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1 Introduction 

1.1 Amyloid Fibrils – Disease and Function 

1.1.1 Introduction to Amyloid Fibrils 

The roots of amyloid research date back to 1906 when the German psychiatrist Alois Alzheimer was 

the first to describe a “peculiar” disease with starch-like plaques deposited in the brain of a patient 

diagnosed with dementia.1 The exploration of the structure of such protein deposits and similar 

sources of aggregated protein was initiated 1934 by Astbury working on X-ray diffraction of 

denaturated protein and fibres.2,3 In the year 1968, Eanes and Glenner were the first to show the 

characteristic X-ray diffraction pattern of amyloid fibrils with two main reflexes (Figure 1.1A).4 In the 

meantime, the invention and development of the electron microscope5 allowed the exploration of 

amyloids in human tissue, as first reported in 1959 for fibrils extracted from liver.6 Kidd and Terry 

independently demonstrated in 1963 that paired helical filaments, or neurofibrillary tangles, 

accumulated in affected brains of Alzheimer patients.7,8 Research on amyloid formation and structure 

exponentially increased after the amyloid hypothesis for Alzheimer’s disease was postulated in 1991. 

Here, the deposition of amyloid fibrils of the Alzheimer peptide Aβ in the extracellular space of the 

brain was postulated to be causative for the disease.9,10 Aβ comprises 39 to 43 residues due to 

proteolytic cleavage of the trans-membrane amyloid precursor protein APP.11 Chain lengths of 40 and 

42 are the most abundant forms, termed Aβ40 and Aβ42, respectively.12 Later, experimental evidence 

suggested stable early-stage oligomeric states of Aβ to actually be the cytotoxic species rather than 

the mature fibrils.13 

The first atomic resolution structures of amyloid fibrils calculated by the use of NMR spectroscopy 

were presented in 2016.14,15 The development of cryogenic electron microscopy (cryoEM) classifies a 

milestone in amyloid research enabling a high-throughput method to determine the three-dimensional 

structure of amyloid fibril core segments, with the first example published in 2017 with 3.4-3.5 Å 

resolution.16  

In fact, the term “amyloid”, and the corresponding disease termed amyloidosis, is not restricted to 

Alzheimer’s disease or neurological disorders in general. Amyloid diseases are classified as deposits 

restricted to local sites or affecting more than one organ, i.e. systemic.17 Furthermore, hereditary 

diseases, associated to a genetic component, are distinguished from sporadic forms. Other amyloid 

diseases affecting the central nervous system are Parkinson’s disease associated with fibrils of 

α-synuclein,18 different tauopathies originating from the protein tau19 or amyotrophic lateral sclerosis 

associated with fibrils of the RNA binding protein FUS (fused in sarcoma).20,21 Among the most common 

forms of systemic amyloidosis are those derived from fibrils of serum amyloid A (AA),22-24 antibody light 
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chains (AL)25 or transthyretin (ATRR).26 Amyloid deposition can also be related to medical treatments 

like long-term dialysis (β2-microglobulin)27 or to the injection of insulin for diabetes patients which is 

restricted to the injection site.28 Amyloidosis can also be derived from peptide hormones (PHD) and 

are locally deposited in the respective endocrine tissue.29 Examples for PHD amyloidosis are deposited 

fibrils composed of calcitonin,30 human islet amyloid polypeptide (hIAPP),31 atrial natriuretic factor 

(ANF)32 and prolactin.33 

All amyloid fibrils share common characteristic structural features. Fibrils are protein assemblies, 

containing usually hundreds to thousands of individual chains, ordered in one dimension and in a 

repetitive fashion with the so-called cross-β motif as the repeating substructure (Figure 1.1A).6,34,35 The 

motif consists of stacked β-strands oriented perpendicular to the fibril axis. In fibrillar assembly, 

β-sheets, which are an important element of secondary structure for proteins, represent a quaternary 

organization here. Typically, two β-sheets are stacked and stabilized by side-chain interactions. The 

interdigitation of (hydrophobic) side chains, referred to as a steric zipper, leads to a tight, dry (water 

excluded) interface mediating a high thermodynamic stability (Figure 1.1B).36 In fibrils assembled from 

small peptides, the β-sheets can be organized in parallel or antiparallel manner, but are commonly 

found “in register”. This refers to the type of stacking of the individual strands. For parallel sheets, the 

strands are positioned directly above each other, whereas a strand in antiparallel sheets is oriented 

directly above the strand two rows next to it (see also Figure 1.1A).37 In addition to steric zippers, an 

alternative, less stable form of fibril organization has been reported involving low-complexity 

domains.38 Such domains can weakly assemble as kinked β-sheets stabilized by aromatic side chains, 

therefore termed low-complexity aromatic-rich kinked segments (LARKS, Figure 1.1C). 

However, amyloid fibrils assembled from full length proteins or peptides display a much greater 

structural variability and complexity than fibrils of short oligopeptides (Figure 1.1D). The conformation 

of β-sheets consisting of L-amino acids, inducing a torsion by steric hindrance of side chains, transfers 

the chirality across length scales leading to a characteristic macromolecular helical twist of the fibrils.39 

The analysis of X-ray diffraction data of amyloid filaments shows two characteristic distances present 

in the fibril core, i.e. ≈ 4.7 nm and 8-12 nm representing the interstrand (hydrogen bonded β-strands) 

and intersheet distances (spacing of distinct β-sheets), respectively (Figure 1.1A).2,4,40 

Amyloid fibrils of e.g. Aβ40 appear as long, straight, rigid filaments. In contrast, globular oligomers as 

well as curvilinear fibrils are found to be morphologically distinct, persistent, metastable intermediates 

during fibril growth, e.g. in early stages of Aβ fibrillogenesis (Figure 1.1E).41 Thus, curvilinear fibrils are 

also referred to as protofibrils assembling towards mature, straight fibrils. Investigations of lysozyme 

fibril formation showed that the exact pathway is determined by protein concentration (dependent on 

the salt concentration).42-44 Curvilinear fibrils were found to rapidly assemble via oligomer fusion,42 
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Figure 1.1: Schematic and exemplary structures of amyloid fibrils. A – CryoEM structure of a mature fibril (left), 
the core structure consists of stacked β-sheets (middle) with defined interstrand and intersheet distances of 
typically ≈ 4.7 Å and 8-10 Å, respectively, as indicated by distinct reflections of the X-ray diffraction pattern 
(right). B – Minimalistic hexapeptides typically show defined packing states with interdigitated side chains (steric 
zippers) as in the case of Aβ 37GGVVIA42 (pdb: 2ONV45, X-ray diffraction of crystalline fibers). C – Additionally, 
kinky segments (LARKS), often observed for functional fibrils, e.g. for FUS 37SYSGYS42 (pdb: 6BWZ,38 X-ray 
diffraction of crystalline fibers) are much less stable. D – Fibrils assembled from full-length peptides often show 
a higher degree of complexity, as in the case of Aβ42 (pdb: 5OQV46, cryoEM). E – Mostly, straight fibrils are 
observed (upper panel), whereas curvilinear fibrils (lower panel) are less frequently found. Fibril core structures 
are viewed down the fibril axis. Each individual peptide unit is colored separately (same color is used for the two 
copies), nitrogens are colored in dark blue, hydrogens in red. In panel D, six copies of the stacked β-strands are 
displayed. The fibril shown in panel A was taken from ref. 46, the schematic X-ray diffraction pattern from ref.47 
and the electron micrographs in panel E from ref.48. 

thus, such fibrils grow above a certain critical oligomer concentration and are finally replaced by 

straight fibrils.43 Below the critical oligomer concentration, the absence of globular oligomers directly 

allows nucleation and growth of straight fibrils. Similar observations were reported for a dimeric Aβ40 

that was designed as a single expressed construct where the two Aβ40 peptides are linked by a (G4S)4 

sequence.49 
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1.1.2 Functional Amyloids 

This intensive research with focus on disease and therapy might be the origin of the strong connection 

of amyloid fibrils with protein misfolding and pathology. However, amyloids can also represent phase 

separated functional states and are widespread in bacteria.50 Extracellular amyloid formation has been 

demonstrated for 10-50 % of bacterial species from different habitats.51 Additionally, functional fibril 

formation is important in other realms of life, e.g. for yeast, fungi, amphibians and mammals.50 The 

inherent ability of amyloids to self-replicate even for minimal chain lengths gave rise to the hypothesis 

that amyloids were the first (bio-)molecules able to catalyze chemical reactions, transmit information 

and evolve, even before RNA, and might therefore be the “origin of life”.52-54 The specific fields of 

action of functional amyloids can be summarized in five categories.50 This classification involves 

(1) storage of proteins, (2) structure, (3) information, (4) loss of function and (5) gain of function. Note 

that specific amyloids can be assigned to more than one of the described groups. 

A well-recognized function of non-pathogenic amyloids is the storage of proteins (category 1). A variety 

of peptide hormones, demonstrated for hormones from the pituitary glands, is stored in the fibrillar 

form before its release into the blood stream (Figure 1.2A).55 Amyloids are also present in the mammal 

immune system. Eosinophils, a type of white blood cells, contain the major basic protein (MBP) 

destabilizing the membranes both of the intruder and the host in its toxic monomeric form, therefore 

it is stored in an inert manner as amyloid.56 Additionally, it has been demonstrated that inclusion 

bodies of heterologous expressed proteins in E. coli contain amyloid structures.57 Examples for 

amyloids involved in functional structure formation (category 2) are amyloids of Pmel17 in mammals 

templating tyrosine oxidation during melanogenesis.58 In E. coli and Pseudomonas, amyloids of CsgA 

(curli protein) and FapC, respectively, are components of the extracellular matrix forming biofilms.59-61 

The hydrophobins DewA or EAS play a role in aerial hyphae formation as well as in surface attachment 

of filamentous fungi.62-64 An interesting function of amyloids is the protection of oocytes from fish, silk 

moth or of mammalian sperms.65-67 Amyloids associated to information (category 3) can be excessively 

found in yeast, e.g. S. cerevisiae. Prion proteins bearing a polyQ sequence, for which the amyloid form 

displays the inactive state, are involved in translational termination (sup35),68 chromatin remodeling 

(Swi1p)69 or transcriptional regulation (Ure2p, Mot3).70,71 Intriguingly, amyloids can be involved in long 

term memory as demonstrated for S. cerevisiae (mnemons, e.g. Whi3, fibrillating as consequence of 

pheromone exposure promoting cell cycle entry)72 and Drosophila melanogaster (translational 

repressor function of Orb2 turned into activator upon fibril formation).73,74 In addition to the examples 

mentioned for category 3, the pyruvate kinase Cdc19 in S. cerevisiae can be stored in stress granules 

to suppress its enzymatic function.75 The release of the active monomeric protein after stress ensures 

a cell cycle restart preventing the cell from stress-induced degradation. Category 5 represents amyloid 

systems in which the fibril state or fibrillar oligomers represent an active form, i.e. a gain of function 
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mechanism. The HET-s prion of Podospora anserine acts in the recognition of heterokaryon 

incompatibility (cell fusion of different strains) and leads to limited cell death by membrane 

penetration.76,77 In the same fungi species, amyloid oligomers of e.g. NWD2 play a role in signal 

transduction connected to cell fate pathways ensuring the defense of the host.78 

In endocrine cells, peptide hormones can be stored at high concentrations in secretory granules which 

are enclosed by a membrane (Figure 1.2A).79 The concentration of peptides in these granules can reach 

a very high level.80 This mechanism allows the cells to release peptides faster and in a higher amount 

upon an external signal compared to de novo synthesis. Moreover, peptides are stored in the amyloid 

state providing the densest packing as well as stability.55,81 This has implications on hormone sorting in 

the Golgi apparatus as well as on granule formation. One possibility of peptide hormone fibril 

formation control is a high local concentration enabling primary nucleation.50,80 The pH decrease from 

pH 7.4 in the endoplasmic reticulum (ER) towards pH 5.5 in the granules can also be a control 

mechanism.55,82 Initiation of fibril formation by helper molecules, such as glycosaminoglycans (GAG), 

e.g. heparin, represents a third mechanism of control (Figure 1.2B).55,83-86 As a response to signaling, 

peptide hormone amyloids are released into the blood stream where they disassemble into functional 

monomers. The dilution effect could be a simple control mechanism for dissociation.55,87 For example, 

β-endorphin requires protonation of a core glutamine residue to initiate fibril formation.88 The 

deprotonation upon pH increase in the case of release triggers dissociation of β-endorphin fibrils. 

 

 
Figure 1.2: Concept of the storage of peptide hormones as functional amyloid fibrils. A – Scheme of the 
biosynthesis and processing of peptide hormones and their subsequent storage as fibrils in secretory granules 
upon their release (left) or their subsequent release via the consecutive secretory pathway (right). B – Functional 
fibril formation of peptide hormones can form spontaneously (left), assisted by coassembly with other peptides 
(middle) or with GAGs (right). The scheme in A is adapted from ref.91, the scheme in B from ref.92. 
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Additionally, chaperones could possibly be involved in disassembly of fibrils.89,90 Such tight control 

mechanisms ensure correct timing and localization of functional amyloids as well as monomer 

release.50 Misregulation bears potential toxicity, e.g. fibril formation at the wrong site. Fibrillation in 

the ER instead of granules for vasopressin, which induces reabsorption of water in the kidney and an 

increased arterial blood pressure, leads to ER stress and finally to cell death.93 

As already pointed out, control as well as speed of fibril formation are key features of functional 

amyloids. For hormones, prohormone cleavage by prohormone convertases is in most cases essential 

to initiate fibril formation, e.g. in the case of Pmel17.94 The modulation of rates or even the fibrillation 

level by “gatekeeper” residues, e.g. asparagine, glycine, lysine, arginine and proline flanking fibril core 

sequences, is an intriguing control example as demonstrated for CsgA.95 In addition, CsgB mediates 

CsgA nucleation. Such control mechanisms are proposed to be the reason why functional amyloids are 

not toxic towards their host organism.96 Indeed, the carbohydrate-free Mα subunit of Pmel17 

fibrillates within seconds,58 Orb2 within minutes97 and FapC as well as CsgA within a few hours.98 

Interestingly, fibrillar assembly of functional amyloids is often driven by primary nucleation, whereas 

secondary processes only have small effects on the overall kinetics.98 This reflects, to a certain extent, 

the importance of folded proteins for functional amyloid formation, rather than misfolding.50 

 

1.1.3 Structural Differences between Pathogenic and Functional Amyloids 

Independent from the nature of action (pathological or functional), all amyloids share common 

properties of long filamentous structures typically assembled via a cross-β structure in the fibril core. 

Recent advances in cryoEM enable the comparison of pathogenic and functional amyloids on a 

molecular, structural level.99 For example, polar residues, such as serine and glutamine, as well as 

glycine are more abundant in functional amyloids, offering flexible interfaces required for reversibility. 

In contrast, glutamate and lysine residues are more prevalent in pathological amyloids, while aliphatic 

residues are found both in pathological amyloids and biofilm-associated bacterial functional amyloids 

serving as scaffolds. 

The impact of amyloid fibrils in physiological function suggests that the amino acid sequences of the 

corresponding monomeric proteins evolved towards an amyloidogenic structure, thus allowing tight 

control, reversibility and the avoidance of toxicity.50 Furthermore, disease related amyloids often 

contain so-called frustrated segments forced into energetically unfavorable conformations.100 

An intriguing feature (so far only) of functional amyloids is the occurrence of cross-α fibrils with stacked 

α-helices, as first observed for bacterial PSMα3 from Staphylococcus aureus.101 The helical motif in the 

fibril core was found to be important for the cytotoxic function of PSMα3. Even more surprising, 
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Figure 1.3: Comparison of reported fibril core structures of functional and pathological amyloids. A – Orb2 forms 
functional fibrils with a triangular hydrophilic core comprising three individual protein units (pdb: 6VPS,73 
cryoEM, ex vivo fibrils). B – A similar triangular architecture was found for pathological Aβ40 fibrils bearing a 
hydrophobic core (pdb: 2M4J,102 solid-state NMR (ssNMR), in vitro fibril formation from ex vivo fibrils as seeds). 
C-E – Essentially, in contrast to Orb2, Aβ40 fibrils display a strong polymorphism dependent on a variety of 
conditions. Three examples are given in panels C (pdb: 2LMN,103 solid-state NMR, in vitro), D (pdb: 6W0O,104 
ssNMR, in vitro fibril formation from ex vivo fibrils as seeds) and E (pdb: 6SHS,105 ccryoEM, ex vivo). The segments 
are viewed along the fibril axis. Three consecutive β-stacks are shown. Each individual peptide unit is colored 
separately (same color is used for the two copies), nitrogens are colored in dark blue, hydrogens in red. 

cross-α fibrils of Uperoleia mjobergii amphibian antimicrobial uperin 3.5 can be transformed to a 

cross-β architecture and vice versa.106 This chameleon character is attributed to the regulation of the 

activity. Cross-α fibrils form at the surface of bacterial cells mediating cytotoxicity while the cross-β 

fibrils are inactive, thus possibly offering an additional storage function. 

Non-functional, pathogenic amyloids are almost always found to display a high degree of 

polymorphism,107 i.e. the same protein forms fibrils of different (core) structures, interfaces, number 

of composing protofilaments or filament symmetry which can be dependent on the experimental 

conditions or can exist simultaneously within the same sample.108 The broad distribution of the 

conformational space associated with misfolding of natively folded proteins or of intrinsically 

disordered peptides (IDP) and the variability of their assembly is discussed as a biochemical basis for 
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fibril morphology, e.g. via the selection of conformational states for nucleation.109 In contrast, 

functional amyloids are found to be monomorph under physiological conditions and, at least in the 

case of CsgA, also under harsh conditions.110 The already described membrane-associated Orb2 

amyloids are a good example to demonstrate this characteristic difference between physiological and 

pathological fibrils.50,111 CryoEM structure determination of Orb2 fibrils required the extraction of 

material from appr. three million individual D. melanogaster flies, resulting in one (resolvable) 

structure (Figure 1.3A).73 In contrast, Aβ40 fibrils, either assembled in vitro or extracted ex vivo, 

typically show a high level of polymorphism (Figure 1.3B-E). This demonstrates that physiological 

amyloids require one defined macromolecular structure in order to perform their function. The 

controlled fibril assembly seems to be a very important issue to ensure the correct structure since 

in vitro assembled Orb2 fibrils substantially differ from endogenous fibrils in terms of morphology, 

seeding capacity and biochemical activity.73 Figure 1.3B displays a 3D structure of an Aβ40 fibril with 

three individual peptides in the fibril core similar to the functional fibril of Orb2 (Figure 1.3A). The most 

significant difference might be the contributing amino acid residues: While the Aβ40 fibril consists of 

hydrophobic steric zippers, lysine residues form the intramolecular and histidines the intermolecular 

(intersheet) interfaces of Orb2 fibrils, resulting in a polar core structure bearing the potential for easy 

reorganization. 
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1.2 The Mechanism of Amyloid Formation 

1.2.1 Macroscopic Fibrillation as Network of Microscopic Processes 

The assembly of amyloid fibrils is described as a nucleated polymerization of proteins.112 To induce 

growth, the formation of a species of minimal size bearing growth-competent ends is essential, 

referred to as fibril nucleus. The fibril grows via the addition of new, in most cases, monomers. 

Experimentally monitoring the de novo growth of amyloid fibrils from a protein monomer solution will 

lead in most cases to a kinetic profile with a sigmoidal shape (Figure 1.4).113 A small fluorescent dye 

which is widely used for fibril detection is Thioflavin T (ThT) that shows increased fluorescence upon 

intercalation onto the fibril surface.114 The (schematic) profile is divided into three phases. In the lag 

phase, monomers are converted into nuclei capable of growing to (proto-) fibrils. Early fibrillar 

assembly occurs below the experimental detection limit.115 The following sigmoidal fast fibril 

replication and growth is referred to as growth phase. Finally, fibrillation turns into a plateau phase 

which is also called steady-state or thermodynamic equilibrium. A valuable parameter to compare 

fibrillation kinetics is the half time t1/2. This parameter is defined as the time-point at which half of the 

maximum mass of amyloid fibrils is formed.113 

For a detailed examination, the time evolution of each individual fibril species would need to be 

followed.116 However, tracking of each species is complex, especially since bulk methods like ThT 

detection monitor the overall gain of fibrillar material.114 A significant reduction of the complexity can 

be achieved by focusing on two parameters of the fibril length distribution at a given monomer 

concentration c(t): the time dependent evolution of the number concentration P(t) (referring to the 

number of fibrils, given in molar concentration in units of 1 M) and the mass concentration M(t) 

 

 
Figure 1.4: Schematic overall kinetic profile of amyloid self-assembly. The sigmoidal shape defines the three 
macroscopic phases, i.e. the lag, exponential growth and plateau phase. The time-point at which the fibrillar 
mass reaches 50 % of its plateau value is referred to as half-time t1/2. 



Introduction 

10 

(referring to the monomer equivalent incorporated into fibrils, given in molar concentration in units 

of 1 M) of fibrils of any size.112,117,118 

Intensive research over the last decades revealed that the macroscopically observable sigmoidal 

fibrillation behavior origins from an intricate network of individual microscopic processes 

(Figure 1.5A).119 These individual processes are classified as processes affecting fibril mass M or fibril 

number P. The latter can further be sub-divided into monomer dependent primary and fibril 

dependent secondary (multiplication) processes. In the following, the individual processes as well as 

the corresponding rate equations will be introduced according to well-established 

descriptions.112,116,118 

 

• Elongation is considered to be the main contribution to the increase of fibril mass. The 

mechanism is typically understood as a ‘dock-and-lock’ process in which a monomer from 

solution attaches to a growth-competent end followed by a rearrangement step generating a 

new growth-competent end. At low concentrations, the monomer concentration dependent 

fast attachment step is rate-limiting, while the slower conversion step determines the rate at 

high concentrations. This leads to a saturation of the elongation process at high concentrations 

and shares high similarity with Michaelis-Menten like enzyme kinetics. Here, KE describes the 

equilibrium constant at the half-maximal growth speed. The overall rate constant for 

elongation is k+. 

 

𝑑𝑀

𝑑𝑡
=  

2 𝑘+ 𝑐(𝑡) 𝑃(𝑡)

1 +  
𝑐(𝑡)
𝐾𝐸

 Equation 1.1 

 

• Primary nucleation is the main process generating new fibrils in the lag phase of fibrillation. 

Primary nuclei are formed involving only peptides from bulk solution. The nucleus is defined 

to be smallest species offering growth competent ends. It is therefore thermodynamically 

unfavorable and is either rapidly dissociating or being elongated. Traditionally, primary 

nucleation is modeled as a single-step process with the rate constant kn and the reaction order 

nc though the exact molecular mechanism can involve several association and conversion 

steps. The associated increase of fibrillar mass due to primary nucleation is considered to be 

negligible. 

 

𝑑𝑃

𝑑𝑡
=  𝑘𝑛 𝑐(𝑡)𝑛𝑐 Equation 1.2 



Introduction 

11 
 

• Secondary nucleation describes the formation of nuclei from monomers catalyzed by a 

present fibril surface. Thus, it only contributes to the overall fibrillation when a certain fibrillar 

mass has already been formed. In analogy to the mechanism described for elongation above, 

secondary nucleation can be considered as a two-step process involving a monomer 

concentration dependent attachment to the fibril surface and a subsequent rearrangement 

and detachment. Therefore, saturation can occur at high protein concentrations, where KM is 

the equilibrium constant where dP/dt is half-maximal. The overall rate constant is k2 with the 

corresponding reaction order n2. 

 

𝑑𝑃

𝑑𝑡
=  

𝑘2 𝑀(𝑡) 𝑐(𝑡)𝑛2

(1 +  
𝑐(𝑡)
𝐾𝑀

)
𝑛2

 Equation 1.3 

 

• Fragmentation creates new growth-competent ends originating from breakage of present 

fibrils e.g. due to shear forces and depends on the amount of fibrils. For simplicity, the 

fragmentation probability is assumed to be equal for each position of the fibril. The 

corresponding rate constant is k-. 

 

𝑑𝑃

𝑑𝑡
=  𝑘– 𝑀(𝑡) Equation 1.4 

 

The rate constants (kx) contribute to the overall kinetics as factors, whereas reaction orders (nx) enter 

the equations as potencies and describe the dependence of dP/dt and dM/dt on the initial monomer 

concentration c0. The exact interplay of rates and reaction orders depending on the observed 

amyloidogenic system and the applied condition determines the overall (sigmoidal) shape of the 

macroscopic fibrillation profile. A simplified reaction network considering the evolution of P(t) and 

M(t) and their turnover by the microscopic processes is shown in Figure 1.5B. 

The mechanism of fibril formation of an individual amyloidogenic system in terms of dominant 

microscopic processes often follows a well-established framework.120,121 Here, fibrillar growth is 

monitored for a broad range of initial concentrations. An extraction of the half-times with a 

subsequent plot of log(t1/2) vs. log(c0) allows first insights into the dependence of fibril growth on the 

initial concentration, indicated by the scaling exponent γ.116 For many reported cases, this plot shows 

a linear scaling indicating a consistent mechanism throughout the concentration range probed, i.e. no 

change of the rate determining step (Figure 1.6A). The slope of γ can already hint towards dominant 
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Figure 1.5: Individual microscopic processes involved in amyloid fibril formation. A – Schemes of the processes 
contributing to the increase of fibril number concentration P(t) and fibril mass concentration M(t). Monomers 
are represented by blue circles, fibrils by red rectangles. Secondary nucleation and elongation are displayed as 
multistep processes as described in the main text. B – Closed reaction network of the processes formulated as a 
Petri net with their contributions to P(t) and M(t) as the two only relevant entities for an effective kinetic 
description. A and B adapted from ref.116 

processes and corresponding reaction orders.116 Exemplary, characteristic slopes of γ = -0.5 or γ = -1.5 

can indicate fragmentation or secondary nucleation-driven fibrillation mechanisms for the specific case 

of n2 = 2 (𝛾 =  − (𝑛2 + 1) 2−1 ), respectively. In contrast, a non-linear scaling behavior can originate 

from saturation of serial processes (elongation or secondary nucleation as described above) with a 

positive curvature (Δγ > 0, Figure 1.6B) or from competition of two processes acting in parallel (two 

secondary processes or competition of primary with secondary nucleation) indicated by a negative 

curvature (Δγ < 0, Figure 1.6C). 116 While saturation, typically occurring at high initial concentrations,122 

as well as the competition of two secondary processes are well described in the literature,123 a 

competition of the two main nucleation events (primary vs. secondary) remained obscure.124 The rate 

constant kn of primary nucleation is typically small compared to k2 for secondary nucleation, normally 

by several orders of magnitude.120 Consequently, the reaction order nc (Equation 1.2) must be high 

compared to n2 (Equation 1.3) for an effective competition of primary with secondary nucleation. This 
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has only been theoretically demonstrated.125 Additionally, it has been shown that the formation of a 

primary nucleus involving many monomers most likely applies for peptides with a low β-sheet 

propensity.126 

The previous examples analyzed typical appearances of the log(t1/2)-log(c0)-plot including linearity or 

curvature. Furthermore, inhibitory effects indicated by a positive slope (Figure 1.6D) were described 

e.g. for competition with off-pathway processes or “capping” effects at high concentrations.127 Fibrillar 

growth independent from the total concentration have been reported for systems nucleating from 

micellar or liquid-liquid phase separated systems (Figure 1.6E).128,129 

The log(t1/2)-log(c0)-plot only allows a first investigation of the concentration dependence of amyloid 

growth and a rough estimation of dominant processes. In order to learn more about elongation and 

the influence of multiplication processes for a distinct system, seeding experiments can help to 

elucidate the fibrillation mechanism.122 A seed, in this case, is a pre-formed fibril of the same peptide 

which is transferred to a new reaction solution and thus exposed to new monomers (Figure 1.7A). 

Monomers can attach to growth-competent ends and elongate the fibril, being referred to as 

templated growth (Figure 1.7B).130 Additionally, secondary nucleation can occur catalyzed by the 

existing fibril surface. In principle, seeding can be performed homogeneously as described, or 

heterogeneously by using pre-formed fibrils from another peptide.131 In order to refer to the amount 

of seeds added, the concentration of monomer equivalents being incorporated into seed fibrils (in 

units of 1 M-1) is often used. 

For an appropriate application and interpretation of seeding experiments, the properties of the seed 

fibrils need to be considered.132 Depending on the specific peptide, fibrils can tend to be long or short, 

appear as individual filaments or clustered. Hence, the main parameter to describe the seed fibrils is 

the initial seed number concentration P0 in relation to the mass concentration M0.132,133 Note that P0 is 

 

 

Figure 1.6: Possible cases of concentration dependences of fibril formation displayed as log(t1/2)-log(c0)-plots for 
A – linear behavior, B – positive curvature (Δγ > 0) indicating saturation effects, C – negative curvature (Δγ < 0) 
typical for competing processes, D – inhibition of fibril formation indicated by a positive slope and E – (apparent) 
monomer concentration independent fibril growth. Artificial data points were used. A-C adapted from ref. 116, D 
from ref.127 and E from ref.128 
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always several orders of magnitude smaller than M0 since fibrils typically contain hundreds to 

thousands of monomers.132 According to the scientific question, it is required to expose either a high 

number of growth competent ends, or a high surface area. A control of the length distribution can be 

achieved e.g. by ultrasonication inducing breakage of fibrils (Figure 1.7C).134 

The general influence of multiplication processes on fibril growth can easily be investigated by a 

separate concentration dependent fibrillation experiment similar to the approach described above.121 

Here, a low amount of pre-formed seeds is added, typically about 0.1 % of the respective monomer 

concentration, given in monomer equivalents.135 The presence of seeds bypasses primary nucleation 

Thus, a considerable reduction of the lag-phase, and therefore t1/2, is a strong indicator for the 

involvement of multiplication processes (Figure 1.7D, red curve, and Figure 1.7E, left panel).121,135 This 

remodeling of the reaction network can lead to linearity of the log(t1/2)-log(c0)-plot even for complex 

de novo behavior (Figure 1.7E, right panel).136 Significantly increasing the seed concentration (typically 

5 – 30 % of c0) additionally makes secondary nucleation negligible resulting in a completely abolished 

lag phase with exponential-like growth that only reflects elongation (blue in Figure 1.7D).121,135 More 

generally, the first few time-points of seeded fibril growth (in the high-seeding regime) account for the 

elongation process.137 They can either display an exponential-like curve shape for very high P0 or an 

increasing slope, or even sigmoidal behavior, for a strong influence of secondary processes. In the 

latter case, P0 is not sufficient that the early growth depends solely on elongation. 

These considerations lead to the use of seeding experiments to investigate concentration effects on 

elongation and secondary nucleation. First, adding seeds with high P0 compared to M0 at a constant 

amount to increasing monomer concentrations (Equation 1.1) will allow (I) to investigate if there is a 

linear concentration dependence and (II) to extract the rate constant k+. A decrease of the slope (at 

high concentrations) indicates saturation of the elongation process.122 In contrast, an increasing slope 

indicates that elongation occurs via the addition of oligomeric species, rather than monomers.137 This 

case has been demonstrated for the ΔN6 variant of human microglobulin β2m.138 The extraction of k+ 

requires an appropriate estimate of the fibril number P0, which is not trivial, but can be addressed by 

e.g. electron microscopy via the average dimension of the seed fibrils.139 Second, a saturation of 

secondary nucleation indicated by a negative slope within the log(t1/2)-log(c0)-plot can also be verified 

by a seeding experiment with constant P0 and varying monomer concentrations.121,140 Here, a high 

surface area and relatively low number of growth-competent ends can assure that elongation of the 

seeds alone is not sufficient to significantly contribute to the overall fibrillation, rather than elongation 

of ends originating from multiplication processes. However, the described method only allows an 

estimate for the influence of secondary mechanisms rather than a determination of the corresponding 

rate constants. 
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Figure 1.7: Principles of seeded fibril growth. A – Monomers (blue) are able to form fibrils from pre-formed fibril 
seeds (red) resulting in fibrils originating from these templates by elongation (red and orange) or secondary 
nucleation and elongation (only orange). B – The experimental scheme demonstrates that initially monomers are 
incubated to yield the seeds. These are subsequently added to a new solution of fresh monomers. Elongation 
and secondary nucleation result in a new fibril equilibrium. C – Ultrasonication can adjust the length distribution 
of the seeds by breakage of the initial fibrils. Short fibrils offer a high number of growth-competent ends P0 for 
elongation, whereas long fibrils present a high surface area for secondary nucleation. D – Schematic influence of 
seed addition to the kinetics and the corresponding processes of fibril growth. In de novo fibrillogenesis (black, 
no seeds) all processes are active (compare Figure 1.4). Adding a low amount of seeds (red, appr. 0.1 % of c0, 
given in monomer equivalents) bypasses primary nucleation (in case secondary processes are active) resulting in 
a reduction of the lag-time. The presence of a high amount of seeds (blue, up to 30 % of c0) bypasses elongation 
as well as secondary nucleation. As a consequence, only elongation significantly contributes to the fibrillation 
kinetics. E – Schematic log(t1/2)-log(c0)-plots indicating the systematic reduction of t1/2 in the case of a low-
seeding regime. For curved plots (exemplary shown in the right panel), low seeding conditions typically lead to a 
linear behavior. Electron micrographs in C were taken from ref.141, plots in E (black) are identical to panels A and 
B of Figure 1.6. Artificial data points were used in panel E. 

A more detailed determination of rate constants and reaction orders can be achieved by fitting 

concentration dependent kinetic fibrillation data to mathematical models with respect to the 

individual microscopic processes, including global fitting approaches.142 It becomes obvious that the 

mechanistic investigation of amyloid growth for a specific amyloidogenic peptide requires 

experimental data of high quality including reproducibility of replicates and between different sample 

batches. This can be achieved by a precise control of sample preparation and the conditions during 

fibril growth. Also, the quality of seeds determines the success of seeding experiments, requiring a 

reproducible protocol for seed preparation. The approaches discussed in this thesis are only valid for 

amyloid fibril formation displaying sigmoidal-shaped kinetics. Other forms or biphasic behavior might 
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occur due to weak control of conditions or represent an intrinsic property requiring other 

mathematical models. 

 

1.2.2 The Role of Oligomers in Amyloid Growth 

The assembly of monomers into oligomeric species is a fundamental requirement for amyloid fibril 

formation. In this context, oligomers are small, metastable associates of peptides or proteins observed 

during fibril growth with distinct morphologies from these mature fibrils.143,144 Direct, experimental 

observations of oligomers showed that their highest concentrations are reached during the early 

stages of the process, i.e. the lag time, being intermediates of the conversion of monomers into 

filaments.145-147 

Depending on their contribution towards fibril formation, oligomers can be classified as “on-pathway” 

or “off-pathway”, although this simple binary discrimination is not trivial.143 The latter do not directly 

contribute to fibril nucleation or growth and need to dissociate into monomers first and can thus even 

be inhibitors of fibril formation due to depletion of the available monomer or due to interference with 

other processes.148,149 On-pathway oligomers, in general, display at least a probability to be converted 

into fibrils, although despite being possibly prone for dissociation or side reactions. 

For a mechanistic interpretation, oligomers are distinguished into fibrillar and non-fibrillar species.143 

“Fibrillar oligomers” are oligomers that can be elongated by, e.g., monomer addition but are too short 

to be identified as mature fibrils. The terminology “short colloidal filaments” might be a more accurate 

description for these species. This definition consequently requires the cross-β motif, as present in the 

mature fibrils. In contrast, “non-fibrillar” oligomers are much more heterogenous in terms of structure, 

size and persistence. Growth of these oligomer species is much slower compared to elongation of 

fibrils. Importantly, non-fibrillar oligomers can, given an on-pathway probability, be transformed to 

fibrillar oligomers and further into fibrils by a conformational conversion step. 

Amyloid fibril formation implies a high energy barrier for primary nucleation depending on the 

pathway of nucleus formation.150,151 In principle, (on-pathway) oligomers can form cooperatively until 

the critical nucleus size is reached (Figure 1.8, left panel). The fate of the critical nucleus is determined 

by its propensity to either dissociate or grow towards a fibril. In analogy to classical nucleation theory, 

the nucleus formation is energetically highly unfavorable.152 Therefore, such oligomers are transient 

and challenging to be observed experimentally.144 In contrast, oligomer formation can also represent 

a local minimum in the free energy landscape allowing accumulation of oligomeric species to a 

considerable degree (Figure 1.8, middle panel).153,154 The energy barrier towards nuclei formation in 

this case reflects the structural conversion towards the elongation-competent state. This is referred to 
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Figure 1.8: Simplified schematic Gibbs free energy landscapes for three scenarios of oligomer formation. On-
pathway oligomerization is observed in nucleated polymerization (transient oligomer population, left panel) and 
in nucleated conformational conversion (conversion of stable oligomers, middle panel). Off-pathway 
oligomerization (right panel) can compete with on-pathway oligomerization. Monomers are shown as blue 
circles, fibrillar species as red rectangles. Non-fibrillar oligomers are indicated as orange triangles or grey stars. 
Adapted from ref.144. Arrows mark the indicated direction of the processes. 

as nucleated conformational conversion (NCC). Similar to NCC, off-pathway oligomers can also appear 

in a significant amount representing a local free energy minimum, in contrast not necessarily affecting 

the energy barrier for primary nucleation (Figure 1.8, right panel).148 

In general, the role of oligomers is divers. They can contribute to fibril formation as intermediates for 

primary and secondary nucleation or as the unit being added to growth-competent ends during 

elongation. The latter case is rare but has been experimentally shown for the ΔN6 variant of human 

microglobulin β2m.138,155 Such direct roles classify oligomers as on-pathway oligomers. The network of 

oligomeric species in fibrillar assembly is often very complex. The seminal work of G.M. Clore and 

coworkers demonstrated the power of NMR spectroscopy to disentangle a prenucleation network of 

different on- and off-pathway oligomers for the Huntingtin Exon 1 protein involved in Huntington’s 

disease.156-159 Importantly, for pathogenic amyloids oligomers more likely represent the toxic species 

rather than the mature fibrils, making them potential targets for anti-amyloid therapies.13,144,160 

 

1.2.3 Kinetic Descriptions of Nucleated Polymerization and Nucleated Conformational 

Conversion 

The single-step nucleation description treats oligomers on-pathway to the fibril nucleus as fibrillar 

species already containing the required secondary structure (Figure 1.8, left panel). Necessarily, 

assembly size is considered as the only relevant degree of freedom. The nucleus is defined as the 

critical species from which elongation becomes more favorable than dissociation. 
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In order to kinetically describe the fibrillation reaction network (Figure 1.5B), a master equation 

approach can be employed.161,162 A master equation consists of coupled differential equations 

quantifying the population balance of relevant species in terms of reaction fluxes. The master equation 

is solved applying self-consistent approaches resulting in integrated rate laws. A master equation 

describing the single-step primary nucleation involving elongation and secondary nucleation is given 

by 

 

𝜕𝑓(𝑡, 𝑗)

𝜕𝑡
= 2𝑘+𝑐(𝑡)𝑓(𝑡, 𝑗 − 1) − 2𝑘+𝑐(𝑡)𝑓(𝑡, 𝑗) +  𝑘𝑛𝑐(𝑡)𝑛𝑐𝛿𝑗,𝑛𝑐

+  𝑘2𝑐(𝑡)𝑛2𝑀(𝑡)𝛿𝑗,𝑛2
 

Equation 1.5 

 

where f(t,j) denotes the concentration of j-sized fibrils.118,119,121,163,164 Conveniently, the focus is set only 

on the time evolution of the principal moments of fibril number concentration P(t) and fibril mass 

concentration M(t) with 

 

𝑃(𝑡) =  ∑ 𝑓(𝑡, 𝑗)
∞

𝑗=min (𝑛𝑐𝑛2)
 Equation 1.6 

𝑀(𝑡) =  ∑ 𝑗𝑓(𝑡, 𝑗)
∞

𝑗=min (𝑛𝑐𝑛2)
 Equation 1.7 

 

Summarizing over j and considering only elongation as the main dominant contribution to M(t), the 

following simplified differential equations can be derived:118,119,121,163,164 

 

𝑑𝑃(𝑡)

𝑑𝑡
=  𝑘𝑛𝑐(𝑡)𝑛𝑐 +  𝑘2𝑐(𝑡)𝑛2𝑀(𝑡) Equation 1.8 

𝑑𝑀(𝑡)

𝑑𝑡
= 2𝑘+𝑐(𝑡)𝑃(𝑡) =  −

𝑑𝑐(𝑡)

𝑑𝑡
 Equation 1.9 

 

In the absence of initial fibril seeds, an analytical solution applying self-consistent methods results in a 

single equation describing the time dependent increase of fibrillar mass from primary and secondary 

processes:118,164 
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𝑀(𝑡)

𝑐0
= 1 −  

𝑐(𝑡)

𝑐0
=  

𝜆2

2𝜅2  (𝑒𝜅𝑡 − 1)

1 + 
𝜆2

2 𝜅2  (𝑒𝜅𝑡 − 1)
= 1 −  

1

1 +  
𝜆2

2𝜅2  (𝑒𝜅𝑡 − 1)
 Equation 1.10 

 

The individual processes are summarized in the two parameters λ and κ and reflect the sum of primary 

and secondary processes, respectively. They are defined as 

 

𝜆 = (2 𝑘+ 𝑘𝑛𝑐0
𝑛𝑐)

1
2⁄
 Equation 1.11 

𝜅 =  (2 𝑘+ 𝑘2 𝑐0
𝑛2+ 1

)
1

2⁄
 Equation 1.12 

 

Here, λ is the overall rate constant in the absence of any secondary processes as first developed by 

Oosawa112,165 and κ the analogous constant for multiplication processes.118 For a simple kinetic 

description of amyloid fibril growth using this traditional bulk model, Equation 1.10 is sufficient to 

discriminate the impact of primary and secondary processes. 

However, this model is not sufficient to describe significant populations of oligomers, as demonstrated 

for Aβ42.145 The multi-step mechanism of NCC involves an initial assembly step of non-fibrillar 

oligomers, i.e. that these oligomers can be structurally diverse and significantly different from the 

 

 
Figure 1.9: Simplified nucleation schemes according to the models of A – nucleated polymerization (NP) and 
B – nucleated conformational conversion (NCC, bottom) for primary (left) and secondary nucleation (right). In 
NP, the formation of the nucleus proceeds via the cooperative, consecutive growth of an oligomer until the 
critical nucleus size is reached and the elongation process starts to increase the fibrillar mass. Oligomers here 
are transient and have a high propensity to dissociate. In NCC, oligomers are formed that have a secondary 
structure distinct from the fibrillar state. These oligomers can accumulate to a significant degree and finally 
undergo a conformational conversion towards the fibrillar state to form the nucleus enabling the elongation 
process. The respective rate constants are indicated. The corresponding free energy landscapes are shown in 
Figure 1.8 (left and middle panel). 
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secondary structure of monomers incorporated into fibrils (Figure 1.8, middle panel, and 

Figure 1.9).166-170 An additional step necessary for nucleus formation is the structural conversion of 

oligomers into the elongation-competent fibril nucleus. Besides size, structure (β-sheet content in 

particular) is considered as a second degree of freedom. 

A kinetic model including considerable oligomer accumulation has been developed by Michaels et al. 

(2020) and Dear et al. (2020) which will be introduced  and referred to in the following section:145,171 

Oligomers (O(t)) able to convert into fibril nuclei and solely formed by association of free monomers 

are generated with the rate 𝑂(𝑡) =  𝑘𝑜𝑙𝑖𝑔𝑜,1𝑐(𝑡)𝑛𝑜𝑙𝑖𝑔𝑜,1, oligomerization catalyzed by a fibril surface 

proceeds with 𝑂(𝑡) = 𝑘𝑜𝑙𝑖𝑔𝑜,2𝑐(𝑡)𝑛𝑜𝑙𝑖𝑔𝑜,2𝑀(𝑡). These oligomers finally convert to elongation-

competent species, occurring with the rate 𝑃(𝑡) =  𝑘𝑐𝑜𝑛𝑣𝑐(𝑡)𝑛𝑐𝑜𝑛𝑣𝑂(𝑡). This extends the differential 

Equations 1.6 and 1.7 in the following way: 

 

𝑑𝑂(𝑡)

𝑑𝑡
=  𝑘𝑜𝑙𝑖𝑔𝑜,1𝑐(𝑡)𝑛𝑜𝑙𝑖𝑔𝑜,1 + 𝑘𝑜𝑙𝑖𝑔𝑜,2𝑐(𝑡)𝑛,𝑜𝑙𝑖𝑔𝑜,2 −  𝑘𝑐𝑜𝑛𝑣𝑐(𝑡)𝑛𝑐𝑜𝑛𝑣𝑂(𝑡)

+  𝑘𝑑𝑂(𝑡) 

Equation 1.13 

𝑑𝑃(𝑡)

𝑑𝑡
=  𝑘𝑐𝑜𝑛𝑣 𝑐(𝑡)𝑛𝑐𝑜𝑛𝑣  𝑂(𝑡) Equation 1.14 

𝑑𝑀(𝑡)

𝑑𝑡
= 2 𝑘+ 𝑐(𝑡)𝑃(𝑡) =  − 

𝑑𝑐(𝑡)

𝑑𝑡
 Equation 1.15 

 

where kd is the dissociation rate of oligomers. In analogy to Equation 1.10, the time evolution of fibrillar 

mass can be expressed as 

 

𝑀(𝑡)

𝑐0
=  

𝑀0(𝑡)
𝑐0

1 + 
𝑀0(𝑡)

𝑐0

 ≃  

�̅�3

3 �̅�3  (𝑒�̅�𝑡 − 1)

1 +  
�̅�3

3 �̅�3  (𝑒�̅�𝑡 − 1)

= 1 − 
1

1 + 
�̅�3

3 �̅�3  (𝑒�̅�𝑡 − 1)

 Equation 1.16 

 

M0(t) indicates a linearized solution of Equation 1.15 in the early time limit with 

𝑀0(𝑡) =  �̅�3 3−1 �̅�−1 (𝑒�̅�𝑡 − 1). Equation 1.16 derives from a combination with the steady-state 

behavior M(t=∞) = c0. The parameters are defined as 
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�̅� =  (2 𝑘+ 𝑘𝑜𝑙𝑖𝑔𝑜,1 𝑘𝑐𝑜𝑛𝑣 𝑐0

𝑛𝑜𝑙𝑖𝑔𝑜,1+ 𝑛𝑐𝑜𝑛𝑣)
1

3⁄
 Equation 1.17 

�̅� =  (2 𝑘+ 𝑘𝑜𝑙𝑖𝑔𝑜,2 𝑘𝑐𝑜𝑛𝑣 𝑐0

𝑛𝑜𝑙𝑖𝑔𝑜,2+ 𝑛𝑐𝑜𝑛𝑣+1
)

1
3⁄

 Equation 1.18 

 

Note that 𝜆 and 𝜅 in Equation 1.10 are here replaced by �̅� and �̅�. In principle, both equations are 

equivalent. Consequently, 𝜅/�̅� as well as the prefactors must be equal. In Equation 1.16, the prefactor 

�̅�3 3−1 �̅�−3 can be interpreted as a critical mass of fibrillar material which is necessary to initiate the 

autocatalytic feedback loop of secondary nucleation. 

The overall proliferation rate depends on the monomer concentration with �̅� ∝  𝑐0
𝛾

. Thus, the scaling 

factor γ represents the arithmetic mean of the individual reaction orders for oligomer formation, 

conversion and elongation with 

 

𝛾 =  
𝑛𝑜𝑙𝑖𝑔𝑜,2 +  𝑛𝑐𝑜𝑛𝑣 + 𝑛𝑒𝑙𝑜𝑛

3
 Equation 1.19 

 

For the case of elongation via monomer addition, 𝑛𝑒𝑙𝑜𝑛 = 1. 

The single-step model treats nucleation as a process with assembly size as the only factor of freedom 

and therefore with only one relevant rate constant (kn or k2). Possible oligomers are assumed to be 

structurally identical to fibrils. This can be interpreted as a “nucleation-elongation” mechanism for 

primary and secondary processes. The corresponding reaction orders are directly related to physical 

nuclei sizes. In contrast, the multi-step model includes the formation of structurally diverse oligomers 

to a considerable amount (koligo,1, koligo,2). The reaction order (noligo,1, noligo,2) reflects the number of 

monomers to form the respective oligomer. An additional degree of freedom is represented by a 

structural conversion of the oligomers towards a, typically, β-sheet rich growth competent species 

(kconv). A physical interpretation of the reaction order nconv is given by the number of monomers in the 

oligomer that form the site of the first conversion step. 

For an amyloidogenic system which is characterized by the accumulation of oligomeric species during 

nucleation, Equation 1.16 provides a powerful tool to disentangle primary (�̅�) and secondary processes 

(�̅�). In Figure 1.10A, the impact of a variation of the two parameters �̅� and �̅� is demonstrated. A 
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Figure 1.10: A – Influence of variations of the two parameters 𝜆̅ and �̅� of Equation 1.16 on the appearance of the 

time dependent fibril mass increase. The first curve in both graphs is calculated from Equation 1.16 with 𝜆̅ = 1 h-1 

and �̅� = 0.2 h-1. A variation of 𝜆̅ leads to an increase of the lag-time and t1/2 with no influence on the slope (left, 

𝜆̅ = 1 h-1, 0.1 h-1, 0.01 h-1, 0.001 h-1, 0.0001 h-1), whereas varying �̅� leads to a reduction of the slope and thus to 

an increase of t1/2 (right, �̅� = 0.2 h-1, 0.13 h-1, 0.09 h-1, 0.06 h-1, 0.04 h-1). B – Extracting 𝜆̅ and �̅� from concentration 

dependent fibrillation curves with a subsequent plot of log(𝜆3̅/�̅�3) vs. log(c0) allows the determination of the 
corresponding reaction orders from the slopes with 𝛾𝜆 = noligo,1 + nconv and 𝛾�̅� = noligo,2 + nconv + 1. Artificial data 
points were used in panel B. 

systematic decrease of �̅� produces curves with identical slopes but increasing t1/2, indicating a 

prolongation of the lag-phase. In contrast, a variation of �̅� leads to curves with a decreasing slope in 

the growth phase coupled with increasing t1/2. Note that even small variations of �̅� display a substantial 

influence on the curves. As demonstrated in Figure 1.10A, a decrease by factor five shows a much 

higher impact than a decrease of �̅� by four orders of magnitude. 

With this equation, concentration dependent fibrillation curves can be fitted either globally or 

individually. In the latter case, the two obtained parameters for each curve can be plotted as log(�̅�3/�̅�3) 

vs. log(c0). A linear slope of this plot gives the reaction orders noligo,1 + nconv for primary and 

noligo,2 + nconv + 1 for secondary processes (Figure 1.10B) 

 

1.2.4 The Critical Concentration of Amyloid Formation 

In amyloid self-assembly, fibrillar mass increases towards a plateau phase. Intriguingly, fibrillar mass 

in the equilibrium is not equal to the initial concentration (in monomer equivalents) (Figure 1.11, left 

panel, blue).172 Analogously, the monomer concentration is decreasing until a constant remaining 

fraction of free monomer is left (red in the same Figure). This is connected to a phenomenon observed 

for nucleation: Models for amyloid growth are based on the concept of nucleated polymerization. In 

this concept, polymerization only occurs if the initial concentration of monomers exceeds a minimum 

level which is called the critical concentration ccrit.172-174 Figure 1.11 (right panel) demonstrates that 

below this level the monomer remains unconverted, even after infinite incubation time, i.e. the 
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Figure 1.11: Concept of the critical concentration. The fraction of free, soluble protein decreases during fibril 
formation until only a small, residual proportion is left (left, red curve). Correspondingly, the fraction of fibrillar 
mass increases (blue curve). The residual free peptide fraction in thermodynamic equilibrium with fibrils is 
constant independent from the initial concentration (right, red curve), referred to as the critical concentration. 
Only the fraction of fibrillar mass increases with c0 (right, blue curve). The grey dotted line represents the 
theoretical sum of the blue and red curve. An initial concentration below the critical concentration does not lead 
to fibril formation. The schematic graph in the left panel represents the highest c0 displayed in the right panel. 

concentration of soluble protein refers to the total protein concentration. In contrast, the solution 

becomes supersaturated if the protein concentration exceeds the minimum level. The protein is 

metastable and kinetically soluble.175,176 As a consequence, the protein is able to undergo nucleated 

conversion into growth-competent species with time and finally into amyloid fibrils. In the steady-state 

phase, or the thermodynamic equilibrium, monomers are in dynamic exchange with fibrils via 

association and dissociation. This requires the introduced certain fraction of free, soluble protein.177 In 

Figure 1.11 (right panel) it is shown that this fraction is constant independent of the total protein 

concentration. Interestingly, this is equal to the critical concentration. The converted protein fraction 

increases with increasing total concentration, according to c0 = ccrit + M(t=∞). 

The critical concentration can be used to describe the Gibbs free energy of the overall fibrillation 

process.174,178 The elongation step of a growth-competent end can be described as a second-order 

reaction: 

 

 k+   

𝑀𝑜𝑛 +  𝐹𝑖𝑏𝑛  𝐹𝑖𝑏𝑛+1 Equation 1.20 

 koff   

 

with Mon a monomer, Fibn a fibril of the length n, k+ the association rate constant (elongation) and koff 

the fibril dissociation rate constant. In equilibrium, the dissociation constant K is given by 
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𝐾 =  
𝑘+

𝑘𝑜𝑓𝑓
=  

[𝐹𝑖𝑏𝑛+1]

[𝑀𝑜𝑛] [𝐹𝑖𝑏𝑛]
 Equation 1.21 

 

Due to its filamentous structure, the addition of a monomer does not change the number 

concentration of the fibril ([Fibn+1] = [Fibn]) eliminating both from the equation. Under equilibrium 

conditions, [Mon] equals the critical concentration leading to the approximation 

 

𝐾 ≈  
1

[𝑀𝑜𝑛]
=  

1

𝑐𝑐𝑟𝑖𝑡
 Equation 1.22 

 

The application of the Gibbs free energy law leads to 

 

𝛥𝐺0 =  −𝑅𝑇 ln (
𝑘𝑜𝑛

𝑘𝑜𝑓𝑓
) = −𝑅𝑇 ln(𝐾) =  −𝑅𝑇 ln (

1 𝑀

𝑐𝑐𝑟𝑖𝑡
) Equation 1.23 

 

where R is the gas constant and T the temperature. A reference concentration is introduced, chosen 

to be 1 M for convenience. Essentially, this concept applies for homogenous nucleation. 

 

1.3 The Parathyroid Hormone 

The parathyroid hormone (PTH), produced in the parathyroid glands, is the antagonist of calcitonin 

and has an important role in the control of blood Ca2+ and phosphate homeostasis as well as in bone 

metabolism.179 PTH is produced in the chief cells of the parathyroid glands as a pre-pro-hormone of 

115 amino acids (Figure 1.12A).180 The N-terminal 25 residues pre-sequence is co-translationally 

cleaved by a signal peptidase.181 The further post-translational processing in the Golgi apparatus is 

conducted by the cleavage of the pro-sequence by the pro-protein convertase furin.182 The 

physiological, mature PTH comprises 84 amino acids, referred to as PTH84. Interestingly, only about 

20 % of PTH is present in the active form, whereas 80 % remains as inactive fragments.183 After 

processing, the peptide is subsequently stored in secretory granules until its release into the blood 

stream as reaction to a decrease of the serum Ca2+ level (Figure 1.12A). 

However, an increase of the serum Ca2+ level, sensed by the Ca2+ sensitive receptor CaSR, 

downregulates mRNA transcription,184,185 inhibits the release and stimulates degradation of PTH84 into 

C-terminal fragments.186 In addition, (1α,25)-dihydroxyvitamin D (1,25-(OH)2 D), representing the 
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active form of vitamin D, inhibits gene transcription through binding to the intracellular vitamin D 

receptor (VDR).187 Furthermore, the osteocyte-derived fibroblast growth factor FGF23 which is 

involved in phosphate homeostasis, prevents mRNA transcription as well as peptide maturation by 

activating the FGF receptor FGFR1 and the coreceptor α-Klotho.188 

PTH84 is the ligand of the membrane anchored receptor PTH1R in human and rodents,189,190 which is 

exposed on the surface of osteoblasts and stroma cells in the bones, as well as on apical and basolateral 

membranes of tubuli in kidney cells. PTH1R is a G protein coupled receptor (GPCR) class B with seven 

trans-membrane domains. However, only the N-terminal 34 residues are essential for receptor 

activation.191 Binding affinity is mediated by residues 15-34 via association with the N-terminal 

extracellular domain of PTH1R.192 Residues 1-9 interact with the transmembrane region and activate 

the receptor.193 Receptor activation due to PTH binding further activates adenylyl cyclase protein 

kinase A (AC-PKA) and phospholipase C protein kinase C (PLC-PKC).194 Additionally, PTH activates a 

second class of receptors (PTH2R) whose function remains largely unknown.195 

PTH84 induces a decrease of the blood phosphate concentration by inhibiting renal phosphate 

absorption in the kidney,179 as well as Ca2+ absorption (Figure 1.12B).196 It additionally stimulates 

 

 
Figure 1.12: PTH84 biosynthesis and action. A – Biosynthesis, processing in the Golgi apparatus and storage in 
secretory granules. The granule on the right indicates the hypothesis that PTH84 is stored in the form of amyloid 
fibrils. B – Ca2+ and phosphate homeostasis. C – PTH is produced as a pre-pro-hormone. The 25-residues pre- and 
the 6-residues pro-sequence are cleaved during processing, leading to mature PTH84. The numbers indicate the 
position in the amino acid sequence, the N-terminal serine residue of mature PTH84 is referred to as position “1” 
for convenience. The N-terminal 34 residues of PTH84 display an α-helical propensity, in contrast, the C-terminal 
50 residues remain intrinsically disordered. The scheme in A is adapted from ref.198, the scheme in B from ref.199 
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hydroxylation of 25-hydroxyvitamin D into active (1α,25)-dihydroxyvitamin D, which in turn acts in the 

small intestines by increasing Ca2+ and phosphate absorption.197 

In contrast, the effect of PTH84 on the bone metabolism determines the regulation of the calcium 

homeostasis (Figure 1.12B). The molecular composition of the bones is constantly rearranged in 

response to endocrine and exocrine signals.200 PTH84 leads to changes of the gene expression levels in 

the PKA signal transduction pathway in osteoblasts. This leads to a gene expression of the receptor 

activator of nuclear factor κB ligand (RANKL) and to an inhibition of osteoprotegerin (OPG).201,202 

RANKL activates the osteoclasts due to binding of the receptor activator of NF-κB (RANK). The ratio of 

RANKL and OPG controls the osteoclastogenesis.203 This leads to degradation of hydroxyle apatite from 

bones via complex mechanisms and thus to the release of Ca2+ and inorganic phosphate.199 

This effect on bones set the focus on PTH for the treatment of osteoporosis. Interestingly, it was shown 

that a continuous infusion of PTH leads to the expected catabolic response degrading the bones. In 

contrast, a periodic infusion leads to an anabolic response.204 In this pathway, the incorporation of Ca2+ 

increased the mineral density of the bone tissue. The exact mechanism is not fully understood. A 

regulation due to the activation of different sets of genes or different effects on the same set of genes 

by continuous or periodic PTH infusion are possible.205 Due to this dichotomous role, the N-terminal 

PTH fragment PTH34 is used for the treatment of osteoporosis, known under the name teriparatide and 

has been distributed as Forteo®/Forsteo® since 1984.206,207 Many years later, in 2015, full-length PTH84 

was also approved as a drug and distributed as Natpara®.208 

As early as 1974 Anderson and Ewen showed that amyloid deposits are regularly found in healthy 

parathyroid glands (23 out of 50 cases with positive result, post mortem study).209 A significant trend 

with increasing age was indicated. Two years later, Kedar et al. reported that such deposits mainly 

contained PTH84 and also showed in vitro fibril formation of the hormone.210 A more detailed 

characterization of PTH84 fibrils was published in 2015 by Balbach, Gopalswamy and coworkers.211 It 

was shown that PTH84 could be converted into fibrils in vitro at high concentrations (10 mg ml-1), high 

temperature (65 °C) and high pH (pH 9.0) within minutes of incubation time. The X-ray diffraction 

pattern was characteristic for a cross-β structure. Furthermore, residues 25-37 were identified to 

assemble within the fibril core. Compared to e.g. the Aβ peptide (with ccrit = 0.9 µM),173 a high critical 

concentration of 74 ± 25 µM was found by resolubilization of the fibrils, indicating a reversible 

fibrillation behavior of PTH84. However, direct evidence for a physiological function of PTH84 fibrils has 

not been reported until today. A role in peptide storage is suggested in analogy to peptide hormones 

from the pituitary glands.55 At a molecular level, residues 1-34 of mature PTH84 display a certain 

propensity to form α-helices, whereas the C-terminal 50 residues adopt no specific secondary 

structure, i.e. they are intrinsically disordered (Figure 1.12C).211,212 
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1.4 Scientific Questions 

When the projects presented in this thesis had been started, there was only a limited understanding 

of PTH84 fibril formation. No detailed information about the general fibrillation mechanism and its 

individual sub-steps was available. Furthermore, a general deeper understanding of amyloid fibril 

formation at high peptide concentrations and under physiological conditions (pH, cellular effectors) 

was missing. 

In addition, the critical concentration of amyloid formation was an under-investigated topic in the 

amyloid field. Only a few amyloidogenic peptides with a high critical concentration which is potentially 

analyzable by state-of-the-art techniques were known. The usually low (sub-µM) critical 

concentrations are typically not considered to demand detailed understanding and investigation of the 

properties characterizing this phenomenon. PTH84 offers the possibility to address this topic. 

This thesis aims to shed light on the following physicochemical and biophysical questions from a 

biochemical perspective: 

 

• What are the individual microscopic processes involved in PTH84 amyloid fibril formation? 

• Which of these processes is dominant and which is rate-limiting? 

• What are the general characteristics of amyloid fibril formation at high peptide 

concentrations? 

• What are the molecular characteristics of PTH84 at the critical concentration for amyloid 

formation? 

• What is the molecular structure of PTH84 fibrils? 

• What are the requirements for PTH84 fibrillogenesis in vivo? 

• Which experimental evidences classify PTH84 as a functional amyloid? 

 

The scientific findings are captured in three peer-reviewed publications which scaffold this cumulative 

doctoral thesis. Additional results to increase the understanding of different aspects of the hypotheses 

and conclusions are included in a separate chapter. 

 



 

28 

 

 



Publications and Results 

29 
 

2 Publications and Results 

This thesis is based on the following peer-reviewed publications: 

 

I. A Competition of Secondary and Primary Nucleation Controls Amyloid Fibril Formation of the 

Parathyroid Hormone 

B. Voigt, M. Ott, J. Balbach 

Macromol. Biosci. 2023, e2200525 

DOI: 10.1002/mabi.202200525 

 

II. The Prenucleation Equilibrium of the Parathyroid Hormone Determines the Critical Aggregation 

Concentration and Amyloid Fibril Nucleation 

B. Voigt, T. Bhatia, J. Hesselbarth, M. Baumann, C. Schmidt, M. Ott, J. Balbach 

ChemPhysChem 2023, e202300439 

DOI: 10.1002/cphc.202300439 

 

III. Heparin promotes rapid fibrillation of the basic parathyroid hormone at physiological pH 

L.M. Lauth, B. Voigt, T. Bhatia, L. Machner, J. Balbach, M. Ott 

FEBS Lett. 2022, 596, 2928-2939 

DOI: 10.1002/1873-3468.14455 
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2.1 Paper I: B. Voigt et al. (2023), A Competition of Secondary and Primary Nucleation 

Controls Amyloid Fibril Formation of the Parathyroid Hormone 

Aims and Summary 

In this paper, the molecular mechanism of amyloid fibril formation by the parathyroid hormone PTH84 

was investigated. The analysis of ThT monitored reaction kinetics revealed an intricate, concentration 

dependent network of individual monomer as well as fibril dependent processes. The subsequent 

analysis approach allowed to discriminate between the effective rates of primary and secondary 

processes. Two distinct rates were found for primary nucleation. The corresponding reaction orders 

indicate different concentration dependent primary nuclei precursors, i.e. a small, low-molecular 

weight oligomer at low concentrations (of the order of a di- to tetramer) and a high-molecular weight 

(HMW) oligomer at high concentrations (appr. a 9- to 16-mer). Most intriguingly, the consequence of 

this high dependence of primary processes on the total concentration is a competition of primary with 

secondary processes at high concentrations, which is the first experimentally reported case of this 

scenario according to the knowledge of the authors. Secondary nucleation, in contrast, was found to 

proceed via monomers. The same was found for elongation of existing fibrils. Both of these monomer 

dependent processes become inhibited at very high concentrations which was interpreted as reduced 

monomer availability due to oligomer formation. Interestingly, PTH84 fibrils displayed a strong 

polymorphism, in terms of incorporated sub-filaments, depending on the initial concentration. 

Moreover, at high initial concentrations fibrils were found to form supramolecular clusters that 

eventually precipitate with an apparent rate constant independent from the monomer concentration. 

Last, the previously published critical concentration was confirmed and found to be independent of 

the initial monomer concentration, supporting the model of the critical monomer concentration for 

amyloid formation. 

Contribution 

The author of this thesis recombinantly produced the peptide (including a modification of the 

purification protocol to enhance data quality and reliability), prepared all samples for kinetics and 

imaging, planned and conducted all experiments, performed the (negative staining) electron 

microscopy imaging, analyzed the fibril nucleation kinetics (together with co-author Dr. Maria Ott) and 

kinetics of seeded fibril growth, interpreted the data with support from the co-authors, prepared all 

figures, wrote the complete manuscript draft and incorporated corrections from the co-authors. 
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Original Paper 

The original paper is included on the following pages (pp. 32-42). The Supporting Information can be 

found in Appendix A.1. 
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A Competition of Secondary and Primary Nucleation
Controls Amyloid Fibril Formation of the Parathyroid
Hormone

Bruno Voigt, Maria Ott, and Jochen Balbach*

Functional amyloids belong to an increasing class of non-toxic biologic
material, in contrast to the prominent disease-related amyloids. Herein, this
work reports on the fibril formation of the parathyroid hormone PTH84 as a
representative candidate following the same generic principles of primary and
secondary nucleation. Employing Thioflavin T monitored kinetics analyses
and negative-staining transmission electron microscopy, an intricate,
concentration dependent behavior of time dependent generation and
morphologies of PTH84 fibrils are found. While at low peptide concentrations,
fibril formation is driven by surface catalyzed secondary nucleation, an
increased amount of peptides cause a negative feedback on fibril elongation
and secondary nucleation. Moreover, the source of primary nuclei is found to
regulate the overall macroscopic fibrillation. As a consequence, the
concentration dependent competition of primary versus secondary nucleation
pathways is found to dominate the mechanism of fibril generation. This work
is able to hypothesize an underlying monomer-oligomer equilibrium providing
high-order species for primary nucleation and, additionally, negatively
affecting the available monomer pool.

1. Introduction

Amyloid fibrils play key roles in disease and physiological
function.[1,2] An increasing number of so-called functional amy-
loids had been identified, for which the fibrillar state is not a
pathological form of the corresponding protein but has its own
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biological function. An important feature is
the, at least partial, reversibility of fibril for-
mation and thus a controlled monomer re-
lease. Among others, functional amyloids
have implications in bacterial biofilm, hu-
man skin pigmentation, memory and pep-
tide hormone storage.[3–6] For the latter
task, peptide hormones are synthesized as
monomers, and subsequently stored in se-
cretory granules. Upon release into the
blood stream, monomers dissociate from
fibril ends and can thus act on their
targets.[7–9] For 𝛽-endorphin it has been
shown for example that a pH jump (from
acidic granule into alkaline blood) in com-
bination with a drop in peptide concentra-
tion due to dilution triggers the monomer
release.[10]

Tracking the kinetics of amyloid forma-
tion, for example, by the small organic
dye Thioflavin T (ThT) monitoring the fib-
rillar mass, results in a sigmoidal shape
build up curve when starting from peptide
monomers. The time evolution comprises

a lag-phase, a growth phase and a stationary phase at which
the system approaches an equilibrium state.[11,12] Intensive work
over the last decades revealed that this simple macroscopic be-
havior originates from an intricate network of different individ-
ual molecular mechanisms.[13] These are typically classified into
processes increasing the fibrillar mass M (elongation) and the
number of fibrils P (Figure 1). The latter comprises primary (pri-
mary nucleation) and secondary events (secondary nucleation,
fragmentation). The contribution of these individual microscopic
pathways for a certain system and the respective rate constants
defines the macroscopic curve shape as well as its dependence
on the peptide concentration.[14,15]

The parathyroid hormone is a peptide hormone acting in Ca2+

and phosphate homeostasis which gets produced by the parathy-
roid glands as a pre-pro-hormone of 115 amino acids.[18,19] The
25 residue pre sequence is cleaved co-translationally, while the
six residue pro-sequence is cleaved by the endopeptidase fu-
rin in the Golgi apparatus.[20,21] The mature hormone, being re-
ferred to as PTH84, comprises of 84 amino acids. The N-terminal
34 amino acids exhibit an 𝛼-helical propensity whereas the C-
terminus remains intrinsically disordered.[22,23] In previous in
vitro studies we demonstrated that PTH84 undergoes sponta-
neous fibrillar self-assembly at neutral and alkaline conditions
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Figure 1. Simplified microscopic processes involved in macroscopic amy-
loid fibril formation.[16] New fibrils (one fibril/seed is assumed to have two
growth-competent ends, P) are generated by primary (primary nucleation
– k1) or secondary processes (secondary nucleation – k2, fragmentation –
k-). The increase of fibrillar mass M occurs mainly via elongation of growth-
competent ends, k+, by the addition of, in most cases, monomers. The
mass increase due to nucleation is typically neglected in the analysis. In
this work, we use a three-step kinetic model treating k1 as koligo,1 kconv and
k2 as koligo,2 kconv (see Experimental section).[17]

(pH7.4 and pH9.0).[22,24] Under physiological context, on the
other hand, no spontaneous fibril formation is observed.[25] In-
stead, glycose-amino-glycans (GAG), such as heparin, can act as
a trigger molecule initializing amyloid fibril formation. The role
of GAGs in assisting fibril formation is also known for other amy-
loidogenic peptides.[6,26] Moreover, PTH84 fibrils are the hypoth-
esized storage form of the hormone in analogy to various peptide
hormones from the pituitary gland.[6,22,27]

This work was performed as part of project A12 of the Collab-
orative Research Center Transregio CRC-TRR 102 “Polymers un-
der multiple constraints.” There, we focused on the polymer and
biophysical properties of PTH84 and polymer hybrid-molecules.
The latter included covalent conjugates of synthetic polymers
with PTH84 or the Alzheimer peptide A𝛽1–40. PTH84 conjugates
showed a shroud-like polymer conformation and the polymer
stimulated the nucleation process of the peptide hormone.[24] A
systematic variation of the physicochemical properties of the syn-
thetic polymer allowed to elucidate how the molecular mass and
hydrophilicity/hydrophobicity influenced the kinetics and mor-
phology of amyloid fibrils of A𝛽1–40.[28,29]

Further, we have engineered 𝛽-turn mimetic conjugates con-
taining synthetic turn mimetic structures in the turn region of
A𝛽40 and A𝛽16–35, replacing two amino acids in the turn-region
G25 – K28.[30] The structure of the turn mimic induces both, ac-
celeration of fibrillation and the complete inhibition of fibrilla-
tion, confirming the importance of the turn region on the aggre-
gation using either a bicyclic 𝛽-turn mimetic (BTD) or an arti-
ficial aromatic 𝛽-turn (TAA), while positions N27-K28 and V24-
G25 showed only weaker or no inhibitory effects. A catalytic effect
on the fibrillation or inhibition of native A𝛽40 was observed even
when added in amounts down to a 1/10 ratio.

Using a reversibly photo-switchable group we could con-
trol the bioavailability of the fibrillating parathyroid hormone
(PTH1–84)-derived peptide.[31] We have embedded the azoben-
zene derivate 3-{[(4-aminomethyl)phenyl]diazenyl}benzoic acid
(3,4′-AMPB) into the PTH-derived peptide PTH25–37 to gener-
ate the artificial peptide AzoPTH25–37, which can be reversibly
photo-switched between its cis and trans forms. The trans-form
of AzoPTH25–37 is fibrillating similar to PTH25–37, while the cis-
form of AzoPTH25–37 generates only amorphous aggregates. Fur-

thermore cis-AzoPTH25–37 catalytically inhibits the fibrillation of
PTH25–37 in ratios down to 1/5, opening an approach to catalyt-
ically control fibrillation in vivo by an added photo-switchable
peptide.[31]

In the present work we report on a biophysical study aiming
to investigate the spontaneous self-assembly of PTH84 at neutral
pH. Under these conditions, a long lag-phase ensured the con-
centration dependent investigations of fibril elongation and sec-
ondary processes since primary nucleation plays a minor role in
this time regime.

2. Results and Discussion

2.1. PTH84 Undergoes Spontaneous Amyloid Fibril Formation
Only at Elevated Peptide Concentrations

One main key to elucidate the different mechanisms of fibril for-
mation is the investigation of peptide concentration dependent
fibril formation kinetics. For this purpose, we conducted aggre-
gation experiments starting from freshly purified, monomeric
PTH84 at initial monomer concentrations c0 ranging from 50 to
600 μm. The need of high peptide concentrations to obtain fibrils
was already shown in previous studies and is closely linked to the
reported critical concentration of cc = 74 ± 25 μm for PTH84.[22,24]

We obtained curves characteristic for amyloid fibril formation
with a lag phase, a sigmoidal growth phase and a plateau phase
at which the system approaches its thermodynamic equilibrium
(Figure 2A). Interestingly and despite the high concentrations
used, we found the lag times (time without significant fluores-
cence increase) with tlag > 50 h to be very long compared to, for
example, A𝛽40 (tlag < 10 h for c0 < 10 μm, depending on the ex-
act conditions) followed by a relatively long growth phase.[32] In
addition, a notable feature of the fibrillation profiles is a double-
sigmoidal character at low c0 (<200 μm, Figure 2A and Figure
S1A, Supporting Information). We suspect that, at least, two dis-
tinguishable kinetic components with distinct rate constants con-
tribute to the overall fibrillation curves.

However, for samples with c0 above 200 μm the sigmoidal
growth is followed by a decrease of the ThT fluorescence signal
before finally reaching a plateau. Interestingly, the final fluores-
cence values are constant (FThT = 8411 ± 1904 a. u.), while the
maximum signal revealed two linear regimes, with an intercept
at 383 μm (Figure 2B). We suspect that these segments hint to-
ward distinct fibril morphologies displaying unique ThT bind-
ing behavior. The mean of the final fluorescence overlaps with
the maximum fluorescence at c0 = 230 μm. Moreover, the fluo-
rescence decrease can be described by a mono-exponential decay
with a rate constant kdec of 0.01± 0.005 h−1 (Equation (6)) without
any dependence on c0 (Figure 2D, inset). Hence, the decay results
from a fibril dependent, rather than a monomer dependent, pro-
cess, such as the assembly of fibrils into clusters. Images taken
from the plate after 310 h incubation indeed proof the existence of
precipitates large enough to lead to a turbid sample (Figure S1D,
Supporting Information). Static light scattering experiments sup-
ported the presence of large particles by displaying an increase of
the optical density at 600 nm (OD600, Figure S1E,F, Supporting
Information). Interestingly, we observed a shift of the maximum
ThT absorbance toward higher wavelengths at high c0 (Figure
S1G, Supporting Information), indicating a change within the
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Figure 2. Amyloid fibril formation by PTH84. A) ThT monitored fibrillation kinetics for the concentration range between 0 and 600 μm in steps of 25
or 50 μm. For 0 and 50 μm no ThT fluorescence increase was detected. All triplicates for each c0 are shown. B) Average ThT fluorescence at the curve
maximum (black) and at t = 310 h (red) with respect to c0. Black dashed lines mark the two linear regimes of the maximum fluorescence. The red dashed
line indicates the average end-point fluorescence for c0 > 200 μm. Inset: mono-exponential rate constant kdec of the fluorescence decay after passing
the maximum (Equation (6)). C) Equilibrium free monomer concentrations ceq after 310 h. The critical concentration cc (dashed line) was calculated
as the mean of all ceq (for c0 > 74 μm).[22] The solid line indicates the case of no fibril formation (c̄eq = c0). D) log(t1/2)-log(c0)-plot of the half time of
fibril formation (t1/2). The shaded regions indicate positive (orange) and negative (cyan) curvature. All data points in B)–D) represent the mean and the
standard deviation of three individual replicates.

molecular environment of the dye or a different binding behav-
ior of ThT leading to distinct fluorescence quantum yields. We
determined the concentration of free ThT after fibrillation (after
centrifugation of the fibrils) which we found to be inversely pro-
portional to c0 (Figure S1H, Supporting Information), indicating
that bound ThT sedimented together with the fibrils. Conversely,
the ThT concentration in the control sample yielded only 35 μm.
However, we checked the concentration at the beginning of the
experiment (indicated by black dotted line). The decrease of de-
tectable dye molecules could be due to micelle formation of ThT
which precipitated during centrifugation.[33] Another possibility
would be self-quenching of ThT fluorescence due to an increase
of the local dye concentrations leading to the observed fluores-
cence decrease (Figure 2B).[34,35]

The critical concentration of amyloid formation, cc, is a param-
eter reflecting the thermodynamic stability of amyloid fibrils.[36]

Therefore, we additionally measured the concentration of free
PTH84 monomers in equilibrium with fibrils after 310 h. The
equilibrium free monomer concentration ceq was consistently
found to be 67 ± 21 μm, reflecting the critical concentration cc
(Figure 2C). This agrees with our previous studies as well as with
the general concept of the critical concentration and monomer
release from functional hormone fibrils.[22,36]

An analysis of the times to half completion of fibrillation pro-
files (half times, t1/2) is a powerful tool to obtain initial informa-
tion on the dominating mechanisms as well as on corresponding
reaction orders.[16] The scaling exponent 𝛾 of a log(t1/2)-log(c0)-
plot can be extracted as a power law with t1/2 ≈ c0

𝛾 . In general,
a single consistently dominant mechanism is characterized by a
linear scaling, while a competition between two processes typi-
cally results in a negative curvature (Δ𝛾 < 0). On the other hand,
a positive curvature (Δ𝛾 > 0) indicates saturation effects, pre-
sumably of elongation or secondary nucleation. Here we ana-
lyzed the fibrillation kinetics until the maximum ThT fluores-
cence emission had reached. Interestingly, for PTH84 at various
initial monomer concentrations we found a positive as well as

a negative curvature of the corresponding half time plot (Fig-
ure 2D). This complex behavior has yet only been reported for
the Tau304–380 fragment but it has not been further elucidated.[37]

The positive curvature dominates at c0 < 300 μm, with a scal-
ing exponent increasing from 𝛾 ≈ −0.5 to 𝛾 = 0 (indicated by
shaded orange region). This agrees with a saturation of the elon-
gation process. The observed negative curvature at c0 > 300 μm
(shaded cyan region) denotes the entrance of a process gener-
ating additional growth-competent ends into the reaction net-
work. In principle, primary and secondary nucleation need to be
considered.

2.2. PTH84 Fibrils Display a Strong Polymorphism

We further aimed to investigate the morphology of the fibrils at
low (100 μm, Figure 3A), intermediate (300 μm, Figure 3B) and
high c0 (500 μm, Figure 3C) by negative staining transmission
electron microscopy. The micrographs show curvilinear fibrils
characteristic for PTH84 as previously reported.[22,24,25] The fib-
rils are up to several μm in length, only showing few shorter in-
dividual fibrils. Notably, PTH84 fibrils exhibit a strong polymor-
phism. Fibrils can be found to be twisted or flat, with an irreg-
ular pitch length even in strongly twisted fibrils. Additionally, at
500 μm we found the fibrils to be clustered with only few individ-
ual fibrils (Figure 3C, upper panel). In a sample isolated 20 h after
the fluorescence maximum was reached in the kinetic assay (Fig-
ure S1B, Supporting Information) as well as in a sample treated
with probe-sonication (Figure S1C, Supporting Information) an
essentially lower amount of these clusters is observed. Both sam-
ples exhibit the same macroscopic appearance as for 300 μm
at the end-point (compare to Figure 3B). Taken together with
the observed fluorescence decrease (Figure 2B), this supports
the hypothesis of the formation of supramolecular fibril clusters
with impaired ThT fluorescence. Thus, unclustered fibrils essen-
tially contribute to the final ThT fluorescence signal. Since fibril
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Figure 3. Electron Microscopy reveals polymorphism of PTH84 fibrils. Fibril morphologies after 310 h incubation time have been characterized for A) c0
= 100 μm, B) c0 = 300 μm and C) c0 = 500 μm. Shown are representative electron micrographs (upper panel, scale bar = 200 nm), calculation of fibril
diameters (middle panel) as well as fibril cross sections (lower panel, left – gray scale, right – representative individual fibril, scale bar = 50 nm, red solid
lines indicate cross sections).

precipitation occurs above a threshold concentration of c0 =
230 μm (Figure 2B), we propose a maximum soluble fibril frac-
tion of 230−67 μm = 163 μm (given in monomer equivalents
converted into fibrils, with cc = 67 μm as the fraction of soluble
monomers) in equilibrium with free monomers.

A more detailed analysis of the fibril dimension revealed a
consistent diameter of d300 = 17.4 ± 1.6 nm for 300 μm and
of d500 = 16.5 ± 2.4 nm for 500 μm, whereas three different
species with d100,1 = 16.6 ± 1.4 nm, d100,2 = 26.6 ± 1.7 nm and
d100,3 = 36.5 ± 1.0 nm were found for 100 μm (Figure 3A–C,
middle panels). An inspection of the cross sections shows that
the fibrils consist of three (d100,1, d300, d500), five (d100,2), or seven
(d100,3) individual filamentous structures of about 5.5 nm width
within a fibril (Figure 3A–C, bottom panels). The occurrence of
three fibrillar sub-types gives rise to the assumption of different
underlying kinetic rate constants of fibril formation, as observed
for low c0 (Figure S1A, Supporting Information). However, in a
previous study using heparin as fibrillation trigger no polymor-
phism was observed.[25] Heparin possibly favors the formation of
only one morph which we also found for all probed c0. The mor-
phology of fibrils present in vivo within the secretory granules is
currently unknown but their characterization is part of our future
work.

2.3. PTH84 Fibril Formation is Dominated by Secondary
Processes and Inhibition Effects

2.3.1. Light Seeding Demonstrates the Importance of Autocatalytic
Self-replication

We further investigated whether secondary processes contribute
to the macroscopic fibrillation behavior. Therefore, we repeated
the experiment presented in Figure 2A with the addition of a
low amount of pre-formed probe-sonicated seeds (0.2 % of c0,
given in monomer equivalents) at time zero (Figure 4A, curves
for all c0 are shown in Figure S2A, Supporting Information).
For seeded experiments, c0 denotes the initial concentration of
monomeric peptide to which pre-formed seeds are added. If sec-
ondary events (secondary nucleation or fragmentation) do not
contribute to the overall time course no significant acceleration of
fibrillation is expected for a given c0 compared to the correspond-
ing de novo experiment. Instead, we found a strong reduction of
the lag times for all c0, underlying the importance of secondary
events, and thus the autocatalytic self-propagation, for the fibril-
lation of PTH84. Moreover, we found a linear scaling in the half-
time plot with 𝛾 = −0.75, indicating that the saturation and com-
petition effects, as observed for de novo fibrillation (Figure 2D),
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Figure 4. Seeding experiments reveal the importance of secondary processes as well as inhibition effects. A) Comparison of fibril formation de novo
(solid lines) with the addition of 0.2 % seeds (given as monomer equivalents of c0, dotted lines) for c0 = 250 (blue) and 500 μm (orange). Arrows indicate
the shift of the kinetic curves toward lower lag times. The data for de novo fibrillation are the same as presented in Figure 2A. B) log(t1/2)-log(c0)-plot
of the half times. The scaling factor was found to be 𝛾 = −0.75. Additional curves are shown in Figure S2A, Supporting Information. C) t1/2-log(c0)-plot
of PTH84 at three different c0 with different amounts of sonicated seeds added at time zero. Seed concentrations are given as monomer equivalents of
c0. The solid lines connecting the data points are drawn to guide the eye. D) initial gradients r0 at various c0 supplemented with 25 μm sonicated seeds.
The dashed blue and the solid red lines are fits according to Equation (2) in the c0 ranges 70–500 μm or 70–300 μm, respectively. E) initial (black) and
maximum gradients (red) r0 and rmax, respectively, of various c0 supplemented with unsonicated seeds. For 100 and 200 μm no further fluorescence
increase was found after the initial phase. All data points represent the mean and the standard deviation of three individual replicates.

are effectively bypassed (Figure 4B). With the addition of seeds,
elongation and secondary nucleation directly proceed from these
templates, whereas the relevance of primary nucleation becomes
negligible.

2.3.2. Heavy Seeding Reveals that Elongation as well as Secondary
Nucleation are Affected by High Peptide Concentrations

In order to evaluate if saturation of the elongation rate constant
k+ is responsible for the positive curvature of the halftime plot
(Figure 2D), we performed additional seeding experiments (Fig-
ure 4C–E). In contrast to the presented data at very low cseed, elon-
gation of the existing seeds is the only significant contribution to
the increase in fibrillar mass in the high seeding regime. This can
be addressed as the linear initial gradient of the ThT signal r0 at
the first points of the time course. The dependence of r0 from c0
for a constant seed number concentration P0 is given by

r0 ∼
dM
dt

||||t→0
= 2 k+ c0P0 (1)

with M the aggregate mass concentration and k+ the rate con-
stant of elongation.[14] P0 reflects the number of template fibrils
in a seed sample, in contrast to cseed which denotes the seed mass
concentration. Since P0 is a highly error-prone parameter, we do
not aim to calculate k+. To determine the necessary seed mass
concentration cseed at which the high seeding regime can be ex-
pected we performed seeding experiments at increasing cseed with
three different monomer concentrations (with cseed up to 10 %
of c0, in monomer equivalents). Directly plotting the halftime of
aggregation versus the logarithm of cseed allows an estimation on
the regime (Figure 4C and Figure S2B, Supporting Information).
The high seeding regime is expected for a linear dependence with
a small negative slope. We identified cseed = 25 μm to fulfill these
requirements (at log(cseed) = 1.4 in Figure 4C). At lower seed
concentrations, the non-linear nature of the plot proves the con-
tribution of secondary processes. Interestingly, at a given cseed in
this range, we obtained a concentration dependent tm, possibly
indicating inhibitory effects at high c0.

In the next step, PTH84 at varying monomer concentrations
was supplemented at time zero with a constant seed mass
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concentration of cseed = 25 μm (Figure 4D and Figure S2C, Sup-
porting Information). We found a linear dependence of the initial
gradient r0 from c0 for c0 ≤ 200 μm, indicative for monomers as
the species required for elongation.[38] The addition of oligomers
to fibril ends would result in a polynomial-like dependence.[39]

However, with a maximum at 300 μm a further increase of c0 even
results in a decrease of r0. The data indicate that the rate constant
of elongation, k+, is not proportional to c0, as predicted by the
halftime plot (Figures 2D and 4C), and is written as k̃+. For the
case of a saturation of the elongation process, Equation (1) needs
to be extended to

r0= 2 k̃+c0P0 =
2 k+ c0

1 + c0

KE

P0 + y0 (2)

in analogy to the Michaelis–Menten description of enzymatic
reactions, with k+ the true rate constant of elongation, KE the
concentration at which saturation effects occur and y0 an off-
set value introduced due to the high value of cc below which
no fibril formation occurs.[40] In this case diffusion and binding
of a monomer to a growth-competent end (“dock”) is the rate-
determining step at low c0, whereas the slow structural conver-
sion becomes limiting at high c0 when basically all free ends are
blocked by attached monomers (“lock”). A fit of the data to Equa-
tion (2) is shown in Figure 4D (blue dotted line). The fit only suc-
ceeds to represent the data at low c0 but fails at high c0. However,
a systematic decrease of r0 at high c0 is obvious from the experi-
mental kinetic curves (Figure S2C, Supporting Information). We
further confined the fitting range to the maximum value of r0
(red solid line in Figure 4D) resulting in a valuable fit within this
range. Interestingly, the model of saturated elongation reaches a
limitation when applied to our data. We suspect that the elonga-
tion step at high c0 is confined by an inhibition rather than by a
true saturation effect.

Note that for this experiment the seeds have been probe-
sonicated to break the fibrils into fragments and thus to increase
the number of growth competent ends (2 P0 in Equation (1) and
(2), Figure S1C, Supporting Information). The same experiment
can be conducted for untreated seeds displaying an essentially
lower number of free ends compared to the fibril mass (Figure 4E
and Figure S2D, Supporting Information). This allows conclu-
sions on secondary processes. If secondary processes are active,
the initial gradient r0 is not equal to the maximum slope rmax. A
relation of rmax to the time evolution of the fibril number con-
centration, predominantly reflecting secondary processes in the
observed time regime, is given by

rmax ∼
dPt

dt
∼ k2Mtc

n2
0 + 2 k−Pt (3)

where Pt and Mt are the fibril number and fibril mass concentra-
tion, respectively, k2 and n2 the rate constant and reaction order of
secondary nucleation, respectively, according to the two-step bulk
description, and k− the rate constant of fragmentation.[14,41,42]

The contribution of primary nucleation is neglected in Equa-
tion (3). For the initial gradient we found a monomer dependence
similar to the behavior described for probe-sonicated seeds. r0
decreases for c0 > 200 μm. Simultaneously, rmax increases, with
a maximum at c0 = 400 μm and a decrease at c0 = 500 μm.

Since rmax obviously depends on c0, we propose that secondary
nucleation contributes to PTH84 fibril formation, rather than
monomer independent fragmentation (Equation (3)). Addition-
ally, the data provide a hint toward a saturation or even an inhi-
bition of secondary nucleation at high c0, in addition to the dis-
cussed effect on elongation.

2.4. Kinetics of PTH84 Amyloid Formation Display a Complex
Concentration Dependence

In order to gain a deeper understanding of the underlying mech-
anism of amyloid formation by PTH84 we performed individual
curve fittings to the increasing part of the ThT monitored fibril-
lation kinetics depicted in Figure 2A (Equation (6)) as described
previously, thus revealing information about the effective rates
of primary (𝜆) and secondary (𝜅) processes.[25] The fits repro-
duce the data well, only at c0 = 600 μm (red curve) it is obvious
that the applied simple model is not sufficient to describe the
full curve (Figure 5A). Still, the parameters provide a solid trend.
As mentioned before, the introduction of a second component
contributing to the overall fibrillation kinetic is necessary to de-
scribe the data at c0 below 200 μm (Equation (17)). Since the per-
centage of the second kinetic component approaches < 5 % with
increasing c0, and thus giving high errors of the fitting parame-
ters, we only focused on the dominant first component (Figure
S1A, , Supporting Information inset). At c0 below 250 μm, 𝜆 ex-
hibits a linear scaling, though the scattering of the data points did
not allow a well-defined fit (Figure 5B). The visible trend agrees
with a reaction order of noligo,1 + nconv ≤ 4 (Equation (9), reac-
tion orders 2 (dotted orange line) and 4 (dashed orange line)
are shown as theoretical examples). For higher c0 the reaction
order increases to noligo,1 + nconv = 18.5. These data indicate
that the species involved in primary nucleation changes from a
low-order oligomer (noligo,1 + nconv ≤ 4) to a high-order oligomer
(noligo,1 + nconv = 18.5). Note that the reaction order denotes a
combination of the respective reaction orders of oligomer forma-
tion and oligomer conversion, and thus does not reflect the exact
number of monomers within a hypothetical oligomer. Neverthe-
less, it provides a clear trend. This, highly hypothetical, size of
primary nuclei is consistent with a simulation study in which
peptides with a low propensity to form 𝛽-sheets were found to
have higher corresponding primary nuclei sizes of n1 > 2 com-
pared to, for example, A𝛽40.[43] PTH84 is known to exhibit an 𝛼-
helical propensity at the N-terminus while the C-terminal region
remains intrinsically disordered.[22,23]

The importance of the air-water-interface (AWI), and thus the
surface tension, is a mostly neglected but underappreciated factor
in amyloid growth.[44] The surface tension of a solution of insulin
was shown to decrease if oligomers are present, but increased
for a fibril-containing sample.[45] In general, conformational and
oligomerization effects at the AWI have been reported, for exam-
ple, 𝛽-sheet containing dimer formation and induced polymor-
phism via alternative assembly pathways.[44,46–48] For example,
amphipathic helices display an inherent surface activity.[49] For
PTH84 residues S17-V31 are reported to adopt such an amphi-
pathic helical structure, which in the context of hormone activity
is required for receptor activation.[50] As a consequence, small
oligomers of PTH84 which are possibly formed and converted
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Figure 5. Individual curve fitting reveals insights into primary and secondary processes. The data shown in Figure 2A have been fitted according to
Equation (7). A) Representative curves chosen from triplicate measurements (points) at six individual c0 with the respective fits (solid lines) are shown.
For 100 and 200 μm Equation (17) was used, introducing a second kinetic component. The fits and the data in the following panels are only given for the
first component. The extracted parameters are B) 𝜆, the sum of primary, C) 𝜅, the sum of secondary processes and D) the kinetic prefactor A (Equation 8).
In B–D) the parameters are presented as log(parameter)-log(c0)-plots. Concentration ranges in panels B) and C) displaying a respective linear scaling
are indicated with a solid red line corresponding to a power law fit with log(𝜆/𝜅) = slope𝜆/𝜅 × log(c0) + constant𝜆/𝜅 . All data points represent the mean
and the standard deviation of three individual replicates. The orange lines in panel B) represent theoretical curves for noligo,1 + nconv = 2 (dotted) and
noligo,1 + nconv = 4 (dashed).

to an elongation competent nucleus at low c0 by adsorption of
the amphipathic helix at the AWI via different pathways could be
a considerable origin of the here observed polymorphism (Fig-
ure 3A).

For the investigation of 𝜅 we only took c0 ≤ 275 μm into ac-
count considering the high statistical errors of the data points at
higher c0 and the inhibition effects at high c0 (compare with Fig-
ure 4D,E), resulting in the reaction order noligo,2 + nconv = 1.5
(Equation (10), Figure 5C). Equation (16) shows that this corre-
sponds to the more frequently used bulk model with n2 = 0.7, in-
dicating a peptide monomer as the physical nucleus size required
for secondary nucleation. Thus, we note that both elongation
(Figure 4D) and secondary nucleation (Figures 4E and 5C), the
microscopic processes requiring monomeric peptide, are inhib-
ited at high c0. However, at 300 μm, a concentration at which the
half-time scaling factor was found to approach 𝛾 = 0 (Figure 2D),
the scaling of 𝜅 apparently becomes concentration independent.
The definition of 𝜅 includes elongation (k+) as well as secondary
nucleation (koligo,2 kconv) (Equation (10)). The apparent saturation
of 𝜅 might be an effect of the inhibition of one or both processes
(see also Figure 4D,E). Interestingly, the high reaction order of
𝜆 obviously compensates the effect of k+ on the c0 dependence
of 𝜆. Nevertheless, the contribution of a high-order oligomer is
evident. The high hypothesized order of an involved oligomer
raises the question if this indicates a “core–shell” nanocrystal or
a micelle- or droplet-like condensated state.[51] Interestingly, for
lysozyme, IAPP and 𝛼-synuclein it has been shown that nucle-
ation from such states result in very weak dependences on c0
which is in contrast to our data.[48,52–54]

The significantly different reaction orders of primary and sec-
ondary nucleation, in combination with a negative curvature in
the halftime plot, gives rise to the hypothesis that primary nucle-
ation starts to compete with secondary processes at high c0 to be
the dominant mechanism of new fibril generation. To the best
of our knowledge, this is the first experimental report of this spe-
cific case. An inspection of the prefactor A (A = 𝜆3 3−1 𝜅−3, Equa-

tion (8)) illustrates this behavior. From this definition it follows
that small values (A < 0.33 for 𝜆 = 𝜅) or a negative trend indi-
cate the dominance of secondary processes. At low c0, A is of the
order 10−11 with a negative dependence on c0, highlighting the
importance of secondary processes on the macroscopic fibrilla-
tion curves (Figure 4C). A dramatic increase of A of several orders
of magnitude after passing a minimum at 275 μm indicates the
competition of two microscopic mechanisms to be the dominant
process for the creation of new growth-competent ends, P0, and
thus the relevance of primary nucleation for high c0.

3. Conclusion

In this work we investigated amyloid fibril formation of PTH84.
Employing a simple kinetic analysis approach, we have been able
to elucidate an intricate concentration-driven fibrillation network
of a functional amyloid (Figure 6). We demonstrated a complex
concentration dependent behavior including polymorphism, as-
sembly of fibrils into clusters and inhibition effects. We found
that at low c0 (for c0 > cc) fibrils nucleate from small oligomeric
peptide species. The variation of the fibril diameters agrees with
the occurrence of, at least, two distinguishable kinetic compo-
nents contributing to the overall fibrillation behavior. At low con-
centrations (c0 < 300 μm), secondary nucleation is the dominant
process for the creation of new fibrils. Upon increasing c0, the
monomer consuming processes elongation and secondary nucle-
ation become inhibited. In addition, the physical size of the pri-
mary nucleus dramatically increases, indicating a different un-
derlying nucleation mechanism. We conclude that the nucleus
originates from large on-pathway oligomers which are in equi-
librium with monomers above a certain threshold concentration,
the “critical oligomer concentration” (coc), reducing the effective
monomer concentration. Thus, monomer availability becomes
rate limiting for self-propagation (secondary nucleation) and the
increase in fibrillar mass (elongation).

Macromol. Biosci. 2023, 23, 2200525 2200525 (7 of 11) © 2023 The Authors. Macromolecular Bioscience published by Wiley-VCH GmbH
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Figure 6. Scheme of the concentration dependence of PTH84 amyloid fibril growth. Below the critical concentration cc, PTH84 is monomeric and no fibril
formation occurs. Above the cc low-order oligomers or, when exceeding a threshold concentration, coc, high-order oligomers of PTH84 contribute to
the formation of primary fibril nuclei. Both oligomer species are on-pathway within the fibrillation network. The equilibrium decreases the concentration
of available monomers (apparent c0), negatively affecting elongation and secondary nucleation as the processes requiring monomers (indicated by
red arrows). Moreover, exceeding a solubility barrier fibrils self-assemble into supramolecular clusters that eventually precipitate with a rate constant
independent from c0. However, below the coc secondary nucleation is the dominant process producing new growth-competent ends P, but competes
with primary nucleation above the coc.

In addition, fibril precipitation occurs above a threshold con-
centration of c0 = 230 μm, indicating a maximum soluble fibril
fraction of 163 μm (given in monomer equivalents converted into
fibrils) in equilibrium with free monomers. The occurrence of
two distinct linear regimes of the maximum ThT fluorescence
intensities results from the different origins of primary nuclei
at low or high c0. We suspect that the nature of the nucleus de-
termines the exact fibril morphology and thus the ThT binding
behavior. This is supported by the concentration dependent poly-
morphism of PTH84 fibrils as well as by the observed photophys-
ical changes of fibril bound ThT occurring only at high c0.

Furthermore, we revealed PTH84 to be an amyloid forming sys-
tem exhibiting primary nucleation with a high reaction order able
to kinetically compete with secondary nucleation to be the domi-
nant process for the generation of new fibrils. This is, according
to our knowledge, the first experimental report of such a scenario.
A more detailed investigation of the hypothesized PTH84 concen-
tration dependent monomer-oligomer equilibrium will be part of
our future work.

4. Experimental Section
Chemicals: All chemicals were purchased from Carl Roth GmbH or

Sigma Aldrich and used without further purification.
Recombinant Production and Purification of PTH84: PTH84 was pro-

duced recombinantly in E. coli BL21 (DE3) c+ RIL cells and purified from
the cell lysate as described previously with small changes.[24,55] The es-
tablished purification procedure consisted of immobilized metal ion affin-

ity chromatography (Ni2+-IMAC), hydrophobic interaction chromatogra-
phy (HIC), and size exclusion chromatography (SEC). In contrast to the
published protocol a cation exchange chromatography step (CIEX using
a sulphopropyl residue) was conducted, followed by subsequent dialysis
(3.5 kDa molecular weight cut-off) in 50 mm Na2HPO4, pH7.4. The pep-
tide was stored as a 1 mm stock solution in the same buffer at −80 °C.

ThT Fluorescence Monitored Kinetic Fibrillation Assay: The PTH84 stock
solution was carefully thawed on ice. After subsequent centrifugation at
12 800× g for 1 h at 4 °C to remove possible pre-formed aggregates, the
supernatant was used to adjust the desired PTH84 monomer concentra-
tions. NaCl was added to a final concentration of 150 mm from a stock
(50 mm Na2HPO4, 3 m NaCl, pH7.4). The small, extended 𝛽-sheet specific
dye Thioflavin T (ThT) was used to monitor the increasing fibril mass.[56]

The concentration of ThT was adjusted to 45 μm in all samples from a
1 mm stock.

The measurements were performed in triplicates from the same sam-
ples on the same black non-binding 96-well plates with transparent bot-
tom (Greiner Bio-One, Art. Nr. 655 906). The plates were sealed to prevent
evaporation. ThT fluorescence indicating fibril growth was monitored at 37
°C in a FluoStar Omega plate reader using bottom optics (BMG Labtech).
For excitation (448 nm) and emission (482 nm) optical filters were used
with 10 nm bandwidth. Depending on the experimental requirements, two
different incubation protocols have been designed:

Protocol I: 30 s double-orbital shaking at 300 rpm, 270 s quiescent incu-
bation

Protocol II: 5 s double-orbital shaking at 300 rpm, 295 s quiescent incuba-
tion

For monomer dependent de novo nucleation and low seeding exper-
iments, protocol I was applied with fluorescence detection in a cycle of
20 min. Protocol II (5 min cycle) was used for heavily seeded experiments.

Macromol. Biosci. 2023, 23, 2200525 2200525 (8 of 11) © 2023 The Authors. Macromolecular Bioscience published by Wiley-VCH GmbH
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Equilibrium Free Monomer and ThT Concentrations: Fibrillation sam-
ples in the thermodynamic equilibrium were centrifuged at 16 100× g for
1 h at room temperature. The concentration of free peptide monomer in
solution was determined at 280 nm (𝜖280 = 5500 m−1 cm−1) and of free
ThT at 412 nm (𝜖412 = 36 000 m−1 cm−1) by UV–vis spectroscopy.[57,58]

Since ThT contributes to the UV absorption at 280 nm, the peptide ab-
sorption was corrected using Equation (4)

OD280,peptide= OD280 − OD412
OD280,ref

OD412,ref
(4)

where OD280,ref and OD412,ref are the corresponding absorption values of
ThT in a reference sample without peptide. The molar concentrations were
calculated with the law of Lambert–Beer. The baseline correction was con-
ducted with pure buffer.

Seed Preparation: Seeds were prepared from a 500 μm fibrillation sam-
ple without ThT which reached the stationary phase. If not mentioned oth-
erwise, fibrils were disrupted by probe-sonication (1 s pulse, 1 s pause, 12
× 10 % amplitude). Seeded assays were started within maximally 30 min
after seed preparation.

Optical Density and Scattering: After completion of the kinetic assay,
UV–vis spectra had subsequently been acquired for all replicates without
removing the seal foil (FluoStar Omega, BMG Labtech; range 350–700 nm,
data pitch 5 nm). For the characterization of the ThT absorbance the ratio
of the optical density OD at 420 and 430 nm (OD420 OD430

−1) was cal-
culated. This work defined the observed turbidity of the samples to be the
scattering intensity, that is, as the increase of OD600 of a respective sample
compared to the control that only contained ThT:

scattering =OD600, sample − OD600, control (5)

Kinetic Analyses: The fluorescence decay after passing a maximum
value was fitted with a single exponential function

F = F0+ Be−kdect (6)

with kdec the exponential decay rate.
For the investigation of the mechanism of PTH84 fibril formation a sim-

ple kinetic approach was employed as described previously.[17,25,59] For
a basic description of the sigmoidal curve shape the introduction of the
parameters 𝜆 and 𝜅 reflecting the sum of primary and secondary events,
respectively, results in the function

Ft= 1− 1
1+A(e𝜅t−1)

(7)

with F the normalized ThT fluorescence and the parameters

A = 𝜆3

3 𝜅3
(8)

𝜆 = (2 k+ koligo,1 kconv c
noligo,1+nconv

0 )1∕3 (9)

𝜅 = (2k+ koligo,2 kconv c
noligo,2+nconv+1

0 )1∕3 (10)

with koligo,1/2 the rate constant of the formation of oligomers involved in
primary or secondary nucleation, respectively, kconv the rate constant of
conversion, k+ the rate constant of elongation via monomer addition, c0
the initial peptide monomer concentration, noligo,1/2 the reaction order of
the formation of oligomers involved in primary or secondary nucleation,
respectively, and nconv the reaction order of oligomer conversion. The reac-
tion orders can be extracted from the corresponding log(𝜆/𝜅)-log(c0)-plots
with the scaling factors.

𝛾𝜆 =
noligo,1 + nconv

3
(11)

𝛾𝜅 =
noligo,2 + nconv+ 1

3
(12)

This approach explicitly takes nucleation via oligomeric species into ac-
count which is reflected by the cubic influence of 𝜆 and 𝜅 on the prefactor
A and thus on the time scale. In this case nucleation is treated as a three-
step process consisting of oligomer formation (koligo,1/2), conversion of
the oligomers into growth-competent species (kconv) and elongation (k+),
with the respective reaction orders noligo,1/2 and nconv.

A connection to the more frequently used two-step description (nucle-
ation coupled with elongation) with the bulk rate constants k1 and k2 and
the corresponding bulk reaction orders n1 and n2 of primary and secondary
nucleation, respectively, is given by:

k1=
2
3

⎛
⎜
⎜
⎝

k3
oligo,1

k2
conv

2 k+koligo,2

⎞
⎟
⎟
⎠

1∕3

(13)

k2 =
⎛
⎜
⎜
⎝

koligo,2
2 kconv

2

2 k+

⎞
⎟
⎟
⎠

1∕3

(14)

n1 = noligo,1 − noligo,2 + n2 (15)

n2 =
2 noligo,2+2 nconv − 1

3
(16)

For low concentrations, a second kinetic component was added to
Equation (7), which leads to

F = Ftot −
F1

1+A1(e𝜅1t−1)
+

(Ftot−F1)

1+A2(e𝜅2t−1)
(17)

with Ftot the total fluorescence signal, F1 the fluorescence of component 1,
A1/2 and 𝜅1/2 the kinetic prefactor and the sum of secondary events for the
first or the second component, respectively. The major kinetic component
is indexed as “1.”

Negative-Staining Electron Microscopy: The fibrillation samples were
diluted 20-fold in buffer (50 mm Na2HPO4, 150 mm NaCl, pH7.4) and sub-
sequently 5 μL were transferred to a 3 mm carbon/Formvar-coated copper
grid. After 3 min incubation, the grids were blotted, washed with ddH2O
and blotted again. For negative staining, grids were incubated with 1 %
uranyl acetate. After blotting, the grids were allowed to dry for 24 h on
filter paper. Sample imaging was conducted on a Zeiss EM900 electron
microscope with 80 kV acceleration voltage. The analyses of the fibril di-
ameters as well as the cross-section gray-scale profiles were performed
using ImageJ/Fiji software. The diameters were calculated based on the
measurement of n = 100 (c0 = 100 μm), n = 75 (c0 = 300 μm), or n = 30
(c0 = 500 μm) fibrils.
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Supporting Information is available from the Wiley Online Library or from
the author.
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2.2 Paper II: B. Voigt et al. (2023), The Prenucleation Equilibrium of the Parathyroid 

Hormone Determines the Critical Aggregation Concentration and Amyloid Fibril 

Nucleation 

Aims and Summary 

Paper II addressed the critical monomer concentration as a generic thermodynamic aspect of amyloid 

fibril formation. The critical concentration of PTH84 fibril formation has also already been reported e.g. 

in Paper I and Paper III. Here now, potential changes of the secondary structure or oligomeric states 

of PTH84 related to the critical concentration were investigated. A multi-method approach, including 

optical and NMR spectroscopy, X-ray scattering, native mass spectrometry as well as single-molecule 

techniques, was applied to characterize the biophysical properties of PTH84 dependent on the peptide 

concentration. Importantly, Paper II confirmed the oligomer hypothesis explaining the concentration 

dependent reaction order for primary nucleation as presented in Paper I. A complex prenucleation 

equilibrium, i.e. prior to fibril formation, was found, comprising distinct oligomers with different 

secondary structure compositions. PTH84 was found to be solely monomeric with a helical propensity 

only at very low concentrations. With increasing concentration, a transition via a more disordered 

state towards a β-sheet enriched structure was evident. Most notable, a trimeric and a tetrameric 

species occurred only above the critical concentration. Both species relate well to small oligomers as 

precursors for primary nucleation at low concentrations as hypothesized in Paper I. The critical 

concentration was found to represent a lower cutoff for “productive” oligomer formation. 

Furthermore, the conformational and oligomeric state of the fraction of free peptide in 

thermodynamic equilibrium with fibrils adjusts to the prenucleation state at the critical concentration. 

Paper II thus extends the understanding of the critical concentration for amyloid formation in terms of 

consequences to the structure and oligomerization both before nucleation and in the presence of 

fibrils. 

Contribution 

The author of this thesis recombinantly produced the label-free and 15N isotope labelled peptide, 

prepared the samples (except for single-molecule fluorescence and native mass spectrometry), 

planned the experiments, conducted and analyzed circular dichroism, intrinsic fluorescence and all 

NMR spectroscopy experiments, interpreted the data with support from all co-authors, prepared 85 % 

of the figures, wrote 90 % of the manuscript and incorporated all corrections from the co-authors. 
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Original Paper 

The original paper is included on the following pages (pp. 46-56). The Supporting Information can be 

found in Appendix A.2. 

  



Very Important Paper

The Prenucleation Equilibrium of the Parathyroid Hormone
Determines the Critical Aggregation Concentration and
Amyloid Fibril Nucleation
Bruno Voigt,[a] Twinkle Bhatia,[b] Julia Hesselbarth,[c, d] Monika Baumann,[a] Carla Schmidt,[c, d]

Maria Ott,[b] and Jochen Balbach*[a]

Nucleation and growth of amyloid fibrils were found to only
occur in supersaturated solutions above a critical concentration
(ccrit). The biophysical meaning of ccrit remained mostly obscure,
since typical low values of ccrit in the sub-μM range hamper
investigations of potential oligomeric states and their structure.
Here, we investigate the parathyroid hormone PTH84 as an
example of a functional amyloid fibril forming peptide with a
comparably high ccrit of 67�21 μM. We describe a complex
concentration dependent prenucleation ensemble of oligomers
of different sizes and secondary structure compositions and
highlight the occurrence of a trimer and tetramer at ccrit as
possible precursors for primary fibril nucleation. Furthermore,
the soluble state found in equilibrium with fibrils adopts to the
prenucleation state present at ccrit. Our study sheds light onto
early events of amyloid formation directly related to the critical
concentration and underlines oligomer formation as a key

feature of fibril nucleation. Our results contribute to a deeper
understanding of the determinants of supersaturated peptide
solutions. In the current study we present a biophysical
approach to investigate ccrit of amyloid fibril formation of PTH84
in terms of secondary structure, cluster size and residue
resolved intermolecular interactions during oligomer formation.
Throughout the investigated range of concentrations (1 μM to
500 μM) we found different states of oligomerization with
varying ability to contribute to primary fibril nucleation and
with a concentration dependent equilibrium. In this context, we
identified the previously described ccrit of PTH84 to mark a
minimum concentration for the formation of homo-trimers/
tetramers. These investigations allowed us to characterize
molecular interactions of various oligomeric states that are
further converted into elongation competent fibril nuclei during
the lag phase of a functional amyloid forming peptide.

Introduction

The capability of peptides and proteins to self-assemble into
amyloid fibrils is typically associated with their role in neuro-

degenerative diseases (e.g. Alzheimer’s and Parkinson’s
disease),[1–4] injection amyloidosis (Diabetes type II)[5] or systemic
amyloidoses (e.g. antibody light chain amyloidosis).[6] Addition-
ally, so-called functional amyloids are involved in skin
pigmentation,[7] bacterial biofilm formation,[8] memory[9] or
storage of peptide hormones.[10] Amyloid fibrils assemble via a
complex nucleation-dependent network of individual micro-
scopic processes.[11–12] The generation of new individual fibrils
can occur via primary nucleation from bulk solution or via
surface catalyzed secondary nucleation (Figure 1A).[13–16] Elonga-
tion of existing fibrils via addition of new units increases the
fibrillar mass.

Nucleation-dependent polymerization is a fundamental
principle to describe the process of amyloid generation.[17] In
this concept, no assembly is observed below a certain minimum
concentration, which is defined as the critical concentration
(ccrit).

[17–19] The concentration of free peptide in the thermody-
namic equilibrium with fibrils is also reflected by ccrit.

[20] This can
be experimentally determined e.g. by sedimentation of the
fibrils with a subsequent quantification of the soluble protein
fraction or by diluting fibrils which, as a consequence, release
monomers until ccrit is reached.

[21–23] Protein solutions exceeding
ccrit are supersaturated, metastable and kinetically soluble.

[24–25]

With time, the nucleated conversion into amyloid fibrils is a key
feature of such metastable states.[19] A crucial step for primary
nucleation of an amyloid structure is the formation of
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prefibrillar oligomers convertible into nuclei which finally grow
to fibrils by monomer addition.[26–27]

Oligomers in the context of amyloid self-assembly display a
varying relevance to fibril formation.[26] On-pathway oligomers
are able to directly contribute to amyloid nucleation or growth,
while off-pathway oligomers need to dissociate first. For
example, the Huntingtin exon 1 protein httex1 and other
constructs of this protein were found to be predominantly
monomeric with transient populations of an off-pathway dimer
as well as with an on-pathway dimer and tetramer preceding
nucleation.[28–29] In addition to this function as precursors for
nucleation, oligomers have been found to be the species
involved in fibril elongation e.g. for the truncation variant ΔN6
of human β2-microglobulin.

[30–32] So-called globular oligomers
are also described to result in alternative pathways as
precursors for the formation of curvilinear fibrils above a critical
oligomer concentration (coc) for an artificial dimeric Amyloid β
peptide (dimAβ) and lysozyme, in contrast to rigid fibrils
originating from nucleated polymerization below the coc.[33–34]

Although there are many studies investigating oligomer
formation during amyloid growth,[26,35] only a few reports
analyzed possible transitions of the secondary structure and
oligomer sizes of a peptide at ccrit to investigate the influence of
supersaturation on biophysical properties of peptides.[36] In
most cases ccrit is below experimental limits, e.g. in the pM to
low μM range for Aβ40.

[24]

In this work we present an in vitro approach to biophysically
characterize ccrit for amyloid fibril formation. For this purpose,
we use the parathyroid hormone in its mature state bearing 84
residues (PTH84).

[37] The hormone which acts in blood calcium
and phosphate homeostasis is hypothesized to be stored in
functional amyloid fibrils in secretory granules prior to its
release into the blood stream.[21,38] The N-terminal part of PTH84
displays an α-helical propensity while the C-terminal part
remains disordered.[39–42] PTH84 offers a reversible fibrillation

system with ccrit in a μM concentration range which is easily
accessible by a variety of biophysical techniques.[21–23] The
secondary structure and oligomerization propensity of PTH84
below, near and above ccrit are investigated at conditions at
which the peptide self-assembles into fibrils to characterize
potential transitions as a consequence of supersaturation. We
show that the prenucleation state of PTH84 comprises equilibria
involving oligomers of different molecular weights dependent
on the total concentration c0. Here, ccrit marks a transition from
a monomer-dimer equilibrium (c0<ccrit) towards an equilibrium
involving a trimeric and tetrameric state (c0>ccrit) which we
suspect to contribute to primary nucleation. We additionally
demonstrate that the monomer-dimer equilibrium persists in
the presence of fibrils, thus revealing an important insight into
the origin and role of ccrit and the early mechanism of amyloid
formation.

Results

The Critical PTH84 Concentration is not Affected by Buffer
Conditions

The parathyroid hormone PTH84 is able to self-assemble into
amyloid-like fibrils with a reported ccrit of 67�21 μM.[21] To test
whether ccrit depends on external factors, we performed
monomer release assays from pre-formed fibrils (Figure 1B). For
reversible assemblies, monomers are released from fibrils upon
dilution until ccrit has been approached. Interestingly, independ-
ent from pH (pH 9.0, pH 7.4, pH 5.3), temperature (25 °C to
65 °C) or buffer systems (phosphate, Bis-Tris, borate), the
individually determined concentration of soluble peptide (ceq)
always increased to 79�4 μM after 24 h of incubation. This
relates to a robust ccrit of PTH84 that is unaffected by ample
changes of the environment.

Furthermore, ccrit can be used as a measure of the Gibbs free
energy for the overall fibrillation process with ΔG0= � RT · ln-
(1 Mccrit

� 1)= � 23.8 kJmol� 1 at 25 °C.[19,43] The high value of ccrit
reflects the low thermodynamic stability of PTH84 fibrils. For
comparison, ΔG0 of Aβ40 and hβ2m is reported to be
� 36.0 kJmol� 1 and � 33.0 kJmol� 1, corresponding to ccrit of
0.9 μM and 2.7 μM, respectively.[18,44]

Biophysical PTH84 Properties Depend on the Peptide
Concentration

To characterize ccrit on the molecular level we examined the
biophysical properties of PTH84 in a broad concentration range
below and above ccrit. In agreement with experimentally
determined structures,[40,42] AlphaFold 2.0 predicted an α-helix
for residues E4-L37, an intrinsically disordered C-terminal part,
and an additional α-helix for residues K72-A81 (Figure 2A).[39,41]

The latter α-helix was not experimentally observed.[42] For a
detailed analysis of possible c0 effects on the structure we used
the intrinsic W23 fluorescence ratio F350/F320 as an indicator for
spectral changes. Within the c0 range probed, four different

Figure 1. A – Simplified model of amyloid fibril growth involving oligomeric
species for primary nucleation. B – Monomer release from pre-formed PTH84
fibrils at 24 h in 50 mM sodium borate (pH 9.0), 50 mM sodium phosphate
containing 150 mM sodium chloride (pH 7.4) or 10 mM Bis-Tris (pH 5.3). F: ceq
of the initial fibril sample, C: soluble peptide directly after resuspension of
washed fibrils.
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concentration regimes were identified (Figure 2B, upper panel):
(a) c0<10 μM (regime I), (b) 10 μM<c0<70 μM (regime II), (c)
70<c0<310 μM (regime III) and c0>310 μM (regime IV). Note
that the transition between regimes II and III occurred at ccrit.
The observed decrease of F350/F320 for regimes II, III and IV
indicates a shift of the maximum fluorescence λem,max towards
lower emission wavelengths (Figure S1A). This behavior refers
to a decreased solvent accessibility of the W23 environment
resulting either from intra- (conformational reorientation) or
intermolecular interactions (oligomer formation). For regime I
we found a positive slope indicating the opposing effect of a
decreasing hydrophobicity of the W23 environment with c0.

The general appearance of the circular dichroism (CD)
spectra displaying a dominant minimum at λmin,1 �202 nm and
a minor minimum at λmin,2 �220 nm is indicative of an intrinsi-
cally disordered peptide with additional contributions from an
α-helix (Figure S1B).[21–22,42] In contrast, a CD spectrum calculated
from the predicted structure (Figure S1B) shows the typical
minima of α-helices at λ1=208 nm and λ2=220 nm, indicating
an overestimation of the α-helix content by AlphaFold 2.0.[45] To
monitor c0 dependent effects, we used the evolution of the CD
minimum wavelength λmin,1 as an indicator for disorder (λ=

195 nm) and α-helical structure formation (λ=208 nm) (Fig-
ure 2B, middle panel). For regime I we found a shift of λmin,1
from 203.3 nm towards 201.7 nm with increasing c0. This small
but notable systematic shift indicates an increase of disorder,
which is supported by a BESTSEL analysis (red in the same
Figure).[46] Simultaneously, the apparent hydrodynamic radius
rH,app increased from 1.7�0.1 nm to 2.1�0.1 nm as observed by
pulsed field gradient (PFG)-NMR and fluorescence cross-correla-
tion spectroscopy (FCCS) (Figure 2B, lower panel, and Fig-

ure S2). Interestingly, rH,app remained constant within regime II,
while λmin,1 increased again towards 202.3 nm. Obviously, within
regime II the structure of PTH84 is affected by c0 without an
observable change in size. The major red shift of λmin,1
continued for regime III. Meanwhile, rH,app increased until c0=

125 μM towards 2.9 nm, but remained constant for higher c0. In
regime IV we observed a proceeding minor red shift of λmin,1
and a strong increase of rH,app to 4.2 nm or 3.5 nm as determined
by PFG-NMR and FCCS, respectively. The BESTSEL analysis of
the CD spectra for regimes II–IV revealed that the observed shift
of λmin,1 indicates a slight decrease of disordered structure.

In summary, PTH84 exhibits a compact state with a higher
degree of secondary structure at low c0 which becomes more
extended with increasing c0, supported by an increased solvent
accessibility of W23. The positive trend of ΘMRW at λmin,1
(Figure S1B) suggests that PTH84 evolves from an intrinsically
disordered peptide (IDP) with α-helical propensity at low c0
(regime I) towards an IDP with decreased helix propensity at
high c0 (regime IV). The trend of a strongly increasing ensemble
rH,app indicates a monomer-oligomer equilibrium with different
secondary structural compositions and transient species in fast
dynamic exchange.[30]

PTH84 Monomers are in Equilibrium with Oligomers of
Peptide Concentration Dependent Sizes

Next, we asked if the c0 dependent increase of the ensemble
rH,app occurs due to conformational changes resulting in an
extended structure or due to oligomer formation. In order to
reveal possible size distributions, we used small angle X-ray
scattering (SAXS) with a subsequent ensemble optimization
analysis (EOM, Figure 3A and Figure S3) to investigate the
distributions of the radii of gyration (rG) at 50 μM (regime II) and
500 μM (regime IV). The corresponding end-to-end distances
(ree) were obtained by dual-color single-molecule fluorescence
resonance energy transfer (smFRET, Figure 3B and Figure S4).
For regime II, SAXS revealed two states with distinct, narrow
distributions of rG (2.1�0.2 nm and 2.8�0.2 nm) while only one
ree distance (5.7 nm) was detected by smFRET. We suspect that
both rG states either display a monomeric and an oligomeric
state while ree of the involved individual peptide chains remain
unchanged or two conformational states that interconvert on a
timescale <200 μs. Exceeding ccrit, the values of both rG maxima
increase (2.4�0.2 nm and 3.0�0.3 nm), indicating different
dynamic equilibria for the probed c0 regimes as well as a
possible under-representation of monomers in the scattering
intensity curves. Interestingly, smFRET experiments for regime
IV also revealed two states. The ree of the dominant state
increased only marginally with c0 from 5.7 to 5.9 nm, while an
additional, extended state with ree=7.5 nm was found with
22% amplitude which was not detected by the EOM analysis.

Independently, we applied native mass spectrometry (MS)
allowing the direct observation of oligomers. For regime I (c0=

10 μM), we obtained a charge state distribution corresponding
to a molecular mass of 9424 gmol� 1 (Figure 3C, upper panel,
MW,PTH84=9424.7 gmol� 1),[47] revealing PTH84 to be monomeric at

Figure 2. Structural and hydrodynamic properties of PTH84 at various
concentrations. A – cartoon sketch of PTH1-34 (pdb-code 1zwa) (top) and
AlphaFold 2.0 predicted structure of PTH84 (bottom),

[39–41] B – intrinsic
tryptophan fluorescence shown as the ratio F350/F320 (upper panel). The red
lines are linear fits to the respective data within the four regimes. The inset
enlarges the range of low c0. Analysis of far-UV CD spectra (middle panel),
shown are the wavelengths of the CD minimum λmin,1 around 202 nm (black)
and the estimated content of disordered regions (red, deconvolution
performed with BESTSEL). The apparent hydrodynamic radius rH,app (lower
panel) was determined by PFG-NMR (black) and FCCS (red).
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low c0. However, at 40 μM (regime II) a second series of charge
states was observed which can be assigned to an 18848 gmol� 1

particle, equal to the molecular weight of a PTH84 dimer
(Figure 3C, middle panel). This was successfully confirmed by
selecting the 7+ charge state of the dimer as a precursor for
dissociation experiments (Figure S5). Thus, the two rG states in
SAXS-EOM in regime II refer to a PTH84 monomer and a dimer.
Further increasing c0 (regime III) resulted in additional charge
state series corresponding to a PTH84 trimer (28280 gmol

� 1) and
tetramer (37754 gmol� 1, Figure 3C, lower panel).

Together, SAXS, smFRET and native MS confirmed that
PTH84 is solely monomeric only at regime I and exhibits a
monomer-oligomer equilibrium at other regimes, with c0
dependent cluster sizes. Most notably, above ccrit (regime III)
additionally to dimeric PTH84 a trimeric and a tetrameric species
were observed by native MS. For regime IV, we suppose the
formation of an oligomer of high molecular weight, supported
by a strong increase of rH,app in this regime as well as a second
extended ree state.

The N-terminus of PTH84 Facilitates Oligomer Formation

Two-dimensional NMR spectroscopy allows to derive residue
specific information about which segments of PTH84 are
involved in inter- and intramolecular interactions. The low
dispersion within the proton dimension of cross-peaks in our c0
dependent backbone 1H-15N-fHSQC spectra (Figure 4A) agrees
with a predominantly disordered peptide with transient α-
helices.[21,42,48] Notably, we observed a c0 dependent perturba-
tion of the chemical shift (CSP) or the detected signal intensity
for many cross-peaks. Gradually shifting cross-peaks typically

indicate the co-existence of two or more distinct NMR
detectable states in the fast chemical exchange regime on the
sub-millisecond time scale.

For regime I we detected unspecific CSP for all residues
(Figure 4B upper and middle panel, and Figure S6), while a
significant decrease of intensity was only observed for residues
L15-K27 which bear a basic RKK patch. Note that W23, sensing
an increasing hydrophilicity of the environment (Figure 2B,
upper panel), is in the same region. Additionally, the basic
residues 50R-54K, which contain a second RKK patch, display a
small but systematic intensity increase. In regimes II–IV, cross-
peak intensity as well as CSP were most affected within the N-
terminal region (residues S1-A42) of PTH84 while little or no
effect was detected for the disordered C-terminal region (R44-
Q84). Interestingly, within regimes III and IV the CSP for V35-
G38 increased compared to the other residues indicating a
pronounced participation of this sequence in PTH84 interactions.

Except for regime I, we observed additional minor cross-
peaks in close proximity to the signals corresponding to V35,
G38, and A39 (insets in Figure 4A). The occurrence of two
distinct peaks indicated an additional equilibrium of states in
the slow exchange limit. Since these minor cross-peaks were
observed in a regime for which we found dimer formation, we
attribute them to a dimeric state of PTH84. All three residues are
situated in a highly hydrophobic region of PTH84
(34FVALGAP41LA), indicating that hydrophobic interactions are
most probably involved in dimer formation. Additionally, the
CSP of the corresponding major cross-peaks strongly modu-
lated with c0, especially in regimes III and IV (Figure S6). This
indicates that this peptide region senses, at least, two equilibria:
one in the fast, the other in the slow exchange regime of the
NMR chemical shift time scale. We suppose that hydrophobic
interactions are also relevant for trimer/tetramer and high-order
oligomer formation observed in regimes III and IV.

In order to analyze whether the intensity changes originate
from differences of local dynamics or oligomer formation we
determined the longitudinal (R1) and transversal relaxation rates
(R2) at the different c0 regimes. The R2/R1 ratio is sensitive to
changes of the local peptide rotational correlation time τc on a
nanosecond time scale and chemical exchange on a millisecond
time scale. This is a valuable NMR parameter to reveal transient
local structure formation especially of IDPs.[49–50] In general,
PTH84 displayed a higher R2/R1 ratio for residues L7-G38
compared to other residues (Figure 4B, lower panel). This
indicated a propensity for the formation of secondary structure
in this region, in good agreement with reported structures.[39–42]

With increasing c0, R2/R1 strongly increased for regimes III and
IV. We attribute this up to six-fold increase mainly to the
formation of oligomers with a larger τc and to an additional
exchange contribution (Rex) to the transversal R2 relaxation
ðR2;obs ¼ R02 þ RexÞ. The latter arises from a fast interconversion
of states on a millisecond time scale.[51] Interestingly, no
difference of R2/R1 was observed between c0=20 μM and
100 μM, although a strong decrease of the relative peak
intensities was found. Again, residues L41-Q84 did not show c0
effects on relaxation, indicating that this segment remains
flexible in oligomeric PTH84 states.

Figure 3. Analysis of PTH84 oligomerization. A – EOM analysis of the X-ray
scattering profiles for 50 μM (upper panel) and 500 μM (lower panel). B –
smFRET determined energy transfer histograms for 50 μM (upper panel) and
500 μM (lower panel). C – native mass spectrometry of PTH84 at 10 μM
(upper panel), 40 μM (middle panel) and 130 μM (lower panel). The observed
charge state distributions correspond to monomers (blue circles), dimers
(cyan circles), trimers (orange triangles) and tetramers (orange squares). The
respective molecular masses are given in the main text. After incubation, the
buffer was exchanged to 200 mM (NH4)CH3COO directly prior to the
measurement.
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The Soluble Peptide in Equilibrium with Fibrils Adopts the
Same State as Without Fibrils

Last, we asked if the soluble PTH84 fraction in equilibrium with
its fibrils is monomeric or adopts to the prenucleation state. For
this purpose, we recorded 1H-15N-fHSQC spectra of samples with
15N labeled PTH84 (c0: 100 μM, 300 μM and 500 μM) before and
after addition of 5% unlabeled PTH84 fibrils (given in monomer
equivalents) to induce seeded growth (Figure 5A). After 7 days
of incubation ceq was found to be 51.3 μM (c0=100 μM),
69.2 μM (c0=300 μM) and 52.2 μM (c0=500 μM), in good agree-
ment with ccrit (Figure 1B). We compared the chemical shift
differences of the resulting cross peaks with the respective
cross-peak positions obtained from a set of reference spectra
without fibrils. The root mean square deviation (RMSD) was
used to determine the pair of spectra with minimal CSP
(Equation 10). Without fibrils, the RMSD values displayed
minima at 100 μM, 300 μM and 500 μM, respectively, indicating
that these spectra are most similar to the reference spectra
acquired at the same c0 as the samples (Figure 5A, closed
circles, and Figure S7). In equilibrium with fibrils, we found
minimum RMSD values at appr. 40 μM for all c0. Thus, the

resulting spectra in the presence of fibrils are most similar to
the spectrum obtained from 40 μM PTH84 without fibrils (Fig-
ure 5A, open circles), a concentration which agrees well with
the obtained ceq.

In order to learn more about the adaption of the free
peptide to monomer consumption by fibril elongation, we
investigated the evolution of the 2D fHSQC cross-peak pattern
during seeded fibril growth at c0=250 μM (regime III) and
500 μM (regime IV) (Figure 5B). For all time points and for both
c0, the RMSD minima closely corresponded to the concentration
of the soluble peptide as determined by 1D 1H NMR. We
propose from these RMSD analyses and time-resolved NMR
data that peptide consumption by fibril elongation does not
lead to monomer depletion with a remaining oligomeric
fraction. Instead, the dynamic equilibrium is readily re-estab-
lished according to the available concentration of soluble
peptide.

Finally, we analyzed the local backbone dynamics of the
soluble state in equilibrium with fibrils (Figure S8). For residues
L10-D30 we found a small and for residues A70-Q84 a very
small but systematic increase of R2/R1 compared to the sample
without fibrils. This increase indicates weak interactions of these

Figure 4. Concentration dependent NMR characterization of PTH84. A –
1H-15N-HSQC of 15N enriched PTH84 at 5 μM, 20 μM, 50 μM, 100 μM, 250 μM and

500 μM. The assignments of selected cross-peaks with strong CSP are given. Additional cross-peaks for V35, G38 and A39 are indicated by black arrows (arrow
for G38 points at additional cross-peak at 50 μM (blue-green)). The insets enlarge spectral regions near V35, G38 and A39 focusing on the additional minor
cross-peaks. B – Relative intensities of cross-peaks at 5 μM, 100 μM, 250 μM and 500 μM (upper panel), CSP for 5 μM (displayed as negative values) and
500 μM compared to 20 μM (middle panel). The respective values for 20 μM are set to unity to compare changes for the monomer-related effects (regime I,
c0<20 μM) and additional effects from the oligomerization equilibrium (regimes II–IV, c0>20 μM). Relaxation properties at 20 μM, 100 μM, 250 μM and
500 μM are displayed in the lower panel. R2/R1 ratios are almost identical for c0=20 μM and 100 μM. The inset in the upper panel displays absolute intensities
(Equation 9) for L15, N16, E19 and D74. The relative intensity of N16 for 5 μM compared to 20 μM is 2.4�0.8, a high value which might be due to low
absolute intensity of the N16 cross-peak (red in the inset). Adjacent residues L15 (dark red) and N19 (orange) show a similar intensity decrease with c0 and
follow the same trend in the relative intensity. We displayed the relative intensity data point of N16 with a star indicating a high value in the trend of nearby
residues but with high uncertainty.
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sections of soluble PTH84 with the fibrils at the fibril surface or
growth-competent ends due to association and dissociation in
equilibrium. Thus, slower local tumbling or chemical exchange
increases transversal R2 relaxation. This supports the hypothesis
that fibrils do not induce additional conformational or oligo-
meric states.

Discussion

In the present work we investigated c0 dependent secondary
structure and the monomer-oligomer equilibrium of PTH84 to
biophysically characterize ccrit of amyloid formation. The identi-
fication of four c0 regimes, characterized by distinct biophysical
signatures with transition concentrations at ~10 μM, ~70 μM
and ~310 μM, was a remarkable finding of our study.

Many experimental reports of C-terminally truncated var-
iants of PTH84, as well as structure prediction, consistently assign
an α-helix for residues E4-L37 for the peptide monomer. A
recent NMR study confirmed the helix propensity for PTH84 at
pH 5.3.[42] At pH 7.4, we found PTH84 to be solely monomeric

only at very low c0 (regime I). An increase of c0 within this
regime resulted in an increase of structural disorder coupled to
an expansion of the chain. Interestingly, only the backbone
NMR intensities of residues L15-K27 were affected.

For regime II, PTH84 is in equilibrium with its homo-dimeric
form, as indicated by native MS and SAXS-EOM leading to NMR
detectable changes in the N-terminal region (residues E4-G38).
The fraction of dimeric species was not sufficient to significantly
increase the ensemble rH. Nevertheless, the overall content of
secondary structure was again increased. The transition from
regime II to regime III was characterized by the occurrence of
an additional homo-trimer/tetramer and coincided with ccrit of
PTH84 fibrillation. In the high c0 range, an additional state was
observed with increased rH (PFG-NMR and FCCS), higher rG
(SAXS-EOM) and larger ree (smFRET) compared to the lower c0
regimes. Within the framework of our previous reported
mechanism of PTH84 fibril formation,

[23] we propose that the
trimer or tetramer acts as precursor for primary nucleation at
low c0 (<310 μM, regime III), since these oligomers only
appeared above ccrit. The previously calculated reaction order
for primary nucleation n1, being related to the physical nucleus
size, of 2�n1�4 supports such oligomer sizes.

[23] Interestingly,
fibrillation was found to proceed with lag-times (tlag) of
approximately 175 h (c0=100 μM) decreasing with increasing c0
until fibrillation apparently becomes c0 independent at 250 μM
(tlag �110 h). Below ccrit (regime II), no fibril formation was
observed. The high-order oligomer at regime IV, as previously
hypothesized from kinetic experiments and supported by
smFRET, FCCS and PFG-NMR in this work, is suspected to be the
nucleation precursor at high c0 (>310 μM). For this c0 regime
we found a switch of the reaction order of primary nucleation
towards n1=18.5, enabling a competition with secondary
nucleation.[23] This led to a considerable reduction of the lag-
time to about 60 h for c0=500 μM and further to ca. 20 h for
c0=600 μM. Importantly, in the current report we used an
incubation time of 18 h to ensure an equilibrium between
monomeric and oligomeric species.

Native MS revealed an equilibrium of PTH84 monomers with
oligomers of low molecular weight while only one correspond-
ing ree fraction was found. From smFRET we suspect that
peptides in monomers and small oligomers display comparable
chain dimensions, but adopt a more extended conformation in
high order oligomers (regime IV). Such extended conforma-
tional states were also found for the tau protein[52] and α-
synuclein[53] within liquid-liquid phase separated solutions
facilitating intermolecular cluster formation leading to amyloid
fibril formation. Indeed, our CD analysis indicated a conforma-
tional reorientation with a decreasing α-helical propensity of
the N-terminal region in the high c0 regime.

Two-dimensional NMR spectroscopy allowed us to get to
residue resolution and dynamic aspects of PTH84 states. We not
only found gradual CSP, indicating a fast, dynamic equilibrium
between at least 2 states, but also additional cross-peaks for
residues V35-A39, indicating a second, slow equilibrium in
regimes II to IV. Our c0 series probing the ensemble relaxation
properties R2/R1 agree with a strongly decreased rotational
correlation time τc as a consequence of oligomerization at high

Figure 5. NMR characterization of PTH84 in the presence of fibrils. A – RMSD
of backbone chemical shifts in 1H-15N-fHSQC spectra of samples with
c0=100 μM (dark yellow), 300 μM (orange) and 500 μM (red) without (closed
circles) and in equilibrium with fibrils (open circles) compared to reference
spectra acquired in the absence of fibrils. B – 1D 1H and 2D 1H-15N-fHSQC
detected seeded fibril growth at initial peptide concentrations of 250 μM
(orange) and 500 μM (red). 1D 1H intensity analysis to extract the
concentration of free PTH84 (closed circles) and the corresponding minimum
RMSD of the CSP, compared to the prenucleation equilibrium (open circles)
for each time point. The y-axis displays the concentration of the soluble
peptide and the reference spectrum showing the lowest respective RMSD.
For clarity, RMSD values are displayed in a darker color than the free peptide
concentration. The black dashed line indicates the critical concentration ccrit.
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c0 as well as an exchange contribution Rex due to fast equilibria.
Interestingly, R2/R1 was almost identical for 20 μM (regime II)
and 100 μM (regime III), consistent with the slow-exchange
regime at which Rex has only marginal effects on transversal
relaxation. Note that rH,app (PFG-NMR) did also not change within
regime II but CSPs were still observed. The additional cross-
peaks for V35-A39, situated in a hydrophobic sequence, were
detectable for regimes II to IV with a low signal intensity and
even persisted in equilibrium with fibrils. We suspect that this
refers to a dimeric species which is formed via weak hydro-
phobic interactions and is most probably non-productive for
fibrillation. A similar network of sparsely populated productive
dimers and tetramers as well as a non-productive dimer has
also been described for the Huntington’s disease related protein
huntingtin (htt).[29,54–55]

In our NMR-experiments, only little to no effects were
observed for the disordered C-terminal part of PTH84, while
resonance intensity, CSP and relaxation were considerably
affected within the N-terminal part. Under the neutral pH
conditions used in this study, the major fraction of histidine
residues is expected to be in the deprotonated state due to the
side chain N� H pKa value of 6.45.

[56–57] Of the 4 histidines of
PTH84 (H9, H14, H32, H63) only H9 displayed an assignable
cross-peak with a low intensity at pH 7.4.[58] In contrast, at
pH 5.3 (pH<pKa,His) all histidine residues were detectable.

[21,42]

This fact hints towards a possible participation of histidine in
such interactions. The response of both PTH84 RKK patches as a
consequence of c0 increase within regime I, in which PTH84 is
monomeric but expanding, suggests contributions from these
motifs. The helical parts are probably stabilized by weak
intramolecular cation-π interactions of basic side chains with,
e.g., histidine or π-π interactions involving histidine and
arginine residues,[59–62] also in the disordered part. The expan-
sion of the chain coupled to the loss of secondary structure
possibly occurs due to intermolecular transient interactions
which further lead to oligomer formation.

We would like to highlight that soluble PTH84 adopts the
same monomer-dimer equilibrium after fibril formation as in
the prenucleation state of appr. 40 μM (regime II), close to ccrit.
This was not only observed for the thermodynamic equilibrium,
but also during seeded fibril growth, indicating that the
described oligomers are not static aggregates. The CSP of free,
soluble PTH84 readily adopted to the prenucleation situation at
corresponding c0. Fibrils obviously do not affect the soluble
state in terms of additional structure or oligomer formation. The
small effect on R2/R1 ratios in equilibrium with fibrils for G12-
V31 and A70-Q84 hint towards weak interactions of soluble
peptides with the fibril surface, supporting our previous
hypothesis.[23] Monomer-fibril interactions are a common fea-
ture of amyloid systems and have been described in detail e.g.
for Aβ40.

[63–64]

To our knowledge, this is the first report of a c0 dependent
rapid oligomerization equilibrium of an aggregation-prone
peptide specific for ccrit, which persists also in the presence of
amyloid fibrils. The long lag-times agree with a very slow
conversion step of the oligomers into fibril nuclei.[23] We
suppose that the considerably smaller lag-times for e.g. Aβ40

indicate a slower oligomerization but a fast conversion rate
which is possibly related to the toxicity of Aβ40 oligomers.

[65–66]

Experimental Section
Material. All chemicals were purchased from Sigma Aldrich or Carl
Roth GmbH and used without further purification.

Recombinant Production of PTH84 and sample preparation. The
recombinant production of PTH84 was conducted according to the
previously published protocol.[23] For 2D-NMR experiments, cells
were grown in minimal salt medium with 15NH4Cl as the only source
of nitrogen.[67] For single molecule techniques, double labelled
Atto488-maleimide-cysteine-PTH84-propargyl-glycine-Atto594-azid-
OH was synthesized by the Core Unit Peptide Technologies of the
University of Leipzig as published previously.[22,68] Aliquots of the
stock solution were allowed to thaw on ice, centrifuged (16000 g,
10 min, room temperature), diluted to the respective peptide
concentration and supplemented with 150 mM NaCl for all
analytical methods. The final buffer composition used for all
experiments, if not stated otherwise, was 50 mM Na2HPO4, 150 mM
NaCl, pH 7.4. All experiments have been conducted at 25 °C. For all
experiments, the recombinantly produced PTH84 was used. Syn-
thetic PTH84 double-labelled with fluorescent tags was additionally
added for detection in single-molecule fluorescence techniques, as
stated below.

Reversibility assay. Fibrils were grown by incubation of 700 μM
PTH84 in 50 mM Na-Borate, pH 9.0 for 18 h at 65 °C.[21] After
sedimentation (1 h, 16200 g), the supernatant was carefully re-
moved, fibrils were resuspended in the same amount of Borate
buffer, sedimented again and resuspended in borate buffer
(pH 9.0), 50 mM Na2HPO4 (pH 7.4) or 10 mM BisTris, 300 mM Na2SO4

(pH 5.3) and incubated at 25 °C, 37 °C or 65 °C for 24 h. After
sedimentation, the equilibrium monomer concentration within the
supernatant was determined by UV/Vis spectroscopy on a J-650
spectrophotometer (Jasco International Co., Ltd., Tokyo, Japan).

CD spectroscopy. For estimating the overall amount of secondary
structure, circular dichroism (CD) spectroscopy was used. In order
to maintain a valuable signal-to-noise ratio, the detector tension
(HT) and absorbance were kept below 600 V or 0.4, respectively. As
a consequence, different cuvettes with different path lengths (d)
were used: d=1 mm (c0 <20 μM), d=0.1 mm (20 μM<c0
<150 μM) and d=0.01 mm (c0>150 μM). For each sample 15
individual scans with a scanning speed of 50 nm/min and a
bandwidth of 1 nm were accumulated on a J-815 spectropolarim-
eter (Jasco International Co., Ltd., Tokyo, Japan). The mean residue
ellipticity, ΘMRE, was calculated as

VMRE ¼
V

10 c0 d Naa
(1)

with Θ the measured ellipticity, c0 protein concentration, d the
path length and Naa the number of residues within the peptide. A
decomposition to extract information on structural content was
performed by BESTSEL.[46] Since PTH84 is predominantly disordered,
our analysis focuses on “other” structures which we interpret as
unstructured content. A theoretical CD spectrum has been calcu-
lated from the AlphaFold 2.0 predicted three-dimensional structure
of PTH84 by using the PDBMD2CD server.

[69]

Intrinsic tryptophan fluorescence spectroscopy. Intrinsic PTH84
W23 fluorescence was recorded (λexc=280 nm, λem=290–550 nm,
scanning speed 50 nm/min) on a FP-6500 fluorescence spectrom-
eter (Jasco International Co., Ltd., Tokyo, Japan). For analysis, the
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fluorescence ratio F350/F320 was used. As a consequence of the high
peptide concentrations used, the fluorescence intensity at only one
emission frequency is possibly biased due to primary inner filter
effects, whereas the ratio monitors concentration dependent
changes with respect to the spectral form. In the absence of
changes to the spectral shape the trend of this ratio is expected to
be linear. Whereas intermolecular quenching effects of W23
possibly contribute to spectral changes, intramolecular effects due
to F34 should be negligible.

Native mass spectrometry (native MS). Using a mass spectrometer
modified for transmission of high masses,[70] proteins and com-
plexes thereof are transferred intact into the gas phase by
preserving non-covalent interactions. Thus, the oligomeric state can
directly be observed.[71] The storage buffer of 20 μL PTH84 was
exchanged to 200 mM ammonium acetate using Micro Bio-Spin 6
gel filtration columns (BioRad). 4 μL of 10–130 μM PTH84 were
loaded into gold-coated glass capillaries prepared in-house[72] and
directly introduced into a Waters Micromass Q-ToF Ultima mass
spectrometer modified for transmission of high masses.[70] For data
acquisition the following parameters were used: capillary voltage
1.3–1.7 kV, sample cone voltage 80 V, RF lense voltage 80 V,
collision voltage 20–50 V. Mass spectra were processed using
MassLynx 4.1 software (Waters) and were externally calibrated using
100 mg/ml caesium iodide solution. Mass spectra were assigned
using MassLynx 4.1 and Massign software (version 11/14/2014).[73]

Single molecule fluorescence spectroscopy. Single-molecule
fluorescence experiments were conducted on a home-built con-
focal microscope equipped with a pulsed fiber laser (FemtoFiber
pro TVIS, Toptica Photonics AG, Graefelfing, Germany) operating at
488 nm and a repetition rate of 80 MHz, with the pulses being
synchronized with a diode-based laser (LDH P� C-485B, Picoquant
GmbH, Berlin, Germany) operating at 485 nm and 20 MHz. A single-
mode fiber (LMA-8, NKT Photonics, Birkerod, Denmark) was used
for spatial filtering and a 60X microscope objective (UPlanApo 60x/
1.20W, Olympus, Tokio, Japan) for excitation and fluorescence light
collection. Dichroic beam splitters (Di01-R405/488/594-25x36, Sem-
rock Inc./IDEX Corp., Lake Forest, IL, U.S.A., ZT594rdc, Chroma
Technology Corp., Bellows Falls, VT, U.S.A) and a polarizing beam
splitter (CVI Laser Optics, Albuquerque, NM, U.S.A.) were used to
split the emission light and to guide it onto single-photon
avalanche diodes (SPCM-AQRH-14-TR, Excelitas Technologies Corp.,
Mississauga, Canada) with their active areas serving as confocal
pinholes. Spectral filters allowed to set the spectral range for the
donor channel (LP496, BP25/50) and the acceptor channel (LP615,
BP629/56), all filters were purchased from Semrock Inc (IDEX Corp.,
Lake Forest, IL, U.S.A.). Pulses from the detectors were fed into a
TCSPC board (MultiHarp 150, Picoquant GmbH, Berlin, Germany)
operating in the time-tagged time-resolved mode with 80 ps time
resolution.

Single-molecule FRET (smFRET). Single-molecule FRET measure-
ments were performed with 50–100 pM of Fmoc-synthetized
doubly-labeled PTH84 in the presence of recombinantly produced
PTH84 within the range of 10 μM to 500 μM. For burst experiments,
a pulsed-interleaved excitation scheme was used with the donor
molecule being excited with 80 MHz and 50 μW and the acceptor
with 20 MHz and 10 μW. Detected photons were sorted by their
arrival times with respect to a synchronization signal of 20 MHz for
assignment to the respective excitation sources. Fluorescence
bursts were identified using two threshold criteria, one threshold
for the integrated emission after donor excitation and one for the
acceptor emission after direct excitation of the acceptor to select
for molecules bearing both a donor and acceptor, respectively. The
first threshold was applied to a sliding density average of 10
adjacent photons detected by either of the two detection channels
to avoid time binning. All consecutive photons above this threshold

were combined into one burst and the minimum number of
photons per burst was set to 100. Counted photons of each
detector channel were corrected for background counts, quantum
yields of fluorescence, and quantum efficiency of detection
(including collection efficiency, filter transmission, spectral cross
talk and detector efficiency). Averaging owing to conformational
flexibility during transit through the focus was taken into consid-
eration in the calculation of distances from energy transfer histo-
grams using the integral

hEi ¼
Z

P reeð ÞE reeð Þdree, (2)

where E reeð Þ ¼ 1=ð1þ ðree R0
� 1Þ6Þ is the distance dependence of

the energy transfer with R0 the characteristic Förster distance of
5.8 nm and P reeð Þ an excluded-volume probability distribution of
the end-to-end distance approximated by the Gaussian-chain
description:[74]

P reeð Þ ¼
3

2 p N b2

� �3
=2

e�
3 ree
2 N b2 (3)

where N is the sum of the number of amino acids between the dye
labels and the apparent length of the dye linker in terms of b, and
b the distance between two Cα-atoms, found as 0.38 nm.[75] The
parameter ree can be used as a measure for the conformational
space of a disordered chain (e.g. swollen, collapsed). For the high
concentration, 4185 bursts were collected in total, while for the low
concentration regime, individual energy transfer histograms of the
samples with 40 μM, 50 μM, 60 μM and 70 μM were accumulated to
obtain one plot (2835 bursts in total). A 2D analysis of the FRET
efficiency and stoichiometry S was used to ensure that the
displayed energy transfer values truly result from the energy
transfer between donor and acceptor molecules, since molecules
carrying a donor only would also apparently lead to low energy
transfer values.[76] This photon distribution analysis is shown in
Figure S4.

Fluorescence cross correlation spectroscopy (FCCS). The charac-
teristic decay time of the translational diffusion was determined
from the cross-correlation functions of the donor and the acceptor
channel, G tð Þ, using the fitting function:

G tð Þ ¼
1
N 1 � T þ Texp �

t

tT

� �� �

1þ
t

tD

� �a� �
� 1

* 1þ S2
t

tD

� �a� �
� 1=2 (4)

where S and a are system parameters describing the shape of the
focal volume, N is the average number of labeled molecules in the
focal volume, and tD the average dwell time in the focus volume,
being related to the inverse translational diffusion coefficient, D.
Triplet blinking was parameterized by the triplet fraction, T , and
triplet time, tT . The hydrodynamic radius, rh was determined using
the Stokes-Einstein equation with:

D ¼
kBT
6phrh

; (5)

where kB is the Boltzmann constant, T the absolute temperature
and h the viscosity of the solvent.[77] G tð Þwas normalized with
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respect to the average number of molecules in the focus volume,
Gn tð Þ ¼ G tð Þ � N. The reference measurements were conducted
with Atto488 and Atto594.

Small angle X-ray scattering (SAXS). X-ray scattering experiments
were performed in transmission mode using a SAXSLAB laboratory
setup (Retro-F) equipped with an AXO micro-focus X-ray source.
The AXO multilayer X-ray optic (AXO Dresden GmbH, Dresden,
Germany) was used as a monochromator for Cu-Karadiation (l=

0.154 nm). A two-dimensional detector (PILATUS3 R 300 K; DECTRIS,
Baden, Switzerland) was used to record the 2D scattering patterns.

SAXS experiments were conducted using refillable capillaries with
an outer diameter of 1 mm (BioSAS JSP stage, SAXSLAB/Xenocs,
France). The intensities were angular-averaged and plotted versus
the scattering angle q. The measurements were performed at room
temperature and corrected for background, transmission and
sample geometry. The measurement times were set to 6 h.
Subsequent EOM analysis of the scattering intensities were
conducted to reveal the most probable distributions of the radius
of gyration, p rg

� �
, and the end-to-end distances, p Reeð Þ for 50 μM

and 500 μM of PTH84.
[78–79]

Pulsed-Field-Gradient (PFG) NMR spectroscopy. The diffusion
coefficient at different peptide concentrations was determined via
PFG-NMR on the basis of proton spectra on a 600 MHz Bruker
Avance III spectrometer. The gradient strength G was incremented
in 26 steps from 2% to 98% of the maximum gradient Gmax=

0.53 T/m. The intensity for each gradient increment was integrated
in the area 0.5 ppm–2.5 ppm. This resulting intensity decay was
analyzed using the Stejskal-Tanner equation

I
I0
¼ e� D g2 s2 G2 d2 ðD�

d

3Þ (6)

where D is the diffusion coefficient, γ the gyromagnetic ratio of
protons, σ the gradient shape factor (2/π for the sine bell shape
used in this work), G the gradient strength, δ the gradient length
(6 ms) and Δ the diffusion time (100 ms).[80] The data were
compared to the diffusion of the internal chemical shift reference
substance DSS and converted to apparent hydrodynamic radii rH,app
as

rH;app PTH¼
DDSS rH;DSS
Dapp;PTH

(7)

In an additional, similar experiment the rH of DSS was calculated to
be 0.339 nm, using 1,4-Dioxan (rH=0.212 nm) as a reference
substance.[81] The obtained rH,app do not reflect a distinct state, but
represents an average of the full ensemble of possible states within
the sample. Hence, we only use it as a parameter indicating trends
for the hydrodynamic properties.

Chemical shift perturbation (CSP) and signal intensity. 1H-15N-
fHSQC spectra were acquired at different PTH84 concentrations on
an 800 MHz Bruker Avance III spectrometer. The previously reported
assignment of the cross-peaks was used.[58] The number of scans as
a parameter to improve the signal-to-noise ratio was adjusted
according to the sample concentration while the receiver gain was
kept constant for all samples. Acquired spectra were processed
using NMRPipe[82] and analyzed with PINT.[83–84] The change of the
position of the cross peaks in 1H-15N-fHSQC spectra are expressed as
the combined chemical shift Δδ and calculated as

Dd 1H; 15Nð Þ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

d 1Hð Þ2 þ d 15Nð Þ2
q

(8)

with δ1H and δ15N the chemical shift difference between two
spectra, given in Hz, in the direct and indirect dimension,
respectively. For the analysis of the intensities of the cross peaks
the signal intensity I was corrected for experimental details by

I ¼
Iexp

ns c0
(9)

where Iexp is the experimental intensity of a distinct cross-peak, ns
the number of scans accumulated to acquire the 1H-15N-HSQC
spectrum and c0 the molar sample concentration. The samples
contained 10% (v/v) D2O and 0.01 mg/ml DSS as a reference
substance for the chemical shift.

The absolute intensity of a cross-peak in an 1H-15N-fHSQC spectrum
depends on many experimental and protein specific factors and
therefore a direct quantification of protein populations is
complex.[85] However, the change of relative intensities within a
concentration series mostly results from differences in the trans-
versal relaxation rate (R2) due to changes of the local dynamics, the
rotational correlation time or chemical exchange.[86–87] Therefore,
the evolution of the cross-peak intensities as well as the CSP allows
valuable insights to characterize the concentration dependence of
PTH84

1H-15N-fHSQC spectra. Due to slow tumbling of peptides
incorporated into fibrils leading to broadening of cross-peaks
beyond detection, only free, soluble peptides are expected to
contribute to the acquired signal.

NMR relaxation experiments. The longitudinal (R1) and transversal
(R2) relaxation rates were determined as pseudo-3D spectra on the
basis of 1H-15N-fHSQC spectra as read-out on an 800 MHz Bruker
Avance III spectrometer.[49] The respective rates were extracted from
the mono-exponential decay over 8 points (0 ms–1000 ms for R1;
0 ms–192 ms for R2) of recovery time. Relaxation experiments were
conducted for samples containing 20 μM, 100 μM, 250 μM and
500 μM 15N-labelled PTH84. Due to the reduced sensitivity of NMR
relaxation experiments compared to 1H-15N-fHSQC, it was not
possible to acquire reliable relaxation data for regime I to compare
with the purely monomeric state. To analyze the relaxation proper-
ties of soluble PTH84 in equilibrium with fibrils, a 100 μM 15N
labelled sample was incubated with 5% pre-formed unlabeled
seeds for 20 h prior to the measurement.

CSP-RMSD analysis. 1H-15N-fHSQC spectra of samples containing
100 μM, 250 μM or 500 μM 15N-PTH84 were acquired before and
7 days after addition of 5% unlabeled pre-formed seeds (given in
monomer equivalents). The incubation time of 7 days was chosen
to ensure that the system reached the thermodynamic equilibrium.
Directly prior to the measurement, the samples were carefully
mixed to resuspend settled fibrils. The chemical shift differences Δδ
between these sample spectra and a set of fibril-free reference
spectra in a range of 5 μM<c0<500 μM were used to compare the
soluble state in the presence of fibrils with the prenucleation
equilibrium. As a measure for the overall CSP between a sample
and each reference spectrum we then calculated the root mean
square deviation (RMSD) for each pair of spectra as

RMSD ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Dd1ð Þ2þ Dd2ð Þ2þ:::þ Ddnð Þ2

n

r

(10)

This experiment allows to study the soluble peptide fraction also in
the presence of fibrils, as the signal width of 15N labelled PTH84
eventually incorporated into fibrils would broaden beyond detec-
tion due to slow tumbling. In order to obtain information about the
time dependence, we added 10% unlabeled pre-formed seeds at
time zero (directly before spectra acquisition) and repeated the
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acquisition of 1H spectra to monitor the concentration of NMR
detectable, soluble PTH84 and

1H-15N-fHSQC spectra to follow the
time dependence of the CSP for two samples with c0=250 μM and
500 μM. For each time point, the RMSD values of the CSP between
the sample spectra and the fibril-free reference spectra have been
conducted as stated above. The integrals from 2.4 ppm to 0 ppm
from the 1H spectra were used to estimate the overall concentration
of soluble peptide.
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2.3 Paper III: L.M. Lauth et al. (2022), Heparin promotes rapid fibrillation of the basic 

parathyroid hormone at physiological pH 

Aims and Summary 

The focus of Paper III was set towards in vivo like conditions of PTH84 fibrillation. PTH84 is stored in 

secretory granules prior to release into the blood stream. These granules contain a low pH-value of 

appr. pH 5.5. The fibrillation of PTH84 alone and in the presence of heparin was investigated. 

Interaction studies revealed heparin-PTH84 binding with a sub-µM dissociation constant and a 

maximum stoichiometry of 1:11 (heparin:PTH84). The critical molar ratio for interaction was found to 

be 1:10 (heparin-PTH84). Two-dimensional NMR spectroscopy showed that PTH84-heparin interaction 

is facilitated by the N-terminal region. De novo fibril formation for PTH84 alone did not occur at acidic 

pH. The addition of heparin led to rapid fibril growth within several hours. Heparin influenced primary 

as well as secondary processes of PTH84 fibrillation in a non-linear concentration dependent manner. 

This indicated the structural conversion of PTH84 into growth-competent fibrillar species to be the main 

driving force of heparin action. Paper III underlined the importance of glycosaminoglycans present in 

secretory granules, such as heparin, as potential candidates to induce and assist the formation of 

functional amyloid fibrils. This had been demonstrated for other peptide hormones from the pituitary 

glands and now for PTH84 as well. 

Contribution 

The author of this thesis recombinantly produced the 15N isotope lapelled peptide (100 %), supported 

planning and conducting the fibrillation experiments (50 %), prepared and conducted the electron 

microscopy imaging (100 %), planned and conducted the NMR spectroscopy characterization (90 %), 

supported interpreting the data, prepared one figure and reviewed the manuscript during all stages of 

preparation. 
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Original Paper 

The original paper is included on the following pages (pp. 60-71). The Supporting Information can be 

found in Appendix A.3. 
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In acidic secretory granules of mammalian cells, peptide hormones including the

parathyroid hormone are presumably stored in the form of functional amyloid

fibrils. Mature PTH, however, is considerably positively charged in acidic envi-

ronments, a condition known to impede unassisted self-aggregation into fibrils.

Here, we studied the role of the polyanion heparin on promoting fibril formation

of PTH. Employing ITC, CD spectroscopy, NMR, SAXS, and fluorescence-

based assays, we could demonstrate that heparin binds PTH with submicromo-

lar affinity and facilitates its conversion into fibrillar seeds, enabling rapid

formation of amyloid fibrils under acidic conditions. In the absence of heparin,

PTH remained in a soluble monomeric state. We suspect that heparin-like

surfaces are required in vivo to convert PTH efficiently into fibrillar deposits.

Keywords: acidic pH; amyloid fibrillation; functional amyloids; heparin

interaction; intrinsically disordered proteins; parathyroid hormone

The parathyroid hormone (PTH) is a peptide hormone

expressed in parathyroid chief cells that binds the

PTH-specific G protein-coupled receptors PTH1R and

PTH2R to regulate serum calcium ion and phosphate

levels [1–4]. Like any peptide hormone, PTH needs to

be secreted from the producing cells to enable its

access to the target structures via the blood stream [5]

(Fig. 1A). For that purpose, peptide hormones are

generally destined to pass the secretory pathway.

Importantly, the organelles that constitute the secre-

tory pathway get continuously acidified as they

approach the state of secretion [6]. The resulting pH

gradient across the secretory pathway is implicated in

regulating events of post-translational modifications

and sorting of cargo proteins. Moreover, the decrease

in pH is accompanied by the formation of amyloid

fibrils, which is the presumed storage form of peptide

hormones inside secretory granules [7–9]. Interestingly,
many peptide hormones yield an isoelectric point (pI)

close to the acidic pH of approx. 5.5 as found in the

trans-Golgi network and secretory granules. Conse-

quently, these proteins are less soluble at low pH while

displaying an enhanced propensity to aggregate, for

example, into amyloid fibrils [8,10–12]. Indeed, many

of these peptide hormones spontaneously fibrillate also

in vitro at pH 5.5 [7].

Mature PTH (C-terminal 84 amino acids, from now

on referred to as PTH1-84), however, has a calculated

pI value of 8.9 and harbors four histidine residues with

a pKA value of approximately 6.2. As a result, the net

charge of PTH1–84 increases significantly under acidify-

ing conditions: While the net charge at pH 7.4 is
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approximately +1.4, it is raised to +5.9 at pH 5.5 [13].

Since PTH1–84 is a protein with high structural

disorder (Fig. 1B) [14], an increased repulsion between

like-charged residues should lead to more extended

conformations and enhanced mutual repulsion. Hence,

the inherent predisposition for amyloid-prone confor-

mations and the formation of initial amyloid seeds

should be affected [15]. Indeed, in vitro screening of

different buffer conditions revealed that amyloid fibrils

form preferably at basic conditions, close to the pI of

PTH1-84 [14]. This finding contrasts in vivo observa-

tions of amyloid fibril generation in acidic secretory

granules of parathyroid chief cells [9]. Hence, under

physiological conditions, fibril formation of PTH1–84
requires additional factors to occur. In this study, we

tested the hypothesis of a polyanion-assisted fibrilla-

tion of PTH1–84 by the use of heparin (Fig. 1B), an

important and widely used member of the gly-

cosaminoglycan (GAG) family [16]. GAGs are linear

polyanionic polysaccharides that are abundant in the

secretory pathway [17,18] and known components of

amyloid deposits [19]. Notably, the seminal work of

Maji and coworkers in 2009 identified GAGs to be

essential for in vivo fibrillation of numerous peptides

and protein hormones found in secretory granules [7].

To our best knowledge, this aspect has not yet been

investigated for the parathyroid system with its hor-

mone PTH1–84.

With the help of in vitro experiments, we could

demonstrate that heparin does not only efficiently bind

PTH1–84, but also increases its ordered secondary

structure content and induces rapid fibrillation even at

low physiological pH. Moreover, fibrils formed in the

presence of heparin were still capable to release mono-

meric peptides, a typical characteristic of functional

amyloid fibrils. In the absence of heparin, PTH1–84
was not able to form fibrils.

Material and methods

Material

PTH1–84 was synthesized by the Core Unit Peptide

Technologies of the University Leipzig using microwave-

assisted solid-phase peptide synthesis (CEM GmbH, Kamp-

Lintfurt, Germany) based on Fmoc-strategy. For long peptides

as PTH1–84, the incorporation of selected pseudoprolines leads

to products usable for the challenging purification steps after

the cleavage from the resin. The successful synthesis of PTH1–84

was verified by mass spectrometry. Unfractionated porcine

intestinal heparin with an average molecular weight of 20 kDa

was sourced from Carl Roth (Carl Roth GmbH, Karlsruhe,

Germany). The heparin sulfate analog fondaparinux

(pentasaccharide) was sourced from Merck (Merk KGaA,

Darmstadt, Germany). Other chemicals were reagent grade

and sourced from Sigma-Aldrich (Sigma-Aldrich Chemie

GmbH, Schnelldorf, Germany) if not stated otherwise.

Methods

Sample preparation

Lyophilized PTH1–84 was dissolved in citrate buffer (20 mM,

pH 5.5) or sodium phosphate buffer (50 mM, pH 7.4) and its

concentration adjusted via UV absorbance at 280 nm

(ε = 5500 M
−1�cm−1). Heparin or fondaparinux were weighed

in and dissolved in the same buffer. Desired heparin concentra-

tions were prepared according to its average mass of 20 kDa.

Circular dichroism spectroscopy

UV circular dichroism (CD) measurements were carried

out on a Jasco J-810 spectrophotometer (Jasco Deutschland

(B)

binding?
structur

fibrilla

PTH1-84 heparin

sulfated -iduronic acid

sulfated -glucosamine

acidity; PTH e net charge1-84

PTH1-84

(A)

Nucleus

ER Golgi secretory
granules

Secretory pathway

blood

GAG

Fig. 1. Research hypothesis based on cellular transport of basic

PTH1–84 and fibrillation in acidic environments. (A) Illustration of the

PTH (blue) passing through the secretory pathway. The pH gradient

across the secretory pathway leads to a continuous increase in

positive net charge of PTH1–84. PTH1–84 fibrils are found in acidic

secretory granules [9]. GAGs (red) are abundant in the secretory

pathway [17,18]. We hypothesize that GAGs interact with PTH1–84

and induce its fibrillation. (B) Cartoon representation of PTH1–84

based on the PDB entry 1ZWA and a C-terminal disordered region.

Charged residues are highlighted in blue (positive) and red (nega-

tive). The linear polyanionic heparin consists of repeating sulfated

D-glucosamines and L-iduronic acid monosaccharides (black box).
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GmbH, Pfungstadt, Germany) using a 0.01 cm pathlength

quartz cuvette (Hellma GmbH & Co. KG, Müllheim, Ger-

many). The PTH1–84 concentration was adjusted to 0.1 mM

in citrate buffer (20 mM, pH 5.5) or sodium phosphate buf-

fer (50 mM, pH 7.4). Heparin-containing samples were set

to a final molar ratio of 1 : 10 (heparin : PTH1-84) and

incubated for 1 h at 20 °C. As the amplitude of the CD sig-

nal of heparin was much smaller compared with PTH1–84,

we corrected the CD spectra of the solution containing

PTH1–84 and heparin for eventual heparin contributions by

adding equal heparin concentrations in the reference buffer.

The exposure time was set to 50 nm�min−1, and spectra

were obtained from averaging 64 subsequent measurements

at 20 °C after subtracting the reference buffer spectrum.

NMR spectroscopy

2D 1H-15 N HSQC spectra of 100 μM 15 N labeled

PTH1–84 were recorded on a Bruker Ascend 500 MHz spec-

trometer at pH 5.5 and 25 °C in the absence and presence

of 100 μM fondaparinux. Chemical shift assignments were

performed by standard triple resonance experiments based

on the published values [20].

Isothermal titration calorimetry

Calorimetric measurements were performed using a Micro-

Cal iTC200 (Malvern Panalytical Ltd, Malvern, UK)

calorimeter at 25 °C and 750 r.p.m stirring. Titrations of a

125 μM heparin solution into a 150 μM PTH1–84 solution,

both citrate buffer (20 mM, pH 5.5), were analyzed. The

titration regime included an initial 0.5 μL injection and

subsequent 39 × 1 μL injections with a time interval of

300 s. The reference cell contained citrate buffer (20 mM,

pH 5.5). Thermograms were integrated using NITPIC soft-

ware (version 1.3.0) [21]. Data fitting was performed using

CHASM software with the built-in one-site model and

optional use of multi-site models [22].

Wide-angle and small-angle X-ray scattering

All X-ray scattering experiments were performed in

vtransmission mode using a SAXSLAB laboratory setup

(Retro-F) equipped with an AXO microfocus X-ray source.

The AXO multilayer X-ray optic (AXO Dresden GmbH,

Dresden, Germany) was used as a monochromator for Cu-

Kα radiation (λ = 0154 nm). A two-dimensional detector

(PILATUS3 R 300 K; DECTRIS, Baden, Switzerland) was

used to record the 2D scattering patterns. For wide-angle

X-ray scattering (WAXS) experiments, fibrils were formed

in citrate buffer (20 mM, pH 5.5) in the presence of heparin

(1 : 10 molar ratio). The fibril suspension was ultracentrifu-

gated (200 000 x g, 10 min) and the thus obtained pellet

transferred into a ring-shaped aluminum holder (2 mm

thick and with a central hole of 1.5 mm diameter) and left

to dry overnight. The scattering measurements were per-

formed at room temperature in vacuum.

Small-angle X-ray scattering (SAXS) experiments were

conducted using refillable capillaries with an outer diameter

of 1 mm (BioSAS JSP stage, SAXSLAB/Xenocs SAS,

Grenoble, France). The intensities were angular-averaged

and plotted versus the scattering angle q. The measure-

ments were performed in citrate buffer (20 mM, pH 5.5), at

room temperature and corrected for background, transmis-

sion and sample geometry. The measurement times of pure

heparin and PTH1–84 solutions were 10 h. For the time-

dependent series of the mixed solution, 12 consecutive

measurements of 2 h each were taken. Due to the lower

scattering contrast of heparin and, consequently, the need

to measure at higher concentrations, we performed

experiments at two concentrations (100 μM and 1 mM) with

subsequent extrapolation to zero concentration [23]. The

data analysis for all measurements included at first the

determination of the radius of gyration, Rg, using the

Guinier approximation with ln I qð Þð Þ ≈ R2
g=3 � q2 for the low

q-range, qRg < 1.3. Secondly, the intermediate q-range was

fitted to access the shapes of the scatterers using suitable

form factor descriptions, P(q). For the scattering of PTH1–

84, a linear polymer model (Debye function) was used [24]:

P qð Þ ¼ ϕ Δρð Þ22Vc e qRgð Þ2 þ qRg

� �2
�1

� �
= qRg

� �4
,

(1)

where Vc is the chain’s volume of occupation, Δρ the scat-

tering contrast, and ϕ the volume fraction.

For solutions of heparin and heparin with PTH1–84, a

description of a semiflexible chain, as introduced by Peder-

sen and Schurtenberger [25,26], gave the best fitting result.

The main fitting parameters are the so-called Kuhn length,

b, reflecting the stiffness of the chain, the chain’s cross-

sectional radius, Rc, and the contour length, L, describing

the total length of the chain. To strengthen the uniqueness

of the description, the parameters were matched with

results from other analyses techniques: Rc was additionally

derived from the Guinier relation ln I qð Þð Þ � q ≈ R2
c,g=2 � q2

for the q-range 1.5 < qRc,g < 2.1 with Rc ¼
ffiffiffi
2

p
Rc,g and

found to be concentration independent. The parameter b

was determined by the minimum of the plot I(q)�q2 versus q
via the relation b ≈ 4.6/q* and subsequent extrapolation to

zero concentration [27]. The contour length, L, was also

determined by extrapolation, using the concentration-

dependent scattering intensities I(q) and I(q)q with q→0

[23].

Thioflavin T assay

Thioflavin T (ThT) assays were carried out on a FLUOstar

Omega (BMG Labtech GmbH, Ortenberg, Germany)

reader using Greiner 96 F-bottom (non-binding) well plates
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(Greiner Bio-One GmbH, Frickenhausen, Germany). All

experiments were performed at 37 °C. Every 300 s, the ThT

fluorescence was monitored at 480 nm with excitation at

450 nm. Samples were shaken with 300 r.p.m for 150 s prior

to each excitation. The final sample volume was set to

150 μL with final concentrations of 150 μM PTH1–84 and

50 μM ThT in citrate buffer (20 mM, pH 5.5) or sodium phos-

phate buffer (50 mM, pH 7.4). A series of heparin concentra-

tions (0, 3, 7.5, 15, 30, 150, and 600 μM) was tested to assess

its role in PTH1–84 fibrillation. All measurements were done

in triplicate with subsequent averaging of the ThT intensities.

Recent molecular rate kinetic descriptions of fibrillar growth

enable to disentangle two main fibrillation processes [28]. While

primary nucleation describes the generation of structured nuclei

in the absence of fibrils, secondary pathways address the gener-

ation of nuclei on fibrillar surfaces. Both processes affect the

time dependence of the fibrillar growth in a different way and

hence, their contributions to the total increase in fluorescence,

ΔF(t), can be analyzed using the function

ΔF tð Þ ¼ 1� 1
λ3
3κ3 eκt�1ð Þ þ 1

 !
ΔFpl (2)

where ΔFpl describes the plateau of the fluorescence assay.

λ and κ are the rate constants of nucleation and growth for

primary and secondary processes, respectively. λ and κ
comprise the individual microscopic rates of oligomeriza-

tion, ko1 and ko2, respectively, the rate of conversion of the

unstructured oligomers into seeds, kc, as well as the rate of

elongation via monomer addition k+ [29,30]:

λ ¼ 2ko1kckþmn1
� �1=3

, κ ¼ 2ko2kckþmn2þ1
� �1=3

(3)

The parameter m displays the total mass of the monomers

and n1 and n2 the sizes of the nuclei for each process. In

this context, λ would also include heterogeneous seeding, as

it might be induced by surfaces.

Transmission electron microscopy

5 μL of a 20 times dilution of the respective fibrillated sam-

ple was transferred to a 200 mesh Formvar/Carbon coated

Cu grid (Plano GmbH, Wetzlar, Germany). After 3 min of

waiting time, the grids were first cleaned in water for

3 × 10 s and then negatively stained with 1 percent (w/v)

uranyl acetate for a further 60 s. Transmission electron

microscopy (TEM) images were taken with an electron

microscope (EM 900; Carl Zeiss AG, Oberkochen, Ger-

many) at 80 kV acceleration voltage.

Determination of the critical concentration

PTH1–84 fibrils (1 mL of 150 μM PTH1–84 monomer) were

formed in the presence of heparin (1 : 10 molar ratio) in

pH 5.5 (20 mM citrate) or pH 7.4 (50 mM sodium

phosphate) buffer at 37 °C and 350 r.p.m agitation for 3 h.

The chosen incubation time ensured completion of fibril

formation. Fibrils were pelleted via ultracentrifugation at

200 000 x g for 10 min. The PTH1–84 concentration of the

supernatant fraction was determined using UV spec-

troscopy and taken as the critical concentration, c*.

Monomer release assay

Fibril pellets were obtained as mentioned above, resus-

pended in 100 μL pH 7.4 buffer (50 mM sodium phosphate,

5% mannitol), and subjected to dialysis through 20 k

MWCO Slide-A-Lyzer Mini dialysis devices (Fisher Scien-

tific GmbH, Schwerte, Germany) against 1 mL pH 7.4 buf-

fer (50 mM sodium phosphate, 5% mannitol). The protein

concentration outside of the dialysis device was determined

using UV spectroscopy at several time points.

Results and discussion

Binding of PTH1–84 to heparin

Thermodynamics of the interaction

Binding thermodynamics can provide a comprehensive

view of the various types of molecular interactions that

drive biomolecular association. The thermodynamic fea-

ture of the heparin-PTH1–84 binding was accessed using

isothermal titration calorimetry (ITC), which detects the

heat absorbed or released along the reaction coordinate.

The resulting binding isotherm, as shown in Fig. 2A,

can be used to determine the enthalpy, Gibbs free

energy as well as stoichiometry of binding. Using a

model description of independent identical binding sites,

we found the equilibrium constant of dissociation, KD,

to be (213 � 29) nM and the stoichiometry of binding

to be n = 0.09 � 0.01 corresponding to 11 PTH1–84
molecules per heparin molecule. The negative isotherms

generated by the interaction of PTH1–84 with heparin

correspond to an exothermic binding event with a Gibbs

free energy change, ΔG, of (−38.0� 0.3) kJ�mol−1. The

changes in enthalpy, ΔH, and entropy, ΔS are (−-
72.5� 1.0) kJ�mol−1 and (0.89 � 0.01) kJ mol−1�K−1,

respectively. The here determined Gibbs free energy

change is in very good agreement with a previously pub-

lished value of −37 kJ�mol−1 of Kamerzell et al. [31], who

used unfractionated heparin with an average mass of 12–
16 kDa compared with the larger 20 kDa heparin used in

this study. While the different sizes of heparin did not

seem to alter ΔG, we found the stoichiometry of binding

to scale linearly with the size of the heparin molecules.

While heparin molecules of the size of 20 kDa (this study)

revealed a binding ratio of about 11 proteins per heparin

molecule, Kamerzell et al. found in their experiments that

4 FEBS Letters (2022) � 2022 The Authors. FEBS Letters published by John Wiley & Sons Ltd on behalf of Federation of European Biochemical Societies.

Heparin promotes rapid fibrillation of PTH L. M. Lauth et al.

63



one 12–16 kDa heparin molecule can bind about 8 PTH1–

84 molecules. Hence, assuming an average mass of a disac-

charide unit of 533 Da, one protein binds roughly 3 disac-

charide units of heparin. This finding supports the beads

on a string model, as previously suggested in the context

of other heparin-protein systems [32,33]. Notably, a minor

enthalpic deviation of about 20 kJ�mol−1 is apparent at

low ligand (heparin) concentrations and could be

explained by a second binding process of a higher affinity

but smaller exothermic enthalpy [22]. Multi-site

approaches, however, yielded a high fitting error and

could not be applied.

Induction of secondary structure

Circular dichroism spectroscopy was used to compare

the relative secondary structure content of PTH1–84 in

citrate buffer (20 mM, pH 5.5) in the absence and pres-

ence of heparin (see Fig. 2B). In its unbound state,

PTH1–84 gave rise to a CD spectrum with pronounced

negative ellipticities close to 200 nm and a shallow mini-

mum around 222 nm. This characteristic is typical for

intrinsically disordered proteins with contributions from

transient α-helices [34] and matches structural data of

several PTH constructs obtained via X-ray crystallogra-

phy and nuclear magnetic resonance spectroscopy [35–
37]. In the presence of heparin, a very different CD

spectrum was obtained with a loss of negative ellipticity

around 200 nm and significantly stronger contribution

of negative ellipticity in the range spanning 210–
230 nm. Since irregular peptide structures show rela-

tively low optical activity in the latter wavelength range,

the CD spectrum suggests an increase in ordered sec-

ondary structure elements of PTH1–84 that is governed

by the interaction with heparin. The CD spectrum anal-

ysis tool BeStSel [38] revealed an enhanced α-helical
content in the presence of heparin (12% without hep-

arin, 33% with heparin) accompanied by a decrease in

β-strand content (25% without heparin, 13% with hep-

arin, see Fig. S1). Comparing pH 7.4 to pH 5.5, a simi-

lar structural content of PTH1–84 was found, but the

change in secondary structure upon heparin binding

was less pronounced for pH 7.4. Based on these results

it can be concluded that the polyanion heparin does not

only bind PTH1–84 at low pH, while presumably screen-

ing its positive charges, but importantly also induce a

change in the ordered secondary structure content.

Size and shape of heparin-PTH1–84 associates

Small-angle X-ray scattering experiments allow to

study sizes, shapes, and mutual interactions of dis-

solved particles and are used to investigate the

molecular arrangement of PTH1–84 with heparin. Fig-

ure 2C displays absolute scattering intensities of solu-

tions of PTH1–84 and heparin (1 : 10 molar ratio),

prior and after mixing. The scattering intensity profile

of PTH1–84 (black data set of Fig. 2C) agreed with the

simple polymer model of a flexible chain as given by

Eq. 1, yielding a radius of gyration, Rg, of

(2.9 � 0.5) nm. The applicability of this model depicts

the disordered feature of the protein. In contrast to

PTH1–84, the shape of the heparin molecules (gray

dataset) could be described by a semiflexible chain

with a Kuhn length, b, of (19.2 � 0.7) nm and a con-

tour length, L, of approx. 30 nm, in agreement with

literature values [23,27]. While L describes the average

length of the heparin backbone, b reflects the length

scale of the chain’s stiffness. The radius of the chain’s

cross-section, Rc, is (0.45 � 0.03) nm. Immediately

after the addition of PTH1–84, the scattering intensity

of the heparin solution increased by two orders of

magnitude (see the red data set of Fig. 2C). Again,

according to the model of a semiflexible chain, a rea-

sonable agreement could be achieved, without chang-

ing b or L of the aforementioned description (red line

in Fig. 2C). Only the cross-section of the chain

increased significantly from Rc = (0.45 � 0.03) nm to

(5.3 � 0.2) nm, supporting the earlier mentioned

beads on a string model as sketched in Fig. 2D.

With time, the scattering intensities of the described

chains displayed a slightly increased scattering inten-

sity at low q values, eventually reaching a plateau after

22 h (see colored data sets in Fig. 2C). The exponent

of the arising power-law dependence, I(q) ∼ qD, can

be interpreted as the dimension, D, of a mass fractal.

We found D to be 2.04, characteristic for a diffusion-

limited aggregation with a preferred growth at the tips

and thus reduced branching [39]. This slow and prefer-

ably linear growth of PTH1–84-heparin constructs can

be taken as a first indication for a process of fibrillar

growth.

Fibrillation properties

Since PTH1–84 needs to undergo at least a partial con-

formational transition from α-helices to β-strands to

form cross-β-structured amyloid fibrils [14], we moni-

tored the growth process using the structure-sensitive

fluorescent dye Thioflavin T that binds to β-sheet sur-
faces along motifs formed by cross-β strand ladders

(see Fig. 3A). In the absence of heparin, the ThT fluo-

rescence remained at a low level throughout the mea-

surement indicating that any potential buildup of

fibrils was below the detection limit. Even after 70 h of

incubation at an elevated temperature of 37 °C and
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with orbital shaking, the fluorescence level remained

virtually unchanged. Subsequent centrifugation of the

sample did not yield a noticeable precipitate, suggest-

ing that PTH1–84 remained in its soluble, monomeric

state. Conversely, PTH1–84 rapidly formed fibrils when

heparin was present with ThT plateau intensities that

initially increased with heparin concentration and

eventually saturated (Fig. 3C, top graph). The latter

could be evidence for possible binding of heparin to

the fibrillar surfaces as it was observed for fibrils of

the amyloid beta peptide [40].

Notably, the initial lag phase was passing a mini-

mum value of 0.6 h at heparin concentrations of

15 μM and 30 μM (1 : 10 and 1 : 5 ratio of heparin:

PTH1–84) indicative for a more complex interplay of

aggregation processes than simple seeding. Seeding

would solely lead to a concentration-dependent

decrease in the lag times [41].

To infer more information regarding the dominating

processes of fibrillation, we analyzed the data with

respect to the total rates of primary and secondary fib-

rillation pathways, λ and κ, as given by Eq. 2. The fit-

ting results are displayed in the normalized data set of

Fig. 3B and the derived values of λ and κ are given in

Fig. 3C, bottom graph. While λ reflects the generation

of structured nuclei in the absence of fibrils, κ
addresses the generation of nuclei on the surface of the

growing fibrillar phase. It is important to mention that

both rates comprise not only their specific microscopic

rates of nucleation but also the more general rate of
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fibrillar growth via monomer addition (see Eq. 3). For

concentrations below the critical molar ratio of 1 : 10

(heparin : PTH1–84), one can expect that not all of the

PTH1–84 molecules are bound to heparin. For low con-

centrations (up to 7.5 μM, 1 : 20 ratio), we found both

rates to not depend on heparin concentration. Higher

heparin concentrations caused both rates to increase

until a plateau of about 150% of their initial values

was reached. The significant increase of κ implies that

heterogeneous seeding, meaning that heparin molecules

act as seeds on their own, cannot be the leading mech-

anism by which heparin induces fibrillation. Heteroge-

neous seeding would affect λ only and, hence, lead to

an increase in the so-called nucleation-to-growth factor

λ3/3κ3 of Eq. 2. This factor was not only small,

indicative for reactions in which the nucleation step is

rate-limiting [42], but also independent from the hep-

arin concentration with, for example, (2.0 � 0.2)�10−4
for the 1 : 50 molar ratio and (1.5 � 0.3)�10−4 for the

1 : 10 molar ratio (heparin : PTH1–84). Hence, the

experimental determined increase in the overall rate

could either origin from an increased rate of structural

conversion into seeds, or fibrillar growth (kc or k+ of

Eq. 3). If the latter would be true, λ and κ should be

still enhanced at higher heparin concentrations, at

which most of the PTH1–84 molecules are bound to

heparin. However, at heparin concentrations above the

critical molar ratio of 1 : 10, we observed a plateau of

λ and κ followed by a decrease (see Fig. 3C), meaning

that heparin-bound PTH1–84 can form primary and
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secondary seeds but cannot contribute to the fibrillar

growth as growth seems to require unbound PTH1–84-

molecules. Hence, the leading mechanism of heparin at

high and low concentrations is the structural conver-

sion of bound PTH1–84 into amyloid-prone seeds. The

morphology and structure of the mature PTH1–84 fib-

rils were confirmed by electron microscopy (Fig. 3D)

and X-ray diffraction (Fig. 3E). The TEM images dis-

played long and slightly curved fibrils of about 16 nm

thickness. Branching was very rarely observed, which

agrees well with the fractal dimension from the scatter-

ing experiments. WAXS experiments confirmed the

cross-β sheet structure of the fibrils with characteristic

reflections at 4.7 Å and 10.1 Å (Fig. 3E) [14].

The interactions of heparin/GAG with proteins are

known to be dominated by electrostatics [43]. Since

the charge state of PTH1–84 is sensitive toward changes

in the physiological pH range, we asked if variations

in pH conditions influence fibrillation efficiency. We

incubated PTH1–84 and heparin at 37 °C for 3 h in

buffers adjusted to pH 5.5 or pH 7.4 and pelleted the

fibrillar content via ultracentrifugation (more details in

material and methods). As a control, by omitting the

incubation, we could confirm that heparin-PTH1–84
complexes formed immediately after mixing could not

be pelleted by ultracentrifugation, indicating that fib-

rils formed after 3 h are the main species pelleted. The

remaining protein concentration in the supernatant

should approximate the critical concentration for fibril

formation assuming basic thermodynamic principles

[42]. Following the described procedure, we found the

critical concentrations for fibril formation, c*, to be

about 2.6-fold higher at pH 7.4 compared with pH 5.5

(Fig. 3F). This finding would imply that the conver-

sion of monomers into fibrils is more efficient at low

pH. In order to validate this finding, we additionally

compared the plateau intensities of the ThT assays.

Based on the crystallization model of Finke and

Watzky [42], plateau values of ThT assays, ΔFpl, are

not only directly correlated to the fibrillar mass but also

to the supersaturation of the solution, σ = (c –c*)/c*
[42]. These considerations lead to the equation:

c�pH7:4=c
�
pH5:5 ≈ c=c�pH5:5� ΔF pH7:4

pl =ΔF pH5:5
pl

� �
c=c�pH5:5�1
� �

,

where c is the total protein concentration of the exper-

iment. Using the experimentally derived value c�pH5:5 of

17 {M and the independently obtained ThT plateau

intensities of the PTH1–84 fibrillation (see Fig. S2),

these considerations would lead to a ratio c�pH7:5=c
�
pH5:5

of 3.2. This value is slightly larger than from the

above-mentioned ultracentrifugation experiments, but

in the same range. The difference could originate, for

example, from surface charges that are present at low

pH and modify the interaction of ThT with fibrils [44].

Possible pH-dependent spectral changes in ThT were

considered by control measurements. Surprisingly, the

obtained ratio of the critical concentrations would be

equivalent to just a small additional gain in free energy

of Δ(ΔG) ≈ 2.6 – 2.8 kJ�mol−1 according to the rela-

tion Δ ΔGð Þ ¼ �RTln c�7:4=c
�
5:5

� �
. Hence, lowering the

pH leads to a small, but significant change in ΔG com-

pared with the total gain of free energy for amyloid

fibrillation that is about 30–50 kJ�mol−1 [45].

The described pH dependence points to a mainly

charge-driven interaction of heparin with PTH1–84 that

is modulated by the protonation state of the four his-

tidine residues within the peptide chain. Due to their

unique pKA value close to the physiological pH (pH

≈ 6.2), histidine side chains are mainly protonated at

pH 5.5 while unprotonated at pH 7.4. Therefore, his-

tidines display a pH-dependent switch-like property

that is key in many biochemical processes including

pH sensoric function [46,47]. This switch-like property

has previously been identified to modulate protein–
GAG interactions [48].

However, even accounting for protonated histidi-

nes, PTH1–84 lacks a classical heparin-binding consen-

sus sequence (XBBXBX and XBBBXXBX, where B

is a basic residue and X is a hydropathic residue)

[49]. Importantly though, heparin-binding proteins

lacking these particular amino acid sequences are well

known [50]. They may instead bind heparin through

a structurally similar binding motif, in which the

involved residues are spatially close but may be dis-

tant in the primary sequence [50]. This binding

modality seems particularly intriguing in the case of

the largely disordered PTH1–84, which might dynami-

cally adopt a high-affinity heparin-binding state with

particular amino acids arranged in a structural

heparin-binding motif. At low pH, this structural

binding motif might be partially formed by proto-

nated histidines within PTH1–84, while being inter-

rupted when histidines are unprotonated at neutral

pH. Similarly, it has already been reported that seem-

ingly minute differences in the sequence of peptides

can have significant effects on the GAG-mediated fib-

ril formation [51].

To get a more detailed view on the binding sites of

PTH1–84 for GAGs, we recorded a residue resolved 2D

NMR experiment in the presence and absence of fon-

daparinux (Fig. S3). Fondaparinux is a pentameric

heparin sulfate analog with a well-defined molecular

weight of 1728 Da and suitable in size for NMR spec-

troscopy [52]. We observed binding within the first 40

residues, which contain H10, K13, H14, R20, R25,
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K26, K27, and H32 with the latter four residues con-

tributing to the fibrillar core [14]. Additionally, the

positive stretch R52, K53, and K54 reported binding.

Along this line, our data indicate that PTH1–84 fibrilla-

tion in the presence of heparin does not only overcome

fibrillation retarding side chain protonation due to

charge repulsion, but results even in a remarkably

higher fibrillation efficiency compared with neutral

pH.

Monomer release of PTH1–84 fibrils

Functional amyloid fibrils typically are reversible

structures capable of releasing monomers in solution

[53–56]. Various structures of PTH and related pep-

tides in complex with their target receptor PTH1R

show a protrusion of the ligand deep into a tight cav-

ity of the receptor [57–59]. Hence, it is likely that

monomeric PTH1–84 is required for receptor stimula-

tion. We tested whether PTH1–84 fibrils formed at pH

5.5 in the presence of heparin-released monomers in a

neutral pH buffer. We used a dialysis approach with a

cutoff filter of 20 k MWCO to let PTH1–84 monomers

pass the membrane and dialyzed against buffer

adjusted to pH 7.4 to resemble the blood pH (see

Method section). Under these conditions, we found

the PTH1–84 monomer concentration outside of the

dialysis membrane increasing over time (Fig. 3F), sug-

gesting a time-dependent monomer release. This is in

accordance with similar functional amyloid [53,60] and

confirms an earlier report by Gopalswamy et al., [14]

who found PTH1–84 fibrils to release monomers in a

similar manner.

In summary, a major goal of our in vitro experi-

ments was to mimic two key environmental properties

that may affect the fibrillation of PTH1–84 in the cellu-

lar context (Fig. 1A): We adjusted the pH to a moder-

ately acidic value (pH 5.5) to approximate the

conditions in which PTH1–84 fibrils are supposed to

form in vivo. We combined the low pH conditions with

the addition of heparin, as the Golgi apparatus is the

major site for the synthesis of GAGs. The use of the

GAG heparin allowed us to study the effect of a

polyanionic linear macromolecule that is in close

resemblance of what PTH1–84 might interact with dur-

ing intracellular transport.

Under the conditions tested, we found that the lar-

gely intrinsically disordered PTH1–84 binds with a sub-

micromolar affinity to heparin and heparin is

indispensable for rapid PTH1–84 fibril formation. Strik-

ingly, binding to heparin changed not only the ordered

secondary structure content and induced fibrillation,

but enabled even more efficient fibrillation at low pH

compared with neutral pH. Notably, the mean

β-strand content as determined by CD spectroscopy

did not correlate with individual seeding capabilities

(comparison of PTH1–84 free and bound to heparin at

low pH) nor fibrillation efficiencies (comparison of

PTH1–84 fibrillation with heparin at high and low pH)

for heparin-PTH1–84 associates. This finding under-

scores the importance of heparin or equivalent polyan-

ionic structures and their interactions during protein

assembly.

The enhanced kinetic of fibrillation in the presence

of heparin is consistent with the potentially short life-

time of the peptide hormone in the cells as indicated

by previously conducted pulse-chase experiments that

show a cellular secretion of PTH1–84 as soon as 30 min

after its translation [61,62]. This is in line with the gen-

eral properties of functional amyloids, which need to

form more rapidly compared with disease-associated

fibrils [63]. Mechanistically, heparin forms a semiflexi-

ble chain assembly decorated with several PTH1–84
molecules, which induces fibril formation by enhancing

primary and secondary nucleation pathways likewise.

The heparin-assisted fibrillar growth at low pH further

suggests that PTH1–84 fibril formation might follow a

similar mechanism in the cellular context possibly rely-

ing on endogenous GAGs or glycosylated proteins.

This is further supported by earlier studies which

revealed that PTH1–84 is co-stored and co-secreted with

proteoglycans [62,64]. The high efficiency of fibril for-

mation as indicated by a reduced critical fibrillation

concentration at the lower pH suggests that the

polyanion-driven PTH1–84 fibrillation is enhanced

under pH conditions present in later stages of the

secretory pathway, for example, the trans-Golgi net-

work and secretory granules. The pH sensitivity of this

process might have a regulating function for sorting

and further transport of PTH1–84. A regulatory role of

the GAG-assisted formation of functional amyloid fib-

rils in the secretory pathway was previously proposed

[7].
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hormone and parathyroid hormone-related peptide, and

their receptors. Biochem Biophys Res Commun.

2005;328:666–78.
5 Michael DJ, Cai H, Xiong W, Ouyang J, Chow RH.

Mechanisms of peptide hormone secretion. Trends

Endocrinol Metab. 2006;17:408–15.
6 Paroutis P, Touret N, Grinstein S. The pH of the

secretory pathway: measurement, determinants, and

regulation. Physiology. 2004;19:207–15.
7 Maji SK, Perrin MH, Sawaya MR, Jessberger S,

Vadodaria K, Rissman RA, et al. Functional amyloids

as natural storage of peptide hormones in pituitary

secretory granules. Science. 2009;325:328–32.
8 Dannies PS. Prolactin and growth hormone aggregates

in secretory granules: the need to understand the

structure of the aggregate. Endocr Rev. 2012;33:254–70.
9 Anderson TJ, Ewen SWB. Amyloid in normal and

pathological parathyroid glands. J Clin Pathol.

1974;27:656–63.
10 Furukawa K, Aguirre C, So M, Sasahara K, Miyanoiri

Y, Sakurai K, et al. Isoelectric point-amyloid formation

of α-synuclein extends the generality of the solubility

and supersaturation-limited mechanism. Curr Res Struct

Biol. 2020;2:35–44.
11 Nespovitaya N, Gath J, Barylyuk K, Seuring C, Meier

BH, Riek R. Dynamic assembly and disassembly of

functional β-endorphin amyloid fibrils. J Am Chem Soc.

2016;138:846–56.
12 Marek PJ, Patsalo V, Green DF, Raleigh DP. Ionic

strength effects on amyloid formation by amylin are a

complicated interplay among Debye screening, ion

selectivity, and Hofmeister effects. Biochemistry.

2012;51:8478–90.
13 Calculated using the Protein Tool protpi. [cited 2021

May 8]. Available from: https://www.protpi.ch/

Calculator/ProteinTool

14 Gopalswamy M, Kumar A, Adler J, Baumann M,

Henze M, Kumar ST, et al. Structural characterization

of amyloid fibrils from the human parathyroid

hormone. Biochim Biophys Acta. 2015;1854:249–57.
15 Priyadarshini M, Bano B. Conformational changes

during amyloid fibril formation of pancreatic thiol

proteinase inhibitor: effect of copper and zinc. Mol Biol

Rep. 2012;39:2945–55.
16 Lima M, Rudd T, Yates E. New applications of

heparin and other glycosaminoglycans. Molecules.

2017;22:749.

17 Dick G, Akslen-Hoel LK, Grøndahl F, Kjos I, Prydz

K. Proteoglycan synthesis and golgi organization in

polarized epithelial cells. J Histochem Cytochem.

2012;60:926–35.
18 Prydz K. Determinants of glycosaminoglycan (GAG)

structure. Biomolecules. 2015;5:2003–22.
19 Wall JS, Richey T, Stuckey A, Donnell R, Macy S,

Martin EB, et al. In vivo molecular imaging of

peripheral amyloidosis using heparin-binding peptides.

Proc Natl Acad Sci U S A. 2011;108:E586–94.
20 Kumar A, Gopalswamy M, Wishart C, Henze M,

Eschen-Lippold L, Donnelly D, et al. N-terminal

phosphorylation of parathyroid hormone (PTH)

abolishes its receptor activity. ACS Chem Biol.

2014;9:2465–70.
21 Keller S, Vargas C, Zhao H, Piszczek G, Brautigam

CA, Schuck P. High-precision isothermal titration

calorimetry with automated peak-shape analysis. Anal

Chem. 2012;84:5066–73.
22 Le VH, Buscaglia R, Chaires JB, Lewis EA. Modeling

complex equilibria in isothermal titration calorimetry

experiments: thermodynamic parameters estimation for

a three-binding-site model. Anal Biochem.

2013;434:233–41.
23 Pavlov G, Finet S, Tatarenko K, Korneeva E, Ebel C.

Conformation of heparin studied with macromolecular

hydrodynamic methods and X-ray scattering. Eur

Biophys J. 2003;32:437–49.
24 Roe RJ. Methods of X-ray and neutron scattering in

polymer science. New York: Oxford University Press;

2000.

25 Pedersen JS, Schurtenberger P. Scattering functions of

semiflexible polymers with and without excluded

volume effects. Macromolecules. 1996;29:7602–12.

10 FEBS Letters (2022) � 2022 The Authors. FEBS Letters published by John Wiley & Sons Ltd on behalf of Federation of European Biochemical Societies.

Heparin promotes rapid fibrillation of PTH L. M. Lauth et al.

69

https://www.protpi.ch/Calculator/ProteinTool
https://www.protpi.ch/Calculator/ProteinTool


26 Chen W-R, Butler PD, Magid LJ. Incorporating

Intermicellar interactions in the fitting of SANS data

from cationic wormlike micelles. Langmuir.

2006;22:6539–48.
27 Khorramian B, Stivala S. Small-angle x-ray scattering

of high- and low-affinity heparin. Arch Biochem

Biophys. 1986;247:384–92.
28 Meisl G, Rajah L, Cohen SAI, Pfammatter M, Šarić A,
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Rösch P. Solution structures of human parathyroid

hormone fragments hPTH(1–34) and hPTH(1–39) and
bovine parathyroid hormone fragment bPTH(1–37).
Biochem Biophys Res Commun. 2000;267:213–20.

37 Jin L, Briggs SL, Chandrasekhar S, Chirgadze NY,

Clawson DK, Schevitz RW, et al. Crystal structure of

human parathyroid hormone 1–34 at 0.9-Å resolution.
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2.4 Additional Results Extending the Findings of Papers I-III 

2.4.1 General Remarks 

This section contains results that are not peer-reviewed and have not been published at the time of 

submission of this thesis. The section is intended to present additional findings for a more detailed 

investigation of single aspects of the topics from Papers I-III. The here applied methods follow those 

presented in the papers and are referred to in the respective chapters. Variations and additional 

methods are indicated and described. 

In Paper II, four PTH84 concentration regimes were identified with distinct biophysical properties. The 

regimes are summarized in Table 2.1 and Figure 2.1A. If appropriate, PTH84 concentrations are 

contextualized referring to these regimes. The results of the mechanistic investigation of PTH84 fibril 

formation (Paper I) are shown in Figure 2.1B in the form of a petri net (see also Figure 1.5B). 

Table 2.1: Summary of the PTH84 concentration regimes identified in Paper II. 

regime c0 range observation 

I c0 < 10 µM monomeric, chain expands with increasing c0 

II 10 µM < c0 < 70 µM two monomer-dimer equilibria, one in the fast and 

one in the slow exchange regime (referring to the 

NMR time scale) 

III 70 µM < c0 < 300 µM additional trimers and tetramers, which are 

precursors for primary nucleation 

IV c0 > 300 µM additional high molecular weight (HMW) oligomers as 

precursors for primary nucleation at high c0 

 

This section addresses the open scientific questions: 

• Is it possible to characterize the residual structure of the PTH84 monomer? (Chapter 2.4.2) 

• Do destabilizing conditions influence ccrit? (Chapter 2.4.3) 

• What is the impact of non-productive dimers on fibril formation? (Chapter 2.4.3) 

• In the model of ccrit, no net growth occurs for c0 < ccrit. Does it apply for PTH84? (Chapter 2.4.3) 

• What is the rate-limiting process? Is it possible to quantify k+? (Chapter 2.4.3) 

• What is the molecular structure of PTH84 fibrils? (Chapter 2.4.4) 

• Is a prenucleation equilibrium evident for near-physiological conditions? (Chapter 2.4.5) 

• What is the impact of near-physiological conditions on fibril morphology? (Chapter 2.4.5) 
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Figure 2.1: Summary of the investigation of the mechanism of PTH84 fibril formation, as described in the papers, 
and resulting open questions. A – Prenucleation equilibrium (Paper II). Shown are the directly or indirectly 
observed PTH84 species and the corresponding equilibria for each of the identified regimes (Table 2.1). The dimer 
in the slow exchange regime (cyan squares) is non-productive for primary nucleation, while the other pathway 
(fast exchange dimer-trimer-tetramer) is productive. In regime IV it remained unclear whether the HMW 
oligomer is formed from the tetramer or via a separate pathway e.g. starting from the monomer. B – Simplified 
mechanism of fibril formation in the form of a petri net showing the reaction fluxes without including all 
individual species and their equilibria. The individual processes and the corresponding rate constants are 
indicated. The y-axis (c0) is shown to discriminate the oligomer species as nucleation precursors for regimes III 
(c0 < coc) and IV (c0 > coc). The axis has no impact for the position of the arrows corresponding to elongation or 
secondary nucleation. The open questions are labelled in red and are situated at their relevant positions. 

 

2.4.2 Effects of Denaturing and α-Helix Inducing Agents on the Structure of Free PTH84 

In addition to the acquirement of CD spectra in dependence of the PTH84 concentration (presented in 

Paper II - Figures 2 and S1), the evolution of the spectra in response to increasing amounts of the 

denaturing agent urea and the α-helix inducing 2,2,2-Trifluoroethanol (TFE) was investigated. The 

general methodology followed the details described in Paper II. Urea concentration was adjusted using 
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Figure 2.2: CD spectra monitoring the effect of A – urea and B – TFE on PTH84 secondary structural ensemble at 
50 µM (regime II) and 500 µM (regime IV). All experiments were conducted at 25 °C in buffer containing 50 mM 
Na2HPO4, 150 mM NaCl, pH 7.4 with or without urea or TFE, respectively. 

a stock solution (8 M urea in buffer) and was determined for each sample by refractometry using 

Equation A.1. 

The addition of urea as a denaturation agent led to a shift of λmin towards lower wavelengths, a 

decrease of ΘMRW at 203 nm and an increase of ΘMRW at 222 nm both at c0 of 50 µM (regime II) and 

500 µM (regime IV, Figure 2.2A). These data indicated a decrease of secondary structural content, i.e. 

denaturation, revealing that PTH84 exhibits residual secondary structure at both regimes. Furthermore, 

TFE, which is known to induce α-helical structures in peptides,213 was added to PTH84 solutions of the 

same respective c0. These spectra displayed minima at 208 (50 µM) or 207 nm (500 µM) and a second 

minimum at 222 nm, indicative for α-helix formation (Figure 2.2B). While the transitions at both c0 

displayed a cooperative character, an isodichroic point was only found for regime II at 202.6 nm, which 

indicated a two-state process. In contrast to the trend towards more negative values of ΘMRW in 

response to TFE, the positive scaling of ΘMRW at 203 nm and the constant ΘMRW at 222 nm with 

increasing c0 indicated that the c0 induced structural transition of PTH84 proceeded from an intrinsically 

disordered peptide (IDP) with α-helical propensity at low (regime I) to a more β-sheet enriched 

structure at high c0 (regime IV). In both cases, denaturation and α-helix induction, a stronger effect at 

regime II was observed. It can be suspected that the structure formed at high c0 is more resistant, 

regarding the amplitude, towards external factors affecting the secondary structure. 

A more detailed investigation of the urea mediated transition of the PTH84 structural ensemble at both 

regimes by CD spectroscopy is shown in Appendix A, Figure A1. In general, a clear transition was not 

observed. The scattering of the data points at low urea concentration does not allow to distinguish if 

a baseline for a native state is present or if PTH84 already unfolds at those mild conditions. A defined 

baseline would be typically observed for folded proteins, which supports the hypothesis that PTH84 

does not display a stable three-dimensional structure. Instead, the residual structure uncooperatively 
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unfolded towards a disordered state. This state produced a baseline at high urea concentrations, 

indicated by the solid lines in Figure A1. The respective urea concentration at which the baseline is 

reached can be considered for a qualitative analysis. At 500 µM PTH84, the end of the transition occurs 

at a lower urea concentration (1.1 M urea compared to 2.0 M urea at 50 µM PTH84), indicating that 

both regimes displayed different contents of secondary structure with a unique response to urea. Note 

that no quantitative information for changes of the thermodynamic stability or the cooperativity of 

unfolding could be extracted. 

Considering the conclusions from Paper II, the situation at both regimes is complex due to different 

monomer-oligomer equilibria at 50 µM (monomer-dimer) and 500 µM (HMW oligomer). Obviously, 

the contribution of the HMW oligomer to the ensemble stability, in terms of urea resistance, is 

decreased compared to the dimer leading to an unfolding transition at lower urea concentrations. 

Intriguingly, the overall signal change in CD (specifically ΘMRW at 203 nm) is higher at low PTH84 

concentrations (Figure 2.2A). In summary, this suggests an incomplete dissociation of HMW oligomers 

triggered by unfolding observed at 500 µM PTH84. 

 

2.4.3 Fibril Elongation of PTH84 

Effects of Urea on Seeded Fibril Growth and the Critical Concentration  

In Paper I - Figure 4, the initial gradient of fibrillar growth as a function of PTH84 concentration was 

investigated. At low concentrations, a linear dependence was observed, while an apparent inhibition 

occurred at high c0 due to oligomerization induced monomer depletion. To further investigate this 

behavior, the dependence of the initial gradient on urea as a denaturing agent was analyzed for 

regimes III and IV. Urea mediated oligomer dissociation should lead to a higher availability of 

monomers for the elongation process.  

Seeding experiments were conducted as described in Paper I, at three different PTH84 concentrations 

(c0 = 100 µM, 300 µM and 500 µM) with the addition of 5 % seeds (given in monomer equivalents) and 

increasing amounts of urea. The urea stock solution (c = 8 M) was prepared in buffer directly before 

usage. The urea concentration in each sample was determined by refractometry applying 

Equation A.1. Note that the experiment was designed to investigate the elongation process. The 

seeding conditions are chosen to bypass nucleation events. More details as well as the raw kinetic data 

are given in Appendix A.4 (including Figure A2). 

The addition of urea to seeded samples from regime IV led to an increase of the initial gradients r0 

(Figure 2.3A, extracted from ThT fluorescence data displayed in Figure A.2A). Both samples (300 µM 
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Figure 2.3: Effects of urea on elongation and ccrit of PTH84. A – Plot of the extracted initial gradients r0, determined 
from the raw data presented in Figure A.2A. B – Concentrations of the soluble PTH84 fraction in equilibrium ceq 
as a function of the urea concentration. All measurements were performed in triplicates. The data points and 
error bars represent the arithmetic means of triplicate measurements with the standard deviations as error bars. 
All experiments were conducted at 25 °C in buffer containing 50 mM Na2HPO4, 150 mM NaCl, pH 7.4. 

and 500 µM) displayed the highest r0 at around 0.5 M urea. This indicated that at these PTH84 

concentrations the elongation process (attachment and/or conversion step) is favored compared to 

the standard buffer conditions. At 100 µM urea did not induce this effect, suggesting it to be specific 

for the HMW oligomers at regime IV. Furthermore, the overall rate is not affected for 100 µM, as visible 

in the normalized data (Figure A.2B). 

Furthermore, the soluble fraction in equilibrium with fibrils was determined for each sample following 

the method described in Paper I. The concentrations of free, unconsumed monomers for each initial 

PTH84 concentration in dependence of each urea concentration is shown in Figure 2.3B. Urea led to an 

increase of the soluble peptide fractions until the initial monomer concentrations are reached. In the 

transition ranges, the soluble fractions at the respective urea concentrations were independent from 

the initial concentrations c0. Considering that ccrit is defined by the occurrence of a trimeric or 

tetrameric oligomer at the transition between regimes II and III (Paper II), the experiment indicated 

that urea induced a shift of this cut-off concentration towards a higher value. Note that the urea 

concentration ranges (0 – 1.5 M for kinetics and 0 – 1.6 M for ceq) match the range for the CD 

monitored structural transition, supporting this hypothesis. 

In the seeding kinetics, urea did not affect the rate of elongation for 100 µM PTH84 (Figure A.2B, left 

panel) besides its effect on the soluble fraction in equilibrium. Consequently, no denaturation of 

residual structure seemed to be mandatory for the incorporation into fibrils, even though urea 

displayed a stronger overall effect at a low than at a high PTH84 concentration (Figure 2.2A). In contrast, 

urea facilitated elongation at 300 µM and 500 µM PTH84, indicating that a destabilization of HMW 

oligomers enabled a higher fraction of monomers available for elongation. 

The analysis of the urea dependence of the soluble fractions can also be used to determine the free 

energy of the elongation process in addition to the estimation described by Equation 1.20 to 1.23.175 
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More details, the fits and the extracted parameters are given in Appendix A.4 (including Figure A2, 

Equation A2 and Table A.1). In general, the here determined Gibbs free energy of 

𝛥𝐺𝑒𝑙
0  = - 22.6 ± 0.2 kJ mol-1 (c0 = 100 µM) agrees with the value reported in Paper II, indicating the 

comparability of the two methods.  

Evidence of a Second Kinetic Phase in Seeded Fibril Growth at Low Concentrations 

Seeded fibril growth investigated in Paper I - Figure 4 focused on the initial gradients in the high-

seeding regime and therefore on the time-scale for which elongation is the only relevant process 

contributing to the increase of fibrillar mass. However, the subsequent theoretical “static plateau” was 

not found. In order to systematically clarify if this relates to a possible two-phase fibrillation process, 

as found for de novo fibrillation (Paper I - Figure 2 and S1), the data were re-investigated. For a more 

detailed analysis of elongation effects, fibril growth needs to be analyzed as the increase of fibrillar 

mass dM/dt. Details are given in Appendix A.4 (including Figure A.3). Figure 2.4A shows seeded fibril 

growth for c0 ≤ 140 µM. It is clearly visible that the initial growth is followed by a second, slower phase. 

This requires a close inspection of the soluble peptide fraction present at the end of the “burst” 

growth. If all monomers (in terms of c0 - ccrit) would have been consumed in the initial growth, the free 

monomer concentrations should always equal the critical concentration. In contrast, an excessive 

soluble fraction is observed with a maximum at c0 = 120 µM, with about 80 µM free peptide 

(Figure 2.4B). 

 

 

Figure 2.4: Increase of fibril mass M(t) during seeded fibril growth and effects of fibril elongation at low 
concentrations. A – Enlarged representation for c0 ≤ 140 µM. A further increase of fibril mass after the initial 
“burst” is clearly visible, referred to as late-stage gradients dM/dt. B – Soluble PTH84 fraction at the intersection 
time-points. The dashed line marks ccrit. All measurements were performed in triplicates. Data points and error 
bars represent the arithmetic means and the corresponding standard deviation. All experiments were conducted 
at 25 °C in buffer containing 50 mM Na2HPO4, 150 mM NaCl, pH 7.4. 
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This might originate from a considerable fraction of dimers, as reported for c0 > 10 µM (Paper II). PTH84 

present as monomers can be directly incorporated into seed fibrils, while dimers need to dissociate 

first. The slow growth for t > 10 h was associated with a low dissociation rate of the dimers. The 

maximum soluble peptide after initial growth at 120 µM possibly indicated the highest dimer fraction 

at this concentration. The effect occurred within concentration regime III (70 µM ≤ c0 ≤ 300 µM, 

Paper II), for which additional trimer/tetramer formation was observed. However, the decrease of 

excess soluble PTH84 after the maximum at 120 µM excluded the possibility that this behavior 

originated from such oligomers. The transition of the small oligomers to HMW oligomers occurred in 

regime IV at c0 ≥ 300 µM. 

The ThT fluorescence at the intersection time-points was analyzed in the primary data sets (as shown 

in Paper I). Figure A.3E interestingly demonstrated a linear dependence on c0, which agrees well with 

an equilibrium of monomers with a dimer in slow exchange. The late-stage fluorescence decrease at 

higher c0 (Figure A.3A) can be attributed to fibril clustering and precipitation, as described for de novo 

fibril formation of PTH84 above 230 µM (Paper I - Figure 2 and 3). 

Approximation of the Elongation Rate Constant 

The investigation of fibrillation kinetics conducted in Paper I does not allow a direct extraction of the 

individual rate constants for oligomerization koligo1/2, oligomer conversion kconv or elongation k+. 

Compared to e.g. Aβ (hours), PTH84 fibril formation occurred on the time scale of several days. In order 

to derive insights into the overall rate-limiting step, k+ was approximated using a method described by 

Meisl et al. (2014).139 This method is based on the initial gradient 𝑑𝑀 𝑑𝑡⁄ |0 of heavily seeded kinetics 

reflecting the product 2 k+ P0 (Equation 1.1). The latter itself needs to be approximated by the average 

seed fibril volume, analyzed by TEM. 

In heavily seeded fibrillation experiments, fibril growth predominantly occurs via elongation of the pre-

formed seeds while primary nucleation and multiplication processes can be neglected. The initial 

gradients 𝑑𝑀 𝑑𝑡⁄ |0 from the data shown in Figure A.3A were extracted using the same data points as 

in Paper I (for r0) and are shown in Figure 2.5A. Intriguingly, the low-concentration data (c0 < 150 µM) 

exhibited a sub-linear behavior which typically indicated that oligomers are incorporated in the 

elongation step rather than monomers. This would be in contrast to the findings of Paper I. However, 

in this concentration range two kinetic phases were observed, as described above (Figure 2.4), one of 

which is attributed to slow dimer dissociation. A dimer in slow exchange would consequently cause a 

reduction of the effective monomer concentration. Correcting c0 considering this issue resulted in the 
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Figure 2.5: Increase of fibril mass M(t) during seeded fibril growth. A – Extracted initial gradients 𝑑𝑀 𝑑𝑡⁄ |0 
obtained from linear fits of the data presented in Figure A.3A. B – Extracted initial gradients 𝑑𝑀 𝑑𝑡⁄ |0 plotted vs. 
initial PTH84 corrected for the effective concentration (see also Figure 2.4). The slope of a linear fit in the c0 range 
with no saturation (red solid line) yields 2 k+ P0. Measurements were performed in triplicates. Data points and 
error bars in B reflect the arithmetic means with the standard deviation. All experiments were conducted at 25 °C 
in buffer containing 50 mM Na2HPO4, 150 mM NaCl, pH 7.4. 

plot shown in Figure 2.5B displaying a linear behavior before saturation occurred. This confirmed the 

interpretation presented in Paper I. The slope of the linear segment is given by 

2 k+ P0 = 2.17x10-4 M-1 s-1 (according to Equation 1.1 without saturation). Note that in the analysis using 

ThT fluorescence units (Paper I), the sub-linear effect was not observed, supporting the linear scaling 

of ThT fluorescence with c0 shown in Figure A.3E. 

The analysis of the average seed fibril volume by TEM as well as the approximation of P0 and k+ are 

described in detail in Appendix A.4 (including Figure A.4 and Equations A.3 to A.8). A broad length 

distribution was found (Figure A.4C), resulting in a high uncertainty of the derived k+. Considering the 

geometry of one subfilament, the found average height (H = 5.92 ± 0.68 nm, Figure A.4D) closely 

corresponded to the diameter of ca. 5.5 nm reported in Paper I - Figure 3, indicating a cylindrical form.  

A rate constant k+ of about 104 M-1 s-1 has been calculated. This value should be considered as a rough 

approximation due to the broad length distribution leading to a high uncertainty of P0. Considering the 

time scale of PTH84 fibril formation, k+ is surprisingly high and only one order of magnitude smaller 

than k+ of e.g. Aβ40 (k+ = 3x105 M-1 s-1).139 More generally, it falls in the range reported for disease 

related (102 < k+ < 107) and functional amyloids (103 < k+ < 106).137 Consequently, k+ most likely does 

not represent the rate-limiting step. 

Fibril Growth Behavior Below the Critical Concentration 

In Paper I, the initial gradient r0 of seeded fibril growth for a sample slightly exceeding ccrit (i.e., 

c0 = 70 µM) was found to considerably differ from “zero” (Paper I - Figure 4D). Typically, no net growth 
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Figure 2.6: Fibril growth below the critical concentration. The initial gradient r0, extracted from the raw data, is 
plotted vs. c0. All measurements were performed in triplicates. Data points and error bars represent the 
arithmetic means and the corresponding standard deviation. All experiments were conducted at 25 °C in buffer 
containing 50 mM Na2HPO4, 150 mM NaCl, pH 7.4. 

should occur at c0 = ccrit and, in contrast to growth, overall dissociation for c0 < ccrit.137 In the case of 

PTH84, extrapolation by a fit to a model of saturated elongation predicted that no net growth will occur 

for c0 ≈ 50 µM, in agreement with ccrit. To test this hypothesis, the experiment was repeated with 

10 µM ≤ c0 ≤ 70 µM in analogy to the method described in Paper I (25 µM seeds, given in monomer 

equivalents). The results are shown in Figure 2.6. 

In contrast to the model of the critical concentration, i.e. that fibrils will completely dissociate if 

c0 < ccrit, fibril growth was observed for all samples. Interestingly, the initial gradient displayed a local 

plateau for 30 µM < c0 < 50 µM but scaled again with the monomer concentration with higher c0. This 

plateau covered concentration regime II which has been defined in Paper II (10 µM < c0 < 70 µM) 

supporting an inhibitory effect of the dimeric species on fibril elongation by monomer addition. The 

further increase of r0 near ccrit hinted towards a decrease of the dimer impact due to a shift of the 

monomer-oligomer equilibrium towards a trimeric species (regime III, c0 > 70 µM). 

2.4.4 Structural Aspects of PTH84 Fibrils 

In Paper I, the predominant macroscopic morphology of PTH84 fibrils was shown to consist of three 

adjacent subfilaments in diameter and one in height. A comparison of the subfilament diameters 

(Chapter 2.4.3) revealed a cylindrical structure. So far, detailed information about the molecular 

organization of the fibrils is missing. The following section aims to gain new insights. Additional details 

are provided in Appendix A.4 (including Figures A.5 to A.8 and Table A.2). 

The PTH84 segment incorporated into the fibril core has been reported to be formed of R25-L37, 

determined by enzymatic digestion of solvent accessible residues.211 The probability of PTH84 to form 

steric zippers has been analyzed using the zipperDB online server which processes the primary 

sequence (Figure 2.7A).214 The analysis is based on comparisons of hexapeptides with a sequence of 

sup35 known to form steric zippers. With this method, PTH84 residues S1-Q6, S3-M8, N10-L15, G12-

S17, K26-V31, H32-L37 and A73-L78 were identified to display a propensity to form amyloids as a steric 
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zipper. Two of these hexapeptides matched the previously identified core segment indicating a 

significance of steric zippers for PTH84 fibrils. The hits in the N- and C-terminal regions potentially 

indicated additional peptide regions to be involved in nucleation or elongation. Note that the 

hydrophobic segment V35-P43 was excluded from the analysis since proline containing hexapeptides 

cannot be processed by the algorithm. Additionally, the β-turn propensity for PTH84 was analyzed 

(window size: 5 residues).215,216 For the fibril core fragment, three segments displayed a score > 1, 

namely K26-D30, Q29-N33 and D30-F34 (Figure A.8A). Besides steric zippers, LARKS form a second 

class of fibril core conformations. However, the prediction server larksDB, in analogy to zipperDB, was 

not accessible at the time of submission of this thesis. 38 Aromatic residues are required for the 

formation of LARKS, making PTH84 W23 and F34 potential candidates to be involved in such a fibril core 

conformation. 

The described prediction tools in combination with previous reports suggested that the PTH84 fibril 

core consists of β-strands connected by a β-turn allowing the organization as steric zippers. For a more 

detailed analysis, experimental evidence is necessary. Therefore, the molecular structure of PTH84 

fibrils was to be determined by using cryoEM. The power of this method is undoubtedly the possibility 

to obtain structural models from a few individual fibrils and to differentiate between different 

polymorphs. 105,217 The (preliminary) results presented in this section were obtained in close 

cooperation with the cryoEM research group of the Center for Innovation Competence HALOmem 

(Halle (Saale)) under the supervision of Jun.-Prof. Dr. Panagiotis Kastritis. Grid preparation, blotting 

and vitrification was conducted by Dr. Fotios Kyrilis, image acquisition by Dr. Farzad Hamdi and data 

analysis by Dr. Ioannis Skalidis. The author of this thesis was responsible for fibril sample preparation 

and TEM screening. 

An important requirement for cryoEM is a sample with separated, individual fibrils displaying a periodic 

structure. Since PTH84 fibrils grown de novo from monomeric solution are very heterogenous (Paper I), 

different methods for sample preparation were tested. Details as well as challenges during the 

acquisition of the first datasets are provided in Appendix A.4. In summary, the use of fibrils grown at 

pH 7.4 from pre-formed seeds, with a subsequent sonication step and quiescent incubation prior to 

the transfer onto the EM grid was chosen to be the most promising preparation method (Figure 2.7B). 

The cryoEM micrographs, acquired on a Glacios 200 keV Cryo-transmission electron microscope 

following a published methodology, 218 showed that the fibrils survive the blotting and vitrification 

procedure without a modification of the morphology (Figure A.6A and B and Figure A.8B). Promising 

2D classes demonstrated the particle picking from the sub-filaments (Figure A.8C). Helical 

reconstruction from the 2D classes revealed a preliminary low-resolution structural model of PTH84 
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Figure 2.7: Prediction and preliminary PTH84 structure determination by cryoEM. A – Result of the zipperDB 
fibrillation propensity analysis. The calculation is based on structural comparisons of hexapeptides (without 
prolines) to the sup35 NNQQNY sequence forming amyloid fibrils with steric zipper structures. The y-axis is the 
result of the energetic fit, evaluated by a Rosetta based algorithm. An energy threshold of -23 kcal mol-1 indicates 
a propensity for steric zipper formation. Each bar represents the calculation for one hexapeptide starting at the 
respective position. The color code indicates the gradient from low (blue) to medium (green) and high energy 
(red). B – Workflow of fibril sample preparation. Seeded fibrils are sonicated prior to the transfer onto the EM 
grid. C – Side view of a structural model reconstructed from cryoEM images. Despite the low resolution, the 
cross-β structure with hints for a steric zipper-like repetitive motif is evident. D – The same model viewed down 
the fibril axis. A twist is recognizable which possibly represents a bias from helical reconstruction. 
E – Representative 2D plane of the structural model. The two dense regions span 2.5 nm in diameter and 
represent the segments fixed and incorporated into a steric zipper. The labelled spacing of the segments of 1 nm 
indicates the interstrand distance obtained from X-ray diffraction.211 The dense regions are surrounded by a 
diffuse halo with a total diameter of about 5.5 nm. Fibril growth and sample preparation was conducted at 25 °C 
in buffer containing 50 mM Na2HPO4, 150 mM NaCl, pH 7.4. 

fibrils (Figure 2.7C and D). The typical periodic cross-β motif could already be seen in this coarse model. 

A twist of the fibril was also indicated despite the lack of evidence from other experiments. 

Consequently, this could also be an artifact from the helical reconstruction requiring the input of a 

helical pitch. Nevertheless, a cross-β structure agrees with previously published CD data.211 Two 

dimensional planes of the density map revealed that the two strands are both 2.5 nm in diameter with 

a distance of 1 nm (Figure 2.7E). They further reveal a circular halo around the dense segments 
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spanning 5.6 nm, matching the reported thickness of a subfilament (Paper I). A detailed discussion is 

presented in Chapter 3.2. 

It is important to understand that the obtained model represents a preliminary result which has to be 

verified and improved by further experiments as well as cycles of data acquisition and analysis. 

 

2.4.5 PTH84 Concentration Dependent Structure and Oligomerization at Acidic pH and the 

Influence of Heparin on Fibril Morphology 

Investigation of the Oligomer Equilibrium at Acidic pH 

The speed of PTH84 fibril formation was found to be very high at basic pH but decreased with decreasing 

pH (Papers I and III). At near-physiological conditions (pH 5.5), de novo fibrillogenesis was not observed 

due to the absence of primary nucleation events (Paper III). In contrast, nucleation at neutral pH 

(pH 7.4) was found to be modulated by the occurrence of specific oligomeric states as nucleation 

precursors (Papers I and II). In order to understand this behavior, the oligomerization propensity at 

pH 5.5 was investigated employing CD and fluorescence, as well as pulsed field gradient (PFG) and two-

dimensional (2D) NMR spectroscopy. All experiments were conducted with recombinantly produced 

15N enriched PTH84 according to the methods presented in Paper II in 20 mM Na-citrate buffer (pH 5.5, 

as used in Paper III). 

With fluorescence spectroscopy only marginal changes were detected. The spectra did not show visible 

differences (Figure 2.8A) while the intensity ratio F350 F320
-1, which remained constant for 

20 µM ≤ c0 ≤ 400 µM, revealed a weak trend of a shift towards lower wavelengths, indicating an 

increase of hydrophobicity of the W23 environment (Figure 2.8B upper panel). Note that the decrease 

of the intensity ratio at pH 7.4 was about 2.5 units (Paper II) compared to the 0.08 units at acidic pH. 

Similarly, only slight visible changes were observed in the CD spectra (Figure 2.8C), the wavelength of 

the minimum around 201 nm only increased by 0.6 nm (compared to 1.5 nm at pH 7.4, Paper II) 

indicating a certain propensity for secondary structure at high concentrations (Figure 2.8B, middle 

panel). Additionally, the same shift of the wavelength was observed for 20 µM. The estimated content 

of disordered structure remained constant at around 50 % with an exception for 20 µM with 55 %.219 

In the same manner, a constant apparent hydrodynamic radius rH,app was observed for 

20 µM ≤ c0 ≤ 250 µM as determined by PFG-NMR (Figure 2.8B, lower panel) which increased at higher 

concentrations to a value corresponding to the monomer-dimer equilibrium at pH 7.4 (Paper II). The 

CD observed position of the minimum wavelength at 20 µM, considering that no such trends were 

visible in other data, might be an artifact of the measurement. 
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Figure 2.8: Analysis of the concentration dependence of PTH84 at pH 5.5. A – W23 fluorescence emission spectra 
(λexc = 280 nm). The respective highest value was set to the value “1”. B – CD spectra displayed as mean residue 
ellipticity ΘMRW. C – Results of the analysis of W23 fluorescence shown as the intensity ratio F350 F320

-1 (upper 
panel), of CD presented as λmin the position of the minimum around 201 nm and the extracted content of 
disordered structure (middle panel) as well as of PFG-NMR revealing the apparent hydrodynamic radius rH,app 
(lower panel). D – Overlay of 1H-15N-HSQC spectra at different concentrations. Corresponding residues for cross-
peaks showing a high chemical shift perturbation (CSP) are indicated. E – Relative intensity of the cross-peaks as 
compared to the intensity at c0 = 20 µM. F – CSP shown as the difference between the consecutive analyzed 
concentrations, given in Hz. The experiments were conducted at 25 °C in buffer containing 20 mM Na-citrate, 
pH 5.5. 

In addition, 1H-15N-HSQC spectra were acquired, representing a fingerprint of the peptide backbone in 

response to changes of the concentration (Figure 2.8D). In general, the HSQC spectra were slightly 

more dispersed than at pH 7.4 (Paper II - Figure 4). Similar to the corresponding experiment at neutral 

pH, linear perturbations of the chemical shifts (CSP) were observed indicating an equilibrium of species 

in the fast exchange regime. Additionally, the cross-peak for G38 displayed a weak shoulder for 800 µM 

revealing a second equilibrium in the slow exchange regime. The relative intensity (compared to the 

smallest concentration of 20 µM) was decreased in the N-terminal region for the highest concentration 

(Figure 2.8E). A closer inspection revealed that this applies for residues E4-G12 and E19-Q84. In 

contrast, residues H14-S17 showed a decreased relative intensity already at 250 µM. This shared a high 
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similarity with the intensity analysis at very low concentrations (< 20 µM) at pH 7.4 (Paper II) related 

to an expansion of the monomer chain enabling dimer formation at higher c0. Potentially, the same 

effect is observed here at significantly higher concentrations. Considerable CSP were observed in the 

N-terminal region above 100 µM (Figure 2.8F) with a similar pattern as found for the monomer-dimer 

equilibrium at pH 7.4 (regime II in Paper II). Note that the division into five concentration ranges does 

not imply any model for regimes and is only meant to compare the analyzed data points. 

In summary, the investigated biophysical characteristics were constant for concentrations from 20 µM 

to 250 µM. At higher concentrations, an increased ensemble rH,app indicated a monomer-dimer 

equilibrium coupled to an increased structure propensity and hydrophobicity of possible interfaces. 

Moreover, 2D-NMR revealed effects at 250 µM similar to those observed for the increase of monomer 

chain dimensions. This was interestingly not observed with other techniques which possibly originates 

from the fact that those effects are rather small or only affect a small fraction of the peptide. The 

results at high concentrations support the hypothesis of a monomer-dimer equilibrium. 

Effect of Acidic Conditions and Heparin on Fibril Morphology 

In Paper III, the influence of heparin, as a representative for GAGs, on the fibril formation of PTH84 was 

investigated. Now, electron microscopy images acquired for the analysis of heparin induced fibrils 

during the experimental work for Paper III have been re-investigated focusing on the fibril morphology 

(Figure 2.9). Importantly, the images have been acquired from samples with recombinantly produced 

PTH84 according to the methods shown in Paper III. 

In contrast to their appearance at neutral pH (Paper I - Figure 3), fibrils at near-physiological conditions 

were predominantly straight and seemed to be more rigid (Figure 2.9A-F). Moreover, they displayed a 

periodic twist, i.e. a 360° turn of the fibril around its axis. At neutral pH the twists were mostly linked 

to a change of the filament orientation on the grid (Paper I - Figure 3). The average diameter of 

17.2 ± 2.1 nm corresponded to the one obtained in Paper I containing three subfilaments 

(Figure 2.9G). Only a small number of fibrils were found with a higher diameter. Interestingly, these 

were slightly thinner than their counterparts at neutral pH. Additionally, single fibrils or segments 

displayed curvature or a twist similar to pH 7.4 conditions. In summary, fibrils at pH 5.5 in the presence 

of heparin were predominantly straight and homogenous in their appearance, or unimorph. 
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Figure 2.9: Electron micrographs acquired for PTH84 samples after fibril formation at pH 5.5 in the presence of 
heparin at a magnification of A – 3000 x, B and C – 12000 x and D-F – 20000 x. Panels E and F show examples for 
polymorphism of the twist and fibril width, respectively (labelled with red arrows). G – Analysis of the fibril 
diameter, obtained from the measurement of 60 individual fibrils. The blue arrows in G indicate the diameters 
for fibrils with 5 and 7 subfilaments (at pH 7.4 shown in Paper I). The scale bar in A corresponds to 1000 nm, in B 
and C to 250 nm and in D-F to 100 nm. The experiments were conducted at 25 °C in buffer containing 20 mM Na-
citrate, pH 5.5. 
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3 Comprehensive Discussion 

3.1 The Mechanism of Amyloid Fibril Formation by PTH84 at Neutral pH 

This thesis focused on the investigation of amyloid fibril formation by the hormone PTH84, which is 

hypothesized to have a physiological function during secretion. The fibrillogenesis has been 

investigated in molecular detail from the perspective of fibril nucleation and elongation as well as from 

prenucleation events. Both revealed intriguing mechanistic details and a high dependence on the initial 

monomer concentration. 

For the kinetic investigation presented in Paper I, a mechanistic model based on NCC was chosen 

considering nucleation as the conversion of non-fibrillar to fibrillar oligomers (Figures 1.8 and 1.9). 

Fibril formation of PTH84 exhibits two distinct regimes for its dependence on the monomer 

concentration (for a graphical representation, see also Figure 2.1 or Figure 3.4). In the lower range 

(c0 < 300 µM), secondary nucleation was found to proceed with a reaction order of noligo,2 + nconv = 1.5 

(Paper I - Figure 5) which can, in physical terms, be interpreted as a secondary nucleus of the size of a 

monomer. A similar determination for primary nucleation was not possible due to the scatter of the 

data points. This might originate from the two-phase behavior at low c0 and uncertainties of the 

corresponding fits regarding the ratio of the two phases. However, a reaction order of 

2 ≤ (noligo,1 + nconv) ≤ 4 is able to reproduce the data indicating a small oligomer, such as a dimer to 

tetramer, to be the precursor for primary nucleation. This agrees well with the investigation of the 

prenucleation state of PTH84 shown in Paper II. In the corresponding concentration range 

100 µM ≤ c0 < 300 µM, referred to as regime III, a trimeric as well as a tetrameric oligomer was 

detected by mass spectrometry in addition to monomers and dimers which already occurred at 

c0 < 70 µM (Paper II - Figure 3). This close correlation of the kinetics with the prenucleation data led to 

the conclusion that the observed non-fibrillar oligomers can be converted to fibrillar oligomers 

displaying the fibril nuclei (Figure 3.1A). The occurrence of these oligomers only above the critical 

concentration strongly supports this hypothesis. Moreover, the indicated accumulation of oligomers 

prior to the conversion step towards nuclei approves the NCC model used for the kinetic analysis. 

At concentrations above appr. 250 µM, the log(t1/2)-log(c0)-plot shows a positive curvature (Δγ > 0) 

which hints towards a saturation effect (Paper I - Figure 2). Indeed, strongly seeded kinetic 

experiments with fragmented seeds revealed a decrease of the initial gradient r0 for this concentration, 

indicating a saturation of the elongation process (Paper I - Figure 4). Simultaneously, the described 

linear scaling of �̅� turns into a range with minimal slope, indicating that secondary processes are also 

affected at high c0 (Paper I - Figure 5). This was verified by seeding experiments for which unsonicated, 
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Figure 3.1: Details of individual processes and their interactions. A – Origin of the precursors for primary 
nucleation at regime III (bottom) and regime IV (top). For simplicity, only one of the two possible pathways for 
the formation of HMW oligomers is shown. B – Primary and secondary nucleation compete for monomers and 
therefore to be the main process to increase the fibril number P at high c0. C – Differences between saturation 
and inhibition of the elongation process. In the case of saturation, the equilibrium of the association step is 
shifted towards the bound “lock” state at high c0, while inhibition includes a direct negative interference with 
one of the two sub-steps. The symbols were used as defined in Figure 2.1. 

long seeds were used. The maximum gradient also decreased at high concentrations 

(Paper I - Figure 4). Interestingly, for c0 > 325 µM the log(t1/2)-log(c0)-plot followed a negative 

curvature (Δγ < 0) indicating a competition between processes (Paper I - Figure 2). This was 

accompanied by a significant increase of the reaction order of primary processes towards 

noligo,1 + nconv = 18.5, i.e. an HMW oligomer (Figure 3.1A and Paper I - Figure 5). This indeed agrees well 

with the prenucleation state analyzed in Paper II. For high concentrations with c0 > 300 µM (regime 

IV), such a large assembly state was evident (Paper II - Figure 2). Even a stretched conformation of 

monomers within the oligomer was observed in smFRET (Paper II - Figure 3). In principle, the HMW 

oligomer could be the product of further monomer addition to tetramers or represents a separate 

equilibrium with monomers (indicated in Figure 2.1A, right). While the evidence of a stretched 

conformation would favor the second hypothesis, additional experiments are required to confirm this. 

In physical terms, the HMW oligomer is converted into fibril nuclei at high peptide concentrations 

instead of the trimer/tetramer. 

The positive scaling of the kinetic prefactor A (𝐴 =  �̅�3 3−1 �̅�−3) demonstrates that fibril formation of 

PTH84 is driven by primary nucleation at high concentrations (Paper I - Figure 5). Since elongation and 

secondary nucleation, as the two processes consuming monomeric PTH84, are affected by HMW 

oligomers, it is suggested that the formation of such oligomers decreases the available monomer pool. 

This also enables the kinetic competition between primary and secondary nucleation at high c0 

(Figure 3.1B). Oligomer dependent primary nucleation is facilitated compared to monomer dependent 

secondary nucleation as a result of limited monomer availability. Inhibition in this case does 

consequently not refer to a direct effect or suppression of a specific process by oligomers, as observed 
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for Aβ40 and Aβ42,220 but to the decrease of available monomer reducing the effective c0. For 

elongation, this inhibition affects the initial gradient but does not suppress a further increase of the 

gradient before the equilibrium is reached (Paper I - Figure S1). Note that the applied methods do not 

allow to distinguish if this is the result of oligomer dissociation or of secondary nucleation which can 

typically occur in seeded fibril growth. However, the acquired data in general do not allow a detailed 

differentiation between saturation or inhibition of the elongation process (Figure 3.1C). Possibly both 

apply for PTH84 fibril formation at high concentrations. 

In de novo as well as in seeded fibril growth, a second kinetic phase was evident at low concentrations. 

(Figure 2.4 and Paper I - Figure 1 and S2). In the seeding data this effect was observed for c0 < 200 µM, 

with a maximum at 120 µM (Figure 2.4). A closer investigation of fibril mass increase M(t) revealed 

that the corresponding soluble peptide fraction at the end of the initial growth considerably exceeded 

ccrit. The combination with the results from the prenucleation state suggests the hypothesis that the 

increased soluble fraction is associated to a relatively high population of a dimeric species with small 

dissociation rate constant. The initial gradient represents rapid monomer consumption by elongation 

while additional monomers obtained from slow dimer dissociation are incorporated in the late-stage 

gradient. Intriguingly, the initial gradient 𝑑𝑀/𝑑𝑡|0 (extracted from fibril mass increase, Figure 2.5A) 

plotted vs. c0 follows a sub-linear behavior while a linear slope was observed for r0 (extracted from raw 

fluorescence data, Paper I - Figure 4). A sublinear plot would indicate that an oligomeric species, 

forming at high c0, is incorporated into fibrils in the elongation step rather than a monomer.137,138 

Considering the high influence of the dimer at low concentrations and therefore implementing a 

correction for the effective c0, 𝑑𝑀/𝑑𝑡|0 again shows a linear behavior (Figure 2.5B). This finally 

supports the hypothesis of a monomeric unit for elongation. In de novo fibril formation, the second 

kinetic component displayed the highest ratio at 100 µM and was rarely abundant for c0 ≥ 200 µM 

(Paper I - Figure S2). An analysis according to the formalism used in Paper I (Equation 1.16 of this 

thesis) did not result in convincing data, which has been assigned to the low ratio. A distinct second 

primary nucleation process at low concentrations was discussed in Paper I to be the origin of this minor 

component. In principle, the high similarity of the observed effects and c0 ranges strongly suggest that 

the second phase in de novo fibrillogenesis also relates to the slow dissociation of a dimeric species. 

The denaturant urea was found to induce a conformational transition of PTH84 (Figure 2.2A and A.1). 

CD spectroscopy was employed to monitor this transition. While a baseline for high urea 

concentrations and therefore for the denatured state was found, no clear baseline was indicated for 

the native state at low urea concentrations. This supports the hypothesis from Paper II that PTH84 only 

bears a transient rather than a stable, ordered structure at the analyzed conditions. The urea 

concentration range was shifted towards lower concentrations for higher c0 of PTH84, indicating that 

either the peptide structure or the oligomers are less resistant to urea at higher c0. Interestingly, the 



Comprehensive Discussion 

92 

overall effect was stronger for 50 µM (regime II, dimers) compared to 500 µM (regime IV, HMW 

oligomers). Perhaps, the secondary structure of HMW oligomers is more likely destabilized than 

secondary structure of the monomer, but HMW oligomers display a denatured state which is distinct 

from a denatured monomer. Additionally, HMW oligomers seem to be more resistant towards α-helix 

inducing TFE, pointing into the same direction. Moreover, urea displayed a differentiated effect on 

PTH84 fibril elongation (Figure 2.3). Urea facilitated dissociation of HMW oligomers at 300 µM and 

500 µM PTH84 resulting in an increased initial gradient r0 for low urea concentrations. For 100 µM, this 

effect was not observed. This either indicates that urea is not able to dissociate the dimer, that the 

dissociation does not significantly contribute to the kinetics or that no destabilization of the secondary 

structure of the PTH84 monomer is required for elongation. Consequently, the expanded monomeric 

structure (regime I/II) might be able to directly contribute to elongation. This agrees with the finding 

that urea displays a stronger effect at lower than at high concentrations (Figure 2.2). 

The RMSD analysis of backbone NMR chemical shift perturbations showed that the soluble fractions 

of all samples (c0 = 100 µM, 300 µM and 500 µM) in equilibrium with fibrils adopt the same state as a 

fibril-free sample with c0 = 40 µM, i.e. below ccrit (Figure 3.2 and Paper II - Figure 5). The long 

incubation time of seven days obviously allowed the dimer (for the 100 µM sample) to dissociate 

towards equilibrium. The time-tracked RMSD analysis for c0 = 250 µM and 500 µM revealed a rapid 

adoption of the soluble fraction to the corresponding fibril-free prenucleation conditions, confirming 

that a dimer fraction (in terms of slow dimer dissociation) does not contribute to the kinetics for these 

concentrations. Note that the urea analysis showed that this effect is only observable for c0 ≤ 200 µM 

(Figures 2.3 and A.3). Consequently, the RMSD analysis supports the dimer dissociation hypothesis for 

low concentrations. The interpretation suggested that peptide consumption for elongation does not 

lead to monomer depletion resulting in a remaining oligomer fraction that is slowly dissociating 

 

 

Figure 3.2: Representation of the analogy between the thermodynamic equilibrium in the presence of fibrils (left) 
and the prenucleation equilibrium at regime II (c0 < ccrit, right). Fibrils are in equilibrium with monomers which 
subsequently form a second equilibrium with dimers both in fast and slow chemical exchange (referring to the 
chemical shift NMR time-scale). The same equilibrium of monomers and two different dimers is evident for the 
fibril-free state below ccrit. The symbols were used as defined in Figure 2.1. 
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(Paper II). Instead, the equilibrium rapidly readjusts according to the available free peptide 

concentration. The opposite case of monomer depletion and a subsequent slow dimer dissociation 

applies only for c0 ≤ 200 µM (Figure 2.4). Secondly, inhibition of elongation due to a reduction of the 

effective monomer concentration by HMW oligomers at high c0 (Figure 2.5 and Paper I - Figure 4) 

implies that the fraction of these oligomers must be high compared to the dimer fraction at low c0. It 

is advised to conduct the time-tracked RMSD analysis for a sample with c0 < 200 µM, e.g. 100 µM or 

150 µM, to support this hypothesis. The applied methodology in Paper II did not allow this experiment 

due to low signal intensity and therefore unreliable peak picking. 

The observation of fibril net growth in a seeded experiment below ccrit was a remarkable finding of this 

thesis (Figure 2.6 and Figure 3.3). According to the model of the critical concentration, this condition 

should lead to the dissociation of the fibril.137 Due to typically very low critical concentrations for other 

amyloidogenic peptides, this phenomenon has only been reported for α-synuclein.221 The authors 

argue that the term “critical concentration ccrit” in general refers to primary nucleation only. An 

additional critical concentration for elongation is consequently decoupled from, and in this case lower 

than, the critical concentration of nucleation. The α-synuclein fibrils grown from seeds below ccrit were 

found to be morphologically distinct from those above ccrit.221 Furthermore, after an increase for very 

low concentrations, r0 for PTH84 remained constant for 30 µM ≤ c0 ≤ 50 µM. For this range (regime II), 

dimer formation was found (Paper II - Figure 3). For c0 > 50 µM, r0 again increased (Figure 2.6). The 

high similarity with the above-described phenomenon for 70 µM ≤ c0 ≤ 200 µM (Figure 2.4) suggests 

that the dimer again interferes with elongation by reducing the effective c0 (Figure 3.3). Extrapolating 

for c0 < 30 µM suggests that the critical concentration for elongation is below 5 µM and therefore 

considerably lower than the more general ccrit (Figure 2.6). The following speculation might offer an 

interpretation for the case of PTH84: De novo fibril formation occurs via nucleation from oligomers that 

are only formed above ccrit. The critical concentration is therefore determined by this monomer-

oligomer equilibrium which persists in the soluble peptide fraction. Below ccrit, PTH84 is only subject to 

a monomer-dimer equilibrium not allowing primary nucleation. The presence of seed fibrils bypasses 

nucleation. As a consequence, the monomer-fibril equilibrium is shifted in favor of fibrils. This would 

imply an increase of the soluble fraction until it remains constant for c0 ≥ ccrit with an equilibrium 

constant equal to the prenucleation equilibrium for a fibril-free sample at ccrit. In other words, the 

concept of the critical concentration (referring to nucleation) in terms of a minimum concentration or 

threshold would only apply for the case c0 > ccrit. For a seeded reaction with c0 < ccrit, the monomer fibril 

equilibrium adjusts according to a monomer-fibril equilibrium constant and is therefore characterized 

by a certain monomer-fibril ratio. To support this hypothesis, a determination of the soluble fractions 

after seeded growth for c0 < ccrit will be necessary. 
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Figure 3.3: Representation of seeded fibril growth at concentrations below ccrit. The formation of dimeric species 
in equilibrium with monomers reduce the effective c0 and consequently negatively affect the elongation process 
(indicated by red line). Simultaneously, no primary nucleation can occur due to the absence of 
trimeric/tetrameric nucleation precursors. For simplicity, elongation is depicted as one step. The symbols were 
used as defined in Figure 2.1. 

In general, the soluble fraction displays two equilibria: (I) the monomer-fibril equilibrium and (II) the 

monomer-dimer (-trimer/tetramer) equilibrium (Figure 3.2, left). HMW oligomers are not included 

here due to the concentration of the soluble fraction of about 70 µM. Note that seeding in general 

does not change the soluble peptide concentration in equilibrium with fibrils (Figure 2.3B, c0 ≥ ccrit, for 

0 M urea). However, fibril net growth below ccrit, even at 10 µM which is below the dimer and trimer 

thresholds, additionally supports the hypothesis of elongation via monomer addition. 

The Gibbs free energy for PTH84 fibril formation in equilibrium has been independently determined 

from ccrit (Paper II, 𝛥𝐺 
0 = -23.8 kJ mol-1) and from the urea dependence of the soluble fraction 

(Table A.1, 𝛥𝐺𝑒𝑙
0  = - 22.6 kJ mol-1 for c0 = 100 µM) Moreover, PTH84 fibril elongation displays one of the 

lowest thermodynamic stabilities among a variety of analyzed amyloidogenic proteins and peptides 

(range: -13.7 ≥ 𝛥𝐺𝑒𝑙
0  ≥ -65.0 kJ mol-1). 175 The free energy per residue, 𝛥𝐺𝑒𝑙

0  𝑁𝑎𝑎
−1 = -0.27 kJ mol-1, is 

exceptionally low and even matches stabilities calculated for folded proteins of similar sizes with an 

average 𝛥𝐺 
0 𝑁𝑎𝑎

−1 of about -0.25 kJ mol-1. For comparison, bovine PI3-SH3 with a comparable chain 

length of 86 residues displays a considerably higher free energy than the native proteins with 

𝛥𝐺 
0 𝑁𝑎𝑎

−1 = -0.44 kJ mol-1.175 The low Gibbs free energy corresponds to the high critical concentration 

of PTH84. 

PTH84 de novo fibril formation was found to occur very slowly with lag-times of several days 

(Paper I - Figure 1). In addition, very high peptide concentrations are needed for nucleation. In 

principle, the rate constants for elongation k+, primary nucleation koligo,1kconv, secondary nucleation 

koligo,2kconv or fragmentation k- can be rate-limiting. The presented approach to determine the 

elongation rate constant k+ offers a good but coarse approximation based on the mean fibril length 

(Figure 2.5 and A.4, Equations A.3 to A.8). However, the rate constant can only mirror an average 

value. Amyloid formation tends to be complex, even elongation is reported to occur in an asymmetric, 

polarized manner.222 Importantly, the approximated elongation rate constant of 104 M-1 s-1 is 

comparable to those reported for other functional or pathogenic amyloid systems.137 Fibrils grow 

relatively fast once the process is initiated by nucleation. This would also exclude secondary processes 
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to be considered since these were found to be kinetically relevant for fibril formation. Therefore, the 

long lag-times put primary nucleation with a very small koligo,1kconv into the focus. Since oligomers are 

detectable for conditions corresponding to the early lag-time and are found to be in fast chemical 

exchange with monomers, koligo,1 is suspected to be relatively large. Consequently, the conversion of 

oligomers into elongation competent nuclei must occur with a very small rate constant kconv 

representing the rate-limiting step. Amyloid fibril formation of PTH84 has been shown to occur at 65 °C 

with short (minutes) 211 and at 37 °C with long lag-times (hours to days, Paper I - Figure 1). The oligomer 

populations, as observed in Paper II, can interestingly already be detected at room temperature. The 

structural conversion is potentially limited by a high activation energy barrier which explains the strong 

temperature dependence. 

The kinetic analysis in Paper I - Figure 5 followed a single-curve approach rather than a global analysis. 

In PTH84 de novo fibrillogenesis, the maximum ThT fluorescence intensity did not entirely scale linearly 

with the concentration (Paper I - Figure 1). Instead, two linear ranges were found, additionally 

indicated by a shift of the absorption wavelength at high PTH84 concentrations (Paper I - Figure S1). 

Possibly, ThT displays different binding affinities for the individual fibril morphologies resulting in 

different fluorescence intensity distributions at different PTH84 concentrations.223 Therefore, PTH84 as 

an amyloidogenic system is not suitable for a global analysis of fibrillation curves with e.g. Amylofit 

used predominantly for pathogenic systems since this would require a linear ThT fluorescence 

dependence.142 Importantly, the mechanistic analysis by individual curve fitting is still allowed since 

fitting of �̅� and �̅� was only conducted in the respective linear ranges of the parameters 

(Paper I - Figure 5). For �̅�, this partly involved data points from both fluorescence intensity segments. 

However, excluding those data points would slightly increase the slope of the linear fit, and therefore 

noligo,1 + nconv, with no dramatic consequences for the interpretation of the reaction order as HMW 

oligomers representing the primary nucleation precursors. Additionally, global analysis tools like 

Amylofit are most powerful for a consistent mechanistic behavior. PTH84 fibril formation instead 

displays several saturation or inhibition events which provokes overparameterization impeding a 

reliable global fitting result.136 

Taken together, the presented results draw a conclusive picture of PTH84 amyloid fibril formation at 

neutral pH (Figure 3.4). The fibrillation behavior is determined by equilibria, in terms of conformational 

and oligomer states, occurring in solution without fibrils. The critical concentration marks a minimum 

concentration for the occurrence of trimers/tetramers. Below ccrit, dimers are evident. At high 

concentrations, HMW oligomers are formed. These states are consecutively formed and are in fast 

exchange, as observed in 2D-NMR and time-tracked RMSD experiments. Fibril nucleation proceeds via 

structural conversion of oligomers present at the respective concentrations into growth-competent 
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Figure 3.4: Summary of the presented findings concerning the molecular mechanism of PTH84 fibril formation. 
The prenucleation equilibria at the four identified regimes are shown on the left with their respective influences 
on fibril formation processes. Negative effects of reduced monomer availability on elongation and secondary 
nucleation are indicated by red lines. For simplicity, elongation is depicted as one step and only one possible 
pathway for the formation of HMW oligomers at regime IV is shown. 

species. The oligomers negatively affect the available monomer pool, thus leading to apparent 

inhibition effects of monomer consuming processes such as elongation and secondary nucleation. 

Furthermore, the occurrence of a dimer with a small dissociation rate constant supports the finding of 

additional cross-peaks, i.e. an additional state in slow dynamic exchange, in the 2D 1H-15N-HSQC NMR 

data. If the dimer would be productive and on-pathway, i.e. the precursor for trimers and HMW 

oligomers, the slow dimer dissociation would be ubiquitously observed in all experiments. This implies 

that two distinct dimeric states are in equilibrium with monomers. The productive dimer is in fast 

exchange and grows to trimers/tetramers, agreeing with the linear CSPs in regime II (as well as regimes 

III and IV). The non-productive, off-pathway dimer in contrast is evident for regimes II to IV (c0 > 10 µM) 

and displays its highest abundance at around 120 µM. 
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3.2 PTH84 Fibril Formation at Physiological-Like Conditions and Considerations on PTH84 

as a Functional Amyloid 

PTH84 amyloid fibril formation at physiological-like conditions was the main focus of Paper III. Most 

importantly, PTH84 fibrillogenesis was suppressed when incubated alone and was only observed in the 

presence of a GAG (heparin). The influence of heparin has been attributed to the modulation of kconv, 

the rate constant of conversion from non-fibrillar to fibrillar oligomers. Since an influence on the 

oligomerization rate constant koligo,1 could be excluded, the hypothesis was suggested that PTH84 is 

subject to a monomer-oligomer equilibrium that is either independent from pH (similar to the one 

presented in Paper II) or pH dependent with unique regimes and populations. A biophysical 

characterization (Figure 2.8) revealed the formation of a homo-dimer at high concentrations 

(c0 > 250 µM), but did not indicate oligomerization or structural changes at lower concentrations 

(20 µM ≥ c0 ≥ 250 µM). Indeed, analogous effects on NMR chemical shifts and cross-peak intensities in 

1H-15N-HSQC spectra as presented in Figure 2.8D-F have been previously observed at similar conditions 

and attributed to the formation of a PTH84 homo-dimer,224 but were not further investigated. In 

contrast, four concentration regimes (two below, two above ccrit) have been observed at pH 7.4 

(Paper II). Interestingly, the interplay of acidic conditions with heparin decreased ccrit of PTH84 fibril 

formation to about 16 µM (Paper III - Figure 3), a concentration which was not covered by the 

experiments shown in Figure 2.8. This supports the second theory: Acidic conditions possibly favor an 

altered monomer-oligomer equilibrium for which 16 µM marks the occurrence of a (transient) nucleus 

precursor whose conversion is catalyzed by heparin (Figure 3.5A). Significant oligomer populations are 

only accumulated at very high concentrations. In principle, the combination with the results from 

Paper II enables an alternative view: Assuming the same equilibrium constants as for pH 7.4 but with 

transient oligomer populations that do not display an observable effect on the ensemble behavior, the 

effect of heparin might be the conversion of dimers (occurring below ccrit at pH 7.4) into fibrillar 

oligomers (Figure 3.5B). Note that the transition from regime I to regime II, and therefore dimer 

formation, occurred around 10 µM (Paper II - Figure 2). Since the data acquired for Figure 2.8 only 

cover the range 20 µM ≤ c0 ≤ 800 µM, the origin of the decreased critical concentration at acidic pH 

will remain an open question. The strong interaction of PTH84 with heparin and its role for nucleation 

suggests that the GAG binds oligomeric states for the further catalysis of conversion (indicated in 

Figure 3.5). In order to confirm or disprove the two hypotheses, further experiments are required. It is 

suggested to systematically follow the approach presented in Paper I using various concentrations of 

heparin. 

Interestingly, PTH84 nucleation is favored with increasing pH,225 while the opposing effect is evident for 
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Figure 3.5: Models of PTH84 fibril formation at physiological-like conditions. A – The oligomer equilibrium is 
changed compared to neutral conditions. The oligomeric states are already formed at lower c0, compared to 
pH 7.4. The coloring of the oligomers indicate that they potentially differ from those at neutral conditions from 
a structural perspective. B – The oligomers are transient but principally follow the regimes observed at pH 7.4 
(at least regime II). In this case, heparin potentially enables the conversion of dimers into fibrillar oligomers. The 
symbols were used as defined in Figure 2.1. The GAG is indicated by a dark red line. 

e.g. Aβ40.226 The isoelectric point (pI), the pH value at which the peptide net charge is “zero”, of PTH84 

is pI 9.1, and of Aβ40 pI 5.3,216 i.e. at opposing pH ranges. Therefore, the effect for both can be seen in 

the context of the reduction of electrostatic repulsion near the pI. The histidines in Aβ40 seem to play 

an additive role for the net charge: At acidic pH, the histidines are protonated. For PTH84, the 

deprotonation of histidines potentially marks an important requirement for oligomer formation and 

nucleation (Paper II). This illustrates the various roles of histidines in peptides and proteins, especially 

in amyloid formation. 

Fibrils of PTH84 are hypothesized to be the storage form of the hormone as functional amyloids in 

secretory granules of parathyroid chief cells.211 To the current date, clear evidence is missing. The 

following section aims to summarize the reported indications (Table 3.1). Amyloid fibrils have been 

extracted from pathological as well as from healthy parathyroid glands suggesting that the fibrils are 

not exclusively related to disease.209 Furthermore, functional amyloids underly strong control 

mechanisms.50 Physiological fibril formation of PTH84 might occur in the Golgi apparatus after 

processing with subsequent storage in secretory granules. These compartments display an acidic pH 

value of about pH 5.5.82 Under these conditions, no de novo fibril formation of PTH84 is observed 

(Paper III) preventing uncontrolled fibril formation. Even at neutral pH, as in other cell compartments, 

fibril formation tends to be very slow (Paper I). GAGs present in the Golgi apparatus can serve as 

inductors for fibril formation, as demonstrated for heparin in Paper III in analogy to hormones from 

the pituitary glands.55 This can assure that fibril formation occurs at the correct location. Moreover, 

the presence of heparin led to rapid fibril growth within hours controlled via the oligomer conversion 

rate kconv. The accumulation of potentially toxic oligomeric species is therefore effectively suppressed. 

No significant degree of oligomerization was observed at pH 5.5 at physiologically relevant 

concentrations. In contrast, considerable populations of oligomers are observed in the lag-time at 
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Table 3.1: Indications of functional amyloids and experimental evidence for PTH84. 

Indication PTH84 

role in function fibrils no connection to disease,209 proposed storage function55,211 

control of fibril formation at in vivo-like conditions: no fibril formation alone, presence of a 

helper molecule mandatory (Paper III), fast fibril growth (Paper III), 

no (or only transient) oligomer populations (Figure 2.8) 

monomorphism polymorphous fibrils under neutral and high pH conditions211 

(Paper I), monomorphous fibrils at in vivo-like conditions (Paper III) 

monomer release fibrils able to release monomers211,227 (Papers II and III) 

 

neutral pH. It remains an open question if PTH84 can display toxicity towards human cells. The toxic 

intermediates of Aβ fibrillogenesis (all variants) are thermodynamically stable and isolatable,228,229 

whereas PTH84 oligomers rapidly exchange with monomers and are therefore sensitive for local 

concentration gradients. 

Another feature of functional amyloids is monomorphism. At pH 5.5 in the presence of heparin PTH84 

fibrils are considerably less curvilinear than at pH 7.4, they even appear to be rigid-like as Aβ40 fibrils. 

They also display a regular twist and only isolated cases of polymorphism (referring to different 

twisting and thickness). The situation in vivo might be even more homogenous, as reported for 

memory-associated Orb2 fibrils. 73 

Last, the release of monomers from fibrils is an important requirement for the proposed storage 

function. Most likely, the release is triggered by dilution, which occurs due to the secretion of fibrils 

from secretory granules into the blood stream. The potential of PTH84 fibrils to release monomers has 

been demonstrated in Paper II, Paper III as well as elsewhere,211,227 and is closely related to the low 

thermodynamic stability of the fibrils (i.e. the high ccrit). Interestingly, the interplay of acidic conditions 

with heparin decreases ccrit of PTH84 fibril formation to about 16 µM (Paper III - Figure 3). As a 

consequence, the pH shift during hormone secretion additionally favors fibril dissociation by increasing 

the critical concentration below which PTH84 is soluble. The low thermodynamic stability, especially 

when related to the chain length (Table A.1 and Paper II), suggests that PTH84 is not evolutionary 

designed to form fibrils “on its own”. The strong modulation of kinetics, fibril morphology and the 

critical concentration point into the same direction. This might be interpreted as evidence for the 

classification as a functional amyloid with assisted, controlled fibril formation in the physiological 

context. 
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3.3 The Morphology and Molecular Structure of PTH84 Fibrils 

The fibrils formed in vitro by PTH84 at neutral pH appear to be very long and curvilinear, displaying an 

unregular twist which differs between individual fibrils but also within the same fibril 

(Paper I - Figure 3). In addition to this form of polymorphism, the diameter distribution is 

heterogenous, the predominant morph measures 16.6 ± 1.4 nm in width. The average height was 

determined as 5.9 ± 0.7 nm, characterizing the mature fibrils as flat filaments (Figure A.4). Moreover, 

mature fibrils constitute of individual subfilaments (or protofibrils, three for the dominant morph) with 

an average diameter of about 5.5 nm (Paper I - Figure 3). The combination with the height suggests a 

cylindrical form of the subfilaments (Figure 3.6A). However, no experimental evidence was found for 

twisting of the subfilaments in addition to the unregular twist of the whole fibrils. This should be 

verified by additional methods, e.g. atomic force microscopy. 

A previously reported CD analysis of PTH84 fibrils indicated a cross-β structure for the fibril core 

sequence.211 In the same study, the 13-residue fragment R25-L37 was identified as the solvent-

inaccessible fibril core incorporated sequence by enzymatic digestion. Assuming a linear stretch of this 

fragment and a contour length per residue of 0.4 ± 0.02 nm,230 the theoretical diameter of this 

sequence is given by 13 x 0.4 nm = 5.2 nm, agreeing with the average fibril subfilament width of 

5.5 nm. This would support a structure of two PTH84 monomers mated via side chain interactions 

constituting one subfilament (Figure 3.6B). Preliminary results from structure determination by 

cryoEM suggest a different view. Two dense regions were reconstructed surrounded by a halo 

(Figure 2.7E). Both display a diameter of about 2.5 nm and a spacing of about 1 nm, the latter agreeing 

 

 

Figure 3.6: Structural models of PTH84 fibrils. A – The dominant fibril morph comprises three individual filaments 
(protofibrils) forming a flat fibril. B – Representation of a molecular model containing two individual peptides in 
the fibril core. C – Representation of a structural model with a single peptide forming the fibril core. 
D – Projection of the model from panel C onto the experimental cryoEM model (Figure 2.7). E – Projection of the 
model from panel C onto the cylindrical fibril representation from panel A. A model for secondary nucleation is 
included. Note that the arrows indicating the β-strands do not represent the peptide orientation. Side chains are 
aligned in the paper plane, whereas backbone hydrogen bonds are perpendicular to the paper plane (see 
Figure 1.1 for clarity). 
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with the X-ray diffraction pattern.211 Assuming the above-mentioned contour length, the dense regions 

comprise six to seven residues. Additionally, a β-turn analysis revealed a turn-propensity for segments 

K26-D30 and Q29-N33 (Figure A.7A).215,216 Considering the latter combined with the two segments with 

a high propensity to form steric zippers (K26-V31 and H32-L37, Figure 2.7A), the fibril core alternatively 

can consist of one chain with two β-strands connected by a β-turn and stabilized by interstrand side-

chain interactions (Figure 3.6C). This suggestion also offers an interpretation for the additional space, 

indicated by the diffuse halo, which is probably filled by the N- and/or C-terminal tails (Figure 3.6D). 

Therefore, the subfilaments would attach to each other via intermolecular side chain interactions of 

the tails. For final evidence, the cryoEM derived model needs to be improved towards side chain 

resolution. This will require further engineering of the sample preparation conditions. However, this 

hypothesis is in good agreement with the calculation of the elongation unit and of the secondary 

nucleus of the size of a monomer (Paper I). One monomer is converted to an elongation-competent 

state via surface catalysis, initiating one subfilament (Figure 3.6E), which either attaches to another 

subfilament or recruits monomers for subsequent secondary nucleation. 

The fibrils of PTH84 grown homogenously at neutral and high pH appear to be curvilinear 

(Paper I - Figure 3).211 They are rather long and assemble with long lag times. In contrast, “typical” 

curvilinear fibrils display either a short or no lag time,231 attributed to their fast nucleation via globular 

oligomers,43,49 and are short in size with a lack of ordered structural organization. Moreover, they 

mostly occur for proteins with a globular fold in their native state leading to the hypothesis that their 

sequences are optimized for such structures.231 Another feature of curvilinear fibrils seems to be the 

occurrence of at least two fibrillation/aggregation prone regions (APR, determined by experiment or 

prediction). In addition, highly hydrophobic regions adjacent to an APR or separating two APRs (inter-

APR) were found to facilitate curvilinearity.231 Isolated APRs, lacking the flanking sequences, mostly 

form straight long fibrils. In PTH84, the experimentally determined fibril core (K25-L37) indeed overlaps 

with a highly hydrophobic region (F34-P43, Figure 3.7). Furthermore, multiple steric zipper prone 

regions, which are assumed to indicate additional potential APRs, have been predicted (Figure 2.7A) in 

good agreement with the above-mentioned requirements. Indeed, the fragments PTH34 and the core 

fragment PTH25-37 lacking the hydrophobic sequence and the disordered C-terminus both form short, 

straight fibrils.232,233 In contrast, PTH84 fibrils are very long (up to several µm) and display a long lag 

 

 

Figure 3.7: Sequence determinants for curvilinear fibrils found in PTH84. The PTH84 sequence is shown in light 
brown, steric zipper (aggregation) prone regions (APR) in dark red, a strongly hydrophobic region in black and 
the PTH84 fibril core sequence as a black rectangle. 
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time in their growth kinetics (Paper I - Figure 2 and 3). Moreover, the curvilinear appearance is only 

observed if PTH84 is incubated alone, together with heparin under near-physiological conditions they 

are considerably more rigid (Figure 2.9). 

These considerations lead to the hypothesis that PTH84 fibrils only appear to be curvilinear if fibril 

formation occurs without control mechanisms (Figure 3.8A, left). The exposure to near-physiological 

conditions (pH 5.5 and a GAG) leads to a single morph of straight fibrils without changing the diameter 

and the number of constituting subfilaments (Figure 2.9 and Figure 3.8A, right). The basic RKK patch 

at the N-terminal part of the core segment might serve as heparin attachment site 

(Paper III - Figure S3). Consequently, heparin seems to introduce structural stability by aligning lysine 

and/or arginine residues along the fibril axis and possibly a strain facilitating the regular twist 

(Figure 3.8B). Importantly, heparin most likely does not significantly influence the thermodynamic 

stability since fibrils are still able to release monomers. The “curliness” of PTH84 fibrils grown under 

other conditions might therefore be associated to the absence of such stabilizing agents. In the case 

of β-endorphin heparin was identified as a structural component,234 the 3D structure of the fibrils later 

revealed exposed lysine residues aligning along the fibril axis serving as binding sites for the GAG.235 

When grown without heparin, the fibrils displayed polymorphism. 88 The similarity of the two cases 

supports the hypothesis that PTH84 does not form “traditional” curvilinear fibrils and that curliness is 

prevented by the GAG. Furthermore, the role of heparin in PTH84 fibril formation is extended from 

monomer binding and oligomer conversion to the interaction with the fibril. 

 

 

Figure 3.8: Model of the influence of conditions and control mechanisms on PTH84 fibril morphology. A – In the 
absence of control mechanisms (neutral or high pH), curvilinear fibrils are formed (left), while straight fibrils 
dominate when physiological control mechanisms (pH 5.5 and a GAG) are present (right). B – The GAG might 
scaffold the fibrils by aligning positively charged residues. The GAG is indicated by dark red lines, the soluble 
PTH84 by cyan circles, fibrils by red lines, positively charged residues by blue circles. 
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3.4 Consequences of the Results on the Interpretation of Other Experiments 

Last, the results acquired and presented in this thesis imply direct consequences for the interpretation 

of (biophysical) investigations of PTH84. Paper II, Paper III and chapter 2.4.5 of this thesis demonstrated 

that PTH84 exhibits distinct biophysical properties referring to conformation and oligomerization which 

depend on the peptide concentration as well as on pH. For most experimental indications it needs to 

be considered that the full ensemble is affected rather than only monomeric peptide. Special care is 

required for NMR experiments. For 2D HSQC based investigations, a high signal intensity, good signal-

to-noise ratio and a high cross-peak dispersion enable a satisfying analysis. Therefore, the conditions 

need to be adapted. In the case of PTH84, this was acquired by a low pH value, i.e. pH 5.3.211 Acidic 

conditions lead in most cases to an increased signal-to-noise ratio due to a reduction of the exchange 

between amide protons and water. Importantly, PTH84 at pH 5.3 is not equivalent to e.g. pH 7.4 in 

terms of structure propensity and oligomeric state. The pH change can induce considerable shifts of 

the corresponding equilibria. For example, ligand binding studies monitored by 1H-15N-HSQC spectra 

almost always affect intensity and the chemical shift of cross-peaks corresponding to N-terminal 

residues.211,224,225,236,237 According to the results presented in this thesis, this more likely indicates a 

shift of equilibria rather than direct binding events, or the former as a consequence of and in addition 

to the latter. Additionally, experiments conducted at different peptide concentrations might lead to 

different results. 

In summary, the experimental conditions, including concentration, can exhibit a high influence on 

protein structure and oligomerization. Changes or differences of conditions should be carefully 

reviewed if they affect those parameters. This should be a central requirement for biochemical and 

biophysical studies on proteins in general. 
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4 Summary 

Amyloid fibrils are found in almost all aspects of life and are not necessarily associated with neurotoxic 

effects as in Alzheimer's or Parkinson's disease. Exemplary, fibrils can perform functional tasks, 

including the storage of peptide hormones in secretory granules. Such a function has been shown for 

a variety of peptide hormones from the pituitary gland and is postulated for the parathyroid hormone 

PTH84 in close analogy. In this dissertation, amyloid fibril formation of PTH84 was investigated with 

respect to its molecular mechanism at neutral pH. The analysis was conducted with respect to the 

involved nucleation and growth processes, as well as the prenucleation equilibrium in the absence of 

fibrils. A complex network of individual processes was identified, which is additionally influenced by 

peptide concentration-dependent oligomers. The main contribution of the latter seems to be a 

decrease of the effective concentration of PTH84 monomers, which can directly participate in 

elongation and secondary nucleation. At low total concentrations, a slowly dissociating dimer has the 

greatest effect and a high molecular weight oligomer at high concentrations. The latter also enables a 

special case of competition of the dominant primary and secondary nucleation processes, which has 

been described here for the first time in this form. Furthermore, a novelty provided by this dissertation 

was an analysis of the soluble peptide in equilibrium with fibrils. It was possible to reveal that the same 

monomer-oligomer relationship as found in fibril-free samples at corresponding concentrations also 

characterize the thermodynamic monomer-fibril equilibrium. 

Another focus of this work was the investigation of PTH84 fibril formation under conditions that mimic 

the physiological environment during storage. These include a slightly acidic pH of pH 5.3. PTH84 alone 

does not form fibrils under these conditions. An analysis revealed that the oligomers required for 

nucleation are absent or only transiently present, i.e., below the detector limits. Interestingly, addition 

of the negatively charged glycosaminoglycan heparin, which is also localized in secretory granules, 

leads to rapid fibril formation within hours. The effect of heparin can be attributed to the acceleration 

of the conversion of non-fibrillar to fibrillar oligomers. This interaction is localized to the N-terminal 

region as well as a central basic sequence. Furthermore, heparin causes a change in fibril morphology 

towards straight, more rigid fibrils. In contrast to neutral pH conditions, these are homogeneous in 

their macroscopic appearance. 

The present work provides important approaches for the evaluation and interpretation of the 

mechanism of fibril formation, on the one hand at high peptide concentrations and on the other hand 

of complex mechanism networks. Furthermore, important insights into the critical concentration as a 

threshold for certain oligomers, which can induce the formation of amyloid fibrils by a structural 

transformation, could be obtained. These may contribute to a better understanding of metastable 
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supersaturated peptide and protein solutions. In addition, this work provides a contribution to the 

classification of PTH84 as a functional amyloid. 
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5 Zusammenfassung 

Amyloide Fibrillen kommen in nahezu allen Bereichen des Lebens vor und stehen dabei nicht 

zwangsweise mit einer neurotoxischen Wirkung wie bei der Alzheimer’schen oder Parkinson’schen 

Krankheit in Verbindung. Fibrillen können ganz im Gegenteil funktionale Aufgaben wahrnehmen, wie 

z.B. die Speicherung von Peptidhormonen in sekretorischen Granulae. Eine solche Funktion wurde für 

eine Vielzahl von Peptidhormonen aus der Hypophyse gezeigt, ein analoges Beispiel wird für das 

Parathormon PTH84 aus der Nebenschilddrüse postuliert. In dieser Dissertation wurde die 

Fibrillenbildung von PTH84 hinsichtlich des molekularen Mechanismus bei neutralem pH-Wert 

untersucht. Dies erfolgte sowohl im Hinblick auf die beteiligten Keimbildungs- und 

Wachstumsprozesse, als auch auf das vorgeschaltete Gleichgewicht des Peptidmonomers mit 

Oligomeren in Abwesenheit von Fibrillen. Ein komplexes Netzwerk individueller Prozesse konnte 

identifiziert werden, welches zusätzlich durch jene peptidkonzentrationsabhängigen Oligomere 

beeinflusst wird. Diese scheinen dabei hauptsächlich eine Verringerung der effektiven Konzentration 

an PTH84-Monomeren, welche direkt an Elongation und Sekundärnukleation teilnehmen können, zu 

bewirken. Bei niedrigen Gesamtkonzentrationen hat ein langsam dissoziierendes Dimer, bei hohen 

Konzentrationen ein großes Oligomer mit hohem Molekulargewicht den größten Effekt. Letzteres 

ermöglicht zudem einen Spezialfall der Kompetition der dominanten keimbildenen Prozesse, welcher 

in dieser Form hier erstmals beschrieben wurde. Ein zusätzliches neuartiges Ergebnis entstand aus der 

Analyse des Zustands löslichen Peptids im Gleichgewicht mit Fibrillen. Es konnte gezeigt werden, dass 

ebenjene Monomer-Oligomer-Wechselwirkungen, welche in Abwesenheit von Fibrillen eine Rolle 

spielen, auch charakteristisch für das thermodynamische Gleichgewicht mit Fibrillen sind. 

Ein weiterer Schwerpunkt dieser Arbeit war die Untersuchung der Fibrillenbildung des PTH84 unter 

Bedingungen, welche der physiologischen Umgebung während der Speicherung nachempfunden sind. 

Diese beinhalten unter anderem einen leicht sauren pH-Wert von pH 5,3. PTH84 allein bildet unter 

diesen Umständen keine Fibrillen. Eine Analyse ergab, dass die zur Keimbildung benötigten Oligomere 

nicht oder nur transient, also unterhalb der Detektorgrenzen, vorhanden sind. Interessanterweise 

führt die Zugabe des negativ geladenen Glykosaminoglykans Heparin, welches ebenfalls in 

sekretorischen Granulae lokalisiert ist, zu einer schnellen Fibrillenbildung innerhalb von Stunden. Der 

Effekt von Heparin lässt sich dabei auf die Beschleunigung der Umwandlung nicht-fibrillärer zu 

fibrillären Oligomeren zurückführen. Diese Wechselwirkung ist auf den N-terminalen Bereich sowie 

eine zentrale basische Sequenz lokal begrenzt. Weiterhin bewirkt Heparin eine Änderung der 

Fibrillenmorphologie hin zu geraden, eher starren Fibrillen. Diese sind, im Gegensatz zu neutralen pH-

Bedingungen, homogen in ihrem makroskopischen Erscheinungsbild. 
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Die vorliegende Arbeit liefert wichtige Ansätze für die Auswertung und Interpretation des 

Mechanismus der Fibrillenbildung einerseits bei hohen Peptidkonzentrationen und andererseits von 

komplexen Mechanismusnetzwerken. Weiterhin konnten wichtige Einblicke in die kritische 

Konzentration als Schwellenwert für bestimmte Oligomere, welche durch eine strukturelle 

Umwandlung die Bildung amyloider Fibrillen induzieren können, erzielt werden. Diese können zu 

einem besseren Verständnis metastabiler, übersättigter Peptid- und Proteinlösungen beitragen. 

Zudem liefert diese Arbeit einen Beitrag zur Klassifizierung von PTH84 als funktionales Amyloid. 
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Figure S1. Fibril formation of PTH84. A - kinetic traces for low c0 (≤ 250 µM) of PTH84. The 

experimental data are the same as presented in Figure 2A of the main text and are shown here 

again for clarity. Inset: ratio of the major kinetic component, as calculated by Equation 17. 

B - negative staining electron micrograph of a PTH84 sample (c0 = 500 µM) taken 20 h after 

passing the maximum in the kinetic assay. C - negative staining electron micrograph of a PTH84 

sample (c0 = 500 µM), after 310 h of incubation, which was probe-sonicated. The scale bars in 

B and C correspond to 200 nm. D - Photographs of representative cavities, showing samples 

with c0 = 225 µM, 375 µM and 500 µM, of the 96-well plate directly after removing from the 

plate reader. E - UV-Vis spectra of the samples in the ThT region (350 - 700 nm) at various c0 

after completion of fibril formation. Representative spectra are shown. Vertical lines indicate 

the wavelengths of the maximum OD for ThT alone (corresponding to dark blue curve) or in 

the presence of 600 µM PTH84 (corresponding to red curve). F - scattering intensity 

(Equation 5). G - Signal ratio of the two wavelengths shown in panel E. H – Equilibrium free 

ThT concentration. Data points in A (inset) and F-H represent the mean of three replicates and 

one standard deviation. 
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Figure S2. Seeded fibril growth of PTH84. A - normalized kinetic data at various c0 with the 

addition of 0.2 % pre-formed probe-sonicated seeds (given in monomer equivalents). 

B - normalized kinetic data at three individual c0 with various amounts of pre-formed sonicated 

seeds. The half-times were extracted and used for the plot shown in Figure 4C. C - initial time 

traces of PTH84 at various c0 with the addition of pre-formed sonicated seeds (cseed = 25 µM). 

The extracted linear initial gradients r0 are shown in Figure 4D. D - time traces of PTH84 at 

various c0 with the addition of pre-formed non-sonicated seeds (cseed = 25 µM). The extracted 

linear initial and maximum gradients r0 and rmax are shown in Figure 4E. For all curves 

triplicates are shown. The seeds have been added at time zero. 
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A.2 Supporting Information for Paper II 

The original Supporting Information for Paper II are included on the following pages (pp. XX-XXVIII). 
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Supplementary Figures S1-S8 

Figure S1: Exemplary (A) intrinsic W23 fluorescence and (B) CD spectra at various c0. All spectra have been baseline-corrected. In panel A, the highest value of 

each spectrum was set to the relative fluorescence value of 1 for direct comparability. In panel B, the c0 series is indicated by the color scheme, whereas the black 

dotted line marks the predicted spectrum from the AlphaFold 2.0 structure prediction All experiments were conducted in buffer containing 50 mM Na2HPO4, 150 mM 

NaCl, pH 7.4 at 25 °C. 
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Figure S2: Representative data for (A) the intensity decay obtained by PFG-NMR and (B) for FCCS autocorrelation curves. Shown are the data points as well as 

the respective fits (Equation 6 and 4 for panels A and B, respectively). All experiments were conducted in buffer containing 50 mM Na2HPO4, 150 mM NaCl, pH 7.4 

at 25 °C. 
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Figure S3: X-ray scattering intensity curves for 50 µM (black crosses) and 500 µM (red crosses). The solid lines indicate the theoretical curves from the rG 

distributions calculated by the EOM analysis. All experiments were conducted in buffer containing 50 mM Na2HPO4, 150 mM NaCl, pH 7.4 at 25 °C. 
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Figure S4: FRET stoichiometry plots for A – 50 µM and B – 500 µM PTH84. Stoichiometry values of 1.0 or 0.0 reflect donor-only or acceptor-only fluorescence, 

respectively, whereas 0.5 indicates energy transfer from one donor to one acceptor molecule. All experiments were conducted in buffer containing 50 mM Na2HPO4, 

150 mM NaCl, pH 7.4 at 25 °C. 
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Figure S5: Identification of the PTH84 homo-dimer at c0 = 30 µM (regime II) by native MS. The native mass spectrum shows charge state distributions corresponding 

to PTH84 monomers (upper panel, blue circles) and dimers (cyan circles). Precursor selection of the 7+ charge state (m/z 2689) of the dimer at a collisional voltage 

of 20 V already lead to partial dissociation (middle panel). Applying a collision energy of 50 V to the same precursor (lower panel) the PTH84 dimer completely 

dissociated. The sample was incubated in buffer containing 50 mM Na2HPO4, 150 mM NaCl, pH 7.4 at 25 °C. Directly prior to the measurement, the buffer was 

exchanged to 200 mM (NH4)CH3COO. 
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Figure S6: CSP for the four concentration regimes in relative (left panel) and absolute values (right panel), obtained from 1H-15N-HSQC chemical shift differences 

between spectra of 5 µM/20 µM (regime I, blue), 20 µM/70 µM (regime II,blue-green), 70 µM/300 µM (regime III, dark yellow) and 300 µM/500 µM (regime IV, red). 

In the left panel, CSP values for each regime are divided by the highest respective value for direct comparability of affected segments. All experiments were 

conducted in buffer containing 50 mM Na2HPO4, 150 mM NaCl, pH 7.4 at 25 °C. 
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Figure S7: Representative 2D-NMR spectrum of PTH84 in the presence of fibrils. A – 1H-15N-HSQC spectrum of a sample (c0 = 500 µM) to which 5 % pre-formed 

seeds have been added (7 days incubation time) (black), compared to reference spectra without fibrils with c0 = 50 µM (blue-green) and 500 µM (red). The reference 

spectra are the same as shown in Figure 4B. B – exemplary CSP patterns of the 500 µM sample without fibrils compared to the 50 µM (left) and 500 µM reference 

samples (right), corresponding RMSD values are indicated by a dashed line. C – RMSD of backbone chemical shifts in 1H-15N-fHSQC spectra without (closed 

circles) and in equilibrium with fibrils (open circles) compared to reference spectra acquired in the absence of fibrils. The plot displays data already shown in Figure 

5A in the main manuscript and is included here for clarity. D – exemplary CSP patterns of the 500 µM sample in equilibrium with fibrils compared to the 50 µM (left) 

and 500 µM reference samples (right), corresponding RMSD values are indicated by a dashed line. Arrows connect the CSP patterns from panels B and D with the 

respective data points in panel C. All experiments were conducted in buffer containing 50 mM Na2HPO4, 150 mM NaCl, pH 7.4 at 25 °C. 
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Figure S8: NMR relaxation analysis of the soluble peptide fraction in equilibrium with fibrils. R2/R1 ratio for a 100 µM sample before (closed dark yellow circles) and 

after (open black circles) fibril formation. All experiments were conducted in buffer containing 50 mM Na2HPO4, 150 mM NaCl, pH 7.4 at 25 °C. 
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A.3 Supporting Information for Paper III 

The original Supporting Information for Paper III are included on the following pages (pp. XXXII-XXIV). 

  



XXXII



XXXIII



XXXIV



Appendix 

XXXV 
 

  



Appendix 

XXXVI 

A.4 Supporting Information for Chapter 2.4 

SI for “Effects of Denaturing and α-Helix Inducing Agents on the Structure of Free PTH84” 

The concentration of urea was adjusted using a stock solution (8 M urea in buffer) and determined for 

each sample by refractometry using the equation 

 

[𝑢𝑟𝑒𝑎] = 117.66 𝛥𝑛 + 29.753 𝛥𝑛2 + 185.56 𝛥𝑛3 Equation A.1 

 

where Δn is the difference of the refractive indices of a sample and a urea-free reference.238 Samples 

were incubated overnight to ensure an equilibrium of the oligomeric states. 

 

 

Figure A.1: CD monitored analysis of urea mediated PTH84 unfolding at peptide concentrations of 50 µM 
(regime II, black) and 500 µM (regime IV, blue). ΘMRW at 220 nm is plotted versus the urea concentration. The 
solid lines are linear fits to the data at high urea concentrations representing a baseline. Each data point 
represents a distinct sample. All experiments were conducted at 25 °C in buffer containing 50 mM Na2HPO4, 
150 mM NaCl, pH 7.4 with increasing concentrations of urea. 
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SI for “Effects of Urea on Seeded Fibril Growth and the Critical Concentration” 

PTH84 seeded fibril growth was investigated in the presence of various amounts of urea. For all three 

analyzed initial PTH84 concentrations (c0 = 100 µM, 300 µM and 500 µM), the fluorescence plateau 

values decreased with increasing urea concentration (Figure A.2A), indicating a decrease of fibrillar 

mass in the thermodynamic equilibrium. Interestingly, in the normalized curves fibril growth at PTH84 

concentrations of 300 µM and 500 µM appeared to be faster for low urea concentrations compared 

to the urea-free sample, while no such effect was indicated for 100 µM (Figure A.2B). Moreover, 

100 µM PTH84 displayed a growth behavior independent from the urea concentration.  

 

 

Figure A.2: Effects of urea on seeded fibril growth of PTH84. A – Seeded fibril growth by means of ThT 
fluorescence increase for initial monomer concentrations of 100 µM (left), 300 µM (middle) and 500 µM (right) 
in the presence of increasing amounts of urea. Urea concentrations are indicated by the respective color codes. 
B – Normalized representation focusing on the initial “burst” at low urea concentrations. C – Normalization of 
the data shown in Figure 2.3B of the main text according to the initial concentration as ceq c0

-1. The solid lines 
represent fits of the data to Equation A.2. All measurements were performed in triplicates. The data points and 
error bars in C represent the arithmetic means of triplicate measurements with the standard deviations as error 
bars. All experiments were conducted at 25 °C in buffer containing 50 mM Na2HPO4, 150 mM NaCl, pH 7.4. 
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The soluble fractions at all urea concentrations are shown in Figure 2.3B of the main text. In 

Figure A.2C, the same data are displayed normalized to the initial concentration c0. The dependence 

of this ratio ceq c0
-1 is given by 

 

𝑐𝑒𝑞

𝑐0
=  

𝑐0 𝐾 (1 𝑀)−1 + 0.5 −  √𝑐0 𝐾 (1 𝑀)−1 + 0.25

(𝑐0 𝐾 (1 𝑀)−1)2
 

Equation A.2 

with 𝐾 =  𝑒
−(

𝛥𝐺𝑒𝑙
0  + 𝑚[𝑢𝑟𝑒𝑎]

𝑅𝑇 )
 

 

where K is the equilibrium constant (see also Equation 1.23), 𝛥𝐺𝑒𝑙
0  the Gibbs free energy of elongation 

in the absence of urea, m a cooperativity factor related to the slope in the transition region, R the gas 

constant and T the temperature.175 This formula is used in analogy to approaches from the analysis of 

protein (un-)folding. Although the fits only poorly agreed with the data, especially in the range of low 

urea concentrations, the corresponding parameters revealed insights into the thermodynamics and 

are listed in Table A.1. 

Interestingly, 𝛥𝐺𝑒𝑙
0  as well as m displayed small trends towards more negative or decreasing values, 

respectively, with increasing c0. Given the fact that the fits were unable to satisfyingly reproduce the 

data at low urea concentrations (Figure A2C), this trend should not be overinterpreted. It seemed to 

be more likely that both 𝛥𝐺𝑒𝑙
0  and m did not significantly change with c0. Most importantly, 𝛥𝐺𝑒𝑙

0  agreed 

well with the more general 𝛥𝐺 
0 according to Equation 1.23 (𝛥𝐺 

0 = -23.8 kJ mol-1, Paper II) analyzed in 

the absence of urea. 

 

Table A.1: Results of the analysis of the soluble fraction in dependence on the urea concentration. The free 

energy of the elongation process 𝛥𝐺𝑒𝑙
0  and the cooperativity factor m have been determined by fitting of the 

data with Equation A.2. 

c0 [µM] 𝛥𝐺𝑒𝑙
0  [kJ mol-1] m [kJ mol-1 M-1] 

100 -22.6 ± 0.2 11.0 ± 0.1 

300 -25.0 ± 0.9 9.2 ± 1.1 

500 -26.1 ± 0.8 7.9 ± 0.7 
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SI for “Evidence of a Second Kinetic Phase in Seeded Fibril Growth at Low Concentrations” 

In Figure A.3A, the conversion from arbitrary ThT fluorescence units (primary data, see also 

Paper I - Figure 4) to fibril mass M(t) for the y-axis is shown considering that the maximum yield of 

fibrils in equilibrium is given by 𝑀𝑚𝑎𝑥 =  𝑐0 −  𝑐𝑐𝑟𝑖𝑡. A focus on the initial seeding process within the 

first 3.5 h is shown in Figure A.3B. This allows a quantification of fibrils as well as of unconsumed 

monomers.  

To analyze the late-stage behavior (increasing or decreasing slope at t > 10 h), model-free linear fits 

were applied for the data from 20 – 50 h. The slopes are shown in Figure A.3C. For c0 ≤ 180 µM a 

positive slope was found indicating a second phase of fibrillar mass increase in addition to the initial 

growth. The intersection of the linear fits for the early- (Paper I) and late-stage gradients was used to 

 

 

Figure A.3: Increase of fibril mass M(t) during seeded fibril growth and effects of fibril elongation at low 
concentrations. A – Initial concentration dependent seeded fibril growth with a constant seed concentration of 
25 µM, given in monomer equivalents. The primary data set is the same as shown in Paper I - Figure 4. Here, the 
y-axis is converted from ThT fluorescence to the fibril mass concentration M(t) (considering Mmax = c0 – ccrit; 
consequently, only curves for c0 > ccrit are shown). The color code is given in the figure legend. B – The data from 
panel A are expanded for the initial phase, 0 < t < 3.5 h. C – Slopes dM/dt of linear fits to the late-stage gradients. 
For c0 ≥ 200 µM, the gradient is negative. D – Example for the determination of the fibril mass concentration at 
the intersection time point M(tis) after the initial burst growth. The intersection of the two linear fits 𝑑𝑀 𝑑𝑡⁄ |0 
and 𝑑𝑀 𝑑𝑡⁄ |𝑡 >15 ℎ indicates M(tis). The corresponding soluble fraction is given by csol = c0 - M(tis). E – ThT 
fluorescence at the intersection time-points. All measurements were performed in triplicates. Data points and 
error bars represent the arithmetic means and the corresponding standard deviation. All experiments were 
conducted at 25 °C in buffer containing 50 mM Na2HPO4, 150 mM NaCl, pH 7.4. 
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estimate the concentration of free monomers that have not been consumed at the end of the 

“burst”growth (an example is shown in Figure A.3D). The ThT fluorescence at these intersection points 

is displayed in Figure A.3E. The soluble monomer is given by c0 - M(tintersection) and is shown in 

Figure 2.4B in the main text. 

SI for “Approximation of the Elongation Rate Constant” 

For an approximation of the elongation rate constant k+ for PTH84 fibril formation, the method 

described by Meisl et al. (2014) was used and is referred to in the following section.139 

Since M0 of the seed fibrils is known, an approximation of the average number of PTH84 monomers per 

fibril will allow to conclude the number concentration P0 needed according to Equation 1.1. This was 

achieved using TEM images of seed fibrils directly after the ultrasonication treatment. The average 

length of fibrils was determined at two different magnifications (3000 x and 20000 x, Figure A.4A and 

B, respectively). The former allowed the investigation of longer filaments, while the latter was more 

suitable for smaller fragments. The plot in Figure A.4C demonstrated that the length distribution is 

very broad and heterogenous. Additionally, a bias towards smaller values needed to be considered 

due to the curvilinear appearance of long fibrils forming local clusters, which impeded a length 

measurement. To account for this bias, the average length was used rather than the center of a 

 

 

Figure A.4: Estimation of the average length and height of fibril seeds. The length was determined from TEM 
images acquired at A – 3000 x and B – 20000 x magnification enabling the measurement of different length 
scales. C – Plot of the determined lengths from panel A (blue) and B (orange). D – Height analysis from short 
twisted fibril seeds. TEM samples were prepared after sonication of the original fibrils inducing a fragmentation 
into the seeds. All experiments were conducted at 25 °C in buffer containing 50 mM Na2HPO4, 150 mM NaCl, 
pH 7.4. 

Gaussian distribution, revealing L = 545 ± 474 nm. The high experimental error reflected the broad 

length distribution. 
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The average height was determined from twist regions (examples are shown in Figure A.4D) as 

H = 5.92 ± 0.68 nm. This value closely corresponded to the diameter of one subfilament 

(Paper I - Figure 3), suggesting a cylindrical form. The average volume of a fibril (consisting of three 

subfilaments) is therefore given by 

 

𝑉 = 3 𝜋 (
𝐻

2
)

2

 𝐿 = 3 𝜋 (
5.92 𝑛𝑚

2
)

2

 545 𝑛𝑚 = 3.96 ∙ 104 𝑛𝑚3

= 3.93 ∙ 10−17 𝑚𝑙 

Equation A.3 

 

The number of monomers per fibril Nm/f can be concluded from the definition of the density in classical 

mechanics (𝜌 = 𝑚 𝑉−1) and the Avogadro relation (𝑛 = 𝑁 𝑁𝐴
−1 = 𝑚 𝑀𝑊

−1), leading to 

 

𝑁𝑚/𝑓 =  
𝜌 𝑉 𝑁𝐴

𝑀𝑊
=

1.3 𝑔 𝑚𝑙−1  ∗ 3.96 ∙ 10−17 𝑚𝑙 ∗ 6.032 ∙ 1023 𝑚𝑜𝑙−1

9424 𝑔 𝑚𝑜𝑙−1
 

= 3265 𝑚𝑜𝑛𝑜𝑚𝑒𝑟𝑠 𝑝𝑒𝑟 𝑓𝑖𝑏𝑟𝑖𝑙 

Equation A.4 

 

From the ultrasonicated pre-formed seeds (with c0 = 500 µM), 24 µl have been added to the new 

samples. Due to the critical concentration, about 433 µM of the peptide is present as fibrils. This gives 

a total number of PTH84 monomers incorporated in seed fibrils Nmon of 

 

𝑁𝑚𝑜𝑛 = 𝑀0 𝑉 𝑁𝐴 =  4.33 ∙ 10−4 𝑚𝑜𝑙 𝑙−1  ∗ 2.4 ∙ 10−5 𝑙 ∗ 6.023 ∙ 1023 𝑚𝑜𝑙−1 

=   6.26 ∙ 1015 𝑚𝑜𝑛𝑜𝑚𝑒𝑟𝑠 

Equation A.5 

 

The absolute number of fibrils Nfib is given by the ratio of monomers present as seed fibrils and the 

average number of monomers per fibril with 

 

𝑁𝑓𝑖𝑏 =  
6.26 ∙ 1015 𝑚𝑜𝑛𝑜𝑚𝑒𝑟𝑠

3265 𝑚𝑜𝑛𝑜𝑚𝑒𝑟𝑠 𝑝𝑒𝑟 𝑓𝑖𝑏𝑟𝑖𝑙
= 1.92 ∙ 1012 𝑓𝑖𝑏𝑟𝑖𝑙𝑠 Equation A.6 

 

This allows an estimation of the initial number concentration of seeds P0 in the final sample 

(Vnew sample = 480 µl) containing pre-formed seeds and fresh monomers with 
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𝑃0 =  
𝑁𝑓𝑖𝑏

𝑉𝑛𝑒𝑤 𝑠𝑎𝑚𝑝𝑙𝑒 𝑁𝐴
=  

9.59 ∙ 1010 𝑓𝑖𝑏𝑟𝑖𝑙𝑠

4.8 ∙ 10−4 𝑙 ∗ 6.023 ∙ 1023 𝑚𝑜𝑙−1
 = 6.64 ∙ 10−9  

𝑚𝑜𝑙

𝑙
  Equation A.7 

The slope of the initial gradient was found to be 2 k+ P0 = 2.17x10-4 s-1 (Figure 2.5B), resulting in the 

approximation of the elongation rate constant k+ (numerator in Equation 1.1) of 

 

𝑘+ =  
𝑠𝑙𝑜𝑝𝑒

2 𝑃0
=  

2.17 ∙ 10−4 𝑠−1

2 ∗ 6.64 ∙ 10−9 𝑀
= 1.63 ∙ 104 𝑀−1 𝑠−1  ≈  104 𝑀−1 𝑠−1 Equation A.8 

 

Note that due to the broad length distribution leading to a high uncertainty of P0, the estimated rate 

constant should be considered as a rough approximation. 

SI for “Structural Aspects of PTH84 Fibrils” 

The molecular structure of PTH84 was planned to be investigated by employing model reconstruction 

on the basis of cryoEM imaging. This was conducted in close collaboration with the research group of 

Jun.-Prof. Dr. Panagiotis Kastritis (ZIK HALOmem, Martin Luther University Halle-Wittenberg). This 

section focuses on issues of the fibril sample preparation for future investigations. 

CryoEM of amyloidogenic material requires single fibrils with a regular, repetitive twist. PTH84 fibrils 

grown de novo (I) imply a long time for sample preparation and (II) are heterogenous 

(Paper I - Figures 2 and 3). The fibrils are flat and irregular regarding the pitch length of the twists. This 

led to the consideration of controlled, seeded growth with 5 % sonicated seeds from primary (de novo) 

fibrils. The protocols refer to the methodologies described in Paper I. Buffers were always prepared 

directly prior to the use. For the initial testing, 500 µM and 200 µM PTH84 monomer was used. Since 

ThT potentially influences the molecular structure,239,240 the cryoEM samples were kept ThT free. The 

dye was only added to reference samples for monitoring fibril growth (Figure A.5A). ThT free samples 

were incubated simultaneously. At both concentrations, fibrils were formed within hours with time 

traces comparable to those shown in Paper I - Figure S1. To ensure the integrity of the ThT-free sample, 

 

Table A.2: Determination of the soluble fraction after seeded fibril growth in the presence and absence of ThT. 

c0 [µM] ceq with ThT ceq with ThT 

200 60.0 µM 85.8 µM 

500 68.8 µM 71.6 µM 
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Figure A.5: Monitoring of seeded fibril growth for cryoEM fibril preparation. A – ThT detected kinetics of PTH84 
fibril formation in the presence of 5 % seeds. B – ThT fluorescence emission spectra (λexc = 412 nm) after fibril 
formation. The spectra were acquired on a Jasco F-6500 fluorescence spectrometer. ThT has been added to the 
samples grown without ThT to a concentration of 50 µM (dashed line, equal concentration as for the time tracked 
samples shown in panel A). 

the soluble fraction as well as fluorescence spectra of ThT added after fibril growth were analyzed 

(Figure A.5B). The spectra for the samples grown in the presence and absence of ThT are almost 

identical. Additionally, the soluble fractions in equilibrium with fibrils were determined and are in the 

expected range for the critical concentration (Table A.2). This verifies the integrity of the samples 

grown without ThT concerning possible effects of the dye on growth behavior. 

These samples were directly processed and imaged with cryoEM, details are given in Chapter 2.2.4 of 

the main text. Dilutions of factor 20 and 50 were tested. In analogy to nsTEM (see Paper I - Figure 3), 

long, curvilinear fibrils forming fibril “communities” were found (Figure A.6A). The background was 

found noisy which was attributed to residual monomers (due to the high ccrit). This effect was more 

pronounced for the 200 µM sample due to the higher monomer fraction (not shown). In addition, the 

fibrils were unregularly covered with dark spots (Figure A.6B). These possibly originate from regions 

exposed to and denatured at the air-water/ice interface abetted by the length and curliness of the 

fibrils (Figure A.6C). The dark spots interfere with the particle picking algorithm leading to unreliable 

2D classes aligning the spots. Taken together, these factors impede a structural investigation. 

Consequently, the sample preparation protocol needed to be improved to obtain single fibrils 

displaying straight segments for the analysis. This probably requires the fragmentation of fibrils 

(Figure A.6D). 

A reduction of the background could in principle be realized by spinning down the fibrils, removing the 

monomers, with a subsequent resolubilization. Centrifugation in Amicon filters (100 kDa molecular 

weight cut-off) led to a very heterogenous appearance both of the filtrate and the retentate without 
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Figure A.6: Examples of cryoEM images from the first PTH84 fibril sample. A and B show images acquired at 
92000 x magnification on a Glacios 200 keV Cryo transmission electron microscope. Fibrils can clearly be 
recognized and correspond to those observed in negative staining EM imaging (Paper I - Figure 3). The red arrows 
in B indicate regions with a strong degree of denaturation, resulting in black spots. The scale bars in panels A and 
B refer to 100 nm and 25 nm, respectively. C and D schematically represent fibrils (orange) in the amorphous ice 
(blue). Curvilinear fibrils (C) can have several contacts to the ice-air interface during preparation, resulting in 
denaturation. Short, straight fibrils (D) can be completely embedded in the ice without contact to the interface. 

the desired separation of monomers from fibrils (Figure A7A). Additionally, centrifugation in general 

might facilitate clustering, as pointed out above. 

To control the length distribution of the fibrils, other strategies were tested. These included (I) adding 

an incubation step after diluting in ddH2O or buffer to induce a separation of the fibrils due to a 

readjustment of the equilibrium, (II) seeded fibril growth interrupted at certain time points (t = 30 min, 

60 min, 120 min), (III) fibril fragmentation by rigorous vortexing or (IV) ultrasonication and (V) 

sequential seeding to potentially promote the proliferation of single morphs. The fraction of soluble 

monomer is defined by ccrit. To reduce the monomer contribution to the background, the method 

screening was only conducted with samples of c0 = 500 µM. The form and morphology of fibrils in 

nsTEM were chosen as indicators. 

Interestingly, the fibrils displayed distinct appearances when diluted in ddH2O and buffer (Figure A.7B). 

In ddH2O, very small fibril fragments were obtained, as well as big clusters which seem morphologically 

distinct from those grown de novo in buffer at neutral pH (compare to Paper I - Figure 3). In contrast, 

fibrils diluted in buffer showed the expected morphology and even an increased number of individual 

fibrils in addition to the bigger networks were evident. The considerable difference of fibril morphology 

upon dilution in ddH2O might be a consequence of the reduction of pH as well as the ionic strength. 

This effect should be considered also in other experiments requiring a dilution of PTH84 fibrils. 

Stopping seeded fibril growth after 30 min (quiescent incubation at 37 °C) led only to a very small fibril 

fraction while stopping after 60 or 120 min led in part to single, relatively short, straight fibrils 

(Figure A.7C). Also, the typical curvilinear fibrils in large clusters were observed, which was more 
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Figure A.7: TEM monitored screening of potential PTH84 fibril preparation protocols for the structural analysis by 
cryoEM. A – Centrifugal filtration. An Amicon 2 ml filter with a cut-off of 100 kDa was used. B – Dilution by a 
factor of 20 in ddH2O (left panel) or buffer (right panel). C – limited growth time with t = 30 min, 60 min, 120 min 
(from left to right). D – Vortexing for 20 s. E – ultrasonication with zero, five, ten or twenty pulses (from left to 
right). Ultrasonication with ten pulses followed by an incubation time of one hour (right panel). F – Sequential 
seeding. The images were acquired on a Zeiss EM900 electron microscope with an acceleration voltage of 80 keV. 
The scale bar in panel A corresponds to 2 µm, in panels B-F to 0.5 µm. 

evident with increasing time. This method in principle led to individual fibrils but the samples still 

contained a substantial fraction of unconsumed monomer negatively affecting the background. 

Vortexing the fibrils for 20 s (at full speed) directly after diluting by a factor of 20 surprisingly led to a 

considerable reduction of the number of fibrils on the grid (Figure A.7D). The visible fibrils were very 

short and heterogenous in size. 
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Ultrasonication using a sonication needle (probe) effectively reduced the size and number of fibril 

clusters and additionally induced fragmentation of fibrils as a function of applied sonication pulses 

(Figure A.7E). This effect was easily adjustable by the amplitude and the number of pulses (1 s pulse, 

1 s pause). Both should be kept as small as possible to reduce potential side effects. The presented 

samples were sonicated with 10 % amplitude (Sonifier W-250 D, Branson Ultraschall, Dietzenbach, 

Germany). It is advised to use a sample volume high enough to reduce foam formation (which must be 

avoided) but low enough to maintain effective fibril fragmentation. Volumes of 50 to 150 µl sample 

fulfilled these requirements. 

Sequential seeding was tested to promote single fibril morphs. Primary (de novo) fibrils were grown in 

50 mM sodium borate, pH 9.0 at 60 °C over night.211 Three generations of seeded fibrils were 

generated (50 mM Na2HPO4, 150 mM NaCl, pH 7.4 (Paper I)) by adding 5 %, referring to monomer 

equivalents, of generation n-1 as seeds to generation n. The seeded samples were quiescently 

incubated at 37 °C for 24 h. In summary, sequential seeding did not lead to a significant reduction of 

the sample complexity (Figure A.7F). Only a small increase of straight segments in the second and third 

generation was observed. 

Probe-sonication as well as dilution in buffer led to the desired results of shorter, single fibrils with a 

good quality. A combination was chosen consisting of probe-sonication with ten pulses (1 s pulse, 1 s 

pause) at 10 % amplitude followed by dilution in freshly prepared buffer with an incubation time of 

1 h prior to vitrification. Importantly, fibril growth needed to be conducted directly before sample 

preparation. This protocol was used for the sample which was chosen for image acquisition, particle 

picking and helical reconstruction as discussed in Chapter 2.4.4. An analysis of the β-turn propensity 

of pentapeptides as part of the theoretical structure considerations is displayed in Figure A.7A. An 

 

 

Figure A.8: Structural analysis of PTH84 fibrils. A – Analysis of the β-turn propensity using a window size of 5 
residues. 215,216 Scores > 1.0 are considered. The fibril core fragment is highlighted in red. B – Exemplary cryoEM 
image acquired at 92000 x magnification. C – Exemplary 2D classification from 1394 particles, showing the 
filamentous structure.  



Appendix 

XLVII 
 

exemplary cryoEM image as well as a representative 2D class used for reconstruction are shown in 

Figure A.7B and C, respectively. The new sample preparation strategy was able to reduce the number 

of dark spots. However, fibril networks were still observed rather than individual fibrils. 

In order to obtain a reconstructed model with a residue-resolution structure the sample preparation 

strategy will still need to be improved. It is suggested to vary the number of pulses during probe-

sonication as well as the incubation time after dilution, or even interchange the two preparation steps. 

For the first approach, mesh-hole grids were used. Another suggestion is the usage of grids offering a 

surface for the fibrils to attach. This might have the advantage of eliminating the 3D orientation within 

the amorphous ice as a degree of freedom as well as enabling a washing step to remove residual 

monomers. Similar grids with a formvar/carbon coating were used with good experiences in nsTEM 

Since fibrils grown at pH 5.3 in the presence of heparin were considerably more straight and rigid as 

well as regularly twisted (Figure 2.9 in the main text), this growth protocol might bear a high potential 

for successful cryoEM sample preparation. 
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