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Introduction

1 Introduction
1.1 Proteases
Proteases are a class of enzymes that catalyze the hydrolysis of peptide bonds and,
accordingly, the breakdown of proteins. Depending on the residue that is involved in
catalysis, these enzymes are classified as aspartic, cysteine, glutamic, metallo, serine or
threonine proteases.[1,2] Further distinctions can be made between proteases cleaving protein
substrates from the C- or N-termini (exopeptidases, carboxypeptidases or aminopeptidases,
respectively) and proteases that cleave in the middle of a protein substrate (endopeptidases).
Regardless of their type, proteases possess an active site which houses their catalytic group, as
well as binding pockets that address corresponding amino acid residues of a substrate. Based
on the nomenclature of Schechter and Berger,[3] binding pockets that depart from the catalytic
group in the direction of the N-terminus are termed S, while those directed at the C-terminus
are termed S’. Likewise, amino acid residues of a substrate are named P or P’, correspondent
to their position to the substrate cleavage site (Scheme 1.1).

Scheme 1.1: Schematic depiction of the active site of a protease and its substrate .

The arrow indicates both, the scissile bond of the substrate and the active group of the protease. P and P’
represent substrate residues that interact with the corresponding binding pockets S and S’ of a protease. P and P’
are numbered relative to their position to the scissile bond, while residues departing in the direction of the Nterminus are termed P and those departing in the direction of the C-terminus are termed P’. Numeration rises, the
farther away the group is from the cleavage site. S and S’ binding pockets are numbered accordingly (modified
from Schechter et al.[3]).

1

Introduction

Apart from glutamic proteases, that are found only in bacteria and fungi thus far,[4 -6] all
protease families are represented in the human degradome. Bioinformatic analysis revealed
over 560 genes encoding proteases in the human body which constitutes approximately 2% of
the whole human genome. [7-9] Interestingly, over 40% of all human proteases belong to one of
four different families, namely the adamalysins, prolyl oligopeptidases, trypsin-like serine
proteases and ubiquitin-specific proteases. Besides the degradation of proteins various
physiological functions of proteases have been identified, such as the regulation of protein
activation and protein interaction. Due to this involvement in many key physiological
processes, abnormal protease activity is often linked to diseases,[10] thus marking proteases as
important targets for the development of drugs.

1.2 Serine proteases
Between all protease families, proteases with a nucleophilic serine (Ser) residue as the
catalyst of their enzymatic activities comprise the largest number of proteolytic enzymes in
the human degradome. [11] Nucleophilicity of the active site Ser is typically dependent on a
triad of amino acids consisting of aspartic acid (Asp), histidine (His) and Ser. [12-13] Presently,
over a third of all described proteases are categorized as serine proteases,[14] most of them
belonging to the endopeptidase type.
Based on the MEROPS database the serine protease family is divided into 15 clans and over
50 families, of which clan PA represents the largest. [8] A common feature of clan PA members
is their catalytic domain, which shares a similar tertiary structure defined as double β-barrel or
trypsin-like folds. Because of this, most clan PA proteases have the trypsin-like primary
substrate specificity for arginine (Arg) or lysine (Lys) at P 1 position.[3] They participate in
several important physiological processes such as blood coagulation, food digestion and
immune responses. [15-17] The peptidase S1 family, one of the best described and studied
groups of serine proteases, makes up approximately three quarters of all clan PA proteases.
While most S1 peptidases are excreted enzymes, some are produced as inactive zymogens and
stored in intracellular organelles or on the cell membrane.
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1.2.1 Type II transme mbrane serine proteases
The type II transmembrane serine proteases (TTSPs) of the peptidase S1 family represent the
largest group of membrane-anchored serine proteases and comprise 20 members (Scheme
1.2). Their location at the cell membrane enables proteases of this family to interact with other
cell surface proteins, proteins on neighboring cells, the extracellular matrix and soluble
interaction partners, thus allowing the mediation of signal transduction between the cell and
its environment.
Even though the first TTSP, enteropeptidase, was discovered over 100 years ago by
Pawlow,[18] it was not until the beginning of the 21st century, that TTSPs were first described
and characterized.[19] Apart from a few exceptions like corin,[20] enteropeptidase,[21] matriptase
(MT1)[22] and prostatin[23] the physiological function of many TTSPs is not well understood
till this day, although the involvement in different pathological conditions like cancer [24-26] and
the activation of the influenza virus [27-28] brought this protease family into the focus of
research. It is indicated that some TTSPs play crucial roles in the development of healthy
human tissues. [20,29-30]
All TTSPs share common structural elements in the form of a short N-terminal cytoplasmatic
fragment (20-160 amino acids), a single-pass transmembrane domain and a large extracellular
fragment which contains the highly variable stem region, as well as the serine protease
catalytic domain of the chymotrypsin-like fold located at the C-terminus.[31-32] Based on
structure similarities in their stem regions TTSPs are categorized into four subfamilies: human
airway trypsin-like protease/differentially expressed in squamous cell carcinoma gene
(HAT/DESC), hepsin/transmembrane serine protease (hepsin/TMPRSS), matriptase and corin
(Scheme 1.2).
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Scheme 1.2: The TTSP family and its four subfamilies.

HAT/ DESC, Hepsin/TMPRSS, Matriptase, Corin. The structure of TTSPs is depicted schematically. The
lokalisation of domains is labeled by amino acid position. (modified from Bugge et al.[32]).
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1.2.2 Matriptases
The matriptase family comprises four enzymes, three of which are highly homologous,
namely, matriptase (MT1), matriptase-2 (MT2) and matriptase-3 (MT3), and the protease
polyserase-1.[32]
The stem region of polyserase-1 features an atypical mosaic structure composed of one lowdensity lipoprotein receptor class A (LDLRA) domain and three tandem serine protease
catalytic domains, of which only two are catalytically active. Over the past years, two closely
related proteases with a similar tandem structure in their stem regions, termed polyserase-2
and polyserase-3, have been described. [33-34] Due to the lack of a transmembrane domain these
polyserases are not categorized as TTSP or matriptase members.
In contrast, the stem regions of MT1, MT2 and MT3 are well conserved and consist of one
sea urchin sperm protein, enteropeptidase, agrin (SEA) domain, two complement Cls/Clr,
urchin embryonic growth factor and bone morphogenic protein-1 (CUB) domains and three to
four LDLRA domains, followed by a serine protease catalytic domain (Scheme 1.3). Despite
high structural similarities, members of the matriptase subfamily perform distinct biological
functions.[31,35]

Scheme 1.3: Schematic structure of matriptase proteins.

Domain abbreviations are as follows: T: transmembrane; SEA: sea urchin sperm protein, enteropeptidase, agrin;
CUB: Cls/Clr, urchin embryonic growth factor and bone morphogenic protein -1; L: low density lipoprotein
receptor class A; HDS: serine protease. S-S represents the disulfide bridge which connects the protease domain
to the stem region after autocatalytic cleavage. [L] represents the fourth LDRA domain only present in MT1
(modified from Stirnberg et al.[36]).
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1.2.3 Matriptase-2
MT2 was first discovered in silico by genome databank research and subsequently cloned
from fetal liver samples. The protease was described and characterized in 2002 by Velasco et
al.[37-38] and named based on its closest structural relative MT1. Mouse MT2 was discovered
and characterized independently one year later by another working group. [39] Based on TTSP
nomenclature the mouse gene was named Tmprss6 (Transmembrane protease serine 6) and
the encoded protein Tmprss6, the human gene located on chromosome 22 was named
TMPRSS6. The TMPRSS6 gene is highly conserved across the mammalian class and thusly,
nowadays the name MT2 is used as a universal term to describe the protein in all species.
In the human body MT2 is expressed as seven different transcripts, of which four are
expressed as proteins. [40] Isoform 2, representing the 802 amino acid form, is studied and used
most commonly. Of the other MT2 transcripts, only isoform 1 is catalytically active, but gets
internalized into intracellular vesicles. Isoform 3 is expressed as a truncated form, lacking the
MT2 catalytic domain, while isoform 4 contains an additional exon in its catalytic domain.
Unlike MT1 which is expressed ubiquitously in large amounts in epithelial tissues, MT2
isoforms are mainly expressed in the adult and fetal liver, pituitary glands and testis, but also
in the kidney, nasal mucosa, lung, brain and uterus. [39-41] Isoforms 2 and 4 represent the main
transcripts in the liver and pituitary glands, while isoforms 1 and 3 are enriched in the testis.
As a side note: The further thesis will focus solely on MT2 isoform 2.
MT2 (Uniprot: Q8IU80, isoform 2) is translated as an 88.9 kDa protein that exhibits typical
TTSP structure elements (Scheme 1.3). Although some functionalities of the different
domains of MT2 have been described, their full roles for MT2 function remain to be
elucidated. Beliveau et al. demonstrate that the cytoplasmatic domain of MT2 contains an
endocytosis motif that functions as an endogenous regulation mechanism. [42] While the
transmembrane region seems to be essential for the cleavage of substrates at specific sites, [43]
the SEA and LDLRA domains support the transport of the protease to the cell surface. [44] The
whole intact stem region proved to be important for the specificity and efficiency of MT2
substrate cleavage.[43]
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After its synthesis MT2 is transported to the cell surface as an inactive zymogen. The enzyme
activates itself by an autocatalytic cleavage in the serine protease domain at the position
Arg576 in the activation sequence Arg-Ile-Val-Gly-Gly.[45] A disulfide bridge connects the
cleaved of portion of the protease domain to the stem region (Scheme 1.4). A subsequent
second cleavage in the second CUB domain, termed ectodomain shedding, leads to the release
of an approximately 55 kDa protein fragment which consists of the three LDLRA domains
and the catalytic domain. [45-46] Both, shedding and release are performed auto-catalytically in
a trans-mechanism. This could be proven by the employment of a mutated inactive MT2 in
which the catalytic Ser762 was switched to an Ala residue. [45]

Scheme 1.4: MT2 activation mechanism and release.

A: After its expression MT2 is transported to the cell surface as an inactive zymogen. B: After the first
autocatalytic cleavage, the catalytic domain remains attached to the enzymes stem region by a disulfide bridge.
C: A second autocatalytic cleavage in the stem region leads to the release of an approximately 55 kDa fragment
(modified from Stirnberg et al.[36]).
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1.2.4 Physiological functions of matriptase-2
1.2.4.1 Iron homeostasis
Iron is one of the essential trace elements. As component of many sensor, storage and
transport molecules, especially due to its role in the transport of oxygen as part of heme, the
maintenance of a steady iron level is crucial for a well-functioning human metabolism. An
insufficient amount of iron leads to the development of anemia, while iron overload results in
accumulation and hemochromatosis. [47] Thus, the plasma iron level has to be kept in narrow
ranges. This is achieved by the precise control of iron absorption, storage and release in the
intestine. In 2008, MT2 was identified as an important regulator in the process of iron
release.[48-50]
Two ways of iron transport across intestinal enterocytes are described. The uptake of iron
bound in a heme molecule, which is mediated by heme carrier proteins (HCP) like HCP-1,[5152]

and non-heme iron export, which is performed by ferroportin,[53] the only known iron

exporter. Due to its location on the surface of enterocytes, hepatocytes and macrophages,
ferroportin regulates the cellular iron release and plasma iron level. The cellular concentration
of the exporter protein is controlled by hepcidin, a 25 amino acid peptide hormone that is
produced in the liver and secreted into the blood stream. Binding of the peptide hormone to
ferroportin induces the phosphorylation of its tyrosine residues, which leads to its
internalization and lysosomal degradation. [54] Thus chronic excess of hepcidin results in the
stop of cellular iron export, decreased supply of plasma iron and in extreme cases the
development of iron-restricted anemias. [55] Hepcidin deficiency on the other hand can cause
iron overload, resulting in iron deposits in the liver and heart, as well as the development of
hemochromatosis,[56] although a recent publication describes hepcidin upregulation as a way
to suppress obesity-associated conditions, such as hepatic steatosis and insulin resistance. [57]
Hepcidin concentration is regulated at the transcriptional level in hepatocytes, mediated by
MT2 and other factors, [58-60] dependent on changes in iron levels and erythropoietic activity. A
high plasma iron level, infections and inflammations promote hepcidin production, thus
preventing further iron overload. In the case of iron deficiency and increased erythropoietic
activity, hepcidin production is suppressed, to allow an increased uptake of iron. [56]
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The hepcidin gene Hamp is expressed under the control of the bone morphogenetic
protein/sons of mothers against decapentaplegic (BMP/SMAD) signaling cascade.[58]
Different proteins like the hemochromatosis protein (HFE), hemojuvelin (HJV) and
transferrin receptor-2 (TfR2) are involved in this process [61-62] and seem to promote hepcidin
expression, as mutations in these proteins results in t he reduction of hepcidin levels. [61,63] Due
to its position at the top of the BMP/SMAD pathway, as the coreceptor of the bone
morphogenetic protein receptor (BMPR), HJV plays a prominent role in its regulation
(Scheme 1.5). The pathway is activated by the binding of a bone morphogenetic protein
(BMP) molecule to the BMPR/HJV complex. MT2 prevents the formation of this complex by
the cleavage of HJV. [50,64-65] HJV degradation in turn leads to a reduction of hepcidin
expression.[64] Although HJV was long considered the only substrate of MT2, new scientific
insights indicate that MT2 is involved in the cleavage of different proteins of hepcidin
expression pathways. [66-67] Nonetheless, the importance of BMPR/HJV/MT2 mediated control
of Hamp expression is supported by the hepcidin insufficiency and iron overload observed
only after the combined knockout of HJV and MT2[58] or BMP and MT2[68].

Scheme 1.5: Influence of MT2 on hepcidin expression.

A: Expression of the hepcidin gene HAMP is regulated by the BMP/SMAD signaling cascade activated by the
binding of BMP to the BMPR/HJV complex. B: MT2 cleaves HJV, the BMPR/HJV complex cannot form and
HAMP expression is diminished (modified from Stirnberg et al.[36]).
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Mutations and the knockout of the MT2 gene lead to the development of iron deficiency
anemias,[50,58] and mutations in the TMPRSS6 gene are reported in several cases of iron
refractory iron deficiency anemia (IRIDA),[69-71] a disease associated with upregulated
hepcidin levels and iron deficiency. Excess MT2 activity on the other hand can result in
hepcidin deficiency, iron overload and the development of hereditary hemochromatosis. [72 -73]
The symptoms of β-thalassemia, another inherited hematologic disorder resulting in iron
overload, could be successfully reduced by the reduction of MT2 levels. [74-75] This increased
the expression of hepcidin, subsequently reducing the plasma iron level and improving
erythropoiesis.[74-75]

1.2.4.2 Cancer development and progression
Based on the abilities to remodel the extracellular matrix and to activate or cleave other
enzymes or components of signal pathways, many proteases are associated with the
development and progression of cancer. [76-78] Since MT2 shares a high homology with MT1,
which was first discovered due to its gelatinolytic activity in human breast cancer cells, [79]
MT2 was first discussed as a potential mediator of cancer development and metastasis. [37 -38]
While increased MT1 levels were verified in several other cancer types, such as prostate [80] ,
ovarian[81] and stomach cancer[82] , conversely, MT2 was connected to cancer suppression. [83]
So far, MT2 overexpression was associated with the suppression of tumor growth and
progression in breast cancer[84], prostate cancer[85] and squamous-cell carcinoma [86]. In
general, high MT2 expression seems to correlate with a better survival prognosis in these
types of cancer.[86-88] Although Webb et al. describe a link between MT2 overexpression and
a attenuation of new blood vessels formation,[89] which is crucial for tumor growth and
progession, it has to be noted that the exact mechanism of cancer suppression by MT2
remains to be elucidated.
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1.2.5 Relevance of matriptase-2 as target of enzyme inhibitors
Because of its role in iron homeostasis MT2 presents itself as a promising target for the
treatment of diseases linked to hepcidin deficiency, such as iron overload diseases like
hereditary hemochromatosis and, especially, β-thalassemia.[90] β-Thalassemia is caused by
mutations in the β-globin gene which lead to an increased but ineffective erythropoiesis and
iron-loading anemia.[91-92] Due to these mutations, non-functional hemoglobin is produced,
inducing the apoptosis of erythroid precursors and a disruption of oxygen transport. The
metabolism affiliates this to a lack of iron, even though sufficient plasma iron is present, and
tries to compensate by increased iron uptake, resulting in iron overload. [93] The disease is
categorized in three orders of severity, β-thalassemia major being the most severe. These
patients are in regular need of blood transfusions as a source of functional red blood cells but
suffer from a subsequent accumulation of iron and secondary iron overload. [94] Even though
β-thalassemia intermedia patients don´t need blood transfusions to maintain a sufficient level
of red blood cells, hepcidin expression is still diminished due to the misregulated
erythropoiesis which results in an increased iron uptake and iron overload over time. [95]
Lastly, β-thalassemia minor patients display no or only weak symptoms of anemia.
While primary iron overload diseases like hemochromatosis are treated by phlebotomy, this is
not an option in secondary iron overload diseases like β-thalassemia since patients suffer from
anemia and in some instances require blood transfusions. In these cases patients are often
treated with iron chelators, such as deferasirox, deferiprone and deferoxamine, to improve the
excretion of excess iron. [96] MT2 inhibition marks a new therapeutic option with the potential
to improve patient compliance and safety compared to chelator treatment or phlebotomy,
preventing iron overload before it even manifests. Already, several studies document an
improvement of both, β-thalassemia and hemochromatosis symptoms after MT2 knockout or
silencing.[74 -75,97-99] Therefore, MT2 inhibitors could provide a new source for potent iron
overload drugs.
Apart from the reduction of MT2 activity in the treatment of diseases, MT2 inhibitors could
be of great use for the development of ligands that promote MT2 as a prognostic tool.
Inhibitors that attack the active site of an enzyme while also bearing detection groups, so
called activity-based probes, can be used to selectively detect proteases in complex protein
mixtures (Scheme 1.6).[100-102] In contrast to antibodies, this method provides the advantage to
exclusively label active enzymes , which opens up the possibility to compare the level of
active to the total enzyme level by using both methods in tandem. Due to its role in various
11
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diseases, selective activity-based probes for MT2 could be promising tools for the detection of
MT2 as a prognostic biomarker.

Scheme 1.6: Functionality of activity-based probes.

A: Activity-based probes are able to selectively label an enzyme of interest B: Only the active form of an
enzyme can be labeled. E: enzyme of interest, P: activity-based probe, I: inhibitor, IE: inactive enzyme of
interest.

1.2.6 Matriptase-2 structure and specificity
Regardless the application, the structure of MT2 has to be taken into meticulous account for
the design of new selective inhibitors, not only because of the high homology to the closely
related MT1.[37-38] Since no X-ray crystal structure of human MT2 could be obtained as of yet,
Sisay et al. generated a homology model of the enzymes catalytic domain by fitting the
primary structure of MT2 into the available 3D structure of MT1. [103] A similar model was
described by Duchene et al.[104] Due to a high structural similarity of 45% in the catalytic
domains of these two enzymes, the resulting models proved to be fitting representations of the
MT2 catalytic domain and were successfully employed in various studies. [100,105-106] Till this
day, they remain as useful tools for the search and discovery of novel MT2 substrates, ligands
and inhibitors.
12
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The MT2 3D structure displays typical features of the TTSP family. The catalytic activity of
the enzyme is mediated by a catalytic triad motif of the chymotrypsin-like fold, composed of
His617, Asp668 and Ser762. The MT2 S1 binding pocket accommodates basic amino acids,
preferably Arg over Lys, due to the formation of a direct salt bridge between the guanidinium
group of Arg and the carboxylate group of a S1 Asp residue. This determines the MT2
primary substrate specificity to cleave after Arg residues in P 1 position.[37-38] Corresponding
Arg residues in P 1 position can be found in both autocatalytic cleavage sites of MT2 and
cleavage sites of its natura l substrate HJV. [65,107] Further basic amino acids in the P 4-P 2
positions are predicted to improve substrate binding and in a combinatorial approach the
preferred sequence Ile-Arg-Ala-Arg was determined,[108] while Barré et al. indicated the
importance of the prime side of a peptide to improve cleavage specificity. [109] Proteomic
Identification of Protease Cleavage Sites (PICS) technology revealed that Ala or other
hydrophobic residues in P 2’ and nonpolar amino acids like Leu or Val in other prime binding
pockets are preferred.
The main difficulty in the development of potent and selective inhibitors of MT2 remains the
high similarity to MT1. A few key differences between the two enzymes have to be exploited
to this end, like the more discriminating substrate specificity of MT1 in contrast to the higher
substrate promiscuity of MT2. [110] In this regard, differences in the S1 binding pocket are
especially important. Due to a replacement of Ala at the bottom of the binding pocket in MT2
for Ser in MT1, the binding pocket of MT2 is more hydrophobic. This exchange determines
the preference of MT1 for L-lysine in P 1 position, since a hydrogen bond to the substrate is
formed by the Ser hydroxyl group. Furthermore, the lower part of the S 3/S4 subsite of MT2 is
more hydrophobic than that of MT1, which, together with Glu, Asp and Ser residues in the
upper part promote the accommodation of positively charged residues in P 3/P 4 position.
Lastly, due to a replacement of Ile in MT1 by Gly in MT2, the S2’ binding pocket of MT2 is
smaller than that of MT1.
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1.2.7 Ligands of matriptase-2
1.2.7.1 Substrates
In the last decades, several interaction partners of MT2, both synthetic and putative, were
discovered. Among these, synthetic peptide substrates consisting of three to four amino acid
residues are employed to investigate MT2 activity and inhibition. Substrates like Boc -GlnAla-Arg or Boc-Gln-Gly-Arg with a C-terminal reporter group like 7-amino-4methylcoumarine (AMC)[111 ] or para-nitroaniline (pNA)[103] are frequently used to monitor
MT2 activity, even though they are not specific for MT2 and can be cleaved by many other
enzymes with trypsin-like substrate specificity. [36] Combinatorial approaches by Béliveau et
al.[110] and Wysocka et al.[108] revealed a series of seven to eight amino acid substrates of
MT2, of which Abz-Arg-Arg-Ala-Arg-Val-Val-Gly-Gly-Y(3-NO2) was the most potent with
a Km value of 3.3 µM for MT2. Still, other trypsin-like enzymes like MT1, hepsin and DESC1
were able to cleave these newly developed compounds. While synthetic substrates are of great
use for the analysis of enzyme activity, putative substrates of MT2 are essential to further the
understanding of its physiological role and functions. Natural substrates of MT2 comprise
HJV,[65,107,112] fetuin-A,[113] meprin β [114] and MT2 itself.[45]

1.2.7.2 Inhibitors
In recent years, a number of inhibitors of MT2 activity were identified, first among these, the
natural peptides aprotinin[37-38] and leupeptin [110]. Established MT2 inhibitors mostly comprise
peptidomimetic but also some non-peptidomimetic molecules. [115]
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Figure 1.1: Chemical structures of synthetic MT2 inhibitors. 1 (Ki = 0.19 µM)[103], 2 (Ki = 7.6 µM)[111], 3 (Ki
= 1.46 µM)[116], 4 (Ki = 1.16 µM)[117], 5 (Ki = 0.11 µM)[118], 6 (Ki = 2.56 nM)[104], 7 (Ki = 3.1 nM)[106].

The first synthetic peptidomimetic low-molecular-weight inhibitors of MT2 were designed
and synthesized based on the MT2 homology model.[103] Out of the series of presented
compounds, 1 (Figure 1.1), bearing two basic residues, was the most potent MT2 inhibitor
with a Ki value of 0.19 µM. While the benzamidine group of the compound is probably
directed to the S1 pocket, the D-configured Arg most likely targets the S3/S4 binding
pockets.[119] Replacement of the benzamidine moiety led to an extreme loss in inhibitory
potency towards MT2 (Ki > 10 µM) further promoting its accomodation in the P 1 site of MT2.
Dosa et al. developed another series of compounds with a sulfamoyl benzamidine moiety
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connected to a second aromatic ring as a defining feature. [111] Study of linker length,
orientation of the amidine group, as well as substitutions of the second aromatic ring revealed
bisbenzamidines as the most potent inhibitors of MT2. Compound 2 (Figure 1.1) with a Ki
value of 7.6 µM represents the inhibitor with the highest inhibitory activity against MT2 out
of this approach, but still displayed potency against other proteases like trypsin and thrombin.
The addition of a third branch to the linker substructure didn´t result in improved selectivity
or potency against MT2 until the introduction of symmetry into the trifunctional scaffold. [116]
For this purpose, a small library of symmetrical and nonsymmetrical bis and trisbenzamidines
was designed and synthesized. Among these the trifunctional compound 3 was the most
potent MT2 inhibitor with a Ki of 1.46 µM (Figure 1.1). Beckmann et al. presented another
series of symmetric, achiral bisbenzamidines with 4 as the compound with the highest overall
activity against MT2 with a Ki of 1.16 µM (Figure 1.1),[117] but unfortunately exhibited even
more potency against MT1 (Ki = 0.719 µM). A similar relationship was described 2012 by
Hammami et al.[118] Different substitution patterns in a series of L-3-amidinophenylalanine
derivatives resulted in nanomolar (Ki between 110 and 750 nM) inhibitors of MT2 activity
which were even more active against MT1. Compound 5 (Figure 1.1), bearing a terminal 2,4dichlorophenyl group expressed the highest inhibition rates for both, MT1 and MT2, with Ki
values of 2 nM and 110 nM respectively.
Peptidomimetics with different amino acid substitutions were designed and tested by a
combinatorial approach for their inhibitory activity and selectivity towards MT2. [104] These
compounds contain an electrophilic bezothiazole ketone warhead next to an Arg residue in P 1
position used to mimic the P 1-P 1’ scissile bound. By modification of the amino acids in P 2-P 4
position MT2 selectivity over MT1 could be achieved. A Tyr-Tyr-Val-Arg-ketobenzothiazole
(6, Figure 1.1) was discovered as potent inhibitor of MT2 activity with a Ki value of 2.56 nM
for MT2 and a Ki value of 31.54 for MT1. By the employment of unnatural amino acids
selectivity for MT2 could be improved even further. [106] This approach yielded compound 7
(Figure 1.1) with L-allo-Thr in P 2, homo-Phe in P 3 and desamino-Phe in P 4 position as the
most potent MT2 inhibitor with a Ki value of 3.1 nM. Compared to MT1 (Ki value of 200 nM)
this compound was approximately 65-fold selective for MT2.
In recent years, compounds based on the sunflower trypsin inhibitor 1 (SFTI-1) of the
Bowman Birk inhibitor (BBI) class (8, Figure 1.2) emerged as potent inhibitors of both MT1
and MT2.[120-122] SFTI-1 consists of 14 amino acids that are connected in a cyclic
structure.[123] A disulfide bridge between two cysteine (Cys) residues of the peptide backbone
divides the peptide into two loops. The larger loop, which consists of a nine amino acid
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sequence (Thr-Lys-Ser-Ile-Pro-Pro) typical for the BBI class, functions as the binding site that
interacts with the target enzyme. Over 40 sun flower trypsin inhibitor (SFTI) analogs were
synthesized and examined for their inhibitory activity against MT2 by Gitlin et al.[122,124]
While monocyclic analogs in general displayed weaker MT2 inhibition, high potency and
even selectivity toward MT2 over MT1 could be achieved by the introduction of Arg in P 1
and D-Arg in P 4 position of the bicyclic peptide. Out of this series, compound 9 (Figure 1.2)
was the most selective inhibitor with a 228-fold lower Ki value towards MT2 compared to
MT1 (278 nM vs. 63400 nM, respectively). Compound 10 (Figure 1.2) exhibited the strongest
inhibition of MT2 activity (Ki = 15 nM) but was even more active against MT1 (Ki = 5 nM).

Figure 1.2: Chemical structures of sunflower trypsin inhibitors. Compounds 8 (Ki = 218 nM)[122], 9 (Ki = 278
nM)[122] and 10 (Ki = 15 nM)[124].

In conclusion, structural similarities between MT1 and MT2 remain to be the biggest
obstacles for the development of MT2 inhibitors. Potency and selectivity towards MT2 were
achieved in various studies, but mostly independent from each another. Thus, the need for
inhibitors that are both potent and selective for MT2 is still apparent.
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1.3 Threonine proteases
Threonine proteases are a relatively small group of enzymes which comprises a total of 3
clans and 6 families according to MEROPS database. [8] They are prevalent in all kingdoms of
life. The prototype of this enzyme group, the β-subunit of the proteasome is highly conserved
in eukaryotes, archaea and several species of bacteria. [125] Threonine proteases are mainly
involved in protein degradation and recycling processes. [125-127]
Like serine proteases, this enzyme group uses an amino acid residue in the enzymes active
site to perform its catalytic actions. In this case, the secondary alcohol of a threonine (Thr)
residue, organized in a catalytic triad, serves as the means for a nucleophilic attack at the
target molecule. [125] This process is analogous to the use of the primary alcohol in the active
site Ser of serine proteases, but in contrast, the active site Thr is always located at the Nterminus of the protein. [128] In this constellation the N-terminal amide group can function as a
base to circumvent the steric interference by the γ-methyl group of Thr. This leads to the
polarization of a water molecule and, subsequently, to the deprotonation of the hydroxyl
group of Thr, thereby improving its reactivity. [129] Substitution of active site amino acid
residues that are not positioned at the N-terminus with a Thr residue results in an attenuation
of enzymatic activity,[130-131] further supporting the importance of this structural composition
for Thr mediated activity.
Given these narrow structural limitations, it is not surprising that serine proteases permeated
and constitute an evolutionary more diverse group compared to threonine proteases. Bulle r et
al. proved this principle by comparing the structural constraints of different catalytic residues
and their influence on the convergent evolution of enzyme structure. [132] Analysis of possible
rotamers and the geometry of the oxyanion hole revealed Thr as the catalytic residue as
unsuitable in serine protease scaffolds due to the interference of the γ-methyl residue or
incompetent catalytic conformation. [132] Nonetheless, threonine proteases provide a conserved
scaffold for proteolytic reactions that relies on the unique confirmation of their catalytic Thr.
Consistent with these findings the exchange of the N-terminal Thr in the β-subunit of the
proteasome for Ser resulted in a reduction of catalytic activity. [133]
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1.3.1 The proteasome
Until the late 1930s proteins were believed to remain in a state of nearly constant stability.
The concept of protein turnover was first described by Schoenheimer et al. after the
application of
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N-labeled amino acids in metabolic studies. [134-135] The results of Simpson et

al. established that this process is energy dependent. [136] Discovery of the lysosome as a
cellular compartment that houses a plethora of enzymes with different specificities [137 -138]
provided a secluded space inside the cell to support this form of protein metabolism.
Nonetheless, the fact that the process of protein turnover is energy dependent remained,
contradictory to the known mode of action of proteases that function energy independent
under the appropriate physiological conditions. At first, this was contributed to the energy
requirement of H+ ion pumps,[139] that maintain the acidic conditions in the lysosome, and the
active transport of proteins into the lysosomal compartment. [140] However, it became apparent,
that a second intracellular protein degradation system had to exist. [141] Subsequently, a small
heat-stable protein that gets covalently conjugated to proteins designated for degradation, [142143]

termed ATP-dependent proteolysis factor-1, later identified as ubiquitin,[144] and other

components of non-lysosomal protein degradation were described,[145] explaining the energy
requirement of this process. Finally, the protease responsible for the degradation of ubiquitinprotein-complexes was discovered by Hough et al. and Waxman et al.[146-147]
The so called proteasome is a multicatalytic protein complex existent in both, eukaryotic and
prokaryotic cells. The eukaryotic proteasome, also termed 26S proteasome, consists of a
central 20S core particle (CP) and one or two 19S regulatory particles (RP). [148] The 20S CP is
formed by two identical inner rings, made up of seven distinct β subunits, and two identical
outer rings, consisting of seven distinct α subunits. [149] While proteolytic activity is mediated
by Thr residues in the β subunits in the inner compartment of the proteasome,[150] the Nterminal tails of α subunits form the α-ring gate that regulates substrate entry into the CP. [151]
The 19S RP is exclusive and highly conserved among eukaryotic proteasomes which
comprises the lid and base sub complexes. It regulates substrate recognition through Rpn
ubiquitin binding domains,[152] as well as the unfolding and entry of peptide substrates by
multiple Rpt ATPase subunits. [153] Two isoforms of the proteasome, the immunoproteasome
and the thymoproteasome, responsible for antigen processing and killer T cell generation have
been discovered.[154]

19

Introduction

An intact and active proteasome is important for the maintenance of protein homeostasis.
Accordingly, the ubiquitin proteasome system (UPS) is involved in many physiological
processes such as apoptosis, metabolic regulation, cell proliferation and the immune
response[155-157] and the deregulation of proteasomal activity often leads to the development of
disease. Upregulation of UPS activity can cause an attenuation of apoptosis and increase in
cell proliferation in cancer types like multiple myeloma and is also observed in sepsis
patients, increasing the breakdown of skeletal muscle proteins,[158 -159] while the formation of
protein plaques in neurodegenerative diseases like Alzheimer’s and Parkinson’s,[160-161] as
well as the development of HIV and hepatitis B infections [162-163] is furthered by a decrease in
UPS activity. Taken together, these findings promoted the proteasome as a possible new drug
target. Several studies investigating the potential of proteasome ligands were conducted,
resulting in the discovery of drugs like Bortezomib and PR-957 for the treatment of cancer
and autoimmune diseases. [164-165] In recent years, a new class of drugs acting as inducers of
targeted protein degradation was described. [166] These compounds, named proteolysis
targeting chimeras, use the mechanism of proteasomal proteolysis to mark and degrade a
target protein, providing potential new treatment options for various diseases.

1.3.2 Proteasomal protein degradation
Targeted protein degradation by the proteasome is an intricate cellular pathway that
undergoes tight regulation to assure the maintenance of protein homeostasis. First, a protein
designated for degradation is marked with a poly-ubiquitin chain in a multi-step process.[167]
For this purpose, ubiquitin is activated by an E1 ubiquitin-activating enzyme and conjugated
to this enzyme by a thiolester bond. [168] The activated ubiquitin is then transferred to the
sulfhydryl group of a cysteine residue in an E2 ubiquitin carrier protein. [169] While there is
generally only one type of E1 ubiquitin activator in a cell, several different E2 ubiquitin
carriers contribute to the specificity of the ubiquitin tagging system. [170] The final transfer of
the ubiquitin molecule from the E2 ubiquitin carrier to a lysine residue of the target protein is
catalyzed by an E3 ubiquitin ligase. [171] Molecules with E3 activity comprise either a single
protein or a multi-protein complex that interacts with the target protein and an E2 ubiquitin
carrier. With over 1000 members the E3 ubiquitin ligases are the main factor for the
specificity of the UPS. [172] However, ubiquitination is a dynamic process. Depending on the
pattern, conjugation with ubiquitin molecules can designate a protein for degradation or
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translocation and is even used for the regulation of protein transcription. [173 -174] Similarly, a
host of deubiquitination enzymes counteracts these functions and reverses ubiquitin tagging,
allowing the tight control of protein homeostasis. [175]
Appropriately ubiquitinated proteins are transported to the proteasome where substrate
recognition and entry is conducted by the 19S subunit. [153] Here, multiple Rpn non-ATPase
subunits serve as ubiquitin and ubiquitin receptor binding domains that facilitate substrate
attachment.[176] Subsequently, the ubiquitin tags on the bound target protein are removed by
deubiquitinases in the lid subcomplex, while six Rpt ATPase subunits in the 19S RP linearize
the protein and translocate it to the 20S CP. [177] For this purpose, each Rpt possesses an
ATPases associated with various cellular activities (AAA+) domain which, taken together,
form a heterohexameric ring structure that engages the protein substrate. [178] Upon ATP
binding and hydrolysis the AAA+ domains undergo a conformational change that translates
into mechanical energy used to unfold and pull the linearized protein into the 20S CP. [179]
After entry into the inner compartment the target polypeptide is cleaved consecutively by the
proteasomal catalytic groups resulting in peptide fragments of 3 to 25 amino acids. [180] These
fragments are released and rapidly digested into single amino acids by cytoso lic peptidases,
ready to be incorporated in the synthesis of new proteins. [181] Differing from the common
proteasomal pathway of complete protein breakdown the proteasome is able to selectively
process and partially degrade target proteins, as is the case in the activation of the
transcription factor NF-κB.[182]
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1.3.3 Proteolysis targeting chimeras
Advancements in the understanding of the proteasome and its mode of action promoted the
idea to use its activity for the treatment of disease. The past 20 years saw the development of
the proteolysis targeting chimera (PROTAC) technology as means to exploit this
system.[166,183] PROTAC molecules (PROTACs) are commonly characterized by a
heterofunctional scaffold that comprises two distinct moieties connected by a linker
structure.[184] While one moiety is able to engage an E3 ubiquitin ligase, the second is directed
towards a target protein of interest, bringing both binding partners into close proximity with
each other.[166] If the right structural conditions are met a ternary complex made up of E3
ligase, E2 ubiquitin carrier and the target protein is formed, leading to the ubiquitination of
the latter (Scheme 1.7). After ubiquitination the target protein is directed to the proteasome
and subsequently degraded. In principle, this use of controlled targeted protein degradation
could provide new and selective means for the treatment of diseases associated with protein
overexpression or malregulation. [185] In this context, PROTACs could open up treatment
strategies for targets that were previously considered undruggable, such as scaffolding
proteins and transcription factors. [186]
In the recent years the design of PROTACs strongly focused on ligands of two well described
E3 ligases, cereblon (CRBN)[187] and von Hippel-Lindau (VHL).[188] These ligands were
typically based on the immunomodulatory imide drug (IMiD) scaffold, represented by
thalidomide and its analogues in the case of CRBN,[189] or compounds that mimic the binding
mode of the HIF-1α protein, a substrate of the VHL ligase,[190] respectively. Presently, the
emerging field of PROTAC research continues to develop successful new scaffolds and
ligands for the recruitment of other E3 ligases such as cIAP1[191] and DCAF15[192]. A plethora
of studies for PROTAC function and activity were conducted by various working groups,
ranging from heterofunctional PROTACs that could induce degradation of a protein of
interest (POI),[184] to homobifuncitonal PROTACs for the self-ubiquitination and degradation
of CRBN and VHL. [193-194] As of august 2019, two PROTACs for the treatment of prostate [195]
and breast cancer[196], respectively, entered clinical phase I trials. As the field of PROTAC
research keeps growing, so is the need for new assay systems and methods to assess and
evaluate the activity of this emerging drug class.
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Scheme 1.7: Schematic depiction of endogenous versus targeted protein degradation
induced by PROTACs.

In both cases an E3 ubiquitin ligase attaches a poly-ubiquitin chain to a protein. PROTACs can artificially
induce complex formation of a protein of interest with the E3 ligase. Subsequenty, the protein is designated for
degradation by the proteasome. TP: target protein, E3: E3 ubiquitin ligase, E2: E2 ubiquitin carrier, U: ubiquitin,
POI: protein of interest, PR: PROTAC molecule.
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1.4 Objectives
The aim of this study was twofold. On one hand novel ligands and interaction partners of the
regulator of iron homeostasis, the type II transmembrane serine protease MT2, should be
identified and characterized. There is a strong need for advancements in this field that could
help to further the development of potent and selective inhibitors and tool compounds, as well
as the knowledge of the enzyme´s physiological role (chapter 1.2.4). On the other hand, novel
proteolysis targeting chimera molecules should be evaluated and characterized in biological
systems. This emerging field of research continues to grow and develop and thus new ways
and systems to measure PROTAC activity could prove helpful for its advancement.
The first project (chapter 2.1) dealt with the analysis and evaluation of different series of
potential inhibitors of MT2 activity. These series comprised sunflower trypsin inhibitors,
peptidomimetics and a small substance library containing various compounds with basic subgroups. Additionally, successful inhibitors were evaluated for MT2 inhibition in a living cell
system, as well as against other serine proteases like MT1 and thrombin to obtain a selectivity
profile. In cellulo evaluation of successful MT2 inhibitors concluded this project.
In the second project (chapter 2.2), those inhibitors with a detection group were further
characterized for their labeling abilities. For this purpose, these so called activity-based
probes were tested in SDS-PAGE/Western blot, microscopy and cell viability assays.
In the final project (chapter 2.3) the biochemical parameters of proteolysis targeting chimera
molecules were investigated in cell systems. Compounds were tested for cytotoxicity, as well
as cellular uptake. Furthermore, fusion protein systems for the analysis of PROTAC activity
in vitro were conceptualized and developed. These systems were evaluated with the use of a
small library of PROTAC compounds.
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2 Results and discussion
2.1 Evaluation of enzyme inhibitors for matriptase-2
inhibition
As indicated in previous studies, the reduction of MT2 activity can be used to counteract the
increased iron uptake associated with iron overload diseases, such as β-thalassemia and
hemochromatosis.[74-75] Yet, to date, iron excess is treated by continuous phlebotomy due to
the lack of sufficient alternatives. The discovery of new and potent MT2 inhibitors could
provide new treatment options for these disorders while simultaneously improving patient
compliance.
In this part of the work a series of synthetic compounds was evaluated for their inhibitory
potency towards the type II transmembrane serine protease MT2, a key regulator of iron
homeostasis. MT2 activity derived from the culture supernatant of stably transfected human
embryonic kidney (HEK) cells (Figure 2.1) was used to evaluate the potency and binding type
of potential inhibitors. Tested compounds comprised several classes of chemical scaffolds
such as peptide inhibitors, peptidomimetics and chromenones. A small library screen with 50
compounds chosen for their basic substructures concluded the inhibitor screening approach.
Finally, established inhibitors were evaluated in additional in cellulo experiments for their
inhibitory activity towards MT2.

Figure 2.1: Matriptase-2 activity in the supernatant of transfected HEK cells . Black: HEK wild type
activity; green: HEK MT2 activity. 5 µg of either HEK wild type or HEK MT2 cell culture supernatant were
measured in the presence of the fluorogenic substrate Boc-Gln-Ala-Arg-AMC. The generated fluorescence units
(FU) are plotted against time.
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In general, inhibitors can be categorized in two groups, those that chemically target an
enzyme and form a covalent bond with it and those that interact by non-covalent means such
as hydrophobic interactions and hydrogen bond formation. Further distinctions can be made in
regard of an inhibitors binding behavior. Reversible inhibitors attach only temporary to a
target enzyme and an equilibrium of substrate-bound, free and inhibitor-bound enzyme is
developed (Scheme 2.1). In inhibition measurements this can be observed in activity curves,
which exhibit a steady inhibition rate that does not change over time.
Scheme 2.1: Schematic depiction of the general mechanism of competitive reversible inhibition.

The enzyme (E) interacts with substrate (S) and inhibitor (I) in a competitive manner. An equilibrium of free
enzyme, enzyme-inhibitor complex (EI) and enzyme-substrate complex (ES) is formed. The enzyme catalyzed
reaction of ES to E and product (P) is performed at a steady rate.

The potency of reversible inhibitors was evaluated by the determination of IC50 and Ki values.
The inhibitory constant Ki and the inhibitor concentration of half maximal enzyme inhibition
IC50 are reflective of the binding affinity and of the functional strength of an inhibitor,
respectively. Fluorogenic assays were used to measure the reaction rate of the enzyme
catalyzed reaction in the presence of different inhibitor concentrations (minimum of four
different concentrations). IC50 values were obtained by nonlinear regression of data points
using equation (Scheme 2.2A). Values Ki were calculated using equation (Scheme 2.2B).
Scheme 2.2: Equations used for the determination of IC50 and Ki values.

A

B

(A) Inhibitor concentrations of half maximal enzyme activity, IC50, were estimated by nonlinear regression of
data points in absence and presence of different inhibitor concentrations. v i: reaction rate in the presence of
inhibitor, v 0: initial reaction rate, [I]: inhibitor concentration. (B) The inhibitory constant Ki was calculated by
plotting IC50 values against a correction factor (1+[S]/Km ). [S]: substrate concentration, Km : Michaelis-Menten
constant.
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Irreversible inhibitors chemically interact with a target enzyme and form a covalent-bound
enzyme-inhibitor complex (Scheme 2.3). This reaction is performed in a time-dependent
matter. In the presence of an irreversible inhibitor enzyme activity is decreased over time,
until all target enzymes are bound in complex with an inhibitor molecule and no more
substrate is converted.
Scheme 2.3: Schematic depiction of the general mechanism of competitive irreversible inhibition.

The enzyme (E) interacts with inhibitor (I) in a time-dependent manner to form enzyme-inhibitor complex (EI)
and irreversible enzyme-inhibitor complex (E-I). Since E-I are formed at a constant rate, the equilibrium of the
depicted reaction is shifted to the right side. Consequently, less enzyme-substrate complex (ES) and product (P)
is formed, the reaction rate kcat is reduced over time.

The potency of irreversible inhibitors was not determined by convential IC 50 measurement
since the time dependency of the reaction results in varying IC 50 values subordinate to the
used measurement period. Hence, the observed rate constant for inhibition k obs and second
order rate constants k inac/Ki of inactivation were calculated. Fluorogenic assays were used to
measure the reaction rate of the enzyme catalyzed reaction in the presence of different
inhibitor concentrations (minimum of four different concentrations). The exponential rate
equation (Scheme 2.4A) was applied to the kinetic data to obtain values k obs from non-linear
regression. Under conditions of linear dependency of k obs on [I], the second order rate
constant of inactivation, k inac/Ki, was calculated using the equation (Scheme 2.4B).
Scheme 2.4: Equations used for the determination of k obs and k inac /Ki values.

A

B

(A) First order rate constants k obs were estimated by non-linear regression. [P]: product concentration at time t,
d: offset. (B) Second order rate constants k inac/Ki were determined by multiplying k obs/[I] with the correction
factor (1+[S]/Km ).
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2.1.1 Peptide inhibitors of matriptase-2
The past century saw the identification and characterization of chemical structures and modes
of action of an abundance of natural products.[197-198] Peptide inhibitors, derived from the
structure motifs of natural enzyme inhibitors and substrates, emerged as prominent tools for
the design and synthesis of new modulators of enzymatic activity. [199 ] Herein, four inhibitors
with a cyclic peptide structure, derived from the prototype of sunflower trypsin inhibitors
(SFTI-1) were analyzed for their inhibitory potency towards MT2.

2.1.1.1 Sunflower trypsin inhibitors
Compounds 11 to 14 are presented in figure 2.2. They all possess the 14 amino acid backbone
structure and intra-molecular disulfide bridge shared as a common feature by SFTI.[123] In the
past, these smallest members of the BBI family emerged as viable inhibitors of serine
proteases and promising tools for the development of new pharmaceutical agents.[200] SFTI
interact with enzymes in a substrate-like fashion via a conserved binding loop made up of the
canonical sequence Thr-Lys-Ser-Ile-Pro-Pro with the P 1-P 1’ reactive site located between
Lys5 and Ser6.[123]
Compound 11 was established previously as a potent inhibitor of MT2 activity with a Ki value
of 19 nM for the purified enzyme [122] and represents the second most active MT2 inhibitor out
of a series of molecules based on SFTI-1.[201] By exchange of Lys5 in wild type SFTI-1 for an
Arg residue in 11, a 10-fold increase in inhibitory potency towards MT2 could be achieved
(Ki values of 218 nM versus 19 nM, respectively). In addition 11 displayed a 10-fold
selectivity for MT2 over MT1 in contrast to SFTI-1 which was 2-fold selective for MT1 (Ki
values MT1 269 nM versus 102 nM; Ki values MT2 19 nM versus 218 nM, respectively).[122]
Out of the series of SFTI-1 analogs 11 was the most selective for MT2. [201]
In the course of this work, 11 was re-evaluated in comparison to three fluorescently labeled
analogs 12, 13 and 14 (Figure 2.2). These compounds feature the typical SFTI-1 scaffold with
a disulfide bridge formed between two Cys residues which comprise the BBI binding loop.
The native BBI domain[202] was modified by the replacement of Lys5 by Arg to address the
primary substrate specificity of MT2 for basic amino acids, and Arg in particular, in P 1
position.[37 -38] Additionally, compound 12 saw the introduction of a Lys residue, labeled with
a 5(6)-carboxyfluorescein fluorophore, as substitute for Asp14 of the bicyclic scaffold. In
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contrast to 11 and 12 the bicyclic structure of analogs 13 and 14 was disrupted due to a ringopening between Gly1 and Asp14. In these molecules the 5(6)-carboxyfluorescein group was
attached to the free Gly1 residue by either a 8-amino-3,6-dioxaoctanoic acid (PEG) linker in
case of 13, or a β-alanine linker in case of 14.

Figure 2.2: Chemical structures of SFTI-1 analogs. Compounds 11

[122]

to 14 were provided by the group of

Prof. Dr. K. Rolka, Faculty of Chemistry, University of Gdansk, Gdansk, Poland. Stock solutions were prepared
in DMSO at a concentration of 10 mM.
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Figure 2.3: MT2 activity in the supernatant of transfected HEK cells in the presence of increasing
concentrations of SFTI inhibitors 11 and 12. (A-B) Fluorescence units (FU) plotted versus time. (C-D)
Corresponding values v s plotted versus probe concentrations. Colored progress curves represent reactions in the
presence of different inhibitor concentrations (A: ● uninhibited reaction, ● 100 nM, ● 200 nM, ● 300 nM, ● 400
nM, ● 500 nM of compound 11; B: uninhibited reaction, ● 1 µM, ● 2 µM, ● 3 µM, ● 4 µM, ● 5 µM of
compound 12). Depicted binding curves are generated from duplicate measurements.

Compounds 11 to 14 were kinetically characterized for MT2 inhibition. For this purpose the
MT2 activities in the supernatant of transfected HEK cells were measured at increasing
inhibitor concentrations (Figures 2.3 A/B and 2.4 A/B). Dose-dependent inhibition of MT2
was observed in the presence of all SFTI analogs. Since activity curves in the presence of the
tested compounds exhibited a linear course they were evaluated for reversible inhibition as
described in chapter 2.1. Accordingly, values Ki were determined by non-linear regression of
the progress curves. Compound 11 emerged as the most potent MT2 inhibitor out of the tested
series with a value Ki in the nanomolar range (Figure 2.3 C). However, it is noteworthy, that it
displayed an about 4.8-fold higher Ki value in comparison to literature data (91.1 nM versus
19 nM).[122] Analog 12 bearing a 5(6)-carboxyfluorescein labeled Lys instead of the Asp14
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residue in 11 exhibited approximately 12-fold lower inhibition with a Ki value of 1.1 µM
(Figure 2.3 D). Application of compounds 13 and 14 led to a decrease in MT2 activity to a
similar degree resulting in values Ki of 1 µM for 13 and 1.3 µM for 14, respectively (Figure
2.4 C/D).

Figure 2.4: MT2 activity in the supernatant of transfected HEK cells in the presence of increasing
concentrations of SFTI inhibitors 13 and 14. (A-B) Fluorescence units (FU) plotted versus time. (C-D)
Corresponding values v s plotted versus probe concentrations. Colored progress curves represent reactions in the
presence of different inhibitor concentrations (A: ● uninhibited reaction, ● 5 µM, ● 10 µM, ● 15 µM, ● 20 µM,
● 25 µM of compound 13; B: uninhibited reaction, ● 5 µM, ● 10 µM, ● 15 µM, ● 20 µM, ● 25 µM of
compound 14). Depicted binding curves are generated from duplicate measurements.
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Taken together, these findings are in coherence with previous research. [122] The modified BBI
domain present in all analogs has proven to be essential for the inhibition of MT2. The
substitution of Lys5 for Arg in compounds 11 to 14 led to excellent inhibitors of MT2 in the
nano- to low micromolar range. The importance for Arg in P 1 position was highlighted by
compound 11 in particular, since this substitution marks its only difference to native SFTI-1,
resulting in an approximately 10-fold increase in inhibitory activity and a 10-fold selectivity
for MT2 over MT1. [201] The addition of further modifications to the general structure of 11 led
to an overall loss of inhibitory activity against MT2. Interestingly, all three analogs 12 to 14
displayed a similar, approximately 10-fold drop to Ki values of 1 to 1.3 µM. This could
possibly be contributed to the introduction of the 5(6)-carboxyfluorescein group present in 12
to 14. But, noteworthy and contrary to previous reports, [201] the ring opening of bicyclic SFTI1, as is the case in compounds 13 and 14, did not lead to further decrease in inhibitory
potency towards MT2. Gitlin et al.[122] demonstrated that the disruption of the bicyclic
structure of SFTI-1 always results in a significant, approximately 10-fold drop in Ki values,
which is in coherence with the observations made in this work, if monocyclic 13 and 14 are
compared with the bicyclic molecule 11. In consequence, bicyclic compound 12 should
display a lower Ki value than 13 and 14. Yet, this was not the case, as 12 exhibited inhibitory
potency towards MT2 to a similar extent. To explain this similarity the structural differences
between the three analogs should be taken into account. Other than its bicyclic nature, 12
possesses another key difference that sets it apart from the other tested analogs. While 13 and
14, as well as 11, share the modified peptide structure of native SFTI-1 with the substitution
of Lys5 by Arg, compound 12 features an additional substitution of the Asp14 residue by Lys
to serve as an attachment site for the 5(6)-carboxyfluorescein moiety. Since the ring opening
in 13 and 14 which was executed between the Gly1 and Asp14 residues resulted in a similar
loss of inhibitory activity it could be concluded that Asp14 in the bicylic peptide facilitates
MT2 inhibition. A previous publication by Hilpert et al. investigated the influence of different
SFTI moieties on the enzyme-inhibitor-interaction with trypsin and found that Asp14 may
contribute to a favorable conformation by the formation of H-bonds.[203] This effect could also
contribute to the inhibition of MT2 and to continue with this hypothesis, analogs with
different substitution patterns of the fluorophore group should be investigated.
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2.1.2 Peptidomimetic inhibitors of matriptase-2
In addition to polypeptides 11 to 14 several peptidomimetic molecules were chosen for
evaluation as inhibitors of MT2 activity. Peptidomimetics are compounds whose modified
structures mimic the 3D structures of natural peptides or proteins, thereby retaining the ability
to interact with their biological targets.[204] Such structural modifications offer the opportunity
to improve

stability and bioavailability of

therapeutics

while

maintaining their

pharmacological properties at the same time. Over the course of this thesis, a chloromethyl
ketone inhibitor, a phosphono bisbenzguanidine and a library of prolineamides were tested
towards MT2.
Results of this chapter (chapter 2.1.2) are included in the following publication: Martin
Mangold, Michael Gütschow and Marit Stirnberg, A Short Peptide Inhibitor as an ActivityBased

Probe

for

Matriptase-2,

Pharmaceuticals.

2018,

11,

pii:

E49.

doi:

10.3390/ph11020049. [205]

2.1.2.1 A chloromethyl ketone as inhibitor of matriptase-2
The short biotinylated peptide 15 was designed based on the preferred substrate sequence of
MT1[110] and consists of an N-terminal biotin moiety, a tetrapeptide (Arg-Gln-Arg-Arg) and a
C-terminal chloromethyl ketone (CMK) group (Figure 2.5). Previously, this compound was
established as an activity-based probe for both, MT1[206] and MT2[207] in independent studies.
Since 15 was first developed and described as an inhibitor of MT1 activity [206] and only
characterized as an activity-based probe for MT2 [207] further kinetic characterization was
conducted to determine its potency towards this enzyme.
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Figure 2.5: Chemical structure of biotinylated CMK peptide probe 15. Compound 15 (biotin-Arg-Gln-ArgArg-CMK)[206] was acquired from the American peptide company. Stock solutions were prepared in DMSO at a
concentration of 10 mM.

MT2 activity was reduced in the presence of increasing amounts of 15 (Figure 2.6 A), activity
curves exhibited a non-linear course. The inhibition of MT2 activity was time-dependent and
reached steady-state after approximately 1 hour, dependent on the concentration of 15,
reflecting an irreversible binding behavior. Subsequently, values k obs were determined by nonlinear regression and plotted versus inhibitor concentrations (Figure 2.6 B). Since k obs/[I]
displayed linear dependency the corresponding second-order rate constant of inactivation was
calculated, yielding a k inac/Ki value of 10,800 M -1 s-1.

Figure 2.6: MT2 activity in the supernatant of transfected HEK cells in the presence of increasing
concentrations of CMK probe 15. (A) Fluorescence units (FU) plotted versus time. (B) The observed rate
constant for inhibition kobs plotted versus probe concentrations. Colored progress curves represent reactions in
the presence of different inhibitor concentrations (● uninhibited reaction, ● 25 nM, ● 50 nM, ● 75 nM, ● 100
nM of compound 15). Depicted binding curves are generated from duplicate measurements.
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These results highlight CMK probe 15 as a very potent inhibitor of MT2 activity in the
nanomolar range. With a k inac/Ki value of 10,800 M-1 s-1 , 15 represents the most potent
irreversible inhibitor of MT2 known so far. Due to its three Arg residues the compound most
likely occupies the P 1, P 2 and P 3/P 4 binding pockets of the enzyme,[36,110] in coherence with
the general MT2 substrate specificity for basic amino acids in these positions. [108] In turn, the
chloromethyl ketone warhead is subjected to a nucleophilic attack by the active site Ser of
MT2 and acts as a serine trap that forms an irreversible bond, thereby inhibiting the enzyme.

2.1.2.2 Evaluation of a phosphono bisbenzguanidine as inhibitor
of matriptase-2
In the past, bisbenzamidines and bisbenzguanidines have proven as an excellent scaffold for
the development of potent inhibitors of MT2 activity. [100,116] Activity-based probe 16 features
this dipeptidomimetic scaffold bearing two benzguanidine moieties (Figure 2.7) which
facilitate accommodation in the S1 and S3/S4 binding sites of MT2. In addition, the compound
bears a phosphonate warhead and a 7-diethylamino-coumarin moiety attached to the peptide
backbone which serves as fluorophore for detection.

Figure 2.7: Chemical structure of activity-based probe 16. Phosphono bisbenzguanidine 16 was provided by
Dr. Daniela Häußler. [100] Stock solutions were prepared in DMSO at a concentration of 10 mM.
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Previously, this compound was discovered as an irreversible inhibitor of MT2 and could be
successfully employed as an activity-based probe of this enzyme. [100] Here, the inhibitory
activity of 16 towards MT2 was to be re-evaluated for reasons of comparison with additional
kinetic experiments that were carried out over the course of this thesis.
Activity curves in the presence of increasing inhibitor concentrations indicated an irreversible
binding mode of 16 (Figure 2.8 A) and thus, values k obs were determined by non-linear
regression. Since plotting of k obs values versus inhibitor concentrations revealed a linear
dependency (Figure 2.8 B), the second-order rate constant of inhibition was calculated as
described in chapter 2.1, yielding a k inac/Ki value of 68 M-1 s-1. The minor 1.3-fold increase in
comparison to the originally determined k inac/Ki value[100] (68 M-1 s-1 versus 50 M-1 s-1) can be
contributed to experimental deviations. Overall, these findings are in coherence with the
original publication, which established 16 as an irreversible inhibitor of MT2 activity in the
micromolar range.

Figure 2.8: MT2 activity in the supernatant of transfected HEK cells in the presence of increasing
concentrations of phosphono bisbenzguanidine 16. (A) Fluorescence units (FU) plotted versus time. (B) The
observed rate constant for inhibition kobs plotted versus probe concentrations. Colored progress curves represent
reactions in the presence of different inhibitor concentrations (● uninhibited reaction, ● 5 µM, ● 10 µM, ● 15
µM, ● 20 µM, ● 25 µM of compound 16). Depicted binding curves are generated from duplicate measurements.
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2.1.2.3 Synthesis and evaluation of prolineamide inhibitors
A series of twenty-four prolineamide inhibitors was synthesized in a solution-based approach
and tested for MT2 inhibition, as well as inhibition of other serine proteases. For this purpose
a two component library of four lactone and six amine or amide molecules was prepared
(Table 2.1). Lactones 17 to 20 were synthesized by Lan Phuong Vu in a solid phase approach,
while amines A, B, E and F, as well as amidines C and D were purchased.
Table 2.1: Chemical structures of lactone and amine/amidine molecules.
Lactone

Amine/Amidine
A

17
B

18

C

19

D

E
20
F

Lactones 17 to 20 were provided by Lan Phuong Vu, while amines A, B, E and F, as well as amidines C and D
were purchased from ABCR, Sigma Aldrich and TCI. Stock solutions were prepared in acetonitrile at a
concentration of 4 mM. Stock solutions of C and D were additionally supplemented with 1 or 2 equivalents of
triethylamine.
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The NH2 group of the nucleophiles A to F should attack the carbonyl carbon of the lactone
ring resulting in a ring opening and the formation of a covalent bond between the lactone
carbonyl carbon and the amino group (Scheme 2.5). These prolineamide inhibitors possess a
peptidic backbone structure for accommodation in the binding pockets of a target enzyme,
while the basic substructures provided by some of the nucleophiles could promote inhibition
of MT2 activity. Inhibitor solutions were prepared prior to measurements by combining one
lactone and one amine component in stoichiometric amounts in a reaction tube. Incubation for
24 hours at 45 °C yielded inhibitors 17A to 20F and subsequently, reaction mixtures were
applied in kinetic assays. For the purpose of applicability, inhibitor solutions were considered
to contain 100% of formed inhibitor and no adducts.
Scheme 2.5: Synthesis of prolineamide inhibitors based on the example of 17A.

Reagents and conditions: (a) Acetonitrile, 24 hours, 45 °C.

Inhibitor solutions of 17A to 20F were prepared in a concentration of 2 mM and screened for
MT2 inhibition in a final concentration of 50 µM. Since none of the tested compounds
displayed inhibitory activity towards MT2 (Table 2.2), thrombin was employed as an
additional test enzyme. The kinetic evaluation of test results revealed several prolineamides as
inhibitors of thrombin activity. It is noteworthy, that none of the tested lactones 17 to 20 and
amines A to F exhibited inhibitory activity towards the tested enzymes. Overall, combinations
with amine B proved to be beneficial for thrombin inhibition as all compounds featuring its
aminomethylbenzene moiety were active towards the enzyme although in different degrees.
Inhibitor 19B with a nearly complete reduction of enzymatic activity at the tested
concentration emerged as the most active thrombin inhibitor of the series. These findings
correlate well with the thrombin substrate specificity for arginine in P 1, proline in P 2 and
hydrophobic amino acids in P 3 position.[208]
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Table 2.2: Inhibition of MT2 and thrombin by prolineamides 17A to 20F, as well as
lactones 17 to 20 and amines A to F.
Inhibitory activity @ 50 µM (%)
MT2

Thrombin

MT2

Thrombin

(%)

(%)

(%)

(%)

17A

n.i.a

n.i.

19F

n.i.

11%

17B

n.i.

22%

20A

n.i.

n.i.

17C

n.i.

n.i.

20B

n.i.

12%

17D

n.i.

n.i.

20C

n.i.

11%

17E

n.i.

n.i.

20D

n.i.

n.i.

17F

n.i.

n.i.

20E

n.i.

n.i.

18A

n.i.

n.i.

20F

n.i.

n.i.

18B

n.i.

60%

17

n.i.

n.i.

18C

n.i.

12%

18

n.i.

n.i.

18D

n.i.

n.i.

19

n.i.

n.i.

18E

n.i.

n.i.

20

n.i.

n.i.

18F

n.i.

n.i.

A

n.i.

n.i.

19A

n.i.

n.i.

B

n.i.

n.i.

19B

n.i.

98%

C

n.i.

n.i.

19C

n.i.

n.i.

D

n.i.

n.i.

19D

n.i.

n.i.

E

n.i.

n.i.

19E

n.i.

n.i.

F

n.i.

n.i.

Compound

a

Compound

n.i.: no inhibition refers to <10% inhibitory activity @ 50 µM. Determined from duplicate measurements.
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Thus, a binding mode of 19B with aminomethylbenzene in S1 , homoproline in S2 and benzyl
in S3 could be proposed (Scheme 2.6). Differences in inhibitory potencies between
compounds 19B and 17B, which only differ in the configuration of the phenylalanineanalogous P 3 component, indicate an importance of the distinct configurations at positions P 2
(S) and P 3 (R). Interestingly, the S-configured methylcyclohexane group provided by the
lactones 18 and 20 was accepted in P 3 position, but only in the presence of proline in P 2
position in prolineamide 18B. This could be due to the more rigid nature of proline in
comparison to homoproline and the resulting change of the dihedral angle which could be
favourable for the interaction of the methylcyclohexane group with thrombin.
Scheme 2.6: Proposed binding mode of 19B in the thrombin active site.

Binding pockets of thrombin are depicted schematically and numbered from S 1 to S3.

Since amidines C and D displayed poor solubility under the employed reaction conditions,
prolineamides containing these moieties were examined separately by Lan Phuong Vu.
Unfortunately, thin layer chromatography results confirmed, that in these combinations no or
only small amounts of prolineamides were formed. Nonetheless, compounds 18C and 20C
displayed weak inhibitory activity against thrombin and thus, could represent potent thrombin
inhibitors. As neither C and D nor lactones 18 and 20 alone exhibited inhibitory potency
towards thrombin, this activity possibly stems from small amounts of formed prolineamide
inhibitor. The benzamidine moieties present in both amides C and D proved to be efficient
arginine mimetics in the past[116] and should be beneficial for the inhibition of both, MT2 and
thrombin.[37-38,209] To be able to investigate this hypothesis, further optimization of reaction
conditions is needed to allow the sufficient formation of inhibitors.
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The most potent inhibitor of thrombin activity 19B was evaluated in additional kinetic
experiments (Figure 2.9). Activity curves in the presence of rising inhibitor concentrations
displayed concentration-dependent, but no time-dependent inhibition and thus, data was
analyzed by linear regression yielding values IC 50 of 2.8 µM and Ki of 5.6 µM for the selected
compound. Since the total concentration of 19B in the prepared solution is unknown,
calculations were based on the supposition that 100% of inhibitor was formed during
incubation time.

Figure 2.9: Inhibition of human thrombin by prolineamide 19B. (A) Fluorescence units (FU) plotted versus
time. (B) The observed rate constant for inhibition kobs plotted versus probe concentrations. (B) Corresponding
values v s plotted versus probe concentrations. Colored progress curves represent reactions in the presence of
different inhibitor concentrations (● uninhibited reaction, ● 1 µM, ● 2 µM, ● 3 µM, ● 4 µM, ● 5 µM of
compound 19B). Depicted binding curves are generated from duplicate measurements.

With these experiments the prolineamide synthesis and screening was concluded. Evaluation
of the most active compound 19B towards thrombin demonstrated the applicability of the
chosen experimental approach. Still, 19B remains to be synthesized and evaluated by
conventional routes to confirm these findings. Since the total amount of formed inhibitor in
reaction mixtures is unknown this could well influence and even improve the kinetic
parameters determined over the course of these experiments. Nonetheless, the herein
presented system is highlighted as a powerful tool and could be used in a large scale synthesis
approach for the quick and cost effective evaluation of additional prolineamide molecules.
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2.1.3 Chrome none inhibitors
As members of the flavonoid family, chromenones offer an interesting and versatile scaffold
for the generation of bioactive compounds. [210] Apart from their pharmacological use, as antiinflammatory and anti-oxidative drugs or as enzyme inhibitors,[211-213 ] many chromenonederivatives are used as reporter groups due to their fluorescence properties.[214]
Results of this chapter (chapter 2.1.3) are included in the following publication: Carina
Lemke, Joscha Christmann, Jiafei Yin, José M. Alonso, Estefanía Serrano, Mourad Chioua,
Lhassane Ismaili, María Angeles Martínez-Grau, Christopher D. Beadle, Tatiana Vetman,
Florian M. Dato, Ulrike Bartz, Paul W. Elsinghorst, Markus P ietsch, Christa E. Müller, Isabel
Iriepa, Timo Wille, José Marco-Contelles and Michael Gütschow, Chromenones as
Multineurotargeting Inhibitors of Human Enzymes, ACS Omega. 2019, 4(26), 22161–22168.
doi: 10.1021/acsomega.9b03409.[215]
A series of 28 chromenone derivatives 21 to 48 was evaluated for inhibition of MT2 and other
enzymes such as humane monoamine oxidases (MAO) and cholesterol esterase. These
compounds share a common chromen-4-one moiety which was substituted with different
sized cyclic (or acyclic) tertiary amine moieties attached by methylene linkers of various
lengths (Table 2.3). This library of compounds has been evaluated as inhibitors of MT2
activity derived from the conditioned medium of transfected HEK cells. Kinetic experiments
were performed by Jiafei Yin. Out of the series of compounds, no MT2 inhibitors have been
identified. While basic structures, represented by the tertiary amine moieties of chromenone
derivatives, might interact in a beneficial manner with the S1 specificity pocket of MT2, only
weak inhibitory activity was observed in the case of nearly all tested compounds. However,
this activity did not surpass 20% inhibition and was thus regarded as negligible. Contrary to
MT2, multiple compounds out of the tested series exhibited excellent inhibitory activity
towards other enzyme targets such as MAO-B and acetylcholinesterase. [215]
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Table 2.3: Chemical structures of chromenone derivatives and inhibition of MT2.

Compound

a

R

n

MT2
(%)

Compound

R

n

MT2
(%)

21

2

5

35

4

11

22

3

9

36

5

n.i.

23

4

12

37

2

n.i.

24

5

14

38

3

12

25

2

9

39

4

n.i.

26

3

8

40

5

5

27

4

12

41

2

n.i.

28

5

11

42

3

10

29

2

n.i.a

43

4

13

30

3

10

44

5

13

31

4

n.i.

45

2

20

32

5

n.i.

46

3

n.i.

33

2

6

47

4

10

34

3

5

48

5

14

n.i.: no inhibition refers to <5% inhibitory activity @ 10 µM. (%) MT2 refers to the relative inhibition of MT2

activity in comparison to uninhibited control samples. Determined from duplicate measurements. Stock solutions
were prepared in DMSO at a concentration of 10 mM.
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2.1.4 Inhibitor library screening for matriptase-2 inhibition
A screening for inhibition of MT2 for 50 compounds out of the substance library of our group
has been performed by Leyla Kathep. These compounds were chosen due to basic structural
elements that could be beneficial for MT2 inhibition. In this screening approach one active
compound, phosphonate 49 was identified (Table 2.4).
Table 2.4: Inhibition of MT2 by phosphonates 49 to 53.

a

Compound

R

MT2 (%)

49

4-I

n.i.a

50

4-SMe

n.i.

51

5-NO2

n.i.

52

4-NO2

n.i.

53

4-CN

n.i.

n.i.: no inhibition refers to <5% inhibitory activity @ 10 µM. Determined from duplicate measurements.

Phosphonates were chosen from the substance library of our working group and synthesized by Dr. Daniela
Häußler. Stock solutions were prepared in DMSO at a concentration of 10 mM.

Accordingly, over the course of this thesis, compound 49 together with analogs 50 to 53 were
evaluated as inhibitors of MT2 activity. However, in contrast to the screening experiments, no
concentrations dependent inhibition for 49 was found. The analogs 50 to 53 did not exhibit
inhibitory activity towards MT2 either. While the phosphonate moiety was evaluated as an
excellent warhead for the inhibition of MT2,[100] addressing only one binding pocket of MT2
seems to be insufficient for the accommodation of such inhibitors in the enzymes binding
pockets.
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2.1.5 Selectivity profiles of established matriptase-2 inhibitors
Besides inhibitory potency the selectivity towards a chosen target is the main focus in the
development of modern drugs and tool compounds. [216] Poor selectivity often coincides with
unwanted pharmacological side effects and should be circumvented.[217] Therefore, the in
chapters 2.1.1 and 2.1.2 established inhibitors 11 to 16 were evaluated for their selectivity
towards MT2. For this purpose, these compounds were also tested at the related trypsin-like
serine proteases MT1 and thrombin and an inhibition profile was compiled (Table 2.5).
Table 2.5: Selectivity profiles of inhibitors 11 to 16.
Inhibitory parameters Ki or k inac/Ki

a

Compound

MT2

MT1

Thrombin

11

91.1 ± 3.6 nM

1.7 ± 0.2 µM

3.99 ± 0.22 µM

a

12

1.09 ± 0.04 µM

n.i. (19%)

17.2 ± 2.5 µM

13

1.04 ± 0.04 µM

n.i. (19%)

15.9 ± 2.1 µM

14

1.27 ± 0.04 µM

n.i. (17%)

18.5 ± 3.6 µM

15

10800 ± 1580 M-1 s -1

89950 ± 11550 M-1 s -1

n.i. (10%)

16

68.1 ± 6.3 M-1 s -1

58.5 ± 12.4 M-1 s -1

n.i. (15%)

n.i.: no inhibition refers to <5% inhibitory activity @ 10 µM. Inhibitory parameters represent values Ki in case

of 11 to 14 or values k inac/Ki in case of 15 to 16. Determined from duplicate measurements. Phosphonates were
chosen from the substance library of our group and synthesized by Dr. Daniela Häußler. Stock solutions were
prepared in DMSO at a concentration of 10 mM.

As expected, the recorded progress curves in the presence of inhibitors 11 to 14 were linear
reflecting the proposed reversible interaction mechanism between the trypsin-like proteases
and the SFTIs. Progress curves in the presence of inhibitors 15 to 16 on the other hand
displayed the irreversible binding behavior determined earlier. Remarkably, SFTIs 11 to 14
exhibited a greater inhibitory potential towards MT2 than towards the other tested serine
proteases. The about 20 fold selectivity for MT2 over MT1 in particular further emphasizes
the importance of Arg in P 1 position which is strongly favored by MT2.[201] However, these
compounds also inhibited thrombin to a certain degree and in the case of 12 to 14 were even
more potent towards thrombin than MT1. This finding seems to indicate that thrombin is more
tolerable towards variation in the backbone structure of SFTIs and is able to accommodate 12
to 14 regardless, in contrast to MT1 which only accepts 11. Activity-based probe 15 was the
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overall most potent inhibitor of MT2 activity but was even more active towards MT1. Since
this compound was designed based on the preferred substrate specificity of MT1 this is not
surprising.[206] 16 on the other hand inhibited MT1 nearly to the same degree as MT2. Both
activity-based probes displayed no inhibitory activity towards thrombin probably due to
differences in substrate specificity such as the preference for proline residues in P 2 position by
thrombin.[209]

2.1.6 In cellulo matriptase-2 inhibition studies
Inhibitors 11 to 16 were chosen for further characterization and evaluation by assessing their
in cellulo inhibitory activity towards MT2 in living HEK cells. Since catalytic activity can be
displayed by both, the soluble shed and the membrane-anchored enzyme,[45] the inhibitory
behavior of a compound towards MT2 could very well change in this context. Not only due to
differences in protein seize, but also due to the complex environment on the cell surface,
inhibition of full-length MT2 could differ in comparison to inhibition of the shed catalytic
domain. To investigate this possibility, a new assay method for the monitoring of cell surface
MT2 activity was conceptualized and established. In addition, MT2 inhibitors were applied in
reporter gene assays to investigate their effect on the expression of down-stream interaction
partners of MT2 such as HJV and, subsequently, hepcidin.
Results of this chapter (chapter 2.1.6) are included in the following publication: Martin
Mangold, Michael Gütschow and Marit Stirnberg, A Short Peptide Inhibitor as an ActivityBased

Probe

for

Matriptase-2,

Pharmaceuticals.

10.3390/ph11020049. [205]
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2.1.6.1 Matriptase-2 activity at the cell surface
To measure the activity of surface-bound MT2 in the presence of enzyme inhibitors a
microwell culture plate approach was chosen. For this, a set amount of HEK cells, stably
transfected with either MT2 expression plasmid or the empty expression vector were seeded
into 96-well plates. Preliminary tests indicated cell-detachment after subsequent PBS buffer
washing steps to remove the soluble form of the enzyme. Thus, well plates were coated with
poly-D-lysine prior to the addition of cells for optimal attachment of cell cultures.
After two days the culture supernatants were removed and cells were washed several times
with PBS buffer to remove any residual shed MT2. The activity measurements in presence of
different inhibitor concentrations were carried out immediately afterwards by the addition of
prepared solutions containing enzyme buffer, substrate and inhibitors at the desired
concentrations at 37 °C. This way it was ensured that only the activity of membrane-bound
and of newly shed MT2 was monitored. After the successful establishment of this new test
method inhibitors 11 to 16 were applied for kinetic evaluation.
Interestingly, all progress curves of MT2 surface activity displayed a linear course after an
initial exponential rise in enzymatic activity ( Figures 2.10 and 2.11). This was also the case
for 15 and 16 which exhibited a time-dependent inhibitory behavior towards MT2 in
supernatant measurements. This could be explained by the fact that living cells were used for
these measurements. Since MT2 is expressed as an inactive zymogen at the cell surface this
finding could reflect the opportunity that living cells can produce and activate new enzyme,
thereby generating a continuous flow of MT2 activity and counteracting inhibition.
Additionally, it is conceivable that enzymes in complex with inhibitors get internalized and
degraded.
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Figure 2.10: MT2 activity at the surface of transfected HEK cells in the presence of increasing
concentrations of SFTI inhibitors 11 to 13. (A-C) Fluorescence units (FU) plotted versus time. (D-F)
Corresponding values v s plotted versus probe concentrations. Colored progress curves represent reactions in the
presence of different inhibitor concentrations (A: ● uninhibited reaction, ● 100 nM, ● 200 nM, ● 300 nM, ● 400
nM, ● 500 nM of compound 11; B: ● uninhibited reaction, ● 2 µM, ● 4 µM, ● 6 µM, ● 8 µM, ● 10 µM of
compound 12; C: ● uninhibited reaction, ● 5 µM, ● 10 µM, ● 15 µM, ● 20 µM, ● 25 µM of compound 13).
Depicted binding curves are generated from duplicate measurements.
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Figure 2.11: MT2 activity at the surface of transfected HEK cells in the presence of increasing
concentrations of inhibitors 14 to 16. (A-C) Fluorescence units (FU) plotted versus time. (D-F) Corresponding
values v s plotted versus probe concentrations. Colored progress curves represent reactions in the presence of
different inhibitor concentrations (A: ● uninhibited reaction, ● 5 µM, ● 10 µM, ● 15 µM, ● 20 µM, ● 25 µM of
compound 14; B: ● uninhibited reaction, ● 100 nM, ● 200 nM, ● 300 nM, ● 400 nM, ● 500 nM of compound
15; C: ● uninhibited reaction, ● 5 µM, ● 10 µM, ● 15 µM, ● 20 µM, ● 25 µM of compound 16). Depicted
binding curves are generated from duplicate measurements.
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Nonetheless, a concentration-dependent decrease of MT2 activity was observed, but slightly
higher concentrations of 11 to 16 were needed to achieve inhibition. Due to the linear course
of these activity curves values Ki were obtained by linear regression (Table 2.6). The values
Ki out of cell surface MT2 measurements turned out to be in coherence with those out of the
traditional in vitro approach. Compounds 11 and 15 emerged as the most potent MT2
inhibitors in the nanomolar range in both experimental setups. Even though the potencies out
of the cell-based measurements were lower they are comparable to those determined by
supernatant measurements and only deviated by a negligible amount which can be easily
contributed to the difference of the experimental approaches. Overall, the conceptualized and
established in cellulo measurement method for MT2 activity proved as sufficient for the
determination of basic kinetic parameters such as IC 50 and Ki. However, since progress curves
did not display time-dependent courses, even in the presence of irreversible inhibitors 15 and
16, this experimental approach seems to be unsuitable for the determination of inhibitor
binding modes.
Table 2.6: Inhibition of soluble MT2 and MT2 at the cell surface by compounds 11 to 16.
Inhibitory parameters Ki or k inac/Ki
Compound

MT2 supernatant

MT2 cell surface

11

91.1 ± 3.6 nM

99.3 ± 15.8 nM

12

1.09 ± 0.04 µM

3.6 ± 1.5 µM

13

1.04 ± 0.04 µM

4.6 ± 0.4 µM

14

1.27 ± 0.04 µM

7.5 ± 1.1 µM

15

10800 ± 1580 M -1 s-1

87.1 ± 7.6 nM

16

68.1 ± 6.3 M-1 s-1

2.6 ± 0.2 µM

Inhibitory parameters represent values Ki in case of supernatant measurements of 11 to 14 and cell surface
measurements of 11 to 16 or values k inac /Ki in case supernatant measurements of 15 to 16. Determined from
duplicate measurements.Phosphonates were chosen from the substance library of our working group and
synthesized by Dr. Daniela Häußler. Stock solutions were prepared in DMSO at a concentration of 10 mM.
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2.1.6.2 Matriptase-2 reporter gene assays
Due to its physiological role as regulator of hepcidin expression, MT2 plays an important part
in the regulation of iron uptake from the intestine. [48-50] The enzyme achieves this by the
cleavage of HJV, thereby influencing the BMP-SMAD signaling cascade. [48-50] Inhibitors 11
and 13 to 16 were applied in a reporter gene assay to assess their ability to influence this
system. In this approach, the reporter enzyme firefly luciferase was expressed under the
control of the promoter of the hepcidin gene Hamp. Test compounds were added at a
concentration of 5 µM 16 hours prior to measurements. Naturally, co-expression with HJV
led to increased luciferase activity, while MT2 activity reduced the expression of hepcidin by
the cleavage of HJV to below control levels (Figure 2.12). This influence of MT2 could be
successfully counteracted by the application of test compounds.While compounds 11 and 16
only achieved a slight increase of luciferase expression levels, application of SFTIs 13 and 14,
as well as peptide inhibitor 15, resulted in an approximately 50% recovery of luciferase
activity relative to cell samples stimulated with HJV.
Differences in the inhibitory potency could possibly be assigned to the degradation of such
compounds over the application period. To test this hypothesis , stability studies should be
conducted, especially for 11 and 16 which exhibited only slight activity in these experiments.
Additionally, the fact that luciferase activity could only be recovered by about 50% by
inhibitors 13 to 15, could be further proof to the chance that cell cultures generate newly
activated enzyme to counteract inhibition. Either way, these findings showcase the ability of
MT2 inhibitors to influence MT2 activity in cellulo and the degradation of its endogenous
targets. This can be considered as a first step towards a possible in vivo application of these
compounds.
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Figure 2.12: Modulation of hepcidin expression by inhibitors 11 and 13 to 16. Luciferase activities of Huh-7
cells transiently transfected with pGL2-HAMP, pcDNA4-HJVstop or pcDNA4-MT2-Myc-His were measured.
The histogram shows the mean luciferase activity derived from transfection of pGL2-HAMP. Activity ratios are
normalized to a control mean value of 1 derived from cells transfected with pGL2-HAMP alone. All data points
are averages of at least three independent biological replicates and are expressed as means ± standard deviation.
*** indicate P < 0.0001.
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2.1.7 Conclusion
Due to its role in iron homeostasis, the inhibition of the type II transmembrane serine protease
MT2 is a promising prospect for the treatment of diseases related to hepcidin deficiency and
secondary iron overload, such as β-thalassemia.[90] Several studies indicate the positive
influence of MT2 silencing and knockout on such pathologies.[74-75,97]
Over the course of the presented thesis a total of 73 compounds were evaluated as possible
inhibitors of MT2 activity. Out of these series of peptide inhibitors and peptidomimetics, the
most promising candidates were characterized kinetically. This way, six compounds, 11 to 16,
exhibiting MT2 inhibition in the low micromolar to nanomolar range were identified. The
applicability of 11 to 16 was further emphasized in additional cell-based experiments
established to assess MT2 activity in cellulo. Compounds 11 and 15 emerged as the most
potent MT2 inhibitors with a Ki value of 91.1 ± 3.6 nM and a kinac/Ki value of 10800 ± 1575
M-1 s-1, respectively. While 15 was the overall most potent inhibitor of MT2 activity, 11
expressed the better selectivity towards MT2 over the related serine proteases MT1 and
thrombin. Additional experiments saw the design and establishment of a novel solution-based
synthesis and screening approach for the preparation of a prolineamide inhibitor library.
While prolineamide inhibitors tested over the course of this thesis did not exhibit inhibitory
activity towards MT2 they emerged as inhibitors of the related serine protease thrombin,
thereby proving the applicability of the proposed experimental setup.
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2.2 Characterization of activity-based probes of
matriptase-2
While 12 to 16 were characterized as excellent inhibitors of MT2 activity in chapter 2.1, all
five compounds possess an additional feature that sets them apart from conventional
inhibitors. Detection groups in the form of 5(6)-carboxyfluorescein in 12 to 14, biotin in 15
and 7-diethylamino-coumarin in 16 (Figure 2.13), define them as so called activity-based
probes. This type of molecules allows for the visualization of a target protein in a wide array
of biological applications. [218] Over the course of this work 13 to 16 were to be evaluated for
their applicability as activity-based probes of MT2.
Results of this chapter (chapter 2.2) are included in the following publications: Martin
Mangold, Michael Gütschow and Marit Stirnberg, A Short Peptide Inhibitor as an ActivityBased

Probe

for

Matriptase-2,

Pharmaceuticals.

2018,

11,

pii:

E49.

doi:

10.3390/ph11020049. [205] Daniela Häußler, Martin Mangold, Norbert Furtmann, Anette
Braune, Michael Blaut, Jürgen Bajorath, Marit Stirnberg and Michael Gütschow, Phosphono
Bisbenzguanidines as Irreversible Dipeptidomimetic Inhibitors and Activity-Based Probes of
Matriptase-2. Chemistry 2016, 22, 8525-8535. doi: 10.1002/chem.201600206.[100]

Figure 2.13: Chemical structure of detection groups of activity-based probe 12 to 16.
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2.2.1 Detection of active and inactive matriptase-2
To evaluate activity-based probes 12 to 16 towards MT2, first-off a sufficient biological test
system was needed that would allow the distinction of active and in-active enzyme. For this
purpose, a cell culture expressing a mutated form of MT2 was established by stable
transfection. This mutation was introduced in the enzymes active site by the exchange of the
active site serine at position 753 for an alanine residue. [45] This mutated form of MT2, MT2S753A, was expressed in the same manner as the native enzyme and transported to the cell
surface but lacked the enzymatic activity of native MT2 (Figure 2.14). Since MT2 undergoes
auto-catalization, the mutation influenced its release from the cell surface and thus the
localization of the enzyme. While native MT2 can be found both in the supernatant and in
membrane fractions of transfected HEK cells, MT2-S753A was only found in the cell
supernatant (Figure 2.15). Since the enzyme displays no catalytic activity, auto-catalization
and the subsequent release from the cell surface is prevented. Because of these attributes
MT2-S753A was deemed as sufficient and chosen as negative control for the purpose of
subsequent evaluation experiments.

Figure 2.14: Enzymatic activity of native MT2 and mutated MT2-S753A. Colored progress curves represent
the substrate conversion of ● MT2, or ● MT2-S753A, respectively. Depicted binding curves are generated from
duplicate measurements.
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Figure 2.15: Detection of MT2 in the supernatant and membrane fractions of transfected HEK cells . (A)
Detection of Myc-tagged MT2 in supernatant samples derived from transfected HEK cell cultures . (B) Detection
of Myc-tagged MT2 in membrane fraction samples derived from transfected HEK cell cultures . 30 µg of cell
supernatant or membrane samples were loaded onto a 10% SDS gel. A Ponceau staining and the corresponding
antibody detection is depicted. Detected MT2 is indicated by arrows at approximately 30 kDa in the case of
supernatant or at approximately 110 kDa in the case of membrane fraction samples. 1: HEK-mock; 2: HEKMT2-MycHis; 3: HEK-MT2-S753A-MycHis.

2.2.2 Biochemical properties of matriptase-2 activity-based probes
Spectrophotometric properties of 12 to 16 were obtained by the recording of absorbance and
fluorescence spectra (Figure 2.16) to determine appropriate detection windows for their usage
as activity-based probes. Spectra were recorded in PBS, as well as OptiMEM solutions to
ensure their applicability. This approach yielded identical spectrophotometric properties for
the tested activity-based probes in both buffer systems. Carboxyfluorescein probes 12 to 14
displayed absorption maxima at 498 nm and fluorescence maxima at 534 nm with a Stokes
shift of 36 nm, while the coumarin-probe 16 displayed an absorption maximum at 434 nm and
a fluorescence maximum at 476 nm with a Stokes shift of 42 nm, respectively. These
parameters were deemed sufficient for the purpose of the experiments presented herein. While
15 does not possess a classical fluorescence detection group, the attached biotin moiety can be
used to label the probe with detection groups as needed.
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Figure 2.16: Normalized absorption and emission spectra of fluorescent activity-based probes. Absorption
spectra, recorded at a concentration of 10 µM and 1% DMSO, are depicted in dashed lines. Emission spectra,
recorded at a concentration of 1 µM and 1% DMSO, are depicted as continuous lines. Maxima are as follows: 12
(light blue, UV λ max 498 nm, F λ max 534 nm), 13 (yellow, UV λ max 498 nm, F λ max 534 nm), 14 (orange, UV λ max
498 nm, F λ max 534 nm), 16 (dark blue, UV λ max 434 nm, F λmax 476 nm).

To assess suitable concentrations for the application of activity-based probes in cell-based
experiments 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) viability
assays were performed (Figure 2.17). Test results indicated that concentrations of up to 1 µM
were applicable for all tested probes in the chosen time frame of 24 hours and did not impair
cell viability in comparison to control samples. While cell viability was only diminished
slightly in the presence of probes 15 and 16 in concentrations of up to 10 µM, cell viability
was reduced by approximately 25% upon treatment with 10 µM 13 and 14. These results were
taken into account for the design of further experiments and 10 µM was specified as the
highest probe concentration which would be applied on living cell cultures.
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Figure 2.17: Normalized cell viability of acti vity-based probes 13 to 16. HEK cells were treated with 100 nM
to 100 µm of activity-based probes 13 to 16 for 24 h at 37 °C. After MTT treatment and lysis the formation of
formazan was monitored at 595 nm. Test values were normalized relative to positive controls of untreated cells
and negative controls of cells treated with 100% DMSO. Bars were generated fro m test values of three
independent experiments and depicted as means ± standard deviation.

2.2.3 The use of activity-based probes in SDS-PAGE and western
blot experiments for the detection of matriptase-2
A SDS-PAGE and western blot experimental setup was used as basic means to assess the
ability of activity-based probes 12 to 16 to label active MT2. Supernatant samples derived
from HEK cell cultures were chosen as a source of the enzyme. For reasons of comparison,
cell cultures expressing MT2, mutated MT2-S753A, as well as the empty plasmid vector
mock were employed. Samples were incubated with activity-based probes at different
concentrations for up to 1 h at 37 °C prior to SDS-PAGE application. Subsequently, labeled
MT2 was visualized under UV light or by western blot. Below, the evaluation of MT2
labeling by SFTI probes 12 to 14, CMK probe 15 and phosphono bisbenzguanidine probe 16
is depicted and described successively.
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MT2 labeling by 13 and 14 was tested by the application of 1 to 100 µM activity-based probe
to 30 µg of HEK-MT2-MycHis supernatant to assess the optimal probe concentration for
detection (Figure 2.18A). Previously established activity-based probes were able to label the
marginal portion of active MT2 contained in this amount of supernatant sample. [100] While a
single, approximately 30 kDa protein band, representing the catalytic domain of MT2, was
detected by antibody staining (Figure 2.18B), in case of 13 and 14 no MT2 protein bands
could be identified. Thus, subsequently, an even higher total protein amount of 100 µg of
supernatant samples was chosen for the further evaluation of probes 12 to 14. In addition,
non-reducing conditions were applied in the following SDS-PAGE experiments. Without the
addition of reducing agents like β-mercaptoethanol, which disperse protein disulfide bridges,
MT2 persists as an approximately 50 kDa fragment in the supernatant consisting of the
enzyme catalytic and a part of the stem region. Bot h, the intact 50 kDA shed form of the
enzyme, as well as the overall milder incubation conditions could be beneficial for the
formation of the enzyme-probe complex.

Figure 2.18: Screening for detection of active MT2 in HEK cell supernatants by activity-based probes 13
and 14. (A) UV-illumination after SDS-PAGE. (B) Detection of Myc-tagged MT2 in membrane supernatant
samples. Equivalents of 30 µg of HEK-MT2-MycHis cell supernatant were incubated with different
concentrations of 13 or 14 for 1 hour at 37 °C and loaded onto a 10% SDS gel. DMSO content was standardized
to a concentration of 10% in all samples. After SDS-PAGE UV light was applied to the gel to detect the activitybased probes. A western blot of the used supernatant was performed as a positive control for MT2 expression.
Detected MT2 is indicated by the arrow at approximately 30 kDa. 1: 1 µM 13; 2: 10 µM 13; 3: 100 µM 13; 1
µM 14; 10 µM 14; 100 µM 14; 7: HEK-mock supernatant; 8: HEK-MT2-MycHis supernatant; 9: HEK-MT2S753A-MycHis supernatant.
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Figure 2.19: Detection of active MT2 by acti vity-based probes 12 to 14. (A, C, E) UV-illumination after
SDS-PAGE. (B, D, F) Coomassie staining of the corresponding gels . 100 µg of cell supernatant samples were
incubated with 100 µM 12 (A-B), 13 (C-D) or 14 (E-F) for 1 hour at 37 °C and were loaded onto a 10% SDS gel.
DMSO content was standardized to a concentration of 10% in all samples. After SDS-PAGE UV light was
applied to the gel to detect the activity-based probes. 1: HEK-mock; 2: HEK-mock + probe; 3: HEK-MT2MycHis; HEK-MT2-MycHis + probe; HEK-MT2-S753A-MycHis; HEK-MT2-S753A-MycHis + probe.

However, even under such conditions a protein band representing MT2 could not be detected
in HEK cell supernatants by either of the applied SFTI probes (Figure 2.19). Yet, 12 to 14
could still be identified as fluorescent bands at the running front of treated test samples,
confirming their detectability and stability.
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All three compounds exhibited good inhibitory activity towards MT2 in the low micromolar
range in kinetic measurements where a concentration of 100 µM SFTI resulted in complete
inhibition of enzymatic activity. These findings indicate that the enzyme-probe complexes
established in the incubation step are disrupted prior or during SDS-PAGE experiments. Since
12 to 14 do not possess a covalent warhead structure it is conceivable that the activity-based
probes detach from the enzyme under the application of an electric current due to their
reversible binding mode. The formation of a covalent bond with the target enzyme seems to
be necessary for the successful employment of activity-based probes in this experimental
approach. Literature data emphasize this point, as even probes that interact with the noncatalytic portion of a protein, so called affinity-based probes, are generally designed to
establish a covalent interaction, either by themselves or through subsequent in situ reaction
steps.[219-220] To this end, the introduction of a warhead moiety into the BBI domain of SFTI
probes 12 to 14 should be investigated in further studies. However, such alterations in the
highly conserved binding domain of these inhibitors might result in undesired changes in
binding behavior and could prove difficult to achieve.
In contrast to SFTIs 12 to 14, active MT2 could be visualized by the CMK activity-based
probe 15. Over the course of this thesis 15 could be successfully employed to label MT2 in a
complex protein mixture for the first time.[205] A distinguishing feature of this probe in
comparison to conventional activity-based probes, which often possess a fluorescent reporter
group, is its biotin moiety which is accessed in additional labeling steps by streptavidin
conjugation. While 15 was identified as an activity-based probe by the use of purified MT2 in
the past,[207] it was believed to be unfit for the labeling of MT2 out of cell supernatants due to
a high number of unspecific signals after western blot and streptavidin detection (Figure
2.20C). Further optimization of the labeling protocol could finally mitigate this problem. By
stepwise reduction of both, the incubation time and concentration of 15 in supernatant
samples to 30 minutes and 5 µM, respectively, unspecific binding signals were minimized and
30 kDa protein bands representing the catalytic domain of MT2 could be identified in HEKMT2-MycHis samples (Figure 2.20D). These protein bands were apparent in all applied
supernatant amounts ranging from 20 to 100 µg in coherence with α-Myc antibody staining
(Figure 2.20B). The HEK-mock supernatant sample lacked the 30 kDa MT2 protein band but
some unspecific staining signals did appear (Figure 2.20D , lane 1*).
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Figure 2.20: Detection of active MT2 in supernatant samples by activity-based probe 15. (A) Ponceau-S
staining of the α-Myc blot. (B) Detection of Myc-tagged MT2 in supernatant samples derived from transfected
HEK-MT2-MycHis cell cultures. (C-D) Detection of biotin-labeled activity-based probe 15 by the application of
strep-avidin alkaline phosphatase conjugate. Increasing amounts of HEK-MT2-MycHis supernatant were loaded
onto a 10% SDS gel. Samples were incubated with 50 µM (C) or 5 µM (D) of activity-based probe 15 for 30
minutes at 37 °C prior to SDS-PAGE. DMSO content was standardized to a concentration of 10% in all samples.
Detected MT2 is indicated by arrows at approximately 30 kDa. 1: 0 µg HEK-MT2-MycHis; 2: 20 µg HEKMT2-MycHis; 3: 40 µg HEK-MT2-MycHis; 4: 60 µg HEK-MT2-MycHis; 5: 80 µg HEK-MT2-MycHis; 6: 100
µg HEK-MT2-MycHis; 1*: 100 µg HEK-mock.

While the catalytic domain MT2 could be detected in an equivalent of 30 µg of HEK-MT2
supernatant by 15 comparable to antibody staining, samples derived from either HEK-mock
or HEK-MT2-S753A cell cultures lacked the distinct 30 kDa protein band (Figure 2.21B) ,
further emphasizing that the probe successfully labeled the enzyme. But as observed before
unspecific staining did occur in the absence of MT2 as apparent in the HEK-MT2-S753A
sample treated with 15. That the observed protein bands can be contributed to background
signals and not to MT2 fragments was highlighted by the application of a α-Myc antibody
addressing the Myc-tag of the recombinant enzyme (Figure 2.21C).
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Figure 2.21: Detection of active MT2 in supernatant samples of transfected HEK cell cultures by activitybased probe 15. (A) Ponceau-S staining of the strep blot. (B) Detection of labeled MT2 in supernatant samples
derived from transfected HEK cell cultures by the application of strep-avidin alkaline phosphatase conjugate. (C)
Detection of Myc-tagged MT2 in supernatant samples. 30 µg of cell supernatant samples were incubated with 5
µM of activity-based probe 15 for 30 minutes at 37 °C and loaded onto a 10% SDS gel. DMSO content was
standardized to a concentration of 10% in all samples. Detected MT2 is indicated by the arrow at approximately
30 kDa. 1: HEK-mock; 2: HEK-mock + probe; 3: HEK-MT2-MycHis; 4: HEK-MT2-MycHis + probe; 5: HEKMT2-S753A-MycHis + probe; 6: HEK-MT2-S753A-MycHis.

Subsequently, phosphono bisbenzguanidine probe 16 was employed to label active MT2 in
SDS-PAGE experiments. This activity-based probe possesses a fluorescent reporter group in
the form of 7-diethylamino-coumarin and forms a covalent with MT2. [100] Thus, in contrast to
15 no additional labeling steps or western blotting were needed to visualize 16 after SDSPAGE. MT2 could be visualized in these experiments as an approximately 30 kDa protein
band in the supernatant of HEK-MT2 cells (Figure 2.22). Supernatants derived from HEKmock or HEK-MT2-S753A cell cultures lacked this distinct protein band similar to the
experiments with probe 15. These findings mark both activity-based probes 15 and 16 as
applicable tools for the labeling of MT2.
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Figure 2.22: Detection of active MT2 in supernatant samples of transfected HEK cell cultures by activitybased probe 16. (A) Coomassie staining of the SDS gel. (B) Detection of labeled MT2 in supernatant samples
derived from transfected HEK cell cultures by UV-illumination. 100 µg of cell supernatant samples were
incubated with 100 µM of activity-based probe 16 for 1 hour at 37 °C and loaded onto a 12% SDS gel. DMSO
content was standardized to a concentration of 10% in all samples. Detected MT2 is indicated by the arrow at
approximately 30 kDa. 1: HEK-mock; 2: HEK-mock + probe; 3: HEK-MT2-MycHis; 4: HEK-MT2-MycHis +
probe; 5: HEK-MT2-S753A-MycHis; 6: HEK-MT2-S753A-MycHis + probe.

2.2.4 Matriptase-2 competition experime nts
Additional competition experiments were designed to investigate the binding mode and
interaction of established activity-based probes 15 and 16 with MT2. For this purpose,
aprotinin, a broad spectrum serine protease inhibitor was selected. [221] Kinetic experiments
highlighted aprotinin as a potent irreversible inhibitor of MT2 activity (Figure 2.23) which,
with a k inac/Ki value of 124200 M-1 s-1 , exceeded both, 15 and 16. Thus, the peptide inhibitor
was chosen as means to irreversibly accommodate the MT2 active site to protect it from
further attack by the activity-based probes. To this end, aprotinin was added to supernatant
samples in a concentration of 50 µM for 2 hours at room temperature (rt) prior to probe
treatment to ensure complete inhibition of the enzyme.
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Figure 2.23: MT2 activity in the supernatant of transfected HEK cells in the presence of increasing
concentrations of aprotinin. (A) Fluorescence units (FU) plotted versus time. (B) The observed rate constant
for inhibition kobs plotted versus probe concentrations. Colored progress curves represent reactions in the
presence of different inhibitor concentrations (● uninhibited reaction, ● 3 nM, ● 6 nM, ● 9 nM, ● 12 nM, ● 15
nM of aprotinin). Depicted binding curves are generated from duplicate measurements.

In turn, the ability of both activity-based probes to label MT2 pre-treated with aprotinin was
investigated as stated previously, after western blotting in case of 15 or SDS-PAGE in case of
16. Again, 15 could be employed to label the 30 kDa fragment of MT2 similar to previous
experiments (Figure 2.24D lane 2). However, this protein signal was not apparent in samples
pre-treated with aprotinin and 15 or aprotinin alone (Figure 2.24D lanes 3 and 4). Since
antibody staining confirmed the presence of MT2 in all three samples (Figure 2.24B) the lack
of an activity-based probe based signal clearly indicated that the inhibited enzyme is not able
to accommodate the probe. This confirmed that the MT2 active site serine is in fact the point
of attack for the activity-based probe 15 like it is for aprotinin. Similar observations were
made for activity-based probe 16 (Figure 2.25B). Aprotinin pre-treatment resulted in a nearly
complete loss of the 30 kDa probe MT2 signal compared to untreated samples further
emphasizing a shared binding mode with aprotinin and 15.
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Figure 2.24: Labeling of active MT2 by acti vity-based probe 15 after application of aprotinin. (A, C)
Ponceau-S staining of corresponding western blots B and D. (B, D) Detection of MT2 in supernatant samples
derived from transfected HEK cell cultures by the application of an α-Myc antibody (B) or strep-avidin alkaline
phosphatase conjugate (D), respectively. 30 µg of cell supernatant samples were incubated with 50 µM aprotinin
for 2 hours at room temperature (RT) and 5 µM 15 for 30 minutes at 37 °C and loaded onto 10% SDS gels.
DMSO content was standardized to a concentration of 10% in all samples. Detected MT2 is indicated by arrows
at approximately 30 kDa. 1: HEK-mock; 2: HEK-MT2-MycHis + 15; 3: HEK-MT2-MycHis + 15 + aprotinin; 4:
HEK-MT2-MycHis + aprotinin.

Figure 2.25: Labeling of active MT2 by activity-based probe 16 after application of aprotinin. (A)
Coomassie staining of SDS gel. (B) Detection of labeled MT2 in supernatant samples derived from transfected
HEK cell cultures by UV-illumination. 30 µg of cell supernatant samples were incubated with 50 µM aprotinin
for 2 hours at room temperature (RT) and 100 µM 16 for 1 hour at 37 °C and loaded onto a 10% SDS gel.
DMSO content was standardized to a concentration of 10% in all samples. Detected MT2 is indicated by the
arrow at approximately 30 kDa. 1: HEK-mock + 16; 2: HEK-mock + 16 + aprotinin; 3: HEK-MT2-MycHis +
16; 4: HEK-MT2-MycHis + 16 + aprotinin.
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2.2.5 Fluorescence probing of matriptase-2 in confocal microscopy
experiments
MT2 can be found in solution as well as at the cell surface as a membrane-bound enzyme in
cell cultures.[37-38] Both of these forms can express enzymatic activity, since the activated
catalytic domain of MT2 remains attached to its membrane-anchored stem region between the
first and second autocatalytic cleavage steps.[45] Activity-based probes 13, 14, 15 and 16 were
employed in microscopy experiments in an attempt to visualize this portion of active
membrane-bound MT2. For this purpose, HEK cell cultures expressing the empty vector,
MT2 or the inactive mutated form MT2-S753A were subjected to probe treatment over
different time periods in accordance with previously conducted cell viability tests (Chapter
2.2.2, figure 2.17). Antibody-staining, addressing the Myc-tag of the recombinant MT2 forms
was performed to label the total amount of active and inactive enzyme.
While MT2 could be identified both, in its active and inactive form by the employment of the
α-Myc antibody and matching Alexa Fluor 488 secondary antibody, indicated by the green
fluorescence signal outlining the cell membrane (Figure 2.26 panels B and C), probetreatment did not result in the detection of active MT2 signals. Subsequently, probe
concentrations ranging from 100 nM to 10 µM were applied for time periods of 1 hour to 24
hours, ultimately with the same outcome. Only in the case of CMK probe 15 weak staining
was observed at the cell surface of HEK-MT2-MycHis cells (Figure 2.26 panel K). However,
while this staining was exclusive for cells expressing active MT2, it has to be noted that only
a small amount of cells could be labeled this way.
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Figure 2.26: Confocal microscopy images of HEK cell cultures treated with activity-based probes 13 to 16.
HEK-mock, HEK-MT2-MycHis and HEK-MT2-S753A-MycHis cell cultures were treated with activity-based
probes 13, 14, 15 or 16 in a concentration of 50 µM for 30 minutes. After fixation with paraformaldehyde,
antibody staining with α-Myc antibody and Alexa Fluor 488 secondary antibodies and DAPI staining was
performed. Nuclei are depicted in blue, MT2 in green. Scale bars indicate 10 µm.
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These findings seem to indicate that only a marginal amount of MT2 expressed by cells is
activated and accessible for binding of activity-based probes, while most of the enzymes
fraction remains as inactive zymogens at the cell surface. Even though it is known that
membrane-bound MT2 can express enzymatic activity, the rate of the second autocatalytic
cleavage and subsequent shedding event remains to be uncovered. Possibly, the time period
between the first and second cleavage steps is too short for the probes to attach to and inhibit
MT2. The absent MT2 signals in comparison to previous SDS-PAGE and western blot
experiments (Chapter 2.2.3) could result from this and various other reasons. Apart from
insufficient labeling due to too small amounts of active MT2 at the cell surface or a higher
affinity to the soluble MT2 fragment, the spatial distribution of active enzyme could also
impair the detection of probe signals. While soluble MT2 fragments were accumulated over
the course of two days, concentrated and focused to a dense protein band in SDS-PAGE
experiments, this was of course not the case in the whole cell imaging approach where the
enzyme is spread equally over the cell surface. On this note, it should also be taken into
account that an antibody´s interaction with its antigen is defined by a very high affinity, which
exceeds that of enzyme-probe interactions and would thus further enhance the observed
difference in antibody and probe signals. In addition, the properties of the lasers and filters
used for detection in this confocal microscopy approach deviated from the emission and
excitation maxima of 13, 14 and 16. Even though these deviations were only minor, they
could still influence the signal acquisition from the activity-based probes. Yet, the weak
fluorescent signals observed after treatment with CMK probe 15, which was visualized by a
strep-avidin conjugated Alexa Fluor 488 dye, further emphasize the lack of sufficient levels of
active MT2 at the cell surface, since this dye was easily detected before as indicated by
antibody staining. To investigate this hypothesis additional confocal microscopy experiments
using MT2 with a mutation at the second autocatalytic cleavage site should be conducted to
induce higher amounts of membrane-bound active MT2 and achieve enzyme labeling.
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2.2.6 Conclusion
Since both, its physiological, as well as pathological functions are linked to its enzymatic
activity, MT2 presents itself as a promising marker for secondary iron overload diseases. [74-75]
Thus, new biochemical tool compounds for detecting and distinguishing the level of activated
enzyme from inactive zymogens could prove helpful for further research and treatment of
these diseases.
To this end, five activity-based probes, 12 to 16, were investigated for their abilities to label
active MT2. Such compounds are defined by an inhibitor portion which addresses and binds
to an enzyme´s active site and a detection group which allows for the visualization of the
bound probe. The activity-based probes were employed in SDS-PAGE and confocal
microscopy applications to assess their capabilities in complex protein mixtures as well as at
the cellular level. Reversible probes 12 to 14 could not be applied in either of these
experimental approaches, even though they expressed good inhibitory properties in kinetic
evaluations. These findings emphasize the importance of an irreversible binding mode for the
design and functionality of activity-based probes. In turn, irreversible probes 15 and 16 could
be successfully applied in SDS-PAGE experiments. Competition experiments with both
compounds, as well as the use of mutated inactive MT2, underlined the proposed binding
mode at the active site serine of MT2. However, as with reversible probes, 15 and 16 were not
applicable in the visualization of active membrane-bound MT2 in confocal microscopy
experiments. Whether this is due to low concentrations of active MT2 at the cell surface or
due to insufficient detection of probe signals in this experimenta l setup remains to be verified.
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2.3 Evaluation of proteolysis targeting chimeras
Recent years saw the development and synthesis of proteolysis targeting chimeras
(PROTACs). These molecules induce the ubiquitination and subsequent degradation of a
target protein by the proteasomal system. While the synthesis of new PROTACs is reported
frequently, there is a lack and strong need for additional experimental techniques and
evaluation systems for these types of compounds. Over the course of the presented doctoral
thesis a small library of PROTACs was investigated by different means. For this purpose a
novel assay system which could allow the assessment of cellular uptake, as well as the
degradation capabilities of PROTACs was to be conceptualized and established.

2.3.1 Design of a test system for proteolysis targeting chime ras
A suitable assay system for the evaluation of PROTACs needed to fulfill several
requirements. Apart from the easy assessment and reproducibility of test results, a fast and
straight forward operability were taken into account. The designed test system was supposed
to be compatible with cell cultures and include an intracellular target for PROTAC-induced
degradation by the UPS. For this purpose, a luciferase-based approach was chosen. Firefly
luciferase degradation should be induced by PROTACs via an attached protein tag and
monitored by subsequent loss of luciferase activity (Scheme 2.7A). Renilla luciferase was coexpressed as a transfection control which should not be influenced by PROTAC treatment.
The HaloTag technology [222] was selected as means to induce PROTAC selectivity and reduce
unspecific degradation events. The HaloTag is a protein tag derived from a haloalkane
dehalogenase enzyme of Rhodococcus rhodochrous. The dehalogenase activity of this
enzyme was modified to form a permanent covalent bond with a halogenated molecule which
is utilized concurrently with its deep binding pocket to allow for selective labeling.[222]
Subsequently, the HaloTag gene was cloned as an N-terminal tag into an expression vector
containing the firefly luciferase gene , as well as the control renilla luciferase gene (Scheme
2.7B). A gateway cloning system was employed to ensure correct insertion and expression of
the fusion protein.
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Scheme 2.7: Luciferase-based test system for the evaluation of PROTACs.

(A) Schematic depiction of PROTAC test system. PROTACs targeted towards the HaloTag attached to
luciferase induce complex formation with an E3 ligase. Subsequenty, luciferase gets ubiquitinated and
designated for degradation by the proteasome. Luciferase levels are monitored by luminescence measurement
assessing luciferase substrate conversion. (B) Produced expression vector pHTN-2Luc for the PROTAC test
system. Halo: HaloTag, Fluc: firefly luciferase, Rluc: renilla luciferase, S: substrate, S*: luminescent substrate,
E3: E3 ubiquitin ligase, E2: E2 ubiquitin carrier, U: ubiquitin, PR: PROTAC molecule , Kan: kanamycin
resistance, attR1/attR2: attR insert sequences.
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2.3.2 Establishme nt of a luciferase-based test system for
proteolysis targeting chimeras
After verification of the correct insertion of the HaloTag gene by replication in E. coli and
Sanger sequencing, human hepatoma (Huh7) cells were transiently transfected with increasing
amounts of the expression plasmid to establish the test system. Huh-7 cell cultures were
grown in 96-well plates coated with poly-D-lysine to improve attachment to the plate surface.
Luciferase activity was measured 48 hours after transfection by lysis of transfected cell
cultures and the addition of luciferase substrates. Expression of increasing amounts of the
expression plasmid resulted in a significant increase in luciferase activity compared to
untransfected control samples (Figure 2.27). Subsequently, a concentration of 500 ng was
determined as a sufficient amount for further experiments.

Figure 2.27: Luciferase activity of transfected Huh-7 cell cultures. Luciferase activities of Huh-7 cells
transiently transfected with increasing amounts (50 ng, 100 ng, 500 ng) of pHTN-2Luc expression vector were
measured. The histogram shows the mean luciferase activity derived from firefly luciferase activity relative to
the control renilla luciferase signal. Activity ratios are normalized to a control mean value of 1 derived from
untransfected cell cultures. All data points are averages of at least three independent biological replicates and are
expressed as means ± standard deviation.
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2.3.3 Influence of proteolysis targeting chime ras on cell viability
In the following experiments a series of six PROTACs 54 to 59 was to be evaluated for their
ability to induce degradation of HaloTag-luciferase fusion proteins (Table 2.7). These
compounds were synthesized and provided by Christian Steinebach.
Table 2.7: Chemical structures of PROTAC molecules .
Compound

Structure

54

55

56

57

58

59

PROTACs 54 to 59 were synthesized and provided by Christian Steinebach. Stock solutions were prepared in
DMSO at a concentration of 10 mM.
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They share a chlorohexyl group, which acts as an irreversible ligand for the HaloTag of the
fusion protein, as a common feature. Alkane or polyethylene glycol linkers of variable length
were chosen to connect this group to an E3 ligase ligand of choice. In case of 54 to 57 this
was thalidomide, a ligand of the E3 ligase cereblon (CRBN),[189] and in case of 58 and 59 the
VHL ligand 1, a known interaction partner of the E3 ligase von Hippel-Lindau (VHL).[222]
PROTAC 57 was included as a negative control for 54 due to the addition of a methyl group
at the piperidinedione nitrogen which prevents interaction with CRBN. On a similar note,
PROTAC 59, a stereoisomer of 58, was chosen as a negative control for the VHL E3 ligase.
58 was described previously as a functional PROTAC for the degradation of VHL and was
thus included as a positive control. [223]
To assess suitable concentrations for the application of PROTACs in cell-based experiments
MTT viability assays were performed (Figure 2.28). For this purpose, 54 to 59 were applied
to Huh-7 cell cultures in concentrations of 100 nM to 100 µM for 1 hour up to 24 hours. Test
results indicated a correlation of increasing application time and PROTAC concentration with
decreasing cell viability. In general, concentrations up to 10 µM were well tolerated by cell
cultures for an incubation time of up to 4 hours (decrease of cell viability < 20%). However,
concentrations of 100 µM had a higher impact on cell viability for the majority of test
compounds, similar to incubation times of 24 hours. In this regard, 54 and 57 protruded since
both PROTACs remained applicable in concentrations of up to 10 µM for incubation times up
to 24 hours with a reduction of cell viability under 20% (Figure 2.28A and D).
These results were taken into account for the design of further experiments. 10 µM and 4
hours were specified as the highest PROTAC concentrations and incubation times which
would be applied to living cell cultures, respectively. Subsequently, PROTACs 54 to 59 were
applied in concentrations of 10 pM to 10 µM for 2 hours to assess their abilities to degrade the
Halo-Luc fusion protein.
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Figure 2.28: Normalized cell viability of PROTACs 54 to 59. Huh-7 cells were treated with 100 nM to 100
µm of PROTACs 54 to 59 (A to F) for 1 hour up to 24 hours at 37 °C. After MTT treatment and lysis the
formation of formazan was monitored at 595 nm. Test values were normalized relative to positive controls of
untreated cells and negative controls of cells treated with 100% DMSO. Bars were generated from test values of
three independent experiments.

76

Results and discussion

2.3.4 Application of PROTACs in a luciferase-based test system
Subsequently, PROTACs 54 to 59 were applied in the fusion protein test system to assess
their ability to induce HaloTag-luciferase fusion protein degradation. For this purpose, test
compounds were applied to Huh-7 cell cultures 48 hours after transfection with the pHTN2Luc expression plasmid in concentrations ranging from 10 pM to 10 µM for a time period of
2 hours. Luciferase activity was measured after lysis of cell cultures and the level of firefly
luciferase fusion protein activity was determined relative to renilla luciferase activity.

Figure 2.29: Halo-Luc activity in the presence of increasing amounts of PROTACs 54 to 59 (A to F).
Luciferase activities of Huh-7 cells transiently transfected with the expression vector pHTN-2Luc and treated
with increasing amounts of 54 to 59 for 2 hours at 37 °C were measured. The histograms show the mean
luciferase activity derived from the ratio of firefly luciferase activity relative to control renilla luciferase activity.
Activity ratios are normalized to a control mean value of 1 derived from cells transfected with pHTN-2Luc
which did not undergo PROTAC treatment. All data points are averages of at least three independent biological
replicates and are expressed as means ± standard error of the means. ** indicate P < 0.001.

77

Results and discussion

Test results indicated a reduction of firefly luciferase activity dependent on PROTAC levels
for three of the tested compounds after the application time of 2 hours (Figure 2.29). While no
significant decrease in Halo-Luc activity was observed in the presence of CRBN-directed 54
(Figure 2.29A) treatment with both PROTACs 55 and 56, which also feature the CRBN
ligand thalidomide, resulted in reduced Halo-Luc activity (Figure 2.29B and C). This
reduction was dependent on the applied PROTAC concentration. A significant reduction of
the relative Halo-Luc activity to a level of approximately 50% compared to control samples
was observed in the presence 1 to 10 µM in both cases. Treatment with 57 did not result in
significant reduction of Halo-Luc activity (Figure 2.29D). This compound was included as a
negative sample for CRBN-directed PROTACs due to an additional methylation in its
thalidomide moiety, which should prevent interaction with CRBN and subsequent degradation
by the UPS. A significant reduction of the luciferase activity was observed in cells treated
with 10 nM to 10 µM 58 (Figure 2.29E). This VHL-directed PROTAC induced a decrease of
relative Halo-Luc activity to a level of under 50% in test samples. A similar decrease was not
observed in the presence of its inactive analog 59 (Figure 2.29F).
These findings demonstrate the applicability of the presented test system for the evaluation of
PROTACs. A reduction of Halo-Luc fusion protein activity to different extents by PROTACs
55, 56 and 58 could be observed in the luciferase test system. Surprisingly, the same
decreasing effect was not apparent in the presence of 54. Since this compound shares the
majority of its molecular structure with 55 a similar induction of degradation was expected.
Possibly, the additional oxygen in the linker structure of 54 promotes linker flexibility and its
ability to induce ternary complex formation between the target protein and the proteins
involved in the ubiquitination process. Several studies point out the importance of both linker
length and flexibility for the successful formation of ternary complexes. [224-225] Since the
inactive CRBN-directed PROTAC 57 shares its linker structure and E3 ligand with 54,
additional inactive PROTACs featuring the linker structures of 55 and 56 should be employed
to further investigate this possibility and to serve as suitable negative controls. The additional
elongation of the linker structure in 56 did not result in an improvement of PROTAC activity.
In the case of 58 and 59 this principle of active positive and inactive negative control was
successfully employed. The previously established PROTAC 58 could induce a significant
decrease in Halo-Luc activity by over 50% in comparison to control samples in contrast to the
inactive 59.
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2.3.5 Detection of Halo-Luc fusion protein by immunoblotting
To verify the test results obtained in the Halo-Luc PROTAC assay, the influence of
compounds 54 to 59 on the Halo-Luc fusion protein levels in transfected cell cultures was
investigated by immunoblotting. For this purpose, HEK cell cultures were seeded into 6 well
culture plates and transfected with pHTN-2Luc expression plasmid.

Figure 2.30: Detection of Halo-Luc fusion protein by western blotting. (A, C, E) α-HaloTag western blot. (B,
D, F) Ponceau-S staining of the corresponding blots. 50 µg of cell lysates derived from cell cultures treated with
10 nM to 10 µM 54 or 55 (A-B), 56 or 57 (C-D) and 58 or 59 (E-F) for 2 hours at 37 °C were loaded onto 12%
SDS gels. After western blotting and antibody staining with α-HaloTag and secondary AP-conjugated antibody,
Halo-Luc fusion protein was detected by the addition of BCIP and NBT solutions . 1: HEK-Halo-Luc; 2: HEKHalo-Luc + 10 nM PROTAC; 3: HEK-Halo-Luc + 100 nM PROTAC; 4: HEK-Halo-Luc + 1 µM PROTAC; 5:
HEK-Halo-Luc + 10 µM PROTAC.
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After 24 hours PROTACS 54 to 59 were added to cell cultures in concentrations of 10 nM to
10 µM for 2 hours at 37 °C. Cells were lysed and 30 to 50 µg of lysate samples were applied
to SDS gels. Subsequently, Halo-Luc fusion proteins should be visualized by the use of a αHaloTag antibody. However, no fusion protein protein band could be detected even in 50 µg
of lysate samples (Figure 2.30A, C, E). The Halo-Luc fusion protein designed in the presented
experimental approach should be expressed as an approximately 100 kDa protein band ( 61
kDa firefly luciferase, HaloTag 33 kdA).Yet, neither in control samples which did not recieve
PROTAC treatment (Figure 2.30 lane 1), nor in lysate samples derived from transfected cell
cultures treated with 10 nM to 10 µM PROTAC (Figure 2.30 lanes 2-5) such a protein band
was apparent. To ensure that these results did not occur due to insufficient binding of the
employed α-HaloTag antibody, a second antibody directed towards the firefly portion of the
fusion protein, was employed. Through the use of this α-firefly luciferase antibody a distinct
double protein band could be visualized in the HEK cell lysate samples (Figure 2.31A).

Figure 2.31: α-Firefly luciferase immunoblot of HEK lysates transfected with pHTN-2Luc expression
vector. (A) α-Firefly luciferase western blot. (B) Ponceau-S staining of the corresponding blot. 50 µg of cell
lysates derived from cell cultures treated with 10 µM PROTACs for 2 hours at 37 °C were loaded onto 12% SDS
gels. After western blotting and antibody staining with α-firefly luciferase and secondary AP-conjugated
antibody, Halo-Luc fusion protein was detected by the addition of BCIP and NBT solutions. 1: HEK-Halo-Luc;
2: HEK-Halo-Luc + 10 µM 54; 3: HEK-Halo-Luc + 10 µM 55; 4: HEK-Halo-Luc + 10 µM 56; 5: HEK-HaloLuc + 10 µM 58; 6: HEK-Halo-Luc + 10 µM 59.

However, this protein band possessed a size of approximately 60 kDa, which is in coherence
with native firefly luciferase but not with the designed fusion protein, indicating that the
detected band represented in fact the untagged firefly luciferase protein.
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Since the correct gene sequence was verified by Sanger sequencing, an incorrect insertion of
the HaloTag gene into the expression vector is unlikely and could be excluded. Likewise, the
Gly-rich linker structure present between tag and luciferase protein should be expressed
correctly and did not contain additional start- or stop-codons. Even though protein stability
was supported by the preparation of cell lysates in the presence of protease inhibitor cocktail
and the application of non-reducing SDS-PAGE conditions, the possibility that the HaloTag
detached from the Halo-Luc fusion protein during the lysation process or SDS-PAGE and
western blotting still persists. To investigate this possibility additional experiments, such as
native electrophoresis should be performed.

2.3.6 Conclusion
In recent years PROTACs emerged as a promising new drug class which possesses the
potential to revolutionize the treatment of diseases and the process of drug discovery. [184] New
test systems that allow for the easy and fast assessment of PROTAC activity are necessary
tools to promote this emerging research field.
Over the course of this thesis , a luciferase-based test system for the evaluation of PROTACs
was designed and established. A series of PROTAC molecules was tested for their ability to
induce fusion protein degradation. In case of three compounds 55, 56 and 58 a concentrationdependent reduction of HaloLuc activity was observed. However, whether this reduced
luciferase activity was actually caused by the degradation of fusion proteins remains to be
proven since those results could not be verified by immunoblotting. In the case that only
untagged firefly luciferase was expressed, cytotoxicity of the tested PROTACs as a cause of
reduced fusion protein levels can be largely ruled out due to the results of extensive cell
viability experiments. To this end, additional cloning approaches which yield a fusion
construct detectable in western blot should be employed to investigate its behavior in the
proposed test system and to verify the results presented in this thesis. As the applicability of
both, HaloTag and firefly luciferase as targets for targeted protein degradation by PROTACs
was demonstrated recently,[223,226] such a test system might help to further the ongoing
research in the PROTAC field.
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3 Experimental section
3.1 Methods
3.1.1 Cultivation of cells
Experimental procedures were performed with either human embryonic kidney (HEK 293)
cells, or human hepatoma (Huh-7) cells. Cells were cultivated under a humidified atmosphere
at 37 °C and 5% CO2. HEK cells were cultivated in Dulbecco´s Modified Eagle Medium
(DMEM) supplemented with 10% fetal calf serum (FCS), 100 U/mL penicillin and 100
µg/mL streptomycin. Huh-7 cells were cultivated in Roswell Park Memorial Institute (RPMI)
medium supplemented with 10% FCS, 2 mM L-glutamine and non-essential amino acids at a
final concentration of 0.1 mM. For the transfer of a cell culture to a new culture flask or
culture plates cells were washed twice with phosphate buffered saline (PBS) buffer and
detached from the culture surface by incubation in trypsin/EDTA solution for 5 minutes at
room temperature (all substances and media were purchased from Thermo FisherScientific ,
Karlsruhe, Germany). Detached cell cultures were counted and a defined amount of cells was
transferred into new culture vessels containing an appropriate amount of new medium. Final
volumes of 5 mL for 25 cm², 10 mL for 75 cm² and 20 mL for 175 cm² flasks were used.

3.1.2 Counting of cells
Cell numbers of a cell culture were determined by using a Neubauer counting chamber
(Merck Millipore, Darmstadt, Germany). After cultivation, the culture medium was removed
and cells were washed with sterile PBS buffer. Cells were detached from culture flasks with
trypsin/EDTA solution and diluted in culture medium. 10 µL of cell suspension were diluted
with 90 µL PBS and 10 µL of this dilution were put in one part of a Neubauer counting
chamber. Eight large squares were counted each run. The cell number in 1 µL cell suspension
was calculated using the following formula:
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Example:

number of cells counted = 104
counted surface area = 8 large squares (8 mm2)
chamber depth = 0.1 mm
dilution factor = 1:10

3.1.3 MTT viability assay
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) was used to stain
catalytically active cells of a cell culture to determine possible cytotoxic effects of used test
substances. 12000 HEK or 10000 Huh-7 cells in a volume of 100 µL RPMI medium were
seeded into consecutive wells of a 96-well cell culture plate. Unoccupied wells were filled
with 100 µL RPMI medium to a void an uneven evaporation between different wells of the
plate. Cells were cultivated in the culture plates at 37 °C and 5% CO 2 for two further days.
Afterwards, the culture supernatant was discarded, cells were washed with PBS once and 100
µL Modified Eagle's Minimum Essential Medium (OptiMEM), containing 1% DMSO and
test compound in the desired concentration, were added to each culture well. Following an
incubation step of 1, 2, 4 or 24 hours the OptiMEM supplemented with the test compound
was replaced by 110 µL of a freshly prepared 1 mM MTT solution in OptiMEM. Cells were
incubated for 4 hours at 37 °C and 5% CO2 to allow the viable cell portion to take up MTT
and reduce it to water-insoluble formazan. Afterwards 85 µL of the MTT-OptiMEM solution
was discarded and cells were lysed by the addition of 50 µL DMSO for 15 min utes at 450 rpm
and rt. Formazan was detected by absorbance measurement at 595 nm at a FLUOstar Optima
fluorimeter (BMG Labtech, Offenburg, Germany).
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3.1.4 Transfection of cells
Cells were transfected by cationic lipid mediated transfection using Lipofectamine TM 2000
reagent (GIBCO® Life Technologies, Thermofisher Scientific). Cell cultures were cultivated
to a confluence of approximately 70% , at which point the culture medium was removed and
the cells were washed twice with PBS buffer to remove remnants of serum. Serum free
medium (4 mL in case of 25 cm2 flasks or 50 µL per well in a 96-well plate) was added to the
cell culture. For optimal transfection efficacy serum-free reduced OptiMEM was used in
further incubation and selection steps. Appropriate volumes of Lipofectamine (24 µL per 25
cm2 culture flask or 1 µL per well in a 96-well plate) and expression plasmids were prepared
in separated reaction tubes and supplemented with OptiMEM (500 µL in case of 25 cm2
flasks or 25 µL per well in a 96-well plate). After 5 minutes of incubation at rt the
Lipofectamine-OptiMEM solution was added carefully, drop by drop, to the plasmidOptiMEM solution followed by a second incubation step of 20 minutes at room temperature.
The Lipofectamine-plasmid mixture (1 mL in case of 25 cm2 flasks or 50 µL per well in a 96well plate) was added to the cell culture. After two days of incubation at 37 °C and 5% CO 2
transfected cell cultures were harvested to produce cell lysates and culture supernatants.
The generation of stably transfected cell lines HEK-mock, HEK-MT2-Myc-His and HEKMT2-S753A was described previously by Stirnberg et al.[45]

3.1.5 Preparation of cell lysates and culture supernatants
For the generation of cell lysates the conditioned supernatant of cell cultures was removed 48
hours after addition and cultivation in serum-free medium. The cells were washed twice with
PBS buffer containing Halt protease inhibitor cocktail (Thermofisher Scientific) and detached
from the culture flask surface by a cell scraper followed by 15 aspirations through a 25-gauge
needle. Cell debris and intact cells were separated by centrifugation at 2000g and 4 °C for 10
minutes. The resulting supernatant represented the cell lysate.
The conditioned medium of a cell culture was collected to obtain culture supernatants. After
centrifugation at 4 °C and 2000g for 10 minutes to separate detached cells, the resulting
supernatant was concentrated by the use of Amicon size exclusion filter tubes (Merck
Millipore) at 4 °C and 7500g to obtain concentrated culture supernatants.
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3.1.6 Protein determination
To quantify the total protein amount of a test sample a method based on the Bradford assay
was used.[227] For this purpose, ROTI-Nanoquant solution (Carl Roth, Karlsruhe, Germany)
was diluted 1:5 with distilled water. 800 µL of this dilution, 198 µL distilled water and 2 µL
test sample were mixed in a cuvette and the absorption was measured at 465 nm and 595 nm
in a Cary 50 UV-VIS spectrophotometer (Agilent Technologies, Böblingen, Germany). By
comparison of the absorbance ratio of the test samples with data of a calibration curve, which
was obtained by measurement of defined amounts of a bovine serum albumin (BSA) solution,
protein amounts in the test sample could be calculated.

3.1.7 Enzyme inhibition assays with purified enzymes and cell
culture supernatants
Enzymatic activity assays of human chymotrypsin, human matriptase, human matriptase-2
and human thrombin were performed in 96 well flat bottom plates (Sarstedt, Nümbrecht,
Germany) at a FLUOstar Optima fluorimeter (BMG Labtech). The enzymatic reactions were
monitored at an excitation wavelength of 340 nm and an emission wavelength of 460 nm.
Inhibitors and substrates were prepared as stock solutions with a concentration of 10 mM in
DMSO. The substrates Boc-Gln-Ala-Arg-AMC (human matriptase, human matriptase-2) and
Cbz-Gly-Gly-Arg-AMC (human thrombin) were purchased from Bachem (Bachem,
Bubendorf, Switzerland).

Human matriptase inhibition assay
The assay was performed in a 50 mM TRIS, 150 mM NaCl, pH 8.0 buffer. A solution of 2 g
BSA in 10 mL of a 154 mM NaCl solution was diluted 1:200 with a 154 mM NaCl solution.
This BSA solution was used for a 1:10 dilution of the enzyme stock solution (0.1 µg/mL)
(R&D systems, Wiesbaden-Nordenstadt, Germany). This diluted enzyme solution was kept at
0 °C. A 10 mM stock solution of the fluorogenic substrate Boc-Gln-Ala-Arg-AMC in DMSO
was diluted with water to a concentration of 800 µM before the measurement. 162 µL assay
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buffer, 8 µL of an inhibitor solution in DMSO and 20 µL of the substrate dilution were mixed
in the well of a 96-well plate. The final assay concentration of the substrate was 80 µM, of
DMSO was 6% and of human matriptase was 0.0005 µg/mL. The reaction was started by the
addition of 10 µL enzyme dilution and followed at 37 °C.

Human matriptase-2 inhibition assay
The assay was performed in a 50 mM TRIS, 150 mM NaCl, pH 8.0 buffer. The conditioned
medium of transfected HEK cells was used as a source of matriptase-2 activity. The
conditioned medium was collected and concentrated with amicon filter tubes. The resulting
concentrate was stored at -20 °C. After thawing, it was diluted with assay buffer and kept at 0
°C. A 10 mM stock solution of the fluorogenic substrate Boc-Gln-Ala-Arg-AMC in DMSO
was diluted with assay buffer to a concentration of 800 µM before the measurement. 158.8 µL
assay buffer, 11.2 µL of an inhibitor solution in DMSO and 10 µL of the substrate dilution
were mixed in the well of a 96-well plate. The final assay concentration of the substrate was
40 µM and of DMSO was 6%. The reaction was started by the addition of 20 µL conditioned
medium dilution and followed at 37 °C.

Human thrombin inhibition assay
The assay was performed in a 50 mM TRIS, 150 mM NaCl, pH 8.0 buffer. The enzyme stock
solution (1 U/µL) (Enzo Life Sciences) was prepared in water, kept at 0 °C and diluted 1:50
with assay buffer before the measurement. A 10 mM stock solution of the fluorogenic
substrate Cbz-Gly-Gly-Arg-AMC in DMSO was diluted with assay buffer to a concentration
of 800 µM before the assay. 158.8 µL assay buffer, 11.2 µL of an inhibitor solution in DMSO
and 10 µL of the substrate dilution were mixed in the well of a 96-well plate. The final assay
concentration of the substrate was 40 µM, of DMSO was 6% and of human thrombin was 2
U/mL. The reaction was started by the addition of 20 µL enzyme dilution and followed at 25
°C.
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3.1.8 MT2 inhibition assay with intact cells
Stably transfected HEK cells expressing matriptase-2 were seeded into 96-well plates coated
with poly-D-lysine solution (Thermofisher Scientific) for 5 minutes at rt. Cell cultures were
cultivated for two days at 37 °C and 5% CO2, at which point the culture medium was
discarded and, following three wash steps with PBS buffer, replaced with 178.8 µL 50 mM
pre-warmed TRIS-HCl, 150 mM NaCl, pH 8.0 buffer and 11.2 µL of an inhibitor solution in
DMSO. A 10 mM stock solution of the fluorogenic substrate Boc-Gln-Ala-Arg-AMC in
DMSO was diluted with assay buffer to a concentration of 800 µM before the measurement.
The reaction was started by the addition of 10 µL substrate dilution and followed at 37 °C.
The final assay concentration of the substrate was 40 µM and of DMSO was 6%.

3.1.9 Solution-based synthesis of prolineamide inhibitors
Prolineamide inhibitors 17A to 20F were prepared prior to measurements by combining one
type of lactone (17 to 20) with one type of amine/amide (A to F). For this purpose, equal
amounts of lactone and amine/solutions were combined in one reaction tube. Incubation of
these reaction mixtures for 24 hours at 45 °C in a heating block (Eppendorf) yielded inhibitor
solutions of 17A to 20F. For the purpose of applicability, inhibitor solutions were considered
to contain 100% of formed inhibitor and no adducts.

3.1.10 SDS-PAGE
Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) was used to
separate protein samples prior to the in-gel detection of activity-based probes or
immunoblotting. The samples for one SDS-PAGE experiment were adjusted to the same final
volume with distilled water and appropriate volumes of 5x SDS loading buffer were added
before applying the samples to the gel. SDS-PAGE were performed either under non-reducing
or reducing conditions. In the case of reducing SDS-PAGE experiments the 5× SDS loading
buffer was supplemented with 10% 2-Mercaptoethanol and samples were incubated at 95 °C
for 5 minutes before application to the gel.
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3.1.11 In-gel detection
Activity-based probes that allowed for visualization under UV-light were examined by in-gel
detection after SDS-PAGE. For this purpose protein samples were incubated with the activitybased probe at 37 °C for 30 minutes to 1 hour before application to the SDS gel. If the
activity-based probe was still bound to its target after SDS-PAGE the corresponding protein
band was visualized under UV-light in a gel doc photo documentator (BioRad Laboratories,
Basel, Switzerland).

3.1.12 Immunoblotting
Protein samples were transferred from SDS gels to nitrocellulose membrane and subjected to
western blot analysis to specifically detect and to evaluate the level of expression of selected
target proteins. For this purpose several antibodies and one activity-based probe were used.
Murine 9E10 anti-Myc antibody for the detection of Myc-tagged MT2 was applied in a
dilution of 1:100. An antibody against Halotag from mouse (Promega, Walldorf, Germany)
and an antibody against firefly luciferase from rabbit (Thermofisher) were applied in a
dilution of 1:1000. The bound biotinylated CMK probe 15 or primary antibodies were
detected by using strep-tactin alkaline phosphatase (AP) conjugate (IBA Lifesciences,
Göttingen, Germany) or AP-conjugated anti-mouse/anti-rabbit secondary antibodies (Merck
Millipore) in a dilution of 1. 10000. Visualization of protein bands was performed in reaction
buffer supplemented with 40 µL nitro tetrazolium blue chloride (NBT) solution and 120 µL 5bromo-4-chloro-3-indolyl phosphate (BCIP) solution. Successful protein transfer was
confirmed by Ponceau S staining.

3.1.13 Confocal microscopy
Stably transfected HEK-mock, HEK-MT2-MycHis and HEK-MT2-S753A-MycHis cells were
grown in 25 cm² culture flasks until a confluence of approximately 70% was reached. As the
desired confluence of cell cultures was reached, glass slides with a diameter of 10 mm were
put in subsequent wells of 12 well culture plates. Each slide was coated with poly-D-lysine
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solution (Sigma-Aldrich) for 5 minutes at rt. The poly-D-lysine solution was discarded and
slides were washed twice with PBS buffer. Cells were detached and counted and an amount of
10000 cells was transferred into each used well in a volume of 1 mL DMEM. Transferred
cells were cultivated for 24 hours at 37 °C and 5% CO 2. Afterwards, the culture medium was
removed and cells were washed twice with PBS buffer. Activity-based probes were added in 1
mL OptiMEM and cell cultures were incubated for 30 minutes at 37 °C and 5% CO2. Samples
incubated with CMK probe 15 were treated with 1 µg/mL FITC-Avidin (Thermo Fisher
Scientific) in PBS for 10 minutes in the dark at rt. Cells were washed three times with PBS
buffer and fixed with a 4% paraformaldehyde solution for 30 minutes at rt. Antibody samples
were washed again with PBS buffer and blocked with 5% BSA/PBS for 1 hour at rt. Samples
were incubated with α-Myc antibody (1:100) in the dark for 1 hour and then 30 minutes with
the secondary Alexa Fluor 488 antibody (Thermofisher Scientific), both diluted 1:10000 in a
2.5% BSA/PBS solution. In between and after antibody incubations, cells were washed trice
with PBS buffer. Visualization of cell nuclei was achieved by DAPI staining. At last
coverslips were mounted using Immumount reagent (Thermo Fisher Scientific) and stored in
the dark at 4 °C. A Nikon A1 spectral confocal microscope (Nikon, Minato, Japan) was used
for imaging. Each staining was repeated three times and at least ten squares (60x objective)
containing 3 to 15 cells each were imaged for each sample. The cells that were most
representative of the majority of each condition were shown.

3.1.14 Cloning
The construction of expression plasmids pcDNA4-MT2-Myc-His, pcDNA4-MT2-S753A and
pGL3-Hamppro and the generation of the stably transfected cell lines HEK-mock, HEKMT2-Myc-His and HEK-MT2-S753A was described previously by Stirnberg et al.[45] For the
construction of expression plasmid pHTN-2Luc for the expression of HaloTag-firefly
luciferase under the CMV promoter the HaloTag sequence was amplified by polymerase
chain

reaction

(PCR)

using

the

attB1

forward

ggggacagtttgtacaaaaaagcaggcttaaccatggcgatcgcttccgaattcagagctcaaccg-3'

and

primer

5'-

the

attB2

reverse primer 5'-ggggaccactttgtacaagaaagctgggtcgaaagaacatgtttcacca-3' to generate HaloTag
gene with suitable attB recombination sites for the integration into the donor vector.
Subsequently, 150 ng of PCR products were cloned into a pDONR223 donor vector
(Invitrogen) using a BP clonase enzyme mix (Thermofisher Scientific). E. coli cultures were
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transformed with the resulting vector and selected by streptomycin resistance to generate an
entry clone. After verification of the desired sequence by Sanger sequencing, 150 ng of the
entry clone were incubated with 150 ng of the destination vector pIRIGF (Addgene,
Cambridge, USA) using a LR clonase enzye mix (Thermofisher Scientific) to yield the fusion
protein expression vector pHTN-2Luc.

3.1.15 Proteolysis targeting chimera evaluation assay
The PROTAC evaluation assay established in this thesis is a modification of the Dual-Glo®
reporter gene assay from Promega. [228] A number of 4000 Huh-7 cells was seeded into the
wells of a 96-well white bottom cell culture plate (Sarstedt) and cultivated for two days at 37
°C and 5% CO2. Cells were transfected as described in 3.1.4 with 50-500 ng of pHTN-2Luc
expression plasmid. After 24 hours of incubation at 37 °C and 5% CO 2 culture supernatants
were removed and cells were washed two times with PBS buffer. 100 µL OptiMEM
containing PROTACs in DMSO were added followed by further incubation at 37 °C and 5%
CO2 for 2 hours. Supernatants were removed and cells were lysed in 1x passive lysis buffer
(Promega) for 15 minutes at 450 rpm and rt. Successively, the auto-luminescence, firefly
luminescence activity and renilla luminescence activity were measured at a FLUOstar Optima
fluorimeter (BMG Labtech) after the addition of 50 µL LarII substrate solution and 50 µL
S&G substrate solution, respectively. The level of halotag-firefly expression was determined
by the division of firefly luciferase activity by the renilla luciferase activity thereby
calculating in the transfection efficiency.

3.1.16 Transformation of Escherichia coli cells
Competent Escherichia coli (E. coli) DH5α cells (Thermo Fisher Scientific) were stored at -80
°C and thawed on ice upon usage. 2 µg of plasmid DNA were added to the thawed cells
followed by incubation on ice for 30 minutes. After a heat shock of 42 °C for 1 minute, the E.
coli suspension was incubated on ice for two further minutes. 300 µL super optimal broth
with catabolite repression (SOC) were added and the mixture was incubated at 37 °C and 550
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rpm for 1 hour. Successfully transformed bacteria were selected by cultivation on lysogeny
broth (LB) agar plates containing antibiotics (ampicillin or kanamycin) over night at 37 °C.

3.1.17 Cultivation of Escherichia coli cells
For the multiplication of expression plasmids successfully transformed E. coli were
transferred from a LB agar plate to liquid medium. Depending on the method 4 mL (MiniPrep) or 75 mL (Midi-Prep) of LB medium supplemented with 4 µL or 75 µL of ampicillin
solution (100 mg/mL) were inoculated with one colony of transformed E. coli and incubated
at 37 °C and 200 rpm for 16 hours.

3.1.18 Plasmid isolation from transforme d Escherichia coli cells
Plasmid-DNA was isolated from transformed E. coli cultures using a QIAGEN P lasmid Midi
Kit (Qiagen, Hilden, Germany) or a PureLink Quick P lasmid Miniprep Kit (Thermofisher
Scientific) depending on the culture volume. In both cases a cell pellet was formed by
centrifugation at 2000g for 15 minutes at 4 °C and the supernatant was discarded. Pellets were
resuspended in resuspension buffer containing RNase and lysis buffer was added. The
suspension was thoroughly mixed and incubated for 5 minutes at rt after which precipitation
buffer was added immediately. The mixture was inverted until a homogenous solution was
obtained followed by a second incubation step on ice for 15 minutes.
For Midi-Preps the mixture was centrifuged at 20000g and 4 °C for 45 minutes. A Quiagen
Tip column was equilibrated with equilibration buffer and the supernatant from the
centrifugation step was added. The column was washed twice with washing buffer and
plasmid-DNA was eluted by using elution buffer. The DNA was precipitated by isopropanol
and centrifugation at 20000g for 30 minutes at 4 °C. After a washing step in ethanol solution
the DNA-pellet was dried and re-dissolved in 100 µL water.
For Mini-Preps the mixture was centrifuged at 12000g and 4 °C for 10 minutes. The
supernatant was added onto a spincolumn placed in a wash tube and centrifuged at 12000g
and 4 °C for 1 minute. The flow-through was discarded followed by two wash steps with
wash buffer. The flow-through wash buffer was removed and the column was centrifuged
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again to remove any residual fluids. The DNA-plasmid was eluted by the addition of 50 µL
on the spincolumn and subsequent centrifugation at 12000g and 4 °C for 1 minute.
Total DNA-plasmid concentrations were determined at a Colibri microvolume spectrometer
(Titertek Berthold, Pforzheim, Germany).

3.1.19 Statistical analysis
Statistical analysis was performed with standard statistical functions of GraphPad Prism using
a two-tailed t test. If not stated otherwise, all values represent means ± SEM. The error
probability was set at p < 0.05 (indicated in figures by *), p < 0.01 (**) or p < 0.001 (***).
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3.2 Devices and Materials
3.2.1 Devices
The following table 3.1 contains a list of the devices that were used in this thesis.
Devices

Suppliers

Analytical balance

770, Kern

Autoclave

Varioclav steam sterilizer 75T, H+P,
3850 ELV, Systec

Balance

PLS 4000-2, Kern

Cell counting chamber

Merck

Centrifuges

Biofuge primo R, Heraeus Z 216 MK,
Hermle

Colibri microvolume spectrometer

Titertek Berthold

Confocal microscope

Nikon A1 Spectral confocal microscope,
Nikon

Electrophoresis chamber for agarose gels

Amersham Bioscience

Electrophoresis chamber for electro-blotting

TE-22, Amersham Bioscience

Electrophoresis chamber for SDS-PAGE

Mini-Protean Tetra Cell, BioRad

Electrophoresis power supply unit

EV 243, Consort EPS 301,
Amersham Bioscience

Fluorimeter

FLUOstar Optima, BMG Labtech

Gel dock photo documentator

Universal hood II geldoc, BioRad

Heating block

Thermomixer comfort, Eppendorf

Hot plate with magnetic stirrer

MR 2002, Heidolph

Incubator for bacterial cell culture

TH 15, KS 15, Edmund Bühler GmbH

Incubator for human cell culture

Jouan IG 650, HERAcell, Heraeus

Laboratory shaker

Mini Rocker MR-1, Kisker

Light microscope

Axiovert 25, Zeiss

Microwave

Severin

pH Meter

691 pH meter, Metrohm

Pipettes

0,5-10 µl, 2-20 µl, 10-100 µl, 20-200 µl,
100-1000 µl, Eppendorf
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Pipetting aids

Pipettus Akku, Eppendorf; Accu jet, Brand

Spectrophotometers

Cary 50 Bio, Varian
Cary 100 Bio, Varian

Sterile Bench

NUNC Safe flow 1.2

Test Tube Rotor

Kisker-Biotech

Thermo Cycler

T Professional standard Gradient 96,
Biometra

Transferpette-12

20-200 µl, Roth

Water bath

Memmert

Table 3.1 List of used devices.

94

Experimental section

3.2.2 Consumables
The following table 3.2 contains a list of the consumables that were used in this thesis.
Consumables

Suppliers

25-Gauge needle

Omnifix-R, B Braun

White flat bottom plates

96 well, sterile, Sarstedt

Bacteria culture tubes

13 ml, Sarstedt

Cell culture flasks

25 cm², 75 cm², 175 cm², sterile, Sarstedt

Cell culture plates

12 well, 96 well, sterile, clear, flat bottom,
Sarstedt

Cell scrapers

25 cm, Sarstedt

Columns for the concentration of media

Amicon Ultra-4, Ultracel-3k, Millipore

Cover slips

10 mm, round, Sigma-Aldrich

Culture dishes

10 cm, Sarstedt

Cuvettes

1.5 ml, Brand, Roth

Disposable serological pipettes

5 ml, 10 ml, 25 ml, sterile, Sarstedt

Falcon Tubes

15 ml, 50 ml, Sarstedt

Glass slides

75 mm x 25 mm, Sigma-Aldrich

His-column

HisPurTM Cobalt Spin Column, Pierce

Nitrocellulose membrane

Whatman, Protan BA 85, Roth

Parafilm

Bemis

PCR-Cups

Multiply-Pro® 0.2 mL, Sarstedt

Petri dishes

10 cm diameter, Sarstedt

Pipette tips

Sarstedt

Pipetting reservoirs

Bio-Pure, Sigma-Aldrich

Reaction tubes

Safe Seal Tubes, 1,5 ml, 2,0 ml, Sarstedt

Table 3.2 List of used consumables.
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3.2.3 Materials
The following table 3.3 contains a list of the materials that were used in this thesis.
Materials

Suppliers

30% Acrylamide, 0,8% N,N'-

Rotiphorese ® Gel 20 (37,5:1), Roth

Methylenebisacrylamide
Agarose ultra pure

Ultrapure TM Agarose, Invitrogen

Ampicillin

AppliChem

Ammonium persulphate

Acros Organics

Bacto tryptone

Thermo Fisher Scientific

Bacto yeast extract

Thermo Fisher Scientific

BCIP

Roth

Bromophenol blue

AppliChem

BSA/ albumine fraction V

Roth

Cell lysis buffer

Promega

Disodium phosphate

Roth

DMEM

GIBCO® Invitrogen

DMF

ZVE, University of Bonn

DMSO

Fluka

Dry milk powder

Roth

EDTA

Fluka

Ethanol

ZVE, University of Bonn

FCS

Life Technologies

Gateway BP clonase enzyme mix

Thermofisher Scientific

Gateway LR clonase enzyme mix

Thermofisher Scientific

Gel Extraction Kit

MiniElute gel extraction kit, Qiagen

GelRedTM Nucleic Acid Gel Stain

Biotium

Glacial acetic acid

Merck

Glucose

Roth

Glycerol

AppliChem

Glycine

Roth

Halt Protease Inhibitor Cocktail (100x)

Thermofisher Scientific
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Hydrochloric acid 37%

ZVE, University of Bonn

Imidazole

AppliChem

Isopropyl alcohol

ZVE, University of Bonn

Kanamycin

Sigma-Aldrich

Lambda DNA/EcoRI + HindIII marker for

Fermentas

agarose gels
LB-Agar-mixture

Invitrogen

LB-Broth powder

AppliChem

L-Glutamine

Life Technologies

Lipofectamine TM 2000

GIBCO® Life Technologies

Magnesium chloride

ZVE, University of Bonn

Magnesium sulfate

ZVE, University of Bonn

MES-monohydrate

AppliChem

Methanol

Sigma-Aldrich

Midi Präp Kit

Plasmid Midi Kit, Qiagen

Mini Präp Kit

PureLink Quick Plasmid Miniprep Kit,
Thermo Fisher Scientific

MEM Non Essential Amino Acids

Invitrogen

MTT

Merck

NBT

Roth

Opti-MEM® Reduced Serum Medium

GIBCO® Life Technologies

Paraformaldehyde

Sigma-Aldrich

Penicillin-Streptomycin solution

Invitrogen

Phenol red

Sigma-Aldrich

Poly-D-lysine

Sigma-Aldrich

Ponceau S

AppliChem

Potassium chloride

ZVE, University of Bonn

Potassium dihydrogen phosphate

ZVE, University of Bonn

Protein staining solution

PageBlue Protein Staining Solution, Thermo
Scientific

Protein-Marker

PageRuler Prestained Protein Ladder,
Fermentas

RPMI

GIBCO® Life Technologies

Roti®-Nanoquant

Roth
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SDS

Roth

SOC-Medium

Invitrogen

Sodium chloride

Grüssing

Sodium hydroxide

ZVE, University of Bonn

Sodium phosphate

ZVE, University of Bonn

Streptomycin

Sigma-Aldrich

TEMED

Roth

Trichloroacetic acid

Fluka

Trisodium phosphate

ZVE, University of Bonn

TRIS

Roth

Trypsin

Invitrogen

Tween-20

AppliChem

Zeocin

Thermo Fisher Scientific

β-Mercaptoethanol

AppliChem

Table 3.3 List of used materials.
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3.2.4 Cell lines
In the following table 3.4 cell lines which were used in this thesis are listed.
Cell line

Characterization

Supplier

HEK

Human embryonic kidney cells

Stirnberg et al. [45]

HEK-mock

Human embryonic kidney cells

Stirnberg et al. [45]

stably transfected with mock
HEK-MT2-Myc-His

HEK-cells stably transfected with

Stirnberg et al. [45]

MT2-Myc-His
HEK-MT2-S753A

HEK-cells stably transfected with

Stirnberg et al. [45]

MT2-S753A
Huh-7

Human hepatoma cells

Table 3.4 List of used cell lines.
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3.2.5 Vectors
In the following table 3.5 the genetic vectors which were used and generated in this thesis are
listed.
Vector name

Characterization

Supplier

pcDNA4-HJV

pcDNA4 vector encoding HJV

Stirnberg et al.[113]

pcDNA4-MT2-Myc-His

pcDNA4 vector encoding MT2-Myc-

Stirnberg et al.[45]

His
pDONR223

Donor vector for the generation of

Invitrogen

gateway entry clones
pGL3-HAMP

Reporter vector encoding the Firefly

Maurer et al.[230]

luciferase gene under control of the
HAMP promoter
pHTN-Halotag

Expression vector encoding the Halotag

Promega

gene under control of the CMV
promoter, ampicillin and neomycin
resistance
pHTN-2Luc

Expression vector encoding Halotag-

This dissertation

firefly luciferase and renilla luciferase
under control of the CMV promoter,
kanamycin resistance
pIRIGF

Destination vector encoding a gateway

Addgene

cassette, firefly luciferase and renilla
luciferase under control of the CMV
promoter, kanamycin resistance
pRluc-N1

Expression vector encoding the Renilla
luciferase gene under control of the
CMV promoter, ampicillin and
neomycin resistance

Table 3.5 List of used vectors.
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3.2.6 Enzymes
The following table 3.6 contains a list of the enzymes that were used in kinetic evaluation
studies.
Enzyme

Source

Supplier

Matriptase

Human

R&D Systems

Matriptase-2

Human

HEK-MT2-MycHis cell cultures

Thrombin

Human

Enzo Life Sciences

Table 3.6 List of used enzymes.
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3.2.7 Substrates
The following table 3.7 contains a list of the enzyme substrates that were used in this thesis.
Substrate

Substrate specificity

Supplier

Boc-Gln-Ala-Arg-AMC

MT1, MT2

Bachem

Cbz-Gly-Gly-Arg-AMC

Thrombin

Bachem

LarII

Firefly luciferase

Promega

Stop & Glo

Renilla luciferase

Promega

Table 3.7 List of enzyme substrates.
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3.2.8 Antibodies, commercially available probes and dyes
The following table 3.8 contains a list of the antibodies, commercially available probes and
dyes that were used in this thesis.
Antibody/ probe/ dye

Supplier

Alexa Fluor 488 secondary antibody (anti-

Thermo Fisher Scientific

mouse)
Anti-firefly luciferase antibody

Thermo Fisher Scientific

Anti-HaloTag® monoclonal antibody

Promega

AP-conjugated secondary antibody (anti-

Merck Millipore

mouse)
AP-conjugated secondary antibody (anti-

Merck Millipore

rabbit)
Anti-Myc antibody 9E10

Evan et al.[231]

Chloromethyl ketone probe

American Peptide Company

DAPI

Thermo Fisher Scientific

FITC-Avidin

Thermo Fisher Scientific

Strep-Tactin-AP-conjugate

IBA Lifesciences

Table 3.8 List of antibodies, commercially available probes and dyes .
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3.2.9 Buffers and solutions
In the following table 3.9 the buffers and solutions which were used in this thesis are listed.
Name of buffer or solution

Ingredients

Concentration of
ingredients

1x PBS

KH2PO4

4 mM

NaCl

115 mM

Na2HPO4

16 mM

in aqua dest.
Adjusted to pH 7.4
1x PBS-T

KH2PO4

4 mM

NaCl

115 mM

Na2HPO4

16 mM

Tween-20

0.1%

in aqua dest.
Adjusted to pH 7.4
1x TBS

TRIS

20 mM

NaCl

150 mM

in aqua dest.
Adjusted to pH 7.6
1x TBS-T

TRIS

20 mM

NaCl

150 mM

Tween-20

0.1%

in aqua dest.
Adjusted to pH 7.6
5x SDS loading buffer for

Bromphenol blue

0.05%

SDS-PAGE

Glycerol

30%

SDS

20%

TRIS

250 mM

in aqua dest.
Adjusted to pH 6.8
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6x loading buffer for agarose

Bromphenol blue

0.25%

gels

Glycerol

50%

in aqua dest.
50x TAE buffer for agarose

TRIS

2M

gel elektrophoresis

EDTA

50 mM

Glacial acetic acid

5.71%

in aqua dest
BCIP solution

BCIP

5%

in DMF
Blocking buffer with BSA

BSA

3%

KH2PO4

4 mM

NaCl

115 mM

Na2HPO4

16 mM

Tween-20

0.1%

in aqua dest.
Blocking buffer with milk

Milk powder

5%

NaCl

150 mM

TRIS

20 mM

Tween-20

0.1%

in aqua dest.
Factor Xa assay buffer

CaCl2

10 mM

NaCl

100 mM

TRIS

50 mM

in aqua dest.
Adjusted to pH 8.0
Matriptase-2 assay buffer

NaCl

150 mM

TRIS

50 mM

in aqua dest.
Adjusted to pH 8.0
NBT solution

DMF

20%

NBT

7.5%

in aqua dest.
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Ponceau S solution

Ponceau S

0.2%

Trichloro acetic acid

3%

in aqua dest.
Reaction buffer for

MgCl2

immunoblotting

NaCl
TRIS
in aqua dest.
Adjusted to pH 8.8

SDS running buffer for SDS-

Glycine

200 mM

PAGE

SDS

0.1%

TRIS

25 mM

in aqua dest.
Transfer buffer for western

Glycine

200 mM

blotting

Methanol

20%

TRIS

25 mM

in aqua dest.
Table 3.9 List of buffers and solutions.
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5 Registers
5.1 List of abbreviations
AAA+

ATPases associated with various cellular activities

Abz

2-Aminobenzoyl

AMC

7-Amino-4-methylcoumarin

AP

Alkaline phosphatase

Arg

Arginine

Asp

Aspartic acid

ATP

Adenosine triphosphate

BBI

Bowman Birk inhibitor

BCIP

5-Bromo-4-chloro-3-indolyl Phosphate

BMP

Bone morphogenetic protein

BMPR

Bone morphogenetic protein receptor

Boc

tert-Butyloxycarbonyl

BSA

Bovine serum albumin

Cbz

Carboxybenzyl

CMK

Chloromethyl ketone

CP

Core particle

CRBN

Cereblon

CUB

Cls/Clr, urchin embryonic growth factor and bone morphogenic protein-1

Cys

Cysteine

DAPI

4′,6-Diamidino-2-phenylindole

DMEM

Dulbecco’s Modified Eagles Medium

DMSO

Dimethylsulfoxide

DNA

Deoxyribonucleic Acid

E. coli

Escherichia coli

EDTA

Ethylenediaminetetraacetic Acid

FCS

Fetal calf serum

FU

Fluorescence units

Gln

Glutamine

Gly

Glycine

HAT/DESC

Human airway trypsin-like protease/differentially expressed in squamous cell
carcinoma gene

HCP

Heme carrier protein

HEK cells

Human embryonic kidney cells
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Hepsin/TMPRSS

Hepsin/transmembrane serine protease

HFE

Hemochromatosis protein

HIF

Hypoxia inducible factor

His

Histidine

HJV

Hemojuvelin

Huh7 cells

Human hepatoma cells

Ile

Isoleucine

IMiD

Immunomodulatory imide drug

IRIDA

Iron refractory iron deficiency anemia

LB

lysogeny broth

LDLRA

Low-density lipoprotein receptor class A

Lys

Lysine

MAM

Meprin, A-5 protein and receptor protein-tyrosine phosphatase mu

MAO

Monoamine oxidases

MT1

Matriptase

MT2

Matriptase-2

MT3

Matriptase-3

MTT

3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide

n.i.

No inhibition

NBT

Nitro blue tetrazolium chloride

PA

Proteases of mixed nucleophile, superfamily A

PBS

Phosphate buffered saline

PEG

8-Amino-3,6-Dioxaoctanoic Acid

Phe

Phenylalanine

PICS

Proteomic Identification of Protease Cleavage Sites

pNA

para-Nitroaniline

POI

Protein of interest

Pro

Proline

PROTAC

Proteolysis targeting chimera

OptiMEM

Modified Eagle's Minimum Essential Medium

RP

Regulatory particle

RPMI

Roswell Park Memorial Institute

rt

Room temperature

SCAV

Group A scavenger receptor

SDS

Sodium dodecyl sulfate

SDS-PAGE

SDS-Polyacrylamide Gel Electrophoresis

SEA

Sea urchin sperm protein, enteropeptidase, agrin
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Ser

Serine

SFTI

Sunflower trypsin inhibitor

SFTI-1

Sunflower trypsin inhibitor 1

SMAD

Son of the Mothers Against Decapentaplegic

SOC

Super optimal broth with catabolite repression

Suc

Succinyl

TfR2

Transferrin receptor-2

Thr

Threonine

TMPRSS

Transmembrane protease serine

TRIS

Tris(hydroxymethyl)aminomethane

TTSP

Type II transmembrane serine protease

UPS

Ubiquitin proteasome system

UV

Ultraviolet

Val

Valine

VIS

Visible

VHL

von Hippel-Lindau
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6 Summary
This thesis was focused on the identification and characterization of irreversible inhibitors and
activity-based probes of the cell surface serine protease matriptase-2, as well as inducers of
targeted protein degradation. Matriptase-2, also known as Tmprss6, was identified as a key
regulator of the systemic iron homeostasis due to its role in the regulation of the peptide
hormone hepcidin. Its involvement in iron overload disorders, especially β-thalassemia,
promotes matriptase-2 as a promising target for the treatment of these diseases. Activity-based
probes could be used in this context to further the research and understanding of this enzyme
as a pathological marker. Proteolysis targeting chimeras (PROTACs) on the other hand,
represent an emerging drug class which can be employed to induce the proteasomal
degradation of target proteins. While the synthesis and evaluation of small series of
PROTACs in cell cultures is described by various studies, there is still a strong need for
experimental approaches that allow for the easy and fast evaluation of such compounds.
In the first project, peptide and peptidomimetic inhibitors were evaluated for their inhibitory
activity towards matriptase-2. Small series of sunflower trypsin inhibitors, phosphonates,
prolineamides, chromenones and a peptide inhibitor were employed for this purpose. This
way, six compounds out of the sun flower trypsin inhibitors, phosphonates and the peptide
inhibitor could be identified as inhibitors of matriptase-2 activity. Subsequently, inhibitory
properties of these inhibitors were characterized further in additional cell-based assays and
towards related serine proteases. While the identified compounds also inhibited the serine
proteases matriptase-1 and thrombin to different extents, sunflower trypsin inhibitors
exhibited the highest selectivity for matriptase-2. Furthermore, these inhibitors could be
successfully employed in a cell-based assay and a reporter gene assay to investigate their
potency towards membrane-bound matriptase-2 and their influence on the expression of
down-stream targets of the enzyme. Even though the series of prolineamides, which was
synthesized in a novel solution-based approach, did not exhibit inhibitory activity towards
matriptase-2, these compounds could be identified as inhibitors of thrombin activity.
Subsequently, this experimental approach was established as a screening system for the fast
synthesis and evaluation of such inhibitors.
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In the following project, five activity-based probe which were characterized as inhbitiors of
matriptase-2 in the first project were evaluated for their ability to label active matriptase -2.
First, fluorescence properties and toxicity of these compounds were determined to establish
experimental parameters suitable for the following investigations. Two activity-based probes,
a chloromethyl ketone probe and a phosphono bis benzguanidine probe, could be successfully
employed in SDS-PAGE and immunoblotting experiments to visualize active matriptase-2.
Competition experiments with the serine protease inhibitor aprotinin further emphasized the
proposed binding mode of these activity-based probes.
In the last project, a test system for the screening of PROTAC activity was conceptualized
and established. For this purpose, firefly luciferase was chosen as the target for induced
protein degradation. An attached HaloTag should serve as the ligand for the interaction with
the PROTACs. Subsequently, a fusion protein expression vector encoding firefly luciferase
equipped with the HaloTag was constructed by PCR and cloning techniques. The luciferasebased assay was established by transfection of cell cultures and a small series of PROTACs
was to be evaluated in this system. After determination of suitable application times and
concentrations, six PROTACs equipped with a HaloTag ligand and ligands for the E3 ligases
cereblon or von-Hippel Lindau were applied in the luciferase assay. Treatment with three of
the four designed active PROTACs resulted in a significant reduction of fusion protein
activity. Finally, immunoblot experiments were employed for the verification of assay test
results. However, these experiments failed to provide suitable conclusions for this approach.
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