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ABSTRACT 
 
 

Title of Document: TOWARDS UNDERSTANDING THE 
MOLECULAR DETAILS OF � -AMYLOID 
NEUROTOXICITY IN ALZHEIMER’S 
DISEASE 
 

  
 Ben Keshet, Doctor of Philosophy, 2010 
  
Directed By: Professor Theresa Good, Department of 

Chemical and Biochemical Engineering 
 
 

 
 
 
Alzheimer’s disease (AD) is the most common form of dementia.  AD fatalities are 

constantly increasing, so are the financial costs associated with the disease.  Despite 

significant scientific advancements during the last 20 years in understanding the 

disease, there are still no approved drugs available that slow or reverse AD 

progression.  AD is thought be initiated by the accumulation of the � -Amyloid (A� ) 

peptide in the brain, which aggregates extracellularly to form neurotoxic species.  A�  

eventually forms insoluble fibrillar senile plaque, though certain forms of soluble 

aggregated oligomers are believed to be more toxic.  One of the main barriers to 

curing AD is the lack of understanding of A�  toxicity.  Two critical issues in 

elucidating mechanism of A�  toxicity are identifying the cellular damage induced by 

A� , and elucidating the surfaces or amino acids of A�  that are key for the interaction 

with cells.   

 



  

In the work presented in this dissertation we attempted to answer the latter, and 

contributed new information to our molecular understanding of A�  neurotoxicity.  We 

have identified differences in the structure of Arg5 between A�  fibrils and the toxic 

oligomers.  This is one of only a few molecular differences identified so far between 

the less toxic fibrils and the highly toxic oligomers, thus we suggest that this region 

may be important for A�  biological activity.  We then showed that alterations of A�  

around Arg5 change the propensity of A�  to bind to cells.  In the following chapter, 

using a simplified diffusion-limited reaction model for the interaction of A�  with 

cells, we demonstrated that differences in the toxicity of A�  aggregates with different 

sizes can be explained, at least partially, based on the diffusivity and concentration of 

species.  We then used a combination of computational and experimental tools, to 

elucidate the A�  binding sites of known toxicity inhibitors as a means to indirectly 

identify loci on A�  aggregates that may be important for A�  neurotoxicity.  Our data 

indicates that despite their structural differences, the inhibitors bind at two common 

loci on A� , near Lys28 and near the C-terminus.  We then explored the possible role 

of Lys28 in A�  cell binding.  We also launched a structure-based virtual screening to 

discover novel small molecular weight inhibitors that can bind at the two loci 

identified, and potentially inhibit A�  biological activity.  The results of our work 

provide new information that contributes to our understanding of A�  neurotoxicity, 

and provides a foundation for the development of novel therapies for AD.   
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Chapter 1: Introduction 

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

leading cause of death in the United States.  It is estimated that 13% of people 65 and 

older suffer from AD [1].  The risk for AD increases with age, therefore the 

prevalence of AD in the population continues to grow as life expectancy keeps rising.  

Despite the growing attention that AD research has received in the past 30 years, 

there are still major obstacles in understating the disease mechanism, developing 

early diagnosis tools of the disease, and modifying the disease progression.   

 

The build up of senile plaques in the brain, which are composed mainly of 

aggregated beta amyloid peptide (A� ), is a hallmark of AD.  A variety of evidence 

indicates that the accumulation of A�  in the brain is an event that is upstream to other 

AD biological and biochemical phenomena [2].  A�  induces a wide range of cellular 

events, such as interference with the cell membrane structure and properties [3-5], 

interruption of cellular pathways [6-8], binding to specific cell receptors [9], 

generation of Reactive Oxygen Species (ROS) [10-13], and others.  Indeed, A�  

neurotoxicity is likely a complex phenomenon with multiple interrelated 

simultaneous events.  The AD paradigm that focuses on A�  as the cause of AD is 

known as the ‘A�  hypothesis’ and is the most accepted in the scientific community.  

AD is one out of more than 20 known diseases associated with amyloid formation by 

certain proteins, such as Parkinson’s Disease, Huntigton’s Disease, Type-2 Diabetes 

and others [14].  Thus, insights into the root cause of any amyloidogenic disease may 

benefit the understanding and curing of the others.   
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The ‘A�  hypothesis’ focused until recently on the role of the insoluble A�  plaque in 

the pathogenesisis of AD.  Insoluble A�  fibrils formed in vitro were found to 

resemble the in vivo senile plaque [15, 16].  In the last decade, however, it was 

established that certain soluble A�  species, rather than the insoluble A�  fibrils, are the 

most toxic species, and their presence in the brain correlates better with the disease 

symptoms [2, 17, 18].  These findings led to a shift in the scientific interest towards 

identifying and characterizing the toxic soluble A�  species.  There are several 

unanswered questions in the ‘A�  hypothesis’.  One of the unknowns in the ‘A�  

hypothesis’ is; what is the structure of the most toxic A�  aggregate?  Another 

fundamental unanswered question is; how does the toxic A�  species interact with 

brain cells?  The work presented here focused on answering these two questions.  

 

First, we characterized some structural differences between the A�  oligomers and 

fibrils, which contribute to our identification of the A�  species responsible for AD.  

In addition, we demonstrated that micro-scale structural differences between A�  

aggregates may affect the differences in their biological activity.  We then focused on 

understanding the molecular level details of A�  toxicity.  We used toxicity inhibitors 

as probes for identifying potential “active sites” of A� , which are residues that play a 

role in A�  neurotoxicity.  Lastly, we describe preliminary assessment of the 

biological significance of one of the potential identified sites.  The main contribution 

of this work is in identifying the loci on the A�  surface, which may constitute the key 

amino acids associated with A�  toxicity.  
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The arrangement of this document is as follows.  The next chapter, Chapter 2, 

provides a literature review of AD and the role of A�  in the disease.  Chapter 3 

describes an assessment of the structural differences between A�  oligomers and 

fibrils.  Previous work from our lab suggested that the most prominent structural 

difference between the toxic A�  intermediate and the less toxic fibril is within 

residues 1-16 of A�  [19].  The chapter further explores the structure of specific A�  

residues within that segment.  Although some structural differences were found 

between the toxic oligomer and the fibril, the level of the similarity between the 

species led us to explore an alternative explanation in the following chapter.  In 

Chapter 4 we describe a model for the possible role of diffusion and concentration of 

A�  aggregates in the extent of toxicity manifested by different A�  aggregation 

species.  Chapters 5 and 6 focus on the second question presented earlier, which is 

why A�  is toxic to cells?  Chapter 5 describes an investigation of the molecular level 

details of the interaction of A�  with cells.  The interaction of previously reported 

toxicity inhibitors with A�  aggregates was studied, as an indirect assessment of A�  

amino acids that are essential for A�  toxicity.  We have used a combination of 

computational docking and experimental data to reveal the binding of several toxicity 

inhibitors.  Chapter 6 describes preliminary results of exploring the biological 

relevance of the amino acids identified as inhibitors’ binding loci in Chapter 5.  In 

addition, preliminary results from in silico screening of libraries of small molecules to 

find novel A�  toxicity inhibitors are presented.  Finally, Chapter 7 summarizes the 

main contribution of this work and suggests possible future directions.   
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Chapter 2: Literature review 

2.1 Alzheimer’s disease 

Alzheimer’s disease (AD) is an age associated disease that is the most common 

form of dementia.  AD symptoms include severe loss of memory and cognitive 

decline [20].  The disease was first identified over 100 years ago and has been 

extensively studied clinically, neuro-biologically and chemically, especially in the 

last 25 years.  Nonetheless, the vast amount of information accumulated has not yet 

created a clear disease paradigm or yielded successful treatments.  Currently, there 

are no treatments to prevent or cure AD, and only a few approved drugs that are 

targeted to delay the worsening of symptoms.   

 

The prevalence of AD is constantly increasing.  In 2006 AD was the sixth leading 

cause of death in the United States [1].  The increase in life expectancy leads to a 

gradual increase in the number of AD patients and AD associated deaths.  Most cases 

of AD have no identified genetic cause, and therefore sometimes are called ‘sporadic’ 

AD.  Nonetheless, several mutations were found to be associated with AD [18, 21], 

which result in ‘early-onset’ or familial AD that can appear as early as the age of 40.   

 

AD has significant financial and social implications on AD patients and their 

families.  In 2005 the total estimated direct and indirect costs resulted from AD and 

other dementias in the United States were $148 billion [1].   

The absence of therapeutics for AD, a devastating disease with such high 

prevalence, presents the research community with an imperative need for advancing 
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the understanding of the disease to allow the development of therapeutics that 

actually modify the pathogenesis of the disease. 

 

2.2 Clinical Hallmarks of Alzheimer’s 

The changes in the brain associated with AD include neuronal loss [18], loss of 

synaptic density and plasticity, and inflammation [15].  Histologically, AD is 

characterized by accumulation of extracellular � -Amyloid (A� ) plaques and 

intracellular tangles of the hyper-phosphorylated tau protein [20].  Solid evidence 

indicate that A�  plaques are an earlier and causative event relative to the formation of 

intracellular tangles [22].  The mechanism of AD pathogenesis is not yet understood, 

however, a variety of possible mechanisms have been proposed.  To date, the most 

commonly accepted disease explanation is the ‘A�  hypothesis’ [2], which states that 

an imbalance in the production and clearance of A�  protein leads to accumulation of 

A�  in the brain, which causes the cellular and biochemical events associated with 

AD.  While initially the ‘A�  hypothesis’ focused solely on the accumulation of the 

insoluble amyloid, the attention has shifted in the last 15 years towards the brain 

accumulation of A�  protein, also as soluble species [2].  Yet, the extracellular 

amyloid plaque is important since it may serve as storage for soluble highly active A�  

species which exert cellular changes upon glia and neurons [2].   
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2.3 The role of A�  in Alzheimer’s disease 

A�  is a 39-43 amino acids peptide, which is the digestion product of the Amyloid 

Precursor Protein (APP), a transmembrane protein found in normal non-AD cells 

[23].  Extracellular cleavage of APP by � -secretase and intramembrane cleavage by � -

secretase lead to the release of the A�  peptide [24].  APP can be also cleaved 

extracellularly close to the membrane by � -secretase, thus acting within the A�  

sequence and eliminating its release [24].  A�  is a ~4 kDa peptide.  The two most 

abundant forms of A�  in AD senile plaques are A� (1-40) and A� (1-42), A�  peptides 

made up of the first 40 or 42 amino acids of the A�  sequence, respectively, which 

differ only by the additional Ile-Ala amino acids at the C-terminus [15].  Figure 2.1 

depicts the degradation pathways of APP and the amino acid residues sequence of 

A� . 

 

The development of the A�  plaque is believed to be a result of an imbalance in 

A�  production and clearance [2].  It is unclear if A�  has any biological role in healthy 

humans.  While many neurological and biochemical events appear to occur in AD 

patients’ brain, the interaction of A�  with cells seems to be the key event that initiates 

AD development.  The reasons for the imbalance of A�  production and clearance in 

AD are unclear.  Many researchers have focused on examining the activity of 

secretases [24-27].  Others proposed that the permeability of the blood brain barrier 

(BBB) to A�  varies between different forms of A� , which may effect the clearance of 

A�  from the brain [28].   
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The amyloid plaque found in AD brain contains also other proteins, metal ions, 

and lipids, all of which were speculated to play some role in A�  toxicity and AD [15].  

However, administration of A�  alone to AD animal models or exposure of cultured 

cells to aggregated A�  leads to AD-like clinical and biochemical symptoms [2, 4, 29-

33], suggesting that while the other components may play a role in the senile plaque 

formation, they are not required for A�  toxicity.  

 

The ‘A�  hypothesis’ is supported by a wide range of evidence.  For example, 

Down’s syndrome is associated with a mutation in chromosome 21 that encodes APP.  

Down’s syndrome is characterized by a very early accumulation of A�  in the brain 

(second or third decade of life), which is followed by other pathologies similar to AD 

[2].  Additionally, many known mutations within the A�  sequence are associated with 

familial AD [21].  Markedly, all of the currently known mutations associated with 

early onset AD occur in APP or in the active site of � -secretase, both effectors of A�  

accumulation.  The main alternative to the ‘A�  hypothesis’, which focuses on the 

intracellular tangles of hyper-phosphorylated tau protein, is not supported by such 

appealing evidence [2].    
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(a) 

 
Image reprinted with permission from [34]. Copyright © 2005 American Medical Association. All Rights Reserved. 

 

(b) 

H2N-DAEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVGGVVIA-CO 

 

 

Figure 2.1: APP degradation pathway and A�  sequence. (a) Transmembrane 
protein APP is cleaved by � -secretase to release the secreted APP fragment sAPP�  
and the membrane anchored C99 (99 amino acids of C-terminus of APP).  C99 is 
further cleaved by � -secretase to liberate A� (1-40) and A� (1-42).  A� (1-40) and 
A� (1-42) form soluble oligomers and senile plaque.  Alternatively, APP can be first 
cleaved by � -secretase within the A�  sequence (between K16-L17 of A� ) and then by 
� -secretase, to liberate non-amyloidogenic peptides [35] (not shown in figure).  (b) 
A� (1-40) amino acid sequence.  Highlighted amino acids represent hydrophobic 
regions as indicated by Kyte-Doolittle hydrophobicity plot with a 7 residues window 
(available at http://ca.expasy.org/tools/protscale.html) [36].   

1  10   20 30   40 
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2.4 A�  structure – activity relationships 

A�  aggregates can produce a variety of biological phenomena in cells which have 

been associated with A�  toxicity.  A�  was shown to interfere with the fast-

inactivating K+ current [37] and disrupt calcium homeostasis [3, 38].  Attenuating the 

negative charge of cell membranes in vitro prevented A�  toxicity [39], suggesting 

that electrostatic interactions play a role in A�  toxicity.  Nonspecific binding of A�  to 

the membrane at various pHs suggested that hydrogen bonding and hydrophobic 

interactions with glycolipids mediate A�  membrane binding [40].  A�  was shown to 

activate a protein kinase and interfere with cell signaling pathways [7, 8].  A�  also 

activated a G-protein in neuron-like cells.  A�  induced toxicity was reduced when G-

protein activation was blocked, signifying that G-protein activation played a role in 

A�  toxicity [41].   

 

A significant body of literature focuses on the interaction of A�  with the cell 

membrane.  A�  was shown to interact with lipids and/or alter the structure and 

properties of lipid bilayers, for example by changing the membrane fluidity [42], 

disrupting the membrane [43], changing the electric conductance of lipid bilayers 

[44], and others.  The formation of ion-specific channels in membranes was also 

reported [45, 46].  Alternatively, oxidative stress, which is associated with aging, was 

proposed as an important factor in A�  neurotoxicity and in AD in general [47, 48].  

A�  aggregates in vitro were shown to generate reactive oxygen species (ROS) [11, 

49], and induce oxidative stress in cell culture [50].  Specifically, lipid peroxidation, 

has been linked to AD [48, 51, 52]. 
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A�  was also found intracellularly, however it is unclear if extracellular A�  

crossed the cell membrane or whether the initial release of A�  as a result of the 

secretases activity was inwards [21].  Yet, the majority of A�  appears to be secreted 

to the extracellular space [2], from which it is capable of inducing cell toxicity, 

suggesting that extracellular A�  is the species leading to AD.  The profusion of 

biological and biochemical events that have been associated with A�  are likely to be 

related, and indicate that the biological activity of A�  is a complex phenomenon.  

 

A�  is toxic only in aggregated forms, with monomeric A�  peptide being nontoxic 

or manifesting only modest toxicity [53, 54].  A�  forms amyloid fibrils in vitro which 

resemble the plaques found in vivo [15, 16].  Thus initially, it was believed that A�  

fibrils were the toxic species that were responsible for AD.  However, data 

accumulated over the last 10-15 years suggest that certain soluble A�  oligomers are 

more likely to be the root cause of AD.  For example, elimination of fibrils in mouse 

models did not prevent AD formation, and a correlation between severity of AD 

symptoms and the existence of small soluble A�  species was found [18, 22].  

Moreover, soluble A�  oligomers have been shown to induce higher toxicity towards 

cells in culture than fibrils [54, 55], and have higher biological activity [3, 56].   

 

The identification of the toxic A�  species is a major obstacle in understanding the 

mechanism of neurodegeneration in AD.  Identifying the ‘A�  toxic species’ has been 

challenging due to the difficulty in isolating A�  aggregation intermediates, and of 

variability and low reproducibility between different A�  lots in vitro [57, 58].  Thus, 
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the identity of the toxic A�  oligomer is still largely unknown.  The secondary 

structure of the toxic oligomer is believed to be a � -sheet [53].  Dimers, trimers and 

tetramers were reported to be toxic, with higher order aggregates being significantly 

more toxic [53].  Others have reported a much larger toxic spherical oligomer with a 

� -sheet structure that resembled the fibril’s configuration [59].   

 

A survey of the literature reveals that quite a few forms of A�  aggregates were 

identified as toxic.  The immediate conclusion is that multiple A�  species can be toxic 

to cells.  But beyond that, there is an actual experimental challenge in identifying 

aggregated species of A� .  This is because the species that A�  forms and the kinetics 

of their formation are highly dependent on the aggregation conditions, and in general 

seem to have low reproducibility.  The ‘toxic oligomers’ are aggregation 

intermediates thus are inherently transient and unstable.  Apart from the challenge in 

identifying the A�  aggregates that seem to lead to AD, the usage of conventional 

structural biology tools is very limited since A�  is a membrane protein, does not 

crystallize, and is insoluble when aggregated.   

 

The ultimate goal of research in AD is the development of disease modifying 

agents to slow the progression of the disease.  Given that it is widely held that A�  is 

the toxic species during the disease, it is essential to understand which A�  species are 

toxic, what structural features distinguish one less toxic species from a more toxic 

species, and how those species are formed.  A description of A�  aggregation pathway 

and structures of key aggregation species follows.  
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2.5 Aggregation pathway and kinetics of A�  

The aggregation of A�  is commonly viewed as driven by hydrophobic 

interactions [60, 61], though the exact mechanism is not fully clear.  There are several 

proposed mechanisms for A�  aggregation.  Commonly, the aggregation of A�  is seen 

as composed of two steps; nucleation and elongation [16, 61].  During the first step, 

A�  forms nuclei that then serve as seeds for larger aggregates that grow much faster 

to form fibrils [61].  The period prior to the nuclei formation is often referred to as 

‘lag-phase’, and is thought to be the rate-limiting step [62].   Fibrils are elongated by 

additions of monomers at the ends of the fibrils [63].  While this is a general scheme 

of the aggregation pathway, there are many unanswered questions including: How 

large and what is the structure of a nucleus? Are there toxic aggregates formed off the 

fibril formation pathway? What structural rearrangements accompany the 

transformation from monomer to nucleus and from nucleus to fibril? Are there 

pathways more relevant in vivo among the different pathways and structures observed 

in vitro? 

 

A relatively early step in the aggregation pathway is the secondary structure 

conformational transition from � -helix to � -sheet.  A�  monomers are � -helical or in a 

random coil [64, 65] while the spherical oligomers, protofibrils and fibrils have a 

higher � -sheet content [54, 66].  Some researchers suggest that the transition from � -

helix to � -sheet occurs before or during monomer association with other monomers or 

with fibrils [53, 67].  Others reported a � -helix containing intermediate, suggesting 

that A�  can aggregate even before rearranging to a � -sheet conformation [68].  
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Additionally, the transition between the spherical intermediate to the mature long 

fibril is unclear.  It was proposed that the fibril nuclei emerge from spherical A�  

species with a 7nm hydrodynamic radius [16].  On the contrary, some researchers 

argue that the spherical oligomer is off the pathway to fibril formation [69].  The 

existence of A�  micelles was also proposed as precursors for fibril nuclei [63, 70, 71].  

Figure 2.2 depicts a schematic model for A�  aggregation pathway. 

 

At the amino acid level, certain residues of A�  were found to be crucial for 

aggregation.  Synthetic A�  fragments that were mutated in residues between Lys16 to 

Phe20 significantly delayed or prevented A�  aggregation [72, 73].  Additionally, 

short A�  fragments which included residues 16-20 (KLVFF) were able to bind to the 

full A �  peptide, while fragments not containing KLVFF did not bind or bound less to 

A� , suggesting that the KLVFF segment plays a key role in A�  self-assembly [72].  

Alternatively, the formation of the � -turn at residues 21-30, which is stabilized by the 

salt bridge between D23-K28, was suggested to be the rate-limiting step in fibril 

formation [74].   
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Figure 2.2: Schematic aggregation pathway of A� .  A�  monomers are relatively 
unstructured in an aqueous environment, and are in equilibrium with dimers or other 
small aggregates.  The association of A�  is accompanied by the transition to a � -sheet 
structure, however it is unclear if the conformation change occurs before or after A�  
forms dimers.  Spherical oligomers emerge from the monomer-dimer equilibrium and 
possibly form fibrillar seeds.  Alternatively, monomer/dimer aggregate to form 
fibrillar seeds.  The seeds are elongated with the addition of monomers/dimers at the 
seed’s ends to form protofibrils.  Protofibrils associate laterally to form thicker fibrils.  
Dotted arrows represent aggregation steps that are less certain than the solid arrows.  
The oligomers are highly toxic to cells, while small aggregates formed earlier and the 
mature fibrils are less toxic.  A�  monomers are nontoxic.  This is not a complete 
scheme; additional species that were observed include trimers, decamers, hollow 
rings and others.  
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2.6 The structures of A�  aggregates 

2.6.1 A�  fibril structures 

TEM and AFM are commonly used to visualize A�  fibrils at the micro-scale.  A�  

fibrils are about 6-20nm in diameter and up to 1-3µm long [54, 75-78].  Additionally, 

fibrils of different morphologies were reported.  Some fibrils were shown to be 

composed to several protofilaments (or protofibrils) and twisted along the z-axis 

every 50-200nm.  Other fibrils appear ‘flat’ without an apparent twist [79].  Figure 

2.3 shows representative TEM images as collected by others.  

 

Elucidating a detailed molecular structure of A�  fibrils is more challenging 

because A� , like other membrane proteins, does not crystallize thus eliminating the 

usage of X-ray diffraction.  In addition, due to the insoluble nature of the fibrils, 

solution-state NMR is impossible [80].  Instead, unique tools were used to collect 

structural information about A�  fibrils.  Hydrogen exchange was used in a variety of 

ways to assess the backbone solvent accessibility of the fibrils, to elucidate the 

solvent exposed and protected regions of the fibril [81-85].  Alternatively, chemical 

reactions of specific amino acids side-chains were used to probe the accessibility of 

different residues [86, 87].  The integrated information obtained from these 

investigations revealed that the N-terminus of A�  is unstructured and solvent 

accessible.  On the other hand, residues at the center of the peptide, roughly 16-35, 

are highly protected [81, 85, 87, 88], therefore this region is often referred to as the 

‘hydrophobic core’ of A�  [73, 89].  The C-terminus, residue 36-40, was found to be 

somewhat structured though partially solvent accessible [81, 85, 88].  Structural 
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analysis of A� 42 using hydrogen exchange coupled with NMR suggested overall a 

similar picture, apart from the C-termini that seemed highly protected [84, 90].  

 

Solid state NMR (ssNMR) provided the most quantitative atomic level 

information regarding distances between atoms, secondary structure motifs and 

torsion angels in A�  fibrils [80].  Two structural models have been proposed based on 

ssNMR data [76, 91].  The first published model described a twofold symmetry fibril, 

which is composed of a double-layer stack of A� .  The A�  peptides within the fibril 

are composed of parallel � -sheets in residues 9-20 and 31-40, and are connected with 

a � -turn in residues 21-30.  In the model, the � -turn is stabilized by the D23-K28 salt 

bridge, which was hypothesized to be solvated by water molecules [92].  The A�  

peptides are arranged in-register, meaning that the amino acids are aligned next to the 

same amino acid in the next monomer.  The N-terminal, residues 1-8, was found to be 

unstructured and was therefore omitted from the fibril coordinates.  It should be noted 

that the configuration of the side-chains in this model was not determined precisely.  

Figure 2.3D depicts a ribbon structure of this NMR structure.  This fibril morphology 

was used in our work to elucidate inhibitors’ binding sites, as described in Chapter 5.  

 

The second A� (1-40) fibril model, which was published more recently by the 

same group, has a threefold symmetry rather than twofold [76].  The threefold layer 

fibrils were formed by different seeding of synthetic A� .  Under TEM, the threefold 

layer fibrils appeared periodically twisted, with an apparent turn in the plane vertical 

to the fibril axis every 120nm, as opposed to the two-layer fibrils which appeared 
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“flat” without visible twists (Figure 2.3).  Unseeded monomeric A�  solutions were 

shown to form the striated fibril morphology when agitated, or the twisted 

morphology under quiescent conditions.  While the secondary structure of a single 

peptide incorporated in both structures is comparable; two parallel � -strands at 

residues 9-20 and 29-40 connected by a � -turn, with an unstructured N-terminal 

(residues 1-8), there are differences between the two structures.  For example, the 

three-layer structure has a much tighter cavity within the � -turn compared to the two-

layer structure.  In addition, the different tertiary configurations result in differences 

in the solvent accessibility of residues 32-40.  Figure 2.3C depicts a ribbon structure 

of the threefold symmetry fibril.  It is uncertain which of the two fibril structures 

better represents A�  fibrils found in vivo during disease.  Recently, synthetic A�  

fibrils were formed by seeding of brain-extracted A�  fibrils [93].  NMR data of brain-

derived fibrils suggested that they shared some of the structural characteristics of the 

purely synthetic fibrils.  Specifically, the main structural motifs, � -strand, � -turn, � -

strand and the salt bridge formed between D23 and K28 side chains, were sustained.  

In contrast, the brain derived fibrils had a F19/I31 contact, which was not observed in 

synthetic fibrils, suggesting some differences in the orientation of the side-chains 

between purely synthetic A�  fibrils and the brain seeded fibrils.  
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TEM images were reprinted [76] with permission from R. Tycko. 

 

Figure 2.3: The structure of A�  fibrils - TEM and secondary structure of two 
fibril morphologies formed by A� (1-40).  A. TEM of fibrils formed under quiescent 
conditions, with an apparent twist along the fibril axis every ~120nm. B. TEM of 
fibrils formed under mixing conditions. C. Ribbon representation of the fibrils shown 
in A. that have a threefold symmetry. D. Ribbon representation of the fibrils shown in 
B. that have a twofold symmetry.  Arrows in C. and D. designate the fibril z-axis.  
Residues 1-8 in both structures were disordered and therefore omitted.  Ribbon 
structures were prepared using PyMol [94].  3D coordinates of fibrils were obtained 
via personal communication from R. Tycko, NIH. 
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2.6.2 Intermediates and oligomers structure 

The structure of A�  aggregation intermediates has been more challenging than A�  

fibrils to elucidate due to their transient nature.  Yet, several soluble intermediates 

have been observed and characterized, ranging in size and shape.  Wetzel [60] 

described long protofilaments that resembled the fibrils, with residues 20-30 more 

solvent accessible.  Others observed spherical structures under TEM and AFM [95-

97].  Glabe [98] reported an antibody that binds to spherical A�  oligomers and 

protofibrils but not to A�  fibrils, suggesting that the spherical oligomer and the 

protofibril intermediates share a common structure that is distinct from the fibril.  

Soluble globular aggregates have been reported to range from trimers to 24-mers, 

often referred to as A�  derived diffusible ligands (ADDL) [96].  AFM and TEM 

images previously obtained by our lab, suggest that the toxic intermediate was 

spherical with a diameter of 20~30nm, distinct from the long mature fibrils which 

were up to 1� m in length and ~10nm in diameter [54, 99].   

 

Hydrogen Exchange - Mass Spectrometry (HX-MS) was used in our lab to assess 

the backbone solvent accessibility of A�  aggregation species.  Protease digestion was 

used to analyze the residue level accessibility of the aggregation species, and revealed 

that the main differences in solvent accessibility between the spherical intermediate 

and the fibrils were in residues 1-16 which were more accessible in the oligomer [19].  

In a recent NMR study from another laboratory, the spherical toxic intermediate was 

isolated and studied.  The spherical A�  oligomer was 15-30nm in diameter and 

comprised of an ordered parallel � -sheet [59].  A direct comparison of the oligomer 
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and the fibril structures indicated that their molecular arrangement was identical in 

the hydrophobic core (residues 18-21) and in the C-terminal segment (residues 33-

34), the two regions studied [95].  This parallel � -sheet spherical oliogmer was found 

to be more toxic to PC12 cells than A�  fibrils [59].  Recently it was reported that A�  

can form small oligomers with an anti-parallel � -sheet morphology [100, 101], 

however the biological relevance of these species is unclear.   

 

While much progress has been made at elucidating structures of different A�  

species, it is still unresolved why one species is more toxic than another, and what is 

the structure of the "most toxic” species.  In the work presented in this dissertation we 

attempt to provide further insight into these important issues. 

 

2.7 Identifying the ‘active-site’ of A�  

Some studies aimed at understanding the molecular basis of AD have identified 

certain A�  amino acids that are essential for A�  neurotoxicity.  A�  toxicity in vitro 

was reduced when the negative charges of the cell membrane were masked, 

suggesting that positively charged amino acids in A�  mediated A�  toxicity [39].  

Specifically Arg5, Lys16 and Lys28 were reported as essential for A�  toxicity [102].  

Alternatively, A�  was shown to generate Reactive Oxygen Species (ROS), possibly 

via a mechanism that involved the reduction of a metal ion bound at the N-terminus 

via oxidation of Met35 [52, 103].  Met35 involvement was shown in the formation of 

oxidative stress induced by A� 42, which was attenuated when methionine was 

replaced by a cysteine [104].  Phe20 may play a role in the electron transfer from 
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Met35 to a Cu(II) bound at the N-terminus; when Phe20 was mutated to alanine lipid 

peroxidation provoked by A� 42 was reduced [105].  Instead, Tyr10 can be oxidized 

to form a phenoxy radical that can oxidize Met35 [106].  Ion metals such as zinc, iron 

and copper, were shown to bind to several residues at the N-terminus including His6, 

Tyr10, Gly11, His13 and His14 [10, 107-110].   

 

Residues His13-His14 were also hypothesized to play a role in A�  induced 

membrane pore formation [45, 111], while exposed hydrophobic regions of A�  

aggregates were shown to decrease membrane fluidity in liposomes [42].  

Interestingly, A� (25-35) which contains only 11 residues in the hydrophobic core of 

A�  was shown to form fibrils that resemble the fibrils formed by A� (1-40) and A� (1-

42), and was toxic to neuroblastoma cells [112, 113].  The possible role of post 

translational modifications in A�  toxicity was also proposed by several researchers. 

For example, the phosphorylation of Ser26 was found to increase the toxicity of A�  

[114].  Alternatively, the racemization of Ser26 was reported to form nontoxic species 

which are converted to a highly toxic [D-Ser26]A� 25-35 [115].  Interestingly, almost 

all of the naturally occurring known mutations within the A�  sequence that are 

associated with familial AD (excluding those as the secretases cleavage sites) are 

within residues 21-23 [116].   

 

Clearly, researchers have yet to elucidate what A�  amino acids create the `active 

site` of A� , which is, the surface most important for the diverse biological phenomena 

that A�  can induce, and lead to cell toxicity.  In the work presented here we provide 
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new information towards the identification of the amino acids that are responsible for 

the biological activity of A�  aggregates.  

 

2.8 Therapeutic strategies for Alzheimer’s disease 

There are a few approved drugs for AD, however they only alleviate or delay 

some symptoms associated with AD but do not slow down the disease progression.  A 

higher goal is sought by researchers and the industry, which is to develop a ‘disease 

modifying’ therapy, which is a therapy that targets the underlying cause of AD.  A 

variety of ‘disease modifying’ drugs reached clinical trials in recent years [117].  

Most agents target either A�  production or A�  clearance, while others target non-A�  

proteins.   

 

Developing a therapeutic for AD presents some unique challenges.  First, the drug 

must permeate through the Blood Brain Barrier (BBB) in order to reach its target in 

the brain.  Second, therapies that target A�  production need to be applied prior to AD 

development.  The build-up of A�  plaques is likely to start years before AD 

symptoms are evident [118].  The effectiveness of drugs that are aimed to prevent A�  

accumulation would necessitate the availability of a means for early clinical detection 

of AD.  Currently, definitive diagnosis of AD occurs upon autopsy and there are not 

readily accepted biomarkers in blood or cerebral spinal fluid that can be used to 

follow progression of disease.     

 



 

 23 
 

2.8.1 Targeting A�  production 

The production pathway of A�  involves directly four proteins; APP as a substrate, 

and � -, � - and � - secretases as enzymes.  � - or � -secretases, the two enzymes 

responsible for the release of A� , are attractive targets for inhibition by antibodies or 

small molecules [34].  Although some � -secretase inhibitors were effective in AD 

animal models and reached clinical trials, none has reached the appropriate safety and 

efficacy yet.  This is partially because � -secretase cleaves also other non-APP 

proteins, such as Notch [119].  The development of selective � -secretase inhibitors 

that will not interfere with Notch processing is a central obstacle in � -secretase 

inhibitors development [120].   

 

The development of inhibitors for � -secretase is less advanced [119], partially 

because � -secretase is a pharmacologically difficult target [34].  Knock-out of � -

secretase in mice did not manifest adverse effects, suggesting that it is involved in 

less cellular pathways than � -secretase [34].  Yet, APP is not the only substrate of � -

secretase and strong inhibition of � -secretase may result in severe undesired side 

effects [25].  Alternatively, activation or over stimulation of � -secretase was shown to 

lower A�  accumulation by increasing the non-A�  degradation pathway of APP, and 

to restore cognitive impairment in mouse model [121].  However, approaches that 

target � -secretase have not yet reached clinical trials.  Other therapeutics in 

development stages target APP, the substrate of the secretases, to block the � -

secretases cleavage site [122, 123].  Since APP has been found to have direct 
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interactions with nearly 200 proteins [119] this approach may have undesired side 

effects.  

 

2.8.2 Preventing A�  aggregation 

The second class of therapeutics target A�  itself with the aim of preventing its 

aggregation and thereby eliminating the formation of the toxic aggregates.  A wide 

variety of molecules has been shown to inhibit A�  aggregation or to disaggrgeate 

preformed fibrils.  These include small molecules such as melatonin and curcumin, 

and their derivatives [124-126] or others [127].  Small peptides, engineered based on 

segments of amino acids from the A�  sequence, such as K16-F20 or I32-G37, have 

also been shown to attenuate A�  aggregation [128-131].   

 

Alternatively, A�  antibodies were shown to bind to A�  peptide and prevent the 

formation of toxic aggregates.  This approach can be applied via active A�  

immunization, in which AD patients are administrated A�  peptide or A�  peptide 

derivatives, to stimulate the immune system to generate antibodies for A�  [20].  

Severe brain inflammation (meningoencephalitis) was associated in 6% of 

participants in a clinical trial of an active A�  treatment, which led to early termination 

of the trial.  Nonetheless, the results of the remaining participants were encouraging 

in terms of cognition [34].  Instead, passive administration of preformed A�  

antibodies can also be applied.  Several clinical trials of passive or active 

immunization of A�  antibodies are currently taking place, however none of them yet 

have reached appropriate safety levels [20].   
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2.8.3 Preventing � -Amyloid aggregates interaction with cells 

A much less explored therapeutic target is A�  aggregates, aimed at preventing the 

A� -cell interactions.  Such an approach was developed in our lab based on findings 

that sialic acid on the cell surface is required for A�  toxicity [30].  Decoys containing 

clustered sialic acid were shown to bind A�  aggregates and to reduce the toxicity of 

A�  in cell culture [132-135].  This approach has several advantages over the 

previously described methods.  First, targeting aggregated A�  tackles more closely 

the species responsible for AD, thus the potential of interference with other viable 

proteins is reduced.  A�  is produced also by healthy cells [23] and thus monomeric 

A�  may have a much needed biological role [136], therefore increasing monomeric 

A�  clearance from the brain may have serious side effects.  Secretases inhibitors may 

affect pathways unrelated to A�  production, which may lead to adverse effects [25].  

Second, preventing A�  aggregation needs to be initiated before the senile plaque 

formation.  Clinically, this may translate to administration of A�  aggregation 

inhibitors drugs for individuals in their 40’s, many years before the appearance of AD 

symptoms.  Currently probable diagnosis of AD is possible only after the 

manifestation of symptoms, by which time irreversible neuronal damage has already 

occurred.  Definitive diagnosis of AD still occurs only after death.   

 

New information presented in this dissertation of loci on A�  aggregates that are 

important for A�  toxicity will allow further development of agents that target 

aggregated forms of A� , which could potentially be developed into lead compounds 

for treatment at later stage AD. 
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2.8.4 Other targets 

AD is a complex disease that involves a wide range of proteins and molecules, as 

significant role players or as cofactors.  Moreover, the view that A�  is the initiator of 

AD is not universally held.  Other therapeutics in development are aimed towards 

reducing brain inflammation or oxidative damage associated with AD, or target 

specific proteins that were shown to be involved in AD such as tau protein, 

apolipoprotein E and others [117, 137].  

 

2.9 Conclusions 

Alzheimer’s disease is a complicated disease, which has been attracting growing 

attention, publically and from the scientific community.  While we know more today 

than we did only a few years ago, there are still large knowledge gaps in our 

understanding of the disease that hold back the development of effective and safe 

therapeutics.  The etiology of Alzheimer’s is believed to stem from the accumulation 

in the brain of aggregated � -Amyloid peptide.  Yet, it is unclear how � -Amyloid 

interacts with cells and what are the biologically relevant aggregated structures that 

A�  forms.  The work presented in the following chapters improves our molecular-

level understanding of A�  neurotoxicity, and contributes new information to our 

understanding of the relationships between structure and activity of A� .  The findings 

may be valuable in understanding and developing novel treatments for Alzheimer’s.   
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Chapter 3: The structure of the N-termini of A�  aggregates and 

implications to A�  activity 

3.1 Introduction 

� -Amyloid (A� ) peptide is one of the proteolytic products of the transmembrane 

Amyloid Precursor Protein (APP) [23].  It is not clear if A�  has a normal biological 

function, however, in healthy individuals there is a balance between the production of 

A�  and its clearance through the Blood Brain Barrier (BBB).  In Alzheimer’s disease 

(AD) the balance between production and clearance of A�  is impaired, and as a 

result, A�  aggregates in the extracellular space in the brain to form insoluble plaques 

[2].  The accumulation of aggregated A�  in the brain is a hallmark of AD, and is 

thought to trigger a cascade of events that ultimately lead to the neurodegeneration 

associated with AD [2].   

 

The senile plaque contains mostly A�  of either 40 or 42 amino acid long (A� (1-

40) and A� (1-42), respectively), in fibrillar forms.  While fibrillar forms of A�  have 

been found to be toxic to neurons in vitro, certain soluble A�  oligomers, or 

aggregation intermediates, were found to be more toxic to cultured cells.  In addition, 

the abundance of these aggregation intermediates of A�  in the brain appeared to 

correlate better with the severity of AD symptoms in vivo [18, 22].   

 

NMR data indicated that A� (1-40) fibrils are composed of two parallel � -sheet 

segments roughly at residues 9-20 and 31-40, with a � -turn at residues 21-30 and a 



 

 28 
 

disordered N-terminus.  This secondary structure was consistent across two different 

forms of A� (1-40) fibrils identified in vitro, despite differences the fibrils’ 

morphology and in the overall symmetry [76, 91].  Structural data of A� (1-40) or 

A� (1-42) fibrils obtained by other methods support overall the same picture.  

Specifically, the lack of ordered structure at the N-terminus was observable using 

different structure characterization methods, different fibrils preparation methods and 

for A� (1-40) and A� (1-42) fibrils [81, 83, 84, 138, 139]. 

 

The structure - activity association of A�  aggregates has been a profound question 

in A�  neurotoxicity.  While it is established that A�  toxicity requires A�  to be in an 

aggregated form, differences in toxicity between the spherical oligomer and the 

mature fibril cannot yet be explained based on structure arguments.  A range of ‘A�  

oligomers’ were identified, ranging in size from dimers and trimers [53], to 12-mers 

and 24-mers [96].  NMR studies suggested that the A�  oligomer is of a parallel � -

sheet conformation [59].  Additionally, the NMR data suggested that the oligomer is 

similar to the fibril at the hydrophobic core and at the C-terminus [95].  This spherical 

oligomer was shown to be toxic to neuroblastoma cell culture [59].  We previously 

studied the backbone solvent accessibility of A�  species formed along the 

aggregation pathway using Hydrogen Exchange - Mass Spectrometry (HX-MS) 

followed by proteolytic fragmentation.  We found that the main difference between 

the spherical oligomer and the fibrils was in the N-terminal segment, residues 1-16;  

while A�  oligomers had nearly 15 solvent accessible residues in segment 1-16, only 8 

of the 16 were accessible in the fibril form [19].  The remainder of the A�  residues 
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showed comparable degrees of protection from hydrogen exchange between 

oligomers and fibrils, suggesting that most of the 17-40 segment had similar 

secondary and tertiary structures in A�  fibrils and oligomers. 

 

The goal of this project was to identify some of the details of the structural 

difference between A�  fibrils and oligomers in the 1-16 segment, which may 

contribute to the increased toxicity of the oligomers.  Amino acid specific chemical 

modifications were employed to assess the solvent accessibility of Arg5 and Tyr10 of 

different A�  aggregation species.  Mass spectrometry allowed the detection of the 

extent of the reaction.  Chemical modification of proteins is a useful method to detect 

solvent accessibility of specific amino acids of proteins [140-143], specifically, the 

usage of amino acids chemical modifications of A�  yielded structural information in 

the past [86, 139, 144].  

  

We also explored whether there are differences in solvent accessibility at Arg5 

and Tyr10 between A� (1-40) fibrils prepared with or without agitation.  We reported 

previously differences in stability and toxicity between these two fibrils types.  

Lastly, we assessed the possible role of Arg5 in binding of A�  to cells.  The results 

are compared to the cell binding of A�  fibrils truncated at the N-terminus composed 

of A� (8-40).  This work contributes to the understanding of the structures of A�  

fibrils and oligomers, and highlights structural differences at the N-terminus which 

may have implications in A�  toxicity. 
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3.2 Materials and methods 

3.2.1 Materials 

All chemicals were purchased from Fisher (Pittsburgh, PA) or Sigma Aldrich (St. 

Louis, MO), unless otherwise specified.  Cell culture reagents were obtained from 

Invitrogen (Carlsbad, CA). 

3.2.2 A�  sample preparation 

A� (1-40) and A� (8-40) (Anaspec, Fremont, CA) were aliquoted into single use 

sample sizes by dissolving in hexafluoroisopropanol (HFIP), aliquoting out into 

microcentrifuge tubes, then evaporating all the HFIP from the A�  under vacuum.  

Aliquots were then stored as HFIP-free films at -800C until use.  Stock solutions were 

prepared by dissolving A�  at 10mg/ml in ddH2O with 0.1% trifluoroacetic acid 

(TFA) for 45-60 minutes.  The stock was diluted in phosphate buffered saline (PBS) 

(138mM NaCl, 10mM Na2HPO4, 2.7mM KCl, 1.8mM KH2PO4) to a final 

concentration of 100µM.  A�  was aggregated as previously described [19, 54].  

Briefly, A�  fibrils were prepared under quiescent or agitated conditions at room 

temperature.  Agitated fibrils were made by gently mixing the A�  sample using a 

rotator for 24 hours.  Quiescently aggregated A�  was unmixed and allowed to 

aggregate for up to 96 hours.  A�  aggregated quiescently formed spherical species 

after 4-10 hours and fibrils at 48 hours and above [19, 54].  We found that A�  

aggregates, oligomers or fibrils, formed using these protocol were reproducible in 

terms of morphology, size, Congo red binding and stability.  As much as possible, a 

single lot of A� 40 was used for all experiments.   
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3.2.3 Modification of arginine with phenylglyoxal (PGO) 

The arginine at residue 5 in the A�  sequence was modified using phenylglyoxal 

(PGO) as described before [145-147].  33µM A�  was incubated with 9.2mM PGO, 

133mM sodium bicarbonate and 6.67mM Borax at pH 9 for 2.5 hours.  The extent of 

the modification was determined using MALDI TOF.   

3.2.4 Modification of tyrosine with tetranitromethane (TNM) 

Tyrosine at position 10 in the A�  sequence was modified with tetranitromethane 

(TNM) as described previously [148].  A stock solution of TNM was prepared in 

ethanol.  100µM A�  were reacted with 9mM TNM (molar ratio A� :TNM of 1:90) at 

pH 8 for two hours.  The pH was adjusted using sodium bicarbonate when the 

reaction was initiated.  The total ethanol concentration was less than 5%.  The extent 

of the modification was determined using MALDI TOF.   

3.2.5 Transmission Electron Microscopy (TEM) 

A�  fibrils were prepared for TEM on carbon coated Formvar grids, 400 mesh 

(TedPella, Redding, CA).  The grids were gently dipped in a sample of A�  fibrils for 

45 seconds, then washed in ddH2O for 10 seconds, and dipped in staining solution of 

1% ammonium molybdate in ddH2O.  Grids were viewed using Zeiss-1OCA 

microscope (Zeiss, Germany) equipped with an Olympus Morada digital camera 

(Melville, NY), using an accelerating voltage of 60 kV.  Images were taken at the 

Keith R Porter Imaging Facility at UMBC.  
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3.2.6 Matrix Assisted Laser Desorption / Ionization Time of Flight (MALDI TOF) 

MALDI TOF was performed using Bruker Daltonics Autoflex MALDI-TOF MS 

(Billerica, MA).  Samples were desalted using 0.6µl C18 resin ZipTip® (Millipore, 

Billerica, MA) according to the manufacture instructions.  Briefly, the tips were 

washed in acetonitrile, and then loaded with the sample.  The sample was desalted by 

washing the pipette tip in ddH2O.  The A�  sample was then re-dissolved in 

acetonitrile by washing the A�  off the C18 pipette tip.  We have found that under 

these conditions, A�  fibril samples unfold sufficiently for MALDI-TOF analysis [86].  

A saturated solution of sinapic acid in a 2:1 (v/v) ddH2O and acetonitrile, or � -cyano 

CHCA in 50% acetonitrile in 0.05% TFA solution, were used as matrix.  The mass 

spectrometer was run in positive ion linear mode.  Laser power was optimized on a 

sample-by-sample basis and was generally found to fall between 30 and 50% of the 

maximum power afforded by the instrument.  The extent of chemical modification 

was determined by normalizing the area under the spectra and considering the relative 

area under the peaks as the abundance of the corresponding A�  species.  For example, 

the relative area under the peak corresponding to unmodified A�  (4331 Da) was 

considered as the relative amount of unmodified A� .  Area calculations were 

performed using an in-house MATLAB script.  Three independent replicates were 

used for each sample.  

3.2.7 A�  binding to SH-SY5Y cells  

A�  binding to fibrils was detected using flow cytometry.  Fluorescently labeled 

TAMRA-A �  stock solution was prepared by dissolving TAMRA-A� (1-40) (Anaspec, 

Fremont, CA) in DMSO to a final concentration of 100µM.  The stock was stored at -
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800C.  100µM unlabeled A�  was mixed with 1% fluorescently labeled TAMRA-A� .  

The mixture of labeled and unlabeled A�  was then aggregated under mixing 

conditions for 24 hours at room temperature or quiescently for 96 hours to form 

fibrils.  If A�  cell binding was to be assessed using chemically modified A�  fibrils, 

then the modification reaction was performed as described above on the fibrils made 

from a mixture of 1% labeled and unlabeled A� .  Modified A�  fibrils were separated 

from the solution containing PGO by centrifuging at 23,100 X g for 5 minutes, 

removing the supernatant, and adding PBS to a final concentration of 50µM�A� .  

SH-SY5Y cells (ATTC, Manassas, VA) were grown in mimimal essential 

medium (MEM) using 10% Fetal Bovine Serum, 1% Fungizon, 1% Penicillin, and 

2.2g/L sodium bicarbonate, in a humidified incubator with 5% CO2 at 370C.  Cells 

were plated in a 96-well plate at a density of 100,000 cells / well and were allowed to 

adhere to the well surface for 24 hours.  The cells were fixed by adding PBS 

containing paraformaldehyde (PFM) to the media, to a final concentration of 2% 

PFM for 15 minutes.  50µM A�  fibrils in PBS were then added to the fixed SH-SY5Y 

cells for 2 hours at 370C.  Cells were then washed using PBS to remove any unbound 

A�  fibrils.  Cells were detached from well surface by addition Dissociation Buffer 

and by gently scraping.  The relative amount of A�  bound to cell surface was 

analyzed using FacsArray flow cytometry (BD, San Jose, CA).  Events were gated to 

exclude cell debris and the geometric mean of the fluorescence intensity of the cell 

population was considered as a measure of the average amount of A�  bound to cell 

surface.   
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3.3 Results 

3.3.1 Arg5 and Tyr10 accessibility of A�  aggregation species under quiescent conditions  

Our goal in this study was to examine the degree of solvent accessibility of 

different amino acid residues in the N-terminal segment of A� (1-40) as a function of 

the structure of A� .  As a first step, we confirmed that we could generate different A�  

structures.  In previous studies we found that A� (1-40) exists as a mixture of 

monomers and dimers in equilibrium when freshly dissolved in PBS, that it forms 

spherical aggregates that are 15-30 nm in diameter when aggregated under quiescent 

conditions for 4-10 hours, and that it forms fibrils of up to 1-2µm in length when 

aggregated quiescently for 48 hours or longer [54].  Figure 3.1 shows TEM images of 

A�  after 0, 10 and 96 hours of aggregation, indicating that no visible aggregates 

existed when A�  was freshly dissolved, the 10 hours sample was composed of 

spherical oligomers of about 10nm in diameter, and that long fibrils were formed after 

96 hours.  We previously demonstrated that the A�  sample of the spherical oligomers 

formed using this method are more toxic than the fibrils [54] and bind more to cells 

[149].   

 

Phenylglyoxal (PGO) reacts with high specificity with arginine amino acids 

[146].  The solvent accessibility of different A�  species at Arg5, the only arginine in 

the A�  sequence, was assessed by measuring the extent of PGO modification of A�  as 

a function A�  aggregation time under quiescent conditions.  A�  was modified by 

PGO only once either as a PGO adduct or a PGO hydroxyl adduct, as indicated by a 

mass addition of 116Da or 134 Da, respectively.  PGO can modify a single arginine 
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multiple times [150], however no significant amounts of species corresponding to 

higher masses were detected for A� .  Figure 3.2 depicts the chemical reaction of 

arginine with PGO and shows a representative MALDI TOF spectrum of freshly 

dissolved A�  modified by PGO.   

 

PGO can also modify � -amino groups at alkaline pH, though at a much lower rate 

than the reaction with arginine [145].  The reaction of PGO with an � -amino groups 

would lead to the substitution of the NH2 group with an oxygen atom, without a 

change in overall mass [146].  In order to confirm that primary amines were not 

modified at the conditions of reaction used here, we assessed the availability of 

primary amines for reductive alkylation after the PGO modification.  Lysine residues 

of a control protein, insulin, were reacted with PGO using our reaction conditions, 

followed by reductive alkylation with formaldehyde and cyanoborohidride, as 

described previously (Chapter 5).  If PGO has modified the primary amines, then the 

reductive alkylation would not occur.  There were no detectable differences in extent 

of alyklation of insulin as measured by MALDI-TOF when insulin was first reacted 

with PGO compared to when only the reductive alkylation was carried out (data not 

shown), suggesting that PGO did not react with primary amines under the conditions 

used in this study. 

 

We estimated the extent of modification of A�  from the area under the modified 

peak relative to the total area under the modified and unmodified peaks in the mass 

spectra.  For the freshly prepared, unaggregated A�  (Figure 3.2), the area under the 
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modified peak (4447 Da) was 73 �  4% of the total area under all mass peaks, 

suggesting that 73% of the Arg5 in the fresh sample were modified.  The percentage 

of modification of freshly dissolved A�  was similar to the extent of modification of 

an A� (1-11) fragment (data not shown), which is known to be unstructured and fully 

solvent accessible.  The similar conversion of unaggregated A� (1-40) and A� (1-11) 

suggests that under our reaction conditions, only 73% conversion of Arg5 to the PGO 

derivative was possible, and that Arg5 was fully solvent accessible in the freshly 

dissolved A�  sample.  

 

Figure 3.3 shows the relative amounts of modified A�  as a function of the time of 

A�  aggregation prior to the modification.  The data in Figure 3.3 was normalized with 

respect to the conversion of the freshly dissolved A� , given that we believe that this is 

the maximum possible conversion for a solvent accessible arginine under our reaction 

conditions.  Thus, the relative amount of A�  modified is an indicator of the percent 

solvent accessibility of the Arg5 in the aggregated A�  samples.  The data suggests 

that A�  oligomers (4-10 hours aggregation) had similar solvent accessibility at Arg5 

as the unstructured A� .  At later times however, Arg5 modification was limited to 

80% of the extent of modification of the freshly dissolved A� .  TEM images indicate 

that the modification of Arg5 did not alter the overall fibril morphology (Figure 3.5).  

The lower extent of modification of A�  fibrils compared to freshly dissolved A�  and 

to A�  oligomers suggests that the Arg5 side chain was less solvent accessible in the 

fibril form than in the aggregates that formed earlier.  
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Tetranitromethane (TNM) is a tyrosine specific chemical reagent [148].  TNM 

was used to investigate the changes in solvent accessibility of Tyr10 of A�  as a 

function of aggregation under quiescent conditions.  The reaction of TNM with a 

tyrosine results in an addition of an NO2 group on the tyrosine phenyl ring, and a 

mass addition of 45 Da, though mass additions of 14 and 29 Da were also reported 

due to the loss of one or two oxygen atoms [151].  In addition, TNM can sometimes 

crosslink two tyrosine amino acids to form dityrosine [152].  Figure 3.4 illustrates the 

reaction of TNM with tyrosine, and a MALDI TOF mass spectrum of A�  modified by 

TNM.  At no time during aggregation did we observe a change in the extent of Tyr10 

modification or evidence of an A�  dityrosine dimer.   These results suggest that there 

were no changes in the local environment or configuration around Tyr10 between 

freshly dissolved A� , spherical oligomers and fibrils.   

 

3.3.2 Arg5 accessibility of aggitated and quiescently aggregated fibrils   

We previously reported differences between A�  fibrils formed under quiescent 

conditions and fibrils formed under gentle agitation, in terms of fibril stability and 

toxicity [54].  Fibrils prepared under quiescent conditions were associated with an 

apparent twist orthogonal to the fibril axis, while fibrils formed under agitation form 

‘flat’ fibrils with no apparent twist [76].  The apparent twist in quiescently aggregated 

fibrils can be vaguely seen in Figure 3.5 (a, c and e).  We hypothesized that structural 

differences that give rise to different morphology of the two fibrils, might be 

associated with molecular level differences in the fibrils in the N-terminal segment of 

the A�  sequence. 
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In order to identify possible difference at the N-terminus between the two fibril 

morphologies, the extent of PGO and TNM modifications of both fibrils were 

compared.  A�  was dissolved in PBS as described, and was used to prepare fibrils 

using gentle mixing for 24 hours and fibrils under quiescent conditions for 96 hours.  

TEM images of the fibrils are shown in Figure 3.5a-b.  The two types of fibrils were 

modified at Arg5 using PGO and the extent of the modification was assessed by 

MALDI TOF as before.  TEM images indicate that modification of Arg5 of fibrils 

prepared with agitation did not alter the overall fibril morphology (Figure 3.5b and 

3.5d).  Figure 3.3 indicate that while quiescently aggregated fibrils had lower 

accessibility at Arg5 as shown earlier, fibrils formed with mixing had similar solvent 

accessibility at Arg5 to the unstructured freshly dissolved A� .  The difference in Arg5 

modification between the two fibril morphologies suggests that Arg5 was at different 

environments.  The modification of Tyr10 with TNM yielded the same extent of 

modification for both fibril morphologies (data not shown).  
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(a)              (b)             (c) 

Figure 3.1: TEM images of A�  aggregation species under quiescent conditions.  
A�  was aggregated at 100µM monomer concentration in PBS at room temperature.  
(a) freshly dissolved sample had no or little visible aggregates.  (b) positively stained 
spherical aggregates of about 10nm in diameter are seen after 4 hours, and (c) 
negatively stained fibrils of about 10nm in diameter and hundreds of nm long are seen 
after 96 hours.  Magnification is 80,000.  Black bar represents 200nm.  
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(b) 

Figure 3.2: The reaction of A�  with PGO. (a) The reaction mechanism of arginine 
with PGO. (b) MALDI TOF spectra of freshly dissolved A�  modified by PGO.  The 
extent of the chemical modification was assessed using MALDI TOF by measuring 
the area under the peaks, and normalizing to the total area under the unmodified and 
modified A�  peaks.  The area under the unmodified A�  (4331 Da) is about 27% and 
the area under the PGO modified peaks (4331 + 116 Da, or + 134 Da) represent about 
73%, of the total area under both peaks. 
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Figure 3.3: Extent of modification of Arg5 with PGO of A�  aggregates.  Black 
bars represent aggregates formed under quiescent conditions as a function of 
aggregation time prior to modification.  Gray bar represents fibril formed using 24 
hours with agitation.   
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Figure 3.4: The reaction of A�  with TNM. (a) The reaction mechanism of tyrosine 
with TNM. (b) MALDI TOF spectrum of A�  modified by TNM at Tyr10.  Almost all 
of the A�  was modified by TNM, suggesting that Tyr10 was solvent accessible in all 
forms of A�  included in this study.  
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3.3.3 The role of Arg5 in A�  binding to cell membrane 

We previously demonstrated that fibrils formed under agitation and oligomers 

formed quiescently were both more toxic to SH-SY5Y cells than quiescently 

aggregated fibrils [54].  The lower reactivity of Arg5 in fibrils formed under 

quiescent conditions, and their relatively lower toxicity compared to A�  oligomers 

and fibrils formed with agitation, led us to explore whether Arg5 plays a role in A�  

biological activity.  The presence of PGO and the alkaline pH required for the 

arginine modification reaction did not allow us to test the toxicity of PGO modified 

fibrils (A� -RPGO) fibrils due to the non-physiological reaction conditions.  Thus, 

instead of viability, binding of A�  fibrils to fixed SH-SY5Y cells was used to test the 

possible role of Arg5 in A�  toxicity.   

 

Using flow cytometry to detect fluorescently labeled A�  to the cell surface, we 

first examined A�  fibril binding to cells as a function of A�  fibril concentration.  

Binding was linearly related to the concentration of fibrils (Figure 3.6) suggesting 

that A�  binding to the cells was nonspecific or that we had not used a sufficiently 

high concentration of fibrils to saturate the cell surface.  A control experiment 

confirmed that PGO did not change the fluorescence properties of TAMRA.   

 

The binding to SH-SY5Y cells of A� (1-40) and A� (1-40)-RPGO fibrils, prepared 

both under quiescent conditions and with agitation, were compared.  As shown in 

Figure 3.3, only 58% of Arg5 of the quiescently aggregated fibrils were modified, 

while about 73% of Arg5 in the agitated fibrils were modified (values prior to 
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normalization).  As shown in Figure 3.7, fibrils made under quiescent conditions 

bound slightly less to SH-SY5Y cells when Arg5 was modified with PGO (p<0.05).  

We then used the N-terminal truncated A� (8-40) to test the effect of a complete 

removal of seven amino acids at the N-terminus on A�  binding to cells.  A� (8-40) 

fibrils were prepared using identical conditions.  Figure 3.5e indicate that A� (8-40) 

formed fibrils that resemble A� (1-40) fibrils under TEM.  The cell binding assay 

results suggest that the removal of the 1-7 segment may have slightly reduced the 

binding of fibrils, though the difference is not statistically significant (Figure 3.7).   

 

On the contrary, fibrils prepared under gentle agitation conditions bound more to 

the cell surface when Arg5 was modified with PGO (p<0.05).  The binding of the 

agitated A� (8-40) fibrils was significantly higher than of A� (1-40) fibrils (Figure 

3.8).  The TEM image of fibrils of A� (8-40) prepared with agitation, shown in Figure 

3.5f, indicates that A� (8-40) appeared similar to A� (1-40) fibrils when prepared 

under agitation conditions.  

 

Interestingly, the modification of Arg5 with PGO affected the binding of the two 

A�  fibrils morphologies differently.  Importantly though, the modification of Arg5 

and the elimination of residues 1-7 changed the binding of A�  fibrils in the same 

direction.  In the less toxic, quiescently aggregated fibrils, modification of Arg5 or 

removal of the first 7 amino acids reduced the binding of A�  fibrils to the cells, while 

in the more toxic mixed fibrils, modification of Arg5 or removal of the first 7 amino 

acids increased binding. 
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Figure 3.5: TEM images of different A�  fibrils prepared under different 
conditions.  Fibrils of unmodified A�  (a and b), PGO modified fibrils (c and d) and 
A� (8-40) (e and f).  Images in the left column (a, c and e) are of fibrils prepared 
quiescently (without agitation) for 96 hours, whereas fibrils in the right column (b, d 
and f) were prepared under gentle agitation for 24 hours.  Magnification is 80,000. 
Bar represents 200nm.  
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Figure 3.6: Binding of A�  fibrils to SH-SY5Y cells.  The binding of A�  fibrils 
increased linearly as a function of A�  monomeric concentrations, suggesting that the 
binding was nonspecific.  
 

 

 

0

1000

2000

3000

WT A� -RPGO A� (8-40)

A
U

*

 

Figure 3.7: The role of the N-terminal in quiescently aggregated A� (1-40) fibrils 
binding to cells.  WT A� (1-40) fibrils, A� -RPGO fibrils (modified at roughly 58% of 
Arg5), and A� (8-40) fibrils.  
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Figure 3.8: The role of the N-terminal in mixed A� (1-40) fibrils binding to cells.  
WT A� (1-40) fibrils, A� -RPGO fibrils (modified at roughly 73% of Arg5), and A� (8-
40) fibrils.  
 

3.4 Discussion  

There has been significant effort over the past several years to elucidate molecular 

level differences between toxic and nontoxic structures of A� , in the hopes that such 

information would shed light on the mechanism of A�  toxicity and/or targets for 

preventing its action on cells.  In this work we examined the solvent accessibility of 

residues at the N-terminus of A�  of different aggregation species and investigated the 

possible role of the N-terminus in A�  binding to cells.   

 

The unstructured N-terminal segment, which is commonly observed for A� 40 and 

A� 42 [76, 83-85, 91, 139], starts at N-terminus and ends somewhere between Ser8 

[91] to Leu17 [84].  An HX-MS study of A� (1-40) fibrils in our lab suggested that 

residues 1-4 were completely solvent accessible, while fragment 5-19 was over 50% 

protected for hydrogen exchange [81].  We recently extended that work to compare 
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differences in solvent accessibility between the toxic oligomer formed after 4-10 

hours under quiescent conditions and the mature fibril.  The results suggested that the 

A�  segment that experienced the greatest structural rearrangement from oligomers to 

fibrils was segment 1-16.  While most of the backbone amides in segment 1-16 were 

solvent accessible in A�  oligomers, only 50% of them remained solvent accessible in 

A�  fibrils [19].   

 

In the work presented here, we first attempted to uncover some of the structure 

differences in segment 1-16 between A�  oligomers and fibrils prepared under 

quiescent conditions using amino acid specific chemical modification.  We found that 

while Arg5 of the A�  oligomer formed after 4-10 hours of aggregation reacted with 

PGO to the same extent as the unstructured monomer, the extent of Arg5 

modification of the mature fibrils was limited to 80% (Figure 3.3).  The reduced 

chemical modification of Arg5 in A�  fibrils suggests that the fibrils had some degree 

of structure that gave rise to reduced solvent accessibility in the region around Arg5, 

which did not exist in the oligomer.  We previously measured the relative abundance 

of small aggregates (e.g. dimers), spherical oligomers and fibrils in samples prepared 

similarly, based on their backbone hydrogen exchange [99].  An A�  sample 

aggregated quiescently for 4-10 hours was composed of 30-40% fibrils, 50-60% 

oligomers and roughly 10% monomers and dimers, while a sample aggregated 

quiescently for 3 days (aged sample) was composed of roughly 60% fibrils and 40% 

oligomers.  Therefore, since the aged A�  sample still had oligomers, the extent of 

Arg5 modification of the fibril entities themselves could be as low as 65% if all 
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oligomers, dimers and monomers are assumed to be 100% accessible at Arg5 .  To 

our knowledge, this is the first evidence of a structural difference between A�  

oligomers and fibrils at the N-terminus.  When A�  aggregation species were modified 

with TNM which modified Tyr10, no differences in the extent of reaction were 

observed between monomer, oligomer and fibril, suggesting that Tyr10 is fully 

solvent accessible in the oligomer and in the mature fibril structures formed under our 

aggregation conditions.   

 

We then compared the solvent accessibility of quiescently formed fibrils at Arg5 

and Tyr10 to the solvent accessibility of fibrils formed under gentle agitation. We 

found that fibrils formed with agitation, unlike fibrils formed under quiescent 

conditions, were modified by PGO to the same extent as monomers did, suggesting 

that Arg5 was fully solvent accessible in that fibril form (Figure 3.3).  The extent of 

Tyr10 modification by TNM was identical for both fibril types.  The most detailed 

structural comparison between the two fibril morphologies was reported by Tycko 

and co-workers using NMR.  Although substantial differences in the overall 

symmetry of the fibrils were found, the general molecular arrangement of the A�  

chains within the fibrils’ structure was comparable, particularly at the N-termini 

(residues 1-8) which appeared disordered for both fibrils [76, 91].  To our knowledge, 

the difference we identified here at Arg5 between the two fibril morphologies is the 

first report of a molecular level structural difference between the two fibril 

morphologies at the N-termini.   
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We found only three previous reports in the literature which provided some 

evidence that the N-terminus in A�  fibrils may not be fully disordered.  Wetzel and 

co-workers used limited proteolysis  to study the accessibility of cleavage sites on A�  

in monomer and fibril [138].  Their results indicated that roughly 20% of Arg5-His6 

bonds were protected from trypsin digestion.  In another study the same group used 

proline mutations to compare A�  fibril stability differences between WT and mutated 

fibrils.  Interestingly, the F4P mutation stabilized the fibrils by nearly 1 kcal/mol [83].  

HX-NMR was used to analyze the amide solvent accessibility of A� (1-40) [82].  

Residue 1-8 of A� (1-40) fibrils were found to be solvent accessible, besides residues 

Phe4-Arg5 which were about 50% protected from exchange.  Interestingly, the 

solvent protection of Phe4-Arg5 seen in A� 40 fibrils was not found in A� 42 fibrils 

[82].  Our data of A� 40 fibrils formed under quiescent conditions is in agreement 

with these reports, and together suggest that Phe4-Arg5-His6 of A� 40 fibrils may 

have some degree of structure which does not exist at the rest of segment 1-8. 

 

The differences in solvent accessibility at Arg5 between the toxic oligomers and 

less-toxic fibrils formed quiescently led us to explore whether Arg5 plays a role in A�  

biological activity.  As a measure of biological activity, we assessed the binding of 

aggregated A�  to fixed SH-SY5Y cells.  The changes in A�  binding to cells when 

Arg5 was modified by PGO suggest that Arg5 played a role in nonspecific binding to 

the cell membrane (Figures 3.7 and 3.8).  It is unclear why the same chemical 

modification resulted changes in opposite directions in A�  binding; while quiescently 

aggregated fibrils of A� -RPGO bound less to cells than WT, mixed fibrils of A� -RPGO 
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bound more to cells than WT fibrils.  The PGO adds a relatively large hydrophobic 

phenyl group to the arginine residue (Figure 3.2a).  It is unclear what forces drive A�  

binding to the cell membrane, however, both electrostatic interactions [40, 102] and 

hydrophobic forces [40, 153] were shown to be important.  The balance may be 

delicate between the increased hydrophobicity, which may promote association with 

the membrane, and the possible steric interference with the attractive electrostatic 

interactions with the negatively charged membrane.  Thus, the binding of different 

structures of A� , which were modified to different extents; 58% for quiescently 

aggregated fibrils and 73% for agitated fibrils, could be affected differently.   

 

The change in the amount of A� (8-40) fibrils binding to cells, prepared with or 

without mixing, compared to the binding of the corresponding full length A� (1-40) 

fibrils, was in the same direction as the affect of PGO modification.  The removal of 

residues 1-7, which correspond to amino acids sequence DAEFRHD, eliminated a 

total charge of (-3), leaving a neutral amino acid sequence (or slightly positive due to 

His13-His14).  Again, no simple explanation can be made to reason the opposite 

effect of the removal of residues 1-7 had on A�  binding for the two fibrils preparation 

methods.  Nonetheless, the results indicate that the N-terminus was important for the 

nonselective A�  binding to the membrane.   

 

The role of the N-terminus in A�  toxicity suggested by our data was proposed 

before; A� (17-35), which was missing the original N- and C- termini, formed fibrils 

that showed only low toxicity to PC12 cells, while A� (1-35) manifested a higher 
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toxicity.  The A� (1-16) fragment, which did not aggregate by itself, was nontoxic 

[154].  The results suggest that the N-terminus of A�  contributed to the neurotoxicity 

of A�  aggregates.  Interestingly, two missense mutations in the A�  sequence were 

recently found next to Arg5, H6R and D7Q, both associated with familial early onset 

AD [155, 156].  To our knowledge, these are the only known mutations associated 

with an early onset of AD at the N-termini of A� , supporting the hypothesis that the 

N-terminus is important for A�  toxicity.  The mechanism by which the N-termini 

contribute to A�  neurotoxicity remains an unanswered question that merits further 

investigation.  There are at least two possible explanations for the role that the N-

terminus of A�  may play in A�  toxicity outlined below.  

 

We previously reported that fibrils formed with mixing were less stable and more 

toxic to SH-SY5Y cells than fibrils prepared under quiescent conditions [54].  In 

addition, fibrils formed with mixing did not show the typical lag phase which is 

usually associated with nuclei formation in the aggregation pathway.  This may 

suggest that the structure of the aggregation nuclei formed under mixing conditions 

was determined kinetically and not thermodynamically, which can explain the lower 

stability of fibrils that formed under mixing [54].  The lack of structure at Arg5 in 

fibrils prepared with mixing could also be due to failure to reach the 

thermodynamically preferred product.  Furthermore, the correlation between the 

lower accessibility of Arg5 and higher stability of the fibrils formed quiescently may 

suggest that Arg5 plays a role in stabilizing these fibrils.  We recently found that the 

toxic A� 40 oligomers were also less stable than quiescently aggregated fibrils 
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(unpublished results), supporting that a lack of structure at Arg5 correlates well with 

less stable A�  species.  Taken together, our data suggest that a structure around Arg5 

stabilizes the aggregate, which may result in a less toxic species.  Conversely, a lack 

of structure at Arg5 corresponds to less stable A�  aggregates, which may yield more 

toxic species.  

 

Alternatively, the N-terminus segment itself may play a role in the toxicity 

mechanism of A� .  For example, certain residues at the N-terminus segment were 

suggested to be important for Cu+2 binding implicated in A�  plaque formation and 

toxicity [109, 157, 158].  Specifically, binding of Cu+2, Fe+3 and Zn+2 ions at His6 

was associated with oxidative stress induced by A�  [107, 108].  Alternatively, the N-

terminus could mediate the interactions of A�  with the cell membrane, which were 

implicated in A�  toxicity [4, 42-44, 153].  In unrelated work with membrane 

penetrating proteins, researchers have suggested that positively charged amino acids 

along with aromatic amino acids are essential for membrane interactions.  

Particularly, clusters of aromatic and basic amino acids commonly associate with 

cellular membranes [159].  Arginine amino acids were shown before to be in contact 

with lipids in several membrane proteins [160, 161], and were predicted to require 

only modest energy to be inserted into a lipid bilayer [162].  The loss of accessibility 

at Phe4-Arg5-His6, a sequence of aromatic and basic residues, in fibrils prepared 

quiescently, may thus explain the lower biological activity of the fibrils, particularly 

the decreased cell binding [149].   
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Finally, our identification of differences at the N-terminus between A�  aggregates 

can also have implications on therapeutics development.  A�  antibodies represent a 

significant class of potential AD remedies.  The N-terminal segment of A�  is the 

epitope of many A�  antibodies [20, 163-165], thus differences in structure in that 

segment can help understanding the molecular level A� -antibodies binding, and 

provide insights into the selectivity of some antibodies towards certain aggregates 

versus others [166, 167].   
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Chapter 4: Can size alone explain some of the differences in 

toxicity between � -amyloid oligomers and fibrils? 

4.1 Introduction 

Aggregated � -amyloid (A� ) is one of the major protein constituents of senile 

plaques found in Alzheimer’s disease (AD) and is believed to play a significant role 

in the cascade of events that ultimately lead to AD [2].  A�  spontaneously aggregates 

in vitro into fibrils that resemble the fibril morphology of A�  found in vivo in plaques 

[17].  Because A�  monomers appear nontoxic, while A�  aggregates are toxic to 

neurons both in vitro and in vivo [168], it was widely accepted that the buildup of A�  

fibrils extracellularly in the brain was the cause for the neurodegeneration associated 

with AD.  In the last decade, however, accumulating evidence suggested that a 

soluble A�  aggregation intermediate, not the fibril, is the species that has the highest 

neurotoxicity [54, 168, 169].  

 

The revised A�  hypothesis led to extensive research towards identification and 

characterization of the neurotoxic intermediate.  Several soluble intermediates have 

been characterized ranging in size and shape from short fibril-like aggregates called 

protofibrils [60], to spherical structures that are 5-35 nm in diameter [17, 97, 170].  At 

the micro- to nanometer scale there are obvious structural differences between A�  

aggregation intermediates (oligomers and/or protofibrils) and fibrils.  At the 
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molecular level, it has been more challenging to characterize the structural differences 

between species that could give rise to their differences in biological activity.   

 

Despite the limited molecular structural data characterizing A�  intermediates, the 

view that the toxic A�  intermediate is structurally different from A�  fibrils prevails.  

The hypothesis that the toxic intermediate is structurally distinct from the fibril is 

based on three main pieces of evidence: 

(1) The high biological activity of the intermediate compared to the fibril [54, 

168]; 

(2) Micrographs that show morphologically distinct entities [54, 170], and; 

(3) The specificity and selectivity of some antibodies and small molecules for 

aggregation intermediates [163, 166].    

 

In our laboratory we have examined the structure specific biological activity of 

A� , and tried to characterize the structural differences between different A�  

aggregated species [19, 54, 171].  We have shown that A�  oligomers killed 

approximately 3 times more cells than fibrils, when equal concentrations of monomer 

were used to prepare either oligomer or fibril [54].  Our findings indicating a highly 

active intermediate relatively to the fibril are consistent with data from other 

laboratories.  Whether the biological activity being assayed involves lipid bilayer 

conductance [44], protein kinase activity and toxicity [97], or changes in intracellular 

Ca2+ [3], oligomers or aggregation intermediates have repeatedly been found to be 

more active than fibrils. 
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While we have consistently found differences in A�  biological activity as a 

function of A�  structure, we have had much less success elucidating molecular level 

structural differences between A�  oligomer or aggregation intermediate and fibril.  

We observed some differences in protein stability between oligomer and fibril [54], 

and modest differences in A�  backbone amide hydrogen exchange [19].  Wetzel has 

also reported differences in A�  backbone amide hydrogen exchange between 

protofibrils stabilized by a small molecule and fibrils [60], but the largest differences 

in backbone solvent accessibility were found in residues 21-30, while we saw the 

biggest differences between our aggregation intermediate and fibril in the N-terminus 

segment (residues 1-16).  In contrast to the hydrogen exchange data, recent NMR data 

indicated that A�  spherical aggregates had a molecular structure identical to the fibril 

at the hydrophobic core and the C-terminus, the two regions studied [170].   

 

Some A�  antibodies recognize both A�  fibrils and certain A�  oligomers, 

suggesting that a fibril-like soluble oligomer exists [166].  On the contrary, 

conformation specific antibodies have been able to distinguish between several 

different A�  aggregation intermediates and A�  fibrils [163, 166], suggesting that 

there must be structural differences between different species, however the molecular 

level structural features that give rise to the differences in binding specificities 

between these antibodies are still unknown. 

  

The apparent controversy between the accepted paradigm and the available data, 

led us to explore an alternative explanation, which is consistent with the high 
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biological activity of the intermediate.  The model presented here accounts for the 

differences in the aggregates’ macroscopic structures, but does not assume molecular 

structural differences between the A�  intermediates and fibrils.   

 

4.2 Results 

The model considers two parameters which are derived from the aggregate’s size: 

concentration and diffusivity.  In in vitro experiments, for equal monomer 

concentrations, the concentration of A�  aggregates decreases as the size of the 

aggregates increases. Thus, the concentration of aggregation intermediates, composed 

of dozens to hundreds monomers per aggregate, would be higher than the 

concentration of fibrils, which contain hundreds or thousands of monomers per unit if 

pure species of intermediate and fibril were formed.  In addition, the diffusivity of 

large A�  aggregates is smaller than that of A�  oligomers or protofibrils.  Hence, the 

low mobility of the large A�  aggregates may affect their reactivity with cells if the 

reaction becomes diffusion-limited.  

 

The rate of reaction of a diffusing species on a non-diffusing spherical surface 

such as a cell, where the reaction of the diffusing species is of first order, is given by 

[172]: 

rate�
4� DRkCA�

�

4� DR� k
   (1) 

where D is the diffusivity of the diffusing species, R is the cell’s radius, k is the 

intrinsic first order rate constant on a per cell basis and describes the rate at which A�  

reacts with the cell surface once it has encountered the cell surface, and C�
A�  is the 
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bulk concentration of the diffusing A�  aggregates.  The equation is derived by 

solving a steady state spherical diffusion equation, assuming that the flux of A�  at the 

cell surface is equal to the rate of reaction of A�  with the cell.  Implicit in the steady 

state assumption is that the rate of reaction of A�  with the cell surface, once A�  

encounters the surface is of comparable order to the rate of A�  diffusion through the 

solution.  When the rate of reaction is fast compared to the rate of diffusion 

( 4� DR�� k ), equation (1) is reduced to: 

rate� 4� DRCA�
�   (2) 

In order to evaluate the relative magnitudes of reaction and diffusion terms (k and 

4� DR, respectively) in the expression shown in equation 1, and the validity of the 

diffusion-limited reaction assumption, we considered the possible reactions of A�  

with the cell surface and their approximate magnitudes. Current hypotheses of 

mechanisms of A�  cytotoxicity include A�  induced oxidative stress or free radical 

generation [51], changes in bilayer conductance [44], membrane pore formation or 

disruption [3], or receptor mediated signal transduction [97].  Associated intrinsic rate 

constants might be on the order of 1 s-1 or less for free radical generation or 

membrane disruption, but much smaller for reactions associated with signal 

transduction.   We have observed changes cell membrane permeability in as little as 

15 minutes [29], suggesting to us that the intrinsic reaction rate of A�  with the cell is 

fast.  Given that A�  aggregates have large hydrodynamic radii, and therefore 

relatively small diffusivities, we believe that the diffusion-limited reaction 

assumption is reasonable.  
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As illustrated by equation (2), under the diffusion-limited reaction assumption, the 

reaction rate of A�  on the cell surface that leads to biological activity, depends 

linearly on the diffusion coefficient and the bulk concentration of the A�  aggregate.  

The diffusion coefficients can be obtained using Einstein’s equation:  

D �
kBT

f
  (3) 

where kB is Boltzmann’s constant, T is the temperature and f is the friction coefficient.  

Stoke’s law was used to calculate f for the spherical A�  oligomers ( 	� rf 6� ), where 

�  is the solution viscosity and r is the radius of the sphere.  The friction coefficients 

of fibrils and protofibrils were calculated using the translational friction coefficient of 

a cylinder, estimated as an average of sideways and lengthwise movements (equation 

4) [173]: 

f �
6� 	 2a
 �

2ln 2a/b
 � � 

 (4) 

where a is the half height and b is the radius of the cylinder, and �  equals 0.62 for 

infinitely long fibrils. 

 

We modeled A�  fibrils and intermediates using representative dimensions we 

have observed [54] and as reported by others.  A�  fibrils were modeled as cylinders 

500±100nm in length and 14±6nm in diameter [66, 174].  Three types of 

intermediates were modeled; (1) a spherical aggregate with a radius of 15±3nm [175], 

(2) a rod-like protofibril, as a cylinder with the same diameter as the fibril [66] but 

only 200±50nm long (PI) [176], and (3) a rod-like protofilament, as a cylinder 

200±50nm long with a diameter of 3±1nm (PII) [174].  We specifically chose to use 
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A�  aggregate dimensions that were comparable to what we have observed in the 

laboratory via our methods of aggregation such that we could compare the model 

estimates with our own biological activity data. In order to calculate the bulk 

concentration of the aggregates (C�
A� ), we assumed a homogeneous environment that 

consists of only one type of aggregate.  We estimated the number of monomers per 

aggregate based on the aggregate volume and by assuming that all monomers within 

an aggregate had the similar secondary structure configuration and dimensions as in 

an A� 40 fibril.  Monomer dimensions were measured from the available A� 40 fibril 

NMR structure [91]. 

 

Table 4.1 summarizes the values obtained using this model for the number of 

monomers per aggregate, the bulk concentration, the diffusivity and the rate of 

reaction at the cell surface.  The estimated rates of reaction are depicted also in Figure 

4.1 for comparison with A�  cell binding data [149].  The binding data, collected from 

aggregated species prepared via the same methods as oligomer and fibrils reported in 

Table 4.1, and in previously reported viability assays [54], clearly demonstrate that 

fibrils bind less to cells than aggregation intermediates (species formed at after 

approximately 10 and 24 hour aggregation under quiescent conditions).  Binding is 

reported in molecules bound per cell on a monomer basis.  If data were corrected to 

show aggregates species bound per cell, then the difference in binding between 

oligomer and fibril would be even greater, given that there are more monomers in a 

fibril than in aggregation intermediates.  Data reported exceed limits of detection of 

the method by 100 fold or more. 
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Figure 4.1: Estimated rate of biological activity and measured cell binding of A �  
aggregates.  A�  binding to cell surface (closed circles) and estimated rate of 
biological activity (bars) as a function of aggregation time prior to addition to cells 
and structure, respectively.  Binding was measured using a mixture of 1:100 TAMRA 
labeled A� 40 to unlabeled A� 40, at 100 � M total concentration in PBS (on an A�  
monomer basis).  A�  was aggregated at 370C for different time periods as indicated 
on the x axis.  Fluorescently labeled peptide incorporated into A�  aggregates bound to 
the cell surface was detected using flow cytometry, and was reported as total A�  
bound to the cell on a per monomer basis.  Rate of biological activity was estimated 
for spherical oligomer (S), protofilament (PII), protofibrils (PI), and fibril (F).  Bars 
are placed on graph at approximate times during aggregation when spherical oligomer 
and fibril have typically been observed [54].  Protofilament and protofibrils should 
appear in aggregating solutions after oligomers but before fibrils, therefore their time 
placement on the graph should be regarded as a qualitative estimate of their time of 
formation.   
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A����  

aggregate 

species 

Dimensions  

(r or a,b) (nm) 

Number of 

monomers 

per aggregate 

C�
A�   

(nM) 

D × 108  

(cm2/s) 

Rate  × 1020 

(moles/cell·s) 

Fibril 250 ± 50, 7 ± 3 2083 48 ± 0.5 5.2 ± 1.3  3.1 ± 0.9  

Spherical 

oliogmer 

15 ± 3 1107 90 ± 41 22 ± 4  25 ± 12 

Protofibril I 100 ± 25, 7 ± 3 833 120 ± 15 10 ± 3 15 ± 5 

Protofibril II 100 ± 25, 3 ± 1 417 240 ± 60 13 ± 3  39 ± 14 

 
 
 
Table 4.1: Estimated concentrations, diffusion coefficients and rates of biological 
activity of different A ����  aggregates.  Cell radius (R) was assumed to be 10µm.  
Concentrations were estimated assuming each aggregate was formed from a 100 � M 
monomer solution.  Uncertainties in concentration and diffusion coefficient were 
estimated from the uncertainty in aggregate dimension. 
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4.3 Discussion 

The results, shown in Table 4.1 and Figure 4.1, predict the rate of biological 

activity of both the protofibrils and the spherical aggregates to be much greater than 

the rate of activity of the fibrils, consistent both with cell binding results (Figure 4.1) 

and experimental toxicity [54, 171].  The predicted rates of biological activity of the 

different intermediate structures are comparable to each other given the uncertainties 

in the estimates.  Notably, the predicted diffusivities of intermediates are comparable 

to the diffusivity of the toxic species that was previously estimated experimentally as 

2.6 ± 0.3x10-7 cm2/sec [171]. 

 

The concentration of spherical oligomers estimated by this method is only twice 

that of the concentration of fibrils, in part because we estimated concentrations based 

on a fairly large and tightly packed spherical oligomer, and a relatively short fibril.  

Use of a longer fibril, and/or a smaller sphere (or hollow sphere) would have resulted 

in even larger predicted differences in rates of biological activity between A�  

oligomer and fibril. 

 

The results demonstrate that A�  aggregate’s size and concentration may 

contribute to differences in observed biological activity of oligomer, protofibrils and 

fibril species.  The analysis presented is oversimplified and its limitations include 

geometric approximations, as well as the first order reaction kinetics assumed at the 

cell surface.  Additionally, we considered homogeneity of A�  aggregated species, 

while in reality a mixture of species coexist.  While the dimensions of actual A�  
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aggregates may differ from those we considered, the trends in the rates of reaction 

would be similar (oligomer or other intermediate would be more reactive than fibrils) 

and support the same conclusion.  Despite the simplicity of this model, this analysis 

highlights some of the factors that may contribute to differences in biological activity 

observed between different A�  aggregated species.   

 

Our proposed model in no way precludes there being differences between A�  

aggregate structures at the molecular scale or differences in stability between 

aggregated species.  In fact, the selectivity of certain inhibitors and antibodies 

towards the toxic intermediate support the hypothesis that there are molecular level 

structural differences between different aggregated species that have been difficult to 

elucidate [163, 166].  However, our model suggests that certain experimental factors 

that have been difficult to control in the past, such as the concentration of particular 

A�  aggregates in solution, and the size distribution of aggregates within a mixture, 

may contribute significantly to measurements of A�  toxicity or other measures of 

biological activity, thus obscuring the effects of molecular level differences between 

different A�  aggregated species. 
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Chapter 5:  Structurally distinct toxicity inhibitors bind at 

common loci on � -Amyloid fibril 

5.1 Introduction 

The accumulation and aggregation of � -amyloid (A� ), a 39-43 residue peptide 

cleavage product of the transmembrane amyloid precursor protein, is believed to play 

a role in neurodegeneration in Alzheimer’s disease (AD).  While many researchers 

now believe that A�  is most toxic in some aggregated form [2, 177], the mechanism 

by which A�  leads to neurodegeneration is controversial.  Numerous mechanisms of 

A�  toxicity have been proposed including cell membrane pore formation [45], 

nonspecific changes in membrane conductance [44], free radical generation [12, 13, 

51], A� -induced alterations in G-protein activation [41, 178, 179], changes in c-AMP 

dependent signal transduction pathways [7, 8] and changes in ion channel function 

[180].  While it seems certain that A�  plays a role in the neurotoxicity associated with 

AD, the mechanism of A�  induced cell death remains unclear. 

 

Efforts targeted towards understanding the toxicity mechanisms of A�  have 

suggested that certain A�  residues are important in those interactions.  A�  binding to 

the cell membrane via positively charged amino acids was proposed [39]; specifically 

R5, K16 and K28 were reported to be essential for A�  toxicity [102].  M35 was 

suggested to be involved in the formation of free radicals and oxidative stress in A� 42 

[104].  F20 has been implicated in A� 42 fibril induced lipid peroxidation, possibly 

because of the role of F20 in an electron transfer from M35 to a Cu(II) bound at the 
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N-terminal [105].  Alternatively, residues H13-H14 have been hypothesized to play a 

role in A�  induced membrane pore formation [45, 111] and in binding of metal ions 

implicated in AD [10].  In addition, exposed hydrophobic regions of A�  aggregates 

have been shown to decrease membrane fluidity [42].  Clearly, there is no consensus 

regarding the mechanism by which A�  induces neuronal death, nor about the amino 

acid residues on A�  that may be significant in such a mechanism.  

 

Although the mechanism of interaction of A�  with neurons and the identity of A�  

residues that are essential for toxicity are controversial, a variety of small molecule 

inhibitors have been found that interact with fibril or aggregated A�  and attenuate its 

toxicity.  We hypothesized that by elucidating the binding sites of these toxicity 

inhibitors on aggregated A� , we might identify residues on A�  aggregates that are 

important for A�  biological activity.   

 

In this chapter we report the results of computational docking of four A�  toxicity 

inhibitors with A�  fibrils.  Three of the four inhibitors docked at common loci.  The 

docking predictions of two inhibitors, Congo Red (CR) and Myricetin (Myr), were 

tested experimentally using amino acid mutations or chemically modified amino 

acids.  We found that CR and Myr, despite being structurally distinct, share two 

binding sites on A�  fibril; inside the � -turn formed between residues A21-A30, near 

K28, and at a hydrophobic cavity near N27, G29 and V39-V40.  Furthermore, our 

data suggests that three additional toxicity inhibitors; melatonin, nicotine and 

curcumin, may also bind on A�  fibrils near a lysine residue, potentially K28.  The fact 
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that two structurally distinct toxicity inhibitors bind at the same sites on A�  fibrils 

may suggest that these sites are important in A�  fibril biological activity, either by 

defining the region on the A�  fibril essential for A�  interaction cell membrane, or via 

another mechanism.  This work contributes to our understanding of the mechanism of 

action of A�  toxicity inhibitors and highlights potential targets for the development of 

novel therapeutics for A�  toxicity prevention.  

 

5.2 Materials and Methods 

5.2.1 Docking 

The program DOCK 6 [181, 182] was used to predict inhibitor binding sites.  The 

receptor in docking simulations was an NMR A� 40 fibril structure made up of 12 

A� (9-40) monomer units, where residues 1-8 were unstructured and therefore omitted 

(coordinates from solid state NMR,  provided by R. Tycko by personal 

communication). The NMR structure includes two different categories of fibrils; 

stagger (+2) and stagger (-2), which describe the degree of stagger between the D23 

and F19 of peptide i with K28, I32, L34 and V36 of peptide (i ±2) [91].  Ten 

structures of each category, representing different possible backbone and side-chain 

configurations, determined based on the best fit of NMR data to the experimental 

constraints, were used as the A�  fibril receptor in this study.  The docking procedure 

was performed on all twenty A�  structures.  Ligands for docking simulations were the 

different toxicity inhibitors.  Coordinates for CR were obtained from the Zinc 

database [183], and coordinates for the other ligand structures were obtained from the 

ChemDB database [184].  Hydrogens missing from A�  were added using PDB2PQR 



 

 68 
 

[185] (version 1.2.1) using the Amber force field and assigned pH of 7.4 using 

PROPKA [186].  A�  and inhibitor’s charges were added using Antechamber [187] 

embedded in Chimera [188].  Binding sites were defined by stripping all receptor 

hydrogens, and then the program DMS, embedded in DOCK 6, was used to calculate 

the accessible receptor surface.  Sets of overlapping spheres were generated using 

SPHGEN (embedded in DOCK 6) to create a negative image of the receptor surface 

and define potential binding sites.  The number of spheres in a site did not exceed 

200.  Energy and contact grids were generated using the default settings within a box 

surrounding the binding site with 5Å margins.  Docking was run using a grid based 

score with a flexible ligand and rigid receptor using default settings except for the 

following: the minimal anchor size was 6 atoms, the maximum number of 

orientations was 3000, the bump filter was 2 (2 events of 75% VdW radius overlap), 

internal ligand energy was included, and 1000 iterations were used during ligand 

minimization.  Volume Tanimoto coefficients were calculated using ROCS [189].  

The docking results were inspected visually using Chimera [188].   

5.2.2 Materials 

All chemicals were purchased from Fisher (Pittsburgh, PA) or Sigma Aldrich (St. 

Louis, MO), unless otherwise specified. 

5.2.3 A�  fibril preparation 

A� 40 stock solutions were prepared by dissolving A�  (Anaspec, San Jose, CA) at 

10mg/ml in ddH2O with 0.1% TFA for 45-60 minutes.  The stock was diluted in PBS 

(138mM NaCl, 10mM Na2HPO4, 2.7mM KCl, 1.8mM KH2PO4) to a final 

concentration of 100µM, and was gently mixed using a rotator for 24 hours at room 
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temperature.  We found that fibrils formed using this protocol were reproducible in 

terms of morphology, size, CR binding and stability [54].  As much as possible, a 

single lot of A� 40 was used for all experiments.  N27P A� 40 mutants (Custom 

synthesized by Anaspec, at a purity of greater than 95% by RP-HPLC) were prepared 

similarly except that N27P A�  was first aliquoted into single use sample sizes by 

dissolving in HFIP, aliquoting out into microcentrifuge tubes, then evaporating the 

HFIP from the A�  under vacuum.  Aliquots were then stored as HFIP evaporated 

films at -800C until use.  The total amount of protein in an A�  sample was determined 

using the BCA assay according to the manufacturer’s instructions (Pierce, Rockford, 

IL).  The total amount of insoluble fibril in a sample was estimated by first separating 

soluble A�  from insoluble A�  fibril via centrifugation of samples at 23,100 X g for 5 

minutes, then by quantifying the amount of protein in soluble and insoluble fractions 

using the BCA assay.  

5.2.4 Modification of lysine amino acids 

The modification of lysine residues was performed after fibril formation using 

reductive alkylation with formaldehyde or with acetaldehyde at 250C.  Sodium 

cyanoborohydride was used as a reducing agent.  The reaction with formaldehyde 

was carried at 88µM A� , 880µM formaldehyde (1:10 A� :formaldehyde molar ratio) 

and an excess of sodium cyanobohydride (88mM).  The reaction was carried for 6 

hours.  The reaction modified the N-terminus, K16 and K28, as indicated by MALDI 

TOF MS of tryptic fragments of A� .  The modification with acetaldehyde was carried 

at similar conditions with 83µM A�  fibrils, 1.66mM acetaldehyde (1:20 

A� :acetaldehyde molar ratio), an excess of sodium cyanoborohydride (83mM), and 
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was carried for 8 days.  The reaction modified the N-terminus and K16, but did not 

modify K28, as indicated by MALDI TOF of tryptic fragments of the peptide.  For 

the modification of A�  fibril in the presence of inhibitors, 20µM A�  fibrils were 

incubated with Myr, nicotine, melatonin or curcumin at 30µM.  Nicotine, melatonin 

and curcumin stock solutions were prepared in ethanol at high concentrations (mM 

range), and were diluted to a final concentration in PBS.  Myricetin was dissolved in 

DMSO and then diluted similarly in PBS.  Control samples without an inhibitor, but 

with PBS containing solvent for dissolution was used to confirm that residual solvent 

did not interfere with the modification reaction.  After 30 minutes of incubation with 

A� , 200µM formaldehyde and 20mM sodium cyanoborohydride were added.  The 

extent of the methylation reaction in the presence of inhibitors was examined using 

MALDI TOF every 90 minutes up to 6 hours.   

5.2.5 Protein digestion 

A�  fibrils were modified as described.  Prior to peptide digestion, the reductive 

alkylation was quenched by an addition of ammonium bicarbonate (83mM) to avoid 

alkylation of the N-termini of A�  fragments.  A�  fibrils were then digested using 

immobilized trypsin (Pierce, Rockford, IL) according to the manufacture instructions.  

Briefly, immobilized trypsin gel was washed and centrifuged 3 times with 0.1M 

NH4HCO3 then suspended in 200µl 0.1M NH4HCO3.  200µl of 50µM A�  fibrils were 

then added to the trypsin bead suspension.  The reaction was carried for 45 minutes at 

370C under gentle agitation.  Trypsin beads were removed using centrifugation 

(23100 X g, 5 minutes).  No attempt was made to recover all the possible A�  
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fragments associated with the trypsinized fibrils.  Sample was analyzed using MALDI 

TOF.  

5.2.6 Matrix Assisted Laser Desorption/Ionization Time of Flight – Mass Spectrometry 

(MALDI TOF) 

MALDI TOF was performed using Bruker Daltonics Autoflex MALDI-TOF MS 

(Billerica, MA).  Samples were desalted using 0.6µl C18 resin ZipTip® (Millipore, 

Billerica, MA) according to the manufacture instructions.  Briefly, the tips were 

washed in acetonitrile, and then loaded with the sample.  The sample was desalted by 

washing the pipette loaded tip in ddH2O.  The A�  sample was then re-dissolved and 

eluted off the C18 tip using 100% acetonitrile.  We have found under these 

conditions, A�  fibril samples unfold sufficiently for MALDI-TOF analysis [86].  

Saturated Sinapic acid in a solution of 2:1 (v/v) ddH2O and acetonitrile was used as 

the matrix.  The mass spectrometer was run in positive ion mode.  Laser power was 

optimized on a sample-by-sample basis and was generally found to fall between 30 

and 50% of the maximum power afforded by the instrument.  Theoretical masses of 

tryptic fragments of A�  were determined using the ExPASy server available at 

http://ca.expasy.org/ [36].  

5.2.7 Myricetin - A�  fibril binding 

Stock solutions of Myricetin (Myr) in DMSO at 11.3mM were prepared and 

stored at 40C.  Myr was diluted in PBS to the final desired concentrations before each 

assay.  Different concentrations of Myr were incubated with 20µM A�  fibrils, either 

wild type, mutated or chemically modified, for 30 minutes at room temperature.  The 

final DMSO concentration was less than 3%.  The samples were then centrifuged at 
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23100 X g for 5 minutes to separate the insoluble fibrils with the bound Myr from 

unbound Myr.  Unbound Myr concentration was determined by measuring the 

absorbance of the supernatant at 324 nm.  The extinction coefficient of Myr, which is 

approximately 7000 M -1 · cm-1, is strongly dependent on the environment (e.g. pH, 

salts).  Hence, a calibration curve of samples prepared identically but without A�  was 

used to determine the extinction coefficient of Myr under these conditions at the time 

of each measurement.  Absorbance was read using a Cary 50 WinVC 

Spectrophotometer (Varian, Palo Alto, CA) in a UV transparent flat bottom 96 well 

plate (Corning, Corning, NY).  The concentration of A�  fibrils bound Myr was 

calculated by subtracting the unbound from the total Myr concentration. Controls 

were performed to ensure that chemical modification reagents did not interfere with 

the absorbance of Myr. For each binding assay, fibril content in the sample was 

estimated using the BCA assay.  Binding data were then normalized by total fibril 

content.  The single site equilibrium binding isotherm shown in equation (1) was fit to 

the binding data using a non-linear least squares regression algorithm in 

KaleidaGraph (Reading, PA), where B is the concentration of bound ligand, L is the 

concentration of soluble ligand, Bmax is the maximum binding capacity to fibrils, and 

Kd, the equilibrium dissociation constant.  

B �
BmaxL
Kd � L

         (1) 

5.2.8 Congo red - A�  fibrils binding  

Congo red (CR) solution was prepared as described previously [190].  Briefly, CR 

was dissolved in 90% PBS and 10% ethanol to a concentration of about 300µM, then 
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filtered using 0.22µm filter to eliminate CR micro-aggregates.  To determine the final 

concentration of CR after the filtration, CR was diluted to about 15µM in 60/40 (v/v 

%) mixture of sodium phosphate (1mM , pH 7.0) and ethanol, and the absorbance 

was measured at 505nm using �  = 5.93 X 104  M -1 · cm-1 [190].  CR was then diluted 

to a final desired concentration and incubated with A�  fibrils for 20 minutes at room 

temperature.  Final ethanol concentration was less than 3%.  Equilibrium binding 

isotherms for CR to A�  were obtained analogously as was done for Myr, using 

appropriate calibration curves to determine CR concentrations.  Control experiments 

were performed to ensure that during binding of CR to chemically modified A� , the 

amine groups of CR itself did not react with the formaldehyde, as indicated by 

MALDI TOF (data not shown).  

5.2.9 Transmission Electron Microscopy (TEM) 

A�  fibrils were prepared for TEM on carbon coated Formvar grids, 400 mesh 

(TedPella, Redding, CA).  The grids were gently dipped in a sample of A�  fibrils for 

45 seconds, then washed in ddH2O for 10 seconds, and dipped in staining solution of 

1% ammonium molybdate in ddH2O.  Grids were viewed using a Zeiss-1OCA 

microscope (Zeiss, Germany) equipped with an Olympus Morada (Melville, NY) 

digital camera, using an accelerating voltage of 60 kV.  Images were taken at the 

Keith R Porter Imaging Facility at UMBC.  

5.2.10 Circular Dichoroism (CD) 

A�  fibril species were prepared as described then diluted to 10µM and degassed.  CD 

was measured using a PiStar-180 Circular Dichroism Spectrometer (Applied 
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Photophysics).  Data was obtained using a 10mm quartz cuvette, in a N2 filled 

chamber, at 25°C, using a Xe lamp as a light source, a 2.0nm bandwidth, and a 0.2nm 

step interval.  Identical diluted PBS buffer was used as baseline.   

 

5.3 Results 

5.3.1 Docking method validation 

Our goal was to find the binding sites of a set of A�  toxicity inhibitors on the A�  

fibril, however, the computer program DOCK 6 [181, 182], which we used for our 

computational studies, has previously only been validated for ligand docking with a-

priori knowledge of the receptor binding site.  The binding pocket in DOCK is 

defined by a cluster of spheres which create a negative image of the receptor surface.  

It is within these spheres that the ligand is positioned and energies associated with 

binding are estimated.  Theoretically, if one were to search for a ligand binding site 

anyplace on a receptor surface, then one might conceive of covering the entire 

receptor surface in spheres.  However, DOCK becomes less effective computationally 

when the number of spheres included in the binding pocket exceeds a certain 

threshold. DOCK 5 had been validated for binding pockets of 101 spheres on average 

[182]. Nevertheless, we believed DOCK could be used to search over the entire A�  

surface for ligand binding sites using a slightly modified algorithm, which allows the 

consideration of multiple possible binding sites.  To ensure the validity of our method 

we first tested it on a validation set of 114 ligand-receptor complex structures.  We 

subdivided the surface of the receptors to potential binding pockets composed of no 

more than 200 spheres each.  The subdivision of a receptor surface was done by 
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randomly selecting 10 atoms on the receptor and constructing spheres within 17Å 

radii around each randomly selected atom.  The 10 binding pockets of radii 17Å 

encompassed virtually the entire receptor surface.  The ligand was initially allowed to 

dock within a limited volume (~600 Å3), defined by spheres within 7Å from one of 

the randomly selected atoms.  When docking was completed, the volume was 

increased to include spheres within 9Å radius from the atom, and docking was 

repeated.  If the binding pose changed when increasing the allowable docking 

volume, then the volume was increased again.  The volume of the binding pocket was 

increased by increasing the radius of the pocket in 2Å increments.  When no 

significant changes were observed in the binding pose or total energy score when 

increasing the allowed volume for docking, then it was assumed that the ligand was 

docked at a local energy minima and a potential binding site was found.  The process 

was repeated for all 10 randomly selected atoms as illustrated in Figure 5.1.  

Representative results of docking of one of the structures in the validation set are 

shown in Figure 5.2.  Essentially, this is an additional search layer embedded on top 

of the existing DOCK algorithm.  The results from all 10 binding pockets were 

combined, clustered based on RMSD, and ranked.  Poses were considered to be 

clustered at one site when the differences in RMDS between docked poses to the 

ligand crystal coordinates were less than 1Å and the difference between energy scores 

of poses was less than 10%.  When multiple sites were identified, the clusters of 

poses had energies that differed by more than 10% between sites.   
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Figure 5.1:  Flow diagram of algorithm for prediction of inhibitor binding sit e on 
A�  fibril.   A binding site was hypothesized based on experimental data.  Docking 
was performed and limited in distance from the site (R).  When completed, docking 
was performed again with a larger binding pocket (R*>R).  If the binding position 
changed then the procedure was repeated.  When no significant changes were 
observed in the position or energy score, then a local minimum was found for that 
site. 
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Figure 5.2:  Representative results from blind docking validation set.  a) Scores 
and RMSD of docked poses of antibody fab complexed with phencyclidine (PDB 
code 2PCP).  Docking was performed against 10 randomly selected sites at gradually 
increasing radii of binding pockets around each site.  The best scoring cluster (-40.5 
kcal/mol) had the smallest RMSD from the crystal structure (0.7Å).  b) a profile of 
the RMSD of docking poses from the ligand crystal structure at one of the random 
binding sites as a function of radii allowable for docking.  Docking at 7, 9 and 11Å 
from the randomly selected binding site yielded large RMSD (>15Å), whereas at a 
binding pocket with 11Å radius the docking converged into the true binding site and 
had an RMSD < 2Å.  The poses that converged with the true pose and had RMSD < 
2Å correspond to the best scoring poses from Figure 5.2a).     
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The validation set we used to test our method was the same set of 114 bound 

receptor-ligand complex crystal structures which were used to test DOCK 5 [182].  

The receptor and ligand files were taken directly from the DOCK 5 test suite 

(available online from DOCK website).  The full description of the receptor and 

ligand preparation for docking are described in the original paper [182].  We analyzed 

the RMSD of the docked poses from the PDB ligand coordinates and the energy 

scores.  In addition to the commonly used RMSD method, we evaluated the best 

scored pose with the volume Tanimoto coefficient defined as: 

dxdx

dx

OII

O
T

,

,

��
�    (2)  

where Ix and Id are the self volumes of the crystal and docked ligands respectively, 

and Ox,d is the overlapping volume of the two.  For example, when Ix and Id overlap 

perfectly then T = 1, while when there is no overlap T = 0.  Of the 114 ligand 

receptor pairs tested, 61.5% (70 structures) of the ligands docked with an RMSD of 

2Å or less compared to the crystal structure, and had the experimentally determined 

ligand binding site as the best scored ligand pose during computational docking.  The 

success rate (RMSD < 2Å) of the same ligand-receptor complex set when specifying 

the binding site was 72%, using DOCK 5 [182].  Since our ultimate goal was to 

identify the receptor binding site, rather than finding the correct ligand conformation, 

we considered poses with T > 0.2 as ligands docked at around the correct site, though 

their exact conformation or orientation may be incorrect.  Hence, we considered poses 

with an RMSD < 2Å or T > 0.2 as successful, meaning that the correct receptor 

binding site was found.  Using these criteria, an additional 20% of the structures (23 

structures) had an RMSD between 2 - 7.1Å with T > 0.2, indicating they were 
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successfully docked.  Overall, 81.5% of the ligands with the best energy score docked 

with at least an RMSD < 2Å or T > 0.2.  For 7% of the structures (8 structures) the 

correct binding site was found (RMSD < 2Å or T > 0.2), however, a false-negative 

pose had a better score.  In 11.5% of the structures (13 structures), the true site was 

not found, or docked with comparable energy scores to other false sites, and this 

method failed to find the binding site of the ligand.  In summary, for 88.5% of the 

structures DOCK 6 successfully found the experimentally determined binding site, 

and the energy score of the ligand docked at the site was among the top two best 

scores.  Overall, our method proves to be effective in exploiting DOCK 6 to elucidate 

the binding site of a receptor-ligand pair without a priori knowledge of the location of 

the binding site.  These success rates are comparable to other programs capable of 

‘blind-docking’, such as RosettaLigand with 71% of ligands docked within an RMSD 

of 2Å for the best score [191], or AutoDock4, where 53% complex structures had 

their best energy score within 3.5Å [192].  

 

5.3.2 Inhibitors docking to A�  fibrils 

The novelty of our method is in subdividing the receptor surface into potential 

binding sites which together cover the entire receptor surface, and in docking of the 

ligand into binding pockets of gradually increasing size.  When we applied the 

method to find the binding sites of a set of toxicity inhibitors on an A�  fibril structure, 

we used the same methodology of subdividing the receptor surface as used in the 

validation set.  However, instead of randomly selecting atoms, we used available 

information on potential binding sites of the inhibitors and of potential A�  residues 

were thought to be important in toxicity. Overall, the inhibitors were docked at 5 
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different locations on the A�  fibril: (1) residues His13-His14, (2) residues Lys16-

Phe20 (3) residue Lys28, (4) residue Met35 and (5) residues Val36-Val40 at the C-

terminus.  Table 5.1 summarizes the specific reasoning behind the selection of these 

sites, and Figure 5.3 illustrates their location on an A�  fibril segment.  
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Figure 5.3: A double layer cross sectional view of A�  fibril structure.   Residues 1-
8 were not included in the original structure (stagger -2, model 2).  Nitrogen atoms 
are shown in blue, oxygens in red, and carbons and hydrogens in dark and light gray 
respectively.  Ovals represent amino acids that were considered as binding sites for 
docking.  Image was prepared using Chimera [188]. 

 

 

 Site Rationale   

1 His13 – His14 o Important for A�  induced ion channel formation [45]. 
o Involved in metal ions binding implicated in A�  toxicity [10] 
o Involved in melatonin binding [125]. 
o Binding site of nicotine [193, 194] 

2 Lys16 – 
Phe20 
(KLVFF) 

o A surface important for cytotoxicity [102]. Lys16 was hypothesized to effect 
electrostatic interactions with cell membrane [39]. 

o Phe20 was hypothesized to be involved in A�  induced ROS [105].  
o Part of a recognition motif of an insulin degrading enzyme, hypothesized to 

be related to AD [9].  
3 Lys28 o Hypothesized to effect electrostatic interactions with cell membrane [39]. 

o Located at a hydrophobic cavity (A21-A30) thus a potential binding site for 
curcumin [195].  

4 Met35 o Associated with A�  induced oxidative stress [104]. 

5 Val36-Val40 
(C-terminus) 

o Relatively solvent accessible although hydrophobic [19], hypothesized to 
play a role in membrane binding [81]. 

 
 
Table 5.1: Initial guesses for binding sites of inhibitors on A����  fibril.  Binding sites 
were considered either because they were proposed to be a binding location for a 
toxicity inhibitor, or because they were hypothesized to be important for A�  
interaction with cells.  
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Four toxicity inhibitors were used as ligands: Congo red (CR), Myricetin (Myr), 

Melatonin, and Nicotine (L- and D- enantiomers).  Docking was performed using a 

set of 20 A�  fibril NMR structures as a receptor [91].  The NMR A�  fibril structures 

used were 12-mers of A� (9-40) that represent roughly a 25Å segment of a fibril.  The 

20 structures included two possible staggers in fibril orientation, and 10 possible side 

chain configurations for each stagger determined based on the best fit of NMR data to 

the experimental constraints [91].  The docking procedure was repeated for all twenty 

A�  structures.  Docking was performed by increasing by 1Å the distance of included 

spheres around the binding site, from 4Å to 8Å (Figure 5.4).  All the sites had 170 

spheres or less.  The reason that 8Å were sufficient to include 170 spheres, compared 

to 17Å in the validation set, is that the site in the validation set was defined as a single 

atom, whereas the binding sites on A�  fibrils were defined by an amino acid or more, 

e.g. dozens of atoms.  As with the receptors in the validation set, the largest binding 

pockets of the five binding sites overlapped to cover virtually all the A�  fibril surface, 

with the exclusion of the fibril ends (Figure 5.5). 
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a)   b)   c) 

 h  
d) e) 

 
 
Figure 5.4: Binding pockets of increasing volumes around a hypothesized 
binding site.   A top view of A�  fibrils with the binding pockets considered for 
docking around the C-termini site (residues 35-40) represented by spheres.  a) spheres 
within 4Å, b) within 5Å, c) within 6Å, d) within 7Å and within 8Å from A�  C-
termini (residues 35-40).  Docking was performed against all sites, if no changes in 
ligand pose or score were observed, then a local energy minimum was found.  Similar 
binding pockets were constructed around each of the binding sites considered.   

 

 

Figure 5.5: Five sets of spheres covering the entire A�  surface.  The largest 
binding pockets at each binding site are shown, defined by spheres within 8Å from 
each site; His13-His14 (green), Lys16-Phe20 (red), Lys28 (purple), Met35 (light 
blue) and Gly35-Val40 (gold).  The binding pockets overlapped with each other 
hence spheres were colored in a new color only if they were not included in the 
previous site (from His13-His14 to C-termini).  Similarly, binding pockets on the 
second A�  fibril layer were constructed.  The binding pockets overlapped to cover the 
entire fibril surface.   
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Models where inhibitors bound at the end surfaces of the fibril (top two and 

bottom two A�  chains) were discarded, as were poses where an inhibitor interacted 

with the artificial G9 N-termini (formed because residues 1-8 were missing in the 

NMR structure).  Binding sites were considered to be the same if the receptor-ligand 

interactions were similar.  RMSD and T are lacking because the symmetry of the 

fibrils along the z-axis resulted sometimes a transposed ligand position with a large 

RMSD, although detailed inspection revealed that the ligand maintained the 

interactions with the same amino acids.  No differences were observed in docking 

poses and energies when inhibitors were docked to fibrils of different staggers. 

 

Table 5.2 summarizes the average top scored sites among the twenty fibril 

structures for each inhibitor, and the amino acids at the binding site for each inhibitor.  

Despite the structural differences between the inhibitors tested, three of the four 

inhibitors shared two binding sites among the top three best-score positions; at the � -

turn formed between residues A21-A30, and at the nook located near the C-terminus, 

between amino acids V39-V40 of one fibril layer to amino acids N27 and G29 of the 

other fibril layer (Figure 5.6).  The twenty A�  fibril models we used differ slightly 

from each other in their � -turn cavity size and configuration, which led to some 

variability in the best-scored poses of the inhibitors within the � -turn cavity.  In some 

cases the inhibitors docked near F19, A21 and I32, while in other cases the inhibitors 

were closer to the � -turn itself, and docked between A21 and A30, while having 

electrostatic interaction of charged or polar atoms with the � -amino group of K28, or 

with the carboxyl group of D23.  In both cases, whether docked closer to K28 or to 
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F19, the inhibitors docked in parallel to the fibril axis, such that each inhibitor 

interacted with 2-4 stacks of A�  monomers, depending on the size of the inhibitor.  

The exact orientation and configuration of the inhibitors slightly varied between the 

different fibril structures, yet the energy scores did not change significantly.  The 

differences between the inhibitors’ poses when docked with different A�  structures 

were mostly in rotamer angles between aromatic rings of the inhibitors.  However, 

our main goal was to identify the amino acids adjacent to the binding sites of the 

inhibitors which remained fairly invariant, rather than revealing the exact pose of the 

inhibitors.  Representative images of CR and Myr docked inside the � -turn are shown 

Figure 5.6a-b. 

 

 

Inhibitor Site 1 Site 2 

 Interactions with Score 
(kcal/mol) 

Interactions with Score 
(kcal/mol) 

Congo red F19, A21, D23, K28, 
A30, I32 

-53.3 H14, K16, V18 -54 

Myricetin N27, K28 backbone, 
G29, V39, C-terminus 

-41.7 A21, D23, K28, A30, -41.1 

Melatonin A21, D23, K28, A30 -36.3 N27, K28 backbone, 
C-terminus 

-33.6 

Nicotine � -turn (near A21, D23, K28) and C-termini (near N27, V40) with 20-25 kcal/mol 
and near H14 with 15-25 kcal/mol, with no site showing clear higher energy scores. 

 

Table 5.2: Binding sites predicted by docking. Docking sites and energy scores as 
predicted by DOCK 6 for CR, Myr, melatonin and nicotine.  The rank of the sites was 
determined by analyzing the docked poses and interactions, the energy scores, and the 
recurrence of the pose and interactions amongst the twenty A�  fibril structures.  CR 
also docked at a third site with a score of -41.2 kcal/mol near the C-termini, while 
interacting with N27, K28 backbone, G29, V39 and the C-terminus. 
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The second common binding site shared by the inhibitors for all 20 A�  fibril 

structures was near the C-termini.  The energy scores of the inhibitors at the C-

termini were similar to their scores at the � -turn, except for CR, which docked at this 

location with slightly lower energy.  The energy was composed mostly of Van-der-

Waals (VdW) interactions between the inhibitors and V39-V40 of one fibril layer, 

and the C�  of N27 and the backbone amide hydrogen of G29 of the second layer.  

Electrostatic energy contribution associated with binding at this location came from 

hydrogen bonds with the side-chain amino group of N27, the backbone carbonyl 

oxygen of K28, and with the carboxyl group at the C-termini.  Similar to the poses in 

the � -turn site, the inhibitors docked parallel to the fibril axis, and interacted with 2-4 

A�  stacks depending on the inhibitor size.  Again, the exact inhibitor configuration 

differed slightly when docked to the twenty fibril structures.  Yet, the overall binding 

location was conserved.  The amino acids that interacted with the inhibitors at this 

position include N27, G29, V39, V40 and the backbone carbonyl oxygen of K28.  

Representative images of CR and Myr docked at the C-terminal site are shown in 

Figure 5.6c-d.  
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a. b.  

c. d.  

e.  
 

 
Figure 5.6: Congo red and Myricetin binding with an A�  fibril.  Oxygen atoms are 
shown in red, nitrogen in blue, sulfur in yellow, carbons and hydrogens in dark and 
light gray respectively. (a) CR bound at the � -turn near A21, D23 and A30, while CR 
sulfonate group formed a hydrogen bond with K28 amine (b) Myr bound at the � -turn, 
while forming hydrogen bonds with K28 and D23. (c) CR bound along the C-termini 
of A�  and near N27. (d) Myr bound along the C-termini of A� , while forming 
hydrogen bonds with the C-terminus and N27. (e) CR bound at K16-F20 (not 
experimentally confirmed). In all poses the inhibitor docked parallel to the fibril axis 
and perpendicular to the � -strands, such that CR interacted with about 4 stacks of A�  
and Myr with 2 stacks.   
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In addition to these two positions, CR docked successfully at two other sites near 

K16-V18, and near H14-K16.  When docked near K16-V18, the sulfonate oxygens of 

CR formed hydrogen bonds with the primary amine of K16, while the central 

hydrophobic biphenyl group had VdW interactions with V18.  With other A�  

structures, CR docked between H14 and K16 side chains, forming hydrogen bonds 

with both residues.  The electrostatic contribution in both poses was significantly 

higher than the electrostatic contribution to the binding energy at the two previously 

described sites, and constituted nearly a third of the total energy score for CR binding.  

The apparent interaction with the histidine should be regarded carefully, as the 

assigned protonation state of its side-chain varied between the different structures.  

The docking of CR near K16, either between H14-K16 or K16-V18, had similar 

energy scores to the docking of CR within the � -turn near K28, and was observed 

more frequently than docking at the C-terminal site among the 20 different A�  

structures.  The docking of the other inhibitors near K16 was rare and associated with 

significantly lower energies than the � -turn and C-terminal sites.  We were unable to 

elucidate a clear preferred binding site for either nicotine enantiomer, as they docked 

nonspecifically with only modest binding energies (Table 5.2).  None of the inhibitors 

bound near M35, due to the low solvent accessibility of the methionine in all fibril 

structures.   It is important to note that regardless of the initial docking location (i.e. 

near K16) inhibitors consistently docked in the � -turn near K28 or at the C-terminal 

site.  In addition, when we screened a library of nearly 2000 compounds from the 

NCI diversity set for docking against these two binding loci, only 2% of the library 
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bound with energies comparable to the scores of CR.  This result suggests that non-

inhibitors are unlikely to dock successfully to the A�  fibrils structure.  

 

5.3.3 Experimental data  

In order to experimentally test the predictions of the computational docking, A�  

fibrils were prepared analogously to methods used for NMR spectra collection [91].  

Fibrils were modified at specific locations near the predicted binding sites, and the 

equilibrium binding isotherms of CR and Myr to both chemically modified, mutated 

or wild type (WT) A�  fibrils were obtained.  Isotherms were then compared to 

determine if the amino acid modification or mutation perturbed the binding.  Due to 

the proximity of the best docking poses of all four inhibitors to K28 at the � -turn, and 

of CR to K16, we used reductive methlylation to modify the A�  lysines.  Each 

exposed primary amine of the A�  fibril typically adds two methyl groups under the 

reaction conditions used in this study [86], and the resulting increase in mass of 14Da 

per methyl addition can easily be followed by mass spectrometry.  As shown in 

Figure 5.7a, most of the A�  added either 4 or 6 methyl groups, suggesting that all 

three primary amines, the N terminus, K16 and K28, were at least partially modified.  

For the remainder of this paper, we abbreviate this modification of A�  as A� -Kmeth.  

Before testing the binding of CR to the A� -Kmeth fibrils, we confirmed using TEM 

that the chemical modification of the fibrils did not disrupt their structure.  As shown 

in Figure 5.8, the modified fibrils appeared morphologically similar to the unmodified 

WT fibrils and to the fibrils from which the NMR structure was derived [79, 91].  

Circular Dichroism (CD) spectra showed that no changes in the secondary structure 

composition occurred as a result of the modification (Figure 5.9).  Both WT and A� -
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Kmeth fibrils had bottom at ~219nm characteristic of a � -sheet motif.  The spectra 

slightly deviate from a typical � -sheet below 210nm, probably due to light scattering 

by the relatively large fibrils.   

 

Additionally, we verified that the modification did not shift the equilibrium 

between the insoluble fibrils and some other soluble forms of A�  such as monomers, 

dimers or soluble oligomers.  No statistically significant differences (p<0.05) in 

concentrations of soluble or insoluble A�  were observed between the WT and A� -

Kmeth fibril samples.  Additionally, we compared the fibril content of the WT fibril 

and the A� -Kmeth fibril samples using the ThT fluorescence [196] and CR absorbance 

shift [190] assays.  Both assays indicated that the fibril content of the A� -Kmeth 

sample did not change as a result of the chemical modification compared to WT 

fibrils (data not shown).  Taken together, our data suggest that the modification of the 

A�  fibril primary amines did not modify the fibril structure, stability or solubility, and 

if any structure changes were associated with the methylation of the lysines and N-

terminus, the structure changes were localized to the environment of the modified 

amino acid residue.  
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Figure 5.7: MALDI TOF MS spectra of alkylated A�  fibrils.  (a) WT (solid line), 
A� -Kmeth (dotted line) and A� -K16eth (dashed line) fibrils spectra, indicating that the 
fibrils added up to six alkyl groups when reacted with formaldehyde, with most A�  
being modified four (4388.9 Da) or six times (4416.1 Da).  When A�  fibrils were 
reacted with acetaldehyde, A�  was modified at two sites at most, as demonstrated by 
the peaks which appear in increments of 28 Da.  (b) trypsinized A� -K16eth fibril 
spectrum, which demonstrates that segment 17-28 was not modified (1327.6 Da), 
while segment 6-28 (2674.9 Da) was modified once, suggesting that A� -K16eth fibrils 
were modified with one ethyl group at the N-terminal and at K16.  

 

 

 

Figure 5.8: TEM images of WT, A� -Kmeth, A� -K16eth and N27P fibrils.  
Magnification is 80,000, bar represents 200nm.  The fibrils were 6-9nm in diameter 
and 100-200nm long.  
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Figure 5.9.  CD spectra of WT, A� -Kmeth, and N27P A����  fibril.  All three types of 
fibrils showed a � -sheet signal with a typical bottom at ~219nm.  Difference in signal 
of N27P below 210nm is likely due to reduced light scattering.  Error bars represent 
standard error based of three sample replicates.  

 

 

Representative equilibrium binding isotherms for CR and Myr bound to WT and 

A� -Kmeth fibrils are shown in Figure 5.10.  At high concentrations of ligand, both CR 

and Myr bound less to the A� -Kmeth fibrils than to WT fibrils, suggesting that their 

binding was partially blocked by the methylation of lysines in the A� -Kmeth fibrils.  

This result was more pronounced in the Myr-A�  binding isotherms, while the in the 

CR-A�  isotherms, the difference in binding at high concentrations was only 

significant at p=0.1.  The uncertainty in the data does not allow us to compare how 

methylation of the primary amines in the A�  fibril changes the dissociation constant 

Kd or explore more complex binding models.   

 

In order to elucidate whether the alkylation of K16 or of K28 altered the CR and 

Myr binding capacity of A�  fibrils, we first needed to selectively modify only one of 
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the lysine residues.  To that end we reductively ethylated A� , and assumed that K28, 

which has been shown to be less solvent accessible [60, 86] , would be less reactive 

towards the larger aldehyde [197].  The extent of ethylation of the A�  fibrils was 

again followed by MALDI TOF, where an increase in mass of 28Da indicated the 

addition of one ethyl group.  As seen in Figure 5.7a, only 2 ethyl groups were added 

to A�  fibrils at the completion of the reaction, one presumably at the unstructured N-

terminus, and the other at either K16 or K28.  We used tryptic digestion followed by 

mass spectrometry of the chemically modified A�  fibril to determine the locations of 

the added ethyl groups (Figure 5.7b).  A�  fragment 6-28, which contains both lysines, 

appeared at 2672.5Da, instead of at the theoretical mass of 2643.3Da, indicating that 

one ethyl group had been added.  In contrast, fragment 17-28, which includes only 

K28, appeared unmodified at 1325.1Da.  Hence, the modification with acetaldehyde 

added an ethyl group to K16, while K28 was not modified.  We designated this 

modified fibril for the remaining of this paper as A� -K16eth.  The A� -K16eth fibrils 

appeared structurally similar to the WT fibrils by TEM (Figure 5.8).  BCA analysis of 

the amount of insoluble aggregates and soluble peptide indicated that the 

modification did not alter the solubility of A� -K16eth or equilibrium between soluble 

to insoluble aggregates (data not shown).  Additionally, the A� -K16eth fibrils had 

similar fibril content to the WT fibrils, as indicated by ThT and CR assays (data not 

shown).  

 

We then examined Myr and CR binding to A� -K16eth fibrils (Figure 5.10).  The 

binding of both CR and Myr to A� -K16eth fibrils were similar to that of the WT 
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fibrils, suggesting that the addition of an ethyl group onto K16 did not affect their 

binding.  As with the A� -Kmeth isotherms, the trend in the data is more obvious in the 

A� -Myr isotherms.  In summary, it appears that the modification of the N-terminus, 

K16 and K28 lowered the binding capacity of A�  fibrils for both CR and Myr, while 

the modification of only the N-terminus and K-16 did not affect CR and Myr binding.    

 

We then tested the second A�  location that was predicted by docking to be a 

binding site for the inhibitors; between the C-terminus of one A�  layer and the 

outside of the � -turn of the second layer (Figure 5.6c-d).  The inhibitors at this site 

interacted with amino acids V39, V40, N27, G29 and the backbone of K28.  In order 

to experimentally test the C-terminus binding of the inhibitors, we again used CR and 

Myr, with a single amino acid A�  mutant in which N27 was replaced with proline, 

designated as N27P for the remaining of this paper.  TEM micrographs indicated that 

N27P fibrils have similar morphology to WT fibrils (Figure 5.8).  The secondary 

structure of N27P fibrils, as determined by CD, was typical for a � -sheet and 

comparable to WT fibrils (Figure 5.9).  The CD of N27P fibrils showed lower light 

scattering below 210nm (evident by noise) compared to WT and A� -Kmeth fibrils, 

possibly because of N27P formed shorter fibrils.  The ratio of soluble to insoluble 

protein in N27P and WT fibril were similar, indicating that the N27P mutation did not 

shift the equilibrium between soluble and insoluble A�  species, in agreement with 

previously reported data [83].  In addition, the CR absorbance shift assay suggested 

that the fibril content of both WT and N27P mutant were similar (data not shown).  
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As with the lysine modified fibrils, the N27P fibrils were similar to the WT fibrils via 

all observed measures.  

    

Representative binding isotherms of CR and Myr to N27P A�  fibrils are shown in 

Figure 5.10.  The data demonstrate that N27P fibrils have an altered binding capacity 

for both CR and Myr as compared to WT fibrils.  While binding of Myr to N27P was 

enhanced, binding of CR was reduced relative to WT fibrils.  The molecular 

interactions that led to the different effects of the N27P mutation on CR and Myr 

binding remain unclear.  Yet, the data suggest that both Myr and CR binding was 

affected by the mutation of N27, consistent with the docking predictions.  
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Figure 5.10: Congo red and Myricetin binding to WT A�  fibrils and to 
chemically modified or mutated fibrils.  Lines represent curves fitted to a typical 
single site binding isotherm.  WT fibrils (� , solid line), A� -K16eth fibrils (	 , dot-
dashed line), A� -Kmeth (
 , dotted line) and N27P fibrils (� , dashed line).  (a) Bmax 
values for CR binding to WT, A� -Kmeth, A� -K16eth, and N27P fibrils were 
11.8±1.2µM, 8.7±0.5µM, 10.4±1.0µM, and 8.0±0.7µM respectively. (b) Bmax values 
for Myr binding to WT, A� -K16eth, and N27P fibrils were 10.5±3.2µM, 8.7±1.9µM, 
and 20.6±4.2µM, respectively, while binding to A� -Kmeth fibrils was very low (curve 
was not fitted, line shown for representation only).  Bmax values were estimated such 
that a semi-quantitative comparison of ligand binding could be made, but were not 
meant to represent actual binding capacities of one or more sites on the fibril surface.  
Kd values varied between 1-5 � M for CR and 34-52µM for Myr, however, the 
uncertainties associated with these estimates were too high to allow comparison 
between binding to different fibril species.  
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The binding of nicotine and melatonin, the two other inhibitors we used for 

docking, was experimentally examined indirectly.  WT A�  fibrils were methylated as 

described, however the extent of the modification was compared in the presence or 

absence of the inhibitors during the course of the reaction.  Curcumin, an inhibitor we 

were unable to dock because of its high flexibility, was also included in this 

experiment.  A�  fibrils were preincubated with nicotine, melatonin, curcumin, or 

Myr, then reacted with cyanoborohydride and formaldehyde to modify the lysines.  

Figure 5.11 shows representative mass spectra obtained after 90 minutes of reaction.  

As shown, there are significant differences in the number of modified sites between 

A�  fibrils in the presence and absence of inhibitors.  After 90 minutes, very little of 

the A�  in the absence of an inhibitor remained unmodified, with most of the A�  

adding mass equivalent to 3 or more methyl groups.  In contrast, in the presence of 

inhibitors, a significant fraction of the A�  remained unmodified or increased in mass 

equivalent to one or two methyl groups.  Similar trends were observed regardless of 

the time of reaction (data not shown).  The presence of inhibitors nicotine, melatonin, 

curcumin, and Myr did not affect methylation of insulin (data not shown), suggesting 

that the effect was specific to A�  fibrils.  
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Figure 5.11: MALDI TOF spectra of A�  fibrils modified by formaldehyde in the 
presence of different toxicity inhibitors.  After 90 minutes of reaction, most of the 
A�  fibrils that were incubated in the absence of an inhibitor (solid line), modified 3 to 
5 times.  On the other hand, A�  fibrils that were incubated at the same conditions in 
the presence of Myr (dashed line), melatonin (dotted line), nicotine (dot-dashed line) 
or curcumin (gray line), were modified to a lesser extent, indicating that the presence 
of the inhibitors limited the extent of the reaction, possibly by blocking alkylation 
sites.  

 

 

5.4 Discussion 

There is a plethora of reported biological phenomena associated with A�  

interactions with cells including oxidative stress [48], calcium homeostasis disruption 

[198, 199], membrane pore formation [5, 45], kinase activation [6] and others.  Some 

of these phenomena are speculated to be associated with A� -receptor interactions [9], 

while others with A� -membrane interactions [39, 42].  In addition, while many 

reports claim that A�  acts on neurons, other reports focus on A�  interactions with 

glial cells.  Given this apparent wide range of possible A� -cell interactions, and the 

nonspecificity of some A�  interactions [9], it has proven challenging to elucidate 

residues on A�  associated with the A� -cell interaction directly.  We proposed here an 
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alternative approach, in which knowledge of the binding site of A� -toxicity inhibitors 

may serve as an indirect assessment of A�  amino acids that are crucial for A�  

biological activity.  We assume that inhibitors act by binding to A�  at locations that 

are meaningful in terms of A�  biological activity, and in this manner attenuate A�  

toxicity.  As a first step in testing that hypothesis, we report here a residue level 

assessment of the binding of small molecular weight toxicity inhibitors to A�  fibrils.  

Ultimately we will examine the role of those residues in A�  cell interactions and 

toxicity.  

 

Our methodology for identifying binding sites of toxicity inhibitors on A�  fibrils 

was comprised of two steps.  First, we computationally explored the binding by 

docking the inhibitors onto an A�  fibril structure.  Then, we experimentally tested the 

sites predicted by docking, using A�  fibrils chemically modified or mutated at 

specific amino acids.  

  

Docking, even with the highest resolution crystal structures, has limited accuracy.  

For A� 40, the only available structures were determined using solid state NMR [76, 

91], which is not ideal for molecular level computational modeling due to the relative 

low accuracy of NMR structures, specifically in terms of side chain positions [91].  

Yet, in the absence of available X-ray structures, NMR structures have previously 

been used successfully for molecular docking  [200-202].  In order to address some of 

the uncertainty derived from the limited accuracy of the A� 40 fibril NMR structure, 

we docked the inhibitors against twenty fibril structures, ten of each stagger type (see 
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reference [91] for full details).  Due to the fibrils double layered z-axis symmetry, 

each site exists twice in each fibril structure (except for the M35 of the two layers, 

which are at close proximity due to the � -sheets layers alignment).  Overall, the 

inhibitors were docked twice against each hypothesized binding site, for each of the 

20 structures.  By docking against a set of NMR fibril structures, we intended to 

cover a wide range of possible conformations of A�  fibrils.  We experimentally tested 

only sites that showed recurring A�  - inhibitor binding among the different fibril 

conformations.  It is important to note that the NMR structure used in this study does 

not include the flexible N-terminus, so interactions with these residues were not 

considered in this study.  Yet, the possible role of residues 1-8 in A�  biological 

activity or in ligand binding cannot be ruled out.  For example, N-terminal residues 

including H6 are involved in copper binding, which may be linked to A�  induced 

oxidative stress [10]. 

 

Another possible inadequacy of using an A�  fibril NMR structure arises from the 

question: are we addressing the right target?  A�  can aggregate to form a variety of 

morphologies which induce different levels of neurotoxicity.  While A�  fibrils are 

toxic to cells, it is widely accepted that rather than the A�  fibril, an aggregation 

intermediate often referred to as A�  oligomer, is the species manifesting the highest 

biological activity and neurotoxicity [29, 44, 54], and is believed to be connected to 

the root cause of AD [203].  Yet, the structure of the toxic A�  oligomer has been 

much more challenging to elucidate because of its transient nature, and difficulties 

associated with its isolation.  Available structural information for the A�  oligomer is 
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not yet sufficient such that computational docking or molecular dynamic simulations 

tools could be used to elucidate ligand/toxicity inhibitor binding sites on the 

oligomer.   

 

While it is clear that docking of ligands to an A�  oligomer is not yet possible, we 

believe that it is still of value to dock toxicity inhibitor ligands to an A�  fibril as a 

means to explore residues on A�  associated with biological activity.  First, it appears 

that there are some structural similarities between A�  intermediates that are 

associated with toxicity and A�  fibrils.  The toxic intermediate has � -sheet fibril-like 

secondary structure [204], and is recognized by several fibril-specific antibodies 

[167].  While there may be differences in tertiary structure [204], backbone solvent 

accessibility [19, 60], or stability between the toxic intermediate and the fibril [54], it 

appears that there are at least some molecular level structural similarities between the 

toxic intermediate and the mature fibril.  Second, A�  fibrils are still toxic [54], and 

have been shown to have a wide range of biological activities [54, 179].  Thus, in the 

absence of a high resolution structure of an A�  aggregation intermediate structure, we 

believe that the fibril structure could serve as a reasonable approximation for other � -

sheet fibril-like aggregates.  While other A�  aggregates such as oligomers may 

interact differently with the inhibitors we studied, our findings may provide a good 

starting point when more structural information becomes available.  

 

A final concern in starting with one A� 40 structure for ligand docking is the 

reported polymorphism in A�  fibril structure.  A new structural model of A� 40 fibrils 
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was published based on solid state NMR which is composed of a threefold symmetry 

rather than twofold [76].  The threefold layer fibrils were formed by different seeding 

of synthetic A� , and appeared differently under TEM.  The threefold layer fibrils 

were twisted, with a periodicity in the twist of about 120 nm, whereas the two-layer 

fibrils, used in this study, appeared flat.  While the secondary structure of a single 

peptide incorporated in both structures is composed of two parallel � -strands at 

residues 9-20 and 29-40 connected by a � -turn, with an unstructured N-terminus, 

differences between the two structures include a much tighter cavity within the � -turn 

for the three-layer structure compared to the two-layer structure, and differences in 

solvent accessibility at the C-terminus.  Since we used only one fibril morphology in 

this study, a striated fibril with a twofold symmetry, other fibril morphologies may 

yield different results.  The strategy demonstrated here to elucidate A�  fibril binders, 

may prove to be useful in elucidating small molecules which bind A�  fibrils with the 

twisted threefold symmetric fibrils, or other A�  aggregate structures.  Recent 

evidence suggests that A�  fibrils found in vivo are heterogeneous, but share some 

structural features of both 2 and 3 layer synthetic fibrils [93].  Thus, at least some A�  

fibrils found in vivo have comparable structures to that used in the docking studies 

performed here.  

 

The A�  fibril binding of four inhibitors was investigated in this study: CR [205-

207], Myr [208, 209], melatonin [210, 211] and nicotine [193, 212, 213].  The 

selection of toxicity inhibitors to be included in this study was based on several 

criteria.  We included in our study only inhibitors that were reported to bind or 
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interact with A�  fibrils or � -sheet aggregation intermediates.  For example, CR binds 

to A�  aggregates [190] and was shown to prevent the toxicity of preformed A�  

aggregates [205, 206].  Myr [209] and nicotine [193] were reported to bind to A�  

aggregates or fibrils.  While CR and Myr have been reported to bind to monomer or 

small oligomer A�  and prevent its aggregation, in this study we specifically examined 

their reported ability to bind to fibril A� .  We excluded molecules that were thought 

to act only by inhibiting A�  aggregation. 

 

In order to cover a diverse range of inhibitors, we included only inhibitors that 

were structurally dissimilar, and excluded inhibitors which are derivatives of each 

other.  For example, among several polyphenols that were shown to inhibit A�  

induced toxicity [214] we selected only Myr, and among several sulfonated dyes that 

attenuate toxicity [205] we included only the most commonly used dye,  CR.  Since 

DOCK 6 works better with ligands with up to 7 rotatable bonds, inhibitors with a 

higher degree of flexibility, such as curcumin [124, 215], were not docked.  Inhibitors 

that were reported to inhibit toxicity both in vitro and in vivo were preferred, as were 

inhibitors that were reported by several different laboratories. 

 

Our docking results suggest that three of the four inhibitors; CR, Myr and 

melatonin, although structurally different, all shared the best scored docking loci; at 

the � -turn between residues A21-A30, and at the nook located near the C-terminus, 

between amino acids V39-V40 of one fibril layer to the outer side of the � -turn of the 

other fibril layer, next to amino acids N27 and G29 (Figure 5.6).  Docking of nicotine 
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did not clearly converge to a specific binding site.  Experimental studies supported 

these findings.  Binding of both CR and Myr were perturbed upon methylation of 

K16 and K28, while neither were affected when only K16 was ethylated (Figure 

5.10).  Methylation of K28, while not affecting the charge on the lysine residue, 

would potentially disrupt hydrogen bonding and sterically hinder inhibitor binding.  

In addition, the presence of inhibitors (Myr, curcumin, nicotine, and melatonin) 

attenuated the methylation of lysines on A�  (Figure 5.11), while having no effect on a 

control protein, suggesting that the inhibitors alter the reactive environment of either 

K16 or K28.  Based on the binding isotherms, we presume that the inhibitors alter the 

reactive environment of K28. 

 

The N27P A� 40 mutation had been shown previously to form fibrils similar to 

WT [83], and was unlikely to perturb the � -turn [216, 217].  However, the N27P 

mutation did lead to significant changes in binding capacity of fibrils for CR and 

Myr, consistent with docking results.  It is notable, however, that while the binding 

capacity of the N27P fibrils for CR decreased, the Myr binding capacity increased.  It 

is not clear why the replacement of N27 with a proline induced a different effect on 

CR and Myr.  One possibility is that there are different molecular interactions 

responsible for the binding of CR and Myr to A�  fibrils at this position.  

 

The uncertainty in the data did not allow an accurate determination of the 

dissociation constants (Kd) for the binding of CR or Myr to the different fibrils 

species nor to explore multiple binding site models.  However, existence of multiple 
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binding sites of CR on A�  has been proposed before [218], and our data would 

suggest that there are at least 2 potential binding sites for CR on the A�  fibril, the two 

perturbed by the K28 modification and N27P mutation, and potentially a third 

binding site that gives rise to the shift in absorbance used for amyloid detection.  For 

all fibril samples, this characteristic shift in CR absorbance with fibril binding [190], 

was still observed (data not shown).  To our knowledge, there are no previous reports 

regarding the binding site of Myr on A� .   

 

Our CR docking and experimental data are in agreement with some previous 

proposals for CR binding to A� .  Hydrophobic interactions were hypothesized to play 

a key role in the burial of the hydrophobic center of CR, while the negatively charged 

sulfonate groups were thought to interact with a positively charged amino acid [218, 

219]. Additionally, based on geometric constraints [220], it has been proposed that 

CR is aligned parallel to the fibril axis and perpendicular to the � -strands, while 

interacting with 4 stacks of A�  monomers.  Such a binding mode was observed in all 

three docking sites of CR.  Other studies have suggested that CR may bind near a 

histidine amino acid [221], however our docking near H13-H14 was not reproducible.   

 

Our docking predictions and the experimental data suggest that despite being 

structurally dissimilar, several toxicity inhibitors, including CR and Myr, can bind at 

similar sites on A�  fibrils.  The identification of these sites now allows us the 

opportunity to explore the biological relevance of these common binding loci on A�  

fibrils.  Particularly, these may be A�  surfaces implicated in the interaction of A�  
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with cell membrane, which may become inaccessible when an inhibitor is bound.  

The potential role of the inhibitors’ binding site will be the focus of our future 

investigations. 

 

5.5. Conclusions 

In summary, we have shown the power of computational docking at elucidating 

possible binding sites of small molecule toxicity inhibitors to A� .  We have 

experimentally verified the binding of 2 toxicity inhibitors at two sites, and 

demonstrated indirectly that another 3 toxicity inhibitors may bind at one of those 

sites.  The work has identified amino acids and loci on the A�  fibril associated with 

toxicity inhibitor binding, but possibly more importantly, it provides us with a 

platform for in silico screening of libraries of compounds that bind to A�  fibrils that 

could then be tested for A�  toxicity prevention.  
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Chapter 6:  The role of Lys28 in A�  biological activity and in 

silico screening for potential A�  toxicity inhibitors - Preliminary 

results 

6.1 Introduction 

As described in Chapter 5, we have found that two toxicity inhibitors, Congo red 

(CR) and myricetin (Myr), bind at two common loci on � -Amyloid (A� ) fibrils; at the 

� -turn near Lys28 and near the C-termini.  Computational docking predicted that 

melatonin and nicotine, two additional previously reported toxicity inhibitors, may 

also bind in the same two sites.  Reductive alkylation of the primary amines of A�  

fibrils in the presence of Myr, melatonin, nicotine and curcumin, was attenuated, 

suggesting that these inhibitors interfered with these reaction sites on A�  fibrils.  

Based on our findings that CR and Myr bind near Lys28, we believe that the 

interference of nicotine, melatonin and curcumin with the alkylation of one of the 

primary amine of A�  was at Lys28.   

 

The identification of sites that serve as binding loci of multiple dissimilar toxicity 

inhibitors may suggest that these loci have a biological relevance in the activity of 

A� .  For example, the loci may be involved in mediating the interactions of A�  with 

the cell membrane, which is hindered in the presence of the inhibitors.  We describe 

here preliminary results of assessing the potential role of Lys28 in A�  biological 

activity.  A�  was shown to interact with cell membrane and to potentially disrupt the 

lipid bilayer [40, 42, 43, 153].  The possible role of the three primary amines; the N-
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terminus, Lys16 and Lys28, in the binding of A�  to cell membrane is described.  The 

effect of the toxicity inhibitors on A�  binding to cells was also explored.  The results 

indicated that the primary amines played a role in the binding of A�  fibrils to cell 

membrane.  Based on our findings that CR and Myr can bind near Lys28, we 

hypothesized that among the primary amines of A� , Lys28 may be the most relevant 

amine in the binding interactions.  The results provide new insights into the molecular 

and biophysical factors that mediate A�  biological activity.          

 

Driven by our findings, we hypothesized that novel molecules that can bind with 

high affinities at Lys28 may serve as potent inhibitors for A�  binding to cells and for 

A�  toxicity.  The recent elucidation of the structural details of A�  fibrils enables the 

usage of computational tools to predict and model the interaction of A�  fibrils with 

molecules.  In silico Virtual Screening (VS) of large databases of molecules is a 

potent tool for the discovery of lead compounds, which has the potential to be 

optimized to develop therapeutics.  The advantages of VS over other drug discovery 

strategies include the requirement for lower resources and the ability to cover a wide 

chemical space [222].  We performed a VS to discover novel small molecules that are 

capable of binding at two loci on the A�  surface identified as important for A�  

binding to cells; Lys28 and the C-termini, and which could possibly be used as lead 

structures for drug discovery for A�  toxicity.  DOCK 6 [181, 223] was used to 

perform the screening of two small molecules libraries; the National Cancer Institute 

(NCI) diversity set (~1400 molecules), and a larger set of Central Nervous System 

(CNS) permeable molecules (~350,000 molecules).  The molecules of both libraries 
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were ranked according to the calculated energy scores.  The top scored molecules can 

potentially prove to be strong binders to A�  aggregates and to inhibit A�  toxicity.  To 

complete this work, in vitro testing of the top compounds identified should be 

performed.  

 

6.2 Materials and Methods 

6.2.1 Materials 

All chemicals were purchased from Fisher (Pittsburgh, PA) or Sigma Aldrich (St. 

Louis, MO), unless otherwise specified.  Cell culture reagents were obtained from 

Invitrogen (Carlsbad, CA). 

6.2.2 A�  fibril preparation 

A� 40 (Anaspec, San Jose, CA) stock solutions were prepared by dissolving A�  at 

10mg/ml in ddH2O with 0.1% TFA for 60 minutes.  The stock was diluted in PBS 

(138mM NaCl, 10mM Na2HPO4, 2.7mM KCl, 1.8mM KH2PO4) to a final 

concentration of 100µM, and was gently mixed using a rotator for 24 hours at room 

temperature.  This fibril preparation method consistently produced fibrils with a “non-

twisted” or flat morphology, similar to those used to obtain the published ssNMR 

structure. 

6.2.3 Modification of lysine amino acids 

The modification of lysine residues was performed after fibril formation using 

reductive alkylation with formaldehyde at 250C.  Sodium cyanoborohydride was used 

as a reducing agent.  The reaction was carried at 88µM A� , 880µM formaldehyde 
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(1:10 A� :formaldehyde molar ratio) and an excess of sodium cyanobohydride 

(88mM).  After 6 hours the reaction was quenched by the addition of an excess of 

ammonium bicarbonate.  The reaction modified the N-terminus, K16 and K28, as 

indicated by MALDI TOF MS of tryptic fragments of A� .  The lysine alkylated 

fibrils are abbreviated A� -Kmeth for the reminder of this paper.  A� -Kmeth fibrils were 

centrifuged, washed 3 times to remove the chemical reagents and resuspended in PBS 

before being added to cells.  WT fibrils were centrifuged and washed similarly to 

maintain consistency between the samples.  Soluble A�  oligomers that formed during 

aggregation along with any unaggregated A�  would be removed during the washing 

procedure. 

6.2.4 A�  binding to SH-SY5Y cell membrane 

The binding of A�  fibrils to SH-SY5Y cells was detected using fluorescently 

labeled A�  fibrils and flow cytometry.  100µM A�  were mixed with 1% fluorescently 

labeled TAMRA-A�  (N-terminus labeled).  A�  was aggregated for 24 hours at room 

temperature to form fibrils.  A�  fibrils were then chemically modified as described.  

The reaction had no effect on TAMRA fluorescence.  SH-SY5Y cells were grown 

using Minimum Essential Media (MEM) using 10% Fetal Bovine Serum, 1% 

Fungizon, 1% Penicillin, and 2.2gr/L sodium bicarbonate, in a humidified incubator 

with 5% CO2 at 370C.  Cells were plated in a 96 well plate at 100,000 cells / well for 

24 hours to allow adherence of cells to plate surface.  The cells were fixed by adding 

PBS containing paraformaldehyde to the media, to a final content of 2% 

paraformaldehyde for 15 minutes.  50µM fluorescently labeled A�  fibrils in PBS 

were then added to SH-SY5Y cells and the plate was incubated for two hours at 370C.  
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Cells were then washed using PBS to remove any unbound A�  fibrils, gently scraped 

off the plate surface and analyzed using flow cytometry to detect relative amount of 

A�  bound to cells.  Geometric mean of the fluorescence intensity of the cell 

population was considered as a measure of the amount of A�  bound to cell surface.  

Fluorescence intensity measurements were corrected for the autofluoescence of 

unlabeled cells.  Care was taken to ensure that free fibrils that might have been 

counted in the flow cytometer were gated such that they were not included in the A�  

fibril-cell fluorescence. 

6.2.5 Structure base Virtual Screening (VS) 

The program DOCK 6 [181, 223] was used for docking.  The receptor in docking 

simulations was an NMR A� 40 fibril structure made up of 12 A� (9-40) monomer 

units, where residues 1-8 were unstructured and therefore omitted (coordinates from 

solid state NMR, provided by R. Tycko by personal communication).  A -2 stagger 

configuration [91] of the fibrils was used (structure Ab40m1_2).  We previously 

showed that docking of inhibitors was the same for +2 and -2 stagger, and among 

different structures of the same stagger configuration (Chapter 5).  Hydrogens 

missing from A�  were added using PDB2PQR [185] (version 1.2.1) using the Amber 

force field and assigned pH of 7.4 using PROPKA [186].  A�  charges were added 

using Antechamber [187] embedded in Chimera [188].  Structures in mol2 format 

(ready for docking) of the NCI diversity set and of the CNS-permeable library were 

obtained from the database ZINC [183].  The protonation states of inhibitors of both 

libraries correspond to pH values of 5.75 to 8.25, therefore some inhibitors were 

considered multiple times.  Binding sites were defined by stripping all receptor 
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hydrogens, and then the program DMS, embedded in DOCK, was used to calculate 

the accessible receptor surface.  Sets of overlapping spheres were generated using 

SPHGEN (embedded in DOCK) to create a negative image of the receptor surface.  

Two exclusive binding sites were screened; Lys28 (� -turn) and Val36-Val40 (C-

termini) of the four central chains of the A�  fibril structure were defined as the center 

of the binding site, and spheres within 8Å were included in the binding pocket.  The 

binding pockets were visually inspected to exclude spheres outside the � -turn or away 

from the C-terminus, respectively.  Docking was run using a grid based score with a 

flexible ligand and rigid receptor using default settings except for the following: 

minimal anchor size was 20 atoms, and ligand clash overlap was 0.9 (no more than 

10% atomic radius overlap).  Energy and contact grids were generated using the 

default settings within a box surrounding the binding sites with 5Å margins.  DOCK 

was run serially on a cluster containing 32 nodes of dual-core AMD-Opteron at the 

UMBC High Performance Computing facility.  The large CNS-permeable library was 

subdivided into subsets of 150 molecules each, which were docked individually.  The 

results from all individual runs were later integrated and re-ranked using in-house 

procedure.  The docking results of the CNS-permeable set were clustered based on 

structure similarity using the ligand-info server [224] using a modified Tanimoto 

coefficient of 0.8.  The docking results were inspected visually using Chimera [188].  

Molecular descriptors were calculated using the CDK molecular descriptor GUI 

[225]. 
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6.3 Results 

6.3.1 The effect of Lys alkylation on A�  fibrils binding to SH-SY5Y cells 

The binding of A�  fibrils to SH-SY5Y cell membrane was detected using A�  

fibrils prepared with fluorescently labeled A�  and flow cytometry.  The primary 

amines of A�  fibrils were modified using reductive alkylation with formaldehyde.  

Previous data indicates that the reaction modifies the N-terminus, Lys16 and Lys28, 

of the A�  fibrils at the conditions used.  Binding to fixed SH-SY5Y cells of 

unmodified fibrils (WT) and modified fibrils (A� -Kmeth) in PBS was compared.  As 

shown in Figure 6.1, the binding of A� -Kmeth fibrils was higher than WT fibrils 

(p<0.05), suggesting that the modification altered an A�  locus (or loci) that are 

important for A�  binding to the cell membrane.  We hypothesize that the modification 

of Lys28 is the one that resulted in the change in binding since we have shown before 

that at least two inhibitors bind near Lys28.  

  

We then attempted to elucidate the possible role of Lys28 in A�  binding to cells.  

Based on the NMR structure of A�  fibrils Lys28 is buried inside the � -turn [91], 

therefore we eliminated the option that Lys28 is simply at an interface that becomes 

in contact with the cell membrane upon binding.   

 

To explore whether the enhanced binding of the A� -Kmeth fibrils compared to WT 

fibrils was due to differences in electrostatic interactions, we repeated the binding 

assay at a lower ionic strength than of PBS.  The A�  fibrils (WT and A� -Kmeth) were 

centrifuged and washed to remove the salts, and then resuspended in phosphate buffer 
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(PB).  The final ion concentration after resuspension in PB was 30mM compared to 

134mM in PBS.  The results shown in Figure 6.1 indicate that WT A�  fibrils binding 

in PB increased to the same levels of the A� -Kmeth fibrils in PBS, whereas A� -Kmeth 

fibrils binding did not change.  The effect of binding at low ionic strength which 

affected binding of WT fibrils but did not affect A� -Kmeth fibrils, suggests that ions 

attenuated the cell binding only of WT fibrils.  

 

We then tested the binding of A�  fibrils in the presence of Myr, which we found 

binds less to A� -Kmeth fibrils than to WT fibrils, and of nicotine, melatonin and 

curcumin, which attenuated the methylation of A�  primary amines by formaldehyde.  

The results, shown in Figure 6.2, indicate the Myr was able to attenuate the binding of 

both WT and A� -Kmeth fibrils to the cells (p<0.05).  The effect of the other three 

inhibitors seemed opposite for both types of fibrils.  Binding of WT fibrils seemed to 

increase in the presence of nicotine, melatonin and curcumin, while the binding of 

A� -Kmeth fibrils seemed to decrease, although not all differences were statistically 

significant (Figure 6.2).  CR, the other inhibitor we found that binds near Lys28, 

could not be tested in a similar experiment because CR significantly quenched the 

fluorescence of TAMRA.  
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Figure 6.1: Binding of WT and A� -Kmeth fibrils to SH-SY5Y cells in PBS and in 
PB.  The Y-axis is the geometric mean of fluorescence of cells.  A� -Kmeth fibrils in 
PBS bound more to cells than WT fibrils.  At lower ionic strength (PB), WT binding 
increased to the same level of A� -Kmeth fibrils in PBS, whereas A� -Kmeth fibrils 
remained unchanged.  Data was collected in three independent experiments with five 
replicates for each sample.  Bars represent standard error, asterisk designates p < 
0.05.  
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Figure 6.2: Effect of inhibitors on binding of WT (black) and A� -Kmeth (gray) 
fibrils to SH-SY5Y cells.  The Y-axis is the geometric mean of fluorescence of cells.   
Myricetin decreased the binding of both types of fibrils, while the other inhibitors 
affected the two binding of the two fibrils in an opposite manner.  Data was collected 
using five replicates for each sample.  Bars represent standard errors.  Asterisks 
designate p < 0.05.  
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Taken together, these results suggest that attractive electrostatic forces are 

important in the interaction between WT fibrils and the cell surface, and are less 

important in the interaction with the cell when the fibril is methylated at the lysines.  

The interaction of the cells with both WT and A� -Kmeth fibrils can be blocked by Myr 

but not by the other inhibitors.  The ability of Myr to block the binding of A� -Kmeth 

fibrils despite the reduced binding near Lys28, suggests that Myr binding at another 

A�  binding site is responsible for reducing the binding of A�  to cells.  We postulate 

that all inhibitors bind to at least two binding sites on the A�  surface.  

 

6.3.2 Structure based Virtual screening (VS) 

The cell binding data is in agreement with our previous hypothesis that Lys28 

plays a role in A�  biological activity.  However, it is clear from Figure 6.2 that 

another loci is also important for A�  cell binding.  Based on our inhibitors study 

presented in Chapter 5, we hypothesize that the surface near the C-termini of A�  may 

also be important for the activity of A� .  We therefore postulate that small molecules 

that bind with high affinity at one of those two sites can potentially inhibit the 

interactions of A�  with cells.  VS is a powerful methodology for the discovery of 

small molecular weight inhibitors / binders.  VS is typically carried out by defining 

the 3D target and the libraries of molecules to be screened, docking the molecules and 

ranking them, and inspecting the docking results [222].  The in silico predictions 

should then be tested in vitro.  To that end, we performed VS of two independent 

libraries of molecules and docked them against the two A�  sites; Lys28 (� -turn) and 

the C-termini.  The binding pocket in DOCK is defined by spheres which represent a 
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negative image of the receptor surface.  We constructed binding pockets around each 

of the sites as illustrated in Figure 6.3.   

 

The two libraries we screened are the NCI Diversity Set II 

(http://dtp.nci.nih.gov/branches/dscb/div2_explanation.html) and a CNS-permeable 

subset of molecules available from the ZINC database [183].  The NCI Diversity Set 

II was derived from nearly 140,000 compounds.  The molecules were selected based 

of suitability for computational modeling, and uniqueness of pharmacophores (e.g. 

hydrogen bonds donors/acceptors).  The final result is a set of 1364 molecules.  A 

more detailed description for selection and filtering methods used to generate the 

diversity set is available at the Development Therapeutics Program (DTP) NCI  

website.  The CNS-permeable set is a prefiltered subset that was sorted from all 

molecules available on ZINC based typical CNS-permeability criteria: polar surface 

area between 0 and 60 Å2, 150 < M.W < 400, 1.5 < logP < 2.7 

(http://zinc.docking.org/index.shtml), where logP is the predicted octanol / water 

partition coefficient.  The ZINC database contains over 13 million small purchasable 

molecules.  The CNS-permeable subset contains roughly 350,000 molecules [183].  

 

The docking results of the top 50 molecules were inspected visually using 

Chimera [188] to eliminate unreasonable binding modes.  Ligands docked with more 

than two steric clashes were eliminated.  The top ten molecules of the NCI diversity 

set and of the CNS-permeable libraries to the Lys28 and C-termini binding sites are 

depicted in Tables 6.1 through 6.4, respectively.  It is commonly accepted that 
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molecules that are structurally similar are likely to display similar activities [226].  

Whereas the NCI diversity set was created while ensuring diversification of the 

library, the CNS-permeable library contains molecules that are structurally similar.  

Therefore, we clustered the top 2000 binders based on structure similarity.  The 

structures of best binders of the CNS-permeable set shown in Tables 6.3 and 6.4 

therefore represent the top 10 structurally diverse molecules.   

 

 

 

 

Figure 6.3: The two binding pockets considered for VS.  The Lys28 site (green) 
and the C-termini (blue) were composed of spheres that were constructed around the 
protein surface.  
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1. NSC260594, -74.2 kcal/mol 

.  
2. NSC61610, -69.4 kcal/mol 

 

 
3. NSC91529, -69.1 kcal/mol 

 
4. NSC67436, -68.0 kcal/mol 

 

 
5. NSC80731, -65.9 kcal/mol 

 

 
 
 
6. NSC58052, -64.0 kcal/mol 

 
7. NSC37553, -62.3 kcal/mol 

 

 
 
8. NSC36317, -59.8 kcal/mol 

 
 

9. NSC78676, -59.6 kcal/mol 

 
 

10. NSC91368, -58.0 kcal/mol 
 
Table 6.1: NCI diversity set best binders at the Lys28 � -turn cavity.  
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1. NSC260594, -79.6 kcal/mol 

.  
 
 
2. NSC60340, -78.0 kcal/mol 

 
 

 
3. NSC60339, -76.6 kcal/mol 

 
4. NSC36818, -74.5 kcal/mol 

 
5. NSC67436, -74.0 kcal/mol 

 

 
 
 
6. NSC123115, -70.4 kcal/mol 

 

 
 
 
7. NSC80735, -70.2 kcal/mol 

 
8. NSC99657, -67.0 kcal/mol 

 
 
 
9. NSC133071, -66.6 kcal/mol 

 
10. NSC80734, -66.5 kcal/mol 

 
Table 6.2: NCI diversity set best binders to the C-termini.  
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1. -60.5 kcal/mol  

2. -59.9 kcal/mol 

 
3. -59.6 kcal/mol 

 

 
 
 
 
4. -59.1 kcal/mol 

 

 
 
 
5. – 58.9 kcal/mol 

 

 
6. -58.6 kcal/mol 

 
7. -58.6 kcal/mol 

 

 
8. -58.3 kcal/mol 

 
 
9. -58.2 kcal/mol  

10. -58.1 kcal/mol 
 
Table 6.3: CNS-permeable library best binders at Lys28 � -turn cavity.  
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1. -88.9 kcal/mol 

 
2. -88.6 kcal/mol 

 
 
 
3. -86.2 kcal/mol 

 

 
 
4. -84.9 kcal/mol 

 
 
5. -84.3 kcal/mol 

 

 
6. -83.9 kcal/mol 

 

 
 

7. -82.8 kcal/mol 
 

8. -82.8 kcal/mol 
 

 
9. -81.6kcal/mol 

 

 
10. -80.2 kcal/mol 

 
Table 6.4: CNS-permeable library best binders to the C-termini.  
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The top binders of the NCI diversity set have a higher average molecular weight 

(460) than the average molecular weight of all molecules in the library (280).  The top 

binders also have a higher number of hydrogen bond donors (HBD) and acceptors 

(HBA) than on average in the library, 2.9 and 7.6 respectively, compared to 1.7 and 

3.7 in the library.  The higher HBD and HBA numbers suggest that hydrogen bonds 

are important for the binding of inhibitors both at the C-termini and at the � -turn.  

Nearly all molecules of the NCI diversity set formed at least one hydrogen bond with 

Lys28 or Asp23 when bound at the � -turn, or with the C-termini carboxyl when 

bound near the C-termini.  There are no differences in the average molecular weight, 

HBD or HBA numbers between the top binders at the C-termini or at the � -turn of the 

NCI diversity set (Tables 6.1 and 6.2).  On the other hand, the average partition 

coefficient (xLogP) of molecules from the NCI diversity set predicted to bound at the 

� -turn appears higher than of molecules predicted to bind at the C-termini, 5.5 ± 0.9 

compared to 3.6 ± 0.8.  This is consistent with the � -turn binding site being a 

hydrophobic cavity, whereas the C-termini site is solvent accessible.   

 

The top binders of the CNS-permeable library in both sites have several structural 

differences.  The molecules that docked inside the � -turn have a slightly higher 

molecular weight compared to those docked at the C-termini (369±7 and 327±7, 

respectively).  Additionally, molecules docked in the � -turn had more HBA than 

those docked at the C-termini.  This can be explained by the presence of Lys28 and 

Asp23 as HBD and HBA in the � -turn, while at the C-termini the molecules formed 

hydrogen bonds primarily with the C-termini, which is an HBA.  The average number 
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of HBD is the same among the best scored molecules in both sites.  In terms of 

structural elements, the top binders at the � -turn tend to have ketone groups, while the 

top binders in the C-termini tend to have ether groups (Tables 6.3 and 6.4).  Despite 

the differences in hydrophobicity between the two sites, there are no differences in 

the partition coefficient of the top binders in both sites.   

 

6.4 Discussion  

Lysine amino acids were previously suggested as important in A�  interactions 

with cells.  Positively charged amino acids, R5, K16 and K28, were hypothesized to 

mediate electrostatic interaction of A�  with cell membrane [39, 102].  In the previous 

chapter we found that several structurally different inhibitors bind at common loci on 

A�  fibrils, one of them was Lys28.  The other common site for two toxicity inhibitors 

was near the C-termini of the A�  fibril.  Our goal in this project was to test whether 

Lys28 has a role in A�  biological activity.  The preliminary data was utilized to 

launch an inhibitor discovery search using computational docking.  

 

In order to assess the biological role of Lys28 of A�  fibrils we used a lysine 

specific chemical modification.  Methylation of the primary amines of A�  fibrils was 

performed using reductive alkylation with formaldehyde.  Mass spectrometry data 

indicates that all three amines; N-terminus, Lys16 and Lys28 were methylated or 

dimethylated (data not shown).  The binding of the unmodified (WT) and modified 

(A� -Kmeth) fibrils to SH-SY5Y cells was compared (Figure 6.1).  The results indicate 

that the methylation of the primary amines increased the binding of A�  to the cell 
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membrane.  When the binding was assessed again at lower ion strength, the binding 

of WT fibrils increased to the same level of A� -Kmeth fibrils.  The results suggest that 

methylation of the primary amines of A�  fibrils increased the propensity of the fibrils 

to bind to cells, and that ions attenuated the binding of WT fibrils but not of A� -Kmeth 

fibrils.   

 

Methylation of primary amines does not change the charge of the lysine amino 

acid.  However, the methylation of Lys28 may have destabilized the fibrils.  As 

described earlier in Chapter 3, lower fibril stability was associated with higher 

biological activity of A� .  It has been shown previously that A� (25-35) fibrils 

prepared with acetylated Lys28 required less mechanical force to deform the fibrils 

[227].  Possibly, the methylation decreased the fibril stability, and these less stable 

fibrils disassembled and the smaller subunits bound more to the cells.  

 

The simplest explanation for the effect of ions on the binding of WT fibrils is that 

negative ions bound to the positively charged amines, and masked attractive 

electrostatic interactions with the negatively charged cell membrane.  The 

methylation of the amines possibly sterically hinders the binding of a negative ion, 

thus eliminating the electrostatic shielding.  Alternatively, the effect of ions on the 

binding could be explained via the effect of ions of water structure.  The existence of 

water molecules within the � -turn is thought to play a role in solvating the Asp23-

Lys28 salt bridge which is relatively buried and stabilizes A�  fibrils [92].  The 

presence of ions in water lowers the propensity of water to form linear hydrogen 
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bonds network [228].  Therefore, the removal of ions may have altered the way by 

which water molecules solvated the Asp23-Lys28 salt bridge, and changed the 

mobility of K28 and its accessibility and/or propensity to interact with the cell 

surface.  

 

While we focus on Lys28 due to our findings of inhibitors that bind at this 

location, our chemical modification changed also the N-termini and Lys16, which 

could also potentially affect cells binding.  Particularly, as discussed in Chapter 3, the 

N-terminus segment seems to play a role in A�  binding to cell membrane.   

 

We then tested the effect of five inhibitors on the binding of WT and A� -Kmeth 

fibrils to cells.  Myr, which we have shown binds near Lys28 and at the C-termini of 

A�  fibrils reduced the binding of both types of fibrils (Figure 6.2).  This is the first 

report of the potency of Myr to reduce A�  binding to cells.  Nonetheless, the ability of 

Myr to attenuate the binding of A� -Kmeth fibrils, despite the reduced binding near 

Lys28 as previously shown, suggests that the inhibitory mechanism does not involve 

that binding site.  Possibly binding of Myr to the C-termini reduced the binding of 

A� .  Alternately, the reduced binding of A�  in the presence of Myr may be due to a 

mechanism that is not involved binding to any of the binding sites we elucidated in 

Chapter 5.  Interpretation of the effect of the other inhibitors on A�  and A� -Kmeth 

fibrils to cells is more difficult, primarily because we do not have direct evidence for 

binding of these inhibitors to A�  fibrils at Lys28, or at other loci.  Further 
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investigation is required to shed more light on the interaction of those inhibitors with 

A�  aggregates.  

 

Despite the somewhat equivocal results regarding the A�  loci or surface that are 

important for toxicity, we initiated a search for novel low molecular weight binders to 

the two sites previously identified; Lys28 and the C-termini.  Two libraries were 

screened and ranked using docking.  The NCI diversity set was selected among other 

consideration based on unique pharmacophores of the molecules, therefore 

appropriate to cover a wide chemical space.  The second library was screened based 

on molecular properties that are associated with CNS-permeability.  Endothelial cells 

in the brain form the blood-brain-barrier (BBB) which modulates the transfer of 

molecules to and from the brain [229].  The low and selective permeability of the 

BBB adds a significant challenge to the development of drugs that target the CNS 

[230].  Therefore, screening a large library of molecules that are predicted to cross the 

BBB may be fruitful.  The best binders as predicted by docking are depicted in Tables 

6.1 through 6.4.   

 

As described in Chapter 5, the binding of CR and Myr at the � -turn and near the 

C-termini was confirmed experimentally.  CR had the highest energy among the 

inhibitors we studied in Chapter 5, and in vitro CR showed a higher affinity than Myr.  

Therefore, we used CR as a positive control for the VS results.  The docking energy 

scores of CR when docked near Lys28 is at the 99 and 99.8 percentile of the NCI 

diversity set and the CNS-permeable library, respectively.  When docked at the C-
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termini, CR score was at the 99 percentile of both the NCI diversity set and the CNS-

permeable libraries.  All of the molecules shown in Tables 6.1 - 6.4 have better 

docking energy scores than CR.  

 

Interestingly, two molecules from the NCI diversity set, NSC260594 and 

NSC67436, are ranked among the top ten binders in both binding sites.  Among the 

top 50 binders to both sites there is an additional common molecule.  In the CNS-

permeable library, the seventh top binder in the � -turn is ranked 11 among the top 

binders at the C-termini.  In addition, a molecule with high structural similarity to the 

top molecule in the � -turn (Table 6.3) is an enantiomer of the 16th molecules in the 

C-termini.  These similarities may be a result of the relatively lenient geometric 

constrains of the binding site which may result in low specificity.   

 

The Lipinski “rule-of-five” defines criteria for drug likeliness of molecules 

[231], in terms of numbers of HBA and HBD, MW, and partitioan coefficient (logP).   

Since the best binders of the NCI diversity in both sites have relatively high 

molecular weight, some of them violate the “rule-of-five” of M.W < 500.  The CNS-

permeable library was predefined with more restrictive criteria than the “rule-of-five” 

in terms of molecular weight and partition coefficient.  Although the numbers of 

HBD and HBA were not predefined in the CNS-permeable library, these values also 

do not violate the rule-of-five for number of HBD and HBA (<5 and <10, 

respectively).   The compliance of the best binders of the CNS-permeable library with 

the “rule-of-five” makes these molecules drug-like in terms bioavailability.  
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6.5 Future work 

The work presented here is preliminary and should be continued before 

significant conclusions can be made regarding the importance of Lys28 in A�  

activity.  Furthermore, the role of the C-termini should be explored using mutants or 

other structural alteration methodologies.  While we found the potency of Myr to 

inhibit the binding of A�  fibrils, both WT and A� -Kmeth, to be reproducible, the affect 

of the other inhibitors on A�  binding should be further explored.  At the same time, in 

vitro testing of the molecules we identified using VS, could lead to the discovery of 

novel inhibitors of A�  cell binding and toxicity.  Perhaps, prior to the in vitro testing, 

it is advisable to perform a similarity search in large databases for the top predicted 

binders, which will be again virtually screened and ranked.  The results of this work 

contribute to our structural understanding of A�  activity, and may yield novel 

inhibitors that could potentially serve as lead compounds for drug discovery for 

Alzheimer’s disease.  
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Chapter 7:  Conclusions and future directions 

7.1 Introduction 

Alzheimer’s disease (AD) has increasingly captured the public attention and 

awareness in recent years.  The recent efforts and discoveries made by the scientific 

community have brought us much closer to a therapeutic for Alzheimer’s than we 

were only a decade ago.  Yet, the molecular biology understanding of AD is lacking 

and is one of the central hurdles towards the development of efficacious, potent and 

safe therapeutics.  For example, the mechanisms of the secretases in cleaving APP 

and liberating � -Amyloid (A� ) are not fully understood.  In this work we have 

attempted to advance research towards another central unresolved matter; how does 

A�  structure at both the macroscopic and molecular level contribute to A�  toxicity?  

Many laboratories have attempted to answer this question before, and contributed to 

our understanding of the structure – neurotoxicity relationship of A� .  Nonetheless, 

the plethora of proposed structures and mechanisms imply that the scientific 

community still has not identified and agreed on such relationships.   

 

7.2 Summary of work and contribution to the field 

We first tackled the structure aspect of the problem.  We extended a previous 

study from our lab which identified that the greatest structural rearrangement which 

accompanies the transition from spherical oligomers, that were highly toxic, to 

mature less-toxic fibrils, was in residues 1-16.  We used amino acid specific chemical 

modifications to assess the solvent accessibility of two residues, Arg5 and Tyr10, 
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upon the oligomer to fibril transition.  We found that Arg5 seems to be more 

structured in the fibril configuration.  Nonetheless, we found that fibrils of different 

morphology formed under different aggregation conditions seem to lack that structure 

around Arg5.  The fibril which was structured at Arg5 was shown in the past to be 

less toxic and more stable than the oligomers and the Arg5 accessible fibrils, 

suggesting that Arg5 may have a role in stability and/or toxicity of A�  aggregates.  

We measured nonspecific binding of A�  to cells in vitro, and assessed the role of 

Arg5 in binding by chemically modifying with PGO.  The modification at Arg5 of A�  

fibrils changed the amount of A�  binding to cells, suggesting that indeed Arg5 plays 

some role in A�  binding to cells, and potentially in A�  neurotoxicity.  To our 

knowledge, this is the first time that a molecular level difference is identified near the 

N-terminus, between A�  intermediate oligomers and fibrils, and between two 

different fibril morphologies formed by A� 40.  The evidence that we provided 

regarding the possible role of Arg5 in A�  toxicity contributes to our overall picture of 

factors that effect A�  toxicity.  

 

Despite identifications of some molecular level differences between oligomers 

and fibrils that we and other have made, which could potentially justify the disparity 

in their biological activity, it appears that there are considerable similarities between 

the structures of the oligomer and fibril.  The appreciation that the A�  oligomer and 

fibril may in fact be relatively similar molecularly, led us to explore whether the 

micro-scale difference in size of the aggregates can contribute to the observation of ‘a 

more toxic oligomer’.  We constructed a diffusion-limited reaction model for the 
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toxic reaction of A�  with cells that accounted for differences derived from the size of 

the aggregates; concentration and diffusivity.  The results of the simplified model 

indicate that the higher toxicity of A�  oligomers can be explained, at least partially, 

from diffusivity and concentration considerations.  While we do not propose that 

there is no molecular structure basis for the unique biological activity of A�  

oligomers, the model highlights an aspect of A�  toxicity which is overlooked by most 

researchers.  

 

We then turned towards identifying loci on A�  aggregates that constituted the 

“active-site” of A� ; the amino acids that are essential for A�  toxicity.  A review of the 

literature indicate that at least thirteen different amino acids (out of 40 or 42) were 

shown or implicated by various techniques to contribute to A�  toxicity, ranging from 

the N-terminus of the A�  sequence to M35.  We sought a unique approach to identify 

the “active sites” on A� , in which we elucidated the binding sites of small molecular 

weight toxicity inhibitors as a means to explore residues and surfaces on A�  that are 

associated with toxicity.  Our overall goal was to identify molecular level details of 

the interaction of A�  with neurons.  We used computational docking to predict the 

binding sites of several small molecular weight inhibitors on A�  fibrils.  We found 

that all inhibitors were predicted by docking to bind at two common loci; near Lys28, 

and at the C-termini near Asn27 and Val39.  Amino acid chemical modification and 

single-point mutation were used to experimentally verify the docking predictions.  

We found that two inhibitors, Congo red and myricetin, although structurally distinct, 

share the same binding sites on A� .  Additionally, our data suggest that three 
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additional previously reported A�  toxicity inhibitors may also bind in one of the sites.  

Our findings may suggest that the common binding sites of several toxicity inhibitors 

are important for A� -cell interaction.  The role of the two sites was preliminarily 

investigated, and our results suggested that Lys28 plays a role in nonspecific binding 

of A�  to the cell membrane.   

 

This project had several important contributions.  First, this is the first computer 

guided elucidation of binding sites of inhibitors to A�  aggregates.  Specifically, this is 

the first elucidation of the binding site of myricetin to A� .  The binding of Congo red 

to A�  has long been investigated by others [218, 221, 232, 233].  Our computational 

docking supported by experimental data provides solid evidence for the mode of 

Congo red binding which is in agreement with some of the previously proposed 

mechanisms.  Most importantly, our finding of a common loci of binding of two or 

structurally distinct inhibitors suggest that the two sites identified have biological 

relevance which was preliminarily investigated.  Based on our findings we performed 

a computational search for small molecules with strong binding affinities to the sites 

we have identified.  Two libraries were screened; the National Cancer Institute 

diversity set and a Central Nervous System permeable molecules.  The screening has 

identified molecules that are predicted to bind with high affinity at the loci of binding 

of previously reported known inhibitors.  The molecules can be now tested in vitro 

for their ability to bind to A�  aggregates and for the potency to attenuate A�  toxicity.   
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7.3 Future directions  

The progress we have made in this work provides the opportunity to explore the 

implications of our findings.  Some of these opportunities are outlined briefly here, as 

well as other related possible future work. 

 

7.3.1 N-termini structure upon binding of metal ions 

The binding of metal ions such as Zn2+ and Cu2+ to the N-terminal segment of A�  

was implicated in A�  deposition in the brain and in A�  neurotoxicity [13, 103, 234].  

Although the N-termini is commonly viewed as disordered, we have shown in 

Chapter 3 that certain A�  fibrils show lower solvent accessibility at Arg5.  Among the 

several proposed binding sites for metal ions, His6, His13 and His14 are repeatedly 

reported as capable to binding of metal ions [107, 108].  Specifically, Zn2+ binding 

was shown to involve the three histidines and Glu11 which promoted helical structure 

formation while stabilizing A� 1-16 fragment [110].  In this proposed project the 

relationships between the solvent accessibility of histidine residues of different A�  

aggregation species, zinc binding capability and stability of A� 40 and A� 42 would be 

determined.  Diethylpyrocarbonate (DEPC) is a histidine chemical modifier [141] 

which could be used to assess the solvent accessibility of His6, His13 and His14 of 

different A�  aggregation species.  Proteolytic digestion followed by mass 

spectrometry can allow the identification of the location of the modified histidines 

and quantification of relative amounts of the histidines modified.  The structural 

rearrangement of segment 1-16, particularly, the three histidines, Arg5 (using PGO 

modification) and Tyr10 (using TNM) could be assessed upon binding of Zn2+.  
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Finally, the affect of zinc binding of the stability of the aggregates will be determined 

using circular dichrosim and guanidine hydrochloride.  This work could reveal 

whether metal ions impose the formation of structure in the N-terminus of the full 

length A�  and the role of such structure of the stability of the aggregates.   

 

7.3.2 Test in vitro potency of inhibitors identified in virtual screening 

The top ranked compounds from the virtual screening described in Chapter 6 

could be tested in vitro for their binding affinity to A�  and their ability to attenuate 

A�  toxicity.  Compounds from the ZINC database are available commercially, and 

compounds from the NCI diversity set are available from the NCI.  Compounds 

should be first tested for intrinsic toxicity to culture cells.  Nontoxic compounds 

would be tested for potency to block A�  cell surface binding and inhibit A�  toxicity.  

Compounds found to inhibit A�  toxicity could be further analyzed to determine their 

IC50 values.  It would be beneficial to perform biochemical and biophysical 

characterizations of the most promising compounds as elucidated by virtual 

screening, and in vitro toxicity and binding assays.  A�  mutations and/or amino acid 

specific chemical modifications could be used to verify hits’ binding site.  The 

specificity of the inhibitor to A�  could be analyzed by testing the inhibitors’ binding 

to other proteins.  Successful compounds could be structurally optimized to increase 

binding affinities and inhibitory potency.  Ultimately, the goal of this proposed 

project is to test the most promising compounds as elucidated by virtual screening, 

and in vitro toxicity and binding assays, in vivo, in transgenic mice used as models of 

Alzheimer’s disease.  
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7.3.3 Elucidation of toxicity inhibitors’ binding sites for fibrils prepared under quiescent 

conditions 

The work described in Chapters 5 of elucidating toxicity inhibitors binding sites 

to explore biologically relevant loci, could be reproduced for the threefold fibril 

morphology recently published [76].  Since the tertiary and quaternary structures of 

the two fibril morphologies are different, inhibitors are expected to bind at different 

locations (see Figure 2.3).  The identification of new sites using docking could be 

followed by in vitro verification using mutated or chemically modified fibrils.  The 

information could be used to discover selective inhibitors which may bind only to one 

specific fibril morphology.  Such agents could prove to be useful in distinguishing 

between the two fibril morphologies as an experimental tool.  Furthermore, it has 

been suggested previously that the formation of different fibril morphologies could 

possibly explain the existence of A�  plaque in non-AD brain [76].  Therefore, 

discovering fibril morphology-selective small molecules binders could be useful also 

clinically, and may help predict prognosis of disease in patients. 

 

7.3.4 Engineering of an A�  � -turn breaker 

The goal of this proposed project is to design an A�  aggregation inhibitor that 

targets specifically the salt bridge between D23 and K28 of A�  fibrils.  The formation 

of the salt bridge between D23 to K28 was observed in several fibril morphologies of 

A� 40 [76, 91] and in A� 42 fibrils [84], and is believed to contribute significantly to 

fibrils stability and to solvation of the hydrophilic residues near the � -turn.  In 

addition, the formation of the salt bridge was thought to be the rate limiting step in 

A�  aggregation [74].  Fibrils formed by A� 25-35 acetylated at Lys28 were 
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significantly less stable than unmodified A� 25-35 [227], indicating that the � -amino 

of Lys28 plays a role in stabilizing A� 25-35 fibrils.  Interestingly, most of the known 

naturally occurring mutations within the A�  sequence are near D23, all of them 

associated with early onset of AD.  As described in Chapter 2, several short peptides 

were engineered based on segment of A�  sequence [129-131, 235], to our knowledge, 

only one of them targeted also the � -turn segment, including residues 23-28 [236].  

We propose that designing a � -turn binder peptide can prove to be a useful approach 

in attenuating A�  aggregation.  The general concept is to design a peptide that 

induces A�  to form a non-natural and non-amyloidogenic structure.  The effect of the 

following parameters is proposed to be investigated;  

 

7.3.4.1 Torsion angles  

Some of the torsion angles of the backbone of A�  aggregates are known from 

ssNMR studies [76, 91].  Proline substitutions were shown previously to be effective 

“ � -sheet breakers” [131], presumably due to proline fixed backbone angle.  The same 

approach can be applied to induce a non-natural backbone angle to disrupt the � -turn 

of A� .  In addition, other amino acids were also shown to have non-uniform 

distribution of torsion angles and tendencies to form certain motifs.  Several 

bioinformatics databases are available which provide histograms and predict 

likelihood of short sequences to form certain backbone angles [237, 238].  Inspired by 

the A�  sequence around residues 20-30, we can rationally design peptides that are 

predicted to disrupt the experimentally determined torsion angles of the A�  fibril.  For 

example, A�  segments with glutamate instead of aspartate at a position corresponds 
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to D23 together with one or more prolines could possibly bind to A�  and force a 

different conformation at residues 20-30 which would prevent self-association of A� . 

 

7.3.4.2 Unnatural amino acids 

The partial usage of chemically modified, D-, or glycosylated amino acids could 

sterically interfere with the � -turn region of A� .  Alternatively, the D23-K28 

interactions could be directly targeted using decoy peptides that can replicate these 

electrostatic interactions with the A�  sequence, and thus prevent A�  - A�  formation 

of the salt bridge.  The decoys will include D and K connected with linkers of 

different lengths, which will impose ‘non-amyloid’ distances between the residues.  

Alternatively, non-natural lysines with more/less methylene groups between C�  and 

the primary amine could be used in an A� -like amino acid segment, and would 

potentially bind to A�  and disrupt the structure of the � -turn.   

 

7.3.5 A� -lipid conjugated as a BBB permeable inhibitor 

The tendency of A�  to aggregate indicates that the sequence of A�  has high 

affinity and specificity to its own sequence.  Additionally, A�  binds to lipids and 

folds in a non-amylodogenic form near lipids [239].  In this project an A�  fragment 

conjugated to a lipid could be engineered as an aggregation inhibitor.  The hypothesis 

is that the A�  fragment will bind with high specificity to extracellular A� .  The 

potential effects of the conjugated lipid include; (1) the conjugated lipid could ease 

A�  clearance through the BBB, (2) the lipid would unfold some of the A�  sequence 

thus possibly dissolve the A�  plaque, and (3) the lipid would coat the A�  aggregates 
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and prevent their interaction with cells.  Since the molecule is based on an A�  

sequence it has the potential to bind to A�  monomers and different forms of 

aggregates.  Within that underlying principle, different A�  segments and different 

lipids will be explored.  For example, peptides based of KLVFF or other sequences 

within the hydrophobic core of A�  could be tested, when conjugated with a fatty 

acids or phospholipids.  The lipid part should also be dictated by the permeability 

properties through the BBB.  In addition, multivalency of A�  recognition segments 

could be tested.  While it is difficult to predict the interactions of such chimeric 

molecule with A�  monomers or aggregates, this approach has the potential to yield 

positive results.  To our knowledge, such an approach has never been pursued before.  

 

7.3.6 Development of agents that increase A�  transport via the Blood Brain Barrier 

Regardless of the reasons for the impaired brain balance of A� , increasing A�  

clearance from the brain through the Blood Brain Barrier (BBB) may be a useful 

approach in reducing the burden of the A�  accumulation in the brain.  Endothelial 

cells in the brain form the BBB which modulates the transfer of molecules to and 

from the brain [229].  The low and selective permeability of the BBB adds a 

significant challenge to the development of drugs that target the CNS [230].  

Nonetheless, several strategies to deliver therapeutics to the brain via the BBB were 

developed, for example by conjugating the therapeutic to a naturally transported 

molecule [229, 230].  Thus, developing an A�  specific agent that can enhance the 

permeability of A�  through the BBB could be a powerful approach to alleviate the A�  

burden and toxicity.  For example, a chimeric agent could be engineered composed of 
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two elements; an A�  specific recognition component and a BBB permeable 

component.  The hypothesis is that the agent will specifically and tightly bind A�  

monomers and aggregates via the A�  recognition component, and will ease the 

clearance of A�  to the blood using the BBB permeable component.  The A�  

recognition component could be an A�  specific sequence, such as segments from the 

hydrophobic core of A�  (e.g. KLVFF).  Alternatively, a small molecule with high 

affinity to A�  aggregates, such as Congo red, could be used.  Two approaches for a 

BBB permeable component could be explored; receptor-mediated transfer and 

peptide-vector [230].  In the receptor-mediated transfer strategy the therapeutic is 

fused to proteins or other naturally transported molecules.  For example, the fusion of 

three transferrins, which are naturally transported via the BBB using the tranferrin 

receptor, was used to target IgG3 to the brain [240].  Since our goal is to ensure the 

efflux of the A� -transfer agent from the brain to the blood, the molecule mediating 

the transfer needs to demonstrate bidirectional transfer through the BBB.  

Bidirectional transfer of tranferrin was indeed demonstrated in vivo [241], making 

tranferrin a suitable candidate.  Other naturally transported molecules that can be used 

for receptor-mediated transfer of the BBB include insulin, leptin, LDL (low-density 

lipoprotein) and others [230].   

 

Alternatively, the BBB permeable component could be a membrane permeable 

peptide-vector that can penetrate the BBB [230].  For example, pegelin and penetratin 

(16 and 18 amino acids, respectively) can cross cellular membranes and were shown 

to be effective in crossing the BBB.  The peptides were used to significantly increase 
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the rat brain uptake of dox, the agent used in the study [242].  Other bidirectional 

peptides include Leucine enkephalin, Arginine vasopressin and Luteinizing-hormone-

releasing hormone [243].   

 

Increasing A�  clearance is likely the mechanism by which A�  antibodies acted, at 

least in animal models, though they have low permeability through the BBB.  

Possibly, A�  antibodies bind to A�  in the blood and shift the brain-blood A�  

equilibrium [165].  The agent proposed here could be more potent since it is BBB 

permeable by-design.  There is certainly the risk in developing such a strategy that the 

agent would transport A�  into the brain, not out of it.  Thus sufficient preliminary 

studies would have to be performed to follow the A�  burden within the brain over 

time. 

 

 



 

 141 
 

Appendix A: Scripts 
 

A1.  Selection of random atoms from a mol2 file (Python): 
 
# The script enters directory named 1HYT (PDB code,  as an example) which has a mol2 # 
file in it called receptor.mol2 
 
import random 
 
receptors = ['1HYT'] 
 
for x in receptors: 
   print x   # print the name of current PBD direct ory 
   for i in range(10): 
      # open the receptor.mol2 file for reading onl y 
      f = open('c:/Linux/Dock_method_validation/%s/ receptor.mol2' %x, 'r') 
      lines = [] 
      # skip to second block 
      line = f.readline()[:-1] 
      # define file called random_line_i.mol2 where  i between 0 to 9 (append)   
      out_file = open('c:/Linux/Dock_method_validat ion/%s/random_line_%s.mol2' 
%(x,i),'a') 
      out_file.write(line+'\n') 
      # copy header lines from receptor.mol2 to ran dom_line_i.mol2 
      while '@<TRIPOS>ATOM' not in line: 
         line = f.readline()[:-1] 
         out_file.write(line+'\n')  
      line = f.readline()[:-1] 
      # accumulate lines of third block: read lines  of atom coordinates 
      while '@<TRIPOS>BOND' not in line: 
         lines.append(line) 
         line = f.readline()[:-1] 
      # return random line from third block: random  atom 
      rl = random.choice(lines) 
      print rl 
      out_file.write(rl) 
      out_file.close() 
      f.close() 
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A2. Docking to gradually increasing radii (C-shell) 
 
# this script docks ligand to receptor located in 1 D4P directory. There are ten  
# binding pockets (‘ranline’), each one is docked a s gradually increasing radii  
# (‘radious’). The script first updates the generic  DOCK input file  
# (‘anchor_and_grow.in’) 
 
#!/usr/bin/csh 
 
foreach dir(1HYT) 
   cd ../${dir} 
   mkdir validation 
   foreach ranline(0 1 2 3 4 5 6 7 8 9) 
      foreach radius(7 9 11 13 15 17) 
         echo Docking in binding pocket ${ranline} within ${radius}A 
         cp ../input_files/anchor_and_grow.in .     #copy the master input file 
   # update the input file to the correct values: 
   # the input file has the notations: sphfile, bum bgrid, nrggrid and ligout  

  # for the sphere binding sites, the bump and the energy grid and ligand  
  # output files, respectively. 

   sed "s:sphfile:pockets/ran_line_${ranline}_${rad ius}A.sph:" anchor_and_grow.in>dock1.in 
   sed "s/bumpgrid/grid_${site}_${chains}/" dock1.i n>dock2.in    
   sed "s/nrggrid/grid_${site}_${chains}/" dock2.in >dock3.in     
   sed "s/ligout/ligand_ran_line_${ranline}_${radiu s}A/" dock3.in>dock4.in  
 
   \mv dock4.in anchor_and_grow.in # rename the fil e as anchor_and_grow.in.  
   \rm dock1.in dock2.in dock3.in 
 
   # execute dock 
 
   dock6 -i anchor_and_grow.in -o ran_line_${ranlin e}_${radius}A.out –v 
 
   # copy files into validation directory and remov e from working directory 
   \cp *ran_line_* validation 
   \rm anchor_and_grow* *ran_line_*  
      end 
   end  
end 
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A3. Calculation of area under mass spectra (MATLAB) 
 
% the script gives approximated areas under mass sp ectra based on user defined  
% increments of mass.  
   
% read excel file with mass spectra. Row 1 is m/z, row 2 is relative intensity. 
a = xlsread('C:\Documents and Settings\Ben Keshet\M y Documents\Experiments\MALDI 
TOF\01-01-2010\all\K8-24hrs_rot_2.xls','A1:B4917');  
b = a(:,1); 
c = a(:,2); 
plot (b,c) 
% create a matrix m. each row in m is the lower and  upper limit for m/z to calculate 
the area 
m=zeros(2,3); 
m(1,1) = 4335;  %beginning of WT 
m(1,2) = 4370;  %end of WT 
m(1,3) = 4452;  %beginning of 1 PGO 
m(1,4) = 4485;  %end of 1 PGO 
m(2,4) = 4699;  %end of spec - any additional addit ions 
for i=1:3 
    m(2,i) = m(1,i+1); 
end 
% calculate the areas for each row of m using the f unction trapz 
for i=1:4 
    a0 = find(b>m(1,i),1) 
    aend = find(b>m(2,i),1) 
    area(i) = trapz(b(a0:aend),c(a0:aend)) 
end 
% write the results into a new sheet called ‘area’ 
xlswrite('C:\Documents and Settings\Ben Keshet\My D ocuments\Experiments\MALDI TOF\01-
01-2010\all\K8-24hrs_rot_2.xls',area,'area','A2:D2' ) 
% label accordingly 
titles = {'WT' 'WT to 1 PGO' '1PGO' 'more than 1 PG O'}; 
xlswrite('C:\Documents and Settings\Ben Keshet\My D ocuments\Experiments\MALDI TOF\01-
01-2010\all\K8-24hrs_rot_2.xls',titles,'area','A1:D 1') 
 
 
     
     
        

A4. Splitting large mol2 file (C-shell) 
 
# The script splits 39_p0.6.mol2 (originally ~30,00 0 molecules) into smaller files of  
# 150 molecules each (39_p0.6_”p”.mol2, p is index) .  
 
     
#!/bin/csh 
 
mkdir 0.6 
 
awk 'BEGIN{p=1}/MOLECULE/{c++}c==150{p++;c=0}{print  $0 > "39_p0.6_"p".mol2" }' 
39_p0.6.mol2 
 
cp 39_p0.6_* 0.6 
rm 39_p0.6_* 
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A5. Ranking DOCK results (C-shell) 
 
The script enters a directory (1.0) and then into 6 subdirectories (1.0_1, 1.0_2, etc.).  
In each subdirectory there are 30 files with DOCK results (secondary.mol2) which 
are copied to directory ‘sort’. The *.mol2 files (each of ~150 molecules) are split into 
individual mol2 files for each molecule, which are ranked according to the DOCK 
secondary score to generate ZINC_ranked.mol2.  The script was originally used by 
AutoDock and was modified to be used for DOCK.  
 
     
#!/bin/csh 
 
foreach dir(1.0) 
foreach subdir(1 2 3 4 5 6) 
 @ j = ${subdir} * 30 
 echo $j 
 cd ${dir}/${dir}_${subdir} 
 @ i = $j - 29 
 mkdir sort 
 while ($i <= $j) 
  if (-d $i) then 
  cp $i/*secondary* sort 
  else 
  echo $i directory does not exist >> log.out 
  endif 
  @ i++ 
 end 
 
## This script integrates several .mol2 files into a new one ranked file.  
## The directory where the script is run should not  contain any other .mol2 files  
## besides the *_ranked.mol2 to integrate. 
 
## reads the .mol2 results file and splits it into tmpNNNN files, where NNNN is in an  
## index number. 
 
cd sort 
foreach f (*.mol2) 
cat $f | csplit -ftmp -n4 -ks - '%^########## Name: %' '/^########## Name:/' '{*}' 
 
# Rename the tmp file according to ZINC identifier 
# Here the outline of how we do this: 
#    1. extract ZINCn8 from the tmpNNNN file and se t to variable 
#    2. if the Zn8.mol2 file does not exist, the re name the tmpNNNN file 
 
    foreach f (tmp*) 
    set zid = `awk /ZINC/'{print $3}' $f` 
    if !(-e "$zid".mol2) then 
 set filename = "$zid".mol2 
    else foreach n (`seq -w 1 99`) 
 if !(-e "$zid"_"$n".mol2) then 
     set filename = "$zid"_"$n".mol2 
 break 
 endif 
    end 
    endif 
    mv -v $f $filename 
    end 
end 
 
# create a sorted summary file of all names and sco res 
foreach f (ZINC*) 
echo $f `awk /Score/'{print $3,$4}' $f` >> summary. out 
end 
 
# rank the results from summary.out into ranked.out  
sort -n -k3 summary.out >> ranked.out 
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# rank all the ligands according the ranked.out int o ZINC_ranked.out 
cat `awk /ZINC/'{print $1}' ranked.out` >> ZINC_ran ked.mol2 
 
cd ../../../ 
end 
end 
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Glossary 

AD: Alzheimer’s disease 

AFM: Atomic Force microscopy 

APP: Amyloid Precursor Protein 

A� : � -Amyloid 

A� 1-40 (or A� 40): A�  composed of the first 40 amino acid  

A� 1-42 (or A� 42): A�  composed of the first 42 amino acid 

A� -K16eth: A�  (fibrillar) that was added an ethyl group at the N-termini and K16 

A� -Kmeth: A�  (fibrillar) that was added a methyl group at the N-termini, K16 and K28 

A� -RPGO: A�  that was modified with PGO at Arg5 

BBB: Blood brain barrier 

CD: Circular dichoroism 

CNS: Centrlal nervous system 

CR: Congo red 

DEPC: Diethylpyrocarbonate 

DMSO: Dimethyl sulfoxide 

HBA: Hydrogen bond donor 

HBD: Hydrogen bond acceptor 

HFIP: Hexafluorisopropanol 

HX-MS: hydrogen exchange mass spectrometry  

MALDI-TOF: Matrix assisted lase desorption/ionization - time of flight 

MEM: minimum essential media 

Myr: Myricetin 
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N27P: A� 1-40 mutated at N27 with a proline amino acid.  

NCI: National cancer instritute 

PB: Phosphate buffer 

PBS: Phosphate buffer saline 
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