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Abstract 
 

Amplification of amyloid-beta strains and their connection to tau in Alzheimer’s 
Disease 

 
 

By Noel X. Li 
 

The formation of amyloid-beta (Aβ) and tau aggregates are pathological hallmarks of 
Alzheimer’s disease (AD), yet their etiological roles in the disease are unknown despite 
decades of research. Different strains, or polymorphic structures, of Aβ have been resolved 
and it is thought that their conformations have an influence on their downstream toxicities. 
To determine how Aβ fibrils in AD and ND (non-demented healthy control) brains are 
different, we amplified them by seeding into synthetic Aβ. Disaggregation of purified Aβ 
peptides with NH4OH was essential for maximizing seeding efficiency. Brain homogenates 
were enriched for Aβ to reach the critical seed concentration, and we seeded them into Aβ40 
and Aβ42 sequentially for two generations. The oligothiophene HS-68 spectrally 
distinguished quiescent, agitated and brain-seeded Aβ40, but not between AD- and ND-
seeded Aβ40. Oligothiophene binding to seeded Aβ42 showed more differences, with 
pentamer formyl thiophene acetic acid (pFTAA) displaying different relative peak intensities 
at 425 nm in frontal lobe-seeded AD and ND brain. A 1% molar equivalent of assembled 
Aβ sufficiently lowered the critical assembly concentration of PHF6 (the nucleating core of 
tau) and catalyzed fibrillization. Both Aβ seeds and fibrils had similar cross-seeding rates, 
suggesting a combination of elongation and secondary nucleation mechanisms. PHF6 
monomers cross-seeded by brain-seeded Aβ42 showed biphasic growth, which we attribute 
to cross-seeding in the initial ten hours and self-seeding taking over after a critical mass of 
PHF6 fibrils have formed. AD frontal lobe-seeded Aβ42 cross-seeded the formation of 
short PHF6 fibrils which self-seeded efficiently, while ND frontal lobe-seeded Aβ42 cross-
seeded the formation of long, bundled PHF6 fibers which were ineffective seeds, analogous 
to observations in yeast prion strains. Our results suggest that structural differences in Aβ 
can be directly propagated to tau in AD, highlighting an attractive therapeutic opportunity at 
the Aβ-tau triggering point that needs to be explored, rather than current Aβ-focused 
approaches. 
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Chapter 1. Introduction 

Alzheimer’s Disease (AD) 

 Alzheimer’s disease (AD) is the most common form of dementia and is 

characterized by progressive memory loss, cognitive decline and eventual death. It is the 6 th 

leading cause of death in the United States, with an estimated 5.7 million Americans living 

with AD in 2018. The costs for healthcare and long-term care were approximately $277 

billion in 2018 and are projected to reach $1.1 trillion in 2050 as the population ages and the 

number of patients rise, placing an immense economic burden on society [1]. Among the top 

ten leading causes of death in the US, AD is the only cause that cannot be prevented, slowed 

or cured, largely due to our lack of understanding of the exact cause(s) of the disease. 

Consequently, AD drug candidates are one of the least successful in clinical trials, where 

between 2002 and 2012, the failure rate was 99.6% compared to 81% for cancer [2].  

However, since AD was first reported by Alois Alzheimer in 1906 [3], many 

discoveries have been made about the clinicopathological features of the disease. The two 

neuropathological hallmarks of AD pathology are the cerebral deposition of extracellular 

senile plaques composed of aggregated amyloid-beta (Aβ) peptides and intracellular 

neurofibrillary tangles (NFTs) consisting of aggregated tau proteins. Amyloid plaque 

deposition is thought to precede NFT formation during the clinically silent phase, which 

could span two decades in sporadic or late-onset AD (LOAD) where symptoms manifest 

after the age of 65 years. Thereafter, AD-related neuropathology and brain atrophy set in, 

leading to the initial appearance of symptoms, especially memory impairment, in the mild 

cognitive impairment (MCI) stage [4]. Functional MRI (fMRI) studies show that early MCI 

patients have increased neuronal activity over healthy controls while performing memory 



2 
 

tasks, indicative of a compensatory mechanism being used to aid with task completion, 

perhaps via altered neuronal connections. However, the mechanism fails as brain atrophy 

continues, causing both late MCI and AD patients to show neuronal hypoactivation during 

tasks [5,6]. Further cognitive decline results in the progressive deterioration of performing 

daily tasks until the time of death (Figure 1.1).  

 

Figure 1.1. Model of biomarker changes in the progression of AD. The earliest 
detectable event is the presence of Aβ in the CSF, followed by the formation of amyloid 
plaques (PET imaging). Thereafter, tau accumulates in the CSF before neurodegeneration 
(FDG PET) and brain atrophy (MRI) set in. Since cognitive impairment is influenced by the 
genetics, lifestyle and cognitive reserve of each individual, it is depicted as a zone with 
varying levels of risk. For example, at a given time point (black vertical line) the CSF Aβ is 
likely to be the most abnormal biomarker and individuals with a high risk for AD will likely 
show clinical symptoms ①, while individuals with low risk for AD may be asymptomatic 
②. FDG: fluorodeoxyglucose, MCI: mild cognitive impairment. Figure adapted from ref. 
[7]. 

 

 Extensive research has explored stages from the earliest detectible abnormalities to 

the final stages of AD, and this chapter will highlight our current understanding of the 

1 

2 

1 

2 
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neuropathological events in the preclinical stage, the biomarkers developed for detecting 

plaques and tangles, and some of the strategies used for developing therapeutics.   

Molecular pathology 

1.1 Amyloid precursor protein (APP) 

Aβ is produced from the APP, a type I membrane protein where the N-terminus is 

on the extracellular surface and the C-terminus is in the cytoplasm joined by a single 

transmembrane domain (Figure 1.2A). As the APP gene is located in chromosome 21, 

individuals with Down’s syndrome have an increased risk for AD and cerebral amyloid 

angiopathy (CAA), develop symptoms earlier and show accelerated AD progression due to 

increased APP expression and Aβ production [8]. The three most common isoforms of APP 

are 695, 751 and 770aa long, with APP695 being the most abundant isoform [9]. 

While the normal physiological function of APP remains unclear, overexpression of 

the APP ortholog in Drosophila was found to rescue short-memory impairment, suggesting 

that APP may be involved in memory formation [10]. APP knockout mice show reduced 

grip strength, locomotor activity and impaired learning and memory deficits compared to 

age-matched wild type mice [11]. Other studies suggest a role in axonal pruning, neuronal 

death [12] and cell adhesion via integrin-like receptors [13]. 

1.2 Amyloid-beta (Aβ) production 

Aβ is secreted when APP is first cleaved extracellularly by β-secretase (also known as 

BACE1, beta-site APP cleaving enzyme 1) at the N-terminus of the Aβ sequence, producing 

the membrane-bound C99 or C-terminal fragment (CTF). Thereafter, γ-secretase cleaves the 

C-terminal end of Aβ, releasing the APP intracellular domain (AICD) fragment into the 
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cytoplasm and the Aβ peptide into the brain interstitial fluid (ISF) (Figure 1.2C). Depending 

on where γ-secretase cleaves, the length of the Aβ peptide can range from 38 to 43 residues, 

although Aβ40 and Aβ42 are the dominant species. Aβ42 is predominant within senile 

plaques while Aβ40 is more abundant in the CSF [14,15], consistent with findings that Aβ42 

aggregates faster than Aβ40 in vitro and that low Aβ42:Aβ40 ratios in blood plasma are 

significantly associated with the development of AD [16]. If APP is cleaved by α-secretase 

between residues 16 and 17 of Aβ instead of β-secretase, a non-amyloidogenic p3 (Aβ17-42) 

fragment is eventually released (Figure 1.2B).  

 

Figure 1.2. Proteolytic cleavage of APP (amyloid precursor protein). (A) The Aβ 
domain of APP is highlighted in red and the secretase cleavage sites are indicated. (B) 
Sequential cleavage by α- and γ-secretase eventually results in the release of the non-
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amyloidogenic p3 peptide. (C) Initial cleavage by β-secretase instead of α-secretase leads to 
the release of the amyloidogenic Aβ peptide into the extracellular domain. Figure reproduced 
from ref. [17]. 

 

γ-Secretase consists of four subunits, presenilin 1 or 2 (PS1 and PS2), nicastrin, 

anterior pharynx defective 1 (APH-1), and presenilin enhancer 2 (PEN-2) [18]. Almost all 

mutations discovered in APP, PS1 and PS2 lead to an increased Aβ production and plaque 

formation, and are typically associated with familial or early onset AD (EOAD) where 

symptoms appear before the age of 65 years, representing about 5% of AD cases [19]. In 

contrast, most AD patients with no heritable mutations develop LOAD. 

The kinetics of Aβ aggregation follows the nucleation-dependent polymerization 

model [20], which depends on peptide concentration and time. Below the critical assembly 

concentration, monomeric peptides do not nucleate and assemble into fibrils. Above this 

threshold, Aβ monomers nucleate and form oligomers in the lag phase, where they sample 

the conformational landscape to find thermodynamically stable states and transition from α-

helical and random coil states to β-sheet-rich structures [21]. The cross-β structure is a 

defining feature of amyloid fibrils, where x-ray diffractions show orthogonal reflections at 

approximately 4.8 and 10 Å spacings, corresponding to the hydrogen bonding distance along 

the fibril axes and β-sheet lamination perpendicular to the fibril axes respectively.   

The critical assembly concentration of Aβ40 in vitro is estimated to range from 10-40 

µM at neutral pH and 5-fold lower for Aβ42 [22], but CSF concentrations of Aβ are in the 

low nanomolar range [23]. As such, there must be a local supersaturation mechanism which 

allows Aβ to nucleate and propagate. It is thought that Aβ is concentrated in vivo within 

cellular compartments such as lysosomes [24-26], or that the critical concentration is lowered 

when Aβ binds to a phospholipid [27] or protein [28] surface. The aggregated Aβ would then 
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be below its critical concentration upon release into the ECM, but the slow kinetics of fibril 

disassembly likely favors aggregation with plaques [22]. 

The lag phase can be bypassed by the introduction of pre-formed seeds, where they 

provide a template for the monomers to propagate. Seeding eliminates the lag time and the 

system immediately enters the elongation phase, just as in salt crystallization. This requires 

that the end of the seed and incoming monomer be in complementary conformations for the 

hydrogen bonds to be aligned, but the Aβ monomers are likely in random coil 

conformations. A widely-accepted model for fibril seeding and elongation is the dock-and-

lock model, where the incoming peptide binds reversibly to the seed (docking), undergoes a 

conformational rearrangement to assume that of the seed, before it is irreversibly bound 

(locking) and then serves as a template for the next incoming peptide [29]. 

While there are conflicting studies and views on whether the oligomers [30-36] (also 

referred to as ADDLs; Aβ-derived diffusible ligands) or fibrils [37] are the neurotoxic 

species, it is generally agreed upon that Aβ monomers must at least oligomerize to have a 

detrimental effect [30,38]. It may be possible that the higher toxicity of oligomers results 

from their higher diffusibility into cellular compartments and synapses [39] while the fibrils 

are immobilized in the plaques, or simply by the law of mass action that there are more 

oligomers than fibrils for a given number of peptides. Other proposed mechanisms by which 

Aβ oligomers induce toxicity include (i) binding to lipid rafts and receptors to interfere with 

signal transduction [40-42], (ii) membrane disruption and leakage through pore formation 

[43] and (iii) disrupting intracellular processes such as calcium homeostasis and 

mitochondrial function [44-46]. However, the presence of a mixture of Aβ species ranging 

from monomers to fibrils in the brain makes it difficult to attribute the toxicity to one 
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species while ruling out the rest, and characterization of oligomers can be challenging due to 

their transient, heterogeneous and metastable nature.  

The presence of Aβ in the media of neuronal cell cultures [47], CSF and plasma in 

healthy volunteers [48,49] suggest that APP metabolism and Aβ production are not solely 

pathological events but may, to some extent, be normal physiological processes. In AD, 

amyloid toxicity may result from the loss of protein function, mislocation or sequestration of 

proteins, but the favored hypothesis is a gain of toxic function [50,51]. 

1.3 Structural heterogeneity in amyloid fibrils 

The concept of Aβ strains is borrowed from the prion field, where alternative 

conformations of the protein are manifested in the phenotypes. For example, there are hyper 

and drowsy PrPSc strains in hamster transmissible mink encephalopathy where the infected 

hamsters would display hyperactivity or lethargy respectively [52]. Other variabilities in prion 

phenotypes include the incubation time to onset of symptoms, deposition pattern in the 

brain, physicochemical features of the prion aggregates, and clinical symptoms [53]. Aβ fibril 

heterogeneity may be one factor that explains why the number, size or density of amyloid 

plaques are weakly correlated with the degree of cognitive impairment [54], or how patients 

may have asymptomatic AD (Aβ and tau neuropathology without clinical symptoms) or 

rapidly progressive AD [55,56]. 

Synthetic Aβ40 was reported to form polymorphs as observed by electron 

microscopy and solid-state NMR, when assembled under quiescent or agitated conditions, 

demonstrating that the structure was not exclusively dictated by the amino acid sequence 

[57]. Quiescent Aβ40 forms twisted fibrils with a trimeric protofilament cross-section 

(Figure 1.3A) while agitated Aβ40 forms straight, bundled fibers with a dimeric 
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protofilament cross-section (Figure 1.3B), which can also be propagated when those seeds 

are added to Aβ40 monomers under quiescent growth conditions [57]. Seeding of AD brain 

extract into Aβ40 fibrils yielded fibers with an altered trimeric structure. Compared to 

quiescent Aβ40, the AD-seeded Aβ40 had more pronounced kinks in the beta-fold and the 

first nine residues at the N-terminus are ordered, making them resolvable (Figure 1.3C). 

Polymorphs of Aβ42 assembled under various conditions have also been resolved (Figure 

1.3), but identifying pathologically-relevant structural features and correlating them to their 

downstream functions or toxicities remain a major challenge for the field.  
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Figure 1.3. Cross-sectional folds of Aβ40 and Aβ42 fibrils. (A) Quiescent Aβ40, PDB: 
2LMP, (B) agitated Aβ40, PDB: 2LMN, (C) AD brain-seeded Aβ40, PDB: 2M4J, (D) Aβ42, 
PDB: 5KK3, (E) Aβ42, 2MXU, (F) Aβ42, PDB: 5OQV. Images generated with UCSF 
Chimera [58]. Scale bar: 1 nm. 

 

1.4 Tau hyperphosphorylation and aggregation 

 Under physiological conditions, the mainly axonal tau protein binds, stabilizes and 

promotes the assembly of microtubules. In the disease state, however, tau is 
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hyperphosphorylated (p-tau) and undergoes a conformational change that inhibits normal 

binding to microtubules and is also mislocalized into the somatodendritic compartment [59]. 

This results in axonal destabilization, impaired transport along axons and eventual neuronal 

dysfunction and death. Microtubule densities in neurons are also reduced but weakly 

correlated to PHF densities, meaning that the loss of tau function is insufficient to account 

for microtubule loss [60]. Depending on the sites of phosphorylation, p-tau may also have a 

higher propensity for aggregation into β-sheet-rich paired helical filaments (PHF) which are 

the primary component of NFTs [61].  

Hyperphosphorylation, however, is not a reliable indicator of neurodegeneration. 

PHF-like tau hyperphosphorylation has been detected in arctic ground squirrels, Syrian 

hamsters and black bears during hibernation, but upon arousal to the normal state, the 

phosphorylation levels return to normal within hours [62]. Furthermore, fetal tau is also 

highly phosphorylated during development and has a low binding affinity to microtubules, 

allowing for a flexible cytoskeleton that increases neural plasticity for synapse formation [63]. 

Therefore, the pathological relevance of tau hyperphosphorylation is debatable since it can 

reversibly occur under certain physiologically normal conditions.  

 The human tau gene is located on chromosome 17 and undergoes alternative splicing 

to produce six isoforms of tau, each consisting of either zero, one or two N-terminal inserts 

(0N, 1N, 2N) and three or four microtubule binding repeats (3R, 4R). The N-terminal 

domain containing the inserts is also called the projection domain because they project away 

from the microtubules; the middle region of tau has a proline-rich domain; and the C-

terminal half contains the repeat domains also known as the microtubule binding region 

(MTBR). The R2 and R3 repeat domains contain the nucleating cores of tau, PHF6 

(306VQIVY311K) in R3 and PH6* (275VQIIN280K) in R2 (Figure 1.4). 
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Figure 1.4. Overview of tau structure and domains. The longest isoform of human tau 
(2N4R) shown here is 441 residues long and has two N-terminal inserts and four repeat 
domains. Six isoforms of tau are expressed in adult neurons depending on alternative 
splicing of exons 2, 3 and 10 of the tau gene corresponding to N1, N2 and R2. The PHF6* 
and PHF6 nucleating cores are located at the beginning of the R2 and R3 domains.  

 

Aβ aggregates derived from patients were found to trigger tau hyperphosphorylation, 

cytoskeletal disruption and cell death in neuronal cell cultures [36]. Furthermore, synthetic 

Aβ42 [64] and brain extracts from APP transgenic mice [65] injected into the brains of tau 

transgenic mice resulted in widespread NFT formation. While these experiments provide 

strong evidence that Aβ aggregates trigger tauopathy, cellular and animal models are 

inherently black boxes so the exact mechanistic link between Aβ and tau aggregation remains 

unknown. Elucidation of the mechanism, whether it is via direct cross-seeding, kinase 

overactivation/phosphatase inhibition, or decline of protein clearance mechanisms, can 

reveal another therapeutic opportunity by preventing tauopathy from being triggered.  

Probes for detecting Aβ and tau 

1.5 Pittsburgh compound B (PiB) 

One of the most common PET radioligands used to image amyloid plaques in living 

patients is 11C-PiB, a neutral, lipophilic derivative of thioflavin T (ThT) that has a different 
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binding site than Congo red (CR) or ThT [66]. Unlike other charged amyloid ligands, 

uncharged molecules such as PiB bind more effectively to amyloids in the brain because they 

can penetrate the blood-brain barrier.  

Compared to healthy controls, PiB retention in AD patients were significantly higher 

in brain regions where extensive amyloid deposition is observed in postmortem tissues 

(frontal, parietal, temporal and occipital cortices and striatum) while no differences in PiB 

retention were observed in areas known to have insignificant amyloid deposition (subcortical 

white matter, pons, and cerebellum). Autopsies of patients who previously had PiB PET 

scans confirmed the distribution of Aβ deposits in the brains [67-69]. PiB retention in the 

cortices was also inversely correlated to cerebral glucose metabolism measured by 18F-FDG 

binding, indicative of neuronal dysfunction [70]. Almost two-thirds of MCI patients show 

significant amyloid deposition based on PiB binding and they also have a higher likelihood 

for progressing to AD [71,72]. Additionally, only minor differences in PiB retention between 

AD and MCI patients have been observed [73] and longitudinal studies of AD patients 

showed no significant changes in PiB retention over two years [74,75], both of which are 

consistent with the model that amyloid deposition has plateaued in the prodromal stage 

before the appearance of any symptoms.  

Radio-ligand binding assays of [3H]PiB to brain homogenates and pure Aβ 

assemblies have demonstrated that high-affinity PiB binding (Kd ≤ 5 nM) is unique to 

human AD brains and is negligible in other Aβ sources such as nonhuman primates, 

transgenic rodent models, synthetic or recombinant Aβ (Figure 1.5A) [76,77]. A study by 

Klunk et al. reported that even for transgenic PS1/APP mice depositing 30-fold more 

insoluble Aβ than human AD brain per unit mass of brain tissue, in vitro PiB binding was 
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~1000-fold lower than for AD brain homogenate. The PiB binding profiles of synthetic 

Aβ40 and Aβ42 were similar to PS1/APP brain with low Bmax values, and mixing 

experiments between AD homogenates, mice homogenates and synthetic Aβ showed 

additive, not cooperative, PiB binding. As such, they concluded that the high-affinity PiB 

binding was to Aβ alone and that the formation of the binding sites was 1000-fold more 

efficient in AD brains than in other environments [76].  

A recent report by Yamin and Teplow evaluated PiB binding to synthetic Aβ 

oligomers, protofibrils and fibrils [78]. Greater binding to the fibrils was observed as 

compared to the protofibrils and oligomers (Figure 1.5B), suggesting that the high affinity 

PiB binding sites are more likely to be located on mature β-sheet structures than prefibrillar 

assemblies. However, they found that Aβ42 assemblies retained more PiB than Aβ40 did, 

which was inconsistent with the report above by Klunk et al. 

 

Figure 1.5. [3H]PiB binds with higher affinity to AD brains over non-AD brains and 
to Aβ fibrils over protofibrils and oligomers. (A) Scatchard plot of [3H]PiB binding to 
human AD brain homogenate showed significant high-affinity binding (white arrow, Kd = 
2.8 nM and Bmax = 1780 pmol/g) as well as low-affinity binding (Kd = 264 nM and Bmax = 
11,000 pmol/g). The healthy human brain only showed low-affinity binding (Kd = 242 

AD brain 
Non-AD brain 

A B 
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nM and Bmax = 15,000 pmol/g). Figure adapted from ref.[76] (B) Aβ40 and Aβ42 fibrils and 
oligomers, and Aβ40(E22G) and Aβ42(E22G) protofibrils were spotted on PVDF 
membranes, probed with [3H]PiB, before the phosphorimage was acquired. Figure 
reproduced from ref.[78]  

 

Since then, work on amyloid PET tracers have shifted towards the incorporation of 

18F isotopes because the longer half-life (109.8 min vs 20.4 min for 11C) allows for more 

widespread availability at locations farther away from cyclotrons. Flutemetamol (3’-F-PiB, 

Vizamyl) was developed by replacing a proton on the aniline ring with 18F, while elimination 

of the thiazole ring and addition of a PEG moiety gave rise to Florbetaben (Neuraceq) and 

Florbetapir (Amyvid) (Appendix 1). As with the parent PiB molecule, these compounds 

bind with high selectivity and affinity to fibrillar Aβ but not to NFTs [67]. 

1.6 Luminescent conjugated oligothiophenes (LCOs) 

LCOs are a class of flexible molecules consisting of covalently-linked thiophene 

moieties. Binding to different amyloid polymorphs can give distinct fluorescence spectra, 

and this is attributed to the different conformations of the LCOs taken as they wrap around 

the different fibers [79-83]. Competition binding assays indicate that LCOs bind to the X-

34/CR binding sites and not the PiB binding site, potentially revealing another diagnostic or 

therapeutic target in addition to PiB [84]. The anionic tetrameric LCO, HS-68, was shown to 

bind differently to amyloid plaques from young and old APPS1 with the emission spectra 

blue-shifting as the mice aged (Figure 1.6) [81]. This study provided compelling evidence 

that senile plaques are not just static amyloid sinks, but that they are dynamic, where perhaps 

the compositions or fibril conformations evolve with pathology.  

While LCOs are useful probes for screening amyloids, most of the studies performed 

thus far involve binding to tissue sections, where other cofactors such as nucleic acids, metal 
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ions, tau, etc. are likely to be present in the amyloid plaques. Additional studies are needed to 

answer if the LCOs are also binding to Aβ-cofactor complexes, how they influence the LCO 

binding, and if they can structurally distinguish or resolve disease-relevant conformations.  

  

Figure 1.6. Fluorescence of HS‐68 changes when bound to Aβ deposits from 
transgenic mice of different ages. (A) Structure of HS‐68. (B) Fluorescence imaging of 
HS-68 bound to Aβ plaques in ethanol-fixed brain sections from APPPS1 mice sacrificed at 
148 or 531 days, with HS-68 showing a blue-shifted emission for the older mouse. (C) 
Fluorescent co-labeling of the anti‐Aβ antibody (6E10) and HS‐68 in acetone‐fixed brain 
sections from young (top) and old (bottom) APPPS1 mice. (D) Ratios of the emission 
intensities at 485 and 573 nm increase as the APPPS1 mice age, indicating a blueshift. (E) 
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Emission spectra of HS‐68 bound to Aβ plaques in APPPS1 mice sacrificed at 148, 392, or 
573 days. Scale bars: 20 μm. Figure adapted from ref. [81].  

 

1.7 Tau-specific ligands 

 More recently, tau-specific PET tracers [85,86] are being developed to image tau 

deposits in vivo which are not only useful for studying AD patients but could potentially be 

used for other tauopathies such as frontotemporal dementia (FTD), progressive 

supranuclear palsy (PSP) and chronic traumatic encephalopathy (CTE). One of the most 

promising tau PET ligands, 18F- T807 (also known as 18F- AV-1451), binds with nanomolar 

affinity to PHF-tau which is >25-fold stronger than its binding to Aβ [86], and has a binding 

site that is distinct from PiB or THK-523 (another tau ligand) based on competition binding 

assays to AD brain homogenates [87]. T807 retention patterns in healthy, MCI and AD 

patients parallel the Braak staging of NFT distribution and accumulation, and the retention 

levels were associated with the cognitive state of the patients as measured by the mini mental 

state examination (MMSE), adding to its promise as a biomarker for tau in AD patients [88-

90]. Although T807 does not bind to other amyloids such as α-synuclein and TDP-43, it 

binds with nanomolar affinities to monoamine oxidase A and B enzymes which may 

unfortunately limit its use in vivo [91,92]. 

 An FDA-approved tau PET ligand will be useful for predicting MCI conversion to 

AD and the early diagnosis of AD, since PiB retention between MCI and AD cases are 

similar but the spatiotemporal pattern of tau burden has a higher correlation to synapse loss 

and clinical symptoms than amyloid deposition. However, significant challenges lie ahead 

because the ligand not only has to cross the BBB, but also penetrate cell membranes to bind 

selectively to intraneuronal PHFs and have a suitable clearance time.  
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Strategies for developing AD therapeutics 

1.8 β- and γ-secretase inhibitors  

One of the most common strategies involves targeting the proteases that cleave APP 

to reduce Aβ production and deposition, thereby inhibiting the amyloid cascade at the 

beginning. Unfortunately, many drug candidates have been unsuccessful in improving 

cognition, likely because amyloid deposition has plateaued in symptomatic patients. The 

small molecule γ-secretase inhibitor Semagacestat (Eli Lilly) was terminated in phase 3 trials 

due to worsened cognition in treatment and placebo groups and adverse effects such as skin 

cancer and infections [93]. Additionally, there are concerns that these inhibitors may also 

interfere with Notch signaling pathways, since gamma secretase also performs 

intramembranous cleavage of Notch receptors [94]. On a positive note, a number of γ-

secretase inhibitors are being repurposed as cancer therapeutics [95].  

1.9 Aggregation inhibitors and modulators 

Another approach involves modulating the aggregation pathways. Inhibitors such as 

rifampicin [96], curcumin [97] and peptides [98] can decelerate Aβ aggregation by either 

capping the fibril ends or destabilizing the steric zipper interface, while modulators such as 

L2-b and DMPD (N,N-dimethyl-p-phenylenediamine) redirect Aβ monomers off-pathway 

and produce nontoxic amorphous oligomers [99,100]. LMTM (leuco-methylthioninium-

bis(hydromethanesulfonate)) has been shown to inhibit tau aggregation in vitro and in 

transgenic mice supposedly by a combination of cysteine oxidation and demethylation into 

azure A and azure B which bind to aromatic residues, keeping tau in the monomeric form 

[101]. The molecule is currently in phase 3 trials, although an initial report has cited a 

negative result [102,103]. 
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While these compounds can reduce toxicity in cell and animal models, they typically 

fail in clinical trials. Furthermore, they are likely to be ineffective even for patients with MCI, 

again due to the likelihood that plaque and tangle formation have essentially plateaued. 

Instead, these therapeutics would have to be taken prophylactically in the preclinical stage 

before neurodegeneration sets in.  

1.10 Metal protein-attenuating compounds (MPACs) 

Another strategy involves targeting cations such as Cu2+ and Zn2+ to chelate free and 

Aβ-bound metals, thus reducing metal-induced Aβ aggregation. Clioquinol, an antifungal and 

antiprotozoal, was found to reduce Aβ deposits by half in AD transgenic mice [104] and 

improve cognition in patients with severe AD, but the trial was terminated because a toxic 

side product could not be removed from the formulation [105]. Prana Biotechnology then 

developed PBT-2 (hydroxyquinoline) which is an ionophore that translocates Cu2+ and Zn2+ 

into the cells, thus decreasing their extracellular concentrations. However, since no 

significant difference in cognitive improvement and amyloid load by PiB retention were 

observed between the PBT2 and placebo groups, the drug has been on hold at phase 2 since 

2014.  

1.11 Immune system activation 

As an individual’s immune system and protein clearance mechanisms deteriorates 

with age, one therapeutic approach being explored is the upregulation of microglial 

phagocytosis to clear amyloid deposits [106]. The major disadvantage with this approach is 

the risk of over-activation, which causes microglia to release toxic levels of inflammatory 

cytokines and chemokines, resulting in further neuronal damage.  
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Another method of engaging the immune system is through active immunization by 

vaccination with Aβ. However, this should only be applied as a preventive strategy since 

inoculation of Aβ during AD will only increase the amyloid burden and there is also a 

chance that the immune response may non-specifically target APP in normal neurons. In 

APP transgenic mice, vaccination with Aβ42 resulted in a ~50% decrease in the number and 

size of Aβ dense-core plaques and improved cognitive function [107]. Immunization of 

patients with synthetic Aβ42 showed a decrease in amyloid plaques with an increased 

presence of microglia, but no changes in NFTs or neural loss [108]. Furthermore, cognitive 

function and memory were not restored in patients, in contrast to experiments with 

transgenic mice. The trial was ultimately terminated in phase 2A after six percent of patients 

showed signs of meningoencephalitis [109]. 

Humanized anti-Aβ antibodies form a large class of AD drug candidates, which bind 

to amyloid and facilitate clearance by microglial phagocytosis. When the m266 antibody was 

injected into PDAPP transgenic mice expressing higher Aβ42/Aβ40 ratios, learning and 

memory performance improved without a decrease in Aβ burden. However, m266-Aβ 

complexes were detected in the plasma and CSF, suggesting that clearance of soluble Aβ 

oligomers may be a viable treatment option [110].  Many other highly-anticipated antibodies 

such as Bapineuzumab (Janssen, Pfizer), Solanezumab (Eli Lilly) and Crenezumab 

(Genentech) have similarly dropped out of clinical trials due to lack of cognitive benefits 

despite reducing amyloid burden. These failures indicate that targeting amyloid reduction 

and clearance after the onset of symptoms is ineffective due to the co-existence of other 

ongoing pathological events.  
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1.12 Focused ultrasound (FUS) 

 A major obstacle in increasing the bioavailability of AD therapeutics is the 

ineffectiveness of crossing the blood-brain barrier (BBB), where the brain-to-plasma ratio 

for systematically-delivered antibodies is typically around 0.1% [111].  Using MRI-guided 

focused ultrasound (FUS) in combination with intravenously injected microbubbles 

(ultrasound contrast agent), FUS can aid drug delivery by generating localized cavities that 

mechanically stretch endothelial cell membranes and briefly open the BBB [112]. When FUS 

was selectively targeted to four foci in the right hemisphere of TgCRND8 mice while the 

anti-Aβ BAM-10 antibody was intravenously delivered, BAM-10 binding to plaques was only 

detected in the right side of the brain up to 4 days after treatment [113]. 

Conclusion 

Current treatments for AD are limited to behavior-modifying drugs and 

symptomatic interventions such as acetylcholinesterase inhibitors and NMDA receptor 

agonists [2], which are minimally effective and do not reverse or halt disease progression. An 

effective treatment will likely have to be administered in the presymptomatic phase, which in 

turn requires both early detection and a more complete understanding of the disease etiology 

to find therapeutic targets.  

In this dissertation, I report our efforts to seed Aβ from AD brain extracts into 

synthetic Aβ for characterization and cross-seeding between Aβ and the PHF6 peptide 

derived from tau. In chapter 2, we explore methods of disaggregating purified peptides for 

seeding experiments, a crucial step in suppressing self-nucleation and maximizing the 

amount of peptide amenable for templated growth. Chapter 3 looks at the fluorescent 

properties of PiB and the feasibility of developing a fluorescence PiB binding assay. 
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Thereafter, we established procedures for seeding brain extracts and synthetic controls into 

Aβ40 and 42 in chapter 4. Finally, in chapter 5, we cross-seeded PHF6 with Aβ to determine 

if a direct interaction between these two events is a possible mechanism in AD.  
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Chapter 2. Disaggregation of peptides into monomers  

Introduction 

During the purification and lyophilization processes, synthetic amyloid peptides may 

form aggregates which persist when the sample is reconstituted in the assembly buffer. 

Aggregates present in the solution are likely to sequester additional monomers, mature and 

propagate into fibrils in the spontaneous nucleation pathway, resulting in heterogeneous 

fibrils from the seeded and spontaneous nucleation pathway. For effective seeding of 

amyloid fibrils in vitro, it is of fundamental importance that the added Aβ peptides be 

disaggregated into their monomeric state, also referred to as erasing the conformational 

memory of the peptide, so as to maximize the templated growth on the ends of the seeds in 

the seeded pathway. 

Peptides in our lab are traditionally treated by dissolution in 1,1,1,3,3,3-

hexafluoroisopropanol (HFIP), which reportedly disaggregates beta-sheet structures by 

stabilizing the alpha-helical conformation and through strong hydrogen bonding, as shown 

by CD and NOESY [1-3]. However, Pachahara et al.[4] reported that when Aβ40, Aβ42 and 

Aβ43 was incubated in HFIP for 4 months before drying, annular structures were visible by 

AFM and SEM. FTIR spectroscopy showed a peak shift from 1659 cm-1 to 1627 cm-1 from 0 

to 4 months, indicating a structural transition from α-helical to β-sheet conformation.  ThT 

fluorescence microscopy showed an enhanced ThT fluorescence, supporting the argument 

that these rings are amyloid-like with β-sheet structures (Figure 2.1). Therefore, the use of 

HFIP to prepare aggregate-free solutions of Aβ40 may be ineffective, given that the peptides 

can eventually assemble.  
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Figure 2.1. Aβ40 forms annular structures when incubated in HFIP for 4 months. 
Aβ40 rings visualized by (A) AFM, (B) SEM and (C) thioflavin T fluorescence microscopy. 
(D) FTIR spectra of freshly dissolved (---) Aβ40 shows a peak at 1659 cm-1 and 4-month old 
(—) Aβ40 shows a peak at 1627 cm-1, suggesting a α-helical to β-conformation structural 
transition. Figure modified from Pachahara et al.[4] 

 

Ryan et. al demonstrated that Aβ42 pre-treated with NH4OH resulted in fewer 

aggregates as compared to Aβ42 treated with HFIP [5]. Briefly, the protocol involves 

dissolving the lyophilized Aβ peptide in 10% w/v NH4OH at 0.5 mg/ml, a 10-min 

incubation at room temperature followed by a 5-min bath sonication, before lyophilization 

to remove the NH4OH. The peptide was then dissolved in 60 mM NaOH before the 

monomeric solution was analyzed and allowed to self-assemble. Dynamic light scattering 

(DLS) and size exclusion chromatography (SEC) showed that the NH4OH-treated Aβ42 

solution contained smaller aggregates than the HFIP-treated Aβ42 solution (Figure 2.2), 

while having a longer lag phase during assembly as measured by TEM and thioflavin T 
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(ThT) fluorescence. In fact, HFIP treatment accelerated fibril formation as compared to 

untreated Aβ (Figure 2.3). The authors did not explain the mechanism by which NH4OH 

disaggregates Aβ but hypothesized that altering the protonation state of the residues disrupts 

the electrostatic interactions within the aggregates.  

 

Figure 2.2. Aggregation states of Aβ42 pretreated with HFIP and NH4OH. (A) 
Dynamic light scattering of 100 µM Aβ42 pretreated with NH4OH (blue line) showed 
smaller hydrodynamic radii than when treated with HFIP (red line). (B) SEC chromatograms 
of 200 µM Aβ42 show fewer oligomers in the NH4OH-treated Aβ. Figure adapted from ref. 
[5]. 

 

 

 

Figure 2.3. Aβ fibrillization is slower when pretreated with NH4OH. HFIP-treated 
Aβ42 incubated after 20 min (A) and 6 hours (C). NH4OH-treated Aβ42 incubated after 20 
min (B) and 6 hours (D). (E) Compared to untreated Aβ42 (green, t1/2 ~ 15 ± 2.6 h), HFIP 
treatment enhanced fibrillization (red, t1/2 ~ 9 ± 1.9 h) while NH4OH delayed fibrillization 
(blue, t1/2 ~ 16.2 ± 1.3 h). Scale bars: 200 nm. Figure adapted from ref [5]. 
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According to Teplow [6], it is the pH transition through the isoelectric point (pI) of 

Aβ that causes the aggregation. Peptide cleavage and purification occurs under acidic 

conditions which inevitably leaves behind acidic salts such as trifluoroacetate or formate in 

the lyophilized peptides. Reconstitution of the peptides into buffers at neutral pH leads to a 

pH change past the pI of Aβ (at 5.2), where the peptide is most insoluble and likely to 

aggregate. This explanation is experimentally supported by Wetzel and coworkers who 

showed that HFIP-treated Aβ40 assembled at pH 5.8 formed a turbid solution with 

amorphous aggregates visible by light and electron microscopy [7]. Instead, when the 

lyophilized peptides are dissolved in NH4OH or NaOH and re-lyophilized, the treated 

peptide is in an alkaline environment and does not cross the pI when reconstituted in a 

buffer at neutral pH. 

This chapter looks at the effects of three solvents we used in our attempts to 

disaggregate peptides before assembly or seeding experiments.  

Results 

2.1 Hexafluoroisopropanol (HFIP) 

Lyophilized Aβ40 was dissolved in HFIP to a concentration of 1 mg/ml (231 µM) in 

a glass vial, taking care to avoid plastic lab consumables since HFIP dissolves many 

polymers. Following a 30-minute to 2-hour incubation in a bath sonicator, the solvent was 

evaporated under a steady stream of Ar or N2 gas, forming a white film at the bottom of the 

vial. When the Aβ40 peptide film was reconstituted in sodium phosphate buffer and a 

sample was taken for TEM, numerous amorphous aggregates were observed on the grid 

(Figure 2.4) suggesting that when seeds are added to this solution of fresh monomers, those 
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seeds will compete with the aggregates for monomers. This likely explained why previous 

attempts at seeding agitated Aβ40 seeds under quiescent conditions were unsuccessful, 

yielding heterogeneous fibrils in the daughter generation.  

 

Figure 2.4. Aβ40 aggregates in monomeric solution at time zero. A film of HFIP-
treated Aβ40 was reconstituted in 10 mM phosphate buffer and immediately spotted on a 
TEM grid. The aggregates observed indicate that the monomeric solution at time zero is not 
truly monomeric but contains a large number of oligomers. Scale bar: 200 nm. 

 

To determine if those aggregates resulted from the concentration of Aβ when HFIP 

was evaporated or from an ineffective disaggregation during HFIP incubation, a sample of 

the Aβ40 dissolved in HFIP was taken for TEM. In both the 2-hour and 24-hour incubation 

samples (Figure 2.5A and B) numerous negatively-stained and positively-stained particles 

were observed on the grid. In the no-peptide control grid where pure HFIP excluding Aβ40 

was spotted onto a grid, allowed to dry and stained with aq. UA, only positively-stained 
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particles were on the grid (Figure 2.5C). Negatively-stained particles were only observed, 

however, when the Aβ40 in HFIP was stained with UA that was dissolved in HFIP (Figure 

2.5D). These controls indicated that Aβ40 formed negatively-stained particles in HFIP while 

the positively-stained particles are artefacts resulting from residual HFIP on the grid 

interacting with aq. UA.  

 

Figure 2.5. Aβ40 forms particles in HFIP. Aβ40 incubated in HFIP for (A) 2 hours and 
(B) 24 hours. (C) Empty grid spotted with HFIP then stained with aq. UA. (D) Aβ40 
incubated with HFIP and stained with 2% w/v UA dissolved in HFIP. Scale bars: 200 nm. 
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Since a considerable number of Aβ particles appeared to be conjoined, it was not 

clear whether these particles are fusing or splitting. Do the particles grow or shrink in HFIP 

over time? To answer the question, samples were taken at various time points over 48 hours 

and particle widths were measured on the TEM images. For precise measurements, only 

negatively-stained particles with defined edges were measured while particles with faint or 

unclear edges were excluded. For an unbiased selection of particles that represented the 

entire grid, the first 500 observed particles with well-defined edges were measured along 

their longest diameters. Histograms of the particle widths showed that they were mostly 

normally distributed around 200 nm (n= 3,000, Figure 2.6), except for the 8-hour sample 

where the average increased to around 275 nm (Figure 2.6D, Figure 2.7).  
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Figure 2.6. Size distributions of Aβ40 particles in HFIP. Particle widths were measured 
from samples taken at (A) 30 min, (B) 1 hour, (C) 2 hours, (D) 8 hours, (E) 24 hours and (F) 
48 hours. Each histogram consists of 500 measurements sorted into 5 nm bin sizes and the 
black line is the normal distribution curve. 
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Figure 2.7. Aβ40 particle sizes in HFIP over 48 hours. The average particle widths (black 
squares with standard deviations) and medians (red circles) of 500 particles at each time 
point were generally stable over 48 hours, except for a slight increase at 8 hours, possibly due 
to a sampling error. 

 

These particles are also resistant to disaggregation by SDS-PAGE, where a ~250 

kDa band corresponding to a 58-mer is visible (Figure 2.12). The stability of these particles 

suggests that HFIP induces Aβ molecules to coalesce with some degree of order (spherical 

particles) and remain in close proximity to each other, thus forming aggregates quickly when 

the peptide film is reconstituted in buffer. Our recent experiments using excitation 

polarization resolved fluorescence on spherical particles of rhodamine110-tagged 

HHQLVFFA peptides have revealed a significantly higher fluorescence anisotropy as 

compared to the peptides in solution, supporting the argument that there is order in the 

particle [8]. Incubation beyond 48 hours is also unlikely to dissolve the Aβ40 particles, but 

instead allow them to eventually transition into annular assemblies at 4 months as reported 

by Pachahara et al.[4]  
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To examine if HFIP has a similar effect on shorter amyloidogenic peptides, we 

dissolved PHF6 (Ac-VQIVYK-NH2) in HFIP and incubated it in a bath sonicator for 30 

min. An aliquot analyzed by TEM showed a mixture of short fibrils and oligomers (Figure 

2.8A), suggesting that PHF6 has a higher aggregation propensity than Aβ40. Instead of 

extending the incubation time in HFIP to see if disaggregation will eventually occur, we 

repeated the HFIP treatment twice more as was done by Ryan et al.[5] After the second 

treatment cycle, tiny particles < 20 nm in width and short fibrils were observed on the grid 

(Figure 2.8B), which were mostly absent after the third cycle (Figure 2.8C). Upon extended 

searching of that grid, however, we observed isolated clusters of larger particles and short 

fibrils (Figure 2.8D), indicating that while multiple treatment cycles can reduce the number 

of fibrils, HFIP does not completely disaggregate PHF6.  
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Figure 2.8. PHF6 eventually forms particles when dissolved in HFIP. PHF6 was 
dissolved to 200 µM in HFIP and bath-sonicated for 30 min, then an aliquot was spotted on 
a TEM grid and stained with UA. The rest of the HFIP in the sample was evaporated under 
a stream of N2, forming a peptide film. This cycle was repeated twice. (A) PHF6 after the 1st 
cycle of sonication in HFIP. (B) 2nd cycle in HFIP. (C) 3rd cycle in HFIP; most areas of the 
TEM grid. (D) 3rd cycle in HFIP; very isolated areas of the grid. Scale bars: 200 nm. 

 

2.2 Dimethyl sulfoxide (DMSO) 

Dimethyl sulfoxide (DMSO) was used to disaggregate Aβ in Lu et al.[9] for seeding 

experiments. Briefly, Aβ40 was dissolved in DMSO to 6 mM (26 mg/ml) to form a clear 
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solution, before it was diluted to 100 µM by adding it to phosphate buffer containing 

sonicated brain extract. Therefore, it would be reasonable to assume that DMSO will be 

equally or more effective in disaggregating Aβ40 at a peptide concentration of 1 mg/ml.  

When Aβ40 was incubated in DMSO for an hour, widespread amorphous aggregates 

were observed on the TEM grid (Figure 2.9A), which persisted even after a 24-hour 

incubation (Figure 2.9B). Although these aggregates are SDS-labile (Figure 2.12), the 

presence of aggregates on the TEM grids indicate that DMSO is ineffective at producing an 

aggregate-free solution. 

 

Figure 2.9. Aβ40 forms amorphous aggregates in DMSO. Aβ40 incubated in DMSO for 
(A) 1 hour and (B) 24 hours. Scale bar: 200 nm 

 

 When we dissolved PHF6 in DMSO, however, short fibers were observed by TEM 

after a 30-min incubation, which elongate after an additional 1.5-hour incubation, forming 

clusters of long fibers with a background that was largely free of fibril fragments (Figure 

2.10). Taken together, these experiments suggest that DMSO is ineffective for 

A B 
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monomerizing amyloid peptides and is useful only for initially dissolving the peptide 

powders before dilution into the assembly buffer.  

 

Figure 2.10. PHF6 forms fibers in DMSO. 5 mM (3.95 mg/ml) PHF6 incubated in 
DMSO and bath-sonicated for (A) 30 min and (B) 2 hrs. Scale bars: 200 nm. 

 

2.3 Ammonium hydroxide 

The observations that NH4OH-treated Aβ produced smaller aggregates that had a 

longer lag time during fibril assembly as compared to HFIP-treated Aβ suggested that it is a 

more effective method of preparing monomeric Aβ for seeding amyloid structures[5]. 

Therefore, we dissolved Aβ40 in 10% w/v NH4OH for 15 min before a sample was taken 

for TEM imaging. Although aggregates were still observed on the grid (Figure 2.11), they 

were much fewer than observed on the DMSO-treated Aβ40 grid. Furthermore, the 

NH4OH-treated Aβ40 showed an intense band in the monomeric (~4 kDa) region on SDS-
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PAGE, while most of the DMSO-treated Aβ40 were in the dimeric (~8 kDa) region of the 

gel (Figure 2.12). These results strongly suggested that the Aβ40 synthesized in our lab is 

more effectively disaggregated by NH4OH than by HFIP. 

 

Figure 2.11. Aβ40 aggregates in 10% w/v NH4OH. The region of the TEM grid where 
the largest deposit was observed is shown here. Scale bar: 200 nm 
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Figure 2.12. Aβ40 in disaggregating solvents. Lane 1: mature Aβ40 assembled in 10 mM 
sodium phosphate buffer, pH 7.4; lane 2: Aβ40 incubated in HFIP for 2 hours; lane 3: Aβ40 
incubated in DMSO for 2 hours; lane 4: Aβ40 incubated in NH4OH for 15 min. 12% SDS 
PAGE visualized with Coomassie Brilliant Blue. ~10 µg peptide per lane.  

 

When the NH4OH-treated lyophilized Aβ40 was reconstituted to 100 µM in 

assembly buffer (10 mM sodium phosphate, 0.02% sodium azide, pH 7.4) and incubated for 

1 day at 37oC, no fibrils were visible by TEM. Even the samples that were seeded with 

synthetic Aβ40 or brain extract were largely devoid of fibrils. This was likely due to the 

difficulty in dissolving lyophilized peptide directly in the assembly buffer, leading to a 

monomeric solution having an effective concentration well below 100 µM and the critical 

assembly concentration.  
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The preparation protocol was thus modified to promote the solubility of the 

lyophilized peptide before it was used for self-assembly or seeding. Since Aβ is more soluble 

in high pH, the lyophilized peptide was dissolved in 1 mM NaOH (pH ~ 10.8, 90% of the 

volume to make a 100 µM solution) until the solution was visibly clear of white powder, 

before 10X sodium phosphate buffer with 0.2% NaN3, pH 7.1 (the remaining 10% volume) 

was added, bringing the final concentration to 100 µM Aβ in 10 mM sodium phosphate with 

0.02% NaN3 at pH 7.4. Finally, large aggregates were removed by filtration through a pre-

rinsed 0.22 µm filter before the sample was ready for use. 

To determine if the NH4OH treatment is indeed more effective than the HFIP 

treatment at producing fewer/smaller Aβ aggregates after reconstitution in assembly buffer, 

monomeric Aβ40 solutions from both methods were prepared and samples were filtered 

through a 0.22 μm syringe filter. The solutions were then analyzed with the BCA assay for 

peptide content. An 87% peptide recovery was obtained after filtration of the HFIP-treated 

peptide (p = 0.00008 < 0.05; Student’s t-test) compared to a 97% peptide recovery for 

NH4OH (p = 0.08 > 0.05), suggesting that there were significantly more aggregates larger 

than 0.22 μm in the HFIP-treated solution that were retained by the filter (Figure 2.13). The 

NH4OH treatment for disaggregating Aβ peptides is therefore more desirable, since it results 

in more monomers and fewer aggregates. 
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Figure 2.13. Treatment of Aβ40 with NH4OH leads to higher recovery after filtration 
compared to treatment with HFIP. HFIP- and NH4OH-treated Aβ40 were reconstituted 
to 100 μM in 10 mM phosphate buffer + 0.02% NaN3, pH 7.4 and half of each sample was 
filtered through a 0.22 μm PES syringe filter. The filtered and unfiltered samples were then 
diluted to 10 μM before they were analyzed by the BCA assay. The peptide loss from 
filtration was significant (Student’s t-test, p < 0.05) for HFIP-treated Aβ40 but not 
significant (ns) for NH4OH-treated Aβ40. 

 

When applied to the PHF6 peptide, however, numerous clusters of needle-like fibrils 

were found on the grid (Figure 2.14), indicating that a high pH environment is also 

favorable for the assembly of the peptide. This finding demonstrated that NH4OH is not a 

universal solution to disaggregating amyloidogenic peptides and stresses the importance of 

checking the state of a peptide before it is used for seeding.  



48 
 

 

Figure 2.14. PHF6 forms clusters of needle-like fibrils in NH4OH. PHF6 was dissolved 
in NH4OH following the procedure used for Aβ40 and a sample was taken for TEM 
imaging. Scale bars: 500 nm 

 

Conclusion 

 In selecting a solvent for peptide disaggregation, one should consider the method of 

solvent removal, especially if the solvent affects a downstream assay. HFIP can be 

evaporated since it is volatile, although our results suggest that HFIP is only useful for 

peptide dissolution and not disaggregation. NH4OH can be neutralized by the assembly 

buffer, while DMSO can be diluted to a sufficiently low concentration or even dialyzed off, 

although the peptides may begin to assemble during that process.  

 Other possible solvents include formic acid, which has been shown to increase 

antibody detection in immunohistological staining of brain sections by increasing antigen 

exposure [10] and also solubilize polyglutamine (Q20) peptides [11]. However, if the 
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formation of aggregates is caused by crossing the isoelectric point of the peptide, then using 

acids will not be ideal for Aβ assembly in neutral buffers. 

 It is likely that the formation of pre-existing aggregates not only depends on the 

aggregation propensity of the primary sequence of the peptide/protein but is also affected 

by many variables along the synthesis and purification process. Therefore, a range of 

solvents or denaturants may need to be tested when attempting to disaggregate peptides.  

Materials and Methods 

Peptide synthesis and purification 

Peptides were synthesized on a CEM Liberty automated microwave peptide 

synthesizer. Fmoc-Val-PAL-PEG-PS resin (0.19 mmol/g, Applied Biosystems) or Fmoc-

Val-TentaGel R PHB resin (0.20 mmol/g, Rapp Polymere GmbH, Tübingen, Germany) 

were used for Aβ40; Fmoc-Ala-PAL-PEG-PS resin or Fmoc-Ala-TentaGel R PHB resin 

were used for Aβ42. Resins were swollen in 50% DMF/ 50% DCM for at least 15 min 

before the first deprotection reaction. Deprotections were performed with 20% v/v 

piperidine + 0.1 M hydroxybenzotriazole (HOBt) in DMF at 75 °C for 3 min and couplings 

were performed with 1 M HOBt in DMF and 0.5 M N,N′-Diisopropylcarbodiimide (DIC, 

Aapptec, Louisville, KY) in DMF at 75 °C for 5.5 min. However, histidine was double 

coupled at 50 °C for 8 min and arginine was double coupled at 75 °C for 10 min.  

For PHF6 and other short peptides synthesized, Fmoc-rink amide MBHA resin 

(Anaspec, CA) was used. Deprotections were performed in 20% v/v piperidine without 

HOBt and activations were done with 0.1 M 2-(1H-Benzotriazole-1-yl)-1,1,3,3-

tetramethyluronium hexafluorophosphate (HBTU) and 0.2 M N,N–Diisopropylethylamine 
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(DIEA) in DMF. N-termini were acetylated by the addition of 20% v/v acetic anhydride in 

DMF. 

The resins were then filtered, washed with DCM and dried overnight in a desiccator. 

Peptide cleavage was done using 10 mL of TFA/thioanisole/1,2-ethanedithiol/anisole 

(90:5:3:2% v/v/v/v) at room temperature for 3 hours. The mixture was then filtered drop-

wise into cold (-20 °C) diethyl ether and the precipitated peptide was collected by 

centrifugation at 4,000 rpm, 4 °C for 10 min. The pellet was washed three times with cold 

diethyl ether by resuspension and centrifugation and then dried in a desiccator overnight.  

The crude peptide was then dissolved in a minimal amount of 15% MeCN + 0.1% 

formic acid and purified by RP-HPLC using a semipreparative C18 column (Waters Corp., 

Milford, MA) with a 1%/min acetonitrile-water + 0.1% formic acid gradient. Aβ40 typically 

elutes between 26.8-28.0% MeCN as a broad peak on the chromatogram and fractions are 

analyzed by MALDI-MS with α-cyano-4-hydroxycinnamic acid (Sigma-Aldrich) as the 

matrix. Fractions containing peptides were pooled and acetonitrile was removed by rotary 

evaporation. The peptides were then lyophilized to dryness.  

For some batches of Aβ40, the mass spectra of the of the solutions after rotary 

evaporation show a hump in the baseline between 2400 to 2900 m/z and the lyophilized 

peptides had to be re-purified on the HPLC for a second time to reduce the magnitude of 

the hump to <10% of the total intensity on the mass spectra. The double-purified peptides 

were then dried by rotary evaporation and lyophilization.  

Quantification of peptide content in Aβ40 and Aβ42 

Since the lyophilized peptides contain residual salts and water of hydration, preparing 

Aβ solutions by weighing out the required mass of dry powder will lead to inaccurate 

concentrations. Therefore, the peptide content of each batch was determined by dissolving a 
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small amount of Aβ peptide in water (~0.2 mg in 1 ml) and measuring the concentrations of 

serially diluted peptides with the BCA (bicinchoninic acid) assay (Thermo Fisher Scientific). 

The average peptide content was about 73.3 ± 6.8 % (n=6) for Aβ40 and 76.0 ± 10.6% 

(n=6) for Aβ42. By correcting for peptide content each time the lyophilized powders are 

weighed out, batch-to-batch variations in concentrations can be minimized. 

Transmission electron microscopy 

Peptide solutions in HFIP were deposited on TEM grids (200 mesh 

formvar/carbon-coated copper grids, Electron Microscopy Sciences) and air-dried on the 

grids for at least 5 min. Peptides in all other solvents or buffers were incubated for 1.5 -2 

min on the grids. The excess solution was then wicked away with filter paper, before the grid 

was stained with 2% w/v uranyl acetate in water for 1.5 min. Grids were imaged on a 

Hitachi H7500 or HT7700 with a tungsten filament at an accelerating voltage of 80 kV and 

the pixel input ranges of the image files were adjusted in GIMP 2 (GNU Image 

Manipulation Program) for clarity. 
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Chapter 3. Pittsburgh Compound B fluorescence binding 

assay 

Introduction 

 Pittsburgh Compound B (PiB) binding to amyloid has traditionally been evaluated by 

PET imaging in vivo (both live patients and animals) [1,2], radio-ligand binding assays to brain 

homogenates [2-6] and autoradiography of tissue sections [7]. Saturation binding analyses of 

[3H]PiB binding to brain homogenates, synthetic, and recombinant amyloid fibrils are 

typically done with a ligand concentration between 0.1 to 300 nM [6,8]. The presence of 

high-affinity binding sites (Kd ≤ 5 nM) and a low-affinity binding sites (Kd ~ 50-300 nM) 

have been detected with this assay, with the former being 1000-fold more abundant in AD 

brains compared to other Aβ sources.  

Radiochemical assays however, are expensive and cumbersome since they require 

regulatory approval and the use of dedicated equipment, apparatus, and lab space. Therefore, 

a non-radioactive assay that can distinguish between the high- and low-affinity PiB binding 

sites will be desirable. While PiB has been utilized to image amyloid deposits in tissue 

sections with multiphoton fluorescence microscopy [9], little else is known about the 

spectroscopic properties of PiB.  

This chapter aims to understand the fluorescent properties of PiB, how it binds to 

Aβ, and to explore the feasibility of an in vitro PiB fluorescence assay to evaluate Aβ fibrils. 



54 
 

Results 

3.1 Factors influencing the fluorescence of PiB 

 Thioflavin T (ThT), the fluorescent dye that PiB was derived from, is commonly 

used to monitor amyloid fibrillization because it is weakly fluorescent (quantum yield, q ≈ 

0.0001) in the presence of monomers and oligomers but becomes highly fluorescent (q ≈ 

0.43) in the presence of β-sheet-rich fibrils [10]. One of the proposed reasons for ThT’s 

increased fluorescence upon binding to amyloid fibrils is that the immobilization of the 

molecule restricts its flexibility, especially rotation around the C-C bond between the 

benzothiazole and aminobenzyl groups of ThT. Therefore, when bound ThT is in the 

excited state where nonradiative transitions such as vibrational relaxation and formation of 

the twisted intramolecular charge transfer (TICT) state are less favored, a higher proportion 

of molecules in the excited state is driven to relax to the ground state through fluorescence 

[11,12].   

 To reduce the flexibility of PiB in solution, the temperature can be reduced, or the 

solvent viscosity can be increased. Since temperature control was not available on the 

spectrofluorometers, PiB fluorescence was measured in phosphate buffers with increasing 

amounts of glycerol. As the glycerol content increased from 0 to 80% v/v, a 3-fold increase 

in the fluorescence intensity was observed with no blue- or red-shift in the λmax (Figure 3.1). 

This finding suggests that one of the mechanisms for the increase in PiB fluorescence upon 

binding to amyloids is due to the steric hindrance encountered in the microenvironments 

when immobilized in the binding sites.  
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Figure 3.1. PiB fluorescence intensity increases with glycerol content. PiB was 
dissolved to 10 nM in mixtures of glycerol and 10 mM sodium phosphate buffer, pH 7.4 and 
the emission spectra (ex = 348 nm) were recorded. 

 

Tryptophan (Trp) residues in proteins can be used as intrinsic fluorescent probes to 

study protein structures and dynamics. One factor that influences Trp fluorescence is the 

polarity of its microenvironment. When buried in the hydrophobic interior of a protein, Trp 

typically has a λmax < 330 nm but when the protein unfolds and Trp is exposed to the polar 

solvent, the λmax can red-shift to > 330 nm [13]. ANS (1-anilinonaphthalene-8-sulfonate) is a 

fluorophore commonly used as an extrinsic fluorescent probe for protein characterization. 

In a polar aqueous environment, ANS is weakly fluorescent, but when dissolved in a non-

polar solvent or bound to a hydrophobic pocket in a protein, has a higher fluorescence 

together with a blue-shift in the λmax [11,14].  
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To probe the effects of solvent polarity on PiB fluorescence, we dissolved PiB in a 

series of solutions containing increasing amounts of MeOH in the assembly buffer and the 

fluorescence was measured. As the percentage of MeOH in the buffer increased from 0 to 

100%, a linear decrease in the λmax of the emission peaks was observed from 432.5 nm to 418 

nm (Figure 3.2A). The emission intensities increased by up to 15-fold (Figure 3.2B), 

although it was more prone to error and thus the relationship is unclear. Additionally, when 

PiB was dissolved in a variety of organic solvents, the λmax of the emission spectra decreased 

as the dielectric constant of the solvent decreased (Figure 3.3). These results show that PiB 

fluorescence increases and blue-shifts in a hydrophobic environment, suggesting that these 

spectral signatures observed when Aβ is added to PiB are indicative of PiB binding sites on 

the fibrils that are more hydrophobic than the bulk solution. 

 

Figure 3.2. PiB fluorescence emission blue-shifts and increases with the percentage 
of MeOH in buffer. PiB was dissolved to 10 nM in various mixtures of phosphate buffer 
and MeOH and the emission spectra (ex = 348 nm) were recorded. The λmax (A) and 
maximum intensity normalized to the intensity in phosphate buffer alone (B) of each peak 
was then plotted against the % of MeOH in the solution. 

A B 
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Figure 3.3. PiB fluorescence emission blue-shifts in hydrophobic solvents. PiB was 
dissolved in various solvents to 10 nM and the emission spectra (ex = 348 nm) were 
recorded. The λmax of each peak was then plotted against the dielectric constant of the 
solvent that PiB was dissolved in. It is noteworthy that emission spectra were not obtained 
for 10 nM PiB in hexane (εr = 1.88) and chloroform (εr = 4.81), because emulsions were 
formed. 

 

 To look at how PiB fluorescence changes in the presence of Aβ, we performed a 

reverse titration experiment with a fixed amount of PiB and increasing amounts of Aβ40 

fibrils. At low concentrations of Aβ, we expect only a small population of PiB to be bound 

to Aβ, while at high Aβ concentrations, we assume that all the PiB is in the bound state with 

a negligible unbound population in solution. Figure 3.4 shows that as the peptide 

concentration increased from 0.5 µM to 25 µM, the fluorescence of 10 nM PiB intensifies 

and blueshifts, which we interpret as a signature for binding to β-sheets. However, the 

fluorescence intensity peaks at 20 µM Aβ40 and decreases at 25 µM Aβ40 likely due to 
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quenching by the inner filter effect, indicating that for maximal fluorescence signal, the 

upper limit for peptide concentration should not be exceeded.  

 

Figure 3.4. PiB fluorescence emission blue-shifts and intensifies as Aβ concentration 
increases. The fluorescence of 10 nM PiB was measured in the presence of 0 to 25 μM 
synthetic Aβ40 (ex = 348 nm). 

 

To determine the approximate incubation time needed for PiB binding to Aβ in 

vitro, PiB was added to a solution of Aβ40 in the fluorescence cuvette and the emission 

spectra were recorded continuously over 2 hours (Figure 3.5A). Figure 3.5B showed a 

rapid decrease in the λmax where most of the blue-shift has occurred within the first 10 

minutes. In fact, this assay does not report on the initial binding and blue-shifting during the 

lag time (~15 s to mix PiB with Aβ, place the cuvette in the cuvette holder, close the lid on 

the fluorometer and begin scan) of the experiment, since unbound PiB has a λmax of 430 nm 

but the first emission spectrum only began from a λmax of 408 nm. Thus, for the purposes of 



59 
 

measuring PiB fluorescence binding to Aβ fibrils in vitro, it is safe to conclude that an 

incubation of at least 10 minutes before spectral acquisition is sufficient for reaching 

equilibrium binding. The fluorescence intensity of PiB binding to Aβ was also observed to 

exponentially decrease to 20% of the initial intensity over 2 hours (Figure 3.5C) with a t1/2 

≈50 min. Since the fluorescence was measured in a cuvette with excitation and emission 

beams in the horizontal plane instead of in a vertical plane as in microplate readers, the most 

plausible reason for the decrease in fluorescence would be due to bound PiB settling to the 

bottom of the cuvette over time and absorbing less of the excitation light, leading to 

decreased emission. To test this, the experiment was repeated but the sample in the cuvette 

was mixed by pipetting after 1 hour of monitoring (Figure 3.6A), to resuspend the fibrils. 

As predicted, the fluorescence increased after mixing and decayed exponentially in the 

second hour, although the fluorescence was <90% of the initial intensity, possibly due to 

sample adsorption on the pipette tip.  

The absorbance of Aβ40 at 225 nm in both the presence and absence of PiB was 

also monitored over 2 hours (Figure 3.6B) and was observed to decrease over time, 

although it did not follow an exponential decay as in Figure 3.6A. This is due to the 

presence of Aβ oligomers and monomers in solution that did not settle to the bottom of the 

cuvette. The fluorescence assay, however, was largely reporting on bound PiB, suggesting 

that there is a higher binding affinity to fibrils than to oligomers and monomers.   



60 
 

 
Figure 3.5. PiB fluorescence emission blue-shifts quickly upon binding to Aβ and 
diminishes over time. (A) PiB was added to synthetic Aβ40 and the fluorescence was 
acquired over 2 hours in 4-minute intervals (10 nM PiB with 20 μM Aβ40, ex = 348 nm). 
The λmax (B) and maximum intensity fitted with an exponential decay function (C) of each 
spectrum of each peak was then plotted against time. 

A 

B 
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Figure 3.6. PiB fluorescence decreases over time when bound to amyloid due to 
settling in the cuvette. (A) The fluorescence (ex = 348 nm) of 10 nM PiB with 20 μM 
synthetic Aβ40 was acquired over 2 hours in 4-minute intervals and the maximum intensity 
was plotted. After 1 hour, the sample in the cuvette was briefly mixed by pipetting before 
resuming spectral acquisition. (B) The absorbance of Aβ40 (black line) and Aβ40 with PiB 
(red line) at 225 nm was monitored over two hours. The spikes in the traces are due to 
software glitches when the computer was moved out of screensaver mode. 10 nM PiB has 
no absorbance at 225 nm. 

  

 We then acquired PiB fluorescence in the presence of freshly dissolved Aβ40 

monomers and unlike binding to Aβ fibrils, we only observed an increase in emission 

intensity with no change in the λmax (Figure 3.7A). Similarly, PiB binding to an equivalent 

mass of the BSA protein showed higher fluorescence with no blue-shift (Figure 3.7B). Since 

both the Aβ monomers and BSA have low β-sheet content, the results here indicate that the 

blue-shift observed in the presence of Aβ fibrils is due to binding to β-sheets while non-

specific binding only increases fluorescence. 

A B 
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Figure 3.7. PiB fluorescence intensifies but does not blue-shift in the presence of Aβ 
monomers and BSA. Fluorescence emission spectra of 10 nM PiB alone in phosphate 
buffer and in the presence of 20 μM assembled Aβ40 fibrils, 20 μM Aβ40 monomers (A) or 
1.3 μM BSA (0.87 mg/ml, equivalent to 20 μM Aβ40) (B). 

 

 To determine if PiB binds preferably to the sides or ends of Aβ fibrils, we compared 

PiB fluorescence binding to synthetic Aβ fibrils and seeds. The hypothesis is that if PiB has a 

higher binding affinity to the ends of the fibrils over the sides of the fibrils, then creating 

more fibril ends should result in a higher and more blue-shifted fluorescence spectrum due 

to a higher population of bound PiB. The Aβ concentration was reduced from 20 to 1 μM to 

reduce the number of binding sites at the sides of the fibrils, which would increase the 

proportion of unbound PiB available for binding to the ends of the fibrils. We observed no 

increase or greater blue-shift in the emission spectrum upon binding to Aβ seeds compared 

to the fibrils but instead, a small decrease in intensity (Figure 3.8A). A t-Test for the 

normalized intensities of the fibrils (1.97 ± 0.36) and seeds (1.79 ± 0.47) indicated that the 

difference is insignificant (p = 0.59), so this could be due to the disassembly of some peptide 

into monomers during sonication. CD experiments support this explanation, where the 
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magnitude of the negative ellipticity decreased after sonication (Figure 3.8B). Overall, these 

results suggest that PiB does not bind to the ends of the Aβ fibrils. 

 

Figure 3.8. PiB fluorescence is similar in the presence of Aβ40 fibrils or seeds. (A) 1 
μM synthetic Aβ40 fibrils were probe-sonicated for 30 secs to produce fragmented seeds. 
The fluorescence of 10 nM PiB was then measured in the presence of the fibrils or seeds. (B) 
CD spectra of 100 µM Aβ40 fibrils before and after sonication. 

 

 Having obtained a better understanding of how PiB fluoresces under various 

conditions, we then set out to determine if a fluorescent assay can be developed for PiB 

binding to Aβ.  

3.2 Separation of bound and unbound PiB with spin filters 

 In radio-ligand binding assays, the bound ligands are separated from the unbound 

ligands by filtering the solution. The ligand-receptor complexes are trapped on the filters, 

which are placed in scintillation fluid for detection. However, this method is unsuitable for 

fluorescence because a filter in the cuvette would absorb light, so the protocol needs to be 

modified. To separate the bound PiB from free PiB, a centrifugal spin filter typically used for 

concentrating proteins can be used to retain the Aβ fibrils including the bound PiB, while 

the unbound PiB should be filtered through the membrane. Since the protein recovery of 

A B 
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the retentate will be less than 100% due to protein adsorption on the membrane and filter 

housing, the assessment of PiB binding to Aβ may be more accurate by inferring from the 

fluorescence of unbound PiB in the filtrate.  

 To test if the 10 kDa MWCO filter is effective at retaining Aβ40 (MW = 4.3 kDa) 

fibrils, Aβ40 was centrifuged through the device and samples of the retentate and filtrate 

were taken for TEM. Figure 3.9 shows that a dense network of fibrils was concentrated in 

the retentate while the filtrate was free of fibrils and oligomers. Therefore, if synthetic Aβ 

has few high-affinity PiB binding sites, we should be able to detect unbound PiB in the 

filtrate.  

 

Figure 3.9. Centrifugal filter devices are effective at retaining Aβ40 fibrils. Synthetic 
Aβ40 (100 μM, 200 μl) was added to a 10 kDa MWCO Amicon ultra-0.5 ml centrifugal filter 
and centrifuged at 15k rpm for 5 min. Numerous fibrils were present in the retentate (A) as 
observed by TEM, while the filtrate (B) was visibly free of any fibrils or oligomers. Scale 
bars: 500 nm 

  

 PiB was then incubated with Aβ40 before the mixture was centrifuged in a spin filter, 

washed and resuspended in phosphate buffer (Figure 3.10A). The fluorescence spectrum of 

the retentate 2 (R2) is characteristic of the autofluorescence of Aβ fibrils. Additionally, the 

Aβ-only sample showed some fluorescence in both filtrates 1 and 2, where some monomers 
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and low-molecular weight oligomers have filtered through. Surprisingly, no fluorescence was 

detected in the filtrates or retentate for the PiB-only control, suggesting that PiB was 

retained in the membrane.  

 

Figure 3.10. Separation of Aβ-bound PiB with spin filters. (A) Protocol used to separate 
bound and unbound PiB with spin filter. (B) Fluorescence spectra of filtrates and retentates. 
Emission spectra of 10 nM PiB + 20 μM Aβ40 (left), 20 μM Aβ40 control (middle) and 10 
nM PiB control (right). 
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 If PiB loss during filtration is due to using a concentration that is too low, would 

higher PiB concentrations overcome this problem? To answer this, we increased the 

concentration of PiB up to 100 nM (Figure 3.11A) and filtered them through the spin filters. 

While some weak fluorescence was observed in the filtrates, the intensity from the 20 nM 

PiB was higher than that of the 50, 75 and 100 nM samples (Figure 3.11B), suggesting that 

the noise was larger than the signal and PiB is effectively trapped in the membrane.  

 

Figure 3.11. PiB fluorescence is diminished after centrifugation in spin filters. (A) 
Fluorescence spectra of 20 to 100 nM solutions of PiB in phosphate buffer. (B) The PiB 
solutions were centrifuged through the spin filters and the fluorescence of the filtrates were 
measured. 

 

 At this point, the concentration of PiB was increased by a few orders of magnitude 

up to 100 μM to evaluate the binding affinity onto the membrane. At high concentrations, 

PiB fluorescence does not need to be measured in a spectrofluorometer because it is visibly 

fluorescent under a handheld UV light (Figure 3.12A). The PiB solutions were then filtered 

through pre-rinsed centrifugal filters, after which the filters were washed by centrifugation of 

buffer alone. When the filters were cracked open and visualized under UV light, all 
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membranes were visibly fluorescent indicating that PiB was still bound after washing 

(Figure 3.12B). We then looked at binding of PiB to filter paper, since both the membrane 

and paper are cellulose-based materials. When spotted onto filter paper, PiB quickly binds to 

the filter paper while the buffer spreads out on the paper, so most of the fluorescence was 

localized to the center of each spot (Figure 3.12C). The strip of paper was then immersed 

for 15 min in a 50-ml centrifuge tube containing water, before it was removed and visualized 

(Figure 3.12D). Given that a large volume of water was used to wash the filter paper, we 

expected that the fluorescence intensity of the spots will decrease as the adsorbed PiB 

diffuses into the water, but instead, the intensities before and after washing are similar. These 

experiments show conclusively that PiB strongly binds to the filter membranes and detecting 

unbound PiB in the filtrates will be near-impossible. The filters could be passivated by BSA 

to reduce PiB adsorption, but this may lead to clogging of the pores and unnecessarily 

complicates the goal of a simple fluorescence assay for determining bound and unbound PiB 

fractions.   
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Figure 3.12. PiB is visibly fluorescent and binds to cellulose/paper. (A) PiB was 
dissolved at 100 μM, 10 μM, 1 μM, and 100 nM in 10 mM phosphate buffer pH 7.4 and 
visualized under uv light (365 nm). (B) 500 μl PiB at 100 μM, 10 μM, 1 μM, 100 nM and 
buffer (0 nM) was filtered through a 10 kDa MWCO centrifugal filter (15k rpm, 5 min) and 
washed by adding 500 μl buffer and centrifuging the filters. The filter units were then 
removed from the centrifuge tubes and broken with a hammer. One of the two membranes 
(regenerated cellulose) was then visualized under uv light. (C) 10 μl of PiB at 100 μM, 10 
μM, 1 μM, and 100 nM was spotted onto a filter paper dropwise and allowed to dry before it 
was imaged under uv light. The filter paper was then washed by immersion in a centrifuge 
tube containing 50 ml of distilled water for 15 min, before it was dried and imaged again (D). 
The white rings on the filter paper are the edges of the waterfront when PiB was spotted on. 

 

3.3 Separation of bound and unbound PiB by centrifugation 

 We then turned to simple centrifugation to separate bound and unbound PiB, where 

bound PiB should be in the pellet with the Aβ fibrils while unbound PiB should be in the 
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supernatant with the unassembled Aβ. To test how effectively Aβ fibrils can be pelleted and 

removed from the supernatant, synthetic Aβ40 was centrifuged and the fibril content in the 

pellet and supernatant were quantified with ThT fluorescence. Since a solid pellet was not 

visible after centrifugation, the top and bottom halves of the solution were regarded as the 

supernatant and pellets respectively (Figure 3.13A). Before centrifugation, ThT binding to 

the 20 μM Aβ40 solution was 2.5-fold over ThT alone, and after centrifugation, ThT 

fluorescence of the supernatant decreased to 1.2-fold while the resuspended pellet had a 3.5-

fold intensity (Figure 3.13B). The relative amounts of fibrils in the TEM images corroborate 

with the ThT fluorescence results, with the pellet having the highest density of fibrils 

(Figure 3.13E) while the supernatant having sparser fibrils (Figure 3.13D) than before 

centrifugation (Figure 3.13C).  
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Figure 3.13. Aβ40 fibrils can be enriched by centrifugation. (A) Schematic of protocol 
used to concentrate Aβ fibrils. (B) ThT fluorescence of 20 μM Aβ40, supernatant and 
resuspended pellet normalized to the fluorescence of ThT alone. TEMs of samples (C) 
before centrifugation, (D) supernatant and (E) resuspended pellet. Scale bars: 500 nm. 

 

 PiB was then incubated with Aβ40 before centrifugation and the fluorescence 

spectra of the supernatants and pellets were acquired. As predicted, the raw fluorescence was 

more intense in the pellet than in the supernatant (Figure 3.14, left), but surprisingly, the 
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fluorescence of the Aβ-only samples was only slightly higher in the pellet as compared to the 

supernatant, suggesting that the autofluorescence from the Aβ in the supernatant is not 

negligible (Figure 3.14, middle). Another unanticipated observation was that PiB 

fluorescence can be enhanced in the pellet (Figure 3.14, right), suggesting that invisible 

precipitates or micelles were forming when PiB is not bound to Aβ. Since we are unable to 

quantify how much of the increased fluorescence in the pellet of a PiB-Aβ sample is due to 

sedimentation of free PiB or pelleting of bound PiB, the centrifugation approach was 

abandoned.  

 

Figure 3.14. PiB fluorescence can be enhanced by centrifugation. 10 nM PiB + 20 μM 
Aβ40 (left), 20 μM Aβ40 control (middle) and 10 nM PiB control (right) incubated for 15 
min before centrifugation at 15k rpm for 15 min, and the fluorescence of the pellets (solid 
lines) and supernatants (dash lines) were measured. 

 

3.4 Separation of bound and unbound PiB with fiberglass filters 

 We then returned to the filtration approach, but this time using the same Whatman 

GF/B glass fiber filters that are used in the 3H-PiB radio-ligand binding assays [5,15-17], 

rationalizing that they should not retain PiB since unbound PiB can be washed off before 

they are immersed in scintillation fluid. The 100 nM PiB solutions that were filtered showed 

a decreased fluorescence intensity as compared to the unfiltered solutions, and this was also 
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observed when the PiB concentration was increased ten-fold to 1 µM (Figure 3.15). 

Although the glass fiber filters retained substantially less PiB than the cellulose-based filters, 

it is likely that some extra washes will be required to elute the remaining PiB from the filter, 

further diluting the fluorophore concentration of the filtrate. If this method were to be 

applied at a 10 nM PiB concentration when evaluating binding to Aβ fibrils, the PiB 

fluorescence in the filtrates will likely be too weak for a reliable comparison. As such, we 

conclude that this approach is also not feasible.  

 

Figure 3.15. PiB fluorescence decreases after filtration through glass fiber filters. 
GF/B filters were cut to size and placed in 12 ml syringes. 1 ml of 100 nM PiB (A) or 1 µM 
PiB (B) was then pipetted into each of the syringes, then filtered through. The fluorescence 
spectra of the filtrates were then compared with unfiltered samples. 

 

Conclusion 

 Our efforts to develop a quick and easy fluorescence assay for quantifying bound 

and unbound PiB using filtration or centrifugation were unsuccessful due to retention by the 

filters and the unexpected property that PiB can be concentrated by centrifugation. 

Therefore, quantitative in vitro PiB binding is still best evaluated by a radio-ligand binding 

assay. However, we can still ascertain if PiB binds or does not bind to an amyloid sample by 
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acquiring the total PiB fluorescence spectrum and comparing the λmax relative to that of PiB 

alone. We discovered that a blue-shift in the PiB fluorescence spectrum indicates either 

binding to β-sheet-rich fibrils and/or the molecule is in a hydrophobic environment, which 

also suggests that PiB binds to the exposed or accessible hydrophobic residues in Aβ. Other 

factors that affect PiB fluorescence are summarized in Table 3.1.  

Table 3.1. Factors influencing the fluorescence of PiB 

Increased fluorescence intensity Blue-shift in emission 

Larger mass of amyloid fibrils Larger mass of amyloid fibrils 

Hydrophobic environment Hydrophobic environment 

Higher solution viscosity 
 

Non-specific binding to 
monomers/aggregates, BSA 

 

 

Materials and Methods 

Pittsburgh compound B (PiB) fluorescence 

PiB (ABX GmbH, Radeberg, Germany) was dissolved to 10 mM in DMSO and 

stored in aliquots at -20 °C and working solutions were serially diluted from the stock 

solutions into phosphate buffer. PiB fluorescence was measured in a quartz cuvette (Hellma 

Analytics 105.251-QS, 3x3 mm light path, 100 μl volume) with either a Horiba Jobin-Yvon 

Fluoromax 3 or an Agilent Cary Eclipse spectrofluorometer. On the Fluoromax, emission 

spectra were acquired in 1 nm data intervals at 1 nm/s, 1 s averaging time with excitation 

and emission slit widths of 5 nm, while on the Cary Eclipse, spectral acquisition was done at 

1 nm data intervals at 2 nm/s, 0.5 s averaging time and a PMT voltage of 800 V with 
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excitation and emission slit widths of 5 and 10 nm respectively. The raman scattering peak at 

396 nm for each spectrum was removed by subtracting the emission spectrum of phosphate 

buffer[18]. Unless otherwise stated, the fluorescence spectra of PiB in the presence of Aβ 

was corrected by subtracting the auto-fluorescence of the Aβ-alone spectra from the PiB + 

Aβ spectra. Normalized spectra were obtained by setting the baselines between 550-600 nm 

to zero, before dividing by the maximum intensity of the 10 nM PiB baseline-corrected 

spectrum. 

Thioflavin T (ThT) fluorescence 

 Thioflavin T (AnaSpec, ultrapure grade, Cat. No. AS-88306) was dissolved to 10 mM 

in 10 mM phosphate buffer, pH 7.4 and frozen at -20 oC in aliquots until ready for use. End 

point assays were performed using black 96 well plates with clear flat bottoms (Corning, Cat. 

No. 3631) in a Biotek Synergy HT plate reader controlled by KC4 software. Each well had a 

100 µl total volume containing 10 µM Aβ and 10 µM ThT in 50 mM glycine buffer pH 8.5. 

The plate was briefly shaken for 3 seconds with the intensity set at 3 before fluorescence was 

measured at the bottom of the wells with 440/20 and 485/20 nm excitation and emission 

filters respectively and sensitivity at 50. Fluorescence values were divided by the average 

values of the standard wells containing 100 µl of 10 µM ThT only.  

Absorbance spectroscopy 

 Aβ and PiB absorbance were measured in a 1 cm path length quartz cuvette with a 

Jasco V-530 spectrophotometer at 225 nm every 10 sec. Absorbance values were corrected 

by using phosphate buffer as the background.  
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Circular Dichroism 

 Aβ40 aliquots were placed in a 0.10 mm path length quartz cuvette and CD spectra 

were recorded at room temperature from 190-250 nm wavelengths in a Jasco J-810 

spectropolarimeter. Samples were scanned at a 100 nm/min rate with 0.2 nm resolution and 

2 nm bandwidth for 3 accumulations. Sample spectra were corrected by subtracting the 

buffer control spectrum and then converted to mean residue ellipticity with the formula [θ] 

= [θ]obs/(10 × n × C× l), where [θ]obs is observed ellipticity (in mdeg), n is the number of 

peptide bonds, C is concentration (M) and l is path length (cm). Each spectrum is an average 

of triplicate aliquots. 
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Chapter 4: Seeding of  brain extracts into synthetic Aβ  

Introduction 

One of the major efforts in understanding the disease etiology is directed at solving 

amyloid structures on the premise that the toxicities of the aggregates are related to their 

structure. Based on the strain hypothesis (chapter 1, section 1.3), it is thought that Aβ fibrils 

in AD brains have common structural features while Aβ in non-AD brains have another 

distinct set of structures, leading to different downstream effects or toxicities. High-

resolution techniques such as solid-state NMR and cryo-EM have been used to obtain 

structural models of the paracrystalline fibrils [1-11], but most of these were pure synthetic 

fibrils assembled in vitro because of the difficulty in obtaining fibrils of sufficient purity, 

homogeneity and mass directly from brain tissue.  

Amyloid structures can be cyclically amplified for structural characterization through 

protein misfolding cyclic amplification (PMCA), which is analogous to DNA amplification 

by PCR [12]. The difference however, is that PMCA (also referred to as templated protein 

corruption or seeding) amplifies structural information instead of genetic information. This 

concept has recently been used for the early diagnosis of Creutzfeldt-Jakob disease (CJD) by 

amplifying patient CSF into recombinant PrP for detection [13,14]. Tycko and co-workers 

have also seeded synthetic Aβ from enriched AD brain extracts and showed that the 

molecular structures of the resulting fibrils are different from that of Aβ assembled in vitro 

[15,16]. This raises additional questions about the nature of the seeded fibrils. Do they also 

bind to PiB with high affinity as observed for Aβ from AD brains but not for Aβ from all 

other sources? Do they retain the bioactivities of the parent seeds?  
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To gain insight into these questions, we first established protocols for seeding 

various forms of Aβ before evaluating the differences in the seeded fibrils by TEM and 

binding to ligands. 

Results 

4.1 Propagation of agitated Aβ fibrils under quiescent conditions 

 To be confident that the fibrils obtained after seeding the brain extracts into 

synthetic Aβ result from the propagation of seeds and not from the self-nucleation of the 

synthetic Aβ monomers, a positive control for the seeding protocol had to be established. 

We used synthetic agitated (Ag) Aβ40 as a positive control since Ag fibrils have a different 

morphology from fibrils assembled under quiescent conditions (Q), thus the fidelity of the 

seeding protocol can be assessed by TEM.  

 To determine the proportion of seeds needed to seed the growth of Aβ40, we 

incubated the monomers in the presence of 1 to 50% w/w Ag seeds and monitored fibril 

assembly with ThT fluorescence (Figure 4.1). The results show that a 5% seed 

concentration is sufficient to accelerate fibril assembly to maximal ThT fluorescence in a 

day. Within this timeframe, the ThT fluorescence for the unseeded Aβ remains constant, 

indicating that it is still in the lag phase with negligible fibril formation. However, TEMs of 

the 5%-seeded fibrils showed a heterogeneous mixture of Ag and Q fibril morphologies, so 

we used a 10% seed concentration (where the Ag morphology was much more prevalent in 

the seeded fibrils) in the following experiments. 
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Figure 4.1. Kinetics of seeding agitated (Ag) fibrils under quiescent conditions. 100 
µM Aβ40 was incubated with increasing amounts of 100 µM Ag Aβ40 seeds under quiescent 
conditions at 37oC in the presence of ThT. The seed amount is reported as a percentage of 
the total volume in each replicate. 

 

Another aliquot of Ag fibrils (Figure 4.2A) was probe-sonicated to yield Ag seeds 

(Figure 4.2B), which are shorter but still untwisted and bundled, therefore retaining the 

morphology of the Ag fibers. Freshly prepared Aβ40 monomers were then added to the 

seeds to create the daughter or 1st generation consisting of 10% seeds. After incubation at 

37 oC for 1 day in the absence of ThT, an aliquot of the daughter generation fibrils was used 

to seed another batch of Aβ40 monomers to give the granddaughter or 2nd generation, 

which was also incubated for 1 day at 37 oC. TEMs of these seeded assemblies show that 

they also have the untwisted, bundled Ag fibril morphology (Figure 4.2C and D), although 

some quiescent fibril morphology was observed in the granddaughter generation. This 

experiment showed that Ag fibrils can be propagated under quiescent conditions for up to 

two generations using this protocol, and we can expect it to be transferrable to the brain 

extracts. 
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Figure 4.2. Seeding of agitated synthetic Aβ40 under quiescent conditions. (A) Parent 
Ag fibrils, (B) seeds derived from Ag fibrils, (C) daughter Ag fibrils after one round of 
seeding and (D) granddaughter Ag fibrils.  Scale bars: 200 nm 

 

4.2 Seeding of LSS (low-speed supernatant) brain extracts into synthetic Aβ 

Brain extracts used for seeding (Table 4.1 and Table 4.2) were prepared from 

frozen brain tissue obtained from the Emory ADRC through Dr. Lary Walker. Unlike other 

brain homogenate purification protocols that involve the use of detergents and proteinases 
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[16-18], the brain homogenates processed here were essentially supernatants of low speed 

centrifugation (LSS, low-speed supernatants) and underwent no chemical treatment (see 

methods section), thus allowing us to use seeds that are much closer to their biological 

conformations instead of selecting for nuclease- and proteinase-resistant strains. 

Additionally, since the LSS human brain extracts were sufficiently potent to induce in vivo 

seeding in APP-transgenic rats [19] and LSS APP-transgenic mice brain extracts could 

induce Aβ amyloidosis in other APP-transgenic mice [20], we assumed that they can retain 

their seeding efficacy in vitro.   

Table 4.1. Patient profiles of brain extracts used for seeding 

Brain 
extract 

Emory 
ADRC case 

number 

Pathology Age 
(years) 

Race/Sex Brain 
region 

ApoE 
genotype 

PMI 
(hr) 

AD 1 OS02-159 AD 61 Male Occipital 3/4 5.5 

AD 2 OS03-300 AD 75 White female Occipital 4/4 12 

AD 3 OS02-163 AD 70 White male Occipital 3/4 11 

ND 1 OS02-35 Normal brain 75 White female Occipital 3/3 6 

ND 2 E11-33 Microinfarction 43 Black female Occipital 3/3 15 

ApoE: Apolipoprotein E.  
PMI: post mortem interval.  

Table 4.2. Profiles of monkey brain extracts used for seeding 

Brain 
extract 

Emory ADRC 
case number 

Species Age 
(years) 

Sex Brain 
region 

PMI 
(hr) 

M1 Yale Macaca mulatta 35 Female - 0 

M2 90T Saimiri sciureus - - - - 
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To characterize the contents of the brain extracts, BCA assays of the diluted brain 

extracts were performed to measure the protein concentrations. AD2, M1 and M2 were 

found to have much higher protein contents than AD1, AD3 and ND (Figure 4.3A), and 

therefore were diluted to 2.33 mg/ml (the average for AD1, AD3 and ND) in the following 

seeding experiments (diluted seeds are denoted with a *). By using seeds with approximately 

equal protein contents, we aim to compare seeding efficiencies between different strains. 

SDS-PAGE of the brain extracts showed no striking difference between the AD and non-

AD brains (Figure 4.3B).  

 

Figure 4.3. Brain extracts have different protein compositions. (A) Protein 
concentration in 10% w/v brain extract supernatant measured by the BCA assay. (B) Brain 
extracts analyzed by SDS PAGE and visualized by staining with Coomassie Blue. 10 µg 
protein per lane. 

 

 We then made seeds from the LSS brain extracts through sonication and seeded 

them into synthetic Aβ40 for two generations. While the parent fibrils appeared polymorphic 

between and within the samples, the daughter and granddaughter Aβ40 fibrils had less 
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heterogeneity. Unlike the pure synthetic Aβ40 controls, the brain-seeded fibrils generally had 

oligomers bound to the sides of the fibrils, giving them a rough appearance (Figure 4.4) that 

was also reported by Lu et al. [16]. We also observed a similar trend for the two non-human 

primate brain extracts (Figure 4.5).  

 

Figure 4.4. Morphologies of fibrils found in human brains and after seeding into 
synthetic Aβ40. All images to scale. Scale bar: 200 nm 
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Figure 4.5. Morphologies of fibrils found in monkey brains and after seeding into 
synthetic Aβ40. M1: rhesus macaque, M2: squirrel monkey. All images to scale. Scale bar: 
200 nm 

 

4.3 Stability of seeded Aβ fibrils to freeze-thawing 

 To evaluate the binding of 3H-PiB and 3H-X34 binding to the brain extract-seeded 

Aβ40 fibrils, we froze the samples and shipped them to Dr. Harry LeVine at the University 

of Kentucky. However, to assess the stability of the fibrils to freeze-thawing, we first 

characterized the AD2*-seeded granddaughter Aβ40 fibrils (representative of all brain 

extract-seeded fibrils) and the Q Aβ40 granddaughter fibrils (assumed to be the most stable 

Aβ40 fibrils in vitro). The fibrils were then stored at -80 oC for one week, before they were 

thawed to room temperature and the same series of experiments were performed.  

 TEM imaging of the Q Aβ40 granddaughter fibrils showed that freeze-thawing 

caused the fibers to fragment into assemblies that look similar to seeds that are made by 

sonication of fibers (Figure 4.6B). A similar effect was observed for the AD2* 
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granddaughter fibers (Figure 4.6D), although the extents of fragmentation are difficult to 

quantify with TEM. The most plausible reason for the fragmentation is the formation of ice 

crystals when the Aβ samples were frozen by simply placing them in the -80 oC freezer. CD 

spectra of the fibrils showed marginal increases in intensities and red-shifting of the spectra 

after freeze-thawing (Figure 4.6F), suggesting that the degree of assembly remained the 

same.  

It is noteworthy that the CD spectra for the AD2* granddaughter fibers in Figure 

4.6E and F appear to be a combination of beta sheet and random coil structures as they 

show minima in the 217 and 196 nm regions respectively. This suggests that the seeding 

efficiency of the brain extracts into synthetic Aβ is lower than that of self-seeded synthetic 

Aβ, where a higher population of the peptide exists in the monomeric and oligomeric state 

rather than in the fibrillary state. ThT binding to the fibrils supports this hypothesis, where 

there was no observable increase in ThT fluorescence in the presence of the AD2* 

granddaughter fibrils before freezing (Figure 4.7A). Freeze-thawing had the effect of 

increasing ThT fluorescence for both samples (Figure 4.7B), where a 0 to 3-fold and 11 to 

13-fold increase was recorded for the AD2* and Q Aβ40 granddaughter fibrils respectively. 

Since the primary effect of freeze thawing was fibril fragmentation which produces more 

fibrillary ends, the increased ThT fluorescence suggests that ThT is also binding to the ends 

of the fibers.  

Congo red (CR) binding to the fibrils showed little difference before and after 

freezing (Figure 4.7C and D) with Q Aβ40 granddaughter showing a larger increase in 

absorbance and red shift than AD2* granddaughter, in agreement with ThT binding. The 

difference spectra (Figure 4.7E and F, obtained by taking [CR+Aβ] – [CR alone]) shows the 
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change in CR absorbance upon binding to Aβ and interestingly, the increase at 534 nm is 

greater than at 513 nm for Q Aβ40 granddaughter while for AD2* granddaughter, CR shows 

an equal increase at both wavelengths. This suggests that there are two binding modes which 

are present in different ratios in these samples. The minor differences in absorbance 

magnitudes are most likely from experimental error and instrument variation, since there is 

variation in the CR-alone spectrum taken before and after freezing. 

More importantly, PiB binding fluorescence spectra before and after freezing 

showed no distinguishable difference for AD2* granddaughter and only a slight increase in 

fluorescence for Q granddaughter after freeze-thawing (Figure 4.7G and H). Comparing 

these findings to ThT fluorescence, it appears that there are PiB binding sites at the ends of 

the fibrils which are abundant in the Q granddaughter but insufficient in the AD2* 

granddaughter to elicit a change in fluorescence.  

 



87 
 

 

Figure 4.6. Freeze-thawing causes Aβ fibrils to fragment. Q Aβ40 granddaughter forms 
long fibrils before freezing (A) but freezing for one week at -80 oC followed by thawing 
results in fragmented fibrils (B). A similar effect was observed for AD2* granddaughter 
fibrils before (C) and after freeze-thawing (D). CD spectra of the fibrils showed minimal 
differences before (E) and after freeze-thawing (F). Scale bars: 200 nm 
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Figure 4.7. Binding profiles of ThT, CR and PiB to Q Aβ40 and AD2* granddaughter 
before (left) and after (right) freeze-thawing. Q Aβ40 and AD2* granddaughter fibrils 
ThT binding fluorescence spectra before (A) and after (B) freeze thawing. CR absorbance 
spectra (C and D) and CR difference spectra (E and F) before (C and E) and after (D and F) 
freeze thawing. PiB binding fluorescence spectra before (G) and after (H) freeze-thawing. 
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 If fibril fragmentation is to be avoided during freezing, then the formation of 

crystalline ice should be minimized during the process. To rapidly freeze the peptide solution 

and favor vitreous ice formation over crystalline ice, we maximized the surface area to 

volume ratio of the peptide solution that contacts the liquid N2 by dropwise addition of the 

peptide into liquid N2. Upon thawing, the fibrils were observed to be both bundled and 

fragmented (Figure 4.8B), suggesting that crystalline ice still formed during freezing. A 

more drastic way to prevent crystalline ice formation would be to modify the protocols used 

in cryo EM where thin (<1 μm) aqueous layers are frozen in liquid ethane, but that would be 

too extreme for our purposes. Since PiB fluorescence was minimally affected by the effects 

of freeze-thawing, the fragmentation issue was not pursued further, and the samples were 

simply flash frozen by dropping the microfuge tubes in liquid N2. 

 

Figure 4.8. Dropwise flash freezing of Q Aβ40 fibrils produced fragmented and 
bundled fibers. (A) The fibrils (100 μM) were pipetted dropwise (~20 μL) into a 1.5 mL 
centrifuge tube containing liquid N2. (B) The frozen pellets were stored at -80 oC for one 
day before they were thawed and adsorbed on a TEM grid. Scale bars: 200 nm. 
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4.4 [3H]-PiB, [3H]-X-34 and pFTAA binding to brain-seeded fibrils 

 Having established that the PiB binding to the seeded fibrils remains relatively 

unchanged after freeze-thawing, the samples were flash-frozen and shipped to Dr. Harry 

LeVine at the University of Kentucky for 3H-PiB and 3H-X-34 [21] binding analyses. The 

results showed that almost all samples had lower specific binding to 3H-PiB than the fibrillar 

Aβ40 control (F40), except for the Ag-seeded granddaughter (sample #7, Figure 4.9A). 

However, both the Ag and Q-seeded granddaughter (sample #7 and 8) had higher specific 

binding to 3H-X-34 compared to the F40 control (Figure 4.9B). ThT fluorescence indicated 

that only the Ag granddaughter had fibrillized to a detectable extent, although not as much 

as the F40 control, while the other samples had higher populations of monomers and 

oligomers over fibers. Taken together, the results showed that PiB binds to fibers with the 

Ag morphology more strongly than it does to fibers with the Q morphology, and that Q-

seeded aggregates (but not fibers) have an unusually high binding to X-34 but not to PiB or 

ThT. Additionally, given that the LSS brain extracts can seed Aβ aggregation in transgenic 

rats but not in vitro, our findings suggest that exogenous Aβ seeds can be retained and 

concentrated in the brain, allowing seeding to take place.  
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Figure 4.9. Brain extract-seeded Aβ40 had low 3H PiB, 3H-X34 and ThT binding. 
Granddaughter Aβ40 seeded from low speed supernatant brain extracts, synthetic quiescent 
Aβ40 generally had low specific binding to (A) 3H-PiB, (B) 3H-X34 and (C) ThT, except for 
agitated Aβ40. 

 

 Since the data above indicated that the oligomeric Aβ population was dominant in 

the brain-seeded samples, we sought to determine if there are differences in the aggregates 

using LCO as a reporter. pFTAA (pentamer formyl thiophene acetic acid) was shown to 

bind to pre-fibrillar Aβ40 aggregates and yield a different emission spectrum than when 

bound to Aβ fibrils [22]. Figure 4.10 shows that the spectral profiles of brain-seeded Aβ 

were similar to that of pFTAA alone where I510nm < I540nm, suggesting that most of the 
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pFTAA were unbound. However, the Q-seeded oligomers had a higher fluorescence 

intensity with I510nm = I540nm indicating a different oligomeric conformation, and the relative 

intensities for the two peaks were reversed for the Ag-seeded fibrils, with I506nm < I540nm.  

 

Figure 4.10. Brain extract-seeded Aβ40 had similar pFTAA binding. Fluorescence 
emission spectra of 300 nM pFTAA binding to 10 µM granddaughter Aβ40 seeded from low 
speed supernatant brain extracts. The low-intensity spectra are magnified on the right. Ex = 
456 nm. 

 

4.5 Enrichment of brain extracts for more specific amyloid seeding 

 Based on the previous section, we rationalized that seeding from the near-native low 

speed supernatant brain extracts was hindered by non-specific binding to other non-amyloid 

components in the brain extracts. This may explain why papers reporting on the seeding of 

brain extracts into synthetic Aβ all involve treatment of the brain homogenates with 

detergents, proteases, nucleases, EDTA, etc. [15,16,23]. We therefore enriched the amyloid 

content in the LSS brain extracts following a protocol by Wenborn et. al [24] used for 

purifying prion assemblies from rodent and human brains, since it did not require access to 

an ultracentrifuge. Additionally, the Aβ seeds should retain their seeding potency since the 



93 
 

reagents used in this protocol do not appear to be extremely harsh, and Aβ seeds have been 

reported to be resistant to formaldehyde, boiling or drying [25-27].  

 In an initial evaluation of this protocol, we enriched the AD1 and AD2 extracts 

where the fourth pellets (P4) would be used as seeds. TEM images of the P4 samples reveal 

a much cleaner background as compared to the LSS extracts, with fibrils appearing to be 

‘wet’, clumped and have less distinct edges than observed for synthetic Aβ (Figure 4.11A 

and C). Other structures observed on the grids include collagen fibrils (Figure 4.11D), 

clusters of globular aggregates (Figure 4.11B), lipid/membrane-like sheets (Figure 4.11A 

and C) and banded, typically ovoid structures with 3nm bandwidths (Figure 4.11A, C, D).  
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Figure 4.11. Structures observed in pellet 4 of enriched AD1 and AD2 LSS brain 
extracts. Representative images of structures seen in P4 of enriched AD1 (A and B) and 
AD2 (C and D) brain extracts. Scale bars: 200 nm 

 

 We then looked at the purity of the P4 aliquots on a denaturing gel to confirm that 

the enrichment protocol had removed most of the proteins in the starting samples, since 

TEMs do not reveal the presence of soluble proteins. Figure 4.12A showed no visible bands 

in the lanes where P4 were loaded, indicating that that virtually all gel-penetrable proteins 
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were removed in the P4 fractions. However, no bands <5 kDa corresponding to Aβ40/42 

were detected in the P4 lanes, suggesting that Aβ either did not enter the gel or were 

discarded during the enrichment process. SDS-PAGE of the discarded fractions (Figure 

4.12B) showed bands ~5 kDa which may contain Aβ, and they were mostly present in the 

pellet 1, surface layer and supernatant 2 fractions. The other SDS-soluble proteins in the 

brain extracts were not detectable in the gel likely because the supernatants are more dilute 

than the pellets and/or they were digested into small fragments.  

 

Figure 4.12. Brain extract enrichment protocol removes SDS-soluble proteins. (A) 
SDS-PAGE of the LSS samples before (B.E.) and after (P4) amyloid enrichment. (B) SDS-
PAGE of the proteins that were removed during the process. 12% SDS-PAGE. B.E.: brain 
extract, P: pellet, SN: supernatant, SL: surface layer. 

 

 Finally, we looked at the resistance of Aβ fibrils to denaturation by SDS and β-

mercaptoethanol by boiling synthetic Aβ40 fibrils in laemmli sample buffer, just as how the 

brain extracts and 4th pellets would have been treated before gel electrophoresis. Before 

boiling, plenty of fibrils were observed when an aliquot was spotted on a TEM grid (Figure 

4.13A) and fibrils were still present when the sample was boiled for 10 min (Figure 4.13B) 
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as in our protocol for SDS PAGE. Extension of the boiling time to 20 and 30 min (Figure 

4.13C and D) also failed to eliminate the presence of Aβ fibrils on the EM grids. These 

results explain why Aβ fibrils were seen in the TEMs of AD1 and AD2 P4s (Figure 4.11) 

but were undetectable by SDS PAGE (Figure 4.12).  

 

Figure 4.13. Synthetic Aβ40 resists boiling in a denaturing buffer. 4x Laemmli sample 
buffer was added to 100 μM Aβ40 to 1X final concentration and boiled for (A) 0 min, (B) 10 
min, (C) 20 min and (D) 30min before spotting on an EM grid and stained with UA. Scale 
bars: 500 nm 
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4.6 Granddaughter Aβ40 fibrils seeded from enriched LSS brain extracts  

 We then seeded the enriched P4 fractions into synthetic Aβ40 using the same 

protocol and assessed the seeding efficiency by native PAGE. Figure 4.14 shows that 

seeding with the enriched P4 fractions (lanes 3 and 4) resulted in approximately the same 

amount of unassembled peptide as seeding with the unenriched LSS fractions (lanes 1 and 2) 

and unseeded control (lane 7), demonstrating that enrichment of the LSS brain extracts was 

insufficient to increase the potency of the seeds.  

 

Figure 4.14. LSS brain extract enrichment did not improve seeding efficiency. ThT 
binding to (A) daughter and (B) granddaughter fibrils. (C) Daughter and (D) granddaughter 
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Aβ40 fibrils seeded from (lane 1) AD1, (2) AD2*, (3) enriched AD1, (4) enriched AD2, (5) 
Ag, (6) Q, (7) unseeded. 5-12% Native PAGE. 

 

4.7 Seeding of enriched LSS extracts into Aβ42 

 Rationalizing that Aβ42 could be more abundant than Aβ40 in the LSS extracts as in 

the case for senile plaques, and that Aβ42 fibrils could be ineffective seeds for Aβ40 

monomers due to their different cross-sectional folds in the fibril, we then attempted to seed 

the enriched LSS extracts into Aβ42. As Aβ42 aggregates faster than Aβ40, we decreased the 

Aβ42 peptide concentration two-fold to 50 µM and increased the seed concentration two-

fold to 20% v/v. Figure 4.15 shows that fibrils were present in all seeded and unseeded 

Aβ42 samples, and while the LSS AD2- and Q-Aβ42-seeded fibrils appear more positively 

stained as opposed to the enriched LSS AD2-seeded and unseeded fibrils appearing more 

negatively stained, few differences in fibril morphologies were observed. Native PAGE of 

the samples, however, showed no unassembled Aβ42 peptide (Figure 4.16A, lane 4) and 

therefore, we cannot be confident that the fibrils in the seeded samples have propagated 

from the seeds instead of spontaneously aggregating.  
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Figure 4.15. Morphologies of daughter generation Aβ42 fibrils. 50 µM Aβ42 was seeded 
with 20% v/v (A) AD2 LSS, (B) enriched AD2 LSS, (C) Q Aβ42 or (D) without seeds, and 
incubated for 1 day at 37 oC. Scale bars: 200 nm 

 

Since Aβ42 assembly at 50 µM plateaued after 24 hours, we surveyed the assembly 

over the first 8 hours by analyzing samples to determine a suitable seeding incubation time 

where most of the Aβ42 is still unassembled. Native PAGE and ThT fluorescence showed 

that fibrillization had not plateaued yet and there is still unassembled peptide after 8 hours 

(Figure 4.16B and C). Since the midpoint of the ThT fluorescence between 0 and 8 hours 
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occurred approximately 2 hours into assembly, we chose a 2-hour seeding interval in the 

following experiments to be certain that the unseeded Aβ42 assembly will not be near 

completion.  

 When the enriched AD2 LSS was seeded into Aβ42, the resulting daughter fibrils 

showed higher ThT fluorescence over the unseeded Aβ42 (1.42 vs. 1.31, Figure 4.16D), but 

lower ThT fluorescence than the unseeded Aβ42 when propagated to the next generation. 

The self-seeded quiescent Aβ42 also showed lower ThT fluorescence than the unseeded 

controls in both generations, indicating that no seeding had taken place. To suppress the 

self-assembly of unseeded Aβ42, we lowered the incubation temperature from 37 oC to r.t., 

which decreased ThT binding to the unseeded controls, but inadvertently slowed down the 

growth of the seeded samples too (Figure 4.16E). We then increased the amyloid content in 

the AD2 seed fractions by directly enriching the 10% w/v brain homogenate instead of 

enriching the LSS fraction (i.e. including the low-speed pellet in the enrichment protocol) 

and seeded into synthetic Aβ42 at 37 oC with 2-hour seeding intervals. ThT fluorescence 

showed marginal improvements in seeding efficiency for the brain homogenate-enriched 

AD2 over the LSS AD2 in both the daughter and granddaughter generations, but virtually 

no difference compared to unseeded Aβ42 (Figure 4.16F).  
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Figure 4.16. Assembly and seeding of 50 µM Aβ42. (A) Daughter generation 50 µM Aβ42 
fibrils seeded from (lane 1) LSS AD2, (2) enriched LSS AD2 and (3) Q Aβ42, at 37oC for 24 
hr, 20% v/v seed. Unseeded Aβ42 is in lane 4. (B, C) Native PAGE and ThT fluorescence 
of unseeded 50 µM Aβ42 assembly at 37 oC. (D, E) Seeding of AD2 LSS, LSS-enriched and 
Q Aβ42 fractions into 50 µM Aβ42 at (D) 37 oC and (E) r.t. for 2 hrs. (F) Seeding of AD2 
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LSS, brain homogenate-enriched AD2 and Q Aβ42 fractions into 50 µM Aβ42 at 37 oC for 2 
hrs.  

 

4.8 Enrichment of brain homogenates and seeding into Aβ40  

 Having already enriched AD2 brain homogenate from the previous section, we 

reattempted seeding into Aβ40. This time, we observed higher ThT binding to the enriched 

AD2-seeded Aβ40 over the unseeded Aβ40 controls in both daughter and granddaughter 

generations, indicating successful seeding of the Aβ40 monomers into fibrils. Native PAGE 

of the samples showed less unassembled peptide in the gel as compared to the unseeded 

control, supporting the ThT fluorescence data (Figure 4.17). By including the brain 

homogenate that was pelleted during the low speed centrifugation into the amyloid 

enrichment protocol, the resulting seed fraction was sufficiently potent to seed Aβ40, 

indicating that a critical concentration of seeds must be attained for seeding to occur.  

 

Figure 4.17. Brain homogenate enrichment improved seeding efficiency. (A) ThT 
binding to daughter and granddaughter Aβ40 fibrils seeded from Ag and enriched AD2 
seeds. (B) Native PAGE of daughter and granddaughter Aβ40 fibrils seeded from (lanes 1 
and 4) Ag seeds, (2 and 5) enriched AD2, and (3 and 6) unseeded controls. 20% v/v seeding, 
1 day seeding intervals at 37oC. 
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 To further increase the seeding efficiency, we increased the mass of brain tissue 

processed in each seed fraction from 20 mg to 90±3 mg and froze the P4 pellets without 

resuspending in 20 µl D-PBS to avoid diluting the seeds. We then seeded them into Aβ40 

for two generations, where ThT fluorescence indicated reasonably good seeding of occipital 

(O) and frontal (F) AD2 brain regions in the daughter generation (Figure 4.18). However, 

when the daughter fibrils were propagated to the granddaughter generation, AD2 (O) and 

(F) had only marginally higher ThT binding than the unseeded control, even though the Ag 

and Q controls had higher ThT binding compared to the daughter fibrils. This suggests that 

the brain-seeded Aβ40 fibrils require different or a more specific set of seeding conditions 

than the synthetic controls.  

 

Figure 4.18. Enriched brain extracts propagated well into Aβ40 at a small scale but 
not at a larger scale. P4 fractions enriched from the occipital (O), frontal (F) and temporal 
(T) lobes of AD2 and ND2 patients were seeded into 100 µl Aβ40 to give the daughter 
generation (A). The daughter fibrils were then seeded into 500 µl Aβ40 to give the 
granddaughter generation (B).  
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 The first difference between the two generations of seeding that came to mind were 

in the Aβ40 monomer preparation. Since the seeding of the daughter fibrils into the 

granddaughter fibrils involves a five-fold volume increase from 100 to 500 µl that 

necessitates filtering a larger volume of Aβ monomers, we use larger 28 mm diameter syringe 

filters by Corning (cat. # 431229) instead of 13 mm filters by Whatman (cat. #6780-1302). 

Although both filters have a 0.2 μm pore size and are made of PES, we thought that 

differences in manufacturing and filter housing dead volumes could affect filtration 

efficiency. To test if monomers prepared with the 28 mm filter were inefficient in seeding 

the AD daughter fibrils, we seeded enriched AD2 (F) and Ag Aβ40 to the daughter 

generation as usual, but seeded 20 µl of the daughter fibrils into 80 µl Aβ40 monomers 

filtered by either the 13 mm or 28 mm filters. ThT fluorescence showed that AD2(F) and Ag 

seeded into the daughter generation as expected, and surprisingly, also seeded well in the 

next generation regardless of the filter used in preparing the monomers (Figure 4.19A). This 

indicated that differences in monomer preparation was not the reason for failure to seed the 

AD daughter fibrils.  

 The next difference we looked at was in the sonication times of the daughter fibrils. 

Although there are more daughter fibrils than parent fibrils when we compare the two 

generations of seeding, the sonication time for making seeds was kept constant at 30 sec 

because it worked for the synthetic controls at all stages of seeding. To test if extended 

sonication times were essential for successful seeding of daughter fibrils at larger scales, we 

increased the sonication time of 100 µl of AD2(F) Aβ40 daughter fibrils by five-fold before 

adding 400 µl Aβ40 monomers. The resulting granddaughter fibrils finally showed high ThT 

binding indicating good seeding efficiency (Figure 4.19B). Our assumption that the seeding 

protocol established for Ag Aβ40 is transferable to brain extracts is therefore flawed, 
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perhaps because the brain-seeded fibrils are mechanically stronger and more resistant to 

sonication than the synthetic fibrils. One plausible explanation is that the N-termini of the 

brain-seeded Aβ40 fibrils are also highly-ordered as was reported by Lu et al.[16], in contrast 

to the pure synthetic fibrils where the first eight residues are disordered and unresolvable by 

solid state NMR. With the entire peptide backbone stabilized by hydrogen bonding in the 

fibrils, we can surmise that the brain-seeded fibrils require more energy for fragmentation. 

Furthermore, since sonication essentially creates more fibrillar ends for templated growth 

while keeping the total surface area of the fibrillar sides approximately constant, the data 

strongly suggests that the main mechanism of growth is by fibril elongation rather than 

secondary nucleation on the sides of the fibrils, and that a threshold number of ends must be 

reached to initiate seeding. 

 

Figure 4.19. Seed preparation, not monomer preparation, was the determining factor 
in successful seeding of AD daughter fibrils to granddaughter fibrils at larger scales. 
(A) 20 µl of AD2(F) and Ag Aβ40 daughter fibrils (red) were seeded into the granddaughter 
generation using 80 µl of fresh Aβ40 solutions that were filtered with a 0.2 μm-pore size 13 
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mm diameter Whatman syringe filter (black) or 0.2 μm-pore size 28 mm diameter Corning 
filter (gray). (B) 100 µl AD2(F) Aβ40 daughter fibrils were sonicated for 5 cycles (30 sec on, 
1 min off) on ice before 400 µl Aβ40 monomers were added, incubated for 1 day and the 
granddaughter fibrils quantified by ThT fluorescence.  

 

 With the confidence that we can seed brain extracts into Aβ40 to the granddaughter 

generation, we re-attempted seeding the enriched AD2 and ND2 brain extracts. ThT 

fluorescence indicated that there were more fibrils in all seeded samples than the unseeded 

controls in both generations (Figure 4.20). However, we did not expect the ND2 extracts to 

seed Aβ40, given that the patient was homozygous for ApoE 3 indicating a normal risk of 

developing AD. If she had lived long enough to develop late-onset AD at the age of 65, and 

if senile plaque formation begins about two decades before the appearance of symptoms, 

then there should be minimal Aβ deposits at the time of death (43 years old). TEMs of the 

ND2(T) enriched P4 fraction before seeding into Aβ40 showed widespread oligomeric 

structures but no fibrils (Figure 4.21B), implying that these oligomers have the capacity to 

seed Aβ40 monomers. We have yet to identify the composition of these oligomers, and 

although the results appear counterintuitive, they agree with reports that small and soluble 

Aβ seeds from APP transgenic mice and AD brains are sufficiently potent to seed Aβ 

deposition in young transgenic mice [28,29] and tau oligomers isolated from progressive 

supranuclear palsy (PSP) brains can seed recombinant tau aggregation in vitro [30]. 
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Figure 4.20. Aβ40 seeded from enriched brain homogenates have more fibrils than 
unseeded Aβ40 under optimized conditions. (A) Daughter and (B) granddaughter 
generation Aβ40 propagated from P4 fractions or synthetic Aβ40 fibrils have higher ThT 
binding as compared to the unseeded controls. The ND2(T) sample was only seeded once 
due to the lack of brain tissue. 

 

 

Figure 4.21. TEMs of (A) AD2(O) and (B) ND2(T) P4 fractions enriched from brain 
homogenates. Scale bars: 200 nm. 

A B 
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 TEMs of the brain-seeded Aβ40 granddaughter samples showed more extensive 

fibrils on the grids relative to previous attempts at seeding, supporting the ThT binding data. 

However, the brain-seeded fibrils displayed polymorphic fibril morphologies even within the 

same TEM grid. Figure 4.22 shows representative images of the AD2(O) Aβ40 

granddaughter sample, where the fibrils can be negatively-stained (left panels) or positively-

stained (right panels). Additionally, we observed amorphous deposits associated with the 

fibrils (bottom panels) which stain similarly to the membrane-like sheets in Figure 4.11A, 

and we therefore speculate that these are coacervates containing amyloids and lipids.  
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Figure 4.22. Representative TEMs of AD2(O) Aβ40 granddaughter fibrils on different 
areas of the same grid. Scale bars: 200 nm. 

 

 When we looked at the coacervates of the brain-seeded Aβ40 samples, we saw 

distinct differences in their deposition patterns. While the ND2(T)- and all the AD2-seeded 

granddaughter fibrils tend to have the coacervates associated at the ends of fibrils or at 

junctions where fibrils meet, the coacervates in the ND2(O) and (F)-seeded samples were 

deposited in circular patterns bordered by annular fibrils that may be partially or completely 

filled (Figure 4.23).  



110 
 

 

Figure 4.23. Diversity of coacervates associated with brain-seeded Aβ40 
granddaughter fibrils. Scale bars: 500 nm (black) or 200 nm (white). 
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 To further probe for differences in the seeded fibrils, we looked at the fluorescence 

binding spectra of three LCO dyes. As we were interested in looking for differences between 

AD- and ND-seeded fibrils, all the AD2-seeded spectra in the next three figures are plotted 

in red while the ND2-seeded spectra are plotted in blue, for simplicity.  

 The excitation and emission spectra for HS-68 show distinct spectral profiles for the 

pure synthetic and brain-seeded fibrils (Figure 4.24). Even within the synthetic controls, 

unseeded Aβ40, Ag and Q Aβ40 granddaughters have different spectral profiles, indicating 

that HS-68 can distinguish between fibrils with a trimeric (Q) or dimeric (Ag) protofilament 

structure while there is little to no binding with protofibrils and oligomers (unseeded). 

However, no differences were observed when we compare the AD2-seeded spectra with the 

ND2-seeded spectra, suggesting that there are no differences between these fibrils or that 

HS-68 is unable to report the fine structural differences.  

 Binding with pFTAA showed only a different spectral profile for Ag Aβ40 

granddaughter while all the other seeded samples had similar profiles (Figure 4.25). The 

hFTAA (heptamer formyl thiophene acetic acid) fluorescence spectra showed no differences 

between all the seeded samples (Figure 4.26).  

These results show an interesting trend based on the length of the LCO molecule. 

The shortest LCO here, HS-68, was able to distinguish between the Ag, Q and brain-seeded 

fibrils, whereas the longest LCO, hFTAA, was not able to differentiate between any of the 

seeded fibrils. Given that the polyanionic LCOs are likely to bind to the exposed positively 

charged residues of Aβ, this trend might be a result of hFTAA restricted to binding parallel 

to the fibril axes across multiple β strands, while the shorter HS-68 binds with more degrees 

of freedom in other conformations and/or is able to access smaller grooves/pockets in the 
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fibrils. Also, the lack of differences in the AD2 and ND2 spectra does not necessarily 

indicate that the fibrils are similar. LCOs have been reported to compete for the X-

34/congo red binding site but not PiB’s and therefore we are probing different regions of 

the fibrils [31].  
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Figure 4.24. Fluorescence spectra of HS-68 binding to brain-seeded Aβ40 fibrils. The 
emission (left; ex=440 nm) and excitation (right; em=521 nm) spectra of 1 µM HS-68 were 
acquired in the presence of 10 µM granddaughter Aβ40 seeded from brain homogenate-
enriched fractions. The spectral peaks are magnified in the middle row and the only the 
magnified AD2- and ND2-seeded peaks are shown in the bottom row. Each spectrum is an 
average of three replicates. 

Emission Excitation 
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Figure 4.25. Fluorescence spectra of pFTAA binding to brain-seeded Aβ40 fibrils. 
The emission (left; ex=456 nm) and excitation (right; em=506 nm) spectra of 300 nM 
pFTAA were acquired in the presence of 10 µM granddaughter Aβ40 seeded from brain 
homogenate-enriched fractions. The spectral peaks are magnified in the middle row and only 
the magnified AD2- and ND2-seeded peaks are shown in the bottom row. Each spectrum is 
an average of three replicates.  

 

Emission Excitation 
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Figure 4.26. Fluorescence spectra of hFTAA binding to brain-seeded Aβ40 fibrils. 
The emission (left; ex=485 nm) and excitation (right; em=547 nm) spectra of 1 µM hFTAA 
were acquired in the presence of 10 µM granddaughter Aβ40 seeded from brain 
homogenate-enriched fractions. The spectral peaks are magnified in the middle row and only 
the magnified AD2- and ND2-seeded peaks are shown in the bottom row. Each spectrum is 
an average of three replicates, and the unseeded and hFTAA-only spectra are particularly 
noisy due to low raw intensities.  

Emission Excitation 
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4.9 Seeding of enriched brain homogenates into Aβ42 

 Since LCO binding to the AD2- and ND2-seeded Aβ40 granddaughters revealed no 

differences, we seeded the enriched brain homogenates into Aβ42 to see if structural 

differences would be more prominent in Aβ42. To reduce fibrillization through primary 

nucleation, we decreased the peptide concentration five-fold to 20 µM and shortened each 

generation to five hours (see Methods and Figure 4.38). ThT binding to the samples 

showed that the brain-seeded granddaughter fibrils generally had lower ThT fluorescence 

than the daughter fibrils (Figure 4.27), suggesting that the seeding efficiency into Aβ42 was 

lower than into Aβ40 and ThT is binding non-specifically to other components in the brain 

extracts. Given that Tycko and co-workers reported a higher Aβ40/Aβ42 ratio in 16 out of 

20 AD tissue samples [32] and most of the fibrils in the P4 seeds appear to be of the twisted 

morphology similar to quiescent Aβ40 fibrils (Figure 4.21A), the lower seeding efficiency we 

encountered may partly be due to the lower concentration of Aβ42 seeds.  
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Figure 4.27. Enriched brain homogenates did not seed into Aβ42 as efficiently as into 
Aβ40. ThT fluorescence binding to (A) daughter and (B) granddaughter generations of Aβ42 
seeded from P4 fractions or synthetic quiescent Aβ42 fibrils. 

 

 TEMs of the samples showed polymorphic fibrils even within each grid, as was the 

case for Aβ40. However, the most noticeable difference between samples were not in the 

fibril-associated coacervates, but in the fibrils with oligomers bound to their sides. In the 

AD2-seeded Aβ42, they appear as better-resolved, negatively-stained oligomers and 

protofibrils while in the ND2-seeded Aβ42, they appear to be more amorphous, positively-

stained aggregates (Figure 4.28).  

A B 
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Figure 4.28. Oligomer-bound fibrils in brain-seeded Aβ42 granddaughter samples are 
morphologically distinct. Scale bars: 200 nm (black).  

 

 We then looked at the binding of LCOs to the Aβ42 fibrils. For HS-68, only the self-

seeded Aβ42 fibrils showed different spectral profiles from the other samples containing 

Aβ42 (Figure 4.29). Likewise, pFTAA reported a different spectral profile for the Q Aβ42 

granddaughter but also showed varied profiles for the AD2 and ND2 excitation spectra 

O
c

c
ip

it
a

l 
F

ro
n

ta
l 

AD2 ND2 



119 
 

(Figure 4.30). Interestingly, the AD2(O) and ND2(O) samples had similar excitation 

spectra, while AD2(F) and ND2(F) had distinct peaks at around 425 and 455 nm, suggesting 

that a population of the LCOs are binding in unique conformations to unique structures. 

However, the AD2(F) excitation spectrum is closer to that of the unseeded Aβ42, implying 

that the oligomeric seeds in the P4 fractions of ND2(F) have seeded a unique polymorph of 

Aβ42 fibrils that are distinguishable by pFTAA but not by TEM.  

 hFTAA binding reported another set of spectral differences. Between the brain-

seeded Aβ42, the largest difference was between the AD2(O) and AD2(F) excitation spectra 

at 485 nm. This suggests that at the two extreme ends of the AD2 patient’s brain, the Aβ42 

in senile plaques had different conformations that propagated into synthetic Aβ42. Given 

that the plaques develop in the frontal and occipital lobes at approximately the same time 

during the disease process [33], having different strains of Aβ within the same brain is likely 

a result of concurrent but separate Aβ42 nucleation events in vivo.  
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Figure 4.29. Fluorescence spectra of HS-68 binding to brain-seeded Aβ42 fibrils. The 
emission (left; ex=440 nm) and excitation (right; em=521 nm) spectra of 1 µM HS-68 were 
acquired in the presence of 8 µM granddaughter Aβ42 seeded from brain homogenate-
enriched fractions. The spectral peaks are magnified in the middle row and the only the 
magnified AD2- and ND2-seeded peaks are shown in the bottom row. Each spectrum is an 
average of two replicates.  

Emission Excitation 
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Figure 4.30. Fluorescence spectra of pFTAA binding to brain-seeded Aβ42 fibrils. 
The emission (left; ex=456 nm) and excitation (right; em=506 nm) spectra of 300 nM 
pFTAA were acquired in the presence of 8 µM granddaughter Aβ42 seeded from brain 
homogenate-enriched fractions. The spectral peaks are magnified in the middle row and only 
the magnified AD2- and ND2-seeded peaks are shown in the bottom row. Each spectrum is 
an average of two replicates.  

 

Emission Excitation 
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Figure 4.31. Fluorescence spectra of hFTAA binding to brain-seeded Aβ42 fibrils. The 
emission (left; ex=485 nm) and excitation (right; em=547 nm) spectra of 1 µM hFTAA were 
acquired in the presence of 8 µM granddaughter Aβ42 seeded from brain homogenate-
enriched fractions. The spectral peaks are magnified in the middle row and the only the 
magnified AD2- and ND2-seeded peaks are shown in the bottom row. Each spectrum is an 
average of two replicates and the hFTAA-only spectrum is particularly noisy due to low raw 
intensities.  

Emission Excitation 
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4.10 Immunogold labeling of a high-affinity PiB-binding fraction 

 Having received a PBC (PiB-binding Complex) fraction from Harry LeVine which 

was prepared through two centrifugation steps of AD brain homogenate (Materials and 

Methods, [34]), we sought to identify the amyloid fibrils that have the high-affinity PiB 

binding site using immunogold labeling with an anti-Aβ primary antibody. The structures on 

the TEM grid appeared to be mostly membrane/lipid-like fragments and collagen fibrils, 

while no discernable amyloid fibrils were found after extensive searching (Figure 4.32A). 

Since the 4G8 primary antibody recognizes both Aβ(17-24) and APP(688-695), it is unclear 

if the gold nanoparticles are labeling Aβ, APP or both, although APP was not detected by 

SDS-PAGE and western blot [34], suggesting that 4G8 is binding to Aβ only. When the 

primary antibody was excluded from the protocol, no gold nanoparticles were observed on 

the grid (Figure 4.32B), confirming specific binding to Aβ/APP in Figure 4.32A.  
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Figure 4.32. Immunogold labeling of PBC showed specific binding to membrane-like 
structures. (A) An aliquot of the high-affinity PiB-binding complex (PBC) was adsorbed on 
a TEM grid and labeled with 4G8 antibody and 10 nm gold nanoparticles. (B) Another 
aliquot of the same PBC was labeled following the same protocol, except without the 
primary 4G8 antibody. Scale bars: 200 nm. 

 

4.11 Co-assembly of Aβ with nucleic acids and metal ions 

 Since amyloid plaques are composed of other non-Aβ components such as nucleic 

acids, cations and lipids [35], we wanted to test how these co-factors influenced Aβ 

assembly. Recent experiments in our lab with an amyloidogenic peptide, Ac-KLVIIAG-NH2, 

showed that co-assembly with A10 DNA or RNA changed the morphology of the peptide 

from fibers to multi-lamellar nanotubes, with the anionic phosphodiester backbone 

stabilizing the lysine residues of the peptide [36].  

A B 
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 Rationalizing that the DNA could accelerate the assembly of Aβ by acting as a 

template that stabilizes the positively-charged side chains, we co-assembled 100 µM Aβ40 

and Aβ42 with up to 1 molar equivalent of A10 single-stranded DNA and monitored the 

assembly over two weeks with ThT fluorescence. Figure 4.33A shows that Aβ40 assembled 

with higher concentrations of DNA have slightly more ThT fluorescence even at time zero, 

suggesting that there is some non-specific binding of the positively-charged ThT to DNA. 

However, the kinetic profiles of the Aβ40 samples are very similar over the two-week period 

and little differences were observed in the fibril morphologies by TEM, except with 0.1 

equivalents of DNA where the fibrils appeared more positively stained (Figure 4.34). For 

Aβ42, most of the fibril growth happened within the first day and plateaued after that, with 

no discernable trend in how DNA affected ThT fluorescence (Figure 4.33B). Since Aβ42 

assembled rapidly at 100 µM, we decreased the peptide concentration five-fold to 20 µM and 

repeated the co-assembly. Although there was more noise in the ThT measurements, it 

appears that DNA had little effect on fibril growth (Figure 4.33C) or morphologies over 

two weeks (Figure 4.34). We then looked at the Aβ42-DNA co-assembly over a 16-hour 

period during which most of the fibril elongation should take place, but the kinetic profiles 

of the samples were essentially the same (Figure 4.33D).  

 Based on our results, it appears that the nucleic acids could be non-specifically co-

aggregating with the plaques instead of accelerating amyloid accumulation or modulating 

fibril toxicity through structural changes. As such, we did not further characterize the Aβ-

DNA coassemblies with LCO or PiB binding.  
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Figure 4.33. A10 DNA does not affect Aβ assembly kinetics. (A) 100 µM Aβ40, (B) 100 
µM Aβ42 and (C) 20 µM Aβ42 were assembled over 2 weeks in the presence of up to 1 
molar equivalent of single-strand A10 DNA. ThT fluorescence assay was then performed and 
the emission values were normalized to ThT-only solutions set to 1. (D) 20 µM Aβ42 was 
assembled in the presence of up to 1 molar equivalent of A10 DNA and ThT, and the 
average of triplicate samples are plotted.  
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Figure 4.34. A10 DNA does not affect Aβ fibril morphologies. 100 µM Aβ40 (left) and 20 
µM Aβ42 (right) 2-week assemblies at 37 oC without DNA and with 0.1 to 1 molar 
equivalents of A10 DNA. All images to scale. Scale bar: 200 nm 
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 Although the effect of metals on Aβ assembly has been widely studied, conflicting 

results indicate that the macromolecular structures are highly dependent on the assembly 

conditions and that the effects are not well-understood. Studies of Aβ40 co-assembled with 

Cu2+ indicate that the cation does not alter the aggregation pathway and forms globally-

ordered arrays of Aβ40-Cu2+ fibrils [37,38], but other studies reported that Cu2+ inhibits 

Aβ42 fibrillization [39-44]. This appears counterintuitive given that Aβ42 has a higher 

aggregation propensity than Aβ40 and the hydrogen bonding between Aβ42 peptides would 

be more likely to overcome the His-Cu2+ coordination than for Aβ40.  

 To determine what effect metals would have on Aβ fibrillization, we co-assembled 

Aβ40 and 42 with CuCl2. Our experiments show that Cu2+ inhibits both Aβ40 and 42 

fibrillization, forming large amorphous aggregates (Figure 4.35) that are likely the result of 

Cu2+ coordinating to His6, His13 and His14 of Aβ in a conformation that disfavors the rest 

of the peptide from forming ordered β-sheets. This concurs with the reports that Cu2+ 

inhibits Aβ42 fibril formation but disagrees with studies demonstrating ordered Cu2+ binding 

on Aβ40 fibrils, reinforcing our prediction that the influence of metal ions on Aβ assembly 

are context-dependent. While the Aβ-Cu2+ amorphous aggregates appear positively-stained 

by TEM as was the case for the high-affinity PiB binding complex (Figure 4.32), it remains 

to be tested if they bind to PiB with high-affinity.  
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Figure 4.35. Cu2+ inhibits Aβ fibril assembly. (A) Aβ40 and (B) Aβ42 were assembled at 
100 µM over 2 weeks in the presence of up to 2 molar equivalents of Cu2+ (200 µM CuCl2). 
ThT fluorescence assay was then performed and the emission values were normalized to 
ThT-only solutions set to 1. TEMs of Aβ42 without added Cu2+ show widespread fibrils at 4 
days (C), but large amorphous aggregates were present with 2 molar equivalents of Cu2+(D). 
Scale bars: 200 nm. 

 

Conclusion 

 In this chapter, we have established a method for amplifying amyloid structures from 

brain extracts into synthetic Aβ. Our finding that unenriched brain homogenates (LSS 
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fractions) are inefficient seeds for in vitro amplification indicate that a critical seed 

concentration must be reached for seeding to occur. For the LSS fractions to be sufficiently 

potent to seed Aβ deposition in AD rodent models[19], there must be an in vivo mechanism 

that concentrates the exogenous amyloid. We also discovered that brain-seeded Aβ40 

propagate differently from synthetic Aβ40, requiring extended sonication to fragment the 

fibrils past the threshold to initiate seeding. The increased mechanical strength of the brain-

seeded Aβ fibrils likely arise from the peptides packing in a fully-ordered β-sheet 

conformation that confers additional hydrogen bonding at the N-termini of the peptides, 

which are absent in the synthetic Aβ fibrils that have disordered N-termini. LCO binding to 

the seeded Aβ40 fibers showed that the short (16.4Å) HS-68 ligand was able to distinguish 

between agitated, quiescent and brain-seeded Aβ40 structures while the longer (27.7Å) 

hFTAA ligand was unable to report any differences between those structures. It is possible 

that hFTAA is restricted to binding parallel to the fibers along the positively-charged 

residues while HS-68, having one less negative charge and being shorter, can bind in multiple 

conformations and access smaller binding pockets. While the LCOs could not distinguish 

between AD- and ND-seeded Aβ40, they showed spectral differences when bound to the 

brain-seeded Aβ42 fibrils and even Aβ42 seeded from different lobes of the same brain. This 

is suggestive of multiple Aβ42 nucleation events in the brain leading to different amyloid 

structures. Ongoing transfection assays are being conducted to see if the brain-seeded Aβ40 

and Aβ42 can seed Aβ-Sup35 chimeric amyloids in yeast cells and if there are differences in 

seeding efficiencies and phenotypes. If so, it would demonstrate the prion-like property of 

Aβ in maintaining structural information while crossing multiple species barriers (human → 

synthetic → yeast).  
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 From a bottom-up approach, it appears that Aβ fibrils have higher PiB-binding 

affinity than the protofibrils and oligomers [45]. However, the top-down approach of 

identifying the PiB-binding complex by processing AD brain tissue suggests that an 

amorphous and lipid-associated aggregate of Aβ should be the target of interest (Figure 

4.32A, [34]). Future experiments will need to test and rule out the presence of high-affinity 

PiB binding in the AD-seeded Aβ, since the LCO and PiB binding sites on Aβ are distinct 

[31]. Thereafter, synthetic Aβ could be co-assembled with one or more of the other 

components (ApoE, tau, ubiquitin and collagen) that were found in the PBC to determine if 

a heteromeric Aβ complex binds to PiB with high affinity.  

Materials and Methods 

Assembly of agitated Aβ40 fibrils 

 It has been reported that the average length of Aβ fibrils decreases as the speed of 

shaking increases [46]. Therefore, the shaking speed needs to be low to produce fibrils of 

sufficient length but high enough to produce the shear force required for assembly of the 

agitated conformation. The air-water interface is also known to influence amyloid fibril 

assembly by providing a hydrophobic surface for nucleation [47], so it (surface area, 

oscillation rate, etc.) has to be kept consistent for reproducible Ag fibrillization. After 

multiple attempts at assembling Ag fibrils, we determined that the most reproducible 

protocol is to add 1 ml of the Aβ40 monomeric solution to a 1.5 ml microfuge tube and lay 

it horizontally on a shaker at 100 rpm and room temperature.  

Preparation of low-speed supernatant (LSS) brain extracts 

LSS brain extracts were prepared by the Walker lab at the Yerkes National Primate 

Research Center. Briefly, one part frozen brain tissue (~ 300 mg) was added to nine parts of 
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cold PBS buffer and homogenized in a dounce homogenizer (20-40 strokes). The 

homogenate was then briefly probe-sonicated for ten quick pulses, then clarified by 

centrifugation at 5,000 g, 4 oC for 10 min. The resulting ‘low speed supernatant’ was 

aliquoted into microcentrifuge tubes and stored at -80 oC until ready for seeding. 

Seeding of LSS brain extracts into synthetic Aβ40  

100 μl of each brain extract or 100 μM synthetic Ag and Q Aβ was probe-sonicated 

at 30% amplitude for 30 sec (Cole-Palmer CPX 750). These conditions were sufficient for 

producing seeds with lengths in the 200 nm range (Figure 4.36) while longer sonication 

times caused the sample to get unnecessarily hot. 900 μl of 100 μM NH4OH-treated Aβ40 

monomers in 10 mM phosphate buffer was added to the sonicated extract and this daughter 

generation assembly was incubated at 37 oC for 1 day. For the grand-daughter generation, 

this procedure was repeated using 100 μl of the daughter fibrils as seeds. 
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Figure 4.36. Probe sonication of synthetic Q Aβ40. (A) Before sonication, continuous 
probe sonication for (B) 30 sec, (C) 1 min and (D) 10 min. Scale bars: 200 nm. 

Brain extract amyloid enrichment 

This protocol is adapted from Wenborn et.al. [24]. Incubations were performed at 

400 rpm in a 37 oC shaking incubator and centrifugations at 37 °C. 200 μl aliquots of 10% 

(w/v) brain homogenate low speed supernatant were dispensed into 1.5 ml microfuge tubes. 

For each aliquot, 2 μl of 10 mg/ml pronase E (Sigma-Aldrich) in water was added and 

incubated for 30 min. 4.1 μl of 0.5 M EDTA in water pH 8.0, 206 μl of 4% (w/v) sarkosyl in 

Dulbecco's phosphate buffered saline (D-PBS) lacking Ca2+ and Mg2+ (Life Technologies) 
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and 0.83 μl of 25 U/µl benzonase nuclease (EMD Millipore) were then added. After 

incubating for 10 min, 33.5 μl of 4% (w/v) NaPTA (sodium phosphotungstate hydrate, 

Sigma-Aldrich) in water pH 7.4 was added and incubated for 30 min. 705.3 μl of 60% (w/v) 

iodixanol (Optiprep™, Cosmo Bio USA) and 57. 2 μl of 4% NaPTA were added and 

thoroughly mixed. The sample was then centrifuged at 16,100 g for 90 min, where it yielded 

a barely visible pellet (P1), supernatant (SN1) and a yellowish, flocculated surface layer (SL). 

1 ml of SN1 was carefully isolated from each tube and filtered through a pair of centrifugal 

filter units (0.45 μm pore size Durapore membrane, EMD Millipore Cat. No. UFC30HV00) 

at 12,000 g for 1 min. Each filter was pre-washed thrice with HPLC water by centrifugation 

and was used for filtering up to 1 ml of SN1. The filtered SN1 aliquots were transferred to 

new 1.5 ml microfuge tubes and well-mixed with an equal volume of 2% (w/v) sarkosyl in 

D-PBS containing 0.3% (w/v) NaPTA pH 7.4. Following a 10 min incubation at 37 °C, the 

samples were centrifuged for 90 min at 16,100 g. For LSS extract enrichments, the bottom 

10-20 μL in each tube was assumed to be the pellet P2 since it was not clearly visible.  For 

brain homogenate enrichments, P2 was sufficiently visible to avoid contact with a pipet tip. 

The supernatant SN2 was carefully removed and discarded, after which P2 was resuspended 

in 10 μl of wash buffer (17.5% (w/v) iodixanol and 0.1% (w/v) sarkosyl in D-PBS). 180 μl 

of wash buffer and 16.2 μl of 4% NaPTA was then added and the solution centrifuged at 

16,100 g for 30 min to generate supernatant SN3 and an in visible pellet P3. SN3 was 

carefully removed and discarded after which P3 was resuspended in 200 μl of wash buffer 

followed by the addition of 16.2 μl of 4% NaPTA. Samples were centrifuged at 16,100 g for 

30 min and SN4 was carefully removed and discarded. The P4 pellets of each sample were 

then resuspended in 20 μl of D-PBS containing 0.1% (w/v) sarkosyl, pooled and then stored 

in 20 μl aliquots at −80 °C.  



135 
 

For scaled-up enrichments of brain homogenates where each P4 fraction was 

processed from 90±3 mg brain tissue, the resuspended P2 pellets were dispensed into 

aliquots of equal volume (~90 µl) based on the mass of starting tissue, e.g. 270 mg of frozen 

brain will give three tubes of resuspended P2. The volumes of wash buffer and 4% NaPTA 

added to the P2 and P3 samples were scaled up four-fold. The final P4 pellets were frozen 

without resuspending in 20 µl D-PBS + 0.1% sarkosyl.  

Seeding of P4 brain extracts into synthetic Aβ  

In the optimized seeding protocols (Figure 4.20 onwards) thawed P4 pellets were 

resuspended in 100 µl Aβ40, probe-sonicated at 30% amplitude for 30 sec and incubated at 

37 oC for 1 day to yield the daughter fibrils. For the grand-daughter generation, the daughter 

fibrils can either be (i) sonicated for 5 cycles (30 sec on, 1 min off) while immersed in ice to 

reduce overheating, before the addition of 400 µl Aβ40 monomers, or (ii) they can be split 

into aliquots of 20 µl fibrils + 80 µl fresh Aβ40 monomers and probe-sonicated for 30 sec, 

before another 1-day incubation. Ag and Q fibrils were seeded at 10% v/v as described 

above. TEMs show that the Ag and Q Aβ40 granddaughter fibrils are morphologically 

different, while the unseeded Aβ40 is mostly oligomers and protofibrils (Figure 4.37).  
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Figure 4.37. TEMs of synthetic granddaughter Aβ40 controls. (A) Ag Aβ40, (B) Q 
Aβ40 and (C) unseeded Aβ40. All images to scale. Scale bar: 200 nm. 

 

For seeding into Aβ42, we had to decrease the peptide concentration to 20 µM to 

reduce fibrillization in the unseeded pathway. Even after 16 hours of incubation at 37 oC, the 

growth of unseeded Aβ42 was starting to plateau and abundant fibrils were observed by 

TEM (Figure 4.38). We therefore settled on a 5-hour seeding interval per generation after 

some failed attempts at longer intervals and because the seeded Aβ42 begins to plateau at 

that time. Even though fibrils were present in the unseeded sample (Figure 4.39B), we 

observed relatively less fibrils compared to the seeded samples and lower raw fluorescence 

intensities in the LCO binding assays.  
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Figure 4.38. Aβ42 assembles quickly at 20 µM. (A) Fibrillization of unseeded and 5% 
seeded 20 µM Aβ42 monitored by ThT fluorescence. (B) TEM of unseeded 20 µM Aβ42 
after 16 hr at 37 oC. Scale bar: 200 nm. 

 

 

Figure 4.39. TEMs of synthetic granddaughter Aβ42 controls. (A) Q Aβ42 and (B) 
unseeded Aβ42. Both images to scale. Scale bar: 200 nm. 
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Thioflavin T (ThT) fluorescence 

 Thioflavin T (AnaSpec, ultrapure grade, Cat. No. AS-88306) was dissolved to 10 mM 

in 10 mM phosphate buffer, pH 7.4 and frozen at -20 oC in aliquots until ready for use. 

Kinetic assays were performed using black 96 well plates with clear flat bottoms (Corning, 

Cat. No. 3631) in a Biotek Synergy HT plate reader controlled by KC4 software. 200 μL of 

100 μM Aβ peptide (or 10 mM phosphate buffer for ThT-only controls) was added to each 

well followed by 10 μL of 100 μM ThT to give a final concentration of 4.76 μM ThT. The 

plates were sealed with a plastic film and incubated in the plate reader at 37 oC quiescently, 

except before each reading where the plate was shaken for 3 seconds with the intensity set at 

3. Fluorescence was measured at the bottom of the wells with 440/20 and 485/20 nm 

excitation and emission filters respectively and sensitivity at 50. Endpoint assays were 

performed as described in chapter 3.  

 Fluorescence spectra were acquired in a quartz micro cuvette (Hellma Analytics 

105.251-QS, 3x3 mm light path, 100 μl volume) with an Agilent Cary Eclipse 

spectrofluorometer. Each sample containing 2 μM Aβ and 10 μM ThT in 10 mM phosphate 

buffer was excited at 450 nm and emission scans were collected at 1 nm data intervals at 2 

nm/s, 0.5 s averaging time and a PMT voltage of 800 V with excitation and emission slit 

widths at 5 nm. 

LCO (Luminescent Conjugated Oligothiophene) fluorescence 

 Stock solutions of HS-68, pFTAA and hFTAA were obtained from Dr. Peter 

Nilsson (Linköping University) through Dr. Lary Walker. LCOs were mixed with Aβ in 10 

mM sodium phosphate buffer pH 7.4 in 96-well plates (Corning, Cat. No. 3631) and spectra 

were acquired with a Biotek Cytation 5 plate reader. Samples were scanned at the bottom 
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with a 1 nm step size and the gain at 100. Excitation and emission wavelengths are stated in 

the figure captions, and 9 nm bandwidths were used for both monochromators.  

Preparation of the PiB-binding Complex (PBC) 

 Performed by the LeVine lab at the University of Kentucky, frozen brain powder 

was added to 20 mM sodium phosphate, pH 7.4, 150 mM NaCl, 2% SDS in a 1:6 w/v ratio. 

The sample was probe-sonicated 3 times at 25% power and each sonication cycle comprised 

10 pulses of half-second sonication and half-second rest, with 3 min on ice between 

sonication cycles. Centrifugation at 15,000 g for 20 min yielded a supernatant, fluffy white 

pellet and black hard pellet. The supernatant and fluffy pellet were further centrifuged at 

100,000 g, 4oC for 1hr and the resulting pellet was collected as the PiB Binding Complex 

[34]. 

Immunogold labeling 

 The PBC fraction obtained from Harry LeVine was labeled with gold nanoparticles 

following a published protocol [48]. Briefly, a drop of the PBC was adsorbed on a TEM grid 

before it was rinsed with PBS containing 50 mM glycine and 1% BSA. The grid was then 

incubated with a solution of 4G8 antibody before with was rinsed thrice over three separate 

drops of PBS + 1% BSA. The secondary antibody-conjugated 10 nm gold nanoparticle 

solution was incubated on the grid for an hour before it was rinsed three times with PBS + 

1% BSA, another three times with water and then stained with uranyl acetate.  
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Chapter 5. Amyloid β and Tau Interactions 

Introduction 

 Since tauopathy follows amyloidosis in AD progression, understanding the 

mechanistic link between these events will provide valuable insight into AD pathology. 

Although Aβ plaques are generally extracellular and NFTs are mostly intracellular, tau has 

been detected in the ISF (interstitial fluid) and CSF of both wild type and tau transgenic 

mice [1] and CSF tau is one of the biomarker used for AD. The extracellular release of tau is 

thought to occur by a combination of mechanisms such as synaptic transfer, exocytosis and 

membrane leakiness [2-4], which could be the same mechanisms underlying the spread of tau 

aggregates throughout the brain via synaptically connected neural networks. Conversely, 

neuronal cell culture studies have shown that exogenous Aβ can be endocytosed and 

accumulated intracellularly [5], suggesting that Aβ from amyloid plaques could be 

internalized by neurons. It is therefore, very likely that Aβ and tau exists in both the 

intracellular and extracellular compartments in vivo.  

In tauopathies such as frontotemporal dementia with parkinsonism, there are 

widespread NFTs of aggregated tau without amyloid plaques [6,7], suggesting that severe 

tauopathy is still insufficient to induce Aβ plaque formation. Furthermore, in mouse 

neuronal cell cultures expressing mouse or human tau, the addition of fibrillar Aβ40 resulted 

in neural degeneration while tau-depleted neurons showed no signs of degeneration in the 

presence of fibrillar Aβ40 [8]. Therefore, a unidirectional relationship of Aβ inducing tau 

deposition, rather than the reverse, is likely to be the case in AD.  
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Some possible mechanisms of Aβ-induced tangle formation include dysregulation of 

kinases and phosphatases, calcium homeostasis, inflammatory responses and oxidative stress. 

However, an indirect three-component system increases the number of variables to test and 

control for, therefore we opted to test the direct interactions between Aβ and tau peptides. 

Our goal here was to understand how different Aβ assemblies affected the aggregation of tau 

(cross-seeding), and we began with the Aβ and tau nucleating core sequences as model 

peptides to reduce complexity. Although tau has two nucleating cores, we focused on the 

PHF6 sequence because (1) it is present in all isoforms of tau whereas PHF6* is only present 

in 4R tau and (2) it has been shown to be essential for fibrillization, while deletion of the 

PHF6* sequence alone does not suppress fibril formation [9].  

Results 

5.1 Cross seeding of PHF6 by Aβ(16-22) E22Q and E22L variants 

 The Iowa mutation, APP D694N (Aβ D23N), is associated with early onset AD and 

cerebral amyloid angiopathy (CAA), with senile plaques containing a higher Aβ40/Aβ42 

ratio than in wt AD [10]. In vitro studies of synthetic Aβ40 D23N showed that it aggregates 

faster than Aβ40 and approximately two-thirds of the fibrils have peptides oriented in the 

anti-parallel conformation [11]. We therefore wanted to determine if the peptide orientation 

of Aβ affects the aggregation and/or structure of tau fibrils. Using Aβ(16-22) E22Q fibers in 

which the peptides are in a parallel orientation and Aβ(16-22) E22L nanotubes which have 

an anti-parallel peptide orientation as model seeds, monomeric PHF6 peptides were added 

to the sonicated seeds and incubated. Additionally, one control sample containing PHF6 

seeds was used as the benchmark for maximum seeding efficiency, while another sample 

containing no seeds was used as the negative control for no seeding effect.  
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 After 1 day of cross-seeding, fibrils were observed in TEMs of all samples. However, 

the E22L-seeded and unseeded PHF6 had a large proportion of particles (Figure 5.1B and 

D) while the E22Q- and PHF6-seeded PHF6 assemblies had very few particles (Figure 5.1A 

and C). Since particle formation normally precedes fibril formation, these observations 

suggest that E22Q favors PHF6 fibrillization through elongation, while there are no 

interactions between E22L seeds and PHF6 or that E22L promotes secondary nucleation of 

PHF6. After 2 weeks, two types of fibrils were observed by TEM: straight fibrils that were 

aligned with each other and twisted fibrils that were randomly aligned (Figure 5.2). 

Interestingly, only randomly aligned fibrils were found on the E22L-seeded PHF6 grid 

(Figure 5.2B), suggesting that there is some interaction between E22L and PHF6 which 

favors the formation of one conformation of fibrils over another. However, it was difficult 

to further evaluate structural differences since there are no PHF6-specific ligands or 

antibodies currently available.  
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Figure 5.1. One-day morphologies of PHF6 assemblies are influenced by the seed 
used. PHF6 seeded by (A) E22Q, (B) E22L, (C) PHF6 and (D) unseeded PHF6 after 1 day, 
assembled at 1 mM in 20% MeCN, pH 2 with 10% seed. Scale bars: 200 nm. 

 

A B 

D C 
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Figure 5.2. E22L does not seed heterogeneous PHF6 fibril formation. PHF6 seeded by 
(A) E22Q, (B) E22L, (C) PHF6 and (D) unseeded PHF6 after 2 weeks, assembled at 1 mM 
in 20% MeCN, pH 2 with 10% seed. Two images of each TEM grid are shown here, 
representing the two types of fibrils that can be found on different regions of a grid. All 
images are at the same magnification; scale bars: 200 nm. 

 

 To gain more structural insight into the peptide orientation of the PHF6 fibrils, we 

synthesized PHF6 where an isotope enriched 13C=O is present before the second Val, Ac-

VQI[1-13C]VYK-NH2 (hereafter referred to as 13C-PHF6), for isotope-edited IR (IE-IR) 

experiments. However, attempts to reproduce the results above were unsuccessful, with all 

A B 

C D 
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assemblies showing large deposits of fibrils and very few particles within a day. This 

indicated that there was rapid assembly and the peptide concentration should be decreased 

below the current 1 mM to observe any seeding effect. PHF6 was then assembled at 0.2, 0.5 

and 0.7 mM to get an idea of the assembly rates at those concentrations, where there was 

still rapid assembly at 0.7 mM and incomplete assembly after two weeks at 0.2 mM. The 0.5 

mM sample appeared to have an intermediate assembly rate and this concentration was 

chosen for seeding of 13C-PHF6.  

 The one-day 13C-PHF6 seeded assemblies resembled the observations for PHF6 

seeding in that numerous particles were observed for E22L-seeded and unseeded 13C-PHF6, 

while few particles were observed in E22Q- and PHF6-seeded 13C-PHF6 (Figure 5.3). This 

trend is observed for up to two weeks post seeding. After four weeks, fibrils were observed 

in all samples, with the PHF6-seeded sample displaying the most fibrils while the unseeded 

sample had the lowest number of fibrils. The E22L-seeded 13C-PHF6 had a large population 

of particles and it is unclear why there is incomplete fibrillization, but this suggests that 

E22Q cross-seeds PHF6 more efficiently than E22L (Figure 5.4).   
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Figure 5.3. One-day morphologies of 13C-PHF6 assemblies are similar to unenriched 
PHF6 assemblies. PHF6 seeded by (A) E22Q, (B) E22L, (C) PHF6 and (D) unseeded 
PHF6 after 1 day, assembled at 0.5 mM in 20% MeCN, pH 2 with 20% seed. Scale bars: 200 
nm. 

 

A B 

C D 
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Figure 5.4. 4-week 13C-PHF6 assemblies are mostly fibrillary except when seeded by 
E22L. PHF6 seeded by (A) E22Q, (B) E22L, (C) PHF6 and (D) unseeded PHF6 after four 
weeks, assembled at 0.5 mM in 20% MeCN, pH 2 with 20% seed. Scale bars: 200 nm. 

 

 The IE-IR spectra of these assemblies showed minimal changes for each sample 

over the 4-week period (Figure 5.5). We noticed that the 12C/12C amide I stretch was 

centered at 1626 cm-1 for the E22L-seeded sample whereas it was at 1630 cm-1 for the other 

samples, possibly due to the peptides in the particles having a different hydrogen bonding 

A B 

C D 
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network between the backbones and thus secondary structure, compared to the fibrils and 

nanotubes. Peptides with an anti-parallel arrangement typically show a peak at 1695 cm -1, but 

this is unidentifiable here due to noisy spectra and the broad transitions centered around 

1680 cm-1 that can be assigned to unassembled peptides. The 13C vibrations are centered at 

1593 ± 1 cm-1, although the peak height was noticeably lower for the E22L-seeded peptide. 

Again, this band could be due to a population of peptides existing in a different 

conformation or environment. 

 

Figure 5.5. IE-IR spectra of 13C-PHF6 seeded assemblies showed minimal changes 
over 4 weeks. Samples of the 13C-PHF6 assemblies seeded by E22Q (A), E22L (B), PHF6 

A B 

D C 
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(C) and unseeded 13C-PHF6 (D) were analyzed by IR and normalized to the 12C amide I 
peak. 

 

We also observed that the E22Q and E22L seeds remained short and did not 

disassemble nor elongate over the four weeks. To determine what effect the PHF6 

monomers had on the Aβ seeds, 100 μM of E22Q fibers and E22L tubes were sonicated and 

left to incubate in the absence of PHF6 (Figure 5.6A and C). After four weeks, long fibers 

and tubes were observed in the E22Q and E22L samples respectively (Figure 5.6B and D), 

indicating that they can elongate in the absence of the PHF6 peptide. This also strongly 

suggests that in the cross-seeded PHF6 samples, the PHF6 peptides bind to the ends of the 

E22Q fiber and E22L nanotube seeds, capping their extension. However, no PHF6 fibrils 

were seen extending from the ends of E22Q or E22L, suggesting that the binding was not 

stable enough or in a favorable conformation for PHF6 monomers to nucleate or propagate 

from those seeds.  
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Figure 5.6. E22Q, E22L and PHF6 seeds can elongate in the absence of PHF6 
monomers. 100 μM E22Q (A), E22L (C) and PHF6 (E) seeds were obtained by sonicating 
the mature assemblies. The seeds were then incubated for 4 weeks and imaged (B, D and F). 
Scale bars: 200 nm 

 

 

 

 

A B 

D 

E F 
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Congo red (CR) absorbance binding assay 

While ThT fluorescence is commonly used to quantify amyloid formation, we 

discovered that PHF6 fibrils assembled in 40% MeCN at pH 2 do not increase the 

fluorescence of ThT, possibly due to electrostatic repulsions between the exposed lysine of 

PHF6 and the positively-charged ThT molecules. Therefore, we turned to CR absorbance as 

a method for quantifying amyloid formation where a red-shift and increase in absorbance is 

observed upon binding to amyloid. Although it is possible to distinguish differences in CR 

spectra, it is difficult to quantify the relative differences between spectra, necessitating a 

standard curve to quantify binding. CR was therefore incubated with varying amounts of 

PHF6 (initially assembled at 1 mM) for at least 15 min before spectral measurement in a 1 

cm pathlength quartz cuvette. Each 100 μl CR-PHF6 mixture contained 5 μM CR and 0-300 

μM PHF6 in PBS, pH 7.4. To correct for the increase in absorbance due to light scattering 

by the peptide fibrils, absorbance spectra of the PHF6 peptides without CR were measured 

at the corresponding peptide concentrations, and subtracted from the CR-PHF6 spectra to 

obtain corrected spectra (Figure 5.7) in order to more accurately reflect the spectral changes 

of CR binding to amyloid.  
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Figure 5.7. Spectral correction for binding of 5 μM CR to 300 μM PHF6. Each curve is 
the average of three replicates bordered by the standard deviation.  
 
  

 

Figure 5.8. Corrected spectra of 5 μM CR bound to 0-300 μM PHF6 in PBS. 

 

 As the peptide concentration was increased from 0 to 300 μM, there was a red-shift 

and increase in absorbance of CR as expected. The isosbestic point, where both bound and 

unbound CR have the same absorbance, appears at 400 nm. However, the isosbestic point 
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appears to deviate from normality at PHF6 concentrations above 100 μM, where the 

absorbance at 400 nm increases. The spectral change can also be visualized by the difference 

spectra, which is the difference between the CR+PHF6 and CR alone spectra (Figure 5.9). 

With 300 μM PHF6, the point of maximal spectral difference occurs at 544 nm, which is an 

important parameter in estimating the amount of bound CR.  

 

Figure 5.9. Difference spectra of 5 μM CR bound to 0-300 μM PHF6 in PBS. 

 

 Assuming that there is 0% CR binding with 0 μM PHF6 and 100% binding with 300 

μM PHF6, the molar extinction coefficients (ε) of bound and unbound CR at the isosbestic 

and point of maximal difference can be derived using Beer’s law: 

Wavelength (nm) εbound CR εunbound CR 

544 50 296 12 597 

400 12 411 8 987 
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Plugging in these values into equation [7] of Klunk et. al., an equation for estimating 

the concentration of CR bound to Aβ (CR-Aβ) can be derived: 

[CR − Aβ] =

Aହସସ

12597
−

Aସ଴଴

10699
50296
12597

− 1
 

                     =
𝐀𝟓𝟒𝟒

𝟑𝟕𝟕𝟎𝟑
−

𝐀𝟒𝟎𝟎

𝟑𝟐𝟎𝟐𝟐
 

Plugging in the absorbance values at 400 and 544 nm of the corrected spectra into 

the equation above yields a binding curve that estimates the bound CR concentration with 

increasing concentrations of PHF6 fibrils (Figure 5.10). However, the binding seems to be 

increasing at the higher concentrations instead of reaching a plateau, suggesting that the 

binding sites in the fibrils are being altered as the sample becomes more concentrated. One 

possible explanation could be the bundling of fibers where the charges of the lysine residues 

are mediated by the phosphates in PBS buffer, and the degree of bundling increases with 

peptide concentration.  
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Figure 5.10. Binding isotherm of 5 μM CR with increasing concentrations of PHF6. 

 

  TEM images of the PHF6 fibrils diluted in water showed minimal bundling (Figure 

5.11A), but when diluted into PBS, had noticeable bundling (Figure 5.11B) that did not 

change when CR was present (Figure 5.11C). In fact, when PHF6 was assembled in 

phosphate buffer instead of 20% MeCN, the fibrils showed even greater bundling (Figure 

5.11D). If a multivalent anion causes PHF6 to bundle, then a buffer without phosphate (e.g. 

PBS) or sulfate (e.g. MES, MOPS, HEPES, etc.) groups should eliminate the bundling. 

When PHF6 fibrils were diluted into or assembled in 50 mM tris-HCl pH 7.4 buffer, no 

bundling of the fibers was seen and interestingly, the twisted and straight filament 

polymorphs became more obvious (Figure 5.12), both of which have been observed for the 

full-length tau protein fibrils isolated from an AD patient [12]. 
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Figure 5.11. PHF6 fibrils bundle in the presence of phosphates. (A) PHF6 assembled at 
1 mM in 20% MeCN then diluted with water to 300 μM. (B) PHF6 assembled at 1 mM in 
20% MeCN then diluted with PBS to 300 μM. (C) 300 μM PHF6 + 5 μM CR in PBS. (D) 
PHF6 assembled in 10 mM phosphate buffer. Scale bars: 500 nm. 
 

B A 
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Figure 5.12. PHF6 fibrils do not bundle when assembled in tris buffer. 500 µM PHF6 
was incubated in 50 mM tris-HCl pH 7.4 at r.t. and imaged. Black arrows indicate twisted 
fibrils and the white arrowhead points to a straight fibril. Black scale bar: 500 nm; white scale 
bar: 100 nm.  

 

The CR binding to PHF6 fibrils were then repeated in tris buffer (Figure 5.13), but 

since the 300 μM PHF6 spectrum had a different profile and baseline, the 200 μM PHF6 

spectrum was assumed to have 100% CR binding.  
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Figure 5.13. Corrected spectra of 5 μM CR bound to 0-300 μM PHF6 in tris buffer. 

 

 As described above, the extinction coefficients for bound and unbound CR at the 

point of maximal difference and isosbestic point can be calculated from the absorbance at 

those wavelengths:  

Wavelength (nm) εbound CR εunbound CR 

545 48 396 16 679 

403 16 123 12 390 

 

 Which yields the following equation: 

[CR − Aβ] =

Aହସହ

16679
−

Aସ଴ଷ

14256
48396
16679

− 1
 

                     =
𝐀𝟓𝟒𝟓

𝟑𝟏𝟕𝟏𝟔
−

𝐀𝟒𝟎𝟑

𝟐𝟕𝟏𝟎𝟗
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Plugging in the absorbance values into the above equation produces a binding 

isotherm that plateaus at high concentrations (Figure 5.14).  

 

Figure 5.14. Binding isotherm of 5 μM CR to 0-300 μM PHF6 in tris buffer.  

 

 We then applied the above equation to 5 µM CR bound to the seeded 13C-PHF6 

assemblies to estimate the degree of assembly. Figure 5.15A shows that the self-seeded 

samples had higher CR binding over the unseeded controls throughout 4 weeks, indicating 

that seeding increases the extent of assembly. The E22L-seeded 13C-PHF6 showed higher 

CR binding than the E22Q-seeded peptide from 1 day to 2 weeks, but this trend switches 

for the 4-week assembles. A closer analysis of the data points for the E22Q- and E22L-

seeded samples showed that this difference is not significant (t-test, p=0.18), and in fact, the 

difference is only significant for the 1- and 4-day assemblies (Figure 5.15B). Since the seeds 

also contribute to CR binding, we quantified the binding of CR to the parent assemblies at a 

peptide concentration that is equivalent to the seed concentrations (5 µM). The E22Q fibers 

were found to bind more CR than the E22L nanotubes (Figure 5.15C), and this trend is 
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similar for the E22Q-seeded 13C-PHF6 binding more CR than the E22L-seeded 13C-PHF6 at 

4 weeks, but is reversed for the 1-day to 2-week assemblies.  

 

 

Figure 5.15. Quantification of bound CR concentrations in binding to 13C-PHF6 
seeded assemblies. (A) Absorbance spectra of 5 µM CR bound to 25 µM peptide were 
acquired and the absorbance values at 400 nm (isosbestic point) and 544 nm (point of 
maximal difference) were used to determine the concentration of CR bound to peptide. (B) 
Bound CR values of E22Q- and E22L-seeded 13C-PHF6 showing the averages and Student’s 
t-test of the replicates. (C) Bound CR concentrations of 5 µM CR in the presence of 100 µM 
mature E22Q, E22L and PHF6 assemblies. 
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5.2 Co-assembly of Aβ40 and 42 with PHF6 

 Despite the inclusive results from cross-seeding with Aβ(16-22) E22Q and E22L 

peptides, we moved on to using Aβ40 and Aβ42 which are more physiologically-relevant 

templates. Sequence alignments of Aβ40/42 with PHF6 show high similarity between 

16KLV19F of Aβ and QIVY of PHF6, and therefore we hypothesized that Aβ and PHF6 may 

interact by either co-assembling into mixed fibrils and/or nucleating separately via cross-

seeding. 

 We co-assembled 100 µM Aβ40 or 42 monomers with 500 µM PHF6 monomers 

since the molar mass of Aβ is approximately 5 times that of PHF6. After 6 hours of co-

assembly, robust fibril formation was observed for the PHF6-only sample, and the fast 

kinetics might be because it was far above its critical assembly concentration in buffer 

(Figure 5.16E). TEMs of Aβ40 and Aβ42 alone showed mostly oligomers and protofibrils, 

indicative of peptides still in lag phase (Figure 5.16C and D). The Aβ40-PHF6 co-assembly, 

however, had a mix of large protofibrils and small particles, suggesting a different nucleation 

mechanism and peptide assembly taking place (Figure 5.16A). Networks of short fibrils 

were observed for the Aβ42-PHF6 sample (Figure 5.16B), which could be interpreted in 

either of two ways: (i) PHF6 accelerated Aβ42 fibrillization and/or (ii) Aβ42 inhibited PHF6 

fibrillization.  
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Figure 5.16. 1:5 mol ratio Aβ co-assembly with PHF6 after 6 hours. (A) 100 μM Aβ40 + 
500 μM PHF6, (B) 100 μM Aβ42 + 500 μM PHF6, (C) 100 μM Aβ40, (D) 100 μM Aβ42 (E) 
500 μM PHF6 in 50 mM Tris buffer, pH 7.4. Scale bars: 200 nm. 

 

 At two weeks, mature fibrils were observed in both of the mixed samples and for the 

PHF6 control while protofibrils were still present in the Aβ-only controls (Figure 5.17). 

Since the fibrils in the mixed samples appear morphologically distinct from PHF6 fibrils, we 

can conclude that the presence of PHF6 accelerated Aβ assembly.  

C 
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Figure 5.17. 1:5 mol ratio Aβ co-assembly with PHF6 after 2 weeks. (A) 100 μM Aβ40 
+ 500 μM PHF6, (B) 100 μM Aβ42 + 500 μM PHF6, (C) 100 μM Aβ40 (D) 100 μM Aβ42 
(E) 500 μM PHF6 in 50 mM Tris buffer, pH 7.4. Scale bars: 200 nm. 

 

To gain further insight into the Aβ-PHF6 interactions, we modified two variables in 

the next set of experiments. First, we used pre-assembled Aβ to cross-seed PHF6 monomers 

to emulate the scenario in AD progression. Second, we lowered the PHF6 concentration to 

200 µM which we predicted should be close to its critical assembly concentration under 

these conditions. This should slow down the assembly kinetics and decrease self-nucleation, 

favoring Aβ-PHF6 interactions.  
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5.3 Cross-seeding of Aβ40 and 42 with PHF6 

 Using fragmented seeds made by sonicating Aβ fibrils, we added them to freshly 

dissolved PHF6 where we predict that Aβ seeds can template the growth of PHF6 

monomers due to the sequence similarity between 16KLV19F of Aβ and QIVY of PHF6. 

Additionally, because tau aggregation follows amyloidosis in AD where the long Aβ fibrils 

are more likely to cross-seed tau by secondary nucleation at the sides rather than elongation 

at the ends, we also tested the seeding efficacy of unfragmented Aβ fibrils. 

  Figure 5.18 shows that at a concentration of 200 µM, PHF6 does not show an 

appreciable increase in ThT fluorescence over 48 hours and are in the protofibrillar 

morphology. In the presence of 1% molar equivalent Aβ40 or 42, the lag phase was 

bypassed and PHF6 entered the elongation phase promptly, indicative of a seeding 

mechanism. Since similar kinetic profiles were observed for both Aβ seeds and fibrils, the 

data suggest that the cross-seeding mechanism occurs via a combination of elongation and 

secondary nucleation. As the Aβ-only controls maintained ThT fluorescence at or below the 

level of PHF6-only samples, we can be confident that the cross-seeding was largely a result 

of PHF6 assembly and not Aβ re-assembly. No increase in ThT fluorescence was seen for 

the self-seeded PHF6 peptides and no mature fibrils were observed by TEM, indicating that 

a critical seed concentration must be attained for efficient PHF6 seeding as was the case for 

Aβ seeding in chapter 4.  
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Figure 5.18. Aβ40 and Aβ42 are more efficient seeds for PHF6 assembly than PHF6 
itself. ThT fluorescence was used to follow the fibrillization of 200 µM PHF6 monomers at 
37 oC seeded by (A) 1% molar equivalent Aβ40, (B) 1% Aβ42 or (C) 1% PHF6 seeds or 
fibrils. (D) TEM of the unseeded 200 µM PHF6 sample after 48 hours show aggregated 
protofibrils. Scale bar: 200 nm. 

 

TEMs of PHF6 seeded by Aβ40 and 42 seeds show short but mature fibrils which 

stain differently from the control samples containing Aβ seeds alone (Figure 5.19). The self-

seeded PHF6 however, remained as aggregated protofibrils similar to the unseeded PHF6 

sample and at 2 µM, the disassembly kinetics of the PHF6 seeds-only was fast enough to 

dissolve the aggregates, where only artefacts were found on the TEM grid.  
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For the fibril-seeded PHF6, the presence of 1% Aβ40 fibrils appeared to have seeded 

the growth of curvilinear fibrils bound to the sides of longer and straighter fibrils, which 

appear morphologically similar to the Aβ40 fibrils alone (Figure 5.20). Aβ42 fibrils catalyzed 

the growth of longer PHF6 fibrils that are also distinct from the Aβ42 fibrils. In the absence 

of PHF6 monomers, the PHF6 fibrils disassemble over 2 days as was the case for PHF6 

seeds mentioned above. With PHF6 fibrils and monomers, we saw aggregated protofibrils 

on the sides of the mature PHF6 fibrils, suggesting that secondary nucleation was dominant 

over fibril elongation. This interaction is sufficiently stable to prevent the added PHF6 fibrils 

from disassembling but does not catalyze fibril formation during the experimental 

timeframe.  
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Figure 5.19. Aβ seeds accelerated PHF6 fibril formation. TEMs of 1% Aβ40, Aβ42 and 
PHF6 seeded-PHF6 samples (left) and seed-only controls (right) after 48 hours at 37 oC. 
Scale bars: 200 nm. 
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Figure 5.20. Aβ fibrils accelerated PHF6 fibril formation. TEMs of 1% Aβ40, Aβ42 and 
PHF6 seeded-PHF6 samples (left) and fibril-only controls (right) after 48 hours at 37 oC. 
Scale bars: 200 nm. 
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 Having shown that various forms of synthetic Aβ are potent seeds for PHF6 

fibrillization, we wondered if AD-seeded Aβ cross-seeds PHF6 more aggressively than ND-

seeded Aβ, since the extent of tauopathy is more closely related to developing AD. Cross-

seeding PHF6 with the brain-seeded Aβ42 granddaughter seeds showed that the AD2(O) 

and ND2(O) Aβ42-seeded PHF6 had similar kinetic profiles, while AD2(F) and ND2(F) 

Aβ42-seeded PHF6 had higher and lower profiles respectively. The growth of ND2(F) 

Aβ42-PHF6 plateaued at around 12 hours and reached a 4.5-fold fluorescence over ThT-

only after 64 hours, while AD2(F) Aβ42-PHF6 maintained a steady growth after 12 hours to 

reach a 6.5-fold intensity at 64 hours (Figure 5.21A). The difference in cross-seeding 

efficiency does not appear to be a function of the amount of seeds, because the ND2(F) 

Aβ42 seed controls in buffer had higher ThT fluorescence (Figure 5.21B) but was the least 

potent seed for PHF6. Interestingly, this pattern was observed in pFTAA binding to the 

brain-seeded Aβ42 granddaughters, with the occipital-seeded Aβ42 having superimposable 

fluorescence excitation spectra, while the frontal-seeded Aβ42 had different relative 

intensities at 425 nm (Figure 4.30).   
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Figure 5.21. Brain-seeded granddaughter Aβ42 cross-seed PHF6 assembly 
differently. (A) Granddaughter Aβ42 seeded from enriched AD2(O), AD2(F), ND2(O) and 
ND2(F) fractions were added to PHF6 monomers and the growth was monitored by ThT 
fluorescence at 37oC over 64 hours. (B) ThT fluorescence of the corresponding Aβ42 seeds 
in 50 mM tris-HCl buffer pH 7.4.  

 

TEMs of these cross-seeded PHF6 fibrils revealed short but mature fibrils associated 

with mixed (amorphous, oligomeric and protofibrillar) aggregates in the AD2(F) Aβ42-

PHF6 sample, while networks of long, bundled fibers were observed in the ND2(F) Aβ42-

PHF6 sample. Both occipital Aβ42-PHF6 assemblies had morphologies similar to each other 

that were intermediate between the two extremes of the frontal lobe-seeded assemblies 

(Figure 5.22). Therefore, the TEMs agree with the ThT kinetics observed in Figure 5.21A.  

Taken together, the data suggest that in the initial 10 hours of the biphasic growth, 

Aβ42 cross-seeds PHF6 fibril formation where the differences between the samples are 

indistinguishable by ThT. When a critical mass of PHF6 fibers have formed after 10 hours, 

the PHF6 self-seeding dominates the cross-seeding between Aβ42 and PHF6. In the second 

growth phase, the rate of PHF6 growth depends on its ability to make its own seeds, with 

A B 
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the ND2(F) Aβ42-PHF6 forming mechanically stronger fibrils that are resistant to 

fragmentation and less efficient seeds, while the AD2(F) Aβ42-PHF6 forming weaker fibrils 

that are prone to fragmentation and are more efficient seeds. This is analogous to the strain 

phenotypes observed in yeast prion models, where Sup35 aggregates in stronger strains are 

more easily fragmented while in weaker strains, the Sup35 fibers resist breakage and are less 

efficient seeds [13]. The formation of different PHF6 polymorphs is due to the cross-seeding 

by different Aβ42 polymorphs, which is in turn due to different Aβ polymorphs in the brain 

tissues. A subset of Aβ42 structures enriched in ND2(F), to which pFTAA binds and 

fluoresces highly when excited at 425 nm, cross-seeded the formation of the stable PHF6 

strain. Conversely, the subset of Aβ42 structures enriched in AD2(F) to which pFTAA does 

not bind, cross-seeded the formation of weaker PHF6 fibrils that aggressively seeded itself. 
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Figure 5.22. PHF6 cross-seeded by AD2 and ND2 Aβ42 granddaughter have different 
morphologies. TEMs of PHF6 monomers cross-seeded by seeds derived from AD2- and 
ND2-seeded Aβ42 granddaughters after 64 hours. Labels indicate the origin of the brain 
tissue used to seed into Aβ42. Scale bars: 200 nm.  

  

Conclusion 

 Our experiments involving Aβ and PHF6 show conclusively that these two 

heterologous peptides can directly interact in vitro. The resulting assemblies however, tend to 
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be morphologically heterogeneous which makes structural characterization (by IE-IR, solid-

state NMR, cryo EM, etc.) challenging. We have also observed that some peptides (E22Q, 

Aβ40, Aβ42) accelerate PHF6 assembly and can reduce its critical assembly concentration, 

while others (E22L) inhibit or kinetically trap PHF6 in intermediate forms, suggesting that 

Aβ has the potential to directly modulate the assembly pathway of tau into various structures 

other than PHF fibrils in NFTs. Future experiments will need to decipher the code that 

exists between Aβ and PHF6 and optimize conditions for obtaining more homogeneous 

structures to resolve differences between cross-seeded and unseeded PHF6 assemblies. 

Following that, the model system can be made more physiologically-relevant by scaling up to 

the cross-seed the R2 and R3 repeat domains (containing PHF6* and PHF6 sequences), the 

K18 protein (containing the four repeat domains) and full-length tau constructs. If the link 

between amyloidosis and tauopathy can be understood, then therapeutic targets can be 

designed to halt the triggering of tauopathy in early-MCI patients.  

Materials and Methods 

Fourier Transform Infra-Red (FT-IR) spectroscopy  

 Before peptide samples were analyzed with a Jasco FT-IR 4100 spectrometer, the 

background was taken after instrument startup. 8 µL of peptide solution was spotted onto 

the diamond surface of a GladiATR (Pike Technologies) ATR and allowed to dry to a thin 

film, which is when the broad peak at 3300 cm-1 has stabilized after declining. Spectra were 

recorded with the MCT-M (HgCdTe) detector cooled by liquid N2, from 1000 to 4000 cm-1 

at a resolution of 2 cm-1 for 512 accumulations. IR spectra were normalized by setting the 

absorbance at 1725 cm-1 to 0 and the 12C amide I stretch (~1630 cm-1) to 1. 
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Congo red preparation 

 Since commercially available preparations of Congo red (CR) are contaminated with 

NaCl and water, CR (Sigma-Aldrich) dye content was quantified and stock solutions were 

prepared following Klunk et. al.[14] CR (lot no.: 073K3520) was dissolved to 5, 10 and 20 

μM in 60% 1 mM NaH2PO4, pH 7.0/40% EtOH and the absorbances at 505 nm were 

measured in a Jasco V-530 UV spectrophotometer (Figure 5.23). Using ε505 nm = 59 300 L 

mol-1 cm-1, the actual CR concentrations were calculated by the Beer-Lambert law and the 

dye content (actual concentration/concentration by mass of CR x 100%) was determined to 

be 84.6 ± 5.7%.  

 

Figure 5.23. Absorbance of Congo red to determine dye content. 
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 A 300 μM stock solution (taking into account the 85% dye content) of CR was 

prepared in 90% PBS, pH 7.4/10% EtOH and filtered three times through a 0.22 μm PES 

filter. Aliquots were then stored at -20 °C until ready for use. 

Aβ40/42-PHF6 cross-seeding kinetic assays 

 HFIP-treated PHF6 was reconstituted to 220 µM in 50 mM tris-HCl pH 7.4 buffer 

and filtered through a pre-rinsed 0.2 µm filter. 200 µl of the PHF6 monomer was then added 

to each well in a 96-well plate (Corning, Cat. No. 3631) containing 20 µl of seeds or fibrils 

(20 µM for 1% seeding) and 10 µl of 100 µM ThT. Control wells had the seeds/fibrils or 

monomers replaced with tris buffer. The plate was sealed with a film and then incubated at 

37oC for an hour before ThT fluorescence was measured as described in Chapter 4. 

Fluorescence intensities were then divided by the intensities of the ThT-only control wells at 

the respective time points.  
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Chapter 6. Conclusion 

Summary 

 In chapter 2, we established methods for disaggregating the purified peptides for 

maximal seeding efficiency. We characterized Aβ and PHF6 when dissolved in HFIP, 

DMSO and NH4OH, and found that the peptides tend to form particles in HFIP. Particle 

formation is unfavorable because it traps the monomers in a compartment where they 

nucleate instead of allowing them to diffuse to the seeds. DMSO was good at dissolving the 

bulk peptide powder into clear solutions, but widespread aggregates are still detectable by 

TEM. NH4OH treatment produced the least amount of Aβ aggregates but caused PHF6 to 

form needle-like fibrils. Filtering the reconstituted monomeric peptide solutions also helped 

in removing the surviving aggregates. Given that all three solvents have been used to 

monomerize Aβ in the literature but only NH4OH works best for us, we conclude that the 

peptide synthesis and purification processes influence the peptides’ behavior in the solvents 

and disaggregation methods should be optimized in every lab.  

 In chapter 3, we explored the feasibility of quantifying PiB binding by fluorescence 

as an initial screen before performing radioligand binding assays. The fluorescence of PiB 

blue-shifted from 430 to ~400 nm upon binding to Aβ, but this blue-shift can also be 

induced by dissolving PiB in hydrophobic solvents. Total PiB (bound and unbound) 

fluorescence can therefore be measured, but we encountered unexpected challenges when 

trying to separate bound from unbound PiB. In the absence of Aβ, PiB binds non-

specifically to filters and can be concentrated by centrifugation which makes it difficult to 

establish a negative control for the assay. As such, we decided that PiB fluorescence was only 
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good for probing for the presence of PiB binding by looking for a blueshift, but not for 

quantifying binding. 

 In chapter 4, we developed methods for seeding brain extracts into synthetic Aβ40 

and 42. Low-speed supernatants of brain homogenates were ineffective seeds and required 

treatment with pronase, benzonase, sarkosyl and sodium phosphotungstate to enrich for Aβ. 

Also, the protocol for amplifying synthetic Aβ was not completely transferrable to brain-

seeded Aβ40 which required extended sonication, suggesting that those fibrils are 

mechanically stronger than the pure synthetic fibrils and affirms that seeding proceeds by 

elongation at the fibril ends rather than by secondary nucleation at the sides. The HS-68 

oligothiophene was able to differentiate between quiescent, agitated and brain-seeded Aβ40 

granddaughters, but could not resolve differences between the AD2 and ND2 Aβ40 

granddaughters. The LCOs showed more spectral differences upon binding to AD2 and 

ND2 Aβ42 granddaughters. Notably, the pFTAA excitation spectra showed different 

relative intensities at 425 nm, indicative of binding to unique populations of Aβ structures. 

This trend was also observed when they were cross-seeded into PHF6 (chapter 5), with 

AD2(F) Aβ42 having a low intensity at 425 nm but seeding PHF6 strains that are efficient 

seeds, and ND2(F) Aβ42 having a high intensity at 425 nm but seeding PHF6 strains that 

were inefficient seeds. Therefore, we have demonstrated that the structure of Aβ aggregates 

is directly linked to its ability to cross-seed PHF6 and perhaps tau in AD. Since PHF6 

growth kinetics are similar when cross-seeded by long fibrils or short seeds, the mechanism 

is likely to be a combination of elongation and secondary nucleation. Within our 

experimental timeframe, a small molar equivalent (1%) of Aβ aggregates sufficiently lowered 

PHF6’s critical assembly concentration and catalyzed its growth, highlighting a therapeutic 

opportunity for halting the progression of AD at this pivotal transition.  
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 In conclusion, we have optimized the seed and monomer conditions for efficiently 

amplifying Aβ from brain tissues into synthetic Aβ. Although we have yet to define the 

structural differences between AD and ND Aβ assemblies that are disease-relevant, we have 

demonstrated the prion-like property of Aβ from human brains in transmitting structural 

information while crossing multiple seeding barriers and surviving at least two freeze-thaw 

cycles (Figure 6.1). 

 

Figure 6.1. Prion-like propagation of amyloids in brain tissues to synthetic PHF6 via 
Aβ42. Efficient seeding requires the enrichment of amyloid in the seed fractions and 
disaggregation of synthetic peptides into monomers. Aβ strains crossed the first barrier 
(dotted arrow) when the enriched fractions from human brain homogenates were seeded 
into synthetic Aβ42. Homologous seeding (solid arrow) into another generation of Aβ42 
further amplified the strains, which crossed another barrier during heterologous seeding into 
PHF6, spawning different fibril morphologies.  

 

Outlook 

Studies to explain why human-derived amyloids are more potent seeds compared to 

synthetic and recombinant amyloids will be useful to identifying the pathogenic entities. Are 

oligomers more toxic than fibrils and how are functional amyloids nontoxic to cells? Are 

there cofactors such as nucleic acids, metals or proteins in the extracts, or is the environment 

in the human brain more effective at templating neurotoxic amyloid? If so, can a cocktail of 
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cofactors and conditions be discovered to convert synthetic material into high-potency seeds 

for structural and functional studies? 

Another mystery involves the similarities between protein aggregation diseases. Are 

there common pathological mechanisms between AD and other amyloid diseases such as 

Parkinson’s, Huntington’s, ALS, etc.? How do environmental forces such as TBI (traumatic 

brain injury) or CTE (chronic traumatic encephalopathy) increase the risk of AD? 

Other unresolved questions include how cognitive reserve mitigates AD progression. 

Cognitive reserve is thought to be influenced by the individual’s educational attainment, 

occupation, socio-economic status, diet and lifestyle. Postmortem analyses of cognitively 

normal individuals above 85 years old have shown that more than 25% have sufficient 

plaque and NFT loads to qualify for AD diagnosis, yet the patients’ cognitive functions are 

resistant to dementia, at least until the time of death [1]. Understanding this connection 

could lead to treatments that rescue cognitive function in patients.  

 The development of reliable biomarkers for early detection, perhaps using a 

combination of CSF protein levels (Aβ, total tau, p-tau) and neuroimaging (PET and MRI) 

together with identification of risk factors (ApoE genotype, APP mutations, etc.) will 

continue to be a major goal. These biomarkers will be essential tools for the prognosis of 

presymptomatic and MCI patients, and evaluating AD drug candidates. However, virtually 

every drug candidate targeting Aβ (secretase inhibitors and humanized anti-Aβ antibodies) 

drops out of clinical trials due to the lack of cognitive improvement in the patients. One of 

the major reasons is that amyloid deposition has already plateaued when symptoms emerge, 

and the downstream events are more pathological than the amyloid plaques. The most ideal 

approach to treating AD will be to intervene at the prodromal phase because it precedes 
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neurodegeneration and the need to restore neurons can be avoided. With studies showing 

that amyloid plaques are dynamic, not static sinks for Aβ and the diverse polymorphs of Aβ 

aggregates that are likely to be disease-relevant, an Aβ-focused treatment would mean that 

multiple moving targets must be identified. Resolution of the mechanistic link between Aβ 

and tau aggregation, representing a bottleneck in the onslaught of the disease, may be a more 

attractive therapeutic opportunity. Pre- or early-MCI individuals identified through routine 

physical examinations may then be offered treatments that prevent the triggering of 

tauopathy to halt the progression of AD. 
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Appendix 1: Structures of  Amyloid ligands  
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