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Abstract 

Understanding the Inhibition of the Amyloid-[3 Peptide Oligomerization by Transferrin Utilizing NMR 
Spectroscopy 

A hallmark of Alzheimer's disease (AD) is the accumulation of insoluble senile plaques in the brain.1 The 
major component of the insoluble plaques is the amyloid-{3 peptide (AP) that is produced through cleavage 
of the amyloid-{3 precursor protein (APP).2 It is well understood that once the monomeric Af3 is generated, 
it has the potential to aggregate into soluble oligomers and further into insoluble fibrils. Recently it has 
been proposed that early oligomers are the main toxic species in the aggregation cascade. 3 However, it has 
been shown that the formation of toxic early oligomers is inhibited by several endogenous plasma proteins, 
including albumin and trasferrin (Tf). In this investigation we are focusing on the mechanism of inhibition 
of the Af3 early oligomerization by Tf. Specifically, we have targeted the early stages of Af3 aggregation 
using a deletion mutant of the Af3 peptide, i.e. the Af312-28 fragment, which selectively stabilizes the early 
Af3 oligomers. Self-association of this peptide was controlled by adding-NaCl to filtered monomeric Af3 
samples and the effect of Tf inhibition on these aggregates was probed by 1H relaxation NMR 
experiments.4

"
7 Our data shows that Tf directly targets intermediary Af3 oligomers via a coating mechanism. 
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Introduction 

1.0 Alzheimer's Disease 

Alzheimer's disease (AD) was first established in 1907 by the German physician 

Alois Alzheimer in the course of a neuropathological study involving a 51-year old 

woman's brain. 1 These findings initiated the association of AD with neuritic plaques 

(extracellular insoluble amyloid-beta aggregates) and the neurofilbrillary tangles (NFT, 

intracellular lesions consisting of paired helical filaments formed of hyperphosphorated 

cytoskeletal protein 't)_2-s However, the pathogenesis of this neurodegenerative disease 

has remained elusive for many years until the senile plaques were further explored, 

resulting in the purification of the amyloid beta peptide (AIJ). Once A~ was identified, 

the premise of an imbalanced metabolism of A~ initiating aggregation and further leading 

to the formation of neuritic plaques was deduced. 

The abnormal oligomerization or mis-folding that distinguishes AD also describes 

a number of other diseases namely; Creutzfeldt-Jakob disease, Huntington's disease, 

Parkinson's disease and type II diabetes. 2•
3

•
6 These groups of disorders are typically 

referred to as conformational disorders, due to their conformational changes observed 

during aggregation.4
'
7

'
8 Due to its relevance to many diseases, the study of the protein 

aggregation, bio-physical chemistry has been intensified within the past decade. 

AD is clinically characterized as a combination of progressive, cognitive and 

memory deficits caused by a more generalized cortical atrophy, starting in the medial 

temporal lobe. 7 AD has been recognized in two forms: familial Alzheimer's disease 
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(FAD) and sporadic AD. A hereditary component influences both types of AD. FAD is 

linked to point mutations within the Al3-domain of APP as well as known mutations 

within presenilins (1 and 2) which lead to an increased production of Al3 and therefore 

accelerating of plaque pathology.9 The majority of AD cases reported are the late onset of 

sporadic AD, which develops after the age of 65 though the cause is uncertain. It is 

though to be associated with an increased risk of apolipoprotein E (ApoE), £4 allele 

genetic damages that attribute to Al3 deposition. 10 

Existing treatments for the disease are symptomatic-based, including 

cholinesterase inhibitors and glutamate-modulating drugs as the most advanced 

treatments. 3 Although useful, these symptomatic treatments do not prevent neuronal 

degeneration and death. Considering the increasing rate of incidence for AD among the 

aging population further research is greatly required. 

1.1 The Amyloid beta Peptide 

Amyloid is a generic name for insoluble fibrillar protein deposits that are formed 

in vivo. This fibril formation is remarkably similar throughout the various conformational 

disorders, despite the varying nature of the proteins involved. Typically, fibrils are 

resistant to degradation and bind dyes such as thiojlavine T (ThT) and Congo red. 

Amyloids are found in two distinct forms; local, in a particular tissue or systemic, in 

many organs around the body. The most common form is local, which is found in the 

central nervous system (CNS), the cardiovascular system, or in some endocrine organs. 

- 3 -
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1.1.1 The Formation of the Amyloid-{3 Peptide 

The Aj3 peptide originates from the amyloid-{3 precursor protein (APP), a 695-

amino acid glycoprotein which is firmly linked to AD through genetic studies involving 

the mutation of presenilins 1 and 2. Presenilins are central components in the cleaving 

enzymes involved in the formation of Aj3.7 APP is a occurring type I integrated 

membrane protein containing the Aj3-domain which is situated in both intermembrane 

and extracellular regions 11 (Figure 1.1 ). APP is synthesized in the endoplasmic reticulum 

and is involved in cell adhesion, neurite outgrowth, synaptogenesis and synapse 

remodeling. 12 

Extracellular Space 

Intracellular Space 

APP 
AmyloidP 

Precursor Prole in 

,..._ Lipid. Bilayer 

Figure 1.1 I Outline of the Aj3-Domain within the Intergated-Membrane Protein 
APP I APP is a glycoprotein that encompasses the Aj3 domain in both the intermembrane 
and extracellular regions. The AD-related peptide lies within the membrane and in the 
luminal domain that is situated with residue 1-18 in the extracellular space (as seen with 
the dashed lines) and the remaining 19-40/42 within the lipid bilayer. Knowledge of the 
APP within the body has been linked to transcriptional messaging, though a definite role 
has not been clarified. 

The cleavage of APP to release Aj3 is known as the regulated intramembrane 

proteolysis (RIP). The product resulting from RIP is known to contain Aj3 (Figure 1.2), 
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though the properties of the proteolytic mechanism remain unclear. 11 RIP involves 

sequential cleavage by ~- and y-secretase. 11 The initial cleavage is generated by 13-

secretase (f3-site APP cleaving enzyme, BACE), composed of a complex of proteins 

(presenilin 1/2, nicastrin, APH-1 and PEN-2). 11 Upon BACE cleavage at residues 596 

and 597 of APP, the generation of a C-terminus 99 amino acid chain, known as the 

membrane-bound C-terminal fragment (CTF-P) releases the large luminal domain into 

the extracellular space. 11 Subsequently, y-secretase mediates the intramembrane cleavage 

of CTF-~ at residual 38, 40 or 42 resulting in the formation of a cytoplasmic fragment, 

known as the APP intracellular domain (AICD) and the release into the extracellular 

space. 11 AICD starts at position 49/50 and would not correspond to the end of the A~ 

variants A~40 and A~42. Recently, an additional e- cleavage that occurs near the 

membrane-cytoplasm boundary, beyond the y-cleavage sites to generate longer A~ 

within cells and in the brain, including A~43, 45, 46 and 48. 13 However the function and 

relevance of the longer Al3 chains have yet to be discovered. There is also an alternative 

and non-amyloidogenic pathway for APP cleavage (Figure 1.2). This cleavage occurs at 

Lys16- Leu17 within the A~-domain of APP by a-secretase resulting in a soluble C

terminus 83 amino acid peptide chain, known as the membrane-bound a-APP in the 

ectodomain. This resulting peptide chain is further cleaved by y-secretase to produce 

CTF-~ and the remaining Aj3-domain, Leu17 - Gly38, or Leu17 - Val40, or Leu17 -

Ala42. 11 
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N-terminal 

Non-Amyloidogenic Pathway 

1 16 

38, 40, 42 

lly a- secretase 

I u nwn Dnrndtn AJI-
612 613 695 

! 
y - secretase 38, 40, 42 

l;y 
AJ -11~ 

634, 636, 638 

McMaster University- Chemistry 

C-terminal 

634, 636, 63! 

Amyloidogenic Pathway 

Jl- secretase (DACE) 

I u nwn Pom,un 

596 

! 
y - secretase Gly38, Va/40, Ala42 

634, 636, 638 

Potential onset of 
Alzheimer's Disease 

Figure 1.2 I The Amyloidogenic and Non-Amyloidogenic Pathways of APP I The 
regulated intramembrane proteolysis (RIP) generates A~ utilizing; ~ -site APP-cleaving 
enzyme (BACE) and y - secretase to cleave APP to release A~ into the extracellular 
space. The isolation of A~ in the extracellular space enables A~ aggregation, this is 
known as the amyloidogenic pathway, leading to the formation of senile plaques. The 
alternate, non-amyloidogenic pathway involves RIP through the use of a - and y -
secretases to cleave APP between the 16th and 17th residues of APP in the A~ domain 
thus inhibiting the formation of A~ and further senile plaque formation. 

1.1.2 Location and Concentration of the Amyloid-/3 Peptide throughout the Body 

AB has been observed as a regular constituent in plasma under normal 

physiological conditions. It has been detected in conditioned media of various tissue 

culture cell lines suggesting that it is produced and secreted constitutively throughout the 

body. 14
-
16 Although most cells in the body contains AB, a physiological function for the 

peptide has yet to be determined. The circulating pool of A~ within the body is produced 

by peripheral tissues and organs. 17 Published concentrations for A~ in plasma are 

- 6-



MSc. Thesis - Annie Victoria Raditsis McMaster University- Chemistry 

reported as the mean value at 150 pM for Aj340 and 20 pM for Aj342. 18 In the CSF an 

increase of concentration were reported at a mean value of 625 nM for Aj340 and 60 pM 

for Aj342 respectively. 19 Under normal physiological conditions, the concentrations are 

typically found six-fold higher within the CSF in comparison to the plasma. 17 

1.1. 3 The Length of the Amyloid-{3 Peptide 

The two most abundant forms of Aj3 generated by RIP are Aj340 and Aj342. The 

sequence of the two differs by two amino acids, though there are great characteristic 

differences between them. Aj340 is the predominant species in vivo, approximately 90% 

of all Aj3 normally released from cells. However, the 10% of Aj342 is more 

amylodogenic, providing a major contribution to the formation of neuritic plaques.20
•
21 

The soluble form, Aj340, is stable for up to 1-2 days, whereas Aj342 aggregates instantly, 

reinforcing the fact that Aj342 is the more toxic species. 15
•
22 Differences in aggregation of 

the two peptides may be derived from the different exposure of the hydrophobic residues. 

Since Aj342 has more exposed hydrophobic residues it preferentially forms intermediary 

oligomers at an increased rate. Small molecular weight oligomers are characterized as 

dimers - octamers, while high molecular weight oligomers correspond to containing 20 -

40 monomers. 23 Both Aj3 types play a role in AD, as high concentrations of both Aj340 

and Aj342 within the CSF ( ~ 10 fold in comparison to healthy tissue) have been shown to 

correlate with AD plaque formation. 2 
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1.1. 4 The Nomenclature of the Oligomeric State 

In order to fully describe the oligomerization process of A~, the structural 

intermediates that are formed need to be classified. Small soluble oligomers are found in 

vivo the CSF of both healthy and AD tissue. The list of types of assemblies identified for 

A~ are: protofilbrils (PFs), annular structures, paranuclei, A~-derived diffusible ligands 

(ADDLs), globulomers, A~*56 and amyloid fibrils. The intermediates termed annular 

structures, paranuclei and globulomers have only been deduced through in vitro 

techniques and their physiological relevance has yet to be determined. The remaining 

intermediates have been identified as in vivo intermediates and has been associated with 

the formation of toxic fibrils. 

Electron microscopy A~4224 and A~4025 showed that later-stage oligomers 

adopted a larger oligomeric structure, known as the ADDLs, which have been reported to 

be toxic to the neurons and linked to the induction of cognitive memory loss related to 

AD. These oligomeric intermediates have been isolated in vivo at an increased 

concentration of70-fold upon the onset of AD.26 Another in vivo intermediate, isolated in 

transgenic mice is A~*56.24 Identified for the aggregation of both A~42 and A~40 

peptides, it is characterized by a dodecamer of the A~ peptide.27 This intermediate has 

been observed within the development of senile plaques playing a key role in memory 

deterioration.28 PFs are larger oligomers that adopt a structure that is narrower than the 

bonafide amyloid fibrils that also adopts a ~-sheet that binds to ThT.29 Recently, elevated 

levels of A~ protofibrils have been found before the appearance of plaque pathology in 
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transgenic mice. 3° Figure 1.4 provides a description of the aggregation pathway and 

terminology that will be used throughout this report. 

~dftm 
~ 

l 
Native Amyloid J14!V42 --

AP Small Soluble 
Oligomers 

ADDLs Ap.•56, Protofibrils 

~ 

JlJ- --
Ap Large Insoluble Amyloid Fibrils 

Oligomers Ap Senile Plaques 

Figure 1.3 I Defining the Terminology for Aj3 Aggregation I The identification of the 
distribution of Aj3 intermediates is one of the challenging aspects in studying Aj3 
aggregation. To clarify the work that has been done on the detection of specific 
intermediates in vivo, an outline of a potential aggregation map is laid out following the 
Amyloid Cascade Hypothesis . 

1.1. 5 The Structure of A/3 

The specific sequences of Aj340/42 can be classified into domains based on the 

structure, charge, polarity and hydrophobicity. Residues Aspl - Lysl6 are the polar N-

terminus, have minimal to no impact on aggregation. 31 The most structured region 

incorporates resides Glu22 - Lys28,32 and residues that have been linked to aggregation 

due to the their hydrophobic nature are Leul7 - Ala21. lle31-Ile32 and Val39 -

Val40/Ala42 are also hydrophobic regions. 33 These regions of the peptide have also been 

shown to be consistent for segmented variations of the full-length peptide, specifically 

Aj310-3534 and Aj312-28.35 
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Amyloid fibrils of Al340/42 have been defmed as 13-strand enriched fibrils 

organized into unbranched 13-sheets at 7 - 10 nm. 36 Most structural elucidation of 

A1340/42 has been performed using solid-state NMR. The monomeric domains of Al3 

within fibril formation adopts a bend in resides Glu22 - Gly2937 in order to create a 

hydrophobic contact with the 13-strand regions of Val12-Ala21 (131) and Val30-

Val40/Ala42 (132i6
•
38

, enforced by the formation of a salt bridge by ionic amino acid 

Asp23 and Lys28.36 The stacking of Al342 is known to lead to the formation of 

hydrophobically-driven 13-sheet protofibrils, approximately 5.5 nm wide and 1.5 nm high 

that intertwine to form helical insoluble fibrils. 39 

A1312-28 has been used as a model for early aggregation. In order to understand 

the mechanism of peptide aggregation it is important to understand the structure of the 

monomeric form of the peptide. Initial studies of Al312-28 suggested a random coil 

structure, however with further studies it was only found at low ( < 280 K) temperatures 

and gradually converted to a left-handed 310-helix, polyproline II (PII).40 Several reports 

since then have combined simulations with experimental results to show that Al312-28 at 

280 K co-exists with PPII, 13-strand and 13-turn structures.41 The highest population of 

PPII states is observed in the central Ala21, Glu22 and C-terminal Ser26, Asn27 regions 

of the peptide. A high propensity to form 13-strands is observed for residues Phe20 

andY al24 and to a lesser extent His 14-Leu 1 7. These two 13-strand regions are connected 

by a 13-tum at Val18 and Phe19, suggesting the presence of a 13-hairpin conformation.41 

Within the Al312-28 it is also reported that the lowest energy conformation has 

- 10-



MSc. Thesis - Annie Victoria Raditsis McMaster University- Chemistry 

hydrophobic contacts between V12 and V24, which results in the reduction of the 

exposed hydrophobic surface and also provides stabilization for the proposed 13-hairpin 

conformation. 40 

Upon temperature-induced aggregation, the two phenylalanines in the central 

hydrophobic cluster, Phe19 and Phe20 were reported to have a 13-strand conformation,42 

indicating that this peptide fragment has a dependence on resides Phe 19 and Phe20 for 

aggregation. These results were reinforced through mutation studies to remove one or 

both of the targeted resides, which resulted in a significant decrease of aggregation. The 

Al312-28 fragment contains the key residues which enable aggregation and it is an 

appropriate model of the early stages of the full-length Al340/ 4 2 aggregation. 40 

1.2 Oligomerization of the Amyloid-fJ Peptide 

The general model of Aj) aggregation as a causative mechanism for AD 

pathogenesis has been coined the Amyloid Cascade Hypothesis, which is based on an 

imbalance between the production and clearance of Aj) to form amyloid deposits within 

the brain43 (Figure 1.3). Starting with the monomeric form, oligomerization commences 

spontaneously with a transition to a globular-like structures referred to as small soluble 

oligomers.44 This progresses until the aggregation of soluble oligomers become 

irreversible, forming larger insoluble Aj) oligomers. Upon further self-association, Aj) 

fibrils form rigid j)-sheet structures. The accumulation of fibrils, results in senile plaques 

in the brain. Neurons that are exposed to the newly formed Aj) fibril/plaque experience 

extensive oxidative stress that many lead to cellular damage and death.43
•
45 
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1. 2.1 Determinants of Self-Association for the Amyloid-fJ Peptide 

Aggregation is affected by two major determinants: intrinsic characteristics and 

the physical-chemical environment. The intrinsic characteristics include hydrophobicity, 

charge, polarity, aromaticity and P-sheet propensity. Two hydrophobic regions are 

situated within the AP-sequence: the central region Leu17 - Ala21 and the C-terminal 

region, Ala31-Val40/Ala42. The central hydrophobic region provides the main driving 

force for Ap self-association and is commonly referred to as the central hydrophobic core 

(CHC). Evidence for such a great effect on aggregation due to hydrophobicity has been 

outlined by mutagenesis studies.33 The most dramatic mutation observed is Phe19Asp, 

which reduces the propensity for the self-association of Ap.46 This correlates with the 

high relative aggregation propensity reported for the CHC region of the peptide in 

comparison to other amino acids. 46 

The other determinant of aggregation is the physical -chemical environment of the 

peptide/protein, which includes the pH, temperature, ionic strength, agitation, hydrostatic 

pressure, solvents, and concentration. The influence of pH has been most investigated. 

AP aggregation is known to be driven by hydrophobicity from the CHC, but also upon 

the formation of salt bridges involving His residue 3,13,14 and the Arg/Glu carboxylic 

acid side chains residues Dl, E3, D7, Ell, E22 and D23.47 The formation of salt bridges 

is dependent on the charge associated with the involved residues, which is controlled by 

the pH of the environment. The charge of each amino acid is also affected by the 

attraction required for the formation of anti-parallel P-sheet aggregates. Basic, neutral 
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and acidic pHs were tested for aggregation propensity on various lengths of the Al3 

peptide. Basic conditions resulted in the lack of fibril formation for all lengths of Aj3, 

while a neutral pH allowed for the formation of amyloid-like fibrils and acidic conditions 

showed a decreased development of fibril fragments.47 

1.2.2 Nucleation-Dependent Polymerization 

Though the detailed mechanism of AP self-assembly in unknown, the Al3 fibril 

formation has been hypothesized as a nucleation-dependent polymerization.48.49 

(Figure 1.3) This mechanism is a generalized formula that has been implemented for 

other known cases of aggregating matrices. The mechanism follows a two-step process 

starting with the lag phase. This is where the initial build-up of soluble oligomers occurs: 

therefore no apparent fibrils are detected. The lag phase involves the formation of a 

critical nucleus, which is the assembly of aggregates into oligomeric states and 

corresponds to the largest free-energy barrier species. After this point, the favourable 

free-energy elongation results in an elevated polymerization for the formation of 

insoluble oligomers and the development of mature fibrils. 
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Figure 1.4 I Nucleated Polymerization of the On and Off Pathways of the Aj3-Fibril 
Formation I Nucleated polymerization has been used to describe many peptide 
aggregation processes present within the body. Upon the formation of Aj3, the process 
undergoes a lag-phase that determines the rate of aggregation, The completion of this 
phase is considered with the formation of the critical nucleus. At this stage aggregation is 
carried out at a faster rate, this phase is known as the elongation phase. Possible off-path 
formation of Aj3-oligomers is also possible, up to the formation of a non-toxic 
aggregates. This pathway is highly unknown, yet may have an influence on the toxic 
oligomerization pathway. 

The polymerization process has been exhaustively researched as an in vitro 

mechanism for Aj3 aggregation. Investigation of an off-pathway mechanism has been 

considered, which may lead to aggregation, but lacks the capabilities of fibril and plaque 

formation and cellular damage. 5° Another aspect is the concentration dependence of the 

mechanism. It has been demonstrated that lower peptide concentrations increase the lag 

phase. 51 

1.2.3 The Oligomerization Distribution of the Amyloid-{3 Peptide 

Along with the change of solubility there are notable conformational changes that 

occurs during Aj3 aggregation. As part of APP, known as the Aj3 domain, Aj340/42 

contains both extracellular and transmembrane regions. Prior to liberation the peptide 
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exists in a helical formation. After Af3 is ejected into extracellular space, the peptide 

accumulates and spontaneously aggregates into oligomers and fibrils, which is a reported 

[3-sheet formation. 52 These findings suggest that the process of Af3 aggregation requires 

conformational transitions with minimal transition from a-helical to f3-sheet. 41 

Unfortunately the mechanisms for the structural change that occur from the 

transformations from monomeric to fibrilar states are still enigmatic. Circular dichroism 

(CD) spectroscopy has been used to monitor the secondary structures of the full-length 

peptide and an increase of a-helicity within the early stages of oligomerization was 

noted. 53 With this evidence it was proposed that the Af3 monomer associates into 

oligomers in such a way that the hydrophobic tails of the peptides become shielded from 

the solvent by structural reorganization of the remainder of the peptide.41 This creates a 

local apolar micro-environment that promotes growth of helical structures from the pre

existing seed or critical oligomer. 

1.2.4 The Toxic Moiety of Af3Aggregation 

Much of the current research on AD involves soluble forms of aggregated Af3 and 

their potential role as the primary neurotoxic species. Initial investigation on amyloid 

oligomerization associated Af3 toxicity with the formation Af3 fibrils. More recent 

investigations revealed that soluble Af3 oligomer concentrations correlated with the 

observations of dementia more than insoluble Af3 fibrillar deposits. This holds true for the 

ADDL intermediates isolated in vivo, suggesting that perhaps the soluble oligomeric 

species of Af3 are indeed the toxic moiety of AD. Further studies have shown a 70-fold 
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increase in concentration of oligomers, ADDLs during the progression of AD relative to a 

healthy brain. 26 

1.3 Hypotheses on Possible Causes of AD 

There is a multitude of possible biochemical alterations linked to AD. Many of 

the changes have been discovered only upon the onset of the disease, making the 

distinction between cause and effect highly problematic. Early-age FAD has been linked 

to genetic mutations of the APP that increases the rate of A~ formation as well as causing 

a disruption with the balance of regular brain constituents -i.e. hydrogen peroxide, 

transition metals.2
'
3

'
5 AD has also been strongly linked to oxidative stress, which is 

defined as an imbalance between the production of free radicals and the ability of the cell 

to defend against them through antioxidants and detoxifying enzymes (superoxide 

dismutase and catalase ). Increasing evidence has associated oxidative stress with the 

modulation of activity and levels of key enzymes involved in the formation of A~ with 

the onset of AD.54 This has been linked to the early stages of aggregation, enforced by the 

observed increase of cellular hydrogen peroxide (H20 2).
45 

1.3.1 The Role of Iron in Alzheimer's disease 

Iron has been linked to oxidative stress and neurotoxicity within the brain and a 

reported 50% increase in concentration within the region of senile plaques.55 A~40/42 

contains redox-active metal binding sites: His6, His13 and His14 which are located at the 
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hydrophilic N-terminus of the peptide56 and more recently established, Tyr10.57 (Figure 

1.5) 

Af340, 4kDa 

12 28 40 

Figure 1.5 I The Location of High Affinity Metal Binding within A~ I Redox active 
metals have been a focus of AD research as a potential cause of the disease or a 
consequence of the onset of the disease. Binding of metal ions: Zn2

+, Cu2
+ and Fe3

+ are 
experimentally known to promote A~ oligomerization. The metal binding sites: His6, 
TyrlO, His13 and His14 are highlighted in the full-length A~40 peptide. (Secondary 
structure for A~40 was obtained from the ProteinData Bank)58 

The generation of hydrogen peroxide by A~ is thought to involve a formation of a 

metal:peptide complex. It is proposed that A~ interacts with molecular oxygen through 

an electron-transfer to ferric iron to form a peptide radical intermediate, which may lead 

to cellular damage. 

Af3n + Fe3+ - n(Af3 )'+ + Fe2+ (1) 

Oxidative stress can also arise from the newly formed ferrous iron based on a cycle 

between reduced and oxidized states allowing the transfer of electrons to the oxygen of 

hydrogen peroxide through the Fenton reactions. 

Fe2
+ +H 0 - ·OH+OH- +Fe3

+ 2 2 (2) 

The observation of oxidative stress by both A~ and iron m the CSF results m 

biomolecular damage and/or death as well as the enhancement of A~ aggregation. 
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Iron is well known to have many complex roles throughout the body. In 

particular, mitochondrial iron is incorporated into heme and cytochromes to transduce the 

signal of neurotransmitters. 59 Given the importance of iron in a multitude of metabolic 

processes, it is understandable that the regulation of iron would also be highly 

sophisticated and any deregulation would result in detrimental consequences for neuronal 

function.6 

1.4 Transferrin 

Transferrin (Tt) is a glycoprotein that regulates homeostasis of free iron within 

the body. Iron uptake in the brain is controlled by the Tf-receptor (TtR), predominately 

in endothelial cells.60 Iron storage is controlled by ferritin, which is found in most CNS 

cells and keeps iron in a redox-inactive state.61 

1.4.1 The Structure ofTransferrin 

Iron transport by Tf is carried out by two metal binding sites that have a high 

affinity for ferric iron, Ka at a range of 1 - 6 x 1022 M-1
.
62 It is composed of 679-residues 

(MW -74.5kDa) with two main domains: an amino-terminal domain (N- domain) 

consisting of residues 1 - 331 and a carboxyl-terminal domain (C-domain) including 

residues 339 - 679.63 (Figure 1.6) An unstructured linker chain of residues 332-338 

connects the two domains creating a deep hydrophobic site. 63 Each domain is further 

divided into two sub-domains each containing discontinuous sections of amino acid 

chains. The first sub-domain within the N-domain is NI made up of residues 1 - 92 and 
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247 - 331 and connected by Nil containing residues 93 - 246, whereas the C-domain 

contains CI with residues 339 - 425 and 573 - 679 and joined by CII with residues 426 -

572.63 The two domains are equipped with a binding site for ferric iron and a carbonate 

anion. The two metal binding sites are located at the bottom cleft of each domain. 62 The 

domains are have 54% sequence identity and similar functions. 63
•
64 

Iron is coordinated by four conserved amino acids: a tyrosine at the hinge site of 

the Nil (CII) sub-domain, another tyrosine within the Nil (CII) sub-domain, an aspartic 

acid playing a key role in the NI (CI) sub-domain, and a histidine at the hinge site of the 

NI (CI) sub-domain. Fe binds to Tf only in the presence of an anion, typically carbonate, 

which serves as a bridging ligand between the metal and the protein and excludes water 

from two coordination sites. Furthermore a second shell, an extensive network of 

hydrogen bonds surrounding the metal binding site involves Gly65, Glu83, Tyr85, 

Arg124, Lys206, Ser248 and Lys296.65 The two lysines found in the second shell are 

thought to act as a dilysine trigger, which is proposed to modulate the opening and 

closing of the sub-domain upon pH fluctuation to release the iron. 66 
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NDomain 

CDomain 

Figure 1.6 I The 3D Structure of Porcine Serum Transferrin I The 679-residue Tf 
structure contains two domains, N-Iobe and C-lobe, which both contain sub-domain 
arrangements where NI and CI (red and blue) are equivalent, as Nil and CII (green and 
cyan) correspond. Bound iron (orange spheres) and carbonate are also shown in the 
bottom cleft of each domain. The linker chain, indicated in yellow is the unstructured 
peptide chain that joins the two lobes together. The structure of transferrin has been 
shown be highly similar throughout various species of vertebrates, all of which have an 
extreme?' high affinity to ferric iron. This structure was determined with a resolution of 
2.15A. 6 

1.4.2 Iron Saturated States ofTransferrin 

Several families of transferrins are known to exist in physiological fluids of 

mammals. Lactoferrin is found in milk, tears and saliva, and Tf is known to be found in 

the plasma and cerebral spinal fluid (CSF).68 Human serum transferrin (hTf or Tf) exists 

in two major states: the diferric bound state (holo-Tf) and the iron-free state (apo-Tf). 

The monoferric state of Tf has been identified, but has yet to be isolated in vivo. 
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Normally, in the plasma Tf exists at a concentration of~ 38 f.tM69 with~ 40% in the holo 

state. In the CSF the concentration of Tf is decreased significantly to ~ 170 ~9 with 

~80% in the holo state (Table 1.1 ). Holo-Tf is known to have a greater affinity for TfR 

than to the apo-Tfform with a dissociation constant (Kd) of7 nM (pH 5.0f0 versus the Kd 

for apo-Tfat 13 mM (pH 5.0).70 

Location [Tf] /I'M Apo-Tf / 0/o Holo-Tf / 0/o 
Plasma 60- 70 30 - 4071 

CSF 20- 30 70- 8060 

Table 1.1 I The Locations and Concentrations of the Various States of Tfl Transferrin is 
not known to cross the BBB (blood brain barrier); instead it is produced both in the 
plasma and the CSF individually. The concentrations between plasma and CSF are 
dramatic but both are highly important for the homeostasis of iron in both locations. 
There is a significant difference between the proportion of apo and holo Tf in the plasma 
and the CSF. The plasma recycles iron at a high speed therefore leaving more apo Tf. In 
the CSF the free iron requires stricter regulations occupying a higher concentration of 
holo Tf. 

1.5 Objectives 

There is increased evidence to support the identity of the toxic species in A~ 

aggregations as prefibrilar, soluble oligomers.ll·17
•
26

•
35

•
72

•
73 These intermediary oligomers 

are presumed to be formed during the lag phase of the hypothesized nucleation-

dependent polymerization and may be associated with a pre-nuclear intermediate.26 The 

focus of this research is the early aggregation of A~ targeting the production of toxic 

intermediates. Through the manipulation conditions, the rate of A~ aggregation can be 

controlled for the detection of the inital events involved in aggregation. 
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1.5.1 Plasma Inhibitory Protein 

A~ formation and its potential to aggregate are found throughout the body. 

Distinct from the actions within the brain, the body contains an inhibition mechanism to 

compete with the potential of A~ aggregation. There are many attributes involved in A~ 

aggregation and its inhibition. The focus within this research is the inhibition by plasma 

inhibitory proteins, specifically Tf a glycoprotein that is responsible for iron homeostasis 

throughout the body. Tfis found in significant concentration in both the plasma and CSF, 

but is decreased with the onset of AD, it is a viable option for further investigating this 

aggregation processes. 

1.5.2 The Independent Action oJTJ 

The responsibilities of Tf for iron transportation have been the only proposed 

mechanism for Tf inhibition of A~ aggregation. The influence of iron on A~ is known to 

produce oxidative stress for the commencement of aggregation and upon the removal of 

iron early aggregation is disfavoured. This mechanism of inhibition based on the removal 

of iron has been demonstrated, the remaining inquiry is on the direct inhibition of Tf 

upon the A~ aggregation. 

1.5.3 A Mechanism of Inhibition 

There are many naturally occurring aggregating systems that implement inhibition 

mechanisms for regulation. Based on known reactions, a hypothesized model of Tf 

inhibition on early-aggregation can be formed. With the addition of Tf to the aggregated 
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system of A(3 we are hypothesizing that Tf binds to a specific oligomeric species that is 

found in the early stages of A(3 oligomerization thus preventing the further addition of 

monomeric A(3 to continue the aggregation process. 

Competitive Mechanism: nAf3; + mTf~-[Af3;·l: [Tf 1 
where i n = i' n' and i' < i 

Figure 1.71 A Hypothesized Competitive Mechanism for the Inhibition of A(3 
aggregation by Tf I Based on the nucleated-dependent polymerization model with focus 
on the earlier stages of aggregation, a competitive mechanism is proposed. This 
mechanism entails that Tf, the inhibitor coats the A(3 oligomeric species preventing 
further monomeric additions is the predicted interactions to halt aggregation. 

1. 5. 4 The Identification of the Oligomeric Af3 Species 

Structural information of proteins and peptides contains a wealth of knowledge 

pertaining to characteristics and actions within the body. Aggregation of A(3 is a highly 

dynamic process where the instability of the intermediates formed pose difficulties to 

isolation. There has yet to be a defined isolation for intermediary oligomers formed 

during A(3 aggregation. Protein NMR techniques as well as CD secondary structural 

determination are commonly used detection techniques used for such systems. The 

introduction of other techniques does not provide the range of dynamic motion required 

for the natural pathway of aggregation. 
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1. 6 Protein NMR 

As discussed previously, in the description of A~ oligomerization, difficulties 

arise upon the isolation of oligomeric intermediates of A~ fibrils due to the dynamic 

exchange with the monomeric population of the peptide sample. This in turn causes 

complications with the detection of A~ oligomers. If isolation is a problem then neither 

crystallographic nor other diffraction methods are viable possibilities. Additionally, A~ 

intermediates are highly dynamic and crystallization attempts would risk altering the 

conformational state. The investigation of solution-state NMR is therefore an effective 

option for the investigation of early and dynamic stages of A~ aggregation at 

residue/atomic resolution. 

1. 6.1 Nuclear Magnetic Resonance 

As part of NMR detection, the sample under analysis is placed in a static 

magnetic field, Bo. Upon the introduction of a given radio frequency (RF) pulse (i.e. Bt), 

there is an exerted torque on the net magnetization M, which rotates the magnetization to 

the xy plane. Through the influence of Bo, the magnetization precesses at a resonance 

frequency or Larmor frequency V 0 resulting in a current that is observed by the detection 

coil, creating recordable observations (i.e. the free induction decay, FID). The system is 

then returned to its thermodynamic equilibrium where the transverse M will decay with 

time until it achieves a parallel orientation to Bo. The pulse sequence can therefore be 

repeated and several FID are co-added for the purpose of signal averaging. If the signal of 

interest arises from solutes in protonated solvents (i.e. H20) the intense solvent line must 
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be suppressed prior to detection to avoid limiting the dynamic range. For this purpose it is 

typical to use a water gradient-tailored excitation (WaterGATE) which allows the use 

of undeuterated solvents for NMR analysis?4
•
75 

The Fourier transformed (FT) co-added FIDs then produce the conventional 

frequency domain spectrum. The dominant NMR parameters that define an NMR 

spectrum in the frequency domain are: chemical shifts (~ ), spin-spin coupling constants 

( J) and the line-widths. The chemical shift effects the local chemical and spatial 

environment of a spin, while the line-width (typically measured as full-width at half

height for a given NMR line, L\v 112) reports on dynamic processes that affect the 

transverse relaxation time (T2), such as ps-ns interactions and chemical exchange, 

especially in the ms-~-ts time-scale. 

1.6.2 NMR Sample Requirements 

Protein NMR is highly dependent upon line-broadening and relaxation rates for 

detection. Though NMR parameters are taken into consideration, these conditions are 

often contradicted with the parameters that influence peptide aggregation. The increase of 

aggregation (average weight of the sample) there is an increase of line broadening, 

decreases in relaxation rates and a lowered sensitivity is observed. To improve 

sensitivity, increased temperature is applied during detection to increase mobility of the 

sample as a whole. Alternatively, if a decreased rate of aggregation is required, a 

decrease of temperature is applied to prevent mobility and further aggregation. 
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Another sample condition implemented to improve NMR detection is the pH of 

the peptide sample. For NMR protein detection pH of 3- 5 is applied. This weakly acidic 

media provides minimal exchange rates for the amide protons with the water present used 

as a solvent. Typically acetic or formic acids are utilized as buffer systems to implement 

a fix the pH. In addition the system requires a field frequency lock, which is applied 

through the addition of a deuterated substance -i.e deuterated water (5-10% D20). With 

the involvement protein complexities, all parameters are taken into consideration for the 

overall goal of improving detection. 

1.6.3 Af3Detection Utilizing NMR 

Af3 in the monomeric form is highly dynamic and sufficiently short (i.e. < 43 

amino acids) to be suitable for solution NMR. Even a simple lD experiment provides a 

highly sensitive and informative representation of Af3: the chemical shift indicates the 

presence of random coils and/or helical stretches, while the line-widths are sensitive to 

the presence of oligomers in exchange with the monomeric Af3 population. This can be 

appreciated by comparing lD NMR spectra before and after filtration and/or the 

introduction of aggregation (Chapter 3: Results and Discussion, Figure 3.1,). 

While lD experiments are useful for qualitative assessments of the 

oligomerization status of Af3, more quantitative methods are required to rigorously 

characterize the effect of sample condition and of oligomerization inhibitors on the Af3 

self-association equilibria. For this purpose two main classes of NMR experiments have 

been used: the saturation transfer difference (STD) experiments76 and the non-selective 
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off-resonance relaxation (ORR) experiments.77 Both STD and ORR measurements, 

when implemented in-conjunction with 2D detection blocks (i.e. TOCSY experiments), 

probes oligomerization at residue resolution.77
•
78 The two quantitative, STD and ORR are 

complementary to each other because they affect different types of artifacts through 

detection. STD is predominately diffused by monomer contributions due to its initial 

saturation point, which also lead to partial oligomer spin-diffusion, and offset effects. 

ORR on the other hand is not affected by the artifacts in STD, but lacks the detection 

abilities for the information on glycine residues and requires the use of strong, possibly 

destabilizing, spin-lock fields. With the combination of STD and ORR detection, there is 

a more reliable and specific indication of the oligomerization status of Aj3. 

The detection of STD-NMR was used for the weak interactions of biological 

macromolecules -i.e small ligands.79 The strength of the STD method is targeted 

specifically for the detection of weak binding of a Kd ranging between 1 o-3 to 1 o-s M and 

1 nM of receptor with high sensitivity .79 With the recent increase in the field of protein 

chemistry, STD detection has been implemented for the self-recognition mapping of 

oligomerizing peptide matrices.72
•
73 

This change of detection by STD-NMR differs considerably from the detection of 

macromolecules with respect to the location and target of the selective saturation that is 

introduced into a tumbling system (Figure 1.8). For the involvement of STD experiments 

for the detection of monomer - oligomer interactions the selective RF field is saturated on 

the monomeric signals (e.g. typically methyl or aromatics). This is applied for the fact 

that the resonance frequencies of the oligomeric intermediated remains unknown. The 
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presence of an oligomeric population is identified though this applied saturation; for the 

transfer of this saturation can diffuse through the monomeric peptide to the added 

oligomeric portion, where the diffusion is more effective due to slow tumbling of the 

larger constituent. The saturation is then transferred back to the original monomer, which 

is what results in the detected of a STD signal. This difference of applying the saturation 

to the larger constituent improves sensitivity and establishes a well-resolved signal for 

detection. This variations of detection for A~ monomer - oligomer exchange is 

accompanied by three potential sources of artifacts. These artifacts must be considered 

upon analysis of A~ self-association before any conclusions can be drawn from the 

spectra: offset-effects, intra-monomer cross-relaxation, and partial intra-oligomer spin-

diffusion 76
• 

(a) 

(b) 

Selective RF 
Saturation 

- L::::. -Ligand 

Selective RF 
~Saturation 

~~-
Oligomer 

Figure 1.81 The Mechanism of Saturation Transfer Difference Experiments I The original 
purpose of the STD NMR experiment was to identify the weak binding of protein to 
ligand (a). With the capability to identify weak interactions, the STD experiment was 
utilized for the detection of the monomeric to oligomeric exchange (b). This process had 
been proven useful for such binding through the amyloid aggregation process. 
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The ORR pulse sequence is based on the tilt angle of the effective field during 

spin lock, the static magnetic field and the repetition delay.77 In order to measure non

selective off-resonance 1H relaxation rates for varying conditions of amyloidogenic 

peptide samples, the specific probing of the early oligomer distribution at residue 

resolution is required. Targeting early Aj3 aggregation is primarily based on sample 

preparation methods, the changes exhibited by the peptide is detected by NMR. With 

sensitivity specific for detection on a residue basis the changes upon aggregation can be 

further examined. This will ultimately provide valuable information on the 'hot spots' 

within the peptide that are involved in self-recognition.77
'
78 This ORR-based method is 

crucial to map, at residue-resolution, self-recognition for amyloidogenic peptides and it 

overcomes previous experimental challenges associated with the measurement of other 

1H relaxation rates that scale linearly with J(O) (i.e. R2 and selective R1).
77

'
78 
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Materials and Methods 

Chapter 2 
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Materials and Methods 

2.0 Materials 

A~l2-28 (H3N-V12HH QKLV FFAE DVG SNK28-COO-) was purchased from 

EZBiolab in Westfield Indiana as a lyophilized powder with a minimum purity of 96.5 %. 

The purity and the molecular weights (i.e. 1.96 kDa for the 17 amino acid) were checked 

through HPLC and mass spectrometry by EZBiolab. Each experimental trial that 

involved a comparison between peptide solutions was based on the same batch of 

purchased peptides to avoid any bias due potential variability. Each batch was purchased 

in 5.0 mg or 1.0 mg pre-weighed vials that were used for sample preparation. 

The partially iron-saturated Tf, apo-Tf and holo-Tf where all purchased from 

Sigma-Aldrich, Oakville Ontario, as lyophilized powders with > 98 % purity. All 

proteins were reported to have a molecular weight of 76 - 81 kDa with a solubility of 

50mg/mL in H20. The partially saturated human serum Tf contained 300 - 600 J.tg/g of 

iron, which corresponds to 20 - 40 % saturation with ferric irons. 

2.1 Sample Preparation 

2.1.1 Preparation ofNMR Samples oftheAfJ12-28 Peptide 

A 50 mM deuterated sodium acetate ( d3) buffer was prepared from a mixture of 

deuterated acetic acid (<:4) and sodium hydroxide used to adjust the pH to 4.7. The A~ 

sample was stabilized under a pH of 4.7. Lower pH values from the reported 
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physiological value of pH 7.4 47 provided an unfavorable fibril formation equilibrium. 

The addition of 10% D20 (Cambridge Isotopes, Andover Massachusetts) was added to 

the acetate buffer for NMR locking purposes and filtered at 0.22 !liD. The buffer was 

then verified for purity through lD 1H-WG NMR experiments, prior to its use for sample 

preparation. This buffer composition was used because it has been previously shown to 

stabilize the early A(312-28 oligomers formed. 40 

AP12-28 was stored as a lyophilized powder at + 4°C in a dry, sealed 

environment. The peptide sample was treated with care for the powderized form of the 

peptide is highly volatile and therefore a protective mask to avoid inhalation. In addition, 

to minimize handling, AP12-28 was purchased in pre-weight vials of 5 mg. The sample 

of AP12-28 was then dissolved in its original vial to minimize peptide losses. The sample 

was left to stand on ice for 10 - 20 minutes with minimal agitation to prevent 

aggregation until the peptide was fully dissolved. 

The uniformly dissolved sample of AP12-28 in 50 mM NaAc-d3, 10 % D20 at 

pH 4.7 was purified to its largely monomeric form through filtration. The non-sterile 

Ultrafree® 30 kDa filter units were used to ensure minimal binding of the peptide. Each 

filter held a maximum of 500 !!L of the AP12-28 sample before experiencing a 

deficiency in filtration. An Allegra™ 25R Centrifuge was used in conjunction with a 

TA-15-1.5 rotor, spun at 4,000 rpm for 5 minutes at + 4°C. Prior to sample filtration, 

potential residual glycerol from the filter units was removed from the filter through 

centrifugal washing with 50 mM deuterated ( d3) sodium acetate buffer for 5 - 7 cycles. 

AP12-28 samples were spun repeatedly with stabilization every 5 minutes in ice to 
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minimize the heating of the sample. Upon completion of filtration, the concentration of 

the filtered peptide was assessed through lD 1H-WG NMR spectra. A series of 

individual A~12-28 were prepared through filtered weighed-lyophilized powder sample 

at varying concentrations to be used as reference spectra to perform a quantitative 

measurement. 

After filtration, aggregation was re-introduced in a controlled manner through the 

addition of salt, which shields the electrostatic interactions and promotes the inter

molecular collapse of the hydrophobic core of the peptide. 80 Specifically, a varying 

amount of sodium chloride was added to the filtered peptide sample. Care was taken to 

ensure that the same amount of peptide was consistently used for all samples. The NaCl 

salt was added using aliquots from concentrated stock solutions (5 M and 1 M) which 

were added to the A~12-28 sample. Addition from different stock solutions was 

performed to minimize volumetric errors. All volumes added to the peptide sample were 

in the 1,uL to 15 ,uL range, reducing the dilution factor to a negligible< 4%. 

2.1.2 Protein Sample Preparation 

The partially saturated Tf, apo-Tf and holo-Tf were obtained as a lyophilized 

powder from Sigma-Aldrich, Oakville Ontario and refrigerated at+ 4°C in a sealed, dry 

environment. 500 !lM samples of each protein were prepared by dissolving a weighted 

amount of the powder in 50 mM deuterated (d3) sodium acetate buffer, pH 4.7 with 

90/10 doubly distilled H20 to D20. The buffer batch was consistently used for all peptide 

and protein preparations involved in our comparative analyses. After dissolving the 
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protein in the acetate buffer, the solution was kept on ice and/or refrigerated at + 4°C. 

The protein concentration was verified through the QuantiPro TM BCA Assay Kit from 

Sigma-Aldrich Oakville, Ontario. Bicinchoninic acid (BCA) is a sensitive and reliable 

procedure for determining protein concentrations. The procedure utilizes alkaline 

reduction of Cu2
+ to Cu1

+ by proteins in addition to the formation of a bicinchoninic 

acid/Cul+ complex with an absorbance maximum at 562 nm. The BCA assay kit includes 

reagent A; an aqueous solution of 1% sodium bicarbonate (Na2BCA), 2 % sodium 

carbonate (Na2C03·H20), 0.16% Na2 tartrate in 0.4% NaOH and 0.95% NaHC03 (BCA 

detecting reagent), reagent B containing 4% curpric sulfate (CuS04·5H20) and a 

standard of 2 mg/ml bovine serum albumin (BSA) in 0.9% saline and 0.05% sodium 

azide (NaN3). The regents are mixed together in a 50:1 ratio and the BSA is used as a 

calibration standard. Once the reagents, standard and protein were mixed, the solutions 

were put in a 37 °C water bath for 30 minutes. The optical density (OD) measurements 

were obtained on a Hewlett Packard 8453 UV-vis spectrometer set at a detection 

wavelength of 562 nm to determine the protein concentration. The original protein 

samples were stored at+ 4°C before and after sample preparation. Introduction of salt to 

the peptide sample was also applied with each volumetric addition measured from a 

common stock solution so that only a minimal dilution occurred in avoidance of a bias in 

sample comparisons. Typically the total protein solution volume added was within the 

range of 1 J.LL to 8 J.LL that entails a dilution effect of less than 2% for the original peptide 

sample. 
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In addition to the BCS assay, the protein concentration was also verified through 

the calculation of its extinction coefficient. The sequence of the prepared Tf was 

obtained from the protein database (PDB).58 Through the use of the University of 

Illinois's web-based Biological WorkBench version 3.2,81 an extinction coefficient was 

calculated in M-1 em -1• based on Gill and von Hipple's Analytical Biochemistry paper in 

1989.82 With this information the concentration was determined through Beer-Lambert's 

Law of an absorbance at 280 nm. 

A=ebc 

This equations outlines that the absorbance (A) is proportional to the extinction 

coefficient (£) M-1cm-', the path (b) length of the cuvette (0.5 em), as well as the 

concentration of the sample (c) in M. Three absorbance were obtained averaging out the 

value along with the obtained concentration resulting from the BCA assay 

2.2 Methods 

2.2.1 NMR Spectroscopy 

NMR data was collected at 293 K using either a Broker A vance 600 MHz NMR 

spectrometer with 5 mm inverse triple resonance multinuclear (TBI-Z) probe or Broker 

A vance 700 MHz NMR with inverse triple resonance (TCI-Z) cryoprobe located within 

the NMR facility of McMaster University. Both NMR magnets employed XWINNMR 

for the management ofNMR experimental acquisition and processing. 

lD 1H NMR experiments are highly useful and highly sensitive NMR techniques that 

can be utilized for every NMR sample. Each peptide, protein and buffer samples 
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prepared was checked and monitored through the acquisition of 1D 1H NMR spectra. All 

spectra acquired were recorded with 128 scans, 32 dummy scans and a spectral width of 

8389.26 Hz sampled with 4096 complex points and a repetition delay of 1 s. The 

Watergate water suppression by gradient-tailored excitation was applied to all pulse 

sequences used throughout the analysis. (Figure 2.2) It is an excellent tool to use for the 

suppression of solvents, specifically water. The water suppression was achieved by the 

addition of a binomial3-9-1975 Watergate gradient spin-echo (WG) to remove the water 

signal before acquisition. The purpose of the 3-9-19 pulse train is to ensure that the net 

rotation of the H20 magnetization is relatively close to zero while the remaining portion 

of the spectrum was flipped 180° therefore acquiring a spectrum of predominately the 

ana1yte peptide without limiting the dynamic range with an intense residual water peak. 

This permits the minimal uses of deuterated solvents such as 10% D20 to satisfy both the 

spectroscopic and biological requirements. WG has been incorporated in both 1D and 2D 

pulse sequences utilized in all NMR experiments in this investigation. 74 

p3919gp 

Figure 2.1110 1H-WG NMR Pulse Sequence I Watergate is a technique for solvent 
suppression achieved through the addition of a 3-9-19 pulse train. PFG is the pulsed field 
gradient in the z-direction providing a better detection as well as 3 delay. This was 
implemented for sequences used in both the A V 600 MHz and the 700 MHz Broker 
NMR systems. 
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2.2.2 JD Saturation Transfer Difference (STD) Experiments 

Saturation transfer difference (STD) experiments have been widely used in the 

past to screen for small ligand interactions with biological macromolecules, namely 

proteins and nucleic acids.79 With the capability of probing weak interactions with great 

sensitivity STD experiments were recently tailored for mapping the self-recognition in 

oligomerizing peptide systems.76
•
83 This novel approach for the utilization of the STD 

pulse sequence has switched its target from drug rationalization to monomer-oligomer 

interactions. lD-STD experiments were used here to monitor the effect of Tf on the 

aggregated Af312-28 samples. 

I 

Figure 2.211D 1H-STD NMR Pulse Sequence I A methyl peak is saturated through a 
continuous pulse. A PFG is pulsed field gradient in the z-direction allowing analytically 
accurate, automated adjustments of shims and dl is relaxation delay. An implementation 
of WaterGATE for water suppression was also used. The STD was used for both AV 
600 MHz Bruker NMR with an TBI-Z probe and the 700 MHz NMR with a TCI-Z 
cryoprobe at 293 K. 

STD experimentation is based on the difference between on and off resonance 

spectra. In order to achieve on-resonance saturation, the carrier frequency of a Gaussian 

pulse train is applied to a methyl on the monomeric Af3 state (typically 0 to -1 ppmf6
. 

(Figure 2.3 79
) Specifically this magnetization was applied to the valine methyl group 

within the hydrophobic core region of Af3 at approximately 0.75 ppm. Off-resonance 
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saturation or saturation transfer reference (STR) was obtained by saturating at 30 ppm, 

a region in which no specific 1H saturation would occur (typically 25 to 50 ppm).76 The 

saturation transfer difference spectra were obtained by subtracting on-resonance and off

resonance spectra through phase cycling. 

For a filtered, largely monomeric, Af312-28 sample the magnetization applied to 

the methyl group then propagates through the monomer via a network of intramolecular 

1H-1H cross-relaxation pathways. Upon the existence of a high contribution ofmonomers 

within the sample the magnetization pathways would solely consist of spin diffusion 

through the monomeric target. In the case of an aggregated sample with the presence of a 

monomer-oligomer exchange, the magnetization is transferred from the originally 

targeted monomeric state to the oligomeric state. With the subtraction of the STD from 

the STR spectra, the resulting amino acid peaks that are engaged in the exchange 

produce a peak in the final STD spectrum. 

Selective saturation was achieved using a train of 40 Gaussian-shaped pulses of 

50 ms each, separated by a 1 ms inter pulse delay, resulting in total saturation time of ~2 

seconds which was preceded by a 100 ms inter-scan delay. The strength of each 

saturating Gaussian pulse was 110.23 Hz with a 1 % truncation and 1000 digitization 

points. A 30 ms spin lock pulse with strength of 2.5 kHz was applied to suppress the 

residual protein signal in all STD and saturation transfer reference (STR) experiments. 

For the STD experiment 128 scans and 8 dummy scans were acquired, which were 

reduced to 32 scans and 32 dummy scans for the more sensitive STR spectra. For each 

titration point two STR and four STD replica spectra were collected. All STD and STR 
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replicas were then added to increase the SIN ratios. The 6.88-7.25 ppm spectral region 

was used to determine the STD/STR ratios and the related errors were evaluated using 

the standard deviation of the individual replicas and error propagation. Before data 

acquisition for each protein titration point, STD experiments were preformed on a 

filtered Aj3 12-28 sample as well as on an aggregated Aj3 12-28 sample without protein 

to confirm sample stability. 

2.2.3 2D Off-Resonance Relaxation (ORR) Experiment 

The measurement of 1H off-resonance nonselective relaxation rates (R3s.so,ns) has 

been recently proposed as an effective method to probe peptide self-recognition, opening 

new perspectives in the understanding of the pre-fibrillar oligomerization processes in 

amylodogenesis. The nonselective off-resonance 1 H relaxation NMR pulse sequence is 

derived from the well-established 2D-TOCSY experiment by inserting an adiabatic spin

lock between the interscan delay and the first 90°. pulse of the 2D detection block.77 All 

ORR experiments were acquired at 700 MHz with an off-resonance trapezoidal spin-lock 

including two adiabatic pulses of 4 ms duration and applied at the angle of 35.5° to 

ensure optimal NOE/ROE compensation in the spin-diffusion limit. 77
•
83 The total spin

lock durations were 13 and 88 ms.77
•
83 Strength of the off-resonance and TOCSY spin 

lock was 8.25 and 10 kHz, respectively. The interscan delay between the end of the 

acquisition and the start of the frrst adiabatic pulse was 2 s. The spectral widths for both 

dimensions were 8389.26 Hz with 256 t1 and 1024 t2 complex points, respectively. Water 

suppression was achieved using the binomial 3-9-19 Watergate gradient spin-echo 
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(WG).77 For each experiment, 16 scans and 128 dummy scans were employed. For the 

13 ms spin-lock time that resulted in intense signals so only one data set was obtained, 

while at 88 ms 

Two replicas were collected. All 2-D replica sets were co-added to increase the 

SIN ratios and processed with Xwinnmr (Bruker, Inc.) using a 90° phase shifted squared 

sine bell window function for both dimensions prior to zero filling. The 2D cross-peak 

intensities were measured with Sparky 3.11184 by Gaussian line fitting using the fit peak 

heights. The standard deviation of the differences in fit heights between two copies was 

used to estimate the error of the individual spectra. The error of the sum was scaled up 

proportionally to the square root of the total number of scans. For all residues, the ~,i

HN,i cross-peaks were used for data analysis, with the exception of G25 and of the N

terminal V12. G25 was omitted from the analysis due to the overlap of its degenerate Ha 

protons, while for V12, the Ha,12-HMe,12 cross-peak was used to probe Ha relaxation 

rates. The nonselective off-resonance relaxation rates in s-1 were computed from the 

experimental fit heights though the equation: 77 

l(t}=l(ta}e-R(t-to) 

R35.5°,ns = ln(fit height at 88 ms I fit height at 13 ms)/(0.088s- 0.013s) 

Where I is the intensity of the ORR contour at timet and initial time (to). R35.5°,ns is the 

nonselective relaxation taken at title angle 35.5°. The nonselective off-resonance 

relaxation rates calculated based on the equation above are within error of the off

resonance relaxation rates calculated using five different spin-lock times. The measured 
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rates and the related errors were then normalized with respect to the maximum observed 

rate. 

2.2.4 Transfer 2D Nuclear Overhauser Enhancement Spectroscopy (Transfer 2D

NOESY) Experiments. 

2D-NOESY experiments are designed to effectively measure 1H- 1H nuclear 

Overhauser effects (NOEs), which result from the dipolar interactions of proton spins. 

In the slow tumbling time-scale, the intensity of the identified NOEs is proportional to 

the inverse of the sixth power of the distance between protons and therefore the NOEs 

are an effective probe of proton pairs within a distance of< ~5 A. The 2D-NOESY 

acquisition parameters were set up as follows; 256 t1 and 1024 tz complex points 

covering a spectral width of 8389.26 Hz in both dimensions, a repetition delay of 1.2 s, a 

mixing period of 100 ms, 64 scans per serial file and 128 dummy scans. 

2D-NOESY data was processed through Xwinnmr (Bruker, Inc.) in a similar 

procedure at the 2D-ORR data collected, using a 90° phase shifted squared sine bell 

window function for both dimensions prior to zero filling. The 2D NOEs were identified 

through Sparky 3.111 84 by reference to previously assigned peaks. 83 There was no error 

calculated for the NOE data for it was a measure of NOE distances and concluded with 

qualitative results. 
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2.2.5 Inductively Coupled Plasma Experiments 

Inductively coupled plasma (ICP), mass spectrometer (MS) is an analytical 

technique used or the detection of trace metals in environmental samples. The ultimate 

goal of ICP is to get elements to emit characteristic wavelengths of light which can be 

measured quantitatively. An ICP system utilizes nebulization to convert liquid samples 

into an aerosol and volatization to remove all water from the sample leaving the 

remaining sample to be converted into a gas. The sample is then introduced to a plasma 

flame in the presence of an inert chemical environment, typically argon gas. This 

atomizes the sample, further breaking the gas phase bonds. At this point, the atoms within 

the sample gain energy for collision and emit light of a characteristic wavelength. A 

grating dispersion of light then quantitatively measures the sample. 

A doubly distilled H20 sample of 100 mL that was used for sample preparation 

was treated with 1% nitric acid (HN03). Detection was carried out by Kevin Ferguson 

BSc, the Quality Assurance Manager at the Occupational and Environmental Health 

Laboratory, a fully accredited American Industrial Hygiene Association (AIHA) 

laboratory in the Department of Chemistry at McMaster University. The instrument used 

was a Perkin Elmer, model ELAN 6100 ICP-MS following the NIOSH 7300, the 

standard operating procedure for analysis of solution-based iron contamination. 

2.2.6 Circular Dichroism (CD) Spectroscopy 

CD spectroscopy is a very sensitive method for the detection of polypeptide and 

protein secondary structure. This determination of secondary structure is based on the 
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difference between right and left circularly polarized light of a substance, for the 

absorption of peptide bonds in the far UV region. CD is measured in mean residue molar 

ellipticity with units of degree·cm2 /dmol. 85 

A~ samples at a variety of levels of aggregation and protein concentrations were 

tested using CD spectroscopy. Aliquots of 250 J..I.L of a given A~ sample were carefully 

transferred into a 0.1 em path-length quartz cell and analyzed three times. Prior to 

sample introduction the cell was washed with a strong acid (three thorough washes) 

followed by three washes with distilled H20 and six washes with 50 mM deuterated ( d3) 

sodium acetate buffer, pH 4.7 with 90/10 doubly distilled H20 to D20, to ensure 

consistency with the conditions used in our NMR experiments. The CD measurements 

were preformed on a far-UV AVIV Circular dichroism (Model410) spectrometer. Once 

the data was collected, the 400 J..I.L sample was returned to its original 500 J..I.L NMR 

sample. 

All spectra were obtained at 298 K at a wavelength range of 180 - 270 nm. 

Measurements at lower wavelengths could not be processed due to the addition of salt 

for the promotion of aggregation that caused an excessive dynode voltage rise during 

acquisition. Control experiments of the filtered A~ sample were taken as a control. Raw 

CD data was blank subtracted through the CD spectra that were obtained for the 50 mM 

deuterated (d3) sodium acetate buffer, pH 4.7 with 90/10 doubly distilled H20 to D20. 

Upon the addition of Tf to the peptide sample, the raw data of the control spectra of 

buffer plus Tf was subtracted.CD data was analyzed by CDPro, a CD interpretation 

software containing SELCON3, CDSSTR and CONTINLL. These three analysis 
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programs that compare experimental data with a database of known protein structures. 

The deviation of the data is based on the root mean squared deviation (RMSD) and the 

normalized RMS deviation (NRMS) values between the calculated and experimental 

spectra. 
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Results and Discussion 

Chapter 3 
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Results and Discussion 

3.0 Sample Preparation for the Focus of Early A~ Aggregation 

3.0.1 The Control and Stabilization oftheAf312-28 Peptide Sample 

The two most abundant A~ lengths produced in vivo are A~40 and A~42.The 

analysis of oligomerization of these two A~ species has been difficult due to the rapid 

rate of aggregation as well as the change of state that is involved as a result of 

aggregation (i.e. the distribution of soluble oligomer and insoluble fibrils). 

Since hydrophobicity is a major determinate for aggregation, it can be used to 

experimentally control Aj3 aggregation. This study used A~12-28 that contained the CHC 

region, but lacked the C-terminal hydrophobic region contained in the full-length peptide, 

resulting in a decreased the rate of aggregation and the stabilization of the early 

oligomeric aggregates.47
•
83 

The lD 1H-WG NMR spectrum of the filtered 650 ~-tM Aj312-28 was analyzed 

based on the line-width. (Figure 3.1) Due to the decrease in size of the fragment, the fast 

tumbling rate of the monomeric peptide was represented by sharp, intense NMR peaks. 

Through the addition of salt to the filtered Aj312-28 sample, aggregation occurs. The 

large oligomers produced do not have a distinct chemical shift and become too large for 

detection by solution-NMR. With the increased MW, there is a decrease in tumbling rate 

within the solution producing broadened peaks. This entails that the oligomeric portion of 

the sample exhibits an exchange process (Kd range ~-tM - mM) with the pre-existing 
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monomeric A~ resulting in broadening peaks in comparison to the original monomeric 

sample. 

(8) Monomeric 
650 J.IM A~12·28 

(A) Salt-Induced Aggregated 
650 J.IM A~ 12·28 

9.0 8.5 8.0 75 6.5 ppm 

Figure 3.ljlD 1H-WG Spectral Detection of the Aggregation of AP12-28 I 650 J.tM of 
AP12-28 is the targeted peptide representing the full-length A~ fibril formation peptide. 
(B). The monomeric form of A~ 12-28 produces well defined peaks. (A) The addition of 
aggregation to the peptide results in significant peak broadening. Both samples were 
prepared at 650 J.tM in 50 mM of deuterated sodium acetate buffer with 10% D20 and 
filtered at a 30 kDa cutoff. The NMR data was collected on a 700 MHz Bruker NMR 
with TCI-Z cryoprobe at 293 K. Monomeric AP was tested within 24-hrs after filtration, 
while a 30-day stabilization period was implemented for the detection of aggregated 
samples. 

3.0.2 Effectiveness of Filtration 

Another way of reducing aggregation is through the removal of the 'seed', 

otherwise known as the critical nucleus. The critical nucleus is the intermediate oligomer 

that as described in nucleated polymerization, controls the rate and progression of 

aggregation.51 The sample of A~12-28 is obtained as a lyophilized powder and is 

dissolved into a 50 mM NaAc-d3 buffer, with 10% D20. The resultant sample is highly 

unlikely to be in the pure monomeric state due the high local concentration of the peptide 
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that occurs during dissolution process and favours the formation of oligomers. With the 

possibilities of oligomer formation, filtration is utilized which relies on in the physical 

removal of the A(3 intermediates. The remaining A(3 monomers are highly stable and will 

remain in the monomeric state for an extended period due to the lack of a critical nucleus 

present to initiate oligomerization. Unfortunately the process of filtration may be 

accompanied by a 'cake affect', additional build up of oligomers on the surface of the 

filter. (Figure 3.2) Batch-dependent results are highly apparent for the peptide samples, 

therefore the preparation of a common filtered stock solution is required. 

(B) 1 mM A~ 12-28 
Single-Sample Filtration 

(A) 6SO 11M A~ 12-28 
Cake Affect Filtration 

9 . 5 9.0 8 . 5 8.0 7 . 5 7.0 

Figure 3.21 The Observation of 'Cake Effect' Through Filtration of A(3 Peptide 
Samples I Upon the treatment of filtration on a 1 mM A(312-28 of a large batch size has 
great potential to experience a cake effect on the surface of the filter. (B) 1 mM of A(312-
28 was prepared on a single sample basis. (A) 650 f.A.M of A(312-28 originally started off 
as 1 mM A(312-28, but with a large sample size, almost 35% of the peptide concentration 
was lost. The NMR data was collected on a 700 MHz Bruker NMR with TCI-Z 
cryoprobe at 293 K. Monomeric A(3 was tested within 24-hrs after filtration, while a 30-
day stabilization period was implemented for the detection of aggregated samples. 
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3.0.3lnjluence of Salt on the Aggregation of Af312-28 peptide 

Once the monomeric Af312-28 has been established, a stable, reproducible and 

manageable method of aggregation is required. As commonly known the addition of salt 

promotes peptide aggregation through shielding the electrostatic interactions within Al3 

allowing the exposure of the hydrophobic region of the peptide. 72
•
80

•
7 
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Figure 3.31 The Stabilization Periods Associated with the Addition of Salt to the Af3 
Peptide Sample I The addition of 40 mM of salt to 650 ~-tM of Af312-28 with from stock 
solutions; 1 M (•) and 5 M ( +) were tested for stabilization. The time line that the 
samples were tested was at 0 - 60 days. All values were measured through lD 1H-STD 
NMR experiments with a 700 MHz NMR with a TCI-Z cryoprobe at 293K. 

NaCl was added to Af312-28 samples at various concentrations ranging from 

0 mM to 40 mM and monitored by lD STD. (Figure 3.3) Measurements for an individual 

samples were repeated over a 60-day period to ensure final sample stability. The goal of 

this experiment was to determine the stabilization period required for salt-induced 

aggregation. Upon the addition of small volume of a 5 M stock solution of salt, to 

minimize dilution affects, the stabilization period was found to be within a 30-day period. 

The addition of salt was also introduced through a 1 M stock solution that required larger 

volumes added, but resulted in shortened stabilization period of 2 days. 
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3.1 Verification of Tf's Involvement with the ~ 12-28 Peptide Sample 

3.1.1 The ability ofTfto Disrupt the Dynamic Exchange between Monomeric and 

Oligomeric States of A/312-28 

It has been demonstrated that Tf possesses an inhibiting affect on A~ 

oligomerization in vitro with regards to the segment of A~25-35.86 These results were 

obtained through the analysis of Congo red dye binding to A~-fibrils in the presence of 

Tf. The objective of this investigation is to gain a greater insight on the interactions of Tf 

and the peptide, focusing on the A~l2-28 segment through protein NMR detection 

techniques. 

To verify the interactions between Tf and A~, the following samples were 

prepared as outlined in Chapter 2: Material and Methods. Three common samples are 

familiar throughout the various experiments performed in this investigation. A pre

treatment filtration procedure that physically removed oligomeric A~ from the sample 

results in the first reference sample representing a high A~ monomeric contribution. The 

filtered sample is the reference sample for which an aggregated sample of A~ is formed 

through the addition of 40 mM NaCl. The effects of the addition of Tf before and after 

the onset of aggregation to the AP samples were investigated. (Scheme I) 
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2x 30 kDa-Filtered 650 llM Aj:312-28 

VerifiationofMonomericAj312·28 
·through 1 D 'H-WG NMR 

Verifiation of Oligomeric AJ312-28 
-through 10 'H-WG NMR 

Verifiation of AJ312·28 
-through 1 D 'H-WG NMR 

Scheme I: Verification ofthe Interaction ofTfand the Amyloid-13 Peptide through lD 
1H-WGNMR 

The lD 1H-WG NMR spectrum of the filtered, 650 flM sample of Aj312-28 was used 

resulting in low relaxation rates that contribute to sharp, intense peaks within the 

spectrum. (Figure 3.4/A) In contrast the aggregated Aj312-28 sample, (Figure 3.4/B) 

containing a distribution of varying MW oligomers had a slow tumbling rate resulting in 

the longer relaxation as indicated by broadened, less intense peaks. The aggregation 

inhibitory abilities were tested through the addition of 10 flM of Tf before and after the 

aggregation of the Aj3 sample (Figure 3.4/C and D). Immediate changes occurred within 

the spectrum obtained to resemble a filtered, monomeric Aj312-28 sample (Figure 3.4/A). 

This means that the added Tf within the sample has caused an interruption of the 

monomer - oligomer dynamic exchange. 
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(D) Filtered 650 11M A~ (12-28), 
10 pM Tf, 40 mM NaCI 

(B) Filtered 650 ~-tM A~ (12-28), 
40mMNaCI 

(A) Fi ltered 650 11M A~ (12-28) 

McMaster University- Chemistry 

I I I 

9.2 9.0 8.8 8.6 8.4 8.2 8.0 7.8 7.6 7.4 7.2 7.0 6.8 ppm 

Figure 3.4l1D 1H-WG Spectral Comparison of Interactions of Tf with the A~12-28 
Peptide I Changes upon the addition of Tf to salt-induced aggregated A(312-28 were 
analyzed according to the line-width of the 1D 1H-WG spectra targeting the Ha-HN 
fingerprint regions. (A) Spectra of 650 ~ of A~12-28 filtered at 30 kDa representing 
monomeric state of A~. (B) Aggregation upon the addition of 40 mM of NaCl to the 
filtered 650 !lM of A(312-28 sample. (C) Addition of 10 !lM Tf to the aggregated sample 
of (B), showing sharpened peaks as in the filtered sample in spectrum A. (D) Addition of 
Tf prior to the induction of NaCl also showed the same inhibition affects. All A~12-28 
samples were prepared in 50 mM of deuterated sodium acetate buffer with 10% D20 and 
filtered at a 30 kDa cutoff. The NMR data was collected on a 700 MHz Bruker NMR 
with TCI-Z cryoprobe at 293 K. Monomeric A~ was tested within 24-hrs after filtration, 
while a 30-day stabilization period was implemented for the detection of aggregated 
samples. 
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3.1.2 The Distribution of AfJ Aggregation with Respect to Pre-Nuclear AfJ 0/igomers in 

the Presence of Tf 

One major concern during the detection of Af3 interactions is the presence of 

different oligomeric distributions. Af312-28 was used since it stabilizes early oligomers 

with the addition of varying concentrations of salt to mimic a range of aggregates formed 

during the early stages of oligomerization as it has been shown that with the increase of 

salt content within the peptide sample there is an associated increase in the oligomeric 

concentration. 72 

2x 30 kDa-Filtered 650 )lM Aj312-28 

Verifiation of Monomeric AP 12-28 
-through 1 D 'H-WG NMR 

.,,,~J ~mples 
I 1. Monomeric Aj312-28 I 2.Monomeric Aj312-28 

Absence of Protein + lO)lMTf 

1 OmM NaCI 1 OmM NaCI 

2 20mM NaCI 2 20mM NaCI 

3 30mM NaCI 3 30mM NaCl 

4 40mM NaCI 4 40mM NaCI 

Derived from a 5 M NaCI Stock Solution 

Scheme II: Salt Titration to Mimic the Aggregation Process of Af3 

A new scheme is employed for peptide analysis of the varying degree of salt-

induced aggregation. The pre-treatment filtration for the peptide sample was used 

consistently as discussed within Chapter 2: Material and Methods. Scheme II outlines the 

history of each sample, specifying the two series of the four-peptide sample sets. The two 
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series differ in the addition of 10 J..LM of Tf, after which both series are exposed to a salt 

gradient. 

To quantify the degree of aggregation formed by these conditions, ID 1H-STD 

NMR experiments were used. The filtered A~l2-28 sample, devoid of aggregates (Figure 

3.4/A) was used as a control and starting point throughout the salt addition experiments. 

Results were quantified using the normalized ratio of STD and STR intensities (Figure 

3.5). A steady increase in STD/STR ration is observed within the filtered sample upon 

salt addition, noting a major jump between 20 mM NaCl and 30 mM NaCl. A consistent 

resistance to A~ aggregation is observed in the presence of Tf. This titration was 

preformed in replicates using either 5 M or 1 M stock solution of salt and results obtained 

were consistent. 

(A) o.2 .----.--....------..---.--.----,--...-----,---, 

• Ab(12·28) 

0.15 +Ab(12·28)+10uMTf 

~ 
~ 
~ 0.1 

0.05 

10 20 30 40 

Concentration of Added NaCI /mM 

(E) Filtered 0.65 mM A~ ( 12· 28), 

10~MTf. .AAAAAA AA AA 
40mMNaCI ~v·v·v~'~''---

(D) Filtered 0.65 mM A~ (12-28), ~ M M 
40 mM NaCI .._../ \....) \....__) \_,. 

(C) Filtered 0.65 mM A~ (12-28), 
10~MTf, ~ 
OmMNaCI 

(8) Filtered 0.65 mM A~ (12-28), _A" hA ,I'\, A A I\ A 
0 mM NaCI ~vv ''"'" V'-vMJV Wyv---1 v Vv/v-

7.1 6.9 ppm 

Figure 3.51 The Effects of Progressive Aggregation on A~ with the Involvement of Tfl 
The introduction of varying salt concentrations to a filtered/monomeric A~l2-28 sample 
represented an aggregation gradient. Upon each salt addition a 30-day stabilization period 
was respected. The graph (A) shows the intensity ratio of (IsmllsTR)/(IMAXsm/lsTR) for a 
filtered, 650 J..LM A~12-28 sample (•), with the addition of 10 J..LM ofTf(+). Noting that 
an increase of (IsmllsTR)/(IMAX sm/lsTR) relates to an increase of aggregatio. The filtered 
sample increases proportionately to the addition of NaCl however with Tf the detectable 
aggregation remains unchanged. lD STD spectra B-E reflects the raw ID STD spectra 
of the initial and final point of the (lsmllsTR)/(IMAXsmllsTR) plot. 
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Both qualitative and quantitative NMR data were collected to test the involvement 

of Tf within the aggregated system. The disruption of the monomer - oligomer exchange, 

is apparent through the data collected; nevertheless the mechanism driving this 

interaction still remains unknown. Looking at the lD 1H-WG NMR spectrum it appears 

that the addition of Tf completely restores the monomeric population of the sample, 

producing a spectrum that greatly resembles that of the filtered - monomeric sample 

(Figure 3.4). STD monitored salt gradient analysis indicates that in the presence of Tf, 

Aj3 resisted aggregation. 

3.2 The Involvement of Iron and Tf in the Inhibition of A~ 12-28 Aggregation 

3.2.1 The Inhibition of AfJ Aggregation by TfNot Iron Mediation 

The inhibitory abilities of Tf on Aj3 aggregation have been previously recognized 

to occur through the sequestration of ferric iron within the sample, which would 

otherwise promote Aj3 oligomerization. 86 Indeed decreased levels of Tf and the elevated 

levels of iron are found within the region of senile plaques. 87 Therefore the ability of Tf 

to remove iron is a possible mechanism that inhibits Aj3 aggregation. 
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+20 j.lM EDTA 

3.AP12-28 

6x 30 kDa-Filtered 500 11M AP 12-28 

Verifiation of Monomeric A~ 12-28 
-through 1D 'H-WG NMR 

+ 10 j.lMTf 

McMaster University- Chemistry 

Verifiation of Oligomeric A~ 12-28 
-through 1 D 'H-WG NMR 

+20 j.lM EDTA + 10 j.lM Tf 

Scheme III The Comparison between Inhibitory Mechanisms of EDT A and Tf for A~ 
Oligomerization 

In order to test if an iron mediated mechanism accounts for the observations seen, 

EDTA was added as a competitive iron chelator to Tf. The preparation of a filtered A~ 

monomeric sample and a salt-induced aggregated A~ sample are used as a comparison 

for the varying degree of aggregation through lD 1H-STD NMR experiments (Figure 3.6, 

Scheme II). The effect of iron removal is tested through the addition of EDTA to both 

references A~ samples, showing no significant changes to the degree of aggregation of 

either samples. The stoichiometric metal binding for EDT A is half of that for Tf, 

therefore stoichiometric surplus of EDTA was added to the aggregated A~ sample, 

confirming the previous results. Various conditions were tested and; results indicate that 

Tf is employing a mechanism of inhibition that is distinct from iron sequestration. 
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0.05 f-

C. Aggregated SOO J.lM Ab 
+SO mM NaCI + 20 J.lM EDTA 

B. Aggregated SOO J.lM Ab 
+SOmMNaCI 

A. Filtered SOO J.lM Ab 

D. Aggregated SOO J.lM Ab 
+ SO mM NaCI + 40 J.lM EDTA 

E. SOO J.lM Ab F. SOO J.lM Ab 
+ SO mM NaCI + SO mM NaCI 

-

-

+ lOJ.lMTf +20 J.lM EDTA -
+lOJ.lMTf 

~ 
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Figure 3.61 The Sequestration of Iron and its Implications for the Tf Inhibitory 
Mechanism I The lD STD NMR experiments is used to determine the degree of 
aggregation. The plot pertains to the intensity differences of STD and STR, in which 
various sample conditions were tested. (A) Filtered 500 J.LM A~ sample. (B) The addition 
of 50 mM NaCl to 500 J.LM A~ sample. (C) Aggregated sample (50 mM NaCl) with the 
addition of20 ~M EDT A. (D) Aggregated sample with 40 J.LM ofEDTA. (E) Aggregated 
500 ~M A~ sample with the addition of 10 ~M Tf. (F) Aggregated sample with 20 ~M 
EDT A and 10 ~M Tf. In all cases the only decline of aggregation occurs with physical 
filtration or the addition of Tf. All data was collected on 700 MHz Bruker NMR with 
TCI-Z cryoprobe at 293 K. 

3.2.2 Each Degree of Iron Saturation of Tf possesses Inhibitory ability on the 

Aggregation of A/312-28. 

Upon metal-binding Tf undergoes significant conformational changes that may 

affect A~ inhibition. Tf used thus far was partially saturated with iron (20 % - 40% holo-

state), which is representative of the saturation content within the plasma. After obtaining 

holo-Tf and apo-Tf, interactions with an aggregated sample of A~ were tested through 
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protein titrations monitored through STD experiments, (Ism/IsTR)/(IMAXsm/IsTR) (Figure 

3.7). 

1 mM Aggregated A~ 

I /oM 

+-+ Apo-Tf 
- .. Partally Saturated Tf 
.,_. Holo-Tf 

Added Protein Concentration I nM 

Figure 3.7 I The Various Degrees of Iron Saturation for Tf and Their Potency for the 
Inhibition of the A~12-28 Peptide I The degree of aggregation was measured by 
(Ism/lsTR)/(Ism MAX /lsTR) against the Tf concentration. Apo-Tf ( + ), bolo-Tf ( •) and 
partially saturated Tf (•) were all tested. Tf at various states had a similar influence on 
the aggregated sample of A~. Each sample was treated with the same time delays and 
stabilization periods. The lD STD experiments were carried out on an A V 600 MHz 
Bruker NMR with a TBI-Z probe at 293 K. 

Outline of experimental setup is further discussed in section 3.3.1. The 

mechanism of Tf conformational change during metal-binding has not been fully 

described, but is commonly thought to be influenced by pH fluctuation. 65
•
66 Each sample 

was prepared as outlined in Chapter 2, at pH of 4.7. This acidic pH is reported to slightly 

increase the Kd values of Tf for iron. 65
•
66 The aggregated A~ samples were used for the 

protein titrations after stabilization was achieved. The A~ samples were prepared at 1 

mM and were observed to show a similar inhibition potency in the presences of the 

various states of Tf entailing that the degree of saturation by iron does not affect the A~ 
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inhibitions. (Figure 3.7). As a control EDTA (with a comparable Ko to Tf) was added in 

excess to the AB samples before and after the introduction of the various states of Tf and 

no significant differences were observed for the lD 1H-WG nor the lD STD data taken. 

650 J.!M Aggregated A~ 

+Apo-Tf 
• Patrially Saturated-Tf 
• Holo-Tf 

0 200 400 600 800 1000 

Added Protein Concentration I nM 

Figure 3.81 Probing the AB Inhibitory Abilities of Tf at Various Degrees of Iron 
Saturation I Salt-induced aggregated AB12-28 at 650 ~M were titrated against apo-Tf 
( + ), holo-Tf ( •) and partially saturated Tf (•). The levels of aggregation were measured 
through the normalized STD intensity data (lsm/IsTR)/(Ism MAX/IsTR)- It is observed that is 
only a marginal change within the inhibitory abilities between the states of Tf. This 
marginal error is difficult to consider due to the nature and sensitivity of the sample. The 
lD STD experiments were carried out on an AV 600 MHz Broker NMR with an inverse 
triple resonance multinuclear (TBI-Z) probe at 293 K. 

In order to probe the inhibitory capacity of each state of Tf, a lower concentration 

of AB12-28 at 650 J.lM was investigated in the same manner. Initiating with the addition 

of low nM amounts of protein (0 nM- 5 nM) to a salt-induced aggregated sample of 

AB12-28, showed great instability through the analysis of lD 1H-STD NMR experiments 

(Figure 3.8). Therefore the titration was performed starting at 50 nM with a slight 

sacrifice on the sensitivity between the different states of Tf. Continuing the titration of 
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650 1-1M Al3 with higher concentrations of apo and holo Tf, a marginal difference is 

observed as indicated in Figure 3. 7. It appears that apo-Tf posses a higher affinity of 

inhibition for the early aggregation of Al3. 

3.2.3 The Effect of Residual Iron within the Sample 

Iron impurities are inevitable in all samples of any type and the presence of iron 

within the Al3 sample may result in the initiation of oligomerization. 88 The existence of 

iron impurities may also have an influence on the state of Tf, specifically apo-Tf would 

exhibit a change in saturation. To ensure the confidence in the apo state of Tf as well as a 

controlled aggregation method, EDTA is added to the 1 mM of Aj312-28 used in the 

protein titration, before and after the addition of the proteins (Figure 3.6). The results of 

lD 1H-WG as well as the more quantitative lD 1H-STD experiments both show no 

change in aggregation upon the addition of an iron chelator. 

Additional information from ICP analysis completed by Kevin Ferguson, B.Sc. 

Quality Assurance Manager at the Occupational and Environmental Health Laboratory in 

the Department of Chemistry at McMaster University for iron impurities within the 

sample resulting in ~ of 2 ng/ml of iron detected. Considering that the reported 

association and dissociation rate constants for Aj340 in the presence of Fe(III) are 

2.08x102 M-1s-1 and 0.53x10-3 s-1 respectively,89 the binding constant for ferric iron to 

Aj340 is calculated to be 2.54 f.tM. Therefore the trace amount of iron within the sample 

should not have a significant influence on the behaviour of A!3. 
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3.3 Quantifying the Binding Potencies and the Mechanisms for the Tf, A~ 12-28 

Interactions 

3.3.1 TfDoes Not Interact with Monomeric Af3 Peptides. 

Thus far Tf has been shown to interrupt the monomer-oligomer exchange of 

A~l2-28 as presented in the above data. These disruptions are associated with the 

interactions between Tfand the early A~12-28 oligomers at ratio of 1:65. The absence of 

STD signal or line broadening of the filtered sample after the addition of Tf rules out 

weak(~~ !!M- mM) interactions between Tf and monomeric Aj312-28. However the 

possibility of interactions occurring at lower ~ values ( ~nM - sub-!A-M) have been 

neglected. In order to analyze these interactions, a 125 !!M sample of A~ was prepared 

through the filtration procedure prepared for the addition of 65 ~ of Tf in a similar as 

outline in Scheme I. 

The incorporation of a spin-lock filter (SL) was used to suppress the large protein 

signal, allowing the 1D 1H-SL-WG spectra (Figure 3.9) to essentially reflect only the 

monomeric species within the sample. The lD spectrum of the 125 ~M filtered A~12-28 

sample (Figure 3.9/A) shows sharp, well-defined peaks. Upon the addition of 65 ~M Tf 

(Figure 3.9/B), there was no significant change to the original spectrum (Figure 3.9/A). 

The expected changes within the spectrum for a tight interaction of Tf and A~ would 

show a decrease of intensity due to the large, 74.5 kDa protein interacting with the 

monomers, thus removing a portion of the monomeric population from the NMR 

detectable range. The results obtained show a consistent intensity level for each peak, 
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proving that there are no interactions involved with Tf and monomeric A~12-28 in both 

Kd ranges (!!M- mM and nM- sub-!!M). Notable changes within the spectrum include 

the additional peaks that arise due to the addition of Tf that could not be fully suppressed; 

these have been identified within Figure 3.9. 

(B) Filtered Sample 
125!!M A~(12-28) 
+65!!MTf 

(A) Filtered Sample 
125 !!M A~(12-28) 

9.0 8.5 8.0 7.5 7.0 ppm 

Figure 3.91 Determination of Monomeric A~/Tf Binding Contributions I Analyzing 
lower Kd interactions with a ratio of 2:1 through 1D 1H-WG-SL, taken on a 700 MHz 
Bruker NMR with TCI-Z cryoprobe at 293 K. (A) Filtered 125 !!M A~, showing a high 
monomeric concentration, shown through the sharp peaks within the spectrum. 
(B) Filtered 125 !!M of A~ with the addition of 65 !1M of Tf to create a 2:1 ratio. With 
visual analysis, there is no decrease of intensity between the two spectra and therefore 
concluding that there are no monomeric AP and Tf interactions that occur. The asterisks 
label the peaks of Tf that were not suppressed by the spin lock addition to the pulse 
sequence. 
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3.3.2 Quantitative Investigation of the Interactions between Af312-28 and Tf through JD 

1 H-STD NMR Experiments 

Through the uses of 1D 1H-STD NMR experiments outlined in Section 3.1.1, Tf 

has shown to prevent the onset of salt-induced aggregation. To further examine the 

inhibitory mechanism a quantitative estimation of the inhibitory potencies was 

investigated. For this purpose 1D 1H-STD NMR data was acquired in an alternate 

approach - i.e. Tf was titrated into salt-induced aggregates (Figure 3.10). A reference 

sample of the filtered A~12-28 was once again used to verify the initial degree of 

aggregation. The sample procedure is outlined in Scheme IV, which is similar to initial 

aggregation procedure. 

2x 30 kDa·Filtered 650 J.lM Aj312·28 

Verlfiation of Monomeric A~ 12·28 
·through 1D 'H·WG NMR 

VerifiaNon of Monomeric AP 12·28 
·through 10 'H-WG NMR 

VeriflaNon of Oligomeric AP 12-28 
- through 1 D 'H·WG NMR 

, +XJ.lMTf 

• 
~···················································' ! N.Filtered/Aggregated Aj312-28 ! 
!fhat resemble a Filtered/Monomeric Sample $ ,. .................................................. .. 

Scheme IV Titration of Tf against Monomeric and Oligomeric Samples of A~ 

Upon the addition of Tf, the STD intensity was monitored throughout the protein 

titration (Figure 3.10/A). The display of a typical dose-response pattern was found for the 
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(Ism/IsTR)/(IMAXsm/IsTR) values, decreasing progressively as the protein concentration 

increases until a plateau was reached at a Tf concentration of~ 15 nM, resembling the 

degree of aggregation observed for the monomeric sample. This data can be quantified in 

terms of the half-maximal inhibitory protein concentration (IC50) , corresponding to the 

midpoint between the initial (Ism/IsTR)/(IMAXsmllsTR) value and the plateau region 

(Figure 3.10/A). The data obtained shows that for a 650 ~-tM sample of A~12-28, the IC50 

value was found to be ~ 4 nM. 

(A) 1.2 

AP(l2-28) + 40 mM NaCI 

20 25 
Concentration ofTransferrin Added /nM 

30 

(B) 1.2 

) o.s 
~ 
~ 0.6 
~ 

~ ~ 0.4 

01 

5 

~ !LJ 
jll ---

.5 

0 
20 40 60 80 100 /nM 

Concentration of Transferrin Added /nM 

Figure 3.10 I Changes Induced with the Introduction of Tf to Aggregated A~ 
Samples I The influence of Tf is depicted in plot (A) comparing 650 ~-tM of monomeric 
(filtered) A~, diamonds ( <>) and an aggregated 650 f..LM of A~ (through the addition of 40 
mM NaCl), squares (0) are plotted with respect to the normalized STD intensity data 
(Ism/IsTR)/(IsmMAX/IsTR)- The 1D STD at 650 f..LM of A~ experiments were carried out on 
a 700 MHz Bruker NMR with TCI-Z cryoprobe at 293 K. Tf targets oligomers that are 
formed, as indicated through the lack of change in monomeric (filtered) A~ sample. The 
STD intensity completely diminishes upon the addition of 15 nM Tf, resulting in an IC50 

at 4 nM of Tf. Plot (B) Investigates this titration at a higher concentration of 1 mM of A~, 
thus testing the concentration dependence of Tf on A~. The experiments were carried out 
in the same manner with the adjustment 25 mM NaCl added to induce aggregation. It was 
shown that 1.85 f..LM of Tf diminished the STD intensity of A~, reporting an IC50 of 
550 nM Tf. The titration at 1 mM was carried out on an A V 600 MHz Bruker NMR with 
a TBI -Z probe at 293 K. 
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To further investigate the concentration dependence of Tf a titration with a 1 mM 

sample of Aj312-28 was performed (Figure 3.10/B). The resulting data in comparison to 

the original sample conditions provided evidence of a concentration dependence 

associated with the IC50 of Tf for Aj3 inhibition. The IC50 value of 1 mM Aj3 was found to 

be 550 nM, giving a 100-fold increase from the original 650 ~-tM sample which had an 

ICso of 4 nM. Therefore, the collected data suggests that higher concentration of 

monomeric Aj3 correlates with an increased fraction of oligomers within the sample, and 

requires higher amount of Tf for inhibition. 

3.3.3 Tf Shields All Residues of Monomeric Af312-28 from Their Interactions with Af312-

28 Oligomers 

The analysis thus far utilizing STD and 1D spectral data provides information on 

the interaction of Tf and Aj312-28, but is limited on the shielding selectivity information 

involved. Monitoring the influence of 10 ~-tM ofTfupon an aggregated Aj312-28 sample 

of 650 ~-tM through nonselective 2D-off-resonance relaxation experiments with a 35.5° 

tilt angle provides a residue-specific analysis on the peptide sample. The nonselective 

off-resonance relaxation was measured for filtered samples, salt-induced aggregate 

samples and aggregated samples in the presence of Tf (Figure 3.11/A). A significant 

decrease of Ha-R35.s',ns relaxation rates measured for the aggregated sample of 650 ~-tM of 

Aj312-28 is observed upon the addition of 10 ~-tM Tf for the majority of residues, 

resembling the relaxation rates of the original filtered sample. 
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The nonselective 2D-off-resonance relaxation profiles of the added 10 ~-tM of Tf 

and the filtered monomeric Aj3 sample at 650 ~-tM displays an excellent correlation 

(correlation coefficient of 0.945), supporting that the physical removal of Aj3 oligomers 

from the original aggregated Aj3 sample due to filtration is similar to the effect of the 

addition of Tf. This suggests that Tf has a global affect on Aj312-28, providing an equal 

shielding effect on the entire polypeptide. 
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Figure 3.111 The Global Shielding on Aj312-28 Intermediates by Tfl The plot (A) 
represents the response of individual residues within three sample environments; triangles 
(_.) filtered 650 !lM of monomeric Aj312-28, squares (D) 650 ~-tM of Aj312-28 with the 
introduction of 40 mM NaCl to induce aggregation and the diamonds ( 0) 650 !lM of 
aggregated Aj3 with added 10 ~-tM of Tf. The plotted rates in (B) were all normalized to 
show a direct correlation between the monomeric 650 ~-tM of Aj3 on the x-axis against an 
aggregated sample with the addition of 10 ~-tM Tf on they-axis. The 2D ORR experiment 
was run on a 700 MHz Bruker NMR with TCI cryoprobe at 293 K 
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3.4 The Mechanism for the Inhibition by Tf of the Afl12-28 Oligomerization 

3.4.1 Tf Inhibits the Early AfJ Oligomerization through a Competitive Mechanism 

There are two plausible mechanisms that could potentially account for the 

inhibitory action of Tf on A~ aggregation. Both mechanisms have been observed before 

for other systems. The molecular chaperone Hsp 104 targets the oligomeric population of 

the Sup35 prion-peptide and destabilizes it until the monomeric population has been 

recovered/3 whereas apolipoprotein E (ApoE) allele 3, targets an oligomeric 

intermediate through binding to oligomeric species preventing further aggregation.90 

These possible mechanisms have been classified as destabilization (Hsp 104 case) and 

competitive (ApoE3 case) mechanism. If Tf acts through a destabilizing mechanism, it 

would be expected that Tf addition to the aggregated sample, would restore the 

monomeric state. However, if Tf acts though a competitive mechanism, it would be 

expected that oligomers are still present after adding Tf. (Figure 3.12) 

Destabilization Mechanism : nAf3; + mTf i nAf3 + mTf 

Competitive Mechanism: nAf3; + mTf -- [Af3i' l : [Tf l 
wherein= i'n'andi'< i 

Figure 3.121 The Two Most Probable Mechanism for the Inhibition of Af3 Aggregation 
by Tf I Based on the nucleated-dependent polymerization model with focus on the earlier 
stages of aggregation two options are probable. A destabilization mechanism that breaks 
down the oligomeric species formed during aggregation or a competitive mechanism that 
coats the oligomeric species preventing further monomeric additions. 
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In addition, if Tf acts through a destabilization mechanism a stoichiometric 

amount of Tf would not be required. In a competitive mechanism, Tf posses a limited 

stoichiometric amount, binding specifically to the targeted early intermediates, therefore 

not restoring the aggregates to their monomeric form, but coating them against further 

aggregation. To investigate the differences between the two distinct mechanisms, the 

size-dependent detection limit of solution-state NMR is exploited. The outline of the 

sample history is similar to that of Scheme I, with a higher salt concentration was added 

to ensure a higher concentration of oligomers within the aggregated sample (Figure 3.13). 

(C) Transferrin Sample 
6SO !JM A~(12-28) 
+60mMNaCI 
+ 10 !JMTf 

(B) Over Aggregated Sample 
650 !JM A~(12-28) 
+60 mM NaCI 

9.2 9.0 8.8 8.6 8.4 8.2 8.0 7.8 7.6 7.4 7.2 7.0 ppm 

Figure 3.131 Tf Does Not Destabilize Oligomeric A(3 Intermediates I Two postulating 
mechanisms are feasible; a competitive mechanism and a destabilization mechanism. (A) 
Standard filtered 650 ~of A(3 1D 1H-WG spectrum. (B) Introduction of 60 mM NaCl, 
thus over-aggregating the sample, which is observed by the extreme line broadening. (C) 
10 !lM of Tf is added to the over-aggregated A(3 sample, noting that the line broadening 
has improved, but the peak heights remain less intense, therefore providing evidence of a 
'competitive' mechanism occurring in contrast to the 'destabilizing' mechanism. 1D 1H
WG experiments where all taken on a 700 MHz Bruker NMR with TCI cryoprobe at 
293 K. 
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The initial spectrum represents the monomeric form of A~12-28. This spectrum 

was then compared to the spectrum recorded after adding 60 mM NaCl where the sample 

was purposely over-aggregated to produce a greater population of A~l2-28-oligomers 

(indicated by the decrease of peak intensity and an increase of peak broadening). After 

the addition of Tf to the aggregated sample (Figure 3.11/C) most peaks were influenced 

however, the monomeric signal was not restored to its original state (Figure 3.13/B). Tf 

(MW 78 kDa) is outside the NMR detectable limit, therefore only the monomeric A~l2-

28 can be detected. The results suggest a competitive mechanism, in which Tf binds 

oligomers, prevents monomeric addition and the formation of aggregates. 

3.5 The Structural Analysis on the Intermediates Targeted by Tf for the Inhibition 

of A~12-28 

3.5.1 Secondary Structural Analysis through 2D NOESY NMR Experiments 

Knowing that Tf inhibits A~12-28 oligomerization through a competitive 

mechanism in which it targets oligomeric intermediates, the next step was to characterize 

the oligomeric intermediates. This was done using 2D NOESY NMR experiments detect 

the dipolar (through space) interactions that provide structural information by correlating 

the distances to the NOEs observed within the spectrum.91 NOESY spectra were acquired 

for the reference samples representing a monomeric A~ sample and an aggregated Al3 

sample with and without Tf(Figure 3.14). The filtered-monomeric A1312-28 sample and 
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Tf added sample NOESY spectra were directly compared against the NOESY data for the 

salt-induced aggregated sample of Af:H2-28. 

The comparison of the spectra shows that upon filtration several NOEs observed 

in the aggregated sample disappear from the spectrum. The change of NOEs may result 

from non-specific effects namely the viscosity change upon removal of the larger 

oligomer retained by this effect. This property can be ruled out, for it has been shown that 

the diffusion coefficient of AP12-28 does not significantly change upon filtration. 40 

Therefore, the NOEs that are removed through the act of filtration arise from transfer 

cross-relaxation72 predominantly from the soluble oligomers, which have the potential to 

provide useful structural information about the AP12-28 aggregates. However, to 

differentiate between intermolecular and intramolecular interactions a full structural 

determination is required, involving isotope-editing and filtering methods for the 

aggregated sample. This means that the data collected so far can be analyzed for 

qualitative data of the filtration-dependent NOEs. The NOEs present in the aggregated 

samples of AP12-28 but absent in the filtered non-aggregated samples correspond to 

residues D23 V 24G2sS26 that form a cluster of medium-ranged NOEs (V 24 Ha to S26 HN, E22 

Ha to s26 HN, E22 Ha to v 24 HN and D23 Ha G2s HN). These Ha - HN sequential contacts 

characterize the formation of helical (a and/or 310) conformations.91 

Upon filtration on the aggregated AP12-28 sample, the clusters of helical residues 

representing pre-nuclear oligomers are removed. The addition of Tf to the aggregated 

sample of AP12-28 was also monitored through 2D NOESY NMR to reveal a similar 

effect to filtration resulting in the cluster of helical NOEs being removed from the 
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spectrum. This in tum provides solid evidence for the inhibition of the early intermediates 

of A~12-28 oligomerization by Tf. This data also provides new evidence on the targeted 

oligomers during this inhibition, which adopt a helical confirmation upon salt-induced 

aggregation. However, based on the NOE data alone, we cannot rule out the presence of 

alternative non-helical structure for the oligomers. 
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Figure 3.141 Structural Analysis of Targeted Intermediate in A~ Inhibition I2D NOESY 
NMR experiments were preformed for qualitative structural analysis on 650 ~ of A~ 12-
28 in 50 mM of deuterated sodium acetate buffer with 10% D20 and filtered at a 30 kDa. 
Spectrum A (blue) described the behavior of the filtered A~12-28 sample, with minimal 
contours. Spectrum B (green) shows the NOEs that are produced for the added Tf sample 
of aggregated A~12-28 . Spectrum C and Dis the overlay comparison of A and B to the 
aggregated sample of A~12-28 (red). New contours are identified in the aggregated 
sample that does not appear in the filtered or the Tf added samples. The NOE data was 
collected on a 700 MHz Bruker NMR with TCI cryoprobe at 293 K 
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3.5.2 Analysis of AfJ Oligomeric Binding to Tfthrough CD Spectroscopy 

Upon the onset of aggregation of the amyloid peptide several conformational 

changes occur as hypothesized with the structural transition from a-helical to j3-sheet.41 

A reliable probe for structural determination is CD spectroscopy. The structural changes 

of a filtered-monomeric Aj312-18 sample at 650 J.!M in the presence and absence of 10 

J.!M of Tf were monitored for a salt gradient ranging from 0 mM to 40 mM NaCl (Figure 

3.15). The samples prepared through Scheme II for STD detection in Figure 3.5 in were 

used for CD analysis. The spectra are plotted as molar ellipticity (degree·cm2/dmol) of 

the sample against a range of wavelengths between 190 nm- 270 nm at 298 K. 
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Figure 3.151 CD Spectroscopy for Structural Analysis upon Aggregation and Inhibition 
of Aj3j A salt titration previously preformed by NMR and is now analyzed through CD. 
The Aj312-28 sample at 650 J.!M with and without Tf was aggregated with various 
concentrations of salt. At each stage of the titration a 30-day stabilization period was 
given. (A) 650 J.!M of Aj312-28 without Tf, exhibits great conformational changes 
throughout the salt additions. (B) Addition of Tf to the monomeric Aj312-28 shows a 
resistance to structural changes. The data was obtained on a far-UV AVIV circular 
dichroism model 410 at a range of 180 - 270 nm at 298 K 
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The CD spectrum of AP12-28 in the absence of Tf exhibits great conformational 

change. The percentages of secondary structures were calculated resulting in an increase 

of helical intermediates with the addition of 20 mM NaCl and an increase of P-sheet 

structure with the addition of 40 mM NaCl, which is what is expected from previous 

studies.42
'
72 These samples were taken after 60 days from initial preparation. These 

samples were proven to be stable with respect to the addition of salt for aggregation. 

However these samples underwent a higher degree of physical manipulation during the 

transfer between the NMR tubes to the CD cell. This physical involvement may seem 

minor, but may have an influence on the structural identification. 

The same salt titration was used against the monomeric AP12-28 sample in the 

presence of Tf. The added Tf was able to withstand the structural changes that occur 

during Ap aggregation. The calculated secondary structures reinforce the argument that 

Tf prevents any structural changes within Ap. However, the measurement of CD involves 

a global reading, averaging the secondary structures within the sample. As a blank 

subtraction the CD spectrum of Tf alone was taken. This potentially removes the 

contributions of Tf however the interactions of Ap with Tf may cause conformational 

changes that are not accounted, therefore no structural analysis can be made. 
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Conclusions 

Chapter 4 
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Conclusions 

4. 0 Tf Inhibits Early Oligomerization in the A{J Self-Association Process and Key 
Determinates of Inhibition are Contained within the 12-28 Region of the A{J Peptide 

Through the qualitative line-width analysis of lD 1H-WG NMR spectra, (Figure 

3.4)., Tf was shown to decrease the transverse relaxation rates of aggregated A~l2-28, 

sharpening the peak width as observed for a filtered, largely monomeric A~ sample 

(Figure 3.4/A). This is an indication of the disruption of dynamic exchange between the 

monomeric A~ and oligomeric intermediates formed during the early stages of 

aggregation. A similar disruption of monomer - oligomer dynamic exchange was also 

observed when Tf was added prior to the formation of A~ aggregates through the titration 

of salt to mimic varying degrees of aggregation. The salt titration was monitored through 

lD 1H-STD NMR spectra, conferring that Tf inhibits the onset of aggregation for the 

A~12-28 sample. (Figure 3.5). 

4.1 The Inhibitory Effect of Tf on Early A{J Aggregation is Not Iron Mediated 

For the purpose of investigating iron sequestration as a possible inhibitory process 

of the early stages of A~ self-association by Tf, EDTA is utilized as a control against Tf. 

Aggregation detection by lD 1H-STD showed that EDTA had no influence on the degree 

of A~ aggregation under our sample conditions. As an additional control Tf was also 
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added to each sample, (Figure 3.6), thus providing further evidence that Tf influences the 

aggregation level of A~ in an iron-independent mechanism. 

The residual iron was also tested through ICP analysis, which determined a 

35.8 nM concentration of iron (including both of ferric and ferrous iron) within the 

sample. This value is below the dissociation value reported for iron to initiate A~40 

aggregation (2.54 11M), under our experimental conditions. 

4.2 The Degree of Iron Saturation in Tf Does Not Significantly Affect the Tf 
Inhibitory Potency 

Through 1 D 1 H -STD it was shown that each state of Tf -i.e. holo-Tf and apo-Tf is 

able to inhibit the early aggregation of A~12-28 (Figure 3.7). The potency of each state 

was quantified through ICso values that are within error from each other (Figure 3.7). 

Repeating the titrations at lower A~ concentrations corresponded lower IC50 values, 

(Figures 3.8 and 3.10), with only marginal changes observed for the various Tf states. 

The residual iron within the sample found at 35.8 nM is above the ~«< value 

reported for Tf- ferric iron binding (Kd ~ 1 o·20 M). This potential binding was tested with 

the additional control of EDT A (Kd ~ 1 o-23 M), introduced in excess before and after the 

treatment of apo-Tf to the aggregated A~ sample, no significant changes were observed. 

Data not specifically shown, EDT A was implemented as part of the detection of protein 

titration in Figure 3.7. 
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4.2.1 The Potency of the Inhibition of Af3 Oligomerization is Below the Reported Tf 
Concentration in CSF 

The potency of the inhibitory abilities of Tf were tested through 1D 1H-STD 

experiments (Figure 3.10) that resulted in an IC50 of approximately 4 nM of Tf for a 

650 !!M sample of Aj312-28. This value is well below the reported physiological levels 

within the plasma 38 !!M,69 as well as within the CSF, 170 nM.69 To evaluate the range of 

error in the IC50 values, duplicated experiments are compared (Figure 3.8), leading to an 

IC50 range of 4 nM - 40 nM, still remains below the reported concentration in the CSF. 

The concentration of Aj3 reported in the CSF for AD patients of ages ranging from 45-85 

years old, is 825 pM for Aj340 and 80 pM for Aj342, 19 entailing an excess of Tf available 

for Aj3 inhibition for physiological conditions. 

4.3 Tf Utilizes a Competitive Mechanism for the Inhibition of the Early Stages of AfJ 
Oligomerization 

Two viable mechanisms for the inhibition of early Aj3 aggregation were 

considered for Tf (Figure 3.12). The data collected in 1D 1H-WG and 1D-STD is 

consistent with the model in which Tf acts through a competitive mechanism, targeting 

oligomeric Aj3 intermediates, to avoid further additions of monomeric Aj3 to form larger 

oligomers and eventually the critical nucleus. 

- 77-



MSc. Thesis - Annie Victoria Raditsis McMaster University- Chemistry 

4.3.1 The Mechanism of Inhibition Does Not Imply the Destabilization of Af3 Oligomeric 
Intermediates 

The destabilization of oligomeric intermediates entails an inhibitor without a 

concentration dependence, by means of recycling to continually destabilize the newly 

formed oligomeric A~ intermediates. In addition, lD 1H-WG NMR data obtained for a 

highly concentrated oligomeric A~12-28 sample has shown that Tf added was unable to 

restore the monomeric concentration (Figure 3.13) therefore suggecting the inability to 

continually destabilize the oligomeric contributions. 

4.3.2 Tf Does Not Interact with the Monomeric Portion of Af3 

No interactions were observed between Tf- monomeric A~ at comparable ratio 

through lD 1H-WG NMR (Figure 3.9). This experiment targeted the possibility of tightly 

bound interactions that would not have been detectable in previous experiments. The lack 

of change of the filtered A~ monomeric peak shape and intensity upon the addition of Tf 

provided evidence of the absence of tight interactions occurring between Tf and 

monomeric A~. 

4.3.3 Oligomeric Concentration Dependence is Exhibited for Tfinhibition 

The Tf inhibitory mechanism targets pre-nuclear A~ oligomeric species. This is 

observed through the concentration dependence that was revealed by the comparison of 

protein titrations against aggregated A~ samples at various peptide concentrations (Figure 
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3.10). Higher concentrations of A(3 entail a higher population of oligomers formed during 

aggregations, correlating to an increase of Tf concentration required for inhibition. The 

increase of Tf ICso values observed at higher concentrations of A(3 also reinforces the 

observation of a competitive inhibitory mechanism in which Tfbinds to A(3 oligomers. 

4.4 All Amino Acid Residues within the Oligomeric Species are Entirely Shielded by 
the Inhibitory Mechanism ofT/ 

2D-ORR NMR provided residue-resolution analyses which have shown that all 

A(312-28 amino acid residues are equally shielded upon the interaction with Tf (Figure 

3.11). This indicates that Tfprevents all residues within the A(3-oligomeric intermediates 

from further aggregation. This conclusion was supported by the direct correlation of ORR 

data for the physical removal of oligomeric A(3 through filtration and for the addition of 

Tf. 
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Future Work 

Chapter 5 
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Future Work 

5.0 Investigation of/ron -A/312-28 Binding 

Interactions between ferric iron and Aj340 have been identified as binding to 

residues His6, TyrlO, His13 and His14.57
'
92 However these results have not been 

translated to the fragmented Aj312-28. Detection of metalloprotein by NMR focuses on 

the metal ion as a point of discontinuity in the network of coherence transfers. Metal

ligand coupling can be detected by heteronuclear NMR -i.e. metal-proton correlation 

producing cross peaks of metal-nucleus-protein coupling (MXCH). Restrictions exist 

with metal nuclei with a I > Y2 producing a quadrupolar relaxation that may broaden 

peaks beyond detection. The investigation of ferric iron in particular includes 

paramagnetic properties that entails a large magnetic moment and a relaxation time 

ranging from 10-13 - w-IS s.93 

These two properties can be capitalized for the identification of the binding sites 

of iron to the peptide. The bound metal is known to produce a 'binding zone' around the 

targeted amino acid. This binding zone produced affects the line-width of the peaks with 

the reciprocal of the 6th power to the distance to the metal-nucleus.94 Therefore initially as 

seen as qualitative, lD 1H-WG NMR experiments can be utilized. Another property to be 

considered is the onset of hyperfine shifts. This is an additional contributions to the 

chemical shift experienced upon the presence of unpaired electrons, which is an 
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indication of metal binding, but will also create difficulties with the elucidations of the 

Af312-28 peptide spectrum. 

The use of heteronuclear NMR will aid in the elucidation of the newly 

implemented chemical shifts, but will also decrease relaxation rates. The dipolar coupling 

is dependent upon the square of the gyromagnetic ratio. The switch of detection from 1 H 

to 13C creates a decrease of the relaxation rates by a factor of six.93 There is a draw back 

with the loss of sensitivity. However with availability of a wide range of multi

dimensional NMR techniques much information on the structure can be obtained. 

5.1 Verification of Apo-Tfand Holo-TfSpecies 

A controlled pH environment is essential for the monitoring Af3 aggregation. 

However upon the introduction of Tf, the issue of conformational changes upon the 

fluctuation of pH for the structure of Tf may influence the inhibition of Af3 aggregation. 

As a quick and efficient verification UV absorbance can be measured. It is known that the 

structure of Tf produces a strong absorption at ~ 280 mm and once tyrosine loosens the 

phenolic proton, which is assumed to be apart of the transition from holo to apo state, the 

UV absorbance at 295 nm and 245 nm are dramatically increased.95 Typically the 

concentration of protein required is in the mM range which may be difficult to utilize 

throughout protein titrations. However, stock solutions prepared for these proteins can be 

verified with this simple detection method. 
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5.2 Relevance of Inhibition upon the involvement of AfJ42 

Thus far all experimental detections have been focused on the actions of the 

fragmented Aj312-28, which is known to hold key determinates of the full-length peptide. 

For a complete confirmation on the validity of the fragmented peptide the interactions 

between Tf and the full-length Aj342 can be monitored. However, differences between 

the length and the dynamics of the peptides have to be taken into consideration for the 

choice of detection techniques. Observations made through the STD NMR analysis 

during an Aj3 salt-gradient (Figure 3.6) resulted in a more quantitative measure of 

aggregation. Due to the transient nature of the oligomers formed by the longer Aj342, 

STD experiments are unable to quantify the longer peptide. However, Aj342 self

association can be monitored through the signal loss occurring over time after sample 

preparation in a lD Watergate experiment incorporating long spin lock pulse with 

sufficient strength prior to acquisition to suppress the residual protein signal. Detection 

through lD time-profiles for Aj342 can be acquired in the presence and absence of Tf. 

The rate of aggregation would occur without induction due to the rapid aggregation rate, 

however to obtain an original monomeric sample may pose to be difficult. 

5.3 Utilization of Various Detection Techniques to Expand the Limit of Detection 

The complexity in working with the full-length Aj340/Aj342 peptides is due to the 

shear size the oligomeric intermediates formed. Protein NMR has been developing at an 

exponential rate, however dealing with a large entity; Tf - 78 kDa creates difficulties 
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with the NMR detection. To aid with this detection problem additional detection 

techniques are involved. Thus far the implementation of CD spectroscopy has allowed an 

overall analysis of the secondary structures versus the focused detection of NMR. 

Upon further aggregation to the level of fibril formation, the lack of mobility 

within the sample poses a problem with both solution-state NMR as well as CD 

spectroscopy. Therefore the next progression for detection could be electron microscopy 

(EM). This detection results in an image taken on the scale of angstroms. An image of 

fibrilar formation within the samples will be a clear observation; also effects of the Tf to 

the aggregated sample can be tested. 

5.4 Determination of the Specific Binding Sites 

Determination of the specific binding sites on Tf and Aj3 would be highly 

beneficial for a potential drug binding site and furthering the understanding the 

aggregation process of Aj3. Testing a variety of segments of the peptide is the technique 

that was initiated within this research, however changes within the binding protein could 

also be considered. Initially the domains of Tf can be analyzed individually. There have 

been many studies that isolate the individual domains of Tf to test binding abilities. 

There is a hydrophobic, helical region at the bottom cleft of each domain that is 

thought to play an integral role in the bind to the TfR. To target this region the 

mutagenesis can be preformed on the peptide to test for specific binding. The aspect of 

NMR elucidation may come into play for the identification of the binding site as well. 
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This job may pose to be difficult, but with isotopic-labeling and multi-dimensional NMR, 

data can be obtained on the structure of Tf. 

5.5 Comparison to Other Common Plasma Proteins 

Tf is one of many plasma proteins that result in the inhibition of Al3 aggregation. 

The most studied protein is human serum albumin. It is present in both the plasma as well 

as the CSF in significantly higher concentrations than Tf. 69 A direct comparison for 

inhibition mechanisms would gain insight on perhaps a general mechanism that could be 

implemented as a treatment for aggregation. However comparisons involving the highly 

sensitive peptide samples can be difficult. Most previously published work is hard to 

directly compare with the change of buffer, temperature and even batch. Therefore to 

achieve an accurate comparison for the plasma proteins the sample treatment procedures 

have to steam from the same original batch. Experiments following similar procedures as 

outlines in this study have been preformed for albumin and at various length of Aj3. 83
•
96 

Thus far the results that have been reported are similar to what was found for Tf, though a 

comparison involving an experimental setup that involved both proteins would reveal a 

true comparison. 
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