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Abstract 

Understanding the molecular mechanism of peptide self-assembly is vital; both as a 

fundamental biological process but also to combat the pathological disease state 

known as amyloid. A wide range of techniques, including computer simulations and 

biophysical assays, will need to be employed to answer this question. The 

development of experimental techniques that can capture and isolate the fleeting 

states that occur during peptide self-assembly is thus essential in order to elucidate the 

underlying mechanism. In order to meet this need, Chapter 1 outlines key concepts 

that relate to peptide self-assembly by examining two key examples (diphenylalanine 

and the amyloid-β peptide). In Chapter 2, a combination of experiments (including 

photo-induced cross-linking and fluorescence quenching) and discontinuous molecular 

dynamics simulations were used to understand the self-assembly process of a small 

amyloid peptide, Aβ16-22, at the molecular level. In Chapter 3, both the experimental 

methods that have been developed and the understanding of the mechanism of Aβ16-22 

self-assembly were extended to understand the mechanism by which Aβ16-22 interacts 

with, and influences the aggregation rate of, a related sequence, Aβ40. Together, the 

work presented here describes how it is possible to explore complex self-assembling 

systems, with temporal resolution, at the molecular level. 
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1.1 General comments on self-assembly 

The following chapter will introduce important concepts that relate to peptide self-

assembly, including the underlying molecular organisation of the supramolecular 

structures formed, the mechanism by which these structures are created and the 

kinetic and thermodynamic parameters that dominate peptide self-assembly. These 

concepts will initially be illustrated using a simple dipeptide (diphenylalanine). The 

diphenylalanine motif is a core region in longer amyloidogenic sequences and offers a 

convenient starting point to explore peptide self-assembly. Following this, the 

discussion will then be expanded to include the pathological state known as amyloid, 

including a description of the underlying fibril structure associated with amyloid and the 

kinetic mechanisms of amyloid self-assembly. The amyloid-β (Aβ) sequence, 

implicated in Alzheimer’s Disease (AD), will be used as an example to explore 

amyloidogenic peptides. The literature surveyed in this chapter will thus provide a 

sound description of the key concepts that underlie the experimental work found in 

Chapter’s 2 and 3. 

 

The spontaneous formation of monomeric units into highly ordered and functional 

macroscale structures is fundamental to all cellular life.1–3 Understanding this process, 

termed molecular self-assembly, is necessary to rationally design functional materials 

and also help to combat some of the most prevalent and debilitating diseases.3–6 

Although a wide range of building blocks can be used to design self-assembling 

systems (such as heterocycles 1 and 2, which spontaneously self-assemble to form 

macrocycle 3, Figure 1) those based on peptides have emerged as a significant area of 

scientific research.7,8 The easy availability, cost effectiveness, biological origin and 

modular nature of the amino acid sequence offers a unique opportunity for the design 

of materials, with self-assembled peptides being amongst the most mechanically 

strong biological structures currently known.9–11 Furthermore, understanding how 

peptides self-assemble into the pathological disease state, known as amyloid, is 

central to developing strategies for conditions such as Alzheimer’s and Parkinson’s 

Disease (AD and PD respectively).6,12,13  
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1.2 Peptide self-assembly: nanotubes 

In biological systems, it has long been known that peptides can self-assemble into 

highly ordered fibrillar structures, e.g. actin polymerisation.14 The rational design of self-

assembling peptides was first theoretically proposed by De Santis in 1974, however, it 

took until 1993 for Ghadiri and co-workers to demonstrate experimentally the formation 

of peptide based nanotubes.15,16 In this elegant work, an eight residue cyclic peptide 

containing alternating D- and L-amino acids (sequence: cyclo-[D-Ala-Glu-D-Ala-Gln]2, 

Figure 1. The principle of molecular self-assembly. Small molecules (such as 1 and 2, a) can 

come together to form larger supramolecular structures (such as macrocycle 3) through 

spontaneous self-assembly. When dissolved in toluene, 1 and 2 form hydrogen bonds with 

each other (as there are no hydrogen bonding opportunities with the solvent), eventually 

leading to the supramolecular organisation outlined above. The white and red blocks represent 

heterocycles 1 and 2 respectively, whilst D and A represent hydrogen bond donors or 

acceptors. 

b 

a 
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4, Figure 2a) was shown to form hollow nanotubes with a diameter of 7 - 8 Å and 

length of 100 nm (Figure 2b). This sequence samples a flat, ring-like structure in which 

the amino acid side chains face out into solution, with the amides participating in an 

antiparallel hydrogen bonding arrangement down the long axis of the nanotube (Figure 

2c). Self-assembly was trigged by a decrease in pH that protonated the glutamic acid 

side chain and reduced the solubility of the peptide, such that the formation of the 

nanotubes was more favourable than the individual units remaining in solution. This 

work was extended by Ghadiri and co-workers when they explored the impact of side 

chain hydrophobicity on nanotube morphology.17 In aqueous acidic conditions, all of the 

sequences formed nanotubes that were resistant to disassembly in a number of 

organic solvents such as dimethylsulfoxide (DMSO), 1, 1, 1, 3, 3, 3-

hexafluoroisopropanol (HFIP) and dimethylformamide (DMF), at pH’s between 1 – 14 

and displayed good mechanical stability.17 Taken together, these results clearly 

demonstrated that the rational design of peptide nanotubes was not only possible, but 

could also be used to form materials with remarkable properties, such as those 

developed by Gazit and co-workers, from diphenylalanine (5, see next section).18 
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1.3 The self-assembly of a short peptide sequence: diphenylalanine (FF) 

By the early 2000’s it had been established that short peptide fragments taken from the 

full-length sequences of amyloidogenic peptides, such as amyloid-β (Aβ), human 

calcitonin and the islet-amyloid polypeptide (IAPP), could also form amyloid fibrils.19–23 

Given these results, and the knowledge that aromatic interactions can play a key role 

in self-assembled systems, Gazit and co-workers started to explore the formation of 

nanotubes by small dipeptides, namely diphenylalanine (5, FF, Figure 3a).18,24,25 The 

FF motif, located in the central fibril forming core region of the full-length Aβ peptide 

(residues 19 and 20), has been shown to be key for the aggregation propensity of 

Aβ.26–28 When FF was diluted out of a HFIP stock solution, it quickly formed well-

ordered, hollow nanotubes (diameter: 100 – 150 nm, length: >1000 nm).18 When 

Figure 2. The formation of peptide nanotubes from cyclic peptides. The cyclo-peptide [D-Ala-

Glu-D-Ala-Gln]2 (a, 4) forms long unbranched nanotubes (b) when placed in acidic solution 

through a flat ring conformation (black) with an antiparallel hydrogen bonding arrangement 

(red dashed lines). The hydrogen bonding arrangement (c, the side chains and back of the 

ring have been omitted for clarity) runs down the long axis of the nanotubes. 

a 

b c 
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studied using Fourier-Transform Infra-Red (FTIR) spectroscopy, the nanotubes 

displayed the characteristic peaks of a β-sheet in the amide 1 region and also 

produced green-gold birefringence when incubated with Congo-Red (considered to be 

a hallmark of amyloid fibrils).29 Further demonstrating the applicability of self-

assembled peptides to materials science, these nanotubes were used to cast silver 

nanowires (removal of the peptide template was easily achieved using proteinase K, 

Figure 3b). The properties of the FF nanotubes were assessed in later studies, 

demonstrating that they were stable in solvents such as ethanol, methanol and 

acetonitrile, temperatures of 150 °C (dry heat) and also displayed remarkable stiffness 

for a biologically based material.30,31  

 

Originally, Gazit and co-workers proposed a different underlying molecular structure for 

the nanotubes than the structure observed by Görbitz for a single crystal of FF (formed 

by rapid evaporation of the aqueous solvent at 80 °C).18,32 In this study, FF formed 

hollow, solvent filled tubular structures (diameter ~10 Å) with six FF dipeptides 

arranged in a hexagon (Figure 4a).32 The FF side chains were arranged such that they 

face away from the interior of the nanotube (in a similar manner to the nanotubes 

observed by Ghadiri and co-workers) and the amino/amide groups engaging in head-

to-tail hydrogen bonding with both the other dipeptides and the water filled cavity 

(Figure 4b).16,32 The protruding aromatic side chains of each hexagonal unit interact 

with the side chains of multiple other hexagonal units, with four nanotubes found in the 

Figure 3.  The molecular structure of FF and the casting of nanowires. The diphenylalanine 

peptide, FF (5, a), represented throughout this chapter by the cartoon schematic shown 

above, can be used to form highly ordered nanotubes that can in turn be used to cast silver 

nanowires (b). 

a b 
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unit cell. This extended aromatic stacking interaction stabilises the formation of the 

nanotubes and provides directionality for nanotube growth.5,33,34 Further investigations, 

performed using X-ray diffraction and the same self-assembly protocol (i.e. dilution of 

FF from a HFIP stock) confirmed that the FF nanotubes observed by Gazit were in fact 

consistent with the single crystal structure.35  

 

The simple nature of the FF dipeptide has allowed the synthesis of numerous 

analogues, including fluorenylmethyloxycarbonyl (Fmoc)-FF (6), tert-butyloxycarbonyl 

(Boc)-FF (7) and cationic +H3N-FF-CONH2 (8, Figure 5) .4,5,36–40 These analogues have 

been used to form a wide variety of functional materials, including hydrogels, scaffolds 

for cell culture and drug delivery vehicles.37–39 Interestingly, these analogues can form 

different supramolecular structures than the nanotubes observed for H2N-FF-COOH. 

Both cationic-FF and Boc-FF have an underlying α-helical structure but form fibrils and 

tubes respectively.39,41 The cationic-FF analogue can transition from the nanotubular 

structure into spherical vesicles (via dilution), behaviour that has also been observed 

for H2N-FF-COOH.39,42 Boc-FF has also been shown to form partially crystalline 

vesicles when diluted from a HFIP stock into a 50:50 (v:v) solution of water and 

 

Figure 4.  The organisation of FF within the nanotubes. FF forms hexagonal structures (a) 

that contain a solvent filled core, with stabilisation between different tubes coming through 

side chain-side chain interactions. The head-to-tail hydrogen bonding arrangement (b, for 

clarity the extra H
+
 on the amino group that faces into the channel has been omitted, as has 

the charge on the carboxy group) runs down the long axis of the nanotube. 

a b 
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ethanol.43 Fmoc-FF forms nanofibrils, rather than nanotubes, that have an underlying 

β-sheet structure.38,41 As FF is a small dipeptide, it is relatively simple to substantially 

change the overall properties of the peptide, allowing the relationship between non-

covalent interactions and molecular structure and its influence self-assembly to be 

probed.41  

1.4 The mechanism of FF self-assembly 

A number of studies have tried to establish the mechanism of FF self-assembly, both 

experimentally and through molecular dynamics (MD) simulations.34,40,44–47 An implicit 

solvent MD simulation of FF demonstrated that the peptide spontaneously forms either 

open or ring-like aggregates, with the charged termini involved in head-to-tail hydrogen 

bonding interactions.44 The peptide also formed “t-shaped” side chain interactions in 

agreement with the hexagonal crystal structure solved by Görbitz.32,35 Another study 

performed a number of MD simulations (explicit solvent) to explore oligomer formation 

by FF, indicating oligomer formation principally proceeds through a dimer, stabilised 

through their hydrophobic side chains.46 A head-to-tail arrangement of the termini was 

also observed in this simulation, with two hydrogens of the protonated amino group 

interacting with another peptide and the third with the water in the solvent filled cavity. 

In order to try and experimentally unpick the difference between these two models (i.e. 

dimer formation stabilised through a head-to-tail termini interaction prior to forming the 

hexagonal unit or stabilisation through side chain interactions), Bowers and co-workers 

assessed oligomerisation process of capped FF through ion mobility spectrometry-

mass spectrometry (IMS-MS) in different solvents (water, methanol and acetonitrile, 

Figure 6).45 The only stable non-covalent interaction between FF and a solvent was 

with water, highlighting its importance in the early stages of FF self-assembly. The 

collision cross-section (CCS) estimates indicated that capped FF dimers existed as two 

conformers: one composed of two monomers that could go on to form the hexagonal 

Figure 5.  The molecular structures of Fmoc-FF (6), Boc-FF (7) and cationic-FF (8). 
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unit (in a complex with a large water cluster) and one in which the peptides interacted 

primarily through their side chains.45  

 

In their investigation on the effect of substrate, pH and temperature on the morphology 

of FF nanotubes, Krishnan and co-workers proposed the following mechanism for FF 

self-assembly (Figure 7).34 In this study, a solution containing FF was placed on to the 

substrate and placed in a vacuum (in order to remove the solvent). As the solvent 

evaporates, FF monomers start to form intermolecular hydrogen bonds, with the strong 

electrostatic interactions between the charged termini providing some directionality (i.e. 

directing the monomers into a head-to-tail configuration). Once these initial interactions 

have occurred, aromatic interactions between the side chains start to template the 

formation of β-sheet structure within the nanotubes, causing them to lengthen (lateral 

association is also possible). At some point, these peptide sheets may “roll over”, 

forming the hollow nanotubes observed via electron microscopy (EM). The 

hydrophobic side chains face out into the bulk solution, thus avoiding any steric 

hindrance that may be present if they were located within the tubes. The kinetics of FF 

self-assembly have been shown to occur in two-steps, with self-assembly reliant on a 

nucleation step, which did not occur immediately upon solvation, demonstrating that 

the FF monomers were required to orientate themselves correctly prior to nanotube 

formation.47 

Figure 6.  The proposed dimer conformations that FF can initially form during self-assembly. 

The dimers are stabilised by either head-to-tail hydrogen bonding (left) or side chain-side 

chain aromatic interactions (right).  

Figure 7.  The mechanism of FF self-assembly proposed by Krishnan and co-workers. After 

deposition on the surface (and solvent evaporation), FF first orientates into a head-to-tail 

manner. β-sheet structure is then templated by side chain interaction, followed by the 

formation of sheet-like structures that fold over to form nanotubes. 
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An in-depth study into the mechanism of FF self-assembly was undertaken by Gazit 

and co-workers, who explored the self-assembly behaviour of Boc-FF.40 Boc-FF was 

chosen as previous reports had demonstrated that introducing ethanol into the solvent 

mixture could promote vesicle, rather than nanotube, formation.40 Prior to initiating self-

assembly, Boc-FF was held in a supersaturated solution followed by dilution into 

solvent mixtures with different water/ethanol ratios (the concentration of Boc-FF was 

also varied). At the lowest concentration of Boc-FF and the highest water/ethanol ratio 

tested, Boc-FF formed nanotubes, however, as the concentration of Boc-FF was 

increased two distinct populations (spheres and nanotubes) were observed.40 To fully 

characterise the sphere-nanotube transition, a scanning electron microscopy (SEM) 

time course was performed. After dilution of Boc-FF into the water/ethanol mixture, 

spherical aggregates were initially visible (t = 20 min), followed by dissolution of these 

aggregates and the formation of fibrils (t = 30 min) and then nanotubes (t = 45 mins). 

Placing the self-assembly reaction in a small volume capillary supressed tube 

formation, indicating that this is a nucleation dependent process (in agreement with 

previous studies).47 Further examination of the spherical aggregates demonstrated that 

they changed size progressively over a period of time, and given that the monomer 

concentration did not change during this process, the author’s likened this to Ostwald 

ripening.40 Ostwald ripening is the processes by which smaller particles dissolve to 

preferentially form larger particles.48 In this system, during the spheres rearrangement, 

monomers preferentially desolvate from small spheres (where the fraction of solvent 

exposed peptides is higher) in order to join larger spheres (where the fraction of 

solvent exposed peptides is lower). Given the highly charged nature of the spheres, 

tube formation via coalescence of these aggregates was deemed unlikely. The 

nanofibrils were observed to undergo disassembly prior to the formation of the 

nanotubes, with nucleation of the nanotubes occurring close to the site of fibril 

disassembly. A significant drop in free monomer concentration was observed during 

the period of tube growth. Taken together, the authors proposed the mechanism 

outlined in Figure 8, in which the tubes are the most thermodynamically stable 

structure and are formed in a nucleation dependent process, sequestering monomeric 

FF that is available in solution (and monomers lost from the spherical aggregates 

during the Ostwald ripening process). The author’s noted that these results were 

agreement with Ostwald’s rule of stages (in which the least energetically stable 

structure is formed first). 
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1.5 The kinetics and thermodynamics of peptide self-assembly: FF as a model 

peptide 

As the study above elegantly demonstrates, peptide self-assembly exists on a complex 

energy landscape in which multiple species can occupy low energy minima.3 Although 

the products of peptide self-assembly (i.e. nanotubes and fibrils) may form 

thermodynamic minima on the energy landscape, the significant effect that 

temperature, pH and solvent conditions can exert on these systems emphasises the 

importance of kinetic factors in peptide self-assembly.9 The formation of FF into 

spherical structures, via a change in solvent conditions, highlights that, despite the 

nanotube structure being the lowest energy structure, tuning of the kinetic parameters 

can trap otherwise metastable structures.9,40,42 FF is thus an interesting model with 

Figure 8.  The mechanism of Boc-FF self-assembly proposed by Gazit and co-workers. Boc-FF 

forms three major species during the self-assembly process (a), with the spheres and 

nanofibrils being metastable species that disassemble, prior to nucleation and nanotube 

formation (b). 

a 

b 
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which to explore the fundamental kinetic and thermodynamic factors involved in 

peptide self-assembly. 

 

Gazit and co-workers extended their work on FF by establishing the thermodynamic 

parameters of self-assembly.49 To do this, the critical concentration (i.e. the 

concentration below which no aggregation occurs) of FF in pure water was determined. 

The total peptide concentration was then assessed against the peptide concentration 

left in solution. A linear relationship was discovered (however deviation did occur upon 

reaching the critical concentration), indicating that FF has a large barrier to primary 

nucleation. Assessing the variation in critical concentration over a range of 

temperatures allowed the calculation of the enthalpy, entropy and free energy of 

activation. This analysis demonstrated that FF self-assembly closely follows the 

expected energy profile of a hydrophobic peptide undergoing desolvation, with the 

overall change in the free energy of activation dominated by entropy at low 

temperatures and enthalpy at high temperatures.49 These results highlight that the 

hydrophobic and aromatic character of FF is largely responsible for its thermodynamic 

signature. Interestingly, this balance of thermodynamic components at different 

temperatures was also found for amyloidogenic peptides with longer amino acid 

sequences.50,51  

 

The above sections demonstrate that using small peptide models, such as FF, can 

allow the thorough exploration of the thermodynamic and kinetic components of 

molecular self-assembly. Understanding these principles has allowed the rational 

design of a number of remarkable materials with unique properties, emphasising the 

advance in this area that the scientific community has made in the last 30 years. 

Taking these insights and applying them to longer, more biologically relevant 

sequences will be key in combating an increasing number of devastating diseases in 

which self-assembling peptides, referred to as amyloid, are implicated. The rest of this 

chapter will focus on this pathological state and will outline the molecular fibril 

structure, structural mechanism and kinetic model of amyloid self-assembly. This will 

be done by focusing on the Aβ peptide, the sequence implicated in the progression of 

AD, a widely studied and still not fully understood self-assembling peptide. 
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1.6 Amyloid: Definition and general comments 

Amyloid was first observed and named by Rudolf Virchow in 1854, who noted that a 

substance in brain tissue stained blue when treated with iodine, a common test for the 

presence of starch, hence the name amyloid (from the Greek amylon and Latin 

amylum for starch).52 Since the identification of neurofibrillary tangles, by Alois 

Alzheimer in 1906, in the brain of a patient suffering dementia, the study of amyloid has 

emerged as major area for scientific enquiry.6,12,13,53 As a wide variety of proteins with 

diverse functions and sequences have been shown to form amyloid, the identification 

of a structure as amyloid has historically relied on certain characteristics: rigid 

unbranched fibrils that have a cross-β X-ray diffraction pattern that are deposited 

extracellularly in vivo and display green-gold birefringence when bound to Congo 

Red.29,53 Using this definition, there are 36 positively identified proteins that can be 

classed as amyloid.29 However, the identification of a number of proteins/peptides that 

do not exhibit all of these requirements, but go on to form highly ordered fibril 

structures in vitro has led to a structural definition being employed by biophysicists, 

based on the cross-β X-ray diffraction pattern.53 Using this definition, there may be over 

50 disorders that are related to the deposition of amyloid fibrils.12 Prevalent diseases 

such as type II diabetes, AD, PD and systemic amyloidoses have all been linked to the 

deposition of amyloid proteins/peptides, whether extraceullarly (AD) or intracellularly 

(PD).6  Furthermore, the acknowledgement that amyloid may represent a global energy 

minimum available to all polypeptide chains, and that the native state of a protein may 

only be a metastable state that is prevented from forming amyloid by high kinetic 

energy barriers, only serves to highlight the need to understand the amyloid self-

assembly process at the molecular level (Figure 9).6,12 
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1.7 The structure of an amyloid fibril 

As described above, the unifying factor that connects amyloid peptides is the 

underlying molecular fibril structures. The fibrils are highly ordered supramolecular 

structures that are formed of β-strands, arranged perpendicular to the long axis of the 

fibril with an intersheet distance of 9 – 10 Å and intrastrand distance of ~4.8 Å (as 

deduced from X-ray diffraction studies).53–56 The diameter of the fibrils can vary, 

depending on the number of individual protofilaments that twist together to form the 

observed “rope–like” fibrils, although they are typically 50 – 100 Å in diameter (Figure 

10a).55,56 Due to the highly extended nature of a β-strand (the dihedral angle around 

the Cα bond is φ = ~-120° and ψ = ~+120°), the hydrogen bonds between each β-

strand are approximately planar.57 The underlying β-strands can either be orientated in 

parallel (i.e. all the Cα-Cβ bond vectors point in the same direction, Figure 10b) or 

antiparallel fashion (i.e. the Cα-Cβ bond vectors alternate, Figure 10c). Each β-strand 

can also be considered to have two faces (unless each side chain is identical) and the 

side chain packing arrangement has been shown to form a dry interface from which 

water is excluded, referred to as a “steric zipper”.58–61  

Figure 9.  The energy landscape for amyloid assembly. Peptides/proteins can begin as 

random coil monomers (black) that spontaneously fold into a functional, native state. The 

native state (or an intrinsically disordered protein) may then aggregate, eventually forming a 

stable nucleus. This nucleus can in turn go on to form on-pathway oligomers, which will 

eventually form amyloid fibrils. The fibrils occupy a low-energy minima on the energy 

landscape. 
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1.8 The amyloid-β (Aβ) peptide 

A widely studied and clinically important amyloidogenic sequence is the Aβ peptide, a 

major component of the extracellular plaques observed in AD.62,63 Aβ is generated by 

the sequential proteolytic cleavage of the Amyloid Precursor Protein (APP), a 

transmembrane protein with a large extracellular domain.64,65 APP is processed by the 

concerted action of BACE (β-site APP cleavage enzyme) secretase in the ectodomain 

and the γ-secretase in the transmembrane domain. The Aβ sequence is located 

between these two sites and a variety of peptides can be generated depending on the 

Figure 10.  The underlying molecular structure of an amyloid fibril. Individual β-strands are 

orientated perpendicular to the long axis of the fibril (a). Different hydrogen bonding patterns are 

available within β-sheets, which can either be in parallel (b) or antiparallel (c) orientations.  

b c 

a 
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site of cleavage (Table 1).66–68 The most abundant of these peptides is 40 residues 

long (Aβ40), although the more hydrophobic 42 residue variant (Aβ42) may be more 

important clinically as it has been shown to have a much greater propensity for 

aggregation and is more neurotoxic.69–72 Interestingly, some research indicates that 

Aβ40 may play a protective role in AD and it is the ratio of the two peptides that is 

important.73,74 The exact role of the Aβ peptide in the progression of AD is still not fully 

understood, however, a body of evidence now implicates the soluble, oligomeric 

intermediates that are formed during self-assembly as the neurotoxic species.75–81 

 

Peptide Amino Acid Sequence 

Aβ1-37 DAEFR HDSGY EVHHQ KLVFF AEDVG SNKGA IIGLM VG 
 

Aβ1-38 DAEFR HDSGY EVHHQ KLVFF AEDVG SNKGA IIGLM VGG 
 

Aβ1-39 DAEFR HDSGY EVHHQ KLVFF AEDVG SNKGA IIGLM VGGV 
 

Aβ1-40 DAEFR HDSGY EVHHQ KLVFF AEDVG SNKGA IIGLM VGGVV  

Aβ1-42 DAEFR HDSGY EVHHQ KLVFF AEDVG SNKGA IIGLM VGGVV IA 

Aβ1-43 DAEFR HDSGY EVHHQ KLVFF AEDVG SNKGA IIGLM VGGVV IAT 

Aβ3-40      EFR HDSGY EVHHQ KLVFF AEDVG SNKGA IIGLM VGGVV  

Aβ3-42      EFR HDSGY EVHHQ KLVFF AEDVG SNKGA IIGLM VGGVV IA 

Aβ3-43     EFR HDSGY EVHHQ KLVFF AEDVG SNKGA IIGLM VGGVV IAT 

Aβ3(pE)-42   pEFR HDSGY EVHHQ KLVFF AEDVG SNKGA IIGLM VGGVV IA 

Residue 

N. 

 1  6  11  16 21  26 31  36 41 

 

1.9 The structure of Aβ40 fibrils grown in vitro  

The inherent heterogeneity of Aβ40 fibrils made elucidating the underlying β-sheet 

structure difficult for many years.82 Some constraints could be placed on the fibril 

structure based on the diameter of fibrils (as measured by EM and atomic force 

microscopy (AFM)) and, given that it was amyloid, it was known that some, or all, of the 

backbone amides must be engaged in hydrogen bonding.82–84 Studies undertaken by 

Wetzel and co-workers, using proteolytic digestion and hydrogen-deuterium exchange 

(HDX) mass spectrometry demonstrated that not all of the residues were engaged in 

hydrogen bonding, with the N-terminal residues (up to K16) prone to both exchange 

and proteolytic degradation.83,84 The use of solid-state nuclear magnetic resonance 

(ssNMR) spectroscopy by Tycko and co-workers has allowed a model of Aβ40 fibrils to 

Table 1.  The amino acid sequence of Aβ variants that have been identified in vivo. 
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be established (when incubated under agitated conditions).85–87 In this model, the N-

terminal region (residues 1 – 10) is flexible, with two parallel, in-register β-sheets (12 – 

24 and 30 – 40) connected by a flexible turn region (25 – 29) and a salt bridge between 

D23 and K28 (Figure 11a).86,87 Two cross-β units (i.e. two Aβ40 peptides) form the 

observed diameter for Aβ40 fibrils. One notable feature of Aβ40 is the polymorphism 

displayed by the fibrils when incubated under different conditions.88,89 In the second 

model, formed when Aβ40 is grown under quiescent conditions has three Aβ40 peptides 

making up the monomeric unit, with the same in-register parallel β-sheet structure 

observed when incubated under quiescent conditions (Figure 11b).90 When viewed by 

EM, the fibrils grown under quiescent conditions appear as twisted helical structures. 

Another model has been proposed by Bertini and co-workers, closely resembling the 

underlying fibril structure that Aβ40 forms under agitated conditions, however, the β-

sheets now constitute residues 11 – 23 and 31 – 40.91  

 

1.10 The structure of Aβ42 fibrils grown in vitro  

Although Aβ40 forms at least three fibril polymorphs, the underlying β-sheet 

arrangement stays relatively consistent (Figure 11).90–92 This is not the case for Aβ42, in 

which a number of different underlying structures have been proposed, using both 

ssNMR and cryo-EM.93–96 The ssNMR structure of Aβ42, proposed by Ishii and co-

workers, contained three parallel, in-register β-sheets (residues V12 – F20, N27 – I32 

Figure 11. The underlying fibril structures of Aβ40 grown in vitro under either agitated (a, 

“striated ribbon”, PDB: 2LMN, adapted from reference 90) or quiescent conditions (b, “twisted 

helical”, PDB: 2LMP, adapted from reference 90). The β-sheets are coloured in red, any 

residues involved salt bridge interactions are highlighted in blue and the central region Aβ16-22 is 

highlighted in green. Images were created with Pymol, 2018. 

a b 
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and V36 – I41) connected by two loop regions (A21 – S26 and G33 – M35) with a salt 

bridge between K28 and the C-termini of A42 (Figure 12a).93 In contrast, Riek and co-

workers proposed a structure in which each Aβ42 has five in-register, parallel β-sheets 

that wind around two hydrophobic cores in a double horseshoe arrangement, with 

significant stabilisation coming from ladders of N and Q residues running down the axis 

of the fibril (Figure 12b).94 Two other proposed fibril structures can be seen in Figures 

12c and d.95,96 Despite these differences, all of these structures bury the hydrophobic 

C-termini residues within the core of the fibril, confirming the importance of these 

a b 

c d 

Figure 12. The different models of Aβ42 fibrils grown in vitro. (a) PDB: 2MXU; adapted from 

reference 93, (b) PDB: 2NAO; adapted from reference 94, (c) PDB: 5OQV; adapted from 

reference 95, the different shades of blue indicate that multiple salt bridge interactions are 

formed in this structure and (d) PDB: 5KK3; adapted from reference 96. Red indicates β-

sheet structure, blue indicates residues that are involved in salt bridge interactions, orange 

indicates the N and Q ladders and green represents Aβ16-22. Images were created with 

Pymol, 2018.  
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residues for the aggregation propensity of Aβ42.
69

  

 

1.11 The structure of Aβ fibrils in vivo 

Understanding the underlying fibril structures formed by Aβ40/42 in vitro is important in 

order to build up a molecular picture of the self-assembly process, however, they may 

differ significantly from the structures formed in vivo. As such, studies that can extract 

and isolate Aβ from tissue samples and elucidate structural information are highly 

valuable. Tycko and co-workers developed an approach whereby they can seed 15N 

and 13C labelled Aβ40/42 with extracts from patients with AD followed by structural 

characterisation by ssNMR.97,98 Using this method, they demonstrated that, when 

seeding labelled Aβ40 with tissue from two different AD patients, a single predominant 

Aβ40 polymorph was present in each case.97 The fibrils formed from each patient had 

different structures, with both of these structures being different to those seen in vitro 

(Section 1.10). One of these fibril polymorphs was analysed further and was shown to 

have parallel, in-register β-sheets with three-fold symmetry down the long axis of the 

fibril (stabilised by a salt bridge between D23 and K28, Figure 13). Novel features of 

this structure included a twist in residues 19 – 23 (such that F10 and E22 are buried 

into the fibril core) and a kink at G33, allowing the side chains of I32 and L34 to point in 

different directions. This work was extended by taking thirty-seven tissue samples from 

eighteen patients with different types of AD: rapidly progressing (r-AD), posterior 

cortical atrophy (PCA-AD) and typical prolonged-duration (t-AD).98 In this work, the 

authors found that a single predominant form of Aβ40 was the most abundant in 

patients with PCA-AD and t-AD, whereas those with r-AD had Aβ40 with significantly 

higher proportion of additional structures. Aβ42 also demonstrated much more 

heterogeneity, with at least two prevalent structures being observed in the tissues.  
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1.12 Amyloid aggregation kinetics   

A characteristic of amyloid self-assembly is the sigmoidal growth curve observed using 

dyes, such as Thioflavin-T (ThT), that bind quantitatively to amyloid fibrils.99–103 In these 

assays, Aβ displays a sigmoidal growth curve with three distinct phases: a lag phase, 

exponential growth phase and (if in a system with a defined monomer concentration) a 

plateau (Figure 14a).100,104,105 This curve shape is associated with a nucleated growth 

mechanism.104–106 Aβ is an intrinsically disordered peptide that initially starts in solution 

as a monomer. If the peptide is below the critical concentration for self-assembly, Aβ 

will stay as a homogenous monomeric solution indefinitely, due to the high kinetic 

barriers associated with oligomer formation.106,107 The spontaneous coalescence of 

these peptide monomers is highly unlikely and, as such, growth must occur via the 

formation of critical nuclei (when the total peptide concentration is above the critical 

concentration, Figure 14b). A nucleus can be defined as the smallest aggregate that is 

stable enough such that it would rather grow than dissociate back into its constituent 

monomers. Small aggregates that have not reached this size are likely to dissociate, 

due to the high interfacial energy between the aggregate and the aqueous 

environment.106. This process, in which monomeric peptide units come together to form 

a nucleus is termed primary nucleation.105,106 Primary nucleation can be homogeneous 

(i.e. occurs in bulk solution) or heterogeneous (i.e. occurs at a foreign surface) and its 

rate is solely dependent on the initial monomer concentration. The formation of nuclei 

is an obligatory step on the reaction pathway and nuclei occupy the highest point on 

the free energy landscape. It should be noted that the lag phase does not correlate 

Figure 13. The ssNMR structure of Aβ40 fibrils that have been seeded from AD brain tissue 

(PDB: 2M4J; adapted from reference 97). Red indicates β-sheet structure and green 

indicates Aβ16-22. Image created using Pymol, 2018. 
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with the formation of nuclei, as this process occurs throughout the course of the 

reaction. Once the nuclei have gone on to form oligomers and then fibrils a variety of 

secondary pathways can occur: elongation, fragmentation and secondary 

nucleation.105,106 It should be noted that these secondary processes can occur after the 

formation of a nucleus, however, as ThT measures fibrillar content, for clarity, the 

discussion around secondary pathways will refer to either monomers or fibrils as the 

dominant species contributing to the kinetic mechanism. 

 

1.12.1 Elongation 

Elongation, whereby soluble peptides add onto fibril ends, is the primary mechanism 

for the growth of amyloid fibrils (Figure 15a).108 If the soluble peptide is monomeric, this 

process has been shown to have first order kinetics with respect to the concentration of 

both monomers and fibrils and, as such, is generally thought to proceed through a two-

step mechanism.109 In this mechanism, the soluble peptide initially docks on the end of 

the fibril, prior to undergoing a rearrangement step and being fully incorporated into the 

fibril structure. This mechanism is supported by the experimental observation that 

elongation can become saturated at high monomer concentrations as well as MD 

simulations exploring this process (Figure 15b).108,110 

 

 

 

 

Figure 14. The sigmoidal growth curve of amyloid peptides such as Aβ (a) and a simplified 

reaction network of the microscopic processes involved in aggregation (b). Inset shows 

negative stain TEM image of Aβ16-22 (unpublished data). 

 

a b 
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1.12.2 Surface catalysed secondary nucleation 

Secondary nucleation is defined as a process whereby monomers form a nucleus on 

the surface of a preformed aggregate that consists of the same monomeric building 

blocks (distinguishing it from heterogeneous primary nucleation).106 Secondary 

nucleation can be thought of as having three steps: monomer attachment (the rate of 

which is monomer dependent), formation of nuclei on the fibril surface followed by the 

loss of the nuclei from the fibril surface (the rate of both steps in monomer 

independent, Figure 16a). As with elongation, this process is sensitive to both 

monomer and fibril concentration and can become saturated at high monomer 

concentrations.102,106 If the concentration of monomers is such that the fibril surface is 

consistently filled then the rate-determining step will be the detachment of the nuclei 

from the fibril surface (Figure 16b). Although noted as a key driver of amyloid kinetics, 

the underlying molecular mechanism of this process is still not fully understood.106 For 

example, it is not known whether, after binding to the surface, the monomers form 

oligomers that can go on and catalyse reactions (i.e. formation of nuclei on the surface) 

or whether they exit the surface as disordered oligomers that then undergo a 

rearrangement step (i.e. formation of nuclei in solution). Furthermore, it is not known 

whether secondary nucleation occurs as a diffuse process (i.e. all over the fibril 

surface) or whether it occurs at specific sites. Experimental observations would seem 

to indicate a high degree of structural similarity is needed for secondary nucleation (i.e. 

Aβ40 fibrils cannot seed Aβ42 growth) and may therefore occur at specific sites on the 

fibril surface.106,111  

Figure 15. Simplified schematic of fibril elongation (a). Under high monomer concentrations, 

this process can become saturated, causing the rearrangement step to become rate 

determining (r.d.s., b). Red circles = monomer, red block = fibrils/oligomers. 

 

a 

b 
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1.12.3 Fragmentation 

Fragmentation is the process by which a single fibril breaks down into fibrils of shorter 

length, increasing the aggregate mass exponentially (Figure 17).108,112 As a single fibril 

has two ends (by which it can potentially grow through elongation, see above, and a 

surface on which other monomers can then nucleate) however, when it breaks down 

into two smaller fibrils there are now potentially four ends on which new monomers can 

add. As fragmentation is solely based on the concentration of fibrils, this process can 

be considered to be monomer independent.100,108 For Aβ, fragmentation has been 

shown to be negligible under quiescent conditions, whereas for prion proteins 

fragmentation is key, even impacting on whether or not a strain is infectious.102,113,114 

 

 

 

 

 

 

 

 

Figure 16. Simplified schematic of surface catalysed secondary nucleation (a). Under high 

monomer conditions, this process can become saturated, causing the rearrangement step to 

become rate determining (r.d.s., b). Red circles = monomer, red block = fibrils/oligomers. 

 

a 

b 

Figure 17. Simplified schematic of fibril fragmentation. 
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1.12.4 The role of seeding in understanding amyloid assembly mechanisms 

Given the complex nature of amyloid self-assembly reactions (in which there are 

multiple molecular processes all contributing to aggregate growth) strategies are 

needed that can help to isolate certain pathways. A powerful method with which to do 

this is by taking preformed fibrils (referred to as “seeds”) and introducing them into the 

pool of monomers (Figure 18a).100,105 Seeding a reaction with preformed fibrils 

bypasses the slow primary nucleation step (effectively lowering the kinetic barrier to 

aggregation), allowing the reaction to proceed through secondary processes 

(described above). At high seed concentrations the overall rate of aggregation has 

been shown to be dominated by elongation (as there are now a significant number of 

fibril ends introduced into the reaction, Figure 18b).100 At low seed concentrations 

however, the rate is dominated by surface catalysed nucleation (as there is now a 

lower end to surface area ratio, Figure 18b).100  

Figure 18. The effect of seeding on an amyloid self-assembly reaction. By introducing 

preformed fibrils (i.e. seeds, red) the rate of aggregation can be dramatically increased 

compared to when a seed is absent (blue, a). Under low seed concentrations (<5%) surface 

catalysed mechanism dominates, whereas at high seed concentration (>20%) elongation 

dominates (b). 

 

a 

b 
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1.13 The underlying kinetic mechanism of Aβ40/42 amyloid formation 

The microscopic processes important for the self-assembly of Aβ42 were uncovered in 

a series of elegant studies performed by Linse, Dobson and Knowles in which they 

established that Aβ42 aggregation is dominated by secondary nucleation.102 Three lines 

of evidence supported this conclusion: global kinetic analysis of Aβ42 aggregation 

under a variety of regimes, the influence of seeding on Aβ42 aggregation, and assays 

using radiolabelled peptides. The global kinetic analysis demonstrated that no models 

for fragmentation/primary nucleation would fit the observed rate of fibril formation, 

however, a model that included primary nucleation, secondary nucleation and fibril 

growth did fit the kinetic analysis. This was confirmed via seeding experiments with the 

addition of preformed Aβ42 seeds having a dramatic effect on the rate of aggregation. 

Experiments in which preformed Aβ42 seeds were added to a pool of radiolabelled Aβ42 

monomers demonstrated that the aggregates formed were solely formed from 

monomers that had nucleated on the fibril surface, rather than an elongation based 

mechanism (where a mixture of unlabelled and labelled would be expected). These 

authors extended this work by comparing the fibril formation kinetics of Aβ40 and Aβ42, 

demonstrating that although the dominant mechanism was still secondary nucleation, 

the rate constants for all processes were smaller for Aβ40 relative to Aβ42.
115 In 

particular, the contribution of primary nucleation to Aβ40 aggregation was reduced by 

an order of magnitude, indicating a much higher kinetic barrier to Aβ40 aggregation. 

After establishing the mechanism of Aβ aggregation, including a mathematical 

description of the microscopic processes, the authors then moved on to characterise 

the thermodynamic parameters for each process.116 Surprisingly, this analysis 

demonstrated that secondary nucleation has a different thermodynamic signature, 

namely that it has a favourable enthalpy of activation and unfavourable entropy. In 

contrast, primary nucleation and elongation demonstrated the reverse, with a 

favourable entropy of activation and unfavourable enthalpy. 
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1.14 Understanding the structural changes that occur during amyloid assembly 

The above sections have described the extensive work performed in order to 

understand the overall kinetics, thermodynamics and structural end-points of amyloid 

self-assembly. Despite this work, a significant gap still exists in our knowledge: 

characterisation in molecular detail of the structural transitions that occur during the 

early stages of aggregation. This task represents a challenge to the standard 

techniques used in the biological sciences, such as NMR, CD and IR, as these 

techniques all give population average data. It is well known that fleeting structural 

intermediates, such as the intermediary IT state in β2-microglobulin, can have a 

Figure 19. The evidence for surface catalysed secondary nucleation  being the driver of 

Aβ42 aggregation. Using a global kinetic analysis, Knowles, Dobson, Linse and co-workers 

demonstrated that a primary nucleation (1) and fragmentation (2) mechanism did not fit with 

the observed rate of Aβ42 aggregation (top), whereas a model with primary nucleation (1), 

surface catalysed secondary nucleation (3) and elongation (4) does fit (bottom). The 

dramatic effect of self-seeding also supported the role of secondary processes in the 

aggregation rate of Aβ42 (b). When introducing Aβ42 fibrils into a pool of radiolabelled 

monomers, the aggregates that are formed are solely formed from the radiolabelled 

monomers, indicating that surface catalysed surface nucleation is the dominant driver of  

Aβ42 aggregation (c). 

 

a b 

c 
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significant impact of the overall aggregation of the system. As such, techniques that 

can trap and analyse these structural intermediates, particularly techniques that can 

then relate these changes to time will be important in fully understanding this complex 

biological process.  

 

In Chapter 2, the aggregation of model peptide (Aβ16-22) that incorporates the FF motif 

and forms the central hydrophobic core region of the Aβ sequence, was studied. The 

kinetic mechanism was established using fluorescence quenching experiments and an 

EM time course, allowing the use of photo-induced cross-linking (PIC) and electrospray 

ionisation-ion mobility spectrometry-mass spectrometry (ESI-IMS-MS) to capture the 

structural transitions that occur during the early stages of aggregation. These 

experimental insights were compared with a discontinuous molecular dynamics (DMD) 

simulation that visualised the entire process. By combining the experimental data and 

the simulations, the early stages of aggregation can be studied at the molecular level. 

 

Using model peptides, such as Aβ16-22, allows techniques and methodologies to be 

developed that can in turn be used to explore larger, or more complex, aggregating 

systems. As Aβ16-22 represents the core region of the full length sequence, in Chapter 

3, the aggregation behaviour of Aβ40 was assessed is the presence of Aβ16-22, extended 

the experimental and in silico approaches in Chapter 2. The effect of Aβ16-22 on Aβ40 

aggregation was explored using Thioflavin-T (ThT) experiments, demonstrating that the 

aggregation rate of Aβ40 is increased in the presence of Aβ16-22. Fluorescence 

quenching experiments were then performed highlighting that under these conditions 

Aβ16-22 aggregates quickly and is unaffected by the presence of Aβ40. The use of 

seeding experiments identified that it was the fibrillar form of Aβ16-22 that had the most 

impact on the rate of aggregation, despite the identification of heteromolecular 

oligomers (observed using ESI-IMS-MS). Finally, a combination of PIC experiments 

and EM experiments confirmed that majority homomolecular fibrils are formed at the 

end of the self-assembly reaction, confirming that Aβ16-22 increases the aggregation 

rate of Aβ40 via a surface catalysed secondary nucleation mechanism. The combined 

experimental and DMD approach used in Chapter 2 was then applied to the mixed 

aggregation system, allowing the proposed mechanism to be understood at the 

molecular level, with particular focus on understanding the structural changes that 

occur during surface catalysed nucleation. 
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Chapter 2:  
Using photo cross-linking to understand the 
self-assembly of Aβ16-22 
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2.1 Using peptide fragments to understand self-assembly  

Self-assembling peptides can be difficult to study in vitro due to their hydrophobicity 

and propensity to aggregate spontaneously. Due to this, shorter synthetic peptide 

fragments from longer amyloidogenic sequences offer convenient model systems with 

which to explore peptide self-assembly.1,2 A case in point is the GNNQQNY sequence, 

taken from the prion-determining domain (PrD) of the 635 residue Sup35 yeast 

protein.2–4 Eisenberg and co-workers established in 2001 that, in aqueous conditions, 

this sequence self-assembled into highly ordered fibril structures that displayed the 

characteristic cross-β X-ray diffraction pattern of amyloid peptides.2 The short nature of 

GNNQQNY made the formation of micro-crystals suitable for electron diffraction 

possible, demonstrating that the underlying parallel in-register β-sheet structure formed 

a steric zipper with a dry interface between the inter-digitated side chains.3 The power 

of this approach was highlighted further when the atomic structure of micro-crystals 

from the peptide VQIVYK (from the tau sequence) was solved, informing the structure-

based design of full-length tau inhibitors.4,5 GNNQQNY clearly demonstrates that 

peptide fragments can be useful models of longer amyloid sequences, revealing atomic 

level information that may otherwise be unavailable due to the flexibility of longer 

peptide chains. The short nature of peptide fragments also lends them to the 

development of new methods to study self-assembling peptides, such as photo-

crosslinking and molecular dynamics simulations.6–8 

 

2.2 Amyloid-β16-22 (Aβ16-22): A model peptide fragment 

One the most widely studied amyloidogenic fragments is Aβ16-22 (9), a synthetic seven-

residue peptide that forms the central fibril-forming region of the Aβ sequence (Figure 

20).1 Aβ16-22 is a small fragments of Aβ that forms fibrils with a cross-β structure and 

can be readily synthesized readily using solid-phase peptide synthesis (SPPS).1 

Substitutions within this region of full-length Aβ peptide have been shown to affect its 

aggregation propensity significantly, both in vitro and in vivo, highlighting the 

importance of the motif.9–11 These factors make Aβ16-22 an ideal model with which to 

explore the properties of this region from the full-length Aβ sequence. The noted ability 

of Aβ16-22 to form a range of supramolecular structures at different pH values further 

highlights the value of using Aβ16-22 to understand the fundamental molecular 

mechanisms of peptide self-assembly.12,13 
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2.2.1 Aβ16-22 polymorphism and underlying β-sheet structure 

Tycko and co-workers used ssNMR, transmission electron microscopy (TEM) and X-

ray diffraction to establish that at neutral pH Aβ16-22 forms in-register, antiparallel fibril 

structures that displayed green birefringence when bound to Congo Red (Figure 21a).1 

In X-ray diffraction experiments the fibrils displayed periodic reflections at 4.9 and 9.9 Å 

(characteristic of the spacing between β-strands and β-sheet layers respectively). 

Average fibril lengths were between 300 - >8000 Å and the average diameter of the 

fibrils was 100 – 200 Å. These fibrils consisted of smaller filaments with an average 

diameters of 50 Å. Given that a monomeric Aβ16-22 peptide in a fully extended β-sheet 

conformation would be approximately ~25 Å, some form of higher order lamination 

must occur to account for the observed diameters. 

Figure 21. The supramolecular structures formed by Aβ16-22 at different pHs. At neutral pH 

(a), Aβ16-22 forms rope-like fibrils whereas at acidic pH (b) Aβ16-22 forms hollow nanotubes 

and helical ribbons. Scale bar = 200 nm. TEM images were taken by the author. 

 

a b 

Ac – K – L – V – F – F – A – E – CONH2 

Figure 20. The amino acid sequence and molecular structure of Aβ16-22 (9), small numbering 

refers to the full-length Aβ sequence). 
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Lowering the pH to acidic conditions (pH 2) neutralises the negative charge on the E 

residue of Aβ16-22, leading to a switch in the supramolecular structure formed by Aβ16-

22.
12,14 Rather than the fibril structures seen previously, after 20 h incubation wide 

sheet-like structures can be observed that are 130 nm wide and 4 nm thick.12 These 

structures transition into twisted helical ribbons after a further 10 h incubation (width 95 

± 5 nm and average length >10 μm, measured by AFM) that small-angle X-ray 

scattering (SAXS) and small-angle neutron scattering (SANS) experiments indicate are 

formed by monodisperse hollow nanotubes collapsing on the surface of the grids 

(Figure 21b). These experiments indicated that the walls of the nanotube are formed of 

a Aβ16-22 bilayer (4 nm thick) with the radius of the nanotube given as 26 nm.12,14 Initial 

data suggested that an antiparallel, in-register β-sheet alignment was present, 

however, later NMR studies suggested that an out-of-register antiparallel orientation 

domintated.14 At basic pH (pH 12) Aβ16-22 has been shown to form wide nanotapes that 

are similar in morphology to those formed at pH 2 but are wider in diameter and much 

more polydisperse (300 ± 100 nm).15 

 

These different underlying β-sheet structures give rise to different driving forces of self-

assembly (Figure 22).14,16,17 In the in-register alignment, Aβ16-22 presents one polar face 

(with all K/E residues on the same face, Figure 22a). This alignment is thus stabilised 

by the formation of salt bridges at both termini of the peptide dimer. An out-of-register 

alignment places the same residues on both faces of the peptide (i.e. both faces are 

symmetrical, Figure 22b). Stabilisation in this alignment now comes from V/A side 

chain packing and the multiple sheet-sheet stacking interactions available due to the 

symmetrical nature of the faces. Amino acid substitution experiments elegantly 

demonstrate this subtle difference. An E22L mutant of Aβ16-22 forms nanotubes at 

neutral pH, highlighting the importance of the salt bridge interaction in driving the fibril 

structure.14 The role of the FF motif has been shown to be key to the kinetics of 

aggregation and thermodynamic stability of peptide assembly, with increasing 

hydrophobicity and steric volume having a notable effect at position 19.7,16,17 The 

nanotube morphology can also be disrupted by the substitution of the FF motif, 

confirming its important role in stabilising this morphology through cross-strand 

pairing.14 
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2.2.2 The structural transitions that occur during Aβ16-22 self-assembly 

Understanding the transitions that occur during Aβ16-22 self-assembly is the ultimate 

goal of studying these systems. Petty and Decatur used isotope-edited IR to establish 

that at neutral pH, Aβ16-22 forms an initial β-strand alignment that is not identical to the 

final equilibrium alignment, i.e. there is some β-sheet reorganisation during the self-

assembly process.18 Lynn and co-workers demonstrated that, at both acidic and neutral 

pH, Aβ16-22 passes through an intermediary out-of-register ribbon-like structure.13 The 

time taken to reach the final fibril alignment (measured by far-UV CD) was different at 

each pH: at neutral pH Aβ16-22 reached a plateau after 5 days whereas at acidic pH a 

lag phase of 4 days was observed, with the final plateau being reached after 10 days 

(Figure 23a).13 Initially Aβ16-22 has been shown to form micrometre sized particles with 

a high concentration of peptides in a liquid-like state.19,20 These particles are 

metastable (containing around 20 – 33% β-sheet content) and can transition into 

nanotubes or fibrils with the correct changes in temperature and pH (Figure 23b). In all 

cases, it should be noted that changes in temperature, concentration and ionic strength 

can have a significant impact on the kinetics of Aβ16-22 aggregation.12,13,16,19 

 

 

 

 

a b 

Figure 22. The underlying β-sheet alignment of Aβ16-22 at different pHs. At neutral pH (a) 

Aβ16-22 has an in-register, antiparallel alignment whereas at acidic pH (b) Aβ16-22 is thought to 

adopt an out-of-register, antiparallel alignment. 
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2.3 The application of molecular dynamics simulations to Aβ16-22 

The transient intermediates formed during the early stages of peptide self-assembly 

can be difficult to characterise experimentally. By contrast this experimental challenge 

makes these systems well suited to the application of MD simulations.8,21–23 The first 

studies, carried out by Klimov and Thirumali, demonstrated that monomeric Aβ16-22 

preferentially adopts either a random coil or extended β-strand conformation.21 These 

structures then progress through an obligatory α-helical intermediate prior to forming 

stable antiparallel, in-register oligomers. Later studies also observed that Aβ16-22 

monomers are primarily in random coil conformations, although the presence of an α-

helical intermediate was disputed.22,23 These simulations also highlighted the complex 

pathways that Aβ16-22 accesses during the self-assembly process and that the 

antiparallel, in-register structure is the preferred structure due to its stability (Section 

Figure 23. The transitions that Aβ16-22 undergoes during aggregation. At neutral pH (a) Aβ16-22 

passes through an out-of-register intermediate, prior to forming in-register, antiparallel β-sheets. 

The aggregation of Aβ16-22 can be understood to be a hierarchal network of phases (b). Adapted 

from (20).  

 

a 

b 
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2.2.1). Hall and co-workers performed the most informative simulations involving Aβ16-

22, by using their Protein Intermediate-Resolution Model (referred to as PRIME20) in 

combination with a coarse-grained discontinuous molecular dynamics (DMD) 

simulation approach (for a detailed description of this study see the next page).8,24,25 

 

MD simulations explore dynamic systems by calculating (using Newton’s equations of 

motion) the trajectories of particles within a system.26,27 Properties of the system in 

question are then assessed by observing the averages of the particles’ trajectories. In 

DMD, the interactions between the particles are based on hard spheres (i.e. they can 

collide with each other but not overlap).27 As stated by Newton’s equations of motion, a 

particle will stay on the same trajectory at constant velocity until another force (e.g. a 

collision with another particle) acts upon it. In DMD simulations this is referred to as an 

event, with the simulation progressing on an event-by-event basis (e.g. an event is 

located, the simulation progresses to that point in time and the dynamics of the system 

are then recalculated). As the time steps are variable and solely driven by events 

occurring in the system, the computing power needed to model large systems on long 

time scales is reduced.27 The implicit solvent PRIME20 model complements this 

approach by providing an intermediary description of peptide structure.25 In the model, 

each amino acid residue is treated as four solid spheres, one for each NH, CαH and 

CO bond and one for the side chain. Each amino acid is then classified into 1 of 14 

groups based on size, polarity, hydrophobicity, charge and potential for side chain 

hydrogen bonding. To ensure that the peptide backbone forms the correct geometry, 

pseudo-bonds can be imposed around the Cα-Cα vector.25 In this approach, periodic 

boundary conditions are also imposed. The suitability of this combined approach has 

been demonstrated by exploring the self-assembly of polyalanine, tau peptide 

fragments, the structural conversion of longer peptides such as Aβ17-42, and the 

interaction of a variety of inhibitors with Aβ17-36.
24,28–30 

 

Hall and co-workers demonstrated that 48 Aβ16-22 peptide monomers have different 

self-assembly mechanisms depending on the temperature at which the simulation is 

performed.8 At high temperature, Aβ16-22 starts as monomeric random coils that then 

progress to a number of unstable structures (such as disordered aggregates and single 

β-sheet layers), eventually forming a stable fibril nucleus. This nucleus can then grow 

through either monomer addition, random attachment followed by structural 

reorganisation, or the formation of a secondary nucleus that adds on to the pre-existing 

nucleus. Given the presence of a lag phase followed by growth from a stable nucleus, 

the authors referred to the mechanism as “nucleation followed by templated growth” 
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(Figure 24a).8 At low temperature, however, self-assembly initially starts with a 

hydrophobic collapse, followed by oligomeric merging of partially ordered protofilament 

structures before proceeding to the highly ordered antiparallel, in-register β-sheet 

structure (Figure 24b). It should be noted that the stable structures form the highly 

interdigitated steric zippers observed by Eisenberg and co-workers, confirming that this 

approach not only allows the atomistic visualisation of the early events in self-assembly 

but also returns experimentally valid results.3 

 

2.4. Photo-induced cross-linking (PIC) 

Fleeting meta-stable states often play key roles in peptide self-assembly.31 Techniques 

that can capture these states as they occur, such as photo-induced cross-linking (PIC), 

are highly valuable.32,33 Using photo-reactive groups not only allows non-covalent 

connectivity to be translated into a stable covalent form, but also allows any structural 

changes to be related to time. The wide range of cross-linking reagents, from those 

that generate reactivity in unmodified proteins to functionalised amino acid residues, 

Figure 24. The different Aβ16-22 self-assembly pathways observed by Hall and co-workers. At 

higher temperatures (a) Aβ16-22 undergoes a nucleation and template growth mechanism 

whereas at lower temperatures, Aβ16-22 undergoes hydrophobic collapse followed by the 

formation of multiple nuclei and then oligomeric merging (b). At the end of both pathways, 

Aβ16-22 forms an antiparallel, in-register structure. 

 

b 

a 
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can be used to provide structural insights at both the residue and quaternary level both 

in vitro and in vivo.7,34–36 A general schematic of the PIC strategy can be seen in Figure 

25. Given the wide range of cross-linking agents available, matching the right cross-

linking reagent to the biological system and type of data required is essential. Table 2 

compares the properties of some commonly used cross-linking reagents.33,37 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 25. General schematic of a PIC study. Cross-linking experiments can use reagents 

that have been introduced to a peptide/protein through either solid phase peptide synthesis or 

other recombinant methods and, upon irradiation, react with proteins/peptides that are in 

close contact. Digestion and tandem MS/MS sequencing can then locate the cross-links, 

allowing structural information about the system to be gained.  
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Some of the most commonly used non-native PIC reagents are based on 

diazirine/diazo moities, due to their favourable photochemical properties and the high 

reactivity of the associated carbene (Figure 26a).33,38–40 Diazirines (10) are three-

membered heterocycles that upon irradiation at 365 nm can either extrude molecular 

N2 and generate a carbene (11) or interconvert stochastically to the linear diazoisomer 

(Figure 26b).41,42 The diazoisomer is much longer lived than the carbene and is prone 

to form carbocations that react preferentially with nucleophiles, biasing the cross-linked 

products formed in these reactions.33,43 The carbene that is formed reacts on a 

nanosecond timescale and has a triplet ground state, although cross-linking reactions 

in neat solvents have confirmed that in solution the high energy singlet state dominates 

(12).33,44,45  
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formation of 

diazoisomer can 

bias XL               

results 

Table 2. Summary of some commonly used non-native PIC reagents, including aryl azides, 

benzyl ketones (such as benzophenone) and diazirines. XL stands for cross-link, Nu stands 

for nucleophile. Adapted from references (33, 37). 
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A number of diazirine PIC reagents are available, both aliphatic (13 and 14) and 

aromatic, including functionalised amino acids (15 – 16).35,43,45,46 The substituents on 

either side of the diazirine can have a significant impact on the photochemistry of 

reagent, in turn impacting on the cross-linked products. Aliphatic diazirines are often 

used due to their small size.43 However, significant drawbacks are associated with their 

use, including alkene or ring formation and significant diazoisomer formation.43,45 

Richards and co-workers developed 3-trifluoromethyl-3-phenyldiazirine (TFMD), 

affording a PIC reagent with excellent stability to pH, temperature and ambient light.45 

The triflouromethyl group aids the stability of the diazoisomer, whilst the aromatic 

group helps to stabilise the singlet carbene.33,45 Fishwick and co-workers developed a 

synthesis that combined TFMD and Phe, extending the use of this reagent for 

biological systems significantly (17).46 

 

 

 

 

Figure 26. Diazirine reagents and their photochemistry. Upon irradiation at 365 nm, the 

diazirine ring extrudes molecular N2 and generates a highly reactive carbene that can react 

indiscriminately on a nanosecond timescale (a). A wide range of diazirine based reagents, 

including functionalised amino acids, are synthetically available (b). 

 

a 

b 
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2.5 Mass Spectrometry as a tool to explore biological systems 

Mass spectrometry is a powerful analytical technique that can identify gas phase ions 

based on their mass-to-charge (m/z) ratio.47 The development of soft-ionisation 

techniques such as electrospray ionisation (ESI) and matrix-assisted laser desorption 

ionisation (MALDI), has expanded the use of mass spectrometry from the study of 

small organic molecules to large biological complexes.48–50 Soft-ionisation techniques 

are so called as they produce little or no fragmentation in the sample. Mass 

spectrometry offers many advantages over other analytical techniques (e.g. NMR or 

ITC) including the low amounts of sample required (pmol vs μmol/mmol), high 

sensitivity and the ability to analyse complex heterogeneous mixtures without prior 

separation. Fundamental biophysical values such as binding constants can also be 

elucidated.48 When combined with other techniques (e.g. ion mobility spectrometry 

(IMS) and tandem MS/MS sequencing), mass spectrometry can provide detailed 

information about biological systems, such as identifying fleeting co-assembled 

oligomers in islet amyloid polypeptide (IAPP) self-assembly.36,48,51 

 

2.6 The mechanism of ESI 

In ESI the sample can be taken directly from solution and transferred into the gas 

phase, preserving non-covalent interactions.50 This offers an advantage compared with 

MALDI, as it can take large biomolecules straight from solution into the gas phase (the 

mechanism is outlined in Figure 27).49,50,52 The sample is dissolved in a volatile buffer 

and passed down a capillary with a coaxial nebulising gas. A voltage is passed across 

the tip of the capillary, causing the sample to be ejected as highly charged droplets. A 

drying gas (such as N2) assists the process of solvent evaporation, reducing the size of 

the droplets until the sample is transferred into the mass spectrometer as a highly 

charged ion. Nano-ESI (nESI) works on the same principle but with increased 

sensitivity and a lower flow rate, making it more suitable for larger protein complexes.48 

ESI often produces multiply charged species whereas other techniques, such as 

MALDI, tend to generate singly charged ions.49 
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2.7 Ion mobility spectrometry (IMS) 

In peptide self-assembly reactions there can often be (a) multiple species that have the 

same mass, and/or m/z ratio or (b) species with multiple conformations.51 Methods, 

such as IMS, that separate ions based on their gas phase conformation (i.e. in terms of 

shape and size) as well as m/z ratio can provide vital information on the underlying 

mechanism of self-assembly.53–55 Following ESI, but prior to introduction into the 

analyser region of the mass spectrometer, the ions are passed through a drift tube 

filled with an inert buffer gas (N2 or Ar). As ions pass through the drift tube, collisions 

with the buffer gas cause them to separate based on their gas phase conformation, 

giving each ion a unique drift-time (tD, usually measured in milliseconds, Figure 27). 

This drift-time can be related to the ion’s collision cross-section (CCS) by comparing it 

with known standards.56 As such, small changes in transient populations can be 

identified within complex mixtures, something that may not be possible with other 

techniques. ESI-IMS-MS has been used to demonstrate that Aβ42 forms a dodecameric 

species in solution (whereas Aβ40 does not) and that the tetramers formed by each 

peptide have different conformations, providing insight into why the peptides have 

different aggregation propensities, as well as identifying different modes of inhibitor 

binding to IAPP.57,58  

 

 

Figure 27. The mechanism of electrospray ionisation. The voltage passed across the tip of the 

capillary ejects the analyte as highly charged droplets. As the droplets travels towards the mass 

spectrometer, a drying gas aid the evaporation process. Eventually, the size of the droplet 

reduces such that the analyte remains as a highly charged ion. Adapted from (50). 
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2.8 Using PIC in combination with ESI-IMS-MS 

Combining the ability of PIC to encode supramolecular connectivity into a stable 

covalent form with the separative power of ESI-IMS-MS affords a technique that is able 

to explore peptide self-assembly in a unique manner (Figure 29).6,7 Wilson and co-

workers used TFMD-Phe to explore the underlying β-sheet structure of Aβ16-22 

polymorphs at both pH 2 and pH 7 (after 2 weeks incubation).7 By placing the PIC 

reagent within the peptide structure (using SPPS), the cross-linking reaction is not 

limited by diffusion. The structural heterogeneity of the cross-linked products should 

also be reduced, allowing more facile identification by tandem MS/MS sequencing.33 

Tandem MS/MS sequencing is a technique that can be used to identify modifications to 

individual amino acids via sequential cleavage along the peptide backbone (if using 

collision induced dissociation, CID) and is often used to identify proteins in proteomics 

studies.59 Prior to introduction to the IMS drift tube, the ion of interest can be isolated in 

the quadrupole and then fragmented in either the trap or transfer cell (i.e. before or 

after the drift cell, depending on the type of separation required). From the 

fragmentation pattern, the position of the cross-link can be identified and the underlying 

structure elucidated. In the work performed by Wilson and co-workers, the pattern of 

cross-links indicated that antiparallel, in-register β-sheets were formed at both pHs, in 

disagreement with the literature (which saw antiparallel, out-of-register β-sheets at pH 

2).7,14 The authors proposed that the difference in aggregate morphology may be due 

to higher order packing effects rather than differences in underlying β-sheet structure, a 

situation that was also observed by Hamley and co-workers when studying the related 

fragment AAKLVFF.60 

Figure 28. The mechanism by which IMS separates ions as they pass through the drift-

tube. The IMS system used in this work makes use of a travelling wave, in which the ions 

are propelled through the drift tube by an alternating current. A representative drift-scope 

image is also shown. The drift-scope image was taken by the author. 
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Figure 29. A general schematic outlining the strategy used in PIC experiments. Peptides 

containing TFMD-Phe (yellow) undergo self-assembly and the system is irradiated at 365 

nm, forming covalent cross-links (red) between the β-sheets (a). The structures are then 

disaggregated with 1, 1, 1, 3, 3, 3-hexafluoroisopropanol (HFIP), introduced into the mass 

spectrometer, whereby they are separated in the IMS drift tube prior to fragmentation in 

the transfer cell (b). Analysis of the MS/MS spectra allows the position of the cross-link to 

be identified and the underlying β-sheet structure elucidated. 

 

b 

a 
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Aims and Objectives 

In this chapter, experiments were designed to develop a more extensive picture of 

Aβ16-22 aggregation, including an understanding of the kinetic pathway and the 

thermodynamic phase behaviour the peptide. Characterising, at the molecular level, 

the transitions that Aβ16-22 undergoes as it self-assembles was the ultimate aim of this 

chapter, as there is a significant need to develop techniques that can capture fleeting 

structural intermediates and relate them to the overall course of aggregation. Using 

experimental techniques, in combination with DMD simulations, insights of assembly 

are derived at an atomistic level, both validating the simulation procedure and allowing 

the visualisation of these important molecular processes.  

  

In order to meet these aims, an in silico prediction (carried out in collaboration with 

Yiming Wang and Professor Carol Hall of North Carolina State University) of the 

thermodynamic phase behaviour of Aβ16-22 was undertaken. These predictions were 

then tested experimentally, confirming the predicted phase boundaries. With this 

knowledge in hand, the kinetics of Aβ16-22 assembly (in a suitable buffer for mass 

spectrometry) needed to be established, as it is well known that buffer conditions have 

a significant impact on the rate of Aβ16-22 aggregation. As described in the introduction 

to this chapter, it is thought that Aβ16-22 passes through an obligatory out-of-register, 

antiparallel intermediary state irrespective of the pH at which self-assembly occurs. 

Once the kinetics of Aβ16-22 assembly were established, attempts were made to capture 

and characterise this intermediate using PIC. The same system was then simulated 

using DMD, with the results in close agreement with experimental data. Given that this 

technique has never been used to study kinetic intermediates in peptide self-assembly 

this will represent an important step in developing ESI-IMS-MS/MS with PIC as a 

technique to explore the self-assembly of larger systems; including more disease 

relevant peptides. 
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Results and Discussion 

2.9 The thermodynamic phase diagram of Aβ16-22 and dye screen against amyloid 

dyes 

Aβ16-22 was synthesized using standard SPPS conditions (Scheme 1) and purified 

using reverse phase HPLC (>95%, see Sections 4.1 - 4 for the procedures). The 

identity of the product was confirmed by molecular mass analysis using high resolution 

mass spectrometry (HRMS) and tandem MS/MS sequencing to confirm the sequence 

identity (Appendices 1 and 2). Due to solubility issues in aqueous buffers, stock 

solutions of Aβ16-22 in DMSO were used. In order to assess the ideal peptide 

concentration and temperature under which to perform this study, the thermodynamic 

phase diagram for Aβ16-22 was calculated in silico (in collaboration with Yiming Wang 

and Professor Carol Hall) using their discontinuous molecular dynamics (DMD) 

simulations and the PRIME20 model.8  

 

The phase diagram was generated using DMD simulations by assessing the solubility 

of different types of aggregate (e.g metastable oligomers and fibril structures) at 

different temperatures.61 In the simulation, each aggregate was placed in a box with 

periodic boundary conditions and a pool of free monomers. The aggregate was allowed 

to grow or shrink via monomer addition, but constrained such that no extra β-sheet 

structure could form. The solution peptide concentration was monitored until this value 

reached a plateau (i.e. where the aggregate neither grows nor shrinks) and this peptide 

Scheme 1. Outline of SPPS. The growing peptide chain is attached to a resin and goes 

through iterative cycles of amide coupling and Fmoc deprotection. When the sequence is 

completed, acid mediated cleavage of the peptide from the resin produces the desired 

peptide. 

 



- 65 - 

concentration was taken to be the solubility of that aggregate.  

 

To confirm the validity of the DMD approach, aggregation experiments were set up at 

different peptide concentrations and temperatures in 100 mM ammonium bicarbonate 

buffer (i.e. a mass spectrometry compatible buffer) at pH 7 for at least a week (Section 

4.8). The presence of fibrils was confirmed by negative stain TEM and compared with 

the phase diagram generated in silico (Section 4.9). As shown in Figure 30, the 

experimental data are in excellent agreement with the calculated phase diagram. From 

these experiments the following conditions were chosen for all the following Aβ16-22 

aggregation assays; final peptide concentration between 20 - 100 μM (depending on 

the assay) in 100 mM ammonium bicarbonate, pH 7, with 1% final concentration of 

DMSO (v/v) and an incubation temperature of 37 °C.  

 

Amyloid aggregation is commonly followed by the use of fluorescent dyes, such as 

ThT.62–65 ThT is a benzothiazole dye that, upon binding to amyloid fibrils, fluoresces 

due to restricted rotation around the benzylamine/benzothiazole bond.66,67 However, 

under the conditions employed in this study, Aβ16-22 fibrils do not cause a significant 

increase of ThT fluorescence, in agreement with the weak binding affinity reported by 

Figure 30. Plot of the temperature-dependent solubility line for Aβ16-22 and fibrillation 

experiments. Red dots and red open circles indicate conditions under which fibrils have 

been found (via TEM) to form, or not form, respectively (a). Blue dots indicate that fibrils 

have been reported in the literature to form under these conditions or would be assumed to 

form given that fibrils have been reported under the same conditions at a lower 

concentration.
1, 6

 Selected TEM images (b, i- vi) showing that Aβ16-22 forms fibrils under 

these conditions, corresponding to the red dots labelled (i – vi) in (a). Scale bar = 200 nm.   

 

a b 
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several literature sources.16,68,69 As there are a significant number of amyloid-binding 

dyes, a literature search was performed in order to screen appropriate dyes against 

pre-formed Aβ16-22 fibrils. From this literature search Congo-Red, 1-anillinonapthalene-

8-sulfonic acid (ANS) and 2-[[5'-(4-hydroxyphenyl)[2,2'-bithiophen]-5-yl]-methylene]-

propanedinitrile (NIAD-4) were chosen to screen (Figure 31).1,69–72 Aβ16-22 was 

incubated for at least 24 h (with the presence of fibrils confirmed by negative stain 

TEM) and then mixed with the dyes at either a 1:1 or 10:1 molar ratio of dye to fibril 

(final peptide concentration 50 μM). Only NIAD-4 produced a large enough signal-to-

noise ratio in the presence of fibrils to take forward (Figure 31e and f). When incubated 

with Aβ16-22 as a monomer (i.e. taken straight from the DMSO stock), however, no 

significant difference in the amount of fluorescence could be observed between the 

initial state and the monomer, demonstrating that NIAD-4 was unsuitable to follow the 

kinetics of Aβ16-22 growth due to the lack of a dynamic range for the measurements 

(Figure 32). 
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Figure 31. Summary of dye screen against Aβ16-22 fibrils. 50 μM Aβ16-22 was incubated in 100 

mM ammonium bicarbonate, pH 7.4 with a final concentration of 1% (v/v) DMSO overnight and 

the presence of fibrils confirmed using TEM (data not shown). Either 50 μM (left) or 5 μM (right) 

of Congo Red (a and b), ANS (c and d) and NIAD-4 (e and f) was then incubated with the fibrils 

and the absorbance (a – d) or fluorescence (e and f) was measured. In each graph, orange is 

the dye in isolation and blue is the dye with 50 μM Aβ16-22 fibrils added. No dye produced a 

significant increase in absorbance/fluorescence except for NIAD-4. 

 

a b 

c d 

e f 
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2.10 Developing a fluorescence quenching assay for Aβ16-22  

Although extrinsic fluorescence dyes are the most common method with which to 

follow amyloid aggregation, covalently linking the fluorophore to the peptide in question 

has also been used to follow self-assembly quantitatively.73,74 Fluorescence quenching 

(FQ) has been used to study the folding of single proteins, as well as follow the 

aggregation of Aβ and α-synuclein in vitro and in vivo.74–78 Frieden and co-workers 

used tetramethylrhodamine (TAMRA) conjugated to the N-terminal K residues of both 

Aβ40/42 to identify three distinct phase of aggregate growth: an oligomerisation phase, 

intermediate lag phase and a final growth phase.74 Fluorescence quenching is a 

process whereby the fluorescence intensity of emission is reduced due to the presence 

of another fluorophore and/or quencher.79 As the fluorophore labelled monomer is 

sequestered within the highly ordered β-sheet structure of the fibril, the fluorophores 

come into close contact, resulting in a time dependent decrease in fluorescence 

intensity (Figure 33). It should be noted that both unstructured and structured 

aggregates could both produce time-dependent fluorescence quenching, so other 

complementary techniques, such as TEM time courses, must be used to confirm 

aggregation into fibrils. Fluorescence lifetime imaging (FLIM) has been used to explore 

the environment within aggregates including nucleation events that occur as Aβ16-22 

self-assembles at pH 2.20,80 This technique requires high end optical set-ups and so 

was not appropriate for this study. 

Figure 32. NIAD-4 fluoresces at a similar intensity when bound to either Aβ16-22 fibrils or 

monomers. 50 μM of Aβ16-22 monomers (i.e. taken straight from a DMSO stock, dead time 30 

s, green) or fibrils (red) was incubated with 5 μM of NIAD-4 (black) and the fluorescence 

intensity measured. 
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As traditional amyloid dyes could not be used to follow Aβ16-22 assembly, a 

fluorescence quenching assay was developed. In order to perform these experiments 

an N-terminally TAMRA labelled variant of Aβ16-22 (18) was synthesised and purified as 

described above (Figure 34a). Previously a Rhodamine-variant of Aβ16-22, in which the 

N-terminal K had been replaced with Rhodamine, has been used in FLIM experiments, 

however, given the importance of K to the formation of the fibrils at neutral pH, a 6-

aminohexanoic acid (Ahx) linker was also included between the peptide and the 

fluorophore.20 Prior to performing the kinetic assay, a number of factors needed to be 

considered/optimised: 

 Is the fluorescence in an aggregate significantly quenched when compared with 

the monomer, i.e. establish the dynamic range of the experiment 

 Establish the correct percentage of TAMRA-Ahx-Aβ16-22 to WT Aβ16-22 (to 

prevent any disruption to the supramolecular fibril structure) 

 Establish the appropriate concentration range of TAMRA-Ahx-Aβ16-22 

 

As a proof-of-principle experiment, a mixture of Aβ16-22 with 10% TAMRA-Ahx-Aβ16-22 

(40 μM total peptide concentration) was left to incubate for 24 h, with the presence of 

fibrils confirmed by negative stain TEM (Figure 34b). The aggregate was then placed in 

a temperature controlled fluorimeter and fluorescene excited at 545 nm (with emission 

collected at 575 nm) and compared with the same concentration of TAMRA-Ahx-Aβ16-22 

taken straight from a DMSO stock (dead time 30 s, Figure 34c, Section 4.10). The 

aggregated TAMRA-Ahx-Aβ16-22 produced a significantly lower amount of fluorescence 

than the nascent TAMRA-Ahx-Aβ16-22, indicating that the fluorophore is indeed self-

quenched in the aggregated form. Different ratios of TAMRA-Ahx-Aβ16-22 to WT Aβ16-22 

Figure 33. Schematic of the fluorescence quenching assay used in this work. As TAMRA-

labelled Aβ16-22 is incorporated into the aggregate (dye = yellow), the fluorophores come into 

closer contact and the fluorescence is quenched. The decreased in fluorescence emission 

can be used as a measure for self-assembly. 

 



- 70 - 

(100, 50 and 1% label respectively) were also tested after 24 h aggregation, with all 

samples demonstrating the same fluorescence quenching when in the aggregate form  

(Appendix 3).  

 

One issue with the assay was that the fluorescence intensity of the nascent TAMRA-

Ahx-Aβ16-22 was displaying significant non-linearity as the concentration of TAMRA-

Ahx-Aβ16-22 increased. A noted reason for non-linearity in fluorescence studies is the 

inner filter effect.74,79 As the concentration of fluorophore increases in solution so does 

the optical density of that solution. In turn, the absorption of the excitation light by the 

fluorophore at the “front” of the cuvette can prevent the absorption of light by 

Figure 34. Initial validation of the fluorescence quenching assay. The molecular structure of 

TAMRA-Ahx-Aβ16-22 (a). After 24 h incubation, WT Aβ16-22 spiked with 10% TAMRA-Ahx-Aβ16-

22 forms fibrils that are morphologically similar to WT Aβ16-22 (b) and significant quenching of 

fluorescence is observed when compared with the same mixture taken straight from a 

DMSO stock (dead time = 30s, c). Scale bar = 200 nm. 

 

a 

b c 
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fluorophores at the “centre” of the cuvette. As fluorescence intensity is directly 

proportional to the amount of light absorbed, this reduction in absorption can reduce 

the total fluorescence emitted, hence producing non-linearity in fluorescence at high 

molar concentrations. Frieden and co-workers noted that this effect was present at 

micromolar concentrations of TAMRA and as such used slightly different 

excitation/emission wavelengths to mitigate the inner filter effect (520 and 600 nm 

respectively).74 In order to establish the correct concentration range and wavelength 

combination, a control experiment was performed. TAMRA-COOH was dissolved in 

buffer at a range of different concentrations (2 nM to 100 μM) and the fluorescence 

intensity measured using two different sets of wavelengths (A and B, 545/575 and 

520/600 nm respectively, Figure 35a and b). As expected, set up B demonstrated more 

linear fluorescence intensity over a slightly larger concentration range (2 nM to 10 μM 

vs 2 nM to 2 μM). Above 10 μM significant deviation away from linearity was observed 

in both set ups. To fully confirm the assay settings, TAMRA-Ahx-Aβ16-22 was dissolved 

in buffer at concentrations ranging from 200 nM to 2 μM and analysed using set-up B 

(slit widths of 0.2 and 5 nm to reduce the possibility of photobleaching). These results 

confirmed that these settings and concentration ranges were suitable for the kinetic 

assays (Figure 35c). As such, the labelling ratio was set at 5% TAMRA-Ahx-Aβ16-22 

label in the self-assembly reaction. 
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2.11 The kinetics of Aβ16-22 aggregation 

Two different concentrations of Aβ16-22 were tested (20 and 40 μM) in 100 mM 

ammonium bicarbonate buffer, pH 7, with 2% final concentration of DMSO (v:v). 

Fluorescence emission was scanned every 30 s for 20 h, with TAMRA-COOH included 

in a separate cuvette as control. As can be seen from Figure 36, both self-assembly 

reactions proceed with a rapid initial decrease in fluorescence intensity followed by a 

second slower phase that reaches a plateau after around 1 h. Although the TAMRA-

COOH control also shows a small decrease in intensity, the fluorescence recovers 

quickly and stays constant over the time course of the experiment (Figure 35d). To 

confirm that the decrease in fluorescence intensity was not due to precipitation of the 

peptides at the end of the assay (20 h) the cuvettes were shaken and re-tested. No 

Figure 35. Development of the correct assay conditions for the fluorescence quenching 

experiments. Due to the inner filter effect, TAMRA-COOH can display non-linearity when at 

micromolar concentrations (a). By using slightly different emission and excitation wavelengths 

(520 and 600 nm respectively) this effect can be reduced (b). Using the settings, TAMRA-Ahx-

Aβ16-22 displays a linear increase in fluorescence with increasing concentration (c). TAMRA-

COOH does not display significant fluorescence quenching, whereas 5% TAMRA-Ahx-Aβ16-22 in 

Aβ16-22 does, highlighting that quenching is aggregation dependent (d). 

 

a 

d c 

b 



- 73 - 

recovery in fluorescence intensity was observed, indicating that the effect was due to 

Aβ16-22 self-assembly (data not shown). 

 

Although a powerful method with which to measure amyloid formation kinetics, 

fluorescence quenching is limited in that it does not report on the type of structures 

formed, only the proximity of the fluorophores. To understand the aggregation process 

of Aβ16-22 further, a negative stain TEM time course was performed with samples taken 

after 5 mins, 1 h and 24 h (Figure 36c). At 5 mins, fibrils can clearly be observed with a 

small amount of amorphous aggregates also present. After 1 h incubation at 37 °C, no 

amorphous aggregates can be seen and a significant amount of fibrils are present on 

the grids. At these early time points, the fibrils are fairly well dispersed without 

significant bundling, whereas at later time points (e.g. after 24 h) there is significant 

bundling of the Aβ16-22 fibrils. Attempts to quantify the aggregation process using HPLC 

sedimentation assays were unsuccessful due to the low concentration (40 μM) of Aβ16-

22 used in this study and the low molar extinction coefficient of small peptides. Taken 

together, under the conditions employed in this study, these results show that Aβ16-22 

forms fibril structures quickly (~5 mins) with these fibrils then continuing to bundle 

together as the self-assembly reaction proceeds. 
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Figure 36. The aggregation kinetics of Aβ16-22 as followed by fluorescence quenching. At both 40 

and 20 μM (a and b respectively), Aβ16-22 displays two-phase aggregation kinetics with the 

quenching reaching a plateau after around 1 h. In a TEM time course (c), WT Aβ16-22 forms highly 

ordered fibril structures within 5 mins and small amounts of amorphous aggregates(c), which 

transition into fibrils after 1 h (d) and 24 h (e), confirming the results of the fluorescence 

quenching assay. Scale bar = 200 nm. 

a b 

c 

d e 
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2.12  Large scale DMD simulations of Aβ16-22 compare favourably with the 

experimental results 

Given the success of the DMD and PRIME20 approach in predicting the 

thermodynamic phase boundaries of Aβ16-22 in Section 2.9 and the approach pioneered 

by Hall and co-workers outlined in Section 2.3, the next question was whether these 

simulations could be extended into visualising the transitions that occur during the self-

assembly process and whether these results would compare favourably with the 

experimental results. To answer this question, a large scale DMD simulation in which 

192 Aβ16-22 peptides in a random coil conformation were placed in a box with periodic 

boundary conditions (simulations performed by Yiming Wang and Professor Carol Hall, 

North Carolina State University, 37a). The simulation was progressed as described in 

Section 2.3 and a series of simulation snapshots can be seen in Figure 37. After t = 

652 ns simulation time, most peptides are still in a random coil conformation with some 

disordered aggregates and small amounts of ordered oligomers present. As the 

simulation progresses (t = 1278 ns, Figure 37b), the formation of an antiparallel, in-

register oligomer can be seen, as well as a small amount of disordered aggregates. 

This is in agreement with the structures observed by TEM at early time points (~5 min) 

where both fibrils and amorphous aggregates are present. At later time points (t = 2159 

and 6283 ns, Figure 37d and e), most peptides are now in ordered aggregates with 

antiparallel, in-register structures dominating, and a single, 4-layered β-sheet structure 

present at the simulation end point (t = 12661 ns, Figure 37f). Again, these results are 

in agreement with the experimental data, in which both ordered fibrils and amorphous 

aggregates were observed at early time points (presumably after a hydrophobic 

collapse of the peptides upon dissolution), prior to the disappearance of the amorphous 

aggregates and continued formation of fibrils (Figure 36c).  
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In the simulations, the kinetics of Aβ16-22 aggregation can be measured by calculating 

the percentage of residues that are in a β-sheet conformation versus time. Figure 38 

demonstrates, in agreement with the fluorescence quenching data, that aggregation 

proceeds with a rapid increase in β-sheet content (from 0 – 50% in the first 4000 ns) 

followed by a slower second phase (4000 – 12000 ns). The agreement between the 

TEM time course and the simulation snapshots (i.e. hydrophobic collapse and the 

presence of small amounts of fibrils at early time points followed by a transition 

to/continued fibril formation) and the two phase kinetics observed in both the 

fluorescence quenching  (Figure 36 a/b) and simulations, confirms that using 

Figure 37. Large scale DMD simulation of 192 Aβ16-22 peptides. Simulation snapshots were 

taken at 0 ns (a), 653 ns (b), 1278 ns (c), 2159 ns (d), 6283 ns (e) and 12661 ns (f) and show 

the transformation of Aβ16-22 from random coils into a highly ordered β-sheet structure. 

 

a b 

c d 

e f 



- 77 - 

experimental data and simulations in combination represents a powerful approach with 

which to explore the initial stages of peptide self-assembly. 

 

2.13 Using ESI-IMS-MS and PIC to follow the structural changes that occur 

during Aβ16-22 aggregation 

 After establishing the aggregation kinetics of Aβ16-22, the next step was to unravel 

which structures Aβ16-22 accesses during its transition from a random coil through to a 

highly ordered β-sheet lattice, using diazirine labelled Aβ16-22 (Aβ*16-22, 19, Figure 39). 

Prior to undertaking the PIC experiments, the diazirine containing 

fluorenylmethyloxycarbonyl-TFMD-phenylalanine (Fmoc-TFMD-Phe, 30) was 

synthesized, according to the method developed by Fishwick and co-workers with 

modifications by Smith and co-workers (Scheme 2 and Section 4.6).6,46 Fmoc-TFMD-

Phe was then installed at position 20 within Aβ16-22 using manual SPPS. Position 20 

was chosen as previous work by Preston and co-workers demonstrated that placing 

the diazirine at F19 inhibited the formation of nanotubes at pH 2.7 Aβ*16-22 was purified 

by HPLC, with the sequence identity confirmed using tandem MS/MS sequencing 

(Appendices 1 and 2). 

Figure 39. The molecular structure of Aβ*16-22 (19). 
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Figure 38. The aggregation kinetics of Aβ16-22 as measured by the percentage of residues in a 

β-sheet of the DMD simulation seen in Figure 37. 
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To confirm that the reagent had been successfully synthesized, a control experiment 

was performed whereby Aβ*16-22 was left to aggregate for 2 weeks at 37 °C in 100 mM 

ammonium bicarbonate (pH 7, Figure 40a). Previous studies by Preston and co-

workers were undertaken after 2 weeks of self-assembly in PBS buffer at room 

temperature (total peptide concentration of 400 μM). Two systems were used, either 

Aβ*16-22 alone or a 4:1 (mol:mol) ratio of Aβ16-22/Aβ*16-22. The aim of performing this 

control experiment was to confirm that at the end of both self-assembly reactions the 

Scheme 2. The synthetic route to Fmoc-TFMD-Phe, adapted from the original synthesis 

by Fishwick and co-workers with modifications by Smith and co-workers (6, 7).  
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same underlying β-sheet structure (in-register, antiparallel) was present in the buffer 

used in this study. For a more detailed description of the cross-linking protocol and 

ESI-IMS-MS/MS setting used in the PIC experiments please see Sections 4.11 – 4.14. 

Briefly, after being allowed to self-assemble for the required time, the sample was 

irradiated at 365 nm for 1 min using a home built LED lamp (see Appendix 4) and 

lyophilised, prior to disaggregation using HFIP. The HFIP was removed under a stream 

of N2 and the peptide dissolved in water:acetonitrile (50:50) + 0.1 (v/v) formic acid prior 

to injection into the mass spectrometer. 

 

 

 

 

 

  

Figure 40. Control PIC experiment for Aβ*16-22, under the conditions used in this study. After 

2 weeks incubation, Aβ*16-22 forms fibrils that are morphologically similar to those formed by 

WT Aβ16-22 (a). After irradiation at 365 nm and disaggregation in HFIP, the drift-scope image 

(b) demonstrates that IMS can resolve monomers, dimers and trimers prior to ms/ms 

analysis. In the mass spectrum, 5 major peaks can be observed (c). Scale bar = 200 nm. 

 

a b 

c 
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2.14 Analysis of cross-linked products after 2 weeks incubation: General 

comments 

 

The 4:1 w/w ratio of Aβ16-22/Aβ*16-22 did not provide any useful structural cross-linking 

information due to the low concentration of diazirine labelled peptide within the sample 

(data not shown). As such, all future cross-linking studies solely focused on Aβ*16-22, 

i.e. every peptide within the sample has a TFMD group at position F20. Figure 40b and 

c show the results of the PIC experiment performed after 2 weeks. The IMS function on 

the mass spectrometer confirmed that cross-linked monomer, dimer and very small 

amounts of trimer could be observed within the sample, in agreement with the previous 

work reported by the Group (Figure 40b).7 The mass spectrum identified five major 

species (Figure 40c). The following section will focus on the MS/MS sequencing 

strategy undertaken to identify the species responsible for each peak.  

 

2.15. Identity of the singly charged (i.e. monomeric) peaks (m/z 974.52, 992.60 

and 1008.5) 

 

Tandem MS/MS sequencing fragments the isolated peptide along its amide backbone, 

producing a variety of different fragment ions (see Appendix 5 for explanation of the 

notation).47,59,81,82 For larger peptides b and y ions often dominate the spectra, although 

for shorter peptides other ions (such as a ions) can also be observed.82 The mass 

difference (Δm) between individual peaks in the MS/MS spectrum corresponds to 

individual amino acid residues and any modifications that may have occurred. For 

example, the MS/MS spectrum of the most abundant peak in the initial mass spectrum 

at 2 weeks (m/z 992.60, 1+) can be seen in Figure 41. Sequential cleavage has 

produced a series of b ions, corresponding to the amino acid sequence of Aβ*16-22. 

Between the b6 and b5 ions, the Δm = 245.1 Da; as the mass of the isolated TFMD-Phe 

having extruded molecular N2 is = 227.1 Da, the Δm of 18.0 Da would indicate the 

addition of water. As such, the peak m/z 992.58 can be identified as a monomeric 

Aβ*16-22 that has reacted with water, forming a hydroxyl on F20 (see Figure 41). This 

assignment is in agreement with the previous studies performed by the group.33 The 

peak at m/z 1008.5 was confirmed to be two hydroxyl groups, which can be formed via 

a number of different reaction processes. 
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The MS/MS spectrum of the second major monomeric product (m/z 974.52, 1+) is 

shown below (Figure 42). In the spectra, no b ions can be observed between b5 and b8, 

indicating that an intramolecuar cross-link may have formed between F20 and E22. 

The covalent link formed between the side chains forms a stable region that is not 

fragmented in the same way as the peptide backbone. Preston and co-workers 

developed a method whereby n-propylamine (NPA) is added to the mixture during the 

disaggregation step, with NPA reacting with the ester formed between F20 and E22, 

forming the amide.7 This in turn could be identified by the disappearance of the peak at 

m/s 974.52 and the appearance of a new peak at m/z 1034.52 (data not shown). 

Attempts to confirm this assignment with NPA were unsuccessful as the peak at m/z 

974.52 disappeared but the associated amide peak could not be observed. Despite 

this, given the suppression of the b ions and the disappearance of the peak with NPA 

treatment, this peak was assigned as intramolecular cross-link formed by F20 and E22, 

again in agreement with the pattern of cross-links seen by Preston and co-workers.7  

 

 

 

Figure 41. Annotated tandem MS/MS spectrum for the peak with m/z 992.60 (mass 991.60 

Da), with the molecular structure of the H2O quenched cross-linked product shown above. 
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2.16 Assignment of Aβ*16-22 dimers- General comments 

To analyse the cross-linked dimers, one peptide chain is considered to be the donor 

chain (i.e. from where the cross-link originates) and the second peptide chain is 

considered the acceptor chain (i.e. where the cross-link is going to, Figure 43a). The 

diazirine containing F20 on the acceptor chain (referred to as F* in Figure 43 and the 

following sections) can have a number of fates (e.g. conversion to the linear 

diazoisomer or reaction with H2O to form a hydroxyl). The nature of the transformation 

on the acceptor chain will determine the overall m/z of the cross-linked dimer. As such, 

the first step identifying the position of the cross-link is to establish the fate of the 

diazirine at F* of the acceptor chain. The m/z ratios of the singly charged species 

described in Section 2.15 aids the assignment of the cross-linked dimer. For example, 

if the carbene has been quenched by H2O, the mass for this species is 992.5 Da. 

When this value is added to the mass of Aβ*16-22 having extruded molecular N2 and 

gained a proton (i.e. has formed a cross-link, mass 973.5), the overall mass of the 

cross-linked dimer is 1965.0 Da. Hence, if a cross-linked dimer with a m/z of 983.5 (2+) 

is observed, we can identify this as a cross-linked dimer in which the F20 of the donor 

chain has formed a cross-link to an acceptor chain, in which F* is a H2O quenched 

Figure 42. Annotated tandem MS/MS spectrum for the peak with m/z 974.52 (mass 973.52 

Da), with the molecular structure of the intramolecular ester cross-linked product shown 

above. 
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species (Figure 43a). The following sections will describe some general principles that 

need to be applied when analysing cross-linked dimers, then demonstrate the 

assignment process using the fragmentation pattern of the peak at m/z 988.58, 2+ 

(mass 1975.16 Da, cross-linked dimer in which F* in the acceptor chain is a linear 

diazoisomer). 

 

As described in Section 2.15, tandem MS/MS sequencing fragments peptides 

sequentially along the amide backbone. The ion series represent sequential 

fragmentation from either the N or C termini of the peptide (e.g. forming b or y ions), 

allowing the identification of any amino acid modifications. In a cross-linked dimer, 

there are four termini at which fragmentation can occur (i.e. amino acid residues can 

be lost from either the donor or the acceptor chain). This degeneracy complicates the 

cross-linking analysis, as for certain m/z ratios there are multiple isomeric products 

(Figure 43b). In the example outlined in Figure 43b, a peak with a m/z ratio of 1583.5 

(1+) would indicate that residues KLVF (16-19) have been lost form the N terminus of 

the cross-linked dimer, forming a y ion. As both the donor and acceptor chains contain 

these amino acid residues, there is no possible way of distinguishing where the 

fragmentation has occurred. Without being able to identify which chain the amino acids 

have been lost from, it is impossible to correctly locate the position of the cross-link (i.e. 

the cross-link could have formed between F20 on the donor and any residue in the 

acceptor chain with the loss of KLVF occurring at the N terminus of the donor chain). 

 

In order to unambiguously assign the location of the cross-link on the acceptor chain, 

F* must be lost (Figure 43c). As F20 in the donor chain forms the cross-link, in the 

fragmentation experiments this residue cannot be lost (as it forms a non-labile bond 

with the acceptor chain). This in turn means that the only residue with a different mass 

in the acceptor chain is F* (i.e. K16 has the same mass in both the donor and the 

acceptor chain). Once a fragment containing F* has been lost, the cross-link can be 

assigned to the acceptor chain. In Figure 43c, the loss of KLVFF* from the acceptor 

chain produces an ion with m/z 1436.5. As no other fragment ion can have this mass, 

the cross-link has formed with either A21 or E22 on the acceptor chain. The possibility 

of double fragmentation (i.e. fragments are lost from both acceptor and donor chains) 

can complicate the assignment process. In order to help the assignment of such 

complex spectra the Group has previously developed a calculator that can aid in the 

assessment of complex MS/MS spectra (see Appendix 7 for a description of how the 

calculator operates). 
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Once the identity of F* and the position of the cross-link in the acceptor chain have 

been identified, this information must be compared with the different possible models 

(i.e. parallel/antiparallel and in/out-of-register) to identify the underlying β-sheet 

structure. It should be noted that due to the distance constraint imposed by placing the 

diazirine in the amino acid sequence, only inter-sheet (vs intra-strand) cross-links are 

possible. As described in Section 1.7, the inter-sheet distance is ~4.9 Å, whereas as 

the distance between strands is between 9 – 10 Å and so the diazirine located at F20 

will not be able to react with any side chains in a separate strand. Care must be taken 

with the unambiguous assignment of a cross-link, as there is degeneracy in the 

possible β-sheet alignments. For example, if a cross-link has formed between F20 

a 

b 

c 

Figure 43. The diazirine labelled F20 of the acceptor chain (F*) is structurally diagnostic 

when assigning the cross-link position. When analysing the cross-linking data, the peptide 

chain from which the cross-link originates is referred to as the donor and the chain to which 

the cross-link goes is referred to as the cross-link acceptor (a). The identity of F* can be 

elucidated from the overall m/z ratio of the cross-linked dimer. As the two peptide chains are 

almost identical, certain ions can have multiple isomeric products (b). Once F* has been lost 

from the acceptor chain, the fragment can be confirmed to have come from the acceptor 

chain and the position of the cross-link can be identified (c).  

 



- 85 - 

(donor) and A21 (acceptor) there are two possible β-sheet alignments that could have 

allowed this cross-link to form (antiparallel, out-of-register and parallel, out-of-register, 

Figure 44). In the parallel, out-of-register alignment F20 and A21 are located directly 

opposite each other whereas in the antiparallel, out-of-register alignment A21 is at a 

diagonal to F20 (i.e. the side chains are close together in the fibril structure). In 

comparison, the antiparallel, in-register and antiparallel, out-of-register fibril alignments 

place the acceptor chains A21 in regions of space that are inaccessible to F20 on the 

donor chain. In comparison, if a cross-link had formed between the F20 (donor) and 

K16 (acceptor), this cross-link would confirm that an antiparallel, in-register β-sheet 

alignment was present as there are no other alignments in which these 2 residues will 

come into contact. Taken together there are two key factors that allow a cross-link to 

be positively assigned and the underlying β-sheet identified: that F* has been lost from 

the acceptor chain and that the cross-link formed is only present in one sheet 

alignment. 
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2.17 Assignment of Aβ*16-22 dimer at m/z 988.58 

The following section will outline how the cross-linked dimer with m/z 988.58 (2+, mass 

1977.16 Da) was assigned and the underlying antiparallel, in-register β-sheet structure 

identified. This PIC experiment was conducted on Aβ*16-22 fibrils (2 weeks, see control 

experiment in Section 2.13 and Figure 40). As described above, a dimer with a m/z of 

988.58 (2+) indicates that the F* moiety is formed of a linear diazoisomer. The fully 

assigned MS/MS spectra of m/z 988.58 (2+, i.e. mass 1977.16 Da) can be seen in 

Figure 45. In the spectra a number of different fragmentation patterns can be observed 

Figure 44. Different underlying β-sheet structures can produce the same cross-links. A cross-link 

that has been positively identified as being formed from F20 to A21 in the acceptor chain could 

indicate either a parallel in-register or a parallel out-of-register β-sheet alignment. Ticks indicate 

that a cross-link between F20 and A21 is consistent with this underlying β-sheet structure and 

crosses indicate that a cross-link between F20 and A21 would not occur in the alignment. 

Charged residues are highlighted in blue and red, hydrophobic amino acids are colour in green, 

F* represents F20 on the acceptor chain and F indicates where the cross-link originates. The 

cross-link is highlighted in black. 
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including both double fragmentation products and a ions. As discussed in Section 2.16, 

due to the number of possible isomeric products, these fragmentation products do not 

contain useful structural information. In addition to these ions, both a series of b (b5 to 

b2; LVF*AE) and y (y6 to y4; KLVF) ions can be seen (Figure 45). The y ion series 

locates the cross-link to residues F*AE on the acceptor chain and, as no other y ions 

are observed (e.g. y3 or y2) in the MS/MS spectra, this cross-link is most likely to have 

formed between F20 on the donor chain and F* on the acceptor chain. In contrast to 

the y ion series, a full b ion series can be observed in the spectra (up to b2), locating 

the cross-link to K16 on the acceptor chain. The position of both of these cross-links is 

consistent with an underlying antiparallel, in-register β-sheet structure, in agreement 

with the previous cross-linking data and literature reports.1,7 In particular, the formation 

of cross-link between F20 on the donor chain and K16 on the acceptor chain is strong 

evidence for an antiparallel, in-register alignment as there is no other alignment in 

which this cross-link can form (Figure 45). The second dominant dimeric product (m/z 

983.50, 2+; mass 1965.0 Da) also confirms the presence of antiparallel, in-register β-

sheets (a full assignment of this peak can been found in Appendix 7). 
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Figure 45. Aβ*16-22 forms antiparallel, in-register β-sheets after 2 weeks incubation. The fully 

assigned tandem MS/MS spectrum for the peak at m/z 988.58 (2
+
; mass 1975.16 Da) contains b 

ions (red), y ions (green) and double fragmentation products (blue). The two major fragmentation 

series (b and y ion) located the cross-link position to K16 and F* on the acceptor chain 

respectively. Both of these cross-links are consistent with antiparallel, in-register β-sheet 

alignment. Charged residues are highlighted in blue and red, hydrophobic amino acids are 

coloured in green and residues containing diazirines are coloured black, F indicates the residue 

from which the cross-link originates and F* represents the moiety on the acceptor chain (a linear 

diazoisomer). The cross-links are represented by dashed lines. 
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2.18 Aβ16-22 forms antiparallel, in-register β-sheets at all time points 

The overall mass spectrum from each time point (5 min, 1 h, 24 h and 2 weeks) can be 

seen in Figure 46. Intermolecular cross-links can be seen at all time points, with the 

intensity (relative to the water quenched Aβ16-22) increasing as time progresses. This 

can be attributed to the significant bundling of the Aβ16-22 fibrils after aggregation is 

complete, as the bundling of the fibrils creates dry interfaces in which water is 

excluded. The exclusion of water allows the carbene to react with peptide side chains, 

rather than being instantly quenched to form a hydroxyl group. These results may also 

reflect the slower conversion of amorphous aggregates into more ordered fibrils at later 

time points.  

 

At each time point, both dominant intermolecular cross-link peaks (i.e m/z 998.58, 2+; 

mass 1995.16 Da and 983.50, 2+; 1965.0 Da) were isolated and sequenced using the 

method described above. The results from sequencing the peak at m/z 988.58 can be 

seen in Figure 47 (sequencing data can be for peak m/z 983.50 can be seen in 

Appendix 7). The cross-linking pattern observed at each time point is identical to that 

observed for Aβ*16-22 that had been incubated for 2 weeks (i.e. Aβ*16-22 is fibrillar, 

Section 2.17). A series of y ions can be observed (y6 to y4), locating the cross-link to F* 

on the acceptor chain. The b ion series (b5 to b2) locates the cross-link to K16 on the 

acceptor chain, providing strong evidence that at all time points the dominant 

underlying β-sheet structure is antiparallel and in-register. 

 

  



- 90 - 

 

Figure 46. Full scan, ESI mass spectra of Aβ*16-22 showing precursor monomer ions at m/z 

992.6 (1
+
; mass 991.6 Da) and cross-linked dimer ions in the region 800 – 900. At all time 

points, Aβ*16-22 forms both intra – and intermolecular peptide cross-links. Products from the 

reaction between the carbene and water are labelled in blue and peptide cross-links are labelled 

in black. 
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Figure 47. Annotated tandem MS/MS spectra demonstrating that at all time points (5 

mins, 1 h and 24 h), Aβ*16-22 forms antiparallel, in-register β-sheets. In the spectra, b ions 

are highlighted in red, y ions in green and any double fragmentation products in blue. The 

parent ion is 988.59 (2
+
, mass 1975.16 Da) and F* on the acceptor chain is a linear 

diazoisomer. 
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2.19 Side chain contacts formed during DMD simulations of Aβ16-22 self-assembly 

The nature of the ESI-IMS-MS/MS analysis (in which there are many different isomeric 

and oligomeric products that can have the same m/z) means that positively identifying 

the presence of amorphous aggregates can be difficult. This is due to the fact that only 

some fragments containing structurally useful information can be assigned 

unambiguously (e.g. the b2 ion that indicates the presence of antiparallel, in-register β-

sheets) and, as such, the likelihood of being able to distinguish an amorphous 

aggregate is low (due to the random distribution of the cross-links). The DMD approach 

used in this study can also be used to measure the distance between specific side 

chains as the simulation progresses and may be able to identify structures that the PIC 

studies may have missed. To measure this, a side chain contact was given a value of 1 

if the distance (d) between the side chains was within 1 – 3 Å, with the results for F19 

and F20 seen in Figure 48.  

 

At the simulation end point, both F19 and F20 are making the most contact with the 

residues that are directly opposite these side chains in an antiparallel, in-register 

orientation (F19 and V18 respectively, Figure 48c and d). This is in good agreement 

with the experimental data, which also observes cross-links consistent with an 

antiparallel, in-register orientation. Within the data, roughly three phases can be seen: 

0 – 1500, 1500 – 3000, 3000 – 12000 ns. As can be seen in Figure 48a, the residue 

that F19 contacts the second most during the simulation is F19-V18. These contacts 

increase steadily until ~1000 ns at which point no further increase in the number of 

contacts is made. Contacts between F19 and V18 are possible in both antiparallel, out-

of-register and parallel out-of-register conformations. Interestingly, Lynn and co-

workers observed that at neutral pH Aβ16-22 forms an intermediary antiparallel out-of-

register alignment prior to transitioning into the final in-register alignment.13 When 

looking at the contacts F20 forms during this initial period, two major contacts (other 

than F20-V18) can be observed: F20-L17 and F20-F20. The F20-L17 contact is 

possible in both an antiparallel, out-of-register or parallel, out-of-register conformation 

and again continues to increase until ~1500 ns at which point the number of contacts 

remains stable for the rest of the simulation. The F20-F20 contact can be observed in 

an antiparallel, in-register alignment and increases at a slightly slower rate than the 

F20-L17 contact in the first phase. However, rather than stopping at 1500 ns it 

continues to increase until it plateaus at ~3000 ns. Taken together, these results would 

suggest that as the simulation progresses both antiparallel in-register and antiparallel 

out-of-register structures are present (and some disordered aggregates, given the 
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range of contacts formed at early time points). After 1500 ns, however, the antiparallel, 

in-register alignment starts to dominate whilst the contacts for an antiparallel, out-of-

register alignment plateau, indicating that this structure is now no longer growing and 

may interconvert to the in-register alignment, in agreement with the experimental 

observations made by Lynn and co-workers.13 These series of simulations clearly 

demonstrate the power of combining simulations and experimental data to gain a full 

picture of peptide self-assembly at an atomistic level. 
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a b 

c d 

Figure 48. Analysis of the side chain contacts formed by Aβ16-22 during the self-assembly 

process in the DMD simulations. The side chain contacts formed by F19 (a) and F20 (b) 

are shown, with schematics demonstrating how this relates to the different underlying β-

sheets shown below (c and d respectively). 
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2.20 Proposed mechanism by which  Aβ16-22 self-assembles 

According to the experimental data, the following mechanism for Aβ16-22 self-assembly 

is tentatively proposed (Figure 49). Aβ16-22 aggregates quickly, forming both fibrils and 

small amounts of amorphous aggregates (the initial decrease in fluorescence intensity, 

~ 5 mins). These amorphous aggregates then form fibrils, with most of the self-

assembly reaction complete within 1 - 2 hours (as evidenced by the plateau in the 

fluorescence quenching data). The fibrils formed at these time points tend to be 

isolated and unbundled. As the self-assembly reaction proceeds, the fibrils start to 

bundle together and coalesce, forming dense mats of fibrils structures (after 2 weeks). 

These large mats (partly) exclude water, forming a series of dry interfaces, in turn 

reducing the opportunity for water to quench the carbene and promoting the formation 

of interpeptide cross-links. 

 

Figure 49. The experimentally proposed mechanism for Aβ16-22 self-assembly. In the DMSO 

stock, Aβ16-22 is monomeric and in a random coil. Upon solvation, antiparallel, in register 

fibrils and amorphous aggregates form with an initial decrease in fluorescence (5 mins). After 

1 h, no amorphous aggregates can be seen and the fluorescence has fully quenched. As 

time continues, the aggregates bundle together, forming dense mats of fibrils that exclude 

water, forming dry interfaces that increase the cross-linking yield. 
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As described in Section 2.2.2, Lynn and co-workers observed a transition from out-of-

register, antiparallel β-sheets before Aβ16-22 assembled into the final in-register 

alignment.13 No such transition was observed in the cross-linking data. There could be 

a number of reasons for this: 

 the out-of-register alignment may be lowly populated compared with the in-

register alignment and as such may not be captured by the cross-linking 

experiments at early time points; 

 Lynn and co-workers performed their studies in water and acetonitrile with no 

added salt (i.e. at very low ionic strength), given that in the study presented 

here an 100 mM ammonium bicarbonate buffer at pH 7 was used the increase 

in ionic strength may increase the aggregation reaction such that the out-of-

register alignment is bypassed/only briefly accessed 

2.21 Conclusions  

In this chapter, both Aβ16-22 and a TAMRA-labelled peptide variant were synthesized 

and used in a fluorescence quenching assay. This assay demonstrated that Aβ16-22 

aggregates in two distinct phases. Within the first phase the fluorescence decreases 

rapidly (~10 mins) which is then followed by a slower, second phase that plateaus after 

1 – 2 hours. A TEM time course confirms that fibrils are present after 5 mins. As time 

progresses these fibrils bundle together significantly. To characterise the β-sheet 

structures at a number of different time points, the PIC reagent Fmoc-TFMD-Phe was 

synthesized and incorporated into Aβ16-22. PIC with ESI-IMS-MS/MS at different time 

points confirmed that Aβ16-22 forms antiparallel, in-register β-sheets assembly at all time 

points, allowing a molecular mechanism to be proposed for Aβ16-22 under the conditions 

used in this study. These experimental results were then compared with a series of 

detailed DMD simulations that were in agreement with the experimental data and also 

highlighted the presence of an antiparallel, out-of-register intermediary structure that 

could not be identified (due to the random nature of the cross-links formed) by PIC. 

2.22 Future Work 

After using PIC and ESI-IMS-MS to study the underlying structural changes that Aβ16-22 

undergoes as it self-assembles at pH 7 (in buffer), one of the next tasks would be to 

repeat the cross-linking analysis on Aβ16-22 under low ionic strength conditions (such as 

those used by Lynn and co-workers).13 Low ionic strength conditions should slow the 

self-assembly process enough such that the intermediary, out-of-register β-sheet 

structure can be captured and characterised. Confirming that Aβ16-22 forms a random 
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coil structure when dissolved in solution (using NMR) would also complete the 

characterisation of the self-assembly process. Dynamic Light Scattering (DLS) 

measurements could also be used to further understand the initial transitions that occur 

upon solvation (such as whether oligomeric species that cannot be identified by 

fluorescence quenching or ESI-MS form). Future work could also include repeating the 

fluorescence quenching assays and PIC on Aβ16-22 as it self-assembles at pH 2. 

Assembly at pH 2 should occur more slowly than at pH 7, providing an opportunity to 

capture any transitions using PIC. EPR measurements could also be made in order to 

further confirm that side chain contacts that were observed in the DMD simulation. 

 

Now that PIC has been used on a short model peptide, such as Aβ16-22, the next step 

would be to extend this methodology to the full-length sequence. The difficult nature of 

SPPS for sequences such as Aβ40/42 requires the use of automated microwave 

synthesisers, which may present problems with diazirine stability during iterative 

rounds of synthesis.  An important consideration when moving on to longer peptides is 

the placement of the cross-linker within the sequence. For example, placing the cross-

linking reagent in the N-terminal region of Aβ40 may not provide significant structural 

information as this region tends to be flexible in the final fibril structure.83–85 A particular 

focus for the longer sequences would be to characterise the structures of the soluble, 

oligomeric intermediates that are implicated in the progression of Alzheimer’s 

Disease.86–88 The fundamental principles of the PIC strategy however would remain the 

same. 
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Chapter 3: 
Understanding the mechanism by which two 
amyloidogenic peptides interact  
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3.1 Heterogeneous amyloid aggregation in vivo 

Despite often being studied in vitro as a single highly pure peptide sequence, in vivo 

amyloid aggregation can involve the interaction (and even co-assembly) of distinct 

and/or related sequences.1–4 The Aβ sequence (as described in Chapter 1, Section 

1.8) comprises a number of peptides with differing lengths that can interact during the 

aggregation process and become deposited in the extracellular plaques associated 

with AD.5–7 Aβ has also been shown to interact with distinct sequences, such as 

transthyretin, in vivo.8 The deposition of β2-Microglobulin (β2M) in the joints of patients 

undergoing kidney dialysis occurs in conjunction with an N-terminally truncated variant 

missing the first six amino acid residues (ΔN6), a peptide that has been shown to 

dramatically affect the rate of β2M aggregation in vitro (Figure 50).9,10 In order to further 

our understanding of these complex systems it is vital to unravel how systems 

containing more than one amyloidogenic peptide assemble and the interactions that 

take place. When considering mixed aggregation systems, a number of final fibril 

structures can occur and, as such, in the following sections, the term “co-assembly” will 

be used to indicate two amyloidogenic peptides that form fibrils containing both 

peptides (i.e. a true co-polymer), whereas the term “co-aggregation” will refer to 

amyloidogenic peptides that can interact during the self-assembly process but do not 

go on to form mixed fibrils. Given the acknowledgement that amyloidogenic peptides 

can interact and influence other sequences (that are either related or distinct) in vivo, a 

mechanistic understanding of how this can occur needs to be developed in order to 

fully appreciate the complexity of this pathological state. 

 

 

 

Figure 50. The co-assembly of β2M and its N-terminally truncated variant ΔN6. At neutral 

pH, β2m is resistant to aggregation, however, upon the introduction of ΔN6, self-assembly 

occurs forming co-assembled fibrils at the end of the self-assembly reaction. 
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3.2 Sequence similarity and heterogeneous amyloid aggregation 

A key determinant of whether two amyloidogenic sequences can co-aggregate or co-

assemble is the similarity of their amino acid sequences.3,11,12 This is due to the 

significant role that side chain packing can have on fibrillar structure, as well as the 

statistical unlikelihood of two distinct peptides forming a single fibril.3,13 The 

requirement for sequence similarity may be particularly apparent for cross-seeding (i.e. 

the ability of pre-formed fibrils of one peptide to increase the aggregation rate of 

another peptide), as can be seen in the aggregation behaviour of islet amyloid 

polypeptide (IAPP, the peptide implicated in type II diabetes) and Aβ40 when incubated 

as a mixture.12,14,15 IAPP and Aβ40 have 25% sequence identity and 47% sequence 

similarity, with the core amyloidogenic regions sharing 39% sequence identity and 65% 

sequence similarity (Figure 51a).3,12,14 When Aβ40 fibrils are introduced into a pool of 

IAPP monomers, they can seed the aggregation of IAPP (Figure 51b); however, when 

IAPP fibrils are introduced into a pool of Aβ40, the IAPP seeds have less than 2% of the 

seeding efficiency of Aβ40 fibrils (Figure 51c).12 This study also examined the ability of 

other amyloidogenic (including β2M, polyglutamine and Ure2P) and non-amyloidogenic 

(including collagen and ovalbumin) peptides/proteins to influence the aggregation rate 

of Aβ40. None of the peptides could seed the aggregation of Aβ40, confirming that the 

sequence similarity plays a significant role in the ability of amyloidogenic peptides to 

co-aggregate. Interestingly, a study performed by Ashcroft, Radford and co-workers 

demonstrated that IAPP and Aβ40 could form mixed oligomers (a dimer (1:1 ratio) or 

trimers (2:1 ratio of IAPP:Aβ40 and vice versa).14 When mixed together as monomeric 

peptides, the rate of aggregation (measured via ThT fluorescence) was found to be 

inbetween the two homomolecular aggregation rates of each peptide (Figure 2d). 

Sedimentation assays indicated that mixed fibrils had formed at the end of the self-

assembly reaction.14 These results demonstrate that the amino acid sequence plays a 

significant role in the ability of peptides to co-assemble, and that the sequence 

determinants for co-assembly and cross-seeding are not identical. 
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3.3 Mixed aggregation kinetics 

As described in Chapter 1 Section 1.12, the underlying microscopic mechanisms of 

amyloid self-assembly have been elucidated in a series of studies by Knowles, Linse, 

Dobson and co-workers.16–19 The underlying processes in mixed aggregation systems 

can be considered to be more complex, due to the fact there are two peptides which 

can influence each stage of the self-assembly process.20 The following section will 

describe each of these processes (primary nucleation, elongation, secondary 

nucleation and fragmentation) and their relation to systems containing two 

amyloidogenic peptides (Peptide A and Peptide B). 

Figure 51. The importance of sequence similarity in mixed aggregation systems. IAPP 

(orange) and Aβ40 (blue) have some sequence similarity (dashed lines are chemically 

similar, solid lines are identical amino acids, a). When Aβ40 seeds (blue rectangle) are 

introduced into a pool of IAPP monomers (orange circles), they increase the aggregation 

rate of IAPP (b), however, IAPP seeds (orange rectangle) do not have a dramatic effect on 

the rate of Aβ40 aggregation (blue rectangle, c). Mixing the peptides as monomers allows 

mixed oligomers and co-assembled fibrils to be formed, with a 1:1 mixture of the peptide 

producing a rate of aggregation that is between the two homogeneous rates (d).  

 

a 

b c 

d 
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3.3.1 Primary nucleation 

Primary nucleation involves the self-assembly of monomers in the absence of any 

preformed aggregates.19 If the monomers of two amyloidogenic peptides can interact, 

there are three possible fates for these mixed oligomers: dissociation back into the 

constituent monomers (if unstable), formation of co-nuclei, and the formation of off-

pathway oligomers (Figure 52). The unstable oligomers that dissociate back into their 

constituent monomers will slow the overall reaction rate of both peptides, as the 

monomers are not available for either primary nucleation or other secondary 

processes. The formation of off-pathway mixed oligomers will also retard the overall 

rate of aggregation of each peptide as they cannot return to the pool of monomers, 

reducing the concentration of monomers available for self-assembly. If, however, the 

mixed oligomers are stable and also provide a surface capable of recruiting monomers 

then they can be considered co-nuclei. These nuclei will increase the overall rate of 

reaction for each peptide and, as more peptide monomers are added, will eventually 

approach the homogeneous rate of self-assembly. Eventually the co-nuclei being 

incorporated into the fibrils at the end of the reaction. Depending on the sequence 

similarity of the peptides, these fibrils will either be co-assemblies or majority 

homomolecular fibrils with small, experimentally undetectable amounts of the other 

peptide located within their structure. 

 

 

Figure 52. The different pathways available after primary nucleation in mixed aggregation 

systems, including the predicted effect on the overall aggregation rate of the peptide. 
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3.3.2 Elongation 

If monomers of Peptide B are able to bind the fibril ends of Peptide A, three different 

effects on the overall rate of aggregation can be imagined (Figure 53).20 The overall 

rate of Peptide A aggregation will decrease, as the fibril ends are now blocked by 

Peptide B, reducing the number of sites to which Peptide A can bind. For Peptide B, if 

a truly co-assembled fibril is formed, the overall aggregation rate will increase as the 

concentration of elongation competent monomers is increased. However, if this is not 

the case, then the overall rate of Peptide B aggregation will decrease, as the pool of 

monomers available for self-assembly has been decreased. A true co-assembly of 

Peptide’s A and B will increase the aggregation rate of both peptides through 

elongation of the co-assembled fibrils. 

 

3.3.3 Surface catalysed secondary nucleation 

There are three different secondary nucleation mechanisms that can occur in mixed 

aggregation systems (Figure 54). Firstly, if the surface of fibrils of Peptide A are not 

capable of nucleating Peptide B, then they may bind in a non-reactive manner, 

reducing the overall aggregation rate of both peptides (as fewer sites are available for 

Peptide A surface nucleation and the monomer concentration of Peptide B has been 

reduced). If the surface of Peptide A is capable of nucleating Peptide B then the overall 

rate of aggregation will increase for Peptide B (increased number of nuclei) but will be 

reduced for Peptide A (reduction in the number of sites available for Peptide A to bind 

to). If the two peptides can form co-nuclei then the overall rate of aggregation will be 

dependent on the fate of those co-nuclei (see above). 

 

Figure 53. The different mechanisms of elongation and their associated impact on the rate 

of aggregation. 
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3.3.4 Fragmentation 

The fragmentation of fibrils into smaller fibril fragments would (in a single peptide 

system) increase the aggregation rate of that peptide exponentially.16,21 The effect of 

fragmentation on the rate of aggregation in a mixed peptide system will depend on the 

ability of those fibril fragments to increase the rate through the mechanisms described 

above (i.e. elongation and secondary nucleation). As such, and given the rate of 

fragmentation for Aβ is negligible under quiescent conditions, this mechanism can be 

considered to be a minor mechanistic possibility for the work performed in this chapter. 

 

3.4 The aggregation of two variants of Aβ: Aβ40 and Aβ42 

The identification of multiple variants of Aβ in the extracellular plaques of patients with 

AD has led to a number of studies being performed on how the two major 

proteinaceous components of the plaques, Aβ40 and Aβ42, interact.20,22–30 These studies 

have used a wide range of conditions and peptide concentrations, with both synthetic 

and recombinant Aβ peptides. Generally, it has been shown that Aβ40 interacts with 

Aβ42, and slows the overall rate of Aβ42 aggregation in a concentration dependent 

manner, with the ratio of Aβ40/Aβ42 thought to be important in how neurotoxic the Aβ 

peptide is.23–27 Some studies have demonstrated that Aβ42 increases the aggregation 

rate of Aβ40 (both as a monomer and as fibrils); however, other studies have disputed 

this, limiting the seeding ability of Aβ42 to the oligomeric intermediates formed by Aβ42 

or even showing that Aβ42 slows the growth of Aβ40.
22–24,27 It has also been reported 

that Aβ40/42 can form mixed fibrils.24,28 

 

Figure 54. The different mechanisms of surface catalysed secondary nucleation within 

mixed aggregation systems and their associated impact on the rate of aggregation. 
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In the face of these diverse, and sometimes contradictory, results, Knowles, Linse and 

co-workers performed a well-designed series of experiments using highly pure, 

recombinant Aβ40/42 in order to establish the underlying mechanism of Aβ co-

aggregation (Figure 55).20 In this study, two different transitions were observed (as 

measured by ThT fluorescence), with circular dichroism (CD), isotope edited MS 

experiments and NMR spectroscopy establishing that the first transition was due to the 

aggregation of Aβ42 and the second transition due to the aggregation of Aβ40. Cryo-

electron microscopy (cryo-EM) analysis confirmed that at the end of the self-assembly 

reaction, homomolecular fibrils had been formed. Seeding experiments demonstrated 

that Aβ40 seeds had little/no effect on Aβ42 (except at very high seed concentrations), 

whereas Aβ42 seeds did have an impact on Aβ40 aggregation (although it was not 

significant when compared with a self-seeded reaction. Monomeric Aβ42 had a larger 

impact on the rate of Aβ40 aggregation when compared to fibrillar Aβ42 indicating that 

the primary mechanism of interaction was through cooperative primary nucleation. 

Baldasarre and co-workers used isotope-edited IR to probe the structure of these 

mixed oligomers and revealed that each peptide is largely randomly distributed within 

the oligomer, with both peptides contributing to the β-sheet content of the oligomer.30 

 

3.5 The impact of peptide fragments on Aβ aggregation: the importance of the 

KLVFF motif 

The search for inhibitors of Aβ aggregation has led to the investigation of shorter 

peptide fragments from the Aβ sequence to be examined for their inhibitory 

properties.31–36 This search was based on the hypothesis that, given amyloid assembly 

Figure 55. The mechanism by which Aβ40 (red) and Aβ42 (blue) interact. Aβ42 monomers 

interact with Aβ40 during primary nucleation, increasing the rate of primary nucleation for 

Aβ40, which is slow in isolation. 
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requires highly specific molecular recognition processes, sections of the same 

sequence would be more likely to recognise and bind full-length Aβ, than other peptide 

sequences or small molecules. The identification by Tjernberg and co-workers that the 

KLVFF region from the central hydrophobic core region of Aβ (residues 16 – 20) can 

bind to Aβ40 and prevent the formation of fibrillar aggregates served as a starting point 

for the design of a number of different inhibitors.32 A study by Okuno and co-workers 

broke down the Aβ peptide into a series of 5-mer peptides that were attached to solid-

supports and incubated them with a fluorescently labelled KLVFF peptide, confirming 

that this motif binds to itself preferentially i.e. it is a “self-recognition motif”.37 A number 

of Aβ40/42 inhibitors that incorporate that KLVFF motif have been designed, including 

those that use D-amino acids and N-terminal modifications, such as ferrocence or 

extended lysine chains.33–36,38 Interestingly, longer peptide fragments from the Aβ 

sequence (such Aβ11-40/42 and Aβ20-40) have been shown to influence the aggregation 

rate of Aβ40/42, as well as co-assemble into mixed fibrils.22,39 These results would seem 

to indicate that the inherent propensity of the peptide fragment to form fibrils is a key 

determinant as to whether the fragment in question will inhibit or increase the 

aggregation rate of Aβ. 

 

3.6 The use of Molecular Dynamics (MD) simulations to understand Aβ 

aggregation 

The dynamic transitions that occur early during Aβ self-assembly can be difficult to 

characterise experimentally. However, advances in MD simulations have allowed this 

technique to be successfully applied to this problem.40–42 A wide range of simulation 

procedures can be used, each with their own advantages and disadvantages. Atomistic 

MD simulations can provide detailed information at the atomic level, however, due to 

the high level of detail generated they are often limited to smaller systems and short 

timescales (up to microsecond timescales).41 When used in combination with 

techniques, such as replica exchange (REMD), that allow simulations to sample 

multiple ensembles at different temperatures (in order to reduce the energy barriers in 

the energy landscape), atomistic simulations can be a powerful tool with which to 

explore the conformations of the early aggregates formed in amyloid self-assembly.40,41 

The simulation parameters (i.e. whether the solvent is explicit or implicit) can have a 

significant impact on the structures formed in the simulations.43 As amyloid fibrils have 

remarkably similar characteristics, despite having a wide range of amino acid 

sequences, the use of coarse-grained models (in which amino acids are simplified into 
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bead-like structures) can allow longer timescales and larger systems to be accessed 

and explored.44–46 The following sections will briefly describe some key examples of 

how MD simulations have been used to provide insight into both the initial (i.e. 

monomer and dimer formation) and the later stages of Aβ self-assembly (i.e. 

oligomerisation and secondary processes). 

 

3.7 Insights into Aβ monomers and dimers from MD simulations 

A number of studies have been undertaken to establish the secondary structure 

content of Aβ40/42 monomers, both in isolation and when in complex with ions such as 

Cu2+.43,47–50 These studies have produced different results, depending on the conditions 

under which they have been performed. For example, Ball and co-workers used both 

NMR and MD simulations to probe the initial conformations of both Aβ40 and Aβ42, 

demonstrating that they both sampled a diverse range of secondary structures 

including β-strands, random coils and α-helices.49 In this simulation, Aβ42 formed a 

well-populated (34% of the ensemble) antiparallel β-hairpin structure that consisted of 

residues 16 – 21 and 29 – 36, whereas Aβ40 formed a less-populated (10%) antiparallel 

β-hairpin consisting of residues 9 – 13 and 35 – 37. These observations contrast with 

the structures observed by Garcia and co-workers, in which both Aβ40 and Aβ42 adopt 

largely random coils, with a short 310 helix in the N-terminus of Aβ40 and a single β-turn 

for Aβ42 around residue 12 – 15.48 Generally, simulations on Aβ monomers tend to 

agree that they are largely disordered structures with a tendency to form a β-hairpin 

around residues 22 - 27.43,47–49 Simulations focusing on Aβ dimers have often explored 

the effect that inhibitors (such as epigallocatechin gallate, EGCG) or familial mutants 

have on the dimer structure.51–53 The Aβ dimers seen in these simulations are often 

unstructured with some amount of β-strand content and significant hydrophobic 

contacts, highlighting the dynamic nature of these early aggregation steps. 

 

3.8 Insights into Aβ oligomerisation MD simulations 

Strodel and co-workers performed atomistic simulations with REMD to probe the 

oligomersation of both Aβ40 and Aβ42, developing a novel method of analysing the 

datasets based on a transition network analysis.54,55 This analysis breaks down the 

structure of the oligomers formed into a number of different factors, including oligomer 

size, number of interpeptide hydrophobic/salt bridge contacts and oligomer shape 

(spherical or elliptical).55 In the simulations, extended oligomers were shown to be 
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more likely to go on and form higher order oligomers, whereas more compact 

oligomers were less likely to form higher order structures. Interestingly, the average 

oligomer mass distribution for the compact oligomers closely matched the oligomer 

distributions observed experimentally, indicating that these may be metastable 

structures.55–57 The mass distribution also highlighted that Aβ42 dimers and tetramers 

were substantially populated and went on to form higher order oligomers, whereas Aβ40 

largely formed higher order oligomers through monomer addition. The Aβ42 dimers had 

more hydrophobic surface area exposed to the solvent and few strong interpeptide 

contacts allowing them to easily interact with other peptides. Aβ40, however, formed 

strong C-terminal contacts within the dimer and had a lower surface area that was 

solvent exposed, reducing its ability to oligomerise further. 

 

The self-assembly of Aβ40 was further explored by Wolynes and co-workers using a 

coarse grained MD simulation that followed the different pathways taken by twelve Aβ40 

monomers to from oligomeric species.46 The overall energy landscape was shown to 

be downhill, with an oligomer containing parallel β-sheets, referred to as a “fibrillar” 

oligomer based on the structure reported by Petkova and co-workers, as the energy 

minima.58 Monomeric Aβ40 sampled two different monomeric conformations, one with 

an α-helix formed by L17 and D23 and another with two β-strands in residues 17 – 23 

and 30 – 36. The hairpin structure was stabilised upon dimer formation via 

intermolecular hydrogen bonding, with the higher order oligomers (trimers and 

tetramers) forming cylinders. The hexamer structures had two different conformations 

(antiparallel β-sheets, termed “pre-fibrillar” and the fibrillar oligomer described above) 

that was shown to interconvert by “back-tracking”. In this back-tracking step, the 

antiparallel structure dissociated with two strong self-recognising regions holding the 

oligomer together whilst the rest of the peptide underwent a conformational 

rearrangement to form the fully parallel, fibrillar oligomer. When examining two familial 

AD mutants (Arctic, E22G and Dutch E22Q), it was shown that increasing 

hydrophobicity at the 22 position increased the downhill nature of the energy 

landscape, possibility explaining why these mutants are associated with Aβ deposition 

early in life.59 

 

3.9 Insights into Aβ secondary pathways from MD simulations 

Visual insights into the molecular mechanism(s) of the secondary pathways involved in 

amyloid growth can provide detailed information about the intermolecular contacts 
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formed during the initial stages of elongation and surface catalysed secondary 

nucleation.60–64 Stultz and Gurry used an atomistic simulation with which to observe the 

process of fibril elongation of a preformed, fixed fibril core (Aβ9-40 or Aβ17-42) by 

monomeric Aβ40 and Aβ42 respectively (Figure 56).60 The fibril cores consisted of two 

in-register, parallel β-sheets and the contacts formed between the monomer and fibril 

core were measured using the average heavy atom distance (i.e a measure of 

hydrogen bonding between the fibril core and the monomeric peptide) and the fraction 

of residues forming β-strand secondary structure in the monomer. This study 

demonstrated that elongation occurred through a “dock and lock” mechanism, in which 

the monomer first associated to the N-terminal β-strand of the fibril core via 

intermolecular hydrogen bonding.60 The initial association is then followed by the 

formation of an intermediate hairpin structure, which is stabilised by both intra- and 

intermolecular hydrogen bonds, prior to a final rearrangement step during which the 

intramoleuclar hydrogen bonds are broken and replaced with intermolecular hydrogen 

bonds to the second β-strand of the fibril core. Both Aβ40 and Aβ42 displayed similar 

mechanisms of fibril elongation, however, Aβ42 was observed to “roll” along the fibril 

surface prior to docking at the fibril end. 

 

 

 

Another atomistic simulation examining the elongation of an Aβ42 pentamer did not 

observe the hairpin-like intermediate.61 Instead this simulation proposed that elongation 

occurred mainly through hydrophobic contacts, with the ends of the fibril being more 

Figure 56. The “dock and lock” mechanism proposed by Stultz and Gurry for the 

elongation of Aβ fibrils (60). Monomeric Aβ (black line) is initially disordered when it binds to 

the fibril end (blue arrows), after which it forms one strand with intermolecular hydrogen 

bonds (green) and intramolecular hydrogen bonds holding the second strand (black lines) 

in a hairpin intermediate. The locking step follows a rearrangement of the hydrogen 

bonding so that all are intermolecular and the monomer is now attached to the fibril core 

(red arrows). 
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disordered than the fibril core, thus allowing peptides at the fibril ends to form more 

hydrophobic contacts. This disordered region at the end of fibril formed a “cap” that 

was stabilised through monomer addition, with the rate-determining step in this 

mechanism identified as the rearrangement of intra- to intermolecular hydrophobic 

contacts. The “dock and lock” mechanism was further supported by atomistic 

simulations performed by Zacharias and co-workers, who demonstrated that the 

addition of a monomer to the ends of a preformed Aβ9-40 fibril core proceeded via the 

initial formation of non-native hydrogen bonds.64 This initial “locking” phase was then 

followed by a slower rearrangement step in which the formation of native hydrogen 

bonds occurred. The driving force of fibril elongation was found to be entropic, with the 

expulsion of water from the fibril end by the incoming monomer compensating for the 

loss of entropy as the monomer forms ordered β-strands in complex with the fibril core. 

 

Zacahrias and co-workers extended this analysis by applying the same methodology to 

exploring the association of monomers and structured oligomers onto the surface of a 

preformed Aβ9-40 fibril (i.e. key events in surface catalysed secondary nucleation).63 In 

this work, the authors demonstrated that the association of both monomers and 

oligomers (up to tetramer) was energetically favourable, with the association of a 

monomer onto the fibril surface being comparable that observed in their earlier work for 

fibril elongation (see above).64 The lateral association of oligomers was much more 

favourable than that of the monomer. Monomer addition to the fibril surface also 

occurred via a “dock and lock” mechanism, whereby in solution the monomer exists 

largely as a disordered peptide with little secondary structure, prior to attachment to the 

fibril surface (fast “docking” process). Upon attachment, the monomer unfolds with key 

hydrophobic contacts being made between the hydrophobic C-terminus of the 

monomer to the same C-terminal region of the fibril core. This is then followed by a 

collapse of the monomeric peptide into a compact structure on the fibril surface (the 

slower “locking” process). The higher order oligomers (trimers and tetramers) did not 

undergo any significant structural change upon binding to the fibril surface, whereas 

the dimer underwent some unfolding upon attachment (similar to the monomer). As 

with the fibril elongation simulation, the expulsion of water from the fibril surface was 

once again noted to be a key driving force for the association of the 

monomer/oligomers to the fibril surface. 

 

The molecular mechanism of surface catalysed nucleation was further explored by 

Strodel and co-workers in an atomistic simulation using a preformed Aβ17-42 fibril and 

monomeric Aβ42.
62 In this model, significant unfolding of Aβ42 was observed upon 
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attachment to the fibril surface, resulting in an elongated monomer structure, with 

hydrophobic contacts being formed between residues K28 – I41 of the monomer and 

residues A30 – L34 of the fibril seed (Figure 57a). The interaction was primarily driven 

through hydrophobic contacts, however, the charged N-terminus of the monomer was 

key for the initial binding of the peptide to the surface. The β-sheet content was 

observed to increase after binding of the monomer to the fibril surface (1.2 ± 3.4% to 

22.0 ± 9.6%), indicating that surface catalysed nucleation may play a role in the 

formation of β-sheets within nuclei. Simulations using dimeric Aβ42 also demonstrated 

the same mechanism, in which binding of the oligomer to the fibril surface was followed 

by unfolding. The monomers were also observed to “slide” across the fibril surface, 

leading to dimer and eventually trimer formation (Figure 57b).  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 57. The surface mediated secondary nucleation mechanism observed by Strodel 

and co-workers (62). The monomeric Aβ42 (black line) binds to the surface of the fibril (red) 

via hydrophobic contacts and start to unfold, eventually ending as an elongated peptide on 

the fibril surface (a). In the simulation, monomers were also observed to slide along the 

fibril surface and form dimers (b). 

 

a 

b 
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Aims and Objectives 

In this chapter, the mechanism by which Aβ16-22 increases the aggregation rate of Aβ40 

was elucidated and (in collaboration with Professor Carol Hall and Yiming Wang, North 

Carolina State University) the same system was analysed using discontinuous 

molecular dynamics (DMD) simulations. Combining thorough and detailed 

experimental analyses of complex amyloid systems with the visual insights provided by 

simulations can reveal details of the underlying mechanism that would have remained 

unseen, if either the experiments or simulations were used in isolation. As the KLVFF 

sequence (contained within Aβ16-22) has been shown to bind and inhibit Aβ40 

understanding the mechanism by which they interact may provide valuable information 

to be used in the future design of Aβ inhibitors and confirming the site of interaction in 

solution with diazirine labelled Aβ16-22 would also help this endeavour. 

 

To achieve these aims, the understanding of the structure and kinetics of Aβ16-22 and its 

diazirine labelled counterpart, developed in the previous chapter was used to inform 

the experimental design in this chapter. Aβ40 was made via a recombinant method 

(kindly provided by Dr. Katie Stewart, University of Leeds) and initial characterisation of 

the interaction involved using Thioflavin-T (ThT), a commonly used amyloid binding 

dye that does not fluorescence significantly in the presence of Aβ16-22 fibrils. After 

confirming the general effect of Aβ16-22 on the aggregation rate of Aβ40 (i.e. does it 

increase/decrease aggregation rate), seeding experiments were performed using 

preformed Aβ16-22 fibrils in order to distinguish between primary and secondary 

pathways. The presence of any mixed oligomers was assessed using ion mobility-

mass spectrometry (IMS-MS) and the composition of the fibrils formed at the end of the 

self-assembly reaction were assessed using a combination of electron microscopy 

(EM, with assistance provided Dr Matt Iadanza, University of Leeds) and photoinduced 

cross-linking (PIC). Once the mechanism of interaction between the two peptides was 

established experimentally, the same system was simulated under a variety of different 

conditions to thoroughly interrogate the proposed mechanism. The outcome was an 

atomistic view of how Aβ16-22 fibrils catalyse Aβ40 aggregation via surface catalysed 

secondary nucleation.  
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Results and Discussion 

3.10 Aβ16-22 increases the aggregation rate of Aβ40 

Aβ16-22 was synthesized according to the procedure outlined in the Materials and 

Methods Section 4.1 and Aβ40 was obtained via recombinant expression in e. Coli  

(kindly provided by Dr. Katie Stewart).65–67 The Aβ40 used in this study contains an N-

terminal methionine residue, that has been shown to have no impact on either the final 

fibril structure or the aggregation rate of the peptide, and had also undergone a second 

purification step to ensure that is a single peak prior to use in any kinetic assays 

(Appendix 1)65,68. A common method for characterising the growth of amyloidogenic 

peptides is to use the fluorescent dye ThT, however, as outlined in Chapter 2, Section 

2.10, in the presence of Aβ16-22 fibrils, ThT did not significantly fluoresce.18,69,70 As such, 

in the following sections any fluorescence assays using ThT will only report on the 

aggregation of Aβ40 and the protocol for the ThT assays can be found in Materials and 

Methods 4.15. Each trace in the main body of the text is representative of three repeats 

(which can be found in Appendix 9). To initially characterise how Aβ16-22 influences the 

aggregation rate of Aβ40, the two peptides were mixed together at different molar ratios, 

whilst the total peptide concentration was held constant (40 μM, Figure 58). As the 

molar ratio of Aβ16-22 to Aβ40 increased, the aggregation rate of Aβ40 was observed to 

increase, with the maximal effect seen at a 1:1 ratio of the two peptides (Figure 58).  In 

order to characterise to what extent Aβ40 aggregation accelerates in the presence of 

Aβ16-22, the normalised reduction in Aβ40 half-time (t1/2 , the time at which the growth 

curve reaches 50% amplitude) was calculated (Figure 59).  The result demonstrates 

that Aβ16-22 has a dramatic effect on the aggregation rate of Aβ40. 

Figure 58. Aβ16-22 increases the aggregation rate of Aβ40, with the maximum increase in 

rate observed at a 1:1 ratio. The total peptide concentration was held at 40 μM, pH 7, 100 

mM ammonium bicarbonate buffer, ThT 10 μM with a final DMSO concentration of 1% 

(v:v). 
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In order to confirm that the PRIME20 model and DMD approach used in the previous 

chapter could accurately model Aβ40 self-assembly, simulations were performed on six 

monomeric Aβ40 peptides (Figure 60, performed by Professor Carol Hall and Yiming 

Wang, see Chapter 2, Section 2.9 for a description of how the simulations are 

performed). At the start of the simulation (t = 0 μs), six Aβ40 monomers were in random 

coil conformations. By t = 104 μs, a metastable oligomer structure was observed 

comprising both parallel β-sheets and β-hairpin structures. As the simulation 

proceeded (t = 230 μs), this oligomer underwent structural rearrangement, losing some 

β-sheet content. At the end of the simulation (t = 621 μs) a stable, parallel in-register 

amyloid-like fibril structure was observed. Each Aβ40 peptide contains three β-strands 

(N-termini, central hydrophobic core and C-termini) within the structure, forming two β-

sheets in total. Unlike other studies exploring the aggregation of Aβ40, no anti-parallel 

oligomeric structures were observed in this study, with the final parallel hexameric 

oligomer resembling the fibrillar structure observed by Zheng et al.46  

 

 

 

Figure 59. The acceleration in the rate of Aβ40 aggregation in the presence of Aβ16-22, 

measured via the effect on the half-time (t1/2) of Aβ40 aggregation. In the figure, the t1/2 of Aβ40 

in the presence of Aβ16-22 has been normalised against the t1/2 of the equivalent concentration 

of Aβ40 in isolation (the Aβ40 concentration series used to calculate these half-times can be 

found in Appendix 9). The total peptide concentration was held at 40 μM, pH 7, 100 mM 

ammonium bicarbonate buffer, ThT 10 μM with a final DMSO concentration of 1% (v:v). 
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3.11 Aβ16-22 aggregates at a faster rate than Aβ40 and is unaffected by the 

presence of Aβ40 

In order to characterise the effect that Aβ40 has on the aggregation rate of Aβ16-22 the 

fluorescence quenching assay developed in Chapter 2, Section 2.11 was employed. As 

demonstrated in Chapter 2, when incubated in isolation, when Aβ16-22 is spiked with 5% 

TAMRA-Ahx-Aβ16-22 a rapid decrease in fluorescence followed by a slower phase that 

plateaued after 1 h was observed (Figure 61a and Chapter 2, Section 2.11). In the 

presence of Aβ40 (1:1 mol:mol ratio, 40 μM total peptide concentration, 2% (v/v) DMSO, 

Materials and Methods 4.16) no difference in the rate of fluorescence quenching was 

observed, indicating that Aβ40 had no effect on Aβ16-22 aggregation (Figure 61b). 

Sedimentation of the mixed system, via centrifugation, after 1 h demonstrated that Aβ40 

was present only in the supernatant fraction (Figure 61c), whilst only small amounts of 

the peptide were observed in the pellet fraction (Figure 61d, Materials and Methods 

4.17).  This confirmed that Aβ16-22 was present as fibrils at the same time as Aβ40 was 

present as soluble monomers/oligomers, indicating limited/no co-assembly occurred 

t = 621 μs  

rotate 

90° 

t = 0 μs  t = 104 μs  t = 230 μs  

top view  bottom view  

Figure 60. The self-assembly pathway of Aβ40 in DMD simulations. At t = 0 μs, Aβ40 exists 

as random coil monomers, that progresses through a variety of oligomeric states (t = 104 

and 230 μs), prior to finally forming a parallel, in-register β-sheet oligomer. 
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between the two peptides. As demonstrated via a TEM time course in Chapter 2, 

Section 2.11, at these concentrations, Aβ16-22 forms fibrils quickly (Figure 36c). Taken 

together these results demonstrate that Aβ16-22 aggregates faster than Aβ40 and that its 

rate of aggregation is unaffected by the presence of Aβ40. 

 

3.12 Monomeric Aβ16-22 can interact with monomeric and oligomeric Aβ40 through 

the self-recognition motif KLVFF 

The non-covalent and transient nature of the early stages of peptide self-assembly 

renders experimental analyses challenging. ESI is a soft ionization technique that can 

transfer non-covalent interactions, such as those that hold peptide oligomers together, 

into the gas phase.71,72 When combined with native IMS-MS, which separates ions by 

both mass to charge ratio (m/z) and shape, this can be a powerful technique with which 

a b 

c d 

Figure 61. The aggregation rate of Aβ16-22 is unaffected by the presence of Aβ40. In 

fluorescence quenching experiments Aβ16-22 has the same rate of aggregation when incubated 

in isolation (a) or in a 1:1 ratio with Aβ40 (TAMRA-Ahx-Aβ16-22 is held at 5% in both assays, 2% 

final DMSO concentration, v:v). When the samples are centrifuged and separated into 

supernatant (c) and pellet fractions (d), Aβ16-22 (and its TAMRA-labelled counterpart) can be 

found in the pellet fractions, whereas momomeric/oligomeric Aβ40 can be found in the 

supernatant. 
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to explore peptide self-assembly and differentiate small oligomer populations.56,73 

Under the conditions used in this study, ESI-IMS-MS analysis demonstrated that Aβ40 

forms a range of oligomeric structures (white, Figure 62a), ranging from monomers to 

pentamers. When incubated with Aβ16-22, a number of heteromeric oligomers were 

observed (green, Figure 62b) along with oligomeric Aβ40 (white) and nascent Aβ16-22 

(yellow). It should be noted that under these conditions Aβ16-22 oligomers were not 

observed. The heteromeric oligomers correspond to multiple Aβ16-22 monomers bound 

to either an Aβ40 monomer or dimer. Their presence demonstrates that the two 

peptides can interact as monomers or as oligomers. Collision cross-section (CCS, 

Materials and Methods 4.18) analysis of the Aβ40 species in the presence and absence 

of Aβ16-22 indicated no significant difference in the gas phase conformation of Aβ40, 

implying a conformational change in monomer or oligomer structure is unlikely to be 

the key factor for the increase of the rate of aggregation of Aβ40 in the presence of 

Aβ16-22 (Figure 62c – f).  
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In co-aggregation simulations in which both peptides begin in random coil structures, 

no apparent accelerating effect on the aggregation rate of Aβ40 in the presence of Aβ16-

22 was observed (Figure 63a). The simulation generated energy contact map between 

the monomeric Aβ16-22 and Aβ40 peptides (Figure 63b) indicates Aβ16-22, residues 18-20 

(VFF) interact strongly with both β-sheet forming sections of Aβ40 (residues 19-21 and 

a b 

c d 

e f 

Figure 62. Aβ16-22 and Aβ40 can interact with each other at the monomer level. IMS 

measurements when Aβ40 is either in isolation (a, white) or in the presence of Aβ16-22 (b, yellow) 

demonstrate the presence of heterooligomeric species (green). The CCS areas of Aβ40 

monomers/oligomers are identical in the absence (red) and presence (blue) of Aβ16-22 (c – e), 

whilst the CCS area of the mixed oligomers are as predicted for a 1:1 and 2:1 ratio of Aβ40:Aβ16-

22 respectively (f). 
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31-35, FFA and IGLM respectively). These results agree well with experimental data 

previously reported in the literature that indicates KLVFF is a “self-recognition 

element”. Despite attempts to capture the interaction experimentally using a diazirine 

labelled Aβ16-22 (Aβ*16-22), the site of interaction could not be verified, likely due to the 

low percentage of any heterodimers present (as assessed by total ion count, 1.0 ± 

0.5%) and the lower solution concentration of Aβ16-22 arising as a consequence of its 

rapid aggregation (Figure 63c).  The cross-links observed were homomolecular Aβ*16-22 

cross-links, consistent with an in-register antiparallel, β-sheet structure and the pattern 

of cross-links observed in Chapter 2 (the MS/MS spectra can be found in Appendix 

11).  

a b 

c 

Figure 63. Aβ16-22 monomers do not accelerate the rate of Aβ40 aggregation, although they 

interact through the KLVFF motif. In DMD simulations in which both peptides start in random coil 

monomers, no apparent increase in the rate of Aβ40 aggregation can be observed (a). The 

energy contact map demonstrates that the most significant contacts are via the KLVFF motif (b). 

When cross-linking experiments are performed at 5 mins with diazirine labelled Aβ*16-22, no 

heteromeric cross-links can be observed, with only homomeric Aβ*16-22 being observed (blue). 

Aβ40 peaks corresponding to both monomer and dimer, as well as fragmentation products can 

also be observed (red). 
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3.13 Aβ16-22 fibrils have a larger effect on the aggregation rate of Aβ40 than Aβ16-22 

monomer 

To further explore the effect of Aβ16-22 on Aβ40 aggregation, the effect of pre-formed 

Aβ16-22 fibrils on Aβ40 monomer aggregation was assessed. Self-seeding (where pre-

formed fibrils are introduced to monomeric peptides) has been shown to abolish (or 

severely reduce) the lag phase, bypassing 1° nucleation.16,74 Under all regimes, Aβ16-22 

fibrils increased the rate of aggregation of Aβ40 (Figure 64). Higher Aβ16-22 fibril 

concentrations (20%) increased the rate of Aβ40 aggregation more than lower fibril 

concentrations (1%, Figure 64a). A direct comparison between “monomeric” (i.e. taken 

straight from a DMSO stock) and fibrillar Aβ16-22 demonstrated that addition of Aβ16-22 

fibrils had the larger effect on the Aβ40 aggregation rate (Figure 64b). These results 

indicate that it is through secondary pathways, such as surface catalysed nucleation 

and elongation, that Aβ16-22 increases the aggregation rate of Aβ40. However, as these 

assays (Figures 64a and b) used sonicated Aβ16-22 fibrils, a direct comparison on the 

effect of sonication was also required; sonication of amyloid fibrils can increase the 

number of fibril ends within a sample, making the overall rate of aggregation more 

sensitive to elongation at the fibril ends. By introducing non-sonicated Aβ16-22 fibrils (i.e. 

fewer fibril ends), a decrease in the rate of Aβ40 aggregation would indicate elongation 

to be the dominant pathway by which the peptides interact. Side-by-side comparisons 

indicated that this was not the case (Figure 15c); in three independent assays the 

average half-time for sonicated fibrils = 6.2 ± 1.0 h; whereas for non-sonicated fibrils, 

the average half-time = 7.2 ± 0.7 h, indicating that elongation of Aβ40 on the ends of 

Aβ16-22 fibrils is unlikely to be the dominant contributor to accelerated Aβ40 aggregation. 

Simulations of the aggregation of six Aβ40 peptides were then performed in the 

presence of pre-formed Aβ16-22 fibrils of different sizes (2, 3 and 4 β-sheets 

respectively). In these simulations, the presence of pre-formed Aβ16-22 fibrils increased 

the rate of Aβ40 aggregation, with the largest Aβ16-22 fibril (i.e. 4 β-sheets) having 

biggest impact on the rate of β-sheet content formed by Aβ40 (Figure 64d). Given the 

outcome of simulations with monomeric Aβ16-22 (Figure 63a) which imply no apparent 

effect on the aggregation rate of Aβ40, these simulations with Aβ16-22 fibrils are in 

agreement with the experimental findings that the fibrillar structure of Aβ16-22 is the 

dominant species influencing the aggregation rate of Aβ40 
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Taken together the ThT, native ESI-IMS-MS and fluorescence quenching experiments 

clearly point to a secondary nucleation mechanism in which Aβ16-22 forms fibrils, prior to 

Aβ40 interacting with these fibrils, which in turn affects the aggregation rate of Aβ40. 

Direct comparisons between the addition of fibrillar Aβ16-22 and “monomer” Aβ16-22 to 

Aβ40 emphasize that the fibril structure of Aβ16-22 has the larger effect on Aβ40 

aggregation, despite the presence of small amounts of mixed oligomers (as 

demonstrated by the MS experiments). An increase in the presence of fibril ends does 

not appear to have a significant impact on the rate of Aβ40 aggregation (Figure 64c, 

a b 

c d 

Figure 64. Aβ16-22 fibrils increase the aggregation rate of Aβ40. As increasing amounts of 

preformed fibrils are introduced into a pool of Aβ40 monomers, the aggregation rate of Aβ40 

increases (a). When preformed fibrils are tested against the same concentration of Aβ16-22 taken 

straight from a DMSO stock (i.e. should be monomeric), the fibrils have a bigger impact on the 

rate of Aβ40 aggregation (b). When assessing the impact of sonication of the fibrils (i.e. whether 

the number of fibrils is important), no significant impact on the rate of Aβ40 is seen, indicating 

that the rate of aggregation has limited sensitivity to elongation (c). When a preformed Aβ16-22 

fibrils with differing amounts of β-sheet layers (black = 2 layers, red = 3 layers and green = 4 

layers) is placed in a simulation with random coil Aβ40 monomers, the aggregation rate of Aβ40 

increases, compared to when in isolation (blue), with the number of β-sheet layers (d). 
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implicating a surface catalysed nucleation mechanism, but not excluding a contribution 

to the rate acceleration from elongation. 

 

3.14 Aβ40 and Aβ16-22 appear to form distinct homomolecular fibrils 

The composition of the final fibril structure(s) represents a means to further discern the 

difference between the two different secondary pathways (surface catalysed and 

elongation). An elongation mechanism, in which Aβ40 monomers add onto the ends of 

Aβ16-22 fibrils would presumably form mixed fibrils, in which sections of each peptide 

can be found. Likewise, a surface catalysed mechanism would more likely produce 

homomolecular fibrils, as once formed on the Aβ16-22 fibril surface the Aβ40 nuclei could 

dissociate and form pure Aβ40 fibrils. TEM images taken at the end of the aggregation 

reaction appeared to show that Aβ40 fibrils display similar supramolecular fibril 

morphologies when incubated in isolation or co-aggregated with Aβ16-22 (Figure 65, 

taken with the aid of Dr Matt Iadanza). It should be noted that this is a qualitative 

measure of fibril morphology/composition. Given that ThT only fluoresces significantly 

in the presence of Aβ40 fibrils and not in the presence of Aβ16-22 fibrils, the end-point 

fluorescence may provide an indication as to whether the final Aβ40 fibril structures in 

the mixed system are similar to those of pure homomolecular Aβ40. In all ThT assays 

performed, the end-point fluorescence values were within error of the value expected 

from pure Aβ40 fibrils (Figure 66). Although both methods provide indirect evidence, 

they support the hypothesis that homomolecular Aβ40 fibrils are formed at the end of 

the assembly reaction.  
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Figure 65. Aβ40 fibrils have the same morphology when they are incubated in isolation (top) or 

in a 1:1 mixture of Aβ40/Aβ16-22 (bottom). The images on the right hand side are zoomed in 

images of the left hand image and were taken with the aid of Dr Matt Iadanza. Scale bars are 

200 and 100 nm respectively and are shown in white for clarity. 
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A further direct method to confirm the presence of homomolecular fibrils is to use PIC 

experiments, as described in detail in Chapter 2.75 To perform the PIC experiments, a 

diazirine label was placed on F20 of Aβ16-22 (Aβ*16-22). Prior to the PIC experiments, it 

was established (using a ThT fluorescence assay) that Aβ*16-22 has a similar effect on 

Aβ40 aggregation kinetics (Figure 67a). PIC experiments performed at 5 mins and 24 

hours indicate that no hetero-crosslinks form between Aβ*16-22 and Aβ40 (Figures. 63c  

for 5 mins sample, 67b for 24 h sample). If co-assembled heteromolecular fibrils were 

present at the end of the aggregation reaction, upon irradiation at 365 nm, the carbene 

generated by the diazirine should form hetero-crosslinks between Aβ40 and the labelled 

Aβ*16-22. All identifiable cross-links were consistent with inter/intramolecular Aβ*16-22 or 

solvent adducts previously identified by in the previous chapter, indicating that co-

assembly does not occur (Figure 67b). 

 

 

 

 

 

 

 

 

Figure 66. ThT end-points demonstrate that Aβ40 fibrils produce the same amount of 

fluorescence in the presence of increasing amounts of seeds (a) or increasing amounts Aβ16-22 

monomers as when in isolation indicating that majority homomolecular fibrils are formed.  

 

a b 
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To further support these conclusions, simulations following the co-aggregation 

reactions were performed; at the early stage (Figure 68, t = 0 μs) a mixture of 

monomeric and oligomeric Aβ40 was present and as the simulation progressed (t = 57 

μs), all Aβ40 peptides coalesced into one β-sheet rich oligomer, with Aβ16-22 intercalated 

within the structure. Throughout the simulation, monomeric Aβ16-22 was observed to 

bind to other monomeric Aβ16-22 peptides or the KLVFF motif of Aβ40 in an unstable 

manner. In accordance with experimental data, at the end of the aggregation (t = 202 

μs) the peptides did not formed a co-assembled aggregate but instead form distinct 

fibril-like structures (parallel for Aβ40 and antiparallel for Aβ16-22).  

 

 

 

 

Figure 67. Aβ*16-22 has the same effect on the rate of Aβ40 as Aβ16-22 (a) and at the end of the 

self-assembly reaction they form homomolecular fibrils (b). 

 

a 

b 
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3.15 Aβ16-22 forms fibrils that provide a competent surface to nucleate Aβ40, 

increasing its aggregation rate 

A series of simulation snapshots (Figure 69), demonstrate the surface catalysed 

nucleation of Aβ40 by a preformed Aβ16-22 fibril. At the early stage of the simulation (t = 

0 μs), three Aβ40 peptides are present in an oligomer, either associated at the end of 

the fibril or elongated across the fibril surface. The Aβ40 peptides predominantly adopt 

a random coil conformation, with small amounts of β-sheet structure. An elongated 

monomeric structure was also observed in simulations exploring the secondary 

nucleation of Aβ42 on the surface of Aβ11-42 performed by Barz et al.62 As the simulation 

progressed (t = 1.16 μs), the Aβ40 peptides remaining in solution were recruited by 

t = 0 μs  t = 57 μs  

t = 149 μs  t = 202 μs  

Figure 68. In DMD simulations, Aβ40 and Aβ16-22 form separate homomolecular structures.  At 

the start of the simulation a mixture of both monomeric and oligomeric Aβ40 is present (t = 0 

μs, red) and as the simulation progress all Aβ40 peptides coalesce into a single oligomeric 

structure, with Aβ16-22  (blue) intercalated within the structure (t = 57 μs). At the simulation end 

point, Aβ16-22 has formed a homomolecular β-sheet on the surface of the Aβ40 oligomer, 

primarily interacting with the KLVFF motif within Aβ40 (t = 202 μs). 



- 132 - 

those on the fibril surface. Once the oligomer became fully associated to the fibril 

surface, parallel β-sheets started to form. These β-sheets templated peptides present 

in a random coil conformation, pulling the oligomer more fully to the fibril surface (t = 

1.93 μs). The amount of β-sheet structure in the surface-associated oligomer increased 

as the simulation progressed (t = 7.7 μs) until finally all four surface associated Aβ40 

peptides were found as a highly ordered oligomer (t = 29 and μs). Aβ40 peptides 

attached to both the lateral surface and the end of the Aβ16-22 fibril during the simulation 

(Figure 70) with the Aβ40 C-terminal region attaching more frequently to the lateral 

surface of the fibril than to the fibril ends.  
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Figure 69. Aβ16-22 (red) has a surface that is competent to nucleate the formation of β-sheet 

containing oligomers of Aβ40 (blue), starting from a random coil Aβ40 oligomer. A detailed 

description of how this occurs can be found in the main body of the text. 

t = 0 μs  t = 1.16 μs  

t = 1.93 μs  t = 7.7 μs  

t = 29 μs  t = 77.7 μs  
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3.16 The proposed mechanism by which Aβ16-22 and Aβ40 interact 

The proposed mechanism by which the two peptides interact (see schematic in Figure 

71), proceeds with the majority of monomeric Aβ16-22 aggregating relatively quickly, 

forming homomolecular fibrils. A small percentage (1.0 ± 0.5% from total ion count) of 

monomeric Aβ16-22 forms mixed oligomers with Aβ40 monomers and dimers. The mixed 

Aβ16-22/Aβ40 oligomers can have a number of different fates: If the mixed oligomers are 

fundamentally unstable, they may dissociate back into the constituent monomers, 

slowing the overall aggregation rate of each peptide. If the structure of the mixed 

oligomers is such that monomeric Aβ16-22 and/or Aβ40 cannot bind to the oligomer, then 

the mixed oligomers will not take any further part in the aggregation reaction. These 

oligomers can be referred to as “off-pathway”. However, if the structure of the mixed 

oligomers is such that monomeric Aβ16-22/Aβ40 peptides can bind, the rate of 

aggregation will eventually approach the homogenous rate. These mixed oligomers will 

be incorporated into majority homomolecular fibrils at a level that is not experimentally 

verifiable. The majority of Aβ16-22 monomers go on to form homomolecular fibrils 

relatively quickly, providing a surface upon which Aβ40 can nucleat. The aggregation 

rate of Aβ40 is dominated by secondary nucleation processes, requiring the presence of 

Aβ40 aggregates, the formation of which is (initially) reliant on the slow primary 

Figure 70. Plot of the average number of hydrogen bonding and side chain-side chain 

contacts between six Aβ40 monomers and a 3-β-sheet Aβ16-22 fibril during the simulation. As 

shown in Figure 21, Aβ40 monomers attach to both the lateral surface and the end of the Aβ16-

22 fibril with its C-terminal part attaching more frequently to the lateral surface of the fibril than 

its two ends. 
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nucleation rate. The increase in the rate of Aβ40 aggregation in the presence of Aβ16-22 

is therefore due to the quick formation of the Aβ16-22 fibril, in turn bypassing Aβ40 

primary nucleation. 

 

It might be expected that the aggregation of Aβ40 would be inhibited in the presence of 

Aβ16-22, as the Aβ16-22 peptide contains the KLVFF motif. However, the results 

presented here conclusively demonstrate that Aβ16-22 increases the aggregation rate of 

Aβ40. The KLVFF motif has been described both as a “self-recognition element”, in that 

it has been shown to recognise and bind to itself.32,77 A number of modifications (such 

as C-terminal extensions with multiple K residues, N-terminal ferrocene extensions and 

N-methyl peptides) have been used to develop inhibitors that delay the aggregation of 

both Aβ40 and Aβ42.
32,34,36,38 Attempts to identify the binding site between Aβ40 and the 

KLVFF motif have often used solid phase supports with short radiolabeled peptide 

fragments. Tjernberg and co-workers observed that the KLVFF peptide does not form 

fibrils (at a concentration of 200 μM).78 However later studies, using cryo-TEM, showed 

that this fragment could form fibrils when placed in a phosphate buffer (at higher 

concentrations, 3 wt% or ~46 mM).79 Aβ16-22 however forms fibril structures at 

concentrations below those for KLVFF (20 – 40 μM). A computational search of all 

possible tripeptides (8,000) looking for sequences with a high aggregation propensity 

demonstrated that at the N-terminus positively charged residues such as K, R, S and T 

promote self-assembly, along with hydrophobic residues at the 2 or 3 position.80 

Interestingly, both D and E were highlighted as being favourable residues to have at 

the 3 position (C-termini). As this pattern of residues is mirrored within Aβ16-22 (i.e. 

positively charged N-termini, hydrophobic core and negatively charged/hydrogen bond 

forming C-termini) it could be that the addition of the extra two residues, in particular E, 

give Aβ16-22 a higher propensity towards forming antiparallel β-sheets, compared with 

amphiphilic KLVFF. As KLVFF does not form homomolecular fibrils until it reaches a 

Figure 71. The proposed surface catalysed secondary nucleation mechanism by which Aβ16-22 

increases the aggregation rate of Aβ40. 
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high enough concentration, it may bind to Aβ40, reducing the ability of Aβ40 to form 

nuclei and so slowing down the rate of aggregation. In comparison, Aβ16-22, with its high 

propensity to self-associate into β-sheets, forms homomolecular fibrils quickly without 

binding to Aβ40. 

 

3.17 Conclusions 

In conclusion, the co-aggregation of two amyloidogenic peptides has been analysed, 

Aβ16-22 and Aβ40, and it has been demonstrated that Aβ16-22 forms fibrils relatively 

quickly and is unaffected by the presence of Aβ40. Any hetero-oligomeric Aβ16-22-Aβ40 

appear to play a minor role in the co-aggregation reaction. Once Aβ16-22 forms fibrils, 

these species provide a surface that can interact with and nucleate the aggregation of 

Aβ40, increasing its aggregation rate. All of these processes can be observed in DMD 

simulations, highlighting the power of the approach in observing, at the molecular level, 

how Aβ40 first associates with fibril surface overtime.  

 

3.18 Future Work 

Although the mechanism by which the two peptides interact has been elucidated there 

are still some outstanding questions, namely whether the Aβ40 oligomers formed on the 

surface of Aβ16-22 are in a parallel (as suggested by the simulations) or an antiparallel 

orientation. As Aβ16-22 forms antiparallel β-sheets, it may be expected that that if the 

fibril surface is truly templating the Aβ40 oligomers then they would in an antiparallel 

orientation. In order to do this, the diazirine labelled cross-linker would need to be 

placed within the Aβ40 monomers and cross-linked. The longer amino acid sequence of 

Aβ40 may more challenging to analysing via MS/MS sequencing, requiring the 

development of new analysis methodologies. Other techniques, such as CD or IR, may 

find it difficult to separate out the two peptides without resorting to isotope editing 

techniques. 
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Materials and Methods 

4.1. General materials for peptide synthesis 

All amino acids, coupling reagents and resins were purchased from Novasyn (Merck), 

Fluorochem or Sigma-Aldrich. All amino acids were N-Fmoc protected and side chains 

were protected with Boc (Lys) or OtBu (Glu). Aβ16-22 (9), TAMRA-Ahx-Aβ16-22 (18) and 

Aβ*16-22 (19) were synthesized using standard SPPS conditions on an automated solid-

phase peptide synthesiser (CEM LibertyBlue) for Aβ16-22 and TAMRA-Ahx-Aβ16-22 or 

manually for Aβ*16-22. Manual peptide synthesis was performed in 4 mL vaculate 

reservoirs and PTFE taps with draining from a water aspirator. General methods for 

automated SPPS can be found in Section 4.3. DMF, dichloromethane (DCM) and 

diethyl ether (Et2O) used in peptide synthesis was of ACS grade from Sigma-Aldrich. 

DMSO used for peptide stock solutions was purchased from Sigma-Aldrich and used 

without further purification. Peptide identify was confirmed by liquid chromatography 

and mass spectrometry (LCMS) was performed using an Agilent Technologies 1200 

series LC and a Bruker HCT ultra ion-trap MS. High Performance Liquid 

Chromatography (HPLC) purification and analysis was performed as described in 

Section 4.4. 

 

4.2. General methods for manual peptide synthesis  

Method 1: Resin swelling  

Low-loading (0.33 mmol/g) rink amide-MHBA resin (0.2 mM) was weighed out, placed 

in a vacuum reservoir with DMF (3 mL) and agitated for 2 h on a mechanical spinner 

(Bibby Scientific) at ambient temperature to swell the resin prior to use in the coupling 

steps. 

 

Method 2: Deprotection of N-Fmoc-protected amino acid residues 

N-terminal protecting groups were removed using 25% piperidine in DMF solution (5 x 

2 mL x 2 min) and subsequent washing with DMF (5 x 2 mL x 2 min). Successful 

deprotection was checked using the Kaiser Test. 

 

Method 3: Kaiser Test1 

The Kaiser Test was used to check for successful deprotection and/or coupling for all 

residues. A small number of resin beads were removed from the vacuum reservoir and 

treated with a few drops of the following solutions (in the stated order): 
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1. Ninhydrin (5% w/v) in EtOH; 

2. Phenol (80% w/v) in EtOH; 

3. 1 mM KCN(aq) in pyridine (2% v/v). 

 

The solution was heated to ca. 150 °C for 1 min. Successful coupling will produce no 

colour change, whereas a successful deprotection (in which the amino acid’s N-

terminal primary amine is revealed) will produce a bright blue colour. 

 

Method 4: Amino acid coupling 

For each step, 5 equivalents of the desired N-Fmoc-protected amino acid (e.g 1 mM 

based on 0.2 mM of resin) were coupled using oxyma (5 equivalents) and DIPEA (5 

equivalents) in DMF (2 mL) for 2h. The first coupling onto the resin was performed 

using the same procedure. Due to the hydrophobic nature of the peptides, all amino 

acid residues were coupled twice to limit any amino acid deletions. 

 

Method 5: N-terminal acetyl capping (Aβ16-22 and Aβ*16-22) 

The deprotected resin was washed with DMF (5 x 2 min x 2 mL), DCM (5 x 2 min x 2 

mL) and Et2O (5 x 2 min x 2 mL). Acetic anhydride (10 equivalents) and DIPEA (10 

equivalents) were then added to the resin, which was agitated overnight on a 

mechanical spinner at room temperature. 

 

Method 6: N-terminal TAMRA capping (TAMRA-Ahx-Aβ16-22) 

Prior to coupling of the fluorescent label a 6-aminohexanoic acid (6-Ahx) linker would 

be coupled using Method 4. For fluorescent labelling, TAMRA-COOH (5 equivalents) 

was dissolved in a solution of DMF (2 mL) containing oxyma (5 equivalents) and DIC (5 

equivalents) then stirred for 10 mins. The pre-activated TAMRA solution was added to 

resin, which was agitated in the dark overnight on a mechanical spinner at room 

temperature. 

 

Method 7: Cleavage 

After elongation and subsequent N-terminal acetylation/TAMRA-Ahx labeling was 

complete, the resin would be washed with DMF (5 x 2 min x 2 mL), DCM (5 x 2 min x 

2mL) and Et2O (5 x 2 min x 2 mL). The resin was then treated with TFA:TIPS:H2O 

(98:1:1, 2 mL x 2 h). The resulting solution was concentrated in vacuo and the crude 

product precipitated from ice-cold Et2O (40 mL) and pelleted in a centrifuge (3000 x 2 

min). The supernatants were removed and the crude product purified using preparative 

HPLC (with UV detection).  
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N.B- The methods outlined above were also used for “test” cleavages after the 

coupling of 3-4 amino acids residues to confirm, via LC-MS analysis, that the SPPS 

was proceeding as expected. 

 

4.3. General methods for automated peptide synthesis  

Automated solid-phase peptide synthesis was carried out on a LibertyBlue CEM 

Peptide synthesizer.2 Peptides that were built using the synthesizer follow the same 

sequence of cycles as for manual SPPS, however, the introduction of coupling 

reagents, washing steps and each amino acid is controlled by a pre-programmed 

sequence designated by the user. To ensure successful coupling to the resin the first 

coupling step was always performed twice. The resin was placed into a clean 50 mL 

falcon tube and manually swelled in 50:50 DMF/DCM for 1 hour after which it was 

placed onto the synthesizer. The synthesis then continued by automated cycles of 

deprotection and coupling as follows: 

 Deprotection: Resin is washed with DMF (15 mL) followed by deprotection with 

20% piperidine in DMF solution (2 x 7 mL) at 75 °C and a final wash with DMF 

(15 mL). 

 Coupling: The desired N-Fmoc-protected amino acid (5 equivalents), Oxyma (5 

equivalents) and DIPEA (5 equivalents) in DMF (1.5 mL) were introduced to the 

reaction chamber for 4 mins at 75 °C. 

After the SPPS had been completed (with a final N-Fmoc-deprotection) the resin would 

be removed from the synthesizer, placed in a 4 mL reservoir and washed with DMF (3 

x 2 min x 2 mL), DCM (3 x 2 min x 2 mL) and Et2O (3 x 2 min x 2 mL). N-terminal 

acetylation or TAMRA-labeling and subsequent cleavage from the resin would be 

carried out manually according the respective methods in Section 4.2. 

 

4.4. General materials and methods for HPLC purification and analysis 

Peptides were purified by preparative scale HPLC using an X-bridge C18 preparative 

column (reversed phase) on an increasing gradient of MeCN to H2O (length = 100 mm, 

diameter = 19 mm, particle size = 5 μM) from Phenomenex; the pump, autosampler 

and fixed-wavelength UV detector were from Gilson. Crude peptides were dissolved in 

DMSO at an approximate concentration of 15 – 20 mg/mL-1 and injected into the 

column in 300 μL aquilots.  The solvent gradient (either 5 – 95% or 5 – 50%, MeCN in 



- 145 - 

H2O) was increased linearly over a 15 min run time at a flow rate of 10 mL/min-1. The 

fixed-wavelength detector was set to scan the eluent at either 220, 254 or 270 nm with 

peak-based collection for 30 s after the diode was triggered. Fractions were analyzed 

by LC-MS (high mass method, as described in Section 4.1) and fractions containing 

the desired peptide were combined, concentrated under reduced pressure and 

lyophilized. The purity of the peptide samples was determined by the School of 

Chemistry HPLC service using an Ascentis Express C18 column (length = 10 mm, 

diameter = 2.1 mm, particle size = 2.7 μm; Supelco) with pump, autosampler and diode 

array detector all from Agilent.  

4.5. General materials and methods for organic synthesis 

Non-aqueous reactions were carried out in washed and oven-dried glassware. 

Solvents and reagents were used as received from major suppliers without prior 

purification unless stated. Anhydrous tetrahydrofuran (THF), ethanol (EtOH), 

acetonitrile (MeCN), dichloromethane (DCM) and diethyl ether (Et2O) were obtained 

from the in-house solvent purification system from Innovative Technology Inc. 

PureSolv®. Anhydrous dimethyl formamide (DMF), methanol (MeOH) and chloroform 

(CHCl3) were obtained from major chemical suppliers equipped with a SureSeal™ (or 

equivalent). For reactions under non-anhydrous conditions, the solvents used were of 

HPLC quality and provided by Fisher or Sigma-Aldrich. Water in aqueous solutions and 

used for quenching was deionised, and water used for buffers and HPLC was ultra-

pure 18 MΩ from an ELGA Purelab system. Mixtures of solvents are quoted as ratios 

and correspond to a volume:volume ratio. Drying of organic extracts was performed 

using magnesium sulphate. Thin layer chromatography was performed on Merck 

Kieselgel 60 F254 0.25 mm precoated aluminium plates. Product spots were visualized 

under UV light (λmax = 254 nm) and/or by staining with basic potassium permanganate. 

If any other TLC dip was used, it is stated under the specific experimental procedure. 

Flash chromatography was performed using silica gel 60 (0.043 – 0.063 mm VWR) 

using pressure by means of head bellows. 1H NMR spectra were recorded on Bruker 

DPX 300 (300 MHz) or Avance 500 (500 MHz) spectrometers and referenced to either 

residual non-deuterated solvent peaks or tetramethylsilane. 1H spectra are reported as 

follows: δH (spectrometer frequency, solvent): ppm to two decimal places (number of 

protons, multiplicity, J coupling constant in hertz, assignment). Chemical shifts are 

quoted in ppm with signal splitting recorded as singlet (s), doublet (d), triplet (t), quartet 

(q), quintet (quin.) multiplet (m), broad (br) and apparent (app.). Coupling constants, J, 

are measured to the nearest 0.1 Hz. Similarly, 13C spectra are reported as follows: δC 
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(spectrometer frequency, solvent): ppm to one decimal place (assignment). Liquid 

Chromatography and Mass Spectrometry (LC-MS) was performed using an Agilent 

Technologies 1200 series LC and a Bruker HCT ultra ion-trap MS. 

 

4.6 Synthesis of N-Fmoc protected TFMD-Phe  

The synthesis of N-Fmoc protected TFMD-Phe was carried out according to the 

literature procedure originally developed by Fishwick and co-workers and improved 

upon by Smith and co-workers.3,4 It should be noted that a change in protecting group 

has been implemented. All synthetic products were characterised using 1H NMR and, if 

necessary to confirm the identity of the product, 13C NMR, ESI-LC-MS (ESI-MS) or 

ESI-HRMS. 

 

4-Bromobenzyl alcohol O-(tert-butyldiphenylsilyl) ether (21)4  

 

 

 

 

 

 

 

At ambient temperature and under an atmosphere of N2, tert-butyldiphenylsilyl chloride 

(31 g, 166 mmol) was added to a stirred solution of 4-bromobenzyl alcohol (17, 44 g, 

170 mmol) and imidazole (11.8 g, 173 mmol) in anhydrous DMF (100 mL). Stirring was 

continued for 18 h after which the reaction mixture was poured into H2O (200 mL) and 

the crude product extracted with hexane (2 x 200 mL). The combined extracts were 

concentrated under reduced pressure and purified using column chromatography on 

silica gel (DCM) to afford the title compound as a white crystalline compound (61 g, 

143 mmol, 87%). Rf: 0.6 (hexane); δH (500 MHz, CDCl3) 7.55 (d, 2H, 2 x ArCH, J = 7.5 

Hz), 7.29 (m, 5H, Ar), 7.23 (m, 5H, Ar), 7.07 (d, 2H, 2 x ArCH, J = 7.5 Hz), 4.57 (s, 2H, 

CH2), 0.96 (s, 9H, tBu); δc (125 MHz, CDCl3) 140.1 (ArC), 135.6 (ArC), 133.4 (ArC), 

131.4 (ArC), 129.9 (ArC), 127.9 (ArC), 120.7 (ArC), 65.0 (ArCH2), 26.9 (tBu CH3), 19.4 

(tBu q. C). 

 

 

 

Br

OTBDPS
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N,N-diethyltrifluoroacetamide (22)5 

 

 

 

 

 

At 0 °C (iced water) and under an atmosphere of N2, trifluoroacetic acid (7 mL, 45 

mmol) in DCM (50 mL) was added slowly to a stirred solution of diethylamine (13 mL, 

125 mmol). Stirring was continued for 18 h, during which time the reaction was allowed 

to warm to ambient temperature. The crude product was poured into DCM (200 mL), 

washed with saturated NaHCO3 (2 x 200 mL), dried over MgSO4 and concentrated 

under reduced pressure. The title compound was afforded without further purification 

(7.5 g, 44.3 mmol, 95%) as a yellow oil. Rf: 0.63 (DCM); δH (500 MHz, CDCl3) 3.44 (m, 

4H, 2 x CH2), 1.24 (m, 6H, 2 x CH3). δc (125 MHz, CDCl3) 156.2 (q, J = 35 Hz, COCF3), 

116.6 (q, J = 286 Hz, CF3), 41.8 (ethyl C), 41.4 (ethyl C), 13.8 (ethyl C), 11.9 (ethyl C); 

νmax/cm-1 (liquid film): 2983 (m), 1683 (s; amide I) and 1455 (m). 

 

4-[tert-Butyldiphenylsiloxy)methyl]-2,2,2-trifluoroacetophenone (23)4 

 

 

 

 

 

 

Under an atmosphere of N2, a stirred solution of 21 (19.5 g, 46 mmol) in anhydrous 

THF (250 mL) was cooled to -78 °C (dry ice-acetone). n-Butyl lithium (1.6 M in hexane, 

56.0 mL, 49 mmol) was added slowly and left to stir for 1 h. N,N-trifluoroacetamide (22, 

11.7 g, 69 mmol) in anhydrous THF (50 mL) was added dropwise and the temperature 

maintained at -78 °C whilst the reaction stirred for a further 2 h. The reaction mixture 

was quenched by the dropwise addition of saturated aqueous NH4Cl and poured into 

Et2O (200 mL). The crude product was washed with saturated aqueous NH4Cl (2 x 200 

mL), H2O (200 mL) and brine (200 mL), and dried over MgSO4. The organic solvents 

were removed under reduced pressured to afford the title compound as an orange oil 

(19.1 g, 43 mmol, 94%). Rf: 0.5 (5:95 EtOAC:hexane); δH (500 MHz, CDCl3) 7.99 (d, 

2H, 2 x ArCH, J = 8.5 Hz), 7.63 (m, 5H, Ar), 7.46 (d, 2H, 2 x ArCH, J = 8.3 Hz), 7.31 

(m, 5H, Ar), 4.78 (s, 2H, CH2), 1.07 (s, 9H, tBu). δc (125 MHz, CDCl3) 171.5 (COCF3), 

149.7 (ArC), 135.8 (ArC), 132.9 (ArC), 130.0 (ArC), 129.9 (ArC), 127.9 (ArC), 118.7 

OTBDPS

O CF3
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(ArC), 65.0 (ArCH2), 26.9 (tBu CH3), 19.4 (tBu q. C). The CF3 carbon and COCF3 

coupling were not observed. 

 

4-[tert-Butyldiphenylsiloxy)methyl]-2,2,2-trifluoroacetophenone oxime (24)4 

 

 

 

 

 

 

 

At 60 °C and under an atmosphere of N2, hydroxylamine hydrochloride (6.0 g, 86 

mmol) was added to a stirred solution of crude 23 (19.1 g, 43 mmol) in anhydrous 

EtOH (150 mL) and anhydrous pyridine (40 mL). Stirring was continued for 18 h under 

an atmosphere of N2 at 60 °C, after which the organic solvents were removed under 

reduced pressure. The residue was dissolved in Et2O (150 mL), washed with H2O (2 x 

100 mL), dried over MgSO4 and concentrated under reduced pressure. The crude 

product was purified by column chromatography (2:1, DCM-hexane) to afford the title 

compound as an orange oil (15.9 g, 34 mmol, 80%). Rf: 0.65 (2:1 DCM:hexane); δH 

(300 MHz, CDCl3) 8.48 (app. d, 1H, NOH, Japp = 6.0 Hz), 7.59 (m, 4H, ArCH), 7.30 (m, 

10H, ArCH), 4.69 (app. d, 2H, CH2, Japp = 6.0 Hz), 0.99 (s, 9H, tBu).  ESI-MS found: 

456.7, C25H25F3NO2Si requires 456.2 (negative ion mode). 

 

4-[tert-Butyldiphenylsiloxy)methyl]-2,2,2-trifluoroacetophenone-O-(4-

toluenesulphonyl) oxime (25)4 

 

 

 

 

 

At 0 °C and under an atmosphere of N2, p-toluenesulphonyl chloride (3.2 g, 17 mmol) 

was added to a stirred solution of 24 (5.5 g, 12 mmol), 4-(dimethylamino)pyridine (146 

mg, 0.1 mmol) and anhydrous triethylamine (1.7 mL, 12 mmol) in anhydrous DCM (100 

mL). The mixture was stirred for 3 h over which time the reaction was allowed to warm 

to room temperature. The crude product was washed with water (2 x 200 mL), dried 

over MgSO4 and concentrated under reduced pressure. The product was purified using 

column chromatography on silica gel (10:90, EtOAc:hexane) to afford the title 

OTBDPS

HON CF3

OTBDPS

TsON CF3
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compound (6.0 g, 9 mmol, 80%) as a orange oil. Rf: 0.7 (10:90, EtOAc:hexane);  δH 

(500 MHz, CDCl3) 7.94 (d, 2H, ArCH, J = 8.3 Hz), 7.71 (m, 4H, ArCH), 7.41 (m, 12H, 

ArCH), 4.84 and 4.82 (2 x s, 2H, 2 x CH2), 2.51 and 2.49 (2 x s, 3H, 2 x ArCH3), 1.14 

and 1.11 (2 x s, 9H, 2 x tBu). 

 

3-[α-(tert-Butyldiphenylsiloxy)-4-tolyl]-3-trifluromethyl diaziridine (26)4 

 

 

 

 

 

 

 

Under a N2 atmosphere, gaseous NH3 was condensed at -78 °C (dry ice-acetone) into 

a solution of 25 (6 g, 10 mmol) in anhydrous THF (50 mL) at -78 °C (dry ice-acetone). 

The total volume of NH3 added was approximately 50 mL during the course of the 

reaction. Stirring was continued for 3 h after which it was allowed to warm to ambient 

temperature for 18 h, during which any residual NH3 evaporated. The resulting mixture 

was filtered to remove a colourless precipitate and poured into Et2O (150 mL), washed 

with H2O (2 x 200 mL), dried over MgSO4 and concentrated under reduced pressure. 

The product was purified using column chromatography on silica gel (DCM) to afford 

the title compound as a colourless oil (2.6 g, 5.7 mmol, 58%). Rf: 0.5 (9:1, 

DCM:hexane); δH (500 MHz, CDCl3) 7.82 (d, 2H, ArCH, J = 8.2 Hz), 7.70 (m, 5H, 

ArCH), 7.40 (m, 5H, ArCH), 7.31 (d, 2H, ArCH, J = 8.2 Hz),  4.82 (s, 2H, CH2), 2.82 (d, 

1H, NH, J = 9.1 Hz), 2.25 (d, 1H, NH’, J = 9.1 Hz), 1.1 (s, 9H, tBu). 

 

3-[α-(tert-Butyldiphenylsiloxy)-4-tolyl]-3-trifluromethyl diazirine (27)4 

 

 

 

 

 

 

 

In a darkened fume hood and at ambient temperature, small portions of I2 (3.1 g, 12 

mmol) were added to a stirred solution of 26 (5.5 g, 12 mmol) and triethylamine (1.02 

mL, 15 mmol) in MeOH (10 mL) until a deep red colour persisted.  After stirring for a 
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further 30 mins the reaction mixture was neutralized with 10% (w/v) aqueous citric acid 

solution (checked with indicator paper) and quenched with 5% (w/v) aqueous sodium 

metabisulphite. The organic solvents were removed under reduced pressure and the 

residue was dissolved in Et2O (100 mL), washed with H2O (2 x 200mL), dried over 

MgSO4 and concentrated under reduced pressure. The crude product was purified 

using column chromatography on silica gel (2:1, hexane:DCM) to afford the title 

compound as a colourless oil (4.7 g, 10 mmol, 86%). Rf: 0.3 (2:1, hexane:DCM); δH 

(500 MHz, CDCl3) 7.81 (d, 2H, 2 x ArCH, J = 8.2 Hz), 7.51 (m, 5H, ArCH), 7.45 (m, 5H, 

ArCH), 7.24 (d, 2H, 2 x ArCH, J = 8.2 Hz), 4.73 (s, 2H, CH2), 1.1 (s, 9H, tBu); δc (125 

MHz, CDCl3) 142.9 (ArC), 135.8 (ArC), 132.9 (ArC), 130.0 (ArC), 129.9 (ArC), 127.9 

(ArC), 121.1 (CF3), 118.7 (ArC), 64.9 (ArCH2), 28.3 (diazirine C), 26.9 (tBu CH3), 19.4 

(tBu q. C). CF3 coupling and COCF3 were not observed. 

 

4-[3-Triflouromethyl-3H-diazirine-3-yl)benzyl alcohol (28)4 

 

 

 

 

 

 

 

In a darkened fume hood, at ambient temperature and under a N2 atmosphere, 27 (4.5 

g, 9 mmol) was treated with 1M tetra-n-butylammonium fluoride in 95:5 THF-H2O (13 

mL, 11 mmol) in anhydrous THF (10 mL). The reaction was stirred at ambient 

temperature for 5 h, then poured into Et2O (100 mL), washed with H2O (2 x 200 mL), 

dried over MgSO4 and concentrated under reduced pressure. The crude product was 

purified using column chromatography on silica gel (gradient elution, hexane in Et2O, 0-

80%) to afford the desired product as a colourless oil (720 mg, 3 mmol, 33%). Rf: 0.2 

(2:1 hexane:Et2O); δH (300 MHz, CDCl3) 7.42 (d, 2H, 2 x ArCH, J = 8.4 Hz), 7.21 (d, 

2H, 2 x ArCH, J = 8.4 Hz), 4.73 (s, 2H, CH2).  
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3-[α-(iodo-4-tolyl]-3-trifluromethyl)-3H-diazirine (29)4 

 

 

 

 

 

 

In a darkened fume hood, at ambient temperature and under a N2, 

methyltriphenoxyphosphonium iodide (1.36 g, 3.4 mmol) was added to a stirred 

solution of 28 (370 mg, 1.7 mmol) in anhydrous MeCN (5 mL). The reaction was stirred 

at ambient temperature for 20 h, before being diluted with Et2O (30 mL) and washed 

with NaOH (1 M, 2 x 20 mL) and H2O (2 x 25 mL), dried over MgSO4 and concentrated 

under reduced pressure. The crude product was purified using column chromatography 

on silica gel (2:1, hexane:Et2O) to afford the desired product as a red solid (478 mg, 

1.5 mmol, 88%). Rf: 0.67 (2:1, hexane:Et2O); δH (500 MHz, CDCl3) 7.44 (d, 2H, 2 x 

ArCH, J = 8.5 Hz), 7.13 (d, 2H, 2 x ArCH, J = 8.5 Hz), 4.43 (s, 2H, CH2). δc (125 MHz, 

CDCl3) 141.1 (ArC), 129.2 (ArC), 128.7 (ArC), 126.9 (ArC), 121.7 (q, J = 273 Hz, CF3), 

28.3 (q, J = 40 Hz, diazirine C), 3.69 (CH2). 

 

Nickel complexation of (S)-2-[N-(N’-benzylprolyl)amino]-benzophenone and 

glycine (30)6 

 

 

 

 

 

 

(S)-2-[N-(N’-benzylprolyl)amino]-benzophenone (2 g, 5 mmol), glycine (2 g, 26 mmol) 

and Ni (II) nitrate hexahydrate (3.1 g, 11 mmol) were dissolved in MeOH (30 mL). The 

reaction mixture was then warmed to 55 °C and stirred for 10 mins, followed by the 

addition of 25% (w/w) NaOMe in MeOH (10.1 mL, 44 mmol) with stirring continued for 

1 h. AcOH (3.6 mL, 57 mmol) was added and the mixture refrigerated at 4 °C for 48 h 

(during which time excess Ni and any starting material precipitated). The resulting dark 

red solution was filtered and the filtrate concentrated under reduced pressure to afford 

the crude product as a dark red crystalline material. The crude product was purified 

using column chromatography on silica gel (5:1, CHCl3:acetone) to afford the desired 

product as a dark red crystals (2.2 g, 4.5 mmol, 90%). Rf: 0.18 (5:1, CHCl3:acetone); δH 
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(500 MHz, CDCl3) 8.29 (app. d, 1H, 2 x ArCH, J = 10 Hz), 8.08 (app. d, 2H, 2 x ArCH, 

Japp = 10 Hz), 7.52 (m, 3H, ArCH), 7.44 (m, 2H, ArCH), 7.34 (m, 1H, ArCH), 7.22 (m, 

1H, ArCH), 7.10 (app. d, 1H, ArCH, Japp = 10 Hz), 6.92 (m, 1H, ArCH), 6.81 (d, 1H, 

ArCH, J = 10 Hz), 6.70 (m, 1H, ArCH), 4.50 (d, 1H, benzylic CHH’, J = 10.0 Hz), 3.81 

(s, 1H, benzylic CHH’, J = 10.0 Hz), 3.77 (s, 1H, NCHPh), 3.71 (s, 2H, 2x Gly αH), 3.67 

(m, 1H, Pro δHH’), 3.48 (m, 1H, Pro αH), 3.37 (m, 1H Pro γHH’), 2.58 (m, 1H, Pro 

βHH’), 2.45 (m, 1H, Pro βHH’), 2.17 (m, 1H, Pro δHH’), 2.08 (m, 1H Pro γHH’). ESI-MS 

found: m/z 498.1 [M+H+], C27H26N3NiO3 requires 498.1. 

 

 

Alkylation of Ni-complex with 3-[α-(iodo-4-tolyl]-3-trifluromethyl)-3H-diazirine 

(31)4  

 

 

 

 

 

 

 

In a darkened fume hood and under a N2 atmosphere, Ni-complex 30 (350 mg, 1.1 

mmol) and vacuum dried, powdered NaOH (141 mg, 3.5 mmol) were dissolved in 

anhydrous MeCN (5 mL) at -22 °C (MeOH:ice). To this mixture, 29 (350 mg, 1.1 mmol) 

was added and the reaction stirred for 18 h, during which time the reaction mixture was 

allowed to warm to ambient temperature. Et2O (20 mL) was added and the crude 

product washed with 1 M NaOH (2 x 20 mL) and H2O (2 x 20 mL), dried over MgSO4 

and concentrated under reduced pressure. The crude product was purified using 

column chromatography on silica gel (9:1, CHCl3:acetone) to afford the desired product 

as a glassy red solid (700 mg, 1.0 mmol, 94%). Rf: 0.6 (9:1, CHCl3:acetone); δH (500 

MHz, CDCl3) 8.27 (app. d, 1H, 2 x ArCH, J = 5 Hz), 8.02 (app. d, 2H, 2 x ArCH, Japp = 

10 Hz), 7.73 (m, 2H, Phe ArCH), 7.58 (m, 3H, ArCH), 7.45 (m, 2H, ArCH), 7.33 (m, 1H, 

ArCH), 7.22 (m, 1H, ArCH), 7.19 (m, 2H, Phe ArCH), 7.09 (app. d, 1H, ArCH, Japp = 10 

Hz), 6.92 (m, 1H, ArCH), 6.69 (d, 1H, ArCH, J = 10 Hz), 6.70 (m, 1H, ArCH), 4.38 (d, 

1H, benzylic CHH’, J = 10 Hz), 4.26 (s, 1H, Phe αH), 3.51 (s, 1H, benzylic CHH’, J = 10 

Hz), 3.77 (s, 1H, NCHPh), 3.67 (m, 1H, Pro δHH’), 3.48 (m, 1H, Pro αH), 3.37 (m, 1H 

Pro γHH’), 3.08 (m, 1H, Phe βHH’), 2.87 (m, 1H, Phe βHH’), 2.58 (m, 1H, Pro βHH’), 

2.27 (m, 1H, Pro βHH’), 1.91 (m, 1H, Pro δHH’), 1.71 (m, 1H Pro γHH’). ESI-HRMS 

found: m/z 696.1747 [M+H+], C36H31N5NiO3F3 requires 696.1732. 
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 (S)-3-[4-[3-(trifluoromethyl)-3H-diazrinin-3-yl]phenyl]alanine (15)4 

 

 

 

 

 

 

In a darkened fume hood, a stirred solution of 31 (700 mg, 1.0 mmol) and 1.2 M HCl 

(aq, 16 mL, 19.2 mmol) in MeOH (30 mL) was heated at reflux until a complete colour 

change (from red to yellow) was observed. The reaction mixture was allowed to cool to 

ambient temperature at which point the MeOH was removed under reduced pressure. 

The aqueous residue was washed with CHCl3 (2 x 50 mL) and the combined washings 

extracted with H2O (3 x 25 mL) and then combined. The aqueous fractions were then 

adsorbed onto Dowex 50WX2-110 H+ resin exchange resin (15 g). The resin was 

washed with H2O (100 mL), MeOH (100 mL) and the desired compound eluted with 

saturated NH3 in MeOH (150 mL). Fractions that were positive against ninhydrin were 

combined and concentrated under reduced pressure to afford the desired product as 

an off-white solid (215 mg, 0.8 mmol, 78%). Rf: 0.7 (5:3:1, CHCl3:MeOH:AcOH); δH 

(500 MHz, CF3COOD) 7.41 (d, 2H, 2 x ArH, J = 8.1 Hz), 7.31 (d, 2H, 2 x ArH, J = 8.1 

Hz), 4.82 (m, 1H, Phe αH), 3.66 (dd, 1H, Phe βHH’, J = 14.5 and 4.7 Hz), 3.44 (dd, 1H, 

Phe βHH’, J = 15.8 and 9.6 Hz).  ESI-MS found 274.2, C11H11F3N3O2 requires 274.1. 

 

(S)-N-(9-Fluorenylmethoxycarbonyly)-[4-[3-(trifluoromethyl)-3H-diazrinin-3-

yl]phenyl]alanine (32)4 

 

 

 

 

 

In a darkened fume hood, N-(9-Fluorenylmethoxycarbonyloxy) succinimide (137 mg, 

0.4 mmol) was added slowly to a stirred suspension of 15 (100 mg, 0.36 mmol) and 

NaHCO3 (93 mg, 1.1 mmol) at 0 °C in H2O (4 mL) and acetone (1 mL). The reaction 

mixture was left to stir for 48 h after which it was poured into 1 M HCl (aq, 30 mL) and 

the crude product was extracted with CHCl3 (3 x 25 mL) and concentrated under 

reduced pressure. The residue was then redissolved in EtOAc (20 mL), washed with 1 

M HCl (aq, 100 mL), H2O (100 mL), brine (100 mL), dried over MgSO4 and 

concentrated under reduced pressure. The crude product was purified using column 
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chromatography on silica gel (gradient elution, MeOH in CHCl3, 0-10%) to afford the 

desired product as an off-white solid (75 mg, 0.2 mmol, 50%). Rf: 0.2 (9:1, 

DCM:MeOH); δH (500 MHz, CDCl3) 7.79 (d, 2H, ArCH, J = 7.5 Hz), 7.64 (d, 2H, ArCH, 

J = 7.5 Hz), 7.39 (m, 8H, ArCH), 5.20 (d, 2H, NH2, J = 7.0 Hz), 4.60 (m, 1H, Phe αH), 

4.38 (m, 1H, Fmoc CHH’), 4.25 (m, 1H, Fmoc CHH’), 4.17 (t, 1H, Fmoc CH, J =  6.5 

Hz), 3.26 (dd, 1H, Phe βHH’, J = 9.0 and 14.0 Hz), 3.15 (dd, 1H, Phe βHH’, J = 6.5 and 

14.5 Hz). 

 

4.7 Materials for self-assembly experiments 

All peptides were synthesised and purified as described above. HFIP was purchased 

from AlfaAesar. Ammonium bicarbonate was of mass spectrometry grade and 

purchased from Sigma-Aldrich. Buffers were made using 18 MΩ H2O from the system 

described in Section 4.17 and sterile filtered (0.22 μm) prior to use in any self-assembly 

reaction. All eppendorfs and pipette tips (Gilson) were autoclaved (Prestige Benchtop 

Medical Autocalve) to prevent bacterial contamination. Carbon-formvar coated copper 

grids for TEM were purchased from Agar Scientific and activated at 254 nm for 30 mins 

prior to use. 

 

4.8. Aggregation protocol for Aβ16-22 phase diagram 

Aβ16-22 was diluted from a DMSO stock solution (1 – 30 mM) to the required 

concentration (10 – 300 μM) in 100 mM ammonium bicarbonate buffer (pH 7). Final 

DMSO concentration was kept at 1% (v/v) in all assays. After a week, aliquots were 

taken for TEM analysis (Section 4.9). If no fibrils were observed, the samples were left 

to incubate for another week. Conditions under which Aβ16-22 did not form visible fibrils 

(using extensive TEM analysis) after two weeks were counted as those under which 

fibrils do not form.  

 

4.9. General method for TEM analysis 

TEM images were taken at the end of each experiment by removing 5 μL from the 

necessary well/eppendorf and incubated on carbon-formvar grids for 30 s prior to 

staining with 2% (w/v) uranyl acetate solution for an additional 30s. Images were taken 

on a JEM-1400 (JEOL Ltd., Toyko, Japan) or an Tecnai T12 (FEI, Oregon, USA) 



- 155 - 

transmission electron microscopes. Images were taken using either a ATM CCD 

camera or a Gatan Ultrascan 1000 XP (994) CCD camera (JEM-1400) or an Ultrascan 

100XP (994) CCD camera (Tecnai F12). Once taken, images were processed using 

ImageJ (NIH). 

4.10. General method for fluorescence quenching assays 

Wild type Aβ16-22 was spiked with TAMRA-Ahx-Aβ16-22 at different percentages (100 – 

1% for end-point assays, 5% for kinetic quenching assays) and incubated in 100 mM 

ammonium bicarbonate, pH 7 with a final concentration of 2% DMSO (v/v). The total 

peptide concentration was 40 μM. Samples were placed in quartz cuvettes (Helma QS 

Quartz, 1 cm path length) and analysed using a temperature controlled (Quantum 

Northwest PC425 Peltier controller) Quantamaster fluorimeter (Photon Technical 

Industries, Canada) at 37 °C. Kinetic measurements were taken every 30 s for the 

duration of the experiment (in triplicate) and TEM images were taken at the end of 

each experiment to ensure the presence of fibrils. The TAMRA fluorophore was excited 

at 520 nm and emission recorded at 600 nm to reduce the inner filter effect. Slit widths 

were 0.3 nm for excitation and 5 nm for emission 

 

4.11. General protocol for PIC experiments 

Aβ*16-22 (40 μM) was incubated in eppendorf tubes at 37 °C in 100 mM ammonium 

bicarbonate with a final volume of 1% DMSO (v/v) for either 5 mins, 1 h, 24 h or 2 

weeks in the dark (as described in Section 4.7). Samples were then irradiated for 1 min 

using a home built LED lamp (see Appendix 4) at 365 nm, lyophilized overnight, taken 

up in hexafluoroisopropanol (HFIP, 100 μL) and left overnight to ensure any 

aggregates were disrupted. HFIP was then removed under a gentle stream of N2 and 

the cross-linked products taken up in 50:50 H2O/MeCN + 0.1% formic acid to a final 

concentration of ~40 μM and analysed using ESI-IMS-MS/MS. 

 

4.12 Materials for ESI-IMS-MS 

All organic solvents and mass spec grade H2O were purchased from Fisher Scientific. 

Sodium Iodide was purchased from Sigma-Aldrich. 
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4.13. ESI-IMS-MS Instrumentation 

All samples were prepared as described above (Section 4.11). A Synapt HDMS 

quadrupole time-of-flight mass spectrometer (Micromass UK Ltd., Waters Corporation, 

Manchester, UK), equipped with a Triversa NanoMate (Advion Biosciences, Ithaca, 

NY, USA) automated nano-ESI interface was used for all cross-linking and IMS 

experiments. The NanoMate contains both an autosampler and nano-electrospray 

source through which the sample is delivered into the mass spectrometer. The 

instrument has a travelling-wave IMS device situated in-between the quadrupole and 

the time-of-flight analysers. The ion-mobility cell contains three sections connected in 

series: a trap ion guide, the drift-tube and a transfer ion guide. Samples were analysed 

by positive ionisation nanoESI  (nESI) with a capillary voltage of 1.7 kV and a N2 

nebulising gas pressure of 0.8 psi. The following instrument parameters were used: 

cone voltage 60 °C; source temperature 60 °C; backing pressure 4.7 mbar, ramped 

travelling speed 7 – 20 V; travelling wave speed 400 ms-1; IMS N2 gas flow 20 mL min-

1; IMS cell pressure 0.55 mbar. The m/z scale was calibrated with aq. NaI cluster ions. 

Data were processed by use of MassLynx v4.1 and Driftscope software supplied with 

the mass spectrometer. 

 

4.14. Protocol for ESI-IMS-MS/MS analysis of cross-linked products 

To perform the MS/MS sequencing, the quadrupole was operated in resolving mode. 

The required ion was isolated based on m/z ratio in the quadrupole. After the ions had 

passed through the trap ion guide and IMS cells, the transfer ion guide voltage would 

be increased from 2 V to 40 V, causing the ions to fragment prior to entering the time-

of-flight mass analyser. By fragmenting the ions in this manner, doubly charged dimers 

and singly charged monomers with the same m/z ratio can be isolated and analysed. 

 

4.15 Protocol for ThT fluorescence assays 

Samples were prepared in a 96-well non-binding plate (Corning Costar 3881, Corning 

Life Sciences, Amsterdam, The Netherlands) sealed with clear sealing film (BMG 

Labtech, Aylesbury, Bucks, UK) and were incubated in a FLUOstar OPTIMA plate 

reader (BMG Labtech, Aylesbury, Bucks, UK) for 20 hours at 37 °C without agitation. 

Samples had a volume of 95 μL containing 10 μM ThT in 100 mM ammonium 

bicarbonate, pH 7, and a final concentration of 1% (v/v) DMSO.  Aβ16-22 was taken from 
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a DMSO stock and lyophilised Aβ40 (kindly provided by Dr Katie Stewart) was dissolved 

in 100 mM ammonium bicarbonate buffer and kept on ice prior to use (to limit 

aggregation). For seeding experiments, Aβ16-22 was incubated at 50 μM for at least 24 

hours in the same buffer as described above with the presence of fibrils confirmed by 

Transmission Electron Microscopy (TEM, described above). Prior to the assay, the 

fibrils were probe sonicated for 5 s at 22% amplitude to generate “seeds”. For assays 

that compared the effect of sonication and non-sonication, fibril samples were treated 

incubated in the manner described above, however, one sample of preformed Aβ16-22 

fibrils would be sonicated (using the settings described above) and the other would be 

introduced into the assay without sonication. The ThT experiments used excitation and 

emission filters of 430 and 485 nm. Each ThT experiment shown was repeated in 

independent assays on three different occasions with the traces shown in the main 

body of the text representative of all repeats (which can be found in Appendix 8). 

 

4.16 Protocol for fluorescence quenching assays with a 1:1 (mol:mol) ratio of 

Aβ16-22/Aβ40 

Wild type Aβ16-22 was spiked with 5% TAMRA-Ahx-Aβ16-22 and mixed with Aβ40 at a 1:1 

(mol:mol) ratio and incubated in 100 mM ammonium bicarbonate, pH 7 with a final 

concentration of 2% DMSO (v/v). The total peptide concentration was 40 μM. Samples 

were placed in quartz cuvettes (Helma QS Quartz, 1 cm path length) and analysed 

using a temperature controlled (Quantum Northwest PC425 Peltier controller) 

Quantamaster fluorimeter (Photon Technical Industries, Canada) at 37 °C. Kinetic 

measurements were taken every 30 s for the duration of the experiment (in triplicate) 

and TEM images were taken at the end of each experiment to ensure the presence of 

fibrils. The TAMRA fluorophore was excited at 520 nm and emission recorded at 600 

nm to reduce the inner filter effect. Slit widths were 0.3 nm for excitation and 5 nm for 

emission. 

 

4.17 General sedimentation protocol 

Samples were taken at the desired time point and centrifuged (20 mins, 14,000 g, 4 

°C). Each sample was then separated into pellet and supernatant fractions, lyophilised 

overnight and disaggregated in hexafluoroisopropanol (HFIP) for at least 2 hours. The 

HFIP was removed under a stream of N2 and the peptides were taken up in DMSO 

prior to analysis by high-resolution mass spectrometry (Bruker HCT ion-trap MS). 
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4.18 Method for collision cross-section (CCS) calibration 

For all native ESI-IMS-MS experiments, the instrumentation and setting described in 

section 4.13 were used. Collision cross-section (CCS, Ω) measurements were 

estimated by use of a calibration obtained by analysis of denatured proteins 

(cytochrome c, ubiquitin and alcohol dehydrogenase) and peptides (tryptic digests of 

alcohol dehydrogenase and cytochrome C) with known CCSs obtained elsewhere from 

drift tube ion mobility measurements.7,8 The proteins were denatured in 50:50 

H2O:MeCN + 0.1% formic acid prior to introduction to the mass spectrometer. The CCS 

(Ω) of the peptide monomers/oligomers was then calculated according to equation 

below: 

 

Ω (Å2) =  A × (𝑡𝐷)𝐵  ×  𝑧 × √
1

𝑚𝑖𝑜𝑛
+

1

𝑚𝑔𝑎𝑠
 

 

where A is the determined calibration constant, z is the charge state of the ion, B is the 

exponential factor (determined experimentally), tD is the corrected absolute drift time, 

mion is the mass of the ion and mgas is the mass of the gas used in the ion-mobility cell 

(N2). Data were processed by use of MassLynx v4.1 and Driftscope softwave supplied 

with the mass spectrometer. 

 

4.19 General protocol for PIC experiments with a 1:1 (mol:mol) ratio of Aβ*16-

22/Aβ40 

Aβ*16-22 (20 μM) and Aβ40 (20 μM) were incubated in eppendorf tubes at 37 °C in 100 

mM ammonium bicarbonate with a final volume of 1% DMSO (v/v) for either 5 mins or 

24 h, in the dark (as described in Section 4.7). Samples were then irradiated for 1 min 

using a home built LED lamp (see Appendix 4) at 365 nm, lyophilized overnight, taken 

up in hexafluoroisopropanol (HFIP, 100 μL) and left overnight to ensure any 

aggregates were disrupted. HFIP was then removed under a gentle stream of N2 and 

the cross-linked products taken up in 50:50 H2O:MeCN + 0.1% formic acid to a final 

concentration of ~40 μM and analysed using ESI-IMS-MS/MS (described in Section 

4.14). 
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Appendix 1- Supplementary HPLC and HRMS data 

 

 

 

 

 

 

 

 

 

 

 

Figure 73. HRMS and HPLC of TAMRA-Ahx-Aβ16-22. 

Figure 72. HRMS and HPLC of WT Aβ16-22. 



- 161 - 

 

 

Peak m/z expected m/z observed 

1
2+ 

2230.60 2230.84 

1
3+ 

1487.40 1487.42 

1
4+

 1115.80 1115.81 

1
5+

 892.84 892.85 

2
5+ 

1784.68 1784.92 

 

 

Figure 74. HRMS and HPLC of Aβ*16-22. 

Figure 75. HRMS and size exclusion chromatography of Aβ40, indicating that it is a single 

peak prior to introduction into any kinetic assays. 
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Appendix 2- Supplementary tandem MS/MS spectra 

 

 

 

 

 

 

Figure 76. Tandem MS/MS spectra of WT Aβ16-22.  

Figure 77. Tandem MS/MS spectra of Aβ*16-22.  
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Appendix 3- Supplementary fluorescence quenching data 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 78. Fluorescence quenching end-points with either 100% (top), 50% (middle) and 

1% (bottom) TAMRA-Ahx-Aβ16-22 spiked in to WT Aβ16-22. 
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Figure 79. Supplementary fluorescence quenching data for TAMRA-Ahx-Aβ16-22 spiked in to 

WT Aβ16-22.(5%, total peptide concentration 40 µM). 

 

Figure 80. Supplementary fluorescence quenching data for TAMRA-Ahx-Aβ16-22 spiked in to 

WT Aβ16-22.(5%, total peptide concentration 20 µM). 

 

Figure 81. Supplementary fluorescence quenching data for TAMRA-Ahx-Aβ16-22 spiked in to 

WT Aβ16-22 (5%) with a 1:1 ratio of Aβ40  (total peptide concentration 40 µM). 

 



- 165 - 

Appendix 4- Description of LED crosslinking lamp 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The UV lamp consisted of a 4 UV LED array that was mounted on a standard star 

circuit board (Led Engin, part LZ4-44UV00-0000, peak wavelength 365 nm, radiant flux 

4.1 W, viewing angle 110°). This was attached to a heat sink (DragonStar part ILA-

HSINK-STAR-50X60MM-BLK-K) to dissipate heat from the LED array. A lens was 

attached to the front of the lamp (Thorlabs CP02T/M) and attached to the heatsink with 

two threaded bars (M3 thread), to which a lens tube (Thorlabs SM1L20) was attached. 

A condenser lens (Thorlabs ACL2520U-A, Ø25 mm, f = 20.1 mm, NA = 0.60), located 

within this lens tube, was used to focus the light to a 6 mm spot. As a guide, the centre 

of the lens was positioned 20 mm from the LED and 25 mm from the sample.  Power 

was provided by a dedicated constant current LED controller (eldoLED PWR180D1) 

regulated to 1000 mA output current. In turn this was powered from a standard desktop 

power supply with an output of 19 V. The duration of illumination was controlled by a 

timer-box which controlled a relay that made or broke the circuit between the controller 

and LED. The sample was held in an Eppendorf tube that was located in a block below 

the LED lamp. The lamp was built by Professor Nik Kapur and Mark Levenstein 

(University of Leeds). 

 

 

Figure 82. The LED cross-linking set-up used in this work. The lamp was home built 

(Professor Nik Kapur and Mark Levenstein, University of Leeds) and the image was taken 

by Jim Horne (University of Leeds). 
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Appendix 5- Notation for MS/MS sequencing  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 83. Nomenclature for tandem MS/MS sequencing for Aβ16-22, based on the 

Roepstroff-Fohlman-Biemann convention (see references in Chapter 2). 
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Appendix 6- Fragmentation calculator  

 

The possibility of double fragmentation required the building of a generic fragment 

calculator in Microsoft Excel 2007 (built by George W Preston). This calculator is built 

for Aβ16-22 and allows the user to enter the identity of the moiety on the relevant F 

residue (in this case F20). All other residues are treated as constants and as fragments 

were isolated as [fragment + 2H]2+ or [fragment + H]+ ions, only these products were 

calculated. The calculator takes the mass of the dimer and sequentially removes amino 

acids residues (and losses of ammonia and water), generating the predicted masses 

for the fragment ions (a, b, c, x, y and z, see Appendix 5 for an explanation of the 

notation).The output from the calculator is given in 8 x 8 tables and also calculates the 

possible fragmentation products based on pairwise combinations of N-Cα, Cα-O and 

other amide backbone fragmentations.  

 

 

 

 

 

 

 

 

 

 

Figure 84. The interface of the fragmentation calculator built by George W Preston for 

assessing the presence of double fragmentation products in the MS/MS experiments. 
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Appendix 7- Supplementary MS/MS spectra 

 

 

 

  

Figure 85. Fully assigned and annotated tandem MS/MS spectra for peak at m/z 983.6 (2
+
; 

mass: 1965.2 Da) after 2 weeks. Key: subscript m = fragment comes from the monomer; 

subscript d = fragment ion has been lost from donor chain; x = unassignable; * = loss of NH3 

from proceeding fragment ion. 
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Figure 86. Annotated tandem MS/MS spectra for peak at m/z 983.6 (2
+
; mass: 1965.2 Da) 

after 5 mins, 1 h and 24h incubation demonstrating that at all time points Aβ*16-22 forms in-

register, antiparallel β-sheets. 
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Appendix 8- Supplementary ThT data  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 87. Aβ40 concentration series used to normalise the half-times in Figure 59 (Section 

3.10).  

 

Figure 88. Repeats of the ThT assays outlined in Figure 58 (in which the molar ratio of Aβ16-

22 to Aβ40 is increased whilst holding the total peptide concentration constant at 40 µM).  

 



- 171 - 

  

Figure 89. Repeats of the ThT assays outlined in Figure 64a (in which the effect of 

introducing increasing amounts of preformed  Aβ16-22 fibrils on the rate of Aβ40 aggregation 

was assessed.). 
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Figure 90. Repeats of the ThT assays outlined in Figure 64b (in which the effect of 

introducing either preformed  Aβ16-22 fibrils or Aβ16-22 taken from a DMSO on the aggregation 

rate of  Aβ40 is assessed). 
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Figure 91. Repeats of the ThT assays outlined in Figure 64c (in which the effect of 

sonicating the preformed  Aβ16-22 fibrils on the aggregation rate of Aβ40 was assessed). 
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Appendix 9- Supplementary MS/MS spectra for 1:1 ratio of Aβ*16-22 and Aβ40 after 5 

mins and 1 h incubation  

 

 

 

 

 

 

 

Figure 92.  Annotated tandem MS/MS spectra for peak at m/z 983.6 (2
+
; mass: 1965.2 Da) 

after 5 mins and 24 h incubation of a 1:1 ratio of Aβ*16-22 and Aβ40 demonstrating that at both 

time points Aβ*16-22 forms in-register, antiparallel β-sheets. 

 


