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Zusammenfassung 

Die Fehlfaltung verschiedener amyloidogener Proteine ist ein charakteristisches Merkmal 

zahlreicher neurodegenerativer Erkrankungen des Menschen, wie beispielsweise der 

Alzheimer-Krankheit. Ein detailliertes Verständnis der Struktur fehlgefalteter Proteine sowie 

der zugrunde liegenden Aggregationsprozesse ist daher von zentraler Bedeutung für das 

molekulare Verständnis dieser Krankheiten und die Entwicklung neuer therapeutischer 

Ansätze. Im Rahmen dieser Dissertation wurden strukturelle Untersuchungen verschiedener 

krankheitsrelevanter Proteine mittels Festkörper-NMR- sowie DNP-verstärkter Festkörper-

NMR-Spektroskopie durchgeführt. 

Die ersten beiden Projekte befassten sich mit der strukturellen Charakterisierung 

unterschiedlicher Typen von Amyloid-β (Aβ) 42-Fibrillen, die ein zentrales pathologisches 

Merkmal der Alzheimer-Krankheit darstellen. Im ersten Projekt wurde der Einfluss einer pH-

Wert-Änderung auf die Stabilität und Faltung von Aβ(1–42)-Fibrillen untersucht, die unter 

sauren pH-Werten gewachsen sind. Eine Kombination aus Festkörper-NMR-Spektroskopie, 

Molekular Dynamik-Simulationen und weiteren biophysikalischen Methoden lieferte folgende 

Ergebnisse: Die LS-Faltung der Aβ(1–42)-Fibrillen im pH-Bereich von 2 bis 7 bleibt stabil. Ab 

pH 5 konnten Aminosäurerest-spezifische Änderungen des Protonierungszustands geladener 

Aminosäuren beobachtet werden. Die C-terminale Carboxylgruppe von A42, die eine 

intermolekulare Salzbrücke mit D1 und K28 bildet, wird bei höheren pH-Werten deprotoniert 

und beeinflusst die lokale Konformation der beteiligten Aminosäurereste. 

Im zweiten Projekt wurde der Einfluss einer posttranslationalen Modifikation – der Bildung 

eines Pyroglutamats an Position 3 – auf die Struktur von Aβ(1–42)-Fibrillen untersucht. Hierfür 

kamen die gleichen Fibrillierungsbedingungen zur Anwendung wie bei den LS-gefalteten 

Aβ(1–42)-Fibrillen (pH 2). Strukturelle Gemeinsamkeiten und Unterschiede zwischen 

pEAβ(3–42)- und Aβ(1–42)-Fibrillen wurden mithilfe von Festkörper-NMR-Spektroskopie als 

Hauptmethode untersucht. Die zentrale Region der pEAβ(3–42)-Fibrillen, einschließlich der 

Turn-Region um V24, ist nahezu identisch zu Aβ(1–42)-Fibrillen. Abweichungen zeigen sich 

hauptsächlich im C-terminalen Bereich um G37 und G38. Eine anschließende pH-Wert-

Änderung beeinflusst die Struktur von pEAβ(3–42)-Fibrillen in geringerem Maße als für die 

Aβ(1–42)-Fibrillen im ersten Projekt. 

Die PI3K-SH3-Domäne hat sich als Modellsystem zur Untersuchung von Proteinaggregation 

und Fibrillenbildung etabliert. Im dritten Projekt wurde die Kinetik der Fibrillenbildung dieser 
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Domäne mithilfe dreier komplementärer NMR-Methoden – Lösungs-NMR, hochauflösender 

Magic-Angle-Spinning-(HR-MAS)-NMR und Festkörper-NMR-Spektroskopie untersucht. 

Trotz der hohen Zentrifugalkräfte, denen die Proben bei der HR-MAS und Festkörper-NMR 

ausgesetzt sind, zeigen alle drei NMR-Methoden vergleichbare Aggregationskinetiken. Zudem 

konnte gezeigt werden, dass die Menge der aus der Lösung entfernten Monomeren in etwa der 

Menge der durch Festkörper-NMR detektierten aggregierten Spezies entspricht. 

Das vierte und fünfte Projekt widmete sich dem Protein Disrupted in Schizophrenia 1 (DISC1), 

das auf Grundlage genetischer und funktioneller Studien mit verschiedenen schweren 

psychiatrischen Erkrankungen, insbesondere Schizophrenie, assoziiert ist. Im vierten Projekt 

konnte Mithilfe einer Kombination aus isothermer Titrationskalorimetrie, Festkörper-NMR-

Spektroskopie und Elektronenmikroskopie gezeigt werden, dass die C-terminale Region des 

DISC1-Proteins eine ausgeprägte strukturelle Polymorphie aufweist, die für die physiologische 

Funktion von Bedeutung ist. Das Protein bildet symmetrische Oligomere und Fibrillen, die in 

ihrer Morphologie amyloiden Fibrillen anderer Proteinopathien ähneln. 

Im fünften Projekt wurde das Aggregationsverhalten der C-terminalen Region (Aminosäuren 

691–836) des DISC1-Proteins detailliert untersucht. Unter Verwendung verschiedener 

biophysikalischer und struktureller Methoden, darunter ThT-Fluoreszenz, Dynamische 

Lichtstreuung, Rasterkraftmikroskopie, isotherme Titrationskalorimetrie und Festkörper-

NMR-Spektroskopie, wurde die konformationelle Heterogenität sowie das 

Aggregationsverhalten dreier pathogener Mutanten (S713E, S704C, L807-Frameshift) und 

eines β-core Segments des DISC1-Proteins charakterisiert. Water-edited Festkörper-NMR-

Experimente lieferten quantitative Einblicke in die Wasserzugänglichkeit der unterschiedlichen 

Konformationen. 

Ein zentrales Problem der konventionellen Festkörper-NMR-Spektroskopie ist ihre begrenzte 

Empfindlichkeit. Daher wurde im sechsten Projekt die DNP-verstärkte Festkörper-NMR-

Spektroskopie bei kryogenen Temperaturen eingesetzt, um Konformationen dreier 

unterschiedlicher Proteine einzufrieren. Untersucht wurden ein intrinsisch ungeordnetes 

Protein (α-Synuclein), ein globuläres Protein (GABARAP) sowie ein nativ gefaltetes Protein, 

das sich entfalten und Fibrillen bilden kann (PI3K-SH3-Domäne). Der Schwerpunkt lag hierbei 

auf der detaillierten Untersuchung der Seitenkettenkonformation von Isoleucin. 
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Abstract 

Misfolding of different amyloidogenic proteins is a hallmark of several neurodegenerative 

diseases in humans such as Alzheimer’s disease (AD). Therefore, a detailed understanding of 

the structure of misfolded proteins and of the aggregation process is essential for the molecular 

understanding of the diseases and for the development of new therapeutic approaches. This PhD 

thesis includes structural investigations of different disease-relevant proteins using various 

approaches of both solid-state NMR and DNP-enhanced solid-state NMR spectroscopy. 

The projects one and two include structural investigations of different types of Amyloid-β (Aβ) 

42 fibrils, which are a hallmark of Alzheimer’s disease. In the first project, the influence of a 

pH shift on the stability and the fold of Aβ(1–42) fibrils grown at acidic pH was investigated. 

A combination of solid-state NMR spectroscopy, molecular dynamics simulations and 

biophysical methods was applied to obtain the following results: The LS-fold of the Aβ(1–42) 

fibrils remains unchanged over the complete pH range from pH 2 to pH 7. Changes in the 

protonation state of charged residues could be observed starting from pH 5 on a residue-specific 

level. The C-terminal carboxyl group of A42 in the intermolecular salt bridge with D1 and K28 

is deprotonated at higher pH values and influences the local conformations of the involved 

residues. 

In project two, the influence of the posttranslational modification, formation of a pyroglutamate 

at position 3 in Aβ(1–42) fibrils was investigated. Identical fibril formation conditions were 

used for pyroglutamate-modified Aβ(1–42) (pEAβ(3–42)) fibrils as already used for LS-shaped 

Aβ(1–42) fibrils (acidic pH of 2). Structural similarities and differences between pEAβ(3–42) 

and Aβ(1–42) fibrils were investigated using solid-state NMR spectroscopy as the main 

method. The central region of pEAβ(3–42) fibrils including the turn region around V24 is 

almost identical to Aβ(1–42) fibrils. Deviations are observed mainly for the C-terminal region 

around G37 and G38. A subsequent pH shift has a smaller effect on the structure of pEAβ(3–

42) fibrils compared to Aβ(1–42) fibrils in project one.  

The PI3K-SH3 domain has been established as a model system for protein aggregation and 

fibril formation. The project three deals with the fibril formation kinetics of the PI3K SH3 

domain using combination of three different NMR methods: solution NMR, high-resolution 

magic angle spinning (HR-MAS) NMR and solid-state NMR spectroscopy. Although the 

protein sample experiences high centrifugal forces during magic angle spinning (MAS) in HR-

MAS and solid-state NMR, while solution NMR is measured under quiescent conditions, the 
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aggregation kinetics are comparable for all three NMR techniques. It could be shown 

additionally that the amount of disappeared monomers corresponds approximately to the 

amount of aggregated species monitored by solid-state NMR spectroscopy.  

The fourth and fifth projects focused on the protein Disrupted in schizophrenia 1 (DISC1), 

which, based on genetic and functional studies, is associated with various severe psychiatric 

disorders, particularly schizophrenia. Project four uses a combination of different structural and 

biophysical methods, including isothermal titration calorimetry and solid-state NMR 

spectroscopy as well as electron microscopy to investigate the DISC1 protein. It was found that 

the C-region of the DISC1 protein is highly polymorphic which has consequences for its 

physiological function. The protein forms symmetric oligomers and gives rise to fibrils, which 

resemble the fibrils found in established amyloid proteinopathies. 

In project five, the aggregation behavior of the C-terminal region (residues 691–836) of the 

DISC1 protein was investigated. Using different biophysical and structural methods including 

ThT fluorescence, dynamic light scattering, atomic force microscopy, isothermal titration 

calorimetry, and solid-state NMR spectroscopy, the conformational heterogeneity and 

aggregation behavior of three pathogenic mutants (S713E, S704C, L807-frameshift) alongside 

a β‑core segment of the DISC1 protein was investigated. The water-edited solid-state NMR 

data provide quantitative insights into the water accessibility of the different forms.  

One of the biggest problems of “conventional” solid-state NMR spectroscopy is its limited 

sensitivity. For the sixth project DNP-enhanced solid-state NMR was applied to trap the 

conformations of three different proteins at cryogenic temperatures. The proteins include one 

intrinsically disordered protein (α-synuclein), one globular protein (GABARAP) as well as one 

natively folded protein, which is also able to unfold and form fibrils (PI3K-SH3 domain). The 

focus was on obtaining detailed insights into the side chain conformation of isoleucine. 
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1 Introduction 

Proteins are large biomolecules that consist of a long chain of amino acid residues and play a 

key role in every organism. The protein’s functionality is indispensably linked to its structure; 

thus, protein misfolding and aggregation may cause diseases. These diseases represent an 

enormous burden for society and for health care budgets. Therefore, a detailed understanding 

of structure of different proteins is important, particularly for the development of therapeutic 

approaches. 

More than 50 different proteins and peptides have been identified as being able to form amyloid 

fibrils and are associated with human diseases (1, 2). Until the early 2000s, the exact atomic 

structure of amyloid fibrils had remained unknown due to a lack of technical possibilities (3). 

In recent years, increasing numbers of high-resolution 3D structures of proteins were revealed 

by means of cryo-electron microscopy (cryo-EM) and solid-state nuclear magnetic resonance 

(NMR) spectroscopy. Although cryo-EM has now become the method of choice for 3D 

structure determination of large non-crystalline protein assemblies such as amyloid fibrils, 

solid-state NMR spectroscopy provides unique and complementary insights into the structure 

on the atomic level such as the protonation state or local conformational variability. This thesis 

contributes to a better understanding of the structure of misfolded and aggregated proteins and 

amyloid fibrils with the help of solid-state NMR-spectroscopy.  

 

1.1 Protein folding and misfolding  

The primary structure of a protein - its specific amino acid sequence - plays a central role in 

determining its three-dimensional structure and, consequently, its biological function. The 

secondary structure defines the local backbone conformation of the peptide chain, with the most 

prominent secondary structure elements being α-helices or β-sheets. These elements are further 

organized into a compact three-dimensional fold through intramolecular interactions, forming 

the protein’s tertiary (and in some cases quaternary = arrangement of multiple polypeptide 

chains or subunits into a single protein complex) structure. However, not all proteins and protein 

domains adopt a well-defined secondary structure but are characterized by a large 

conformational flexibility. Such proteins or domains are called intrinsically disordered proteins 

(IDPs) and intrinsically disordered regions (IDRs), respectively. 
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The native fold of a protein, comprising its tertiary and quaternary structure, can be lost under 

certain conditions, leading to misfolding and the formation of amyloid fibrils. Notably, proteins 

that form amyloids often adopt intrinsically disordered conformations in solution. 

 

1.1.1 General features of amyloids 

The aggregation of proteins and their deposition into insoluble aggregates is a hallmark of 

amyloid-related diseases (amyloidosis). However, amyloids are not exclusively pathogenic; 

they can also serve functional roles in various biological systems. To date, more than 50 

disease-causing amyloidogenic proteins have been identified and crosstalk between distinct 

amyloid diseases has been observed (1). 

Amyloids can be categorized into three different branches: pathological, artificial, and 

functional amyloids. First, pathological amyloids were discovered. These amyloids are 

hallmarks of different degenerative diseases including Alzheimer’s disease, Parkinson’s 

disease, and type 2 diabetes. Artificial amyloids were discovered in the 1990s. It could be shown 

that denaturing conditions can induce globular proteins to misfold and form amyloid-like fibrils. 

Under such conditions practically all proteins can adopt amyloid conformations. Functional 

amyloids were discovered most recently. They have a wide range of biological functions in 

different organisms (including bacteria, fungi, plants, insects and humans) (4). 

All types of amyloid fibrils share one common architecture: they consist of β-strands within 

each protofilament that align perpendicularly to the fibril axis and are intertwining each other. 

This cross-β fold has a 4.7–4.8 Å repeat unit, a 10 Å inter-sheet distance as well as very strong 

hydrophobic steric zippers (1, 5). 

Amyloid stability is influenced by several factors, including: 

• hydrophobic effect of releasing water molecules from the dry interface between the 

sheets 

• Van der Waals forces stabilizing interdigitating sidechains 

• mutual polarization of amide hydrogen-bonding groups along the fibril axis 

• ladders of stacked sidechains, e.g. tyrosine phenolic groups, on the fibril surface 

The steric-zipper motif explains the sequence specificity of amyloid formation, as only 

compatible sequences can form these zippers (6). 
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History of amyloid research  

Amyloids can be both, either functional or disease-associated, with the latter linked to various 

neurodegenerative disorders. Amyloids have been identified and described for more than 100 

years. In the 19th century, Rudolf Virchow introduced the term amyloid, derived from the 

Greek and Latin words for starch (7). A couple of years later Friedreich and Kekulé described 

that amyloid deposits are predominantly proteinaceous (8), as reviewed in (1, 2, 9).  

Approximately one century later, advances in light microscopy and the discovery that amyloid 

deposits exhibit characteristic red-green birefringence upon Congo red staining provided 

critical evidence that amyloids consist of highly ordered protein aggregates (10). 

In the 1930s, Bill Astbury employed X-ray fiber diffraction to demonstrate that amyloid-like 

fibrils can be generated through the denaturation of globular, soluble proteins (11). In 1968, 

Sandy Geddes and Bill Aiken, from Astbury’s department used the same technique to analyze 

the egg stalk of the lacewing fly, revealing the distinct 4.7 Å periodicity along the fibril axis, 

characteristic of the cross-β sheet structure, a defining molecular hallmark of amyloid fibrils 

(12). 

In a recent review Robert Tycko divided the history of research on amyloid structures into three 

different eras (13):  

• first era: “fiber diffraction era” before the mid-1990s  

• second era: “solid-state NMR era” (from the mid-1990s to 2017) 

• third era: “cryo-EM era” (from 2017 onward)  

In the first era, amyloid-forming proteins and peptides were identified, cross-β motifs were 

detected by X-ray fiber diffraction, and fibrils characterized by IR, CD, and other biophysical 

techniques. Early structural models were proposed with limited experimental constraints (13). 

However, atomic-resolution structural information remained inaccessible until the late 2000s. 

In their review in the year 2006 Dobson and Chiti highlighted the absence of high-resolution 

structural data for amyloids (14). This changed only two years later: The first high-resolution 

amyloid structure determined by modern methods was that of the HET-s (218–289) prion 

protein, published by Beat H. Meier and colleagues in 2008 (15, 16). This study significantly 

advanced the understanding of amyloid architecture and biology. Solid-state NMR techniques 

enabling site-specific, atomic-resolution insights into structure and dynamics were developed 

and applied to amyloid fibrils. 
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In the past decade (since 2017, due to progresses in technology and software), 3D density maps 

for amyloid fibrils with a resolution better than 4.0 Å have enabled unambiguous fitting of 

atomic models into the electron density using cryo-EM. Nowadays, an increasing number of 

high-resolution structures of amyloids obtained by cryo-EM and solid-state NMR spectroscopy 

are available. Reviews on amyloid structures have been published by Gallardo, Ranson and 

Radford (17) as well as Willbold and colleagues (5) and Scheres et al. (18). Despite the progress 

made with cryo-EM techniques, solid-state NMR will remain an important tool in amyloid 

research in the future.  

Mechanism of protein aggregation and fibril formation  

The term “amyloid fibril formation" refers to the aggregation of monomeric protein precursors 

into amyloid fibrils. The mechanism of fibril and plaque formation involves the transition from 

monomers to oligomeric intermediates, which can either serve as precursors for amyloid fibrils 

along the on-pathway or form off-pathway aggregates that do not proceed to fibril formation. 

Figure 1 shows the energy landscape of the different protein states.  

  

Figure 1: Energy landscape scheme of protein folding and aggregation. Adapted from (6), 

which was reproduced from (19). 

Most of the proteins involved in protein deposition disorders are intrinsically disordered. This 

means that the monomeric precursors are unfolded and unstructured in solution. Alternatively, 

the monomeric form can be partially folded, indicating a mostly transient unfolding of a native 

protein (1, 20). Early formed aggregates (dynamic, heterogeneous oligomers) are rather 

unstable as they only have weak intermolecular interactions. When the aggregation process 
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continues, the aggregates undergo internal reorganization, becoming larger, more stable, and 

compact, with an increased β-sheet content (20). 

Next, β-sheet containing oligomers can grow by self-association or through addition of 

monomers (20). Oligomers are categorized either as “on-pathway” or “off-pathway”. “On 

pathway” means that the oligomers convert into amyloid fibrils and are essential precursors for 

this process. “Off pathway” assemblies cannot convert into fibrils (1). The on-pathway 

oligomers undergo a reorganization process and form highly ordered and well-defined amyloid 

fibrils having the typical cross-β structure. Alternatively, the aggregates do not undergo further 

structural conversion and form large amorphous deposits. Both types of large aggregates 

(amyloid fibrils and amorphous aggregates) have links to different human diseases (20) and are 

energetically favored (Figure 1).  

Amyloid formation kinetics 

The aggregation kinetics follow a sigmoidal reaction time course. It starts with a marked lag 

phase. During this first phase only a very low concentration of aggregates can be detected. The 

second phase is the rapid growth phase, which is mostly exponential. New amyloid fibrils are 

formed and grow; the presence of aggregates facilitates the formation of new aggregates. When 

the protein amount is limited, the time course reaches a plateau phase until almost all monomers 

are converted into fibrils (6, 21). 

The nucleation can be divided into two different types: primary and secondary nucleation. The 

primary nucleation describes the initial formation of aggregates from soluble precursors which 

assemble spontaneously. It is followed by the fibril elongation through addition of monomers. 

(21). In secondary nucleation, the existing amyloids catalyze the formation of new amyloid 

nuclei on the surface of the existing fibrils which can grow further (6, 21).  

 

Polymorphism 

The term polymorphism describes the capacity of the same (or closely identical) primary amino 

acid sequence to form different fibril folds (reviewed in (1, 4)). Most proteins are capable to 

produce several distinct amyloid structures (4). 
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Four different forms of polymorphism are distinguished (17): 

• type 1: different packing of the same protofilaments: subtle changes in the contact angle, 

arrangement of interaction between protofilaments, or different numbers of 

protofilaments 

• type 2: partial common fold: a common structure in one region of the protein but 

different structures in other regions 

• type 3: combination of type 1 and type 2 

• type 4: most drastic one; both protofilament structure and packing interactions vary  

The exact reasons for fibril diversity are not yet clear, but the presence or absence of 

posttranslational modifications and the nature of the environment (e.g. pH value) can lead to 

different fibril polymorphs (17). 

 

1.1.2 Neurodegenerative disorders 

Neurodegenerative disorders affect millions of people worldwide. The most common 

Neurodegenerative disorders are Alzheimer’s disease, Parkinson’s disease, prion disease, 

Amyotrophic lateral sclerosis, Huntington’s disease, and spinal muscular atrophy. While age is 

the primary risk factor, recent findings show that an individual’s genetic makeup and 

environmental factors also significantly increase the risk of developing these disorders (22). 

Alzheimer’s disease  

According to Alzheimer’s Disease International, 55 million people are living with dementia, 

most of them suffering from Alzheimer’s disease (2020). This number is expected to almost 

double in the next 20 years due to increasing life expectancy: 78 million patients are expected 

in 2030 and even 139 million cases in 2050. This means that around 10 million new cases occur 

every year, corresponding to one new case every 3.2 seconds. This disease does not only lead 

to emotional burden for the patients and the families, but also to enormous financial burden for 

the families and the healthcare system: The total estimated costs of dementia worldwide was 

estimated (according to Alzheimer’s Disease International) to 818 billion US$ in 2015. This 

represented already 1.09 % of the global gross domestic product. Today the costs have already 

risen to 1.3 trillion US$ today and are expected to increase to 2.8 trillion US$ in 2050 (23). 
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The situation in Germany is similar to the numbers worldwide: according to the German 

Alzheimer’s Society (Deutsche Alzheimer Gesellschaft), 1.8 million people in Germany are 

living with dementia, most of them suffering from Alzheimer’s disease: In the year 2023 around 

445 thousand cases arose, corresponding to more than 1000 new cases every day. The number 

of dementia cases is expected to increase to around 2.7 million in 2050 (24). 

These numbers only represent Alzheimer’s disease and do not represent the burden for the 

families as unpaid caregivers. The number of patients suffering from other neurodegenerative 

diseases is also expected to increase within the next decades. Therefore, a detailed 

understanding of the aggregation process and of amyloid structures is essential for the 

development of therapeutic approaches. 

Recent therapeutic developments for Alzheimer’s disease  

To date, a small number of drugs have been approved for the treatment of Alzheimer’s disease. 

For a long time, the drugs could only help alleviate the symptoms instead of modifying the 

disease. This could change in the future due to more recent developments.  

Displayed on the ALZFORUM webpage (October 2025, www.alzforum.org), around 340 

Alzheimer’s disease therapies have been under clinical trials until now, around 80 of them target 

the Amyloid-β (Aβ) peptide or aggregates. They can be classified into four different categories:  

• reducing Aβ generation 

• enhancing the degradation and clearance of Aβ and its aggregates 

• neutralizing soluble Aβ monomers or its toxicity 

• inhibition of Aβ aggregation (25)  

In the recent years and decades, several symptomatic drugs are approved for the treatment of 

Alzheimer’s disease in Germany. These include acetylcholinesterase inhibitors such as 

donepezil, rivastigmine, and galantamine, which aim to improve or stabilize cognitive 

symptoms in mild to moderate stages of the disease, as well as memantine, which modulates 

glutamatergic neurotransmission and is prescribed for moderate to severe Alzheimer’s disease. 

These medications can temporarily alleviate symptoms and support daily functioning, but they 

do not alter the underlying disease process (26). 

A new generation of disease-modifying therapies has recently become available. Leqembi 

(lecanemab), a monoclonal antibody targeting Aβ aggregates, was approved in the European 

Union and introduced in Germany in 2025. Clinical studies have shown that lecanemab can 

http://www.alzforum.org/
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slow cognitive and functional decline in patients with early-stage Alzheimer’s disease by 

several months (27). Similarly, Donanemab (Kisunla) received EU approval in September 2025 

and is expected to be available in Germany soon. Like lecanemab, donanemab targets Aβ 

plaques but binds to a different epitope (28).  

In contrast, Aducanumab (Aduhelm), another amyloid-targeting antibody, approved in the US 

by the Food and Drug Administration (FDA) in June 2021 under the accelerated-approval 

pathway, was never approved in Europe due to insufficient evidence of clinical benefit. The 

manufacturer, Biogen, discontinued its production at the end of 2024 (29).  

A novel drug candidate of the last category is the D-enantiomeric peptide RD2, which was 

developed by Priavoid GmbH in cooperation with Forschungszentrum Jülich (30), and which 

is under clinical development for the treatment of Alzheimer’s disease (31, 32). The approach 

is to destabilize, disassemble and eliminate the toxic Aβ oligomers into native Aβ monomers 

(31). The efficacy has already been proven in different mouse models, as well as for aged beagle 

dogs (30, 31, 33, 34).  

Schizophrenia  

According to data from the Robert Koch Institut in Germany from 2010, the lifetime prevalence 

of schizophrenia worldwide and in Germany is approximately 1 %, with an annual incidence 

of about 19 new cases per 100,000 inhabitants in Germany (35). 

The disorder imposes a considerable economic burden on the healthcare system. Estimated 

direct annual costs per patient range between 14,000 € and 18,000 €. The values vary widely 

depending on disease severity and treatment setting. Indirect costs like productivity losses and 

early retirement exceed the direct medical expenditures. Overall, schizophrenia accounts for an 

estimated 2–4 % of total healthcare spending in Germany (35). 

 

1.1.3 Proteins of interest  

To explore the diversity of amyloid-like behavior, this thesis focuses on three proteins with 

distinct structural and biological characteristics: Amyloid-β (Aβ), the PI3K-SH3 domain and 

the DISC1 protein.  
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Amyloid-β (Aβ) 

The Aβ protein is a 4 kDa fragment of a larger precursor protein called amyloid precursor 

protein (APP) (36). Two subsequent proteolytic cleavages of APP by β-secretase at the 

ectodomain and γ-secretase at intra-membranous sites generate Aβ (36). The predominant 

species of Aβ in the brain are peptides containing 39 to 43 amino acids (37). The two prevalent 

forms are Aβ(1–40) and Aβ(1–42). The latter is more toxic and shows a higher aggregation 

propensity (3, 38).  

Aβ fibril structures  

In the years 2015-2017, several 3D structures of Aβ(1–42) fibrils were solved using solid-state 

nuclear magnetic resonance (NMR) spectroscopy and cryogenic electron microscopy (cryo-

EM) (39-42). This cryo-EM structure was the first 3D full-length, high-resolution structure of 

an amyloidogenic protein. The solid-state NMR data were perfectly matching the cryo-EM data 

and is the only polymorph with an N-terminus being part of the rigid fibril core (42). 

For a more recent cryo-EM study, Aβ(1–42) fibrils obtained from brains of ten individuals with 

different Aβ-associated neurodegenerative diseases (including sporadic and familial 

Alzheimer’s disease) were analyzed. Two different structures were solved using cryo-EM. Both 

fibril types seem to coexist in most AD-related brain tissues, although with different proportions 

(43). More recent solid-state NMR investigations of Aβ(1–42) fibrils showed that Aβ(1–42) 

fibrils seeded from brain material were polymorphic (44) with distributions of polymorphs 

differing between non-demented older people and Alzheimer’s disease patients (45). 

Polymorphism for brain-seeded Aβ(1–42) fibrils was observed by Ishii and coworkers using 1H 

detected solid-state NMR spectroscopy, together with a novel fibril type for recombinantly 

expressed in vitro Aβ(1–42) (46). In a recent review, Bernd Reif and coworkers summarized 

current structures of Aβ fibrils and oligomers investigated by NMR and cryo-EM (47).  

Posttranslational modifications of Aβ and pyroglutamate modified Aβ 

Besides the full-length peptides, different N- and C-terminally truncated Aβ species were 

shown to be present in the human brain (48). Additionally, post-translational modifications 

were demonstrated to influence the biological and biophysical properties of the Aβ species. The 

positions of the different post-translational modifications in the Aβ(1–42) sequence are shown 

in Figure 2. 
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Figure 2: Positions of post-translational modifications in the Aβ(1–42) sequence; adapted from 

(49). 

 

N-terminal truncated forms of Aβ constitute one dominant species found in the brain of 

Alzheimer’s disease patients (50). Examples of posttranslational modifications of Aβ are the 

formation of a cyclic pyroglutamate residue at the positions 3 or 11 (49). Mori and coworkers 

first identified a pyroglutamate Aβ species starting from residue 3 (51). A few years later, mass 

spectrometry verified a high abundance of pyroglutamate modified Aβ(3–42) (pEAβ(3–42)) in 

the plaques of Alzheimer’s disease patients (52). Compared to Aβ(1–42), pEAβ(3–42) shows a 

higher aggregation rate, it affects the aggregation of Aβ(1–42) (53) and shows a higher toxicity 

in mouse models (54, 55).  

Huster and coworkers investigated different forms of pyroglutamate modified Aβ40 (pEAβ(3–

40)). For pEAβ(3–40) (56) and pEAβ(11–40) fibrils (57) only small structural changes were 

observed compared to Aβ(1–40) fibrils and for oligomers formed by pyroglutamate-modified 

Aβ pEAβ(3–40) and pEAβ(11–40) (58). The N-terminus is flexible in these systems. More 

recently, Huster and coworkers published a study to find out whether the hairpin or a suggested 

extended structure dominates the structure of the Aβ monomers in pEAβ(3–40) and pEAβ(11–

40).  

Dammers, Willbold and Coworkers published several papers about the purification and 

characterization of monomeric pEAβ(3–40) and pEAβ(3–42) (59) and pEAβ(3–40) in 2,2,2-

Trifluoroethanol (TFE) (60) as well as pEAβ(3–42) in TFE (61) by solution NMR spectroscopy. 

They showed that the pyroglutamate formation of monomeric pEAβ(3–40) in TFE containing 

solutions affects the N-terminal region significantly (60). In addition, it was shown that 
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monomeric pEAβ(3–42) in 40 % TFE solution affects the chemical environment of > 20 % of 

the total amino acid residues (61), as revealed by NMR chemical-shift differences.  

 

PI3K SH3 

The Src homology 3 (SH3) domain typically contains 60–85 amino acid residues and is a small 

modular domain (62, 63). The SH3 domains were originally identified as a noncatalytic 

homology region in protein kinases related to Src (64, 65). SH3 domains have been found in 

more than 350 different proteins within all kinds of organisms, for instance found in kinases, 

GTPases, adaptor proteins as well as structural proteins. They mediate specific protein-protein 

interactions by recognizing proline-rich (PxxP, x for any other residue) sequence motifs (65-

67).  

Phosphatidylinositol 3-kinases (PI3Ks) belong to the lipid kinases that play a central role in 

regulating different processes including the cell cycle, apoptosis, DNA repair, cellular 

metabolism, and cell motility (68, 69).  

The PI3K-SH3 domain consists of 84 amino acids (86 residues counting the two residues GS 

remaining from thrombin cleavage during purification) from bovine PI3K and is used as a 

model system for protein folding and unfolding (70) and amyloid fibril formation (62). The 

fibril formation was observed at acidic pH, where the monomeric PI3K-SH3 unfolds without a 

well-defined secondary structure (62, 71, 72). The unfolded form was investigated by Ahn and 

coworkers using solution NMR spectroscopy (73). They found that the PI3K adopts a highly 

flexible conformation ensemble at the conditions used in their study (pH 2.0, 35 °C) (73). In 

contrast, PI3K SH3 domain shows a well-defined secondary structure at neutral pH values, a 

compact beta barrel (74). The native fold was investigated in detail by solution NMR 

spectroscopy and X-ray crystallography (74-78). Additionally, 13C chemical shifts of the native 

form were reported by Hsu (79).  

The structure of PI3K-SH3 fibrils was investigated by solid-state NMR spectroscopy (80, 81) 

and, more recently, in high-resolution by cryo-EM (82). The PI3K SH3 domain forms amyloid 

fibrils without any known connection to a disease. 
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DISC1  

Chronic mental illnesses are e.g. schizophrenia and recurrent affective disorders. The disrupted 

in schizophrenia 1 (DISC1) isoform 1 was identified in the early 1990s as one of the major 

biological risk factors in a large Scottish family (83, 84). This pedigree suffered from major 

mental disorders, mainly schizophrenia and other psychiatric disorders, including bipolar 

disorder and major depression (83, 85).  

The DISC1 protein functions as a scaffolding protein, controlling the activity of numerous 

enzymes and other clinically and therapeutically important proteins. It was found that the 

DISC1 protein interacts with multiple proteins. More than 300 DISC 1 interaction partners 

belong to the DISC1 interactome (86-89). 

The human DISC1 protein consists of 854 amino acid residues, approximately 350 residues 

belong to the intrinsically disordered N-terminal part (90, 91). The C-terminal region (amino 

acids 598–854), in contrast to the disordered N-terminus, is predicted to be largely helical (92, 

93). It contains binding sites for several interaction partners, including nuclear distribution 

element 1 (NDE1), NDE-like 1 (NDEL1), and lissencephaly 1 (LIS1) (94, 95).  

Four structured regions of the protein could be identified: 

• D region (residues 257–383) 

• I region (residues 539–655) 

• S region (residues 635–738) 

• C region (residues 691–836) (96)  

The C-region of DISC1 has been characterized most extensively (97) and it is affected by 

alterations implicated in mental illnesses (98). This segment is deleted in the Scottish variant: 

the residues 599–854 are missing due to a balanced translocation (83). In addition, the C-region 

harbors functionally important sites like the mental illness-associated polymorphism (S704C) 

(99). For these reasons, the C-terminal region of the protein has been the focus of detailed 

investigation in two studies of this thesis.  
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1.2 Solid-state NMR spectroscopy  

The investigation of large biomolecular systems is not suitable for solution NMR spectroscopy, 

as molecular tumbling is too slow or even completely absent. For these large systems, especially 

including amyloids fibrils, but also membrane proteins or large complexes, solid-state NMR 

methods are frequently used for structural investigations.  

Although the structures solved by cryogenic electron microscopy (cryo-EM) have drastically 

increased in the last years, solid-state NMR spectroscopy still features some advantages: for 

example, the investigation of dynamics. Additionally, solid-state NMR spectroscopy is the only 

method that can detect protonation states on a residue-specific level. 

One of the biggest problems of NMR is its sensitivity, as the difference between the ground 

state and the excited state is relatively small. Therefore, dynamic nuclear polarization (DNP) 

methods were developed to improve the sensitivity. Another recent progress was the 

development of (ultra) fast magic angle spinning techniques using small rotors (outer diameter 

of 1.3 or 0.7 mm respectively) which achieve spinning rates up to 60-100 kHz.  

 

1.2.1 “conventional” solid-state NMR spectroscopy  

Magic angle spinning 

Magic angle spinning (MAS) is nowadays used routinely in almost every solid-state NMR 

laboratory. The basics of MAS were already developed in the end of the 1950s by Professor 

Andrew (100) (reviewed in (101)). The term “magic angle spinning” is attributed to Professor 

Gorter from Leiden University during the AMPERE Congress in Pisa 1960 (reviewed in (101)). 

Although spinning rates up to 15 kHz were already possible at the beginning of the 1970s, the 

interest in the method was moderate. This changed with the application of MAS to study 

polymers, published between 1967 and 1970 (102). MAS started to gain popularity in 1975 

when it was combined with cross polarization (CP) (103). Since then, it has been a very 

successful method for all spin ½ nuclei. There were still problems with quadrupolar nuclei due 

to the asymmetric distribution of nuclear charge.  

In solution and in liquids, the fast reorientation of the molecules averages out the anisotropic 

interactions. In solids, this motion is too slow or even completely absent. Anisotropic 

interactions, in particular the dipolar couplings and the chemical shift anisotropy, are not 
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averaged leading to line broadening (101). These anisotropic contributions are proportional to 

3 cos2 𝜃 − 1 = 54°44’8,4’’ ≈ 54.7°. Spinning the sample at the “magic angle” of ~54.7° 

averages out the anisotropic contributions (104, 105). 

Three different MAS regimes can be classified which lead to different experimental conditions 

and pulse techniques (106): 

• slow MAS: 5−25 kHz MAS frequencies, outer rotor diameter of 3.2, 4 or 7 mm  

• intermediate MAS: 25−40 kHz MAS frequencies, outer rotor diameter of 2.5 or 1.9 mm 

• fast MAS: above 40 kHz MAS frequencies; outer rotor diameter of 1.3 and 0.7 mm 

The slow MAS regime uses 13C and 15N detection for biological samples and has been 

frequently applied since several last decades. It is the main method used in this thesis.  

The fast MAS regime makes proton (1H) detection possible also in solids. This regime has 

emerged in recent years. Due to the smaller rotor diameter less protein sample is needed, which 

makes measurements possible even when the protein cannot be expressed in large quantities 

(~2 mg of protein for 1.3 mm rotors and only a few hundred micrograms of protein for 0.7 mm 

or smaller rotors) (106, 107).  

The reduced sensitivity from using less material is compensated by proton detection and 

improved filling factors inherent to smaller diameter coils. The additional advantages of fast 

MAS include enhanced circuit stability through using low-power pulse sequences, reduced RF 

heating, and faster scan accumulation (106). 

Studies on fully protonated proteins such as ubiquitin (108) and viral capsid proteins (109, 110) 

have shown that MAS rates of 100–160 kHz lead to improved proton linewidths, extended 

coherence lifetimes, and efficient side-chain assignments. Reviews on fast MAS were published 

recently by Le Marchand et al. (111) as well as Nishiyama et al. (112).  

Proton decoupling  

Using MAS alone is not sufficient for narrow linewidths, especially not in the slow MAS regime 

using 13C detection. The main factor contributing to the 13C linewidths at slow MAS frequencies 

is the heteronuclear dipole-dipole coupling to 1H. High RF-amplitude heteronuclear decoupling 

sequences are employed during free evolution, polarization transfers, and detection periods to 

decouple these interactions, thereby minimizing the line broadening caused by couplings to 1H 

(106). 
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For three decades, continuous wave (cw) decoupling was the standard method used for 

decoupling. Despite its lack of optimization requirements, cw decoupling was highly inefficient 

and was replaced by two-pulse phase-modulated (TPPM) decoupling (106). Combining MAS 

with decoupling is an effective method to minimize the impact of couplings in 13C-detected 

spectra under slow MAS conditions. 

Excitation methods and 1D spectra  

Most pulse sequences in biomolecular solid-state NMR spectroscopy are based on cross-

polarization (CP). The Hartmann-Hahn Cross-Polarization (HHCP), better known as CP, is a 

method for dipolar polarization transfer between heteronuclear spins by matching the RF 

amplitude of the two pulses (113). At the resonance condition, spontaneous polarization transfer 

from protons to low-gamma nuclei can be observed. This condition is also known as the 

“Hartmann-Hahn” condition (106).  

The HHCP was originally proposed for static samples. The combination with MAS (114) led 

to its great success. The CPMAS matching conditions are 𝜔1H ± 𝜔13C/15N = 𝑛 ∗ 𝜔𝑟𝑜𝑡. The 

sum or the difference of the two spinlock RF amplitudes has to match a multiple of the spinning 

speed (106). 

Using CP instead of direct excitation (DE) of carbons (by applying a 90° pulse directly on 13C) 

has two advantages:  

• a better sensitivity of 13C (or 15N/other nuclei) due to the polarization transfer from 

protons (which have a larger polarization) and 

• a shorter recycle delay as the relaxation time of protons can be used, which is often 

significantly shorter than for 13C (106).  

In total, CP leads to a significantly decreased measurement time: in experiments, the signal 

intensity is usually 2-3 times higher in CP than in DE experiments. The signal improvement is 

usually lower for the carbonyl carbons, as they do not have a bound proton and therefore benefit 

less from the transfer from 1H to 13C.  

CP only works for rigid parts of the sample and therefore also acts as a mobility filter. Very 

flexible and mobile parts are not visible in CP-based spectra. DE is less sensitive towards 

mobility, so the obtained spectra also show the mobile parts of a protein. Highly mobile parts 

can be detected in solid-state NMR experiments using the Insensitive Nuclei Enhanced by 

Polarization Transfer (INEPT) experiment, which is usually used in solution NMR.  
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The original INEPT protocol was introduced by Morris (1979) (115). By including 

symmetrically placed 180° refocusing pulses on both the proton and carbon channels, this 

sequence compensates for chemical-shift evolution and enhances polarization-transfer 

efficiency. Such modifications are particularly beneficial for detecting dynamic, mobile regions 

in biomolecules studied by solid-state NMR.  

The pulse sequences for all three discussed 1D experiments are shown in Figure 3.  

 

Figure 3: Pulse sequences of 1D 13C excitation experiments; adapted from (116). 

 

2D 13C-13C correlation experiments  

As the resolution in the 1D spectra is not good enough to distinguish between the different 

amino acid residues, mostly 2D and 3D (or even higher dimensional) solid-state NMR spectra 

are recorded to investigate protein samples.  

One typical fingerprint spectrum of 13C-detected solid-state spectra is the 2D 13C-13C proton-

driven spin diffusion (PDSD) experiment, developed by Szeverenyi et al. in the 1980s (117). 

This experiment is the simplest spin-diffusion-type experiment, using a densely coupled proton 

network. For PDSD experiments, no proton decoupling is applied during the mixing period, 

facilitating magnetization transfer by dipolar couplings of 1H. It is possible to obtain an 
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overview of correlations in a relatively short time (116). The mixing time defines how far the 

magnetization can be transferred. For a mixing time of 20−50 ms intra-residual correlations are 

obtained, while mixing times above 100 ms are applied to identify distance restraints (106, 

116). 

The main disadvantage of PDSD experiments is the decreasing polarization transfer efficiency 

for higher MAS frequencies above 20 kHz and static magnetic fields above 600 MHz (106). 

For this reason, the dipolar-assisted rotational resonance (DARR) experiment was developed 

(118). Continuous wave (cw) irradiation is used during 1H mixing. The nutation frequency of 

the proton RF field irradiation must be equal to one or two times the MAS frequency.  

Another 13C-13C correlation experiment is the SPC-5 based double-quantum-single-quantum 

(supercycled permutationally offset stabilized C5) experiment (119). This experiment uses the 

SPC-5 dipolar recoupling block, which belongs to the class of symmetry-based C sequences for 

excitation and reconversion of double-quantum coherence (120). The SPC-5 experiment is 

MAS dependent: the RF nutation frequency on 13C has to be five times the MAS frequency. 

The SPC-5 experiment is a good addition to the PDSD/DARR experiment. As only cross 

correlations between directly bound spins are visible in this spectrum, it reduces the ambiguity 

for the sequential walk of the protein. In addition, the SPC-5 experiment is better suited for 

DNP experiments, as there are no disturbing diagonal signals. The pulse sequences of all three 

described 2D 13C-13C experiments are shown in Figure 4. 

Using 2D 13C-13C correlation spectra, amino acid types can be identified. The identification of 

Ala, Pro, Ser, and Thr residues is particularly simple due to their characteristic chemical shift 

values. Nevertheless, the connection in the amino acid sequence is not possible using only 13C-

13C correlation experiments.  
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Figure 4: Pulse sequences of 2D 13C-13C correlation experiments; adapted from (116). 

 

Sequential assignment of amino acids in proteins using NCaCX and NCOCX experiments 

For a site-specific resonance assignment, different three-dimensional spectra are necessary. 

First, the polarization is transferred from 1H to 15N via CP. During a second CP step, the 

magnetization is selectively transferred to 13C (either to the Cα of the same residue or to the CO 

of the previous residue) This CP step is also called “double CP” (121).  

The NC experiment (double CP) is mostly combined with a 13C–13C mixing block, e.g. spin 

diffusion. During this mixing period, the magnetization is also transferred to the sidechain 13C 

atoms. Mostly, first an NCaCX experiment is performed, to assign the 15N chemical shift of a 

residue i. A subsequent NCOCX experiment can correlate the 15Ni chemical shift with 13C shifts 

of the preceding residue i-1. Using this sequential walk, a site-specific resonance assignment is 
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possible. To reduce the ambiguity, several other experiments can be conducted, e.g. CANCO 

spectra. The pulse sequence of NCaCX and NCOCX experiments is displayed in Figure 5.  

 

Figure 5: Pulse sequence of NCaCX and NCOCX experiments; adapted from (116). 

The polarization transfer scheme in proteins is illustrated in Figure 6. 

 

Figure 6: Polarization transfer of NCaCX/NCOCX experiments; adapted from (122). 
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Water-edited solid-state NMR experiments  

Water-edited solid-state NMR experiments are a useful tool to investigate water-protein 

interactions. A Hahn echo is applied to retain the polarization of dynamic water (relatively long 

T2 times) while destroying the polarization of the rigid protein (much shorter T2 times). During 

a subsequent longitudinal mixing period (HHmix), the polarization is transferred back to the 

protein. The result of the transfer can be detected via 1H–X (X = 13C, 15N, etc.) CP-based 

experiments, for example 1D 13C CP or 2D PDSD or NCa experiments (123). The pulse 

sequences for water-edited 1D and 2D experiments are shown in Figure 7. Water-edited solid-

state NMR experiments can be used to detect well-hydrated residues in a protein and to estimate 

the relative ratio between the water-accessible surface and the protein volume.  

 

Figure 7: Pulse sequences of water-edited experiments. 

Three different mechanisms are possible to transfer water polarization to the protein: chemical 

exchange between labile protons, spin diffusion, and the nuclear Overhauser effect (NOE). 

Chemical exchange is the main mechanism at ambient temperature, but the exchange rates are 

strongly temperature- and pH- dependent. At lower temperatures, the chemical exchange slows 

down (123). In addition, chemical exchange is slower at acidic pH than at neutral pH (124). 

Several papers about the pH dependence of proton exchange rates were published in the 1990s, 

e.g. from Liepinsh et al. (1996) (125). Additionally, the sidechain NH3
+ exchange rates of 
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lysines are dramatically faster compared to their backbones. This is due to a more efficient 

chemical exchange of water to amine protons than to backbone amide protons (126). As already 

mentioned in the MAS chapter, spin diffusion strongly depends on the MAS rate. Fast MAS 

frequencies (> 45 kHz) suppress the spin diffusion contribution, also for transferring water 

polarization to the protein (123). 

Water-edited 2D 13C-13C correlation spectra detect well-hydrated residues (127). In water-

edited spectra, higher intensities are visible for water-exposed residues compared to residues 

sequestered in a dry interior (127), as the transfer of water 1H polarization through chemical 

exchange and 1H spin diffusion is more efficient for water-exposed residues.  

Using water-edited solid-state NMR experiments, important structural information about 

proteins can be obtained: One of the first papers about water-protein interaction were published 

by Ader et al. (128). The group of Mei Hong published several studies about water-protein 

interactions in recent years (124, 129-132). The lab of Jean Baum investigated structure of the 

core of α-synuclein fibrils when co-incubated with β-synuclein using solid-state NMR 

spectroscopy including water-edited experiments (133). David Eliezer and his group proposed 

a 3D structural model of a single protofilament of mouse α-synuclein amyloid fibrils and 

investigated the residue-specific water accessibility using water-edited two-dimensional (2D) 

15N-13Ca (NCa) correlation solid-state NMR experiments (134).  

For projects one and two of the thesis, water-edited 1D 13C CP and 2D 13C-13C correlation solid-

state NMR experiments could help to support the main findings. Water build-up curves were 

analyzed for the amino acid-specific regions Ala, Leu and Ser of the water-edited 13C-13C PDSD 

spectrum of the DISC1 protein (project 4 of this thesis) and of the water-edited 1D 13C CP 

experiments of different mutants of the DISC1 protein (project 5 of this thesis).  

Protein aggregation kinetics under MAS conditions  

Different methods are used to monitor protein aggregation kinetics, including amyloid dyes 

(Thioflavin-T (ThT) or Congo Red), tryptophan fluorescence, or dynamic light scattering 

(DLS) (135). Another option is the use of solution NMR spectroscopy for monitoring 

aggregation kinetics. There are various studies on studying protein kinetics using solution NMR 

spectroscopy: Dobson and coworkers investigated the kinetics of the PI3K SH3 domain (71). 

More recently, the aggregation kinetics of Aβ(1–40) and Aβ(1–42) were investigated by 

Luchinat and coworkers (combining solution NMR spectroscopy and ThT fluorescence for 

Aβ(1–40) (136)) and by the group of Ad Bax (for Aβ(1–40) and Aβ(1–42) (137)). The 
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disappearance of the monomer signal in solution was observed, while the resulting aggregates 

were detected using ThT fluorescence.  

Another approach to monitor the resulting aggregates is solid-state NMR spectroscopy. Rigid 

parts of the sample can be detected using CP-based pulse sequences. For a suitable linewidth 

in solid-state NMR, MAS is necessary to average out anisotropic interactions. The MAS 

frequency of several kHz has another effect: it leads to a centrifugal field, which is experienced 

by the molecules inside the rotor. The centrifugal forces are comparable to the forces in an 

ultracentrifuge (relative centrifugal force around 1-3 × 106 g at maximum spinning rate for 

Bruker 3.2 and 4 mm rotors, similar to an ultracentrifuge) (138). After some hours of 

measurement, the sample is found compacted at the rotor walls. One question arising from this 

fact is the influence of MAS on the aggregation behavior of proteins. Until now, only one study 

has investigated the protein aggregation kinetics in detail using solid-state NMR spectroscopy: 

Ravera and coworkers investigated the kinetics of Amyloid-β (Aβ) M40 and AβM42 by 

solution NMR and by solid-state NMR under MAS conditions (in situ SedNMR) (139). They 

concluded that the aggregation is accelerated compared to the unagitated solution (139). The 

time-dependent behavior of the FUS protein was investigated by the group of Debelouchina 

(140) and more recently by the groups of Wiegand and Alain (141) using a combination of 

INEPT, CP and partly direct polarization solid-state NMR experiments.  

In our work (project three of the thesis), a good agreement of the decay rate constants of 

monomeric PI3K SH3 was obtained for the three different NMR methods (solution NMR, HR-

MAS NMR and solid-state MAS NMR). Only a slight influence of moderate MAS up to 8 kHz 

was observed for the aggregation kinetics of seeded fibril formation.  
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1.2.2 Dynamic Nuclear polarization  

Sensitivity issue of NMR spectroscopy 

One of the biggest problems of NMR spectroscopy is the sensitivity issue: the difference 

between the ground state and the excited state in NMR spectroscopy is very small compared to 

many other types of spectroscopy. The small population difference results from the Boltzmann 

equation (for all spin ½ nuclei):  

𝑃𝑛 =
𝑁𝛼 − 𝑁𝛽

𝑁𝛼 + 𝑁𝛽
= 𝑡𝑎𝑛ℎ (

ℏ𝛾𝑛𝐵0

2𝑘𝐵𝑇
) ≈

ℏ𝛾𝑛𝐵0

2𝑘𝐵𝑇
 

For improving the Boltzmann spin polarization and thus the signal-to-noise ratio (SNR), 

different parameters can be changed: 

Lowering T: The use of cryoprobes leads to an improvement of the SNR of ~4. Lowering the 

sample temperature (T) has the disadvantage that longitudinal relaxation is less efficient at low 

temperatures.  

Increasing B0: In the last years and decades, there has been a large progress in developing 

magnets with increasing magnetic field strength (B0). Nowadays, magnets with magnetic field 

strength of 1.2 GHz 1H Larmor frequency (28.2 T) are commercially available. 

Increasing γn: The use of specific transfer schemes, e.g., CP, leads to an increase in signal-to-

noise ratio.  

Dynamic Nuclear Polarization (DNP) methods use the polarization of electrons instead of the 

polarization of the nucleus. A gyrotron generates microwave irradiation which polarizes 

electrons. This polarization is then transferred to the nucleus.  

In this way a theoretical maximal enhancement of 658 for 1H can be obtained:  

𝜀𝑚𝑎𝑥
(𝑎𝑏𝑠)

= |
𝛾𝑒

𝛾𝑛
| 

with γe: gyromagnetic ratio of the electrons; γn: gyromagnetic ratio of the polarized nucleus.  

The DNP enhancement factor (ε) is obtained by comparing the NMR signal intensity with and 

without microwave irradiation (MW on and MW off experiments) (142).  

Already in the early 1950s, Overhauser proposed the DNP mechanism (143). A few months 

later, Carver and Slichter showed the experimental proof in solid metals and solutions (144, 
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145), reviewed in (142, 146). The breakthrough started several decades later, when R.G Griffin 

and coworkers, in collaboration with R.J. Temkin, developed a gyrotron which could be easily 

coupled with an NMR spectrometer (147). In this way, high microwave strength became 

possible at high magnetic fields. Since 2010s, the commercial availability of DNP NMR 

systems has led to various applications in different fields (e.g. chemistry, structural biology).  

DNP transfer mechanisms 

There are different mechanisms to transfer the electron polarization to the surrounding nuclei: 

The Solid Effect (SE) is achieved based on the hyperfine-coupled electron-nucleus system. The 

two-spin process shows a low efficiency at high magnetic fields as it scales with ~B0
-2 (146). 

The Cross Effect (CE) is a three-spin process (consisting of two electrons and one nucleus). 

Under MAS conditions, several level anticrossings (LACs) occur during one rotor period 

(unique mechanism, due to the anisotropic properties of the three-spin system) (146). 

The CE is more efficient than the SE at high magnetic fields. Most of the biradical polarizing 

agents developed over the last decade make use of the cross effect (146) so CE is therefore the 

most important transfer mechanism for biological MAS DNP NMR.  

The mechanism of Thermal Mixing (TM) is based on the existence of several dipolar coupled 

electrons at high concentrations (146). High electron concentrations are necessary and not 

suitable for biological applications (146). Thermal mixing is only used in cases that are not 

accessible to biomolecular MAS DNP (e.g. dissolution DNP) (142).  

The Overhauser Effect (OE) is based on the incoherent cross relaxation (CR) between electron 

and nuclear spins. It is dominant in liquids and metals. 

Experimental requirements 

For DNP NMR, the requirements for the experimental setup are more complex than for classical 

solid-state NMR: a microwave source for continuous wave (cw) microwave irradiation is 

necessary, additionally a cryogenic MAS system which freezes the sample to temperatures of 

around 100 K.  

For the preparation of DNP samples, two aspects are essential: paramagnetic polarizing agents 

(PA) and cryoprotective aqueous solutions. The polarization is transferred from electron spins 

of free radicals in PAs to the nuclear spins of interest. Different types of radicals have been 
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developed (142): For biological applications, nitroxide-based radicals are most suitable. 

AMUPol (148) was used frequently for a long time. In the last years, a large progress was made 

in the field of radical development (especially for high magnetic fields). Recently, the TinyPol 

family (149) was developed. TinyPol provides a better enhancement than AMUPol, especially 

at magnetic field strength of 800 MHz and 900 MHz.  

Cryogenic temperatures of 100 K lead to slower spin relaxation and provide a rigid spin 

network. The use of cryoprotectants (d8-glycerol or d6-DMSO) protects the sample from phase 

separation and crystallization of the polarizing agents upon freezing. Consequently, 

cryoprotectants are important for a more homogeneous distribution of the radical in the sample 

(142).  

The so-called “DNP juice” is a solution of the radical in 60/30/10 glycerol/D2O/H2O (v/v/v). 

This ratio has been used frequently because it provided the best enhancement factors (150), 

based on observations by (151) and (152). The use of deuterated glycerol and D2O is important 

so that only a proton ratio (H2O) of 10 % remains in the sample. The diluted proton ratio is 

sufficient to enable spin diffusion from radical to the sample. The DNP juice has been modified 

(reduced glycerol content to 15 %) in recent studies, e.g. Dumarieh et al. (153). 

Application of DNP-enhanced solid-state NMR spectroscopy to proteins  

In an early work, Griffin and coworkers provided DNP-enhanced solid-state NMR data of 

GNNQQNY nanocrystals and amyloid fibrils obtained at 100 K (154). DNP-enhanced solid-

state NMR spectroscopy is a powerful tool to study protein samples in frozen solution. In this 

way, a snapshot of different conformations is observed (155). Using solution NMR 

spectroscopy at ambient temperatures, the average chemical shifts (“random-coil” chemical 

shifts) are measured while the chemical shifts in frozen solution represent the full 

conformational ensemble. One problem is line broadening obtained at cryogenic temperatures. 

Selective labeling can circumvent this problem.  

In this thesis, DNP-enhanced solid-state NMR spectroscopy was employed to freeze-trap 

protein conformational ensembles of three Ile-labeled different protein (project 6 of the thesis) 

and to extend the solution-state NMR analysis of Synaptobrevin (1-96) (156) presented in the 

supplement. 
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2 Aim of the thesis 

Amyloids are associated with different neurodegenerative diseases. These diseases lead to an 

enormous burden for the patients, their families, and for the society. Getting new structural 

insights into amyloid fibrils is important for a better understanding of the diseases and the 

development of therapeutic approaches. The aim of this thesis is to provide new structural 

insights that help improve our understanding of amyloid aggregation and its role in disease. 

The projects one and two deal with structural insights of amyloid-β (Aβ) fibrils. The structure 

of one LS-shaped Aβ(1–42) fibril polymorph was investigated previously in a combined cryo-

EM/solid-state NMR spectroscopy study. These fibrils were grown at an acidic pH of 2. For the 

first project, these LS-shaped Aβ(1–42) fibrils were shifted to higher pH values (up to pH 7) 

after fibrillation at acidic pH. The structure of the pH-shifted Aβ(1–42) fibrils was investigated 

using a combination of solid-state NMR spectroscopy, MD simulations, and biophysical 

techniques (AFM, ThT fluorescence, CD spectroscopy). This study provides structural 

information on the effect of a pH shift on this amyloid fibril polymorph, including changes in 

protonation states. 

The Aβ peptide can undergo different post-translational modifications, including e.g. the 

formation of a pyroglutamate at position 3 of truncated Aβ(3–42) fibrils. In the second project, 

the structure of pyroglutamate-modified Aβ(3–42) fibrils was investigated using solid-state 

NMR spectroscopy. Previous studies of the structure of pyroglutamate-modified Aβ fibrils were 

focused on the shorter pEAβ(3–40). The structure of pEAβ(3–42) fibrils was compared to the 

structure of Aβ(1–42) fibrils grown under identical conditions.  

For project three, the aggregation kinetics of an amyloid model protein, PI3K SH3 domain, 

were determined. The aggregation kinetics were investigated using a combination of different 

NMR techniques: solution NMR under quiescent conditions and HR-MAS as well as solid-state 

NMR spectroscopy under MAS conditions using identical conditions for all experiments 

(temperature, protein concentration, buffer). To our knowledge, this is the first study to apply 

identical experimental conditions across three different NMR methods. 

For project four, a combination of different biophysical techniques was applied to investigate 

the structure and dynamics of the DISC1 protein. To understand the impact of DISC1 on the 

pathophysiology of schizophrenia, the C-region of the protein was investigated. These results 
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provide a biophysical basis for understanding the functional relevance of the DISC1 C-terminal 

region. 

The aim of project five was to elucidate the molecular basis of DISC1 C-terminal region 

aggregation and its link to disease-associated mutations using different biophysical techniques. 

A key focus was to find out how specific residues contribute to the transition from a functional, 

soluble tetramer to a fibrillar state.  

For project six, DNP-enhanced solid-state NMR at cryogenic temperatures was applied to 

freeze-trap protein conformational ensembles of three different proteins. The aim was also to 

obtain residue-specific information on side chain conformations, with a particular focus on 

isoleucine. 
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4 Discussion and Outlook 

The six different projects of this thesis provide a comprehensive structural and biophysical 

investigation into the aggregation and fibrillization behavior of amyloidogenic proteins, 

especially the Alzheimer's disease-related Aβ peptide, schizophrenia-linked DISC1 variants, 

and aggregation-prone model systems such as the PI3K SH3 domain. Across six projects, the 

use of solid-state NMR spectroscopy in combination with complementary techniques such as 

MD simulations, electron microscopy, isothermal titration calorimetry, and dynamic light 

scattering has enabled the detailed investigation of the different fibril structures.  

Project one: pH shift of Aβ(1–42) fibrils 

The structure of one LS-shaped Aβ(1–42) fibril polymorph was determined previously using a 

combination of cryo-EM and solid-state NMR spectroscopy (42). These fibrils were grown at 

an acidic pH of 2 and contained 30 % acetonitrile. These conditions led to slow fibrillation, 

resulting in long and homogeneous fibrils. This work investigated the influence of a pH shift 

after fibrillation on the structure of Aβ(1–42) fibrils. It could be shown that the overall structure 

of the Aβ(1–42) fibrils remains unchanged upon pH shift up to pH 7. Investigating the in-

between pH values, chemical exchange at different timescales was observed. The MD 

simulation results provided an explanation for the changes visible in the NMR spectra.  

The finding that LS-shaped Aβ(1–42) fibrils maintain their overall fold across a broad pH range 

from 2 to 7 is highly remarkable and not typical for amyloid fibrils in general. The structural 

stability of amyloid fibrils under varying pH conditions has been investigated in several 

previous studies. In many amyloid systems, changes in pH can lead to substantial changes in 

fibril morphology, secondary structure content, and stability, or even to complete disassembly. 

Shammas and coworkers, for instance, examined insulin fibrils formed at pH 2 and suspended 

them in buffers of varying pH values. They found that the fibrils remained highly stable under 

acidic conditions (pH 2.0–4.0), but at higher pH values (4.0–8.0), disruption of electrostatic 

interactions led to structural rearrangement and a weakened β-sheet network (157). 

Another example is the work of Tipping and coworkers, using β2-microglobulin (β2m) as a 

model system. They reported a pronounced pH dependence of fibril stability showing that mild 

acidification can enhance the formation of toxic, oligomeric species derived from pre-formed 

fibrils (158). 



 

191 
 

Further results were reported in studies on functional amyloids: hormone-derived fibrils release 

monomers upon exposure to neutral or near-neutral pH (pH 6 and 7.4) (159) and β-endorphin 

fibrils disassemble significantly faster at pH 5.5 than at pH 7.4 (160). Another example are 

PI3K-SH3 fibrils where a pH shift from 2 to 7.4 leads to almost complete fibril dissolution 

within one hour (82). The pH dependence of fibril formation was used in project three of this 

thesis, but this process was shown to be also reversible. Those results emphasize that amyloid 

fibrils, once formed, are not necessarily stable across all pH conditions. Compared to other 

studies mentioned above, the structural stability of LS-shaped Aβ(1–42) fibrils upon pH shift 

is remarkable. 

It raises the question of what molecular features distinguish this polymorph from other, more 

pH-sensitive amyloid systems. One possible explanation might be found in the D1–K28–A42 

triad, which reorganizes upon pH shift but does not collapse. Such networks may buffer the 

effects of local changes in protonation. The overall fold remains unchanged even when 

individual side chains shift their charge states. The structure of LS-shaped Aβ(1–42) fibrils with 

a rigid N-terminus differs from other Aβ polymorphs, where the N-terminus is flexible (39-41). 

This extended structural ordering enhances the overall rigidity of the fibril and may decrease 

the sensitivity to pH-induced unfolding or local structural destabilization. 

An exceptional and perhaps unique result could be obtained by observing two different 

chemical exchange regimes in one sample: the protonation state of the carboxyl group of A42 

(slow exchange) and the protonation state of the carboxyl groups of D7 (fast exchange). This 

highlights a unique strength of solid-state NMR spectroscopy.  

The water accessibility of the pH-shifted Aβ(1–42) fibrils was investigated using water-edited 

solid-state NMR experiments. Water-edited 1D 13C CP, as well as 2D 13C-13C PDSD and 15N-

13C NCa correlation experiments were recorded. These pulse sequences were successfully 

implemented for Bruker spectrometers in our laboratory. The analysis of the water-edited 2D 

spectra was difficult due to signal overlap. The deconvolution of most of the signals was not 

possible, especially in the NCa spectra. Residue-specific information could only be obtained 

for single peaks, which were well separated in the spectra. Future work could focus on the 

deconvolution of overlapping peaks. Nevertheless, valuable information about the pH-

dependent water accessibility for these residues was obtained. Additionally, pH-dependent 1D 

13C CP water build-up curves revealed faster water build-up curves for higher pH values. The 

pH dependence of water build-up rates was previously described by Gelenter et al., who studied 

the influenza B M2 protein (161). They concluded that despite the slower chemical exchange 
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rates at low pH, the BM2 sample at pH 4.5 shows faster polarization transfer build-up rates than 

at pH 7.5. This indicated that the low-pH channel pore contains more water.  

The main disadvantage of adding the buffer for the pH shift is the reduced sample amount inside 

the rotor. This leads to a lower signal-to-noise ratio in the spectra. Different types of spectra 

(e.g. PDSD spectra with long mixing times and TEDOR spectra) were recorded to obtain long-

range contacts in the Aβ(1–42) fibrils at pH 7, which were successfully identified in the pH 2 

sample e.g. the contact between K28 and A42. Due to the lower signal-to-noise ratio, the 

identification of long-range contacts was not possible. Future works could work on further 

improvement of the signal-to-noise ratio for the spectra of the pH-shifted Aβ(1–42) fibrils.  

As previously performed for the Aβ(1–42) fibrils at pH 2 (42), cryo-EM investigations could, 

in principle, provide high-resolution structural information also for pH-shifted Aβ(1–42) fibrils 

at pH 7 as well. As AFM analyses indicated that fibrils at pH 7 are shorter and show a more 

“clumpy” morphology, this makes cryo-EM studies challenging. Nevertheless, future cryo-EM 

studies could attempt to elucidate the structure. This study highlights the advantage of solid-

state NMR in providing unique insights into structural changes for pH-shifted Aβ(1–42) fibrils.  

Project two: Structural investigations of pEAβ(3–42) fibrils 

Prior to this study, no information was available on the high-resolution structure of pEAβ(3-42) 

fibrils. In this study, it was possible to provide unique structural insights into pEAβ(3–42) 

fibrils. Identical fibrillation conditions were applied for pEAβ(3–42) fibrils as for LS-shaped 

Aβ(1–42) fibrils (pH 2, 30 % ACN). We reported the first (almost) complete assignment of 

pEAβ(3–42) fibrils. Structural similarities were observed between Aβ(1–42) and pEAβ(3–42) 

fibrils grown at identical conditions. Due to missing D1-A2 and pE3 formation the salt bridge 

of K28-D1' is absent in pEAβ(3–42) fibrils. Nevertheless, the central region including the turn 

around V24 closely resembles that of Aβ(1–42). The residues G37 and G38 are highly sensitive 

to pyroglutamate formation.  

The structure of pEAβ(3–40) fibrils was investigated using solid-state NMR by Huster and 

coworkers before (56). Scheidt et al. reported a strong similarity in the molecular architecture 

of pEAβ(3–40) fibrils compared to Aβ(1–40) fibrils. Most of the chemical shift values for both 

fibrillar species are highly similar. A notable difference was observed for the Cβ signal of F4, 

which could be explained by the vicinity to the pyroglutamate residue at position 3. 

Additionally, two different chemical shift values were observed for some residues due to a 

structural polymorphism. The solid-state NMR data of Scheidt et al. indicated that the N-
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terminal truncation and subsequent pyroglutamylation do not significantly affect the cross-β 

core. In contrast to the LS-shaped Aβ(1–42) fibrils (42), the N-terminus of Aβ(1–40) fibrils is 

unstructured. The authors concluded that the typical secondary structure elements of Aβ(1–40) 

with an unstructured N-terminus and two β-strand regions comprising amino acids 10–22 and 

30–38, which are connected by a short unstructured region, are also observed for pEAβ(3–40) 

fibrils (56).  

While both studies aim to elucidate how the pGlu3 modification influences the structure of 

Aβ(1–40) and Aβ(1–42) fibrils, they arrive at refined and complementary insights. The larger 

influence of the pGlu3 formation on the pEAβ(3–42) fibril structure reported in our study might 

be explained by the structure of Aβ(1–40) and Aβ(1–42) fibrils. For the LS-shaped Aβ(1–42) 

fibrils, the N-terminus is rigid and part of the fibril core. In contrast for Aβ(1–40) fibrils, the N-

terminus is unstructured and outside of the rigid fibril core. It is therefore reasonable to assume 

that the impact of pyroglutamylation at position 3 is more pronounced in Aβ(1–42) fibrils than 

in Aβ(3–40) fibrils. 

Nevertheless, the complete high-resolution structure is still unknown, particularly as it was not 

possible to obtain long-range contacts in the solid-state NMR spectra. Future work could 

attempt to further optimize the experimental conditions to enable the identification of long-

range contacts. Structural investigations via cryo-EM could yield useful information about the 

3D high-resolution structure. The structure of pEAβ(3–42) fibrils under the same experimental 

conditions used in our study was investigated by Christine Röder in her PhD thesis (162). It 

was shown that the pEAβ(3–42) fibrils are highly polymorphic and exhibit a variety of different 

fibril structures. Solid-state NMR spectroscopy can offer a more representative picture of the 

full ensemble of polymorphs, rather than focusing on one distinct fibril. 

In the future, MD simulations might contribute additional structural insights. Future structural 

investigations of e.g. Aβ(4–42) could provide a more comprehensive understanding of the 

structural heterogeneity induced by N-terminal modifications. Additionally, the pEAβ(11–42) 

modification could also be investigated analogous to the investigations of Huster and coworkers 

of pEAβ(11–40) fibrils (57).  
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Project three: Aggregation kinetics of PI3K SH3 domain 

The aggregation behavior of amyloid fibrils under MAS conditions has not been investigated 

in many studies in detail before. In this study, the aggregation kinetics of the PI3K SH3 domain 

were measured under quiescent as well as under MAS conditions (HR-MAS NMR and solid-

state MAS NMR). The study was complemented by a ThT assay and AFM images.  

Fibril seeds (1 % molar ratio) were added to each sample to accelerate aggregation. 1H-15N 

HSQC spectra showed an exponential decline in monomer signal intensity, indicating 

progressive monomer depletion. Solid-state NMR measurements using interleaved CP and 

INEPT acquisitions revealed increasing CP signal intensities corresponding to aggregated 

species and decreasing INEPT signals reflecting monomer loss. High-resolution MAS NMR 

bridged the solid-state and solution-state observations, showing a slightly faster monomer 

decay compared to quiescent solution NMR. The first CP signal was just above the noise level 

but grew steadily over time. The combined intensity of CP and INEPT signals remained nearly 

constant throughout, indicating a two-state transition with no substantial accumulation of 

NMR-invisible intermediates. These results support a direct monomer-to-fibril conversion 

where fibril elongation is the dominant mechanism. 

Five other studies also investigated different proteins over various time periods using different 

NMR techniques:  

The LC domain of the RNA-binding protein fused in sarcoma (FUS LC) and the disease-related 

G156E mutation were analyzed by Debelouchina and coworkers using INEPT, CP, and direct 

polarization solid-state NMR experiments. FUS LC undergoes phase transitions from liquid 

droplets to gels and an amyloid state. For wild-type FUS LC, the CP signal increased after one 

week, with new peaks indicating structural changes, likely from an unstructured or oligomeric 

state to a β-sheet-rich amyloid fold. The INEPT signal changed only slightly over three weeks, 

reflecting mobile monomers, gel-like states, or mobile regions of the amyloid state (140).  

Emmanouilidis et al. similarly monitored FUS using NMR, Raman spectroscopy, and 

microscopy over days to months (141). DOSY experiments were recorded using solution NMR 

spectroscopy. Solid-state NMR spectroscopy was additionally applied to observe the 

maturation of liquid droplets and the formation of potential solid fibril species using INEPT 

and CP spectra. The decrease in signal intensity (10 %) in the INEPT spectra over the first days 

of maturation agrees with the solution NMR data. After 37 and 73 days the INEPT signal 

increased and was combined with a significant narrowing of the resonances explained by an 
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increase in the molecular-tumbling rate. The CP signal was detectable within 4 h after rotor 

filling and increased over 2 days with continued growth up to day 37 and no further changes by 

day 73. Differences between the CP spectrum between days 2 and 37 suggest the formation of 

structurally distinct species during extended maturation. The authors proposed that NMR-

invisible FUS accumulates at droplet surfaces, gradually forming a solid crust with dynamics 

too slow for INEPT but too fast for CP detection (141). 

In a related study Bertini et al. applied in situ SedNMR (solid-state NMR, direct in situ 

sedimentation by MAS of the rotor) to investigate the kinetics of formation of Aβ assemblies 

(AβM40) (139). Solution NMR (sofastHMQC) spectra showed that the monomer signal 

remained stable in the unagitated solution but decayed exponentially after an induction period 

upon scratching with a glass rod. Solid-state NMR revealed that only the INEPT signal is visible 

for freshly prepared AβM40 samples, and after a period of MAS the INEPT signal intensity 

decreases while the CP signal correspondingly increases. The 1D 13C CP spectra do not change 

significantly with time, and the formation process is not completed until ~ 30 h. The sum of the 

relative intensities of the INEPT and the CP signal remained about 1, indicating that 

intermediate species undetectable by both pulse sequences are not significantly formed. No CP 

signal was detected initially, excluding significant amounts of large aggregates. However, the 

comparison between the solution and the solid-state NMR data is difficult in this study as 

different concentrations were used for both NMR methods: the concentration for the solid-state 

NMR experiments was 10 times higher than for solution NMR experiments, resulting in four 

times faster aggregation kinetics (139).  

In another work, Bellomo et al. monitored the aggregation of Aβ(1–40) simultaneously through 

NMR and ThT fluorescence. They observed that the decrease in monomer concentration 

coincides with an increase in fluorescence from fibril formation following an almost 

complementary trend (136).  

Zurdo et al. studied the PI3K SH3 aggregation kinetics at pH 2.0 by solution NMR (71) showing 

that the spectra exhibit a gradual loss of signal intensity over time. The absence of chemical 

shift changes or line broadening suggests that small oligomers do not accumulate significantly 

prior to the formation of larger aggregates and amyloid fibrils. Kinetic data from solution NMR, 

EM, and FTIR revealed a lag phase followed by β-rich protofibrils before mature fibrils, 

supporting a nucleation-growth mechanism (71). 
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The study of Emmanouilidis et al. presents a different behavior from that observed in our study, 

e.g. the signal increase after an initial decrease combined with a significant narrowing of the 

resonances. The same applies to the changes in the CP spectra. The differences observed in the 

spectra can be explained by the aggregation behavior of both proteins: The FUS LC domain 

aggregates through a mechanism that is distinct from classical amyloid proteins: Both can form 

β-sheet-rich fibrils, but the FUS LC assemblies are reversible and dynamic, arising from liquid-

liquid phase separation (LLPS) rather than irreversible nucleation. Under certain conditions, 

the reversibility can be lost, leading to amyloid-like aggregates. 

The study which follows a similar approach to our study was published by Bertini et al. They 

also combined solid-state NMR CP and INEPT with solution NMR experiments. The change 

of CP and INEPT signals yielded similar results as in our study: the INEPT signal intensity 

decreases while the CP signal correspondingly increases, and the relative intensities of the 

INEPT and the CP signals sum to about 1. In our study, we observed a CP signal slightly above 

the noise level in contrast to the study of Bertini et al. The difference can be explained by faster 

kinetics due to the seeds added in our study. In their work, different protein concentrations were 

used for solution NMR and solid-state NMR so a comparison between the unagitated solution 

and MAS conditions was not possible.  

The other two studies did not apply solid-state NMR spectroscopy; they only used solution 

NMR (in combination with ThT kinetics). The aggregation kinetics strongly depend on the 

protein concentration as well as the addition of seeds.  

Our work was the first combining three different NMR methods to investigate the aggregation 

kinetics of a protein. The HR-MAS NMR probe head is not used routinely to investigate 

proteins. Using solution NMR pulse sequences (1H-15N HSQC and 1D 13C INEPT) spectra of 

good quality were obtained for the mobile monomeric form. We attempted to detect the 

aggregated species using the HR-MAS probe head as well. It was not possible to record a single 

1D 13C CP solid-state NMR spectrum, even after several hours of acquisition, because high-

power proton decoupling cannot be applied using the HR-MAS probe head. Solid-state NMR 

spectroscopy was the only method that allowed detection of both the monomeric species in 

solution and the aggregated species. As a disadvantage, only 1D spectra could be recorded (13C 

INEPT and 13C CP) spectra, so the residue-specific information is missing.  

It was challenging to find appropriate conditions for a suitable time scale of the aggregation 

kinetics. The protein concentration as well as the amount of seeds and the temperature were 
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optimized carefully. When the aggregation kinetics were too fast, not enough data points were 

recorded. In contrast, when the aggregation kinetics were too slow, not all monomers converted 

into fibrils, so a steady state was obtained, and amorphous aggregates were observed in AFM 

investigations.  

In the future, this approach should be extended to different proteins such as other amyloidogenic 

proteins for example Aβ.  

Projects four and five: DISC1 protein  

Project four uses a combination of biophysical techniques and structural biology methods to 

investigate the C-region of the DISC1 protein. The C-region (residues 691 to 836) forms a 

tetramer and can aggregate into amyloid-like fibrils. Project five is an extension of project four: 

similar methods were applied to investigate three mutants of the DISC1 C-region, namely 

S713E, S704C and L807-frameshift (L807-FS) mutants as well as the β-core region (717–761). 

The following section will focus on the results obtained using NMR spectroscopy.  

The 1H-15N HSQC solution NMR spectra of the DISC1 C-region show a high agreement with 

solution NMR data reported earlier (163). The broadened signals probably indicate 

oligomerization and/or the presence of disordered regions.  

Solid-state NMR spectroscopy was applied to investigate the gel-like sample of the DISC1 C-

region (project four). It is mostly fibrillar and in equilibrium with the tetramer. In contrast to 

Aβ(1–42) and pEAβ(1–42) fibrils reported in projects one and two, the DISC1 sample shows 

strong signals in the INEPT-based spectra (13C-13C INEPT TOBSY and 1H-13C INEPT). Signals 

in the INEPT-based spectra indicate highly mobile parts on the solid-state NMR timescale. The 

amino acid residues of DISC1 visible in the INEPT-based spectra are in helices and coils. The 

rigid parts of the protein are visible in the CP-based spectrum (13C-13C PDSD); selected residues 

are in β-strand. The NMR results do not only show differences in mobility within the fibrils but 

also suggest the presence of a dynamic equilibrium between oligomeric and fibrillar states. The 

interpretation is supported by our DLS, ITC and EM results.  

For both projects four and five, 1D 13C CP water build-up NMR experiments were performed 

and signals in the region of 50–75 ppm arising primarily from the backbone Cα nuclei were 

analyzed. The initial polarization transfer times ts
m determined from water-edited solid-state 

NMR experiments correspond to a fibrillary core with a diameter of 6.8 nm (WT C-region) and 

5.73, 5.56, 15.92 and 5.92 nm for S704C, S713E, L807-FS, and β-core, based on a structural 



 

198 
 

model of an elongated fibril with a circular cross-sectional area. The deviation for L807-FS can 

be explained by a noisy spectrum due to a small amount of protein inside the rotor.  

It could be observed that the DISC1 C-region and the mutants contain tightly bound water. This 

indicates the presence of water in close proximity to the surface area. The observation supports 

the idea that water molecules are located in proximity to the protein surface for all the 

constructs. For the WT C-region (project four) additional 2D 13C-13C water-edited spectra could 

be recorded. The amino acid-specific regions Ala, Leu, and Ser were analyzed.  

Although DISC1 is known to form aggregates, detailed insights from solid-state NMR studies 

were still limited. Project four provides one of the first insights into the structure of DISC1 

aggregates using solid-state NMR spectroscopy. A complete resonance assignment was not 

possible due to the high inhomogeneity of the sample. Nevertheless, valuable information about 

secondary structure and water-accessibility of different residue types was obtained. The results 

from the 1D water-edited NMR experiments of projects four and five are similar to those 

obtained for other proteins.  

In the future, a modification of the protein expression and purification (e.g. selective labeling 

of several amino acids or applying a specific labeling scheme) could help to reduce the signal 

overlap in the spectra, allowing a complete resonance assignment and residue-specific 

information. Additional cryo-EM experiments could also provide high-resolution data.  

For the fifth project, a future optimization of protein expression and purification would allow 

recording 2D spectra and thus obtaining more structural information.  

Project six: DNP NMR investigations of Ile-labeled proteins  

Three different Ile-labeled proteins in frozen solution were investigated using DNP-enhanced 

solid-state NMR spectroscopy. For the GABARAP protein, the distinction of individual signals 

was possible. For the PI3K SH3 domain in the well-folded native state, the identification of 

individual signals was possible using two variants with one and three Ile to Val point mutations. 

Three out of five Ile residues do not have a well-defined secondary structure.  

In unfolded and intrinsically disordered proteins, substantial line broadening can be observed. 

For α-synuclein in frozen solution, the two Ile residues adopt the same conformational space as 

in random coil peptide mimetics. Comparable results were obtained for the unfolded form of 

the PI3K SH3 domain at pH 1.0.  
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In the fibrillar forms of α-synuclein and PI3K SH3 domain, most of the Ile residues are part of 

the rigid β-sheet fibril core and therefore conformationally restricted. The Ile residues that are 

not part of the fibril core but are part of the fuzzy coat give rise to inhomogeneously broadened 

signals. 

Kendra Frederick and her group published three different studies investigating conformational 

ensembles of α-synuclein in frozen solution in the last few years: Kragelj et al. analyzed the 

peak shapes of DNP NMR spectra of frozen α-synuclein in its disordered monomeric, α-helical 

membrane-bound, and β-sheet-rich amyloid forms. They generated structural ensembles of 

IDRs, predicted chemical shifts, simulated amino acid-specific spectra, and annotated them 

with φ/ψ regions to identify the conformational origins of the spectral components (164). In a 

recent work, Kragelj et al. analyzed the conformational ensemble of α-synuclein in intact viable 

cells (HEK293 cells) using DNP NMR spectroscopy (165). 

In another very recent study, Dumarieh et al. used segmentally isotopically labeled α-synuclein 

to investigate the conformational ensembles of six alanines (Cα-Cβ), three glycines (Cα-CO), 

and Leu8 (Cα-Cβ) in the disordered N-terminus under three conditions: in 8 M urea, as a frozen 

monomer in buffer, and within the disordered regions flanking the amyloid core. 

The spectra of all three conditions are different from each other and also different from the 

spectrum of the statistical coil: 

• In 8 M urea, monomeric α-synuclein displayed the most limited conformational 

sampling, rarely adopting chemical shifts characteristic of α-helices or β-strands.  

• As a frozen monomer in buffer, the conformational range broadened, with a preference 

for α-helical structures and some sampling of random coil states. 

• Amino acids in the disordered regions flanking the amyloid core showed the widest 

sampling, with broad peaks covering the full spectrum of chemical shifts and a 

pronounced increase in extended β-strand conformations. 

This study showed that intrinsically disordered regions adopt distinct conformational ensembles 

influenced by both the chemical environment and the structure of neighboring protein segments 

(153).  

Our study and the study of Dumarieh et al. follow a very similar approach. Both studies provide 

valuable insights into local conformational distributions in proteins. Dumarieh et al. focused on 

the backbone conformational sampling, whereas our study focused on the sidechains. Both 
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studies investigated the influence of protein denaturants on the conformations. Dumarieh et al. 

used 8 M urea, while 6 M guanidine hydrochloride (GdmCl) at pH 2.5 was applied in our study 

to unfold the PI3K SH3 domain. Urea and GdmCl both stabilize the backbone in an extended 

conformation and restrict the conformational space by preventing helical conformations. The 

results of both studies are in agreement.  

In the study of Dumarieh et al., the effect of glycerol on the conformational ensemble was 

discussed as in our work. They applied a reduced glycerol content of 15 % for all three samples. 

In contrast, we began in our work using 60 % glycerol and reduced this to 10 % for later 

investigations. Additionally, we have shown that glycerol stabilizes α-helical conformations. 

In the future, the investigation of conformational ensembles could be extended to other proteins 

using selective Ile-labeling. Alternatively, the investigation could be applied to amino acids 

other than isoleucine.  

Concluding Remarks 

Taken together, the six studies presented in this thesis provide valuable and previously 

inaccessible insights into the structural and dynamic properties of amyloid and amyloid-like 

proteins. By applying and combining various NMR spectroscopic approaches, including solid-

state and DNP-enhanced solid-state NMR spectroscopy as central methods, complemented by 

solution and HR-MAS NMR spectroscopy, this work advances the molecular understanding of 

protein misfolding and aggregation beyond the current state of the field. Overall, this thesis 

demonstrates the unique power of different NMR methods, especially when combined with 

complementary biophysical techniques, in providing a comprehensive view of amyloid 

structures and their formation mechanisms. The findings lay an important foundation for future 

therapeutic and mechanistic studies targeting protein misfolding diseases. 
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Supplement 

DNP experiments SNARE protein Syb2 1-96 interaction with nanodisc  

It was reported that soluble Synaptobrevin-2 (Syb-2) (1-96) showed random-coil-like Cα-Cβ 

secondary chemical shifts at ambient temperature, characteristic of an IDP (156). Additionally, 

for the C terminus of the SNARE motif and the N-terminus of the adjacent LD domain, an 

increased α-helical propensity was observed (156).  

For investigating the chemical shifts in frozen solution (at 100 K), we selectively labeled Syb-

2 (1-96) with 13C isotopes: Val residues were isotopically labeled both for Cα and Cβ, Leu 

residues for Cβ and Cγ, while several other residues were only 13C-labeled for Cα, including 

Ala, Gly, Ser, Thr. The primary sequence, including the positions of all labels, is shown in 

Figure 8A.  

Upon freezing the sample, the Cα-Cβ cross-peaks of the seven Val residues split into two well-

separated conformations (α-helical and β-strand, Figure 8) in the 2D 13C-13C double 

quantum/single-quantum (DQ/SQ) spectra. The population of both conformations is 

approximately equal. Similar findings were reported by Uluca et al. for selectively labeled α-

synuclein. In contrast, the two conformations were not so well separated, and the contribution 

from the β-strand part (70 %) of the valine Cα-Cβ cross-peaks is higher than the α-helical part 

(~30 %) (155).  

As most of the Val residues are located in the N-terminus of the SNARE motif, the random-

coil chemical shifts of this region could be frozen out to both α-helical and β-strand 

conformations.  

Syb-2 can bind to lipid nanodiscs (ND). Syb-2 monomers were mixed with lipid ND in the ratio 

of 1:1. Recording the same 2D DQ/SQ experiments for Syb-2 bound to ND in frozen solution, 

we observe almost exclusively α-helical chemical shifts, and the β-strand part is reduced to the 

noise level. Additionally, the Leu Cβ-Cγ signals collapsed (Figure 8). These findings are 

confirmed in the 2D 13C-13C proton-driven spin diffusion (PDSD) spectra (Figure 9). The 

disappearance of Val resonances indicates that the N terminal SNARE motif turns (almost) 

utterly α-helical upon binding to ND. Turning to α-helical was also reported for α-synuclein 

previously (155).  
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Material and methods 

Recombinant expression and purification of Syb2 (1-96) 

The labeling strategy was adopted from TEASE approach three and applied in the same fashion 

as previously described by Uluca et al. (155): Briefly, cells were grown in M9 minimal media 

containing [2-13C]-glucose and 15NH4Cl as sole carbon and nitrogen sources. The 13C labeling 

of the amino acids Phe, Gln, Glu, Pro, Asn, Asp, Met, Thr, Lys, and Ile was suppressed by 

supplementing sufficient quantities of unlabeled amino acids (150 mg/mL of each) to the 

expression media for the named amino acids. 

The purification steps as well as membrane scaffold protein expression and purification and 

nanodisc assembly were conducted as described in (155).  

DNP experiments 

The samples were suspended in d8-glycerol/D2O/H2O solutions (60/30/10 volume ratio) for free 

form and (50/40/10 volume ratio) for ND experiments and filled into 3.2-mm sapphire rotors. 

A second ND sample was prepared using depleted glycerol (12C3, 99.95 %; D8, 98 %, 

Cambridge Isotope laboratories) to avoid strong diagonal and glycerol spinning sidebands.  

DNP experiments were conducted using a wide-bore Avance 800 MHz spectrometer (Bruker) 

connected to a 535 GHz gyrotron. Experiments were performed at a temperature of 100 K. The 

MAS frequency was adjusted to 6 kHz for 2D 13C-13C double quantum/single-quantum 

(DQ/SQ) spectra, using the SPC5 scheme for recoupling, and to 11 kHz for 2D 13C-13C proton-

driven spin diffusion (PDSD) spectra. For all experiments, a recovery delay of 5 s was used.  

The number of increments in the indirect dimension was 64 for 2D DQ/SQ and 2D PDSD 

spectra leading to maximum acquisition times in the indirect dimension of 1.33 ms for 2D 

DQ/SQ and 1.45 ms for 2D PDSD spectra, respectively. The 1H-13C CP contact time was set to 

100 μs (short, to avoid strong glycerol spinning sidebands, as seen in Fig. 1 and Fig. S1) and 

700 μs (long, as seen in Fig. S2). For 2D PDSD experiments, a mixing time of 1 s was employed.  

The number of scans was set to 256-512 scans; Figure 8 (2D DQ/SQ): 512 free form, 320 ND 

and Figure 9 (PDSD): 384 free form, 288 ND. 

A 1H decoupling strength of around 100 kHz using the SPINAL-64 scheme was employed 

during the evolution and acquisition periods. The peaks were referenced indirectly using 

adamantane by setting its right peak to 31.4 ppm on the DSS scale.  

All spectra were processed using Topspin 4.0.9 (Bruker). The program was also used for 

summing up the one-dimensional projections from the respective regions (between 91 and 104 

ppm on the double quantum axis).  
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Figure 8: Selectively labeled Syb-2 (1-96) in frozen solution in the free and ND-bound form.  

A: Primary sequence of Syb-2 (1-96). Residues are color-coded according to the selective 

labeling scheme outlined in the Materials and Methods section. Val residues are Cα, and Cβ 

labeled (red), Leu residues are Cβ and Cγ labeled (cyan). Residues labeled only for the Cα 

position are colored in orange. B: 2D 13C-13C double quantum/single quantum (DQ/SQ) 

spectra of free Syb-2 (1-96) (green) and bound to ND (dark red). C: 1D projections from the 

respective regions (between 91 and 104 ppm on the double quantum axis). 

 

Figure 9: DNP-enhanced 2D 13C-13C PDSD spectra of free Syb-2 (1-96) (green) and bound to 

ND (red). The mixing time was 1 s. 
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