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Abstract 

 
Misfolding of the cellular prion protein (PrPC) is associated with 

the development of fatal neurodegenerative diseases known as 

Transmissible Spongiform Encephalopathies (TSEs), such as 

Creutzfeldt-Jakob disease in humans and the corresponding “mad 

cow” disease in cattle. The misfolding of PrPC is not unique process: 

under specific conditions all proteins can undergo structural 

transitions from a native soluble state into insoluble and fibrillar 

amyloid state. Such misfolding followed by aggregation of the 

proteins is connected with several different neurodegenerative 

diseases. 

The 208-residue long human PrPC protein consists of two 

structurally distinct domains: an intrinsically disordered N-terminal 

domain (NTD), and a structured, mainly α-helical, C-terminal domain 

(CTD). The NTD contains the so-called octarepeat (OR) region, 

which is known to bind Cu(II) and Zn(II) ions by histidine residues. 

Many cofactors, including metal ions, seem to play an important role 

in PrPC misfolding. Here, I have used multiple complementary 

biophysical methods to investigate the structural effects of Cu(II) and 

Zn(II) binding to the human full-length PrPC protein, and to the 

isolated OR peptide. 

Circular dichroism (CD) spectroscopy suggest that OR peptide 

binds up to four Cu(II) ions, and up to two Zn(II) ions. At sub-

stoichiometric concentrations, both metal ions induce polyproline 

type II helix to β-turn transitions in the OR peptide secondary 

structure, whereas stoichiometric concentrations of the metal ions 

seem to induce formation of an antiparallel β-sheet secondary 

structure. Molecular dynamics (MD) simulations of the isolated OR 

peptide together with bound metal ions indicate formation of hairpin 

structures with antiparallel β-sheet properties. Direct addition of 

Zn(II) ions to the OR peptide results in binding of the amyloid-

specific dyes such as Thioflavin T and Congo Red, indicating amyloid 

formation. After incubation of the OR peptide with Zn(II) ions, 

imaging with atomic force microscopy (AFM) and transmission 

electron microscopy (TEM) revealed the presence of fibrillar 



structures. X-ray diffraction (XRD) analysis identified the amyloid-

specific cross-β structure. Hence, binding of Cu(II) and Zn(II) ions to 

the OR peptide may induce formation of fibrillar amyloid structures. 

For the full-length human PrPC protein, binding of Zn(II) to the OR 

region results in an intra-domain interaction between the NTD and 

CTD. CD spectroscopy suggest loss of α-helical secondary structure 

upon Zn(II) binding, possibly at helices 2 and 3 from the CTD, 

together with formation of β-turn secondary structures, probably 

around the Zn(II) ion. Fluorescence and CD spectroscopy titrations 

suggest a low micromolar apparent dissociation constant for the 

PrPC·Zn(II) complex, which makes such interactions possible under 

physiological conditions. MD simulations of the PrPC·Zn(II) complex 

indicate stabilization of α-helix 3, while small angle X-ray scattering 

(SAXS) data suggest an overall more compact conformation of the 

Zn(II)-bound PrPC protein. As Zn(II) binding to PrPC favorites intra-

domain interactions and stabilization of α-helix 3, Zn(II) might have 

an inhibitory effect on PrPC aggregation or fibrillation. 

Furthermore, I have investigated a possible inhibitory effect of a 

bioengineered NCAM1-Amyloidβ (NCAM1-Aβ) peptide on PrPC 

aggregation and fibrillation. PrPC and NCAM1-Aβ peptide alone 

formed fibrillar structures. However when incubated together up to 

three days only small aggregate clumps were observed. The results 

suggest a direct interaction between the PrPC and NCAM1-Aβ 

molecules, resulting in inhibition of PrPC aggregation, probably 

involving hydrophobic forces. 

  



Streszczenie 

 
Proces nieprawidłowego fałdowania komórkowej formy białka 

prionowego (PrPC), jest związany z rozwojem śmiertelnych chorób 

neurodegeneracyjnych znanych jako pasażowalne encefalopatie 

gąbczaste, do których należy choroba Creutzfeldta-Jakoba 

występująca u ludzi lub choroba „szalonych krów” występująca u 

bydła. Proces ten nie jest zjawiskiem wyjątkowym: w odpowiednich 

warunkach wszystkie białka mogą ulec zmianie strukturalnej z dobrze 

rozpuszczalnego stanu natywnego do nierozpuszczalnego i 

włóknistego stanu amyloidowego. Takie błędne fałdowanie białek 

połączone z ich agregacją związane jest również z kilkoma innymi 

chorobami neurodegeneracyjnymi. 

Ludzkie białko PrPC jest zbudowane z 208 aminokwasów i składa 

się z dwóch strukturalnie różnych domen: nieustrukturyzowanej 

domeny N-terminalnej (DNT) oraz ustrukturyzowanej, głównie α-

helikalnej, domeny C-terminalnej (DCT). DNT posiada 

ośmioaminokwasową powtarzającą się sekwencję (ang. octarepeat, 

OR), która poprzez reszty histydynowe wiąże jony metali Cu(II) i 

Zn(II). Wiele kofaktorów, włączając w to jony metali, wpływa na 

błędne fałdowanie białka PrPC. W niniejszej pracy zastosowałem 

różnorodne, komplementarne metody biofizyczne do zbadania 

strukturalnych skutków wiązania jonów Cu(II) i Zn(II) przez ludzkie 

białko PrPC oraz przez peptyd zawierający sekwencję OR. 

Wyniki spektroskopii dichroizmu kołowego (ang. circular 

dichroism, CD) sugerują, że peptyd OR wiąże cztery jony Cu(II) oraz 

dwa jony Zn(II). Bliskie stechiometrycznym stężenia jonów obu 

metali wywołują zmianę helisy poliprolinowej typu II w zwrot β, 

natomiast stechiometryczne stężenia obu jonów metali wywołują 

powstanie antyrównoległych arkuszy β. Symulacje dynamiki 

molekularnej peptydu OR związanego z jonami metalu wskazują 

formowanie struktur spinek do włosów posiadających 

antyrównoległe arkusze β. Bezpośrednie dodanie jonów Zn(II) do 

peptydu OR skutkuje wiązaniem barwników, charakterystycznych 

dla włókien amyloidowych takich jak tioflawina T oraz czerwień 

Kongo. Po inkubacji peptydu OR z jonami Zn(II) obrazowanie z 



zastosowaniem mikroskopii sił atomowych oraz transmisyjnej 

mikroskopii elektronowej ujawniło obecność włóknistych struktur. 

Charakterystyczny obraz dyfrakcji promieniowania rentgenowskiego 

wykazał obecność poprzecznych arkuszy β, typowych dla włókien 

amyloidowych. W związku z powyższym wiązanie jonów Cu(II) i 

Zn(II) przez peptyd OR może prowadzić do powstania struktur 

amyloidowych. 

W przypadku ludzkiego białka PrPC wiązanie jonów Zn(II) przez 

region OR skutkuje oddziaływaniem pomiędzy DNT i DCT. 

Spektroskopia CD wskazuje na utratę struktury α-helikalnej na skutek 

wiązania jonów Zn(II), prawdopodobnie w obrębie helisy drugiej i 

trzeciej, zlokalizowanych w DCT, oraz powstanie zwrotów β, 

prawdopodobnie dokoła związanego jonu Zn(II). Wyniki 

miareczkowania z zastosowaniem spektroskopii fluorescencji oraz 

CD sugerują, że pozorna stała dysocjacji dla kompleksu PrPC·Zn(II) 

mieści się w granicy niskich stężeń mikromolowych, przez co można 

wnioskować, że takie oddziaływanie jest możliwe w warunkach 

fizjologicznych. Symulacje dynamiki molekularnej dla kompleksu 

PrPC·Zn(II) wskazują stabilizację trzeciej α-helisy, podczas gdy 

wyniki małokątowego rozpraszania promieniowania 

rentgenowskiego sugerują bardziej kompaktowe zwinięcie białka 

PrPC związanego z cynkiem. Jako że wiązanie cynku do białka PrPC 

faworyzuje oddziaływanie międzydomenowe i stabilizuje trzecią α-

helisę, cynk może hamować proces agregacji lub tworzenia włókien 

amyloidowych przez białko PrPC. 

Ponadto zbadano wpływ zaprojektowanego peptydu NCAM1-Aβ 

na agregację i tworzenie włókien amyloidowych przez ludzkie białko 

PrPC. Białko PrPC i peptyd NCAM1-Aβ same tworzą struktury 

amyloidowe, jednak ich wspólna inkubacja przez trzy dni skutkowała 

powstaniem wyłącznie niewielkich agregatów. Uzyskane wyniki 

sugerują bezpośrednie oddziaływanie peptydu NCAM1-Aβ z ludzkim 

białkiem prionowym, prawdopodobnie poprzez oddziaływania 

hydrofobowe, oraz inhibicję agregacji białka PrPC.  
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1. Introduction 
 

Scrapie is a Transmissible Spongiform Encephalopathy (TSE) – a 

fatal neurodegenerative disease of sheep and goats1. Up to the early 

80’s of the last century it was believed that scrapie is caused by a 

strain of slow viruses2.  In 1982 Stanley Prusiner gathered all the 

available pieces of information and published a review in the Science 

Magazine, where he proposed that the infectious agent responsible for 

the development of scrapie might be a prion protein. The term prion 

was defined as “small proteinaceous infectious particles which are 

resistant to inactivation by most procedures that modify nucleic 

acids”3. The resistance to inactivation included UV radiation, ionizing 

radiation and treatment with formalin or heat. The term prion is still 

used today and it refers to a “proteinaceous infectious particle that 

lack nucleic acid”2. 

What is special about prions? According to the central dogma of 

molecular biology stated by Francis Crick, information cannot flow 

from one protein to another. At that time in the 1950’s, there was a 

lack of evidence and lack of a mechanism for such signal 

transduction4. Nevertheless, a flow of information from protein to 

protein is present in TSEs. The normal, cellular form of the prion 

protein (PrPC) is expressed in the central nervous system (CNS)5. In 

TSEs, this mainly α-helical and well soluble transmembrane protein 

undergoes a structural transition into an aggregated isoform, denoted 

as PrPSc. PrPSc isoform acts as a template and induces refolding of 

PrPC into PrPSc form. This process results in accumulation of the 

insoluble, aggregated PrPSc isoform in the CNS causing spongiform 

degeneration2. 

Misfolding of the PrPC protein is not limited to scrapie in sheep or 

goats. This fatal process is associated with at least seven diseases 

occurring in different animals species, and at least eight different 

diseases in humans, including Cruetzfeldt-Jacob disease (CJD) and 

Gerstmann-Sträussler-Scheinker syndrome (GSS)6,7. PrPC misfolding 

is an ambiguous process, as different prion strains can originate from 

the same protein and result in different clinical symptoms, attributed 

to distinct diseases8,9. PrPSc can be transmitted between species10, 
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particularly to humans, which was prominent in the 1990’s during the 

bovine spongiform encephalopathy (BSE) epidemy in the UK11. Prion 

diseases are rare, and affect approximately one person per million12. 

However, prion-like mechanisms of protein misfolding and 

aggregation have also been attributed to other neurodegenerative 

disorders13. This includes self-aggregation of the α-synuclein protein 

in Parkinson’s disease14, the amyloid-β (Aβ) and tau proteins in 

Alzheimer’s disease15, and the islet amyloid polypeptide in type 2 

diabetes16. 

The prion protein binds different divalent transition metal ions, 

including Cu(II) and Zn(II). Such behavior suggests, that the 

physiological function of PrPC is likely connected with metal ion 

binding17–19. This suggests a role for PrPC in metal ion homeostasis, 

and metal ion imbalance has been suggested to be part of the 

pathology of prion diseases19–21. However, exactly how metal binding 

to PrPC might be connected with TSEs is still unknown. 

So far, no drug or treatment procedures have been approved to cure 

or reduce the symptoms of TSEs. Studies on bio-engineered cell-

penetrating peptide constructs have shown that such constructs can 

reduce the amount of PrP aggregates in neuronal cell cultures, 

inoculated with different prion strains22,23. The molecular 

mechanisms underlying this effect are, however unknown. 

Biophysics is a discipline in the field of physical science and 

applies techniques commonly used in physics to investigate properties 

of biological systems. In particular, biophysical techniques have been 

useful for the characterization of intrinsically disordered proteins 

(IDPs) and proteins with intrinsically disordered regions (IDRs), 

including PrP24. In this work, I have used several complementary 

biophysical methods to characterize the binding of Zn(II) and Cu(II) 

ions to PrPC, and to investigate how such binding affects the protein’s 

folding and aggregation properties. I have also investigated if the bio-

engineered NCAM11-19-Aβ16-20 peptide construct can inhibit PrPSc 

formation in vitro. Answering these questions may give valuable 

clues for understanding the prion diseases. 
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1.1. Structure of the human prion protein 

 

The primary structure of human PrPC, i.e. its sequence, is encoded 

by the PRNP gene25,26 located in the short arm of chromosome 2027. 

The PrPC sequence is encoded as a single exon, which eliminates the 

possibility of PrPSc formation by alternative RNA splicing25. The 

initial PrPC precursor is a 253-residue long protein that undergoes 

posttranslational modifications to yield the 208 amino acids long 

mature PrPC form (Fig. 1, A). The posttranslational modifications in 

details include: (i) formation of a disulfide bond between Cys179 – 

Cys21428, (ii) cleavage of the 22-residue long N-terminal signal 

sequence responsible for directing PrPC to the endoplasmic reticulum 

(ER)25,29, (iii) removal of 23 C-terminal residues in the ER with (iv)  

 

Figure 1. (A) Schematic representation of the mature human PrPC protein. The OR 

region is shown in orange, β-strands are green, α-helices are blue, the hexagons 

represent glycosylation sites, S-S is a disulfide bridge, and GPI represents the 

glycosylphosphatidylinositol anchor. (B) Tertiary structure of human PrPC with the 

OR region shown in orange, β-strands in green, α-helices in blue. The figure was 

made in the PyMOL software (Version 2.3.0, Schrödinger, LLC., New York, USA). 
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attachment of a glycosylphosphatidylinositol (GPI) anchor29,30, and 

finally (v) glycosylation of the two asparagine residues Asn181 and 

Asn197, where PrPC can be glycosylated at both positions, one 

position, or none31,32. Another post-translational modification is 

endoproteolytic cleavage. PrPC can undergo α-cleavage around 

His111, and β-cleavage around Tpr8933,34.  

The PrPC molecule consists of two structurally distinct domains: 

the flexible and unstructured N-terminal domain (residues 23-120) 

and the structured C-terminal domain (residues 121-230). The N-

terminal domain contains four tandem octapeptide repeats (ORs), 

which are important for metal binding to PrPC. Circular dichroism 

studies suggest that the secondary structure of the N-terminal domain, 

including the OR regions, is a mixture of random coil and polyproline 

II helix35–38 – a left-handed, extended helical conformation39. On the 

other hand,  nuclear magnetic resonance (NMR) studies suggest that 

the secondary structure of the OR region is a mixture of β-turns and 

structured loops40,41. 

In contrast to the flexible N-terminal domain, the secondary 

structure of the C-terminal domain is more uniform, and the NMR 

spectroscopy28 and X-ray crystallography42 studies show similar 

features. The C-terminal domain consists of two short antiparallel β-

strands and three α-helices (Fig. 1, B). The first β-strand comprises 

residues 128–131, and the second β-strand comprises residues 161–

164. Residues 144–154 form the first α-helix, residues 173–194 form 

the second α-helix, and residues 200–228 form the third α-helix. 

NMR solution studies suggest that the C-terminal fragments of α-

helices 2 and 3 are in equilibrium with random coil structures. 

Interestingly, these helical PrPC fragments seem to form tertiary 

contacts with the flexible N-terminal domain, and such interaction can 

have an overall stabilizing effect on the protein’s structure28,43. 

 

1.2. Function of the human prion protein 

 

PrPC is widely expressed in the human body, with the highest 

expression levels in the central nervous system, including the 

amygdala, prefrontal cortex, and hypothalamus44. In neurons, PrPC is 
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localized in the synaptic cleft5. The presence of PrPC in synapses 

suggests that it is involved in synaptic transmission, or in maintenance 

of synaptic structure, as progressive synaptic degeneration is an early 

symptom of prion diseases45. 

In the first attempts to investigate the PrPC function, specific lines 

of transgenic mice without the PRNP gene (knockouts) were 

generated. Results on such PRNP knockouts showed that  PrPC 

expression is required for development of TSE diseases, as the 

knockouts were resistant to scrapie46. Surprisingly, the first 

generation of PRNP knockout mice showed development similar to 

the control mice47,48, although individuals with PRNP knockout 

seemed to have a disturbed circadian rhythm. Under constant 

darkness conditions, the daily activity of knockouts differed from the 

control mice. Knockouts also showed signs of sleep fragmentation49. 

Newer mouse lines lacking the PRNP gene showed death of Purkinje 

neurons, but this was probably a result of Doppel overexpression, a 

protein encoded by the PRNP gene paralogue44,50. 

Other proposed roles for PrPC include embryo development, myelin 

maintenance, and cellular differentiation44,50,51. Bioinformatic 

analysis suggests that PrPC is evolutionarily related to the Zrt-, Irt-like 

Protein (ZIP) family of zinc transporters, which makes PrPC a possible 

player in metal ion homeostasis52. With the ability to bind divalent 

metal ions53, the main PrPC functions connected with metal ion 

homeostasis may include protection from metal-induced oxidative 

stress, sequestering of metal ion concentrations, or signal 

transduction18,54. Interestingly, some studies suggest that TSEs are 

linked to metal ion dyshomeostasis20,21. 

 

1.2.1. Cu(II) binding 

 

Copper is the third most common transition metal ion in the human 

brain55. In the human body copper mainly exists in ionic form, either 

in the oxidized Cu(II) state or in the reduced Cu(I) state56. The 

concentration of copper ions in the synaptic cleft ranges from 1 µM 

to 10 µM57, and during synapse depolarization the local copper 
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concentrations can transiently reach up to 250 µM58. Free (non-

bound) Cu(II) ions can catalyze a Haber – Weiss reaction: 

 

 

∙ 𝑂2
− + 𝐻2𝑂2 → 𝑂2 + ∙ 𝑂𝐻 + 𝑂𝐻−   (1) 

 

As a result, highly reactive hydroxyl radicals are formed, which can 

lead to the oxidative damage of nearby biomolecules59.  

Human PrPC binds up to six Cu(II) ions in vivo via two regions: the 

OR region (involving His61, His69, His76 and His84) and the so-

called non-OR region (or amyloidogenic region, involving His96 and 

His111). The ability to bind Cu(II) ions has been attributed to PrPC 

function60–63. Located in the presynaptic membrane, PrPC during 

synapse depolarization is directly exposed to changes in Cu(II) 

concentration64. When exposed to Cu(II) concentration of 100 µM, 

PrPC undergoes endocytosis, i.e. transport from the plasma membrane 

into the cell65–67. Point mutations of histidine to glycine in the first 

and second octarepeat or deletion of the N-terminal domain inhibits 

endocytosis65–67. This observation suggests that even if Cu(II) can 

bind to the other parts of the protein, binding to the OR region might 

be necessary for the biological function of PrPC67. Cu(II) ions 

stimulate PrPC expression, which suggests direct involvement of PrPC 

in copper sequestration68. Cu(II) binding to PrPC is therefore an 

important process that prevents the formation of harmful oxygen 

radicals69. Experiments in cell cultures suggest that PrPC has a 

protective role as it prevents Cu(II)-induced toxicity and PrPC 

overexpression reduces oxidative damage70. Neuronal cells 

expressing the PRNP gene are also more resistant to Cu(II) toxicity 

and oxidative stress than PRNP knockouts71. Moreover, addition of 

the OR peptide to neuronal cells lacking the PRNP gene reduces 

Cu(II) toxicity71. 

When investigating metal binding, there are some advantages in 

studying protein fragments (oligopeptides) that contain the metal-

binding sites, rather than the full-length protein. The PrPC fragments 

are less toxic to work with, easier and cheaper to produce, and easier 

to study with some techniques. Circular dichroism spectroscopy and 
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electron paramagnetic resonance (EPR) studies indicate that peptide 

fragments are good models for PrPC metal ion binding. To some 

extent, Cu(II) coordination in full length PrPC is a sum of the Cu(II) 

coordination to the OR and amyloidogenic regions72,73.  

The OR region can bind up to four Cu(II) ions61,62,74,75, where the 

binding modes depend on the Cu(II) concentration76. For up to 1:1 

equivalents of Cu(II) ions, the OR region coordinates a single copper 

ion via the Nε2 atoms from the four histidine residues His61, His69, 

His77, and His8576 (Figs. 1 and 2, A). Density functional theory 

calculations have shown that Cu(II) coordination by Nε2 atoms is 

favored over Nδ1 atoms77. In this binding mode, the OR region seems 

to have the highest affinity for Cu(II) ions, with reported dissociation 

constant (Kd) values ranging from 0.1 nM to 3 nM78,79.  

At copper concentration between 1 and 2 equivalents, the OR 

region binds two Cu(II) ions. The structure of this binding mode 

seems to be elusive, as different research groups have proposed 

different models. However, in all models a single Cu(II) cation is 

coordinated by two histidine residues. In some models the Cu(II) ion 

is coordinated by two Nδ1 atoms from the histidine residues and two 

deprotonated amide nitrogen atoms from the preceding glycine 

residues80,81 (Fig. 2, B). Other models suggest that the Cu(II) ion is 

coordinated by one Nδ1 atom from one histidine residue, one Nε2 

atom from the second histidine residue, two deprotonated amide 

nitrogen atoms, and one carbonyl oxygen, where one histidine residue 

is in axial position75,76,78 (Fig. 2, B’). In principle both models could 

be correct, as the Cu(II) ions may switch between different binding 

configurations. In this binding mode the OR region seems to have a 

lower affinity for Cu(II) ions than in the binding mode with four 

histidine residues, as reported Kd values here are ~200 nM78.  

Above 2 equivalents of copper, up to four copper ions can be 

coordinated, each by one histidine Nδ1 atom, two deprotonated amide 

nitrogen atoms and one carbonyl oxygen from a preceding glycine 

residues76,78,82 (Fig. 2, C). Even though this binding mode seems to 

have the weakest affinity for Cu(II) ions with reported Kd values in 

the 1-10 µM range78,79, it stabilizes the Cu(II) oxidation state76. This 

stabilization prevents copper from cycling between Cu(II) and Cu(I) 
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oxidative states and therefore prevents generation of harmful reactive 

oxygen species76. 

 

Figure 2. Copper(II) binding modes to the OR region of PrPC. (A) Low Cu(II) 

occupancy binding mode76,78. Intermediate Cu(II) occupancy with (B) two 

equatorial His residues80,81 and (B’) one equatorial and one axial His residue75,78. X 

corresponds to two deprotonated amide groups, two water molecules or two 

deprotonated amide groups and one carbonyl group. (C) High Cu(II) 

occupancy76,78,81,82. The figure was made in ACD/ChemSketch (Version 2021.1.1, 

Advanced Chemistry Development, Inc., Toronto, Canada). 
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The secondary structure of the OR region is a mixture of random 

coil and PPII helix35–37. Binding of Cu(II) cations by the His residues 

should induce structural alterations within the sequence. Circular 

dichroism spectroscopy data suggest that the Cu(II)-bound OR region 

forms turns or unstructured loops wrapped around the metal ions75. 

Molecular dynamics (MD) simulations of a single Cu(II) ion bound 

to four Nε2 atoms from the OR domain showed a stable peptide 

conformation with multiple loops formed by the peptide backbone77. 

For higher metal ion:OR ratios, i.e. 4:1, the MD results suggest 

stacking of individual Cu(II)-bound octapeptide repeats and 

formation of extended structures83. 

 

Figure 3. Cu(II) binding modes in the PrPC amyloid region. (A) Cu(II) ions can be 

coordinated by Gly94 (R1), Thr95 (R2), His96 and Met109 (R1), Lys110 (R2), 

His11184,85. (B) A second plausible Cu(II) binding mode involves Thr95(R1), His96 

and Lys(110), His11185,86. The O ligand represents an oxygen atom from a water 

molecule or carbonyl group. The figure was made in ACD/ChemSketch. 

 

Copper binding sites are located also in the so-called non-OR 

domain, also known as the amyloidogenic region (residues 90-126). 

This region contains two histidine residues, i.e. His96 and His111. 

Each side chain of these histidine residues can independently bind a 

single Cu(II) ion61,84–87. In the formed complex, the Cu(II) ion is 

coordinated by the Nδ1 atom of the His residue together with three 

deprotonated amide nitrogen atoms (Fig. 3, A), or together with two 

deprotonated amide nitrogen atoms and one oxygen atom from a 

water molecule or a carbonyl group (Fig. 3, B). Out of the two 

histidine residues present in the amyloidogenic region, His111 

appears to be preferred over His9688. The amyloid domain binds 
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Cu(II) ions with similar affinities to the intermediate Cu(II) 

occupancy of the OR-domain, and the reported Kd values are in the 

100-250 nM range78. 

Cu(II) binding to the amyloidogenic region induces conformational 

changes. The isolated amyloidogenic region in solution adopts a 

random coil structure87. Cu(II) binding to His96 and His111 induces 

β-sheet formation61,77,87, where the structural transition from random 

coil to β-sheet is directly attributed to Cu(II) coordination around His 

residues61. 

A related question is if Cu(II) binding alters the fold of the full-

length PrPC protein? Evans et al.89 performed NMR experiments on 

full-length mouse PrPC complexed with Cu(II) ions. In order to 

exclude possible binding to the amyloidogenic domain, the His95 and 

His110 residues (which correspond to His96 and His111 in human 

sequence) were mutated to tyrosine. Therefore, the added Cu(II) ions 

could bind only to the OR region. After addition of one Cu(II) 

equivalent, a decrease in resonance intensity for amino acids located 

in the C-terminal domain was observed. The authors concluded that 

Cu(II) binding to the OR domain results in interactions between the 

Cu(II)-bound N-terminal domain and the C-terminal domain. These 

intramolecular interactions affected the C-terminal part of the β1-α1 

loop, the N-terminal part of α-helix 2, and the N-terminal part of α-

helix 3. These observations were confirmed by MD simulations and 

EPR distance measurements using spin labels incorporated to specific 

residues89. It was concluded that the interaction between the Cu(II)-

bound N-terminal domain and the C-terminal domain is driven by 

electrostatic attraction between the Cu(II) ion and the electronegative 

surface of the C-terminal domain89. The same researchers also 

performed mass spectrometry (MS) on cross-linked apo and Cu(II)-

bound PrPC, and observed the same cross-linked peptide pairs, but 

with different intensities. It was therefore concluded that apo-PrPC 

and Cu(II)-bound PrPC exist in a conformational equilibrium, and that 

Cu(II) ions act as a switch shifting this equilibrum90. 

Thakur et al.91 observed similar intradomain interactions for the 

Cu(II)-PrPC complex. NMR experiments on N-terminally truncated 

mouse PrP(90-231) protein with Cu(II) ions also suggest interactions 
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between the β1-α1 loop and the Cu(II) binding site, however in this 

case metal binding was attributed to the amyloidogenic region. For 

full-length mouse PrPC, addition of Cu(II) ions resulted in the 

disappearance of NMR peaks assigned to α-helix 2. The authors 

interpreted this as a result of interactions between the Cu(II)-bound 

OR region and α-helix 291. 

It is still an open question if the Cu(II)-driven intradomain 

interaction is good or bad for the physiological role of PrPC. Thakur 

et al. suggested that interaction between Cu(II)-bound His96 or 

His111 and α-helix 1 can be responsible for the inhibition of amyloid 

formation91. On the other hand, results provided by Younan et al.61 

indicate that Cu(II) binding can destabilize the PrPC fold and as a 

result promote aggregation. 

 

1.2.2. Zn(II) binding 

 

Zinc, after iron, is the second most common transition metal in the 

human body92. This divalent metal ion is redox neutral and plays a 

crucial role as a catalytic, structural, and/or signaling component92. 

Among all the organs, the highest Zn(II) concentrations are present in 

the brain93. Under neuronal depolarization Zn(II) is released from the 

presynaptic into the synaptic cleft, where it can reach transient 

concentrations in the 100 µM – 300 µM range94,95.  

PrPC is evolutionarily related to the ZIP family of zinc transporters, 

therefore its function should be connected with Zn(II) ions52. Indeed, 

PrPC facilitates uptake of Zn(II) ions into neurons, where the Zn(II) 

uptake is lost in mutated PrPC forms associated with TSE96. Region-

specific Zn(II) content in the brain also depends on the PrPC 

expression level97. Moreover, treatment of neuronal cell lines with 

100 µM of ZnSO4 stimulates endocytosis of PrPC in a similar way as 

for CuSO4
66.  

The OR region seems to play a crucial role in PrPC endocytosis, and 

when deleted or when histidine residues were substituted to glycine 

residues, the endocytosis was abolished66,67. The first studies on 

Zn(II) binding to the isolated OR region yielded Kd values ~ 0.4 µM53. 

Later studies with EPR and MS performed by Walter et al.98 suggest 
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a weaker binding. Walter et al.98 measured PrPC-Zn(II) affinity using 

Cu(II) as a competitor, and obtained a binding curve with a Kd of 200 

µM. The same group in a set of NMR experiments used Cd(II) as a 

Zn(II) surrogate, and obtained Kd of ~ 1 mM99. However, direct 

titrations of PrPC with Zn(II) using Isothermal Titration Calorimetry 

(ICT) suggest much stronger Zn(II) binding, with a Kd ~16 µM99. 

Therefore, the use of metal ions mimicking the behavior of Zn(II), or 

competition studies between two metal ions, can possibly 

underestimate the PrPC-Zn(II) affinity.  

 

Figure 4. PrPC binds a single Zn(II) ion by the four His residues from the OR 

region100. The figure was made in ACD/ChemSketch. 

 

Full-length PrPC binds a single Zn(II) ion by three to four His 

residues from the OR region (Fig. 4)99,101. Spevacek et al.100 titrated 

full-length mouse PrPC with Zn(II) ions using NMR spectroscopy, 

and observed disappearance or shifts of amide backbone cross peaks 

assigned to the C-terminal domain. The loss of signal involved 

residues located in the β1-α1 loop, the N-terminal part of α-helix 2, 

and the N-terminal part of α-helix 3, and was attributed to changes in 

the chemical environment. The authors hypothesized that the Zn(II)-

bound OR region can interact with the C-terminal domain. In order to 

verify this hypothesis, they performed additional NMR titrations on 

mouse PrPC(91-230), i.e. a truncated protein lacking the OR region. 

Most of the residues of the truncated PrPC(91-230) were unaffected 

by the addition of Zn(II) ions. Therefore the authors concluded that 
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the Zn(II)-bound OR region forms a tertiary contact with α-helices 2 

and 3 located in the C-terminal domain of PrPC100. 

From a physiological point of view, the biological function of PrPC 

may be related to Zn(II) sensing96. PrPC promotes Zn(II) uptake via 

the α-amino-3-hydroxy-5-methyl-4-isoxazolepropionate (AMPA) 

channels, and might therefore have an important role in neuronal zinc 

homeostasis19. 

 

1.3. Molecular basis of TSE 

 

1.3.1. Misfolding of the prion protein 

 

PrPC can undergo a misfolding into a pathogenic form known as 

PrPSc 2. Unlike PrPC, PrPSc contains high amounts of β-sheet 

secondary structure, is highly insoluble and resistant to proteinase K 

digestion102–104. Accumulation of PrPSc form in the CNS results in 

neuropathological changes in the brain and development of fatal 

neurodegenerative diseases called Transmissible Spongiform 

Encephalopathies (TSEs)2. It is now widely accepted that PrPSc is a 

form of amyloid state105,106 and consists of fibrils with a high degree 

of organization and a cross-β structure107. 

According to the protein-only hypothesis, the only substrate 

required for PrPSc formation is PrPC itself108. Expression of PrPC is 

necessary for PrPSc formation, as transgenic mice lacking the PRNP 

gene are resistant to TSEs46,109. Moreover, PrPSc is composed of PrPC, 

and both conformers have the same posttranslational modifications110. 

PrPSc formation appears to occur at the cell surface in cholesterol-rich 

membranes111. Interestingly, mice models expressing PrPC without 

the GPI anchor, formed PrPSc after inoculation with TSE, however 

with minimal clinical symptoms112.  

Neurotoxic PrPSc molecules can be reproduced in vitro from 

recombinant proteins expressed in E. coli and still maintain 

characteristic features of a prion strain113–115. A prion strain is an 

important concept connected with prion diseases. PrPC can form 

distinct PrPSc states, each with different biochemical and biophysical 

properties. These distinct PrPSc forms are connected with different 
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clinical outcomes and called strains. The same prion strain can be 

transmitted in one species with the same prion-disease 

phenotype13,106,116. Distinct prion strains can possess different 

secondary structures, even though they originate from the same form 

of PrPC117,118. Some prion strains can be transmitted between different 

species with the same clinical symptoms. Nevertheless, interspecies 

inoculation is less efficient than intraspecies or even sometimes 

impossible. This phenomenon is called transmission barrier and 

originates from the difference in PrPC sequence between the host and 

the donor119.  

 

1.3.2. Prion misfolding, propagation, and neurotoxicity 

 

Studies on mice models suggest that prion diseases develop in two 

distinct phases. The first phase is responsible for propagation, and the 

second phase is responsible for neurotoxicity120. The propagation 

phase is characterized by exponential growth and saturation of prion 

infectivity in mouse bioassays (Fig. 5, solid lines). This phase 

probably involves formation of small proteinase K-resistant and 

proteinase K-sensitive oligomers121, as the total PrP concentration 

remains constant and no PrPSc molecules are observed122. 

Interestingly, the PrPC expression level is not a rate-limiting step of 

exponential growth. All mice lines expressing a different PrPC 

concentrations reach the same level of infectivity, as this level seems 

to be independent of the PrPC concentration120. 

When the propagation phase saturates, the neurotoxicity phase 

starts (Fig. 5, dashed lines). Despite the constant level of prion 

infectivity in mouse bioassays, the clinical symptoms of prion disease 

begin to manifest themselves over time. The more PrPC the mice 

models express, the faster the TSE onset is120. In this phase the levels 

of PrPSc and proteinase K-sensitive PrP oligomers increase over time, 

with rates of production proportional to the PrPC expression. 

However, the oligomers produced in the toxicity phase are probably 

the main disease-associated forms, and they differ from the oligomers 

formed in the propagation phase106,122, as highly purified prion fibrils 

are not directly neurotoxic123. Moreover, the neurotoxic oligomers 
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must reach the same threshold concentration, independent of the PrPC 

expression level, for the manifestation of clinical symptoms106,122. It 

is therefore possible that prion diseases are mediated by a soluble, 

oligomeric species, similar to the case of the Aβ peptide oligomers 

responsible for Alzheimer’s disease106,124,125.  

 

Figure 5. Propagation and neurotoxicity of TSE in mice models: expressing PrPC 

eight times more than wild type (black), with normal PrPC expression (red) and with 

50% of PrPC expression (blue). In the propagation phase (solid lines) all mice lines 

reach the same infectivity. The neurotoxicity phase (dashed lines) starts when the 

propagation phase reaches a plateau. Clinical symptoms of TSE appear when the 

toxicity phase reaches the toxic threshold. Adopted from Collinge106. The figure 

was made in OriginPro, Version 2019b, OriginLab Corporation, Northampton, 

USA. 

 

1.3.3. Structure of prion protein fibrils 

 

Even though the prion fibrils may not be directly neurotoxic, the 

structural models of PrPSc molecules are important for TSE research. 

Understanding the atomic structures of PrPSc gives invaluable clues 

about the conversion from soluble PrPC into insoluble fibrils126. 

Determined structures give clues about the protein refolding 

processes required for fibril formation and elongation127. Recent 

progress in cryo-electron microscopy (cryo-EM) has allowed to 

determine the structures of many amyloid fibrils, including those of 

Aβ(1-42), involved in Alzheimer’s disease, and those of α-synuclein, 

involved in Parkinson’s disease128–130.  
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Glynn et al.131 used cryo-EM to determine the three-dimensional 

(3D) structure of fibrils of recombinant human PrP(94-178) (Fig. 6, 

A). Those fibrils contained a fragment of PrPSc core, and have similar 

biophysical properties to brain-derived PrPSc molecules132,133. 

A rPrP(94-178) sample incubated with 4 M urea formed long 

fibrils, shorter rods, and amorphous aggregates. Incubation with 

proteinase-K reduced the number of visible amorphous aggregates, 

and shifted the equilibrium towards fibrillar structures that were 

further analyzed. For rPrP(94-178), 40 out of 85 residues were 

modeled with cryo-EM data to yield a structural model. The fibril core 

consisted of two symmetric building blocks protofilaments - each of 

which comprised four β-strands: β1 (Lys106-Met109), β2 (Ala115-

Leu125), β3 (Ala133-Ser135) and β4 (Ile138-His140). The two 

protofilaments formed a large interface between each other, 

stabilizing the fibrillar structure. Strands in each protofilament formed 

a parallel, in-register structure with a spacing of 4.8 Å, which is 

characteristic for amyloids.  

 

Figure 6. Cryo-EM structure of (A) human PrP(94-178) fibrils (PDB 6UUR) and 

(B) full length recombinant human PrP fibrils (PDB 6LNI). The N-terminus is 

shown in blue, and the C-terminus is shown in red. 
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Wang et al.134 determined the atomic structure of full-length 

recombinant human PrP fibrils using cryo-EM (Fig. 6, B). The fibril 

structure consisted of two intertwined protofilaments that formed a 

dimer. Each protofilament also formed a parallel, in-register structure 

with 4.8 Å spacing, characteristic for amyloids. In the final model, 

each protofilament comprised residues 170-229 and contained six β-

strands: β1 (Gln172-Asp178), β2 (Val180-Gln186), β3 (Thr188-

Thr192), β4 (Asn197-Thr199), β5 (Gln212-Thr216) and β6 (Ser222-

Gln227). The results suggest immense rearrangements in the C-

terminal domain of PrPC, as during refolding of PrPC to a PrP fibril, 

α-helix 2 is converted to β-strands 1, 2, and 3, α-helix 3 is converted 

to β-strands 5 and 6, and the α2-α3 loop is converted to β-strand 4.  

 

1.3.4. Metal ions and prion protein misfolding 

 

Binding of metal ions to the OR region of PrPC seems to have an 

important role on PrPC misfolding. PrPSc molecules isolated from 

human brains are bound to Cu(II) and Zn(II) ions117, and inoculation 

of cell cultures with PrPSc reduces the Cu(II) uptake135. Expansion in 

the number of octarepeats from four up to sixteen results in the human 

TSE called familial Creutzfeldt-Jakob Disease136. Interestingly, 

peptides with eight or nine ORs show ten times higher affinity to 

Cu(II) ions137. On the other hand, supplementation of cell cultures 

with Cu(II) protects them from PrPSc accumulation after inoculation 

with prions138. 

Biophysical studies of de novo full-length PrPC fibrillization 

suggest that Cu(II) and Zn(II) ions can sequester amyloid fibril 

formation in vitro139,140. Thakur et al.91 observed aggregation of 

Cu(II)-bound full length mouse PrPC at pH 7.4. Aggregation occurred 

at 15 °C and was reversible at the physiological temperature of 37 °C. 

Interestingly, the N-terminally truncated mouse PrPC(90-231) protein 

did not show any aggregation after addition of Cu(II) ions. The 

authors concluded that the Cu(II)-bound OR region is responsible for 

temperature-reversible PrPC aggregation. This lead to the suggestion 

that Cu(II) may not be responsible for PrPC aggregation at 

physiological temperatures. The authors also observed interactions 
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between the Cu(II)-bound N-terminal domain and α-helices 1 and 2. 

This lead to the proposition that Cu(II)-driven interactions between 

the N-terminal and C-terminal domains may restrict interaction 

between PrPC monomers and inhibit amyloid formation91. 

There is also the other side of the coin. Sigurdsson et al.141 

conducted studies on a mouse line supplemented with D-

penicillamine, a copper chelator used to treat heavy metal poisoning. 

After inoculation with a prion strain, the mice received an injection 

with D-penicillamine, which delayed the prion disease onset by 11 

days141. Thus, the metal ion context in TSE is a rather complex 

problem. 

 

1.3.5. Interaction of cell penetrating peptides with prion 

protein and implications for amyloid formation 

 

Cell-penetrating peptides (CPPs) are a group of peptides, generally 

shorter than forty residues, which can easily enter cells e.g. via 

endocytosis.  CPPs have a low toxicity, can enter a variety of cell 

types, and conjugated with a cargo can deliver various molecules 

across the cell membrane, like nucleic acids, nanoparticles or drugs.  

The characteristic feature of CPPs, is that most of them have 

positively charged amino acids, and α-helical secondary structure142–

144. Interestingly, the PrP N-terminal secretion signal fragment, 

constituting residues 1-22, is also a CPP145–147.  

As the PrP(19-30) peptide can bind to PrPSc fibrils148, and the 

residues 23-30 of PrPC are responsible for the conformational stability 

of the C-terminal domain149, Löfgren et al.22,23 investigated 

potentially beneficial properties of the PrP(1-28) peptides. Studies on 

GT1-1 neuronal cell lines, inoculated with RML, or 22L prion strains, 

showed an elevated levels of proteinase K-resistant form of PrP 

(PrPRes). Treatment the inoculated cell lines with mouse PrP(1-28) 

(mPrP) peptide reduced the amount of PrPRes in cultured cells, where 

a scrambled version of this peptide had no effect on the PrPRes levels. 

Similar inhibitory effects were also observed for the bovine PrP(1-30) 

peptide. Shortening the N-terminus of mouse PrP of peptides to 

mPrP(6-29), mPrP(12-28), mPrP(19-30), and mPrP(23-28) abolished 
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the anti-prion effect, and the authors suggested that the peptide 

requires an additional signal peptide motif for a sufficient anti-prion 

effect22,23. Other CPPs, including penetratin, transportan-10, 

transactivator of transcription (TAT) protein fragment, TAT(48-60), 

and their conjugates with mPrP(23-28) had no influence on the PrPRes 

levels in the GT1-1 cells infected with RML and 22L prion strains. 

Nevertheless conjugation of other CPP, the secretion signal peptide 

from neural cell adhesion molecule-1 (NCAM1), harboring residues 

1-19 with mPrP(23-28) restored the anti-prion properties, even with 

higher efficiency than mPrP(1-28) peptide22. The increased anti-prion 

efficiency of NCAM1 construct is probably due to the natural 

interaction between NCAM1 and PrPC at the neuronal cell 

surface150,151.  

NCAM1(1-19) conjugates are promising CPPs, and can potentially 

inhibit amyloid-related diseases152. NCAM1(1-19)-mPrP(23-28) and 

NCAM1(1-19)-K-Aβ(16-20) are amyloidogenic themselves, as they 

can form amyloid structures153,154. However they can inhibit fibril 

formation by Aβ(1-40) and Aβ(1-42), a different amyloid peptides, 

shifting the equilibrium from amyloids towards nontoxic amorphous 

aggregates152,155. On the other hand the same peptide conjugates 

promote in vitro aggregation of S100A9, a protein involved in 

amyloid-related and inflammatory processes154,156,157. 

 

1.4. Overview of TSEs 

 

1.4.1. Human TSEs 

 

Human TSEs can be grouped into three main categories: genetic, 

sporadic, and acquired105. Genetic TSEs are caused by mutations in 

the PRNP gene and include familial Creutzfeldt-Jakob Disease 

(fCJD), Fatal Familial Insomnia (FFI), and Gerstmann-Sträussler-

Scheinker syndrome (GSS). Diagnosis with a mutation within the 

PRNP gene is an inevitable sentence of being a TSE victim, as most 

of the individuals will develop disease105. However, some genetic 

variants seem to protect against TSEs, such as the Gly127Val 
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substitution. Mice expressing this variant were resistant to all out of 

18 isolated human prion strains158. 

The most common mutation resulting in GSS is the Pro102Leu 

point mutation159, which is autosomal and dominant159. Patients 

clinically diagnosed with GSS manifest early cognitive impairment 

and ataxia, i.e. difficulties with balance, speaking, and walking160. 

The average onset for GSS is around 45 years, with an average 44 

month duration161. FFI is caused by the Asp178Asn mutation162. This 

dominant mutation is connected with the presence of methionine 

residue at position 129. The average onset of this disease is 49 years, 

with an average duration of ~18 months7,163,164. Clinical symptoms of 

FFI include insomnia, dysautonomia, i.e. dysfunction of the 

autonomic nervous system (ANS), and ataxia165,166. The Asp178Asn 

mutation, also present in GSS, but conjugated with valine residue at 

position 129, induces fCJD. Other point mutations responsible for 

fCJD include Glu200Lys and Val210Ile as well as expansion or 

partial deletion of the OR region. Expansion of the OR region 

includes insertion of additional octapeptide repeats, from the natural 

four tandem octapeptide repeats up to sixteen repeats7,136. The clinical 

features of fCJD are similar to GSS and include cognitive impairment, 

dementia, and behavioral changes136. Together, the genetic TSE forms 

account for up to 15% of all human prion disease cases167.  

Sporadic TSEs include sporadic CJD (sCJD) and sporadic Fatal 

Insomnia (sFI). sCJD, which accounts for ~85% of all human TSE 

cases, has an unknown etiology105. Even though sCJD is the most 

common human TSE, it is a relatively rare disease that affects 

approximately one person in a million per annum168,169. The clinical 

symptoms of sCJD include progressive dementia, ataxia, and vision 

problems12. Most of the patients diagnosed with sCJD die within the 

first year after onset170,171. sFI has no established genetic background, 

but in all cases the patients were homozygotes with the 129 MetMet 

genotype. Clinical symptoms for sFI share similarities with FFI and 

include insomnia, ataxia, and cognitive impairment172. The average 

onset for sFI is 43 years, with a mean duration of 30 months173. 

Acquired TSEs are caused by transmission of a tissue material 

contaminated with TSE to a healthy individual. These include 
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iatrogenic CJD (iCJD), variant CJD (vCJD), and kuru167. Kuru was 

the first human TSE to be discovered, by Daniel Gajdusek, who 

showed that kuru can be transmitted to other species174. This finding 

gave him a Nobel Prize in Physiology or Medicine in 1976175. Kuru 

was found in the Fore linguistic group of Papua New Guinea Eastern 

Highlands. The cause of kuru were cannibalistic rituals, involving 

consumption of deceased relatives174. With a prohibition of 

cannibalistic rituals introduced in the 1950’s by the Australian 

government, the number of kuru cases began to decline over time176. 

Kuru has three clinical stages: ambulant, sedentary, and terminal. In 

the early ambulant phase, the patient has problems with gait, which in 

a month advances to astasia (inability to stand without assistance) and 

ataxia. The sedentary phase begins when the patient is unable to walk 

without assistance.  The terminal phase begins when the patient is 

unable to sit without support and becomes bedridden. At this stage 

patients show signs of dementia and are unable to speak. The mean 

duration of kuru is 12 months7,174.  

vCJD was linked to consumption of beef contaminated with 

Bowine Spongiform Encephalopathy, an animal TSE disease177. 

Patients infected with vCJD show psychiatric or behavioral symptoms 

like apathy, depression, insomnia, and/or aggression. Neurological 

symptoms appear 6 months after the psychiatric symptoms and 

include ataxia, cognitive impairment, and involuntary movements. 

The average duration of vCJD is 14 months7,176. 

iCJD is the result of medical procedures178, mainly treatment with 

cadaveric human growth hormone179, dura mater grafts180, cornea 

transplants181, or improperly sterilized medical instruments182. With 

the introduction of recombinantly produced human growth hormone, 

expressed in E. Coli183, treatment of dura mater before transplantation 

in 0.1 M sodium hydroxide, and new recommendations for medical 

instrument sterilization, the number of iCJD cases is decreasing178. 

Clinicopathological features of iCJD depend on the type of infection: 

patients infected with cadaveric human growth hormone show 

symptoms similar to kuru, while patients after dura mater graft or 

infected by insufficiently sterilized medical instruments show 

symptoms similar to sCJD7. 
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1.4.2. Animal TSEs  

 

Scrapie, the oldest animal TSE known to man-kind, was identified 

almost 300 years ago in Spain184. Scrapie affects sheep and goats, with 

similar clinical symptoms including pruritus, ataxia and tremor6,185. 

Two factors are connected with the spread of scrapie: tissue 

distribution of PrPSc, and the sequence of the PRNP gene. The main 

factor responsible for scrapie transmission is ingestion of PrPSc from 

contaminated materials in the environment. In the early phase, PrPSc 

replicates in guts, resulting in environmental contamination via saliva 

and feces. The disease can be transmitted also to the offspring through 

milk, the placenta, or placental fluids1. Ovine PRNP shows natural 

polymorphisms at codons 136, 154, and 171, where Val136 together 

with the Arg154 and Gln171 genotypes show the highest 

susceptibility to scrapie, and the Ala136, Arg154, and Arg171 

genotypes show the highest resistance to scrapie1,6. Interestingly, 

scrapie can be detected in living sheep by a third-eyelid biopsy186. Up 

to date, there has not been any evidence that scrapie can be transmitted 

to humans1.  

Bovine Spongiform Encephalopathy (BSE), also known as “Mad 

Cow Disease”, is a fatal neurodegenerative TSE in cattle. Clinical 

symptoms of BSE are similar to CJD and include ataxia, tremor, 

aggression, and apathy6. BSE was first identified in the UK in 1986187, 

and affected nearly 200,000 cattle worldwide6. The most likely cause 

of the BSE epidemic was usage of meat and bone meal (MBM). 

MBM, most likely prepared from infected cattle, was served as a high 

protein product to calfs188, which amplified the number of BSE cases 

from 446 in 1987 to over 37,000 in 199211,189. As the usage of MBM 

was prohibited in the UK in 1996, and in the EU in 2001, the number 

of BSE cases declined to a few cases per year11. BSE is a public health 

risk factor, as it can be transmitted to humans resulting in vCJD. 

Therefore, in order to prevent the entrance of contaminated meat 

products into the human food chain, it is still important to test cattle 

for BSE177. 
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Transmissible mink encephalopathy (TME) is a neurodegenerative 

disease of mink. It was first discovered in the 1950’s in mink farms in 

Wisconsin, USA190. The most like cause of TME was mink food 

preparation from bovine meat contaminated with BSE191. On the other 

hand, healthy minks can become infected by biting individuals with 

TME or by Kuru-like cannibalism6. Clinical symptoms are similar to 

BSE and include aggression, depression and anxiety. At the later 

stages of the disease the animals suffer from tremors, ataxia, and 

problems with gait191,192. 

Feline spongiform encephalopathy (FSE) is a TSE that affects 

domesticated cats and captive big cats. FSE was discovered in 

1990193, and its origin was connected with consumption of meat 

contaminated with BSE194. The majority of FSE cases among captive 

big cats were diagnosed in UK zoos, or in individuals originating from 

the UK, during the BSE epidemic. The clinical symptoms of FSE are 

similar to those of BSE195.  

Exotic Ungulate Encephalopathy (EUE) is a TSE that was 

diagnosed among members of the Bovidae family kept in UK zoos 

during the BSE epidemic. All infected animals were fed with MBM 

possibly contaminated with BSE. The last animal diagnosed with 

EUE died in 1998195.  

Chronic wasting disease (CWD) is a neurodegenerative disease of 

cervids, discovered in the 1960’s in Colorado, USA. This disease 

mainly affected animals in North America11, but has been found 

recently among reindeer and moose in Norway196. One possible cause 

of the CWD outbreak  in Norway is “antler cannibalism”. All reindeer 

infected with CWD showed signs of antler gnawing, and this 

phenomenon was especially visible among young females197. The 

antler velvet contains PrPSc molecules198, and the origin of CWD in 

Norway may therefore be connected with a sort of cannibalism, 

similar to kuru197. The clinical symptoms of CWD include weight 

loss, fixed gaze, ataxia, head tremors, teeth grinding, and loss of fear 

of humans6. CWD prion strains are potentially harmful to humans as 

they can convert human PrPC molecules into PrPSc in vitro199. As the 

CWD prions are present in muscles, human consumption of venison 

is a potential risk factor200.  
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Camel prion disease (CPD) is the most recently discovered animal 

TSE201. It was discovered in 2018 among the dromedary camels in the 

southeastern region of Algeria. It is estimated that CPD occurs in 3% 

of the dromedary camels brought to the slaughterhouse. Brains of 

dromedaries diagnosed with CPD showed signs of spongiform 

degeneration with the presence of PrPSc deposits. Even though CPD 

has an unknown origin, two possible ways of transmission have been 

proposed. After the ban of MBM usage in the UK, MBM was 

exported to third world countries including Algeria. Thus, dromedary 

camels could have been infected by consumption of BSE-infected 

MBM. Another possibility is that camels grazing on garbage dumps 

near oil fields across the desert could have consumed prion-

contaminated waste201. 
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2. Aims of the thesis 
 

Description of the molecular processes underlying PrPC folding and 

misfolding is crucial for the understanding of the mechanisms 

responsible for amyloid formation and TSEs development. 

Therefore, the main research aim of my thesis was to characterize 

the interactions between human prion protein, or its octarepeat 

(OR) fragment, and metal ions (Cu(II), Zn(II)), or NCAM1(1-19)-

K-Aβ(16-20) peptide construct using complementary biophysical 

techniques, with the respect to PrPC folding and amyloid 

formation. The research objectives were as follows: 

1. Determine the dissociation constant for the OR-Cu(II) and OR-

Zn(II) complex. 

2. Identify the structural consequences of Cu(II) and Zn(II) 

binding to OR peptide. 

3. Determine the dissociation constant for the PrPC-Zn(II) 

complex. 

4. Identify the structural changes induced by the Zn(II) binding to 

the PrPC. 

5. Determine experimental conditions sufficient for PrPC to form 

fibrils in vitro. 

6. Verify the anti-prion effect of NCAM1(1-19)-K-Aβ(16-20) 

peptide in vitro. 
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3. Physicochemical principles of experimental 

methods 
 

3.1. Ultraviolet-visible spectroscopy  

 

Let us consider light traveling through a cuvette containing a buffer 

in a spectrometer. For each wavelength we can measure I0 as the light 

intensity passing through a reference cell. If we now place the test 

sample solution in a cuvette and illuminate light through it, the 

measured intensity of light passing through the sample (i.e., I) will be 

smaller than I0, therefore light was absorbed by the sample. We can 

define this absorbance, A, as: 

 

𝐴 = log (
𝐼0

𝐼
)    (2) 

 

According to the empirical Beer-Lambert law: 

 

𝐴 = 𝜀𝑐𝑙    (3) 

 

The absorbance depends on the molar absorption coefficient, ε, the 

molar concentration of the sample, c, and the pathlength of the 

sample, l.  

 

Figure 7. Absorption of the light corresponds to the electron transition between the 

initial state E1 and final state E2. 
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The sample absorbs light when an electron undergoes a transition 

between two states. As the electron energy levels are quantized, the 

sample absorbs only defined wavelengths of the light (Fig. 7): 

 

𝐸2 − 𝐸1 = ℎ𝜈         (4) 

 

where E2 is the electron energy in state 2, E1 is the electron energy in 

state 1, h is the Planck constant, and ν is the light frequency. 

Chemical groups with characteristic frequencies of light absorption 

are called chromophores. In peptides and proteins there are two main 

chromophores responsible for light absorption. The first is the 

carbonyl group present in the polypeptide main chain. One electron 

from the lone pair of oxygen nonbonding electrons can be excited into 

an antibonding orbital of the carbonyl group, resulting in a π* ← n 

transition. The π* ← n transitions in peptides are forbidden by 

symmetry, and they absorb light weakly. The second group 

responsible for light absorption is the C=C double bond, where a π 

electron can be excited into a π* antibonding orbital, resulting in a π* 

← π transition. The C=C double bonds, present in the aromatic rings 

of tryptophan and tyrosine residues, form a conjugated system, and 

are responsible for light absorption around 280 nm202,203. Therefore, 

ultraviolet-visible (UV-Vis) spectroscopy allows the determination of 

polypeptide concentration, where molar absorption coefficient can be 

calculated from the polypeptide sequence204.  

UV-Vis spectroscopy can be also used to detect the presence of 

amyloid structures by the Congo Red (CR, full chemical name: 

disodium 4-amino-3-[4-[4-(1-amino-4-sulfonatonaphthalen-2-

yl)diazenylphenyl]phenyl]diazenyl-naphthalene-1-sulfonate) assay. 

CR is a diazo dye with 38 conjugated π electrons (Fig. 8), and it 

absorbs light at 338 nm and at 486 nm. CR binds to β-sheets of 

amyloid fibrils via hydrogen bonds. Stacking of CR molecules 

perpendicular to the fibril axis causes a spectral shift of absorption 

from 486 nm to 542 nm, which can be used to identify amyloid 

structures in vitro205–207. 
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Figure 8. Chemical structure of Congo Red. The figure was made in 

ACD/ChemSketch. 

 

3.2. Fluorescence spectroscopy 

 

The processes associated with light absorption and emission can be 

described by a Jabłoński diagram (Fig. 9). Electrons in the ground 

singlet electronic state (S0) have vibrational energy levels (0, 1, 2, …), 

where at room temperature the ground vibrational energy level is 

predominantly occupied. After light absorption, an electron can be 

excited to a higher singlet electronic state, and to a higher vibrational 

energy level. Excited electrons undergo internal conversion, that is, 

relaxation to the lowest vibrational state of the first singlet state. From 

the lowest vibrational energy level of S1 electrons can return to S0 by 

emitting the extra energy as a photon, in a process called fluorescence. 

S1 electrons can also be converted to the first triplet state, T1, by a 

process called intersystem crossing. T1 electrons can return to the S0 

state via relaxation connected with light emission in a process called 

phosphorescence208.  

 

Figure 9. Schematic representation of a Jabłoński diagram. Adopted from Principles 

of Fluorescence Spectroscopy by J. R. Lakowicz208. 
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Proteins have three fluorescent amino acids: tryptophan, tyrosine, 

and phenylalanine. Tryptophan residues, which are present in the 

metal-binding OR region of the PrPC protein, can be used to study 

structural changes in the protein or peptide molecules. According to 

Burstein209, tryptophan fluorescence spectra can be divided into five 

classes, each with different emission maxima (λm) due to differences 

in the local environment of tryptophan residues: 

- class A (λm = 308 nm), where tryptophan residues are located 

in a structured fragment of a protein and do not form complexes 

with other residues or solvent molecules, 

- class S (λm = 316 nm), where tryptophan residues are buried and 

in excited states can form hydrogen bonds with a single 

molecule,  

- class I (λm = 330-332 nm), where tryptophan residues are buried 

and in excited states can form hydrogen bonds with two 

different molecules, 

- class II (λm = 340-342 nm), where tryptophan residues are 

exposed to bound water molecules, 

- class III (λm = 350-353 nm), where tryptophan residues are fully 

exposed to unbound water molecules. 

 

Therefore, binding of metal ions to the flexible OR region by histidine 

residues should induce structural changes, and thereby shift the 

maximum of tryptophan fluorescence towards shorter wavelengths.  

The tryptophan fluorescence can decrease due to either structural 

rearrangements in the peptide backbone, complex formation, or 

collisions with molecules in solution. A process resulting in a large 

decrease in fluorescence intensity is called quenching. The first trivial 

mechanism of fluorescence quenching is an inner filter effect, where 

the solute added to the protein absorbs light at wavelengths, 

corresponding to the excitation and/or fluorescence emission 

spectrum210,211. Two other non-trivial mechanisms of fluorescence 

intensity decrease are dynamic and static quenching. Dynamic 

quenching occurs when a quenching atom/molecule collides with a 

fluorophore (fluorescent compound) in its excited state. The 

fluorophore then returns to its ground state by transferring energy to 
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the colliding unit without light emission. Static quenching can results 

from: (i) structural changes around the fluorophore, (ii) complex 

formation between a fluorophore in a ground-state and a quenching 

atom/molecule, and (iii) complex formation in an excited-state, called 

Förster resonance energy transfer (FRET). In FRET, energy is 

transferred from the fluorophore to the acceptor, therefore the 

fluorescence emission spectrum must overlap with the acceptor 

absorption spectrum, and the magnitude of this process depends on 

the distance between fluorophore and acceptor208,210,211. In PrPC 

saturated with Cu(II) ions, each octapeptide repeat binds one Cu(II) 

ion, which is indirectly coordinated by the tryptophan residues via 

axially bound water molecules82. Cu(II) complexes with nitrogen and 

oxygen ligands absorb visible light with λmax ~ 540 nm212,  which 

overlaps with the tryptophan emission spectrum208. Thus, the Cu(II) 

ions strongly quench the tryptophan fluorescence upon binding due to 

both structural changes around the tryptophan residues and FRET. 

Consequently, measurements of tryptophan fluorescence can be used 

to monitor Cu(II) binding to the OR domain. The Zn(II) ions are 

spectroscopically silent, therefore Zn(II) complexes does not absorb 

the light for wavelengths corresponding to tryptophan fluorescence, 

and the weak quenching effect of these complexes is caused only by 

structural changes around the tryptophan residues.  

Fluorescence spectroscopy can also be used to monitor amyloid 

formation. Thioflavin T (ThT, 2-[4-(dimethylamino)phenyl]-3,6-

dimethyl-1,3-benzothiazol-3-ium chloride, Fig. 10) is a benzothiazole 

dye that binds to the cross β-structure present in amyloids. Upon 

binding to amyloid material, the ThT excitation maximum shifts from 

385 nm to 450 nm, and the emission maximum shifts from 445 nm to 

482 nm, together with a significant increase in the fluorescence 

intensity. In solution, the ThT benzylamine and benzathiole rings can 

rotate around the central C-C bond, and this motion quenches the 

fluorescence signal. When bound to amyloid material, the aromatic 

rings can no longer rotate, resulting in increased fluorescence 

emission213,214.   
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Figure 10. Chemical structure of Thioflavin T. The figure was made in 

ACD/ChemSketch. 

 

3.3. Circular dichroism spectroscopy  

 

Circular dichroism (CD) spectroscopy measures the difference 

between absorption of respectively left- and right-circularly polarized 

light. Only chiral molecules, i.e. those with a structure that cannot be 

superimposed on its mirror image, show different absorption of left 

and right circularly polarized light. By convention, molecules able to 

rotate polarized light counterclockwise are called levorotatory, and 

denoted with a minus (-) sign, while molecules able to rotate polarized 

light clockwise are called dextrorotatory, and denoted with a plus sign 

(+). Typical examples of chiral molecules are (R)-(-)-lactic acid and 

(S)-(+)-lactic acid (Fig. 11)215. 

 

Figure 11. Chemical structures of (R)-(-)-lactic acid (on the left side) and (S)-(+)-

lactic acid (on the right side). The figure was made in ACD/ChemSketch. 

 

We can define the difference in absorbance as ΔA: 

 

∆𝐴 =  𝐴𝐿 −  𝐴𝑅         (5) 

 

where AL is the absorbance of left circularly polarized light, and AR 

is absorbance of right circularly polarized light216. When ΔA ≠ 0, then 

light passing through the sample becomes elliptically polarized and 

can be detected in terms of ellipticity (θ) in millidegrees217: 
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𝜃 =  
32.98 ∆𝐴

1000
       (6) 

 

According to the Beer-Lambert law ΔA depends on the molar 

concentration, c, the pathlength of the sample, l, and molar CD, Δε: 

 

∆𝐴 = ∆𝜀𝑐𝑙     (7) 

 

Molar CD, Δε, is the difference between the molar extinction 

coefficients for  left-, εL, and right-, εR, circularly polarized light216: 

 

∆𝜀 =  𝜀𝐿 −  𝜀𝑅       (8) 

 

Therefore, ΔA can be expressed in units independent of concentration 

and pathlength. For proteins, ΔA is often expressed as Δε or mean 

residue ellipticity [θ]: 

 

[𝜃] =  
𝜃∙𝑀𝑅𝑊

10 ∙𝑙∙𝑐𝑝
        (9) 

 

where θ is the signal measured in millidegrees, MRW is mean residue 

weight of peptide or protein, l is the sample pathlength in centimeters, 

and cp is the polypeptide concentration in milligrams per milliliter218.   

The amide group is the most abundant chiral chromophore in 

peptides and proteins. It absorbs light in the far ultraviolet at ~220 nm 

and at ~190 nm, which corresponds to π* ← n and π* ← π transitions 

respectively. As distinct protein secondary structures display different 

backbone conformations, which can be described by the polypeptide 

main chain dihedral angles ψ ( between the N and Cα bonds) and φ ( 

between the Cα and C bonds), they absorb circularly polarized light to 

a different extent. Each secondary structure absorbs circularly 

polarized light uniquely, resulting in a CD spectrum with a 

characteristic shape involving characteristic maxima and minima 

(Fig. 12). The CD spectrum of an entire protein can therefore be 

treated as a sum of the CD spectra of the elementary secondary 

structures present in the protein, and CD spectroscopy can be used to 

investigate a protein secondary structure219,220. 
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Figure 12. Far UV CD spectra for distinct protein secondary structures: α-helix 

(red), parallel β-sheet (blue), antiparallel β-sheet (green), polyproline-helix 

(orange), and disordered chain (purple). Figure comes from Micsonai et al.221 under 

the terms of the Creative Commons Attribution 4.0 International License 

(http://creativecommons.org/licenses/by/4.0/). 

 

3.4. Fourier-transformed infrared spectroscopy  

 

Molecules are in constant motion, and vibrate  in stretching, 

bending, rocking, wagging, and twisting modes. The frequency range 

for molecular vibrations is located in the infrared region (IR) of the 

electromagnetic radiation spectrum. The molecular bonds can absorb 

infrared light when the frequency of vibration and light is the same, 

and when bonds change dipole moment during vibration. The 

vibrational energy states are discrete, and can only have the permitted 

levels. For a harmonic oscillator: 

 

𝐸 = (𝑣 +
1

2
) ħ√

𝑘

𝑚𝑒𝑓𝑓
         𝑣 = 0, 1, 2, …  (10) 

  

where ħ is the Planck constant divided by 2π, k is the force constant 

of the bond, and meff is the effective mass of atoms202,203. 

In Fourier-transformed infrared (FTIR) spectroscopy, the IR light 

is focused on a beam splitter. Half of the light beam is transmitted to 

a moving mirror, and the rest is reflected to a fixed mirror. Mirrors 

reflect the beams back to the beam splitter, where half of each beam 
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travels to the detector. As two beams travel to the detector, they can 

interfere constructively or destructively, depending on the position of 

the moving mirror. The recorded spectrum as a function of the moving 

mirror distance is a Fourier transform of the IR spectrum. Calculating 

the inverse Fourier transform of this spectrum creates the standard IR 

absorption spectrum222,223. 

In a protein or peptide backbone, the peptide bond absorbs nine 

characteristic IR frequencies, called amide bands. Amide I extends 

from 1600 cm-1 to 1700 cm-1, and it is a major band in the polypeptide 

IR spectrum. Amide I corresponds  to  C=O stretching vibrations, and 

it is sensitive to the secondary structure composition. Each type of 

secondary structure corresponds to different C=O stretching 

frequencies. Therefore, the amide I band is a convolution of IR spectra 

from different secondary structure motifs. Deconvolution of the 

amide I band by second-derivative analysis can be used to determine 

the secondary structure of a polypeptide224. 

 

3.5. Atomic force microscopy  

 

Atomic force microscopy (AFM) is an experimental imaging 

technique used to record the topography of a sample deposited on a 

flat surface e.g. on a mica surface, ideally with sub-nanometer 

resolution. The previously described methods, i.e. UV-Vis, 

fluorescence, CD, and IR spectroscopy, are bulk techniques. Thus, 

when the sample is heterogeneous, as usually is the case with amyloid 

aggregates, they give only the average information on the sample. 

AFM is a single molecule technique, which allows individual 

molecules to be characterized in a heterogeneous sample. In amyloid 

research, AFM allows for visualization and characterization of the 

morphology of species present in the fibrillization process, such as 

monomers, dimers, oligomers, protofibrils, and mature fibrils. In case 

of early multimeric species, AFM is generally used to determine 

height and width, but for protofibrils it can also be used to analyze 

flexibility, and for mature fibrils it can be used to determine 

periodicity, packing of single protofilaments, and mechanical 
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properties225–228. Modern high speed AFM units can even be used to 

study growth kinetics of the amyloid fibrils in a real time229.  

In AFM, a micrometer-sized cantilever scans the sample line by 

line. A small, sharp tip with a radius ideally smaller than 50 nm is 

placed at the end of a cantilever. When this tip interacts with the 

sample, a deflection is created in the cantilever. This deflection can 

be measured as a change in the reflection angle of a laser beam, 

focused on the cantilever, and this angle change can be converted to 

sample hight222. 

There are two main AFM operation modes: static and dynamic. In 

static mode, the tip is in close contact with the sample, and the 

cantilever bends due to repulsive interactions between the tip and the 

sample. During the scan, the tip force is kept constant by adjusting the 

distance between the tip and the sample. In dynamic mode, the tip 

oscillates a few nanometers over the sample surface, and is attracted 

to the sample by electrostatic and van der Waals forces. The dynamic 

mode can be divided into a tapping and a non-contact mode. In 

tapping mode, the oscillating tip is periodically in and out of contact 

with the sample, while in non-contact mode, the oscillating tip is 

attracted to the sample completely without physical contact225,226. 

 

3.6. Transmission electron microscopy 

 

Transmission electron microscopy (TEM) is a robust experimental 

technique which is used in the entire field of science230,231. In the 

studies of amyloid deposits, TEM is frequently used to characterize 

the structure of amyloid fibrils. TEM can be used as a complementary 

method to AFM, and allows to resolve structural features of early 

aggregates, protofibrils, and mature fibrils, including width, length, or 

fibril twist232.  

In a traditional light microscope, the image resolution δ is 

proportional to the light wavelength, λ: 

 

𝛿 ~ 𝜆     (11) 
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and it is limited to ~200 nm. TEM overcomes this problem, by instead 

of a light beam using a beam of electrons. According to the de Broglie 

relation any particle traveling with a momentum, p, has a wavelength, 

λ: 

 

𝜆 =
ℎ

𝑝
              (12) 

 

where h is the Planck constant. Thus, electrons accelerated with an 

electric potential difference, V, have a wavelength: 

 

𝜆 =  
ℎ

√2𝑚𝑒𝑒𝑉
     (13) 

 

where me is the electron mass, and e is the electron charge. For a 

potential difference of 40 kV, λ = 6.1 pm, which eliminates the 

problem of resolution202. 

A conventional TEM microscope uses thermionic emission of 

electrons, or field emission in an electron gun, and the electrons are 

accelerated in a vacuum by a high voltage. The electron beam is 

formed and focused on a sample by condenser electromagnets. 

Electrons can pass through the sample, or interact with it by elastic or 

inelastic scattering. The transmitted electron beam is focused by 

electromagnetic lenses on a CCD camera, and a digital image of the 

sample is generated231. Amyloid fibrils are hardly visible in standard 

TEM imaging, therefore the contrast has to be improved. Incoming 

electrons are scattered by the Coulomb potential of a nucleus, and 

therefore atoms with higher atomic numbers, like uranium or 

tungsten, scatter more electrons than e.g. carbon atoms. In the 

negative staining technique, a contrasting agent containing e.g. 

uranium or tungsten is deposited as a coating around the investigated 

structures in the sample, which a generates a good contrast to the 

background and also protects the sample from radiation damage232,233. 

With the recent advances in direct detection devices and sample cryo-

fixation, cryo-electron microscopy (cryo-EM) has become the main 

imaging technique in structural biology, and it can be used to 

determine atomic structures of fibrils without negative staining127,128. 
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3.7. Molecular dynamics simulations  

 

To fully understand the function of a protein, knowledge of the 3D 

structure and dynamics is required. The atomic structures of proteins 

solved by X-ray crystallography give good, but static pictures of the 

protein structures, whereas NMR and to some extent also cryo-EM 

can provide information about both structures and the dynamic 

processes taking place in proteins234,235. When the protein is 

intrinsically disordered, or when it has intrinsically disordered 

regions, it is usually impossible to propose a single structural model 

due to the high mobility of the protein backbone236,237. Molecular 

dynamics (MD) simulations are a powerful method used in biophysics 

to predict how atoms constituting a protein will move as a function of 

time234. MD simulations can be used to investigate the protein folding, 

or conformational changes occurring in the protein during ligand 

binding, interactions with a lipid membrane, change of protonation 

state, and/or incorporations of specific mutations234,238–240. For 

example, understanding how a metal-bound PrPC protein or OR 

peptide folds or misfolds, can give valuable insights in  the molecular 

mechanisms causing TSE diseases.  

During MD simulations, Newton’s laws of motion are used to 

predict the positions of atoms as a function of time. In the first step, 

the initial model of a studied protein obtained from experimental 

studies, like X-ray crystallography or NMR, is solvated with explicit 

or implicit water molecules. Then the force vectors, Fi acting on the 

ith atom are calculated as the negative derivative of the potential 

energy, V, with respect to ith atom position vector, ri: 

 

𝑭𝑖 =  − 
𝜕𝑉

𝜕𝒓𝑖
     (14) 

 

The calculated force is used to update the position and velocity of the 

ith atom, the force vectors are calculated from Eq. 14, and the whole 

process repeats. The potential energy is calculated using a molecular 

mechanics force-field, derived from a combination of quantum 

mechanical calculations and experimental studies239,241,242. The force-
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field potential V(r, s) can be split into two main parts: a potential of 

bonded interactions, Vbon(r, s), and a potential of nonbonded 

interactions, Vnbon(r, s): 

 

𝑉(𝒓, 𝑠) = 𝑉𝑏𝑜𝑛(𝒓, 𝑠) +  𝑉𝑛𝑏𝑜𝑛(𝒓, 𝑠)   (15) 

 

where s is the force field parameter. The potential of bonded 

interactions, Vbon(r, s) is a sum of the covalent bond stretching 

potential, Vbond(r, s), the potential of improper dihedral angles, 

Vangle(r, s), and the potential of torsion angles, Vtorsion(r, s):  

 

𝑉𝑏𝑜𝑛(𝒓, 𝑠) =  𝑉𝑏𝑜𝑛𝑑(𝒓, 𝑠) +  𝑉𝑎𝑛𝑔𝑙𝑒(𝒓, 𝑠) +  𝑉𝑡𝑜𝑟𝑠𝑖𝑜𝑛(𝒓, 𝑠)    (16) 

 

The potential of nonbonded interactions, Vnbon(r, s) is a sum of the 

Lennard-Jones potential, VLJ(r, s), and the Coulomb potential, VC(r, 

s)242–245: 

 

𝑉𝑛𝑏𝑜𝑛(𝒓, 𝑠) =  𝑉𝐿𝐽(𝒓, 𝑠) +  𝑉𝐶(𝒓, 𝑠)       (17) 

 

3.8. Small angle X-ray scattering 

 

Small angle X-ray scattering (SAXS) is a powerful technique, 

where the sample is illuminated with a monochromatic X-ray beam, 

usually from a high-brilliance laboratory source or a synchrotron, and 

scattered X-ray photons are collected at scattering angles (2θ) 

generally smaller than 5° (Fig. 13). In biological SAXS experiments, 

the scattering patterns for a protein in a buffer solution and for the 

pure buffer are collected separately, and the latter is subtracted from 

the former as a background signal. SAXS analysis of proteins and 

peptides allows to: (i) determine structural parameters, i.e. the radius 

of gyration (Rg), maximum particle dimension (Dmax), (ii) reconstruct 

low resolution ab initio 3D shape, (iii) model missing fragments in 

protein crystal structures, (iv) determine oligomeric, and (v) 

conformational states246. 

 



41 

 

 
Figure 13. Schematic representation of a small angle X-ray scattering experiment. 

Adopted from Svergun et al.246.  

 

Let us consider a case of elastic scattering, where the wavelength 

of the scattered and the incident wave is the same. In SAXS a plane, 

monochromatic wave of X-ray radiation, k, incidents at a molecule. 

Electrons within the molecule become sources of spherical waves, k’. 

The scattering vector s is defined as (Fig. 13): 

 

𝒔 = 𝒌′ − 𝒌     (18) 

 

For molecules in a diluted solution the scattering is isotropic, i.e. the 

same in each direction: 

  

|𝒔| =
4𝜋 𝑠𝑖𝑛𝜃

𝜆
    (19) 

 

where λ is wavelength of the incident X-ray beam, and θ is half of the 

scattering angle. For monodisperse, noninteracting molecules the 

scattering intensity, I(s), is an integral: 

 

𝐼(𝑠) = 4𝜋 ∫ 𝑝(𝑟)
sin (𝑠𝑟)

𝑠𝑟

𝐷𝑚𝑎𝑥

0
𝑑𝑟   (20) 

 

where Dmax is the maximum particle dimension, and p(r) is the 

intramolecular pair distance distribution function – a probability 
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function of finding two scatterers at a distance r within a molecule. 

Therefore, the scattering data can be used to determine Dmax of a 

molecule246,247. 

For compact, noninteracting particles the initial slope of the 

scattering curve can be approximated by a Guinier equation: 

 

𝐼(𝑠) = 𝐼(0)𝑒
−𝑠2𝑅𝑔

2

3     (21) 

 

where Rg is the radius of gyration. The Guinier approximation holds 

only for s < 1/Rg. Nevertheless, it allows calculation of scattering 

intensity at zero angle, I(0), and Rg from linear regression246,247.  

Scattering data contains low resolution (~2 nm) information, and 

can be used to determine the overall shape of a molecule ab initio.  It 

can also be used to compare experimental SAXS curves with 

theoretical scattering profiles of atomic models (eg. From Protein 

Data Bank). For intrinsically disordered proteins, and proteins with 

intrinsically disordered regions, the sample is a polydisperse mixture 

of different conformers246–248. For a polydisperse sample consisting of 

a mixture of K different non-interacting molecules, the scattering 

curve is a linear sum of scattering intensities from each type of 

scatterer, ik: 

 

𝐼(𝑠) =  ∑ 𝑎𝑘𝑖𝑘(𝑠)𝐾
𝑘=1     (22) 

 

where ak is the fraction of scatterer in solution. This equation can be 

used also in the case of shape polydispersity, where the sample 

contains particles with different shapes and sizes246,247.  

 

3.9. Fiber X-ray diffraction 

 

Amyloid fibrils form one-dimensional structures with a crystal-like 

translational/rotational symmetry element parallel to the fibril axis249. 

In fiber X-ray diffraction, X-ray photons incident on a fiber, 

perpendicular to the fibril axis. The one-dimensional lattice of the 

amyloid fibrils reflects X-rays. When the reflected X-rays travel a 
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distance of an integer number of wavelengths, they interfere 

constructively, resulting in a reflection on a detector. When the 

reflected X-rays travel a distance other than an integer number of 

wavelengths, they interfere destructively i.e. without reflection. 

Reflections are then observed at glancing angles, θ, that satisfy 

Bragg’s law: 

 

𝑛𝜆 = 2𝑑 𝑠𝑖𝑛(𝜃)    (23) 

 

where λ is  the wavelength, d is the lattice spacing, and n is the order 

of reflection202. 

X-ray diffraction of aligned amyloid fibrils results in a specific X-

ray diffraction pattern, called the cross-β pattern, which arises from 

β-strands ordered perpendicular to the fibril axis. This pattern 

contains two sets of characteristic reflexes: meridional and equatorial. 

The meridional reflexes are present at ~ 4.7 Å – 8 Å, and they 

correspond to the distances between the β-strands ordered parallel to 

the fibril axis. The equatorial reflexes are present at ~10 Å – 12 Å, 

and they correspond to distances between repeating elements in the 

fibril structure, organized perpendicular to the fibril axis250–253. 

Fiber X-ray diffraction patterns with both meridional and equatorial 

diffraction rings can confirm the presence of amyloid fibrils with a 

cross-β structure. Moreover, high quality diffraction patterns of 

ordered amyloid fibrils can be used to propose an atomic-level 

structural model127,250,251.  
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4. Cu(II) and Zn(II) binding to the octarepeat 

fragment of PrPC 
 

4.1. The octarepeat fragment of PrPC forms amyloid 

structures in the presence of Zn(II) ions (Paper I) 

 

In order to investigate the structural changes induced by the Zn(II) 

binding to the PrP(58-93) peptide (Fig. 14, from here onwards: OR) I 

started with CD spectroscopy. The CD spectrum of OR peptide is well 

documented in the literature and shows a strong negative band at 

200 nm, and a weak positive band at 225 nm36,38,61,74,75. This spectrum 

is interpreted as a mixture of random coil and polyproline II (PPII) 

helix secondary structure36,38. The direct addition of Zn(II) ions to the 

OR peptide resulted in a loss of the CD signal, which was attributed 

to peptide precipitation or aggregation.  

 

 
Figure 14. Sequence of the PrP58-93 (OR) peptide. Possible metal-binding histidine 

residues are shown in red. 

 

The ThT and CR assays confirmed that OR peptide does not form 

β-strand structures on its own over time. However, addition of Zn(II) 

ions resulted in a rapid increase of ThT fluorescence, and CR 

absorbance. This result is typical for formation of amyloid β-strand 

structures. The amide I band, monitored by ATR-FTIR spectroscopy, 

showed a shift toward shorter wavelengths after addition of Zn(II) 

ions. Second-derivative analysis of FTIR spectra suggested a 

reduction in the amount of PPII helix and formation of β-sheet 

secondary structure. AFM imaging of OR peptide incubated with 

Zn(II) ions for 24 h revealed the presence of single fibrils, as well as 

spherical oligomers. The fibrils height ranged from 1.5 to 1.8 nm, and 

they were directly connected to spherical oligomers, a possible 
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centers for nucleation. Fibrils had lateral branches, which is indicative 

for a secondary nucleation. The presence of fibrillar structures was 

also confirmed by TEM images. X-ray diffraction on fibrillar 

structures confirmed the presence of the cross-β structure, 

characteristic for amyloid fibrils. The SAXS analysis of apo OR 

peptide suggested a presence of two predominant conformers: 

compact with multiple loops, and extended with properties of PPII 

helix. Addition of Zn(II) ions to the OR peptide resulted in sample 

aggregation. In order to analyze the SAXS curves for aggregated, 

polydisperse samples, the shape of apo OR peptide  was approximated 

as a spheroid, and the shape of fibrils was approximated as a cylinder. 

Treating the sample as a mixture of two components suggested that 

Zn(II) binding to OR peptide decreases the fraction of monomers and 

increases the fraction of fibrils. Therefore metal ion binding is a 

primary event responsible for fibril formation.     

 

4.2. The octarepeat fragment of PrPC forms 

β-hairpin structures upon metal ion binding 

(Paper II) 

 

The previous studies on OR peptide suggested that it possesses a 

random coil secondary structure together with PPII helix and/or β-

turns36,38,40,41,74,75. To investigate the inner secondary structure of the 

OR peptide, CD thermal unfolding experiments were performed. An 

isodichroic point at 204 nm, present at 20 - 65 °C range,  suggested a 

PPII helix to random coil transition, and it was estimated that ~45% 

of OR peptide adopts a PPII helix at 37 °C temperature.  

Earlier CD studies on Cu(II) binding to OR peptide in water 

suggested formation of β-turns or structured loops74,75. I was able to 

recreate those experiments, however in our interpretation Cu(II) 

binding to OR peptide results in the formation of an antiparallel β-

sheet secondary structure. CD titrations of OR peptide with Cu(II) in 

a phosphate buffer, pH 7.5 also suggested formation of β-sheet 

secondary structure. In our interpretation up to 1:1 OR peptide:Cu(II) 

molar ratio β-turns are being formed, where above 1:1 molar ratio 
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relaxed antiparallel β-sheet structures are being formed. The changes 

in the secondary structure saturated at 1:4 OR:Cu(II) ratio, suggesting 

binding of four Cu(II) ions by one OR peptide, which is consistent 

with previous studies. The changes in secondary structure were used 

to determine the apparent dissociation constants for Cu(II) binding. 

For the first Cu(II) ion Kd1 was ~0.5 μM, for the second Cu(II) ion 

Kd2 ~7 μM, where for third and fourth Cu(II) ions Kd3 was ~20 μM. 

Zn(II) ions induced changes in OR peptide CD spectrum, similar to 

those observed for Cu(II) ions, and were interpreted as formation of 

an antiparallel β-sheet secondary structure, however, possibly with a 

different geometry. Partial saturation of CD signal at 1:2 OR:Zn(II) 

molar ratio was interpreted as binding of two Zn(II) ions to a OR 

peptide. The calculated apparent Kd values were slightly lower for 

Zn(II), than for Cu(II) ions. 

Copper ions were able to quench the OR peptide intrinsic 

tryptophan fluorescence at pH 7.5, with the apparent Kd of ~4.5 μM, 

probably corresponding to the average Kd value of three different 

Cu(II) binding modes. Under acidic conditions, pH 5.5, the apparent 

Kd was ~7.5 μM, and suggested weaker binding due to protonation of 

histidine residues. Zn(II) ions also quenched tryptophan fluorescence 

at pH 7.5, however the low signal to noise ratio did not allow us to 

calculate the Kd. On the other hand, Zn(II) ions were unable to quench 

the tryptophan fluorescence at pH 5.5, which implies no Zn(II) 

binding to OR peptide at acidic conditions. 

During molecular dynamics simulations of OR peptide with a 

single metal ion, the OR peptide mainchain formed a β-hairpin 

structure, located in the N-terminal, or C-terminal region for Cu(II) 

and Zn(II) ion respectively. When simulated with two Cu(II) and two 

Zn(II) ions the OR polypeptide mainchain formed multiple β-hairpin 

structures enclosed by histidine bound metal ion. Interestingly in 

simulations with two metal ions OR peptide main chain frequently 

formed β-structures, which is consistent with CD studies. The 

residues Gln67-Gly70 and Gly74-Pro76 showed the highest 

propensity towards formation of β-structures and were proposed as a 

core of OR amyloid fibrils. On the other hand, simulation of two OR 

molecules with a single Cu(II) ion revealed a stable intermolecular 
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conformation over time, which may be a first step towards 

aggregation and fibril formation.  

In summary, the secondary structure of OR peptide is a 

combination of random coil and PPII helix. OR peptide binds up to 

four Cu(II) ions or two Zn(II) ions. The first metal ion binds with 

apparent Kd of ~500 nM, and next ions bind with low micromolar Kd. 

Metal ion binding to OR peptide up to 1:1 molar ratio results in 

formation of β-turn secondary structure, where above 1:1 molar ratio 

results in formation of antiparallel β-sheet secondary structure, 

beneficial for amyloid formation. A single metal cation can be 

coordinated by histidine residues from two different OR molecules, 

what might be a first step toward aggregation and fibril formation. 

 

5. Zn(II) binding to the human prion protein 
  

5.1. Zn(II) binding causes interdomain changes in 

the structure and flexibility of the human prion 

protein (Paper III) 

 

In Paper III we studied interaction between full length human 

prion protein and Zn(II) ions. CD titrations revealed an isodichroic 

point at 242 nm, interpreted as a distortion of α-helices 2 and 3 with 

simultaneous formation of β-like motifs around the Zn(II)-bound 

octarepeat region. The distortion of α-helices suggested interdomain 

interactions between Zn(II)-bound octarepeat region and the C-

terminal domain. The structural transition was used to determine the 

apparent dissociation constant for PrPC-Zn(II) complex, which in 

phosphate buffer, pH 7.4 was ~12 μM.  

Zn(II) ions were able to quench PrPC intrinsic tryptophan 

fluorescence, with apparent Kd of ~17 μM and a blue shift in 

fluorescence emission maximum. The shift in fluorescence maximum 

was interpreted as change in tryptophan environment, from fully 

exposed to the solvent, to buried, and exposed to bound water 

molecules.  



48 

 

The two dimensional 1H-15N HSQC NMR solution spectra and 15N 

spin-spin relaxation rates for PrPC-Zn(II) complex showed reduced 

values for residues corresponding to α-helices 2 and 3, interpreted as 

increased local dynamics of the protein mainchain. NMR diffusion 

data showed increased value of the translational diffusion coefficient 

for PrPC, when bound to Zn(II). Increased value of translational 

diffusion coefficient was interpreted as a more compact PrPC 

structure, due to interdomain interaction between Zn(II)-bound 

octarepeat region and C-terminal domain.  

Molecular dynamics simulations suggested a different folding path 

for apo and Zn(II)-bound PrPC, where in the latter Zn(II) ions 

indirectly stabilized C-terminal fragment of α-helix 3. Analysis of our 

SAXS data with the ensemble approach, commonly used for proteins 

with intrinsically disordered domains248,254, together with changes in 

the maximum particle diameter suggested a more compact PrPC fold, 

when bound to Zn(II) ions.  

In previous studies Zn(II) ions at concentration around or below 

100 μM resulted in endocytosis of PrPC from the cell surface66,255 and 

increased Zn(II) uptake into neuronal cells96, what was in line with 

our calculated Kd values. As Zn(II) ions seem to inhibit PrPC 

conversion to amyloid fibrils139, it may be a consequence of observed 

interdomain interactions between Zn(II)-bound octarepeat domain 

and a C-terminal domain.  

 

6. Interaction between human PrPC and 

designed cell penetrating peptide 
 

6.1. The engineered NCAM1-Aβ peptide construct 

inhibits fibril formation by the human prion protein 

(Paper IV) 

 

So far no therapeutic agents for TSEs are available256. In Paper IV 

I have investigated a possible effect of NCAM1(1-19)-KKLVFF as a 

modulator of PrPC aggregation, and fibrillization. The bioengineered 
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NCAM1(1-19)-KKLVFF (from here onwards: NCAM1-Aβ) peptide 

contains the N-terminal secretion signal fragment of mouse NCAM1 

protein (residues 1-19), the KLVFF fragment of the Aβ peptide 

(residues 16-20) and an additional lysine residue to increase 

solubility. NCAM1 is a plasma membrane-anchored glycoprotein and 

it interacts with PrP at the neuronal cell surface150,151. The KLVFF 

sequence was chosen as it inhibits aggregation of the full-length Aβ 

peptide257. AFM images of PrPC incubated with 2 M urea at 50 °C for 

8 hours showed the presence of long fibrils, with heights between 3 

and 4 nm, and large aggregate clumps. NCAM1-Aβ incubated for 8 

hours formed small aggregate clumps and mature fibrils with heights 

between 2 and 3 nm. PrPC incubated together with NCAM1-Aβ for 

up to 72 hours formed only small aggregate clumps with heights 

around 3 to 4 nm. The results were interpreted as a direct 

interaction between PrPC and the NCAM1-Aβ peptide, 

interfering with PrPC aggregation, probably involving 

hydrophobic forces. Therefore NCAM1-Aβ constructs can be 

potentially used as a TSE drugs.   
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7. Conclusions 
 

Using multiple, complementary biophysical methods, ranging from 

experimental techniques, including spectroscopy, microscopy, and 

scattering to theoretical computations, it was shown that metal ion 

binding and interactions with bioengineered NCAM1-Aβ peptide 

alters PrPC folding and aggregation. Based on our findings, I conclude 

that: 

- The isolated OR fragment of PrPC binds up to four Cu(II) and 

two Zn(II) ions. 

- The first metal ion binds with a nanomolar apparent 

dissociation constant, and the next metal ions bind with 

micromolar apparent dissociation constants.  

- Binding of the first metal ion by the OR peptide results in 

formation of β-turn secondary structure, and binding of 

subsequent metal ions results in formation of  antiparallel 

β-sheet secondary structure.  

- Excess of metal ion to OR peptide ratio results in amyloid fibril 

formation. 

- β-hairpin structures formed in the presence of metal ions may 

be the intermediates in amyloid formation. 

- Full length PrPC binds Zn(II) ions with a low micromolar 

dissociation constant.  

- Zn(II)-bound PrPC follows a different folding path compared to 

PrPC alone.  

- Intramolecular interactions between Zn(II)-bound OR region 

and C-terminal domain of PrPC appears to inhibit fibril 

formation. 

- The designed cell penetrating NCAM1-Aβ peptide construct 

interacts with PrPC and interferes with fibril formation. 
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