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Abstract

Prion diseases or transmissible spongiform encephalopathies (TSEs) are a group of infectious
neurodegenerative diseases. They are caused by a conformational change of the cellular prion protein
(PrPC) to the misfolded form (PrP¢). TSEs differ from one another in incubation time, clinical signs,
and biochemical properties. These differences are a result of multiple conformationally different
PrPS states, called strains. One of the main ways to characterize strains is by immunoblotting, since
each strain has a specific pattern where different glycoforms can be distinguished. This is due to the
fact the prion protein has two N-glycosylation sites, however, the knowledge regarding exact N-
glycan structures on different prion strains has not been researched so far. The phenomenon of prion
strains still remains to be explained; therefore, the aim of this study was to, for the first time,
differentiate individual N-glycan structures on different glycosylation sites.

The first part of the project included optimization of the protocol for isolation of large-scale
PrPS. Isolation of the prion protein was shown to be somewhat challenging. Two different
approaches were tested, immunopurification and the density medium approach. After performing all
of the experiments, the prion protein was successfully isolated from sheep brain tissue, infected with
three different prion strains, by using the density medium approach. To analyze the glycan structures,
site-specific analysis was performed. The isolated PrPS° was loaded on SDS-PAGE, and after
staining the gel with Coomassie, the bands corresponding to PrPS¢ glycoforms were cut from it and
the protein was digested with trypsin. A mixture of peptides and glycopeptides was obtained. To
minimize suppression of glycopeptide ionization, an enrichment procedure was performed. Tryptic
digests before and after the enrichment procedure were analyzed using reverse phase liquid
chromatography coupled with electrospray mass spectrometry (LC-ESI-MS).

Glycan structures detected on sheep PrPS® were identified as “brain-specific” N-glycans,
which are usually rich in sialic acid, fucose residues, and have the presence of bisecting N-
acetylglucosamine (GIcNAc). The analysis on different strains showed that there are no major
differences in the glycan composition, leading to the conclusion that the N-glycan composition does
not contribute to prion strain diversities, but rather that the differences come from the protein’s

conformation, therefore confirming the “protein-only” hypothesis.
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CHAPTER |

1 INTRODUCTION

1.1 Neurodegenerative diseases

Neurodegenerative diseases represent a major threat to human health and their prevalence has been
increasing in recent years. Some of the examples of neurodegenerative diseases include Alzheimer's
disease (AD), Parkinson's disease (PD), Huntington's disease (HD), amyotrophic lateral sclerosis
(ALS), frontotemporal dementia and transmissible spongiform encephalopathies (TSEs) [1].

These diseases have a wide range of symptoms, causing disruptions in cognitive, social and
emotional behavior. Developing effective treatments is desperately needed but quite challenging,
since molecular mechanisms involved in neurodegeneration are not completely known. They involve
multiple processes operating simultaneously in the brain, including spongiform degeneration,
synaptic alterations, brain inflammation, neuronal death and the accumulation of protein aggregates,
which are the result of abnormalities in protein processing of one or more specific neuronal proteins.
The mechanism of abnormal processing can involve misfolding of a protein, altered post-
translational modifications of newly synthesized proteins, abnormal proteolytic cleavage or
diminished clearance of degraded proteins [2, 3]. Different neurodegenerative diseases are caused
by aggregation of one or more distinct proteins: amyloid-p (Ap) and tau as neurofibrillary tangles
(NFTs) in AD [4, 5], a-synuclein (a-syn) in PD [6], huntingtin in HD [7], Cu/Zn superoxide
dismutase (SOD1) and TAR DNA-binding protein 43 (TDP-43) in ALS [8, 9], prions (PrP%) in
TSEs [10], and others.

Of all the studies on neurodegenerative diseases agents, the discovery of prions has led to the
most unexpected findings and served as a model for explaining the pathogenesis of many other
neurodegenerative diseases. The concept that a protein can act as an infectious agent and cause
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degeneration in the central nervous system was accepted in the 1980s with the research of Stanley
B. Prusiner [1, 10].

Neurodegenerative diseases represent a fast-growing group of disorders and the World
Health Organization (WHO) states that today’s 44 million cases will only continue to increase and
could even become the second most common cause of death, right after cardiovascular diseases [11].
Even though prion diseases occur at a low rate, affecting approximately 3-6 people per million
annually, they represent a prototype of different proteinopathies, thus it is important to focus on
finding an answer these types of disorders impose [12].

1.1.1 Prion diseases

Prion diseases are also known as transmissible spongiform encephalopathies (TSEs) and they
represent a group of infectious and fatal neurodegenerative diseases. The first prion disease
described, back in the 18" century, was scrapie in sheep, but it was not until the 1930s that it was
defined as a transmissible disease. The following decades discovered some unusual properties of the
causative agent, such as resistance to inactivation by heat and ionizing radiation, which led scientists
to believe no nucleic acids were present, or that it was, which was believed for a long time, a “slow
virus” [13].

Prion diseases affect humans and various animal species. They can be sporadic (85%), genetic
(10—15%) or acquired by infection (less than 1%) [14]; in humans they include kuru [15],
Creutzfeldt-Jakob disease (CJD) [16], Gerstmann-Straussler-Scheinker syndrome (GSS) [17] and
fatal familial insomnia [18]. In animals they include bovine spongiform encephalopathy (BSE) in
cattle [19], scrapie in sheep and goats [20], chronic wasting disease (CWD) in cervids [21] and
transmissible mink encephalopathy (TME) [22]. Neuropathological features of prion diseases
include spongiform change, neuronal loss and gliosis (of both astroglia and microglia). Incubation
times and clinical symptoms are quite heterogeneous within different syndromes. However, one
thing is common for all prion diseases, after the onset of clinical signs, the progression of the diseases
is fast, inevitably causing death [3].

Prion diseases are usually definitely confirmed by post-mortem histopathological brain tissue
analysis or brain biopsy, since currently there is no standard diagnostic tool to diagnose them pre-

symptomatically. Nowadays, assays for detecting prions are being improved, one of the most
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important ones being real-time quaking induced conversion (RT-QulC) which has had a considerable
impact in diagnosing prion diseases clinically [23-25].

It is of great importance to overcome the difficulty of diagnosing prion diseases, in order to
develop appropriate treatments. Ever since the discovery of TSEs, a lot of effort has been put into
curing or at least modifying the course of the diseases, unfortunately so far without success. There
is still a lot of work to be done, and understanding the basics, like the structure of the prion protein
and the molecular mechanism behind the disease, are fundamental in the fight against these disorders
[26].

1.1.1.1 Scrapie

Scrapie is considered a prototype of the TSEs, as it was the first one described and the first to be
shown as both infectious and transmissible. The name scrapie derives from a common clinical sign
of the disease, where animals compulsively scrape off their fleece against fences and other objects
[27].

Several polymorphisms in the gene encoding for the sheep prion protein (Prnp) have been
associated to scrapie susceptibility. Polymorphisms at codons 136, 154, and 171 are significant in
determining resistance or susceptibility to scrapie. The polymorphisms Vi3R154Q171 and
A136R154Q171 are correlated with a higher susceptibility to scrapie; whereas AizsRi1s4R171 and
Au3sH154Q171 are associated with resistance to scrapie [27, 28], even though some cases of scrapie

with the latter one have been reported [29].

Scrapie occurs naturally in sheep and emerges in two forms, classical and atypical. Atypical
scrapie was first described in 1998, Norway and since then has been identified in other countries. It
appears mainly in older sheep and interestingly, with genotypes ARR/ARR, resistant to classical
scrapie [30, 31]. These two forms differ in their clinical symptoms; however, confirmation of the
diseases is challenging since the same symptoms can occur also in other conditions. Therefore,

clinical diagnosis should be validated together with neuropathological and biochemical analysis [32].

Even though there is still no strong evidence for zoonotic risk of scrapie in humans, studies
have shown that classical scrapie can be directly transmitted to cynomolgus macaques, an important
model for human prion disease [33, 34], but also in transgenic mice overexpressing human PrP [35].
Additional experimental studies should be performed in order to fully understand the potential risk

of scrapie for public health.
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1.2 The prion protein (PrP)

The term prion was proposed in 1982 by Stanley B. Prusiner, an acronym that stands for
“proteinaceous infectious particle” [10]. The prion protein exists in multiple forms, mainly the
physiological form (PrP) and the pathogenic form (PrP*). It has high expression levels in the central
nervous system (CNS), however, it can also be found in other peripheral tissues [36]. The expression

of PrP® differs from cell to cell and also in different brain regions [37].
1.2.1 Structure and biosynthesis of the ovine cellular prion protein (ovPrP¢)

The Prnp gene in sheep encodes for the cellular prion protein (ovPrP®), which is 256 amino acids
long. It is composed of an unstructured N-terminal domain (25—120) which contains the evolutionary
conserved octapeptide region (OR) that binds copper, followed by a non-octapeptide region (non-
OR) and a globular C-terminal domain (126—234), that has a defined structure. It is consisted of a
short two-stranded antiparallel B-sheet, three a-helices, and a disulfide bond (C182—C217) linking
a2 and a3 helices. The globular domain contains two N-glycosylation sites at asparagine residues
184 and 200 (Figure 1) [38]. Structural analysis of PrP® was performed on the bacterially expressed
PrP and even though this recombinant PrP (recPrP) is not submitted to post-translational

modifications, from a structural point of view it is equivalent to the physiological form of PrPC.

The primary signal that regulates trafficking of PrPC is the signal peptide, composed of 24
amino acid residues (1-24). It causes a co-translational translocation of the complex mRNA and
ribosome to the endoplasmic reticulum (ER). After the cleavage of the signal peptide, the prion
protein is further translated directly to the ER. N-linked glycans can be co-translationally added to
the protein at two asparagine residues (N-184 and N-200), leading to the existence of the di-, mono-
and unglycosylated forms of PrP (two, one or none of the glycosylation sites are occupied). The last
22 amino acid residues at the C-terminus are also cleaved off and replaced by a
glycosylphosphatidylinositol (GPI) anchor, which attaches the prion protein to the plasma membrane
[39]. PrPC is then transported to the Golgi where the glycans are further modified and matured,
leading to complex and heterogeneous structures and at this point, the protein is considered mature
(Figure 2) [40].
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Figure 1. Structure of sheep PrP®. Schematic illustration of primary PrP¢ structure. The unprocessed form
contains the signal peptide (1-25), octapeptide region (OR, 54-95), two short B-strands and three a-helices
and a GPI anchor signal at the C-terminus. The approximate PK cutting site is marked with an arrow and
the epitopes recognized by antibodies used in this thesis are shown, EF2 (in blue), SAF 61 (in red) and SAF
84 (in green) (A). Secondary structure of the globular domain of PrP¢ (B). Modified from [41].

PrPC can exist in three different topological forms. The majority is secreted to the cell surface
by the exocytic pathway where it remains attached with the GPI anchor, but it can also adopt two
transmembrane forms, where the central hydrophobic region is integrated into the membrane. The
NIMPrP integrates into the membrane with the N-terminus located into the ER lumen and the C-

terminus remains in the cytosol, while the “™PrP integrates in the opposite direction [42].
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Figure 2. Schematic of the biosynthesis of sheep PrP®. Modified from [43].

1.2.2 Trafficking and processing of PrP¢

After transporting PrP® to the cell surface, the protein can be submitted to cycles of endocytosis. The
process is quite complex and has been explained by clathrin-dependent and independent pathways.
Before entering the clathrin-dependent endocytic pathway, PrP¢ leaves the lipid rafts to the non-raft
membranes, from where it goes to coated pits. It has been suggested that basic residues KKRPKP in
the N-terminal domain are important for the clathrin-mediated endocytosis [44]. This type of
endocytosis is surprising for a GPI anchored protein, since PrP¢ lacks amino acid residues
responsible for interacting with proteins necessary for clathrin-dependent endocytosis. However, this

is enabled because of the copper binding in the OR region [45].

It has been shown in CHO (Chinese Hamster Ovary) cells that PrP€ is internalized by
caveolae, one of the most common clathrin-independent endocytosis pathways [46]. Since
nonneuronal cells were used, the question remains whether this can be applied for PrP€ trafficking

in neurons.
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During the cycling of PrP¢ between the endocytic compartment and the plasma membrane,
a fraction of the protein is subjected to proteolytic cleavage through PrP processing. Three main
types of cleavage are named a-cleavage, B-cleavage and ectodomain shedding. The a-cleavage leads
to the creation of N1 and C1 fragments; B-cleavage of N2 and C2 while the shedding results in the
release of an almost full-length PrP from the cell surface. Research shows that proteolytic cleavage

of PrP could have a role in the pathology of prion diseases [47].
1.2.3 Functions of PrP¢

Since establishing the connection between prion diseases and PrP€, the prion protein has been
extensively studied and the goal has been to fully understand the biological functions of the prion

protein. Even though the function is still not clear, many efforts have been made towards this.

PrPC is highly expressed in the CNS where it is involved in many processes, such as synaptic
transmission and plasticity [48], memory formation [49], neurite outgrowth [50, 51], neuroprotection
[52] and myelin maintenance [53]. The amount of PrP is different from cell to cell and from one
brain region to the other, however, it has been revealed that it is mostly localized in the synaptic
region [54]. It has also been shown that PrP from astrocytes promotes neuronal differentiation and
survival [55], has a protective role under oxidative stress [56], and has an effect on lactate

metabolism [57].

The neuronal functions of PrP¢ are related to its ability to bind divalent cations, such as Cu?*
[58], Fe?* [59] and Zn?* [60] in the N-terminal domain. The highest affinity is, however, for copper
binding, both in the OR region and the non-OR region. Although it was long thought that copper
binding in general is not directly involved in prion infectivity (because it appears to be so for the OR
region), it has been shown that the non-OR region could be related to prion conversion [61].

The neuroprotective role of PrP® has been established through modulation of N-methyl-D-
aspartate (NMDA) receptors. By binding copper to PrPC, S-nitrosylation of NMDA receptors is
promoted, inhibiting the ion channel and limiting its excessive activity. It has been suggested that

this mechanism is possibly not active in prion diseases, which then leads to neuronal death [62].
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1.3 The scrapie prion protein (PrP°)

The scrapie prion protein (PrP%°) is the pathological form of the prion protein. It shares the same
primary amino acid sequence as PrP¢ however, they differ in their secondary structure. Over the
years many information have emerged regarding PrPC structure, confirming its composition of 45%
of a-helices and only few B-sheets. Difficulties concerning the structure of PrPS¢ remain to be solved,
mainly because of its insolubility and the tendency to aggregate. However, by using techniques such
as circular dichroism and Fourier transform infrared spectroscopy (FTIR), the increased proportion
of B-sheets in PrPS has been confirmed, in contrast to PrP® [63]. Several models of PrP structure
have been suggested, such as -spiral model [64], B-helix model [65], and parallel in-register B-sheet
(PIRBS) model [66], shown to be the model corresponding to most of other misfolding proteins [67].
Recent X-ray diffraction studies and cryo-electron microscopy have actually indicated the structure
to be in agreement with the 4-rung B-solenoid (4RBS) model [68].

Table 1. Characteristics and differences between PrP¢ and PrPSc.

Prpc Prpse
Monomer Forms aggregates
Attached to the cell surface Intra- or extracellular located
Soluble Insoluble
PK sensitive Partially PK resistant
Mostly a-helices Mostly B-sheets
Non-infectious Infectious

Other main differences are listed in Table 1. Unlike PrP€, which is a monomeric protein, PrPS°
tends to form aggregates, causing neuronal apoptosis and brain vacuolation within the CNS, and
eventually causing death. Because of the high content of B-sheets, PrP*¢ is partially resistant to
proteinase K (PK), leaving a PK-resistant core, noted PrP27-30, leading to the formation of amyloid
fibrils. This biochemical feature is the most common way in which PrP® and PrPS¢ are distinguished.

By digesting an uninfected and infected sample with PK and performing an immunoblot, there is a
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clear difference in these two samples. PrP¢ is completely degraded, while for PrPS¢ samples there is
a shift towards lower molecular weight because of the N-terminus cleavage of the prion protein. The
Western blot of PrP5¢ is characterized by a typical three-band pattern, corresponding to different site
occupancies of the prion protein (di-, mono- and unglycosylated, listed from highest molecular
weight to lowest) (Figure 3) [69].

kDa PrPC prpse PiPC prpse

ro
tn
|

15 —

| |

-PK +PK

Figure 3. Schematic of an immunoblot of PrP€ and PrPS¢ without or with PK treatment.

Even though this technique has been widely used and accepted as a way of characterizing
prions, it has become apparent that some PrPS¢ forms are sensitive to PK digestion [70-72].
Therefore, it is necessary to develop new diagnostic tools in order to detect these prion forms.
Digestion by thermolysin has been proven as an alternative enzymatic digestion. Thermolysin, as
PK, completely digests PrPC, but interestingly, leaves both the PK-sensitive and resistant PrPs¢ in
their full-length form. The fact that the N-terminal domain of PrP*¢ is left intact allows for possible

improvements in diagnosis of prion diseases or strain definition [73, 74].
1.3.1 The “protein-only” hypothesis

The main event of prion diseases is the conversion of PrP¢ to PrPSC. It was long believed that prion
diseases were caused by parasites or viruses. It was first proposed by Griffith [75], that the agent
causing the disease could be a self-replicating protein. Prusiner later proposed, what is today the

most widely accepted model, although still controversial, the “protein-only” hypothesis. It states that
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the prion protein can replicate without nucleic acids and that it is the main, and possibly only, agent

causing prion diseases [76].

To this date, many evidences strongly support this hypothesis. It has been demonstrated, since
linking familial cases of TSE with mutations in the gene encoding for PrP, how a genetic disorder
propagates in an infectious manner [77]. Also, by discovering that both PrP® and PrP¢ are encoded
by the same gene and as no differences were found between their mMRNAS and the primary amino
acid sequence, it was an indication that the difference could be due to conformation [78]. Further
strong evidence was the fact that PrP® knockout (KO) transgenic mice were resistant to prion
infection, showing that the prion protein is necessary for the disease to occur [79]. An important
finding was also the ability to maintain infectivity in mouse neuroblastoma cell line (N2a) after
chronically infecting them with brain homogenate containing PrPS¢ [80].

The final proof for this hypothesis was the production of synthetic prions in 2004. Misfolding
of recombinant mouse prion protein (recMoPrP) was succeeded in vitro, after which transgenic mice
were inoculated intracerebrally with the formed amyloid fibrils. Followed by a long incubation time,
the mice developed clinical signs of the disease and the presence of prions was confirmed by Western
blot. Prions from brain homogenates from these animals were further transmitted to both wild type
(WT) and transgenic mice; PrPS¢ was found also in their brains [81]. Synthetic prions can also be
generated in large quantities in vitro by performing protein misfolding cyclic amplification (PMCA).
PMCA is a method in which brain homogenates from healthy animals are mixed with a seed
(containing PrP%°), causing the conversion of PrP® to PrPS¢ and the formation of aggregates, which
are then broken up into smaller fragments by rounds of sonication cycles. The smaller fragments act
as seeds that continue the conversion and synthesis of new PrPS¢ molecules [82]. The fact that there
is cell-free conversion of PrP¢ to PrP¢, proves that synthetic prions are able to cause the disease and

therefore support the given hypothesis [83].
There are two different models explaining the conversion of PrP¢ to PrPS¢ (Figure 4):

e The template-assisted conversion model was proposed by Stanley B. Prusiner [76]. It states
that the conversion is not spontaneous, since it is prevented by an energy barrier. However,
a direct interaction of PrPS® with PrPC leads to a formation of a heterodimer, which assists
the conformational change of PrPC. At this point, there are two molecules that can serve as a

template for the next PrP¢ molecule, leading to an exponential growth of PrPS¢ molecules
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and the formation of amyloid fibrils. It has also been proposed that an intermediate structure
(PrP*) of the conversion could exist, however, its presence has not been proven yet [84].

e The nucleation-polymerization model was proposed by Jarret and Lansburry [85]. It states
that even though PrPS¢ and PrPC are in equilibrium, PrPC is the favored form. The formation
of the seed is thermodynamically an unfavorable process and a rate determining step in this
mechanism. However, after formation of the nucleus, the fast step is the recruitment of more
and more PrP® molecules which change their conformation to PrP¢, adding to the seed and

further forming amyloids.
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Figure 4. Two models explaining the conformational conversion of PrP¢ to PrPS¢. The template-assisted
model (A) and the nucleation-polymerization model (B). Modified from [86].

1.3.2 Prion strains and the species barrier

Another surprising feature of prions is the existence of strains. Even though this concept was difficult
to accept, evidences kept growing. It was first proposed by Pattison and Millson [87] after confirming

different phenotypic traits in goats. Further experiments revealed how each strain has a specific
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signature. After transmitting different prion strains to mice and serially passaging them, experiments
continuously resulted in the characteristic pattern of both clinical signs and incubation periods [88,
89]. Strains differ from one another in clinical symptoms, incubation time, lesion profile and
biochemical properties, such as PK-resistance, and electrophoretic mobility [90-92]. These
biochemical properties are the ones most often used for characterizing and differing prion strains
(Figure 5). The phenomenon of prion strains is still not completely understood. The presence of
different phenotypic properties in organisms with the same genotype leads to the conclusion that
differences in strains are not due to genetic variability, but rather in their conformational states [93].
Strains also differ in their immunoblot patterns, caused by variability in glycan site occupancy (di-,
mono- and unglycosylated states). Differences in the actual glycosylation patterns remain to be
investigated, since number of evidences claim glycans are not responsible for the existence of strains,

however, some researchers believe they could have a role in defining their properties [81].
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Figure 5. Immunoblot of different human prion strains after PK digestion, sporadic CJD (sCJD), iatrogenic
CJD (iCJD) and variant CJD (vCJD). There is an obvious difference in their electrophoretic mobility,
depending on the size of the PK-resistant core and a difference in their glycan site occupancy, where for
each strain a different glycoform is more dominant than the others. Modified from [94].

One of the explanations of strain diversity is the fact that prions can be transmitted between
species and this is another major point in differing prion diseases from other neurodegenerative
disorders. Luckily, a phenomenon known as the “species barrier” limits the transmission and can
lead to a prolonged incubation time [95]. Prions are, however, known to adapt, meaning that after
the initial infection and by serial passages to the same species, the incubation time can decrease [96].

Variations in the primary protein sequence of PrP in different species could cause the conformation
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diversity in prions and could explain both the strain diversity and the species barrier [97, 98]. Some

animals, for example rabbits, horses and dogs, show a reduced susceptibility to prion diseases [99].

The only example of interspecies prion transmission to humans was from BSE in cattle,
causing a new form of CJD, called variant CJD (vCJD). The epidemic of BSE started in United
Kingdom and was first identified in 1986. Consumption of material infected with BSE caused a
public health crisis and it was not until 1996 that it was linked to the newly formed TSE (vCJD)
[100]. Since then, 229 cases have been reported worldwide, 177 of those in the UK. After introducing
new control measures, there has been a decline in the emergence of the disease. This epidemic
pointed out that people should be more aware regarding prion diseases [101]. Currently there is no
way to predict a generation of new prion strains and which impact it could have on other species.
For this reason, the most recent epidemic of CWD in cervids is causing a concern amongst scientists.
Even though experiments have indicated that the species barrier is greater than the one between
humans and cattle; CWD transmission to other species could cause an intermediary strain, with a
potential to infect humans [102, 103].

1.4 Glycosylation of proteins

Glycosylation is one of the most common and most important co- and post-translational
modifications (PTM). It is a process in which glycans, composed of monosaccharide units, are
attached to proteins or lipids. Attachment of glycan structures contribute significantly to the mass,
structure and stability of proteins [104]. Unlike proteins, glycans are not encoded in the genome, but
their attachment to the peptide backbone is regulated through a complex network of several hundred
enzymes, transcription factors, transporters, and other proteins. Glycans can be composed from only
2 and even up to 20 monosaccharide units, which can be linked in numerous ways (depending on
the glycosidic linkages, which is more complex than the peptide bond), leading to the phenomenon
of heterogeneity and creation of branched structures, unlike the linear polymers such as DNA and
proteins. A glycoprotein can have from one to couple of glycosylation sites, where each site can
carry many different glycan structures, causing an immensely complex glycoproteome, much more
complicated than the proteome [105]. Vertebrates have a highly evolved glycome, which differs
from that of lower eukaryotes and prokaryotes. Glycans in mammals are specifically well conserved,

although with variations between species [106].
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1.4.1 Functions of glycosylation

It is not surprising that, due to their complexity, functions of many glycans are still unknown.
However, throughout the years many efforts have been put into understanding this and many answers
have emerged. Glycans have an important role regarding the structure, accelerating the folding and
stability of proteins [107, 108]. It has been shown that due to glycosylation, the proteins can become

more resistant to proteases [109].

Eukaryotic cells usually have a thick layer of glycan structures (called glycocalyx, Figure 6)
surrounding them and it represents an obvious physical barrier that needs to be overpassed in order
for an interaction with the cell to occur. Glycans can act as ligands for cell-cell or cell-microbe
interaction [110]. An important feature related to glycans is their specific recognition by glycan-
binding proteins (GBPs), which are divided into two main groups: lectins and sulfated
glycosaminoglycan (GAG)-binding proteins. Lectins are typically very selective for certain glycan

structures and for this reason have been used as a tool for studying them [111].

The important role of glycans has been noted in conditions where glycosylation is disrupted
in some way; either in the formation of glycans before their transfer to the protein or altered
expression of proteins involved in the formation and/or branching of glycans during their

biosynthesis, leading to congenital disorders of glycosylation (CDG), shown to be lethal [112].

cytoplasm nucleus plasma membrane

glycocalyx

200 nm
—

Figure 6. The electron micrograph of a cell surface, showing a thick layer of glycans on it. Modified from
[113].
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1.4.2

Types of glycosylation

Glycans are divided according to the type of linkage to the protein or lipid. The two most common

and mo

1.

Other, |

3.

st studied types are:

N-glycosylation — the glycan is covalently attached to the protein through N-
acetylglucosamine (GIcNACc) to the nitrogen atom of an asparagine (Asn) by B-linkage
(GIcNAcB1-Asn). This type of glycosylation occurs at a conserved tripeptide sequence Asn
— X — Ser/Thr (where X can be any amino acid except Pro), but if there are conformational
constraints around these sites, it is possible that glycosylation will not occur. N-glycans have
also been found at Asn— X — Cys, under the condition that the cysteine is in its reduced form
(CySred).

O-glycosylation — the glycan is attached to the oxygen atom of an amino acid containing a
functional hydroxyl group (Ser or Thr), possibly through GIcNAc, but more often N-
acetylgalactosamine (GalNAc) by a-linkage. Glycans linked through GalNAc are often
referred to as mucin-type O-glycans [112].

ess common, types of glycosylation include:

C-glycosylation — a carbon atom from a mannose (Man) is attached by a-linkage to a carbon
atom of the indole ring of the first tryptophan (W) in the sequence W — X — X — W (where X
can be any amino acid).

Glypiation — the addition of the GPI anchor to the C-terminus of a protein, linking it to the
lipids in the membrane, thus embedding the protein in the cell surface [111].
Glycosaminoglycans (GAGs) — long linear repeating disaccharide units, composing
polysaccharide sugar chains; when attached to a protein (at the Ser residue) they are called

proteoglycans [114].

1.5 N-linked glycosylation

151

Structure and diversity of N-linked glycans

All of the N-linked glycans have the same core structure, consisting of two GIcNAc and three
mannose residues: Manal—-6(Manol-3)ManB1-4GIcNAcB1-4GIcNAcB1-Asn. There are three

general

types of N-linked glycans (Figure 7):
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¢ high mannose (or oligomannose) — only mannose residues are attached to the core;

e complex — each “antennae” on the core structure is elongated by attaching a GIcNAc to the
mannose residue;

e hybrid structures — one or two antennae are attached to the Manal-3 arm, while only

mannose residues are attached to the Man a1-6 arm [115].

oligomannose complex hybrid

Figure 7. Three general types of N-linked glycans, sharing the same core structure (marked in the red
rectangle). Blue square — N-acetylglucosamine (GICNAC), green circle — mannose, red triangle — fucose,
yellow circle — galactose, purple diamond — N-acetylneuraminic acid (Neu5Ac). Modified from [115].

The diversity of N-glycans, as seen in Figure 7, comes not only from the type of
monosaccharide unit, but also from the type of glycosidic bond, where an anomeric carbon from one
monosaccharide is linked to the hydroxyl group of another C-atom. The anomeric carbon of each
monosaccharide has a hydroxyl group that can adopt two orientations, named o and . In addition to
this, monosaccharides also have multiple hydroxyl group, meaning there are various possibilities for
their linkages. Another important characteristic leading to the diversity of glycan structures is
branching; glycans can have two (called biantennary), or can be even more complex, with three

(triantennary), four (tetraantennary) or even more branches [111].

The complexity of glycosylation on a protein (or even a single glycosylation site) comes from
the fact that the biosynthetic pathway of glycans is under the influence of numerous factors, such as
the localization and abundance of certain enzymes, the accessibility of glycans to the enzymes and

the availability of sugar donors in different cell compartments [116]./



1.5.2 Biosynthesis of N-linked glycans

The biosynthesis of all N-glycans in eukaryotic cells first starts at the cytosolic side of the ER

membrane, then moving to the Golgi (Figure 8). The synthesis in general occurs first by forming an

oligosaccharide precursor linked to a lipid carrier, then transferring the oligosaccharide to the Asn

in the protein. The N-glycans are partially processed in the ER lumen by glycosidases (enzymes

cutting monosaccharides) and glycosyltransferases (enzymes adding new monosaccharides), but the

final processing steps and maturation of the glycoprotein occur in the Golgi [117]. The biosynthesis

will be discussed in detail in the next sections.
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[115].



32

1.5.2.1 Initial synthesis and processing of N-glycans in the ER

Dolichol is a polyisoprenol lipid carrier and depending on the cell type and organism, the number of
isoprene units varies, in yeast it can be comprised of 14-18 units [118], while in mammals of 18-20
units [119]. The oligosaccharide precursor is synthesized on a dolichol phosphate (Dol-P), which in
the beginning is located at the cytoplasmic side of the ER membrane. The first step includes the
transfer of GIcNAc-1-P from UDP-GIcNAc (UDP, uridine diphosphate) to Dol-P, leading to the
formation of Dol-P-P-GIcNAc; this reaction is catalyzed by the enzyme GIcNAc-1-
phosphotransferase. Another GIcCNAc and other five mannose residues are added from UDP-GIcNAc
and GDP-Man (GDP, guanosine diphosphate), respectively, now forming MansGIcNAc.-P-P-Dol.
Glycosyltransferases catalyzing these reactions, transfer only the monosaccharide unit, unlike the
GIcNAc-1-phosphotransferase [120]. Precursor MansGIcNAc2-P-P-Dol is then translocated to the
ER lumen by a flippase [121], followed by an extension with four mannose units from Dol-P-Man
and three glucose units from Dol-P-Glc, generating a 14-sugar N-glycan precursor
GlcsMangGIlcNAC2-P-P-Dol [120].

P p [ transfer to
—> —> .
lumen - P P P protein
| | | 1 1 I er
cytoplasm
P g yiop!

|

p

P

= I dolichol @ Man
W GIcNAc @ Glc

Figure 9. Synthesis of the dolichol-linked oligosaccharide precursor. GIcNAc — N-acetylglucosamine, Man
— mannose, Glc — glucose [121].

Following the formation of the mature high-mannose N-glycan precursor, an enzyme
oligosaccharyltransferase (OST) catalyzes the transfer of the glycan from Dol-P-P to the nascent
protein, specifically to Asn in the Asn-X-Ser/Thr sequon. OST is a transmembrane protein complex
and in mammals it is composed of seven or eight different subunits [122]. Although functions of all
these subunits are not completely clear, it is evident that OST interacts with ribosomes and the

translocon complex, allowing the co-translational transfer of the glycan to the protein [123].
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After the transfer to the protein, the 14-sugar GlcsMansGICNAC; is further processed in the
ER by “trimming” steps, which include the cleavage of three glucose and one mannose residue. The
three glucose residues are removed by different enzymes, a-glucosidase | removes the terminal
glucose (al,2-linked) [124], while a-glucosidase II removes the other two glucose residues (al,3-
linked) [125]. This step is important in order to allow further processing and folding, the glycoprotein
goes through a quality control pathway by interacting to calnexin and calreticulin (ER chaperons)
[126]. If the glycoprotein leaves this step properly folded, a-mannosidase | removes the terminal
mannose (al,2-linked), leaving MangGIcNAc2 which is then moved to the Golgi [127]. If the
glycoprotein is not properly folded, it is recognized by ER degradation-enhancing a-mannosidase I-

like (EDEM) protein, causing the degradation of the protein [128].

1.5.2.2 Processing and final maturation of N-glycans in the Golgi complex

It is, however, possible for not completely processed glycans, still carrying a glucose residue, to
enter the Golgi. If this happens, endo-a-mannosidase in the cis-Golgi cleaves a glucose and mannose
unit in GlcMangGIcNAC,, leaving an isomer of MangGIcNAc2, which is different from the one
produced in the ER. Further trimming of mannose residues is catalyzed by a-mannosidases IA and
IB, generating MansGIcNAcC», the intermediate structure leading to the synthesis of hybrid and
complex N-glycans. This structure or the ones with eight or nine mannose units can remain

unprocessed and get secreted to the plasma membrane and are called high mannose N-glycans [111].

Further synthesis of hybrid and complex N-glycans starts in the medial-Golgi by adding a
GIcNAc residue with the help of a glycosyltransferase called N-acetylglucosaminyltransferase |
(GIcNAC-TI or MGAT1), to the al-3Man in MansGIcNAc,. Major part of N-glycans get trimmed
by a-mannosidase 11 (MAN2AI and MAN2A2, Figure 10), which cleaves two terminal mannose
residues, forming GIcNAcManzGIcNAc,. Only after the removal of both mannose units can another
GIcNACc be added with GIcNAc-TII (MGAT?2) to the other mannose in the core structure (a1-6Man),
the base for all biantennary N-glycans. If a-mannosidase Il does not cleave off the second mannose
unit, hybrid structures are formed. Other branches can be added to the biantennary structure, yielding
tri- and tetraantennary structures (with three and four branches, respectively). Both hybrid and
complex N-glycans can also have a “bisecting” GlcNAc unit, under the influence of GICNAc-TIII
(MGAT3), but only after the two GICNAC residues are already added [111, 129].
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Figure 10. Schematic of the N-glycan branching in the Golgi. Adding and trimming of each
monosaccharide is under influence of a specific glycosyltransferase or glycosidase, shown in the figure.
Blue square — N-acetylglucosamine (GICNAC), green circle — mannose, red triangle — fucose [111].

The final processing and maturation of complex N-glycans occurs in the trans-Golgi and the

reactions can be divided into three parts:

1. Addition of monosaccharides to the N-glycan core: the most common modification is the
addition of a fucose. In vertebrates the fucose is attached to the GIcCNAc linked directly to
the Asn in al-6 linkage, while in plants only in al-3 linkage. In invertebrates, both of
GIcNAC residues in the core can have a fucose, either in a1-3 or a1-6 linkage.

2. Elongation of the branches: most of the hybrid and complex N-glycans have a galactose (Gal)
unit attached to the GIcNAc, producing Galp1-4GIcNAc, also called N-acetyllactosamine or
simply LacNAc. The branch can be further elongated by repeating the disaccharide motive,
forming poly-LacNAc. The addition of GalNAc instead of Gal is also possible, forming a
branch with GaINAcp1-4GIcNAc, named LacdiNAc.

3. “Capping” of the branches: the addition of sialic acids, fucose, galactose, GIcNAc and
sulfates. The capping monosaccharides are usually a-linked, guiding them away from the -
linked branches, enabling them to interact with lectins and antibodies [111].
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1.5.3 Methods for analyzing N-linked glycans

Glycans contribute greatly to a protein’s conformation and folding and given the many important
roles they have in the cell, there is an increased need to analyze them. Because of the structural
complexity and variability that glycosylation brings, this microheterogeneity leads to a decreased
concentration of each analyte (each glycan structure), therefore analysis of glycans is one of the most
challenging amongst all post-translational modifications. Methods usually used in glycosylation

analysis are [130]:

a) separation techniques such as gel electrophoresis or capillary gel electrophoresis (CGE);

b) separation methods based on chromatography, strong or weak anion exchange
chromatography, size exclusion chromatography, and lectin affinity chromatography.

c) mass spectrometry (MS) techniques, usually matrix-assisted laser desorption ionization
(MALDI) and electrospray ionization mass spectrometry (ESI-MS). MS techniques are
commonly coupled to other techniques, such as high-pressure liquid chromatography
(HPLC) or gas chromatography (GC).

d) nuclear magnetic resonance (NMR) or X-ray crystallography for 3D structure analysis.

None of these methods alone can give all the required information (detailed glycan structure, site-
specific and linkage analysis) and for this reason they are usually used in combination with each
other. Specifically, MS techniques have become an important tool in glycan analysis because of their
high sensitivity, the possibility of directly coupling them to chromatographic separation methods
and additionally, sequencing glycan structures can be achieved with fragmentation by tandem mass
spectrometry (MSn) [130, 131]. MS can also be combined with exoglycosidases, enzymes cleaving
monosaccharides in a highly specific and accurate way, leading to information regarding the exact
sequence and linkage of the monosaccharides [132, 133]. Three main strategies in proteomics
include bottom-up, middle down, and top-down approaches. Bottom-up is a strategy where proteins
are enzymatically digested into peptides [134], the most commonly used method for identification
and quantification of proteins [135, 136], but also for studying post-translational modifications [137-
141].

Glycosylation can be analyzed at three different levels: glycoprotein, glycopeptide and
released glycans. Glycans can be analyzed from intact glycoproteins, under native conditions [142]

or denaturing by separation with sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
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PAGE) or 2D gel electrophoresis. Due to the microheterogeneity of glycan structures, bands
corresponding to glycoproteins are usually diffused, making it difficult to separate glycoforms.
Nevertheless, SDS-PAGE can be used as a detection tool, together in combination with lectins [143]
and specific enzymes, exoglycosidases [132] (cleaving terminal monosaccharide units) and

endoglycosidases (releasing complete glycans).

Glycopeptides are obtained by digesting the glycoprotein with specific proteinases, most
commonly with trypsin, chymotrypsin, Glu-C and Lys-C. After digestion, there is a mixture of
glycopeptides, and peptides present in the sample. Glycopeptides are difficult to detect, since their
abundance in this mixture is usually quite low, the signal of the peptide is dispersed across number
of glycoforms and the glycopeptide ionization is suppressed [137]. Therefore, it is usually necessary
to use enrichment techniques which can selectively separate glycopeptides from peptides.
Enrichment techniques usually include hydrophilic interaction liquid chromatography (HILIC) or
size exclusion. Glycopeptides are usually analyzed by coupling techniques; first by separating them
chromatographically (using LC or GC), then selective detection by ESI-MS, MSn (LC-ESI-MS/MS)
or MALDI. The biggest advantage of analyzing glycans at the glycopeptide level is the fact that site-
specific glycosylation can be identified [130, 144].

Glycans can also be analyzed by releasing them from proteins using enzymes. Both peptide-
N-glycosidase F (PNGase F) and PNGase A digest all types of N-linked glycans, by cleaving
GIcNAc from Asn, converting it to Asp (aspartic acid). PNGase F, however, is unable to digest
GIcNACc if the fucose on it is al-3 linked — in this case PNGase A is used [145]. Endoglycosidase H
(Endo H) is an enzyme which digests between the two GIcNAc residues. Endo H is specific for high
mannose and hybrid N-glycans but cannot digest complex structures [146]. After glycan release,
they are fluorescently labelled, either with 2-aminobenzamide (2-AB) [147], 2-aminobenzoic acid
(2-AA) [148], 2-aminopyridine (PA) [149], procainamide [150], and 1-aminopyrene-3,6,8-
trisulfonic acid (APTS), usually used for CGE analysis [151]. After a cleaning step from the excess
of fluorescent dye, released glycans can be analyzed by chromatographic methods, CE or MS

techniques.

Although many improvements have been made in the last years, structural glycan analysis
remains quite a challenging task. There is no standard technique that could provide all of the
information regarding the structures of glycans, thus, combining different approaches is necessary

to obtain a clearer image.
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1.6 Glycosylation of the prion protein and prion infection

The prion protein is a sialoglycoprotein, with two N-glycosylation sites. As mentioned before, the
occupation of these glycosylation sites leads to the existence of four different glycoforms: di-, mono-
(when either one or the other site is occupied, hence counting as two glycoforms) and
unglycosylated. This has been confirmed both on PrP¢ and PrP, after treating the protein with

PNGase F, there is a shift in their molecular weight towards the unglycosylated form [152, 153].

Throughout the years, many efforts have been put into understanding the importance of
glycosylation of the prion protein. Studies usually included introducing different point mutations in
the Prnp gene, and the use of different constructs and different cell lines often leads to contradictory
results. Cell constructs where mutations were introduced in threonine in the tripeptide sequon
(T183A and T199A in hamster) produced unglycosylated PrP, which led to the intracellular
accumulation of PrP, instead of trafficking it to the cell surface [153]. Another study, using the same
construct, showed that PrP¢ cannot be converted to PrPS¢, presumably because of the intracellular
localization of the protein [154]. This suggested that glycans are necessary for correct localization
of the prion protein. However, Korth et al. and Neuendorf et al. showed, by using different
constructs, but still generating unglycosylated mutants (N180Q and N196Q; T182N and T198A in
mice), that PrP® was actually correctly localized on the cell surface and that unglycosylated PrP®
was readily converted to PrP%¢, indicating that glycans are in fact not necessary for prion infection
[155, 156]. This suggested that it is not the lack of glycans which prevents the trafficking of PrP to
the cell surface, but rather the mutation itself, by changing the properties of the protein [157]. Finally,
Cancellotti et al. confirmed that the level of unglycosylated PrP in the mutated constructs is
comparable to the one in wild type PrP and in fact mainly localized intracellularly. In contrast, the
di- and monoglycosylated PrP is translocated to the cell surface, suggesting that glycans do have an
impact in determining the cellular localization of PrP. They also claim that glycans do not influence
the maturation and stability of the protein, therefore the PrP is only partially dependent on
glycosylation [158, 159].

As mentioned before, the immunoblot of PrPS¢ resulting in the typical three band pattern is the
main way of differing PrPS¢ from PrPC, but also PrPS¢ strains from one another. So far, only few
studies have performed structural analysis of PrP N-glycans. In a study from 1989 [160], PrPS¢ was
isolated from Syrian hamster brains and in combination with exoglycosidases, MS analysis revealed
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the presence of complex N-glycans (bi-, tri- and tetraantennary). Next, a study from 1999 compared
released and labelled N-glycans from both PrP¢ and PrP¢ and detected more than 50 N-glycan
structures. Researchers found that the two forms share the same set of N-glycans, however, they
differ in the relative proportion of each structure. It was hypothesized that this could be due to
changes in the activity of a specific enzyme in the infected brain [161]. The first detailed, site-
specific analysis of N-glycans was performed on mouse PrPS¢ (glycosylation sites at N-180 and N-
196). Analysis was done at the glycopeptide level, using LC-MS. Around 60 complex N-glycan
structures were found, characterized as bi-, tri- and tetraantennary, sialylated and fucosylated (both
core fucose and outer arm fucose were found). The analysis also revealed the differences in N-glycan
composition between the sites; N-glycans at N-180 were mainly bi- and triantennary, while at N-196
there was an increased proportion of tri- and tetraantennary structures, which were sialylated to a
higher degree than on N-180 [162].

1.6.1 Prion protein sialylation

Even though sialylation of PrP has been known for more than 20 years [161], it was not until recently
that its role in prions has started to be explored [163]. Sialic acid is a terminal monosaccharide on
N-glycan structures and because of this has an important role in cellular functions [164]. The term
sialic acid is related to two major derivatives, N-acetylneuraminic acid (NeuAc) and N-
glycolylneuraminic acid (NeuGc). Since humans carry an irreversible mutation in the gene encoding
for N-acetylneuraminic acid hydroxylase, only NeuAc is produced, while other mammals produce
both NeuAc and NeuGc [165]. However, the situation in brain tissue is different, in species where
NeuGc is synthesized, its expression is suppressed in neural tissue. Also, NeuAc can be found in
higher concentrations in mammalian brains (rat, mouse, pig, bovine, sheep, etc.) [166] and spleen,

than in other organs [167].

The effect glycans have on a protein has long been neglected and they have been considered
as mere cell decorations; also due to the fact that there were, and still are, many challenges regarding
glycan analysis [131]. Resolving the PrPSC structure has also imposed many problems throughout
the years, because of its insolubility and aggregation [168]. In order to have a realistic model of any
protein, glycans should be taken into consideration. Molecular models have been able to reveal that
the N-glycans are directed outwards and that sialylation results in quite a dense and negative charge

on the surface of PrP¢. Because of the electrostatic repulsion from sialic acid residues, the PrPs



39

replication rate is affected [169]. Using an exoglycosidase, neuraminidase, which cleaves sialic acid
and thus removes the electrostatic repulsions, researchers found an increase in desialylated prions’
replication rate, which also turned out to be strain-specific, suggesting sialylation of PrP*¢ is strain-
specific. One of the main ways to distinguish prion strains is the difference in their immunoblot
pattern. The same group of scientists were able to show that desialylation of different PrPS¢ strains
also controls the glycoform ratio, meaning that prions lose their specific ratio when exposed to
desialylated substrates [163, 169, 170].

The involvement of sialic acids in prions has been displayed in determining their fate. Sialic
acids contribute to the self-associated molecular pattern (SAMP) [171, 172], meaning that by
removing them from the cell surface, galactose becomes the exposed monosaccharide residue,
sending an “eat me” signal to macrophages [173] or leading to phagocytosis of neurons [174].
Regarding prion fate, experiments have demonstrated that desialylated PrPS¢ is not able to induce
prion disease in wild type animals, indicating that sialic acid has a protective role for prions,

preventing their clearance from the immune system [169, 175, 176].

1.7 Aims of the research

PrP¢ is considered as the main agent in prion diseases and its structure remains to be elucidated in
order to comprehend the mechanism leading to these disorders. It is known that PrPS¢ and PrPC share
the same primary amino acid sequence, meaning that the two glycosylation sites are conserved in
both forms. Glycosylation of PrP results in the existence of di-, mono- and unglycosylated forms of

the protein, clearly seen on the immunoblot of PrP*c,

The finding that synthetic prions are infectious, regardless of the method of their formation,
leads to the conclusion that PrP is necessary for infection. This was, however, also an indication that
glycosylation is not necessary for the infectivity of prions, since synthetic prions do not carry N-
linked glycans nor the GPI anchor [81]. It has also been pointed out that PrP glycosylation is not
required for the existence of prion strains, since experiments show that unglycosylated PrP¢
preserves strain information [177, 178]. However, despite many confirmations, the “protein-only”
hypothesis is still under debate and some other theories have even been proposed, such as the
responsibility of glycans for the existence of different strains and their contribution in defining
certain strain properties [179, 180].
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Even though a lot of progress has been made in the glycobiology field, trying to emphasize the

importance of glycomics, and in resolving the puzzle prion diseases impose, many problems are still

unresolved. This PhD thesis aimed to contribute to the long-lasting question regarding prion strains.

The main goals in this work were:

First and foremost, to develop a protocol for isolating different strains of prions. Any
structural analysis involving glycans requires a large amount of the starting material, in order
to obtain a pure and homogeneous isolate [181] (in this case the prion protein). There is no
standard and straightforward protocol for isolating prions, especially in large-scale, therefore,
different starting materials and different protocols were tested for this point. Large-scale in
this project refers to obtaining of at least a couple of micrograms of the prion protein, the aim
being around 10 pg (or less).

The second part involved the analysis of PrPS¢ N-glycans on a glycopeptide level, by using
LC-MS/MS as an analytical tool; to receive information about the structures in a site-specific
manner. The aim was to observe whether there are differences in glycan structures occupying
the two glycosylation sites, as has been shown previously [162], but the final goal was to
conclude if different prion strains differ in their N-glycan composition and if this could be

the reason for strain diversity.
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CHAPTER Il

2 MATERIALS AND METHODS

2.1 Samples used for PrP isolation

2.1.1 Cell lines

Mouse hypothalamic cell line (GT1) chronically infected either with Rocky Mountain Laboratory
(RML) or 22L prion strains (ScGT1) were cultured in Dulbecco’s Modified Eagle Medium (DMEM)

(Gibco), supplemented with 10% fetal bovine serum (FBS, Gibco) and 1% penicillin-streptomycin.

Mouse neuroblastoma cell line (N2a) chronically infected with RML or 22L prion strain
(ScN2a) were cultured in Minimal Essential Medium (Mem) (Gibco), supplemented with 10% FBS,

1% penicillin-streptomycin and 1% non-essential amino acids (NEAA).

All the cell lines were incubated in 10 cm Petri dishes (or at some point in 150 cm? cell
culture flasks) at 37 °C, in a humified incubator, under 5% CO.. After reaching 80—90% confluence,
a smaller part of cells was sub-cultured, the majority were harvested in cold lysis buffer (10 mM
Tris-HCI pH 8.0, 150 mM NacCl, 0.5% Nonidet P-40 substitute, 0.5% sodium deoxycholate). The
cell lysates were collected, and the cell debris was removed by centrifugation at 2,000 rpm for 10
min at 4 °C in a bench microfuge (Eppendorf). The total amount of the protein in a sample was
measured by bicinchoninic acid (BCA) protein assay (Pierce) and the supernatant was frozen at -80

°C until further use.
2.1.2 Mice brains

Brains from CD1 mice strains, chronically infected with RML were kindly provided by dr. Fabio
Moda (IRCCS Istituto Neurologico Carlo Besta, Milano). 10% (w/v) brain homogenates (BHs) were

prepared in lysis buffer (same one used for preparing cell lysates) after which the samples were



42

centrifuged at 2,000 g for 5 minutes at room temperature (RT) in a bench microfuge (Eppendorf) to

remove cell debris. The samples were either stored at -20 °C or used immediately for PrPS¢ isolation.
2.1.3 PMCA material

PMCA material was kindly provided by dr. Fabio Moda (IRCCS Istituto Neurologico Carlo Besta,
Milano) and was performed as described previously [82]. Briefly, 10% brain homogenates of CD1
mice, which were prepared in conversion buffer (150 mM sodium chloride, 1% Triton X-100 in PBS
1X), supplemented with complete protease inhibitor cocktail (cOmplete, EDTA-free Protease
Inhibitor Cocktail, Roche), were used as PMCA substrates. Ten pL of RML brain homogenate was
added to 90 pL of PMCA substrate and subjected to PMCA analysis performed by alternating cycles
of sonication (20 sec, 250—260W) to cycles of incubation (29 min and 40 sec) at 37—40°C, using a
micro-sonicator (Misonix, S3000). To increase the efficiency of amplification, 3 teflon beads were
added to each sample. After 96 cycles (referred to as PMCA round), 20 uL of the amplified products

was subjected to Western blot analysis.
2.1.4 Sheep brains

Sheep brains with VRQ/VRQ genotype infected with 21K fast, 21K slow or 19K prion strain were
kindly provided by Prof. Olivier Andréoletti (Ecole Nationale Vétérinaire de Toulouse, Toulouse).
Using a glass tissue homogenizer grinder, 20% (w/v) brain homogenates were prepared either just
in 1X phosphate-buffered saline (PBS, pH 7.4) or in 1X PBS containing protease inhibitor cocktail
and 4% N-lauroylsarcosine sodium salt (sarkosyl). The homogenates were centrifuged at 1,000 g for
10 minutes at RT in a bench centrifuge (Eppendorf); the supernatants (SNs) were transferred to clean
50 mL tubes (Falcon) and stored at -80 °C until further use.

2.2 Protocols used for PrP*¢ isolation and purification

2.2.1 Sodium phosphotungstic acid (PTA) precipitation

After preparation of cell lysates, 1X PBS containing 4% sarkosyl was added to the samples (so that
the final concentration of sarkosyl reaches 2%), complete protease inhibitor (Roche) and PTA (to
reach the final concentration of 0.5%). Samples were incubated at 37 °C with constant shaking at

350 pm for 1 h, after which they were centrifuged at 14,000 g for 30 min at RT in a bench microfuge.
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The pellet was washed with 500 uL of 2% sarkosyl and centrifuged again under same conditions.

The pellet was then resuspended in sterile distilled water and stored at -80 °C until use.
2.2.2 PKdigestion

The protein obtained either from cell lysates or brain tissues was digested with PK (Roche) in a range
of 10-40 pg/mL of PK (depending on the protocol used, will be mentioned in the Results) for 45-60
min at 37 °C. The reaction was stopped with the addition of 1-2 mM phenylmethylsulphonyl fluoride
(PMSF, Sigma) and the samples were centrifuged at 186,000 g for 1 h at 6 °C in an ultracentrifuge
(Beckman Coulter). After obtaining the pellet, the supernatants were discarded, and the pellets were
further used for isolation or resuspended in 2X or 5X sample loading buffer (125 mM Tris-HCI pH
6.8, 200 mM dithiothreitol (DTT), 20% glycerol, 10% 2-mercaptoethanol, 4% SDS, and 0.2%
bromphenol blue), boiled at 100 °C for 10 minutes and used for immunoblotting.

2.2.3 Thermolysin digestion

Protein obtained from sheep brains and used for further immunopurification with EF2 antibody was
digested with thermolysin (Sigma) with 25 pg/mL for 30 min at 37 °C. The reaction was stopped
with the addition of 2 mM EDTA and the samples were centrifuged at 186,000 g for 1 h at 6 °C in
an ultracentrifuge. The supernatant was discarded, the pellet sonicated in PBS and incubated with

antibody-beads complex (will be explained in one of the next sections).
2.2.4 Use of a density medium (iodixanol)

The protocol was based on two publications [182, 183] where pronase E and PTA were used to
isolate PrPS¢ of high purity. Brain homogenates or cell lysates containing 4% sarkosyl were treated
with 100 pug/mL of pronase E (Sigma) and incubated for 30 min at 37 °C (all further incubations
were performed at this temperature, with constant shaking at 800 rpm). The reaction was stopped
with 10 mM EDTA. Samples were incubated with benzonase (Merck Millipore) for 10 min, after
which 0.3% of PTA pH 7.4 was added to the sample and the sarkosyl was diluted until a
concentration of 2% (w/v) was reached. Samples were further incubated for another 30 min, and a
solution of 60% iodixanol (OptiPrep Density Gradient Medium, Sigma) was added to the sample, in
order to have a final concentration of 35% (w/v). Samples were centrifuged at 16,100 g for 90 min

and the first supernatant (SN1) was transferred to a clean 1.5 mL tube.
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The SN1 was diluted in a ratio 1:1 with 2% sarkosyl containing 0.3% PTA and after a 10-
minute incubation the samples were centrifuged at 16,100 g for 90 min. The second supernatant
(SN2) was discarded and the pellet (P2) was resuspended in a wash buffer (PBS containing 17.5%
(w/v) iodixanol and 0.1% (w/v) sarkosyl). Pellets from two samples were pooled together and PK

was performed as described in the previous section (10 pg/ml of PK and 1 mM of PMSF was used).

After PK digestion, the samples were mixed with 180 pL of the wash buffer and 0.3% PTA
and centrifuged at 16,100 g for 30 min. The supernatant (SN3) was discarded and the wash was
repeated with the pellet (P3). The final pellet (P4) was resuspended in PBS containing 0.1% sarkosyl

and used further for silver staining or immunoblotting.

The described protocol was tested on all the samples, however, many variations to the
protocol were tested and the exact protocols will be mentioned in the Results section, shown together

with corresponding immunoblots and/or silver stained gels.

2.2.5 Immunopurification

2.2.5.1 Incubation of mAb with the protein

PrPS¢ from sheep brains was partially isolated with the density medium protocol. After PK digestion,
10-20 pg of SAF 61 (concentration of stock solution was 1 mg/mL) was added to the sample
containing the protein. The protein-mAb complex was incubated for 2 h at 4 °C on a rotation wheel,
and 20 pL of Protein A magnetic beads (Thermo Scientific, 10 mg/mL beads concentration) were
washed twice with the binding buffer (PBS). The buffer was removed from the beads using a
magnetic rack and discarded, after which the protein-mAb complex was added to the beads and
incubated for 1 h on the rotation wheel at 4 °C. The sample was washed twice with the binding
buffer, and the protein was eluted by adding 0.1 M glycine HCI, pH 2.5. Before elution, Tris-HClI,
pH 8.8 was added to the elution tube, in order to neutralize the low pH solution. In this way the PrP°
remained insoluble and can be collected by centrifugation. The tube was sonicated in a sonication
bath 3x30 sec and the sample was centrifuged at 186,000 g for 30 min at 6 °C in an ultracentrifuge,

washed with H>O and centrifuged again.
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2.2.5.2 Pre-immobilizing mAb to Protein G beads

In the case of using SAF 61 as the mADb, the samples were previously treated with PK. The samples
incubated with EF2 were treated with thermolysin instead of PK, since PK digests the prion protein
at its N-terminus, therefore removing the epitope for EF2. Instead, thermolysin digests PrP¢ and

leaves PrP%C in its full-length form [73].

Co-Immunoprecipitation Kit (Pierce) was used to prepare the mAb-beads complex. Spin column
(Pierce) was usually used to couple 40-75 pg of mAb in a 1:1 ratio with the beads. The sample
containing PrP>¢ was added to the mAb-beads complex and incubated overnight (O.N.) at 4 °C on a
rotation wheel. After the incubation, the column was spun in a bench microfuge and the flow-through
(F.T.) was collected. The mAb-beads complex was washed twice with 1X PBS and two types of

elution were tested:

1. Elution with low pH — Tris-HCI, pH 8.8 was added to the elution tube before elution, in order
to neutralize the elution buffer. Solution of glycine HCI, pH 2.5 was added to the column,
after which it was sonicated in a sonication bath for 3x30 sec, the elute was spun down,
collected and then centrifuged in an ultracentrifuge at 186,000 g. The pellet was collected
and resuspended in 2X sample loading buffer.

2. Elution with SDS together with acetone precipitation — 250 pL of Tris-HCI (50 mM, pH 8.0)
containing 2.5% SDS was added to the column and the spin column was incubated with
shaking at 1,000 rpm, 37 °C for 20 min. The elution buffer was spun down in a 1.5 mL tube,
after adding 1 mL of cold acetone to it, the sample was vortexed and incubated for 1 h at -80
°C and 15 min at -20 °C. The sample was centrifuged at 16,100 g for 30 min at RT in a bench
centrifuge. The supernatant was removed, and the tubes were left under the hood briefly to
allow the acetone to evaporate completely. The pellet was resuspended in 2X sample loading
buffer.

2.3 Detection of Prpsc

2.3.1 SDS polyacrylamide gel electrophoresis (SDS-PAGE)

After isolation procedure, the pellets containing PrPS¢ were resuspended in 2X or 5X sample loading
buffer and boiled at 100 °C for 10 minutes. Before loading them onto a 12% Tris-Glycine SDS-
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PAGE gel, the samples were spun down. PageRuler Plus Prestained Protein Ladder (Thermo Fisher
Scientific) was used as a molecular weight marker. The gel electrophoresis was performed at 90 V
for approximately 30 min, after which at 120 V for 90 min, or until the dye front ran off the end of

the gel.
2.3.2 Coomassie staining of gels

As a detection and isolation tool, after electrophoresis, gels were stained in GelCode Blue Safe
Protein Stain (Thermo Fisher Scientific) by gently shaking for 1 h. Gels were destained overnight in

ultrapure water.
2.3.3 Silver staining of gels

Gels were also stained with PlusOne Protein Silver Staining Kit (GE Healthcare) according to the
manufacturer’s instructions. Briefly, proteins were fixed in a 30% ethanol solution for 45-60 min.
The gels were then incubated in a sensitizing solution (containing ethanol, sodium thiosulfate,
sodium acetate, and glutardialdehyde) for 45—-60 min, to increase the contrast of the staining. After
3—4 washing steps in ultrapure water, gels were incubated in a silver nitrate solution for 45 min. The
gels were rinsed another two times in ultrapure water, before image development with a solution
containing sodium carbonate and formaldehyde. The developing was stopped with EDTA solution

when the desired intensity of the bands was achieved.
2.3.4 Western blot

After electrophoresis, proteins were transferred onto nitrocellulose membranes (GE Healthcare) for
120 min at 250 mA by Criterion Blotter (Bio-Rad). The membranes were blocked with 5% non-fat
milk in TBS-T (200 mM Tris, 1.5 mM NacCl, and 0.05% Tween-20) for 1 h, after which they were
incubated overnight at 4 °C with a primary antibody: 1:1000 anti-PrP W226 antibody (for mouse
PrP%), 1:1000 or 1:500 anti-PrP SAF 61 antibody or anti-PrP SAF 84 antibody (for sheep PrP),
diluted in blocking solution. Membranes were washed three times with TBS-T, after which they
were incubated with horseradish peroxidase (HRP)-conjugated secondary antibody goat anti-mouse,
diluted 1:1000 in blocking solution. After three washes, the membranes were developed using
enhanced chemiluminescence (GE Healthcare) and the band intensity was acquired using the UVI
Soft software (Uvitec Alliance, Cambridge).
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2.4 lsolation and purification of PrP¢ glycopeptides

2.4.1 In-gel trypsin digestion

Protocol for MS analysis of proteins from silver stained gels, published by Shevchenko et al. [184],
was optimized to improve the sensitivity of the analysis and to speed up the procedure. The in-gel
digestion protocol is used for silver stained or Coomassie stained gels and is compatible with bottom-

up MS approaches [185].

2.4.1.1 Excising PrPs¢ bands from Coomassie stained gels

After overnight rinsing with ultrapure water (Millipore Milli-Q), the Coomassie stained gel was
transferred onto a glass tray and the diglycosylated band of PrPS¢ from different strains was excised
with a clean scalpel. Each band was cut into small cubes (approximately 1 x 1 mm); the gel pieces

were transferred into a 1.5 mL microcentrifuge tube and spun down in a bench microcentrifuge.

2.4.1.2 Reduction and alkylation of PrPs¢

Bottom-up workflow for MS analysis includes the reduction of disulfide bonds with DTT and
alkylation of sulfhydryl groups of cysteines with iodoacetamide (IAA) [186, 187]. Before the
reduction step, gel pieces were incubated for 10 minutes with acetonitrile (ACN) in order to
dehydrate them. After removing ACN, a solution of 10 mM DTT prepared in 200 mM ammonium
bicarbonate was added and gel pieces were incubated for 30 minutes at 56 °C. Samples were cooled
down to RT and the incubation with ACN was repeated. After 10 minutes, ACN was removed and
the samples were incubated with 55 mM IAA in 100 mM ammonium bicarbonate at RT in the dark

for 20 minutes. ACN was added again and removed after a 10 minute-incubation.

2.4.1.3 Destaining gel pieces from Coomassie stained gels

Gel pieces were incubated and left shaking for 30 minutes at RT, with a solution of 100 mM
ammonium bicarbonate / ACN (1:1, v/v). Neat ACN was added and shaking was continued for

15-20 minutes. The two steps were repeated until the gel pieces were destained.
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2.4.1.4 Trypsin digestion

Twenty pg of lyophilized trypsin (Promega) was resuspended in 10 mM ammonium bicarbonate
containing 10% ACN (v/v) in order to prepare a solution of 13 ng/uL (this concentration was used
for cell cultures, while for sheep brains 5—6.5 ng/uL was used). Trypsin buffer was added to the
destained gel pieces so that they were covered completely. Samples were left for 30 min in an ice
bucket in the fridge, and if it was necessary, more trypsin buffer was added. To saturate them enough
with trypsin buffer, gel pieces were left in the fridge for another 90 minutes. After this, the tubes
containing gel pieces were transferred into an air thermostat and incubated overnight at 37 °C.

2.4.1.5 Extraction and drying of glycopeptide digests

Extraction buffer, a solution of 5% formic acid / ACN (1:2, v/v) was added to each sample so that
the ratio of the volumes of digests and extraction buffer was 1:2. Samples were incubated for 30
minutes in a shaker, at 37 °C. The supernatant was removed slowly with a pipette and moved to a
clean 1.5 mL microcentrifuge tube, after which the sample was dried in a vacuum centrifuge. The
extraction procedure was usually repeated two times, to be sure that the glycopeptides are extracted.
Dried extracts were either resuspended in ultrapure water after which they were loaded directly to

the LC-MS or were frozen at -20 °C to use for HILIC enrichment.
2.4.2 In-solution trypsin digestion

This protocol was based on a paper published by Stimson et al. [162], but with some adjustments
[188]. After PK digestion, the total amount of the protein was quantified with BCA protein assay
and the sample was reconstituted in 10 pL of 6 M guanidine HCI (GndHCI), 150 mM ammonium
bicarbonate (NHsHCO3), pH 8.0. After this, 1 L of 200 MM DTT / 150 mM ammonium bicarbonate
pH 8.0 was added to the sample and it was incubated for 1 h at RT. The alkylation step was performed
by adding 10 puL of 200 mM iodoacetamide / 150 mM ammonium bicarbonate and the sample was

incubated for 1 h at room temperature, in the dark.

Another 77.5 pL of 150 mM ammonium bicarbonate was added to the sample, in order to dilute
the GndHCI until the concentration of 0.6 M. Trypsin solution was added in a ratio of 1:20 (w/w,

trypsin:protein) and the samples were incubated overnight (~18 h) at 37 °C.
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After the incubation with trypsin, formic acid was added to the sample, so that the pH reached

3—4. The sample was dried until 10 pL in a vacuum centrifuge and stored at -20 °C until analysis.
2.4.3 Glycopeptide HILIC enrichment

A suspension of 50 mg/mL Chromabond HILIC beads in 0.1% trifluoroacetic acid (TFA) was
prepared for glycopeptide enrichment. Hundred pL of the suspension was added to a well of the
filter plate (Orochem). The HILIC beads were washed two times with 0.1% TFA and equilibrated
with three washes of 80% ACN containing 0.1% TFA (v/v). All the washes were removed by
vacuum filtration (Pall).

Dried glycopeptides were resuspended in ultrapure water and diluted with 100% ACN /0.1%
TFA to reach the final concentration of 80% of ACN. Diluted glycopeptides were added to the well
of the filter plate, incubated for 1 min and the solution vacuumed to waste. The glycopeptides were
washed two times with a solution of 80% ACN / 0.1% TFA to remove any remained impurities.
After the washes, the filter plate was placed on a clean PCR plate in which the glycopeptides were
eluted with 0.1% TFA by centrifugation for 5 minutes. The samples were then dried in a vacuum
centrifuge and reconstituted in ultrapure water (ready for the LC-MS/MS analysis) or stored at -20

°C until use.

2.5 Glycopeptide detection and analysis

2.5.1 LC-MS/MS analysis of PrPs¢ glycopeptides from sheep brains

Digested glycopeptides were separated on Acquity M Class UPLC system (Waters) coupled to
Compact mass spectrometer (Bruker) with an electrospray ionization (ESI) source. Samples were
used either directly after the trypsin digestion (1—2 puL from 20 pL) or after the enrichment procedure
(18 pL from 20 pL). They were loaded onto a PepMap 100 C18 trap column (5 mm x 300 pm,
Thermo Fisher Scientific) at a flow rate of 40 uL/min of solvent A (0.1% formic acid) to wash off
impurities and salts. Glycopeptides were separated on C18 analytical column (150 mm x 100 pm,
100 A, Advanced Materials Technology) using a linear gradient from 0% to 80% of solvent B (80%
ACN) in solvent A, at a flow rate of 1 uL/min in a 90-minute analytical run.

Acquity UPLC was coupled to the mass spectrometer and the glycopeptides were fragmented

by tandem MS/MS using CaptiveSpray interface, where nanoBooster was used to introduce gaseous
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acetonitrile into nitrogen flow. The mass spectrometer operated in a positive ion mode; capillary
voltage was set to 1300 V, nitrogen pressure was set to 0.2 bar and the drying gas to 4.0 I/min at 150
°C. Auto MS/MS method was used by selecting three precursor ions and exclusion criteria after three
MS/MS spectra. Mass range was from 50 m/z to 4000 m/z, with spectra rate of 1 Hz. Transfer time

was from 70 ps to 150 us and pre-pulse storage was 12 ps.

2.5.2 Data processing

2.5.2.1 Analysis at the proteomic level

The accession numbers of amino acid sequences for both mouse PrP (P04925) and sheep PrP with
VRQ/VRQ polymorphism (Q712V9) were obtained from UniProt database and used in PeptideMass
[189], a software tool located at the EXPASYy server [190], which theoretically cleaves the protein
with a chosen enzyme (in this thesis trypsin was used) and calculates the theoretical masses of the
peptides. After tandem MS (MS/MS) analysis, the obtained raw file was analyzed using MaxQuant

[191], to identify and quantify peptides from all proteins of an assigned proteome.

2.5.2.2 Analysis at the glycopeptide level

Glycan identification and quantification was performed by using DataAnalysis software (version
4.4, Bruker). Extracted ion chromatogram (EIC) corresponding to [HexNAcHex + H]*, one of the
most common glycan-specific marker ions, with an m/z value of 366.13" was created and each
sample was searched for the presence of glycan fragments. If the amino acid sequence confirming
the PrP peptide was found in the MS/MS spectrum, it was searched for other glycan-specific ions,
such as 204.08* [HexNAc + H]* and in case of sialylation m/z value of 292.09" [NeuAc + H]" [192].
Fragmentation spectra were analyzed by using GlycoWorkbench [193], a visual editor used not only
for displaying glycan structures, but also for interpretation and annotation of glycan MS data. Glycan
structures can be easily assembled, their mass (or that of glycopeptides) calculated rapidly, together

with theoretical fragments obtained after MSn analysis.

After finding and confirming the presence of at least one glycopeptide at a given retention time,
the base peak chromatogram (BPC) was searched for other m/z values corresponding to potential
glycopeptides. A list of masses, corresponding to all multiple-charged ions of PrP glycopeptides
detected for each structure, was created and characterized in GlycoMod [194], a computational tool
that proposes all the possible glycan and glycopeptide structures from experimentally determined



51

mass values. GlyConnect database [195] was used to search for glycan structures of biological
relevance, previously reported in one or more published articles. Even though some structures were
not found in GlyConnect, they were still taken into consideration for further analysis, since not much
is known about PrP glycan structures, therefore, we were not sure which structures we could expect
to find. After determining which of the potential masses correspond to PrP glycopeptides, EIC was
created for each structure, including m/z values of all the multiple charged states detected for each

analyte.

Finally, by confirming the glycopeptides and choosing their corresponding EICs, all the
chromatograms were integrated using DataAnalysis software (version 4.4), and relative areas were

normalized by total area and calculated for each glycan structure in each prion strain.
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CHAPTER Il1

3 RESULTS

3.1 Analysis of MoPrp=

3.1.1 Optimizing isolation protocol of MoPrpPs¢

3.1.1.1 Initial testing with cell lines

The initial isolation protocol was performed on GT1 cell line, infected both with RML and 22L
scrapie-adapted prion strains. After collecting the cell lysate from one 10 cm Petri dish, the total
amount of the protein was quantified using BCA protein assay; 500 pg of total protein was used in
both cases and 20 pug/mL of PK was added to both samples. After obtaining the pellet from the
ultracentrifuge, the samples were loaded on SDS-PAGE and immunoblotted on a membrane, where
the presence of PrPS¢ was confirmed (Figure 11). The immunoblot showed a much stronger signal
in the case of GT1 infected with 22L, indicating a higher concentration of PrPS¢. Nevertheless, 500

pg of total protein was used for glycopeptide analysis for both samples.

GT1 GTI
kDa  pmL 221
35 —

IB: PrP
25— (W226)
15 — —

Figure 11. Immunoblot of GT1 (infected with RML and 22L) cell lysates showing the presence of prions
after PK digestion, having the di-, mono- and unglycosylated bands in both samples. In total, 500 pg of
protein was used for loading. PrPS was detected by using W226 as anti-PrP mAb.
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After confirming the presence of prions in the sample, in-solution trypsin digestion was used
to obtain MoPrPS¢ glycopeptides. Both samples were used for LC-MS analysis. Unfortunately, only
one peptide from PrP (GE**NFTETDIK) was detected in the samples. Even though the peptide
observed is the one carrying the glycosylation site (N-196), no other peptides or glycopeptides were

detected, presumably because the amount of PrPS¢ was too low in the starting material.

We moved on to test two different cell lines — GT1 and N2a, infected with RML. Our
conclusion from the first experiment was that cell lysates from one Petri dish are not sufficient to
produce enough protein to perform PrP characterization, therefore we decided to increase 10x the
amount of total protein used. To do so, cells from three Petri dishes were collected and used for the
protocol as followed. This time in combination with PK digestion, we decided to use PTA
precipitation, widely used for PrP*¢ isolation, since it is known that PTA preferentially promotes the
precipitation of PrPS¢ and not PrP® [196]. By performing PTA precipitation together in combination
with PK digestion, the concentration of PrP> is increased (more clearly visible on GT1 RML cell
lysates, Figure 12). Comparing the two cell lines, it was noticeable that ScN2a cell lysates have a
higher concentration of PrPS¢. As it was confirmed on previous LC-MS analysis, PrP* collected
from only one Petri dish was not sufficient to perform glycopeptide analysis, and since ScN2a not
only have a higher concentration of prions, but also grow much faster than ScGT1 cells, we decided

to use them in our further analysis.

RML RML RML RML

kDa GTI N2a GTl N2a
35
25 — 1B: PrP
- (W226)
15 — -
PTA PTA
+PK

Figure 12. Immunoblot of GT1 and N2a (infected with RML) cell lysates showing the presence of prions
after PTA precipitation alone and PTA precipitation together with PK digestion.

To obtain a higher concentration of the protein, ScN2a cells were grown and collected over
a couple of weeks. In the beginning, cell lysates from 4 Petri dishes were collected, but after realizing
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the amount would not be enough, cell lysates from 60 Petri dishes (10 cm) were collected for protein
isolation. The isolation was repeated as for the previous experiment — PrPS¢ was first precipitated
with PTA, after which PK digestion was performed by adding 20 pg/mL of PK, followed by
incubation of 45 min. The pellet was obtained with ultracentrifugation and resuspended in 2X sample
loading buffer — 1% of the resuspended pellet was used for immunoblotting, to confirm the presence
of PrP%¢ (Figure 13). Different amounts of recombinant PrP (rPrP) were also added on the gel (10,

20 and 30 ng), to approximate the amount of PrP*¢ present in the samples.

rPrP

RML

N2a 10ng 20ng 30 ng

kDa
35 —

25 — - IB: PrP

. - - (W226)

15 —

PK  + - - -

Figure 13. Immunoblot of ScN2a cell lysates collected from 60 Petri dishes (10 cm), although only 1% of
the final sample was loaded for the Western blot.

The remaining of the pellet was used to load on SDS-PAGE, stain the gel with Coomassie,
followed by in-gel trypsin digestion (as described in Materials and methods). To minimize the loss
of glycopeptides, the enrichment step was omitted. The pellet obtained after overnight trypsin
digestion was reconstituted in H2O and ran on LC-MS/MS. The results were analyzed using
MaxQuant, and as it is seen from Table 2, the prion protein was not the most abundant protein
detected, it contributed to less than 5% of the total intensity. In fact, only around 20% of the protein’s
sequence was covered. Moreover, the trypsin itself was detected with a higher intensity than the
prion protein itself, meaning that the trypsin concentration used for the digestion was too high. Even

after using 60 Petri dishes (10 cm), the amount of PrP was not adequate to detect glycopeptides.
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Table 2. MaxQuant results obtained from LC-MS/MS analysis of the band corresponding to PrP mass. Ten
protein groups mostly contributing to the total intensity are shown, prion protein is marked in orange

Protein name Number of % sequence Molecular % intensity
peptides coverage weight / kDa

Histone H4 4 34.0 11.37 11.96
Histone H2A 3 30.2 13.99 8.62
Histone H2B 4 27.0 13.99 8.08
Trypsin 3 16.5 24.41 6.92
Vitronectin 3 7.2 54.10 5.16
Major prion protein 4 22.0 27.98 451
40S ribosomal protein S8 3 18.8 24.21 4.14
60S ribosomal protein L13 4 194 2431 3.11
Ferritin, two light chains 7 55.7 20.80 2.30
Histone H3.1, H3.2, H3.3 3 199 15.33 2.15

* Sequence coverage represents the percentage of the protein sequence covered by the peptides.

3.1.1.2 Using PMCA amplified material

In the initial tests with ScN2a, it has been shown that the necessary amount of the prion protein for
glycopeptide analysis is difficult to obtain. Therefore, we decided to take advantage of PMCA, a
technique widely used to accelerate the conversion of PrP¢ to PrP¢, since in this way a high amount
of PrP*¢ can be acquired in a short period of time. PMCA seemed like a convenient way to get an
increased amount of the starting material, to use it for developing the LC-MS method.

The PMCA sample was received from Milan (IRCCS Istituto Neurologico Carlo Besta), the
pellet obtained was from total of 7 mL of PMCA reaction. The pellet, however, was quite large and
insoluble. The idea was to load the sample on a gel and use in-gel trypsin digestion to obtain
glycopeptides. Unfortunately, even after centrifugation of the total PMCA sample in the
ultracentrifuge, the pellet was resuspended in 320 pL of H.O, making it difficult to load the sample

directly on the gel. We performed experiments to see if it would be possible to decrease the pellet.

First, only 10 uL of the PMCA sample was diluted with 4% sarkosyl and sonicated, since the
pellet was not dissolving easily (sonication was performed in each test and each step where the pellet
was present). Samples were centrifuged at 5,000 g for 10 min — P1 (pellet) and SN1 (supernatant)
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were obtained. SN1 was centrifuged at 186,000 g in an ultracentrifuge — P2 and SN2. Both the pellets
and the SN2 were collected and used for immunoblotting to check for loss of PrP¢ in the procedure

(Figure 14). The idea was to keep the majority of PrP in P2 and in this way decrease the initial size
of PMCA pellet.

kDa Pl P2 SN2

35 —
25 —
? IB: PrP
(W226)
15 —

Figure 14. Immunoblot of P1, P2 and SN2 left after the first trial with 10 uL from total of 320 uL PMCA
amplified sample.

Since P1 had a higher concentration of PrP than P2, next we decided to use differential
centrifugation with sucrose, which, together with PTA and sarkosyl, is a method commonly used for
PrP¢ isolation [197-199]. The idea was to incubate the sample with sucrose, centrifuge it at low
speed, so that the PrP is kept in the supernatant, after which the sample would be centrifuged in an
ultracentrifuge and PrPS¢ left in the final pellet. The experiment is similar to the first one performed,

but adding the incubation with sucrose, the schematic representation is shown in Figure 15.

PMCA sample

1. ON incubation with 70% sucrose
2. Centrifugation for 45 min at 5,000 g

Pl SN1
3. diluting SN1

4. ultracentrifugation at 186,000 g

P2 SN2

Figure 15. Scheme of the sucrose test performed with PrP> obtained from PMCA.
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Again, 10 uL of the total sample was used, incubated with 70% sucrose with shaking at 400
rpm overnight at room temperature. The sample was centrifuged again at 5,000 g, but this time
prolonging the centrifugation — 45 min instead of 10 min. SN1 was collected and diluted with H2.0
so that the concentration of sucrose was decreased 10x (until 7%). Diluted SN1 was ultracentrifuged
at 186,000 g for 1 h and P2 was collected and analyzed by immunoblotting. The results are shown
in Figure 16, and it can be seen that this time, by adding the sucrose, we were able to obtain the

majority of PrP>® in the P2 pellet. Therefore, we decided to use this protocol on all of the PMCA

sample.
kD
& p1 M
35 —
25 — | B prp
(W226)
15 —

Figure 16. Immunoblot of P1 and P2 from 10 pL of PMCA samples obtained after performing the
experiment at Figure 15.

Unfortunately, after upscaling the procedure to the remaining pellet of the PMCA sample,
the pellet was still too big. Nevertheless, we managed to resuspend the sample in a smaller volume
and load it on a gel, after which it was stained with Coomassie (Figure 17). Since the pellet was still
too big, there were difficulties with sample loading. We were not able to clearly visualize bands

corresponding to PrP¢, therefore, we decided not to continue with trypsin digestion protocol.

PMCA was used as a method which should have been able to provide a large amount of PrP.
However, since the obtained material was not of good purity, we decided not to use further this
approach, also because the PrPS¢ obtained in this way is from in vitro conversion. After these
experiments we changed approach, based on differential centrifugation and the use of a density

medium.
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Figure 17. Coomassie stained gel of the remaining PMCA sample that was treated with sucrose and
centrifugated as described.

3.1.1.3 Protocols based on the use of density medium approach

As it was described in section 2.2.4, these protocols were based on Wenborn et al. [183], where PrPs¢
of high purity was managed to be isolated from brain tissue. The steps of the protocol are shown in
Figure 18, they include main steps used before — use of sarkosyl to solubilize proteins, NaPTA to
precipitate PrPS¢ and PK digestion. The protocol included the use of pronase E, which digests the
majority of PrPC, and other proteins present in the brain. Benzonase was also added, to degrade

nucleic acid and to decrease the viscosity of the sample.

Another important step was the use of a density medium. Previously we tested the use of
sucrose, however, we decided to use the density medium used in the paper, iodixanol. lodixanol was
added so that the final concentration was 35% (w/v) in the sample. After the first round of
centrifugation at 16,100 g the sample was separated in P1 and SN1. Supernatant SN1, which is the
one containing PrPS¢ was diluted in a 1:1 ratio with an aqueous buffer, so that the concentration of
iodixanol was reduced to 17.5%. The diluted SN1 was centrifuged and P2 was collected and treated
further with PK.
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Generally, purification of prions from brain tissue is a major problem, the process is slowed
down mainly because of their low abundance in affected tissue. Since the partial purification of
prions developed by Prusiner and colleagues [200, 201], many other approaches have been reported
[202]. Nonetheless, acquiring prions of high purity still remains an issue in the prion field, due to
technical complexities and a need for large quantities of starting material. The aforementioned
protocol was chosen since it is a relatively easy and straightforward method for prion isolation and
results in highly purified prions. However, the protocol shown in the paper was developed on
mammalian brain tissue, and since we lacked brain material, we decided to test this protocol on

ScNZ2a cell lines.

10% BH

1.  pronase E, benzonase, sarkosyl,
) NaPTA and iodixanol
pl---- |2 centrifugation at 16,100 g

3. 2-fold dilution
S| 4. centrifugation at 16,100 g

SN2 ~--"~
A\ J
P2
5. PK digestion
1 6. Ixwash
N3 __','" 7. centrifugation at 16,100 g
P3
8. 1x wash
)1 9. centrifugation at 16,100 g
SN4 ---" ¥

Figure 18. Schematic of the purification method, P — pellet, SN — supernatant. Modified from [183].

From preceding tests, we realized that even 60 Petri dishes are not adequate to perform PrP
characterization, therefore we decided to upscale the collection of cell lysates. In total, cells from
around 750 Petri dishes were collected. Usually cells from around 20 Petri dishes were collected in

the same 50 mL tube, lysed, aliquoted and stored at -80 °C until use.
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To test this protocol, 100 puL of ScN2a cell lysate was used and the steps from Figure 18
were followed. Since it was not shown in the paper what was the exact loss of PrPS¢, we performed
an immunoblot containing pellet P1 and supernatant SN2, corresponding to two steps where the
samples are discarded (Figure 19, A). Indeed, what we observed was that the signal from SN2 was
similar to the one coming from P4, the final product, meaning that there is a lot of PrPS¢ discarded
in the process of isolation. Even though cell lysates from around 750 Petri dishes were collected, we
wanted to try to adjust the protocol before using all of the sample, in order to have a higher yield of
the isolated prion protein. Also, after observing the purity of the sample (Figure 19, B), it was
difficult to distinguish bands corresponding to PrPS¢, meaning that the purity was not high enough.
Also, by estimating the amount of the protein, it seemed that a lot less than 10 ng was present in the
sample. For this reason, we decided to make some changes to the protocol, starting by changing the
dilution ratio and centrifugation speed before obtaining SN2.

A B
kDa

100 —
70 —

kDa CL Pl SN2 P4 55 —

35 — 35 —
25 — ’ r IB: PrP 25 —
ol (w226)

15 —

BSA

15 —

10 —
PK + —

Figure 19. Isolation of MoPrPS¢ from ScN2a (as shown in Figure 18). Immunoblot representing 20% of the
100 pL PK-treated cell lysate (CL), P1, SN2 and P4 (A). Silver stained gel of PK-treated P4, together with
10 ng BSA, to approximate the amount of PrP* gained (B).

The idea was that by diluting SN1 in a 1:2 ratio, instead of 1:1, and by centrifugation either
at 16,100 or 25,000 g, the concentration of PrP>® in SN2 would be decreased. Figure 20 shows
immunoblots from three different conditions — 1:1 dilution + 16,100 g (the standard procedure); 1:2
dilution + 16,100 and 1:2 dilution + 25,000 g. None of the two new conditions (Figure 20, B and C)
showed improvements, meaning that the amount of PrP still present in SN2 was too high and
comparable to the amount of protein present in the cell lysate.



61

Since we did not manage to increase the recovery of PrP*¢ isolated with this protocol, we
decided to perform another test — SN1 would be diluted 3—fold (1:2 ratio), and instead of
centrifugation at 16,100 g, we would use the ultracentrifuge, together with an additional treatment
with PTA and an extra wash of the pellet (Figure 21).

A B C

kDa P kDa Pl SN2 kDa
35 —

CL 1 SN2 CL CL Pl
35 — 35 —
(W226)
-— -
15 — 15 — 15 —| - _—

Figure 20. Immunaoblot representing 5% of 200 pL cell lysate, PK-treated cell lysate (CL), P1 and SN2.
SN1 was diluted in a 1:1 ratio and centrifuged at 16,100 g (A). Dilution in a 1:2 ratio and centrifugation at
16,100 g (B). Dilution in a 1:2 ratio and centrifugation at 25,000 g (C).

SN2

cell lysate

1.  pronase E, benzonase, sarkosyl,
) NaPTA and iodixanol
P1----"|2 centrifugation at 16,100 g

3. 3-fold dilution
/| 4. ultracentrifugation at 186,000 g

5. resuspend P2 in PTA
)| 6. centrifugation at 16,100 g
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Figure 21. Schematic of the adjusted purification method, P — pellet, SN — supernatant.
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Even though the isolation protocol was not finalized, we decided to try upscaling the
collection of cells, so that the protocol would be less time consuming. We lysed cells from 15 Petri
dishes in 1 mL of the lysis buffer and took 150 pL of those lysates to perform the final protocol
mentioned. By observing the results of that new protocol (shown in Figure 22), the immunoblot (A)
showed an increase in the recovery of PrPS¢, where the majority of protein was present in the final
pellet, P5, instead the supernatant. Although the yield of PrP in the final product was high, there

was a loss regarding the purity of the protein (as seen on the silver stained gel in Figure 22, B).

A B
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Figure 22. Isolation of MoPrPS¢ from 200 pL of ScN2a by following the protocol as shown in Figure 21.
Immunoblot representing 2% of the total sample, PK-treated cell lysate (CL), P1, SN3 and P5 (A). Silver
stained gel of PK-treated P5 (B).

Unfortunately, we were not able to optimize the protocol for isolation of PrPS¢ from cell lysates
in a way that both the amount and purity of the protein were high enough. We concluded that the
protocol with the density medium could not be optimized for isolation of PrPS¢ on cell lines, and
since it was actually developed on isolation from mammalian brain tissue, we tested the protocol on

CD1 mouse brain infected with RML prion strain.

The initial protocol from Figure 18 was tested on 10% brain homogenate and the results are
shown in a similar fashion as was shown in the paper (Figure 23). The 10% brain homogenate,
supernatant SN1, and pellet P4 were loaded on the gel (A) and silver stained. As it was shown in the
paper, comparing the samples from the earlier stages of the procedure and P4, we were able to
observe the final three band pattern is visible in P4, also confirmed by immunoblotting (B). By using
200 pL of brain homogenate (the amount used in the paper), we were able to obtain PrPS¢ of high

purity, showing that the protocol indeed works well for mouse brain tissue.
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Figure 23. Isolation of MoPrPS¢ from CD1 RML sample (as shown in Figure 18). Silver stained gel with
untreated samples: an equivalent of 2 pL of 10% brain homogenate (BH) and SN1 was loaded, while P4
and PK-treated P4 were obtained from 200 pL of BH and 80% of the final pellet was loaded, while the rest
was used for the immunoblot (A). Immunoblot of P4 with and without PK digestion (B).

By comparing the amount of brain tissue used in the paper, where even more than 200 mice
brains were used, we concluded that unfortunately we did not have a sufficient amount of mice brain
tissue. Fortunately, a collaboration with Prof. Olivier Andréoletti from Toulouse (Ecole Nationale
Vétérinaire de Toulouse) was initiated, who kindly provided us with sheep brains infected with

different prion strains, therefore we switched to using sheep brain tissue.

3.2 Optimizing isolation protocol of ovPrpPs*

Sheep brains infected with 21K fast, 21K slow and 19K prion strains were received. Out of those
three strains, initial experiments were all done on 21K fast prion strain. We decided to test the
protocol based on the density medium approach, since in the paper it was shown to work on
mammalian brains. The protocol was followed in the exact same manner as in the paper, 200 uL of
brain homogenate infected with 21K fast strain was used for isolation. Figure 24 shows the gel with
the final P4 together with 40 ng BSA, at the usual developing time and after prolonging it, in order

to have a better visualization of the bands. The protocol was optimized for mammalian brains, but
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only for mouse, hamster and human brains. Unfortunately, it seemed that it does not work well when

used on sheep brains, as seen from the silver stained gel.
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Figure 24. Silver stained gel containing 21K fast strain, isolated by following the protocol described in
section 2.2.4), together with 40 ng of BSA to approximate the concentration of isolated PrP¢, by the usually
shorter developing time (A) and longer developing time (B).

Until this point our major problem was the lack of a sufficient amount of starting material.
Finally, by receiving sheep brains this point was solved. However, the problem of the protein’s purity
remained, so we tried to improve this protocol by performing immunopurification after the initial
steps, and also decided to improve the density medium approach, with some modifications. The

immunopurification approach will be presented first.
3.2.1 Immunopurification approach

For the immunopurification protocols, two mAbs were tested, SAF 61 and EF2, differing by their
binding site; whereas EF2 binds at the N-terminus, the epitope for SAF 61 is located in the PK-
resistant core (as shown in Figure 1).

Before the immunoprecipitation, PrPS¢ was partially purified by centrifugation, PK digestion
and iodixanol (shown in Figure 25), similarly to the initial protocol from the paper (Figure 18). The
protocol was, however, performed first by preparing a 20% brain homogenate (BH) instead of 10%,
in order to decrease the volume of the starting material and preferably the time needed for isolation.
Further on, since we had a total of 500 mL of 20% BH, we immediately upscaled the initial amount
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of BH compared to the other samples tested (cell lines and mice brains). For the first test, sarkosyl
was added to 5 mL of BH (reaching a final concentration of 4%), the sample was incubated with
shaking for 30 min and then further incubated with iodixanol (final concentration of 20%). After
vortexing well, the samples were divided into 1.5 mL tubes, centrifuged at 10,000 g for 30 min, after
which all the SN1 were collected and ultracentrifuged at 186,000 g. The pellets (P2) were
resuspended and treated with 10 pg/mL PK, ultracentrifuged and washed. The P3 pellets were
washed once, after which they were pooled together in one tube and washed again. The final volume
of P5 was 500 pL, and 200 pL was taken for further incubation with SAF 61 mAb and Protein A
magnetic beads (performed as described in section 2.2.5.1). After immunoprecipitation, the final
pellet was resuspended in 10 uL, for which 9 puL was loaded on a gel and silver stained, while the

remaining 1 pL was used for immunoblotting.

20% BH

shaking for 30 min
iodixanol
centrifugation at 10,000 g for 30 min

2 2

| 4. ultracentrifugation at 186,000 g

SN2 -—- ’ v
P2
5. PK digestion
/| 6. ultracentrifugation at 186,000 g
SN3 A
P3
, 7. 1xwash
SNA ---7" 8. ultracentrifugation at 186,000 g
P4
9. pool all P4
/| 10. 1x wash
gN5~--" ¢ 11. ultracentrifugation at 186,000 g

Figure 25. Scheme of the protocol used for partial purification of ovPrPs¢ before incubation with mAb.
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Figure 26. Silver stained gel after immunopurification of 21K fast PrP*¢ by adding 15 pg of SAF 61
directly to the protein and then incubating with Protein A magnetic beads; together with 50 ng of BSA as a
way of approximating the concentration (A). Immunoblot confirming the presence of PrPS¢, which was
detected by using SAF 61 as anti-PrP mAb (B).

The results of the first trial with SAF 61 are shown in Figure 26. The strong signals on the
gel, around 25 and 55 kDa come from the mAb (IgG) itself, however, the rest of the bands present
correspond to PrPS¢, confirmed also by immunoblotting (A and B). These preliminary results were
promising, unfortunately, performing large-scale isolation in this manner would not be feasible,
since the amount of the mAb necessary would be too much. There is also the problem of the signal
corresponding to mAb, which is stronger than the protein itself and the 25 kDa band is too close to
the monoglycosylated band of PrPs¢, Upscaling the isolation would lead to a much thicker band,

causing problems to cut the band of the protein.

Since the amount of mAb was quite high after isolation, we decided first to couple the mAb
to the beads. In this way the mAb would stay coupled to the beads and would not elute together with
PrPS¢. SAF 61 was first coupled to Protein G beads using Co-lmmunoprecipitation Kit. The protocol

from Figure 25 was also adjusted:

1. 4% sarkosyl was added to 20% BH and incubated for 30 min.
2. The sample was incubated for 10 min with benzonase.
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3. A final concentration of 20% of iodixanol was added to the sample and after vortexing it
well, the samples were divided into a maximum of twelve 1.5 mL tubes (so that they fit in
the ultracentrifuge rotor).

4. Samples were centrifuged at 5,000 g for 30 min.

5. SN1 was diluted 2-fold with 4% sarkosyl and then ultracentrifuged at 186,000 g.

6. P2 were pooled together, digested with 10 pg/mL of PK, and ultracentrifuged at 186,000 g.

7. P3was resuspended in 500 pL of 1X PBS (containing 0.2% sarkosyl and protease inhibitor).

From the total P3, 200 pL was added to the SAF 61-beads complex following the protocol described
in section 2.2.5.2. After an overnight incubation, the protein was eluted with a solution of low pH
(glycine HCI, pH 2.5) — 10% of it was used for immunoblotting, and the rest for silver staining. The
initial steps of the protocol (before immunopurification) were checked for loss of PrPS¢ throughout
the procedure (Figure 27, A). By looking at the immunoblot, we noticed there is a presence of PrP>¢
in the flow-through, meaning that the major loss of the protein is occurring in the
immunoprecipitation step and not before. The sample before immunoprecipitation (P3) and after
(P4) were checked with silver staining. P3 sample was obviously not purified at all, while P4 also

contained too many bands, but the ones corresponding to the prion protein were quite poorly visible.

We also decided to test another mAb, an N-terminus antibody (EF2), again coupling it to
Protein G beads. To do this, the protocol had to be adjusted, the incubation with mAb-beads needed

to be done before PK digestion, since it digests the necessary epitope for EF2.
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Figure 27. Immunoblot of the initial steps of the protocol: PK-treated P1 and SN2; overnight flow-through

(O.N.-F.T.) and P4, obtained after immunopurification (A). Silver stained gel of the sample containing PrP
before (P3) and after (P4) immunoprecipitation (B).
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The partial purification was performed in the same manner as last protocol but stopping at
P2 and pooling the pellets together. This protocol was continued to be performed until 20 g of brain
tissue was used. In the case SAF 61 was used, PK digestion was performed on P2 before incubation
with the mAb-beads and for EF2 PK digestion was performed after elution of the sample from the
beads. Both SAF 61 and EF2 were coupled to Protein G beads and the protein was eluted with
solution of glycine HCI, pH 2.5 and the pellet was obtained after ultracentrifugation at 186,000 g.
As seen in Figure 28 (A and B), in both cases there is no visible signal for the pellet collected after
Immunoprecipitation. In both cases there is a strong signal in the flow-through, bands corresponding
to PrPS¢ and IgG are both visible.

There are two possible explanations for this: either PrP*¢ did not bind to mAbs and just passes
the column in the flow-through, or since PrP*¢ is not a monomeric protein, but a multimer which
aggregates, the epitope could be hidden, leading to a low amount of PrP¢ that binds to the mAb, and
the rest (majority) of PrPS¢ just passing through the column. So, we decided to check for the presence
of PrPS¢ on the beads coupled with EF2 that were used in the experiment on Figure 28 (B) by directly
loading on an immunoblot. As it is seen in Figure 28 (C), there is a very strong signal coming from
both the protein and the mAb, meaning that there is also a binding of PrPS¢ to the beads, which could

not be eluted by using low pH buffer.
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Figure 28. Immunoblot of pellets and flow-throughs obtained after immunopurification by coupling Protein
G beads with SAF 61 (A) and EF2 (B). Protein G beads coupled to EF2 were also used to check on an
immunaoblot (C).

Since there was a strong signal of PrPc when the beads were loaded directly and
immunoblotted, we realized that PrPS¢ cannot be eluted from the mAb-beads complex with a low pH

buffer. Therefore, we decided to elute the protein using denaturing conditions (using SDS solution).
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However, by using SDS, PrP*¢ loses its conformation and propensity to aggregate, hence PK
digestion and ultracentrifugation cannot be used to collect PrPS¢. Pooled P2 was prepared in the same
way as before and instead of treating P4 with PK, thermolysin was used before incubation with EF2,
since it digests PrP¢ and leaves PrP in its full-length form. Protein was precipitated with acetone
and after acquiring the pellets, they were used for immunoblotting. Figure 29 shows the results
obtained and we finally managed to acquire PrPS by eluting and centrifugation of the final P4 pellet.
As it can be seen from the immunoblot, incubation with SAF 61 led to the presence of bands
corresponding to 1gG, while none were observed when using EF2.

The final results were satisfying, therefore we decided to continue immunoprecipitating the

prion protein by using thermolysin digestion and EF2 as the mAb of choice.

P4 P4
kDa EF2  SAF 61

55 — | —

35 —

IB: PrP
(SAF 84)

Figure 29. Immunaoblot of pellets obtained after immunopurification by coupling Protein G beads with SAF
61 and EF2, eluting the protein by using SDS, followed by acetone precipitation. PrPS¢ was detected by
using SAF 84 as anti-PrP mAb.

21K fast prion strain was isolated from approximately 160 mL of 20% BH, loaded on gel
and stained with Coomassie. As Figure 30 shows, many proteins actually co-eluted with the prion
protein, which could be either due to unspecific binding to EF2 mAb or binding of other proteins to
the beads themselves. By using denaturing conditions, all the proteins will co-elute together with the
prion protein, leading to a decreased purity of the sample. Nevertheless, by comparing the results
with the immunoblot obtained from 21K fast strain (Figure 29) we decided to cut out the part that
corresponds to the diglycosylated band (marked with the dashed rectangle) and perform an in-gel
trypsin digestion. For this first test on ovPrPS¢ we prepared a solution of 5 ng/uL of trypsin, to avoid
having a strong signal from trypsin in the LC-MS. Results of the analysis will be discussed in later

sections.
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3ug
BSA

kDa 21K fast

250 —

130 —
100 —
70 —

55 —

35—

25 —

Figure 30. Coomassie stained gel isolated from 160 mL of BH infected with 21K fast strain. PrPS¢ was
immunoprecipitated with EF2 and Protein G. BSA was also loaded on the gel (3 pg), to approximate the
concentration of isolated PrPS¢. The dashed rectangle represents the part cut out from the gel and used for

in-gel trypsin digestion.

Even though we were able to isolate PrPS¢ by immunopurification, it was not purified enough,
and the IgG bands were still too strong compared to the prion protein — the 25 kDa is too close to the
monoglycosylated band, making it difficult to distinguish those two bands. Immunopurification
works well small-scale (as seen in the silver stained gel in Figure 26), but upscaling the procedure

leads to difficulties in purification and requires large amounts of mAb.
3.2.2  Use of a density medium approach

After finishing all the experiments with the immunopurification approach, almost all the 21K
fast infected brains were used. Since we were not able to purify the sample enough, we decided to
try to optimize the density medium approach. For further experiments, 21K slow prion strain was
used, since not a lot of 21K fast infected brains were left. First, the 20% brain homogenate was
prepared in 1X PBS containing 4% sarkosyl and protease inhibitor. We used 6 mL of BH and
performed the protocol until P2 in the same way we did before immunoprecipitation. The remaining

steps of “protocol I”” were as follows:

1. To resuspend the pellet easier, instead of using 1X PBS, P2 was resuspended in 1X RIPA
buffer (25 mM Tris HCI pH 8.0, 150 mM NacCl, 1% Nonidet P-40 substitute, 1% sodium
deoxycholate), sonicated, incubated with benzonase and ultracentrifuged at 186,000 g.
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7.

P3 were sonicated in 1X PBS / 2% sarkosyl / 0.5% PTA, pooled together and incubated with

constant shaking for 30 min. lodixanol was added so that the final concentration was 30%,

and after another incubation for 30 min, the samples were centrifuged at 16,100 g for 30 min.

SN4 was diluted until the concentration of iodixanol reached 12%. Samples were incubated
with shaking and centrifuged at 30,000 g for 1 h.
P5 was digested with 20 pg/mL of PK for 30 min and ultracentrifuged for 1 h at 186,000 g.
P6 was washed with 0.5% sarkosyl and ultracentrifuged at 186,000 g.

P7 was washed with 2% sarkosyl / 0.5% PTA /12% iodixanol, incubated with shaking for 30
min and ultracentrifuged at 186,000 g for 1 h.

P8 was washed in the same way and P9 was obtained.

Results are shown in Figure 31, both in a silver stained gel and an immunoblot containing the final

pellet (P9). Only 2% of the sample was loaded for immunoblotting, resulting in a very strong signal

— comparing it to the 30 ng of rPrP, much more was present in P9. Even though the silver stained

gel showed a presence of strong bands below 25 kDa, we were mostly interested in the fact that the

bands around 25 kDa, corresponding to both di- and monoglycosylated bands, were nicely visible.

A B
kDa 21K slow

100 —
70 — |
55 kDa

35 —
35 —
25 —

25 —

21K slow

rPrP
30 ng

IB: PrP
(SAF 84)

Figure 31. Silver stained gel containing the final pellet isolated from sheep brains infected with 21K slow
strain by following “protocol I’ (A). Corresponding immunoblot with the final pellet, together with 30 ng of
rPrP, to approximate the concentration of PrPs¢ isolated (B).

The next protocols tested were similar to “protocol 17, except that the procedure was upscaled

even more — 15 mL of BH was used as a starting point. The “protocol II”” went as followed:

1.

lodixanol was added to 15 mL of 20% BH (final concentration of 10%) and centrifuged for

30 min at 4,500 g, after which the SN1 was collected and transferred to 1.5 mL tubes.
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2. SN1 was centrifuged at 5,000 g for 1 h.

3. PTA was added to SN2 so that the final concentration was 0.5% and the sample was
incubated with constant shaking at 500 rpm for 1 h, after which it was centrifuged at 25,000
g for 90 min.

4. P3 was incubated for 30 min in 2% sarkosyl containing 0.5% PTA and centrifuged again at
25,000 g for 90 min.

5. P4 was resuspended in 1X RIPA buffer and digested with 20 pug/mL PK for 30 min.

6. P5 was obtained after ultracentrifugation at 186,000 g.

7. The pellet was washed two times in 1X RIPA and ultracentrifuged at 186,000 g, until P7 was

obtained.

The final pellet was used for loading on the gel, staining it with Coomassie, and 3% of it was checked
on an immunoblot (Figure 32). Even if there were problems with gel running, there was a band
visible between 25 and 35 kDa (corresponding to the diglycosylated band), which we decided to cut
an do an in-gel trypsin digestion, again by using a 5 ng/pL solution of trypsin.

A B

rPrP
kDa P7 30 ng
35 —
25 —| 4.
il
15 —
PK + —

Figure 32. Immunoblot containing the final pellet isolated from sheep brains infected with 21K slow strain
by following “protocol I1”, together with 30 ng of rPrP (A). Coomassie stained gel with PrPSc isolated from
130 mL of 20% BH (B).

Both 21K fast and 21K slow strain were isolated, run on a gel and used for in-gel trypsin
digestion. Since “protocol II” was less time-consuming, we decided this was our protocol of choice.
All of 19K and the remaining of 21K fast and 21K slow strain were isolated using “protocol II”’, and
loaded on a gel, shown in Figure 33 (A). All three strains had visible three-band patterns (for 21K

slow strain it was a slightly weaker signal, since less starting material was used than for the other
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two strains) and the presence of PrPS¢ was confirmed with immunoblotting (Figure 33, B). All
diglycosylated bands were cut and used for in-gel trypsin digestion and after drying the
glycopeptides in the vacuum centrifuge, the two samples for 21K fast and the two for 19K were

pooled together and used for analysis.

A KDa 21K fast 21K slow 19K

130 —
100 —
70 —

55 —

B 21K 21K
kDa fast slow 19K
35 —
25 — IB: PrP
(SAF 84)
15 — _—

Figure 33. Coomassie stained gel containing PrP*¢ isolated from sheep brains infected with all three strains,
21K fast, and 19K strain by following “protocol II” and the remaining of 21K slow from “protocol I”” (A).
Corresponding immunoblot of all three strains (B).

3.3 LC-MS/MS analysis of different ovPrP¢ strains

Diglycosylated gel bands used for in-gel trypsin digestion were from immunopurification (Figure
30), or the density medium approach (Figure 32, Figure 33). After overnight incubation with
trypsin, dried glycopeptides were reconstituted in 20uL of H20. For LC-MS analysis, 2 puL were
loaded (10% of the total sample). Proteomic analysis revealed that the relative intensity (normalized
by total intensity) of the prion protein in the sample increases. For immunopurified 21K fast strain
it was around 13%, for 21K slow strain after “protocol I 58%, and for “protocol 1I”” isolated 21K
fast and 19K strain it was around 60%. From this we concluded that the density medium approach

seems to be better for our large-scale PrP* isolation than the immunopurification one. “Protocol I”
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and “protocol II” are based on the same approach, the only difference is that “protocol II” works
faster for larger amount of the starting material. Therefore, “protocol II”” should be used for large-

scale isolation of PrPS¢ from infected ovine brain tissue.

The accession number corresponding to the sheep prion protein (Q712V9) was entered in
PeptideMass and theoretical masses of tryptic digests were calculated. The sheep prion protein

carries two glycosylation sites, which are:

e N-184, located on YPNQVYYRPVDQYSNQNNFVHDCV*¥NITVK, a tryptic peptide of
3573.6735 Da (the mass of the peptide is larger by 57 Da, because the cysteine residue was
treated with iodoacetamide).

e and N-200, located on GE2®’NFTETDIK, a smaller tryptic peptide of 1152.5299 Da. The
peptides will further be referred to as simply N-184 and N-200.

After overnight trypsin digestion, no additional cleanup procedure was performed, and the sample
was loaded directly on LC-MS (10% of the total sample). Analyzing these results, only one of the
glycosylated peptides was observed, N-184. Since glycopeptide ionization is suppressed by peptides,
HILIC enrichment was performed for further glycopeptide purification. Interestingly, after the
enrichment, the peptide containing N-184 site was no longer observed. The reason could be due to
the diversity in the peptides themselves, since N-184 peptide is more hydrophobic than the N-200
peptide, this could lead to its loss during the enrichment procedure. Unfortunately, there was not
enough samples left to test the conditions for HILIC enrichment, in order to obtain both
glycopeptides in one analytical run. Because of different response factors of the two glycosylated
peptides, the relative quantification is performed within one glycosylation site — the N-184 peptide
with direct injection of the sample obtained after trypsin digestion and N-200 peptide after HILIC

enrichment.

The analytical run for each analysis was 90 min. Because of differences in the peptide’s
hydrophobicity, the glycosylated peptides elute at different retention times: N-200 glycopeptides
from approximately 19 to 26 min, while N-184 glycopeptides from 33 to 36 min. The signals
corresponding to glycopeptides were identified at the MS level. Also, the observed isotopic
distribution of each glycopeptide was compared to the theoretical distribution (using

https://www.protpi.ch/Calculator/PeptideTool#Results). An additional parameter used for

glycopeptide verification was the value of the monoisotopic peak, so that the difference of the
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observed and theoretical m/z value was below 20 ppm. If possible, MS/MS data was used as the final
verification step of the glycan composition. The glycan portion was identified by searching the low
molecular glycan-specific marker ions. Signals corresponding to the peptide portion were identified
by searching values of peptides’ b and y ions; theoretical values obtained by a fragment calculator
(http://db.systemsbiology.net:8080/proteomicsToolkit/FraglonServlet.html). Another confirmation

was the presence of fragments corresponding to the peptide containing one (or two) GIcCNAc residue,

peptide with one GIcNAc and Fuc residue, confirming core fucose, and so on.
3.3.1 Analysis of N-184 glycosylation site

A list of m/z values was obtained as described in Materials and methods. The m/z values
were converted to a peak list of singly charged species, which were then searched against GlycoMod.
In total, 51 glycan compositions were detected in all three strains at the N-184 glycosylation site.
The list of all the glycan composition, together with their proposed structures can be seen in Table
3.

Table 3. List of all the proposed glycan structures on N-184 glycosylation site detected specifically for each
strain. H — hexose, N — N-acetylhexosamine, F — fucose and S — N-acetylneuraminic acid (sialic acid).

Th ical m Detected
# | Glycan composition | Proposed structure eoret|ca+m z
[M+H] 21K 21K
19K
fast slow
1 HAN4F1 s laoomn 5181.2675 + + +
2 H3N5F1 | e 5222.2941 + + +
3 H5N3F2 oy o ni 5286.2988 + + +
4 H4N4F2 S eenl 5327.3254 + + +
5 H5N4F1 e 5343.3203 + + +
LN
6 H4N5F1 S e 5384.3469 + + +
7 HEN3S1F1 cou(Seun 5431.3363 " ¥ ¥
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8 H4N4S1F1 oo lmoe 5472.3629

9 H5N4F2 o te ud 5489.3782

10 HANSF2 SR 5530.4048
LN

11 HANGF1 SR 5587.4263

12 H5N4S1F1 e nn 5634.4157

13 H5N4F3 e 5635.4361

14 HAN5S1F1 H“l 5675.4423
.

15 H5N5F2 - e u i 5692.4576

16 H4NGF2 :l:'}ﬂ' 5733.4842

17 H5N4S1F2 et 5780.4736

18 HEN4F3 e : 5797.4889

19 H4N5S1F2 T eeas 5821.5002

20 H5N5S1F1 T Taeaa 5837.4951

21 H5N5F3 el 5838.5155

22 HANGS1F1 s I: Coma 5878.5217

23 H5N6F2 e 5895.5370
e

24 HEN4S1F2 ) SIFJ‘: ~us 5942.5264
O—H\ I

25 H7N4F3 »J - 5959.5417
71

26 HAN5S2F1 cxmoa 5066.5377
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27 H5N5S1F2 DT el 5083.5530
28 HEN5F3 Coaeed 6000.5683
29 H5N3S3F1 eoloend 6013.5271
30 H5N6S1F1 oo T 6040.5745
[ I\. v
31 H5N6F3 TI S 6041.5949
32 H5N4S2F2 sleome ] 6071.5690
33 HBN5S1F2 el 6145.6058
ok,
34 H6NS5F4 et 6146.6262
3
35 H5N6S1F2 R 6186.6324
36 H5N5S2F2 LT 6274.6484
37 HEN5S1F3 ey 62916637
38 H5N6S2F1 e an 6331.6699
39 H5N6S1F3 Th e 6332.6903
40 HEN6F4 S 6349.7056
. |l._
41 H5N7S1F2 e 711
5N7S Sl 6389.7118
42 HEN6S2F2 Conmd 6477.7278
43 HEN6S1F3 »::}-l 6494.7431
44 H5N5S3F2 S 6565.7438
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* |')_: ¥
45 HEN6S2F2 ET e 6639.7806 + + +
b—‘?.
46 H5N7S2F2 o masal 6680.8072 + + +
> |7 = v
47 HBN7S1F3 SEtat 6697.8225 + + +
48 H5N5S3F3 - Taes 6711.8017 / / ¥
49 HEN6S2F3 P 6785.8385 ¥ ¥ ¥
50 HEN7S2F2 ”:ﬂ/ - 6842.8600 + + +
51|  H6N7S2F3 s oried 6988.9179 + + +

As it was mentioned before, the N-184 glycopeptides elute from 33 to 36 min. Figure 34
represents EICs for different 21K fast PrP>¢ glycopeptides. It is observed that the neutral and charged
glycopeptides elute in separate retention time frames : neutral ones elute first and were detected in
the range from 33 — 33.8, followed by monosialylated structures from 34 — 35.1, and finally,
disialylated (together with one trisialylated glycoform) from 35.5 — 36.2 min.

Figure 35 (A—C) represents averaged full MS with the assigned N-184 glycopeptides. The
m/z values for these glycopeptides were generally in both 4+ and 5+ charged state (4+ charged state
illustrated on the MS spectra) and thus both m/z values were used for generating the EIC. In the case
of more abundant glycopeptides, additionally 3+ charged state was also observed and therefore used
for generating EIC. For some glycopeptides of lower intensities, only the 4+ state was observed, and
was the only one used for the EIC. All the structures detected were fucosylated (at least one fucose
residue was present), 8 of them were biantennary, 3 triantennary, 13 tetraantennary, while 16 of them
had bisecting GICNAc. Only 4 hybrid structures were detected, while the rest were complex

structures and no high mannose structures were detected.
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Figure 34. Extracted ion chromatograms of 46 detected N-184 glycopeptides, mutual for all three strains,
with different retention times for neutral, mono- and di-/trisialylated structures.
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Figure 35. Assigned glycoforms in MS with the N-184 peptide backbone. Neutral (A), monosialylated (B),

and disialylated (+ one trisialylated) glycoforms (C) were detected in different retention times.
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Out of the 51 detected structures, 21 of them were confirmed by MS/MS spectra. The “quick”
search was usually done by checking if the MS/MS spectrum contained the m/z value of the peptide
fragment itself, which in the case of N-184 peptide, was the y ion with m/z value of 1192.2247 (3+).
The other confirmation of the peptide portion was the fragment from the peptide carrying GICNAc
residue, usually with a higher intensity than the peptide itself, with m/z value of 1259.9178 (3+).
The amino acid sequence was confirmed with the presence of mainly y ions (ys — ys), but in some
cases also b ions were detected (b2 — be), as seen on Figure 36. After confirming that the glycopeptide
is in fact a prion glycopeptide, the glycan structural features were annotated by searching the main

glycan diagnostic ions, m/z values of:

e 204.08 (1+) representing one N-acetylhexosamine (HexNAcC) residue,
e 366.13 (1+) representing HexNAc + Hex residue,
e 512.19 (1+) in case outer-arm fucose was present (Hex + HexNAc + Fuc residue), and

e 657.22 (+1) in case of sialylation, corresponding to the HexNAc + Hex + NeuAc residue.

N-glycan structures can be annotated from the MS/MS spectrum even if information regarding some
fragments is missing, because of known biosynthetic pathways in the N-glycan formation [115]. As
it can be seen from the MS/MS spectrum of the N-184 peptide containing N-glycan with a
composition of H4N5F2 (Figure 36), it is a neutral structure, containing one agalactosly antennae,
carrying two fucose residues, one core and another outer-arm fucose. No sialic acids were found on
the glycopeptide, since the fragment of m/z value 657.22 (1+) was not detected. Another interesting
feature of this structure was the presence of bisecting GIcCNAc, even though of low intensity, m/z
value of 1619.72 (3+) indicates this. This structure was found as the major N-glycan also on mouse
PrPS¢ [162]. It is important to emphasize, however, that all the structures reported here are considered
as proposed, since the MS/MS data obtained in positive mode cannot reveal all glycan structural
features.

One of the most interesting glycans found on this glycosylation site was H5N5S3F2,
suggested to contain 6-sialyl-LewisC (6sLeC) structure, where NeuAc residue is directly attached to
the GIcNAC residue, proposed because of the presence of the fragment with m/z value 495.18 (1+),
corresponding to HexNAc + NeuAc. This structure was not observed previously in the study on

mouse PrPS¢, however, it is known to be present in the brain [203-205].
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Figure 36. Example of N-184 glycopeptide whose structure was confirmed by MS/MS, the precursor ion
with m/z value of 1383.3543 (+4) is shown. Fragments of glycan-specific marker ions are represented,
together with b and y ions confirming the amino acid sequence and fragments of the peptide backbone with
the N-glycan HANSF2.

3.3.1.1 Quantitative analysis of N-184 glycosylation site from different prion strains

Out of the total 51 proposed structures, the minimal set of mutual ones was 46, hence, these were
used for further quantification and comparison. The composition of the remaining five N-glycans
not used for quantification are: HSN5S1F1 detected in 21K fast strain; H7N4F3 in 21K slow strain;
and H4NG6F1, H5N5S3F3 and H5N3S3F1 in 19K strain, all the compositions with relative
abundances below 1%. Therefore, it cannot be claimed that these structures are not present in other
strains, since their abundance is low, it is possible they were not detected simply because their signals
were too low. Out of the mutual structures, 18 of them are neutral (39.13%) and 28 are sialylated
structures (60.87%). Most of the sialylated structures are monosialylated, 17 of the total N-glycans
(36.95%), 10 of them are disialylated (21.74%) and only one structure is trisialylated.

The EICs were integrated in DataAnalysis, from which absolute peak areas for each
glycopeptide were obtained. Relative abundance for each glycopeptide was normalized by total area;

peak area of each glycopeptide in each sample was divided by total area of the sample (values seen
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in Table 4). This was done for the mutual 46 structures in each strain. The most abundant structure
(H4N5F2) was found to be the same for all three strains, contributing to around 30%. The next most
abundant glycoforms are: H3N5F1 (6.7 — 8.4%), H5N5F3 (5.4 — 5.9%) — both with bisecting
GIcNAc, H5N4F2 (5.2 — 6.4%) — a neutral glycan structure, and H5N6S1F2 (5.4 — 6.6%) —
monosialylated, while the abundance of all the other glycopeptides was below 5% (shown in the
table). The similarities between 21K fast, 21K slow and 19K prion strains can be visualized better
with the bar representation of percentages of relative area, seen on Figure 37, where no major

differences were detected.

Table 4. List of the proposed glycan structures on N-184 glycosylation site, mutual for all three strains;
together with the glycan composition and their relative abundance. Major glycan structure marked in bold.
H — hexose, N — N-acetylhexosamine, F — fucose and S — N-acetylneuraminic acid (sialic acid).

Theoretical | 21K fast | 21K slow 19K

# corﬁgg?s?tr;on Proposed structure m/z
[M+H] %area

1 H4N4F1 T e wn 5181.2675 0.57 0.58 0.31
2 H3N5F1 »::F\H« 5222.2941 8.47 7.46 6.69
3 H5N3F2 o ” ent 5286.2988 0.49 0.37 0.23
4 HAN4F2 e 5327.3254 0.67 0.67 0.55
5 H5N4F1 o m e 5343.3203 0.86 1.42 0.33
6 HANSF1 ;} - 5384.3469 1.15 1.38 0.67
7 H5N3S1F1 . ey 5431.3363 0.83 1.02 0.41
8 H4N4S1F1 o laeens 5472.3629 0.39 0.42 0.36
9 H5N4F2 ool 5489.3782 6.44 5.92 5.18
10 HANSF2 "l 5530.4048 | 32.21 30.81 32.21
11 | H5NA4S1F1 S e oewmam | 5634.4157 0.37 0.42 0.31
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12 H5N4F3 ho il 5635.4361 0.49 0.39 0.21
13 | H4N5S1F1 e 5675.4423 3.89 4.29 3.49
14 H5N5F2 SY 5692.4576 1.11 1.26 0.85
|l. v
15 HANGF2 S 5733.4842 2.19 1.96 1.93
=
16 | H5N4SIF2 Cloee. .l 5780.4736 0.96 0.92 0.51
17 H6N4F3 ol S 5797.4889 0.51 0.55 0.22
18 | HANSS1F2 el 5821.5002 0.90 0.90 1.10
19 H5N5F3 i}*—l 5838.5155 5.42 5.63 5.91
20 | H4NGBSIF1 .;:E}H 5878.5217 1.94 1.62 1.84
21 | H5N6F2 S 58955370 | 0.7 0.90 0.64
22 | HBN4SIF2 e 5942.5264 1.01 152 0.47
T
23 | H4N5S2F1 . ;? 5966.5377 1.14 1.14 1.31
24 |  H5N5S1F2 S e 5083.5530 | 259 2.59 2.81
oo Ll
25 H6NS5F3 Coame 6000.5683 0.26 0.25 0.19
26 | H5NBSIF1 . ;;}:;, . 6040.5745 |  0.25 0.43 0.18
27 | H5NGF3 SR 60415949 | 313 318 3.82
28 | H5N4S2F2 —feome, ] 6071.5690 | 0.41 0.27 0.47
29 |  HBN5SLF2 e 6145.6058 0.47 0.27 0.43
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30 | H6N5F4 Yy, 6146.6262 | 0.18 0.23 0.26
T
31 | H5N6SLF2 e 6186.6324 | 5.41 5.42 6.65
32 | H5N5S2F2 - 6274.6484 | 176 1.76 2.20
33 | H6N5S1F3 Sl 6291.6637 | 0.28 0.13 0.36
34 | H5NBS2F1 Zl}«a 6331.6699 1.02 1.26 1.06
35 | HB5N6S1F3 : I}H 6332.6903 | 0.32 0.33 0.51
36 |  H6N6F4 SR 6349.7056 |  0.37 0.33 0.46
P
37 | HB5N7S1F2 EeCas 6389.7118 |  1.29 1.27 153
38 | H5NBS2F2 s et 6477.7278 |  2.58 2.99 3.43
39 | HENGSIF3 Herted 64947431 |  1.00 113 141
40 | H5N5S3F2 L lweed | 65657438 | 037 0.50 0.61
lo—0~
41 | HEN6S2F2 Sor s 6639.7806 |  0.60 0.76 0.63
42 | H5N7S2F2 o eeel 6680.8072 |  0.45 0.36 0.52
43 | H6N7S1F3 ”} Teeed 6697.8225 1.56 1.72 2.60
44 | HBN6S2F3 s 6785.8385 |  0.63 0.82 0.98
-
45 | HBN7S2F2 ~|H§»-l 6842.8600 | 154 1.60 1.88
46 | H6N7S2F3 Ol 6988.9179 | 074 0.83 1.30
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Figure 37. Bar representation of relative abundance of N-glycans on N-184 peptide expressed as percentage
of total normalized area. Total of 46 N-glycan structures were quantitatively compared between 21K fast,
21K slow and 19K prion strains.

3.3.2 Analysis of N-200 glycosylation site

For the analysis of N-184 glycopeptides, 10% of the total sample amount after trypsin digestion was
used, which was enough for detection. However, N-200 glycopeptides were detected only after
performing HILIC enrichment. Since the amount of isolated PrPS® was approximated simply by
observing the Coomassie stained gel, it was not possible to know for certainty what amount was used
for HILIC. Generally, around 30-50% of the total sample was used for enrichment, in order to save

as much as possible of the sample, in case the analysis had to be repeated.

The first sample tested for HILIC was the immunopurified 21K fast PrPSC. Since this was a
preliminary test for sheep PrPS¢ glycopeptide analysis, we decided to use all the remaining sample,
to be sure the glycopeptides would be detected. In total, 72 glycan structures were found for the
immunopurified 21K fast PrPS¢. The HILIC enrichment was tested again on samples isolated with

“protocol I’ (21K slow strain, ) and “protocol II” (all three strains). In the case of 21K slow prion
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strain, 43 glycopeptides were detected, whereas for 19K strain, 42 glycopeptides were detected. The
reason for a higher number of glycoforms detected with the immunopurified PrPS¢ could be the
isolation method, or the amount of brain tissue used. Even though attempts were made to improve
the HILIC enrichment procedure and therefore detection of N-200 glycopeptides, we were not able
to get a higher number of detected glycopeptides for 21K slow and 19K prion strains. Also, since
the first enrichment procedure of 21K fast strain was just a trial, it was tested on a different
instrument, which uses CE sprayer, instead of the CaptiveSpray used for all the other analysis, which
could also contribute to the difference. All the N-glycan compositions, together with their proposed
structures, detected specifically for each prion strain can be seen in Table 5. Out of the 72 structures
detected on 21K fast strain, 67 of them are sialylated: 14 are monosialylated, 16 disialylated, 18
trisialylated, 12 tetrasialylated and 7 pentasialylated.

Table 5. List of all the proposed glycan structures on N-200 glycosylation site detected specifically for each
strain. H — hexose, N — N-acetylhexosamine, F — fucose and S — N-acetylneuraminic acid (sialic acid).

e h tical m/ Detected

ycan eoretical m/z

# composition Proposed structure [M+H]* K o 1K o

slow

1 H4N52 Sleeas 3109.2612 + B +

2 | H4N5SIF1 L 3254.2987 + + /

3 H5N5F3 el 3417.3719 + " +

4 | H4ANGSIF1 R 3457.3781 + + +

5 H5N6GF2 e 3474.3934 + ¥ +

6 | HS5N5SIF2 S leeed 3562.4094 + + +

7 | H5NESIFL e 3619.4309 + ¥ /

8 | H8N3SIF2 o 3642.4090 + * /
T
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9 | H5N5S2F1 e 3707.4469
10 | H5N6SIF2 .0 l Cewd 3765.4888
11 | H6NGF3 S 37825041
12 | HSNBS2F1 SRS 3910.5263
13 | HBN6SIF2 et 3927.5416
14 | H5N7S1F2 reeed 3968.5682
15 | HBN7F3 D olees 3985.5835
— ey
16 | H5NBS2F2 T e 4056.5842
17 | H6NG6SIF3 Tl 4073.5995
._|O—I..
18 | H5N7S2F1 Hj;} . 4113.6057
19 | H6N7S1F2 T-};}*.:- - 4130.6210
oot
20 | HBN4S2F2 “leony 4136.5838
21 | HINASIF3 g I"} . 41535991
22 | H6N5S2F3 ot 4161.6155
23 | H5N6S3F1 o la e 4201.6217
24 | HENBS2F2 S neal 4218.6370
25 | H6N7S2F1 T 4275.6585
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26 | H6NT7SIF3 SO 4276.6789
27 | HBNS5S3F2 Stk 4306.6530
> |'TI A
28 | H5N6S3F2 e 4347.6796
29 | H6N6S3FL e 4363.6745
30 | H6N6S2F3 :-}:;.___ 4364.6949
31 | H5N7S3F1 S iees 4404.7011
32 | H6N7S2F2 Te 4421.7164
33 | H7N7SIF3 S 4438.7317
34 | HINAS2F3 1) 4444.6945
35 | H7NSS3F2 Sleowrres 4468.6915
36 | HON5S2F2 Sllarees 4501.7160
37 | H6NGS3F2 e e 4509.7324
38 | H6N7S3F1 SREHEY 4566.7539
39 | H6N7S2F3 toa 4567.7743
40 | H7N7S2F2 T 4583.7692
41 | HINTSIF4 ST 4584.7896
42 | HONAS3F2 :Lﬁ}ﬂ' 4589.7320
43 | H6N6S4FL T 4654.7699
44 | H6N6S3F3 SISHR 4655.7903
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45 | H5N7S4F1 SR 4695.7965
46 | HBN7S3F2 crieeel 4712.8118
47 | HIN7S3F1 Clieas 4728.8067
48 | HINTS2F3 T 4729.8271
49 | HIN4S3F3 =T 4735.7899
50 | HIN5S3F2 :}.;:} ol 4792.8114
51 | HBN6S4F2 SIS IPRR 4800.8278
52 | H7N6S4F1 SIS 4816.8227
53 | H7N6S3F3 SIS 4817.8431
54 | H6N7S4F1 Ciiees 4857.8493
55 | HBN7S3F3 et 4858.8697
56 | H7N7S3F2 Doreeed 4874.8646
57 | H7N7S2F4 S oreeal 4875.8850
58 | HIN4S4F2 j it 4880.8274
59 | H6N6S5F1 ot e 4945 8653
60 | H7N6S4F2 e 4962.8806
61 | HBN7S4F2 SRS 5003.9072
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62 | H7N7S4F1 -l 5019.9021 ¥ / /
63 | H7N7S3F3 L oreeas 5020.9225 ¥ " ¥
64 | HENGS5F2 ST 5091.9232 + / /
65 | H7N6S5F1 Sorlee 5107.9181 ¥ / /
-l e
66 | H7N6S4F3 SRy 5108.9385 ¥ / /
67 | HEN7S5FL Clawees 5148.9447 ¥ / /
R
68 | H7N7S4F2 SIS 5165.9600 ¥ / /
69 | HBN7S5F2 :H’ ons 5295.0026 + / /
70 | H7N7SSF1 e 5310.9975 + / /
7L | HIN7S4F3 *|H:}-l 5312.0179 ¥ / /
72 | H7N7S5F2 i 5457.0554 + / /

All 42 and 43 structures detected on 19K strain and 21K slow, respectively, were also present
in those 72 structures from 21K fast strain, however, the minimal set of mutual structures was 35.
Since all the 21K slow and 19K PrPS¢ glycopeptides were detected also in 21K fast sample, the
possibility that the remaining glycopeptides are present in other strains cannot be excluded. It is
possible they were not detected because of the lower amount of starting material or the isolation
protocol itself. Since none of the remaining 37 glycopeptides were major structures, with relative
abundances less than 3%, the mutual 35 glycopeptides were used for further quantification and

comparison.

The N-200 glycopeptides elute from 19 to 26 min, Figure 38 represents EICs from 21K fast

strain, only of the 35 mutual glycopeptides. The different glycoforms are again characterized by
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elution at different retention times; neutral glycopeptides elute in a range from 18.8 — 19.6, followed
by sialylated structures: monosialylated from 20 — 21.8, disialylated from 22 — 23.6 min, and
trisialylated from 23.8 — 25 min. The exact separation of sialylated glycoforms is a bit difficult to
determine, since the chromatograms of these structures overlap. This is due to the fact that structures
with NeuAc residues usually elute in two (or even three) peaks, caused by isomers in which NeuAc

residues can be localized on different antennas [206].

The averaged MS with the observed N-200 glycopeptides are shown on Figure 39 (A and
B). These glycopeptides were generally found in 3+ and 4+ charged states (3+ charged state was
used for illustration on the spectra) and again as for N-184 glycopeptides, all the charged states
detected for each glycopeptide were used for generating the EIC. From the 35 mutual structures,
again all the structures were fucosylated (with at least one fucose residue), no biantennary structures
were found, 2 were triantennary, 14 were tetraantennary, and 18 had bisecting GIcNAc. Only one
hybrid structure was detected, while the rest were complex N-glycan structures and again no high

mannose ones were detected.

Intens
X100

neutral monosialylated ®  disialylated ® trisialylated ®9®

| |
f T 1T 1o 1

PN

24 25 26 Time [min]

/ \/\ )‘ ""‘_\.A@'wafx
2 23

Figure 38. Extracted ion chromatograms of 35 detected N-200 glycopeptides, mutual for all three strains,
with different retention times for neutral, mono-, di- and trisialylated structures.
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Figure 39. Assigned glycoforms in MS with the N-200 peptide backbone: neutral and monosialylated (A),

disialylated and trisialylated glycoforms (B).
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From the total 72 structures, 65 of them were confirmed with a corresponding MS/MS
spectrum. The peptide portion was confirmed by the presence of a signal with m/z value of 1153.52
(1+), the y ion of the N-200 peptide (GE?NFTETDIK), together with 1356.58 (1+) representing
the peptide carrying one GIcNAc residue. In the case of core fucosylation, this was indicated by the
presence of 1559.68 (1+), representing the peptide + GIcCNAc + Fuc fragment. The amino acid

sequence was confirmed with the presence of mainly y ions (in some cases also b ions were detected).

The glycan structure features were annotated again with the main glycan-specific markers.
However, in the tetrasialylated and pentasialylated glycopeptides, two interesting features were
found — again the same structure found already on N-184 glycopeptides, 6sLeC, together with an
additional one, disialic acids. Figure 40 represents an MS/MS spectrum of a glycopeptide with
glycan composition HGN6S5F2, where both features were detected. The presence of 6sLeC is
indicated with the m/z value of 495.18 (1+), corresponding to the HexNAc + NeuAc fragment. The
presence of disialic acids is indicated by two fragments with m/z values of 583.19 (1+),
corresponding to NeuAc + NeuAc fragment and 948.33 (1+), corresponding to NeuAc + NeuAc +
Gal + GIcNAc fragment. The presence of disialic acids, like 6sLeC, has previously been found in
the brain [207].

The signals above m/z value of 2000 were too low to be annotated in most MS/MS spectra,
presumably because the collision energy was too high for the N-200 peptide.
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Figure 40. Example of N-200 glycopeptide whose structure was confirmed by MS/MS, the precursor ion
with m/z value of 1697.9579 (+3) is shown. Fragments of glycan-specific marker ions are represented,
together with b and y ions confirming the amino acid sequence and fragments of the peptide backbone with
the N-glycan H6N6S5F2 (full glycopeptide structure shown).

3.3.2.1 Quantitative analysis of N-200 glycosylation site from different prion strains

The proposed mutual glycan structures found on N-200 glycosylation site are shown in Table 6, of
the total 35 glycan structures found, only 4 are neutral (11.43%) and 31 are sialylated (88.57%), 10

are monosialylated, 11 disialylated and 10 trisialylated.

The integration in DataAnalysis was performed in the same manner as for N-184, and the
relative abundance for each glycopeptide in each strain is seen in Table 6. The most abundant
structure for 21K fast and 19K prion strain was the glycan with a composition of HGN7S2F2 (7.81%
and 9.65%, respectively), which is the second most abundant for 21K slow strain (7.57%), where
the most abundant one is HSN6S1F2 (8.63%). In total, the abundance was above 5% for only 5
glycan structures (for 21K fast and 19K strains, and for 6 structures in the case of 21K slow strain).
The abundance was below 1% for total of 8 glycan structures (in the case of 21K fast and 21K slow
strain, and 9 structures in the case of 19K strain). The 12 most abundant structures (in a range of 7.8

— 3.5%) were the same for all the strains, just with a slightly different order. However, it is difficult
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to claim that these differences are due to strain differences or due to the integration, since for certain

signals it was difficult to determine the beginning and the end of the peak.

The relative abundances for all N-200 glycan structures are shown with bar representation
on Figure 41. Even though the small differences in certain glycan structures can be seen, they are
around 1-2% and therefore, we can suggest that there are no major differences in the glycan

composition of N-200 glycosylation site between strains.

Table 6. List of the proposed glycan structures on N-200 glycosylation site, mutual for all three strains;
together with the glycan composition and their relative abundance. Major glycan structure marked in bold.
H — hexose, N — N-acetylhexosamine, F — fucose and S — N-acetylneuraminic acid (sialic acid).

Theoretical 21K fast 21K slow 19K
4 Glycan Proposed m/z
composition structure R
P [M+H] Yoarea
1 HA4NSF2 Coeeal 3100.2612 | 0.83 2.98 2.71
l:»—I—Q I
2 HENSF3 e 3417.3719 | 093 2.03 2.45
e
3| H4NBSLFL S 3457.3781 | 0.71 1.35 0.35
4 H5NGF2 Tl 3474.3034 | 0.33 0.54 0.47
5| H5N5SLF2 e 35624004 |  1.44 2.64 2.03
6 | H5NBSIF2 S 3765.4888 |  6.61 8.63 6.23
7| HeN6F3 S TD 37825041 |  0.68 0.60 0.92
8 | H5NBS2F1 e 3910.5263 | 2.82 3.12 154
9 HENBS1F2 T et 3927.5416 1.09 1.04 0.56
10| HSN7SLF2 R 39685682 | 1.8 0.78 0.95
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11| H5NBS2F2 . :JHJ 4056.5842 | 4.33 4.64 4.68
12|  H6NGBS1F3 ;}; s 40735995 | 7.56 7.48 8.79
13|  H5N7S2F1 e 41136057 | 1.83 217 1.46
‘, l\-
14|  H6NT7SIF2 T-:.“:;*l 41306210 | 113 0.73 1.06
15| H6NS5S2F3 Cleaoeed 4161.6155 | 0.64 0.39 0.76
16 |  H5NBS3F1 A 42016217 | 1.90 1.13 0.54
17|  H6N6S2F2 el 4218.6370 | 4.01 3.93 4.23
18|  HBN7SLF3 :}H}-« 4276.6789 | 4.41 3.66 4.82
19|  H6N5S3F2 ”EH:;”I 4306.6530 | 0.75 0.45 0.48
20 |  H5N6S3F2 F;::_ P 43476796 | 1.70 2.29 1.18
21|  H6N6S2F3 Tl 4364.6949 | 7.10 6.25 7.80
22|  HBNT7S3F1 . |> .- 44047011 | 176 1.40 1.34
23|  HENT7S2F2 NI 44217164 | 7.81 7.57 9.65
24|  H7N7S1F3 Eﬂj\«-l 4438.7317 | 0.94 0.46 0.75
25|  HIN4S2F3 .:}“ 44446945 | 177 0.51 1.13
* O I
26|  HENGS3F2 Hz?-l 4509.7324 |  4.69 5.23 4.14
oo
27|  HENT7S3F1 Liizees 4566.7539 |  3.62 4.17 3.26




28 H6N7S2F3 4567.7743 2.59 2.32 2.09
29 H7N7S1F4 4584.7896 2.04 151 2.02
30 H6NG6S3F3 4655.7903 3.79 3.97 3.12
31 H6N7S3F2 4712.8118 6.56 6.67 7.66
32 H7N7S2F3 4729.8271 4.27 3.13 4.56
33 H7N7S3F2 4874.8646 291 2.72 2.07
34 H7N7S2F4 4875.8850 1.71 1.00 1.12
35 H7N7S3F3 5020.9225 3.57 2.53 3.04
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Figure 41. Bar representation of relative abundance of N-glycans on N-200 peptide expressed as percentage

of total normalized area. Total of 35 N-glycan structures were quantitatively compared between 21K fast,
21K slow and 19K prion strains.
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CHAPTER IV

4 DISCUSSION

There are many mysteries revolving around the prion protein and prion diseases. Prion diseases occur
when PrP® changes its conformation to PrP¢, leading to aggregation, neuronal death and eventually,
fatal neurodegeneration. Although the exact mechanism still remains unknown, the widely accepted
explanation is the “protein-only” hypothesis, which states that the prion protein is the main cause
responsible for prion diseases. Additional complications arise from the fact that within the same
species, the infectious prion protein exists in a large variety of strains [208]. From a biochemical
point of view, strains differ in their resistance to PK, glycosylation profiles and electrophoretic
mobility. The differences in their glycosylation profiles are characterized by the size and abundance
of each PrPS band (di-, mono- and unglycosylated). Only a small number of studies have determined
exact glycan structures attached on the PrP¢, isolated from hamsters [152, 160] and mice [162]. One
other study investigated the differences between PrP® and PrPS¢ glycans [161]. However, no studies

determining the exact glycan composition of different strains has been done before.

In this study, for the first time, glycan composition of different sheep PrPS¢ strains has been
determined, and the results will be discussed in this section. However, the isolation and purification
of a large amount of prion protein step has been shown as a major bottleneck of this study, and
therefore, both parts will be discussed separately.

4.1 Developing a protocol for large-scale isolation and purification of PrP

In the past, it has been shown that the prion protein is rather difficult to isolate and purify, due to its
resistance to proteases, insolubility and propensity to aggregate. However, since defining it as a
protein with a molecular weight of 27 to 30 kDa (therefore termed PrP27-30) in 1982, done by

Prusiner and his colleagues [200, 209], many different methods for isolation and purification have
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been developed and tested. One of them includes immunopurification [210, 211], but the more used
and explored one usually includes differential centrifugation steps, enzymes such as PK, the use of
sarkosyl and ways of precipitation PrP>° either with NaCl or PTA [183, 212-214]. The main problem
with prion protein isolation is the co-purification of other proteins, the major contaminants being:
ferritin (both heavy and light chain), calcium/calmodulin-dependent protein kinase alpha type II,
apolipoprotein E, tubulin and myelin proteolipid protein [215-217]. In all of the methods, brain
homogenates are usually used as starting material.

The first approach we decided to test was the use of cell lines, since we had easy access,
unlimited amount of cells and it seemed like a convenient way to use them for developing the LC-
MS method. Cell lines are widely used as experimental models of prion diseases. They are able to
replicate PrP* in a stable and continuous way, as well as the protein’s infectivity [218, 219]. The
most commonly used are mouse neuroblastoma cell lines (N2a). Together with those, we tested
mouse hypothalamic cell lines (GT1), both infected with two different mouse-adapted scrapie
strains, 22L and RML. Cell lines are usually used for studying the biosynthesis [220, 221], function
of the prion protein [222], and for example, therapeutic studies [223]. In fact, no studies have been

reported using them for large-scale isolation of prion protein.

Even though in this study many efforts have been put into optimizing the isolation from cell
lines, we have shown that, unfortunately, this was not feasible. The prion protein gained from one
Petri dish was merely a test of the protocol and the PK digestion alone proved as an inadequate
method for isolating a pure sample containing PrPS¢. The number of Petri dishes was increased to
60, from which the prion protein was isolated with PTA precipitation, followed by PK digestion.
Again, PrP% isolated from cell lysates of total 60 Petri dishes had its limitations — even though the
presence of the prion protein was confirmed, co-purified proteins contributed much more to the total
signal intensity than the prion protein. Nevertheless, we decided to continue using cell lines by
increasing the number of collected cells and began lysing cells in a period of 2—3 months. Eventually
we collected cell lysates from over 700 Petri dishes. Many variations to the protocol were tested,
both the protocol based on density medium and immunopurification (results not shown in this thesis
because they did not result in the isolation of PrP5), and we have shown that none of the protocols
worked in large-scale isolation from cell lines. Not only did many concerns occur while isolating
PrPS¢ from cells, like the purity and amount of the PrP¢, but also, to collect cells from such a high

number of Petri dishes is time consuming and requires a lot of medium for cell growth.
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The next approach tested was the use of PMCA amplified PrPS¢, which was thought to be an
even more convenient and easier way to obtain high-titre of the prion protein in a short amount of
time, unlike the time-consuming collection of cell lysates. However, the PMCA had its limitations,
mainly the pellet present after finishing the amplification, which in the end was shown to be a
problem while sample loading on the gel. Finally, after all the protocols tested, together on cell lines
and mice brain tissue, we concluded that isolation ex vivo is a much more suitable way of isolating
high-titre PrP=c,

Therefore, we put all of our focus and efforts on isolation from brain tissue. For optimization
of the isolation protocol, together with LC-MS method optimization, we required much more than 1
g of mice brain tissue. Since all of the mice brains were used for optimizing the isolation protocol,
there was no more sample left. The lack of mice brains was solved by starting a collaboration with
Prof. Olivier Andréoletti, who provided us with sheep brains infected with different prion strains.
For two out of three strains, in total 200 g of brain tissue from different animals was received, which
proved to be enough for both the isolation and final analysis. Initial isolation protocol was performed
by immunopurification, however, due to bindings to the Protein G beads of proteins co-purifying
with the prion protein, the use of this approach for further isolation was discarded. Testing the
protocol with the density medium approach showed to be a much more promising one. The
differences between these two protocols were visible merely from corresponding Coomassie stained
gels, but also from MaxQuant analysis — after isolation with the density medium approach, the
contaminants had lower intensities than the prion protein itself, while vice versa was in the case of

immunopurified PrPSc,

We concluded that the density medium approach resulted with a much purer sample, although
both approaches were practicable for glycopeptide analysis. Since the use of a density medium
approach was the one which resulted with a purer sample, this one would be recommended for further

experiments requiring high-titre prions.

4.2 Determining the glycan composition of different prion strains

It is of great importance to comprehend the strain phenomenon, not only from a scientific
point of view, but also because it imposes a public health risk, since prions are known to adapt,

leading to transmission between species [90, 96], which could generate even more infectious
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material with new and unknown characteristics. The existence of prion strains was difficult to
explain in the beginning, because this signifies that a protein with the same amino acid sequence is
able to cause a wide range of diseases which are, as mentioned previously, characterized by diverse
clinical signs, incubation periods, lesion profiles and biochemical properties [208]. The existence of
strains, however, has been shown also in other neurodegenerative diseases, which progress in a
prion-like way, such as Ap in AD [224], tau in tauopathies [225], and a-synuclein in PD [226].

After solving the major bottleneck and finally isolating and purifying the PrPS¢ from sheep
brains, the glycopeptide analysis was performed. On both sites, all detected N-glycans were
fucosylated, and the majority of structures also had bisecting GIcNAc. The possibility of these
structures being triantennary cannot be excluded, since structural isomers cannot be differed only
from MS characterization. The majority of structures also carried sialic acid residues, although the
N-200 glycosylation site was shown to be heavily sialylated, in comparison to N-184 site, reported
also on equivalent mouse PrPS¢ glycosylation sites, N-180 and N-196 [162]. The site-specific
analysis showed a major difference between glycan structures on the two glycosylation sites, since
from the total of 123 structures detected on both sites, only 17 were found to be glycans with the

same composition.

Previously it has been shown that sialic acid has a major role in prion diseases, since it
controls the rate of prion amplification, the species barrier, infectivity and the ratio of PrP
glycoforms [169]. Additionally, not only is the N-200 glycosylation site more sialylated than N-184,
but what is more interesting are the sialylated structures. The analysis of N-200 glycosylation site
revealed a feature not found on the N-184 site — the occurrence of structures with disialic acids, in
general common for both N- and O-glycans [207, 227, 228]. The two most common linkages
reported in sialic acids are a2-3 and 02-6, however, in order for disialic structures to occur, the two
sialic acid residues need to be 02-8 linked, meaning that 02-8 sialyltransferase is active [229]. Even
though polysialic acid residues (carrying 8 to 12 sialic acids) have been known to exist in mammalian
brains, not many glycoproteins carrying this type of structure have been reported, except for the
well-studied neural cell adhesion molecule (NCAM) [230], for which the prion protein is known to
interact with, although the functionality of this interaction is still being investigated [231, 232]. Since
glycoproteins carrying polysialic acids usually have not been detected in adult brains, it has been
attributed to occur in developing (embryonic) brains [233]. However, much less attention has been

given to disialic acid residues until finally advances in analytical techniques could allow
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identification of even more proteins with this feature, yet their function remains to be investigated

further.

Prion strains occur in almost all species susceptible to prion diseases and their variation has
been a topic of many studies. The source of strain variation lies in the fact that they can generate in
a spontaneous way or adapt and change through interspecies transmission [208, 234], but also
because of PrP polymorphisms, present in most species, such as mice [235, 236], sheep, goats [91,
237], and humans [77, 238]. Methionine or valine at position 129 is the polymorphism responsible
for susceptibility, incubation time and pathology of human prion diseases and strain diversity in
humans [159]. However, with just methionine at this position, different PrP strains have been

reported [208], meaning that there are other factors contributing to the extent of strain diversity.

It was long believed that these differences occur because of distinct conformational states
that PrPS¢ can acquire [234]. One of the possible explanations was that post-translational
modifications are the ones affecting strain properties and PrP infectivity, however, conflicting results
have been reported. Cancellotti et al. performed experiments by intracerebrally infecting wild type
mice with different PrP strains obtained from transgenic mice with mutations in one (first or second)
or both glycosylation sites. For some strains, their properties were maintained in the infected host,
but in other cases they were changed, leading to the emergence of new strains. They concluded that
glycans are not essential for prion replication, although there were cases where strain properties were
changed, glycosylation status of the host seems to affect the prion replication. However, strain
properties do not depend on the host PrP and can therefore be modified by changes in post-
translational modifications [179]. Further on, a study done by Wiseman et al. demonstrated that by
infecting transgenic mice carrying mutations at glycosylation sites, there is a difference in
susceptibility to different prion strains. The absence of the first (N-180) or both of the glycosylation
sites resulted in almost a complete resistance of the host to the disease, while the absence of
glycosylation at the second site (N-196) facilitated the transmission of the disease to the host. This
suggested that prion transmission in different species is influenced by glycosylation status of host
PrPC [239]. Infecting mice intraperitoneally, however, leads to different results. The lack of glycans
actually slows down or even prevents the disease, suggesting glycosylation of host PrP has a role in

the prion replication in the peripheral tissue or prion transport to the CNS [240].

The major point to address in this thesis was whether the glycans influence strain properties.

In a study from 2016, cell-based PMCA was used on different species and PrP with mutations in the
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glycosylation sites. They showed that in the un- and monoglycosylated mutants PrP¢ was efficiently
converted to PrP*¢, Neither PrP® nor PrPS¢ glycoforms alter the formation rate of prions or have an
influence on strain properties, meaning that their characteristics are encoded in the protein backbone
[241]. The same effect was observed also in human prion studies, by enhancing the amplification
rate of human prions in PMCA with partially or completely unglycosylated PrP¢. The proposed
mechanisms explaining the effect PrP¢ glycosylation has in PMCA is interpreted through the
stabilizing effect glycans have on the protein’s structure, rendering the protein more resistant to
misfolding, or the glycan interfering in PrP® and PrP*¢ interaction [242]. This can be related to
another study done with PMCA on desialylated PrP¢, where the researchers proposed that the PrPS
amplification is increased when sialic acid is removed, thereby removing the electrostatic repulsion

between the glycan structures [169].

In conclusion, after testing many different approaches, we were able to develop a protocol
for large-scale isolation of different sheep PrP*¢ strains. Even though the isolation was performed by
obtaining an N-glycan pool (by using different animals and brain regions), we were also able to
develop an LC-MS/MS method for glycopeptide analysis. This is the first time glycopeptide analysis
has been performed on sheep PrPS¢, but moreover, the first time glycan composition on different
prion strains has been compared. The first major result observed is the different glycan composition
found on the two glycosylation sites. The other major point observed in this thesis is the fact that the
three different prion strains analyzed do not show any major differences in their glycan composition;
which could suggest that strain properties are encoded in the protein backbone, instead in the glycan
structures. Due to the many issues regarding prion protein isolation, it was not possible to perform
replicates, in order to confirm the initial data. Further experiments should be performed. However,
from all the studies done on prion protein glycosylation, it has been shown that glycans are not
necessary for transmitting prion infection, and that the host PrP® has an important role in determining
the glycosylation of the newly formed PrPS¢ and that changes in its glycosylation has an impact in
prion conversion in a strain-specific way [243, 244]. Also, it is known that glycosylation
significantly varies in different cell types and different brain regions [245]. This leads to the
hypothesis that prion strains preferentially accumulate in cells in distinct brain regions where the

specific PrP¢ glycoforms are contained [246].

For future studies, it would be interesting to analyze only the monoglycosylated band of

PrP, to see whether the preference for a certain glycosylation site is strain specific and if the glycan
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composition differs in the same manner as for the diglycosylated band; to investigate PrPS¢ glycan
structures from specific brain regions, and possibly to expand the analysis on strains from different

species to see if the glycosylation strain similarities are species independent.
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