
 

 

 

 

Assessment of structural properties of amyloid 

aggregates and their application potential 

 

 

Dissertation 

for the degree of 

Doctor rerum naturalium (Dr. rer. nat.)  

 

 

Faculty of Natural Sciences, University of Ulm 

 

 

Senthil Kumar Thangaraj 

from Ranipet, India 

Ulm, 2015 



 

 

                                         

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Dean of the Faculty of Natural Sciences: Prof. Dr. Peter Dürre 

1. Gutachter: Prof. Dr. Marcus Fändrich, Universität Ulm, Deutschland 

2. Gutachter: Prof. Dr. Jan Münch, Universität Ulm, Deutschland 

Day of the oral examination: 12th November, 2015 



 

 

 

 

 

 

 

 

 

ஈன்ற ப ொழுதின் ப ரிதுவக்கும் தன்மகனைச் 
                 சொன்றறொன் எைக்றகட்ட தொய் 

 

                      The mother who hears her son called "a wise man" will rejoice more 

                                  than she did at his birth 

-Thiruvalluvar (from Thirukural, Tamil literature)  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

To my parent





i 
 

Contents 

1 Introduction…. ........................................................................................................................... 1 

1.1 Proteins………. ......................................................................................................................... 1 

1.2 Amyloid and amyloidosis ......................................................................................................... 2 

1.3 Mechanism of amyloid fibril formation .................................................................................... 3 

1.4 Structural features and characteristics of amyloid fibrils .......................................................... 4 

1.5 Association of amyloid aggregates with human diseases ....................................................... 10 

1.6 β-amyloid (Aβ) in Alzheimer’s disease .................................................................................. 11 

1.6.1     Early-stage intermediates: Aβ amyloid oligomers ................................................. 12 

1.6.2     Late-stage Aβ amyloid intermediates ..................................................................... 15 

1.7 Toxicity of Aβ aggregates and therapeutic approaches .......................................................... 16 

1.8 Conformational binders in recognition of amyloid fold ......................................................... 18 

1.8.1     Common structures in amyloid aggregates ............................................................ 18 

1.8.2     Protein based anti-amyloid binders ........................................................................ 18 

1.9 Amyloid specific binder (B10) from a Camelidae antibody domain ...................................... 20  

1.10 Amyloid binder from artificial binding protein 4.G11 ......................................................... 22 

1.11 Functional amyloids .............................................................................................................. 23 

1.11.1     Amyloid fibrils possess physiological functions .................................................. 23 

1.11.2     Applicative utilities of amyloid fibrils .................................................................. 25 

1.12 Thesis aims………………………………………………………………………………… 28 

2 Materials and methods ............................................................................................................ 29 

2.1 Materials………………………………………………………………………………… ...... 29 

2.1.1     Laboratory equipments ........................................................................................... 29 

2.1.2     Software programs .................................................................................................. 29 

2.1.3     Chemicals ............................................................................................................... 30 

2.1.4     Proteins/peptides ..................................................................................................... 30 

 



ii 
 

2.2 Methods………………………………………………………………………………… ....... 30 

2.2.1     Preparation of amyloid aggregates .......................................................................... 30 

2.2.1.1     Preparation of A oligomers ........................................................................ 30 

2.2.1.2     Preparation of deuterated A oligomers for hydrogen exchange ................. 31 

2.2.1.3     Preparation of chlorinated Aβ ....................................................................... 31 

2.2.1.4     Preparation of lyophilised (dried) and rehydrated A oligomers ................. 31 

2.2.1.5     Preparation of Aβ(1-40) fibrils ..................................................................... 31 

2.2.1.6     Preparation of Aβ(1-42) fibrils ..................................................................... 32 

2.2.1.7     Preparation of insulin amyloid fibrils ........................................................... 32 

2.2.1.8     Preparation of Aβ(16-22) amyloid fibrils ..................................................... 32 

2.2.1.9     Preparation of G-helix amyloid fibrils .......................................................... 32 

2.2.1.10   Preparation of apomyoglobin fibrils ............................................................. 32 

 

2.2.2     Chemical modification and purification of proteins ............................................... 33 

2.2.2.1     Biotinylation of B10AP ................................................................................ 33 

2.2.2.2     Amino and carboxyl group modification of amyloid fibrils ......................... 33 

2.2.2.3     Fluorescent molecule coupling of Aβ(1-40) E3C peptide ............................ 34 

 

2.2.3     Biochemical techniques ........................................................................................... 34 

2.2.3.1     Denaturing - polyacrylamide gel electrophoresis ......................................... 34 

2.2.3.2     Native - polyacrylamide gel electrophoresis ................................................ 34 

2.2.3.3     Coomassie blue dye staining of gels ............................................................. 35 

2.2.3.4     Agarose gel for amyloid aggregates ............................................................. 35 

2.2.3.5     Determination of concentration of proteins .................................................. 35 

2.2.3.6     Proteolysis of oligomers and freshly dissolved peptide ............................... 36 

2.2.3.7     Immunogold labelling ................................................................................... 37 

2.2.3.8     Dot blot analysis ........................................................................................... 37 

 

2.2.4     Biophysical methods ............................................................................................... 38 

2.2.4.1     Transmission electron microscopy and negative staining ............................ 38 

2.2.4.2     Quantitative analysis of oligomer particles .................................................. 39 

2.2.4.3     ATR-FTIR spectroscopy .............................................................................. 39 

2.2.4.4     X-ray diffraction ........................................................................................... 39 

2.2.4.5     ThT fluorescence assay ................................................................................. 40 

2.2.4.6     ThT aggregation kinetics .............................................................................. 40 

 

2.2.5     Preparation of sodium caseinate (NaCas) films ...................................................... 40 

2.2.6     Measurement of material properties of NaCas films .............................................. 41 

2.2.7     Proteolytic measurements of NaCas films .............................................................. 42 

2.2.8     Fragmentation assay ................................................................................................ 43 

2.2.9     Cellular uptake of Aβ(1-40) oligomers ................................................................... 43 

2.2.10   Cell viability assay .................................................................................................. 43 



iii 
 

3 Results........................................................................................................................................45 

3.1 Binding mechanism of B10AP and structure of its epitope .................................................... 45 

3.1.1     Biotinylation of B10AP for the structural analysis of amyloid fibrils.................... 45 

3.1.2     Immunogold labelling confirmed the poly-amyloid specific binding of B10AP ... 46 

3.1.3     B10 sequence and crystal structure analysis suggested the possibility of surface 

charges on amyloid fibrils ...................................................................................... 49 

3.1.4     Chemical modification strategy of amyloid fibrils ................................................. 49 

3.1.5     Chemical modifications did not alter the structure of amyloid fibrils .................... 52 

3.1.6     B10AP did not bind to carboxyl modified amyloid fibrils ..................................... 54 

3.2 Influence of 4.G11 binding on amyloid fibrils structure and formation ................................. 56 

3.2.1     Conformational specific recognition by 4.G11 to specific amyloid fibrils ............ 56 

3.2.2     Presence of 4.G11 affected the fibrillation kinetics and aggregation of Aβ(1-40)    

peptide    ...... ........................................................................................................... 57 

3.2.3     In vitro fragmentation of amyloid fibrils induced by 4.G11 .................................. 60 

3.2.4     4.G11 induced fragmented fibrils did not affect the cellular activity ..................... 64 

3.3 Formation of amyloid fibrils from sodium caseinate and their incorporation into protein 

films.........................................................................................................................................67           

3.3.1     Formation of amyloid fibrils from sodium caseinate ............................................. 67 

3.3.2     ThT binding analysis of sodium caseinate fibrils ................................................... 71 

3.3.3     Formation of three different types of sodium caseinate films ................................ 72 

3.3.4     Assessment of the secondary structure of sodium caseinate films ......................... 73 

3.3.5     Mechanical analysis of sodium caseinate films ...................................................... 75 

3.3.6     Protease resistance analysis of sodium caseinate films .......................................... 77 

3.4 Investigation of structural characteristics and application potential of amyloid oligomers.... 79 

3.4.1     Preparation and morphological investigation of amyloid oligomers ...................... 79 

3.4.2     Secondary structural analysis of amyloid oligomers .............................................. 82 

3.4.3     Proteolytic stability of amyloid oligomers ............................................................. 84 

3.4.4     Hydrogen exchange (HX) – FTIR analysis of amyloid oligomers ......................... 84 

3.4.5     Conformational transition of amyloid oligomers ................................................... 86 

3.4.6     Dynamic assembly of amyloid oligomers .............................................................. 89 

 

4  Discussion.……….……………………………………………………………………………………..94 

4.1 Amyloid binder as a research tool to study the structure and formation of amyloid 

aggregates................................................................................................................................94 

4.2 B10 binding mechanism suggested the molecular details of amyloid fibrils surface..............96 

4.3 Production of fragmented amyloid fibrils induced by 4.G11-artificial binding protein ...... .101 



iv 
 

4.4 Self-assembly of NaCas into fibrils and their film preparation ............................................. 105 

4.5 Structural properties and applicative potential of amyloid oligomers ................................... 109 

4.5.1     Amyloid conformation and structural compactness of oligomeric aggregates ..... 110 

4.5.2     Structural plasticity and functional modifications of amyloid oligomers.............113 

4.5.3     Macrophage targeting of amyloid oligomers. ...................................................  ...114 

5 Summary…….... ..................................................................................................................... 118 

6 Zusammenfassung .................................................................................................................. 120 

7 References……… .................................................................................................................... 123 

8 Acknowledgements ................................................................................................................. 152 

9 List of figures and tables ........................................................................................................ 154 

10 Curriculum vitae ................................................................................................................... 157 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



v 
 

Abbreviations 
3D Three-dimensional 

AD Alzheimer’s disease 

AL amyloid light-chain 

AP alkaline phosphatase 

APP amyloid precursor protein 

ATR FTIR attenuated total reflectance Fourier transform infrared spectroscopy 

Aβ amyloid‐β peptide 

BSA bovine serum albumin 

CCD charge-coupled device 

CDRs complementarity determining regions 

CR Congo red 

Cryo-EM cryo-electron microscopy 

D2O deuterium oxide 

DMSO Dimethyl sulfoxide 

e.g. for example 

EB elongation-at-break 

EDTA Ethylenediaminetetraacetic acid 

ELISA enzyme linked immunosorbent assay 

et al. and others 

FeO Iron(II) oxide 

g gravitational acceleration 

GPa gigaPascal 

h hour 

hAPP human APP 

HCl hydrochloric acid 

HFIP 1,1,1,3,3,3‐Hexafluoro‐2‐propanol 

HX hydrogen exchange 

KD dissociation constant 

kDa kilo Dalton 

MALDI-TOF Matrix-assisted laser desorption/ionization-time of flight 



vi 
 

mg/mL milligrams per milliliter 

min minute 

MTT 3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide 

NaCas sodium caseinate 

PAGE polyacrylamide gel electrophoresis 

PBS Phosphate buffered saline 

rpm revolutions per minute 

SAA serum amyloid A 

SDS sodium dodecyl sulfate 

sec second 

SEC size-exclusion chromatography 

ssNMR solid-state nuclear magnetic resonance 

TCA Trichloroacetic acid 

TEM transmission electron microscopy 

TFA Trifluoroacetic acid 

ThT Thioflavin T 

Tris 2-amino-2-hydroxymethyl-propane-1,3-diol 

TS tensile strength 

TTR transthyretin 

v/v volume/volume 

WT Wild type 

XRD X-ray diffraction 

 

For the amino acids, one and three letter codes were used  

 
A Ala alanine I Ile isoleucine R Arg arginine  

C Cys cysteine K Lys lysine S Ser serine  

D Asp aspartate L Leu leucine T Thr threonine  

E Glu glutamate M Met methionine V Val valine  

F Phe phenylalanine N Asn asparagine W Trp tryptophane  

G Gly glycine P Pro proline Y Tyr tyrosine  

H His histidine Q Gln glutamine x  any amino acid 



INTRODUCTION                                                                                              

1 
 

1 Introduction 
 

1.1 Proteins 

Proteins are one of the most abundant macromolecules in all biological systems. They are 

important due to their involvement in all aspects of cell life like immune protection, cell-cell 

communication, physical support (hair, skin and nail), and muscle movement (Stryer. 1996). The 

term ‘protein’ was derived from the Greek word ‘proteios’ meaning ‘of the first rank’, which 

emphasizes the importance of this molecule (Stryer. 1996). Proteins, of varying size, are built 

from individual amino acid units with each amino acid containing an α-carbon bonded to an α-

amino group, an α-carboxyl group, one hydrogen, and a side chain, of varying lengths and 

functionalities (Stryer. 1996). The polymerization of a polypeptide chain occurs by a 

condensation reaction between the free amine and the carboxylic group of the amino acids to 

form amide bonds. In nature, proteins exist with a distinct conformation to achieve their native 

functions. Understanding the molecular and functional nature of proteins demanded them to be 

purified recombinantly or chemically synthesized. 

Some proteins assert a unique phenomenon called self-assembly in which multiple units 

get together and form a large supramolecular organized structure (Pollard and Earnshaw. 2002). 

The formation of these supramolecular structures is essential for the regulation of various 

cellular functions and are found in almost all living systems. For example, self-assembly of 

tubulin subunits or actin monomer to microtubules or actin filaments respectively, is prerequisite 

for the maintenance of cell structure and shape, and together, they form the cytoskeleton (Kreis 

and Vale. 1999). Many organisms like spider, mussels or silkworm produce and secrete out 

proteins which assemble into well-ordered structures. These self-assembled proteins have 

explicit material properties like strength, extensibility and toughness, which can be comparable 
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to polymers or even to steel (Cherny and Gazit. 2008). Besides these naturally occurring 

supramolecular structures, there are also self-assembly of proteins into non-native structures 

called as amyloid fibrils. 

 

1.2 Amyloid and amyloidosis 

The term ‘amyloid’ was derived from the Greek word ‘amylon’ which means starch, and 

was first coined in a botanical context (Schleiden. 1838). The German pathologist ‘Rudolf 

Virchow’ later transferred this term to describe a human alteration appeared as a waxy deposits, 

Corpora amylacea, of the brain. These pathogenic deposits exhibited a blue staining 

characteristic for starch when it reacts with iodine and sulfuric acid [Virchow 1854]. Following 

studies established that these deposits consisted of proteinaceous material, rather than the 

speculated polysaccharides, generally referred as amyloid fibrils. The “Nomenclature Committee 

of the International Society of Amyloidosis” gave an universal definition for amyloid fibrils as 

‘an insoluble protein fibril that is deposited, mainly, in the extracellular spaces of organs and 

tissues as a result of a sequence of changes in protein folding that results in a condition known as 

amyloidosis’ (Westermark et al. 2007). Furthermore, these amyloidogenic proteins should 

illustrate bona fide characters like rigid and non-branched appearance in transmission electron 

microscopy (TEM), possess typical X-ray diffraction pattern and exhibit green birefringence 

when binds to Congo-red (CR) dye. However, structure-based definitions describe amyloid 

fibrils as fibrillar polypeptide aggregates with cross-β conformation (Fändrich 2007). This 

definition also includes fibrils that are formed in vitro by diverse (Chiti and Dobson 2006). 
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1.3 Mechanism of amyloid fibril formation 

The formation of amyloid fibrils can be monitored real time using thioflavin T (ThT) 

fluorescence, light scattering and many more techniques (Naiki et al. 1997; Serio et al. 2000; 

Uversky et al. 2002; Chiti and Dobson. 2006). Aggregation process often follows the misfolding 

pathway i.e., the monomeric protein/peptide adopts a misfolded state leading to formation of 

several intermediate species like dimer, oligomers, globulomers and protofibrils before 

converting into final mature fibrillar structures. This type of aggregation process is known as 

‘nucleation dependent polymerization (NDP)’ kinetics (Harper et al. 1997; Pedersen et al. 2004). 

This NDP reaction commences with an initial short lag phase which represents the formation of 

small oligomeric nuclei (seeds) (Jarrett and Lansbury Jr. 1993). Subsequently, a growth phase 

follows and advances further to a stationary phase, wherein an expansion of the nucleus occurs 

by addition of more oligomers or monomers into larger aggregates and finally to mature fibrils. 

The lag phase can be decreased or even eliminated by the addition of (fragmented) preformed 

amyloid fibrils (seeding) (Figure 1.1). Many studies showed that the rate of amyloid formation is 

depend on the concentration of seeds used. Cross-seeding studies demonstrated that the 

percentage of sequence identity between the protein/peptide of ‘seeds’ and the protein/peptide to 

be aggregated into ‘amyloid’ also influence the kinetics of aggregation reaction (Tanaka et al. 

2005; Wright et al. 2005). 
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Figure 1.1: Schematic representation of amyloid aggregate formation. Amyloid formation by NDP mechanism 

showing an initial lag phase and then elongation followed by a stationary phase. Preformed amyloid fibrils can act as 

a ‘seed’ to accelerate the kinetics of fibril formation by reducing the lag time (grey curve). 

 

1.4 Structural features and characteristics of amyloid fibrils 

Final structure of amyloid fibrils assembled from any protein/polypeptide have a common 

cross β structure as their backbone conformation. This “cross-β core structure” composed of β-

strands which are oriented perpendicular to the main fibril axis and form intermolecular cross-β-

sheets. The hydrogen bonds, connecting the juxtaposed β-strands into a pleated β-sheet 

structures, run parallel to the main fibril axis (Chiti and Dobson. 2006; Fändrich. 2007). Amyloid 

fibrils can be formed from precursor proteins/peptides that do not share any sequence similarities 

or homologous structural conformation in their native states. However, the aggregates are 

characterized of amyloid nature under the following aspects: 

 Morphological characteristics 

 Structural characteristics  

 Spectroscopic properties  

 Tinctorial properties   
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(i) Morphological characteristics 

The morphology of amyloid fibrils or other intermediates of amyloid aggregates process 

has been characterized using transmission electron microscopy (TEM) and atomic force 

microscopy (Chiti and Dobson. 2006). Common feature of amyloid fibrils is that they are 

unbranched with few micrometers long and 10-25 nm in diameter (Fändrich et al. 2011). 

Amyloid fibrils exhibit various  morphological appearances such as long and straight or short 

and curvilinear. The polymorphism of amyloid fibrils is thought to arise mainly from the 

variations of the overall fibril shape, thickness and twisted crossovers (Meinhardt et al. 2009). 

Morphological differences between early stage amyloid aggregates and mature amyloid fibrils 

are revealed using TEM (figure 1.2). 

 

 

Figure 1.2: Characteristic morphological differences between amyloid aggregates. (A) oligomers, (B) 

protofibrils and (C) mature fibrils as observed by TEM. Scalebar: 200 nm. TEM images after Fändrich. 2011. 

 

(ii) Structural characteristics 

Structural investigation of amyloid aggregates at atomic level is more arduous because of 

the non-crystalline and heterogeneous nature of fibrillar amyloid aggregates, additionally the 

metastable nature, in the case of prefibrillar assemblies. However, various techniques are 

employed to get the structural details of amyloid process include X-ray diffraction (XRD), 
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attenuated total reflectance-Fourier transform infrared spectroscopy (ATR-FTIR), nuclear 

magnetic resonance (NMR) spectroscopy, X-ray crystallography and cryo electron microscopy 

(Cryo-EM). 

XRD was the first known technique which rendered data on the structural arrangement of 

polypeptides in amyloid fibrils (Sunde et al. 1997). Most of the amyloid aggregates (in vitro or 

ex vivo) produced characteristic reflection patterns; meridional and equatorial reflections. 

Meridional reflections, also called as main-chain spacing, calculated around 4.6 – 4.8 Å, arise 

from the hydrogen bonding between β-stranded polypeptide backbone in amyloid aggregates 

(figure 1.3). In contrast, 5-12 Å equatorial reflection (also called as side-chain spacing) arose 

from the distances from the side chain stretching out of the polypeptide backbone (Fändrich. 

2007; Marshall and Serpell. 2009). 

 

Figure 1.3: Schematic representation of the cross-β-sheet structure. The cross-β structure represents the 

structural core of amyloid fibrils in which the β-strands (red and orange bars) run perpendicular to the fibril axis 

with a regular main chain spacing of 4.7 Å. The intermolecular hydrogen bonds (dotted lines) that connect these β-

strands into β-sheets run parallel to the fibril axis. The side chains protrude into the plane of the fibril cross-section 

and determine the side chain spacing. These structural arrangements produce a characteristic X-ray fiber diffraction 

pattern with sharp meridional reflections (green) and diffuse equatorial reflections (blue). Image  after Meinhardt. 

2009.  
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Accurate spatial information of three-dimensional (3D) arrangement of atoms of 

polypeptide in an amyloid fold has been achieved by X-ray crystallography. Microcrystals 

formed from short peptide segments (5-7 amino acids in length) revealed a common cross β-

spine structure. Atomic structure of these peptide-fibrils also revealed unique feature of amyloid 

fibrils referred as steric zippers formed of an inter-digitating side-chains lattice (Nelson et al. 

2005; Sawaya et al. 2007). 

 

(iii) Spectroscopic properties 

ATR-FTIR is a vibrational spectroscopy which has been used very extensively to compare 

and analyze the secondary structural information of polypeptides in its native and amyloid 

conformation (Pelton and McLean. 2000; Barth and Zscherp. 2002). Amide I spectrum of 

transthyretin (TTR) amyloid fibrils clustered around 1611 – 1631 cm-1, whereas for native TTR 

β-sheet proteins, it is between 1630-1643 cm-1 (figure 1.4). In both cases, amide I frequencies 

report the presence of β-sheet content of the proteins. The low amide I frequency in amyloid 

fibrils probably results from the strong intermolecular hydrogen bonds and the significantly 

lower twist of the β-sheets (Choo et al. 1996; Zandomeneghi et al. 2004). An additional benefit 

of FTIR is that both the hydrated and the dried state of amyloid aggregates can be investigated. 
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Non crystalline behavior and complex arrangement of full length polypeptide in amyloid 

fibrils made their structural characterization more arduous at the molecular level with the 

previously described techniques. But with the advent of amino acid specific isotopic labelling 

and with its application in solid state (ss) NMR spectroscopy, it has become possible to 

determine the structural constraint values like chemical shift index, bond angles or specific 

interatomic distances (Tycko. 2006). These constraints directly relate to the arrangement of 

atoms of full length polypeptide in amyloid fold and together with computational algorithms, 

many structural models for various amyloid fibrils were developed (Fändrich et al. 2011; Tycko. 

2006 & 2011). Chemical shift values of Aβ(1-40) peptide (associated with Alzheimer’s disease) 

from three different amyloid aggregates (oligomers, protofibrils and fibrils) formed in vitro 

indicated the formation of β-sheet structures from same residues but varied in position, length 

and numbers of β-strands within these different conformers (Fändrich. 2012). Moreover, a 

Figure. 1.4: Infrared spectra of native protein and 

amyloid fibrils. FTIR spectra of amide I region of native 

TTR (A) and TTR amyloid fibrils (B). Experimental infrared 

data points are displayed as diamonds. The individual 

components of the curve fit are displayed with dotted lines. 

Their sum (continuous line) overlaps the experimental data 

closely. Image after Zandomeneghi et al. 2004. 
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structural model developed for Aβ(1-40) fibrils extracted from AD brain revealed specific 

structural features that were different from in vitro prepared Aβ(1-40) fibrils (Lu et al. 2013). 

Using Cryo-EM along with 3D reconstruction, the structures of Aβ amyloid fibrils were 

mapped at atomic or near-atomic resolution between 0.8-3 nm (Fändrich et al. 2011). This 

explored the structural level polymorphism exhibited due to the protofilament substructures 

(figure 1.5). More specifically, two-fold symmetry arrangement of polypeptides or three-fold 

symmetry, in some cases, are seen within the protofilament of Aβ 40/42 fibrils (Schmidt et al. 

2009; Sachse et al. 2008; Meinhardt et al. 2009; Zhang et al. 2009; Paravastu et al. 2008). 

 

 

Figure 1.5: Comparison of Aβ(1–40) and Aβ(1–42) amyloid fibrils structures analyzed by cryo-EM. Three 

distinct fibril morphologies are based on reconstructions of Aβ(1-40) and Aβ(1-42) fibrils (A). Cross-section of 

Aβ(1-42) fibril shows presence of one protofilament (structure) and possible peptide position (model) (B). Aβ(1-40) 

fibril consists of two protofilaments (structure) with the similar organization of Aβ molecules (model) as in Aβ(1-

42) fibrils (C).  Circular arrangements of protofilament from the cross-section of the 13-nm Aβ(1–40) fibril density 

map. Images after Schmidt et al. 2009. 

 

(iv) Tinctorial properties 

Detection of amyloid by staining with CR or ThT dyes is more than a century-old practice. 

Though both CR and ThT are being used for the detection of tissue-deposited amyloid in the 
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clinical diagnosis of amyloidosis (Vassar. 1959 & Divry. 1927), ThT, mostly, has been used for 

the in vitro characterization of various amyloid fibril formation (Naiki et al. 1989). Because of 

its increase in fluorescence emission when it binds amyloid, it has been employed for an online 

investigation of the effect of seeding, ligands or other factors on the aggregation kinetic amyloid 

formation (figure 1.6). While the exact mechanism of  CR or ThT binding to amyloid remain 

elusive, some studies suggested that the ThT molecules either bind to the ‘grooves’ formed in β-

sheets of amyloid fibrils due to the interactions between the backbone C=O from one strand and 

N-H from the other strand that form the fibrils (Krebs et al. 2005) or to the aromatic and 

aliphatic side chains of amyloid fibrils (Biancalana et al. 2010). 

 

 

Figure 1.6: ThT and its interaction with amyloid aggregates. (A) Chemical structure of ThT molecule. (B) ThT 

fluorescence increases when fibrils binds to ThT. (C) Typical sigmoidal curve obtained during online monitoring of 

amyloid aggregation kinetic using ThT. Kinetics become faster with the pre-addition of around 1-5 % (w/v) fully 

grown fibril to the reaction volume, are termed as seeds. 

 

1.5 Association of amyloid aggregates with human diseases 

Amyloid fibrils and their formation are best associated with the pathology of several 

amyloid diseases. Amyloid diseases can be broadly grouped into 1) neurodegenerative disorders, 

in which aggregation occurs intracerebral, 2) non-neuropathic localized amyloidosis, in which 
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aggregation occurs in a single specific tissue other than the brain, and 3) non-neuropathic 

systemic amyloidosis, in which aggregates present in multiple tissues (Chiti and Dobson. 2006) 

(table 1.1). 

 

Table 1.1 Amyloid proteins and their associated diseases. Modified after Chiti and Dobson. 2006 

 

 

1.6 β-amyloid in Alzheimer’s disease 

β-amyloid (Aβ), a ~4 kDa peptide, is a brain proteolytic product from the amyloid-β 

protein precursor (AβPP). Aggregation of β-amyloid forms the pathological basis of Alzheimer’s 

disease (AD) (Selkoe. 1994). AD is neuropathologically characterized by the presence of fibrillar 

amyloid deposition in extraneuronal plaques (Maury. 1995). The cerebral amyloid plaques are 

primarily composed of Aβ peptide (Glenner and Wong. 1984). Aβ peptide varied between 37-43 
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amino acids in length, consisted of a more hydrophilic N-terminal part and hydrophobic C-

terminal sequences (Masters et al. 1985; Prelli et al. 1988). Albeit Aβ(1-40) was found to be the 

most dominant species in brain, Aβ(1-42), has 10-fold lower in vivo concentration, showed a 

stronger correlation with neurotoxicity of AD (Selkoe 2001; Irie et al 2005). For the purpose of 

structural and functional analysis of amyloid aggregates, peptide isoforms of Aβ(1-40) or Aβ(1-

42) are recombinantly or synthetically produced (Finder et al. 2010). These peptides readily form 

oligomeric or fibrillar amyloid aggregates in vitro, provided the peptides are present at certain 

reaction conditions respectively (Jan et al. 2010). 

 

1.6.1 Early-stage intermediates: Aβ amyloid oligomers 

Amyloid oligomers are the soluble species of the non-fibrillar intermediates present during 

the early stage of amyloid fibril pathway (Glabe. 2008). Increasing number of evidence suggests 

that the oligomeric form may play a predominant role in the mechanisms of many amyloid 

diseases (Fändrich 2012; Haupt et al. 2012), with fibrils likely to be inert bystanders in the 

disease process (Lashuel et al. 2002; Bucciantini et al. 2002). Therefore, molecular insights into 

the morphology, proteolytic stability and structural details of these species are essential not only 

because of their relevance to many amyloid diseases, but might open their access for functional 

utilities. Despite the fact that the oligomeric species are considered to be important to analyse, 

information on their structural details is very limited due to their highly transient nature and 

difficulties in obtaining homogeneous populations that are free from monomers or other fibrillar 

species. However, few different protocols are described in literature which successfully 

stabilized these intermediates. Studies using these protocols given information on the 

heterogeneity of oligomeric species with respect to their size, morphology, aggregation 
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pathways, formation mechanism and even the level of toxicity (table 1.2; Bitan et al 2005; 

Kayed et al. 2003; Haass and Selkoe 2007).  

Preliminary information on the size and molecular weight of amyloid oligomers were 

determined using the polyacrylamide gel electrophoresis (PAGE) with presence of sodium 

dodecyl sulphate (SDS), or native PAGE, as well as size exclusion chromatography (SEC) (Bitan 

et al. 2003, 2005, Sandberg et al. 2010). However, these techniques are not free from limitations. 

SDS, for example, could promote aggregation of the amphipathic molecules and thus oligomers 

running in SDS-PAGE might provide false results on the size of these species  (Bitan et al. 

2005). Another drawback is, the relatively low resolution of SEC when compared to SDS-PAGE 

(Bitan et al. 2005). Atomic force microscopy or TEM are most commonly used techniques for 

the morphological assessment of various oligomeric forms (Bitan et al. 2005; Glabe. 2008; 

Mastrangelo et al. 2006). Spectroscopic investigation of different amyloid oligomers yielded 

information on secondary structural details of these species at various levels. FTIR analysis of 

Aβ oligomers indicated for the presence of antiparallel β-sheet structures (Habicht et al. 2007; 

Eckert et al. 2008; Cerf et al. 2009; Morgado et al. 2012; Fändrich. 2012). Chimon and his co-

workers (2007), using ssNMR spectroscopy, provided residue specific information of Aβ 

oligomers involved in the parallel β-sheet secondary structure. Amyloid oligomers with existence 

of antiparallel β-strands at molecular-level (figure 1.7) were revealed as well (Ahmed et al. 2010; 

Stroud et al. 2012; Laganowsky et al. 2012; Haupt et al. 2012). 

 

 

 

 



INTRODUCTION 

14 
 

Table 1.2: Characteristics of amyloid fibrillar intermediates. Modified after Meinhardt. 2010 and 

Bereza. 2012 

 

In parallel, these studies demonstrated the increased toxic nature of these species (Chimon 

et al. 2007; Ahmed et al. 2010; Haupt et al. 2012) when compared to the other forms of amyloid 

aggregates. It is possible that the toxicity of aggregates is simply correlated with the surface to 

mass ratio. Smaller structures which have a high surface to mass ratio are more toxic than large 

aggregates that have smaller surface to mass ratio (Pederson et al. 2010). However, Aβ 

oligomers with non-toxic nature but with identical secondary structural conformation has been 

reported as well (Ehrnhoefer et al. 2008; Campioni et al. 2010; Krishnan et al. 2012; Lopez del 

Amo et al. 2012).   



INTRODUCTION 

15 
 

 

 

1.6.2 Late-stage Aβ amyloid intermediates 

Different classes of late-stage amyloid intermediates have been identified throughout the 

amyloid fibrillation pathway. For example, Aβ intermediates were described as higher molecular 

weight oligomers, annular aggregates and protofibrils (Haass and Selkoe. 2007; Caughey and 

Lansbury Jr. 2003). Protofibrils and annular aggregates of amyloid fibril formation are less 

characterized because of the lack of distinct protocols that would stabilize these species for a 

longer term. However, fewer studies carried out of the protofibrils isolated using size exclusion 

chromatography or stabilized in the presence of co-solutes reported that they differed from 

mature fibrils by morphology and tinctorial characteristics (Walsh et al. 1999; Goldsbury et al. 

2000). However, structural studies of Aβ(1-40) protofibrils mapped out the β-sheet elements 

were already preformed in protofibrils and these regions elongate during the conversion into 

mature fibrils (Scheidt et al. 2011). Annular aggregates appeared in ring-like shape with many of 

the amyloid forming peptides/proteins such as Aβ peptide, α-synuclein and etceteras. 

Furthermore, these aggregates demonstrated a common toxicity mechanism by disrupting cell 

Figure 1.7: Ribbon representation of a small toxic amyloid 

oligomer structure solved using X-ray crystallography. 

Each colored β strand (arrow) is composed of 11 amino acid 

residues segment from αB-crystallin amyloid forming protein. 

Image after Laganowsky et al. 2012 
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membranes through pore-forming toxins (Lashuel et al. 2002; Lashuel et al. 2003; Butterfield et 

al. 2010). 

 

1.7 Toxicity of Aβ aggregates and therapeutic approaches  

Several findings reinforce that the prefibrillar amyloid aggregates are the actual etiological 

agents of AD and many more amyloid diseases. Increased levels of soluble Aβ aggregates have 

been detected in the brains of AD patients (Kuo et al. 1996; McLean et al. 1999; Gong et al. 

2003). Soluble Aβ levels correlate better with markers of disease severity such as the density of 

neuritic plaques, neurofibrillary tangles or the loss of synapses and cognitive perception (Lue et 

al. 1999; McLean et al. 1999). Several forms of Aβ oligomers are shown to be toxic: 1) Aβ42 

globulomers have been detected in amyloid deposits in AβPP Tg2576 transgenic mice (Barghorn 

et al. 2005); 2) Soluble Aβ dimers and trimers shown to be neurotoxic by inhibiting LTP in rats 

(Walsh et al. 2002); 3) Aβ*56 oligomers reported to impair memory (Lesne et al. 2006); 4) 

Many oligomeric structures formed in vitro (e.g. ADDL) reported to be toxic in neuronal cell 

cultures (Lambert et al. 1998). Although, the toxic nature of these oligomeric prefibrillar species 

are now more widely accepted, the cytotoxic effects of mature fibrils also being observed. For 

example, Aβ fibrils have potent neurotoxic effects on cultured primary hippocampal neurons 

(Lorenzo and Yanker. 1994), cause the activation of microglia and neuronal loss in primate 

brains (Geula et al. 1998). Different morphologies of Aβ(1-40) fibrils formed in vitro possess 

significantly different toxicities in neuronal cell cultures (Petkova et al. 2005). Molecular 

recycling characteristics observed within amyloid fibrils shown by Sanchez et al. (2011) 

suggested that mature Aβ fibrils might be a reservoir from which toxic small aggregates releases.  
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Many therapeutic strategies include targeting the distinct stages of neurodegenerative 

cascades. Protease inhibitors are designed to effectively target β- and - secretases, thereby 

preventing abnormal Aβ peptide production (Hardy and Selkoe. 2002; Rajendran et al. 2008). 

Some therapeutic approaches include cholesterol-lowering agents, anti-inflammatory drugs, 

metal chelators or cellular therapy (Hardy and Selkoe. 2002; Wolfe. 2006), in order to minimize 

interaction of Aβ aggregates with several cellular components like lipid membranes, 

mitochondria or other macromolecules (Chiti and Dobson. 2006; Eckert et al. 2008).  

Other therapeutic methods are aimed to target the aggregation process itself. Since Aβ 

toxicity is linked to various forms of aggregation process, all forms of Aβ aggregates have to be 

targeted therapeutically. New class of synthetic peptides called “β-sheet breakers” are designed 

which specifically targets and binds Aβ peptide by sequence complementarity, prevented fibril 

formation and disaggregated fibrils in vitro (Soto et al. 1996; Soto et al. 1998). Small molecules 

or non-natural amino acids have been designed against specific structures of amyloid fibrils 

which potentially inhibit fibril formation (Sievers et al. 2011). Anti-amyloid antibodies are 

gaining much attention because of the ability of the generated binder in recognizing a particular 

sequence of amyloid protein/peptide or binding a specific conformation of amyloid aggregates. 

Particularly, developing this strategy may have ample potential for clinical amyloid diagnosis, 

therapy or could be used in basic research for the better understanding of distinct amyloid 

aggregate structures. 
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1.8 Conformational binders in recognition of amyloid fold 

1.8.1 Common structures in amyloid aggregates 

Despite the differences in primary structure, there are similar conformational fibrils formed 

from several precursor proteins have similar characteristics (Chiti and Dobson. 2006). The 

similarity in conformational properties was demonstrated with disease associated fibrils of Aβ, 

insulin and immunoglobulins, as well as with disease irrelevant fibrils of apomyoglobin, αs1 

caesin and κ casein (Westermark. 2005; Fändrich and Dobson. 2002; Thorn et al. 2005; Thorn et 

al 2008). In vitro fibril formation requires polypeptides to be incubated under various reaction 

conditions include different pH, buffer and temperature. The fibrils formed show differences in 

morphology, however, all of them possess a common cross-β structure along with similar 

tinctorial and diffractional characteristics (Sunde et al. 1997; Haupt et al. 2011a). 

 

1.8.2 Protein based anti-amyloid binders  

Generation of proteinaceous binders that target disease relevant proteins for cure of 

associated disease processes, has been in practice since the discovery of monoclonal antibodies 

by hybridoma technology (Kohler and Milstein. 1975). This approach has been further improved 

by the advent of new biotechnological applications, like recombinant DNA technologies and 

protein purification methods (Mullis and Faloona. 1987; Holt et al. 2000). Selection techniques 

such as phage display and ribosome display involve the usage of diverse gene libraries that 

follow a directed selection of a particular binder with specific interactions to a pre-defined target.  

Amyloid binders generated out of diverse gene libraries are not just restricted to full length 

immunoglobulins or antibody fragments from human origin or camelidae family. Artificial 

binding proteins with no immune background also generated as binders (Hey et al. 2005). In all 
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cases, the binders to be generated should have a polypeptidic framework with a high tolerance 

for modifications such as multiple insertions, deletions or substitutions to occur without 

disruption to the binders’ intrinsic conformational stability. This will enable directed 

randomization within a defined region of the protein, allowing the binder to acquire certain novel 

properties while conserving its overall structural integrity and original physicochemical 

characteristics (Binz et al. 2003, Kohl et al. 2003).  

Binders generated against amyloid aggregates, while initially developed for their 

immunotherapeutic potential against amyloid diseases, have also contributed to the structural 

understanding of amyloid and its formation. Late in 1990s, monoclonal antibodies like AMY-33 

and 6F/3D, which recognize Aβ(1-28) and Aβ(8-17) respectively, were shown to inhibit Aβ 

fibrilogenesis (Solomon et al. 1996). Antisera raised against Aβ(4-10) epitopes contained 

polyclonal antibodies which neutralized cytotoxic effects as well as disaggregating preformed 

fibrils upon co-incubation (McLaurin et al. 2002). Monoclonal antibodies like WO1 and WO2 

conformationally recognize a generic epitope of many amyloid fibrils but not to their native 

disaggregated structures (O’nuallain and Wetzel. 2002). Based on the binding of oligomer-

specific antibodies purified from poly-clonal sera, it was shown that soluble oligomers display a 

common conformation-dependent structure that is unique to soluble oligomers regardless of 

sequence (Kayed et al. 2002). Further, biotechnological generation of single domain antibodies 

against amyloid folds and their characterization gave information on the details of different 

aggregates of the aggregation pathway and emphasized the potential of this strategy for 

therapeutic approaches (Habicht et al. 2007, Kasturirangan et al. 2010, Streltsov et al. 2011, 

Morgado et al. 2012). 
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1.9 Amyloid specific binder (B10) from a Camelidae antibody domain 

         B10 is a Camelidae variable heavy chain domain (VHH) generated through phage display 

against Aβ(1-40) fibrils, from a recombinant library of VHH domains (Habicht et al. 2007). 

These VHH domains are derived from the heavy-chain are the only antibodies (HCAbs) that 

naturally occur in the serum of Camelidae species (figure 1.8). 

 

 

B10 binds conformationally specific to Aβ(1-40) fibrils but neither their oligomers nor 

their disaggregated peptides (figure 1.9 A). The apparent dissociation constant (Kd) with fibrils 

was estimated to be 475 ± 54 nM based on interaction studies using surface plasmon resonance 

(Habicht et al. 2007). B10 was genetically fused to alkaline phosphatase (AP) to form a dimeric 

protein, which is commonly referred as B10AP, with increased affinity (Kd = 7.22 ± 0.97 nM) to 

Aβ 40 fibrils (Habicht et al. 2007). In addition to its strong affinity for Aβ 40 fibrils, B10AP also 

binds some other disease associated amyloid fibrils, e.g., serum amyloid A (SAA) fibrils, or AL 

amyloid fibrils (derived from the antibody light chain). Furthermore, B10AP binding specificity 

was tested against several other amyloid fibrils formed in vitro using spot blot analysis (Haupt et 

al. 2011b). Amyloid fibrils tested during the binding analysis covered a broad range of properties 

such as length and sequence of the underlying polypeptide chains (full-size proteins, 6 peptide 

fragments), fibril morphology (curvi-linear, worm-like fibrils as well as highly regular and 

straight fibrils), handedness of the fibril supertwist (left-handed or right-handed), chirality of the 

Figure 1.8: Schematic representation of antibody domains derived 

from conventional IgG and Camelidae antibody. VH: Variable 

domain of the heavy chain; VHH: N‑ terminal variable domain of the 

heavy chain-only antibody; VL: Variable domain of the light chain. 

CH: Constant domain of the heavy chain; CL: Constant domain of the 

light chain (Image after Hassanzadeh-Ghassabeh et al. 2013) 



INTRODUCTION 

21 
 

polypeptide backbone (peptides consisting of D- or L-amino acids), presence of parallel or 

antiparallel β-sheet structure. Some tested fibrils related to human diseases such as hSAA or 

transthyretin fibrils; others did not, such as glucagon or apomyoglobin fibrils. Nonetheless, all 

analyzed fibrils displayed some typical amyloid characteristics. Results from that study revealed 

that, despite their common backbone conformation, B10 was not able to recognize all amyloid 

fibrils. (figure 1.9 B). Thus, recognition of amyloid fibrils with B10AP could not solely be 

explained by an amyloid-specific polypeptide fold.  

 

 

Figure 1.9: Conformational and poly-amyloid binding nature of B10AP. (A) B10AP binding analysis of 

disaggregated and fibrillar Aβ(1–40). (B) Quantified B10AP staining intensities (dark bars) of binding to different 

amyloid fibrils, relative to the standard (Aβ(1–40) fibrils). White bars: Ponceau S confirms equal loading (±10%) 

with standard (Habicht et al. 2007 and Haupt et al. 2011b). 

 

B10AP has the functional activity to interfere with Aβ aggregation to form protofibrils as 

an end product of aggregation kinetics, and furthermore, its binding specificity to protofibrils 

implied that mature fibrils and protofibrils possess the same surface texture (Habicht et al. 2007). 

The reports on WO1 binding with amyloids suggested that protofibrils and fibrils might share a 

common structure (Williams et al. 2005). When characterized the structure of Aβ protofibrils 



INTRODUCTION 

22 
 

formed in the presence of B10, also indicated this similarity (Scheidt et al. 2011). However, 

B10AP significantly differed with WO1 in its ability to bind only with fibrils and not with β-

sheet-rich oligomers or their disaggregated peptides (Habicht et al. 2007). 

 

1.10 Amyloid binder from artificial binding protein 4.G11 

Artificial binding proteins (ABPs) are the proteinaceous binders generated 

biotechnologically against specific disease targets. ABPs are different from conventional 

antibodies and, based on the differences in their underlying scaffolds, can be categorized as 

affibody, trans-body or adNectin. For example, affibody ligands derived from the Z domain of 

Staphylococcal Protein A were used for anti-amyloid approaches which selectively recognized 

monomeric Aβ peptide (Grönwall et al. 2007). Further characterization using one of the affibody 

ligands, named ZAβ3, reported that when it binds, the central/C-terminal part of monomeric 

Aβ(1-40) peptide comprising residues 17-36 adopts a β-hairpin conformation (Hoyer et al. 

2008).  

A research group led by Dr. Sven Pfeifer at the University of Halle has worked extensively 

on developing protein binders against different pharmacological protein targets. The work 

consists of an in-house gene library based on the artificial scaffold protein M7 (Dalluge et al. 

2007) and uses ribosome display as their selection process for developing binders. M7, a 92 

amino acids tetrapeptide fragment artificial protein was designed computationally using Top7 

template and possesses a high thermodynamic stability (Dalluge et al. 2007; Kuhlman et al. 

2003). The solution structure of M7 consists of five-stranded antiparallel β-sheets and two α-

helices (Stordeur et al. 2008). 10 residues on the solvent exposed M7 protein surface were 

chosen and randomized for the purpose of selecting an artificial binder against Aβ(1-42) fibrils 
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(figure 1.10 A and B). Using this ribosome display process, an artificial binder named as 4.G11 

was selected against partially biotinylated mature Aβ(1-42) fibrils. 4.G11 has an unique 

structural background because of its generation from M7-an artificial binding scaffold, which has 

never before been used in amyloid research. 

 

 

Figure 1.10: Structural model of M7. (A) Cartoon of the scaffold protein M7. Secondary structure elements are 

represented in cartoon style. The residues used for randomization are shown as sticks and highlighted in yellow. 

PDB: 2JVF. (B) Sequence comparison of the 10 randomized residues of wild type M7 and 4.G11 binding variant. 

Positively charged residues are shown in red, negatively charged residues are shown in blue. Yellow indicate 

hydrophobic residues. Structural model was generated by Dr. Claudius Stordeur, Halle (Saale). 

 

1.11 Functional amyloids 

1.11.1 Amyloid fibrils possess physiological functions 

 Besides their association with several diseases, amyloids may also exist in living 

organisms as native protein structures to carry out important biological functions and those are 

termed functional amyloids. For instance, amyloid fibrils formed from the protein curli were 

used by E. coli to colonize and bind to host surfaces (Chapman et al. 2002). A mammalian 

protein called Pmel17, a template for melanin polymerization, has been reported to form amyloid 

structures within the melanosomes (Fowler et al. 2006). Maji and his coworkers (2008), 

suggested that amyloid-like characteristics exhibited by the aggregates of many protein/peptide 

B A 
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hormones when they were sequestered inside pituitary secretory granules. Recently, a functional 

amyloid formation of RIP1/RIP3 signaling complex and its role in programmed necrosis have 

been identified (Li et al. 2012). Table 1.3 lists few other amyloids demonstrated to possess 

functional role in various organism. On the whole, this diversity of positive functions and unified 

structural regularities suggest that amyloid aggregates could contribute to the development of 

various applications in the field of material sciences and bio-nanotechnology. 

  

Table 1.3: Functional amyloids and their respective roles in various organisms. Table edited 

after Fowler et al. 2007 

 

 



INTRODUCTION 

25 
 

1.11.2 Applicative utilities of amyloid fibrils  

Studies using in vitro formed amyloid fibrils described their structural properties such as 

global topology, residue-specific structure, physico-elastic properties and nanoscale material 

constants, for instance, Young’s and shear modulus (Knowles et al. 2007; Sachse et al. 2010). 

These intrinsic properties of amyloid or amyloid-like fibrils suggested that these conformers hold 

great potential for developing several biological and material based applications (figure 1.11). 

Few of the many applications included the use of peptide based nanofibrils for concentrating 

virion particles for the purpose of enhancement of retroviral transduction (Yolamanova et al. 

2013). Nanowire elements were constructed using gold and silver enhanced Sup35p (a peptide 

fragment from Saccharomyces cerevisiae) amyloid fibrils which were demonstrated to possess 

the conductive properties of a solid metal wire (Scheibel et al. 2003). Further applications 

included the making of free standing protein films from amyloid protein fibrils. The films were 

well ordered and highly rigid, with mechanical property such as Young’s modulus of up to 5–7 

GPa, which is comparable to the highest values for proteinaceous materials found in nature 

(Knowles et al. 2010). 
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As of now, more researches are centered on understanding the structure and properties of 

amyloid fibrils in order to develop applications using fibrils (Knowles and Buehler. 2011). This 

contrasts with the studies of amyloid intermediates despite, sharing some structural 

characteristics with that of mature amyloid fibrils, have not been exploited for applicative 

utilities. 

So far, information such as the isotropic shape and activity of amyloid oligomers resembles 

with some of the properties of currently used nanoparticles which are formed from non-

proteinaceous assemblies. By definition, nanoparticles are submicron-sized polymeric colloidal 

particles with a therapeutic agent of interest encapsulated within their polymeric matrix or 

adsorbed or conjugated onto the surface (Song et al. 1997). Nanoparticles generally vary in size 

from 10 to 1000 nm characterized with spherical architecture, are frequently formulated from 

inorganic compounds or synthetic organic polymers, such as polylactide-polyglycolide 

Figure 1.11: Applicative potential of 

amyloid fibrils. Scheme representing some 

examples of applications developed using the 

structural features of amyloid fibrils in the 

field of molecular biology, material science 

and nanotechnology. 
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copolymers and polyacrylates. However, there were examples for nanoparticles that were 

derived from biological molecules like albumin, collagen and chitosan (Paul et al. 2008; Panyam 

et al. 2003). Despite of their difference at molecular level, important properties of nanoparticles 

are their high diffusibility and ability to penetrate into tissues or cells, and further to support 

applications like release and delivery systems for drugs or nucleic acids (Soppimath et al. 2001). 

Significant effort has been devoted to develop the knowledge of nanoparticles which has been a 

major concern in the field of nanotechnology in recent years. On the other hand, being the 

precursor of amyloid pathway with smaller size and high surface-mass ratio, much less 

information is available on the structural characteristics of amyloid oligomers which hinders 

their utility for applicative purpose. 
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1.12 Thesis aims 

Amyloid fibrils and oligomers are involved in the pathogenesis of several major human diseases 

such as Alzheimer’s and Parkinson’s. Yet, amyloid fibrils are proven to possess normal 

biological functions, which prompted to discover wide range of applications for these filaments. 

The aims of this thesis were to further explore the structural utility of amyloid states. In addition 

to focusing on the conventional fibril states, particular emphasis was given to examination of the 

oligomeric states. To this front, we carried out the following studies.  

 The examination of fibril structures will deal with the characterization of two 

amyloid fibril specific binders (B10AP and 4.G11) and their potential utility in 

studying amyloid formation and diseases. The investigation of B10AP binding 

mechanisms will be carried out to examine the structure of amyloid fibrils to which 

B10AP binds. Following this, the influence of 4.G11 on formation of amyloid fibrils 

will be examined. 

 The utility of fibril structures after their incorporation into the protein films will be 

studied with the specific interest on the characterization of structural and material 

properties. 

 Examination of amyloid oligomers will involve the investigation of their structural 

properties using different sets of biochemical and biophysical techniques. Analysis 

will focus on the morphology, secondary structure, stability and diffusive 

characteristics of Aβ(1-40) oligomers. We will then attempt to probe the oligomers 

for potential biotechnological applications.  

From these studies, we aim to provide the basis for a better understanding of the association of 

amyloid aggregates with amyloid diseases and to explore their use in various applications. 
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2 Materials and Methods 
 

2.1 Materials 

2.1.1 Laboratory equipments 

Name Company 

AGT2 submarine gel tank VWR 

Cooling microcentrifuge 5415 R  Eppendorf 

pH meter S220 Sevencompact Mettler Toledo 

FLUOstar Omega reader  BMG Labtech 

Freeze dryer Christ Alpha 2-4 LD plus  

LS 55 fluorescence spectrometer Perkin Elmer 

X-ray diffraction apparatus Rigaku Saturn 994 

Tensor 27 FTIR spectrometer Bruker Optics 

Transmission electron microscope  JEM 1400 and Carl Zeiss EM 900 

Chromatographie System ÄKTApurifier 100  GE Healthcare 

Carbon coater Denton Vacuum 

FLUOstar Omega reader  BMG Labtech 

Helios Gamma UV‐Vis Spectrophotometer  Thermo Scientific 

Ultrapure water system TKA Genpure 

Dot blot 96 well array Whatman 

SDS Page apparatus Invitrogen 

Sonorex Digital 10P ultrasonic bath Bandelin 

Scanner perfection V700 photo Epson 

Cubis® micro balance Sartorius weighing technology GmbH 

 

2.1.2 Software programs 

Programs Company 

Adobe Photoshop CS5 Adobe 

Adobe Illustrator CS5  Adobe 

Kaleidagraph Synergy software 

Microsoft Office 2008 Microsoft 

TotalLab 100 Nonlinear Dynamics 

Pymol DeLano Scientific LLC 

GraFit 5 Erithacus software 

OPUS spectroscopy software Bruker optics 

iTEM Olympus 
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2.1.3 Chemicals 

Chemicals used in my thesis were purchased from following suppliers: 

Sigma, Invitrogen, Carl Roth, VWR chemicals, Applichem, Merck. 

 

2.1.4 Proteins/peptides 

Name Preparation Source 

Aβ(1-40) Chemical synthesis 

Dr. Sven Rothemund, University 

of Leipzig 

 

Recombinant expression in-house 

Aβ(1-40) E3C Chemical synthesis JPT Peptide (Berlin) 

Aβ(1-42) Chemical synthesis Dr. Sven Rothemund 

Aβ(16-22) Chemical synthesis Dr. Sven Rothemund 

hSAA(1-12) all-L Chemical synthesis Dr. Sven Rothemund 

Insulin Purified from bovine pancreas Sigma Aldrich 

G-helix Chemical synthesis Dr. Sven Rothemund 

B10AP Recombinant expression in-house (Haupt et al. 2007) 

M7 and 4.G11 Recombinant expression in-house 

Sodium caesinate Extracted from milk Rovita GmbH 

Apomyoglobin After removal of heme group Sigma Aldrich 

 

2.2 Methods 

2.2.1 Preparation of amyloid aggregates 

2.2.1.1 Preparation of A oligomers 

A amyloid oligomers were prepared by dissolving Aβ(1–40) peptide at 2.5 mg/mL 

concentration in 100% 1,1,1,3,3,3-hexafluoroisopropanol (HFIP). Peptide solution was vortexed 

briefly, sonicated for 15 minutes and incubated at room temperature for 15 more minutes. The 

solution was then diluted ten-fold with water and following further incubation (15 min, room 

temperature); large aggregates were removed by centrifugation (4000 rpm, 15 min).  
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2.2.1.2 Preparation of deuterated A oligomers for hydrogen exchange 

Freshly prepared oligomer sample was frozen in liquid N2 and lyophilised, which was followed 

by resuspending in the initial volume of 10 % d2-HFIP/D2O. Exchange reaction was initiated 

under reaction condition consisting of  0.25 mg/ml of Aβ peptide concentration, 20°C and pD* 

3.8 (pH-meter reading without correction for isotope effects). 

 

2.2.1.3 Preparation of chlorinated Aβ  

10 mg of recombinantly purified Aβ(1-40) peptide (contains trifluoroacetate (TFA) as counter 

ions) was dissolved in 1 mL of 0.1 % (v/v)  HCl (VWR chemicals) and incubated at room 

temperature for 20 minutes. Then, this sample was reverse purified to exchange TFA with 

chloride ions using high performance liquid chromatography with solution A as 0.1 % (v/v) HCl 

and solution B as 86 % (v/v) acetonitrile (J.T. Baker). 

 

2.2.1.4 Preparation of lyophilised (dried) and rehydrated A oligomers 

Freshly prepared A(1-40) oligomer solution was frozen using liquid nitrogen and lyophilized 

using a Christ Alpha 1-4 LD (Osterode, Germany) freeze-drier at a pressure of -110 mbar. 

Rehydration of oligomer was carried out by resuspending in the initial volume of 10 % HFIP. 

 

2.2.1.5 Preparation of Aβ(1-40) fibrils 

Amyloid fibrils were grown using a final concentration of 5 mg/ml Aβ(1-40) in 50 mM hepes 

buffer (pH 7.4) incubated for a minimum of two days at room temperature. 
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2.2.1.6 Preparation of Aβ(1-42) fibrils 

Amyloid fibrils were grown using a final concentration of 1 mg/ml Aβ(1-42) in 50 mM borate 

buffer (pH 9.0) incubated for a minimum of 1 week at 37°C.  

 

2.2.1.7 Preparation of insulin amyloid fibrils 

Amyloid fibrils were grown using a final concentration of 1 mg/ml of insulin in water, pH 2.0, 

incubated for 2 days at 60°C. 

 

2.2.1.8 Preparation of Aβ(16-22) amyloid fibrils 

Amyloid fibrils were grown using a final concentration of 0.5 mg/ml of Aβ(16-22) peptide in 

water with pH adjusted to 7.4, with 10 mM sodium azide, incubated for 10 days at room 

temperature. 

 

2.2.1.9 Preparation of G-helix amyloid fibrils 

10 mg/ml of G-helix peptide was incubated in 50 mM sodium borate buffer (pH 9) for 7 days at 

60 °C. 

 

2.2.1.10 Preparation of apomyoglobin fibrils 

Heme group of myoglobin was removed using acid/butanone method (Teale et al. 1959) to 

prepare apomyoglobin. 10 mg/ml of apomyoglobin was incubated in 50 mM sodium borate 

buffer (pH 9) for 2 days at 65 °C. 
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2.2.2 Chemical modification and purification of proteins 

2.2.2.1 Biotinylation of B10AP 

Biotinylated B10AP was prepared by incubating 20 nmol of B10AP with 20 nmol of Sulfo-NHS-

LC-Biotin (Pierce) in 950 μl of 20 mM sodium phosphate buffer (pH 7.4) for 1 h at room 

temperature. Then the reaction mixture was dialyzed overnight against 20 mM Tris buffer (pH 

8.2) using Spectra/Por 3 dialysis membrane (Spectrum Laboratories). Afterwards, biotinylated 

B10AP was purified with chromatography on a Heparin CL-6B Sepharose (GE Healthcare) 

column. 

 

2.2.2.2 Amino and carboxyl group modification of amyloid fibrils 

Amino group modification was achieved through sulfo - NHS-LC-biotin. Carboxyl group was 

modified with glycinamide after activation with 1-ethyl-3-[3 dimethylaminopropyl] carbodiimide 

hydrochloride. To facilitate the free amino group biotinylation, fibril samples (2 mg/ml) were 

incubated with 20 mM Sulfo-NHS-LC-Biotin (Pierce) in 50 mM sodium phosphate, pH 7.4, at 

room temperature for 1 hour. The reaction was quenched with 25 mM Tris buffer, pH 8.2. 

Carboxyl modification was achieved by incubation of fibril solutions (2 mg/ml) with 250 mM 

glycinamide-HCl (Sigma) and 50 mM 1-ethyl-3-[3- dimethylaminopropyl] carbodiimide 

hydrochloride (Pierce) in 50 mM sodium phosphate buffer, pH 6.5, at 30 °C for 4 hours with 

shaking at 500 rpm (Eppendorf thermomixer). Modified fibrils were then dialyzed against 1 liter 

of 50 mM sodium phosphate, pH 7.4, with 3 buffer changes at 4 hour intervals. A part of each 

fibril solution was dialyzed against water and analyzed by mass spectrometry to confirm 

chemical modification was successful.  
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2.2.2.3 Fluorescent molecule coupling of Aβ(1-40) E3C peptide 

Aβ(1-40) E3C peptide was obtained from JPT Peptide (Berlin) through a custom chemical 

synthesis. Covalent thiol modification was accomplished by coupling to the N-maleimide 

fluorescein (Invitrogen) respectively. To that end we dissolved 1 mg Glu3Cys-Aβ(1-40) in 100 

mM sodium phosphate buffer, pH 7.4, and added 1 mg of the fluorescein-maleimide in 100 µl 

N,N-dimethyl sulfoxide (DMSO). This mixture was kept for 30 minutes at room temperature 

under permanent stirring. Unbound dye was removed from the fluorescently labeled peptide by 

purifying it through reversed-phase chromatography. 

 

2.2.3 Biochemical techniques 

2.2.3.1 Denaturing - polyacrylamide gel electrophoresis 

Denaturing PAGE was performed using the NuPAGE® 2-(N-morpholino) ethanesulfonic acid 

(MES) buffer system (Invitrogen). The protein samples were mixed with 4x NuPAGE lauryl 

dodecyl sulphate (LDS) sample buffer (Invitrogen) and boiled for 10 min at 95 °C. The 

SDS‐PAGE was run using precast NuPAGE Novex 4‐12 % Bis‐Tris gels (1 mm; 10 or 12 wells; 

Invitrogen) and NuPAGE MES SDS (running buffer (Invitrogen) following the manufacturer’s 

protocol.  

 

2.2.3.2 Native - polyacrylamide gel electrophoresis 

For native PAGE analysis the Native PAGE® system (Invitrogen) was used. The protein 

samples were mixed with 4x NativePAGE sample buffer (Invitrogen). Samples were loaded 

without previous boiling on precast NativePAGE 4‐16 % Bis‐Tris gradient gels (1 mm; 10 wells; 
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Invitrogen) with NativePAGE running buffer (Invitrogen) following the manufacturer’s protocol. 

The further readout followed Coomassie dye staining procedure which is mentioned below. 

 

2.2.3.3 Coomassie blue dye staining of gels 

The gel was stained for 1 h in Coomassie solution (2.5 g Coomassie brilliant blue R‐250; 10 % 

acetic acid; 30 % ethanol) and transferred into destain solution (10 % acetic acid; 20 % ethanol) 

until the protein bands are seen without background staining. All steps are carried out under 

gentle agitation. Coomassie stained gels were dried using the GelAir drying system (Biorad). 

 

2.2.3.4 Agarose gel for amyloid aggregates 

A 1.5 % agarose gel was cast in phosphate buffered saline (PBS) (contains 137 mM sodium 

chloride, 2.7 mM potassium chloride, 8 mM di-sodium hydrogen phosphate, and 2 mM 

potassium di-hydrogen phosphate (pH 7.4)) and immersed within PBS. Oligomer and fibril 

samples were diluted with NativePAGE™ sample buffer (4X). Final amounts of 30 µg oligomers 

and fibrils were loaded and left for 2 hours at room temperature. Later, the gel was stained using 

Coomassie brilliant blue. 

 

2.2.3.5 Determination of concentration of proteins 

Protein concentration was measured using the following two methods. In the first one, protein 

concentration in the solution was determined according to Gill and von Hippel, 1989. Prior to 

measurement, protein was denatured with 6 M guanidine hydrochloride and 20 mM sodium 

phosphate (pH 6.5). The molar extinction coefficient was calculated based on the number of 
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tyrosine, tryptophan and disulphide bond in the protein (Gill and von Hippel. 1989). Later, 

protein concentration was measured using Beer – Lambert’s law: 

 

where A is absorbance at 280 nm, ε is the molar absorption coefficient (M-1cm-1), c is the 

concentration and l is the cell path length (cm). Table 2.1 summarises the proteins and their 

respective molar extinction co-efficient used in my thesis. 

Table 2.1: Molar extinction co-efficient of proteins/peptides used in this thesis.  

  

 

 

 

 

Alternatively, the concentration of the protein was measured using colorimetric Bradford assay 

(Bradford 1976), which requires an acidic solution of Coomassie-dye reagent (Coomassie 

brilliant blue G-250, Bio-Rad). When protein binds to this dye, the reagent changes the colour 

from brown to blue which is measured at 595 nm. Bovine serum albumin was used as a protein 

standard for the preparation of a calibration curve. Readings from wavelength 280 nm and 595 

nm were measured using Helios Gamma UV‐vis spectrophotometer (Thermo Scientific) 

 

2.2.3.6 Proteolysis of oligomers and freshly dissolved peptide 

Aβ(1-40) oligomers and freshly dissolved peptide were incubated at a final concentration 0.5 

mg/mL with proteinase K (Invitrogen) and subtilisin (Sigma). The final concentration of both 

proteases was 1 µg/mL, and the incubation was carried out in 50 mM Tris-HCl buffer, pH 8.2 

and at 37°C.  Aliquots were removed at different time points (0, 5, 10, 15, 30, 45 and 60 min), 

Proteins/peptides Molar extinction co-efficient ( M-1cm-1) 

Aβ(1-40) 1280 

Aβ(1-42) 1280 

B10AP                              63175 

4.G11                               1490 
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and the reaction was stopped by the addition of phenylmethylsulfonyl fluoride to a final 

concentration of 5 mM. Samples were loaded onto a 4-12 % NuPAGE Bis-Tris Gel (Invitrogen), 

resolved with MES SDS running buffer (Invitrogen). 

 

2.2.3.7 Immunogold labelling 

Prior to immunogold labelling, biotinylated B10AP–gold conjugate was prepared by addition of 

2.5 μL of streptavidin-gold conjugate (10 nm colloidal gold) (Sigma) to 97.5 μL of a solution 

containing 1 μg of biotinylated B10AP in PBS and incubated at room temperature for 20 

minutes. Immunogold labelling was carried out by pipetting out 5 µL of a 0.1 mg/ml fibril 

solution onto Formvar-coated nickel grids and waited for 2 min for adsorption. After blotting out 

the fibril solution, grids were dried for 30 s and rinsed them thrice with drops of 0.5% (w/v) 

bovine serum albumin in PBS. Later, grids were dropped over 50 µL of biotinylated B10AP–

gold conjugate and incubated for 1 hour in a water vapor saturated chamber. Then the grids were 

washed thrice with PBS and distilled water before they were stained with 2% (w/v) uranyl 

acetate for 60 seconds.  

 

2.2.3.8 Dot blot analysis 

Chemically modified and unmodified amyloid samples were blotted in several replicates (n=2–3) 

on two pieces of nitrocellulose membrane (0.45 μm; GE Healthcare, Amersham Protran 0.45 

NC). One piece of membrane was stained with Ponceau S red (Sigma-Aldrich) to confirm equal 

loading. The intensity of Ponceau S staining was quantified densitometrically using TotalLab 

100 software. The intensity of the Ponceau S staining of an unmodified amyloid sample was used 

as standard and set to 100%. The second membrane was blocked with TBST (Tris-buffered 
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saline with 0.1% Tween 20, pH 7.4) containing 2% bovine serum albumin. After an incubation 

period of 1 hour at room temperature, the membrane was washed three times for 5 min in TBST 

and further incubated for 1 h at room temperature in TBST containing. 0.5 μg/ml B10AP 

Afterwards, the membrane was washed again three times for 5 min in TBST. Staining with 

B10AP was visualized with NBT/BCIP (Pierce), and intensities were quantified 

densitometrically using TotalLab 100 software. 

 

2.2.4 Biophysical methods 

2.2.4.1 TEM and negative staining 

Electron microscopy is an imaging technique in which a beam of electrons pass through a 

specimen and the transmitted beam is visualized on a photographic film or charge-coupled 

device (CCD) camera. To enhance the structural details of a sample, staining with heavy metals 

such as osmium, lead or uranium can be used because the heavy atoms, having dense nuclei, 

scatter the electrons out of the optical path and hence areas where electrons are scattered, appear 

dark on the screen or on a positive image.  I used 2 % (w/v) uranyl acetate as negative stain in 

two different protocols for an EM grid preparation. 

In droplet technique (Harris. 1997), 5 μL of the sample were placed directly onto copper grids 

(Plano GmbH) covered with formvar and carbon films and afterwards counterstained with 2 % 

(w/v) uranyl acetate. Alternatively, 5 µL of the sample were placed in between the layers of 

carbon-coated mica piece. Later the mica sheet was placed over a drop of 2 % uranyl acetate and 

incubated for 1 minute. Then the floating carbon over the drop was fished-out with the copper 

grid and left out to air-dry overnight (Fändrich et al. 2002). Parts of my grids were observed with 

an EM 900 transmission electron microscope (Zeiss SMT, Oberkochen, Germany) at an 
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acceleration voltage of 80 kV. Electron micrographs were taken with a slow scan camera 

(Variospeed SSCCD camera SM-1k-120, TRS, Moorenweis, Germany). Whereas, the remaining 

grids were examined using a JEOL JEM 1400 transmission electron microscope equipped with 

an Olympus Veleta CCD camera, operated at an acceleration voltage of 120 kV. 

 

2.2.4.2 Quantitative analysis of oligomer particles 

Around 100 number of oligomer structures were chosen in an area of the TEM image in an EM 

grid and measured their particle diameters d1 and d2 with an iTEM program. Particle diameter 

d2 was defined as the larger value. From the particle measurements, aspect ratio (d2 divided by 

d1) was determined. Data represented was averaged after four independent measurements. 

 

2.2.4.3 ATR-FTIR spectroscopy  

All ATR-FTIR spectra were recorded at room temperature by using a Bruker Tensor 27 FTIR 

spectrometer equipped with a BIO ATR II cell and a photovoltaic LN-MCT detector cooled with 

liquid nitrogen. The spectral resolution was 4 cm-1 and the final spectra represent an average of 

64 individual scans after background subtraction. 

 

2.2.4.4 X-ray diffraction 

X-ray diffraction images were recorded by using a Rigaku Saturn 994 X-ray diffraction 

apparatus. For data collection, pieces of film were aligned such that the X-ray beam was oriented 

perpendicular to the plane of the X-ray beam. The sample to detector distance was set to 50 mm, 

and we used an exposure time of 10 seconds. Images were analyzed with the program Crystal 
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Clear 1.3.6SP2 and the diffraction spacings were taken at several points along the reflection arc 

and averaged.  

 

2.2.4.5 ThT fluorescence assay  

ThT spectra of single samples were recorded at room temperature with a LS 55 fluorescence 

spectrometer (Perkin Elmer) using an excitation wavelength of 450 nm and emission wavelength 

ranged between 450 – 700 nm with a slit width adjusted to 7 nm and accumulation of 3 curves. 

Samples were loaded on to cuvette with 10 mm path length contained 50 mM hepes buffer (pH 

7.4), 50 mM NaCl, 20 µM ThT, 50 µM unmodified or modified amyloid fibrils. 

 

2.2.4.6 ThT aggregation kinetics 

Online ThT fluorescence measurements were carried out in a 96‐well plate (Greiner® 96 F-

bottom) using a FLUOstar (BMG Labtech) plate reader (37 °C). ThT fluorescence was recorded 

by using excitation and emission wavelengths of 450 nm and 482 nm, respectively. Each 

measurement cycle consisted of 30 minutes incubation followed by orbital shaking at 100 rpm 

for 10 seconds immediately before the measurement. Incubation conditions: 50 µM Aβ(1–40) 

peptide in 50 mM hepes (pH 7.4), 20 µM ThT, 1 mM sodium azide and  different concentrations 

of 4G.11 or M7 protein.  

 

2.2.5 Preparation of sodium caseinate (NaCas) films 

NaCas was obtained from Rovita GmbH (Engelsberg, Germany). The milk protein was dissolved 

in an aqueous solution according to the standard procedure described previously (Patzsch et al. 

2010). The NaCas concentration was kept at 60 mg/mL, but 50 mM sodium borate buffer, pH 9 



MATERIALS & METHODS 

41 
 

was used. In order to investigate the effect of integrated fibrillar structures, three different types 

of NaCas films were produced and further analyzed: Film A was made from a film forming 

NaCas solution that had been prepared as described before, without any further treatment 

applied. Film B was produced from a NaCas solution incubated at 65°C for 7 days prior to film 

casting in order to check an effect of the heat treatment on the molecular structure of the protein 

and thus change the physicochemical properties of the film. Fibril formation of NaCas was 

achieved by incubating 60 mg/mL NaCas for 7 d at 65°C in 50 mM sodium borate buffer, pH 9, 

seeded with 2.5 % (w/w) preformed Aβ(1-40) fibrils (please see Results section 3.3.1). From that 

fibril containing solution, film C was obtained. Sterility of the protein solutions was assured by 

the buffer system itself as sodium borate is known to exhibit antimicrobial activity (Borokhov et 

al. 2007). For NaCas films (A), glycerol was added to the film forming solution immediately 

after dissolution of the protein content. The protein/glycerol ratio of 2:1 was kept constant for all 

films. The protein solutions for film compositions B and C were subsequently completed with 

the plasticizing agent glycerol which was gently mixed in by pipetting up and down to avoid 

breakage of NaCas fibrils. The film forming solutions were cast into 50 x 50 mm PTFE frames 

right after mixing protein solution and plasticizer. Film formation took place through evaporation 

of the solvent at ambient conditions and air ventilation. The dried films were then prepared for 

tensile test by storage at 23±2 °C for 48 h and constant humidity of 50±3 % RH.  

 

2.2.6 Measurement of material properties of NaCas films 

Tensile strength (TS) and elongation at break (EB) were analyzed according to standard 

procedure DIN EN ISO 527-3 using a universal testing device from Zwick (model BDO-

FB0.5TH Zwick GmbH & Co.KG, Ulm, Germany). Film specimens of 15 x 50 mm were cut by 
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scissors and film thickness was determined by micrometer screw to a mean value of 100±30 µm. 

The initial distance between the testing device’s chuck jaws was 32 mm. The test speed was set 

to 50 mm/min. From every film, three test pieces were analyzed and the average was calculated. 

Standard deviation was ranging between 4 and 11 %.  

Surface hydrophobicity i.e., the wettability of protein films casted was evaluated using contact 

angle measurement. The measurement of contact angles were carried out via sessile drop method 

with the OCA 20 (DataPhysics Instruments GmbH, Stuttgart, Germany) at ambient temperature. 

The contact angle of 5 µL drops of distilled water was calculated automatically through SCA20 

software immediately after deposition the drop on film. The contact angles of both film sides 

(top side exposed to air and bottom side exposed to casting frame) were determined. The results 

are means of five measurements and the standard deviation of the contact angle values was <10°.  

 

2.2.7 Proteolytic measurements of NaCas films 

NaCas films were subjected to proteolysis using trypsin (EC 3.4.21.4, Sigma-Aldrich) or 

proteinase K(EC 3.4.21.64) .Six film samples for each of the three film materials were used for 

the measurement of proteolysis at six time points (0, 3, 6, 9, 12 and 15 minutes). Each sample 

contained 10 mg of film pieces in 1 mL of 50 mM hepes buffer pH 8.0. For trypsin or proteinase 

K digestion, concentrations of 25 µg/mL or 50 µg/mL were added respectively to each sample. 

Samples were incubated at room temperature for trypsin or at 37°C for proteinase K respectively. 

Proteolysis was quenched at different time intervals by addition of 5 % trichloro acetic acid 

(TCA) to each sample and kept in ice [Anson. 1938]. All samples were centrifuged at 16,100 g 

for 15 minutes at 4°C and absorbance of the supernatant at 280 nm was measured. 
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2.2.8 Fragmentation assay 

Varying concentrations of 4.G11 (10 µM, 25 µM or 50 µM) were incubated with different 

preformed amyloid fibrils (Aβ(1-40), Aβ(1-42), hSAA(1-12) all-L enantiomers, Aβ(16-22) and 

insulin amyloid fibrils)  having constant concentration of 10 µM in 50 µM hepes buffer pH 7.4 at 

37°C. Samples were incubated for 48 hours with 300 rpm constant shaking. Fibrils without 

4.G11 under same incubation condition were used as a control. 

 

2.2.9 Cellular uptake of Aβ(1-40) oligomers  

THP1 cells (DSMZ GmbH) were grown in RPMI culture medium supplemented with 10% foetal 

bovine serum, 1% antibiotic-antimycotic solution (PAA Laboratories GmbH) and 0.5 % 

gentamycin (PAA Laboratories GmbH) under an atmosphere of 5 % carbon dioxide. THP1 cells 

were plated out at a density of 100,000 cells/mL and differentiated for 12 hours with phorbol 12-

myristate 13-acetate. The differentiated cells were then incubated with 1 µM (final 

concentration) of Aβ(1-40) AF488-labelled oligomers (one molecule AF488-Aβ diluted within 

20 molecules unlabelled peptide). Images were taken after 24 hours of incubation by using an 

Eclipse TE2000 confocal fluorescence microscope (Nikon), using a 515 ± 30 nm band pass 

emission filter after excitation at 488 nm. Hoechst fluorescent dye (Sigma-Aldrich) was used for 

cell nuclei staining.  

 

2.2.10 Cell viability assay 

SH-SY5Y cells were cultured in Dulbecco’s modified Eagle’s medium supplemented with 10 % 

(v/v) fetal bovine serum at 37 °C in 5 % Co2. Cells (100 µL) were plated out at 100,000 

cells/well in 96-well plate and incubated for 24 hours at 37 °C and in 5 % Co2. Then cells were 
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replaced with 90 % (v/v) medium and 10 % (v/v) of (0.5 µM, 1 µM or 2 µM) Aβ(1-40) fibrils 

with or without 4.G11 and 4.G11 protein samples in 50 mM hepes buffer, pH 7.4. After 24 hours 

of incubation at 37 °C, 10 µL of 12 mM 3-(4,5-dimethylthiazol-2yl)-2,5-diphenyltetrazolium 

bromide (MTT) stock solution was added to each well and left for incubation at 37 °C for 4 

hours. Then 100 µl of SDS-HCl solution was added to each well and incubated for overnight at 

37 °C. Absorbance was read at 550 nm with a reference filter at 690 nm. 
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3 Results 

 

3.1 Binding mechanism of B10AP and structure of its epitope 

3.1.1 Biotinylation of B10AP for the structural analysis of amyloid fibrils  

B10 was previously described to conformationally recognise amyloid fibrils but not their 

oligomeric form or the respective disaggregated form (Habicht et al. 2007). Addressing the 

binding mechanism of B10 would provide information underlying the structural epitope of 

amyloid fibrils to which B10 binds. Therefore, interaction analysis of B10 to different amyloid 

fibrils was carried out. All experiments performed in this section of thesis were carried out using 

the B10AP fused version. 

Firstly, TEM coupled with immunogold labelling was used to test the binding specificity of 

B10AP against various amyloid fibrils. Biotinylation of B10AP was carried out in Tris buffer pH 

7.4 at the molar ratio of 1:1 B10AP: biotin. B10AP binding ability to naturally occurring anionic 

biopolymers like heparin or DNA was previously shown (Haupt et al. 2011b).  Hence, to remove 

free biotin molecules and subsequently to purify the biotinylated B10AP, we used heparin-

Sepharose column. B10AP molecules bound to heparin column were eluted by gradually 

increasing the salt concentration up to 0.5 M NaCl (figure 3.1.1 A). Western blot analysis of the 

eluted fractions using streptavidin-HRP conjugate confirmed the biotinylation of B10AP (figure 

3.1.1 B). Later, this biotinylated B10AP was incubated with streptavidin-gold conjugate before 

its application over various amyloid fibrils. 
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Figure 3.1.1: Purification of biotinylated B10AP and western blot analysis. (A) Elution profile of biotinylated 

B10AP from heparin CL-6B sepharose column. Black box is the elution time containing biotinylated B10AP. (E) 

Western blot analysis of biotinylated B10AP (black box) using streptavidin-HRP conjugate.  

 

3.1.2 Immunogold labelling confirmed the poly-amyloid specific binding of B10AP 

To assess the ability of B10AP to bind with different amyloid structures, fibrils were 

grown from different amyloidogenic peptides such as Aβ(1–40), murine SAA (mSAA), Aβ(16–

22) and apomyoglobin. The amyloid fibrils derived from all the peptides displayed considerable 

morphological differences in terms of length, width, twist etc. In brief, Aβ(1–40) and Aβ(16–22) 

fibrils appeared as long and straight in morphology (figure 3.1.2.1 A and C), while the fibrils 

derived from apomyoglobin and mSAA were short and curvilinear (figure 3.1.2.1 B and D). 

Despite all these differences, all amyloid fibrils were exhibited common amyloid characteristics 

such as ThT binding, X-ray diffraction at 4.7 and 10.5 Å, or rich in β-sheet structure by ATR-

FTIR spectroscopy (Haupt et al. 2011b).  
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Figure 3.1.2.1: Negatively stained TEM images of in vitro amyloid fibrils. (A) Aβ(1-40) fibrils. (B) 

Apomyoglobin fibrils. (C) Aβ(16-22) fibrils. (D) mSAA fibrils. Scale bars: 200 nm 

 

B10AP binding was detected with Aβ(1–40) fibrils and mSAA fibrils as demonstrated by 

nanogold labels attached to these fibrils (figure 3.1.2.2 A and C), whereas Aβ(16–22) and 

apomyoglobin showed no significant decoration with immunogold particles (figure 3.1.2.2 B and 

D). Later, two of these morphologically distinct fibrils (Aβ(1–40) and apomyoglobin) were 

mixed together and tested against B10AP binding specificity. Interestingly, visible B10AP 

interactions were observed mostly with Aβ(1–40) fibrils (figure 3.1.2.2 E). Combining two other 

morphologically distinct fibrils (namely, Aβ(16–22) and mSAA fibrils) again showed the similar 

pattern as observed with individual fibrils (figure 3.1.2.2 F). These data suggest that despite their 

common backbone conformation, not all amyloid fibrils can be recognized by B10. Moreover, 

data analyzed by immunogold labelling was in very much consistent with dot blot data obtained 

by Dr. Haupt (Haupt et al. 2011b; figure 1.9 B). Current findings along with previous 

observation implied that the B10-epitope is not generic to all amyloid fibrils and that the 
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encountered poly-amyloid specific binding cannot depend on the direct recognition of a fibril-

generic epitope. In the other way, these findings bring a question about any difference in the 

surface structure of amyloid fibrils recognized by B10AP. 

 

 

Figure 3.1.2.2: Immunogold labelling of B10AP recognized some, but not all, amyloid fibrils. (A) Immunogold 

labeling of samples containing either Aβ(1-40) (A) or apomyoglobin amyloid fibrils (B) or (C) mSAA fibrils or (D) 

Aβ(16-22) fibrils or (E) 1:1 mixture of both (A and B) or (F) 1:1 mixture of both (C and D). (E and F) Aβ(1-40) and 

Aβ(16-22) fibrils are long, straight and dispersed (#), while apomyoglobin and mSAA forms a dense meshwork of 

small, curvi-linear fibrils (*). Specific B10AP binding and immunogold labeling is seen only with Aβ(1-40) fibrils 

and mSAA fibrils (immunogold black dots). Scale bars: 200 nm. 
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3.1.3 B10 sequence and crystal structure analysis suggested the possibility of surface 

charges on amyloid fibrils  

Next the sequence chemistry of B10 was examined following the recognition of B10AP 

poly-amyloid specific binding. B10 possessed three complementary determining regions (CDR) 

comprised of 23 amino acid residues in total. Surprisingly, it revealed that 9 out of 23 residues 

(over a third of CDR region) were found to be basic, while acidic amino acids are entirely absent 

(figure 3.1.3 A) Furthermore, B10 crystal structure at an atomic resolution of 1.8 Å provided 

details of the three CDR regions (CDRs 1–3) present in the antigen binding site (figure 3.1.3 B 

and C). Interestingly, positively charged residues present within the CDRs of B10 exhibited a 

fundamentally flat surface. This suggested that ionic interactions may be involved in B10 

recognition, while hinting about the charged surface on fibril structure. 

 

Figure 3.1.3: B10 amino acids sequence and crystal structure. (A) Amino acid sequence of B10. Blue: positively 

charged CDR residues; black: uncharged CDR residues; grey: framework residues; boxed regions: CDRs. (B) 

Crystal structure of B10 (Protein Data Bank, accession code 3LN9). Red: CDR1; blue: CDR2; green: CDR3. (C) 

Surface representation of B10. CDR residues are colored in yellow (uncharged) and blue (basic). B10 structure was 

solved using X-ray crystallography by Dr. Isabel Morgado (MPRU, Halle(Saale)). 

 

3.1.4 Chemical modification strategy of amyloid fibrils 

Based on the results from immunogold labelling and dot blot technique (figures 1.9 B and 

3.1.2.2), it was evident that B10 binds several amyloid fibrils formed from different 
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protein/peptide sequences. Furthermore, to demonstrate the relevance of ionic interaction in 

B10AP recognition to amyloid fibrils, a strategy was designed where chemical modification 

technique was used to mask the charge on the surface of amyloid fibrils. Glycinamide or sulfo-

NHS-LC-biotin molecules were used to covalently mask the negative or positive charges on the 

amyloid fibrils respectively (figure 3.1.4.1). Basically, a free amino group on fibril surface 

produces positive charge while negative charge comes from free carboxyl group at neutral pH.  

 

Figure 3.1.4.1: Chemical modification strategy. (A) Amino group modification is achieved through sulfo-NHS-

LC-biotin (1). (B) Carboxyl groups are modified with glycinamide (2).  

 

Three different B10 positive amyloid fibrils; Aβ(1-40) fibrils, insulin and G-helix fibrils were 

chosen for chemical modification approach. For instance, Aβ(1-40) peptide has isotopically 

averaged molecular weight of 4329.8 Da and consists of 3 basic amino acids and 6 acidic amino 

acids in total, in its sequence. When one glycinamide molecule covalently bind to a carboxyl 

group of an acidic amino acid, after its activation with 1-ethyl-3-[3-dimethylaminopropyl] 

carbodiimide hydrochloride, it adds up 58 Da to a total molecular mass of peptide/protein. In the 

same way, modification of a free amino group of a single basic amino acid using sulfo-NHS-LC-
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biotin adds 439 Da to the total molecular mass of a peptide/protein (figure 3.1.4.1). Additionally, 

free amino group at the N-terminal or free carboxyl group at the C-terminal of a peptide could 

also be modified. The matrix assisted laser desorption ionization time-of-flight (MALDI-TOF) 

mass spectrometry report after amino group modification of A(1-40) fibrils indicated that 3 

basic amino acids and N-terminal amino group of A(1-40) peptide were covalently modified by 

addition of biotin molecules. Presence of mixed distribution of 5 different populations of biotin 

modified A(1-40) peptide suggests a un-uniformity in the amino group modification of peptides 

of amyloid fibrils (figure 3.1.4.2 A). Glycinamide modification of A(1-40) fibrils reported the 

similar mass spectrometric profile as observed for amino group modification with only exception 

of different mass (58 Da) added to every free carboxyl group of A(1-40) peptide (figure 3.1.4.2 

B). Successful covalent modification of amyloid fibrils also suggested, despite the nano-

structured arrangement of peptides in amyloid fibrils architecture, they still could be chemically 

modified. 
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Figure 3.1.4.2: MALDI-TOF mass spectra of Aβ(1-40) amyloid fibrils after chemical modification. (A) Mass 

spectrum of amino modified Aβ(1-40) amyloid fibrils. (B) Mass spectrum of carboxyl modified Aβ(1-40) amyloid 

fibrils. Spectra were generated by Dr. Angelika Schierhorn (Halle (Salle)). 

 

3.1.5 Chemical modifications did not alter the structure of amyloid fibrils 

Though the peptides that form amyloid fibrils were successfully modified, a question about 

the influence of chemical modification on the morphological or structural changes of the fibrils 

was raised. Any alteration with structure or morphology of fibrils after modification makes the 

whole interaction analysis ineffectual. Thus, modified and unmodified Aβ(1-40) fibrils were 

analyzed using TEM, FTIR and ThT binding assay. First, the morphology of the fibrils was 

characterized and it indicated that all three fibril samples (Unmodified, amino-modified and 

carboxyl-modified) contained large quantities of identically appearing elongated, linear 
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structures (figure 3.1.5 A-C). Next, amide I region from ATR-FTIR analysis of the three samples 

displayed an similar peak maxima around 1620 cm-1 indicating no change with β-sheet 

secondary structure after modification (figure 3.1.5 D). However, a tiny shoulder peaks were 

encountered with both amino-modified and carboxyl-modified fibril samples. The additional 

peak in the N-biotinylated sample (1674 cm-1) arises from biotin (Young et al. 2009) while an 

extra peak in the C-glycinamide modified fibrils (1700 cm-1) represents absorbance from 

glycinamide molecule. Finally, encountering fluorescence at 482 nm, further confirmed no 

changes in the amyloid property indicating ThT binds equally with modified and unmodified 

samples (figure 3.1.5 E). However, a reduction in fluorescence intensity was observed with 

carboxyl-modified fibrils suggesting a decreased binding of positively charged ThT molecules. 

Summing up, chemical modifications of Aβ (1-40) fibrils encountered only slight perturbations 

with their morphology but did not alter the structure when compared with unmodified amyloid 

fibrils. 
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Figure 3.1.5: Amino or carboxyl group modification does not substantially alter the fibril structure. (A-C) 

TEM images of unmodified (A), amino modified (B) and carboxyl modified (C) Aβ(1-40) fibrils. Scale bar 

represents 200 nm. (D, E) ThT (D) and ATR-FTIR spectra (E) of Aβ(1-40) fibrils before (black), after amino (red) 

and carboxyl group modification (blue). The green ThT spectrum was recorded with the dye in buffer in the absence 

of any Aβ conformer. ThT spectra are shown in triplicates.   

 

3.1.6 B10AP did not bind to carboxyl modified amyloid fibrils 

After confirming no structural changes of fibrils after modification, B10AP binding with 

modified and unmodified fibrils was examined using dot blot technique. All modified and 

unmodified fibril samples were applied onto the nitrocellulose membrane and equal protein 

loading was confirmed using Ponceau S stain before detection with the antibody domains. The 

B10AP binding with all unmodified fibrils obtained, reconfirmed the previous analysis (figure 

1.9) and were set as reference for comparison of its respective modified fibril samples (figure 

3.1.6). Amino-modified Aβ(1-40) fibrils displayed a difference of 10 % of the signal compared 
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to unmodified Aβ(1-40) fibrils when bound to B10AP (figure 3.1.6 B). By contrast, carboxyl-

modified Aβ(1-40) fibrils exhibited a strongly reduced (>95 %) B10AP signal (figure 3.1.6 B). 

These data indicated that substantial disruption to the B10AP binding region occurs due to 

masking of the carboxyl groups on the Aβ(1-40) fibril surface. These analysis were extended 

further with modified and unmodified insulin and G-helix amyloid fibrils (figure 3.1.6 C and D). 

Consistent with the results from Aβ fibrils, all NH2-modified fibrils from insulin and G-helix 

showed interactions with B10AP equivalent to that observed for the unmodified fibrils (± 10 %), 

whereas modification of the fibril carboxyl groups uniformly reduced the B10AP signal by >85 

% (figure 3.1.6 C and D). Altogether, the results obtained using B10AP conformational binder 

demonstrated that the carboxyl groups on amyloid fibril surfaces define a structural moiety 

which enables the specific recognition of amyloid fibrils by B10AP. 

 

Figure 3.1.6: B10AP-binding analysis to chemically modified fibrils. (A) Spot blot images of Ponceau S or 

B10AP staining of different amyloid fibrils, indicated above the dark line. 1- unmodified, 2- amino-modified and 3- 

carboxyl modified. (B-D) Quantified B10AP staining intensities (dark bars) of binding to unmodified or modified 

amyloid fibrils (from spot blot A), relative to the standard. White bars: Ponceau S confirms equal loading (±10%) 

with standard (staining intensities with unmodified Aβ(1–40) amyloid fibrils were set to 100%). Error bars represent 

standard deviations (n=2).  

 

Concluding all, B10AP possessed a poly-amyloid binding which are specific to some amyloid 

fibrils but not all. Further careful analysis of its conformational binding mechanism to amyloid 
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fibrils revealed that B10AP binds amyloid fibrils surface that are carrying regularly distributed 

anionic charges. 

 

3.2 Influence of 4.G11 binding on amyloid fibrils structure and formation  

3.2.1 Conformational specific recognition by 4.G11 to specific amyloid fibrils 

4.G11 was selected against Aβ(1–42) fibrils from a DNA library coding for the artificial 

binding protein M7 protein (Figure 1.10 A) (Stordeur et al. 2008). For the purpose of selection of 

the 4.G11 binder, Aβ(1–42) fibrils were prepared and the morphology of fibrils was 

characterized using negative‐stain TEM and they appeared long and straight (Figure 3.2.1 A) 

(Schmidt et al. 2009). Later, the preformed fibrils were biotinylated with 1:100 (peptide: biotin) 

ratio, which did not alter the morphology after modification (Figure 3.2.1 B). The biotinylated 

fibrils were then used for the selection of 4.G11. After its selection, initial characterization using 

surface plasmon resonance demonstrated the conformational specific binding nature of 4.G11, 

showing that it binds with Aβ(1-42) amyloid fibrils but not to the disaggregated Aβ(1-42) 

peptide (Figure 3.2.1 C and D). Furthermore, analysis using enzyme-linked immunosorbent 

assay (ELISA) indicated the specific recognition of 4.G11 to Aβ(1-42), Aβ(1-40) and mSAA 

amyloid fibrils but not to other amyloid fibrils like Aβ(16-22), insulin and hSAA (Figure 3.2.1 

E). Moreover, M7 did not show no or negligible interaction with any of the conformers. 

Altogether, results from the preliminary binding characterization demonstrated the 

conformational binding nature of 4.G11 to some, but not all, amyloid fibrils, and also its inability 

to bind to disaggregated peptides.      
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Figure 3.2.1: Selection of 4.G11 and its binding analysis. (A, B) TEM images of Aβ(1-42) fibrils (A) and (B) 

biotinylated Aβ(1-42) fibrils. Black dots are gold particles (streptavidin-gold conjugate) binding to the biotinylated 

regions of the fibrils. Scale bar represents 200 nm. (C and D) SPR data demonstrate conformational binding of 

4.G11 to Aβ(1-42) fibrils (C) but not to their disaggregated Aβ(1-42) peptide (D). (E) ELISA data of binding 

specificity of 4.G11 or M7 to Aβ(1-42), Aβ(1-40), mSAA Aβ(16-22), insulin and hSAA. Figures C-E were 

generated by Dr. Claudius Stordeur, Halle (Saale). 

 

3.2.2 Presence of 4.G11 affected the fibrillation kinetics and aggregation of Aβ(1-40) 

peptide   

Since the conformational specificity of 4.G11 with Aβ(1-40) and Aβ(1-42) amyloid fibrils 

was demonstrated, studying the molecular behavior of 4.G11 on the Aβ(1-40) aggregation 

kinetics would be interesting, particularly because of the novelty of this scaffold in amyloid 

research. To that end, fibril formation of Aβ(1-40) peptide in the presence or absence of 4.G11 at 

varying molar ratios was monitored in real time using ThT-fluorescence. M7 was used as a 
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negative control. Figure 3.2.2.1 A graphs the ThT-fluorescence of Aβ(1-40) peptide aggregating 

without 4.G11, which exhibited a typical amyloid fibril kinetic curve (Harper and Lansbury Jr. 

1997; Caughey and Lansbury 2003). However, ThT analysis of Aβ(1-40) peptide aggregation 

when incubated along with 4.G11 showed that the lag phase of the kinetics extended with the 

increasing concentration of 4.G11 and the ThT fluorescence intensity reduced accordingly 

(figure 3.2.2.1 A). The observed effect was found to be concentration-dependent. Further, 4.G11 

alone showed no increase of ThT fluorescence over the time suggested no or less binding of ThT 

dye to 4.G11 (figure 3.2.2.1 A, orange line). M7, the original scaffold which had negligible 

interaction with amyloid fibrils during the initial characterization (figure 3.2.1 E), and also have 

no significant effect on the fibrillation kinetics of Aβ(1-40) peptide (figure 3.2.2.1 B). ThT 

fluorescence measurements demonstrated that the presence of 4.G11 disturbed the kinetics of 

Aβ(1-40) fibril formation. 
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Figure 3.2.2.1: Presence of 4.G11 delayed the fibrillation kinetics of Aβ(1-40). (A, B) Kinetics of Aβ(1–40) fibril 

formation in the presence or absence of 4.G11 (A) and M7 (B) monitored online using ThT fluorescence at 490 nm. 

4 replicate traces are shown for each condition. 

 

To further investigate this effect, the morphological nature of all samples was analyzed 

using TEM. Samples were investigated at the end point of fibrillation kinetics i.e., after 120 

hours incubation time. Consistent with ThT kinetic data, as observed in figure 3.2.2.1 A, the 

presence of 4.G11 during fibrillation of Aβ(1-40) induced effective changes in the aggregate 

morphology acting in a concentration dependent manner. The Aβ(1-40) sample without 4.G11 

demonstrated thin, straight and long morphology of ThT-positive amyloid fibrils with diameters 

ranging between 10-15 nm and few micrometers long, as generally cited in literature (Meinhardt 

et al. 2009). The ThT-positive amyloid fibrils possessing similar morphology were observed in 

the sample where M7 incubated along with Aβ(1-40) peptide. However, in the samples incubated 

with increasing concentrations of 4.G11, a decrease in the length of ThT-positive fibrils was 

witnessed. At the highest molar ratio, 2:1 Aβ peptide: 4.G11, where the fibrillation kinetics are 
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the slowest (figure 3.2.2.1 A), very short fibrillar fragments were observed (figure 3.2.2.2 E). 

Presence of such short fragments (approximately 500-700 nm long) is very different from the 

longer fibrillar structures observed in the sample without 4.G11. Taken together, combined 

analysis of ThT fibrillation kinetics and their respective TEM observation, indicated that the 

binding of 4.G11 in a concentration dependent manner, brought changes in the fibrillation 

kinetics as well as the length of the Aβ(1-40) fibrils. 

 

Figure 3.2.2.2: Presence of 4.G11 affected the fibril formation of Aβ(1-40) peptide. (A-E) TEM images of 

Aβ(1–40) samples in the presence or absence of B10AP or M7 at the end of ThT aggregation kinetics. (A) Aβ(1-40), 

(B) Aβ(1-40) + M7 at 2:1 molar ratio, (C) Aβ(1-40) + 4.G11 at 10:1 molar ratio, (D) Aβ(1-40) + 4.G11 at 5:1 molar 

ratio, (E) Aβ(1-40) + 4.G11 at 2:1 molar ratio. Scale bars: 200 nm. 

 

3.2.3 In vitro fragmentation of amyloid fibrils induced by 4.G11 

After observing the influence of 4.G11 in producing small-sized fragmented fibrils when 

incubated with disaggregated Aβ(1-40), its effect on a range of preformed amyloid fibrils was 

analyzed. To that end, various fibrils were chosen and analysed using ELISA to determine their 

preliminary binding characterization (figure 3.2.1 E). Different amyloid fibrils formed from 
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Aβ(1-42), Aβ(1-40), mSAA and hSAA peptides were chosen. The presence of fibrils was 

confirmed using EM analysis.   

Figure 3.2.3.1 shows the EM analysis of Aβ(1-42) fibrils at different time points (0 hour 

and 48 hour) incubated with or without varying concentration of 4.G11. Fig 3.2.3.1 A and B 

show the Aβ(1-42) fibrils without 4.G11 after 0 hour and 48 hours respectively, where no 

changes in the morphology of fibrils were observed. At an equimolar concentration of 4.G11 

after 48 hours incubation, fragmentation in fibrils was observed along with the occasional 

presence of normal length fibrils. This fragmentation in fibrils was much more pronounced with 

increasing 4.G11 concentrations, as shorter fibrils were observed frequently throughout the EM 

grid at these concentrations (figure 3.2.3.1 D and E). 

 

Figure 3.2.3.1: Fragmentation of preformed Aβ(1-42) fibrils by 4.G11. (A-E) TEM images of preformed Aβ(1-

42) amyloid fibrils incubated with or without 4.G11. (A and B) Aβ(1-42) fibrils at 0 and 48 hours, (C-E) Aβ(1-42) + 

4.G11 after 48 hours incubated at different molar ratios 1:1 (C), 1:2.5 (D) and 1:5 (E). Scale bars: 200 nm. 

 

A similar fragmentation pattern to that of 4.G11 on Aβ(1-42) fibrils was also observed on 

incubation of 4.G11 with pre-formed Aβ(1-40) fibrils. In Figure 3.2.3.2, the images of Aβ(1-40) 
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fibrils and their fragmentation were observed. Although the fragmentation of fibrils at 

concentration of 25 µM 4.G11 (2.5X molar excess) was very substantial, at equimolar 

concentrations the fragmentation was less significant than the effect observed on incubation of 

4.G11 with Aβ(1-42) fibrils. This result parallels the ELISA analysis of specificity (figure 3.2.1 

E), where the binding intensity of 4.G11 with Aβ(1-40) fibrils was quantifiably less than Aβ(1-

42) fibrils. Despite this finding, fragmentation of preformed Aβ(1-40) fibrils was still initiated at 

high 4.G11 concentrations. 

 

Figure 3.2.3.2: Fragmentation of preformed Aβ(1-40) fibrils by 4.G11. (A-E) TEM images of preformed Aβ(1-

40) amyloid fibrils incubated with or without 4.G11. (A and B) Aβ(1-40) fibrils at 0 and 48 hours, (C-E) Aβ(1-40) + 

4.G11 after 48 hours incubated at different molar ratios 1:1 (C), 1:2.5 (D) and 1:5 (E). Scale bars: 200 nm. 

 

In determining the specificity of 4.G11 to various fibrils, binding of mSAA fibrils to 4.G11 

was confirmed (Figure 3.2.1 E). The specific effect of 4.G11 on preformed mSAA fibrils was 

thus analyzed. Figure 3.2.3.3 A and B showed the results of the mSAA fibril formation without 

4.G11 demonstrating typical morphology of long unfragmented mSAA fibrils (Ms. Katrin 

Meinhardt, University of Ulm, unpublished data). With an increasing concentration of 4.G11, 
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only a small number of fragmented fibrils were observed, with the majority of fibrils appearing 

as long as untreated samples. This result was different from the EM data of the effects of 4.G11 

interacting with Aβ fibrils. Furthermore, the morphology of fibrils changed with respect to 

increase in diameter, which might be due to the binding of 4.G11 to the fibril surface (Figure 

3.2.3.3 C-E). The difference in fragmentation ability could be due to weaker binding affinity of 

4.G11 with mSAA fibrils as compared to its strong binding with Aβ fibrils, as determined by 

ELISA (Figure 3.2.1 E).  

 

Figure 3.2.3.3: Fragmentation of preformed mSAA fibrils by 4.G11. (A-E) TEM images of preformed mSAA 

amyloid fibrils incubated with or without 4.G11. (A and B) mSAA fibrils at 0 and 48 hours, (C-E) mSAA + 4.G11 

after 48 hours incubated at different molar ratios 1:1 (C), 1:2.5 (D) and 1:5 (E). Scale bars: 200 nm. 

 

Next the effect of 4.G11 on preformed hSAA fibrils was investigated. ELISA analysis 

using hSAA fibrils witnessed limited or no binding by 4.G11 (Figure 3.2.1 E). As expected, there 

was no fragmentation of fibrils observed in the presence of any of the 4.G11 concentrations 

(Figure 3.2.3.4 A-E). Interestingly, clustering of fibrils was observed with response to increasing 

concentration of 4.G11. In conclusion, the results from this section indicate that fragmentation of 



RESULTS 

64 
 

fibril structures was induced by 4.G11 with Aβ fibrils, and to some extent in mSAA fibrils, but 

not with hSAA fibrils.  

 

Figure 3.2.3.4: No fragmentation of preformed hSAA fibrils by 4.G11. (A-E) TEM images of preformed hSAA 

amyloid fibrils incubated with or without 4.G11. (A and B) hSAA fibrils at 0 and 48 hours, (C-E) mSAA + 4.G11 

after 48 hours incubated at different molar ratios 1:1 (C), 1:2.5 (D) and 1:5 (E). Scale bars: 200 nm.  

 

3.2.4 4.G11 induced fragmented fibrils did not affect the cellular activity  

Previously, fibril fragments prepared from various amyloid fibrils using mechanical 

agitation protocol enhanced cytotoxicity and hinted a role of short fibrils in amyloid 

pathogenicity (Xue et al. 2009). Therefore, investigation of the cytotoxicity of 4.G11 induced 

fragmented fibrils was undertaken, as this could pave new ways to test the influence of different 

sized conformers in amyloid toxicity. To gain more information on the toxic nature of the 

fragmented amyloid species formed in presence of 4.G11, a cell culture model was used. Aβ(1-

40) fibrils were used as an amyloid model and were added to the human neuroblastoma 

SH‐SY5Y cells (Biedler et al. 1978) which are adherent neuronal‐like cells widely used to study 

Aβ dependent neurotoxicity. The toxic effect was assessed using the MTT assay that allows the 
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measurement of the redox activity of cells after treatment with the fibril or fragmented fibril 

samples. 

 

 

Figure 3.2.4: Role of fragmented fibrils on the cellular activity. MTT assay of SH‐SY5Y cells treated with buffer 

(black) where normalized to 100 %, staurosporine (grey) as positive control, different concentrations (0.5 µM 

(green), 1 µM (blue), 2 µM (orange)) of fragmented Aβ(1‐40) fibrils or non-fragmented Aβ(1‐40) fibrils or 4.G11. 

All error bars represent standard deviation of n=2.  

 

In vitro fragmentation of Aβ(1‐40) fibrils was performed by incubation of Aβ(1‐40) fibrils 

in presence of 4.G11 (molar ratio of 1:5, 10 µM Aβ: 50 µM 4.G11) in 50 mM hepes buffer (pH 

7.4) at 37° C for two days. From this solution, three different concentrations (0.5, 1 and 2 µM) 

with respect to Aβ(1-40) fibrils were taken as the first set of samples. Additionally two sample 
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sets at the same concentrations containing either Aβ(1-40) fibrils with buffer or 4.G11 with 

buffer were incubated for the same time period, serving as the non‐fragmented Aβ  and a 4.G11 

toxicity control respectively. 50 mM hepes at pH 7.4 was used as buffer. Cells treated with 1 μM 

of the toxin staurosporine served as positive control. The SH‐SY5Y cells were seeded in 96‐well 

plates at a density of 100000 cells/well, after 24 hours, the cell culture medium was replaced 

with medium containing the respective Aβ samples or non-Aβ or buffer samples. Assessment of 

cell damage was undertaken after an incubation period of 24 hours. The MTT assay (Figure 

3.2.4) displayed no decrease of the redox activity of cells incubated with buffer whereas 

treatment with staurosporine almost led to a nearly 100 % reduction of the cell viability. Cells 

treated with Aβ(1‐40) or Aβ(1‐40) with 4.G11 induced fragmented fibrils at all measured 

concentrations demonstrated between 15-18 % reduction of the cell viability. Cells treated with 

4.G11 alone also had a similar cell redox activity as fragmented or non-fragmented fibrils treated 

cells. The reduction in cell viability caused by fragmented fibrils was in the range of cell 

viability induced by non-fragmented mature fibrils. Therefore, MTT analysis showed no dose 

effect in the level of metabolic activity of SH-SY5Y cells when incubated with different 

concentrations of fragmented or non-fragmented fibrils. The effects on cell viability from all 

amyloid fibril samples were much smaller compared to the toxic role exerted by general cell 

toxin staurosporine. One possible explanation for the lesser role of fragmented fibrils on 

metabolic activity could be due to the presence of 4.G11 in the fragmented samples which might 

interfere with the role of fragmented fibrils on cellular activity. 

Summing up altogether, 4.G11 bound exclusively to Aβ(40/42) fibrils but not their 

disaggregated peptide or other amyloid fibrils from Aβ(16-22), insulin and hSAA. Moreover, co-

incubation of 4.G11 with disaggregated Aβ(1-40) peptides affected their fibrillation kinetics and 
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aggregation. Furthermore, addition of 4.G11 with preformed Aβ fibrils generated short 

fragmented fibrils. 

 

3.3 Formation of amyloid fibrils from sodium caseinate and their incorporation into 

protein films 

3.3.1 Formation of amyloid fibrils from sodium caseinate  

As part of assessing the application potential of amyloid structures, formation and 

incorporation of amyloid fibrils into protein films and their further characterisation were 

performed. Protein-based films are gaining lot of research attention in recent years because of 

their great demand in agricultural and food packaging industries (Wittaya. 2012). A main 

criterion for the preparation of protein films is the requirement of a polypeptide system which 

should be cheaper and available in huge quantities. Sodium caseinate (NaCas) is one such 

polypeptide system, a side product of the milk industry. It is a salt from casein consist of mixture 

of several proteins include αs1, αs2, β and κ casein (de Kruif et al. 2003). Fibril formation was 

previously demonstrated for isolated protein components from this mixture, such as for αs2-

casein and κ casein (Niewold et al. 1999; Leonil et al. 2008). However, the need of separation of 

the casein subunits would be disadvantageous for many biotechnological purposes and the large 

scale preparation of protein films. Therefore, a possibility was sought to form fibrils from crude 

caseinate mixtures.       

To that end, a range of different buffers were used with variations in pH from 2.0 to 11.0 

and incubating temperatures of 37°C and 65°C. In addition, different buffer systems with or 

without sodium chloride salts were used. Different buffers that were used are listed in the table 
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3.1. It was found through TEM analysis that none of the samples containing only NaCas were 

able to produce amyloid fibrils.  

Table 3.1: Initial reaction conditions set for the screening of fibril formation from NaCas crude 

extract. Fibril formation monitored using TEM. 

 

All reaction conditions were set at 50 mM buffer and 1 mg/mL sodium caseinate concentrations. (a), (b), and 

(c) indicates 20OC, 37OC and 65OC temperatures used respectively. Empty cells indicate that no reaction conditions 

were tried. 

 

Next strategy was to use preformed fibrils (2.5 % (mg/mg)) from Aβ(1-40) fibrils or 

apomyglobin fibrils as fibril seeds and to add to the crude NaCas solution to induce fibril 

formation (table 3.2). Seeding was used earlier to promote the formation of fibrils (Morozova-

Roche et al. 2000). Fibril formation was monitored by TEM and revealed that seeding indeed 
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was able to produce significant amounts of fibrils, and strikingly, fibril formation was observed 

under two out of eight conditions tested here. 

Table 3.2: Screening of fibril formation from NaCas crude extract with the effect of seeding. 

Fibril formation observed using TEM 

 

Reaction conditions were seeded with 2.5 % of Aβ(1-40) or apomyoglobin amyloid fibrils in presence of 50 mM 

buffer and 5 mg/mL sodium caseinate concentrations. 

 

In the first condition, 60 mg/ml NaCas were supplemented with 2.5 % mature Aβ (1-40) 

amyloid fibrils and this mixture was then incubated for 7 days at 65°C. The obtained fibrils 

possessed a length of usually more than 1 µm and a width of normally 23 to 34 nm (figure 3.3.1 

A). The fibril morphology was seen to be straight and unbranched, but they do not exhibit any 

highly periodic features in terms of visible crossovers. However, careful TEM analysis of this 

sample revealed significant quantities of non-fibrillar material besides the fibrils. These non-

fibrillar species were spread over the entire TEM grid, although they seem to be attached, in 

some cases to the fibrils as well. Although less apparent in the TEM images, this non-fibrillar 

material, and all monomeric protein components, contributed to a significant amount of protein 

within the fibril containing samples. Next to quantify the fibrils formed from this condition, 

centrifugation at 13,200 rpm (16,100 g) was performed and the protein content of the fibril 

solution was estimated using absorbance at 280 nm, before and after centrifugation. Absorbance 

of supernatant after centrifugation recovered ~80 % of that of the total sample before 

centrifugation (measurement carried out in 6 M guanidine hydrochloride, 20 mM sodium 
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phosphate, pH 6.5). These measurements indicated that only ~20 % of the total protein present in 

crude NaCas had been converted by the treatment into fibrils. Furthermore, using this pellets as 

seeds to grow the other batch of fibrils did not improve the fibril quality, as large quantity of 

non-fibrillar aggregates found attached to the new NaCas fibrils (figure 3.3.1 B). These results 

suggest that only a fraction of the protein molecules present in the sample had undergone the 

structural conversion into amyloid fibrils. These observations are fully consistent with electron 

microscopy showing that the fibril samples contained significant amounts of non-fibrillar 

materials. 

In the second condition (65°C, pH 3.0 and seeded with 2.5 % (w/w) apomyoglobin fibrils), 

the obtained fibrils resembled the morphology of Aβ protofibrils (figure 3.3.1 C). They were 

curvilinear and of shorter length and smaller diameter compared with the filaments obtained by 

seeding with Aβ fibrils. Unseeded NaCas samples did not present any fibrous material (figure 

3.3.1 D). Out of this two conditions, focus was given on Aβ-induced NaCas fibrils, as their pH 

condition of fibril formation is more compatible with the preparation of NaCas films. 
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Figure 3.3.1: TEM images of seeded and unseeded casein samples. (A) TEM image of casein sample seeded with 

2.5 % of preformed Aβ(1-40) amyloid fibrils in borate buffer, pH 9.0. Non fibrillar material highlighted using arrow 

heads. (B) TEM image of daughter NaCas fibrils seeded with the pellet after centrifugation of casein fibril sample 

from first batch (A). (C) TEM image of casein sample seeded with 2.5 % of preformed apomyoglobin amyloid 

fibrils in glycine buffer, pH 3.0 and (D) TEM image of sample of casein in borate buffer with no seeds added. Scale 

bars represent 200 nm. 

 

3.3.2 ThT binding analysis of NaCas fibrils 

To check whether the formed NaCas fibrils have to be classified as amyloid fibrils, ThT 

binding assay was used. It was found that ThT already produced a significant fluorescence 

emission, when added to control samples of NaCas that were incubated without amyloid fibril 

seeds or that were supplemented with Aβ(1-40) fibrils, but not incubated (figure 3.3.2). Both 

samples do not contain NaCas fibrils, as demonstrated by TEM. It is possible that this 

fluorescence arises from the binding of ThT dye into cavities formed by the protein matrix. By 
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contrast, a significantly more prominent ThT signal was seen in samples containing NaCas 

fibrils; i.e., samples that were seeded with Aβ and incubated for 7 days (figure 3.3.2). 

In conclusion, the current data provided three arguments in favour of classifying the 

formed NaCas fibrils as amyloid structures. First, NaCas fibrils are ThT-positive (figure 3.3.2). 

Second, the fibril morphology defined by the fibril width and general appearance is similar to 

other amyloid fibrils (figure 3.3.1). Third, NaCas fibrils are obtained through seeding NaCas 

solutions with amyloid fibrils, suggesting a nucleus-dependent templating of the amyloid fibril 

structure. 

 

 

Figure 3.3.2: ThT fluorescence spectra of NaCas solution samples. ThT fluorescence emission spectra of NaCas 

seeded with 2.5 % Aβ(1-40) fibrils incubated for 7 days at 65°C (dotted grey line), NaCas seeded with 2.5 % Aβ(1-

40) fibrils and no incubation (grey continuous line), NaCas solution incubated for 7 days at 65°C (black continuous 

line) and ThT spectrum obtained without protein (dotted black line).  

 

3.3.3 Formation of three different types of sodium caseinate films 

To characterise the structural and mechanical properties of films containing amyloid 

fibrils, three different types of films were produced together with Dr. Isabell Stolte (Martin-

Luther University, Halle (Saale)). Three types of film includes A, B and C: Film A was made 

from a film forming NaCas solution without any further treatment applied (described in detail in 
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the methods section 2.2.5). Film B was produced from a NaCas solution incubated at 65°C for 7 

days prior to film casting in order to check an effect of the heat treatment on the molecular 

structure of the protein and thus change the physicochemical properties of the film. Film C was 

prepared from the NaCas fibril solution obtained as described in the previous section. Our 

method of film casting led to two different sides of the protein film: a top side, which was air-

exposed during film casting and drying, and a bottom side, which faced PTFE frame (figure 

3.3.3 A). The haptic characteristics of films A and B differed significantly from the ones of the 

fibril-incorporated film. The surfaces of the two non-fibril containing films (Film A and Film B) 

were smooth and evenly structured (figure 3.3.3 B and C), while the fibril-containing film (Film 

C) presented a highly irregular and uneven surface (figure 3.3.3 D). 

 

Figure 3.3.3: Preparation of films. (A) 5*5 cm PTFE frame used for film casting. (B) Film A (C) Film B and (D) 

Film C, arrow heads indicating uneven surface in the film.  

 

3.3.4 Assessment of the secondary structure of sodium caseinate films 

In order to characterize the secondary structure of the films, ATR-FTIR spectroscopy and 

X-ray diffraction were used. ATR-FTIR spectrum of casein film (Film A) without NaCas fibrils 

show a broad amide I absorption band, consisting of a maximum at 1633 cm-1 and a shoulder at 
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1651 cm-1 (figure 3.3.4 A, dotted line). These spectral characteristics are usually associated with 

β-sheet or random coil-like secondary structures (Dong et al. 1995; Kong et al. 2007). When the 

spectrum of casein films formed without fibrils was compared with casein film doped with fibrils 

(Film C), effectively the same ATR-FTIR spectrum was obtained. Much identical spectrum was 

produced with an amide I band maximum at 1633 cm-1 and a shoulder at 1651 cm-1 (figure 3.3.4 

A, continuous line). Moreover, there were also obvious similarities in the amide II region (1510 

to 1580 cm-1) of the ATR-FTIR spectrum of casein films with and without fibrils. These data 

demonstrate that incorporated fibrils did not have any obvious effect on the macroscopically 

accessible secondary structure. 

Next, pieces of the film material were exposed to X-ray diffraction (figure 3.3.4 B and C). 

It resulted to give well resolved Bragg spacings at 4.42 ± 0.05 Å and 10.07 ± 0.47 Å for fibril 

containing film. These spacing indicated for presence of very high internal regularity in film with 

fibrils. But these spacings differ from the basic spacings, which are typically associated with the 

amyloid fibrils, usually occur at approximately 4.7 Å and 10 Å (Fändrich. 2007). Moreover, they 

also differed from the published X-ray diffraction patterns of model systems, such as the α and β 

forms of poly-L-alanine (Bamford et al. 1954; Arnott et al. 1967), poly-glycine I and II (Lotz. 

1974; Balaji. 1981), β-form of poly-L-lysine (Padden et al. 1969) and poly-L-proline I and II 

(Ramachandran et al. 1968). Analyses of pieces of film that did not contain NaCas fibrils 

produce effectively the same spacings, i.e. at 4.39 ± 0.05 Å and 9.74 ± 0.31 Å. Therefore, 

presence of NaCas fibrils did not further affect the X-ray diffraction properties of a protein film, 

and therefore any significant differences in the internal structure of films that were formed with 

or without fibril seeds were discerned. To conclude, the secondary structural characterization of 

the casein films did not reveal the presence of less quantity of amyloid content observed during 
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the fibril formation from crude NaCas mixture. This could be due to the dominant presence of 

non-fibrillar aggregates all over the casein films, observed during the NaCas fibril solution. 

 

Figure 3.3.4: Secondary structural analysis of NaCas film. (A) Amide I and II regions of the ATR-FTIR 

spectrum recorded with NaCas films cast with fibrils (continuous line) and without fibrils (dotted line). (B) X-ray 

diffraction pattern obtained with casein film without fibrils (film B) (4.39 ± 0.05 Å and 9.74 ± 0.31 Å). (C) X-ray 

diffraction pattern obtained with casein film containing NaCas fibrils (film C) (4.42 ± 0.05 Å and 10.07 ± 0.47 Å). 

 

3.3.5 Mechanical analysis of NaCas films 

Inner-film crystallization was shown previously to increase the mechanical strength of 

protein films as long as the crystals are smaller than film thickness (Frohberg et al. 2010). The 

incorporation of crystals was considered to weaken intermolecular bonds, resulting in more 

flexible films. Moreover, single particle characterization of amyloid fibrils were reported to 

possess strength comparable to spider silk and other polymer materials (Cherny and Gazit. 

2008). Thus, after producing films with or without fibrils, we compared and characterized the 

material properties. 

In the figure 3.3.5 A, the comparison of the reference film A, film B and film C were 

made, and we noted that a temperature treatment which we applied during incubation (for Film B 

and Film C, explained in method section 2.2.5), already caused a decrease in material 

characteristics. As shown in the figure 3.3.5 A, a loss 43 % of tensile strength and of 33 % 
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reduction of the elongation at break was observed with film B, when compared with film A. 

These measurements were reproduced by three independent film replicates that were cast under 

fully identical conditions. We further noticed that even more reduced material properties were 

observed with the fibril incorporated film (Film C) when compared to film B. The surfaces of the 

two non-fibril containing films (A, B) were smooth and evenly structured, while the fibril-

containing film C presented a highly irregular and uneven surface. These aggregates caused 

significant inhomogeneity in the film, and it is likely that due to this inhomogeneity, films as 

prone to breakage and to show relatively low mechanical strength.  

To determine the surface hydrophobicity, we used contact angle measurements (figure 

3.3.5 B). Our casting procedure leads to two different sides of the protein film: a top side, which 

is air-exposed during film casting, and a bottom side that faced the PTFE frame. On the top side, 

the contact angle of standard sodium caseinate films was determined to 91.5°, indicating a 

relatively hydrophobic surface that is quite comparable to e. g. pure PTFE (Yasuda et al. 1994). 

Lower contact angles were observed in the case of film B (71.8°) and fibril film (45.2°). The 

decreases in the contact angles revealed that the film top side becomes more hydrophilic after 

incubation of the caseinate solution followed by casting with and without fibril formation. The 

water contact angles measured at the bottom side of the films bottom were generally lower and 

not affected by the structure of the protein. All films showed nearly the same contact angle of 

40° at the bottom side, indicating a relatively hydrophilic surface. The reasons for the relatively 

high differences between the contact angles of top and bottom for standard and incubated sodium 

caseinate films are not completely clear yet. Both the air-film interfaces as well as the PTFE-film 

interface are generally considered to be rather hydrophobic. Films doped with NaCas fibrils 

resulted in nearly identical contact angles on either side of film, suggesting that the fibrils caused 
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a restructuring of hydrophobic protein parts within the film. So to sum up, despite of the 

successful integration of fibril into films or the formation of films containing fibrils, mechanical 

properties exhibited by the fibril containing film was not highly rewarding. As pointed out about 

the possible reasons for the failure and to work towards to remove the clustering of fibrils on the 

surface of film might improve the mechanical properties as expected. 

 

Figure 3.3.5: Characterization of mechanical properties of three types of NaCas films. (A) Measured values of 

material properties such as tensile strength and elongation at break for film A, B and C. (B) Contact angle values 

measured directly indicating the hydrophobicity of films on the top and its bottom side. (n=3). 

 

3.3.6 Protease resistance analysis of NaCas films   

Amyloid fibrils tend to possess more proteolytic resistance than their monomeric units 

(Kheterpal et al. 2001). Thus, the proteolytic stability of NaCas films with or without fibrils was 

tested after their exposure to different proteases such as proteinase K and trypsin. Proteolytic 

digestion of NaCas films without amyloid fibrils showed a sequential increase in absorbance at 

different time intervals when compared to NaCas films with amyloid fibrils in both proteinase K 

or trypsin digestion conditions (Figure 3.3.6 A and B). Also the NaCas films prepared under 

standard procedure showed the same resistance against proteinase K like film with fibrils but it 

was more proteolytic against trypsin after 6 minutes. Altogether, this data implies that NaCas 
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film containing fibrils were proteolytically stable when compared to the film without fibrils 

prepared under the same incubation condition. This increase in proteolytic resistance might be 

due to the higher stability exhibited by fibrils present in the films.  

 

Figure 3.3.6: Protease resistant analysis of sodium caseinate films. Proteinase K (A) and trypsin (B) digestion of 

NaCas film (▲) was produced by standard procedure and protein solutions to be cast to films (■) and (●) were 

incubated at 65 °C for 7 days, wherein for film (●), NaCas fibril formation was induced by seeding Aβ fibrils prior 

to incubation (n=3). 

 

In conclusion, the formation of amyloid fibrils from crude NaCas and their following film 

preparation were successful. But the results related to the analysis of material strength were not 

convincing and this could be improved further. Nevertheless, minimal proteolytic resistance 

showed by the fibrils incorporated films was encouraging.  
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3.4 Investigation of structural characteristics and application potential of amyloid 

oligomers 

Amyloid oligomers, common precursors of amyloid fibrillation pathway, have been 

reported to share much of the amyloid characteristics as mature fibrils (Fändrich 2012; Glabe 

2008). This part of thesis will address the structural properties of the amyloid oligomers and 

further explore an applicative potential, if any, which could provide information for the future 

possibility of using them as nanoparticles.  

 

3.4.1 Preparation and morphological investigation of amyloid oligomers 

 As a first-step of assessing the detailed information of structural properties of amyloid 

oligomers, three different methods of amyloid oligomer preparation were undertaken. All these 

oligomer preparations (method I, II and III) described herein, were carried out using Aβ(1-40) 

peptide. Method I was based on the preparation of amyloid-β derived diffusible ligands (ADDLs) 

(Lambert et al. 1998). Method I involve two parts; first for the monomerization of recombinantly 

purified Aβ(1-40) peptide and next, followed by the preparation of oligomers.  Monomerization 

of Aβ(1-40) peptide was obtained by dissolving the peptide in HFIP at 1 mM concentration and 

incubated at room temperature for 60 minutes. HFIP was reported to break down the β-sheet 

structure, disrupt hydrophobic forces in amyloid preparations, and prevent the aggregation of Aβ 

peptide into fibrillar species (Barghorn et al. 2005, Stine et al. 2003). This was followed by 

keeping peptide HFIP solution on ice for 5–10 minutes and aliquoted them into non-siliconized 

micro centrifuge tubes (e.g. 100 µl = 0.45 mg for Aβ(1–40) peptide). Later, HFIP was allowed to 

evaporate overnight in the hood at room temperature by keeping the tubes opened. Tubes were 

then transferred to a speedvac and dried down for 10 minutes to get peptide films and stored over 



RESULTS 

80 
 

desiccant at −80 °C. For oligomer preparation, 20 µl of fresh anhydrous DMSO was added to 

0.45 mg dried peptide to make 5 mM Aβ stock solution. To this stock solution, 980 µl of F12 

medium without phenol red was added to make 100 µM solutions and incubated at 5 ◦C for 24 

hours. Following incubation, centrifuged at 14,000 × g for 10 minutes at 4°C and 950 µl 

supernatant was pipetted out as oligomer solution. Prepared entities were analyzed using TEM. 

TEM image revealed small spherical species of the globular structures of these oligomers with 

diameter ranging between 5–10 nm. Moreover, fibrils or any other aggregates were not detected 

in the analyzed samples (figure 3.4.1 A).  

Method II of amyloid oligomers was obtained by dissolving dried Aβ(1-40) peptide film 

(prepared for method I) DMSO to give 2 mM peptide concentration as stock solution and bath 

sonicated for 10 minutes. To form the oligomers, we diluted the 2 mM stock solution to 100 μM 

in cold PBS, vortexed it for 30 seconds and started incubating at 4 °C afterwards (Berman et al. 

2008). Oligomer samples after 24 hours and 48 hours were analyzed using TEM. Image obtained 

after 24 hours indicated the presence of tiny spherical species of oligomer like structures with no 

or less other amyloid aggregates(figure 3.4.2 B). But sample after 48 hours was observed with 

protofibrils like structures (figure 3.4.2 C). 
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Figure 3.4.1: Near-spherical morphology of the investigated oligomers. (A-E) TEM images of Aβ(1-40) 

oligomers by method 1 (A), method II (after 24 hours (B) and 48 hours (C)), method III (D) and the illustration of 

diameter d1 and d2 measurements from method III (E). Scale bars: A-D: 200 nm and E: 100 nm. (F) Distribution of 

particle diameters d1 and d2 of the different individual Aβ oligomers from method III. (G) Distribution of the aspect 

ratio, that is of the ratio d2/d1, in four populations of 100 oligomers each. Error bar show standard deviation (n=4). 

"Reprinted (adapted) with permission from (KUMAR, S. T.; MEINHARDT, J.; FUCHS, A. K.; AÜMULLER, T.; 

LEPPERT, J.; BÜCHELE, B.; KNUPFER, U.; RAMACHANDRAN, R.; YADAV, J. K.; PRELL, E.STRUCTURE 

AND BIOMEDICAL APPLICATIONS OF AMYLOID OLIGOMER NANOPARTICLES ACS NANO 2014, 8, 

11042– 11052). Copyright © 2014 American Chemical Society."   
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Amyloid oligomers preparation by method III was followed after Kayed and his co-

workers. Aβ(1-40) peptide was dissolved in HFIP and followed by incubation at room 

temperature for 15 minutes. Immediately after incubation, the solution was diluted 1:10 with 

H2O, and incubated for further 15 minutes. Subsequently, the sample was centrifuged; the 

supernatant containing the oligomers was withdrawn (Kayed et al. 2003). Morphology of 

oligomers was investigated using TEM. Oligomers from this method III possessed a near-

spherical morphology with diameters ranging between 15 to 40 nm (figure 3.4.2 D and E). 

Furthermore, when determined the aspect ratio, it was observed that more than 70% of these 

oligomers falls between 1.0-1.5 (figure 3.4.2 E-G), revealing their isotropic nature. This 

morphological analysis of oligomers indicating the uniformity in the spherical architecture and 

more isotropic nature are different from the more heterogeneous nature of mature Aβ fibrils 

(Meinhardt et al. 2009). While using the same protocol, Haupt et al. (2012) indicated that the 

oligomers possessed an identical morphology and no change in secondary structure over 40 days 

under the condition it was prepared. Hence, further characterization performed in this section of 

thesis used method III preparation of amyloid oligomers. 

 

3.4.2 Secondary structural analysis of amyloid oligomers  

After having analyzed the morphological distribution of the oligomers, we analyzed and 

compared the secondary structural details of Aβ oligomers and the respective fibrils using ATR-

FTIR spectroscopy and XRD measurements. We recorded the infra-red spectra for both 

oligomers and fibrils.  As shown in figure 3.4.2 A, the oligomers were shown to have a peak 

maximum at 1622 cm-1 (green curve), which was almost identical the spectra obtained for fibril 

sample, having a peak maxima at 1623 cm-1 (black curve). This data suggest that both amyloid 
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conformers (oligomers and fibrils) are dominated by presence of β-sheet conformation. The 

XRD pattern of the Aβ oligomers produced a Bragg’s spacing at 4.73 ± 0.03 Å and 10.15 ± 0.08 

Å (figure 3.4.2 B) that reflect the β-sheeted conformations of a typical amyloid fibril 4.73 ± 0.02 

and 10.35 ± 0.19 Å (figure 3.4.2 C). Interestingly, fibrils have a much more prominent 4.7 Å 

spacing, indicating much higher periodicity of the structure underlying this spacing, which is 

stacked up in fibrils along their main axis. In summary, comparisons of the diffractive ability of 

oligomers versus fibrils together with FT-IR spectra suggested the existence of nascent elements 

of amyloid conformation within oligomers that is highly regular and with significant 

nanostructured architecture. 

 

 

Figure 3.4.2: Presence of amyloid conformation in Aβ(1-40) oligomers. (A) Amide I region of Aβ(1-40) 

oligomers (green curve) and Aβ(1-40) fibrils (black curve). XRD patterns obtained for Aβ(1-40) oligomers (B) and 

Aβ(1-40) fibrils (C). White and black arrow heads indicate the equatorial reflections and meridional reflections 

respectively.  "Reprinted (adapted) with permission from (KUMAR, S. T.; MEINHARDT, J.; FUCHS, A. K.; 

AÜMULLER, T.; LEPPERT, J.; BÜCHELE, B.; KNUPFER, U.; RAMACHANDRAN, R.; YADAV, J. K.; 

PRELL, E.STRUCTURE AND BIOMEDICAL APPLICATIONS OF AMYLOID OLIGOMER 

NANOPARTICLES ACS NANO 2014, 8, 11042– 11052). Copyright © 2014 American Chemical Society." 
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3.4.3 Proteolytic stability of amyloid oligomers 

After observing the nearly identical secondary structures of the oligomers, structural 

stability against proteolytic enzymes was compared between oligomers and their disaggregated 

peptides. Two different proteases such as proteinase K and subtilisin were used for their broad 

specificity that commonly identify and cleave the peptide bonds. Samples were analyzed using 

SDS-PAGE after their incubation with proteolytic enzymes. As shown in figure 3.4.3, the SDS-

PAGE analysis suggests that the oligomers were found to be significantly stable against 

proteolytic cleavage compared to their monomeric peptide. Although, prolonged incubation of 

oligomers leads to the degradation of these species, but in case of proteinase K treatment, some 

fraction of oligomers stayed stable even until 30 minutes. Altogether, this data confirmed the 

existence of a compact core in the oligomeric structural architecture. 

 

 

Figure 3.4.3: Protease resistant core of Aβ(1-40) oligomers. (A and B) Coomassie stained SDS PAGE of Aβ(1-

40) oligomers and freshly dissolved peptide after the proteolytic digestion using proteinase K (A) or subtilisin (B). 

"Reprinted (adapted) with permission from (KUMAR, S. T.; MEINHARDT, J.; FUCHS, A. K.; AÜMULLER, T.; 

LEPPERT, J.; BÜCHELE, B.; KNUPFER, U.; RAMACHANDRAN, R.; YADAV, J. K.; PRELL, E.STRUCTURE 

AND BIOMEDICAL APPLICATIONS OF AMYLOID OLIGOMER NANOPARTICLES ACS NANO 2014, 8, 

11042– 11052). Copyright © 2014 American Chemical Society." 

 

3.4.4 Hydrogen exchange (HX) – FTIR analysis of amyloid oligomers  

After providing the insights of the secondary structural details and the compactness of 

oligomers, HX was used to probe the structural dynamics of oligomers. HX is a chemical 
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reaction in which amide hydrogens of the peptide bonds of proteins/peptides exchanged to 

deuterium, by changing the solvent from H2O to D2O. Oligomers prepared under hydrated 

condition are lyophilized and resolubilised in the deuterated solvent (elaborated in the methods 

section). This allows the deuterons to get exchanged with the amide hydrogen that can be 

monitored over the different time-scale. Following HX, ATR-FTIR spectroscopy was coupled to 

get information about the structural dynamics of oligomers. In FTIR, the amide II signal i.e., the 

spectral region from 1500 to 1600 cm-1, predominantly arises from N-H bond vibrations, thereby 

giving information about the solvent accessibility of the oligomeric structure during the 

exchange of labile O- or N-bound 1H hydrogen atoms into deuterium (2H) (figure 3.4.4 A). As 

shown in figure 3.4.4 C, there was no morphological alteration in the oligomers after they were 

suspended in D2O even after 24 hours of incubation. From the figure 3.4.4 B, it was evident that 

the amide I spectra (from 1700 cm-1 to 1600 cm-1) matches closely between the two samples with 

only slight shift among the curves, indicating no major secondary structural changes observed 

with the hydrated and deuterated oligomers. Whereas, analyzing the amide II spectral region 

revealed that deuterated oligomers showed a profound loss of amide II signal up to 90 % when 

compared to freshly prepared fully protonated oligomers. Peak integral quantifications of the 

same indicated that 10 % of the amide II signal left after 24 h of exchange might come from the 

resistant core of the oligomers that offers the protection, further demonstrating almost complete 

exchange of 1H to 2H over this period of time (figure 3.4.4 B, red line). 
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Figure 3.4.4: Structural compactness of Aβ amyloid oligomers. (A) Schematic representation of the exchange of 

1H (H, blue) into 2H (D, red). Stable hydrogen bonds retard exchange, specifically if these occur within secondary 

structural elements (here a stretch of an antiparallel β-sheet). (B) ATR-FTIR spectra of initially fully protonated 

oligomers (blue) and after placement in deuterated solvent for 24 h (red). (C) TEM image of deuterated Aβ(1-40) 

oligomers. Scalebar: 200 nm. "Reprinted (adapted) with permission from (KUMAR, S. T.; MEINHARDT, J.; 

FUCHS, A. K.; AÜMULLER, T.; LEPPERT, J.; BÜCHELE, B.; KNUPFER, U.; RAMACHANDRAN, R.; 

YADAV, J. K.; PRELL, E.STRUCTURE AND BIOMEDICAL APPLICATIONS OF AMYLOID OLIGOMER 

NANOPARTICLES ACS NANO 2014, 8, 11042– 11052). Copyright © 2014 American Chemical Society." 

 

3.4.5 Conformational transition of amyloid oligomers  

While lyophilizing and resolubilising the oligomers, another interesting structural property was 

observed. FTIR analysis of oligomers possessed an identical amide I spectra with an absorption 

maxima at 1623 cm-1 before lyophilisation (freshly prepared) and after resolubilization with the 

identical 10 % HFIP solvent (figure 3.4.5 C). These measurements implied for the presence of 

high levels of β-sheeted conformation in the both states (figure 3.4.5 C). TEM analysis of these 

two oligomeric samples indicated no or less morphological alterations, if any (figure 3.4.5 A and 

B). But, when analyzed the conformational nature of intermediate stage i.e., the dry peptides of 
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oligomer after lyophilization but before their subsequent resolvation, interestingly presented a 

broad amide I spectrum with absorption maximum at 1656 cm-1 (figure 3.4.5 C, red curve). This 

spectral change mainly arose from the high levels of α-helical conformations. Furthermore, the 

encountered lyophilization induced β-to-α conformational transition is even reversible, and upon 

addition of original solvent, the peptide in oligomers reverts to a β-stranded architecture (figure 

3.4.5 C).  

Other than Aβ peptide, co-solvent (10% HFIP) and co-solute (TFA- the counter ion from 

reversed phase peptide purification) were present in the oligomer solution. Thus, the relevance of 

these organic co-solvents and co-solutes in oligomer samples was tested and found that reducing 

the HFIP content from 10% to 0.1% (v/v) prior to lyophilization had a negligible impact on the 

formation of α-helical structure upon solvent removal from oligomers (figure 3.4.5 D). That 10% 

(v/v) HFIP did not by itself induce the formation of α-helical structure is further supported by the 

previous observation where the oligomeric β-sheet structure, under this same condition, retained 

for more than one month in solution (Haupt et al. 2012). Moreover, this lyophilization-dependent 

β-to-α transition was not prevented if we exchanged the counter ions i.e., from TFA into chloride 

(figure 3.4.5 E). Altogether, this concludes that organic co-solvents or co-solutes did not 

measurably affect the conformational transition of oligomers induced by solvent removal. 
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Figure 3.4.5: Conformational transition in amyloid oligomers. (A and B) TEM images of freshly prepared Aβ 

oligomers (A) and after one full cycle of lyophilisation and rehydration (B). Scalebar: 100 nm. (C) Amide I spectral 

regions of freshly prepared oligomers (black), lyophilised powder from Aβ oligomer (red) and resolubilised 

oligomers after one full cycle of lyophilisation and rehydration (green). (D) Amide I region of the ATR-FTIR 

spectra of oligomeric Aβ lyophilized from 10% (v/v) HFIP (red), 1% HFIP (blue) and 0.1% HFIP (black). (E) 

Amide I spectral region of the ATR-FTIR spectra of Aβ oligomers with chloride counter ions. Wet samples prior to 

lyophilization and containing 10% HFIP (black); dry samples after solvent removal (red). (F) Amide I spectral 

regions of wet amyloid fibrils (without HFIP) before (black) and of dry fibrils after lyophilisation (red). (G, H) 

Amide I spectral regions of dry Aβ fibrils containing TFA (G) or chloride counter ions (H). Both fibril samples were 

lyophilized after adjusting the wet fibril solution to 10% HFIP. 

 

Aβ fibrils differ in these properties from Aβ oligomers. As shown from the figure 3.4.5 F, 

fibrils did not lose their predominantly β-stranded secondary structure upon solvent removal. 
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Here, α-helical structure does not become induced upon lyophilization from purely aqueous 

solutions (figure 3.4.5 F) or if 10% HFIP (v/v) containing solutions contain chloride in place of 

TFA counter ions (figure 3.4.5 H). Only the combined effect of lyophilization, relatively high 

concentrations of HFIP (10%) and of TFA counter ions induced a structural conversion into α 

(figure 3.4.5 G) in fibrils. Summing up, Aβ(1-40) oligomers presented a unique property of 

secondary structural conformational transition from β to α upon removal of solvent. 

 

3.4.6 Dynamic assembly of amyloid oligomers 

Although, the preliminary characterization of oligomers considering their shape, structure 

and compactness fulfilled some of the structural criteria to consider them as nanoparticles, other 

important properties of previously studied nanoparticles such as high diffusibility and capability 

to penetrate into tissues/cells for possibility in delivering their bound compounds (Soppimath et 

al. 2001) remained unclear.  

To that end, the diffusible property of small-sized oligomers and fibrils on an agarose gel 

under room temperature was compared. Figure 3.4.6 A indicated an easier diffusion of the 

peptide from oligomers into an agarose gel, while fibrils are retained within the sample pocket. 

By native PAGE, the similar high mobility of oligomeric Aβ was revealed again when compared 

with Aβ fibrils that were retained within the sample pocket and did not migrate into the gel 

(figure 3.4.6 B). By contrast, denaturing PAGE in dodecyl sulphate, which dissociated all 

aggregates into monomers, showed Aβ monomer bands in both cases (figure 3.4.6 C). These 

results, while presenting the higher diffusive properties of Aβ oligomers, also revealed the ability 

of oligomers to release their monomeric units into the gel matrix and partial disassembly of 

oligomers dynamic structure than mature fibrils. 
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Figure 3.4.6: Partial disassembly of amyloid oligomers. (A) Coomassie stained 1.5 % agarose gel loaded with 

Aβ(1-40) oligomers and Aβ(1-40) fibrils. (B) Oligomers applied onto a Coomassie-stained native PAGE. Fibrils do 

not enter the gel. (C) Same samples as in (B) run on a Coomassie-stained denaturing PAGE with lithium dodecyl 

sulphate to disassemble all aggregates into monomers. "Reprinted (adapted) with permission from (KUMAR, S. T.; 

MEINHARDT, J.; FUCHS, A. K.; AÜMULLER, T.; LEPPERT, J.; BÜCHELE, B.; KNUPFER, U.; 

RAMACHANDRAN, R.; YADAV, J. K.; PRELL, E.STRUCTURE AND BIOMEDICAL APPLICATIONS OF 

AMYLOID OLIGOMER NANOPARTICLES ACS NANO 2014, 8, 11042– 11052). Copyright © 2014 American 

Chemical Society."   

 

Having established the dynamic assembly of oligomeric structure, the penetrative ability of 

oligomers into cells and their specificity in selection was investigated. As a first step, solid-phase 

peptide synthesis was used to generate a single-site variant of Aβ peptide, where residue 3 

(glutamic acid) was replaced with cysteine (figure 3.4.7 C). This variant peptide was further 

modified at the cysteine thiol (-SH) group with coupling of fluorescent dyes such as 

AlexaFluor488 or Fluorescein molecules (figure 3.4.7 A and B) to generate 1:1 conjugated 

AF488-Aβ or Fluorescein-Aβ respectively. Fluorescent dye-Aβ modified peptide was purified 

using reverse phase chromatography (figure 3.4.7 D) and fluorescent gel confirmed the covalent 

coupling of fluorescent dye to Aβ peptide (figure 3.4.7 E). The modified peptide was diluted 
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1:20 with unlabeled wild type Aβ to produce fluorescently labeled oligomers (figure 3.4.7 F), 

which indicated no morphological changes with the oligomeric structure even after any of the 

fluorescent dye labelling. 

 

Figure 3.4.7: Fluorescent coupling to Aβ(1-40) peptide and oligomer preparation. (A, B) Chemical structures of 

AlexaFluor488 (A) and Fluorescein (B). (C) Sequence of Aβ(1-40) peptide and the Glu3Cys variant used for 

fluorophore labelling. (D) Reverse phase chromatogram obtained after the purification fluorescein-labelled Aβ 

peptide. Black box was the elution volume containing Fluorescein-coupled Aβ peptide, collected for the analysis of 

fluorescent coupling. (E) Coomassie stained SDS PAGE of fluorescein- Aβ peptide and its respective image 

captured with a fluorescent gel imager with the 488/526 nm excitation/emission filter set. (F) TEM image of 

fluorescein labelled Aβ oligomers. Scalebar: 200 nm 

 

Next, AF488 labeled-Aβ oligomers were added to macrophages differentiated from human 

monocytic THP-1 cells culture and incubated for 24 hours. Samples were analyzed using 

confocal microscopy and in figure 3.4.8, it showed AF488-Aβ-fluorescence after penetration of 

added oligomers and measurement of associated fluorescence indicated most of the cells present 

in the culture dish had taken up the oligomers (figure 3.4.8 E-H). Control samples without any 

addition of Aβ showed no Alexafluor signal and thereby further confirmed no intrinsic 
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fluorescence from the cell or its compartments (figure 3.4.8 A-D). Furthermore, cellular 

selectivity was investigated using fluorescein labelled Aβ oligomers. Flow cytometry analysis 

(figure 3.4.8 I) revealed that oligomers possessed an interesting property that had been 

preferentially taken up by primary human macrophages isolated freshly from human blood when 

compared to other cell lines like HL-60, THP-1 and U-937. Moreover, it was clearly evident that 

by 12 hours almost all added oligomers had been up taken by macrophages, whereas other cell 

lines indicated hardly any increase in oligomer uptake. Altogether, these results demonstrated the 

flexibility of oligomers to be used for modification like fluorescent coupling as well as their 

strong nature to preferentially target the primary macrophages but not the any other tested cell 

lines. 

 

 

Figure 3.4.8: Penetrative ability and preferential selectivity of oligomers. (A-H) Confocal images of entry of 

oligomers into human THP-1 cells differentiated macrophages. (A-D) Cells without oligomer addition. (E-F) Cells 

after incubation of oligomers for 24 hours. (A, E) Transmission images, (B-D, F-H) fluorescent images. (B, F) 

Hoechst staining of cell nuclei, (C, G) AF488-Aβ oligomer fluorescence, and (D, H) merge of AF488-Aβ and 

Hoechst staining. Insert demonstrates intracellular staining. Scale bars represent 20 µm and 10 µm in the insert. All 

images were captured in assistance with Dr. Erik Prell of MPRU, Halle (Saale). (I) Flow cytometry analysis of 

uptake of fluorescein labelled Aβ oligomers tested against different cell lines. MFI, median fluorescence index, n=3. 

Results from figure I were obtained by Ms. Ann-Kathrin Fuchs, Ulm university.  

          



RESULTS 

93 
 

In conclusion, near-spherical morphology of Aβ(1-40) oligomers is apparent from the EM 

analysis. Structural analysis of Aβ(1-40) oligomers revealed that the protection of oligomeric 

core is arising from the β-strand structure which is also their major secondary structure. Solvent 

removal of oligomers by lyophilisation induces a conformational switch from β to α secondary 

structure. This structural transition of Aβ peptide of oligomers, contrary to fibrils, independent of 

concentration of organic co-solvents or co-solutes and is reversible upon re-addition of solvent. 

Furthermore, oligomers formed in solution are dynamic and partially disassemble in the gel 

matrices. Fluorescently labelled oligomers penetrate successfully into the cellular structures and 

they are selectively taken up by macrophages. 
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4 Discussion 
 

The study of the structural properties of amyloid aggregates is interesting from two perspectives. 

Firstly, for the association of fibrils and their intermediates in the pathophysiology of several 

amyloid diseases; and secondly as regards to the amyloid fold, for holding the great potential to 

be used as nano-architectures for the development of various bio/nano technological 

applications. 

This thesis analyzed the formation and structure of various amyloid fibrils, particularly 

focusing on Alzheimer’s associated Aβ(1-40) fibrils using newly established conformational 

binders, such as B10AP and 4.G11. Significant knowledge was gained through the use of B10AP 

on the structural information of the amyloid fibrils, while results from the 4.G11 work yielded a 

way to produce fibrils with characteristics consistent with mechanical fragmentation. 

Additionally, NaCas fibrils were produced and incorporated these structures into a protein film. 

However, the presence of fibrils in the protein film did not improve the material properties of the 

film. Finally, we characterized Aβ(1-40) amyloid oligomers employing a range of biochemical 

and biophysical methods. This investigation demonstrated the existence of nano-structured 

architecture in oligomers carrying the amyloid conformation, which, in turn, suggested the 

possible role of oligomers to be used as nanoparticles in bio-medical applications. 

 

4.1 Amyloid binders as a research tool to study the structure and formation of amyloid 

aggregates  

When amyloid deposits were first discovered inside the human body, they were considered 

to be abnormal. Depositions of amyloid found throughout the body are classified as systemic and 
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when they occur in one single organ/tissue, they are classified as localized. Because of their 

pathological association, many therapeutic strategies were developed to attempt to cure amyloid 

diseases (Sacchettini and Kelly. 2002). Many of the anti-amyloid approaches developed so far 

have focused on targeting the formation, aggregation and clearance of amyloid protein or of the 

proteases producing the amyloidogenic segment from the full-length protein (Hardy and Selkoe. 

2002; Lansbury and Lashuel. 2006; Citron. 2004). Moreover, the therapeutic agents used by the 

various research groups have varied between small-sized organic/inorganic drug molecules to 

full-length antibody binders (Jia et al. 2014). The most promising therapeutic approach to date 

has been anti-amyloid immunotherapy, which had been demonstrated to be influential in animal 

models and resulted in reduced plaque burden in clinical trials (Masliah et al. 2005; Schenk et al. 

1999).  

Protein binders, in particular, antibodies for the structural analysis of globular proteins 

have been in practice for many decades (Jemmerson. 1987). However, their use in the 

characterization of complex amyloid aggregates has been limited. Often, it requires other 

biochemical or biophysical data to provide any effective information about the structure of 

amyloid aggregates. For example, antibody binders raised in mice with response to injection of 

Aβ fibrils suggested that the majority of the antibodies were directed at the N-terminal 12 

residues of the peptide and were capable of cross-reacting strongly with the monomeric peptide 

(Town et al. 2001). Their results were well agreed with the conclusion of limited proteolysis 

studies of Aβ fibrils indicated an exposed, unstructured N-terminal region in the aggregates 

(Kheterpal et al. 2001) and together, it revealed about the parts of the Aβ amyloidogenic peptide 

that are not involved in fibril structure. Thus, the characterization of antibodies recognizing 

sequence epitopes is useful in providing information about one particular epitope and their 



DISCUSSION 

96 
 

related conformers. On the other hand, investigation of amyloid binders recognizing a 

conformational epitope would prove very much useful because of their remarkable property to 

recognize various amyloid aggregates. Thus, examining the molecular basis of multiple fibril 

recognition by a conformational binder would indirectly unfold the common structure underlying 

the amyloid aggregates formed from polypeptide chains with different sequences. This would 

appreciate to develop numerous applications to target different amyloid diseases, as well as, to 

design amyloid fibrils with specific structural features. 

 

4.2 B10 binding mechanism suggested the molecular details of amyloid fibrils surface 

B10 antibody fragment was generated through a fully biotechnological approach using 

phage display from a fully synthetic library expressing camalidae VHH domains (Habicht et al. 

2007). Albeit, the conformational nature of B10AP in recognizing disease associated fibrillar 

amyloids is revealed (Habicht et al. 2007), its molecular basis of recognition and preference in 

binding more epitopes were left unidentified. Therefore, Haupt and co-workers carried out the 

binding preference of B10AP with many different amyloid fibrils using spot blot analysis, and 

indicated that B10 possessed poly-amyloid binding with the ability to recognize some amyloid 

fibrils but not all (figure 1.9 B). The mercuriality of B10 to recognize some amyloid fibrils was 

also demonstrated with TEM and immunogold labeling (figure 3.1.2.2) and was in excellent 

agreement with Haupt et al. 2011a (figure 1.10 B). Immunogold labelling coupled with TEM 

described Aβ(1–40) and mSAA fibrils were bound by biotinylated B10AP, as demonstrated by 

attachment of nanogold labels but not to the Aβ(16–22) and apomyoglobin fibrils (figure 

3.1.2.2). These data conveyed that, despite their common backbone conformation, some amyloid 

fibrils but not all carried distinct structure to which B10 binds.  
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The ability of B10 binding to heparin (anionic polymer) (figure 3.1.1 A) along with the 

details obtained during its amino acid sequence and crystal structure analysis had hinted few 

interesting information about the structure of amyloid aggregates. Firstly, it revealed an 

arrangement of CDR’s (1-3) as a substantially flat surface (figure 3.1.3) which is different from 

the deep binding pockets of sequence-specific antibodies (Gardberg et al. 2007; Basi et al. 

2010), formed by grooves of CDR1, CDR2 and CDR3 which encompassed the N-terminal part 

of the β-amyloid sequence. Thus, the flat binding surface of B10 complemented with the even 

surface pattern of amyloid fibrils. This pattern comprises ~4.7 Å main chain repeats between β-

strands (Marshall and Serpell. 2009), and 5–12 Å side chain separation along the fibril axis 

(Fändrich. 2007). Next, the B10 amino acid sequence analysis demonstrated that over a third (9 

residues) of the 23 CDR residues of B10 possess basic properties, while acidic amino acids are 

entirely absent. The basic residues are distributed throughout the antigen binding site, and they 

are creating the strong positive electrostatic potential on this surface of the B10 structure (figure 

3.1.3). Taken together, B10 recognized the amyloid fibrils which possessed a flat binding surface 

with a regular pattern and further, hinted a presence of a charged surface in the amyloid fibrils 

that might involve in electrostatic interactions. 

Distribution of charges on the surface of amyloid fibrils was very much interesting. 

Previous results reported the ability of anionic ligands like heparin or other highly sulfated 

glycosaminoglycans to bind to amyloid fibrils and thereby suggested the presence of positively 

charged residues on the fibril surface (Kisilevsky. 2000). Furthermore, enrichment of positive 

charges on the surface of Aβ protofibrils was witnessed during their interaction analysis with 

Congo red dye (Wu et al. 2012). While these earlier observations suggested that amyloid 
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aggregates may present substantially basic surface properties, but the current data with B10AP 

recognition hinted for presence of anionic charged surface.  

In order to determine the relevance of negative charge present on the fibril surface, Haupt 

and coworkers used a mutational approach (Haupt et al. 2011a), in which B10AP binding was 

tested against Aβ(1-40) fibrils and their six different mutant fibrils. Mutations were made with 

mainly involving the replacement of each of Aβ(1-40) peptide acidic amino acid into alanine or 

glycine. Interestingly, in mutant fibrils where the anionic charges were muted, resulted in 

reduced B10AP binding. However, it was also reported about the significant differences with the 

morphology of mutant fibrils and their amyloid characteristics in comparison with the wild type 

Aβ(1-40) fibrils and hence, drawing conclusions were difficult (Haupt et al. 2011a). Further, this 

indirectly provided the difficulties in the structural characterization of amyloid aggregates.  

Therefore, in this thesis, another strategy of using small chemical molecules (biotin for 

positive charge masking and glycinamide to cover negative charge) to mask the charges on the 

preformed fibrils (figure 3.1.4.1) and testing their ability to bind to B10AP was performed. 

However, chemical modifications affected the insulin fibril structure but these were particularly 

after deamidation of asparagine or glutamine residue (Nilsson and Dobson. 2003), which were 

different from the modification approach used in this thesis. Nevertheless, chemical 

modifications of the Aβ(1-40) fibrils did not affect the morphology or their amyloid 

characteristics (figure 3.1.5). While examined the B10AP recognition with modified and 

unmodified fibrils using dot blot analysis, it revealed that Aβ40 fibrils with carboxyl groups 

modified by glycinamide did not show any interaction with B10AP (figure 3.1.6). But, equal 

binding of B10AP was observed with Aβ40 fibrils containing -NH2 groups masked by NHS-

biotin and their unmodified fibrils (figure 3.1.6). In addition, the lack of interaction between 
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B10AP and carboxyl-modified fibrils was further demonstrated for G-helix and insulin fibrils 

(figure 3.1.6). All of this accumulated data after chemical modification studies concluded that the 

surface of amyloid fibrils is enriched with anionic charges to which B10AP binds. This finding 

was fortified by the inability of B10 mutants to bind to Aβ(1-40) fibrils, after replacement of 

positively charged CDR residues with alanine (Haupt et al. 2011a). Furthermore, several other 

amyloid binders like p5 and D3 peptides (Wall et al. 2011; Van Groen et al. 2008), and also 

naturally occurring serum amyloid P component (Thompson et al. 2002), apolipoprotein E 

(Gunzburg et al. 2007) and receptor for advanced glycation end products (Xie et al. 2008; 

Dattilo et al. 2007) share the basic surface property as exist in B10 antigen binding site. Thus 

this relationship, in turn, reinforced the finding that many, but not all, amyloid fibrils possess a 

surface that is enriched with presence of acidic amino acids like glutamic acid or aspartic amino 

acid providing a negative charge.  

Since, B10 was able to bind to other amyloid conformers such as protofibrils (Habicht et 

al. 2007), which indirectly suggested for the presence of same structural properties that might be 

carried further during the formation of mature amyloid fibrils. However, the molecular basis of 

oligomer-specific antibody fragment-KW1 recognition to oligomers (another amyloid 

intermediate) produced a different binding mechanism (Morgado et al. 2012). It revealed that 

antigen-binding site of KW1 appeared as a deep cavity which engulfed an aromatic benzamidine 

molecule along with the absence of strong positively charged moieties. Their findings made an 

indirect attention of less regular and a wealth of hydrophobic structures on the surface of 

amyloid oligomers (Morgado et al. 2012). 
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Figure 4.1: Electrostatic interaction of B10 through negative charged surface of amyloid fibrils. Arrangement 

of acidic amino acids on the structurally flat surface of amyloid fibrils was demonstrated through the elucidation of 

binding mechanism of B10.  

 

Thus, by combining all, investigating the molecular recognition of conformational 

antibody binders provided the significant variations found in the surface structures of different 

amyloid conformers. In particular, detailed analysis of B10 recognition to amyloid fibrils and the 

following results brought out more than a few conclusions. Most of the in vitro generated 

amyloid fibrils, but not all, possessed a surface-exposed negatively charged group to which B10 

mediated its binding via electrostatic interactions (figure 4.1). Furthermore, flat surfaces of 

amyloid fibrils were exposed that was complemented by the recognition of B10 flat antigen 

binding site (figure 4.1). In the other way, these findings provided the first mechanistic 

description of biotechnologically derived conformational binder recognition to its amyloid fold. 

An enhanced understanding of such reactions would make an impact for the future applications 

of amyloid binders in diagnosis or therapy, specifically in regard to the recently emerging 

strategies to treat amyloidosis with active or passive vaccination (Glabe. 2004). Alternatively, 
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the results that emphasized the presence of charged residues and chemical modifications of 

amyloid fibrils without their structural changes would pave a way to design amyloid fibrils for 

specific applicative purposes. 

 

4.3 Production of fragmented amyloid fibrils induced by 4.G11-artificial binding protein 

An amyloid binder (4.G11) was generated based on scaffold protein M7-an artificial 

binding protein (Dallüge et al. 2007; Stordeur et al. 2008; Stordeur. 2013). 4.G11 was selected 

against biotinylated Aβ(1-42) fibrils (figure 3.2.1 B) using ribosome display after randomization 

of ten amino acid positions in the five-stranded β-sheet of the template protein M7 (Stordeur. 

2013; figure 1.10 A and B). The selected artificial binding protein 4.G11 specifically recognized 

Aβ(1-42) and Aβ(1-40) amyloid fibrils but not to their disaggregated form or other fibrils formed 

from insulin, Aβ(16-22) or hSAA (Figure 3.2.1 C-E). Though, the interaction analysis of 4.G11 

with other amyloid intermediates like oligomers or protofibrils were not investigated, assuming 

that it might not bind those structures because of absence of other amyloid intermediates 

observed from TEM image of fibrils used during the selection process (figure 3.2.1 A). 4.G11 

conformational recognition of amyloid fibrils is different from the binding nature of previously 

reported artificial binder from affibody like ZAβ3 which bound and stabilized the monomeric 

Aβ(1-40) peptide (Hoyer et al. 2008).        

Given that many amyloid binders have provided information about amyloid aggregates 

(Haupt and Fändrich. 2014), 4.G11 was used to study the structure and formation of amyloid 

fibrils, more particularly about Aβ fibrils. The fact that 4.G11 was selected from a template (M7) 

which had not been used in any previously established amyloid binders, suggested that this 

would yield novel information. Indeed, when the effect of 4.G11 on the fibrillation kinetics of 
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Aβ(1-40) peptide was analyzed, a very interesting property was observed. Addition of 4.G11 at a 

molar ratio 2:1 (Aβ(1-40):4.G11) induced a prolongation of the lag phase up to seven times 

along with a decrease of the transition phase, when compared to Aβ(1-40) peptide without 4.G11 

(figure 3.2.2.1 and 3.2.2.2) which followed a typical kinetic fibril formation curve involving a 

nucleation-dependent mechanism (Harper and Lansbury. 1997; Caughey and Lansbury. 2003). 

However, no effect on the fibrillation kinetics of Aβ(1-40) peptide was found when incubated 

with M7 suggesting that the influence on fibrillation kinetics might be to the functional activity 

of the binding surface of the newly selected 4.G11. TEM analysis after the ThT kinetics 

demonstrated that Aβ(1-40) peptide incubated without 4.G11 or with M7 formed fibrils with a 

typical elongated morphology (Figure 3.2.2.2) (Meinhardt et al. 2009). Interestingly, small-sized 

(fragmented) fibrils were observed when Aβ(1-40) was incubated in the presence of 4.G11 at a 

concentration of 2:1 (Aβ(1-40):4.G11). The small size and straight nature of the fragmented 

fibrils are morphologically distinct from other fibrillar intermediates, like oligomers or 

protofibrils (Walsh et al. 1997; Kayed et al. 2003). The size of the fibrils also decreased with 

progressive increase of 4.G11 concentration during incubation. Previously, there was no 

evidence reported for the formation of fragmented fibrils under the co-incubation of any of the 

amyloid binders with disaggregated amyloidogenic peptides/proteins. In one report, formation of 

Aβ(1-40) protofibrils was observed after the formation kinetics, but this had no influence on the 

structure of preformed fibrils (Habicht et al. 2007).  

At times in amyloid research, studies demonstrated that the structure of preformed amyloid 

fibrils had been affected in different ways by co-incubation with presence of proteins or small 

molecules (Haupt and Fändrich. 2014). When preformed fibrils were incubated with 4.G11, both 

Aβ(1-40) and Aβ(1-42) fibrils became fragmented. Moreover, the more pronounced 
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fragmentation of Aβ(1-42) fibrils correlated well with the higher binding of Aβ(1-42) fibrils 

from the ELISA results (figure 3.2.1 E and 3.2.3.1). However, correlations between binding 

intensity and fragmentation patterns did not hold same for non-Aβ fibrils, e.g. mSAA fibrils 

showed high 4.G11 binding but limited fragmentation (figure 3.2.1 E and 3.2.3.3). For Aβ fibrils, 

4.G11 firstly shows severing activity on preformed fibrils, along with a second action of 

inducing the formation of fragmented fibrils during the aggregation kinetics. These results 

reported, for the first time, the dual role of a conformational amyloid binder possessing a 

severing activity on preformed amyloid fibrils as well as halting shorter fibril lengths during 

Aβ(1-40) fibrillation kinetics. Severing to produce fragmented Sup35NM fibrils was described 

earlier by the activity of heat shock protein Hsp104, which requires ATP and a combination of 

cell factors for its severing activity (DeSantis et al. 2012; Inoue et al. 2004; Shorter and 

Lindquist. 2004). No fragmentation or disaggregation activity was displayed by Hsp104 on 

preformed Aβ(1-42) fibrils. However, Hsp104 was shown to interfere with the aggregation 

kinetics of Aβ(1-42) peptide, again only in the presence of ATP (Arimon et al. 2008). The 

disaggregation of preformed Aβ fibrils has been shown to be induced by some antibodies 

(Solomon et al. 1996; Dumoulin et al. 2003), however, in these cases the end-product of 

disaggregation was not clear (Solomon, et al. 1997). Here, we robustly demonstrate the 

production of fragmented fibrils from incubation with our amyloid binder 4.G11.  

The real “culprit” of many amyloid diseases is yet to be identified and remains unclear, 

especially for AD. Several results from previous research reported that different forms of 

amyloid aggregates could form the basis of amyloid pathology (Chiti and Dobson. 2006; Glabe. 

2008). Fragmented fibrils of lysozyme, α-synuclein or β2-microglobulin were produced through 

mechanical agitation and those significantly disrupted the liposome membrane and thereby 



DISCUSSION 

104 
 

increased cytotoxicity compared to full length fibrils (Xue et al. 2009; Xue et al. 2010). In 

contrast to these previous results, our data obtained using SH-SY5Y cells reported minimal 

reduction of metabolic activity (10 - 15 %), from both the 4.G11 induced fragmented fibrils as 

well as the non-fragmented Aβ(1-40) fibrils (figure 3.2.4). One possible explanation might be the 

presence of 4.G11 or 4.G11 induced remodeling of fragmented fibrils might have resulted in 

more cell viability. The conversion of toxic Aβ aggregates into less/non-toxic species induced by 

the presence of small molecules like orcein-related O4 or (-)-epi-gallocatechine gallate has often 

been described in literature (Bieschke et al. 2012; Bieschke et al. 2010; Ehrnhoefer et al. 2008). 

Thus, despite the differences from the cell viability assay, producing fragmented fibrils without 

any mechanical agitation is advantageous. Very recently, Wacker and her co-workers (2014) 

using Drosophila melanogaster model reported that the transgenic expression of fibril specific 

B10 or oligomer specific KW1 in vivo together with Aβ indicated that oligomer targeting, but not 

fibril targeting, affected Aβ toxicity and fly viability. Furthermore, KW1-targeting (oligomer 

targeting) in particular, emphasized the significant contribution of Aβ(1-40) rather than Aβ(1-42) 

phenotype in AD pathology.   
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Figure 4.2: Scheme of production of fragmented fibrils. Co-incubation of 4.G11 either with disaggregated 

peptide or with preformed fibrils induced the formation of fragmented fibrils. But the mechanisms of 4.G11 in 

producing fragmented fibrils and their role in amyloid toxicity are yet to be studied. 

 

Altogether, the results presented here provided a way to produce fragmented fibrils in presence 

of 4.G11 (figure 4.2), which could have various applications. For instance, in vivo 

characterization for understanding the role of fragmented fibrils on amyloid toxicity using fly 

model Drosophila melanogaster or mouse model. 

 

4.4 Self-assembly of NaCas into fibrils and their film preparation  

Discovery of functional role of amyloid fibrils have generated huge interest in material and 

biotechnology research (figure 1.10). Recent trends have focused on the formation of amyloid 

fibrils from new proteins and peptides, sometimes equipped with functional molecules, for 

making them available for various applications by utilizing their intrinsic properties like their 

self-assembling nature, versatility and so on (Zhang et al. 2003; Gras. 2007). This part of my 

thesis will discuss about the results after an attempt to explore a utility of amyloid fibrils where 

they were incorporated into protein films. 
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First attempts to produce amyloid fibrils from the crude NaCas extract by changing the 

conditions such as buffers, pH and temperature were unsuccessful (table 3.2.1). This might have 

been due to the high proline content (10.5 %) in the total casein (Gordon et al. 1950), since 

proline was proved to be a potent breaker in the formation of β-sheet secondary structure (Li et 

al. 1996). Moreover, αs1- casein, one of the individual components of casein, was proved to 

inhibit the fibril formation of the αs2-, another counterpart of casein (Thorn et al. 2008). 

However, seeding of NaCas with Aβ(1-40) fibrils or apomyoglobin fibrils successfully formed 

amyloid fibrils in vitro (table 3.2.2 and figure 3.3.1) which displayed amyloid characteristics 

(figure 3.3.1 and 3.3.2). Seeding was previously shown to promote fibril formation with many 

different polypeptide systems (Morozova-Roche et al. 2000). It was additionally demonstrated 

that amyloid fibril formation can be induced with homologous as well as heterologous seeds 

(cross-seeding), i.e., by using fibrils that are formed either from the same or from a different 

polypeptide chain sequence (O'Nuallain et al. 2004). However, the quantity of fibrils formed 

from the whole casein solution was less than 20 %. Since the formation of mixed amyloid fibrils 

was only rarely observed (MacPhee and Dobson. 2000), it was more likely that one or two 

polypeptide components of NaCas were responsible for fibril formation, while the other 

components remained soluble under the tested conditions and but could not have contributed to 

fibril formation. In NaCas, protein components named αs2 and β casein, each accounted for a 

minimum of 20% of the total protein content (Eigel et al. 1984; Modler. 1985). Thus, it was 

likely that these protein components were triggered during the seeding to form fibrils. Attempts 

to reduce the relative amount of the amorphous material by mild variations in the conditions of 

fibril formation, for example, by altering the NaCas concentrations or by using consecutive 

seeding cycles with daughter fibrils, were not rewarding (figure 3.3.1 B). Quantity of fibrils in 
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the solution could be improved by a number of alternative strategies. For example, one way 

would be by performing limited proteolysis, as it was reported that this procedure accelerated the 

in vitro fibril formation of Bence Jones protein (Glenner et al. 1971; Linke et al. 1973). 

Alternatively, chemical modification such as acetylation, reduction carboxymethylation, or 

reduction pyridylethylation could be performed to native structures in crude extract which 

improved the formation of insulin amyloid fibrils (Rao et al. 2011). In summary, though only an 

eight-fold increase of the fibrillar protein content had been achieved after seeding, for the first 

time fibrils were formed from crude NaCas that possessed amyloid characteristics were 

demonstrated. 

As per the goal, caseinate fibrils were used to form the protein films. In spite of the harsh 

treatments undergone during the amyloid fibrils formation, protein films were successfully 

produced (figure 3.3.3). However, structural analysis of protein films did not show a direct 

evidence for the presence of amyloid fibrils (figure 3.3.4). This could be well explained by the 

presence of a large amount of amorphous structure present in the caseinate fibril solution. In 

order to determine the influence of incorporated fibrils in protein films, surface hydrophobicity 

and material properties, such as tensile strength and elongation at break, were analyzed. Tensile 

strength is the maximum stress that a material can withstand while being stretched or pulled 

before failing or breaking, and elongation at break is the capability of a material to resist changes 

of shape without crack formation (Eugene et al. 1996). By incorporating the fibrils or forming 

the film in the presence of fibrils, the mechanical properties of the film were expected to 

improve. But, to our surprise, film (Film C) with incorporated fibrils showed a decrease in the 

mechanical strength and hydrophobicity when compared to film (Film A) that had no fibrils 

(figure 3.3.5). Presence of aggregates clustered all over the film surface would have affected the 
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mechanical properties of the film (figure 3.3.1 and 3.3.5). Additionally, the decrease in the 

mechanical properties of the film without caseinate fibrils but which had undergone the same 

harsh treatment used during fibril formation (Film B) suggested that the stern heat treatment 

could have disrupted the underlying protein structures and thereby affected the material 

properties. In contrast to our results, a nano-structured film made out of hen egg white lysozyme 

amyloid fibrils was possessed to have a Young’s modulus of up to 5–7 GPa (Knowles et al. 

2010), and analysis of mechanical characterization of individual amyloid fibrils from different 

sources suggested that the strength of amyloid fibrils is much comparable to the highest values 

for proteinaceous materials found in nature (Smith et al. 2006; Sachse et al. 2010). Thus, the 

dominating quantity of amorphous aggregates present along with the fibrils in film could have 

suppressed the improvement of the mechanical strength that was expected. Therefore, treatments 

should be targeted to decrease or remove the amorphous aggregates from the caseinate fibril 

solution, which might improve the mechanical properties of the caseinate fibril film. 

Nevertheless, proteolytic treatment of films indicated that films incorporated with fibrils showed 

much more resistance than films without fibrils (figure 3.3.6). Thus, the biochemical stability of 

fibril films had not been affected by the suppressing effects of amorphous aggregates that were 

noticed with the mechanical stability measurements. These results were in agreement with the 

increased stability of amyloid fibrils over their native structures (Kheterpal et al. 2001). 

Alternatively, this confirmed the incorporation of caseinate amyloid fibrils tangled together in 

the caseinate fibril film and thereby offered proteolytic resistance.  

Combining all together, the first-ever formation of fibrils from crude NaCas as well as the 

scalable production of fibril-containing films that can be obtained in a one-step process. The 

seeding of mature Aβ fibrils to the NaCas solution and the further incubation of this mixture led 
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to an eight-fold increase of the fibrillar protein content, which indicated the high potential of the 

presented method to functionalize biodegradable biopolymers. Recent research spotted a 

surprising presence of amyloid fibrils from egg proteins used as varnish in oil-based paintings. It 

was reported that amyloid proteins present in the egg increased their β-sheet content even after 

they were dried as film coats during the varnishing (Imbrogno et al. 2014). These findings raised 

a possibility for an increase of amyloid content in caseinate film as well after the film formation. 

Finally, due to the incorporation of the fibril structures, the shelf life of protein-based 

biopolymers against proteolysis was significantly prolonged. Research should be focused further 

on the prevention of fibril aggregation within the film to ensure a homogeneous fibril 

distribution, aiming at an alignment of the fibril structure and therefore enhancement of 

especially the mechanical performance.  

 

4.5 Structural properties and applicative potential of amyloid oligomers 

Since the discovery of the functional form of amyloid as a native state in vivo, several 

studies were targeted at exploring the applicative potential of amyloid fibrils in many fields 

ranging from molecular biology to material science. This extensive investigation of amyloid 

fibrils along with their applicability provided further underlying details of the structural nature of 

those particular conformers. However, the research focus was always directed towards the usage 

of amyloid fibrils. In contrast, we focused towards the examination of a potential application of 

Aβ(1-40) amyloid oligomers and the respective results are discussed here. 
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4.5.1 Amyloid conformation and structural compactness of oligomeric aggregates   

The first analysis of the structures indicated that oligomers were small-sized aggregates, 

and with diameters of mostly 15 to 30 nm (figure 3.4.1) considerably smaller than many 

currently used nanoparticles that have diameters of 0.1-1.0 µm (Panyam et al. 2003). The small 

dimensions conferred highly diffusive characteristics and enabled oligomers to penetrate into gel 

matrices or cells (figure 3.4.6 and 3.4.8). This finding was relevant for rationalizing the 

involvement of oligomers in the etiology of neurodegenerative diseases, as it suggested that 

oligomers could have a biological activity due to their more diffusive properties when compared 

to long-sized fibrils. Together with the more favorable surface to mass ratio than fibrils, these 

data implied a considerable applicative potential of oligomers in the material sciences or 

biotechnology. This utility importantly differs from previous reports in which non-amyloid 

nanoparticles were used as modifiers of amyloid-forming peptide systems in vitro (Linse et al. 

2007). 

Oligomeric secondary structure analysis using ATR-FTIR spectroscopy indicated that 

oligomers were as rich in β-sheets as mature fibrils (figure 3.4.2 A). Additional investigation 

using XRD demonstrated that they were significantly nanostructured and regular and that they 

exhibited a lattice-like organization that is able to diffract X-ray beams (figure 3.4.2 B). The 

obtained diffraction provided the existence of nascent elements of amyloid fibril structure within 

oligomers, consistent with the β-sheeted conformations encountered earlier (Stroud et al. 2012). 

The regularity of the structure of oligomers at the local level contrasts with their lack of long-

range periodicity, which thus constituted one of the major architectural differences to the more 

elongated and structurally much more periodic assembly of amyloid fibrils. Hence, oligomers 

possessing these properties can be classified as quasi-crystalline species.  



DISCUSSION 

111 
 

Next, the structural stability and compactness of amyloid oligomers were determined. The 

digestion of oligomers with naturally occurring enzymes like proteinase K and subtilisin (figure 

3.4.3) demonstrated that the investigated amyloid oligomers are compatible with biological 

systems and can be naturally degraded. This biocompatibility of oligomers is an advantage over 

many traditional nanoparticles which were formed from non-proteinaceous compounds, 

including inorganic materials or synthetic organic polymers, such as polylactide–polyglycolide 

copolymers and polyacrylates (Paul and Robson. 2008). But the potential concern of these bio-

degradable oligomers is its active toxic relationship with several neurodegenerative disorders 

(Glabe. 2007; Fändrich. 2012). However, numerous studies have now robustly shown that not all 

cells are equally sensitive to these states and that it is possible to prepare non-toxic amyloid 

oligomers – even from naturally pathogenic peptides (Ehrnhoefer et al. 2008; Campioni et al. 

2010; Krishnan et al. 2012).  

While demonstrating the proteolytic stability, there were hints suggesting the existence of a 

stable resistant core which could be present in oligomers. So to determine the structural details of 

protection offered from oligomers, HD exchange was used initially with FTIR. Amide II spectral 

comparisons of freshly prepared hydrated oligomers to oligomers exchanged with deuterated 

solvent for 24 hours indicated around 10 % of protection could possibly arise from the resistant 

core (figure 3.4.4). To substantiate these findings on a molecular level, HD exchange was 

coupled with NMR spectroscopy. An assessment of the backbone amide HX properties with 

NMR can provide residue-specific information on the presence of stable secondary structural 

elements. This was demonstrated previously for several amyloid fibrils and related aggregates 

after their monomerization in deuterated dimethyl sulfoxide (d6-DMSO) (Hoshino et al. 2007; 

Vilar et al. 2012; Pan et al. 2012). 
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Figure 4.3: Residue-specific details of structural compactness of Aβ(1-40) oligomers. (A) NMR spectroscopy-

derived residue-specific kex values plotted against the Aβ(1-40) peptide sequence. Ochre: data from monophasic fits 

after extended HX of oligomers. Yellow circles mark residues that could not be analyzed. Gray shaded areas 

indicate relatively high protection. (B) Deviation of published 13C-α (red) and 13C-β (blue) chemical shift from 

random coil values. Purple bars indicate TALOS-based β-strand assignments. (A) Data from Dr. Görlach’s lab, Jena 

and (B) after Haupt et al. 2012. "Reprinted (adapted) with permission from (KUMAR, S. T.; MEINHARDT, J.; 

FUCHS, A. K.; AÜMULLER, T.; LEPPERT, J.; BÜCHELE, B.; KNUPFER, U.; RAMACHANDRAN, R.; 

YADAV, J. K.; PRELL, E.STRUCTURE AND BIOMEDICAL APPLICATIONS OF AMYLOID OLIGOMER 

NANOPARTICLES ACS NANO 2014, 8, 11042– 11052). Copyright © 2014 American Chemical Society." 

 

Applying this method to our oligomer sample, monophasic exchange characteristics were found 

at all analyzed positions of the peptide within the investigated time frame (figure 4.3). kex values 

measured varied between 10-1 to 101 h-1 (figure 4.3 A). The lowest oligomeric kex values (10-1-
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100 h-1) occurred at residues His6-Glu11, Leu17-Ala21 and Gly25-Gly38 (figure 4.3.1 A). When 

comparing our obtained results with solid-state NMR data we found that these sites correlated 

with oligomer β-strand structure (figure 4.3 B) and importantly included several positions of the 

peptide N-terminus that formed an oligomer-specific β-strand conformation (Fändrich. 2012; 

Haupt et al. 2012; Scheidt et al. 2011). In conclusion, the presence of a stable resistant core in 

Aβ oligomers and more importantly the residue-specific details of stability arising from β-strand 

conformation. 

 

4.5.2 Structural plasticity and functional modifications of amyloid oligomers 

In the course of examining the structural characteristics, an interesting property of 

conformational transition in the secondary structure of Aβ(1-40) oligomers was observed (figure 

3.4.5). Oligomers possessed the β-sheet structure under hydrated condition but, to our surprise, 

under dehydrated, i.e., dried condition converted to a α-helical conformation. Furthermore, it was 

observed that no morphological differences and immediate reversibility from β-α-β secondary 

structures occurred during hydration, lyophilisation and rehydration respectively. This property 

could be of practical relevance for understanding and devising peptide dis-/re-aggregation 

protocols to be applied during loading or coupling of low molecular weight compounds to 

oligomeric Aβ assemblies in the course of derivatisation for diagnostic or therapeutic purposes. 

A recent study using self-assembling peptide-based nanoparticles derived from transmembrane 

domain CXCR4 reported to possess the property of structural transition from β-hairpin 

conformation in aqueous solution to a α-helix structure in presence of membrane-mimicking 

dodecylphosphocholine micelles. The presence of this property from the self-assembling 

peptides provided the ability to encapsulate hydrophobic small molecules which are essential for 
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the drug delivery (Tarasov et al. 2011). Although this possibility of drug encapsulation was not 

tested in this thesis, some studies revealed that amyloid might serve as storage depots (Maji et al. 

2008) and had a natural ability to bind to small molecules (Fowler et al. 2007). This suggested 

that careful engineering of amyloid oligomers, being the fibril precursor, might act as a potential 

delivery system with the ability to encapsulate/bind to drugs or other compounds and release 

them into a biological environment. 

Aβ(1-40) oligomeric assembly possessed the ability to release their monomeric subunits in 

a hydrated gel matrices (figure 3.4.6), thereby conferred the partial disassembly and the dynamic 

nature of the oligomeric structure. Several aspects qualified the analyzed oligomers for potential 

development towards novel types of nanoparticles. Amyloid oligomers are easy to prepare in 

vitro and can be made available in significant quantities. They are easy to modify and to 

functionalize, and modifications can be introduced during peptide synthesis, for example by 

solid-phase chemical synthesis, molecular genetics and recombinant protein expression, or they 

may be added through post-synthesis strategies, such as site-specific chemical coupling. 

Introduction of a single cysteine residue and the subsequent site-specific modification with a 

fluorescein and Alexa 488 fluorophore were demonstrated (figure 3.4.7), along with no 

morphological changes after fluorescent coupling to oligomers (figure 3.4.7 F).  

 

4.5.3 Macrophage targeting of amyloid oligomers 

Finally, the capability of Alexa 488-coupled Aβ(1-40) oligomers to penetrate into the 

macrophages differentiated from THP-1 cells was demonstrated (figure 3.4.8 A). Extended the 

investigation of the diffusive property of fluorescein-tagged amyloid oligomers over various cell 

lines indicated the preferentially penetration of oligomers only into the macrophages 
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(figure 3.4.8 I). Thus, the findings from this cellular analysis sparked out the conception to target 

macrophages using our amyloid oligomers. Over the recent years it has become more and more 

evident that macrophages are not just related to immunity and tissue repair but often play a 

causative role in disease progression (Wynn et al. 2013). Apart from well-known 

pathophysiological processes associated with macrophage activation such as atherosclerosis, also 

fibrosis and even tumor initiation and progression have been linked to macrophage activity 

(Libby et al. 2010; Kanwar et al. 2012).  

 

Figure 4.4: Macrophage-specific uptake of amyloid oligomer after coupling to FeO nanoparticles. (A) 

Confocal microscopy images of a single macrophage followed by 3D surface projections indicate the uptake of 

Aβ(1-40) oligomers and FeO-Aβ oligomer nanoparticles. Plasma membrane shown in red (view from outside) or 

pink (view from inside the cell) and the nucleus in blue. The front part of the cell was cut away in the image (cutting 

edge at the membrane shown as dotted white line). Green Aβ oligomers/FeO-Aβ particles are intracellular. Scale 

bar: 5 μm. (B) Flow cytometry analysis of time dependent uptake of FeO-Aβ oligomer nanoparticles compared 

between human macrophages or PBMC. SSC: side scatter signal. (C) FeO-Aβ uptake by macrophages, but not by 

PBMC, was confirmed by direct measurement of the iron contents of the cells, n=4. All data presented here were 

obtained by Ms. Ann-Kathrin Fuchs of Ulm University. "Reprinted (adapted) with permission from (KUMAR, S. T.; 

MEINHARDT, J.; FUCHS, A. K.; AÜMULLER, T.; LEPPERT, J.; BÜCHELE, B.; KNUPFER, U.; 
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RAMACHANDRAN, R.; YADAV, J. K.; PRELL, E.STRUCTURE AND BIOMEDICAL APPLICATIONS OF 

AMYLOID OLIGOMER NANOPARTICLES ACS NANO 2014, 8, 11042– 11052). Copyright © 2014 American 

Chemical Society."   

 

To reinforce our findings and further the conception of macrophage targeting using 

amyloid oligomers, fluorescein-tagged Aβ oligomers were coupled to iron oxide (FeO) 

nanoparticles with the aid of the molecular imprinting technique (Cai et al. 2010) to generate 

(FeO)-Aβ nanoparticles. This technique allowed the fluorescein agent coupled with the Aβ(1-40) 

oligomers to recognize and attach to a surface polymer-coat (carrying fluorescein imprints) of 

superparamagnetic FeO nanoparticles. Using confocal microscopy and 3D reconstruction 

analysis, the selective uptake of (FeO)-Aβ nanoparticles by primary macrophages but not by 

peripheral blood mononuclear cells (PBMCs) was ensured (figure 4.4 A). Furthermore, using 

bathophenanthroline - a molecule used for spectrophotometric estimation of iron (Fe2+) (Lunov 

et al. 2010a; 2010b; 2011), the presence of iron particles coupled to fluorescein-tagged Aβ 

oligomers inside the macrophages but not in PBMCs were determined (Figure 4.4 B and C). 

Hence, on the basis of their superparamagnetic properties, such multimodal FeO-Aβ 

nanoparticles could be used as probes for macrophages, which might be of special interest for 

targeted magnetic resonance imaging (MRI) of atherosclerotic lesions (Kanwar et al. 2012; Kooi 

et al. 2003).  Likewise, the engineered FeO-Aβ nanoparticles might aid to monitor the fate of Aβ 

by MRI. 

The present analysis shed new and highly detailed insights into the structural properties of 

Aβ oligomers and thereby provided the basic details for their future use as potential bio-

nanoparticles. Using a wealth of biophysical and biochemical studies, it was demonstrated that 

the amyloid oligomers possessed a compact, quasi-crystalline architecture that presented a 

significant nanoscale regularity. The amyloid oligomers were dynamic assemblies and able to 
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release their individual subunits. The small oligomeric size and spheroid shape conferred 

diffusible characteristics, electrophoretic mobility and the ability to enter hydrated gel matrices 

or cells. It was also shown that the amyloid oligomers could be labeled with fluorescence agents 

coupled to iron oxide nanoparticles and could target macrophage cells. Thus, oligomer amyloids 

may provide a new biological nanoparticles able to improve targeting, drug release, and medical 

imaging. 
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5 Summary 
 

Misfolding of several amyloidogenic peptides/proteins is associated with amyloid diseases, 

including both Alzheimer’s and Parkinson’s diseases. The amyloid aggregation process involves 

the self-assembly of these peptides/proteins, that convert from misfolded monomeric structures 

to amyloid fibrils through the formation of prefibrillar intermediate aggregates, such as 

oligomers and protofibrils. Despite the association of these conformers with pathological 

conditions, functional roles for amyloid fibrils and oligomers have been reported. This discovery, 

in turn, prompted the study of amyloid fibrils in detail for potential applications in various fields.  

This thesis focused on understanding the structural properties of amyloid aggregates and to 

develop potential applications based on that knowledge. First, two protein binders, B10AP and 

4.G11 were characterized extensively. An in-depth analysis of B10AP conformational binding 

mechanism to amyloid fibrils demonstrated that only some amyloid fibrils possessed B10AP 

interaction. Further analysis revealed that B10AP recognized amyloid fibril surfaces carrying 

regularly distributed anionic charges. Studies with 4.G11 showed that it bound exclusively to 

Aβ(40/42) fibrils but not to their disaggregated monomeric peptides or other amyloid fibrils. 

4.G11 influenced the aggregation of Aβ(1-40) by altering its fibrillation kinetics. Addition of 

4.G11 to preformed Aβ fibrils generated short fragmented fibrils. We speculate that 4G.11 

produced-fragmented fibrils would be a useful tool to determine whether a fragmented amyloid-

species is of pathological relevance. 

Next, for the applicative part of this thesis, we studied functional aspect of sodium 

caseinate fibril formation and the structural utility of amyloid oligomers. NaCas fibrils were 

produced from NaCas crude extract after seeding with Aβ(1-40) fibrils. NaCas fibrils possessed 

amyloid-like characteristics, as probed by TEM and the ThT assay. These fibrils were 
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successfully incorporated into protein films. Fibril incorporated-films did not significantly 

improve the material properties such as tensile strength or hydrophobicity when compared to 

non-fibril protein films. Nevertheless, fibril-films showed a greater increase in proteolytic 

resistance than non-fibril films.  

Regarding the investigations into oligomer species, Aβ(1-40) oligomers prepared using 

different protocols possessed near-spherical morphology as evidenced by TEM analysis. 

Biophysical analysis of oligomers in solution from a typical preparation indicated β-strand as 

their major secondary structure and further demonstrated the compact, quasi-crystalline 

architecture of oligomers that holds significant nanoscale regularity. Independent methods such 

as FTIR and NMR coupled to hydrogen/deuterium exchange revealed the protection of 

oligomeric core was arising from the β-strand structure. Aβ peptide experienced a remarkable 

conformational switch from β- to α- secondary structure upon solvent removal by lyophilization 

of oligomers. However, oligomers assembled in solution were dynamic and partially 

disassembled in gel matrices. Oligomers- labelled with fluorescence probes penetrated 

successfully into the cellular structures, and they were selectively taken up by macrophages. 

These results shed light on amyloid oligomers in terms of applicative potential. Given improved 

cell penetrance and stability with future work, these oligomers could ultimately be used as a new 

biological ‘nanoparticles’ for improving targeting, drug release, and medical imaging. 
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6 Zusammenfassung  
 

Amyloiderkrankungen wie Morbus Alzheimer und Morbus Parkinson sind mit der 

Fehlfaltung von amyloidogenen Polypeptidketten assoziiert. Während der Aggregation kommt es 

zur Selbstassemblierung der Polypeptidketten, wobei sich ausgehend von fehlgefalteten 

monomeren Strukturen, über präfibrilläre Intermediate wie Oligomere und Protofibrillen letztlich 

Amyloidfibrillen bilden. Obwohl das Auftreten dieser konformationellen Zustände meist mit 

pathologischen Prozessen in Verbindung steht, wurde in einigen Fällen eine funktionelle Rolle 

für Amyloidfibrillen und Oligomere beschrieben. Diesbezüglich ist die detaillierte Untersuchung 

von Amyloidfibrillen vor dem Hintergrund von potentiellen Anwendungen für verschiedenste 

Bereiche interessant. 

Die vorliegende Arbeit beschäftigte sich mit der Untersuchung von strukturellen 

Eigenschaften von Amyloidaggregaten, um mit dem gewonnenen Wissen potentielle 

Anwendungen für diese Strukturen zu entwickeln. Dazu wurden zunächst 2 Protein-

Bindemoleküle, B10AP und 4.G11, umfangreich charakterisiert. Eine tiefgreifende Analyse des 

Mechanismus der konformationellen Bindung von B10AP an Amyloidfibrillen zeigte, das nur 

einige Amyloidfibrillen eine Interaktion mit B10AP aufweisen. Die weitere Analyse zeigte, dass 

die von B10AP erkannten Amyloidfibrillen regelmäßig angeordnete anionische Ladungen auf 

der Fibrillenoberfläche präsentieren. Die Analyse von 4.G11 offenbarte, das es ausschließlich an 

Aβ(40)- und Aβ(42)-Fibrillen, aber nicht an das entsprechende disaggregierte Peptid oder andere 

Amyloidfibrillen bindet. 4.G11 beeinflusst die Aggregation von Aβ(40) durch eine Veränderung 

der Kinetik der Fibrillierungsreaktion. Darüber hinaus führt die Zugabe von 4.G11 zu bereits 

bestehenden Aβ-Fibrillen zur Bildung von kurzen fragmentierten Fibrillen. Wir spekulieren, dass 
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mit 4.G11 hergestellte fragmentierte Fibrillen als ein nützliches Werkzeug eingesetzt werden 

können, um die pathologische Relevanz von fragmentierten Amyloidspezies zu untersuchen. 

In einem weiteren anwendungsbezogenen Teil der Arbeit wurden funktionelle Aspekte der 

Bildung von Natriumcasein-Fibrillen, sowie die strukturelle Nutzbarkeit von Oligomeren 

untersucht. NaCas-Fibrillen wurden aus einem NaCas-Rohextrakt hergestellt, welches mit 

Aβ(40)-Fibrillen geseedet wurde. Eine Untersuchung mit TEM und ThT zeigte, das NaCas-

Fibrillen amyloidähnliche Eigenschaften aufweisen. Diese Fibrillen konnten erfolgreich in 

Proteinfilme eingebettet werden. Im Vergleich zu Filmen ohne Fibrillen wiesen fibrillenhaltige 

Filme keine signifikant verbesserten Materialeigenschaften wie Zugfestigkeit oder 

Hydrophobizität auf. Allerdings besitzen fibrillenhaltige Filme eine größere Resistenz gegen 

Proteolyse. 

Zur Untersuchung der Nutzbarkeit von Oligomeren wurden verschiedene Aβ(1-40)-

Oligomere mit unterschiedlichen Protokollen hergestellt. Die Analyse mit TEM zeigte, das die 

Oligomere eine rundliche Form aufweisen. Mit weiteren biophysikalischen Untersuchungen ließ 

sich zeigen, das Oligomere in Lösung hauptsächlich eine β-Faltblatt-Sekundärstruktur aufweisen 

und aufgrund ihrer quasi-kristallinen Struktur eine hohe Regelmäßigkeit besitzen. Voneinander 

unabhängige Methoden wie FTIR und NMR gekoppelt mit Wasserstoff/Deuterium-Austausch 

zeigten, dass diese β-Faltblätter auch der Grund für den dicht gepackten Kern der Oligomere 

sind. Interessanterweise zeigt das Aβ-Peptid eine außergewöhnliche Konformationsänderung von 

einer β- zu einer α-Sekundärstruktur, wenn das Lösungsmittel durch Gefriertrocknung der 

Oligomere entfernt wird. Dies zeigt, dass in Lösung gebildete Oligomere dynamische Strukturen 

sind. Fluoreszenzmarkierte Oligomere sind in der Lage erfolgreich in Zellstrukturen 

einzudringen und werden selektiv von Makrophagen aufgenommen. Diese Ergebnisse belegen 
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die Nutzbarkeit von Oligomeren für potentielle Anwendungen. In Bezug auf die Zellpenetration 

und die Stabilität könnten diese Oligomere als neue biologische Nanopartikel für ein verbesserte 

Ansteuerung von Zellpopulationen, Wirkstoffentlassung und medizinische Bildgebung eingesetzt 

werden. 
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