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ABSTRACT 

 

REDEFINING THE ROLE OF THE P3 PEPTIDE IN THE AMYLOID 
CASCADE HYPOTHESIS 

 

Ariel Jade Kuhn 

 

 Alzheimer’s Disease (AD) is the 6th leading cause of death in the United States 

and affects over 6 million Americans. Surprisingly, dementia-related deaths have 

increased by over 16% during the SARS-CoV-2 pandemic, making finding a cure more 

now important than ever. AD is characterized by two major pathological hallmarks: 

amyloid plaques, rich in the intrinsically disordered, aggregation-prone Amyloid-β 

(Aβ) peptide, and neurofibrillary tau tangles. The transmembrane protein that produces 

Aβ, the Amyloid-β Precursor Protein (AβPP), is cleaved by β- (BACE1) and γ-

secretases. While much of the Aβ-focused therapeutic and academic efforts have 

targeted late-stage, insoluble Aβ fibrils, interest has shifted to the more toxic 

intermediate oligomers. These transient, rapidly interconverting oligomers are 

exceptionally challenging to study and therapeutically target, a fact made abundantly 

clear by the succession of devastating drug trial failures.  

AβPP can be alternatively processed by other lesser-known enzymes, such as 

α-secretase, to produce alternative peptidic fragments. One such fragment, the p3 

peptide, is a C-terminal fragment of Aβ, and spans residues 17-40/42, the segment most 
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attributed to Aβ’s amyloidogenicity. Despite this, p3 has traditionally been described 

as non-amyloidogenic and neuroprotective. Consequently, the biological and 

biophysical properties of p3 have been sparsely studied. The studies described in this 

thesis aim to provide an extensive in vitro characterization of p3, to better understand 

its role, if any, in AD.  

In Chapter 1, we aim to summarize and deconvolute the small pool of 

conflicting findings in the literature surrounding the p3 peptide. According to PubMed, 

since 1984, there have been 56,502 papers that mention Aβ, and only 921 that mention 

p3, an over 60-fold difference (Figure 2). Of the small pool of papers published 

discussing p3 since the mid-1980s, only a handful investigate the properties of the 

peptide, while most simply state that it is non-amyloidogenic, or that its production 

precludes the production of Aβ. Despite this, a few rarely discussed papers, primarily 

published in the 1990s and early 2000s, expose amyloidogenic properties of p3. Our 

work, discussed in Chapters 2 and 3, builds on these early studies.  

In Chapter 2, we employed advanced chemical biological techniques to assess 

whether p3 is truly non-amyloidogenic, as indicated by the literature. We found that p3 

self-assembles to form oligomers and fibrils morphologically indistinguishable from 

Aβ, and that these resultant aggregates share confirmational similarities with Aβ. 

Additionally, we determined that the rate of p3 fibril formation is significantly faster 

than that of Aβ. These results highlight the solubilizing effect of the N-terminus of Aβ, 

and the importance of hydrophobic contacts in amyloid formation.  
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In Chapter 3, we investigated the kinetic and biological consequences of mixing p3 and 

Aβ, to simulate the endogenous heterogeneity of amyloid aggregation in the brains of 

AD patients. We observed fibrillar colocalization of Aβ and p3, and enhanced 

aggregation propensity of Aβ upon introduction of p3. This enhancement in stable, 

insoluble, heterogenous fibril formation resulted in reduced cellular toxicity. We found 

that under fibril forming conditions, mixtures of Aβ and p3 produced unique oligomers 

not observed in the homogenous preparations. Additionally, fibril formation proved 

favorable even under oligomer forming conditions. The enhanced fibril formation 

resulted in suppression of toxicity and ROS production in both PC12 and SH-SY5Y 

cells. Additionally, we found that at an early timepoint, TAMRA-Aβ and TAMRA-p3 

uptake was comparable, while at a later timepoint, internalization of labeled-peptide 

was nearly 6x higher for the TAMRA-Aβ treated cells. However, no augmentation of 

uptake was observed upon addition of unlabeled p3 into TAMRA-Aβ treated cells.  

In Chapter 4, we discuss challenges in the field of intrinsically disordered 

proteins (IDPs), and offer novel methods to improve reproducibility. We first propose 

the benefits of employing all mirror-image peptides to both rigorously control peptide 

quality, and to probe complicated mechanisms in aggregation and toxicity of Aβ and 

related peptides. Through comparing the uptake of L- and D-Aβ, we observed that 

cellular uptake of Aβ is highly stereospecific, indicating that Aβ uptake is likely a 

receptor-driven process. We also demonstrated “chiral inactivation”, a technique 

previously developed by the Raskatov lab to abolish toxicity of Aβ42, with the Aβ40 

system, which we monitored with 1H NMR. This chapter also presents a structural 
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study of the long-orphaned Pauling-Corey rippled β-sheet. Current knowledge on 

rippled sheets is limited to a small pool of studies that combined partial experimental 

structures with theoretical modeling. At the end of Chapter 4, we report a high-

resolution crystal structure, in which racemic (L,L,L)- and (D,D,D)-triphenylalanine 

form dimeric antiparallel rippled sheets, packed into herringbone layers. 

Overall, the studies described herein highlight the challenges and controversies 

in probing IDPs, and a few ways to overcome them. Special attention is paid to p3, a 

peptidic fragment of Aβ previously described as non-amyloidogenic and innocuous. 

We urge the field of AD-related research to expand the Amyloid Cascade Hypothesis 

(ACH) in light of these findings, to account for alternative proteolytic fragments of 

AβPP, and their resultant biological properties.  
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CHAPTER 1: Introduction 

 

This chapter contains text and figures from the following manuscripts: Kuhn, A.J.; 
Raskatov, R. A. J. Alz. Dis. 2020.; Gowing, E.; Ball, M. J.; et. al. J. Biol. Chem. 1994.; 
and Lalowski, M.; Wisniewski, T.; et. al. J. Biol. Chem. 1996. See appendix for 
RightsLinks. 
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1.1 Role of Intrinsically Disordered Proteins in Alzheimer’s Disease 

Intrinsically disordered proteins (IDPs) lack defined tertiary structures under 

physiological conditions, or in the case of intrinsically disordered protein regions 

(IDPRs), include structureless extended regions. Unlike typical proteins in which 

strong structure-function relationships can be interpreted and mimicked, IDPs, also 

known as natively unfolded proteins, offer unique challenges preventing their 

exploration. This is due, in part, to their significant confirmational heterogeneity and 

relatively smooth energy landscapes. While many proteins undergo an energetically 

favorable native folding process, either spontaneously or under the guidance of 

chaperones, IDPs sample a wide array of rapidly interconvertible confirmations. 

Surprisingly, approximately 32% of proteins in the human proteome are IDPS, 19% 

contain IDRPs, leaving only 49% ordered proteins.1  

IDPs often contain hydrophobic central regions2 and large net negative charges 

at either the N- or C-termini, generally attributed to the presence of lysine and/or 

aspartic acid.3 The absence of a defined tertiary structure promotes binding 

promiscuity.4 In fact, some IDPs fold into different tertiary structures upon specific 

target binding.5 For these reasons, diseases related to IDPs, of which there are many, 

have garnered significant attention from the scientific community. In particular, 

aggregation prone IDPs are frequently associated with neurodegenerative diseases. 

Examples include: Amyloid-β (Aβ) and tau in Alzheimer’s Disease (AD), α-synuclein 

in Parkinson’s Disease, and amylin in Type 2 Diabetes mellitus.  
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Alzheimer’s Disease (AD), the most prevalent form of dementia, is the 6th 

leading cause of death in the U.S, affecting 10% of seniors over the age of 65. 

Alzheimer’s Disease is characterized by two major pathological hallmarks: 

neurofibrillary tau tangles and Aβ-rich amyloid plaques. Aβ is an aggregation-prone 

IDP, produced by the proteolytic cleavage of Amyloid-β Precursor Protein (AβPP), a 

transmembrane protein with unknown endogenous function (Figure 1), by β-secretase 

(BACE1) and γ-secretase (Figure 1). Consequently, free Aβ is released from the cell 

membrane, after which it self-assembles to form transient oligomers and, eventually, 

stable fibrils (Figure 1). This pathway is presumed to cause AD, and is referred to as 

the “Amyloid Cascade Hypothesis”. The Amyloid Cascade has been a major target of 

therapeutic efforts, primarily through β-secretase inhibitors and Aβ aggregation 

modulators. Unfortunately, all of these efforts have been met with disappointment, 

which the exception of the recent approval of the controversial drug, Aducanumab.6,7  

 
 
Figure 1 (Next Page). Two major processing pathways of the Amyloid-β Precursor 
Protein (AβPP). A) Sequences of Aβ(1-40/42), including two alternative β-secretase 
cleavage sites (3-40/42 and 11-40/42), and the sequence of p3(17-40/42), produced by 
α-secretase. B) Two proteolytic processing pathways of AβPP: the Amyloidogenic 
pathway, in which sAβPPβ and Aβ are produced by the sequential cleavages by β- and 
γ- secretases. Aβ is an aggregation-prone peptide that undergoes self-assembly to form 
transient oligomers, and late-stage fibrils. Alternatively, the so-called “Non-
Amyloidogenic” pathway produces sAβPPα and p3, via α- and γ- secretases. The 
aggregation pathway for p3 is denoted with a “?”, as p3 has traditionally been described 
as “non-aggregation-prone”. Adapted with permission from: Kuhn, A. J.; Raskatov, J. 
Is the P3 Peptide (Aβ17-40, Aβ17-42) Relevant to the Pathology of Alzheimer’s 
Disease? J Alzheimer’s Dis 2020.8 See appendix for RightsLink. 
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1.2 Background on the p3 peptide 

Moreover, AβPP has additional proteolytic processing pathways, featuring 

enzymes other than β-secretase, such as α-, δ- and η-secretases.9–11 The α-secretase 

pathway, attributed to ADAM9, ADAM10, and/or ADAM17,11 produces the p3 

peptide, a major focus of this thesis. p3 is the C-terminal fragment of Aβ, spanning 

residues 17-40/42 (Figure 1). This pathway is thought to be the more prominent 

endogenous processing pathway of AβPP, yet has received significantly less mentions 

in the literature (Figure 2). Specifically, in 2020, there were 64 papers on p3, which is 

starkly contrasted against the 4406 papers on Aβ, a nearly 69-fold difference (Figure 

2). In addition, most of these studies that mention p3 refer to it as “non-amyloidogenic” 

and “neuroprotective” (Figure 3), despite little to no evidence to support this. Since 

1984, there have been 56,502 papers that mention Aβ, and only 921 that mention p3, 

an over 60-fold difference (Figure 2). Of the small pool of papers published discussing 

p3 since the mid-1980s, only a handful investigate the properties of the peptide, as most 

simply state that it is non-amyloidogenic, or that its production precludes the 

production of Aβ. These numbers are staggering when one considers that p3 is the more 

prominently produced fragment of AβPP, and that it is supposedly “neuroprotective”. 

Given this, it is perplexing that there have not been more significant efforts to 

understand this peptide, specifically, how much is produced in healthy vs AD patients, 

and how these values are affected upon therapeutic intervention. However, the studies 

specifically aimed at understanding the biophysical and/or biological properties offer 

very conflicting accounts. This topic is discussed in more detail in the reprinted 
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manuscript at the end of this chapter: Kuhn, A. J. Raskatov, R. A. Is the p3 (Aβ17-40, 

Aβ17-42) peptide relevant to the pathology of Alzheimer’s Disease? J. Alz. Dis. 2020, 

74 (1), 43-53.  

 

 
Figure 2. Comparison in quantity of papers discussing p3 vs Aβ over time. A 
PubMed search was conducted in which the following search terms were used for p3: 
“p3” AND “Alzheimer’s Disease” OR “non-amyloidogenic” AND “Alzheimer’s 
Disease”. The following search terms were used for Aβ: “Amyloid-β” AND 
“Alzheimer’s Disease” OR “Aβ” AND “Alzheimer’s Disease”.  
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Figure 3. Comparison in quantity of papers discussing p3 vs non-
amyloidogenicity. A PubMed search was conducted in which the following search 
terms were used for p3: “p3” AND “Alzheimer’s Disease”. The following search terms 
were used for non-amyloidogenic: “non-amyloidogenic” AND “Alzheimer’s Disease”. 
 

Despite the myriad Alzheimer’s Disease therapeutics targeting the production 

and clearance of the Aβ peptide, a cure is yet to be identified. While there are likely a 

myriad of reasons for this, given the vast complexity of the disease, one possible 

explanation is that the amyloid model only seeks to understand the properties of two 

predominant isoforms of Aβ – comprised of 40 or 42 amino acids. As a consequence, 

many proposed amyloid-targeting AD therapeutics bind the N-terminus of Aβ, the 

segment absent in p3 (Figure 4). Thus, if p3 or any of the other fragments of Aβ are in 

fact pathogenic or are in some way cooperatively involved in aggregation of Aβ, these 

therapeutics may be rendered ineffective.  
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Figure 4 (next page). Binding sites of various Amyloid-targeting AD therapeutics 
along the Aβ sequence.  
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In addition, plaques isolated from the brains of Alzheimer’s patients contain a 

variety of Aβ peptides and over 900 unique proteins (approximately 200 of which are 

found consistently across many patient samples).12,13 Given that p3 may be a 

predominant processing product of AβPP, and as described in Chapter 1, it rapidly 

forms amyloidogenic aggregates, presumably, p3 is one of these 900 proteins. 

Interestingly, p3 is a major component of “diffuse” amyloid plaques in AD patients and 

cerebellar preamyloid in those with Down Syndrome (Figure 5).14,15 Aside from these 

studies, little is known about what happens to p3 in the brains of Alzheimer’s patients 

in terms of aggregation, clearance and pathogenesis. To ensure that future AD 

therapeutics are more effective, we urgently need to understand how the different 

isoforms and fragments of Aβ and AβPP collectively contribute to the very complex 

disease that is AD.  

 

Figure 5. Isolation of p3 from plaques. Left panel: LCMS chromatogram of diffuse 
amyloid isolate from the brain of an AD patient.14 The two peaks labeled 3 and 6 kDa  
were determined to be p3, and the two peaks labeled 4.5 and 9 kDa correspond to Aβ. 
Right panel: LCMS chromatogram of cerebellar preamyloid from the brain of a person 
with Down Syndrome.15 The peak labeled Aβ17-42 is p3, and Aβ42/40 is Aβ. Images 
adapted with permission from: Gowing, E.; Ball, M. J.; et. al. J. Biol. Chem. 1994 and 
Lalowski, M.; Wisniewski, T.; et. al. J. Biol. Chem. 1996. See appendix for 
RightsLinks.  
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1.3 Specific Aims 

The purpose of the research described herein is to elucidate the mechanisms by 

which β-Amyloid (Aβ) and one of its variants contribute collectively to the pathology 

of Alzheimer’s Disease. To meet this end, our lab has pioneered an efficient and large-

scale method for producing exceptionally pure Aβ and related peptides,16 putting us in 

a unique position to study their biophysical and biological properties.  

The major goal of this work was to characterize the aggregation and mechanism 

of toxicity of p3 to elucidate its role in amyloid fibril formation. My hypothesis was 

that the p3 fragment forms amyloid fibrils capable of imparting drastic changes on the 

aggregation of the well-studied Aβ peptide. The current amyloid model can be 

significantly improved by understanding the collective contribution of all Aβ-related 

peptides  

 

Aim 1. Determine aggregation kinetics and resulting morphology of aggregates 

formed by the C-terminal fragment of Aβ, the p3 peptide 

Characterizing the mechanism and morphology of p3 aggregates is crucial to 

establishing its role, if any, in Alzheimer’s Disease. Given that p3 is primarily 

hydrophobic and contains 100% of sequence segments of Aβ attributed to 

amyloidogenicity, the lack of current literature focused on its aggregation is surprising. 

My results indicate that p3 exhibits expedited aggregation propensity and forms 

oligomers and fibrils morphologically indistinguishable from those formed by Aβ. In 
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addition, I have demonstrated that p3 binds OC and Congo Red, both probes specific 

for β-sheet-rich amyloid fibrils.  

 

Aim 2. Discern colocalization and seeding effects between of p3 with Aβ to 

establish a heterogenous Amyloid aggregation model.  

To date, most structural work on Aβ aggregation exclusively explores 

homogenous aggregates comprised of Aβ. However, this approach must be expanded 

to include other isoforms given the diversity in plaque content. I found that TAMRA-

labeled p3 and FAM-labeled Aβ colocalize in heterogenous aggregates. I also found 

that p3 seeds Aβ, resulting in fibril formation enhancement. In addition, heterogenous 

mixtures of p3 and Aβ form new oligomeric species not observed in the respective 

homogenous preparations.  

 

Aim 3. Relationships between uptake and toxicity for p3 and Aβ, and associated 

mixtures 

Despite the enormous body of work focused on the aggregation of Aβ, the 

mechanism by which Aβ exerts its toxicity remains elusive, despite many proposed 

pathways, ranging from inflammation to calcium dysregulation. Our lab, among others, 

has demonstrated a correlation between cellular uptake and toxicity of Aβ, indicating 

that uptake may be a compulsory step of toxic action. My findings indicate that p3 is 

less toxic and cell permeable as compared to Aβ. Surprisingly, I also found that p3 

rescues viability of cells dosed with toxic concentrations of Aβ.  
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Aim 4. Devise novel methods for combating challenges associated with studying 

aggregation-prone, intrinsically disordered proteins such as Aβ and p3 

 IDPs are exceptionally challenging to study, making it difficult to acquire 

reproducible, reliable data. Aβ, in particular, is extremely sensitive to small 

perturbations, impurities, and deviations in synthetic and isolation methodologies. This 

is reflected in the inconsistent and often controversial findings across the Aβ literature. 

To evade these challenges, aside from adopting extensive purification, filtration, and 

pre-treatment protocols, our lab has employed all-D enantiomeric peptides as a 

biophysical and biological control to improve rigor and reproducibility in Aβ studies. 

This approach has allowed us to induce oligomer-to-fibril conversion in the aggregation 

profile of Aβ. Additionally, we have employed chirality as a tool to study the 

mechanism of cellular uptake of Aβ. Through these explorations, we have resolved a 

high-resolution crystal structure of an antiparallel, rippled β-sheet, a structural motif 

first theorized by Pauling and Corey in 1953. A subsequent PDB search uncovered 

three orphaned rippled sheets among racemic protein crystal structures.  

By providing key insights into the aggregation properties and biological activity 

of p3, the described work demonstrates how p3 interacts with Aβ, and how it affects 

the well-studied amyloid model.  
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1.4 Reprint: Is the p3 peptide (Aβ17-40, Aβ17-42) relevant to the pathology of 
Alzheimer’s Disease: Reprinted with permission from IOS Press (J. Alz. Dis. 2020, 74 
(1), 43-53). This publication is available at IOS Press through 
http://dx.doi.org/10.3233/JAD-191201.  



15 
 

 



16 
 



17 
 



18 
 



19 
 



20 
 



21 
 



22 
 



23 
 



24 
 



25 
 

 

 

 



26 
 

 

 

 

 

 

Chapter 2. Biophysical and morphological characterization of the p3 peptide 

 

This chapter contains text and figures from the following manuscript: Kuhn, A.J.; 
Abrams, B.S..; Knowlton, S.; Raskatov, R. A. ACS Chem. Neuro. 2020. See appendix 
for RightsLinks. 
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2.1 Introduction 

  There is mounting evidence that the full 40-42 residues of Aβ are not required 

for fibril formation. Aβ fragments, such as pyroglutamate-truncated-Aβ (AβpE3-40/42 

and AβpE11-40/42)17,18 and Aβ4-40/42,19,20 exhibit enhanced aggregation 

propensity,19,21–23 cellular toxicity,21 and can even stimulate rapid fibril formation of 

Aβ.24 In addition, the segments of full-length Aβ attributed to amyloid fibril formation, 

as determined by an amyloid prediction software, AGGRESCAN,25 span Aβ17-22 and 

Aβ30-40/42 (highlighted in yellow in Fig 6).26 Both of these segments are found in the 

C-terminal, p3 portion of Aβ. Additional studies exist on significantly smaller segments 

of Aβ able to form amyloid fibrils, such as the KLVFF (Aβ16-20)27–29 and FF (Aβ19-

20) segments.30–32 Furthermore, most of the atomic-resolution structures of Aβ, such 

as 2M4J shown in Figure 633, reveal the N-terminus as flexible, while the C-terminus 

makes up the fibril core to shield the hydrophobic residues from water. Given all of 

this, the non-amyloidogenic descriptor designated to p3 seems perplexing, which 

provided the motivation for the work described in this Chapter.  

 The Nomenclature Committee of the International Society of Amyloidosis 

defines an amyloid as “extracellular deposits of protein fibrils with a characteristic 

appearance in electron microscopy, a typical X-ray diffraction pattern, and an affinity 

for Congo red with concomitant green birefringence”.34,35 Our findings indicate that p3 

fulfills these requirements, and thus is in fact amyloidogenic.  
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Figure 6. Sequence and structural information for Aβ1-40 and p3(17-40). Upper 
panel: ssNMR structure of Aβ1-40 fibril (2M4J).33 Lower panel: sequences of Aβ1-40 
and p3(17-40) with associated charges. Segments highlighted in yellow (Aβ17-22 and 
Aβ30-40) designate amyloidogenic regions, calculated by AGGRESCAN.25,26 
Reprinted with permission from: Kuhn, A.J.; Abrams, B.S..; Knowlton, S.; Raskatov, 
R. A. ACS Chem. Neuro. 2020. See Appendix for RightsLink.  
 

 

 

 

 

2.2  Reprint 
Reprinted with permission from (ACS Chem. Neuro. 2020, 11 (1), 1539-1544). See 
RightsLink in Appendix.  
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Chapter 3. Biophysical and biological properties of heterogenous mixtures of p3 

and Aβ 

 

This chapter contains text and figures from the following manuscript: Kuhn, A. J.; 
Chan, K.; Rad, B.; Raskatov. J. A. In preparation.  
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INTRODUCTION 

Alzheimer’s Disease (AD) is a progressive neurodegenerative disease characterized 

by a rapid loss of cognitive function and memory. The cost of AD, and other related 

forms of dementia, is expected to be $1.1 trillion by as early as 2050.36 AD is 

characterized by two major pathological features, dense amyloid plaques and 

neurofibrillary tau tangles. Amyloid plaques are primarily comprised of the Amyloid-

β (Aβ) peptide, a predominantly 40-42 residue intrinsically disordered, aggregation-

prone peptide with unknown healthy physiological function. Until 2019, Aβ was the 

primary target of disease-modifying AD therapeutics.37,38  All of these amyloid-

targeting drugs have failed clinical trials, barring the controversial Aducanumab 

approval, with some even making patients cognitively worse.39–41 Explanations for this 
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barrage of failures have ranged from the suggestion that intervention took place too late 

in disease progression to an outright rejection of Aβ as the causative agent of AD.39–42 

Interestingly, plaques isolated from the brains of Alzheimer’s patients contain a variety 

of Aβ peptides and over 900 unique proteins (approximately 200 of which are found 

consistently across many patient samples).12,13 What is often not discussed is the role 

of alternative proteolytic fragments of Aβ in AD, many of which exhibit amyloidogenic 

properties as well. Aβ fragments, such as pyroglutamate-truncated-Aβ (AβpE3-40/42 

and AβpE11-40/42)17,18 and Aβ4-40/42,19,20 exhibit enhanced aggregation 

propensity,19,21–23 cellular toxicity,21 and can even stimulate rapid fibril formation of 

Aβ.43 Similarly, our lab’s recent work on p3 has revealed that p3 rapidly forms 

oligomers and fibrils morphologically, and likely conformationally, indistinguishable 

from those formed by Aβ.8,26 As outlined in our recent review article, these findings 

were in direct opposition with the previous claims that p3 was non-amyloidogenic.8 In 

fact, in 2020, p3 received over 60x less publications as compared to Aβ, despite being 

the more prominent proteolytic product of Amyloid-β Precursor Protein (AβPP) (Fig. 

2).  

Despite this historical “non-amyloidogenic” designation from a relatively small 

body of literature (Fig. 2), p3 easily forms amyloidogenic fibrils.26 These fibrils, which 

form more rapidly than those formed by Aβ, also share conformational similarities with 

Aβ, as evidenced by assays such as Thioflavin T (ThT), OC antibody binding, and 

Congo Red.26 p3 can also form low-molecular weight (LMW) and high-molecular 

weight (HMW) oligomers as demonstrated by photo-induced crosslinking of 
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unmodified proteins (PICUP) and low-temperature isolation.26 p3 has also exhibits cell 

toxicity, comparable to that of Aβ, although studies on this are conflicting.26,44–47 

Despite shared biophysical and biological properties with Aβ, p3 has been frequently 

described as neuroprotective and potentially therapeutic.8 However, there is no 

scientific evidence that we are aware of supporting the claims that p3 is 

neuroprotective, only that its production precludes Aβ formation. This is an important 

distinction, and one that has not been made clearly enough. This dogma conflicts with 

the finding that p3 is the major component of preamyloid plaques in those with Down 

Syndrome, 50-77% of whom develop Alzheimer’s Disease by the age of 60.15    

 While physiologically relevant ratios of Aβ42:Aβ40 have been extensively 

studied by a wide range of biophysical and biological methods,48–51 little is known how 

Aβ interacts with other AβPP proteolytic processing products. To our knowledge, 

nothing is currently known about the relationship between p3 and Aβ, whether they can 

cooperatively aggregate, and the resultant neurological consequences of such 

aggregates. We hypothesized that p3 and Aβ could form heterogenous amyloids based 

on the shared amyloidogenic segments, spanning residues Aβ17-22 and Aβ30-42, 

highlighted in green (Fig. 7A).25,26 Interestingly, the amyloidogenic segments of p3 and 

Aβ overlap with the hydrophobic residues, according to the hydropathy index 

developed by Kyte and coworkers.52 This, combined with the finding that scrambled 

and reversed (42-1) Aβ also form oligomers and fibers,53 offers insights into the 

mechanism of amyloidogenicity. We sought to investigate the molecular and cellular 

effects of interactions between Aβ and p3.  
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Figure 7. A) Hydropathy Profile of Aβ42 and p3. Hydropathy Index52 values of each 
residue within Aβ42, including the p3 peptide. The p3 portion of the hydropathy plot 
is bold purple. Hydrophobic residues (HI > 0) are highlighted red. Hydrophilic residues 
(HI < 0) are highlighted in blue. Segments highlighted in green (Aβ17-22 and Aβ30-
40) designate amyloidogenic regions, calculated by AGGRESCAN.25,26 B) Grand 
Average of Hydropathy (GRAVVY) for different isoforms of Aβ and p3.52 Heat map 
denotes hydrophobicity: dark red values are highly hydrophobic and light pink values 
are slightly hydrophobic 
 

RESULTS & DISCUSSION 

Herein, we report a biophysical and biological analysis of the relationship 

between p3 and Aβ, in an effort to deconvolute the role of p3 in AD. p3(17-40) was 

selected over p3(17-42) as p3(17-42) is too hydrophobic (see GRAVVY value 
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comparisons in Fig. 7B) compared to Aβ, making it difficult to use the same 

preparation protocols. In addition, even upon dissolution, p3(17-42) precipitates out of 

solution (data not shown), making it challenging to study its aggregation kinetics. Aβ42 

was selected over Aβ40 given its known cellular toxicity to various cell lines.54,55 

To first determine if p3 and Aβ could co-assemble to form heterogenous 

aggregates, fluorescent peptide analogs were synthesized. Aβ was N-terminally labeled 

with 5(6)-carboxyfluorescein (denoted as FAM-Aβ) and p3 was N-terminally labeled 

with 5(6)-carboxytetramethylrhodamine (denoted as TAMRA-p3). The fluorescent 

peptides were co-incubated at 37 °C for 7 days, alongside homogenous controls, and 

nonfibrillar aggregates were removed from solution by centrifugation. This 

methodology was adapted by work previously conducted in our lab.55 The resultant 

aggregates were imaged with confocal microscopy on two channels (channel 1, FAM: 

λex = 476 nm, λem = 484-514 nm; channel 2, TAMRA: λex = 543 nm, λem = 630-690 

nm) to afford the images displayed in Fig. 8. The heterogenous mixture of TAMRA-

p3 and FAM-Aβ was easily detectable on both fluorescent channels, indicating 

significant colocalization (lower panels). In contrast, FAM-Aβ was only detectable on 

channel 1, while TAMRA-p3 was only detectable on channel 2. We have previously 

demonstrated that neither FAM conjugation to Aβ, nor TAMRA conjugation to p3, 

affects the biophysical properties of the unmodified peptides.26,56,57  
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Figure 8. Confocal microscopy images (channel 1, left panel: FAM: λex = 476 nm, λem 
= 484-514 nm; channel 2, middle panel: TAMRA: λex = 543 nm, λem = 630-690 nm; 
right panel: merged channels 1 and 2 to assess colocalization). FAM-Aβ fibrils were 
active on channel 1, but not channel 2. TAMRA-p3 fibrils were active on channel 2, 
but not channel 1. Fibrils grown from an equimolar mixture of FAM-Aβ and TAMRA-
p3 were active on both channels 1 and 2, with robust fluorescent colocalization. Scale 
bars: 20 μm.  
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Our finding that TAMRA-p3 and FAM-Aβ could co-assemble motivated us to 

probe the biophysics of this heterogenous fibril formation process. Our previous study 

demonstrated that p3 could form ThT-, Congo Red-, and OC antibody-positive fibrils 

more rapidly than Aβ, and that the resultant fibrils were morphologically 

indistinguishable from those formed by Aβ.26 We also found that pre-aggregated p3 

seeds enhanced Aβ fibril formation.26 To measure the effect p3 exerts on Aβ fibril 

formation, we conducted several ThT experiments in which different Aβ:p3 ratios were 

employed (Fig. 9A). The ThT fibril formation assay is typically characterized by a 

sigmoidal growth curve, delineated by A) a nucleation phase, also known as a lag phase 

in which the amount of ThT-positive aggregates are below the detection limit,  B) an 

elongation phase, the steep enhancement of fluorescence upon fibril growth, and C) a 

plateau phase, in which monomer to fibril equilibrium is reached.58  This classical 

growth curve was observed for Aβ, but not for p3 or the various mixtures (1:1, 2:1, 4:1, 

and 8:1). All mixtures of Aβ and p3, as well as p3 alone, exhibited curves devoid of lag 

phases, instead beginning with the elongation phase. The 1:1 mixtures of Aβ and p3 

aggregated more rapidly than 10 μM Aβ alone, at both concentrations (10:10 μM and 

5:5 μM). However, 1 equivalent of p3 was not necessary for this effect, as when only 

1.25 μM p3 was added to 10 μM Aβ (8:1 ratio), aggregation was significantly 

enhanced, and a lag phase was not observed. Thus, even at low concentrations, p3 

sequesters Aβ and promotes fibril formation.  

Since our previous study revealed that Aβ and p3 formed morphologically 

indistinguishable fibrils (both with and without agitation),26 unique morphologies in 
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heterogenous fibrils were not anticipated. As expected, heterogenous fibrils were 

morphologically identical to the homogenous fibrils, as shown by SEM (Fig. 9B-E, 

9B-C, S4-8). This observation held true regardless of fibril preparation method: under 

agitation (Fig. 9, S4-5, S7-8), analogous to the ThT experiment, or under quiescent 

conditions, as seen in Fig. 9B-C (and Fig. S6), and in our previous study.26 

 

Figure 9. A) ThT-monitored aggregation kinetics of Aβ, p3, the following mixtures: 
1:1, 2:1, 4:1 and 8:1 Aβ:p3. SEM images of agitated fibrils formed by B) p3, C) Aβ, 
D) 1:1 Aβ:p3, and E) 2:1 Aβ:p3. Scale bars are as shown. 
 
 

 The acceleration of fibril formation of Aβ by addition of p3 motivated us to 

investigate earlier stages of self-assembly, specifically soluble oligomer formation. Our 
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previous study found that since p3 lacked the essential tyrosine for effective photo-

induced crosslinking of unmodified proteins (PICUP), p3 with Phe  Tyr (p3F19Y and 

p3F20Y) mutations allowed for crosslinked oligomer isolation. We also found that these 

modifications did not dramatically affect aggregation kinetics.26 p3F20Y was selected 

for use in this study because, of the two p3 mutations,  p3F19Y and p3F20Y, we found 

p3F20Y to exhibit the most closely related ThT curve to wild-type p3 (Figure S14 from 

Kuhn, A.J.; et. al. ACS. Chem Neuro. 2020).26 Upon exposing 1:1 Aβ and p3F20Y to 

PICUP, we found that compared to Aβ or p3F20Y alone, additional oligomers were 

formed between 10-30 kDa (Fig. 10A). In fact, nearly double the number of bands is 

formed from the mixture of Aβ and p3F20Y, indicating the presence of unique oligomers 

not formed by either individual peptide. Additionally, there was increased 

accumulation of high-molecular-weight aggregates at the top of the gel from the 

mixture (black arrow in lane #4, Fig. 10A), supporting the immediate formation of 

fibrils observed in the ThT experiments. Thus, oligomer formation is slightly bypassed 

upon introducing p3 into Aβ. The same result was observed upon crosslinking a 

mixture of Aβ with p3F19Y (Fig. S13). Moreover, the increased presence of high 

molecular weight bands was qualitatively consistent with a previous study in which 

mixtures of L- and D-Aβ were mixed and subsequently crosslinked.56  

To characterize the morphology of heterogenous oligomers formed by p3 and 

Aβ, a low temperature trapping protocol developed by Ahmed and coworkers59 and 

later adapted by our lab,26,55 was employed (Fig.10D-G, S9-12). The images of the 1:1 

mixtures (10 μM each, 20 μM total) displayed a heterogenous mixture of round 
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oligomers and elongated fibrils (Fig. 10D-E, S9-10). No, fibrils were previously 

encountered in the individual images of p3 or Aβ,26,55 further suggesting that p3 

enhances rapid fibril formation of Aβ (Fig. S11). At a higher concentration (50 μM 

each, 100 μM total), we observed a heterogenous mixture of round oligomers, 

elongated fibrils, and what appear to be protofibrils (Fig. 10F-G, S12).These 

protofibrillar species are morphologically similar to what we previously found in a 

different Aβ-related study.60  

 

 

Figure 10. A) PICUP SDS-PAGE gel of p3F20Y, Aβ, 1:1 Aβ:p3F20Y (mixed 
immediately, prior to PICUP), and a control 1:1 Aβ:p3F20Y (mixed after PICUP and 
quenching). B-G) TEM images of B-C) quiescently grown fibrils of 1:1 Aβ:p3, D-E) 
kinetically trapped intermediates of 1:1 Aβ:p3 (10 μM each, 20 μM total), and F-G) 
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kinetically trapped intermediates of 1:1 Aβ:p3 (50 μM each, 100 μM total). Scale bars: 
200 nm.  
 

 Recent data suggest that transient Aβ oligomers are more toxic than stable 

fibrils.61,62 To investigate whether the enhancement of fibril formation and 

consequential reduction in soluble intermediate oligomer formation observed upon 

mixing p3 with Aβ influenced the biological activity of Aβ, we probed the cytotoxicity 

of various peptidic mixtures after 72h incubations. Treatment of two neuron-like cell 

lines, PC12 and SH-SY5Y, with 50 μM Aβ reduced the cell viability by > 70% and 

90% respectively (Fig. 11A), consistent with our previous reports.55 This concentration 

was selected for this study as lower concentrations produce only modest cytotoxicity 

in these cell lines.56 We found that 50 μM p3 was significantly less toxic to both cell 

lines when compared with Aβ. We observed that 50 μM p3  was mildly toxic to SH-

SY5Y cells and non-toxic to PC12 cells, reducing viability by 35% and 0%, 

respectively. This was consistent with our previous finding that the 17-40 isoform of 

p3 was less toxic to SH-SY5Y cells.26 Previous reports on cytotoxicity of p3 (17-40 

and 17-42) have been conflicting.44–47,63,64  

Interestingly, the addition of 1 equivalent of p3 (50μM) to Aβ (50μM) prior to 

dosing (100 μM total peptide concentration), resulted in significant cytotoxicity 

neutralization compared with Aβ (50μM) alone: viability of PC12 and SH-SY5Y cells 

after 72h was enhanced by over 50% and 30%, respectively (Fig. 11B), in agreement 

with our previous findings.56,60 We observed that cytotoxicity of Aβ to both cell lines 

could be reduced, even at relatively low concentrations of p3 (12.5 μM p3, in the 4:1 
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Aβ:p3 mixture). Given that the addition of p3 into Aβ, even in small amounts, 

accelerates fibril formation, we attribute the reduced toxicity during long incubation 

periods to rapid fibril formation, similar to the cellular toxicity suppression observed 

in our previous work with racemic-Aβ.56 To ensure robustness and reproducibility of 

our results, the WST-1 assay on Aβ, p3 and a 1:1 mixture was repeated in both cell 

lines three additional times, which produced consistent outcomes (Fig. S14-15). 

 We next aimed to understand the mechanisms by which these peptides exert 

toxic effects, specifically at earlier timepoints. Several studies have reported that Aβ 

inhibits healthy mitochondrial activity by increasing the formation of reactive oxygen 

species (ROS), leading to cell death.65–68 The differential ROS production can be 

monitored within minutes,69 as opposed to traditional viability assays in which 

detection can take days.  To investigate an early mechanism of the protective effects of 

p3 against Aβ-induced cytotoxicity, we probed ROS production in SH-SY5Y cells with 

CM-H2DCFDA, an ROS-sensitive dye. We found that as early as 5 mins, both Aβ and 

p3 elicited a 30% higher production of ROS species as compared to untreated vehicle, 

at 50μM each (Fig. 11C). A significant difference in ROS production between Aβ and 

p3 emerges after 30 mins, when Aβ increased ROS production by 100%, while p3 

increased ROS production by 150% (Fig. 11C). We observed that ROS production 

induced by Aβ could be neutralized by addition of p3 as early as 90 mins. This effect 

was noted even at lower concentrations of p3 relative to Aβ (4:1 Aβ:p3, in the 4:1 

Aβ:p3 mixture). H2O2 (100mM) was used as a positive control (Fig. S16). 
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Figure 11. A) Cellular viability (SH-SY5Y or PC12) in response to treatment with 
either p3 (50 μM), Aβ (50 μM), 1:1 Aβ:p3 (50:50 μM), 2:1 Aβ:p3 (50:25 μM), or 4:1 
Aβ:p3 (50:12.5 μM) using WST-1 cell proliferation reagent. PC12 cells were plated at 
5,000 cells/well and SH-SY5Y cells were plated at 50,000 cells/well, and allowed to 
adhere for 24h. Biological triplicates are shown in the S.I. B) % Cytotoxicity 
neutralization calculated from A). C) ROS activity in SH-SY5Y cells in response to 
treatment with either p3 (50 μM), Aβ (50 μM), 1:1 Aβ:p3 (50:50 μM), 2:1 Aβ:p3 (50:25 
μM), or 4:1 Aβ:p3 (50:12.5 μM). Fluorescent measurements were taken at 5, 30, 60, 
90, and 120 mins. Cells were plated at a density of 50,000 cells/well and allowed to 
adhere for 24h. All data (A-D) are represented as mean ± s.d., performed in technical 
triplicate. D) LDH release from PC12 and SH-SY5Y cells in response to treatment with 
either p3 (50 μM), Aβ (50 μM), 1:1 Aβ:p3 (50:50 μM) 2:1 Aβ:p3 (50:25 μM), or 4:1 
Aβ:p3 (50:12.5 μM). Cells were plated at a density of 50,000 cells/well and allowed to 
adhere for 24h. 
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Several recent studies have demonstrated that cellular internalization is 

inextricably linked with toxicity.70,71 Recent work from our lab, and others, suggests 

that this uptake process is primarily receptor-mediated with only minor contributions 

from non-specific, passive processes.57,72  Both Aβ and p3 were N-terminally 

conjugated to TAMRA, and flow cytometry experiments were performed. SH-SY5Y 

cells were incubated with either TAMRA-Aβ or TAMRA-p3 at 5 μM for 1h (Fig. 12A), 

5 μM for 12h (Fig. 12B), or 10 μM for 12h (Fig. 12C). Methods adapted from our 

previous report.57 Interestingly, for longer timepoints, a significant difference in uptake 

was observed between TAMRA-Aβ and TAMRA-p3, over a 5-fold difference in mean 

fluorescence for both 5 μM for 12h and 10 μM for 12h (Fig. 12B-C). Conversely, for 

the early timepoint, only a minimal difference in uptake was observed, 1.2-fold 

difference in mean fluorescence (Fig. 12A). This may indicate that during passive 

uptake at early time-points, TAMRA-Aβ and TAMRA-p3 are equally permeable, but 

when dependent mechanisms, such as receptor-mediated endocytosis, predominate, 

TAMRA-Aβ shows a significant enhancement in internalization over TAMRA-p3. A 

previous study demonstrated that p3 could form calcium-permeable ion channels in 

membranes, eliciting cell death in human cortical neurons. They were able to reverse 

the effect  with zinc treatment, a known blocker of amyloid-related ion channel 

activity.45 To probe this theory, we utilized a membrane disruption assay, which detects 

extracellular Lactate Dehydrogenase (LDH), a stable enzyme released upon cellular 

plasma membrane damage.  We observed no significant difference in LDH release 

upon treatment with Aβ, p3, or any of the mixtures (1:1, 2:1, 4:1) (Fig. 11D). This may 
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indicate that p3 and Aβ can passively interact with and enter cell membranes via a 

similar mechanism.  

 We next probed how the addition of p3 influenced the uptake of Aβ under 

varying conditions. We treated SH-SY5Y cells with different ratios of TAMRA-Aβ42 

to unlabeled p3 (1:1, 2:1, 4:1, 8:1, and 16:1 TAMRA-Aβ:p3) (Fig. 12D-F). Despite the 

enhancement in fibril formation of Aβ upon addition of p3, no significant effect on 

cellular uptake was observed at any of the timepoints or concentrations tested.  
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Figure 12. Flow cytometry quantitation of TAMRA-labeled peptide uptake by SH-
SY5Y cells as indicated. Cells were exposed to A) TAMRA-Aβ (5 μM) or TAMRA-
p3 (5 μM) for 1h. B) TAMRA-Aβ (5 μM) or TAMRA-p3 (5 μM) for 12h. C) TAMRA-
Aβ (10 μM) or TAMRA-p3 (10 μM) for 1h. D) TAMRA-Aβ (5 μM), 1:1 TAMRA-Aβ: 
unlabeled p3 (5:5 μM), 2:1 TAMRA-Aβ: unlabeled p3 (5:2.5 μM), 4:1 TAMRA-Aβ: 
unlabeled p3 (5:1.25 μM), 8:1 TAMRA-Aβ: unlabeled p3 (5:0.625 μM) or 16:1 
TAMRA-Aβ: unlabeled p3 (5:0.3125 μM) for 1h. E) TAMRA-Aβ (5 μM), 1:1 
TAMRA-Aβ: unlabeled p3 (5:5 μM), 2:1 TAMRA-Aβ: unlabeled p3 (5:2.5 μM), 4:1 
TAMRA-Aβ: unlabeled p3 (5:1.25 μM), 8:1 TAMRA-Aβ: unlabeled p3 (5:0.625 μM) 
or 16:1 TAMRA-Aβ: unlabeled p3 (5:0.3125 μM) for 12h. F) TAMRA-Aβ (10 μM), 
1:1 TAMRA-Aβ: unlabeled p3 (10:10 μM), 2:1 TAMRA-Aβ: unlabeled p3 (10:5 μM), 
4:1 TAMRA-Aβ: labeled p3 (10:2.5 μM), 8:1 TAMRA-Aβ: unlabeled p3 (10:1.25 μM) 
or 16:1 TAMRA-Aβ: unlabeled p3 (5:0.625 μM) for 12h. 
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 In summary, we have shown that p3 expedites Aβ fibril formation, producing 

morphologically indistinguishable fibrils. We also found that fluorescently labeled 

derivatives of Aβ and p3 colocalized in heterogenous aggregates. The accelerated fibril 

formation formed unique oligomers not observed for either Aβ or p3F20Y independently. 

In addition, fibril formation is favorable in the heterogenous mixtures, even under 

oligomer-forming conditions. The enhanced fibril formation resulted in suppression of 

toxicity and ROS production in both PC12 and SH-SY5Y cells. Additionally, we found 

that at an early timepoint, TAMRA-Aβ and TAMRA-p3 uptake was comparable, while 

at a later timepoint, internalization of peptide was nearly 6x higher for the TAMRA-

Aβ treated cells. However, no augmentation of uptake was observed upon addition of 

unlabeled p3 into TAMRA-Aβ treated cells.  

 

CONCLUSION 

This report is, to the best of our knowledge, the first evidence that p3 can 

interact with Aβ, and alter its biological effects in vitro, even at relatively low 

concentrations. In light of these findings, we call for an urgent revision of the role of 

p3 Amyloid Cascade Hypothesis.   
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METHODS 

Additional experimental methods can be found in the Supporting Information. 

Peptide Synthesis. All peptides were synthesized by SPPS using Fmoc 

chemistry, following our previously published protocols73 on Tentagel® S PHB resin 

(Rapp Polymere GmbH, cat no. RA1327).  

Peptide Purification and Preparation. Purification of Aβ40 was done as 

previously published.26,74 For p3, solid, lyophilized peptide was dissolved in 8:2 0.1% 

NH4OH H2O/acetonitrile and purified using PLRP-S columns (8 μm, 300 Å) under 

basic conditions. All peptide purities range from 95-99%. The concentration of p3 was 

determined by the absorbance of the peptide backbone at 205 nm via Nanodrop (ε = 

83,370 M-1 cm-1) using the protein parameter calculator 

(http://nickanthis.com/tools/a205.html).75 The concentration of Aβ40 was determined 

at 280 nm (ε = 1490 M-1 cm-1). 

Fibril growth. Lyophilized peptide (Aβ and/or p3) was dissolved in 20 mM 

NaOH and sonicated for 30 s, then diluted to 20 μM in PBS. The samples were 

incubated either (1) at 37 °C for  24 hours with mild agitation, or (2) at 37 °C 

quiescently for 7 days. For TEM imaging, 3 μL of sample aliquots were spotted onto 

freshly glow-discharged carbon-coated electron microscopy grids (Ted Pella, Catalog 

No. 01701-F). The grids were rinsed with milliQ water after 1 min incubation, followed 

by staining with 30 μL 1% uranyl acetate.  

Colocalization. FAM-Aβ or TAMRA-p3 fibrils were grown quiescently as 

described above at 20 μM each. For the 1:1 mixture, FAM-Aβ and TAMRA-p3 fibrils 
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were grown quiescently at 40 μM total (20 μM each) for 7 days at 37 °C. Fibrils were 

centrifuged at 14000 g for 15 min and washed with MilliQ H2O x2 to remove soluble 

aggregates, reducing background fluorescence.  

Confocal Microscopy. 5 μL of each solution was added to a cover slide and 

imaged on a Leica SP5 confocal microscope using a 63x/1.2 HCX PL APO water 

immersion objective. Images were collected on two fluorescent channels (channel 1, 

FAM: λex = 476 nm, λem = 484-514 nm; channel 2, TAMRA: λex = 543 nm, λem = 630-

690 nm). Zoom, frame size, gain, and offset values were held constant for all 

experiments.  

Oligomer Growth and Imaging. To trap the intermediate oligomers, 

lyophilized Aβ or p3 was dissolved in cold 20mM NaOH and sonicated in an ice bath 

for 30 s. Peptides were individually diluted to either 10 or 50 μM in PBS and incubated 

at 4 °C for 6 h without agitation. TEM samples were prepared and imaged as described 

above.  

ThT Assay and TAMRA Quenching Assays. The ThT assay was conducted 

as described previously.26,56,76 ThT (Acros Organics, 2390-54-7) was dissolved in 10 

mL of PBS buffer containing 0.02% (w/v) NaN3 and filtered through a 0.22 μm filter. 

The concentration was determined by Nanodrop at 412 nm (ε = 36000M-1cm-1). 

Lyophilized samples of peptide were prepared as described above at 10 μM, with 20 

μM ThT in PBS. 200 μL of sample was added to each well, in triplicate, of a black, 

clear bottom 96-well plate. Absorbance readings were measured every 5 min with 295 
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s of shaking between readings at 37 °C with a Biotek synergy HTX fluorescence plate 

reader (λex = 444 nm λem = 485 nm). 

Photochemically induced crosslinking of peptides. 4 μL of 1 mM 

[Ru(bipy)3]2+ and 4 μL of 20 mM ammonium persulfate were added to 32 μL aliquots 

of 20 μM Aβ, p3, p3F20Y  in PBS. The samples were irradiated for 1.2 s with white light 

using our previously described setup.73 Following irradiation, the samples were 

immediately quenched with 40 μL of loading buffer containing 5% 2-mercaptoethanol, 

and separated by SDS-PAGE gel electrophoresis (12% tris-tricine polyacrylamide) at 

100 V for 2 h. The gels were developed by silver staining. 

Cell Culture. Human neuroblastoma SH-SY5Y cells were cultured in 1:1 

DMEM: F12 K media supplemented with 10% fetal bovine serum and 1% penicillin-

streptomycin. PC12 cells were cultured in F12K media supplemented with 2.5% fetal 

bovine serum, 12.5 % horse serum and 1% penicillin-streptomycin. Cells were 

incubated at 37 °C with 5% CO2.  

Cell Viability (WST-1 Assay). SH-SY5Y cells were plated in a 96-well plate 

at a density of 50,000 cells/well (100 μL total volume/well) and allowed to adhere for 

24 h before dosing. PC12 cells were plated in a 96-well plate at a density of 5,000 

cells/well (100 μL total volume/well) and allowed to adhere for 24 h before dosing. 

Lyophilized peptides were dissolved in 30 μL of 20 mM NaOH and the solutions were 

diluted to a final concentration of 50 μM with culture media and added to cells. After 

dosing, cells were incubated for 72 h at 37 °C. Then, 10 μL aliquots of WST-1 (Roche) 

were added to each well and incubated for 3 h. Absorbance was measured at λ = 450nm. 
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Each bar represents an average of three technical replicates, normalized against the 

vehicle (cells and media only). 

LDH Release. For the LDH release assay (Cayman Chemical, catalog number 

601170), adhesive PC12 or SH-SY5Y cells were plated in a 96-well plate at a density 

of 50000 cells/well and allowed to adhere for 24 h before dosing. Each well contained 

100 µL total volume. For control experiments, 10 µl of Triton X-100 (10%) was added 

(positive control, 100% cell death) and 10 µL of assay buffer was added (vehicle 

control). Lyophilized peptides were dissolved in 30 μL of 20 mM NaOH and the 

solutions were diluted to a final concentration of 50 μM with culture media and added 

to cells. Following a 24 h incubation, 50 µL of cell supernatant was transferred to a 

new 96-well plate and 50 µL of LDH reaction solution (Mixture of NAD+, Lactic acid, 

INT and Diaphorase) was added. The plate was incubated for 30 min at 37˚C and the 

absorbance at 450 nm was used to determine the LDH release. Each bar represents an 

average of three technical replicates, normalized against the positive control cells 

(Triton-X-treated cells).  

ROS Production. SH-SY5Y cells were plated in a 96-well plate at a density of 

50,000 cells/well (100 μL total volume/well) in a black 96-well plate, and allowed to 

adhere for 24 h before dosing. Cell media was removed, and cells were washed 2x with 

HBSS (w/ supplemented Mg2+ and Ca2+). Next, cells were treated with 10 μM 5-(and-

6)-chloromethyl-2’, 7’-dichlorodihydro- fluorescein diacetate, acetyl ester (CM-

H2DCFDA) (Invitrogen by Thermo Fisher, Catalog #: C6827) in HBSS (w/ Mg2+ and 

Ca2+) for 20 min in complete darkness. Cells were washed 2x with HBSS (w/ 
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supplemented Mg2+ and Ca2+). Lyophilized peptides were dissolved in 30 μL of 20 mM 

NaOH and the solutions were diluted to a final concentration of 50 μM with HBSS (w/ 

Mg2+ and Ca2+)  and added to cells. After dosing, cells were incubated for 5 min at 

37 °C. Absorbance was measured at λ = 450nm. Each bar represents an average of three 

technical replicates, normalized against the vehicle (cells and media only). 

 

SUPPORTING INFORMATION 

Sample characterization and purity; additional TEM and SEM images; PICUP 

gel; biological replicates of cellular viability; and ROS assay with H2O2 control. 
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Chapter 4. Tools to evade the challenges of studying intrinsically disordered 

proteins 

 

This chapter contains text and figures from the following manuscripts: Kuhn, A. J.; 
Raskatov. J. A. A tailored purification and treatment protocol for the hydrophobic, 
aggregation-prone, p3 peptide. In preparation.; Roychaudhuri, R.; Yang, M.; Hoshi, 
M. M.; Teplow, D. B. Amyloid-β Protein Assembly and Alzheimer Disease. J Biol 
Chem 2009.; Kuhn, A. J.; Raskatov, J. A. Prog. Mol. Biol. Transl. Sci. 2019.; Dutta, 
S.; Foley, A. R.; Kuhn, A. J.; Abrams, B.; Lee, H-W.; Raskatov, J. A. Pep. Sci.. 2019.; 
Dutta, S.; Finn, T. S.; Kuhn, A. J.; Abrams, B.; Raskatov, J. A. ChemBioChem. 2019, 
20, 1023-1026. See appendix for RightsLinks.  
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4.1 Introduction 

 Aggregation-prone IDPs, such as Aβ, are remarkably difficult to study in a 

methodical fashion, and consequently, findings across the literature differ widely. 

Aggregates formed by Aβ exhibit dramatic structural variability, and homogenous 

solutions are nearly impossible to maintain, even with careful filtration and pre-

treatment methods. For example, the time-required for ~20μM Aβ42 to form fibrils, as 

indicated by the Thioflavin T (ThT) assay, has can range from minutes56 to days.77 

Moreover, many of the high-resolution fibrillar structures of Aβ, such as 2beg,78 5aef,79 

5oqv,80 2nao,81 2mxu,82 and 5kk3,83 reveal conformational inconsistencies, such as the 

presence or absence of the S-shaped fold, and the extent of involvement of the N-

terminus in structural stability. The biophysical and biological properties of Aβ differ 

greatly upon small perturbations, expression of recombinant DNA vs solid-phase 

peptide synthesis, differences in purification protocols, pH and identity of pre-

treatment agents, filtration methods, and presence of impurities.84,85 Moreover, even 

under consistent preparation conditions, there is still heterogeneity of aggregates at any 

given timepoint along the aggregation profile. The broad term, “fibril” can refer to a 
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protofibril or mature fibril, Aβ*56, and “oligomer” can refer to annulus, dodecamer, 

amylospheroid, or paranucleus (Figure 13).86–89 

  

 

 
 
 
 

 
Figure 13. Nucleation-dependent, self-assembly of Aβ. Reprinted from: 
Roychaudhuri, R.; Yang, M.; Hoshi, M. M.; Teplow, D. B. Amyloid-β Protein 
Assembly and Alzheimer Disease. J Biol Chem 2009.86 
 
  

 Another challenge in producing pure Aβ and related peptides is the significant 

hydrophobicity (Figure 7A). Aβ has two long hydrophobic sections, resulting in a net 

positive GRAVVY score (0.205 for Aβ42 and 0.058 for Aβ40) and p3 is almost entirely 

hydrophobic, with a GRAVVY score range of 1.313-1.455 (Figure 7B).  

To improve reproducibility, and combat the specific challenges of working with 

hydrophobic, aggregation-prone, intrinsically disordered Aβ and p3, the Raskatov 
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laboratory has implemented a tailored HPLC purification protocol to yield >95% pure 

peptides.16 I have revised this protocol for use with the p3 peptide (Figure 14).  

 

Figure 14. Multi-step purification protocol of the p3 peptide.  

 

 Another productive strategy for reducing batch-to-batch variation in Aβ and 

related peptides is to employ the all-D enantiomer of any given peptide as a control in 

biophysical and biological assays. Enantiomers have the same structure, bond lengths, 

bond angles, relative energies, etc…, but they are non-superimposable mirror images. 

Thus, biophysical assays such as ThT, TAMRA-quenching, and PICUP should all yield 

identical results for All-L- and All-D-Aβ, assuming that purities are matched. Should 

this not be the case, a reevaluation of peptide preparation, purification, and dissolution 

is necessary. Under these circumstances, the following protocols may be implemented: 
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peptides are repurified and reassessed for the presence of pre-aggregates, resin and 

amino acid qualities are assessed, and buffers are remade. This overall approach is more 

explicitly explained in the reprinted manuscript at the end of this chapter (Kuhn, A. J.; 

Raskatov, J. A. Prog. Mol. Biol. Transl. Sci. 2019).  

Beyond enhancing reproducibility, chirality also allowed us to probe the 

mechanism of cellular internalization of Aβ. By comparing the uptake of TAMRA-L-

Aβ(40 and 42) vs. TAMRA-D-Aβ(40 and 42) in SH-SY5Y, PC12 and rat primary 

hippocampal neurons, we observed a 5-fold preference for the L stereoisomer over the 

D. Presumably, receptor binding is stereospecific. The finding that uptake is 

stereospecific may indicate that Aβ uptake is primarily receptor-mediated, with only 

minor contributions from passive, non-stereospecific mechanisms. This rationale is 

more explicitly detailed in the manuscript reprinted at the end of this chapter (Dutta, 

S.; Finn, T. S.; Kuhn, A. J.; Abrams, B.; Raskatov, R. A. ChemBioChem. 2019). 

 All-D-enantiomers are also incredibly useful for what our lab has dubbed, 

“Chiral Inactivation”, a method for bypassing toxic intermediates and expediting non-

toxic fibril formation.56,90 Specifically, we found that a racemic mixture of L- and D-

Aβ40 accelerated fibril formation, bypassing the characteristic lag phase typically 

observed via ThT. The resultant racemic fibrils exhibited distinct differences, such as 

lack of twisting, shorter length, and larger width. We were able to observe this 

phenomenon by 1H-NMR, in which immediate signal suppression and broadening was 

observed for racemic Aβ40, indicative of precipitation of fibrils out of aqueous 

solution. In contrast, signal intensity for enantiopure Aβ40 remained constant. Our 
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findings are explained in more detail in the manuscript reprinted at the end of this 

chapter (Dutta, S.; Foley, A. R.; Kuhn, A. J.; Lee, H-W.; Abrams, B.; Raskatov, J. A. 

Pep. Sci. 2019).  

 In 1953, Pauling and Corey theorized that racemic peptide mixtures could form 

what they referred to as “rippled sheets”.91 Given the morphological differences we 

observed between racemic and enantiopure fibrils,56,90 we suspected that racemic fibrils 

may have rippled sheet elements. Since ascertaining structural information from IDPs 

is exceptionally challenging, we first employed a relevant model system: the FFF and 

fff peptides. Previous work has demonstrated that FF is the smallest portion of Aβ 

capable of fibril formation,30 but we were unable to grow sufficiently large FF crystals, 

and instead opted for the longer FFF peptide. FFF has been shown to spontaneously 

assemble into solid nanospheres and nanorods with substantial β-sheet character, 

making it an interesting candidate from the standpoint of rippled sheet design.92 With 

this approach, we observed a high-resolution crystal structure, in which (L,L,L)-

triphenylalanine and (D,D,D)-triphenylalanine formed dimeric antiparallel rippled 

sheets. The sheets packed into herringbone layer structures, which were in excellent 

agreement with the theoretical predictions by Pauling and Corey. A subsequent mining 

of the PDB identified three orphaned rippled sheets among racemic protein crystal 

structures, in which the authors did not recognize the structural element.  
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4.2 Reprint 
Reprinted with permission from (Prog. Mol. Biol. Transl. Sci. 2019, 168 (1), 57-67). 
Elsevier. License Number 5183211383213. RightsLink in Appendix.  
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4.3  Reprint: Reprinted with permission from (Pep. Sci.. 2019, 111, e24139). John 
Wiley and Sons. License Number 5182250786198. RightsLink in Appendix.  
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4.4 Reprint  
Reprinted with permission from (ChemBioChem. 2019, 20, 1023-1026). John Wiley 
and Sons. License Number 518225144510. RightsLink in Appendix.  
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4.5 Reprint 

The following text and figures are from the manuscript:  

Kuhn, A.J.*; Ehlke, B.*; Johnstone, T. C.; Oliver, S. R. J.; Raskatov, J. A. Chemical 
Science. In Review. 2021. 
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Figure S1. TOP: Mass spectrometry and analytical HPLC characterization of a 
representative synthetic batch of p3 (17-40). BOTTOM: Mass spectrometry and analytical 
HPLC characterization of a representative synthetic batch of Aβ(1-42).  
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Figure S2. TOP: Mass spectrometry and analytical HPLC characterization of a 
representative synthetic batch of TAMRA-Aβ42. BOTTOM: Mass spectrometry and analytical 
HPLC characterization of a representative synthetic batch of TAMRA-p3(17-40).  
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Figure S3. TOP: Mass spectrometry and analytical HPLC characterization of a 
representative synthetic batch of FAM-Aβ42. BOTTOM: Mass spectrometry and analytical 
HPLC characterization of a representative synthetic batch of p3(F20Y mutant).  
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Figure S4. STEM Images of Aβ fibrils formed under agitation, in the presence of ThT (20 
μM). Fibrils were formed by incubating Aβ (10 μM total) for 24 hours at 37 °C. Samples were 
negatively stained. Scalebars as marked. 
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Figure S5. STEM Images of p3 fibrils formed under agitation, in the presence of ThT (20 
μM). Fibrils were formed by incubating p3 (10 μM total) for 24 hours at 37 °C. Samples were 
negatively stained. Scalebars as marked. 
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Figure S6. TEM Images of 1:1 Aβ:p3 quiescent fibrils. Fibrils were formed by incubating a 1:1 
mixture of Aβ:p3 (20 μM each, 40 μM total) for 7 days at 37 °C. Samples were negatively 
stained. Scalebar = 200 nm.  
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Figure S7. STEM Images of 1:1 Aβ:p3 fibrils formed under agitation, in the presence of 
ThT(20 μM). Fibrils were formed by incubating a 1:1 mixture of Aβ:p3 (10 μM each, 20 μM 
total) for 24 hours at 37 °C. Samples were negatively stained. Scalebars as marked.  
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Figure S8. STEM Images of 2:1 Aβ:p3 fibrils formed under agitation, in the presence of ThT 
(20 μM). Fibrils were formed by incubating a 2:1 mixture of Aβ:p3 (10 μM Aβ, 5 μM p3, 15 μM 
total) for 24 hours at 37 °C. Samples were negatively stained. Scalebars as marked. 
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Figure S9. TEM Images of 1:1 Aβ:p3 trapped oligomers. Oligomers were formed by 
incubating a 1:1 mixture of Aβ:p3 (10 μM each, 20 μM total) for 6 hours at 4 °C. Samples 
were negatively stained. Scalebar = 200 nm. 
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Figure S10. STEM Images of 1:1 Aβ:p3 trapped oligomers. Oligomers were formed by 
incubating a 1:1 mixture of Aβ:p3 (10 μM each, 20 μM total) for 6 hours at 4 °C. Samples 
were negatively stained. Scalebars as marked. 
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Figure S11. STEM Images of p3 trapped oligomers. Oligomers were formed by incubating p3 
(10 μM) for 6 hours at 4 °C. Samples were negatively stained. Scalebars as marked. 
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Figure S12. TEM Images of 1:1 Aβ:p3 trapped oligomers. Oligomers were formed by 
incubating a 1:1 mixture of Aβ:p3 (50 μM each, 100 μM total) for 6 hours at 4 °C. Samples were 
negatively stained. Scalebar = 200 nm. 
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Figure S13. SDS-PAGE gel of photo-induced crosslinked samples: Aβ, p3F19Y, 1:1 Aβ: 
p3F19Y, control 1:1 Aβ: p3F19Y (mixed after PICUP reaction and quenching) and Aβ, p3F20Y, 1:1 
Aβ: p3F20Y, control 1:1 Aβ: p3F20Y (mixed after PICUP reaction and quenching).  
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Figure S14. WST-1 cell viability assays (3 additional biological replicates from main text Fig. 
7A) in PC12 cell line, comparing Aβ (50 μM), p3 (50 μM), vs 1:1 Aβ + p3 (50 + 50 μM). Cells 
were incubated with the peptides for 72 hours. Columns show mean and SD for three technical 
replicates. Colors represent peptides as indicated in the legend.  
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Figure S15. WST-1 cell viability assays (3 additional biological replicates from main text Fig. 
7A) in SH-SY5Y cell line, comparing Aβ (50 μM), p3 (50 μM), vs 1:1 Aβ + p3 (50 + 50 μM). 
Cells were incubated with the peptides for 72 hours. Columns show mean and SD for three 
technical replicates.  
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Figure S16. Effect of Aβ (50μM), p3 (50μM), 1:1 (50:50μM), 2:1 (50:25μM), 4:1 Aβ:p3 
(50:12.5μM), and H2O2 (100mM) on production of ROS in SH-SY5Y cells (complementary to 
Fig. 7C in main text). Cells were plated at a density of 50,000 cells/well and allowed to adhere 
for 24h. Fluorescence signal of DCF was measured at 5, 30, 60, 90 and 120 minutes.  
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