower than P'3), while P'3.1 shows no significant difference relative to the
reference peptide. Interestingly, the introduction of D-leucine in position P3' (P'3.3 peptide)
hinders enzymatic degradation completely. The close proximity of this position to the highly
conserved cleavage site P1|P1' seems to play an important role in substrate recognition by

hepsin.

Validation of substrates containing a combination top prime and top non-prime site
sequence. As shown in Table 2.2 a variety of peptides with a higher catalytic efficiency against
hepsin and stability in biological fluids have been identified. Until now, our approach aimed to
improve the reference substrate RQLR-VVGG by substitution of either the P-site or the P'-site.
In another set, we created two combinations with top prime (P3 and P4 peptide) and top non-

prime site (P'3 peptide) as shown in Table 2.4.

Table 2.4. Pattern for the design of substrates containing top prime and top non-prime site sequence.

substrate P4 P3 P2 P1 ! P1’ P2 P3 P4

P Q Q \ R \Y G G Q

P2 R N H R \Y G G Q
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Enzymatic degradation of P"1 peptide and P"2 peptide by hepsin revealed relative catalytic
efficiencies of 80% and 105%, respectively. Both peptides showed a higher stability in serum
(rel. catalytic efficiencies varied between 74% - 82%) and in plasma (rel. catalytic efficiencies
varied between 32% - 34%) than the reference peptide. Substrates containing top prime site
sequences and a top non prime site sequence showed no additive improvement in catalytic

efficiency through proteolytic degradation by hepsin.
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2.5 Discussion

We demonstrated a computational docking method to identify novel peptide substrates for the
serine protease hepsin. For this purpose, we separated the peptide binding site into two
smaller sub-pockets to reduce the conformational degree of freedom. In the next step, we built
peptide libraries with a specific pattern, which were then screened in silico against the binding
cavity of hepsin. Ranking of these libraries based on their calculated binding score and analysis
of predicted binding modes allowed us to select substrate candidates for hepsin, which were
synthesized and validated in an enzymatic assay using FRET system. With this method, we
could identify a panel of peptides, specially tailored for hepsin binding pocket, which showed
a higher cleavage efficiency and a higher stability in serum and plasma than the known
reference peptide RQLR|VVGG. Furthermore, a clear discrimination between predicted
favored and predicted not favored substrates was observed in vitro. Our results suggest that
changing the P-site of substrates leads to an increase of stability in biological fluids while
changing P'-site of substrates increases the substrate preference for hepsin. P'3 peptide
(RQLR|VGGQ) was most promising and showed an increased relative catalytic efficiency up
to 232% compared to the known hepsin substrate. Degradation assay in biological fluids
showed for P'3 an increase of stability of 30% in blood serum and 27% in citrate plasma.
Implementation of D-amino acids in P'3 could strongly increase stability in serum and plasma.
P'3.1 and P'3.2 could resist degradation while keeping high cleavage efficiency by hepsin
(P'3.1 95%, P'3.2 176%). Those peptides are promising candidates for the development of
hepsin cleavable peptide-polymer nanocapsules. An additive improvement by combination of
top prime and non prime peptides could not be observed. The method presented in this paper
can be used as a guideline to find protease substrates - or with slight modifications - for
peptidomimetic inhibitor design, if some pre-requirements are met. I) The crystal structure or
a high-quality homology model of the target protease is available. Il) At least one specific and
deep subpocket of an “anchor” residue (like P1 Arg for hepsin) is present for peptide library
definition. Ill) Pharmacophoric constraints can enhance the desired orientation within the
binding-site. Additionally, non-proteinogenic amino acids and D-amino acids can be included
in library design to increase the range of possibilities with regards to specificity and stability.
The serine protease hepsin, as an attractive target for the development of novel prostate

cancer therapies, could prove the successful applicability of our method.
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3. Structure-based design of high affinity and selective

peptidomimetic hepsin inhibitors

Aim:

The previously described study [1] in this dissertation reveals a panel of highly susceptible
substrates for hepsin which were successfully developed using computation, solid-phase
peptide synthesis and enzymatic testing. As a follow-up project, the study [2] intends to use a
part of the obtained results to design with slight modifications highly active peptidomimetic
inhibitors for hepsin. Those hepsin inhibitors may be used as an alternative strategy for
potential anticancer application since conventional receptor tyrosine kinase inhibitors, which

are commonly used are facing major issues concerning drug resistance and toxicity.

[2] Philip Maximilian Knaff*, Christian Kersten, Lukas Wettstein, Patrick Muller, Tatjana Weill,

Carina Conzelmann, Janis Miller, Stefan Péhlmann, Markus Hoffmann, Tanja Schirmeister,

Jan Miinch, Volker Mailander. Tailored Inhibitors for the Serine Protease Hepsin. To be

submitted.

Contribution:

| carried out the synthesis and characterization of the peptidomimetic inhibitors and performed
the enzymatic activity measurements and stability studies. Dr. Christian Kersten supported
with additional molecular docking studies and Patrick Muller supported with synthesis of
multiple precursor compounds. The project was supervised by Prof. Dr. Volker Mailander and

Prof. Dr. Katharina Landfester.
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3.1 Abstract

In many solid tumors, increased upregulation of transmembrane serine proteases (TTSP)
leads to an overactivation of growth factors which promotes tumor progression. Here, we are
using a combinatorial methodology to develop high affinity tetrapeptidic inhibitors. Virtual
screening of 8.000 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. 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 the stability in biological fluids as well
as the influence of the warhead and truncated inhibitors on inhibitory potency. Overall, this
methodology yielded compounds as selective inhibitors for potential cancer drug development

where hepsin is overexpressed.
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3.2 Introduction

Cancer emerges from a complex variety of gene mutations. Most frequently, the genes
encoding for the protein class of the 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 Il transmembrane serine proteases (TTSP) as an
alternative drug target come in focus of research.’*® Hepsin is a TTSP which shows in healthy
prostate tissue low expression levels while high expression levels have been shown to play
critical roles in cancer like the androgen-independent prostate cancer.®” "' This protease
activates oncogenic proteins such as pro-hepatocyte growth factor (pro-HGF) to HGF which
then triggers downstream signaling pathways through c-MET activation. 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 tissue, the activity of
TTSP is regulated by the endogenous inhibitors HAI-1 and HAI-2 proteins. In vivo hepsin
transgenic mice showed in primary prostate tumor models to progress cancer by promoting
metastasis. Contrary, hepsin knockout mice have shown to develop normally with no apparent
abnormalities. To specifically address hepsin-overexpressing tumors, the design of
enzymatically cleavable peptide-based nanocapsules for a selective release came into focus.
First investigations in this direction have been previously published by our group.® '3® The
design of such peptide-based nanocapsules requires high enzymatic 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 8,000 combinations each, which target the respective S- and S'-site of the
binding pocket of hepsin. 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 substrate sequences identified previously (Figure 3.1). For this
purpose the top binders of the S-site library were combined with an electrophilic
ketobenzothiazole 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 natural manner simply by the sequential choice
of amino acids. Still, previous inhibitors showed activity among similar proteases like
matriptase.''*2 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
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off-target.”® Toxicity effects of hepsin and matriptase short-term inhibition still needs 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 influence 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.

Introduction of electrophilic
warhead on P-site candidates

Combinations of P- & P’-site
candidates as IQF peptides

* high affinity substrates * potent, selective inhibitors

+ stable in serum and plasma * stable in serum and plasma

Figure 3.1. Scheme for the development of tailored peptide inhibitors. Computational docking results
from the P-site library of a previous publication were used as recognition sequences, modified with an
electrophilic warhead and tested for inhibition potency, selectivity and in vitro stability.
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3.3 Material and methods

Molecular Docking. Molecular docking studies were performed as described previously with
slight modifications."*® Briefly, docking was performed with LeadlT-2.3.2 using the hepsin-
inhibitor complex crystal structure (PDB-ID: 1Z8G), freely available in the protein data bank
(PDB).*¢ "*+14¢ The binding site was defined by all residues within 6.5 A of the crystallographic
reference ligand acetyl-Lys-GIn-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 ketobenzothiazole (kbt) warhead.'?' Energetically
minimized structures for docking were generated using the AMBER14:EHT force field within
MOE2018."% %8 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.'*°

Chlorination of tritylhydroxide resin (Trt-OH)."*' The chlorination of trtiylnydroxide 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 and 10 mL acetyl chloride
was added. 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 freezer.

Addition of first amino acid to Trt-CL."5' 15 mL of dry DCM was added to 0.8 g of Trt-Cl 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 was 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-
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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.'*? 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 Fmoc-protected amino acid (3 equiv.), 3 mL of 1 M PyBOP (3
equiv.) and 1.5 mL of 0.5 M DIEA (3 equiv.). The reaction mixture was shaken at 75 °C for 30

minutes. Afterwards, 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 peptides with
protected side chains were acetyl capped using 20 mL of 0.5 M Ac,O/DMF and 1 M DIEA/DMF.
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 diethylether.

Synthesis of Boc-Arg(Mtr) weinreb amide (S1) ((S)-tert-Butyl-(1-(methoxy(methyl)amino)-
5-(3-((4-methoxy-2,3,6-trimethylphenyl)sulfonyl)guanidino)-1-oxopentan-2-yl)carbamate).'>
To a solution of N-(tert-butoxycarbonyl)-N-((4-methoxy-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 dissolved 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 was concentrated in vacuo and the reaction mixture extracted with ethyl acetate
(150 mL), washed with 5% aqueous acetic acid (75 mL), sat. aqueous NaHCO3 (75 mL), water
(75 mL), and brine (75 mL). The organic layer was dried over MgSQy, filtered and concentrated
in vacuo to yield the Weinreb amide S1 (0.86 g, 1.6 mmol, yield: 69%) as a white powder
(Figure A4). Purity (HPLC, 220 nm) > 80%. 'H NMR (300 MHz, CD30D): =1.43 (s, 9 H) 1.49—
1.60 (m, 4 H) 1.87 (s, 1 H) 2.13 (s, 3 H) 2.61 (s, 3 H) 2.67 (s, 3 H) 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 C23H39sNsO7S, [M+H]" 530.3, [2M+H]*
1059.6, found [M+H]" 530.2, [2M+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-oxopentan-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,
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2 equiv.) was added dropwise to THF (50 mL). After the mixture was stirred for an additional
30 minutes, Boc-Arg(Mtr) Weinreb amide (1.94 g, 3.21 mmol, 1 equiv.) was dissolved in THF
(15 mL) and added slowly over 50 minutes. The mixture was stirred at -78.8 °C for 3h. The
reaction was quenched with sat. aqueous NH.CI (30 mL) and the aqueous layer was extracted
with EtOAc (40 mL). The organic phase was collected, dried with Na,SO4, and then
concentrated. The resulting residue was purified by semi-preparative RP-HPLC to yield the
compound S2 (0.32 g, 0.5 mmol, yield: 35%) as a yellow powder (Figure A4). Purity (HPLC,
220 nm) > 95%. '"H NMR (300 MHz, CD30D): 5=1.43 (s, 9 H) 1.66 (m, 4 H) 2.05 (s, 3 H) 2.55
(s,3H)2.70 (s, 3H) 3.23 (m, 2 H) 3.81 (s, 3H) 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: calcd for C2sH37Ns06S2 [M+H]" 604.2, [2M+H]" 1207 .4, found
[M+H]* 603.9, [2M+H]" 1206.6.

Synthesis of HCI*H-Arg(Mtr) ketobenzothiazole (S3) (N-(N-(4-Amino-5-(benzo[d]thiazol-2-
yl)-5-oxopentyl)carbamimidoyl)-4-methoxy-2,3,6-trimethylbenzenesulfonamide).™"

Compound S2 (0.200 g, 0.40 mmol) was stirred in 1.5 M 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 (Figure A4). 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 (2.5 M,
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 $1
(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 NH4Cl (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>SOy, filtered and concentrated
in vacuo. The residue was purified on a silica column eluting with EtOAC/cyclohexane (4:1
v/v), to afford the compound S4 (0.12 g, 0.22 mmol, yield: 56%) as a white foam (Figure A4).
Purity (LC, 254 nm) > 95%. '"H NMR (300 MHz, CDCl3): & = 8.04 (d, 1 H), 7.72 (d, 1 H), 6.53
(s, 1H), 5.64 (d, 1 H), 5.41 (s, 1 H), 3.83 (s, 3 H), 3.26 (m, 2 H), 2.67 (s, 3 H), 2.59 (s, 3 H),
212 (s, 3 H), 1.76 — 1.57 (m, 4 H), 1.41 (s, 9 H). ppm. MS (ESI): m/z: calcd for C24H35N506S>
[M+H]* 554.2, found [M+H]" 554.2.

Synthesis of TFA*H-Arg(Mtr) ketothiazole (S5) ((S)-N-(N-(4-Amino-5-ox0-5-(thiazol-2-
yl)pentyl)carbamimidoyl)-4-methoxy-2,3,6-trimethylbenzenesulfonamide). Compound S4
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(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 (Figure A4). 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 NaBH4 (0.047
g, 1.24 mmol, 2 equiv.) in water (15 mL). The resulting solution was stirred 5 minutes 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.SO4 and concentrated in vacuo to
obtain the compound S6 (0.24 g, 0.5 mmol, yield: 81%) as a colourless oil (Figure A4). Purity
(LC, 254 nm) 98%. 'H NMR (300 MHz, CDCl3) & = 6.52 (s, 1 H), 6.33 (s, 2 H) 5.15 (d, 1 H),
3.82 (s, 3 H), 3.55 (s, 2 H), 3.21 (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: calcd for C21H36N4OsS [M+H]" 473.2, found [M+H]"
473.2.

Synthesis of TFA-H-Arg(Mtr) alcohol (S7) ((S)-N-(N-(4-Amino-5-
hydroxypentyl)carbamimidoyl)-4-methoxy-2,3,6-trimethylbenzenesulfonamide). ©~ Compound
S6 (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 (Figure A4).

Preparation of inhibitors. Respective serine traps (1.5 equiv.) were coupled with tripeptides
(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% H20) and further agitated for 8 h at room
temperature. After concentrating, the crude inhibitor was precipitated in 50 mL cold diethylether
and afterwards purified using RP-HPLC (Figure A5).

Purification, lyophilization and analysis of peptide- and warhead precursors and

inhibitors. All precursor compounds were purified with a semi-preparative RP-HPLC. The
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following gradient was applied: 95% H20 / 5% ACN to 5% H2O / 95% ACN in 30 min.
Trifluoracetic acid was dissolved in the water to a concentration of 0.1%. Zorbax Eclipse XDB
column C-18 9.4x250 mm 5 ym, Agilent Technologies. UV Vis detector model S-3702, 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. Expression-L compact mass spectrometer, 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 yL/min.

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

matriptase 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 minutes with the enzyme in
TNC buffer (25 mM Tris, 150 mM NaCl, 5 mM CaCl,, 0.01% Triton X-100, pH = 8) prior to
adding a fluorogenic reference substrate Boc-GIn-Ala-Arg-AMC for hepsin and matriptase or
a chromogenic substrate D-Phe-Homopro-Arg-pNA, Bz-lle-Glu-Gly-Arg-pNA for thrombin and
factor Xa, respectively. The preincubation time did not significantly influence activity of the
compounds (Table 3.1). However, due to consistency with published literature, the 30 minutes
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
20 pL 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), 157 uM (hepsin), 200 uM
(factor Xa) and 100 uM (thrombin). To determine the I1Cso 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 Ki was calculated from the 1Cso values using the Cheng-Prusoff

equation (Ki = ICso/[S]/Kwu) for competitive reversible inhibitors.*
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Table 3.1. Influence of preincubation on inhibitory activity of compound 3 and 4 against hepsin.
Peptidomimetic inhibitors were added to hepsin with 30 minutes preincubation time or without
preincubation prior addition of the fluorogenic reference substrate Boc-GIn-Ala-Arg-AMC. The velocity
of substrate degradation was assessed by recording the fluorescence intensity at 460 nm. Shown are

the means £ SD of triplicate measurements.

K; [nM]

Compound | w/ preincubation w/o preincubation

3 94+3.2 6,2+22

4 56+0,6 6,3+0,5

Stability of inhibitors in serum, plasma and cell culture medium. The stability of the
inhibitors was measured according to a modified procedure from Jensen et al.”*® In short,
hepsin inhibitor solutions of 1 mM were prepared by dissolving the peptide in pure dimethyl
sulfoxide. 10 L 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
indicated intervals 100 uL samples were taken and mixed with 200 uL ethanol for precipitation
of proteins. The cloudy solution was cooled at 4 °C for 15 minutes and centrifuged at 14,800
rpm for 2 minutes. The supernatant was aspirated and analyzed using analytical HPLC. The
residual inhibitory constants Ki after 1 day incubation in biological fluids was measured as

described above.
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3.4 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 former publication, 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 (Table A4.) 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-GIn-Leu-Arg) and of the previously identified
high affinity substrate (Arg-GIn-Leu-Arg) was also included.*® *” The common structure is as
follows: N-terminal acetyl cap (ace), proteinogenic amino acids at P4-P3, arginine at P1

position and a ketobenzothiazole (kbt) warhead (Table 3.2).
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Table 3.2. Assembled peptidomimetic inhibitor library for synthesis.? recognition 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 = phenylvinylsulfon.

Compound | N-cap P4 P3 P2 P1 Serinetrap
RS? ace Arg GIn Leu Arg kbt
NS? ace Lys GIn Leu Arg kbt

1 ace Arg Glu Cys Arg kbt
2 ace Ala Glu GIn Arg kbt
3 ace Gly GIn Arg Arg kbt
4 ace GIn GIn Val Arg kbt
5 ace Arg His GIn Arg kbt
6 ace Glu GIn Pro Arg kbt
7 ace Asn Glu GIn Arg kbt
3.1 ace Gly GIn Arg Arg kt
3.2 ace Gly GIn Arg Arg pvs
3.3 ace Gly GIn Arg Arg carb
3.4 ace Gly GIn Arg Arg ol
8 ace Gin Arg Arg kbt
9 ace Arg Arg kbt
10 ace Arg kbt

The designed inhibitor library was virtually prepared and docked in the active binding cleft of

hepsin. All compounds revealed plausible binding modes with likeliness for reaction and high

calculated binding affinities (Table 3.3).
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Table 3.3. Docking studies of assembled peptidomimetic inhibitor library. Shown are the determined
docking FlexX-scores for rank 1 poses with distance between electrophilic carbon of the kbt warhead
and nucleophilic Ser353 oxygen to estimate reaction likeliness.? P-site recognition sequence of a
literature known preferred substrate RQLR|VVGG.? P-site recognition sequence of the endogenous
substrate HGF.'38

Compound FlexX-score Distance elec_tr_ophilic carbon
[kJ/mol] to nucleophilic oxygen [A]
RS? -54.86 238
NS® -53.99 26
1 -59.37 25
2 -64.25 26
3 -56.37 25
4 -61.44 39
5 -56.45 3.0
6 -52.12 27
7 -62.05 2.7

In the next step, we synthesized the designed inhibitor library using a two-step approach,
previously reported in literature (Scheme 3.1). 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 (1) were synthesized. Next, the side-chain protected Arg-kbt
warhead was prepared (II) 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 A5).

0
H H H H H
AA3 0 AA N N N N s
PG PG HN"SNH g \:)LN“ \;)j\N N i i \)kN N
b 0 Aa® o aH o 0 AA? o Aa'H o
PG PG

(U] ()} )y )

Scheme 3.1. Synthesis of tripeptidic inhibitors. Reagents and conditions: (a) PyBOP/DIEA, RT, 2 h; (b)
TFA/TIPS/H20 (93/3/4), 8 h. PG = protection group; AA = amino acid.
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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 addition of a reporter substrate. Overall, multiple members of the
P-site library showed a high potency in the low nanomolar concentration range against hepsin
and the closely related protease, matriptase, in the fluorogenic inhibition assay (Table 3.4,
Figure A6). 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 Ki = 0.8 nM and
Ki = 0.5 nM, respectively. The compounds 1-5 and 7 suppressed hepsin activity in the range
of Ki= 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 the compounds 2 and 3 are more
selective for matriptase (3.5- and 5.2-fold, respectively). The compounds 5 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 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. The compounds RS, NS, 1 and 2 inhibit factor Xa in the low
nanomolar range with selectivity ratios varying between 12-73.6-fold. The highest factor Xa

selectivity reveal compound 3 with 1194-fold and compound 4 with 248.4-fold.

To gain a better understanding of the structure-activity relationships 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 an overall sequence similarity of 55%, 46% and 49% with hepsin. Within the
binding site (defined as residues within 6 A of the reference ligand ace-Lys-GIn-Leu-Arg-
chloromethylketone, PDB-ID: 1Z8G), 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 selective inhibitors.*' Based on the
molecular docking studies, the arginine in 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 the catalytic Ser353 which facilitates covalent-reversible binding
(Figure 3.2). 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 3.2). Larger, polar residues like
GIn in compound 2 or especially Arg in compound 3 might enable favorable contacts in the

remote S2-pocket with Asn254 and Ser251 in hepsin or Asp96 in matriptase.' GIn at P3
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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 contribution. Similar binding modes were reported for multi-basic high
affinity matriptase inhibitors before.#® 1%°

A B

Figure 3.2. A Predicted binding mode of compound 4 in complex with hepsin (PDB-ID: 1Z8G). B
Predicted binding mode of 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, matriptase carbon atoms and surface in yellow. Polar interactions are shown as yellow dashed
lines, the distance between electrophilic carbon of kbt and nucleophilic oxygen of Ser as red dashed

line. For clear view only residues described in the text are depicted and labeled.

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 contributing
activity against hepsin could be confirmed and removal of the S2 and S3 residues led to a
decrease in inhibitory potency (Table 3.4, Figure A7). The S4 Gly residue of compound 3 is
negligible as it does not increase inhibition compared to compound 8 (ace-GlIn-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, truncation of the ketobenzothiazole (3) moiety to a ketothiazole (3.1) led to
a ~3-fold decrease in activity against hepsin and matriptase while 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 (Table 3.4, Figure A8).
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Table 3.4. Inhibition of hepsin and off-target proteases matriptase, thrombin and factor Xa in fluorogenic

inhibition assay. Selectivity indices represent the quotient of Ki values of matriptase, thrombin, and factor

Xa by the Ki value of hepsin. n.d = not determined. Kbt = ketobenzothiazole, kt = ketothiazole, ol =

alcohol, carb = carboxyl, pvs = phenylvinylsulfon.

Ki [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 n.d 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 1,668 0.2 n.d 1,194
4 5.1 791 > 50,000 19,643 15.5 n.d 248.4
5 21.7 55.8 > 50,000 1,167 26 n.d 20.9
6 467.2 374 > 50,000 2,647 0.8 n.d 7.1
7 20.2 157.6 > 50,000 3,081 7.8 n.d 19.6
3.1 19.8 3.9 >50,000 34,529 0.2 n.d 8,847
3.2 14,364 4,971 > 50,000 >50,000 0.3 n.d n.d
3.3 >50,000 >50,000 >50,000 >50,000 n.d n.d n.d
3.4 >50,000 >50,000 >50,000 >50,000 n.d n.d n.d
8 4.3 0.4 > 50,000 442.2 0.1 n.d 1,147
9 72.4 5 > 50,000 12,626 0.1 n.d 2,544
10 4,623 144.6 > 50,000 >50,000 0.03 n.d n.d

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.'® The compounds 3 and

4 were selected due to their high activity against hepsin and good selectivity over coagulation

proteases for in vitro stability studies. Both compounds were spiked in 25% blood serum and

the inhibitory activity was tested at different time points from O min to 10 days. As shown in
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Figure 3.3, even after 1 day incubation, both compounds still have the potential to fully prevent
degradation of the fluorogenic reference substrate at a concentration of 1 yM. After 10 - 20

days, the peptidomimetic inhibitors start to lose their potency.
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Figure 3.3. Inhibition of reference substrate degradation by hepsin with A compound 3 and B compound
4 at ¢ = 1000 nM after spiking in 25% blood serum at various time points.

Analysis of the residual activity revealed only slight loss of initial potency after 1 day incubation
in body fluids (Figure 3.4). The most prominent loss can be seen for compound 3 which lost 5-

fold activity after incubation with plasma for 1 day incubation.
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Figure 3.4. Residual inhibitory activity for compound 3 and compound 4 against hepsin after 0 minutes
and 1 day incubation in 25% serum, 25% plasma and pure RPMI cell medium.
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3.5 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
tissue. 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'-site of the binding cavity of hepsin. Assembling of those "binders" led to efficient
substrates for hepsin. This study uses 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 connected with a reactive kbt warhead moiety to yield covalent, reversible
inhibitors. The inhibitory potential was tested for 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 was demonstrated for the compounds RS and NS with Ki < 1 nM,
however, the compounds 3 and 4 with Ki = 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 be upregulated in cancer and to activate the endogenous ligand
HGF. However, 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 stability tests in body fluids which showed high
remaining potency even after 1 day incubation. The kbt moiety of the serine trap proved to be
most active which is consistent with previous findings in literature.'" 2 1" Abandoning the
electrophilic serine trap by replacing with hydroxy or carboxy groups resulted in a loss of
inhibitory potency. However, substitutions on the heterocycle to additionally target the prime
site of the binding pocket could offer a strategy to further increase hepsin selectivity. Our
results might warrant deeper analysis of pharmacokinetics, broader protease selectivity or in
vivo stability studies. Of note, structural 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.
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infection

Chapter B comprises the subchapters 4-6. The fourth subchapter gives an overview over
general aspects and a theoretical background about coronaviruses, in particular SARS-CoV-
2, and the utilization of inhibitors for the host protease TMPRSS2 as potential therapeutic
strategy. This subchapter is a selected excerpt from a published review [3]. The fifth
subchapter presents the development of peptidomimetic TMPRSS2 inhibitors. It includes the
computational design, synthesis and testing of the inhibitors. The results were submitted in a
peer-reviewed journal [4]. The sixth subchapter presents a study which showed the protein
alpha-1 antitrypsin as an endogenous inhibitor of TMPRSS2 and its implication of preventing
viral infections [5]. These results were published in a peer-reviewed journal and the text below
is therefore in nearly all instances a word-by-word reproduction of the peer-reviewed and

published paper.

[3] Patrick Miiller*, Hannah Maus*, Stefan Hammerschmidt*, Philip Maximilian Knaff, Volker

Mailander, Tanja Schirmeister and Christian Kersten. Interfering with Host Proteases in
SARS-CoV-2 Entry as a Promising Therapeutic Strategy. Current Medicinal Chemistry
2021.

[4] Philip Maximilian Knaff*, Christian Kersten*, Lukas Wettstein, Patrick Muller, Tatjana Weill,

Carina Conzelmann, Janis Muller, Maximillian Briickner, Stefan Pohimann, Markus Hoffmann

Tanja Schirmeister, Jan Minch, Volker Mailander. Development of Potent Peptidomimetic
Inhibitors for the Serine Protease TMPRSS2. Nature Communications 2021 (Submitted).

[5] Lukas Wettstein*, Tatjana Weil, Carina Conzelmann, Janis A. Miuller, Rudiger Grof3,
Maximilian Hirschenberger, Alina Seidel, Susanne Klute, Fabian Zech, Caterina Prelli Bozzo,

Nico Preising, Giorgio Fois, Robin Lochbaum, Philip Maximilian Knaff, Volker Mailander,

Ludger Standker, Dietmar Rudolf Thal, Christian Schumann, Steffen Stenger, Alexander
Kleger, Gunter Lochnit, Benjamin Mayer, Yasser B. Ruiz-Blanco, Markus Hoffmann,
Konstantin M. J. Sparrer, Stefan Péhimann, Elsa Sanchez-Garcia, Frank Kirchhoff, Manfred
Frick and Jan Minch. Alpha-1 antitrypsin inhibits TMPRSS2 protease activity and SARS-

CoV-2 infection. Nature Communications 2021.
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4. Theoretical background

Copyright:

This sub-chapter 4 was published in a peer-reviewed journal [3]. Therefore, the text below is
in nearly all instances a word-by-word reproduction of the peer-reviewed and published paper.
Presented results are reprinted with permission from Bentham Science Publishers, Current

Medicinal Chemistry. Copyright © 2021 Bentham Science Publishers.

[3] Patrick Miiller*, Hannah Maus*, Stefan Hammerschmidt*, Philip Maximilian Knaff, Volker

Mailander, Tanja Schirmeister and Christian Kersten. Interfering with Host Proteases in
SARS-CoV-2 Entry as a Promising Therapeutic Strategy. Current Medicinal Chemistry
2021 (Accepted). DOI: https://doi.org/10.2174/0929867328666210526111318.

Aim:

Studies have shown that cell entry of coronaviruses, including SARS-CoV-2, takes place
through binding of a viral surface protein called spike onto host cell receptors. Subsequently,
host proteases proteolytically process the spike protein which triggers a mechanism leading to
fusion of viral with the host cell membrane. This review with the title "Interfering with Host
Proteases in SARS-CoV-2 Entry as a Promising Therapeutic Strategy" aims to discuss the
current state of protease inhibitor development which impair processing of the spike protein,

thus preventing viral infection.

Contribution:

I contributed for this collaborative review the chapter "The coronavirus spike protein". This

project was supervised by Dr. Christian Kersten and Prof. Dr. Tanja Schirmeister.
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4.1 Viral infections as potential therapeutic target

In December 2019, a new respiratory disease has been reported in Wuhan (China). Later, the
severe pneumonia with uncertain etiopathology was assigned to the family of coronaviruses.
Due to genomic sequencing that found high similarity to severe acute respiratory syndrome-
coronavirus (SARS-CoV) (79% sequence identity), the pathogen was called SARS-CoV-2."%%
'®" The infection has rapidly spread out of Wuhan and evolved from a local disease to the
pandemic CoV 2019 disease (COVID-19). Until September 27th 2020, the World Health
Organization (WHO) has confirmed over 32.7 million COVID-19 infections and 991 000 deaths
worldwide.'®? Since there are neither U.S. Food and Drug Administration (FDA) or World Health
Organization (WHO) approved vaccines nor specific therapies, social distancing still
constitutes the most effective way to control the continuous increasing numbers of
infections.'®® '®* Therefore, the worldwide scientific community strives to get further in
development of possibilities to cure the pandemic.'®® '®® Remdesivir is one of the first drugs
which is used to counter disease progression of COVID-19. It constitutes an intravenous
applicated monophosphoramidate nucleoside prodrug, which belongs to the RNA-polymerase
inhibitors and was originally developed to treat the Ebola virus."®” ' Remdesivir received
emergency use authorization from the FDA on May 1st, 2020 for the treatment of suspected
or laboratory-confirmed COVID-19 infections in adults and children which were hospitalized
with severe disease.'®® '° Despite the use of remdesivir, it appeared that the treatment with
the drug has little to no effect on hospitalized COVID-19 patients in overall mortality and
duration of hospitalization.'”" Academic institutions and science funders are trying to discover
potential treatments by drug repurposing or repositioning. This process involves massive
experimental and virtual screening of compounds, that already demonstrated their beneficial
safety profiles in humans. Thereby, medicines can readily enter clinical trials and reach
approval more cost-effectively. In the past 20 years, not a single drug was approved based on
drug repurposing approaches, for new indications. Remdesivir and other drugs like imatinib
used for gastrointestinal stromal tumors (GIST) were not discovered with the above mentioned
method, but rather from rational testing a reasonable mechanistic hypothesis.'? '™ In this
context, the research in biochemistry and structural biology is an important step for the
progression in strategies to effectively treat SARS-CoV-2 infections. The worldwide barrier free
sharing of this data, especially in correlation with the existing knowledge about the parent
SARS-CoV and middle east respiratory syndrome-coronavirus (MERS-CoV), is of significant

importance and provides the foundation of further development.

Coronaviruses belong to the family of Coronaviridae. They are classified into four genera, the
a-CoV, B-CoV, y-CoV and &-CoV."" 7 Prior to December 2019, six members of CoVs were

identified that can be transferred from animals to humans. Among them are the two a-CoVs
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(HCoV-229E and HKU-NL63) and four B-CoVs (HCoV-OC43, HCoV-HKU1, SARS-CoV and
MERS-CoV)."”® The B-CoVs (HCoV-229E, HKU-NL63) are characterized by self-limiting upper
respiratory infections. In contrast, SARS-CoV, MERS-CoV and the current SARS-CoV-2 cause
severe lower respiratory tract infections with acute respiratory distress syndrome additionally
affecting extrapulmonary regions. Severe disease cases can lead to multiorgan dysfunction
like diarrhea or renal- and liver-function impairment.'”® Despite its high similarity to SARS-CoV,
the SARS-CoV-2 nucleotide sequence shares an even higher nucleotide similarity (96%) with
the SARS-like (SL) CoV, RaTG13 (96%), discovered in a cave of Yunnan, China, in 2013."7*
176 This data suggests its origin from a bat SL-CoV rather than a mutated form of SARS-CoV.
SARS-CoV-2 consists, like the other CoVs, of a positive-sense single stranded (ss-(+))-RNA.
Coronaviruses have the largest genome of all RNA-viruses known to date, with a length of
30 kb."": 178 The (+)-RNA genome encodes at least 29 proteins. Four of them are structural
proteins: the spike (S)-, membrane (M)-, envelope (E)- and nucleocapsid (N)- protein.'’® 18
The membrane, envelope and spike proteins are located on the surface of the virus particle,
while the nucleocapsid protein binds and protects the genomic RNA inside. Coronavirus virions
are spherical particles with the prominent crown-shaped spike proteins sticking out of the
particle, as depicted with cryo-electron microscopy (structures are freely available in the
protein data bank, PDB)."% 178.181.182 Thg S_protein of SARS-CoV-2 facilitates, in an analogous
manner to SARS-CoV, virus-cell entry through the receptor binding domain (RBD) at the S1
subsite of the spike protein by interacting with the angiotensin-converting-enzyme receptor-2
(ACE2)."7"- 183185 For replication of the viral genome and the production of virus particles, the
formation of a functional replicase complex is required. Therefore, the replicase gene of the
RNA gets translated and the polyproteins pp1a and pp1ab are processed by autocleavage of
the viral main protease (MP®) and the papain-like protease (PLP™) to non-structural proteins.'®-
'8 The before mentioned structural proteins (S-, M-, E, N-proteins) are responsible for the
assembly of the new virus particles. Mature virions are transported to the cell surface and

released by exocytosis.'’
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Figure 4.1. A Schematic life cycle of coronavirus and involved host cell proteases known to
proteolytically activate coronavirus S-protein. Virus uptake to the cell can occur via endolysosomal
pathway after ACE2 binding or by fusion of the virus with the plasma membrane. B Schematic structure
of the SARS-CoV-2 virion (left) and S protein domains (right). The surface of the crystal structure
(PDB- ID: 6ZB4) of the spike protein is colored in light blue and deep blue for subunit S1 and subunit

S2, respectively.'®®
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Due to the current global situation, the scientific community strives to develop methods and
drugs to fight the disease utilizing different strategies. One of them is the inhibition of proteases
to prevent viral spread. The differing roles of these proteases in the virus’ life cycle allow to
further divide them into two classes. The first class includes the viral cysteine proteases MP™
and PLP™ which are implicated in the processing of viral proteins.'" %2 The second class of
proteases is involved in the viral cell-entry mechanism to enable the infection of host cells with
the viral RNA. This category of proteases comprises the transmembrane serine protease type-
Il (TMPRSS2), cathepsin L (CatL), furin and trypsin (Figure 4.1).2 1919 This review will present
the biochemical influence and the roles of host proteases in the viral cell entry of SARS-CoV-
2 and additionally present the current state of the development of inhibitors, addressing the

four mentioned cell-entry proteases.

4.2 The coronavirus spike protein

The 600-kDa trimeric spike (S) protein belongs to the class 1 viral fusion proteins and
represents the main mediator for viral cell entry and, besides that, is responsible for tissue
tropism. It is highly glycosylated with 66 N-linked glycans and located on the surface of the
virus.'”” 19197 The spike protein can be found among all 7 coronaviruses infecting humans
including SARS-CoV, MERS-CoV and SARS-CoV-2 and shows a high similarity to that of other
viral glycoproteins like influenza virus hemagglutinin (HA) and the envelope glycoprotein
GP120 from human immunodeficiency virus (HIV).'®® Those proteins are collectively referred
to as class | membrane fusion proteins and cover the surface of the viruses in a crown-like
shape (Figure 4.1)."*° Spike proteins exert crucial functions in receptor recognition, cell-virus
fusion and release of the viral RNA inside the cell by binding the host cell receptor ACE2.2%°
The spike protein (220 kDa, 1273 amino acids (aa) long) contains a high proportion of a-helical
coiled-coil structures and is anchored in the viral membrane through a transmembrane domain
(TD) with a short intraviral C-terminal segment and an N-terminal extracellular segment
harboring the S1 and S2 subunits."™ ' The S1 subunit (aa 14-685) is involved in binding
cellular receptors and cell-virus attachment and the S2 subunit (aa 686—1273) facilitates cell-

virus membrane fusion.

The globular S1 subunit of the spike protein mediates attachment of the virus to the ACE2
receptor via the RBD.?*' The RBD of the S1 subunit is spanned by 222 aa (residues Arg319—
Phe541) and binds SARS-CoV-2 S efficiently with an equilibrium dissociation constant (Kp) of
4.7-14.7 nM showing that RBD is a key functional component for ACE2 binding.'8* %
A previous study revealed high resolution X-ray crystal structures of the RBD bound with ACE2

(PDB-ID: 6M0J) and showed that the ACE2 binding is nearly identical to that of SARS-CoV S
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RBD.'® Further, it has been elucidated that the RBD has five-stranded antiparallel 8 sheets
(81, B2, B3, B4, B7) and between B4 and B7 is an extended insertion forming the receptor
binding motif (RBM) which harbors most of the contacting residues. The S2 subunit has several
segments which play a key role in cell-virus membrane fusion and entry of the virus into the
cell (Figure 4.1). Among them are fusion peptide (FP), heptad region 1 and 2 (HR1 and HR2)

and transmembrane domain (TD).

Hoffmann et al. showed that SARS-CoV-2 S utilizes the receptor ACE2 for internalization.?
ACE2 is abundantly detected in alveolar type Il cells in the lung and in epithelial cells in the
small intestines.?’? Other organs expressing cells for ACE2 include the heart and kidney.
Binding of SARS-CoV-2 S with ACE2 over the RBD in the S1 subunit involves a total of 17
residues of S protein in contact with 20 residues of ACE2."®* Outside of the RBD, an essential
salt bridge is formed through the amino acid lysine in position 417 (Lys417) in SARS-CoV-2 S
with Asp30 in ACE2. The RBD region of the S1 subunit is a less conserved region and
mutations might change the nature of the virus due to varying binding interactions of RBD and
ACE?2 receptor leading to higher or lesser pathogenicity and transmissibility between hosts.?%*
294 The authors reported that mutation of aspartate (Asp) at position 614 to Gly (Asp614Gly) in
the RBD gene resulted in a more pathogenic strain of SARS-CoV-2. After binding of the RBD
region to the ACE2 receptor, a two-step hydrolysis process between the S1|S2 and |S2'
cleavage sites by host proteases induces dissociation of the S1 from the S2 subunit and
activation of the spike protein.?®® Previous studies revealed involvement of the serine
proteases TMPRSS2, furin and the endosomal cysteine protease CatL. Since these proteases
are present in different sites of the cell, their localization also determines the cellular location
of viral-cell membrane fusion. After priming, viral fusion is commenced by insertion of FPs into
the target cell membrane and triggering of a-helical HR1 and HR2 to form a six-helical coiled-
coil bundle (6-HB) which brings the viral envelope and cell membrane into proximity, thereby

initializing membrane fusion and release of viral RNA inside the cell.?°% 27

4.3 TMPRSS2

Virus entry of coronaviridae is mediated by the connection of S-proteins to cell membranes via
cell receptor binding. To fuse with membranes, resulting in the release of genetic information,
fusion proteins need to gain flexibility through several regulating events such as protonation,
disulfide reduction or proteolytic cleavage events. Therefore, cell receptors as well as
extracellular proteases resemble interesting targets for potential entry inhibitors. Amongst
others, the proteolytic activity of human type Il transmembrane serine proteinase 2

(TMPRSS2) was identified to be relevant for virus entry of influenza viruses SARS-CoV as well
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as for SARS-CoV-2, prompting us to focus part of this review on structure, function and
potential inhibitors of TMPRSS2.2 208210

The gene coding for the human type Il transmembrane serine proteinase 2 (TMPRSS2), also
known as epitheliasin, was first described by Paoloni-Giacobino et al. after they identified it by
systematic exon-trapping experiments.?'" 212 |t is located at 21922.3.2'> The TMPRSS2
protease is assigned to the clan of proteases of mixed nucleophile, superfamily A (clan PA)
and the family of trypsine like proteases (family S1) (MEROPS database).*' Since it features
membrane anchoring via an N-terminal proximal transmembrane domain, it is considered as

one of the 17 known members of type |l transmembrane serine proteases (TTSPs).?"?

214,215 1t is transcribed

The 44 kb spanning TMPRSS gene comprises 14 exons and 13 introns.
into a 3.8 kb mRNA, that translates into a 492 aa protein, consisting of a cytoplasmic domain
(exons 2 and 3, aa 1-78), a transmembrane domain (exon 4, aa 84-106), a LDL receptor class
A domain (LDLRA, exon 5, aa 113-148) that binds calcium ions, a scavenger receptor cysteine-
rich domain (SRCR, exons 6-8, aa 149-242), relevant for mediating non-opsonic phagocytosis
upon ligand binding and immune response, and the serine protease (exons 9-13, aa 255-
492) 212215219 Aytoactivated proteolytic cleavage of the full-length 54 kDa zymogen (due to
glycosylation, the full-length protein migrates at 70 kDa in SDS-PAGE) between Arg255 and
lle256 leads to the 32 kDa free and catalytically active serine-protease domain.?%% 219 220
Whereas the TMPRSS2 protease domain was initially reported to be secreted into extracellular
space, other studies indicated that the protease domain mainly remains anchored to the pro-
domain via a disulfide bond.?'%??" Interestingly, TMPRSS2 was also detected in extracellular
vesicles, indicating functions beyond its expression sites.??? Six additional Cys residues are

predicted to form three intra-protease disulfide bonds.?'?

Due to a high sequence identity of type Il serine proteases, similar folding of related enzymes
can be expected.?? Crystal structures of highly related chymotrypsin-like folded proteases (S1)
e.g. enteropeptidase and matriptase/MT-SP1 revealed that these enzymes feature two six-
stranded B-barrels connected by three trans-domain segments.??> 22* The aa of the catalytic
triad His296, Asp345 and Serd441 (His57, Asp102, Ser195 in standard chymotrypsin
numbering system) are located in the aforementioned junction.?'* The active-site cleft runs

perpendicular to this junction.??

According to the nomenclature for interactions with proteases and their respective substrates
by Schechter & Berger, based on knowledge of related TTSP, the bottom of the S1 pocket of
TMPRSS2 is probably formed by Asp435, Gly462 and Gly472, determining the selectivity for
the basic residues Lys or Arg.*> 212 2% The substrates’ scissile bond is properly oriented by
interactions of Ser460, Trp461 and Gly462 with the P1 and P3 residues of the substrate.?'
Since TMPRRS2 harbors a Ser436, Arg and Lys are likely to be similarly preferred in P1
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position. Ser436 is expected to form hydrogen bonds to the side chain of Lys, but not to Arg.
Arg, however, can form a direct salt bridge with Asp435, whereas interactions of a P1-Lys
residue with Asp435 are likely to be mediated by a conserved water molecule in the S1
pocket.?'* 2% Altogether, there is yet little known about the substrate specificity of TMPRSS2.
For the P2 position, the small aa glycine and proline are well tolerated.?”® The P3 position
seems to be less specific. Basic residues are favored, hydrophobic aa, however, are also

tolerated, even in D-configuration.??

The TMPRSS2 protein is located in plasma membranes of epithelial cells and expressed in
several human tissues that comprise large populations of epithelial cells, predominantly in
prostate, colon and pancreas, but also on kidney and lung, with increased transcription levels
in prostate gland.?%® 24 219 227. 228 Thg C-terminal TMPRSS2 protease domain faces

extracellular or luminal spaces.?™

Although located at the small human chromosome 21, there seems to be no evidence, that
TMPRSS2 plays a role in development of the Down syndrome. Indeed, the biological functions
of mammalian TMPRSS2 still remain unknown.??”® In this context, monitored TMPRSS2
knockout mice developed normally and survived to adulthood with no obvious phenotype in
terms of organ histology, behavior or reproducibility.?®® Based on these findings, it was
concluded that there is a functional redundancy involving one or more of the TTSPs family
members or other serine proteases, which suggests, that targeting TRMPSS2 selectively with
inhibitors could be well tolerated. It was proposed that TMPRSS2 is possibly involved in other
specialized, but non-vital functions, such as stress coping or disease response.??® The
TMPRSS2 protease is expressed in human airways and modulates the amiloride-sensitive
epithelial sodium channel (ENaC).?® In contrast to prostasin, TMPRSS3, TMPRSS4 and
PRSS14, the presence of TMPRSS2 decreases sodium channel activity and protein levels
probably due to degradation.??® Therefore, TMPRRS2 may influence airway surface liquid
volume and mucociliary clearance, although the physiological relevance of these findings is

strongly questioned.??3 2%

However, the extracellular domains, expressed in the TMPRSS2 gene, namely the LDLRA and
the SRCR domains together with an intracellular N-terminus suggest a role in intracellular
signal transduction or a receptor function, binding low-density lipoproteins as well as calcium
ions followed by non-opsonic internalization.'® %' Additionally, in other proteins, these
calcium-binding domains can bind macromolecules (poly-anionic molecules such as modified
lipoproteins, bacterial cell surface lipids and sulfated polysaccharides) and therefore be
involved in immune response.?'8218 231234 A mgre recent study connected TMPRSS?2 to the

development of cancer pain.?*
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Since TMPRSS2 has a high expression in prostate and is found to be inducible by androgenic
growth hormones, it probably is involved in gland development and tissue-specific functions.?'*
229 pathophysiologically, there are increased TMPRSS2 levels in prostate and colon cancer.'®
227.2% |n a patient with an aggressive form of prostate cancer, a mutated form of TMPRSS2
was found, leading to a nonsense and probably inactive protein.?*® However, studies designed
to determine a correlation between TMPRSS2 germ line polymorphisms and the development
of prostate cancer could not identify any associations.?®” Furthermore, TMPRSS2 regulates
signaling through protease-activated receptor 2 (PAR2) and therefore is connected to tumor-
cell migration and metastasis via increased production of the matrix metalloproteases (MMP)
MMP-2 and MMP-9.2%

Given its expression in airway epithelia cells in nose, trachea, and alveoli, TMPRSS2 has the
potential to be involved in viral infections of respiratory organs.?'* 2% For long, trypsin has been
commonly utilized in in vitro studies to proteolytically activate influenza A virus, thus enabling
infection of cell cultures.?® 240 Later on, in vitro assays exposed TMPRSS2 as well as human
airway trypsin-like protease (HAT) to mediate influenza A virus entry by the essential step of
cleavage of the precursor hemagglutinin protein (HAO) at a monobasic site into the two
subunits HA1 and HA2, linked only via disulfide bonds. This was shown for the three human
pathogenic HA subtypes H1, H2 and H3, all of them featuring a monobasic (Arg) cleavage site,
suitable as a TMPRSS2 substrate.?’® This cleavage was found to be host-cell associated and
protease inhibitor-sensitive, thus further supporting the role of membrane-anchored proteases
in virus entry steps.??' Another human pathogenic virus, whose propagation is mediated by
TMPRSS2, is the human metapneumovirus, where the fusion protein (F) is processed at a site
containing two Arg residues, separated by two uncharged aa.?*' 2*? Other studies found
TMPRSS2 to also mediate virus entry of MERS-CoV and porcine epidemic diarrhea virus
(PEDV)243' 244

In the case of coronaviruses (CoVs), including severe acute respiratory syndrome (SARS),
S-proteins, localized in the corona, mediate the essential step of cell entry by connecting
viruses to host-cell plasma membrane receptors and catalyze subsequent membrane
fusions.?®® For that, conformational flexibility of SARS-CoV S, provided by proteolytic cleavage
at an individual cleavage site after Arg667'%*®! (S1|S2 cleavage site) and Arg707[?*"! (|S2’
cleavage site) is necessary.?? 241245247 The highly conserved character of these Arg residues
in all coronaviridae indicated a similar mechanism of activation.?*® These Arg residues
resemble suitable cleavage sites for TMPRSS2.2*® The findings that cis-cleavage occurred
between TMPRSS2 positive and S-protein positive cells provided the first evidence that
TMPRSS2 cleaves and activates SARS-CoV S-protein. The shed cleavage fragments of S
functioned as decoys for anti-S antibodies, thus probably affecting humoral immune
response.?*® After the COVID-19 outbreak, TMPRSS2 was found to prime S-proteins of SARS-
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CoV-2 as well.% 2% |nvestigations of the sequential and conformational differences in S1|S2
cleavage sites of SARS-CoV and SARS-CoV-2 revealed that the site of SARS-CoV-2 consists
of two additional Arg residues, preceding the former cleavage site. Based on findings, that the
avian influenza became more virulent upon duplication of the cleavage site of HA, they
suggested the multiple basic aa in S1|S2 to account for the increased virulence of SARS-CoV-
2.20 The |S2’ cleavage site of SARS-CoV-2 is similar to that of SARS-CoV, in respect of basic

33.210

The carboxypeptidase ACE2, also expressed in alveolar cells, constitutes the primary receptor
for SARS-CoV as well as SARS-CoV-2 and binds trimeric S-protein at an area distinct from its
catalytic site with high affinity (SARS-CoV Kp=1.7 nM; SARS-CoV-2 Kp = 15.2 nM),
underlining, that other proteases are likely to facilitate S-protein priming.? 4% 25253 | an
immunoprecipitation assay, TMPRSS2 was captured by ACE2, thus suggesting
heterodimerization in alveolar epithelia cell surfaces.?®® Coexpressed by type Il pneumocytes,
both proteins enhance cell entry of SARS-CoV.?%® 2*° For influenza virus, however, besides
ACEZ2, 2,6-linked sialic acids represent the main receptor determinants in the respiratory tract
for triggering endosomal internalization and were found to be co-expressed with TMPRSS2

and HAT. 25425

A recent study highlighted the relevance of TMPRSS2 in virus spread and infection’s severity.
T helper 1 cell (Th1)-prone C57BL/6 TMPRSS2 knockout mice showed significantly reduced
body-weight loss, less virus spread, and less severe immunopathology compared to their
SARS-CoV or MERS-CoV receptor expressing counterparts. Interestingly, inflammatory
chemokine and/or cytokine responses upon nasal application of polyinosinic:polycytidylic acid
(poly I:C — a toll-like receptor-3 agonist) were weakened in the knockout mice, further
supporting the immunorelevance of TMPRSS2.%?° 2% Keeping the androgen inducible
TMPRSS2 expression in mind, it seems plausible that patients receiving androgen depletion
therapy as prostate cancer treatment, exhibited a 4-fold lower risk of SARS-CoV-2 infection

compared with patients who did not undergo this treatment.?®’

For research purposes, the promiscuous irreversible serine protease inhibitor 13 (Figure 4.2),
previously shown to inhibit trypsin-like serine proteases,?®? can be utilized to inhibit TMPRSS2
effectively at 10 uM.%*® 28 Another promiscuous serine protease inhibitor widely used for
research purposes is aprotinin, that was shown to inhibit TMPRSS2-mediated virus replication
in a multicycle replication assay of influenza virus moderately at 50 uM, whereas there was
strong inhibition in presence of the commercial irreversible trypsin inhibitor pefabloc® SC

(4-(2-aminoethyl)benzolsulfonylfluoride hydro-chloride, 14) and ovomucoid.?*

Although these inhibitors possess only limited potential for drug development due to low

specificity and hence, pronounced toxicities or low bioavailability of the poly- or oligopeptides
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aprotinin, leupeptin (15) and ovomucoid, an aprotinin containing aerosol formulation has been
approved in Russia for local respiratory application in mild to moderate influenza infections.?®®
Other polypeptidic agents with TMPRSS2 inhibitory activity that could be administered by
aerosols, are plasminogen activator inhibitor 1 (PAI-1), and hepatocyte growth factor activator
inhibitor 2 (HAI-2), according to previous reports of inhibitory activity against several related

serine proteases.?1-%63

Meyer et al. identified the first synthetic inhibitors for TMPRSS2 by screening substrate
analogues, previously reported as inhibitors for TTSP (HAT, matriptase and thrombin), all
harboring a 4-amidinobenzylamide in the P1 pocket, featuring a competitive reversible binding
mode.?5*%%® Besides some structure-activity relationships, they identified 17 and some of its
close analogues to inhibit TMPRSS2 with a K; of 18-20 nM.

In a second approach, synthetic inhibitors for matriptase and thrombin were screened and
revealed. the matriptase inhibitor 18, previously published by Steinmetzer et al. to inhibit
TMPRSS2 with an Ki of 8 nM.?%*> 267 A major drawback of this highly potent compound is its
tribasic character, diminishing its membrane permeability. To overcome this issue, they
assayed another set of published matriptase inhibitors, harboring only one or two basic
residues.?®® 2% |n this set, the dibasic compound 19 was most potent (Ki= 0.9 nM). In line with
matriptase, monobasic inhibitors possess only reduced potency. In a recent study, the antiviral
activity of 18 and a related monobasic inhibitor against SARS-CoV-2 in Calu-3 cells was

demonstrated.?'®

Bromhexine hydrochloride (16) is an approved drug without significant side effects and used
in expectorant cough syrups. 16 prevented pancreas cancer metastasis in mice by inhibiting
TMPRSS2 with an ICso of 0.75 uM.?”® Conversely, an in-vitro assay with isolated TMPRSS2
could not observe inhibition of TMPRSS2, leaving its mechanism of action unclear.?”’
Nevertheless, bromhexine hydrochloride, has already entered clinical trials for the treatment
of COVID-19.

In an approach to identify a selective TMPRSS2 inhibitor, a single-stranded DNA-like antisense
fragment called peptide-conjugated phosphorodiamidate morpholino oligomer (PPMO) was
designed. This fragment can readily enter cells and alter splicing patterns of mMRNA, leading to
incomplete and, hence, inactive forms of TMPRSS2. Consequently, HA cleavage could be
reduced 100-1000-fold in Calu-3 lung cells.

The probably best characterized TMPRSS2 inhibitor was identified in an attempt to overcome
the issue, that SARS-CoV exploits at least two distinct pathways to enter host cells.
A TMPRSS2-dependent entry, directly through the plasma membrane and an endosomal
pathway, mediated by CatlL.?%% 24" 272 273 |n this respect, the combined administration of

inhibitors of TMPRSS2 (17) and CatL were able to effectively suppress pseudotyped viruses,
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bearing either SARS-CoV or SARS-CoV-2 S-protein, entry in several cells (HeLa, BHK-21 and
resected cells from human airway epithelia).? * Of all tested serine protease inhibitors, only the
approved drug camostat (20) mesilate, showed inhibition of TMPRSS2 mediated entry. 20 is
successfully used for the treatment of chronic forms of pancreatitis, cancer and liver fibrosis
with only minimal side effects.?’*?® In TMPRSS2 and CatL expressing cells up to 80%
inhibition of virus entry could be achieved by treatment with 20, indicating 20-30% endosomal
entry. In combination with a cathepsin inhibitor, up to 95% of virus entry could be avoided.?
These inhibition values are in line with more recent findings that human coronaviruses prefer
TMPRSS2-mediated cell entry over endosomal uptake.?”” In various other studies, 20 was
found to reduce influenza virus titers in infected mice and influenza virus replication and HA1
titers in the supernatant of human tracheal surface epithelial (HTE) cells without affecting RNA

titers 260, 278-280

It also protected Calu-3 lung cells from SARS-CoV-2 infections and even
improved survival rates of SARS-CoV-infected mice.?”® Compound 20 is currently undergoing
phase Il clinical trials.?®' Additionally, in Vero-TMPRSS2 cells, 10 uM of 20 reduced MERS-
CoV entry and viral RNA titers in cells 15-fold. In Calu-3 cells, 100 uM of 20 reduced viral RNA
titers 270-fold.?** Shrimp et al. employed an assay on isolated TMPRSS2 and found 20 to
inhibit TMPRSS2 activity with an I1Cso of 6.2 nM.?"" After administration, 20 undergoes rapid
biotransformation (ti2 <1 min). Carboxyesterase hydrolyses the side-chain ester to yield its

active metabolite 4-(4-guanidinobenzoyloxy)phenylacetic acid.?®?

The related drug nafamostat (21) was found to be even more effective in preventing
MERS-CoV entry, as it reduced viral entry 100-fold at 1 nM.?®® Besides the same application
as 20 in cancer and pancreatitis treatment,?®”! 21 mesilate is used to prevent blood coagulation
during hemodialysis by inhibiting the serine protease thrombin, and thus proteolysis of
fibrinogen to fibrin.?** 2° |ater studies provided the 1Cso of 21 to be 0.27 nM and assessed its
antiviral effects against SARS-CoV-2 infections of Vero E6 cells.?”! The ECs was found to be
22.50 uM with a relatively low Sl of 4.44, narrowing the therapeutic window of 21.2%
Nafamostat is currently in clinical trials for SARS-CoV-2 treatment as well. Another analogue

of 20, gebexate (22), was found to be a less potent inhibitor of TMPRSS2 (ICso = 130 nM).**
271

Whereas currently, no crystal structures of TMPRSS2 are available in the PDB, a complex of
20 with prostasin is reported (PDB-ID: 3FVF).[*® Prostasin and TMPRSS2 share 67%
sequence identity within the active site (defined as residues 6 A around 20, sequences aligned
with MOE2018). In the reported prostatin-20 complex, 20 is covalently bound to the catalytical
Ser195 (corresponding to Ser441 in TMPRSS2). The oxoanion hole is formed by the backbone
N-H donor functionalities of Gly193, Asp194 and the active-site Ser195 residue (in TMPRSS2
Gly439, Asp440 and Ser441, respectively). The phenylguanidine moiety of 20 is deeply buried
in the S1 pocket, forming ionic interactions with Asp189 (Asp435 in TMPRSS2) and multiple
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H-bonds with the acceptors in the backbone of Asp217, Arg224, Ala-90 (corresponding to

Serd63, Arg470 and Ser436) and a water molecule (Figure 4.3).
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Figure 4.3. Camostat (20, green carbon atoms) —prostasin (grey carbon atoms and surface) complex
(PDB-ID: 3FVF). For a clear view, only residues forming polar interactions with the ligand or being part
of the catalytic triad Ser195-His57-Asp102 are labelled.
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5. Peptidomimetic inhibitors of TMPRSS2 to block SARS-

CoV-2 infection

Aim:

Chapter A showed the involvement of the transmembrane serine protease hepsin in prostate
cancer and presented strategies to control this disease. The closely related transmembrane
serine protease TMPRSS2 shares a high similarity with hepsin and was recently shown to
proteolytically activates multiple viruses, including SARS-CoV-2, which initiates viral uptake
and infection of host cells. In analogy to study [2], the aim of this study [4] intends to develop
potent peptidomimetic inhibitors for the host protease TMPRSS2 to suppress SARS-CoV-2

infection and spreading.

[4] Philip Maximilian Knaff*, Christian Kersten*, Lukas Wettstein*, Patrick Muiller, Tatjana

Weil, Carina Conzelmann, Janis Miuller, Maximillian Briickner, Stefan Péhimann, Markus

Hoffmann Tanja Schirmeister, Katharina Landfester, Jan Minch, Volker Mailander.
Development of Potent Peptidomimetic Inhibitors for the Serine Protease TMPRSS2.

Nature Communications. 2021 (Submitted).

Contribution:

| carried out the synthesis and characterization of the peptidomimetic inhibitors and performed
the enzymatic activity measurements and stability studies. | further supported the molecular
docking studies which were mainly performed by Dr. Christian Kersten. Patrick Muller
supported with synthesis of multiple precursor compounds. Lukas Wettstein, Carina
Conzelmann, Tatjana Weil and Janis Miller tested the inhibitors against viruses. The project
was supervised by Prof. Dr. Volker Mailander, Prof. Dr. Katharina Landfester and Prof. Dr. Jan
Minch.
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5.1 Abstract

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 inhibited
TMPRSS2 with good off-target selectivity on selected coagulation proteases, and lead
candidates were shown to be stable in blood serum and plasma for at least 10 days. Finally,
we show that selected peptidomimetics inhibit SARS-CoV-2 S-driven pseudovirus entry and
authentic SARS-CoV-2 infection with comparable efficacy as camostat mesylate. Notably, the
peptidomimetic TMPRSS2 inhibitors also prevented infection of SARS-CoV-2 variants of
concern with spike mutations D614G, B.1.1.7 and B.1.153. 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.
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5.2 Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is the causative agent of
coronavirus disease 2019 (COVID-19). By the end of April 2021, the WHO reported more than
147 million confirmed SARS-CoV-2 infections worldwide, resulting in more than 3.1 million
deaths since its first occurrence in late 2019.2” 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 like 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. 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 lock-down strategies, social distancing, quarantining, use of face masks and hygiene
concepts. The recent implementation of effective SARS-CoV-2 vaccination programs are the
best defense against COVID-19 and have raised hopes that the pandemic is nearing an end.
However, the emergence 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.296-3%°
Currently, no specific drug or therapeutic vaccine are available and approved for the treatment
of SARS-CoV-2 infected patients. Thus, it remains imperative to develop potent therapeutic
interventions for COVID-19 therapy and numerous compounds, mostly repurposed drugs are

currently evaluated in clinical trials worldwide.

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
glycoprotein 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-2.2 '™ 3% 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
coronavirus (MERS-CoV), and SARS-CoV .2 241:243.272,302.303 TMPRSS2 priming is essential for

triggering fusion of these virions with target cell membranes and disruption of TMPRSS2
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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 promising target for broad-spectrum antiviral agents with presumably low side effects.
304, 256, 229

TMPRSS2 belongs to the family of type Il 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/DSC
subfamily) with a similar 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 domain.*® TMPRSS2 belongs to the hepsin/TMPRSS
subfamily with a total of seven serine proteases including TMPRSS2 - 5, MSPL, hepsin and
enteropeptidase. Development of TMPRSS2 inhibitors is hampered by the fact that no crystal
structure is available. Until now, only few substrate analogue inhibitors of TMPRSS2 have
been described.??® 24 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 treatment of chronic pancreatitis in Japan,
as well as the endogenous protease inhibitor alpha-1 antitrypsin (a+1AT), and the mucolytic
cough suppressant bromhexine.? 37-%° 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 efforts to develop novel peptidomimetic inhibitors for TMPRSS2 and
SARS-CoV-2 infection. Using computational modeling and docking of combinatorial peptide
libraries we identified high scoring binders which were synthesized and characterized with
respect to protease 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
TMPRSS?2 inhibitors prevent authentic SARS-CoV-2 infection, including the variants of
concern B.1.1.7 and B.1.351. The tested peptidomimetics are stable in human plasma and
serum for at least 10 days, suggesting that these novel TMPRSS2 inhibitors are promising

leads for further development as antiviral drugs in COVID-19 therapy.
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5.3 Material and methods

Molecular modelling. For TMPRSS2, a 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-[(1S)-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-[(1S,2S)-
1-(1,3-benzothiazol-2-yl)-5-carbamimidamido-1-hydroxypentan-2-yl]-L-valinamide ~ (PDB-ID:
6N4T)*"" as a surrogate model were used. The focused serine-protease inhibitor library was
derived from the ZINC15 database.®'? Commercially available compounds with reported affinity
for factor Xa, hepsin, kalikrenin, plasminogen, thrombin, matriptase-1, matriptase-2, trypsin
and urokinase were pooled and after duplicate removal a total of 315 trypsin-like serine
protease inhibitors were obtained. Sequences of tripeptides for docking studies on TMPRSS2
homology/surrogate were generated using CycloPs 8.5.9 and included proteinogenic and non-
proteinogenic amino acids (aa).'?' The generated SMILES were modified to carry a N-terminal
acetyl cap (ace) and a C-terminal aldehyde warhead. Prior to docking, all molecules were
protonated and energetically minimized using MOE2019."8 Hereby, the MMFF94x3'? 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 the TMPRSS2 homology model and matriptase surrogate model by docking of
the substrate ace-D-Arg-Pro/Gly-Arg-nme and by a binder vs non-binder discrimination using
56 published TMPRSS2 inhibitors and 314 decoys generated for four inhibitors present at ZINC
using the database of useful decoys enhanced (DUD-E; Figure 5.1).22% 24314 Results were
analyzed by FlexX score and visual pose inspection to select molecules for purchase and

synthesis. Figures were made with PyMOL.">°
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Figure 5.1. A Re-docking result for reference ligand-matriptase complex (PDB-ID: 6N4T). Docking pose
with light green carbon atoms, crystallographic binding mode with light blue carbon atoms, FlexX-score
=67.2 kJ/mol, RMSD = 1.8 A. B ROC curve for binder vs non-binder discrimination of molecular docking
using a TMPRSS2 homology model (56 binder and 314 non-binder successfully docked,
ROC AUC = 0.98). C ROC curve for binder vs non-binder discrimination of molecular docking using
matriptase-1 surrogate model (PDB-ID: 6N4T, 56 binder and 314 non-binder successfully docked, ROC
AUC = 0.96). FPR: false positive rate, TPR: true positive rate.

Chlorination of tritylhydroxide resin (Trt-OH)."*' The chlorination of trtiylnydroxide 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 and 10 mL acetyl chloride
was added. 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
at -20 °C.

Addition of first amino acid to Trt-Cl.">" 15 mL of dry DCM was added to 0.8 g of Trt-Cl resin
(0.8 mmol/g) and shaken for 10 minutes. Next, 2.5 equiv. (2.5 mmol) of amino acid and 5 equiv.
(5 mmol) of activator base was 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
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(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.'*? 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 Fmoc-protected amino acid (3 equiv.), 3 mL of 1 M PyBOP (3
equiv.) and 1.5 mL of 0.5 M DIEA (3 equiv.). The reaction mixture was shaken at 75 °C for 30

minutes. Afterwards, 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 peptides with
protected side chains were acetyl capped using 20 mL of 0.5 M Ac,O/DMF and 1 M DIEA/DMF.
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 diethylether.

Synthesis of Boc-Arg(Mtr) weinreb amide (S1) ((S)-tert-Butyl-(1-(methoxy(methyl)amino)-
5-(3-((4-methoxy-2,3,6-trimethylphenyl)sulfonyl)guanidino)-1-oxopentan-2-yl)carbamate).'>
To a solution of N-(tert-butoxycarbonyl)-N-((4-methoxy-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 dissolved 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 was concentrated in vacuo and the reaction mixture extracted with ethyl acetate
(150 mL), washed with 5% aqueous acetic acid (75 mL), sat. aqueous NaHCO3 (75 mL), water
(75 mL), and brine (75 mL). The organic layer was dried over MgSQy, filtered and concentrated
in vacuo to yield the Weinreb amide S1 (0.86 g, 1.6 mmol, yield: 69%) as a white powder
(Figure A4). Purity (HPLC, 220 nm) > 80%. 'H NMR (300 MHz, CD30D): =1.43 (s, 9 H) 1.49—
1.60 (m, 4 H) 1.87 (s, 1 H) 2.13 (s, 3 H) 2.61 (s, 3 H) 2.67 (s, 3 H) 3.17 (m, 3 H) 3.74 (s, 3 H)
3.90 (s, 3H) 6.67 ppm (s, 1 H). MS (ESI): m/z: calcd for C23H3sNsO7S, [M+H]" 530.3, [2M+H]*
1059.6, found [M+H]" 530.2, [2M+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-oxopentan-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
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30 minutes, Boc-Arg(Mtr) Weinreb amide (1.94 g, 3.21 mmol, 1 equiv.) was dissolved in THF
(15 mL) and added slowly over 50 minutes. The mixture was stirred at -78.8 °C for 3h. The
reaction was quenched with sat. aqueous NH.CI (30 mL) and the aqueous layer was extracted
with EtOAc (40 mL). The organic phase was collected, dried with Na;SO4, and then
concentrated. The resulting residue was purified by semi-preparative RP-HPLC to yield the
compound S2 (0.32 g, 0.5 mmol, yield: 35%) as a yellow powder (Figure A4). Purity (HPLC,
220 nm) > 95%. '"H NMR (300 MHz, CD30D): 5=1.43 (s, 9 H) 1.66 (m, 4 H) 2.05 (s, 3 H) 2.55
(s,3H)2.70 (s, 3H) 3.23 (m, 2 H) 3.81 (s, 3H) 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: calcd for C2sH37Ns06S2 [M+H]" 604.2, [2M+H]" 1207 .4, found
[M+H]* 603.9, [2M+H]" 1206.6.

Synthesis of HCI*H-Arg(Mtr) ketobenzothiazole (S3) (N-(N-(4-Amino-5-(benzo[d]thiazol-2-
yl)-5-oxopentyl)carbamimidoyl)-4-methoxy-2,3,6-trimethylbenzenesulfonamide).™"

Compound S2 (0.200 g, 0.40 mmol) was stirred in 1.5 M 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 (Figure A4). 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 (2.5 M,
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 $1
(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 NH4Cl (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>SOy, filtered and concentrated
in vacuo. The residue was purified on a silica column eluting with EtOAC/cyclohexane (4:1
v/v), to afford the compound S4 (0.12 g, 0.22 mmol, yield: 56%) as a white foam (Figure A4).
Purity (LC, 254 nm) > 95%. '"H NMR (300 MHz, CDCl3): 8 = 8.04 (d, 1 H), 7.72 (d, 1 H), 6.53
(s, 1 H), 5.64 (d, 1 H), 5.41 (s, 1 H), 3.83 (s, 3 H), 3.26 (m, 2 H), 2.67 (s, 3 H), 2.59 (s, 3 H),
212 (s, 3H), 1.76 — 1.57 (m, 4 H), 1.41 (s, 9 H). ppm. MS (ESI): m/z: calcd for C24H35N506S>
[M+H]* 554.2, found [M+H]" 554.2.

Synthesis of TFA*H-Arg(Mtr) ketothiazole (S5) ((S)-N-(N-(4-Amino-5-ox0-5-(thiazol-2-
yl)pentyl)carbamimidoyl)-4-methoxy-2,3,6-trimethylbenzenesulfonamide). Compound S4
(0.256 g, 0.46 mmol) was stirred in DCM (3 mL) at 0°C and TFA (1 mL) was added. The
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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 (Figure A4). 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 NaBH4
(0.047 g, 1.24 mmol, 2 equiv.) in water (15 mL). The resulting solution was stirred 5 minutes
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,SO4 and concentrated in
vacuo to obtain the compound S$6 (0.24 g, 0.5 mmol, yield: 81%) as a colourless oil (Figure
A4). Purity (LC, 254 nm) 98%. "H NMR (300 MHz, CDCl3) 8 = 6.52 (s, 1 H), 6.33 (s, 2 H) 5.15
(d, 1 H), 3.82 (s, 3 H), 3.55 (s, 2 H), 3.21 (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: calcd for C21H36N4OsS [M+H]* 473.2, found
[M+H]" 473.2.

Synthesis of TFA<H-Arg(Mtr) alcohol (S7) ((S)-N-(N-(4-Amino-5-
hydroxypentyl)carbamimidoyl)-4-methoxy-2,3,6-trimethylbenzenesulfonamide). ©~ Compound
S6 (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 (Figure A4).

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% H20) and further agitated for 8 h at room
temperature. After concentrating, the crude inhibitor was precipitated in 50 mL cold diethylether
and afterwards purified using RP-HPLC (Figure A9).

Purification, lyophilization and analysis of peptide- and warhead precursors and
inhibitors. All precursor compounds were purified with a semi-preparative RP-HPLC. The
following gradient was applied: 95% H>O / 5% ACN to 5% H>O / 95% ACN in 30 minutes.
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Trifluoracetic acid was dissolved in the water to a concentration of 0.1%. Zorbax Eclipse XDB
column C-18 9.4x250 mm 5 um, Agilent Technologies, California, USA. UV Vis detector model
S-3702, Ever Seiko Corporation, Tokyo, Japan. 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. Expression-L
compact mass spectrometer, Advion, New York, USA. 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 yL/min.

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

matriptase 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 minutes with the enzyme in
TNC buffer (25 mM Tris, 150 mM NaCl, 5 mM 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 D-Phe-Homopro-Arg-pNA, Bz-lle-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 minutes
for 2h. The end concentrations of the enzymes were 0.2 nM (matriptase) and 0.2 nM
(TMPRSS2) in 20 pL 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 pM (factor Xa) and 100 uM (thrombin). To determine the ICso 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 Ki was calculated from the ICso
values using the Cheng-Prusoff equation (Ki = ICso/[S]/Km) for competitive reversible
inhibitors.'® The Kw value was determined to be 77 uM for TMPRSS2 (Figure 5.2).

Fluorescence intensities of the lowest inhibitor concentration were set to 100%.
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Figure 5.2. Michaelis-Menten constant (Ku) of the fluorogenic reference substrate Boc-GIn-Ala-Arg-
AMC for TMPRSS2. The data points were plotted using the Michaelis-Menten equation in GraphPad
Prism prism version 8.4.2 (San Diego, California). Shown are the means * SD of friplicate

measurements.

Analysis of cellular TMPRSS2 expression. The human colon adenocarcinoma cell line
Caco-2 was purchased from the German 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 streptomycin, 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 yL of Dulbecco's
phosphate buffered saline (DPBS, Sigma-Aldrich) and incubated with TMPRSS2 antibody
(rabbit anti-human 1gG from ThermoFisher Scientific, PA5-14264) at final concentrations of
100 pg/mL, 40 pg/mL 20 pg/mL, and 10 pug/mL)] for 30 minutes 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 yL DPBS, 1 pL of a FITC-labeled secondary donkey anti-rabbit IgG
(ThermoFisher, A16024) was added and incubated for 30 minutes at 4 °C. Following a final
centrifugation (200 x g for 3 minutes), the cells were resuspended in 1 mL DPBS and analyzed
by flow cytometry. The measurements were perfomed on an Attune™ NxT cytometer
(ThermoFisher, Waltham, USA) 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 version 8.4.2 was applied.
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Analysis of inhibition of cellular TMPRSS2 activity. 10,000 Caco-2 cells in 100 yL RPMI
medium supplemented with 10% FBS, 100 U/mL penicillin, 100 mg/mL streptomycin, and 2
mM glutamine (all Invitrogen, Germany) were seeded per well in a 96-well plate and incubated
at 37 °C for four days until full confluency of the cells. The cells were washed two times with
PBS and RPMI medium without FBS was added. For the determination of ICso values, 1 uL of
inhibitor was incubated for 30 minutes at room temperature prior to adding 2 yL of 10 mM
reference substrate (Boc-GIn-Ala-Arg-AMC). The fluorescence intensity was measured as
described above. Fluorescence intensities of the lowest inhibitor concentration were set to
100%.

SARS-CoV-2 pseudoparticles. To generate replication deficient lentiviral pseudoparticles
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 polyethyleneimine (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 B.1.1.7 or B.1.351) were mixed
with pCMVdR8_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 ug PEI per 1 ug DNA), incubated
for 20 minutes at room temperature and added to cells dropwise. At 8 h post transfection,
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, pseudoparticles containing supernatants

were harvested and clarified by centrifugation for 5 minutes at 1500 rpm.

SARS-CoV-2 strains and propagation. Viral isolates BetaCoV/Netherlands/01/NL/2020 of
the pandemic D614G variant (#010V-03903), BetaCoV/France/IDF0372/2020 (#014V-03890)
and virus lineage B.1.1.7 hCoV-19/Netherlands/NH-RIVM-20432/2020 (#014V-04031) were
obtained from the European Virus Archive global. The virus lineage B.1.351 2102-cov-IM-r1-
164 was isolated, sequenced and kindly provided by Michael Schindler. 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. Supernatants were centrifuged for 5 minutes

at 1,000 x g to remove cellular debris, and then aliquoted and stored at -80 °C as virus stocks.
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Infectious virus titer was determined as plaque forming units (PFU) on Vero E6 cells, which

was used to calculate MOI.

Pseudovirus inhibition assay. 10,000 Caco-2 cells were seeded in 100 uyL DMEM
supplemented with 10% FBS, 100 U/mL penicillin, 100 mg/mL streptomycin, 2 mM glutamine,
1% non-essential amino acids and 1mM sodium pyruvate. The next day, medium was replaced
by 60 uL of fresh medium and cells were treated with 20 uL of serial dilutions of TMPRSS2
inhibitors or small molecule protease inhibitors for 2 h at 37 °C, followed by transduction with
20 pL of infectivity normalized LV(Luc)-CoV-2 pseudoparticles. Transduction rates were
assessed 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 minutes at room temperature. 30 pL of lysates were transferred to
opaque 96-well plates and mixed with 50 pL of Luciferase assay substrate. Luminescence was
recorded immediately for 0.1 s/well in an Orion Il Microplate luminometer (Berthold) with
simplicity 4.2 software. Luciferase activities in absence of inhibitors were set to 100% and 1Cso

were determined by linear regression using GraphPad Prism version 8.4.2.

SARS-CoV-2 inhibition assay. 25,000 Caco-2 cells were seeded in 100 uL respective
medium. The next day 40 uL 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 yL SARS-CoV-2 of the respective virus strain or at a multiplicity
of infection (MOI) of 5 x 10™. 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%
paraformaldehyde (PFA) for 30 minutes at room temperature and permeabilized by incubation
with 100 pL 0.1% Triton-X for 5 minutes. After washing once with PBS, cells were stained with
1:5,000 diluted anti-spike protein antibody 1A9 (Biozol GTX-GTX632604) or anti-nucleocapsid
antibody (Sinobiological 40143-MMO05) in antibody buffer (10% FCS and 0.3% Tween 20 in
PBS) for 1h at 37 °C. After 2 washes with 0.3% Tween 20 in PBS, the secondary HRP-
conjugated antibody (Thermo Fisher #A16066) (1:15,000) was incubated for 1 h at 37 °C. Cells
were washed 3 times with 0.3% Tween 20 in PBS, TMB peroxidase substrate (Medac #52-00-
04) was added for 5 minutes and the reaction stopped using 0.5 M H2SO4. The optical density
(OD) was recorded at 450 nm - 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 10,000 Caco-2 cells were seeded in 100 uL respective medium. The next

day, medium was replaced by 80 uL of fresh medium and cells were treated with 20 L of
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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 minutes
at room temperature. 50 pL of lysates were transferred to opaque 96-well plates and
luminescence was recorded immediately for 0.1 s/well in an Orion |l 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 Jensen et al..”*® In short,
TMPRSS2 inhibitor solutions of 1 mM were prepared by dissolving the peptide in pure dimethyl
sulfoxide. 10 L 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
indicated intervals, 100 yL samples were taken and mixed with 200 uL ethanol for precipitation
of proteins. The cloudy solution was cooled at 4 °C for 15 minutes and centrifuged at 14,800
rpm for 2 minutes. The supernatant was aspirated and analyzed using analytical HPLC. The
residual inhibitory constants K; after 10 days incubation in biological fluids was measured as

described above. For the data analysis, GraphPad prism version 7.0a was applied.

90



Chapter B - Inhibitors for TMPRSS2 to block SARS-CoV-2 infection

5.4 Results

Structure-based design of TMPRSS2 inhibitors. For the identification of novel peptide
based TMPRSS2 inhibitors as a potential treatment of SARS-CoV-2 infection, molecular
docking studies were performed. As no crystal structure of TMPRSS2 is available in the protein
data bank (PDB) we used matriptase-1 as a surrogate model.'***'" Matripase-1 shares 41%
sequence identity with TMPRSS2 and previously described substrate analogue TMPRSS2
inhibitors showed no selectivity over matriptase.??® Additionally, a homology model of
TMPRSS2 was built using hepsin (43% sequence identity) as a template. The docking
procedure of those crystal structures was tested by redocking of reference ligands for
matriptase and TMPRSS2 and receiver operator characteristic (ROC) curve analysis which

indicated a very strong ability to discriminate between known binders (Figure 5.1, Table 5.1).

Table 5.1. FlexX-scores of tripeptidic substrate-analogue ligands for docking receptor validation. Scores
are in kd/mol, ace: N-terminal acetyl-cap, nme: C-terminal N-methylamide cap. @Predicted binding

modes is shown in Figure 5.3.

Li FlexX-score TMPRSS2 FlexX-score matriptase
igand sequence
homology model surrogate
ace-D-Arg-Gly-Arg-nme -48.8 -54.9
ace- D-Arg-Pro-Arg-nmea -53.8 -64.2
ace-Arg-Gly-Arg-nme -51.1 -56.3
ace-Arg-Pro-Arg-nme -48.0 -57.7

Previous studies identified the substrate requirements of TMPRSSZ2, revealing a preference
for arginine in P1 position, a glycine or proline residue in P2 position, and a D-configured
arginine in P3 position.??® 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-D-Arg-Gly/Pro-Arg-aldehyde was designed and docked to the matriptase-based
TMPRSS2 surrogate model (Figure 5.3) and TMPRSS2 homology model (Figure A10). Our
dockings show that both the reference binder and the published TMPRSS2 inhibitor CM bind

to the reactive center of the surrogate and the homology model (Figure 5.3; Figure A10).
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Figure 5.3. Predicted binding mode of A reference binder ace-D-Arg-Pro-Arg-aldehyde and B camostat
mesylate (CM) to matriptase as surrogate for TMPRSS2 (white carbon atoms and surface). For clear
view only residues forming polar interactions (yellow dashed lines), and the catalytic residues Ser-195
and His-57 are depicted as lines. Distance between nucleophilic serine oxygen and electrophilic carbon
atom of the serine trap is illustrated by a dashed blue line. Carbon atoms are shown in green, oxygens

in red and nitrogens in blue.

To optimize the binding affinity of the reference binder, we altered the residues at P1-P3
position using both proteinogenic and non-proteinogenic amino acids and docked the resulting
structures to both, the matriptase surrogate and TMPRSS2 homology model. Compounds
were then ranked based on their binding score (Table 5.2-5.4), the plausibility of their binding
mode to the S1-S3 sub-pockets of the TMPRSS2 active site and proximity of the aldehyde
serine trap to the catalytic Ser186/195 (TMPRSS2 homology model/matriptase enumeration),

as well as commercial availability of their building blocks.
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Table 5.2. Docking results of P1-sidechain screening of peptidomimetic inhibitors with ace-Pro-X-
aldehyde sequence for 7 potential basic amino acid-derivatives. X: position of altered amino acid, ace:

N-terminal acetyl cap, mPG: meta-Phenylguanidine, pPG: para-Phenylguanidine, mBA: meta-

Benzamidine, pBA: para-Benzamidine, Orn: Ornithin. Scores are in kdJ/mol.

Ligand FlexX-score TMPRSS2 FlexX-score matriptase
ace-Pro-X-aldehyde homology model surrogate
pBA -51.2 -42 1
Arg -45.1 -50.8
mPG -40.1 -41.9
mBA -33.9 -31.0
pPG -28.3 34.4
Lys -22.9 -32.9
Orn -19.9 -29.0

Table 5.3. Excerpt of docking results of P2-sidechain screening of peptidomimetic inhibitors with ace-D-

Arg-X-Arg-aldehyde sequence. A total of 369 molecules were docked. Scores are in kd/mol. AZc:

Azetidine-2-carboxylic  acid,

Cyclobutylalanine.

Pipecolinic acid, Pqgl:

3,4-Dichlorophenylglycine,

Cyc:

Ligand sequence FlexX-score (rank) FlexX-score (rank)
ace-D-Arg-X-Arg-aldehyde | TMPRSS2 homology model matriptase surrogate
Arg -57.4 (1) -57.8 (59)
Orn -51.0 (2) -59.7 (25)
Pro -49.9 (8) -60.5 (16)
Pgl -49.2 (9) -58.8 (41)
Pro -48.4 (15) -61.2 (9)
Lys -47.5 (23) -58.6 (45)
Thr -46.9 (29) -62.2 (4)
Azc -46.9 (39) -60.1 (22)
Val -45.9 (54) -62.1 (6)
Pip -44.1 (101) -55.9 (110)
Leu -43.5 (127) -56.6 (96)
lle -41.9 (183) -61.5 (8)
Cyc -39.8 (269) -52.9 (227)
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Table 5.4. Excerpt of docking results of P3-sidechain screening of peptidomimetic inhibitors with ace-
X-Pro/Gly-Arg-aldehyde sequence. For both X-Pro-Arg and X-Gly-Arg sequences 388 molecules were
docked and ranked separately. Scores are in kJ/mol.

Ligand sequence FlexX-score (rank) FlexX-score (rank)

ace-X-Y-Arg-aldehyde | TMPRSS2 homology model Matriptase surrogate
X Y =Pro Y = Gly Y =Pro Y =Gly

Arg -52.0 (1) -48.3 (3) -55.1(298) -56.4 (28)

D-Arg -44.2 (135) -45.5 (10) -64.9 (1) -56.4 (27)

His -39.7 (348) -40.5 (144) | -54.5 (364) -54.3 (90)
D-His -49.3 (6) -41.8 (92) -62.2 (16) -57.4 (6)

Trp -45.1 (97) -44.2 (20) -63.5 (7) -54,7 (71)

D-Trp -45.1 (104) -42.8 (50) -59.7 (70)  53.5(122)

Asn -40.5 (329) -40.2 (160) | -52.9 (364) -56.5 (23)

D-Asn -46.7 (47) -42.1 (78) | -57.1 (190) -51.8 (201)

Met -42.3 (253) -38.4 (261) | -57.8 (158) -47.9 (369)

D-Met -38.7 (370) -35.8 (368) | -59.4 (77) -50.1(281)

Glu -39.1 (362) -40.8 (127) | -54.3 (323) -50.9 (241)

D-Glu -40.6 (325) -38.6 (252) | -50.6 (384) -51.9 (193)

Overall, D-configuration for P3 residue was favored to improve metabolic stability. The most
promising compounds were chosen for solid phase synthesis, where the aldehyde serine trap
used for in silico modelling was exchanged by a well-established ketobenzothiazole, yielding

a library of peptidomimetic inhibitors (Table 5.5).
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Table 5.5. Assembled peptidomimetic inhibitor library selected for synthesis.

Abbreviations: Cpd, compound; 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

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

attack by the protease catalytic triad.

To identify literature-known inhibitors for TMPRSS2, a focused library consisting of 315
commercially available inhibitors reported for the closely related trypsin-like serine proteases
factor Xa, hepsin, kallikrein, plasminogen, thrombin, matriptase-1, matriptase-2, trypsin and
urokinase was virtually screened. The most promising virtual screening (VS) hits based on

score, binding pose and availability were subsequently purchased and tested (Table 5.6).

Table 5.6. Virtual screening hits selected for testing. 2Potential covalent inhibiton, °control compound as

low affinity reference. Scores are in kdJ/mol.

Synonym / international FlexX-score FlexX-score
ZINC ID nonproprietary name (rank) TMPRSS2 | (rank) Matriptase
(INN) homology model surrogate
3809827 Melagatran -50.2 (6) -56.3 (2)
1910616 Dabigatran -48.7 (8) -48.2 (15)
13826594 Leupeptin -44.9 (17) -51.2 (14)
26376363 PPack -36.8 (88) -54.1 (6)
3871842 Camostat -16.5 (281) -25.1 (207)
b
36634 Benzamidine -33.1 (117) -33.2 (119)
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Designed peptidomimetic inhibitors block TMPRSS2 and matriptase activity. We next
investigated the impact of our 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, followed 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
comparable activity (Table 5.2; Figure A11). Compound 1 which contains the peptide
sequence of the reference binder showed an activity of Ki = 86.7 nM, while the compounds 2,
3, 4, 5 and 7 were most active against isolated TMPRSS2, with inhibitory constants of 2.5 -
57.5 nM. The compounds 2 (K = 3.8 nM) and 5 (Ki = 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 Ki values of 71.5 and 215.9 nM, respectively.

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 peptidomimetic
inhibitors with serine proteases involved in coagulation, we assessed their activity against
thrombin and factor Xa (Table 5.7; Figure A11). All compounds excluding compound 1 display
a > 100-fold selectivity against thrombin (Table 5.7). Compound 1 shows no selectivity over
factor Xa while compounds 2, 3, 4, 5, 6 and 7 reveal 1.6- to 38.9-fold selectivity compared to
TMPRSS2.
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Table 5.7. Overview of inhibitory activity (Ki) of synthesized TMPRSS2 inhibitors 1-8 against TMPRSS2,
matriptase, thrombin and factor Xa. Selectivity indices represent the quotient of Ki values of matriptase,
thrombin, and factor Xa by the Ki value of TMPRSS2.

Ki [nM] selectivity indices
Compound | TMPRSS2 Matriptase Thrombin  Factor Xa | Matriptase = Thrombin  Factor Xa

1 86.7 1.7 2,077 4.1 0.02 24 0.05

2 3.8 3.3 599 106.7 0.9 158 28.1

3 9.1 14.0 4,088 271.3 1.5 449 20.8

4 8.5 11.5 7,217 331 1.4 849 38.9

5 25 5.2 1,046 41.1 21 418 16.4

6 71.5 75.6 > 50,000 472.4 1.1 >699 6.6

7 57.7 30 > 50,000 941 0.5 >867 1.6

8 215.9 159.8 > 50,000 965.5 0.7 232 4.5
CM 0.4 0.6 > 50,000 1,785.5 1.5 >125,000 4,464
FOY-251 9.7 173.4 > 50,000 697 17.9 >5,155 71.0

The activity of the inhibitors against TMPRSS2 correlated with their activity against matriptase
and revealed a linear correlation (Figure 5.4). Yet, compound 1 showed the highest selectivity
(~51-fold) for matriptase while FOY-251 showed the highest selectivity (~18-fold) for
TMPRSS2.
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Figure 5.4. Correlation of the pKi values from compounds 1-8, CM and FOY-251 against TMPRSS2
and matriptase. A linear regression fit (R> = 0.96) was plotted through the data points excluding cpd. 1

and FOY-251.

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 (Table 5.8, Figure A12). Considering the inhibitory constants
and selectivity over potential off-target coagulation proteases, the compounds 2, 4, 5 and 7

were further analyzed for inhibition of cellular TMPRSS2 activity.

Table 5.8. Influence of serine trap on biological activity of compound 7 against matriptase, thrombin and
factor Xa. The ketobenzothiazole (7) serine trap moiety was truncated to ketothiazole (7-2) and further
reduced to the alcohol (7-3) for complete abolishment of electrophilicity. N.i = no inhibition within

concentration range.

Ki [nM]
Compound | Matriptase | Thrombin | Factor Xa
7 30 n.i 941
7-2 141.2 n.i 98.7
7-3 n.i n.i n.i
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Among the selected, high scoring literature known inhibitors, only Leupeptin and PPack
showed activity against matriptase with Ki = 1452 nM and Ki = 12.4 nM, respectively (Table
5.9). The anticoagulant drugs PPack, Dabigatran and Melagatran show inhibitory activities
comparable to literature known values.®'*3"" Due to low activity against matriptase and poor

selectivity against the coagulation proteases, those inhibitors were not further investigated.

Table 5.9. Ki values of reference inhibitors against matriptase, TMPRSS2, thrombin and factor Xa. N.i

= no inhibition within concentration range.

Ki [nM]
Compound | Matriptase | Thrombin | Factor Xa
CM 0.6 n.i n.i
FOY-251 173.4 n.i n.i
Melagatran n.i 21 110.6
Dabigatran n.i 15.3 267.5
Leupeptin 1,452 n.i n.i
Ppack 12.4 0.2 38.6
Benzamidine n.i n.i n.i

Having demonstrated that the designed peptidomimetics inhibit cell free TMPRSS2 activity,
we next analyzed inhibition of cell associated enzyme activity. For this we used SARS-CoV-2
permissive Caco-2 cells, which show upregulation of the TMPRSS2 gene and express
TMPRSS?2 on the cell surface (Figure 5.5).3®
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Figure 5.5. The transmembrane serine protease TMPRSS2 is expressed on the surface of Caco-2 cells.
The Figure shows the detection of the transmembrane serine protease TMPRSS2 on human Caco-2
cells, which was performed by first incubating the cells with different amounts of a TMPRSS2 antibody
(rabbit anti-human) followed by the detection of bound TMPRSS2 antibodies on the cell surface via an
anti-rabbit FITC-labeled secondary antibody. Only secAB (secondary antibody) FITC and only
TMPRSS2 were used as negative control groups. A shows the percentage of FITC-positive Caco-2
cells, where the bars represent the percentage of gated cell measurements generated by flow cytometry
(n = 3, £ standard deviation). B shows an overlay of the normalized FITC signal histograms for each

group (one out of three histograms is exemplary shown for each group).

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 (ICso) of 12.7 - 234.2 nM, with compounds 2 (ICso = 32 nM) and 5 (ICso = 12.7
nM) being most active (Table 5.10, Figure A14). 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 protease activity.
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Table 5.10. ICso values of peptidomimetic TMPRSS2 inhibitors, camostat mesylate (CM) and FOY-251

measured on Caco-2 cells.

Compound | ICso [nM]
2 32
4 45.5
5 12.7
7 234.2
CM 42.2
FOY-251 377.2

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 wildtype SARS-CoV-2 spike
protein. Transduction rates were determined 2 days later by measuring cell-associated
luciferase activity and showed a concentration dependent inhibition of viral entry for all
analyzed compounds (Figure A15). Compound 5 was most efficient with an 1Cso value of 467.2
nM and was even more potent than CM (ICso ~ 747.5 nM). Compounds 1-4 and 7 suppressed
spike driven entry with ICso values between 1,200 and 2,068 nM while compounds 6 and 8
were the least antivirally active with I1Cso values between 5,604-12,085 nM, respectively (Table
5.11, Figure A15).

As the wildtype virus has largely been replaced by other SARS-CoV-2 clades, and variants of
concern (VOC) with increased transmissibility and virulence emerged, we also determined the
activity of selected compounds against the B.1.1.7 (emerged in the UK) and B.1.351 (emerged
in South Africa) spikes. TMPRSS2 inhibitors 2, 4, 5 and 7 suppressed cell entry mediated by
both spike variants in a dose-dependent manner with ICso values ranging between 260.7-1,597
nM. (Table 5.11, Figure A15). Collectively these data show that the designed TMPRSS2

inhibitors suppress SARS-CoV-2 spike driven viral transduction.
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Table 5.11. ICso values of peptidomimetic TMPRSS2 inhibitors and camostat mesylate (CM) against
pseudotype lentivirus.

ICs0 [NM]
Compound | Wildtype | B.1.1.7 | B.1.351
1 1,201 n.d. n.d.
2 1,617 390.5 | 433.9
3 3,243 n.d. n.d.
4 1,322 485.7 | 141.2
5 467.2 260.7 | 153.3
6 12085 n.d. n.d.
7 2068 1597 920.8
8 5604 n.d. n.d.
CM 747.5 98.73 | 156.4

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 a wildtype SARS-CoV-2 isolate obtained from France. Infection
rates were determined 2 days later by quantifying intracellular spike protein expression by
ELISA.*"® All compounds including CM suppressed SARS-CoV-2 infection in a concentration
dependent manner (Figure A16). The ICso values were, however, generally higher as
compared to the pseudotype experiment (Table 5.12). Compounds 2, 4 and 5 were the most
potent inhibitors with 1Cso values of 4.6, 5.7 and 4,7 uM, respectively, similar to CM (3.6 pM).

The remaining compounds were less active with ICs values > 10 M.

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, and the VOCs B.1.1.7
or B.1.351 (Figure A16).3?° The four selected compounds as well as CM inhibited all three
tested SARS-CoV-2 isolates. Compounds 2 and 5 suppressed “D614G” infection with ICso
values of 17.1 and 11.9 yM, respectively and were even more active than CM (26.7 uM) (Table
5.12). SARS-CoV-2 variants B.1.1.7 and B.1.351 were most efficiently inhibited by compound
5 (ICso of 6.8 and 6.3 uM, respectively) and CM (ICso of 16.4 and 9.3 uM, respectively).
Compounds 2, 4 and 7 showed moderately higher ICso as compared to CM and compound 5,

(Table 5.12), but were still capable of blocking infection entirely. Thus, the designed
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peptidomimetic TMPRSS2 inhibitors prevent SARS-CoV-2 infection with comparable antiviral

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

Table 5.12. ICso values of peptidomimetic TMPRSS2 inhibitors and camostat mesylate (CM) against
SARS-CoV-2 wildtype and variants of concerns.

ICso0 [NnM]

Compound | Wildtype | D614G | B.1.1.7 | B.1.351
1 18,889 n.d n.d n.d
2 4,567 17,126 | ~20,000 | 6,880
3 12,569 n.d n.d n.d
4 5,667 15,405 | ~20,000 | 6,985
5 4,654 11,867 | 6,782 6,260
6 >100,000 | nd n.d n.d
7 20,427 | 51,170 | 21,649 | 24,011
8 24,460 n.d n.d n.d

CM 3,625 | 26,672 | 16,407 | 9,307

The DMSO solvent control neither affected transduction of cells with SARS-CoV-2
pseudoparticles nor the infection with wildtype virus (Figure 5.6) and we did not observe
cytotoxic effects from the compounds tested that exceed toxicity of the solvent control (Figure
5.7).
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Figure 5.6. Impact of DMSO on SARS-CoV-2 spike mediated entry and infection. DMSO was added to
Caco-2 cells at concentrations corresponding to the maximum DMSO concentrations in
transduction/infection experiments. After 1 h cells were either transduced with lentiviral SARS-CoV-2
pseudoparticles or infected with SARS-CoV-2 wildtype. Transduction/infection rates were assessed 2
days later by measuring luciferase activity in cell lysates or by ELISA, respectively. Shown are the mean
+ SEM of two experiments, performed in triplicates.
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Figure 5.7. Cytotoxicity of TMPRSS2 inhibitors. TMRPSS2 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. As solvent control, DMSO concentrations
corresponding to the maximum DMSO concentration of cells were assessed. Shown is the mean + SD

of one experiment, performed in triplicates.

In vitro stability of selected leads in body fluids and epimerization studies. Stability of
peptidomimetic inhibitors is a 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
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the high potency, selectivity as well as potency in suppressing genuine SARS-CoV-2 infection,
and compound 7 was selected since the structure comprises exogenous amino acids with
potential resistance to proteolysis. In a first analysis, compound 7 was spiked into 25% human
serum and chromatographic analysis of peptide content after up to 10 days confirmed the
presence of residual inhibitor (Figure 5.8). Due to the strong electrophilicity of the
ketobenzothiazole serine trap, the P1 Arg C, atom is prone to epimerization.'® After

introduction to blood serum, compound 7 rapidly epimerized within 30 minutes (Figure 5.8).
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Figure 5.8. UV absorbance profile (220 nm) of RP-HPLC chromatograms of 7 after various time points
of incubation with 25% serum. Two epimers can be observed D-Arg (fr = 16:00 minutes) and L-Arg (fr =
16:30 minutes). Negative control = 25% blood serum in RPMI; positive control = inhibitor in pure RPMI

medium.

Activity measurements on purified enzyme show that the compounds 2 and 7 retained their
inhibition towards matriptase (Figure 5.6). To further investigate the residual activity of the
compounds, the inhibitory constant K; were determined and compared (Figure 5.6). For the
compounds 2 and 7, the loss of activity was 8-fold in serum (2, Ki = 25.3 nM; 7, Ki = 71.7 nM)
and 6-7-fold in plasma (2, K= 17.7 nM; 7, Ki = 78.3 nM).
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Figure 5.9. A Inhibition of reference substrate degradation by matriptase with compound 2 (left panel)

and 7 (right panel) at ¢ = 1,665 nM after incubation in blood serum at various time points. Positive control

= inhibitor without incubation, negative control = no

inhibitor. B Residual inhibitory activity Ki for
compound 2 and compound 7 against matriptase after 0 minutes and 10 days incubation in 25% serum

or 25% plasma in RPMI medium or pure RPMI medium.

For a better understanding of the structural influence of P1 Arg Cq, the epimeric mixture of

compound 2, due to higher chromatographic resolution, was separated and the enzymatic

activity of each epimer determined (Figure 5.10).
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Figure 5.10. A Dose-response curves of (S)- and (R)-epimers of compound 2 (ace-Arg-Pro-Arg-kbt)

and B calculated inhibitory activity against matriptase.
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The assignment of the (S)- and (R)-epimer in the chromatogram was determined not by
crystallographic analysis but by elution order and comparison with similar compounds in
literature.™® Both epimers showed high enzymatic activity with the (R)-epimer being more
active than the (S)-epimer (2S, Ki = 6.2 nM; 2R, Ki = 0.9 nM). Incubation of an epimer in TNC
buffer at pH = 8, which was used as medium for the determination of enzymatic activity, did

not significantly alter the ratio of (S)- and (R)-epimer (Figure 5.11).
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Figure 5.11. A HPLC chromatogram of compound 2S (red) and 2R (blue). The chemical stability of
compound 2R in TNC buffer at pH = 8 with regard to racemization was analyzed at different time points
(0, 30, 60 and 120 minutes). B The ratio of 2R and 2S epimer was determined through integration of the

area under the curves.
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5.5 Discussion

Here we describe novel, 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 TMPRSS2 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 TMPRSS?2 inhibitors, we used literature data on TMPRSS2 substrate preferences
and designed a reference binder, which was used as a template for the preparation of
peptidomimetic 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 recognition sequences was compiled by incorporation of the identified top scoring
amino acids in the template. The recognition sequences were connected with an electrophilic
ketobenzothiazole warhead moiety as a reactive functional group to yield a panel of
inhibitors.™? 141321 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 in blood were used for comparison since
they have been shown previously to efficiently inhibit TMPRSS2 proteolytic activity and CM is
currently evaluated in clinical trials for COVID-19.8" 322 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 in contrast to the less hydrophobic and smaller ketothiazole. Substitutions on the
benzothiazole with amino acids to interact more specifically with the S'-site 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. Finally, the inhibitors blocked SARS-CoV-2 spike
driven viral entry into Caco-2 cells and infection of Caco-2 cells by authentic SARS-CoV-2
wildtype 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 SARS-CoV-2
VOCs are still dependent on TMPRSS2 as essential co-factor for cell entry and demonstrate
that VOCs that escape from preexisting immunity are equally sensitive to entry inhibitors, as

previously shown for soluble ACE2 or fusion-inhibiting peptide EK1 and EK1C4.2%7: 323
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Two compounds (2 and 7) were incubated in body fluids for up to 10 days and still showed
residual inhibitory activity in the sub nanomolar range which is remarkable considering the
literature known stability issues of peptide therapeutics.®?* 32° The rapid epimerization of the
compounds in blood serum did not alter the activity significantly, suggesting that structurally
simplified inhibitors may be developed. The high stability in body fluids and potent anti-
TMPRSS2 and anti-SARS-CoV-2 activity warrant further preclinical development of selected
compounds. Of note, the TMPRSS2 inhibitors will not only act against SARS-CoV-2 but
potentially also block other TMPRSS2-dependent coronaviruses such as SARS-CoV and
MERS-CoV, and likely also future novel emerging coronaviruses, and also 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.
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6. Alpha-1 antitrypsin inhibits TMPRSS2 protease activity
and SARS-CoV-2 infection

Copyright:

This sub-chapter 6 was published as a peer-reviewed journal [5]. Therefore, the text below is
in nearly all instances a word-by-word reproduction of the peer-reviewed and published paper.
Presented results are reprinted with permission from American Chemical Society,

Biomacromolecules. Copyright © 2021 American Chemical Society.

[5] Lukas Wettstein*, Tatjana Weil, Carina Conzelmann, Janis A. Miuller, Rudiger Grof3,
Maximilian Hirschenberger, Alina Seidel, Susanne Klute, Fabian Zech, Caterina Prelli Bozzo,

Nico Preising, Giorgio Fois, Robin Lochbaum, Philip Maximilian Knaff, Volker Mailander,

Ludger Standker, Dietmar Rudolf Thal, Christian Schumann, Steffen Stenger, Alexander
Kleger, Gunter Lochnit, Benjamin Mayer, Yasser B. Ruiz-Blanco, Markus Hoffmann,
Konstantin M. J. Sparrer, Stefan Péhimann, Elsa Sanchez-Garcia, Frank Kirchhoff, Manfred
Frick, & Jan Mlnch. Alpha-1 antitrypsin inhibits TMPRSS2 protease activity and SARS-

CoV-2 infection. Nature Communications 2021.

Aim:

The previous study showed the development of potent peptidomimetic inhibitors for TMPRSS2
which successfully blocked SARS-CoV-2 infection. Since the airway epithelium of the
respiratory tract system is the frontline of defense against pathogens, this study aims to screen
peptide/protein libraries derived from the respiratory tract to identify endogenous factors that
block SARS-CoV-2 infection with prospects for potential COVID-19 therapy.

Contribution:

| carried out the surface plasmon resonance analysis studies, to verify the interaction of the
identified protein a:AT with the protease TMPRSS2. The project was supervised by Prof. Dr.
Jan Munch and Prof. Dr. Volker Mailander.
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6.1 Abstract

SARS-CoV-2 is a respiratory pathogen and primarily infects the airway epithelium. As our
knowledge about innate immune factors of the respiratory tract against SARS-CoV-2 is limited,
we generated and screened a peptide/protein library derived from bronchoalveolar lavage for
inhibitors of SARS-CoV-2 spike-driven entry. Analysis of antiviral fractions revealed the
presence of as-antitrypsin (a1AT), a highly abundant circulating serine protease inhibitor. Here,
we report that a4AT inhibits SARS-CoV-2 entry at physiological concentrations and suppresses
viral replication in cell lines and primary cells including human airway epithelial cultures. We
further demonstrate that a/AT binds and inactivates the serine protease TMPRSS2, which
enzymatically primes the SARS-CoV-2 spike protein for membrane fusion. Thus, the acute
phase protein a+AT is an inhibitor of TMPRSS2 and SARS-CoV-2 entry, and may play an
important role in the innate immune defense against the novel coronavirus. Our findings
suggest that repurposing of a1AT-containing drugs has prospects for the therapy of COVID-
19.

6.2 Introduction

SARS-CoV-2 is mainly transmitted through inhalation of droplets and aerosols and subsequent
infection of cells of the respiratory tract.**® In many cases, infection is limited to the upper
airways resulting in no or mild symptoms. Severe disease is caused by viral dissemination to
the lungs ultimately resulting in acute respiratory distress syndrome, cytokine storm, multi-
organ failure, septic shock, and death.?** %' The airway epithelium acts as a frontline defense
against respiratory pathogens via the mucociliary clearance and its immunological functions.?*’
The epithelial lining fluid is rich in innate immunity peptides as well as proteins with antibacterial
and antiviral activity, such as lysozyme, lactoferrin or defensins.®?® Currently, our knowledge
about innate immune defense mechanisms against SARS-CoV-2 in the respiratory tract is

limited.

To identify endogenous antiviral peptides and proteins, we previously generated
peptide/protein libraries from body fluids and tissues and screened the resulting fractions for
antiviral factors.®?° This approach allowed to identify novel modulators of HIV-1, CMV, and
HSV-2 infection, with prospects for clinical development as antiviral drugs.®**2%* In this work,
we set out to identify factors of the respiratory tract that block SARS-CoV-2 infection. Screening
a peptide/protein library derived from bronchoalveolar lavage allowed to identify as-antitrypsin
(a4AT), a highly abundant circulating serine protease inhibitor, as SARS-CoV-2 entry inhibitor.

We show that o1AT suppresses viral replication in cell lines and human airway epithelial
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cultures and that it binds and inactivates the serine protease TMPRSS2, which enzymatically
primes the SARS-CoV-2 spike protein for membrane fusion. Hence, a1AT blocks SARS-CoV-
2 entry by inhibiting TMPRSS2 and may play an important role in the innate immune defense
against the novel coronavirus. Our findings suggest that repurposing of a1AT-containing drugs

has prospects for treatment of COVID-19.

6.3 Material and methods

Protein—protein docking. As starting structures for the docking simulation we used a
homology model of the extracellular fragment of TMPRSS2, based on the structure with PBD-
ID: 1z8g which is composed by a SRCR and a Peptidase S1 domain.*® This model was
downloaded from the SWISSMODEL repository wunder the access link:
https://swissmodel.expasy.org/ repository/uniprot/015393?csm= C05B5531C8A311C7.3* In
addition, we employed the structure of the a1AT protein with PDB-ID: 3cwm?®. HADDOCK (2.4)
was used to dock the model of TMPRSS2 and the a4AT inhibitor.>3* 3% This program uses a
set of active residues as restraints to the first step of the docking algorithm, where the rotational
and translational degrees of freedom of both interacting proteins are explored. The formation
of contacts between the active residues is favored during this step of the algorithm. Hence, the
residues forming the catalytic triad of TMPRSS2 and their closest neighbors (< 5 A) were
selected as active, while the residues in the serpin loop of a1AT were also declared as active.
During the docking simulation, 10,000 structures were analyzed. After internal clustering and
refinement steps, seven models were obtained and the one with the most favorable binding
score was selected. Next, we further refined the extracted model by means of a simulated
annealing procedure in an explicit water box. The annealing involved 20 ns of heating and
cooling ramps exploring a temperature range of 275 —350 K with steps of 5 K, each cycle of
the annealing lasted 3 ns. From all cycles, the structures equilibrated at 300 K were sampled

and those with minimum potential energy content were used for further analyses.

Molecular dynamics simulations. All simulations were performed using NAMD2.13 and the
CHARMM36m force field.3*¢3%* VMD 1.9.3 was employed for structural analysis and
visualization.**® Molecular dynamics simulations were done with explicit TIP3P water
molecules.®' The simulations were performed at 1 atm and 300 K, with the pressure and
temperature controlled via Langevin dynamics simulations.®*? 34 An electrostatic cut-off of 14
A was used, together with the Particle Mesh Ewald method for the treatment of long-range
interactions.®** The annealing cycles were carried out by gradually changing the system

temperature, and that of the Langevin piston for the pressure control, in steps of 5 K within the
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ranges mentioned above. The convergence analyses for all the checkpoints are summarized
in Tables A5 and A6.

Generation of a peptide/protein library from lungs. 6.5 kg of human lung were obtained
from deceased individuals without known diseases from pathology of Ulm University. The
organs were frozen at -20 °C and freeze-dried. Lung material was homogenized and peptides
and small proteins were extracted using ice-cold acetic acid. Then the mixture was centrifuged
at 3500 x g and the supernatant was applied to a 0.45 um filter. Thereafter, the obtained
peptides and proteins were separated by a 30 kDa molecular weight cut-off ultrafiltration step.
The filtrate was separated by reversed-phase (RP) chromatography with a Sepax Poly RP300
50 x 300 mm column (Sepax Technologies, Newark DE, USA 260300-30025) at a flow rate of
100 mL/min and a gradient ranging from 0.1% TFA (Merck, 1082621000) in ultrapure water
(buffer A) to 0.1% TFA in acetonitrile (J.T.Baker, JT9012-3, buffer B). Reversed-phase
chromatographic fractions of 50 mL were collected to constitute the lung peptide bank, from

which 1 mL-aliquots (2%) were lyophilized and used for antiviral testing.

Generation of a peptide/protein library from BAL. Clinical samples of bronchoalveolar
lavage (BAL) comprising a total of 20L were collected and immediately frozen for further
processing. Peptide/protein extraction was done by acidification with acetic acid to pH 3,
followed by centrifugation at 3500 x g and filtration (0.45 ym) of the supernatant. Further, the
filtered BAL was subjected to a 30 kDa molecular weight cut-off. Chromatographic fractionation
of the filtrate was performed by using a reversed-phase (PS/DVB) Sepax Poly RP300 HPLC
30 x 250 mm column (Sepax Technologies, Newark DE, USA 260300-30025), at a flow rate of
55 mL/min and a gradient ranging from 0.1% TFA in ultrapure water (buffer A) to 0.1% TFA in
acetonitrile. Seventy-three reversed-phase chromatographic fractions of 50 mL were collected
to constitute the BAL peptide bank, from which 1 mL aliquots (2%) were lyophilized and used
for antiviral testing. For further purification of active fractions, a second reversed-phase C18
HPLC 4.6 x250 mm column (Phenomenex 00G-4605-EO) was used at a flow rate of
0.8 mL/min and a gradient ranging from 0.1% TFA in ultrapure water (buffer A) to 0.1% TFA in

acetonitrile, followed again by lyophilization prior to antiviral testing.

Cell culture. Unless stated otherwise, HEK293T cells (ATCC, CRL-3216) were cultivated in
DMEM supplemented with 10% fetal calf serum (FCS), 2 mM L-glutamine, 100 U/mL penicillin,
and 100 mg/mL streptomycin. Caco-2 cells (ATCC, HTB-37) were cultivated in DMEM
supplemented with 10% FCS, 2mM glutamine, 100 U/mL penicillin and 100 mg/uL
streptomycin, 1x non-essential amino acids (NEAA) and 1 mM sodium pyruvate. TMPRSS2-

expressing Vero E6 cells (kindly provided by the National Institute for Biological Standards and
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Control (NIBSC), #100978) were cultivated in DMEM supplemented with 10% fetal calf serum
(FCS), 2mM L-glutamine, 100 U/mL penicillin, 100 mg/mL streptomycin and 1 mg/mL
geneticin. Human Small Airway Epithelial Cells (Lonza, CC-2547, batch: 18TL082942, donor:
68 years, female) were cultivated in SAGM™ Small Airway Epithelial Cell Growth Medium
(Lonza, CC-3118).

Generation of lentiviral pseudotypes. For generation of lentiviral SARS-CoV-2
pseudoparticles (LV(Luc)-CoV-2-S) 900,000 HEK293T cells were seeded in 2 mL HEK293T
medium. The next day, medium was replaced and cells were transfected with a total of 1 ug
DNA using polyethyleneimine (PEI). To this end, 2% of pCG1-SARS-2-S (encoding the spike
protein of SARS-CoV-2 isolate Wuhan-Hu-1, NCBI reference Sequence YP_009724390.1)
were mixed with 98% of pPCMVdR8_91 (encoding a replication-deficient lentivirus) and pSEW-
Luc2 (encoding a luciferase reporter gene, both kindly provided by Christian Buchholz) in a 1:1
ratio in OptiMEM. Plasmid DNA was mixed with PEI at a DNA:PEI ratio of 1:3 (3 ug PEI per
1 ug DNA), incubated for 20 min at room temperature and added to cells dropwise. At 8 h post
transfection, 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, pseudoparticles containing

supernatants were harvested and clarified by centrifugation for 5 minutes at 450 x g.

Generation of VSV-based pseudotypes. For generation of VSV-based SARS-CoV-2
pseudoparticles (VSV(Luc_eGFP)-CoV-2-S), HEK293T were seeded in 30 mL HEK293T
medium in a T175 cell culture flask. The next day, cells were transfected with a total 44 ug
pCG1-SARS-2-S using PEI. Plasmid DNA and PEI were mixed in 4.5 mL of OptiMEM at a 2:1
ratio (2 ug PEI per 1 ug DNA), incubated for 20 min at room temperature and added to cells
dropwise. 24 h post transfection, medium was replaced and cells were transduced with VSV-
G-protein pseudotyped VSV encoding luciferase and GFP reporter gene (kindly provided by
Gert Zimmer, Institute of Virology and Immunology, Mittelhdusern/Switzerland).>** At 2 h post
transduction, cells were washed three times with PBS and cultivated for 16 h in HEPES-
buffered HEK293T medium. Virus containing supernatants were then harvested and clarified
by centrifugation for 5 minutes at 450 x g, residual pseudoparticles harboring VSV-G-protein
were blocked by addition of anti-VSV-G hybridoma supernatant at 1/10 volume ratio (11, mouse
hybridoma supernatant from CRL-2700; ATCC). Virus stocks were concentrated 10-fold using

a 100 kDa Amicon molecular weight cutoff and stored at -80 °C until use.

SARS-CoV-2 strains and propagation. Viral isolate BetaCoV/France/IDF0372/2020 (#014V-
03890) and BetaCoV/Netherlands/01/ NL/2020 (#010V-03903) were obtained from the

European Virus Archive global and propagated on Vero E6 or Caco-2 cells. To this end, 70—
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90% confluent cells in 75cm? 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 cytopathic effect (CPE) was visible. Supernatants
were centrifuged for 5 minutes 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.

Screening lung and BAL library for inhibitors of SARS-CoV-2 pseudoparticle entry.
10,000 Caco-2 cells were seeded in 100 pL respective medium in a 96-well flat-bottom plate.
The next day, medium was replaced by 40 uL of serum-free medium. For screening peptide
containing fractions, 10 pL of the solubilized fraction (in dH20) were added to cells. Cells were
inoculated with 50 yL of infectivity normalized LV(Luc)-CoV2 (or LV(Luc)-no GP control).
Transduction rates were assessed by measuring luciferase activity in cell lysates at 48 hours
post transduction with a commercially available kit (Promega). Values for untreated controls

were set to 100% transduction.

Gel electrophoresis and western blotting. Gel electrophoresis of active fractions was
performed on a 4-12% Bis—Tris protein gel (NUPAGE™). Prior to electrophoresis, samples
were reduced with 50 mM B-mercaptoethanol and heated for 10 minutes at 90 °C. The gel was
either directly stained with Coomassie G-250 (GelCode™ Blue Stain) or blotted on PVDF
membranes. Blotted membranes were stained with a polyclonal anti-a1AT antibody (1:1000;
Proteintech 16382-1-AP). After incubation with IRDye anti-rabbit secondary antibodies

(1:20,000; LiCor), the staining was visualized using an Odyssey Infrared Imager (Licor).

Tryptic in-gel digestion of proteins. Bands of interest were excised and the proteins were

digested with trypsin. Tryptic peptides were eluted from the gel slices with 1% trifluoric acid.

Matrix-assisted laser-desorption ionization time-of-flight mass spectrometry (MALDI-
TOF-MS). MALDI-TOF-MS was performed on an Ultraflex TOF/TOF mass spectrometer
(Bruker Daltonics, Bremen) equipped with a nitrogen laser and a LIFT-MS/MS facility. The
instrument was operated in the positive-ion reflectron mode using 2.5-dihydroxybenzoic acid
and methylendiphosphonic acid as matrix. Sum spectra consisting of 200—400 single spectra
were acquired. For data processing and instrument control the Compass 1.4 software package
consisting of FlexControl 4.4, FlexAnalysis 3.4 4, Sequence Editor and BioTools 3.2 and
ProteinScape 3.1. were used. External calibration was performed with a peptide standard

(Bruker Daltonics).

115



Chapter B - Inhibitors for TMPRSS2 to block SARS-CoV-2 infection

Database search. Proteins were identified by MASCOT peptide mass fingerprint search
(http://www.matrixscience.com) using the Uniprot Human database (version 20200226,
210438 sequence entries; p <0.05). For the search, a mass tolerance of 75 ppm was allowed

and oxidation of methionine as variable modification was used.

Pseudoparticle inhibition experiments. One day prior to transduction, 10,000 Caco-2 cells
were seeded in 100 uL respective medium in a 96-well plate. For the addition of a/AT prior to
infection, medium was replaced by 80 uL of serum-free medium and cells were incubated with
serial dilutions of Prolastin (a+AT) for 0, 1, 2, and 4 h at 37 °C followed by infection with 20 uL
of infectivity normalized VSV(Luc)-CoV-2-S pseudoparticles. To investigate whether a1AT acts
post viral entry, cells were inoculated with 20 yL of infectivity normalized VSV(Luc)-CoV-2
pseudoparticles. After 2 h, cells were washed with 100 uL PBS and 100 uL serum-free medium
as well as 20 yL of serially diluted a/AT were added. Transduction rates were assessed by
measuring luciferase activity in cell lysates at 16 h post transduction with a commercially

available kit (Promega). Values for untreated controls were set to 100% transduction.

TMPRSS2 activity measurement. 20,000 HEK 293T cells were seeded in 100 yL of the
respective medium in a 96-well flat-bottom plate. The next day, cells were transfected with
100 ng of TMPRSS2 (addgene 53887, kindly provided by Roger Reeves, Johns Hopkins
University, Baltimore, United States) per well using PEI transfection reagent. Briefly, plasmid
DNA was mixed with PEI in a 3:1 ratio in serum-free medium, incubated for 20 minutes at room
temperature and added to cells dropwise. At 12 h post transfection, medium was removed and
60 uL of PBS were added, followed by serial dilutions of Prolastin or inhibitor control. After
incubation for 15 min at 37 °C, 20 pL of protease substrate Boc-GIn-Ala-Arg-AMC were added.
Fluorescence intensity was recorded at an excitation wavelength of 380 nm and emission
wavelength of 460 nm in 1 minute intervals for 2 h at 37 °C in a Synergy™ H1 microplate reader
(BioTek, USA) with Gen 5 3.04 software. For assessing the activity of recombinant human
TMPRSS2, 25 pL of serially diluted Prolastin or inhibitor control in assay buffer (50 mM Tris-
HCL, 0.154 mM NaCl pH 8.0) were incubated with 25 pL of recombinant TMPRSS2 enzyme
for 10 minutes at 37 °C, followed by addition of 20 uM Boc-GIn-Ala-Arg-AMC protease
substrate. Fluorescence intensity was measured after 3h at an excitation wavelength of

360 nm and emission wavelength of 465 nm in a Tecan Genios with Magellan V6.4 software.

Binding free energy calculations. The Central Limit Free Energy Perturbation (CL-FEP)
approach was employed to estimate the binding affinities of the complexes of the enzymes
TMPRSS2 and trypsin with a1AT.**® The structure of the trypsin-a4AT complex reported with
PDB-ID: 10PH was used for the calculations, while the complex TMPRSS2-a1AT was modeled
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via docking and subjected to further structural refinement, see computational details in
supplementary materials.**” CL-FEP allows an unbiased end-state calculation of free energy
changes directly from explicit solvent simulations. The sampling was performed with molecular
dynamics simulations of the individual proteins, the enzyme-a:AT complexes and the bulk
solvent. The proteins were sampled under wall-type restraints on their bound-state
conformations, which permits to focus the sampling on the most relevant states to the binding
energy. The force constant for these restraints was 100 kcal mol™ A and a restraint-free
range of 5A was allowed with respect to the initial conformation. 100 ns of sampling
simulations were collected for each simulation box, with the energy sampled every 5 ps. The
simulation boxes and molecular dynamics setup were obtained using the CLFEP-GUI web
server (https://clfep.zmb.uni-due.de/). The CL-FEP analyses were performed with ten
checkpoints containing increasing fractions of the total energy samples, an oversampling ratio
of osr =20 was fixed to bring the free energy variance until the level of (kT), and the second-
order cumulant estimator (C2) was evaluated to determine the free energy changes at each
checkpoint.?® The final estimate corresponds to the average among the converged
checkpoints. The error is obtained as the standard deviation among the individual estimations.

The convergence analyses for all the checkpoints are summarized in Tables S6.2 and S6.3.34

Surface plasmon resonance. SPR assay was carried out on a Reichert SR7000 system using
SPRAutolink 1.1.9 software. To measure the binding affinity between TMPRSS2 and oAT,
TMPRSS2 (Creative BioMart) was immobilized on a 11-mercaptoundecanoic acid (MUA)
functionalized gold sensor chip through covalent coupling of amine groups. The surface was
activated using 04 M N-hydroxysuccinimide (NHS) and 0.1M 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide (EDC) coupling reagents and the TMPRSS2 protein was
coupled at a concentration of 12.5ug/mL in 10 mM acetate buffer at pH=5.5. Residual
activated carboxylic groups were blocked using a 1 M ethanolamine solution at pH =8.5. a1AT
was dissolved at different concentrations (0, 0.2, 0.5, 1, 2, 5, 10, and 20 uM) in HEPES buffer
(10 mM HEPES, 150 mM NaCl, 0.05% Tween-20; pH =7.5) and introduced with a flow rate of
10 yL/min. The data were analyzed with Prism 7 using non-linear regression fit and the value
for the equilibrium dissociation constant Kp was obtained by fitting the response at equilibrium
against the concentration. Successful immobilization of TMPRSS2 was verified using a
TMPRSS2 antibody (rabbit anti-human IgG, ThermoFischer Scientific, PA5-14264) dissolved
in HEPES buffer to a concentration of 0.2 mg/mL (1:10 of 2 mg/mL stock). As a negative
control, TMPRSS2 antibody solution was passed through a channel with no TMPRSS2 protein

immobilization.
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Cytotoxicity assay. To assess cytotoxicity of a1AT and camostat mesylate (CM), 10,000
Caco-2 cells were seeded in 100 yL medium in a 96-well flat-bottom plate. The next day,
medium was replaced by 80 uL of serum-free Caco-2 medium and cells were treated with serial
dilutions of Prolastin, CM or DMSO as solvent control for CM. After 48 h, cell viability was
assessed by measuring ATP levels in cells lysates with a commercially available kit (CellTiter-

Glo®, Promega).

Virus-induced cytopathic effect analysis. To quantify SARS-CoV-2 wildtype infection, virus-
induced cell death was inferred from remaining cell viability determined by MTS (3-(4,5-
dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium)  assay.
To this end, 20,000 TMPRSS2-expressing Vero E6 or 30,000 Caco-2 cells were seeded in 96-
well plates in 100 L respective medium. The next day, medium was replaced with serum-free
medium and the respective compound of interest was added. After incubation for 1 h at 37 °C
the cells were infected with a MOI of 0.001 of the SARS-CoV-2BetaCoV/France/IDF0372/2020
or BetaCoV/Netherlands/01/NL/2020, in a total volume of 180 uL. 2 (TMPRSS2-expresing
Vero E6) or 3 (Caco-2) days post infection, infection was quantified by detecting remaining
metabolic activity. To this end, 36 uL of CellTiter 96® AQueous One Solution Reagent
(Promega G3580) were added to the medium and incubated for 3 h at 37 °C. Then, optical
density (OD) was recorded at 620 nm using an Asys Expert 96 UV microplate reader
(Biochrom)with DigiRead 1.26 software. To determine infection rates, sample values were
subtracted from untreated control and untreated control set to 100%. For time of addition
experiments, 18,000 TMPRSS2-expressing Vero E6 cells were seeded in 100 uL respective
medium. The next day, respective compounds were added 1 h prior to, simultaneously with, or
2, 4 and 24 h post infection with SARS-CoV-2 (BetaCoV/France/IDF0372/2020) at a MOI of
0.01. Viral inoculum was removed 2 h post infection and cells were washed twice with PBS.

Cell viability was assessed at 2 days post infection by MTS assay as described above.

Plaque assay. 700,000 TMPRSS2-expressing Vero E6 cells were seeded in 12-well plates in
1 mL of the respective medium. The next day, medium was refreshed and cells were treated
with respective compound 1 h prior to, simultaneously with or 1.5 h post infection with SARS-
CoV-2 (BetaCoV/Netherlands/01/NL/2020). After infection, cells were overlaid with respective
medium supplemented with cellulose. At 2 days post infection, cells were fixed in 4%
paraformaldehyde in PBS for 45 minutes, washed one with PBS and stained with 0.5% crystal
violet in 0.1% triton in H.O for 30 minutes. Staining solution was removed and cells were
washed three times with water. Virus-induced plaques were quantified in Imaged 1.53c by

assessing number of pixels occupied by plaques.
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Infection of small airway epithelial cells. 30,000 SAEC were seeded in 100 pL of respective
medium in 96-well flat bottom plate. The next day, medium was refreshed and Prolastin was
added 1h prior to or 3h and 24h post infection with SARS-CoV-2
(BetaCoV/France/IDF0372/2020) at a MOI of 1 for 3 h. Cells were washed three times with
PBS and fresh medium was added. Immediately after the wash step (0 dpi) and at 6 dpi,
supernatant samples were collected for gPCR analysis. To analyze virus replication by RT-
gPCR, RNA was isolated using the QlAamp Viral RNA Mini Kit (Qiagen) according to the
manufacturer’s instructions. For RT-gPCR, samples were thawed and 5 uL of lysate used as
sample in a 20 pL reaction using Fast Virus 1-Step Mastermix (Thermo Fisher, # 4444436),
0.5 yM Tagman primers targeting SARS-CoV-2-ORF1b-nsp14 and 0.25 uM probe (for primer

sequences see Table 6.1).

Table 6.1. List of primers and their sequences.

Name Sequence

SARS-CoV-2-ORF1b-nsp14 forward primer 5-TGGGGYTTTACRGGTAACCT-3
SARS-CoV-2-ORF1b-nsp14 reverse primer 5-AACRCGCTTAACAAAGCACTC-3

obe 5-FAM-GCAAATTGTGCAATTTGCGG-
P TAMRA-3’

Cycling conditions in were as follows: 1 cycle of reverse transcription (50 °C, 300 s) and RT-
inactivation (95 °C, 20 s); 40 cycles of denaturation (95 °C, 5s) and extension (60 °C, 30 s) in
a Step One Plus qPCR cycler (AppliedBiosystems) with Step One Software 2.3. RNA isolated
from virus stocks of BetaCoV/France/IDF0372/2020 with copy numbers previously estimated
using synthetic SARS-CoV-2 RNA standard (Twist Bioscience, #102024) was used to

determine genome copies from Ct values.

Generation of human airway epithelial cells. Differentiated air-liquid interface cultures of
human airway epithelial cells (HAECs) were generated from primary human basal cells
isolated from airway epithelia. Cells were expanded in a T75 flask (Sarstedt) in Airway
Epithelial Cell Basal Medium supplemented with Airway Epithelial Cell Growth Medium
SupplementPack (both Promocell). Growth medium was replaced every two days. Upon
reaching 90% confluence, HAECs were detached using DetachKIT (Promocell) and seeded
into 6.5 mm Transwell filters (Corning Costar). Filters were precoated with Collagen Solution
(StemCell Technologies) overnight and irradiated with UV light for 30 minutes before cell

seeding for collagen crosslinking and sterilization. 3.5 x 10* cells in 200 yL growth medium
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were added to the apical side of each filter, and an additional 600 yL of growth medium was
added basolaterally. The apical medium was replaced after 48 h. After 72-96 h, when cells
reached confluence, the apical medium was removed and basolateral medium was switched
to differentiation medium. Differentiation medium consisted of a 1:1 mixture of DMEM-H and
LHC Basal (Thermo Fisher) supplemented with Airway Epithelial Cell Growth Medium
SupplementPack and was replaced every 2 days. Air-lifting (removal of apical medium) defined
day 0 of air-liquid interface (ALI) culture, and cells were grown at ALI conditions until
experiments were performed at day 25-28. To avoid mucus accumulation on the apical side,
HAEC cultures were washed apically with PBS for 30 minutes every 3 days from day 14

onwards.

SARS-CoV-2 infection of HAECs. Immediately before infection, the apical surface of HAECs
grown on Transwell filters were washed three times with 200 yL PBS to remove accumulated
mucus. Then, 10 yM of a+AT or 5 uM remdesivir were added into the basal medium and onto
the apical surface. Cells were infected with 9.25 x 102 plaque-forming units (PFU) of SARS-
CoV-2 (BetaCoV/France/IDF0372/2020). After incubation for 2 h at 37 °C, viral inoculum was
removed and cells were washed three times with 200 yL PBS and again cultured at the air—
liquid interface. At 1, 2, and 3 days post infection, cells were fixed for 30 minutes in 4%
paraformaldehyde in PBS, permeabilized for 10 minutes with 0.2% saponin and 10% FCS in
PBS, washed twice with PBS and stained with anti-SARS-CoV-2 spike (ab252690, Abcam)
and anti-alpha-tubulin (MA1-8007, Thermo Scientific) diluted 1:300 to 1:500, respectively, in
PBS, 0.2% saponin and 10% FCS over night at 4 °C. Subsequently, cells were washed twice
with PBS and incubated for 1 h at room temperature in PBS, 0.2% saponin and 10% FCS
containing AlexaFluor 488-labeled anti-rabbit and AlexaFluor 647-labeled anti-rat secondary
antibody, respectively (all 1:500; Thermo Scientific) and DAPI + phalloidin AF 405 (1:5000;
Thermo Scientific). Images were taken on an inverted confocal microscope (Leica TCS SP5,
Leica Microsystems, Leica application suite version 2.7.3.9723) using a %40 lens (Leica HC
PL APO CS2 40 x 1.25 OIL). Images for the blue (DAPI), green (AlexaFluor 488) and far-red
(AlexaFluor 647) channels were taken in sequential mode using appropriate excitation and
emission settings that were kept constant for all the acquisitions. For quantification, randomly
chosen locations in each filter were selected and z-stacks were acquired. A maximum z
projection was performed and anti-SARS-CoV-2 positive cells per area (0.15 mm?) were

visually identified and counted.
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6.4 Results

Identification of a;AT as SARS-CoV-2 inhibitor. To discover endogenous antiviral peptides
and proteins, we extracted polypeptides from 6.5 kg of homogenized human lung or 20 liters
of pooled bronchoalveolar lavage (BAL), and separated them by chromatographic means. The
corresponding fractions were added to human epithelial colorectal carcinoma (Caco-2) cells
and the cells were inoculated with luciferase expressing lentiviral pseudoparticles carrying the
SARS-CoV-2 spike protein.? None of the fractions of the lung library suppressed infection
(Figure 6.1).
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Figure 6.1. Screening peptide/protein libraries for anti-SARS-CoV-2 activity. A Caco-2 cells were
treated with protein containing fractions of a lung library or EK1 as inhibitor control and transduced with
lentiviral SARS-CoV-2 spike pseudoparticles. B Caco-2 cells were treated with serial dilutions of
bronchoalveolar lavage library (BAL) fractions with anti-SARS-CoV-2 activity and transduced with
lentiviral SARS-CoV-2 spike pseudoparticles. Transduction rates in a and b were determined 2 days
post addition of pseudoparticles by measuring luciferase activities in cell lysates. The means + SEM
from n=2 independent experiments (A) or n=1 experiment (B) are shown, each experiment was

performed in biological duplicates.

In contrast, fractions 42—45 of the BAL library prevented SARS-CoV-2 spike driven entry with
an efficiency comparable to that of 10 uM EK1, a coronavirus spike-specific peptide fusion
inhibitor (Figure 6.2).3*® Titration of BAL fractions 42—45 onto Caco-2 cells confirmed dose-

dependent inhibition of SARS-CoV-2 spike pseudoparticles (Figure 6.1).
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Figure 6.2. A Caco-2 cells were treated with peptide/protein containing fractions of the bronchoalveolar
lavage library (or EK1 peptide as inhibitor control) and transduced with luciferase-encoding lentiviral
SARS-CoV-2 spike pseudoparticles. B Caco-2 cells were treated with subfractions of mother fraction
42 (see A) of the bronchoalveolar lavage library and transduced with lentiviral SARS-CoV-2 spike
pseudoparticles. Blue columns represent pseudoparticle entry and black line absorbance at 280 nm of
the corresponding fraction. Transduction rates in A and B were determined 2 days after the addition of
pseudoparticles by measuring luciferase activities in cell lysates. The means + SEM from n=2 (A) or
individual datapoints from n=1 (B) independent experiments are shown, each performed in biological
duplicates. The active fraction 42_55 (red box) was analyzed via gel electrophoresis, gel excision, tryptic
digest, and MALDI-TOF-MS to identify a1AT, a serine protease inhibitor (serpin).

To isolate the antiviral factor responsible for blocking spike-driven entry, the BAL mother
fraction 42 was further separated chromatographically and the resulting sub-fractions analyzed
for antiviral activity. As shown in Figure 6.2, sub-fractions 42_3 to 42_8 and 42_57 reduced,
and sub-fraction 42_55 almost completely prevented host cell entry of SARS-CoV-2 spike
pseudoparticles. Analysis of these inhibitory fractions by gel electrophoresis revealed distinct
protein bands in sub-fractions 42_55 and 42_57, whereas no protein was detectable in sub-
fractions 42_5 to 42_7 (Figure 6.3).
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Figure 6.3. Analysis of BAL fractions with anti-SARS-CoV-2 activity. A Gel electrophoresis of active
fractions was performed on a 4-12% Bis-Tris protein gel. Prior to electrophoresis, samples were reduced
by addition of 50 mM B-mercaptoethanol and heated for 10 minutes at 90 °C. Protein gel was stained
with Coomassie G-250. The boxed band in fraction 42_55 was cut out and subjected in to an in-gel
tryptic digest. B MALDI-TOF-MS of the tryptic digest of boxed band from fraction 42_55. Mass signals
assigned to the identified a1AT are shown in blue. Also see Table A7. C For WB analysis, 1 ug of a1AT
purified from human serum obtained from Merck or from two Prolastin batches and 1 pL of active BAL
fractions were blotted on PVDF membranes and stained with anti-a1AT antibody. Analysis of fractions
by SDS-PAGE, MALDI-TOF and Western Blot were conducted once as Bronchoalveolar lavage (BAL)

fractions were limited.

The most active sub-fraction 42_55 contained a prominent band at ~ 52 kDa, which was also
present in other active fractions but hardly found in neighboring fractions showing no antiviral
activity (e.g., 42_49) (Figure 6.3). This band was excised from the gel, digested with trypsin
and subjected to MALDI-TOF-MS revealing a 100% sequence identity to as-antitrypsin
(SERPINAT1) (Figure 6.3 and Table A7), a 52 kDa protease inhibitor.>*° The presence of as-
antitrypsin (a1AT) in inhibitory fractions 42_55 and 42_57 was confirmed by western blot
analysis with an asAT-specific antibody (Figure 6.2). a4AT belongs to the serine protease
inhibitor (serpin) superfamily and protects lung tissue from digestive enzymes released by
immune cells, in particular neutrophil elastase.®° The serpin has a reference range in blood of

0.9-2 mg/mL (corresponding to ~ 17-38 uM), but the concentration can rise 4- to 5-fold upon
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acute inflammation.®®’

a+AT purified from donor blood is also available as pharmaceutical
product (e.g., Prolastin) for intravenous substitution therapy of a1AT deficiency, a hereditary

disorder that leads to chronic uncontrolled tissue breakdown in the lower respiratory tract.>

a+AT inhibits SARS-CoV-2 spike mediated pseudovirus entry. To test whether the serpin
indeed inhibits SARS-CoV-2, Caco-2 cells were exposed to Prolastin, a pharmaceutical
preparation of aAT, or camostat mesylate (CM), a small molecule inhibitor of the SARS-CoV-
2 spike priming protease TMPRSS2.3 '8 q,AT and CM both suppressed SARS-CoV-2 spike
pseudoparticle entry with half-maximal inhibitory concentrations (ICso) of ~38.5 uM for a1AT,
and ~0.05uM for CM, respectively (Figure 6.5). Cell viability assays showed that o/AT
displayed no cytotoxic effects at concentrations of up to 160 uM (8.3 mg/mL), whereas CM

reduced cell viability at concentrations of 200 uyM, due to DMSO in the stock (Figure 6.4).
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Figure 6.4. Cell viability assay. To assess cytotoxicity of Prolastin (a1AT, grey) and camostat mesylate
(CM, blue), Caco-2 cells were treated with serial dilutions of the compounds (and DMSO as solvent
control for CM, green). After 48 h, cell viability was assessed by measuring ATP levels in cells lysates
with a commercially available kit (CellTiter-Glo®, Promega). The mean + SD of n=1 experiment

performed in biological triplicates is shown.

The antiviral activity of a1AT and CM was specific for the coronavirus spike because entry of
pseudoparticles carrying the G-protein of VSV was not affected (Figure 6.4). In fact, time-of-
addition experiments demonstrated that a/AT prevented single-round SARS-CoV-2 spike
pseudovirus entry only if added prior (1-4 h) to or during infection but not if added 2 h post
infection (Figure 6.4). Taken together, these data show that a4AT specifically targets SARS-
CoV-2 spike-driven entry.
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Figure 6.5. A Prolastin (a1AT) and the control small molecule inhibitor camostat mesylate (CM) were
added to Caco-2 cells 1 h prior to transduction of cells with rhabdoviral SARS-CoV-2 spike (blue) or
VSV-G pseudoparticles (gray). B Caco-2 cells were treated for the indicated hours with Prolastin (a1AT)
and were then transduced with rhabdoviral SARS-CoV-2 spike pseudoparticles. C Prolastin (a1AT) was
added 2h post transduction of Caco-2 cells with rhabdoviral SARS-CoV-2 spike pseudoparticles.
Transduction rates in A—C were determined at 16 h after addition of pseudoparticles by measuring
luciferase activities in cell lysates. The mean £ SEM from n =2 experiments in biological triplicates are
shown (2-way ANOVA with Dunett’s multiple comparison test).

o+1AT inhibits SARS-CoV-2 infection and replication. To determine whether a+AT inhibits
not only spike pseudoparticles but also wild-type SARS-CoV-2, we examined its activity
against two SARS-CoV-2 isolates from France (bearing the spike variant D614) and the
Netherlands (bearing the fitter spike variant G614).3°* %4 For this, we assessed survival rates
of TMPRSS2-expressing Vero E6 cells infected in the absence or presence of EK1, CM or
o+AT by MTS assay. In the absence of drugs, infection by both SARS-CoV-2 isolates resulted
in virus-induced cytopathic effects (CPE) and reduced cell viability by ~80% (Figure 6.6 and
Figure 6.7). Microscopic evaluation revealed the absence of CPE in the presence of high
concentrations of EK1, CM or a+AT, and MTS assay confirmed a concentration-dependent
inhibition of cell death and viral replication by EK1 and CM (Figure 6.6 and Figure 6.7) with
average ICso values against both SARS-CoV-2 isolates of 2.8 uM for EK1, and 3.6 uM for CM,
respectively (Figure 6.6). aiAT inhibited the French SARS-CoV-2 isolate with an ICso of
21.2 uM (1.1 mg/mL), and the Dutch strain with an ICso of 17.3 yM (0.9 mg/mL) (Figure 6.6).
Almost complete rescue of cell viability was observed at aiAT concentrations of 40-80 uM
(Figure 6.6 and Figure 6.7). A similar antiviral activity of a:AT against both SARS-CoV-2

isolates was determined in Caco-2 cells (Figure 6.7).
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Figure 6.6. A TMPRSS2-expressing Vero E6 cells were treated with Prolastin (a1AT), EK1 or camostat
mesylate (CM) for 1h, and infected with SARS-CoV-2 isolates either from France (gray) or the
Netherlands (blue) at a MOI of 0.001. Virus-induced cytopathic effects were assessed at 2 days post
infection by MTS assay (see Figure 6.7 A, B for raw and cell viability data). B TMPRSS2-expressing
Vero EG6 cells were treated with Prolastin (a1AT) at indicated timepoints prior to, simultaneously with or
post infection with SARS-CoV-2 at a MOI of 0.001. Camostat mesylate (CM) control was added 1 h prior
to infection. Infection rates were assessed at 2 days post infection by MTS assay (see also Figure 6.8
for raw and cell viability data). C TMPRSS2-expressing Vero EG6 cells were treated with Prolastin (a1AT)
or CM 1 h prior to, simultaneously with or 1.5 h post infection with SARS-CoV-2. At 1.5 h post infection
cellulose overlay was performed. At 2 days post infection, cells were stained with crystal violet (see
Figure 6.9) and plaque areas were quantified. The mean + SEM from n=1 (A, EK1 and CM) or n=2
independent experiments in biological triplicates (A, a+1AT, B) or duplicates (C) and quadruplicates (C,
infected) are shown. (2-way ANOVA with Dunett’s multiple comparison test (A, B), ordinary one-way

ANOVA with Dunett’s multiple comparison test (C)).
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Figure 6.7. a+1AT inhibits SARS-CoV-2 infection. A TMPRSS2-expressing Vero E6 cells were exposed
to indicated concentrations of EK1, camostat mesylate (CM)and a1AT and then infected with a French
(grey) and Dutch (blue) SARS-CoV-2 isolate. 2 days later, virus-induced cytopathic effect (CPE) was
determined by MTS assay. Optical density (OD) was recorded at 620 nm using an Asys Expert 96 UV
microplate reader (Biochrom). Graph shows raw data (ODe20). B Cell viability rates as calculated from
A). To determine infection rates, sample values were subtracted from untreated control and untreated
control set to 100% (see Figure 6.3a). C Caco-2 cells were exposed to EK1 and a1AT and infected with
two SARS-CoV-2 isolates. At day 2, viral CPE was quantified by MTS assay and data were processed
as described above. Values shown in A are the means + SEM from n=1(CM and EK1) or n=2
independent experiments (a1AT) performed in biological triplicates, values in C show the means + SEM

from n=1 experiment in biological triplicates.

We next performed time-of-addition experiments and found that a:AT most effectively inhibited
SARS-CoV-2 replication when added 1 h prior to or simultaneously with infection (Figure 6.6,
Figure 6.8), confirming pseudovirus data (Figure 6.5). a1AT also suppressed SARS-CoV-2 if
added 2 or 4 h post infection (Figure 6.3 and Figure 6.8). Considering the 10 h time span of the
viral life cycle, these data suggest that the serpin inhibits spreading virus infection, i.e., infection
of uninfected target cells by progeny virus.**® Accordingly, no antiviral effect of a1AT was
observed when added 24 h post infection, when already two replication cycles have been

completed (Figure 6.3 and Figure 6.8).
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Figure 6.8. a1AT inhibits SARS-CoV-2 infection and replication. A TMPRSS2-expressing Vero E6 cells
were treated with Prolastin (a1AT) at indicated time points prior to, simultaneously with or post infection
with SARS-CoV-2. Camostat mesylate (CM) control was added 1 h prior to infection. 2 days post
infection, virus-induced cytopathic effect (CPE) was determined by MTS assay. Optical density (OD)
was recorded at 620 nm using an Asys Expert 96 UV microplate reader (Biochrom). Graph shows raw
data (ODe20). B Cell viability as calculated from A. To determine infection rates, sample values were
subtracted from untreated control and untreated control set to 100% (see Figure 6.6). The means + SEM

from n=2 independent experiments in biological triplicates are shown.

To investigate whether a1AT may inhibit cell-to-cell spread of SARS-CoV-2, a plaque assay
with cellulose containing medium (which prevents cell-free viral replication) was performed
(Figure 6.9) and plaque sizes were quantified (Figure 6.6). a:AT concentrations of 50 to
200 uM blocked viral spread most effectively when the serpin was added 1 h prior to infection
(54—87% reduction) or simultaneously with infection (75-89% reduction). When adding a:AT
1.5 h post infection, spread was still inhibited by 49—83%, demonstrating effective inhibition of

SARS-CoV-2 infection and cell-to-cell viral spread by the serpin.
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Figure 6.9. a1AT reduces SARS-CoV-2 replication. A/IB TMPRSS2-expressing Vero E6 cells were
treated with Prolastin (a1AT) or CM 1 h prior to, simultaneously with or 1.5 h post infection (hpi) with
SARS-CoV-2. At 1.5h post infection cellulose overlay was performed. Two days post infection, cells
were stained with crystal violet to visualize virus-induced plaques. Images show plaques at 2 days post
infection from n=2 independent experiments (A and B) each performed in duplicates or quadruplicates

(infected). Two representative replicates of infected control are shown.

o+1AT inhibits SARS-CoV-2 replication in primary human airway cells. To corroborate the
antiviral activity of a4AT in human primary target cells, we used small airway epithelial cells
(SAECs) that support low level SARS-CoV-2 replication. For this, SAECs pretreated with buffer
only (PBS), 80 uM of a4AT, or 100 uM of CM were infected with a high dose (MOI of 1) of
SARS-CoV-2. Furthermore, a1AT was added 3 and 24 h post infection to PBS pretreated cells.
Cells were cultivated in the presence of the inhibitors for 6 days, and then viral genome copies
in supernatants were quantified by RT-gPCR. As shown in Figure 6.10, CM and a1AT present
during infection reduced viral titers by ~92 and 83%, respectively. a:AT that was added 3 and
24 h post infection also inhibited viral replication, albeit to a lesser extend (67 and 58%
reduction, respectively). We next analyzed antiviral activity of o4AT in fully differentiated
primary human airway epithelial cells (HAECs) grown at the air-liquid interface. HAECs
derived from two donors were treated with 10 yM (0.5 mg/mL) of a+/AT and then exposed to
SARS-CoV-2. As control, we used 5 uM of remdesivir, which has previously been shown to
suppress coronavirus replication in HAECs.**® At days 1, 2, and 3 post infection cells were
fixed and stained with antibodies against SARS-CoV-2 spike, and a-tubulin as marker for
ciliated cells at the apical surface (Figure 6.10).%" 3% |n infected, PBS-treated HAECs, SARS-
CoV-2 spike expression was readily detectable, mostly in neighboring ciliated cells, and
increased between day 2 and 3, demonstrating productive infection and viral spread in the

epithelia. Spike expression levels in a1AT and remdesivir treated cultures were greatly reduced
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at days 2 and 3 in both donors (Figure 6.10 and Figure 6.11). Thus, a1AT suppresses SARS-
CoV-2 infection of HAECs.
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Figure 6.10. A Small airway epithelial cells (SAECs) were treated with 100 uM of Prolastin (a1AT, green)
1 h prior to, or 3 and 24 h post infection (hpi) with SARS-CoV-2 at a MOI of 1. 100 yM CM (blue) added
1 h prior to infection served as control. Immediately after the inoculum was removed (0 dpi) and at day
6 post infection, supernatants were harvested and subjected to RT-qPCR specific for SARS-CoV-2
ORF1b nsp14. Virus titers from day O were subtracted from titers at day 6. The means of technical
duplicates of one experiment performed in triplicates are shown. B The apical and basal site of human
airway epithelial cells (HAEC) grown at air-liquid interface was exposed to PBS, a+AT (10 uM or
0.5 mg/mL) and remdesivir (5 uM) and then inoculated with SARS-CoV-2 (9.25 x 10?2 PFU) for 2 h. Cells
were fixed at day 1, 2, and 3 post infection, stained with DAPI (cell nuclei, blue), a SARS-CoV-2 specific
spike antibody (SARS-CoV-2 S, green) and an a-tubulin-specific antibody (red). Images shown are
derived from one donor and represent maximum projections of serial sections along the basolateral to

apical cell axis. Scale bar: 50 um. C Number of infected cells per area in mock- (PBS, gray), a1AT- (blue)
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or remdesivir-treated (green), SARS-CoV-2 infected HAECs. Values represent the mean number of
infected HAECs from 2 donors at 5 random spots per culture, treatment and day + SEM. For more

images, see Figure 6.11.
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Figure 6.11. a+AT inhibits SARS-CoV-2 replication in primary human airway cells. A/B The apical and

basal site of human airway epithelial cells (HAEC) derived from two donors (A and B) was exposed to
PBS, a+AT (10 uM or 0.5 mg/mL) and remdesivir (5 uM) and then inoculated with SARS-CoV-2. Cells
were fixed at days 1, 2, and 3 days post infection, stained with DAPI (cell nuclei, blue), a SARS-CoV-2
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specific spike antibody (S, green) and an a-tubulin-specific antibody (red). Images shown here represent
maximum projections of serial sections along the basolateral to apical cell axis. Scale bar: 50 pm.

Analysis was conducted for two cultures per donor and condition.

a4AT binds and inhibits TMPRSS2 protease activity. Finally, we set out to explore the
mechanism underlying SARS-CoV-2 inhibition by a1AT. A recent preprint publication suggests
that atAT may suppress TMPRSS2, the spike priming protease, similar to camostat
mesylate.**° First, we established a computational model of the Michaelis complex of aAT and
TMPRSS2 using protein—protein docking calculations complemented by structural refinement
and observed a calculated binding free energy of —-10.2+2.2 kcal/mol (Figure 6.13). We
applied this modeling to the complex of a41AT (Pittsburgh variant, M358R) and trypsin (S195A)

and observed a calculated binding free energy of —10 £ 1.6 kcal/mol (Figure 6.12).

AG,, =-11.33 kcal/mol
AG,,.=-10 + 1.6 kcal/mol

Figure 6.12. Michaelis complex of a+AT (Pittsburgh variant, M358R, grey) and trypsin (S195A, blue).
sBased on PDB-ID: 10PH. AGex and AGcalc refer to the computationally calculated and experimentally

determined binding free energies of the complex, respectively.

This calculated binding free energy is close to the experimentally determined binding free
energy of the o4AT (Pittsburgh variant, M358R) and trypsin (S195A) complex, therefore
verifying our modeling approach.®*® The computed structure of the Michaelis complex suggests
that this initial step of the reaction mechanism is favored by the interaction of Leu353 and
Ala355 of a/AT (numbers according to PDB-ID: 3cwm29), with a hydrophobic patch of
TMPRSS2 formed by Tyr416, Leu419, and Trp461, which is located next to the catalytic triad
(His296, Asp345, Serd41) (Figure 6.14). Thus, the anchoring site, defined by the hydrophobic
patch, can effectively position and restrain the reactive center loop prior to the cleavage. These
structural insights together with the calculated affinity of this complex, support a favorable
interaction between TMPRSS2 and a+1AT. To verify a direct interaction of a1AT with TMPRSS2,
surface plasmon resonance analysis was performed. To this end, recombinant TMPRSS2 was
immobilized on a metal surface and subjected to increasing doses (0—10 uM) of a+AT (Figure
6.13).
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Figure 6.13. a1AT binds the extracellular region of TMPRSS2 and inhibits TMPRSS2 protease activity.
A Validation of TMPRSS2 immobilization for surface plasmon resonance analysis. A gold sensor chip
was either immobilized with recombinant TMPRSS2 (grey) or mock-treated (blue). Binding response of
a TMPRSS2 specific antibody (rabbit anti-human IgG, Thermo Fischer Scientific, PA5-14264) was
analyzed over time. B Surface plasmon resonance analysis of a1AT-TMPRSS2 interaction. Immobilized
recombinant TMPRRS2 was subjected to varying concentrations of a1AT and binding response was
measured over time. C Maximum binding response at increasing a1AT concentrations (determined by
nonlinear regression from values in b) allowed determination of dissociation constant Ko of 941 + 297
nM for a1AT-TMPRSS?2 interaction. D-F HEK293T cells were transfected with a TMPRSS2 expression
plasmid and treated with Prolastin (a1AT), CM or E64d followed by incubation with the fluorogenic
TMRPSS2 protease substrate Boc-GIn-Ala-Arg-AMC. Graphs shows fluorescence intensities over 2 h

that were subtracted by values for mock-transfected HEK293T cells and represent one experiment.

A Kp of 941 £ 297 nM was measured by performing equilibrium analysis which was reached
within 5 minutes interaction time of atAT with TMPRSS2 (Figure 6.13), proving a physical
interaction of the protease inhibitor with the protease. To investigate whether asAT not only
binds but also inhibits proteolytic activity of TMPRSS2, the protease was overexpressed in
HEK293T cells and incubated with a1AT, CM, or the cysteine protease inhibitor E-64d."®3
Enzymatic activity was assessed by adding a specific substrate that emits fluorescence after
proteolytic cleavage. CM but not E-64d suppressed TMPRSS2 activity at sub-micromolar
concentrations (Figure 6.13 and Figure 6.14). Interestingly, 100 and 200 uM of a1AT effectively
inhibited cell-associated TMPRSS2 activity (Figure 6.13 and Figure 6.14). Experiments
performed with recombinant TMPRSS2 enzyme confirmed effective and dose-dependent

inhibition of TMPRSS2 activity by a4AT at physiologically relevant concentrations of 5-50 yM
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(Figure 6.14). These data demonstrate that the abundant serpin o+AT is an endogenous
inhibitor of TMPRSS2 proteolytic activity.
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Figure 6.14. A Protein—protein docking analysis of a homology model for the TMPRSS2 extracellular
fragment (green, PDB-ID: 1z8g) and a1AT (gray, PDB-ID: 3cwm) and computationally calculated binding
free energy (AGcac) of the complex. B Detailed view on aiAT-TMPRSS2 binding interface. The
sidechains of a1AT (gray) residues are represented with sticks, while sidechains of TMPRSS2 (green)
are shown with balls and sticks. Hydrogen atoms are omitted for clarity, carbon, oxygen, nitrogen or
sulfur atoms of amino acid side chains depicted in light blue, red, dark blue or yellow, respectively. The
hydrophobic patch near the TMPRSS2 catalytic triad is highlighted with a green transparent surface. C
a+AT inhibits cell-associated TMPRSS2 activity. HEK293T cells were transfected with a TMPRSS2
expression plasmid and treated with Prolastin (a1AT, blue), camostat mesylate (CM, gray) or E-64d
(green) followed by incubation with the fluorogenic TMRPSS2 protease substrate Boc-Gin-Ala-Arg-
AMC. Graph shows the relative area under the curve analysis of fluorescence intensities over 2 h that
were corrected by values for mock-transfected HEK293T cells. D a+1AT inhibits recombinant TMPRSS2
enzyme activity. Recombinant human TMPRSS2 was mixed with Prolastin (a1AT, blue) or CM (gray)
prior to addition of fluorogenic TMPRSS2 protease substrate Boc-GIn-Ala-Arg-AMC, graph shows
relative fluorescence intensities after 3h of incubation. The mean+SEM of n=2 (C) or n=3 (D)
independent experiments in biological duplicates are shown (ordinary one-way ANOVA with Dunett’s
multiple comparison test).
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6.5 Discussion

This study demonstrates that a1AT is a potent inhibitor of SARS-CoV-2 which blocks viral
replication in cell lines, primary small airway epithelial cells and fully differentiated airway
epithelium cultures. a:AT binds and inhibits TMPRSS2, a transmembrane serine protease that
cleaves the SARS-CoV-2 spike protein to enable viral fusion. a/AT is the most abundant serine
protease inhibitor (serpin) in the circulation (0.9—2 mg/mL, 17-38 uM), and levels of this acute
phase protein further increase during acute inflammation.®*'
o1AT blocks SARS-CoV-2 infection with ICso values of 10-20 uM, which are well within the

physiological range, suggesting that plasma itself may exert anti-SARS-CoV-2 activity. In fact,

We show that plasma-derived

a recent preprint demonstrates that naive serum exhibits inhibition of SARS-CoV-2 entry and
suggested a+AT and to a lesser degree a-2-macroglobulin as potential antiviral factors.®"
Thus, atAT may serve as natural inhibitor of the novel coronavirus, in particular during acute
SARS-CoV-2 infection, when blood a:AT concentrations increase, as recently shown in a
cohort of 40 COVID-19 patients.*®? Further studies to clarify the physiological relevance of
o+AT in SARS-CoV-2 infection and whether inter-individual differences in a:AT concentrations
in blood, lungs, and other organs correlate with viral loads and disease progression are thus

highly warranted.

o+AT was isolated as inhibitor of SARS-CoV-2 from a complex peptide/protein library that was
generated from pooled bronchoalveolar lavage (BAL). The corresponding fractions
presumably contain all soluble peptides and small proteins present in lung fluid and should
allow identification of those innate immune factors that are most relevant for controlling viral
infection in vivo, at least in the absence of a specific antiviral host immune response. aAT-
containing fractions 42—45 were more potent in inhibiting SARS-CoV-2 entry than all remaining
BAL- and lung-derived fractions, suggesting a relevant role of the serpin in vivo. In normal
individuals, a+1AT levels range between 10—40 pM in alveolar interstitial fluid, and 2—-5 uM in
alveolar extracellular lining fluid.®***% Assuming that a1AT concentrations further increase
during the acute phase response, the serpin may act as relevant innate immune factor against
SARS-CoV-2 in the respiratory tract.

Biomolecular modeling, surface plasmon resonance, and biochemical analysis established
a41AT as inhibitor of TMPRSS2, a cell surface serine protease that is involved in cell-cell and
cell-matrix interactions, and in prostate cancer metastasis.?®® 2% 3¢ TMPRSS2 not only primes
the spike protein of SARS-CoV-2 but is also utilized as entry factor by other coronaviruses
such as SARS-CoV, MERS-CoV or the common cold corona virus 229E.272 393367 Fyrthermore,
TMPRSS2 is also the major hemagglutinin-activating protease of influenza A virus in human

208, 368, 369

airways. It is, therefore, not only of great interest to clarify whether a1AT may act as
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broad-spectrum inhibitor against respiratory viral pathogens, but also to evaluate its role in

prostate cancer.

o+AT is an approved drug for treatment of a1AT deficiency implying repurposing for the therapy
of COVID-19. a+AT deficiency is a hereditary disorder that results in reduced circulating
concentrations of a:AT and consequently a chronic uninhibited breakdown of tissue in the
lungs, mainly mediated by neutrophil elastase.*”® Several products containing a1AT purified
from human plasma (such as Prolastin used herein) are approved for decades for intravenous
augmentation therapy in patients suffering from a1AT deficiency. Of note, asAT may not only
be beneficial in COVID-19 therapy because of its direct antiviral effect by targeting TMPRSS2-
mediated SARS-CoV-2 entry, but also by inhibiting neutrophil elastase, which has been
proposed to act as alternative spike priming protease and might contribute to pulmonary
inflammation in COVID-19.3"""* Moreover, a recent study revealed that the proinflammatory
IL-6 to a4AT ratio in patients with severe COVID-19 was more than two times higher compared
to a pneumonia control cohort.*®? Of note, a4AT can also be administered via inhalation and at
substantially higher doses than those in routine aAT deficiency.”® In some studies, a1AT has
been administered at doses of 120 mg/kg and even 250 mg/kg without causing side effects,
resulting in a 5-fold increase of serpin concentration in lung epithelial lining fluid of aiAT
deficient patients.®%® 376 377 However, whether ;AT infusion or inhalation allows to reach local
concentrations of the serpin that are sufficient to block SARS-CoV-2 in lungs or other organs
without causing severe side effects remains to be addressed in clinical studies. Nevertheless,
we and others suggest that a:AT supplementation may have a therapeutic benefit because of
its antiviral and anti-inflammatory properties. Thus, rapid evaluation of a1AT for the treatment
of severe COVID-19 disease is highly warranted and four clinical trials (NCT04495101,
NCT04385836, NCT04547140, EudraCT: 2020-001391-15) have been initiated to evaluate

361, 362, 378, 379

the therapeutic potential of a4AT in hospitalized COVID-19 patients.
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Conclusion and outlook

In modern medicine novel strategies with therapeutic or diagnostic purposes for tackling
diseases are constantly developed, aiming to improve preexisting treatment options with

higher efficiencies, reduced side-effects and thereby to increase peoples' life quality.

Type Il transmembrane serine proteases are a class of enzymes that are located on the cell-
surface and mediate pivotal roles in tissue development and homeostasis. Studies showed
that aberrant overactivation of those proteases is frequently observed in cancer and coincides
with the degradation of extracellular matrix components, epithelial integrity and downregulation
of endogenous serine protease inhibitors HAI-1. In prostate cancer, the type Il transmembrane
serine protease hepsin is a consistent biomarker indicating malignant tissue transformation
and recent results proof hepsin as a promising target. In addition, new findings showed that
the closely related type Il transmembrane serine protease TMPRSS2 is exploited by
respiratory viruses which utilize its proteolytic activity to activate viral surface proteins which
mediate host cell infection and spreading of the virus. Within this thesis, new approaches for
the development of peptidomimetic compounds which specifically interact with hepsin (Chapter
A) and TMPRSS2 (Chapter B) are investigated.

In chapter A new peptidomimetic substrates and inhibitors were developed by using molecular
docking studies on the binding cavity of hepsin. Therefore, the binding cavity of hepsin was
separated into two subpockets (prime and non prime) and combinatorial peptide libraries were
built with a specific pattern and screened against the subpockets. The in silico results revealed
high scoring peptides combinations for each subpocket which were used as substitutes for a
literature known hepsin substrate. A library of octapeptide substrates was assembled and
synthesized using solid-phase peptide synthesis with a FRET pair which allow real-life
monitoring of enzymatic peptide degradation. Enzymatic testing against hepsin revealed high
catalytic efficiencies of the synthesized IQF substrates. To further improve the stability in serum
and plasma, D-amino acids were introduced on a selected IQF substrate which revealed
combinations with resistance against degradation by diluted serum and plasma while
maintaining high cleavability by hepsin compared to the reference peptide substrate.
Combination of top prime and top non-prime peptides did not lead to an additive improvement.
This result strengthens the observation that neighboring amino acids in a peptide substrate
exert strong cooperative effects and that conventional strategies to probe substrate

specificities like PS-SCL may not fully uncover optional peptide combinations.

As a follow-up project, the highest scoring peptide combinations targeting the non-prime
subsite pocket of hepsin were used as recognition sequences and connected with a reactive

serine trap. Enzymatic measurements revealed two compounds having high potency against
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hepsin and good selectivity against coagulation proteases. Of note, one compound showed a
15.5-fold selectivity against the closely related protease matriptase, presumably caused by
small amino acids in the P2 pocket which could represent the matriptase selectivity determining
position. Stability studies on two selected compounds revealed high remaining activity up to 1

day in diluted blood serum.

This chapter tackles the rational design of peptidomimetic substrates and inhibitors for hepsin
from a new perspective through the usage of combinatorial peptide libraries. Further research
in this area is conceivable as the identified, potentially improved peptide substrates could be
used for the development of hepsin responsive peptide-based nanocarriers to selectively
target prostate cancer cells. For this purpose, it is of importance to ensure high selectivity
against other proteases and therefore, more enzymatic measurements against other, hepsin
related proteases are necessarily required to gain broader knowledge about the peptide
substrate specificity. Other measures to increase stability might include the use of
poly(ethylene glycol) or poly(ethylene phosphate) on the surface of nanocarriers which is
commonly used to reduce non-specific cellular uptake. In this regard, a thoroghful analysis of
proteins, which adsorb on the surface of the nanocarriers after exposing into blood, as well as
regulation of the adsorbed proteins might be helpful to adjust hepsin accessibility and

cleavability.

The peptidomimetic inhibitors offer a great platform for further development of pharmaceutical
compounds. Our studies prove high activity of selected compounds against hepsin and
selectivity against off-target proteases. This opens promising opportunities for further
optimization by using D-configurated or synthetic moieties. In addition, substitutions on the
heterocycle of the ketobenzothiazole serine trap might enable more specific interactions with
the prime recognition site of the catalytic active cleft potentially enabling increased potency or
selectivity. For future drug development, attention should be drawn to potential route of
application and required pharmacokinetic properties. The perspective is that this pipeline could
be used for any other serine proteases as a guideline to improve the efficiency of the discovery

of new substrates or inhibitors.

Chapter B describes the identification of novel inhibitors for the transmembrane serine
protease TMPRSS2 to block viral infection. Here, a similar pipeline as described above was
used to identify tailored peptides for TMPRSS2. At first, based on literature data, information
about substrate preferences of TMPRSS2 were obtained and a tripeptide reference binder was
created which was used as a starting point for the preparation of peptide libraries. Due to the
lack of a protease crystal structure, the libraries were docked against two substitute structures
and the top scoring combinations were assembled to a peptidomimetic inhibitor library.

Enzymatic testing against TMPRSS2 and off-target proteases matriptase, thrombin and factor
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Xa revealed four compounds as potentially promising with high potency and off-target protease
selectivity. In further studies, the top compounds were shown to block SARS-CoV-2 spike
driven entry into Caco-2 cells and to block infection of Caco-2 cells by SARS-CoV-2 wildtype
virus and its variants of concern. Two selected compounds were incubated in blood serum and
plasma which showed still high remaining activity after 10 days. The above-described further
developments for inhibitors are also conceivable in this area. In addition, the lung being the
most attacked organ in COVID-19 might favor a potential inhalative application of TMPRSS2

inhibitors.
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P2' peptide RQLRVGRH
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. Michaelis Menten analysis of IQF substrate degradation by hepsin.
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P3.3' peptide RQIRVVGG P3.4' peptide RQLRVGGq
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Figure A2. Michaelis Menten analysis of IQF substrates in 12.5% blood serum.

176



Appendix

reference peptide RQLRVGGQ

0.03+
v
= 0.02-4
= [ ]
2
8
< 0.01
>
0.00 T I ) L] 1
0 50 100 150 200
substrate concentration [uM]
P2 peptide GQRRVVGG
0.03
w
= 0.02-
=
2
E
° 0.01
>
0.00 T 1 1 1 1
0 50 100 150 200
substrate concentration [uM]
P4 peptide QQVRVVGG
0.05
— 0.04
£
E 0.03
2
§ 0.02
2
0.01
0.00 T T T |
0 50 100 150 200
substrate concentration [uM]
P2' peptide RQLRVGRH
0.03
w
= 0.02- ¢
3
3 [ ]
E
< 0.01
>
0.00 T 1 1 1 1
0 50 100 150 200

substrate concentration [uM]

P1 peptide AEQRVVGG

o
=)
]

e
o
T

velocity [uM/s]
o
o
T

=)

o

-
1

0.00 T T T |
0 50 100 150 200
substrate concentration [uM]
P3 peptide RNHRVVGG
0.03
o)
= 0.02
=
2
£ °
<] -
% 0.01
>
0.00 T 1 1 1 1
0 50 100 150 200
substrate concentration [uM]
P1' peptide RQLRVHSL
0.03
v
= 0.02-
=
2 ¢
©
o _ [ ]
% 0.01
>
0.00 T I I I 1
0 50 100 150 200
substrate concentration [pM]
P3' peptide RQLRVGGQ
0.03
0 ¢
= 0.02
=3
> [}
3
5 0.01-
>
0.00 T 1 I I 1
0 50 100 150 200

substrate concentration [pM]

177



Appendix
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Figure A3. Michaelis Menten analysis of IQF substrates in 12.5% blood plasma.
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Analytical data of precursors and serine traps

Boc-Arg(Mtr) Weinreb amide (S1)

((S)-tert-Butyl-(1-(methoxy(methyl)amino)-5-(3-((4-methoxy-2,3,6-
trimethylphenyl)sulfonyl)guanidino)-1-oxopentan-2-yl)carbamate)

Structure: NMR (300 MHz, CD30OD):

0 Pleszka. 190.1d

H PK-Weinreb Arginine
o N -
oY

)0
N

Exact Mass: 529,26

8.0 7.5 7.0 6.5 6.0 5.5

4.5

0.5

"H NMR (300 MHz, CD30D): 6=1.43 (s, 9 H) 1.49-1.60 (m, 4 H)
1.87 (s, 1H)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).

HPLC:

w
]

N
L

absorption [220nm]
1

F i
o
o

ESI (MS) m/z: calcd for Ca3H3gNs507S:
[M+H]" 530.3, [2M+H]" 1059.6, found > 80%.
[M+H]" 530.2, [2M+H]" 1059.4

T
5

10 15 20 25 30
time [min]

Retention time 24 min. Purity (HPLC, 220 nm)
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Boc-Arg(Mtr) ketobenzothiazole (S2)

tert-Butyl-(1-(benzo[d]thiazol-2-yl)-5-(3-((4-methoxy-2,3,6-
trimethylphenyl)sulfonyl)guanidino)-1-oxopentan-2-yl)carbamate

Structure: NMR (300 MHz, CD30OD):

H 9 oKaT | 61 sons

>r0\n,N S, » 2 i
1 00
0 N@ 400
HN =2000
Hl:l NH 1800
0=S=0 1600
\@ 1400
1200
/o 0!
Exact Mass: 603,22 , Leoo

200

"H NMR (300 MHz, CD30D): 6=1.43 (s, 9 H) 1.66 (m, 4 H) 2.05 (s
H) 2.55 (s, 3H) 2.70 (s, 3H) 3.23 (m, 2 H) 3.81 (s, 3H) 5.32 (m, 1
6.55 (s, 1 H) 7.69 (m, 2 H) 8.27 ppm (m, 2 H).

MS-ESI: HPLC:
g% & 3m
. ) -
c
Q 2
N,
s
P "
2
120h6 Ke]
3]
J ‘ J c ] L] L L] L L]
‘ b T 0 5 10 15 20 25 30
time [min]

ESI (MS) m/z: calcd for CisH37NsOeS2 Retention time 30-31 min. Purity (HPLC, 220
[M+H]* 604.2, [2M+H]" 1207.4, found nm)> 90%.
[M+H]* 603.9, [2M+H]" 1206.6.
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H2N-Arg(Mtr) ketobenzothiazole (S3)

(N-(N-(4-amino-5-(benzo[d]thiazol-2-yl)-5-oxopentyl)carbamimidoyl)-4-methoxy-2,3,6-
trimethylbenzenesulfonamide)

Structure:

H,N s

Exact Mass: 503,17

MS-ESI:

50423

s0424

NMR (300 MHz, CD30D):

Hueppe.3060.fid
arg kbt mtr
82 5
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7T e v T g Y
2 ) £ g Rgsz & 500

0 85 8.0 75 7.0 65 6.0 55 5.0 45 4.0 35 3.0 25 20 15 1.0 05 0.0
f1 (ppm)

'H NMR (300 MHz, CD30D): & = 1.73 (m, 2 H) 2.06-2.11 (m, 4

H) 2.24-2.36 (m, 1 H) 2.48 (s, 2 H) 2.59 (s, 3 H) 3.84 (s, 3 H) 5.27
(m, 1H) 6.73 (s, 1 H) 7.64 (m, 2 H) 8.16-8.22 ppm (m, 2 H).

HPLC:

N w
L J

absorption [220nm]
1

(=)

1
5 10

1
15 20 25 30

o

| ‘nk lL bk 1 )\
e T o

ESI (MS) m/z:
[2M+H]*
[2M+H]" 1007.5.

calcd

time [min]
Retention time 19-20 min. Purity (HPLC, 220
nm) > 80%

"0 T e ke T A0

[M+H]" 504.2,

1007.4 found [M+H]" 504.2,
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Boc-Arg(Mtr) ketothiazole (S4)

tert-Butyl-(5-(3-((4-methoxy-2,3,6-trimethylphenyl)sulfonyl)guanidino)-1-oxo-1-(thiazol-2-
yl)pentan-2-yl)carbamate

Structure: NMR (300 MHz, CDCls):

Owrn 0 s I EE L
m;m
N

H
Hl:l’gNH

0=S=0

/O
Exact Mass: 553,20 '
e L]

'H NMR (300 MHz, CDCls): & = 8.04 (d, 1 H), 7.72 (d, 1 H),
6.53 (s, 1 H), 5.64 (d, 1 H), 5.41 (s, 1 H), 3.83 (s, 3 H), 3.26

(m, 2 H),2.67 (s, 3H),2.59 (s, 3H),2.12 (s, 3H), 1.76 — 1.57
(m, 4 H), 1.41 (s, 9 H). ppm.

LC-MS data:

nnnn

MS (ESI): m/z: calcd for C24H35NsO06S2 [M+H]" 554.2, found [M+H]" 554.2.

Retention time 7 min. Purity (254 nm) > 95%.
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H2N-Arg(Mtr) ketothiazole (S5)

N-(N-(4-amino-5-oxo-5-(thiazol-2-yl)pentyl)carbamimidoyl)-4-methoxy-2,3,6-
trimethylbenzenesulfonamide

Structure: LC-MS data:

Exact Mass: 453,15 MS (ESI): m/z: calcd for CaoHzrNsOsSz [M+H]'
453.2, found [M+H]" 454.1.

Retention time 0.08 min. Purity (254 nm) >
95%.
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Boc-Arg(Mtr) alcohol (S6)

(S)-tert-Butyl-(1-hydroxy-5-(3-((4-methoxy-2,3,6-trimethylphenyl)sulfonyl)guanidino)pentan-
2-yl)carbamate

Structure: NMR (300 MHz, CDCls):

0 |
Exact Mass: 472,24 | i [ | ' j

'H NMR (300 MHz, CDCl3) & = 6.52 (s, 1 H), 6.33 (s, 2 H)
5.15(d, 1 H), 3.82 (s, 3H), 3.55 (s, 2 H), 3.21 (s, 1 H), 2.69-
2.66 (m, 5H),2.59 (s,3H),2.12(s, 3H), 1.55 (s, 4 H), 1.40
(s, 9 H) ppm.

LC-MS data:

LC-MS m/z: calcd for C1H3sN4OsS [M+H]
473.2, found [M+H]" 473.2. Retention time 5
min. Purity (254 nm) > 98%.
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H2N-Arg(Mtr)-OH (S7)

((S)-N-(N-(4-amino-5-hydroxypentyl)carbamimidoyl)-4-methoxy-2,3,6-
trimethylbenzenesulfonamide)

Structure HPLC: MS-ESI:
OH 3= o
H2N\) —_
i £ o]
b |
HN S ]
B [ " 7
Hr:l'gNH 5 1 - -
0=S:0 < ]
0 T T T T T 1 =] 43
1] 5 10 15 20 25 3 :T o
time f‘“z&u‘hu””HHHHH
_0
Exact Mass: 372,11 Retention time 16 min. Purity ESI (MS) m/z: caled [M+H]® 373.3,
(HPLC, 220 nm) > 90% [2M+H]* 745.4 found [M+H]® 373.4,

[2M+H]* 745.6.

Figure A4. Analytical data (structure, HPLC, MS, NMR data) of precursors and serine traps.
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Analytical data of peptidomimetic hepsin inhibitors

Cpd. 1

Structure:

HN\)L J\/: \)LS\/,KO
SH N’ S

HNa\NHz

Exact Mass: 721,28

Cpd. 2

Structure:
Os_NH,
A J\,fu \)'Y
Hol O

H Na\ NH2
Exact Mass: 661,26

HPLC:

absorption [220nm]

0 5 10 15 20 25 30 35
time [min]

Retention time 15.0 min. Purity

(HPLC, 220 nm) > 90%.

HPLC:

|

hd T T T T T 1
0 5 10 15 20 25 30 35
time [min]

absorption [220nm]

Retention time 14.5 min. Purity

(HPLC, 220 nm) > 90%.

A IA Ao b,

Y
abo ES oo 3 b

ESI (MS) m/z: caled [M+H]"
722.3, [M+2H]** 361.7 found
[M+H]* 361.9.

MALDI-TOF:

MALDI-TOF m/z: calcd [M+H]
662.3, [M+Na]® 684.2 found
[M+H]* 662.3, [M+Na]" 684.3
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Cpd. 3
Structure: HPLC: MS-ESI:
HN_NH Q2 e
v 17
H,N__O NH 5;;’ 1 - ‘
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NH . . . .
Retention time 13.5 min. Purity +
A ESI (MS) m/z: caled [M+H]
et Mowr 6700, (HPLC, 220 nm) > 90%. 6753, [M+2H[** 3382 found
: 674, or
[M+2H]"" 338.4.
Cpd. 4
Structure: HPLC: MALDI-TOF:

HZN\PNH

HN _ O HN

Yo Cw s

HN\:)LN N\=)LN s

r H o A H o

0“7 NH,
Exact Mass: 688,31

absorption [220 nm]

T T T T T T T 1
0 5 10 15 20 25 30 35
time [min]

|

Retention time 14.5 - 15.5 min. M ALDI-TOF m/z: calcd [M+H]*
Purity (HPLC, 220 nm) > 90%. 689.3, [M+Na]+ 711.2 found

[M+H]" 689.3, [M+Na]* 711.3

Cpd. 5
Structure: HPLC: MS-ESI:
HN NH, 3
T

" n) :f\")ci\ﬁs T T FhEw
@ ESI (MS) m/z: caled [M+H]

o N
j Retention time 13 min. Purity al
H N'iNH (HPLC, 220 nm) > 90%. 378.2 found [M+2H]** 378.2.

Exact Mass: 754,34

oy_
jf
2T
* P-4
H—(/\ﬂ
P-4
I
absorption [220nm]
- N

do o &
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Retention time 14.5 - 15.5 min.
Purity (HPLC, 220 nm) > 90%.

Cpd. 6
Structure: HPLC:
H,N s
(o] —_
'_;F HN E
\/l( W—NH, ]2
[' NH E
OH s g
IO T
Exact Mass: 687,28
Cpd. 7
Structure: HPLC:
NH2 HN 0 3
\)L J{ \)'\r :,
Y (m.
NH2 %

Exact Mass: 704,27

T T T T T 1
10 15 20 25 30 35
time [min]

Retention time 14.0 min. Purity

T
0

T
5

T T T T T 1
10 15 20 25 30 35
time [min]

(HPLC, 220 nm) > 90%.

Cpd. 8

Structure:

MS-ESI:

HNJ\NHz

Exact Mass: 624,29

ESI (MS) m/z: calcd [M+H]
625.3, [M+2H]** 313.2 found
[M+H]" 625.5, [M+Na]* 313.3

ESI
688.3 found [M+2H]** 688.3.

(MS) m/z: caled [M+H]"

F

H

——

H

] §
ITTnTm g
PR

uulnbonbing

ESI (MS) m/z: caled [M+H]"
705.3, [M+Na]® 727.2 found
[M+H]* 705.3, [M+Na]* 727.3
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Cpd. 9

Structure:

HN“"NH,
Exact Mass: 679,32

Cpd. 10

Structure:

HN.<_NH,
H,N.__O 7114
o
o H 9
N L N\:)LN 0
H o(‘ H  on

NH

HN“ "NH,
Exact Mass: 557,30

Cpd. 11
Structure:
HNYNHZ
H,N_0O NH
o)
H § i H
C.

HN“NH,
Exact Mass: 543,32

HPLC: MS-ESI:
3=
s |\
S 2-
o
$
R e —
2
©
T T T T T 1
5 10 15 20 25 30

Retention time 8-9 min. Purity
(HPLC, 220 nm) > 90%.

Julll .Mm |
T e & & T

sovmpuies
iy
time [mln] ED By o ED o E)

ESI (MS) m/z: caled [M+H]
679.3, [M+2H]** 340.7 found
[M+2HJ?* 340.9

MS-ESI:

LA e

ESI (MS) m/z: calcd [M+H]"
558.3 found [M+H]" 558.2

MS-ESI:

i
"

P

ESI (MS) m/z: calcd [M+H]
544.3 found [M+H]* 544.2
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Cpd. 12

Structure:

Exact Mass: 617,29

Cpd. 13

Structure:

HN.<_NH,
T

1P
N 0
TN
( N s
NH
HNJ\NHZ

Exact Mass: 489,23

Cpd. 14

Structure:

4 0
SN

) j N\©
HZNH"LNH

Exact Mass: 333,13

Figure AS5. Analytical data (structure, HPLC, MS) of peptidomimetic inhibitors.

o

ESI (MS) m/z: calcd [M+H],
618.2 [M+2H]** 309.6 found
[M+H]* 618.5. [M+2H]?*309.8

ESI (MS) m/z: calcd [M+H]"
490.2 [M+2H]** 245.6 found
[M+H]* 490.2. [M+2H]?*245.7

MS-ESI:

o £ b & e

ESI (MS) m/z: calcd [M+H]"
333.1 found [M+H]* 334.1
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A B
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Figure A6. Peptidomimetic inhibitors block activity of purified hepsin (A), matriptase (B), thrombin (C)
and factor Xa (D). Peptidomimetic inhibitors were added to isolated enzymes and after 30 minutes, the
fluorogenic reference substrate Boc-GIn-Ala-Arg-AMC was added to hepsin and matriptase and the
chromogenic reference substrates, D-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 triplicate measurements.
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A B
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Figure A7. Influence of truncation on inhibitory activity of compound 3 against hepsin (A), matriptase
(B), thrombin (C) and factor Xa (D). Peptidomimetic inhibitors were added to isolated enzymes and after
30 minutes, the fluorogenic reference substrate Boc-GIn-Ala-Arg-AMC was added to hepsin or
matriptase and the chromogenic substrates, bD-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 triplicate measurements.
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A B
) Matriptase
125 125
100 100
[ 75+ c 75+
2 S
= =
2 50+ S 504
L =
£ £
254 254
0+ 0+
0 10" 10° 10" 102 103 10* 105 10° 102 10" 10° 10' 102 10° 10* 105 10°
Concentration [nM] Concentration [nM]
C D
Thrombin Factor Xa
125
— 100
§ 5§
2 5 50
£ £
25+ 25+
O~ rrmer—r TSI T, e e e m o m mi omL omL mi |
102 10" 10° 10" 102 103 10* 10° 0 102 10" 10° 10" 102 103 10* 105 10°
Concentration [nM] Concentration [nM]
- 3 =8 32 34

- 31 - 33

Figure A8. Influence of serine trap on biological activity of compound 3 against hepsin (A), matriptase
(B), thrombin (C) and factor Xa (D). Peptidomimetic inhibitors were added to isolated enzymes and after
30 minutes, the fluorogenic reference substrate Boc-GIn-Ala-Arg-AMC was added to hepsin or
matriptase and the chromogenic substrates, bD-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 triplicate measurements.
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Analytical data of peptidomimetic TMPRSS2 inhibitors

Cpd. 1
Structure HPLC: MS-ESI:
HN NH, 2.0+ oy B
A, W B
N o g
HN_NH N = ‘
T QAH S\;@ §1.m
o) § 0.5 A
Exact Mass: 586,28 ®
o 5 10 15 20 25 30 35 T
time [min] E: E: P T L "
Retention time 15.5 min. ESI (MS) m/z: calcd [M+H]"
Purity (HPLC, 220 nm) > 587.3, [2M+H]" 1174.6 found
90%. [M+H]* 587.7.
Cpd. 2
Structure HPLC: MS-ESI:
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NH, H N
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Exact Mass: 586,28
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time [min]
Retention time 12.5 min. ESI (MS) m/z: calcd [M+H]*
Purity (HPLC, 220 nm) > 587.3, [M+2H]** 294.2 found
90%. [M+H]* 587.4, [M+2H]** 294.2.
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Cpd. 2S
Structure HPLC:
HN
OJ\NH H;}_NHZ Ea—
S s
T Oy ) N‘@ §l )
Exact Mass: 586,28 é
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Retention time 15.2 min.
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587.3, [M+2H]** 294.2 found
[M+H]* 587.4, [M+2H]?* 294.1.

£

ESI (MS) m/z: calcd [M+H]*
587.3, [M+2H]** 294.2 found
[M+H]* 587.4, [M+2H]?* 294.1.

ESI (MS) m/z: calcd [M+H]*
568.2, [M+Na]* 590.2 found
[M+H]" 568.3, [M+Na]" 590.3.
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Cpd. 4

Structure
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Retention time 15.0 min.

Purity (HPLC, 220 nm) >
90%.
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568.2 found [M+H]" 568.6.
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ESI (MS) m/z: calcd [M+H]*
545.2 found [M+H]" 545.8.

MS-ESI:
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ESI (MS) m/z: calcd [M+H]*
601.3, [M+2H]** 301.2, found
[M+H]* 601.6 [M+2H]?* 301.7.
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Cpd. 7

Structure HPLC: MS-ESI:

[
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o=(
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o
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Wz ==
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absorption [220nm]
N

NH 1
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90%.
Cpd. 7-3
Structure HPLC: MS-ESI:
3m
E
éiNH T§'1-'\_’J|r A
NHz 0 5 10 15 20 25 ] [N . .
Exact Mass: 483,33 time [min]
Retention time 12.0 min. ESI (MS) m/z: calcd [M+H]*
Purity (HPLC, 220 nm) > 484.3, [M+2H]** 242.7, found
90% [M+H]" 484.3 [M+2H]** 242.7.
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Cpd. 8

Structure HPLC:

[
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N
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HN_ _NH, time [min]
& "

absorption [220nm]

Retention time 14.0 min. ESI (MS) m/z: calcd [M+H]*
Purity (HPLC, 220 nm) > 591.3 found [M+H]* 591.6.
90%

Figure A9. Analytical data (structure, HPLC, MS-ESI, NMR data) of peptidomimetic TMPRSS2

inhibitors.

Figure A10. Predicted binding mode of substrate-like ligand ace-D-Arg-Pro-Arg-aldehyde in complex
with TMPRSS2 homology model (white carbon atoms and surface). Yellow dashed lines indicate
hydrogen bonds, the blue dashed line the distance between catalytic serine nucleophile oxygen and
carbon of the P1|P1’ amide bond. For clear view, only residues forming polar contacts with the ligand
and His14/57 of the catalytic triad are labeled and depicted as lines. Carbon atoms are shown in green,

oxygens in red and nitrogens in blue.
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Figure A11. Peptidomimetic inhibitors block activity of purified TMPRSS2 (A), matriptase (B), thrombin
(C) and factor Xa (D). Peptidomimetic inhibitors, camostat mesylate (CM) and FOY-251 were added to

isolated enzymes. After 30 minutes, the fluorogenic reference substrate Boc-GIn-Ala-Arg-AMC was

added to matriptase and TMPRSS2 and the chromogenic substrates, b-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 triplicate measurements.

matriptase

Inhibition [%]

0 10 10° 10" 102 105 10% 105 10°
Concentration [nM]

thrombin

1504

1254

1(,[,-_6.5_l_i_l_l_w
A re

* 3 \\;
754

50+

25+

T =T il ™

Concentration [nM]

T T .l
0 1071 10° 10! 102 108 104 10%

125

100

factor Xa

75

50

25+

- 7
- 72
— 73

) T oy al al
10 10° 10" 102 10® 104  10°
Concentration [nM]

Figure A12. Influence of serine trap on biological activity of compound 7 against A matriptase, B

thrombin and C factor Xa. Peptidomimetic inhibitors with a ketobenzothiazole (7), ketothiazole (7-2) or

alcohol (7-3) serine trap residue were added to isolated enzymes. After 30 minutes, the fluorogenic
reference substrate Boc-GIn-Ala-Arg-AMC was added to matriptase and TMPRSS2 and the
chromogenic substrates, D-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 triplicate measurements.
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Figure A13. Biological activity of virtual screening hits against A matriptase, B thrombin and C factor

Xa. After 30 minutes, the fluorogenic reference substrate Boc-GIn-Ala-Arg-AMC was added to

matriptase and 8were 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 triplicate measurements.
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Figure A14. Peptidomimetic inhibitors block protease activity of Caco-2 cells. 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-GlIn-Ala-Arg-AMC was added, and the reaction
rate of substrate degradation was assessed by recording the fluorescence intensity within 2 h. Shown

are the means = SD of triplicate measurements. Calculated ICso values for each compound are
presented in Table 5.10.
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Figure A15. 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 1 h, cells were
transduced with lentiviral SARS-CoV-2 pseudoparticles carrying the spike protein of SARS-CoV-2
wildtype (A), the B1.1.7 (B) or B.1.351 (C) variant of concern. Transduction rates were assessed 2 days
post transduction by measuring luciferase activity in cell lysates. Shown are the means + SEM of two

independent experiments, each performed in triplicates. Calculated ICso values for each compound are
presented in Table 5.11.
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Figure A16. Peptidomimetic inhibitors reduce SARS-CoV-2 infection. Peptidomimetic inhibitors and the
small molecule camostat mesylate (CM) were added to Caco-2 cells. After 1 h, cells were infected with
SARS-CoV-2 WT (A), SARS-CoV-2 bearing the spike D614G mutation (B), or the variants of concern
B.1.1.7 (C) and B.1.351 (D). Infection rates were determined 2 days post transduction by in cell ELISA
for the viral N protein. Shown are the means + SEM of three independent experiments, each performed

in triplicates. Calculated ICso values for each compound are listed in Table 5.12.
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Table A1. Hydrolysis of IQF peptides with optimized substrate processing sites by hepsin. Hydrolysis of

the IQF peptides (0—200 uM) was monitored containing 0.2 ng/uL hepsin and the constants were

calculated from nonlinear regressions of hyperbolic Michaelis—Menten rate equations. Relative catalytic

efficiencies (%) are the catalytic efficiency values of the IQF peptides relative to that of the reference

peptide. Enzymatic measurements were performed in triplicates.

sul;gtl:ate Ku [IM]  keat [sec”] [s;(gzﬂﬁln\l;l”] rtzlﬁ?;:aar:z;ic
reference 47.7 8.6 18.5 x 102 100%
P1 25.0 5.7 24.2 x 10 131%
P2 30.4 6.7 23.0 x 102 124%
P3 6.3 37 59.1 x 102 319%
P4 26.2 7.4 28.0 x 102 151%
P"1 48.1 9.9 22.2 x 10 120%
P2 22.6 7.8 34.6 x 102 187%
P'3 19.6 8.3 42.9 x 102 232%
P'3.1 36.9 6.3 17.1 x 102 95%
P'3.2 23.7 7.5 31.6 x 102 176%
P'3.3 not cleaved
P'3.4 28.5 7.6 26.7 x 102 148%
P™ 63.9 9.8 14.9 x 1072 800%
P"2 27.5 5.1 19.5 x 1072 105%
negative 1 not cleaved
negative 2 not cleaved
negative not cleaved
control
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Table A2. Michaelis Menten analysis of IQF substrates in 12.5% blood serum. Relative catalytic
efficiencies (%) are the catalytic efficiency values of the IQF peptides relative to that of the reference

peptide. Enzymatic measurements were performed in triplicates.

IQF substrate | Ku [MM]  kcat [sec™] [s:éﬁ/ﬁlu“] rf];ff;;lgc

reference 58.5 3.77x10%  6.44 x 10" 100%

P1 353.5 1.04 x 102 2.95x 10™ 46%

P2 150.3 452 x10% 3.00 x 10 47%

P3 63.7 2.86 x 102  4.48 x 10™ 70%

P4 79.3 4.47 x 10?2  5.63 x 10 87%

P1 79.6 416 x 102 522 x 10 83%

P2 90.2 423 x10% 4.68 x 10 73%

P'3 84.4 3.81x10% 4.51x10* 70%
P'3.1 not cleaved
P'3.2 not cleaved

P'3.3 118.8 3.22x10% 270 x 10 41%

P'3.4 77.7 4.30x 102 553 x10* 86%

P"1 159.3 7.60x 102  4.77 x 10* 74%

P"2 44.60 2.34x10% 526 x10* 82%

negative 1 138.5 3.57x10% 2.58 x 10 40%
negative 2 not cleaved
negative not cleaved

control
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Table A3. Michaelis Menten analysis of IQF substrates in 12.5% blood plasma. Relative catalytic
efficiencies (%) are the catalytic efficiency values of the IQF peptides relative to that of the reference

peptide. Enzymatic measurements were performed in triplicates.

Kcat/Km rel. catalytic
IQF substrate | Ku [UM]  Kcat [sec™] [sec;; MM~ efficiency

reference 34.0 2.62x10% 7.71 x10* 100%

P1 285.4 8.23x 102 2.88x10* 37%

P2 700.5 1.12x102% 1.65x 10* 21%

P3 60.3 2.28x102% 3.78 x 10* 49%

P4 526.4 1.66 x 102 3.14 x 10* 41%

P" 97.4 3.48 x 102 3.58 x 10* 46%

P'2 49.5 2.65x 102 5.35x10* 69%

P'3 46.9 2.65x 102 5.65x10* 73%
P'3.1 not cleaved
P'3.2 not cleaved

P'3.3 173.5 3.50 x 102 2.01 x10* 26%

P'3.4 57.3 2.96 x 102 517 x10* 67%

P"1 1365  357x10° 262x10" 32%

P"2 1213 2067 x10° 2.45x 10" 34%

negative 1 82.6 2.00x 102 2.43x10* 31%
negative 2 not cleaved
negative not cleaved

control
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Table A4. Docking result for P-site (P1-P4)-designed molecules with the structure being ace-X-X-X-R-
methylamide. The letters under P1-P4 represent the one letter code for amino acids. 2 P-site recognition
sequence of a literature known preferred substrate RQLR|VVGG.P P-site recognition sequence of the

endogenous substrate HGF.'38

P4 P3 P2 P1 | | score[kd/mol] (Rank)
Arg GIn Leu Arg -60.1 (175)a

Lys Gn Leu Arg -33.9 (4139)’

Arg Glu Cys Arg -73.1 (1)

Ala Glu GIn Arg -72.7 (2)

Gly GIn Arg Arg -72.7 (3)

GIn GIn Val Arg -69.5 (4)

Arg His GIn Arg -69.1 (6)

Glu GIn Pro Arg -68.9 (7)

Asn Glu GIn Arg -67.6 (8)

Table A5. The convergence analyses for the system a1AT-Trypsin. Binding free energy, importance
sampling ratio (ISR) and convergence parameters obtained for all the checkpoints in the system a1-AT
— Trypsin.

Checkpoint (%) AGc: (kcal/mol) ISR (%) Convergence

1(37) -10.6 £ 0.94 12.77 WARNING3
2 (44) -20+£1.2 23.59  WARNING3
3 (51) -5.5+0.71 19.19  WARNING3
4 (58) -5.3+0.83 43.68  WARNING3
5 (65) -7.7 £0.53 19.85 OK
6 (72) -8.4+£0.83 23.35  WARNING3
7 (79) -12.5+0.63 22.57  WARNING3
8 (86) -13.5+£0.59 37.78  WARNING3
9 (93) -10.7 £ 0.45 39.67 OK
10 (100) -11.6 £ 0.48 35.12 OK
Average* -10+1.6

*ISR-weighted average
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Table A6. The convergence analyses for the system a1AT-TMPRSS2. Binding free energy, importance
sampling ratio (ISR) and convergence parameters obtained for all the checkpoints in the system a1AT—
TMPRSS2.

Checkpoint (%) AGec: (kcal/mol) ISR (%) Convergence

1(37) -13.4 £ 0.95 8.58 WARNING2
2 (44) -9.2+0.82 3.31 WARNING2
3 (51) -10.0 £ 0.59 4.74 OK

4 (58) -1.2+£0.66 11.10 WARNING3
5 (65) -13.2+0.58 15.98 OK

6 (72) -15.2+0.76 23.39 WARNING3
7 (79) -11.9+0.64 23.28 WARNING3
8 (86) -10.4 £ 0.69 2213 WARNING3
9 (93) -7.9+0.54 23.75 OK

10 (100) -11.0 £ 0.68 48.13 WARNING3
Average* -10+£2.2

*ISR-weighted average

Table A7. Identified a1AT peptides in MALDI-TOF MS analysis from fraction 42_55. Predominant band
in fraction 42_55 (Figure 6.3) was analyzed by MALDI-TOF mass spectrometry and identified mass-to-
charge ratios with corresponding peptides are shown.

Corresponding Peptide
Mass-to-charge "
atio (i) Mscauence  Saasted A posion
852.48 R.SASLHLPK.L 851.49 307 - 314
888.49 K.AVLTIDEK.G 887.50 360 - 367
922.43 K.FLENEDR.R 921.42 299 - 305
1,008.49 K.QINDYVEK.G 1,007.49 180 - 187
1,015.61 K.SVLGQLGITK.V 1,014.61 325-334
1,076.58 K.LSSWVLLMK.Y 1,075.61 259 - 267
1,090.57 K.WERPFEVK.D 1,089.56 218 - 225
1,110.60 K.LSITGTYDLK.S 1,109.60 315-324
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1,247.61
1,263.61
1,576.83
1,641.84
1,779.76
1,803.94
1,855.93
1,871.97
1,891.84
2,057.97
2,259.13
2,275.16
2,291.18
878.48
1,078.52
1,136.56
1,275.68
1,391.71
2,090.08
2,186.06

2,707.26

R.LGMFNIQHCK.K
R.LGMFNIQHCK.K
R.DTVFALVNYIFFK.G
KITPNLAEFAFSLYR.Q
K. TDTSHHDQDHPTFNK.I
K.LQHLENELTHDITK.F
K.FNKPFVFLMIEQNTK.S
K.FNKPFVFLMIEQNTK.S
K.DTEEEDFHVDQVTTVK.V
K.LYHSEAFTVNFGDTEEAK.K
K.GTEAAGAMFLEAIPMSIPPEVK.F
K.GTEAAGAMFLEAIPMSIPPEVK.F
K.GTEAAGAMFLEAIPMSIPPEVK.F
K.FLEDVKK.L
K.FLENEDRR.S
K.KQINDYVEK.G
K.GKWERPFEVK.D
R.LGMFNIQHCKK.L
K.ELDRDTVFALVNYIFFK.G
K.LYHSEAFTVNFGDTEEAKK.Q

K.LQHLENELTHDITKFLENEDR.R

1,246.60
1,262.59
1,575.83
1,640.86
1,778.76
1,802.95
1,854.97
1,870.97
1,890.85
2,056.94
2,258.13
2,274.13
2,290.12
877.49
1,077.52
1,135.59
1,274.68
1,390.69
2,089.09
2,185.03

2,706.36

248 - 257

248 - 257

203 - 215

50 - 63

35-49

284 - 298

390 - 404

390 - 404

226 - 241

161-178

368 - 389

368 - 389

368 - 389

154 - 160

299 - 306

179 - 187

216 - 225

248 - 258

199 - 215

161-179

284 - 305
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