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Abstract

Abstract

In this work a semisynthetic modified bank vole prion protein was produced. It is known that
the cellular prion protein (PrP¢) is linked to the glycosylphosphatidylinositol-anchor (GPI-
anchor) in vivo and therefore the prion protein is connected to the cellular membrane. It is
difficult to purify homogenous cellular prion proteins, which include posttranslational
modifications (PTM), such as the GPl-anchor, in sufficient amounts. However, robust access
to homogenously modified prion proteins is required to advance research in the area of prion
diseases. Therefore, new ways to overcome the challenging task to produce modified prion
proteins were explored. One of these methods is called “semisynthesis of proteins”. In this
approach a recombinantly expressed protein and a chemically synthesized peptide are
chemoselectively and regioselectively joined together. For example, this method is commonly
used in the field of protein engineering to incorporate non-coded amino acids into proteins.
The first steps of this master thesis included the recombinant expression of full-length bank
vole prion protein (amino acids 23-231) in E. coli. The full-length construct was purified using
a preparative high performance liquid chromatography (HPLC) system. In a second step, a GPI-
anchor mimicking peptide was chemically synthesized via solid phase peptide synthesis (SPPS).
Once the purification was done, the two segments were joined together via a reaction called
“Expressed Protein Ligation (EPL)”. Semisynthetic bank vole prion protein was then purified
and folded to obtain the correct tertiary structure. Correct folding of the lipidated bank vole
prion protein (bvPrP) was proven by performing circular dichroism (CD) measurements.
Human (hPrP) and murine prion protein was previously produced by semisynthesis and
subsequent usage in in vitro experiments has led to a better insight in the emergence of prion
diseases, such as the Creuzfeldt-Jakob disease (CJD) in humans. The bank vole prion protein
that was obtained in this work will be further used to perform in vivo experiments in the bank
vole model organism by collaborators in the US. Due to the sequence similarities of the bvPrP

with the hPrP the expected results can also provide insights on prion diseases in general.
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Zusammenfassung

Zusammenfassung

Das Ziel dieser Arbeit war es ein semisynthetisches, modifiziertes Rételmaus Prion Protein
herzustellen. Es ist bekannt, dass das =zelluldre Prion Protein in vivo mit einem
Glykosylphosphatidylinositol-Anker (GPIl-Anker) verbunden und dadurch in der zelluldren
Membran verankert ist. Dies erschwert eine direkte Aufreinigung von homogenen Prion-
Proteinen, welche eine posttranslationale Modifikation (PTM) wie den GPI-Anker aufweisen.
Es ware jedoch notwendig solch homogene, modifizierte Prion Proteine einfach und vor allem
in ausreichenden Mengen produzieren zu kénnen, um im Forschungsbereich der Prion-
Erkrankungen voranzuschreiten. Diesbeziiglich wurde nach Wegen gesucht, um diese
herausfordernde Aufgabe leichter zu bewaltigen. Mittlerweile gibt es verschiedene
Moglichkeiten Prion Proteine mit PTMs herzustellen. Eine Methode ist die sogenannte
,Semisynthese von Proteinen”. Diese beruht auf der Strategie, zwei Polypeptidfragmente des
Proteins separat herzustellen und diese sowohl chemoselektiv als auch regioselektiv
miteinander zu verbinden. Ein Teil ist das rekombinant exprimierte Protein und der andere ein
chemisch-synthetisiertes Peptid. Die Methode der Semisynthese wird zum Beispiel haufig im
Bereich des ,Protein-Engineering” eingesetzt, um nicht-kodierte Aminosduren in Proteine
einzubauen. Die ersten Schritte dieser Masterarbeit beinhalteten die rekombinante
Expression des vollstandigen Rételmaus Prion Proteins (Aminosduren 23-231) in E. coli. Das
Rotelmaus Prion Protein wurde Uber praparative Hochdruckflissigkeitschromatographie
(HPLC) aufgereinigt. Ein peptidisches GPI-Anker Mimetikum wurde (iber die Methode der
Festphasenpeptidsynthese hergestellt. Im Zuge der Ligation der beiden Peptidsegmente,
genannt ,Expressed Protein Ligation“, wurde das GPI-Anker-Mimetikum mit dem
vollstandigen Rotelmaus Prion Protein verknlipft. Das aufgereinigte Ligationsprodukt wurde
im letzten Schritt gefaltet, um die biologische Funktionsfahigkeit flir weitere Experimente zu
gewahrleisten. Die Faltung wurde durch eine Messung mit einem zirkularen Dichroismus (CD)
Spektrometer nachgewiesen. Unter der Anwendung dieser Methode, konnte man schon
erfolgreich semisynthetische humane und murine Prion Proteine herstellen. Diese
modifizierten humanen Prion Proteine werden fiir in vitro Experimente zur Untersuchung der
Entstehung von Prion-Krankheiten, wie z.B.: die Creuzfeldt-Jakob-Krankheit im Menschen,
verwendet. Das im Zuge dieser Masterarbeit hergestellte Rételmaus Prion Protein kann von

einem Partner, welchem die Rételmaus als Modell Organismus zur Verfligung steht, fiir in vivo

il



Zusammenfassung

Experimente genitzt werden, um die Entstehung von Prion Krankheiten genauer untersuchen
zu konnen. Die Kombination aus der Moglichkeit Rotelmaus Prion Proteine einfacher
herzustellen und die Verfligbarkeit von Modellorganismen bietet eine Grundlage fiir die
Untersuchung von Prion Krankheiten. Die daraus gewonnenen Erkenntnisse kdnnen eventuell

einen Aufschluss iber Prion Erkrankungen im Allgemeinen geben.

v
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Introduction

1 Introduction

1.1 Prion Diseases

The host encoded cellular prion protein is closely linked to an infectious, progressive, and
neurodegenerative condition which is called prion disease or transmissible spongiform
encephalopathy (TSE).>2 Although the pathophysiological processes that trigger the disease
are not well understood yet, it is known that incorrect folding and aggregation of the cellular
prion protein play an important role in the development of prion illnesses. Prion diseases can
affect humans as well as animals. These different manifestations of the disease include for
example Scrapie in sheep, BSE in cattle, FSE in cats and Kuru, Gerstman-Straussler-Scheinker
(GSS) disease, fatal familial insomnia (FF1) and Creuzfeldt-Jakob disease (CJD) in humans.? The
most common human prion disease is CJD and there are three different possibilities of how it
can arise. First, the disease can be acquired by infection, second it can arise sporadically (sCJD)
and third CJD can be inherited as autosomal dominant mutation of the PrP¢ encoding gene.
The symptoms of the Creuzfeldt-Jakob disease first manifest themselves in rapidly increasing
dementia. This is accompanied by problems with the muscle coordination, sudden changes in
personality and impaired vision. As the disease progresses these mental disorders become
severe for the organism and eventually will be lethal.* Nowadays human prion diseases are
rare, although this was not always the case. Back in the 1950s, Kuru drew the attention to
Papa New Guinea due to a spread within a primitive tribe. It was a ritual for kinship groups of
the fore tribe to consume the deceased relatives at mortuary feasts, which triggered the
spread among the community. The transmission of kuru was eventually stopped by ending
cannibalism.>> To proof the hypothesis that Kuru is infectious, chimpanzees were inoculated
with brain-derived tissues of infected humans. In turn the monkeys also became ill, making
Kuru the first proven transmissible human prion disease.® At that time, it was believed that
transmissible diseases are only transmitted and triggered by genetic material, more precisely
by nucleic acids (DNA or RNA). In 1982, this assumption was questioned by Stanley Prusiner
and co-workers. They claimed that infectious diseases can be caused by proteinaceous
infectious particles. Prusiner suggested that these particles, or as he named them “prions”,
are not only transmissible but also heritable.” In 1984, they identified 15 characteristic amino
acids at the end of the protein, which allowed them to find the corresponding gene. In

collaboration with other scientists working in the field, they were able to show that several
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Introduction

mammalian organisms carry the PrP gene in their genome. To their surprise, for example, the
mice expressed the prion protein without getting sick. With these new findings, the question
arose whether the prion protein is not involved in the infectious disease or whether two
different types of the prion protein are present in a sick organism.? Shortly thereafter, they
created a cDNA-library from scrapie-infected hamster brain tissues by testing various
oligonucleotides for complementarity with the N-terminus. This revealed a gene encoding PrP
27-30. Ultimately, they were able to show that these scrapie prion proteins with a molecular
mass within the range of 27-30 kDa were not degraded by protein-degrading enzymes.”® As a
result, it became clear that the TSE-causing prion protein is a variant of the benign prion
protein. Following the results the nomenclature PrP¢ for the cellular prion protein and Prp>¢
for the scrape prion protein has been defined.>’ Since the scrapie prion protein is significantly
involved in pathogenesis and is also responsible for infectivity, the focus of today’s research
is on PrP>¢.0 The molecular process in which PrP> induces a conformational change in PrP¢
and the significance of the post-translational modifications, that make the interaction
between these two PrP variants possible in the first place, are important questions that cannot
yet be answered completely.'® Accurate new knowledge derived from the study of scrapie
prion proteins and their influence on the pathophysiological process could also provide
essential information for other neurodegenerative diseases such as Alzheimer’s Disease,
amyotrophic lateral sclerosis, Huntington’s disease or other similar prion-like diseases.
Prion-like diseases show similar aspects as there are also misfolded proteins present in the
brain with the potential to aggregate. These proteins are called prionoids. In some cases even
prionoids can be transmissible, as it could be shown for a-synuclein prionoids that are present
in multiple system atrophy (MSA).'2 These coherences are highlighting the importance of an

accurate understanding of prion diseases.

1.2 Cellular Prion Protein

The cellular prion protein is a cell surface protein which is mainly expressed in the central
nervous system, but can be found in other cell types or tissues as well.241630 The human PrP
gene, which consists of two exons and one intron, is located on the short arm of chromosome
20. However, exon 1 is a non-coding exon and thus probably functions more as a transcription

site. In contrast to PrP genes from other organisms, it includes only a single transcriptional
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start site.'”183! |n comparison, the mus musculus (house mouse) PrP gene includes four
exons.'® Studies on the human PrP gene revealed that the encoded protein is composed out
of 254 amino acids.’®2° The sequence of the cellular prion protein is separated into different
sections. The first 22 amino acids serve as a N-terminal signaling sequence to enter the
secretory pathway. Then there is the flexible N-terminal part, which includes the amino acids
23-120. The amino acids 121-231 define the C-terminal globular domain.! In order to learn
more about the defined tertiary structure, cellular prion proteins were isolated from Syrian
hamster (SHa) brains. By performing Fourier-transform infrared (FTIR) spectroscopy
measurements mainly alpha helical fractions could be determined.?! These results were in line
with spectroscopic data of recombinant PrP. Due to their accessibility, recombinantly
expressed prion proteins were used for further biochemical experiments?>2°, for example in
solving nuclear magnetic resonance (NMR), to obtain a more realistic overview about the
structure (Figure 1).2%2° The unstructured and flexible N-terminal tail consists of two charged
clusters (CC1 and CC2), a hydrophobic domain adjacent to a four octapeptide repeat (OR)
which shows a high affinity to divalent cations, especially to copper(l1).3° The configuration of
the copper binding region in the human prion protein (hPrP) was investigated in detail by using
the full-length prion protein, synthetic octa- and tetra-peptides. It was found that different
parameters have an influence on the binding affinity to divalent cations. It depends on the
cation concentration and the pH, how many copper ions hPrP can bind.3%3% In the globular
domain three alpha-helices (residues 144-154, 173-194, 200-228), two of them connected via
a disulfide bond (position 179 and 214), and a small antiparallel B-sheet (residues 128-131 and
161-164) can be found (Figure 1). The C-terminal serine at position 231 is linked to the
glycosylphosphatidylinositol-anchor (GPI-anchor) in vivo. The C-terminal part includes more
posttranslational modifications as it contains two asparagine residues at position 181 and 197
as glycosylation sites.® This results in different forms of PrP®: non-glycosylated, mono-
glycosylated and di-glycosylated.®>3¢ As shown by recent studies®’, these glycosylation
patterns have a strong influence on the toxicity and the aggregation potential of the human
prion protein. Different hPrP mutants (pathological PrP mutants V180l and F198S, mono-
glycosylated mutants N181D, N197D and T199N/N181D/N197D, and a non-glycosylated
mutant N181D/N197D) were developed to specifically predict the glycosylation pattern. The
wild type hPrP and these mutants where then used in biochemical experiments to investigate

the effect of the glycosylation pattern on the protein’s subcellular localization. The method of
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immunocytochemical staining was used to reveal that wild-type PrP and mono-glycosylated
mutants are connected to the plasma membrane, whereas pathogenic and non-glycosylated
mutants are primarily located in the cytoplasm. PrP mutants which were located in the
cytoplasm showed increased proteinase K (PK) resistance and aggregation as it was confirmed
by immunoblotting and flow cytometry. Furthermore, higher cellular reactive oxygen species
(ROS) levels could be detected in the presence of the cytoplasm located mutants compared
to when PrP is attached to the plasma membrane. The absence of N-glycosylation also
indicates a higher cytotoxicity.3” The C-terminal GPl-anchor is another decisive factor to tether

both the PrP¢ and the PrP>¢ to the cellular membrane.38

Figure 1: Tertiary Structure of human PrP derived from NMR measurements by Zahn et al.®®
Posttranslational Modifications such as the C-terminal GPI-anchor and the N-glycosylations (orange) are
included. The figure was taken from Hackl & Becker.!

Approximately 10-15% of prion diseases are caused because of genetic mutations in the PRNP
gene.”3% Mutations within the coding region of PRNP lead to changes in the tertiary structure,
making the protein more prone to form pathogenic variants. These defective phenotypes do
not directly trigger a neurodegenerative disease but increase the risk of developing it.%° In
addition, these pathogenic phenotypes could be observed in various prion diseases such as
CJD, GSS or FFl. Unfortunately, it remains a challenge to accurately determine disease-causing
mutations in the gene, as the pathogenic phenotype could be heterogenous. To name
examples, for the mutations M129V and E219K several studies have demonstrated that the
combination of these two might be disease modifying. Surprisingly, the combination is on the

one hand a risk factor for vCJD but on the other hand also protective against sCJD.'” The V180l

4
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mutation was initially believed to be purely of pathogenic nature, but further studies showed

that it could be also detected in healthy patients.”4!

1.3 Scrapie Prion Protein

The scrapie prion protein is the misfolded and toxic form of the cellular prion protein. A known
property of the misfolded proteins is that they tend to aggregate. Just as the PrPS, it is encoded
by the PRNP gene and furthermore it is tagged with the same PTM’s. However, the structure
of the two variants is distinguishable and they differ in their biochemical and physiological
properties.®>*? It remains rather challenging to get a high-resolution structure of the Prp**
because of its aggregation potential and consequently its insolubility.*? Nevertheless, a few
methods were performed to get lucidity about the structure of the infectious protein. Based
on cryo electron microscopy (Cryo-EM) and 3D modeling®, a four-ring beta-solenoid structure
was determined for the PrP%c. The 3D-reconstruction allowed to determine the average
molecular height of a single PrP¢ as 17,7 A.***> The presence of a four-ring B-solenoid was
identified by X-ray fiber diffraction of the brain-derived PrP 27-30 core as well, supporting the
underlying structure even more.***® Furthermore, the outcome of biophysical methods such
as FTIR-spectroscopy and CD spectroscopy revealed a high R-sheet content of PrP>.47-4° The
output of all these experiments recommends a secondary structure content of 50% B-sheet-
and 50% random-coil loop for the PrP 27-30 core, which would fit to a four-ring B-solenoid
structure connected by unstructured loops.** In this model the R-solenoid composition
stretches from the N-terminus to the C-terminus, including the amino acids from position 90
to 230. As previously found, treatment of brain derived PrP 27-30 samples with PK results in
degradation of amino acids up to the position 86-98 (depending on the strain).”** These
results support the local range of the four-ring B-solenoid and in addition it indicates that the
N-terminal region is not part of the prion domain, thus not infectious.***° However, these
claims are at odds with the assumption that the B-solenoid rings are connected with
unstructured random coils, since these could be targeted by nonspecific protein kinases. One
possibility would be that the B-solenoid structure is extremely compact and the intermediate
spaces are not accessible to kinases.”**>* However, this has been refuted since secondary
cleavages of PrP5¢ have been determined by using a variety of binding antibodies. Thereby the
cleaving fragments have been identified.>>>>>’ An unambiguous elucidation of the structure
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of the infectious protein turns out to be difficult for another reason. There are obvious
differences in terms of susceptibility to protein kinases between distinct prion strains. Prusiner
and coworkers have found a bank vole prion strain (1109) which was overexpressed in
transgenic mice and that ultimately led to a spontaneous neurological dysfunction. The
transgenic mice showed common symptoms of prion disease, but to their surprise, the
treatment of brain homogenates from the spontaneously ill, transgenic mice with PK induced
digestion of the prion proteins.>®>° Again, it was Prusiner who was able to identify structural
variations and biochemical parameters that contribute to the diversity of prion strains. These
variations include the extent of protease resistance, conformational stability, differences in
glycosylation patterns and the electrophoretic mobility of proteolytic fragments.®® This
illustrates the difficulty of determining a uniform high-resolution structure once more, since a

multitude of factors contribute to the structure of a specific prion strain.

The four-ring R-solenoid structure gained much attention due to the detection via X-ray fiber
diffraction and Cryo-EM, yet there are still other theories about the structure of the scrapie
prion protein circulating among scientists. There exists a model which is called the parallel in-
register intermolecular beta-sheet (PIRIBS). The name refers to the stacking behavior of the
PrP molecules. Each prion protein stacks perfectly on top of the previous PrP molecule in
register. The PIRIBS model shows similarities to the solved amyloid structures, however a
single PrP molecule contributes 4,8 A to the molecular height in this model, resulting in a
deviation to the height measurements of the Cryo-EM and 3D-remodelling. Another weakness
of this theoretical structure is that the described dense stacking of the PIRIBS model would

not tolerate the bulky glycosyl side chains of Prp.4>-46:61

With the underlying theories and the resulting possible structures of PrP¢, investigation of the
propagation mechanism of PrP>¢ has been started. The four rings of the R-solenoid show a
contiguous pattern in composition with each the lowest- and the uppermost ring containing
an unpaired R-sheet. These unpaired sites can interact with any amyloidogenic peptide by
hydrogen bonding. This allows an unfolded PrP molecule in close-proximity to interact with
the lower- or uppermost rung of the B-solenoid, thereby folding the protein and attaching
another rung (Figure 2). This mechanism can then be repeated three more times resulting in a
new B-solenoid. The newly generated 3-solenoid may function as a further template for a new

unfolded PrP molecule.
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Pre®t monomer
[theoretical)

PrP* dimer
(thearetical)

Figure 2: A theory model for the propagation mechanism of PrPS° assuming that it forms a B-solenoid four-ring
structure. The image was taken from Wille & Requena.**

However, this should only give a brief insight into the studies on the conversion from PrP¢ to
Prpsc.6263 The mechanism of the conformational change remains still needs to be elucidated

and is discussed in more detail in the section 1.5.

1.4 Physiology of the cellular prion protein

As mentioned in the previous chapter, the prion protein is mostly known because of its
connection to prion diseases, whereas the main biological function of the benign prion protein
in the central nervous system remains enigmatic. To gain more knowledge about the
physiological function of PrP¢, the expression levels in different cell types and the localization
of the protein were examined.>3° Neurons and glial cells in the central nervous system (CNS)
show increased expression in contrast to other cells. Immunocytochemical studies by light-
and electron microscopy in primates, as well as the investigation of transgenic mice, which
expressed an enhanced green fluorescent protein (EGFP)-tagged PrP¢, revealed that PrP¢ is
primary located along axons and the pre-synaptic terminals of neurons.®*% To some extent it
is also found in postsynaptic structures. These studies suggest that the function of PrP¢ might
be to regulate the synaptic transmission and plasticity, thereby retaining the common synaptic
structure. This is consistent with the early stages of prion diseases, in which synaptic

dysfunction and synaptic loss are significant events in further disease progression.®73
7
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Therefore, experiments with PrP¢-deficient mice (ZH1, Edbg) were performed. It has been
shown that these mice exhibit reduced long term potentiation (LTP) in hippocampal Schaffer
collaterals and they displayed weakened inhibitory effects in the gamma-aminobutyric acid
(GABA) dependent synaptic transmission.’#’> The term synaptic plasticity describes the ability
to respond to recent activities with a change in its strength. LTP is related to synaptic plasticity
as this effect influences learning and memory in the hippocampus. Therefore, impaired or
reduced LTP could lead to cognitive deficits and this in turn could assign PrP¢ a role in memory
formation.”® However, this functional assignment is controversial, as previous experiments did
not provide clear evidence for it.”” The cellular prion protein is also linked to the regulation of
the circadian rhythm. More precisely, the presence of PrP¢ is connected to sleep homeostasis
and sleep continuity. Thereby, the loss of function might lead to the disruption of the sleep
pattern, which is a prominent symptom of neurodegenerative diseases such as FFI.”®7° This
was partially confirmed by experiments with PrnpZ"/2f1 and co-isogenic Prnptdbe/Ede mice as
they showed an altered circadian rhythm, increased sleep fragmentation and increased slow

wave activity.®°

There are other possible functions for PrP¢ that may arise from its interaction with molecular
partners.3® For example, the cellular prion protein is involved in reducing the cellular
excitability. The interaction with a subunit (DPP6) of the voltage-gated potassium channel 4.2
increases and prolongs the current of it.8! Additionally, it has been reported that the wild-type
PrP¢ and a mutant PrP¢ induce calcium homeostasis in neurons of transgenic mice by co-
immunoprecipitation with a subunit (a26-1) of the voltage-gated calcium channel (VGCC). %It
was reported that the triggered calcium homeostasis accompanied by deficits in the VGCC
current led to reduced slow after hyperpolarization (sAHP) in the PrP¢-deficient mice.
Furthermore, it was observed that the mutant PrP¢ affects the trafficking and the binding of
the auxiliary subunit a26-1 to the VGCC, whereas the physiology of the wild-type in this
interaction is not identified yet. In this context with the sAHP induced neuronal firing, it was
shown that increased neuronal excitability in the hippocampus of the transgenic mice also
results in an increased vulnerability to kainate-induced seizures.3%83-84 |n PrPC-deficient mice
the interaction of PrP¢ and the kainic acid (KA) receptor subunit GIuR6/7 is missing, ultimately
resulting in the upregulation of KA-receptors and enhanced neurotoxic signaling.8>%” More
detailed studies have demonstrated that the cleavage of PrP¢ is enhanced under ischemic
conditions. The resulting N- and C-terminal fragments show a neuroprotective function. For
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example, the N-terminal cleaving fragment (N1) seems to inhibit the staurosporine-induced
Caspase-3 activation as it was shown with pressure-induced ischemia in the rat retina.®2 In
combination with further studies®®®!, these results propose a linkage of PrP¢ to

neuroprotection against excitotoxic occurrences.

In other studies, it has been observed that the cellular prion protein is already expressed in
the early stages of murine embryonic development.?>®3 It was found that in PrP¢ knockout
mouse embryos, a wide variety of genes showed increased expression. In contrast the
transcription rate of these genes was negligible in adult organisms.®*®> Based on a
transcriptome analysis, it seems that PrP¢ is involved in development processes, as the
increased transcription of several different genes apparently compensates the absence of

Prpc.%

In experiments with five different PrP®-knockout strains (e.g., PrnpZH3/ZH3) it was
demonstrated that PrP¢ probably fulfills a function in the peripheral nervous system. The PrP¢-
deficient mice developed a late-onset peripheral neuropathy, which is eventually triggered by
disrupting the structure of the peripheral myelin. More particularly, the N-terminal
polycationic cluster of PrP¢ is cleaved in the neuronal system, which enables the binding of
the fragment to the G-protein coupled receptor Adgrgé (Gprl126) on Schwann cells. This
fragment-receptor interaction induces promyelinating cAMP response. These findings suggest
that the physiological function of the cellular prion protein includes the maintenance of
peripheral myelin. Furthermore, the N-terminal fragment of PrP¢ might serve as a clinical drug

candidate for peripheral chronic demyelinating polyneuropathies. °4°7-98

1.4.1 Trafficking of the cellular prion protein

During the synthesis of PrP¢, it is first translocated in the endoplasmic reticulum (ER). The N-
terminal signal sequence enables the interaction with the signal recognition particles (SRP) in
the ER. Once the signal sequence has served its purpose, it gets cleaved off and additionally a
GPl-anchor is attached to the C-terminal serine.®>'%° Depending on the subsequent
localization and associated biological function, four distinct isoforms of the cellular prion
protein during synthesis are possible. These isoforms are denoted as *¢°PrP, ©™™PrpP, N'MPrp and

cyPrP. The secretory prion protein (**¢PrP) is the predominant isoform thereby it is recognized
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by the molecular transport machinery and directed to the plasma membrane. Rarely, not the
N-terminal domain but the internal hydrophobic domain interacts with the translocon in the
ER. This distinct domain interaction results in the ““PrP isoform, in which the N-terminal
sequence is located in the cytosol with the GPI-anchor projecting into the ER membrane. If
the domains are oriented in the exact opposite and the GPl-anchor is absent, it is stated as
Ntmprp jsoform. The fourth isoform (cyPrP) is generated due to a flawed translocation into the
ER, resulting in the accumulation of the protein in the cytosol during ER stress. If the
processing of PrPC is properly finished in the ER, the protein is transported to the Golgi.1%10
In this cell compartment, the side chains of two asparagine residues (position 181 and 197)
get N-glycosylated.3! Once these modifications are examined, the PrP¢ is further transported
to the cell surface, where the GPl-anchor tethers the protein to the plasma membrane. It
depends on the GPl domain to which region of the plasma membrane it is attached. For
example, the GPI domain of PrP¢ can also be anchored to lipid rafts, which are known for
containing a high amount of cholesterol and sphingolipids.3%19? |n this membrane-bound
state, PrP¢ can undergo further modifications. It can be cleaved at three different target sites
(a-, B- and y- cleavage) by proteolytic enzymes or it is detached from the GPl-anchor in a
molecular process called shedding. These cleavage processes may influence physiological and

pathological events of the prion protein.10%103

The correct destination of PrPC is reached due to intracellular trafficking which is mediated by
specific transport vesicles. These vesicles are mandatory for passing endocytic and secretory
membrane systems.194106 Depending on the cell type and the associated modes of
internalization, the cellular prion protein is part of various signal mechanisms.'%”:1% The major
pathway for PrP® internalization is called “Clathrin Mediated Endocytosis” (CME).10>10%
Clathrin is a large, oligomeric protein which can be incorporated into the inner surface of the
plasma membrane. There the proteins assemble to a lattice structure, causing the membrane
to invaginate, thus Clathrin-coated vesicles (CCV) are formed.'° It was shown that the PrP¢
interacts with cellular membrane receptors and proteins such as the laminin receptor
precursor (LRP) and the low-density lipoprotein receptor-related protein 1 (LRP1) via its C-
terminal GPl-anchor. It was revealed that both LRP and LRP1 are essential components in the
intracellular uptake of CME of the PrP¢, as these are internalized by CCV. Lipid rafts are in close
contact with the PrP¢ vesicles during the whole CME process, suggesting that these regions
are the major interaction sites.10%111-113 | further studies it was shown that impaired clathrin
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formation and the disruption of lipid rafts with drugs like filipin and nystatin results in a stop

of the intracellular uptake of Prp€.114

Figure 3: Synthesis, cellular location and endocytic transport of PrPC.

The figure was taken from Alves et al.'®The window in the lower right corner shows the four different isoforms
(°PrP, PP, N"PrP and cyPrP) that may form during the synthesis in the ER. Pathway 1 features the clathrin-
mediated endocytosis in which the interaction of PrP¢ and LRP or LRP1 takes place. Pathway 2 shows the
caveolae-mediated endocytosis that includes the interaction with dynamin or caveolin-1. In pathway 3 the Cu?*-
mediated endocytosis can be observed. With the assistance of LRP1 the N-terminal domain of PrP® can bind to
copper ions, resulting in the internalization. Each endocytic pathway is related to a specific Rab protein (GTPase
family). These proteins define, if PrPC is either sorted to the early or late endosome.!%

However, there are other studies, in which it was found that intracellular uptake of PrPC is
possible independently of clathrins. The internalization of PrP¢ can occur in specific lipid rafts
regions called caveolae. More precisely said, caveolae are membrane invaginations in which
PrPC is enriched. In this distinct pathway PrP¢ is linked to dynamin or caveolin-1, two
transmembrane proteins, which allow the internalization and further enable PrP¢ to be
delivered to the late endosomes and lysosomes.’® It was shown that the interaction of
endocytic PrP¢ and the stress inducible protein 1 (STI1) play a key role in the activation of

extracellular signal-regulated kinases 1/2 (ERK1/2) mediated signaling. This was demonstrated
11
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by experiments involving hippocampal neurons, which carried a PrP®-mutant that lacked
endocytic activity. In these cells the ERK1/2 mediated signaling was perturbed.!!> In addition
to the role of PrPCin the signaling pathway of ERK1/2, it was reported that the interaction with
the caveolin-1 activates the protein tyrosine kinase p59fyn in caveolae during neurite
outgrowth.!'® However, this activation only works properly in cooperation with the p42/44-
ERK1/2 mediated signaling, again highlighting the importance of PrP¢ in these molecular
pathways.'!” Furthermore, it is assumed that PrP¢ guides the neuronal receptor NCAM to the
lipid raft region, thereby supporting the p59fyn activation.'*® The major internalization

pathways of PrP¢ can be observed in Figure 3.

Summarized, the processing during the biosynthesis of PrP¢ and the thereby resulting
allocation of the domains is an essential step for the correct trafficking of PrP¢ to the target
location. The internalization, mediated by clathrin-coated vesicles, caveolae or Cu?* ions leads
to the interaction with various binding partners and triggers the activation of different

signaling pathways.

1.5 Conformational change: PrP€ to PrP5 conversion

Even though a considerable amount of data on the cellular- and scrapie prion protein is now
available, it has not yet been possible to determine the exact mechanism for the propagation
of the infectious prion protein.! Back then in vitro experiments were performed, to learn more
about the autocatalytic conversion from PrP¢ to the protease-resistant form (PrP's). By using
the method of protein misfolding cyclic amplification (PMCA) it was tried to convert
recombinant prion proteins. In comparison with the brain derived PrP¢ the respective
infectivity levels were lower since the recombinantly expressed prion proteins were lacking a
GPl-anchor.38 In further studies with transgenic mice similar results were observed. In turned
out that the aggregated prion proteins in scrapie-infected transgenic mice were not a common
protease-resistant form but an amyloid plague. These transgenic mice expressed prion
proteins which lacked the GPl-anchor, proposing an important role of the PrP GPl-anchor in
the development of prion diseases.!*® Prusiner and coworkers demonstrated by experiments
with transgenic mice expressing Syrian hamster and mouse prion proteins, that the interaction

of the homologous PrP¢ and the scrapie prion protein induces prion synthesis.12°
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As it was shown that PrP knockout mice did not develop any signs of scrapie infectivity, the
presumption that the rate of PrP> formation is directly proportional to PrP¢ expression
seemed to be valid. These findings were in line with the “protein-only” hypothesis.*?1-123 Based
on this theory two models which should describe the conversion from PrP¢ to PrP> are
discussed nowadays: The template-directed refolding model described by Prusiner!?* and the
seeded nucleation model proposed by Jarret and Lansbury!?®>. The mechanism of the

conversion can be observed in Figure 4 for both models.

template-directed refolding amyloid

Prp° O

4

Sc ;
PrP Q Slow wY

infectious

seed amyloid

seeded nucleation infectious seed

Figure 4: Theoretical model for the PrPC-PrP5¢ conversion. The template-directed refolding mechanism can be
observed at the top, whereas the seeded nucleation model is shown at the bottom. The figure was modified from
Aguzzi and Callela'® by Hackl & Becker'.

In the template-directed refolding mechanism the spontaneous conversion of a cellular prion
protein monomer to a PrP> monomer is prevented by a high-energy barrier. It is suggested,
that for the conversion an interaction of an already stable PrP> monomer and PrPCis required.
The generated PrP>¢-dimers subsequently aggregate to form larger amyloid plagues. However,
these amyloid plagues are not considered essential as they are not associated with the
propagation of the disease.?* There might be some doubts about the template-directed
refolding model, as until now there is no clear evidence of stable PrP> monomers since the
misfolded proteins tend to form insoluble aggregates.’?® The seeded nucleation model

assumes that there is a reversible thermodynamic equilibrium between the two distinct
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monomers. The thermodynamic equilibrium shifts towards the PrP> monomer formation, if
there are stable oligomeric PrP> aggregates, or also called infectious seeds, present. As a
result, more infectious seeds are slowly formed. These then rapidly aggregate to form larger
amyloid plagues. In this model, it is proposed that these amyloid plague fragments turn again

into infectious seeds for further spread of the neurodegenerative disease.?®

Besides the previously mentioned PMCA technique, it was achieved to develop another
method to convert PrP¢ to PrP*C in in vitro systems by Caughey and coworkers'?’. In their
approach, which is called cell-free conversion (CFC) assay, an excess of unlabeled PrP¢ is
mixed with PrP¢ to obtain protease resistant and radioactive prion proteins (PrPres).1?7:128
These experiments were the first to generate PrP> from recombinantly expressed prion
proteins and since the in vitro PrP propagation mimics the species and strain specificity of
in vivo transmissible prions, conclusions could be drawn about structural properties with
respect to the species barrier.12>131 The disadvantage of the method is that a large amount of
infectious prion proteins (PrP¢:PrP¢ 50:1) are required to induce in vitro prion propagation,
making it unfavorable for de-novo generation of infectious particles.’® However, the CFC
assay offers other potential applications, such as screening experiments that may reveal

structures that inhibit the PrPC-PrP5¢ interaction.133.134

In experiments with PrP and 1-palmitoyl-2oleoyl-sn-glycero-3-phospho-(1’-rac-glycerol)
(POPG) lipids performed by Wang et al?*®, it was shown that under physiological conditions
these negatively charged lipids induce a conformational change to PrP>-like version. Based on
these results, it was important to focus on the proposed primary site for the interaction, the
plasma membrane. Naslavsky et a/*3> demonstrated that both PrP isoforms are connected to
Triton X-100-insoluble, low-density complexes or “rafts”. Furthermore, they did Triton X-100
extraction at 37°C with a scrapie-infected ScN2a cell clone and brain of a Syrian Hamster with
scrapie. They observed two different peaks of different density for PrP¢ and PrP>¢, proposing
that PrP¢- and PrP>¢ associated rafts have distinct characteristics.'3> Campana and coworkers®®
also believe that rafts are important for the PrP¢ conversion to PrP>¢, but they suggest that the
molecular factors that trigger an interaction of PrP and rafts need to be defined more clearly.
Furthermore, the scientists state that although they believe that these specific membrane
domains are essential for stabilizing the structure of PrPC¢, the interaction with PrP> occurs

only once PrP¢ is separated from the rafts.®® Further investigations on this topic were made

by Baron et al*3®, as they reported that the conformational change of PrP¢ takes place on
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membranes that are associated with both PrP isoforms. This would suggest that the two
isoforms are inserted in close distance within the membrane, which is in contradiction with
the previously mentioned findings!3” in which it was stated that PrP¢and PrP*¢ are attached to

two distinguishable lipid rafts.

In studies with model lipid membranes, it was shown by tryptophan fluorescence that PrP,
which isrich in B-sheets, is prone to bind to negatively charged lipid membranes, whereas PrP,
with an alpha-helical structure, more likely tethers to raft-like membranes.’*’ As it is described
in several studies, the GPI-anchor is crucially involved in the lipid raft association and therefore

it plays an important role in the conformational change of Prp¢,1:138139
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1.6 Solid phase peptide synthesis

The method of solid phase peptide synthesis (SPPS) was invented by the American chemist
Bruce Merrifield in 1963.14° Merrifield won the Nobel Prize for his innovative approach 21
years later.'*! The technique of SPPS is utilized to synthesize peptides with a solid material, or
also known as resin, as a starting material.2** A commonly used resin is polystyrol crosslinked
with 1% m-divinyl benzene. The first amino acid is connected to the resin via a cleavable linker
and is N-terminally protected by a chemical compound called protecting group. The
attachment of the first amino acid can be done manually but pre-loaded resins are nowadays
commercially available. The synthesis direction of the elongating peptide chain is usually from
the C- to the N-terminus, making it mandatory to employ N-terminal protecting groups.
Widely used N-terminal protecting groups are fluoren-9-ylmethoxycarbonyl (Fmoc) and tert-
butyloxycarbonyl (Boc). Additionally, the amino acids require orthogonal protecting groups
for the functional chemical groups of the side chains. The term orthogonal conveys that the
specific removing condition of a single protecting group does not affect the remaining ones.
During synthesis amino acids are attached step by step to the resin in a repeated cycle stated
as “coupling” until the desired sequence is accomplished. Thus, the synthesis of the peptide
chain is driven by the addition of constituent amino acids and the selective removal of the
respective N-terminal protecting group.'*2 The flow of the cycle is listed as follows:

1) Removal of the N-terminal protecting group with suitable deprotecting reagents

2) Washing step (a commonly used solvent is N,N-dimethylformamide (DMF))

3) Addition of the next N-terminally protected amino acid (the C-terminus of the freshly

added amino acid has to be activated first via appropriate reagents)
4) Washing step (repeat step 1-4 until the synthesis of the desired sequence is
accomplished)
5) Afterthe coupling of the last amino acid, subsequent the cleavage of the peptide chain

from the resin and removal of the remaining protecting groups accomplished in a
process stated as final cleavage.

1.6.1 N-terminal protecting groups

An essential feature in SPPS is the protective chemistry and as shortly mentioned before, two
already well-established protecting groups in the procedure of SPPS are Fmoc and Boc. The
Fmoc-strategy is sometimes preferred over the Boc-strategy as the cleavage conditions are
milder (base-catalyzed) and it is compatible with the usage of orthogonal protecting groups,

since their usual removal requires acidic conditions.**? However, an advantage of the Boc
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protective chemistry is an increased efficiency in longer peptide sequences even included in

automated synthesis as it is stated by Schnélzer et al.*4*

The deprotection of Fmoc is an elimination reaction of the first order and the reaction
proceeds with the addition of the base. The addition of piperidine, usually 20% (v/v) piperidine
in an organic solvent, removes a proton at the ring structure of the protecting group, thereby
producing a reaction intermediate with a negatively charged carbon. Subsequently, cleavage
of the Fmoc protecting group occurs and carbon dioxide is released, resulting in the remaining

amino acid with the amenable N-terminus.142

The deprotection of the N-terminal Boc protecting group is mediated by using an acid.
Commonly used acids are concentrated muriatic acid (HCL) in toluol or trifluoroacetic acid in
DCM. The underlying deprotection mechanism is categorized as an elimination reaction of the
first order. In the first step, the carbonyl oxygen acts as a nucleophile, as the lone pair attacks
the proton of the acid. Then two electrons (one bond) of the double bond shift back to the
oxygen so that the intermediate positively charged oxygen returns to a neutral charge state.
This process is accompanied by two other electron shifts, thereby removing the tert-butyl
group. Finally, the volatile products carbon dioxide and isobutylene are released as the

deprotected amino acid remains.4?
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1.6.2 Orthogonal protecting groups

It is important to consider which protecting groups will be used for the side chains, before a

peptide synthesis is started. Of course, this depends on the selected sequence and the chosen

N-terminal protecting group. Table 1 shows a list of popular side chain protecting groups,

including their structure and the respective deprotecting condition.

Table 1: Commonly used side chain protecting groups.

The table was taken from Palomo.

142

Amino acid Protecting group Structure Deprotection conditions
9
Pme Bﬁ 8] 90-95% TFA in CH,Cly, 2-4 h
Q
Arg
? 90% TFA in CH,C1,/TIS, 1 h (] ti i Itipl
Pbi '3'5 o in CH,CL/TIS, 1 h [longer times in multiple
i Arg containing peptides)
‘:E.D
Asp/Glu O'Bu \ﬁ 90% TFA in CHzClz, 30 min
Asn/Gln Trt é Q 90% TFA in CH,Cl,, 30-60 min
Mt é Q 1% TFA in CH,Cl;, 60 min
O
Trt 0% TFA in CH,Cl;, 30 min
¥
I s 3
§'Bu \’< TEMSA
His Met 15% TFA in CHCly, 1 h
Trt 0% TFA in CH,Cl,, 30 min
55“ (8]
Boe K 90% TFA in CH,Cl;, 30 min
o]
Lys/Om Boc 0% TFA in CH,Cl,, 30 min
Mt 1% TFA in CH,Cl,, 30 min
FS‘J o“\..ﬂ/\-.
Alloe = Pd(PPhs), (5 mol%s), PhSiH;, THF/CHLOH, 12 h
(o}
Iy ] B " " .
Ser/Thr Bu 1< 90% TFA in CH,Cly, 30 min
Trt 1% TFA in CH,Cl;, 2 h
Trp Boc 95% TFA in CH,Cl;, 1 h
Alloc Pd(FPhs), (5 mol%), methylanilin,
DMSO-THF-0.5 M HCI (1:1:0.5), 8 h
Tyr T 2% TFA in CH)Cly
‘Bu 35% TFA in CH,Cl;
Alloc Pd(PPh;), (5 mol:), PhSiH;, THF/CH;0H
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1.6.3 SPPS Linkers

Linkers are chemical compounds that are utilized in SPPS to connect the peptide chain and the
resin. Thereby the structure of the linker is crucial in deciding which protecting group
chemistry to use for the synthesis. Furthermore, the final cleavage condition of the peptide
chain depends on the chemical properties of the used linker. As already mentioned at the
beginning of this chapter, a frequently used resin for SPPS is polystyrene. Therefore, a variety
of linkers have been designed specifically for polystyrene over the past few years. Most of the
widely used resins are cleaved under acidic conditions (e.g. Wang Resin or MBHA resin)
favoring Fmoc chemistry. In Table 2 a list of common resins, including their structure and the

respective cleavage condition, can be observed.

Table 2: Popular resins for SPPS.
The table was taken from Palomo.'#?

Resin name Resin structure Cleavage conditions Peptide product

OH
Wang resin o_@_/o ( ; 90-95% TFA in CH,Cl, 1-2 h Acid

OH
0 Ohle 1-5% TFA in CHaCla
Rink acid resin o_@_/ 5-15 min or 10% AcOH Acid
in CHyCly, 2 h
OMa

o
HMPE resin HNJ\/\/O\Q/OM“ 1% TFA in CH,Cl, 2-5 min Acid
o < } OH

Cl
2-Chlorotrityl chloride resin . O cl 1-5% TFA in CH,Cl; 1 min Acid

OH
. - o] a e _ ) .
SASRIN resin Q_G_/ 1% TFA in CH,Cl; 5-10 min Acid
OMe

NHFmoc

0 O OMe
Rink amide resin Q_O_/ O 50% TEA in CH,Cl, 1 h Amide

MBHA resin Q HF0"C,1h Amide

CulOAc),, pyridine, acetic acid,

o]
Hydrazine resin HN i Acid, ester, amide
yeme o—@—/ )LQ -NHFmoc nucleophile in CH,Cl; or THF ! *
N
H

0, o 1. ICH2CN/DIPEA/NMP, 24 h
o] s ; X
W 2. Nucleophile, DMAP, 24 h . .
S"‘NH Acid, ester, thioester,

Sulfonamide resin J : HN 2 amide, efc.

o NaOH, N;H,, NH; in . P J_—
. MeOH 24 h Acid, hydrazide, amide
HMBA resin HN ROH Ester
Q_Q_' OH LiBH, Aleohol

o

J_o o
PEGA-BAL resin o_',*" H\){\ TFA-TFMSA (19 : 1) Acid

NH,
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1.6.4 Activation of amino acids

Before the addition of each amino acid to the reaction vessel, it is essential to activate the a-
carboxyl group first to enable a quick and quantitative amide bond formation. This is
accomplished by treating the amino acid with a coupling reagent. A substance group that was
initially used for peptide synthesis were the carbodiimides.* The molecule
dicyclohexylcarbodiimide (DCC) was used by Merrifield**! for solution peptide synthesis back
then. However, since the byproduct dicyclohexaurea, formed out of DCC, was insoluble in
organic solvents, it could not be utilized for peptide synthesis on resin. An alternative is
provided with diisopropylcarbodiimide (DIC) since the respective urea byproduct is soluble
and remains in solution. The disadvantage of using DIC as a coupling reagent is that
racemization has been observed. The formed byproduct O-acylisourea is quite reactive,
thereby affecting the chiral integrity of an amino acid. As the performance with carbodiimides
brings along the mentioned problems, it was searched for different alternatives. The
development of onium (aminium, uronium and phosphonium) salts introduced another
possibility for coupling reagents.!* Two commonly used salts are N- [(1H-Benzotriazol-1-
yl)(dimethylamino)-methylene]-N-methylmethanaminium hexafluorophosphate  N-oxide
(HBTU) and N-{(Dimethylamino)-1H-1,2,3-triazolo  [4,5-b]-pyridino-1-ylmethylene}-N-
methylmethan-aminium hexa- fluorophosphate (HATU). In terms of the structure HATU is
similar to HBTU, however it reacts faster and during coupling there are less problems with
epimerization.'* The coupling with onium salts is accompanied by the presence of the
chemical 1-hydroxybenzotriazole (HOBt) and a base, usually N,N-diisopropylethylamine
(DIPEA).**2 DIPEA or also called Hiinig’s base is a suitable compound as the lone pair of the

amine can only attack a single proton due to the steric hindrance.

In the first step of the HATU activation the negatively charged oxygen of the carboxy terminus
operates as a nucleophile and attacks the double bond of HATU. Further electron shifts lead
to the release of tetramethylurea and the activation of the carboxy terminus. With the
addition of the activated amino acid to an amine or the already synthesized peptide chain a
reaction intermediate (O-Acyl(tetramethyl)isouronium) arises. In the end an amide bond
between the amine (or the N-terminus of the peptide chain) and the carboxy terminus is

formed.'*2 The structures of the required reagents are shown in Figure 5.
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Figure 5: Chemical structures of the compounds required for the carboxy terminus activation of an amino acid.
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1.7 Semisynthesis of proteins

Protein semisynthesis is a method in the field of protein engineering in which recombinant
and synthesized polypeptides are chemo- and regioselectively combined. It is still difficult to
produce membrane proteins and proteins that contain specific posttranslational
modifications by utilizing only recombinant expression. This is where the semisynthesis
approach shows its remarkable capability, because the access to the primary structure of most
proteins can be achieved via the combination of the tools of synthetic organic chemistry and
molecular biology. Thereby, it is possible to modify the sequence of the native protein, if

required.14

The nomenclature protein semisynthesis was first mentioned in the context of an approach in
which the proteolytically or chemically cleaved fragments of a natural protein were utilized
for a re-synthesis of the protein.*® It was already reported in 1974 that the chemical cleavage
with cyanogen bromide (CNBr) of the pancreatic trypsin inhibitor results in fragments that
spontaneously condense to re-form the amide bond of the natural protein.'4” The method of
protein semisynthesis also includes site-specific modifications of natural proteins. The
incorporation of such modifications was accomplished as well by using other protein labeling
methods that are partial or completely selective. For example, there exists the standard site-
directed mutagenesis, a technique which introduces a unique cysteine at a precise position in
the target protein, thereby enabling selective derivatization of the thiol-group with thiol-
reactive compounds.'® A major part of protein semisynthesis includes the regioselective
ligation of the polypeptide fragments. In another biochemical approach, the reverse-
proteolysis strategy, the ligation is accomplished by the usage of proteolytic enzymes. Thereby
the reaction conditions are adjusted in way that the aminolysis of the arising acyl-enzyme
intermediate is favored over hydrolysis. High concentrations of organic solvents such as DMF,
acetonitrile or glycerol are preferred to set up appropriate reaction conditions for the reverse-
proteolysis approach. The peptidyl-enzyme intermediate and the second polypeptide
fragment get linked to each other with the formation of an amide bond during the

reaction.148149

As the re-formation of the protein with fragment condensation is often accompanied by
insolubility of the protected peptide building blocks, it was looked for different methods. In

the chemical ligation approach unprotected fragments are chemoselectively joined together,
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thereby the total synthesis of the protein is accomplished.'#® In the 1990s it was shown that it
is possible to synthesize a full-length protein via chemoselective ligation in the Kent
Laboratories.’>® They managed to assemble the HIV-1 protease by using two unprotected
peptide fragments, which were used as a starting material. In the chemical reaction it was
accomplished to form a thioester bond between the educts.'>® Over the years there were
developed further chemical ligation approaches besides the thioester ligation. These are

based on thioether!>!, oxime/hydrazone'>?1>* and amide®>>1>2 derivates.

Kent and his collaborators'®>> were able to improve their method by introducing the natural
peptide bond at the ligation site via a reaction of two unprotected synthesized peptides in
aqueous solution (Scheme 1). In the first step of the native chemical ligation reaction, the thiol
group of the N-terminal cysteine operates as a nucleophile and attacks the second peptide
fragment at the a-thioester. This process is stated as reversible transthioesterification and
occurs at physiological pH. Then an amide bond is generated at the ligation site due to a
spontaneous intramolecular SN acyl shift. The spontaneous S=>N acyl transfer was first
discovered by Wieland et al.!® in experiments with amino acid derivates in the 1950s and

since then it has been exploited for such ligation approaches.46:1>°

e,
103
HzN NH
R
Reversible transthioesterification -R-§

H \/NHZ

Scheme I: The reaction mechanism of the Native Chemical Ligation (NCL).
The scheme was taken from Muir et al.'*®
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So, the only requirement for the NCL includes the appearance of the essential reactive groups,
the N-terminal cysteine or the a-thioester.'® The introduction of an N-terminal cysteine into
a recombinant transcription factor (AP-1) via mutagenesis was reported by Verdine and
coworkers!®®16l thereby confirming the potential implementation of the native chemical
ligation for semisynthesis purposes. Nowadays a simple approach to produce recombinant
proteins with a N-terminal cysteine (a-Cys) is to utilize exogenous proteases in in vitro
experiments. In this procedure a Xa recognition sequence is introduced right in front of the
amino-terminal cysteine in the target protein. The recognition sequence is removed by
treating the recombinant proteins with the appropriate protease, thereby generating the

desired a-Cys proteins.1®®

However, it was still searched for an optimized approach to produce polypeptide a-thioesters.
In the context of natural chemical ligation, the naturally occurring process of protein splicing
gained importance and through intensive efforts in the field of biotechnology this process
could be exploited to generate a-thioesters at the C-terminal end of a polypeptide.® In
general, protein splicing is a posttranslational process which includes a few intramolecular
rearrangements and internal reactions of a precursor protein. The precursor protein consists
of a middle segment, stated as intein, which is flanked by two segments termed exteins. The
protein splicing of the precursor proteins finally lead to the exclusion of the intein segment,
thereby ligating the two exteins. The mechanism can be seen in Scheme 2. The first step in
protein splicing involves again a N=>S acyl transfer, resulting in a shift of the N-extein to the
side chain thiol- or hydroxyl group. The new location of the N-extein is at the N-terminus of
the Intein. The reaction is followed by transesterification step, which means that the N-extein
segment is transferred to a second conserved Cys/Ser/Thr residue located at the interspace
of the intein and C-extein segment. Thereby a branched intermediate is formed, which
interacts through a cyclization reaction with a required asparagine residue at the C-terminus
of the intein. At this reaction step, the intein is removed and remains as a succinimide derivate.
The last steps involve a SN acyl shift and the resulting amide bond formation between the

two extein segments.162163
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Scheme 2: Natural mechanism of protein splicing.
The scheme was taken from Muir et al.'%®

With the knowledge of the protein splicing mechanism, the introduction of the C-terminal a-
thioester was accomplished by utilizing inteins that carry beneficial and targeted mutations.
To avoid the intein exclusion and the ligation of the two extein segments, it is required to
interrupt the splicing process after the N=>S acyl transfer. With that in mind, several mutant
inteins (many of them involve the crucial C-terminal intein Asn—>Ala and the N-terminal C-
Extein Cys/Thr/Ser—>Ala mutation) have been developed.®41%7 By using these mutant inteins
the further reaction process is disrupted, the generated thioester bond at the N-terminal
intein side chain residue remains. This is essential, as the intein can now be removed by thiols,
such as sodium 2-mercaptoethanesulfonate (MESNa), whereby ultimately the a-thioester is

produced.4®

As described previously, the two fragments that are required for Expressed Protein Ligation
(EPL) are obtained either through targeted mutagenesis or the modified version of protein
splicing. The usage of a synthetic and a recombinant building block for an altered version of
the native chemical ligation was first reported in 1998 by two research groups. These ligation
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approaches were named differently (Expressed Protein Ligation®®16° or Intein-mediated
Protein Ligation'’®) even though they referred to the same mechanism. The term EPL is
mentioned nowadays, if at least one or both building blocks of the ligation are recombinantly

expressed polypeptides. 14°

From the protein engineering point of view, EPL, and of course any semisynthesis approach,
offer several possibilities to introduce the modification of interest to a small region in the
primary structure of a protein. A frequently used application of EPL is the attachment of a
small tag to the N- or the C-terminus of the protein. These chemical compounds involve
affinity tags'’*1’? or fluorophores'’*1’3, Another scope of EPL is the modification of a native
residue within the protein. This is often a challenge, since the ligation junction must be
determined precisely and it may be that a cysteine has to be introduced via mutation at this
position first. With that in mind the usual procedure includes the preparation of the two
peptide fragments, one chemically synthesized and one recombinantly expressed. This
approach is favorable as only a single ligation reaction is required, once the two segments
have been prepared.’®® The synthetic peptide is usually produced via solid phase peptide

synthesis.}44

The EPL reaction itself can be carried out in two different ways. The first approach is a one pot
ligation, which means that the thiolysis and the native chemical ligation are executed within
the same solution. Even though a one pot ligation sounds favorable in the first place, it brings
along a limitation as the intein must maintain its native structure during the reaction. So, it
diminishes the usable additives which may be required for the ligation. Though, in the course
of time these one-pot ligations have been successfully conducted with detergents’%174
guanidium chloride'” and urea'’® mixed in aqueous/organic solvents!’>. The second type of
EPL is not performed as one pot ligation as the a-thioester is isolated first. This bears the
advantage that a larger variety of additives can be utilized for the ligation reaction. For

example, chaotropes or detergents can increase the solubility of the reactant polypeptides,

resulting in an enhanced ligation yield.'*>

Summarized, protein semisynthesis is a method that allows the production of rather large
proteins, which may possess modifications. It is possible to join at least one recombinant and

one synthetic polypeptide together via the ligation reaction, referred as Expressed Protein
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Ligation. This is indeed an advantage compared to the traditional total synthesis of proteins,

as it is not possible to prepare proteins of this size with the latter method.
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1.7.1 Semisynthesis of prion proteins

For a long time there persisted the major challenge of studies concerning structure and
function of PrP, that recombinantly produced prion proteins were lacking posttranslational
modifications. Consequently, the obtained results had to be taken with a grain of salt.! Back
then the established approach was to prepare heterogenous proteins out of mammalian cell
lines.}””"17% With the knowledge that the cellular prion protein is attached to the membrane
via the GPIl-anchor, several attempts focused on the preparation of membrane-anchored PrP.
Glockshuber et al*8 were able to incorporate recombinantly produced full-length PrP into a
membrane with thiol-reactive phospholipids. The idea behind their work was to gather
information about possible changes in the structure and stability of the recombinant prion
proteins once they are linked to a phospholipid bilayer. However, their findings by far UV-
dichroism suggested that the covalent attachment of the proteins did not alter the structure
substantially.® Pinheiro and coworkers pursued a similar approach in in vitro experiments.!8!
Their strategy focused on the GPIl-anchor, as it plays an important role in the attachment to
the membrane. A GPl-anchor mimic was synthesized in their laboratories and it was
accomplished to couple it to recombinant prion proteins with a C-terminal cysteine. It was
reported that these modified prion proteins bind to artificial lipid membranes and that the
observable structure of the PrP-GPI-mimic construct indicates a similar composition as a PrP,
without the GPI-anchor mimic modification, in solution.'8%181 However, these approaches
were in vitro experiments and therefore it should be kept in mind that complications may arise
in a living organism due to side reactions of the functional thiol group. Baldwin et al'®
chemically synthesized variously modified prion protein variants with a length of up 112 amino
acids via SPPS. For example, their studies have shown that a “mini-prion”, which consists of
106 residues and was produced via native chemical ligation, is prone to undergo a
conformational change to the pathogenic isoform PrP%¢ in transgenic mice. Based on this
result, the research group chemically synthesized PrP106 (sPrP106) and another variant with
a histidine-tag (sPrP106HT) via Fmoc chemistry. The chemically synthesized PrP variants
tended to aggregate and were not immune to proteinase digestion, but other than that the
synthesized proteins were indistinguishable from the recombinant analogs. Their approach to
mimic the GPl-anchor included the linkage of lipophilic groups or biotin to the side chain
residue of a C-terminal lysine that was orthogonally protected during the synthesis. With the

presence of these lipophilic groups the attachment to a cell surface was accomplished.8
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Another research group focused on click and ligation chemistry to connect lipidated peptides

and a PrP segment (aa 214-231).18

With the advancing development in protein semisynthesis, Becker et al*8'°2 managed to
utilize such lipidated peptides as GPl-anchor mimetics by attaching them to recombinantly
expressed prion proteins via EPL or protein trans splicing (Scheme 3). This strategy turned out
to be successful and now allows a simpler access to prion proteins with posttranslational
modifications. In general, designing an appropriate GPl-anchor peptide mimic and the
biophysical characterization of various PrP variants is an ongoing process, that started now
over a decade ago in the Becker Lab. The first approaches regarding the GPl-anchor peptide
mimic were accomplished by Olschewski et al.' In that work two approaches based on the
EPL were performed, resulting in the production of two different variants: a palmitoylated
prion protein and a N-terminally truncated one (aa 90-231). The latter excludes the unfolded
N-terminal domain and is modified at the C-terminus with chemically synthesized peptides
which are palmitoylated. These fatty acid chains show high affinity to DOPC liposomes,
thereby locating the PrP core region to the detergent-resistant domains of cell membranes.*?3
Additionally, these semisynthetic PrP variants involve a tobacco etch virus (TEV) protease
recognition site that offers the possibility to release the PrP from the membrane in a
controlled manner. In the sequence of the chemically synthesized peptides a
polyethyleneglycol polyamide oligomer (PPO) linker that operates as a solubilization tag is
included. The designed EPL strategy involves the recombinant expression of a PrP variant
initially linked to an Mxe GyrA intein and two affinity tags (6x histidine, chitin binding domain)
in Escherichia coli. As previously described in this chapter, the next step includes the cleavage
of the fusion tag by treating the PrP-intein-6xHis-CBD with an excess of a thiol compound. This
procedure results in the generation of a C-terminal thioester. By mixing the PrP-thioester and
GPl-anchor peptide mimic together under EPL reaction conditions, the desired PrPPM is
produced. The second approach relies on the protein trans splicing procedure. Here, the PrP
is expressed in fusion with the N-terminal part of the DnakE split intein, whereas the C-terminal
segment of DnaE is linked to the N-terminus of the chemically synthesized GPl-anchor
mimicking peptide via a NCL reaction.?®* If the two split intein segments are brought together
in a folded state, the two prepared polypeptide fragments spontaneously associate, thereby
triggering the splicing process. As a result, the intein excludes itself and the PrP connected to
the GPl-anchor peptide mimic is generated. The PrPP@™ was used for biochemical studies in
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aggregation assays with respect to PK resistance and thioflavin T (ThT) binding, in binding
experiments to zwitterionic dioleoylphosphatidylcholine (DOPC) liposomes and in extraction
experiments of the cell membrane. The obtained data revealed that the semisynthetically

prepared PrP behaved similarly to the native Prp¢,1%
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Scheme 3: Two different strategies to produce semisynthetic (prion) proteins developed in the Becker Lab.
In A the EPL approach can be observed. Panel B shows the protein trans splicing method. The scheme was
inherited from Olschewski et al.'%

Becker and coworkers*® did improve their strategy even further, as they managed to produce
PrP variants with a native homogenous GPI-anchor. The usage of the designed GPl-anchor is
not limited to prion proteins as it can be applied to other GPl-anchored proteins too. However,
the task of producing a suitable GPI-anchor was not superficial, since it has been reported that
there exist different glycoforms of native PrP GPl-anchors. Unfortunately, the exact linkage
positions and anomeric configurations of the oligosaccharides have not all been identified yet.
With that structural uncertainty in mind, it was rather challenging to design an appropriate
GPl-anchor mimic. A core GPI pseudosaccharide with an a-Man-(1-2>2)-a-Man-(1-2>6)-a-Man-
(1=24)-a-GlcN(1->6)-myo-Ino motif was prepared. Furthermore, the underlying GPl-anchor
mimic structure contained a cysteine residue at the 2-aminoethyl phosphate region. The

cysteine tag is required for the conduction of NCL. Again, by using the EPL reaction, the PrP-
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thioesters could be linked to the synthetic GPl-anchor mimic and after refolding, the structure
was determined by CD-spectroscopy. The obtained CD curves were in line with the results of

the native PrP¢ and PrpPam 188

The disadvantage of the underlying semisynthetic approach involving EPL is that a few
denaturation and renaturation steps are required during the purification procedure of the PrP
thioesters, because the PrP fusion construct mainly distributes into the inclusion bodies in
Escherichia coli. Diminished yields are to be expected as the subsequent refolding process of
the purified semisynthetic PrP variant is another limiting factor. To overcome these problems
regarding the lower total yields of the modified PrP, Chu and Becker'®? developed a different
approach that favors soluble expression of the PrP fusion construct in E. coli. Further work was
done by Chu et al*®> by applying their semisynthesis strategy to produce three different PrP
variants: a full-length FL_PrP (aa 23-231), a N-terminally truncated T_PrP (aa 90-231) and a
variant with the central hydrophobic region deleted ACR_PrP (aa 23-231 with 105-125
deleted). All the three protein types were connected to a membrane anchor at the C-terminus.
It was demonstrated by binding experiments with phospholipid membranes that the binding
behavior from lipidated PrP variants differed to the unmodified PrP. Furthermore, it was
observed that the secondary structure elements of the unmodified PrP switch to a high
content of RB-sheets upon tethering to POPG vesicles, whereas the modified PrP constructs
T _PrP and ACR_PrP did maintain an a-helical structure. With fluorescence-based assays the
localization of ACR_PrP in transfected cells was studied. Regarding the localization there was
no difference to the native PrP observed, however distinct binding interactions were

recognized as they caused perturbed signaling pathways.1%¢:1%7

A more recent work regarding the impact of membrane composition on the conformation and
trafficking of lipidated prion protein variants was done by Hackl in the Becker Lab.?®® In her
work she achieved to increase the reaction rate of the EPL by testing several reaction
conditions. The usage of the thiols 4-mercaptophenylic acid and thiophenol in the EPL showed
the best conversion rate for the PrP-thioesters. She managed to produce fluorescently labeled
and folded PrP variants linked with GPIl-anchor peptide mimics via the mentioned
semisynthetic strategy. With circular dichroism (CD) spectroscopy measurements it was
shown that the produced prion proteins exhibit the typical far-UV CD spectrum and the
secondary structures were not altered due to the GPl-anchor mimicking peptides or the

fluorophores. Based on the results of in vitro aggregation assays that were monitored by ThT
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fluorescence and PK resistance it was reported that the semisynthetic PrP variants showed
usual aggregation behavior. With the folded, homogenous PrP variants in hand, the next step
was to obtain more information on the PrP-membrane interaction. Therefore, Hackl
performed quartz crystal microbalance-dissipation experiments in real time. As a membrane,
artificial supported bilayers were used and by varying pH, lipid and salt compositions the
binding behavior of PrP was investigated. It was observed that the semisynthetic PrP variants
bind to negatively charged lipid bilayers at physiological pH due to strong hydrophobic
interactions. These findings were supported by the results of cell imaging experiments with
neuron-like SH-SY5Y cells using super-resolution structured illumination microscopy
combined with co-localization analysis. By performing imaging total internal reflection-
fluorescence correlation spectroscopy measurements, she found that PrP variants equipped
with a GPl-anchor peptide mimic affected the dynamics of a cholesterol-dependent
membrane domain, as it becomes more fluid. In contrast, the usage of PrP lacking the C-
terminal GPl-anchor mimic in the same experiment did not alter the membrane fluidity.
Another experiment regarding the PrP-membrane interaction in presence of methyl-R-
cyclodextrin, a cholesterol-depleting agent, latrunculin A and an actin polymerization inhibitor
was conducted by Hackl. Based on these results, they propose that an intact actin cytoskeleton
can prevent the PrP¢-PrP*¢ conversion on membranes, as the cytoskeleton acts like a barrier
and in association with the membrane it immobilizes PrP.1% Summarized, the results of the
dissertation strongly suggested once more that the C-terminal membrane anchor is crucially

involved in the localization of PrP and the structural change.
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2 Materials & Methods

2.1 Materials
2.1.1 Molecular Biology

For each buffer preparation Milli-Q® water (ddH,0) was used. The pTXB1 vector was
purchased from New England Biolabs (lpswich, USA) and the puc57-bvPrP including the
synthesized bvPrP was obtained from BioCat (Heidelberg, Germany). The cutsmart buffer
solution and the used restriction enzymes (Ndel and Spel) originate from New England Biolabs

(Ipswich, USA).

To isolate the bank vole prion protein DNA and the pTXB1 backbone a Gel Extraction Kit from
New England Biolabs (Ipswich, USA) was used. The T4 DNA-ligase and the 10x T4 DNA-ligase
buffer were purchased from New England Biolabs too. A GeneJET Plasmid Miniprep Kit from
Thermo Fisher Scientific (Vienna, Austria) was used to purify the vectors. The plasmids were
sequenced by the company Microsynth AG (Balgach, Switzerland). For the transformation
three different E. coli strains were used. The XL1-, the BL21(DE3)- and the BL21(DE3-
ROSETTA2) strain were purchased from Novagen. The required components for the LB
Medium originate from Loewe Biochemica GmbH (Sauerlach, Germany). The antibiotic
compounds ampicillin and chloramphenicol were acquired from GERBU Biotechnik GmBH
(Heidelberg, Germany) and Fisher Scientific GmbH (Schwerte, Germany). The cells were grown
in a Infors HT Multitron (Bottmingen, Switzerland) incubator shaker. Centrifugation steps with
Eppendorf Tubes were either performed with the Eppendorf Centrifuge S418 from Eppendorf
AG (Hamburg, Germany) or the Beckman Coulterrv Microfuge® 22R Centrifuge from Beckman
Coulter GmbH (Vienna, Austria). The cells were harvested with Beckman Coulter Avanti J-26
XP Centrifuge from Beckman Coulter GmbH (Vienna, Austria) and disrupted by using the
Constant Systems LTD Cell disruptor in combination with the RC-10 Digital Chiller, both from
VWR International GmbH (Darmstadt, Germany). The used dialysis membranes with a
molecular weight cut off (MWCO) of 6-8 kD were obtained from Spectrum Laboratories, Inc.
(California, USA). In the folding experiment Slide-A-Lyzer® dialysis cassettes with a MWCO of
10.000 from Thermo Fisher Scientific (Vienna, Austria) were utilized and in the buffer N-Octyl-

R-D-Glucopyranoside (OG) from GERBU Biotechnik GmbH (Sauerlach, Germany) was included.
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The markers used for Agarose gels (1 kb Plus ladder) and SDS-gels (Protein Marker) were
purchased from New England Biolabs (Ipswich, USA) and GE Healthcare (Freiburg, Germany).
Images of the gels were done with the BioRad ChemiDoc MP Imaging System from Bio-Rad

Laboratories GesmbH (Vienna, Austria).

2.1.2 Chemicals & Solid Phase Peptide Synthesis

The Fmoc-Ala-Wang Resin was purchased from NovaBiochem® by Merck KGaA (Darmstadt,
Germany) and the various chemicals required for the coupling of the polyethylenglycol-
polyamide-oligomer were obtained from ApexBio (Texas, USA), NovaBiochem® (Darmstadt,
Germany) and Sigma Aldrich (Vienna, Austria). Most of the used Fmoc-amino acids were
purchased from NovaBiochem® (Darmstadt, Germany), except for Fmoc-Lys(Mtt) and Boc-
Cys(Trt) which were acquired from GL Biochem Shanghai LTD (Shanghai, China) and Iris
Biotech GmbH (Marktredwitz, Germany). Further chemicals used in solid phase peptide
synthesis (SPPS), such as DMF, DCM, TFA and TIPS, were either purchased from Sigma Aldrich
(Vienna, Austria) or VWR International GmbH (Darmstadt, Germany). The compounds
palmitoylchloride and triethylamine which were used in the palmitoylation reaction of the
synthesized peptide were purchased from Sigma Aldrich (Vienna, Austria). The reagent
sodium 2-mercaptoethane sulfonate was obtained from Acros Organics (Geel, Belgium).
In the Expressed Protein Ligation the required ligation buffer included NaH2PO4/NazHPOa,
Tris(2-carboxyethyl)phosphine hydrochloride (TCEP) and 4-mercaptophenylic acid (MPAA). All
these chemicals were purchased from Sigma Aldrich (Vienna, Austria). The frequently used
salts guanidine hydrochloride and urea were acquired from Sigma Aldrich (Vienna, Austria)
and Carl Roth GmbH (Karlsruhe, Germany). Semi-preparative HPLC purifications of the bank
vole prion protein thioester and the chemically synthesized GPl-anchor peptide mimic were
performed with different purification systems. The following devices were used: The 2545
Quaternary Gradient module from Waters (Massachusetts, USA), the Varian ProStar
Preparative HPLC from Agilent Technologies (Vienna, Austria) and the Shimadzu HPLC from
Shimadzu (Kyoto, Japan). The masses of the purified compounds were controlled by using the
Auto Purification HPLC/MS system from Waters (Massachusetts, USA) and the MSQ Plus
HPLC/MS system from Thermo Fisher Scientific (Vienna, Austria). To prove if the refolding of
the semisynthetic prion protein was successful CD spectroscopy was done. Therefore, the

Chirascan plus spectrometer from Applied Photophysics (Surrey, United Kingdom) was used.
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2.2 Methods

2.2.1 Molecular Cloning

As a starting material two different, purified plasmids with a concentration of 100 ng/ml were
used. The puc57-bvPrP vector included the desired bank vole prion protein (bvPrP) DNA. The
bvPrP gene was flanked by two distinct restriction enzyme cut sites. The sequence CA/TATG
recognized by Ndel and A/CTAGT recognized by Spel. The second plasmid was a pTXB1
backbone, containing a hsp27 gene flanked by the same cleavage sites followed by a Mxe GyrA
intein, 7x histidine tag and a chitin binding domain (CBD) sequence. Furthermore, it included
an ampicillin resistance marker. By doing a double digest (Table 3), which means that the
plasmid was treated with two restriction enzymes simultaneously in the reaction vessel, for

each vector, the bvPrP- and the hsp27-DNA were excised.

Table 3: Reagents used for the double digest

Digest 1 Digest 2
10 uL pTXB1-hsp27 vector 16 pL puc57-bvPrP vector
2 uL cutsmart buffer 2 uL cutsmart buffer
1 uL Ndel 1 uL Ndel
1 plL Spel 1 L Spel
6 uL H.0

The digest was done at 37°C for 1 hour. Afterwards, 1 pL of a shrimp alkaline phosphatase
(rSAP) was added to digest 1 (Table 3) to dephosphorylate the emerging flanks. Then after five
minutes the temperature was heated up to 65°C to inhibit rSAP. To isolate the pTXB1
backbone and the bvPrP-DNA the samples were loaded onto a 1%-agarose gel (stained with
0,1% methylene blue). The following steps included cutting out the appropriate DNA bands
and purify the DNA by using a Gel Extraction Kit. Once this was accomplished, the isolated
bvPrP-DNA insert and the pTXB1 plasmid backbone were connected by using a T4 DNA-ligase.
Additionally, a negative control without insert was set up for the ligation to have a proof once
the subsequent transformation into E. coli cells is done, whether the ligation was successful

or not. The ligation was performed for 2 hours at 20°C (Table 4).
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Afterwards both ligation reactions, so the ligated one and the negative control, were
transformed into chemically competent XL1 E. coli cells. Then the two samples were plated on
a culture medium including ampicillin and they were put into the incubator (37°C) overnight.
The transformed ligation reaction resulted in a large number of growing colonies on the plate,
whereas the negative control in which the insert was exchanged by water did not show any
colonies on the LB plate. This observation indicated that the ligation reaction as well as the
transformation of the desired plasmids into E. coli were successful. The cells were put in the
incubator (37°C, 180 rpm) overnight. It was continued by centrifuging the samples for 30
seconds at 14000 rpm. Then the supernatant was discarded and by using the GenelET Plasmid
Miniprep Kit the plasmids were purified. To have further evidence whether the expressed

plasmids contain the correct sequence or not, these plasmids were sequenced.

Table 4: Reagents used for the ligation

Ligation Ligation — negative control
4 puL pTXB1 backbone 4 puL pTXB1 backbone
13 pL bvPrP 13 pL H20
2 uL ligase buffer (10 mM ATP) 2 uL ligase buffer (10 mM ATP)
1 uL T4 DNA-ligase 1 uL T4 DNA-ligase

With the correct bvPrP-pTXB1 plasmids in hands, the next step was to find a suitable
E. coli strain for the bank vole prion protein expression. The plasmid was incorporated in two
distinct E. coli expression strains by using the same heat shock transformation protocol.
Therefore, the BL21(DE3) and the BL21(DE3-ROSETTA2) strain were used. The culture medium
for the BL21(DE3) strain included ampicillin, whereas the culture medium for the BL21(DE3-
ROSETTA2) ampicillin + chloramphenicol. The last step was to prepare glycerol stocks for the
strains. Under sterile conditions 750 uL cell culture and 750 uL 40% glycerol were transferred

into small glass-vials. Afterwards, the glycerol stocks were stored at -80°C.
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2.2.2 Protein expression & purification

To start with the expression procedure LB media were prepared. The LB medium consists of
tryptone (16 g/L), yeast extract (10 g/L) and sodium chloride (5 g/L). The prepared media were
autoclaved by using the Varioklav® from Thermo Fisher Scientific (Vienna, Austria). The
appropriate antibiotics were added to the LB medium for each strain, subsequent the
BL21(DE3) and the BL21(DE3-ROSETTA?2) strain carrying the bvPrP expression plasmid were
transferred to the respective 100 ml solution. The cells were grown in the incubator (37°C,
160 rpm) overnight. By measuring the ODsopo value with the NanoDrop 2000c
spectrophotometer from Thermo Fisher Scientific the cell density could be determined. Then
the calculated volume was transferred to 1L LB medium to reach the desired cell density
(ODeoo value ~ 0.2) in both cultures. Once an ODsgo-value of 0.6-0.8 was reached
overexpression of the desired bank vole prion protein was induced by adding isopropyl-3-D-
thiogalactoside (IPTG). To determine at which timepoint most of the protein is expressed and
which strain was showing a higher expression rate, subsamples were taken at several
timepoints. The following timepoints were considered: 0, 1, 2, 4 hours and overnight. These
subsamples were loaded onto a sodium dodecylsulfate (SDS)-polyacrylamide gel to acquire
information about the expression levels. The analysis of the SDS-gel resulted in a favorable
expression for the BL21(DE3-ROSETTA?2) strain. With the obtained results, it was decided to
use the BL21(DE3-RSOSETTA?2) strain for further expression experiments. Four hours after the
IPTG addition the cells were harvested via centrifugation (6200 rpm, 10°C, 20 minutes). Then
the cells were solubilized in 1x TBS buffer and lysed by using a Constant Systems LTD Cell
disruptor. The samples were centrifuged again for 30 min with 15000 rpm, 5°C. SDS page
revealed, that the bank vole prion protein Mxe GyrA-7xHis-CBD fusion construct is primarily
expressed into the insoluble inclusion bodies. Afterwards the proteins were solubilized under
denaturing conditions by using 8 M guanidine hydrochloride. To generate a C-terminal
thioester and to get rid of the intein fusion tag Mxe GyrA-7xHis-CBD, sodium 2-
mercaptoethanesulfonate (MESNa)-mediated intein cleavage was performed. Therefore, the
8 M guanidine hydrochloride solution was exchanged with 4 M urea by dialysis. A1 M MESNa
solution was slowly added to the denatured bank vole protein solution resulting in a final
concentration of 2 M urea and 500 mM MESNa during the reaction. After an incubation time

of 24 hours, the crude reaction solutions were centrifuged (4300 rpm, 20°C, 15 min). The
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supernatant was discarded, as SDS-gels revealed that the bvPrP-thioester mainly distributes
into the pellet. The pellet was then dissolved in 8-9 ml 6 M guanidine hydrochloride and
purified via preparative RP-HPLC. The desired fractions were identified via ESI-MS in positive
ion mode by using the Waters Auto Purification System. The collected fractions were pooled,
lyophilized, and ultimately stored at -80°C. The purity of the bank vole prion protein thioester

was assessed via analytical RP-HPLC.

2.2.3 Agarose gel & SDS-polyacrylamide gel electrophoresis

Agarose gel electrophoresis is a common and efficient method to separate DNA fragments of
different sizes ranging from 100 bp to 25 kb. The chemical compound agarose is composed
out of repeated L-and D-galactose subunits and is obtained from the seaweed genera
Gelidium. In the process called gelation, the agarose molecules form a tight network due to
non-covalent interactions. This network comprises small pores and therefore it operates as a
molecular sieve. Nucleic acids can be loaded into small chambers of the gel, which are
prepared during gelation by putting a comb into the gel. If there is voltage applied, the DNA
migrates through the pores of the gel into the direction of the anode, because the backbone
of DNA is negatively charged. The traveled distance of each DNA fragment is inversely
proportional to the logarithm of its molecular weight. This is possible since the mass/charge
ratio of DNA is consistent. How far a nucleic acid fragment will migrate depends on the
following parameters: Molecular weight of a DNA fragment, DNA conformation,
electrophoresis buffer, agarose concentration, the type of agarose, the presence of ethidium
bromide and the applied voltage. To make the DNA fragments visible the agarose gel is usually

stained with a dye and is observed under UV-light.1%°

In the practical lab work of this master project 1% agarose gels were prepared. As an
electrophoresis buffer a 1x TAE-buffer containing 40 mM TRIS, 20 mM acetic acid and 1 mM
EDTA was used. 6x loading dye (New England Biolabs) was added to the DNA samples before
they were loaded on the gel. 50-80 V was applied for 1-2 hours and afterwards the agarose
gels were stained either with 0,1% methylene blue in TAE or ethidium bromide (0.5 pg/ml) for

at least half an hour.
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The sodium dodecylsulfate gel electrophoresis (SDS-page) is a widely used technique for
separating proteins. SDS-page is based on the denaturation of proteins with the denaturing
agent sodium dodecylsulfate and the electric current which drives the migration of the
proteins through the polyacrylamide gel. The addition of SDS to a protein mixture results in
the removal of tertiary and secondary structure of the proteins. SDS coats the exposed
polypeptide chain, thereby conferring the same negative electrical charge to the proteins,
because the attachment of SDS is proportional to the molecular weight. The biochemical
impact of SDS enables the separation of proteins by their size. In this method the gel consists
of the polymer polyacrylamide, which is assembled by acrylamide monomers. To form a
meshwork of fibers the acrylamide is treated with a crosslinker, usually bis acrylamide, in the
presence of a gel buffer. By adding a catalyst (TEMED) and an initiator (APS) the gel
polymerizes. The ratio of used acrylamide and its respective crosslinker influences the porosity
of the gel. Nowadays the discontinuous electrophoresis is frequently used. In this system the
polyacrylamide gel consists of two different types, the stacking and the separation gel. The
separation gel is at the bottom and filled up to about % height of the loading chamber. The
stacking gel is casted right above the separation gel. Like in the agarose gel, a comb is placed
into the stacking gel to create the loading wells. These two distinct gel types differ in the
proportion of the chemical reagents, in their function and in the pH value. The stacking gel
(pH = 6,8) is utilized to focus the proteins into a sharp band so that a good precondition for
the following separation is created. Whereas the separation gel (pH = 8,8), which in our case
contained 15% acrylamide is required to separate the proteins. The negatively charged SDS
coated proteins start to migrate in the direction of the anode once voltage is applied to gel
chamber. The Tris and glycine containing Laimmli buffer system is a widely used buffer system
for SDS-page. TRIS maintains the pH of 6,8 in the stacking gel and glycine is needed so that the
applied current can flow properly. Commonly used staining methods for SDS-gels are the

coomasie blue stain or silver stain.200

SDS-page was carried out to analyze the expressed prion protein fusion construct and to
follow the timepoints of the EPL during the lab work. The polyacrylamide gels were prepared
based on a protocol from Laemmli et al?°!. The 10x Laemmli Buffer stock solution included
250 mM TRIS, 2 M glycine and 1% SDS. The prepared SDS-gels were placed in a Mini-
PROTEAN® Multi-Casting Chamber from Bio-Rad (Herkules, USA) for the gel electrophoresis.
The required reagents for the composition of the polyacrylamide-gels are listed in Table 5.
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Table 5: Composition of the stacking- and separating gel used for the SDS-page

30%- R .
Gel acrylamide | buffer [mi] | 107SDS 10%APS | teMED[uL] | ddH:0 [mI]
[mL] [mL]
[mL]
Stacking 0.9 0.7 53 53 5.3 3.6
Separation 7.5 3.9 157 157 4.7 3.6

For each gel the desired protein samples were mixed 1:1 (v/v%) with a 2x sample loading
buffer, which consists of 500 mM TRIS, 6% SDS, 35% glycerine, 3.55% R-mercaptoethanol and
0.05% bromphenol blue. Furthermore, the samples were heated shortly at 94°C and
centrifuged for 30 seconds at 14000 rpm, before they were loaded onto the gel. A voltage of
250 was applied via a PowerSource 300 V from VWR International GmbH (Darmstadt,
Germany) and the run time of the gels was set to 37 minutes. The polyacrylamide-gels were

stained with a 0.1% coomasie blue dye (Coomasie Serva Blue R).

2.2.4 Refolding of the bank vole prion proteins

Once the semisynthetic prion protein was purified and lyophilized, the biologically active
structure was induced by following a protocol from Chu et al.**° All the required steps of the
refolding process were carried out at 4°C. The lyophilized protein was solubilized in 400 pL of
a 6 M guanidine hydrochloride solution containing 50 mM TRIS (pH = 8). Then the protein
concentration of the sample was measured via the NanoDrop 2000c spectrophotometer.
Afterwards the denatured bvPrP sample was treated with a sodium acetate refolding buffer,
containing a redox system of oxidized and reduced glutathione (20 mM sodium acetate, 0.3
mM glutathione OX, 3 mM glutathione RED, pH =5). The guanidine hydrochloride
concentration was diluted to 2.5 M by stepwise addition of the refolding buffer for several
hours. The sample was kept on a shaking platform over the weekend. Afterwards the bvPrP
sample was transferred into a Slide-A-Lyzer® dialysis cassette (10000 MWCO, 0.5-3 ml
capacity). The protein was dialyzed against a 20 mM sodium acetate including 10 mM OG. The
dialysis buffer was exchanged two times after three hours and after an overnight incubation
the sample was removed from the Slide-A-Lyzer®. Then the refolded bvPrP was centrifuged

(13000 rpm, 4°C, 15 min) and the concentration was measured again.
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2.2.5 Biophysical characterization

The method of CD spectroscopy is used to analyze the secondary structure and folding
properties of proteins. Thereby it is possible to distinguish, whether a protein is folded
correctly or specific mutations lead to a flawed phenotype, accompanied by the loss of
secondary structure. The biophysical technique is based on the principle that biomolecules
(proteins) consist of chiral subunits that can absorb circularly polarizing light in the near and
far ultraviolet range. The amide and carbonyl groups absorb the incident, left- and right
circularly polarized light resulting in electronic transitions in the wavelength region of 240 to
170 nm. Furthermore, the presence of aromatic amino acids can be determined, since they
absorb in the near UV range (300-260 nm). The standard CD spectrometer includes a light
source, a monochromator to spectrally isolate a specific wavelength of an incidental beam, a
polarizer to produce right- or left-polarized light, a sample chamber and a detector (Figure 6).
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Figure 6: Circular dichroism spectroscopy instrumentation.
The image was taken from Hoffmann ef al.?!”

The obtained data from CD spectroscopy are often consistent with other biophysical,
chemical, or computational methods, such as crystallography, NMR spectroscopy or cryo-
electron microscopy. The results of circular dichroism measurements may also include
information about protein interactions, dynamic changes in solution or environments such as
membranes. To highlight the importance of CD spectroscopy, it offers some advantages
compared to the previously mentioned high resolution techniques. One advantage includes
that only a small amount of sample is required and after finishing the measurement, the

samples can be reused. It is now possible to utilize high light flux due to the ongoing progress
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in the development of circular dichroism beamlines. The establishment of these high intensity
light sources allows a faster data collection with less amount of the protein needed. A major
disadvantage of the CD-spectroscopy is that the resolution is not as high as in other biophysical

methods used for the elucidation of secondary structures.?°?

To verify that the semisynthetic bvPrP was folded correctly, circular dichroism (CD)
measurements were recorded with the Chirascan Plus CD-spectrometer from Applied
Photophysics. A micro cuvette with 1 mm path length was used for the CD-spectroscopy. As a
blank the dialysis buffer (20 mM sodium acetate, 10 mM OG) was employed. The bvPrP sample
was diluted 1:1 to achieve a suitable concentration of 0.15 mg/ml for the measurement. Each
spectrum was measured with the following settings: 200 to 280 nm with 1 nm steps at room
temperature (20°C). The acquired spectrum was created out of the average of 10 single
measurements and additionally background subtraction was applied. The included data in the
chapter results & discussion was processed with OriginPro. Information about the percentual
content of secondary structures was acquired by using the curve-fitting software CDNN from
Bohm et al.?°® The required molar extinction coefficient at 280 nm for the semisynthetic bvPrP
was calculated with the help from Expasy-ProtParam (https://web.expasy.org/protparam).
Therefore, the combined sequence of the bvPrP and the peptide was used, excluding the
palmitoyl chains and the PPOs-tag as it is not possible to insert them in the Expasy-ProtParam
inbox. A molar extinction coefficient of 63.495 was calculated for the modified bvPrP with a

MW of 26152 Da.

2.2.6 Solid phase peptide synthesis (SPPS)

The GPl-anchor peptide mimic was synthesized by using the method of solid phase peptide
synthesis. SPPS was carried out manually in a syringe and the fluorenylmethoxycarbonyl
(Fmoc)-strategy was applied with a pre-loaded Fmoc-A-Wang resin as a starting point. The
desired peptide with the sequence H-CKGENLYFQSKAAKK-PPOs-A was synthesized according
to a protocol from Olschewski et al*®* in a scale of 0.2 mmol. It was started with the coupling
of the polyethylenglycol-polyamide oligomer (PPO3). Each monomer was attached to the resin
within three major reaction steps. First the deprotected resin was treated with 10 eq succinic

anhydride in 0.5 M 1-hydroxybenzotriazole (HOBt) in N,N-dimethylformamide (DMF) and 6 eq
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N,N-diisopropylethylamine (DIPEA), second with 20 eq 0.5 M 1,1-carbonyldiimidazole (CDI) in
DMF, and third with 12 eq of each, 4,7,10-trioxatridecane-1,13-diamine and 0.5 M HOBt. Each
reaction step was carried out for 30 minutes and the coupling progress was verified by
performing ninhydrin tests in between. The PPOs-tag should operate as a solubility tag for the
peptide. The N-terminal protecting group Fmoc of each amino acid was removed with a
solution of 20% (v/v) piperidine in DMF. The deprotection was carried out in two cycles of 3
and 7 minutes. The following orthogonal protecting groups were attached to the side chain
residues of the coupled amino acids: 2x Lys(Boc), 2x Lys(Mtt), Ala, Ser(tBu), GIn(Trt), Phe,
Tyr(tBu), Leu, Asn(Trt), Glu(OtBu), Gly and Boc-Cys(Trt). Each amino acid was used in amounts
of 25 eq (0.5 mmol) and activated for coupling with the addition of
2.4 eq 0.5 M (1-[Bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium 3-oxide
hexafluorophosphate (HATU) in DMF and 5 eq DIPEA. The coupling was carried out for 30
minutes under constant shaking. The side chain residues of the lysines at position 11 and 14
were palmitoylated to mimic the lipid properties of the GPl-anchor. Therefore, the 4-
methyltrityl (Mtt) protecting groups were selectively deprotected with 2% (v/v) trifluoroacetic
acid (TFA), 1% (v/v) triisopropylsilane (TIS) in dichloromethane (DCM). The deprotection was
performed in alternate cycles of treating the resin with the deprotection solution for two
minutes and washing it with DCM. Once the Mtt deprotection was done, the resin was
immediately incubated in a solution of 20 eq palmitoyl chloride, 20 eq HOBt and 22 eq
triethylamine in DCM:DMF (3:1) for 16 hours. At this step, the synthesis was finished and the
peptide was cleaved off the resin by adding a solution of 92.5% (v/v) TFA, 5% (v/v) TIPS and
2.5% dd H>0 to the syringe. The final cleavage was carried out for three hours, followed by
removal of the cleavage solution with argon to obtain the crude peptide. Then the peptide
was dissolved in acetonitrile:ddH,0 (1:1), 0.1% (v/v) TFA and lyophilized. Afterwards the dried
peptide was solubilized by adding 6 M guanidine hydrochloride (pH = 4,6) and purified via
preparative RP-HPLC. The major fractions were collected and the mass of the peptide was
verified via ESI-MS (positive ion mode). Then the fractions were pooled, lyophilized and stored
at -20°C until further usage. The purity of the GPl-anchor peptide mimic was assessed via

analytical RP-HPLC.
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2.2.7 Expressed Protein Ligation (EPL)

In this reaction the bvPrP a-thioester and the GPl-anchor peptide mimic were ligated to obtain
the semisynthetic bvPrP. For the EPL the synthesized peptide was used in a 2-fold excess to
the a-thioester. Concentrations of 3 mM and 1.5 mM were utilized. The reaction was
conducted overnight (~20 h) under argon at room temperature (20°C) and constant shaking.
The ligation procedure was implemented by dissolving the peptides in a ligation buffer,
followed by the addition of the solution to the bvPrP a-thioester. The degassed ligation buffer
(pH = 7.2) consisted of 6 M guanidine hydrochloride, 200 mM Na;HPOs/NaH;P04, 30 mM 4-
mercaptophenylacetic acid (MPAA) and 20 mM TCEP. At several timepoints 1 pL subsamples
were taken to analyze the progress of the reaction via LC-MS (Auto Purification System
Waters) and SDS-page. For purification the ligation mix, containing the formed lipidated
bvPrP, was diluted with 6 M guanidine hydrochloride (pH = 4.6) and isolated via semi-
preparative HPLC. The desired fractions were collected and identified via ESI-MS operating in
positive-ion mode. The sample was pooled, lyophilized and stored at -80°C. Purity of the

semisynthetic bank vole prion proteins was validated via analytical RP-HPLC.

2.2.8 High performance liquid chromatography & mass spectrometry

High performance liquid chromatography (HPLC) is a popular technique to isolate constituent
chemical compounds in a mixed solution by passing them through a chromatographic column.
The method is based on the principle that molecules, which are dissolved in a liquid, not only
interact with the particles of the liquid, but also with the surface molecules of a solid material.
Therefore, this technique contains two different phases, the mobile and the stationary phase.
If a compound, dissolved in the mobile phase, interacts frequently or less frequently with the
stationary phase, depends on the biophysical properties of the molecule. The retention time,
which means how long it will take for a molecule to pass through the column, is thereby
determined by properties like the solubility in water, the solubility in organic solutions, size
and the net electric charge. These conditions enable different applications for HPLC, such as
normal-mode, reverse-phase, ion-exchange or size exclusion chromatography. Depending on
the used chromatography-mode, the stationary solid-phase differs in its surface environment.

The normal-mode requires hydrophilic surface molecules, whereas the reverse-phase
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presents an organic surface environment. For the ion-exchange chromatography the surface
of the stationary phase is charged and in size exclusion the surface is porous, resulting in
restraining smaller molecules. The chromatography instrument consists of four parts: the
injector, the pump, the column and the detector (Figure 7). Injection can either be manual or
automated and is used to load the liquid sample on the column. The pump is important to
remain a constant flow rate and to force the mobile phase through the column with a higher
velocity compared to gravity-flow columns. The column is essential for a proper
chromatographic performance and widely used HPLC column types are packed with silica-
particles. Once a molecule elutes from the column, the detector produces a signal
proportional to the concentration of the chemical compound. The arising signal is converted
to an electrical signal that is amplified, resulting in data points displayed as a peak in the
chromatogram. Commonly used detectors are for example the refractive index detector,

UV/VIS-detector and the fluorescence detector.
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Figure 7: High performance liquid chromatography instrumentation.
The figure was taken from Waters Corporation.?!®

The HPLC technique is used in the area of pharmacy, food technology, forensics, biochemistry,
clinical or environment. There it can be either used as a quantification technique via semi- and

preparative HPLC or as quality control via analytical HPLC.204205

In the practical work, RP-HPLC was performed on a preparative Shimadzu HPLC system (LC-20
AP pump), a Waters Auto Purification HPLC/MS system (3100 Mass Detector, 2545 Binary
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Gradient Module, 2767 Sample Manager, 2489 UV/Visible Detector), a Thermo Scientific MSQ
Plus HPLC/MS system (Waters XSelect CSH™ C18 2.5 um 3 x 75mm XP column) and a
preparative Varian ProStar HPLC system. The proteins were separated by semi- and
preparative purification using Kromasil C4 columns (300-10-C4, 10 x 250 mm and 21.2 x 250
mm, 10 um particle size). A linear gradient of 5-75% for the peptide and 5-65% for the bvPrP
a-thioesters of buffer B (acetonitrile + 0.08% TFA) in buffer A (ddH.0 + 0.1% TFA) was adjusted
for the purification and it was carried out at 60°C. The run time of the linear gradient was
either set to 40 minutes for the GPl-anchor peptide mimic or to 60 minutes for the a-thioester.
The purification of the semisynthetic bvPrP variant was conducted on a semi-preparative scale
with a linear gradient of 5-65% buffer B over 60 minutes at 60°C and with a flow rate of
3 ml/min. The purity of the samples was assessed via analytical RP-HPLC by using a Thermo
Scientific Vanquish HPLC system. A linear gradient of 5-65% buffer B over 30 minutes was used
for the bvPrP a-thioester, whereas for the peptide and the modified bvPrP the same gradient
at 60°C was adjusted. For analytical RP-HPLC a flow rate of 1 ml/min and a Kromasil C4 column
(300-5-C4, 150 x 4.6 mm, 5 um particle diameter) were used. UV absorption of 214 and

emission of 650 nm respectively were monitored with a charged aerosol detector (CAD).

Mass spectrometry:

The method of mass spectrometry (MS) is used to monitor the mass to charge ratio of ions.
The technique is employed for quantitative and qualitative analysis in natural sciences,
especially in the fields of biochemistry or biology for the identification of biomolecules, sugars
proteins and peptides. Nowadays MS instruments are preferably coupled to chromatographic
techniques because it provides a robust and simple interface and allows a high throughput of
many compounds in a single analytical run. It is possible to monitor proteins up to mass of
over 300.000 Da. Furthermore, mass spectrometry offers the opportunity to analyze samples
from the gas, liquid or solid state. A MS instrument consists of four major constituents, the
ion source, a mass analyzer, the ion collector and the detector. Depending on the ion source
type the samples molecules become ionized in various ways. Popular ion sources are electro-
spray ionization (ESI), chemical ionization, electron impact ionization, thermal ionization and
matrix assisted laser desorption ionization (MALDI). The choice of a specific ion source takes

different characteristics into account, such as the degree of ionization, sample properties and
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if fragmentation should be desired or not. The sample molecules are injected in a liquid state
if a ESI source is used. The ESI source includes a needle to which a voltage is applied and once
the inlet stream passes through the capillary the sample is ionized. Thereby, a spray of multiply
charged droplets is generated. Then these droplets migrate through a heated capillary to
induce solvation. Each droplet gets smaller in size but keeps the number of electrical charges
until the Rayleigh limit is reached. The Rayleigh limit is a physical principle implying that a
droplet can only carry a limited number of electrical charges depending on the size of the
droplet and the surface tension. Once the Rayleigh limit is reached, the droplet divides in a
process called coulomb explosion. This cycle is repeated until the solvent is fully dissolved. An
advantage of the ESI ion source is that the ions can carry multiple charges, resulting in an
increased range of detected masses, since the m/z ratio is monitored. As the ionized samples
leave the ion source, the ion beam is focused and forced into the direction of the mass
analyzer. In the mass analyzer the ions are separated by filtering specific m/z at consecutive
times. There exist three major properties which influence the performance of a mass analyzer:
the resolution, the transmission and the upper mass limit. The underlying formula for the
resolution is 8m/m. The term resolution describes the ability of the mass analyzer to display
two different but close masses in a delimited manner. 6m is the smallest possible mass
difference of two peaks that can be monitored. The transmission describes the number of ions
that are generated in the ion source and actually arrive at the detector. In order to measure
as sensitive as possible a high transmission would be desirable. The upper mass limit estimates
the highest measurable m/z. Widely used mass analyzers are the quadrupole, the time of flight
(TOF) analyzer, the orbitrap, the ion trap and the Fourier transform-ion cyclotron resonance
analyzer. The ion collection and detection are coherent in MS instruments. For example, in
the Q Exactive Orbitrap Mass Spectrometer, a modern instrument from Thermo Fisher
Scientific, a C-Trap connected to a collision cell is prefixed to the orbitrap. The C-trap is filled
with ions and if required, they can be directed into the multipole collision cell to undergo
fragmentation. Afterwards the sample molecules head back to the C-trap, followed by
injection into the Orbitrap for detection. Frequently used detectors are the electron multiplier
and the microchannel plate. The detection in both is carried out by dashing of the ionized
samples against metal plates, resulting in a cascade of electron emissions. These emissions

lead to a measurable current.2%
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Mass spectroscopy was conducted on the Waters Auto Purification HPLC/MS system and on
the Thermo Scientific MSQ Plus HPLC/MS system. The samples were either injected directly
or into the pre-coupled HPLC system. Mass spectra were obtained by ESI operating in positive
ion mode. To identify the masses, spectra were deconvoluted by using the softwares MagTran

and MassLynx. The acquired raw data was exported and processed with OriginPro.
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3 Results & Discussion

3.1 Cloning of bvPrP

As the purchased synthetic bvPrP gene was cloned into a puc57 vector, the first step was to
transfer the gene into a pTBX1 plasmid to obtain a bvPrP Mxe GyrA-7xHis-CBD fusion
construct. Therefore, a double digest of the flanking restriction sites Ndel and Spel was
conducted. To see if the digest was successful, the samples were loaded on a 1%-agarose gel.
As a size standard a mixture of 12 pL H,0, 3 pL 1 kb plus ladder and 3 uL 6x loading dye (New
England Biolabs) was used. 4 pL of the 6x loading dye was added to each sample, before they
were loaded into the wells. The runtime of the agarose gel was set to 1h with 80V. Afterwards

the gel was stained with 0.1% methylene blue for 1-2 hours.

1 2 3

Figure 8: Agarose gel electrophoresis of Ndel / Spel digested plasmids puc57-bvPrP (lane 2) and pTXB1-hsp27
(lane 3). The light blue spots indicate the positions where the desired DNA fragments were excised from the gel.
Lane 1 shows the bands of the 1 kb plus ladder marker.

The agarose gel image was taken, after the DNA bands of the bvPrP gene in lane 2 and the
pTXB1 vector backbone in lane 3 were excised for a better visualization as the respective for
the bvPrP-DNA was observed with a weak intensity. The double digest of the puc57-bvPrP
plasmid with Ndel and Spel was successful, as the bvPrP DNA (630 bp long) is located between

the two marker bands 0.6 kb and 0.7 kb in lane 2. The band with a high intensity, observable
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at approximately 3 kb, in lane 2 indicates the puc57 backbone. However, as the band is
accompanied by two further bands directly below, it could be possible that the digest of the
vector was not fully completed. Normally, three DNA bands in a narrow distance on the
agarose gel indicate an uncut plasmid in three different conformations: supercoiled, relaxed
and nicked. The backbone of the pTXB1 vector is 6706 bp long. In lane 3 the appearance of a
single band at around 6 kbp indicates that the double digest was conducted properly. The
intensity of the hsp27 insert was very low and is therefore not observable on the gel image in

Figure 8.

Next, the bvPrP-DNA was ligated with the pTXB1 backbone. Then chemically competent XL1
E. coli cells were transformed with the ligated plasmid construct (pTXB1-bvPrP) and plated on
LB medium including the antibiotic ampicillin. On the next day, the culture plates were
examined. The ones including several colonies did indicate a successful transformation and
ligation, as with the replication of a functional pTXB1 plasmid the bacteria gain ampicillin
resistance. Four clones were inoculated in LB-medium + ampicillin. After the overnight
incubation at 37°C under constant shaking, the plasmids were isolated with GenelET Plasmid

Miniprep Kit.

The concentrations of the purified pTXB1-bvPrP plasmids were measured with a NanoDrop
2000c spectrophotometer. The obtained concentration of each sample can be observed in

Table 6.

Table 6: Concentrations of the purified pTXB1-bvPrP plasmids measured by a NanoDrop 2000c

spectrophotometer
Clone Concentration [ng/uL]
1 76.4
2 60.4
3 76.0
4 74.8

To verify, if the exact DNA sequence of bvPrP was successfully inserted, sample 1 and 3 were
sequenced. Additionally, all clones were analyzed by restriction digest with the enzymes Ndel
and Spel. Therefore another 1% agarose-gel was prepared. 5 pL of each sample were mixed

with 2 pL cutsmart buffer, 1 uL Ndel, 1 pL Spel and 11 pL H,0. Two control samples with the
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same composition, except one including 5 puL puc57-bvPrP and the other 5 puL pTXB1-hsp27
instead of 5 uL pTXB1-bvPrP, were loaded onto the gel too. Again, each sample was mixed
with a 6x loading dye purple before loading and as a marker the 1 kb plus ladder was used.
This time the agarose gel was stained with ethidium bromide (0.5 pg/ml) and the run time was

set to 1 hour with 100 V.
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Figure 9: Double digest of the pTXB1-bvPrP subsamples followed by agarose gel electrophoresis.
Lanes 2, 3, 4 and 5 show the double digest with Ndel and Spel with the clones 1-4 of the pTXB1-bvPrP. Lane 6
shows the double digest of the puc57-bvPrP control and lane 7 the pTXB1-hsp27 control. In Lane 1 the bands of
the 1 kb plus ladder marker can be observed.

In the taken image of the agarose gel in Figure 9 it can be observed that all the 4 clones (lane
2, 3, 4 and 5) contain the desired DNA fragments. The upper high intensity bands indicate the
pTXB1 backbone (6706 bp long), whereas the weak intensity bands on the bottom show the
bvPrP DNA (630 bp). As the bvPrP DNA band in the control sample in lane 6 is at the same
height, the assumption that the ligation was conducted properly in all four samples is
approved. A stronger intensity is observed for the bvPrP DNA band in the control, because the
plasmids were more concentrated in this sample. The three bands between 2 kb and 3 kb
region indicates again the uncut puc57 plasmid in the supercoil, relaxed and nicked state.
Further confirmation is gained by the pTXB1 backbone DNA band in lane 7, as it is equal to the
height of the ones in the target samples. The low intensity band between the 0.5 kb and 0.6
kb region of the marker indicates the hsp27 DNA. The sequencing results from Microsynth AG

confirmed that sample 1 showed a 100% match with the target sequence. The information
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obtained by the agarose gel and the sequencing data was evidence enough to continue with

the test expressions of the bvPrP fusion construct in three different E. coli strains.

3.2 Semisynthesis of bvPrP

The semisynthetic strategy utilized in this project was developed by Becker et al*841°2, The
underlying working procedure involving EPL can be observed in Scheme 4.
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Scheme 4: Semisyntethic strategy for the lipidated bvPrP. In the EPL reaction the recombinantly expressed
bvPrP with the C-terminal thioester is linked to the GPI-anchor peptide mimic, which was prepared via SPPS.

The bvPrP, indicated in orange (Scheme 4), comprises the amino acids 23-231 and is
recombinantly expressed in E. coli. The N-terminal signal sequence (aa 1-22) is excluded. The
bvPrP is expressed as a fusion construct with a C-terminal Mxe GyrA-intein-His-CBD sequence.
The intein is essential for the intermolecular rearrangement and by adding MESNa the bvPrP
a-thioester is produced. The GPl-anchor peptide mimic is obtained via SPPS with Fmoc
protective chemistry. The synthesized peptide contains a N-terminal cysteine, which is
required for the ligation. The EPL reaction affords the generation of lipidated bvPrP by linking

the two prepared polypeptides.

52



Results & Discussion

3.2.1 Expression and purification of the bvPrP-thioester

The prepared pTXB1-bvPrP plasmid was introduced into two different E. coli expression strains
BL21(DE3) and BL21(DE3-ROSETTA2) via transformation. To identify the strain with the
strongest expression of the bvPrP fusion construct, for both strains one liter cell culture in LB-
medium, including the respective antibiotics, was prepared. At a measured cell density (ODsoo
value) between 0.6 and 0.8 IPTG was added to the cell cultures to induce over-expression.
Then at several timepoints (0 h, 2 h, 4 h and overnight) subsamples were taken for SDS-gel

analysis.
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Figure 10: Comparison of the bvPrP fusion protein expression in two different E. coli strains.

The lanes 2, 3, 4 and 5 show the expression pattern of the BL21(DE3) strain at the timepoints 0, 2 h, 4 h and
overnight. Lanes 6, 7, 8 and 9 show the produced proteins of the BL21(DE3-ROSETTA?2) strain at the
timepoints 0, 2 h, 4 h and overnight respectively. The protein bands in lane 1 belong to the Amersham Low
Molecular Weight (LMW) marker.

As shown in Figure 10, SDS gel analysis of the bvPrP Mxe GyrA-7xHis-CBD expression revealed
that the E. coli strain BL21(DE3-ROSETTA2) showed a higher expression rate of the bvPrP
fusion construct. The significant protein band in each sample between the 45 kDa and 66 kDa
region of the marker is representative for the bvPrP fusion protein as the expected MW is
52059 Da. The observed high intensity bands in lanes 7 and 8 show the expression of the bvPrP
fusion protein in the BL21(DE3-ROSETTA2) after 2 and 4 hours, whereas at the other
timepoints in both strands the respective bands shows a weaker intensity. In lane 9 the

characteristic band is visible with reduced intensity. This may indicate that overnight some of
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the overexpressed bvPrP fusion protein gets already degraded within the bacteria cells or that
the fusion tag was removed, since the increased intensity of the band below 30 kDa would fit
the intein fusion tag (28934 Da). However, it was surprising that the target band in lane 2
showed a high intensity, as the expression pattern indicates the BL21(DE3) expression at the
starting point. Usually, one would expect to observe a band with a weak intensity at timepoint
zero, since the expression of the bvPrP gene is not induced without the addition of IPTG. Once
IPTG is added to the cells, the expression of the bvPrP fusion protein is started and overtime
the band should increase in its intensity. Therefore, an explanation for the unexpected
appearance of the band could be that the promoter was leaky. The term leaky promoter
ascribes the condition of a promoter, in which the mRNA production is still driven even when
not stimulated by an inducer. Another explanation would be that the samples Oh and 2h were
exchanged unintendedly. However, as the results of the expression in the BL21(DE3-
ROSETTA2) strain for two and four hours looked promising, it was decided to use the
BL21(DE3-ROSETTA2) cells as host system for the expression of the bvPrP fusion construct.
The purified bvPrP fusion protein is required for further experiments including the thiolysis to
remove the fusion tag and the expressed protein ligation. Based on the results, it was decided

that the E. coli cells would be harvested four hours after IPTG addition.

Now, with the obtained information about the expression conditions, two 2 L cultures of the
BL21(DE3-ROSETTA2) cells were prepared. After the cells were harvested, a treatment with
the cell disruptor and subsequent centrifugation of the sample provided access soluble and
insoluble (inclusion bodies) fractions of the lysed culture. To check, if the bvPrP fusion protein
is mainly expressed in the inclusion bodies or in the soluble supernatant, another SDS-Page
was conducted. Therefore, a small subsample of the inclusion body pellet was transferred with
a spatula in a 1.5 ml tube. It was mixed with 25 uL H,0 and 25 plL 2x sample loading buffer,
whereas 20 uL of the supernatant sample were added to 20 plL 2x sample loading buffer. Two
further samples were included on the gel, a cell pellet originating from a subsample taken

directly after and four hours after the IPTG addition.
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Figure 11: Determination if the bvPrP fusion construct is mainly expressed in the supernatant or the inclusion
bodies in BL21(DE3-ROSETTAZ2) cells followed by SDS-page. Lane 2 shows the expression pattern of the
intact cell pellet that originates from a subsample taken directly after the treatment with IPTG, whereas lane 3
shows the same sample taken four hours after the IPTG addition. Lane 4 depicts the protein bands of the
supernatant (collected after the cells were disrupted) and lane 5 shows the expression pattern of the inclusion
bodies. Lane 1 shows the protein bands of the LMW Marker.

The comparison between the supernatant and the inclusion bodies revealed that the bvPrP
fusion protein is exclusively expressed in the inclusion bodies. As it can be observed in
Figure 11, the inclusion body sample shows a thick and high intensity band, whereas a
significant band for the bvPrP fusion protein is not observable in the supernatant sample. The
high intensity band in lane 5 is located between 45 kDa and 66 kDa region of the LMW Marker,
which would fit the expected MW of 52059 Da for bvPrP Mxe GyrA-7xHis-CBD. The efficacy of
IPTG regarding the activation of the bvPrP fusion construct expression can be observed in
Figure 11 (lane 2 and 3). At the timepoint zero the intensity of the bvPrP fusion protein band is
weak compared to the respective band of the sample taken four hours after the IPTG addition.
This is as expected, because IPTG is a chemical compound that mimics allolactose, thereby
removing the repressor from the lac operon. As the lac operon is included in the designed
pTXB1 vector, the exclusion of the repressor leads to an enhanced expression of the target
gene. Unfortunately, the protein bands in lane 2 of the prepared SDS-page (Figure 11) are not
very well structured, which may affect the validity for the sample that indicates the starting
point of the IPTG induced expression. Usually, if the expression pattern of the inclusion body
sample is cluttered with various protein bands of a higher intensity, the next step would
include affinity chromatography to isolate the bvPrP fusion protein from the other remaining

proteins. For the bvPrP Mxe GyrA-7xHis-CBD, this would be accomplished by passing the
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sample through a column with a nickel-nitrilotriacetic acid (Ni-NTA) matrix. The fusion protein
includes the 7xHis tag, which shows affinity to the nickel ions. Isolation of the His-tagged
protein can be achieved by performing a bind-wash-elute procedure under native or
denaturing conditions. Undesired proteins are removed during the flow-through, as they miss
the respective His-tag. The desired protein is immobilized on the nickel matrix and can be
eluted by adding a suitable concentration of a competitor such as imidazole.?°” However, as
the inclusion body sample looked rather pure in lane 5 (Figure 11), it was decided to skip affinity

chromatography and move on with the MESNa-mediated intein cleavage.

The inclusion body pellets were solubilized in 50 ml 8 M guanidine hydrochloride (pH = 7.8),
thereby denaturing the bvPrP fusion construct. At this point the mass of the bvPrP fusion
construct (MW = 52059 Da) was confirmed via LC-MS on the Waters Auto Purification LC/MS
system. The analysis with the software MagTran revealed a mass of 52051 Da, which is in an
acceptable range for a high molecular weight protein. Next, the 8 M guanidine hydrochloride
buffer was exchanged for urea via stepwise dialysis. The starting urea concentration of 6 M
was gradually reduced until a final concentration of 4 M was reached. A concentration of
0.8 mg/ml for the bvPrP fusion protein was measured with the NanoDrop 2000c
spectrophotometer. Therefore, approximately 80 mg of the protein was present in the
sample, as each of the two inclusion body pellets was initially solubilized in 50 ml 8 M

guanidine hydrochloride.

To remove the Mxe GyrA-intein-7xHis-CBD tag, MESNa mediated intein cleavage was
performed. First, the reaction was conducted in a small scale, to check which concentrations
of MESNa and urea are suitable for a high output of the bvPrP-thioester. The test cleavage
reaction was started by adding 1 M MESNa slowly to 4 M urea bvPrP at room temperature.
The solutions were diluted 1:1, resulting in final concentrations of 500 mM MESNa and 2 M
urea. The reaction was conducted overnight (~20 hours) under constant shaking. These
conditions turned out to be the best for bvPrP-thioester generation. Then, the samples were
centrifuged for 5 minutes at 14000 rpm, followed by discarding the supernatant. In previously
performed SDS gel analysis it was observed that the supernatant mainly contains the cleaved
inteins, whereas the cleaved bvPrP-thioester precipitates and can be found in the pellet. The
remaining pellets were re-solubilized in 6 M Gdn-HCl and gel samples were prepared by

ethanol precipitation.
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Figure 12: MESNa-mediated intein cleavage test reaction followed by SDS-Page (small scale).

Lane 2 shows the protein band of the untreated bvPrP fusion protein, in lane 3 subjected to 500 mM MESNa for
~20 hours. Lanes 4 and 5 show the pellet samples obtained after centrifugation of the MESNa-mediated intein
cleavage solution and subsequent ethanol precipitation. For the pellet sample in lane 5 twice as much was loaded
on the gel. The protein bands in lane 1 belong to the LMW marker.

The MESNa-mediated intein cleavage was successfully accomplished, as it can be observed in
Figure 12. The intensity of the bvPrP fusion protein band is drastically reduced in the sample
that is subjected overnight to an excess of MESNa (lane 2 and 3). Furthermore, the respective
bands for the intein (MW = 28934 Da) and the bvPrP-thioester (MW = 23125 Da) are now
visible with a high intensity in lane 3. The chemical reagent MESNa operates as a nucleophile
in the reaction and attacks the carbonyl group adjacent to the intein segment, thereby
removing the intein-7xHis-CBD tag. It is important to carefully monitor the pH value, since at
a pH of 8 or higher hydrolysis occurs, thereby eliminating the C-terminal thioester of the
protein. This should be avoided at all costs, as the a-thioester is required for the subsequent
expressed protein ligation. Therefore, it is advisable to keep the reaction time as short as
possible, as with longer reaction times the probability of pH fluctuations is increased. Based
on the gel analysis we could conclude that the thioester is present in the supernatant as well
as in the pellet and at this point it was unclear where the majority of the thioester was located.
Further analysis and purifications revealed that with the applied conditions during MESNa
cleavage, the majority of the thioester precipitates and needs to be isolated from the obtained
pellet. Additionally, it can be observed that in the pellet samples (lane 4 and 5), some of the
bvPrP fusion construct remains. Longer reaction times would maybe vyield a higher cleavage
rate, but as previously mentioned this could be accompanied by other arising problems such
as hydrolysis. However, the remaining bank vole prion fusion protein is going to be separated

via preparative HPLC and could be recycled in following cleavage reactions.
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Further MESNA-mediated intein cleavages were conducted in a larger scale. 20 ml 1 M MESNA
was added to the 20 ml 4 M urea bvPrP fusion construct solution (pH = 7.3). The pellets were
dissolved in 8-9 ml 6 M Gdn-HCI (pH = 4.7) and filtered before the samples were loaded on a
preparative HPLC column. The thioester containing fractions were identified by LC-MS
analysis, pooled and lyophilized. The analytical HPLC-trace based on the detection of 214 nm
absorption can be seen in Figure 13. The mass of the bvPrP-thioester was determined by MS

direct injection. The obtained mass of 23123.4 Da was in agreement with the calculated value

of 23125 Da.
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Figure 13: Characterization of bvPrP a-thioester.

Panel A shows the analytical HPLC trace (Aabs = 214 nm, baseline corrected) and panel B features the ESI-MS
spectrum of the purified a-thioester.

As it can be observed in panel A (Figure 13), the analytical HPLC revealed a single sharp peak

and a yield of 9.5 mg/L for the bvPrP a-thioester was obtained.
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3.2.2 SPPS of the GPI-anchor peptide mimic

Even though it has been managed to chemically synthesize the GPl-anchor, it remains still a
challenge to obtain sufficient amounts. This is due to the complex structure of the GPl-anchor,
which consists of a phosphoethanolamine linker, a glycan core and a phospholipid tail. The
native structure of the GPl-anchor is shown in Scheme 5. The glycan core includes three
mannose residues, a glucosamine and a phosphatidylinositol monomer. The phospholipid tail
comprises a glycerol backbone with two fatty acid tails and the inositol. The phospholipid
structure is essential for the attachment of the protein-GPl-anchor complex to the cell
membrane. As it is already stated in section 1 of this work, the GPI-anchor is a biologically
appreciable posttranslational modification of the prion protein, because it has a major impact
on the PrP¢ into PrP¢ conversion and on the development of the disease. Therefore, it is
inevitable to introduce a modification on the C-terminus that is at least similar in its structure

to the native GPl-anchor regarding the studies on PrP and its membrane attachment.
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An appropriate peptide mimic structure was developed by Olschewski et al.'8* The structure
can be seen in Scheme 5.
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Scheme 5: Chemical structures of the native GPI anchor and the GPI-anchor peptide mimic.

In panel A the typical structure of a native GPI-anchor from human erythrocyte acetylincholinesterase is
shown.?!® The major components are color coded. Panel B shows the sequence and the structure of the GPI-
anchor peptide mimic, designed by Olschweski ef al. It was used for the semisynthesis with the recombinantly
expressed bvPrP.

The palmitoylated lysine residues (blue in Scheme 5) are important for the semisynthetic
protein to be located correctly, as the palmitoic acid tails mimic the phospholipid tail
dependent cell membrane anchoring. This has already been shown by Olschewski et al.'8
However, as the structure of palmitoic acid involves hydrophobic properties, the solubility of
the bvPrP is decreased once the GPl-anchor peptide mimic is linked to the protein via
Expressed Protein Ligation. The insolubility is countered by the addition of the PPOs-tag (green
in Scheme 5) to the structure. The tobacco etch virus cleavage sequence, indicated in red
(Scheme 5), offers a tool to remove the lipid anchor and release the bvPrP from any membrane
respectively. As the modified and semisynthetic bvPrP is going to be used in bank vole model

organisms, the release from the cell membrane in a controlled fashion is favorable.
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The solid phase peptide synthesis of the GPI-anchor peptide mimic was done manually in a
syringe. At the start a synthesis scale of 0.2 mmol was used, however as the resin was
separated in halves after the coupling of the 14" amino acid, the final synthesis scale was 0.1
mmol. The analytical HPLC trace of the lipidated peptide based on the detection of 214 nm
absorption is shown in Figure 14. The mass spectrum of the GPl-anchor peptide mimic could

be deconvoluted to molecular weights with the software MagTran or MassLynx.
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Figure 14: Characterization of the GPI-anchor peptide mimic.

Panel A shows the analytical HPLC trace (Aabs = 214 nm). In B the ESI-MS spectrum of the lipidated peptide can
be observed.

The deconvolution of the mass spectrum revealed a molecular weight of 3169.2 Da for the
GPl-anchor peptide mimic. This result was in agreement with the calculated mass of 3169 Da.
As it is seen in Figure 14 panel A, a sharp peak at the retention time 36.2 min for the lipidated

peptide was received. At a retention time of 28 minutes, there can be seen a tiny fluctuation
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in the baseline. However, as the baseline did not proceed smoothly at that day, the tiny peak

could be ascribed to that problem.

Table 7: Achieved yield of the GPI-anchor peptide mimic synthesized via SPPS and purified via preparative

HPLC
Yield of
synthesis crude peptide purified peptide
type of peptide scale Based on
Based on
(mmol) (mg) (%) (mg) crude peptide
scale (%)
(%)
lipidated
0.1 220 69.4 16.7 5.3 7.6
peptide

Usually, it is often unavoidable that the yield shrinks during the processing from the crude
peptide to the purified peptide. However, the loss of the yield to that extent was rather
unusual. A possible reason for the yield shrinkage could be identified. After the palmitoylation
of the peptide, a test cleavage was performed. During the analysis of the HPLC UV trace
recorded by the Thermo Scientific MSQ Plus HPLC/MS system, it was found that another peak
with a mass of 3407 Da was present. The mass difference of +238 fits to the peptide with three
palmitoic acids instead of two. The mass of the unwanted product is of course, but
unfortunately included in the obtained yield of the crude peptide. Since the time allotted for
the practical part of the master thesis was already well planned, there was unfortunately no
time to possibly test another method for the palmitoylation of lysine. However, a main pool
yield of 16.7 mg was obtained, as it can be observed in Table 7. The unwanted triple lipidated

peptide was removed via preparative HPLC.

3.2.3 Expressed protein ligation with the GPI-anchor peptide mimic

It was proceeded with the expressed protein ligation, since both, the bvPrP a-thioester and
the GPl-anchor peptide mimic were obtained in high purity and in sufficient amounts for the

imminent reaction. The applied strategy (Scheme 6) was developed in the Becker Lab. The
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underlying reaction includes a nucleophilic attack of the N-terminal thiol group of the GPI-
anchor peptide mimic towards the C-terminal thioester of bvPrP, followed by the irreversible
S—2>N shift. As a result, the native amide bond is formed. To accomplish the assembly of the
semisynthetic bvPrP, the two polypeptides are dissolved in a ligation buffer, that contains an
excess of an appropriate thiol. The thiol is required to remove MESNa first and then it acts as
a leaving group during the nucleophilic attack of the lipidated peptide. The reaction rate can
be enhanced depending on the nucleophilic property, the performance as a leaving group, the
pKa value and water solubility of the thiol. Commonly used ligation mediators are thiophenol

or 4-mercaptophenylacetic acid (MPAA). The latter was employed in the EPL (Scheme 6).
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Scheme 6: Reaction scheme of the EPL including the used ligation buffer.
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Test ligations in a small scale were performed to identify when the majority of the a-thioester
has been converted and thus the EPL was complete. Therefore, EPL was followed by LC-MS

and SDS-page, as at several timepoints subsamples were taken.
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Figure 15: Test EPL of the bvPrP-thioester and the GPI-anchor peptide mimic followed by SDS-page.
Lanes 2, 3, 4 and 5 show the subsamples of the proceeding reaction taken at the timepoints 0 h, 2 h, 4 h and
overnight. Lane 1 shows the protein bands of the LMW marker.

Following the SDS-page in Figure 15, it can be observed that the desired semisynthetic bvPrP
(MW = 26152) is formed. However, already after 4 hours the EPL was completed, as the
intensity of the semisynthetic bvPrP band in the overnight sample did not increase compared
to the respective 4 hours band. The reaction rate of the underlying EPL is fast, as there is
already the lipidated bvPrP band visible at the starting point. The high intensity bands of the
subsamples 3, 4 and 5 located at a region around 23 kDa indicate the hydrolyzed a-thioester
(MW =23001), as it was verified by the analysis of the time-dependent HPLC traces. However,
against the observation made on the SDS-page, the HPLC traces (Figure 16) revealed that there
is still a little bit of product formation happening overnight. So, the respective bands in lane 2
and 3 located at the 23 kDa region, contain primarily the hydrolyzed faction and remaining
unconverted a-thioester. Based on these results, it was decided to conduct the EPL overnight,
to produce as much of the lipidated bvPrP as possible. It was tested to use ligation buffers
with different concentrations and pH, but nevertheless the partial hydrolysis of the bvPrP-
thioesters was inevitable. The hydrolyzed a-thioester faction was removed from the desired

product via semi-preparative HPLC.
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Figure 16: Time dependent HPLC traces (Aabs = 214 nm) of the EPL.

A shows the timepoint zero 0 of the conducted ligation reaction. The large peak with a retention time of 10.5
minutes indicates the bvPrP-thioester, whereas the peak with a retention time of 14.5 minutes features the GPI-
anchor peptide mimic. In Panel B the reaction at the timepoint 2 hours can be observed. The novel peak with a

retention time of 12.5 minutes indicates the lipidated bvPrP. Panel C and D show the timepoints 4 hours and

overnight.
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The analytical HPLC trace based on the detection of 214 nm absorption of the isolated
semisynthetic bvPrP revealed a single peak (Figure 17). The respective mass spectrum could be
deconvoluted to a molecular weight of 26154 Da. The obtained mass did match with the

calculated mass of 26152 Da.
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Figure 17: Characterization of the semisynthetic bvPrP.

Panel A shows the analytical HPLC trace (Aabs =214 nm). In panel B the ESI-MS spectrum of the lipidated bvPrP
can be seen.

The semisynthetic bvPrP could be isolated via HPLC purification and a yield of 26% was
attained. Next, the modified bvPrP was prepared to be refolded, as it was present in a

denaturated state for the purification procedure.

3.3 Biophysical characterization — CD spectroscopy

The purified and lyophilized lipidated bvPrP were treated with a refolding buffer to induce the
native folding state. The conducted lab work is explained in more detail in section 2.2.4. The
secondary structure of the prepared semisynthetic bvPrP was assessed via CD-spectroscopy.
The dialysis buffer (20 mM sodium acetate + 10 mM OG) was used as a blank for the

measurement.
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Figure 18: Far-UV CD-spectra of semisynthetic bvPrP and PrP variants.
In A the recorded CD-spectrum of the lipidated bvPrP is observed. Panel B shows the CD-spectra of the non-
modified full length PrP and different modified PrP variants extracted from the work of Hackl, S.'%

For comparison, recorded CD-spectra obtained by Hackl, S**®. were included in Figure 18. As a
different nm range (190-260 nm) was adjusted for the spectra in B, the obtained diagram of
the semisynthetic bvPrP in panel A differs in the appearance. As stated by Corréa and
Ramos?%8, a characteristic CD-spectrum of an a-helix protein includes two negative bands of a
similar magnitude at 222 and 208 nm. The significant minimum at 208 nm can be observed in
the CD-spectra in Figure 18. The second minimum at 220 nm is barely visible in the recorded
CD-spectrum of the lipidated bvPrP. However, as it is hardly observable in the CD-spectra for
the full length PrP and the respective variants too, it might correlate with the glutathione-
based redox system of the folding buffer, as similar refolding conditions were applied by
Hackl®®. According to the work of Safar et al.2%, PrP¢ exhibits an a-helical content of 36%. By
using the CDNN software an a-helix content of 28.5% for the lipidated bvPrP was revealed
(Table 8). The small deviation may arise from differences in the concentrations of (bv)PrP and
the used glutathione redox system, as it was described by Chu et a/?'°. Additionally, the
organism diversity of the expressed prion protein should be taken into account, when the

folding characteristics are compared to the literature.

Table 8: Percentage of the secondary structure contents based on the recorded far-UV CD-spectrum of the
lipidated bvPrP, calculated by using the CDNN software.

a-helix B-sheet B-turn random coil

lipidated bvPrP 28.5% 20.1% 18.3% 323%
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Results & Discussion

To make sure that the sample did not include any misfolded proteins, a centrifugation step
was performed before the CD-measurement. The observed precipitate stuck on the tube was
removed from the dissolved lipidated bvPrP. Based on the received CD-spectrum and the
comparison to the results published by Hackl'®®, it is suggested that the correct disulfide
linkage for the semisynthetic bvPrP was attained. The findings of Maiti and collaborators?!!
did support the assertion that a correct folding was achieved. They prepared PrP variants with
two cysteine residues replaced by alanine (C179A/C214A) and reported that the refolding of
the respective PrP variant was accomplished. Spectroscopic measurements were done as well,

and it was argued against an allegation that a stable monomeric PrP is rich in B-sheet structure.
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4 Conclusion & Outlook

4.1 Conclusion

It remains a major goal to elucidate the pathogenesis of prion diseases, which involve the
conformational change of the cellular prion protein (PrPC) into the scrapie prion protein (PrP>)
at the cellular membrane. It is believed that PrP¢ drives the conversion of cellular prion
proteins by inducing a misfolded state. In the late years of the 20™" century a major limitation
of the research included the production of modified PrP variants, since at that time there were
no appropriate methods available to obtain such proteins in sufficient amounts. This changed
with the semisynthesis strategy developed by Becker et al., as it was now possible to generate
modified PrP variants in acceptable quantities by conducting a reaction stated as Expressed
Protein Ligation (EPL). These PrP variants also include PTM’s that mimic the GPI-anchor, which
is known to be essential for the PrP¢ conversion, since it tethers the protein to the cellular
membrane. Semisynthetic human prion proteins have already been successfully produced in
the Becker Lab and been used to perform binding experiments with artificial membranes. It
was demonstrated that the produced PrP variants interacted with negatively charged lipid
bilayers at a physiological pH. Furthermore, it was reported that the connection between the

modified PrP and the lipid bilayer was non-reversible due to strong hydrophobic interactions.

In this work, the semisynthetic route was transferred to bvPrP, which led to folded bank vole
prion protein carrying a GPl-anchor peptide mimic at the C-terminus. For the EPL reaction a
ligation buffer with the thiol MPAA was used, as previously developed by Hackl et al.%® The
secondary structure of the lipidated bvPrP was assessed via circular dichroism (CD)
spectroscopy. The CD-spectrum showed the characteristic minima of a predominantly a-
helical protein. With production of the site-specific modified bank vole prion protein, a
foundation was created to generate further bvPrP variants in the future. Since our partner
from the United States, Surachai Supattapone (Dartmouth College) works with bank vole as a
model organism, it was necessary to establish this semisynthesis as no bank vole prion

proteins had been previously produced in the Becker Lab.
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4.2 Outlook

The data generated in this project provides a suitable basis to produce bank vole PrP variants.
For further in vivo experiments the lipidated bvPrP constructs were shipped to the Dartmouth
Geisel School of Medicine in the United States. There, Supattapone et al.?'421> investigate the
conversion of PrP¢ into PrP>¢. They were able to produce prion proteins with infectivity levels
similar to brain-derived prions in the presence of chemically synthesized cofactors. It was
identified that the cofactor phosphatidylethanolamine (PE) has a major impact on the
propagation of PrP5 molecules derived from several mammalian prion strains. Additionally, it
was reported that such cofactors may influence prion strain properties. However, these
results still leave open the question whether the infectivity is only due to the presence of the
cofactors or whether it is exclusively due to the prion protein itself. This could be elucidated
by comparing the detailed structures of the produced infectious PrP5¢ (cofactor + PrP*¢) and
non-infectious prion proteins without a cofactor. Future studies would include the
determination of further “cofactors” (e.g. PTMs) that are essential for the propagation of a
prion strain. By monitoring the selective susceptibility of neuronal populations in vivo, it could
be possible to identify strain specific factors and their respective expression pattern in
different cell types.?%® For this purpose, the lipidated bank vole prion protein generated here

may be implemented in such experiments.

Even though the production of the semisynthetic bvPrP was successfully accomplished, there
is still room for improvement concerning the yields. One approach would include the synthesis
of a GPl-anchor peptide mimic equipped with a N-terminal selenocysteine instead of a
cysteine. The reaction rate of the underlying EPL reaction could be increased by using a
selenocysteine-containing peptide. However, the purification of such peptides is rather

challenging.

In general, the produced modified bvPrP can be used for several biophysical experiments such

as membrane binding studies or aggregation assays.
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6 Appendix

6.1 Nucleotide and amino acid sequences

6.1.1 pTXB1-Mxe GyrA intein-His-CBD bvPrP (aa 23-231) via Ndel/Spel

31

61

91
121
151
181
211
241
271
301
331
361
391
421
451
481
511
541
571
601
631

31
61
91
121
151
181

TATGAAAAAACGTCCGAAACCGGGTGGTTG
GAACACCGGTGGTTCTCGTTACCCGGGTCA
GGGTTCTCCGGGTGGTAACCGTTACCCGCC
GCAGGGTGGTGGTACCTGGGGTCAGCCGCA
CGGTGGTGGTTGGGGTCAGCCGCACGGTGG
TGGTTGGGGTCAGCCGCACGGTGGTGGTTG
GGGTCAGCCGCACGGTGGTGGTTGGGGTCA
GGGTGGTGGTACCCACAACCAGTGGAACAA
ACCGTCTAAACCGAAAACCAACATGAAACA
CGTTGCTGGTGCTGCTGCTGCTGGTGCTGT
TGTTGGTGGTCTGGGTGGTTACATGCTGGG
TTCTGCTATGTCTCGTCCGATGATCCACTT
CGGTAACGACTGGGAAGACCGTTACTACCG
TGAAAACATGAACCGTTACCCGAACCAGGT
TTACTACCGTCCGGTTGACCAGTACAACAA
ACCAGAACAACTTCGTTCACGACTGCGTTA
ACATCACCATCAAACAGCACACCGTTACCA
CCACCACCAAAGGTGAAAACTTCACCGAAA
CCGACGTTAAAATGATGGAACGTGTTGTTG
AACAGATGTGCGTTACCCAGTACCAGAAAG
AATCTCAGGCTTACTACGAAGGTCGTTCTT
CcT

MKKRPKPGGWNTGGSRYPGQGSPGGNRYPP
QGGGTWGQPHGGGWGQPHGGGWGQPHGGGW
GQPHGGGWGQGGGTHNQWNKPSKPKTNMKH
VAGAAAAGAVVGGLGGYMLGSAMSRPMIHF
GNDWEDRYYRENMNRYPNQVYYRPVDQYNN
QNNFVHDCVNITIKQHTVTTTTKGENFTET
DVKMMERVVEQMCVTQYQKESQAYYEGRSS
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6.1.2 Amino acid sequence Mxe GyrA intein-His-CBD

1 CITGDALVALPEGESVRIADIVPGARPNSD
31 NAIDLKVLDRHGNPVLADRLFHSGEHPVYT
61 VRTVEGLRVTGTANHPLLCLVDVAGVPTLL
91 WKLIDEIKPGDYAVIQRSAFSVDCAGFARG
121 KPEFAPTTYTVGVPGLVRFLEAHHRDPDAQ
151 AIADELTDGRFYYAKVASVTDAGVQPVYSL
181 RVDTADHAFITNGFVSHATGLTGIHHHHHH
211 HSGLNSGLTTNPGVSAWQVNTAYTAGQLVT
241 YNGKTYKCLQPHTSLAGWEPSNVPALWQLQ

6.2 pTXBI1 vector map

Mbel 5454
Sl 6305 Patl B563

Agel 6379 BamHl 570
SgrAl G289 Blpl 6623
Bigl 6129 - Sachl 6132 Eco01081 6650

Bspdll - Sagl 5775

PaeRTI - Xhal 5781

Pepitl 5761

Ecolil 5755

Mell 5748

Mrul 5738

Mhel 5722 - Bl 5730 e

Néel 5723

Swal 1099

Pail 1195
Dralll 1324

Abl 1201

Pell 2310

Bell 4084 Bel?171 2452

BeIEN 3916
PapOMI 3891 - Apal 3395

BesHIl 3587
EcaRV 35652

Hpal 3596

FIF - Tih1 111 2507

Kagl 3455 - Marl 3460 - S0l 3461 - PWTl 3463

T7 promoter lac operatar o Shine Dalgarna
< . B EAAA T T e TR T e N e e R A WA R T C T AGARATAATTTTET TTAACTT TAASIEEIEATATA
' 5GBD _ 5700 _ 5720 '
TEB1 MC3
g Nl Mnel Nl Sal Mol EcoRl  Xnol  Sapl W

CATATEECTAGCTCGCGAGTCEALEECEELCRCGAAT TCCTCGAGEECTCTTCD
M A 5 5 R VYD G&G&ERETFILEU®SEGS 5

ITXB3 MC3
r Mol Mnel  Nrul Sall Mo EcoRl  Xhol Sapl k4

ACCATERLTAGCTCGCGAGTCGALEECEECCGCGAATTCCTCGABRECTCTTCC
M A 5 5 RVYDG&G&ERETFILEUGSEGS 5

Mxe GyrA intein

Spel
ATCACGGGAGATELACTAGT T GLCCTACCCEAGEECEAGT CEGTACGCATCGCCGACATCATELCE. . .

Figure 19: pTXB1 vector map including restriction sites.?!?
(New England Biolabs Inc., 2021)
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7 Abbreviations

aa
APS
Boc
BSE

bvPrP
cAMP

CBD
ccv
CcD
CDI
CiD

CFC
CME

Cryo-
EM

DCC
DCM
DIC
DIPEA
DMF
DOPC
EGFP
EPL
ER
ERK1/2
ESI-MS
FFI

Fmoc

amino acid

ammonium persulfate

high performance liquid chromatography
Bovine Spongiform Encephalopathy

Bank vole prion protein

cyclic adenine monophosphate
chitin binding domain
clathrin-coated vesicles
circular dichroism
1,1-carbonyldiimidazole
Creuzfeldt-Jakob disease

Cell-free conversion

clathrin mediated endocytosis

Cryo electron microscopy

dicyclohexylcarbodiimide
dichloromethane
Diisopropylcarbodiimide
N,N-diisopropylethylamine
N,N-dimethylformamide
Dioleoylphosphatidylcholine

enhanced green fluorescent protein
expressed protein ligation

endoplasmic reticulum

extracellular signal-regulated kinases 1/2
Electrospray ionisation mass spectrometry
Fatal Familial Insomnia

fluoren-9-ylmethoxycarbonyl
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FSE
FTIR
GABA

Gdn-HCI
GPI

GSS

HATU

HBTU

HOBt
HPLC
hPrP
IPTG
KA
LC-MS
LRP
LRP1
LTP
MALDI

MBHA-
resin

MESNA
MPAA
MSA
mtt
MwCO
NCL
NCAM
Ni-NTA
oG

Feline spongiform encephalopathy
Fourier transform infrared
gamma-aminobutyric acid
guanidine hydrochloride
glycosylphosphatidylinositol

Gerstman-Straussler-Scheinker

N-{(Dimethylamino)-1H-1,2,3-triazolo [4,5-b]-pyridino-1-ylmethylene}-N-

methylmethan-aminium hexa- fluorophosphate

N-[(1H-Benzotriazol-1-yl)(dimethylamino)-methylene]-N-methylmethanaminium

hexafluorophosphate N-oxide
1-hydroxybenzotriazole

high performance liquid chromatography
human prion protein
isopropyl-B-D-thiogalactoside

kainic acid

Liquid chromatography mass spectrometry
laminin receptor precursor

low-density lipoprotein receptor-related protein 1
long term potentation

Matrix assisted laser desorption ionization

4-methylbenzhydrylamine resin

sodium 2-mercaptoethanesulfonate
4-mercaptophenylacetic acid
Multiple System Atrophy
4-methyltrityl

Molecular weight cut off

Native Chemical Ligation

neuronal cell adhesion molecule

nickel-nitriloacetic acid

N-Octyl-B-D-Glucopyranoside
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Abbreviations

PIRIBS
PK
PMCA
POPG
PPO
PRNP
PrP
Prp¢
PrpPalm
PrpRes
Prpsc
PTM
sAHP

SDS-
page

SHa
SPPS
TCEP

TEMED

ThT-
binding

TIS
TSE
vCID

VGCC

parallel in-register intermolecular beta-sheet
proteinase K

protein misfolding cyclic ampification
1-palmitoyl-2oleoyl-sn-glycero-3-phospho-(1’-rac-glycerol)
polyethyleneglycol polyamide oligomer
prion protein gene

prion protein

cellular prion protein

palmitoylated prion protein

protease resistent prion protein

scrapie prion protein

posttranslational modification

slow after hyperpolarization

sodium dodedcyl sulfate polyacrylamide gel electrophoresis

Syrian hamster

solid phase peptide synthesis
tris(2-carboxyethyl)phosphine
tetramethylethylenediamine

Thioflavin T binding

triisopropylsilane
Transmissible Spongiform Encephalopathies
variant Creuzfeldt-Jakob disease

voltage-gated calcium channel
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