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Abstract

Cysteine cathepsins are endosomal proteases that are involved in lysosomal protein
degradation. Additionally, they engage in specific biological processes, like bone
degradation (CatK), antigen presentation (CatS) and pro-hormone processing (CatV and
CatL). Their enhanced activity was described in numerous pathological states, like cancer
and viral activation, which made them promising drug targets. Yet their specificity remains
elusive because methodology and tools applied could not match the complexity of their
processing patterns. Recent statistical analysis of cleavage patterns from large-scale
proteomics data enabled us to address this issue. Thirty peptides, representing a variety of
all seven major clusters of CatV substrates, were selected and synthesized. Their
interactions with the active site mutant of CatV were analyzed in crystal structures, and
their cleavage patterns by the native CatL, K, and V were studied in solution.

Over 20 crystal structures of CatV-peptide complexes were determined. They were
grouped into four binding patterns, based on their binding location or cleavage event. They
interacted with the cathepsin surface at the sites S4 — S6’. Superimposition of structures
showed that the residues at positions with non-normal distribution of residues, called
heterogeneous positions, reflect the cathepsin specificity. Peptidyl residues at such positions
bound to the rigid cathepsin regions. In contrast, the residues at positions with normal
distribution of residues, called homogeneous positions, do not reflect cathepsin specificity.
Peptidyl residues at such positions exploited the protease structural variability, sometimes
also inducing it. By analyzing the structures of CatK, L, and S, from PDB database, we
showed that the same conclusions can be applied to them, too. Moreover, we were able to
pinpoint to the structural areas and the contributing residues responsible for specificity of
CatL substrates at P3 and CatL, V, and F substrates at P1’. These areas can be targeted
to enhance selective inhibition of cathepsin endopeptidases.

We compared cleavages of peptides and proteins, carrying the same primary sequence,
and found that several were cleaved at different places when they were in the peptidyl form
or as a part of the protein structure. The comparison of peptide complexes with the sole
crystal complex of CatL and a protein substrate, published in the PDB database, suggested
that substrate specificity of cathepsins cannot be explained by contributions of individual
amino acids, but by the combined effect of the substrate as a whole. Hence, the knowledge
gathered from the peptide processing does not necessarily apply to the processing of protein
substrates and vice versa.

In addition, we determined the crystal complex of CatK and an alkyne-based inhibitor.
The electron density indisputably confirmed the covalent bond between the catalytic Cys
of CatK and the alkyne of inhibitor, showing that the alkyne warhead can be used as latent
electrophile for targeting proteases. In addition, we showed that calpeptin and compounds
alike, which inhibit MP™ protease of the SARS-CoV-2 virus and suppress viral activation
in cell-based assays, strongly inhibit the human CatL, K, V, and to a lesser extent also
CatB. This suggests that the viral suppression mediated by calpeptin may primarily be
due to the cathepsin inhibition rather than inhibition of M. To provide further support,
we determined the crystal structure of CatV-calpeptin complex.
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Povzetek

Cisteinski katepsini so pomembne endosomalne proteaze, primarno udeleZene v razgradnjo
proteinov. Nekateri izmed njih so dodatno vkljuceni v specificne bioloske procese, kot so
na primer razgradnja kostnega matriksa (katepsin K), predstavitev antigenih peptidov
(katepsin S) in procesiranje pro-hormonov (katepsina L in V). Povecana aktivnost
katepsinov je zaznana v nekaterih patoloskih stanjih, kot sta na primer rak in aktivacija
virusov. Njihova substratna specificnost e ni povsem razjasnjena, saj metoloski pristopi,
ki so na voljo, ne sledijo kompleksnosti njihovega procesiranja. Tega problema smo se lotili
s pomocjo statisticne analize katepsinskih cepitev, pridobljenih iz obsezne proteomske
studije. Izmed vseh cepitev smo izbrali in sintetizirali 30 peptidov, ki predstavljajo
raznolikost vseh glavnih klastrov substratov katepsina V. Njihove interakcije s katepsinom
V smo preudili v kristalnih kompleksih ter dolocili njihova cepitvena mesta z divjimi
oblikami cloveskih katepsinov L, K, in V.

Dolocili smo preko 20 kristalnih struktur kompleksov med katepsinom V in
posameznimi peptidi. Strukture smo razdelili v stiri skupine glede na podrocje vezave
peptida oziroma glede na prisotnost cepitve. Interakcije med katepsinom in peptidi so se
tvorile na mestih med S4 — S6°. S superimpozicijo struktur smo pokazali, da se preostanki
na pozicijah z nenormalno porazdelitvijo preostankov — imenujemo jih heterogene pozicije
- vezejo na katepsinska podrodcja, ki so rigidna, in odrazajo njihovo specifi¢nost. Nasprotno
se preostanki na pozicijah z normalno porazdeljenimi preostanki — imenujemo jih homogene
pozicije — vezejo na fleksibilna podrocja in nimajo vpliva na specificnost. Podobno velja za
katepsine K, L in S, kar smo ugotovili z analizo ze objavljenih kristalnih struktur v bazi
PDB. Pomembno je tudi to, da smo uspeli izpostaviti mesta na katepsinih in pripadajoce
preostanke, ki klju¢no prispevajo k specificnosti katepsina L. na mestu P3 in katepsinov L,
V in F na mestu P1’. Ta mesta se lahko izrabljajo pri nacrtovanju novih specifi¢nih
inhibitorjev katepsinskih endopeptidaz.

Cepitvena mesta peptidov in proteinov z enakim aminokoslinskih zaporedjem niso vselej
sovpadala. Primerjava peptidnih kompleksov in edinega Ze objavljenega kompleksa med
proteinom in katepsinom L nakazuje, da prepoznava substrata v aktivnem mestu katepsina
ni odvisna zgolj od primarne strukture in afinitete aminokislin do aktivnega mesta, ampak
tudi od njene strukture. Procesiranje peptidov zato ne odraza vedno procesiranja proteinov,
in obratno.

Poleg tega smo dolocili kristalno strukturo kompleksa med katepsinom K in
inhibitorjem z alkinsko reaktivno skupino. Elektronska gostota inhibitorja nedvoumno
potrjuje tvorbo vezi med reaktivnim cisteinom katepsina K in alkinsko skupino inhibitorja,
kar prikazuje, da se alkinska skupina lahko uporablja kot Sibak in pocasen elektrofil za
specificno ciljanje tar¢nih proteaz. Poleg tega smo pokazali, da so kalpeptin in njemu
podobne spojine, ki inhibirajo proteazo M virusa SARS-CoV-2 in preprecujejo njegovo
aktivacijo v celicnih linijah, zelo moc¢ni inhibitorji ¢loveskih katepsinov L, K in V, ter tudi
— malo manj moc¢ni — katepsina B. To nakazuje, da so morda glavna tarca pri zaviranju
virusne aktivacije prav katepsini. Naso tezo smo dodatno podkrepili z dolocitvijo kristalne
strukture kompleksa med katepsinom V in kalpeptinom.
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Chapter 1

Introduction

1.1 Proteases

Proteases cleave peptide (or amide) bonds of their substrates. Peptide bond is covalent
bond between a carboxylic group of one amino acid residue and an amino group of the
next residue in the peptide or protein molecule. Proteases are divided into endopeptidases,
when they cleave in the middle of a protein or exopeptidases, when they cleave at their
termini; more precisely, they are referred to as amino-peptidases or carboxy-peptidases
when they perform cleavage at amino (N) or carboxy (C) terminal residue, respectively.
Based on the type of the main catalytic residue, they are classified as serine, cysteine,
threonine and aspartic proteases, or as metalloproteinases, when they use a metal ion for
catalysis. The protease surface where the substrate binds and gets cleaved is called the
active site cleft or simply the active site.

1.1.1 Biological roles and regulation

Proteases represent around 2 % of the human genome (Craik et al., 2011). They were first
recognized as catabolic (degrading) enzymes and their roles described in food digestion and
intracellular protein turnover. In both of these processes, enzymes degrade their protein
substrates gradually down to single amino-acids. In time, involvement of proteases in cell
signaling was discovered and became an area of intensive research. In signaling, proteases
do not degrade their substrates to smallest possible units, which is known as the unlimited
proteolysis, but they cleave them at precise site(s), which is known as the limited
proteolysis. Thereby the generated protein fragments either gain or lose a certain
physiological function. Proteases control numerous key physiological processes, such as cell
cycle progression, tissue remodeling, DNA replication, cell proliferation, blood coagulation,
apoptosis, immune signaling, neurodegeneration and more (Bond, 2019; B. Turk, 2006).
In cells, protease activity is regulated at different levels. Protease gene transcription is
either decreased or increased, based on the cell current needs. After their synthesis at the
ribosomes, they are sent to specific locations in the cell, for example to endosomes or to
cell membrane, where their actions are needed. They are synthesized in proenzyme form,
which is inactive until the "pro" part is removed from the active protease sequence. Hence,
their unwanted actions elsewhere in the cell are prevented. Cells also evolved a set of
protein activators and inhibitors, which provide additional regulation by either enhancing
or blocking proteolytic activity. Protease degradation is regulated by autolysis, degradation
by other proteases, posttranslational modifications or receptor-mediated endocytosis
(Twining, 1994). These regulatory mechanisms are crucial because abnormal protease
activity, whether it is increased or decreased, has detrimental consequences to normal cell
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or tissue homeostasis and usually leads to pathological states. Several of these were studied
extensively, for example coagulopathies, cardiovascular and inflammatory diseases,
osteoporosis, infectious diseases and cancer (Lépez-Otin & Bond, 2008).

1.1.2 Substrates of proteases

Proteases actualize their roles by processing their substrates. Hence, to understand their
function, it is necessary to identify their substrates and understand the effects of their
processing (V. Turk et al., 2012). This knowledge helps to determine or predict protease
biological roles. The ability of a protease to discern between its substrates and other
peptidyl species, which it does not process, is called protease specificity. The pioneering
study of the protease substrates dates back to 1967, when Schechter & Berger (Schechter
& Berger, 1967) investigated the processing of poly-alanine peptides of different length by
the enzyme papain. They found that the length of the peptide chain affects the speed of
processing, and concluded that the length of seven Ala residues was optimal. According to
their concept, each of the substrate residues binds to its own area on the enzyme. The
separation of a residue from the cleavage site was called a position and was numbered,
whereas the areas to which a certain residue bound was called subsite, which was numbered
as well. They referred to the subsites, located N-terminally from the substrate binding
point of view as non-primed subsites and those located C-terminal as primed subsites. The
first non-primed subsite from the protease active site residue was named S1, the second
52, the third S3, and so on, and in a similar manner, the primed sites as S1’, S2” and S3’
and substrate residues that bind to these subsites were correspondingly named non-primed
residues P1, P2, P3, and the primed residues P1’, P2” and P3'".

1.1.2.1 Protease profiling

Proteases act on peptidyl species, such as peptides and proteins. Proteins are large
polypeptides with defined 3-D structure, which shape their biological functions as well as
their biochemical properties like size, charge distribution, solubility, stability, binding area
for proteases and so on. Due to the advances in recombinant DNA technology, proteins
can be nowadays produced and investigated in almost every biochemical laboratory.
Nevertheless, their production and proper handling require human and time resources. In
contrast, peptide production and handling is less laborious and they are hence routinely
used in protease assays. High throughput screening of protease activity toward peptides
with varying sequence in the form of commercially available peptide libraries, phage display
technologies or digested cell lysates provide tools for initial characterization of virtually
any protease. These methods are especially powerful for profiling proteases whose
specificity is driven mainly by contribution of one subsite only, for example proteases like
trypsin, endoproteinase Glu-C or caspases, due to their ability to readily expose which are
favorable interactions at individual subsites (Choe et al., 2006; Gupta et al., 2010; Klingler
& Hardt, 2012; O’Donoghue et al., 2012). The specificity of over 150 proteases have been
explored in that ways (Drag & Salvesen, 2010). In contrast, unravelling specificity of
proteases like metalloproteinases (MMPs) or cathepsins is more challenging because of their
broader specificity (known as the ability to cleave different sequences), redundant
processing (when the same sequence is cleaved by two or more similar proteases) and
absence of one clear dominant position (Biniossek et al., 2011; Puzer et al., 2004; Ratnikov
et al., 2021; Vidmar et al., 2017; Vizovisek et al., 2015). It is therefore remarkable that
these proteases play roles also in specific biological processes. Hence, in order to understand
their biological functions, an approach that could cope with their broad specificity profiles
and redundancy needed to be applied.
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1.1.3 Protease inhibitors

Proteases are important targets in drug discovery. It has been assessed that around 5 - 10
% of all drug targets, pursued by pharmaceutical industries, are proteases. Typically, drugs
are small molecule inhibitors that bind to the protease active site, which prevents its
association with substrates. This is not the case for allosteric inhibitors, which bind to
distal protease areas and will not be discussed here any further. Their key properties are
potency, which describes how strong is the association between the protease and the
inhibitor, and selectivity, which describes inhibitor property to bind preferentially to the
targeted protease. In this regard, the knowledge about protease processing patterns, its
active site structure and interactions with the specific endogenous inhibitors help greatly
in the design of potent and selective inhibitors. Inhibitors with low potency or low
selectivity are more likely to cause side effects due to the increased chance of non-desirable
or toxic interactions with other proteases or enzymes, which is referred to as the off-target
side effects. In contrast, the side effects caused by the inhibition of a targeted protease are
referred to as on-target side effects.

Before the drug is pursued, the biological roles of the targeted protease need to be well
understood in order to predict and possibly avoid negative aspects of its inhibition. This
includes detailed knowledge about the biological processes in which they are involved,
pathways they regulate and identification of their substrate pool. Next, these roles need to
be evaluated also in a disease state. Poor understanding of protease biology can have serious
consequences in the late stages of drug development. One such example was the
development of MMPs inhibitors as cancer therapeutics. The compounds caused severe
side effects which were largely observed only in stage III of clinical trials. The compounds
lacked selectivity because they inhibited several MMPs, leading to off-target side effects.
In addition, it was not known at the time that MMPs are involved in immune regulation,
thus leading to on-target side effects as well. These issues completely halted their further
development. Nevertheless, proteases represent an excellent target and this is illustrated
by several successful protease inhibitors which are indispensable in clinical use, for example
the inhibitors of angiotensin-converting enzyme, widely used in treatment of hypertension
and congestive heart failure; inhibitors of coagulation factors ITa (thrombin) and factor Xa
that are used for prophylaxis of cardiovascular diseases, related to hyper-coagulative states
and inhibitors of HIV protease which reduce the HIV viral load. (Coussens et al., 2002;
Drag & Salvesen, 2010; Kaysser, 2019).

There are two main strategies of protease inhibition: the reversible and irreversible.
Reversible inhibitors bind to the protease by non-covalent interactions such as hydrogen
bonds, hydrophobic forces, ionic forces or by formation of reversible covalent bond. The
association between protease and reversible inhibitor is not permanent, because it can be
simply reversed, for example by dialysis. The reversible inhibitors are further classified as
competitive, non-competitive or un-competitive inhibitors. In the competitive case, the
inhibitor competes with substrate for binding; in the non-competitive case, the inhibitor
binds to both the free enzyme and the enzyme - substrate complex and in the un-
competitive case, the inhibitor binds only to the enzyme - substrate complex. Irreversible
inhibitors have two steps of inhibition: the first reversible and the second irreversible. At
the irreversible step, which permanently modifies the protease, they form a covalent bond
with the catalytic protease residue. The functional group that chemically modifies the
enzyme is called warhead. Irreversible inhibitors are considered less safe due to the warhead
reactivity, which can engage in toxic, non-specific interactions with non-targeted residues
on proteins or DNA and RNA molecules. In oppose, the beneficial consequences of
irreversible covalent modification are prolonged drug effect and lower doses needed in
therapy. Several irreversible inhibitors are drugs with excellent safety profiles, which shows
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that irreversible modification remains a viable option of protease inhibition (Eisenthal et
al., 2007; Strelow, 2017). Few examples of widely used and successful therapeutics are
aspirin, penicillin, clopidogrel and omeprazole (Singh et al., 2011; Vita, 2021).

It has been shown recently that alkyne functional group, which was long considered
inert, is capable of forming an irreversible covalent bond with the nucleophilic residue in
the enzyme active site (Ekkebus et al., 2013). The reaction proceeds despite its slow rate
because it is governed by the local forces in the catalytic site. The alkyne-based small
molecule inhibitors should thereby retain selectivity against the targeted enzyme, provided
that their molecular backbone remains unchanged, while their off-target properties should
be diminished due to the inertness of the alkyne warhead elsewhere. The alkyne-based
inhibitors thus present a novel option for targeting enzymes by the means of irreversible
inactivation (Kim et al., 2021).

1.1.4 Cysteine cathepsins

Cysteine cathepsins are endosomal papain-like proteases. In humans there are 11 members
of the family: cathepsins V, K, L, S, F, B, C, O, H, X and W. They are all endopeptidases,
apart from cathepsins X and C, which are carboxymonopeptidase and aminodipeptidase,
respectively, and cathepsins H and B which can act as both endopeptidases and
aminopeptidase and carboxydipeptidase, respectively (V. Turk et al., 2012). They play
redundant roles in protein digestion in late endosomal compartments and lysosomes.
Sometimes they are involved in processing of proteins by limited proteolysis such as bone
remodeling by cathepsin K (Garnero et al., 1998), processing of Ii by cathepsins S and V
(Unanue et al., 2016), neuro prohormone processing by cathepsins V and L (Funkelstein
et al., 2008, 2012), release of angiostatin-like fragments from plasminogen by cathepsin V
(Puzer et al., 2008) and thyroid pro-hormone processing by various cathepsins (Di Jeso &
Arvan, 2016). In the last decade it was established that cathepsins, at certain conditions,
localize in other cellular compartments besides the endosomes where they process their
substrates, for example in the extracellular space (Vizovisek et al., 2019), nucleus (Duncan
et al., 2008) and cytosol (Yadati et al., 2020).

Specificity of cysteine cathepsin processing was studied by using peptidyl libraries or
protein digestion samples as cathepsin substrates (Biniossek et al., 2011; Puzer et al., 2004;
Vidmar et al., 2017; Vizovisek et al., 2015). These works showed that the S2 subsite is
their main specificity determinant, which adapts well the bulkier hydrophobic residues or
the aromatic residues. Apart from the S2, the subsites S1 and S1’ also confer some
selectivity to cathepsins, however it was not clear which residues are preferred at these
sites because different groups reported different amino acid preferences. This discrepancy
is likely due to the differences in the sample preparations or the amino acid sequence
limitations of the samples. Crystal structures of cysteine cathepsins with small molecule
substrate mimicking inhibitors confirmed that S2, S1 and S1’ are the only well-defined
subsites where the substrates can interact with the cathepsin surface with both main-chain
and side-chain interactions. The exopeptidases contain additional structural features, such
as occluding loop in cathepsin B, which limit the access of a substrate to the active site
and hence endow them with the exopeptidase activity (V. Turk et al., 2012). Due to its
presence, the cathepsin B contains additional specificity determinant, the preference for
Gly at S3’ subsite (Biniossek et al., 2011).

1.1.4.1 Cysteine cathepsins as drug targets

Cysteine cathepsins emerged as a promising drug targets once their specific physiological
roles and implications in pathological states were established, such as immune and cardio-
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vascular disorders, neurodegeneration, inflammation and cancer progression (V. Turk et
al., 2004; Yadati et al., 2020). Specific inhibition of homologous proteases such as cysteine
cathepsin endopeptidases is challenging because there are no distinctive structural features
that can be used for selective targeting. However, many attempts have been made in this
direction. The most studied was cathepsin K because of its distinctive processing of bone
matrix, which made it a promising target for the treatment of osteoporosis. Several groups
developed inhibitors with reasonably good specificity profiles, and Odanacatib (ODN)
reached phase III of clinical trials (Gauthier et al., 2008; Lu et al., 2018). The specific
inhibitors of cathepsin endopeptidases S (Fuchs et al., 2020), L (Dana & Pathak, 2020)
and cathepsin exopeptidase B (Y.-Y. Li et al., 2017) have also been developed. In 2019,
there were several cathepsin K and S inhibitors in clinical trials, one inhibitor of cathepsin
B and none of cathepsins L and V (Cianni et al., 2019).

The selectivity of an inhibitor determined in a laboratory experiment does not always
translate to the desired inhibition when it is administered to the patients. For example,
the ODN is considered a highly selective compound among specific cathepsin inhibitors. Its
1Cs against cathepsins K and S, the two that are inhibited most strongly, are 0.2 nM and
60 nM, respectively, so it is selective over cathepsin S by a factor of 300. However, when
patients were administered 50 mg of ODN once a week, its plasma levels stayed above 100
nM for the whole week before the next dose was taken, and its high volume of distribution
suggests its partitioning in body tissues (Stone et al., 2019; Zajic et al., 2016). At such
conditions, the inhibition of cathepsin S could not be excluded. Thus, there is still a large
need for potent and selective cysteine cathepsin inhibitors, which may one day become an
important group of therapeutics for different disease states.

1.1.4.1.1  Cysteine cathepsins as drug targets in SARS-CoV-2

In an effort to discover novel drug candidates for treatment of SARS-CoV-2 infection,
large-scale X-ray screening against viral protease M was performed (Giinther et al., 2021).
Compounds in screening were drugs that already entered clinical trials or were already
approved, so they are considered safe to humans. Calpeptin, an aldehyde-based reversible
calpain inhibitor was among seven compounds that covalently attached to the catalytic
Cys residue of the MP™ enzyme. It was observed that calpeptin is also a strong inhibitor of
human cysteine cathepsins, which propagate viral entry by processing of Spike-protein (S-
protein) in endolysosomes, the route alternative to these of transmembrane serine protease
TMPRSS2, which process S-protein upon its binding to ACE2 receptor on the cell surface
(Jackson et al., 2022; Juibari et al., 2022; Yang et al., 2022). Moreover, it has been shown
that calpeptin suppresses viral activation in cell-based assay in concentrations below 100
nM, although it only inhibits M enzyme in micromolar range (Mediouni et al., 2022).
Hence, the actions of calpeptin could not be attributed solely to inhibition of MP™,
suggesting its actions against targets of host origin, namely cathepsin L, and possibly also
of other cathepsins. Roles in the viral activation for cysteine cathepsins have been
demonstrated for other viruses such as SARS-CoV (Bosch et al., 2008), Ebola (Gnir8 et
al., 2012), MERS-CoV and human papilloma type 16 virus (Scarcella et al., 2022).

The advantage of targeting human molecular species in SARS-CoV-2 infection is their
negligible variability in the human population, whereas viral drug and vaccine targets are
prone to mutations, which gives rise to resistant mutant strains. Hence, cysteine cathepsins
can be regarded as a promising target for not just SARS-CoV-2, but also for treatment of
viral infections in general.
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1.2 Studies of Protease Substrates and Inhibitors

In the last few decades, several methods evolved that boost the investigation of protease
associations with their substrates and inhibitors. These include macromolecular
crystallography, enzyme kinetic studies and mass spectrometry techniques.

1.2.1 Macromolecular crystallography

Macromolecular crystallography is a method used to determine the 3-D atomic structure
of the molecules, like proteins, in the crystalline form. Molecules are first crystallized. The
smallest repeating unit of the crystal is called unit cell. The smallest part which can be
used to reconstruct the unit cell by using the crystal symmetry operations is called
asymmetric unit.

1.2.1.1 Protein crystallization

Protein crystallization is explained by the phase diagram, as shown in Figure 1. The state
in which the protein concentration in the sample is higher than its solubility is called the
supersaturation state. Supersaturation state is divided into metastable zone, precipitation
zone and liable (or crystallization) zone. In the metastable zone, the supersaturation is too
low, and the protein nuclei that form are unstable and usually quickly dissolve. In the
precipitation zone, the supersaturation is too large and the protein molecules will
precipitate rather than form crystals. The stable nuclei grow only in the liable zone.
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Figure 1: Crystallization phase diagram

After the nuclei are formed, the crystal growth will take place, until the supersaturation
state is exhausted and the equilibrium between crystal and liquid system is reached (Rupp,
2015). The conditions in which protein crystallizes depend heavily on the composition of
the precipitate solution, protein concentration and the temperature. The optimal conditions
for crystal growth are determined experimentally, by testing many different varieties of
these variables. In practice, the concentrated protein solution is mixed with the
crystallization solution (or precipitate solution or simply precipitate) in a droplet and left
sealed against a much bigger volume of precipitate (reservoir). The evaporation of water
from the droplet to the reservoir is driven by higher vapor pressure in the droplet. Hence,
the protein concentration in droplet slowly grows toward the supersaturation state
(Cheraghian Radi et al., 2021; Forsythe et al., 2002).
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1.2.1.2 X-ray scattering from the crystal

The X-rays are suitable for crystal structure determination because they are scattered from
the electrons so that their energy (frequency) remains the same, the effect known as the
elastic scattering. Their wavelength is around 1 A, which is in the same range as the
distances between atoms in the proteins, hence the scattered waves interfere with each
other. When the scattered waves interfere constructively (which means that they add up
in phase), their signal will be enhanced across the millions of millions of protein molecules
in the crystal. The Braggs model states that constructive interference between scattered
waves occurs from evenly distanced "planes" so that the Bragg’s equation is fulfilled:

nA =2dsinf (1.1)

where n is an integer, A is the X-ray wavelength, d is the distance between the planes and
0 is the value of the incident and diffracted angle (Bragg & Bragg, 1915). The signal from

the scattering planes is amplified across the crystal only at certain directions, which are
specified by Miller indices (h, k, 1). In reality, protein atoms do not lie on planes, but the
vectors of the scattered waves from the atoms, which interfere constructively at the
direction of Miller indices, appear in the same way. The signal from each diffracting plane,
called the reflection, is collected at the detector. The position and identity of the reflections
are calculated once the unit cell parameters (axes a, b, ¢, and their angles) and its symmetry
(point group or space group) are obtained. The collection of the reflections on one image,
which is obtained with one exposure event, is called the diffraction pattern, and the set of
all images is called the dataset (Neil W. Ashcroft, 1976).

1.2.1.3  Euler description, Fourier transform and structure factors

Mathematically, the scattered waves are described as vectors in complex plane with the
Euler’s formula:

e’ = cosa + isina (1.2)

where the unknowns are the amplitude of the wave and its phase. In crystallographic terms,
the scattered waves are related to structure factors. Each reflection (h, k, 1) holds the
information about the amplitude of the associated structure factor (F, 1 or shortly Fy),
which is proportional to the intensity of the reflection. The underlying mathematical
operation that treats the reflections as the representation of the crystal electron density in
the diffracting space is linked by Fourier transform:

Fh) = / p(z) x e2mihe gy (13)

where F(h) is the structure factor, p(x) is the electron density at vector x (x stands shortly
for fractional coordinates x, y, z of the unit cell a, b, ¢), the vector product hx represents
the contribution of scattering object at the vector x to the structure factor Fy and the V
represents the unit cell volume. The Fourier transform is inverse operation, so it can also
be stated as:

plz) = %Z F(h) x e~2mihz (1.4)
h
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Hence, if the integral in the first equation goes over the whole unit cell, then all the atoms
in the unit cell contribute to the value of each structure factor. Vice versa, the second
equation states that the electron density at every position is obtained by the summation
of every structure factor

Considering that electron density is calculated by the summation of each structure
factor, the goal in the diffraction experiment is to collect as many reflections as possible
and extract the amplitudes of each structure factor from the intensity of the reflections.
This is achieved by rotating the crystal (and hence its diffracting space) so that each
reflection eventually fulfils the Bragg’s conditions. During the experiment, the crystal is
exposed to X-rays after every rotation event, which is usually in the range of 0.2 - 1 degree.
The higher the symmetry of the crystal and hence its diffraction pattern, the lesser the
portion of the diffraction space that needs to be sampled in order to collect all the
reflections. The imperfections in the crystal lattice and thermal motion of atoms in the
crystal (both described with atomic displacement parameter, called the B-factor) impose a
limit to where the diffraction reaches. This limit is known as the resolution (covered in
Rupp, 2009).

1.2.1.4 The Phase problem

In the X-ray experiment, only amplitudes of the structure factors are measured, whereas
the phase information is lost. This is known as the phase problem. There are different ways
to obtain phases of the structure factors. These include single or multiple isomorphous
replacement (SIR or MIR), single or multi-wavelength anomalous diffraction (SAD or
MAD) and molecular replacement. In structures with very high resolution the direct
phasing methods can also be used. In phasing, the goal is not to determine precise values
of the phases, but to find the initial set of phases for calculating the electron density map
that is good enough to enable modelling of protein residues into it and thereby proceed
with structure determination.

1.2.1.4.1  Isomorphous replacement

The isomorphous replacement is a technique where heavy atom is introduced into a protein
structure. Position of heavy atoms in the unit cell can be determined from the difference
Patterson map, which is an auto-correlation function of the electron density with its inverse
and uses only structure factor amplitudes to determine the relative distances between
atoms in the unit cell. The Patterson map of the protein atoms is too crowded; however,
the introduced heavy atom scatterers stand out in the map and can thus be assigned their
relative location in the unit cell. By applying symmetry of the unit cell, their absolute
location in the unit cell (and hence their phases) can be determined. Their phases, together
with measured amplitudes of the native crystal (without heavy atoms) and crystal with
heavy atoms, are used to calculate phases of all structure factors (covered in Rupp, 2009).

1.2.1.4.2  Anomalous diffraction

When the X-rays are absorbed by the atoms and cause electronic transitions in their
orbitals, they lose their centrosymmetry as the scatterers. This breaks the scattering
symmetry between Friedel pairs (reflections with opposite Miller indexes, Fy and F.,),
whose amplitudes are equal and their phases opposite in the absence of anomalous signal.
The atoms absorb X-rays only in a specific region of the wavelength spectrum. The
experiment is performed by choosing the wavelength that corresponds to the absorption
peak of the atom whose anomalous diffraction is being measured (SAD) or combining this
data with the data from other wavelengths where anomalous scattering is weaker but still
present (MAD). For protein structure determination, the most important anomalous
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scatterers are metals, selenium atoms (for recombinant proteins with incorporated
selenomethionines) and sulfur atoms. The position of the anomalous scatterer and thereon
protein phases are determined in a similar way as with isomorphous replacement (covered
in Rupp, 2009).

1.2.1.4.3 Molecular replacement

The molecular replacement uses phases of known protein structure (called the model),
which is similar to the structure of the investigated protein. To extract phases, the model
molecule first needs to be orientated in the same way and placed in the same cell as the
investigated protein, which is done with the help of the Patterson transformation. The
similarity of model structure with the investigated protein can be guessed from their
sequence homology. As a rule of thumb, between 30 - 40 % homology is usually enough to
obtain the initial set of phases. Molecular replacement is the most frequently used technique
in phasing due to its simplicity and the continuous supply of solved protein structures in
the Protein Data Bank (PDB) (Vagin & Teplyakov, 1997).

1.2.1.4.4  Direct methods

Direct methods are not used on their own for phasing purposes because they do not carry
enough information, but they can be used to provide additional data in combination with
other phasing techniques. Direct methods exploit the high probability of phase correlation
between certain triplets or quartets of structure factors that exhibit high diffraction peaks
(high intensity). Mathematically, they are described with the tangent formula and Sayre
equation. In real space, this can be viewed as high probability that atoms are concentrated
at intersections of their diffracting planes (Hai-Fu, 1998).

1.2.1.5 Electron density map and model building

When the phases are obtained, they are used to calculate the electron density map using
the Fourier transform. When the map is not clear, then the phases need to be first refined
and then map re-calculated. When the electron density takes a recognizable shape of the
protein structure, the protein molecule can be built into the electron density map, which
is called the model building. Model building leans on recognizable features of the proteins,
such as their main chain direction, shape of each amino acid residue, secondary structural
elements (o-helixes and B-sheets), solvent regions and primary sequence of the investigated
protein to locate their corresponding electron density in the map. The electron density map
is calculated with model phases and experimentally determined amplitudes, in which the
amplitude term is modified so that it gives the best representation of the true electron
density map:

2mFo — DFc (1.5)

where Fo and Fc are the observed and calculated amplitudes, respectively (Fc is calculated
from the model coordinates), m is figure of merit and represents the estimation of the phase
error and D is the Luzzati factor, which represents the estimated model errors (Pannu &
Read, 1996). Usually, another map is calculated, called the difference map:

mFo — DFe (1.6)

which exposes areas where the model is not consistent with the data. Model building is
done manually or automatically, using crystallographic software platforms CCP4 (Winn et
al., 2011), Phenix (Liebschner et al., 2019) or MAIN software (D. Turk, 2013).
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1.2.1.6 Model refinement

When the model is built, its atoms are manipulated in order to improve their fit to the
electron density map. This includes modification of their coordinates and modification of
their B-factors. The phases of the corrected model are then used to calculate new electron
density map, and the cycle is then again repeated several times. This is called the model
refinement. In refinement, all available knowledge about the crystallographic terms
(amplitudes, B-factors) and stereo-chemistry of the proteins is used to build the most
reliable model. The chemical terms, which are simply called the restraints, are bond lengths,
bond angles, planarity, Van Der Wals and electrostatic forces, and improper and proper
dihedral angles. Refinement software like Refmac (Murshudov et al., 2011), phenix.refine
(Afonine et al., 2012) or MAIN (D. Turk, 2013) use crystallographic terms and restraints
in the so-called target function, which search for the lowest energy of the system by
changing the model parameters (atomic coordinates and their B-factors). The general fit
of the model to the experimental data is evaluated by the R-factor:

Fo — Fc

R = Fo

(1.7)

where Fo and Fc are measured and calculated amplitudes, respectively. The smallest the
R-factor, the better the agreement between the model and the data. When it is not clear
how to correct the model further and the R-factor is low enough and stops changing after
each refinement cycle, the structure is likely finished (Murshudov et al., 2011; Praznikar
& Turk, 2014).

1.2.1.7 Model validation

The last step in structure determination is its validation. In general, validation reports
deviation of all the chemistry and crystallographic terms from the expected values, and
they should be checked at each step of the structure determination. These include bond
lengths and angles, close contacts, clashes, rotameric outliers and B-factors. When certain
term deviates, then its weight in the target function may need to be adjusted. The most
powerful validation tools are however the terms that were not used during the refinement.
Historically, the most important is the R-free factor, which is calculated the same as the
common R-factor but uses only 5 % of the reflections, which were set aside and not used
in model building and refinement. This is called the cross-validation. Hence, if the model
really agrees with the data, the R-free value should be close to the R-factor value (Briinger,
1997). A newer approach is the calculation of R-kick, in which all the reflections are used
in structure determination and in cross-validation. The introduced small changes (kicks)
of the atomic coordinates break the dependence of the model to the restraints imposed
during the refinement, so the model is better evaluated against the data (Praznikar &
Turk, 2014). An important validation tool are the main chain dihedral angles phi and psi,
which mostly exist in certain favorable regions. These regions are presented in the
Ramachandran plot (Kleywegt, 2000; Richardson et al., 2013).

1.3 Enzyme Kinetic Studies

Enzyme kinetics is a study of rates of chemical reaction between an enzyme and its
substrates. Parameters obtained in the experiment are valid only at the conditions tested,
because enzyme activity depends on the reaction conditions, which are given by buffer
composition and concentration of its components. These include pH value, ionic strength,
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salt concentration, additives like metal ions, detergents or chelators and temperature. The
principal formula for the enzyme catalysis is given as:

E+S«+< ES< EP+— E+P (1.8)

where E is the free (un-bound) enzyme, S is the free substrate, P is the product and ES
and EP are enzyme-substrate and enzyme-product complexes, respectively. The arrows
indicate the direction of the reaction (left toward the substrates and right towards the
products). For each arrow, a rate constant k exists, which tells how quickly the underlying
reaction occurs (Srinivasan, 2021). Because the rate constants cannot be measured or
calculated, various attempts were made to derive mathematical models with variables that
can be measured in an experiment.

1.3.1 Michaelis - Menten model
The most widely applicable and used is the Michaelis - Menten (MM) model, which can be

stated as:

Upax X 5]

max

TS K,

(1.9)

where vy is the initial reaction velocity, vmax is the maximal reaction velocity when all
enzyme is in the form of ES complex, [S] is the substrate concentration and K., is the
Michaelis - Menten constant; the brackets stand for concentration of the component that
is listed within the bracket (Johnson & Goody, 2011). MM model requires that the
measurements are performed under steady state conditions, which assume that the product
formation and substrate depletion do not affect the speed of the reaction. In practice, these
conditions are met at the initial, linear portion of the reaction progression curve, from
where the vy values are calculated. The v, and K, values can be obtained from the plotted
values of vy against different substrate concentration, where v, is the asymptote at the
velocity axis and K, is the concentration of substrate where the reaction speed equals one
half of the V.. An important parameter is also the rate constant Ke.:, which describes the
reaction step ES — EP. It is also called the turnover number and can be directly calculated
as:

k vma:r

cat — T (110)

otal

where Eia is the total enzyme concentration in the assay. Because K, is a measure of
affinity between the substrate and enzyme and k.. is a measure of efficiency of a product
formation, the substrates of a given protease are widely compared based on their ke, / K
ratio, also known as the specificity constant (Srinivasan, 2021).

1.3.2 Enzyme activity in presence of inhibitor
1.3.2.1 Reversible inhibitors
The general formula for reversible inhibition is written as:
E+1 EI (1.11)

where E is the free (un-bound) enzyme, I is the free inhibitor and EI is the enzyme -
inhibitor complex. The rate constants that describe the association and disassociation of
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the EI complex are known as k,, and k., respectively, and their ratio is known as the
dissociation constant, K;

- - K, (1.12)

Inhibitors with higher affinities (recognized by lower K; values) efficiently block enzyme
activity at lower concentrations. In general, inhibitors with K; values in micromolar range
(nM) are considered weak, in nanomolar range (nM) strong and in picomolar range (pM)
very strong. Another important and widely used parameter for classifying inhibitors is the
1Cs value, which is defined as the concentration of inhibitor that reduces enzyme activity
in a given assay by one half. For drug design purposes, the inhibition at least in nM range
is desirable, although there are drugs that act in uM range, for example etoposide (Kingma
et al., 1999).

Usually, the inhibitor properties are measured in an assay where initial reaction
velocities, v,, are measured in the presence of different inhibitor and substrate
concentrations. Based on the reaction conditions, two types of inhibition can be observed:
classic and tight-binding. Classic inhibition is observed under the experimental conditions
where [I] and K; values are (much) higher than that of the [E] value. In these cases, the
observed K; value approaches the value of ICs. The type of inhibitor (competitive, non-
competitive or un-competitive) can be established from the MM plot obtained in the
presence of several different inhibitor concentrations: in competitive case, the vi.x remains
the same and the K,, value appears higher; in non-competitive case, vim.x appears lower and
the K., value remains the same; and in un-competitive case, both v,.. and K,, values appear
lower. If inhibitor type cannot be established, the mixed model can be used which includes
competitive, non-competitive and un-competitive inhibition as special cases.

Tight-binding is observed when K; value is equal to or smaller than that of the enzyme
concentration. Hence, the inhibitor concentrations used in the assay are also in the same
concentration range. At these conditions, the inhibitor is readily bound to the enzyme, and
the free inhibitor significantly affects the equilibria. Here, the true K; values can be (much)
smaller than the observed 1Cs, values. Tight-binding is accounted for in the Morrison
equation for reversible inhibition (Morrison, 1969).

1.3.2.2 Irreversible inhibition

General representation of irreversible inhibition is:
E+1+ El— EIY (1.13)

where E is the free (un-bound) enzyme, I is the free inhibitor, EI is the reversible enzyme
- inhibitor complex and EI* is the irreversible enzyme - inhibitor complex. The rate
constant that describes the irreversible step EI — EI* is known as ki, which describes
the maximal rate of enzyme inactivation. To account for binding potency at the reversible
step and efficiency of covalent bond formation at the second step, the ratio ki /Ki is used
to present overall efficiency of covalent inhibitors. Covalent inhibitors can be recognized
and differed from reversible inhibitors by time-dependent inactivation of the protease
activity (Strelow, 2017).
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1.3.2.3 Molecular reporters

Substrate and inhibitor assays require that enzyme activity is monitored in real time. One
option is to attach special molecular tags or reporters with spectroscopic properties to the
molecular backbone of the substrates. Once they are cleaved away by the protease, their
absorbance or fluorescence (the emission of the absorbed light) changes and the change is
measured with a spectrometer. The strength of their signal is proportional to the number
of substrate molecules converted to products, which is proportional to the speed of the
underlying reaction. Few examples of spectroscopic tags include 4-nitrophenol (once
cleaved, absorbs light at 400 nm), 7-amino-4-methylcoumarine (AMC; once cleaved, it is
excited at 360 nm and emits light at 440 nm) or fluorescence resonance energy transfer
pairs like DABCYL and EDANS (once cleaved, EDANS will fluoresce because DABCYL
will no longer quench its emitted light).

1.4 Mass Spectrometry

In proteomics, mass spectrometry (MS) is used to identify molecular species in the
investigated sample by measuring their mass-to-charge (m/z) ratios. MS has a broad range
of applications, from investigation of single proteins to analysis of complex biological
samples, like protein expression profiles in cell lysates. It is performed in a dedicated
instrument, which consists of three main units: the ionizer, analyzer and the detector. The
ionizer converts molecules into gas-phased ions, which can then enter into the mass
analyzer. Most frequently used techniques for ionization are electrospray ionization (ESI)
and matrix-assisted laser desorption/ionization (MALDI). The mass analyzer separates
ions based on their m/z ratios and sort them for the detection. The separation is usually
achieved with quadrupoles, time of flight or ion trap techniques. Two analyzers can be
combined in one configuration, known as tandem MS (MS/MS), in which ions from the
first analyzer are selected and fragmented inside the mass spectrometer to smaller ions,
which are then measured. This configuration has an improved accuracy and sensibility.
Detector converts ion currents into measurable signals (Han et al., 2008). Protein identity
is inferred from the mass spectra of recorded peptides (also called peptide mass
fingerprinting), with the help of protein databases like MASCOT (Perkins et al., 1999) or
SEQUEST (Pruitt et al., 2012). An integral part of MS is also preparation of the sample,
which needs to be enriched with molecules of interest in order to record as many relevant
fragments as possible and reduce signals from other molecules in the sample, which
contribute to the noise.

1.4.1 Mass spectrometry for protease studies

MS is a powerful technique for studying the association of proteases with substrates or
inhibitors due to its ability to identify protease substrates, to determine their exact
cleavage sites and to confirm if an inhibitor is attached to the protease. Due to its unique
informative capacity, it was used to determine specificity profiles of numerous proteases
(Gupta et al., 2010; S. Y. Luo et al., 2019; B. E. Turk et al., 2001; Vidmar et al., 2017;
Vizovisek et al., 2015). In classic derivation of MS, known as the “bottom up” approach,
protein species in the sample are digested to peptides with well characterized protease, like
trypsin, chymotrypsin or Glu-C. Digestion is crucial in order to break proteins into smaller
fragments, which are more susceptible to ionization. These peptides are called tryptic
peptides (the term "tryptic" comes from treatment of sample with trypsin). Then, protease
of interest is added to the sample to perform its own cleavages on the digested proteins
and (poly)peptides in the sample. Usually, tryptic peptides are chemically labelled in a way
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that allows separation of their cleavage sites from cleavages of the investigated protease in
subsequent purification step, which is usually achieved by high-performance liquid
chromatography (HPLC) techniques. Different chromatography techniques can be applied,
based on chemical properties of the incorporated tags, for example reverse-phase HPLC,
which is suitable for separation of peptides with hydrophobic tags and ion-exchange HPLC
for separation of peptides with charged tags. Using this method, a large number of cleavage
sites can be detected, which reveals positional preferences of the investigated protease. The
downside is that sequencing of the protein and peptide species in the sample is not absolute,
due to losses in the process of sample preparation or measurement, hence certain amount
of cleavage sites is not recovered (Biniossek et al., 2011; Gupta et al., 2010; Han et al.,
2008; Lapek et al., 2019; H. Luo et al., 2019; Staes et al., 2008; Vidmar et al., 2017,
Vizovisek et al., 2015).

In the opposite approach, called the “top down” proteomics, the intact proteins are
analyzed. The analysis is usually performed in MS/MS configuration in order to recover
full peptide fingerprint of the analyzed protein and hence to determine all cleavage sites
(Catherman et al., 2014). It is also appropriate for the detection and determination of the
exact site and type of enzyme modifications, including covalent modification of the protease
by the inhibitor. It is however less suited for complex samples and high-throughput
purposes.
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Chapter 2

The Aim of the Work

In a recent work, the proteomic study performed at native conditions delivered over 30,000
cleavages of cysteine cathepsins V, L, S, K, F, and B (done by Kris Gevaert group).
Cleavage data was used as an input for statistical analysis, developed for this purpose. It
revealed the substrate positions with non-normal distribution of residues that contributed
to specificity, called heterogeneous positions, in contrast to positions with normal
distribution of residues carrying no specific information, called homogeneous positions. The
cleaved sequences were then clustered using heterogeneous substrate positions. They
revealed prevailing residues or prevailing type of residues for most clusters (done by Dr.
Livija Tusar).

In this work, cathepsins specificity determinants were studied by crystal structure
determination of cathepsin V with a selected set of peptides that represented the variety
of all cathepsin V substrate clusters. In addition, these peptides were cleaved by native
cathepsins V, K, and L, and their cleavages compared with the cleavages observed in
protein samples. As a part of our collaboration with other research groups, we assisted in
the evaluation of novel cathepsin inhibitors by crystallizing cathepsin K with alkyne-based
inhibitor and by characterizing calpeptin and alike compounds as dual inhibitors of SARS-
CoV-2 major protease (MP) and human cathepsins.
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Chapter 3

Hypotheses

IIL.

I1I.
Iv.

Using a minimal set of representative peptides, we can explain their processing by
cathepsin V.

Using a minimal set of representative peptides from each substrate cluster, we can
expose the structural features that govern specificity of cathepsin V.

Peptides are not always a reliable model of protein substrates.

Alkyne functional group can be used as a latent electrophile for the inhibition of
cathepsin K.

Calpeptin and alike compounds inhibit human cathepsins at concentrations below
those required for inhibition of SARS-CoV-2 M protease.
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Chapter 4

Materials and methods

4.1 Protein Expression

Recombinant cathepsins K, L, and V were expressed in Pichia pastoris strain GS115. Gene
for recombinant human procathepsin K was obtained from Deutsche Ressourcenzentrum
fir Genomforschung and cloned into pPIC9 vector between EcoRI/Notl restriction sites
without modifications. Genes for human procathepsins V and L were mutated at sites 179
(Asn to Gln) and 110 (Thr to Ala), respectively (active cathepsin numbering) to prevent
cathepsin glycosylation. For crystallization purposes, catalytic residue of cathepsin V was
mutated at site 25 (Cys to Ser or Ala), hereafter called cathepsin V C25S/A. Both
cathepsin L and cathepsin V constructs had six His residues attached to their N-terminal
for purification purposes.

Recombinant cathepsins were expressed according to the Invitrogen Pichia Expression
kit (Invitrogen, K1710-01). pPIC9 vectors, containing cathepsin genes, were introduced
into Pichia pastoris by electroporation. Pichia were grown for 24 - 48 hours at 30 °C in
BMGY medium (1 % yeast extract, 2 % peptone, 100 mM KH.PO,/K,;HPO,, pH 6, 13.4
g/L yeast nitrogen base, 0.4 mg/L biotin and 1 % glycerol). After Pichia reached an
exponential phase of growth, indicated by the value of optical density measured at 600 nm
between 2 and 6, it was centrifuged and resuspended in BMMY media (0.5 % methanol
instead of glycerol) to start the protein expression. The best performing colonies were
selected in small- scale screening of up to twenty Pichia colonies in 10 - 15 mL of expression
media in 50 mL bioreactors. The expression took 4 days at 30 °C with feeding interval of
1 % MeOH per day. To estimate their protein yields, the media was either put through
nickel affinity resins (Ni**-NTA) in order to enrich the cathepsins with incorporated His-
tags or proteins were precipitated from the media using trifluoroacetic acid (TFA). The
samples were then analysed with SDS-PAGE and the amount of expressed cathepsins
between the colonies assessed with visual inspection. The best performing colony was
selected for large-scale expression, which was performed in a 10 - 20 2-L erlenmeyer flask,
containing 400 - 500 mL of BMMY medium. Procathepsin K expression was boosted by
the addition of antifoam 204 (Sigma, A8311) at final concentration 0.01 % (v/v), which
improved the yield by approximately 2.5-fold. After 4 days, supernatant was collected,
concentrated to approximately 300 mL and used for later stages of protein isolation.

4.2 Protein Activation and Purification

4.2.1 Procathepsin K.
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Concentrated procathepsin media from the expression was diluted at 1:1 ratio with 20 mM
HEPES, pH 7.1. The ion-exchanger SP-sepharose FF (GE Healthcare, 17-079-01) was
added to the sample and the sample was left shaking overnight at 6 °C. Procathepsin was
eluted from the exchanger with 400 mM NaCl. For procathepsin activation, the sample
was diluted at 1:1 ratio with activation buffer (100 mM NaOAc, pH 4, 10 mM DTT and
40 pg/mL pepsin (Sigma, P8667)) and left incubating at 37 °C until all procathepsin was

activated. The optimal activation time was determined by taking reaction aliquots at
different time points and analyzed by SDS-PAGE (Figure 2). For procathepsin K, the
optimal time was 45 min. To stop the activation, the pH of the sample was raised to 5.5
with 1 M TRIS (pH 8.5). Activated cathepsin was then purified on another IEX
chromatography, performed on Akta Express system (GE Healthcare), using MONO S
5/50 column (GE Healthcare, 17-5168-01). Cathepsin eluted from the column with 1 M
NaCl. To protect the cathepsin from autolysis, the 10-fold molar excess of reversible
inhibitor MMTS was added to the sample. Protein was then desalted on HiTrap 5 mL
column (GE Healthcare) to the final buffer (50 mM NaOAc, pH 5.5, 50 mM NaCl). Active
cathepsin concentration was determined by titration with potent cathepsin inhibitor E-64
based on previously described protocols (Borisek et al., 2015; Rozman-Pungercar et al.,
2003). Activated and purified cathepsin was stored at -80 °C until further use.
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Figure 2: SDS-PAGE of procathepsin K activation. Band between 45 and 66 kDa
corresponds to procathepsin K. Bands at 30 kDa correspond to activated cathepsin K.
LMW protein ladder (Lot. Num. 17-0446-01, Cytiva) was used as a molecular weight
marker. Lane 1, sample after 5 min activation. Lane 2, sample after 30 min activation.
Lane 3, sample after the end of activation.

4.2.2 Procathepsin L, Procathepsin V and Procathepsins V C25S/A

Concentrated procathepsin media from the expression was dialysed three times against 30
mM TRIS, pH 7.5, 400 mM NaCl. Procathepsins were isolated by Ni**-NTA, performed
on Akta Express system, using 5 mL HisTrap column (GE Healthcare, 17-5247-01).
Procathepsins were eluted from the column with 300 mM imidazole. Immediately after, the
sample was applied to gel filtration chromatography, using HiPrep 26/60 Sephacryl S-200
column (GE Healthcare, 17119501) in order to remove imidazole from the sample.
Procathepsin sample was concentrated and stored at -80 °C until further use.

4.2.2.1 Procathepsin V

Procathepsin V was activated by auto-activation. The optimal activation time was
determined in the same way as for procathepsin K (described in 4.2.1). The procathepsin
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sample was diluted at 1 : 1 ratio with activation buffer (100 mM NaOAc, pH 4, 10 mM
DTT) and left at 37 °C for 2 hours, . The activation was stopped by raising the pH to 5.5
by exchanging the buffer in MilliporeSigma Amicon stirred cells (Thermo Fisher Scientific).
Cathepsin was then applied to SP-sepharose FF (GE Healthcare, 17-079-01), from where
it was eluted with 400 mM NaCl. Cathepsin was then blocked with MMTS and titrated
with E-64, as described under cathepsin K section (4.2.1).

4.2.2.2 Procathepsin L

Procathepsin L. was activated by auto-activation. The optimal incubation time was
determined in the same way as for procathepsin K (described in 4.2.1). The procathepsin
sample was diluted at 1 : 1 ratio with activation buffer (100 mM NaOAc, pH 4.5, 10 mM
DTT, 50 mM NaCl) and left first at 37 °C for 1.5 hours and then at room temperature for
additional 2.5 hours. The sample was then dialysed overnight to 50 mM NaOAc buffer, pH
5.5. Next day, it was purified by IEX chromatography on Akta Express system using
MONO @ 5/50 column, from where it eluted with 400 mM NaCl. Cathepsin was then
blocked with MMTS and titrated with E-64, as described under cathepsin K section (4.2.1).

4.2.2.3 Procathepsins V C25S/A

Activation and purification of cathepsin V mutants were based on a previously published
procedure (Sosnowski, Piotr, 2016). Procathepsin sample was dialyzed to activation buffer
(100 mM NaOAc, pH 5, 1 mM EDTA, 5 mM DTT). The activation of procathepsin V
mutants was initiated by the addition of 5 % (n/n) of activated cathepsin L. The mixture
was left overnight at room temperature to completely digest the “pro” part of the
procathepsin V. C25S/A molecule. The activation was stopped by blocking cathepsin L
activity the next day by the addition of inhibitor E-64 to the sample. The sample was then
applied to SP-sepharose FF (GE Healthcare, 17-079-01) from where it was eluted with 400
mM NaCl, and then dialyzed overnight to crystallization buffer (20 mM NaOAC, pH 4.5,
10 mM NaCl, 1 mM DTT and 5 % glycerol). Cathepsin was then concentrated to 40 mg /
mL with Amicon Ultra devices (cut-off 10 kDa) and used immediately for crystallization,
or stored at -80 °C until further use.

4.3 Peptide Purification

Peptide powders from crude synthesis were obtained from the group of Kris Gevaert
(Ghent, Belgium). Peptides were purified with RP-HPLC, using semi-preparative
Nucleodur C18 column (Macherey-Nagel), mobile phases A (0.1 % TFA in Milli-Q water)
and B (0.1 % TFA in acetonitrile, ACN) and gradient separation (0.5 - 2 % ACN/ min).
Pure peptides were identified by strong absorption peaks at 214 nm (absorption of peptide
bonds) or 280 nm (absorption of tyrosine and tryptophan rings) and they were captured
as they eluted from the column. Joined fractions of peptides from different runs were
parceled in several tubes due to different requirements in crystallization and cleavage assays
afterwards. Sample tubes were then put on speedvac in order to remove ACN, lyophilized
and stored at -80 °C until further use.
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4.4 Protein Crystallization

4.4.1 Cathepsin K - alkyne inhibitor crystallization

The alkyne inhibitor of cathepsin K, the inhibitor 7 (200 pM) and cathepsin K (20 pM) in
total volume of 8 mL were incubated for 10 hours at 37 °C in the buffer, consisting of 50
mM NaOAc, pH 5.5, 50 mM NaCl and 10 mM DTT. The formation of covalent bond
between inhibitor and the reversible enzyme-inhibitor complex follows the first order
kinetics:

c = Coefkinactt
where Cy and C are concentrations of reversible inhibitor complex at times zero and t,
respectively. Time needed to transform half of the reactant molecules to product is known

as t1/2 and can be calculated based on the previous equation as:

P 0.693

vz kinact
The value of 0.011 was taken from the ki« of inhibitor 4, so the approximated t1/» value
for inhibitor 7 was one hour. As a rule of thumb, time equivalent of five t1, is needed to
complete the reaction, but we left the incubation stand for twice as much time. Hence,
after 10 hours of incubation, the cathepsin K-inhibitor 7 complex was concentrated to 15
mg / mL and stored at -80 °C until crystallization trials. The complex was screened against
several commercial crystallization screens, namely JCSG I-IV (Molecular Dimensions),
INDEX and AmSO4 (Hampton Research) by mixing 0.2 pL drops of the complex and
screen solutions, performed on Gryphon crystallization robot (Art Robbins Instruments).
After a few cycles of crystallization optimisation, in which protein concentration (6 - 15
mg / mL) as well as salt and PEG type and concentrations were varied, the best diffracting
crystal grew from 0.2 M CaCL, and 20 % PEG 3350 and at protein concentration of 15 mg
/ mL. After the crystals were harvested, they were soaked for 10 seconds in 35 % PEG
3350 and 0.2 M CaCL2 for cryo-protection and stored in liquid nitrogen until they were
measured at the Elettra synchrotron (Trieste, Italy).

4.4.2 Cathepsin V — calpeptin crystallization

12 mL of procathepsin V at approximate concentration of 1.7 mg / mL was auto-activated
by diluting it at 1: 1 ratio with activation buffer (100 mM NaOAc, pH 4 and 10 mM DTT).
The activation took two hours at 37 °C. Afterwards, the calpeptin was added to the sample
in 5-fold molar excess relative to cathepsin V. After 1 hour of incubation, the cathepsin -
calpeptin complex was purified by ion-exchange chromatography, using SP-sepharose FF
resins. The complex was eluted with buffer consisting of 50 mM NaOAc, pH 5.5 and 400
mM NaCl. The sample was then desalted and concentrated with Amicon Ultra devices
(cut-off 10 kDa) to approximately 40 mg / mL. The complex was then dialysed against 20
mM NaOAc, pH 4.5, 100 mM NaCl, 5 % glycerol and 1 mM DTT in D-Tube Dialyzer Mini
6 — 8 kDa cutoff (Millipore). Additional 1.7 mM Calpeptin was added to the sample towards
the end of dialysis to replace any inhibitor molecules that might be dialysed from the
cathepsin V in the process. The complex was then centrifuged at 14.000 RCF, supernatant
collected and further concentrated to approximately 35 mg / mL. Crystals were grown in
Intelli-Plate 24-4 (MiTeGen) at 6 °C by mixing equal volumes of protein solution and
crystallization solution, which has been optimised and published previously for cathepsin
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V mutants (77 % of MPD, 23 % of 60 mM Tris, pH 8) (Sosnowski, Piotr, 2016). The
crystals were harvested and stored in liquid nitrogen until they were measured at the
Elettra synchrotron (Trieste, Italy).

4.4.3 Cathepsin V C25S/A - peptide soaking

Cathepsin V C25S/A crystals were grown in Intelli-Plate 24-4 (MiTeGen) at 6 °C by
mixing equal volumes of protein solution and crystallization solution (77 % of MPD, 23 %
of TRIS buffer, pH 8). Peptide stocks from lyophilised peptide powders were made in 60
mM Tris, pH 8, in the concentration range from 20 mM to 90 mM and supplemented with
DMSO, depending on the solubility of each peptide. Peptides in TRIS solution were mixed
with MPD so that the final TRIS and MPD concentrations were equal to the crystal
precipitate solution. One or two microliters of peptide solution was then added on top of
crystals. Crystals were harvested after approximately 1 hour, 8 hours and 24 hours of
soaking and stored in liquid nitrogen until they were measured at synchrotrons BESSY
(Berlin, Germany) or Elettra (Trieste, Italy).

4.4.4 Cathepsin V C25S/A - peptide co-crystallization

Tris buffer component (60 mM Tris, pH 8) in crystallization solution was replaced with
peptide stocks, made in the same buffer. Crystals were grown in Intelli-Plate 24-4
(MiTeGen) at 6 °C by mixing equal volumes of protein solution and crystallization solution,
which has been optimized and published previously for cathepsin V mutants (77 % of
MPD, 23 % of 60 mM Tris, pH 8) (Sosnowski, Piotr, 2016). The crystals were harvested
and stored in liquid nitrogen until they were measured at synchrotrons BESSY (Berlin,
Germany) or Elettra (Trieste, Italy).

4.4.5 Data collection, structure determination and refinement

Diffraction data of crystals were collected at synchrotrons Bessy, Berlin or Elettra, Trieste.
Processing of diffraction data was done with XDS software (Kabsch, 2010). The MTZ
reflection files were generated with XDS software or with Pointless, Aimless and Ctruncate
programs inside the CCP4 program suite (Winn et al., 2011). The phases for cathepsin K
were obtained from the PDB database structure 2FTD. The molecular replacement was
carried out with the Molrep program (Vagin & Teplyakov, 1997) in the CCP4 program
suite. The unit cell of cathepsin V-peptide complexes was the same as reported previously
(Sosnowski, Piotr, 2016). The refinement of structures was done in MAIN software, using
maximum-likelihood (ML) free-kick target function (Praznikar & Turk, 2014; D. Turk,
2013). The peptides were modelled to the omitted maximum-likelihood averaged kick maps
(ML AK) (Praznikar et al., 2009). The geometric restraints for the inhibitors were
generated in PURY (Andrejasic¢ et al., 2008). Pictures were generated with RASTER 3D
software (Merritt & Bacon, 1997).

4.5 Inhibitory Assays

Inhibitors calpeptin, S-calpeptin, N-calpeptin and GC-376 were tested for their inhibitory
properties against cysteine cathepsins V, L, K, and B. All measurements were performed
in the same buffer (50 mM NaOAc, pH 5.5, 50 mM NaCl and 5 mM DTT), with fluorogenic
substrates Z-FR-AMC (cathepsins V and K) or Z-RR-AMC (cathepsins L and B) at 37
°C. Inhibitory assays against SARS-CoV-2 M were performed in buffer 20 mM HEPES,
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pH 7.3, 1 mM EDTA, 100 mM NaCl and 1 mM DTT, with fluorogenic substrates QS1
(Rut et al. 2020) or Acetyl-VKLQ-AMC (CL Biochem, Shanghai) at 37 °C. All
measurements were performed in 96-well black flat bottom microplates (Greiner, Germany)
using Tecan INFINITE M1000 pro plate reader (Tecan, Switzerland) with excitation and
emission wavelengths of 370 and 460 nm, respectively.

4.5.1 K, determination of moderate inhibitors

K; for inhibitors acting in nM or pM range were determined using mixed model inhibition
formula in GraphPad Prism software. For cathepsin B and calpeptin-like inhibitors, the
10x stock solutions of seven inhibitor concentrations from 1.56 pM - 100 pM and 5 substrate
concentrations from 62.5 - 1000 pM were prepared by 2-fold dilution series. 10 puM of each
inhibitor stock and one control sample without inhibitor was added to 80 uL of cathepsin
solution (final concentration of cathepsin B in the assay was 10 nM). Then, 10 pL of
substrate stocks were added to the samples, so that each inhibitor concentration was
measured at each substrate concentration. Measurements were performed immediately
after the substrate was added to the sample. For cathepsin L and N-calpeptin, the 10x
inhibitor stock concentrations were made from 15.6 - 1000 pM and substrate stocks from
31.3 - 1000 pM. For M?™ and calpeptin and S-Calpeptin, the working concentration of M
was 100 nM, the inhibitor concentrations were from 0.4 - 97 pM and substrate
concentrations from 400 - 800 pM (Acetyl-VKLQ-AMC) or 100 — 400 pM (QS1). For M¥
and GC-376, the working concentration of MP® was 100 nM and the inhibitor
concentrations were from 12.5 - 800 nM. These measurements were performed in duplicates
or triplicates.

4.5.2 K determination of tight binding inhibitors

K; of inhibitors acting in pM range were determined with Morrison equation in GraphPad
Prism software. 10x stock solutions of 15 inhibitor concentrations from 0.01 nM - 375 nM
were prepared by 1.8-fold dilution series. 10 pM of each inhibitor stock and one control
sample without inhibitor was added to 80 pL of cathepsin solution (final cathepsin
concentration in the assay was 266 pM). 10 pM of substrate stock solution was then added
to the sample just before the measurement. Final concentration of substrate in the sample
was 24 and 25 pM Z-FR-AMC (cathepsin K and V, respectively) and 40 uM Z-RR-AMC
(cathepsin L). The Km values of substrates were restrained to values as obtained from the
MM plots in previous experiments: for Z-FR-AMC and cathepsins K and V they were 12
and 25 pM, respectively, and for Z-RR-AMC and cathepsin L they were 20 puM. The
measurements were performed in duplicates or triplicates.

4.5.3 Covalent inactivation test

Cathepsin L (10 nM) was incubated with N-calpeptin (concentration range 1 - 27 pM) for
135 min at 37 °C. Sample aliquots were taken after 10 min, 45 min and at the end of
incubation and measured for activity. Relative inhibition did not change over time, thus
concluding that under the conditions tested, the inhibition is reversible.
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4.6 Peptide Cleavage Analysis

4.6.1 Peptide digestion

Peptide stocks from lyophilized peptide powders were made either in 60 mM Tris, pH 8 or
in 30 mM NaOAc and NaCl, pH 5.5, in the concentration range from 20 mM to 90 mM
and supplemented with DMSO, depending on the solubility of the peptides. Peptide
digestion with cathepsins was carried out in 30 mM NaOAc, 30 mM NaCl, pH 5.5 and 5
mM DTT, at 37 °C for 2 hours. Cathepsin concentration in the assay was 1 pM (cathepsins
K and L) or 2 pM (cathepsin V), whereas the amount of peptide used in the assay was
estimated empirically based on the peptide signal on RP-HPLC. After incubation, the
sample was centrifuged for 10 min at 10.000 RCF and stored at -20 °C until further use.
Activation of peptides, whose digestion was monitored in time, was stopped by submerging
aliquots of the sample (30 pL) in boiling water at 5 sec, 30 sec, 2 min, 6 min, 20 min and
60 min of incubation time.

4.6.2 Peptide separation on RP-HPLC

Peptide fragments were separated on RP-HPLC system (Waters), using analytical
Nucleodur C18 column (Macherey-Nagel), mobile phases A and B (degassed Milli-Q water
and ACN supplemented with 0.1 % TFA, respectively) and gradient elution from 0.5 - 2
% ACN / min. Fragments of cathepsin-treated peptides were identified by absorption peaks
at 214 nm (absorption of peptide bonds) or 280 nm (absorption of tyrosine and tryptophan
rings) and captured as they eluted from the column. Samples containing peptide fragments
were stored at -80 °C until they were measured with mass spectrometry.

4.6.3 Mass spectrometry analysis

Mass spectrometry was carried on Ultrafl eXtreme III MALDI-TOF/TOF mass
spectrometer (Bruker, Billerica, MA, USA). For matrix, HCCA (1.4 mg / mL) was used.
It was prepared by mixing 85% acetonitrile, 15% water, 0.1% TFA and 1 mM NH,H>PO,.
Captured fragments from peptide digestion (1 pL) were mixed with HCCA matrix (1 uL)
on ground steel plate and left to dry at room temperature. Positive ions were measured in
the range from 0 - 3500 Da, with parameters ion source 1, 25 kV; ion source 2, 22.30 kV;
lens, 7.5 kV; reflector, 26.4 kV; reflector 2, 13.3 kV; pulsed ion extraction, 60 ns; and
reflector detector voltage, 2230 V. Calibration was carried out externally by bradykinin (1-
7), angiotensine I and angiotensine II and internally by 4-HCCA. Spectra were acquired,
processed, and calibrated using FlexControl 3.0 and FlexAnalysis software (Bruker).
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Chapter 5

Results

5.1 Structural and Biochemical Analysis of Peptide Binding
to Cathepsin V

The results described in this section are part of a publication (Tusar & Loboda & Impens,
2023).

5.1.1 Peptide selection

Large scale proteomic data of cathepsin cleavages, performed under native conditions,
delivered more than 30,000 cleavages of cathepsins V, K, L, S, F and B (carried out by the
group of Kris Gevaert, Ghent, Belgium). The subsequent statistical analysis revealed
positions with non-normal Gaussian distribution of residues which were important for
substrate specificity, called heterogeneous positions, and those with normal distribution
that carried no specificity information, called homogeneous positions (carried out by Livija
Tusar, Ljubljana, Slovenia). Grouping of sequences with common characteristics at
heterogeneous positions yielded major clusters, whose representatives distinctively share
one or more common features (Figure A-1). Thirty peptides, cleaved by cathepsin V, were
chosen for the crystallization and biochemical experiments. Cathepsin V was chosen as a
model cathepsin due to the abundance of expressed material and good diffracting properties
of its crystals. Peptide selection was based on the following criteria:

1 They had to represent the diversity of all seven major cathepsin V substrate
clusters.

2 Sequences were from shared and unique cleavage sites (shared: cleavages performed
by more than one cathepsin; unique: cleavages performed by only one cathepsin).

3 Sequences were from cleavage areas and positional cleavages (cleavage area:
cleavages appeared next to each other; positional cleavage: the only cleavage in the
neighborhood).

4 Sequences were from six to ten amino acid residues long.

Five sequences, not matching any of the protein sequences, were included in the synthesis.
Most peptides had protected termini which mimic polypeptide chain of the protein
substrates. To assess the potential role of charged termini on the binding, ten sequences
were synthesized without termini protection. The list of synthesized peptides is given in
Table A-1.
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5.1.2 Crystallization of cathepsin V-peptide complexes

Two active site mutants of cathepsin V were prepared for crystallization purposes: C25S
and C25A. Out of 41 peptides, 21 were built into the electron density maps of the crystal
structures. These 21 peptides yielded 28 unique geometries, due to differences in binding
of some peptides between the two cathepsin V molecules in the asymmetric unit, called A
and B molecules. Of those, 26 were bound in the active site of cathepsin V in a substrate-
like manner. Several structures revealed cleaved peptide fragments, indicating that both of
the cathepsin V mutants retained some of its activity under crystallization conditions. This
was not unexpected because catalytic activity of cathepsin L mutant in crystals has been
observed previously (Adams-Cioaba et al., 2011; Sosnowski & Turk, 2016). Table 1
summarizes data collection and refinement statistics. All crystal structures are shown in
Appendix B

Table 1: Crystallographic table for cathepsin V-peptide complexes. Shown are the range of
values for all 21 structures.

Data collection statistics (last shell)

Resolution limit (A) 21-13

Space group P 43212

Multiplicity 725 (4-22)
Completeness (%) > 99 (> 80)

Mean I/sigma(I) 10 — 32 (0.5 — 2.6)
Wilson B-factor 15 - 36

R-merge 0.05 - 0.20

CC1/2 0.995 -1

Refinement statistics (last shell)

R-work 0.16 — 0.21 (0.22 — 0.33)
R-kick 0.18 — 0.24 (0.26 — 0.34)
RMS (bonds) 0.013 — 0.023

RMS (angles) 1.7-22
Ramachandran favored (%) 95 - 99

Ramachandran allowed (%) 2-5

Ramachandran outliers (%) 0-1

Average B-factor 22 - 46

Our structures contained peptides bound in non-primed and primed substrate-binding sites.
All peptides exhibited equivalent binding at subsites S2 — S2’. At S3, S4, S3’, and S4’, the
binding of most peptides still followed the same direction, whereas beyond S4 and S4’, the
electron density maps of most structures worsened significantly, and the noisy maps
indicated that there were no clearly defined binding areas. At S1, N and O atoms of the
P1 residue formed H-bond to O atom of D163 and ND atom of Q19, respectively, and the
carboxylic end of cleaved peptides or amide protective groups of protected peptides
interacted with the NE atom of H164. At S2, the carbonyl O of the P2 residue formed an
H-bond either to the N atom of G68 or N atom of Y26, and the N atom of the P2 residue
formed an H-bond with the O atom of G68. Additionally, the amino group of Lys residues
at S2 interacted with the carbonyl O atom of cathepsin V L162 and peptide P4 residues.
At S3, no main-chain interactions occurred, but the side chains of longer residues at P3
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interacted with the side chains of Q63 and N66. Two peptide fragments, VACK and TAHE,
were the exceptions because their main chain ran into the S3 binding area. At S1’, the
carbonyl O of the P1’ residue formed an H-bond with the NE atom of W190. At S2’, and
the O of the P2’ residue formed an H-bond with the NE atom of Q145. At S3’, the carbonyl
O of the P3’ residue formed an H-bond with the NE atom of Q21. At S4’, N atom of P4’
formed an H-bond with the OE atom of Q145 (Figure 3). The first notable exception in
the primed site binding was the peptide RLSAKP with deviation at P4’, where the side
chain of Ala was placed, and at P6’, where Pro formed electrostatic interactions with its
carboxylic terminal to the amino group of K20. The second exception was the peptide
AVAEKQ, which formed an internal H-bond between the O atom of the P3’ residue and
the amino group of P6’. It also formed additional interactions with neighboring molecules
in the crystal.

P2'and P4’

Figure 3: H-bonding pattern between cathepsin V and its substrates. Peptide fragments
KKK (at P3-P1) and AVAE (at P1'-P4’) are shown with stick model on the surface of
a semi-transparent cathepsin V structure. Cathepsin V residues that constitute the active
site cleft are shown with stick model in grey. Interacting oxygen and nitrogen atoms are
shown in red and blue. Carbon atoms of peptides are shown in rose. H-bonds are
presented whit dashed lines. At position P2, two main chain conformations are shown.
In one conformation, the H-bond is formed between the O atom of P2 residue and the
N atom of W26 residue, and in the other, the O atom of P2 residue forms H-bond with
the N atom of G68 residue. Cathepsin residues that participated in peptide H-bonding
are marked with sequence IDs and the interacting peptide position. The mutant residue
S25 is highlighted in yellow.

We grouped peptide binding geometries into four binding patterns, based on the location
of peptide binding or cleavage event: I. Peptides were cleaved and only their N-terminal
fragments remained bound in the non-primed binding sites, II. The uncleaved peptides
were bound to the non-primed binding sites only, III. The uncleaved peptides were bound
to the primed binding sites only, and IV. Peptides were cleaved and both fragments
remained bound to the non-primed and primed binding sites (Table 2). Crystal structures
of peptides that belong to the same pattern of binding are superimposed in Figure 4.



30 Chapter 5. Results

Figure 4: Binding geometry of peptides. Crystal structures of all complexes of cathepsin
V were superimposed. Bound peptides are shown with stick model on the surface of a
semi-transparent cathepsin V structure. Cathepsin V residues that constitute the active
site cleft are shown with stick model in grey. Active site labels are shown only in pannel
a for better clarity of the figure. Peptides are colored according to the patterns I (red,
pannel a), IT (purple, pannel b), IIT (blue, pannel ¢), and IV (violet, pannel d). Chlorine
ions are shown as green balls. MPD molecules are shown as dark grey sticks.

The pattern I group of peptides consisted of structures of six peptides that were cleaved,
and only their N-terminal fragments remained bound in the non-primed sites S4-S1.
Electron density maps of all but one peptide enabled an unambiguous interpretation of the
modelled residues from S3—-S1, whereas the electron density map for the peptide fragment
VACK was weaker, suggesting that the main chain of Ala and Val binds to the S3 binding
site. The MPD molecules were bound to the primed site region. The peptide LLKVAL was
cleaved and bound to non-primed sites only when co-crystallized, whereas soaking yielded
binding in the primed binding area (Figure 4, panel a; Figure B-1).

The pattern II group consisted of structures of nine protected peptides and one non-
protected peptide that all bound uncleaved into the non-primed sites. Electron density
maps of the peptides enabled the unambiguous interpretation of residues from P3—P1. All
peptides bound to cathepsin in the same manner, except for fragment TAHE, which bound
to cathepsin-like fragment VACK (described in the pattern I group). The nitrogen of the
amide protective group at the peptide C-terminus was bound approximately 3 A away



5.1. Structural and Biochemical Analysis of Peptide Binding to Cathepsin V 31

from the ND atom of catalytic H164. The amide likely shared a hydrogen bond with the
deprotonated His residue. At P4 and beyond, the features of the electron density maps
became weaker and less precise; however, it was possible to model the peptides KPKKKTK,
RLSAKP, GNYKEAKK, and EVCKKKK up to P8 in the ML AK omit maps (Praznikar
et al. 2009). MPD molecules were bound to the primed sites of all structures (Figure 4,
panel b; Figure B-2).

The pattern III group consisted of eight non-protected peptides that all bound
uncleaved into the primed sites. Electron density maps in the region from P1'-P3’ and
partly P4’ of molecule A enabled an unambiguous interpretation. In molecule B, as
mentioned previously, the electron density maps enabled the unambiguous interpretation
of two further residues, P5’ and P6’, of the peptides AVAEKQ and RLSAKP. On the non-
primed side, the MPD molecule occupied the S2 site, and the CLi” anion occupied the same
position as the carbonyl oxygens or amide protective group of P1 residues in groups I and
II, respectively. Its negative charge appeared to mimic the absent negatively charged SG
atom of the reactive site cysteine. The positively charged amino group of the N-terminal
residues of the peptides interacted with the negatively charged CL- and ND atom of H164
at approximately 3 A (Figure 4, panel c; Figure B-3).

The pattern IV group included structures of two peptides, LLKAVAEKQ and
RLSAKP, which were both bound along the active site cleft of cathepsin V. LLKAVAEKQ
was designed as a hybrid containing the LLK-fragment from the LLKVAL peptide, which
was cleaved and remained bound to cathepsin V on the non-primed side, and AVAEKQ),
which bound non-cleaved to the primed side. Overall, their electron densities were weak,
and the fragments were refined with partial occupancies. As expected, the fragment LLK
bound to the non-primed subsites S3—S1, whereas the fragment AVAEK bound to the
primed subsites S1'-S5’, as resolved by the ML AK omit map (Praznikar et al., 2009).
Despite the continuous electron density at the cleavage site, the distance of 2.4 A between
the C atom of Lys at P1 and the N atom of Ala at P1’ was too wide to support a covalent
bond between the fragments. However, in the middle there was sufficient space and density
to attach the OXT atom to the Lys residue. In the structure of RLSAKP, the fragment
RLS bound to the non-primed subsites S3—-S1 and the fragment AKP to the primed subsites
S1 - S3. The distance of 2.6 A between C of Ser at P1 and N of Ala at P1’ and the
continuous electron density between them resembled the LLKAVAEKQ structure. In both
structures, the MPD molecules competed with peptide binding at subsites S2 and S1’ — S3’
and CL ions at the S1 site (Figure 4, panel d; Figure B-4).
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Table 2: Summary of peptide binding to crystals of cathepsin V C25S/A. Peptide sequences
are written out in the Sequence column. Peptide's clusters are written out in the Cluster
column. Peptide residues modeled to ML AK omit maps are written in blue, under the
columns that denote peptide positions from P8-P6’. The “A” and “B” in the Molecule
column denote the cathepsin V molecule in the assymetric unit with the observed peptide
binding. “Y” and “N” in the Protection column stand for “yes” and “no” and mark whether
the peptide had their C- and N-terminals protected with amidation and acetylation,
respectively. Method column marks the crystallization technique applied for peptide—
cathepsin V complex formation: “s” for soaking, “c” for co-crystallization, and “s/c” if both
techniques yield the same binding. Four patterns of peptide binding to cathepsin V were
observed; table is divided into four parts: I, binding of cleaved peptide fragments to the
non-primed site; II, binding shifted to the non-primed site; III, binding shifted to the primed
site; and IV, binding of partially cleaved peptides across the active site. Peptides exhibiting
multiple binding patterns with respect to position in the asymmetric unit or crystallization
method used are highlighted in the sequence column. Peptides with the same sequence but
different termini are not treated as equivalent peptides. MPD is 2-methyl-2,4-pentanediol.
Chlorine anion is marked as CL.
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Pattern I. Binding of cleaved peptide fragments at the non-primed site
VACKSSQP 2 v A |c K MPD AB Y s
VYEKKP 5 vV |y |E MPD AB [N s
GAKSAA 2 G |A K MPD A N s
LLSGKE 1 L |L |S MPD B N s
LLKVAL 2 L L K MPD AB N e
LLKAVAEKQ 2 L L K MPD B Y |s/e
Pattern II. Binding shifted to the non-primed site
EVCKKKK 3 E |V ‘C ‘K K |K ‘K MPD A Y s
AYFKKVL 5 ALY ‘F ‘K K |V ‘L MPD B Y s
RLSAKP 1 R ‘L ‘s A K ‘P MPD B Y |s/e
TRESEDLE 6 R |E ‘s ‘E D |L ‘E MPD AB Y s
GNYKEAKK 2 |G Y ‘K ‘E A |K ‘K MPD A Y s
KPKKKTK 7 K |P ‘K ‘K K |T ‘K MPD B Y s
GAKSAA 2 G ‘A ‘K s |A ‘A MPD AB |Y |s/c
KKYDAFLA 6 K |Y ‘D ‘A F |L ‘A MPD AB Y |s
VPCGTAHE 6 C ‘G ‘T A |H ‘E MPD AB Y s
QLRQQE 1 Q ‘L ‘R Q |Q ‘E MPD B N s
Pattern III. Binding shifted to the primed site
LLSGKE 1 MPD |c1- |L L /S |G |K |E |A N s
QLRQQE 1 MPD |ci- Q [L R 1@ |Q |[E |A N s
RLSAKP 1 MPD |c1- R |L |S |A K P |B N s
GAKSAA 2 MPD |c1- |G |A K [S |A |A |A N s
IILKEK 3 MPD |ci- I |1 L K |E |K |A N s
LLKVAL 2 MPD |c1- |L L K |V |A |L |A N s
AVAEKQ 4 MPD |ci- A |V |A |E |K |Q |B N s
ALAASS 1 MPD |ci- |A [L |A A |s |s |a N s
Pattern IV. Binding of cleaved peptide fragments across the active site

RLSAKP 1 RI|L S |A|KI|P A s/c
LLKAVAEKQ 2 L L K |A|Vv|A|EIKI|Q|A s/c

33
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5.1.3 Peptide digestion with cathepsins K, V, and L

After treatment with native cathepsins V, L, and K, we determined the cleavage sites of
all 27 peptides that were selected from protein substrate cleavages of cathepsin V. These
are peptides pl — p30, with exception of peptides pl and p2, which could not be dissolved,
and peptide p15, which was spend in the structural assay. In addition, we also treated the
peptide p35, whose sequence doesn’t originate from the protein substrate cleavages (Table
A.1). In total, 150 cleavages were observed. Next we compared peptide cleavages to
cleavages of their protein counterparts (Table C.1). Table 3 shows that 42% of all peptide
cleavages and 69% of all protein cleavages were identical, whereas the remaining cleavages
were observed only with one type of substrate (58% of total peptide and 31% of total
protein cleavages). Most cleavages were shared (performed by more than one cathepsin),
whereas a few were unique to only one cathepsin (Table 3, a). Statistical comparison of
the patterns of cleaved peptides and their protein counterparts showed that there was no
significant difference between their cleavage patterns, demonstrating that the selected
sequences indeed represented a variety of protein cleavage samples of all seven cathepsin
V clusters, despite the fact that peptides were cleaved in more places than their protein
counterparts (146 peptide and 90 protein cleavages among the selected sequences; Table 3,
b; Table C-1).

Of all 27 peptides treated with three different cathepsins, only 11 were cleaved in
peptides and proteins at the same position by at least one cathepsin. Other peptides
contained additional cleavages that were observed with only one substrate type. In
contrast, sequences EVC|KKKK, IIL/KEK, and TRES|EDLE had only one observed
protein cleavage site, indicating very restrictive processing, whereas in peptides they were
cleaved at two sites by all three cathepsins (IILJ{K|EK), at two sites by cathepsins K and
L (EVCJ/K{KKK), and at three sites by cathepsins V and L (TR|{E]JS|EDLE). In addition,
several peptide sequences, cleaved by all cathepsins, were not cleaved in proteins by
cathepsin K, L, or both, whereas they cleaved each sequence at least at one site in the
peptidyl form. Interestingly, four of these sequences (AWKKEA, SIYEVDKQ,
KKYDAFLA, and GNYKEAKK) appeared as weak substrates of cathepsin K in the
peptidyl form and were only partially processed by cathepsin K during the incubation
period. We also observed multiple fragments that had in their sequences embedded protein
cleavage sites, which were evidently not cleaved when present in peptides. These were
ESEDLE, ATVT, and KPK fragments with intact protein cleavage sites TRES|EDLE,
KVLAT|VTK, KP{KKKTK (cathepsin K), fragments NPKGN and AKP with cleavage
sites EIDLRNPKG|N and RLSA|KP (cathepsin V), and KSVT with cleavage sites
ACMK|SVTE (cathepsins V and K) and ACMKSV|TE (cathepsin K) (Table C-1 and
Figure C.2.1). This data shows that recognition of several sequences in proteins and
peptides was not the same.

Interestingly, we discovered that cathepsins cleaved peptides along their entire length,
including the terminal residues and their protective groups, four of which had their C-
terminal residues removed by all cathepsins, whereas cathepsins K and V cleaved the
amino-terminal residue of one peptide each. This suggested exopeptidase-like activity of
cathepsins toward peptides. To gain further insight, we followed the cleavage of peptides
AYFKKVL and KVLATVTK from 5 seconds to 60 minutes. The analysis confirmed the
carboxypeptidase-like activity of cathepsins V and L, but not K, which is evident from
gradual processing of fragments AYFK and KVLA to AYF and KVL, respectively (Figure
C.2.2).
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Table 3: Peptide and protein cleavage analysis. a) Unique and shared cleavages of peptides.
Unique cleavages were performed by only one cathepsin, whereas shared cleavages were
performed by two or three cathepsins. Percentages in brackets refer to the total observed
cleavages. b) Comparison of peptide and protein cleavages. Cleavage sites identical among
peptides and proteins were separated from cleavages that were observed with one type of
substrate only (listed in the rows “Peptides only” and “Proteins only”). Percentages in
brackets refer to the total observed peptide or protein cleavages. Cleavages of peptide p35
were exluded from the comparison because it was not derived from the protein substrate

cleavages.

a) Cleavages in | CatK CatL CatV All
number

Total peptide 52 51 47 150
cleavages

Unique 11 (21 %) 4 (8 %) 3 (6 %) 18 (12 %)
Shared A1 (79 %) 47 (92 %) 44 (94 %) 132 (88 %)
b) Comparison CatK CatL CatV All

of cleavages

Total cleavages 51, 29 49, 23 46, 38 146, 90
(peptides, proteins)

Peptides only 34 (67 %) 30 (61 %) 20 (43 %) 84 (58 %)
Proteins only 12 (41 %) 4 (17 %) 12 (32 %) 28 (31 %)
Identical cleavages | 17 19 26 62
(peptides, proteins) | (33 %, 59 %) | (39 %, 38 %) | (57 %, 68 %) | (42 %, 69 %)




36 Chapter 5. Results

5.2 Crystal Structure of Cathepsin K - Alkyne Inhibitor

The results described in this section are part of a publication (Mons et al., 2019).

5.2.1 Selectivity and reactivity of Odanacatib-like alkyne inhibitors

In this work, the nitrile warhead of ODN was replaced with alkyne functional group.
Skeleton optimization and compound characterization was carried out by the group of Huib
Ovaa (Leiden, Netherlands). Five different derivatives based on ODN skeleton were
prepared (Figure 5, a). While inhibitors 3 - 5 were purely alkyne-based, the inhibitor 6 was
activated with the addition of electron-withdrawing bromine ion to the alkyne group and
the inhibitor 2 remained nitrile-based. The inhibitors were first incubated with cysteine
molecules to assess their indiscriminate thiol reactivity. Only inhibitors 2 and 6 formed
adducts with cysteine molecules, whereas inhibitors 3 - 5 were inactive.

The selectivity of alkyne inhibitors 3 - 5, but not 6, towards cathepsin K was retained,
whereas their potency dropped by approximately 10? - 10° (inhibitors 4 and 5) or 10°
(inhibitor 3) fold relative to nitrile inhibitors ODN and inhibitor 2 (Figure 5, ¢). The
reactivity of inhibitors was compared based on their ki, values. Surprisingly, the addition
of bromine to the alkyne moiety of inhibitor 6 did not improve its reactivity over inhibitors
4 and 5 (Figure 5, b). This suggested that formation of covalent bond between alkyne
group and cysteine of cathepsin K was governed by local forces in the protease active site.

a) LF ¥ b) Irreversible covalent
CF, CFy K k
4 5 [ OH HoN-R 1 l n on inact
N | - ‘ ] N Y R E+| == E-1 - - E-l
[ N o ::;";f;“ﬁl (Y NF o kot Non-covalent Covalent
g7 N 1 Sg Z ODN. 2-6 Compound [Kine (min™) K (uM) Kinaat / Ki
i i 5% Inhibitor 4 [0.011 + 0.000730.21 + 0.047 |53 x 10° + 12 x 10°
Inhibitor 5 |0.047 + 0.0037 3.3  0.60 15x10* + 2.9x 10°

d B W i B a P B Inhibitor 6 0.019 + 0.0027 0.19 £ 0.083 |99 x 10°* 45 x 10°
R= A A ' e o E-64 0.081 + 0.00520.011 * 0.00016|71 x 10° + 11 x 10°

ODN 2 3 4 5 6 .

Reversible covalent
c) Kon ks
E+l E-l E-l

Cathepsin (mol / L) /|Cat K Cat L Cat S CatV Cat B kot Non-covalent ks  Covalent
compound | | C d ke (min Tie (min”® K* (nM
ODN 56x 10" [58x 10° [2.4x 10* 6.0 x 107 6.3 x 10° O‘;";p"”“ 0”1(;“1"0)026 0"0(;’;'1 2)0077 -5 +(“2 7)
Inhibitor 2 57x10™ >10"° 1.8x10® |9.1x 107 |2.1x10% S s S
Inhibitor 3 26x10° |>10* >10* >10* |>10*
Inhibitor 4 29x107 |>10* 1.1x10° [2.4x10° |9.4 x 10°
Inhibitor 5 35x107 [>10* 1.6x10° 4.6x10° |4.0x10°
Inhibitor 6 47x10° [1.0x 107 |5.5x 10" 1.6x 10" |9.9x 10*°

Figure 5: Optimisation of cathepsin K inhibitors. a) Synthesis of alkyne inhibitors, based
on Odanacatib backbone. b) In vitro kinetic evaluation of irreversible inhibitors (upper
part) and reversible inhibitor (lower part). ¢) In vitro determined ICs values against
selected human cathepsins (in mol / L) (Mons et al., 2019).

5.2.2 Crystallization of cathepsin K — alkyne-based inhibitor

We made an attempt to solve at least one structure of cathepsin K with bound inhibitor.
Inhibitors 4 and 5 were prioritized because of their pure alkyne character. Their poor
solubility was a limiting factor, so another derivative was prepared (inhibitor 7) by
substitution of fluorine atom with hydrogen on the L-leucine building block of inhibitor 4,
which indeed improved the compound solubility. Cathepsin K (20 pM) was incubated with
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inhibitor 7 (200 uM) at 37 °C for 10 hours, which was enough to block virtually all
cathepsin K molecules (see Section 4.4.1).

The complex was first screened against several commercially available screens. Needles
grew from several conditions, containing CaCL, and different types and concentrations of
polyethylene glycol (PEG). Two most promising conditions, namely JCSG-IIT Num. 30 (0,2
M CaCl2, 0,1 M HEPES pH 7.5, 28 % PEG-400) and JCSG-IIT Num. 77 (0.2 M CaCl2, 20
% PEG-3350) were used as a starting point for further optimization (Figure 6, Table 4).

b) Num. 77

a) Num. 30

Figure 6: Best crystals from the cathepsin K-alkyne inhibitor screening experiment.
Crystals grew from JCSG-III screen in conditions Num. 30 (left) and Num. 77 (right).
Pictures were taken after 12 days.

Table 4: Optimisation of cathepsin K-alkyne inhibitor crystallization conditions. The
variables of the condition Num. 30 were CaCl2 (0.1 M, 0.2 M or 0.5 M), PEG-400 (25 %
or 35 %) and protein complex concentration (6 or 8 mg / mL). Few 3-D crystals grew in
condition Num. 77, hence its composition was fixed and instead volumes of the protein
complex solution (denoted as “p”) and crystallization solution (denoted as “c”) were varied.
Asterisk (*) marks conditions which yield well diffracting crystals in the optimisation. Two

asterisks (**) mark condition which yields the best diffracting crystal.

Num. 30 Num. 77

0.1 M CaClz 0.2 M CaClz 0.5 M CaClz *0.2 M CaCly *0.2 M CaCly
95 % Peg-400 | 25 % Peg-400 | 25 % Peg-400 | 20 % Peg-3350 20 % Peg-3350
8 mg / mL 8 mg / mL 8 mg / mL 0.5 pL (p) + 0.5 puL (¢) | 1 pL (p) + 0.7 pL (c)
0.1 M CaClz 0.2 M CaCly 0.5 M CaClz *0.2 M CaCly

35 % Peg-400 | 35 % Peg-400 | 35 % Peg-400 | 20 % Peg-3350

8 mg / mL 8 mg / mL 8 mg / mL 0.5 pL (p) + 0.8 pL (c)

0.1 M CaClz 0.2 M CaCl: 0.5 M CaCl: *#0.2 M CaCly

25 % Peg-400 25 % Peg-400 25 % Peg-400 20 % Peg-3350

6 mg / mL 6 mg / mL 6 mg / mL 0.5 puL (p) + 1 pL (c)

0.1 M CaClz 0.2 M CaClz 0.5 M CaClz 0.2 M CaCl:

35 % Peg-400 | 35 % Peg-400 | 35 % Peg-400 | 20 % Peg-3350

6 mg / mL 6 mg / mL 6 mg / mL 1 uL (p) + 0.5 pL (c)
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5.2.3 Data collection and structure determination

Crystals of cathepsin K-alkyne inhibitor complexes diffracted from 2.3 — 1.7 A in several
different space groups: P2:2:2;, P222, P6 and P6:22. The best diffracting crystal was chosen
for data collection. Data was processed at the spot with XDS software (Kabsch, 2010).
Crystal phases were obtained by molecular replacement in Molrep (Vagin & Teplyakov,
1997), using cathepsin K molecule of the PDB entry 2FTD as a starting model. Structure
was refined in MAIN software (D. Turk, 2013). First round of refinement was performed
only with cathepsin coordinates. The continuous electron density in the difference map in
the active site cleft of cathepsin suggested that inhibitor was attached to the catalytic
residue Cys 25. The inhibitor, which was generated in PURY (Andrejasic et al., 2008), and
solvent molecules were then added to the model and the model was further refined. The
refinement staggered at the value of R-work around 0.206 (R-kick 0.230). Data collection
and refinement statistics are provided in Table 5. The structure was deposited to PDB
server and was given the entry code 6QBS.

The crystal asymmetric unit is composed of two molecules of cathepsin K-inhibitor
complexes with the root-mean-square deviation (RMSD) of their CA atoms 0.33 A (Figure
7). Their chains were resolved across their entire sequence. Crystal packing is stabilized by
calcium ion at the interface of both cathepsin K molecules. Both active sites are occupied
with the inhibitor 7 in the same way. The SG atom of Cys 25 and C2 atom of inhibitor 7
form a covalent bond which is evident from their electron density maps. Binding of
inhibitor is further stabilized by two H-bonds, formed between amide part of the inhibitor
and carbonyl O of the N161 and amide N of the G66 residues. These two bonds are
equivalent to bonds that are formed between cathepsins and their substrates, where
carbonyl O of the N161 and amide N of the G66 residues form H-bond to N of the P1 and
carbonyl O of the P2 residue, respectively. The leucine-like moiety occupies the S2 binding
pocket in a substrate-like manner, where it is stabilized by hydrophobic interactions. The
3-fluoro-methyl group faces toward the solvent. The biphenyl group binds between the
amino groups of N60-D61 and G65-G66 on the one side and Y67 of the neighboring
cathepsin molecule on the other side. The atomic B-factors of inhibitor atoms (with the
exception of sulphonyl group, which are higher) are comparable to that of the cathepsin K
residues around the active site (mean value 14.9 A?) which shows that all cathepsin
molecules reacted with the inhibitor.
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Subsite

L209

Figure 7: Crystal structure of cathepsin K-alkyne inhibitor. Nitrogen, oxygen, fluorine,
and sulphur atoms are shown in blue, red, violet, and yellow, respectively, whereas
carbon atoms of inhibitor 7 and cathepsin K are shown in cyan and grey, respectively.
a) Binding of inhibitor 7 to cathepsin K. Inhibitor is shown with ball-and-stick model,
relevant residues in cathepsin K are shown with stick model. Covalent bonds of inhibitor
7 are shown as cyan sticks, whereas those of cathepsin K are shown as white sticks.
Cathepsin K is wrapped in white transparent surface. b) Maximum-likelihood free-kick
electron density map (2Fo-Fc¢) around inhibitor 7 and Cys 25. Blue mesh represents
electron density map contoured at 1.3 o. Relevant cathepsin K residues are shown with
stick model. Inhibitor is shown in stick model (left) or ball-and-stick model (right) (Mons
et al., 2019).
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Table 5: Crystallographic table for cathepsin K-alkyne inhibitor entry 6QBS.

Data collection statistics (last shell)

Resolution range (A)

32.63 - 1.703 (1.763 - 1.703)

Space group

P 6122

Unit cell

75.345 75.345 340.195 90 90 120

Total reflections

2125267 (192495)

Unique reflections

64020 (6254)

Multiplicity 33.2 (30.8)
Completeness (%) 99.94 (99.71)
Mean I/sigma(I) 17.23 (2.29)
Wilson B-factor 19.79

R-merge

0.1519 (0.9156)

CC1/2

0.999 (0.908)

Refinement statistics (last shell)

Reflections used in refinement

64018 (3091)

Reflections used for R-kick

64018 (3091

)
R-work 0.209 (0.337)
R-kick 0.233 (0.362)
RMS (bonds) 0.020
RMS (angles) 1.98
Ramachandran favored (%) 96.71
Ramachandran allowed (%) 3.29
Ramachandran outliers (%) 0.00
Rotamer outliers (%) 3.47
Average B-factor 19.35
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5.3 Characterization of Calpeptin and Alike Compounds as
Cathepsin Inhibitors

The results described in this section are part of a publication (Reinke et al, 2023;
submitted).

5.3.1 Enzyme inhibition assays

We determined inhibitory properties of calpeptin, a potential anti-viral SARS-CoV-2 agent,
against human cathepsins K, V, L and B. Three additional compounds were tested: N-
calpeptin and S-calpeptin, both derivatives of calpeptin, and GC-376, a compound very
similar to calpeptin by structural and functional means (Figure 8). Inhibitors were also
tested against viral M protease, prepared in our laboratory, to compare our data with
the literature. To further establish the role of other cathepsins in SARS-CoV-2 infection,
we set out to determine the crystal structure of cathepsin V-calpeptin complex.

Calpeptin S-calpeptin

Figure 8: Chemical structures of calpeptin and alike compounds.

5.3.1.1 ICy screen

In initial screening, the inhibitors were tested against 10 nM cathepsins L (calpeptin, S-
calpeptin and N-calpeptin) and V (calpeptin) in concentration range from 1 nM - 250 pM.
Inhibitor GC-376 was not tested because it was not available at the time. The ICj of
calpeptin and S-calpeptin approached the lower limit of the assay (5 nM) for both
cathepsins tested, whereas N-calpeptin appeared as approximately 10°-fold weaker
inhibitor, with the ICs, value of 6400 nM (Figure 9). These results suggested that calpeptin
suppression of SARS-CoV-2 infection could be mediated through the inhibition of cathepsin
L and possibly also other cathepsins.



42 Chapter 5. Results
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Figure 9: 1Cs screen of calpeptin and alike compounds. Residual cathepsin activity (in
%) was plotted against logarithmic inhibitor concentration. Brown: cathepsin L and N-
calpeptin; red: cathepsin L. and S-calpeptin; black: cathepsin L and calpeptin; blue:
cathepsin V and calpeptin. The ICs values, written on the right, were derived as the
inhibitor concentration where 50 % of residual cathepsin activity was retained. Data
were fitted with non-linear regression, using variable slope model. Chart was prepared
in GraphPad Prism software.

5.3.1.2 K, determination

Results from the ICs screening experiment indicated that calpeptin and S-calpeptin, but
not N-calpeptin, inhibit cathepsins at low nanomolar or picomolar range. Hence, to
determine their K; values, we lowered the concentration of cathepsins in the subsequent
assays to 0.26 nM, which was to our experience the lowest cathepsin concentration in the
assay used that still yielded sensible signal. Cathepsins were incubated with 15 different
inhibitor concentrations, made with 1.8-dilution series in the concentration range from 0.01
- 37.5 nM. Because inhibition occurred at concentrations below that of the cathepsins, the
tight binding had to be acknowledged. Relative cathepsin activity (in %) was plotted
against each inhibitor concentration used in the assay and fitted with non-linear regression
to the Morrison equation in GraphPad Prism software (Figure 10, upper row;). The
exception was cathepsin B, which was inhibited only at higher inhibitor concentrations
(above 10 nM) and thus its K; determined as described below.

K; values of weaker complexes, namely those of cathepsin B and M (Inhibitors
calpeptin, S-calpeptin and GC-376) and cathepsin L (inhibitor N-calpeptin), were
determined by mixing the enzymes with several different concentrations of inhibitor,
spanning across their area of inhibition, and their velocities determined with several
different substrate concentrations. Enzyme velocity (in relative fluorescence units per
second; RFU / sec) was plotted against substrate concentration for each inhibitor
concentration used in the assay and fitted with non-linear regression to the mixed-model
inhibition formula in GraphPad Prism software. Because N-calpeptin was a much weaker
cathepsin L inhibitor than the rest, it was not tested against other cathepsins (Figure 10,
middle and bottom rows; Table 6)
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Figure 10: K; determination of calpeptin and alike compounds. The upper row shows
charts of cathepsins L (left), V (middle) and K (right) residual activity plotted against
different inhibitor concentrations in the range from 0.01 — 37.5 nM in blue (calpeptin),
green (S-calpeptin) and red (GC-376). The measure uncertainty is presented with dotted
lines. The middle row shows charts of cathepsin B reaction velocities (in relative
fluorescence units per second; RFU / sec) measured at several substrate concentrations
for different concentrations of inhibitors calpeptin (left chart), S-calpeptin (middle chart)
and GC-376 (right chart). The error boxes are shown around the measured points. The
bottom row shows inhibition of M”™ by calpeptin (left chart), S-calpeptin (middle chart)
and cathepsin L by N-calpeptin (right chart). Data were fitted with non-linear regression
and inhibitor K; values determined using Morrison equation (upper row) or mixed-model
inhibition formula (middle and bottom rows). K; values, determined from these data, are
listed in Table 6.
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Table 6: K; values of calpeptin and compounds alike. The K; for inhibitor GC-376 and M®™
was below the sensibility of the assay. In this case, asterisk (*) shows the residual M*
activity measured at 100 nM inhibitor concentration.

K; £ std. error /
95% confidence interval (pM, unless written otherwise)
CatV CatK CatL CatB Mpre
Calpeptin [ 361 +47/ [61+12/ |131+21/ 41+ 7nM / 56 + 1.2 nM/
268 — 454 37 — 85 90 — 172 27 — 54 nM 3,0 - 9,2 pM
S-Calpeptin [ 169 + 18 / [ 50 + 12/ | 148 + 19 / 70 +150M / |48+ 1.5uM /
133 — 204 28 -73 111 - 185 39 — 100 nM 1,1 - 7.9 uM
GC-376 242 +£23 ) |91 £ 11 / [ 259 + 27/ 163 £50 nM / | < 100 nM
196 — 288 70 - 112 | 204 - 314 63 — 262 nM 10 % *
N-Calpeptin | Not Not 35+ 1M Not Not
performed performed 14 - 54 M performed performed

The inhibition assay showed that calpeptin, S-calpeptin and GC-376 inhibit cathepsin V,
L and K in picomolar range. The compounds also inhibit cathepsin B but at approximately
10? — 10%*fold higher inhibitor concentrations. Our results confirmed that calpeptin and S-
calpeptin inhibit MP™ enzyme only at low micromolar range, at approximately 10*fold
higher inhibitor concentrations than that required for inhibition of cathepsins V, L, and K.
We confirmed that compound GC-376 is a better inhibitor of M than calpeptin and S-
calpeptin by at least 15-fold, however the sensibility of the assay was too low to precisely
determine its inhibition constant.

5.3.2 Crystallization of cathepsin V-calpeptin complex

The calpeptin is aldehyde-based inhibitor, so it forms reversible hemithioacetal bond with
the cathepsin Cys residue. Due to reversible nature of the chemical bond, the inhibition
formula can be written as:

K, = [E[];I][I] (5.1)
n_ % (52)

where [E], [I] and [EI] stand for free enzyme, free inhibitor and enzyme-inhibitor
concentrations, respectively. To ensure that all cathepsin molecules are bound with
inhibitor, the [I] needs to be in large access relative to K; value and [I] also needs to be in
access relative to [E]. Hence, the cathepsin V-calpeptin complex was formed by the addition
of 40 pM calpeptin, the value much above its Ki, to the 8 pM solution of freshly activated
cathepsin V. The complex was then purified on ion-exchange chromatography,
concentrated to approximately 40 mg / mL (around 1.7 mM) and dialyzed to crystallization
buffer (20 mM NaOAc, pH 4.5, 100 mM NaCl, 5 % glycerol and 1 mM DTT). Shortly
before the dialysis ended, calpeptin in the final concentration of 1.7 mM was added to the
sample in order to substitute inhibitor molecules which might have been removed from the
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cathepsin during purification and dialysis. The cathepsin V-calpeptin complex was then
centrifuged and crystallized at the same conditions as cathepsin V. C25S/A mutant (77 %
MPD, 23 % of 60 mM TRIS, pH 8). The crystals grew in a few days. Crystals were
harvested after they reached their final size and transferred to the synchrotron Elettra,
where their diffraction data was collected.

5.3.3 Data collection and structure determination

The complex crystallized in space group P432,2. Data was collected from the best diffracting
crystal, which diffracted up to 1.3 A. Crystal phases were obtained from the cathepsin part
of the cathepsin V-peptide structure which had the most similar unit cell parameters. After
initial refinement, the continuous electron density in the difference map in the active site
cleft of cathepsin suggested that the inhibitor was attached to the catalytic Cys 25 residue.
The inhibitor, generated in PURY, and solvent molecules were then added to the model
and the model was further refined. The refinement staggered at the value of R-work around
0.172 (R-kick 0.196). Data collection and refinement statistics are provided in Table 7. The
structure was deposited to PDB server and was given the entry code 7TQGW.

The crystal asymmetric unit is composed of two molecules of cathepsin V-inhibitor
complexes with the RMSD of their CA atoms 0.30 A (Figure 11). Their chains were
resolved across their entire sequence. Calpeptin covalently modified both active sites of
cathepsin V. As expected, the covalent bond was formed between SG atom of Cys 25 and
aldehyde warhead of calpeptin. Its binding was further stabilized by three H-bonds, formed
between amide part of the inhibitor and carbonyl O of the D163 and amide N of the G68
residues and between nitrogen of the carbamate part of the inhibitor and O of the G68
residue. The alkyl and leucine groups occupied the S1 and S2 subsites, respectively, in a
substrate-like manner. The benzyl part of the inhibitor bound in the S3 binding area
between residues F69, R72 and Q63. The average B-factor of an inhibitor was 20, which is
comparable to the B-factors of cathepsin residues in the inhibitor vicinity, indicating that
calpeptin covalently modified all cathepsin molecules.
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Figure 11: Crystal structure of cathepsin V-calpeptin. Calpeptin molecule is shown with
a stick model on the surface of a semi-transparent cathepsin V structure. Cathepsin V
residues that constitute the active site cleft are shown with a stick model in grey. Oxygen,
nitrogen and carbon atoms of calpeptin are shown with red, blue and rose, respectively.
Electron density of calpeptin was calculated with maximum-likelihood averaged kick
omit map (Fo-Fc) and is shown with a blue mesh, contoured at 4.5 o. Cathepsin key
residues are written out.
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Table 7: Crystallographic table for cathepsin V-calpeptin entry 7QGW.

Data collection statistics (last shell)

Resolution range (A)

47.12 - 1.303 (1.35 - 1.303)

Space group

P 43212

Unit cell

94.242 94.242 126.956 90 90 90

Total reflections

3293905 (217958)

Unique reflections

139006 (13653)

Multiplicity 23.7 (16.0)
Completeness (%) 99.91 (99.16)
Mean I/sigma(I) 32.94 (2.56)
Wilson B-factor 15.66
R-merge 0.0548 (1.023)
CC1/2 1 (0.837)

Refinement statistics (last shell)

Reflections used in refinement

138983 (6775)

Reflections used for R-kick

138983 (6775)

R-work 0.1718 (0.2454)
R-kick 0.1956(0.2775)
RMS (bonds) 0.017
RMS(angles) 1.83
Ramachandran favored (%) 97.26
Ramachandran allowed (%) 2.74
Ramachandran outliers (%) 0.00

Rotamer outliers (%) 2.14

Average B-factor 25.89

47
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Chapter 6

Discussion

6.1 Structural Basis for Heterogeneous and Homogeneous
Positions of Cathepsin Substrates

Analysis of crystal structures of substrate-mimicking inhibitors in complexes with papain-
like cysteine proteases established that substrate binding is facilitated by a conserved
hydrogen bonding network between the main chains of the peptidyl substrate and of
cathepsin residues G68 at the S2 binding site, the N-terminal amino group of catalytic
residues C25 and Q19 side chain as anchors in the S1 subsite, and the side chain of W190
at the S1’ binding subsite of cathepsins. These anchors are equivalent in all cysteine
cathepsins and thus provide a conserved docking surface to the main chain backbone of
peptidyl substrates from P2-P1’ in all known cysteine cathepsins. The rest of the
interactions, which refer to the side chain inside and outside this stretch, as well as the
main chain binding outside this stretch, are not conserved (D. Turk et al., 1998). This
analysis expands this view from two decades earlier. Statistical analysis of proteome
cleavages enabled us to pinpoint the positions on the substrate chain that exhibited
heterogeneous and homogeneous residue compositions. The question seeking answer here is
how this behavior reflects the structural features of enzymes, whose interplay with
substrates results in each protease cleaving different substrate sequences, and sometimes
sharing the same cleavage sites. In our analysis only endopeptidases were considered:
Cathepsin B was not considered because of its evolutionary (by sequence, structure) and
biochemical (endopeptidase and carboxydipeptidase) distances from endopeptidase
cathepsins V, L, K, F, and S (Zhou et al., 2015). The structural features of cathepsin F
were also not analyzed because there was only one structure available in the PDB at the
time of writing.

In the cathepsin V peptidyl complexes presented here, the conserved docking surface
containing the subsites from S2-S1’ is rigid, whereas the side chains of cathepsin V residues
outside this region exhibit more than one conformation. This was observed in at least one
of the two structures in the asymmetric unit, which is associated with a unique contact
with the peptide residue. The heterogeneity of the P2 position is evidently a consequence
of the prevalence of hydrophobic residues in the three clusters of cathepsin V (V1, V3, and
V4). A similar prevalence of hydrophobic residues at P2 was also observed in several
clusters of cathepsin K, L, and S (Figure A-1). On the non-primed side of the cysteine
cathepsin structures, only the S2 subsite is in the shape of a pocket surrounded by residues,
which define the S2 binding surface. The deviations from the pure hydrophobic character
of the P2 side chains are evident in the structures of peptides that belong to a group of
pattern II, which contains several Lys residues as well as His, Thr and Gln. Partial non-
specific behavior at the P2 position is likely cathepsin structure independent because the



50 Chapter 6. Discussion

observed position of the Lys side chain NZ atom in the GNYKEAKK peptide structure is
stabilized by a hydrogen bond formed with the main chain carbonyl of the cathepsin V
1L162 residue. The S1 subsite seems to bear no specific structural reason for Lys specificity,
apart from the P1 residue side chain pointing toward the solution and thus excluding large
and bulky hydrophobic residues, which can also be observed in the clusters (Figure A.2).
Indeed, we observed that S1 can chemically bind different types of residues, such as Lys,
Glu, Ala, Ser, Leu, and Pro (Table 2).

On the primed side of the active site cleft, the P1’ composition of substrates of
cathepsins V, L, and F was found to be heterogeneous in contrast cathepsins K and S,
which were found to be homogeneous. The dominant residue at the heterogeneous P1’
position was Lys (Figure A-1). The structural basis for this behavior in the S1’ binding
subsites of cathepsins V, L, and F appears to be the rigid aspartic residue D163 that
interacted with the guanidinium group of Arg at P1’ in the RLSAKP complex (Figure 12).
In cathepsin K and S, the equipositioned residues are N161 and N163, respectively;
therefore, their interaction with the positively charged Lys is not as strong nor as specific,
thus rendering these positions homogeneous (Figure 13, Figure 14).

Figure 12. Binding specificity between Arg at P1” and D163 of cathepsin V. Arg and Leu
of peptide RLSAKP (non-protected), bound at subsites S1’ and S2’, are shown in the
bond model in blue (nitrogen), red (oxygen), and cyan (carbon). Aspartate at position
163 is shown in the bond model in blue (nitrogen), red (oxygen), and grey (carbon).
Hydrogen bond is shown with a dashed line. Neighboring residues and the chlorine ion
are also provided. Figure was prepared using MAIN (Dusan Turk 2013) and rendered
using Raster 3D (Merritt and Bacon 1997).

The homogeneity of the cathepsin V substrate positions outside the P2 — P1’ range suggests
the structural basis of the adaptability of the underlying structure and capability of the
peptide ligands to find appropriate anchors. The flexible side chains shown in blue (Figure
13, a) provide a versatile binding surface capable of adapting to the binding of different
ligand sequences. The ambivalence of the GIn and Asn side chains, which provide hydrogen
donors and acceptors, is well suited for adaption to various substrates. Binding adaptability
is provided by residues Q63 and N66 at S3 and S4, N161, which assisted in the binding of
two Lys residues at S4 and F69, whose side chains in the three structures replaced the Cl-
ion at the bottom of the S2 pocket, and on the primed side by residues Q145 at S2° and
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5S4’ and Q21 at S3’. Furthermore, the binding geometries of the peptides in the regions
outside the P2 — P1’ range diverged to the extent that the S4 and S4’ surfaces were found
in two separate areas on the left and right of the active site cleft (Figure 13, c).

a) Cathepsin V b) Cathepsin L

PDB structures

d) Cathepsin L
Substrate binding

Figure 13: Flexible and rigid residues of cathepsins V and L and their substrate-binding
areas. a) Superimposed cathepsin V complexes. Flexible cathepsin V residues that
provided a versatile binding area for peptide binding are shown with a stick model in
blue on the surface of a semi-transparent cathepsin V structure. Rigid residues are shown
in grey. Key residues are written out. Red circle depicts the S3 binding area. Catalytic
residues at site 25 are shown in yellow. b) Superimposed structures of cathepsins L from
PDB database with the equivalent labeling (PDB entries 1CJL, 1CS8, 1ICF, IMHW,
2NQD, 2XU1, 2XU3, 2XU4, 2XUb, 2YJ2, 2YJ8, 2YJ9, 2YJB, 3BC3, 3HK9, 3H8B, 3H8C,
3HHA, 3BHWN, 3K24, 3KSE, 30F8, 30F9, 4AXL, 4AXM, 5F02, 5SMAE, 5MQY, 6EZP,
6EZX, 6F06, 6JD0, and 6JD8). The structure of C25A mutant with SO4; ion in the
active site (3IV2) is not included due to the distorted active site. Red elipse depicts the
S3 binding area. Catalytic residues at site 25 are shown in yellow. ¢) Superimposed
cathepsin V-peptide complexes. Peptides are shown with a stick model on the surface of
a cathepsin V structure. Binding areas of peptides at positions from P4-P4’ are shown
in color spectra from blue to magenta at the non-primed side and from red to rose at
the primed side. Peptide residues from P1-P4 and from P1’-P4’ are shown in pale pink
and pale blue, respectively, whereas the residues beyond P4 and P4’ are shown in white.
d) Processed peptide and protein substrates of cathepsin L structures (3K24 and 5I4H,
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respectively) at the non-primed side. Their binding areas are presented with the same
coloring annotation as in pannel c.

In contrast to other cathepsins, the P3 position of cathepsin L is heterogeneous. At P3, the
L2 cluster exhibited an almost purely hydrophobic profile with a small contribution of
aromatic residues (Figure A.2). The cathepsin L residue L69 forms part of the S3 surface
area (Figure 13, b and d) and appears to be locked in position, in contrast to F69 in
cathepsin V, which appears in two conformations (Figure 13, a). In cathepsin L, this feature
provides space for the P3 residue to bind along 1.69 and below E63. In contrast, the binding
surface of most P3 residues in cathepsin V complexes is provided by the flexible Q63 and
N66 side chains, which can provide either hydrogen bond donor or acceptor groups or not
when turned away (red circle in Figure 13, a). Consequently, cathepsin V substrates were
able to adopt two conformations (Figure 13, ¢) in contrast to cathepsin L, where the main
chain trace of substrates was in one conformation only (Figure 13, d). Therefore, the
structural background of the heterogeneous position of cathepsin L can be explained by
the features of the S3 binding area (elliptical red circle in Figure 13, b) positioned below
its flexible residues E63 and N66. The homogeneity of P3 for cathepsin S and K substrates
can likely be explained by the similarity of cathepsin K Y67 and cathepsin S F70 to the
equipositioned cathepsin V F69 and the flexibility of cathepsin K D61 and cathepsin S K64
residues (Figure 14).

a) Cathepsin K b) Cathepsin S
PDB structures PDB structures

Figure 14: Flexible and rigid residues of cathepsins K and S from PDB database.
Superimposed structures of cathepsins K and S from PDB database. Flexible cathepsin
residues are shown with a stick model in blue on the surface of a semi-transparent
cathepsin structure. Rigid residues are shown in grey. Key residues are written out.
Catalytic residues at site 25 are shown in yellow. a) Cathepsin K (PDB entries 1BGO,
INLJ, 1ATK, 1AUO, 1AU2, 1AU3, 1AU4, 1AYU, 1AYV, 1AYW, 1BYS8, IMEM, 1NL6,
1Q6K, 1SNK, 1TU6, 1U9V, 1U9W, 1U9X, 1YKT7, 1YKS, 1YT7, 2ATO, 2AUX, 2AUZ,
2BDL, 2F7D, 2FTD, 2R6N, 3C9E, 3H7D, 3KW9, 3KWB, 3KWZ, 3KX1, 300U, 301G,
30VZ, 4ADMX, 4DMY, 4N79, 5N8W, 4X6H, 4X6I, 4X6J, 4YVS8, 4YVA, 5J94, 5JA7,
5JH3, 5TDI, 5TUN, 5Z50, 6ASH, 6HGY, 6PXF, 6QBS, 6QLS, 6QLM, 6QLW, 6QLX,
6QMO, TNXL, 7TNXM, and 7PCK. b) Cathepsin S (PDB entries 2HXZ, 2F1G, 2FT2,
30VX, 2RIN, 2R9M, 1MS6, 2HHN, 4P6G, 20P3, 4P6E, 6YYN, 2HH5, 2G7Y, 2FQ9,
6YYR, 6YYP, 2H7J, 2FRQ, 3N3G, 2R90, 2FRA, 6YYO, 3N4C, 2FUD, INPZ, INQC,
5QC0, 5QCH, 5QC4, 5QC2, 2C0Y, 5QCG, 5QCE, 5QCI, 5QCC, 5QCA, 5QC7, 5QBV,
5QC5, 5QBZ, 5QBX, 5QC9, 5QC3, 5QC1, 3IEJ, 5QCF, 5QCJ, 5QCD, 5QCB, 5QBW,
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5QCS, 5QC6, 5QBU, 2G6D, 5QBY, 1GLO, and 2FYE). Only three residues of flexible
R141 are presented in cyan (entries 2FUD and 5QCA) for clarity of the figure.

Collectively, the selectivity of the substrate-binding subsites in cysteine cathepsins
analyzed is not absolute; however, it renders the binding positions statistically
heterogeneous and thereby exposes the preferential binders. For the heterogeneous
positions, we were able to pinpoint the residues at the cathepsin surface, which with specific
interactions directly contributed to heterogeneity of the binding subsites, and also to the
structural differences among cysteine cathepsins, which endow them with similar and
different subsite specificities. Therefore, there are structural restraints that drive local
selectivity of interactions, resembling the lock and key mechanism (Fischer, 1894), and
there is flexibility that provides a basis for the promiscuity of local interactions, resembling
the induced fit (Koshland, 1958) and conformational selection models (Géspéar & Csermely,
2012).
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6.2 Peptides as Protein Substrate Model

The structural and cleavage analysis combined enabled us to compare cathepsin recognition
of the same sequences when presented in protein and peptidyl form. Regarding the crystal
structures, only peptides of groups I and IV (8 examples) bound to cathepsin V are
consistent with the observed protein cleavage sites, whereas the peptides of groups II and
III deviated from the expected binding (18 examples). Apparently, their binding was biased
by the amide protective group at the carboxylic end of peptides that belong to the group
of pattern II and by the absence of a negative charge at the reactive site Cys, which led to
shifted binding of peptides that belong to a group of pattern III (Table 2, Figure 4).
Moreover, the IILKEK peptide bound in a non-substrate-like manner to the non-primed
side of molecule B, and in the structure of peptide VYEKKP, there was a third peptide
molecule bound at the interface of the two cathepsin V molecules (Figure B-5). Besides,
five peptides bound differently to A and B molecules of cathepsin V and one peptide bound
differently when it was co-crystallized or when soaked. Furthermore, the span of average
B-factors of peptides at positions P3 — P3’, where binding was conserved, was in the range
of 20 — 75, whereas the cathepsin residues in their vicinity had B-average values around 20
— 25. Together, this shows that binding of peptides to cathepsin V was rather weak.

Observations of the interactions between cysteine cathepsins and protein substrates are
scarce, but the crystal structure of the catalytic site mutant C25S of cathepsin L provides
an excellent comparison with the peptide complexes presented here (Sosnowski & Turk,
2016). In this structure, one cathepsin L molecule cleaved the neighboring molecule in the
crystal such that the residues of the non-primed side remained bound to the active site
cleft. In contrast to the other structures of cathepsin L in complex with the peptide
(Adams-Cioaba et al., 2011) and the cathepsin V complexes presented here, the substrate
chain of cathepsin L enters the active site cleft from above, forming a helical turn at P4
and continuing along the S3, S2, and S1 subsites to the reactive site (Figure 15). This
example illustrates how the proteins and peptides may approach protease active site in a
different manner. In agreement with this, we exposed several examples of distinct
processing of the same sequences when they were presented in protein or peptidyl form, by
determining their cleavage sites with cathepsins K, V, and L (Appendix C).

To summarize, the extent to which the same sequences are recognized differently
appears to at least be affected by the fit of substrate primary sequence itself to the protease
active site, resulting in stronger interactions, which are otherwise quite subtle, as well as
by other factors like the 3-D arrangement of the sequence which is being cleaved and its
neighborhood, which likely affects its approach to the active site.
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Figure 15: The difference between peptide and protein binding to cathepsins. The main
chains of peptides bound to the non-primed side of cathepsin V complexes are presented
with green ribbons. Protein substrate fold from cathepsin L structure 5I4H, from
sequence F96:5105 which bound in the non-primed side at positions from P1-P10, is
presented with red ribbons. Labels are provided from P4 onward, where protein and
peptide folds begin to diverge. Image is presented from two viewpoints.



56 Chapter 6. Discussion

6.3 Relevance for Drug Discovery Projects

In this study we exposed crucial structural areas, together with contributing residues, which
participate in substrate binding along the whole active site cleft, from S4 — S6’. Some of
those have already been targeted in previous work, either on purpose or unknowingly, and
their interactions have been described in several crystal complexes. For example, the L209
of cathepsin K which narrows its S2 pocket and Y67 and D61 which participate in binding
of P3 fragment (DesJarlais et al., 1998; Gauthier et al., 2008; C. S. Li et al., 2006; McGrath
et al., 1997; Robichaud et al., 2004; Yamashita et al., 2006); F211 of cathepsin S, whose
rotation creates opening of its S2 pocket, as well as the K64 and R141 which might be
responsible for accommodating the positions P3 and P1, respectively, (Alper et al., 2006;
Gauthier et al., 2007; Liu et al., 2005; Tully et al., 2006); the S2 pocket of cathepsin L
which prefers fragments like Tyr, as well as the cathepsin L residues Y72 and E63 at S3
site and hydrophobic patch on the D-domain of primed side formed by residues A138,
G139, Y189 and L144 (Chowdhury et al., 2008; Dana et al., 2014; Marquis et al., 2005;
Shenoy & Sivaraman, 2011). So, on the one hand, our results are validated by this data,
and on the other, they expose additional key regions and residues that can be exploited in
the development of more potent and more selective inhibitors.

In this regard, we observed the difference in binding of P3 fragment of calpeptin
inhibitor to the cathepsins V and L (Figure 16) which is in agreement with heterogeneous
distribution of cathepsin substrates at P3 position (Figure 13, b and d; Figure A-1). The
phenyl ring of the benzyloxycarbonyl group at S3 of cathepsin L. complex binds along the
L69 into the hydrophobic patch, whereas in the cathepsin V complex, the F69 directs its
binding toward residues Q63 and N66 in a similar manner that it directed binding of
peptides to cathepsin V (Figure 13, c).
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Figure 16: Comparison of calpeptin binding at S3 site of cathepsins L and V. The figure
shows crystal structures of cathepsin L — S-calpeptin complex (upper image, PDB entry
7TQKC) and cathepsin V-calpeptin complex (bottom image, PDB entry 7TQGW).
Calpeptin is presented with a stick model on top of the cathepsin surface. Oxygen,
nitrogen and carbon atoms of calpeptin are shown in red, blue and green, respectively.
PEG molecules from the solvent in the primed side of cathepsin L-calpeptin complex are
shown in a yellow-red combination.
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Chapter 7
Conclusions

The combined approach of proteomic, statistical and structural analysis enabled us to
elucidate the elusive specificity of cathepsin endopeptidases. The key was to obtain enough
cathepsin cleavage data which enabled us to differentiate between heterogeneous and
homogeneous substrate positions, and to cluster them on heterogeneous positions, which
yield a well-defined and separated subset of a few major representative clusters for each
cathepsin. This enabled us to choose a limited set of sequences, representing the variety of
all seven cathepsin V major clusters, and crystallized them in complexes with cathepsin V.
The crystal structures revealed that the heterogeneous and homogeneous positions of
peptide substrates bind to rigid and flexible surface areas on the cathepsins, respectively,
and revealed structural features that cause specific behavior on heterogeneous positions P3
(cathepsin L) and P1’ (cathepsins V, L, and F) (hypothesis I and II confirmed).

In the crystal structures, peptides bound to cathepsin V in four different ways. Peptides
in groups I and IV (8 examples) bound in accordance with the observed cleavages of protein
substrates, whereas peptides binding in groups II and III (18 examples) were shifted, hence,
their binding did not correspond to the assigned clusters. Thus, we could not analyze the
binding specificities of peptides that belong to the same cluster.

Comparison of peptide binding observed in this structural study to the binding of
processed protein substrate suggests that the approach of the sequence that is being cleaved
to the active site is affected by the protein structure. In addition, we exposed several
examples of distinct processing of the same sequences by wild-type cathepsins when they
were presented in the peptidyl or in the protein substrate form. Hence, the peptides are
not always a reliable model for studies of protein interactions (hypothesis III confirmed).

The characterization of cathepsin inhibitors provided new insight that may facilitate
the development of novel therapeutics. The alkyne-based inhibitors of cathepsin K
exhibited no indiscriminate thiol reactivity, yet they were able to selectively modify the
catalytic Cys residue in the active site of cathepsin K. This showed that alkynes can be
used as a latent electrophilic group for specific enzyme targeting. In addition, we showed
that calpeptin and compounds alike strongly inhibit human cathepsins K, V, and L, which
suggested that the suppression of SARS-CoV-2 activation by calpeptin may be mediated
through cathepsin inhibition (hypothesis IV and V confirmed).

To summarize, this work provides new insight and understanding of the complex
biology of cathepsins. This opens new ways in design of novel selective cathepsin inhibitors.
Moreover, the methodology that was used to decipher the elusive cathepsin specificity
applied in this study is not limited to cathepsins, but can be used to characterize any given
protease. In addition, we proposed that cathepsins are involved in activation of SARS-
CoV-2 and established that an alkyne functional group can be used as a safer alternative
to other electrophilic warheads in the design of irreversible small molecule inhibitors.
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Appendix A

Peptide Selection

A.1 List of Synthesized Peptides

Table A-1: List of synthesized peptides. Peptides were from 6-11 residues long. Their
sequence is inserted in the columns at positions from P5-P6'. The cleavage site is between
P1-P1’. The cleavage site cluster for cathepsin V is presented under the cluster column
(for example, V1 for cathepsin V cluster 1). Residues that are shaded represent dominant
residues in the corresponding cathepsin V cluster. Cleavage area: several neighboring
cleavages. Positional cleavage: one cleavage site in the area. Indices 1 and 2 refer to one or
two separated cleavage areas in the originated protein, respectively, where cathepsin acted.
Indices 3 and 4 mark where there were only one or two cleavage sites in the originated
protein, respectively. Termini of most peptides were protected with N-acetylation and C-
amidation (marked “Y” in protection column). Some peptides were also synthesized
without protection (marked “N”) or with and without protection (marked “Y/N”).
Peptides have UniProt codes (www.uniprot.org) of their corresponding proteins. *These
are proteins with Uniprot codes Q6S8J3, POCG38, POCG39 and QIBYXYT7. ** The amount
of peptide was sufficient to carry out structural analysis only. *** These are proteins with
Uniprot codes Q6S8J3, P60709, P63261, ASA3E0, POCG38 and POCG39 **** Peptide
sequences were not obtained from the protein cleavages.

o
5] Py $ = bs)
9] ) 5]
E Z | 5g S g
=] . — = Ia A < i & i -~ =
z S IS RS ES RS ESESRS S-S o & g |5 8
pl T|C Q|V Q Vi Positional Y P49588
p2 I|L|L|T|E L Vi Area Y multiple*
p3 K|D|L H|{P|S|P Vi 1 Y P42677
Area
p4 E I/D|IL|R|IN|P|K|G|N V1, Area Y P27695
p5 Q|LIL|V|IA|C|K|V|K V1, Positional Y Q9Y490
p6 K|{VILIA|T|V|T|K V1, Area Y Q02878
p7 RIL|S|A|K|P Vi, Area Y/N | Q15651
p8 LIL|IS|G|K|E Vi, Area Y/N | A6NHL2
P9 Q|L|R|[Q|Q|E V1, 4 | Y/N | 043818
Positional
pl0 G|INIY K|E|A|K|K V2 Positional Y P42704
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pll LIL|K|V A V2, 3 Y Q53FAT
Positional
pl2 CIM|K|S|V|T V2, Area Y P63104
pl3 AIC|IK|S|S|Q V2, Positional Y P46013
pl4 G|A|K|S|A|A V2, Area Y/N | Q8NC51
pl5** G|V|T|K|A|A V3, Area Y P27797
pl6 G|IM|C|K|A|G V3 Area Y multiple***
pl7 K|T|A|K|T|H V3 Positional Y 075533
pl8 E|V|C|K|K|K V3 3 Y Q92772
Positional
pl19 I|I|L|K|E|K V3 3 Y/N | P07199
Positional
p20 G|IT|R|E|A|A V4 Positional Y P25398
p21 RIE|Q|N|[V]A V4 Area Y P14625
p22 A|Y|F|IK|K|V V5 Area Y P25205
p23 VIY|E|K|K|P V5 Area Y/N | P46777
p24 I1Y|E|V|D|K V6 Positional Y Q92747
p25 R|E|S|E|D|L V6 3 Y Q8N5V2
Positional
p26 PIC|G|T|A|H V6 Positional Y 043823
p27 Y|DJ|A L V6 Positional Y P62906
p28 WIK| K v7 4 Y Q9IC0BO
Positional
p29 p KIK|K|A v7 Area Y P16402
p30 K|PIK|K|K|T V7 Area Y Q6NWY9
p31 LILIK|V|A|L N kkck
p32 AIV|A|IE|K|Q N kkck
p33 A|L|A|A|S]|S N okkk
p34 AIV|R|A|R|L N kkck
p35 LILIK|A|V]A Y kkck
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A.2 Major Clusters of Cathepsin Substrates

a) Cathepsin L1 (1,872) * Cathepsin L2 (1,054) * Cathepsin L3 (437} - Cathepsin L4 [700)

AB $12
9

Vi1

Cathepsin F2 (742)

00 £ $7
7 ‘AT
« s -
V13| 87 17 ISR )
N 130 Ls L V8|, AB
G10 A1 Lz 7
A10 G8

d) % CathepsinK1(1537) =
™ .

" " 2

o %

% Cathepsin55(563] %  Cathepsin S6 [388) % Cathapsin 58(253)

o=

Figure A-1: Major clusters of cathepsin substrates. Upper row, cathepsin L; second row
from the top, cathepsins B (left) and F (right); third row from the top, cathepsin K;
fourth row from the top, cathepsin S; bottom row, cathepsin V. Each frame describes
one cluster. The description of the cluster is based on heterogeneous positions (on x-axis)
and share of a certain aminoacid or a group of aminoacids at an individual heterogeneous
position on y-axis (in %). Their shares are proportional to the the height of the belonging
rectangle. Aminoacids are identified by one letter code. The background color represents
the type of amino acid residue: hydrophobic, white; hydrophilic, cyan; basic, blue; acidic,
red; aromatic, green; cysteine and methionine, yellow. The figures were generated using
SAS for Windows (SAS Institute).
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Appendix B

Crystal Structures of Cathepsin V-
Peptide Complexes

Figure B-1: Electron density maps of peptides in the group of pattern I. Peptides are
shown with stick model on the surface of a semi-transparent cathepsin V structure.
Peptide oxygen, nitrogen and carbon atoms are shown in red, blue and pale pink,
respectively. a) Fragment VACK of peptide VACKSSQP. b) Fragment VYE of peptide
VYEKKP. c¢) Fragment LLS of peptide LLSGKE. d) Fragment LLK of peptide
LLKVAL. e) Fragment LLK of peptide LLKAVAEKQ. f) Peptide GAK of peptide
GAKSAA is shown in the non-primed site (primed site is occupied by another peptide
GAKSAA, which belongs to a group of pattern IV). Electron densities were constructed
using maximum-likelihood averaged kick omit maps (Fo-Fc) (Praznikar et al., 2009) and
are contoured at 4.5 0. The masks are presented around peptides. Figures in the panel
were prepared using MAIN (D. Turk, 2013) and rendered using Raster 3D (Merritt &
Bacon, 1997).
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Figure B-2: Electron density maps of peptides in the group of pattern II. Peptides are
shown with a stick model on the surface of a semi-transparent cathepsin V structure.
Peptide oxygen, nitrogen and carbon atoms are shown in red, blue and pale pink,
respectively. a) Peptide EVCKKKK. b) Fragment KVL of peptide AYFKKVL. ¢)
Fragment FLA of peptide KKYDAFLA. d) Fragment LSAKP of peptide RLSAKP
(protected). e) Fragment DLE of peptide TRESEDLE. f) Peptide GNYKEAKK. g)
Fragment KKKTK peptide KPKKKTK. h) Fragment SAA of peptide GAKSAA. i)
Fragment TAHE of peptide VPCGTAHE. j) Fragment QQE of peptide QLRQQE.
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Electron densities were constructed using maximum-likelihood averaged kick omit maps
(Fo-Fc) (Praznikar et al., 2009) and are contoured at 4.5 o. Figures in the panel were

prepared using MAIN (D. Turk, 2013) and rendered using Raster 3D (Merritt & Bacon,
1997).
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Figure B-3: Electron density maps of peptides in the group of pattern III. Peptides are
shown with a stick model on the surface of a semi-transparent cathepsin V structure.
Peptide oxygen, nitrogen and carbon atoms are shown in red, blue and pale pink,
respectively. a) Fragment LLS of peptide LLSGKE. b) Fragment QLRQ of peptide
QLRQQE. c) Fragment IIL of peptide [ILKEK. d) Fragment LLKV of peptide LLKVAL.
e) Fragment ALAA of peptide ALAASS. f) Peptide AVAEKQ. g) Fragment RLSAK of
peptide RLSAKP (non-protected; molecule A). h) Peptide RLSAKP (molecule B). i)
Fragment GAKS of peptide GAKSAA is shown in the primed site. Non-primed site is
occupied by peptide GAKSAA, belonging to a group of pattern I. Electron densities were
constructed using maximum-likelihood averaged kick omit maps (Fo-Fc) (Praznikar et
al., 2009) and are contoured at 4.5 6. The masks are presented around peptides. Figures
in the panel were prepared using MAIN (D. Turk, 2013) and rendered using Raster 3D
(Merritt & Bacon, 1997).
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Figure B-4: Electron density maps of peptides in the group of pattern IV. Peptides are
shown with a stick model on the surface of a semi-transparent cathepsin V structure.
Peptide oxygen, nitrogen and carbon atoms are shown in red, blue and pale pink,
respectively. a) Fragments RLS and AKP of peptide RLSAKP. b) Fragments LLK and
AVAEKQ of peptide LLKAVAEKQ. Electron densities were constructed using
maximum-likelihood averaged kick omit maps (Fo-Fc) (Praznikar et al., 2009) and are
contoured at 4.5 0. The masks are presented around peptides. Figures in the panel were
prepared using MAIN (D. Turk, 2013) and rendered using Raster 3D (Merritt & Bacon,
1997).

A

Figure B-5: Electron density maps of peptides bound otherwise. Peptides are shown with
a stick model on the surface of a semi-transparent cathepsin V structure. Peptide oxygen,
nitrogen and carbon atoms are shown in red, blue and pale pink, respectively. a) Peptide
INLKEK bound to cathepsin V like an inhibitor. b) Peptide VYEKKP bound at the
surface of two cathepsin V molecules. Electron densities were constructed using
maximum-likelihood averaged kick omit maps (Fo-Fc) (Praznikar et al., 2009) and are
contoured at 4.5 0. The masks are presented around peptides. Figures in the panel were
prepared using MAIN (D. Turk, 2013) and rendered using Raster 3D (Merritt & Bacon,
1997).
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Appendix C

Comparison of Protein and Peptide

Cleavages

C.1 List of Protein and Peptide Cleavages and Predictions

Table C-1: The 1st column of the table (UniProt/Type) contains UniProt code of the
protein origin (www.uniprot.org) and cleavage type. There are two types of cleavages:
positional cleavages (one cleavage in the sequence) and cleavage area (several cleavages in
the sequence). The 2nd column specifies whether the cleavages in the sequence in the next
three columns were obtained from protein or peptide analysis or from support vector
machine (SVM)-based predictions (Tusar, Loboda, Impens, 2023). Cleavage sites are
marked with arrows (]). Asterisks (*) at the end of peptide sequences mark peptides with
an unique peptide cleavage. Protein sequences marked with (§) had no observed protein
cleavage sites. The sequences marked with (&) were not selected from the cleaved protein
sequences.

UniProt Substrate |Cathepsin K Cathepsin L Cathepsin V

/Type form

P42677  |Peptide |K D L L{H P S P K D LILIH P § P* KDLLHPSP

Areal Protein |K D L L H P S P KDLLHPSPS KDLLHPSP
Prediction K D L L HP S P KDLLHPSFP KDLLHPSFP

Q6NWY9 |Peptide |K P KIK K T K K P KIKIK T K K P KIKIK T K

Area? Protein K PIK K K T K KPKKEKT K KPKKEKTK
Prediction | K P KIKIK T K K PIKIKIK T K K P KIKIK T K

PA6777  |Peptide |V YIE K K P V YIEIK K P V YIEIK K P

Area Protein |V YJE K K P VY EIK K P VY EIK K P
Prediction |V YJE K K P V YIEIK K P V YIEIK K P

QSNC51  |Peptide |G A KIS A A G AKISAA G AKISAA

Area Protein  |GJA KIS AJA G AKISAA G AKISAA
Prediction |GLA KIS AlA GIA K S AlA GIA K S AlA

P27695 |Peptide |E 1 D L RIN P KIG N |E I D LIRIN P KIG N* | EI DJL RIN P K G N*

Area Protin |[EIDLRNPK|GN|EIDLRINPKGN |EIDLRINPK GN
Prediction E1 D L RINP K/IG NJEIDLRINPKGN |EIDL RINP KIGIN

P16402 | Peptide |P V KIK K A K PV KIK K AK PV KIK K A K

Area Protein [P V KIK K A K PVEKEKEKA K P V KIKIKIA K
Prediction |P V KIKIKIA K PV KIKIKIA K P V KIKIKIA K

Q15651  |Peptide |R L SIA K P R L SIAKP R LISIA K P*
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Area Protein R L SIAKP R L SIAKP R L SIAJK P
Prediction |RIL SJA K P RIL SIAIK P RILISIA K P
A6NHL2 |Peptide |L LISIG K E L LISIC K E L LISIG K E
Area Protein  |L L S|GIKIE L L SIGIK E L L SIGIK E
Prediction |L LISIGIK|E L LISIGIKIE L LISIGIK E
Q6S8J3, |Peptide |G M ClK A G G M CIKIA G G M CIK A G
11:22;2? Protein |G M CIK|A G G M CKIA G G M CIKIA G
A5A3E0, | Prediction |G M ClKIA G G M CKIA G G M CIKIA G
POCGS3S,
POCG39
Area
P14625  |Peptide | KIRIF QINIV AlK*  |K RIFIQIN V AlK KIRIFIQIN V AlK
Area Protein  |K R F QIN V AJK KRFQNV AK KR F QN V AIK
Prediction |K R F QINIV ALK K R F QIN V AK K R FIQIN/V AJK
P63104  |Peptide |A C MIK S V TIE A C MK S V TIE A C MK SV TIE
Area Protein  |A C M K|S V|TIE A C MK SV TIE A C MIKIS V TIE
Prediction |A C MJK|S V TIE A C MIKIS V TIE A C MIKIS V TIE
P25205 | Peptide |A Y F KIK V L AY FIKIK V L AY FIKK VL
Area Protein  |AlY F K|/K V L AY FKKVL A Y FIKIK V L
Prediction |AlY F K|/K V L ALY FIKIK V L A Y FIKIK V L
Q02878 |Peptide  |K V LIAIT V TIK K V LIA TV TIK K V LIA TV TIK
Area Protein  |K V L AJTIV TIK KVLATYVTKS K VL AT V TIK
Prediction |K V LIAIT V TIK K V LIAITIV TIK K V LIAITIV TIK
Q92772 |Peptide |E V CIKIK K K E V CIKIK K K E V CIK K K K
Positional’ |, ‘eim |E V CIK K K K E V CIK K K K E V CIK K K K
Prediction |E V CJK K K K E V CIKIK K K E V CIKIK K K
PO7199 | Peptide |1 I LIKIE K 11 LIKIE K 11 LIKIE K
Positional® [, in |11 LIK B K 11LKEK I1LKE K
Prediction |1 1 LIKIE K I 1 LIKIE K I 1 LIKIE K
Q8N5V2  |Peptide |T RIES E D L E T RIEISIE D L E T RIEISIE D L E
Positional” [ iéin [T R E SIE D L F TRESIEDLE TRESIEDLE
Prediction |T RIE S E D L E TRESEDLE TRESEDLE
Q53FA7T  |Peptide |V LIL KIV A A S VLLKVAAS VLLKVAAS
Positional’” [, in [VL LKV A A S VLLEKVAAS VLLEKVAAS
Prediction |V LIL KIV AJA S V LIL KIV AJA S VL LKV AAS
QICOBO  |Peptide  |A WIKIKIE A* AW KIK E A AW KIKE A
Positional’ [, © i A W K K B A AW KIKE A AW KIKE A
Prediction |A W KI/KIE A AW KIK E A A WIKIK E A
043818 |Peptide |Q LIRIQ Q E Q LIRIQ Q E Q LIRIQ Q E
Positional’ |, ‘n |Q L RIQ Q B QLRIQQE QLRIQQE
Prediction |Q L RIQ Q E QLRIQQE QLRIQQE
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043823 |Peptide | VP CIG T AHE* |VPCGITAHE VPCGTAHE
positional |, tem VP CGTAHE (VP CGTAHE VPCGTAHE
Prediction |V P C GIT A H E VPCGTAHE VPCGTAHE
075533 |Peptide |K I AJK T H KI1AKTH KIAKTH
Positional |, e K 1A K T 1S KIAKT HS KIAKTH
Prediction | K I AJK T H KIAKTH KIAKTH
P46013  |Peptide |V AJC K S S Q P VACKSSQP VACKSSQP
Positional |, fim [V A C KIS S QP VACKSSQP VACKISSQP
Prediction |V AJC KIS S Q P V AIC KIS S QP V AIC KIS S QP
P42704  |Peptide | G N Y K|EJAJK K* |G N Y KIE A K K G NYKIEEAKK
Positional 1, e [N YKEAKK |GNYKEAKK G NYKIEAKK
Prediction |G N Y KIE A K|K G NYKIEAKK G N Y KIEJA KIK
QIY490 |Peptide | Q L LIVIAICIK V K* |Q L LIV A CIK V K QLLVACKYVEK
Positional |, tem |QLLVACKVEK |QLLVIACKVEK QLLVIACKVK
Prediction |Q L LIV A CIKIV K |Q L LIVIAICIKIV K Q L LIV AICIKIV K
P25398  |Peptide |R GJI RIE A A K R GII RIE A A K R GUI RIE A A K
Positional 1, tein [R ¢ T RIE A A K R GIRIEAAK RGIRIEAAK
Prediction [R G I RIE A A K R G I RIEJA A K R G I RIEJA A K
Q92747 |Peptide |S I YJE V DIK QF ST YIELV DK Q ST YIELV DK Q
Positional | tem STY BV D K @ SIYEVDEK Q STYEWVDEKQ
Prediction |[S I YJE V D K Q ST YIELV DK Q S 1 YIEIV DIK Q
P62906  |Peptide | K K Y DIA FILIA* |K K Y DIA F LIA K K YIDIA F LIA*
Positional 1, fin K K Y D A F L AS KKYDIAFLA KKYDIAFLA
Prediction |[K K Y D A FJLIA K K Y DIA F LIA K K Y DIA F LIA
Peptide |L LIK A VAEKG Q |LLKIAVAEEKDQ LLKAVAEKQ
Protein® No data No data No data
Prediction |L LIKIA VA E K Q |L LIKIA VAEKGQ |LLKIAVAEEKQ
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C.2 Peptide Fragment Separation and Identification with
RP-HPLC — MALDI-TOF

C.2.1 HPLC spectra with peak identification

Peptides treated with cathepsins were put on RP-HPLC. Peaks representing the peptide
fragments were captured. Separation was monitored at 214 nm. The y-axis shows a
normalized signal of absorbance and the x-axis shows separation time in minutes. Sequences
of captured peptide fragments, as obtained from MALDI-TOF analysis, are written on top
or next to their corresponding HPLC signals. Characteristic signals at approximately 8 and
12 min correspond to buffer component DTT and cathepsin, respectively. The last peptide
in this table (sequence LLKAVAEKQ) was not selected from protein cleavages.
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1.0
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C.2.2 Processing of peptides AYFKKVL and KVLATVTK from 5 sec-

60 min.

Aliquots were taken after 5 sec, 30 sec, 2 min, 6 min, 20 min, and 60 min of incubation
time with cathepsins V and L (both peptides) and K (peptide KVLATVTK). Separation
was monitored at 214 nm. The y-axis shows the signal of absorbance and the x-axis shows
the separation time in minutes (signal at y-axis is not normalized in order to quantitatively
compare signals at different time points). Sequences of captured peptide fragments, as
obtained from MALDI-TOF analysis, are written on top or next to their corresponding
HPLC signals. Characteristic signals at approximately 8 and 12 min correspond to buffer
component DTT and cathepsin, respectively.
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Appendix D

Author contributions

The paper “Proteomic data and structure analysis combined reveal interplay of
structural rigidity and flexibility on selectivity of cysteine cathepsins” (Tusar &
Loboda & Impens et al., 2023, Communications Biology) presents the major work of this
PhD thesis. The results are presented in section 5.1 and its discussion in sections 6.1 and
6.2. The author contributed to this paper by preparing and crystallizing cathepsin V-
peptide complexes, and by solving, refining and analyzing 3-D structures of the following
complexes: TQIH, TQ8H, TQFH, 7Q9C, 7Q8D, 7TQ8F, 7TQ8M, 7TQHJ, 7Q8N and 7Q8L, and
by refining and analyzing all cathepsin V-peptide complexes; by purifying all of the
protected peptides from pl — p30, as well as the peptide p35, on semi-preparative RP-
HPLC; by expressing and purifying human cathepsins K, V, and L, and mutant cathepsin
V C25A; by performing peptide cleavage analysis with wild type cathepsins, by isolating
peptide fragments by RP-HPLC and by determination of their primary sequences on
MALDI-TOF spectrometer; by preparing the following figures: Figure 3, Figure 4, Figures
12-15 and all Figures in Appendixes B and C.

The paper “The Alkyne Moiety as a Latent Electrophile in Irreversible
Covalent Small Molecule Inhibitors of Cathepsin K” (Mons et al., 2019, Journal of
the American Chemical Society) is presented in section 5.2. The author contributed to this
paper by preparing, crystallizing and solving the 3-D structure of the crystal complex
between cathepsin K and inhibitor 7 (PDB entry 6QBS); by preparing Figures 6 and 7.

The paper “X-ray screening identifies active site and allosteric inhibitors of
SARS-CoV-2 main protease” (Giinther et al., 2021, Science) was part of the project
for discovering inhibitors of SARS-CoV-2 M protease. The author contributed to this
paper by performing and analyzing the inhibitory assays between inhibitors HEAT,
tolperisone, pelitinib and calpeptin on SARS-CoV-2 MP™ protease and on human cathepsins
K, V, and L. The results of the most promising compound from this screen, the calpeptin,
are presented in section 5.3.

The paper “The Sulfonated Calpeptin is a promising drug candidate against
SARS-CoV-2 infections” (Reinke et al., 2023, submitted) is under revision at the time
of writing this PhD thesis. Its results are presented in section 5.3 and its discussion in
section 6.3. The author contributed to this paper by expressing and purifying cathepsins
K, V, and L; by performing and analyzing the inhibitory assays between cathepsins and
M and inhibitors calpeptin, S-calpeptin, N-calpeptin and GC-376 and by determining the
ICs and K; values in GraphPad Prism software; by preparing, crystallizing and solving the
3-D structure of the crystal complex between cathepsin V and calpeptin (PDB entry
7QGW); by preparing Figures 9-11.
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