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Abstract 

Amyloid fibrils have been linked to many diseases, with different proteins being 

associated with different health issues. The aggregation of Beta Amyloid (A) 

peptides can lead to Alzheimer’s disease. These peptides are found in the body 

naturally, although A function is still not clear. The aggregation process is still a 

matter of research, however it is widely accepted that a lag period is followed by 

rapid aggregate growth and then a saturation phase where growth halts. 

Understanding how and why this happens is imperative for disease prevention. It 

has been found that toxicity occurs during the formation of oligomer.  

Collaborative work involving simulation and experimental methods has become 

commonplace, improving the understanding of this process. Consequently, the work 

presented here is a multidisciplinary study of the early stages of amyloid 

aggregation in A1-40 and A1-42. These are the two most common species and are 

40 and 42 amino acid groups long respectively. They have been studied through the 

use of Molecular Dynamics (MD) and Monte Carlo (MC) simulations, which have 

been complemented by probing A1-40 with the experimental methods: fluorescence 

spectroscopy, fluorescence anisotropy and dynamic light scattering. 

Experimentation proved challenging, due to the noise encountered in A samples 

and alternative solvent compositions were studied in an attempt to overcome this. 

These experiments had limited success but when combined with simulation models, 

revealed potential insight into the aggregation through the movements of the 

tyrosine (Tyr) side-chain, an amino acid group found in the A proteins. MD 

simulations and MC simulations were used in order to probe the underlying 

mechanisms surrounding Tyr movements and their environments during the 

aggregation process and how it affects fluorescence anisotropy. The MD simulations 

also revealed conformational changes in the protein due to the presence of ions and 

discovered two new Tyr orientations which occur in protofibrils.  
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1. Background  

1.1. Introduction 

The global population that is being affected by amyloid-related diseases 

(amyloidosis) is growing yearly due to the ever increasing average life expectancy 

and is expected to affect 65.7 million people by 2030 [1] [2]. There are over 20 

diseases that are caused by amyloidosis, including Alzheimer's disease, Type 2 

Diabetes (and possibly inclusion body myositis [3]). The aforementioned diseases all 

share the defining characteristic of amyloid fibrils being deposited in the area of the 

body related to the specific disease the patient is suffering from, i.e. in the case of 

Alzheimer’s and Dementia the fibrils are localised to the brain formed from Beta 

Amyloid (A) proteins, and in Type 2 Diabetes the fibril deposits are found in the 

pancreas, caused by islet amyloid [4]. The fibrils are formed from aggregation of 

naturally occurring proteins found in the body and they can differ from disease to 

disease. At some point during the aggregation process it causes extreme cellular 

degeneration (Figure 1) [5]. In fact, recent studies have pinpointed the toxic nature 

of the oligomer intermediate (that necessarily forms before large fibrils) as the most 

probable cause for the cell degeneration [6].  

 

Figure 1 - Degenerative effects of A from Jannis Productions [7] 

Though these diseases are well documented, there are still significant gaps in the 

understanding of what causes the aggregation process to occur. This makes 

prevention of these diseases difficult, as there is no known way to deter, halt or 
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reverse the process. In a drive to remedy this, researchers all over the world are 

furthering the work done in the field. However, due to limitations in current 

experimental methods, it is becoming harder to extract quality information 

surrounding the fibril aggregation mechanisms as most techniques are open to 

interpretation, making it very difficult to determine the correct aggregation 

pathway(s). 

In more recent years there has been a lot of collaborative work between 

experimental and computational work. An example of collaborative work is seen in 

work by Wagoner et al [8], who have used Molecular Dynamic simulations of various 

short chain proteins (including A fragments) to see how they aggregated, 

comparing them to the experimentation. They observed both fibril aggregation and 

amorphous aggregation caused by various residues contained within the short 

fragments (which could not be observed experimentally). Another example of 

collaborative work from Kent Kirshenbaum and Valerie Daggett used molecular 

dynamics to reproduce results seen experimentally for A1-28 at varying pH. This 

work revealed information about the conformation of the truncated protein chain and 

also observed the transition from -helix structure to beta-sheet structure [9]. 

Zykwinska et al also used atomic force microscopy and Monte Carlo methods to 

investigate the self-assembly process of small proteins into large beta-sheet rods. 

They revealed a detailed description of the conformation of the aggregate and used 

Monte Carlo to reveal that the driving force for the aggregation process was proper 

alignment of the proteins [10]. It is clear that combining both methods is a powerful 

tool for discovering more about these amyloid fibrils, for more see literature review 

below. The work displayed here is used to help bridge the gap between experiment 

and modelling.  

The linking of the two methods in this work has helped create a more cohesive 

understanding of what the discoveries from the experimental methods are and how 

they relate to each other, as well as furthering work done previously. The work here 

helps create a clearer picture of what is potentially happening throughout the 

aggregation process. 

In this thesis a study of A is undertaken; as stated previously A is the protein 

associated with Alzheimer’s disease. Due to the size of A and its aggregate forms, 

any equipment capable of monitoring and measuring the nanometric and 

micrometric scales are suitable for extracting information from the protein. The 

experimental methods produced here are Fluorescence Lifetime Spectroscopy, 

Fluorescence Anisotropy and Dynamic Light Scattering. 
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These experimental methods are then complemented using Molecular Dynamics 

(NAMD) and Monte Carlo computational methods. They have been used to study 

the aggregation process both on an atomistic level and a larger, coarser level. In 

doing so, new and old experimental methods may be able to extract more 

information about what is happening based on these discoveries. While the 

aforementioned methods are the focus of the research in this project, an overview of 

other common experimental methods will be given here, which can be read in more 

depth in the summary of Li et al [11]. 

1.2. The Aggregation Process 

A is formed from the APP precursor which is made of up to 770 amino acids [12]. 

The APP is cleaved by three enzymes named  and -secretases (which are 

different types of proteinase enzymes) [13] [14]. APP is most commonly cleaved at 

the point between the lysine (K) and leucine (L) residues by the secretase shown 

in Figure 2, creating the sAAPproteinwhich contains everything above the lysine 

residue at the cleaving point shown in Figure 2. The first 16 residues that would 

make of Aproteins are a part of this protein. This is followed by the -secretase 

cleaving the protein, which leaves a small peptide called p3 (made up of the proteins 

between the two cleave points) to be released into the extracellular space and the 

rest of the protein to be released to cytoplasm.  

However, there is a secondary pathway, which releases sAPP due to the -

secretase causing the initial cleave between the methionine (M) and aspartic acid 

(D) residuesThis is then followed by the -secretase cleaving the protein, creating 

an A peptide (length varies depending on the cleavage point) which is released into 

the extracellular space instead of p3. The remainder is again released into the 

cytoplasm [12] [15] [16] [17]. 
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Figure 2 - Amino Acid Sequence of APP edited from “Cellular and animal models for high-throughput 

screening of therapeutic agents for the treatment of the diseases of the elderly in general and 

Alzheimer’s disease in particular” [13]. Residue labelling here, follows the standard scheme [18]. First 

and last residues of A1-40 and A1-42 are highlighted. 

A peptides are usually made up of a chain of 36-43 amino acids [19]. This includes 

the tyrosine (Tyr) residue, shown as “Y” in Figure 2, which is crucial for the 

fluorescence experiments and is the only fluorescent molecule in A peptides. The 

most common types of A peptides are A1-40, which is made up of 40 amino acids 

and A1-42, which has 42 amino acids. The difference between the two proteins is the 

addition of two hydrophobic amino acids (isoleucine, I and alanine, A) at the C-

terminus (see Figure 3). The hydrophobic sections have been linked to the 

conformation of the proteins and the aggregation process, giving possible reasons 

for why A1-42 aggregates more readily than its A1-40 counterpart. This has been 

observed through experimentation and simulations [20] [21] [22].  
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Figure 3 – Representation of A1-40 and A1-42 amino acid sequence.  White circles represent 

hydrophilic residues. Dark grey represent hydrophobic residues. The light Grey residues are relatively 

weak and are therefore uncharged. The single letter code is used here for each residue [17]. 

The normal functionality of A peptides are not fully understood, as animals that lack 

the presence of this peptide show no notable changes to physiological functions [23] 

[24] [25]. Despite this there are some potential explanations for the role of A in 

vivo. Bogoyevitch et al [26], [27] shows that the peptides are a potential requirement 

for kinase enzyme activation. Other potential uses are oxidative stress protection 

[28] [29], cholesterol transport regulation [30] [31], as a transcription factor [32] [33] 

or perhaps A has some role to play in the prevention of microbial activity [34]. A 

peptides are found in healthy humans and mammals; specifically in the brain and 

cerebrospinal fluid [35]. 

Regardless, A peptides must be in one of their native states in order to perform 

their appropriate functions. As A peptides have various possible conformations, 

this thesis uses “native” to describe the conformations which do not lead to 

aggregation (leading to degenerative effects). Those that are theorised to cause 

aggregation are considered the “non-native” or “misfolded” proteins. It is believed 

that high concentrations of the protein can lead to it misfolding [36]. If it folds into a 

non-native conformation, it will not be able to activate on a biological level and this 

misfolding could lead to the eventual aggregation of the oligomers and then the 
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rapid growth of fibrils, as shown in Figure 6. The body normally has ways of dealing 

with misfolded proteins, destroying them instantly [37], but some may still evade the 

process.  

Figure 6 shows an example aggregation pathway that could explain the aggregation 

of A peptides based on the observation of the lag phase, growth phase and 

saturation phase seen in experiments. It is widely accepted that the peptides 

aggregate to form toxic oligomers (dimers, trimers tetramers etc.), which then rapidly 

grow to form the final fibril structures. The intermediate steps of the aggregation 

process are short lived, and therefore it is very hard to retrieve any information 

about these stages. The oligomers start to form beta-sheet structures such as 

protofibrils (see below in Figure 5 and Figure 6), which can stack to create long 

protein aggregate strands known as protofilaments. These protofilaments are long 

single strange fibrils that twist together, forming a “rope-like” structure (see Figure 6) 

which are the mature fibril structures [38]. The final fibrils tend to be on the 

micrometric scale and are relatively straight with no branching present with a 6 to 16 

nanometer diameter. As detailed above, the aggregation is concentration dependant 

and if there are not enough proteins in the system the proteins cannot form their 

aggregates, which suggests there is a critical concentration for aggregation [39]. 

However, the potential pathways and the mechanisms behind the aggregation 

process are widely speculated despite the fact that all theories include the lag, 

growth and saturation phases. A reason for the lag phase can also be explained by 

proteins initially misfolding slowly and once enough misfolded proteins are present 

they can aggregate together rapidly [40]. The misfolding could also be responsible 

for the formation of oligomers (small aggregates such as dimer trimers and 

tetramers) which then leads to the rapid aggregation. Regardless, at some point 

during the early stages of aggregation oligomers, protofibrils, protofilaments and 

fibrils form and a sudden exponential growth phase can be observed. The causes of 

the potential misfolding and the exponential growth phase are still unclear.  

There are many potential models explaining how A misfolds, one example is metal 

ion binding [41] [42]. The metal oxide bridging point allows the proteins to form 

dimers, which can then stack to create oligomers. As the oligomer increases in size, 

the metal oxide breaks away from the aggregate, releasing hydrogen peroxide to the 

system which would be responsible for the toxic effects. From here, the oligomers 
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begin rapidly aggregating. However, this is only a hypothesis as aggregation can 

also occur in systems that do not appear to have metal ions present, as is shown in 

work at Strathclyde previously [43] [44], as well as the work presented in this thesis. 

 
Figure 4 - A1-42 backbone with residues highlighted as different colours and hydrogen bonds 

shown as purple lines. Image from RCSB PDB (www.rcsb.org) ID 1IYT. Visualised using JSmol from 

RCSB PDB (www.rcsb.org) [45] from work by Crescenzi et al [46] 

Another model for what potentially causes the misfolding (if it occurs) involves the 

formation of -pleated sheets (beta-sheets). It has been suggested that the protein 

begins in an -helical conformation with hydrogen bonds running parallel to the 

backbone seen above in Figure 4. At some point the protein then misfolds due to 

perpendicular hydrogen bonding, which creates -pleated sheets that take on a 

“hairpin” like shape [47] [48].  

 

Figure 5 – Example of Parallel -pleated sheet (beta-sheet) with hydrogen bonds shown in 

purple. R represents a hydrocarbon chain of any length. 

As shown in Figure 5, a beta-sheet forms when two polypeptide chains run adjacent 

to each other, causing hydrogen bonding between the oxygen and hydrogen atoms 

from both chains. This leads to an ordered, rigid structure, made up of layers of 

polypeptides and appear to be a key feature of A fibrils [49]. Beta-sheet structures 

contain an alternating pattern of the R, carbonyl (C=O) and amine (N-H) groups, 

which allows for the hydrogen bonding to occur. Beta-sheets are also defined by the 

http://www.rcsb.org/
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fact that the hydrogen bonds run perpendicular to the backbone, which in Figure 5 

shows vertical hydrogen bonding and the backbone running horizontally. When the 

N and C terminus are mirroring one and other, the beta-sheet is said to be parallel 

and when they are opposite they are considered to be anti-parallel. The hairpin like 

structure forms by the protein folding on its backbone, creating a “U” or “J” shape 

with anti-parallel beta-sheets forming between the two section of the backbone that 

run adjacent. In the case of A1-42 it appears that there are two folds with three parts 

of the backbone forming beta-sheets creating a “U”-like shape (or horseshoe) as 

depicted in Figure 6 for the oligomers and also in Figure 8, shown by the double 

horseshoe. Regardless of how the misfolding occurs, beta-sheet structures are a 

key feature of A fibrils, as the hydrogen bonding is the reason for the formation of 

these long protofibrils (Figure 6). 

 

Figure 6 - Depiction of monomers, oligomers and protofibrils and mature fibrils taken from work 

by H.P. Herzig et al [50] 

1.3. Literature Review  

There are many experimental methods used to probe A proteins as the monomers 

are on the scale of nanometers and the aggregates that form are on the micrometre 

scale and beyond. As there is no single method that encompasses both scales 

many different techniques are used to create an overall picture of the aggregation 

process.  

1.3.1. NMR Methods and Related Findings 

A very common method used to attain information regarding atomic structures of the 

monomers, oligomers and fibrils is Nuclear Magnetic Resonance (NMR) 

Spectroscopy. NMR uses the magnetic properties in the atoms ‘nuclei’, the sample 



P a g e  |  9  
 

is subjected to radiofrequency irradiation [51] in a strong magnetic field. A 3D model 

can then be produced through the resonance signals. 

Solution-state NMR is used to determine properties of the monomers and oligomers, 

this is because the initial stages of amyloid aggregation are soluble [52] which is a 

prerequisite for this method to work, and is the reason it cannot detect the insoluble 

protofibrils or fibrils. NMR is used to identify residues, but repeating residues which 

are found in most proteins can cause overlap in the signals. The resulting spectra 

tend to overlap so much that limited information can be concluded from the method 

without accompanying information. Oligomers obscure results further as there are 

multiple peptides with multiple amino acid groups present, increasing the number of 

repeating units. This makes it very difficult to interpret any of the data, but the 

changes in the characteristics can be used to monitor the changes in monomer 

conformation (folding) and can be used to monitor the change from monomers to 

oligomers [53] [54] [55]. This experimental method was initially used to look at A 

fragments; there are now methods to do NMR experiments of full chains in aqueous 

solutions at a neutral pH [56] [57]. The reason for using fragments was originally to 

increase solubility, prevent the aggregation and dissociate peptide aggregates [58] 

[59] and the results from this method were also explored using Molecular Dynamics 

[9]. This method was used in conjunction with circular dichroism (CD) spectroscopy 

(discussed below) to produce the full chain structure of A1-42 used in the Molecular 

Dynamics work in this thesis as shown in Figure 7 [46].  

 

Figure 7 - 1iyt.pdb: Molecular Dynamics A1-42 structure found from NMR and CD experiments from 

work by Crescenzi et al [46]. Visualised using JSmol from RCSB PDB (www.rcsb.org) ID 1IYT [45] 

http://www.rcsb.org/
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Another study showed the presence of many different molecular structures of A1-40 

and their varying toxicity depending on the environment of the fibril [60]. A full length 

A40 fibril structure was found using NMR and the results were different from those 

shown previously [61]. The researchers deduced that the reason for this is likely the 

sensitivity of the conditions required for A fibril formation, which were also different 

in their experiments [47]. 

Solid State NMR has been used alongside fluorescence methods to show structural 

differences between the possible nontoxic and toxic forms of A oligomers. It was 

shown that the residue conformation from 22-29 and 1-9 are different in oligomers 

than those for fibrils perhaps suggesting these are the cause of the toxicity [62]. 

NMR and many other methods discussed below have been used more recently to 

discover the conformation of A1-42 where it bends into a double horseshoe-like 

shape that potentially leads to the aggregation process that creates these protofibrils 

shown in Figure 8 [63]. 

(A) 

(B)                     

 
Figure 8 - 2nao.pdb: Molecular Dynamics A1-42 hexamer protofibril structure found from NMR and 

CD experiments from work by Wälti et al [63]. Visualised using JSmol from RCSB PDB (www.rcsb.org) 

ID 2NAO [45] (A) is a top down view with the beta-sheets highlighted in orange. (B) is a side view with 

beta-sheets highlighted in orange and hydrogen bonds highlighted as purple lines running 

perpendicular to the backbone. 

http://www.rcsb.org/
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1.3.2. Common Methods for Secondary Structure Detection 

Various Methods involving spectroscopy are used to gain valuable information about 

secondary structures in proteins, primarily in vitro due to its relative simplicity but in 

some cases can also be used in vivo.   

Circular Dichrosim (CD) Spectroscopy is used to measure differential absorption of 

circularly polarized light, and depending on the wavelength can detect secondary 

structures in the far ultraviolet region. These secondary structures include -helixes, 

which have negative bands at 222nm and 208nm and a positive band at 193nm 

[64], and beta-sheets, which are detected with a negative band at 218 nm and a 

positive band at 195 nm [65] [66] (see Figure 9). Therefore, this method has been 

successfully used to establish that -helix / random coil secondary structures are 

unravelled and the formation of beta-sheets begins to occur. It has also been used 

in studies involving metal-bonded A1-40 and A1-42, which has revealed different 

initial conformations of the proteins in the presence of different metal ions in 

conjunction with thioflavin-T fluorescence and scanning force microscopy [67]. It 

should be noted that this method is limited to in vitro analysis of monomers, 

oligomers and protofibrils of various proteins [68] [69] [70]. 

aw

 
Figure 9 - CD results of secondary structures at pH 5.7. Results by Dr. W.C. Johnson and taken 

from work by N.J. Greenfeild [66] 
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X Ray Diffraction can also reveal details about secondary structures and can also 

determine the preferred orientations of the molecules. This method has successfully 

shown that almost all amyloid structures have their beta-sheet strands ordered 

parallel to the fibril axis (as discussed above) [71] and is normally combined with 

neutron scattering. Small angle neutron scattering method has been used to gain 

information about the area and length of A40 amorphous aggregates forming 

micelles, which was composed of 30-50 monomers and had a 2.4nm radius and a 

cylindrical length of ~11nm [72]. Although these methods are used to find 

information regarding the aggregated states, which occur after the damaging 

oligomer have formed, it is still necessary to study and understand these. 

It has also been found that seeding samples with pre-aggregated fibrils greatly 

affected the amyloid fibril formation of human lysozyme (another fibril forming 

protein) using a combination of X-ray diffraction, electron microscopy, thioflavin-T 

binding, and Congo red birefringence [73]. X-ray diffraction has also been used to 

find that dehydration significantly affects the molecular structure of various beta-

sheet forming prions, which is an indicator of water playing a larger role in stabilising 

amyloid fibril structures [74]. This seems sensible as the previous methods 

discussed showed the presence of hydrophobic and hydrophilic sections, that we 

know to be an important part of the process.  

The last common method used for in vitro analysis of secondary amyloid structures 

is by staining the amyloid with a dye, then using spectroscopy to monitor the 

sample. The most common dyes that are used are Congo Red and Thioflavin T. 

When Congo Red is bound to a sample, it targets and stains amyloid structures, 

allowing the formation of fibrils to be monitored [75] [76]. Thioflavin T, on the other 

hand, has polar and non-polar functional groups which lead to micelles in aqueous 

solutions that bind to the beta-sheets which greatly enhance fluorescence when 

compared to unbound Thioflavin T [77].  

Fluorescent dyes can affect the aggregation process as shown by Strathclyde 

researchers, who used the dyes known as 7-diethylaminocoumarin-3-carbonyl and 

Hilyte Fluor 488 to show how they slowed down the aggregation process and also 

how it alters the characteristics of oligomerization [43]. They found that samples 

containing the dyes did not form further beta-sheet structures, maintaining a low-
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level response but did note an increase in rotational times implying that oligomers 

were forming but the dyes prevented the formation of fibrils. 

The aggregation profile seen when using Thioflavin T, begins with a lag phase 

followed by an exponential grow phase and a saturation/maturation phase. This is 

the important and widely acceptable model for A aggregation. This implies that no 

beta-sheets (and therefore no fibrils) are present till the later stages of the 

aggregation, proving the existence of the lag phase. This is a central characteristic 

as the late presence of beta-sheets allows us to speculate what kind of aggregation 

mechanisms could cause such a profile and is seen in many proteins including A 

[78] [79] [80] [81] [82]. As discussed previously, protein misfolding occurring prior to 

beta sheet formation could be the reason for this lag phase. However it is 

questionable if the dyes affect the aggregation as results for one experiment 

revealed changes in the toxicity due to dyes [83]. 

1.3.3. Microscopy Methods and Structural Findings 

Electron microscopy (EM) can be used to attain information regarding the oligomers 

protofibrils and fibril structures. The first main method used is Transmission EM 

(TEM), which creates a focused high voltage electron beam, which is then passed 

over the sample and assuming the sample is thin and electron-transparent then an 

image can be created by the electrons transmitted. This image can be used to get 

information regarding the shape, and size of the structure.  

TEM can be used to characterise various states regarding A, for example by 

combining DLS EM and CD spectroscopy the determination of the broad size 

distribution of the oligomers and fibrils allowed the researchers to create a potential, 

simplified model seen in Figure 10 [84]. TEM and Atomic Force Microscopy were 

used to probe A1-40 and A1-42 monomers and oligomers (dimers and trimers) 

discovering the toxicity of these species only occurs in the presence of microglia 

[85]; a non-neural cell found in the brain and spinal cord responsible for functions 

such as immune defence in the central nervous system and removes infectious 

agents and unnecessary neurons [86] [87]. This toxicity is responsible for causing 

nerve cell degeneration [85]. Protofibrils have been found to potentially form from 

oligomer clustering and then the formation of beta-sheet structures and growth of 

protofilaments appear to occur almost simultaneous, this appears to be the reason 

that once beta-sheets form there is rapid growth [88] and fibrils [89] 
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The TEM method has also been used to observe fibril growth inhibition through the 

use of small hydrophilic proteins [90]. Inhibiting the growth of the fibrils is important 

in trying to cure these amyloid related diseases; however inhibiting fibril formation 

does not prevent oligomers from forming. This work will open up opportunities to 

study oligomers and their toxicity as well as perhaps eventually find an inhibitor or 

reversible process. 

 

Figure 10 - Simplified Model of A Aggregation Using TEM Method. From work by Bitan et al. [84] 

Another method used to gain information about the structure is Scanning Tunnelling 

Microscopy which uses a sharp conductive tip to scan the sample surface taking 

note of the surface characteristics, such as the electron density contours of the 

surface at an atomic resolution. If the tip is close enough to the surface a current is 

generated and the tip is then scanned over the entire system. The voltage required 

to maintain the current will increase or decrease as the contours create changing 

distances between the surface and the conductive tip. This effectively creates an 

image of the system through scanning due to the sudden changes in the voltage. 

This only works if the sample is electronically conducting, although it is difficult to 

determine if proteins are conductive. Some studies do suggest that they are semi-

conductors [91]. The ribbon-like (twisting) structure of A filaments was discovered 

using this method visible in Figure 11 [92] which was then later complemented with 

the discovery of the right handed twist [93]. Another experiment showed A1-40 
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monomers and oligomers were measured and found to be 3-4nm and 6-7nm [94]. 

The effect of buffers on aggregation mechanisms is still not fully understood and it is 

questionable if the buffers affect the aggregation mechanism. 

 
Figure 11 - STM image showing ribbon structure of A filament from work by Shivji et al [92] 

More recently NMR and Scanning Tunnelling Microscopy have been used alongside 

other methods in order to strengthen the findings discussed previously regarding the 

double horseshoe shape seen for A1-42 (Figure 8). They also discovered more 

features regarding the shape, such as salt bridges and the hydrophobic cores 

present in dimers [95]. 

The final method discussed here regarding structure is Atom Force Microscopy 

(AFM). It is a high resolution topography method. A tip is used to scan the surface of 

the sample, using repulsion forces to move itself off the surface. This movement can 

be measured to create the map of the surface structure, assuming the force being 

applied to the surface remains constant. The use of AMF has discovered the 

characterization of the assembly process of the oligomers to fibrils. However, as the 

fibrils must be firmly attached to a support during this method, it will likely cause 

some variation in the actual process [96].  

AFM can monitor oligomer growth all the way through to fibril formation, which 

makes it advantageous over some of the other methods discussed here. Constant 

monitoring of A aggregation is extremely important during the first 24 hours or so 

and thus making this a very valuable technique. Individual A1-42 oligomers could be 
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viewed using this. It was found that the dimensions would vary between 1-3nm in 

height and 5-10nm for width and length. Protofibrils were found to be 40nm in length 

with 6nm-8nm. These researchers also diluted the solution to the point that 

aggregation would not occur past the oligomer stage, to view these oligomers in 

more detail [97]. 

1.3.4. Tertiary and Quaternary Structure and More Common Methods 

The tertiary structure of a protein is the arrangement of the side-chains and the 

overall 3D structure and the quaternary structure is the arrangement (and number) 

of all the proteins within a complex and can even refer to an aggregate as small as a 

dimer [98] [99]. As structures become larger, some of the techniques used to 

determine these structural features are required to be low resolution, and so 

complementary high resolution methods are needed (discussed above). 

Quaternary structures can be studied using the Electron Spin Resonance (ESR) 

spectroscopy, which is similar in principle to NMR but tends to be more accurate. 

ESR observes the spin of unpaired electrons, whereas NMR studies the spin of 

nuclei, and due to the fact that proteins do not tend to have unpaired electrons the 

background noise that would be created in ESR experiments is kept to a minimum. 

This allows ESR to be commonly used to get information regarding protein 

structures such as orientation, dynamics and ligand binding. It is also much quicker 

to run experiments using ESR when compared to NMR due to the sensitivity and 

lack of noise. One such experiment found that A toxicity could be caused by the 

production of oxygen radicals during the oligomer stages of the aggregation process 

[100]. It is proposed that the Met35 residue in A proteins causes radicals to form 

and the cause of fibrillation process of A is toxic.  

Further work has shown that these free radical groups could actual form due to 

metal ions such as Cu(II) and Fe(II). The results suggest that the metal ions binding 

to A peptides cause the aggregation to occur, although this is widely speculated as 

aggregation occurs when these ions are not present, as discussed previously. Once 

the ions are bond it is hypothesised that the dimers are linked by these ions, 

creating a flat dimer that is the basis of the fibril aggregation process, at some point 

during the fibrillation the metal oxides get removed and release the free radical 

Hydrogen peroxide, which could cause the neurodegenerative diseases [41] [42] 

[101] [102]. 
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X-Ray absorption spectroscopy (XAS) is useful for gaining atomic structural 

properties of amyloid structures when bonded with metal ions [103]. This method 

can be used to study the differential copper coordination within A oligomers [104]. 

As with most methods, only specific information can be gained and so many 

different methods are required to gain a firm understanding of what happens during 

the aggregation process. For example, Molecular Dynamics and XAS where 

combined to determine atypical structural aggregation of A in the presence of Zn 

ions,  which bond near three or four Histidine (His) residues of nearby peptides 

[105]. The structure was found to only appear in the presence of the superoxide 

dismutase enzyme, responsible for the catalysing O2
- radicals into either oxygen 

(O2) or hydrogen peroxide (H2O2). These findings show the successful collaboration 

between computational and experimental work. XAS was also used to track the 

involvement of Iron in the aggregation process in vivo using rats; they were 

successful in showing the presence of metal oxides indicating that iron could play a 

role in the early stages of amyloid aggregation, this is only speculation, as discussed 

above [106]. 

Hydrogen-Deuterium Exchange is another common method used where hydrogen 

atoms are replaced by deuterium atoms from the solvent [107]. For Beta amyloid it 

is typical to use 95% dimethyl sulfoxide and 5% dichloroacetate as a quenching 

buffer [108]. The system is then diluted with D2O to prevent the reversible reaction 

occurring. Information is gained due to the fact that in solution some of the proteins 

will be more exposed to the buffer than others, creating more exchange to the 

exposed part than the buried areas. NMR or Mass Spectroscopy is then used to 

monitor the exchange and thus gives information about the tertiary and quaternary 

structures. However, it should be noted that replacement of hydrogen atoms could 

cause structural changes to the protein, which cause them to interact differently and 

could alter the aggregation process. Regardless, this method has been applied to 

A fibrils to gained information regarding orientation and structure of A fibrils; the C 

and N termini were exposed to the solvent and the central section of the protein 

between Lys16-Val36 (except Gly25 and Ser26) were buried [109]. This structural 

analysis was used to propose that the middle section of the monomers must be 

involved in the formation of beta-sheets. A 3D representation of A1-42 was proposed 

using this technique [110]. Mass Spectroscopy has been used to uncover some 
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details regarding the difference between the protofibril and fibril states in 

calmidazolium chloride [111].  

 
Figure 12 - Proposed Mature Fibril Structure obtained through hydrogen/deuterium exchange 

measurements from work by Lührs et al [110]. 

1.3.5. Fluorescence Techniques and Findings 

An important method used to observe A aggregates for the work done in this thesis 

is Intrinsic Fluorescence. Intrinsic Fluorescence (IF) works on the principle of 

excitation and subsequent emission of the aromatic residue tyrosine (Tyr) in A. 

This fluorescence is highly sensitive to its local environment, and small changes can 

greatly affect the emission spectra detected. Environmental changes can cause 

conformational variations which can lead to the Tyr residue being more or less 

exposed to the solution. This can change how much the residues are quenched by, 

which affects the quantum yield. These changes to the local Tyr environment can 

also be caused by aggregation, due to proximity of other proteins. IF has been used 

to study the conformational changes of A.  The factors that create these changes 

include; increases in solvent polarity and viscosity results in emissions at lower 

energies or longer wavelengths, solvent relaxation rate, conformational changes, 

local environment rigidity, excited state reactions and changes in the radiative and 

non-radiative decay [112]. 
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In one such experiment Tyr10 was substituted for a phenylalanine (Phe) residue and 

the Try was reintroduced at residue positions 1, 20, 30 or 42. The dynamics of the 

conformational changes were then monitored by IF, which allowed the researchers 

to conclude that the C-terminus area of A1-42 goes through a great deal of 

rearrangement during aggregation, whereas the central cluster (17-21) was 

essential for aggregation to occur and could not be changed [113].  

Strathclyde University’s Photophysics group have previously studied the IF of Tyr to 

compare it to Thioflavin T fluorescence. They focused on the section which is 

commonly known as “lag time” as thioflavin-T fluorescence shows no change in 

signal at these times. This is because thioflavin-T fluorescence reveals information 

about the fibril backbone as the dye binds to the beta sheet secondary structure and 

the early stage interactions from oligomers and monomer-monomer interactions will 

be completely missed. The Tyr IF experiments show changes in signal through Tyr 

environmental changes and also demonstrate the effect of concentration on 

aggregation [114]. An important aspect of subsequent work (that will be discussed in 

more detail below) is the detection of three lifetimes associated with the Tyr residue 

(which are linked to the local environment of the Tyr) using IF and the discovery of 

four rotamer conformations (positions) the Tyr prefers to occupy from collaborative 

work using MD simulations see Figure 13 [44] .  

 

Figure 13- Rotamer states of Tyr observed from previous work at Strathclyde by Amaro et al  [44] 

Förster Resonance Energy Transfer (FRET) is another fluorescence based 

technique that works though non-radiative energy transfer from an excited donor 

fluorophore to an acceptor fluorophore, through long-range dipole-dipole 

interactions. There must be an overlap in the donor’s emission and the acceptor’s 

absorption spectra and adequate alignment of their transition dipole orientations is 
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required, seen in Figure 14 [115]. The decrease and increase of the donor and 

acceptor emissions respectively, and the sensitivity to the distance between the 

fluorophores are the main features of FRET and because of this intra and inter 

molecular distances can be monitored and measured, as well as protein folding and 

protein-membrane interactions.  

 
Figure 14 - FRET Mechanics taken from the website of HORIBA Scientific [116] 

FRET is usually produced through addition of highly fluorescent fluorophores at 

points in the protein that will have minimal effect on the aggregation process or 

mechanisms, whilst allowing FRET to occur. A1-40 derivatives containing different 

fluorophore groups were found to attach to Cys residues in different positions along 

the sequence. They also found that tryptophan substitution of the Tyr revealed the 

potential existence of stable A1-40 dimers at low concentrations [117]. In another 

FRET experiment A1-42 proteins, which had been altered by replacing 12 

hydrophobic residues in the C terminus with other nonpolar residues, were studied 

using the “green fluorescent protein” (GFP). They studied the aggregation through 

the fluorescence of the GFP as A aggregation prevents it from folding, which 

impedes fluorescence from occurring. It was found that these mutant A proteins 

still aggregated despite the changes to the C terminus, suggesting the mechanisms 

required for aggregation may not be related the hydrophobicity of this section as 

other simulations and experiments have suggested [118], further experimentation 

would be required to verify these findings. 

Fluorescence spectroscopy, generally, does not give definitive information regarding 

the protein and so must be used in conjunction with other techniques, as it is a 

complimentary technique. Using intrinsic fluorescence of Tyr (or any other 
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fluorophore) reveals information regarding its local environment. When combined 

with other techniques that can reveal structural information (beta-sheet formation, 

conformational information) or information regarding size distributions, it is possible 

to reveal more information about the sample. It can be used to better probe the 

sample at a molecular level by revealing changes to the fluorophore environment 

which is then complimented with the other techniques that can confirm why the 

changes in the fluorescence lifetimes occur, strengthening the findings and perhaps 

revealing more information than was possible without the complementary 

techniques.  

1.3.6. Dynamic Light Scattering Techniques and Findings 

Size distribution and assembly size measurements are another large topic with 

regard to fibril formation. Typically used methods include Gel electrophoresis, 

Photo-Induced Cross-Linking of Unmodified Proteins and Ion-Mobility 

Spectrometry–Mass Spectrometry which all have good reasons to be used but 

cannot be used to detect protofibrils or fibrils. That is where size-exclusion 

chromatography, Analytical ultracentrifugation [11] and Dynamic Light Scattering are 

superior as they can identify and extract information about fibrils. As Dynamic Light 

Scattering (DLS) was used in the work presented in this thesis, it will be discussed 

in further detail. 

Light scattering has a variety of different techniques that are used such as Back 

Scattering, Static Light Scattering, DLS and 3D DLS. DLS measurements are 

created by firing a laser at a sample and the light that is scattered by the particles in 

a sample is then detected; it is more suited for large aggregates. This is because 

larger aggregates will scatter more light because of the proportionality between the 

square of the particle mass and intensity of the scattered light [119]. DLS may 

struggle to see the large fibril structures that A eventually become as they are long 

rod shapes. This is because the equipment gives off inaccurate readings regarding 

particle size as the fibril becomes longer but the thickness of the fibril strand stays 

constant, meaning the light that gets scattered (unless it passes through the laser in 

a specific orientation) will be affected greatly by the change in diffusion speed [120]. 

This means that the sizes found are not necessarily correct at the later stages, 

however there is still plenty of information that can be gathered from these 

experiments and patterns of size increase can be noted, analysed and understood.  
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DLS is good for resolving the difference between monomer and dimer states if the 

protein has a known shape, but it cannot in the case of larger oligomers. This is 

because the hydrodynamic radius is similar to the dimer or monomer state and 

therefor it cannot be detected, if it differs by less than a factor of 2 [121]. This also 

means that if the dimer is compact or if there are extended monomers in the system, 

it will be impossible for DLS to pick up these differences. This is where other 

methods such as Cross-Linking of Unmodified Proteins, Size-exclusion 

chromatography and Analytical Ultracentrifugation are more suited to be used in 

tandem to determine minute size changes more precisely [11]. 

There has been successful work done in determining the shape and size of the 

discrete oligomer species which was found in vitro as part of the pathway for 

oxidative prion aggregation using DLS with complementary methods (EM and CD). 

The methods were used to study the oligomer pathways taken to create fibrils of 

A1-40 and A1-42. DLS was specifically used to study larger A oligomers which 

could not be studied with the other methods as shown in Figure 15 [84]. 

 
Figure 15 - Size distributions of A oligomers from work by Gal et al [84]. 

The size distributions found show four distinct populations, which they have 

attributed to various sizes of oligomers, which is comparable to other experimental 

methods, further validating the findings.   

Using DLS to gain information regarding size distribution at various times throughout 

an experiment and combining that with other techniques can reveal a much more 

accurate description of the aggregation pathway. The conformation of the growing 

size distributions supported by techniques that can reveal, for example, secondary 

structure information (increase in beta-sheet interactions) or reveal conformational 

changes reveals at what stage of aggregation that these various features change at. 
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These distributions can also help with Monte Carlo methods as size distribution over 

time is important an important factor to consider in these types of simulations. 

1.3.7. Molecular Dynamics Techniques and Findings 

Molecular Dynamics (MD) is one of the main techniques used currently to get a 

molecular level insight into many different molecules (See later for more information 

on how Molecular Dynamics works).  

MD simulations with the PRIME20 force field provided further information regarding 

the reasons for the conformations of the A aggregates, which could be related to 

the hydrophobic region at the C-terminal, as discussed previously. This was 

acquired by splitting the monomers into smaller fragments, so that they could see 

which parts of the protein were involved in the aggregation process. As the proteins 

were short (5-7 residues long) it allowed for the simulation of many proteins [8]. The 

hydrophobicity of proteins was studied using MD in order to support potential protein 

aggregation pathways and which could lead to design of aggregation-resistant 

proteins [122].  

There have been improvements on the AMBER force fields used in MD simulations, 

such as in 2009 when the corrections of two force fields at 300k were made. The 

results were compared with NMR experiments and had satisfactory agreement 

between the two methods. Force fields still have issues such as the over and under 

estimation of certain variables and improvement through new research avenues is 

required [123]. However, the current force fields are adequate to give an estimate of 

many features of proteins.  

The CHARMm forcefield, used in the MD work presented in this thesis, have been 

seen constantly improving and are adequate for studying protein structure as well as 

other features such as folding and stability. An example of such improvements is 

seen in 2012 by work by Best et al, where they reported that the model was able to 

correct the behaviour of the backbone parameters and improved the accuracy of the 

side chain data for both folded and unfolded proteins. This allows more accurate 

simulations to be run and the changes did not affect the models ability to simulate 

the formation of beta-sheet structures in proteins [124]. The work presented here is 

a combined CHARMm22 and CHARMm27 forcefield model. Recent work comparing 

older models with the modern CHARMm36 model suggests that there is very little 
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difference in the conformation and secondary structures but there are differences in 

the tertiary structures between CHARMm22 and CHARMm36 [125]. Though there 

are some differences, the use of the force field is still justified as the only notable 

differences are the tertiary structures which when combined with CHARMm27 give 

results that are closer to that of CHARMm36. 

The potential differences in the secondary structures of A1-40 and A1-42 were 

discovered through the use of MD. A1-42 has an antiparallel beta-hairpin with 

involvement from hydrophobic residues 16-21 and 29-36. A1-40 also forms an 

antiparallel beta-hairpin; however the residues involved are 9-13 and 35-37.They 

also successfully showed that the extra residues attached to the end of A1-42 was 

responsible for the conformational differences between the two [126].  

 
Figure 16 - MD simulation of (a) A1-40 and (b) A1-42. The anti-parallel beta-sheet structures are 

highlighted by the green arrows taken from work by Ball et al [126]. 

The effects of water on A have also been researched using MD simulations, by 

using fragments of A that form oligomers. Despite the fact that these fragments are 

not full length A peptides, the results still provide an insight into how the water 

affects the system. They discovered the presence of different monomer 

conformations, some of which are prone to aggregation and are positioned similarly 

within fibrils, which are a possible representation of misfolding. These results 

showed that the formation of fibrils and oligomers happened in two steps: The first, 

by expelling water from the hydrophobic sections, which results in disordered 

oligomers and the second, by aligning to create ordered structures with anti-parallel 

beta-strand arrangements [127]. 
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The structures and thermodynamics of A16-35 monomers (for 5s) and dimers (for 

12s) were discovered through the use of replica exchange molecular dynamics 

(REMD). REMD is sampling technique used to take systems that have similar 

potential energies and sample them at different temperatures, allowing for the 

discovery of new conformations of proteins. By studying 20 replicas’ between 190K 

and 570K, they could observe the effects of temperature on the structure and also 

noted the presence of a loop in the backbone chain at residues 22-28 which creates 

a beta-sheet. It seems this loop acts as an independent unit in both species and is 

unaffected by local interactions with other side-chains. This loop is also present to 

some degree in A1-40. These results can be observed in Figure 17. At specific 

temperatures these results can be compared to NMR results for A21-30 [128]. 

 
Figure 17 - REMD of A fragments at various temperatures. The two most populated clusters are 

shown at the top and middle, the bottom is the cluster with the highest beta-sheet content within them. 

Taken form work by Yassmine et al [128]. 

Characterisation of Aβ1-42 monomers in water was also created using REMD. These 

simulations were created in order to discover more about the various conformations 

that Aβ1-42 peptides would take in water using an ff99SB force field. In doing so, they 

replicated results seen in NMR experiments with high accuracy. The results from the 

MD simulations showed the presence of many different conformations that the 
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monomers like to undertake. With these structures identified perhaps experimental 

methods could be created in order to identify the misfolded variants that prefer to 

aggregate [129]. 

REMD has also been used to extensively map the A oligomers conformational 

structures. These aggregates reaching from two to four peptides long, showed 

different structural shapes from their monomer counter parts and showed the 

formation of the beta-structure. They also showed that the aggregation interface for 

these oligomers tend to be within the residue sequence of 10-23. They also 

compared these results to those seen experimentally with adequate agreement 

[130]. 

A simplified version MD, which only solves the equations of motion for particles 

involved in collisions to save processing time and allow for larger simulations, known 

as Discrete MD has also been implemented for A aggregation. It was used in order 

to demonstrate the oligomer forms of A1-40 and A1-42 and two mutants ([G22]A1-40 

and [G22]A1-42) associated with a similar form of Alzheimer’s disease where the 22 

residue has been replaced with a glycine. These simulations have led to the ability to 

predict structural characteristics for in vitro testing. They compared the results here 

with CD spectroscopy to show that the results were accurate and demonstrated that 

both forms of the average beta-strand increase in content initially as temperature 

increases, but above 370K they begin to decrease. They also showed that at 

physiologic temperatures, both A1-40 and A1-42 have a collapsed coil conformation 

with several short beta-stands and a 1% presence of an alpha helical structure 

[131]. 
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Figure 18 - Conformation found from Discrete MD simulations at different simulation temperatures 

from work by Lam et al [131]. 

The oligomer formations of Aβ3-40, Aβ3-42, Aβ11-40, and Aβ11-42 have also been 

simulated using Discrete MD. Aβ3-40 and Aβ3-42 showed more flexibility, with less 

beta-sheet structures in them when compared to Aβ1-40.  Aβ11-40, and Aβ11-42 showed 

the N termini formed more contacts, and was therefore much more compact and 

less exposed to the surrounding water. This means that there were more tertiary and 

quaternary contacts of the resulting aggregates when compared to the other 

proteins discussed here [132]. 

For a more in depth summary of various different simulations associated with MD 

and MC, please read the Chemical Review published in 2015 from the Journal of 

American Chemical Society [133].It should be noted that most of these simulations 

tend to be less than 10 proteins and have limited lengths. This is due to the 

limitations of current computing power. 

1.3.8. Monte Carlo Techniques and Findings 

Monte Carlo (MC) simulations can also be used to probe features of various stages 

of aggregation. MC simulations rely on probabilities and randomness (see chapter 

3.3). 

MC has been used to study the formation of protein aggregates using various sized 

systems containing between 20 and 500 proteins that were 6 amino acids long. This 

was done by assuming that the aggregate kinetics for all aggregation contacts are 

the same for all species but their rates assumed to be faster the closer they are 
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together. This meant that the probability of new aggregation contact points forming 

next to others was higher when they were closer together. The contacts themselves 

also had a lifetime associated with them (dissociation kinetic), and were longer for 

those in fibrils. This simulation found the distinct lag phase and exponential growth 

phase as shown in Figure 19, which only occurs when the dissociation constant 

associated with the fibrils was 5-20 times higher than that of the monomer contacts. 

This model suggests that as aggregation proceeds, the probability of new contacts 

forming to help maintain the aggregate increases, which creates the lag and 

exponential growth phases. The results relate quite heavily to beta-sheet structures 

as the interactions within these can work in a similar way [134]. 

 
Figure 19 - MC simulation of small protein aggregation from work by Björn and Sara Linse [134]. 

In an attempt to create an improved energy model that efficiently samples the 

thermodynamically dominant conformation of proteins, diffusion process-controlled 

Monte Carlo was used. This was done by generating conformations for both 

denatured and native proteins using an extremely coarse grain method, where many 

side-chains had been model as beads. The four proteins used had been shown to 

adopt  conformations experimentally, which they successfully modelled 

by running 20 simulations for each protein. This simulation demonstrated the 

successful use of the energy model and was used to investigate protein folding and 

how the various secondary structures could cause the tertiary shape of the proteins 

[135]. 

All-atom MC simulations of A1-42 and many other mutant forms with implicit solvent 

were used to investigate how the peptides could spontaneous form a dimer. All the 

dimers had differing conformational characteristics, with some overall similarities. 

Intermolecular antiparallel beta-sheet structures were the most common 



P a g e  |  2 9  
 

conformation found for these dimers. It was found here that hydrophobic interactions 

were always responsible for the aggregation. There was also evidence that the loop 

in the residues around the 20-30 in these simulations could show significant 

conformational differences, further suggesting that the loop is independent of the 

rest of the protein. The probability of the loop being between the 25-30 residue 

region increases once the dimer has formed. This region is where the loop is found 

in the aggregated A1-42 fibrils. This suggests that the misfolding seen here plays a 

major part in the aggregation [136]. 

The kinetics and mechanisms of the formation of amyloid fibrils have also been 

modelled using the MC method. This was done using coarse grain lattice models 

that were made up of 8 connected beads in length, known as a chain and each bead 

was hydrophobic, charged or polar. The models were studied as a function of time 

and number of chains. During each MC cycle a protein was selected randomly and 

then the protein could either be moved, rotated 90 degrees or have a conformational 

change. The movements and rotation were accepted with a 0.1 probability and the 

conformational changes where accepted at a rate of 0.9. Interacting chains could 

lead to formation of aggregates. The simulations showed similar characteristics to 

those seen in the more detailed MC simulations, as partially unfolded monomers 

whose conformations mirrored that of the final fibril structures were seen to be 

causing aggregation. They also noticed that during these simulations there were 

three stages of aggregation; the first was when oligomers form as monomers rapidly 

come together. These oligomers caused the peptides within them to take on the 

misfolded conformation and got larger over time. The final stage involves these 

misfolded aggregates being used as a template for the aggregation for the unfolded 

monomers or smaller oligomers to dock and convert into the fibril structures [137]. 

MC simulations and MD simulations (Amber ff99SB force field) involving copper and 

zinc ions bonded to A1-40 and A1-42 were undertaken to see how the presence of 

the ions affect the aggregation process, as some believe that the metal ions cause 

the aggregation process to begin as discussed above. They compared structure and 

thermodynamic properties to experimental work and investigated many 

characteristics such as Gibbs free energy, binding affinity, conformational enthalpy 

and entropy. They noticed distinct conformational differences in the aggregates 

containing copper ions (when compared to aggregates involving the more stable 
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zinc ions), as beta-sheet formation along the N-terminal region (Asp1, Arg5 and 

Tyr10) was shown to be decreased in A1-40 and absent in A1-42. They also found 

some decreased formation of beta-sheets in the C-terminal as well and hypothesis 

that this could lead to amorphous aggregates rather than fibrils [138].  

This review is a general overview of what is seen in the literature but does highlight 

the importance of combining methods in order to maximise the accuracy and 

understanding of the results. It also demonstrates the widely accepted features of 

A aggregation, such as the formation of beta-sheets and the lag time before fibrils 

start to form. It is also clear more work must be done to discover the exact 

mechanisms surrounding the early stages of aggregation.  
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2. Methodology 

2.1. Fluorescence  

2.1.1. Fluorescence Introduction 

Fluorescence is still to this day a widely used and growing technology amongst 

researchers, as new equipment and methods are created, which in turn leads to the 

lowering of costs to run the method. As discussed above, fluorescence can be used 

to probe A peptides, as well as a number of other proteins, through the excitation 

of Tyr, Trp or Phe residues or even from Congo red or Thioflavin T label dyes. By 

probing these various fluorophores, it is possible to extract structural and dynamic 

information about a system. It is non-invasive and can even be used in living 

systems. This allows for the widespread use of fluorescence as a research tool for 

many different disciplines. It has high sensitivity and the ability to obtain information 

regarding the changes to a system’s environment, as well as when these changes 

occur. These changes are sensitive to the nanometer scale, as changes to the local 

molecular environment will affect the fluorescence response [112] [139].  

The environmental changes occurring on the nanoscale are caused by a number of 

characteristics such as temperature, pH and viscosity. These changes can be 

detected by fluorescence. Although this method cannot display a visual 

representation of these characteristics, it can reveal information about the 

characteristics, such as quantum yield, lifetime and polarisation which can be used 

to infer knowledge about the system [112] [139]. 

 

Figure 20 - Jablonski Diagram edited from Principles of Fluorescence Spectroscopy [112]. 
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The Jablonski energy diagram in Figure 20 illustrates the absorption and emission of 

photons. S0, S1 and S2 denote the singlet electronic states that are responsible for 

fluorescence (singlet/ triplet refers to the symmetry of the electronic wave function). 

A fluorophore can be in any of these electronic states, (though it should be noted 

that there are higher states available that have not been depicted in the diagram 

above). The first triplet state (T1) is shown in the diagram above and is responsible 

for phosphorescence, which will be discussed in more detail below. The electronic 

states have vibrational energy levels that are denoted as 0, 1, 2… etc. The solid 

arrows depict the absorption (hVA) and emission (hVF and hVP) of photons which 

can lead to two types of luminescence: fluorescence, which is relevant to the work 

presented here or phosphorescence. The dotted arrows show examples of 

vibrational relaxation [112] [139]. 

A fluorophore, such as Tyrosine (Tyr) at room temperature, will typically be in the 

lowest energy state available to it, which is denoted as the S0 on the Jablonski 

diagram and will also likely be in the lowest vibrational state, 0. If the fluorophore 

absorbs a photon, it will now have a higher energy associated with it, and will move 

into one of the higher states and could reach any of the vibrational levels, such as 

S1 in vibrational state 2, as shown by the second hVA arrow in the diagram above. 

This is what is known as the “excited” state of a molecule. The singlet state and 

vibrational state that the molecule will reach is dependent on the energy of the 

photon that it has absorbed and only certain energy photons will be absorbed. This 

process occurs on a timescale of approximately 10-15 seconds which is extremely 

fast [112] [139]. 

Once in this excited state, if the molecule is not in the vibrational state 0, then it can 

relax through vibrational relaxation to the lowest vibrational state, usually within 10-12 

seconds or less. This phenomenon occurs due to intermolecular collisions and due 

to the transition between electronic states of the same spin multiplicity through non-

radiative means, known as internal conversion. The molecule is still in an excited 

state, and naturally wants to return to the ground state; however this transition, 

which occurs through internal conversion, takes a finite amount of time to occur. 

Once this state has persisted for an adequate length of time, the spontaneous 

emission of a photon can occur, bringing the system back down to the S0. The 

emission of the photon is what causes fluorescence to occur (hVA) [112] [139]. 
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In some species, intersystem crossing can occur, which as shown in Figure 20 leads 

to the molecule entering the triplet state. As the molecule cannot transition to the 

ground state due to the fact that it is spin forbidden in the triple state as the states 

have different spin multiplicities; it takes a significantly longer time (in some cases 

minutes) to relax back into the ground state. This gives rise to the phenomenon 

known as phosphorescence [112] [139]. 

There are other ways for the system to return to the S0 state through non-radiative 

means such as collisional quenching and and Försters resonance energy transfer 

(apparent in Dye fluorescence and known as FRET) [112] [139]. As there are 

multiple ways for the molecules in a system to decay back to ground state, 

equations involving both radiative and non-radiative means are required. 

To calculate the quantum yield ( ) of a system, the total number of photons emitted 

has to be compared to the total number of photons absorbed [112] [139]: 

  
                        

                          
   (2.1.1) 

It can be concluded from this definition and the literature that   is related to the 

rates at which the excited states depopulate [112] [139]: 

               
   

        
    (2.1.2)  

where, KF is the spontaneous rate of emission of radiation (photons) and KNR is the 

non-radiative rate constant, which takes into account anything that is not 

fluorescence. 

This suggests that when KNR is relatively small, the quantum yield will be close to 1 

and when it is relatively large the quantum yield will be close to 0, which is intuitive 

as when the non-radiative processes are not the main driving force, then it will occur 

mostly due to fluorescence, and will thus have a high quantum yield. [112] [139]. 
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The fluorophores excited state lifetime is determined by the amount of time spent in 

the excited state [112] [139]. This lifetime ( ) can be defined in the following way: 

  
  

        
    (2.1.3)  

When there are no non-radiative processes that are occurring, the natural or intrinsic 

fluorescence    can be calculated by simply removed the KF variable from the above 

equation [112] [139]. This can be used to calculate the fluorescence intensity of a 

system. Firstly, a system with a concentration N0 fluorophores in an excited state 

must be considered. The rate at which they decay back to ground state can be 

described as follows: 

       

  
                   (2.1.4) 

Notice that both radiative and non radiative decay rates are considered here [112] 

[139]. This equation can then be integrated to take on the form of first order kinetics, 

which is what Fluorescence typically follows: 

            
               (2.1.5) 

Substituting Eqn. 2.1.3 and rearranging we get the equation: 

            
          (2.1.6) 

As intensity is directly proportional to the concentration of the molecules still excited 

a further substitution can be made to create the final equation of fluorescence 

intensity, where I0 is the intensity at t=0 when excitation has just occurred: 

        
           (2.1.7) 

The fluorescence lifetime, as stated above, is the average time spent in the excited 

state; therefore this tells us how long the fluorophore has time to interact with its 

environment. During this time the interactions affect the fluorophore, and it is these 

interactions that affect the resulting fluorescence and allows us to monitor and 

observe information about the fluorophores environment. A proteins have a single 

Tyr residue and three phenylalanine residues that can fluoresce; however by 

exciting a sample at a wavelength of 279nm, only the Tyr residue will be excited. 
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This simplifies the analysis as there is no interference from other fluorophores in the 

system. 

These changes in the environment around the Tyr that affect the lifetimes, are 

phenomena such as collisional quenching caused by water. When aggregated, the 

water may not be able to reach the Tyr residue, causing less collisional quenching.  

2.1.2. Fluorescence Spectroscopy 

Time-correlated-single-photon-counting is the experimental method used in the work 

presented in this thesis. The information obtained through this method is superior as 

it gives more detailed results regarding various parameters such as: the rates and 

the kinetics, it also allows us to infer information regarding the structural parameters 

and the dynamics of fast phenomena that occur in the relevant time frame discussed 

above. The method works by firing pulses of light at the sample using an AlGaN light 

emitting diode, allowing the user to record intensity as a function of time after 

excitation [112] [139]. 

 

Figure 21 - Top-down view of single photon counting equipment in regular start-stop mode 

Figure 21 illustrates the equipment set up for running a time resolved single photon 

counting experiment. A laser is fired into a monochromator into a sample holder, 
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where the laser is focused on the sample, exciting its fluorophores. Fluorescence 

then occurs in all directions as photons are emitted, some of which are sent through 

another monochromator and over to a detector. The right angle between the laser 

and the detector is to eliminate excitation light in the detection channel, which would 

otherwise make it difficult to obtain any results. 

The fluorescence intensity is proportional to the probability of detecting a single 

photon emitted from an excited sample. This is the basic principle of how this 

method works and if done over a large number of photons a fluorescence decay 

curve can be created [139] [140] [141]. Normally, when a pulse of light is fired, the 

Time-to-Amplitude converter (TAC) would be turned on, which causes a voltage to 

linearly increase over time, when a photon activates the detector the stop pulse 

actives. The voltage is converted and stored as a comparable number on a PC 

using a program / software capable (known as a multichannel analyser or MCA).  

By repeating the process, a histogram is formed of photons vs. time (where time is 

the period between a laser pulse being fired and detected) which is known as the 

intensity decay profile. Another setup for this experimental method involved reverse 

start-stop mode, which begins the voltage count when a fluorescence photon is 

detected and then stops when the laser emits a photon. 

All experiments were done using a Horiba Jobin Yvon IBH Ltd (Glasgow, UK) 

Fluorocube fluorescence lifetime system, set up to execute time correlated single 

photon counting experiments. The TAC and MCA were handled by a computer 

running Datastation (DAS6) software, which was used to record and analyse the 

results. The laser used emitted light pulses at a wavelength of 279nm to excite the 

Tyr residues and the detector was used with a range of 185-650nm [142]. All 

experiments were carried out using A1-40 purchased from Sigma-Aldrich in powder 

form; all other chemicals used were also purchased here. 

In order to ensure no aggregation occurred prior to all experimentation, the A 

powder was dissolved in hexafluoroisopropanol (HFIP) at a concentration of 0.1M. 

The resulting mixture was then placed in a sonicating bath for approximately 10 

minutes, anticipating that this would break apart any aggregates, leaving only 

monomers. The mixture was then placed in a fume cupboard and allowed to 

evaporate and once dry the sample could then be stored at -20oC until use. The 
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sample is now invisible to the naked eye; however, a simple test with a UV light 

indicates the presence of Tyr residues (and therefore the A proteins) as 

fluorescence occurs [114] [143]. 

When the experiment was ready to be performed, the sample was allowed to heat 

up to room temperature naturally and then normally would be placed in a buffer, 

such as N-(2-hydroxyethyl)- piperazine-N’-(2-ethanesulfonic acid) (also known as 

HEPES buffer) at pH of 7.3 [143]. This buffer appeared to cause some issues with 

DLS experimentation and so other solvents were explored in order to aid DLS (see 

below). The resulting solution had a concentration of 50M as this is was previously 

found to be an adequate concentration that allowed for aggregation to occur at a 

realistic rate for analysis [114]. 

The solution was then sonicated at body temperature (37oC), the sample was then 

pipetted into a quartz cuvette (which was preheated to 37oC) and placed in the 

lifetime measurement system’s sample holder that was temperature controlled also. 

The laser then fired pulses of light at 279nm at a pulse duration of 50ps, exciting the 

Tyr residues, which then emitted photons that were detected in the range 300-

360nm, using a TAC range of 50ns. By ensuring everything was at thermal 

equilibrium the results should be fair and unbiased.  

The DAS software could then be used to do 1-4 exponential deconvolution 

calculations using the non-linear least square method, the goodness of the fit can be 

calculated from the 2 value, which is defined by the following formula from the 

Horiba Das6 user guide [144]: 

   ∑ [
          

    
]
 

      (2.1.8)  

where, N is the number of channels selected for analysis, Y(i) is the fluorescence 

decay data, FD(i) is the function that has been fit to said data, and (i) is the 

standard deviation of Y(i). 

This means that            denotes the actual deviation from the fitting results, 

and is divided by the expected deviation due to noise (the standard deviation), with 

some degree of freedom, which is defined by subtracting the number of fitted 

parameters to the number of channels. It is standard practice to normalise this 2 
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value and therefore the result should be as close to 1 as possible. A value of above 

1.2 is considered a poor fit, as the actual deviation is much higher than the expected 

deviation. In this case, a higher order exponential fit is required. 

2.1.3. Fluorescence Anisotropy 

Fluorescence anisotropy takes advantages of the unique differences in intensities 

along different axes of orientation, this occurs because fluorophores tend to have a 

preferred direction of excitation and emission [112] [145]. As shown in Figure 21, 

this is done using a similar setup to that used in spectroscopy, except the emission 

polariser now rotates between a horizontal and vertical position (the excitation 

polariser remains vertical throughout).  

 

Figure 22 -The Tyr side-chain viewed using VMD [146], with transition moment highlighted. The 

carbon atoms used to identify the orientation of the transition moment across the aromatic ring are 

labelled [147]. The distance in between them measured in A.  

The excitation monochromator has a vertical polariser placed in the path of the light, 

which ensures the light that passes through is polarised vertically, as depicted in 

Figure 23. This is a precaution as the laser light (though linearly polarised) may not 

be polarised perfectly. The polarised light will then excite Tyr residues whose 

transition moments, depicted in Figure 22 [147] are also orientated in this vertical 

direction. The likelihood of excitation is defined as cos2(), where  is the difference 

in the angle between the transition moment of the Tyr residue and the polarised light 

[112].  
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Figure 23 - Excitation of a correctly orientate Tyr using a Polariser. Photons travel Left to right. 

The proteins will then rotate due to Brownian motion and sometime later the excited 

Tyr residues will return to ground state, releasing photons that are then filtered 

through a polariser, orientated vertically or horizontally (rotated 90o). The photons 

oriented appropriately will then pass through and be picked up by the detector, as 

depicted in Figure 24. The process is repeated, alternating between the horizontal 

and vertical positions [112]. 

 

Figure 24 - Detection of a photon that is polarised correctly. Photons travel Left to right. 

As is depicted in Figure 23 and Figure 24, there is a limited number of emission 

photons compared to the number of photons fired by the laser. This is because not 

all the excitation photons will be polarised correctly, and not all of those photons will 

excite a Tyr. Furthermore, after rotation of the proteins and emission of the photons 

from the Tyr residues, only a small number of those will pass through the detector. 

This process is used to detect the lifetimes and rotational times of the proteins in the 

sample. This is because after excitation (time=0ns) almost all excited Tyr residues 

would be orientated vertically (~cos2() and a short lived fluorescent lifetime would 

emit its photon quickly, suggesting that most of the residues should still be fairly 

ordered vertically [112]. At later times (for the longer lifetimes) the proteins are 

expected to have rotated to some degree and the distribution of photons being 
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emitted will be orientated with less order, some of which will be detected by passing 

through the polariser that is oriented horizontally. If the rotational times of the 

molecules are very fast, there will be no order to the system when the photons are 

released and no information can be extracted as the proteins will have rotated 

multiple times before emitting [112].  

The two orientations of the emission polariser are used to create two separate 

histograms in a similar manner to what is described for Fluorescence Spectroscopy. 

As the vertically oriented Tyr transition moments will have a greater composition 

than that of the horizontal, a peak difference between the histograms will start to 

form and the experiment will end once a larger enough peak distance has been 

measured [112].  

The anisotropy experiments were performed using the Horiba Jobin Yvon IBH Ltd 

(Glasgow, UK), modified with polarisers for anisotropy and the samples were 

prepared in the same way as described above. A peak difference of 10,000 was 

selected, and the polarisers would switch position every 60 seconds. 

The two fluorescence decays were recorded in the detection channel as       for the 

polariser in the vertical orientation, and       for this polariser in the horizontal 

orientation [112]. The anisotropy r(t) is then calculated by using Eqn. 2.1.9, below. 

     
           

            
    (2.1.9) 

The factor of two seen in Eqn. 2.1.9 is due to the presence of two directions that are 

possible in the perpendicular orientation, but have identical characteristics. That is to 

say, if it is assumed that the vertical position is along the z-axis, then the 

perpendicular orientation will have two positions from the x and y axes [112]. The 

environment of the Tyr is responsible for the resulting lifetimes of this fluorescence 

process, which means that the response of an isolated A monomer in solution will 

differ from an A aggregate. Furthermore, larger aggregates will have slower 

dynamics associated with them because the rotational diffusion of the protein is 

dependent on the size of the aggregate, also creating differences in the rotational 

times (and therefore the resulting anisotropy graphs). This is how, in principle, 
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fluorescence anisotropy can be used to monitor the aggregation of A proteins in 

solution.  

The anisotropy decay detected at any time will be the superposition of the 

anisotropies of A particles being in different states of aggregation. If there are only 

two different states of the proteins, each with its own rotational time    and 

fluorescence lifetime   , then a theoretical model of associated fluorescence decays  

can be formed as seen in Eqn.’s 2.1.10 [112] [145]: 

        
 

 
∑        

 
 

    
                (2.1.10) 

The components of the model are the anisotropy decays of two different states of 

the protein. The individual rates of the decays of the states determine the pre-

exponential factor      , switching the total anisotropy from being dominated initially 

by the fast decaying state to being dominated by the slow one. 

The anisotropy is fit to the model equation:  

        
 

 

          (2.1.11)
 

where ro is the initial anisotropy (2/5, i.e. 0.4),    is the final anisotropy, Tri is the 

rotational time (ns) and t is the time (ns). This model equation is developed for 

spherical fluorophores as real molecules tend to behave like spheres, which 

simplifies the equation as non-spherical systems are multi exponential. 

This equation (2.1.11) can then be compared to the Stokes-Einstein equation in 

order to get the hydrodynamic volume (V) of the aggregate: 

    
  

  
    (2.1.12) 

where   is the viscosity of the solvent, k is the Boltzmann constant, T is the 

temperature. 
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For multi-species systems that have a fast and slow rotational time, a two 

exponential fit is required. DAS 6 software can be fit using the 2 exponential function 

with the form shown below in Eqn. 2.1.13: 

           
 

 

       
 

 

    (2.1.13) 

where   is the anisotropy as the curve tends to infinity, t is the current time within 

the measurement timeframe, the  values are the rotational times of the two species 

and the addition of the B values is equal to R0. 

This led to the creation of Eqn. 2.1.14, which is created by applying Eqn. 2.1.13 and 

Eqn. 2.3.3 (see below). This equation is used in the stochastic / annealing program 

shown below in the chapters that follow: 

      (         )  (   
     ) 
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 (   

     ) 
  

  
⁄

  (2.1.14) 

where     and     are the separated anisotropy’s values of the fast and slow 

components as time tends to infinity, respectively.      and      are the initial 

anisotropy values of those components.    and    are the rotational times of the 

components and t is the current time within the anisotropy window. 

MC and MD methods considered in this work will be used to provide independent 

estimates of the rotational times    which can significantly help interpretation of the 

experimental anisotropy data in terms of the model equations. 

2.2. Dynamic Light Scattering 

2.2.1. DLS Introduction 

Brownian motion is the basis of how particles move around a system, which is 

caused by the constant bombardment of the particles from the molecules of the 

liquid surrounding it [148] [149]. The phenomenon was first studied by Robert Brown 

in 1828, where he studied how suspended pollen grains moved within a liquid. After 

the laser was invented, the technique named “dynamic light scattering” or DLS was 

possible, as well as many other light scattering techniques. The technique involves 

firing a narrow beam of light at particles suspended in a medium (such as a liquid), 

as these particles move into the path of the laser, the light will then bounce of the 

particle, scattering in different directions, often described as a flash of light. This 
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flash of light can be picked up by a detector and the flash of light has many 

properties that vary (such as intensity and duration of flash) [148]. 

2.2.2. Principles of DLS 

Light scattering methods monitor the intensity of light scattered by a medium. DLS 

generally monitors the time-dependency of this intensity, I(t), which can change 

depending on a large number of factors, such as particle size or speed at which the 

particles move, which is related to viscosity of the medium. This means that 

properties based on particle motion, such as diffusion coefficients can be deduced 

[148] [149]. 

Detectors can measure the intensity of the light, and this intensity can be compared 

to the electric field of the scattered light: 

  | |      (2.2.1)  

As discussed above, this intensity will fluctuate over time as shown in Figure 25a, 

and so can be converted into an intensity correlation function which can be defined 

by using the following function [148] [149]: 

      〈          〉    (2.2.2) 

This is done through the use of a digital correlator, attached to the equipment, which 

allows for useful information to be extracted and produces a graph similar to that 

shown in Figure 25b. This graph can then be normalised to start decaying at 1 and 

is defined by the equation shown below in Eqn. 2.2.3 [148] [149]: 

      
     

〈    〉 
 

〈          〉

〈    〉 
    (2.2.3)  
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Figure 25 - (a) fluctuating intensity over time of an aqueous solution of polystyrene spheres of 

radius 1.01m, (b) Intensity autocorrelation function, taken from Dynamic Light Scattering: With 

Applications to Chemistry, Biology, and Physics [150] 

It should be noted that the graph shown in Figure 25b, has been edited to not 

include the initial stages of the measurement, which are seen as a delay in decay, 

the initial delay in decay is a sign of aggregation occurring, this is because smaller 

particles have higher diffusion coefficients. This will be visible in the results shown in 

this work. 

Through the use of Seigert relation, the intensity correlation function equation, 

shown above, can be written in terms of the normalised electric field auto correlation 

function [151]; 

         |     |
      (2.2.4) 

Where b is an instrument response constant and            , which can be plotted 

using the natural log to obtain a straight line relation with slope equal to the rate of 

decay ( ) [148] [149].  

  (     )          (2.2.5)  

It should be noted that this only applies to mono-dispersed systems and a cumulant 

analysis is commonly carried out for small amounts of poly-dispersed particles. 

These cumulant analyses are simple and are not affected by background noise 

[151]. As these poly-dispersed particles do not have a linear relationship, they 

require fitting a polynomial to the natural log of       [151]. 
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  (     )                 (2.2.6) 

Where, the magnitude of b is approximately equal to  . 

A third order fit as shown in Eqn. 2.2.6 is considered to be the highest order fit 

feasible. This is because any results that require a higher order fit are deemed to 

have a lack of precision and such a high order fit will make other parameters less 

precise [151].   can be used to gain information about the scattering vector, q: 

         (2.2.7)   

where, q is derived through trigonometric relations, with respect to the angle the 

detector is positioned, see Figure 26and the incident wavelength of the laser (): 

   
   

 
   (

 

 
)    (2.2.8)   

The scattering vector is important for DLS analysis, as it is the difference in 

magnitude of the incidence and scattered light wave vectors. This allows the 

scattering vector to be used as a means to gain information regarding the length 

scale of the particles causing the most scattering, through the use of Eqn. 2.2.9 

below. 

       
  

 
      (2.2.9) 

Furthermore, coefficient c in Eqn. 2.2.6 can be used as an indicator of the poly-

dispersity of the system, known as the Poly-dispersity Index (PDI). 

    
| |   

       (2.2.10) 

The average hydrodynamic radius of the particles in a system can be calculated 

using the average diffusion coefficient and the Stokes-Einstein equation [151], which 

assumes the particles are spherical in shape in a viscous liquid.  

   
    

       
    (2.2.11) 

This assumption does affect results seen for A as they are rod-like in shape, rather 

than spherical, which is where noise can become apparent [120]. This means that 

using these methods would provide little information for A and so more complex 
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methods such as “CONTIN” can be used to fit multiple exponentials to the data, 

which can extract multiple decay rates that are used to find particle sizes. These 

results can be used to establish size distributions [148] [149]. 

2.2.3. DLS Equipment used 

As A has a non-spherical aggregated shapes associated with it, which makes it 

hard to extract useful data from the results, except in the early stages. This created 

some challenging results that had to be tested on different experimental setups 

using different equipment in an attempt to discover more about the aggregation 

pathway that A1-40 takes, i.e. the evolving size distribution. 

The basic setup for a DLS machine requires a laser, a sample and a detector which 

is positioned at some angle θ, as shown in Figure 26. 

 

Figure 26 - Basic Setup for DLS experiment 

The first experiments used two Malvern Zetasizers (Strathclyde University from the 

Chemical Engineering and Civil Engineering departments). They are both Non-

invasive Backscattering equipment as they use a θ angle of 173o. This angle is used 

because there could be interference detected if it was placed at exactly 180o, which 

is why this method is preferred.  
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Figure 27 - Schematic of Malvern Zetasizer, based on schematic by Saha, Bhaskar et al. [152] 

The attenuator shown in Figure 27 is used to reduce the intensity of the light to 

prevent detector overload, the correlator is used to calculate the graphs seen above 

using the equations above. The Zetasizer in the work shown here has a HeNe laser 

(3nW), which is then scattered and picked up by a detector (Avalanche photodiode) 

that could have its transmission changed between 0.0003% and 100%. It is then 

passed through the correlator which then goes to a PC for analysis. The lenses 

used to focus the laser are moved closer in low scattering samples and moved 

further away in higher scattering samples. 

The other type of equipment used to gain a clearer understanding of the shape and 

growth pattern of A1-40 was the 3D-LS instrument. The instrument works using the 

same principles as above but instead has a beam splitter, causing two illumination 

light paths and using two detectors, one of which is setup at the desired  angle, 

and one at a different angle all together. 

 
Figure 28 - 3D LS instrument schematic. This is based on LS Instruments website of the product 

[153]. 

This allows for accurate model fitting for low scattering samples. This makes its use 

limited for A aggregates, as there can be a lot of scatter in the system once 
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aggregates begin to form, which also means the lenses for the laser input for both 

the Backscattering and 3D DLS equipment must be moved accordingly. 

All DLS samples were prepared in the same way as described for the Fluorescence 

experiments with the HCL and NaOH being filtered before addition of A to 

prevent any foreign particles from entering the system. The DLS equipment used is 

temperature controlled at 36.3oC and had a detector angle of 90o from the input 

laser. 

2.3. Monte Carlo Simulations 

2.3.1. Monte Carlo Introduction 

The Monte Carlo (MC) method is another important way to gain information 

regarding A. Unlike MD, MC simulations can be used to examine a system at a 

coarser scale, meaning the level of detail for the simulations is lower. This means 

that MC is generally nowhere near as resource heavy as MD.  Subsequently, very 

large systems can be analysed on a much broader setting as they generally are not 

detailed to a molecular level, in the way MD is. The relatively low detail of the 

system means that little time is required to process the results.  

However, as the system is modelled at such a low level of detail, it means that there 

will be no molecular scale interactions being modelled, which will cause some loss 

in accuracy as there is no way to model exactly what is going on. Despite this, the 

information that can be obtained through this method is still invaluable, as it allows 

for the implementation of different models and very large systems when compared 

to MD. The results could also lead to more exotic MD simulations, or perhaps further 

experimentation to complement the results found from the MC method. 

The method was first developed at the end of World War II as a way to study the 

diffusion of neutrons in fissionable material. The extensive use of random numbers 

within the method led to the name “Monte Carlo” being coined in 1947 by 

Metropolis. This method works through random sampling of a system through the 

use of arithmetic and logical operations [154]. 

The basic principles of the MC method involve creating a system with inherent rules 

or known scenarios that can occur. These rules will occur based on some probability 

P, which is determined by the user. A random number is then selected by the 
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program which is then compared to the probabilities of these scenarios occurring. If 

the randomly selected number matches the parameters set by the probabilities then 

the algorithmic step can occur, which in turn changes the environment of the system 

in some way. If the random number does not adhere to the parameters of the 

probability then it does not occur. [154]. 

Regardless of the outcome, after all the scenarios have been checked with their 

appropriate random numbers, a counter is added to as shown by Eqn. 2.3.1 and the 

process is repeated (each repeat is known as a “pass”). The time taken for all of the 

scenarios to be given the chance to play out is called a MC time step (also known as 

a MC step or MCS). This counter portrays that MCS and can be as simple as adding 

an arbitrary number each step, or as complicated as calculating the real world time 

taken for these things to occur, based on experimental observation.   

                   (2.3.1) 

Where; Tnew is the new total time after the current pass has been completed, Told is 

the previous total time before the current pass was completed and x is the time 

passed between this pass and the previous pass, which can always be the same. 

The x variable can also be drawn from Poisson distribution using the sum of event 

rates to determine the time constant. 

The results from each pass can be stored in various ways, depending on the 

requirements of a simulation. This includes storing the results as a list, or in bins to 

create a Histogram. Due to the random nature of the MC method, results differ from 

simulation to simulation (assuming a different seed is used) and can be used to 

determine the time taken for a desired outcome, or how a system builds itself over 

time. [154]. 

2.3.2. Simulated MC Anisotropy 

Experimental anisotropy is complicated; as Tyr residues explore their environments 

they have fast relaxation times, which is then combined with a slower rotational at 

time associated with the diffusion of the monomer/oligomer backbone (or “bulk”) that 

it is attached too. Simulated MC anisotropy has been used in this work as the basis 

to create results for a basic A system and is used to explore the consequences of 

these timescales. 
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To simulate anisotropy, the motion of the transition moment over time is modelled by 

its orientation in terms of its angle to the backbone    (see Figure 29). The 

backbone itself has orientation    to the vertical, and a rotation of    clockwise 

about the vertical axis to create a three dimensional system. On each MCS, these 

angles can change randomly.    and    are changed by angles selected randomly 

within the range      and       respectively; in general        . As spherical 

polar coordinates are used,    changes by a random angle in the 

range  
   

     
⁄ .  

As the backbone angle moves, the transition moment of the Tyr residue moves also; 

it represents the protein backbone carrying the Tyr. Furthermore, the Tyr cannot 

pass through its backbone and so the constraint 
 

 
       

 

 
    is placed on 

the allowed values of T. Here    
 

 
, and MCS’s that do not adhere to this condition 

are rejected and the process repeated, until a random valid value is found. These 

constraints mimic the accessible rotamer states of the Tyr residue in molecular scale 

models [44]. As an aggregate increases in size it will rotate more slowly and as 

more proteins aggregate closer together, the amount of movement available to a Tyr 

residue will generally be lower (see results section for MD simulations for examples 

of this). The backbone movements do not have the same constraints on them as the 

Tyr and have a larger freedom of movement comparative to the size of the protein 

being simulated.  

 

Figure 29 - Backbone and Tyr angles used in MC simulations 
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The fundamental anisotropy of a fluorophore is given by    
 

 
(
        

 
) , where   

is the angle between adsorption and emission [112]. The autocorrelation from the 

MC simulation can be measured: 

           
 

 
⟨
               

 
 

 

 
⟩
 
   (2.3.2) 

Here time   is measured in MCS’s,     is the direction of the transition moment at 

time t, and the average is taken over a suitable range of   to observe the full      

dynamics. For this model to work, it is assumed that the fluorescence lifetime of the 

Tyr side-chain is always the same throughout, and therefore does not affect the 

calculation of     . 

All simulated anisotropy data from Eqn. 2.3.2 is then fit to the following theoretical 

form: 

         (         )  (   
     ) 

  
  

⁄  (   
     ) 

  
  

⁄
 (2.3.3) 

This equation is used for both MC and MD fits and makes the assumption that the 

Tyr residues transition moment will have a fast diffusion timescale    and the 

backbone a larger rotational timescale   . The values of the anisotropy at large 

times t are given by the respective ‘infinity’ values     and     , and the values at 

    are    
 and    

. The constraint of    
    

      is also required by Eqn. 

2.3.2. It should be noted that the pre-exponential factors of the two exponential 

terms in Eqn. 2.3.3 are not time-independent, unlike the factors       that appear in 

Eqn. 2.1.10; this means that Eqn. 2.3.3 is a special case of Eqn. 2.1.10. 

We perform fits of Eqn. 2.3.3 to experimental, MC and MD data described below. 

The 5 independent parameters of the fit are found by a least square error search 

using stochastic methods. 
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A simplified list of instructions used to create this program is shown here (see 

Appendix 1 for full code):  

1. Allow the backbone to rotate slowly once per MCS 

1.1 Move Backbone angle position (   and  
 
) by a randomly generated 

amount of degrees (both positive and negative rotation) in 3 Dimensional 

space 

1.2 Move Tyr angle the same amount to simulate monomer/aggregate rotation 

2. Move Tyr angle position (  ) by a random amount of degrees (separate and 

faster than previous movement) in 2 Dimensional space 

3. Move angle position within boundary limits of backbone 

3.1 Create conditional loop 

3.2 Create a random angle movement for Tyr 

3.3 if Tyr’s new angle too big or too small with respect to backbone limits then 

undo movement 

3.4 create new random angle movement for Tyr 

3.5 repeat 3.2 and 3.3 

3.6 end loop when condition is met (when tyrosine is within its limits) 
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2.4. Molecular Dynamics Simulations 

2.4.1. Molecular Dynamics Introduction 

Molecular Dynamics (MD) is a powerful computational method that is used here to 

simulate the early stages of aggregation. MD allows for an atomistic scale view of 

proteins and other structures; which allow the interactions between individual atoms 

to be viewed. MD simulations are obtained by the repeated calculation of Newton’s 

equations of motion over time using a force field to create the potential energy of the 

system. The results are detailed, accurate and can be used as complementary 

information for experimental work, or can be used to inspire future experimental 

work. This is possible because MD can be used to track molecule orientation, 

bonds, structure and conformation, amongst other properties, which can reveal 

information about a system that would not be possible during experiments. 

The early stages A protein aggregation can be easily observed with MD as the 

relative size of an A monomer is fairly small [44](c.f. Bovine serum albumin for 

example which is 585 residues in size [155]). This means significantly less 

processing power is used to study A monomers and oligomers than some other 

proteins. However, as more proteins are added to the system, the amount of water 

required for the system becomes larger, creating more atoms and thus can become 

very CPU demanding systems. This means there is a limit to the number of proteins 

and simulations that can be done within realistic time frames. 

The classical equations of motion must be solved for N molecules which are 

interacting through their potential, U. One method for doing this is by using one of 

the fundamental forms of the equation motion derived from the Hamiltonian    [156] 

          (2.4.1) 

 ̇  
  

   
     (2.4.2) 

 ̇   
  

   
          (2.4.3) 

Here Ek and U are the total kinetic energy and potential energy respectively of the 

system,  ̇  is the velocity of atom i, and    is the momentum of atom i [156]. The total 

kinetic energy can be written as: 
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∑

  
 

  
    (2.4.4) 

where mi is the mass of atom i.  

To compute the trajectories, the velocities must be calculated after some change in 

time t. This is done using an algorithm such Euler (outdated) or SHAKE, which is 

used in the simulations in this work [157]. 

SHAKE is an algorithm used in order to constrain certain features of a molecule e.g. 

bond lengths. The SHAKE algorithm is used in conjunction with the Verlet algorithm 

[158]. The Verlet algorithm method uses positions r(t), accelerations a(t) and the 

previous positions, r(t-t) of each atom: 

                                 (2.4.5) 

This form of the equation has no velocities as they are eliminated by the use of the 

equations obtained by the Taylor expansions [158]. 

 

                                         

                                        (2.4.6) 

Eqn. 2.4.5 allows for the calculation of the new positions which then allows for the 

velocities at the mid step to be calculated [158]. 

                             (t)  (2.4.7 

The forces and accelerations can then be calculated at this new time, t+t [159]. 

For the use in SHAKE, the Verlet integrator for unconstrained atoms is obtained by 

doing a variable replacement of    
  

  
. 

  
                        

   

  
    (2.4.8) 

This is then constrained, meaning that the true positions are calculated using a 

constraint force [158]: 

                         
   

  
       (2.4.9) 
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where    is the constraint force on atom i and can be a function of the particle 

coordinates or velocities and is used to hold certain variables at a constant value. 

An example of a fixed variable is the fixed bond length  shown in Eqn. 2.4.10: 

   ∑   
 
   (

   

   
)   (2.4.10) 

where,    is the  Lagrange multiplier, This means that bond length must remain 

constant throughout the simulation and so the following conditions must be 

satisfied,: 

{
 
 

 
 

       
 
 
 

       

    (2.4.11) 

This means Eqn. 2.4.10 has   selected so that the change in position of the atoms 

keeps  constant [157] [158]. 

SHAKE goes through all the constraints adjusting positions step by step until all the 

constrained equations are satisfied to some margin of error [157] [158] [160]. 

2.4.2. MD Simulation Setup 

There are three main types of systems that are discussed in this work; A1-40 

simulations, A1-42 simulations – both allowing for amorphous aggregation – and 

pre-aggregated A1-42 fibril-like aggregate simulations. All of which are created with 

NAMD 2.6 [161], combined Charmm22 and Charmm 27 force field model and a 

TIP3P water model as was done previously. This force field and model were chosen 

for the work in this thesis, based on the previous work’s trajectories success [44]; 

allowing for comparison and continuity between results. Furthermore, the 

parameters affecting the proteins in the latest version of the force field (Charmm33) 

are very similar to those in the force field used in this work and therefore, the minor 

alterations will not lead to significant changes.  VMD is used to prepare the 

simulations and visualise the results. 

The NMR structure of A1-42 was obtained by Crescenzi [46] (1iyt.pdb) and is 

available on the protein data bank (PDB). It has the most probable charge states at 

neutral pH7 for the ionisable residues. The initial simulation for a A1-42 monomer 
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began straightened out with approximate dimension 47.05Å x 25.29Å x 13.60Å. This 

monomer was allowed to reach a stable conformation with dimensions ~ 24.94Å x 

23.58Å x 10.21Å and was used in all subsequent simulations.  

The structure of A1-40 was obtained by taking the 1iyt.pdb model and removing 

residues Ile41 and Ala42 as was done in previous work [44].  As a monomer begins a 

simulation either straightened out with dimension ~48.06Å x 9.69Å x 26.21Å or in its 

preferred conformation occupied once a simulation has been ran long enough for it 

to become stable with dimensions ~34.16Å x 15.17Å x 23.69Å. When ions are 

present a monomer prefers to have dimensions ~25.31Å x 27.93Å x 2.84Å. A1-42 

appears to be slightly smaller; however this is due to the rough approximations 

made for the sizes for the “straightened” out conformations. Despite this, once extra 

two hydrophobic residues will bury themselves away from the surface as much as 

possible and could potentially lead to a smaller over size. The structure was 

modelled in a SDS micelle, aqueous trifluoroethanol environment which, like water, 

is polar. Despite both environments being polar, the monomers were given time to 

become stable in the water during the initial stages of trajectories. 

The proteins above are used to create the amorphous aggregate systems. The fibril-

like aggregate trajectories are created using a hexamer beta-sheet conformation 

found by Waelti et al as discussed above [63]. The structure is what is assumed to 

be the basic building block of the protofibrils, it could also be compared to work done 

with metal ion mediated A aggregation, as similar shapes have been presented 

there (albeit with metal ions being part of the process [41] [42]). The various 

simulations related to this protofibril conformation are created by removing select 

proteins in the original fibril hexamer - found on the PDB (2NAO.pdb). The beta-

sheet hexamer has dimensions~ 83.78Å x 51.91Å x 13.82Å and a single protein in 

that aggregate has dimensions ~59.94Å x 32.55Å x 4.86Å. 

The number of proteins per simulation varies from one to six proteins, with variable 

distances between the proteins to increase or decrease chances of aggregation 

within the timeframe of the specific trajectory. The proteins are surrounded by a 

rectilinear waterbox which varies in size for each system and some systems had 

ions in them to mimic the ionic concentration of blood of approximately 0.250mMol/L 

[162], using Na+ and Cl- ions.  
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The size of the waterbox affects the concentration and therefore the likelihood of 

aggregation, however, if the waterbox is too small, it can potentially lead to proteins 

passing through the periodic boundary conditions (PBC) of the waterbox. As the 

trajectories have repeating boundary conditions, it can cause the protein to wrap 

around and begin interacting or aggregating with itself. This means that the systems 

were made with adequately sized waterboxes, unless stated otherwise. 

Once the protein, waterbox and ions (if used) are set up, they are subjected to a 

water minimization stage (1000 steps) and are given 100ps for water equilibration. 

During this stage the Langevin piston control pressure is activated with group based 

pressure control, a piston temperature of 300K (310K) and the anisotropic cell 

fluctuations are not allowed based on previous work [44]. 

This is followed by a minimization phase for the whole system (10,000 steps) and 

then by 30ps of heating to 300K for amorphous systems or 310K (body temperature) 

for the fibril-like systems and 1atm pressure. Finally, 270ps are required for thermal 

equilibration with a timestep of 1fs.  

Once preparation is complete, the production of trajectories can begin for various 

trajectory lengths (see below for details) all with a timestep of 2fs at 300K (or 310K) 

in the NVT ensemble and the SHAKE algorithm is used. Van der Waals interactions 

had a cut-off of 12 Å. Particle mesh Ewald (PME) is used for the electrostatic 

interactions. 

2.4.3. MD Analysis Tools  

The resulting trajectories are then analysed through various means, studying the 

changes in conformation over time or how the residues are interacting etc. However, 

one of the more important aspects of the work produced here is studying the Tyr 

residue. This includes its physical position within the aggregates/ peptides, its 

transition moment orientation (to simulate anisotropy) and the Tyr’s rotamer states. 

The rotamer states of the Tyr residue are the conformations that it likes to be in. In 

previous work it was found that the Tyr residue liked to rotate around the Cα–Cβ and 

Cβ–Cγ chemical bonds as shown in Figure 30 . 
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Figure 30 - Showing the freedom of movement of Tyr residue around Cα–Cβ and Cβ–Cγ edited 

from work by Amaro et al [44] 

By using VMD the dihedral angles of both of these rotational points could be 

obtained. This was done by tracking the dihedral angles along atoms C-C-C-

Cand C-C-C-CD1 in VMD for each frame in the trajectory. These angles are 

exported to excel, and graphs are created showing the positions of these angles, 

and therefore the positions that the Tyr residue prefers to occupy as shown in Figure 

13 [44]. Though it should be noted that for the work presented here, the angles X1 

and X2 are fixed to fit on axes that range from 0-360, removing the negatives 

completely as the rotamer states seen at the top left are actually part of the rotamer 

in the top right. As can be seen from Figure 13, there are 4 general orientations 

(with variation) that the Tyr likes to occupy. Furthermore, in this work a simple 

program (see Appendix 2.1) was created to track the movements between these 

states, each zone was given a number to be identified by as shown in Figure 31. 

(Note we identify 6 rotamer states as explained below in the results). 

 
Figure 31 - Example of results, with rotamers numbered 

The next interesting piece of information regarding the Tyr residue is tracking its 

transition movement in order to created simulated anisotropy curves. This was done 
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by tracking the C and Cz atoms in the Tyr as shown in Figure 22, using a script 

which was then put through another program to create vectors between these two 

atoms and calculate the resulting anisotropy (see Appendix 2.2). 

The Tyr fluorescence anisotropy response can be created using the assumption that 

the excited Tyr states can be represented by the ground state structure and 

interaction potentials. Echoing Eqn. 2.3.2, the autocorrelation for the normalised 

transition moment direction      across the Tyr side-chain is calculated as  

     
 

 
⟨
 (           )

 

 
 

 

 
⟩
 
   2.4.12 

Here      is calculated from the coordinates of the relevant C atoms from the 

aromatic ring of the Tyr side-chain as discussed above. In the case of multiple 

proteins, each Tyr has its own autocorrelation, and these are averaged as 

appropriate (the experimental anisotropy is the average of a very large number of 

proteins). Experimental anisotropy cannot look at the individual responses of 

proteins; instead it takes in all the responses from all proteins at once, creating an 

average response. Simulated anisotropy allows for the study of single Tyr/protein 

responses which can be used to confirm, prove or demonstrate what is going on at a 

molecular level and show what causes the general responses seen experimentally.   
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3. Results and Discussion: Experimental 

The experimental section of this thesis is presented here. The experiments 

undertaken for this thesis are mostly Fluorescence based, with some dynamic light 

scattering (DLS) used to help compliment the fluorescence results where possible, 

though limitations of the DLS method makes this difficult. All experiments were run 

for 3-4 days to ensure the important stages of aggregation had occurred [44]. 

Fluorescence spectroscopy uses a using a AlGaN light emitting diode laser to excite 

the tyrosine (Tyr) fluorophore found in both A1-40 and A1-42, which then release a 

photon of energy in order to return to ground state [142]. This emitted photon can 

then be potentially picked up by a detector, the time taken for this occur is known as 

the lifetime of the excited state and is the basic mechanism required for analysing 

the results from these experiments and reveals a typical decay curve as shown in 

Figure 32 [142]. In these fluorescence spectroscopy experiments, time-correlated-

single-photon-counting was used to probe the Tyr environment by tracking the 

changing lifetimes of the systems, both in systems that do not aggregate and in 

those that do.  

 

Figure 32 - Typical Fluorescence decay curve 

As stated previously, the laser emitted light at a wavelength of 279nm, the detector 

had a detection range of 185-650nm [142], using a TAC range of 50ns and the A1-

40 used in these experiments was purchased from Sigma-Aldrich in powder form. 
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Each experiment was set up in same manner for consistency, preparing the proteins 

to ensure no aggregation was present prior to the experiment and was kept at 

thermal equilibrium at a temperature of 37oC to simulate body temperature [44]. The 

results could then be analysed to give lifetimes and lifetime contributions which is 

then used to infer information about the potential local Tyr environments with in the 

various experimental systems. 

The next experimental method discussed in this chapter is the DLS, which uses the 

Brownian motion of the proteins in the systems and a laser to extract information 

about the radius of an aggregate. As the particles pass through the laser, it will 

cause a flash of light which can be identified by the detector, the bigger the molecule 

the longer this detection will last [148] [149].  

The experiments were set up in the same way as the fluorescence experiments and 

also were maintained a constant temperature of 37oC for consistency. Usually an 

autocorrelation is retrieved from these experiments which usually allows for the 

sizes of the particles in the system to be determined, however, this is proved difficult 

due to complications seen in the DLS results. 

Finally, fluorescence anisotropy experiments were also undertaken in order to probe 

the sizes of the proteins which also proved difficult. This means that neither DLS nor 

anisotropy could be used to extract the sizes from the samples. Despite this, as 

anisotropy works using the same principles as spectroscopy, we can still gain 

invaluable information about the Tyr residues movements (as well as the aggregate 

it is part of) [112]. As discussed previously, fluorescence anisotropy works by taking 

polarised light from the AlGaN light emitting diode laser to excite appropriately 

oriented Tyr residues. They then emit their photons, which are then passed through 

an emission polariser (orientated horizontally or vertically) only allowing correctly 

orientated photons through, the difference in results found for the horizontal and 

vertical orientations can be used to create the anisotropy graph which can then be 

analysed [112].  

3.1. Fluorescence Spectroscopy 

In a previous project undertaken by another researcher at Strathclyde, attempts had 

been made to create size distributions of Aaggregation using DLS, which failed 

due to intense scattering, making the results too noisy to obtain any valuable 
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information. As discussed above, this could be caused by the aggregation process 

(multi-distribution of various sized aggregates), dust or other foreign objects, or even 

the shape of the fibrils themselves.  

To ensure that this scattering was not a product of the HEPES buffer solution, an 

alternative was required. This lead to the following experiments where HEPES 

buffer was replaced with water, hydrochloric acid (HCl) and sodium hydroxide 

(NaOH). All fits have an acceptable 2 (between 0.9-1.2) [163], unless otherwise 

stated and are given in Appendix 3.1a. The most significant results for the lifetimes 

are shown in Table 1 and Table 2 below. 

 

 

Figure 33 - Fluorescence spectroscopy results of A in deionized water. Top graph shows lifetime 

decays. Bottom shows contributions of those lifetimes. (
2
 = 0.9-1.2) 

Deionized water at neutral pH 7 is the first experiment discussed here as shown by 

the results in Figure 33. Unfortunately, the results show that the lifetimes do not 

change by any significant amount during the course of the experiment, all remaining 

approximately at their initial values. The first lifetime in blue is ~0.40ns, the second 

in red is ~1.22ns and the third in yellow is ~4.22ns. Furthermore, the contributions of 

those lifetimes remain relatively steady, with some initial movement within the first 
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6min of the experiment. The initial contributions from the first, second and third 

lifetimes are 0.31, 0.52 and 0.17 (respectively) and then after 6min become 

approximately 0.24, 0.59 and 0.16 respectively, which we do not consider to be 

significant changes relative to previous results [44]. The 2 for these lifetimes are 

acceptable and the majority are close to 1 (see Appendix 3.1a). 

This suggests that there is some initial movement but it is insignificant and does not 

indicate any significant change to the Tyr residue environments. As the 

environments are not changing throughout the three days of the experiment, no 

aggregation is likely to be occurring [43] [112]. Therefore, deionized water is not a 

suitable replacement for the DLS experiments. 

Though no aggregation occurs, this experiment still provides relevant information. 

The results were fitted to 3exp, giving three lifetimes for the Tyr residues; this is 

what is expected from previous results [44], the lifetimes have been suggested to be 

caused by three different local environments that the Tyr experiences. Though there 

are three environments that are picked up by fluorescence, there could be more 

environments that that are quenched (as seen by the presence of four rotamer 

states in MD simulations [44]) and do not appear in the measured results. This is 

hard to determine as there are not many techniques that can probe the Tyr local 

environment to the same degree as fluorescence. The MD simulations shown in 

later chapters can help reveal information about the different environments. 
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Figure 34 - Fluorescence spectroscopy results of A in deionized water with 4 exp. fit. Each 

colour corresponds to a specific lifetime and the graphs show the evolution of the lifetimes over time in 

the top graph and the contributions from each lifetime in the bottom graph. (
2
 = 0.9-1.2) 

We investigate a 4exp fit in in Figure 34 in order to ensure that a four fluorescent 

environment does not exist for the Tyr residues. Despite the fact that the 2 for these 

fits are an improvement on the 2 of 3 exponential fits, the results here are erratic 

and have three near-zero contributing lifetimes and one that shows a contribution of 

above 1 (100% contribution). This would suggest that there is a lifetime that is 

impossibly long and does not even appear within the limits of the lifetime graph and 

even shows negative contributions near the beginning. These results are 

meaningless, which suggest that the three exponential fit is likely to be correct.  
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Figure 35 - Fluorescence spectroscopy results of A in HCL with 3 exp. fit. Each colour 

corresponds to a specific lifetime and the graphs show the evolution of the lifetimes over time in the top 

graph and the contributions from each lifetime in the bottom graph. (
2
 = 0.9-1.2) 

The next type of experiment undertaken involves HCl, diluted with water to a pH of 

5.5, which is close to the isoelectric point of AAt this pH the proteins will carry no 

net electrical charge [164]. Shown in Figure 35, it has similar characteristics as 

when water is used; the lifetimes and contributions do not change in any significant 

way, suggesting that there is no aggregation.  

The lifetimes approximately remain at 0.33ns, 1.29ns and 5.1ns for the first, second 

and third lifetimes respectively, which is similar to the initial positions of the sample 

with water in it. Their contributions are 0.31 0.56 and 0.13 which again, are similar to 

the initial contributions from the water sample. This further suggests that there are 

some movements and interactions that occur in the first 6 minutes for the sample 

containing water, but aggregation does not occur regardless. 

Furthermore, a four exponential fit for this system, proved to be erratic with lifetimes 

as slow as 10-4ns, which are unacceptable and the fit, therefore, unusable (see 

Appendix 3.2a). This further suggests that the system being probed here has only 

monomers in it and the system containing water also has monomers (and potentially 
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small amorphous aggregates present). It also appears that these kinds of systems 

have three lifetimes associated with them; which is an indication of three separate 

local Tyr environments (chapter 7.10) [44].  

 

 

 

Figure 36 - Fluorescence spectroscopy results of A in NaOH with 3 exp. fit. Top graph shows 

Tyr lifetime decays. Bottom shows contributions of those lifetimes. 

The final type of experiment has A in dilute NaOH, (with deionized water) with a pH 

of approximately 7.3, which is used to mimic similar conditions to HEPES buffer, an 

environment A is known to aggregate in [44]. This system shows improved results 

as the changing lifetime contributions suggests that aggregation does occur, as 

shown in Figure 36 and are similar to what has been seen in HEPES buffer [44].  
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Figure 36 shows that the starting contributions for the three lifetimes are 0.41, 0.35 

and 0.24 for each sequentially. After this the contribution from the first lifetime 

decays quite rapidly (becoming less of a contribution than the second lifetime), 

before slowly increasing again to a value of ~0.32. The second lifetime has a sharp 

increase to 0.51 and the third decays has an initial steep increase followed 

immediately by a sharp decrease (mirroring the second lifetimes increase) and then 

a more shallow decay which mirrors the first decays increasing contribution, ending 

at a contribution value of ~0.18. The lifetimes remain steady at approximate values 

of 1.14ns, 0.05ns and 5.38ns sequentially. 

 

Figure 37 - 
2
 values of the three exponential fit of A1-40 in NaOH  

However, the 2 values of the fits are not always within the acceptable range as 

shown in Figure 37 (ranging from 1 to above 1.2), suggesting that there is a more 

complicated lifetime system for this kind of sample. This is complemented by the 

fact that the third lifetime has such an unusual initial contribution change.  As the fits 

for the system are not always reasonable a four exponential fit for this system is 

viable, suggesting that there are at least four different environments that the Tyr 

residues occupy during the course of the aggregation [112]. This could be due to 

proteins interacting closely as they aggregate, affecting the environments and 

positions of the Tyr residues. 
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Sample (3 Exp. Fits) Tr1 (ns) Tr2 (ns)  Tr3 (ns) Contr. 1 Contr. 2 Contr. 3 

(Average): A1-40 in water 0.40(5) 1.22(4) 4.22(32) 0.24 0.59 0.16 

(Average): A1-40 in HCL 0.331(9) 1.289(7) 5.08(3) 0.31 0.56 0.13 

T=0hr:        A1-40 in NaOH 0.109(4) 1.38(1) 6.53(4) 0.35 0.41 0.24 

T=0.58hr:   A1-40 in NaOH  0.083(3) 1.30(1) 7.11(4) 0. 41 0.32 0.27 

T=39.92hr: A1-40 in NaOH 0.093(3) 1.20(1) 5.85(3) 0.47 0.36 0.17 

Table 1 - Lifetimes of various 3 exponential fits. Average lifetimes shown for water and HCl 

samples and specific times (Initial value, mid-agrgegation value and post aggregation value) for sample 

containing NaOH. The uncertainties associated with the last digit(s) are in brackets. The water errors 

have been estimated from the average value of Figure 33. 

 

 

Figure 38 - Fluorescence spectroscopy results of A in NaOH with 4 exp. fit. Top graph shows 

Tyr lifetime decays. Bottom shows contributions of those lifetimes. 
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In Figure 38 the initial stages of the experiment are shown for the four lifetimes, this 

is because after 12 hours there are no significant changes to the lifetimes or their 

contributions. For the full experiment time frame please see Appendix 3.2b. The 

resulting fits also have 2 values that remain satisfactory throughout the experiment 

(except one measurement) in Figure 39 below. 

 

Figure 39 - 
2
 values of the four exponential fit of A1-40 in NaOH 

The fourth lifetime (in green) was not present before and the other three lifetimes 

have been affected by the aggregation as the values obtained are different from that 

found in previous experiments and fits. This is expected from aggregating proteins 

as the surroundings of Tyr residues would be vastly different from those of 

monomers. The fact that these lifetimes are instantly affected implies aggregation 

began before the first measurement was taken [112].  

The reason that a three exponential fit works well in the non-aggregating samples 

could be due to the fact certain Tyr orientations/environments are not favourable or 

are being quenched (see chapter 7.10 for more information). It should be noted that 

one of the lifetimes is very short lived (30ps) and the time calibration is 

13.5ps/channel. This means that this fourth lifetime could be background noise but 

could still actually be a short lived lifetime associated with the Tyr’s environments 

[163].  

The average lifetime values of the faster responses are 0.02ns, 0.95ns and 3.56ns 

with almost no change in the first two, but some initial variation in the third lifetime. 

The new lifetime response is significantly slower, at an initial value of ~20ns (this 

seems a little too large, however as the aggregation continues, the lifetime begins 
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descending to a value of 10ns). The contributions are also shifting for all four 

lifetimes, as they are initially 0.34, 0.29, 0.23 and 0.11 for the four (1 to 4 

sequentially) but end at 0.22, 0.15, 0.10 and 0.53. A potential reason for the 

appearance of a fourth lifetime is discussed further in chapter 7.10. 

Our results indicate that dilute NaOH allows for A aggregation and show a similar 

aggregation pattern as in HEPES buffer [44] [165], although the aggregation seems 

to be to a lesser degree and the contribution changes are less significant. 

Regardless, it is a potential replacement for HEPES buffer in DLS experiments in an 

attempt to reduce scattering. Unfortunately, the DLS experiments still proved 

difficult, as will be discussed in chapter 3.3. 

Sample (4 Exp.) Tr1(ns) Tr2 (ns) Tr3(ns) Tr4(ns) C. 1 C. 2 C. 3 C. 4 

T=0hr:         

A1-40 in NaOH 1.00(2) 0.032(3) 3.45(6) 13.2(3) 0.39 0.27 0.23 0.11 

T=0.58hr:    

A1-40 in NaOH  1.01(2) 0.0243(3) 4.36(7) 17.65(4) 0.47 0.21 0.21 0.12 

T=39.92hr:  

A1-40 in NaOH 0.87(3) 0.027(3) 2.41(7) 7.29(8) 0.53 0.22 0.14 0.10 

Table 2 – The lifetimes of 4 exponential fits. Lifetimes (Tr) and contributions (C.) Initial value, mid-

agrgegation value and post aggregation value for sample containing NaOH. The uncertainties 

associated with the last digit(s) are in brackets. 

3.2. Dynamic Light Scattering 

The effect of pH on A is investigated here using DLS equipment. Test samples 

were analysed on the Zetasizer “Nano” in the department of Civil Engineering at 

Strathclyde to see how significant the scattering is for the HCl and NaOH samples. 

As there are limited changes to the environment seen in the fluorescence 

experiments for HCl, an extended analysis was not required. For these tests, the 

samples are studied over a 10 second time window. Standards are run to ensure the 

reliability of the equipment, multiple measurements were taken and some 

measurements of BSA in various buffers were taken in collaboration with Ben 

Russell. This is useful as BSA has a consistent particle size at a pH of 7.4, which 

can give reliable correlation results (see Appendix 3.3a) that can be analysed. 
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Figure 40 - Autocorrelations and size distributions from Zetasizer of samples containing NaOH 

and HCl 

The resulting autocorrelation data from the experiments shown in Figure 40 are 

erratic and have decays that are not acceptable for size distributions. Despite this 

they show the presence of monomers and a single large population, unlike what has 

been seen in the literature [84]. This is an indication that there is either some foreign 

particle (e.g. dust) or a single large population is present in the system. A population 

this large should not be present as the measurements are taken as soon as possible 

after preparation is complete and the polydispersity index being 1, suggesting many 

different sized aggregates should be present. As the necessary precautions (such 

as filtration) are taken to ensure minimum exposure to dust particles, this is unlikely 

to be the issue [148] [149]. Furthermore, when all DLS results in Appendix 3.3b are 

viewed, the apparent sizes are completely random and show a different sized 

species with no regard to time, as well as some negative sizes. Despite the 

extremely large aggregate seen in the NaOH sample, the potential reason for the 

presence of the 9nm radius particle could be due to the initial aggregation forming 

oligomers or protofibrils. The large population could also be large amorphous 

clusters of proteins [148]. However, this is speculation as the correlations are poor 

and is related to either the equipment used or the samples’ polydispersity.  
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All the results have high cumulative error and a polydispersity index of 1 - above 0.7 

is considered an unsuitable sample for DLS as there are multiple species in the 

sample, making the results unreliable and non-repeatable[ [151]. 

BSA samples in various buffers (including HEPES) give significantly more 

reasonable results. HEPES buffer has a slightly more unfavourable correlation 

decay when compared to PBS but is still more reasonable than what is seen for the 

HCl and NaOH samples above (see Appendix 3.3a and Appendix 3.3b).Therefore, 

as HEPES buffer is not seen to be an issue a sample containing A1-40 in said buffer 

was prepared and DLS measurements were made using the 3D DLS equipment. 

The measurements are taken every five minutes (for a total of three days) in an 

attempt to track the aggregation of the A1-40 sample using a 30 second time window 

for each measurement. Sample results from this experiment in Figure 41 

demonstrate the poor autocorrelation [148] functions seen throughout the three day 

experiment. 

   

   

Figure 41 - Autocorrelations of A1-40 in HEPES buffer at T = 0hr, 6hr26min, 22hr48min and 

64hr20min 

The polydispersity index of 1 and high cumulative error of these samples suggest 

that any size analysis for these systems would not produce justifiable results as 

seen above [148] [151]. It should also be noted that despite HEPES buffer 

scattering, the result here show significantly worse scattering and cannot be fit for 
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size distributions at all which suggests that the A proteins or the equipment used is 

the reason for the issue and not the buffer itself. 

Despite this, the scattered light intensity (I) of these results can be used to show the 

presence of aggregation. The scattered light intensity corresponds to the mean 

count rate and is proportional to the number concentration of the scattering objects 

(particles, clusters etc.) This means that the scattered light intensity will increase 

when the particle cluster (aggregate) size increases. It will also increase due to 

changes in the optical contrast between the aggregate and its surrounding medium 

(HEPES buffer) i.e. when there are more aggregates in the medium. The resulting 

time distribution of these scattered light intensities is shown in Figure 42. 

      

Figure 42 - Increase in "scattered light Intensity" for detector A and B over three day period 

The increase in intensity is an indication of aggregation, though it is not certain if it is 

caused by a larger number of aggregates being formed, or from the aggregate sizes 

becoming larger. The graphs in Figure 42 show clear signs of aggregation, 

continuing over the three days of measurements. Initially this increase is relatively 

slow, but after approximately 5 hours, the increase becomes sharper and the 

variation in the photon count becomes larger. After 30 hours there is still a visible 

increase in intensity, however the variation is more rapid and makes it difficult to 

determine how steep the true increase is in the intensity.  

These results combined with the fluorescence results seen previously, suggests that 

there are some early changes to the environment as the A proteins begin to 

aggregate together to create oligomers, which causes no notable increase in the 

intensity graphs (but is still affecting the correlations) [112] [148]. After these have 

formed their pre-protofilament conformation where the beta-sheets begin to form, 
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they begin stacking rapidly creating large aggregates [50]. Though it is unclear if it is 

multiple aggregates or a single aggregate from these intensity results, the 

polydispersity seen from the measurements suggests that it must be many different 

sized aggregates [148] [151]. 

3.3. Fluorescence Anisotropy 

The first experiment shown below in Figure 43 is a sample of A1-40 in HEPES 

Buffer, done in collaboration with Thorben Wellbrock. The anisotropy experiments 

proved to be challenging. This is because the equipment used is optimised for 

fluorescence in the IR spectrum, however Tyr fluoresces in the ultraviolet region 

(~300nm) [166]. This greatly affects the quantum yield of the measurements, which 

means the photon count detected will be lower than expected [112]. Furthermore, 

this is compounded by the experimental setup used in anisotropy.  

The first issue is the fact that the excitation monochromator has a polarizer attached 

to it. This may prevent some of the laser’s photons from entering the sample holder 

if they are not perfectly polarised to begin with. In addition to this, only Tyr residues 

whose transition moments are parallel to the polarised light will actually be excited, 

further lowering the amount of photons from the laser that will successfully excite 

Tyr residues [112] [147]. Furthermore, these excited Tyr residues will then rotate 

randomly and will emit a photon in various orientations. Only the appropriately 

orientated photons will pass through the emission polariser which will then be 

detected [112] [147]. The accumulation of these effects creates a much lower 

proportion of detected photons in comparison to photons fired by the laser, resulting 

in a low detection rate. 

This greatly increases the time taken to reach the required peak difference for 

anisotropy, limiting the number of measurements that can be taken per experiment. 

Moreover, the photon count lowers and the noise become more severe due 

quenching when the A peptides become tightly aggregated. When aggregated 

tightly together, the closeness of the Tyr residues causes the photons that are 

emitted to be reabsorbed by other nearby Tyr residues. This effect is demonstrated 

in chapter 7. 

Obtaining useful data from the anisotropy curves is difficult due to the noise, which 

is seen in all measurements and shown in Figure 43. The noise is apparent from 
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around 5ns and becomes more pronounced as the aggregate size increases. The 

noise becomes overwhelming in the later stages and so the best fit lines can only be 

produced over a narrow region of the time window for both the one exponential and 

two exponential fits. The fits for the anisotropy measurement recorded at 43hr 50min 

are created between approximately 1.49ns and 29.87ns of the analysis window with 

some variation between the DAS 6 fit and the annealing fit. Note that the analysis 

window is the correlation time for the measurement in question, which is the 

timescale seen in the anisotropy graphs. These should not be confused with 

fluorescence lifetimes which are the time spent in the excited state. At 78hr 23min 

the noise is so severe that the time window is only between 13.43ns and 20.59ns for 

the DAS and between 14.26ns and 20.59ns for the annealing program.  
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Figure 43 – 1 Exp. fit of Fluorescence Anisotropy of A1-40 in HEPES buffer over the course of 78 

hours. The measured anisotropy in blue with the DAS 6 software’s 1 exponential fit denoted as a 

dashed red line [163] and the fits from annealing program denoted by a dotted green line. The x axis is 

analysis time window (Time in ns) and should not be confused with the time (in hours and minutes) the 

measurement is initiated at. 

Despite the noise, there is a visible rise in the anisotropy decay, which should not 

occur in a mono-dispersed system. This is sensible as the results of the DLS 

measurements also indicated a high polydispersity of the samples. The initial decay 

seen in Figure 43 is due to a species that has an initial high contribution [167]. The 

rise in decay is due to a species, which initially has a lower contribution. This rise 

occurs because the low contributing species has a longer lifetime and becomes 

dominant once the initial shorter lifetime is no longer detected [167]. Once the 
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shorter lifetime is no longer being detected, the response from the longer lifetime is 

all that is left, and as such a rise in anisotropy can be observed. If the anisotropy 

decay window could be larger and there was less noise present, we would expect 

there to be a secondary decay visible [167].  

The fits seen in the above graph are visibly poor as they are one exponential 

equations and subsequently do not include the rise in anisotropy. The longer lifetime 

response will not be included in the model equation as a two exponential equation is 

required to capture them and are presented below in Figure 44. Nonetheless, all the 

graphs have fits created using DAS 6’s in built software [163], shown in red and the 

green lines are fits created using a stochastic / annealing optimisation program that 

was coded in house (see Appendix 3.4), which will be used later in the MD chapter. 

These annealing fits are included here as a comparison and check of validity for use 

in the MD section. The correlations between the measured results and the fitted 

results are calculated using their covariance and standard deviations and shown 

below in Table 3 [168] (see Appendix 3.5 for sample calculation).  

Day/Time Fit 5ns fit 10ns fit 20ns fit 40ns fit Total Fit 

Day 1 DAS 6 0.992 0.955 0.788 0.409 0.288 

15m Annealing Program 0.992 0.949 0.764 0.377 0.263 

Day 1 DAS 6 0.987 0.965 0.883 0.581 0.480 

6h15m Annealing Program 0.979 0.911 0.67 0.270 0.205 

Day 2 DAS 6 0.982 0.951 0.838 0.441 0.360 

17h15m Annealing Program 0.986 0.930 0.671 0.233 0.177 

Day 2 DAS 6 0.985 0.960 0.885 0.540 0.496 

30h00m Annealing Program 0.991 0.948 0.745 0.281 0.248 

Day 3 DAS 6 0.982 0.900 0.500  -  - 

43h35m Annealing Program 0.976 0.927 0.553  -  - 

Day 4 DAS 6 0.838  -  -  -  - 

78h23m Annealing Program 0.429  -  -  -  - 

Table 3 – Correlations calculated for various times for the 1 exponential fits from DAS 6 

software and annealing program. 

Table 3 reveals that when the entire timeframe window of the anisotropy data is 

correlated, the results are poor and cannot be considered useful. In contrast, when 
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only the early stages are correlated the fits become more reasonable. This is due to 

the fact that there is less noise in the early stages of the graphs and the rise caused 

by the secondary decay will not be included [167]. The noise in the later stages of 

the aggregation process is so severe that the results in days 3 and 4 can only be 

fitted for a 20ns and 10ns window respectively. These results validate the annealing 

programs fitting parameters as being adequate and comparable to the DAS 6 fitting 

parameters [163]. 

In Figure 43, the longer lifetime species become dominant earlier in the decay as 

the experiment progresses, insinuating that there is significantly less involvement 

from the shorter lifetime species. This potentially suggests that the environments 

have changed causing the dominant species to change due to quenching of the 

aggregates [167]. Due to the increasing    value, it is also reasonable to conclude 

that there are a higher population of large slow moving aggregates and a low 

population of the fast moving species as will be shown below in the 2exp fits, which 

require negative pre-exponential factors in order to create the rising anisotropy [112] 

[167]. These results, combined with the DLS measurements, demonstrate that A 

quickly becomes a multispecies system with monomers, oligomers and smaller 

protofibrils present. Unfortunately the sizes cannot be extracted due to the noise. If it 

had been possible to collect the sizes, this information would have been invaluable 

in understanding what types of species are present during the various stages of the 

aggregation process. It can be concluded from the combination of the DLS results 

and the anisotropy results that the various species are present from before the first 

measurement is taken and the population slowly shifts from smaller species to large 

mature fibrils over the course of the experiment. It is also conclusive that these 

measurements must be fit to two exponential functions using Eqn.’s 2.1.13 and 

2.1.14, as the single exponential fit does not capture all the characteristics of the 

graphs.  
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Figure 44 - 2 Exp. fit of Fluorescence Anisotropy of A1-40 in HEPES buffer over the course of 78 

hours. The measured anisotropy in blue with the DAS 6 software’s best fit denoted as a dashed red 

line and the fits from annealing program denoted as a dotted green line. The x axis is analysis time 

window (Time in ns) and should not be confused with the time (in hours and minutes) the measurement 

is initiated at. 

Figure 44 and Table 4 shows visible improvement in the fits due to the inclusion of a 

second set of fitting parameters. The noise is so severe that it is unclear if a two or 

three exponential function is adequate, as a three exponential fit could potentially 

cause over fitting of the results, despite good 2 values or better correlations. 
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Day/Time Fit 5ns fit 10ns fit 20ns fit 40ns fit Total Fit 

Day 1 DAS 6 0.994 0.964 0.794 0.455 0.360 

15m Annealing Program 0.992 0.954 0.760 0.428 0.360 

Day 1 DAS 6 0.996 0.977 0.871 0.554 0.486 

6h15m Annealing Program 0.990 0.947 0.748 0.445 0.414 

Day 2 DAS 6 0.992 0.978 0.882 0.560 0.503 

17h15m Annealing Program 0.984 0.938 0.707 0.416 0.412 

Day 2 DAS 6 0.990 0.980 0.920 0.637 0.601 

30h00m Annealing Program 0.991 0.954 0.780 0.440 0.420 

Day 3 DAS 6 0.965 0.858 0.737  -  - 
43h35m Annealing Program 0.978 0.943 0.800  -  - 

Day 4 DAS 6 0.83775  -  -  -  - 
78h23m Annealing Program 0.521412  -  -  -  - 

Table 4 - Correlations calculated for various times for the 2 exponential fits from DAS 6 

software and annealing program. 

Although the two exponential fits generally show better correlations, they are still 

only within acceptable ranges when correlated within the first 10 ns or so. This 

shows that the noise creates a large problem that must be overcome if any useful 

data can be extracted from A samples (Table 5a) shows the resulting timescales 

and 2 values for all results in this experiment). Nonetheless, both the DLS 

measurements and these anisotropy measurements have shown signs of 

aggregation. When combined with the fluorescence results, we can speculate that 

the initial stages of the experiment contain monomers and small aggregates that are 

in the process of forming (the change in lifetimes), followed by the rapid growth of 

the protofibrils into protofilaments and mature fibrils (the changes in anisotropy/ 

DLS). The DAS 6 software was fit using the 2 exponential functions in order to 

extract a second, longer timescale [163]. However, the resulting times are random 

and appear to grow and shrink over time, which is also seen in Table 5b via the 

annealing program fits.  

In an attempt to get more consistent results, the fitting window for the DAS 6 fits 

were manipulated to obtain fits with good 2 values and consistent timescales. 

However, this required fitting the equation to very small sections of the measured 

data and result in times that are outside the analysis window (see Appendix 3.6b).  
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(A) 

Day Clock Time Slow T1 (ns) Fast T2 (ns) B1 B2 A 
2


1 1600 15m 16.76 0.69 -0.059 0.384 0.111 1.09 

1 2200 6h15m 13.55 0.84 -0.109 0.509 0.152 1.16 

2 0900 17h15m 9.76 1.16 -0.165 0.656 0.160 1.72 

2 2200 30h00m 10.58 1.60 -0.243 0.726 0.169 3.59 

3 1135 43h35m 2589.37 1.06 -20.75 0.226 20.765 1.17 

4 2223 78h23m 1191.21 2.88 -124.58 1.07 124.099 1.00 

 

(B) 

Day Clock Time Slow T1 (ns) Fast T2 (ns)    

1 1600 15m 43.39 0.72 -0.125 0.351 0.17 

1 2200 6h15m 24.01 0.82 -0.146 0.351 0.20 

2 0900 17h15m 27.10 0.91 -0.185 0.356 0.23 

2 2200 30h00m 39.64 0.95 -0.192 0.354 0.24 

3 1135 43h35m 27.82 1.10 -0.32 0.40 0.33 

4 2223 78h23m 4.56 1.05 -0.31 0.33 0.37 

 
Table 5- Rotational times of fit parameters. (A) is the table for DAS 6 parameters, (B) is the 

results from Annealing. The fitting parameters Bi are the pre-exponentials and the fitting parameter A 

is comparable to the     (Eqn. 2.1.10 and 2.1.13) 

Although the DAS 6 results have generally good 2 values in Table 5, they are still 

unreliable as can be seen by the drastic changes in value in the later stages. The 

results for the annealing program are slightly more consistent; however they are still 

unreliable as noted by their correlations and no information can be extracted from 

the seemingly random changes to the timescales (Ti) over time. Furthermore, the 

resulting response for day 4 is due to a small analysis window being used and is not 

a useful result. However, the results do appear to have a growing    value, which is 

indicative of a system which is aggregating, this pattern of growth is also seen for 

𝑅   𝑅  
 𝑅   𝑅  

 𝑅   𝑅  
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the annealing program. This suggests use in the MD simulations of the annealing 

program is adequate as results given are similar.  

A second experiment with the filters removed was also undertaken. The lack of 

filters allows a larger quantity of photons from the light source to enter the system, 

which increases the quantum yield [112]. This improves the time taken for each 

measurement and therefore improves the noises levels of the results. The 

experiment is done using NaOH instead of HEPES buffer and despite the presence 

of less noise, they still requires 2 hours to complete each measurement as the 

detection rate is still very low. The measurements also need to be fitted for three 

exponentials, suggesting that there are potentially three subsystems (i.e. three 

species in the system with unique pairs of rotational times and lifetimes) within the 

sample [167]. As the annealing program has not been optimised for three 

exponentials it has not been included in this analysis.  

 

 

Figure 45 – 3 Exp. fit of Fluorescence Anisotropy of A1-40 in NaOH over the course of 78 hours. 

The measured anisotropy in blue with the DAS 6 software’s best fit denoted as a dashed red line. The 

x axis is analysis time window (Time in ns) and should not be confused with the time (in hours and 

minutes) the measurement is initiated at. 
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As with A1-40 in HEPES buffer, there is a rising decay, suggestive of a multi species 

system. There is also a clear indication of aggregation occurring, as the rotational 

times and lifetimes of the systems are changing as the experiment progresses [112] 

[167]. Despite the limits of useful information that can be extracted from the 

measurements, the fits have strong correlations with the measured data for the first 

20ns-30ns of the analysis window, as expected from a three exponential fit (see 

Table 6). The resulting timescales are also questionable and are to be ignored (see 

Appendix 3.7). 

Day Time 5ns fit 10ns fit 20ns fit 40ns fit Total Fit 

1 1200 0.999 0.996 0.979 0.884 0.853 

2 0335 0.998039 0.993721 0.97091 0.892746 0.89447 

2 1300 0.993379 0.977773 0.900774 0.845862 0.845935 

3 1152 0.989248 0.967099 0.961242 0.948115  -  

Table 6 - Correlations values of anisotropy fitting paramters for A1-40 in NaOH. 

These results cannot be assumed to be accurate as there are too many factors to 

be considered in a three exponential system. The three subspecies that are 

observed must have some lifetime and rotational time associated with them [112] 

[167], which the fitting parameters for the DAS 6 software (and annealing program) 

do not include [163]. However, if there are three subspecies, they will all have a 

unique lifetime-rotational time pair, which cannot be determined [112] [167]. What 

can be determined is that the changes to the anisotropy curves over time (e.g. the 

increasing height of    which can be seen to some degree in Appendix 3.7.) As 

lifetimes stop changing after the first 10 hours of the experiment, we speculate that 

the changes in anisotropy after these times must be associated with rotational times 

and not lifetimes. This implies that the aggregates are getting larger over time. 

3.4. Experimental Conclusions 
In conclusion, it is clear that within the scope of these experiments that HEPES 

buffer is still the best environment to be used for A aggregation. Despite this, a 

potential alternative that shows acceptable results (NaOH) was found and used in 

many of the experiments. However, the use of NaOH in the DLS results did not 

allow for the size distributions associated with the samples to be correctly establish.  
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The spectroscopy results showed that there are no Tyr residue environmental 

changes, when the samples used water or dilute hydrochloric acid, resulting in a 

three lifetime system (with no possibility of a fourth), that remained the same 

throughout all the experiments. This suggests aggregation did not occur in these 

samples, as there are no changes to the Tyr lifetimes and as such no changes to 

the environment surrounding them, which is unlikely to happen during aggregation 

[112]. In contrast, it is clear that NaOH shows signs of aggregation as there are 

changes to the lifetimes, similar to those seen for samples in HEPES buffer [44]. 

Furthermore, there is apparently an appearance of a potential fourth lifetime, which 

could be due to background noise, but is also potentially a new lifetime environment 

being observed that was previously being quenched or did not exist. This would be 

explained by local interactions forcing the Tyr to take on a different orientation within 

the system (similar to the rotamer states found in the MD simulations) which would 

change the environment [112]. 

The DLS results did not reveal any significant information. The size distributions 

were found to be impossible to extract from the results of the experiments, despite 

the use of a different solvent. This suggests that the polydispersity seen in the DLS 

results is due to the A1-40 proteins themselves rather than the buffer. The graphs of 

the intensities show the clear presence of aggregation over time, but the large 

polydispersity index of 1 prevents accurate size distributions from being obtained for 

the A [151]Though the scattering was initially suggested to be caused by HEPES 

buffer, the removal of the buffer does not appear to improve the situation 

significantly. As BSA does not aggregate it has improved correlations in HEPES 

buffer (though not perfect), which suggests the complexity for A is fundamentally 

due to the multiple sizes of species in the system. This implies that there is early 

aggregation occurring before the first measurement is even taken (as was also seen 

in chapter 2.2). Therefore, the experimental setup used here is not adequate for A 

size analysis.  Additionally, the intensity graphs reveal that the proteins continue to 

form larger aggregates, even after the Tyr residue environments stop evolving (as 

shown by the fluorescence lifetime changes in this chapter). This suggests that the 

early stages of aggregation (oligomer and protofibril formation) are responsible for 

the changes in lifetimes and initially do not rapidly aggregate together, but after 

some time these oligomers begin to stack. This result could lead to better insight 

into the aggregation pathway in the future. 
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Finally, the results for the fluorescence anisotropy experiments suggested that the 

current experimental setups available do not allow for accurate measurements of A 

systems. The low quantum yield causes extremely long measurement times to 

occur, which is insufficient for A measurements as information regarding the 

intermediate species (oligomers and protofibril formation) will be lost due to the rapid 

aggregation which occurs [169]. The resulting parameters are therefore 

questionable, but do show some general aggregating trends in the    values of both 

experiments [112]. Furthermore, some common features could be seen in the 

systems, such as a clear presence of aggregation and the clear presence of dipping 

and rising decays. This dip and rise suggests a multi species system, which seems 

likely based on DLS results and literature for the early stages of aggregation. This 

dip and rise is also indicative of species that have varying contributions and lifetimes 

[112] [167]. Some of the characteristics of the anisotropy curves could be due to the 

changes in lifetimes (from environmental differences seen in spectroscopy). 

However, as the lifetimes stop changing after 10 hours it could suggest that the 

changes in anisotropy seen after this point are purely due to rotational time 

increases. Regardless, the results are indicative of the presence of multiple 

subspecies, each with a unique pair of lifetimes and rotational times [167]. Though 

no results were obtained regarding size distributions, the successful use of the 

annealing program allows for a direct comparison between the fits seen here and 

the fits seen below in the computational work. 
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4. Results and Discussions: Monte Carlo Simulations 

Monte Carlo (MC) simulations allow for the examination of systems at a coarser 

scale than molecular dynamics (MD) simulations. As the level of detail is 

significantly less than with MD simulations, it allows for significantly larger systems 

to be analysed for significantly longer time scales, without requiring as much 

processing power [154]. The simulations are created by using a set of rules and 

known scenarios set out in the programming code which then are allowed to happen 

based on probabilities of that specific event occurring. They also do not account for 

molecular scale interactions and so there is a distinct loss in accuracy of what is 

truly going on in these systems [154]. 

 As discussed previously, experimental anisotropy is complicated and so a simplified 

variation was created for the MC simulations that did not account for the excitation 

and emission of photons, assuming that any changes caused by this process would 

be insignificant at the scale we are examining. The rules of these simulations begin 

with the rotation of the backbone (i.e. the entire protein in the case of a monomer or 

the entire aggregate in the case of an aggregate). The backbone was allowed to 

rotate in 3D space dictated by the    and  
 
 angles. They would be moved by a 

random amount within the limits of what the rules dictate; for example a large 

limitation is placed on the movement when part of a large aggregate to simulate the 

slow rotation of large aggregate and a monomer would have a relatively low 

limitation associated with it [44] [112].  Once this movement was completed, the 

program then ensures the Tyr residue has moved by the same amount. The Tyr 

residue is then allowed to move (portraying a simplistic version of the rotamer states 

seen in the MD section) at a fairly fast rate, but with significantly larger limitations on 

it (as it cannot pass through the backbone). These limitations are more sever when 

it is part of an aggregate, as suggested by the fluorescence results. This Tyr residue 

can then be tracked along its dipole moment [147] and then analysed using the in-

house autocorrelation function to determine anisotropy parameters which can be 

indirectly compared to the results seen in both the MD and experimental anisotropy 

sections. 

4.1. Monte Carlo Simulated Anisotropy 

MC simulations are performed here to create a better understanding of fluorescence 

anisotropy; these will be compared to the experimental anisotropy data above and 
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used to aid understanding and interpretation of the MD anisotropy data presented 

below.  These MC simulations require the input of three parameters, which are the 

maximum angular step size     and     for the backbone and transition moment 

respectively, and the maximum allowed angle    between the normal to the 

backbone and the transition moment. These parameters can be related to the 

rotamer states associated with real beta amyloid systems. When a Tyr residue is 

trapped in one rotamer state, it is comparable to having a small    value. This is 

usually considered to be an aggregate state, as the surrounding environment is 

holding the Tyr in place by limiting its movement due to the close proximity of the 

other protein backbones in the aggregate [63], see section 7.9 for more information. 

When the Tyr can move freely it is indicative of a larger   , which is usually related 

to a monomer system or Tyr residues with a lot of freedom. The frequency it flips 

between the states is created within the simulation through the use of the      

variable. Furthermore, the Tyr residues themselves can allow local rotations due to 

the flexing of the backbone, which lead to the creation of the simplified MC 

simulation model. 

Species            

Monomer           

Oligomer             

Table 7 - MC parameters used to mimic the behaviour of a monomer and protein aggregate. 

By altering these parameters, it is possible to mimic the behaviour of an isolated 

monomer. A monomer with no external interactions will have a Tyr side-chain 

transition moment that moves more rapidly than the backbone and is relatively 

unrestricted [126], and values we use here are given in Table 7. In contrast the 

anticipated behaviour for an oligomer of aggregated protein will have a slower 

backbone rotation and a more restricted Tyr side-chain transition moment [89] [147], 

which are also shown in Table 7. 
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Figure 46 – The expected Anisotropy Curves for Monte Carlo Simulation. The 

anisotropy with both backbone and Tyr movements is shown as a solid blue line, the Tyr transition 

moment is shown by the green line, and the backbone is shown as a red line. The top graph depicts a 

monomer, the bottom an oligomer. The circles depict the best fit graphs created using the variables in 

Table 7 below. 

The results of the MC simulations are displayed in Figure 46. The green lines shown 

in these graphs are the Tyr response when the backbone is held in place.  For the 

monomer simulation the anisotropy curve rapidly decays for approximately the first 

1000 MC steps from its initial value of 0.4 and plateau’s at    ~0.14. The reason for 

this plateau value is due to the constraint placed on the angular movement of the 

transition moment, which is       . As the backbone is frozen, the extent to which 

the transition moment can diffuse from its position at time   to that of a later time 

    is limited. Therefore, the resulting green line shows to what degree the Tyr side 

chain has been constrained, which explains the reason for nonzero fluorescence 

anisotropy decays. In the oligomer anisotropy decay, the Tyr movements have been 
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constrained further where       . When the backbone is frozen here, the Tyr 

shows a significantly smaller initial decay in the anisotropy (to ~0.34). 

In contrast, when the backbone is analysed individually with the Tyr movements 

frozen (shown in red in Figure 46), the anisotropy decays to approximately zero for 

the monomer. However, when both the Tyr side-chain and the backbone are 

allowed to move, the resulting anisotropy is a combination of both effects. There is a 

rapid decay in the anisotropy initially, which is limited by the constraint imposed 

by   , added to the slow decay of the backbone. For the oligomer, however, the 

backbone movements are slow compared to the sampling window of the anisotropy, 

which results in an apparent nonzero long-time anisotropy. These changes in the 

characteristics suggest that both the initial decay and the    values can give 

information regarding the aggregate size. 

The circles that follow the various decays in Figure 46 are the results of fitting Eqn. 

2.3.3 to the MC data, and Table 7 displays the parameters of each fit. The resulting 

   value (from fitting parameters          ) for the monomer’s Tyr response is 0.14. 

The time-scale required for the Tyr side-chains response to decay to its plateau is 

an order of magnitude shorter than that of the backbone, whether the movement of 

both or just the backbone are included. This is because the Tyr side-chain can 

explore its constraints        in approximately 1000 or so random MC steps due to 

its     value of 5o. In contrast, the backbone will take up to roughly 10,000 random 

steps to explore the constraints of      with a    value of 1o order to reduce its 

autocorrelation to zero. 

Curve              
            

         

Monomer-backbone 0.00 0.00 - 0.40 3000 

Monomer-transition moment 0.14 0.26 300 0.00 - 

Monomer-both 0.01 0.33 200 0.06 2900 

Oligomer-backbone 0.11 0.00 - 0.29 4200 

Oligomer-transition moment 0.33 0.07 59 0.00 - 

Oligomer-both 0.11 0.06 35 0.23 4100 

Table 8 - Parameters from fit of Eqn. 2.3.3 to the MC anisotropy curves of Figure 46 

The times    and    are given in units of MC steps. 

The oligomer simulation parameters follow the same pattern. The relaxation time 

        is larger than for the monomer system. This is because the maximum 
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step size is half the value it had for the monomer simulation (        .) The 

smaller value of       reflects the smaller parameter space (    ) that the Tyr 

side-chain can explore. This Tyr response has a small contribution to the anisotropy 

of the full simulation with both transition moment and backbone movements. 

4.2. Monte Carlo Simulated Anisotropy Conclusions 

In conclusion, these simulations have successfully demonstrated that movement 

limitations and restrictions on the Tyr residue and the backbone can have dramatic 

effects on the resulting anisotropy graphs [112], which can be related to what is 

seen in the experimental results in previous chapters. The resulting graphs are 

promising, showing very similar results to what can be found in anisotropy 

experiments [170]. 

These simulations reveal that the rapid movement of the Tyr side-chain transition 

moment can be characterised by the initial rapid decay in the anisotropy [112]. The 

plateau value for the decay in question can be determined by the level of constraint 

placed on the movement with respect to the backbone. The slower backbone 

movement can be observed in the longer time relaxation of the anisotropy [112].  

Finally, these simulations also reveal that for a nonzero plateau value to occur after 

very long times, the slow relaxation time of the backbone must either be beyond the 

measurement window (be that experimental or from simulation), or the backbone 

itself might be constrained [112]. In the following sections we use the perspective 

these conclusions provide to discuss the MD simulation results.  
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5. Results and Discussion: MD Amorph. Aggregation of A1-40 

Molecular Dynamics (MD) is used throughout the next three chapters to study the 

early stages of aggregation. The first chapter pertaining to the MD results shows the 

atomistic results of the trajectories of A1-40, which allows us to gain information 

regarding structural changes of the proteins, the Tyr residue position and overall 

shape of the aggregate forming in each trajectory. Each simulation in this section 

was allowed to run for a minimum of 50ns. 

The structure used for these simulations was taken from work by Crescenzi et al 

(1iyt.pdb) [46]. This has 42 residues and so, the last two residues were removed as 

discussed previously [44]. The Charmm22 and Charm27 hybrid forcefield and TIP3P 

water model used here are satisfactory as discussed in chapter 2.4.2 [44]. The 

visualisation of each of the simulations was done using VMD [146].  

The trajectories will be study by initially discussing how the proteins move during the 

whole simulation, noting aggregation conformational changes, or any other 

interesting features (such as a trapped or free moving Tyr residue). The Tyr can be 

then tracked more accurately using its dihedral angles, as discussed previously, to 

reveal which position or rotamer state it is currently in, which can reveal useful 

information about the Tyr’s surroundings and could be potentially linked to the 

fluorescence experiments. This is then further complimented by the simulated 

anisotropy models, which were creating by tracking the Tyr residues transition 

moment as discussed above [147]. Although the simulated anisotropy does not 

allow for excitation and emission of photons, they can still be compared to the 

fluorescence anisotropy experiments, revealing an atomistic reasoning behind 

fluorescence anisotropy results. 

5.1. One Protein System (No Ions) 

The trajectory of a single A1-40 protein in a waterbox is illustrated by the snapshots 

in Figure 47. The box is large enough to prevent any artificial protein-protein 

interactions caused by the use of periodic boundary conditions as the monomers 

dimensions are ~(34Å,15Å, 24Å) and the waterbox dimensions are 

~(91Å,78Å,103Å). There are no ions present in this system, which allows the protein 

to move freely in a simple waterbox. 



P a g e  |  9 2  
 

 

 

 

 

  

 

T=0ns T=25ns T=50ns 

Figure 47 – Single Protein. The first panel shows the starting position of the protein at T=0ns. The 

blue line indicates protein A in the system, with the Tyr side-chain highlighted in green and the VDW 

interactions are indicated by the transpaernt spheres. Purple denotes alpha helix structure, red denotes 

pi-helix, white denotes a coil and cyan denotes a beta turn (similar to a alpha helix).The middle panel 

shows the trajectory at 25ns and the right panel shows the system at the end of the trajectory at a time 

of 50ns.  

During the first 10ns of the trajectory (see Figure 47) the tail of the protein begins to 

unravel becoming straighter between residues 27 and 30. The backbone remains 

straight and has a distinct bend at residue 37 throughout the rest of the trajectory 

with the tail (residues 37-40) curving more towards the midsection of the protein. It is 

shown through the transparent VDW forces that the structure is primarily dominated 

by an alpha-helix secondary structure, but quickly gains a pi-helix (a less stable helix 

structure [171]) structure (in red) in the middle and a more pronounced coil (in 

white). This stabilises the protein by hiding the hydrophobic sections away from the 

surrounding water (see Figure 48) [122]. The tail unravelling is partly due to the 

hydrophobic residues having nowhere to bury themselves and are straightening out 

in order to help stabilise the system and would potentially continue to happen if the 

trajectory was longer, revealing a less ordered structure [172]. This structure seems 

fairly ordered due the helical structure, with the head of the backbone being 

unravelled with minimal structuring, as it does not lose much of its shape, it is still 

comparable to the initial structure. 
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Figure 48 - A1-40 Monomer at equilibrium with hydrophobic sections highlighted in Red. 

Proteins A shown at 50ns. The hydrophilic residues are shown in blue. The image on the left uses 

VMD’s cartoon representation, and on the right the structure is shown using VDW spheres. 

      

Figure 49 – Comparison of Tyr Rotamer States of an (A) A1-40 Monomer and (B) A1-42 

Monomer, both without Ions. The graphs depict the orientations that the Tyr side-chain of a 

monomer favours during the 50ns trajectory. The centre for each is approximately (65,60), (250,60), 

(140,180), (310,170) for Tyr A. 

Figure 49 shows the resulting rotamer states for an A1-40 and A1-42 monomer, with 

the x-axis as the dihdreal angle created between the C, C, C and CD1 atoms in the 

tyorisne. The y-axis is the dihdreal angle between C, C, C, C atoms in the Tyr. 

This creates zones that the Tyr prefers to orientate itself in. The Tyr side-chain takes 

on the four classic rotamer states seen both in previous work and in many of the 

trajectories discussed here [44]. Figure 49A shows an equal preference between 

states 1, 2 and 3 with some brief occupation of state 4. These state occupations 

show that non aggregated systems tend to prefer states 1 and 2 rather than states 3 

and 4, due to the open environment around the Tyr. This is discussed below in 

Figure 149 to Figure 151 , where it is found that states 3 and 4 tend to be more 

occupied when the Tyr is influenced into twisting along the C to C angle. Figure 
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49B shows similar results for an A1-42 monomer, though there is a more even 

distribution among the 4 states. The variation here can be attributed to the random 

nature of simulations and so show similar results with expected variation [173]. 

Figure 48B is discussed in more detail in Chapter 6.2 and is only shown here for 

direct comparison. 

  

Figure 50 – Comparison of Tyr movement Between States of an (A) A1-40 Monomer and (B)    

A1-42 Monomer. This graph shows the Tyr side-chain movements between the different states over 

the course of the trajectory with the x axis showing the different states and the y axis showing the 

frame within the trajectory. 

The graphs in Figure 50 show how the Tyr side-chains occupy the different rotamer 

states over the course of the trajectory with respect to its frame number. Every 100th 

frame of the original trajectory is depicted for all the rotamer state movements and 

each of the new frames is 0.04ns in length. As discussed previously, the transition 

between the states is created by using the dihedral angles associated with the Tyr 

movements and giving a number (state) to each region (Table 9) seen in graphs, 

such as Figure 49 [44]. 

  C-CD1 C-C 

State 1 181-360 0-120 

State 2 0-180 0-120 

State 3 0-180 121-240 

State 4 181-360 121-240 

State 5 0-180 241-360 

State 6 181-360 241-360 
Table 9 - State Numbering Rules.  

For the A1-40 monomer, the Tyr side-chain begins in state two and remains there for 

over 300 frames (12ns) of the trajectory, before moving into state 3 where it jumps 

between states 3 and 4 with a preference towards state 3 for about 400 frames 
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(16ns.) After the Tyr moves from state 4 into state 1 and ends the trajectory in state 

2. Though it doesn’t move between states often due to the lack of surrounding 

interactions, it still moves regularly within the states as seen by the population 

densities in Figure 49. Furthermore, it should be noted that the Tyr side-chains have 

a tendency to only move from state 1 to 2, 2 to 3, 3 to 4 and 4 to 1, implying that the 

Tyr has a preferred order that it moves through its dihedral angles. This pattern is 

seen throughout all the trajectories described below (with a few exceptions as 

discussed). The A1-42 monomer shows different movements, as it starts with 

erratically moving between the four states which can be attributed to the random 

nature of these simulations, the relaxation time and also the slightly different starting 

environment (see Figure 93). Regardless, they have the same affinity for states 1 

and 2 once they have reached equilibrium, showing minimal differences. 

 

Figure 51 - Simulated Anisotropy of A1-40 and A1-42 Monomer. This graph shows the simulated 

anisotropy of Monomer A (blue line). 

As expected for a A1-40 monomer, the anisotropy shown in Figure 51 decays rapidly 

to 0 within 4ns of the correlation time and remains at approximately 0 for the rest of 

the trajectory. This is because the protein can move freely, allowing the system to 

decay to 0; the Tyr side-chain has minimal restrictions on it as shown by the density 

populations in Figure 51. The A1-42 monomer has a very similar decay with only 

some inconsequential variance caused by the random nature of the simulations, 

which would not be seen when studying a real sample which has a larger population 

of proteins present. 
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5.1.1. Best Fits 

The best fit variables and graph for the A1-40 monomer’s anisotropy curve (with no 

ions) and all other A1-40 graphs can be seen below in Figure 85 and Table 10, 

where the data is compiled to ease comparisons and A1-42 results for monomers 

can also be found in Figure 110 and Table 11. The variables associated with the first 

fit seen in Table 10 for the monomer is a two exponential fit that shows almost no 

contribution from its slower rotational time (r) and as such the other variables are 

redundant. This is because an insignificant contribution from one of the mechanisms 

implies that a single exponential fit should be used instead.  This is further proven as 

this slow r value is unrealistic as it implies that this free moving monomer has a 

20ns r value. 

As such the single exponential variables for this monomer show a r value of 1.43ns 

which is slightly faster than the A1-42 monomers seen below in chapter 6.6 (ranging 

from 2-3ns) which is logical as A1-40  is smaller than A1-42. The plateau value is 

slightly above 0 due to the fluctuations at the end of the anisotropy decay but is still 

an acceptable result for a monomer. 

This single exponential fit also has a smaller error associated with it, as its 

correlation is 0.93 as opposed to the 0.91 correlation seen for the two exponential 

fit. Though 0.93 is still not a strong correlation it is still reasonable and the resulting 

graph and variables are suitable for a single A1-40 monomer.  

A single exponential fit was also made for A1-42 monomer (the nearby dimer should 

have minimal effect on it). Due to the secondary decay seen for this A1-42 monomer 

it is more difficult to get an appropriate fit for it however, when fit to both the first and 

secondary decay, the resulting rotational times stayed at around 2ns-3ns.  This 

increase could be due to the other monomers/ aggregates in the system slowing 

down the bulk rotation. When a single A1-42 monomer system is looked at the 

rotational times vary between approximately 1.7ns-2ns, showing that there is a 

slightly increase in rotational times though if there are surrounding monomers it can 

have an effect. 
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5.2. One Protein System (Ions) 

The next trajectory studied in Figure 52 has is a single A1-40 protein in a waterbox 

which has ions in it that simulated the ionic concentration of blood at 0.250mMol/L 

[162]. This simulation was created to examine what effect ions have on the system. 

  

        

 

 

       

 

 

 

T=0ns T=25ns T=50ns 
Figure 52 – Single Protein with ions. The blue line indicates protein A in the system with Tyr side-

chain shown in green and the VDW interactions are indicated by the transpaernt spheres. Purple 

denotes alpha helix structure, red denotes pi-helix, white denotes a coil and cyan denotes a beta turn. 

The ions are show as the yellow and teal spheres. The first panel shows the starting position of the 

protien at T=0ns. The middle panel shows the trajectory at 25ns and the right panel shows the system 

at the end fo the trajectory at a time of 50ns. 

In Figure 52 the trajectory for the monomer with ions is seen. In a similar manner to 

the monomer without ions, the initial structure is almost fully alpha helical (in purple) 

but very quickly changes shape, to have a coil form at the tail section of the protein 

and a pi-helix structure in the middle at around residues 11 to 14. This quickly 

changes again and ends on a structure that is balled up containing a pi helix, an 

alpha helix, a beta turn and a coil [171]. It contains the same characteristics but in a 

different configuration without ions and is closer to the unravelled shape seen in 

literature [172]. 
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Figure 53 - Hydrophobic Sections of an A1-40 Monomer in Ions. Both pictures are taken at 50ns 

with the left panel showing the shape of the protein and the right panel showing the VDW spheres. The 

hydrophobic residues (in red) are shown against the hydrophilic (blue) sections on the right.  

As the trajectory begins, the protein bends at residues 22 and at residue 26 creating 

a “U” or horseshoe shape. This is similar to the hairpin or horseshoe misfolded beta-

sheet motif required for the formation of oligomers and could be the start of it 

forming [63]. This shape persists throughout the trajectory and is only slightly 

different from the shape seen above without ions (Figure 47). This is due to the 

stabilisation process as discussed above, where the hydrophobic sections will 

attempt to bury themselves (see Figure 53) [122]. The presence of the ions can 

cause long range screening effects, which prevent long range interactions from 

occurring between residues / backbone of the protein. This effect appears to allow 

for a more rigid beta-sheet hairpin structure to form as the residues cannot affect 

each other from the longer ranges [174] [175]. 

This “U” shape could lead to the subsequent aggregation of proteins creating an 

A1-40 protofibril (see Figure 112 for A1-42 equivalent structure) This protein does 

seem a little more stable than its counterpart with no ions, as more of the 

hydrophobic sections are buried though both are stable regardless. 
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Figure 54 – Tyr Rotamer states of an A1-40 Monomer with/ Ions. The graph depicts the 

orientations that the Tyr side-chain of monomer A favours during the 50ns trajectory. The centre for 

each is approximately (65,65), (250,65), (115,175), (290,170) for Tyr A.  

Much like the A1-40 monomer without ions, the Tyr in this system shows four 

rotamer states as expected. Figure 54 also shows an even spread between the 

states with  a slight preference towards states 1 and 2. The Tyr side-chain are 

potentially influenced by the surroudning ions creating a higher probabilty of states 3 

and 4 to be occupied, which (from the results of this work) appears to be more 

common in aggregates. 

As explained below in Figure 149 to Figure 151, the Tyr side-chain will begin to 

move due to its proximity to other residues/ions/aggregates in an attempt to find a 

stable configuration. This external influence may be required to enter states 3 and 4 

and the surrounding environment of the Tyr in Figure 52 could cause the change in 

conformation due to the hydrophobic sections becoming more buried.  

 
Figure 55 - Rotamer Movement between States of an A1-40 monomer w/ Ions. This graph shows 

the Tyr side-chain movements between the different states over the course of the trajectory with the x 

axis showing the different states and the y axis showing the frame within the trajectory. 

Figure 55 shows that the Tyr side-chain begins by moving erratically between states 

3 and 4 before occupying and holding states 1 and 2 for longer periods. States 3 
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and 4 appear during the stabilisation process, which is likely due to the proximity of 

the ions in the system before a stable position for the system is found.  

This explains why the Tyr does not naturally prefer to occupy states 1 and 2. If this 

trajectory could be continued, it would likely show that states 1 and 2 are preferred 

post stabilisation, based on the Tyr residue’s final position in Figure 52. Regardless, 

despite the ions and different final conformation, the Tyr side-chain still moves 

between the four rotamer states in the expected pattern.  

 

Figure 56 - Simulated Anisotropy of an A1-40 Monomer with ions. This graph shows the simulated 

anisotropy of Monomer A (blue). 

Figure 56 depicts the anisotropy curve of the monomer with ions, which shares 

characteristics with the monomer without ions. However, the initial drop is sharper 

as the Tyr moves more often (Figure 55) and possibly also has a higher plateau 

value associated with it. The changes in the protein structure could potentially be 

responsible for the change in anisotropy; however this is impossible to determine as 

there are many factors affecting the two systems in different manners due to the 

random aspect of the simulations, the ions addition of the ions and the change in 

structure itself. Nonetheless both systems show similar responses that appear to be 

associated with monomers. 

5.2.1. Best Fits 

The best fit graph and variables are shown below in Figure 85 and Table 10, where 

it can be seen that the monomer with ions requires a single exponential fit due to 

lack of contribution from the second mechanism (0.041) which if not ignored would 

suggest that the system has an exceptionally slow r value of 37.31ns. As such, the 

resulting r value for the system is 1.82ns which is fractionally slower than the 
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monomer without ions (1.43ns). As expected the fitted    value is slightly higher 

than the no ion system (0.049 and 0.022 respectively).  

Both the 2 exponential and 1 exponential fits have poor correlations associated with 

them (0.89 and 0.88 respectively). This is due to the complex decay seen between 

the time values of 8ns and 16ns as well as the second rapid decay at 19ns. This 

behaviour is likely due to the initial stabilisation process induced by the ions; It is 

possible that a longer trajectory not including this stabilisation would help create a 

more smooth decay, although we did not test this idea. 

Despite this, the single exponential fit gives reasonable results for a monomer with 

the ions, despite the poor correlation. This suggests that the complications created 

in the decay by the stabilisation process do not affect the anisotropy significantly (at 

least for a monomer.) These results further reflect those seen in the MC anisotropy 

results. 

5.3. Two Protein System (Monomers) 

The first two protein system for the A1-40 results has a sufficiently sized waterbox 

with dimensions ~86Åx93Åx98Å (recall protein dimensions ~48.06Å x 9.69Å x 

26.21Å) which gives ample room for the proteins to move. No aggregation occurs 

and as such, this system was studied as a monomer system to see how two 

monomers interact in close proximity. 

  

 

  

 

 

 

T=0ns T=30ns T=50ns 

Figure 57 – Two Monomer System. The panels shows proteins A (blue) and B (red) with the Tyr side-

chains highlighted (green) and the VDW interactions indicated by the transparent spheres: Purple 

denotes alpha helix structure, red denotes pi-helix, white denotes a coil and cyan denotes a beta turn. 

The first panel shows the starting postion of the proteins. The middle panel shows the trajectory at 

30ns and the right panel shows the system at the end of the trajectory at a time of 50ns. 
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Figure 57 shows that the two monomers never interact but also the monomers do 

not seem to move much though they do move into more stable configurations. 

Monomer B ends the trajectory with the tail tucked into the backbone to help bury 

the hydrophobic sections [122], but monomer A does not move much from its 

starting position, leaving the tail slightly more exposed to the water. Without the ions 

present, it appears the fold for the beta-sheet occurs lower down the tail, but is still 

similar to the U shape. The trajectory begins with almost fully helical structures 

(depicted as red) and then the two begin to stabilize into two different configurations 

with some similarities. Both the tails have a beta turn (in cyan) and coil (in white), 

but monomer A shows a pi-helix (in red) structure in the middle, and monomer B 

shows an alpha-helix structure x (purple) in the middle [171]. Overall monomer B 

shows a much more prominent alpha helix structure by the end. 

  

         

          

 

Figure 58 - Hydrophobic Sections of two A1-40 Monomers. Both pictures are taken at 50ns with the 

left panel showing the shape of the proteins (A and B; blue and red respective) and the right panel 

showing the VDW spheres with the hydrophobic sections (red) against the hydrophilic sections (blue) 

on the right.  

As explained above, Figure 58 depicts how monomer A does not hide the 

hydrophobic sections as effectively as monomer B. This could be caused by some 

unique interactions caused by the size of the waterbox and interactions with protein 

B which causes protein A to fold incorrectly. The trajectory may also require being 

ran for a longer time to allow them to fold correctly, as Ab1-40 appears to be 

partially unfolded in water with only an alpha helix in the central region of the 

backbone [172]. This could also explain why the system does not aggregate, 

assuming that misfolding is an important part of the aggregation process rather than 

metal ion binding for example [41] [42].  
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Figure 59 – Tyr Rotamer states of two A1-40 Monomers. The graph depicts the orientations that 

the Tyr side-chain of monomers A and B favour during the 50ns trajectory. The centre of each state for 

Tyr A is approximately (65,65), (250,65), (130,170), (310,165). For Tyr B only state 2 (65,65) is present 

with a single instance of state 1 at (190,65). 

Again, monomer A shows occupation of the four rotamer states, whereas monomer 

B shows occupation of only state 2. These results are acceptable, as a monomer 

should favour states 1 and 2, with some occupation of states 3 and 4 as shown for 

monomer A. Tyr B is trapped in state 2, which could be due to the length of the 

trajectory or created due to the surroundings (the tail touches the Tyr, holding it in 

position.)  

If this trajectory was longer there would likely be a preferred occupation of states 1 

and 2 with some occupation of states 3 and 4 as expected. Nevertheless, Tyr A 

shows the acceptable responses of a monomer (with respect to other results) and 

Tyr B does show a prefference towards the least twisted states 1 and 2. 

   

Figure 60 - Tyr movement between States of two A1-40 monomers. This graph shows the Tyr 

side-chain movements between the different states over the course of the trajectory with the x axis 

showing the different states and the y axis showing the frame within the trajectory. 
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Figure 60 shows that the movements of both Tyr side-chains move between the 

states in the expected manner and have a preference towards states 1 and 2 over 

states 3 and 4, which as stated previously is the correct response from monomers. 

As monomer A does not bury the hydrophobic tail, the Tyr side-chain has fewer 

influences from its surroundings as it is part of the head of the protein. In contrast, 

Tyr B is hydrophilic and is interacting directly with the hydrophobic tail (Figure 57.) 

This explains the lack of movement from Tyr B as it is being pulled (and 

straightened) towards the tail. 

 

Figure 61 - Simulated Anisotropy of two A1-40 Monomers. This graph shows the simulated 

anisotropy of Monomer A (blue), Monomer B (red) and the average of the two (dotted green line). 

The anisotropy of both monomers shown in Figure 61 decay rapidly to 0 within the 

first 5ns of the correlation time, as seen previously in the monomer without ions. The 

difference in in the initial decay will be related to the subtle difference in the Tyr 

movements, as Tyr A moves more than Tyr B (Figure 60.) The rise seen in 

monomer B at around 10ns could potentially be due to the extreme lack of 

movement from the Tyr, though it is difficult to determine as there is a finite sample 

in the trajectory. Despite this, the average anisotropy of these two graphs does 

show a monomeric response as the plateau value can assumed to be approximately 

0. Despite the fact there are two monomers interacting in this waterbox, the overall 

response is more or less unaffected. 

5.3.1. Best Fits 

As with the previous examples and shown in Figure 85 and Table 10, the slow 

mechanism with a r value of 25.22ns has very little contribution to the fit (a 0.37 
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contribution from the fast mechanism and 0.03 for the slow.) Which means a single 

exponential is used in this example as well. The resulting r value for the single 

exponential fit is 1.54ns, which is an expected time for a monomer as seen in 

previous examples.  It also has a low    value of 0.02 which is a reasonable decay 

close to 0 for a monomer system. These sharp initial decays and plateau values of 

approximately 0 are reflections of the MC results 

5.4. Two Protein System (Dimer with Big Waterbox) 

This two protein system is similar to the previous trajectory, except they begin closer 

together with a larger waterbox (~87Åx104Åx100Å). Due to random interactions, 

despite being a lower concentration this system aggregates into a dimer. 

 

 

 

 

 

T=0ns T=20ns T=50ns 
Figure 62 – Dimer system with a big waterbox. The panels shows the starting position of proteins A 

(blue) and B (red) with Tyr side-chains highlighted (green) at T=0ns with the VDW interactions 

indicated by the transparent spheres: Purple denotes alpha helix structure, red denotes pi-helix, white 

denotes a coil and cyan denotes a beta turn. The first panel shows the starting postion of the proteins. 

The middle panel shows the trajectory at 20ns and the right panel shows the system at the end fo the 

trajectory at a time of 50ns. 

The trajectory begins with the two proteins moving away from each other and start 

to uncoil and by the first 20ns they contain significantly less helical structures in 

both, consisting of predominantly coils and beta turns. They then start interacting 

and aggregate and by the end. After the 20ns they begin to get closer and form a 

dimer by interacting at the tails. They then continue to stabilise as a dimer 

throughout the rest of the trajectory and by the end are configured with large 

portions of the protein being ordered as a beta turn. They appear to misfold in a 

different way from what has been seen previously but resemble the literature and 

also aggregate [172]. 
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Figure 63 - Hydrophobic Sections of an A1-40 Dimer. Both pictures are taken at 50ns with the left 

panel showing the shape of the proteins (A and B; blue and red respective) and the right panel showing 

the VDW spheres with the hydrophobic sections (red) against the hydrophilic sections (blue) on the 

right.  

As can be seen in Figure 63, the tails begin interacting due to their hydrophobic 

nature, aggregating together to help bury as much of these sections as possible. 

The hydrophobic tales of both proteins are interacting very closely [122], the 

residues from protein A that are in direct contact with B are: GLY25- GLY37. Those 

from protein B that are in contact with A are: PHE20-GLY29, ILE31-GLY33, GLY37-

VAL40. 

  

Figure 64 – Tyr Rotamer states of an A1-40 Dimer. The graph depicts the orientations that the Tyr 

side-chain of monomers A and B favour during the 50ns trajectory. The centre of each state for Tyr A is 

approximately (55,60), (245,60), (120,170), (310,170). For Tyr B there are (65,60), (245,65), (110,170), 

(305,165). 

Figure 64 shows that the Tyr side-chains have a preference for the four classic 

rotamer states with a preference to states 1 and 2, which is due to their position 
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within the aggregate, being fairly free to move with minimal external influences 

affecting them (Figure 62.) Due to their proximity to the backbone and freedom to 

move these are the expected results for Tyr side-chains which are part of an 

amorphous aggregate (see Figure 149 to Figure 151 below.)  

  

Figure 65 - Tyr movement Between States of an A1-40 Dimer. This graph shows the Tyr side-

chain movements between the different states over the course of the trajectory with the x axis showing 

the different states and the y axis showing the frame within the trajectory. 

The rotamer movements for the Tyr side-chains also adhere to the expected 

outcomes (Figure 65). Tyr A shows a preference to states 3 and 4 to begin with, 

which will be due to its own interactions as it is not part of an aggregate yet. After 

aggregating, Tyr A has no interaction with the aggregate backbone allowing the Tyr 

to move freely, which explains why Tyr A prefers to occupy states 1 and 2; however, 

it appears to be held in place by its own backbone, which is reflected in the long 

term occupations of the states. 

On the other hand, Tyr B shows a preference towards states 1 and 2 throughout the 

trajectory, with a short lived occupation of states 3 and 4 post aggregation. This is 

due to the degree of freedom for this Tyr side-chain as it is close enough to the 

aggregate backbone that it would influence it to prefer states 3 and 4 temporarily (as 

it interacts closely only briefly). These unique movements for both Tyr side-chains 

still adhere to the movement patterns discussed previously. 
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Figure 66 - Simulated Anisotropy of an A1-40 Dimer. This graph shows the simulated anisotropy of 

Monomer A (blue), Monomer B (red) and the average of the two (dotted green line). 

The anisotropy of this dimer is similar to that of a monomer (Figure 66) with a 

slightly shallower initial decay. Protein B (which as shown in Figure 62 does not 

move as erratically initially) has a longer relaxation time than a monomer, as 

expected from a dimer. Protein A has a monomer-like response. 

The reason these results are similar to that of a monomer is due to the large 

waterbox and the fact that for the first 20ns of the trajectory they are monomers. The 

erratic decays and the increasing anisotropies are likely a combination of the three 

separate states the proteins are in as pre-aggregation, aggregation and post-

aggregation are included in the analysis window. Nevertheless, the average decay 

is slightly slower than a monomer response. 

5.4.1. Best fits 

The variable fits in Table 10 for this graph show contributions of 0.12 and 0.29 for 

the fast and slow mechanisms respectively, which means a single exponential fit is 

not required for this system. The    values are negative which is not ideal, but 

forcing the fit to 0 has no effect on the values (See Appendix 4.4b for fits not 

included in the graph). The r values for the system are 0.13ns for the Tyr 

movements and 2.6ns for the bulk aggregate rotation, which are responsible for the 

initial decay and the long relaxation time respectively, as stated in the results for the 

MC simulations. The results are reasonable as the Tyr side-chains can move freely 

and the dimer rotates more slowly than a monomer due to the increase in aggregate 

size.  
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5.5. Two Protein System (Dimer with Small Waterbox) 

Another Dimer simulation was created with a smaller waterbox, to see how the high 

concentration affects the aggregation process. The waterbox is smaller than the 

previous simulation and forces aggregation to occur immediately as it has 

dimensions ~82Åx74Åx80Å. 

 

 

 

 

 

 

 

 

 

T=0ns T=40ns T=100ns 

Figure 67 – Dimer system with a small. The panels shows the position of proteins A (blue) and B 

(red) with Tyr side-chains highlighted (green)with the VDW interactions indicated by the transparent 

spheres: Purple denotes alpha helix structure, red denotes pi-helix, white denotes a coil and cyan 

denotes a beta turn. The first panel shows the starting postion of the proteins. The middle panel shows 

the trajectory at 40ns and the right panel shows the system at the end fo the trajectory at a time of 

100ns. 

As the trajectory begins, the two proteins remain far apart, but at 12ns they start 

interacting at their tails as seen previously (see Appendix 4.5a for hydrophobic 

positons [122]. They then begin aggregating more closely together, eventually 

agrgegating side-by-side in a mirrored fasion, allowing the Tyr resides to face each 

other (see Figure 67, Time = 40ns). This configuration does not move signficantly 

throughout the rest of the trajectory, except some movements from the bulk 

aggregate and the Tyr side-chains. The proteins also remain predominantly helical 

throughout the entire 100ns trajectory shown by the purple and red in the figure, 

unlike what has been seen in 5.4 and in literature [172]. It should be noted that the 

Tyr side-chains have very little freedom to move. They also both appear to have a 

slight hairpin motif forming at their tales, which could be the proteins beginning to 

disorder like the literature [172]. 
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Figure 68 – Tyr Rotamer states of an A1-40 Dimer with a small waterbox. The graph depicts the 

orientations that the Tyr side-chain of monomers A and B favour during the 100ns trajectory. The 

centre of each state for Tyr A is approximately (65,60), (245,60), (120,170), (310,170). For Tyr B there 

are (65,60), (170,180), (305,165). 

As expected for an amorphous dimer, the resulting rotamer state distributions (in 

Figure 68) show the four lower states with Tyr A showing a preference towards 

states 1 and 2, and Tyr B having a preference for states 3 and 4. As they are 

aggregated and the Tyr side-chains are very close to each other and to the 

backbones, they are expected to have a preference towards states 3 and 4.  

 

Figure 69 - Interactions between Tyr side-chains for a Dimer 

Tyr A does not have this preference as the alignment of the aggregate in Figure 67 

shows that Tyr A is below Tyr B. This means that Tyr A is likely influencing Tyr B by 

forcing it into states 3 and 4, but Tyr A in contrast is forced to remain in states 1 and 

2 (see Figure 69.). 
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Figure 70 - Tyr movement between states of an A1-40 dimer with a small waterbox. This graph 

shows the Tyr side-chain movements between the different states over the course of the trajectory with 

the x axis showing the different states and the y axis showing the frame within the trajectory. 

As discussed above, due to the orientation of the Tyr side-chains within the 

aggregate it is clear when aggregation has occurred, Tyr A is being forced into 

states 1 and 2 and Tyr B is forced into states 3 and 4 (see Figure 70). Despite these 

strange interactions, the resulting movements between the states still adhere to the 

rules discussed previously, and the rotamer state distributions are sensible for a 

dimer with this configuration. 

 

Figure 71 - Simulated Anisotropy of an A1-40 Dimer in a small waterbox. This graph shows the 

simulated anisotropy of Monomer A (blue), Monomer B (red) and the average of the two (dotted green 

line). 

As this dimer has such a small waterbox, the expected rotational time for this 

aggregate would be quite large as it could interact with itself through the periodic 

boundaries. Figure 71 displays short lived initial decays, which are due to the Tyrs 

movements (with Tyr A moving less than Tyr B as seen in Figure 70) and a long 

relaxation period from the bulk aggregate rotation. This is logical as the aggregate 
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itself does not move, and the Tyr side-chains have limited movement too. Protein A 

decays to a plateau value of approximately 0.1 and protein B initially follows a 

similar decay but has a second rapid decay at a correlation time of 11ns that allows 

it to decay too (and past) 0. This is a reasonable result for a dimer with restricted 

movement, comparable to the A1-42 dimer seen below in Table 11. The reason for 

protein B having a faster decay towards 0 is because it moves significantly during 

the course of the simulation, whereas protein A remains stationary throughout. The 

results also adhere to what is expected, as established by the MC simulations.  

As stabilisation occurs during the trajectory a second simulation was created to see 

the effects of the process on the anisotropy. The new system is created by taking 

the last frame of the trajectory and another simulation with a similarly sized 

waterbox. This system moved around freely as a dimer and the effects are 

seen below in Figure 72. 

 

Figure 72 - Simulated Anisotropy of an A1-40 Dimer in a large waterbox. This graph shows the 

simulated anisotropy of Monomer A (blue), Monomer B (red) and the average of the two (dotted green 

line). 

As is expected, due to the lack of movement from the Tyr side-chains which are 

trapped, the initial decay is almost non-existent. This differs from the first trajectory 

for this system slightly, as the Tyrs had room to manoeuvre initially. This 

strengthens the finding in Figure 46. There is then a fairly rapid relaxation period as 

expected as the dimer is fairly small and will have more movement than the two 

separated monomers (prior to aggregation) in the first trajectory. As such, both 

proteins have almost identical responses as the proteins mirror each other in this 
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trajectory, unlike the previous trajectory where protein A barely moved. It should 

also be noted that the new rotamer states below in Figure 73 continue to have the 

same limitations as seen near the end of the original simulation. There is also 

significantly less movement between the states as expected from this system as it is 

unable to move. Furthermore, it is clear that when in states 3 and 4 the jumps are 

more erratic, a characteristic seen throughout most of the amorphous aggregate 

simulations. 

     

Figure 73 - Tyr movement between states of an A1-40 dimer with a small waterbox. This graph 

shows movements for the second simulation involving these two proteins in a larger waterbox. 

5.5.1. Best Fits 

The variable fits in Table 10 for the original system show contributions of 0.13 and 

0.26 for the fast and slow mechanisms respectively. They show r values of 0.91ns 

for the Tyr side-chains and 9.64ns for the bulk aggregate. These results are 

reasonable results as there will be some movement from the Tyr side-chains despite 

their positions in the aggregate, due to the pre aggregation period. Furthermore, the 

bulk aggregate will rotate slowly due to the aggregate size, but also rotates slower 

than the slightly larger A1-42 amorphous dimer, likely because of space restrictions. 

As such, the second trajectory was created in a larger waterbox, using the final 

stabilised form of the aggregate to check what effect a larger waterbox has on the 

system. 

The second trajectory has an overwhelming contribution from the bulk rotation 

(which is 5.42ns.) This rotational time is acceptable for this aggregate and the 

contribution is sensible as the Tyrs do not move, implying that they play a very small 

role in the decay curve. This means a single exponential could potentially be used, 

which gives a resulting 6.58ns rotational time which is still reasonable for this 

system. The rotational time is slower than that seen for the dimers above, which is 
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likely due to the fact it spends all its time aggregated, whereas the dimer above has 

a monomer responses too. We will find that it also has a slower rotation than an A1-

42 stacked dimer (see Figure 117 below) as it is not as tightly aggregated. 

5.6. Three Protein System (Dimer and Monomer) 

 

  

 

 

T=0ns T=20ns T=50ns 

Figure 74 - Dimer & Monomer system with a small waterbox. The panels shows the position of 

proteins A (blue), B (red) and C (grey) with Tyr side-chains highlighted (green) at T=0ns with the VDW 

interactions indicated by the transparent spheres: Purple denotes alpha helix structure, red denotes pi-

helix, white denotes a coil and cyan denotes a beta turn. The first panel shows the starting postion of 

the proteins. The middle panel shows the trajectory at 20ns and the right panel shows the system at 

the end fo the trajectory at a time of 50ns. 

The next trajectory shown in Figure 74 involves three monomers interacting with 

each other in a waterbox of dimensions 85Åx75Åx85Å (similar to the waterbox in 

chapter 5.5). Proteins A and C start interacting almost instantaneously and fold 

more than protein B and begin aggregating by 10ns, lining up in a parallel manner. 

As is seen at 50ns, the aggregate is never fully formed with both Tyr side-chains 

having significant freedom to move. As the trajectory progresses both the dimer and 

monomer (protein B) have freedom to move with minimal external interactions 

affecting their ability to rotate, ensuring a more accurate indication of their rotational 

times. The proteins also maintain their helix structures throughout the entire 

trajectory and do not misfold as seen in other trajectories [171] [172] [174], yet two 

still begin to aggregate. 
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Figure 75 – Tyr Rotamer states of A1-40 Dimer and isolated monomer. The graph depicts the 

orientations that the Tyr side-chain of monomers A, B and C favour during the 50ns trajectory. The 

centre of each state for Tyr A is approximately (70,65) and (250,65). For Tyr B they are (65,60) and 

(250,60). Both have minor occupation of states 3 and 4. For Tyr C the centres are (65,60) and 

(250,60). The movements between these states are also shown here. 

The Tyr side-chains in this trajectory occupy states 1 and 2 similar to the monomers. 

This is because Tyrs A and B have minal interactions from their own backbones that 

seem to only be subtly influencing their occupation away from states 3 and 4. Tyr C 

on the other hand has minimal movement due to being forced to hold states 1 and 2 
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for extended periods (see Figure 75.) The resulting movement between rotamer 

states follow the expected movement patterns, despite differing environments.  

 

Figure 76 - Simulated Anisotropy of an A1-40 Dimer and monomer. This graph shows the 

simulated anisotropy of Protein A (blue), protein B (red), protein C and the average of the two (dotted 

green line). 

The dimer anisotropy decay response of Proteins A and C are similar to that of the 

dimer seen above with a short lived initial decay, which is related to the lack of 

movement from the Tyrs as Figure 75 depicts. Tyr A has a longer and faster initial 

decay than C as it has more freedom to move. It also has a slow relaxation that 

ends at a value of 0.1, and would likely to continue to fall to a nonzero plateau value 

as expected from an aggregate.  

Protein B has a faster decay to 0 at a correlation time of 6ns; the decay is 

comparable to a monomer with an unmoving Tyr, as the    value can be considered 

0. 

5.6.1. Best Fits 

These results reflect characteristics discussed in the MC simulations. However, due 

to the complication created by the monomer response, it is hard to determine the 

best fit for the average decay of the system, as such, when analysing this curve the 

program only fits to the first half of the trajectory in order to ignore the increasing 

anisotropy (which cannot be fit accurately.) This gives a reasonable overall fit with a 

correlation of 0.93 and r values of 1.3ns for the Tyr side-chains and 7.4ns for the 

bulk aggregate with equal contribution from both mechanisms, which are reasonable 

results and are comparable to the A1-42 amorphous dimer seen below Table 11. 
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5.7. Three Protein System (Trimer with ions) 

The next trajectory is a three protein system ion a very small waterbox (dimension 

~52Åx53Åx67Å) with ions (0.250mMol/L [162]) to attempt to force an amorphous 

trimer to form. As with previous examples, the amount of ions does not change, it is 

just the repeating boundary conditions. 

  
 

T=0ns T=50ns T=100ns 

Figure 77 - Trimer system with ions. The panels shows the position of proteins A (blue), B (red), C 

(grey), ions are shown as green and grey spheres. and Tyr side-chains highlighted (green) with the 

VDW interactions indicated by the transparent spheres: Purple denotes alpha helix structure, red 

denotes pi-helix, white denotes a coil and cyan denotes a beta turn. The first panel shows the starting 

postion of the proteins. The middle panel shows the trajectory at 50ns and the right panel shows the 

system at the end fo the trajectory at a time of 100ns. 

As soon as the trajectory begins all three proteins begin to misfold into the 

horseshoe shape discussed previously, with what appears to be the presence of 2 

loops and three anti-paralell beta-sheet sections, which is similar to that seen in the 

literature [172]. They do not immediately aggregate despite the small waterbox.They 

evnetually aggregate together at around 64ns. The proteins all have the same 

characteristic of two alpha helix seen between residue 28 and 36 and between 11 

and 22 intially, but their conformations constantly change throughout the trajectory, 

with the length of the alpha helix becoming smaller and their being more instances 

of coils and turns [171] [174]. Once they have aggregated, there are small portions 

of the system which are still helical, however it has mostly unraveled, as seen in 

literature [172]. 

All three Tyr side-chains have a fair degree of freedom with some minor interactions 

with their own backbones (specifically for Tyrs A and B.) This could potentially 

suggest that this shape is the beginning of the misfolding process. 
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Figure 78 – Tyr Rotamer States of an A1-40 Trimer with Ions. The graph depicts the orientations 

that the Tyr side-chain of monomers A, B and C favour during the 50ns trajectory. The centre of each 

state for Tyr A is approximately (70,60), (245,60), (110,175) and (290,175). For Tyr B they are (65,60), 

(250,60), (110,175) and (290,175). For Tyr C the centres are (75,65) and (245,60). 

Figure 78 shows the rotamer states of this amorphous trimer, with Tyr A showing all 

four rotamer states and a preference towards states 1 and 2. Tyr B shows equal 

preference to both the least twisted states (1 and 2) and the slightly more twisted 

states (3 and 4.) Tyr C only shows occupation of states 1 and 2 due to its postion 

within the aggreate possibly holding it in place. 
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Figure 79 - Tyr movement between states of an A1-40 trimer with ions. This graph shows the Tyr 

side-chain movements between the different states over the course of the trajectory with the x axis 

showing the different states and the y axis showing the frame within the trajectory. 

Figure 79 shows the Tyr side-chain movements for the trimer system. Tyr A has 

rotamer state occupations similar to a monomer’s due to the freedom and lack of 

external interactions from the aggregate backbone as it has a preference towards 

states 1 and 2 but does not get stuck for long periods. Tyr B, on the other hand has 

signficant interactions from its own backbone in the second half of the trajectory, 

which influences the Tyr into occupying states 3 and 4 exclusively in the second half 

of the trajectory. Considering the shape of this aggregate, these results are sensible. 

Tyr C must have some external influence from its own backbone pushing it into 

states 1 and 2 as shown by the lack of movement. 
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Figure 80 - Simulated Anisotropy of an A1-40 Trimer in a small waterbox. This graph shows the 

simulated anisotropy of protein A (blue), protein B (red), protein C (grey) and the average of the three 

(dotted green line). 

The anisotropy results for this trimer system (Figure 80), share similar 

characteristics to the dimer/monomer system seen in Figure 76. Tyrs A and C have 

a slow initial decay due to their Tyr movements, with protein A having a faster initial 

decay than C as it has more movement as seen in Figure 79 and protein B has a 

faster initial decay due to the Tyr’s erratic movements. Tyrs A and C both have 

slower decays with higher plateau values of 0.18 and 0.11 respectively when 

compared to a dimer. Tyr B has a complex decay, with an initial decay to 0.1 at a 

correlation time of 7ns, followed by a second sharp decay to a plateau value of 

approximately 0.02.  

These results are sensible as the slower relaxation of all the proteins are caused by 

the slower rotation of a trimer as it is larger than a dimer and the sharp initial decay 

is due to their freedom to move, with some constraints created from the aggregation 

and the ions. These results all parallel what was discussed in the MC simulations. 

5.7.1. Best Fits 

Table 10 has two fits for this system because the first fit has a bulk aggregate r 

value of 5.4ns which is fast for a trimer (compared to previous dimers seen) and has 

a strong correlation of 0.971, with comparable contributions from both the slow and 

fast mechanisms. The second fit has a slightly better correlation of 0.981 with similar 

contributions with slightly slower r value of 0.51ns for the Tyr side-chains 

(compared to the 0.42 for the first fit) and a faster bulk aggregate rotation of 4.93.  
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Both of these seem fast for this system, as the tightly aggregated dimer with the 

trapped Tyrs has a rotational time of 9.64ns. This is simply due to the fact that the 

first fit was in a small waterbox, slowing down the rotations and the other two fits are 

post stabilisation fits, which causes a slower rotation as no monomers were present 

at any point.  

Therefore, this fit has to be compared to the dimer in the large waterbox that also 

includes stabilisation, which has a rotational time of 2.64. This makes the results 

more reasonable and the 4.93ns rotation can be considered correct as it has the 

better correlation. 

These results suggest that all the systems would benefit from post stabilisation 

analysis. However, limitation in computing power made this impossible within the 

scope of this work.  
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5.8. Four Protein System (Tetramer) 

The final A1-40 amorphous aggregate is a four protein system and has a 100ns 

trajectory (Figure 81). As this system is relatively large and long, a small waterbox is 

used due to the limitations in the computing power and storage space available. The 

dimensions are ~83Åx76Åx110Å, which is small considering the number of proteins 

contained within it. Despite this, useful information can still be extracted from this 

system. 

 

 

 
 

T=0ns T=13ns T=17ns 

 
 

 

 

T=28ns T=48ns T=56ns-100ns 

Figure 81 - Tetramer system. The panels shows the position of protiens A (blue), B (red), C (grey) 

and D (Orange) with Tyr side-chains highlighted (green) with the The VDW interactions indicated by 

the transparent spheres: Purple denotes alpha helix structure, red denotes pi-helix, white denotes a 

coil and cyan denotes a beta turn. The panels shows the progression of the proteins during the 

trajectory from 0ns to 100ns. 

The proteins begin approximately 1nm apart and diffuse freely, slowly coming closer 

together and interacting with one another and within 20ns an amorphous tetramer 

starts to form but quickly breaks apart. The presence of the beta-sheet U-shape 

motif is minimal [172], and appears to show minimal interactions between the 

proteins. Interestingly, the two monomers that form a dimer at 48ns are not the pair 
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that formed the initial dimer at 13ns (A blue and C grey). This early dimer formed a 

trimer with monomer D (orange) at 17ns, and yet the aggregate still dissociated 

implying that there is a preferred mode of interaction to form stable aggregates. The 

preference seems to be for alignment of neighbouring alpha-helix structures (despite 

the more disordered structure seen in literature [172]), although further analysis is 

required in future work. After several attempts to aggregate into a stable tetramer, it 

eventually forms one at 56ns. This aggregate then continues to compact into the 

tighter oligomer observed at 100ns.  

When the aggregate has fully formed, the Tyr side-chain of protein A has its 

movements somewhat constrained by protein B’s backbone. Protein B’s Tyr is also 

facing protein A’s backbone but with minimal interactions. However, protein B is 

aggregated at only one end of its alpha-helix, allowing some freedom for the 

backbone to move and pivot. Protein C holds protein A in position, and also interacts 

with protein D. Protein C’s Tyr side-chain has a lot of freedom throughout the 

simulation; it repeatedly opens out to the surrounding water before retracting to the 

protein surface. Protein C’s backbone is restricted by its interactions with two other 

proteins from either side. Protein D is similar to C but its Tyr side-chain does not 

possess the same freedom of movement.  

It appears that this system is so concentrated that the proteins do not have time to 

unravel, maintaining a long helical section throughout [46], seen between residues 1 

and 27 and another small section between residues 32 and 35. This is different from 

what is seen previously, as the coil tends to unravel before aggregation [172]; 

however this shows it is possible for the aggregation to occur first. 
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Figure 82 – Tyr Rotamer States of an A1-40 Tetramer. The graph depicts the orientations that the 

Tyr side-chain of monomers A, B, C and D favour during the 100ns trajectory. The centre of each state 

for Tyr A is approximately (70,65), (250,65), (140,180) and some minor occupation of state 4. For Tyr B 

they are (70,65), (250,60), and some brief occupation of state 3. For Tyr C the centres are (75,65), 

(250,60), (140,175) and some minor occupation of state 4 . Tyr D shows occupation centres at (70,65), 

(250,65), (130,170) and (315,170) 

As described above, proteins A’s Tyr side-chain has fair restriction on it throughout 

the trajectory and as such prefers to occupy states 1 and 2 with some movement 

into states 3 and 4 due to the minor interactions with the other protein backbone 

(see Figure 82 and Figure 83). Tyr B has interactions affecting its movements as 

this is reflected in its preference towards states 1 and 2 with lack of movements into 

states 3 and 4.  

Tyr C is has a fair amount of freedom throughout the trajectory but constantly comes 

into contact with the other protein backbones. In contrast,  Tyr D has a more dense 

occupation of states 3 and 4 relative to the other three proteins, which is due othe 

external influences pushing it into the states (see Figure 150.)  
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Figure 83 - Tyr movement between states of an A1-40 tetramer. This graph shows the Tyr side-

chain movements between the different states over the course of the trajectory with the x axis showing 

the different states and the y axis showing the frame within the trajectory. 

As expected, Tyr’s A, B and C all have movements between states 1 and 2 with 

some minor movements into states 3 and 4 but have limited transitions between 

states due to their restricted movements. These movements into states 3 and 4 are 

due to their interactions with both their own backbones, and the aggregate 

backbone. The aggregate backbone clearly affects Tyrs B and C as they have late 

movements into states 3 and 4 after aggregation. Similarly, Tyr D spends significant 

time in states 3 and 4 post aggregation but is free throughout the trajectory and is 

reflected in its erratic movements. This confirms that these movements between 

states are related to the Tyr surroundings (see Figure 150). 
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Figure 84 - Simulated Anisotropy of an A1-40 Tetramer. This graph shows the simulated anisotropy 

of protein A (blue), protein B (red), protein C (grey), protein D(orange)  and the average of the two 

(dotted green line). 

The anisotropy results for this tetramer system show clear signs of aggregation as 

the proteins have a short lived initial rapid decay followed by a slow relaxation to 0 

at a correlation time of approximately 6ns. Protein D has the most freedom to move 

as it is on the end of the amorphous aggregate. This is reflected in the relaxation 

period being more rapid than the two proteins (A and C) in the middle of the 

aggregate, as they will have even less movement. The sharp initial decay of Protein 

D is related to the Tyrs ability to move more freely throughout the trajectory.  Protein 

B shows a shorter lived initial decay due to the lack of movement from the Tyr, but 

does have a faster relaxation time, due to being on the other end of the aggregate. 

As such, the overall (average) decay shows clear signs of aggregation and has a 

nonzero decay time that takes longer to plateau than previous aggregates. This is a 

characteristic of a larger aggregate. The initial decay is also indicative of restricted 

Tyr residues. 

5.8.1. Best Fits 

These results are confirmed by the fit parameters used for the variables in the best 

fit graph for the average tetramer decay. The r values for the two mechanisms are 

0.21ns and 10.11ns for the Tyr side-chains and the bulk aggregate rotation 

respectively, which is a logical growth in the size based on the previous results for 

the smaller aggregates (Table 10) when you consider that this aggregate is 

aggregated tip to tail, creating a very long thin aggregate. This odd aggregate shape 
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is not as tightly packed, possibly due to no misfolding being present, and has limited 

movement available to it. Despite these complications the results are still logical. 

5.9. A1-40 Amorphous Aggregates Comparative results 

Simulation     +        
-    T    

-    TB Correl. 

Monomer  0.00 0.37 1.36 0.03 20.61 0.919 

1exp 0.02 0.38 1.43 - - 0.931 

Monomer (Ions) 0.03 0.33 1.60 0.04 37.31 0.894 

 1exp 0.05 0.35 1.82 - - 0.882 

2 Monomers 0.00 0.37 1.45 0.03 25.22 0.932 

1exp 0.02 0.38 1.54 - - 0.936 

Dimer (Large WB.) 0.00 0.11 0.13 0.29 2.64 0.966 

Dimer (Small WB.) 0.02 0.13 0.91 0.26 9.64 0.987 

Stabilised fit: -0.06 -0.09 1.98 0.54 5.42 0.996 

Stabilised fit 1exp: -0.07 - - 0.47 6.58 0.996 

Dimer + Monomer 0.08 0.19 1.28 0.13 7.44 0.930 

Trimer (Ions) 0.09 0.13 0.42 0.18 6.29 0.977 

Trimer (Ions) 0.10 0.12 0.51 0.19 4.93 0.981 

Tetramer 0.05 0.09 0.21 0.26 10.11 0.993 

Table 10 - A1-40 Amorphous Aggregates Anisotropy Best Fits Variables 

Table 10 shows the resulting variables for the best fits of the average decays from 

each of the systems analysed above based on fluorescence equations [112]. The 

correlations are a show of how well the fits match the data [168]. The data above are 

the variables attained from the stochastic optimiser from Eqn. 2.3.3 

In general, there is an increasing    value as the aggregates get larger, except for 

the tetramer, which has a lower value likely due to the amount of movement during 

the aggregation process and the fact that the proteins are not as tightly aggregated 

as some of the other systems seen below. This is sensible based on the theory, as 

the bigger the aggregate, the less freedom it will have to move and so will have a 

larger    value [112]. 
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The ratio of the contributions from the two mechanisms become more even after 

aggregation occurs, this is potentially due to the monomers rotating so quickly that 

the Tyr side-chain movements are not being pick up. By analysing the general trend 

of increasing rotational times it can be concluded that the single exponentials for the 

monomers and dimer are likely the backbone rotation and not the Tyr itself. If true, 

once the proteins start aggregating, they slow down and the contribution from the 

Tyr becomes more apparent, this is also visible in the graphs as the decays and 

characteristics differ when aggregation has occurred. This could also be due to the 

complications created from the system aggregating during the analyses window as 

seen for the one exponential fit for the stabilised dimer. 

The T values do show a general trend with respect to the systems rotamer state 

movements   . The first three systems show limited rotamer movement and as such 

all show T values ~1.5ns. The fourth simulation, “Dimer (Large WB.)”, showed 

significantly more rotamer movement and has a 0.13ns rotational time, which is 

most likely too fast but still adheres to the general trend. The fifth system, “Dimer 

(Small WB.)”, has a fair bit of movement in but is mostly limited, giving a resulting T 

value 0.91ns. It also has a second simulation associated with it that has a much 

slower rotational time, and also has limited rotamer movements due to its position. 

The sixth system, “Dimer + Monomer”, has limited rotamer movements from all its 

Tyr residues, and as such has an average T value 1.28ns. The final two simulations 

show a great deal of movement from their rotamer states and T values 0.42ns and 

0.21ns respectively. This further suggests that these fast time scales for the Tyr 

residues are logical within these simulations [112]. 

There is a large variation among the aggregates for their rotational times (and 

therefore their aggregate sizes) due to how quickly they aggregate and the shape of 

the various aggregates themselves. It does appear that certain monomer shapes 

that can form more readily aggregate than others, suggesting the misfolding process 

places a part in the aggregation [172]. This makes it difficult to determine a clear 

pattern in the increasing sizes of the aggregates. Despite this, there is still a clear 

indication that as the aggregates grow, their rotational times become slower [112]. 

One potential pattern, that can be seen in these results, is monomers at a rotational 

time of 1.5ns, dimers at 2.6ns, trimers at 4.9ns and tetramer at 10ns, as they all 

include pre and post aggregation. 
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The most trustworthy result here is the result for the stable Dimer that was analysed 

solely post-aggregation which has a resulting r value of 6.52. This is much higher 

than the rest of the dimers as it spends no time as a monomer. This result can be 

compared to the dimers below that begin the simulation aggregated (Table 13 

below), although there is still time required for the structure itself to stabilize. 

 

Figure 85 – A1-40 Monomer Anisotropy Best Fit Graphs – Colour coordinated, with the three colours 

(Blue, Green and Orange) depict a fit that was created from the same system. 

The best fit graphs shown in Figure 85 show the different monomer responses. 

There are six monomer systems overall. The systems without ions all show near 

identical responses, with a sharp initial decay to 0. This is what is expected for a 

monomer based on fluorescence anisotropy theory as the monomers are very small 

and their Tyr side-chains will have minimal external influences [112]. The presence 

of multiple monomers in a system with adequate room to move shows no apparent 

changes to the results.  

The system with ions, in contrast, shows a slightly higher plateau value, but still has 

a very sharp initial decay and can still be considered a monomer.  The reason for 

this higher plateau value is due to the ions affecting the movements of both the Tyr 

side-chains and the bulk aggregate, which is reflected in the table for their r values. 

These monomer results adhere to the findings in the MC simulations, the Tyr side-

chain movements between rotamer states is seen to be free moving, which is 

comparable to the lack of restriction on the put on the MC variable. Furthermore, the 

secondary mechanism, explained in the MC simulation, can be compared to the 

slower moving backbone. These graphs adhere to what is expected from the theory, 
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having a sharp initial decay, followed by a long relaxation period [112]. Though it 

should be noted that these fits give contributions that require only one exponential 

fit, suggesting they can be treated as spherical [112]. 

 

Figure 86 – A1-40 Dimer Anisotropy Best Fit Graphs  

The dimers have been colour coded in Figure 86; the blue curves represent dimer 

systems with large waterboxes, and the red curves depict systems with small 

waterboxes. The dimer with the large waterbox and free moving Tyr side-chain (dark 

blue) has a sharp initial decay and a relatively fast relaxation time, slightly slower 

than a monomer. The results from each of the systems analysed show that the 

sharp initial decay is due to the fast movements of the Tyr side-chains. Furthermore, 

the relatively fast relaxation time and decay to 0 is due to the aggregation occurring 

during the analysis window which speeds up the rotational speed associated with 

the aggregate. 

The red decay curved titled “Dimer (Mirror) 2”, is the next trajectory analysed. It has 

a small waterbox relative to the proteins and they initially do not move much, once 

aggregated they mirror each other. The Tyr side-chains are trapped against each 

other, causing them to remain stationary. As such, the resulting decay has a shorter 

lived initial drop followed by a slower relaxation period. This aggregate is then 

placed in another similarly sized waterbox but has relatively more room to 

manoeuvre due to the closeness of the two proteins, creating the two near-identical 

light blue curves. There is a similar short lived decay initially as the Tyr residues are 

still trapped, but they have a significantly faster relaxation period as they rotate more 

freely. 
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The final system discussed in Figure 86 is a relatively high concentration system 

with a dimer and monomer present. This creates slow moving particles as is seen by 

the slow relaxation period, plateauing at the highest of the five graphs at 0.09. The 

initial drop is also slightly faster than the “mirror” system responses as the Tyr 

residues are not as trapped. However, the drop is significantly slower than the dark 

blue curve due to the fact that the Tyr side-chains are restricted in the dimer, 

whereas the dimer that gives the dark blue curve has full freedom to move. These 

changes to the curves are reasonable as there are distinct physical reasons for why 

these systems have varying initial drops and relaxation periods [112]. 

 

Figure 87 – A1-40 Aggregate Anisotropy Best Fit Graphs 

Figure 87 demonstrates that as the aggregate gets larger the plateau levels 

continue to increase and the relaxation periods become slower [112]. The curves 

related to the trimer are from the same average fit and have nearly identical 

characteristics; the subtle changes here are what effect the rotational times given to 

the variables, seen in Table 10. The tetramer fit has a similar plateau value with 

what seems to be a faster relaxation period as this system has more movement 

associated with it due to how the proteins aggregate.  The initial drop for the 

tetramer is also shorter lived than the trimer response, as the Tyr residues have less 

movements associated with them. 

These results prove that characteristics can be gained not only through the plateau 

values but also through analysis of the initial stages of an anisotropy graph [112]. 

They also further strengthen the results seen in the MC simulation, which have 

allowed for a more in depth understanding of the subtle changes that can occur in 
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the MD anisotropy curves. There are also signs that aggregation can only occur 

once misfolding has occurred [172]. There is a slight change in conformation when 

ions are present that could potentially affect aggregation [175], though it appears 

that amorphous aggregation can occur in these simulations with or without ions. 

5.10. A1-40 Monomers and Aggregation Conclusions 

In summation, these anisotropy results show that as aggregates grow, their 

rotational times generally decrease and have    values that also increase [112]. 

This can be seen visually in the graphs as monomers decay to 0 (   =0) very rapidly 

and have almost identical decays, due to the lack of variation seen between the 

systems. As the aggregates get bigger the plateau values also become higher [112], 

with the most variation occurring in the dimer structures.  

The differences in the simulations are significant, as can be seen by the large 

variation in the dimers; however an experimental sample would contain significantly 

more proteins, which should mask some of the effects we see here, giving a more 

uniform result [112]. Though the differences in these anisotropy curves could 

perhaps be used to tell which species is most prominent in an experimental sample. 

The differences in these characteristics are due to the bulk aggregate taking more 

time to rotate and the initial decay is directly related to the amount of movement 

associated with the Tyr, which can become increasingly more restricted as the 

aggregate gets larger [112]. A reason for the high degree of variation between the 

dimers  is due to the variously shaped aggregates that have formed as they are all 

have unique conformations. The variation seen in the dimers may also be apparent 

in larger amorphous aggregates. 

Furthermore, the structural changes seen throughout most of the trajectories, shows 

that A1-40 does not have a stable conformation, and instead changes frequently 

[172]. There is also a general trend of unravelling the alpha helix before 

aggregation, which is most prominent when ions are present. In the one case where 

the alpha helix does not unravel (tetramer system) the aggregation sites appear 

loose and split into two dimers at two points during the trajectory suggesting the 

unravelling is needed to allow aggregation to occur properly [171] [174]. Although 

perhaps in high concentrations amorphous aggregates can form first (as seen with 

the tetramer) and the assembly of the proteins occurs after. Unfortunately this is 

outside the scope of these simulations.  
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6. Results and Discussion: MD Amorph. Aggregation A1-42 

This chapter shows the MD results of the trajectories of A1-42. Much like chapter 5, 

MD and VMD are used here to reveal information regarding structural changes, Tyr 

residue position and overall aggregate shape. Each simulation in this section was 

allowed to run for a minimum of 50ns, except the six protein system, which only has 

a 30ns trajectory due to the size of the system. 

The structure used for these simulations was taken from work by Crescenzi et al 

(1iyt.pdb) [46]. This has 42 residues and was found to be the stable form for this 

protein [46]. As with chapter 5 and previous work [44], Charmm22 and Charm27 

hybrid forcefield and TIP3P water model were used [124] [125] and VMD was used 

for the visualisation of the simulations [146].  

As stated in chapter 5, the trajectories will be used to discuss how the proteins move 

throughout the trajectory, noting monomer and aggregation conformational changes, 

or any other interesting features (such as a trapped or free moving Tyr residue). The 

Tyr dihedral angles are, again, used to reveal which rotamer state it is currently 

occupying. The combination of this information and the conformational changes can 

reveal important information about the Tyr’s surroundings and can be potentially 

linked to experimental work [44] [112]. Simulated anisotropy models are then 

created and compare to both the experimental work and the A1-40 simulated 

anisotropy results by tracking the Tyr transition moment [147]. These two chapter 

combined will allow for a detailed study of how the very early stages of A1-40 and 

A1-42 aggregation may begin to occur (prior to beta-sheet formation), revealing 

some information regarding their differences and propensity for aggregation. 

6.1. Three Protein System (No Aggregation, no ions) 

The first amorphous A1-42 aggregate trajectory follows another three monomer 

system that does not aggregates; it has a waterbox with dimensions 

~98Åx101Åx67Å, giving the proteins significantly more freedom than other A1-42 

systems possibly suggesting that the concentration is too low to promote 

aggregation on the timescale of the simulation. If misfolding does cause the 

aggregation process to begin, this could also be the reason for the lack of 

aggregation.  Furthermore, it also has 100ns to allow more time for aggregation 
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rather than the normal 50ns. Regardless, this particular simulation did not show 

aggregation, reflecting the stochastic nature of diffusion. 

   

T=0ns T=50ns T=100ns 

Figure 88 – Three Proteins Monomer Stabilization at time = 0ns, 50ns, 100ns with protein A shown 

in blue, protein B shown in red and protein C shown in grey. The VDW interactions indicated by the 

transparent spheres: Purple denotes alpha helix structure, red denotes pi-helix, white denotes a coil 

and cyan denotes a beta turn. The panels show the proteins positions at the beginning of the trajecotry, 

50ns and 100ns 

As the trajectory progresses, Monomer A and B initially come close together and 

begin to interact between 20ns and 50ns. After 50ns they break apart and the three 

monomers spread out throughout the waterbox and do not interact through the 

periodic boundaries. This creates a monomer system that can be easily analysed. 

They do not appear to have misfolded in the same way as seen previously [172]. 

Furthermore, as with the A1-40 simulations, the initial three proteins all contain a 

helix dominated structure which is present throughout and none of the proteins 

really change shape. However, during the brief period where the monomers interact, 

protein A temporarily forms an anti-parallel beta-sheet His6 and Ile41. The protein 

quickly returns to the initial conformation seen for all at the end, which contains 

predominantly an alpha-helix / pi-helix between residues 13-25 and another 

between 33-36, and some coiling and turns at the heads and tails [171] [174]. 

. 
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Figure 89 – Three Monomer System Rotamer Response. The centre for each is approximately 

(70,65), (260,60),(110,170) and (290,170) for Tyr A. Tyr B has only one largely favoured rotomer state 

and one less favoured at (70,65) and (110,170) respectively. Tyr C has two distinct rotamers at (70,65) 

and (260,60), as well as two unfavoured rotamers at (110,170) and (290,170). 

The results for the above trajectory are interesting as they show strange behaviour 

for the Tyr rotamer occupation (Figure 89), when compared to results seen in this 

work and previous work [44]. Protein A shows the common responses that have 

been present for the majority of monomers, occupying the four states but has a mild 

preference to states 3 and 4 which is normally associated with aggregated systems 

as discussed previously. Similarly, protein C also shows the common responses, 

with a preference towards states 1 and 2 as expected for a monomer. Tyr B has 

very little movement and only occupies states 1 (a rotamer state usually associated 

with a monomer) and state 2 (a state associated with aggregates.)  

Tyr A’s preference to the states associated with aggregate (states 3 and 4)  is likely 

due to the interactions between proteins A and B during the first half of the trajectory 

(Figure 90) as they appear to start aggregating, making Tyr A’s surrounding 
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environment affect its C  to CG dihedral angle. Tyr B has a preference towards the 

second state as expected from a monomer but its lack of movement will be due to 

the fact it begins interacting with protein A restricting its movements. These 

interactions from proteins A’s backbone are affecting Tyr B’s movements allowing it 

to occupy the more twisted states seen with aggregates. If the trajectory was 

continued, perhaps Tyr B would start occupying a more natural pattern of preferring 

to move between states 1 and 2, once the other monomers were no longer 

influencing it.  

      

 
Figure 90 - Time Lapse Rotamer Responses of Monomers without ions.  

 

As can be seen in Figure 90, Tyr A has no movement restrictions, moving freely 

between all its rotomer states having a preference to states 3 and 4 mostly during 

the period where it is interacting closely with monomer B. Tyr C has a preference to 

the first two states with some minor movements into the slightly more twisted states 

3 and 4, never the less, they both show acceptable monomer responses. 

Contrastingly, Tyr B has minimal movements, likely due to the interactions with Tyr 

A, as seen at 20-50ns in Figure 88. It appears these interactions allow the Tyr to find 

a favourable conformation that is stable against rotamer fluctuations, at least on the 

timescale of the simulation. It is known that the energy landscape of proteins is very 
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rugged, and this is probably an example of a protein visiting a metastable state. 

Longer duration simulations would be required to explore this idea further. 

Despite these unique behaviours, the Tyr side-chains adhere to the usual 

movements through the rotamer states except a few uncommon movements 

through 2 to 4 and 1 to 3. These movements are likely due to truncation as these 

uncommon movement patterns only happen for a single frame.  

 

Figure 91 - Simulated Anisotropy of Three Monomer System with no ions. This graph shows the 

simulated anisotropy of Proteins A (blue) and B (red) and C (grey), as well as the average (dotted 

green). 

Without ions present and room to move freely due to the size of the waterbox, three 

monomers of A1-42 do not readily aggregate as is apparent from the results of 

Monomer A and C. Monomer A has a fast initial decay followed by a longer 

relaxation period that reaches approximately 0 at a correlation time of 4.5ns. 

Monomer C has a slightly slower initial decay than monomer A, but decays to 0 as 

expected at a rate similar to the A1-40 monomers. These both have significant 

movement related to the Tyr side-chains explaining the fast initial decays. Monomer 

C’s slower initial decay is due to the more frequent occupation of state 2. Monomer 

B has a plateau value of approximately 0.1 which is unexpected for a monomer, but 

as previously stated, when interacting with the backbone of monomer A it prevents 

the protein from rotating freely, and as such does not decay to 0. It also has a short 

lived, slower initial decay which is due to the Tyrs lack of movement between its 

rotamer states, due to the interactions with monomer A. 
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Despite this when the average is taken the resulting graph still decays to 0 with a 

sharp initial decay creating the appropriate characteristics of a monomer system. 

This shows that despite some anomalous behaviour in a system, the overall 

response can still be appropriate. This explains why an experimental system can 

show the appropriate response despite unique behaviour from individual proteins, as 

statistically there are so many species in the system that the results are more likely 

to adhere to the expected outcome due to the effects of averaging. 

6.1.1. Best fits 

When the average anisotropy is fitted to a two exponential fit there is almost no 

contribution from the slow life time (ratio of 0.37:0.05 in favour of the fast 

mechanism). This slow r is 23.085ns, which is exceptionally slow for a monomer 

however this is redundant as it has almost no contribution to the system.  

This suggests that a single exponential fit should be used and so the resulting single 

exponential fit gave reasonable results with an acceptable r value of 2.4ns (Table 

11.) This is slower than the A1-40 aggregates, which rotate faster as they are 

smaller. 

6.2. Three Protein System (Amorphous Dimer + Monomer) 

The next trajectory shown in Figure 92 is a three monomer system with a small 

waterbox (dimensions ~63Åx82Åx47Å) to promote aggregation. 

 
  

T=0ns T=20ns T=50ns 

Figure 92 – Three Protein Amorphous Stabilization with Smaller Waterbox at time = 0ns, 20ns, 

50ns. with protein A shown in blue, protein B shown in red and protein C shown in grey. The VDW 

interactions indicated by the transparent spheres: Purple denotes alpha helix structure, red denotes pi-

helix, white denotes a coil and cyan denotes a beta turn. The panels show the proteins positions at the 

beginning of the trajecotry, 20ns and 50ns 
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During the progression of this trajectory proteins B and C aggregate rapidly within 

the first 20 nanoseconds. However, despite the extremely high concentration, 

protein A remains as a monomer. This is unexpected as A1-42 readily aggregates 

during experiments, implying that there is another contributing factor that promotes 

aggregation and fibrillation. This factor could be the misfolding, as protein C takes 

on a different conformation before aggregating with protein B, similar to what was 

seen in chapter 5 when aggregation occurred [172]. Another possibility is the lack of 

metal ions bridging [41]. The proteins have a helical configuration in the centre of 

themselves, that has almost fully unravel at the head and tail similar to what has 

been discussed before [171] [174]. 

       

    

     

       

Figure 93 - Hydrophobic Sections of two A1-40 Monomers. Both pictures are taken at 50ns with the 

left panel showing the shape of the proteins (B and C; red and grey respective) and the right panel 

showing the VDW spheres with the hydrophobic sections (red) against the hydrophilic sections (blue) 

on the right.  

The heads have aggregated together by burying their mutual hydrophobic sections 

into the centre of the aggregate [122], though this bond would be fairly weak 

compared to some other aggregates seen in these chapters. This is due to the tails 

having larger hydrophobic section that tend to aggregate more readily. Nonetheless 

this is still two monomers that have formed a dimer through aggregation. 
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Figure 94 – Amorphous Three Protein System (with Small Waterbox) Rotamer Response. The 

centre for each is approximately (70,65), (255,60),(100,170) and (300,170) for Tyr A and for Tyr B. Tyr 

C has only two at (65,60) and (255,60). 

In Figure 94 the graphs for Tyr’s A and B both have all four rotamer states with a 

slight preferential occupation of states 1 and 2. Tyr C primarily occupies the first and 

second rotamer states.  

Tyr A has a lot of freedom to move throughout the trajectory (Figure 92,) which is 

why it occupies states 1 and 2 regularly, and as expected of a monomer can be 

influenced by its surroundings into occupying states 3 and 4.  Tyr B, as part of an 

aggregate would be more likely to occupy states 3 and 4 but is still expected to 

occupy states 1 and 2. 

In contrast, Tyr C is part of an aggregate and as such would be expected to have a 

preference to states 3 and 4 but shows a preference to the first two. This is likely 

due to the fact that the aggregate is affecting the Tyrs backbone and is preventing it 

from readily occupying states 3 and 4, in a similar manner to what was shown in 

Figure 69. 
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Figure 95 - Time Lapse Rotamer Responses of Amorphous Dimer and Monomer.  

 

The evolution of the rotamer states over the course of the trajectory is shown in 

Figure 95; Tyr A has significant fluctuations for approximately the first 20ns of the 

trajectory, but has an overall preference to states 1 and 2, which is expected for a 

monomer. Tyr B begins the simulation with a preference towards states 1 and 2 as 

before aggregation occurs the Tyr is being affected by the other monomers, post 

aggregation it shows a clear preference to states 3 and4 due to the aggregate 

interactions. Tyr C shows preference to states 1 and 2; as suggested above, this 

might be another example of a protein finding a metastable state for the duration of 

the simulation. 

Tyr A and B adhere to the rules specified previously for the rotamer state 

movements but Tyr C is able to jump from state 3 to state 1, this could be due to 

truncation of the frames, as it only happens for a single frame. It is possible that the 

Tyr can move from either state 1 or 2 up to states 3 or 4. This is because the 

movement between the lower and higher states comes from twisting the C to CG 

angle, which could happen in this manner, though it seems it is an unfavourable 

movement.  
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Figure 96 - Simulated Anisotropy of Three Protein System. The upper graph shows the simulated 

anisotropy of proteins A (blue), B (red) and C (grey), as well as the average (dotted green). The lower 

plot depicts the simulated anisotropy of proteins B (red) and C (grey) with the average as a dotted 

green line. 

Protein A has a complex decay with an initial decay to roughly 0.06 at a correlation 

time of 3.5ns and then has a slower relaxation to 0. As discussed previously and in 

the MC simulations, the rapid decay is due to the rapid movements of the Tyr. The 

higher plateau value is a strange result for a monomer but is likely related to the 

small waterbox used, which creates interactions with the monomer from the 

surrounding proteins, complicating its decay. Regardless, this is still a reasonable 

result for a monomer that is being influenced by its surroundings.  

Protein B has a sharp, but short lived initial decay; this is due to less frequent 

movements from the Tyr side-chain relative to protein A. It has a secondary decay 

that could be due to late movements of the Tyr or due to the aggregation process. 

As it is part of the dimer, protein B has a much slower relaxation period related to 

the slower rotation of the aggregate. This eventually decays to (and past) 0, and 

takes significantly longer than a monomer to do this.  
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Protein C displays results that can be attributed to a dimer, as it has a short lived 

initial decay followed by a slow secondary decay that decays to approximately 0.15. 

This is high for a dimer but is likely due to the fact that the Tyr remains in one state 

for large portions of the simulation. This decay is made slower because of the fact it 

is part of an aggregate.  

The top graph shows the average decay between all three proteins, it has a short 

initial decay, due to the restricted Tyr movements, and decays to zero after a slow 

relaxation period and the lower graph shows the average response of the dimer. 

These graphs are very similar, but the effect of having a monomer in the system is 

clearly depicted, as the dimer anisotropy decay has a plateau value of above 0.02 

and the total system anisotropy response decays to 0.  

The bottom graph also has a shorter lived initial decay, related to the lack of the 

monomers presence which gives the system a longer and sharper initial decay as 

expected. The total system decay (top graph) also has a second decay which is a 

characteristic of a system with multiple species in it, as seen in the experimental 

anisotropy results. 

6.2.1. Best Fits 

When the entire system is studied for the best fit graphs (Figure 111 and Table 11) 

they do not account for the second sharp decrease near the start of the analysis. 

This is due to the system being more complex, with both a dimer and monomer in it. 

This implies that there could be three mechanisms involved; a faster rotation from 

the monomer, a slower rotation from the dimer and the Tyr movements themselves. 

The complexity in the decay could also be created by the monomer and dimer 

interacting. This suggests that a three exponential fit would be required to create an 

appropriate best fit for this type of system. However, the correlation is still within the 

accepted range as it has a correlation value of 0.977 and so the two exponential fit 

is adequate and implies the third mechanism is barely contributing. 

For the best fit graph and variables that depict the response from both the monomer 

and dimer in Figure 111 and Table 11, the contribution of the slow and fast 

mechanism has a ratio of 0.26: 0.13 (respectively). There is a slow r value of 6.367 

which is reasonable as it is slower than the results seen for the monomer systems. 

The faster r value related to the Tyr side-chains’ movements is slower than the 
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values given for the dimer only analysis, but is still a reasonable result. This 

variation is likely from the complex decay from having multiple species analysed 

simultaneously.   

The dimer only analysis reveals a slightly higher r value for the bulk aggregate 

rotation, this is valid as the faster moving monomer would skew the results making 

the average rotation found lower. The contribution from the Tyr is lower than when 

both species were analysed together with a ratio of 0.29 (bulk aggregate) to 0.09 

(Tyr.) This is due to the Tyr side-chains not moving as readily from state to state in 

proteins B and C leaving a higher contribution from the bulk aggregate rotation. The 

reason for the higher contributions in the first analysis is because of the more erratic 

movements of Tyr A. 
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6.3. Three Protein System with Ions (No aggregation) 

Figure 97 depicts the movements of a three protein system with an ionic 

concentration 0.250mMol/L [162]. This system never aggregates despite the system 

being in a small waterbox as can be seen from panel 1 below. This again implies 

that there may be other mechanisms causing aggregation, such as the requirement 

of metal ions to bridge residues [41] [42] or perhaps the ions are having a larger 

screening effect than expected [175]. 

 

  
 

T=0ns T=20ns T=40ns 

Figure 97 – Three Monomer System with Ions Stabilization at time = 0ns, 20ns, 40ns. with protein 

A shown in blue, protein B shown in red and protein C shown in grey. The VDW interactions indicated 

by the transparent spheres: Purple denotes alpha helix structure, red denotes pi-helix, white denotes a 

coil and cyan denotes a beta turn. The panels show the proteins positions at the beginning of the 

trajecotry, 20ns and 40ns and the individual spheres show the ion positions.   

As can be seen above, the three monomers initially start close together but very 

quickly start to move away from each other creating three separate monomers in an 

ionic system. The changes in conformation are minimal from those seen in chapter 

5. The unravelling seen at the heads and tails of the proteins is similar to what has 

been found in literature [172] and the alpha/pi helix sections [171] [174] are around 

residues 11-22 and 32-36 in all three proteins. It can also be noted that there are no 

distinct differences between this trajectory and those A1-42 models without ions. The 

lack of the horseshoe motive discussed in chapter 5 is possibly connected to why 

they do not readily aggregate [63] [172]. 
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Figure 98 –Three Monomer Ionic System Rotamer Response. The centre for each is approximately 

(80,60), (250,60),(100,170) and (280,170) for Tyr A. Tyr B has approximately (80,60), 

(250,60),(100,170) and (290,170). Tyr C has (70,60),  (65, 245) (110,180) and (290,170). 

All three Tyr side-chains take on traditional rotamer positions with some anticipated 

variation as is depicted in Figure 98 with a preference towards states 1 and 2 as 

expected. As the proteins are all monomers, their Tyr interactions are minimal and 

so do not get twisted into the higher states as often. Ions and other residues from 

their own backbones are likely interacting with the Tyr side-chains which may be 

promoting the occupation of states 3 and 4. 
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Figure 99 - Time Lapse Rotamer Response of Monomers with Ions 

 

Figure 99 shows the evolution of the rotamer states over time. As stated above, they 

are all parts of a monomer and as such all have an affinity for states 1 and 2. They 

also show a fair degree of movement (A and C more so than B). 

 
Figure 100 - Simulated Anisotropy of Monomers with ions. This graph shows the simulated 

anisotropy of both Proteins A (blue), B (red) and C (grey), as well as the average (dotted green). 
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The monomers never aggregate and as such have three sharp initial decays due to 

the movement of the Tyr side chains, followed by a rapid decent to 0 at a correlation 

time of 10-14ns. 

Monomer B has characteristics most similar to what is expected for a monomer with 

no outside influences or interactions. This was seen in chapter 3.5 although has a 

slightly slower initial decay. This effect could be due to the Tyr not moving between 

rotamer states as often or because the proteins are slightly slower to rotate as it is a 

slightly longer protein. Monomer C has similar response to monomer A, both of 

which have more free moving Tyr residues.  

As such it can be concluded that all three species show a monomer response with 

varying levels of effects caused by the ions. The average of these three monomers 

creates a more expected response that shows a smoother decay similar to a 

monomer response in experimental data. 

6.3.1. Best Fits 

For these monomers the first best fit was fitted allowing it to decay past 0 and shows 

almost equal contribution from both the fast and slow mechanism (Figure 110 and 

Table 11). It shows an incredibly slow r for the bulk rotations of the system 

(7.468ns), comparable to what was seen for the dimer which is only reasonable if 

the ions are significantly slowing down the rotation of the proteins.  

As such a fit was made to decay to 0 (as anisotropy decays normally do not decay 

past 0) which gave a more reasonable r of 3.906ns. In doing this, the slower 

mechanism plays such a small part (a low R0) that this mechanism can be ignored 

and a single exponential fit was made. The resulting r value is faster than the other 

two best fits for this system and is a more appropriate response for a monomer with 

a rotational time of 4.226ns, which is slightly faster than the rotational times seen for 

single exponential monomers without ions. . This result is also comparable to that 

seen for the MC anisotropy.  

It is difficult to establish which fit is most appropriate, as a one exponential fit may 

not be an adequate fit for a system with ions and multiple monomers in it. However, 

the two exponential fit gives too high a rotational time to be sensible and the forced 

fit to the 0 asymptote has similar resulting parameters to that of the single 

exponential fit. Therefore, the most reasonable conclusion is that the single 
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exponential has the best fit and implies that there is only one significant timescale 

for the monomer anisotropy. 

6.4. Four Protein System (2 dimers, small waterbox) 

A simulation was created for four proteins with a water box that was too small 

resulting in the aggregate interacting with itself through the waterbox boundary, 

creating an infinite loop (see Appendix 5.6).  The trajectory seen in Figure 101 has a 

larger waterbox (dimensions ~73Åx99Åx90Å) than seen in that previous simulation 

(dimensions ~65Åx48Åx91Å), preventing the proteins from aggregating with 

themselves through the waterbox boundary which allows for less bias results and a 

full 50ns trajectory. 

   
 

T=0ns T=20ns T=50ns 

Figure 101 – Two Dimer System at time = 0ns, 20ns, 50ns. With protein A shown in blue, protein B 

shown in red, protein C shown in grey and protein D shown in orange. The VDW interactions indicated 

by the transparent spheres: Purple denotes alpha helix structure, red denotes pi-helix, white denotes a 

coil and cyan denotes a beta turn. 

The trajectory begins with all four monomers in close proximity. The proteins have 

more distinct horseshoe motif which appears to cause aggregates to form [63] [172]. 

After 20ns monomers C and D begin to aggregate forming a dimer whereas 

monomers A and B move away from each other. Monomer A continues to move 

down through the waterbox, wrapping to the top where it begins to aggregate with 

monomer B at approximately 37.5ns. The trajectory then contains two dimers for the 

rest of the trajectory. As with all previous A1-42 simulations, the structures are 

predominantly alpha helical in shape and do not change much throughout the 

trajectory [171] [174]. One notable change is that, once aggregated, protein B has a 
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significantly shorter coil than the other proteins for brief periods throughout the 

trajectory which resembles other configurations seen in literature [172]. 

  

  

Figure 102 – Four Protein Two Dimer System Rotamer Response. The centre for each is 

approximately (70,65), (250,65),(110,175) and (290,170) for Tyr A. Tyr B has approximately 

(70,65),(100,170) and (290,175). Tyr C has (70,65), (255,65),(110,170) and (290,170). Tyr D has 

(75,65), (260,65),(110,175) and (290,170).  

Figure 102 shows the expected results for all four proteins. Tyr C and D have equal 

distribution for the four rotamer states as they spend over half the trajectory as a 

dimer and so their preference will start shifting to states 3 and 4 due to the 

interactions (Figure 150).  

Tyr A shows a preference for occupying states 1 and 2 which is logical as it spends 

more than half the trajectory as a monomer. This means that the interactions 

affecting the Tyr will be minimal and so they will not as readily occupy states 3 and 

4.   
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Tyr B, in contrast, shows only three rotamer states and seems to prefer occupying 

state 2, and then spends equal time in states 3 and 4. This is a reasonable result as 

the first half of the trajectory is spent as a monomer where it would prefer the lower 

state(s) and then moves into an aggregate which affects the surrounding residues 

due to the backbone interactions, causing the Tyr to be influenced into occupying 

the more twisted states 3 and 4.  

  

    
Figure 103 - Time Lapse Rotamer Response of Two Dimer system 

Proteins A and B do not aggregate until approximately 37ns (900th frame) which is 

reflected in the results seen in Figure 103, as there is a shift towards states 3 and 4 

in the Tyr movements in the second half of the trajectory. Tyr A has more freedom to 

move as seen in Figure 101 as its Tyr is located at the bottom of the dimer whereas 

Tyr B is much closer to Protein A. Tyr A has a preference to states 1 and 2 even 

after aggregation, likely due to external forces affecting its ability to move (but does 

not allow for the twisting to occur into states 3 and 4.) Tyr B in contrast, prefers 

states 3 and 4 once aggregation begins, further proving the effect that external 

forces have on influencing how twisted the Tyr becomes along the C to CG dihedral 

angle. 

Proteins C and D have formed a dimer by 20ns (or the 500th frame) and as such, 

both Tyr’s preference shift towards states 3 and 4 much earlier as they get 
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influenced by aggregation fairly early on in the trajectory. Protein C shows a 

preference towards state 1 near the end and is likely due to the external forces not 

influencing the Tyr’s dihedral angle into occupying states 3 and 4. Furthermore, the 

local interactions of its own residues could be preventing it from moving freely 

between states 1 and 2. 

All Tyr’s adhere to the movement rules for occupying their rotamer states, except 

one instance in protein C where a jump from the state 1 to 3 is made, however this 

is either an unfavourable movement or due to truncation of the trajectory.  

 

Figure 104 - Simulated Anisotropy of Four monomer System beginning to aggregate. This graph 

shows the simulated anisotropy of both Proteins A (blue), B (red) C (grey) and D (orange) as well as 

the average (dotted green).  

The anisotropy for this system has been split into two graphs of anisotropy, the 

graph in Figure 104 analyses the trajectory before aggregation fully completes and 

still has a timescale axis of 30ns to aid comparison with other graphs. This creates 

monomer results with some minor complications in the anisotropy decay as there is 

some aggregation taking place during the analysis.  

For the monomer graph, protein A decays readily to 0 at a correlation time of around 

7ns with a moderately fast initial decay. As a monomer, it moves around the system 

a lot and only stops moving as freely after aggregation occurs which is after the 

analysis ends. Its initial decay is slightly shorter lived than C and D due to its lack of 

Tyr movement relative to them (Figure 103.) 

Protein B shows distinct signs of aggregation as it does start to form a dimer within 

the analysis window. Its initial decay is short lived, due to the early lack of 
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movement from Tyr B (Figure 103) and it never reaches zero, this is most likely 

because it spends the entire trajectory at the top right hand corner of the waterbox 

without moving significantly and then forms an aggregate. This implies that some 

interactions with other proteins are likely occurring to keep it in this position.  

Protein C does not move much during the trajectory but has fair movement in the 

Tyr residue. This is reflected in its anisotropy decay as it shows a fast initial decay 

that levels out at a value of 0.11 at a correlation time of 4ns, which is due to the 

early rapid movements of the Tyr side-chain. This is followed by a second slower 

decay to 0 at a correlation time of 12ns. Finally, protein D has a fast initial decay 

typical of a free moving Tyr residue response but has an increasing anisotropy 

curve. The complex behaviours seen in proteins C and D are likely due to the 

aggregate forming in the early stages of the trajectory.   

 

Figure 105 - Simulated Anisotropy of Two Dimer System. This graph shows the simulated 

anisotropy of both Proteins A (blue), B (red) C (grey) and D (orange) as well as the average (dotted 

green). 

Unfortunately there is not enough data available post aggregation for this system 

and as such the graph, depicted in Figure 105, begins its analysis at a trajectory 

time of 18ns, where proteins C and D are beginning to form a dimer and proteins A 

and B are monomers and begin aggregating over 10ns later. This creates 

complexities for the decay as there is also aggregation occurring during this 

anisotropy analysis. 

In Figure 105 the timescale axis, again, ends at 30ns to aid comparison with other 

graphs. Proteins A, B and D have very fast initial decays as their Tyr side-chains 

have a lot of movement in the second half of the trajectory (Figure 103). Protein A 
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plateaus at a value of 0, at a correlation time of around 7ns had has some variation 

in its decay. This is caused by the aggregation process. Protein B has an increase in 

anisotropy after the initial decay and a slow relaxation time. This relaxation may be 

due to the forming aggregate, but is more likely an artefact of having such a small 

window to analyse.  

Protein C has a very slow initial decay levelling out at a correlation time of 4ns which 

then increases and decays again. This increase is likely due to the aggregation 

process occurring right as this analysis starts. The high initial plateau is due to the 

lack of late movement from this Tyr (Figure 103) and the fact that it is part of an 

aggregate for almost the whole trajectory. 

Protein D has a similar decay to that of a monomer, with some variation in the initial 

decay. This is likely due to the fact that despite being part of an aggregate, it spends 

a significant portion of the trajectory (between 20ns and 50ns) rotating as can be 

seen in Figure 101.  

6.4.1. Best fits 

The two resulting anisotropy graphs both have separate fits in Figure 111 and Table 

11, one shows the monomer response and the other depicts the dimer response. 

The monomer response shows a higher contribution from the bulk aggregate 

rotation (0.256 vs. 0.144 for the monomer) and r values of 0.437ns and 4.603ns for 

the Tyr rotation and bulk aggregate rotation respectively. These rotational times are 

reasonable for this trajectory as they are slightly higher than a simple monomer 

system because aggregation begins during this analysis and so the resulting 

rotation would be affected.  

For the dimer response there are two best fit graphs that seem appropriate. The two 

fits show similar contributions as they both have a preference for the fast Tyr 

mechanism, but exhibit different    values, (0 and 0.15) and also different rotational 

times. The first fit with the     value of 0 has rotational times of 1.01ns for the Tyr 

which is significantly slower than what has been seen for the monomers, likely due 

to the Tyr side-chains not moving around as much when aggregation occurs and 

7.97ns for the bulk rotation which is slower than that of the monomer response. 
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The second dimer fit that has an    value of 0.15 shows rotational times of 0.261ns 

and 4.000ns, which does not exhibit a longer rotational time than the monomer 

results. This is likely to be a inappropriate fit in terms of physical relevance. These 

results could be explained by amorphous aggregates allowing a larger degree of 

freedom to move as the backbones have not been rigidly held in place, meaning that 

there would be an insignificant difference between the rotational times of two 

monomers beginning to aggregate and two monomers that have aggregated. 

However, based on the movement patterns seen in the trajectory the first option 

seems more likely to be correct. 

6.5. Six Protein System (Tetramer/dimer chain breaking) 

Figure 106 depicts an amorphous six protein system that runs for 750 frames 

(30ns.) This limitation is due the amount of trajectories produced and also the size of 

this individual simulation. Running this simulation for a longer trajectory would be 

beneficial as there is limited information that can be gathered from this trajectory. In 

order to run this simulation, the waterbox was relatively small (dimensions 

~72Åx99Åx87Å) to save processing hours, which creates a high concentration and 

promotes aggregation. 

 
  

T=0ns T=20ns T=30ns 

Figure 106 –Six Monomer System Aggregating to Amorphous Tetramer / Dimer at time = 0ns, 

20ns, 30ns. With protein A shown in blue, protein B shown in red, protein C shown in grey, protein D 

shown in orange, protein E shown in yellow and protein F shown in tan. The VDW interactions 

indicated by the transparent spheres: Purple denotes alpha helix structure, red denotes pi-helix, white 

denotes a coil and cyan denotes a beta turn. 

All six monomers immediately start aggregating together due to the concentration 

within the waterbox and do appear to have folds that form the horseshoe motif [63] 

[172]. This is unexpected as all previous A1-42 amorphous aggregate systems do 
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not aggregate so readily, suggesting that A1-42 may only begin to form an 

amorphous aggregate when the systems concentration of monomers is high enough 

[39]. Another reason could be that higher concentrations allow the proteins to 

interact more readily, causing them to misfold into their beta-sheet structures. It 

should also be noted that anti-parallel beta-sheets form between the head and tail of 

proteins D (folding over on itself to do this) and the head of protein B (the head 

creates a small hairpin motif) [171]. Other than this all proteins share the common 

feature of still maintaining their helical structures [174].  

Within the first 4.8ns monomers A and B begin to aggregate together forming a 

dimer, and monomers C through F begin to form a tetramer. By 7.2ns all six proteins 

have begun to interact, showing signs of aggregating into a hexamer. At 26.4ns 

proteins D (orange) and F (tan) break off and form a dimer, which leaves A, B, C 

and E to remain as a tetramer for the remainder of the trajectory. It should also be 

noted that proteins A, B, C, E and F have Tyr side-chains with minimal interactions 

from the surrounding proteins, and protein D has Tyr side-chain that is interacting 

with its environment more closely. 
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Figure 107 – Amorphous Six Protein System Rotamer Response. The centre for each is 

approximately (70,65) and (245,65) for Tyr A. Tyr B has approximately (70,65),(260,65), (110, 180) and 

(290,175). Tyr C has (70,65), (250,65),(110,175) and (290,170). Tyr D has (80,65),(110,175) and 

(290,170). ). Tyr E has (70,65), (250,65),(110,175) and (280,170). Tyr F has (70,65) and (250,65). 

The Tyr positions shown in Figure 107 demonstrate that proteins C and E have a 

preference towards all four rotamer states which would be expected from a 

monomer/ amorphous aggregate system. Tyr B has a distinct preference towards 

states 1 and 2, but occupies 3 and 4 occasionally as expected from a Tyr side-chain 

that has minimal external interactions. The graphs depict that Tyrs A and F have a 

preference for occupying states 1 and 2.  

Tyr A is being influenced by its surroundings causing it to stay in states 1 and 2. Tyr 

F also has a sensible result as at 30ns it can be seen interacting directly with the 



P a g e  |  1 5 8  
 

aggregate, holding it in position. Protein D shows a preference for occupying states 

3 and 4 as expected for a Tyr being influenced by its surroundings as seen in Figure 

106 where Tyr D is seen constantly in close proximity to other proteins. 

This system would benefit from longer trajectories to verify these rotamer 

preferences are accurate, as it would be expected that a longer trajectory would 

allow more of the proteins to show Tyr movements into all 4 rotamer states as 30 

seconds is probably not long enough to fully explore the movement patterns. 

Despite this, the rotamer characteristics and protein positioning in Figure 106 do 

adhere to the expectations created by previous trajectories.  

  

  

  
Figure 108 - Time Lapse Rotamer Response of Six Protein System 

As there are only 750 frames (30ns) for this trajectory, it is not as easy to establish 

behavioural patterns within the system (Figure 108). Tyrs A and F appear to have 

the results expected, as they are not able to move freely.  
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Tyr B has some freedom to move and as such shows a preference towards 

occupying states 1 and 2 due to the restrictions, but does occasionally occupy 

states 3 and 4 as expected for a monomer / amorphous aggregate. Tyrs C and E 

initially prefer to be in states 1 and 2 but as the interactions between the proteins 

become more intense through aggregation, there is a shift in preference as they 

start occupying states 3 and 4 more readily. Protein D has one of the most 

interactive Tyr side-chains as it is always in contact with another protein in the 

aggregate and as such has a clear preference towards states 3 and 4 but is not 

being restricted. 

 

Figure 109 - Simulated Anisotropy of Six Protein System. This graph shows the simulated 

anisotropy of both Proteins A (blue), B (red), C (grey), D (orange), E (yellow) and F (tan) as well as the 

average (dotted green). 

Figure 109 shows the calculated anisotropies from this simulation, using a maximum 

correlation time of 14ns (the total trajectory duration is only 30ns). Proteins A, B and 

F have short lived initial decays due to their Tyr movements and have a slow 

relaxation period. This is reasonable as proteins A and B spend most of the 

trajectory as part of the tetramer and therefore have a slow rotation. Similarly, 

Protein F spends the first part of the trajectory being part of a tetramer and then 

being part of dimer and is stuck in the middle of the hexamer aggregate when it 

starts to form before splitting. As such, Protein F has limited movement which is 

shown in the slow relaxation to a nonzero plateau value.  

Proteins C and D have relatively quick initial decays which level out at around 0.1 

initially at a correlation time of around 4ns, which is likely due to the rotamer state 

movements discussed above. Despite this the system still shows characteristics of 

an aggregate forming as the secondary decay shows some complex behaviour on 
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its decay to 0 at a correlation time of 6ns for C and 9ns for D. This monomer like 

response could be due to the shorter time window for analysis and due to the 

rotation of both proteins seen in Figure 106.  

Protein E remains a part of the tetramer throughout the whole trajectory post 

aggregation and this is reflected in the anisotropy decay curve as it has a relatively 

long lived initial decay (due to the Tyr side-chains ability to move) followed by a 

slower relaxation time (that is due to the slow movements within the aggregate) that 

decays to 0 at a correlation time of 8ns. 

6.5.1. Best Fits 

There are two best fit anisotropy graphs for the amorphous hexamer aggregate 

seen in Figure 111 and Table 11, the first has a significantly better correlation fit of 

0.992 and has a larger contribution of 0.272 for the bulk aggregate rotation 

compared to the smaller 0.098 for the Tyr movement. It has an    value of 0.03 and 

r values of 0.112ns for the Tyr side-chain and 5.674ns for the bulk aggregate.  

The second shows a weaker but still acceptable correlation of 0.959 and has a 

significantly higher contribution of 0.325 for the Tyr movements, and a more 

insignificant 0.025 contribution from the bulk aggregate. This is logical as the 

proteins will be unable to move as freely as they are part of a large aggregate in a 

small waterbox. Furthermore, the r values appear more reasonable at 25.183ns 

and 2.897ns for the bulk aggregate and Tyr respectively. These are preferable 

results as a large aggregate in a small waterbox would be expected to have a 

slower rotation than the smaller aggregates discussed previously. The Tyr rotation is 

slow as it spends long periods spent stationary in a single rotamer state (Figure 

108.)  

These rotational times for the second fit are reasonable as they are part of a large 

aggregate in a small waterbox. The aggregate is long and thin, unlike the beta-sheet 

hexamer below which is tightly compact. This implies that the amorphous aggregate 

would have a significantly slower and more complex rotational time when compared 

to the beta-sheet hexamer.   

Never the less, these results seem reasonable as the rotational speeds are slow 

and the anisotropy decay has a relaxation period approximately double that of a 
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monomer. Furthermore, the reason for the decay to 0 for the    value is likely due to 

the presence of dimers in the system and the proteins inability to fully aggregate.  

6.6. A1-42 Amorphous Aggregates Comparative Results 

Simulation Name Species and Decay Type r∞T+r∞B roT-r∞T T(ns) roB-r∞B TB (ns) 

Three Protein System  3 Monomers, 2 Exp. -0.02 0.37 2.27 0.05 23.08 

(No Agg. No Ions) 3 Monomers, 1 Exp. 0.01 - - 0.39 2.44 

Three Protein System  3 Monomers, 2 Exp. -0.04 0.20 0.81 0.24 7.47 

 (No Agg. Ions) 3 Monomers, 2 exp (  =0) 0.00 0.13 0.36 0.27 3.89 

  3 Monomers, 1 Exp.  -0.01 - - 0.41 2.96 

Four Protein System  

 

          

( smallest w.b., Inf. tetramer, 2 Exp. 1 0.00 0.08 0.04 0.32 5.21 

 No Ions)* Inf. tetramer, 2 Exp. 2 0.01 0.11 1.23 0.28 4.951 

Three Protein System             

(Amorph. Dimer Di. & Mon. 2 Exp. 0.01 0.13 0.24 0.26 6.37 

& Monomer, No Ions) Dimer 2 Exp. 0.02 0.09 0.08 0.29 7.48 

Four Protein System  4 Monomers, 2 Exp. 0.00 0.14 0.44 0.26 4.60 

(2 dimers, small w.b., 2 Dimers, 2 Exp. Fit 1 0.00 0.32 1.01 0.08 7.97 

 No Ions) 2 Dimers, 2 Exp. Fit 2 0.02 0.26 0.72 0.12 4.00 

Six Protein System  Tet. & Dimer. 2 Exp. Fit 1 0.03 0.10 0.11 0.27 5.67 

(Tetramer/dimer) Tet. & Dimer. 2 Exp. Fit 2 0.05 0.33 2.90 0.02 25.18 

* see Appendix 5.6 for results of Inf. Tetramer due to a small waterbox. 

Table 11 – A1-42 Amorphous Aggregates Anisotropy Best Fit Variables. W.B is an abbreviation 

of waterbox. 

The amorphous systems are difficult to analyse due to the complexities created by 

including the aggregation and stabilisation processes in the analysis (much like the 

current experimental method used for anisotropy seen in chapter 3). As such, the 

variables used to create the fits are less reliable than that of the beta-sheet 

aggregates. Nevertheless, a pattern can be seen forming when poor fits are ignored 

for example, the first and last results are ignored as they have insignificant 

contributions.   
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Simulation Name Correlation 

3 Monomers, 2 Exp. 0.937 

3 Monomers, 1 Exp. 0.947 

3 Monomers, 2 Exp. 0.992 

3 Monomers, 2 exp (  =0) 0.981 

3 Monomers, 1 Exp.  0.97 

Inf. tetramer, 2 Exp. 1 0.989 

Inf. tetramer, 2 Exp. 2 0.973 

Di. & Mon. 2 Exp. 0.977 

Dimer 2 Exp. 0.983 

4 Monomers, 2 Exp. 0.989 

2 Dimers, 2 Exp. Fit 1 0.985 

2 Dimers, 2 Exp. Fit 2 0.987 

Tet. & Dimer. 2 Exp. Fit 1 0.992 

Tet. & Dimer. 2 Exp. Fit 2 0.959 

 
Table 12 – A1-42 Amorphous Aggregates Anisotropy Correlations of fits [168].  

The monomer systems with an acceptably sized waterbox tend to have a bulk 

aggregate r value of 2.4ns-3.89ns, which is faster than the best fit associated with 

the flat-sheet dimer (see next chapter), which has a r value of 4.9ns as. They also 

rotate more slowly than the A1-40 monomers likely due to the higher concentration 

[39] and longer proteins analysed in this chapter. 

The dimer systems tend to have a r value of 6.4ns-7.9ns, which is slower than that 

of the beta-sheet dimer aggregates. These results are reasonable as the aggregates 

are not fully formed and are not as tightly compact. As such, the amorphous dimers 

will be larger aggregates than their beta-sheet counterparts and therefore will rotate 

more slowly [112]. The A1-40 amorphous dimers rotate faster than these as 

expected as they are slightly smaller and aggregate more readily. 

When the dimer-monomer system is compared to the two dimer system, the dimer-

monomer system has a slightly faster rotation associated with it, as the monomer in 

the system will rotate faster than the dimer, affecting the anisotropy curve 

(simulating a multi-species anisotropy system). When the monomer is removed from 
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the averaging for the decay, the resulting r value for the anisotropy fit (7.5ns) is 

similar to the first r value of the two dimer system (7.9ns). This seems reasonable 

for this system and also shows the impact of multiple species being in one system, 

as the presence of the monomer appears to speed up the average Tyr response 

within the system. 

Finally, the six protein system has two very different results associated with it, and 

as stated above, the second result is more physically reasonable. This is because of 

the small waterbox not allowing the large aggregate to move around freely.  

The Tyr residue rotational times adhere to what is seen previously. The first system 

has no movement from Tyrs B and C and some movement from Tyr A, which 

creates a slow moving rotational time of 2.27ns (potentially a little too slow but still 

follows the general pattern.) The second system has a fair bit of rotamer movement 

for A and B with limited movement in C giving a rotational time of 0.24ns. The third 

system has a lot of movement from Tyrs A and C with less for Tyr B, which is also 

reflected in the rotational times of 0.81ns or 0.36ns. The original T value for the 

fourth system was far too short to be considered correct, so a second fit was created 

and though it has a larger error associated with it, it is still within the accepted range 

(0.973) and gives more reasonable results. It shows a similar backbone rotational 

time and a 1.2ns T value which is reasonable as the Tyrs do not move between 

rotamer states as readily in this trajectory. The fifth system has an analysis before 

and (as much as possible) after aggregation. On average there is more movement 

pre-aggregation than there is post aggregation, which is reflected in the rotational 

times in the table above which are 0.44ns and 1.01ns/72ns respectively. Finally, the 

last trajectory has fast moving Tyr residues, which is reflected in the T value 0.11ns. 

This result follows the pattern but is likely too short to be the true value; this is 

probably related to the short length of the trajectory. The second fit had already 

been ignore due to put backbone rotational time, but can also be ignored due to its 

incredible fast Tyr rotational time too. 
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Figure 110 – A1-42 Amorphous Monomer Best Fit Graphs 

As expected, Figure 110 shows that all monomer proteins behave in a similar 

manner as they decay rapidly in the beginning within the first 5ns of the correlation 

and the variation seen is due to varying levels of rigidness in the Tyr movements as 

depicted by the rotamer graphs [112]. The two curves with the slowest initial decay 

(orange and light blue) both have extremely small waterboxes, which hinders the 

proteins rotation due to the lack of space and as such are expected to take longer to 

plateau [112] [163].  

The other monomer trajectories all show similar results with only small variations 

created from the unique environments of each of the monomers, which is caused by 

the random nature of the NAMD calculations [173]. They also show slightly slower 

decay times than a single monomer system (see Chapter 5.9), this is because there 

are multiple proteins in each system which will interact and affect the overall 

rotational time of the monomers. This is further supported as the curves take longer 

to plateau at a value of 0 for the four monomer systems, when compared to the 

three monomer systems [112]. 

Although a lot of these monomers do not change conformation (which is possibly a 

sign of misfolding [172]). There are still some that change conformation and do not 

aggregate. Regardless, the results we see for the anisotropy are still sensible [112] 

[163]. There is also no guarantee that this change in conformation was needed for 

the aggregates seen below in Figure 111. 
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Figure 111 – A1-42 Amorphous Aggregates Best Fit Graphs 

The trajectories that involve amorphous aggregation are in Figure 111 and also 

show promising anisotropy decays. The results are colour coded to help distinguish 

when more than one fit is associated with one system. The blue curves show the 

results for the system that contained a dimer and a monomer. The darker blue curve 

depicts the results for the full trajectory (which includes before aggregation occurs) 

and it has a significantly faster decay and a lower    value.  

The light blue decay shows the results for after the dimer has formed and shows a 

slower decay towards 0 as expected from literature [112]. When the monomer is 

ignored and the average of the dimer is taken, the resulting graph (in red) shows an 

almost identical decay curve, but has different fitted variables associated with it, due 

to the effects of the monomer.  

As the single monomer does not affect the average decay curve significantly, it 

suggests that the aggregation process has a greater effect on the curve. This has 

been seen in the experiments as the aggregation clearly affected the anisotropy as 

the aggregates increased in size, the second lifetime become more dominant 

(Chapter 3.3) [112] [167]. This is confirmed when the full trajectory and the post-

aggregation trajectory are compared, which are different due to the proteins moving 

in different ways. 

The dark and light purple graphs depict a two dimer system, which have very similar 

results. The subtle difference in these two best fit curves is impacted by significantly 
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different variables used for fitting (see Table 11.) The variables associated with the 

dark purple fit follow the pattern that is forming form the results, as they show an 

aggregate of a more appropriate size relative to the monomer results. Regardless, 

both graphs have a significantly faster decay than expected when compared to the 

dimer-monomer system discussed above.  

Firstly, this is due to the smaller range of results available for analysis, as can be 

seen in the shorter correlation time available, but is also due to the two dimer 

system being analysed before the aggregates starts to form. This is unavoidable 

due to the length of the trajectory causing the early stages of the analysis window to 

include the erratic movements of the proteins forming the dimers. As explained 

previously, this will affect the anisotropy decay, making the curve decay to 0 much 

more readily. These results further show the complications within the experimental 

anisotropy method being used currently as aggregation occurs during the anisotropy 

analysis. 

The results in green depict the six protein system which almost instantaneously 

forms a dimer-tetramer system, which begins to form a hexamer before splitting off 

again into a different dimer-tetramer system. As such these best fit graphs show 

significantly slower decays than the smaller aggregates [112] [167]. 

6.7. A1-42 Monomers and Aggregation Conclusions 

In conclusion, the overall shape of these proteins is very similar to that of the A1-40 

simulations showing very few differences with regards to the alpha helical structure 

found in the central region of the proteins and near the tails [171] [174]. These 

helical structures do appear to unravel sometimes (and more commonly in 

aggregated proteins [172]). Furthermore, when part of an aggregate, there appears 

to also be a small probability for beta-sheets to start forming, though within the 

scope of these simulations it is still far from the shape suspected to be required for 

fibril formation and growth [63] [172]. Furthermore, as with A1-40, there is no 

presence of the 5th or 6th rotamer state, with rotamer states 3 and 4 being more 

dominant in aggregated proteins, further suggesting that the interactions are what 

cause this stability for holding the 3rd and 4th states. 

There is a general increase in the r values associated with bulk aggregates as they 

increase in size as seen previously [112] [163]. As discussed in the previous 
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chapter, this can be directly related to the changes in the decay curves. These 

changes are caused by the Tyr side-chain movements (as shown by their rotamer 

movements,) which causes changes in the initial decay. The slowing rotation of the 

entire aggregate (due to its increase in size seen in the trajectory images) also 

causes changes to the relaxation period leading to a rising plateau level. This can 

be seen throughout all three MD chapters and is supported by the results in the MC 

simulation results [112]. 

These connections help strengthen the understanding of what affects experimental 

anisotropy decays and how these simulated anisotropy decays relate to those 

experiments. These results are also comparable to that of the beta-sheet structures 

in chapter 7, with some variances that can be easily explained. This further 

strengthens the reliability of the results and further shows that rotamer states 5 and 

6 only appear in the more rigidly aggregated beta-sheet models (see chapter 7). The 

results also potentially indicate that the protein misfolding plays a part in the 

aggregation [172], as the proteins did not readily aggregate when the horseshoe 

motif did not appear to be readily forming [63] [172]. 

Though it is not clear from the results shown here whether protein misfolding occurs 

prior to or during aggregation, it is clear that it must occur for the protofibril 

structures (see below) to form [63]. Some trajectories show an increased ability for 

the proteins to aggregate when their conformation has folded into other shapes 

[172]. However, many of the simulations demonstrated the fact that an amorphous 

aggregate would form with and without the “misfolded” shape. These results suggest 

that misfolding and amorphous aggregation occurs simultaneously in the early 

stages of the aggregation process, though significantly longer simulations would be 

required to justify this, as it is possible that one must occur before the other. For 

example, amorphous aggregates form first, then misfolding leads to the protofibril 

stacking or the misfolding occurs first then the aggregation occurs. Misfolding 

occurring after amorphous aggregation is supported by work by Strodel et al where 

they also saw aggregation preceding conformational changes [176].  
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7. Results and Discussion: MD Beta-sheet Aggregation for 

A1-42 

This final chapter shows the MD results of the trajectories of A1-42 proteins which 

have either begun to formed or have formed a protofibril [63]. These simulations 

follow the same pattern as the previous two chapters, using MD and VMD to extract 

the structural changes, Tyr residue position and overall aggregate shape. Each 

simulation in this section was allowed to run for a minimum of 40ns and the full 

protofibril structure was run for 200ns without ions and 110ns with ions. 

The original structure used for these simulations was taken from work by Waelti et al 

(2NAO.pdb) [63]. This system is originally made up of six A1-42 proteins configured 

into the shape of a basic proto fibril and is considered to be one of the stable 

conformations. Charmm22 and Charm27 hybrid forcefield and TIP3P water model 

were used [124] [125] and the visualisation of each of the simulations was created 

through VMD [146]. 

The systems discussed in this chapter have been created by removing different 

proteins from the hexamer protofibril structure ranging from dimers to tetramers, in 

an attempt to discover possible aggregation pathways associated with these 

proteins. As the proteins must aggregate together and have a specific conformation 

to repeatedly stack to form the fibrils [50] [63], one (or more) of these dimer-tetramer 

structures could be part of the aggregation process. These systems will be studied 

in a similar manner as the previous chapters; studying how the proteins move, 

noting conformational changes, or any other features, such as Tyr residue position, 

dihedral angles (rotamer states) and freedom as was done in other work [44]. As 

has been seen in the previous chapters, the combination these can reveal important 

information that could be potentially linked to experimental work [44] [112]. 

Simulated anisotropy models are then created and compare to both the 

experimental work and the other A simulated anisotropy results. This chapter is a 

detailed study of how the early stages of A1-42 fibril formation may begin to occur, 

as well as reveal information about the basic protofibril structure. 
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7.1. Flat-sheet Dimer 

A simulation of a potential dimer structure for A1-42 is illustrated in Figure 112. The 

simulation begins with two proteins that have aggregated together to form a “plate-

like” structure used as the foundation for fibril stacking [50] [63]. This structure could 

potentially aggregate with another dimer of the same shape; stacking one atop the 

other to create a tetramer as seen in Figure 130.  This process could repeat to form 

a hexamer (Figure 139) and continue to repeat forming larger aggregates until there 

are no monomers left in the system [50]. This shape is supported in the literature: 

beta-sheets begin to form when enough of these structures stack and forms the 

prefibrilar assemblies (protofibrils) discussed in Figure 6 and would be the basic 

building block for the creation of protofilaments [50]. This dimer may not necessarily 

occur during the aggregation process, another example pathway that could create 

the prefibrilar assemblies, would be amorphous aggregates that misfold to form a 

hexamer prefibrilar assembly. The time scales of MD do not allow for us to obtain 

this information and there are many different potential pathways that could be 

responsible for the beta-sheet formation.   

 

 

 

  

T=0ns T=20ns T=50ns 

Figure 112 – Flat-sheet Dimer Stabilization. The panels shows the position of protiens A (blue), B 

(red), with Tyr side-chains highlighted (green) with the The VDW interactions indicated by the 

transparent spheres: Purple denotes alpha-helix structure, red denotes pi-helix, white denotes a coil, 

cyan denotes a beta turn and yellow or tan denotes beta-sheet structures. The beta-sheets are further 

denoted by the arrow-like shape with the proteins.The first panel shows the starting postion of the 

proteins. The middle panel shows the trajectory at 20ns and the right panel shows the system at the 

end fo the trajectory at a time of 50ns. 

In theory, if this dimer is the foundation of the aggregation process, it must be in a 

state of equilibrium and therefore the conformation of the aggregate should remain 

stable. However, as the trajectory progresses the dimer begins to fold in on itself, 
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burying its hydrophobic regions showing structural similarities to that of the 

amorphous aggregates seen above [122], implying that this is an unstable structure 

and is unlikely that the aggregate would readily form like this.  

This change in conformation begins to happen instantaneously and as seen in 

Figure 112 by T=20ns monomer B has already folded into monomer A. Beta-sheets 

begin to form instantly within the individual proteins themselves [171], though the 

first beta-sheet does not become stable until the later stages (characterised by the 

arrows in the blue protein at 50ns). These beta-sheets form due to the close 

proximity of the backbone allowing the anti-parallel beta-sheets to form in both 

protein A and B (but there are no beta-sheet interactions between the two proteins) 

[49], by the end the only stable beta-sheet present is in protein A between residues 

Val18 and Phe19 and Ile31 and Ile32. 

The hydrophobic residues continue to bury themselves away from the water 

molecules throughout the rest of the trajectory and reach the final position shown in 

Figure 113 [122].  

           

          

       

         

Figure 113 - Hydrophobic Sections of Flat-Sheet Dimer. Proteins A and B (in Gold and Blue) on the 

left and the hydrophobic sections (in red) are shown against the hydrophilic (blue) sections on the right 

at T=40ns. 
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Figure 114 - Flat Sheet Dimer Rotameric Response. The two graphs depict the orientations that the 

Tyr side-chains of monomer A (blue) and B (red) favour during the 50ns trajectory. The centre for each 

is approximately (60,60), (240,60), (120,180), (300,180)  for Tyr A and (80,70),(260,70) (100,170), 

(395,175) for Tyr B.  

The Tyr residue’s rotamer conformations are shown in Figure 114. These results 

indicate that both Tyr side-chains in protein A and B have the same four rotamer 

forms seen in the amorphous aggregates. However, Tyr A appears to have a larger 

affinity towards states 3 and 4 and Tyr B shows a preference to states 1,2 and 3. 

As discussed in Figure 149 and Figure 150, these affinities to certain rotamer states 

occur due to the subtle differences in the environment surrounding the Tyr side-

chains, through the interactions with the aggregate backbone and the local 

surrounding residues. Figure 112 illustrates that protein B has more restrictions than 

A, though the state movements suggest it is a minimal difference. 
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Figure 115 - Tyr movement between States of Flat Sheet Dimer. These graphs show the Tyr side-

chain movements between the different states over the course of the trajectory with the x axis showing 

the different states and the y axis showing the frame within the trajectory. 

The graphs in Figure 115 show that Tyr A moves between the four states in a more 

erratic manner than Tyr B. Once the proteins have aggregated more closely 

together Tyr A shows a preference to states 3 and 4. This is because the local 

environment is close to the Tyr side chain, influencing it to twist. It should be noted 

that the Tyr side-chains move from state 1 to 2, 2 to 3, 3 to 4 and 4 to 1, as 

expected for the Tyr side-chains. 

 

Figure 116 - Simulated Anisotropy of Flat Sheet Dimer. This graph shows the simulated anisotropy 

of both Proteins A (blue) and B (red), as well as the average that both create (dotted green).  

The anisotropy decay of this dimer trajectory is shown in Figure 116. This system 

starts with the proteins already aggregated, unlike the amorphous aggregates. The 

system has a short lived initial sharp decay, followed by a slower relaxation period 

that decays to ~0 as expected from an aggregate. This sharp decay is initially quite 
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steep but is more shallow at a correlation time of around 1ns which indicates that 

the Tyrs have less movement available to them than a free moving Tyr, as is seen in 

Figure 115. This relaxation period is also logical as the aggregate moves more 

slowly than a monomer.  

An early plateau value of 0 usually suggests that there is no aggregation in the 

system. However, this characteristic is potentially related to the large movements 

created by the folding of the protein. The flat-sheet configuration is not stable, and 

as such the proteins try to find a conformation that is more favourable. This causes 

large movements at the start of the trajectory allowing the aggregate backbone to 

move more freely.  

7.1.1. Best Fits 

When fitting the best fit graph to the flat-sheet dimer’s average anisotropy of both 

Tyr side-chains, there are two potential results (see Table 13). The first fit is forced 

to decay to 0 to allow for ideal results as there should not be a negative    value. 

This results in a rotational time (r) of 0.33ns for the Tyr’s fast response and 2.56ns 

for the entire aggregates slower rotation, where both mechanisms have significant 

contributions (0.167 and 0.233 respectively).  

The second graph fit allows the best fit program to take on any values, including    

values of lower than 0. This creates resulting r values of 0.32ns (for the Tyr) and 

4.8ns (for the backbone) with contributions of comparable size (0.188 and 0.262 

respectively). Despite some minor differences, the two graphs for fitting are similar 

and both appear feasible as they have correlations of 0.970 and 0.985 for the first 

and second fits respectively, so the error in the fits is minimal. 

The lack of stability here suggests that it may require interaction from other ions or 

proteins to be stable and be part of the aggregation pathway. There must be 

external forces maintaining the structure to allow aggregation to occur. This could be 

due to ions present in the system, or perhaps bonded metal ions as discussed in 

previously. 
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7.2. Stacked Dimer 

In Figure 117 another potential dimer shape is shown, using a parallel “stacked” 

formation rather than a flat-sheet like formation. It does not interact with itself 

through the periodic boundary. 

 

 

 

 

 

T=0ns T=20ns T=50ns 

Figure 117 –Stacked Dimer Stabilization. The panels shows the position of protiens A (blue), B 

(grey), with Tyr side-chains highlighted (green) with the The VDW interactions indicated by the 

transparent spheres: Purple denotes alpha-helix structure, red denotes pi-helix, white denotes a coil, 

cyan denotes a beta turn and yellow or tan denotes beta-sheet structures. The beta-sheets are further 

denoted by the arrow-like shape with the proteins.The first panel shows the starting postion of the 

proteins. The middle panel shows the trajectory at 20ns and the right panel shows the system at the 

end fo the trajectory at a time of 50ns. 

This structure in Figure 117 appears more stable and is a much more likely 

candidate for the aggregation from the amorphous structures to the protofibril 

structures as is seen for A fragments in literature [48] [176] [244]. The stability 

appears to be due to the beta-sheets present above and below the Tyr residue (in 

green) [49] [171]. The beta-sheets are indicated by the yellow transparent VDW 

spheres and the long arrow-shapes in the MD “cartoon” representation. This 

aggregate holds its shape and does not fold in on itself, unlike the flat-sheet dimer. 

However, the trajectory shows signs that the structural stability is still lacking 

(relative to the hexamer protofibril), as the backbone at the head of the protein 

(above the Tyr’s) start to lose form and is incapable of forming stable beta-sheets. 
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Figure 118 – A Stacked Dimer Rotameric Responses. The centre for each is approximately 

(110,170) and (290,170) for Tyr A and for Tyr B (100,170),(290,170) and (80,290).  

Figure 118 shows the rotamers for Tyr side-chains in the stacked dimer. Both Tyr 

side-chains have a preference for occupying the third and fourth rotamer states with 

Tyr A having two main rotamer states with a wide spread occupation across the C to 

CG dihedral angle. This could be attributed to the restrictions that can be seen in 

Figure 117, as Tyr A is interacting with the first few residues in its own backbone. 

These interactions affect the Tyr by restricting its movement and forcing it to twist 

into the higher states. This is further supported by the anisotropy data seen in Figure 

120 as it shows clear signs of aggregation and a shallow initial decay.  

 

In contrast, Tyr B occupies states 3 and 4 readily and also a new rotamer state 

(state 5). Based on the Tyrs position seen in Figure 117 it is influenced by the head 

and tail of the backbone affecting its ability to move allowing it to occupy a new 

rotamer state, only seen in the stacked structures (see Figure 151.) Furthermore, 

these rotamers in Figure 118 are more concentrated on the graph with a narrow 

distribution. The difference seen between the two Tyr side-chains is due to the local 

environments surrounding them.  
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Figure 119 - Time Lapse Rotamer Response of Stacked Dimer.  

The evolution of the Tyrs rotamer states can be seen in Figure 119. Tyr A has more 

variable motion in its C-CD1 angle and almost no movement in its C to CG angle 

which is why it remains in states 3 and 4 throughout the trajectory. This shows that 

the stacked aggregate conformation must be influencing the Tyr side-chain, forcing 

it to twist along the C to CG dihedral angle and allowing it to occupy states 3 and 4 

readily (Figure 150). Tyr B has less frequent movements between states, as it 

remains in one state for long periods, although it does have some more motion 

associated with it as it moves into state 5. This will be due to the surrounding 

environment influencing its movements. 

The movement between rotamer states for both Tyr side-chains adhere to the 

pattern discussed previously. However, Tyr B also briefly accesses the fifth rotamer 

state by traversing from rotamer 4 to 5 and back to 3, which is caused by strong 

local interactions (Figure 151).  

Rotamer states 5 and 6 do not appear in any results except the beta-sheet 

aggregates that have a stacking mechanism in them. This implies that once 

influenced into favouring states 3 and 4, the Tyr can then further twist along the C to 

CG dihedral angle, and begin occupying these previously unseen states 5 and 6 (see 

Figure 148 and Figure 151.) 
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Figure 120 - Simulated Anisotropy of Stacked Dimer. This graph shows the simulated anisotropy of 

both Proteins A (blue) and B (red), as well as the average that both create (dotted green). 

The anisotropy response of protein A has a short lived initial decay followed by a 

relaxation that plateaus at roughly 0.1, implying it is part of an aggregate. This 

adheres to what has been stated previously suggesting that Tyr A has limited 

movement due to its surroundings.  

Protein B has a sharper initial decay similar to that of a monomer. This is due to the 

backbone twisting within the aggregate, creating a larger degree of movement for 

Tyr B and could also be related to the movement seen in both dihedral angles. The 

graph then relaxes to approximately 0.01.  

The average response shows signs of aggregation as it has a slower initial decay 

than a monomer, this is then followed by a relaxation time that gives a plateau value 

of 0.06. The increased rigidity in the backbone creates a smoother average curve as 

there is less movement from the Tyr movements when compared to the flat-sheet 

dimer as the folding mechanism allows greater movement from the Tyr side-chains.  

7.2.1. Best Fits 

The resulting variables for the best fit graph in Table 13 a stronger involvement of 

the mechanism with the r value that is likely associated with the bulk aggregate 

rotation. This slow r value of 2.08ns has a contribution of 0.254 and the Tyr’s fast 

response has a contribution of 0.046 and a value of 0.019ns. This difference in r 

values between the two dimer systems can be explained as the stacked dimer is 

more compact and therefore will have a faster r associated with the bulk aggregate. 
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7.3. L-Shaped Trimer 

The aggregate shown in Figure 121  has an L-shape structure, which is assumed to 

form from a monomer aggregating into a dimer rather than multiple flat-sheet dimers 

stacking to form the protofibril, as was suggested above [63]. The initial structure 

combines the two beta-sheet simulations seen previously as this system has 

features from both the “stacked” structure and the flat-sheet structure.  

As such, this structure would form by either a monomer aggregating with a stacked 

dimer or a monomer aggregating with a flat-sheet dimer. This is an unlikely pathway 

for the aggregation process to take based on the literature [50] [63] and is seen by 

the unstable nature of the protein in Figure 121. It would be impossible for another 

protein to aggregate on top to create a fibril-like tetramer. Nevertheless, the resulting 

anisotropy decays gives a deeper understanding of what they depict and can be 

compared to the dimer structures [112], as it shares characteristics from both the 

flat-sheet dimer and the stacked dimer.  

 

 

 

 

 
 

T=0ns T=20ns T=50ns 

Figure 121 – L-Shaped Trimer Stabilization. The panels shows the position of protiens A (blue), B 

(red) and C (grey) with Tyr side-chains highlighted (green) with the The VDW interactions indicated by 

the transparent spheres: Purple denotes alpha-helix structure, red denotes pi-helix, white denotes a 

coil, cyan denotes a beta turn and yellow or tan denotes beta-sheet structures. The beta-sheets are 

further denoted by the arrow-like shape with the proteins.The first panel shows the starting postion of 

the proteins. The middle panel shows the trajectory at 20ns and the right panel shows the system at 

the end fo the trajectory at a time of 50ns. 

As stated previously, this structure requires stability to be a candidate for the 

aggregation process. At T=0ns the expected stable structure is shown as another 

protein would aggregate onto this to create a flat-sheet tetramer (see Figure 130). 

However, once the trajectory begins it is apparent that the structure is not stable. 
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The beta-sheets are initially between the proteins A and C from Asp1-Hsd6, Gln15-

Phe19 and Val40-Ile41, and end as Phe4-Arg5, Ala30-Gly33 and Gly38-Ile41. A beta-sheet 

also forms between protein B and C (Gln15-Lys16 in protein C and Gly37-Gly38 in 

protein B). The stacked part loses conformational stability in a manner similar to the 

stacked dimer; with the tips of the protein backbones losing structural stability at the 

points where the beta-sheet bonds were not as strong.  

The grey protein (C) folds in on itself quickly just like the flat-sheet dimer, due to 

hydrophobic sections burying themselves away from the water and the hydrophilic 

sections protecting them as seen in Figure 122 [112].  

 

              

 

            

Figure 122 - Hydrophobic Sections of Flat-Sheet Dimer. Proteins A, B and C (in Brown Orange and 

Blue) on the left and the hydrophobic sections (in red) are shown against the hydrophilic (blue) sections 

on the right. 

The structure loses most of its shape as the trajectory progresses and begins to 

share characteristics with an amorphous aggregate, though it is more structured 

than both the flat-sheet and the stacked dimer. This could suggest that as the 

aggregate gets bigger, it becomes more stable and could promote growth once the 

aggregate reaches a particular size, which could explain the lag phase observed 

experimentally in protein fibrillation [44] [50].  
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Figure 123 – L Shaped Trimer System Rotamer Response. The central coordinates for Tyr A’s 

rotamer’s are approximately (110,65), (250,60) and (110,170). Tyr B has two rotomer state (100,170) 

and (290,175). Tyr C has more traditional positons (65,65), (250,65),(110,175) and (290,175). 

With protein A and B being part of the stacked aggregate they both shows signs that 

the Tyr side-chains are trapped. Protein A has a preference to occupying the least 

twisted states (states 1 and 2) and protein B has a preference towards states 3 and 

4. This is due to the way the Tyr residues are interacting with each other, as Tyr A is 

being restricted to states 1 and 2 and Tyr B is being forced into the more twisted 

states (3 and 4). This is comparable to the Tyr positions in Figure 69. These 

responses are very similar to that of the stacked dimer. The reason that the 

responses are different is, firstly, due to random interactions, but can also be due to 

the interactions with the other nearby proteins causing the Tyr residue to favour 

different positions due to its local environment, as discussed previously. 

In contrast, Protein C has the four rotamer positions, identified previously for 

monomers. Although it is part of the aggregate, protein C is still freely moving and 
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spends a significant portion of the trajectory seeking a stable conformation. There 

are no external interactions affecting Tyr C except the backbone being slowed as 

part of the aggregate. 

Both these effects are seen in previous simulations as protein A and B show similar 

responses to that of the stacked dimer with some variation that could be attributed to 

the influences of protein C. Protein C shows results similar to that of the flat-sheet 

dimer, with some variation attributed to being part of a bigger aggregate and not 

folding in on itself in the same manner as seen in the flat-sheet dimer.  

  

 

Figure 124 - Time Lapse Rotamer Responses of L-Shaped Trimer.  

 

The early occupation of states 3 and 4 in Figure 124 for Tyr A will be due to its 

surroundings. Just before 10ns Tyr A’s backbone twists in the trajectory, which 

allows it enough freedom to move into states 1 and 2 and is forced to remain there 

due to the interactions with Tyr B. Tyr B remains in the states 3 and 4 throughout the 

entire trajectory due to these interactions as discussed above causing restricted 

movement. These results are similar to the responses seen in the stacked dimer.  
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Tyr C has erratic movement due to its freedom, which is similar to what is seen in 

the flat-sheet dimer as the Tyr’s are moving freely with minimal restriction. The 

response is much more erratic here, which is likely due to having a larger aggregate 

attached to it.  

The L shape requires stabilisation for this system and prevents the fifth and sixth 

rotamer states from forming. This is due to the influence of the folding mechanism 

making it unfavourable as the aggregate does not remain as tightly packed. 

The external influences of the backbones and aggregate skew the average position 

of the rotamers when compared to other systems, implying that the external forces 

are having an impact on the Tyr’s movements. Regardless of this, they also adhere 

to the rules 1 to 2, 2 to 3, 3 to 4, 4 to 1. This includes Tyr C, although it has a single 

instance of moving from state 1 to 3 which is a frame-rate truncation effect, or an 

unusual twisting motion. 

These results further suggest that the Tyr side-chains likely prefer to move through 

the states in a certain order, with states 5 and 6 being difficult to occupy as they 

must be part of a tightly packed aggregate (such as the stacked dimer) to force the 

Tyr to twist in the manner required (Figure 151.) 

 

Figure 125 - Simulated Anisotropy of L-Shaped Trimer. This graph shows the simulated anisotropy 

of Proteins A (blue) and B (red) and C (grey), as well as the average (dotted green). 

Proteins A and B simultaneously reach 0 at a correlation time of roughly 18-20ns 

which is much later than the dimer response that is seen above. Proteins C has a 

sharp initial decay followed by a slower secondary decay as seen with the flat-sheet 
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dimer which is likely due to the Tyr’s erratic movements. The slower decays from 

proteins A and B, is due to the lack of movement from their Tyr residues. 

When compared to the dimers, protein A has a significantly slower initial decay due 

to the fact that the Tyr is interacting closely with protein B, which traps it. The 

response is still comparable to the stacked dimers as it is a slow decay, despite the 

folding movement, creating an apparent faster rotation.  

Protein B shares similar characteristics to that of protein A as it has a significantly 

slower initial decay due to the Tyr’s position between the backbones of protein A 

and B that traps it, and limits its movement.  

As it is in a similar position as the proteins in the flat-sheet dimer simulation, Protein 

C has significantly more freedom and is the cause of the faster decay to a plateau 

value of approximately 0. This is a similar response to a monomer, though slower as 

it is part of a slower moving aggregate. The initial drop followed by a secondary 

slower drop is either a complexity caused by the involvement of three mechanisms 

influencing the Tyr or more likely an artefact from the analysis window being 

relatively narrow. These mechanisms are Tyr side-chain movements, the bulk 

aggregate rotation and folding mechanism. Despite these complexities the average 

graph is relatively unaffected and a two exponential fit is adequate. 

7.3.1. Best Fits 

The best fit graph shows a contribution value 0.34 for slow mechanisms with a r 

value of 5.454ns and a 0.061 contribution for the fast mechanism with a value of 

0.05ns for the Tyr. The rotation of the bulk aggregate has slowed significantly due to 

the increase in size, when compared to the dimers.  

7.4. Stacked Trimer 

The following structure is also a potential structure for how A1-42 monomers 

aggregate to form a trimer, though there are other works that describe similar 

stacking processes, though there are some conformational differences [48][176] 

[244]. It is impossible at this point to know conclusively if this stacked trimer is 

incorrect as it appears stable. Despite which is correct, the structure still creates 

useful information about how A anisotropy curves begin to form compared to the 

literature [112]. The trajectory seen in Figure 126 begins with three proteins stacked 
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on top of each other, similar to the stacked dimer and protofibril literature [176] 

[244].  

For the first 20ns there is limited movement with some minor loss of shape 

beginning to occur at the beta-sheet sites near where the Tyr side-chains are 

located (parallel beta-sheets between the three proteins at Ala2-Hsd6, Gln15-Val18, 

Asn27-Val36 and Val39-Ile41). The beta-sheets do not lose their structure completely, 

but do move slightly throughout the trajectory as it becomes more stable, ending at 

Asp1-Phe4, Leu17-Phe20 Ala30-Ile32 and Val39-Ile41 [49] [171]. The Tyr’s appear to 

spread out as far as they can from each other, within the limits of what the protein 

backbone aggregates allow at 30ns. Furthermore, the conformational changes 

become more distinct at 30ns which is similar to what is observed for the stacked 

dimer.  

 
 

 

 

T=0ns T=30ns T=50ns 

Figure 126 – Stacked Trimer Stabilization. The panels the position of protiens A (blue), B (red) and 

C (grey) with Tyr side-chains highlighted (green) with the The VDW interactions indicated by the 

transparent spheres: Purple denotes alpha-helix structure, red denotes pi-helix, white denotes a coil, 

cyan denotes a beta turn and yellow or tan denotes beta-sheet structures. The beta-sheets are further 

denoted by the arrow-like shape with the proteins.The first panel shows the starting postion of the 

proteins. The middle panel shows the trajectory at 20ns and the right panel shows the system at the 

end fo the trajectory at a time of 50ns. 

This bend in conformation becomes progressively more apparent throughout the 

rest of the simulation (50ns) and the three Tyr residues stay as far from each other 

as they can. The Tyr side-chains have freedom to move but are affected by 

interactions caused by the proximity of the protein backbones within the aggregate. 

The overall structure of this stacked trimer stays consistent without becoming 

unstable, except at the heads of the proteins, implying that this structure is more 
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stable than the dimer. This suggests that a larger stack will create a more stable 

system; see Figure 139 below for the largest (and most stable) aggregate we have 

explored [63]. 

 

 

Figure 127 – Stacked Trimer’s Rotamer Response. The central coordinates for Tyr A’s rotamer’s are 

approximately (60,60), (240,60), (110,170), (290,170) and the rarer (280,290). Tyr B has the regular 

(but slightly skewed) rotomer state 55,65), (250,60), (110,175) and (290,170). Tyr C also has the more 

traditional positons (65,65), (260,60), (115,175) and (290,170).  

For the stacked trimer, the Tyr side-chain in Protein A (Figure 127) has similar 

results to those seen for Tyr B in Figure 118 in the stacked dimer trajectory. It has a 

preference towards states 3 and 4 but also occupies the sixth rotamer state. This 

suggests that the stacking mechanism must influence the Tyr. The stacking 

mechanism creates tightly packed aggregates that appear to influence the Tyr side-

chains, which allows them to occupy these more extreme rotamer states. This in 

contrast with that seen in the stacked dimer as the new 6th states are completely 

uninhabited.  
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Tyr B and C have typical rotamer states with Tyr B having a higher density of states 

3 and 4, a characteristic seen in these tightly aggregated systems. Tyr C being on 

the bottom of the stack has more manoeuvrability and does not get trapped between 

the stacks allowing it to favour the first and second rotamer states as expected. 

  

 

Figure 128 - Time Lapse Rotamer Responses of Stacked Trimer.  

 

As can be seen in Figure 128, all three Tyr residues have significant movement 

around their rotamer states due to the local interactions. Tyr A and C appear to be 

the more restricted Tyrs in this system. Tyr B has the most erratic movements 

possibly due to being between the other two proteins, but has freedom to move due 

to the twist in the backbone giving it relative freedom. Tyr A’s C to CG dihedral angle 

movement is significantly more rigid and favours staying twisted away from states 1 

and 2 due to its proximity to the other protein backbones.  

The Tyr side-chains adhere to the traditional movements between rotamer states, 

except one instance of a jump from state 3 to 1 for Tyr B. Tyr C also occupies 

rotamer states for brief periods; however it spends most of its time manoeuvring 

between the first and second states. This is due to the Tyr position at the bottom of 

the stack within the aggregate. Tyr A spends a large portion of its time in the sixth 
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rotamer state after moving there from the fourth rotamer state, before jumping back 

to the first state where it continues to occupy the traditional states. 

 

 

Figure 129 - Simulated Anisotropy of Stacked Trimer. This graph shows the simulated anisotropy of 

Proteins A (blue) and B (red) and C (grey), as well as the average (dotted green). 

Anisotropy results for this simulation are shown in Figure 129. Protein A has a 

shallow initial decay followed by a slow relaxation that decays to just about 0.1 by 

the end of the 23ns correlation time window. This is reasonable as it is interacting 

closely with protein B throughout the whole trajectory, which caused rigidity in the 

protein and Tyr movements. 

Protein B in contrast, has a much sharper initial decay and has plateau value of 0. 

This initial decay resembles a monomer response, as the Tyr has erratic 

movements due to the freedom it has to move, despite being the middle protein in 

the aggregate. However, it does have some complex behaviour and it takes a long 

time to level out to 0. These complications are indicative of an aggregate response 

and are due to the interactions with the other proteins and the slow bulk aggregate 

rotation.  

Protein C has a slower initial decay due to the Tyrs interactions with the aggregate 

backbone, giving it slow movements relative to the other two proteins as shown in 

Figure 128. It then has a relatively fast relaxation to a negative plateau value. This 

relaxation is slower than a monomer response due to the larger size of the 

aggregate, but is relatively quick for the aggregate as it is on the bottom of the 

aggregate giving it more room to move. 
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These results are feasible as the Tyr side-chains for proteins have freedom to move 

around but are limited by their backbones being more rigidly aggregated together.  

7.4.1. Best Fits 

The best fit graph for the average of this anisotropy decay is shown in Figure 147 

and Table 13. It shows contributions of 0.34 and 0.06 for the aggregate and Tyr 

responses respectively with rotational times of 7.58ns and 0.51ns. These results 

conform to what is expected of this system, as the larger r value for the bulk 

aggregate is indicative of a slower rotation and therefore a larger aggregate, which 

is expected as there is one extra protein in the aggregate when compared to the 

dimer. The system shows the response of a larger aggregate than the L-shape 

trimer as it is in a more stable and compact conformation and does not move as 

erratically and therefore, rotates more slowly. The Tyr’s slow r will be due to the 

interactions from their surrounding environments. 
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7.5. Flat-sheet Tetramer 

The following structure (Figure 130) is a crucial candidate pathway for how A1-42 

aggregates into fibril structures, as seen in the Figure 6 [50] [63]. This aggregate 

forms when two flat-sheet dimer’s come into contact and aggregate together, 

creating this flat-sheet tetramer. The two sheets will stack on top of each other, with 

a slight rotation about the normal axis between the sheets, in order to create the 

“spiralling” characteristic of a fibril. This process could continue until an A1-42 

amyloid fibril is formed [50]. Again, this is only hypothetical as there are other 

aggregation pathways that could occur. 

 

 

 

 

 

T=0ns T=10ns T=50ns 

Figure 130 – Flat-Sheet Tetramer Stabilization. The panels the position of protiens A (blue), B (red), 

C (grey) and D (orange) with Tyr side-chains highlighted (green) with the The VDW interactions 

indicated by the transparent spheres: Purple denotes alpha-helix structure, red denotes pi-helix, white 

denotes a coil, cyan denotes a beta turn and yellow or tan denotes beta-sheet structures. The beta-

sheets are further denoted by the arrow-like shape with the proteins.The first panel shows the starting 

postion of the proteins. The middle panel shows the trajectory at 20ns and the right panel shows the 

system at the end fo the trajectory at a time of 50ns. 

Figure 130 depicts the trajectory of the flat-sheet tetramer and begins in what is 

assumed to be a stable formation for this aggregate [63]. However, after the first 

10ns there is significant bending in the structure as it tries to find its preferred 

configuration. This bending is visible at all the beta-sheet sites, which is seen to a 

similar degree in the previous stacking/flat-sheet simulations [49] [171]. The initial 

beta-sheets are situated at Asp1-Hsd6, Gln15-Phe19 and Val40-Ile41 between proteins 

A and B and C and D. After the first 10ns proteins A and B still show good beta-

sheet structuring but proteins C and D lose the beta-sheet at the heads of the 

proteins leaving beta-sheets between His16-Val18, Ala30-Ile31 and Leu34-Val40. These 

beta-sheets remain relatively stable throughout the rest of the trajectory, with only 
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minor changes occurring but at the end of the trajectory, end in these approximate 

positions. 

The Tyr side-chains are very close together with little movement away from the 

backbone for the first 10ns. However, by 20ns the Tyr side-chains of  proteins C and 

D move away from each other allowing a greater degree of freedom, whereas the 

Tyr’s in A and B stay rigidly together for the entirety of the simulation.  

By 30ns the changes to the alignment of the backbone become more extreme and 

the Tyr side-chains in proteins C and D are as far apart as the backbone allows 

them to be, with Tyr C being affected by local interactions to a lesser degree than 

Tyr D. This is a characteristic seen in the stacked dimer and stacked trimer [176] 

[244], but the system also shares the backbone structural bending seen in the flat-

sheet and L-shape aggregates.  

For the rest of the trajectory (up to 50ns) these characteristics described become 

increasingly more apparent. The Tyr side-chain for protein C has significantly more 

freedom than the other three Tyr side-chains but the rigid backbone still affects that 

freedom. This structure shows a lack of stability in its configuration similar to that 

observed in previous examples; however it shows less stability than the stacked 

trimer. This further implies that as a beta-sheet aggregate stack gets larger, it 

becomes more stable (see Figure 139). Despite this, the lack of stability seen in 

these structures could be helped with salt ions [162] or metal ions [41] [42] could be 

causing the initial structure to be unstable. 
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Figure 131 – Flat-Sheet Tetramer Rotamer Response. The central coordinates for Tyr A’s rotamer’s 

are approximately  (110,170), (280,175). Tyr B has the rotomer states (55,65), (110,175) and 

(290,175). Tyr C has more traditional positons (65,65), (250,60), (110,175) and (290,170). Tyr D also 

has traditional positons (70,65), (255,70), (115,175) and (280,175).  

The Tyr side-chains in Protein’s A  and B (Figure 131) both have limited 

movements, Tyr A only having two rotamer states and B having three states that are 

readily favoured. This is due to their position within the aggregate and how closely 

they are interacting; influencing each other and allowing them to favour states 3 and 

4. The presence of state 2 for Tyr B implies that it has more movement available to it 

than Tyr A, which is reflected in their positions. 

Tyrosine C and D occupy the four usual rotamer states with an affinity for the third 

and fourth rotamer states. Tyr C shows less of a preference due to its freedom 

within the aggregate. Tyr D is buried and therefore, is still being influenced and so 

has fewer instances of occupying states 1 and 2 and also has a single instance of 

entering state 6.  
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This further suggests that the Tyr side-chains favour states 3 and 4 when they are 

influenced by external forced. When they reach these states comfortably, the Tyr 

can twist further and move into states 5 and 6, due to further external forces 

influencing the Tyr’s rotamer state (see Figure 151.) 

  

      

Figure 132 - Time Lapse Rotamer Responses of Flat-Sheet Tetramer.  

 

As discussed previously, all Tyr side-chains shown in Figure 132 have a preference 

for rotamer states 3 and 4, which is expected for a tightly aggregated system. 

Despite this aggregated environment affecting all the Tyr side-chains they still 

adhere to the traditional movements between rotamer states.  

Tyr A almost exclusively occupies states 3 and 4 due to the proximity of the Tyr 

side-chain to the aggregated backbone and Tyr B causing rigidity in the C to CG 

angle.  

Tyr B shares a similar surrounding environment as Tyr A and as expected, has 

near-identical rotamer state occupation preferences. Tyr B also has significantly 

more erratic movements between the states than A, which means Tyr B has more 

freedom than Tyr A. This is likely due to the tail of the proteins C and D interacting 
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frequently with Tyr B, affecting its preference, but does not aggregate close enough 

to affect its freedom. This suggests that a tightly aggregated Tyr residue will have 

little movement in the C to CG dihedral angle. 

Tyr C has significantly more movement between all its states due to its freedom 

within the aggregate, though it still prefers to occupy states 3 and 4. It does not 

reside in a single rotamer state for an extended period and instead prefers to rapidly 

move between two states for extended periods, before swapping to the other state-

pair. This is likely due to the external interactions from the backbone.   

Tyr D infrequently occupies states 1 and 2. This is due to the backbone residues 

affecting the Tyr, as its buried position within the aggregate would contribute to this 

preferential movement. Furthermore, it also briefly occupies state 6, a feature 

present in the beta-sheet aggregates that have the stacking mechanism.  

 

Figure 133 - Simulated Anisotropy of Flat-Sheet Tetramer. This graph shows the simulated 

anisotropy of Proteins A (blue), B (red), C (grey), and D (orange) as well as the average (dotted green). 

Protein A has a short lived initial decay to about 0.18 at a correlation time of 3ns, 

followed by a more complicated relaxation period which involves a second slower 

decay that levels out at 0.1 and third faster decay that decays to 0. This is a 

complex decay, which shows characteristics of a larger aggregate than seen 

previously, due to the slow overall decay time. The slow decay is due to the slow 

bulk aggregate rotation and the Tyr side-chain is held in place and lacks freedom to 

move, creating the slow initial decay. The resulting anisotropy is sensible as it 

shows that there is rigidity in Tyr A’s movement.  
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Protein B has a sharp initially decay that temporarily plateaus to 0.02 at 6ns. 

However, protein B still shows evidence of being part of an aggregate. Tyr B causes 

the short lived initial sharp decay that levels out at about 3ns. This is relatively fast 

when compared to protein A and is related to the Tyr’s larger degree of freedom. 

There is then a second decay, which levels out at 0.02 before finally dropping to 0 at 

12ns. This complexity is a clear indicator that protein B is part an aggregate, as the 

multiple temporary plateaus create a slow relaxation period, indicative of an 

aggregate.  

Protein C has a similar response to a monomer as it has a sharp initial decay, 

followed by a slower relaxation period which decays steadily to 0 at 7ns. The 

complexities in the curve suggest it is an aggregate despite the fast moving Tyr, 

which gives the sharp initial decay.  

Protein D initially levels out at 0.14 within the first 3ns of the correlation time window 

due to the lack of Tyr movement; it then continues to slowly relax till 0.9 at 9ns, and 

then decays to 0 at 10ns, which is slower than a monomer response. These four 

combined create an average decay that has a slow relaxation to 0 at 15ns, which is 

indicative of an oligomer. 

7.5.1. Best Fits 

The best fit shown in Figure 147 has a low error associated with it, as its correlation 

is 0.9953 seen in Table 13. The resulting variables show that there are two 

mechanisms at work, with decent contributions from both variables. The fast moving 

Tyr side-chains show a contribution of 0.18 and a r value of 0.35ns and the slower 

bulk aggregate has a r value of 7.53ns with a contribution of 0.25.  

This bulk rotational time is slower than seen previously for the flat-sheet dimer as it 

is a bigger aggregate. It shows similar rotational times to that of the stacked trimer, 

which is reasonable as they are different shapes which could explain the similarity in 

rotational time, as this could affect the rotational times.  

The    value decays past 0 but takes a significantly longer time than a monomer to 

reach this point and as such is typical of an aggregate.  



P a g e  |  1 9 5  
 

7.6. L-Shaped Tetramer 

As stated previously the L-shape structure (seen in Figure 134) is an unlikely 

aggregation pathway for this system but is still useful as a tool to better understand 

individual responses within an aggregate compared to literature [112]. The principle 

of this system forming would be either an L-shape or stacked trimer aggregating 

with a monomer or even a stacked and flat-sheet dimer aggregating together. This 

would create the structure seen below with three proteins stacked on top of each 

other and protein D aggregated onto the side, creating a flat-sheet with protein A. 

  
 

T=0ns T=20ns T=40ns 

Figure 134 – L-Shaped Tetramer Stabilization. The panels the position of protiens A (blue), B (red), 

C (grey) and D (orange) with Tyr side-chains highlighted (green) with the The VDW interactions 

indicated by the transparent spheres: Purple denotes alpha-helix structure, red denotes pi-helix, white 

denotes a coil, cyan denotes a beta turn and yellow or tan denotes beta-sheet structures. The beta-

sheets are further denoted by the arrow-like shape with the proteins.The first panel shows the starting 

postion of the proteins. The middle panel shows the trajectory at 20ns and the right panel shows the 

system at the end fo the trajectory at a time of 50ns. 

The L-shape tetramer begins in the assumed stable position. However, because this 

structure is unfavourable, it begins to fold and lose its shape as soon as the 

trajectory starts as seen with the flat-sheet dimer and L-shape trimer and no longer 

resembles the protofibril structure [63]. Protein D folds into the stacked section of 

the aggregate because the hydrophobic sections prefer to bury themselves away 

from the water as discussed previously. The stack in contrast only has minor 

bending to the overall structure, similar to the stacked trimer (Figure 126), and 

further suggests that this stacking mechanism is the preferred aggregation pathway 

due to its stability [48].  
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This is further shown by the beta-sheet structuring [49] [171], as Proteins A-C 

maintain contains beta-sheets between Asp1-Hsd6, Gln15-Phe19 and Val40-Ile41, that 

only change slightly throughout the trajectory, in a similar fashion to what was seen 

in the stacked trimer. Interestingly protein D forms an anti-parallel with itself between 

Ala30-Leu24 and Gly37-Val40. Though this has been an uncommon feature, it has 

been seen in amorphous aggregates, especially when a protein is interacting closely 

with another, this suggests that once unravelled the proteins form beta-sheets with 

themselves when they are part of an aggregate or are interacting closely with 

another backbone [49] [172]. 

 

         

 

       

Figure 135 - Hydrophobic Sections of L-Shaped Tetramer. Proteins A, B, C and D (in Yellow, 

Orange, Blue and green) on the left and the hydrophobic sections (in red) are shown against the 

hydrophilic (blue) sections on the right. 

As the trajectory continues the stack does lose some stability in its shape as the tail 

does bend more significantly and the middle section of the stack has mirror changes 

to the conformation. Despite this, the stacked portion of the aggregate does retain 

its overall shape and the head of the stack does maintain its rigidity throughout the 

simulation [63]. The loose protein folds in on itself as seen previously and buries its 

hydrophobic sections into the stacked part as shown in Figure 135 [122]. 

The stacked part of the aggregate has the same characteristics as the previous 

stacked trimer, and Protein D shares characteristics with the L shaped trimer and 

the flat-sheet dimer. This further provides evidence that as the stack becomes larger 

it become more stable and also that the L shape is an unfavourable conformation. 

This further implies that the L-shaped aggregation process again, appears unstable 

and either of the stacking processes (flat sheet stacking, or monomer stacking) are 

more likely candidates [48]. Although, the stacking mechanism seems more stable 
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some external forces would be required to stabilise the flat-sheet dimer to prevent it 

folding in on itself as discussed above (metal ions [41] [42] or salt ions [162]). 

  

  

Figure 136 – L-shape Tetramer Rotamer Response. The central coordinates for Tyr A’s rotamer’s 

are approximately (60,60), (245,60), (110,175) and (290,170). Tyr B has the rotomer states (110,180) 

and (290,175). Tyr C has more traditional positons (100,170) and (280,175). Tyr D also has traditional 

positons (250,70), (100,170) and (285,170).  

All proteins favour the third and fourth rotamer states but no signs of the fifth or sixth 

states likely due to the L-shapes interactions. Despite this preference, protein A still 

has access to states 1 and 2, this is due to the fact that it is has slightly more 

freedom than Tyr’s B and C. 

Proteins B and C have the least amount of movement as they exclusively occupy 

states 3 and 4. This is because they are aggregated closely together and as such 

they are being influenced by the surrounding residues from their own backbone and 

the other proteins backbone which twists them into favouring states 3 and 4. If the L-

shape was not influencing these backbones, it is likely that the fifth or sixth rotamer 

state may have appeared here. 
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Protein D has three main rotamer states it prefers to be in, with only one instance of 

it taking on the second rotamer state. This is likely related to how the protein 

backbone has folded in on itself making states 1 and 2 unfavourable.  

These results continue to suggest that the Tyr side-chains that are aggregated 

closely together are forced to prefer the occupation of states 3 and 4. States 5 and 6 

could appear in this system due to the tightly aggregated stack, but the influence 

from protein D is likely pulling on the aggregate backbone. This gives the Tyr side-

chains more room to move within the stacked part which is why state 5 or 6 are 

never occupied during this trajectory, much like the L-shaped trimer. 

  

  

Figure 137 - Time Lapse Rotamer Responses of L-shape Tetramer.  

 

All four Tyr side-chains favour states 3 and 4 due to the rigidity in the C to CG angle 

caused by the influence from the aggregate’s backbones. Tyr A initially is trapped 

due to its position within the aggregate, however after some time it finds more 

freedom. This is reflected in Figure 137 as it spends the first 30ns in state 3 but then 

moves into states 1-3 near the end of the trajectory. 
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Tyr B and C show signs of being heavily aggregated as they prefer to be in states 3 

and 4 almost exclusively, a feature seen in all stacked aggregates, with little 

freedom to move. This is due to the stacking mechanism which limits the movement 

available to any Tyr side-chain position through the rigidity of the stack and position 

of the Tyr side-chains.  

Tyr D also shows an affinity for states 3 and 4, though does occupy the other states 

repeatedly as this side-chain has the most freedom. This is likely due to its position 

as part of the L-shape; it has a larger degree of movement that is reflected in the 

early occupation of state 1 and the higher degree of movement between states. As 

the protein folds within the first 10ns it buries the Tyr side-chain within the 

aggregate. This limits the Tyr movement and is the cause of the long period where it 

occupies state 4. All Tyr resides adhere to the rules of movement set out previously. 

These results are unique but do share many characteristics with the L-shaped 

trimer, implying that the shape of the aggregate affects the overall movement 

patterns of the Tyr’s within the system. This may be due to the way the aggregate is 

being manipulated by the external forces put on the individual backbones, as well as 

the Tyr residues themselves.  

When Figure 124 and Figure 137 are compared the proteins that are part of the 

stack do share similar characteristics. They have some differences caused by their 

local environments, but the stacked sections show a preference towards states 3 

and 4. The L-shaped sections show a preference towards all states, except when 

the folding mechanism effects the Tyr side-chain position.  
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Figure 138 - Simulated Anisotropy of L-shape Tetramer. This graph shows the simulated anisotropy 

of Proteins A (blue), B (red), C (grey), and D (orange) as well as the average (dotted green). 

Protein A in Figure 138 has an initial decay that plateaus to a value of 0.18 at a 

correlation time of approximately 9ns, which is due to the fair amount of movement 

seen from the Tyr in the second half of the trajectory. It then has a slow relaxation 

time to a value of 0.04. This decay is slower than what is seen previously, this is 

because it is part of a larger aggregate which will rotate more slowly. 

Protein B and C have near enough identical responses that are significantly more 

aggregated than what has been seen previously. This is likely due to the aggregate 

holding both the Tyr side-chains rigidly in position, creating short lived initial decays, 

and the aggregate rotating very slow. They have long relaxation periods that level 

out at 0.26 and 0.23 for B and C respectively. These characteristics continue to 

show the importance of the MC simulation results. 

Protein D also has a convincing response as it has a sharp initial decay that 

plateaus at a correlation time of 4ns to a value of 0.06, which is due to the Tyr’s 

ability to move freely. The longer relaxation time associated with the aggregate 

rotation is faster than what is seen for the other proteins in the system, which is 

because the folding mechanism creates more movement for this protein. 

7.6.1. Best Fits 

The average anisotropy for these proteins is also sensible for a tightly packed 

aggregate, as it has a slow initial decay followed by a long relaxation period ending 

at 0.127. This average has two fits associated with it (Table 13) as this system has a 

complicated decay due to the inclusion of the folding mechanism, the bulk 

aggregate rotation and the Tyr side-chain movements. This complexity creates a 
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subtle secondary decay at the end of the graph, which means a two exponential fit 

will be limited to either fitting for the first or second decay. This is because a two 

exponential fit cannot account for three mechanisms, which was also true of the L-

shape trimer to a lesser degree. 

The first best fit graph (see Figure 147) is produced by allowing it to follow the curve 

in the initial decay, which ignores the subtle secondary decay. The second graph 

was allowed to fit for the end of the graph. This ignores the initial decay and makes 

best fit decay significantly sharper than it should be, creating a potentially poor fit. 

This suggests that there are three mechanisms associated with this decay. Both fits 

have a similar set of contributions from both the slow and fast mechanisms; they are 

of approximately equal weight, implying both mechanisms contribute to the decay 

curve.  

The first graph has a r value of 1.001ns for the fast mechanism, which is 

significantly slower than previous Tyr responses for the beta-sheet aggregates. This 

is likely due to the fact most of the Tyr side-chains are not able to move freely. 

There is also a large r value of 17.483ns that will be due to the size and shape of 

the aggregate making the system rotate more slowly. It has a correlation value of 

0.981. 

The second graph has a r value of 0.31ns which is closer to what is expected for 

the Tyr that is free to move and has a significantly slower r value of 25.0ns for the 

aggregate. This result is feasible, but implies a significantly faster progression of the 

rotational times with increasing aggregate size; however it does have a lower 

correlation value of 0.94. 

An annealing optimiser that includes a third set of variables for the third mechanism 

would be best to find a more appropriate fit for this system, as the second decay in 

the anisotropy curve cannot be captured using only two sets of variables. Despite 

this, the first fit has a better correlation and therefore has less of an error associated 

with the fit and also has more reasonable results. This implies that the first fit is both 

acceptable and the best fit available.  
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7.7. Beta-sheet Hexamer without Ions  

This beta-sheet hexamer shown in Figure 143 is another potential candidate for the 

formation of A1-42 fibrils, and as such this should be the most stable form of all the 

aggregates we study, it is a small protofibril that would stack to form protofilaments 

[50] [63] [176] [244]. However, due to the size of the protein (~83.78Å x 51.91Å x 

13.82Å), there are limitations on the waterbox size (~90Å x 94Å x 87Å) and as such 

there are likely to be some self-interactions through the periodic boundary conditions 

which slow down the rotation (specifically along the x-axis). This could create results 

that depict a system with a high concentration of aggregating hexamers in it. A 

second hexamer could be stacked on top of this one [50]; unfortunately this would 

require a significantly large amount of processing power. 

 
 

 

T=0ns T=100ns T=200ns 

Figure 139 – Beta-sheet Hexamer without Ions. The panels the position of protiens A (blue), B (red), 

C (grey), D (orange), E (yellow), and F (tan) with Tyr side-chains highlighted (green) with the The VDW 

interactions indicated by the transparent spheres: Purple denotes alpha-helix structure, red denotes pi-

helix, white denotes a coil, cyan denotes a beta turn and yellow or tan denotes beta-sheet structures. 

The beta-sheets are further denoted by the arrow-like shape with the proteins.The first panel shows the 

starting postion of the proteins. The middle panel shows the trajectory at 100ns and the right panel 

shows the system at the end fo the trajectory at a time of 200ns. 

This structure begins in the expected orientation that would be stable for a beta-

sheet hexamer [63]. As the trajectory begins the backbones around Tyr’s D E and F 

spread apart, whereas the rest of the aggregate remains rigid and relatively 

unmoving. At 20ns there are significant conformational changes visible near the 

head of the proteins in the stacked section containing proteins A-C. There is less of 

a change to the backbone conformation of proteins D-F as Tyr D is completely 

separate from the other two and has the most freedom. The backbones of all the 

proteins are separated at the middle also and are not nearly as rigidly aggregated. 

At 40ns the structure has lost significant shape despite still being a hexamer 
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aggregate, with many of the beta-sheet sections starting to shift [49] [171]. The 

closeness of the Tyr residues here could explain why experimental anisotropy 

measurements become increasingly more difficult. A large fibril with this shape has 

very close proximity Tyr residues, which in a large aggregate, would make it more 

likely for a Tyr to release its photon, only to have it absorbed by another Tyr and 

therefore detector photon count would diminish over time, causing more scattering 

[112]. 

By 60ns the stacked portion containing A-C is more misshapen but still contains 

most of its beta-sheet structuring (the structure does begin to break apart as the 

trajectory continues and the mid sections are completely unravelled by the end) but 

the stack containing D-F is still relatively structured. At 100ns the aggregate holds its 

structure for roughly 30ns, though the structure is still misshapen when compared to 

the expected structure [63]. By 130ns the middle sections of the protein backbones 

have all spread out again. For the rest of the simulation, the midsections of the 

proteins get closer and then spread out repeatedly. The final beta-sheet structures 

within the system are as follows: A, B and C have parallel beta-sheets between 

them around Ile31-Val36 and Val39-Val40. A and B also have a beta-sheet between 

Glu3-Arg5, which was lost in C, Furthermore the beta-sheet sections in the mid-

section of these proteins (present at the start) have disappeared, explaining why the 

proteins backbone spread apart as discussed above. Proteins D, E and F hold a 

much more stable structure throughout with all three of the proteins containing beta-

sheets around residues Phe4-Hsd6, Gln15-Phe20 and Ile31-Val36, similar to what has 

been seen in the stacked trimer for example. E and F also contain a beta sheet at 

the tail around Val39-Val40. 

This lack of stability is likely caused by the fact that this aggregate is struggling to 

find a favourable orientation and could be due to a lack of external influences on it. 

These influences could be salt concentration (similar to that of blood) [162] 

(hexamer structure with ions below has improved stability), metal ion bridging [41] 

[42] or perhaps it does not form this is not the true pathway for the prefibrilar 

assemblies [50] which is unlikely. This is apparent when the results from this 

trajectory are compared to those of the beta-sheet hexamer system below with ions. 

This system appears less stable and is constantly moving, which implies there is a 

need for ions in the system to make a stable beta-sheet structure [162]. At the end 
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of the trajectory Tyr A-C are very close together whereas Tyr D is still free in 

comparison to the rest. 

  

  

  

Figure 140 – Beta-sheet Hexamer w/ions Rotamer Response. The centre for each is approximately 

(80,80), (245,65), (110, 170), (280,170) and the uncommon (65,265) for Tyr A. Tyr B has 

approximately (110, 175) and (295,170). Tyr C has (65,65), (245,70), (115, 175), (280,170) and the 

uncommon (250,285). Tyr D has (60,60), (240,60), (110, 170), (260,140). Tyr E has (115,65), (290,65), 

(110, 170), (290,170) and the uncommon (80,285) and (310,280). Tyr F has approximately (75,75), a 

small amount at (240,75), (120, 175), (295,170) and the uncommon (85,290) and (255,290) 
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In Figure 140, all favour occupying states 3 and 4 with multiple instances of states 5 

and 6 being occupied in Tyr’s A,C,E,F. Due to the extended length of the trajectory 

there is a lot more data available and as such the Tyr rotamer states are occupied 

more often.  

Tyr A predominantly occupies the third and fourth states, but also occupies the 

states 1, 2 and 5, this is likely connected to the beta-sheet aggregate affecting the 

Tyr’s position. Tyr B only occupies the middle states, this is because it is part of the 

stack and is trapped between protein A and protein C, but is not being influenced 

into states 5 or 6. Tyr B remains limited in its movements for 200ns, which implies it 

will unlikely have any other rotamer occupations.  

Tyr C shows the four common rotamers seen previously with the same preference 

for occupying states 3 and 4, but also spends some time in the sixth state. Tyr D 

shows the common rotamer states with a preference for states 1 and 2, most 

commonly seen in monomers. This is due to the fact it is the least influenced as the 

backbone it is part of is not aggregated closely with the rest of the aggregate 

backbones and so the Tyr side-chain will not be influenced into taking on states 3-6.  

Tyr E occupies all the rotamer states, with a fairly equal distribution, except from the 

sixth rotamer state, which is short-lived; this is likely due to its position within the 

aggregate influencing its movements but not its freedom to move. Tyr F also 

occupies all rotamer states with an aversion to occupying state 1. These results 

further prove that the three rotamer state pairs are only found in certain aggregate 

environments (see Figure 148 to Figure 151.) 
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Figure 141 - Time Lapse Rotamer Responses of Beta-sheet Hexamer without Ions.  

 

As expected from what is visible in the trajectory, Tyr A-C have the most limited 

movement of the proteins, as they are aggregated closely together and rarely break 

away from each other, which is reflected in the results seen in Figure 141.  

Tyr’s D and F also show restrictions on their movements, to a lesser degree. Tyr D 

only briefly occupies states 3 and 4 due to its restricted movements. Tyr’s A-D all 

adhere to the rules stipulated for rotamer movement as seen previously. Tyr F 

occupies all six states but still shows some restrictions as it does not move freely or 

erratically. Tyr E has a higher degree of movement which is due to its freedom as 

discussed above.  
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There are two instances of transitions from state 5 to 3 in Tyrs E and F. This 

uncommon transition has been noted above though still rarely and could still be due 

to truncation in the frame rate. However, as it has appeared multiple times it could 

be a specific but unfavourable twisting motion within the C to CG angle, much like 

the jump from state 1 to 3.  

 

Figure 142 - Simulated Anisotropy of Beta-sheet Hexamer without Ions. This graph shows the 

simulated anisotropy of Proteins A (blue), B (red), C (grey), D (orange), E (yellow) and F (tan) as well 

as the average (dotted green). 

Figure 142 depicts the anisotropy of the full trajectory of the beta-sheet hexamer 

system without ions. Protein’s A, C and D, all follow the average anisotropy decay 

curve with only some minor difference; they all have a slow relaxation, with a very 

short sharp decay at the beginning of the decay and plateau to 0.16 (protein A is 

closer to 0.19). These three proteins and protein F all have Tyr side-chains that 

share very similar movement transitions, explaining the near identical initial decay. 

The slightly lower value associated with protein F is due to the slightly greater 

degree of freedom on the Tyr. The aggregate will be moving very slowly as 

discussed above and this is why there is such a high plateau value for the relaxation 

time. 

Proteins B and E are interesting, as they are equivalent positions within the 

aggregate, however their local Tyr environments are vastly different. Tyr B has very 

little movement associated with it due to the tight aggregate and Tyr E has a high 

degree of freedom due to the spread in backbones here (Figure 139.) 

As such, protein B is the most aggregated as it has plateau value of 0.28. This is 

reasonable as it is wedged between A and C which remains closely aggregated 
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throughout the trajectory and only has access to two rotamer states, spending most 

of the trajectory occupying state 3.  

Tyr E’s spend most of the trajectory moving, spending large portions of the trajectory 

free and sometimes spending it closer to other residues, which explains the fast 

initial decay. 

7.7.1. Best Fits 

The beta-sheet hexamer without ions best fit graph is also shown Figure 147 and 

Table 13 and as a R value of 0.18ns for the fast mechanism and R of 9.34ns for the 

slow mechanism.  With an emphasis of contribution from the bulk aggregate rotation 

as it has an    value of 0.15 whereas the contribution from the Tyr side-chain is 0.07 

and a 0.18 contribution from the whole aggregate. These results are probable as 

they show slower r than the smaller aggregates, but a faster r than seen below for 

the beta-sheet hexamer with ions present.  

The lack of stability in the system also contributes to the extra movement seen in the 

decay, resulting in an anisotropy decay that depicts a smaller aggregate than a 

hexamer aggregate with ions (see Figure 146.) It does not seem to be affected too 

significantly by the relatively small waterbox. 

7.8. Beta-sheet Hexamer with Ions 

The hexamer structure shown in Figure 143 is similar to the previous trajectory, 

however it also includes an ionic concentration close to that of the body 

(0.250mMol/L [162]), and as such this should be the most stable form of all the 

aggregates. Unfortunately, the system is still limited by the size of the waterbox 

(~92Å x 95Å x 90Å compared to the protein size of ~83.78Å x 51.91Å x 13.82Å). 

Though big enough to run, it may still have some interactions across the periodic 

boundaries if the proteins spread out. The system will be comparable to a high 

concentration of hexamers in a system that are interacting but not aggregating, due 

to the screen effect caused by the surrounding ions [175]. 
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T=0ns T=100ns T=200ns 

Figure 143 – Beta-sheet Hexamer with Ions Stabilization. The panels the position of protiens A 

(blue), B (red), C (grey), D (orange), E (yellow), and F (tan) with Tyr side-chains highlighted (green) 

with the The VDW interactions indicated by the transparent spheres: Purple denotes alpha-helix 

structure, red denotes pi-helix, white denotes a coil, cyan denotes a beta turn and yellow or tan 

denotes beta-sheet structures. The beta-sheets are further denoted by the arrow-like shape with the 

proteins.The first panel shows the starting postion of the proteins. The middle panel shows the 

trajectory at 100ns and the right panel shows the system at the end fo the trajectory at a time of 200ns. 

The trajectory begins in the expected stable form for a beta-sheet hexamer and is 

allowed to move [63]. After 10ns the structure is mostly unaffected and the stack 

containing proteins A B and C have started to bend conformation at the head of the 

proteins whereas the other stack is more rigid. Tyr A and D are likely the most 

trapped but all Tyr are fairly spread out.  

At 40ns the overall structure of the hexamer has remained relatively unchanged, 

except some noticeable bends in the mid-section of both stack’s backbones. No 

interesting characteristics occur until 70ns where Tyr A and D do seem to be more 

free to move, though the aggregate itself remains significantly more stable 

throughout the 200ns trajectory than all previous aggregates, as with most of the 

systems with ions, likely due to the screen effects [175]. 

By the end of the trajectory, the beta-sheet sections within all proteins do shift and 

move, but relative to the protofibril without ions, this one appears stable [63]. 

Proteins A and B have beta-sheet sections within the regions of Glu3-Arg5, Gln15-

Phe20, Ile31-Gly33 and Gly38-Ile41. Protein C has beta-sheet sections in similar 

positions, however as it is not as tightly aggregated it has some variation (Gln15-

Leu17 rather than Gln15-Phe20). Proteins D and E have beta-sheet regions at Glu3-

Arg5, Lys16-Val18, Ala30-Val36 and Val39-Ile41. Protein F also has them in these 
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locations, except at the head (Glu3-Arg5) which has separated itself from the other 

two proteins. 

  

  

  

Figure 144 – Beta-sheet Hexamer w/ions Rotamer Response. The centre for each is approximately 

(70,65), (250,70), (110, 180) and (290,175) for Tyr A. Tyr B has approximately (70,65), (250,70), (110, 

180) and (290,175). Tyr C has (70,65), (250,70), (110, 180) and (290,175). Tyr D has (70,65), (245,65), 

(110, 175), (300,175) and the uncommon (70,280). Tyr E has (75,65), (255,65), (110, 170), (290,170) 

and the uncommon (85,290) and (255,285). Tyr F has approximately (70,65), (250,65), (110, 175) and 

(295,170). 
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In Figure 144 the extended length of the trajectory again allows for greater data 

collection and as such the Tyr rotamer states are more pronounced. Protein A, B 

and C all have a Tyr side-chain that occupies the four common rotamer states. Tyr’s 

D and E both have the less common rotamer states, with Tyr D occupying the fifth 

rotamer state; with some breif moments spent in the sixth, and with Tyr E favouring 

to occupy all rotamer states except state two. These uncommon rotamer states still 

only appear as part of stacked / beta-sheet aggregate due to the interactions with 

the sheet as discussed prevously.  

Tyr F has the four common rotamer states, however they have been affected by the 

aggregate and the surrounding external forces due to the small waterbox and as 

such states 3 and 4 show a wide population of these states, due to a slow twisting 

motion that is probably be occuring due to substantial external interactions. These 

characteristics further explain how a growing aggregate is affecting the Tyr side-

chains in the system. 

As with the other beta-sheet related systems most of Tyr side-chains favour states 3 

and 4, suggesting the Tyrs are being influenced along their C to CG dihedral angle 

making movements into states 1 and 2 unfavourable as can be seen in Figure 145 

(below). This is shown most clearly by Tyr’s A B and C, with only brief periods spent 

in the lower dihedral angle states for A and B and not until the end of the trajectory 

for C.  

Furthermore, as well as having access to the all rotamer states, including states 5 

and 6, Tyr’s D and F also show a bias towards states 3 and 4, as expected from 

these stacked aggregate interactions.  

Tyrs D- F all show initially a lot of movement, then become significantly more 

restricted in the later portions of the trajectory, which is the opposite of what 

happens for Tyrs A through C. These results follow the patterns seen previously and 

further show the movement of the Tyr under pressure from external forces such as 

aggregates.  
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Figure 145 - Time Lapse Rotamer Responses of Beta-sheet Hexamer with Ions.  
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Figure 146 - Simulated Anisotropy of Beta-sheet Hexamer with Ions. These graphs shows the 

simulated anisotropy of Proteins A (blue), B (red), C (grey), D (orange), E (yellow) and F (tan) as well 

as the average (dotted green) within various analysis windows. 

As the trajectory is 200ns in length, the analysis window can be altered, and as such 

three different analyses windows were chosen to create the above graphs seen in 

Figure 146. This is useful as the Tyr movements change drastically depending on 

which section of the trajectory is analysed. As they are part of such a large 
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aggregate it can be assumed that their rotational times will be very similar, and as 

such they will all have similar relaxation times (seen by the similar slopes in the 

decays for the relaxation period). This allows for an in depth analysis of the effects 

the Tyr has on the system. 

The first has an analysis window of 0ns-110ns with a correlation time of 30ns (these 

are not comparable timescales.) As this is the first half of the trajectory, Proteins A 

through C have limited movement when compared to D to F due to their 

environments. This is reflected in the anisotropy decays as proteins B and C have 

short lived initial decays and protein A has a more pronounced initial decay relative 

to B and C. This is because it moves more often than the other two.  

In contrast, Proteins D and F have the sharpest initial decay and lowest plateau 

levels as they have the highest degree of movements for their Tyrs within this 

analysis window. Tyr E has significantly less movement, and in fact its movements 

are comparable to Tyr A’s and as such, have fairly similar decays. These results 

clearly shows the effect that Tyr side-chain movements have on the plateau level for 

systems, as their will be minimal effect from differing relaxation times. These results 

also directly agree with what is seen in the MC simulations, further strengthening 

this concept. This is because the Tyr residues appear fast moving and the bulk 

aggregate is slow moving as seen in Figure 143 and Figure 145, which are the 

simplified characteristics of the oligomer created in the MC simulations. The 

resulting anisotropies for both the MC and MD simulations have given similar results 

throughout this chapter. 

The second analysis occurs during the 80ns-200ns time period within the trajectory 

and has a correlation time of 25ns. As expected the decay lines have swapped 

positions, as the Tyr’s that are moving rapidly in the early stages, are now moving 

slowly, and vice versa. As such, Tyrs D to F all have high plateau levels, with short 

lived initial decays, with Tyr D being slightly quicker due to its larger degree of 

movement. Tyrs A through C all have sharp initial decays but retain an aggregate 

response due to their slow relaxation times. Tyr A is the most free to move and as 

such decays the quickest.  

The final graph encompasses the total trajectory, and as such the initial decays are 

related to the average overall movement of each of the Tyr residues, which is why 
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the results are different from what is seen in the previous two graphs. A D and C 

have the most movement overall and as such have the sharpest decays. The 

relaxation periods are identical to the other graphs as expected. These results 

strengthen our understanding of what the Tyr side-chain environments are like and 

how they affect anisotropy, as well as how aggregate sizes affect the relaxation 

timescale of the system (Figure 46.)  

7.8.1. Best Fits 

Figure 147 and Table 13 show the best fit graphs for the beta-sheet hexamer with 

ions and the top two graphs give fairly similar results. The first graph has a R value 

of 0.37ns for the fast mechanism and for the slow mechanism a R value of 8.22ns, 

with a 0.12 and 0.23 contribution split.  

The second fit has rotational times of 0.42ns and 14.57ns, which are also 

acceptable results. This graph is analysed after stabilisation has occurred and as 

such both the bulk aggregate and the Tyrs will be more stable and moving less, 

which could explain the slower rotational time. Unlike the previous two graphs the 

best fit for this system shows a much higher contribution from the Tyr side-chains 

than the backbone, this suggest that the backbone could be moving slowly and as 

such is not the driving force for the anisotropy decay. This seems sensible as the 

aggregate has become very large, and due to the limitations of the size of waterbox, 

it is interacting with itself which will hold the structure in place.  

The third graph has similar variable results as the first graph with rotational times of 

0.22ns and 7.94ns; this implies that the stabilisation greatly affects the results in an 

aggregate. As such, the second graph, taken after stabilisation, is the best indication 

of the nature of the movements within a beta-sheet hexamer system. This further 

shows the issues that the current experimental anisotropy method faces. Therefore, 

the most appropriate fit for this system is the second result, as the analysis window 

is post stabilisation.    
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7.9. A1-42 Beta-sheet Aggregates Comparative Results 

(A) 

Decay Curve r∞T+r∞B roT-r∞T (ns) roB-r∞B B (ns) Correlation 

Flat sheet Dimer (decay to 0) 0.00 0.17 0.33 0.23 2.56 0.970 

Flat sheet Dimer (Best Fit) -0.05 0.19 0.32 0.26 4.86 0.985 

Stacked Dimer 0.10 0.05 0.02 0.25 2.08 0.976 

L-Shape Trimer 0.00 0.06 0.05 0.34 5.45 0.991 

Stacked Trimer 0.00 0.18 0.51 0.22 7.58 0.989 

Flat Sheet Tetramer -0.03 0.18 0.35 0.25 7.52 0.995 

L-Shape Tetramer 1 0.10 0.17 1.00 0.13 17.48 0.981 

L-Shape Tetramer 2 0.34 0.18 0.31 -0.12 25.00 0.943 

B-Sheet Hexamer (no Ions) 0.15 0.07 0.18 0.18 9.34 0.996 

B-Sheet Hexamer (0-110ns) 0.06 0.12 0.37 0.22 8.22 0.997 

B-Sheet Hexamer (60-110ns) 0.13 0.12 0.36 0.15 8.92 0.994 

B-Sheet Hexamer (80-200ns) 0.14 0.08 0.29 0.18 11.12 0.997 

B-Sheet Hexamer (Full Traj.) 0.12 0.09 0.22 0.20 7.94 0.998 

(B) 

Decay Curve Dimensions B 

Flat sheet Dimer  33.5Å, 28.8Å, 39.5Å 2.56ns/ 4.86ns 

Stacked Dimer 4.9Å, 26.31Å, 59.0Å 2.08ns 

L-Shape Trimer 30.6Å, 40.5Å, 51.9Å 5.45ns 

Stacked Trimer 9.7Å, 30.9Å, 57.6Å 7.58ns 

Flat Sheet Tetramer 30.7Å, 60.6Å, 60.7Å 7.52ns 

L-Shape Tetramer  30.1Å, 40.1Å, 71.4Å 17.48ns/ 25.00ns 

B-Sheet Hexamer (no Ions) 27.7Å, 54.4Å, 86.6Å 9.34ns 

B-Sheet Hexamer  (Ions) 29.9Å, 57.6Å, 73.4Å 7.94ns/ 11.12ns 

Table 13 – (A) Beta-sheet Anisotropy Best Fits Variables (B) Approximate Dimensions for Size 
Comparison. 

In general, there is an increasing    value as the aggregate gets bigger as expected 

from literature [112] however, due to limitations in the length of trajectories, not all 

trajectories could be analysed post stabilisation.  The early movement of the 

proteins as they try to find favourable positions, are included in the decays; skewing 

the results closer to an    0 value.  
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The monomers from the previous sections rotate slower than the stacked dimer 

(which has a B value of 2.08ns), which could be due to the size increase from a 

monomer to a tightly aggregated stacked dimer is insignificant, as the length of the 

protein is significantly longer than the difference created from stacking two proteins 

on top of each other. The monomers also rotate slower due to interactions with each 

other (and in some cases ions [175]). Whereas the stacked dimer has no other 

proteins to interact with, allowing it to move freely [112].  

The contributions from both the fast and slow mechanisms are generally close to 

equal, with a preference towards the bulk rotation, with some instances of the Tyr 

contributions being significantly smaller, usually related to negative    values. The 

Tyr T values stay fairly consistent as they all have very similar movement patterns. 

The notable outliers are the stacked dimer and L-shaped trimer, which have 

incredibly fast Tyr T values due to the erratic rotamer movements, fitting the general 

pattern see in the previous chapters and other work [44]. The next notable trajectory 

is the L-shaped tetramer which has a T value that is three times longer than most of 

the other Tyr’s. This is due to the fact that the Tyr residues do not move as much 

during this trajectory as they are relatively more trapped as discussed above. The 

hexamer systems, on average, move between rotamer states frequently, and as 

such the lack of variance from the different analysis windows is reasonable as they 

all average out to be the same rough movements. This further shows that these Tyr 

rotational times seem reasonable for the simulations. 

The bulk aggregate rotational times reveal the most information about these 

systems, with a steady increase in the B values, which is expected as the 

aggregate gets bigger [112] [163]. Finally, all fits are very well correlated to the data; 

ensuring errors are at a minimum [168]. The exception to this is “L-shape tetramer 

2” that has a correlation of 0.9431 which, although still perhaps acceptable, is 

relatively low compared to the rest. As explained above, this is due to fitting to the 

initial or secondary decay of the curve rather than the whole curve. This explains the 

unexpected result seen here, as it has a very high    value, caused by fitting to the 

initial drop in the decay rather than the drop to the lowest value. When this is 

considered, it also explains why the aggregate rotation is so long (25ns) as the fit is 

assumed to be significantly more aggregated than it actually is, perhaps a three 

exponential fit would be required.  
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By the end of the trajectory, the dimers shown in Table 13B have dimensions 

~(33.5Å, 28.8Å, 39.5Å) for the flat-sheet dimer, and ~(4.9Å, 26.31Å, 59.0Å) for the 

stacked dimer. This explains why there is a difference in rotational times, as the 

stacked dimer is more compacted it can rotate faster around the x and y axes, 

however it should be noted that it would be slightly slower if it were to rotate purely 

around its z axis. In addition, the flat-sheet dimer is also larger at the start of its 

trajectory than at the end, which would further explain the slightly slower rotational 

time seen here [112] [163]. The results also show a general trend for as the 

dimensions of the aggregate get larger, the corresponding rotational times also take 

longer [112] [163]. 

The trimer systems also show anomalous results, as the dimensions would suggest 

that the L-shaped trimer should rotate more slowly, however, during the stabilisation 

process the proteins have to fold in on themselves, creating an artificially faster 

rotational time. The relative dimensions of the stacked trimer and the flat sheet 

tetramer are very different, however they have similar rotational times, this could be 

an error in the fitting or due to the fact that one is a rod shape and the other can be 

considered spherical, they both have similar dimensions along one axis and 

therefore could potentially rotate at similar speeds along these axes.  

The L-shaped tetramer has a significantly longer rotational time despite having 

similar dimensions to that of the two hexamers. This can be explained by the rod-

like shape associated with this aggregate, causing a very slow rotational time along 

one axis. The slow rotational time can be viewed in the trajectory as the proteins do 

move rotate and move, but along the axis in question it moves significantly less. 

Finally, the differences seen between the two hexamer rotational times, is due to the 

stabilisation process, when this process is included the times are almost identical. 

However, the longer rotational time associated with the late stages of the hexamer 

containing ions is due to the stabilisation process being completed. Therefore, there 

is no longer erratic movements and so the resulting rotational time is likely more 

accurate.   
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Figure 147 – Beta-sheet Anisotropy Best Fit Graphs  

As the rotational times in Table 13 suggest that as the aggregate gets bigger the 

anisotropy decays take longer to decay to 0. The initial decays in Figure 147 reveal 

more about the systems in question.  

Due to the fact that pre and post stabilisation are included for most of these 

trajectories, the systems are more complex and tend to have a secondary decay 

after the initial decay as explained for the L-shape tetramer [112]. As there are 

limitations in the two mechanism fit, the secondary decays seen in the actual 

anisotropy curves are not present in Figure 147. 

For the actual average curves, the early stages of the trajectory will have fast 

moving aggregates as the proteins fold in on themselves and move more erratically. 

As they become stable the individual proteins in the aggregate will stop moving so 

erratically and a slower rotation will be seen that represents the bulk aggregate 

rotation. The initial decay in the anisotropy graphs is likely related to the slow 

moving aggregate and the slower decay to 0 is caused by the unstable initial stages.  
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By observing the graphs at the correlation time of 2ns, the initial decay can be 

analysed here as they decay to a higher point as the aggregate size increases. This 

further shows that the initial stages of the anisotropy decay reveal more about the 

Tyr movement and the secondary decays reveal more about the complexity of the 

system and how fast it rotates [112]. These results help give a clearer understanding 

of what causes the changes in anisotropy decays as aggregates get bigger.  

It is also expected that the average results are different than the experimental 

results due to the smaller amount of Tyr side-chains available for analysis and also 

due to the simplification of the analysis as the excitation phase cannot be included in 

the MD [112] [163].  

The bottom graph shows results from two different trajectories, however the 

hexamer with ions [162] has been analysed at different stages to see how this 

affects the decay. As expected, the decay has a lower plateau value when the initial 

stages are included, because the system is trying to find its most stable 

conformation, causing significant movement from the bulk aggregate, the individual 

protein backbones and the residues themselves. The    values take logical 

increases: with the lowest graph being only the initial stages, the second lowest 

being the full trajectory including the initial stages and the third lowest being the 

early midsection where some stabilisation will still be occurring. Interestingly, the 

system with no ions and the trajectory called “B-Sheet Hexamer (80-200ns)” are 

both analysed after stabilisation with the same correlation time used to create the 

anisotropy decay.  They have almost identical decay curves, with only some minor 

differences near the start which only affects the rotation of the bulk aggregate 

rotation. The differences in the decay curves can be attributed directly to the bulk 

movement, and more specifically the Tyr movement for the particular widow being 

analysed. This is reflected in Table 13 as they have similar resulting    values, 

contributions and Tyr T values. The B value for the bulk aggregate is slightly slower 

with ions. Other than the structural differences seen in the trajectories, most notably 

the stabilisation of the initial structure, the slowing of the bulk aggregate rotation 

appears to be the only affect that the ions have had on the system as the graphs 

appear almost identical. 
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7.10. The New Rotamer States 

    

Figure 148 – Two examples of the rotamer states six rotamer states 

There are traditionally only four rotamer states seen for Tyr in beta amyloid [44], 

which is demonstrated in the amorphous aggregates for A1-40 and A1-42 (see 

previous chapters). However as seen in Figure 148, there are six states that the Tyr 

side-chain can occupy in a trajectory for a beta-sheet aggregate. There is also minor 

variation between positions that each rotomer state can be in. The trajectory studied 

in detail in Figure 148 - Figure 151 is Tyr F in the beta-sheet hexamer with no ions 

simulation as it most clearly depicts all six rotamer states.  

These states are somewhat paralleled in the spectroscopy experiments [44]. Each 

experimental lifetime represents a possible Tyr environment, three are seen for non-

aggregating systems and three or four are present when aggregation occurs as 

seen in chapter 3. These Tyr environments could be connected to the rotamer state 

environments here. Though the number of rotamers is larger than that of the 

lifetimes, this is explained by quenching, as certain environments (rotamer states) 

will not fluorescence. This is further strengthened by the formation of beta-sheets 

and the appearance of the two new rotamer states, which can be compared directly 

to the extra lifetime possibly found post-aggregation in experiments. The changes in 

lifetimes seen during the aggregation could be due to the Tyr residue moving into 

the other rotamer states, where they are more buried (see below) which could cause 

less quenching [44] [112].  

Assuming the fourth lifetime is not due to background noise, the reason for it being 

present from the beginning of the experiment is because aggregation occurs rapidly 
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and perhaps protofibrils (oligomers) are forming before the first measurement is 

even taken and so this fourth lifetime (possible rotamer state) is already present / no 

longer quenched. The rapid aggregation of oligomers to protofilaments still does not 

occur until the much later stages, judging by the results in this work.  

 

  

Perspective 1 

Rotamer State 1 (at 30.2ns)  

Perspective 2 

 

  

Perspective 1 

Rotamer State 2 (at 9.84ns) 

Perspective 2 

Figure 149 - Rotamer States 1 and 2 (in red and CPK visualisation) with surrounding protein 

chains viewed from two angles 

As can be seen from Figure 149 rotamer states 1 and 2 have very little interaction 

with the surrounding backbones and residues and therefore the C to CG dihedral 

angle has no limitations influencing it. As such they are not twisted and have full 

movement to occupy the state they prefer. These states appear to be most common 
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in monomers but can still be occupied during both amorphous and fibril aggregation 

(see previous chapters). The reason that these states are preferred by monomers 

appears to be because the Tyr side-chains are not interacting with other protein 

backbones and so, are less likely to interact with its own surrounding residues in 

such a way that they would be forced into the other states as readily (as shown by 

the absence of the fifth and sixth state, and the low populations of third and fourth 

states). The distinction between these two rotamers is clear as the backbones are in 

similar positions for both figures and the aromatic rings are tilted in different 

directions as shown in Figure 149. 

For the trajectory in question, the Tyr begins in state 4 before entering state 1; there 

are interactions with the surrounding residues during this period which affects the 

Tyr side-chain and influences it into occupying state 4. It then moves to the position 

seen in Figure 149 which is state 1. The Tyr then begins to occupy state 4 again 

once the interactions with the surrounding residues and backbones begin to occur 

again.  

It should be noted that systems that tend to remain in the lower states have very 

little movement, staying in one rotamer state for extended times, as seen with a lot 

of the A1-40 proteins. Though not always true it can explain the slower rotational 

times associated with the Tyr residues. 
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Perspective 1 

Rotamer State 3 (at T=0.32ns) 

Perspective 2 

 

 

 

 

Perspective 1 

Rotamer State 4 (at T=2ns) 

Perspective 2 

 

Figure 150 - Rotamer States 3 and 4 (in red and CPK visualisation) with surrounding protein 

chains viewed from two angles 

Figure 150 demonstrates rotamer states 3 and 4 for the Tyr residue, which can be 

seen interacting more closely with the surrounding backbones and residues than 

states 1 and 2. The Tyr side-chain can still move with a relative amount of freedom, 

but has been influenced by the environment as the surrounding residues are closer, 

inducing a more defined twist in the rotamer’s C to CG angle influencing the Tyr into 

occupying states 3 and 4. These states appear to be common amongst the 

aggregated systems but are still present for monomers to a lesser degree (as seen 

previous chapters) as surrounding residues in monomers will still interact and cause 
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this twisting. Note that in Figure 150 the difference between states 3 and 4 is the 

twisting motion of the aromatic ring as the backbone is in a similar position in all 

images for perspective 1. The overall position of the Tyr residue is different from 

what was seen in states 1 and 2 as the aromatic ring is bending in a different (and 

more severe) direction perpendicular to the backbone. 

The trajectory begins with the Tyr in state 4 before moving into state 3 which are 

both shown above at appropriate timestamps. After being in state 3 briefly the Tyr 

moves back into state 4. Constant movement between two rotamer states is 

common in many trajectories discussed and is due to the C to CG dihedral angle 

being influenced by the surrounding environment not allowing it to move, but the 

other dihedral angle moves freely as it is not affected by the configuration. 

Tyrs that prefer states 3 and 4 (and also states 5 and 6) tend to move between 

these states rapidly, preferring to occupy a different state as often as possible. This 

explains the faster rotational times associated with aggregates seen throughout the 

last three chapters. 
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Perspective 1 

Rotamer State 5 (at 76.28ns) 

Perspective 2 

 

 

  

Perspective 1 

Rotamer State 6 (at 64.6ns) 

Perspective 2 

 

Figure 151 - Rotamer States 5 and 6 (in red and CPK visualisation) with surrounding protein 

chains viewed from two angles 

The Tyr side-chain occupies state 4 before moving into state 6. From state 6 it 

moves into state 5 (both depicted in Figure 151) before finally moving to state 3. The 

surrounding residues from the aggregated protein backbones are significantly closer 

to the Tyr side-chain than seen previously, which heavily affects its movements and 

forces the Try into a more twisted state. These states have only been viewed in the 

beta-sheet aggregates, as it appears that they need to be tightly packed in order to 

have the interactions required to influence the Tyr’s dihedral angles. This also 

implies that when a Tyr side-chain is in states 3 or 4, the surrounding residues and 

backbone are what influence and twist the Tyr into states 5 or 6 explaining why 
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jumps from 3 or 4 to states 5 or 6 can be made and vice versa. It is clear that states 

5 and 6 have a more pronounced bend perpendicular to the backbone than the 

previous states due to the surrounding interactions forcing it to take on this state, 

and the twisting motion of the aromatic ring indicates the difference in states 5 and 

6.  

It is logical that states 5 and 6 can occur one after another as described; as the C to 

CG dihedral angle will have limited movement due to the surrounding interactions. 

This suggests that only the CA to CD1 dihedral angle will be able to move, which 

allows the Tyr to occupy the two states. The Tyr side-chain will be free to move 

when the surrounding backbone residues move away from it, allowing the Tyr to 

move from states 5 or 6 into states 3 or 4 and vice versa when the backbone moves 

closer. This explains the pattern seen for the rotamer state movements; moving from 

state 3 or 4 to state 5 or 6 or instead moving from state 5 or 6 to state 3 or 4.  

Table 14 (below) arbitrarily depicts when a rotamer state has been detected to a 

significant degree (judged by eye) for all the simulations. This means that if there is 

a relatively small percentage of a particular state occupation (<1% occupation of 

state 2 for example) relative to the thousands of instances of other states being 

occupied, then it is not considered detected. Amorphous aggregates and monomers 

share similar Tyr rotamer state occupation. They all show an equal distribution of the 

rotamer states except a minor preference towards states 2 (though not significantly). 

In contrast, Tyr rotamer states of proteins with a beta-sheet protofibril show a 

distinct shift towards states 3 and 4. These preferences cannot be definitively 

conclude, as the trajectories are not run long enough. However, it can be concluded 

that there are no signs of states 5 and 6 unless the tightly stacked beta-sheet 

aggregate is formed (shown to be a low proportion). 
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 (A)                                                                  (B) 

A1-40  
Monomer 

Significant 
Appearances Proportions 

 

A1-42  
Monomer 

Significant 
Appearances Proportions 

State 1 3 0.231 
 

State 1 6 0.261 

State 2 4 0.308 
 

State 2 7 0.304 

State 3 3 0.231 
 

State 3 6 0.261 

State 4 3 0.231 
 

State 4 4 0.174 

Total 13 
  

Total 23 
  

(C)                                                        (D) 

A1-40  
Aggregate 

Significant 
Appearances Proportions 

 

A1-42  
Aggregate 

Significant 
Appearances Proportions 

State 1 10 0.303 
 

State 1 10 0.250 

State 2 11 0.333 
 

State 2 12 0.300 

State 3 6 0.182 
 

State 3 9 0.225 

State 4 6 0.182 
 

State 4 9 0.225 

Total 33 
  

Total  40 
  

(E)                                                         

A1-42 
Protofibril 

Significant 
Appearances Proportions 

State 1 16 0.176 

State 2 16 0.176 

State 3 27 0.297 

State 4 25 0.275 

State 5 4 0.044 

State 6 3 0.033 

Total  91 
 Table 14 - Population of Rotamer states in various types of simulations. (A) and (B) are the 

rotamer states shown most prominently by Tyr side-chains in monomers in A1-40 and A1-42 respectively. 
(C) and (D) are the rotamer states shown most prominently by Tyr side-chains in amorphous aggregates 

in A1-40 and A1-42 respectively. (E) contains the rotamer states shown most prominently by Tyr side-

chains in proteins that are part of a beta-sheet A1-40 and A1-42 respectively. 

There are significant changes to the lifetimes during the first 10 hours of 

experiments, both in the work presented here and in other work [44] [77], but 

significant aggregation occurs from around 5 hours and continues throughout the 

experiment (which can be as long as 3 or 4 days). Assuming these rotamer states 

are connected to the lifetimes, it implies that the early changes to the lifetime 

environments are related to changes in conformation of the Tyr side-chains seen 

here. It is clear that monomers prefer states 1 and 2 but can reach states 3 and 4. 

One of these states could be quenched, explaining why it does not have an 

associated lifetime. As the amorphous aggregates form, all four states appear to be 
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more favourable and once the beta-sheets form the fifth and sixth states begin to 

appear. This could give rise to the fourth lifetime seen in the experiments (assuming 

both states 5 and 6 have similar lifetimes, or one of the new rotamer states is 

quenched). These results suggest that the environmental changes seen in the 

experiments could be due to the misfolding and beta-sheet formation [49] [63] [172]. 

The true mechanisms are still hidden and require accurate size distributions over 

time for a more accurate depiction of what is causing the environmental changes, 

although MD does give us some idea of what could be happening. 

7.11. A1-42 Protofibrils and Aggregation Conclusions 

In conclusion, the trajectories studied in chapter 7 demonstrate the general shape 

and configuration of a small protofibril use as the building block for fibril formation 

[63]. The results suggest that there is beta-sheet sections within these protofibrils 

which are used to maintain its shape and to keep the proteins aggregated closely 

[49] [63] [171]. These sections are in the vicinity of Glu3-Arg5, Gln15-Phe20, Ile31-Gly33 

and Gly38-Ile41, with some variation seen due to the random nature of the 

simulations. The intermediate forms are not as stable making many of the 

candidates unlikely to be part of the aggregation pathway. The most stable of these 

was the stacking process (stacked dimer and trimer), this has been seen in other 

work with A fragments giving credibility to the findings [48]. They are the most 

stable as they do not readily lose their beta-sheet structuring. 

The most common rotamer states (3 and 4) are found to be stabilised during 

aggregation, making them favourable when the Tyr residue has minor external 

influences. This includes interactions with neighbouring residues on the same 

backbone as the Tyr, explaining why it is also seen in amorphous aggregates. The 

two new rotamer states for the Tyr residues found in this chapter only appear in 

tightly aggregated situations where there are significant external influences from 

other protein backbones, which can possibly explain the different lifetime responses 

found in the fluorescence experiments shown between non-aggregating and 

aggregated systems. This is due to the lifetimes representing different local 

environments, and the rotamer states found using MD also could be considered to 

be representing different lifetimes. The differences in the number of rotamers 

compared to the life times can be explained as some of these rotamer states may 
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be quenched due to the close proximity of the Tyr residues (causing photons 

repeatedly excite Tyr residues rather than being detected) [112].  

The results for the simulated anisotropy are also consistent with what has been 

seen in the previous two chapters. As the aggregate gets bigger the graphs of 

anisotropy suggest a much slower rotation as the decay to 0 takes longer [112] 

[163]. In some cases the graph cannot decay to 0 within the timeframe of the 

analysis and in others it will not decay to 0 at all. The initial decay can be directly 

linked to the Tyr residue as it is clear from the results that a free moving Tyr residue 

will have a sharp initial decay and a slow moving Tyr residue that is perhaps stuck in 

one rotamer state for long periods will have a slow initial decay [112] [163]. This was 

seen most clearly with the protofibril structures. Furthermore, the fitting parameters 

and equations used for the simulated anisotropy graphs show promising results 

based of statistical correlations [168] that could be the ground work of making fully 

simulated anisotropy studies that could eventually account for the excitation and 

emission of the photons. The results in this section give novel insight into the Tyr 

residue and its surrounding environment as well as a detailed outlook of the 

conformational changes within these protofibril structures. 
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8. Conclusion 

In conclusion, fluorescence spectroscopy has been used in order to probe potential 

environments that A1-40 can aggregate in [112]. The results showed no aggregation 

in deionized water or dilute HCl at pH 7 and 5.5 respectively.  Despite this, A1-40 MD 

simulations in water (with and without ions) revealed the potential for some 

amorphous aggregation. This is likely due to the supersaturated concentrations of 

the simulation as the waterbox is small relative to an experimental sample [44]. 

Nonetheless, the MD aggregation was minimal and there was not enough time for 

fibrils to form. Longer simulations are required, though are not currently reasonable 

due to the present limitations of processing power within super computers such as 

ARCHIE-WeSt.  

Fluorescence spectroscopy also revealed lifetime contributions and potential 

aggregation changes for A1-40 samples containing NaOH [112] [163]. These 

changes indicate a lifetime that was not present before and has an initial value of 

20ns which drops to 10ns within 10 hours of the experiment starting as seen in this 

work and others [44]. However it is difficult to determine if one of the shorter 

lifetimes found in the aggregating samples is scattered light, or a lifetime from the 

Tyr residues themselves, as it is a similar size to the channel width (lifetime is 

around 30ps, channel width is 13.5ps/channel) [163].  The aggregation has been 

confirmed both by fluorescence anisotropy and DLS measurements taken over the 

course of 3-4 days. The changing lifetime contributions are caused by the changes 

to the environment of the Tyr residues [112]. A clearer picture of the movements is 

revealed in the MD simulations. The aggregates become more tightly packed, and 

the Tyr residues are more likely to be protected from the surrounding water, 

preventing some quenching from occurring, which in turn can change the lifetime 

contributions associated with the systems [112].   

It was also revealed that after the first 10 hours or so that the lifetime contributions 

became constant, implying that the environments are no longer changing [112] 

[163]. However, as was shown with the anisotropy and DLS measurements, 

aggregate sizes continued to increase after these initial 10 hours. This implies that 

the Tyr residues find their stable environment’s before the aggregation is complete, 

suggesting the oligomers are protofibrils. MD simulations reveal characteristics of 

beta-sheet oligomers, which are a likely shape for these early stage aggregates [63]. 
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These oligomers can theoretically form and stack endlessly until no monomers are 

left [50] [63]. These MD beta-sheet structures appear to have six rotamer states 

available for the Tyr residues to occupy, which are not seen in amorphous 

aggregates or monomers. This has been revealed to be due to their local 

environments pressuring them into these orientations and can only occur in the 

beta-sheet model due to the close proximity of neighbouring protein backbones.  

The monomers and amorphous aggregates consistently show between 1 and 4 

rotamer states, depending on the local Tyr environments and length of trajectory. 

Regardless of unique local environments, statistically all four rotamer states are 

present when enough proteins are in the system (such as in an experimental sample 

though previous results suggested only 3 [44]). This is potentially comparable to the 

results seen for the fluorescence spectroscopy, as the lifetimes revealed here are 

different local environments associated with the Tyr residues [112]. It was revealed 

that there are three lifetimes associated with the experiments containing non-

aggregating A1-40 and potentially four for the experiments which aggregated.  

These lifetimes and rotamer states are potentially closely linked and the reason that 

only three lifetimes are present in the experiments (as opposed to the four 

environments seen in the simulations) could be due to the quenching of the fourth 

lifetime. This could potentially be another measure of when aggregation occurs; a 

fourth lifetime begins to contribute. The appearance of this new lifetime could be due 

to presence of the fifth or sixth rotamer state appearing once beta-sheets form which 

do not get quenched. Further research into this area could reveal more about the 

stages of A aggregation, and could lead to a clearer understanding of the 

aggregation pathway. 

The DLS measurements reveal photon count / intensity increases overtime, 

suggestive of an increasing aggregate size. Apart from this, DLS measurements for 

both samples in NaOH and HCl reveal very little, due to high polydispersity, which is 

likely caused by multiple species being present in both systems. This suggests that 

aggregates begin forming for the NaOH samples even before the first measurement 

has been taken as the initial stages of A aggregation are incredibly rapid. This also 

implies that the HCl samples have multiple species within them. However, as the 

spectroscopy results revealed no changes to the lifetimes and therefor no changes 

to the Tyr environments, it suggests that the A samples cause too much noise to 
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obtain quantifiable results, even in the early stages, when at most monomers and 

oligomers / small amorphous aggregates are likely to be present. An alternative 

buffer to HEPES that causes less noise in DLS measurements is PBS buffer, 

however this was not deemed necessary within the work presented here as the A 

proteins themselves are clearly showing signs of causing too much scatter as is 

seen with the water, HCL and NaOH measurements. Further work with other buffers 

and using DLS equipment more suited to A aggregation must be attempted to gain 

a better understanding of the size distributions over time associated with A 

aggregation. 

This is also true for fluorescence experiments, specifically anisotropy. The low 

photon count detected creates issues constructing the necessary histograms for    

and     used to form the anisotropy curve [112]. The time taken to complete each 

measurement is too long and creates substantial noise within the results, due to the 

formation of aggregates occurring during the analysis window. This makes analysis 

of the results difficult and very little can be revealed about the systems. Regardless, 

the anisotropy reveals the presence of multiple aggregate sizes, which could be 

partially due to the long measurement time, although this was also apparent in DLS 

results. Though very little can be revealed about the sizes due to the noise, it has 

successfully been compared to simulated MD anisotropy results and simulated MC 

anisotropy, both of which reveal that the sharp initial decay is caused by the Tyr 

residue moving very quickly and the slower decay is caused by the aggregate 

rotation itself. The Tyr movements have been studied in depth and compared to the 

resulting anisotropy graphs and the variation in initial decay was always due to 

differences in the Tyr environment. This can be compared to the experimental 

results as there were changes to the initial decay as the aggregation progressed, 

though there was a lot of noise in these initial values. The longer decay time 

associated with the bulk rotation was also studied by comparing the larger MD 

aggregates to the smaller ones, and saw that this created slower final decays to 0. 

These results show how anisotropy probes the early stages of aggregation and we 

have interpreted this in terms of the diffusion of the Tyr residues. 

MD simulations also share similarities with work found in literature. Both A1-40 and 

A1-42 show conformational changes before fibril aggregation can occur, which may 
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be indicative of the misfolding processor the aggregate. The shape is similar to the 

horseshoe or hairpin motif’s discussed in literature. 

In future, lower concentrations of A samples would allow for a slower aggregation 

which could be more readily studied, as some initial stages have potentially been 

missed in these experiments. We believe that a suitable experimental setup for both 

DLS and fluorescence anisotropy will allow for the accurate depiction of the size 

distribution in the A samples, which can then be compared to MC simulations that 

probe the potential aggregate pathways associated with them. If a MC model can be 

made that fits the experimental results, it could potentially reveal the true 

aggregation pathway for A and further work could focus on the various stages seen 

in these MC simulations. 

Longer MD simulations or larger initial simulations that start from pre-aggregated 

amorphous aggregates could reveal more about these stages too. For example, 

how the amorphous aggregates form the beta-sheet oligomers could also be 

revealed with large enough systems, longer trajectories or advanced simulation 

techniques. As many of these methods are limited by the current available 

processing power, the simulation of smaller Tyr containing peptides would allow for 

larger aggregates to be probed on a computationally accessible level and could 

reveal more about both the rotamer states and what effects the local Tyr 

environments have on them, as well as give more insight into how aggregation 

affects anisotropy.  
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Appendix 1 (Chapter 2.3): MC simulated anisotropy code: 

These are important notes about the MC program. Please note the “line x:” are not 

part of the code and are just used to highlight lines:  

 Line 4: Integer steps must be kept in degrees 

 Line 15: Example naming convention is “SmallRangestepstep=1 => S1, 

LargeRangestep=10 => Lt, lConstraint=30 => c30 

 Line 19: Initial loop is used for defining all starting points and Tyr is 

constrained somewhere between the backbone angle and the backbone 

angle+180 

 Line 33: The second loop-set records a small step size change “dphi” and 

“dtheta” which are the angles in 3 dimensions. Which are linked to the 

proteins backbone movement and are applied to both backbone and Tyr 

angles. Then a large step size is applied only to the Tyrosine faster (but 

more constrained) movement in 2 dimensions. Simulating the slow bulk 

rotation and fast Tyr movements between rotamer states. The steps are 

changed to radians for all angles.  

 Line 46: A step to ensure Tyr step does not “pass through” the backbone will 

cause a new angle to be selected. 

 Line 72: Once the vectors for these points have been calculated, the 

anisotropy can be calculated by tracking the movements of the Tyr 

 Line 79:  If multiple monomers / oligomers are being used average 

anisotropy and must be created 

 Line 95: Current MC timestep and anisotropy for that movement is recorded 

to text file to be graphed. 
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Appendix 2 (Chapter 2.4): MD Programs  

Appendix 2.1 – Rotamer Tracking 

A simple program to track what rotamer state the Tyr residues is currently positioned 

in. 

Lines 13 -47: Determine which rotamer the current value will fall into 
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Appendix 2.2 – Anisotropy Calculations 

VMD tcl script for tracking Cz and Cg: 

 

Line 1: Name of the TCL script 

Line 3: Selects the atom (by its index number, must be done separately for C and 

CZ)   

Line 4: Number of repetitions is set by number of frames in the trajectory 

Line 6: Name of file to save the coordinates too 

Line 8: Starts the loop 

Lines 9-11:  The frame and coordinates are selected and saved to the file set in line 

6 
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Vector and Anisotropy program: 

Line 8: AC range is the number of frames used in the final and anisotropy plot; it 

varies for each simulation depending on amount of frames available  

Line 10: T range is the total number of frames in the dataset and truncation is 

possible  

Line 26-43: this loop is used to turn the coordinates for the two C and CZ atoms of 

the Tyr into vectors (xv,xy,xz), which is then normalised (nx, ny, nz) usign the vector 

length (vlen). in order to get an angle with respect to the Z axis  

Line 48-54: create the anisotropy data by taking the dot product of the current 

normalized vector coordinates and normalized vector coordinates from another time. 

which are then put into   line 64 which is the FORTRAN equivalent of Eqn. 2.4.12.  

Line 57-67: are used to create the average anisotropy and converts the MCS into 

nanoseconds and is then output to a text file to be graphed. 
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Appendix 3: Experimental Extras 

Appendix 3.1: All 2 values for Fluorescence Spectroscopy/ Anisotropy results 

Though some values have poor fits, the majority are adequately fit with appropriate 


2 values. It can be assumed that these 2 values are outliers. 

3.1a: Experimental Spectroscopy 2 Values 

A in water: 

 

 

A in Hydrochloric Acid: 
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A in NaOH: 

 

 
The difference here is a general trend of increase c2 values starting to generally be 

above 1.2 which could be indicative of the requirement of a 4exp fit. 
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Appendix 3.2: Spectroscopy Fits  

4exp. graph for A in HCl 

 

 
Note the axis for these contributions are almost 0, with the four lifetime being 

generally at almost 1. This implies the results are not sufficient and three 

exponential fit is more appropriate. 

4exp. Full Graph for A in NaOH 
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Appendix 3.3: All DLS correlations 

 

3.3a: Acceptable DLS Correlations Associated With BSA Results 

inHEPES and PBS 

   

 
The resulting correlations are similar, which suggests that there should be no issue 

using HEPES in Ab experiments. Despite this, it seems that the use of PBS buffer is 

better, as it scatters less. 
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3.3b: DLS results for all samples in Zetasizer “Nano” 

 

 

The first three results are three attempted studies of A in dilute HCl from the same 

sample, which initially show very large aggregates then showed a small aggregate. 

The next two are from a different sample with similar properties, showing a small 

particle and an apparent negative sized species which should not be possible. The 

next two results are two attempts of A in NaOH again showing a slightly different 

size from the others, which could be related to the aggregation. The final two are 

results for A in an unfiltered dilute HCl solution. 

Despite the large particle being similar for all there are no patters to the size 

distributions they appear random and size does not increase with time (sometimes 

large, sometimes small with no distributions in between). There are also negative 

size distributions. These results do not give any valuable information and cannot be 
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trusted, as expected based on these correlations; there are no useable 

measurements available here. The only notable information here is that the NaOH 

sample shows a larger particle around 10ns which could be related to the 

aggregation, though as the results cannot be trusted this could be coincidence. 
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Appendix 3.4: Stochastic Optimiser for Anisotropy Best Fits 
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Line 2: Array of 0-8 used i.e. 9 variables used which would create a three exp. Fit. 

Line 5: Screen updating off to increase efficiency. 

Line 6: Beta value starting value selected and is used in the annealing portion of the 

program.  

Lines 7-26: Assigns the initial values of the fitted parameters into the system with y 

being the total error of the fit. 

Lines 33-39: Selects a random number (between -1 and 1) to be the step change to 

the variables (loops until a valid input is found). New value of y (totally error) is 

recorded. 

Lines 41-54: This is the annealing section of the code. A random number (between 

0 and 1) is selected and compared the resulting value of exp(beta*(Y), the change 

in error (and the variables) is only accepted when this result is less than the random 

number. This is then repeated with a larger Beta value. At first the program will allow 

for changes both positive and negative (increases and decreases in error), and will 

slowly become less inclined to take results that lead to an increase in error. The J 

loops dictate the accuracy by fine tuning how big of a change to the variables are 

before the beta value is increased with each cycle of I. This means that at first, there 

will be large changes in error and it will slowly pin point the best fit for the system. 

The beta variable is used to ensure that the resulting fit does not accidently become 

stuck incorrectly at point that appears to be the best fit. This can happen as a 

change to one variable, could result in a better fit being found, but in reality, is a 

poor change for the overall fit of all variables. 

Lines 56-77: This is the stochastic optimisation portion of the code. Works in a 

similar way to the anneal but only accepts decreases in error as by this point we 

assume that it has most likely found the correct region of variables and this area is 

used to do a fine tune of the resulting fit. The screen is then updated and the 

resulting graph can be extracted for the best fit. 
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Appendix 3.5: Sample Anisotropy Correlation Calculation 

         
 

 
∑      ̅      ̅     

 (A3.5.1)  

Where, x is the recorded value of anisotropy (ra), and y is the fitted value of 

anisotropy (rf)  ̅ and  ̅ are the mean values of all ra values and the mean values of 

all rf values respectively [1]. 

       
        

    
    

 (A3.5.2) 

Where    and    are the standard deviations of all ra values and the standard 

deviations all rf values, respectively [1]. 

For experimental anisotropy data at 0 hours and 0 minutes (Time=0), correlated 

over 50ns of the analysis window. 

 ̅=0.104321784,   ̅ =0.098034522, and so          over the 50ns window = 

0.000887897 

  =0.084845717,   =0.029023181  
           

                       
 

              

         

Microsoft Excel has an in built function for this that produces the same results. 

Appendix 3.6: Rotational Times from Anisotropy Data 

3.6a Parameters for HEPES experiment and 2 for graphs  

Day Clock Time 
Slow T1 
(ns) 

Fast T2 
(ns) B1 B2 A 


2


1 1600 15m 16.76 0.69 -0.06 0.38 0.11 1.09 

1 1700 1h15m 12.22 0.71 -0.05 0.38 0.10 1.03 

1 1800 2h15m 5.21 0.90 -0.12 0.63 0.11 1.24 

1 2000 4h15m 120.61 0.69 -0.29 0.34 0.35 1.00 

1 2200 6h15m 13.55 0.84 -0.11 0.51 0.15 1.16 
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Day Clock Time 
Slow T1 
(ns) 

Fast T2 
(ns) B1 B2 A 


2


2 0900 17h15m 9.76 1.16 -0.17 0.66 0.16 1.72 

2 1200 20h15m 11.44 1.02 -0.12 0.59 0.14 1.43 

2 1700 25h15m 9.74 1.00 -0.11 0.52 0.14 1.18 

2 2200 30h00m 10.58 1.60 -0.24 0.73 0.17 3.59 

3 0534 37h34m 414.12 1.12 -3.19 0.31 3.21 1.20 

3 1135 43h35m 2589.37 1.06 -20.75 0.23 20.76 1.17 

3 1508 47h08m 47.80 1.30 -0.58 0.33 0.56 1.22 

4 1508 71h08m 1176.12 2.69 -72.92 0.88 72.64 0.99 

4 2223 78h23m 1191.21 2.88 
-

124.58 1.07 124.10 1.00 

Here we see increase pre-exponentials, with random changes in time scale that are 

outside the scope of the window of analysis and so do not make sense, despite the 

good errors. These fits are not acceptable. 

3.6b Manipulated fits for HEPES experiment to get increasing rotational 

times  
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Day Clock Time Slow Ti (ns) Fast Ti (ns) 
2 

1 1600 15mins 7.76 0.69 1.09 

1 2200 6h15m 13.55 0.84 1.16 

2 0900 17h15m 110.85 0.67 1.03 

2 2200 30h15m 309.58 0.77 1.07 

3 1135 43h50m 655.63 0.77 1.14 

4 2223 78h38m 1191.21 2.88 1.00 

 

As can be seen above, almost all results have so much scatter that almost no data 

can be recovered from them. Unlike the fits attempted in Appendix 3.6a the time 

window for these fits is small portions, resulting in good c2 values and increasing 

rotational time. However, the values seen here are far too large, as they are times 

that would occur out with the analysis window  
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Appendix 3.7: Rotational Times and 2 for 3exp NaOH Fits 

Day Clock Time T1 (ns) T2 (ns) T3 (ns) 
2


1 1202 5m 16.70 2632.39 0.60 1.129619 

1 1417 2h20m 11.95 1326.39 0.57 1.086469 

1 1622 4h25m 10.69 1413.18 0.57 1.044086 

1 2027 8h30m 11.19 1447.81 0.58 1.094932 

1 2234 10h37m 9.62 1232.90 0.54 1.051851 

2 0053 12h56m 8.63 1324.31 0.54 1.074314 

2 0325 15h28m 9.66 2723.52 0.61 1.143533 

2 0542 17h45m 6.05 2597.75 0.53 1.081241 

2 0757 19h00m 5.21 2532.80 0.53 1.020308 

2 0958 21h01m 4.38 2501.11 0.53 1.086757 

2 1157 23h00m 3.54 2468.65 0.53 1.063187 

2 1352 24h55m 2.69 1910.32 0.56 1.118648 

2 1541 26h44m 3.66 43.38 0.61 1.048921 

2 1722 28h25m 8.19 14.34 0.68 1.117438 

2 1904 30h07m 1.77 73.45 0.62 1.040459 

2 2051 31h54m 16.85 17.04 1.26 1.063225 

3 1152 46h55m 2.61 11.88 2.51 0.973257 

3 1432 48h35m 3.56 6.62 8.51 1.020241 

3 1824 51h27m 1.93 1.89 1.97 0.631293 

3 2023 53h26m 0.54 2.74 2.83 0.969869 

Except the initial result the first 1- hours show very similar results, after this there is 

a significant (and fairly sustained) increase in one of the timescales, possibly 

associated with the aggregation or the environmental changes that occur around 

this time. All results after the first 24 hours stop following any sort of pattern. They 

do have the most scatter and graphically they appear to have extremely long times 

associated with them as they have an    value of around 0.3 though it is impossible 

to tell due to the scatter and cannot be fit to past a certain point (around 11667ns of 

a total 29167ns).  Regardless, no useful information can be extracted from these 

results. This is also true of the pre exponential functions seen below. 
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Day Clock Time B1 (ns) B2 (ns) B3 (ns) 

1 1202 5m 0.137 -9.679 0.279 9.61 

1 1417 2h20m 0.102 -3.811 0.226 3.78 

1 1622 4h25m 0.093 -3.638 0.230 3.61 

1 2027 8h30m 0.094 -3.783 0.226 3.76 

1 2234 10h37m 0.095 -4.149 0.160 4.13 

2 0053 12h56m 0.088 -4.611 0.165 4.59 

2 0325 15h28m 0.084 -9.084 0.229 9.07 

2 0542 17h45m 0.072 -7.338 0.160 7.34 

2 0757 19h00m 0.067 -6.582 0.147 6.59 

2 0958 21h01m 0.066 -6.360 0.161 6.37 

2 1157 23h00m 0.068 -6.649 0.164 6.65 

2 1352 24h55m 0.067 -5.211 0.177 5.22 

2 1541 26h44m 0.083 -0.219 0.171 0.20 

2 1722 28h25m 0.280 -0.358 0.186 0.12 

2 1904 30h07m 0.096 -0.254 0.131 0.25 

2 2051 31h54m 5.978 -6.106 0.212 0.12 

3 1152 46h55m -10.892 -0.324 11.234 0.41 

3 1432 48h35m 3.503 -11.227 8.078 0.16 

3 1824.00 51h27m -1467.87 1591.46 -123.64 51.27 

3 2023.00 53h26m 0.04 15.43 -15.37 0.32 
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Appendix 4 (Chapter 5): MD Simulations for A1-40 

Appendix 4.1 – One Protein System (No Ions) Rotamer movements 

 

Appendix 4.2 – One Protein System (Ions) Rotamer movements 

 

  

0

100

200

300

400

0 500 1000 1500

D
ih

e
d

ra
l A

n
gl

e
s 

Frame No. 

Monomer (No Ions) 
Rotamer Time Lapse Tyrosine A 

C to CG



P a g e  |  2 7 6  
 

Appendix 4.3a – Two Protein System (Monomers) Rotamer movements 

 

Appendix 4.4a – Two Protein System (Dimer with Big Waterbox) Rotamer 

movements 

 

Appendix 4.4b – Two Protein System (Dimer with Big Waterbox) Fitting 

parameters 

Simulation riT+riB roT-riT TT roB-riB TB Correl. 

Dimer (Big) -0.05 0.072426 31.74529 0.377574 1.74806 0.952699 

Sng exp. -0.04 - - 0.439978 2.681594 0.966012 

 

When fitted to the initial decay and the rise is ignored it gives a contribution for a one 

exponential fit. Despite this the resulting fit for the single exponential is identical to 

that of the two exponential seen initially. 
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Appendix 4.5a – Two Protein System (Dimer with Small Waterbox) 

Hydrophobic sections 

  

  

As expected the tails have buried themselves into each other allowing the 

aggregation to occur. 
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Appendix 4.5b – Two Protein System (Dimer with Small Waterbox) Rotamer 

movements 

 

Appendix 4.6 – Three Protein System (Dimer and Monomer) Rotamer 

movements 
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Appendix 4.7 - Three Protein System (Trimer with ions) Rotamer movements 
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Appendix 4.8 - Four Protein System (Tetramer) Rotamer movements 

 

Appendix 5 (Chapter 6) MD Simulations for amorphous A1-42 
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Appendix 5.1 - Three Protein System (No Aggregation, no ions) Rotamer 

movements 
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Appendix 5.2 - Three Protein System (Amorphous Dimer + Monomer) Rotamer 

movements 
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Appendix 5.3 - Three Protein System with Ions (No aggregation) Rotamer 

movements 
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Appendix 5.4 - Four Protein System (with Aggregation) Rotamer movements 

 

 

 

 

Appendix 5.4 - Six Protein System (Tetramer/dimer chain breaking) Rotamer 

movements 
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Appendix 5.6 - Four Protein System (with Aggregation) with crash. 

The following amorphous system did not complete its full 1250 frame (50ns) 

trajectory as the waterbox was too small (as shown by the repeating blue protein 

seen in Figure 152 below), in an attempt to save processing power. Nevertheless, 

information can be extracted from the results up to 40ns (1000 frames) (see Figure 

152). At approximately frame 1050, monomer A begins interacting with monomer B, 

which then interacts with monomer C. Monomer C passes through the periodic 

boundary, aggregating with monomer A. This creates a percolating aggregate that 

nominally has an infinite size; the simulation crashed after this point. 
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T=0ns T=20ns T=40ns 

 

43ns (Crash) 

Figure 152 – Failed Four Monomer System at time = 0ns, 20ns, 40ns, with crash at 43ns after infinite 

aggregate formed as apparent from the blue protein appearing twice. With protein A shown in blue, 

protein B shown in red, protein C shown in grey and protein D shown in orange. The VDW spheres are 

shown in grey. 

As the trajectory begins monomer A and C move away from any neighbouring 

proteins and monomers B and D initially move closer together. As the trajectory 

progresses monomer B moves away from D, and begins to move closer to A and C. 

At this point monomer A is already interacting with monomer C through the periodic 

boundary. Monomer B starts interacting with monomer A and C simultaneously. This 

creates an interaction between A and B, B and C, and (through the boundary) C and 

A, which in turn creates the infinite loop of interactions. 
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Figure 153 – Failed Four Monomer System Rotamer Response. The centre for each is 

approximately (65,60), (250,60),(100,170) and (290,175) for Tyr A. Tyr B has approximately (70,65), 

(250,65),(100,170) and (300,175). Tyr C has (70,65),  (65, 250) (110,170) and (170,290). Tyr D has 

(70,65), (65, 260) 

Tyr A B and C all have traditional rotamer angle distributions with some slight 

variation consistent with other monomers / amorphous aggregates (see Figure 153). 

In contrast, Tyr D remains a monomer throughout the simulation and has minimal 
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interactions with other proteins. It only occupies states 1 and 2, which suggests the 

interactions are influencing its movements.  
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Figure 154 - Time Lapse Rotamer Response of Failed Four Monomer System 
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Figure 154 shows that the three interacting proteins (A,B and C), which begin to 

form an aggregate, have Tyr side-chains that move between the four rotamer states 

relatively regularly. These show a fair degree of influence from their surroundings, 

causing the Tyr to twist into states 3 and 4. Despite the aggregate forming as this 

trajectory begins, it is reasonable that these Tyr side-chains will show a preference 

to states 1 and 2. This is because it is in the process of aggregating and therefore 

the Tyr side-chains are not necessarily always being influenced by their 

surroundings, creating the necessary twist in the C to CG dihedral angle. This is 

reflected in the graphs as they start to show more of preference to states 3 and 4 

near the middle and end of the trajectories, as the proteins start to interact more 

prominently. 

 

Tyr D as a monomer shows the expected preference to states 1 and 2 but has little 

movement, possibly due to interactions being caused across the periodic boundary 

due to small waterbox used, influencing the movement of the Tyr side-chain.  

 

Figure 155 - Simulated Anisotropy of Failed Four Protein System. This graph shows the simulated 

anisotropy of both Proteins A (blue), B (red) C (grey) and D (orange) as well as the average (dotted 

green). 

Proteins A and C have similar initial decays followed by a rapid relaxation to 0 at a 

correlation time of 10ns. Proteins B has a shorter lived initial decay and a second 

sharp decay at around a correlation time of 10ns and decays to 0 at about 13ns. 

The slower decay for Protein B is likely due to spending more time in states 1 and 2 

without moving between the states as often as Proteins A and C (Figure 155).  
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These responses are similar to that seen for monomers due to the fast movements 

of the Tyr side-chains, although they take significantly longer to reach 0 than a 

monomer suggesting some aggregation is beginning to take place. The reason it 

does not have a higher plateau value is because the trajectory is too short (due to 

the crash) and as such the pre- and post-aggregation movements of the proteins will 

be included. This creates significantly more movement in the proteins as they move 

closer together and also try to become stable in the aggregate. It is likely that if the 

trajectory could have continued, and an analysis of the end section of simulation 

was undertaken, a more defined aggregate decay curve would have been found. 

Protein D has an aggregate-like response, as it has a slower initial decay and a 

relaxation period that does not reach 0 until the end of the decay at a correlation 

time of 23ns. This is due to the lack of movement for the Tyr side-chain and also the 

lack of movement for the protein. This is because it will have limited space to move 

around due to the small waterbox.  

The average decay for this system has a short lived initial decay and a long 

relaxation period that reaches 0 at a correlation time of approximately 14ns. This 

result suggests aggregation is, at the very least, beginning to occur. 

Best fits 

The monomer’s best fit graph (Figure 110 and Table 11) shows that the fast Tyr 

movements have a significantly higher contribution than the bulk aggregate rotation. 

This is reasonable as there is limited ability for the proteins to move due to the small 

waterbox (as seen clearly with monomer D.) The other proteins do have more room 

to move as they begin to aggregate, creating more space to move temporarily until 

they aggregate, which will slow down their rotation when they are part of the bulk 

aggregate.  

The system has an    value of 0 due to the movements as expected, a fast 0.04ns 

r value for the Tyr movements and a 5.209ns r value for the bulk rotation, which is 

reasonably slower than a monomer as this is a monomer system that is slowly 

aggregating. 
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Appendix 6 (Chapter 7) MD Simulations for Beta-sheet A1-42 

Appendix 6.1 - Flat-sheet Dimer Rotamer movements 

 

 

Appendix 6.2 - Stacked Dimer Rotamer movements 
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Appendix 6.2 - L-Shaped Trimer Rotamer movements 
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Appendix 6.3 - Stacked Trimer Rotamer movements 
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Appendix 6.4 - Flat-sheet Tetramer Rotamer movements 
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Appendix 6.5 - L-Shaped Tetramer Rotamer movements 
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Appendix 6.6 - Beta-sheet Hexamer without Ions Rotamer movements 
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Appendix 6.7 - Beta-sheet Hexamer with Ions Rotamer movements 
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