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This work investigates the influence of mutations at selected positions on the structure for-

mation of the Alzheimer’s disease peptide amyloid β. Amyloid β is a member of the class of 

intrinsically disordered proteins that can aggregate into fibrils, which are characterized by a 

highly stable secondary structure, called cross-β structure. A central contact during fibrillation 

is the hydrophobic F19-L34 contact, which is located within the core of the cross-β structure. 

Modifications of this contact are known to influence the local molecular structure whereas the 

fibril morphology and the cross-β structure remain stable. In contrast, toxicity of amyloid β was 

completely lost for all previously investigated mutants of F19 and L34. 

This work characterizes the properties of this contact and answers the question what the min-

imally tolerated modifications are. To characterize the structure, structure formation process 

and biological activity of the Aβ variants a set of experiments was carried out. The local struc-

ture and dynamics were investigated using NMR experiments focusing on 13C-chemical shift 

changes and 1H-13C dipolar couplings, respectively. The fibril morphology and cross- β struc-

ture was verified by electron microscopy, circular dichroism spectroscopy and X-ray diffraction. 

Toxicity and biological activity was investigated using complementary cell culture experiments. 

The work was divided in three parts. First, L34 was substituted with three highly similar amino 

acids: the isomer isoleucine, valine that is one methylene group shorter but also a branched 

chain amino acid and the stereoisomer D-leucine. The L34 position proved to be important for 

the initiation of the structure formation, oligomer stability, fibril growth and the biological activity 

of amyloid β. These characteristics and properties were highly sensitive also to minor modifi-

cations but the different mutants showed no specific but qualitatively similar effects. 

The second part complemented previous mutation studies of the F19 position. Four new mu-

tants were designed testing mild modification of the F19-L34 contact: phenylglycine and the 

homophenylalanine (S)-2-amino-4-phenyl-butyric acid change the length of the side chain, cy-

clohexyl-alanine eliminates the π-aromaticity of the ring system and increases the 3D steric 

demand, and (1-naphtyl)-alanine increases the 2D steric demand while maintaining the aro-

maticity. Mutations at the F19 position caused qualitatively similar effects as L34 modifications 

but proved to have quantitatively greater impact. Furthermore, they showed some specificity 

as steric constraints caused larger changes than modifications of the ring system. 

The third part investigates the influence of β-methylamino-L-alanine (BMAA) substitutions at 

positions F19, S8, and S26. The serine to BMAA substitutions were included because of their 

potential medical relevance. A F19BMAA substitution caused similar effects like other modifi-

cations at this position. Replacement of serine lead to a structural reorientation of the Aβ N-ter-

minus and turn region. Furthermore, the pathways of the cell response changed from mito-

chondrial activity and plasma membrane integrity to apoptosis and neuronal stress reaction. 

Summarizing, it could be shown that, although the formation and structure of amyloid β fibrils 

is robust against different modifications the fibrillation kinetics, local structure and especially 

biological activity is highly sensitive and to some extend specific to even minor modifications. 
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1 Summary 

The function of a protein essentially depends on its correct three-dimensional structure. There-

fore, it is not surprising that protein misfolding contributes to the pathology of many diseases. 

For a large group of diseases, called proteopathies, it is even the central pathological mecha-

nism. Although the protein structure is determined by the sequence and the properties of the 

amino acids forming the polypeptide chain, especially intermolecular forces can interfere with 

the folding process that is commonly dominated by intramolecular forces. A dominant misfold-

ing pathway of many proteopathies, especially neurodegenerative diseases, is the formation 

of amyloid fibrils. The best-known example is the formation of amyloid β (Aβ) fibrils in Alz-

heimer’s disease. 

In the case of amyloids, a large number of peptides with the same amino acid sequence as-

sembles in a fibril like fashion. Each protein contributes typically at least two β-strands to form 

extended β-sheets that are stabilized by intermolecular backbone hydrogen bonds. Stacking 

of at least two of these intermolecular β-sheets in a way that hydrophobic residues are buried 

between the sheets and hydrophilic residues are exposed to the solvent results in the formation 

of the characteristic cross-β structure. This hallmark structure of amyloid fibrils is extraordinar-

ily stable as the formation of a large number of hydrogen bonds and the high energy contribu-

tion of the hydrophobic effect result in a folding energy that is typically even lower than the 

native conformation of the monomeric protein. 

Understanding this process and its underlying mechanisms is not only substantial for the iden-

tification of the pathology of many diseases but also of the physiological protein folding mech-

anisms. It is likely that all proteins are able to form fibrils regardless of their sequence provided 

that the conditions during the folding process promote aggregation. This makes the fibril for-

mation a generic property of all proteins reflecting fundamental physical laws and principles, 

which determine protein structure formation. 

This work addresses the questions which characteristics of the fundamental physical forces 

govern amyloid fibril formation and which physicochemical interactions determine the peptide 

self-organization, the amylogenic folding pathway and the subsequent cross-β structure for-

mation. To this end, the influence of perturbations and constraints, locally introduced in the 

primary structure, were examined. Finally, investigations on how mechanisms of structure for-

mation translate to protein function and activity were performed (see Figure 1). 

This was done using mutational studies on Aβ. This peptide is not only noted for its role in 

Alzheimer’s disease but also because it is a well-established model peptide for the process of 

fibril formation. In this work, the 40 amino acids long alloform that is most abundant in the 

human brain was used. The peptide structure can be divided into five parts: (1) a flexible N-ter-

minus, (2) a first hydrophobic region with pronounced β-sheet formation propensity, (3) a linker 

region, (4) a second hydrophobic region with pronounced β-sheet formation propensity, and 

(5) a short C-terminus. Whereas the monomer is intrinsically disordered, the typical cross-β 

structure is formed during fibrillation. There, the two hydrophobic regions form β-strands that 

contribute to β-sheets stabilized by intermolecular hydrogen bonds between consecutive Aβ 

monomers. The hydrophobic areas of the two β sheets stack together, which results in the 

formation of the cross-β structure typical for amyloid fibrils. 

For Aβ it was shown that the hydrophobic contact between phenylalanine 19 (F19) and leu-

cine 34 (L34) is of key importance for fibril formation. The two amino acids are located within 

the two β-sheet forming regions of the peptide, namely the hydrophobic core and the 
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C-terminus. The interaction between these residues is a conserved, early step in the fibril for-

mation process. In the mature fibril structure, these residues are located within the hydrophobic 

core of the cross-β structure. In previous mutation studies of the F19-L34 contact it could be 

shown that the cross-β structure remains highly conserved and tolerates various perturbations 

introduced at the position of the contact.1 These constraints comprised (1) changes of the 

structural flexibility of the peptide backbone, (2) the introduction of additional hydrogen bond 

forming moieties at the side chains, the influence of (3) positive as well as (4) negative charges 

and the substitution of the contact by (5) a salt bridge and (6) two repulsive positively charged 

amino acids. For all mutants the global fibril morphology and the cross-β structure remained 

conserved with exception of the salt bridge variant that did not form fibrils. The introduced 

constraints resulted in an alteration of the local structure and modified amino residue dynamics 

caused by a change in the packing density within the fibril core. Strong effects could also be 

observed on the fibril formation kinetics. This reflects the interactions between the solvent en-

vironment and forces at the peptide surface, which are crucial for the stability and structure 

transition of transient folding intermediates but less important for the mature fibril structure. For 

example, these can be interactions of charged amino acids with solvent salt ions or the proto-

nation of amino acid residues caused by a high solvent pH. The largest difference to the 

wildtype that was generic for all variants independent of the nature of the substitution concerns 

the cellular activity of the mutants. MTT assays showed that exclusively the wildtype impaired 

mitochondrial activity whereas the mutations completely abolished this effect. 

This rises several fundamental questions concerning the fibrillation formation process of Aβ: 

How specific is the F19-L34 contact? What forces and interactions determine this potential 

specificity? What are the individual contributions of the F19 and the L34 respectively to the 

contact? How sensitive is the biological activity of Aβ to modifications of this contact? Are the 

observed effects exclusive to the F19-L34 contact or can other mutations cause similar 

changes? 

To address these questions, a library of mutations was prepared. Mutational studies are a well-

established approach to study the properties of Aβ. This strategy is suitable as several natu-

rally occurring mutations are known that are often linked to familial forms of Alzheimer’s dis-

ease or specific pathologies.2 Furthermore, Aβ has a number of sites for posttranslational mod-

ifications.3 This shows that single side alterations of the peptide sequence are on the one hand 

well tolerated, but on the other hand lead to observable changes in the properties and function 

of the peptide. Because of this, mutational studies on Aβ are a well-established experimental 

approach already used in a number of other investigations and were also chosen to address 

the questions asked in this work. 

Selected amino acids were substituted to moderately alter the van der Waals volume, hydro-

phobicity, dielectric properties, stereospecific configurations, and aromatic ring systems at cho-

sen positions in the fibril structure. Different characteristics of the mature fibrils and the folding 

process were investigated for these mutations, namely: (1) global fibril morphology, (2) sec-

ondary structure composition, (3) characteristics of the cross-β structure, (4) local structure 

and (5) dynamics of amino acids in the fibrillar state, (6) kinetics of the fibril formation process 

and (7) cytotoxic activity, which is mainly caused by transient oligomer species. 

The first part of the work focuses on the local environment of L34, whereas the second part 

investigates new mutations at the F19 side. In the third and final part, the scope was extended 

to two additional regions of the peptide, namely the N-terminus and the loop region. There, the 

positions S8 and S26 were substituted by the microbial, non-proteinogenic amino acid β-Me-

thylamino-L-alanine (BMAA), which also gave insights to the questions, which pathological 

effects could be expected by such possibly medically relevant modification.  
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At the L34 position investigated in the first part, three mutations were introduced: The first 

variant contained D-leucine, the enantiomer of the proteinogenic L-leucine, which only 

changes the stereochemistry at the Cα position. The second mutant was L34I where the iso-

meric relocation of one methyl group caused a change in the steric properties of the side chain. 

The third substituent was valine, which is also a terminally branched amino acid but one meth-

ylene group shorter than the leucine in the wildtype, which reduces the van der Waals volume 

of the side chain. This mutation is characteristic for cerebral amyloid angiopathy.7 However, 

our investigations do not directly relate to this form of disease but molecular dynamics simula-

tions addressing this aspect match our findings.8 All three mutants influenced the fibrillation 

kinetics and biological activity of Aβ but caused only minor changes of the local structure and 

did not affect the fibril morphology, the secondary structure composition of the mature fibrils or 

the characteristics of the cross-β structure. This indicates that the Aβ oligomers, as transient 

folding intermediates, are sensitive to constraints affecting the interaction forces at the L34 

position, which guide the folding process. The fibril formation kinetics indicate that on one hand 

the oligomer structure was destabilized and on the other hand the fibril elongation was en-

hanced. This shows that, besides the predominant hydrophobicity, the exact stereospecificity 

of interactions and the transitions between folding intermediates are also of utter importance. 

These interactions are not restricted to the neighboring amino acids of L34 but more im-

portantly affect the non-local interaction with F19 and adjacent amino acids.4 

The most significant differences between the wildtype and the mutants could be seen in the 

kinetics measurements and especially the cell response assays. As structural investigations 

are only possible to a limited extent for transient species, these functional assays proved to be 

an important method for oligomer characterization. Overall, in this part of the work it could be 

demonstrated, that even minor modifications of the forces located at the L34 side are important 

for (1) the initiation of the structure formation process, (2) the stabilization of transient oligo-

meric structures, (3) the recruitment of monomers for fibril elongation, (4) to a minor extend 

local structure and dynamics, and (5) neuronal toxicity of Aβ. (7) No specificity of the observed 

effects correlating with distinct constraints could be identified by the substitution pattern ap-

plied. However, (8) a high sensitivity of the cellular response could be demonstrated even for 

minimal modifications of the local forces.4 

The second part of the work answers questions that remained open in previous studies con-

cerning the F19 position. As the mutations at the L34 side demonstrated, already minor alter-

ations of the physical forces at the F19-L34 contact result in clear changes in the fibril formation 

process and cell response. Therefore, also at the F19 positions the influence of minor modifi-

cations on fibril formation and biological activity had to be investigated. The canonical amino 

acids most similar to phenylalanine, tyrosine and tryptophane have already been investigated. 

Whereas they showed the main commonality with the wildtype in aspects of structure and fibril 

formation kinetics, they also completely abolished the toxic properties of Aβ.1 This demon-

strates, that the presence of a ring system is of key importance for the fibril formation as well 

as the local structure and dynamics of the mature fibril. It also shows, that the characteristics 

of the ring system, like aromaticity, 2D, and 3D steric demand, determine the biological activity 

of the Aβ variant. To get a deeper insight in the involved mechanisms, four mutants were syn-

thesized using non-canonical phenylalanine derivates. The first amino acid was cyclohexyl-L-

alanine, which carries a saturated ring instead of a conjugated ring system. This changes not 

only the electronic properties but also the dipole moment and the planarity of the residue. The 

second mutation, which was introduced was (1-naphthyl)-L-alanine based on two condensed 

benzene rings. This changes the van der Waals volume of the residue and to some extend 

also the dipole moment but conserves the other characteristics of the residue. The final pair of 

substitutions are phenylglycine and L-homophenylalanine, which remove or add a methylene 
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group, respectively. These represent the smallest changes as only the distance between the 

two opposing amino acids at positions 19 and 34 was altered. All mutants of this part of the 

work showed effects similar to the L34 mutants. Also, in the cases of the altered distances, the 

global structure remained unaffected and only moderate changes on the molecular level could 

be observed. Again, the fibrillation kinetics and the biological activity were much more sensitive 

towards modifications. Overall, the non-canonical amino acids all caused a higher aggregation 

propensity, destabilized oligomeric structure and caused a faster recruitment of unstructured 

monomers to preformed fibril structures reflected by a faster growth rate in the kinetics meas-

urements of the fibril formation process. Furthermore, they showed a strongly reduced cell 

response, which, however, was still significantly different from control and wildtype. Compared 

to the L34 position, the constraints introduced at the F19 side had stronger effects on the 

cellular response in terms of mitochondrial activity and plasma membrane integrity. Further-

more, similar to the L34 mutations, the steric characteristics of the contact is of highest im-

portance. Changes of the hydrophobicity or the π-electron ring system caused still detectable 

but less pronounced effects showing a specificity of the local interactions towards steric con-

straints. Again, the modifications act on level of the transient folding intermediates rather than 

the mature structure.5 

The direct comparison between the F19 and the L34 mutations confirms the importance of this 

contact but indicates that the contribution of the F19 side is larger than the contribution of the 

L34 position, especially regarding the consequences of modifications on the cellular response. 

In both cases, the investigated modifications caused qualitatively comparable but quantitatively 

distinct effects. Particularly, stereospecific mechanisms determine the properties of this con-

tact even though other forces like van der Waals interactions or the π-electrons of the phenyl 

ring system contribute. In general, constraints at the F19 position caused more severe effects 

on structure formation and biological activity than at the L34 position. The propagation of the 

local structural changes to the opposing β-sheet at the F19 position is another important fea-

ture of L34 mutations.5 

In the third part, the non-canonical amino acid β-Methylamino-L-alanine (BMMA) was intro-

duced at the F19 position as well as S8 and S26, which are located at the N-terminus and the 

turn-region, respectively. BMAA is suspected to be a risk factor for neurodegenerative dis-

eases. One of the discussed pathological pathways of BMAA is its misincorporation in proteins 

leading to misfolding and subsequently to aggregations. This is indicated by the possibility that 

the Ser-tRNA synthetase can accept BMAA instead of serine. The S8 and S26 positions were 

used as mutation sides because of this capability of Ser-tRNA synthetase to accept BMAA 

instead of serine. Both BMAA and serine contain a hydrogen donating group in their side chain 

for formation of potential hydrogen bonds.6 

When BMAA is introduced at position F19 within the hydrophobic core region, it strongly affects 

local structure and dynamics, the fibril formation kinetics, and the biological activity of Aβ, while 

the global fibril morphology and secondary structure composition were conserved. Thus, in this 

case it behaves like a severe mutation rather than a mild one. BMAA substitutions for serine 

are of more interest. Although such modifications could not be shown in vivo, their possible 

relevance is discussed based on the capability of serine tRNA synthetase to accept BMAA as 

substitute in vitro. Synthetic Aβ peptides with a S8BMAA or a S26BMAA mutation showed that 

such substitutions result in a characteristic change of Aβ properties: The hydrophobic core with 

the cross-β structure remains unaffected but structural alterations occur at the N-terminus 

(S8BMAA) as well as within the turn structure (S26BMAA). Most prominent are the changes in 

the biological activity of Aβ as in both cases no longer the mitochondrial activity is impaired but 

apoptotic caspase 3 activation and a stress induced neurite length shortening is induced. Both 

serine substitutions show comparable effects that are slightly more pronounced in case of 
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S26BMAA. This functional similarity might be caused by a S8-S26 interaction, which was 

shown for an Aβ fibril structure relevant to Alzheimer’s disease.9 The correlation between fi-

brillation kinetics and biological activity was different between the Ser-BMAA substitutions and 

the other mutations tested in this work indicating a distinct fibril formation pathway, which fa-

vors more stable oligomers. Furthermore, the serine substitutions showed a distinct cell activ-

ity. Instead of acting through mitochondria-cell membrane mediated mechanisms they induced 

apoptosis and a neuronal stress response. This shows that more than one mode of action 

contributes to Aβ toxicity. Also, this observed change of activity might be useful to answer the 

question if BMAA misincorporation is a relevant risk factor for Alzheimer’s disease as this 

should be revealed by Caspase 3 activation instead of mitochondrial dehydrogenase inhibition, 

which seems to be characteristic for non-BMAA misincorporation Aβ pathology. Additionally, 

such activity switches might be relevant to explain different forms and etiologies of Alzheimer’s 

disease and the activity of different risk factors.6 

All of our findings can be interpreted using the classical U-shape model of the Aβ fibril structure, 

which is guided by intramolecular contacts. However, it cannot be ruled out that the investi-

gated contacts form intermolecular contacts. This can result in a U-shaped structure with an 

offset between the β-sheets along the fibril axis or even an extended structure where two 

straight filaments align in opposing orientation.10,11 A distinction between intramolecular and 

intermolecular contacts could be made by NMR experiments comparing fully labeled with mix-

tures of labeled and non-labeled or differently labeled peptides. However, this was not done in 

this work as the investigated physicochemical characteristics of the interactions were sup-

posed to be identical in both cases.  

In conclusion, this work shows that modulations of the local physicochemical forces and inter-

actions of Aβ strongly affect its structural properties, the folding process and biological activity. 

Depending on the mutation side and the introduced constraints, mutations not only modulate 

the strength of the cellular response but are also capable of changing the involved signaling 

pathways for neurotoxicity. This has to be caused by a change of the self-organization of the 

polypeptide and the involved structure formation pathways. Subsequently, this links the funda-

mental physicochemical characteristics of the amino acid chain to the various etiologies and 

modes of action of potential risk factors contributing to the pathology of Alzheimer’s disease 

and other proteinopathies. The key features of Aβ fibrils are not only the fibril morphology and 

cross-β structure but also their outstanding stability and resistance to side chain modifications, 

which can be introduced by various mutations. All mutants investigated in this and previous 

works caused structural rearrangements and changes in dynamics, which were restricted to 

the local environment of the affected amino acids. However, not only amino acids neighboring 

the mutation side were affected but also amino acids in close proximity of direct interaction 

partners. This could be demonstrated for interactions between S8 and S26 as well as in detail 

for the F19-L34 contact. 

The characteristics of this contact are mainly determined by the steric properties, which are 

more sensitive to modifications of the F19 position with the bulky ring system whereas the 

smaller L34 side chain has a lower impact. It could be shown that the fibril formation is not only 

driven by the aggregation propensity of the peptide, which is caused by the enthalpic and 

entropic contribution of the interaction forces. At both positions, the steric features were the 

key factors of the involved amino acid residues. For the F19 position, the conjugation of the 

ring system also proved to be important. Constraints addressing other physicochemical char-

acteristics displayed only moderate effects on the self-organization, folding pathway and ma-

ture fibril structure of Aβ. The importance of the steric specificity of the interactions guiding the 

fibril formation process is also reflected on the level of oligomers and other transient structural 

species, which were indirectly investigated by fibril formation kinetics measurements. This links 
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the demonstrated steric specificity of the guiding F19-L34 interaction to the sensitivity of the 

biological activity to introduced constraints, which explains the fact that not the mature fibrils, 

but oligomers are shown to be the toxic species in Alzheimer’s disease pathology. 

A recent work shows, that the influence of steric constraints is not limited to the amino acid 

side chains but also the backbone contributes significantly. By using non-proteinaceous amino 

acids with methylated backbone amino groups, it could be shown that also constraints in the 

backbone lead to similar changes in the fibrillation behavior, structure and biological activity of 

Aβ. In this case, besides steric constraints the prevention of the hydrogen bond formation of 

the amino group also contributes to the effect. In contrast, introducing a methylene or ethylene 

spacer between the amino and carboxy group within the backbone increased the fibrillation 

propensity by introduction of additional degrees of freedom.12 

Furthermore, the observed effects are not exclusive for the amino acids, which form the hy-

drophobic contact, but also neighboring amino acids within the cross-β region contribute. This 

could be shown in the case of F20 and G33. Also, for these amino acids the fibril structure 

remained robust and the strongest effects could be observed for the fibrillation kinetics and 

toxicity of the peptides. Interestingly, the effects of a substitution of G33 with alanine caused 

similar but stronger effects than the substitution of either amino acid involved in the F19-L34 

contact. This could be attributed to the fact that the G33A mutation prevented the formation of 

a salt bridge in the turn region on the oligomeric but not on the fibrillar level. This shows that 

not only the F19-L34 contact is critical for the initiation of the fibril formation, the fibrillation 

kinetics and the properties of the oligomers. Aslo other amino acids within the cross-β structure 

determine the structure formation process and are capable to guide it to alternative pathways.13 

Subsequent investigations should be invested in the question if the amino acid contacts, which 

are reported to be critical for the structure formation process are indeed intramolecular con-

tacts. Although this would be in agreement with the widely used U-shape structural model 

recent research indicates that also other conformations comprising an intermolecular arrange-

ment of the contacts have to be considered. This also touches the question if the classical 

U‑shape model can be maintained of if other models should be preferred. It is also still not 

clear, if the wildtype is the primary toxic species and which are contributions of mutated or 

posttranslationally modified variants. Both cases can lead to different structures and therefore 

other molecular contacts and other physicochemical interactions might be critical. 

This work focuses on the hydrophobic contact between F19 and L34 within the cross-β region. 

However, also other contacts are known to be important, for example the formation of a salt 

bridge within the turn formation that electrostatic interactions should be the predominant force. 

A detailed investigation of such other contacts could yield similar important insights in the 

structure formation process.  

Overall, this work contributes to the understanding of protein folding and misfolding mecha-

nisms and gives indications for the development of new approaches to treat proteinopathies. 
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2 Zusammenfassung 

Die Funktion eines Proteins hängt im Wesentlichen von seiner korrekten dreidimensionalen 

Struktur ab. Daher ist es nicht überraschend, dass Proteinfehlfaltung zur Pathologie vieler 

Krankheiten beiträgt. Bei einer großen Gruppe von Erkrankungen, den sogenannten Proteo-

pathien, ist sie sogar der zentrale Krankheitsmechanismus. Obwohl die Proteinstruktur durch 

die Sequenz und die Eigenschaften der Aminosäuren, die die Polypeptidkette bilden, bestimmt 

wird, können insbesondere intermolekulare Kräfte den Faltungsprozess beeinträchtigen, der 

üblicherweise von intramolekularen Kräften dominiert wird. Ein vorherrschender Fehlfaltungs-

weg vieler Proteopathien, insbesondere neurodegenerativer Erkrankungen, ist die Bildung von 

Amyloidfibrillen. Das bekannteste Beispiel ist die Bildung von Aβ-Fibrillen bei der Alzheimer-

Krankheit. 

Im Falle von Amyloiden lagert sich eine große Anzahl von Peptiden mit gleicher Aminosäu-

resequenz perlenkettenartig zusammen. Jedes Protein trägt typischerweise mindestens zwei 

β-Stränge zur Bildung ausgedehnter β-Faltblätter bei, die durch intermolekulare Wasserstoff-

brücken zwischen den Hauptketten stabilisiert werden. Das Aneinanderlagern von mindestens 

zwei dieser intermolekularen β-Faltblätter in einer Form, dass hydrophobe Reste zwischen 

den Blättern begraben und hydrophile Reste dem Lösungsmittel zugewendet sind, führt zur 

Bildung der charakteristischen Cross-β-Struktur. Diese charakteristische Struktur der Amyloid-

fibrillen ist außerordentlich stabil, da die Bildung einer großen Anzahl von Wasserstoffbrücken-

bindungen sowie der hohe Energiebeitrag des hydrophoben Effekts zu einer Faltungsenergie 

führen, die typischerweise sogar niedriger ist als die native Konformation des monomeren Pro-

teins. 

Das Verständnis dieses Prozesses und der ihm zugrundeliegenden Mechanismen ist nicht nur 

wesentlich für die Identifizierung der Pathologie vieler Krankheiten, sondern auch für die phy-

siologischen Proteinfaltungsmechanismen. Es ist wahrscheinlich, dass alle Proteine in der 

Lage sind, unabhängig von ihrer Sequenz Fibrillen zu bilden, vorausgesetzt, die Bedingungen 

während des Faltungsprozesses fördern die Aggregation. Dies macht die Fibrillenbildung zu 

einer generischen Eigenschaft aller Proteine, die grundlegende physikalische Gesetze und 

Prinzipien widerspiegelt, die die Proteinstrukturbildung bestimmen. 

Diese Arbeit beschäftigt sich mit den Fragen, welche Eigenschaften die grundlegenden physi-

kalischen Kräfte haben, die die Bildung von Amyloidfibrillen regeln und welche physikalisch-

chemischen Wechselwirkungen die strukturelle Selbstorganisation von Peptiden, den amylo-

genen Faltungsweg und die anschließende Cross-β-Strukturbildung bestimmen. Zu diesem 

Zweck wurde der Einfluss von lokalen Störungen und Beeinträchtigungen der Primärstruktur 

betrachtet. Schlussendlich wurde untersucht, wie sich die Mechanismen der Strukturbildung 

auf die Funktion und Aktivität auswirken (siehe Abbildung 1). 

Dafür wurden Mutationsstudien an Amyloid β (Aβ) durchgeführt. Dieses Peptid ist nicht nur 

bekannt für seine Rolle bei der Alzheimer-Krankheit, sondern auch, weil es ein fest etabliertes 

Modellpeptid für den Prozess der Fibrillenbildung ist. In dieser Arbeit wurde die 40 Aminosäu-

ren lange Alloform genutzt, die im menschlichen Gehirn am häufigsten vorkommt. Die Pep-

tidstruktur lässt sich in fünf Teile unterteilen: (1) einen flexiblen N-Terminus, (2) eine erste 

hydrophobe Region mit ausgeprägter Neigung zur Bildung von β-Faltblättern, (3) eine Linker-

Region, (4) eine zweite hydrophobe Region mit ausgeprägter Neigung zur Bildung von β-Falt-

blättern und (5) ein kurzer C-Terminus. Während das Monomer intrinsisch ungeordnet ist, wird 

während der Fibrillenbildung die typische Cross-β-Struktur gebildet. Darin bilden die beiden 
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hydrophoben Regionen β-Stränge, die zu β-Faltblättern beitragen, die durch intermolekulare 

Wasserstoffbrückenbindungen zwischen aufeinanderfolgenden Aβ-Monomeren stabilisiert 

werden. Die hydrophoben Bereiche der beiden β-Faltblätter lagern sich schlussendlich anei-

nander, was zur Bildung der für Amyloidfibrillen typischen Cross-β-Struktur führt. 

Für Aβ wurde gezeigt, dass der hydrophobe Kontakt zwischen Phenylalanin 19 (F19) und Leu-

cin 34 (L34) von zentraler Bedeutung für die Fibrillenbildung ist. Die beiden Aminosäuren be-

finden sich innerhalb der hydrophoben Kernregion und des C-Terminus, der beiden β-Faltblatt-

bildenden Regionen des Peptids. Die Interaktion zwischen diesen Seitenketten ist ein konser-

vierter, früher Schritt im Fibrillenbildungsprozess. In der finalen Fibrillenstruktur befinden sich 

diese Reste innerhalb des hydrophoben Kerns der Cross-β-Struktur. In früheren Mutationsstu-

dien des F19-L34-Kontakts konnte gezeigt werden, dass die Cross-β-Struktur weitestgehend 

unverändert bleibt und verschiedene an der Kontaktstelle eingeführte Störungen toleriert.1 

Diese Störungen umfassten (1) die Änderungen der strukturellen Flexibilität des Peptidrück-

grats, (2) die Einführung weiterer Wasserstoffbrücken bildender chemischer Gruppen an den 

Seitenketten, den Einfluss (3) positiver sowie (4) negativer Ladungen und die Substitution des 

Kontaktes durch (5) eine Salzbrücke und (6) zwei abstoßende, positiv geladene Aminosäuren. 

Bei allen Mutanten blieben die globale Fibrillenmorphologie und die Cross-β-Struktur erhalten, 

mit Ausnahme der Salzbrückenvariante, die keine Fibrillen bildete. Die eingeführten Beschrän-

kungen führten zu einer Änderung der lokalen Struktur und einer modifizierten Dynamik der 

Seitenketten, die durch eine Änderung der Packungsdichte innerhalb des Fibrillenkerns verur-

sacht wurde. Starke Effekte konnten auch auf die Kinetik der Fibrillenbildung beobachtet wer-

den. Dies spiegelt die Wechselwirkungen zwischen der Lösungsmittelumgebung und den Kräf-

ten an der Peptidoberfläche wider, die für die Stabilität und den Strukturübergang kurzlebiger 

Faltungsintermediate entscheidend sind, aber weniger wichtig für die finale Fibrillenstruktur. 

Dies können beispielsweise Wechselwirkungen geladener Aminosäuren mit Salzionen des Lö-

sungsmittels oder die Protonierung von Aminosäureresten durch einen hohen pH Wert des 

Lösungsmittels sein. Der größte Unterschied zum Wildtyp, der unabhängig von der Art der 

Substitution und generisch für alle Varianten war, betrifft die zelluläre Aktivität der Mutanten. 

MTT-Assays zeigten, dass ausschließlich der Wildtyp die mitochondriale Aktivität beeinträch-

tigte, während die Mutationen diesen Effekt vollständig aufhoben. 

Dies wirft mehrere grundlegende Fragen zum Bildungsprozess von Aβ-Fibrillen auf: Wie spe-

zifisch ist der F19-L34-Kontakt? Welche Kräfte und Wechselwirkungen bestimmen diese po-

tentielle Spezifität? Was sind die individuellen Beiträge des F19 bzw. des L34 zum Kontakt? 

Wie sensitiv ist die biologische Aktivität von Aβ gegenüber Modifikationen dieses Kontakts? 

Sind die beobachteten Effekte ausschließlich auf den F19-L34-Kontakt beschränkt oder kön-

nen andere Mutationen ähnliche Veränderungen hervorrufen? 

Um diese Fragen zu beantworten, wurde eine Bibliothek von Mutanten erstellt. Mutationsstu-

dien sind ein etablierter Ansatz, um die Eigenschaften von Aβ zu untersuchen. Dieser Ansatz 

bietet sich an, da mehrere natürlich vorkommende Mutationen bekannt sind, die häufig mit 

familiären Formen der Alzheimer-Krankheit oder spezifischen Pathologien verbunden sind.2 

Außerdem besitzt Aβ eine Reihe von Aminosäuren die posttranslational modifiziert werden 

können.3 Dies zeigt, dass einzelne Änderungen der Peptidsequenz einerseits gut akzeptiert 

werden, andererseits aber zu erkennbaren Veränderungen der Eigenschaften und Funktion 

des Peptids führen. Da diese Mutationsstudien an Aβ ein etablierter experimenteller Ansatz 

sind, der bereits in einer Reihe anderer Untersuchungen erfolgreich Verwendung fand, wurde 

er auch hier gewählt, um die in dieser Arbeit gestellten Fragen zu adressieren. 
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Abbildung 1: Schlüsselfragen und wichtigste Erkenntnisse.4–6 
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Wir haben ausgewählte Aminosäuren substituiert, um das van-der-Waals-Volumen, die Hy–

drophobizität, die dielektrischen Eigenschaften, die stereospezifischen Konfigurationen und 

die aromatischen Ringsysteme an ausgewählten Positionen in der Fibrillenstruktur moderat zu 

verändern. Für diese Mutationen wurden verschiedene Charakteristika der ausgereiften Fibril-

len und des Faltungsprozesses untersucht, nämlich: (1) die globale Fibrillenmorphologie, 

(2) die Zusammensetzung der Sekundärstruktur, (3) die Charakteristika der Cross-β-Struktur, 

(4) die lokale Struktur und (5) die Dynamik der Aminosäuren im fibrillären Zustand, (6) die 

Kinetik des Fibrillenbildungsprozesses und (7) die zytotoxische Aktivität, die hauptsächlich 

durch transiente Oligomer-Spezies verursacht wird. 

Der erste Teil der Arbeit konzentriert sich auf die L34-Region, während der zweite Teil neue 

Mutationen der F19-Position untersucht. Im dritten und letzten Teil wurde der Blick auf zwei 

zusätzliche Regionen des Peptids erweitert, nämlich den N-Terminus und die Loop-Region. 

Dort wurden die Serine S8 und S26 durch die mikrobielle, nicht-proteinogene Aminosäure 

β-Methylamino-L-alanin (BMAA) ersetzt, was auch Aufschluss darüber gab, welche pathologi-

schen Wirkungen bei einer solchen möglicherweise medizinisch relevanten Modifikation zu 

erwarten sind. 

An der im ersten Teil untersuchten L34-Position wurden drei Mutationen eingeführt: Die erste 

Variante enthielt D-Leucin, das Enantiomer des proteinogenen L-Leucin, das nur die Stereo-

chemie an der Cα-Position verändert. Die zweite Mutante war L34I, bei der die isomere Verla-

gerung einer Methylgruppe eine Veränderung der sterischen Eigenschaften der Seitenkette 

bewirkt. Der dritte Substituent war Valin, das ebenfalls eine endständig verzweigte Aminosäure 

ist, aber eine Methylengruppe kürzer als das Leucin im Wildtyp, was das van-der-Waals-Volu-

men der Seitenkette reduziert. Diese Mutation ist charakteristisch für die zerebrale Amyloidan-

giopathie.7 Unsere Untersuchungen beziehen sich jedoch nicht direkt auf diese Form der 

Krankheit, aber eine Arbeit die dies auf Basis von Molekulardynamik-Simulationen untersucht, 

stützt unsere Ergebnisse.8 Alle drei Mutanten beeinflussten die Fibrillationskinetik und die bio–

logische Aktivität von Aβ, verursachten aber nur geringfügige Veränderungen der lokalen 

Struktur und hatten keinen Einfluss auf die Fibrillenmorphologie, die Sekundärstrukturzusam-

mensetzung der ausgereiften Fibrillen oder die Eigenschaften der Cross-β-Struktur. Dies deu-

tet darauf hin, dass die Aβ-Oligomere als transiente Faltungsintermediate empfindlich auf Ein-

schränkungen reagieren, die die Interaktionskräfte an der L34-Position betreffen, welche den 

Faltungsprozess steuern. Die Kinetik der Fibrillenbildung deutet darauf hin, dass einerseits die 

Oligomerstruktur destabilisiert und andererseits das Fibrillenwachstum verstärkt wurde. Dies 

zeigt, dass neben der vorherrschenden Hydrophobie auch die genaue Stereospezifität der 

Wechselwirkungen sowie die Übergänge zwischen den Faltungsintermediaten von großer Be-

deutung sind. Diese Wechselwirkungen sind nicht auf die benachbarten Aminosäuren von L34 

beschränkt, sondern betreffen vor allem die nichtlokale Wechselwirkung mit F19 und benach-

barten Aminosäuren.4 

Die deutlichsten Unterschiede zwischen dem Wildtyp und den Mutanten zeigten sich bei den 

Kinetikmessungen und insbesondere bei den Zellkultur-Assays. Da Strukturuntersuchungen 

für transiente Spezies nur bedingt möglich sind, erwiesen sich diese funktionellen Assays als 

wichtige Methode zur Oligomercharakterisierung. Insgesamt konnte in diesem Teil der Arbeit 

gezeigt werden, dass bereits geringe Modifikationen der an der L34-Seite wirkenden Kräfte 

wichtig sind für (1) die Initiierung des Strukturbildungsprozesses, (2) die Stabilisierung tran-

sienter Oligomerstrukturen, (3) die Rekrutierung von Monomeren für das Fibrillenwachstum, 

(4) in geringem Maße für die lokale Struktur und Dynamik und (5) die neuronale Toxizität von 

Aβ. (7) Durch das angewandte Substitutionsmuster konnte keine Spezifität der beobachteten 

Effekte identifiziert werden, die mit bestimmten Einschränkungen korrelieren. Allerdings 
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konnte (8) eine hohe Sensitivität der zellulären Antwort auch für minimale Modifikationen der 

lokalen Kräfte nachgewiesen werden.4 

Der zweite Teil der Arbeit beantwortet Fragen, die in früheren Studien bezüglich der F19-Po-

sition offenblieben. Wie die Mutationen an der L34-Seite gezeigt haben, führen bereits geringe 

Veränderungen der physikalischen Kräfte am F19-L34-Kontakt zu deutlichen Veränderungen 

im Fibrillenbildungsprozess und der Zellantwort. Daher musste auch an den F19-Positionen 

der Einfluss geringfügiger Modifikationen auf die Fibrillenbildung und die biologische Aktivität 

untersucht werden. Die kanonischen Aminosäuren, die dem Phenylalanin am ähnlichsten sind, 

Tyrosin und Tryptophan, wurden bereits untersucht. Während sie in Bezug auf Struktur und 

Fibrillenbildungskinetik die größte Gemeinsamkeit mit dem Wildtyp aufwiesen, hoben auch sie 

die toxischen Eigenschaften von Aβ vollständig auf. Dies zeigt, dass das Vorhandensein eines 

Ringsystems von zentraler Bedeutung für die Fibrillenbildung sowie die lokale Struktur und 

Dynamik der ausgereiften Fibrille ist und dass die Eigenschaften des Ringsystems, wie Aro-

matizität oder zwei- und dreidimensionaler Raumanspruch, die biologische Aktivität der Aβ‑Va-

riante bestimmen. Um einen tieferen Einblick in die beteiligten Mechanismen zu erhalten, wur-

den vier Mutanten unter Verwendung nicht-kanonischer Phenylalanin-Derivate synthetisiert. 

Die erste verwendete Aminosäure war Cyclohexyl-L-alanin, das einen gesättigten Ring an-

stelle eines konjugierten Ringsystems trägt. Dadurch ändern sich nicht nur die elektrischen 

Eigenschaften, sondern auch das Dipolmoment und die Planarität der Seitenkette. Die zweite 

Mutation, die eingeführt wurde, ist (1-Naphthyl)-L-Alanin, welches auf zwei kondensierten Ben-

zolringen basiert. Dies verändert das van-der-Waals-Volumen der Seitenkette und bis zu ei-

nem gewissen Grad auch das Dipolmoment, erhält aber die anderen Eigenschaften. Das letzte 

Paar von Substitutionen sind Phenylglycin und L-Homophenylalanin, die eine Methylengruppe 

entfernen bzw. hinzufügen. Diese stellen die kleinsten Änderungen dar, da nur der Abstand 

zwischen den beiden gegenüberliegenden Aminosäuren an den Positionen 19 und 34 verän-

dert wird. Alle Mutanten dieses Teils der Arbeit zeigten ähnliche Effekte wie die L34-Mutanten. 

Auch in den Fällen der veränderten Abstände blieb die globale Struktur unbeeinflusst und es 

konnten nur moderate Veränderungen auf molekularer Ebene beobachtet werden. Auch hier 

waren die Fibrillationskinetik und die biologische Aktivität deutlich empfindlicher gegenüber 

den Modifikationen. Insgesamt verursachten die verwendeten nicht-kanonischen Aminosäu-

ren alle eine höhere Aggregationsneigung, destabilisierten die oligomere Struktur und bewirk-

ten eine schnellere Rekrutierung von unstrukturierten Monomeren in vorgebildete Fibrillen-

strukturen, was sich in einer schnelleren Wachstumsrate in den Kinetikmessungen des Fibril-

lenbildungsprozesses widerspiegelte. Darüber hinaus zeigten sie eine stark reduzierte Zellant-

wort, die sich jedoch immer noch signifikant von der Kontrolle und dem Wildtyp unterschied. 

Im Vergleich zur L34-Position hatten die an der F19-Seite eingeführten Einschränkungen stär-

kere Auswirkungen auf die zelluläre Antwort in Bezug auf die mitochondriale Aktivität und die 

Plasmamembranintegrität. Darüber hinaus ist, ähnlich wie bei den L34-Mutationen, die steri-

sche Charakteristik des Kontakts von höchster Bedeutung. Veränderungen der Hydrophobizi-

tät oder des π-Elektronenringsystems verursachten immer noch nachweisbare, aber weniger 

ausgeprägte Effekte, die eine Spezifität der lokalen Wechselwirkungen gegenüber sterischen 

Einschränkungen zeigen. Auch hier wirken die Modifikationen eher auf der Ebene der tran-

sienten Faltungsintermediate als auf der Ebene der ausgereiften Struktur.5 

Der direkte Vergleich zwischen den F19- und den L34-Mutationen bestätigt die Bedeutung 

dieses Kontakts, zeigt aber, dass der Beitrag der F19-Seite größer ist als der Beitrag der 

L34-Position, vor allem im Hinblick auf die Konsequenzen der Modifikationen auf die zelluläre 

Antwort. In beiden Fällen verursachten die untersuchten Modifikationen qualitativ vergleich-

bare, aber quantitativ unterschiedliche Effekte. Insbesondere stereospezifische Mechanismen 

bestimmen die Eigenschaften dieses Kontakts, obwohl auch andere Kräfte wie van-der-Waals-
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Wechselwirkungen oder die π-Elektronen des Phenylringsystems dazu beitragen. Im Allge-

meinen verursachten Modifikationen an der F19-Position stärkere Auswirkungen auf die Struk-

turbildung und biologische Aktivität als an der L34-Position. Ein wichtiges Merkmal von 

L34-Mutationen ist außerdem, dass sich lokale Strukturveränderungen auf das gegenüberlie-

gende β-Faltblatt an der F19-Position ausbreiten.5 

Im dritten Teil wurde die nicht-kanonische Aminosäure β-Methylamino-L-alanin (BMMA) an 

der Position F19 sowie an S8 und S26 eingeführt, die sich am N-Terminus bzw. der Turn-

Region befinden. BMAA steht im Verdacht, ein Risikofaktor für neurodegenerative Erkrankun-

gen zu sein. Einer der diskutierten pathologischen Mechanismen von BMAA ist sein Fehlein-

bau in Proteine, der zu Fehlfaltungen und anschließend zu Aggregationen führt. Dies wird 

durch die Möglichkeit angezeigt, dass die Serin-tRNA-Synthetase BMAA anstelle von Serin 

akzeptieren kann. Als Mutationsstellen wurden die Positionen S8 und S26 wegen dieser Fä-

higkeit der Serin-tRNA-Synthetase BMAA anstelle von Serin aufzunehmen verwendet. Sowohl 

BMAA als auch Serin enthalten in ihrer Seitenkette einen Wasserstoffdonor zur Bildung von 

potentiellen Wasserstoffbrücken.6 

Wenn BMAA an Position F19 innerhalb der hydrophoben Kernregion eingeführt wird, beein-

flusst es stark die lokale Struktur und Dynamik, die Kinetik der Fibrillenbildung und die biologi-

sche Aktivität von Aβ, während die globale Fibrillenmorphologie und Sekundärstrukturzusam-

mensetzung konserviert blieben. In diesem Fall verhält es sich also eher wie eine starke Mu-

tation als eine moderate. Von größerem Interesse sind BMAA-Substitutionen für Serin. Obwohl 

solche Modifikationen in vivo nicht gezeigt werden konnten, wird ihre mögliche Relevanz ba-

sierend auf der Fähigkeit der Serin-tRNA-Synthetase diskutiert, BMAA als Ersatz in vitro zu 

akzeptieren. Synthetische Aβ-Peptide mit einer S8BMAA oder einer S26BMAA Mutation 

zeigte, dass solche Substitutionen in einer charakteristischen Änderung eines Aβ Eigenschaf-

ten resultiert: Der hydrophobe Kern mit der Cross-β-Struktur bleibt unberührt, aber strukturelle 

Veränderungen treten am N-Terminus (S8BMAA) sowie innerhalb der turn-Struktur 

(S26BMAA) auf. Am deutlichsten sind die Veränderungen der biologischen Aktivität von Aβ, 

da in beiden Fällen nicht mehr die mitochondriale Aktivität beeinträchtigt wird, sondern eine 

apoptotische Caspase-3-Aktivierung und eine stressinduzierte Verkürzung der Neuritenlängen 

induziert wird. Beide Serinsubstitutionen zeigen vergleichbare Effekte, die bei S26BMAA et-

was stärker ausgeprägt sind. Diese funktionelle Ähnlichkeit könnte durch eine S8-S26-Inter-

aktion erklärt werden, die für eine Fibrillenstruktur gezeigt wurde, die für die Alzheimer-Krank-

heit relevant sein könnte.9 Die Korrelation zwischen der Fibrillenkinetik und der biologischen 

Aktivität war zwischen den S-BMAA-Substitutionen und den anderen in dieser Arbeit geteste-

ten Mutationen unterschiedlich, was auf einen veränderten Weg der Fibrillenbildung hindeutet, 

der stabilere Oligomere begünstigt. Darüber hinaus zeigten die Serin-Substitutionen eine deut-

liche Zellaktivität. Anstatt über mitochondrial-zellmembranvermittelte Mechanismen zu wirken, 

induzierten sie Apoptose und eine neuronale Stressantwort. Das zeigt, dass mehr als ein Wirk-

mechanismus zur Aβ-Toxizität beiträgt. Diese beobachtete Aktivitätsänderung könnte auch 

nützlich sein, um die Frage zu beantworten, ob der BMAA-Fehleinbau ein relevanter Risiko-

faktor für die Alzheimer-Krankheit ist. Dies sollte sich durch die Caspase-3-Aktivierung zeigen, 

die für den BMAA-Fehleinbau charakteristisch ist und anstelle der mitochondrialen Dehydro-

genase-Hemmung auftritt. Darüber hinaus könnten solche Aktivitätswechsel relevant sein, um 

verschiedene Formen und Ätiologien der Alzheimer-Krankheit und die Aktivität verschiedener 

Risikofaktoren zu erklären.6 

All unsere Ergebnisse können unter Verwendung des klassischen U-förmigen Modells der 

Aβ-Fibrillenstruktur interpretiert werden, das durch intramolekulare Kontakte gesteuert wird. 

Es ist jedoch nicht auszuschließen, dass die untersuchten Kontakte intermolekulare Kontakte 

sind. Dies kann zu einer U-förmigen Struktur mit einem Versatz zwischen den β-Faltblättern 
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entlang der Fibrillenachse oder sogar zu einer gestreckten Struktur führen, bei der zwei ge-

radlinige Filamente in entgegengesetzter Richtung ausgerichtet sind.10,11 Eine Unterscheidung 

zwischen intramolekularen und intermolekularen Kontakten kann durch NMR-Experimente ge-

troffen werden, bei denen vollständig markierte Peptide mit Mischungen von markierten und 

nicht markierten oder unterschiedlich markierten Peptiden verglichen wird. Das wurde in dieser 

Arbeit jedoch nicht getan, da die untersuchten physikalisch-chemischen Eigenschaften der 

Wechselwirkungen in beiden Fällen identisch sein sollten. 

Zusammenfassend zeigt diese Arbeit, dass Modulationen der lokalen physikalisch-chemi-

schen Kräfte und Wechselwirkungen von Aβ dessen strukturelle Eigenschaften, den Faltungs-

prozess und die biologische Aktivität stark beeinflussen. Abhängig von der Mutationsstelle und 

den eingeführten Beschränkungen verändern Mutationen nicht nur die Stärke der zellulären 

Antwort, sondern sind auch in der Lage, die beteiligten Signalwege für Neurotoxizität zu ver-

ändern. Dies muss durch eine Veränderung der Selbstorganisation des Polypeptids und der 

beteiligten Strukturbildungswege verursacht werden. In Folge ergeben sich die verschiedenen 

Ätiologien und Wirkungsweisen potenzieller Risikofaktoren, die zur Pathologie der Alzheimer-

Krankheit und anderer Proteinopathien beitragen, aus den grundlegenden physikalisch-che-

mischen Eigenschaften der Aminosäurekette. Die Hauptmerkmale von Aβ-Fibrillen sind nicht 

nur die Fibrillenmorphologie und die Cross-β-Struktur an sich, sondern auch deren herausra-

gende Stabilität und Resistenz gegenüber Seitenkettenmodifikationen, die durch verschiedene 

Mutationen erzeugt werden können. Alle in dieser und früheren Arbeiten untersuchten Mutan-

ten verursachten Strukturumlagerungen und Dynamikänderungen, die auf die lokale Umge-

bung der betroffenen Aminosäuren beschränkt waren. Betroffen waren jedoch nicht nur Ami-

nosäuren in unmittelbarer Nachbarschaft der Mutationsstelle, sondern auch Aminosäuren in 

der Nähe direkter Interaktionspartner. Dies konnte für Interaktionen zwischen S8 und S26 so-

wie im Detail für den F19-L34-Kontakt nachgewiesen werden. 

Die Eigenschaften dieses Kontakts werden hauptsächlich durch die sterischen Charakteristika 

bestimmt, die bei dem raumgreifenderen Ringsystem empfindlicher auf Modifikationen der 

F19-Position reagieren, während die kleinere L34-Seitenkette weniger Einfluss hat. Es konnte 

gezeigt werden, dass die Fibrillenbildung nicht nur durch die Aggregationsneigung des Peptids 

getrieben wird, die durch den enthalpischen und entropischen Beitrag der Wechselwirkungs-

kräfte verursacht wird. An beiden Positionen waren die sterischen Eigenschaften die Schlüs-

selfaktoren der beteiligten Aminosäurereste. Für die F19-Position erwies sich auch die Konju-

gation des Ringsystems als wichtig. Einschränkungen bezüglich anderer physikalisch-chemi-

scher Eigenschaften zeigten nur mäßige Auswirkungen auf die Selbstorganisation, den Fal-

tungsweg und die finale Fibrillenstruktur von Aβ. Die Bedeutung der sterischen Spezifität der 

Wechselwirkungen, die den Fibrillenbildungsprozess leiten, spiegelt sich auch auf der Ebene 

der Oligomere und anderer transienter Strukturspezies wider, die indirekt durch Messungen 

der Fibrillenbildungskinetik untersucht wurden. Dies verknüpft die nachgewiesene sterische 

Spezifität der den Gesamtprozess leitenden F19-L34-Interaktion mit der Empfindlichkeit der 

biologischen Aktivität gegenüber eingefügten Beschränkungen, was die Tatsache erklärt, dass 

nicht die ausgebildeten Fibrillen, sondern Oligomere die toxischen Spezies bei der Pathologie 

der Alzheimer-Krankheit sind. 

Eine neuere Arbeit zeigt, dass der Einfluss sterischer Beschränkungen nicht auf die Amino-

säureseitenketten beschränkt ist, sondern auch das Rückgrat einen wichtigen Beitrag leistet. 

Durch die Verwendung von nicht-proteinogenen Aminosäuren mit methylierten Rückgrat-Ami-

nogruppen konnte gezeigt werden, dass auch Restriktionen im Rückgrat zu ähnlichen Verän-

derungen im Fibrillationsverhalten, der Struktur und der biologischen Aktivität von Aβ führen. 

In diesem Fall trägt neben sterischen Zwängen auch die Verhinderung der Wasserstoffbrü-

ckenbindungen der Aminogruppe zu diesem Effekt bei. Im Gegensatz dazu erhöhte das 
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Einfügen eines Methylen- oder Ethylenspacers zwischen der Amino- und der Carboxygruppe 

innerhalb des Rückgrats die Fibrillationsneigung durch die Ermöglichung zusätzlicher Frei-

heitsgrade.12 

Darüber hinaus gelten die beobachteten Wirkungen nicht ausschließlich für die Aminosäuren, 

die den hydrophoben Kontakt bilden, sondern es tragen auch benachbarte Aminosäuren in-

nerhalb der Cross-β-Region bei. Dies konnte im Fall von F20 und G33 gezeigt werden. Auch 

bei diesen Aminosäuren blieb die Fibrillenstruktur stabil, und die stärksten Auswirkungen konn-

ten bei der Fibrillationskinetik und Toxizität der Peptide beobachtet werden. Interessanter-

weise hatte die Substitution von G33 durch Alanin ähnliche, aber stärkere Auswirkungen als 

die Substitution einer der beiden am F19-L34-Kontakt beteiligten Aminosäuren. Dies könnte 

darauf zurückzuführen sein, dass die G33A-Mutation die Bildung einer Salzbrücke in der Turn-

Region auf oligomerer, aber nicht auf fibrillärer Ebene verhindert. Dies zeigt, dass, obwohl der 

F19-L34-Kontakt entscheidend für die Initiierung der Fibrillenbildung, die Fibrillenkinetik und 

die Eigenschaften der Oligomere ist, auch andere Aminosäuren innerhalb der Cross-β-Struktur 

den Strukturbildungsprozess bestimmen und auf alternative Verläufe führen können.13 

An die vorliegende Arbeit anschließende Untersuchungen sollten sich mit der Frage befassen, 

ob die Aminosäurekontakte, die als für die Strukturbildung entscheidend beschrieben wurden, 

tatsächlich intramolekulare Kontakte sind, was mit dem weit verbreiteten U-förmigen Struktur-

modell übereinstimmt, oder ob diese Kontakte intermolekular sind. Dies berührt auch die 

Frage, ob das klassische U-förmige Modell beibehalten werden kann oder ob andere Modelle 

in Betracht gezogen werden müssen. Es ist ebenfalls noch nicht klar, ob der Wildtyp die pri-

märe toxische Spezies ist und welchen Beitrag mutierte oder posttranslational veränderte Va-

rianten leisten. Beide Fälle können zu unterschiedlichen Strukturen führen, so dass andere 

molekulare Kontakte und andere physikalisch-chemische Wechselwirkungen entscheidend 

sein können. 

Diese Arbeit konzentriert sich auf den hydrophoben Kontakt zwischen F19 und L34 innerhalb 

der Cross-β-Region. Es ist jedoch bekannt, dass auch andere Kontakte wichtig sind, z.B. die 

Bildung einer Salzbrücke innerhalb der Turn-Region, wobei elektrostatische Wechselwirkun-

gen und nicht sterische Beschränkungen die vorherrschende Kraft hervorbringen sollten. Eine 

detaillierte Untersuchung dieser anderen Kontakte könnte ähnlich wichtige Erkenntnisse über 

den Strukturbildungsprozess liefern.  

Insgesamt trägt diese Arbeit zum Verständnis von Proteinfaltung und Fehlfaltungsmechanis-

men bei und gibt Hinweise für die Entwicklung neuer Ansätze zur Behandlung von Proteino-

pathien. 
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3 Introduction 

3.1 Protein fibrils and their medical relevance 

The correct three-dimensional structure is mandatory for a protein to fulfill its function. There-

fore, it is not surprising that errors in the process of protein folding can cause diseases. It is 

speculated that protein misfolding might contribute to half of all human diseases.1 The family 

of these diseases is called protein conformational disorders or proteopathies. These can be 

grouped in two classes: the first is characterized by a loss of the physiological protein function, 

either by losing activity or by altered protein trafficking, sorting and localization. The second 

class is characterized by a gain of pathological activity like toxicity.2 

The largest group of proteopathies form neurodegenerative diseases (see Figure 2A). The 

common hallmark of these diseases is the loss of function and degeneration of neuronal cells 

leading to similar symptoms comprising cognitive symptoms like impairment of memory, lan-

guage, visuo-spatial functioning and executive control as well as emotional and behavioral 

symptoms like anxiety, mood, apathy, disinhibition, loss of empathy or elation.3 

The various diseases of this family can be classified by protein characteristics. Six major char-

acteristic proteins and corresponding disease groups are described: (1) Tau protein for tauopa-

thies, (2) amyloid β (Aβ) together with Tau for Alzheimer’s disease, (3) α-Synuclein for α-synu-

cleinopathies, (4) Prion protein for Prion disease, (5) Transactive response (TAR) DNA-binding 

protein 43 (TDP-43) for TDP-43 proteinopathies, (6) Fused in sarcoma protein (FUS), Ewing’s 

sarcoma RNA-binding protein 1 (EWSR1), and TATA-binding protein-associated factor 15 

(TAF15), taken together to FET proteins for FUS (FET)-proteinopathy frontotemporal lobar 

degeneration (FTLD) / Motor neuron disease MND-FUS (FET). These six major groups are 

complemented by a group of proteins, which is characterized by the fact that their pathological 

potential arises by a trinucleotide repeat, causing trinucleotide repeat expansion disorders and 

a group of different not further related proteins causing distinct diseases (for example neuro-

serpinopathy, ferritin-related NDDs, familial cerebral amyloidosis).4 

One of the most prominent neurodegenerative diseases is Alzheimer’s disease. According to 

the WHO, Alzheimer’s disease and other dementias contributed the fifth most common cause 

of death globally in 2016 with a doubling of death rates since 2000 to a number of 1’992’000 

cases.5 It is estimated that in 2015 there were 46.8 million dementia patients worldwide caus-

ing costs of US $ 818 billion. Extrapolating the observed trends, it is expected that these num-

bers will rise to ~45 million patients and US $ 2 trillion by 2030.6 Recent studies indicate that 

these predictions might underestimate the actual increase.7 

While the final consequence of Alzheimer’s disease is death, the clinical history of patients 

comprises years of severe symptoms and substantially reduced quality of life. In many cases, 

affected people show early symptoms like amnesia, loss of episodic memory, cognitive impair-

ment, difficulties in multi-tasking and topographical impairment, and in later stages behavioral 

changes and loss of mobility. The onset of symptoms is gradual. They start with mild manifes-

tation but deteriorate. In most cases intensive support or institutionalization becomes neces-

sary. 8,9 While a cure for Alzheimer’s disease is not available, symptomatic treatment and a 

slowing of the progression of the disease is possible. 
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Figure 2: Classification of proteopathies and risk factors for Alzheimer’s disease. 

A) Classification of proteopathies. Proteopathies are a family of diseases comprising for example neu-

rodegenerative diseases, sclerosteosis, cancer, lysosomal storage diseases and other. The largest sub-

group are neurodegenerative diseases, which can themselves be categorized by the characteristic pro-

teins of the diseases.4 B) Risk factors for Alzheimer’s disease. The major group of Alzheimer’s disease 

risk factors are environmental, genetic and epidemiologic factors.10 

 

Proteopathies

Cancer
Lysosomal

storage diseases
Sclerosteosis ...Neurodegenerative

diseases

Tauopathies
TDP-43

proteinopathies
Trinucleotide repeat
expansion disorders 

Alzheimer's
disease

α- ynucleino
pathies

S - Prion
disease

MND-
FUS (FET)

R
is

k
 f

a
c
to

rs
A)

B)

...Metal ions
Natural

products
Drugs

Dietary
compounts

Environmental

Amyloid precursor
protein mutations

Presenilin 1
mutations

Presenilin 2
mutations

...

Genetic

Cognitive and
physical inactivity

Hypertension Diabetis Obesity Depression ...

Epidemiologic



 Protein fibrils and their medical relevance 

 

21 
 

 

Figure 3: Aβ related cell death mechanisms contributing to neurodegeneration in Alz-

heimer’s disease. 

 

Various factors are discussed to be involved in the development of Alzheimer’s disease (see 

Figure 2B).11,12 The most prominent ones are (I) environmental factors, e.g. metal ions, natural 

products, drugs and dietary compounds, (II) genetic factors alias inheritable mutations and (III) 

epidemiologic factors like cognitive and physical inactivity, hypertension, diabetes, obesity or 

depression.10 Only for few of these factors the functional mechanism linking them to the devel-

opment of Alzheimer’s disease are known, whereas for most, only correlations could be shown 

and the underlying effects are speculative at best. However, a large proportion can be at-

tributed to one or a number of the pathways: metal homeostasis, neuroinflammation and reac-

tive oxygen species, the neuronal cytoskeleton, neurotransmitter homeostasis, neurofibrillary 

tangles of Tau protein or amyloid plaques of Aβ.13  

A large number of possible cell death mechanisms was described to be active in Alzheimer’s 

disease. Despite the large variety, Aβ was identified as a central factor, which is potentially 

active in all major cell death variants (see Figure 3). 

Although aggregation is one of the essential and best studied properties of Aβ, Aβ aggregates 

and especially fibrils, which are their typical aggregated form, seem to be of less importance 

for its pathological potential. Instead, focus shifted to soluble species as a potential target point 

for development of new drugs. Nonetheless, it is of utter importance to get deeper insights in 

the fibril formation process, not only to get a better understanding of Alzheimer’s disease but 

also because fibril formation is a highly relevant general pathway of protein misfolding. 
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3.2 Proteins and their 3D structure  

3.2.1 Properties of amino acids 

Proteins are linear heteropolymers built of amino acids. All amino acids are composed of a 

carboxylic acid group and an amino group. For protein formation an amide from the carboxy 

group of one amino acid and the amino group of another one is formed. This is called peptide 

bond and the chain of peptide bonds forms the protein backbone. As this is directional, each 

polypeptide, including proteins, has an amino group at one end (called N-terminus) and corre-

spondingly a carboxylic acid group at the other, called C-terminus (see Figure 4). 

In the genetic code, twenty amino acids, called proteinaceous or canonical amino acids, are 

encoded. They differ in the side chain, which is attached to the α-carbon, which separates the 

carboxy from the amino group. As the α-carbon is a chirality center, D- and L-forms exist. 

However, exclusively the L-enantiomers are used in protein formation. The combination of the 

different properties of the individual amino acids is the fundament for structures and functions 

of the various proteins. 

The easiest way to categorize amino acids is by polarity: ten are nonpolar, and ten are polar. 

Of the latter, five are uncharged polar, three can be positively charged and two can be nega-

tively charged (see Figure 5). However, this simple classification is insufficient to describe the 

properties of the amino acids.  

To structure amino acids by function, a substitution matrix can be used. This describes the 

frequency one amino acid is substituted by another when comparing large sets of evolutionary 

sequence alignments.14 As these matrices describe only propensities, they do not give the 

underlying reasons for this. Therefore, a description of the physicochemical and biochemical 

properties of amino acids is necessary. This can be achieved by amino acid indices where 

each index describes one property and each amino acid contributes one value to the index. 

Different approaches were used to structure these indices to meaningful groups but they give 

basically similar results. A clustering giving eight property groups identifies: (1) electrostatic 

properties, (2) residue properties, (3) intrinsic properties, (4) hydrophobicity, (5) α- and turn 

propensities, (6) physicochemical propensities, (7) composition, and (8) β structure propen-

sity.15 

For reduced complexity, an easier way to visualize the comparability of the different canonical 

amino acids, a Venn diagram can be used (see Figure 6).16 This is derived from a positioning 

of the amino acids in a matrix displaying the probabilities of amino acids substitutions and a 

grouping according to physicochemical properties. The two major distinguishing features are 

side chain size and hydrophobicity. The ‘side chain size category’ includes the subgroups 

‘small’ and ‘tiny’. Within the hydrophobicity group are ‘hydrophobic amino acids’ and ‘polar 

amino acids’. Together with ‘charge’ (positive or negative) these describes the water affinity of 

the amino acids. Additional sets contain the aromatic and aliphatic amino acids. Some amino 

acids require a description by more than one category like histidine, which is an aromatic, polar 

amino acid, which can carry a positive charge, leading to overlaps between the amino acid 

categories. 
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Figure 4: Peptide bond formation.  

A peptide bond is formed by the condensation of a carboxy group and an amino group. The resulting 

peptide bond is stabilized by mesomerism (indicated by the dotted line along the peptide bond), which 

results in a planar conformation. The peptide bond formation causes a directionality of the formed 

(poly-)peptide with an amino-terminus defined by the free amino group (colored green) and a carboxy 

terminus defined by the free carboxy group (colored red). 

 

Figure 5: The 20 canonical amino acids. 

Full name, three letter, and one letter code. The amino acid residues are grouped by physicocnehmical 

properties. 
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Figure 6: Venn diagram. 

Visualization of amino acid cluster by properties, adapted from Taylor et al.16 

Besides the canonical amino acids, proteins can contain additional amino acids. In vivo, these 

are mainly chemically modified residues, which can be formed physiologically, for example by 

posttranslational modification, or pathologically, for example by oxidation with reactive oxygen 

species of in case of racemization.17 In rare cases, t-RNA synthetases can accept non-protein-

aceous amino acids, leading to misincorporation of these into proteins. Furthermore, using 

biotechnological techniques, non-proteinaceous amino acids can be incorporated intentionally, 

either to perform scientific experiments or to design proteins with specific functions for medical 

or industrial application. 

3.2.2 IDPs and unstructured proteins 

After or even during translation, polypeptide chains undergo a folding process leading to the 

native protein conformation. Some proteins or parts of proteins, however, do not form stable 

structures but consists mainly of random coils and are called intrinsically disordered proteins 

(IDPs), or IDP regions, respectively. In contrast to misfolded proteins, these show biological 

activity and their flexible structure is an important feature. 

As the folding process depends on the properties of the amino acids, intrinsic disorder is also 

mediated by specific amino acid characteristics, mainly low hydrophobicity allowing unfettered 

interaction with the aqueous solvent and high net charge mediating repulsive forces.18 Ile, Leu, 

Val, Trp, Tyr, Phe, Cys, and Asn are specifically described to promote disorder. Other charac-

teristics of amino acids often found in IDPs are flexibility, β-sheet propensity or bulkiness.19 

A general feature of most IDPs is a low hydrophobicity and a high net charge. This leads to a 

high dehydration energy and charge repulsion, which counteracts structure formation. Espe-

cially for large IDPs a high net charge seems is frequently observed, whereas for small proteins 

it is less common (see Figure 7).20 

Whereas for enzymes or scelroproteins a stable structure is mandatory, intrinsic disorder al-

lows for other, specific functions like adaptable and specific binding, assembling, motive 

presentation, target recognition, chaperone activity or allosteric coupling. Also important is the 

fact that the structural flexibility enable the proteins to undergo different processes like post 

translational modification, transit through channels or pores, alternative splicing and tolerance 

to mutations.21  
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Figure 7: Comparison of structure properties and function between proteins with intrin-

sic disorder and a stable native conformation. 

The main force stabilizing the native protein structure is hydrophobicity. Structure formation can be pre-

vented by repulsive forces or by interactions causing entropy loss. Whereas in proteins with a native 

conformation function directly depends on the stability of this structure, intrinsic disorder allows for a 

different set of functions and properties. The main impairment of the functionality of intrinsic disordered 

proteins lies in their aggregation and fibril formation propensity. 

As IDPs fulfill a broad spectrum of functions, they are also relevant for a variety of diseases. 

Therefore, many IDPs have been reported to play a role in cancer, diabetes, cardio vascular 

disease, and neurodegenerative diseases.22 An important aspect of IDP pathology is patho-

logic structure formation. Although they have no stable conformation, which can become mis-

folded, they are threatened by aggregation and amyloid fibril formation. Especially for various 

neurodegenerative diseases, the involvement of different IDPs has been shown. A prominent 

example is the Aβ peptide. When in monomeric form, this peptide shows intrinsic disorder but 

fibrils formed of Aβ are a hallmark of Alzheimer’s disease. As an IDP, Aβ monomers show 

typical characteristics like a high abundance of charged amino acids compared to its size, 

especially at its N-terminus, and a tendency to form a hairpin conformation stabilized by charge 

attraction.23 

3.2.3  Native protein structure 

For most proteins, a certain stable structure is mandatory to fulfill their function. Classically, 

four levels of structure are distinguished: primary structure, secondary structure, tertiary struc-

ture and quaternary structure (see Figure 8). The primary structure describes only the amino 

acid sequence. The secondary structures comprise the elemental structural building blocks, 

which form larger structures. The tertiary structure describes the conformation of a whole pro-

tein, and finally the quaternary structure is the result of several protein chains interacting with 

each other. 

Secondary structures are the smallest stable elements of the polypeptide, which can be de-

scribed. Besides unstructured random coil, α-helix and β-sheet are the most common folding 

patterns. These are complemented by short turn or bend patterns, which are linkers between 

α-helix and β-sheet elements. 
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The main force stabilizing secondary structures is the formation of hydrogen bonds within the 

backbone. While individual side chain interactions might be stronger, the high abundance of 

backbone hydrogen bonds result in a larger net energy contribution. The strongest restriction 

is caused by the steric limitation within the backbone. The free electron pair of the amin nitro-

gen is delocalized and gives the peptide bond a partial double bond character. This resonance 

stabilization prevents rotation. Therefore, the main flexibility within the backbone comes from 

the bond rotations at the Cα atoms. The rotation angle around the N-Cα bond is defined as 

ϕ angle and the angle around the Cα-C bond as ψ. These rotations are restricted by the influ-

ence of the side chains. As this site differs between the individual amino acids, each amino 

acid has an individual range of preferred ϕ and ψ angles that is accessible. In consequence, 

this causes a preference for the formation of certain secondary structures for each amino acid. 

This can be illustrated in a Ramachandran plot (see Figure 8).24 Within this plot, different re-

gions can be defined, which represent different conformational classes used to define second-

ary structure classes.25 Another important feature resulting from the sequence of rotation an-

gles and reflecting the stabilizing interactions is the H-bond pattern. For example, besides the 

α-helix other protein helices are described, which mainly differ in the pattern of the stabilizing 

H-bonds. 

The analysis of known protein structures lead to different libraries of commonly found struc-

tures. A wildly used classification is the Dictionary of Protein Secondary Structure.26 This clas-

sification differentiates between two distinct features to describe secondary structures: 

H-bonds and geometrical structure. Geometrical structures include four different elements: 

(1) Bends, which are regions with high curvature defined by backbone angles, (2) chirality, 

defined by the dihedral angle, (3) disulfide bonds between cysteine side chains and (4) chain 

breaks. The second feature deals with the H-bonds in a hierarchical way. The simplest element 

is a single H-bond. From this, two elemental patterns can be defined: an n-turn with an H-bond 

between nearby amino acids and a bridge between distant amino acids. In the latter case a 

parallel orientation and an antiparallel orientation can be formed depending of the relative po-

sition of the C-terminus and N-terminus. At a further level turns and bridges can form larger 

structures namely helices and β-sheets. A helix consists of two or more consecutive n-turns. 

There are three different helices, which differ on the H-bond pattern: α-helix with the H-bond 

between the amino acids i and i+4, 310-helix with the H-bond between the amino acids i and 

i+3 and π-helix with the H-bond between the amino acids i and i+5. A set of bridges builds a 

β-ladder and ladders can assemble to β-sheets. With these components eight secondary struc-

ture elements can be defined: (1) 310-helix, (2) α-helix, (3) π-helix, (4) H-bonded turn, (5) bend, 

(6) coil, (7) extended strand in parallel and/or anti-parallel β-sheet conformation, and (8) resi-

due in isolated β-bridge.26 Because these structures are derived from known protein structures, 

depending on the analyses procedure other sets of secondary structures might be derived. 

The main features of the classes, however, remain similar. 

The native protein structure is composed by a combination of these secondary structure ele-

ments. For most proteins, this is the structure that fulfills the protein function. In case of larger 

proteins, a breakdown in protein domains as an intermediate level is convenient. Whereas 

secondary structures usually do not appear isolated, protein domains are self-contained and 

functional units. Therefore, they can be considered as modular units from which more complex 

protein functionalities can be built and often the same domain is used in different proteins to 

fulfill equal functions. Because they combine structure and function, structurally similar do-

mains often fulfill similar functions and domains are often conserved between species and 

during evolution.   
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Figure 8: Structure hierarchy of proteins. 

A) Primary structure. Because of mesomerism, the peptide bond is planar (indicated by grey quadrilat-

erals) Rotations are possible around the Cα-CO bond and the Cα-N bond. Accessible rotation angles 

are amino acid specific and can be illustrated in a Ramachandran plot (insert). B) Secondary structures 

can be defined by the dihedral angles between the peptide bonds and the formation of hydrogen bonds. 

The most predominant secondary structure elements are α-helix, β-sheet and random coil. C) The ter-

tiary structure is formed by the assembly of secondary structural elements. Especially in larger proteins, 

domains can be formed by stable, separated secondary structure assemblies. D) Some proteins require 

the formation of homo- or heterooligomers or even larger protein complexes to become active. These 

are defined as quaternary structures. 
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The final tertiary structure is stable, but not static. Often, protein activity is accompanied by 

translocation of protein domains or by a reorganization within the domains, in some cases even 

on the level of the secondary structure, e.g. by unwinding of a helix or extension of a β-sheet. 

It is also common that regulatory posttranslational modifications like phosphorylation act on 

level of the primary structure to induce a structural reorganization and a change of function. 

Some proteins require that more than one polypeptide chain associate to become active, for 

example by dimerization, oligomerization or complex formation. In this case the functional 

structure is called quaternary structure. 

3.2.4 Protein misfolding: cross-β structure 

As the correct fold of a protein is mandatory for its function, this process has to be highly 

regulated in vivo. Repeating folding-denaturation cycle experiments showed that the structural 

information of a protein contained in the amino acid sequence is sufficient for the formation of 

its native structure, as no cofactors are necessary for the refolding.27 But also in vitro, correct 

folding is not guaranteed and misfolding and aggregation can be a problem. In vivo, there are 

additional challenges. For once, the cellular environment is highly crowded and the folding 

process can be influenced by interactions with close-by molecules. Furthermore, during trans-

lation, the polypeptide is formed in a relatively slow, stepwise process. Therefore, interactions 

between distant amino acids are not immediately possible. Furthermore, first folding processes 

occur in the exit tunnel of the ribosome, which provides only limited spaces and allows only 

the formation of structures with a narrow diameter.28 These obstacles are overcome by differ-

ent ways. The most dominant is the activity of molecular chaperons. These proteins interact 

with non-folded or misfolded peptide chain chains and induce native folding by lowering the 

corresponding energy barriers. Another mode of action of chaperones is, that they provide a 

protected folding environment (see Figure 9).29 

Nevertheless, misfolding occurs and if refolding is not possible misfolded proteins have to be 

deposited or degraded. The primary way to clear misfolded proteins is by degradation in pro-

teasomes. When chaperones fail to induce native folding, they can recruit ligases for ubiquiti-

nation of the target peptide. This is the signal for its degradation in the proteasome, which has 

protease activity. A main limitation of proteasomes is their size, which is why they can only 

degrade single proteins.30 Larger structures like aggregates have to be degraded by larger cell 

structures like lysosomes or aggresomes.31 One of the most persistent protein species are 

fibrils. Besides their bulkiness and conglomeration in aggregates, they possess a highly stable 

structural motif: the cross-β. 

Conventionally, a protein fibril, also called amyloid, is defined as a large linear homopolymer 

of proteins. With exception of individual cases, the common hallmark of fibrils is the cross-β 

structure. In this structure, every protein unit supplies two or more β-strands and identical 

strands of the different proteins form a β-sheet. At least two sheets stack together. The strands 

then are arranged orthogonally to the fibril axis. The high stability of fibrils arises from mainly 

two forces: besides the hydrogen bonds between the individual β-strands, which form the 

β-sheets also the interactions between the stacked β-sheets contribute. In most cases, the 

inter-sheet interaction is mediated by hydrophobic contacts. During the formation of the cross-β 

structure, enthalpy contribution from these contacts is relatively small. Much more important is 

the entropic gain arising from the water molecules, which are restricted in terms of rotational, 

translational, and vibrational freedom when they interact with hydrophobic surfaces on the 

β-sheet. By stacking of the sheets, these restrictions are eliminated. The special arrangement 

in the cross-β structure results in the effect, that hydrogen bond formation becomes 
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cooperative. That means the formation of additional hydrogen bonds during fibril growth has 

an above-average contribution to structural stability.32 Once the cross-β structure is formed, 

the stacking it is mainly stabilized by van der Waals forces.33 Further stabilizing interactions 

like salt bridges can occur in individual cases of specific amyloids but are not a general feature. 

As the interaction between stacked β-sheets is stabilized by van der Waals forces, the amino 

acid residues have to organize in a close proximity structure. This is achieved by a steric zipper 

arrangement (see Figure 10). In the β-strands, neighboring amino acid residues are separated 

by a fixed distance, determined by the backbone torsion angles. Within the β-sheets, opposing 

amino acid residues orientate in-register resulting in an undulate topography because of the 

alternate orientation of the residues. When β-sheets stack they do this in an intermeshing 

fashion. This can result in eight possible orientations, which depend on whether the β-sheets 

are parallel or antiparallel, same or different surfaces interact and if the sheets are arranged in 

the same or in opposing directions. Not all possible orientations have been observed in protein 

fibrils. Furthermore, the steric zipper is an idealized model derived from crystal structures.34 

 

 

Figure 9: Protein folding and misfolding pathways. 

In ideal in vitro environment, intramolecular interactions guide the folding pathway towards the native 

structure. In vivo, this process can be disturbed by intermolecular interactions or steric constraints. Fur-

thermore, not all interactions are instantaneously accessible as the polypeptide is formed sequentially 

in the ribosome. The folding process to the native structure can be supported by molecular chaperones. 

Even so, some proteins adopt a misfolded structure. These can either be degraded by proteolytic en-

zymes and cell compartments or deposited in form of aggregates or amyloid fibrils. 
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Figure 10: Top and side view of a class 1 steric zipper conformation. 

Within the individual β-sheets (colored in different shades of green) the orientation of the amino acid 

residues alternates. In the parallel orientation, identical, opposing amino acid residues orientate in-reg-

ister and form an undulate topography. Two β-sheets stack in a way, that equal surfaces interact in 

opposing orientation. In order to form fibrils, several stacks string together along the fibril axis (blue 

arrow), adapted from Sawaya et al.34 

 

 

Figure 11: Cross-β structure. 

Top: X-ray diffraction image of a partially oriented fiber and schematics of the characteristic 4.7 Å equa-

torial and ~ 10 Å meridional reflections. Bottom: Schematics of cross-β structure with characteristic 

4.7 Å intra-sheet and ~ 10 Å inter-sheet spacing. 
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This structure is classically identified by X-ray structure analyses as it creates two character-

istic reflections: one sharply demarcated at a 4.7 Å spacing, caused by the hydrogen bonds 

within the β-sheets between the β-strands, and one more diffuse reflection at about 10 Å cor-

responding to the spacing between the β-sheets (see Figure 11). When fibrils are aligned along 

a common axis, the 4.7 Å reflection will orient in two opposing equatorial and the 10 Å reflection 

in two opposing meridional signals. The term cross-β for the structure arises from this cross-

like arrangement of the reflections. In this arrangement, a large number of backbone hydrogen 

bonds are formed and typically hydrophobic amino acid residues conglomerate in the core of 

the fibril whereas hydrophilic residues are exposed on the surface. Additionally, further stabi-

lizing interactions can be developed, for example by forming three or more β-sheets within one 

fibril, which allow for more complex arrangements. Furthermore, several individual fibrils can 

align to lager fibers. This together results in a highly stable structure, which can be energetically 

more favorable than the native protein conformation.35 

Since fibril formation is considered as an innate ability of all proteins and associated with a 
broad spectrum of diseases, there is need to take a closer look at the individual elements of 
this process. For this purpose, Aβ is a well suited and widely used model. 

3.3 Guiding physicochemical properties and interactions in pro-
tein structure formation 

Refolding experiments proved that the native protein structure does not depend on the process 

of folding or initial conditions but only on the thermodynamic stability. Therefore, this confor-

mation is the global energy minimum compared to all other accessible states. The energy of a 

state is determined by different forces acting between single atoms, chemical bonds or whole 

chemical groups of the polypeptide. Since also the native state typically shows pronounced 

dynamics, all possible forces, also weak or rare ones, contribute significantly to the native 

conformation. However, some forces are of particular importance as they act on greater extent, 

either because they are more frequent or contribute more strongly to the energy state.36 

The hydrophobic effect is the main energy contributor for conformational stability. It depends 

on the number of hydrophobic groups, mainly CH/CH2/CH3 groups, in a polypeptide chain, 

which get buried within the protein core upon folding and are thereby shielded from the aque-

ous solvent. Mutational experiments showed that a single CH2 group can contribute 

1.1 ± 0.5 kcal/mol. The exact value strongly depends on the surrounding environment of the 

side chains. The main contributing factors of the energy change in these mutation experiments 

are hydrophobicity caused by the solvent entropy at the protein surface and van der Waals 

interactions of the side chains acting within the solvent-shielded protein core (see Figure 12 A). 

The change of solute-solvent interactions contributes positively to the folding process. As the 

first layer of water molecules surrounding the solute are more ordered, there is a large entropy 

loss, which is reduced during the folding process. Because the surface area is reduced during 

the folding process, the entropy loss is diminished giving a positive net energy contribution. 

This is counterbalanced by cavity work, which is needed to bury a side chain within the protein 

core by displacement of other atoms and interactions. The cavity work is unfavorable and cor-

relates with accessible surface area or molar volume. A third, smaller contribution arises from 

van der Waals interactions within the hydrophobic core. Depending on the number of CHx 

groups, less or more van der Waals interactions can be formed, which contributes to the net 

energy of the process.37 Taken all together, the hydrophobic effect gives the largest energy 

contribution to the folding process for most proteins, especially for large ones.38 
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Hydrogen bonds make the second largest contribution to the folding energy (see Figure 

12 B). Hydrogen bonds in polypeptides can be classified by the contributing part of the amino 

acids. In ordinary globular proteins, hydrogen bonds between the backbone peptide groups 

are most common. They account for over half of the hydrogen bonds within proteins and are 

the determinant for secondary structure. Nearly one quarter of hydrogen bonds are between 

side chains and peptide groups and only about every sixth is between two side chains.39 En-

ergetically more instructive is a differentiation by the involved atoms. Classically, backbone 

hydrogen bonds are of the heteronuclear type N-H···O as the hydrogen of one amino group 

interacts with the carboxy group of another peptide bond. Hydrogen bonds involving side 

chains can be hetero- (X-H···Y) or homonuclear (X-H···X). Heteronuclear hydrogen bonds are 

by default weaker than homonuclear ones as resonance is an important contribution and this 

is strongest when the resonance states are similar, which is the case for homonuclear hydro-

gen bonds. The strength of a hydrogen bond directly depends on its ability to change the nature 

of an asymmetric, electrostatic dipole-dipole interaction to a symmetric interaction with a co-

valent nature. Therefore, electrostatics driven hydrogen bonds, which are the predominant 

ones contributing to peptide formation, are weak by default, however, their high abundance 

results in a large net contribution.40 Furthermore, the stabilization energy of a predominantly 

electrostatics driven hydrogen bond strongly depends on the dielectric constant of its environ-

ment. Therefore, such an hydrogen bond provides more stabilization when located in the hy-

drophobic core of a protein than when located at the solvent exposed surface.41 In this group 

resonance assisted heteronuclear hydrogen bonds are of high importance, as they induce the 

formation of secondary structures. There, a hydrogen is shared between the amino group of 

one peptide bond with the carboxy group of another. In extended secondary structures reso-

nance stabilized chains of these interactions are formed.40 

The second exception is the hydrogen bond component of salt bridges. While salt bridges 

mainly depend on electrostatic interactions, they also share hydrogen bond features when the 

interaction is between a positively charged protonated group and a negatively charged depro-

tonated group. In this case they can be classified as charge assisted hydrogen bonds. This is 

the typical case in proteins where an anionic, deprotonated carboxylate of aspartate, glutamate 

or the carboxy-terminus, or a phosphate group modification and a cationic protonated ammo-

nium from lysine or the amino-terminus, or a guanidinium of arginine. The hydrogen bond na-

ture of these interactions is predominant in salt bridges with small proton affinity differences 

between donor and acceptor. In contrast, the electrostatic component, which is the main con-

tributor for the interaction energy, is increased in cases of high proton affinity differences.40 
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Figure 12: Forces and interactions guiding protein folding (I). 

A) Hydrophobic effect. Proteins are composed of amino acids with hydrophobic (red cycles) and 

hydrophilic (dark blue pendagons) side chains. In an aqueous solution solvent molecules (light blue 

squares) form interactions with exposed amino acids (orange arrows). This causes a loss of entropy for 

the solvent molecules. When the hydrophobic side chains are buried in the protein core this reduces the 

surface area, decreases protein-solvent interactions and subsequently icrease entropy of the system 

resulting in stabilization of folding. Furthermore, van der Waals interactions between hydrophobic side 

chains are formed (green arrows), which also facilitates the folded conformation. Relocation of the 

hydrophobic side chains require a replacement of neighbouring amino acids and the formation of a 

cavity (yellow arrows), which slightly reduces the energy contribution of the hydrophobic effect. B) upper 

part: two-sided characteristics of a hydrogen bond with contributions of electrostatic dipole-dipole inter-

action and covalent bond character. The stronger the covalent character of the hydrogen bond the higher 

is the interaction energy. Middle part: Heteronuclear (X, Y) and homonuclear (X=Y) hydrogen bonds can 

be groped in five classes, adapted from Gilli et al.40 C) In proteins, isolated hydrogen bonds are most 

common. By secondary structure formation backbone hydrogen bonds can become resonance assisted, 

which is illustrated for the example of an extended β-sheet (lower part). Resonance stabilization strongly 

increases the energy contribution of hydrogen bonds during protein folding. 
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Electrostatics causes different effects in proteins and on protein folding (see Figure 13 A). 

The two major aspects are stabilization by interactions of opposing charges and destabilization 

by repulsion of same charges. An important aspect for both is an energy penalty for dehydra-

tion. A further discrimination has to be made between short-ranged dipole-dipole interactions 

and long-ranged Coulomb forces. Electrostatic interactions only marginally contribute to the 

total folding energy. Their importance lies in the long-range nature of electrostatic Coulomb 

forces. Therefore, they can induce non-local interactions, which bring distant amino acids in 

close proximity. Most charges including ion pairs are located at the protein surface. There, they 

can have a modest stabilizing effect. Localization within the hydrophobic core of the protein is 

accompanied by high energetic penalties Since the energy gain by Coulomb interaction is 

higher in a nonpolar environment, other effects more than compensate this. The total interac-

tion energy depends on three parts: Coulomb forces, solvation effects and interaction with 

mobile ions. As only the Coulomb interaction is energetically favorable, this explains why al-

most exclusively ion pairs can be found in the interior of proteins, but not single charges. The 

Coulomb forces depend on the involved charges, their distance and the dielectric constant of 

the environment. All three strongly change during the folding process: the charge by the pKa 

shift of the amino acids, the distance by conformational rearrangement and the dielectric con-

stant by the formation of a hydrophobic core. The second part is the solvation. Charges interact 

more favorable with a polar solvent than with a nonpolar one. Although also in an aqueous 

environment the electrostatic field of charges leads to the ordering and orientation of water 

molecules and thereby to an entropy loss, the separation of a charge and solvating water mol-

ecules is even higher. The absolute value of this depends on the difference in the dielectric 

constants of the two environments. The third part accounts for the influence of mobile ions, for 

example salt ions. At low salt concentrations their electrostatic interaction with the charges is 

favorable and they act as counter ions. In contrast, at high concentrations the hydration of the 

salt ions competes with the hydration of the protein impairing the folding process.20,36 

Especially the effect on mobile ions is not only important for specific interactions, but more so 

for the second major aspect of electrostatics: non-specific repulsions at highly charged mole-

cules. This considers only the repulsion effects of similar charges. Therefore, it has only neg-

ative contribution to the protein folding and stability of the folded conformation, expect at the 

isoelectric point of the protein, where it can become neglectable as it correlates with the square 

of the net charge.36 A high net charge is relevant for prevention of structure formation for IDPs 

and can also increase the solubility of a protein and prevent aggregation or fibril formation.41 

The last two are also influenced by the salt concentration. 

The concentration of mobile ions in the medium is one of the external factors, which are im-

portant for protein folding. Another one is the pH, which means the proton concentration of the 

solvent. It determines the protonation state and with this the charge of some amino acids. This 

is primarily important for the unfolded state and for the induction of first non-local contacts. 

Furthermore, it affects the folding process. The pKa of an ionizable chemical group depends 

on its solvent exposure and the presence of other charges. Dehydration costs favor the un-

charged state whereas Coulomb interactions with other charges or polar groups favor the 

charged stat. As both change during the folding process, also the protonation state of a chem-

ical group can change. The third important external factor is the dielectric constant difference 

between the solvent and the protein core as the strength of the interaction depends on the 

dielectric constant of the environment. This can be dependent on the localization of the protein, 

for example within a membrane or by chaperone activity, or on the temperature.20 

Overall, it can be stated, that electrostatics is not the driving force of protein folding, but mod-

ulates the folding process and is important for the final conformation due to formation of non-

local and long-range interactions and by localization of charged amino acids.   
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Figure 13: Forces and interactions guding protein folding (II). 

A) The predominant electrostatic interactions in proteins exist between dipoles and between charges. 

Attractive and repulsive forces can arise by different combinations of positive or negative charges. 

Additionally, interactions between dipoles and charges are also possible (not depicted).20 B) The most 

important secondary forces in proteins involve conjugated ring systems. Mainly interactions between 

aromatic rings and ions, dipols, or other aromatic moieties are relevant, adapted from Newberry et al.42 
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The forces described above contribute the main energies guiding protein folding and stabiliza-

tion of protein structures. However, further secondary forces are known that are important to 

explain the stability of some conformation or the formation of specific contacts and non-local 

interactions (see Figure 13 B). Stability, especially of secondary structures, is mostly mediated 

by additional interactions within the protein backbone. One are C-H···O hydrogen bonds, which 

are most frequent between backbone Cα-H and carbonyl oxygens. They are similar to classical 

hydrogen bonds but the electrostatic contribution is larger than van der Waals interactions or 

charge transfer. They stabilize α-helical as well as β-sheet secondary structures. Also im-

portant for the high stability of β-sheets are C5 hydrogen bonds. They are also a variation of 

classical hydrogen bonds where an amide proton interacts with a neighboring carbonyl oxygen 

of the same amino acid. This interaction probably contributes to the formation and stability of 

amyloid fibrils. The last relevant prevailing backbone interaction, that is particularly important 

for the stabilization of the different helical secondary structures are n-π* interactions. In this 

case, an interaction is formed between a free electron pair of a carbonyl group with the π* or-

bital of a neighboring carbonyl group.42  

Secondary interactions involving amino acid side chains mainly involve aromatic rings. The 

strongest interaction is with cations. This is mainly mediated by electrostatic attraction between 

positively charged arginine or lysine with electronegative π-orbital of the ring system, which is 

further strengthened by dielectric dispersion and charge transfer. These interactions are spe-

cial, because they are stronger than the dehydration penalty that accompany electrostatic in-

teractions and are thereby able to form initial long-range contacts. Similar are hydrogen bonds 

between ring systems and hydrogens bound to oxygen, nitrogen or sulfur atoms. They follow 

the same principles like aromatic ring and cation interactions but are weaker. Besides interac-

tions with electropositive partners also interactions with anions are possible. They are medi-

ated by the electropositive lateral surface. The last relevant interaction of a ring systems is with 

another one. There, two conformations are possible, either T-shaped or stacked with an offset 

or lateral displacement. These interactions are mediated by electrostatics and instantaneous 

dipole–induced dipole forces. In addition to ring systems also sulfur groups are described to 

participate in secondary interactions. However, they are even less frequent.42 

3.4 The process of protein folding 

Taken together, guiding physicochemical properties and interactions lead to a multitude of en-

ergetically favorable or unfavorable conformations. These can be summarized in the model of 

an energy landscape, which illustrates how different pathways, which lead to increasingly lower 

energy states result in certain structures (see Figure 14).43 However, as so many interactions 

and transient conformations are possible, not all can be sampled in the folding process as a 

random search would need much longer time to reach the native state than is found in vitro 

and in vivo.44 Therefore, folding has to go along specific pathways in which certain steps have 

to be models energy barriers need to be overcome. To describe this, four major models were 

created, which explain single aspects of this process (see Figure 15). 

One is the diffusion-collision model that describes that, as a first step, structural microdomains 

are formed, depending on stochastic sampling of possible near-field interactions. By diffusion, 

these microdomains sequentially interact with each other, which allows for a limited set of new, 

more stable interactions. Progressively, the final protein structure is formed.45 
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Figure 14: Schematic folding energy landscape of proteins. 

Along the different possible folding pathways (dashed lines), the number of stabilizing intramolecular 

contacts increases, which leads to a net decrease of energy in the system. Along the pathway, semi 

stable intermediates at energy sinks can be formed whereas the lowest energy conformation represents 

the native state, adapted from Jahn et al.46 

The framework model is a limiting case of the diffusion-collision model. It describes protein 

folding as a hierarchical process, starting by small structural elements, which stepwise form 

larger structures until the final conformation is achieved. This is represented by the classical 

hierarchy of a succession of primary, secondary, and tertiary protein structure.47 

The hydrophobic collapse model focusses on the process, in which non-polar amino acids 

cluster together to build a hydrophobic core whereas polar ones arrange at water facing sur-

faces. This can be applied on the scale of microdomains, protein domains as well as the whole 

protein, especially in case of globular proteins. It is still under discussion what the specific 

steps are and in which order they occur, for example if the structure formation of the hydro-

phobic core is directly linked to the structural collapse or if the hydrophobic residues arrange 

in a separate step.48 

Finally, the nucleation-condensation model transfers the process of crystallization on the fold-

ing of proteins. It assumes an initial nucleus formation, which propagates the structure. Primal 

weak local interactions are progressively stabilized by long-range interactions, which can also 

lead to structural rearrangements during the process. This model is particularly applicable in 

case of small proteins.49   
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Figure 15: Structure formation models. 

A) In the diffusion collision model, protein folding is initiated by the formation of microdomains due to 

local interactions. These microdomains diffuse and subsequently interact with each other causing struc-

tural rearrangement and the development of larger structures.45 B) In the framework model, the first step 

of protein folding is the formation of secondary structures, which assemble to the native tertiary struc-

ture.47 C) According to the hydrophobic collapse model structure formation is preceded by the interaction 

of hydrophobic amino acid residues and protein structures originate from this hydrophobic core.48 D) The 

nucleation-condensation model resembles crystallization and is applicable especially to small proteins. 

There, local interactions initially cause the formation of a nucleus, which propagates to the native struc-

ture.49 

These models focus on the structure formation of a single, isolated protein and the influence 

of solvent and intramolecular contacts. However, also intermolecular contacts become im-

portant, especially because functionality of most proteins depends on the interaction with fur-

ther molecules or particularly other proteins. Furthermore, protein aggregation, which is also 

caused by intermolecular contacts, is a common problem in vivo and in vitro.46,50 To describe 

these phenomena an extension of the folding energy landscape has to be made, adding inter-

molecular interactions (see Figure 16). 
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Figure 16: Extended folding energy landscape with intermolecular contacts. 

Additional possible contacts result in new conformations. The highly ordered structure in amyloid fibrils 

represents a new global energy minimum, which is more stable than the native conformation, adapted 

from Jahn et al.46 

A special case of protein aggregation is the formation of protein fibrils. There, a large number 

of identical proteins assemble to one uniform structure. Furthermore, nearly all fibrils share 

common structural characteristics although different fibrils can be formed from proteins of var-

ious size and sequence. Moreover, despite fibrils often represents the energetically most sta-

ble structure and potentially all proteins are capable to form fibrils, this structure is mostly non-

functional, hence a misfolding product, and associated with a range of diseases,51 albeit, some 

fibrils fulfil physiological functions.52 This is astonishing, because it implies, that the native 

structure of a protein is not the energetically most favorable and that protein function and with 

this live itself requires an energetically non-optimal conformation. The curtail point in prevent-

ing fibrillation is the energy barrier between the fibrillar state and other conformations, espe-

cially the native one. Therefore, processes or molecules, which lower the energy barrier be-

tween the native state and fibrillar state are significant risk factors in protein misfolding. 
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3.5 Amyloid β peptide and amyloid fibril formation 

3.5.1 Aβ and its structure formation process 

The fibrillation of Aβ can be described as a stepwise process with a lag phase, a fibrillation 

phase and a plateau phase. Each phase is characterized by different structural variants of Aβ, 

starting with monomers, oligomers, protofibrils and finally mature fibrils (see Figure 17). 

 

 

Figure 17: The fibril formation process. 

A) The process can be divided into three phases, each characterized by specific structural variants. At 

the beginning of the process, Aβ shows intrinsic disorder. During the lag phase oligomers are formed. 

By structural reorientation oligomers can adopt a nuclei conformation, which ends the lag phase and 

initiates the rapid fibril growth of the fibrillation phase. First, protofibrils are formed, which mature to fibrils 

after further restructuration. When fibril growth is ended and an equilibrium between the different struc-

tural forms is achieved the plateau phase is reached. B) Fibril growth can be achieved by attachment of 

monomers or by attachment of whole oligomers, called coagulation. Coagulation is a subordinate pro-

cess, as the concentration of suitable oligomers is usually considerably lower. Fibril shortening can occur 

by fragmentation or by monomer dissociation, whereas monomer dissociation is energetically unfavor-

able. 
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Monomers 

The fibril formation process starts with single monomers. In case of Aβ, these are formed as a 

product of cleavage from a precursor protein (see “Peptide length”). This enables the occur-

rence of different variants, which can behave differently during fibril formation. Additionally, 

posttranslational modifications or mutational variants might cause further diversification. 

In vivo, the most abundant alloform of Aβ is the 40 amino acid long variant. Most charged 

amino acids are located at the N-terminus. The C-terminus is dominated by hydrophobic resi-

dues. Another accumulation of hydrophobic residues is at a region ranging from L17 till A21 

(see Figure 18 A). 

An important feature of fibrillation prone Aβ monomers is structural flexibility. This intrinsic dis-

order is caused by the primary structure but can further be influenced by a structure unfavora-

ble environment characterized by a high pH or a non-polar solvent. Whereas for some intrinsi-

cally disordered proteins this structural flexibility is an important functional feature, in case of 

amyloidogenic proteins, this leads to a high fibrillation propensity.53,54  

The large flexibility combined with the high aggregation potential represent major obstacles for 

experimental investigation of the structural and dynamical features of Aβ monomers. Besides 

NMR experiments, the most profound insights were achieved by in silico investigations. These 

show that, as expected, the monomer structure is highly flexible (see Figure 18 B). However, 

distinct structural elements occur with a certain preference and probability. So, it could be 

shown, that in Aβ(1-40) monomers, besides random coil, α-helical structures can occur while 

β-strands are not stable. This is notable, because β-strands are by far the most dominant sec-

ondary structure in fibrils. However, these features are highly sensitive to the investigated 

Aβ variant as well as to the experimental conditions.55–57 

 

 

Figure 18: Aβ monomer structure. 

A) primary strucutre of the 40 amino acid allotype of Aβ. Amino acid color code: yellow – polar, red – 

acidic, blue – basic, dark green – aromatic, light green – hydrophobic. Charged amino acids are mainly 

located at the N-terminus. Hydrophobic residues cluster at the C-terminus and at a hydrophobic region 

comprizing amino acids L17-A21. B) Simulation derived structural model of a partially folded monomeric 

species of Aβ (PDB ID: 2LFM)56. As an intrinsically disordered peptide monomeric Aβ has no stable 

secondary structure. Only a small part has some tendency to form an α-helix. 
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Oligomers 

The next step towards fibril formation is the assembly of oligomers. To this end, a number of 

monomers has to come in close proximity and lasting intermolecular interactions have to be 

established. This depends on the concentration of the protein, temperature and the energetical 

characteristics of possible interactions.52 

As is illustrated by the folding energy landscape model, the transition from unstructured mon-

omers to mature fibrils can go via different routes, resulting in a multitude of transient oligomers 

of different size and structure.58 An initial step of Aβ oligomerization is the formation of a turn 

structure, which, after structural reorganization, persist also in mature fibrils.59 An important 

contact accompanying this turn formation is the hydrophobic interaction between F19 and L34, 

that is not only present in early oligomers, but is conserved over the further fibril formation 

process.60 Even though an important characteristic of the oligomers is their heterogeneity, de-

tailed structural analysis of single species can give valuable insights into important processes 

and functions. An example for an oligomer structure with atomic resolution is available for the 

Aβ(1-42) variant in a membrane mimicking environment (see Figure 19). It shows a planar, te-

trameric assembly in which the two outer peptides provide two β-strands linked by a turn and 

each of the inner two peptides provides a single β-strand located at their C-terminus to build 

an antiparallel β-sheet. With increasing protein concentration two of these tetramers stack on 

top of each other in a sandwich-like fashion to form a octamer.61 Another model suggest uni-

form U-shape strand-turn-strand structures of peptides, which assemble to hexamers.62 If or 

to what extend these features are also present in other Aβ variants, under different conditions, 

especially in a purely aqueous environment, and if these structures can nucleate fibril formation 

remains to be shown. Some studies suggest that this is only partially the case.63 

 

 

Figure 19: Aβ oligomer structure. 

A) Models of early oligomer are typically characterized by an antiparallel, β-sheet (amino acids with 

β-sheet conformation are indicated by squares). The hydrogen bonds are intramolecular (blue dotted 

lines). In these soluble oligomers the β-sheets are not fully extended and the turn region between the 

β-strands remains unstructured.64 The characteristic F19-L34 contact is already established (green col-

ored) B) Structure of an Aβ tetramer within a lipid environment (lipids not depicted). The typical antipar-

allel β-sheet with intramolecular hydrogen bonds is recognizable. In this special case not all monomer 

units participate equally in the structure and the β-strands are extended, probably because of stabiliza-

tion by the membrane environment. (PDB ID: 6RHY)61 
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The structural transition from an oligomeric state to a nucleation capable nucleus is the sub-

sequent step in fibril formation. To initiate fibrillation, oligomers have to show three essential 

qualities. First, they have to have an oligomeric and a nucleating conformation. Second, they 

have to be able to shift between these conformations, and third, the association of further 

protein units has to result in an significant lower net energy of the system.53 In case of Aβ, one 

crucial step in this process is the reorientation of the intramolecular antiparallel β-sheet in the 

oligomeric conformation to an intermolecular parallel β-sheet, which propagates in the fibril 

structure, by a 90° rotation of the individual β-strands.65,66 This then is stabilized by the for-

mation of a new salt bridge between D23 and K28.67–69 Once a substantial amount of fibril 

structure promoting nuclei is formed, fibril elongation becomes the predominant process, which 

is the hallmark of the growing phase. 

Protofibrils 

While the structural species formed by elongation of nuclei already show the typical, energeti-

cally favorable cross-β structure, this first fibrillar conformation undergoes local rearrangement 

resulting in two distinct classes of fibrils: first protofibrillar intermediates and later mature fi-

brils.70 Protofibrils show the same extent of the β-strands including the same amino acids like 

oligomers and the transition from an oligomer-like antiparallel intramolecular β-sheet to a fibril-

like parallel intermolecular β-sheet conformation is not completed (see Figure 20).71,72 This 

might reflect the fibril elongation by the mechanism of coagulation instead of pure monomer 

association. 

Monomer association by a lock and dock mechanism is the simplest way to explain fibril 

growth. A monomer without stable structure stochastically associates onto an existing fibril 

end. Formation of intermolecular interactions between monomer and fibril then result in a struc-

tural transition of the monomer that equals the fibril conformation.73  

In a coagulation process, on the other hand, not monomers but larger elements of several 

monomer units, which themselves originated from oligomeric structures attach on the fibril end. 

This requires a certain structural similarity, which enables the formation of appropriate interac-

tions. The common oligomeric origin of both species might provide this fit explaining why this 

oligomeric characteristics is still maintained in protofibrils.73 

 

 

Figure 20: Aβ protofibril model. 

The structure of the Aβ molecules in protofibrils is similar to their structure in soluble oligomers with not 

fully extended β-sheets (amino acids with β-sheet conformation are indicated by squares) and an un-

structured turn region. Although the Aβ units string together in a fibrillar fashion, the β-sheets are still 

antiparallel and from intramolecular contacts (hydrogen bonds are indicated by blue dotted lines). The 

F19-L34 contact remains conserved (green colored).71  
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Fibrils 

Independent of the details of the growth process, finally a maturation to the mature fibril struc-

ture occurs. In case of Aβ, this comprises an extension of the parallel β-sheet structure and 

the conversion of intermolecular contacts.72,74 But even on the level of mature fibrils, structural 

polymorphism exist. This can be due to variation of the primary sequence, for example by 

differential proteolytic cleavage, posttranslational modification or mutation. But also identical 

monomers can produce different fibril structures, depending on the folding pathway.75 These 

structural varieties can reflect differences in the biological and especially pathological activity 

of the distinct variants.76,77 

Just focusing on wildtype Aβ(1-40), most structures and models agree on a set of characteristic 

elements present in conventional U-shaped structures (see Figure 21). The central element is 

the hydrophobic core region, which comprises approximately the amino acids 15-21 and 31-36, 

which form the two β-strands of the β-sheets that stack to build the cross-β structure.78 Typi-

cally, the β-sheets extend the hydrophobic core ranging up to amino acids G9-E22 and A30-

V39.79 An important contact within the hydrophobic core region is the hydrophobic interaction 

between F19 and L34, as this is early forming and conserved over a large spectrum of models 

and Aβ variants.60,80 The two β-strands are linked by a turn domain. Especially residues 22/23 

and 29/30 show a clear backbone bend. The amino acids 24-28 adopt a structured turn con-

formation.78 The formation of the turn is an essential step in the structure conversion from 

oligomers to fibril forming nuclei.59 An important interaction in this domain is the salt bridge 

between D23 and K28 because it stabilizes the turn structure.67 Residues 37-40 and 1-14 form 

the unstructured C- and N-termini, respectively. However, in some models the latter is de-

scribed to interact with other elements of the fibril, which can lead to an, at least partial and 

transient, structure formation within the N-terminus, for example by extension of the adjacent 

β-sheet.81 Furthermore the N-terminus comprises the metal binding site mainly including the 

amino acids 6, 13, and 14.82 

 

 

Figure 21: Aβ fibril structure. 

A) Mature fibrils show extended, parallel β-sheets (amino acids with β-sheet conformation are indicated 

by squares). The F19-L34 contact (green colored) and the intermolecular hydrogen bonds (indicated by 

blue dotted lines) remain conserved from the protofibrilar structure. In contrast to protofibrils the structure 

of the turn region becomes stabilized by a slat bridge between D23-K28 (red colored). Typically, pro-

nounced backbone bends are observable between E22-D23 and K28-G29.78,79 B) Structure of two 

stacked Aβ fibrils with the characteristic U-shaped and parallel, intermolecular β-sheets. (PDB ID 

2LMN)79  
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Although the application of this classical U-shape model is popular in the literature, newer 

findings suggest that other structural arrangements also showing the described contacts are 

possible. In an extended structural model obtained by cryo-EM the loop-region, which links the 

two β-sheets does not form a turn but remains straight. In this case the characteristic contacts 

are formed intermolecularly with a second, opposing Aβ peptide in inverse orientation.83 Also 

in the U-shape model intermolecular the contacts might be intermolecular. This could be 

caused by an offset between the β-sheets along the fibril axis.79 

Besides linear elongation, other, secondary processes occur during the growth phase, which 

emanate from existing fibrils. These comprise secondary nucleation, branching, fragmentation 

and lateral association.  

During secondary nucleation, the lateral surface of a fibril supports the formation of new, inde-

pendent fibrillation nuclei by lowering the free energy barrier of this process.73 In case of 

branching, monomers associate to the fibril and adopt the fibril conformation like in the lock 

and dock model described above, however, not in position of the fibril end but at the lateral 

surface of the fibril.84 Fragmentation on the other hand is the opposing process to coagulation. 

There, a whole fragment with a fibrillar conformation separates from the original fibril. This 

mainly occurs by breakup when the fibril length exceeds a certain length and is affected by 

mechanical forces. All these processes increase the fibril formation rate as they lead to a higher 

number of available nuclei.73  

Lateral association is different in a way that there two or more mature fibrils join together to 

form a fiber. This decreases the fibril formation rate as it reduces the available surface for 

branching and secondary nucleation. Also, additional contacts are formed between the fibrils 

potentially leading to further structural rearrangements and new superstructures. The final fi-

bers differ not only in the number of included fibrils but also in their microscopic topography, 

like in their cross section or twisting along the fibril axis.79,85 

Ultimately, all described processes occur simultaneously and an equilibrium is achieved, which 

characterizes the final plateau phase.73 

3.5.2 The F19-L34 contact in previous investigations  

The hydrophobic core region forms the cross-β structure, the essential structural element of 

amyloid fibrils. A hydrophobic contact between F19 and L34 that is located in the center of the 

core region, marks a first and vital step in the fibril formation process. Mutations at the site of 

the contact investigated by a preceding study of Adler et al. have been reported to change the 

local structure of Aβ fibrils but do not affect the global fibril structure. Most strikingly, they com-

pletely abolished Aβ toxicity, independent of the nature of the contact.86 

Mutational studies with double mutants showed that alterations at this regain are strongly lo-

cation dependent. Mutant pairs with identical amino acid composition but different amino acid 

localization showed dramatically different effects (e.g. at position F19, F20: FF → IG and 

FF → GI). This shows, that not only the net forces and energies are important, but more so the 

specific interactions, which are formed between the amino acids.87 

Steric constraints 

The structural flexibility of the peptide backbone is determined by the accessible ϕ and ψ tor-

sion angles of the individual amino acids, which is influenced by the specific side chain. The 

two most extreme amino acids in this regard are glycine and proline. As glycine has only a 

proton for a side chain, there is no further steric constraint and it shows the highest degree of 

structural flexibility. In contrast, proline has a side chain, which is covalently attached to the 
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backbone by an additional bond between the Cδ and the peptide amino group. This strongly 

reduces the backbone torsion angles that can be adapted. As a consequence, proline typically 

does not participate in secondary structure formation. 

A F19G substitution showed only marginal differences compared to the wildtype. The times 

describing the fibril formation kinetics remained largely unaltered as well as the fibril morphol-

ogy. The local structure within the hydrophobic core region also showed only small changes. 

The only observable differences were a somewhat denser packaging of the side chains that 

resulted in a lower motional amplitude and a reduced fibril diameter. 

A F19P substitution had strong effects on all investigated features. Altogether, it induced a 

significant energetic penalty of the fibril formation process and the final fibril structure. This is 

reflected by the drastically increased fibril formation kinetic times. Also, the transition of inter-

mediates to more mature structures was impaired resulting in a higher heterogeneity of the 

investigated samples and a change in fibril morphology. 

Overall, it seems that a change in the steric flexibility of the protein backbone can be tolerated 
to some extent. Fibrils react with a local structural rearrangement, which results in a denser 
packaging of the core region and decreased dynamics of the contributing side chains due to 
higher backbone flexibility and vice versa for lower backbone flexibility. This is probably not 
caused by a change of side specific interactions but by a change of the net energies of the 
process (see Figure 22). 

 

 

Figure 22: Sterically constrained F19 mutants. 

Of all mutants, the steric alterations caused the vastest changes compared to WT and the two mutants 

show distinct effects. F19P impairs the fibril formation and F10G causes a denser packaging of the fibril 

core. 

Side chain hydrogen bonds 

The influence of additional side chain hydrogen bonds was tested using F19Y and F19W mu-

tations. For both mutants, the fibril formation process is moderately slowed down and the global 

and local structures were similar to the wildtype with only minor deviations. In both variants 

additional side chain contacts could be observed. Overall, these two mutants showed the big-

gest similarities with the wildtype. This is striking because only these mutants still contain a 

ring system at position 19 whereas in all other mutants tested this gets replaced by a non-ring 

moiety. This might indicate that the presence of a ring system is more important for the fibril 

formation process and the fibril structure than other characteristics (see Figure 23). 
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Figure 23: F19 mutants with additional hydrogen bond donating chemical groups. 

These mutants allow for the formation of additional hydrogen bonds while still possessing an amino acid 

residue with a conjugated ring system. These mutants resemble the WT in nearly all aspects. Only the 

fibril formation kinetics is slightly slower. 

Electrostatic constraints 

The incorporation of charged amino acids into a nonpolar environment like the fibril core struc-

ture results in a high energetic penalty. This impairs the fibril formation process in several 

ways. First, an additional negative charge at the monomer level can increase the repulsion of 

the peptides, which reduces oligomer assembly. Second, salt bridges can be formed that have 

to be broken in the process of fibril formation. Third, the charged amino acid has to be dis-

charged by protonation or deprotonation at an energetical cost. Fourth, during dischargement 

also a dehydration and rearrangement of solvent molecules is needed, which results in an 

additional energetical cost entropic penalty. 

These effects could be demonstrated by a F19E substitution. In this variant, the fibrillation 

kinetics was clearly decelerated. Although the global and local structure remained largely un-

altered, which speaks for an uncharged state of the glutamate, a destabilization of the structure 

could be observed (see Figure 24). 

In case of a F19K substitution the effects are much weaker. Compensatory for the energetic 

costs of a charge for the fibril formation process is the reduction of the negative net charge of 

the soluble monomer by the introduction of an additional positive charge. Therefore, fibrillation 

kinetics and global morphology resemble the wildtype. Also, the free energy of the mutant 

shows only marginal differences. In contrast, NMR chemical shift values indicate that the local 

structure is clearly changed, especially at the neighboring position F20. An explanation could 

be that the F20 flips into the fibril core whereas the F19K forms a contact with the E22 at the 

fibril surface.  
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Figure 24: F19 mutants introducing charged amino acids and F19-L34 double mutants 

introducing attractive or repulsive charges. 

The introduction of a negative charge at position F19 is well tolerated and causes only minor alterations. 

In contrast, the introduction of a positive charge in the single as well as in the double mutant results in 

a structure rearrangement in the core region. Otherwise, the fibril characteristics remain mostly similar 

in comparison to the WT. The substitution of the hydrophobic contact for a salt bridge prevented fibril 

formation, probably because of a stabilization of the monomers. 

The formation of an additional salt bridge can compensate for other energetic penalties, how-

ever, there is some evidence, that this contact is nor preserved in the mature fibril.88 In this 

regard, the F19K L34E double mutant is interesting. In this case the salt bridge would have to 

be incorporated into the nonpolar hydrophobic core and cannot be localized at the fibril surface 

without breaking the fibril structure. Although the salt bridge could potentially compensate for 

the energetic penalties, this is not the case for this double mutant. Instead, fibril formation is 

completely abolished, perhaps because of the formation of another structurally stable confor-

mation that is caused by the new salt bridge. In contrast, a F19K L34K double mutant did not 

show such effects but resembles the wildtype with some alterations especially for the local 

structure at position F20 and concerning the free energy of the fibrils. Probably similar effects 

like in the F19K single mutation can be observed. On the one side, the reduction of the net 

charge of the monomers benefits fibril formation whereas the discharge or reorganization im-

pair the stability of the fibril structure.   
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3.6 Biological relevance of Aβ modifications 

As the physicochemical characteristics of Aβ are influenced by various factors like different 

peptide lengths, posttranslational modifications or mutations at diverse locations this also has 

influence on its biological function, as well as its role in the development of neurodegenerative 

diseases (see Figure 25). 

 

 

Figure 25: Selected Aβ mutations and modifications. 

Several amino acids can undergo posttranslational modifications (blue font). Many mutations (red out-

line) are located within protease cleavage sites (filled green symbols). 

3.6.1 Aβ mutations in early onset Alzheimer’s disease 

Various factors are discussed to be involved in the development of Alzheimer’s disease. Great 

attention was devoted to genetic variants and gene mutations. It is possible to assign different 

variants of Alzheimer’s diseases to two distinct types: sporadic and familial forms, correlating 

to late onset and early onset Alzheimer’s disease, respectively (see Figure 26). 

While the sporadic one counts for the majority of cases, the familial can be attributed to muta-

tions of mainly three proteins: amyloid precursor protein, presenilin 1, and presenilin 2. Strik-

ingly, all of these forms relate to the Aβ mediated pathway of Alzheimer’s disease. Presenilin 

1 and 2 are important for the Aβ release form the amyloid precursor protein. Within the precur-

sor, many disease relevant mutations are located within the Aβ region (see Table 1). Most of 

these mutations cluster around the protease cleavage sites. Many mutations located at the 

N- and C-terminus affect Aβ cleavage, resulting in different amounts of formed Aβ and peptides 

with varying lengths that show different physicochemical and pathological properties.89,90 But 

also, a great number of mutations within the Aβ sequence cluster around alternative cleavage 

sides. Investigated mutations of this type comprise the E11K mutation at the alternative BACE1 

cleavage site, A21, D23 and several E22 mutations at the BACE2 cleavage site and K16N at 

the α-secretase site. These mutations do not only influence the formation of non-Aβ cleavage 

products of the amyloid precursor protein but might also affect the proteolytic degradation of 

Aβ.91,92 Additionally, especially for the different mutations at the BACE2 cleavage site, a multi-

tude of other, cleavage independent effects, is described like structural changes at the level of 

monomers, oligomers, and fibrils as well as changes in the fibril formation kinetics, cellular 

localization or downstream effects.93–98 Furthermore, there are mutations that are distant to 

described cleavage sited, for example at the metal binding side at the N-terminus (H6R, D7N, 

D7H) or within the hydrophobic core region (L34V), also resulting in diverse effects on Aβ prop-

erties and functions.99–105 
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Table 1 Aβ variants. 

Mutation (orange colored), modification (blue colored), and cleavage sites (green colored) located at the 

Aβ region of the amyloid precursor protein (approximately amino acids 1-40).89 *β-methylamino-L-ala-

nine (BMAA) misincorporation is under discussion but has not be shown to be present in Aβ in vivo. 

Name 
Posi-

tion 
Wildtype 

Posttranslational 

modification 
Mutation 

Protease cleavage 

site 

 -2    N β-secretase, (Bace2) 

Swedish -2 K    

Swedish -2 N   L 
 

  3 E pyroglutamate formation     

Torotti 7 D   N   

  8 S 
phosphorylation 

(BMAA misincorporation)* 
    

  10 Y 
dityrosine mediated 

crosslinking 
    

  11       β-secretase 

Leuven 11 E   K   

  11 E pyroglutamate formation     

  17       α-secretase 

  20       Bace 2 (α-secretase) 

  21       Bace 2 

Flemish 21 A   G   

Dutch 22 E   Q   

Arctic 22 E   G   

Italian 22 E   K   

  22 E   Δ   

Iowa 23 D  N  
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  26 S 
phosphorylation 

(BMAA misincorporation)* 
    

Piemont  34 L   V   

  35 M oxidation     

  38       γ-secretase 

  40       γ-secretase 

  42       γ-secretase 

 42 A  T  

Austrian 34 T L   

Iranian 43 T  A  

French 44 V  M  

German 44 V  A  

Florida 45 I  V  

 45 I  T  

 45 I  F  

London 46 V  I  

 46 V  G  

 46 V  F  

 46 V  L  

  48       ε-secretase 

 48 T  P  

  49       ε-secretase 

Australian 52 L  P  

Belgian K   N  
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Figure 26: Genetic factors in the etiology of Alzheimer’s disease. 

While diverse gene mutations can also contribute to sporadic, late onset forms, familial forms are mainly 

caused by mutations in one of three genes: either in presenilin 1 and 2 that are elements of the APP 

cleaving γ-secretase enzyme complex or in the Aβ Precursor Protein itself. 

A possible sequence changing alternative to mutation is the misincorporation of non-proteino-

genic amino acids. An example might be β-methylamino-L-alanine (BMAA). However, such a 

mechanism is not proven and still under controverse discussion. 

3.6.2 Posttranslational modification 

Different posttranslational modifications of Aβ are described to be important for the pathology 

of Alzheimer’s disease, namely oxidation of M35,106,107 nitration, dityrosine or pyroglutamate 

formation and glycosylation of Y10,108,109 as well as isomerization and racemization of D1, D7, 

S8 and S26.110–112 S8 and S26 can also undergo phosphorylation. S8 phosphorylation can 

occur intracellularly and extracellularly, which both lead to an amplification of the peptides ag-

gregation propensity.113,114 This might increase toxicity in some aspects. However, this is coun-

teracted by a stabilization of the non-toxic fibrillar form.115,116 Phosphorylation at the S26 site 

leads to an increase of Aβ oligomers and enhances toxicity, supposedly by granulovacuolar 

degeneration.117 Another toxic pathway related to S26 modification might be by excitotoxicity. 

It could be shown that S26 racemization enables Aβ to induce excitotoxicity in the presence of 

excitatory agents.118 This is reminiscent of BMAA, which is under discussion to be an exci-

totoxic neurotransmitter mimetic, as well as an possible substitute for serine during protein 

expression.119–122 

3.6.3 Peptide length 

Aβ is derived by cleavage of the amyloid precursor protein (APP) (see Figure 27 A). Protein 

cleavage by various different proteases is an important feature of APP regulation and function. 

APP cleavage involves a variety of different cleavage sites, cleavage products, proteinases, 

and downstream effects.123 The cleavage pathways of APP can be divided into canonical and 

non-canonical pathways, depending on the proteases involved. Regarding the pathology of 

Alzheimer’s disease, it is most relevant, if the cleavage pathway leads to generation of the 

amylogenic Aβ peptide. 
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Figure 27: APP cleavage pathways. 

A) Aβ is a cleavage product of the amyloid β precursor protein (APP). Depending on the cleavage path-

way, additional extracellular and intracellular fragments besides Aβ are produced. B) The canonical 

cleavage pathway of APP is mediated by α-, β-, and γ-secretase. The β/γ branch results in the release 

of Aβ and is therefore amylogenous. Α-secretase cleaves within the Aβ sequence, preventing Aβ for-

mation and fibrillation. C) Besides the canonical pathway several other are known that comprise the 

proteases caspase, merpin-β, δ-secretase and η-secretase. All proteases produce different cleavage 

products from which at least one can undergo further canonical β/γ-cleavage. Therefore, all are poten-

tially amylogenous. In case of merpin-β a truncated Aβ alloform is formed. 
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The canonical pathway involves the proteinase families of α-, β-, and γ-secretases (see Figure 

27 B).123 From all the pathways, canonical and non-canonical, only α-secretase cleavage is 

non-amyloidogenic because it cleaves APP within the Aβ sequence. The main α-secretase of 

the brain is A disintegrin and metalloprotease 10 (ADAM10).124,125 Amyloidogenic β-secretion 

is mainly mediated by the aspartyl proteinases β site APP cleavage enzymes 1 and 2 (BACE1, 

BACE2).126 The final cleavage steps are performed by presenilin containing γ-secretase. First, 

it cleaves at the ε-site, which releases the intracellular domain into the cytosol. Then it trun-

cates the remaining fragment till full length Aβ in the amyloidogenic case, or p3, a truncated 

Aβ variant, in the non-amyloidogenic case are formed.127 This special characteristics of a step-

wise cleavage of γ-secretase is caused by its ability to perform two different cleavage mecha-

nisms, endopeptidase-like and carboxypeptidase-like, both within the lipid bilayer.127 

The best described non-canonical APP processing includes caspase cleavage, meprin β 

cleavage, the δ-pathway and the η-pathway,128 whereas further cleavage possibilities are sug-

gested (see Figure 27 C).129 All of these can eventually lead to formation of Aβ variants. The 

δ- and η-pathways produce products, which can undergo canonical β- and γ-secretion, 

whereas caspase and meprin β have inherent cleavage activity at the β-site, which leads to 

Aβ secretion after subsequent γ-secretase cleavage.123,128 

 

3.7 Methods for the investigation of fibril formation and struc-
ture 

To characterize the diverse mechanisms of the fibril formation process and the structure of 

mature fibrils a set of experiments was carried out investigating three libraries of Aβ mutants. 

The different peptides were obtained by solid phase peptide synthesis. Kinetic studies were 

performed using the Thioflavin T fluoresce assay. Global, secondary and local structure infor-

mation were gained by transmission electron microscopy, circular dichroism spectroscopy, 

X-ray diffraction and NMR chemical shift measurements. Local structural information was com-

plemented by molecular dynamics investigations by NMR DipShift experiments. The biological 

activity was tested in cell culture with an MTT assay. For one set of mutants, additional 

LDH Assay, Caspase 3 assay, neurite length measurement and Hoechst/PI staining were per-

formed to differentiate between different ways of cell response. 

3.7.1 Fibril formation kinetics 

The usage of fluorescence dyes is a well-established method in detection of amyloid struc-

tures. A broad range of dyes is available, including Congo Read, Thioflavin T (ThT), Chrysa-

mine C, 6-OH-BTA-1, or 2C40. Among these, Congo Red is best established for histological 

staining whereas ThT is most widely used for in vitro experiments.130 As it shows an intensity 

increase upon specific fibril binding, this dye was used for measurements of the fibril formation 

kinetics. 

ThT is composed of two building blocks: a benzothiazole double ring and a phenol ring (see 

Figure 28 A). Benzothiazole is an aromatic, heterocyclic, bicyclic compound with a sulfuric and 

a nitric moiety, which is dimethylated at the N3 and C5 position. The quaternary ammonium is 

stably positively charged. The phenyl ring carries a tertiary dimethyl amine. The two ring sys-

tems are linked between the ortho-carbon of the phenyl moiety and the C2 of the 
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benzothiazole. Therefore, the C2 is a reactive carbon. Furthermore, the C-C bond between the 

ring systems allows for rotation, which is important for its fluorescence properties. 

The benzothiazole can be excited by absorption of light at about 420 nm. By electron transfer 

and rotation around the C-C bond to a perpendicular orientation, the excited state can relax to 

a Twisted Intramolecular Charge Transfer state (TICT). This state can undergo further relaxa-

tion, which is accompanied by weak emission at about 510 nm. When C-C bond rotation is 

inhibited, benzothiazole has to relax directly to its ground stage. This process is highly emissive 

and results in high intensity fluorescence at a wave length of 480 nm.131 The impairment of 

rotation can be achieved by binding of the dye to a surface. 

The binding mode of ThT to fibrils is still under controversial discussion. At least two different 

modes are well accepted.132 The first is by electrostatic interaction of the positively charged 

dye to negative charges of the fibril surface. Whereas this binding mode might be the predom-

inant one, it is not structure specific and does not result in the inhibition of the Twisted Intra-

molecular Charge Transfer state by rotation impairment. For this, a different binding mode is 

necessary. In the cross-β structure, the arrangement of successive amino acids along the fibril 

axis results in the formation of periodic ridges at the fibril surface. ThT can intercalate into 

these ridges, especially at hydrophobic areas. This strong and structure specific interaction 

prevents the ring rotation and results in the fluorescence increase upon fibril binding.133 

At the beginning of the experiment ThT is added to a freshly prepared solution of non-fibrillated 
peptide. As ThT cannot bind to any fibrillar structure only low background fluorescence is de-
tected. This state is maintained over a period of time until fibrillation nuclei are formed. With 
this, rapid fibril growth is initiated, resulting in an increase in the amount of fibril structures, 
ThT binding and subsequently detectable fluorescence. When most peptide is incorporated in 
fibrils a steady state is reached where the fluorescence remains constant. Fibril formation in-
dependent processes can lead to a constant increase or decrease of detectable fluorescence 
in the final phase, for example by structural rearrangement or sedimentation. 

The fibril formation process consisting of three phases, a lag phase, a fibrillation phase and a 

plateau phase, results in a sigmoidal curve shape of a ThT intensity plot in a fibrillation assay 

(see Figure 28 B). This curve can be fitted by:  

 𝑦 = 𝐹1 + 𝑚1𝑡 +
𝐹2+𝑚2𝑡

1+𝑒
−

𝑡−ℎ
𝜏

 (3.1) 

where y is the fluorescence intensity at time point t, F1 is the intercept and m1 the slope of the 

initial baseline and F2 is the intercept and m1 the slope of the final baselines with the y-axis. 

The half time of the fibrillation phase is h and τ is the elongation time constant.132 From this, 

two independent time values, the lag time 

 𝑡𝑙𝑎𝑔 = ℎ − 2𝜏 (3.2) 

and the fibrillation time 

 𝑡𝑓𝑖𝑏 = 4𝜏 (3.3) 

can be calculated, which characterize the fibril formation process. 

This procedure is only valid, if the fitting function describes the dominating mechanisms of the 

fibril formation processes. Under some circumstances the process is dominated by processes 

like branching or secondary nucleation, which give rise to altered curve shapes. To investigate 

these, more sophisticated fitting procedures are needed.134 
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Figure 28: Thioflavin T fluorescence assay. 

A) Structure of Thioflavin T showing the demethylated, charged benzothiazole bicycle and the phenyl 

ring carrying a dimethylamino group, which are linked by a covalent C-C bond. B) Time dependent 

Thioflavin T fluorescence during fibril formation and important values for sigmoidal curve fitting. 

Further limitations of ThT assay mainly lie in the stability, specificity and sensitivity to other 

compounds of the dye. Especially protonation of the tertiary amine at low pH and hydroxylation 

at the reactive carbon of the benzothiazole bicycle at high pH or high temperature can reduce 

emission.135 Because ThT binding mainly depends on common electrostatic and hydrophobic 

interactions structure unspecific binding to crude protein aggregates can be problematic as in 

some cases it can mimic fibril binding. The sensitivity to other compounds like phenolic mole-

cules, DNA, polysaccharides, and β-sheet rich proteins can be problematic when these are 

involved.132 Especially β-sheet rich protein structures and crude protein aggregates exhibiting 

hydrophobic surfaces are problematic as they can also be formed by non-fibrillar aggregation 

pathways of the investigated protein and mimic fibril formation. For this fluorescence-based 

fibril formation assays have to be complemented by other methods. 
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3.7.2 Fibril morphology 

In microscopic images, protein fibrils show characteristic structures. A well-suited imaging 

technique for amyloids is transmission electron microscopy (TEM). As the size of fibrils range 

from the micrometer scale for fibril length of fibril conglomerations to the nanometer scale for 

the diameter of individual fibrils, conventional light microscopy is insufficient because of its 

resolution limitations. This is circumvented in electron microscopy by the usage of an electron 

beam instead of visible light as the electron beam has a shorter wavelength and with this allow 

higher resolution. As typical fibril samples are relatively thin, this suggests the usage of trans-

mission electron microscopy. A drawback of this method is the necessity of staining, as pure 

fibrils lack contrast. This procedure might alter the fibril morphology or distort the image due to 

staining residues. Besides showing the global morphology also more detailed information for 

example of fibril shape, twisting, or substructures can be obtained. This allows for a differenti-

ation between prefibrillar structures, crude aggregates and mature fibrils.136 

3.7.3 Secondary structure composition and characteristics 

The most important structural element of amyloid fibril is the cross-β structure. Its characteris-

tics and its contribution to the global secondary structure composition can be investigated by 

X-ray diffraction and circular dichroism, respectively. 

Circular dichroism uses the fact that in the peptide bond the n→π* transition between the or-

bital of a free electron pair of the oxygen and the antibonding π* orbital of another carbonyl 

group as well as the π→π* transition of the amide groups within the peptide bond strongly 

depends on the torsion angles within the backbone as they determine the orientation and prox-

imity of the orbitals (see Figure 29 A). These transitions can be tested with radiation in the 

ultraviolet spectrum. The n→π* transition shows absorbance at about 220 nm and the π→π* 

transition at about 200 nm.  

Circularly polarized light can be described by a two-component system in which two linear 

polarized components are perpendicular to each other and shifted by π/2. This results in the 

rotation of the field vectors if the radiation along the propagation axis. When left and right 

circularly polarized light passes through a protein, the two components show different dipole 

interactions with the backbone orbitals affecting their wave length, speed, and absorption. As 

the orbitals are influenced by the steric orientation of the backbone, the analysis of the different 

components of the circular polarized light, especially the 200 nm and the 220 nm absorption 

corresponding to the n→π* and π→π* transitions, give information about the average second-

ary structure of proteins. Typical for random coil is a minimum between 190 nm-200 nm and a 

maximum between 210 nm-220 nm whereas β-sheet structures are characterized by a maxi-

mum between 190 nm-200 nm and a minimum between 210 nm-220 nm (see Figure 29 B).137 

As the cross-β structure is defined by two repetitive structural elements, the intermolecular, 

intra sheet hydrogen bonds and the intramolecular stacking of the β-sheets, X-ray diffraction 

images show two characteristic reflections. From the image, the spacing can be calculated by 

 𝑠 = 𝜆 2 𝑠𝑖𝑛 [
1

2
𝑡𝑎𝑛−1 (

𝑙

𝑑
×

360

2𝜋
)]⁄  (3.4) 

where, s is the spacing causing the reflection, λ is the wavelength of the X-ray beam, l is the 

distance between the reflection and the center of the image and d is the distance between 

sample and detector. In a classical fibrils two reflexes can be seen at 4.7 Å and about 10 Å 

corresponding to the H-bond distance and the distance between the β-sheets, respectively.35 
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Figure 29: Circular dichroism spectroscopy. 

A) Important transitions of the protein backbone. B) Characteristic spectra of proteins with predominant 

β-sheet (blue) and random coil (red) structure, adapted from Whitmore et al.137 

3.7.4 Local structure 

The nuclear magnetic resonance (NMR) chemical shift of atoms depends on their local electric 

environment. As the conformation of a protein backbone also influences this environment, 

knowledge of the chemical shifts of backbone atoms gives site-specific insights into the sec-

ondary structure. 

NMR spectroscopy uses the spin properties of atom nuclei. The spin (𝑆) together with the 

gyromagnetic ratio (γ) determine the magnetic moment (𝜇) of a nucleus: 

 �⃗� = 𝛾𝑆 (3.5) 

For nuclei with a magnetic moment the energy states for different spins are no longer degen-

erated when placed in a magnetic field. Only nuclei with a non-zero spin, like 1H, 13C, or 15N 

with a spin of ±½ have a magnetic dipole moment and are NMR active. The spin 𝑆 is quantized 

and can only have integer or half integer multiples of ℏ: 

 𝑆 = 𝑚ℏ (3.6) 

Where, in case of spin ½ nuclei m=½ or m=-½. When a nucleus with a magnetic moment is 

placed within an external magnetic field, the energies of the m=½ and m=-½ differ, depending 

on a parallel (½) or antiparallel (-½) orientation of the spin with respect to the applied magnetic 

field (B0) with the energy (E) being 

 𝐸 = −�⃗�𝐵0
⃗⃗⃗⃗⃗ (3.7) 
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From (3.5), (3.6), and (3.7) results for the energy difference of the two spin states: 

 ∆𝐸 = 𝛾ℏ𝐵0  =  −ℏ𝜔𝐿 (3.8) 

where ωL is the Larmor frequency, which describes the precession of the magnetic moment 

about the magnetic field. The components of the corresponding vectors in z-orientation sum 

up to a measurable net magnetization, which is higher when the energy difference between 

the parallel and antiparallel state is greater. The relation of the populations between these 

states can be described by: 

 
𝑁

−
1
2

𝑁1
2

= 𝑒𝑥𝑝 (
−ℏ𝛾𝐵0

𝑘𝐵𝑇
) (3.9) 

where N is the population of the state, kB is the Boltzmann constant and T the temperature. 

Therefore, high magnetic fields are usually used for NMR spectroscopy to achieve a well de-

tectable net magnetization. Even so it is that the term kBT is way larger than −ℏ𝛾𝐵0, which 

makes NMR spectroscopy a rather insensitive technique. 

When such a spin system is radiated with an additional external radio-frequency pulse where 

the frequency of the pulse equals the Larmor frequency of the nucleus, the electromagnetic 

field of the pulse and the applied magnetic field combine to an effective magnetic field with an 

orientation, which can deviate from the z-axis. As a result, the induced field of the nuclei will 

orientate along the new effective field and leave the z axis and give magnetization in the 

x/y-plane. As this field rotated around the z-axis defined by 𝐵0
⃗⃗ ⃗⃗⃗ it can induce a detectable elec-

tric signal within a coil orientated parallel to the x/y-plane with a frequency equaling the Larmor 

frequency of the nuclei. 

The Larmor frequency of a nucleus not only depends on the external magnetic field but is also 

influenced by other, internal interactions arising for example from spin-spin couplings, dipolar 

and quadrupolar interactions, and electromagnetic shielding by the local environment, which 

causes a chemical shift. These different contributions can be presented by the Hamiltonian 

(𝐻𝑖𝑛𝑡
̂ ): 

 𝐻𝑖𝑛𝑡
̂ = 𝐻�̂� + 𝐻�̂� + 𝐻�̂� + 𝐻𝐶�̂�  (3.10) 

where 𝐻�̂� represents spin interactions mediated by chemical bonds, 𝐻�̂� represents dipolar in-

teractions, 𝐻�̂� quadrupolar interactions and 𝐻𝐶�̂� electromagnetic shielding by electrons. The 

chemical shift can be represented by the Hamiltonian 

 𝐻𝐶𝑆 =̂− 𝛾ℏ𝜎𝐵0𝐼�̂� (3.11) 

where 𝐼�̂� is the spin operator and σ the shielding tensor. This leads to an effective magnetic 
field (𝐵𝑒𝑓𝑓) of 

 𝐵𝑒𝑓𝑓 = 𝐵0(1 − 𝜎) (3.12) 

The CSA tensor represents the influence of the local electric environment of a nucleus. This is 

mainly defined by the electron cloud surrounding the nucleus and is influenced by its density 

and shape, which directly depends on the special characteristics of the chemical bonds, which 

are influenced by torsion and dihedral angles. As this is changed during protein folding the 

shielding tensor gives information about the secondary structure of a protein. 
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Figure 30: Schematic comparison of the carbon chemical shifts of valine in different 

secondary structures. 

A) Especially the chemical shifts of the Cα and Cβ are shifted to larger, respectively lower values com-

pared to a random coil conformation B). In a β-sheet C) this is reverse. 

Because measured resonance frequencies also depend on the applied magnetic field, for com-

parability between different experimental setups the chemical shift (δ) is given, which is the 

frequency of the nucleus of interest (νi) with respect to a reference frequency νref. As the dif-

ference is orders of magnitude lower than the absolute values it is given in parts per million 

(ppm): 

 𝛿 = 106 𝜈𝑖−𝜈𝑟𝑒𝑓

𝜈𝑟𝑒𝑓
 (3.13) 

As the chemical shift differs for nuclei in amino acids within different secondary structures a 

comparison of these values can be used for analysis of the local protein structure. The very 

high frequency resolution of NMR spectroscopy allows for the detection of smallest structural 

changes. 

A nucleus well suited for side specific labeling in NMR experiments is 13C. In nature the NMR-

inactive 12C is the predominant carbon isotope with an abundancy of nearly 99 %. Therefore, 

the integration of NMR-active 13C into samples can be used for site specific labeling. For sec-

ondary structure investigations especially the Cα carbon within the protein backbone as well 

as the Cβ carbons are interesting as their chemical shifts differ between the different amino 

acids, which is important for signal assignment and the chemical shifts are directly influenced 

by the structural orientation of the backbone and changes during secondary structure for-

mation. In principle the investigation of the chemical shift of CO carbons is also possible, how-

ever, these are quite similar between the amino acids and often signals overlap, which hamper 

data analysis. 

When the chemical shifts for example of the Cα of amino acids are compared between different 

secondary structures clear differences can be seen (see Figure 30). In an α-helical confor-

mation larger chemical shifts compared to random coil conformation are observed. In contrast, 

β-sheets in most cases result in lower chemical shift values. For convenience usually the Cα-Cβ 

chemical shift differences are reported, which has the advantage, that these are independent 

of the used reference standards. With this, experimentally determined Cα-Cβ chemical shift 

differences can be compared to reference values for the secondary structures and the struc-

ture of the sample protein can be estimated. 
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The dynamics of amino acids can be investigated by DipShift NMR experiments. Additionally 

to the chemical shift, this experiment gives also the dipolar coupling between 13C and 1H nuclei. 

In standard solid-state NMR experiments these dipolar couplings are not detectable because 

the corresponding anisotropic information are elimination during the measurement. In the Dip-

Shift experiment these information are recovered. For this, heteronuclear dipolar between cou-

plings 13C and 1H are allowed to evolve for a certain time interval t1, which modifies the rec-

orded signal amplitude (St1): 

 𝑆𝑡1 = 𝑆0〈𝑐𝑜𝑠 𝜙𝑡1〉 (3.14) 

with 

 𝜙𝑡1 = ∫ 𝜔𝑐ℎ(𝑡)𝑑𝑡
𝑡1

0
 (3.15) 

where ϕ is the phase angle and 𝜔𝑐ℎ the angular heteronuclear coupling frequency, which can 

be expressed by 

 𝜔𝐶𝐻(𝑡) = 𝛿𝐶𝐻
𝑠𝑖𝑛 2𝛽0

√2
𝑐𝑜𝑠(𝜔𝑟𝑡 + 𝛾) + 𝛿𝐶𝐻

𝑠𝑖𝑛² 𝛽

2
𝑐𝑜𝑠(2𝜔𝑟𝑡 + 2𝛾) (3.16) 

where β and γ are angles from Euler transformation, ωr is the MAS frequency and 𝛿𝐶𝐻the CH 

coupling constant. This results in a modulation of the recorded signal, which is periodic to the 

rotor period of the MAS. In the first part during one rotor period the signal is reduced and 

recovers at the end of the period. This can be recorded by incrementally prolongation of t1 until 

a full rotor period is sampled.138 The reduction is dependent of the coupling constant 𝛿𝐶𝐻. 

 𝛿𝐶𝐻 = −
µ0𝛾𝐶𝛾𝐻ℎ2

16𝜋3𝑟3
 (3.17) 

This shows that the dipolar coupling strongly depends on the distance of the nuclei, which is 

mainly determined by the chemical bond species. Furthermore, the coupling strength depends 

on the applied 𝐵0
⃗⃗ ⃗⃗⃗ field and the angle between the chemical bond vector and the magnetic field. 

When the chemical bond vector between the 13C and 1H is not rigid but shows movement, 

which is faster than the MAS frequency, δCH averages to 

 𝛿𝐶𝐻
̅̅ ̅̅ ̅ =

1

2
𝛿𝐶𝐻〈3 𝑐𝑜𝑠² 𝜃 − 1〉 (3.18) 

This results in a reduction of 𝛿𝐶𝐻
̅̅ ̅̅ ̅ with an increasing opening angle θ of the chemical bond 

vector movement. In consequence the dephasing of the signal becomes weaker for move-

ments with a higher motional amplitude. With this the dipolar coupling can be calculated from 

the shape of the dephasing curve (see Figure 31). 

Because the dipolar coupling also depends on the distance between the nuclei in the chemical 

bond, which differs between CH, CH2 and CH3 groups, usually an order parameter S with 

 𝑆 =
𝛿𝑒𝑥𝑝

𝛿𝑟𝑒𝑓
 (3.19) 

is given, where δexp is the experimentally determined dipolar coupling and δref is the dipolar 

coupling of a fully rigid chemical bond vector determined from a crystalline reference sample. 

Therefore, the order parameter is a measure for the local dynamics with S = 0 indicating iso-

tropic movement and S = 1 full rigidity. 
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Figure 31: DipShift experiment. 

A) Over one rotor period, increasing evolution times t1 result in an initial decrease of the signal intensity 

and a recovery during the second half. B) This can be plotted as a dephasing curve. Large dephasing 

indicates a small motional amplitude of the observed C-H bond (green) whereas low dephasing indicates 

a high amplitude (red). 

3.7.5 Biological activity 

The biological activity of Aβ peptides can be investigated by different cell assays. In this work 

mainly the MTT assay was used. For selected samples, additionally LDH assays, 

Caspase 3 assays, Hoechst/PI staining and neurite length measurements were performed 

(see Figure 32). All assays test different mechanisms of cell death. It is important to be mindful 

about the interpretation of the results of the different assays as they test only single aspects of 

different cellular pathways and should not be generalized. 

For all assays the choice of the cellular system is of high importance. In this work a cell culture 

of RN46A cells or a primary culture of neurons obtained from fetal mouse brains were used. 

The primary culture has the advantage of being potentially more physiological but is experi-

mentally demanding. The RN46A cells are a neuronal cell line, which also mimics important 

physiological features. Both systems are well suited to investigate certain aspects of the cellu-

lar activity of Aβ. However, the comparison of effects between different systems is limited. 

Furthermore, as the pathological activity of Aβ in different diseases is still not known it is not 

clear if a used cell system reflects conditions that are medically relevant. 

The MTT assay utilizes the reduction of membrane permeable MTT (3-(4,5-dimethylthia-

zol-2-yl)-2,5-diphenyltetrazolium bromide) to formazan by mitochondrial dehydrogenase. 

Formazan concentrations can be easily measured by absorbance. Dehydrogenase activity is 

generally stable within cells under physiological conditions but is often reduced when cells 

undergo cell death. For this, a reduced formazan formation shows a reduction of dehydrogen-

ase activity, which can indicate cell death. 
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Figure 32: Cell response assays. 

The response of cells to Aβ exposition was tested by (1) MTT assay, (2) LDH assay, (3) caspase 3 as-

say, (4) Hoechst/PI staining, and (5) neurite length measurements. 

The LDH assay measures the concentration of extracellular Lactate dehydrogenase (LDH). 

LDH a cytosolic protein, which is not membrane permeable and not secreted under physiolog-

ical conditions. Therefore, extracellular LDH indicates a disintegration of the cell membrane 

barrier, which can also be an indicator for cell death. 

Caspase 3 is a cysteine-aspartic acid protease expressed as an enzymatically inactive proen-

zyme. Proteolytic activation of Caspase 3 is a key step in the apoptosis activation cascade. 

Therefore, a detection of active Caspase 3 by immunocytochemistry is a measure for apoptotic 

cell death. 

Hoechst/PI staining tests the integrity of the cell membrane. Propidium iodide (PI) is a dye, 

which is not membrane permeable can only be found intracellularly when the cell membrane 

integrity is impaired as is the case when cells undergo cell death. Hoechst dyes are bis-ben-

zimides based DNA staining reagents, which are membrane permeable and can enter the cell 

nucleus. They show different staining properties depending on the chromatin structure. There-

fore, they stain condensed chromatin that can be an indicator for apoptosis more than the 

chromatin of viable cells. The combination of both dyes, Hoechst and PI, can give information 

of the cell viability. 

Extended neurites are a hallmark of functional neurons. Cellular stress or cell death results in 

a shortening or even disintegration. Therefore, measurements of neurite length can be an in-

dicator for neuronal damage.
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4 Research questions and motivation 

The three-dimensional structure of a protein is determined by the sequence of its amino acids 

and the physicochemical characteristics of the amino acid residues. However, the folding pro-

cess can be error-prone and protein misfolding is a curtail factor involved in many diseases. 

An important risk factor of misfolding are intermolecular forces that can interfere with the usu-

ally dominating intramolecular forces and lead to the formation of protein aggregates.46 A prev-

alent pathway of such an aggregation is the formation of amyloid fibrils. This fibril formation 

process is characterized by the assembly of a large number of equal proteins to form a char-

acteristic structure composed of stacked, extended β-sheets, which is called a cross-β struc-

ture.35 Although extensive research has been attributed to the process of fibril formation, many 

questions remained open, especially concerning the role of specific intra- and intermolecular 

interactions during structure formation. As fibril formation is a generic process for probably all 

polypeptides, a better understanding of the underlying mechanisms might give insights into the 

general structure formation processes beyond protein misfolding. 

Aβ, the hallmark protein of Alzheimer’s disease, is a well-established model peptide for fibril 

formation. For this peptide, the hydrophobic contact between phenylalanine 19 (F19) and leu-

cine 34 (L34) is of high importance. It is well accepted that this contact marks an early and 

conserved event in the folding process.67 However, in previous mutation studies of the F19-L34 

contact it could be shown that the cross-β structure is highly stable regarding point mutations.86 

F19 was substituted with amino acids testing structural flexibility, hydrogen bond formation, 

and the influence of charged amino acids. All mutants showed that the cross-β structure re-

mains conserved. Only local rearrangements and differences in the packing density of amino 

acid residues within the constraints of the robust intermolecular hydrogen bond network of the 

peptide backbones were observed. Furthermore, although the kinetics of the fibril formation 

process turned out to be highly sensitive not only to mutations but especially to the solvent 

environment, mainly the folding intermediates were influenced rather than the mature struc-

ture. The largest difference between the wildtype and the mutants was revealed in the cellular 

response investigated by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) 

assay, which tests the activity of mitochondrial dehydrogenase. These experiments show that 

the mitochondrial activity was exclusively impaired by the wildtype whereas all mutants tested 

in this study were inactive regardless of the nature of the mutation. 

The superior aim of this work is to characterize the principle physicochemical characteristics 

and interactions, which govern amyloid fibril formation (see Figure 33). For that, local changes 

on the primary structure by amino acid substitution were introduced. In this context, the focus 

was on the F19-L34 contact supplemented by investigations at positions S8 and S26. This 

strategy allowed for addressing the question which of the physicochemical interactions govern 

the amylogenic folding pathways and the cross-β structure formation and how they are influ-

enced by local perturbations or constraints. The characterization of the fundamental forces 

acting in this process will give a better understanding of the self-organization of a polypeptide 

during folding and secondary structure formation. Furthermore, we ask the question how these 

mechanisms translate to protein function and biological activity. In the following, the central 

questions of this dissertation are specified: 
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What are the physicochemical interactions, which govern the amylo-

genic folding pathway and the cross-β structure formation? 

How are they influenced by local perturbations and constraints in the 

primary structure? 

How do they affect the self-organization of the polypeptide chain? 

How do these mechanisms translate to protein function and activity? 

 

In order to contribute answers to these questions the work was divided into three working 

packages. (1) First, investigations on the L34 position of the F19-L34 contact were performed 

as for this position no systematic mutational investigations, analogous to the study on F19, 

were available from literature. A conservative mutation strategy was used to test the specificity 

of the interaction between F19 and L34 and the sensitivity of its biological activity in MTT cell 

viability assays. Whereas the global morphology and the cross-β structure were expected to 

be stable in any case, independent of the nature of the mutation, the local structure and dy-

namics are known to be more sensitive and might react even to minor constraints. First, leucine 

was substituted by one of the other members of the branched chain amino acids: the isomer 

isoleucine, where the position of one methyl group is shifted, and valine, which is one meth-

ylene group shorter. The isoleucine was supposed to nearly exclusively change the shape of 

the amino acid and conserve all other properties. The valine has a different length and volume 

and therefore was supposed to mainly change the contributions of van der Waals forces in the 

contact. Secondly, the leucine was replaced by its non-proteinogenic stereoisomer D-leucine, 

which was supposed to exclusively change the steric properties of the amino acid. Summariz-

ing, this part of the work addresses the following questions: 

 

How important are the steric features of the amino acid at 

position L34? 

What effects are related to a change of the van der Waals volume or 

side chain length? 

How does the L34 position contribute to the F19-L34 contact? 

 

(2) In the second part, the focus was shifted back to the F19 position. Substitutions with non-

proteinogenic amino acids were introduced, which caused rather conservative changes of the 

local properties of this position. This was analogous to the L34 mutation study, which showed 

that already minor modifications at the F19-L34 contact cause clear effects. This allowed for a 

more specific characterization of the influence of the ring system properties, which were pre-

viously shown to be important for the fibril formation pathway.86 Furthermore, it was investi-

gated how sensitive the impact of these modification is on the biological activity of Aβ. The two 

most closely related canonical amino acids of phenylalanine, tyrosine and tryptophane, were 

already investigated. While being highly similar to the wildtype in terms of structure and kinet-

ics, both caused a complete loss of function in the MTT cell viability assay. Therefore, non-

proteinogenic amino acids, which are more similar to phenylalanine than tyrosine and trypto-

phane, were chosen. The first amino acids of this set are phenylglycine (Phg) and the homo-

phenylalanine (S)-2-amino-4-phenyl-butyric acid (hPhe), which lack one methylene group or 

have an additional one, respectively. These modifications change the amino acid length and 

volume and therefore the contribution of van der Waals interactions. Additionally, the benzene 

ring was replaced, on the one hand by a saturated cyclohexane group in case of 
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cyclohexylalanine (Cha) resulting in the loss of π-aromaticity but increasing the 3D steric de-

mand, and on the other hand by a naphthalene in case of (1-naphtyl)-alanine (Nal), increasing 

the 2D steric demand but maintaining the aromaticity. Both change the π-ring system of the 

amino acid. In case of (1-naphtyl)-alanine it is extended and in cyclohexylalanine it is replaced 

by a saturated ring. Furthermore, the (1-naphtyl)-alanine again changes the volume of the 

amino acid and the van der Waals interactions. Furthermore, the cyclohexylalanine exchanges 

the planar ring system with a ring system, which shows different conformers. Summarizing, 

this second part of the work addresses the following questions: 

 

How important is the π-ring system and the planarity of the residue? 

What effects are caused by a change of the van der Waals volume 

or side chain length? 

How does the L34 position contribute to the contact? 

 

(3) In working package three, the influence of the introduction of β-methylamino-L-alanine 

(BMAA) at the positions F19, S8, and S26 were compared to WT Aβ. Microbial BMAA is a non-

canonical amino acid that is of interest, because, as a neurotoxin, it is speculated to be a risk 

factor for neurodegenerative diseases. One of the hypothetical pathologic pathways is the mis-

incorporation of this amino acid probably in place of serins.119 As it is shown to be accepted by 

the serine t-RNA synthetase, it shares biologically important properties of serine and might be 

misincorporated into proteins during translation. In this regard, a serine-BMAA substitution can 

be evaluated as a moderate modification. We consecutively substituted S8 and S26 with BMAA 

to investigate potential effects of this mutations on structure and biological activity of Aβ and 

compared these mutants to a F19BMAA mutation and to the wildtype. Additionally, we com-

pared the F19BMMA substitution with the other F19 mutants as mutational effects at this po-

sition are well described.86 For these mutants a broad set of cell assays was performed to 

investigate the effects of the different Aβ variants on different cell toxicity pathways comprising 

mitochondrial activity, plasma membrane integrity, apoptosis, and neuronal stress. Summariz-

ing, the third part of the work addresses the following questions: 

 

How do substitutions of serine affect Aβ structure and biological 

activity? 

Are effects on Aβ structure formation and biological activity caused 

by mutations at the F19-L34 contact comparable to substitutions at 

the N-terminus or the turn region? 

Are different cell toxicity pathways affected differentially by 

Aβ mutations? 

What effects could be expected, when BMAA is indeed misincorpo-

rated into Aβ in place of serine? 

Is BMAA misincorporation a plausible risk factor for Aβ fibril 

formation? 
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Figure 33: Research questions and experimental setup. 

The aim of this work was to get a better understanding of the structure formation process during fibril 

formation and the individual role of different physical forces. For this, the work was divided into three 

packages. The first two addressed the amino acids L34 and F19 with their F19-L34 contact, which is 

important for the fibril formation. In the third package the influence of β-methylamino-L-alanine (BMAA) 

substitution on position F19, S8 or S26 was investigated. The study addressed different aspects of the 

fibril formation process using a set of complementary experiments (lower panel). 
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All questions raised above could be treated using an extensive set of biophysical and biochem-

ical methods and their complementary interpretation. Kinetics of the fibril formation, morphol-

ogy of fibrils and cellular activity were investigated to get insights into different structural and 

functional properties of different Aβ variants. The kinetics of the fibril formation process is highly 

sensitive to the local field and interactions with the solvent, especially concerning folding inter-

mediates. The global fibril morphology was investigated using transmission electron micros-

copy (TEM). Secondary structure composition and the cross-β structure were characterized 

using circular dichroism (CD) and x-ray diffraction, respectively. The local structure and dy-

namics were investigated by NMR experiments for which uniformly isotopically labeled amino 

acids functioned as local reporters at selected positions. Based on this knowledge, a better 

understanding of the physicochemical forces driving protein folding and fibril formation as an 

element of misfolding can be achieved. 

In addition to structural and physicochemical properties, cellular activity and potential patho-

logical consequences of the introduced modifications were also addressed. As it is still un-

known which cellular pathways are responsible for cellular Aβ activity, only selected mecha-

nisms were tested. For all mutants MTT assays were performed investigating their influence 

on mitochondrial activity. For selected mutants additional assays were performed: (1) lactate 

dehydrogenase (LDH) assays to test the integrity of the plasma membrane, (2) Hoechst/PI 

staining alternative test for plasma membrane integrity and status of the cellular chromatin, 

(3) caspase 3 activity assays to detect a possible apoptosis pathway, and (4) measurements 

of the neurite length, which can be an indicator for neuronal damage. 

Of special interest was the fact, that in previous studies all investigated mutants at the F19-L34 

contact showed distinct biological activities compared to the wildtype.86 With the mutations 

selected for this work, it should be possible to investigate how sensitive this effect is to minor 

alterations, and if any effect is attributed to the F19-L34 contact, which response mechanisms 

play a distinct role specific to the respective modifications. 
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