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Amyloid deposition has been observed in more than 20 diseases. Each amyloid-

related disease has a particular precursor protein or peptide that converts from its

native state to insoluble cross-β amyloid assemblies. Understanding the amyloid aggre-

gation mechanism is the basis for development of a rational strategy for preventing the

aggregation cascade events. This dissertation contributes to the elucidation of amyloid

aggregation mechanism by characterizing the aggregation intermediates with comple-

mentary biophysical techniques and clarifying the fluorescence mechanism of a standard

amyloid probe, thioflavin T (ThT).

In the first part of this dissertation, aggregation state distribution was determined

at single-molecule level with atomic force microscopy (AFM), by development of a

particle size analysis package for AFM images. Combining the aggregation state dis-

tribution from AFM and dynamic light scattering (DLS) measurements, a quantita-

tive reservoir-nucleation model for β-lactoglobulin a (β-LGa) amyloid formation was

proposed based on kinetic simulation. The model successfully predicted the results

of 1-anilino-8-naphthalene sulfonate (ANS) fluorescence and seeding experiments. An

aggregation free-energy landscape was constructed based on the simulation. A clas-

sification scheme for oligomeric species was proposed to evaluate their roles during
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aggregation, based on their locations on the aggregation free-energy landscape. Dif-

ferent types of oligomers were related to the amyloid cascade hypothesis and the toxic

oligomer hypothesis for amyloid-related diseases.

The second part of this dissertation focuses on fluorescence mechanism of ThT,

which is a standard tool for amyloid fibril detection and aggregation kinetic studies.

DLS was used to probe the aggregation state of ThT in solutions of different condi-

tions. The micelle model was disproved by showing the absence of ThT micelles in

solution. The exciton model was disproved by fit of the concentration dependence of

ThT fluorescence intensity to a fluorescent monomer model. Enhanced quantum yield

was observed for surface-bound ThT in both bulk and single-molecule fluorescence mea-

surements, with substantial shift in the excitation spectra, compared with fibril-bound

ThT. The presence of surface-bound ThT fluorescence calls for re-evaluation of reported

ThT photophysical properties in solutions of low viscosity, which are likely dominated

by the surface effect. Similar lifetime features were observed for surface-bound and

fibril-bound ThT. These results revealed that ThT bound to amyloid fibrils rigidly as

it bound to the surface. Interaction of ThT with α-Synuclein (αSyn) fibrils was studied

with single-molecule fluorescence microscopy. The single-molecule fluorescence polar-

ization images showed that ThT bound to αSyn fibrils with its long axis parallel to the

fibril axis.
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Chapter 1

Introduction

1.1 Overview

Amyloidosis is a group of conditions, which have various clinic features but share the

common feature of excessive amyloid fibril deposits in patients.1,2,3,4 Amyloid fibrils

are protein aggregates defined by following characteristics: low solubility in aqueous

buffers; unbranched and fibrillar structure observed with electron microscopy (EM)

and atomic force microscopy (AFM); observed apple-green birefringence with Congo

Red (CR) stain; extended cross-β sheet X-ray diffraction pattern.5,4,6 Each amyloidosis

is associated with particular protein or protein fragment precursors and has its own

pattern of deposition. By 2010, 27 extracellular amyloid fibrils with specific precursor

proteins and 8 intracellular inclusions with amyloid-like properties had been identified

in human amyloidoses.7 Take the most frequent type of amyloidosis, Alzheimer’s disease

(AD) as an example, deposition of extracellular and intracellular fibrils of Amyloid-β

(Aβ) protein, and intracellular neurofibrillary tangles of Tau protein are hallmarks of

this condition.8,9 Despite the structure and property similarity of all amyloid fibrils,

precursors for naturally occurred amyloid fibrils share no identified structural or chem-

ical similarity.

In all amyloidosis, the normal precursor protein or protein fragment changes its

structure and begins to aggregate, and they aggregate in a special way to form amyloid

fibrils. This aggregation is generally depicted as a nucleation-dependent process. In

nucleation-dependent aggregations, the nucleus has the highest free energy among all

species. The aggregation is energetically unfavorable before the nucleus formation,

and becomes favorable once the nucleus is formed. This energy barrier for nucleus

formation results in a lag phase preceding the fast growth phase in the kinetic profile,
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which appears in all amyloid aggregation studies. Addition of seeds into the incubation

can remove this energy barrier and thus eliminate the lag phase.10,11 Deposition of

amyloid fibrils is the hallmark for amyloidosis, but fibrils are not necessarily the primary

causative factor in these diseases.4,12,13 Species of various aggregation and structural

states are formed during the conversion of precursors to amyloid fibrils. While massive

deposition of amyloid plaques can interfere with normal organ functions, this multi-

step conversion process can be destructive in many other ways, such as as depletion

of normally functional proteins and production of toxic intermediates.14,15,16,17,18 This

dissertation focuses on the characterization of small oligomeric species formed during

the pre-nucleation steps. From a disease point of view, measures should be taken before

the nucleus formation and drugs should be designed to target the pre-nucleation species.

Mechanistically, pre-nucleation reactions are the rate-limiting steps and the influence

of solution conditions and mutations are of most importance on these steps.

The conversion of precursors to amyloid fibrils in amyloidosis can be induced in

vitro, such as α-Synuclein (αSyn) in Parkinson’s disease.19 This conversion has also

been shown for many other proteins that are not disease-related. For example, bovine

β-lactoglobulin a (β-LGa), which is a main component of the whey of cow’s milk and

is not implicated in any amyloidosis, has been shown to form amyloid fibrils under par-

tially denaturing conditions in vitro.20,21,22,23,24,25 In vitro studies isolate the highly het-

erogeneous aggregation process from extraordinary complexity encountered in in vivo

studies, and enable the use of a variety of biophysical techniques. This dissertation con-

tributes to the elucidation of in vitro amyloid aggregation mechanism in the following

aspects: 1) an AFM image analysis approach was developed to characterize aggregation

state distribution during amyloid aggregation. 2) A molecular kinetic model for amyloid

aggregation was constructed based on characterization of intermediates with comple-

mentary biophysical techniques. 3) A free-energy landscape was constructed as an

approach to simplify multi-step, multi-species aggregation mechanism. Based on their

kinetic behavior and their relationships on the free-energy landscape, a classification

system was introduced for oligomers, which related the kinetic behavior of oligomers

with their roles in amyloidosis pathology. 4) Single-molecule microscopy technique was
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introduced as an approach to synchronous detection of aggregation and structural states

during amyloid aggregation. 5) Rigid-binding was determined to be essential for amy-

loid probe Thioflavin T (ThT) fluorescence mechanism. ThT was shown to bind to

fibrils with its long structure axis parallel to the fibril axis. 6) Hydrophobic-hydrophilic

interface was identified as the major driving force for agitated αSyn aggregation in

vitro.

1.2 Complex Amyloid Aggregation Process Requires Characteriza-

tion with Multiple Biophysical Techniques

Characterization of aggregation and structural states of intermediate species in amyloid

aggregation is the foundation for a molecular aggregation model. It is not a trivial task

to cover the wide size and structure variety in amyloid aggregation. No single technique

can handle this heterogeneity and most techniques bias toward large fibril detection.26

The solution is to use multiple and complementary techniques to characterize the sys-

tem. This approach was demonstrated with β-LGa amyloid aggregation in Chapter

2. The structure and stability of β-LGa has been well characterized.27 It contains a

8-stranded β-barrel ligand-binding calyx, in which small fluorescence probe 1-anilino-

8-naphthalene sulfonate (ANS) can bind. During amyloid aggregation, this calyx was

disrupted and this process was monitored with time-resolved ANS fluorescence.

In Chapter 2, dynamic light scattering (DLS), AFM, time-resolved ANS and ThT

fluorescence were used to monitor amyloid aggregation of β-LGa. The evolution of

signal patterns in these techniques reflected four sequential stages experienced by the

system. During the early lag phase, loosely associated aggregates, AggA, were formed.

DLS showed population evolution of AggA, while AFM only captured amorphous, dena-

tured protein layer on the substrate surface. Time-resolved ANS fluorescence indicated

that the calyx was partially disrupted. During the late lag phase, AggA converted to a

new class of oligomers, AggB. At this stage, further particle size increase was detected

by DLS. AFM images captured globular AggB oligomers of different sizes, with well-

defined features. Complete disruption of the calyx was detected by time-resolved ANS
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fluorescence. The early growth phase started when AggB grew into short protofibrils,

as the basic fibrillar unit of amyloid. At this stage, the increased heterogeneity of par-

ticle size and morphology prevented the resolution of species by DLS measurement. On

the other hand, AFM images detected individual protofibrils, coexisting with globular

particles. ThT fluorescence experienced fast increase at this stage, with distinctive

lifetime pattern. The system reached late growth phase when the protofibrils finally

dominated the population. A strong lifetime feature, which was quite different than

that of mature amyloid fibrils, dominated the ThT signal at this stage. As we can see,

the observation of these four stages could only be achieved by combining results from

all these techniques.

1.3 Innovative Application of Atomic Force Microscopy in Particle

Size Determination

AFM has been widely used in amyloid assembly studies to verify the fibrillar mor-

phology of final amyloid products. Besides amyloid fibrils, small particles of various

morphologies are also captured by AFM. However, this capability of AFM for oligomer

detection is ignored in amyloid aggregation studies. As a single-molecule technique,

AFM has unexploited advantages over many other particle sizing techniques. With

other techniques, such as DLS, particle size distribution is usually resolved from an

averaged signal and the data analysis suffers from increased size and morphology het-

erogeneity of the system.24 On the other hand, AFM detects a great number of particles

of different sizes and morphologies in one measurement. The number of particles can be

counted and the particle population distribution can thus be statistically determined.

However, while the height of particles can be precisely determined, convolution of

particle lateral dimensions with the AFM tip makes the size measurement less straight-

forward. This results in the general underestimation of AFM as a particle sizing tech-

nique. In this dissertation, an AFM image analysis package was developed to explore

the particle sizing capability of AFM. Using this package, individual particles in AFM

images can be automatically identified, measured, classified, and counted to establish
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the particle size distribution. This technique was used to characterize the aggregation

state of intermediates in β-LGa amyloid aggregation in Chapter 2.

1.4 Kinetic Simulation and Free-energy Landscape

Guided by the experimentally established qualitative model, a quantitative model was

constructed for β-LGa amyloid aggregation through kinetic simulation. Unlike other

kinetic simulations for amyloid aggregation, the kinetic simulation in Chapter 2 was

directly based on the experimentally characterized intermediates, not averaged signals.

Reaction pathways and corresponding rate coefficients were determined by fitting the

intermediates population evolution obtained with DLS and AFM. The model success-

fully predicted the results from ANS fluorescence lifetime measurement and the seeded

kinetic profile in seeding experiments. An aggregation energy landscape was constructed

to summarize the aggregation pathway and energetics, in which the relative energy was

calculated based on forward and reverse rate coefficients. Based on their locations on

the energy landscape, four types of oligomers were identified. The nucleating oligomers

have the highest free energy along the amyloid aggregation pathway. Before forma-

tion of nucleating oligomers, some oligomers sit in a free-energy valley, and are called

reservoir species. Energetically favorable aggregation after nucleation leads to seeding

oligomers. The dead-end oligomers are small population of species out of the amyloid

aggregation pathway. The energy landscape predicted the presence of a reservoir, cre-

ating a population of stable mis-folded oligomers. Accumulation of these mis-folded

oligomers can cause toxicity in amyloidosis. A detailed discussion on how an energy

landscape can guide our thinking on amyloid aggregation problems can be found in

Chapter 2.

1.5 Fluorescence Mechanism of Thioflavin T upon Binding to Amy-

loid Fibrils

ThT fluorescence is the most popular and important biophysical technique used in amy-

loid aggregation studies.28 ThT was first used in 1959 as a histological stain to show
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amyloid deposits in tissue sections.29 Upon binding to amyloid fibrils, ThT experiences

a dramatic increase in quantum yield. In spite of the difference in chemical composi-

tions, amyloid fibrils induce ThT fluorescence with excitation maximum around 445 nm

and emission maximum around 480 nm, with limited shifts.30,31 Compared with other

molecular probes used to study amyloid aggregation, ThT has the advantage of not

interfering with the fibrillization process in most cases. It is thus convenient to monitor

fibrillization kinetics with ThT fluorescence, and to evaluate how different factors affect

the fibrillization kinetics.

When time-resolved ThT fluorescence measurement was taken during the β-LGa

amyloid aggregation, fluorescence signal was not only observed for fibrils, but also dur-

ing stages before fibril formation, with much lower intensity. Specific lifetime pattern

was observed at each aggregation stage. Different species at different stages inter-

acted differently with ThT, and resulted in different lifetimes, which could be used to

distinguish different species.24 To assign the lifetime features to specific species, two

types of single-molecule fluorescence microscopy measurements, lifetime imaging and

photobleaching, were combined to achieve synchronous determination of structural and

aggregation states. In this method, the fluorophore was used as a structural state re-

porter and an aggregation state reporter at the same time. Single-molecule lifetime

imaging measurement can resolve the structural hereterogenity present from species to

species, and even inside the species. Single-molecule photobleaching measurement can

characterize the aggregation state of species, determining the number of monomers in

each aggregates.32 The interaction of ThT with αSyn amyloid fibrils was studied with

this method in Chapter 3. ThT-stained fibrils were imaged with enhanced intensity

against the low-fluorescent background. No photobleaching steps could be resolved

from the intensity trajectory, suggesting that ThT was not a proper dye for photo-

bleaching counting experiment. Even so, the setups, protocols and the evaluation of

observations discussed in Chapter 3 provide a general framework for application of

single-molecule fluorescence microscopy in amyloid aggregation studies. Another im-

portant observation was that ThT bound to the coverslip surface with the same lifetime

features as fibril-bound ThT, but with much lower intensity.



7

Clarification of the ThT fluorescence mechanism is essential for the interpretation

of fluorescence data, and development of new molecular probes for amyloid aggregation

studies.28,33 Despite its popularity, the mechanism of characteristic ThT fluorescence is

still not clear. No structure model at molecular level has been determined for amyloid

fibrils, not to mention a molecular model for ThT binding. The following aspects of

ThT fluorescence mechanism were clarified in Chapter 4. First, what is the molecular

form of fluorescent ThT: monomer, dimer or micelle? The ThT micelle model was

refuted by showing absence of nanometer sized particles in ThT solutions under different

conditions, monitored with DLS. Concentration dependence of ThT fluorescence was

determined by titrating ThT into amyloid fibrils. Fit of the titration curve supported

ThT monomers as the fluorescent species and negated the dimer model. Second, rigid-

binding was determined to be essential for ThT quantum yield increase. Dramatic

enhancement in ThT quantum yield was observed for surface-bound ThT, but with

different spectral maxima than fibril-bound ThT. In many studies, spectral properties

of surface-bound ThT were mistaken as signals from solution-phase ThT, for solutions

of low viscosity. This lead to misinterpretation of ThT fluorescence mechanism.31,34

The discrepancy between ThT absorption and excitation maximum in many solutions

was thus determined to be an artifact caused by surface-bound ThT. This finding called

for re-evaluation of spectral shifts of ThT reported for different solutions. Third, ThT

was found to be held rigidly on αSyn amyloid fibrils with its structural long axis parallel

to the fibril axis, as indicated by single-molecule fluorescence polarization imaging.

1.6 Acceleration of α-Synuclein Amyloid Aggregation by Hydrophobic-

water Interfaces

αSyn is the major component of amyloid fibrils found in Parkinson’s disease, and its

aggregation mechanism is under intensive study.3,4 Through in vitro incubation, αSyn

can form amyloid fibrils, which resemble those found in Parkinson’s disease. Typical

nucleation-dependent kinetics were observed for this process, as in all amyloid aggre-

gations.35 However, the reported lag times varied from several hour to several months.
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Through literature review, agitation was identified as the major factor among incuba-

tion conditions that caused this inconsistency: whether the incubation was performed

with or without agitation, the way of agitation, and the speed of the agitation. Amy-

loidogenic αSyn incubations were made with careful control over the agitation factor,

and monitored with steady-state ThT fluorescence and AFM in Chapter 5. Polytetraflu-

oroethylene (PTFE) balls were added to air-free samples to replace the uncontrollable

air-water interface during agitation with quantifiable PTFE-water interface. Refuting

the widely accepted mixing and/or fibril fragmentation model, this study identified

hydrophobic-hydrophilic interface as the major driving force for αSyn amyloid aggre-

gation with agitation.
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Chapter 2

Role of Small Oligomers on the Amyloidogenic

Aggregation Free-energy Landscape

2.1 Introduction

Proposed mechanisms of amyloid growth remain idiosyncratic to the precursor, con-

ditions, and methods used. Our aim is to directly observe oligomeric intermediates

and develop a detailed molecular model of amyloidogenesis. Such a model allows con-

struction of an amyloidogenic aggregation free-energy landscape and enables a more

universal approach to evaluating the roles of different amyloid-related species.

Amyloid deposition is observed in more than 20 diseases, including Alzheimer’s dis-

ease, Creutzfeldt-Jakob’s disease and Parkinson’s disease. Each amyloid-related disease

has a particular precursor protein or peptide that converts from its soluble native state

to insoluble cross-β amyloid assemblies.1,2,3,4 These diseases typically show a symptom-

free latency period that is significantly shortened in the case of certain single amino

acid familial mutations of the relevant precursor,5,6,7,8 or gene triplication.9 in vitro

aggregation studies tend to show correlation between the amyloidogenic properties of

different mutants and disease severity.10,11,12,13 However, how this protein accumulation

participates in the etiology of many of these diseases is still not fully understood.3,14,1

We discuss the role of oligomers in amyloid-related diseases based on two hypothesis

that differ in the identity of the pathogenic species.

The amyloid cascade hypothesis suggests that amyloid is the major causative agent

in amyloid-related diseases.15,16 Formation of amyloid is often explained by a nucleation-

dependent kinetic mechanism. Once a critical nucleus is formed. the protein in question

rapidly aggregates into amyloid fibrils and plaques. Massive fibril deposits can interfere

with normal organ function. Amyloid lesions can induce an inflammatory response.17,18
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Mature amyloid fibrils were also found to induce cell death in vitro.19,20 However, other

studies have shown amyloid fibrils to be relatively innocuous, leaving doubt as to their

significance.21,22,23

To explain the poor correlation between amyloid load with disease progression, the

toxic oligomer hypothesis has emerged. Evidence is mounting that soluble oligomeric

intermediates have significant cytotoxic.24,25,26,27,28,14,29,30,31,32,33 The toxic oligomer

hypothesis states that the inherent toxicity of small oligomers of the amyloidogenic

protein causes cellular dysfunction and that the presence of amyloid in amyloid-related

diseases is coincidental, not causative. Cytotoxic has been observed for oligomers of

both disease-related34,35,36,37,38,39 and non–disease-related40 proteins, suggesting that

misfolded aggregates in general are pathological and calling into question the specific

nature of the proteins associated with each disease.

Toxicity assays often involve cells and conditions different than those specific to

the progression of amyloid-related diseases. Oligomers for toxicity assays are usually

prepared under extreme conditions that are not physiological or amyloidogenic. The

stability of such small oligomers is difficult to assay under cell culture conditions. Toxic-

ity studies typically do not differentiate between the types of oligomers present.34,28,36,37

Characterization of the oligomers varies widely and often involves low-resolution and/or

unreliable methods.41 As a result, it is not clear which species are actually present in

the different studies. Where they have been characterized, oligomer toxicity appears

to depend on size and structure.35,38,39 The thermodynamic and kinetic properties

of different oligomeric species will dictate their stability and physiological relevance.

Therefore, an understanding of these properties is vital.

The toxic oligomer hypothesis does not account for the relationship between the

toxic oligomer and amyloid; the proteins in amyloid diseases all form amyloid in vivo.

Moreover, single amino acid mutations that increase rate of disease progression can

also increase the rate of amyloid formation in vitro.10,42,43 Under the toxic oligomer

hypothesis, toxic oligomer and amyloid fibril formation is a coincidence that spans

many diseases.
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The ubiquitous presence of amyloid in amyloid-related diseases is often rational-

ized by invoking a protective role for amyloid fibril formation as a sink for the toxic

oligomers.14,44 However, no cellular machinery for producing amyloid from misfolded

aggregates has been identified. Indeed, cellular action is not required for amyloid for-

mation, as all amyloid-related disease precursors readily form amyloid in vitro. Nev-

ertheless the conditions that are required to form amyloid in vitro are usually not at

all physiological. In particular, rapid agitation in the presence of air-water interfaces

is usually required in vitro suggesting that strong perturbation may be necessary for

similar aggregation rates to occur in vivo.

In both hypotheses small aggregates play important but different roles. In the amy-

loid cascade hypothesis, the small aggregates are an intermediate state between the

functional form and amyloid;45,46,47,48,49,50,51 above a critical size they seed fibril for-

mation.52,53,54 Thus, oligomers that can seed amyloid formation are at the heart of the

autocatalytic cycle. In the toxic oligomer hypothesis the pathology is more direct. The

aggregates could trigger the unfolded protein response,55 increase cell membrane per-

meability,56,36,57,37,39 interfere with long-term potentiation,34,33 or otherwise produce

cytotoxicity.58

Distinguishing the type and role of oligomers is therefore important for understand-

ing amyloid-related disease mechanisms. Toxic oligomers and the critical nucleus for

amyloidosis have different free-energy landscape requirements. The free energy of the

critical nucleus is at a maximum, whereas toxicity would require accumulation of appre-

ciable populations — implying a free energy minimum. Thus, the relationship between

these species can be defined in terms of their relative positions on the aggregation

free-energy landscape.

Multiple techniques have observed sigmoidal kinetics for amyloid assembly. There

is a lag phase, during which no amyloid aggregates are detected. A growth phase

follows, in which proteins rapidly convert into amyloid with a fast increase in aggregate

size and β-sheet rich structure. The lag phase can be shortened or removed by the

addition of preformed fibril seeds. Kinetic results are extremely sensitive to the details

of sample handling. Pre-existing seeds,54 surfaces,59,60,61,62 air-water interfaces,63,64,62
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and agitation65,66 can all strongly perturb the kinetics. These results suggest that

amyloidogenesis is kinetically controlled.

Several methods have been commonly used to characterize amyloid intermediates.

Static light scattering (SLS) and DLS provide size distributions,53,67,48,68 but size and

morphological heterogeneity prevent resolution of individual species.69 Photo-induced

cross-linking followed by SDS-PAGE has been used to study the size distribution of low–

molecular-weight Aβ oligomers but is limited to differentiating small species. Cross-

linking can skew the overall size distribution to smaller aggregate number.47,67 AFM

during amyloidogenic incubation shows the presence of different-sized globular par-

ticles,70,71,72,73,74,75,76,77,35 worm-like beaded protofibrils,78,75 and rare annular struc-

tures.79

Structural and spectroscopic methods are often used in parallel to correlate aggre-

gation and conformational states. Increased β-sheet structure was detected by Raman

spectroscopy for αSyn amyloid formation in tandem with AFM imaging of the aggre-

gate assembly.49 Fourier transform infrared spectroscopy was combined with AFM and

EM to study human prion peptide PrP82-146 aggregation under different conditions.51

Circular dichroism, intrinsic fluorescence,80 and thioflavin T (ThT) luminescence69

can also monitor structural changes. Intermediates may also be detected by oligomer-

specific antibodies.81

Proposed mechanisms of amyloidogenesis vary greatly in spite of common kinetic

features. A nucleation-dependent polymerization model for prion protein (PrP) and

Aβ was proposed by a one-dimensional analogy to protein crystallization. The critical

nucleus forms from and elongates by association of monomers with a specific structure.52

Off-pathway species have also been added.82 Acid-induced Aβ assembly was modeled by

micelle-facilitated formation of nuclei. Only the moments of the fibril size distribution

were compared with DLS data.53,83 In all cases, no direct evidence for intermediates

was offered and only the accumulation of amyloid was modeled.

A nucleated conformational conversion (NCC) model was proposed for Sup35. This

model was based on the detection of an oligomeric lag phase intermediate that mediated

nucleation and elongation. Monomers first associate into a fluid micelle-like oligomer,
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which then rearranges to form an energetically unfavorable amyloidogenic nucleus. The

nucleus grows by inducing conformational rearrangement in the oligomers.54 A Lumry-

Eyring step has been added to the nucleated polymerization model to account for

pre-equilibrated monomer unfolding and increase fitting function flexibility. Again,

averaged quantities were treated.84 Phosphoglyceratekinase assembly kinetics has been

modeled by Smoluchowski coagulation theory. Critical oligomers form by collision of

smaller intermediates. Filaments grow linearly by the fusion of critical oligomers.48

Some studies find that amyloid assembly deviates from the nucleation-dependent

mechanism. Transthyretin aggregation followed nucleation-independent downhill poly-

merization that was insensitive to seeding.68 The ThT assay for amyloid may have

registered a false positive as no fibrils were observed.

Understanding the molecular amyloid assembly mechanism is critical for develop-

ing a rational strategy to prevent the aggregation cascade events. A comprehensive

molecular model of amyloidogenesis will have many features that are missing from cur-

rent models. A molecular mechanism of amyloidogenesis must define the reactivity and

roles of the oligomeric intermediates in order to evaluate their contribution in disease-

progress hypotheses. This level of detail requires measuring both the conformational

changes and the distribution of aggregate sizes through the aggregation processes. In-

termediate species must be explicitly measured and included. The aggregates before

and after nucleation should be distinguished. Linkage must be established between

aggregation events and conformational changes. For example, if a hydrophobic core is

present the point at which it is disrupted in favor of an aggregated form should be iden-

tified. Different types of aggregation events and conformational changes should have

different barriers. The critical nucleus must be identified for nucleated processes. The

mechanism should allow prediction of sequence and condition determinants of amyloid

formation propensity. Representation of the amyloidogenic aggregation mechanism by

a free-energy landscape allows a unified and intuitive presentation of these ideas.

The present study treats the bovine milk lipocalin β-LGa. Extensive studies of the

stability, folding, and aggregation of β-LGa have been driven by basic science and the

dairy and food processing industries.85 Its biological role, beyond providing a source
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of protein in milk, is unknown. It may enhance solubility of fat and fat-soluble nu-

trients through binding to the calyx.86,87 Hydrophobic and amphiphilic fluorophores

bound to the β-LGa calyx and other hydrophobic sites can be distinguished using

fluorescence lifetime measurements.88,89,69 β-LGa forms amyloid under various condi-

tions.90,91,76,92,69,93

To follow the assembly of β-LGa into amyloid, we used time-resolved fluorescence

of 1-anilino-8-naphthalene sulfonate (ANS) and ThT to monitor the conformational

changes and used DLS and AFM to monitor the degree of aggregation.69 Several ANS

binding locations and β-LGa calyx were modified and disrupted during amyloid assem-

bly.69 A three-stage qualitative mechanism was proposed for β-LGa amyloidogenesis

with two different classes of oligomer preceding amyloid protofibril formation. During

the early lag phase, denatured monomers associated to form loosely bounded oligomers,

AggA, in which the hydrophobic calyx was partially disrupted. During the late lag

phase, AggA converted to a globular intermediate, AggB, in which the hydrophobic

calyx was completely disrupted. Conversion of AggB to amyloid gave rise to abundant

protofibrils in the growth phase. ANS and ThT luminescence for monomer, AggA,

AggB and amyloid showed distinct lifetime distribution patterns.69 The present study

develops a quantitative kinetic model of the amyloidogenic aggregation of β-LGa by

combining AFM oligomer size distributions with ANS, ThT and DLS measurements.69

The kinetic model is based on oligomeric intermediates that were directly observed.

An amyloidogenic aggregation free-energy surface is constructed from the details of the

kinetic model.

2.2 Material and Methods

2.2.1 Incubation of β-Lactoglobulin a

β-LGa from bovine milk (Sigma product number: L-7880, Lot number: 026K7000)

was found to contain salt impurities at a level of approximately 50% by mass and was

therefore dialyzed against 100 mM pH 7.0 phosphate buffer to remove salt prior to

use. Stock urea (Sigma) and phosphate (Sigma) buffer solutions were filtered with 0.02
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and 0.22 µm filters, respectively. No filtration was done after protein solution dialysis.

The final solution for incubation was approximately 0.95 mg/ml β-LGa in 13.7 mM,

pH 7 phosphate buffer with 5.0 M urea. Concentration was verified by UV absorption.

This sample was incubated in an Eppendorf tube at 37◦C without agitation for over 30

days. Incubations were done on 3 separate occasions and produced consistent DLS and

luminescence results each time. AFM measurements were performed in parallel from

replicate samples and gave consistent results for three different incubations.

2.2.2 Atomic Force Microscopy Sample Preparation and Imaging

Each day, after inverting the tube once, 20 µL of the incubated solution was aliquoted

for AFM imaging on modified mica. To modify the mica surface, 30 µL of 0.1% (v/v)

APTES (Acros catalog number: 151081000) was applied evenly on freshly cleaved

9.9 mm diameter muscovite mica disk (Ted Pella product number: 50) and allowed

to react for 10 minutes.94 Unreacted APTES was rinsed away with 15 mL Millipore

water. The surface was dried with HPLC grade compressed nitrogen gas. Incubated

sample was applied evenly on this freshly prepared surface and allowed to adsorb for

10 minutes. Unbound species were rinsed away with Millipore water. Residual water

was blown away with nitrogen gas. The sample was imaged by a MultiMode Scan-

ning Probe Microscope with a Nanoscope IIIa controller (Veeco), with a tapping-mode

etched silicon probe (TESP, Veeco) in tapping mode in air. The scan speed was 1 Hz

with an image size of 512×512 pixels. Samples were stored in disk carriers when further

imaging was required.

2.2.3 Image Analysis

Image analysis was performed using a custom protocol developed to identify, classify

and measure all the particles in the many images taken throughout the incubation. We

classified the detected particles as globular, protofibrillar and long fibrillar based on size

and morphology. Models were used to deconvolute tip effects from the image lateral

dimensions. The aggregation number, j, was calculated based on the deconvoluted size

of particles.
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Particle Identification

The tilt in raw AFM images was removed by fitting scan lines to a polynomial to yield

flattened images. A dynamic threshold method was used to distinguish particles from

the background.95 Each non-border pixel in the flattened AFM image was assigned a

local background level, M(x, y), by averaging the values of n × n pixels around it. A

user-defined threshold φ was assigned for each image according to its background and

noise. Pixels with value P (x, y) >M(x, y) +φ were retained in a binary image mask to

identify particles. Next, position of the pixels with maximum value in each particle in

the masked image was determined. Using these peak pixels as centers, small ρ× ρ sub-

images containing only one detected particle were extracted from the flattened image.

These sub-images were used in the next particle classification and measurement steps.

Particle Classification

We classified the particles based on a few simple features. The rarely observed long

fibrillar species needed a much greater number of pixels to describe them and were

easily distinguished from globular and short protofibrils. Such long fibrils were manu-

ally characterized by their height profiles. The globular and protofibrillar classes were

abundant, so we automated the classification and measurement protocol. The globular

particles were distinguished from short protofibrils by circularity, or the ratio of the

square of the particle perimeter to 4π times particle area. A perfectly circular parti-

cle consequently would have a circularity of 1. A value of 1.2 was used to distinguish

globular and protofibrillar particle classes.

Particle Measurements

To automate the dimensional measurements of large numbers of globular and protofib-

rillar particles in the image, particles were fit to 2D functions. These functions were

solely designed to capture the observed shape and size of particles on surface as in

the AFM images. Sub-images containing globular particles were fitted to 2D Gaussian
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function as in Eq. 2.1. The elliptical Gaussian function included deviation from circu-

lar geometry. Other functions were used to characterize the geometry. However, none

offered improvements in reliability over the simple 2D Gaussian:

Pg(x, y) = P0 + α exp

(
−1

2

[(
X
σx

)2

+

(
Y
σy

)2
])

(2.1)

where,

X = (y − y0) sin(θ) + (x− x0) cos(θ)

Y = (y − y0) cos(θ)− (x− x0) sin(θ)

The fit parameters x0 and y0 gave the position of globular particles in the subim-

age and θ described their orientation. The background P0, the amplitude α, and the

standard deviation along major and minor axis of the 2D Gaussian, σx and σy, were

related with particle dimensions. The fit parameter α systematically overestimated the

height of globular particles in a width-dependent way. Therefore, we calculated the

observed globular particle height on surface, Hg, by subtracting the local background

P0 from the maximum pixel value of the particle. The observed globular particle radius

on surface, Rg, is calculated as the average of the half lengths at half maximum of the

major and minor axes,

Rg =

√
2 ln 2 (σx + σy)

2
(2.2)

To model the morphology of protofibrils on surface, we used a box with a height

Hf , length Lf and width Wf , convoluted with a symmetric 2D Gaussian with standard

deviation σc. The resulting function was used to fit the subimages containing protofibrils

(Eq.2.3.):
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√
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√
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√
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√
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√
2
)

(2.3)

The fit parameters Hf , Lf and Wf were used directly as the observed height, half

length and half width of protofibrils on surface, respectively. σc accounted for both the

edge shape of the protofibril and the tip.

Tip Deconvolution and Calculation of Aggregation Number

The molecular volume of each species observed is proportional to the aggregation num-

ber, j.

j = Vj/V1 (2.4)

The volume of the folded monomer, V1 is approximately the maximum density achiev-

able for the protein. Because of sample drying and soft sample tip compression, we

assumed all the species on the surface had the same density as the folded monomer.

With a molecular weight 18.4 kDa and a radius of ∼1.76 nm, the density of folded

monomer was calculated to be 1.34×10−21 g/nm3. To determine the aggregation num-

ber, j, for each species, we converted the fit dimensions of globular particles on surface

to real particle dimensions and volume.

Particles in an AFM image are flattened by the interaction with the surface and

by compression from the tip. We modeled the particles as a disc of thickness hg with

radius of rm and rm +hg for top and bottom surface, respectively (Fig. 2.1). Its volume

Vg can be calculated as in Eq. 2.5.
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Figure 2.1: Schematic of tip scanning globular particles deposited on surface during
AFM imaging. Globular particles are modelled as disc (shown in red) partially em-
bedded in a layer of deformed protein of ru thick (in brown). The tip is modelled as
a sphere with radius rt. The size of tip prevents it from exactly tracing the particles
on surface. The trace (shown in blue) of the last atom on tip (blue spot) is recorded
as particle profile during imaging. The height of particle (hg) is underestimated to be
Hg(=hg-hr) and the radius (rg) is overestimated as Rg during measurement. Based on
this model, with observed height Hg and radius Rg, we calculated the real dimension
of globular particles on surface.

Vg =

∫ hg

0
π
(
rm +

√
(h2g − z2)

)2
dz

=
1

6
hgπ

(
4h2g + 3πhgrm + 6r2m

)
(2.5)

Two experimental phenomena must be taken into account in the model. First, par-

ticles were partially embedded in a amorphous protein layer on the surface of thickness

hu, resulting in a smaller observed height, Hg:

Hg = hg − hu (2.6)

Second, the lateral dimension of particles are overestimated by the effect of the AFM

tip. We modeled the tip as a sphere with radius rt. The blue trace in Fig. 2.1 illustrates

the path recorded by the AFM tip under this geometry.
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This observed profile, z(x), can be represent analytically by a piecewise function:

z(x) =



hu x < −X√
(hg + rt)2 − (x+ rm)2 − rt −X ≤ x ≤ −rm

hg −rm ≤ x ≤ rm√
(hg + rt)2 − (x− rm)2 − rt rm ≤ x ≤ X

hu X ≤ x

(2.7)

Where,

X ≡
√

(hg + rt) 2 − (hu + rt) 2 + rm (2.8)

is the x position where the tip first contacts the particle.

Rg is the radius measured at the half-height and includes both an effect from the

tip, rt and the surface layer, hu. The true radius of the particle at half-height above

the layer is rg and can be expressed by:

rg = rm +
1

2

√
(hg − hu) (3hg + hu) (2.9)

To convert the observed width Rg to the globular particle radius rg, we use Eq. 2.9

and set Eq. 2.7 to its value at the experimentally observed, Rg, or z(Rg) = Hg/2 + hu.

Solving for rg while eliminating rm and hg gives,

rg = Rg −

(√
Hg

(
hu +

3

4
Hg + rt

)
−

√
Hg

(
hu +

3

4
Hg

))
(2.10)

The parameter rm is given by

rm = Rg −

√
Hg

(
hu +

3

4
Hg + rt

)
(2.11)

The volume of particle can be calculated from the experimental quantities substituting

Eq. 2.6 and Eq. 2.11 into Eq. 2.5 giving:

Vg =
1

6
π

[
4 (Hg + hu)3

+ 3π (Hg + hu)2
(
Rg −

√
Hg (3Hg/4 + hu + rt)

)
+ 6 (Hg + hu)

(
Rg −

√
Hg (3Hg/4 + hu + rt)

)2 ]
(2.12)
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Using Eq. 2.12 requires the observed dimensions (Hg, Rg) for each particle and estimates

for the tip radius, rt, and thickness of the surface layer, hu for the entire image. The

amorphous protein layer on clean mica surfaces was observed to be 0.6 to 0.8 nm

thick. Therefore, the surface layer thickness was taken to be hu=0.7 nm for all images.

Globular particles of the same volume and shape from different images should have the

same height, hg and lateral dimension, rg. During imaging, tip wear and contamination

from the sample resulted in deviation from its nominal ∼10 nm radius. Although the

distribution of heights is relatively unaffected by the tip shape, the distribution of

lateral dimensions is strongly perturbed by it. Images with slightly different tip radii

were pooled by adjusting the tip radius parameter for each related image such that

the overall height-lateral-dimension distribution was matched. We matched the Hg and

real length (2×rg) 2D histogram profiles for 50 images taken during the 32 days by

adjusting the tip radius of each image. The tip radius was typically ∼20 nm, though

this parameter ranged between 5 and 80 nm. The resulting total histogram, shown in

Fig. 2.2, provided an empirical relationship between Hg and rg:

Hg = 0.50
√

4r2g − 7.82 + 0.3 (2.13)

shown as the dotted line in Fig. 2.2. This empirical function also allowed us to use

Eq. 2.12 and Eq. 2.4 to correlate the heights of globular particles to their volumes and

aggregation number, as shown by the numbered circles in Fig. 2.2. This relationship is

used to convert kinetic simulation data, which returns the aggregation number, j, to

particle dimensions that we compare with our data.

To determine the aggregation number of protofibrils, the same protein density was

used as the globular particle on surface. We used the observed lateral dimension Wf

and Lf directly to calculate the volume of protofibril on surface, Vf , assuming the tip

effect for protofibrils was small because of their big size. Protofibrils were considered

as an ellipsoid to estimate their volume as in Eq.2.14.

Vf =
π

4
LfWf(Hf + hu) (2.14)
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Figure 2.2: Observed height, real length (2×rg) profile of globular β-LGa aggregates on
surface measured by AFM. Globular particles of a given size will be observed with same
height in different images but with different lengths because of varying tip sizes. After
removing the tip effect using Eq. 2.10, with different tip radii for each image, globular
particles from 50 images taken through the incubation gave a unified observed height,
real length profile. An empirical relationship between Hg and rg was derived according
to this profile. With known height and radius, the volume of globular particles were
calculated with Eq. 2.12. The circled numbers indicate number of monomers in globular
particles with corresponding observed height, calculated based on particle volume and
density on the surface.

Image Analysis Protocol Performance

We applied this image analysis protocol to images from the first 32 incubation days.

Every image had different noise level associated with imaging conditions, such as image

size, tip, temperature, etc. We chose a local threshold (φ) to include all globular species

and fibrils while rejecting the background from noise and the amorphous protein layer.

Some small features of the background were unavoidably included. However, these

features did not have a well-defined shape and were too small for the fitting algorithm to

give accurate, converged fits. Whether a particle can be successfully fitted depended on

how many pixels in the images were used to define the particle and the noise level in that
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image. For images of the same size, fits of small particles defined by just several pixels

were more likely to be compromised by noise than bigger particles. The higher resolution

images allowed more pixels to define a particle of a given size, making it more likely

to be successfully fitted. As a result, the population of smallest particles around 1 nm

high was determined with high accuracy in the 2 µm images but was underestimated

in 5 µm images. Other than this uncertainty, enough particles of different heights of

interest were successfully fitted (more than 85%) to gave us a reliable estimation on the

species present and their population distribution.

Even though we carefully controlled the sample deposition process, we observed

small variations of particle coverage between samples. We attribute this variability

to different degrees of APTES surface functionalization and to variation during the

Millipore water rinsing step used to remove salt and any loose material. Though the

particle coverage on surface varied between images, the relative populations appeared

not to change for a given point in the incubation. Therefore to allow comparison

between different days of the incubation, we normalized the two-dimensional height-

length distribution for each day to the most populated species detected on that day.

2.2.4 Kinetic Simulations

All kinetic simulations were accomplished in Mathematica 6.0. Kinetic models (as

discussed in the results section) were formulated based on the observation of different

intermediates. We numerically solved the resulting coupled differential equations to get

the population evolution for each species. These populations were compared to DLS

and AFM results to determine kinetic rate constants and to discard kinetic models that

could not be made consistent with observations.

Comparison of Simulations to Experiments

To directly compare with our DLS measurements, we simulated evolution of the corre-

lation decay time distribution based on evolution of the population of different species

given by the kinetic simulation, aj(t) (Eq. 2.15). We modeled the contribution of each

species as a Gaussian distribution positioned at the decay time corresponding to its size
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with a standard deviation of 0.004 ms.

Is(τ, t) =
∑
j

j2aj(t) exp

(
−1

2

(
τ − ω 3

√
j

0.004

)2
)

(2.15)

ω is the scale factor between particle size and decay time which was determined by our

DLS experiments to be 0.02.69

To convert simulated population on each day, aj(t), to height, length 2D histogram

as in AFM measurement, we used Eq. 2.16.

ψs(l,H) =
∑
j

aje
− 1

2

(
H−Hj
σH

)2

e
− 1

2

(
l−lj
σl

)2

(2.16)

where for globular particles the observed height, Hg,j , and real width lg,j (as 2rg,j) on

surface can be calculated according to aggregation number as discussed above (Fig. 2.2).

For protofibrils, an averaged observed height was used for Hf,g. The length lf,j can be

calculated (as Lf) with Eq. 2.14. σH and σl are the standard deviation in height and

width measurement, respectively. They were estimated to be 0.37 nm and 2 nm, based

on the dispersion of height and length signal in the experimental height-length 2D

histogram.

To generate the ANS fluorescence lifetime fingerprint evolution based on population

evolution from kinetic simulation, we assumed that the fluorescence intensity was pro-

portional to aggregation number, j, in each species. The total fluorescence Ca(t) for a

given class of oligomer was obtained by the weighted sum:

Ca(t) ∝
∑
j

jaj(t) (2.17)

where aj(t) is the time evolution of species concentration, aj , where a ∈ {A,B, F}

and j was summed over the range of relevant oligomer sizes. The same proportionality

constant was used for all species.
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Determination of Rate Coefficients

The early lag phase contained several rate coefficients that we fit by minimizing the

Kullback-Leibler (K-L) divergence96 between the simulated correlation decay time dis-

tribution evolution and experimental data:

∑
τ,t

(
Is(τ, t)

† − Ie(τ, t)† − Is(τ, t)†Log
Is(τ, t)

†

Ie(τ, t)
†

)
(2.18)

where Is(τ, t)
† and Ie(τ, t)

† are the DLS correlation decay time distributions normalized

by maximum intensity of each incubation time point, from simulation (Eq. 2.15) and

experiment, respectively. After finding the minimum divergence, we perturbed each

parameter to evaluate the sensitivity of the fit.

To account for the many related association reactions present in the late lag phase

and the growth phase, we began from a basic encounter-theory approach, assuming

diffusion-limited collisions with a free energy of activation that accounts for both en-

tropic and energetic barriers to aggregation.97 The rate constant for association steps

during these phases, kj+, can thus be expressed as in Eq. 2.19.

kj+ = kdj × e
−∆G‡
kBT (2.19)

where kdj is the diffusion limited rate constant for species with aggregation number, j,

reacting with the the assembly unit. kB is the Boltzmann constant. ∆G‡ is the free

energy barrier for that association step.

The diffusion-limited rate coefficients for globular particle growth by addition of

globular assembly unit, Aδ, were calculated with

kdg,j = 4π(Dδ +Dg,j)(rsol,δ + rsol,j) (2.20)

where Dδ and Dg,j are the diffusion constants for globular assembly unit and globular

particles, respectively, which can be calculated with Einstein-Stokes-Debye equation.

The globular particle radius in solution, rsol,j , was calculated assuming all the globular

species have the same density 4.67×10−22g/nm3, which was calculated with a partially

unfolded monomer radius ∼2.5 nm from DLS measurements.69
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Dg,j =
kBT

6πηrsol,j
(2.21)

where η is the viscosity of protein solution, 0.876 centipoise in our case (measured for

5 M urea in buffer at 37◦C).

For protofibril elongation, fibril-fibril interaction was not included in the simulation.

Protofibrils elongated by adding globular assembly units to the end. We assumed

that protofibrils had the same density and dimension in solution and on surface. The

protofibrils were treated as a string of imaginary touching spheres whose diameter

equalled to protofibril height.98 The diffusion-limited rate coefficient in this case is

kdf,j = 4π(Df,j +Dδ)(rsol,δ + ris) (2.22)

where Df,j and Dδ are the diffusion constants for fibril and the globular assembly unit,

respectively. ris is the radius of the imaginary sphere, which equals half the height of

protofibrils, Hf + hu. Again, an averaged height on surface was used.

The diffusion constants were calculated using:

Df,j =
Dis lnN

N
(2.23)

where Dis is the diffusion constant for the imaginary sphere and N is the number of

spheres along the protofibril, calculated as the protofibril length divided by protofibril

height.98

Calculation of Free Energy Difference

The free energy difference was calculated as

∆G◦j = −kBT ln
kj+

k(j+δ)−
(2.24)

δ is the number of monomers in the association unit and k(j+δ)− is the reverse rate for

association steps.
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2.3 Results

2.3.1 Aggregate Morphology Shows Two Growth Pathways

On each of the 32 days of incubation, we imaged samples deposited on aminopropylte-

tratheoxysilane (APTES)-modified mica using tapping mode AFM. The images showed

five phases of aggregate growth.
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Figure 2.3: The evolution of the correlation decay time distribution monitored by con-
tinuous DLS during first 4.7 days of incubation. We related the particle decay time to
spherical hydrodynamic radius using the Stokes-Einstein relation. The characteristic
density of the partially unfolded monomer determined from assignment of a urea titra-
tion DLS experiment at 5 M was used to scale the oligomer sizes. The brown, green, and
blue lines correspond to the correlation decay times of globular monomer, dimer and
tetramer, respectively. The correlation decay time distributions were renormalized to
the maximum intensity at each incubation time point. The peak shifted from monomer
at the beginning of incubation, to dimer by day 2 and tetramer by day 4. Based on this
data, a sequential assembly pathway, monomer→dimer→tetramer, (A1 → A2 → A4) is
proposed for AggA aggregation.

Incubation days 0 through 9 showed amorphous protein layer, with no sign of stable

well-defined particles in the AFM images. However, DLS measurements showed a dra-

matic decrease in monomer population and an accumulation of dimers and tetramers

during this period (Fig. 2.3).69 Accompanying this increase in particle size, time-

resolved fluorescence lifetime analysis of intercalated ANS showed a change in acces-

sibility to the calyx site, indicative of a conformation change. Moreover, the change

persisted upon dilution to native conditions.69 The AFM images suggest that sur-

face dissociation into the amorphous protein layer prevented detection of the early lag
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phase oligomers. Thus the early lag phase oligomers are lower in free energy than the

folded-state monomers and higher in free energy than surface-dissociated monomers.

We designate this class of oligomers as AggA and the period, from days 0 to 9, during

which they accumulated as the early lag phase.

Late Lag Phase (Days 10 to 21)

After day 10, individual globular particles of different sizes were imaged by AFM as in

Fig. 2.4a, indicating the formation of oligomers that were stable with respect to disso-

ciation on the APTES surface. The AFM image coverage by resolvable particles varied

and was typically about 5%, providing a good balance between particle differentiation

and statistics. From day 10 to 21, most particles imaged by AFM were globular, with

heights between ∼1 nm and ∼2 nm above the amorphous protein layer, which was also

observed in the early lag phase (Fig. 2.4a,b). According to our derived relationship

between height and number of monomers in globular particles (Fig. 2.2), this range of

heights corresponds to globular oligomers containing 4 to 8 monomers, with the ma-

jority species being tetrameric, as shown in Fig.2.4 a, e and Fig. 2.4b, f. Particles with

heights between ∼2 nm and ∼4 nm were observed less often. This range of heights

corresponds to globular oligomers with up to 16 monomers.

The wing that appears in the DLS correlation decay time distribution during this

period is consistent with growth of particle to sizes between 8 and 40 monomers

(Fig. 2.5). This size increase coincided with loss of the structured calyx site as detected

by ANS fluorescence,69 suggesting a structural rearrangement of the monomers within

the oligomer. This set of observations led us to designate this larger and structurally

distinct class of oligomers as AggB. The formation and growth of AggB preceding the

conversion to amyloid protofibrils defines the late lag phase, i.e., days 10 to 21. Short

fibrillar species could occasionally be detected (Fig. 2.4b), foretelling the beginning of

the growth phase.
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Figure 2.4: Particles were imaged with AFM from late lag phase through late growth
phase. The left panels are typical AFM images taken during (a) late lag phase (day 11),
(b) transition to growth phase (day 15), (c) early growth phase (day 23), and (d) late
growth phase (day 31). Particles were identified, measured and assembled into the two-
dimensional histograms of the observed height and length that appear on the right (e-h).
The population distribution was normalized by most populated species on that day. (e)
Day 11: 533 particles from five 2×2µm images. Small globular particles dominated. (f)
Day 15: 2471 particles from ten 2×2µm images. Larger globular particles appeared. (g)
Day 23: 801 particles from two 5×5µm images. Short protofibrils appeared. (h) Day
31: 1179 globular particles and 291 short protofibrils from four 5×5µm images. Many
protofibrils appeared. The circled number on the right of two-dimensional histogram
are the estimated number of monomers in globular particles of corresponding height,
referring to Fig. 2.2. The growth phase showed two growth trends (arrows in (g,f)):
globular assembly and fibrillar elongation. The small particles with height around 1 nm
were more reliably resolved in the lag phase 2×2µm images than in the growth phase
5×5µm images. As a result, the population of such particles is underestimated in the
region indicated by the blue circles in (g) and (h).
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Figure 2.5: The evolution of the correlation decay time distribution monitored by con-
tinuous DLS during the first 18 days of incubation. The brown, green, blue, purple
and yellow lines correspond to the correlation decay times of globular monomer, dimer,
tetramer, hexadecamer, and 40-mer, respectively. The intensity was normalized by
maximum intensity of each incubation time point. The tetramer remained the dom-
inant peak from days 4 to 18. After day 10, a wing appeared to longer decay times
indicating aggregate growth up to approximately 40-mers. Because spherical particles
contribute to homodyne-detected DLS in proportion to the square of their volumes, the
relative population of aggregates contained in this wing was even smaller than their
small amplitude with respect to the tetramer peak might suggest. The appearance of
this wing coincided with AFM detection of globular particles on the surface. These
observations put together suggest that growth of a conformationally distinct species,
AggB, defines the late lag phase.

Early Growth Phase (Days 22 to 28)

By day 22, it became common to observe short rod-like fibrillar structures of different

lengths, coexisting with globular particles (Fig. 2.4c). Most fibrillar particles were

approximately 3 to 5 nm thick. We assigned this thinnest class of rod-like fibrillar

particles as protofibrils. Protofibrils present at this stage gave a specific ThT lifetime

distribution that was different from mature fibrils.69 Thicker fibrillar species did appear

at this stage but were very rare. Protofibril population increased rapidly for the 9 days

following day 22, consistent with designating this stage of assembly as the early growth

phase.

Overall, the size of globular AggB increased during this phase. The low resolution of

5 µm images used for analysis in this stage hindered the precise determination of pop-

ulation for smallest (∼1 nm) species. However, there was a clear increase in population
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of particles ∼2 nm to ∼4.5 nm high, corresponding to species ranging from octamer

(B8) to 24-mer (B24). A small population of particles larger than 4.5 nm, which were

absent in the lag phase, were detected during the early growth phase.

Two trends of self-assembly emerged in the height-length two-dimensional histograms

(Fig. 2.4g). One trend continued to follow the globular growth pattern from the late lag

phase, resulting in a relatively small population of round particles with heights ranging

from ∼4 nm to ∼8 nm. The second trend led to rod-like protofibrils.

Late Growth Phase (Days 29+)

Late growth phase AFM images (Fig. 2.4d) showed globular particles as well as a

dramatic increase in protofibril number and length. Analysis of more than 200 of these

protofibrils gave an average height of ∼3.8 nm and width of ∼11 nm. The protofibrils

were straight, unbranched and usually had a small variation in height along their length.

Some longer protofibrils showed periodic variation in height. The longest protofibrils

we detected were ∼150 nm. Assuming that the protofibrils on surface have the same

density as fully folded monomer, we estimated about 250 monomers for the longest

protofibrils. The protofibril length distribution showed contributions across all lengths

from 20 to 150 nm, suggesting a relatively small growth unit. However, a modest dip

in population from 40 to 60 nm was also observed.

The bifurcation of the two aggregation trends became quite clear during this stage

(Fig. 2.4h). The juncture at which globular particles appear to choose between the

two modes of assembly occurs at 3.8 nm, roughly corresponding to B16. Along the

globular growth pathway, after the bifurcation point, further growth of AggB resulted

in a small population of AggB larger than hexadecamers. The population of globular

particles between ∼3 nm and ∼4 nm, corresponding to B12 and B16, increased and

became comparable to that of B8. The population of AggB larger than the bifurcation

point was clearly lower than that of smaller AggB (Fig. 2.4h).

AFM images after more than 60 days of incubation dominated by mature fibrils,

indicating that much of the protein had been incorporated into mature fibrils as shown

in Fig. 2.6. The fibril profiles showed different heights and height periodicities along
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Figure 2.6: Mature amyloid fibrils detected by AFM after 65 days of incubation. During
late stage incubation, mature fibrils of different heights were observed in large numbers.
They coexisted with small globular particles and large amorphous particles on the
surface. These fibrils were unbranched, curved and could be several micrometer long.

them. The mature fibrils could be several µm long. Our ThT luminescence measure-

ments showed a noticeably different lifetime distribution pattern than that observed

during the growth phase which was dominated by protofibrils.69 Globular particles and

short protofibrils were also observed to coexist with mature fibrils. Some very thick

amorphous particles were observed but were absent from early stages.

2.3.2 Mechanisms from Kinetic Data

Approach to Simulating Kinetics

We include all classes of species as defined by analysis of AFM, DLS and luminescence

lifetime distribution.69 We calculate the evolution of the concentration of all kinetically

active species without first simplifying to moment analysis or other averaged quanti-

ties. To simplify the optimization of the individual kinetic rate constants, we treat
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bimolecular reactions with activated collision theory assigning similar barriers to sim-

ilar reactions. This allows us to define the rate coefficients in terms of energetics. We

included only the minimum number of intermediate species and reaction steps necessary

to reconstruct the major features of the observed data. In general, an infinite number

of more complicated mechanisms could also fit the data. We parsimoniously reject such

mechanisms. By including both forward and reverse rates in our analysis we are able

to estimate free energy changes at each step of the aggregation.

Early Lag Phase Reactions

The main feature of experimental DLS data for early lag phase was a shift from the

monomer peak at time 0 to dimer by day 2 and tetramer by day 4 (Fig. 2.3). After

day 4, the distribution pattern did not change until the start of late lag phase. This

evidence shows that species presented during this early lag phase (AggA) is composed of

monomeric (M), dimeric and tetrameric (A4) forms. Moreover, monomers aggregated

into tetramers through dimers and resulted in an accumulation of dimers and tetramers.

Non-reducing SDS-PAGE showed oxidative aggregation essentially halted at the

dimer stage with substantial reduced monomer still present. This result suggested that

tetramers form from oxidative dimers, AOx
2 , and non-oxidative dimers (A2) or monomers

(2 M) (Fig. 2.7).

To account for our observations and fit the DLS data, we propose a three-step

mechanism to create A4 as shown in Scheme 1. Initially, weakly associated dimers, A2,

formed from monomers. AOx
2 formed by structural reorganization and oxidation of A2.

By day 4, both types of dimers had aggregated to form A4.

M +M
ka1+−−−⇀↽−−−
ka2−

A2

A2

koa+−−−⇀↽−−−
koa−

AOx
2

A2 +AOx
2

ka2+−−−⇀↽−−−
ka4−

A4

Scheme 1
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Figure 2.7: Non-reducing and reducing SDS-PAGE for protein solution at different
incubation stage. The three columns on the left are non-reducing. Column A is for
late stage of the incubation over 50 days. Column B is for incubation after 5 days
and column C for β-LGa solution before incubation. Dithiothreitol (DTT) was used as
disulfide reducing agent and mixed with protein solution before loading for column D,
E, and F. Column D is for late stage of the incubation over 50 days to compare with
column A. Column E and F are for incubation after 5 days and protein solution before
incubation to compare with column B and C. For late stage incubation in column A,
we can see that only monomer and dimer are present as oligomers, and most late stage
products are too big to be analyzed with SDS-PAGE. Compared with incubation after 5
days for column B, oligomeric band of dimer, trimer and tetramer size are present, with
dimer as the most populated species. After adding DTT into these two incubations, all
the oligomeric bands disappear, which indicates that all these bands are from aggregates
formed by disulfide bond. The disappearance of the trimeric and tetrameric bands in
column B after longer incubation as indicated in column A indicates that oxidative
oligomers bigger than dimer are most likely to be off-pathway species.

The simulation result for the proposed scheme was presented in Fig. 2.8, with rate co-

efficients in Table 2.1. The rate coefficients were optimized by minimizing the Kullback-

Leibler distance as in Eq. 2.18. This simulation successfully caught the sequential shift

of intensity peak in DLS from monomer to dimer to tetramer. A close comparison of the

simulation to experimental data reveals a difference mainly in the width of distribution

at each time point. However, without an adequate noise model for the DLS simula-

tion a strict comparison between simulation and experimental DLS was inappropriate
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Figure 2.8: The evolution of the DLS correlation decay time distribution was con-
structed from a kinetic simulation of the first 4.7 days of aggregation according to
Scheme 1. Species population aj was converted to DLS decay time distribution (Is(τ, t))
using Eq. 2.15. The correlation-time distributions were renormalized to the maximum
intensity at each incubation time point to facilitate comparison to the experimental
data. Rate coefficients in Scheme 1 were optimized to match the constructed distri-
bution to experimental data in Fig. 2.3. The brown, green and blue lines correspond
to the correlation decay times of globular monomer, dimer and tetramer, respectively.
Simulation based on Scheme 1 captured the earliest aggregation events: The DLS decay
time distribution shifted from monomer to dimer, then to tetramer by day 4.

(ill-formed noise was addressed in the simulation and we do not know how particles

of different sizes actually contribute to dispersed decay time distribution in our DLS

measurement).

ka1+ ka2− koa+ koa− ka2+ ka4−
(µM day)−1 day−1 day−1 day−1 (µM day)−1 day−1

0.011 0.05* 0.28 0.05* 0.066 0.005*

∆G◦ ≤ −2.0 kJ/mol ∆G◦ ≤ −4.4 kJ/mol ∆G◦ ≤ −6.7 kJ/mol

Table 2.1: Optimized rate coefficients for early lag phase simulation. *The three reverse
rate coefficients are upper limits; whereas fit gives results effectively 0, simulations were
insensitive to rates below these values. The free energy change, ∆G◦, is calculated based
on forward and reverse rate coefficients of each step, using Eq. 2.24.

The broadening to longer decay times might be caused by a small amount of AggA

larger than A4 or be due to the limits of the Gaussian model we used for the dispersion

of the DLS distribution. We found that inclusion of AggA species larger than tetramers

did not significantly improve the simulation of the data set. To be thorough, we also
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included possible pathways, 2(A2) to A4 , and 2(AOx
2 ) to A4 along with formation of

heterotetramers. We found that the main features of the data were reproduced with

or without the added complexity. Thus, these minor pathways were excluded from the

final mechanism lex parsimoniae.

All the reactions in this stage were determined to be energetically favorable. Monomers

converted readily to more stable oligomers —A2, AOx
2 and A4— under the experimental

condition during the early lag phase.

Transition to Growth Phase

After day 10, a new class of globular aggregates, AggB, began to appear and grow in

size along a globular growth pathway throughout the incubation as detected with AFM

and DLS. We propose that A4, formed in the early lag phase, converted to B4 through

a conformational change that eliminated the calyx binding site for ANS. This change

in structural state was detected in our ANS and ThT measurement as a change in the

lifetime distribution pattern.69 It also enabled AggB to be stably absorbed to modified

mica surface and detected with AFM.

We simulated the AggB aggregation along this globular growth pathway by append-

ing Scheme 2 to Scheme 1, extending the aggregation mechanism through the late lag

phase before protofibril formation. Converting the AFM height–length two-dimensional

histogram (Fig. 2.4e-h) to oligomer size indicates that AggB sizes ranged from about

tetramer (B4) to 80-mer (B80) during the 31 days of incubation. The globular particle

aggregation number histogram on day 31 appeared to be multimodal with peaks sepa-

rated by 4 monomer units. Moreover, an analysis of the effect of the size and type of

species responsible for increasing AggB size found that a tetrameric unit of assembly,
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A4, best fit the data.

A4

kab+−−−⇀↽−−−
kab−

B4

B4 +A4

kb4+−−−⇀↽−−−
kb8−

B8

B8 +A4

kb8+−−−⇀↽−−−
kb12−

B12

...

B76 +A4

kb76+−−−⇀↽−−−
kb80−

B80

Scheme 2

Fig. 2.5 shows the evolution of the DLS correlation decay time distribution during

incubation for the first 18 days from DLS measurement. We estimated our rate coef-

ficents in Scheme 2 by matching the simulated decay time distribution with this data.

We scaled the forward rate coefficients for the association steps, kb+s, with Eq. 2.19,

assuming the same energy barrier ∆G‡ for all these steps. This assumption implies

that the interaction between all AggB and A4 are the same, reducing the number of

kb+ from 19 to 1. The same reverse rate coefficient was used for all the disassociation

reactions here.

In the experimental data, a wing apart from the predominant tetrameric peak ap-

peared around day 10 (Fig. 2.5). This wing corresponded to AggB sized between

tetramers and 40-mers. The small intensity of this wing indicated that these bigger

AggB were relatively small in population compared with the tetrameric form, A4 and

B4. The addition of Scheme 2 to the model successfully reproduced the evolution of the

DLS wing arising from AggB growth. Moreover, it reproduced the population relation-

ship between AggA and AggB implied by the intensity difference of their contributions

to the decay time distribution (Fig. 2.9). The small discrepancy between the shape of

the simulated and experimental DLS decay time distribution is again attributed to the

lack of a noise model for DLS. Because of the great heterogenerity of the system at

this stage, multiple species contribute to the edge of the AggB wing. This situation
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Figure 2.9: DLS correlation decay time evolution constructed based on species popu-
lation from kinetic simulations for the first 18 days of incubation. We included AggB
aggregation before protofibril formation as in Scheme 2. aj was converted to DLS decay
time distribution (Is(τ, t)) using Eq. 2.15. The correlation-time distributions were nor-
malized to the maximum intensity at each incubation time point. The brown, green,
blue, purple and yellow lines correspond to the correlation decay times of globular
monomer, dimer, tetramer, hexadecamer and 40-mer, respectively. This simulation in-
cluding AggB aggregation with successfully captured the assembly event occured during
late lag phase, as shown by the wing that appeared around day 10.

prevents a precise determination of the maximum particle size in the experimental data.

However, we will show below that these larger (∼40-mers) AggB species are beyond

the point at which the aggregates convert to protofibrils and have minimal influence

on the overall kinetic behavior. Optimized rate coefficients and barrier parameters ap-

pear in Table 2.2. According to these parameters, formation and growth of AggB were

energetically unfavorable under incubation conditions.

kab+ kab− kb4+ kb8− ∆G‡
(day)−1 day−1 (µM day)−1 day−1 kJ/mol

0.024 0.28 0.023 0.067 62.1

∆G◦ = 6.9 kJ/mol ∆G◦ = 2.7 kJ/mol

Table 2.2: Optimized rate coefficients for late lag phase simulation under Scheme 2. The
free energy change, ∆G◦, is calculated based on forward and reverse rate coefficients of
each step, using Eq. 2.24. ∆G‡ is the energy barrier for AggB growth steps.

We also tested whether B4 can be used as the assembly unit for AggB growth. The

amount of AggB in both cases was determined by the formation of B4 from A4. The rate

coefficients required to match the experimental data implied that AggB aggregation
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was energetically favorable. This result precludes a nucleation barrier to protofibril

formation from AggB. These observations and the characterization of the formation

of amyloid as a nucleated process lead us to discount this mechanism. However, from

the experiments we cannot conclusively distinguish between them. In the discussion

that follows, our conclusions about the roles of the different classes of oligomers do not

change depending on this detail of the mechanism.

Growth Phase Reactions

Starting around day 20, a second pathway for aggregation was observed by AFM:

protofibril formation and elongation. The second pathway caused a bifurcation in

the height-length two-dimensional histogram at around B16 (Fig. 2.4g,h). We added

Scheme 3 to our overall mechanism to accommodate protofibril formation and elonga-

tion. We propose that once B16 is formed, it may either continue to grow into B20

or go through a conformational change to form a protofibril nucleus F16. This con-

version to protofibril structure was confirmed by ANS and ThT fluorescence lifetime

measurements.69 Protofibrils were observed to grow as long as 150 nm (Fig. 2.4h), cor-

responding to about a 252-mer. We considered the protofibrils to elongate through

association with A4, the most populated species prior to the growth phase.

B16

kbf+−−−⇀↽−−−
kbf−

F16

F16 +A4

kf16+−−−⇀↽−−−
kf20−

F20

F20 +A4

kf20+−−−⇀↽−−−
kf24−

F24

...

F248 +A4

kf248+−−−−⇀↽−−−−
kf252−

F252

Scheme 3
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Figure 2.10: AFM height and length two-dimensional histograms constructed from ki-
netic simulation of Schemes 1–3. The two-dimensional histogram was constructed using
Eq. 2.16 and the simulated population distribution for (a) day 11, (b) day 15, (c) day 23
and (d) day 31. The population distributions were normalized by the most populated
species for that day to facilitate comparison with the experimental data. The circled
numbers on the right of two-dimensional histograms give the number of monomers in
globular species of corresponding heights, referring to Fig. 2.2. The red dots at the top
of (d) show the number of monomers in protofibrils of corresponding length, calculated
with Eq. 2.14. Both the globular and fibrillar growth patterns observed in the AFM
experiments are reproduced by the simulation. This simulation captured the protofibril
elongation events during growth phase. Two trends were simulated: globular assembly
and fibrillar elongation.
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We estimated our rate coefficients in Scheme 3 by matching the simulated height,

length two-dimensional histogram with experimental data as in Fig. 2.4. As in AggB

simulation, we used the same energy barrier for all the steps in protofibril elongation

and used Eq. 2.24 to scale the forward rate for elongation kf+s and reduce the number

of free parameters. We used the same rate coefficients for all the disassociation reactions

and found that the reverse rate was negligible.

The overall simulated height-length 2D histogram from day 11 to day 31 (Fig. 2.10)

was able to reproduce our experimental data. Aggregation proceeded along the two

major pathways of assembly. The range of AggB sizes increased with incubation time

with the mode of the population also shifting to larger sizes. During the late lag phase,

B4 was the dominant AggB size, with a very small number of larger AggB oligomers.

During the growth phase, B8, B12 and B16 populations increased dramatically. The

appearance time of protofibrils was consistent with the small number and lengths of

protofibrils present on day 23 that then became abundant and long by day 31. The

maximum length of protofibrils observed during the experiments was reproduced at

about 150 nm. The relative population of AggB and protofibrils in the AFM (excluding

B4) was reproduced at 0.24. The population of AggB was dramatically lower above the

bifurcation point, B16/F16.

There were also several detailed features that were not captured by our simulation.

First, the size evolution of AggB did not match exactly with our data. For example, on

day 23, the model over-predicted the B12 population (compare Fig. 2.4g to Fig. 2.10c).

Our assumption that the energy barrier was the same for all steps in AggB aggregation

could be an explanation of this problem. Second, a small number (approximately 3%) of

particles higher than 6 nm were observed by AFM but did not appreciably populate in

the simulation (Fig. 2.10g and h). These particles could be experimental artifacts from

AggB and short protofibrils sitting on top of each other. Alternatively they could arise

from aggregation steps involving the larger AggB aggregates. This class of reaction

was not included in our final model. Third, the bundling of several protofibrils to form

thicker fibrils was not considered to be important at this stage. Thus, no thicker fibrils

were present in the simulation result. Fourth, we did not consider the possibility of
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AggBs thicker than protofibrils converting to protofibrils as B16 did. The observation

of particle between the two aggregation trend lines suggest this possibility, though the

small population suggests a minority contribution at best. Fifth, close inspection of

the protofibril length distribution in Fig. 2.4 show that there may be a local minimum

of population at ∼50 nm, suggesting a local free energy maximum at this protofibril

length. We have made no attempt to account for this feature as our focus is on the

oligomeric species leading up to protofibrils and not the details of protofibril elongation.

Another possible mechanism was to use B4 as the protofibrilation elongation unit,

instead of A4. The simulated fluorescence data from that model did not match our

ANS measurement in the sense that the A4 population decreased too slowly during

aggregation. Our simulation also showed that monomer addition could not account for

protofibril elongation in our case, because not enough monomers were around in the

system to interact with the protofibril for elongation at this stage. We did not include

protofibril elongation via end-to-end interactions between short protofibrils. Consid-

ering the low concentration of protofibril and their slow rate of diffusion in solution

compared with A4, the effective rate of such a reaction is likely to be very low. The

remainder of the discussion focus on the mechanism with A4 as the elongation unit.

The optimized rate constants appearing in Table 2.3 predict that there is a free

energy decrease for the conversion from B16 to smallest amyloidogenic structure F16.

After optimizing the simulation, during sensitivity test we found that as long as kf−s

were smaller than 0.3, they had no effect on the simulation results. Thus the kf− values

were bracketed between 0 and 0.3. With coefficients in this range, the calculated Gibbs

energy change using Eq. 2.24 was always negative, and thus the protofibril elongation

steps were energetically favorable. This result implies that protofibril species can work

as template to incorporate assembly units and can be used as seeds to induce fast

assembly with enough assembly unit around.
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kbf+ kbf− kf16+ kf16− ∆G‡
(day)−1 day−1 (µM day)−1 day−1 kJ/mol

0.099 0.00076 0.67 0.3* 52.3

∆G◦ = −12.5 kJ/mol ∆G◦ ≤ −2.1 kJ/mol

Table 2.3: Optimized rate coefficients for late lag phase simulation under Scheme 3.
*This reverse rate coefficient is the upper limit; simulations were insensitive to rates
below these values. The free energy change, ∆G◦, is calculated based on forward and
reverse rate coefficients of each step, using Eq. 2.24. ∆G‡ is the energy barrier for
protofibril growth steps.

2.3.3 Validation of Kinetic Model with 1-Anilino-8-naphthalene Sul-

fonate Data

We used qualitative aspects of the ANS data to guide the formulation of the kinetic

model. We now use the kinetic simulation that was based on AFM and DLS fits to

generate the evolution of the ANS fingerprints that were previously measured.69 Thus,

the ANS data provides an independent measure of the evolution of different species in

solution against which we may test our overall kinetic model.

We used Eq. 2.17 with the populations of the different classes of oligomer generated

by the kinetic simulations to simulate the different fluorescence contributions we previ-

ously reported.69 The evolution of the ANS lifetime distribution fingerprints are shown

in Fig. 2.11 top. By comparison the simulated contribution to the fluorescence is shown

in the bottom panel. The kinetic simulation was not adjusted to match the ANS data,

nor were the relative amplitudes of the different contributions adjusted. The bottom

panel may also be interpreted as the amount of monomer accumulated into each species.

As in the experimental data, three stages of aggregation appeared in our simulated

fingerprint evolution with the same time span. From day 0 to day 10, the dominant

process was conversion of monomers to tetramers via dimers. Here we reassign the

monomer fingerprint in our last paper to monomer plus both non-oxidative and oxida-

tive dimer.

The contribution from monomer and dimers dropped dramatically as the tetramer
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reached its maximum population around day 10. During this stage, a reservoir of pro-

tein made up of energetically favorable, A2, AOx
2 and A4 accumulated before appearance

of any amyloidogenic species. From day 11 to day 21, A4 converted to AggB as shown

by the anti-correlation of the two populations. Energetically unfavorable AggB accu-

mulated in relatively smaller population than AggA before nucleation of protofibrils.

After day 22, the A4 contribution decreased while the protofibril fingerprint intensity

increased accordingly and the contribution from AggB plateaued. Protein was incor-

porated to protofibrils via A4.
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Figure 2.11: ANS fingerprint contribution was calculated as an independent validation
of the kinetic model. Upper panel: experimental ANS fingerprint contribution evolu-
tion of different classes of species for 28 days of incubation. Lower panel: simulated
ANS fingerprint contribution evolution based on species population from kinetic simu-
lation, using Eq. 2.17. Three stages of growth featured by AggA, AggB and protofibril
formation were captured.

One difference between the simulation and experiment fingerprint evolution was the

contribution from protofibrils. The ANS lifetime measurement showed the protofibril
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contribution was flat before day 20, and increased abruptly after day 21. In the sim-

ulation, this contribution was flat before day 10 and increased gradually afterwards.

One possible source of this discrepancy is our omission of conversion of protofibrils to

fibrils from the mechanism. Larger fibrils appear to bind ANS and ThT differently than

do protofibrils. Another possibility is that the fingerprint for protofibrils should more

closely resemble that of AggB. The protofibril fingerprint was generated by removing as

much AggB fingerprint from the late-stage distributions as possible while maintaining

non-negativity. In this case, the fingerprint for AggB would include contributions that

should be attributed to protofibrils, which may account for the bi-phasic appearance of

the experimental AggB fingerprint evolution.

ANS fingerprints do not give concentrations of individual species. The fingerprint is

an average of the different contributions to the ANS lifetime distribution averaged over

all the species included in the class of oligomer. Because the relative contribution of

each size in a given oligomer class changes during incubation, the connection between a

fingerprint and the overall population may not be fixed. ANS partitions amongst all its

available binding sites according to their populating and binding affinities, preventing an

absolute concentration of a species from being determined. Note that in spite of all these

caveats, the simulated fingerprint evolution was obtained using the same proportionality

constant for all species. Fig. 2.11 shows that for three of the fingerprints the evolution

simulated from AFM and DLS data, the experimental ANS signals match quite well.

This suggests that the different classes of aggregate have similar binding properties to

the surface in the AFM experiments and to ANS in the fluorescence experiments.

2.4 Discussion

2.4.1 Aggregation Free-energy Landscape

The detailed kinetic mechanism allows us to generate an aggregation free-energy land-

scape under the amyloidogenic conditions of our experiments. The free energy change of

each reaction, ∆G◦, was calculated from Eq. 2.24 using optimized forward and reverse

rate coefficients. We included the four reactions where the simulation produced only an
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Figure 2.12: Free-energy landscape for β-LGa amyloid assembly. Assigning the origin
of the free energy to be the partially unfolded monomer, the apparent free energy
for AggA, AggB, and Protofibrils is plotted based on the free energy change of each
reaction. The gray arrows show the path of increasing aggregation number for each
class of aggregate, while the red arrows show the conformational conversions (A2 to
AOx

2 , A4 to B4, and B16 to F16). Four types of oligomers are identified by their location
on the energy landscape and role during amyloidogenesis. Reservoir Oligomers sit at a
free energy valley. The Nucleating Oligomers are the species with highest free energy
along the amyloid formation pathway. Sequential assembly after nucleation of Seeding
Oligomers follows a downhill trend on the energy landscape, which is the driving force
for fast amyloid Protofibril elongation in the growth phase. Formation of Dead-end
Oligomers has a much smaller driving force than Protofibril elongation and is off the
amyloidogenic pathway.

upper limit for of the reverse rate constants (ka2−, koa−, ka4− and kf−) by considering

the least negative ∆G◦ for the aggregation step in question that was supported by the

data. For each of these steps the free- energy landscape could be steeper than shown in

Fig. 2.12. Free energy barriers, ∆G‡, were determined as a fit parameter in Eq. 2.19,

which is not applicable for unimolecular reactions. For visualization purposes, barriers

for A2 → AOx
2 and A4 → B4 are shown in Fig. 2.12 with the ∆G‡ for the growth reac-

tion of the respective product species, since they should involve similar conformational
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changes. Similarly, we show the energy barrier for B16 → F16 as 1.5 times that of

protofibril elongation. Based on simulation, the population of B16 was always in excess

of F16 (> 20 times), indicating that this step is rate-limiting compared to protofibril

elongation.

Formation of AggA oligomers is energetically favorable for all steps as shown in

Fig. 2.12. The accumulation of AggA in this local free energy basin at A4 is the main

characteristic of the early lag phase. Reactions in the late lag phase that form and grow

AggB are uphill. Filling of the shallow free energy basin by populating AggB is the

main feature of the late lag phase. There is a bifurcation in the energy landscape at

B16. Growth of AggB remains unfavorable above B16. However, at this point formation

of protofibrils becomes favorable, signaling the start of the growth phase. The lag time

for β-LGa fibrillation kinetics is caused by the accumulation of AggA, the energetically

unfavorable formation of B16 species. The net free energy increase of 15 kJ/mol for

A4 → B16 does not involve any bracketed rates. The sequential downhill elongation of

protofibrils is the main driving force for β-LGa amyloid assembly leading to formation of

mature fibrils. This aggregation free-energy landscape leads to four different behaviors

for oligomers based on their kinetic relationships.

2.4.2 Species Involved in Amyloidogenesis

Reservoir Oligomers are located in a stable valley in the free-energy landscape. The

dominant Reservoir Oligomer is A4. However, other AggA species and AggB smaller

than B16 also contribute to the pool of aggregated misfolded protein. These small

oligomers accumulate at relatively larger populations during the lag phase. The pool of

stable Reservoir Oligomers mediates later aggregation events. Under the amyloidogenic

conditions of our experiments, Reservoir Oligomers dominate the lag phase and early

growth phase. Reservoir Oligomers eventually attain a size large enough to undergo

the critical conformational change to the cross-β structure of amyloid.

Nucleating Oligomers, B16 → F16, exist at the maximum free energy of inter-

mediates along the amyloid aggregation pathway. Nucleating Oligomers do not have

the stable structure of amyloid and may not have a conformational relationship to the
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monomer or to other oligomers. As the species with maximum energy along amy-

loid formation pathway, Nucleating Oligomers are metastable and present in relatively

small populations. Formation of reservoir oligomers during the pre-nucleation steps is

the key feature distinguishing the proposed model in this chapter from other amyloid

aggregation models, and hence this model is named reservoir-nucleation model.

Oligomers that have crossed over the barrier to the cross-β structure are Seed-

ing Oligomers that mark the beginning of the amyloid fibril cascade. Protofibrils

bigger than F16 belong to this class. Seeding oligomers can act as templates for the

conformation conversion of units added to them, and thus further assembly of them

is energetically favored. Addition of these Seeding Oligomers to samples under amy-

loidogenic conditions will reduce the length of the lag phase by incorporating Reservoir

Oligomers without the need to wait for Nucleating Oligomers. Seeding Oligomers accu-

mulate before the formation of mature fibrils and dominate the growth phase. Isolating

small Seeding Oligomers would require manipulating experimental conditions to al-

ter the free-energy landscape so as to limit the elongation of protofibrils or to induce

fragmentation of larger protofibrils.

We designate AggB oligomers larger than B16 as Dead-End Oligomers. They

are formed by continued growth of Reservoir Oligomers without converting to amy-

loid structure. Dead-End Oligomers are uphill and off-pathway from amyloid; under

the amyloidogenic conditions they remained in small populations. Isolating Dead-End

Oligomers would require manipulating experimental conditions to prevent the nucle-

ation step (B16 → F16) from occurring.

2.4.3 Relationship to Other Kinetic Models

The free-energy landscape provides insight and a common framework for discussion

and comparison of the present model to other common models of amyloidogenesis. The

chief feature of a nucleated polymerization model is sequential energetically unfavorable

aggregation to form a nucleus of critical size.52 Polymerization is favorable above this

critical size. This model precludes the accumulation of a pool of oligomers in a local

free energy minimum.
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The Lumry-Eyring nucleated polymerization (LENP) model is a generalization of

many simpler nucleation-growth models.84 LENP includes five stages of growth and has

some superficial similarities to our model. However, there are several important differ-

ences. Our study focused on the phase after conformational changes of unaggregated

protein and before the condensation of higher-order assembly. In LENP this stage is

modeled as pre-nucleation, nucleation and growth of soluble aggregates via polymer-

ization. The LENP pre-nucleation steps are comparable with our AggB formation.

However, the Reservoir Oligomer is missing in the LENP model. The nucleation step

in LENP is the irreversible rearrangement of an oligomer to amyloidogenic form, imply-

ing a large decrease in free energy. Our model showed only modest free energy changes

for the conformational conversion steps and the formation of smallest amyloid species,

F16. In LENP amyloid growth is by monomer addition; in our model they elongate by

incorporating Reservoir Oligomers. Finally, we explicitly compare the populations of

the different species present in our model to experimental data rather than calculating

averaged relaxation behavior.

The micelle nucleation model assumes an all-or-nothing aggregation to form mi-

celles.83,53 Though, micelle formation may not be as sharp in proteins as in traditional

surfactants. We did not observe the cooperativity required for this model. However,

there are some important similarities between our model and that of Lomakin et al. The

micelle acts as a Reservoir Oligomer above the critical micelle concentration (CMC).

The amphiphilic nature of proteins makes the formation of micelle-like structures a rea-

sonable model. A CMC also suggests a limit to the size of a colloidal protein aggregate.

The micelle nucleation requires that the Reservoir and Nucleating Oligomers be the

same. Amyloid growth is only by monomer addition.

The nucleated conformational conversion model (NCC) for Sup35 amyloid assembly

can fit into our picture in some aspects.54,99 Lag phase oligomers of Sup35 formed a

reservoir and mediated fibril elongation, similar to AggA. The Sup35 experiments did

not identify any other intermediates. In NCC the Reservoir and Nucleating Oligomers

are the same size. In our model, nucleation occurs through a larger and rarer interme-

diate.
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We considered the possibility of AggB aggregation through addition of B4 instead

of A4. Because A4 and B4 were in equilibrium with each other, the simulation results

were indistinguishable from these two mechanisms. The parameters for growth by B4

addition gave downhill aggregation implying no limit to AggB sizes. The globular

aggregate height was limited to ∼9 nm implying uphill aggregation by A4. However,

AggB size may be kinetically controlled by fibril formation.

2.4.4 Prediction of Seeding Effect by Reservoir-nucleation Model
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Figure 2.13: Comparison of seeding effect predicted by reservoir-nucleation model and
nucleated polymerization model. Protofibrils on day 30 was used as seeds. a) Seeding
effect predicted by reservoir-nucleation model in this chapter. b) Seeding effect pre-
dicted by nucleated polymerization model. Both models predicted the acceleration of
the kinetics by seeding, but gave quite different seeded kinetic profiles, especially at the
beginning of the incubation as shown in the red circles. The major difference was on
the lag time and the initial rate after seeding.

Fig. 2.13a shows a simulated seeding experiment under experimental conditions used

in this chapter. With the same kinetic parameters presented before, the population of

protofibrils on day 30 was used as the protofibril initial concentration in a new run of

simulation. This simulated the experiment in which protofibrils were collected on day 30

and used to seed a new incubation. The reservoir-nucleation model predicted that the

lag time was substantially shortened but not completely eliminated. The initial growth

rate increased compared with the unseeded incubation. Along the seeded kinetic profile,

the growth rate first increased, and then decreased. An inflection point was observed.
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Fig. 2.13b shows the simulated kinetic profile for the nucleated polymerization model, in

which each aggregation step involves the addition of a monomer. This model predicted

a complete elimination of the lag phase in the seeded profile. The initial growth rate

was the maximum rate along the kinetic profile and the rate decreased monotonically

as a result of decreased monomer concentration. There was no point of inflection in the

seeded profile.

Jarrett and Lansbury discussed the seeding behavior of amyloid aggregation, but

did not show actual experimental data.52 Published data on amyloid seeding studies

almost always resembles the seeded profile on the left, as predicted by the reservoir-

nucleation model. Colby et al. used preformed fibrils and different preparation of prions

to seed amyloid formation. None of their seeding experiments actually showed com-

pletely elimination of the lag phase. The lag phase were shorten to different extents,

and the shape of seeded kinetic profile matched the one predicted by the reservoir-

nucleation model.100 Baskakov et al. also showed that the lag phase were shortened

but not eliminated with different concentration of seeds for a recombinant prion pro-

tein, rPrP89-230, amyloid formation. Again, the shape of the seeded profile followed

the prediction on the left.101 Even for many seeding experiments that claimed complete

elimination of the lag phase, the seeded kinetic profile were more like Fig. 2.13a than

Fig. 2.13b.80 The seeded kinetic profiles started with a slower initial growth rate rather

than a faster initial growth rate and had an inflection point. Padrick et al. found that

the lag phase of islet amyloid polypeptide (IAPP) amyloid formation was completely

bypassed with 5% seeds (by mass). However, the seeded kinetic profile started with

a slower initial growth rate and then increased, showing an inflection point along the

population profile. By incubating the protein for 30 minutes before adding seeds, this

inflection point could be removed and the seeded kinetic profile looked more like the nu-

cleated polymerization in Fig. 2.13b.80 Consistent with the reservoir-nucleation model,

this observation can be explained by a fast (<30 min) equilibrium between monomers

and reservoir species.
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2.4.5 Roles of Oligomers in Amyloid Hypotheses

The presence of amyloid aggregates defines the entire class of amyloid-related diseases.

Because production of amyloid is so often observed during disease progression, any

suspected toxic species should be present under the physiological conditions that pro-

duce amyloid. To play a role in the disease, aggregates must be cytotoxic and stable

enough to accumulate under the disease-relevant amyloidogenic conditions. Experi-

mental tests of the amyloid cascade and toxic oligomer hypothesis mainly evaluate the

first requirement of toxicity. The two hypotheses have differing free-energy landscape

requirements.

The amyloid cascade hypothesis states that accumulation of autocatalytic amy-

loid fibrils and plaques cause the defects in amyloid-related disease.15 The free-energy

landscape picture provides restrictions on this hypothesis. First, the reservoir must

fill to the point that Nucleating Oligomers are formed to allow creation of Seeding

Oligomers. Second, Reservoir Oligomers must accumulate in sufficient numbers to sup-

port elongation of protofibrils. Thus, two classes of oligomers are relevant to disease

progression under the amyloid cascade hypothesis: Seeding Oligomers and Reservoir

Oligomers. Single amino acid mutations that increase the rate of amyloid formation

often increase rate of disease progression.10,42,43 This suggests that the mutations must

either increase the depth of the reservoir and/or decrease the barrier to nucleation. An

increase in cross-β propensity would stabilize the amyloid product but not increase the

rate of amyloid formation unless the transition state at the nucleation step resembles

cross-β. This idea can explain the inconsistency of secondary structure prediction of

amyloid-prone sequences. A net kinetic effect will appear only if the nucleation barrier

is reduced or the population of the Reservoir Oligomers is increased.

The Reservoir Oligomers are required for elongation of amyloid protofibrils. There-

fore assays of toxicity of Seeding Oligomers when a pool of Reservoir Oligomers is

not also present do not strictly evaluate the validity of the amyloid cascade hypoth-

esis. Seeding experiments often show that the lag phase is greatly reduced but not

completely eliminated as would be expected for a simple nucleation model. Under
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seeded conditions, the rate-determining step may be reformation of the pool of Reser-

voir Oligomers. The downhill landscape after the formation of Nucleating Oligomers

assures the stability and accumulation of Seeding Oligomers and long protofibrils, which

are the dominant diagnostic species in most investigations of amyloidogenesis. If this

is true, then it is critical to prevent formation of Nucleating and Seeding Oligomers.

The free-energy landscape picture also provides restrictions on the toxic oligomer

hypothesis. Small toxic oligomers must exist at local free energy minima with significant

barriers to amyloid formation; that is, they must be Reservoir Oligomers. Thus, kinetic

mechanisms that imply local minima at only the monomer and fibril locations on the

aggregation free-energy landscape are incompatible with the toxic oligomer hypothesis.

The small oligomers used to assay toxicity have many morphologies as they arise

from many different, often physiologically impossible, preparation conditions. The dif-

ferent preparation conditions likely constrain the aggregation to oligomers that may be

unstable or impossible under amyloidogenic conditions. No attempt is usually made

to place the oligomers into the context of amyloidogenic aggregation. As a result any

combination of kinetic roles may be active in the assayed samples.

The toxic oligomer hypothesis cannot, on its own, explain why amyloid is observed

in amyloid-related diseases. Nor can it explain the correlation between single amino acid

mutations that increase amyloid propensity and the onset and severity of disease-related

symptoms. This coincidence of the toxicity of small oligomers and their amyloidogenic

properties can be explained with our mechanism. To form amyloid fibrils, which are

the ultimate indicators of amyloidogenesis, Reservoir Oligomers must be present un-

der amyloidogenic conditions. The rate of growth of amyloid protofibrils is controlled

by the concentration of the Reservoir Oligomers. If the Reservoir Oligomers are also

intrinsically toxic, this can explain the coincidence between the progression of disease

and the presence of amyloid, as both depend on the concentration of the Reservoir

Oligomers. It also explains the effects of single amino acid mutations if such changes

increase the population of the Reservoir Oligomers.

Identification of targets for therapeutics depends on the nature of the aggregation
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free-energy landscape. Therapeutic intervention relies on the inhibition or accelera-

tion of particular reactions, which can be accomplished by increasing or decreasing the

barriers on the aggregation free-energy landscape. For example, β-LGa monomer is

stabilized by the binding of an appropriate ligand, which increases the barrier to ag-

gregation. Another approach is to open new reaction pathways to important species

on the aggregation free-energy landscape. Our mechanism suggests that the forma-

tion of Reservoir Oligomers is a key feature in both of the dominant amyloid-disease

hypotheses. Reservoirs Oligomers are accordingly the best target during therapeutic

design. For example, toxic species could be cleared by converting them to innocuous

species. However, inhibiting fibril formation might enhance the population of Reservoir

Oligomers and enhance toxicity if the toxic oligomer hypothesis is correct. Other thera-

peutic interventions could have similar unintended consequences because of the details

of the aggregation free-energy landscape.
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Chapter 3

Characterization of α-Synuclein Amyloid Fibrils by

Single-molecule Fluorescence Microscopy

3.1 Introduction

Amyloid formation involves sequential aggregates of different sizes and structural states,

which require multiple biophysical techniques for characterization.1 The use of several

complementary techniques in β-lactoglobulin a (β-LGa) amyloid aggregation study

has been discussed in Chapter 2. During ensemble measurements, averaged signals

are monitored, which limit their application in heterogeneous systems. Take the size

determination with dynamic light scattering (DLS) in β-LGa amyloid aggregation study

as an example, an averaged hydrodynamic radius, RH, was monitored at each stage of

aggregation and was used as an indicator for aggregation progression. But when the

heterogeneity of the system increased with time, the resolution of different species from

the average decay curve became problematic. This was overcame by engagement of

atomic force microscopy (AFM) as a single-molecule technique, which differentiated

individual intermediates by size and morphology. All single-molecule level experiments

are beneficial for highly heterogeneous systems by the same logic.

The clarification of aggregation mechanism relies on the characterization of both

aggregation and structural states of the species involved. Time-resolved fluorescence

technique has been widely used to monitor protein conformational changes. Fluores-

cent lifetime is the average time that a fluorophore spends in the excited state and

can be measured with time-correlated single photon counting (TCSPC) technique.2 It

is sensitive to the microenvironment regulated by protein structure, and thus can be

used to report the protein structure change. However, the interpretation of ensemble
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lifetime data is not trivial for systems with high heterogeneity, such as amyloid aggrega-

tion. While the resolution of multiple components from a single recorded decay curve

suffers from increasing heterogeneity of the system, a single-molecule level structure

determination with lifetime imaging is quite straightforward, by the same logic as in

single-molecule size measurement. A single-molecule lifetime measurement can not only

distinguish the structural states from species to species, but also structural heterogene-

ity inside the species. Besides mechanism studies, structural characterization is also the

key to identify the origin of toxicity during amyloid aggregation. Many studies have

suggested the toxicity of small intermediates during amyloid aggregation.3,4,5,6,7,8,9,10

Characterization of the toxic, abnormal structural states in these intermediates is the

key to understanding the amyloidogenesis pathology and developing the treatments.

Messina et al. demonstrated a type of single-molecule fluorescence microscopy mea-

surement for determination of aggregation states, utilizing the generally undesirable

photobleaching property of the fluorophore. The aggregation number of multi-labeled

dextran polymers were determined by counting the discrete dropping steps in fluores-

cence intensity trajectory, during controlled photobleaching.11 This method has resolv-

ing power from one to up to 30 fluorophores, which covers the aggregation number of

amyloid aggregation intermediates. With an proper fluorophore and controlled number

of dye per monomer, this method can be utilized to determine the oligomeric num-

ber of aggregates during amyloid formation on a single-molecule basis. On the other

hand, without defined ratio between fluorophore and protein, this method can be used

to determine the binding efficiency of the fluorophore. Combining this photobleaching

method with the single-molecule lifetime measurement, the fluorophore can be used as

a reporter for aggregation and structural state at the same time. Synchronous deter-

mination of aggregation and structural state can be achieved.

Most amyloid aggregation mechanism studies are based on kinetics, and rely on

the characterization of intermediates population evolution. Another approach towards

aggregation mechanism is to probe the structural heterogeneity inside the aggregates.

Unlike kinetic studies, this approach does not require the detection and characteriza-

tion of a big number of species to establish the population. Several simple scenarios are
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discussed below to show how this approach can lead to clarification of aggregation mech-

anism. If the aggregation can be described with a non-template polymerization model,

which states that monomers convert to amyloidogenic conformation before aggregation,

then only the amyloidogenic lifetime should be observed in all intermediates and fib-

rils. If the aggregation can be described with a templated polymerization model, which

states that the conversion to amyloidogenic conformation happens after the monomer

addition, then unstructured lifetime signals should be detected at the fibril ends. Amy-

loidogenic lifetime and unstructured lifetime could also be detected coexisting in some

oligomers. For the aggregate folding model, amyloidogenic lifetime and unstructured

lifetime should coexist in some species. But different with the templated polymeriza-

tion model, no unstructured lifetime should be detected at the fibril ends. This type of

information is not available in ensemble measurements and only single-molecule lifetime

measurement has the capability to resolve multiple structural states inside one species.

Characteristic Thioflavin T (ThT) fluorescence is the most popular technique used

to study amyloid aggregation kinetics. ThT experiences dramatic quantum yield en-

hancement upon binding to amyloid fibrils, with excitation around 445 nm and emission

around 480 nm. It has the advantage of not interfering with the amyloid aggregation

process in in situ experiments.12,13,14 In most cases, characteristic ThT fluorescence in-

tensity is used to detect presence of amyloid. A former study in the group used ensemble

time-resolved ThT fluorescence to study sequential aggregation of β-LGa.1 More than

10 lifetime components showed up during the incubation, ranging from 11 ps to 2.6 ns.

Distinctive lifetime patterns were observed at different stages, indicating the interac-

tion of ThT with different species during the incubation. A series of lifetime showed up

before fibril formation, suggesting the ability of ThT to distinguish different structural

states besides amyloid. However, no assignment could be made for most of the lifetime

features. The 2.6 ns lifetime component predominated the signal at very late stage of

the incubation, and was suggested to arise from ThT bound to mature amyloid fibrils.

Another component of 500 ps was suggested to come from ThT bound to protofibrils.

These results inspired the use of ThT as a structural reporter at single-molecule level

in this chapter. Instead of using β-LGa, the Parkinson’s disease-associated α-Synuclein
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(αSyn) amyloid fibrils were used.

3.2 Materials and Methods

Materials

Water was purified by a Millipore Synergy 185 ultrapure online filter. 10 mM phosphate

buffer (pH 7.55) was made from monobasic and dibasic sodium phosphate (Sigma-

Aldrich, > 99%), which was filtered through a 0.22 µm Stericup filter (Millipore). Stock

ThT solution (∼2 mM) was prepared by dissolving ultrapure grade ThT (AnaSpec, Cat

No. 88306, > 98% by HPLC, > 95% by TLC) in phosphate buffer. This stock solution

was then purified by hexane extraction (1:4 v/v, 10 times). Purified ThT stock solution

was stored at 0 ◦C.

Expression of α-Synuclein

Escherichia coli BL21 DE3 strain (Invitrogen) were transfected by plasmids (pT7-7)

encoding human wild-type αSyn and were gifts from Professor Jean Baum (Rutgers

University, Piscataway, NJ). Expression and purification of αSyn followed published

protocols with following modification.15 After heating the solution at 10 ◦C for 20

minutes to remove background protein, supernatant containing αSyn was loaded onto

5 mL HiTrap Q column (GE Healthcare) and elute with NaCl (0-1 M gradient). Purified

αSyn was dialyzed against NH4HCO3 (v/v 1:20) for at least 4 times at 4 ◦C. Purity

of obtained αSyn was checked with SDS-PAGE (NuPAGE Bis-Tris 4-12%, Invitrogen)

with a single band at around ∼14.5 kDa. Protein was lyophilized and stored at 4 ◦C.

Incubation of α-Synuclein

αSyn was first dissolved in 10 mM phosphate buffer (pH 7.55), and filtered through

a 100 kDa centrifugal filter (Amicon Ultra, Millipore) to remove any pre-existing ag-

gregates. The final incubation concentration for αSyn was 1 mg/mL, as verified by

UV absorbance with extinction coefficient of 5800 M−1cm−1 at 276 nm. Sodium azide

with a final concentration of 0.02 % (v/v) was added to prevent bacteria growth during
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the incubation. Purified ThT stock solution was added to make a final concentration

of 5 µM. The concentration was verified by absorbance measurements with extinction

coefficient of 36,000 M−1cm−1 at 412 nm. Grade 1 polytetrafluoroethylene (PTFE)

(1/16”) balls (Engineering Laboratories) were cleaned by shaking in several changes

of ethanol, followed by shaking in several changes of buffer. 35 PTFE balls were put

into each 2 mL polypropylene microcentrifuge tube (Fishier Scientific). The tube was

overfilled with incubation solution, capped and sealed with hot glue. Samples were

checked to make sure that there was no air in the tubes before starting the incubation.

Incubation was performed in a 37 ◦C oven and vertically rotated at 76 rpm on a Roto-

Torque heavy duty rotator in dark for 6 days. After 6 days, samples were left quiescent

at room temperature in dark for at least a week before single-molecule measurement.

Samples prepared in this way were found to have a majority of aggregates as mature

amyloid fibrils.16

Single-molecule Fluorescence Microscopy

0.17 mm thick coverslips (Fisher Scientific) were used as substrates for single-molecule

fluorescence imaging. Coverslips were soaked in 90 ◦C piranha solution (1:7 v/v H2SO4:

H2O2) for an hour, rinsed with plenty of Millipore water and blown dry with HPLC

grade compressed nitrogen gas. 0.1 % (v/v) aminopropyltetratheoxysilane (APTES)

(Acros cat. num.: 151081000) was applied evenly on freshly cleaned coverslips and

allowed to react for 10 minutes. Unreacted APTES was rinsed away with Millipore

water and the surface was blown dry with HPLC grade compressed nitrogen gas. For

single-molecule fluorescence measurements, the incubated sample was diluted 10,000

times with 10 mM phosphate buffer (pH 7.55), containing 5 µM ThT. A homemade

chamber was built on the modified coverslip and overfilled with sample solution, and

sealed. Thus single-molecule images were taken on the surface immersed under solu-

tion. Fibrils were observed attaching to the coverslip in minutes, and their population

increased with experimental time. The dilution assured a low fibril density on the

coverslip so that individual fibrils could be imaged.

A mode-locked Ti:Sapphire laser (Spectra-Physics) was operated at 915.8 nm, with
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pulse frequency at 80.00000 MHz and pulse width of 12 ps FWHM. The frequency was

doubled by a type I secondary harmonic generating β-barium borate crystal (United

Crystals) to provide excitation wavelength of 457.9 nm. The microscope was set up in

an inverted epi-fluorescence configuration with a 60X, NA 1.4, oil-immersion objective

(Olympus). After being expanded and collimated, the laser beam was reflected by a

dichroic mirror (Omega Optical, model: 475DRLP) to fill the objective back aperture.

A quarter-wave plate was used (CVI Laser, model: QWPM-515-05040R10) before the

dichroic mirror to achieve circular polarization. The objective focused the excitation

light into a diffraction-limited spot and collected fluorescence emission in the same focal

volume. The collected fluorescence was separated from the excitation light by the same

dichroic mirror and directed to the detection channel. A 457.9 nm holographic notch

filter (Kaiser Optical Systems, Part Num. HNPF-457.9-1.0) and a 475 nm long wave

pass filter (Andover Corporation, Cat. Num. 475FG03-50S ) were used to further

attenuate excitation light and collect characteristic emission of amyloid-bound ThT

> 475 nm. Image scanning was enabled by a closed-loop nanopositioning stage with

0.4 nm resolution (Mad City Labs, Nano-LP200, Nano-Drive controller). During the

measurements, the position of the focal volume created by the objective was fixed, while

the sample was moved by the stage. Data collection was controlled with a Becker-

Hickl SPC-830 time-correlated single photon counting (TCSPC) board and a Pentium

4 computer with custom-made LabVIEW virtual instruments. Instead of taking a

high resolution lifetime image over the whole scan area, a fast, low resolution scan was

performed first to locate the particles in the scan area. Photons were then collected from

the picked locations on fibrils and background. The stage moved the sample to one spot

at a time and photons were collected from that spot until no further photobleaching

was observed. This greatly reduced the measurement time required in high-resolution

fluorescence lifetime imaging.

During this type of measurement, instead of producing the decay time histogram,

TCSPC board (SPC-830) was set to first-in-first-out (FIFO) mode, in which photons

were recorded in a time-tagging way one by one. Generally, FIFO mode acquisition

avoids the overflow of count in the decay time channels, and enables collection of big
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amount of photons. Two important pieces of information are stored for each photon in

this mode: macro time, micro time. Macro time is the time between the start of the

experiment and the detection of the tagged photon. Micro time is the time between the

detection of the tagged photon and the synchronized pulse. Intensity trajectory and

decay time histogram were constructed in IgorPro (Wavematrics) based on macro time

and micro time of photons collected at each location.

It is worth noticing that this setup had a detection volume of ∼300 nm diameter on

the coverslip surface, and photons were collected from all the fluorophores in the detec-

tion volume. In the case of amyloid fibrils, fluorescence from multiple ThT molecules

was collected at each location because of high fluorophore density on the fibril. The

fluorescence lifetime decay curve is a convolution of multi-exponential decays with the

instrument response function. The multi-exponential function used for data fitting is

shown in Eqn. 3.1

f(τ, t) = S +
∑
j

Aje
− t
τj (3.1)

where S is the scattering term, Aj is the amplitude of each decay and τj is the lifetime.

The goodness of the fit can be evaluated with the reduced Chi-square test. Measurement

of instrument response function in single-molecule experiment is not as straightforward

as ensemble fluorescence measurement. The instrument response was measured by

replacing the sample with a thoroughly cleaned coverslip.

3.3 Results and Discussion

3.3.1 Single-molecule Fluorescence Intensity Images of α-Synuclein

Fibrils

After 6 days of incubation, the sample was left quiescent at room temperature for

another week. The incubated sample was diluted 10,000 times with 5 µM ThT in

10 mM phosphate buffer (pH 7.55) before injection into the sample chamber. A typical

fluorescence intensity image was shown in Fig. 3.1a, where αSyn fibrils were observed

with enhanced ThT fluorescence. In the image, fibrils showed up with different lengths
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up to several micrometer. The lateral dimension was a result of convolution between

the fibril dimension with the microscope focal volume. While amyloid fibrils generally

have a diameter smaller than 10 nm, typical microscope focal volume has a much larger

diameter of ∼300 nm near the coverslip surface. The convolution resulted in imaged

fibrils of several hundred nanometers wide, and determined the spatial resolution of the

single-molecule measurement. As for the morphology, fibrils in fluorescence intensity

images were straight and unbranched. Variation in fluorescence intensity was observed

along the fibrils, without defined pattern.

3.3.2 Single-molecule Photobleaching Measurement

After locating fibrils in the intensity image, FIFO measurements were taken at picked

positions as indicated by the cursors in Fig. 3.1a. Cursors were placed to investigate

ThT bound to fibrils (cursor 2, 3 and 7), at the end of fibrils (cursor 1, 4 and 8)

and away from fibrils on the coverslip (cursor 5 and 6). Photons were collected at

each cursor until the fluorescence intensity leveled off. The intensity trajectories are

shown in Fig. 3.1c. The intensity of cursors on the fibrils were of 2.5∼4 times of the

background. The background measured here had higher intensity compared with the

control experiment, in which the chamber was filled with buffer only. This suggested

that ThT molecules bound to the coverslip and contributed to the background signal.

Photobleaching took place for ThT bound to fibrils, as indicated by the fast drop

at the beginning of the trajectories in Fig. 3.1c. Rescan of the same area after ∼20

minutes confirmed the occurrence of photobleaching and showed no recovery of the

fluorescence intensity. During the measurements, the sample chamber was filled with

5 µM ThT solution, which provided a pool of fresh ThT around the fibrils. According

to LeVine and coworkers, ThT bound to fibrils within seconds.17 With fresh ThT

around, the unrecoverable photobleaching of ThT bound to fibrils suggested that there

was no exchange between the fibril-bound ThT and the free ThT around. This could

happen if the attachment of fibrils on the coverslip shielded the binding sites away

from ThT in the solution. However, considering the way of fibrils lying on the surface,

this would require all the binding sites to be aligned along a narrow line on the fibrils
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in contact with the surface, which was very unlikely.18 Another possibility was that

photobleaching somehow ”froze” the destructed ThT onto the fibril and interrupted

the interchange. As for cursors on the coverslip, fluorescence intensity remained the

same as shown by trajectories in Fig. 3.1c. The absence of photobleaching could be

explained by the replenishment of ThT on the surface through fast exchange with ThT

in the solution. In another control experiment, ThT was deposited onto coverslip in

air by spin coating. Without the fresh ThT reservoir, photobleaching happened and no

recovery of the intensity was observed.

ThT was not covalently attached to the protein and the ratio between the two

was unknown. As a result, no connection could be made between the number of pho-

tobleaching steps and the aggregation number. However, in the case of fibrils, the

absolute aggregation number is not as important as in small oligomers. Instead, the

number of photobleaching steps could be used to determined the ThT density on amy-

loid fibrils. Unfortunately, examination of the intensity trajectories in Fig. 3.1c showed

no distinctive photobleaching steps. Attempts was made to resolve the steps by low-

ering the excitation intensity to reduce the photobleaching rate, but without success.

The counting ability of photobleaching measurement depends on the number of pho-

tons the fluorophore emits before the photobleaching happens. In other words, enough

photons need to be collected for each intensity level in the trajectory. The selection of

fluorophore is thus very critical in this type of measurement.11 The observed behavior

of ThT in this chapter suggested that it was not a suitable probe for photobleaching

measurement.

3.3.3 Lifetime of Fibril-bound Thioflavin T

For each FIFO cursor, fluorescence lifetime decay curve was constructed, using micro

time of the collected photons. With a focal volume of ∼300 nm diameter, even though

the cursors were placed on the fibrils, a big area of the background was included in

the measurement. For cursors on fibrils, only photons collected before the plateau were

considered.
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Figure 3.1: Single-molecule fluorescence photobleaching measurements on αSyn fibrils
stained with ThT. a) Fluorescence intensity image of αSyn fibrils with excitation power
of ∼10 µW. Image resolution is 128×128 pixel, with 5 µs collection time for each pixel.
ThT-stained fibrils were illuminated. Fibrils were of several micrometer long. The
convolution between fibril width with the objective focal volume resulted in broadened
fibril width of ∼300 nm. After a quick scan to obtain this intensity image, 8 positions
were picked for FIFO collection. Cursor 2, 3, and 7 were positioned on the fibrils. Cur-
sor 1, 4, 8 were placed at the fibril ends. Cursor 5 and 6 were placed on the background,
away from any fibril. b) Intensity image collected for the same area ∼20 minutes later,
following the FIFO measurements. Compared with a), fluorescence intensity dropped
at the cursor positions. FIFO data were also taken for positions indicated by the two
squares but these data were discarded because of fluctuation in the excitation intensity
during collection. c) From the macro time of photons collected at each cursor, the fluo-
rescence intensity trajectories were constructed. For all the cursors on the fibrils, there
was an intensity drop at the beginning, indicating the occurrence of photobleaching of
fibril-bound ThT. For the two cursors placed on the background, cursor 5 and 6, the
intensity was relatively low and remained unchanged.
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Figure 3.2: Fluorescence lifetime analysis for FIFO cursors. Lifetime decay curves were
constructed from photon micro time, as shown in red. For cursor 1, 2, 3, 4, 7, 8, only
photons collected during the intensity drop were considered. All the curves were fit
with three exponential contributions. The fits and weighted residuals are shown in blue
and brown, respectively. No difference in lifetime was observed for fibril-bound and
coverslip-bound ThT.
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All the decays could be fit with three exponential contributions: a very short lifetime

component of ∼26 ps to ∼73 ps, an intermediate component of ∼340 ps to ∼570 ps and

a long lifetime component of ∼1.4 ns to ∼1.8 ns. Fits are shown with the calculated

reduced chi-square in Fig. 3.2. Surprisingly, no difference was observed for the lifetime

of ThT bound to fibrils, at the fibril ends, and on the coverslip. This suggested that ThT

molecules were held rigidly upon binding to amyloid fibrils as they bound to the APTES

modified coverslip. This also suggested that local environment had little influence on

the ThT lifetime. Similar lifetime implied similar quantum yield for fibril-bound and

coverslip-bound ThT. Thus the observation of enhanced intensity for fibril-bound ThT

compared with coverslip-bound ThT could not be explained by difference in quantum

yield. The origin of this intensity difference was clarified in Chapter 4, through studies

on the ThT fluorescence mechanism. The observation of fibrils with higher intensity

than background was a result of the spectral shift. As shown later in Chapter 4,

ThT was observed to bind to cuvette surface with fluorescence excitation at ∼420 nm

and emission at ∼480 nm. Similar spectral property was expected for ThT on the

coverslip surface. The fibril-bound ThT had excitation at ∼445 nm and emission at

∼476 nm. 457.9 nm excitation was chosen to excite fibril-bound ThT, which was away

from the excitation maximum of surface-bound ThT. With smaller absorption cross-

section, surface-bound ThT was illuminated with much lower efficiency and appeared

as background in the single-molecule fluorescence intensity images.

3.4 Future Work

Nile red (NR), 9-diethylamino-5H-benzo[α]phenoxazine-5-one, is a solvatochromic flu-

orophore widely used for intracellular lipid droplets detection.19 The emission of NR

experiences red-shift in polar environment. In an earlier study, NR was covalently

attached to cysteine mutant of human αSyn (A19C) to monitor the conformational

change by time-resolved fluorescence measurement.20 A preliminary single-molecule

fluorescence lifetime imaging study has also been carried out to show the potential use

of NR as a structural reporter for αSyn. Since NR is much brighter than ThT, single

dye resolution is possible, which does not appear to be the case with ThT. Future work
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includes evaluation of how the extrinsic label of NR affects the aggregation process.

This can be done by comparing αSyn amyloid incubation with and without NR with

AFM measurement. Then the single-molecule fluorescence lifetime imaging and photo-

bleaching experiments described in this chapter can be performed, using NR instead of

ThT.
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Chapter 4

Mechanism of Characteristic Thioflavin T Fluorescence

Upon Binding to Amyloid Fibrils

4.1 Introduction

4.1.1 Use of Thioflavin T as an Amyloid Probe

Thioflavin T (ThT) is a standard fluorescence molecular probe for amyloid fibrils, and

has been widely used for detection of amyloid both in vivo and in vitro.1 Upon binding

to amyloid fibrils, ThT experiences a dramatic increase in quantum yield with excitation

and emission maximum around 445 nm and 480 nm, respectively.2,3 ThT was first used

in 1959 as a histological stain to show amyloid deposits in tissue sections.4 Later, ThT

fluorescence intensity was shown to be proportional to the amyloid fibril load in vitro

and thus could be used to monitor the progression of amyloid formation.2,5

ThT does not interfere with amyloid fibrillization kinetics in most cases. This makes

ThT especially useful in in situ kinetic studies to evaluate environmental effects on

fibrillization kinetics.6,7,8 Besides steady-state fluorescence measurement, ThT charac-

teristic fluorescence has also been successfully used in fluorescence microscopy to image

amyloid fibrils. Kitts et al. successfully imaged individual insulin fibrils with near-

field scanning fluorescent microscopy.9 Andersen et al. monitored the in situ growth

of glucagon and amyloid β-peptide fibril on coverslip with total internal reflection flu-

orescence microscopy.10 In Chapter 3, ThT was used in single-molecule fluorescence

imaging of α-Synuclein (αSyn) amyloid fibrils. Besides intensity, Sabate et al. used

ThT anisotropy at ∼480 nm to monitor fibrillization of HET-s fungal prion protein,

and generated a sigmoidal kinetic profile.11

ThT fluorescence has also been observed in absence of amyloid fibrils in some cases,
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which brings its specificity into question. For example, Harel et al. showed that

ThT could be used to monitor conformational change in Torpedo Californica Acetyl-

cholinesterase (TcAChE). ThT was observed to bind to the peripheral site of TcAChE

monomer and showed ∼1000 fold enhancement of fluorescence intensity, with excitation

maximum at 448 nm and emission maximum at 488 nm.12 Wolfe et al. also showed

that ThT bound to a non-fibrillar hexameric species during amyloidogenic aggregation

of β-microglobulin, with comparable magnitude of fluorescence enhancement as binding

to fibrils.13 Interaction of ThT with monomer, small oligomers formed earlier in the β-

lactoglobulin a (β-LGa) amyloid aggregation was also observed. With small quantum

yield, these events were usually overlooked in fluorescence intensity measurements but

were resolved in time-resolved fluorescence studies. Specific ThT lifetime patterns were

observed at different stages before the mature fibril formation.14 In another case, ThT

failed to report the formation of ∆E22-Aβ1−39 fibrils, while they were unmistakably de-

tected with typical amyloid appearance in electron microscope (EM) and cross-β X-ray

diffraction pattern.15

As an empirical method, ThT fluorescence for amyloid fibril detection is convenient

but not perfect. Elucidation of the ThT characteristic fluorescence mechanism is the

basis for effective diagnosis of amyloidosis, data interpretation in experiments, and ra-

tional design of more efficient amyloid probes.1,16 The interaction of ThT with amyloid

fibrils and the mechanism of characteristic fluorescence is thus under intensive study.

No molecular model has been determined for ThT bound to amyloid fibrils. Amyloid

fibrils have the well-known structure feature of continuous β-sheet running parallel to

the fibril long axis, but there is no structural detail for fibrils at molecular level.17

ThT fluorescence relies on structural specificity. In Chapter 3, it was showed that ThT

was held rigid upon binding to amyloid fibrils. Not only should ThT recognize certain

structure features on amyloid fibrils for rigid binding, but its photophysical properties

should also be regulated by these features.
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4.1.2 Properties of Thioflavin T

ThT, 3, 6-dimethyl-2-(4-dimethylaminophenyl)-benzothiazolium cation has one positive

charge localized on nitrogen of the benzothiazole ring. The structure can be divided into

two relatively rigid fragments: the benzothiazole ring and the dimethylaminobenzene

as shown in Fig. 4.1. The rings can rotate freely around the shared C-C bond. This

motion can be characterized with the dihedral angle ϕ between the two fragments.18,19

In the two crystal structures of ThT determined by Rodriguez-Rodriguez et al., two

ThT cations stacked with a head to tail disposition, with the charges on the opposite

sides.20 The stacking interaction resulted in increased planarity of ThT molecules in

both crystals, with a dihedral angle < 25 ◦. ThT is 15 Å long and 6 Å short, with

a thickness of 4.3 Å assuming a planar conformation. Krebs et al. showed that ThT

excitation dipole lied parallel to its structural long axis, through fluorescent polarization

measurement on the aligned ThT in polyvinyl alcohol/ThT films.21

Figure 4.1: Chemical structure of thioflavin T

4.1.3 Photophysical Properties of Thioflavin T

Aqueous ThT solution has an absorption maximum at ∼412 nm, with an extinction co-

efficient of 36,000 M−1cm−1.3,22 The absorption maximum red-shifts in solvents with de-

creasing orientational polarizability. Among the solvents studied, water has the largest

orientational polarizability, and shortest absorption at 412 nm, compared to 430 nm in

dichlormethane.3,23 Upon interaction with amyloid fibrils, ThT absorption maximum

shifts from ∼412 nm to ∼450 nm.18,24

The determination of ThT fluorescence spectra in solutions is somehow problematic.

The fluorescence spectra of aqueous ThT solutions are overwhelmed by a fluorescence
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feature with an excitation maximum around 340 nm and an emission maximum around

450 nm.2,3,23,25 Besides this predominant short-wavelength peak, a low-intensity shoul-

der at ∼420 nm is also observed for ThT excitation spectra when emission is recorded

at 480 nm. Many studies mistake the 340 nm excitation and 450 nm emission peaks as

from ThT in solutions, which are actually produced by a fluorescent impurity.13,26,25

With a very low concentration, the absorption of this impurity is low, and is completely

disguised by the primary ThT absorption peak at 412 nm. On the other hand, with a

large quantum yield, the strong fluorescence signal from this impurity overwhelms ThT

fluorescence and results in false excitation maximum at 340 nm and emission at 450 nm.

Removal of this fluorescent impurity by recrystallization reduced the intensity ratio of

excitation peak and shoulder, I340/I420. While ThT is insoluble in hexane and cyclohex-

ane, this impurity has an absorption maximum near 340 to 350 nm in both solvents.3

The identity of this impurity has not been determined, and there is no effective way to

separate this fluorescence impurity to a level low enough to remove their fluorescence

signal in the spectra.3 With acknowledgment of the impurity origin of the ∼340 nm

peak, studies focus on low intensity feature with excitation at ∼420 nm and emission

at ∼480 nm, which has been assigned to ThT in aqueous solution.3 This assignment

results in a discrepancy between the absorption maximum and the excitation maximum

for aqueous ThT solution. The origin of this discrepancy has not been identified.

Photophysical properties of ThT in different solvents has been studied.3,18,23,27 No

simple dependence of either the emission maximum nor the quantum yield on the

solvent dielectric properties was observed.18,23 With a constant dielectric constant,

Friedhoff et al. observed a linear relationship for ThT quantum yield and viscosity of

a wide variety of solvents. This relationship was fit to a fluorescence molecular rotor

model.27 Studies also showed great enhancement of ThT quantum yield with increasing

viscosity of glycerol-water mixtures, achieved by either increasing the glycerol content

or decreasing the temperature.19,28 In all glycerol-water mixtures studied, the emission

maximum stayed around 490 nm.19,28
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4.1.4 Proposed Mechanisms for Characteristic Thioflavin T Fluores-

cence

Different models have been proposed for ThT fluorescence mechanism. The micelle

model states that the pre-existing micelle in ThT solution is the fluorescent species, in-

stead of monomeric ThT. A break in the concentration dependence of conductivity was

used as evidence for micelle formation in ThT aqueous solution. Khurana et al. showed

that the conductivity of the ThT solution was independent of the ThT concentration

and stayed around 0 µS/cm for concentrations < 4 µM. For concentrations > 4 µM,

linear dependence was observed. A critical micelle concentration (CMC) of 4.0 ±0.5 µM

was thus determined.29 The break in concentration dependence of conductivity curve is

a standard method for the CMC determination of ionic surfactants. Before the CMC,

the conductivity increases linearly with the concentration. After the CMC, the con-

ductivity keeps increasing linearly with the concentration, but with a smaller rate. The

formation of micelles results in decreased rate because micelles have lower mobility than

surfactant monomers. The profile observed by Khurana et al. was quite different with

the standard profile. Most likely, the observed change in conductivity around 4 µM for

ThT reflected the instrumental limitation in their study. For solutions with concentra-

tion < 4 µM, the conductivity was too low to cause instrument response. For solutions

with concentration > 4 µM, the conductivity increased with ThT concentration. In

the same study, nanometer-sized globular particles were observed in atomic force mi-

croscopy (AFM) images by deposition of ThT solution on mica surface. Deposited

in presence of amyloid fibrils, nanometer-sized globular particles were found attaching

along the fibrils. These particles were claimed as ThT micelles. However, there was

no evidence to support the existence of these particles in solution, not to mention the

causative relationship between these particles and the observed fluorescence.

The exciton model suggests that two ThT molecules stay together to act as flu-

orescence exciton. Raj et al. observed fluorescence with excitation at ∼430 nm and

emission at ∼484 nm in presence of γ-cyclodextrin (γ-CD), but not β-cyclodextrin (β-

CD). It was suggested that γ-CD could accommodate two ThT molecules and promoted
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exciton formation, while β-CD cavity was too small. Even though the proposed dimeric

fluorescent species was called excimer in this study, it was actually exciton by defini-

tion. While excimers are formed by an excited molecule with a ground state molecule,

excitons are formed by two ground state molecules before excitation. The formation

of excitons inside γ-CD was proposed merely based on the cavity size difference of the

two reagents and was not supported by any direct evidence. Close examination of the

fluorescence data revealed fast binding of the fluorescence impurity to γ-CD, with ex-

citation maximum of ∼330 nm and emission at ∼450 nm. Inclusion of this impurity

into β-CD and γ-CD could happen before ThT binding and thus reduced the cavity

size.26,30 Ilanchelian et al. observed ThT fluorescence in the presence of DNA. The

co-occurrence of fluorescence decrease at ∼450 nm and increase at ∼485 nm was inter-

preted as formation of exciton promoted by DNA.25 However, this explanation ignored

the fact that the 450 nm fluorescence was from the fluorescence impurity instead of

ThT monomers.

ThT has also been suggested to work as a fluorescence molecular rotor. Upon

excitation, the molecular rotor is excited to a local fluorescent excited state. Fast

intramolecular rotation of the molecule occurs and the molecule readily relaxes to an

equilibrium twisted intramolecular charge transfer (TICT) state. Relaxation from this

TICT state to ground state is non-radiative. The quantum yield of the molecular rotor

depends on the accessibility of the TICT state. The slower the intramolecular rotation,

the larger the quantum yield, because more molecules relax from the local fluorescent

state. When the intramolecular rotation is completely prohibited, all relaxation happens

from the local fluorescent state and the quantum yield is maximized. ThT has a typical

structure of molecular rotors. Molecular rotors generally have an electron donating and

an electron accepting unit. These two units have relatively rigid conformation and are

connected with a bond or an electron-rich unit, where the intramolecular rotation takes

place.

With little change in spectral shape and peak position, ThT quantum yield increases

with increasing viscosity of the solution. This is a typical observation for fluorescence
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molecular rotors.19,28 Through quantum chemistry calculation, Stsiapura et al. sug-

gested that the intramolecular rotation of ThT could lead to the formation of TICT

state. The dihedral angle ϕ was calculated to be 37◦ for ThT at ground state and 90◦

for excited state at equilibrium in gas phase. The calculation also showed increase of

dipole moment from 7 D to 14 D, indicating the occurrence of intramolecular charge

transfer accompanying the rotation.19 With a small energy barrier for intramolecular

rotation of ThT around the C-C bond between the benzothiazole ring and the dimethy-

laminobenzene, relaxation readily occurs from the local fluorescent excited state to the

TICT state in solutions with low viscosity. With increased viscosity of the solutions,

the rotation is slowed, which results in the increased quantum yield. Characteristic

ThT fluorescence upon binding to amyloid fibrils has been suggested to act in the same

way that the intramolecular rotation is hindered upon binding, and the TICT state be-

comes inaccessible.18,19,31,32 The molecular rotor model can explain the quantum yield

enhancement of ThT upon binding to fibrils, but not the spectral shifts experienced by

ThT.

4.1.5 Interaction of Thioflavin T with Amyloid Fibrils

The insolubility of amyloid fibrils prevents the co-crystallization of ThT with fibrils,

and no experimentally determined molecular model for ThT binding is available. Based

on the confocal fluorescence microscopy pattern for ThT stained spherulites, Krebs et

al. suggested that ThT bound to bovine insulin and β-LG fibrils with its structural

long axis aligned parallel to the fibril axis.21 Spherulites are super assembly of amyloid

fibrils, in which fibrils orient radially around an irregular core. Krebs showed that

because of the regular alignment of ThT along the fibril, only diametrically opposite

parts in the direction of excitation polarisation of the spherulites were excited.21 Using

near field scanning polarized fluorescence microscopy, Kitts et al. showed that only

insulin fibrils sitting in the direction of detection polarisation were observed, indicating

the alignment of ThT along insulin fibrils.9

Various binding sites and amyloid fibril structural features have been suggested to be

essential for ThT fluorescence. The cross-β-sheet structural hallmark of amyloid fibrils
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exists at the level of protofilaments, which are the basic fibrillar amyloid unit and bundle

together to form amyloid fibrils. As indicated by a universal intense 4.8 Å meridional

reflection in the diffraction pattern for amyloid fibrils, the continuous cross-β-sheets run

parallel to the fibril axis, with the strands perpendicular to the axis. However, β-sheet

structure alone cannot induce the characteristic ThT fluorescence. No fluorescence was

observed in β-sheet-rich protein precursors nor the β-sheet constructed by peptide self-

assembly.30,33 Biancalana et al. suggested that this difference might be resulted from

a threshold of β-sheet length or flatness.33

Side chains in cross-β-sheet structure can form ladders running on fibril surface.21,33

Krebs et al. suggested that ThT could bind in the grooves formed by these side chain

ladders.21 Instead of being flatly extended, β-sheets in amyloid fibrils are arranged in

helix, with axis coincident to fibril axis.17,34,35 With an average twisting angle of 15◦

for neighboring strands, 24 β-strands make up one helical turn.17 Thus both the hy-

drogen bond and the side chain ladder orientations are different with those in extended

β-sheet. The helix configuration of β-sheets creates a central hollow cavity in protofila-

ments, which provides another plausible binding site for ThT. For example, a 6 Å wide

cavity was indicated for poly-L-glutamine, and 6.5 Å for Transthyretin (TTR) protofil-

aments. Water molecules or other small molecules was suggested to fill in this type of

cavities.17,35 Comparing the X-ray diffraction pattern of insulin fibril before and after

ThT binding, Groenning et al. implied that ThT molecules probably bound in these

cavities formed inside or by the protofilaments as well.8

The number of β-sheets in protofilaments differs from precursor to precursor.17,34,35

For example, αSyn and poly-L-glutamine were detected with only one β-sheet in their

protofilament, while four β-sheets were determined to stack together in each TTR

protofilament.36,35 Nelson et al. proposed a structure model at atomic level for cross-β-

sheet spine, based on X-ray diffraction study of microcrystal formed by a seven-residue

peptide segment from yeast protein Sup35. The structure unit was described as a steric

zipper, in which the side chains arranged in register between a pair of β-sheets. A dry

surface was formed by this steric zipper arrangement between the two β-sheets with

a distance of ∼8.5 Å which could provide binding site for ThT.37 It has also been
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suggested that ThT can bind in between fibrillar substructures, such as protofilaments

and protofibrils.8,30 It is important to keep in mind that the observed binding mode of

ThT is not necessarily the one that causes characteristic fluorescence. Multiple binding

sites might exist on fibrils, but not all of them are related with the characteristic

fluorescence.8,38 Moreover, controversial observations have been made on whether the

accessibility of ThT binding sites differs for ThT added before and after the amyloid

incubation.8,39

4.1.6 Chiral Absorption of Thioflavin T Upon Binding to Fibrils

Positive, negative and zero cotton effect has been observed at ∼450 nm for ThT bound

to bovine insulin fibrils incubated under different conditions. This was first used as

evidence that ThT bound to fibrils with a twisted conformation.24,40,41 Further study

showed that the difference in the induced CD signal was likely to come from poly-

morphism of amyloid fibrils. AFM imaging showed that the induced CD signal only

appeared with presence of superstructures, in which fibrils laterally aligned with one

another.41 The author proposed that the induced CD signal arose from ThT excitons,

whose formation was promoted by the lateral alignment of fibrils. Negative cotton effect

at ∼450 nm was also observed for ThT bound to HET-s amyloid fibrils.38

4.1.7 Crystal Structures of Thioflavin T Bound to Other Systems

Wolfe et al. observed enhanced fluorescence intensity in co-crystal of ThT with β-2

microglobulin (β2m) hexamer (β2mholo) with excitation maximum at ∼440 nm, and

emission at ∼492 nm.13 In this co-crystal, ThT molecule was determined to be inter-

calated at the intersheet interfaces formed by two β-sheets, orthogonal aligned to the

β-strand. Moreover, the interaction was stabilized by stacking interaction of ThT with

the aromatic side chains. The benzothiazole ring was fixed in a well-defined binding

pocket, while the dimethylaminobenzene could rotate between ϕ value of 57◦ and 102◦.

Biancalana et al. designed peptide self-assembly mimic (PSAM) scaffolds to mimic

amyloid fibril structural features, with only one layer of β-sheet. The originally de-

signed PSAM, which was ThT fluorescence negative, was used as a starting structure
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for site-directed mutagenesis. The introduction of a single 4-tyrosine (Tyr) ladder in-

duced fluorescence at 485 nm. A single mutation of the ladder residue from Tyrosine to

Lysine or Isoleucine abolished the ThT fluorescence.33 The crystal structure suggested

that ThT was docking onto the surface of the tyrosine ladder.33,42 Harel et al. showed

that ThT bound to the peripheral site with two aromatic rings in coplanar conformation

and packing parallel to the aromatic side chains around the binding site in the crystal

structure of ThT/TcAChE.12 Aromatic side chain stacking has been suggested to fa-

cilitate the ThT binding in all structures discussed above. Again, the ThT fluorescence

did not necessarily arise from the determined structures in the last two cases.

4.2 Material and Methods

Materials

Water was purified by a Millipore Synergy 185 ultrapure online filter. 10 mM phosphate

buffer (pH 7.55) was made from monobasic and dibasic sodium phosphate (Sigma-

Aldrich, > 99%) and was filtered through a 0.22 µm Stericup filter (Millipore). Stock

ThT solution (∼2 mM) was prepared by dissolving ultrapure grade ThT (AnaSpec, Cat

No. 88306, > 98% by HPLC, > 95% by TLC) in phosphate buffer. This stock solution

was then purified by hexane extraction (1:4 v/v, 10 times). Purified ThT stock solution

was stored at 0 ◦C.

Expression and Incubation of α-Synuclein

Same protocols were used for αSyn expression and incubation as described in Chapter

3. After 6 days of incubation, samples were left quiescent at room temperature in

dark for at least a week before bulk and single-molecule measurement. This incubation

resulted in aggregates mainly consisted of elongated amyloid fibrils.43 For the control

experiment, ThT was added after the incubation, instead of at the beginning of the

incubation.
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Dynamic Light Scattering Measurement

ThT solutions of different concentrations were prepared by diluting purified ThT stock

solution with 10 mM phosphate buffer (pH 7.55) or Millipore water. Solutions with

different ionic strengths were obtained by addition of NaCl. All samples were filtered

through 100 kDa centrifugal filter (Amicon Ultra, Millipore). ThT concentration was

then determined with extinction coefficient of 36,000 M−1cm−1 at 412 nm. To get

rid of dust and other contamination, round borosilicate DLS cuvettes (Kimble Glass)

were first rinsed with plenty of Millipore water, and then centrifuged inversely until

dry. The cleaned cuvettes were immediately sealed with Parafilm. Samples were in-

jected into cleaned cuvettes and immediately sealed with hot glue and used in dynamic

light scattering (DLS) measurement later. DLS measurements were carried out on a

Nicomp Model 380 Particle Size Analyzer (Particle Sizing Systems), equipped with an

ALV-6010 Multi-Tau autocorrelator (ALV GmbH, Langen, Germany) to expand the

resolution from 64 to 128 channels. Temperature control was achieved by engaging

the temperature-controlled sample chamber. Scattered light from the incident laser

(λ=532 nm) was collected at 90◦ or 130◦. At least three parallel measurements were

taken for each sample.

Intensity autocorrelation function g2(t, x) was recorded during DLS measurement

and was later converted to the field correlation function g1(t, x), using the Siegert

relation as in Eq. 4.1:

g1(t, x) ∝
√
g2(t, x)− 1 (4.1)

This autocorrelation function is a sum of exponential decays corresponding to different

particle sizes as shown in Eq. 4.2:

g1(t, x) =

∫ ∞
0

e−τtf(τ, x)dτ (4.2)

Fitting was carried out with Interior-Point Gradient (IPG) code earlier developed in

the group, with local regularization in the decay time dimension.14 A 61-point loga-

rithmically spaced grid with decay time ranging from 0.001 to 1000 ms was used. The

standard deviation during measurement was calculated in real time by the ALV-6010
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autocorrelator. Transitional diffusion coefficient Dt can be determined with Dt = τ/q2,

where q is the scattering vector as expressed in Eq. 4.3.

q =
4nπ

λ sin ( θ2)
(4.3)

where n is the refractive index, and θ is the angle between incident beam and the

detector. Assuming a spherical geometry for the particles, hydrodynamic radius, RH,

can be calculated with the Stokes-Einstein relation, as in Eq. 4.4.

RH =
kBT

6πηDt
(4.4)

where kB is the Boltzmann constant, and η is the solution viscosity.

Steady-state Fluorescence Measurement

Steady-state ThT fluorescence spectra were taken on a FluoroMax-3 fluorometer (Jobin-

Yvon Horiba), equipped with an automatic polarizer set (Jobin-Yvon Horiba, model

FL-1044). For the 2 D ThT fluorescence spectrum measurement, ultra-low volume

cuvettes with short pathlength (∼1 mm, FluoroVettes, ALine) were used. The cuvette

window is made of UV-transparent, highly hydrophobic cyclic olefin film. Using an

adapter, cuvette was put at 45◦ angle in the cuvette holder. 2 D spectra were taken

with an integration time of 1 s at each emission wavelength, with both the source and

observation slits set to 5 nm.

Steady-state anisotropy excitation spectra were taken by activating the polarizer

set. A quartz cuvette with 1 cm optical path was used. Integration time was 1 s at

each excitation wavelength. Both source and observation slits were set to 3 nm. In

each anisotropy measurement, fluorescence intensity was recorded with four different

settings of the polarizer set: IVV for vertical excitation and vertical emission; IHH for

horizontal excitation and horizontal emission; IVH for vertical excitation and horizontal

emission; IHV for horizontal excitation and vertical emission. The different efficiency

of detection channel with vertical and horizontal polarization is compensated with G

factor, calculated as in Eq. 4.5:

G =
IHV

IHH
(4.5)
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The measured anisotropy, < r >, is defined as in Eq. 4.6:

< r >=
IVV −G× IVH

IVV + 2×G× IVH
(4.6)

For the fluorescence titration measurement, a quartz cuvette with 1 cm optical path

was used. Fresh ThT was titrated into the amyloid sample. Data fit was performed in

Mathematica 7.0 (Wolfram), with correction for inner filter effect.

Single-molecule Fluorescence Microscopy Imaging

Same protocols for coverslip treatment and sample preparation were used as in Chapter

3. Same instrument setup was used as in Chapter 3, with following modification for

polarization measurement: a sheet polarizer (New Port, model: 5511) was inserted be-

tween the quarter-wave plate and the dichroic mirror to obtain excitation with vertical

and horizontal polarization. A polarizing cube was used to separate the collected fluo-

rescence into vertical and horizontal polarizations, which were recorded in two separate

detector channels (PerkinElmer, model SPC-AQR-15).

4.3 Results

4.3.1 Thioflavin T Aggregation States Probed by Dynamic Light Scat-

tering

Non-invasive DLS technique was used to monitor the formation of nanometer-sized ag-

gregates in ThT solutions. ThT solutions with concentrations ranging from ∼26 µM

to ∼1000 µM, were prepared in 10 mM phosphate buffer (pH 7.55). For all the concen-

trations studied, the DLS autocorrelation decays obtained at room temperature were

quite similar, and could not be distinguished from that of buffer blank, as shown in

Fig. 4.2. The signal was so low that it mainly came from afterpulsing. The distribution

of particle size confirmed that there was no essential change in the particle size with

increasing ThT concentrations, as shown in Fig. 4.2 inset. The main size distribution

peaks for all the solutions, including the buffer, showed up below the detection limit of

DLS of ∼1 nm. They were mainly detector afterpulsing and fitting artifacts. With a di-

mension of ThT molecule mentioned before, the hydrodynamic radius of ThT molecule
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should be under 1 nm, which is beyond the detection of current instrument setup.44

The absence of any peak of radius > 1 nm in Fig. 4.2, indicates that no nanometer-sized

aggregates existed in any of these solutions, even with a ThT concentration as high as

1000 µM. The particle size distribution of ThT solutions with different ionic strengths

were measured in the same way. Again, no particle with radius > 1 nm was detected

with NaCl concentrations ranging from 10 mM to 200 mM, as shown in Fig. 4.3. The

decay curves mainly consisted of afterpulsing.

Figure 4.2: Autocorrelation decays obtained in DLS measurements for ThT solutions of
different concentrations. Phosphate buffer was used as blank. Each curve was calculated
by averaging at least three parallel measurements. Inset, the calculated hydrodynamic
radius, RH distribution by IPG fit. For all concentrations, the decay curves closely
resemble one another, as well as the RH distribution determined by fit. The signal was
so low that the decay curves mainly consisted of afterpulsing.

To evaluate how temperature affected the ThT aggregation states, two parallel

40 µM ThT solutions were prepared in 10 mM, pH 7.55 phosphate buffer. One sample

was stored at 60 ◦C overnight and the other at 22 ◦C. Distinctive decays were observed

for these two samples, as shown in Fig. 4.4a. While no change was observed for the 22 ◦C

sample, particles of 1 µm radius were observed in the 60 ◦C sample. Accompanying
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Figure 4.3: Autocorrelation decays obtained in DLS measurements for 40 µM ThT in
phosphate buffer with different NaCl concentrations. Phosphate buffer was used as
blank. Each curve was calculated by averaging at least 3 parallel measurements. Inset,
the calculated hydrodynamic radius, RH, distribution by IPG fit. For all NaCl concen-
trations, the decay curves closely resemble one another, as well as the RH distribution
determined by fit.

the appearance of these large aggregates, the yellow color of the ThT solution faded

in the 60 ◦C sample, as shown in Fig. 4.4b. Large aggregates were observed in all

ThT solutions with various concentrations after storing at 60 ◦C overnight, and their

population increased with the increased concentrations, as shown in Fig. 4.4c. However,

with comparable concentrations, solutions prepared by dissolving ThT in Millipore

water seemed to be exempted from this aggregation process induced by heat denaturing,

as shown in Fig. 4.4d. No peak was observed around 1 µm for all ThT concentrations

and the yellow color stayed.

Fodera et al. showed that the absorbance of basic ThT solutions decreased with

elongated incubation under 50 ◦C and the color of solutions disappeared accordingly.45

This process was accelerated with increased pH and was only observed in solutions of

pH >7.3. We found our DLS observation to be consistent with their study. While the
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phosphate buffer has a slight basic pH of 7.55, dissolving of ThT in Millipore water

would result in a pH around 7. While the decrease in ThT absorbance was caused by

hydroxylation of ThT at basic pH, as suggested by Fodera et al., observation of large

particles in Fig. 4.4 suggested that this process was accompanied with ThT aggregation.

Figure 4.4: Aggregation of ThT induced by heat. a) DLS autocorrelation decays for
40 µM ThT in pH 7.55 phosphate buffer, stored at 60 ◦C and 22 ◦C overnight. b)
Appearance of the two samples used for DLS measurement in a). The yellow color faded
after storage at 60 ◦C. c) Calculated hydrodynamic radius distribution for different
concentrations of ThT buffer solution after incubation at 60 ◦C overnight. An obvious
peak appeared around ∼1 µm and its intensity increased with increasing concentration.
d) Calculated hydrodynamic radius distribution for different concentrations of ThT in
Millipore water after incubation at 60 ◦C overnight. Compared with c), no aggregation
was observed.

4.3.2 Steady-state Fluorescence Study on Aqueous Thioflavin T So-

lutions

2 D fluorescence spectra were taken for ∼40 µM ThT in phosphate buffer, with excita-

tion ranging from 380 nm to 460 nm, and emission ranging from 400 nm to 550 nm. A
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weak fluorescence peak was observed around 482 nm, with excitation around 420 nm,

as shown in Fig. 4.5a. After the measurement, the solution was decanted. 2 D spec-

trum was taken on the emptied cuvette with exact settings. The fluorescence feature

at ∼420 nm excitation and ∼482 nm emission did not disappear. Instead, its inten-

sity increased, as shown in Fig. 4.5c. This fluorescence peak stayed after washing with

buffer, but was completely eliminated by washing with methanol, as shown in Fig. 4.5d.

Same results were obtained for solutions of 60 µM, 80 µM and 100 µM ThT. The flu-

orescence at ∼420 nm excitation and ∼482 nm emission was thus determined to come

from ThT bound to the cuvette window surface, but not solution phase ThT. While

the signal from solution phase ThT was too low to detect, the fluorescence spectra were

dominated by surface effect. The intensity enhancement after emptying the cuvette

could be explained by removal of the inner filter effect, which was caused by absorp-

tion of concentrated solution phase ThT. Without ThT solution, excitation intensity at

the surface increased, and resulted in increased fluorescence intensity. ThT has better

solubility in methanol than in water. Rinsing with methanol removed ThT from the

cuvette window surface and thus abolished the fluorescence.

4.3.3 Steady-state Fluorescence Study on Thioflavin T in Presence of

Amyloid Fibrils

Thioflavin T Fluorescence Spectra upon Binding to Amyloid Fibrils

αSyn amyloid fibrils were used to study ThT fluorescence upon binding to amyloid

fibrils. ThT was added before the incubation. Upon binding to αSyn fibrils, character-

istic ThT fluorescence with excitation maximum at ∼445 nm and emission maximum

at ∼476 nm was detected, as shown in Fig. 4.6

Dependence of Fluorescence Upon Thioflavin T Concentration

αSyn incubations with and without ThT were prepared. According to AFM mea-

surement, both incubations resulted in aggregation with major population of amyloid

fibrils with indistinguishable morphologies. Concentration dependence of fluorescence
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Figure 4.5: 2 D fluorescence spectra of aqueous ThT solution. A) Measurement taken on
cuvette filled up with ∼40 µM ThT in 10 mM, pH 7.55 phosphate buffer. A fluorescence
peak showed up with excitation at ∼420 nm and emission at ∼482 nm. B) Measurement
taken on cuvette filled up with 10 mM, pH 7.55 phosphate buffer. No fluorescence peak
was observed. C) Measurement taken on the same cuvette after decanting the ThT
solution. The fluorescence peak stayed at the same position with increased intensity.
D) Measurement taken after rinsing the cuvette with 50 µL methanol for three times.
The fluorescence peak was removed.

intensity at 476 nm was determined by titrating ThT into αSyn amyloid fibrils. Three

models were used to fit this titration curve, which are summarized in Fig. 4.7. 1) The

fluorescent monomer model, which states that ThT monomers become fluorescent upon

binding to fibrils. 2) The fluorescent dimer model, which states that pre-existing ThT

dimers become fluorescent upon binding to fibrils. 3) The coupled exciton model, which

states that ThT monomers bind to fibrils first. Two ThT monomers sitting close to

each other on the fibril then form the fluorescent exciton. The reactions and constrains

involved in each model are summarized in Scheme 1. In the monomer model, ThT

monomers, T , react with the binding sites on amyloid fibrils, S, to produce fluores-

cence Fl. In the dimer model, two ThT monomers react to form dimer, T2, in solution.

T2 then interaction with the binding site to produce fluorescence. In in the exciton

model, ThT monomer bound to the binding site to form B. P is the ratio of number of
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Figure 4.6: Characteristic ThT fluorescence upon binding to αSyn amyloid fibrils. 5 µM
ThT was added in amyloid incubation for in situ measurement.

occupied binding site to the initial number of binding sites, S0. The probability of two

ThT sitting at adjacent binding site to form exciton is 2P − P 2. Each of these models

leads to different fluorescence intensity dependence on ThT concentration.

The fluorescence titration curve and best fit of each model are shown in Fig. 4.8.

The monomer model fit the data best. The dimer model began to follow the data point

with concentrations above 1 µM. At high concentrations, the monomer and dimer model

fit overlay with each other. However, the Ka obtained for dimer model was of 80,000

times of the Kf . This implied a big population of unbounded dimers in the solution,

which was negated by absorption spectrum of ThT. The coupled exciton model did

not track the data points at all. The concentration dependence of the fluorescence

intensity revealed ThT monomer as the fluorescent species. To determine the chirality

of the fluorescent species, CD spectra were collected in parallel with the fluorescence

measurement. No CD signal was detected.
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Figure 4.7: Three models used to fit the ThT fluorescence titration curve. a) Fluo-
rescent monomer model. Only monomers exist in solution. Upon binding to fibrils,
monomers become fluorescent. b) Fluorescent dimer model. Monomers and dimers are
in equilibrium in the solution. Dimers bind to fibrils and become fluorescent. c) Cou-
pled exciton model. Only monomers exist in solution. Monomers bind to fibril without
fluorescence. Only when fibril-bound monomers sit next to each to form excitons, they
become fluorescent.

T + S
Kf−−⇀↽−− Fl

a) Monomer model

T + T
Ka−−⇀↽−− T2

T2 + S
Kf−−⇀↽−− Fl

b) Dimer model

T + S
Kb−−⇀↽−− B

P = B/S0

Fl = B(2P − P 2)

c) Exciton model

Scheme 1
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Figure 4.8: Concentration dependence of ThT fluorescence intensity at 476 nm. The
data was plot without correction for internal filter effect. The correction was performed
during the fit. Providing the best fit to the titration data, monomer was determined as
the fluorescent species

Excitation Anisotropy Spectra of Thioflavin T Bound to Amyloid Fibrils

Excitation anisotropy spectra were taken for ThT in presence of αSyn amyloid fibrils,

with detection at 476 nm. The anisotropy was ∼0.36 at ∼445 nm, as shown in Fig. 4.9.

The anisotropy was pretty consistent within this excitation peak. Anisotropy is used to

measure the angle between excitation moment upon excitation and emission moment at

the time of emission. The higher the anisotropy, the smaller the angle between the two.

For a system in which the fluorophore excitation and emission moments are perfectly

aligned and experiences no depolarization by rotational diffusion, the anisotropy is 0.4.

The slow rotation of large, rigid fibrils between excitation and emission could only result

in limited depolarization of the anisotropy. An anisotropy as high as 0.36 indicated that

the angle between the two transition moments of ThT was small. Control experiments

on ThT alone and ThT added to fresh αSyn solution without incubation showed very

low fluorescence intensity.
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Figure 4.9: Steady-state fluorescence anisotropy excitation spectrum of ThT bound to
αSyn amyloid fibrils. With detection at 476 nm, the excitation was scanned over 350 nm
to 470 nm with different polarizer settings of excitation and emission. IHH recorded
the horizontal polarization component of fluorescence with horizontal excitation, and
IHV measured the vertical component. G factor for the system was determined at
each wavelength as IHV/IHH. With vertically polarized excitation, IVV was obtained
for vertically polarized fluorescence and IVH for the horizontal component. The main
excitation peak for fibril-bound ThT was at ∼445 nm. The anisotropy was pretty
consistent within the wavelength range of the main excitation peak, with a value of
0.36. Same measurements were taken on 5 µM ThT in pH 7.55, 10 mM phosphate
buffer to compare with ThT fluorescence in presence of fibrils. Without amyloid fibrils,
ThT fluorescence signal was much lower compared with that of the amyloid sample,
and the water Raman peak was visible at ∼410 nm.

4.3.4 Single-molecule Fluorescence Polarization Imaging of α-Synuclein

Amyloid Fibrils

Single-molecule Fluorescence Intensity Imaging

Single-molecule fluorescence imaging was used to study the property of ThT specifically

bound to αSyn amyloid fibrils. αSyn fibrils were immobilized on APTES modified

glass coverslip during scanning. Different areas of the coverslip were then scanned with

457.9 nm excitation. Emission > 475 nm was collected. ThT-stained fibrils were imaged

with enhanced fluorescence intensity than the background, as shown in Fig. 4.10a.
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The fluorescence images captured the morphology features of amyloid fibrils: fibrils

were of various lengths, straight and unbranched. However, since the obtained images

were convolution of nanometer sized fibrils with ∼300 nm sized focal volume, fibrils in

fluorescence images looked more like rods.

Figure 4.10: A typical single-molecule fluorescence intensity image of αSyn fibrils
stained with ThT. The scan area was 18 µm × 18 µm, with a resolution of 128 pixel
× 128 pixel. Fibrils were imaged on the surface, with various lengths up to several
micrometers. The fibril lateral dimension was broadened in the fluorescence image, as
a result of convolution with the objective focal volume.

Single-molecule Fluorescence Polarization Imaging

Single-molecule fluorescence intensity images successfully captured fibrils with enhanced

ThT fluorescence intensity. According to results in Chapter 3, ThT need to be held

rigidly to produce enhanced fluorescence. Thus, the ThT fluorescence polarization

should be determined by the host, amyloid fibrils. On this basis, the ThT and fibril

interaction was studied by polarization imaging. For polarization measurements, the
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emission was separated into two orthogonal polarizations, Px and Py, and collected by

two detectors. Px and Py corresponded to the direction of x and y axis of the collected

images, respectively. For each single-molecule fluorescence polarization measurement,

three scans were made over the same area, with excitation of circular polarization and

linear polarization of orientation Px and Py. With detection in two channels, six inten-

sity images were obtained during each measurement. A typical data set obtained by one

single-molecule fluorescence polarization imaging measurement is shown in Fig. 4.11.

With circularly polarized excitation, two intensity images, Icx and Icy, were collected for

Px and Py emission, as shown in Fig. 4.11a and b. A new image, Icf , was constructed to

show the overall fluorescence intensity without discrimination of polarization by adding

up Icx and Icy pixel by pixel, as shown in Fig. 4.11c. Using excitation Px, a second scan

generated two images, Ixx and Ixy, with emission separated into two components, as

shown in Fig. 4.11d and e. The total intensity image was constructed the same way as

for Icf , by adding up Ixx and Ixy, as shown in Fig. 4.11f. A third scan was carried out

over the same area with excitation polarization Py. Again, two emission polarization

components were recorded in two images, Iyx and Iyy, as shown in Fig. 4.11g and h.

Iyf was the constructed intensity image from Iyx and Iyy, as shown in Fig. 4.11i.

The fluorescence intensity of the same fibril varied from image to image in the data

set. This variation depended on the orientation of fibrils in the images. Take the

fibril in the red box in Fig. 4.11 as an example, this fibril lied almost parallel to the x

axis of the scan area. With circularly polarized excitation, this fibril was observed in

Icx, but completely disappeared in Icy. When illuminated, only the fluorophores with

their excitation dipole aligned parallel to the excitation polarization could be excited.

When the excitation was circularly polarized, all ThT molecules should have the same

possibility to be excited, regardless of their orientations. Thus, the fibril in the red box

should have been excited as other fibrils in Icy. The disappearance of this fibril in Icy

can only be explained by a close alignment of ThT emission dipole to the fibril long

axis, and consequently to the x axis of the scan area. Upon excitation, ThT molecules

bound to this fibril emitted strictly with a polarization of Px, which resulted in zero

signal in the orthogonal Py detection channel.
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Figure 4.11: Single-molecule fluorescence images of ThT bound to αSyn amyloid fibrils
over the same 20 × 20 µm area (256 × 256 pixel) with different polarization config-
urations. Excitation wavelength was 457.9 nm and emission > 475 nm was collected.
Circularly polarized excitation was used for (a) Icx and (b) Icy. During one scan, the
emission polarization component parallel to x axis was recorded in (a) and parallel to
y axis in (b), respectively. (c) Icf is the constructed image by adding up signal (a) and
(b) pixel by pixel. (d) Ixx and (e) Ixy were taken during a scan with Px excitation,
with (d) recording emission polarization component of Px, and (e) for Py. (f) Ixf was
constructed by pixel to pixel addition of (d) and (e). (g) Iyx and (h) Iyy were taken
during a scan with Py excitation, with (g) recording emission polarization component
of Px, and (h) of Py. (i) Iyf was constructed from (g) and (h). The fibril in the red box
is discussed as an example in the body text.
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This conclusion is further supported by Ixy in Fig. 4.11e, where the fibril disappeared

again in the Py detection channel, even though it was excited as indicated by Fig. 4.11f.

Comparing Ixf with Iyf in Fig. 4.11f and i, it is clear that this fibril was only excited with

polarization parallel to its long axis, but not polarization orthogonal to it. No signal

from this fibril was detected in either channel with excitation of Py, as in Fig. 4.11g

and h, indicating that the fibril was not excited at all. This leads to the conclusion

that the excitation dipole of ThT is also closely aligned with the fibril long axis. For

fibrils oriented in other directions other than aligned to either of the two axes, ThT

fluorescence was detected in all images. For linearly polarized excitations, the smaller

the angle between the fibril long axis and the excitation polarization, the larger the

efficiency, as reflected by higher fluorescence intensity. Same principle for the detection,

the smaller the angle between the fibril orientation and the detection polarization, the

larger the signal for that channel. In conclusion, both the excitation and emission dipole

moments of fluorescent ThT are aligned along the fibril. Since the excitation dipole

has been determined to lie parallel to the long molecular axis of ThT,21 ThT binds to

αSyn fibrils with its long molecular axis aligned with fibril long axis.

4.4 Discussion

Evaluation of Thioflavin T Fluorescence Mechanisms

Sabate et al. proposed the fluorescent micelle model based on observation of pre-existing

micelles in ThT solutions.38 The evidence used for micelle formation was a break in

the concentration dependence of conductivity, which was actually an artifact caused by

instrumental limitation. The observation of globular particles on mica surface could

be artifact caused by sample preparation in their study. AFM samples were prepared

by directly blowing dry the sample deposited on mica surface, without rinsing. The

observed globular particles were likely nanocrystals formed on the surface during drying.

With a different AFM sample preparation protocol, in which the surface was fully rinsed

before drying, no globular particle was observed attached to αSyn fibrils during AFM

imaging.43 No particles with hydrodynamic radius larger than 1 nm was observed during
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DLS measurement for solution conditions commonly used in amyloid studies. ThT

aggregation was only induced by heat denaturation. However, this process is irrelevant

with observed ThT fluorescence in amyloid studies. In a word, no micelle exists in

ThT solutions used for amyloid studies and it can not be the fluorescent species. The

fluorescence titration result, as shown in Fig. 4.8, negates the exciton model proposed

by Raj et al, and indicated the ThT monomers as fluorescent species.

Lindgren et al. used the fluorescent molecular rotor model to explain the increased

quantum yield of ThT upon binding to amyloid fibrils.19,28 According to results in

Fig. 4.5, ThT quantum yield was greatly enhanced upon binding to surface. In the 2 D

fluorescence spectra of ThT aqueous solution, only fluorescence from ThT bound to the

cuvette surface was observed. This was consistent with ThT working as a molecular

rotor. In the low viscosity aqueous ThT solution, fast intramolecular rotation between

the benzthiazole and dimethylaminobenzene ring happened before emission from the

local fluorescent excited states, which resulted in the relaxation of ThT to the non-

fluorescent TICT state. The solution phase ThT was thus practically nonfluorescent.

Upon binding to the cuvette surface, the intramolecular rotation was hindered, and

ThT relaxed from the local fluorescent excited state.

Binding of ThT to the coverslip was also indicated by increased fluorescence intensity

compared with control experiment in single-molecule measurements in Chapter 3. Same

lifetime features were observed for surface-bound ThT and amyloid fibril-bound ThT.

The surface-bound ThT was observed with excitation at ∼420 nm as shown in Fig. 4.5,

while the excitation maximum red shifted to ∼445 nm for fibril-bound ThT. Unlike

the lifetime, the spectral shift of ThT was regulated by the local environment. As

a result, even though the surface-bound and fibril-bound ThT had similar quantum

yield and lifetime features, fibrils were imaged with enhanced intensity against the low

intensity background. 457.9 nm excitation illuminated fibril-bound ThT more efficiently

since this wavelength was close to the fibril-bound ThT excitation maximum, but away

from that of surface-bound ThT; Emission > 475 nm was collected, which covered the

emission maximum in both cases.



114

Re-evaluation of Reported Thioflavin T Photophysical Properties

The otherwise insignificant surface effect predominated the aqueous ThT solution fluo-

rescence spectra, as a result of low quantum yield in solution phase and high quantum

yield on the surface. To monitor the photophyiscal properties of ThT, it is very im-

portant to evaluate the surface effect, especially for solutions with low viscosity. The

discrepancy between absorption and excitation maximum has been observed for ThT in

many solvents, such as water and alcohols, which raises confusion in the determination

of ThT photophysical properties.3 According to Fig. 4.5, this discrepancy is actually

an artifact caused by the surface effect: the absorption peak arises from solution phase

ThT, while the excitation measured is for the ThT bound to the cuvette surface. Only

in high viscosity solutions, such as glycerol, this discrepancy disappears.3 In solutions

of high viscosity, the detected fluorescence is from the solution phase ThT with high

quantum yield. Maskevich et al. evaluated the effect of solvent polarity on ThT photo-

physical properties in 14 different solvents.18 Excitation different than the absorption

maximum of each solution was used. With low viscosity of most solvent studied, the

determined quantum yields were pretty low, mostly under 0.001. The presence of sur-

face effect in these data calls for a re-evaluation of the ThT photophysical properties

in these solution.

The spectral properties that has been determined in this chapter and other studies

can be summarized as: First, absorption maximum of ThT shifts from 412 nm to 445 nm

upon binding to fibrils in aqueous solutions. Second, no fluorescence spectra have been

determined for ThT in aqueous solution because of low quantum yield. Fluorescence

data are only available for solutions with high viscosity, such as glycerol (421 nm excita-

tion, 493 nm emission) and for ThT bound to surface, such as cyclic olefin film(420 nm

excitation, 482 nm emission). Third, upon binding to αSyn amyloid fibrils, the exci-

tation shifts to 445 nm, and emission to 476 nm. Negative solvatochromism might be

one of the factors that determine the ThT spectral shift. With decreased polarity of

the microenvironment, ThT absorption shifts to longer wavelength.
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Alignment of Thioflavin T Along α-Synuclein Amyloid Fibrils

ThT was shown to bind αSyn amyloid fibrils with its excitation and emission dipole mo-

ments parallel to the long axis of the fibrils, with single-molecule polarization imaging.

ThT excitation dipole moment lies parallel to its long structural axis, and thus ThT

molecule should bind αSyn fibrils with its long axis aligned to the fibril axis.21 This

is consistent with the observed binding orientation of ThT to insulin amyloid fibrils

and PSAM scaffold.21,33 Biancalana et al. suggested that ThT docked onto channels

formed by a single cross-strand tyrosine ladder along the β-sheet, based on PSAM

crystal structure. In this model, ThT is held in a planar conformation by stacking in-

teraction of two aromatic rings in ThT with tyrosine aromatic side chains.33 However,

without structural details on αSyn amyloid fibrils, exact binding sites for ThT on αSyn

amyloid fibrils can not be determined.
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Chapter 5

Atomic Force Microscopy Studies of α-Synuclein

Aggregation Leading to Amyloid Formation

5.1 Introduction

Parkinson’s disease (PD) is one of the over 20 amyloidoses, which are defined by ab-

normal fibrillar amyloid deposits in organs or tissues of the patients.1,2 It is the second

most common neurodegenerative disease after Alzheimer’s disease (AD) and 1% of the

population over 60 years old are affected by it in industrial countries.3 α-Synuclein

(αSyn) is the primary protein involved in the formation of Lewy bodies found in PD,

as fibrillar deposit.4,5 The mechanism of αSyn conversion from soluble, functional state

to insoluble, dysfunctional amyloid fibrils is under intensive study, aiming to provide

basis for PD cure developments.6,7

αSyn is a small (140 residues, 14.5 kDa), intrinsically disordered protein and is

mainly present in presynaptic terminals.8,9 αSyn primary structure can be divided

into three domains with distinct features.10,11 The non-Aβ component (NAC) region

includes sequence 61-95 and is highly hydrophobic. It was first identified in AD deposit

as unrecognized component not related to amyloid-β (Aβ) protein.12 This domain is

resistant to proteolysis and thus believed to be incorporated in the amyloid fibril core

structure. NAC is necessary for fibrillization and some short sequences in this region

are sufficient to form fibrils alone.13,14,15 The N-terminal region (1-60) contains four

imperfect 11-residue repeats with consensus motif KTKEGV. All three mutations of

αSyn involved in familial PD are in this region: A30P, E46K, and A53T.16 At pH 7.55,

this region has 3 net positive charges. The C-terminal (96-140) is highly acidic with 12

net negative charges at pH 7.55.11 Overall, the αSyn primary structure can be consider

as an excellent surfactant with two charged ends and a strong hydrophobic center.17
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αSyn can form amyloid fibrils in vitro, which resemble those found in PD, with a

typical nucleation-dependent aggregation kinetic profile.18 However, the observed ag-

gregation kinetics has two orders of magnitude variation in lag time from study to

study. Examination of literatures reveals that αSyn amyloidogenic aggregation kinetics

is very sensitive to the way of sample preparation.18 Recorded lag time and incubation

protocols are summarized in table 5.1. The αSyn aggregation kinetics in vitro is greatly

affected by the homogeneity of αSyn sample used. While most studies use lyophilized

αSyn, Apetri and coworker showed the presence of aggregates before start of the in-

cubation in lyophilized αSyn sample.19 Without removal of these aggregates, shorter

lag time was observed, as shown in table 5.1. These pre-existing aggregates may act as

seeds to accelerate the aggregation kinetics. Another important factor is whether the

incubation is performed with agitation. Shorter lag time was observed for incubations

with agitation. Conway and coworkers showed that no fibril was observed for several

months for αSyn filtered with 100 kDa cutoff filter by quiescent incubation.20 On the

other hand, incubations with pre-existing seeds and agitation aggregated in hours.20,21

Agitation has been suggested to accelerate the aggregation by increasing mass trans-

fer speed through mixing, and/or increasing number of elongation sites by promoting

fibril fragmentation. In the mass transfer model, local protein concentration decreases

as a result of fast fibril elongation reaction. The slow diffusion of protein to active

elongation sites limit the reaction speed. Agitation can replenish protein at these sites

by mixing and thus accelerate the aggregation. The fragmentation model states that

fragmentation of fibril by mechanical forces during agitation can create more active

sites for fibril elongation and lead to accelerated kinetics. No evidence has been shown

to support either of these two mechanisms. Another factor is usually overlooked. With

air and/or Teflon stir bar present, big area of hydrophobic-water interface is introduced

into the incubation solution by agitation.

A systematic study was conducted to determine the primary factor for kinetic ac-

celeration with agitation: mass transfer, fibril fragmentation or hydrophobic-water in-

terface. To avoid the uncertainty introduced by air, namely the uncontrolled area of

air-water interface, polytetrafluoroethylene (PTFE, aqueous contact angle: 108◦-121◦)
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Lag time Conc. Buffer Incubation Starting material
/hours /uM

5-3021 69 20 mM acetate Glass vial, N/A
pH 1.92-8.92 micro stir bar

10-7022 35 10 mM phosphate, plate reader, Lyophilized, NaOH(pH 10)
pH 8.4 agitation to break aggregates,

0-1000 mM NaCl centrifuge

1823 400 30 mM Mops, pH 7.2 incubator, N/A
0.02% NaN3, shaking
20uM ThT

2424 69 20 mM Tris-HCl, Glass Vial, Lyophilized, NaOH(pH 10)
pH 7.5 micro stir bar to break aggregates,

100 mM NaCl centrifuge

4825 140 20 mM Tris, pH 7.5 Agitation, Fresh
100 mM NaCl

5026 83 20 mM MES, pH 6.5 Shaking, Lyophilized
100 mM NaCl @200 rpm

8027 80 TBS Roller drum, Lyophilized
@60 rpm

72019 300 20 mM NaPhos, Quiescent, Lyophilized,100 kDa
pH 7.5, 0.03% NaN3 cutoff filter

>3 weeks16 300 10 mM NaPhos, Quiescent Lyophilized
pH 7.4, 100 mM NaCl

Months20 300 10 mM NaPhos, Quiescent Lyophilized,100 kDa
pH 7.4, 2.7 mM KCl cutoff filter

137 mM NaCl

Table 5.1: Selected publications on αSyn kinetic studies. This list shows variation in
aggregation lag time with different ways of sample preparation and incubation condi-
tions. All these experiments were on wild-type human αSyn and with incubation at
37 ◦C. Two factors stand out as main causes of observed kinetic variations: whether
the starting material is processed to remove pre-existing aggregates and whether the
incubation is performed with agitation. Both pre-existing aggregates and agitation can
greatly accelerate aggregation and result in reduced lag time.
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balls were used to provide hydrophobic-water interface instead. Polymethylmethacry-

late (PMMA, aqueous contact angle: 73◦-74◦ ) and glass balls (aqueous contact angle:

40◦-47◦) were used to provide agitation with different interfaces. The αSyn amyloid

aggregation kinetics were monitored with in situ steady-state thioflavin T (ThT) fluo-

rescence and atomic force microscopy (AFM).

No essential aggregation was detected for both quiescent and agitated incubations

with PMMA and glass balls for 300 hours. On the other hand, all the agitated in-

cubations with PTFE balls showed substantial increase of ThT fluorescence intensity

during the first 60 hours. Nucleation-dependent aggregation kinetics was observed with

steady-state ThT fluorescence measurements. Fluorescence intensity plateaued within

40 hours for the 10, 20, 50 PTFE ball samples. The acceleration depended on amount

of PTFE surface area, with the lag time inversely proportional to the PTFE balls used.

Both the initial slope and asymptoic limit were proportional to available PTFE surface

area.

These results negate mass transfer model as the primary factor for acceleration in

agitated incubation. Since one PTFE ball should provide enough mixing to remove

the mass transfer limitation, there should be no difference in kinetics with increased

number of PTFE balls, or with PMMA and glass balls. If fibril fragmentation is the

determinative factor, no difference should be observed for incubation with same number

of PTFE, PMMA, and glass balls. However, with same interface area of PMMA and

glass balls, no aggregation was observed in the time period during which aggregation

in PTFE samples were substantial. This clearly indicated that the property of surface

play an important role in αSyn amyloid aggregation. The measurement on incubations

with different number of PTFE balls further supported this conclusion. With increased

number of PTFE balls, greater acceleration effects were observed.

This chapter focuses on the AFM measurements made in this study. Morphologies

of different species were determined by AFM imaging. Even though ThT is widely used

to monitor kinetics during amyloid aggregation, the specificity and mechanism of ThT

fluorescence is still unclear.28 Aggregation other than amyloid fibrils can also induce

ThT fluorescence in some cases, and thus use of ThT fluorescence alone to monitor
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the amyloid aggregation process can be misleading.29,30,31 It is necessary to take AFM

measurement to check whether the aggregation actually leads to amyloid formation and

to verify that the observed ThT signal reflects the amyloid aggregation progression.

5.2 Material and Methods

Removal of Pre-existing Oligomers in Lyophilized α-Synuclein

A detailed protocol for expression of αSyn can be found in Chapter 3. Four different

methods were tested in attempt to remove pre-existing oligomers in freshly prepared

solution of lyophilized αSyn. Native Novex Tris-Glycine gel (Invitrogen) electrophoresis

was used to show effectiveness of each method. For removal by filtration, 100 kDa and

30 kDa centrifugal filter (Millipore) were used. 1mg/mL αSyn solution was prepared

in 10 mM phosphate buffer (pH 7.4) with 200 mM NaCl. The filtrate from 100 kDa

and 30 kDa filter were loaded directly onto the gel. The retentate was re-dissolved

to make 20 times concentrated solution for 100 kDa filter and 10 times concentrated

solution for the 30 kDa filter before loading. In another preparation, 6.5 mg αSyn was

dissolved in 2 mL, 1 mM Na3PO4 solution (pH 11) for 20 minutes at room temperature.

Then 0.5 M phosphate buffer (pH 6.8) was used to bring pH down and 1 mL 1.2 M

NaCl was added. Millipore water was then added to adjust αSyn final concentration to

1 mg/mL. The solution was then centrifuged at 16000 rpm for 20 minutes at 10 ◦C and

the supernatant was collected for electrophoresis. In the third preparation, 1 mg αSyn

was dissolved in 100 µL Millipore water and 3 µL 0.1 N NaOH was added to bring the

pH to 10.22 After sitting at room temperature for 20 minutes, 3 µL 0.1 N HCl was

added to bring the pH down. 10 mM phosphate buffer (pH 7.4) with 200 mM NaCl

was added to make 1 mL solution with 1 mg/mL αSyn. The pH for is preparation was

measured to be 7.2. This solution was then centrifuged at 16000 rpm for 20 minutes at

10 ◦C. Supernatant was collected and loaded onto the native gel.
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Amyloidogenic Incubation of α-Synuclein

Grade 1, 1/16 in PTFE; 1 mm PMMA balls (Engineering Laboratories); and 1 mm glass

balls (B. Braun Melsungen) were shaken in several changes of buffer to remove dust

before use. Solutions were degassed with helium and an aerating frit for 3 minutes im-

mediately before use. Protein solutions were filtered with 100 kD ultracentrifuge (Ami-

con Ultra, Millipore) membrane filter and diluted to a final concentration of 1 mg/mL.

Purified ThT was added to make a total concentration of 8 µM. Different numbers of

PTFE and PMMA balls were added to reduced volume PMMA fluorescence cuvettes

(Fisher). Cuvettes were overfilled and capped with polyethylene caps (Fisher). After

making sure there was no air in the cuvettes, they were sealed with hot glue. Incuba-

tion was performed in a 37 ◦C oven and vertically rotated at 76 rpm on a Roto-Torque

heavy duty rotator in dark.17

Atomic Force Microscopy Sample Preparation and Imaging

After the last fluorescence measurement, sealed cuvettes were opened for AFM measure-

ment. After inverting the cuvette several times, 20 µL incubated solution was aliquoted

and deposited onto modified mica. To modify the mica surface, 30 µL of 0.1% (v/v)

aminopropyltetratheoxysilane (APTES) (Acros catalog number: 151081000) was ap-

plied evenly on freshly cleaved 9.9 mm diameter muscovite mica disk (Ted Pella prod-

uct number: 50) and allowed to react for 10 minutes.32 Unreacted APTES was rinsed

away with 15 mL Millipore water. The surface was dried with HPLC grade compressed

nitrogen gas. Incubated sample was applied evenly on this freshly prepared surface

and allowed to sit for 10 minutes. Unbound species were rinsed away with Millipore

water. Residual water was blown away with nitrogen gas. The sample was imaged by a

MultiMode Scanning Probe Microscope with a Nanoscope IIIa controller (Veeco), with

a tapping-mode etched silicon probe (TESP, Veeco) in tapping mode in air. The scan

speed was 1 Hz with an image size of 512×512 pixels. At least 3 images were obtained

for each sample.
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5.3 Results

5.3.1 Removal of Pre-existing Oligomers for α-Synuclein Amyloid In-

cubation

Pre-existing aggregates can act as seeds to accelerate αSyn amyloid aggregation. Four

different methods were tested to remove these pre-existing oligomers, and the results

were monitored with gel electrophoresis, as shown in Fig. 5.1. Oligomers were detected

in fresh preparation made with lyophilized αSyn as shown in Fig. 5.1 column 2 and 10.

Both the treatments with NaOH and basic buffer, followed by centrifugation (Fig. 5.1

column 7, 8 and 9) did not improve the homogeneity of the solution. Both monomer

and oligomer band were observed, without noticeable shift of population to monomer.

Filtration though 100 kDa MWCO centrifugal filter successfully removed the oligomeric

species as shown by Fig. 5.1 column 3. This was confirmed by result for retentate on

100 kDa filter, as shown by Fig. 5.1 column 4, where the oligomeric species dominated

the population. However, 30 kDa filter retained both monomer and oligomeric species

with similar efficiency and no improvement in homogeneity was observed, as shown

in Fig. 5.1 column 5 and 6. Filtration with 100 kDa filter was determined to be the

only efficient method to prepare αSyn incubation without pre-existing aggregates. This

method was used for all sample preparation in αSyn kinetic studies in the group.

5.3.2 Atomic Force Microscopy Measurements on Amyloid Aggrega-

tion with Agitation

All incubations agitated with PTFE balls showed increased ThT fluorescence during

the first 60 hours of incubation as shown in Fig. 5.2f. Results for incubations with 1, 5,

10, 20, and 50 PTFE balls were shown in Fig. 5.2a, b, c, d, and e, respectively. For all

these incubations, both fibrillar and globular particles were observed. Fibrils had the

typical morphology: they were of different lengths and could be several micrometers

long, with heights ranging from 3.5 nm to 9.5 nm. Some fibrils showed periodicity in

height along the fibril axis, which was also commonly observed for amyloid fibrils. Some

fibrils broke into small pieces when they were in full contact with the APTES modified
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Figure 5.1: Native gel electrophoresis shows the removal of pre-existing oligomers in
solution of lyophilized αSyn. Four different methods were tested with filtration or base
treatment. Each column is labeled with the method used for sample preparation. Two
main bands were observed in the fresh αSyn solution without any treatment. The in-
tense lower band suggested predominant monomeric population. The band with higher
molecular weight showed the pre-existing aggregates. The oligomer band disappeared
completely after filtration through 100 kDa MWCO filter, while stayed after other three
treatments.

mica surface. Few breakage was observed when the fibrils were sitting on top of other

fibrils. With increasing density of fibrils on the surface, less breakage was observed for

fibrils as in 5.2e and f. This fragmentation of fibrils on surface was likely caused by

interaction between fibrils and the surface. Fibril fragmentation was seldom observed

during AFM measurements for β-lactoglobulin a ( β-LGa) amyloid fibrils in Chapter

2, which were obtained through quiescent incubation.33 This suggested that the force

experienced by αSyn during agitated incubation with PTFE balls made the fibrils more

fragile and vulnerable to fragmentation through interaction with the surface.
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Figure 5.2: AFM images for αSyn fibrils formed by incubation with different number
of PTFE balls. 1, 5, 10, 20 and 50 PTFE balls were used, as indicated in image a, b, c,
and d. After the same incubation period, with more PTFE balls, increased number of
fibrils were imaged on the surface. e) shows steady-state ThT fluorescence results for
the same samples during first 60 hours of incubation.17

All the AFM data were taken after the ThT fluorescence reached the elongation

phase. With more PTFE balls, the density of fibril on the surface increased from

Fig. 5.2 a to f. This was consistent with the steady-state ThT fluorescence profile, as

shown in Fig. 5.2 e, in which the final fluorescence intensity was proportional to the

number of PTFE balls used. With more fibrils in AFM images, higher ThT fluorescence

intensity was observed. The AFM measurement showed that all these conditions were

actually amyloidogenic and the steady-state ThT fluorescence reflected the kinetics of
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amyloid aggregation.

5.3.3 Different Aggregates Present in Incubation with Air and PTFE

Balls

Most studies on αSyn aggregation agitated the sample with air present.21,22,23,24,25,26

PTFE balls were used in this study to avoid uncontrolled area of hydrophobic/water

interface created by air. Both the presence of PTFE ball and air could accelerate the

aggregation kinetics. However, AFM measurements showed different morphologies for

species formed under these two conditions. Fibrils were formed in both incubations,

as shown in Fig. 5.3a and b. However, a great population of small globular particles

showed up in the incubation with air, while only very small amount particles of similar

size were observed in the incubation with PTFE balls. Moreover, larger amorphous

aggregates with tens of nanometer height were found in incubation with air and were

absent in incubation with PTFE balls. This observation suggested that even though

both air and PTFE introduced hydrophobic-water interface into the incubation and

accelerated the amyloid aggregation kinetics, different mechanisms might be involved

at the PTFE-water and air-water interface.

5.4 Discussion and Future Work

Steady-state ThT fluorescence and AFM studies under different conditions revealed

that hydrophobic-water interface played an important role on αSyn amyloid aggrega-

tion. αSyn aggregation kinetics was accelerated with presence of both PTFE-water

and air-water interface with dependence on surface area. With hydrophobic-water

interface, a heterogeneous nucleation mechanism overcome the slow homogeneous nu-

cleation reactions. Acting as a surfactant, the partition of αSyn to hydrophobic surface

was promoted, with hydrophobic NAC region interacting with the interface. How this

partition actually lowered the energy barrier of the rate-determining step in amyloid

aggregation is not clear. Conformational changes could be induced in protein upon

binding to surface. Brezesinski and coworkers showed that Aβ was in unordered form
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Figure 5.3: Different aggregates observed in AFM images for incubation with air/water
interface and PTFE/water interface. a) and c) Aggregates formed by incubation with
air. Larger amorphous aggregates were observed frequently, which were much higher
than fibrils. An enlarged image of squared area in a) is shown in c). Globular particles
of various heights were observed. b) and d) Aggregates formed by incubation with
20 PTFE balls. Fibrillar species dominate the population. No amorphous aggregate
was observed. An enlarged image of the squared area in b) is shown in d). Few small
globular particle was observed.

in solution, but adopted β-sheet structure at the air-water interface during aggrega-

tion.34 Giacomelli and coworkers suggested that absorption of Aβ to PTFE surface

promoted α-helix formation.35 It is likely that αSyn can go through conformational

change to an amyloid-prone form more readily at the interface. Increase of αSyn con-

centration and regular alignment of proteins on the surface can also result in accelerated

fibrillization.

Behavior of αSyn at hydrophobic-water interface is the key to explain why hy-

drophobic interface can accelerate αSyn amyloid aggregation. Mcmillin and coworkers

demonstrated a method to monitor conformational change of proteins upon binding to
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FDTS has water contact angle of 109.4 ◦, which is close to that of PTFE. These reagents,
together with hydrophilic quartz slide without modification can be used to evaluate how
hydrophobicity of the surface affect αSyn secondary structure on surface.

surface, using CD measurement.36 Shimizu and coworkers illustrated the methodology

of this type of CD measurement with Cytochrome b(562) (cyt.b562). Cyt.b562 was

immobilized on gold surface and the secondary structure content was measured with

CD in solution and air.37 Same idea can be used to determine αSyn secondary struc-

ture on surface. Quartz slides used in CD measurement can be modified with different

silanes. With different substitutes of the silane, different hydrophobicity of the surface

can be achieved. A list of silane candidates to provide a ladder of hydrophobicity is

summarized in Table. 6.1.38 The hydrophobicity is represented as water contact angle.

Quartz slide without modification is hydrophilic and has contact angle of ∼0◦.

With different silanes, different modification protocols are needed.38 APTES has
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been used to modify glass and mica surface, used in AFM measurement on αSyn and

β-LGa fibrils.17,33 FDTS modified glass coverslip were prepared and water contact

angle was measured to be ∼106◦. Clean PTFE surface has contact angle of ∼108◦

to ∼121◦, and the contact angle decreased with presence of ThT and protein during

the incubation.17 αSyn should undergo similar conformational changes on the FDTS

modified surface as on the PTFE balls. The protocol used to prepared FDTS modified

glass surface can be summarized as following: slides were first treated with Piranha

(H2SO4:H2O2, v/v 3:1) solution at 90 ◦C for 30 minutes, then thoroughly rinsed with

Millipore water and dried with high purity compress nitrogen gas. The slides were

cleaned and hydroxylated after this treatment. The modification was carried out in a

glove box filled with nitrogen. Slides were put in a petri disk with a drop of FDTS

applied onto the same petri disk but away from the slides. The petri disk was covered

and heated to 90 ◦C on a hot plate for 3 hours. After the hot plate cooled down to

room temperature, the slides were washed with anhydrous hexane.39
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Chapter 6

Appendix

Figure 6.1: Single-molecule fluorescence microscopy instrumentation.
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List of components in single-molecule fluorescence microscopy:

1) 80.00000 MHz Mode-locked Ti-Sapphire laser

2), 3) Mirror

4) Lens to laser beam into doubling crystal

5) Frequency doubling crystal

6) Lens to collimate laser beam

7) Prolin-Broca prism to separate doubled beam and fundamental beam

8) Half-mirror: used to reflect doubled beam

9) Photodiode for Sync signal in TCSPC measurement

10), 11), 12) Mirror used to direct beam into microscope

13), 14) Lens to expand and collimate excitation beam

15) Quarter-wave plate convert linear polarized light to circularly polarized light

16) Dichroic mirror

17) Objective

18) Nanopositioning stage

19) Coverslip

20) Mirror to direct emission light to detection channel

21), 22) lens to focus and collimate emission light

23) Notch filter to block excitation light

24) High-pass filter

25) Polarizer cube to separate emission into horizontal and vertical components

26), 27) Lens to focus emission light onto detectors

28), 29) Detectors
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Figure 6.2: AFM images of a) PTFE and b) PMMA ball surface. PTFE balls were
used to provide hydrophobic-water interface in α-Synuclein amyloid incubation. With
smaller aqueous contact angle, PMMA balls provided different interface for control
experiment. The area of interface was controlled by number of balls during the ex-
periment. The roughness of the balls could result in larger surface area for protein
interaction. AFM images showed comparable roughness for the two types of balls used.
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Figure 6.3: Single-molecule fluorescence microscopy intensity image for ThT-stained α-
Synuclein amyloid fibrils dried on coverslip. Except this image, all other single-molecule
fluorescence images presented in this dissertation were taken using a house-designed
sample chamber, which kept the sample from drying out on the coverslip during the
measurement. This image here was taken by letting the sample slowly dry out on the
coverslip. Bright globular particles were observed in this image but absent in all other
images taken under wet condition. These bright spots could be nanoparticles formed
by ThT on the surface during drying.
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Below are the sample Mathematica codes used to perform kinetic simulations for β-

LGa amyloid formation in Chapter 2. The first function SimuDLS in Eq. 6.1 was

used to plot the simulated DLS data for reservoir-nucleation model, based on the ki-

netic scheme below. max is the aggregation number of the largest aggregates included

in the simulation, which equals to 252 according to the scheme below.

A1 +A1

kfa1−−−⇀↽−−−
kra2

A2

A2

kfoa−−−⇀↽−−−
kroa

AOx
2

A2 +AOx
2

kfa2−−−⇀↽−−−
kra4

A4

A4

kfab−−−⇀↽−−−
krab

B4

B4 +A4

kfb4−−−⇀↽−−−
krb8

B8

B8 +A4

kfb8−−−⇀↽−−−
krb12

B12

...

B76 +A4

kfb76−−−⇀↽−−−
krb80

B80

B16

kff−−⇀↽−−
krf

F16

F16 +A4

kffg16−−−−⇀↽−−−−
krfg

F20

F20 +A4

kffg20−−−−⇀↽−−−−
krfg

F24

...

F248 +A4

kffg248−−−−−⇀↽−−−−−
krfg

F252

sample scheme for reservoir nucleation model



145

SimuDLS [kfa1 , kra2 , kfoa , kroa , kfa2 , kra4 , kfab , krab , kfblist , krblist , kff , krf ,

kffglist , krfg ,max ]:=

Module[{soln},Table[kfbi = kfblist[[i/4]], {i, 4, 76, 4}]; Table[krbi = krblist[[i/4− 1]],

{i, 8, 80, 4}]; Table [kffgi = kffglist[[i/4− 3]], {i, 16,max, 4}] ;

soln = NDSolve[Flatten[{a′1[t] == −2 kfa1 a1[t]
2 + 2 kra2 a2[t],

a′2[t] == kfa1 a1[t]
2 − kra2 a2[t]− kfoa a2[t]− kfa2 a2[t] oa2[t] + kra4 a4[t] + kroa oa2[t],

oa′2[t] == kfoa a2[t]− kfa2 a2[t] oa2[t] + kra4 a4[t]− kroa oa2[t],

a′4[t] == kfa2 a2[t] oa2[t]− kra4 a4[t]− kfab a4[t] + krab b4[t]− Sum[kffgi fi[t] a4[t],

{i, 16,max−4, 4}] + Sum[krfg fi[t], {i, 20,max, 4}]− Sum[kfbi bi[t] a4[t], {i, 4, 76, 4}]

+ Sum[krbi bi[t], {i, 8, 80, 4}], b′4[t] == kfab a4[t]− krab b4[t]− kfb4 b4[t] a4[t] + krb8 b8[t],

b′8[t] == kfb4 b4[t] a4[t]− krb8 b8[t]− kfb8 b8[t] a4[t] + krb12 b12[t],

b′12[t] == kfb8 b8[t] a4[t]− krb12 b12[t]− kfb12 b12[t] a4[t] + krb16 b16[t],

b′16[t] == kfb12 b12[t] a4[t]− krb16 b16[t]− kfb16 b16[t] a4[t] + krb20 b20[t]− kff b16[t] + krf f16[t],

Table[b′i[t] == kfbi−4 bi−4[t] a4[t]− krbi bi[t]− kfbi bi[t] a4[t] + krbi+4 bi+4[t], {i, 20, 76, 4}],

b′80[t] == kfb76 b76[t] a4[t]− krb80 b80[t],

f ′16[t] == kff b16[t]− krf f16[t]− kffg16 f16[t] a4[t] + krfg f20[t],

Table[f ′i [t] == kffgi−4 fi−4[t] a4[t]− krfg fi[t]− kffgi fi[t] a4[t] + krfg fi+4[t],

{i, 20,max−4, 4}], f ′max[t] == kffgmax−4 fmax−4[t] a4[t]− krfg fmax[t],

Table[bi[0] == 0, {i, 4, 80, 4}], a1[0] == 53, a2[0] == 0, a4[0] == 0, oa2[0] == 0,

Table[fi[0] == 0, {i, 16,max, 4}]}],Flatten[{a1, a2, oa2, a4,Table[bi, {i, 4, 80, 4}],

Table[fi, {i, 16,max, 4}]}], {t, 0, 100}];

FitFunction = Evaluate[Sum[i2 ai[t] e
− 1

2
( τ−0.02∗i1/3

0.004
)2 , {i, {1, 2, 4}}]

+ Sum[i2 bi[t] e
− 1

2
( τ−0.02∗i1/3

0.004
)2 , {i, 4, 80, 4}] + 4 oa2[t] e

− 1
2
( τ−0.02∗21/3

0.004
)2/.soln];

FitMatrix = Table[First[FitFunction], {t, 0, 28, 2}, {τ,Table[10∧τ, {τ,−2,−1, 0.05}]}];
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ListPlot3D[Table[(FitMatrix[[i]] + 10−18)/(Max[FitMatrix[[i]]] + 10−18), {i, 1, 15}],

ColorFunction→ DarkRainbow,DataRange→ {{Log[10, 0.01],Log[10, 0.1]},

{0, 28},Automatic}]] (6.1)

FunctionReservoirPoP , Eq. 6.2, was used to plot the population evolution of monomers

incorporated into protofibrils based on reservoir-nucleation model. The population of

protofibrils on time point, SeedDay, was obtained and used as input Seed in function

ReservoirPoP . The ReservoirPoPSeed, Eq. 6.3, was used to plot the seeded kinetic

profile for reservoir-nucleation model.

ReservoirPoP [kfa1 , kra2 , kfoa , kroa , kfa2 , kra4 , kfab , krab , kfblist , krblist , kff ,

krf , kffglist , krfg ,max , SeedDay ]:=

Module[{soln},Table[kfbi = kfblist[[i/4]], {i, 4, 76, 4}]; Table[krbi = krblist[[i/4− 1]],

{i, 8, 80, 4}]; Table [kffgi = kffglist[[i/4− 3]], {i, 16,max, 4}] ;

soln = NDSolve[Flatten[{a′1[t] == −2 kfa1 a1[t]
2 + 2 kra2 a2[t],

a′2[t] == kfa1 a1[t]
2 − kra2 a2[t]− kfoa a2[t]− kfa2 a2[t] oa2[t] + kra4 a4[t] + kroa oa2[t],

oa′2[t] == kfoa a2[t]− kfa2 a2[t] oa2[t] + kra4 a4[t]− kroa oa2[t],

a′4[t] == kfa2 a2[t] oa2[t]− kra4 a4[t]− kfab a4[t] + krab b4[t]− Sum[kffgi fi[t] a4[t],

{i, 16,max−4, 4}] + Sum[krfg fi[t], {i, 20,max, 4}]− Sum[kfbi bi[t] a4[t], {i, 4, 76, 4}]

+ Sum[krbi bi[t], {i, 8, 80, 4}], b′4[t] == kfab a4[t]− krab b4[t]− kfb4 b4[t] a4[t] + krb8 b8[t],

b′8[t] == kfb4 b4[t] a4[t]− krb8 b8[t]− kfb8 b8[t] a4[t] + krb12 b12[t],

b′12[t] == kfb8 b8[t] a4[t]− krb12 b12[t]− kfb12 b12[t] a4[t] + krb16 b16[t],

b′16[t] == kfb12 b12[t] a4[t]− krb16 b16[t]− kfb16 b16[t] a4[t] + krb20 b20[t]

− kff b16[t] + krf f16[t],Table[b′i[t] == kfbi−4 bi−4[t] a4[t]− krbi bi[t]− kfbi bi[t] a4[t]

+ krbi+4 bi+4[t], {i, 20, 76, 4}], b′80[t] == kfb76 b76[t] a4[t]− krb80 b80[t],
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f ′16[t] == kff b16[t]− krf f16[t]− kffg16 f16[t]a4[t] + krfg f20[t],Table[f ′i [t] ==

kffgi−4 fi−4[t] a4[t]− krfg fi[t]− kffgi fi[t] a4[t] + krfg fi+4[t], {i, 20,max−4, 4}],

f ′max[t] == kffgmax−4 fmax−4[t] a4[t]− krfg fmax[t],

Table[bi[0] == 0, {i, 4, 80, 4}], a1[0] == 53, a2[0] == 0, a4[0] == 0, oa2[0] == 0,

Table[fi[0] == 0, {i, 16,max, 4}]}],Flatten[{a1, a2, oa2, a4,Table[bi, {i, 4, 80, 4}],

Table[fi, {i, 16,max, 4}]}], {t, 0, 100}];

SeedPop = Flatten[Evaluate[Table[fi [SeedDay], {i, 16,max, 4}]/.soln]];

Plot[Evaluate[Sum[i fi[t], {i, 16,max, 4}]/.soln], {t, 0, 100},

PlotRange→ {0,All}]] (6.2)

ReservoirPopSeed [kfa1 , kra2 , kfoa , kroa , kfa2 , kra4 , kfab , krab , kfblist , krblist ,

kff , krf , kffglist , krfg ,max , Seed ]:=

Module[{soln},Table[kfbi = kfblist[[i/4]], {i, 4, 76, 4}];

Table[krbi = krblist[[i/4− 1]], {i, 8, 80, 4}];

Table [kffgi = kffglist[[i/4− 3]], {i, 16,max, 4}] ;

soln = NDSolve[Flatten[{a′1[t] == −2 kfa1 a1[t]
2 + 2 kra2 a2[t],

a′2[t] == kfa1 a1[t]
2 − kra2 a2[t]− kfoa a2[t]− kfa2 a2[t] oa2[t] + kra4 a4[t]

+ kroa oa2[t], oa′2[t] == kfoa a2[t]− kfa2 a2[t] oa2[t] + kra4 a4[t]− kroa oa2[t],

a′4[t] == kfa2 a2[t] oa2[t]− kra4 a4[t]− kfab a4[t] + krab b4[t]

− Sum[kffgi fi[t] a4[t], {i, 16,max−4, 4}] + Sum[krfg fi[t], {i, 20,max, 4}]

− Sum[kfbi bi[t] a4[t], {i, 4, 76, 4}] + Sum[krbi bi[t], {i, 8, 80, 4}],

b′4[t] == kfab a4[t]− krab b4[t]− kfb4 b4[t] a4[t] + krb8 b8[t],

b′8[t] == kfb4 b4[t] a4[t]− krb8 b8[t]− kfb8 b8[t] a4[t] + krb12 b12[t],

b′12[t] == kfb8 b8[t] a4[t]− krb12 b12[t]− kfb12 b12[t] a4[t] + krb16 b16[t],

b′16[t] == kfb12 b12[t] a4[t]− krb16 b16[t]− kfb16 b16[t] a4[t] + krb20 b20[t]
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− kff b16[t] + krf f16[t],Table[b′i[t] == kfbi−4 bi−4[t] a4[t]− krbi bi[t]− kfbi bi[t] a4[t]

+ krbi+4 bi+4[t], {i, 20, 76, 4}], b′80[t] == kfb76 b76[t] a4[t]− krb80 b80[t],

f ′16[t] == kff b16[t]− krf f16[t]− kffg16 f16[t] a4[t] + krfg f20[t],

Table[f ′i [t] == kffgi−4 fi−4[t] a4[t]− krfg fi[t]− kffgi fi[t] a4[t] + krfg fi+4[t],

{i, 20,max−4, 4}], f ′max[t] == kffgmax−4 fmax−4[t] a4[t]− krfg fmax[t],

Table[bi[0] == 0, {i, 4, 80, 4}], a1[0] == 53, a2[0] == 0, a4[0] == 0, oa2[0] == 0,

Table[fi[0] == Seed[[(i− 12)/4]], {i, 16,max, 4}]}],Flatten[{a1, a2, oa2, a4,

Table[bi, {i, 4, 80, 4}],Table[fi, {i, 16,max, 4}]}], {t, 0, 300}];

Plot[Evaluate[Sum[ifi[t], {i, 16,max, 4}]/.soln]− Sum[(4i+ 12) ∗ Seed[[i]], {i, 60}],

{t, 0, 100},PlotRange→ {0,All}]] (6.3)

Function NucPol, Eq. 6.4, was used to plot the population evolution of monomers

incorporated into protofibrils to show the aggregation progression, based on nucleated-

polymerization model. Meanwhile, the population of protofibrils, SeedPoP , on time

point SeedDay was obtained, to be used as input Seed in function NucPolSeed. The

NucPolSeed, Eq 6.5, was used to plot the seeded profile for nucleated-polymerization

model.

A1 +A1

kfa1−−−⇀↽−−−
kra

A2

A2 +A1

kfa2−−−⇀↽−−−
kra

A3

...

A15 +A1

kfaf−−−⇀↽−−−
kraf

F16

F16 +A1

kff16−−−⇀↽−−−
krf

F17

...

F251 +A1

kff251−−−−⇀↽−−−−
krf

F252

sample scheme for nucleated polymerization model
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NucPol [kfalist , kra , kfaf , kraf , kfflist , krf ,max , SeedDay ]:=

Module[{soln},Table[kfai = kfalist[[i]], {i, 1, 15}]; Table[kffi = kfflist[[i− 15]],

{i, 16,max−1}]; soln = NDSolve[Flatten[{a′1[t] == −2 kfa1 a1[t]
2 + 2 kra a2[t]−

Sum[kfai ai[t] a1[t], {i, 2, 15}] + Sum[kra aj [t], {j, 3, 16}]− Sum[kffi fi[t] a1[t],

{i, 16,max−1}] + Sum[krf fi[t], {i, 17,max}],Table[a′i[t] == kfai−1 a1[t] ai−1[t]−

kra ai[t]− kfai ai[t] a1[t] + kra ai+1[t], {i, 2, 15}], a′16[t] == kfa15 a1[t] a15[t]−

kra a16[t]− kfaf a16[t] + kraf f16[t], f
′
16[t] == kfaf a16[t]− kraf f16[t]−

kff16 f16[t] a1[t] + krf f17[t],Table[f ′i [t] == kffi−1 a1[t] fi−1[t]− krf fi[t]−

kffi fi[t] a1[t] + krf fi+1[t], {i, 17,max−1}],

f ′max[t] == kffmax−1 fmax−1[t] a1[t]− krf fmax[t], a1[0] == 53,

Table[ai[0] == 0, {i, 2, 16}],Table[fi[0] == 0, {i, 16,max}]}],

Flatten[{Table[ai, {i, 1, 16}],Table[fi, {i, 16,max}]}], {t, 0, 300}];

SeedPop = Flatten[Evaluate[Table[fi[SeedDay], {i, 16,max}]/.soln]];

Plot[Evaluate[Sum[i fi[t], {i, 16,max}]/.soln], {t, 0, 100},PlotRange→ {0,All}]] (6.4)

NucPolSeed [kfalist , kra , kfflist , krf ,max , Seed ]:=Module[{soln},

Table[kfai = kfalist[[i]], {i, 1, 15}]; Table[kffi = kfflist[[i− 15]], {i, 16,max−1}];

soln = NDSolve[Flatten[{a′1[t] == −2 kfa1 a1[t]
2 + 2 kra a2[t]−

Sum[kfai ai[t] a1[t], {i, 2, 15}] + Sum[kra aj [t], {j, 3, 16}]− Sum[kffi fi[t] a1[t],

{i, 16,max−1}] + Sum[krf fi[t], {i, 17,max}],Table[a′i[t] == kfai−1 a1[t] ai−1[t]−

kra ai[t]− kfai ai[t] a1[t] + kra ai+1[t], {i, 2, 15}], a′16[t] == kfa15 a1[t] a15[t]− kra a16[t]

− kfaf a16[t] + kraf f16[t], f
′
16[t] == kfaf a16[t]− kraf f16[t]−

kff16 f16[t] a1[t] + krf f17[t],Table[f ′i [t] == kffi−1 a1[t] fi−1[t]− krf fi[t]−
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kffi fi[t] a1[t] + krf fi+1[t], {i, 17,max−1}], f ′max[t] == kffmax−1 fmax−1[t] a1[t]−

krf fmax[t], a1[0] == 53,Table[fi[0] == Seed[[i− 15]], {i, 16,max}]}],

Flatten[{Table[ai, {i, 1, 15}],Table[fi, {i, 16,max}]}], {t, 0, 300}];

Plot[Evaluate[Sum[i fi[t], {i, 16,max}]/.soln]− Sum[(i+ 15) ∗ Seed[[i]], {i,max−15}],

{t, 0, 100},PlotRange→ {0,All}]] (6.5)

The following functions were used to plot the amyloidogenic free-energy landscape pre-

sented in Chapter 2. The free-energy of monomer was arbitrarily assigned to 0 kJ/mol.

The rest of energetics were calculated relatively based on the simulated rate coefficients

in Chapter 2. The parameter SeaLevel is an arbitrary value assigned for the visualiza-

tion.

a[y ]:=Switch [y, 1, 0, 1.5, 64.036, 2,−2.032, , SeaLevel];

aob[y ]:=If [y == 2, 57.374,SeaLevel];

ao[y ]:=Switch [y, 2,−6.472, 3, 52.934, 4,−13.134, ,SeaLevel];

abb[y ]:=If [y == 4, 48.961,SeaLevel];

b[y ]:=Switch [y, 4,−6.181, 6, 55.914, 8,−3.475, 10, 58.620, 12,−0.804, 14, 61.291,

16, 1.816, 18, 63.911, 20, 4.385, 22, 66.480, 24, 6.908, 26, 69.003, 28, 9.387, 30,

71.482, 32, 11.826, 34, 73.921, 36, 14.228, 38, 76.323, 40, 16.596, ,SeaLevel];

bfb[y ]:=If [y == 16, 80.286,SeaLevel];

f [y ]:=Switch [y, 16,−8.156, 18, 44.156, 20,−10.212, 22, 42.010, 24,−12.288, 26,

40.024, 28,−14.343, 30, 37.969, 32,−16.364, 34, 35.948, 36,−18.345, 38, 33.967,

40,−20.286, 42, 32.026, 44,−22.189, 46, 30.123, 48,−24.054, 50, 28.258, 52,

− 25.884, 54, 26.428, 56,−27.682, 58, 24.630, 60,−29.448, 62, 22.864, 64,−31.186,

66, 21.127, 68,−32.896, 70, 19.416, 72,−36.241, , SeaLevel];
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yvals = Join[Table[y, {y, {0.5, 1, 1.5, 2, 3}}],Table[j, {j, 4, 62, 2}]]; SeaLevel = 120;

xvals = Table[x, {x, 0.5, 4.5, 0.5}]; (6.6)

Landscape = Table[Which[x == 1, a[yvals[[ny]]], x == 1.5, aob[yvals[[ny]]],

x == 2, ao[yvals[[ny]]], x == 2.5, abb[yvals[[ny]]], x == 3, b[yvals[[ny]]], x == 3.5,

bfb[yvals[[ny]]], x == 4, f [yvals[[ny]]],Or [x == 4.5, x == 0.5],SeaLevel],

{x,Reverse[xvals]}, {ny, 1, 35}] (6.7)

ColorSchemeEng = (Blend[{{−36.2,Black}, {−9,Blue}, {−5,Darker[Green, 0.5]},

{5,Darker[Yellow, 0.2]}, {10,Yellow}, {30,Brown},

{80,Lighter[Brown, 1/2]}},#1]&) (6.8)

EngLandscape =

ListPlot3D[Landscape,Mesh→ {{−40,−20,−10, 0, 20, 40, 60, 80, 100}},

MeshStyle→ {Thin},MeshFunctions→ {#3&},ColorFunctionScaling→ False,

ColorFunction→ Function[{x, y, z},ColorSchemeEng[z]],SphericalRegion→ False,

BoxRatios→ {24, 12, 1.5},ClippingStyle→ None,PlotRange→ {All,All, {All, 100}},

ImageSize→ 460,Axes→ {True,True,False},ViewPoint→ {−0.86,−2.1, 2.5},

ViewVertical→ {0, 0, 1}, InterpolationOrder→ 5,Axes→ True,PlotStyle→ Opacity[1],

Boxed→ True,FaceGrids→ {{{0, 0,−1}, {Table[n, {n, 2, 40, 2}],Table[n, {n, 2, 8, 2}]}}}

Ticks→ {Table[{n, If[n < 6, n/2, (n/2− 2) ∗ 4]}, {n, 2, 40, 2}],

{{8, A}, {6,Ao}, {4, B}, {2, F}}}] (6.9)
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