
ABSTRACT 

PHELPS, ERIN MELISSA.  Polyalanine and Aβ Aggregation Kinetics: Probing Intermediate 
Oligomer Formation and Structure Using Computer Simulations.  (Under the direction of Carol 
K. Hall). 
 

 The aggregation of proteins into stable, well-ordered structures known as amyloid fibrils 

has been associated with many neurodegenerative diseases.  Amyloid fibrils are long straight, 

and un-branched structures containing several proto-filaments, each of which exhibits “cross 

beta structure,” – ribbon-like layers of large beta sheets whose strands run perpendicular to the 

fibril axis.  It has been suggested in the literature that the pathway to fibril formation has the 

following steps: unfolded monomers associate into transient unstable oligomers, the oligomers 

undergo a rearrangement into the cross-β structure and form into proto-filaments, these proto-

filaments then associate and grow into fully formed fibrils.  Recent experimental studies have 

determined that the unstable intermediate structures are toxic to cells and that their presence 

may play a key role in the pathogenesis of the amyloid diseases.  Many efforts have been made 

to determine the structure of intermediate oligomer aggregates that form during the 

fibrillization process.  The goal of this work is to provide details about the structure and 

formation kinetics of the unstable oligomers that appear in the fibril formation pathway.   

The specific aims of this work are to determine the steps in the fibril formation pathway 

and how the kinetics of fibrillization changes with variations in temperature and concentration.  

The method used is the application of discontinuous molecular dynamics to large systems of 

peptides represented with an intermediate resolution model, PRIME, that was previously 

developed in our group.  Three different peptide sequences are simulated: polyalanine (KA14K), 



Aβ17-40, and Aβ17-42; the latter two are truncated sequences of the Alzheimer’s peptide.  We 

simulate the spontaneous assembly of these peptide chains from a random initial configuration 

of random coils. 

We investigate aggregation kinetics and oligomer formation of a system of 192 

polyalanine (KA14K) chains over a variety of temperatures and concentrations.  The fibril 

formation pathway has the following steps: free monomers associate into small amorphous 

aggregates, those small amorphous aggregates grow, the amorphous aggregates rearrange into 

β-sheets, and finally the β-sheets stack into small fibrillar structures.  The rate of fibril 

formation increases as concentration increases and temperature decreases; this faster fibril 

formation is the combination of several effects, including increased amorphous aggregate 

formation from free monomers, increased amorphous aggregate rearrangement into β-sheets, 

and increased stacking into small fibrils.  There is a competition between enthalpy and entropy 

that determine the behavior of the final structure in the system.  At low temperature, enthalpy 

is dominant and the system produces multiple large fibrils, while at high temperature entropy is 

dominant and the system produces one or no large fibrils.  As temperature increases and 

concentration decreases the intermediate structures that form, such as β-sheets and large 

independent amorphous aggregates, are more stabilized which leads to slower fibril formation 

and fewer chains in the large final fibrillar structure. 

We study the formation of β-sheets and small fibrillar structures for both Aβ17-40 and 

Aβ17-42 to determine the difference between the two sequences in aggregation kinetics and 

oligomer structure as a function of temperature.  We observe that at low temperatures, both 

Aβ17-40 and Aβ17-42 form large amorphous aggregates with a small amount of β-sheet character, 



at intermediate temperatures the peptides form a mixture of β-sheets and fibrils that are 

surrounded by amorphous aggregates, and at high temperatures the peptides form small 

amorphous aggregates or remain isolated as free monomers.  Aβ17-42 forms fibrils over a larger 

temperature range than Aβ17-40.  The structure of the β-sheets changes as temperature 

increases through the range conducive to fibril formation.  Aβ17-42 goes through the transition 

from predominantly intra-strand hydrogen bonds to predominantly inter-strand hydrogen 

bonds in the β-sheet structure at a higher temperature than Aβ17-40. 
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CHAPTER ONE 

 

Introduction 

 

 1.1  Motivation 

 

Protein aggregation is an important field of study because of its impact on public 

health.  Insoluble ordered protein aggregates known as amyloid fibrils are the hallmark of 

the human neurodegenerative diseases known as “amyloid diseases”, such as Alzheimer’s, 

Parkinson’s, and the prion diseases [1-7] and are a major concern in the production of 

pharmaceuticals where they can affect drug toxicity and efficacy.[8-10]  Amyloid fibrils are 

long straight, and un-branched structures containing several proto-filaments, each of which 

exhibits “cross beta structure” – ribbon-like layers of large beta sheets whose strands run 

perpendicular to the fibril axis.[11-14]   

 The formation of amyloid fibrils is widely believed to be a nucleation-driven process 

that starts from unfolded free monomer peptide chains that form small, relatively 

unstructured intermediates which then rearrange into the cross-β structure.  These ordered 

intermediates grow until the aggregate becomes insoluble and condenses out of 

solution.[15-22]  Originally it was believed that the fully formed and mature fibril structures 
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were the toxic species in the amyloid diseases; however current thinking in the literature 

suggests that the intermediate oligomers are much more toxic and that the fibril formation 

process is just nature’s way of sequestering dangerous entities.[23-28]  Assuming that the 

intermediate oligomer as the toxic species hypothesis is correct, it becomes vitally 

important to discover and analyze all of the steps along the aggregation pathway from 

unfolded monomers to the toxic species and beyond to the fully formed fibril. 

 Experimental studies in this area take a variety of approaches in order to elucidate 

the aggregation pathway.  Several studies have been published that examine the effect of 

solution conditions on the rate of aggregation, including changing concentration, pH, salt 

content, or temperature.[17, 29-35]  Other experimental studies utilize inhibitors or other 

molecules in an attempt to identify key steps in the fibril formation pathway and control the 

final aggregate structure.[19, 36-38]  The difficulty in relying solely on experimental 

techniques for information about the steps in the fibril formation pathway is that most of 

the data collected is based solely on measurements of either the initial conditions, such as 

monomer concentrations, or on the final conditions, such as fibril concentration and 

structure.  Recent innovations in experimental techniques have allowed measurement of 

the concentrations of some of the intermediate structures but there is a distinct lack of 

detail about specific intermediate sizes and conformations.[39-41] 

 The use of computer simulations allows researchers to overcome the relative lack of 

knowledge of the molecular-level events that occur during the process of protein 
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aggregation.  When using computer simulations two decisions must be made: how to model 

the protein and what simulation algorithm to use to calculate particle trajectories.  Several 

types of models for representing proteins have been published in the literature, including 

all-atom and intermediate resolution models.[42-49]  All-atom representations of peptide 

sequences have been used to study portions of the aggregation pathway, but the 

computational costs of keeping track of that much detail is very high.[50-55]  In fact, 

simulations of the entire aggregation process from start to finish at an atomistic level are 

not within current computer capabilities.  Reduced representation models of proteins vary 

from using one, two or four spheres to represent each amino acid in the protein sequence 

to using some other type of geometry to represent the backbone altogether.  These 

reduced representation models provide a large savings in computational cost, especially if 

the model uses an implicit solvent representation, because they limit the number of 

particles in the simulation system.[56-60]  Most reduced representation models are used in 

conjunction with molecular dynamics (MD) simulations.  Traditional MD simulations utilize 

continuous energy potentials for particles in the simulation, such as a Lennard-Jones 

potential, and use Newton’s laws of motion to numerically calculate changes in positions 

and velocities for each particle at regularly spaced time intervals.[61-62]  A fast alternative 

to traditional MD is the use of discontinuous molecular dynamics (DMD), which uses 

discontinuous expression for the interaction potentials.  The use of discontinuous 

potentials, such as square-well and square-shoulder functions, allows DMD to analytically 
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calculate changes in position and velocity for each particle in the system when a 

discontinuity is reached, which greatly speeds up the computation.[63-70] 

 This dissertation describes research aimed at using computer simulations to provide 

a more detailed understanding of protein aggregation and the kinetic pathway of amyloid 

fibril formation.  We use a molecular level reduced representation protein model with 

implicit solvent (PRIME) that has been found to capture accurate structural details for 

aggregated proteins.[71-77]  DMD was chosen because the speed of the algorithm allows us 

to capture the entire self-assembly process of our model peptides.  

 

1.2  Overview 

 

In this section a summary of the rest of the dissertation is provided.  All chapters 

provide their own literature review and references. 

 Chapter 2 provides an in-depth look at the aggregation kinetics of a polyalanine 

peptide under the best conditions for fibril formation.  Computer simulations of 192 chains 

of the polyalanine peptide KA14K were conducted at a concentration of c = 5mM and a 

reduced temperature of T* = 0.13.  The results from thirty replicates of this system were 

averaged together to provide detailed information about the fibril aggregation pathway and 

specifics about the size and conformation of the intermediate structures seen along the 

pathway.  The fibril formation pathway follows these steps: (1) free monomer peptides 
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aggregate into small amorphous aggregates, (2) these small amorphous aggregates grow by 

monomer or oligomer addition into large amorphous aggregates, (3) the large amorphous 

aggregates undergo a structural rearrangement into a beta sheet, (4) beta sheets grow by 

monomer or oligomer addition into larger beta sheets, (5) the beta sheets stack into small 

fibril structures, and (6) the fibrils grow by the addition of one or more sheets until the 

simulation contains one or two large fibrils.  At the end of the simulations the final structure 

is composed of one or two large fibrils with more than six beta sheets stacked together; 

approximately 90% of the peptide chains are associated with the large fibrils.  This pathway 

for fibril formation is in agreement with results published in the literature. 

 Chapter 3 describes our results from studying the effects of changing temperature 

and concentration on the fibril formation pathway.  The data was produced from computer 

simulations of 192 chains of a polyalanine peptide, KA14K, starting from a random coil 

configuration.  The simulations were conducted at concentrations of c = 2.5, 5, and 10mM 

and temperatures of T* = 0.11, 0.12, 0.13, 0.135, and 0.14.  Thirty simulations were 

performed at each set of parameters and the results were averaged together to provide 

detailed population and conformation information.  Fits of our simulation data to a simple 

exponential kinetic model show that our results on the effect that variations in temperature 

and concentration have on the overall growth rate of fibril formation and lag time are in 

agreement with experiment.  The fibril formation pathway is similar to that described in 

Chapter 2; information about how the transitions between specific intermediate structures 
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change with variations in temperature and concentration with respect to time are analyzed 

in detail in this chapter.   

 Chapter 4 describes our results from studying the formation of beta sheets and small 

fibrils by fragments of the Alzheimer’s peptide, Aβ.  Simulations of 144 chains of either Aβ17-

40 or Aβ17-42 peptides were conducted starting from random coil configurations and ending 

in an apparent steady state configuration that includes amorphous aggregates, beta sheets, 

and small fibrils.  Results from thirty replicate simulations at a concentration of c = 5mM 

and temperatures of T* = 0.10, 0.11, and 0.12 were averaged together to provide detailed 

population information and specific transitions between intermediates that form along the 

aggregation pathway.  Our findings are in agreement with published literature indicating 

that the structure of the beta sheets is coiled at lower temperatures and more elongated at 

higher temperatures.  As temperature increases the beta sheet conformation shifts from a 

structure that contains two turns within the peptide backbone to a structure that contains 

either no turn or one turn within a single peptide chain. 

 Chapter 5 provides suggestions for future work on the Aβ sequence as well as 

possible applications for the kinetic analysis. 

 Chapters 2, 3, and 4 are based on the following publications. 

 Chapter 2:  E.  M. Phelps and C. K. Hall, “Structural Transitions and Oligomerization 

along the Polyalanine Fibril Formation Pathway from Computer Simulations”, in 

preparation. 
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 Chapter 3:  E. M. Phelps and C. K. Hall, “Concentration and Temperature Effects on 

Polyalanine Aggregation Kinetics Using an Intermediate Resolution Model”, in preparation. 

   Chapter 4:  E. M. Phelps and C. K. Hall, “Computer Simulation of Aβ Peptide 

Aggregation Kinetics and Structure”, in preparation. 
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CHAPTER TWO 

 

Structural Transitions and Oligomerization along Polyalanine Fibril Formation 

Pathway from Computer Simulations 

 

2.1  Introduction 

 

Protein aggregation is widely studied in the scientific and medical communities due 

to its connection to human neurodegenerative diseases such as Alzheimer’s, Parkinson’s, 

Huntington’s, Creutzfeld-Jakob, and the prion diseases.[1-8]  Each of these diseases is 

characterized by the presence of protein deposits composed of ordered protein aggregates 

known as amyloid fibrils.   Fibrils are long straight, and un-branched structures containing 

several proto-filaments, each of which exhibits “cross beta structure,” – ribbon-like layers of 

large beta sheets whose strands run perpendicular to the fibril axis.[9-12]  Although it was 

originally believed that the fibrillar aggregates were responsible for cell disruption and 

death (the so-called amyloid cascade hypothesis), more recent work has suggested that the 

precursors to fibril formation, particularly small intermediate oligomers, are the toxic 

species and that fibrils might just be nature’s way of sequestering bad actors.[12-18]  If the 

early-oligomers-as-toxic-species hypothesis is correct, it becomes critically important to 
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determine the pathway that a protein takes in going from a natively-folded or unfolded 

state to the toxic state and beyond in order to discover the best way to interfere with 

and/or inhibit the toxic events.   

The general consensus in the protein aggregation community concerning the 

sequence of events along the fibril formation pathway is the following.  Partially or totally 

unfolded monomer peptides aggregate into small intermediate oligomers that are unstable 

and transient in nature.  These oligomers rearrange into an organized conformation 

containing the cross beta structure and then associate into proto-filaments and finally into 

full fibrils.[5, 13, 19-23]  Recent studies have suggested that toxic intermediate oligomers 

may form as a side reaction to fibril formation, which means that it might be possible to 

prevent the formation of the toxic intermediate species without disrupting the overall fibril 

formation process.[24-26]    

The goal of this work is to provide insights into the pathway that proteins follow as 

they evolve from monomers through intermediates to proto-filaments.  The method used is 

molecular-level computer simulations, which offers the opportunity to observe the 

formation of small intermediates directly (albeit imprecisely) as the position, trajectories, 

and interactions of every atom are monitored during the course of the simulation.[27-30]  

This molecular level description of the aggregation process provides a useful complement to 

experimental studies, which have difficulty tracking the formation of smaller intermediate 

structures because of their unstable and transient nature.  This means that most of the 
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information about aggregation kinetics gleaned from analyses of experimental data is 

indirect or inferred; typically the only data recorded are the concentrations of free 

monomers and fully formed fibrils, i.e. the starting and ending points of the proposed 

pathways.  There are many different hypotheses in the literature concerning the number 

and type of intermediates along the aggregation pathway, but these cannot be confirmed 

directly due to the difficulty of measuring the populations of the various intermediates over 

time.[31-33]   Most of the proposed aggregation pathways progress from free monomers to 

small unstable oligomeric species to protofilaments composed of elongated beta sheets to 

fully formed fibrils.[13]   

One way to extract information on aggregation pathways from experimental kinetics 

data is to assume a reaction mechanism, derive the associated set of reaction equations and 

then fit the various rate constants to population data.[22-23, 34-36]  The most popular 

reaction mechanism appearing in the literature is nucleated polymerization in which   

monomers slowly and reversibly come together to form small, energetically unstable 

intermediates that serve as a nucleus.  Once the nucleus is formed monomers quickly and 

irreversibly attach themselves to the aggregate which continues to grow, eventually forming 

proto-filaments that then laterally associate into fibrils.[23, 37-39]  Another oft-assumed 

reaction mechanism is monomer-directed conversion in which a monomer undergoes a 

structural transition from a native state to a pre-fibrillar state and then influences other 

native state monomers to undergo the same transition, forming an intermediate fibrillar 
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structure that eventually grows into a fibril.[40-41]  A third proposed mechanism in the 

literature is templated assembly, in which a native state monomer binds to a pre-existing 

fibrillar structure and then undergoes a structural transition to a fibrillar conformation.[42-

44]  It is difficult to decide which of the proposed mechanisms is better or more accurate 

than the others since there is limited information available about the intermediate 

structures, as discussed in detail by Bernacki and Murphy.[45] 

Another way to extract information on aggregation pathways from kinetics data is to 

prevent specific reactions from occurring by using targeted inhibitors or other constraints to 

block formation of the intermediates that are expected to occur along that pathway.   

Examples of the types of structures that might be inhibited include small pre-fibrillar 

structures, fully formed fibrils, and certain types of oligomers.[25-26, 41, 46]  In this way, 

one determines which of the small intermediate aggregates that are formed during the 

fibrillization process are truly necessary steps in the kinetic pathway, and which are  side 

reactions that could  be minimized.  Knowing whether the toxic intermediates are necessary 

on-path species, or competitive side-path species helps us to come up with specific targets 

for drugs or other treatment options.[15, 24-26]   

Determining the kinetic aggregation mechanism through inhibition of selected 

species along the fibril formation pathway has been applied to a variety of amyloidogenic 

peptides.  Application of this approach by Glabe and coworkers to Aβ peptides shows that 

the intermediates that are formed can be classified into three different types: a stable 
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intermediate, an intermediate that is a stepping stone to fibril formation, and an 

intermediate that rearranges into a spherical oligomer which can but does not easily 

proceed to form fibrils.  Spherical oligomers have been found to be much more toxic than 

either of the other two types of intermediates.[15, 25-26]  

One part of the kinetic pathway that has received a fair amount of attention is the 

collapse of a single peptide into an amorphous globular state and its subsequent 

rearrangement to form cross-beta structure.  Pappu and coworkers used computer 

simulations to examine the initial steps of polyglutamine aggregation.  They found that 

single polyglutamine peptides collapse into amorphous globules that associate with other 

collapsed peptides as a first step in the aggregation pathway.[47-49]  Krishnan and Lindquist 

showed that long yeast prion sequences collapse into amorphous domains that have 

hydrophobic (head) or hydrophilic (tail) content much like micelles.  The conformations of 

the peptides within the head region of the collapsed amorphous domain become more 

ordered with time, initiating the formation of an amyloid structure.  This amyloid structure 

then propagates in both the head and tail directions by influencing other collapsed peptides 

to adopt the amyloid structure.[50-51]  Most of the investigations of the fibril formation 

pathway indicate that amorphous aggregates play an important role in the transition from 

monomers to the more ordered intermediates that grow into fully-formed fibrils, whether 

as a necessary step in the fibrillization pathway or as a side reaction that produces toxic 

species.  If this amorphous-aggregate-to-ordered-structure transition could be better 
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quantified, it could lead to new insights into the aggregation pathway and the pathogenic 

processes underlying the amyloid these diseases. 

In this paper we analyze the kinetics from computer simulations of the spontaneous 

aggregation of a large system of polyalanine (KA14K) chains in order to determine the types 

and quantities of intermediate species that appear during the fibril formation process. 

Polyalanine was chosen as the model peptide because it is known to form fibrils in vitro 

under slightly denatured concentrated conditions.[52]  Previous simulations performed in 

our group on a system of 48 polyalanine chains using a combination of discontinuous 

molecular dynamics (DMD) simulations and our intermediate resolution protein model 

(PRIME) resulted in the spontaneous formation of fibrillar structures (protofilaments) 

whose physical characteristics were  in reasonably good  agreement with experimental 

results.[29, 53-55]  In this paper we perform new simulations on a much larger system (192 

chains) in order to get detailed information on the kinetics of protein aggregation with 

particular focus on the formation of intermediate structures, including amorphous 

aggregates, along the aggregation pathway.  Each simulation was started in a random 

configuration of random coils at a concentration of 5mM and a reduced temperature of 

T*=0.13, a temperature that was shown to produce a large population of well-ordered 

fibrils at this concentration in previous studies.  The simulations were run until 

approximately 90% of the chains had aggregated into some form of ordered structure, most 

often a large fibrillar structure.  The position and interaction partners of each chain were 
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recorded at regular time intervals, leading to the classification of each chain at each time as 

being in a particular “aggregation state”:  free monomer, amorphous aggregate containing x 

chains, beta sheet containing y chains, or fibril (proto-filament) containing m sheets with z 

chains.  The sequence of aggregation states occupied by each chain over the course of the 

simulations was used to analyze the aggregation process, and summarized in terms of 

population data (fraction of peptides in each state) and transitions from one state to 

another as a function of time. 

Highlights of our results include the following.  The general picture of the 

aggregation pathway for large systems of KA14K peptides that has emerged from these 

simulations is the following.  Initially, individual free monomer chains associate together 

into small and intermediate-sized amorphous aggregates.  These aggregates reconfigure 

themselves into small beta sheets which then associate into fibrils that grow and finally 

associate into one large fibrillar structure.  The most common sizes of the intermediate 

amorphous aggregates and beta sheets are between two and seven chains, while the size of 

the fibrils grows from initially less than ten chains to around 150 chains in the final 

structure.  Few free monomers, amorphous aggregates, or independent beta sheets remain 

at the end of the simulation.  The amorphous aggregates and small beta sheets that form 

during the simulation are all necessary steps along the aggregation pathway.  The 

appearance of beta sheets in the simulation occurs at approximately the same time as the 

peak of the amorphous aggregate population; similarly the appearance of fibrils occurs at 
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about the same time as the peak in the beta sheet population.  These observations indicate 

that there is a natural progression from free monomers to amorphous aggregates to beta 

sheets to fibrils. 

Analysis of the transitions from one aggregation state to another shows that the 

amorphous aggregates reorganize into beta sheets twice as often as the beta sheets 

collapse into amorphous aggregates.  This leads to the conclusion that the restructuring of 

amorphous aggregates into beta sheets plays a key role in the fibrillization mechanism; this 

is hypothesized to be the nucleation step in the literature.[23, 37, 50]  The small 

intermediate amorphous aggregates are unstable under these simulation conditions; at the 

end of the simulation we see a number of peptides that are classified as being in an 

amorphous state interacting with the large fibril and then rearranging to form cross-β 

structures that add on to the fibril.  The small beta sheets that are formed from the 

rearrangement of the amorphous aggregates are themselves unstable due to the exposed 

hydrophobic side chains, and therefore quickly associate into small fibrillar structures that 

grow over the course of the simulation, until the final protofilament-like structure is 

formed.  Two-sheet fibrils form both by the association of two beta sheets and by the 

restructuring of amorphous aggregates as they associate with a single beta sheet, indicating 

that beta sheets can influence amorphous aggregate structure and propagate the cross-β 

conformation.  The instability of the small aggregates and the subsequent growth into large 
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fibrillar structures is consistent with experimental results published in the literature.[11-12, 

16, 44]   

 

2.2  Materials and Methods 

 

We performed computer simulations of a system of 192 chains comprised of the 

peptide KA14K, each starting from a different initial random configuration.  The peptide 

geometry and force field were modeled using PRIME, an intermediate resolution protein 

model developed in the Hall group.[29, 53-57]  Each peptide residue is represented by four 

spheres; one for the carbonyl carbon and its associated oxygen atom, one for the amide 

nitrogen and its associated hydrogen atom, one for the alpha carbon and its associated 

hydrogen atom, and one for the side chain atoms.  Figure 2.1 shows a schematic of the 

PRIME protein geometry.  Each united atom is attached to the next with a covalent bond of 

a realistic length taken from the literature.  The geometry of the peptide chain is 

maintained by imposing pseudo-bonds between the united atom spheres that restrict the 

backbone bond angles to realistic values, maintain the peptide bond in the trans 

conformation and ensure the L-isomerization of the side chain.   

Solvent is modeled implicitly by including hydrophobic interactions between non-

polar side chains.  All interactions in the system are modeled as either hard sphere, square 

well or square shoulder potentials.  Excluded volume for each sphere is modeled by a hard 
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sphere potential with a realistic diameter.  The lengths of all covalent bonds and pseudo-

bonds are allowed to fluctuate within a tolerance of 2.375% by setting up hard sphere 

repulsions any time the length of the bond attempts to move outside of the range of 

𝑙(1 − 𝛿) to 𝑙(1 + 𝛿) where 𝑙 is the ideal length of the bond and 𝛿 is the tolerance.   

PRIME accounts for the two most basic types of inter- and intra- peptide 

interactions: hydrogen bonding and hydrophobic interactions.  Hydrogen bonding is 

modeled as a square well attraction potential of depth εHB between the carbonyl and amide 

spheres on the same and neighboring chains when the following criteria are met: (1) the 

virtual amide hydrogen and carbonyl oxygen atoms are separated by 4.2Å, (2) the vectors 

associated with the nitrogen-hydrogen and carbon-oxygen bonds point towards each other 

within a generous tolerance, (3) neither united atom is involved in a hydrogen bond with a 

different partner, and (4) the united atoms are separated by at least three residues if they 

are on the same chain.   The second criterion is implemented by introducing square 

shoulder repulsions between the surrounding auxiliary pairs NHi - CαH,j, NHi – NHj+1, COj – 

COi-1, COj - CαH,i to maintain an ideal hydrogen bonding angle.[58]  Hydrophobic interactions 

are captured in this model by a square well attraction of depth εHP and width 1.5σR between 

hydrophobic side chain united atoms (where σR is the side chain sphere diameter) provided 

that they are on separate chains or at least three residues apart on the same chain.  The 

reduced simulation temperature is scaled with the hydrogen bond strength, 𝑇∗ = 𝑘𝐵𝑇 ϵHB⁄ , 

where kB is Boltzmann’s constant; in this paper T* = 0.13.  The relative strength of the 
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hydrophobic attraction and hydrogen bond, 𝑅 = 𝜀𝐻𝑃 ⁄ 𝜀𝐻𝐵  is set here to R = 0.10 as in our 

previous simulations of polyalanine.[29, 53-55, 59]   

The simulations are performed using discontinuous molecular dynamics (DMD), an 

alternative to traditional molecular dynamics that is applicable to systems modeled using a 

combination of discontinuous potentials, i.e. hard sphere and square-well potentials.  

Unlike continuous potentials, such as the Lennard-Jones potential, discontinuous potentials 

exert forces only when particles collide, enabling the exact (as opposed to numerical) 

solution of the collision dynamics.  This imparts great speed to the algorithm, allowing 

sampling of longer time scales and larger systems than traditional molecular dynamics.  

DMD proceeds in the following manner.  Particles are initially placed in a random 

configuration consistent with excluded volume and angular constraints, with initial 

velocities assigned based on a Maxwell-Boltzmann distribution about the simulation 

temperature.  The time until the first event (first discontinuity in a potential) is calculated, 

the particles are advanced along their trajectories toward that event, the new velocities of 

the colliding particles are calculated and assigned, and the process starts all over again.  

Types of events that occur during the simulation are excluded volume events when spheres 

collide, bond events when the distance between two bonded spheres reaches a limit, and 

square well or square shoulder events when two spheres enter (capture), unsuccessfully 

attempt to leave (bounce), or successfully leave a square well attraction or square shoulder 

repulsion (dissociation) interaction.[60-63]  
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All of the simulations are carried out in the canonical ensemble, where the number 

of particles, the temperature, and the volume of the simulation are held constant.  The box 

length of the cubic simulation cell was set at 399.6Å in order to create the desired 

concentration of 5mM for the 192 KA14K peptides. Periodic boundary conditions were 

implemented to eliminate any artifacts due to the simulation box walls.  The temperature is 

held constant using the Andersen thermostat, which utilizes ghost collisions with random 

particles in the system to maintain the Maxwell-Boltzmann velocity distribution about the 

desired system temperature.[64]  The simulation time is measured in terms of a reduced 

time units, 𝑡∗ = 𝑡 �𝜎�𝑘𝐵𝑇 𝑚⁄ �⁄  , where t is the simulation time and σ and m are the 

average sphere diameter and mass respectively.  Since DMD is driven by collisions, not pre-

determined time steps, and there are no solvent particles, it is difficult to relate the reduced 

time to a real time scale.  All results will be given in terms of reduced simulation time. 

Thirty simulation runs were performed starting from a different random initial configuration 

and the results were averaged together.  Over the course of each simulation the 

populations of different structures such as free monomer chains, beta sheets of specific 

sizes, amorphous aggregates of specific sizes, and fibrils were recorded as a function of 

time.     

Each peptide chain is classified into one of four possible structures (free monomer – 

M, amorphous aggregate – A, beta sheet – B, or fibril – F) by analyzing the number and type 

of interactions that the atoms in the peptide chain have with other chains in the system.  
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Figure 2.2 shows snapshots of each of the four classes of structures.  A free monomer is 

defined to be any chain that has no interaction, either hydrophobic or hydrogen bonding, 

with another chain in the system.  A beta sheet is defined to be a set of two or more 

peptide chains that have at least eight hydrogen bonds (half of the chain length) between 

each pair of neighboring chains in the sheet.  (Hydrophobic contacts are not considered 

when determining beta sheets.)  Fibrils are defined to be beta sheets with at least three 

hydrophobic interactions between two different pairs of chains in the beta sheets, for a 

total of at least six hydrophobic contacts.  A chain is defined as part of an amorphous 

aggregate if it has either hydrophobic interactions or hydrogen bonding interactions with 

another chain but does not fall under either the beta sheet or fibril classification.  

 Over the course of the simulation the populations for free monomers (M), beta 

sheets containing two (B2), three (B3), four (B4), five (B5), six (B6), seven (B7), and more than 

seven chains (BS), fibrils containing two (F2), three (F3), four (F4), five (F5), six (F6), and more 

than six beta sheets (FS), and amorphous aggregates containing two (A2), three (A3), four 

(A4), five (A5), six (A6), seven (A7), and more than seven (AS) chains were recorded as a 

function of simulation time.  In order to prevent double counting, chains are classified 

according to the most ordered structure they belong to, so that for example a chain 

classified as being part of a fibril would not also be classified as being part of a beta sheet. 

In addition to recording population data, each individual chain is given an 

identification label at each time step that indicates the highest order aggregation state to 
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which it belongs.  Free monomer chains are given an identification label that signifies that 

they are not interacting with any other chains at that specific simulation time.  Chains in a 

beta sheet are given an identification label that indicates how many chains are in that 

specific beta sheet.  Chains within a fibril are given an identification label that indicates how 

many sheets are in the fibril, how many total chains are in the fibril, and how many chains 

are in the individual beta sheet that contains that particular chain.  Chains within an 

amorphous aggregate are given an identification label that indicates how many chains are in 

that aggregate; this total number of chains for the aggregate can include both the chains 

classified as amorphous and the chains found in ordered structures such as beta sheets or 

fibrils with which the amorphous chains are interacting.  All of this information allows us to 

track the progress of individual chains and make determinations as to how particular 

intermediate structures form and change throughout the simulation.  By keeping track of 

the changes in chain identification labels as a function of time, it is possible to determine 

how certain intermediates form and dissociate or grow into larger structures. 

 

2.3  Results 

 

2.3.1  Overall Population Behavior 

 Thirty simulations of 192 peptide chains with sequence KA14K starting from a 

random coil configuration at a reduced temperature of T* = 0.13 and a concentration of 
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5mM were performed and the results were averaged together.  Figure 2.3 displays the 

snapshots at various times from one typical simulation to illustrate the fibrillization 

pathway.  At time t* = 0, the system is a configuration of random coils; the peptides are not 

interacting with each other.  At time t* = 5 the system shows the formation of small 

amorphous aggregates.  As the simulation progresses, these amorphous aggregates 

rearrange into beta sheets, shown at t* = 16, which then associate into small fibrils 

consisting of two sheets and between eight to ten chains (see t* = 21).  These fibrils then 

continue to grow (see t* = 32) and add beta sheets throughout the simulation until most of 

the peptide chains organize into a large structure consisting of about 165 chains, shown at 

t* = 106.  At this point in the simulation the peptides are rearranging within the large 

structure in order to minimize the free energy of the system.  Since we are interested in the 

formation of the fibril and not in its restructuring, we stopped the simulation at t* = 106.  At 

the end of this particular simulation, there is one large fibril with a total of 165 chains; the 

remaining peptides are either free monomers or are attached to the fibril amorphously and 

not included in a beta sheet. 

Figure 2.4 contains population data averaged over the thirty simulations as a 

function of reduced simulation time.  Figure 2.4a shows the percentage of peptide chains in 

each structure class (free monomer, amorphous aggregate, beta sheet, and fibril).  Figure 

2.4b shows the number of amorphous aggregates containing a specific number of chains.  

Figure 2.4c shows the number of beta sheets containing a specific number of chains, and 
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Figure 2.4d shows the number of fibrils containing a specific number of beta sheets.  

Populations less than one in Figures 2.4b, 2.4c, and 2.4d are possible because these results 

are an average over thirty different simulations.  That means that if fifteen of the 

simulations exhibit a single five-chain beta sheet at a particular time and the other fifteen 

don’t, at that time the population of a five chain beta sheet (B5) will register as 0.5.   

As Figure 2.4a indicates, the system starts with free monomer at time t* = 0 and 

rapidly forms amorphous aggregates, whose population peaks and then declines; this is 

accompanied by the slow formation of beta sheets, and then the appearance of fibrils once 

the beta sheet population peaks.  The fibrils grow steadily as the populations of all other 

aggregation states diminish until the system reaches a point where approximately 90% of 

the chains are in a fibril and the system seems to stabilize.  Throughout the simulation there 

are always more chains in amorphous aggregates than in individual beta sheets, which 

indicates that the single (isolated) beta sheet conformation is less favorable than the 

amorphously aggregated conformation.  Instead of remaining isolated, the single beta 

sheets stack to form fibrils which are then stabilized by the hydrophobic interactions.  This 

makes sense because amorphous aggregates can collapse and protect the hydrophobic side 

chains, while individual beta sheets leave all of the side chains exposed to solvent. 

Examination of Figures 2.4b–2.4d gives a more detailed picture of the aggregation 

pathway than that suggested by the overall population data shown in Figure 2.4a.  Figure 

2.4b shows that the amorphous aggregate structures that form in the beginning of the 
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simulation are most likely to be small; over 20 amorphous aggregates contain two chains 

(A2).  All of the amorphous aggregate populations exhibit a peak before t* = 25, and as the 

size of the amorphous aggregate increases, the population decreases.  The aggregation 

state AS refers to any amorphous aggregates with more than seven total chains and so its 

peak exceeds that of the intermediate size aggregates.  As we saw in Figure 2.4a the beta 

sheet population begins to grow as the amorphous aggregate population begins to 

diminish.  Figure 2.4c shows that the dimer population (B2) peaks around t* = 20, followed 

quickly by trimers (B3) at t* = 25 and tetramers (B4) at t* = 30.  Larger beta sheets containing 

five or more chains (B5, B6, B7, and BS) do appear in the simulations, but they do not do so at 

the same time in every simulation, so the population curves remain at or below one over 

the course of the simulation.  At approximately t* = 25 the total beta sheet population goes 

through a peak (seen in Figure 2.4a), and thereafter individual beta sheets begin to 

disappear (Figure 2.4c) as fibrils begin to form and grow.  Figure 2.4d shows that multiple 

small fibrils of either two (F2) or three (F3) sheets appear first in the simulations.  These 

fibrils then slowly combine or add new beta sheets until they fall into the large fibril 

category (FS) with more than six sheets.  At the end of the thirty simulation runs, fifteen of 

the systems had two large fibrils attempting to interact and form one even larger fibril, and 

the other fifteen systems had one large fibril structure.  
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2.3.2  Structural Transitions 

The information that we record on the aggregation state of each chain over the 

course of the simulations can be used to learn more about how the different types of 

aggregates form, grow and diminish as a function of time.   The transitions from one type of 

aggregation state to another have been broken down into four categories, those that start 

from or result in a free monomer M (Figure 2.5), those that start from or result in an 

amorphous aggregate A (Figure 2.6), those that start from or result in a beta sheet B (Figure 

2.7), and those that start from or result in a fibril F (Figure 2.8).  The y-axis in each figure, 

percentage of a particular type of transition, is the number of transitions of that particular 

type divided by the total number of peptide chains that are in the same starting (or ending) 

overall aggregation state.  So for example at any one time, the percentages of transitions 

that result in an amorphous aggregate from free monomers (M → A), from amorphous 

aggregates (A → A), from beta sheets (B → A), and from fibrils (F → A) add up to 100%.  This 

means that direct comparison of percentage values from one figure to another is not 

meaningful since the total number of chains is not the same for each category.  Comparison 

of percentage values between graphs in separate columns of the same figure (to and from 

transitions) is possible because the difference in the total number of chains in a category 

does not change significantly from one time point to the next and so the denominators for 

each set of transitions are nearly equal.  Transitions where no change in identity occurred, 
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such as a free monomer remaining a free monomer, are recorded and included in the 

normalization, but not shown for clarity.   

Figure 2.5 shows the percentage of transitions that start from and or end up in the 

free monomer state.  Figure 2.5a shows the transitions from free monomer to aggregation 

states A2, Ai (i > 2), Bi (i ≥ 2), and Fi (i ≥  2).  It is apparent that free monomers associate 

almost exclusively to form amorphous aggregates.  We do see free monomers adding onto 

existing beta sheets or fibrils, but these transitions do not occur often; those that do are 

hidden in the noise since the results are averaged over thirty simulations.  Figure 2.5b 

shows transitions that result in free monomer starting from A2, Ai, B2, Bi (i > 2) and Fi (i > 2).  

Most of the transitions that produce a free monomer result from an amorphous aggregate 

losing a chain, either through dissolution of an amorphous aggregate with two chains (A2), 

or loss of a single chain from a larger amorphous aggregate (Ai).  Events in which a single 

chain breaks off from an existing beta sheet or a fibril do not occur with any regularity, so 

the few times this happens become noise in the average.  Since the individual simulations 

do show that peptides can release from amorphous aggregates, beta sheets, and fibrils, it 

indicates that the aggregation pathway is reversible.  At this particular temperature 

however it is more energetically favorable to stay in an ordered structure, so the number of 

transitions to free monomer decreases as the large fibril structure forms at long times.  This 

is consistent with the population data that shows that the number of free monomers 

declines to almost zero at the end of the simulation.   
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Figure 2.6 shows the percentage of transitions that start from or end up in an 

amorphous aggregate including: the percentage of transitions that start from (a) free 

monomer, (b) different amorphous aggregates, (c) beta sheets, and the percentage that end 

up as (d) free monomer or fibril, (e) different amorphous aggregates, and (f) beta sheet.  

Subscripts in the legends indicate how many chains there are in an aggregate where i > 1.  

The addition of a single chain to an amorphous aggregate could be either the transition Ai 

→ Ai+1 or Ai-1 → Ai.  The addition to an amorphous aggregate of multiple chains at one time 

could be either be the transition Ai → Ai+j or Ai-j → Ai where j > 1. 

The important points to take away from the specific transitions involving amorphous 

aggregates shown in Figure 2.6 are the following.  Figure 2.6a shows that at early times 

(before the amorphous aggregate population peak at t* = 15) transitions from free 

monomers to amorphous aggregates constitute a large percentage of the transitions that 

form amorphous aggregates; this of course is a result of the absence of any other types of 

structures with which the free monomers could interact.  The percentage of transitions 

from amorphous aggregates to free monomers, seen in Figure 2.6d, is less than the 

transition from free monomer to amorphous aggregate before t* = 15, which is why there is 

such a significant growth in the amorphous aggregate population up to t* = 15.  After t* = 

15 the percentage of monomers forming amorphous aggregates slowly tapers off as the 

simulation progresses.  This slow decline is due to two factors, first the diminishing 

monomer and amorphous aggregate populations makes it difficult for free monomers to 
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find each other or existing amorphous aggregates and second it is now possible for 

monomers to add to beta sheets.  At the end of the simulation there are few free 

monomers and few amorphous aggregates, so the percentage of transitions involving a free 

monomer adding on to an amorphous aggregate goes to zero.  Figures 2.6b and 2.6e show 

that after t* = 15 the probability that an amorphous aggregate will decrease in size is the 

same as the probability that it will increase in size, indicating that these transitions do not 

contribute significantly to the increase or decreasing in the overall amorphous aggregate 

population.   Figures 2.6c and 2.6f show that before t* = 50 it is twice as likely for an 

amorphous aggregate to rearrange into a beta sheet (A → B) as it is for a beta sheet to 

collapse into an amorphous aggregate (B → A), but after t* = 50 the percentage of those 

transitions equalizes, indicating the simulations have reached a steady state.  The inequality 

means that between t* = 15 and 50 the overall amorphous aggregate population decreases 

and the beta sheet population increases due to the rearrangement of amorphous 

aggregates into beta sheets.   

Figure 2.7 shows the percentage of transitions that start from or end up in a beta 

sheet including: the percentage of transitions that start from (a) amorphous aggregates, (b) 

different size beta sheets or free monomers, (c) a fibril, and the percentage of transitions 

that end up in (d) amorphous aggregates, (e) different size beta sheets, and (f) free 

monomer or a fibril.  In Figure 2.7c the legends “smaller”, “equal”, and “larger”, refer to 

transitions in which a chain within a beta sheet associated with a fibril ends up within an 
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independent (not associated with a fibril) beta sheet that is smaller, the same size as, or 

larger than the original beta sheet. 

The important points to take away from the various types of transitions involving 

beta sheets shown in Figure 2.7 are the following.  At early times, before t* = 15, 

amorphous aggregates do rearrange into beta sheets, but this rearrangement is not usually 

permanent until around t* = 15 when the percentage of transitions from amorphous 

aggregates to beta sheets, Figure 2.7d, is larger than the percentage of transitions from 

beta sheets to amorphous aggregates, Figure 2.7a (e.g. compare curves Ai → Bi with Bi → 

Ai).  Beta sheets are formed primarily from the reordering of amorphous aggregates of the 

same size or larger than the resulting beta sheet, indicated by the large percentage of these 

types of transitions in Figure 2.7a.  Not shown explicitly is data that indicates that free 

monomers rarely come together to form a dimer (B2); instead subsequent growth of already 

formed beta sheets seems to be predominantly driven by monomer addition, as seen in 

Figures 2.7b and 2.7e.  The growth of beta sheets by the addition of multiple chains does 

occur, although not at as high a percentage as growth by a single chain, as seen in Figures 

2.7b and 2.7e.  In Figure 2.7f, it is clear that at early times a beta sheet is likely to associate 

into a two sheet fibril, but once larger fibrils are present (t* > 40) beta sheets are much 

more likely to add on to an existing fibril than to form a new fibril.  Figure 2.7c shows that if 

a beta sheet is going to dissociate from a fibril, it is much more likely that a single and 

complete sheet will dissociate from the fibril, rather than a partial sheet or multiple sheets.  
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These beta-sheet-to-fibril and fibril-to-beta-sheet transitions occur most frequently at the 

end of the simulation, which is expected since that is when the large fibrils are rearranging 

in order to minimize the total free energy of the system. 

 Figure 2.8 shows the percentage of transitions that start from or end up in a fibril 

including: the percentage of transitions that start from (a) less ordered structures, (b) a 

different size fibril, and the percentage of transitions that end up in (c) a beta sheet, and (d) 

an amorphous aggregate.  In Figures 2.8c and 2.8d, as in Figure 2.7c, Xsmaller, Xequal, and Xlarger 

refer to a chain within a beta sheet associated with a fibril that ends up within an 

independent aggregate (not associated with a fibril) that is smaller, the same size as, or 

larger than the original beta sheet.   

 The important points to take away from Figure 2.8 and specific transitions involving 

fibrils are the following.  Two-sheet fibrils (F2) form initially from both amorphous 

aggregates and beta sheets as indicated in Figure 2.8a, which suggests that amorphous 

aggregate structure can be influenced by the presence of neighboring beta sheets, much 

like templated assembly.  During the time when the percentage of peptide chains in a fibril 

is increasing (t* = 30 to t* = 60), growth occurs both by the addition of a single sheet and by 

the addition of multiple sheets as seen in Figure 2.8b.  During the early stages of fibril 

formation a large percentage of the transitions from fibrils are to either beta sheets or 

amorphous aggregates; these dissociation transitions primarily include the loss of a whole 

beta sheet or the loss of more than one beta sheet as seen in Figures 2.8c and 2.8d.  As the 
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simulation progresses (t* > 40) and most of the chains are in the fibril state, (see Figure 

2.4a), the dissociation of chains from a fibril decreases significantly and the fibrils begin to 

rearrange.  After about t* = 60, the percentage of transitions indicating fibril growth by 

sheet addition (Fi-1 → Fi) is matched by the percentage of transitions involving fibril 

shrinkage by sheet loss (Fi+1 → Fi); this indicates that the large fibril is formed and that the 

beta sheets within the fibril are rearranging to find the most stable and energetically 

favorable conformation. 

In this paper the only fibril transitions considered are those where the total number 

of sheets in the fibril changes.  These include the growth of a fibril by adding sheets or small 

fibrils, the dissociation of a fibril by loss of a beta sheet or small fibril, or the rearrangement 

of a fibril in which the total number of chains in the fibril remains constant but the number 

of sheets changes.  There are other possibilities for fibril transitions that are not considered 

here.  These include transitions in which the total number of sheets in a fibril does not 

change but the total number of chains does (e.g. growth of a beta sheet in a fibril).  As 

stated previously, fibril rearrangement is not a focus of this paper, which is why those 

transitions are not shown in Figure 2.8.  Free monomers do get added to an existing fibril, 

however this transition is a very small percentage when compared to the percentage of 

other fibril transitions and so is not included in Figure 8a since it would not change the 

number of beta sheets in the fibril. 
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2.4  Discussion 

 

The behavior of the free monomers over the course of the simulation is not 

unexpected; they associate into small amorphous aggregates at very early stages (t* < 15), 

add to these amorphous aggregates when the latter exist in substantial numbers (15 < t* < 

30), add to beta sheets when those structures are present in the simulation (t* > 15), and 

add to fibrils once they appear in the simulation (t* > 30).  The only method the system has 

of replenishing the population of free monomers is the dissociation of amorphous 

aggregates since it is not energetically favorable at this simulation temperature for 

monomers to dissociate from existing beta sheets or fibrils. 

Beta sheets form from the restructuring of amorphous aggregates and mostly grow 

by the addition of a monomer; their numbers are depleted by the formation and growth of 

fibrils.  Fibrils grow by the association of beta sheets and amorphous aggregates to form 

small fibrils; these then combine together and grow by adding newly forming beta sheets or 

adding reorganizing amorphous aggregates, until the vast majority of the peptides are 

incorporated into the large final structure.  Once the majority of the peptide chains are in a 

fibril structure (t* > 60) the number of sheets in the large fibril shows no net change since 

the percentage of transitions that add to the fibril equal the percentage of transitions that 

shrink the fibril.  However, the total number of chains in the fibril grows by the addition of 
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monomers or rearrangement of existing beta sheets and amorphous aggregates until the 

final structure is formed. 

Amorphous aggregates form from the association of two free monomers and then 

quickly grow (t* < 15).  Once they are large enough (usually four or more chains), these 

amorphous aggregates then restructure into beta sheets (15 < t* < 50).  Since the 

transitions involving the growth and shrinking of amorphous aggregates occur in large 

numbers throughout the simulation, this indicates that the amorphous aggregates are 

unstable and not energetically favorable since they break apart as easily as they form.  At 

the end of the simulation, there is a relatively stable population of large amorphous 

aggregates (AS) when no other size amorphous aggregate exists.  The existence of this large 

amorphous aggregate is due to the continuous presence of fibril rearrangement transitions, 

since the large fibril has peptide chains constantly falling into and out of the cross-beta 

structure in an attempt to minimize the system free energy.  When these chains are not 

part of a beta sheet, they are counted as being part of a large amorphous aggregate 

because they do not completely dissociate from the fibril structure.  Rather for a brief 

period of time the amorphous chains are interacting with the fibril until they re-adopt the 

cross-beta structure and become part of the large fibril once more.  The presence of large 

amorphous aggregates at the end of the simulation then does not represent independent 

amorphous aggregates. 
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It is of interest to compare the percent of amorphous aggregates restructuring into 

beta sheets with the percent of beta sheets collapsing into amorphous aggregates since the 

most toxic species in the fibril formation pathway is known to be an intermediate oligomer 

that often has little or no cross-beta structure.[13-22]  We have found that the amorphous 

aggregates restructure into beta sheets about twice as often as the beta sheets collapse 

into amorphous aggregates.  The beta sheets that are formed are almost always the same 

size or smaller than the original amorphous aggregates, meaning that most times that a 

beta sheet is created along the fibril formation pathway, a small amorphous aggregate also 

remains in the system to grow and interact with other structures.  There is no other way to 

create beta sheets in these simulations, leading to the conclusion that the amorphous 

aggregates are necessary intermediates in the fibril formation pathway and that the 

restructuring of amorphous aggregates into beta sheets plays a key role in the fibrillization 

mechanism as hypothesized in the literature.[23, 37, 50]  The small beta sheets that are 

formed from the rearrangement of the amorphous aggregates are themselves unstable due 

to the exposed hydrophobic side chains, and therefore quickly associate into small fibril 

structures that continue to grow over the course of the simulations until the final structure 

resembles the protofilaments discussed in the literature.[11-12, 16, 44]  The small 

independent amorphous aggregates that form early in the simulation are energetically 

unfavorable at this simulation temperature, as evidenced by their depletion as the 

simulation progresses.  All of the amorphous peptide chains that remain at the end of the 
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simulation are associated with the large fibril structure, and are most likely in the process of 

reorganizing into the cross-beta structure in order to reorganize and add to the fibril.  

 

2.5  Summary and Conclusions 

 

The fibrillization pathway for this system of 192 KA14K chains at T* = 0.13 and c = 

5mM has the following steps.  Monomers form small amorphous aggregates which grow to 

intermediate size and then transform or dissociate into smaller beta sheets which grow 

slowly.  Some of the resulting beta sheets quickly form small fibrils which then combine 

with the remaining amorphous aggregates and small beta sheets to form larger fibrils.  

Small sections of the large fibrils dissociate and re-associate in an attempt to find the most 

energetically favorable configuration.   

The small amorphous intermediates formed in this pathway are necessary steps in 

the fibrillization process, since the beta sheets do not form directly from free monomers but 

instead from the restructuring of amorphous aggregates.  The dearth of independent 

amorphous aggregates at the end of the simulation indicates that under these conditions 

individual amorphous aggregates are not stable and are therefore not part of a separate 

reaction pathway that competes with the fibrillization pathway.  If the small amorphous 

aggregates are the toxic intermediate species found in the fibril formation process, this on-

pathway formation of amorphous aggregates means that it will be difficult to influence the 
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toxic oligomers without affecting the overall fibril formation process for a polyalanine 

system.   
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Figure 2. 1  Geometric representation  of polyalanine in PRIME:  The backbone united atoms are 
colored a dark blue while the side chain (-CH3 for alanine) is colored a light blue.  Covalent bonds are 
in brown, pseudo-bonds that maintain L-isomerization are in green, ideal backbone angles are in 
red, and the trans conformation are in purple.  For ease of viewing atoms are not shown to scale. 
 

 

 

 

 

Figure 2. 2  Representation of various structures – M is a free monomer, B4 is a beta sheet with four 
peptide chains, A5 is an amorphous aggregate consisting of five peptide chains, and F2 is a fibril that 
contains two beta sheets. 
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Figure 2. 3  A series of snapshots over the course of one simulation at T* = 0.13 and c = 5mM.  The 
peptide chains are colored according to their final conformation, so that all chains in the same beta 
sheet at the end of the simulation are the same color; amorphous and free monomer chains are 
bright green. 
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Figure 2. 4  Populations of Structures – (a) shows the percentage of peptide chains in each structure, 
(b) shows the number of amorphous aggregate of each size, (c) shows the number of beta sheets of 
each size, and (d) shows the number  of  fibrils  of each size.  
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Figure 2. 5  (a) The percentage of chains that started as a free monomer and transitioned to a 
different structure, and (b) the percentage of chains that started in a different structure and 
transitioned to a free monomer.  
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Figure 2. 6  Amorphous Aggregate Transitions: The left column shows the percentage of chains that 
transition to amorphous aggregates from (a) free monomers, (b) other amorphous aggregates, and 
(c) beta sheets as a function of simulation time; the right column shows the percentage of chains 
that transition from an amorphous aggregate to (d) free monomers and fibrils, (e) other amorphous 
aggregates, and (f) beta sheets as a function of simulation time. 
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Figure 2. 7  Transitions involving beta sheets – (a), (b), and (c) show the percentage of transitions of 
chains that end up in a beta sheet, while (d), (e), and (f) show the percentage of transitions that 
started from a beta sheet. 
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Figure 2. 8  Fibril Transitions: The left column shows the percentage of chains that transition to a 
fibril from (a) beta sheets and amorphous aggregates, and (b) other fibrils as a function of simulation 
time; the right column shows the percentage of chains that transition from a fibril to (c) beta sheets 
and (d) amorphous aggregates as a function of simulation time. 
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CHAPTER THREE 

 

Concentration and Temperature Effects on Polyalanine Aggregation Kinetics 

Using an Intermediate Resolution Model 

 

3.1  Introduction 

 

Protein aggregation and amyloid fibril formation are of interest in the 

pharmaceutical industry, where the aggregation of protein based drugs can lead to a lack of 

efficacy and toxic reactions [1-3], and in the medical research community where diseases 

such as Alzheimer’s, Parkinson’s, and the prion diseases are characterized by the 

accumulation of amyloid fibrils in various organs.[4-11]  Amyloid fibrils are ordered 

aggregates of proteins arranged in a cross-beta structure: two or more beta sheets held 

together by backbone hydrogen bonds stacked orthogonally due to hydrophobic 

interactions between side chains.[12-17]  Amyloid fibrils form along an “aggregation 

pathway” that starts with free monomeric peptides which associate into small, energetically 

unstable oligomers and ends with growth into protofilaments and finally fibrils.  The 

oligomers are believed to be the most toxic species in Alzheimer’s and other amyloid 

diseases; the protofilaments and mature fibrils are thought to be nature’s way of 
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sequestering these potentially damaging species.[9, 18-23]  Solution conditions such as the 

concentration[24-28], pH[26, 29-30], salt content[26], and temperature[31-34] can alter the 

fibril formation pathway and affect the structure of the final product.  Fibrils form over a 

range of conditions and are especially sensitive to changes in temperature and protein 

concentration. 

The goal of this paper is to provide detailed information about the effects of 

changing temperature and concentration on the fibril formation process.  This will be 

accomplished by analyzing the results of molecular-level computer simulations of large 

systems of proteins over a range of temperatures and concentrations.  In computer 

simulations the position, velocity, conformation and interaction partners of each peptide 

are monitored as a function of time.  This allows us to determine how the peptide chain 

conformations and interactions change along the so-called fibril formation pathway and, in 

particular, to keep track of the number and type of intermediate structures that appear, all 

of which would be difficult to record experimentally.   The information about specific 

intermediate structures and the changes in their conformation as a function of time as the 

simulation temperature and concentration are varied is a useful complement to 

experimental studies, which in most cases are only able to provide data on free monomer 

and fibril concentrations, the beginning and end of the fibril formation pathway.[24, 31-32] 

 A number of reports have been published describing attempts to delineate the 

range of solution conditions that are conducive to the growth of fully formed fibrils.  Most 
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of these studies model the fibril population as a function of time using simple exponential 

models [21, 35-41] with two or three parameters that are fit to the fibril population data 

versus time.  These parameters measure the rate of fibril formation so comparing the values 

of the parameters at two different sets of conditions is a useful way to learn how solution 

conditions affect the fibril formation rate.  One parameter that is often calculated is a 

growth rate constant, which measures how fast the fibril population reaches a plateau 

experimentally.  Other parameters that are often calculated are a nucleation rate constant 

or equivalently, a lag time; the latter measures how long it takes to observe the initial 

presence of fibrils in the system.  In general, solution conditions that favor condensed 

phases, such as lower temperature or higher concentration, speed up fibril formation, 

leading to shorter lag times and larger growth and nucleation rate constants.  Solution 

conditions that favor dispersed phases, such as higher temperature and lower 

concentration, slow down the fibril formation process and give rise to longer lag times and 

smaller growth and nucleation rate constants.[21, 39-41] 

 In this paper we analyze the kinetics from computer simulations of the spontaneous 

aggregation of a large system of polyalanine (KA14K) chains in order to determine how the 

types and quantities of intermediate species that appear during the fibril formation process 

are impacted by the changes in temperature and concentration.  Polyalanine was chosen as 

the model peptide because it is known to form fibrils in vitro under slightly denatured 

conditions.[14, 42]  Previous simulations performed in our group on a system of 48 
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polyalanine chains using a combination of discontinuous molecular dynamics (DMD) 

simulations and our intermediate resolution protein model (PRIME) resulted in the 

spontaneous formation of fibrillar structures (protofilaments) whose physical characteristics 

are in reasonably good  agreement with experimental results.[43-46]  Here we perform 

simulations on a much larger system, 192 chains, in order to get detailed information on the 

kinetics of protein aggregation.  In a previous paper we studied the spontaneous 

aggregation of polyalanine at a single temperature, T* = 0.13, and concentration, c = 5mM, 

and discovered that the fibril formation pathway goes through the following steps: (1) free 

monomers associate into small amorphous aggregates, (2) the small amorphous aggregates 

grow larger and rearrange into beta sheets, (3) the beta sheets grow larger and associate 

into small fibrils, and (4) the small fibrils grow into the final large fibrillar structure.  Here we 

focus on the formation of intermediate structures, including amorphous aggregates and 

beta sheets, along the aggregation pathway and on how these are impacted by changes in 

temperature and concentration.  Each simulation was started in a random configuration of 

random coils at a concentration of 2.5, 5, or 10mM and a reduced temperature of T*=0.11, 

0.12, 13, 0.135, or 0.14, conditions that were shown to produce a large population of well-

ordered fibrils.  The position and interaction partners of each chain were recorded at 

regular time intervals, leading to the classification of each chain at each time as being in a 

particular “aggregation state”:  free monomer, amorphous aggregate containing x chains, 

beta sheet containing y chains, or fibril (proto-filament) containing m sheets with z chains.  
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The sequence of aggregation states occupied by each chain over the course of the 

simulations was used to analyze the aggregation process, and summarized in terms of 

population data (fraction of peptides in each state) and transitions from one state to 

another as a function of time. 

Highlights of our results include the following.  Fibrils form over a wide range of 

conditions.  A maximum in the percentage of peptides that end up in a fibril occurs at 

intermediate temperatures for all concentrations considered.  The fibril formation pathway 

contains the same basic steps at all conditions: free monomers associate to form small 

amorphous aggregates that grow and rearrange into beta sheets; the beta sheets grow 

further and stack with each other or with a neighboring amorphous aggregate to form small 

fibrils; the small fibrils grow by adding beta sheets, amorphous aggregates, or joining with 

other small fibrils until one or two large fibrils are present at the end of the simulation.  The 

rate of fibril formation increases as concentration increases and temperature decreases.  

Results obtained by fitting simple exponential kinetic models to the fibril population curves 

agree qualitatively with experimental results appearing in the literature, in that they display 

increased lag time and decreased fibril growth rate as temperature increases and 

concentration decreases.  The stability of the intermediate oligomers, such as small beta 

sheets and large amorphous aggregates, increases as temperature increases and 

concentration decreases.   At high temperatures the initial number of fibrils produced is low 

and the final populations show a low number of large fibrils and many free monomers.  At 
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low temperatures the initial number of fibrils produced is high and the final populations 

show multiple large fibrils and no free monomers.  At low temperatures the formation of 

small fibrils comes from an association of beta sheets with amorphous aggregates in a 

manner resembling templated assembly, while at high temperatures the formation of small 

fibrils comes almost exclusively from the stacking of two beta sheets. 

 

3.2  Materials and Methods 

 

We performed computer simulations on a system of 192 chains containing the 

peptide KA14K, each starting from a different initial random configuration.  The peptide 

geometry and force field were described using PRIME, an intermediate resolution protein 

model developed in the Hall group.[43, 47-48]  Each peptide residue is represented by four 

spheres; one for the carbonyl carbon and its associated oxygen atom, one for the amide 

nitrogen and its associated hydrogen atom, one for the alpha carbon and its associated 

hydrogen atom, and one for the side chain atoms.  Figure 3.1 shows a schematic of the 

PRIME protein geometry.  Each united atom is attached to the next with a covalent bond of 

a realistic length taken from the literature.  The geometry of the peptide chain is 

maintained by imposing pseudo-bonds between the various spheres that restrict the 

backbone bond angles to realistic values, maintain the peptide bond in the trans 

conformation and ensure the L-isomerization of the side chain.   
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Solvent is modeled implicitly by including hydrophobic interactions between non-

polar side chains.  All forces in the system are modeled as either hard sphere, square well or 

square shoulder potentials.  Excluded volume for each sphere is modeled by a hard sphere 

potential with a realistic diameter.  All covalent bonds and pseudo-bonds are allowed to 

fluctuate within a tolerance of 2.375% by setting up hard sphere repulsions any time the 

length of the bond attempts to move outside of the range of 𝑙(1 − 𝛿) to 𝑙(1 + 𝛿) where 𝑙 is 

the ideal length of the bond and 𝛿 is the tolerance.   

PRIME accounts for the two most basic types of inter- and intra- peptide 

interactions: hydrogen bonding and hydrophobic interactions.  Hydrogen bonding is 

modeled as a square well attraction of depth εHB between the carbonyl and amide spheres 

on the same and neighboring chains when certain angular criteria are met.[43, 49-50]  

Hydrophobic interactions are captured in this model by a square well attraction of depth εHP 

and width 1.5σR between hydrophobic side chain united atoms (where σR is the side chain 

sphere diameter) provided that they are on separate chains or at least three residues apart 

on the same chain.  The reduced simulation temperature is scaled with the hydrogen bond 

strength, 𝑇∗ = 𝑘𝐵𝑇 ϵHB⁄ , where kB is Boltzmann’s constant.  In this paper T* = 0.11, 0.12, 

0.13, 0.135, and 0.14.  The relative strength of the hydrophobic attraction and hydrogen 

bond interaction, 𝑅 = 𝜀𝐻𝑃 ⁄ 𝜀𝐻𝐵  is set to R = 0.10 as in our previous simulations of 

polyalanine.[43-46, 51]   
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The simulations are performed using discontinuous molecular dynamics (DMD), an 

alternative to traditional molecular dynamics that is applicable to systems modeled using a 

combination of discontinuous potentials, i.e. hard sphere and square-well potentials.  

Particles are initially placed in a random configuration consistent with excluded volume and 

angular constraints, with initial velocities assigned based on a Maxwell-Boltzmann 

distribution about the simulation temperature.  The time until the first event (first 

discontinuity in a potential) is calculated, the particles are advanced along their trajectories 

toward that event, the new velocities of the colliding particles are calculated and assigned, 

and the process starts all over again.  Types of events that occur during the simulation are 

excluded volume events when spheres collide, bond events when the distance between two 

bonded spheres reaches a limit, and square well or square shoulder events when two 

spheres enter (capture), unsuccessfully attempt to leave (bounce), or successfully leave a 

square well attraction or square shoulder repulsion (dissociation) interaction.[52-54]  

All of the simulations are carried out in the canonical ensemble, where the number 

of particles, the temperature, and the volume of the simulation are held constant.  The box 

length of the cubic simulation cell was set at 503.4, 399.6, or 317.1Å in order to create the 

desired concentrations of 2.5, 5, and 10mM respectively for the 192 KA14K peptides. 

Periodic boundary conditions were implemented to eliminate any artifacts due to the 

simulation box walls.  The temperature is held constant using the Andersen thermostat, 

which utilizes ghost collisions with random particles in the system to maintain the Maxwell-
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Boltzmann velocity distribution about the desired system temperature.[55]  The simulation 

time is measured in terms of a reduced time units, 𝑡∗ = 𝑡 �𝜎�𝑘𝐵𝑇 𝑚⁄ �⁄  , where t is the 

simulation time and σ and m are the average sphere diameter and mass respectively.  Since 

DMD is driven by collisions, not pre-determined time steps, and there are no solvent 

particles, it is difficult to relate the reduced time to a real time scale.  All results will be given 

in terms of reduced simulation time. 

The results from thirty different simulations at the same temperature and 

concentration were averaged together.  Over the course of each simulation the populations 

of different structures such as free monomer chains, beta sheets of specific sizes, 

amorphous aggregates of specific sizes, and fibrils were recorded as a function of time.  A 

free monomer is defined as any chain that has no interaction, either hydrophobic or 

hydrogen bonding, with another chain in the system.  A beta sheet is defined as a set of 

peptide chains that have at least eight hydrogen bonds (half of the chain length) between 

each neighboring pair of chains in the sheet.  Hydrophobic contacts were not considered 

when determining beta sheets.  Fibrils are defined according to the total number of 

hydrophobic contacts between beta sheets included in the fibril.  Two beta sheets are 

considered part of a fibril structure if at least two distinct pairs of chains each have three or 

more hydrophobic interactions between side chain atoms, making a total of at least six 

hydrophobic contacts between beta sheets.  A chain is defined as part of an amorphous 
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aggregate if it has either hydrophobic interactions or hydrogen bonding interactions with 

another chain but does not fall under either the beta sheet or fibril classification.   

Over the course of the simulation the populations for free monomers (M), beta 

sheets containing two (B2), three (B3), four (B4), five (B5), six (B6), seven (B7), and more than 

seven chains (BS), fibrils containing two (F2), three (F3), four (F4), five (F5), six (F6), and more 

than six beta sheets (FS), and amorphous aggregates with two (A2), three (A3), four (A4), five 

(A5), six (A6), seven (A7), and more than seven (AS) chains were recorded as a function of 

simulation time.  Chains were only counted as being part of the most ordered structure they 

belonged to so that there was no double counting, i.e. a chain in a fibril would not also 

appear in a beta sheet. 

In addition to recording population data, each individual chain is given an 

identification label at each time step that indicates the highest order aggregation state to 

which it belongs.  Free monomer chains are given an identification label that signifies that 

they are not interacting with any other chains at that specific simulation time.  Chains in a 

beta sheet are given an identification label that indicates how many chains are in that 

specific beta sheet.  Chains within a fibril are given an identification label that indicates how 

many sheets are in the fibril, how many chains are in the fibril, and how many chains are in 

the individual beta sheet that contains that particular chain.  Chains in an amorphous 

aggregate are given an identification label that indicates how many chains are in that 

particular aggregate; this number of chains may include some chains that are also in a more 
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ordered structure such as a fibril or beta sheet.  All of this information allows us to track the 

progress of individual chains and make determinations as to how particular intermediate 

structures form and change throughout the simulation.  By keeping track of the changes in 

chain identification labels as a function of time, it is possible to determine how certain 

intermediates form and dissociate or grow into larger structures. 

 

3.3  Results 

 

3.3.1  Aggregate Population Behavior as a Function of Temperature and Concentration 

We began by determining the ranges of temperature and concentration to use in 

our simulations.  In the previous chapter on polyalanine fibrillization we focused on a single 

temperature, T* = 0.13, and a single concentration, c = 5mM, with the purpose of 

determining how the system transitioned between specific intermediate structures that 

appeared along the steps in the fibril formation pathway.  This set of parameters serves as 

the starting point for the work presented here, which is aimed instead at learning how 

fibrillization kinetics varies with temperature and concentration.  Systems of 96 polyalanine 

chains at c = 5mM were simulated at various temperatures in order to determine the full 

range of temperatures at which fibrils formed.  Concentrations of c = 2.5, 5, and 10mM 

were selected for simulation.       
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Figure 3.2 shows the final populations of the four types of aggregate structures (free 

monomer – M, amorphous aggregate – A, beta sheet – B, and fibril – F) for the 96-peptide 

simulations at each temperature and at a concentration of 5mM.  The optimal range for 

fibril formation is between T* = 0.11 and 0.14, the temperature range in which fibrils were 

the most prevalent structures.  At the end of the simulation we see a large percentage of 

chains in amorphous aggregates below T* = 0.11 and a small percentage of chains in 

amorphous aggregates in a sea of free monomers above T* = 0.14.  This can be understood 

based on the following.  At low temperatures, the enthalpy dominates the aggregation 

behavior; the system becomes kinetically trapped with a large number of chains in 

amorphous aggregates because the peptide chains do not have enough kinetic energy to 

dissociate and re-form into more energetically favorable conformations.  At high 

temperatures the entropy dominates the aggregation behavior and the peptide chains 

remain separate due to the increased kinetic energy.  In the intermediate temperature 

range between T* = 0.11 and 0.14 there is a balance between enthalpy and entropy that 

allows for the reorganization of peptide chains into a fibril.  Five different temperatures, T* 

= 0.11, 0.12, 0.13, 0.135, and 0.14, were chosen from this temperature range for a more 

detailed examination of how changes in temperature affect fibril formation.   

Thirty simulations of systems containing 192 peptides at each combination of 

temperature and concentration were performed and the results were averaged together.  

The aggregation process appears to follow the same path at all conditions.  Free monomers 
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combine to form small amorphous aggregates that grow to intermediate size; the 

intermediate amorphous aggregates restructure into smaller beta sheets which slowly grow 

by monomer addition; the beta sheets stack together to form small fibrils; the small fibrils 

grow by adding new beta sheets or amorphous aggregates until the majority of the peptide 

chains are part of a final large fibril structure.  While this general pathway is observed for all 

temperatures and concentrations, it is interesting to determine what effects changing 

temperature and concentration have on the specific steps in the aggregation sequence. 

We began our analysis of the simulation results by examining how the percentage of 

chains in specific aggregate structures changed as function of time.  Figure 3.3 shows the 

percentage of chains in the free monomer (3.3a-c) and amorphous aggregate (3.3d-f) 

populations as a function of time at concentrations of 2.5, 5, and 10mM and temperatures 

of T* = 0.11, 0.12, 0.13, 0.135, and 0.14.  Figure 3.4 shows the percentage of chains in the 

beta sheet (3.4a-c) and fibril (3.4d-f) populations as a function of time at c = 2.5, 5, and 

10mM and temperatures of T* = 0.11, 0.12, 0.13, 0.135, and 0.14.  The following general 

trends are seen in Figures 3.3 and 3.4.  Free monomers are depleted more slowly as 

temperature increases and concentration decreases.  The population percentages of the 

amorphous aggregates and beta sheets at the end of the simulation are small regardless of 

the temperature or concentration; this indicates that these intermediate species are likely 

not stable on their own and, as the simulation progresses, either move forward into a fibril 



72 
 

conformation or revert back to free monomer.  The percentage of peptides in a fibril at the 

end of the simulation goes through a maximum at T* = 0.13 for all concentrations. 

The trends in the monomer population percentage vs. time curves (Figures 3.3a-c) 

with increasing temperature and concentration are similar for all of the conditions 

considered in this paper.  As temperature increases, the rate of monomer depletion 

decreases, leaving more free monomers in the peptide population at the end of the 

simulations.  As concentration increases the rate of monomer depletion increases, so that 

at the end of simulations there are more free monomers at c = 2.5mM than at c = 5mM and 

more at c = 5mM than at c = 10mM.  It is therefore possible to conclude that increasing 

temperature and decreasing concentration stabilizes the monomer conformation of the 

peptide chains.   

The trends in the amorphous aggregate population behavior vs. time curves (Figures 

3.3d-f) with increasing temperature and concentration are similar for all the conditions 

considered here.  The population of amorphous aggregates in the simulation goes through a 

peak with respect to time at all conditions, but as temperature increases that peak height 

decreases and the peak broadens.  This shift in the peak height is due to the slower 

aggregation of free monomers as temperature increases.  The increased broadening of the 

peak as temperature increases indicates that the amorphous aggregates are more stable 

and remain for a longer time in the simulations.  The peak heights increase with increasing 

concentration due to the abundance of peptide chains in close proximity to each other at 
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early times.  The percentage of chains in amorphous aggregates at the end of the 

simulations exhibits a minimum as a function of temperature that corresponds with the 

maximum in the fibril population percentage as a function of temperature.  At low 

temperatures the percentage of chains in amorphous aggregates at the end of the 

simulation is at its highest value, and that percentage increases slightly as concentration 

increases.  At intermediate temperatures the percentage of chains in amorphous 

aggregates at the end of the simulation is at its lowest value; this percentage also increases 

with increasing concentration.  At high temperatures the percentage of chains in 

amorphous aggregates at the end of the simulation is higher than at intermediate 

temperatures, but not as high as the low temperature; there is no increase in the 

percentage with increasing concentration.         

 The percentage of chains in beta sheets versus time plots in Figures 3.4a-c show the 

same trends with respect to changes in temperature and concentration as the percentage 

of chains in amorphous aggregates versus time in Figures 3.3d-f.  The beta sheet population 

peaks as a function of time and, as temperature increases, the peak height decreases and 

the peak broadens just like the amorphous aggregate population.  At all temperatures the 

peak narrows slightly with increasing concentration.  However, at low and intermediate 

temperatures the peak height decreases with increasing concentration, the opposite of 

what happens for the amorphous aggregate population.  At high temperatures the peak 

height increases with increasing concentration.  This is likely due to the competing factors of 
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enthalpy and entropy.  As temperature, and therefore entropy, increases, smaller ordered 

structures and larger amorphous aggregates are stabilized, while as concentration, and 

therefore enthalpy, increases larger ordered structures and smaller amorphous aggregates 

are favored.  At low temperatures the concentration effects dominate system behavior, 

while at high temperatures the temperature effects dominate system behavior.  The 

percentage of peptide chains in a beta sheet at the end of the simulation does not change 

much with concentration, but there is a minimum as a function of temperature that occurs 

at the same temperature as the minimum in amorphous aggregates and maximum in fibril 

populations. 

 The fibril populations seen in Figures 3.4d-f exhibit a sigmoidal shape growth curve, 

with the growth phase preceded by a lag time at all temperatures and concentrations.  The 

lag time for fibril formation increases with increasing temperature.  At low temperatures 

the lag time for fibril formation is independent of concentration, but at high temperatures 

an increase in concentration significantly reduces the lag time.  The slope of the growth 

phase in the fibril population decreases as temperature increases, indicating slower growth 

of the fibril as temperature increases.  The percentage of peptide chains in the fibril 

conformation at the end of the simulation is highest at the intermediate temperature T* = 

0.13 for all concentrations.  This maximum in fibril population as a function of temperature 

probably arises as a balance between competing tendencies: the tendency to form large 

aggregates at low temperatures to minimize the system free energy and the tendency to 
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remain as free monomers or small amorphous aggregates at high temperature.  At 

intermediate temperatures the system must still form large aggregates to minimize the free 

energy, but individual chains have enough kinetic energy to allow them to dissociate and 

rearrange into more favorable conformations.  At low and intermediate temperatures the 

percentage of chains in a fibril at the end of the simulation does not change much with 

changes in concentration, but at high temperatures the percentage increases with 

increasing concentration.  Like the behavior of the beta sheets, this is likely due to the 

competition between enthalpy and entropy.  At low temperatures for all concentrations the 

system forms large aggregates quickly that become kinetically trapped and cannot join with 

other large aggregates present in the system, which is why there are multiple large fibrils 

present at the end of the simulation (data not shown).  As temperature increases the small 

intermediate aggregates remain in the simulation longer, which is why the fibril growth rate 

decreases and the lag time increases.  At high temperature the system has enough kinetic 

energy for the peptides to be stable in smaller aggregates; this stabilization of smaller 

aggregates is also the reason why there are only one or no large fibrils at the end of the 

simulation at high temperatures (data not shown). 

 

3.3.2  Simple Exponential Kinetic Models 

Many of the reports published in the literature that quantify the fibril formation 

process as a function of time use simple exponential models to fit data measured from the 
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fibril concentration or fluorescence.[21, 35-40]  There are many different versions of these 

models, including purely empirical correlations [35-36, 38] and those based on simple 

kinetic mechanisms that have two or three steps in the pathway leading from monomer to 

fibril.[21, 37]  In the following section one model based on a simple kinetic mechanism and 

one empirical model are used to quantify the fibril formation process in our polyalanine 

system and then compared with the results from the literature. 

 

Model I – Two Step Model: 

The kinetic model proposed by Kamihira et al and used by others to describe fibril 

growth [37, 41, 56] is based on a two step kinetic mechanism; the first step is a nucleation 

of monomers (M) into a fibril conformation (F) and the second step is the growth of the 

fibril by monomer addition.  

𝑆𝑡𝑒𝑝 1:   𝑛𝑀 
𝑘𝑛��  𝐹𝑛, 𝑆𝑡𝑒𝑝 2:  𝑀 + 𝐹𝑛  

𝑘𝑒→  𝐹𝑛+1                        (3.1) 

The different size species in the F form are collectively defined to be fibril, the reaction rates 

for the two steps can be expressed as functions of the rate constants (kn – nucleation rate 

constant and ke – elongation rate constant) and f, the fraction of peptides in the system that 

are in fibril form.  The non-dimensional concentration of monomers in the system becomes 

(1-f) and the non-dimensional concentration of peptides in fibril form is Mof, where Mo is 

the initial monomer concentration.   

𝑆𝑡𝑒𝑝 1:  �
𝑑𝑓
𝑑𝑡
�
1

= 𝑘𝑛(1 − 𝑓), 𝑆𝑡𝑒𝑝 2:  �
𝑑𝑓
𝑑𝑡
�
2

= 𝑘𝑒𝑀𝑜𝑓(1 − 𝑓)            (3.2) 
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Combining these two steps and the initial condition that at t = 0, f = 0, it is possible to 

integrate the differential equation 

�
𝑑𝑓
𝑑𝑡
� = �

𝑑𝑓
𝑑𝑡
�
1

+ �
𝑑𝑓
𝑑𝑡
�
2

= 𝑘𝑛(1 − 𝑓) + 𝑘𝑒𝑀𝑜𝑓(1 − 𝑓)                          (3.3) 

to yield 

𝑓 =
𝛼�𝑒(1+𝛼)𝑘𝑡 − 1�

1 + 𝛼𝑒(1+𝛼)𝑘𝑡                                           (3.4) 

In the integrated exponential k = keMo, α = kn/k, and f → 1 as t → ∞.  In order to apply this 

equation to our system, a third parameter must be added which scales the exponential 

function so that as t → ∞, the value of f goes to the maximum percentage of peptide chains 

in fibril form (< 100%).  The best fit values for the two rate constants and the scaling factor 

were calculated for each set of simulations.   

Our results are shown in Figure 3.5.  Figures 3.5a-c present the simulation results for 

the percentage of chains in a fibril as a function of time at each T* for (a) 2.5mM, (b) 5mM, 

and (c) 10mM, along with the model population using the best fit parameters.  Figures 3.5d-

f show the values for the model parameters (d) fmax – the maximum percentage of chains in 

a fibril, (e) kn – the nucleation rate constant, and (f) ke – the elongation rate constant, as a 

function of T* for each concentration.  Table 3.1 summarizes the accuracy of each model 

solution, including the R2 value and the normalized difference of squares between the 

simulation data and the model solutions.  The R2 value is calculated as the difference 
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between how well the model solution fits the simulation data and how well a straight line at 

the mean value of the fibril population curve fits the simulation data.[57]   

𝑅2 = 1 −
∑ (𝑠𝑖𝑚(𝑡∗) −𝑚𝑜𝑑𝑒𝑙(𝑡∗))2𝑡∗

∑ �𝑠𝑖𝑚(𝑡∗) − 𝑠𝚤𝑚(𝑡∗)�����������
2

𝑡∗
                         (3.5) 

The closer the value is to 1 the better the fit.  The difference of squares is the sum of the 

difference of squares between each data point on the model solution and the simulation 

data divided by the total number of data points for that particular curve.   

𝐷𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑐𝑒 𝑜𝑓 𝑆𝑞𝑢𝑎𝑟𝑒𝑠:  
∑ �𝑠𝑖𝑚(𝑡∗) −𝑚𝑜𝑑𝑒𝑙(𝑡∗)�

2
𝑡∗

# 𝑜𝑓 𝑡𝑖𝑚𝑒 𝑠𝑡𝑒𝑝𝑠
         (3.6) 

The difference of squares was normalized in this fashion because of the different time 

scales and the different number of data points necessary to reach the fibril plateau at each 

set of conditions.  This normalization allows for the direct comparison of numbers.  The 

solutions for the model at all conditions were a good fit and accurately represent the 

simulation data. 

 Figure 3.5d shows that the maximum percentage of peptide chains in a fibril, fmax, 

shows a maximum as a function of temperature at all three concentrations at T* = 0.13.  

Figure 3.5e shows that the nucleation rate constant, kn, decreases with increasing 

temperature and decreasing concentration, which agrees with the increase in lag time in 

the fibril formation curves seen in Figures 3.5a-c.  Figure 3.5f shows that the elongation rate 

constant, ke, also decreases with increasing temperature and decreasing concentration, 
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which is consistent with the shallower slopes of the growth phase as temperature increases 

and concentration decreases seen in Figures 3.5a-c.     

 

Model II – Exponential Growth Model: 

An empirical model introduced by Hortschansky and used by others describes the 

growth phase of the fibril population as a function of time.[36, 58-59]  Figure 3.6a shows 

how fibril growth is divided into two phases, the initiation phase and the growth phase.  In 

this model the lag time for fibril formation is determined by fitting two straight lines, one to 

the relatively horizontal initiation phase and the other to the steepest part of the growth 

phase.  The intersection of these two lines is taken as the lag time.  Figure 3.6b shows the 

calculated lag times as a function of temperature for each concentration; we observe that 

the lag time for fibril formation increases with increasing temperature, but decreases with 

increasing concentration. 

 

3.3.3  Structure Transitions 

 We move now from a general description of the overall system behavior and the 

simple kinetics of fibril formation to an examination of which steps in the fibril formation 

process are most affected by changing temperature and concentration.  This can be 

accomplished by looking specifically at how the peptide chains go from one structure to 

another along the fibril formation pathway.  These structural transitions between species 
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were defined and examined in detail for the c = 5mM and T* = 0.13 system in a previous 

chapter. 

As described in the Materials and Methods section, each peptide chain was given an 

identity that corresponded to the structure it belonged to at each time step in the 

simulation.  By tracking the changes in the identities, called transitions, of all 192 chains 

over the course of the simulation, it is possible to gain useful insights into the fibril 

formation process.  The transitions from one type of aggregation state to another have 

been broken down into four categories, those that start from or result in a free monomer 

M, those that start from or result in an amorphous aggregate A, those that start from or 

result in a beta sheet B, and those that start from or result in a fibril F.  The y-axis in each 

figure, percentage of a particular type of transition, is the number of transitions of that 

particular type divided by the total number of peptide chains that are in the same starting 

(or ending) overall aggregation state.  So for example at any one time, the percentages of 

transitions that result in an amorphous aggregate from free monomers (M → A), from 

amorphous aggregates (A → A), from beta sheets (B → A), and from fibrils (F → A) add up to 

100%.  This means that direct comparison of percentage values from one figure to another 

is not meaningful since the total number of chains is not the same for each category.  

Comparison of percentage values between graphs in separate columns of the same figure 

(to and from transitions for the same structural category) is possible because the total 

number of chains in a structural category do not change significantly from one time point to 
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the next and so the denominators for each set of transitions are nearly equal.  However, 

comparison of percentage values between transitions in different structural categories is 

not possible due to the large difference in populations throughout the simulations. 

We begin by reminding the reader of the results from the previous chapter on the 

general fibril formation pathway for polyalanine at T* = 0.13 and c = 5mM.  This review 

serves as a reference against which to compare results at different temperatures and 

concentrations.  Figures 3.7a-d show all of the transitions that end up in (a) a free 

monomer, (b) an amorphous aggregate, (c) a beta sheet, and (d) a fibril.  Figures 3.7e-h 

show the transitions that started from (e) a free monomer, (f) an amorphous aggregate, (g) 

a beta sheet, or (h) a fibril.  Each figure has four curves that correspond to the four different 

types of structures, M – free monomer, A – amorphous aggregate, B – beta sheet, and F – 

fibril.     

The overall picture that emerges from the data in Figure 3.7 is consistent with the 

proposed general fibril formation pathway described thus far.  Monomers either associate 

to form amorphous aggregates or remain as free monomers; the likelihood that they will 

associate into large structures decreases as the simulation progresses.  Amorphous 

aggregates experience many different types of transitions, including growing into larger 

amorphous aggregates, breaking into smaller amorphous aggregates or free monomers, or 

rearranging and transitioning into either beta sheets or fibrils.  Beta sheets are formed from 

reconfiguring amorphous aggregates and can either grow, disorganize back into an 
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amorphous aggregate, or stack into a fibril.  Fibrils are formed initially from both 

amorphous aggregates and beta sheets, and then grow by both beta sheet and amorphous 

aggregate addition.  Once the populations of beta sheets and amorphous aggregates are 

mostly depleted, smaller fibrils combine to form the large final fibril structures.  These 

general structural transitions form the necessary steps in the fibril formation pathway.  The 

types of steps in the fibril formation pathway do not change with temperature and 

concentration.  However rates at which the individual transitions occur changes with 

temperature and concentration and this has the effect of changing the overall fibril 

formation rate. 

In order to determine exactly what steps along the fibril pathway are responsible for 

the change in the fibril formation rate, it is necessary to look at some of the more important 

transitions to see what effect changing temperature and concentration can have on the 

process.  For simplicity only data at c = 5mM will be shown in the following figures, although 

results for c = 2.5mM and c = 10mM will be discussed.   

The first step in the fibril formation pathway is the formation of amorphous 

aggregates from free monomers.  If the free monomers don’t aggregate in some manner no 

fibril will ever form, which is what occurs at temperatures higher than T* = 0.14.  Figure 3.8 

shows the transitions (a) to free monomer from amorphous aggregates and (b) from free 

monomer to amorphous aggregates as a function of time for all five temperatures, 

normalized by the number of free monomers in the system.  In Figure 3.8, at very early 
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times for all temperatures, the percentage of transitions from free monomer to amorphous 

aggregates is greater than the reverse, which is how amorphous aggregates form.  This 

makes sense because the system starts out with all chains as free monomers.  As time 

progresses the percentages of transitions A → M and M → A equalizes; this occurs earlier as 

temperature increases.  This is the first reason why the lag time is greater and the growth 

rate is slower in the fibrillization process as temperature increases; at higher temperatures 

the amorphous aggregates are just as likely to break apart as come together much earlier in 

the simulation which means it takes longer for the amorphous aggregate population to 

grow.  The trend of faster equalization of transitions A → M and M → A as temperature 

increases occurs at the other concentrations.  As concentration increases the percentage of 

both transitions increases, which means that the absolute number of chains undergoing 

these transitions increases, which is why the amorphous aggregate population increases as 

concentration increases. 

The second step in the fibril formation pathway is the reconfiguration of amorphous 

aggregates into beta sheets or fibrils.  Figure 3.9 shows the transitions to amorphous 

aggregates from (a) free monomers, (b) beta sheets, and (c) fibrils as well as the transitions 

from amorphous aggregates to (d) free monomers, (e) beta sheets, and (f) fibrils as a 

function of time for all simulation temperatures, normalized by the number of chains in 

amorphous aggregates in the system.  Figures 3.9a and 3.9d show the same transitions as 

seen in Figure 3.8, but normalized by the number of chains in amorphous aggregates 
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instead of the number of free monomers.  This makes it easier to see the early formation of 

the amorphous aggregates and how quickly the percentage of M → A and A → M 

transitions equalize.  Figures 3.9b and 3.9e show the transitions between amorphous 

aggregates and beta sheets.  The formation of beta sheets from amorphous aggregates 

(from t* = 5 to t* = 50) can be seen from the greater percentage of transitions to beta 

sheets from amorphous aggregates than from beta sheets to amorphous aggregates.  As 

temperature increases the percentage of transitions between amorphous aggregates and 

beta sheets decreases and the peak broadens, allowing for faster equalization of the B → A 

and A → B transitions between structures.  The slower the equalization in the B → A and A 

→ B transitions occurs, the sooner beta sheets appear in the simulation, which is the second 

reason for the increase in lag time and decrease in growth rate of fibrils with increasing 

temperature.  Figures 3.9c and 3.9f show that there is a greater likelihood for amorphous 

aggregates to join a fibril at lower temperatures than at higher temperatures.  As 

temperature increases the initial slopes of the transitions from amorphous aggregates to 

fibrils decrease and the percentage of A → F transitions more quickly equalizes with the F → 

A transitions.  The trends in amorphous aggregate transitions with respect to temperature 

are the same for all concentrations.  Increasing the concentration increases the percentage 

of chains undergoing transitions to and from amorphous aggregates and extends the time it 

takes for the percentage of all transitions to amorphous aggregates to equalize with all of 

the transitions from amorphous aggregates.  These two tendencies decrease the lag time 
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and increase the growth rate of fibril formation since chains are more likely to transition to 

a beta sheet or fibril from an amorphous aggregate as concentration increases. 

The third step in the fibril formation pathway that it is important to look at is the 

formation and stacking of beta sheets.  Figure 3.10 shows the transitions to beta sheets 

from (a) amorphous aggregates and (b) fibrils as well as the transitions from beta sheets to 

(c) amorphous aggregates and (d) fibrils as a function of time for all simulation 

temperatures, normalized by the number of chains in beta sheets in the system.  Figures 

3.10a and 3.10c show the same transitions between amorphous aggregates and beta sheets 

as seen in Figures 3.9b and 3.9e, but normalized by the number of chains in beta sheets 

instead of by the number of chains in amorphous aggregates.  It is easy to see from Figure 

3.10a that beta sheets are formed from rearranging amorphous aggregates since the 

percentage at early times of chains transitioning from amorphous aggregate to beta sheets 

is 100%, but it is much more difficult to see the how this changes with changing 

temperature or to locate the time at which the percentages of A → B and B → A transitions 

equalize in this figure.  The stacking of beta sheets into fibrils is shown in Figure 3.10d, and 

by careful comparison of the curves for the individual values of T* in Figure 3.10b and 3.10d 

we find that it is slightly more likely for beta sheets to stack into a fibril than it is for a fibril 

to give up a beta sheet.  As temperature increases the percentages of chains transitioning 

from F → B and B → F equalizes at earlier times in the simulation, which slows down the 

addition of beta sheets to fibrils as temperature increases.  This is the third reason for the 
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increase in lag time and the decrease in growth rate of fibril formation as temperature 

increases.  As concentration increases the percentage of beta sheets that stack into fibrils 

increases, which is consistent with the increase in fibril formation rate as concentration 

increases.   

The final step in the fibril formation pathway is the growth of the fibrils.  In 

individual simulations, free monomer chains do add and subtract from fibrils, but only 

infrequently and not at the same time in every simulation, so the percentage for this 

transition is hidden in the noise of the data.  Figure 3.11 shows the transitions to fibrils from 

(a) beta sheets and (b) amorphous aggregates as well as from fibrils to (c) beta sheets and 

(d) amorphous aggregates as a function of time for all simulation temperatures, normalized 

by the number of chains in fibrils in the system.  From Figures 3.11a and 3.11b we see that 

at low temperatures fibrils are initially formed from the combination of either an 

amorphous aggregate and a beta sheet or the reorganization of only amorphous 

aggregates, while at higher temperatures the formation of fibrils are much more likely to 

come from the stacking of two beta sheets.  This was determined from the percentage of 

amorphous aggregates transitioning to fibrils being 100% and the percentage of beta sheets 

transitioning to fibrils being about 50% at t* < 15.  At early time points in the simulation the 

fibrils are not very stable and are prone to dissociating into beta sheets and amorphous 

aggregates as evidenced in Figures 3.11c and 3.11d by the large percentage of fibril 

transitions that results in a beta sheet or amorphous aggregate, probably to allow the 
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peptide chains to rearrange and the beta sheets to stack in a more favorable manner.  Once 

the initial fibrils are properly formed, it becomes much less likely for fibrils to break apart, 

and once the population of beta sheets and small amorphous aggregates are depleted the 

only way for fibrils to grow is the combination of small fibrils into larger structures (data not 

shown).  Once the larger fibrils start to form there are many more peptide chains in a fibril 

conformation than in a beta sheet or amorphous aggregate, so the percentage of 

transitions for any of the four types shown in Figure 3.11 becomes negligible compared to 

fibril transitions to other fibrils, which is why the curves all go to zero about midway 

through the simulation.  An important idea to take away from this data is that the initiation 

of fibrillization occurs at a later time as temperature increases and involves fewer 

amorphous aggregates.  As concentration increases the more likely it is for an amorphous 

aggregate to take part in the initiation of a fibril and the earlier the initiation of fibrils 

begins.  All of these behaviors are consistent with the overall fibril formation trends 

previously stated. 

 The take home message from Figures 3.8 through 3.11 is that increasing 

temperature and concentration affect transitions of all types, from free monomers to 

amorphous aggregates, amorphous aggregates to beta sheets, amorphous aggregates to 

fibrils, and beta sheets to fibrils.  In all cases as temperature increases these transitions take 

place over longer time periods and the percentage of transitions achieve equality with their 

reverse transitions in a shorter time period, slowing the growth of the fibrils.  There is not 
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one definitive step in the fibril formation pathway that is solely responsible for the effects 

of changing temperature and concentration on the rate of fibril formation.  Instead there 

are two major types of events that must occur for the formation of fibrils; these are the 

reorganization of amorphous aggregates into beta sheets and the formation of small two-

sheet fibrils to act as seeds for fibril growth.  In an effort to determine how changing 

temperature and concentration alters these two major events, individual transitions 

between amorphous aggregates and beta sheets as well as transitions between two-sheet 

fibrils and both beta sheets and amorphous aggregates were examined in more detail.     

The first major type of event to be examined in the fibril formation pathway is the 

formation of beta sheets from amorphous aggregates.  Figure 3.12 shows transitions 

between amorphous aggregates that are the same size as the beta sheet (3.12a, 3.12d), one 

chain larger than the beta sheet (3.12b, 3.12e), and two or more chains larger than the beta 

sheet (3.12c, 3.12f) as a function of time for all temperatures.  In each case it is easy to see 

that it is more likely for an amorphous aggregate to restructure into a beta sheet than it is 

for a beta sheet to collapse into an amorphous aggregate.  However, there is a difference in 

the ratio of the percentage of chains undergoing the restructuring transitions to the 

percentage of chains undergoing the collapse transition as temperature increases.  At the 

low temperature T* = 0.11, it is four times as likely for an amorphous aggregate to 

rearrange into a beta sheet of the same size than it is for the beta sheet to collapse into an 

amorphous aggregate of the same size, three times as likely for an amorphous aggregate to 
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rearrange into a beta sheet one chain smaller than for the beta sheet to collapse into an 

amorphous aggregate one chain larger than the beta sheet, and only twice as likely for an 

amorphous aggregate to rearrange into a beta sheet at least two chains smaller than the 

original beta sheet than it is for the beta sheet to collapse into an amorphous aggregate at 

least two chains larger than the original beta sheet.  As temperature increases, the ratios of 

the percentage of a rearrangement transition to the percentage of a collapse transition 

decrease, until at high temperature all three ratios show that it is about twice as likely for 

amorphous aggregates to rearrange into beta sheets as beta sheets are to collapse into 

amorphous aggregates.  This change in the ratios indicates that at lower temperatures the 

amorphous aggregates transition into beta sheets sooner than at higher temperatures since 

they don’t have time to grow larger than the beta sheets, which in turn suggests that the 

amorphous aggregates are less stable and more energetically unfavorable at lower 

temperatures than at higher temperatures.  As temperature increases, larger amorphous 

aggregates form and are more stable so that it becomes just as likely for them to rearrange 

into beta sheets that are smaller than to rearrange into beta sheets of the same size as the 

original amorphous aggregate.  As concentration increases, the ratio of the percentage of 

amorphous aggregate restructuring transitions to the percentage of the beta sheets 

collapsing transitions increases, so that fewer beta sheets collapse back into amorphous 

aggregates.  Also as concentration increases the percentage of transitions from amorphous 

aggregates to beta sheets of the same size decreases, while the percentage of transitions 
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from amorphous aggregates to beta sheets more than one chain smaller increases.  These 

behaviors combined indicate that increasing temperature and concentration create a more 

stable environment for larger amorphous aggregates. 

The second major type of event to be examined in the fibril formation pathway is 

the formation of two-sheet fibrils by beta sheet stacking or by amorphous aggregate 

rearrangement.  Figure 3.13 shows the formation of two sheet fibrils (F2) from any size beta 

sheet (Bi) or from any size amorphous aggregate (Ai).  Figure 3.13a shows the percentage of 

transitions of chains from an amorphous aggregate to a two-sheet fibril as a function of 

time for all temperatures, normalized by the number of chains in an amorphous aggregate 

state; Figure 3.13b shows the percentage of transitions of chains from a beta sheet to a 

two-sheet fibril as a function of time for all temperatures, normalized by the number of 

chains in a beta sheet.  Figures 3.13c and 3.13d show the same transitions as Figures 3.13a 

and 3.13b, but they are normalized by the number of chains in a fibril.  As seen in Figures 

3.13a and 3.13c, increasing the temperature decreases the likelihood that an amorphous 

aggregate will rearrange into a two sheet fibril; at low temperatures rearranging amorphous 

aggregates are required for the initial formation of a fibril (the percentage of the transition 

reaches 100%) while at high temperatures the initial formation of a fibril comes from the 

stacking of two beta sheets and does not require amorphous aggregates (the percentage is 

less than 50%).  In Figures 3.13b and 3.13d it can be seen that at low temperatures it is 

more likely for a beta sheet to stack into a two-sheet fibril earlier in the simulation than at 
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high temperatures.  As temperature increases it becomes much more likely that two beta 

sheets stack together to form the fibrils (percentage of the transitions from beta sheet to 

two-sheet fibril reaches 100% at high temperature) than for one beta sheet to influence an 

amorphous aggregate to rearrange into the cross-β structure found in a fibril.  (The 

transition from beta sheet to two-sheet fibril is around 50% at low temperatures).  This 

suggests that at lower temperatures the amorphous aggregates are very unstable and 

greatly prefer to rearrange into a fibril conformation, while at higher temperatures the 

amorphous aggregates are more stable and can form into individual beta sheets that then 

independently stack into a fibril in separate events. 

 

3.4  Discussion and Conclusions 

 

Aggregation of peptides into fibrils occurs over a wide range temperatures and 

concentrations.  The basic pathway of fibril formation for polyalanine under all conditions 

follows the same general steps.  First free monomer chains associate into small amorphous 

aggregates that grow and rearrange into beta sheets.  The beta sheets then grow and stack 

into small fibrils.  The small fibrils then continue to grow by the addition of beta sheets or 

even other fibrils until they grow to a large size that encompasses the majority of the 

peptides present in the simulation.  The result at the end of the simulation is a population 

of one or two large fibrils accompanied by very few individual beta sheets or amorphous 
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aggregates and only at the highest temperatures is there an appreciable population of free 

monomers.  Even though the steps in the fibril formation pathway are similar at all 

conditions, the overall rate of fibril formation does depend on temperature and 

concentration.  As temperature decreases or concentration increases the rate of fibril 

formation speeds up and the lag time before fibril species appear in the simulation is 

shorter. 

The results from applying the simple kinetic models to our simulation data agree 

qualitatively with experimental results for both changes in temperature and concentration.  

As temperature increases, there is a longer lag time before fibril growth commences and a 

slower growth rate.[31-34, 37]  As concentration increases, there is a shorter lag time and a 

faster growth rate.[24-28, 31, 35-37, 39-41, 45]  This qualitative agreement between the 

analysis of the kinetics from our polyalanine simulations and the analysis of the kinetics of 

experimental fibril formation published in the literature suggests that our protein model 

captures the basic aggregation trends of peptides with respect to variations in temperature 

and concentration, allowing us to make observations about specific details and 

intermediate steps seen in the protein aggregation process. 

Varying the temperature and concentration affect the populations of the various 

structures along the fibril formation pathway, as well as the final structure, indicating the 

sensitivity to both temperature and concentration.  At lower temperatures, changes in 

concentration have minimal effect on the final conformation, while at higher temperatures 
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changes in concentration are much more pronounced.  There is competition in the fibril 

formation process between the tendency to minimize the enthalpy (dominates at high 

concentration and low temperature) and the tendency to maximize the entropy (dominates 

at low concentration and high temperature).  At low temperatures and all concentrations 

considered here, the small amorphous aggregates and beta sheets are unstable and quickly 

combine and rearrange into small fibrils that grow so that at the end of the simulations 

there are multiple large fibrils present.  At high temperatures and all concentrations 

considered here, the intermediate aggregates such as the larger amorphous aggregates and 

beta sheets are more stable and remain present in the simulation for longer periods of 

time.  High temperatures lead to fewer small fibrils forming initially and only one or even no 

large fibrils present at the end of the simulation time.  The fibril population is highest at 

intermediate temperatures for the range of concentrations considered.  This may be 

interpreted as a balance between the forces of enthalpy, the need at low temperatures for 

the formation of large aggregates to energetically stabilize the system, and the forces of 

entropy, the ability at high temperatures for peptide chains to dissociate and rearrange by 

the higher kinetic energy of the system. 

The competition between the enthalpy and entropy in the fibril formation pathway 

is evident in the beta sheet formation.  At low temperatures the system is dominated by 

enthalpy, smaller aggregates are less stable and move along the fibril formation pathway 

much more quickly making it difficult to see the effect of changing concentration on the 
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fibrillization process.  At high temperatures the system is dominated by the entropy, smaller 

aggregates are more stable and remain in the population for long periods of time, making 

the effect of changing concentration much more evident.  At low temperatures the 

population of beta sheets present in the simulation decreases as concentration increases.  

However, as temperature increases, the population of small beta sheets present in the 

simulation increases as concentration increases.  As temperature increases, smaller and 

more amorphous aggregates are stabilized, while as concentration increases larger and 

more ordered structures are favored.   

One of the major events in the fibril formation pathway is the formation of beta 

sheets from amorphous aggregates, since the beta sheets are necessary for the formation 

and growth of small initial fibrils.  The rearrangement of amorphous aggregates into beta 

sheets usually results in beta sheets with the same or fewer chains than that of the original 

amorphous aggregate.  The percentage of chains undergoing the A → B transitions is 

greater than the percentage of chains undergoing the B → A transitions for all conditions at 

early times in the simulations, which leads to the formation of the first beta sheets.  As the 

simulation progresses, the percentage of chains undergoing the A → B and B → A 

transitions equalizes so that by the end of the simulation there is no net difference in the 

percentages, and neither aggregate population changes due to these transitions.  Increasing 

the temperature of the simulation increases the stability of the amorphous aggregates, so 

the percentage of chains undergoing the A → B transitions decreases with increasing 
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temperature and the percentage of chains undergoing the B → A transitions more quickly 

equals the percentage of A → B transitions.  With a faster equalization between A → B and 

B → A transitions it requires a longer time to form stable beta sheets that can grow and 

stack into fibrils, which has the effect of slowing down the overall fibril formation rate.  

The second major event in the fibril formation pathway is the initiation of small fibril 

formation.  At low temperatures the formation of small fibrils is produced from an 

association of beta sheets with amorphous aggregates, probably in a similar method to 

template assembly, i.e. the beta sheets influence the amorphous aggregates to adopt the 

cross-β structure found in fibrils.  As temperature increases, the initiation of small fibril 

formation comes mostly from two beta sheets stacking and does not require the 

rearrangement of amorphous aggregates nearly as frequently.  This change in system 

behavior is most probably due to the increased stability of the larger intermediate 

structures at higher temperatures: the beta sheets are not energetically driven to combine 

into a fibril structure as quickly and amorphous aggregates have time to rearrange into beta 

sheets before joining a fibril. 

In conclusion, increasing temperature and decreasing concentration slows the 

formation and growth of fibrils for the polyalanine system.  Increasing the temperature and 

decreasing the concentration increases the kinetic stability and longevity of large 

intermediate structures at early times and the presence of free monomers at the conclusion 

of the simulation, while decreasing the temperature and increasing the concentration 
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increases the presence of small beta sheets and encourages template assembly behavior in 

the amorphous aggregates in an attempt to stabilize their conformations energetically.  The 

competition between the increasing temperature and concentration tendencies on fibril 

formation leads to a maximum in fibril population at intermediate temperatures. 
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Figure 3. 1  Geometric representation  of polyalanine in PRIME:  The backbone united atoms are 
colored a dark blue while the side chain (-CH3 for alanine) is colored a light blue.  Covalent bonds are 
in brown, pseudo-bonds that maintain L-isomerization are in green, ideal backbone angles are in 
red, and the trans conformation are in purple.  For ease of viewing atoms are not shown to scale. 
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Figure 3. 2  Temperature dependence of fibril formation for a system of polyalanine at a 
concentration of 5mM showing the percentages of chains that remained free monomer (M), ended 
up in a beta sheet (B), ended up in an amorphous aggregate (A), and formed into a fibril (F). 
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Figure 3. 3  Monomer and Amorphous Aggregate Behavior: Monomer behavior as a function of 
simulation time is shown for temperatures T* = 0.11, 0.12, 0.13, 0.135, and 0.14 at (a) c = 2.5mM, 
(b) c = 5mM, and (c) c = 10mM. Amorphous aggregate behavior as a function of simulation time is 
shown for temperatures T* = 0.11, 0.12, 0.13, 0.135, and 0.14 at (d) c = 2.5mM, (e) c = 5mM, and (f) 
c = 10mM. 
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Figure 3. 4  Beta Sheet and Fibril Behavior: Beta sheet behavior as a function of simulation time is 
shown for temperatures T* = 0.11, 0.12, 0.13, 0.135, and 0.14 at (a) c = 2.5mM, (b) c = 5mM, and (c) 
c = 10mM.  Fibril behavior as a function of simulation time is shown for temperatures T* = 0.11, 
0.12, 0.13, 0.135, and 0.14 at (d) c = 2.5mM, (e) c = 5mM, and (f) c = 10mM. 
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Figure 3. 5  Two-Step Model Results: Simulation results showing the percentage of peptide chains in 
a fibril and the model solutions versus reduced simulation time for each T* at a concentration of (a) 
c = 2.5 mM, (b) c = 5 mM, and (c) c = 10 mM.  Model parameter (d) fmax, (e) kn, and (f) ke, results as a 
function of T* for each concentration. 
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Figure 3. 6  Results for Exponential Growth Model II: An example of a lag time location is shown in 
(a), (b) shows lag time as a function of T* and concentration for our simulation results. 
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Figure 3. 7  Summary of Transitions at c = 5mM and T* = 0.13: Transitions to (a) M, (b) A, (c) B, and 
(d) F from M, A, B, and F as a function of reduced simulations time; transitions from (e) M, (f) A, (g) 
B, and (h) F to M, A, B, and F as a function of reduced simulation time.  Each graph is normalized so 
that at each time point the sum of all four curves equals 100%. 
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Figure 3. 8  Monomer Transitions at c = 5mM: Transitions (a) from A to M and (b) from M to A 
normalized by the monomer population for each T* as a function of reduced time. 
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Figure 3. 9  Amorphous Aggregate Transitions at c = 5mM: Transitions (a) from M to A, (b) from B to 
A, (c) from F to A, (d) from A to M, (e) from A to B, and (f) from A to F normalized by the amorphous 
aggregate population for each T* as a function of reduced time. 
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Figure 3. 10  Beta Sheet Transitions at c = 5mM: Transitions (a) from A to B, (b) from F to B, (c) from 
B to A, and (d) from B to F normalized by the beta sheet population for each T* as a function of 
reduced time. 
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Figure 3. 11  Fibril Transitions at c = 5mM: Transitions (a) from B to F, (b) from A to F, (c) from F to B, 
and (d) from F to A normalized by the fibril population for each T* as a function of reduced time. 
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Figure 3. 12  Transitions between amorphous aggregates and beta sheets at 5mM: Transitions from 
amorphous aggregates to beta sheets where the amorphous aggregates are (a) the same size, (b) 
one chain larger, and (c) multiple chains larger than the beta sheets for each T* as a function of 
reduced time.  Transitions from beta sheets to amorphous aggregates where the beta sheets are (a) 
the same size, (b) one chain smaller, and (c) multiple chains smaller than the amorphous aggregates 
for each T* as a function of reduced time.  All curves are normalized by the amorphous aggregate 
population. 
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Figure 3. 13  Fibril initiation transitions at 5mM: Transitions from (a) amorphous aggregates and (b) 
beta sheets to two sheet fibrils (F2) for each T* as a function of reduced time.  Transitions to a two-
sheet fibril (F2) from (c) an amorphous aggregate and (d) a beta sheet for each T* as a function of 
reduced time.  The data in (a) is normalized by the number of chains in the amorphous aggregates, 
(b) is normalized by the number of chains in a beta sheet, while (c) and (d) are normalized by the 
number of chains in a fibril. 
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3.6  List of Tables 

Table 3. 1  Summary of Results for Model I – Two Step Model: The R2 value is based on the 
of the fit for the model solution to the simulation data, the difference of squares between 
the model solution and the simulation data is the total difference of squares over all data 
points, normalized by the total number of data points at each set of conditions. .............. 113 
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Table 3. 1  Summary of Results for Model I – Two Step Model: The R2 value is based on the of the fit 
for the model solution to the simulation data, the difference of squares between the model solution 
and the simulation data is the total difference of squares over all data points, normalized by the 
total number of data points at each set of conditions. 

 

 

  

c (mM) 2.5 5 10 2.5 5 10
T* = 0.11 0.992 0.989 0.988 4.86 5.51 3.85
T* = 0.12 0.994 0.993 0.992 5.02 5.00 5.68
T* = 0.13 0.994 0.995 0.991 6.00 5.30 6.38
T* = 0.135 0.996 0.992 0.995 2.40 7.03 3.46
T* = 0.14 0.995 0.998 0.992 0.85 0.85 4.94

R2 Difference of Squares

Summary of Model Fit
Two-Step Model
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CHAPTER FOUR 

 

Computer Simulation of Aβ Peptide Aggregation Kinetics and Structure 

 

4.1  Introduction 

 

 Alzheimer’s disease (AD) has been the subject of much research in recent years due 

to the large impact it has on the public health.  AD currently afflicts over 5 million people in 

the United States and is the sixth leading cause of death.[1]  AD and dementia are believed 

to affect 35.6 million people worldwide; the cost of patient care and treatment is estimated 

at over 600 billion US dollars per year.  These numbers are expected to rise significantly in 

the coming years as members of the baby boom generation hit their 65th birthday this 

year.[2]  It is vital that the research community use every tool available to determine the 

causes for the disease on the molecular and cellular levels so that treatments can be 

devised.   

 AD is characterized pathologically by the presence of plaques deposited within the 

extracellular space in the brain.  The plaques are comprised in part by mature fibrils made 

up of the peptide Aβ [3-4]  which is generated when amyloid precursor protein, a protein of 

unknown function found in most mammalian cells, is cleaved.  Aβ is predominantly found in 
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two forms, Aβ1-40 and Aβ1-42.[5-6]  Both peptides aggregate in vivo and in vitro to form 

mature fibrils which cause cell dysfunction and death, but there is significant evidence to 

suggest that Aβ1-42 is more toxic to cells than Aβ1-40.[7-9]  Once the connection between AD 

and the presence of Aβ fibrils was realized in 1984 [10] significant efforts were made to 

determine exactly what structures appear during the fibril formation process and which are 

responsible for those toxic effects. 

Although Aβ fibrils were initially thought to be the source of the toxic effects in AD, 

more recent work has shown that the intermediate oligomers that arise along the fibril 

formation pathway are the most toxic structures.[11-25]  The structure of these oligomers 

remains largely a mystery; they are relatively unstable and efforts made to stabilize them 

can change or restrict the structures so that they no longer play a role in the fibrillization 

process.[19, 26-29]  The types of intermediates that form in vitro along the fibrillization 

pathway are affected by conditions such as temperature, concentration, pH, and salt 

content.  Studies conducted on the kinetics of fibrillization have shown that there is an 

optimum range of conditions for fibril formation and that outside of this range, the 

aggregation process will not lead to the formation of mature, fully-formed fibrils.[16, 30-43]  

Temperature and concentration appear to have the most effect on the fibrillization process; 

temperatures that are too low stop the process at disordered aggregates that never 

organize into the mature fibril structure while temperatures that are too high keep large 

aggregates from forming at all.[44-45]  Changes in concentration have the opposite effect; 
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concentrations that are too low preclude fibril formation while concentrations that are too 

high force the process to collapse into large disordered structures.[34, 44] 

In order to gain insight into the structure of the intermediate oligomers some 

investigators have used computer simulations.  A number of papers have been published in 

the last decade describing computer simulations of either fragments of Aβ or the whole Aβ 

sequence.  Simulations based on all-atomistic representation of the Aβ peptide start in a 

configuration of interest, such as stacked β-sheets or protofilaments, and probe the stability 

and energy of the system to see what happens with time.[46-50]  Computer simulations 

based on an all-atom representation of full-length Aβ with explicit solvent molecules that 

span the entire fibrillization process are currently outside of our computational capability, 

so some compromises must be made.  There are several was to do this, including modeling 

the solvent implicitly and coarse-graining the representation of the protein so that a residue 

is represented by a much smaller number of sites, such as a two-bead or four-bead united 

atom model.  For example, Urbanc and coworkers have used a four-bead representation 

with implicit solvent to study the formation and stability of intermediate Aβ oligomers in 

order to determine the effects of changing the relative strength of the electrostatic and 

hydrophobic interactions.[28, 51-57] 

The goal of this paper is to learn how variations in temperature affect the 

aggregation of Aβ40 and Aβ42, with particular focus on the formation of intermediate 

oligomers.  The method used will be computer simulations based on PRIME, a four-bead 
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reduced representation model of each residue with solvent modeled implicitly.  Our group 

has used PRIME previously in combination with discontinuous molecular dynamics (DMD), a 

fast alternative to traditional molecular dynamics, to simulate the aggregation of 

polyalanine and polyglutamine, with results that were in good agreement with 

experimental studies.[58-64].  This approach offers significant computational speed-ups 

compared to all-atom molecular dynamics, allowing us to simulate the complete 

aggregation process starting from a random coil configuration and ending in the formation 

of a protofilament-like structure.  The simulations are carried out over a range of 

temperatures in order to determine the effect that temperature has on the structure of the 

intermediate oligomers, β-sheets and small protofilaments or fibrils.   

 In this paper, two sets of simulations on Aβ17-40 and Aβ17-42 are described.  We do not 

include residues 1-16 because there is no long hydrophobic stretch of side chains among 

these residues and they are not believed to play a major role in the formation of the fibril 

structure.  The Aβ peptides were modeled using an HPG version of PRIME that represents 

all side chains in the amino acids as a single sphere of the same size and mass.  The HPG 

representation works as follows: hydrophobic (H) side chains undergo an attraction to other 

hydrophobic side chains, polar (P) side chains have no interactions with other side chains, 

and glycine (G) residues have no side chain sphere, instead the hydrogen atom from the 

side chain is included in the backbone α-carbon representation.  The first set of simulations 

is aimed at determining the temperatures at which fibrils will form; 48 chain systems 
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containing either Aβ17-40 or Aβ17-42 were simulated starting from a random coil configuration 

at a concentration of 5mM with reduced temperatures ranging from T* = 0.07 to 0.20.  In 

the second set, 144 chains of either Aβ17-40 or Aβ17-42 were simulated at a concentration of 5 

mM at a reduced temperature of T* = 0.10, 0.11, or 0.12; these were the temperatures at 

which both peptides were found to form fibrils in the first set of simulations.  Each 

simulation started from a different configuration of random coils and was allowed to run 

until the populations were relatively stable and unchanging.  The position and interaction 

partners of each peptide chain were recorded at regularly spaced time intervals, leading to 

the classification of chains as being in a particular aggregation state: free monomer, 

amorphous aggregate with x chains, beta sheet with y chains, or fibril (protofilaments) with 

z beta sheets.  The sequence of aggregation states occupied by each chain over the course 

of the simulations was used to analyze the aggregation process, and summarized in terms of 

population data (fraction of peptides in each state) and transitions from one state to 

another as a function of simulation time. 

 Highlights of our results are as follows.  At low temperatures, both Aβ17-40 and Aβ17-

42 form large amorphous aggregates with a small amount of β-sheet characteristics, at 

intermediate temperatures the peptides form a mixture of β-sheets and fibrils that are 

surrounded by amorphous aggregates, and at high temperatures the peptides form small 

amorphous aggregates or remain isolated as free monomers.  Aβ17-42 forms fibrils over a 

larger temperature range than Aβ17-40.  In the intermediate temperature range the fibril 
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formation pathway for both sequences goes through the following steps: formation of small 

amorphous aggregates from free monomers, growth of these small amorphous aggregates 

into larger amorphous aggregates, rearrangement of the amorphous aggregates into β-

sheets, and finally stacking of β-sheets into small fibrils.   

 The structure of the β-sheets changes as temperature increases through the range 

conducive to fibril formation.  At the low temperature both Aβ17-40 and Aβ17-42 form β-

sheets with more intra-strand hydrogen bonds than inter-strand hydrogen bonds, indicating 

multiple turns in the sequence where the chains have folded over on themselves.  At the 

high temperature both sequences form β-sheets with more inter-strand hydrogen bonds 

than intra-strand hydrogen bonds, indicating that the chains have one or no turns in the 

sequence and are elongated.  Aβ17-42 goes through the transition from predominantly intra-

strand hydrogen bonds to predominantly inter-strand hydrogen bonds in the β-sheet 

structure at a higher temperature than Aβ17-40, meaning that it requires more energy for the 

longer sequence to unfold.  As the peptides unfold with increasing temperature, the 

position of the turns in the chains shifts from near each terminus to a more central location 

in the sequence, which corresponds to the reduction in the number of turns.  This 

elongation of the backbone within the β-sheet structure as a function of temperature 

agrees with the work on Aβ1-42 oligomers from Ahmed et al and the work on Aβ1-40 

protofilaments of Petkova et al that have been recently published in the literature.[45, 48] 
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4.2  Materials and Methods 

 

We performed computer simulations on systems containing 48 and 144 chains each 

comprised of the peptides Aβ17-40 and Aβ17-42 starting from a different initial random 

configuration.  The peptide geometry and force field were modeled using PRIME, an 

intermediate resolution protein model developed in the Hall group.[61, 65-66]  Each 

peptide residue except for glycine is represented by four spheres; one for the carbonyl 

carbon and its associated oxygen atom, one for the amide nitrogen and its associated 

hydrogen atom, one for the alpha carbon and its associated hydrogen atom, and one for the 

side chain atoms.  Glycine has no side chain united atom since its side chain is a hydrogen 

atom that is incorporated into the alpha carbon united atom.  Figure 4.1 shows a schematic 

of the PRIME protein geometry.  Each united atom is attached to the next with a covalent 

bond of an ideal length taken from the literature.  The geometry of the peptide chain is 

maintained by imposing pseudo-bonds between the united atom spheres that restrict the 

backbone bond angles to the ideal values, maintain the peptide bond in the trans 

conformation and ensure the L-isomerization of the side chain.  Solvent is modeled 

implicitly by including hydrophobic interactions between non-polar side chains.  All forces in 

the system are modeled as either hard sphere, square well or square shoulder potentials.  

Excluded volume for each sphere is modeled by a hard sphere potential with a realistic 

diameter.  All side chain united atoms have the same diameter.  All covalent and pseudo-
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bonds are allowed to fluctuate within a tolerance of 2.375% by setting up hard sphere 

repulsions any time the length of the bond attempts to move outside of the range of 

𝑙(1 − 𝛿) to 𝑙(1 + 𝛿) where 𝑙 is the ideal length of the bond and 𝛿 is the tolerance.   

PRIME accounts for the two most basic types of inter- and intra- peptide 

interactions: hydrogen bonding and hydrophobic interactions.  Hydrogen bonding is 

modeled as a square well attraction potential of depth εHB between the carbonyl and amide 

spheres on the same and neighboring chains when certain angular criteria are met.[58, 61, 

67]  Hydrophobic interactions are captured in this model by a square well attraction of 

depth εHP and width 1.5σR between hydrophobic side chain united atoms (where σR is the 

side chain sphere diameter) provided that they are on separate chains or at least three 

residues apart on the same chain.   

The sequence of Aβ, LVFFAEDVGSNKGAIIGLMVGGVV(IA), is modeled using a 

hydrophobic (H), polar (P) and glycine (G) representation, which means that each side chain 

is represented by a hydrophobic united atom that undergoes the square-well interaction 

with other hydrophobic side chains, a polar united atom that undergoes hard sphere 

interactions with all other united atoms, or no side chain at all, since the hydrogen atom is 

represented by the alpha-carbon bead in the backbone.  The sequence of Aβ in our model 

thus looks like HHHHPPHGPHPGHHHGHHHGGHH(HH).  All hydrophobic and polar side chain 

beads have the same diameter and mass in this representation.  The reduced simulation 

temperature is scaled with the hydrogen bond strength, 𝑇∗ = 𝑘𝐵𝑇 ϵHB⁄ , where kB is 
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Boltzmann’s constant; in this paper T* = 0.10, 0.11, and 0.12.  The relative strength of the 

hydrophobic attraction and hydrogen bond, 𝑅 = 𝜀𝐻𝑃 ⁄ 𝜀𝐻𝐵  is set here to R = 0.10 as in our 

previous simulations of polyalanine.[61-64, 68]   

The simulations are performed using discontinuous molecular dynamics (DMD), an 

alternative to traditional molecular dynamics that is applicable to systems modeled using a 

combination of discontinuous potentials, i.e. hard sphere and square-well potentials.  

Unlike continuous potentials, such as the Lennard-Jones potential, discontinuous potentials 

exert forces only when particles collide, enabling the exact (as opposed to numerical) 

solution of the collision dynamics.  This imparts great speed to the algorithm, allowing 

sampling of longer time scales and larger systems than traditional molecular dynamics.  

DMD proceeds in the following manner.  Particles are initially placed in a random 

configuration consistent with excluded volume and angular constraints with initial velocities 

assigned based on a Maxwell-Boltzmann distribution about the simulation temperature.  

The time until the first event (first discontinuity in a potential) is calculated, the particles are 

advanced along their trajectories toward that event, the new velocities of the colliding 

particles are calculated and assigned, and the process starts all over again.  Types of events 

that occur during the simulation are excluded volume events when spheres collide, bond 

events when the distance between two bonded spheres reaches a limit, and square well or 

square shoulder events when two spheres enter (capture), unsuccessfully attempt to leave 
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(bounce), or successfully leave a square well attraction or square shoulder repulsion 

(dissociation) interaction.[69-72]  

All of the simulations are carried out in the canonical ensemble, where the number 

of particles, the temperature, and the volume of the simulation are held constant.  The box 

length of the cubic simulation cell was set at either 252 or 363Å in order to create the 

desired concentration of 5mM for the 48 or 144 Aβ peptides. Periodic boundary conditions 

were implemented to eliminate any artifacts due to the simulation box walls.  The 

temperature is held constant using the Andersen thermostat, which utilizes ghost collisions 

with random particles in the system to maintain the Maxwell-Boltzmann velocity 

distribution about the desired system temperature.[73]  The simulation time is measured in 

terms of a reduced time units, 𝑡∗ = 𝑡 �𝜎�𝑘𝐵𝑇 𝑚⁄ �⁄  , where t is the simulation time and σ 

and m are the average sphere diameter and mass respectively.  Since DMD is driven by 

collisions, not pre-determined time steps, and there are no solvent particles, it is difficult to 

relate the reduced time to a real time scale.  All results will be given in terms of reduced 

simulation time. 

Five simulation runs in the 48 chain system and thirty simulation runs in the 144 

chain system were performed, each starting from a different random initial configuration, 

and the results were averaged together.  Over the course of each simulation the 

populations of different structures such as free monomer chains, beta sheets of specific 
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sizes, amorphous aggregates of specific sizes, and fibrils were recorded as a function of 

time.     

Each peptide chain is classified into one of four possible structures (free monomer, 

amorphous aggregate, beta sheet, or fibril) by analyzing the number and type of 

interactions that the atoms in the peptide chain have with other chains in the system.  

Figure 4.2 shows representations of each of the four classes of structures.  A free monomer 

is defined to be any chain that has no interaction, either hydrophobic or hydrogen bonding, 

with another chain in the system.  A beta sheet is defined to be a set of two or more 

peptide chains that have at least eight hydrogen bonds (half of the chain length) between 

each pair of neighboring chains in the sheet.  (Hydrophobic contacts are not considered 

when determining beta sheets.)  Fibrils are defined to be beta sheets with at least three 

hydrophobic interactions between two different pairs of chains in the beta sheets, for a 

total of at least six hydrophobic contacts.  Amorphous aggregates are defined to be a set of 

two or more chains that have either hydrophobic interactions or hydrogen bonding 

interactions with the other chains in the set but do not fall under either the beta sheet or 

fibril classification.  

 Over the course of the simulation the populations for free monomers (M), beta 

sheets containing two (B2), three (B3), four (B4), five (B5), six (B6), seven (B7), and more than 

seven chains (BS), fibrils containing two (F2), three (F3), four (F4), five (F5), six (F6), and more 

than six beta sheets (FS), and amorphous aggregates containing two (A2), three (A3), four 
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(A4), five (A5), six (A6), seven (A7), and more than seven (AS) chains were recorded as a 

function of simulation time.  In order to prevent double counting, chains are classified 

according to the most ordered structure they belong to, so that for example a chain 

classified as being part of a fibril would not also be classified as being part of a beta sheet. 

In addition to recording population data, each individual chain is given an 

identification label at each time step that indicates the highest order aggregation state to 

which it belongs.  Free monomer chains are given an identification label that signifies they 

are not interacting with any other chains at that specific simulation time.  Chains in a beta 

sheet are given an identification label that indicates how many chains are in that specific 

beta sheet.  Chains within a fibril are given an identification label that indicates how many 

sheets are in the fibril, how many total chains are in the fibril, and how many chains are in 

the individual beta sheet that contains that particular chain.  Amorphous aggregates are 

given an identification label that indicates how many chains are in that particular 

amorphous aggregate.  All of this information allows us to track the progress of individual 

chains and make determinations as to how particular intermediate structures form and 

change throughout the simulation.  By keeping track of the types of changes to chain 

identification labels as a function of time, it is possible to determine how certain 

intermediates form and dissociate or grow into larger structures. 
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4.3  Results 

 

 It is well known that solution conditions affect the aggregation behavior of Aβ 

peptides, so the first important piece of information to obtain in our system is the 

temperature range over which the peptide chains will aggregate into beta sheets and fibrils.  

This was accomplished by simulating a smaller system of only 48 peptide chains for both 

sequences of Aβ and running simulations to determine the predominant structural 

conformations.  The simulations were run until the system appeared to reach a steady 

potential energy level and the structures showed little change with time.  As seen in Figure 

4.3, both Aβ sequences adopt amorphous aggregate, beta sheet, and fibril conformations at 

lower reduced temperatures.  As the temperature of the simulation increases, the 

percentage of peptide chains that aggregate decreases until free monomers dominate the 

system and fibrils stop forming altogether.  Although there is a slightly wider temperature 

range for fibril formation in the Aβ17-42 peptide than the Aβ17-40 peptide, there is enough 

overlap to choose a set of simulation conditions, T* = 0.10, 0.11, and 0.12, that will allow for 

the comparison of the fibril formation process between both peptide sequences.   

For each of the chosen temperatures, thirty simulations of 144 chains were performed on 

both Aβ peptide sequences and the results were averaged together.  The results from the 

larger 144 chain systems show the same structures as the smaller 48 chain systems in that 

the final conformations of the peptide chains show a majority of chains in an amorphous 
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aggregate state with the remainder of the chains in either beta sheet or fibril conformation 

for all three chosen temperatures.  As the temperature increases from T* = 0.10 to T* = 

0.12 the percentage of chains in either beta sheet or fibril conformation at the end of the 

large system simulations increases slightly.   

Figure 4.4 contains snapshots from a single simulation of Aβ17-40 at T* = 0.12 that 

show (4.4a) the initial random configuration, and (4.4b,c,d) various aspects of the final 

configuration.  In all four snapshots the peptide backbones are colored according to the 

final structure; free monomer and amorphous aggregates in the final structure are colored a 

light gray and each chain in the same beta sheet has the same color for the backbone.  

Hydrophobic side chains are colored red, polar side chains are colored white and the 

terminal carbonyl united atom of each peptide backbone is colored blue.  Figure 4.4b shows 

all 144 chains, including amorphous aggregates, while Figure 4.4c shows only those chains 

in either a beta sheet or a fibril.  By comparing the two snapshots in Figures 4.4b and 4.4c, it 

is easy to see that most beta sheets and fibrils are surrounded by and interact with non-

structured (amorphous) chains.  Figure 4.4d shows a two-sheet fibril that consists of four 

chains, with each sheet containing two chains.  The sheets are stacked due to interactions 

between the hydrophobic side chains, and the peptide backbones are parallel with one 

another.  Not all of the fibrils have peptide backbones that are as parallel as in the example 

in Figure 4.4d; this may be due to the many non-structured peptide chains that surround 
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and interact with the fibrils, preventing the sheets from completely rearranging into the 

expected orientation. 

The aggregation pathways for the two Aβ sequences contain similar steps.  At all 

temperatures the aggregation process for both peptide sequences begins with the rapid 

formation of amorphous aggregates from free monomers.  This is followed by a slower 

formation of beta sheets and of a small percentage of fibrils.  Figure 4.5 shows the change 

over time of the percent of peptide chains that are in the four structural classifications: free 

monomer (M); amorphous aggregate (A); beta sheet (B); and fibril (F) for each Aβ sequence 

at T* = 0.12.  The results at T* = 0.10 and T* = 0.11 differ only in the final percentages in 

each population, so for clarity those results are not shown here.  Comparison between the 

graphs for the two sequences shows that Aβ17-40 has more chains in a beta sheet or fibril 

structure at the end of the simulation than Aβ17-42, but that the number of chains in a 

fibrillar structure starts to plateau more quickly for Aβ17-42 (at t*=120) than  for Aβ17-40 (at 

t*=170). 

 It is of interest to consider how the peptide chains move between the different 

aggregation structures along the aggregation pathway.  The transitions between the 

different structural classifications (monomer – M, amorphous aggregate – A, beta sheet – B, 

and fibril – F) were calculated by tracking the aggregation state of each individual peptide 

chain over the course of the entire simulation.  During the interval between adjacent time 

points in the simulation the 144 chains each undergo a transition between its starting and 
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ending conformations, which are labeled according to the structure in which the peptide is 

classified.  These transitions were recorded and averaged together over all thirty 

simulations at a particular temperature.  The transitions between the different structural 

conformations for Aβ17-40 at T* = 0.12 are shown in Figure 4.6.  We highlight this 

temperature and sequence because this is the condition at which the simulations produced 

the most beta sheets and fibrils.  By looking at the different types of transitions and when 

they occur, it is possible to discern the kinetic pathway that describes this data.  The data in 

Figure 4.6 is normalized so that all of the curves in each panel of the figure add up to 100% 

at each time point in the simulation.  For example all of the transitions from a beta sheet to 

any structure (free monomer B → M, amorphous aggregate B → A, beta sheet B → B, and 

fibril B → F) at any given time are normalized by the total number of chains in a beta sheet 

at that time in the simulation so that the sum of all four types of transitions will add up to 

100%.  This means that it is not possible to compare transitions from one panel to another, 

e.g. Figure 4.6a to 4.6b, since each panel is normalized by a different standard.  For clarity in 

Figure 4.6a, the transition where a free monomer chain remains a free monomer (M→ M) 

and in Figure 4.6b the transition where a chain in an amorphous aggregate remains in an 

amorphous aggregate (A→ A) are not shown.  This is because these transitions are the 

highest percentage transitions and it would have been difficult to see the magnitude of the 

other types of transitions if they had been included in Figure 4.6. 
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 The aggregation pathway that emerges from the data in Figure 4.6 contains several 

steps.  The first step is the formation of amorphous aggregates in a reversible but favorable 

set of reactions due to the association of free monomers (Figure 4.6a).  It is reversible 

because the amorphous chains transition back to free monomers in Figure 4.6b, but 

favorable because the population of amorphous aggregates grows rapidly early in the 

simulation (Figure 4.5a).  The second step is the rearrangement of amorphous aggregates 

into beta sheets as shown in Figure 4.6b.  This transition begins early in the simulations 

(t*<15), but the first beta sheets appear to be unstable, as evidenced by the large 

percentage of beta sheet chains that transition back to amorphous aggregates at early 

times (Figure 4.6c).  Eventually (t*>25) the beta sheets become more stable and the 

collapse of the beta sheets into amorphous aggregates slows down (Figure 4.6c).  The third 

step is the stacking of beta sheets with other beta sheets or even with amorphous 

aggregates to form the first small fibrils (t*=30 in Figure 4.6b and 4.6c).  The fourth and final 

step seen in these simulations is the slow growth and rearrangement of the fibrils (t*>50 in 

Figures 4.6b, 4.6c, and 4.6d) as the chains reorganize to find the lowest energy 

conformation.  This can be deduced from the transitions from amorphous aggregates and 

beta sheets to the fibril conformation as well as the reverse transitions seen in Figure 4.6d. 

 Figure 4.7 contains snapshots of various beta sheets for both Aβ17-40 and Aβ17-42 at 

T* = 0.10 (4.7a and 4.7d), 0.11 (4.7b and 4.7e), and 0.12 (4.7c and 4.7f).  The backbone 

united atoms of each peptide chain in a beta sheet are colored a different shade of the 
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same color in each snapshot, while the hydrophobic side chain united atoms are colored red 

and the polar side chain united atoms are colored white.  The terminal backbone carbonyl 

united atom in each peptide is colored blue.  These snapshots show how the conformation 

of the chains within the beta sheet structures changes as temperature increases.  At low 

temperature the chains fold back and forth and include multiple turns that foster hydrogen 

bonds within the same chain (intra-strand hydrogen bonds).  At high temperature the 

chains elongate and straighten out so that the hydrogen bonds are predominantly between 

neighboring chains (inter-strand hydrogen bonds).   

 The changes in the conformation of the peptides as temperature increases within 

the β-sheet structure can be quantified using two different methods.  The first method is to 

calculate the fractions of intra-strand and inter-strand hydrogen bonds between the 

peptide backbone amide and carbonyl united atoms within in a beta sheet.  This gives an 

indication of how folded or elongated the peptide chains are in the beta sheets.  The second 

method is to determine the location of the folds and turns within the peptide chains that 

form beta sheets.  The location of the turns was determined by dividing the peptide 

sequence into three different blocks (the central hydrophobic core – Aβ17-21, the polar 

region – Aβ22-29, and the C-terminal hydrophobic stretch – Aβ30-40/42) and counting the 

number of intra-strand hydrogen bonds between these blocks. 

 The results on the intra-strand and inter-strand hydrogen bond percentages are 

shown in Figure 4.8.  Each section of the figure shows the percentage of intra- and inter-
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strand hydrogen bonds as a function of simulation time for either Aβ17-40 (left panels) or 

Aβ17-42 (right panels) at T* = 0.10, 0.11, or 0.12.  The interesting trend to note from the data 

is the cross-over from predominantly beta sheets that have more intra-strand hydrogen 

bonds at lower temperatures to beta sheets that have more inter-strand hydrogen bonds at 

higher temperatures.  Both conformational crossovers occur at intermediate temperatures, 

but the temperature is higher for Aβ17-42 than it is for Aβ17-40. 

 A bar graph showing the location of turns within chains in a beta sheet is shown in 

Figure 4.9.  The Aβ sequence was divided into three blocks, 

LVFFAEDVGSNKGAIIGLMVGGVV(IA), where the first block consists of the five central 

hydrophobic residues (b1), the second block consists of the eight mostly polar or glycine 

residues (b2), and the third block consists of the eleven (Aβ17-40) or thirteen (Aβ17-42) C-

terminal mostly hydrophobic residues (b3).  The turn in the chain is expected in the second 

block with the polar residues, based on the experimental observations of Petkova et al.[48]  

As temperature increases for both sequences, the number of hydrogen bonds between 

blocks one and three and within block two increases while the number of hydrogen bonds 

between blocks one and two and within block three decreases.  These trends indicate a shift 

from two turns within the peptide backbone located between block one and two and within 

block three, to a single turn in the peptide backbone located in block two.  Evidence for the 

two turns at the low temperature comes from our observation that is the only way for intra-

strand hydrogen bonds to exist between blocks one and two as well as between blocks two 
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and three or within block three.  At high temperature most of the intra-strand hydrogen 

bonds can be accounted for with a single turn within block two, where we see a higher 

percentage of intra-strand hydrogen bonds within block two and between blocks one and 

three.  The second major point is that for all temperatures there is a higher percentage of 

intra-strand hydrogen bonds within block three for Aβ17-42 than for Aβ17-40, which might 

indicate the presence of a second or third turn (depending on the temperature) located at 

the glycine repeat in block three.  It is possible that these intra-strand extra hydrogen bonds 

form as block three folds over on itself since there are two extra residues present after the 

glycine in Aβ17-42. 

 

4.4  Discussion 

 

 In this study Aβ17-40 and Aβ17-42 follow the same general trends as temperature 

changes, with large amorphous aggregates dominating the final structure at low 

temperatures and free monomers dominating the final structure at high temperatures.  At 

intermediate temperatures there is a balance between the ordered β-sheet and fibrillar 

structures and the disordered amorphous aggregates.  Both sequences appear to follow the 

same general fibrillization pathway as a function of time: first free monomers associate into 

small amorphous aggregates, those small amorphous aggregates grow, then the amorphous 

aggregates rearrange into β-sheets, and finally the β-sheets stack into small fibrils.  Both 
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sequences undergo a conformational transition in the structure of the peptide chains within 

the β-sheets as temperature increases.  At lower temperatures the β-sheets have more 

intra-strand hydrogen bonds than inter-strand hydrogen bonds, but as temperature 

increases there are more inter-strand hydrogen bonds than intra-strand hydrogen bonds.  

This conformational change indicates that the peptide chains are coiled and folded over on 

themselves at low temperatures with multiple turns along the backbone and that as 

temperature increases the peptide chains elongate.   

We do find some differences in the behavior of Aβ17-40 and Aβ17-42 as temperature 

increases and these differences are consistent with results reported in the literature for 

these peptides.  For example, one of the major differences between Aβ42 and Aβ40 reported 

in the literature is that Aβ42 forms fibrils faster in vitro than Aβ40.[7, 9, 74]  In Figure 4.5 we 

saw that the percentage of peptides forming fibrils reaches a plateau much sooner (t* = 

120) for Aβ17-42 than it does for Aβ17-40 (t* = 175).  Thus the Aβ17-42 peptide chains reach a 

stable balance between fibrillar structures and amorphous aggregates much faster than the 

Aβ17-40 peptide chains, consistent with the observation that Aβ42 aggregates faster. 

The second difference between Aβ40 and Aβ42 that we saw in our results which is 

consistent with that reported in the literature is that the size distributions of early 

oligomers of Aβ42 and Aβ40 are different.  Bitan et al found experimentally that the two 

extra residues, I41 and A42, are necessary to stabilize larger initial amorphous aggregates.  

Aβ40 eventually formed a protofibril structure similar to that found for Aβ42, but the process 
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took much longer without the large amorphous aggregate stabilization seen in Aβ42.[74]  

This same trend can be seen in our results.  Since Aβ17-42 forms fibrils over a broader 

temperature range than Aβ17-40, this indicates that the early intermediates form more 

readily and are more stable for Aβ17-42 than for Aβ17-40.  This stabilization of early amorphous 

intermediates allows for an easier progression along the fibrillization pathway.  Also, as can 

be seen in Figure 4.5, there are more Aβ17-42 peptide chains than Aβ17-40 in amorphous 

aggregates at higher temperatures, again indicating that the two extra residues stabilize the 

amorphous aggregates.  It is also possible that the enhanced ability of Aβ17-42 to stabilize the 

amorphous aggregates as compared to Aβ17-40 is a large part of the reason that Aβ17-42 

oligomers are more toxic than Aβ17-40 oligomers.[7, 20, 74] 

The third difference between Aβ40 and Aβ42 that we saw in our results which is 

consistent with the literature is that the β-sheet conformational transition temperature for 

Aβ42 is higher than that for Aβ40.[75-76]  It has been postulated in the literature that the 

fibril structure for Aβ consists of a series of overlapping β-strands with a turn (salt-bridge) 

between residues D23 and K28, with β-strands from residues 17 to 20 and from residues 30 

to 40.[48]  It has also been determined that spherical oligomers of both Aβ40 and Aβ42 can 

be formed along the fibrillization pathway and that these spherical oligomers are very 

toxic.[11, 26, 77]  An experimental study by Ahmed et al shows that the spherical oligomers 

are comprised of subunits of disc-shaped pentamers or hexamers and that at low 

temperatures the peptides in these pentamers and hexamers have two turns along the 
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backbone: one between residues 23 and 28, and one between residues 37 and 38.  As the 

temperature increases, the second turn at residues 37 and 38 straightens out, allowing the 

peptide backbone to adopt the conformation found in the mature fibril.  It was also shown 

in this study that the more folded the structure, the more toxic the oligomer was to cells, 

such that the pentamer discs were more toxic than protofilaments, which were more toxic 

than mature fibrils.[45]   

Our results show this same β-sheet conformational transition with increasing 

temperature in the elongation of the backbones of peptides within β-sheets.  In Figure 4.9, 

we saw that at lower temperatures there is a turn somewhere between residues 21 and 30 

(between blocks one and two or within block two) and a turn at residues 37 and 38 (within 

block three).  This is evidenced by the higher number of intra-strand hydrogen bonds 

between blocks 1-2 and between blocks 3-3, as well as the lower number of hydrogen 

bonds between blocks 1-3 and between blocks 2-2.  As temperature increases the location 

of the turn along the backbone shifts, so that there is only one turn and it is located 

somewhere between residues 23 and 28 (within block two), with possibly a second turn still 

at residue 37 and 38 (within block three).  This shift indicates the same β-sheet 

conformational transition seen in the literature, and in our system Aβ17-42 undergoes that 

transition at a higher temperature than Aβ17-40, which also agrees with reports published in 

the literature.   
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In summary, we used computer simulations to determine the effect that variations 

in temperature have on the intermediate structures formed during the fibrillization process 

of both Aβ17-40 and Aβ17-42.  Both Aβ sequences displayed similar behavior with increasing 

temperature, such as the steps seen along the fibrillization pathway and the overall final 

structure.  The differences in behavior between the two sequences became apparent in the 

details of when and how the transitions between intermediate structures occur.  During the 

aggregation of Aβ17-42 amorphous aggregates are more easily stabilized than during the 

aggregation of Aβ17-40 due to the extra hydrophobic residues found at the C-terminus, 

allowing for a faster fibrillization process and the possibility of fibril formation over a wider 

range of temperatures.  Aβ17-42 has a more folded β-sheet structure than Aβ17-40, which is in 

keeping with the fact that Aβ17-42 is more toxic than Aβ17-40.  
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Figure 4. 1  Geometry of PRIME representation of polyalanine:  The backbone united atoms are 
colored a dark blue while the side chain is colored a light blue.  Covalent bonds are in brown, 
pseudo-bonds that maintain L-isomerization are in green, ideal backbone angles are in red, and the 
trans conformation are in purple.  For ease of viewing atoms are not shown to scale. 
 

 

 

 

 

Figure 4. 2  Representation of various structures – M is a free monomer, B4 is a beta sheet with four 
peptide chains, A5 is an amorphous aggregate consisting of five peptide chains, and F2 is a fibril that 
contains two beta sheets. 
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Figure 4. 3  Aβ peptide conformations as a function of temperature (T*):  Figure 4a shows the final 
aggregate populations for the Aβ17-40 sequence while 4b shows the final aggregate populations of 
the Aβ17-42 sequence. 
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Figure 4. 4  Snapshots of Aβ17-40 at T* = 0.12:  (a) shows the initial configuration at t* = 0; (b) shows 
the final configuration of chains including all 144 chains; (c) shows only the peptide chains that are 
in a beta sheet or fibril configuration; and (d) shows a single two-sheet fibril consisting of four chains 
in total, one sheet is green and the other sheet is purple. 
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Figure 4. 5  Percentage of Peptide Chains in Structural Classifications: The average percentage of 
peptide chains in free monomer - M, amorphous aggregate - A, beta sheet - B, and fibril - F 
conformations are shown for (a) Aβ17-40 and (b) Aβ17-42 at T* = 0.12 over the entire course of the 
simulations. 
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Figure 4. 6  Transitions between structures for Aβ17-40 at T* = 0.12:  (a) shows transitions from chains 
starting as a free monomer; (b) shows transitions from chains starting in an amorphous aggregate; 
(c) shows transitions from chains starting in a beta sheet; and (d) shows transitions from chains 
starting in a fibril.  Each set of data has been normalized so that all curves in the figure add up to 
100%.  For clarity the transitions of M → M (4.6a) and A→ A (4.6b) are not shown. 
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Figure 4. 7  Snapshots of beta sheets:  (a) Aβ17-40 at T* = 0.10; (b) Aβ17-40 at T* = 0.11; (c) Aβ17-40 at T* 
= 0.12; (d) Aβ17-42 at T* = 0.10; (e) Aβ17-42 at T* = 0.11; (f) Aβ17-42 at T* = 0.12. 
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Figure 4. 8  Intra- and inter-strand hydrogen bonds in beta sheets:  (a) Aβ17-40 at T* = 0.10; (b) Aβ17-40 
at T* = 0.11; (c) Aβ17-40 at T* = 0.12; (d) Aβ17-42 at T* = 0.10; (e) Aβ17-42 at T* = 0.11; (f) Aβ17-42 at T* = 
0.12.  
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Figure 4. 9  Intra-strand hydrogen bonds for Aβ peptide:  (a) location of final intra-strand hydrogen 
bonds for Aβ17-40 as a function of temperature; (b) location of final intra-strand hydrogen bonds for 
Aβ17-40 as a function of temperature. 
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CHAPTER FIVE 

 

Future Work 

 

This dissertation presents the results from computer simulations of the spontaneous 

aggregation of peptides into structures similar to amyloid fibrils starting from an initial 

random coil configuration based on a reduced representation model (PRIME) and using 

discontinuous molecular dynamics (DMD).  The simplifications to the protein representation 

and energy potential in conjunction with the large system size allow us to study aggregation 

kinetics on a scale rarely seen in the simulation literature.  We have attempted to quantify 

the amyloid fibril formation pathway by studying the behavior of specific intermediate 

structures directly. 

 There are many possibilities for future work on the simulation of the fibril formation 

pathway including: (1) expansion of the definition of aggregate structures to include beta 

sheet-amorphous aggregate hybrid intermediates; (2) using more detailed information 

about the growth and structural rearrangement of the fibrils; (3) use an annealing process 

to study the formation of fibrils in the Aβ system; and (4) improving a mathematical model 

that describes a kinetic mechanism representing the overall fibril formation pathway. 
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5.1  Expansion of Aggregate Definitions 

 

Currently we classify peptide chains as part of only one type of structure, so that if a 

chain is in a beta sheet that is in a fibril, it only appears in the fibril.  This prevents double 

counting chains when ascertaining population data and is very important, but it limits the 

types of aggregates that are considered as part of the aggregation pathway.  Many times 

during the simulations a beta sheet would interact with other peptide chains that did not 

meet the definition to be included in the beta sheet.  These chains wind up being classified 

as amorphous aggregates that have a size equal to the beta sheet plus the additional chains.  

It would be useful to add a new category of structures that are a hybrid – part beta sheet 

and part amorphous aggregate.  This addition could allow us to learn even more about 

transitions such as amorphous aggregate addition to fibrils or the amorphous aggregate to 

beta sheet transition that is considered the nucleation event in the aggregation pathway.   

 

5.2  Growth and Structural Rearrangement of Fibrils 

 

Although restructuring of amorphous aggregates into beta sheets is considered the 

nucleation event, the growth of the protofilaments and fibrils is also of great interest as a 

step along the aggregation pathway.[1-3]  Currently the analysis of the structural transitions 

experienced by fibrils during the fibril formation process is limited and many different types 
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of transitions are combined in order to summarize the results.  It should be possible, even 

with the current analysis program, to consider the different types of fibril growth transitions 

separately in order to determine if the fibrils rearrange their conformation without 

changing either the total number of sheets in the fibril or the total number of chains.  

Adding this level of detail could provide insight into the initial stages of fibril formation and 

the growth of the fibril beyond the nucleation event. 

 

5.3  Annealing Aβ Peptides 

 

The current simulations of the Aβ systems are performed at a constant temperature, 

which can kinetically trap chains into unfavorable conformations.  To solve this problem the 

system could be slowly cooled from a high temperature, where all chains are free 

monomers, to the desired temperature.  This annealing process will allow the peptide 

chains to dissociate and rearrange whenever they become trapped in an unfavorable 

conformation, which should allow for the formation of larger beta sheets and fibrils with 

the correct backbone structure. 
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5.4  Improving the Kinetic and Mathematical Model 

 

 A mathematical model based on the kinetic mechanism of fibril formation seen in 

our simulations was created, but the model does not accurately capture the behavior of 

each individual oligomer species with respect to time.  One suggestion for improvement in 

the current model is to include several additional reactions, another suggestion is to modify 

the process of rate constant optimization in order to account for the different orders of 

magnitude found in the population data (monomers ~100, large beta sheets ~0.1).  This 

disparity biases the optimization to the species with the largest populations such as the free 

monomers and small amorphous aggregates.  The implementation of these improvements 

to the kinetic model should allow the model to capture the behavior of every species found 

in the aggregation pathway with respect to time more accurately. 
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