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SUMMARY

The human prion protein (huPrP) is a membrane-bound glycoprotein found mainly in the nervous

system. HuPrP in its native conformation (huPrPC) contains a globular C-terminal domain rich

in α-helical structure and an unstructured N-terminal domain. Its physiological function has not

been fully elucidated. HuPrPC can undergo structural conversion to an infectious form (huPrPSc)

rich in β-sheets typical for amyloid structure. This misfolded PrPSc is associated with prion

diseases known as transmissible spongiform encephalopathies (TSEs). Susceptibility to TSE

in humans is strongly influenced by a polymorphism of huPrP at position 129, which involves

either valine (V) or methionine (M).

In this work, different pathways of amyloid formation are presented for the 129V and 129M

full-length variants of huPrP. Amyloid formation of the 129V variant starts directly from a

destabilized monomeric state. The 129M variant undergoes a more complex aggregation process

with oligomeric intermediates. The higher propensity of the 129M variant to form oligomers is

already present prior to amyloid formation. A shorter construct of the 129M variant containing

only the structured C-terminal domain lacks most oligomers and consequently exhibits similar

aggregation behavior to the full-length 129V variant. This highlights the importance of the

flexible N-terminus, which tends to go unnoticed in prion research, and emphasizes a possible

interaction with the globular domain depending on the 129M/V polymorphism. These results

contribute to the understanding of the differences between the two variants of the polymorphism

at position 129 and a possible interaction between C- and N-terminus that might be related to the

differences observed in pathology.

To approach huPrP studies on a close to physiological level, an eukaryotic expression system

was used to provide native-like full-length huPrP with all major post-translational modifications,

including glycosylphosphatidylinositol-anchoring and mammalian-like glycosylation. Leishma-

nia tarentolae (L. tarentolae) was used for stable and high-level expression of native-like huPrP.

A purification protocol was established, involving the incorporation of native-like huPrP into

micelles. The purified native-like huPrP possessed a conformation dominated by α-helical and

random coil structure and was predominantly monomeric (∼90 %). Comparison of native-like

huPrP (expressed in L. tarentolae) and huPrP (expressed in Escherichia coli (E. coli)) revealed

differences in secondary structure and solubility at physiological conditions. HuPrP expressed
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in E. coli is less soluble at pH 7.4, containing a majority of aggregates (∼71 %), while the

remaining protein was mainly monomeric (∼22 %). The soluble fraction of huPrP expressed

in E. coli indicates an increased amount of β-sheet structure. The purified native-like huPrP

expressed in L. tarentolae is superior to huPrP expressed in E. coli for studies under physiological

conditions and holds great potential for studies focusing on high-resolution structures or kinetics

of misfolding.
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INTRODUCTION

1.1. Prion

The term ’prion’ was introduced by Stanley Prusiner in 1982 to describe ’a small proteinaceous

infectious particle that is resistant to inactivation by most procedures that modify nucleic acids’

[1]. At the time, this was a very controversial statement as it seemed to imply a form of

replication that did not require nucleic acids, something that has never been observed at the time.

The diseases Prusiner was trying to understand were a group of infectious neurodegenerative

diseases that were first observed in sheep and goats as scrapie. Later, prion diseases had been

diagnosed in more and more species, including humans. Important milestones in prion research

are summarized in Figure 1.1 containing some of the most important properties of prions

which are: (I) lack of nucleic acid [2], (II) self-replication by recruiting monomers from the

non-infectious isoform [3], (III) partial resistance to proteases [4], and (IV) transmissibility [5].

(I) Chemical and physical methods commonly used to alter nucleic acids, including those of

bacteria and viruses, could not be used to inactivate prions. The first experiments in this regard

were performed as early as 1966 and 1967 by Alper et al. [6, 7]. At that time, the definition of

the term ’prion’ was still unknown, so that the term ’scrapie agent’ is used in this section. With

the use of ionizing radiation and UV irradiation, the scrapie agent remained active, leading the

authors to conclude that the scrapie agent may be too small to be a viral genome. However, it

was still questionable whether the pathogen could be a protein, because the pathogen was also

resistant to UV irradiation at 280 nm, which specifically targets proteins [2].

(II) Later in 1967, Griffith et al. presented a model of a self-replicating protein associated with

the scrapie agent [8]. Together with the findings provided by Prusiner 15 years later, the link

between a protein and the scrapie agent was demonstrated and the above-mentioned term ’prion’
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for ’proteinaceous infectious particle’ was introduced [1]. Once the protein was identified, it was

named prion protein (PrP), and found to be a membrane-bound glycoprotein, which is originally

encoded by the host in a non-pathogenic form [9, 10, 11]. The pathogenic and non-pathogenic

isoform differ mainly in their conformation. The pathogenic isoform contains mainly β-sheets,

while the non-pathogenic isoform is composed of α-helical and random coil structure. During

the same period (1982-1984), the first purification protocols were published by Prusiner, which

provided insights into additional properties of prions [12, 13, 14]. Further experiments revealed

theories of prion propagation, involving the non-pathogenic isoform, PrPC, in the conversion

and propagation of the pathogenic isoform, PrPSc. This underlies the ’protein-only’ hypothesis,

explaining the protein self-replication without nucleic acid [15, 3, 2]. PrPC undergoes a structural

rearrangement to form PrPSc, which in turn accelerates further conversion of PrPC [16, 17, 18].

(III) Thereafter, in early 1985, Oesch et al. performed experiments in which they treated PrP from

infected and uninfected brain tissue with proteinase K (PK) and found complete degradation of

PrP from the healthy brain, whereas partial resistance of PrP was observed from the infected

brain [19]. The N-terminal region of infectious PrP is truncated after PK treatment, resulting in

a PK-resistant core of 27-30 kDa, instead of 30-35 kDa which refers to the typical size of PrP.

Since then, proteinase K resistance has been known as one of the most important features of

prions [4].

(IV) Transmissibility is probably the most important property of prions and was formerly used to

distinguish prions from amyloids. However, this presumably unique feature was later observed

in other amyloidogenic proteins like amyloid-β (Aβ) [3, 20], which is further described in a

subsequent chapter. In 1939, the transmissibility of scrapie was demonstrated [21]. There

are natural and experimental circumstances in which prions can be transmitted. These events

differ in their efficiency, i.e., incubation time, amount of infectious agent, and success in

overcoming species barriers, with a trend for natural transmission to be less efficient overall.

Experimental transmission, on the other hand, when prions are administered intracerebrally in

different animal models, show a shorter incubation time, a higher amount of infectious agent,

and a higher efficiency in interspecies transmission [5, 22, 23]. Natural transmission has been

observed from consumption of contaminated meat. In the 1985, peroral transmission caused the

bovine spongiform encephalopathy (BSE) crisis that resulted in 180,000 clinically diagnosed

prion cases in cattle. Since 1996, approximately 200 human cases of the new variant form of

Creutzfeldt-Jakob disease (vCJD) have been identified that have been linked to the consumption

of BSE-infected products [24, 25, 26]. For the sake of completeness, the BSE-infected products

have been experimentally shown to be also perorally transmissible in mice [27], sheep [28],

calves [5] and non-human primates [29]. The kuru epidemic was caused by ritual cannibalism in
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Figure 1.1: Timeline of prion research. The major milestones of the last 300 years related to prions are
presented in a timeline beginning with the first observation of scrapie in sheep and extending to the recent
high-resolution structural analysis of the infectious prion isolated from a hamster brain.

Papua New Guinea in the early 20th century [30]. The origin of kuru is believed to be due to

one case of sporadic CJD [5]. Nearly 300 cases of iatrogenic tranmission of prions have been

reported in which CJD was induced by medical interventions [5, 31]. Specifically, injections of

human growth hormone from cadavers, transplantation of dura mater or cornea, and transmission

through contaminated surgical instruments have attributed to the the transmission of prion and

outbreak of iatrogenic CJD.

Considering all above-mentioned characteristics, the term ’prion’ can be ascribed to the patholog-

ical isoform, PrPSc, but not the cellular isoform, PrPC, although the chemical nature is identical

[17, 2, 32]. PrPSc constitutes misfolded host-encoded PrP that replicate by templated protein

polymerization.

1.1.1 Prion diseases

As mentioned in the previous chapter, prion diseases are based on a conformational rearrangement

of the cellular isoform, PrPC, into the pathological, insoluble scrapie isoform, PrPSc. Diseases

caused by misfolding of the prion protein are collectively grouped as transmissible spongiform

encephalopathies (TSEs). In human, several types are known based on the mode of infection

and mutation of the PRNP-gene, encoding the prion protein [33, 34, 35]. In addition to the

transmissible forms of CJD, namely variant CJD and iatrogenic CJD, there is also the sporadic

form, which is most common. The cause of sporadic CJD (sCJD) is unknown, but it is assumed

that this disease is either based on spontaneous conversion of PrPC into PrPSc, a very rare

event, or by somatic mutations [3, 36, 37, 38]. It should be noted that sCJD has been observed

predominantly in homozygous carriers of the 129 polymorphism (both, valine or methionine

homozygotes) [39]. The fourth form of CJD is familial CJD (fCJD) which is caused by autosomal
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dominant inheritance. Other human prion diseases include kuru, Gerstmann-Sträussler-Scheinker

(GSS) disease and fatal familial insomnia (FFI). Common to all prion diseases is widespread

neurodegeneration leading to cognitive and motor dysfunction in patients [3, 39]. The genetic

background of the inherited prion diseases is known, and all involve mutations in the PrP. GSS

(P102L and 129V homozygosity) additionally involves slow progression of ataxia [40, 41], FFI

(D178N and 129M homozygosity) also shows refractory insomnia and hallucinations [42], and

fCJD (e.g. E200K and 129M homozygosity) is characterized by rapidly progressive dementia

and sleep disturbance, among other features [43].

The already mentioned naturally occurring methionine (M)/valine (V) polymorphism at position

129 is a strong genetic susceptibility factor and modifies prion diseases, since, for example,

patients with the mutation D178N develop either FFI or fCJD depending on the presence

of M or V at position 129, respectively [44]. Apparently, only homozygous 129M patients

were susceptible to vCJD [45, 46]. Heterozygous carriers appear to be protected from iCJD

and generally show a slow progression compared with homozygous 129M and 129V carriers,

resulting in a delay of disease onset by approximately one decade [47, 39]. This may also be

the reason why the proportion of heterozygosity in the human population is highest at about

51 %[48]. About 12 % have a genotype of V/V, and the remaining 37 % are homozygous M/M

individuals.

For completeness, it should be noted that not only humans but also many animals can develop

different types of prion diseases. Scrapie in sheep and goats is the most common prion disease

in animals and also the first animal prion disease described as early as 1732. There are further

prominent prion diseases in animals, like BSE in cattle and the more recently spreading chronic

wasting disease (CWD), which affects deer and elk [3, 49].

1.1.2 Prion Protein

The native human prion protein, huPrPC, is a cell membrane-bound glycoprotein. It is encoded

by the PRNP gene which is located in the short arm of human chromosome 20 and mainly

expressed in neurons and glial cells of the brain and spinal cord [50, 51].

HuPrPC initially consists of 253 amino acid residues. During maturation of the protein, the

N-terminal and C-terminal signal sequences are cleaved off, resulting in the mature protein,

consisting of 207 amino acid residues (huPrP(23-230)) (see Figure 1.2). The N-terminal signal

sequence (amino acid residues 1 to 22) is responsible for the transport from ribosomes to

endoplasmic reticulum (ER) [53]. The 23 amino acid residues long C-terminal signal sequence

(amino acid residues 231 to 253) is replaced by a glycosylphosphatidylinositol (GPI)-anchor after





6 1. Introduction

residues 200 to 228) and a short antiparallel β-sheet (amino acid residues 128 to 131 and 161 to

164) are present in this region [52]. A disulphide bond between helix 2 and helix 3 (C179 and

C214) stabilizes the globular domain. Interestingly, Zahn et al. showed in 2000 that both, the

C-terminal domain and the N-terminal region, can interact to form a transient complex, so that

the conformational state of helix 2 and 3 is highly dependent on the length of the N-terminal

tail [52]. The N-terminal tail interestingly does not seem to be involved in the amyloid fibril

structure after in vitro conversion of recombinant PrPC to PrPSc [54]. Recent cryogenic electron

microscopy data revealed homogeneous and unbranched amyloid fibrils including the misfolded

C-terminal domain (see Figure 1.5 A) [54, 55].

Cleavage of the huPrPC

In total, huPrPC can undergo four post-translational cleavages. α-cleavage and β-cleavage take

place in the N-terminal region and release N1, C1 and N2, C2 fragments of PrP, respectively.

γ-cleavage and shedding take place in the C-terminal region and release N3, N4 and shedded

PrP, respectively [56]. A disintegrin and metalloproteinase (ADAM) enzymes are involved in

α-cleavage. Specifically, ADAM10 is responsible for constitutive N1 release, with ADAM17

contributing to N1 release upon stimulation [57, 58]. The cleavage site is located between H111

and M112 and releases the 11 kDa N-terminal N1 fragment. The 18 kDa C-terminal C1 fragment

remains membrane bound. Interestingly, the flexible N-terminal part with polycationic patches

(amino acid residues 23 to 27 as well as amino acid residues 95 to 110) of huPrPC was shown to

be essential for interaction with Aβ oligomers [59, 60].

In contrast, β-cleavage occurs just downstream of the octapeptide region (Q91 and G92), releasing

a 9 kDa N2 fragment, lacking the second polycationic stretch (amino acid residues 95 to 110)

involved in the interaction with Aβ oligomers, as well as a membrane-bound 20 kDa C2 fragment.

Because the γ-cleavage was only recently discovered, the exact cleavage site is not yet revealed.

Nevertheless, the fragment size is known (N3 fragment at 20 kDa and the membrane-bound

C3 fragment at 5 kDa), and therefore the cleavage is thought to occur in close proximity to

the end of the C-terminal region (amino acid residues 170 to 200) [56, 61]. Members of the

matrix metalloproteases (MMP) family are likely to be involved in this cleavage process [61].

Interestingly, γ-cleavage occurs mainly at unglycosylated prion protein, so it is reasonable

to speculate that the cleavage site is sterically inaccessible due to its proximity to glycans at

positions 181 and 197 [56]. Similarly, to α-cleavage, ADAM10 is also involved in the shedding

of the PrP close to the GPI-anchor (between G228 and R229) [56].
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Each cleavage process seems to have a biological function. The fragments released into the

extracellular space, such as N1, N2, or shedded PrP, have been shown to have neuroprotective

potential, for example, by scavenging toxic Aβ oligomers and preventing the interaction of these

oligomers with the membrane-bound full-length huPrPC. The complex formed by the interaction

of Aβ oligomers with the membrane-anchored PrP leads to the activation of the neighboring

membrane-bound metabotropic glutamate receptor 5 (mGluR5) [62]. This in turn leads to

activation of Fyn kinase, which causes phosphorylation of the GluN2A and GluN2B subunits of

N-methyl-D-aspartate (NMDA) receptors. This phosphorylation results in hyperactivation of

NMDA receptors and causes increased calcium influx, which ultimately leads to cell death. On

the other hand, the full-length huPrPC also acts as a substrate for prion replication and therefore

is an important mediator of toxicity in prion diseases. Thus, the presence of α-cleavage is

neuroprotective, preventing both prion replication and oligomer-mediated toxicity and cell death

[63, 56]. In addition, the membrane-bound C1 fragment was shown to inhibit prion replication

in mice [64, 65]. Because β-cleavage is mediated by reactive oxygen species (ROS), it may be

protective against oxidative stress in the cell [66]. To date, not much is known about γ-cleavage,

but the resulting C3 fragment was observed in large amounts in CJD brains, suggesting an

important role in prion disease pathology [61]. Finally, Linsenmeier et al. have recently shown

that the release of shedded huPrPC correlates negatively with conversion to huPrPSc [67].

Apart from the neuroprotective properties of huPrPC, the general function of the full-length

huPrPC still remains elusive. However, several studies have shown that the flexible N-terminal

part of PrPC is involved in myelin homeostasis [68], circadian rhythm [69, 56], and metal ion

homeostasis due to the affinity of the ocatpeptide region for copper ions [70, 71].

GPI-anchor

The GPI-anchor is covalently bound to the carboxyl end of S230 of huPrP, consisting of an

ethanolamine phosphate (Figure 1.3 red frame), three mannose units with a glucosamine unit

(Figure 1.3 blue frame), and phosphatidylinositol with two fatty acid chains (Figure 1.3 green

frame) that attach the protein to the outer cell membrane [72]. Phosphatidylinositol-specific

phospholipase C (PI-PLC) can be used to cleave GPI-anchored proteins from the cell membrane.

PI-PLC cleavage occurs within the phosphatidylinositol region.

In mammalian cells, numerous plasma membrane proteins, especially those anchored by GPI, are

associated with sphingolipid- and cholesterol-rich microdomains called lipid rafts [74]. Indeed,

membrane bound huPrPC is also predominantly found in these microdomains [75]. The GPI-

anchor is added to the protein during translocation into the ER immediately after cleavage of the

C-terminal signal sequence. Both, cleavage of the polypeptide and attachment of the preformed
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Figure 1.3: Schematic representation of the glycosylphosphatidylinositol (GPI)-anchor. The GPI-
anchor consists of three units: phosphatidylinositol, glycan core and phosphoethanolamine. The C-
terminal part of the protein binds to phosphoethanolamine (red frame). The glycan core consits of three
mannose (Man) units and glucosamine (GlcN) (blue frame). The phosphatidylinositol is bound to the cell
membrane by two fatty acids (green frame). Image taken from [73].

GPI-anchor occur at the ER membrane by a transamidase complex [75]. On the way to the cell

surface, numerous modifications can be made to the core structure of the GPI-anchor, including

the attachment of sialic acid to one of the mannose residues [76]. The GPI-anchor was also shown

to be present in PrPSc and yet resistant to PI-PLC digestion, suggesting that the conformational

change prevents the enzyme from reaching the cleavage site [77]. To date, there have been

conflicting research findings regarding the importance of the GPI-anchor in prion propagation

and prion disease, as Chesebro et al. 2005 showed that transgenic mice expressing anchorless

mouse PrPC indeed tend to misfold and deposit as amyloid plaques [78]. However, in the same
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study, it was also shown that the clinical manifestation of scrapie was especially achieved by a

combination of anchorless and GPI-anchored PrPC. In general, there is a growing number of

studies demonstrating the importance of GPI-anchoring in prion diseases. There is evidence that

the location of PrPC in lipid rafts is critical for the formation of PrPSc [79, 80, 81]. Other studies

demonstrated that the substitution of the GPI-anchor and replacement with carboxy termini

favoring transmembrane anchored PrP has an inhibitory effect on the formation of PrPSc [79, 82].

Considering the above-mentioned findings on the importance of the GPI-anchor and taking the

neuroprotective properties of the fractions cleaved from the membrane-bound full-length PrPC

into account, it is reasonable to assume that the conversion of PrPC to PrPSc and its propagation

and toxicity are highly dependent on the presence of the GPI-anchor.

Glycosylation

Glycosylation, in addition to GPI-anchoring, is a PTM process that occurs in both the ER and

the Golgi apparatus, where numerous glycosidases and glycosyltransferases covalently bind

oligosaccharides to an amino acid within a protein [83, 84]. Several types of glycosylation

are known, with N- and O-linked glycosylation being the most common in eukaryotes and

they appear to have a major impact on the structure and function of proteins [85, 86, 87]. It

should be noted that bacteria do not glycosylate proteins in this manner, so no glycoslation

occurs at all upon recombinant expression in bacteria [88]. HuPrP contains two N-linked

glycosylations, consisting of the binding of N-acetylglucosamine (GlcNAc) followed by further

modifications at the nitrogen atom of asparagine (Asn) at positions 181 and 197. A prerequisite

for N-glycosylation is a defined sequence of asparagine (Asn) - X - threonine (Thr)/ serine (Ser)

- Y, where X and Y can be any amino acid except of proline (Pro) [85, 89].

Synthesis of the N-glycosylation precursor occurs by various transferases to dolichol pyrophos-

phate in the ER, resulting in 2 GlcNAc, 9 mannose (Man), and 3 glucose (Glu) molecules. After

synthesis, the precursor is transferred en bloc from the dolichol pyrophosphate to the asparagine

(Asn) of the target protein by oligosaccharyltransferase. After transfer, some Glu and Man

residues are removed by glucosidases, exposing the core structure, which is later further modified

in the Golgi apparatus. The core structure begins with the binding of GlcNAc to aspargine

which is the most widespread carbohydrate-peptide bond in eukaryotic cells. This represents

also the attachment point for a wide variety of complex oligosaccharides that depend on the

protein, the cell in which it is expressed, and species ranging from high mannose glycans in yeast,

to complex glycans in unicellular trypanosomes (e.g. Leishmania tarentolae) and mammals

[85]. Despite this diversity, all N-glycans are synthesized via a common pathway with a typical

core glycan structure. The core glycan structure essentially consists of 2 GlcNAc and 3 Man
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residues, forming the uniform pentasaccharide core (Man3GlcNAc2). This core glycan is then

further elaborated and modified in the Golgi apparatus, resulting in a variety of N-glycan struc-

tures, enabling two major classes of N-linked glycans [90]. The ’high mannose’ glycan class,

commonly found in yeast, is characterized by unsubstituted terminal multi-antennary mannose

sugars after the Man3GlcNAc2 core (Figure 1.4). The ’complex’ glycan class, commonly found

in mammals, contains additional GlcNAc residues, galactose (Gal) molecules, and terminal

sialic acid (Sia) residues after the Man3GlcNAc2 core. In addition, fucosylation (Fuc) can occur

at the core GlcNAc residue in complex glycans (see Figure 1.4) [88]. As mentioned earlier,

the initial N-glycosylation begins in the ER, involving processes within both the cytoplasmic

and luminal domains of the ER. Thereafter, the protein, including the core glycan, undergoes

further modifications that take place in the cis Golgi apparatus, followed by the medial Golgi,

and finally the trans Golgi portion. Once the modifications in the Golgi complex are complete,

the glycoprotein is transported to either the lysosomes, the secretory granules, or the plasma

membrane [75]. The latter is the case for PrP.

The N-glycosylation of PrP is variable and leads to un-, mono-, or diglycosylated species,

depending on how many oligosaccharide chains are occupied at the glycosylation sites. PrPC and

PrPSc digested with N-glycosidase F (PNGase F) exhibited reduced mass, indicating asparagine-

linked glycans [92]. Glycosylation is present in both isoforms and has been shown to play a key

role in regulating the replication rate, infectivity, and cross-species barrier of PrP [93, 94, 95].

Protein misfolding cyclic amplification (PMCA), which harness the ability of self-replication, is

a technique for detecting the conversion of PrPC to PrPSc in vitro. Camacho et al. demonstrated

in 2019 a significant increase in PMCA amplification of various CJD strains when deglycosylated

huPrPC was used as a substrate [95]. A few years earlier, in 2014, Katorcha et al. showed similar

results in mice [94]. Here, they focused on the relevance of the sialylation level of N-glycans of

PrPC and showed that a decrease leads to an increased rate of prion replication and a reduction in

species barrier when prion replication was seeded by heterologous seeds. However, a decrease in

sialylation level also correlated with infectivity of PrPSc material produced in vitro [94]. Similar

to the GPI-anchor studies in terms of relevance in prion diseases, the glycosylation studies also

show controversial results. Lehmann and Harris showed in 1997 that Chinese hamster ovary

cells expressing unglycosylated mouse PrPC tend to develop properties similar to PrPSc [96].

On the other hand, mouse neuroblastoma cells did not show such PrPSc properties invoked by

unglycosylated PrPC [97]. Although PrPC glycosylation is not required for the propagation

of PrPSc or infection, there is evidence that the glycosylation can decelerate this conversion

[98, 99]. Interestingly, there is a dependence of glycosylation on the GPI-anchor in PrP, since



1.1. Prion 11

Figure 1.4: Schematic representation of N-glycan patterns of different species. The N-glycan precur-
sor (Glu3Man9GlcNAc2) shown in the top row yields the Man3GlcNAc2 core after further processing. This
core is bound to asparagine (Asn) in all N-glycan patterns and is further modified to form mannose-rich
(e.g. Pichia pastoris) or complex N-glycans (e.g. L. tarentolae or mammals). Mammals are also capable
of forming O-glycans bound to threonine (Thr) or serine (Ser). Escherichia coli (E. coli) is not capable of
any of these glycosylations. Image taken from [91].

expression of PrP lacking the C-terminal signal sequence responsible for GPI-anchoring also

leads to expression of PrP lacking the glycosylation in a neuroblastoma cell line [99, 100].

Collectively, these studies underline the importance of GPI-anchoring as well as glycosylation of

PrPC and show that PrP including these PTMs must indeed be considered as a whole to act as a

determinant of disease relevant conversion into the pathological isoform PrPSc and susceptibility

to infection.
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Figure 1.5: Typical cross-β-sheet fibril structure of the prion protein and Aβ. High-resolution cryo-
genic electron microscopy revealed a typical β-sheet structure of the monomers stacked perpendicularly
on top of each other and stabilized by hydrogen bonds. A: Brain-derived mammalian prion protein
fibril structure shows in the magnification a parallel in-register β-sheet conformation, containing one
protofilament in the mature fibril. B: Aβ42 fibril structure shows an in-register β-sheet conformation in
the magnification, consisting of two symmetric protofilaments in the mature fibril.
A: Recreated from Kraus et al., 2021 [55]. B: Recreated from Gremer et al., 2017 [107]

1.2. Amyloid

Amyloidogenic proteins are capable of conformational changes that result in the formation of

highly structured fibrils possessing primarily a cross-β-sheet conformation [101]. These fibrils

consist of monomeric subunits of the same protein stacked closely on top of each other and

oriented perpendicular to the fibril axis (Figure 1.5). The typical β-sheet structure is usually

not the native protein structure, but amyloid formation involves the structural conversion of

intrinsically disordered, or even folded proteins. [102, 103, 32, 104]. Mature amyloid fibrils

show a tendency to exist of protofilaments twisting around each other [105, 106].

Virchow introduced the term ’amyloid’ in 1854 to describe abnormal deposits in the liver [108].

When the term was introduced, very little was known about its composition and its significance

in various diseases. Originally, these deposits resulted in positive staining with iodine, a dye



1.2. Amyloid 13

Figure 1.6: Timeline of amyloid research. The most important milestones related to amyloid from the
last 145 years are presented in a timeline starting with the first observation of amyloid in the liver and
extending to the latest high-resolution structures of amyloid fibrils.

that can be used to stain cellulose and starch. Five years later, in 1859, Friedreich and Kekulé

dispelled this misunderstanding and demonstrated that amyloid fibrils were instead composed

of proteins [109]. Almost 50 years after the term ’amyloid’ was introduced, Alois Alzheimer

reported the first case of Alzheimer’s disease (AD) in his patient Auguste Deter in 1906 (Figure

1.6) [110, 111]. However, the link between AD and amyloid deposits in the brains of AD patients

was not demonstrated until much later in 1934 [112]. During this time, other staining methods

were established that allowed specific and long-lasting staining of amyloid, for example, the

dye Congo red in 1934 [113]. Birefringence of Congo red-stained amyloids under polarized

light in 1953 [114] laid the foundation for further research using electron microscopy, which

revealed the fibrous structure in these samples in 1959 [115]. Since then, other properties have

been characterized for amyloids, including the characteristic cross-β X-ray pattern with 4.7 Å

distance between β-sheets [116]. Typical dimensions are 2 nm to 5 nm in width and multiples

of that in length, which can end in the range of a few hundred nanometers [106]. In addition

to Congo red staining, thioflavin T (ThT) has also been introduced as a very suitable dye for

amyloid detection, leading to an increase in fluorescence and a shift in the wavelength of the

emission peak after binding to the fibril structure [117, 118, 119].

1.2.1 Amyloid formation

Amyloid formation begins in a solution with monomers in their native conformation. The crucial

event is the formation of a nucleus capable of recruiting further monomers by transferring

structural information. This nucleus exhibits β-sheet structure typical for amyloid fibrils and can

be characterized as the smallest assembly for which the addition of monomers is faster than the

dissociation [120]. The lag phase is characterized by the absence of substantial amyloid growth.

As soon as a nucleus capable of growth is formed, the aggregation mechanism enters the rapid
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growth phase [120]. The lag phase constitutes the rate-determining step. The rapid growth phase

is dominated by elongation of existing fibrils by addition of monomeric units to the fibril ends,

fragmentation of the amyloid creating open ends for elongation, and secondary nucleation [32].

Secondary nucleation is nucleation on the fibril surface. Finally amyloid formation reaches a

stable plateau, which is characterized by saturated amyloid fibril concentration in equilibrium

with low monomer concentration [121]. This process of fibril formation can be followed by ThT

fluoresence, which represents a sigmoidal curve that depicts the increase in amyloid over time.

The time scale is highly variable and depends on several factors, such as monomer concentration

and additional co-factors. Typically, the time scale of amyloid formation in vivo can be months to

years [32]. In vitro studies usually have time scales ranging from a few hours, e.g. Aβ, to several

weeks, e.g. PrP. To skip the lag phase, it is possible to add ’seeds’ to a monomer solution. These

seeds are short fibrils capable of exponential growth through elongation and other secondary

pathways, as these pathways are highly dependent on the presence of amyloid fibrils [122]. In

general, fibril formation is a thermodynamically favorable process, although a high energetic

barrier still has to be overcome in the nucleation process to reach this thermodynamically stable

amyloid state [123, 32, 124, 125].

In vitro models take advantage of much higher monomer concentration compared to physiological

conditions to lower the energetic barrier. Under these supersaturated conditions, the growth-

competent nucleus can form in a shorter time [126]. Increasing the monomer concentration

also accelerates oligomer formation. Oligomers are small, soluble protein assemblies with

heterogeneous structure, that consist of a wide range of monomeric units, and have a lower

growth rate than amyloid fibrils [32, 120]. Depending on their contribution to fibril formation,

they are either referred to as ’on-pathway’ oligomers if they are becoming nuclei, or ’off-pathway’

oligomers if they do not contribute to fibril formation. Whether oligomers are the primary source

of toxicity in amyloid diseases such as Alzheimer’s disease and not the highly structured fibrils

is still controversial [127, 128, 129]. Nevertheless, their overall contribution to toxicity is

widely recognized [130, 131, 132, 133]. However, the distinction between ’on-pathway’ and

’off-pathway’ oligomers does not necessarily correlate with toxicity. Most oligomers are ’off-

pathway’, and the remaining ’on-pathway’ oligomers take a long time to solidify into small

fibrils [32]. Some proteins that are not intrinsically disordered proteins, such as PrP, require a

destabilized native conformation, which can be achieved by denaturation, pH change, and shaking

for fibril formation [134]. Reducing structural constraints favors intermolecular interactions, e.g.,

hydrogen bonding, electrostatic interactions, and hydrophobic interactions, which can further

promote fibril formation [135]. In vivo, the destabilized native conformation is often caused by

mutations and therefore increases the susceptibility to misfolding diseases.
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Structural details revealed by solid-state magnetic resonance spectroscopy (ssNMR) [136, 137],

and (cryogenic) electron microscopy ((cryo-)EM) [107, 138, 139, 55] are one of the most impor-

tant findings that paved the way for understanding the disease-causing structural transformation

of many proteins. Some of the amyloid fibril structures that have been resolved by cryo-EM

include the Aβ42 peptide [107], the Src-homology 3 domain of phosphatidyl-inositol-3-kinase

(PI3K-SH3) [140], and the islet amyloid polypeptide (IAPP) [139]. To date, 50 different proteins

or peptides are known to assemble into amyloid fibrils and are associated with severe human

diseases. The formation of extracellular plaques, consisting of amyloid fibrils or intracellu-

lar amyloid-like deposits lead to a wide spectrum of human diseases. These diseases can be

classified as either neurodegenerative diseases, non-neuropathic diseases, or non-neuropathic

systemic amyloidosis, with a classification based on the location of the amyloid deposits [141].

In neurodegenerative diseases such as Alzheimer’s disease, Parkinson’s disease, or TSE, deposits

of aggregated Aβ, α-synuclein, and PrP, respectively, are found in the brain. Non-neuropathic

diseases such as type II diabetes are characterized by deposits in tissues other than the brain,

whereas non-neuropathic systemic amyloidoses such as amyloid light chain amyloidosis (AL)

occur in multiple tissues. In addition to the pathological aspects, amyloids are also known

to be functional in prokaryotes and mammalian systems [141, 142]. This will not be further

highlighted in this thesis, instead a focus will be placed on the misfolding of proteins that lead to

neurodegenerative diseases, in particular PrP and Aβ.

Neurodegenerative amyloid diseases are based on the misfolding of a native protein into highly

structured amyloid fibrils. Amyloid fibril formation in vivo usually occurs with increasing age

and can be summarized as a slow and rare process [32]. The reason for this may also lie in the

increasing concentration of the relevant monomeric proteins in the brain with increasing age

[143]. For Aβ , concentrations between 10 -11 and 10 -9 M were found in the CSF [32], for PrP

approximately 10 -9 M (when assuming 125 mL as total volume of CSF, and a molecular weight

of PrP of 22878 g/mol) [144]. The first event in fibril formation, namely the formation of an

autocatalytic growth-competent nucleus, may be influenced in addition to age by co-factors such

as RNA [145], traumatic brain injuries [146] or mutations [32]. Afterwards, fibril formation

occurs, resulting in a broad range of different fibril morphs. However, only a few of these fibrils

will proliferate and deposit. The prerequisites for proliferation are high thermodynamic stability,

resistance to proteolytic enzymes and stabilization by co-factors [32].

1.2.2 Alzheimer‘s disease

Alzheimer’s disease (AD) is characterized by extracellular deposits of the misfolded Aβ peptide.

Besides the accumulation of Aβ, a proliferation of hyperphosphorylated tau proteins, called
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neurofibrillary tangles, is found inside of neurons in the brains of AD patients [147]. In addition

to these typical hallmarks, oxidative stress and neuroinflammation accompany AD [148]. All

these biological processes eventually lead to the continuous degradation of neuronal tissue.

This is reflected by various symptoms. First and foremost, dementia is often associated with

Alzheimer’s disease [149]. Almost 2/3 of reported dementia cases can be attributed to Alzheimer’s

disease. Due to the aging population, the prevalence of dementia is expected to double in Europe

and triple worldwide (from 50 million to 150 million cases) by 2050 [150, 149]. The risk of

developing Alzheimer’s disease is 60-80 % dependent on heritable factors, and more than 40

genetic risk loci have already been identified associated with AD, of which the APOE alleles

have the strongest association with the disease [149]. Another key risk factor for AD is age, such

that the incidence of AD is about 14 times higher in people aged 85 years or older compared in

people aged 65 to 69 years [151]. Other symptoms besides dementia in AD patients include loss

of general cognitive function as well as language comprehension [152, 153].

A very promising treatment for Alzheimer’s disease are all-D-enantiomeric peptides. They have

two major advantages. Firstly, they are more resistant to proteolytic enzymes and secondly,

they have a lower immunogenic potential compared to L-enantiomeric peptides [154, 155, 156].

Using mirror-image phage display, D-peptides from a peptide library containing more than one

billion different 12 amino acid residues long peptides were screened against the monomeric Aβ42

[157]. D3 (sequence: rprtrlhthrnr) is one of these all-D-enantiomeric peptides consisting of 12 D-

enatiomeric amino acid residues with high affinity for binding Aβ due to electrostatic interactions

of positively charged arginine residues with negatively charged aspartate and glutamate residues

of Aβ [158]. D3 showed a reduction of cytotoxic Aβ oligomers in vitro as well as a reduction of

amyloid plaque load and cerebral inflammation in vivo [158, 159, 160, 161].

1.2.3 Amyloid-β peptide

Amyloid plaques in Alzheimer’s disease patients consist of extracellular accumulations of

misfolded Aβ . Several forms of variable lengths of this peptide are present in vivo. The 42

amino acid residue variant (Aβ42) is most prone to form amyloid, while the 40 amino acid residue

variant (Aβ40) is most abundant in humans [162, 163, 164]. These Aβ peptides originate from

cleavage of the amyloid precursor protein (APP). The 100-140 kDa APP is a transmembrane

protein that is especially expressed in the central nervous system. APP is especially known

to function as a regulator of synaptic formation and repair [165], as well as iron export [166].

However, it is best known for being involved in the formation of Aβ peptides. It consists of

a large globular and glycosylated N-terminal region and a short C-terminal region, which is

integrated into the cell membrane [167]. These sections can be cleaved by several secretases. In
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Figure 1.7: Cellular processing of the amyloid precursor protein (APP) and the production of

Amyloid-β . APP is a transmembrane protein that can be cleaved by α-, β-, and γ-secretase. After
cleavage by β-secretase, the remaining membrane-bound fraction can be further processed by γ-secretase
to yield two soluble variants of the Amyloid-β peptide, the Aβ40 or the Aβ42 peptide. The formation of
Amyloid-β is summarized as the amyloidogenic pathway because aggregation of Amyloid-β is related
to the formation of amyloid plaques and eventually leads to neuronal death. The non-amyloidogenic
pathway involves γ-cleavage succeeding α-cleavage. Image taken from Spies, 2012 [168].

the amyloidogenic pathway, two secretases, β-secretase and γ-secretase, are sequentially involved

[168]. In the non-amyloidogenic pathway, however, α-secretase precedes before γ-secretase

(Figure 1.7).

After the first cleavage by α-secretase, a C-terminal 83 amino acid long fragment remains

membrane bound and the N-terminal sAPPα is released into the extracellular space followed by

the γ-secretase, which further cleaves the C83 fragment (Figure 1.7) [167]. These secretases

encompass the non-amyloidogenic APP pathway. The β-secretase mediates the amyloidogenic

pathway. It cleaves the APP closer to the N-terminal end of APP and exposes the sAPPβ fragment.

The remaining 99 amino acid long C-terminal transmembrane fraction is further processed by

γ-secretase to yield the soluble Aβ40 peptide or Aβ42 peptide, depending on the cleavage site



18 1. Introduction

[169]. Once amyloid plaques of Aβ have formed, they can mainly be found in the neocortex of

AD patients [162].

The Aβ peptide is an intrinsically disordered protein (IDP) whose physiological function is still

unknown. However, it is thought to be involved in synaptic plasticity [170, 171]. Its pathological

function is crucial, which is why efforts have been made to resolve the high-resolution structures

of the misfolded and AD-associated amyloid state. Gremer et al. showed in 2017 that amyloid

fibrils of Aβ42 formed in vitro comprise typical amyloid fibril structure with parallel, in register

cross-β-sheet conformation of monomeric units [107, 32]. Such fibrils showed a very conspicuous

LS shape, consisting of two protofilaments (see Figure 1.5 B)[107].

1.3. Prion-like properties of amyloidogenic proteins

The debate about the summarization and delimitation of prion and amyloid still occupies many

contemporary scientists and is still not fully resolved. Here, I will try to summarize some common

features of amyloid and prion, assuming that some of the prion-like properties mentioned below

may well be attributed to amyloid.

Starting with the fundamental protein-only hypothesis, which includes the concept of autocat-

alytic self-propagation of a misfolded state, which can be attributed to both, prions and amyloid.

The transmission of structural information to other monomers without nucleic acid is therefore

the most prevalent similarity [32, 172]. It is noteworthy that in both cases the native form of the

monomer is non-infectious, whereas the end product which eventually is amyloid structure in

both cases, is often associated with pathogenicity.

More recently, some amyloidogenic proteins have also been attributed with transmissibility,

like Aβ [3, 20], which served as the main differentiator in the initial separation of amyloid and

prion. Another example is the intercellular transmissibility of α-synuclein, which was recently

demonstrated [173].

In addition to transmissibility, prions are also known to occur sporadically, similar to amyloidosis.

These amyloid-associated diseases are characterized by rare occurrence of spontaneous onset and

rapid spread with little possibility of treatment or recovery. Similar to prion, these diseases may

also be hereditary or even transmissible, as previously mentioned for α-synuclein in Parkinson’s

disease or Aβ in AD.



1.4. Leishmania tarentolae as eukaryotic expression system 19

1.4. Leishmania tarentolae as eukaryotic expression system

Leishmania tarentolae (L. tarentolae) is a parasite of the gecko Tarentola annularis. Leishmania

belongs to the order of trypanosomatids together with Trypanosoma. Trypanosomatids in turn

are a subgroup of the class Kinetoplastida, which are the earliest branches of eukaryotes together

with mitochondria [174].

The non-pathogenic eukaryotic protozoan L. tarentolae has a life cycle that varies between sand

flies and geckos. Sandflies contain the promastigote phenotype characterized by a monoflagellate,

teardrop-shaped structure with a length of 4-12 µm and a width of 0.5-3 µm [88]. This phenotype

is usually found in suspension cell cultures. L. tarentolae was introduced in 2002 as a platform

for recombinant protein expression [175]. Ten years later, the genome of L. tarentolae was

sequenced, revealing the loss of genes associated with human pathogenic species, as many other

Leishmania species are known to cause various forms of leishmaniasis in humans [176, 88].

Since then, L. tarentolae has found a wide range of applications and has been used to produce

therapeutic antibodies [88] and the soluble and glycosylated α-cleavage product of APP, namely

sAPPα, among others (Figure 1.7) [177].

The use of L. tarentolae as a system for recombinant protein expression offers two major

advantages:

Firstly, it is able to generate mammalian-type PTMs, such as phosphorylation, GPI-anchoring,

and N- as well as O-glycosylations [88, 178, 179]. Because of the parasitic lifestyle of L.

tarentolae, the oligosaccharide structures of their glycoproteins often resemble those of mammals

and in some cases may contain the human-like complex biantenary N-glycans, only lacking the

terminal sialic acids (Figure 1.4) [175, 178]. This leads to high similarity to the native-like state

of human glycoproteins, like huPrP [180]. However, it is possible to fully humanize glycans

in L. tarentolae by integrating a trans-salidase gene that allows the transfer of sialic acid to

endogenous glycoproteins [181, 182, 183]. Considering that N-glycosylation contributes greatly

to protein folding, which in turn prolongs half-life and regulates interaction with cell receptors,

it is crucial to consider these PTMs when studying the structural properties of native-like human

proteins [88, 184].

Secondly, LEXSY (Leishmania expression system), developed by the Max Planck Institute of

Molecular Physiology and the German company Jena Bioscience, allows easy handling and

wide application, which has been used since 2002 [175, 185]. These modes include secretory or

intracellular expression of proteins by constitutive or inducible expression systems, which can

also be genomically integrated or episomally introduced [88]. For the cultivation of the cells,



20 1. Introduction

a temperature of only 26°C and the avoidance of light are required. This also allows for a fast

growth rate, with a doubling time of 6 h when agitated and high cell densities due to suspension

culture (up to 109 cells/ml). This, in turn leads to high protein yields (in the range of mg protein

per liter of culture) [175, 186].

1.5. Aims

Considering, that a single amino acid exchange of huPrP is associated with various disease

susceptibilities and pathologies in humans, it is of general interest to understand the molecular

mechanisms underlying the diseases associated with the 129M/V polymorphism. This work aims

to answer the question, if the polymorphism at position 129 of huPrP dictates distinct pathways

of amyloid formation, which eventually translates into different disease development.

The great obstacle to overcome includes the solubility of full-length huPrP (expressed in E. coli)

under physiological pH. More importantly, relevant post-translational modifications, such as

glycosylation and membrane anchoring, are commonly neglected due to the bacterial expression

system. The second part of this work aims to bring advance to prion research by introducing a

suitable eukaryotic expression system and purification protocol to provide native-like full-length

huPrP (129M) including all major PTMs. Finally, the cellular conformation of both, full-length

huPrP expressed in E. coli and full-length native-like huPrP expressed in L. tarentolae, will be

biophysically characterized at physiological pH.
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2.3. Abstract

Methionine/valine polymorphism at position 129 of the human prion protein, huPrP, is tightly as-

sociated with the pathogenic phenotype, disease progress, and age of onset of neurodegenerative

diseases such as Creutzfeldt-Jakob disease or Fatal Familial Insomnia. This raises the question

of whether and how the amino acid type at position 129 influences the structural properties of

huPrP, affecting its folding, stability, and amyloid formation behavior. Detailed biophysical

characterization of the 129M and 129V variant of recombinant full-length huPrP(23-230) by amy-

loid formation kinetics, circular dichroism spectroscopy, molecular dynamics simulations, and

sedimentation velocity analysis reveal differences in their aggregation propensity and oligomer

content, leading to deviating pathways for the conversion into amyloid at acidic pH. The 129M

variant exhibits less secondary structure content before amyloid formation and higher resistance

to thermal denaturation compared to the 129V variant, whereas the amyloid conformation of both

variants shows similar thermal stability. Molecular dynamics simulations and rigidity analyses at

the atomistic level identify intramolecular interactions responsible for the enhanced monomer
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stability of the 129M variant, involving more frequent minimum distances between E196 and

R156, forming a salt bridge. Removal of the N- terminal half of the 129M full-length variant

diminishes its differences compared to the 129V full-length variant and highlights the relevance

of the flexible N-terminus in huPrP.

2.4. Introduction

Transmissible spongiform encephalopathies are also known as prion diseases since they are

based on the misfolding of the prion protein [9]. HuPrP is a membrane-bound glycoprotein,

located mainly in nervous tissues, such as the brain and spinal cord. Two isoforms are known: the

cellular form (huPrPC) is non-pathogenic, rich in α-helices (42 %) and contains a single, small

β-sheet (3 %) [187]. The other isoform, associated with the disease (huPrPSc), contains 34 %

to 43 % β-sheets and 20 % to 30 % α-helices [187, 188]. Prions are defined as proteinaceous

infectious particles [189], which in contrast to viruses lack any genetic information provided

by nucleic acids. The structural conversion from huPrPC into huPrPSc and aggregation into

toxic oligomers and fibrils is governed by autocatalytic processes [32]. Recently published

high-resolution structures of PrP amyloid fibrils by cyro-EM revealed a typical β-sheet structure

[55, 54]. Several neurodegenerative diseases such as CJD, FFI, Gerstmann-Sträussler-Scheinker

syndrome and Kuru are human prion diseases and associated with these amyloid structures. The

well-known methionine/valine polymorphism at position 129 appears in the cellular conformation

at the beginning of the first β-strand (Figure 1A). About 51 % of the human population are

heterozygous at position 129, 12 % have a genotype of valine/valine, and the remaining 37 % a

genotype of methionine/methionine [48]. This methionine/valine polymorphism is associated

with the age of onset, the disease progress and which pathogenic phenotype is developed in

patients [190, 191, 192, 193]. The polymorphism at position 129 raises the question of how it

determines the pathogenic roles, especially with respect to the aggregation behavior during the

conversion of huPrPC into huPrPSc. In several studies properties of the amyloid fibril structure

[194] and unfolded state [195, 196] of different prion protein variants had been investigated,

revealing not only different amyloid fibril morphologies [197] within these variants and other

mutations [198], but also further requirements for fibril formation such as a disulfide bond [196].

This work presents a detailed biophysical characterization of full-length huPrP(23-230) for both

variants and a comparison with a shorter construct, lacking the unstructured N-terminal region,

huPrP(121- 230) for the 129M variant. Understanding the impact of a single amino acid residue

exchange on the propensity of huPrP to convert into the pathogenic amyloid structure in vitro

will help to gain insights into the pathomechanisms of prion diseases. Since the recombinantly

produced full-length huPrP(23-230) does not aggregate spontaneously at physiological pH within
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manageable time ranges, we established an in vitro conversion system at acidic pH with additional

destabilization by guanidine hydrochloride (GdnHCl). Amyloid formation kinetics monitored by

the fluorescence dye ThT was used to examine aggregation pathways. CD spectroscopy was used

to determine the secondary structure content before and during the amyloid formation process

as well as the thermal stability before and after amyloid formation. Additionally, molecular

dynamics (MD) simulations and rigidity analyses were performed to investigate the stability of

both variants in detail. SV analysis was performed to investigate the monomeric and oligomeric

states before amyloid formation.

2.5. Results

Differences in amyloid formation kinetics of both variants monitored by ThT fluorescence are

presented in Figure 2.1B. At pH 2.0 we used 0.5 M GdnHCl for an additional weak destabilization

of 15 µM huPrP(23-230) to accelerate conversion into an amyloid structure (different conditions

for huPrP and GdnHCl concentrations were tested, see Figure 2.5, 2.6, 2.7). Strikingly, both

variants behave distinctly in the ThT kinetic assay. However, both variants have in common that

neither amyloid formation nor an initial fluorescence plateau occurred in the controls without

GdnHCl (Figure 2.5), indicating no conversion of huPrP(23-230) without destabilization within

the observation time. The 129M variant shows a more complex amyloid formation behavior,

resembling kinetics with multiple phases. The kinetics to reach the final plateau are retarded

compared to the 129V variant and passing through two interim plateaus. The 129M variant

shows clear initial ThT fluorescence identical to the triplicates. The first steep increase starts

reproducibly at about 25 h. Differences are observed in the duration of the single growth phases,

their number and heights of interim and final plateaus. The time point of the second increase

is approximately 55 h. Overall, the reproducibility within the triplicates is low. In contrast,

the 129V variant shows an immediate steep ThT fluorescence increase without any lag phase.

The amyloid formation of the 129V variant exhibits a single-phase aggregation behavior. The

reproducibility among the triplicates is high. Nevertheless, despite the obvious differences, both

variants result in rather similar ThT fluorescence after 120 h. Measuring the concentration of the

soluble fraction after 120 h revealed 72.5 % and 84.1 % of aggregated protein for the 129M and

129V variants, respectively (Figure 2.8).

CD spectra were measured to determine the secondary structure content of huPrP (Figure 2.1C).

Here, 10 µM huPrP(23-230) without GdnHCl before amyloid formation at pH 2 was analyzed

for both variants (Figure 2.1C, left). Since CD is a bulk method, the signal represents the

weighted average in secondary structure content for the sample. Oligomeric species with
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coil structure. The position of the first minimum differs; it is at about 200 nm for the 129M

variant and about 207 nm for the 129V variant. Additionally, a more positive signal between

about 207 nm and 240 nm is observed for the 129M variant, suggesting a somewhat higher

content of random coil structure. The secondary structure content was also investigated at time

points during the amyloid formation process in the presence of 0.5 M GdnHCl (Figure 2.1C,

right, Figure 2.10). Five hours after the addition of GdnHCl, a horizontal shift of the minimum

from 200 nm to approximately 218 nm is observed for both variants, indicating an increase in

β-strand conformation. This shift barely changes for longer incubation time but a drop of the peak

signal at 218 nm was observed together with a loss of the accompanying uv absorbance signal

(Figure 2.10), so that one can assume a loss of soluble protein due to aggregation [199]. These

results support the conversion into amyloid for both variants. Although the amyloid formation

behavior of the 129M variant seems retarded and follows a more complex and time-consuming

mechanism, the difference in amyloid formation behavior between both variants is not reflected

in the secondary structure of converted forms.

SV analysis was performed to characterize the hydrodynamic properties of both variants at pH 2

and examine the molecular assemblies present before amyloid formation (Figure 2.1D and E).

These conditions can be referred to as starting conditions before GdnHCl is added for destabi-

lization and initialization of amyloid formation. Figure 2.1D shows raw data as sedimentation

profiles with fitted Lamm-equation solutions. The resulting distribution of standardized sedi-

mentation coefficients (s20,w) presents differences in the degree of oligomerization between both

variants (Figure 2.1E). Molar mass is calculated based on the globally determined frictional ratio

( f/ f0), which is proportional to the hydrodynamic radius. At pH 2 f/ f0 was about 2.2 for both

variants, indicating an elongated shape. The 129M variant shows a faster sedimenting oligomer

boundary, representing 31.6 % of the total signal and corresponding to s-values between 2 S

and 15 S (potentially dimers to 15-mers). The remaining 68.3 % of the sample can be assigned

to the monomer state at 1.41 S. In contrast, most of the 129V variant is monomeric (93.1 %)

at 1.49 S and only 6.8 % are oligomers between ∼2 S and ∼15 S. A closer examination of the

oligomer distribution yields significant differences for the smallest detectable species. A distinct

peak can be assigned at 2.3 S for the 129M variant with a molar mass corresponding to a dimer.

The smallest oligomer of the 129V variant can be assigned to a peak at 3.5 S with a molar mass

appropriate for a trimer. The peak at 3.5 S can also be found in the distribution of the 129M

variant. The 129M variant is more susceptible to oligomerization than the 129V variant and

forms dimers at pH 2 without GdnHCl. The addition of GdnHCl had no impact on the monomer

sedimentation coefficient corrected for increased density and viscosity of both variants. This

indicates a similar shape of the monomer both in the presence and absence of GdnHCl and, thus,
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Figure 2.2: Stability of huPrP. (A) Thermal denaturation over a temperature range from 20°C to 95°C
before amyloid formation at pH 2 and (B) after amyloid formation at the end of kinetic experiments (after
120 h) of both variants of full-length huPrP(23-230). CD spectra of 10 µM of the 129M (A, left) and 129V
(A, right) variant. CD spectra of end products from amyloid formation kinetics of 20 µM of the 129M
(B, left) and 129V (B, right) variant. (C) Occurrence of salt bridge formation between E196 and R156
and (D) SASA values of H187 during MD simulations for both polymorphs. In (C) and (D), the mean
95 % CI and all data points (left), and the mean ± standard error of the mean (right) are shown; the two
mean values differ significantly, respectively (see text). (E) Differences of the residue–wise structural
stability as determined from rcij,neighbor maps from CNA mapped onto the non-amyloid conformation
of huPrP(118- 224). Blue indicates that the respective area is more stable in the 129M variant.

only minor changes in the fold induced by GdnHCl facilitate amyloid formation. A similar effect

was published before with urea as a denaturant [199].

To probe differences in thermal stability, CD spectra of 10 µM huPrP(23-230) for each variant

were recorded over a temperature range from 20°C to 95°C (Figure 2.2A). The same stability

test was performed for the amyloid conformation obtained after 120 h incubation (Figure 2.2B).

Samples with amyloid conformation were taken from kinetic experiments. Before amyloid

formation, the 129M variant shows at 20°C a spectrum that indicates higher random coil content
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than the 129V variant, and the spectrum only weakly changes with increasing temperature

(Figure 2.2A, left). The CD spectrum before amyloid formation of the 129V variant at 20°C

exhibits more initial secondary structure and changes clearly during temperature increase (Fig-

ure 2.2A, right). For both variants a rise of the CD signal at about 210 nm is observed during

temperature increase, indicating an increase in random coil structure [200]. The CD spectra at

20°C of the amyloid conformation show a high content of β-sheet structure which is similar for

both variants (Figure 2.2B). The amyloid structure of both variants exhibits clearly a structural

change upon temperature increase. The final spectrum at 95°C resembles the secondary structure

content of samples before amyloid formation, indicating reversibility of the amyloid structure for

both variants at pH 2. Note that the signal of the amyloid conformation is higher for the 129V

variant which hints at a larger amount of amyloid structures at the end of kinetic experiments,

in agreement with the concentration left in the soluble fraction (see Figure 2.8). The lower

impact of thermal denaturation on the 129M variant before amyloid formation compared to the

129V variant may explain the retarded conversion into amyloid structure observed in kinetic

experiments. Despite the differences between both variants in amyloid formation kinetics, the

final products present similar structure and thermal stabilities.

To investigate underlying reasons at the atomistic level for the different thermostability of the

variants before amyloid formation, we performed ten replicas of 1 µs long all-atom molecular

dynamics (MD) simulations for the protein fold at pH 2 of PrP(118-224) of both variants.

Subsequently, we performed rigidity analyses using Constraint Network Analysis (CNA) [201]

to compute the chemical potential energy averaged over the conformational ensemble, which

correlates with the thermostability of proteins [201, 202]. Accordingly, the folded domain of

the 129M variant is more stable (ECNA = –1003.3 kcal/mol) than the 129V variant (ECNA =

-966.1 kcal/mol). To elucidate the molecular interactions that lead to this enhanced stability, we

computed the differences in the neighbor stability maps (rcij,neighbor) generated by CNA [201].

rcij,neighbor indicates if a rigid contact between two residues is weaker or stronger. A contact is

considered to be rigid when both residues belong to the same rigid cluster along the constraint

dilution trajectory [201, 203] and, therefore, indicates the structural stability of the involved

residue pair. M129 stabilizes the region located close to the substitution site. The longer side

chain of methionine allows more apolar interactions with neighboring amino acids. Furthermore,

methionine can form interactions with the aromatic side chain of Y163 (Figure 2.2E), further

stabilizing the 129M variant [204]. M129 also has an allosteric stabilizing impact reaching over

20 Å to the C-terminal part of helix2 (Figure 2.2E). This region, especially H187, has been

described to play a role in stabilizing the protein [205, 206]. Because of a pKa value of about 5,

H187 is protonated at acidic but not at physiological pH [207]. The protonated form of H187
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Studies investigating the polymorphism at position 129 generally used a shorter construct of

huPrP, lacking the unstructured N-terminal domain [35, 34]. To test the effect of the unstructured

N-terminal domain on aggregation kinetics and oligomer formation, we compared a shorter

construct of the 129M variant without the N-terminal half, huPrP(121-230), to our full-length

proteins (Figure 2.3). The lack of the unstructured N-terminal domain of the 129M variant

significantly alters the amyloid formation kinetics (Figure 2.3A). The shorter construct of the

129M variant does not present multiphasic, complex kinetics but shows an immediate onset of

amyloid formation as already observed for the full-length 129V variant. SV experiments report a

lower degree of oligomerization and a higher monomer content for huPrP(121-230) of the 129M

variant compared to full-length huPrP(23-230) (Figure 2.3B and Supporting Figure 2.9). The

monomer and oligomer content of the shorter 129M variant is similar to the full-length 129V

variant, which agrees with the similarities found in amyloid formation kinetics. We conclude that

the presence of the unstructured N-terminal region affects the structural properties of the protein,

leading to significant changes in oligomerization and hence in amyloid formation kinetics.

2.6. Discussion

In summary, our study revealed clear differences in the pathway of amyloid formation at pH 2 of

full-length huPrP(23-230) associated with the single Met/Val amino acid exchange at position

129, which provide insights into possible mechanisms underlying prion diseases. Additionally,

we observed a significant impact of the unstructured, 98 amino acid long N-terminal region on the

aggregation propensity of the 129M variant, superimposing the direct effect of the polymorphism

at position 129. The deviating stability of both variants of huPrP(118-224) observed during MD

simulations suggest a different unfolding behavior based on this polymorphism. We observed

an initial ThT fluorescence plateau in kinetic measurements upon the addition of GdnHCl for

the 129M variant. The early ThT signal supports an immediate formation of oligomers with

partial binding sites for ThT, which was already reported for the 129M variant [209]. After the

initial formation of aggregates, no further decrease of the soluble fraction was observed. As a

consequence, the increase in ThT fluorescence leading to interim and final plateaus observed in

the multi-phasic kinetics of the 129M variant originates from structural rearrangements of already

existing larger oligomers. A stronger tendency for oligomerization of the 129M polymorphism

was also observed in SV experiments without GdnHCl. The capability of larger oligomers

to assemble into amyloid fibrils was previously shown for ovine PrP [210]. We conclude

that the amyloid formation pathway for the 129M variant is different to the 129V variant

and characterized by the presence of oligomeric intermediates undergoing further structural

conversion. The increased population of non-native states but not yet fully amyloid structure
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for the 129M variant might explain differences in pathology associated with this polymorphism.

Interestingly, the existence of a detectable amount of dimers was already reported to interfere

with the conversion of huPrPC into huPrPSc [211]. Observed s-values appropriate for dimers in

SV experiments were exclusively found for the 129M variant, providing a further explanation

for higher resistance to amyloid formation and more complex kinetics.

The differences in structure and global stability of huPrPC as a consequence of the polymor-

phism at position 129 were already investigated in NMR studies [35]. It was reported that

the polymorphism at position 129 in a shorter construct excluding the unstructured N-terminal

domain, huPrP(90-230), neither impacts on structure nor stability. It should be noted that the

polymorphism was investigated at pH 5.5 At this pH, H187 is not completely in a protonated

state. It was further reported that the polymorphism might affect amyloid formation kinetics or

the formation of intermediates on the pathway of conversion of huPrPC into huPrPSc. The overall

structure of the C-terminal globular domain of huPrP(125-228) is not affected by constructs of

different lengths but a transient contact between the flexible, unstructured N-terminal region

and the globular C-terminal domain was observed in NMR studies [52]. The length of the

unstructured, N-terminal region affects helix2 (187-193) and helix3 (219-226) in the globular

domain. Hence, the usage of full-length huPrP(23-230) leads to a more complete picture of the

underlying structural rearrangements by including the complete, flexible N-terminus.

This study aimed to investigate the differences between the two variants with regard to their

aggregation propensity and possible amyloid formation pathways. We concluded an oligomer-

mediated pathway for the 129M variant but could only observe such behavior for the full-length

variant. The described data result as a consequence of both described effects, the exchange of

a single amino acid as well as the presence of the N-terminal half, however, the effect of the

single amino acid exchange seems to be superimposed by the depletion of the 98 amino acid long

N-terminal half. Our results emphasize the relevance of the considered full-length huPrP(23-230)

construct to perceive different aggregation propensities.

2.7. Material and methods

All experiments were performed at pH 2 in 10 mM aqueous HCl.

2.7.1 Expression and purification of human prion protein

Both recombinant huPrP(23-230) variants 129M and 129V as well as the huPrP(121-230) 129M

variant were expressed and purified as previously described [212]. The protein folding following
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this purification protocol and acidic pH was previously confirmed by NMR [212]. Final sample

purity was confirmed by SDS-PAGE (Figure S1).

2.7.2 Amyloid formation kinetics

Amyloid formation kinetics of both huPrP(23-230) variants and huPrP(121-230) 129M variant

were monitored by ThT fluorescence using a plate reader (BMG, Offenburg, Germany). ThT

fluorescence was measured by excitation at 445 nm and detection at 485 nm. 15 µM and 20 µM

huPrP with 0.5 M GdnHCl and 30 µM ThT were measured. The measurements were performed

in triplicates in a 96-well plate (No. 3881, Corning) sealed with a plastic film at 37°C and

continuous shaking at 300 rpm.

2.7.3 Circular dichroism spectroscopy

CD spectra of 10 M huPrP(23-230) for both variants were recorded in a Jasco J-815 (Jasco,

Tokyo, Japan) spectropolarimeter at 20°C without GdnHCl and after 5 h in the presence of

0.5 M GdnHCl. Thermal stability was investigated over a temperature range from 20°C to

95°C. The thermal stability was investigated before amyloid formation of 10 µM huPrP(23-

230). To investigate the thermal stability of the amyloid conformation, 100 µl were taken from

amyloid formation kinetics of 20 µM huPrP(23-230) after 120 h and centrifuged at 15,000×g

for 25 minutes and 20°C. The pelleted amyloid structures were dissolved in 100 µl 10 mM HCl

(pH 2). A quartz glass cuvette with 1 mm path length was used. Spectra were measured at

50 nm/min with 2 nm bandwidth and 4 s digital integration time (D.I.T.). Spectral resolution was

1 nm and temperature resolution was 5°C. The temperature was increased with 2°C/min and 30 s

waiting time before measurement. Ten accumulations were measured for each spectrum.

2.7.4 Analytical ultracentrifugation

Sedimentation velocity (SV) experiments were performed in an analytical ultracentrifuge Pro-

teome Lab XL- A (Beckman-Coulter, Brea, US). Experiments included 7.5 µM huPrP. Samples

were measured in standard double sector cells (Titanium) with an optical path length of 12 mm

using an An-60Ti rotor. Temperature was set to 20°C. The speed was 60,000 rpm corresponding

to about 260,000×g. Data analysis was performed using a continuous distribution Lamm equation

model, c(s), implemented in the software Sedfit (version 16p35) [213].
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2.7.5 Molecular dynamics simulations

Structural information for PrP(118-224) 129M was taken from PDB entry 4N9O [214]. For the

129V polymorph, the amino acid at position 129 was mutated to valine using MOE, version

2019.01 [215]. We selected the energetically most favored rotamer and subsequently minimized

the side chain; both polymorphs were protonated according to pH 2, and the N- and C termini

were capped with NME and ACE, respectively, using MOE, version 2019.01 [215]. With a

predicted pKa value of 2.09, E196 can be protonated or deprotonated at pH 2 [216]. As E196

forms a salt bridge with R156 in our starting structure, which stabilizes a negative charge at

E196, it is likely that E196 is deprotonated in the starting structure. The polymorphs were then

neutralized using Cl- as counter ions and solvated in an octahedral box of OPC water [217]

with a minimal water shell of 12 Å around the protein. The Amber package of MD simulation

software [218] and the ff19SB force field [219] were used to perform MD simulations. For

further details of our simulation methods, see supporting information and Figure 2.11.

2.7.6 Structural analyses

To ensure that the starting structures of both polymorphs do not influence the results, we removed

the first 500 ns of MD simulations prior to the analyses. Every 5 ns, a frame was extracted from

the trajectories using CPPTRAJ [220], and counter ions and water molecules were stripped. From

the protein conformations, neighbor stability maps rcij,neighbour were calculated using CNA

[201]. CNA is a software package that functions as front- and backend for the FIRST software

and helps to analyze structural features critical for protein stability; neighbor stability maps are

derived from all extracted trajectories along the simulation and contain information about the

persistence of rigid contacts between pairs of residues [221, 201]. In order to exclude pairs of

structurally non-neighboring residues, only interactions were considered in rcij,neighbour where

at least one of the pairs of heavy atoms of the residue pair R(i,j) is separated by less than 5 Å.

The chemical potential energy ECNA, a measure for thermostability, was calculated according

to equation 2.1 as done previously [202].

EC,N,A =

n

∑
i

n

∑
j>i

rci j,neighbor (2.1)

The distance between the carboxy oxygens of E196 and the side chain nitrogen atoms of R156

was calculated using the nativecontacts mindist command as implemented in CPPTRAJ [220].

We consider a salt bridge formed if the distance between respective charged heavy atoms is <4 Å

[222]. The SASA of H187 was analyzed using the surf command as implemented in CPPTRAJ

[220]. We calculated the one-sided t-test for both measurements with the null hypothesis that
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the values of the two stability-indicating measurements are in favor of the more stable 129M

polymorph.

2.8. Supporting information

2.8.1 Supporting methods

Molecular dynamics simulations

Molecular dynamics simulations were performed using the ºParticle Mesh Ewaldº method

to consider long-range interactions; the SHAKE algorithm was applied to bonds involving

hydrogen atoms [223]. The time step during thermalization and equilibration was set to 2 fs

with a direct-space, non-bonded cutoff of 9.0 Å; the time step during the production runs was

set to 4 fs as hydrogen mass repartitioning was used with a direct-space, non-bonded cutoff off

8.0 Å [224]. First, 102,500 steps of steepest descent and conjugate gradient minimization were

performed; during 2,500, 50,000, and 50,000 steps positional harmonic restraints with force

constants of 5 kcal×mol-1×Å-2, 1 kcal×mol-1×Å-2, and 0 kcal×mol-1×Å-2, respectively, were

applied to the protein atoms. Then, 50 ps of NVT-MD (constant number of particles, volume,

and temperature) were performed to heat the system to 100 K, followed by 250 ps of NPT-MD

(constant number of particles, volume, and temperature) simulations to heat the system to 300 K

and to adjust the density of the simulation box to a pressure of 1 atm. During these steps, a

harmonic potential with a force constant of 1 kcal×mol-1×Å-2 was applied to protein atoms.

Thereafter, 300 ps of NVT-MD simulations were conducted. During the first 250 ps of this step,

the harmonic restraints were gradually reduced to zero. Then, ten independent replica of MD

simulation production runs of 1 µs length were performed for each polymorph. The starting

temperature of each run was varied by a fraction of a Kelvin.

To ensure that the dihedral angle of the mutated side chain does not impact the outcome of the

MD simulations, we analyzed the dihedral angle between the planes defined by N, CA, CB

and CA, CB, CG1 during the MD simulations using CPPTRAJ [220] (Figure 2.11). As all

favored dihedral angles are found in this analysis (180°, -60°, and 60°) and there are frequent

exchanges between these states, indicating that the side-chain of V129 is in equilibrium, the

starting conformation of valine at position 129 should not influence the results. To be noted,

the MD simulations do not include the glycosylation of the protein, as all experiments were

performed with unglycosylated huPrP.
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UV/Vis-absorbance measurement

UV/Vis-absorbance of soluble fraction was measured for both huPrP(23-230) variants during

amyloid formation using the UV-1900i UV-VIS-Spectrophotometer (Shimadzu, Kyōto, Japan).

15 µM huPrP with 0.5 M GdnHCl were used. Samples were incubated in 1.5 ml Lobind

Eppendorf tubes, at 37°C and continuous shaking at 300 rpm. After 1 h, 5 h, 19 h, 55 h, 96 h

and 120 h, 100 µl was taken and centrifuged (30 minutes, 15,000×g, 25°C). The supernatant was

used to measure the remaining monomer and small oligomer content. The measurement was

performed in duplicates in a quartz glass cuvette with 1 mm path length.

2.8.2 Supporting results

Different protein concentration and GdnHCl concentrations reveal distinct amyloid kinetics

Different conditions were investigated for the amyloid formation kinetics. Supporting Figure 2.5

shows a concentration series of different GdnHCl concentrations with 15 µM of huPrP(23-230)

129M variant. These results indicate that a certain amount of GdnHCl is needed for sufficient

destabilization and initialization of amyloid formation. The amount should not be too high to

enable seed formation. Additionally, a concentration series with relatively low concentrations

of both variants was established with a constant ratio of GdnHCl (Supporting Figure 2.6).

Supporting Figure 2.7 confirms the importance of a certain huPrP/GdnHCl ratio for the 129M

variant, as the lowest protein concentration tested with the highest applied GdnHCl concentration

shows a significantly delayed fluorescence increase. For the highest protein concentration, the

amount of GdnHCl alters the fluorescence signal of the initial plateau as well as the time of

increase and duration of the interim and final plateau.
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3.3. Abstract

The human prion protein (PrP) is a GPI-linked membrane-bound glycoprotein, containing two

glycosylation sites. Human PrP is associated with a number of neurodegenerative diseases, called

transmissible spongiform encephalopathies (TSE). Pathogenesis involves a structural conversion

of the cellular form (PrPC), rich in α-helical and random coil structure, into the scrapie form

(PrPSc) characterized by β-sheet conformation. To get a better understanding of this structural

conversion, it is crucial to first characterize the non-pathogenic cellular isoform including all post-

translational modifications, like GPI-anchoring and native-like human glycosylation pattern. So

far, studies on PrPC or PrPSc as well as the transition from one state to the other rely on non-native

constructs of PrP studied far away from physiological conditions. We, therefore, established

the expression of GPI-linked human PrP with close to native glycosylation pattern (native-like

human PrP) using the eukaryotic expression system Leishmania tarentolae. This expression

system has the added advantage that it allows for large-scale production of the native-like human

PrP, which results in 1 mg purified protein per liter culture. Sedimentation velocity analysis and

circular dichroism spectroscopy confirm high homogeneity and the proposed conformation of

the purified native-like human PrP.
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3.4. Introduction

The human prion protein (huPrP) consists of 253 amino acid residues and is a membrane-bound

glycoprotein mainly located in the nervous system. It is most known for its direct involve-

ment in a number of neurodegenerative diseases including Creutzfeldt-Jakob’s disease. These

prion diseases are transmissible spongiform encephalopathies (TSEs) involving the abnormal

accumulation of misfolded huPrP as amyloid fibrils [54]. Prions are infectious, misfolded ag-

gregates of the prion protein that are partially resistant to proteinase K digestion and further

have the ability to transfer structural identity to recruit native protein by autocatalytic processes

[225, 32]. The native, or cellular form of huPrP (huPrPC) is characterized mainly by α-helical

and random coil structural elements [52]. The first 22 amino acid residues of the N-terminal

domain are responsible for the transport to the endoplasmic reticulum (ER) [53]. Adjacent to

the transport signal sequence is an unstructured (random coil) region known as the hydrophobic

N-terminal domain which comprises five octameric repeats (amino acid residues 23 to 127). A

small anti-parallel β-sheet (amino acid residues 128 to 131 and amino acid residues 161 to 164),

represents about 3 % of the total structure [52, 187]. The C-terminal domain has approximately

42 % α-helical structure, including helix 1 (amino acid residues 144 to 154), helix 2 (amino

acid residues 173 to 194), and helix 3 (amino acid residues 200 to 228). Lastly, membrane

attachment is achieved via a glycosylphosphatidylinositol (GPI)-anchor present at the C-terminal

end (amino acid residues 231 to 253) with a molecular weight of approximately 2 kDa [76]. The

total size of huPrP varies between approximately 30 and 35 kDa, depending on the number of

glycans at glycosylation sites N181 and N197 (excluding the GPI anchor). The native structure of

mainly α-helices and random coil holds for the cellular isoform (huPrPC), however, the misfolded

form, or scrapie (huPrPSc), is dominated by β-sheet structure [187, 226]. The details of this

structural conversion of huPrPC into huPrPSc still remains elusive. Recent studies suggest that

spontaneous conversion occurs in close proximity to the cell membrane [227]. Interestingly,

experiments on full-length PrP where the GPI-anchor was excluded do not show any spontaneous

conversion under physiological conditions [82, 79, 228]. As a consequence, studies focusing

on the full-length huPrP made use of destabilization by acidic pH or denaturants to induce

the amyloid formation [229, 230]. An alternative approach has been to exclude the globular

C-terminal domain and use shorter constructs of huPrP to facilitate the spontaneous conversion

of the unstructured N-terminal region from an unstructured monomeric state into an amyloid

state [231]. Furthermore, investigations on the conversion of huPrPC into huPrPSc usually rely

on bacterially expressed recombinant huPrP, lacking post-translational modifications (PTMs).

Expression systems involving PTMs commonly rely on Pichia pastoris, but the glycosylation

patterns are clearly different from mammalians [232, 233]. To overcome these shortages, we
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established the expression of the membrane-bound full-length huPrPC with human-like PTMs in

the eukaryotic trypanosomatid parasite Leishmania tarentolae. L. tarentolae is one of the very

few expression systems providing glycosylation patterns similar to those in humans, except for

missing the terminal sialic acid [234, 88]. We found L. tarentolae to be an appropriate eukaryotic

expression system for producing large quantities of homogeneous, fully processed huPrPC for

accurate studies on the structure and conversion underlying human prion diseases. Several studies

support the capability of L. tarentolae to yield biologically active eukaryotic proteins as well as

mammalian-like N-glycans [175, 235, 236]. Hence, we aim to introduce this new expression

system for native-like huPrPC, including its purification and confirmation of homogeneity and

conformation by sedimentation velocity analysis and circular dichroism spectroscopy. This work

intends to improve the understanding of human prion diseases by bringing in vitro studies closer

to physiological conditions.

3.5. Results

3.5.1 Vector design and expression of native-like huPrPC

The full-length huPrP sequence including the N-terminal and C-terminal signal sequences was

cloned into the L. tarentolae expression vector pLEXSY-neo 2.1. The flexible N-terminal region

contains a signal sequence, responsible for the transport to the ER. After the N-terminal signal

sequence, we inserted a 6× histidine tag (His-tag) followed by a factor Xa cleavage site (3.1A).

This allows for purification and subsequent cleavage of the His-tag. To guarantee the permanent

genomic integration of the huPrP sequence, the expression cassette was integrated into the odc

locus of chromosome 12 of L. tarentolae. The integration was confirmed by diagnostic PCR,

after the preparation of genomic DNA from a dense culture, resulting in 1.1 kbp and 2.4 kbp

characteristic fragments for the positive clones. Clones that were not genome-integrated did

not show bands with respective sizes (Figure 3.1B). After induction of expression of native-like

huPrP with tetracycline, SDS-PAGE and western blot of the cells as well as of the culture

supernatant was performed. This revealed intracellular expression with no secretion of the

protein into the culturing medium (Figure 3.1C). Furthermore, a background expression was

detected, without induction, enabling the selection by geneticin, G-418. Enzymatic digestion

using phospholipase C (PI-PLC), which is a phosphatidylinositol-specific enzyme, was used to

confirm membrane anchoring by cleaving off the GPI-anchor. This resulted in native-like huPrP

released into the supernatant after centrifugation, while no treatment showed only signal in the

cell pellet (Figure 3.1D). Moreover, the western blot revealed multiple bands between 25 kDa

and 35 kDa, which are characteristic for cellular and glycosylated huPrP (Figure 3.1D). Lastly,
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Figure 3.1: Human prion protein: cloning and expression in L. tarentolae. (A) Gene map of the
pLexsy neo.2.1 vector including the human prion protein sequence, inserted using the restriction sites
NcoI/ NotI. (B) Confirmation of genome integration by diagnostic PCR. 1: Positive clone, control region:
5’odc – utr1 resulting in fragment size of 1.1 kBp; 2: Positive clone, control region: neo – 3’odc resulting
in fragment size of 2.4 kBp; 3: Negative clone, control region: 5’odc – utr1; 4: Negative clone, control
region: neo – 3’odc. (C) Evaluation of human prion protein expression by western blot. 1: cellular
detection of human prion protein in L. tarentolae before vector integration; 2: secretory detection of
human prion protein in L. tarentolae before vector integration; 3: cellular detection of human prion protein
in L. tarentolae after vector integration and before induction with tetracycline; 4: secretory detection
of human prion protein in L. tarentolae after vector integration and before induction with tetracycline;
5: cellular detection of human prion protein in L. tarentolae after vector integration and after induction
with tetracycline; 6: secretory detection of human prion protein in L. tarentolae after vector integration
and after induction with tetracycline. (D) Characterization of post-translational modifications of human
prion protein expressed in L. tarentolae by western blot. 1: Pellet of L. tarentolae expressing native-like
huPrP after 1 h treatment with PI-PLC; 2: Supernatant of L. tarentolae after 1 h treatment with PI-PLC; 3:
Pellet of L. tarentolae expressing native-like huPrP without treatment with PI-PLC; 4: Supernatant of L.

tarentolae without treatment with PI-PLC.

proteolysis of the expressed native-like huPrP with proteinase K shows no resistance to digestion

supporting the cellular conformation (Figure 3.4).
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3.5.2 Solubilization and purification of native-like huPrPC

Since huPrP is linked to the membrane via a GPI-anchor, differential centrifugation was applied

after cell disruption to obtain the membrane fraction. A final step of 100.000 ×g is applied to

pellet the membrane fraction (see methods for further details). To prevent aggregation, membrane

proteins are usually transferred from the native cellular membrane to membrane mimetics.

Several detergents were tested for the ability to solubilize native-like huPrP (Figure 3.5). n-

Dodecyl-β-D-maltoside (DDM) is the detergent of choice. It is a mild and non-denaturing

detergent, which is often able to preserve the correct protein folding, with a relatively high

critical micellar concentration (0.08 mM in a NaCl solution), which is crucial for subsequent

removal and replacement of the detergent [237]. Lastly, the optical properties of DDM do

not interfere with most spectroscopic methods commonly used to study protein structure and

hydrodynamic properties, unlike Triton X-100 or NP-40. After solubilization, native-like huPrP

was purified using immobilized metal affinity chromatography (IMAC). Applying an imidazole

gradient for elution resulted in a prominent peak containing native-like huPrP (Figure 3.2A).

The fractions corresponding to the peak from the IMAC were then subjected to size exclusion

chromatography (SEC) where two major peaks with retention volumes of approximately 10 ml

and 15 ml were seen (Figure 3.2B). Using a dot blot, the second peak was found to contain

native-like huPrP (Figure 3.6). The purity after each step was analyzed by semi-denaturing

SDS-PAGE and subsequent Coomassie staining. After the IMAC, a prominent band at around

40 kDa, corresponding to huPrP, is present (Figure 3.2C). After SEC, most of the remaining

impurities were removed resulting in only one apparent band at approximately 40 kDa. It should

be noted that since huPrP is incorporated in DDM micelles, the samples could not be heated to

95°C, as is commonly done in preparing samples for SDS-PAGE but were instead loaded onto

the gel directly after the addition of reducing SDS-PAGE sample buffer. The consequence is

a slightly increased molecular mass of huPrP (40 kDa versus 30-35 kDa), which is a typical

hallmark for membrane proteins [238] (Figure 3.2C). UV-Vis absorbance spectroscopy of the

purified native-like huPrP shows a distinctive profile with two local maxima at 273 nm and

283 nm, while the full-length huPrP expressed in E. coli shows a characteristic profile with one

major peak at 280 nm (Figure 3.7). The described purification protocol yielded 0.63 mg of highly

pure native-like huPrP from a 600 ml L. tarentolae culture. The hydrodynamic properties and

protein conformation were further analyzed using biophysical methods.

3.5.3 Biophysical characterization of native-like huPrP

When studying recombinant huPrP from E. coli, it is common to shift the pH towards more

acidic values, considerably away from a physiological relevant value, in order to ensure solubility
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Figure 3.2: Isolation and purification of recombinant human prion protein produced in L. tarentolae.

(A) Purification by immobilized metal affinity chromatography (IMAC) after solubilization of the mem-
brane fraction. Absorbance at 280 nm and imidazole concentration is plotted against the elution volume.
The peak including human prion protein is highlighted in light blue. (B) Purification of the highlighted
IMAC peak by size exclusion chromatography (SEC). Absorbance at 280 nm is plotted against the elution
volume. Peak including human prion protein is highlighted in light blue. (C) Determination of purification
by Coomassie-stained SDS-PAGE of the highlighted peaks after IMAC and SEC.

[239, 240]. It should be noted that the secondary structure of recombinant huPrP from E.

coli at pH 4.5 was previously studied by NMR spectroscopy, which revealed that the protein

mainly adopted a structure composed of α-helical and random coil elements with a single small

antiparallel β-sheet [52]. For investigating the secondary structure of purified native-like huPrP

from L. tarentolae solubilized in DDM micelles, CD spectra were recorded at physiological

pH (pH 7.4) and compared to full-length huPrP expressed in E. coli under similar conditions

(Figure 3.3A). The spectra of native-like huPrP show negative bands at 208 nm and 222 nm,

typical for α-helical structure [241]. Due to buffer absorbance at low wavelength, it was not

possible to analyze typical bands below 200 nm. As disordered proteins have a slightly positive
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Tris-HCl, 150 mM NaCl, pH 7.4). Therefore, the experimental conditions were shifted to 10 mM

Tris-HCl, pH 7.4 for CD measurements of full-length huPrP from E. coli. Full-length huPrP

shows a higher fraction of β-sheet structure under these conditions, indicated by a shift of the

two negative bands closer to 218 nm, which is the typical minimum for β-sheet structure. The

structure comprises a mixture of α-helical, random coil and β-sheet structure with increased

β-sheet content compared to native-like huPrP. The hydrodynamic properties of native-like huPrP

and full-length huPrP were studied by sedimentation velocity (SV) experiments at identical

physiological conditions (Figures 3.3 B, C, and D). The majority of native-like huPrP is detected

at an apparent sedimentation coefficient (s-value) of 2.96 S with a calculated mass appropriate

for the monomeric protein (86.4 % of total signal). The remaining signal accounts for a larger

species at 4.72 S with a calculated mass appropriate for a dimer. In contrast to native-like huPrP

from L. tarentolae, full-length huPrP from E. coli suffers from reduced solubility at physiological

pH and salt concentration. Full-length huPrP from E. coli showed a majority of large aggregates

(71.0 % of total signal), which was determined as a loss of signal during acceleration of the

centrifuge. The major part of the remaining soluble fraction was detected at 1.81 S with a

calculated mass appropriate for the monomeric protein (21.8 % of total signal).

3.6. Discussion

The most frequent prion disease in humans is sporadic Creutzfeldt-Jakob disease, which involves

the spontaneous conversion of huPrPC into huPrPSc [242]. However, genetic predisposition

is known to affect susceptibility to certain prion diseases [190]. To understand the onset of

the disease, it is crucial to understand the mode of action in detail that leads to the structural

conversion of the native protein. The pathological isoform, PrPSc, has been investigated by

several studies, revealing its highly stable amyloid structure [54, 243, 244]. Most of these

studies suffer from a trade-off between two drawbacks: First, high protein yields are available

from recombinant production using E. coli, which consequently lacks conformity with PrP

found in humans; or second, relevant PTMs are present, which usually come with the cost of

low protein yields, e.g. ex vivo. Another approach, which is no less important, focuses on

the structural properties of the cellular isoform and its misfolding. This approach encounters

further obstacles to overcome, including the solubility of full-length huPrP expressed in E. coli at

physiological pH. To avoid these problems, most studies focused on the investigation of shorter

constructs of PrP [196, 195], PrP from other species [210], or lowered pH [196, 229]. Despite

the fundamental insights that such in vitro studies revealed regarding the protein structure and

misfolding mechanisms, there is an obvious discrepancy to in vivo conditions. In vitro studies

applying high-resolution structural methods are in urgent need of closing the gap to physiological
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conditions to yield significant advances in understanding prion diseases. So far, NMR studies

revealed a predominantly α-helical structure of the cellular isoform, although these experiments

were also conducted at an acidic pH (pH 4.5) [52]. At physiological conditions using CD

spectroscopy, we were not able to observe such secondary structure for full-length huPrP from E.

coli, but only for native-like huPrP from L .tarentolae including membrane-anchoring. It should

be noted that full-length huPrP from E. coli is not completely soluble under these conditions, so

CD spectra might report on the secondary structure of a mixture of oligomers or aggregates in

solution. The advantage of improved solubility and a low amount of aggregates and oligomers

is supported by SV experiments, revealing the monomer as the most prevalent species (86 %

of total signal) for native-like huPrP from L. tarentolae. In contrast, full-length huPrP from

E. coli was reported to involve only a small number of monomers (21.8 % of total signal) and

a large number of aggregates (about 71.0 % of total signal), which sediment already during

acceleration of the centrifuge. From that we conclude that native-like huPrP expressed in L.

tarentolae is superior to full-length huPrP expressed in E. coli with regard to studies under

physiological conditions. We demonstrated that native-like huPrP expressed in L. tarentolae

combines the desirable advantages of high protein yields with PTMs that are close to their human

counterparts. To be noted, the 6× His-tag was not removed, as we do neither expect it to have

an influence on the overall protein stability, like it was shown for PrP by NMR [245] nor on

the structure, like it was shown for Sup35 [246]. A purification protocol was presented, which

yields highly pure native-like huPrP solubilized in DDM micelles, where the vast majority is

in a monomeric state. Furthermore, these conditions allow for direct transfer into controlled

membrane environments such as nanodiscs, as previously shown for the ion-channel accessory

subunit barttin[247]. Isotopic labeling of native-like huPrP for NMR studies in L. tarentolae

could likely be employed by already established protocols for this organism [248, 249]. Thus, by

elucidating structural details of native-like huPrPC in its physiologically relevant environment,

the way for future studies on disease-related processes as conversion into PrPSc and mediation of

other neurodegenerative diseases by interaction with disease-related proteins is paved.

3.7. Material and methods

3.7.1 Cloning of huPrP and amplification of pLEXSY_l-neo2.1

The sequence was designed as shown in Figure 3.1A. HuPrP DNA coding sequence (129 Met

variant of the naturally occurring polymorphism) was optimized to L. tarentolae codon usage (Ge-

neArtÐThermoFisherScientific). Gene synthesis and cloning into the pLEXSY_l-neo2.1 vector,

using NcoI/NotI cloning sites, was performed by the company GenScript. NcoI is used for intra-
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cellular expression, while NotI was chosen to remove the 6xHis stretch from the backbone. Flank-

ing regions of 5’ CC and 3’ GCGGCCGC were added to form NcoI and NotI sites on the insert.

For plasmid amplification, competent XL-1 E. coli were transformed with 0.8 µg plasmid. Recom-

binant E. coli clones were selected using ampicillin at 30 °C for plasmid stability reasons. Plasmid

identity was confirmed by sequencing (Mycrosynth) using 5’-CCGACTGCAACAAGGTGTAG-

3’ as forward primer and 3’-CATCTATAGAGAAGTACACGTAAAAG-5’ as reverse primer.

After sequence confirmation, 9 µg plasmid was purified from a 50 ml E. coli culture using the

QIAGEN Plasmid Midi Kit (cat. no. 12143).

3.7.2 Preparation of the expression plasmid for transfection of L. tarentolae

The huPrP was expressed using the inducible LEXSY expression system according to the

manufacturer’s instructions (LEXSinduce Expression Kit, Jena Bioscience). 9 µg pLEXSY_l-

neo2.1 plasmid including the huPrP gene was digested using SwaI, to remove the 2 kbp E. coli

fragment. Efficiency was confirmed by Agarose gel electrophoresis. Enzymes and buffer salts

were subsequently removed using the Macherey-Nagel NucleoSpin Gel and PCR Clean-up Kit

(cat. no. 740609) and eluted using 50 µl 10 mM Tris buffer, pH 8. The remaining linearized

expression cassette was used for the transfection of L. tarentolae.

3.7.3 Cultivation and transfection of L. tarentolae

Culturing of L. tarentolae was performed according to the manufacturer’s instructions (LEXSin-

duce Expression Kit, cat. no. EGE-245). Briefly, L. tarentolae was cultured in BHI medium,

supplemented with hemin, Pen-Strep, nourseothricin (NTC), and hygromycin (Hygro) were

added for the maintenance of T7-TR polymerase, and TET repressor genes. Culturing of 10

ml cultures was performed in 75 cm2 ventilated tissue culture flasks at 26 °C in the dark and

under aerated conditions. For the cultivation pre- and post-electroporation, 10% FCS was added.

After an optical density of 1.3 (approx. 6 x 107 cells) was reached, the cells were centrifuged at

2000 ×g, RT for 3 minutes, and resuspended in half of the remaining medium. Cells, plasmid,

and electroporation cuvette with a path length of 2 mm were incubated on ice for 10 min. 350 µl

cells were mixed with 50 µl plasmid and incubated in the electroporation cuvette for 10 min on

ice. Electroporation was conducted at 450V, 450 µF, for 3.76 msec. After another incubation

step on ice for 10 min, the electroporated cells were transferred into a 75 cm2 ventilated tissue

culture flask, containing 10 ml BHI medium (+ hemin, NTC, Hygro, Pen-Strep, and 10% FCS).

Electroporated cells were incubated at 26 °C in the dark for 6 hours before 5 ml of the culture

was diluted into 15 ml BHI medium (+ hemin, NTC, Hygro, Pen-Strep, 10% FCS, and 50

µg/ml selection antibiotics, geneticin G-418). Subsequently, the culture was transferred into a
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96-well plate, with 200 µl per well and the plate was additionally sealed using Parafilm. The

plate was incubated at 26 °C in the dark. After one week, dense cultures became visible and

wells containing viable cells were transferred into 10 ml ventilated tissue flasks. Genomic

DNA integration was tested, by diagnostic PCR, after genomic DNA extraction using phenol/

chloroform extraction. Primer pairs for diagnostic PCR were provided by the manufacturer

(LEXSinduce Expression Kit, cat. no. EGE-245). Forward primer for the 5’ odc- utr1 control

region was 5’-TCCGCCATTCATGGCTGGTG-3’, reverse primer for the 5’ odc- utr1 control

region was 5’-TATTCGTTGTCAGATGGCGCAC-3’. Forward primer for the antibiotic- 3’ odc

control region was 5’- GGATCCAATATGGGATCGGCCATTG -3’ and the reverse primer for

the antibiotic- 3’ odc control region was 5’-GTGCACCCATAGTAGAGGTGC-3’. This resulted

in 1.1 kbp and 2.4 kbp fragments, respectively. After validation of genomic integration, larger

volumes (50-600 ml) were cultured in Erlenmeyer flasks at 26 °C in the dark, under aerated

conditions, and under agitation at 130 rpm. The T7 promoter-driven transcription was induced by

the addition of tetracycline at a final concentration of 15 µg/ml. After 48 h, cells were harvested

with centrifugation at 3000 ×g, RT for 10 min.

3.7.4 Analysis of protein expression

Western blotting was performed to analyze whether the expressed huPrP is located intracellularly

or extracellularly. For intracellular expression analysis, a 2 ml culture with an optical density

of 1.0 was centrifuged at 3000 ×g, RT for 10 min. Pelleted cells were resuspended in 0.2 ml

reducing SDS-PAGE sample buffer. For secretory protein expression analysis, 8 ml culture

was centrifuged at 3000 ×g, RT for 10 min. The supernatant was mixed with 2 ml of 50%

trichloroacetic acid (TCA) and incubated on ice for 30 min. Then, the supernatant was centrifuged

at 15000 ×g, 4 °C for 15 min. The pellet was washed with 80% acetone and centrifuged again at

15000 ×g, 4 °C for 15 min. 80 µl of reducing SDS-PAGE sample buffer was added to the pellet.

Cell and supernatant samples were incubated at 95 °C for 10 minutes before SDS-PAGE was

performed.

3.7.5 SDS-PAGE and western blot analysis

Analysis of samples was conducted using a 12% Tris/Glycine SDS-PAGE at 120 V and subse-

quently transferred onto a PVDF membrane (PALL Life Sciences) via a semi-dry transfer unit

(TE70X, Hoefer). After blotting, the membrane was blocked for 1 h with 5% milk powder in

TBS-T, washed once with TBS-T, and incubated with anti-PrP antibody (SAF32, 0.1 µg/ml)

in TBS-T overnight at 4 °C. The membrane was then washed three times with TBS-T before

secondary antibody goat anti-mouse HRP conjugate (Jackson, Immuno Research Inc., 0.1 µg/ml)
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was added and incubated for 1 h at RT. After three washing steps, the protein detection was

performed using a SuperSignal West Pico Chemiluminescent Substrate Kit (Thermo Fisher

Scientific). Visualization was conducted on a LAS 4000 (Fuji Film). For dot blot, a concentration

series was applied on a dry nitrocellulose membrane. The starting concentration was 0.85 µg in

2 µl in 50 mM Tris-HCl, 150 mM NaCl, 0.02% DDM, pH 7.4, and was further diluted 1:2 in

the same buffer. After that, the membrane was blocked with 5% milk powder in TBS-T and the

following steps were identical to the western blot.

3.7.6 Cell lysis and membrane isolation

After centrifuging 600 ml culture with an optical density of 1.73, at 3000 ×g, RT for 10 min,

the pellet was resuspended in 10 ml lysis buffer (0.33 M sucrose, 0.15 M Tris-HCl, 0.1 M

aminocaproic acid, 1 mM EDTA, pH 7.4). Afterward, glass beads were added into a 15 ml

falcon tube, and cells were lysed using a cell disrupter (FastPrep 24; MP Biomedicals) for 3

times 20 sec at 4 M/s. Subsequently, differential centrifugation was conducted to isolate the

membrane fraction. First, the cells were centrifuged at 3000 ×g, 4 °C for 5 min, to remove big

cell compartments and glass beads. Then, the supernatant was centrifuged at 5000 ×g, 4 °C for

10 minutes, followed by an ultracentrifugation step of the supernatant at 100,000 ×g, 4 °C for

1 h. The pellet contained the membrane fraction which was used for the solubilization of the

huPrP.

3.7.7 Solubilization of membrane-bound huPrP

The pellet containing the membrane fraction was suspended in 6 ml buffer (50 mM Tris-HCl,

150 mM NaCl, 1 % DDM, pH 7.4). The sample was incubated for 3 h at 4 °C before they were

centrifuged at 100000 ×g, 4 °C for 1 h.

The following detergents were also tested:

Denaturing detergents: 6 M Gdn-HCl, 6 M Urea, 1 % SDS,

Non-denaturing, non-ionic detergents: 1 % Triton X-100, Tween-20, Igepal,

Non-denaturing, zwitterionic detergents: 1 % CHAPS, 1 % Zwittergent 3-14,

Non-denaturing, anionic detergents: 1 % Sodium cholate.

Solubilization results can be seen in Figure 3.5. These samples were incubated for 1 h at 4 °C

before they were centrifuged at 100000 ×g, 4 °C for 1 h. Finally, the supernatant (containing

the solubilized huPrP) was separated from the pellet (containing the non-solubilized huPrP) and

both fractions were analyzed by western blot.
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3.7.8 GPI- anchoring analysis

For analysis of the GPI-anchoring, 20 µl of supernatant after the 5000 ×g centrifugation step

was incubated with 40 µl 0.1 M HEPES- NaOH buffer, pH 7.6, 20 µl of 0.8 % sodium deoxy-

cholate and 20 µl of 1 nM PI-PLC (cat. no. P6466) in 0.1 % BSA for 1 h, 300 rpm at RT.

Afterwards, samples were centrifuged at 5000 ×g for 10 min at RT. Phosphatidylinositol-specific

phospholipase C enzyme (PI-PLC) (from Bacillus cereus) is supposed to specifically cleave

phosphatidylinositol into two molecules, resulting in the cleavage of GPI-anchored proteins.

Pellets and supernatants were afterward analyzed by western blotting.

3.7.9 Purification

After solubilization with 1% DDM, the supernatant was separated by immobilized metal affinity

chromatography (IMAC) using a 5 ml Protino Ni-NTA column (Macherey-Nagel) after equili-

bration of the column with 50 mM Tris-HCl, 150 mM NaCl, 0.1% DDM, pH 7.4. The protein

was eluted with a linear gradient from 0 mM to 500 mM imidazole, 50 mM Tris-HCl, 150 mM

NaCl, 0.1% DDM, pH 7.4, within 100 ml. The fractions containing native-like huPrP were

pooled and subsequently concentrated using a centrifugal concentrator (Vivaspin 2, Sartorius)

with a 10 kDa cut-off at 2000 ×g, 4 °C for 10 minutes. After reaching a total volume of 400

µl, size exclusion chromatography (SEC) was used for further purification. The concentrated

fractions were loaded on a Superdex 200 Increase 10/ 300 GL column and separated using

50 mM Tris-HCl, 150 mM NaCl, 0.02% DDM, pH 7.4. After each step, analytical samples

were collected for analysis by SDS-PAGE. Samples for SV experiments, CD measurements,

and dot blot were taken directly after the SEC from the second peak with elution volume from

14.5 ml to 16 ml. Concentration was determined using UV/-Vis spectroscopy and a theoretical

extinction coefficient of 57995 M-1 cm-1 at 280 nm. Recombinant huPrP (23-230) from E. coli,

was expressed and purified as previously described [212].

3.7.10 Circular Dichroism (CD) Spectroscopy

Spectra of 10 µM huPrP from L. tarentolae and E. coli were recorded in a Jasco J-815 (Jasco)

spectropolarimeter. 100 µl sample of the SEC fraction including the native-like huPrP (in 50 mM

Tris-HCl, 150 mM NaCl, 0.02% DDM, pH 7.4) and full-length huPrP from E. coli (in 10 mM

Tris-HCl, pH 7.4) were filled into a 1 mm quartz glass cuvette and measured ten times at 20 °C,

50 nm/min scanning speed, with 2 nm bandwidth and 4 s digital integration time.
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3.7.11 Analytical ultracentrifugation (AUC)

Sedimentation velocity experiments were performed in an analytical ultracentrifuge Proteome

Lab XL-A (Beckman-Coulter, Brea, US). Samples of 10 µM huPrP from L. tarentolae and E.

coli (in 50 mM Tris-HCl, 150 mM NaCl, 0.02% DDM, pH 7.4) were measured in standard

double sector cells (Aluminium) with an optical path length of 12 mm using an An-60Ti rotor.

The duration of temperature equilibration to 20 °C was 1 h. Data was recorded at 50,000 rpm for

5.5 h. Data analysis was performed using a continuous distribution Lamm equation model, c(s),

implemented in the software Sedfit (version 16p35)[213]. Graphical output was created using

the software Datagraph[250].

3.8. Supporting information

Figure 3.4: Proteinase K resistance of full-length huPrP from L. tarentolae. Proteinase K (PK)
digestion of native-like huPrP results in complete digestion. 50 µl samples after 5000 ×g cell disruption
centrifugation step were incubated with 50 ng/µl proteinase K for 1 h at 37°C and 300 rpm shaking.
Samples were subsequently analyzed by western blotting.
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Figure 3.5: Solubilization of huPrP by different detergents. Solubility of native-like huPrP using
different detergents. Samples were incubated for 1 h at 4°C. 6 M GdnHCl and Urea and 1% of remaining
detergents were used for solubilization. P represents the pellet and SN represents the supernatant after
centrifugation for 1 h, 4°C at 100.000×g. Samples were analyzed by western blot. Molecular masses
were between 25 kDa and 35 kDa.

Figure 3.6: Immunological detection of huPrP from L. tarentolae after purification. Dot blot of
native-like huPrP after SEC. The fractions eluting between 8 ml and 10 ml (Peak 1) as well as 14.5 ml and
16 ml (Peak 2) were concentrated like it was described for IMAC samples before SEC. A concentration
series was applied, starting from 0.85 µg in 2 µl and further diluted 1:2 in buffer (50 mM Tris, 150 mM
NaCl, 0.02% DDM, pH 7.4). The second row shows the second elution peak (Peak 2), verifying the
identity of native-like huPrP, while the first row represents the first elution peak showing no signal for
native-like huPrP.
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4.3. Abstract

Alzheimer’s disease (AD) is a severe neurodegenerative pathology with no effective treatment

known. Toxic amyloid-β peptide (Aβ) oligomers play a crucial role in AD pathogenesis. All-d-

Enantiomeric peptide D3 and its derivatives were developed to disassemble and destroy cytotoxic

Aβ aggregates. One of the D3-like compounds is approaching phase II clinical trials; however,

high-resolution details of its disease-preventing or pharmacological actions are not completely

clear. We demonstrate that peptide D3 stabilizing Aβ monomer dynamically interacts with the

extracellular juxtamembrane region of a membrane-bound fragment of an amyloid precursor

protein containing the Aβ sequence. MD simulations based on NMR measurement results
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suggest that D3 targets the amyloidogenic region, not compromising its α-helicity and preventing

intermolecular hydrogen bonding, thus creating prerequisites for inhibition of early steps of

Aβ conversion into β-conformation and its toxic oligomerization. An enhanced understanding

of the D3 action molecular mechanism facilitates development of effective AD treatment and

prevention strategies.

4.4. Introduction

Today more than 50 million people worldwide suffer from AD and dementia associated with

it, and this number is expected to be tripled by 2050 [251]. Despite the enormous progress in

science and medicine, the causes of AD and the mechanisms associated with its pathology remain

largely unknown over 110 years after the disease was first described as a form of a progressive

neurodegenerative and behavioral disorder by Alois Alzheimer in Germany [111, 252, 253].

Genetic evidence strongly suggests that aberrant generation or clearance of the neurotoxic

Aβpeptide triggers the disease [252]. Normal biological function of this amyloid peptide is

largely unknown. Nevertheless, Aβ isoforms of different lengths are found in humans regardless

of the age or the disease; the peptides in the monomeric form can play a role in signaling pathways

in the brain and are likely to have neuroprotective properties at low concentrations [254, 255,

256, 257, 258]. Aβ and related P3 peptides are the products of sequential extramembrane

and intramembrane cleavage of the single-span membrane APP by α-, β-, and γ-secretases

[252, 259]. In the first step of Aβ maturation, APP is cleaved by membrane-bound β-secretase,

aspartyl protease BACE (β-site APP-cleaving enzyme), which removes the APP ectodomain

and leaves a 99 amino acid C-terminal fragment (CTFβ) in the membrane. This APP CTFβ or

C99 termed fragment is cleaved in the next step by a large membrane protein complex termed

γ-secretase [260]. This intramembranecleaving aspartyl protease complex processes C99 in

the transmembrane (TM) domain at the ε-site, thereby releasing the APP intracellular domain

(AICD) from the membrane into the cytosol. In a stepwise process, a variety of Aβ isoforms are

generated by additional γ-secretase cleavages at the ζ- and γ-sites that trim the TM domain until

it is short enough to release predominantly 38-42 residue-long Aβ isoforms from the membrane

into the extracellular space or into the lumen of secretory pathway organelles. Aβ40 is generated

as a major product along minor amounts of the shorter Aβ38 and the longer Aβ42, which is more

hydrophobic and fibrillogenic. Aβ also aggregates into oligomers, which are considered to be

the most toxic Aβ isoform and an attractive target for drug development against AD.

Generation of Aβ is prevented by alternatively occurring extramembrane cleavage of APP by

membrane-bound α-secretase, a metalloprotease of the ADAM (a disintegrin and metalloprotease)
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Figure 4.1: Sequences (A) and schematic presentation (B) of APP TM fragments and D3 derivatives

studied in the micellar environment.

family, which removes the N-terminal metalbinding region of Aβ and generates the shorter APP

CTFα, C83. More than half of mutations associated with AD familial forms were found in

the TM domain and juxtamembrane (JM) regions of APP [261]. The pathogenic mutations

presumably affect the structural-dynamic properties of APP and its cleavage fragments, e.g.,

changing the conformational stability, lateral dimerization, and intermolecular interactions,

including recognition by the secretases [262, 263, 264, 265, 266, 267].

In recent years, different substances have been developed targeting Aβ production and clearance,

including peptidebased drugs [268, 269, 270, 271, 272, 273, 274]. However, their practical

applications yielded only limited success, and they rather affect AD symptoms than directly

eliminate the toxic Aβ oligomers underlying the development and progression of the disease.

Arginine-rich D3- like peptides belong to a relatively new class of compounds, the all-D-

enantiomeric peptides, which exhibit two major advantages compared to their L-enantiomeric

stereoisomers. They show exceptional proteolytic stability [275, 276, 277] and a lower, if at

all, immunogenic potential [278]. D3 was selected via mirror-image phage display against

monomeric Aβ42 out of a peptide library encoding more than a billion different random 12-

mer sequences [279]. D3 thus consists of 12 amino acid residues, each of them being in the

D-enantiomeric configuration (sequence: rprtrlhthrnr). In vitro, D3 specifically eliminated

cytotoxic Aβ oligomers by converting them into nontoxic, nonamyloidogenic, and nonfibrillar

assemblies [280]. In vivo, D3 proved therapeutically effective in three different transgenic

AD mouse models [279, 280, 281]. In particular, it reduced the amyloid plaque load and

cerebral inflammation upon direct application into the brain of tg APPswe/PS1ΔE9 mice and

inhibited the deterioration of the motor neuronal degenerative phenotype in HOM TBA2.1 after
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intraperitoneal treatment and improved cognition after oral treatment of tg APPswe/PS1ΔE9

[281]. A pharmacokinetic study revealed terminal plasma half-lives of D3 between 32 and 41

h, a very high oral bioavailability of 58.3 % and a brain/plasma ratio of 0.9 four hours after

application, which implicates that D3 enters the brain very efficiently [282]. Currently, one of the

D3 derivatives, which already demonstrated its safety and tolerability in healthy volunteers [283],

is about to undergo phase II clinical trial (ClinicalTrials.gov Identifier: NCT04711486). However,

in the absence of high-resolution structural data, the mechanism of their possible interaction

with APP and its fragments (Aβprecursors spanning the lipid bilayer) remained unknown. It

hampers further optimization of D3-like compounds for the treatment of Alzheimer’s disease by

stabilizing Aβ monomers in their native conformation, thereby disassembling already existing

Aβ oligomers into nontoxic native Aβ monomer building blocks.

Here, we present structural and biochemical evidence showing that D3 being an intrinsically

disordered peptide (IDP) [284, 285] can dynamically and specifically bind to extracellular JM

regions of a membrane-bound Aβ precursor, CTFβ transmembrane fragment APP 672-726 (Aβ1-55

in amyloid-β numeration). The MD simulations based on experimental data suggest that D3

recognizes the amyloidogenic region of APP also before its processing, restricting conforma-

tional diversity not compromising its α-helicity and preventing intermolecular hydrogen bond

formation, which would create prerequisites for inhibition of early steps of Aβ conversion into

β-conformation and its toxic oligomerization associated with early stages of AD development.

4.5. Results

4.5.1 D3 Interacts Specifically with a Membrane-Bound Aβ Precursor, the TM

Fragment APP 672-726.

To understand whether D3-like peptides interact with APP, we performed comprehensive experi-

mental studies with the aid of nuclear magnetic resonance (NMR) spectroscopy supported by

microscale thermophoresis (MST), microfluidic diffusional sizing (MDS), fluorescence polar-

ization (FP), circular dichroism (CD) spectroscopy, and molecular dynamics (MD) simulations.

The fluorescent- and spin-labeled analogues of D3 as well as membrane-bound Aβprecursor

APP672-726 (known as APPmc) and its AD familial mutant variants listed in Figure 4.1A were

used.

The APPmc peptide corresponding to Aβ1-55 includes an intact helical APP TM domain (Aβ27-55)

with the adjacent N-terminal JM region containing a soluble metal-binding domain (Aβ1-16)

followed by a surface-associated region having a transient helical structure, which is capable
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Figure 4.2: MST measurements of the interaction of D3 with APP TM fragments in the micellar

environment. (A) Sigmoidal approximation plots of the D3Lys(FAM) fluorescence changes due to
thermophoresis in the presence of membrane-bound APPmc (dark green line, estimated Kd = 10.6 ± 1.7
µM) and its double mutant variant with E693G and D694N amino acid substitutions (blue line, estimated
Kd = 21.6 ± 1.0 µM). The control experiments did not reveal measurable interactions of D3Lys(FAM) with
empty DPC micelles (salad green line) and of the FAM-label with membrane-bound APPmc (brown line).
D3Lys(FAM) showed an interaction with membrane-bound EphA2tm (pink line, estimated Kd = 21.4 ±
3.9 µM) with opposite influence on the change of fluorescence during thermophoresis when compared
with the APP TM fragments. (B) and (C) Thermophoresis curves (inner boxes) of binding of fluorescently
labeled D3Lys(FAM) to EphA2tm and APPmc embedded into DPC micelles, respectively. Each curve
corresponds to the TM fragment concentrations varying from 1.5 nM to 50 µM. The mean values of
fluorescence in blue (as reference) and red (after thermophoresis) areas were used for the calculation of
the normalized fluorescent unit, ΔFnorm.

of transforming to β-strand involved in folding the β-amyloid [286, 287, 288, 289]. Besides the

wild-type APPmc, the fragment with the ªAustralianº familial mutation (L723P-APPmc) located

in the C-terminus of the APP TM domain and rendering certain amyloidogenic properties to the

fragment, gradually evolving from the typical α-helical structure to a β-sheet conformation [267],

was also investigated.
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Unlabeled and 13C/15N isotope-labeled APPmc and L723-PAPPmc peptides were obtained using

a cell-free expression system [290, 291] and solubilized in membrane-mimicking complexes,

zwitterionic dodecylphosphocholine (DPC) micelles (Figure 4.1B), under monomeric conditions

at a peptide/lipid ratio of 1/200.

Using MST measurements, we found that C-terminally fluorescent-labeled D3 (D3Lys(FAM))

directly interacts with membrane-bound APPmc with a dissociation constant Kd equal to 10.6

± 1.7 µM (Figure 4.2), which is noticeably higher compared to that observed for binding of

D3 to Aβdissolved in bulk solution [292]. MST measurements with membrane-bound L723P-

APPmc were unsuccessful, presumably due to its precipitation into amorphous aggregates [267].

Alternative measurements of D3 affinity toward DPC-micelle-bound APPmc by MDS and FP

revealed the upper limit of dissociation constant Kd of not more than ∼40 µM (Figure 4.10C and

D).

To evaluate the diversity of possible intermolecular interactions of D3-like peptides with a

membrane-bound Aβprecursor by heteronuclear NMR, we used spin-labeled analogues of D3

with an MTSL nitroxyl radical spin-label covalently attached via an additional D-cysteine residue

to the N- or C-terminus of the peptide, named (MTSL)cysD3 or D3cys(MTSL), respectively.

To obtain the baseline NMR spectra for comparison, in the control experiments, the intensity

of the nitroxide spin-label was quenched by ascorbic acid. The heteronuclear 1H/15N HSQC

and 1H/13C CT-HSQC spectra (Figure 4.3A, Figure4.9, Figure4.10A) illustrate inhomogeneous

broadening of NMR signals of amide and methyl groups of APPmc caused by interactions with

the unquenched nitroxide spin-label of D3 (the signals with quenched and unquenched labels are

overlaid) due to paramagnetic relaxation enhancement (PRE).

The distributions of signal broadening for the backbone amide groups caused by the proximity

of the N- or C-terminal nitroxyl radical of (MTSL)cysD3 or D3cys(MTSL) along the amino acid

sequence of APPmc are shown in the form of bar charts in panels (A) and (B) of Figure 4.4,

respectively. It should be noted that the difference in the side chain sizes between residues is

unlikely to distort the spatial pattern of the proximity of the spin-labeled group to the backbone

amide groups since, as according to [293], signal broadening beyond the resolution occurs at

the distances of up to 1.4 nm (assuming permanent proximity of the label). The dissociation

constant Kd was evaluated based on NMR titration [294] using Ala701 methyl group signal,

which is especially sensitive to the presence of D3 (Figure 4.3, 4.9, and 4.10A), and assuming

one-to-one binding, and an upper limit of ∼ 30 µM was obtained (Figure 4.10B), which is

generally consistent with the affinity measurements by MST, MDS, and FP.
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Figure 4.3: D3 binding to the APP TM fragments monitored by PRE-NMR signal broadening.

(A-D) Overlaid NMR spectra, 1H/15N HSQC and 1H/13C HSQC-CT (a fragment in the right corner), of
wild-type and mutant APP TM fragments: APPmc (A), E693G/D694N-APPmc (B), L723P-APPmc (C),
and E693G/D694N/L723P-APPmc (D), embedded into DPC micelles in the presence of D3cys(MTSL)
(red spectra) with a D3/APP fragment ratio of 2:1 and after addition of ascorbic acid (blue spectra), when
the nitroxyl spin-label is quenched. Cross-peak assignments of backbone and side-chain amide groups of
Gly, Asn, and Gln residues as well as of methyl groups of Ala residues are marked according to the Aβ
sequence (see also Figure4.8 and Figure4.9)

Clearly, the NMR signals from the residues in the nascent JM helix and N-terminus of the TM

helix of APPmc are strongly affected by the proximity of the MTSL group of N- or C-spin-

labeled D3 (i.e., (MTSL)cysD3 or D3cys(MTSL)), while the PRE-NMR signal broadening is

less pronounced for the residues from the N-terminal part of the metal-binding domain and

C-terminus of the TM domain. In addition, marginal PRE-NMR signal broadening is also

observed near the C-terminus of the APP TM helix, which seems to indicate some binding of D3
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Figure 4.4: PRE-NMR signal broadening patterns for amide groups of wild-type and mutant APP

TM fragments after addition of (MTSL)cysD3 to APPmc. (A) or D3cys(MTSL) to APPmc (B),
L723P-APPmc (C), and E693G/D694N-APPmc (D) with a D3/APP fragment ratio of 2:1. The data points
corresponding to unassigned cross-peak positions or strongly overlapping cross peaks of the amide groups
are marked by diagonal crosses.

to the C-terminal sequence exposed from the micelle or unspecific interaction with the micelle

surface. Overall, the similarity of the pattern of the PRE-NMR signal broadening in the case of

addition of N- or C-spin-labeled D3 implies that both peptides bind with certain specificity to

the extracellular JM regions of the membrane-bound Aβprecursor, although the interaction is

weak and dynamic, with the spinlabels transiently approaching different APPmc residues along

the JM sequence.

Although the membrane-bound mutant L723P-APPmc proved unstable [267], NMR experiments

revealed that PRE-NMR signal broadening of the monomeric form of the mutant fragment in the

presence of spin-labeled D3 is almost identical to the wild-type case (Figures 4.3C and 4.4C),

implying that D3 binds to the mutant fragment in a similar manner. Notably, the NMR signals
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from the observed amyloid-like oligomeric state (less than ∼100 kDa) [267] of L723P-APPmc

are also affected by addition of spin-labeled D3, which is consistent with the experimental

observation of large nonfibrillar nontoxic Aβ aggregates formed by coprecipitation with D3

[281, 292].

4.5.2 Molecular Dynamics Simulations of the D3/APPmc Complex in Hy-

drated Explicit Lipid Bilayers Are Indicative of Transient Protein-Protein

Interactions in an IDP/IDP Manner

To evaluate the ability of D3 to interact with a membrane-bound Aβprecursor, a series of MD sim-

ulations started with PRE-NMR-derived distance constraints were performed for different APP

TM fragments embedded into the explicit POPC bilayer (see Methods). Besides the wild-type

APP672-726 (APPmc, Aβ1-55) and its mutant form L723P-APPmc, the truncated forms APP686-726

(APPjmtm and L723P-APPjmtm) without the metal-binding domain were investigated. First, to

investigate conformational preferences of free D3, 1 µs MD simulations in an explicit solvent

with a random coil starting configuration were performed (Figure 4.11). The simulation revealed

substantial conformational variability; the occurring conformations were binned into 29 distinct

clusters (four clusters with population >5 %, Table S2), in most of which the peptide was in a

random coil state. However, one folded helical turn was present in some of the substantially

populated clusters, and the cluster with two folded helical turns was the most highly populated

one in the ensemble (about 39 % of the entire MD trace). Noteworthily, the helical conformations

proved rather stable, especially on the C- terminal side (without the helix-destabilizing proline

residue), i.e., once formed, the nascent helix of D3 persisted for tens of nanoseconds. This im-

plies that the short positively charged D3 has a flexible IDP-like conformation (consistently with

the results reported earlier) [292] capable of forming transient helical structures. The existence

of relatively stable diverse conformations implies that moderate alteration of the environment

should be able to induce redistribution between them. Indeed, while CD spectra (Figure 4.10 and

Table 4.2) of the peptide in pure aqueous solution were indicative of random coil as an average

state, addition of an organic solvent (50 % trifluoroethanol or 25 % hexafluoroisopropanol, HFIP)

caused it to switch to helical conformation. Likewise, the peptide remains in the random coil

state in a suspension of membranemimicking DPC micelles, but addition of negatively charged

sodium dodecyl sulfate (SDS) in the concentration corresponding to the presence of three SDS

molecules per DPC micelle (consisting approximately of 60 DPC molecules) also switched the

positively charged D3 into partially folded conformation, presumably due to adsorption on the

micelle surface. In light of the observed D3 conformational lability, two conformational states

corresponding to the most highly populated clusters (39 and 15 %) obtained via MD simulations
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in water were used as D3 starting configurations for the investigation of interactions with the

APP TM fragments. Besides being the most highly represented in the conformational ensemble,

these two conformations (Figure 4.11) turned out to be antithetic: the initial conformation for

the first simulation was partially helical (nascent helix), and the second simulation started with

the peptide in a random coil (mostly extended, hairpinlike) conformation. In both cases, D3 was

initially bound to the JM region of the wild-type and mutant APP TM fragments as deduced

from our NMR data and then relaxed during 20 ns with the geometric constraints corresponding

to the putative binding site suggested by the strong PRE-NMR signal broadening (Figures

4.3A,C and 4.4A,C) for for A701 side-chain methyl group, N698 side chain, L688, V689 (partially

overlapped for wild-type fragments but with distinct signal broadening for L723P-APPmc), and

F691 backbone amide groups (see Experimental Section) with subsequent 200 ns unconstrained

MD simulations. Since PRE-NMR signal broadening patterns were nearly identical for the C-

and N-terminal spin-labeled D3 derivatives, four MD simulations were carried out starting with

constraints imposed on the C-terminus (to verify reproducibility) and one with constraints applied

to the N-terminus (as a consistency check). The obtained atomic coordinates and experimental

restraints for complexes of D3 with APPmc and L723P-APPmc in the explicit POPC bilayer were

deposited in the Protein Data Bank under accession codes PDB ID: 7B3J and 7B3K, respectively.

As illustrated in Figure 4.5 (see also Figures 4.13-4.15), D3, being in different conformations,

interacted with both wildtype and mutant membrane-bound APP TM fragments during the entire

unconstrained MD runs, with the interaction being dynamic but without dissociation. The sites

of APP interaction with D3 as derived from MD traces were clustered around the locations

corresponding to satisfying accuracy to the interaction site suggested by the PRE-NMR data

(Figure 4.4A-C), namely, the site extended along the nascent JM helix up to the N-terminal

part of the TM helix, the region known to be critical for amyloid formation and binding of

basic lipophilic amyloid recognition sequence peptides [295, 107, 296]. Additional transient

interactions of D3 with the metal-binding domain of APPmc embedded into the explicit lipid

bilayer were observed in the resulting MD traces, which is also consistent with the PRE-NMR

data in the micellar environment. The 0.4 nm cutoff distance was selected to highlight the

closest contacts; however, PRE-NMR signal broadening in the experiments starts to occur at

considerably longer distances. Figures 4.16 and 4.17 provide an integrated representation of MD

results for a more meaningful comparison with NMR data. The profiles of the proximity of N-

and C-termini of D3 to APP JM region residues (Figure 4.16) differ considerably depending

on the starting conformation of D3 assumed for simulations, and apparently, the PRE-NMR

signal broadening profile reflects contributions of all possible D3 conformations, which was to

be expected for flexible IDP/IDP-type interaction [297, 298, 299]. Importantly, for all of the
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residues used for the application of initial constraints during the first 20 ns tend to return to within

the distances meeting the signal broadening criterion during subsequent 200 ns unconstrained

runs with considerable frequency, as is to be expected from the experimental results.

Figure 4.5: IDP/IDP-like interaction of D3 with wild-type and mutant APP TM fragments revealed

by MD simulations in the hydrated explicit POPC bilayer. (A-H) Representative D3/APP TM
conformational ensemble obtained by the unconstrained 200 ns MD runs performed after the 20 ns
constrained MD simulations started with different D3 conformations specified on top (the full set is
presented in Figure 4.12). D3-APP contact maps (upon start and after the finish of the unconstrained MD
run), resulting overall configurations of the complex, and local structures of IDP/ IDP-like D3 binding to
APP JM region are shown with marked residues in close D3-APP contacts. The intermolecular contacts in
the maps are color-coded according to the number of direct contacts between heavy atoms with a 0.4 nm
distance cutoff from white (no contacts) to black (ten protein-protein contacts). D3, APP TM fragments,
and lipid phosphorous atoms are colored in red, green, and orange, respectively. The L723P mutation is
highlighted in cyan. The cytoplasmic leaflet of the lipid bilayer is at the bottom.

Such a dynamic interaction with rapid conformational rearrangements and changes of contacting

groups of amino acid residues in the opposing subunits of the complex explains why we were

unable to directly obtain 1H-1H NOE (nuclear Overhauser effect) contacts between unlabeled
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D3 and APPmc despite their relative proximity to each other in the complex. As it is common

for IDP/IDP-like interactions, the dynamic nature of the complex formation process is also

consistent with the absence of credibly detectable chemical shift changes (Figure 4.8D), which,

together with a certain broadening of some cross peaks, implies that conformation exchange rate

corresponds to fast or intermediate NMR timescale (hundreds of microseconds or faster).

In the dynamic D3/APPmc complex, formation of numerous transient intermolecular hydrogen

bonds as well as salt-bridge, cation-π, and stacking interactions occurred (Figures 4.5A-F, 4.13

and Table 4.3). Particularly, upon peptide recognition, multiple transient interactions were

observed between side chains of the positively charged residues of D3 and the negatively charged

residues of APP TM fragments distributed along the JM sequence, implying the importance of

the electrostatic interactions in complex formation. Notably, MD simulations of the truncated

forms of APPjmtm without the metal-binding domain revealed that the side-chain carboxyl

groups of residues E693 and D694 from the nascent APP JM helix participate in formation of

intermolecular salt bridges and hydrogen bonds with the positively charged and polar side chains

of the D3 residues (Figure 4.5G,H).

To verify this PRE-NMR-based MD data and specify the hotspot of D3/APPmc interaction,

we studied D3 interactions with AD familial mutants of APPmc and L723P-APPmc isoforms

(E693G/D694N-APPmc and E693G/D694N/L723P-APPmc) with simultaneous ’Arctic’ E693G

and ’Iowa’ D694N amino acid substitutions [300] placed in the C-terminus of the APP JM

helix. Indeed, the PRE-NMR experiments revealed a significant decrease of the PRE-NMR

signal broadening (Figures 4.3B,D and 4.4D) with residual D3/APPmc interaction near the

metal-binding domain of both APP TM fragments. In good agreement with PRE-NMR data,

MST measurements also demonstrate that these mutations decrease the strength of D3/APPmc

interactions by twofold (to Kd = 21.6 ± 1.0 µM; Figure 4.2), suggesting that local electrostatic

contacts play an important but not predominant role in complex formation.

To prove that the D3/APPmc interaction is specific, we performed a control competition exper-

iment with a different TM fragment having similar charges in the JM region. For the control

experiment, we obtained a TM fragment of EphA2 receptor tyrosine kinase (EphA2523-563, so-

called EphA2tm) [301], which also undergoes γ-secretase-mediated intramembrane proteolysis

and has a similar JM region composition (though without a cation-binding domain), specifically

including two negatively charged residues within it. MST measurements (Figure 4.2) suggest

that D3 interacts with both membrane-bound EphA2 and APP TM fragments, however, with

certain important differences. The EphA2tm binding constant is comparable with that of the

double E693G/D694N-APPmc mutant but approximately twice higher than that of wild-type

APPmc. Besides that, the observed difference in the signs of the fluorescence change upon
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complex formation is clearly indicative of different interaction modes. More specifically, the

D3/APPmc complex appears to undergo significant temperature-induced conformational changes

directly affecting its fluorescence, in addition to the increased effective size of the complex

compared to the free ligand. Considerable differences between D3 interactions with EphA2tm

and APPmc were further illustrated by NMR measurement results (Figures 4.18 and 4.19).

D3/APP interaction yields clearly specific patterns of PRE-NMR signal broadening within the

JM region, more pronounced for the wild-type APPmc fragment, whereas in the case of EphA2tm

the broadening is almost uniform. In additional NMR experiments performed to evaluate the

binding competition between EphA2 and APP TM fragments, tenfold excess of added unlabeled

EphA2tm failed to abolish D3-induced PRE-NMR signal broadening of 15N/13C-labeled APPmc,

causing only a minor reduction (by about a third) of the broadening. Thus, D3 is also capable of

interacting with proteins sharing certain similarities with APPmc, such as negatively charged JM

residues, but specific D3/APPmc complex formation was experimentally observed.

The secondary structure evolution during the unconstrained MD simulations (Figure 4.13)

implies a potentially significant behavior pattern of certain peptide moieties capable of structural

rearrangements. As can be seen in MD simulations (Figure 4.14 and Table 4.2), the presence of

D3 in the vicinity of the APP JM region somewhat stabilized the transient α-helical structure of

the latter, except for the case of interaction of initially helical D3 with L723P-APPmc. More

specifically, the average helicity of APP JM region 686-696 (Aβ15-25) over the simulations

without D3 varied between different starts notably for the wild-type APP TM fragment and

greatly for the amyloidogenic L723P mutant form, whereas after addition of D3 this parameter

becomes almost invariant, consistently staying above ∼60 %. Addition of D3 in the random coil

(hairpinlike) conformation also caused a detectable overall increase of the helicity of APP JM

region 686-696. This difference is attributable to a somewhat higher number of intermolecular

hydrogen bonds and salt bridges formed between D3 in the random coil conformation and the

APP TM fragments.

Nevertheless, the effects of APP interaction with the helical D3 peptide are not limited to the

reduction of conformational lability (variability of average helicity). This can be illustrated by

the MD simulation, where L723P-APPmc interacted with the initially helical C-constrained D3

(Figures 4.13 and 4.14). In this case, disappearance of the β-sheet structure in the APP JM region

(transiently formed about 70 ns after the unconstrained simulation start) and formation of the

transient 310 helix in the APP JM region correlated with restoration of D3 helicity.

Besides, MD simulation data revealed adsorption of D3 on the membrane surface via interactions

with the polar headgroups of lipids with the hydrophobic side chains submerging under the

membrane surface (Figures 4.5 and 4.13), suggesting that the lipid bilayer can also participate in
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Figure 4.6: Influence of D3 on APP cleavage and Aβ42 generation studied by means of ELISA and

western blotting. (A) U251-MG cells stably overexpressing wild-type human APP (U251-APP751) were
treated for a period of 24 h with or without 1, 5, 10, 50, 100 µM D3 and/or 1 µM of the respective α-, β-,
and γ-secretase inhibitors or the DMSO vehicle. Aβ42 levels in the conditioned media were analyzed by
sandwich ELISA. The β- and γ-secretase inhibition abolished Aβ production, while D3 did not reduce
the Aβ42 level. The ordinate corresponds to the Aβ concentration values normalized to the average daily
generation without inhibitors or D3 peptides equal to 39.4 pg/mL. (B) Western blot analysis of cell lysate
of U251-MG cells treated for a period of 24 h with or without 1, 5, 10, 50, 100 µM D3 and/or 1 µM of
the respective inhibitors as in panel (A) or the DMSO vehicle. γ-Secretase inhibition induced strong
accumulation of APP C-terminal fragments (CTF), while D3 induced no accumulation of the fragments.

APP sequence recognition by D3. Thus, the latter can stabilize the nascent helical conformation

of the extracellular APP JM region similar to what has been described for flexible IDP/ IDP-like

interactions of highly charged amphiphilic proteins near the membrane surface [297, 298].

Effects of interaction with D3 on the conformational behavior of the APP TM fragments were

investigated experimentally using CD (Figure 4.12 and Table 4.1). The differential spectra with

free APP TM fragment spectrum taken as a baseline are indicative of significant conformational

redistribution caused by the interaction. Opposite chiralities of APP TM fragments and D3

introduce some uncertainty to interpretation of the spectra, formation of additional helices in

the all-D-enantiomeric peptide D3, and L-enantiomeric APP TM fragments, yielding effects

of opposite signs in the CD spectra, effectively canceling each other. However, according to

NMR data discussed above, the apparent APP helicity remains largely unchanged, wherefore
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the observed changes of CD spectra are likely to be associated with increased helicity of D3

consistent with its behavior in hydrophobic solvents (50 % trifluoroethanol water mixture, 25 %

hexafluoroisopropanol water mixture) or negatively charged micelles (90 % DPC/ 10 % SDS).

Thus, CD spectra are in favor of D3 interaction with the negatively charged APP JM region

causing certain conformational rearrangements associated with increased D3 helicity similar

to the changes caused by its exposure to hydrophobic solvents. This is consistent with the

assumption that the interaction occurs in the vicinity of the membrane surface.

4.5.3 Interaction of D3 with APP Does Not Disturb APP Cleavage by Secre-

tases.

The fact that D3 interacts with APP in the vicinity of the α-secretase cleavage site located

between the metal-binding domain and the JM helix suggests competition between D3 binding

and α-secretase recognition. Moreover, D3 may affect, directly or indirectly, the activities of

other secretases. Overall, this would result in changes of concentrations of Aβ42 and C-terminal

fragment (CTF) of APP.

To characterize the inhibitory/modulatory activity of D3 on any of the secretases and its effects

on the generation pathway of Aβ42 toxic oligomers, western blot and ELISA experiments were

performed (Figure 4.6). The concentrations of endogenic Aβ42, N-terminal water-soluble APP

fragment, APP CTF, and β-actin control protein were determined in crude lysates of human

glioblastoma U251-MG cells treated with D3 and inhibitors of α-, β-, and γ-secretases or DMSO

as a control. As expected, β- and γ-secretase inhibition abolished Aβ42 production, while D3 did

not significantly affect the Aβ42 level. The γ-secretase inhibition induced strong accumulation of

APP CTFs, while D3 induced none. Based on these results, cleavage by γ- and β-secretases was

not notably inhibited by D3 even at supersaturating concentrations; however, D3 concentrations

close to Kd values can cause a certain inhibitory effect on α-secretase cleavage and/or slightly

potentiate cleavage by β-secretase (at 50 µM D3, which is then compensated at 100 µM D3

probably by other mechanisms). This is consistent with the assumed interaction of D3 with the

APP JM region in the vicinity of the α-secretase recognition site and in close proximity of the

β-secretase site and provides direct evidence of interactions of the D3 peptide in micromolar

concentrations with APP. Thus, D3 binding to APP had practically no effect on the native

β-amyloid processing pathway, which is seemingly important for brain homeostasis, thus being

presumably harmless to the organism [255, 256, 258, 302].
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4.6. Discussion

Alzheimer’s disease is a dramatic medical and social challenge as the lifespan increases progres-

sively. Prevention of wider expansion of AD requires an understanding of both its pathogenesis

and molecular mechanisms by which therapeutic substances affect various molecular targets

involved in AD development stages, especially in amyloid production and nucleation.

D3-like peptides have been designed with the goal of preventing Aβ oligomerization and elimi-

nating the already existing Aβ oligomers for AD treatment [303, 304]. One of the compounds,

RD2, has already successfully completed phase I clinical studies [305]. Previously, it was

shown that the D3-like peptides directly interact and destroy Aβ aggregates by converting them

into nontoxic and nonamyloidogenic assemblies in vitro [280, 281] and improve cognition and

memory deficits in different transgenic mouse models of AD in vivo [279, 280, 281]. Previous

studies demonstrated that arginine-rich D3-like peptides lack well-defined structural features in

aqueous environments and their binding to Aβ assemblies might resemble a specific high-affinity

interaction between two small IDPs, characterized by variable stoichiometry [292]. Nevertheless,

detailed structural information on the interaction of D3-like peptides with the Aβ sequence was

needed for understanding the molecular mechanism of their functioning and hence for further

optimization of AD treatment.

Assuming that the initial steps of amyloid nucleation can be prevented by targeting its precursor,

we investigated D3 binding to CTFβ transmembrane fragment APP672-726 and its amyloidogenic

L723P mutant form embedded into the DPC micelles, which membrane-mimicking properties

have been demonstrated in numerous structural studies of Aβ and APP TM fragments [267,

306, 307]. Notably, such a comprehensive structural study of the interaction of a therapeutic

substance with the membrane-bound Aβ precursor was carried out here for the first time.

The present structural and modeling studies revealed that D3 can dynamically adapt and bind to

the extracellular JM region of membrane-bound APP TM fragments (Figure 4.2-4.5 and Figure

4.13- 4.15). As evidenced by mutagenesis (Figures 4.3B,D and 4.4D), the electrostatic interac-

tions presumably play an important role in the membrane-bound D3/APPmc complex, similar

to the D3/Aβassociation observed in the bulk solution [292, 297]. Although the D3/APPmc

complex persists during the entire MD simulations in the explicit lipid bilayer, the APP JM

nascent helix and D3 interacting with it retain some mutual mobility, as is typical for coupled

IDP/IDP-like recognition [297, 298].

The flexible IDP/IDP character of the interaction between the two peptides is illustrated by

an almost identical PRE-NMR signal broadening pattern of membrane-bound APPmc upon
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binding of both kinds of spin-labeled D3 with an MTSL-label covalently attached to either N-

or C-terminus (Figure 4.4A,B). Dissociation constants determined by the MST assay for the

native APPmc (direct Aβ precursor) and the fragment with double Arctic (E693G) and Iowa

(D694N) mutations revealed only twice lower affinity in the case of the double mutant (Figure

4.2). (The best fit was obtained using a 1:1 binding model; other binding models deteriorated

the fit.) Such a moderate decrease corroborated the IDP/IDP-like recognition of highly charged

amphiphilic peptides with numerous intermolecular contacts holding the complex together and,

in particular, the involvement of the negatively charged E693 and D694 side chains of APP in

the local salt-bridge interactions with positively charged side chains of D3 residues.

In addition, the observed transient interactions of both molecules with the lipid headgroups

(Figures 4.5 and 4.13) facilitate the presentation of D3 for recognition of the APP JM region

and the corresponding sequence in Aβ species partially submerged into the membrane. It should

be noted that the conformation of the APP JM sequence is very sensitive to the environment,

including membrane composition, which can modulate conformational transitions and affect

relative propensities for α- and β-structures [286, 287, 288, 306]. Similarly, we found that

addition of 10 % of negatively charged SDS into DPC micelles caused partial folding of the

positively charged D3 (presumably due to adsorption on the micelle surface) as evidenced

by CD measurements (see Figure 4.12). Since Aβ is known to preferentially interact with

negatively charged membranes[258, 302], such an effect of D3 interaction with negatively

charged membranes on its conformational preferences is consistent with the idea that lipid

membranes can play a role in the molecular mechanisms of D3 function.

Thus, D3-like peptides directly interact with APP fragments, including mature Aβ species, and

reduce their oligomerization on the membrane surface, which can be attributed to stabilization

of the helical conformation of the APP JM region and suppression intermolecular hydrogen

bonding (suggested by MD) and hence inhibition of its conversion into the β- structure, similar to

these effects in the bulk solution. Furthermore, our PRE-NMR and CD data revealed D3 binding

to an amyloid-like oligomeric state of L723P-APPmc (Figures 4.3 - 4.5). This is consistent with

that the corresponding flexible helical region of Aβ is exposed above the membrane surface

in the recently obtained spatial structure of the six-stranded Aβ42 tetramer prepared in DPC

[306]. Thus, this region is able to be recognized by D3-like peptides, causing formation of large

nontoxic Aβ-aggregates observed experimentally [292, 308]. Similarly, D3-like peptides could

limit Aβ binding (both in monomeric and oligomeric states) to membrane proteins, preserving

their normal functioning.

Notably, the observed ability of D3 to bind to the Aβ part of APP near the membrane and to

destabilize toxic Aβ-assemblies capable of perturbing cell membranes is presumably relevant to
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AD treatment. Since this recognition site is located in the APP part sensitive to interactions with

α- and β-secretases, we speculated that D3-like peptides potentially influence Aβ production.

Our biochemical studies, however, did not reveal the significant influence of D3 on APP cleavage

by either one of the secretases (Figure 4.6), which is consistent with the flexible IDP/IDP nature

of the D3/APP interactions. Only a marginal increase of Aβ42 production was observed upon

simultaneous addition of D3 with the α-secretase inhibitor, which suggests negligible functional

interference between them. So, D3 does not interfere with the normal activities of secretases,

and thus, D3 does not modulate the production of monomeric Aβ which may have important

physiological functions [253, 254]. Although the exact normal physiological role of the Aβ

monomers and oligomers remains unknown, they have been shown to act as ligands for a number

of different receptors or as active components involved in the antimicrobial function of the innate

immune system [253, 258, 271, 212]. We combined the observed and potential activities of

D3-like peptides in the scheme shown in Figure 4.7.

4.7. Conclusion

The all-D-enantiomeric D3-like peptides were developed to directly destroy the cytotoxic aggre-

gates of amyloid-β peptides responsible for AD progression. We conclude that beneficial effects

of D3-like peptides may be explained by their potential ability to act on various aspects of AD

relevant molecular events: Aβ conversion into β-conformation, toxic Aβ oligomerization, Aβ-

induced perturbation of cell membranes, and inhibition of Aβ influence on membrane-associated

and soluble protein functioning. The experimental results obtained in this study augmented by

MD analysis of NMR-derived structures suggest that dynamic IDP/IDP-like interaction between

the D3-like peptide and APP JM region results in decreased conformational lability, generally fa-

voring α-helicity of the amyloidogenic region, reducing intermolecular hydrogen bond formation,

and thus preventing Aβ conversion into β- conformation and subsequent toxic oligomerization.

The achieved progress in understanding the molecular mechanism of action, in addition to the

already demonstrated Aβ oligomer disassembling activity of D3 and its derivatives, of which

one of them is in clinical development, constitutes an important step toward the development

of an effective AD treatment strategy. Taking into account the identified localization of the

interaction sites, the D3-like peptides can be presumably modified to modulate specifically

the APP processing by secretases without affecting their activity for other substrates. Such an

APP-specific effect on secretases has long been tried to obtain for secretase inhibitors without

adverse side effects. Although such a compound may be beneficial only preventively, it would

be extremely important to investigate whether secretase inhibitors and modulators failed due to

offtarget effects or whether they failed because APP processing toward Aβ is physiologically
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Figure 4.7: Schematic representation of the possible dynamic interactions of D3 with potential AD

treatment targets. The following five aspects of flexible IDP/IDP-like D3/APP interactions restricting
conformational diversity of the extracellular APP JM region via prevention of intermolecular hydrogen
bond formation near the membrane surface (shown by orange phosphorous atoms of lipid heads) having
implications for AD development are suggested based on the previously published data and the present
study: (1) putative influence of D3 (shown in red) on abnormal APP processing, e.g., interaction with
the APP TM fragment (in green) recognized by the γ-secretase complex [259], as well as with mature
Aβ (in green) leaving the complex (the absence of this activity has been demonstrated for D3 (Figure
4.6), but since D3 is specific for APP as a substrate, adaption of D3 toward an APP-specific secretase
inhibitor may become interesting in the future); (2) inhibition of Aβ conversion into β- conformation and
subsequent toxic oligomerization by suppressing intermolecular hydrogen bond formation and stabilizing
its nascent α-helical structure (the close up in the upper left corner illustrates the membrane-bound
D3/APPmc complex revealed by the current structural studies); (3) depolymerization of fusible Aββ
oligomers [306] by reducing intermolecular hydrogen bond formation in β-sheets (in green and blue); (4)
inhibition of perturbation of cell membranes by Aβ through conversion of Aβ oligomers into nontoxic,
nonamyloidogenic, and nonfibrillar assemblies (partially overlaps with item 3); and (5) preventing
abnormal functioning of membrane-associated and soluble proteins, e.g., nicotinic acetylcholine receptor
(nAChR), which can be inhibited by diverse Aβ oligomers in a different manner[253].

relevant, and its inhibition leads to adverse side effects. Optimization of D3-like compounds

based on the results presented here has still a lot of room to obtain even more potent compounds

for effective AD treatment and prevention.
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4.8. Material and methods

4.8.1 Membrane-Bound APP Fragments.

Unlabeled and 15N/13C-labeled recombinant peptide APPmc (D672AEFRHDSGYEVHHQ686KL

VFFAEDVGSNKG700AIIGLMVGGVVIATVIVITLVML723KKK726, APP672-726 fragment; the

metal-binding domain is in italic, and the hydrophobic TM segment is underlined) and its familial

mutant variants (L723P-APPmc, E693G/D694N-APPmc, and E693G/D694N/L723P-APPmc)

with E693G, D694N, and L723P amino acid substitutions (Figure 4.1A) were expressed and

purified by elaborated protocols [290, 291]. The control TM fragment EphA2523-563 of EphA2

receptor tyrosine kinase (EphA2tm) was obtained as described [301]. Purity of the TM fragments

of APP and EphA2 is >95 % according to denaturing gel electrophoresis and reverse-phase HPLC

(RP-HPLC). The TM fragments of APP and EphA2 were solubilized in an aqueous suspension

of dodecylphosphocholine (DPC, for unlabeled fragments) or d38-dodecylphosphocholine (d38-

DPC, 98 %, CIL) micelles under monomeric conditions with a protein/lipid ratio of 1:200, as

described [267, 268].

4.8.2 Fluorescent- and Spin-Labeled D3.

The all-D-enantiomeric peptide D3 (consisting of 12 all D-enantiomeric amino acid residues

and amidated C-terminus) (H-rprtrlhthrnr-NH2, 1598.8 Da, purity ≥98.2 %), the C-terminally

fluorescent-labeled D3 derivative D3Lys-(FAM) (H-rprtrlhthrnr-K-(FAM)-NH2, 2086.39 Da,

purity 98.2 %), and the D-cys derivatives of D3, namely, D3cys (H-rprtrlhthrnr-c-NH2, 1702.0 Da,

purity ≥95.7 %) and cysD3 (H-c-rprtrlhthrnr-NH2, 1702.0 Da, purity ≥95.7 %) for subsequent in-

house nitroxyl radical spin-labeling were custom-synthesized (Peptides and Elephants, Germany,

or JPT, Germany). The purity, identity, and chirality of the peptides were confirmed by RP-HPLC,

mass spectroscopy, and CD spectroscopy, respectively.

For paramagnetic relaxation enhancement (PRE) NMR experiments, nitroxyl radical spin-

labeled analogues of D3 were synthesized by reacting (1-oxyl-2,2,5,5-tetramethyl-Δ3-pyrroline-

3-methyl) methanethiosulfonate (MTSL) (Toronto Research Chemicals) with D3cys or cysD3,

leading to covalent attachment of the MTSL nitroxyl radical spin-label to the N- or C-terminal

D-cysteine residue ((MTSL)cysD3 or D3cys(MTSL)), respectively. Typically, a fivefold molar

excess of MTSL over peptide, i.e., ∼4 mg of MTSL (∼15 µmol), is freshly dissolved in 90

µL of N,N-dimethylformamide (DMF) and mixed with 810 µL of 200 mM HEPES/NaOH

buffer, pH 7.6. The solution is then added to ∼5 mg (∼3 µmol) of either lyophilized D3cys or

cysD3. After incubation for 1-2 h at RT, the reaction mixture is applied to a semipreparative
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RP-HPLC on a C8 column (Agilent Zorbax-300 SB, 9.4 mm x 250 mm column dimension, 300

µL of sample aliquots) connected to Agilent 1260 HPLC system. Purification of spin-labeled

peptides (MTSL)cysD3 or D3cys(MTSL) was achieved by applying an aqueous acetonitrile

(ACN) gradient (8 % ACN, 0.1 % trifluoroacetic acid (TFA) to 60 % ACN, 0.1 % TFA in Milli-Q

water within 40 min), running at a flow rate of 4 mL min -1 at 25 °C with ultraviolet absorbance

detection at 214 nm. Purified spin-labeled samples are collected, aliquoted, flash-frozen in liquid

N2, and freeze-dried in vacuo (LT-105, Martin Christ, Germany). This described procedure

allows complete spin-labeling of D3cys or cysD3 with final purity of ∼98 %.

4.8.3 Affinity Measurements by Microscale Thermophoresis (MST), Microflu-

idic Diffusional Sizing (MDS), and Fluorescence Polarization (FP) in a

Membrane-Mimicking Micellar Environment.

For MST experiments the C-terminally fluorescentlabeled D3 derivative D3Lys(FAM) was used

to investigate binding of D3 to the control EphA2523-563 TM fragment (EphA2tm), APP672-726

TM fragment (APPmc), and its mutant variants by means of a Monolith NT.115 instrument

(blue/green channel, NanoTemper Technologies). Pretests were performed to check the adsorp-

tion of D3Lys(FAM) to capillary walls and to find the concentration of D3Lys(FAM) suitable

for MST measurements. D3 was extremely soluble, and it was found that D3Lys(FAM) does

not adsorb to the walls of nanoDSF standard treated capillaries (NanoTemper Technologies).

The concentration of D3Lys(FAM) suitable for MST measurements was selected constant to

200 nM. D3Lys(FAM) was mixed with the TM fragments (protein/lipid ratio of 1:200) in assay

buffer (20 mM Tris/HCl pH 7.4 and 1.5 mM DPC (Anatrace)) in standard tubes (NanoTemper

Technology) by 1:1 serial dilutions to obtain concentrations of the TM fragments from 50 µM

to 1.5 nM. The mixture was immediately loaded into capillaries and analyzed at 20 %, 40 %,

60 %, and 80 % MST power and a light-emitting diode (LED) intensity of 20 %. Analysis of

the interaction by thermophoresis was performed in the following time intervals: 5 s IR laser

off-time, 40 s on-time, and 5 s off-time. Experimental data were analyzed by MO.Affinity

Analysis v2.3 software (NanoTemper Technologies). Changes in the normalized fluorescence

(ΔFnorm) with concentrations of the TM fragments were used to obtain a sigmoidal curve, and

a 1:1 binding model shows the best fit. The dissociation constant (Kd) was determined by

MO.Affinity Analysis v2.3 software, which uses Morrison equation extrapolation.

MDS was performed on a Microfluidity One-W instrument (Fluidic Analytics) by titrating

various amounts of DPC-micellebound APPmc (0-250 µM) on 1 µM D3Lys(FAM) in 20 mM

Tris/HCl buffer pH 7.4. Experiments were run at 26 °C in two to six replicates using the FAM

fluorescence. The hydrodynamic radii of unbound D3Lys(FAM) (Rh free) and APPmc-bound
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D3Lys(FAM) (Rh complex) were determined to 0.96 ± 0.01 and 3.3 ± 1 nm, respectively, and

translated into apparent molecular masses of 1.4 kD (D3Lys(FAM), molecular mass of 2.1 kDa)

or 56 kDa (D3Lys(FAM) bound to APPmc-loaded DPC micelles), respectively. Rh values of

3.4 ± 2 nm are typical for DPC micelles determined by alternative methods and indicate that

binding of both APPmc and D3 retain the overall size of DPC micelles. Affinity data derived

from MDS were fitted by Morrison equation extrapolation by means of LibreOffice 7.1.6.2.0+

Calc software, the FP data was analyzed in the same way. FP measurements were performed on

a BMG Clariostar fluorescent plate reader (BMG Labtech) using a 384-well plate (No. 781892,

Sensoplate plus, glass flat bottom, black wall, Greiner) using bottom optics. Titrations were

performed with DPC-micelle-bound APPmc (0-200 µM) on 1 µM D3Lys(FAM) in 20 mM

Tris/HCl buffer pH 7.4. Experiments were run at 25 °C in fluorescence polarization mode using

fluorescence excitation at 482 nm (16 nm bandwidth) and fluorescence emission at 530 nm (40

nm bandwidth). Orbital shaking of 700 rpm for 5 s was applied before each measurement cycle,

and ten cycles were averaged.

4.8.4 Circular Dichroism (CD) spectroscopy.

CD spectra were measured on a J-1100 spectropolarimeter (Jasco) in a 1 mm quartz cuvette at 20

°C using the following parameters: minimal shortest wavelength 180 nm, maximal wavelength

280 nm, digital integration time 4 s, data pitch 0.1 nm, and scanning speed 50 nm min-1. Ten

scans were acquired and summed for every sample. Spectra were corrected by subtracting

the respective solvents’ control spectra. Analysis of the CD spectra was performed with the

DichoWeb on-line package (http://dichroweb.cryst.bbk.ac.uk). The CDSSTR algorithm and

Reference set 4 were used for deconvolution [309]. Note that D3 consists of D-amino acid

residues, leading to the CD spectrum mirrored at the x-axis compared to its L-enantiomeric

counterpart.

4.8.5 Nuclear Magnetic Resonance (NMR) Spectroscopy in a Membrane-

Mimicking Micellar Environment.

High-resolution heteronuclear NMR spectra of the APP672-726 fragment (APPmc) and its mutant

variants (0.2-0.4 mM samples) in 20 mM NaPi buffer solution, pH 6.9, 5 % D2O (v/v), were

acquired at 30 °C on 600 and 800 MHz AVANCE III spectrometers (Bruker BioSpin) equipped

with pulsed-field gradient triple-resonance cryoprobes. The 1H, 13C, and 15N chemical shifts of

APPmc and its mutant form at pH 6.9 were assigned using CARA software [310] by means of

two- and threedimensional heteronuclear experiments [311]: 1H/15N HSQC (heteronuclear single

quantum coherence spectroscopy), 1H/13C HSQC, 1H/13C HSQC-CT (constant time version with
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an evolution period of 28.6 ms), 1H/15N TROSY (transverse relaxation optimized spectroscopy),
1H/13C/15N HNCA, 1H/13C/15N HN(CO)CA, 1H/13C/15N HNCO, 1H/13C HCCH-TOCSY (with

a mixing time of 17 ms), and 13C- and 15N-edited NOESY-HSQC (with a mixing time of 80

ms). Spectra were recorded with a nonuniform sampling of indirect dimensions and processed

using qMDD software [312]. The backbone resonances of the peptides were assigned using the

BEST-TROSY version [313] of the triple-resonance experiments based on the chemical shifts

of the APP686-726 fragment and its L723P mutant form previously obtained [267, 286]. To

characterize the interaction of the spin-labeled D3 derivatives (MTSL)cysD3 or D3cys(MTSL)

with the APP TM fragments, the relative decrease of the 1H/15N cross-peak intensity due to

signal broadening caused by the proximity of the MTSL group along the amino acid residue

sequence of the peptide was analyzed in the 1H/15N TROSY spectra (the uncertainties were

estimated from the noise level). To obtain the baseline NMR spectra for comparison, in the

control experiments, the nitroxyl radical spin-label was quenched by addition of 2 mM ascorbic

acid.

4.8.6 Molecular Dynamics (MD) Simulations in an Explicit Lipid Bilayer.

To elucidate the details of the NMR-observed interactions of D3 with the APP TM fragments, MD

simulations were performed in an explicit lipid bilayer using the GROMACS 5.1.4 package [314]

and Amber99SB-ILDN force-field [315] with the TIP3P water model [316] and lipid parameters

as described elsewhere [317]. In addition to the APP672-726 fragment and its variant with familial

mutation L723P (APPmc and L723P-APPmc, four MD traces per each), the truncated forms

APP686-726 (APPjmtm and L723P-APPjmtm, one MD trace per each) without the metal-binding

domain were investigated. The initial monomeric conformations of APP TM fragments were

derived from the NMR structures of the metal-binding domain (PDB ID: 1ZE7) [318] and the

APP686-726 fragment (PDB ID: 2LLM) [286] embedded into DPC micelles. Nonprotonated

states (corresponding to pH 7) of ionogenic side chains of the histidine, aspartate, and glutamate

residues were used.

Starting configurations of the simulated systems were obtained by inserting the APP TM frag-

ments into a pre-equilibrated lipid bilayer consisting of 200 1-palmitoyl-2-oleoyl-sn-glycero-3-

phosphocholine (POPC) molecules. The systems were solvated and counterions were added to

make them electrically neutral. The initial configuration of the protein-membrane system for

each MD simulation was selected based on the analysis of PRE-NMR signal broadening caused

by the proximity of the nitroxyl radical spin-labeled group to the backbone amide and methyl

groups according to the previously described procedure [293].
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The starting conformation of D3 as a nascent helix was obtained after 1 µs MD simulations

performed for free peptides having initially random coil conformations in explicit solvents.

Since the simulation revealed substantial conformational variability of D3, its conformational

preferences were calculated by superimposing backbone atoms using the RMSD conformational

clustering algorithm, a cluster module from the GROMACS package. An RMSD cutoff of 0.5

nm was applied, and the largest clusters (with population ≥ 5 %) were extracted. Two antithetic

conformational states of D3, the partially helical (nascent helix, cluster 1) and random coil

(hairpinlike, cluster 2) conformations, derived on 600 ns and 200 ns of the MD trace, respectively,

and corresponding to the most highly represented in the obtained conformational ensemble were

used as starting configurations of the peptide in complex with the membrane-bound APP TM

fragments. Positions of D3 were initially constrained using a linear/harmonic approach with a

force constant of 1000 kJ x mol-1 x nm -2 within the distance interval 0-0.8 nm between the N-

or C- terminus of D3 (NH or CO atom, respectively) and the protein residues: side-chain methyl

group (CβH3 atom) of Ala701; side-chain amide group (NδH2 atom) of N698; and backbone

amide groups (NH atom) of L688, V689, and F691.

For all of the systems, the constraints were removed after 20 ns constrained MD relaxation, and

MD calculations were continued for additional 200 ns. The integration time step was equal to 2

fs. The spherical cutoff function (1.2 nm) was used for truncation of van der Waals interactions,

while the electrostatic interactions were treated using the particle-mesh Ewald summation (real

space cutoff of 1.2 and a 0.12 nm grid with fourth-order spline interpolation). MD simulations

were carried out with the imposed 3D periodic boundary conditions in the isothermal-isobaric

(NPT) ensemble with a semiisotropic pressure of 1.013 bar scaled independently along the

bilayer normal and in the bilayer plane at a constant temperature of 310 K. The temperature

and pressure were controlled using a Nose-Hoover thermostat and a Parrinello-Rahman barostat

with 0.5 and 10 ps relaxation parameters, respectively, and a compressibility of 4.5×10-5 bar-1

for the barostat. The temperatures of the protein, lipids, and water molecules were coupled

separately. Conformational dynamics of the protein and its van der Walls contacts with lipid and

water molecules were analyzed using the GROMACS package utilities. To map protein-water

interactions, the numbers of direct van der Waals contacts between atoms within a 0.4 nm

distance cutoff were estimated. MD simulation data were analyzed and visualized with PYMOL

(Schroedinger, LLC).
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4.8.7 Determination of Potential α-, β-, and γ-Secretase Inhibitory/Modulatory

Activity.

To characterize the inhibitory/modulatory activity of D3 on α-, β-, and γ-secretases and its effects

on the generation of Aβ42, western blot analysis and enzyme-linked immunosorbent assay

(ELISA) were performed. The α-secretase inhibitor (# SML0789-5MG) and y-secretase inhibitor

(# D5942) were purchased from Sigma-Aldrich, and β- secretase inhibitor (# 565794) was from

Merck-Millipore (Darmstadt, Germany). Human amyloidβ (1-42) (FL) assay kit (# 27719)

was purchased from IBL International, anti-APP (epitope LEVPTDGNAGLLAEPQIAMFC,

17-37 of full-length APP) antibody (# 28053) was from IBL International, anti-APP C-terminal

(751-770) rabbit antibody (# 171610-50UL) was from Merck-Millipore (Darmstadt, Germany),

and anti-β-actin (8H10D10) mouse monoclonal antibody (# 3700P) was from Cell Signaling

Technology International. Human glioblastoma U251-MG cells stably overexpressing the wild-

type human amyloid precursor protein (U251-APP751) were kindly provided by the laboratory

of Prof. Carsten Korth (Department of Neuropathology, Heinrich Heine University, Duesseldorf,

Germany). U251-MG cells were maintained in DMEM supplemented with pyruvate, 10 % FBS,

and Pen/Strep and treated in 75 cm2 flasks for 24 h with or without 1, 5, 10, 50, 100 µM D3

and/or 1 µM of the respective inhibitors or the DMSO vehicle in a humidified incubator with 5 %

CO2 at 37°C. Culture media were collected, and Aβ42 levels were analyzed by ELISA (human

amyloidβ (1-42) (FL) assay kit) according to the manufacturer’s protocol. Each sample was

measured in triplicate. Crude cell lysates were prepared using NP40 lysis buffer (50 mM Tris

HCl, 150 mM NaCl, 1 % Nonidet P-40, protease inhibitor, pH 7.8). Total protein was separated

on a 16.5 % Tris-Tricine gel, and levels of full-length APP (holo-APP) and APP CTFs (including

CTF α and β) were analyzed by western blotting using polyclonal anti-APP antibody (IBL) raised

against amino acids 18-38 of full-length APP and anti-APP antibody (Millipore) raised against

the C-terminal amino acids 751-770 of APP. Anti-β-actin antibody (Cell Signaling Technology)

was used as the loading control.

4.9. Supporting information
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Table 4.1: Secondary structure of D3. Secondary structure composition of D3 in various environment
conditions and presence of APPmc fragment embedded into micelle according to the deconvolution of
CD spectra (direct measurement of differential signals using the reference substances indicated in the left
column).

D3 sample helix strand others

H2O 0.02 0.35 0.61
TFE:H2O 1:1 0.12 0.26 0.60
HFIP:H2O 1:3 0.10 0.28 0.61
DPC 0.2 % 0.05 0.34 0.59
DCP+SDS ∼0.15 (pure fit) ∼0.30 (pure fit) ∼0.48 (pure fit)
DPC+EphA2tm (D3:EphA2tm 1:1) 0.08 0.32 0.60
DPC+APPmc (D3:APPmc 1:1) 0.14 0.41 0.45

Table 4.2: Cluster analysis of D3. Cluster analysis of D3 conformations obtained by MD simulation
in the explicit water. The largest clusters (>5 % populated, totally 1001 structures) were presented
(fig. S2B). 1-µs MD simulation was performed starting from random coil conformation of D3 and
revealed its substantial conformational variability in explicit water. Using GROMACS utility the occurring
conformations were binned into 29 distinct clusters, in most of which the peptide was in random coil state
(fig. S2D). However, one folded helical turn was present in some of the substantially populated clusters,
and the cluster with two helical turns (fig. S2C) folded was the most highly populated one in the ensemble
(about 39 % of total 1001 structures derived from the MD trace).

# cluster # structures # rmsd, nm

1 390 0.495
2 145 0.500
3 119 0.520
4 67 0.426
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Table 4.3: D3 binding to membrane-bound APP TM fragments. MD simulations of D3 binding to the
membrane-bound APP TM fragments (APP672-726, APPmc, and truncated APP686-726, APPjmtm) and
their L723P-mutant forms. Helicity of the amyloidogenic APP JM region 686-696 (Aû15-25) and number
of diverse intermolecular contacts in the complex are derived from the sets of MD runs starting with
intermolecular constraints imposed between N- or C-terminus of D3 on APP JM region during first 20 ns
followed by subsequent 200-ns unconstrained MD relaxation. The 20-ns constrained MD simulations
started with the D3 in the random-coil (hairpin-like) or partially helical (nascent helix) conformation.

membrane-bound intermolecular intermolecular intermolecular % helicity % helicity

complex H-bonds, salt-bridges, stacking, of APP686-696, of D3,

MD runs MD runs MD runs MD runs MD runs

# 1/2/3/4 # 1/2/3/4 # 1/2/3/4 # 1/2/3/4 # 1/2/3/4

D3 23
APPmc 63/83/72/81

(±75)
helical C-constrained 4.5 2 0 31 27
D3/APPjmtm
helical C-constrained 4.31/5.1/3.8/7.1 1.2/1.9/2.3/4.2 0.8/1.8/1.0/0.1 61/57/83/86 61/71/51/39
D3/APPmc (4.8±1.5) (2.4±1.1) (0.9±0.6) (72±13) (55±12)
helical N-constrained 8.5 2.9 2.2 78 63
D3/APPmc
random-coil C-constrained 2.2 1.5 0.6 20 0
D3/APPjmtm
random-coil C-constrained 5.5/6.0/6.8/7.4 2.0/3.0/3.0/1.3 1.0/0.2/0.6/2.2 84/88/86/78 1/0/0/0
D3/APPmc (6.4±0.7) (2.3±0.7) (1.0±0.7) (84±4) (0±0)
random-coil N-constrained 3.7 1.5 0.5 82 2
D3/APPmc
L723P-APPmc 49/82/20/0 0

(38±30) 0
helical C-constrained 2.8 2 0.5 48 45
D3/L723P-APPjmtm
helical C-constrained 4.1/6.0/6.1/9.3 1.7/3.6/3.4/3.6 1.4/1.3/0.8/1.7 4/1/28/4 52/48/48/9
D3/L723-APPmc (6.4±1.9) (3.1±0.8) (1.3±0.3) (9±11) (40±18)
random-coil C-constrained 2.3 0.3 0.4 6 3
D3/L723P-APPjmtm
random-coil C-constrained 6.8/5.2/10/8.4 3.6/3.5/5.2/5.1 1.1/1.8/1.9/2.5 60/67/67/50 20/0/0/0
D3/L723P-APPmc (7.6±1.8) (4.4±0.8) (1.8±0.5) (61±7) (5±8)
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Figure 4.8: Heteronuclear 1H/15N-HSQC NMR spectra of wild-type and mutant APP TM frag-

ments. APPmc (A), L723P-APPmc (B), and E693G/D694N-APPmc (C), embedded into DPC micelles
at protein/lipid ratio of 1/200. Cross peak assignments of backbone and side chain amide groups are
marked according to the APP sequence. (D) Overlaid 1H/15N-HSQC NMR spectra of free APPmc (black
spectrum) and in the presence of unlabeled D3 (cyan spectrum) with D3/APP-fragment ratio of 2:1.
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Figure 4.9: Representative regions of NMR spectra, 1H/15N-HSQC and 1H/13C-HSQC-CT, with

amide and methyl group cross-peaks of Gly, Ala, and Ile residues of APP TM fragments. APPmc
(A), E693G/D694N-APPmc (B), L723P-APPmc (C), and E693G/D694N/L723P-APPmc (D), embedded
into DPC micelles in the presence of D3cys(MTSL) (red spectra) with D3/APP-fragment ratio of 2:1 and
after quenching nitroxyl spin-label (blue spectra).
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Figure 4.10: Affinity measurements of D3 towards DPC-micelle bound APPmc by alternative

methods. (A) The selective decreasing cross-peak intensities of Ala methyl groups in 1H/13C-HSQC-CT
spectra upon titration of DPC-micelle bound APPmc by D3cys(MTSL) are shown. (B-D) Determination
of dissociation constant Kd of D3 with DPC-micelle bound APPmc performed (in addition to Micro-
Scale Thermophoresis (see Fig. 2)) by means of NMR (B), Microfluidic Diffusional Sizing (C), and
Fluorescence Polarization (D) methods are presented.
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Figure 4.12: Conformational behavior of free D3 in different environments and upon its binding

to the APP TM fragment monitored by CD spectroscopy. Differential CD spectra of the all-D-
enantiomeric peptide D3 in several environment solution conditions (used as the reference substances)
specified in the right corner vertically down: 50 mM potassium phosphate buffer pH 7.4 (blue); 50 %
trifluoroethanol (TFE) water mixture (light blue); 25 % hexafluoroisopropanol (HFIP) water mixture
(green); DPC micelles (red) or mixed 90 % DPC/ 10 % SDS micelles (orange) with concentration of 0.2 %
w/v in the potassium phosphate buffer; 0.5 mg/ml EphA2tm embedded into 0.8 % w/v DPC micelles
(dotted black) (protein/lipid ratio was 1/200) in the potassium phosphate buffer (in all experiments D3
concentration was 0.2 mg/ml, corresponding to D3/EphA2tm ratio of 1:1); 0.7 mg/ml APPmc embedded
into 0.8 % w/v DPC micelles (black) (protein/lipid ratio was 1/200) in the potassium phosphate buffer (in
all experiments D3 concentration was 0.2 mg/ml, corresponding to D3/APP-fragment ratio of 1:1).
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CONCLUSION & OUTLOOK

The conversion of huPrP from a native, partially folded conformation, to an amyloid state

characterized by substantial amount of β-sheet structure is the key event in the pathology of prion

diseases. The well-known 129M/V polymorphism links genetic predisposition to differences in

prion pathology and susceptibility to certain diseases. The differences in structure, stability, and

aggregation behavior of these two variants on a molecular basis may be related to the differences

in pathology.

To conduct studies on the aggregation behavior of full-length huPrP expressed in E. coli, acidic

pH was necessary to increase solubility and additional destabilization by denaturant was utilized

to promote structural conversion. A relatively low concentration of 0.5 M GdnHCl was required

to destabilize the globular domain of full-length huPrP and enable amyloid formation. The

structure of both the 129M and 129V variants primarily consists of α-helical and random coil

structure before the destabilization with denaturant. However, the shift in peak minimum

observed with CD for the 129M variant indicated a higher proportion of random coil structure.

This in turn might explain the stronger effect of thermal denaturation on the 129V variant,

involving more ordered structure. This conclusion was supported by MD simulations, which

revealed higher structural stability for the 129M variant. The two variants clearly had distinct

aggregation behavior, with the 129M variant showing multiphasic kinetics. The complexity of the

aggregation kinetics correlated well with the amount of oligomers. The 129M variant contains

about 30 % oligomers, which could be the molecular basis for the different plateaus observed in

the complex aggregation kinetics (Figure 5.1). The 129V variant is predominantly monomeric

and exhibits aggregation kinetics that resemble an elongation-like mechanism starting from a

destabilized monomer state. In addition, it was demonstrated that oligomers formed initially

after addition of denaturant, appear to undergo structural rearrangement to further increase ThT

binding capacity, rather than dissolve first as off-pathway aggregates.
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Considering that huPrP is actually a GPI-anchored glycoprotein, such PTMs might impact the

results of studies on structure or conversion, especially if we consider the above-mentioned

enormous impact of the substitution of a single amino acid or the presence of the unstruc-

tured N-terminal region. Understanding the disease-causing structural conversion of huPrP

close to native properties should be the aspiration of most studies. Of note, most studies on

the recombinant huPrP expressed in E. coli were performed at acidic pH to ensure solubility

considering the theoretical isoelectric point of 9.4 and the missing membrane anchoring. The

most striking shortcoming of recombinant protein expression in E. coli is the inefficiency in

assisting the folding of eukaryotic proteins, such that only about 15 % of eukaryotic proteins

are in their active form [326]. This may be due to the lack of PTMs, which are often essential

for the functionality of eukaryotic proteins. Therefore, the second part of this work presents an

eukaryotic expression system, that allows for stable expression of native-like full-length huPrP

(129M variant), including GPI-anchoring and mammalian-like glycosylation. A straight-forward

purification protocol was established, which yielded 1 mg native-like huPrP per liter culture,

solubilized in DDM micelles. In summary, this protocol enabled the production of native-like

huPrP on a large scale with high homogeneity and high similarity to the native protein expressed

in the human brain. This protocol combines the advantages of ex vivo huPrP material with regard

to similarity to human PTMs and thus structural similarities to humans, and the advantages of

recombinant protein expression in E. coli such as high protein yield and inexpensive cultivation.

To highlight the advantages of this full-length native-like huPrP expressed in L. tarentolae, it was

compared to full-length huPrP expressed in E. coli. Clear differences were observed in structure

and stability. CD spectroscopy measurements of the purified native-like huPrP at physiological

pH showed an α-helical dominated conformation, typical of huPrPC. HuPrP from E.coli at pH 7.4

presented a shift towards β-sheet structure. Furthermore, oligomerization was compared between

both proteins using SV measurements. At physiological pH, native-like huPrP is predominantly

monomeric (86 %), whereas the remaining 14 % have an s-value corresponding to a dimer. Under

identical conditions, huPrP from E.coli is not completely soluble and tends to form aggregates.

Only 21 % of the remaining soluble protein was found to be in a monomeric state.

To circumvent these problems of low solubility at physiological pH and lack of similarity to

humans, future studies could be based on native-like huPrP expressed in the eukaryotic expression

system L. tarentolae. The ability of L. tarentolae to produce significant amounts of isotopically

labeled recombinant proteins has already been shown [248, 249]. Cultivation in a synthetic

medium for selective 13C/15N-labeled valine can be used for NMR studies, for example. L.

tarentolae showed auxotrophy for several amino acids (V, R, H, M, W, F, S, Y, T, L, and K),

making it a suitable system for high-resolution structural analysis of the soluble and partially
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folded huPrPC by solution NMR, as well as the highly ordered amyloid fibrils based on huPrPSc

by solid-state NMR [327, 180]. The latter can also be investigated by cryo-EM. In order to study

the amyloid state of native-like huPrP, aggregation kinetics need to be established. In general, this

system can also be used to characterize the aggregation behavior of the 129M/V huPrP variants

at physiological pH. To get even closer to physiological conditions, the aggregation kinetics can

be further investigated using a combination of both variants, representative for heterozygous

individuals. This would represent the majority of the population and help to understand why

heterozygous carriers are less susceptible to most prion diseases. The importance of the N-

terminus can also be further investigated in vitro, using shorter constructs of huPrP that are

also physiologically relevant, such as the cleavage products of α-, β-, γ- secretases as well as

shedding.

These structural findings can then be used in a next step to develop potential therapeutics that

could either stabilize the native structure of huPrPC and prevent amyloid formation or eliminate

potentially toxic species.
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