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Abstract

Amyloid plagues are the major pathogenic hallmarks in many neurodegenerative

diseases. Fibrillization of the primary constituents, amyloid-f (AP), in plagues is

considered the pathogenesis of Alzheimer’s disease (AD). Conclusive evidence is still

lacking to reach a comprehensive and convergent view of how A is modulated in the

pathogenesis of AD. Here, in three separate chapters, we examined how gold

nanoparticles (AuNPs) interfere with fibrillization of AP, the effects of single-point N-

terminal mutation, H6 and D7, on the interactions between metal ions and AP, and how

single-point mutations, E22 and D23, influence the structures of fibril.

In Chapter 3, experimental results showed that (1) bare AuNPs inhibited AP

fibrillization in a dose-dependent manner and redirected AP forming fragmented fibrils

and spherical oligomers; (2) bare AuNPs bound preferentially to AP fibrils but not

amorphous aggregates; (3) negative surface potential of AuNPs was required for

inhibitive effect. In conjunction with our in vitro biophysical and biochemical data, cell

studies from our lab member revealed that in our experimental settings, inhibition of A}

fibrillization by negatively charged AuNPs also reduce AB-induced cytotoxicity in

neuronal cells.
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In Chapter 4, we aimed to reveal distinctions among structures of homopolymeric
fibrils (homo-fibrils) formed from incubation of monomers of a single species, and
heteropolymeric ones (hetero-fibrils) started from incubation of equal-molar-mixed
monomers of wild type and an A variant. We showed that E22 hetero-fibrils are distinct
from E22 homo-fibrils in terms of secondary structures. Perturbed secondary structure
could influence conformational packing of cross B-sheet, which were not revealed by

stoichiometry between A and ThT but by ThT fluorescence lifetime.

In Chapter 5, we investigated millisecond binding kinetics of four metal ions, Zn?",
Cu?*, Fe**, and AI*". We then focused on Cu?" and demonstrated that mutation at residues
H6 and D7 impact on Cu** binding affinities. We found by Bis-ANS fluorescence that
diminished hydrophobic exposure was accompanied by Cu?* binding except for D7A and
H6R. Our preliminary proton NMR showed that there existed environmental variance
surrounding residues H6, H13/H14, and Y10 among monomeric AP variants in native
condition. Cu**-binding-induced peak loss was less evident in D7 mutants. 'H-'>N NMR
HSQC spectroscopy provided additional information regarding the residual involvement

on Cu?" binding between D7H and wild type AP.
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Abbreviations

The single-letter and three-letter standard amino acid codes are used to designate amino

acid residues.

Ap Amyloid-f peptide

AB40 Amyloid-B(1-40) peptide

Ap42 Amyloid-B(1-42) peptide

AD Alzheimer’s disease

AFM Atomic force microscopy
AICD APP intracellular domain

Al Aliminum

APP Amyloid precursor protein
AuNPs Gold nanoparticles

CD Circular dichroism

Cu Copper

Cu*" Copper ion with valence of two electrons
DMSO Dimethyl sulfoxide

FAD Familial Alzheimer’s disease

Fe [ron

FTIR Fourier transform infrared
F-moc N-(9-fluorenyl)methoxycarbony
GdnHC1 Guanidine hydrochloride

GSAP y-secretase activating protein
HFIP Hexafluoro-2-propanol

HSQC Heteronuclear single quantum coherence
M Molar

mg Milligram

mL Milliliter

mm Millimeters

mM Millimolar

min Minute

ms Millisecond

NaOH Sodium hydroxide

NCT Nicastrin

nm Nanometer
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nM

[
PEG-b-PLA
ppm

Nanomolar

Path length (in cm)

poly(ethylene glycol)methyl ether-block-polylactide
Parts per million

Picomolar

Ultraviolet

Ultraviolet/Visible

Microliter

Micromolar

Zinc

Zinc ion with valence of two electrons
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Chapter 1  Introduction

1.1 Alzheimer’s disease

1.1.1 Overview

German psychiatrist and neuropathologist, Dr. Aloysius "Alois" Alzheimer, was the
first, in 1906, to present the pathology and the clinical symptoms of presenile dementia
observed on a 51-year-old female patient Mrs. Auguste Deter'. The latest statistics and
facts assessed by “The Alzheimer's Association” revealed that dementia, of which
Alzheimer’s disease (AD) accounts for 60 % - 80 %, influences at least 44 million people
worldwide in 20132, Figure 1 shows an estimate growth of dementia in the world made
back in 2009°. Approximately 500 thousands of people die of AD each year. Sixty percent
of this number is estimated to be contributed from Asia, and the prevalence around the
globe is estimated to triple by 2050*. Early common symptoms shared by dementia are
progressive memory loss, difficulties in undertaking familiar tasks and using language,
cognitive deterioration, and deprivation of physical capability. These mental declinations
gradually erode physical integrity and ultimately claim millions of lives yearly®.
According to the 2014 Alzheimer’s Disease Facts and Figures® published by the
Alzheimer's Association, in addition to the escalating prevalence and mortality, in United
States, social costs on caregivers to maintain quality care to the 5 million people with

dementia are 17.7 billion hours of unpaid care from 15.5 million of healthy family

1



members or friends in 2013. The same report also estimated that, economically, an 214
billion U.S. dollars have to be spent in taking care of people with AD. The figure is
forecasted to reach 1.2 trillion by 2050. Despite that scientific efforts to elucidate the
mechanism of AD have gained significant progress, AD is still incurable. Fighting against
AD and other dementia is of paramount importance to reverse not only the disease-
developing course on patients but the exploding social and economic costs on related

neurodegenerative diseases.

ESTIMATED GROWTH OF DEMENTIA

The number of people with dementia will roughly double every 20 years, with the biggest increases in developing countries.

NORTH |
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Figure 1. Estimated growth of dementia in the world. Adapted from ref. 3.



1.1.2 Risk factors and treatments

A wide spectrum of risk factors such as aging’, genetic mutation®, brain trauma caused

10-14

by head injury®, dysregulation of lipid and insulin metabolism'%"'%, and exposure to heavy

metals!> 18

were investigated and are considered to increase chances to cause AD.
Pathological hallmarks of AD include extracellular brain deposits called senile plagues
which are enriched in amyloid fibrils and neurofibrillary tangles (NFTs) made of hyper-
phosphorylated tau protein', and neuropil threads'>'*°. To date, several drug targeting
have been marketed and administered to alleviate symptoms of mild-to-moderate drugs
that target NMDA receptor to restore homeostasis of glutamatergic systems or
acetylcholinesterase to enhance production of acetylcholine in dysfunctional neurons aim
to improve learning and memory?!. There are also drugs aimed to relieve depression or
aggression. Treatments that have proceeded into at least phase II trial and have promising

2223 metal chelator treatment** %, and Tau aggregation

results are immunotherapy

inhibitors?’?®. Nevertheless, present treatments are not satisfactory in that progression of

the disease is delayed, not halted®.



1.1.3 Hypotheses of the pathogenesis of Alzheimer’s Disease

Pathogenesis of AD is still a matter of debate. However, importance of amyloid is
shared among the two major competing pathogenic hypotheses. Amyloids are a group of
proteins capable of aggregating into fibrils characterized by cross-p sheets. Amyloid
fibrils can be identified by x-ray diffraction®’, Congo red birefringence using polarized
light**, and external fluorescent probe thioflavin T (ThT)*!. Amyloid fibrils have been
found to be common signatures in many neurodegenerative diseases including
Alzheimer’s (AD), Parkinson’s (PD), and Huntington’s diseases (HD)*2. The earliest
proposed hypothesis®® was based on the evidence that dysregulated metabolism of
amyloid precursor protein (APP) leads to a cascade of downstream reactions, developing
into abnormally high level of AP production and resulting in deleterious AP fibrils
deposits found in central nervous system (CNS) of AD patients. The second pathogenic
hypothesis shifted focus to the dyshomeostasis of redox-reactive metal ions such as Zn**,
Cu**, and Fe****. The model was based mainly on the post-mortem analysis showing that
concentration of several ions increased in senile plagues and neuropils of AD patients**
3¢, More recently, hypotheses such as two-hit and presenilin model were proposed to
explain AD pathogenesis from different perspectives. The two-hit model hypothesizes

that that concomitant occurrence of oxidative stress and abnormal mitotic alterations



leads to AD*78, Presenilin model proposes that lost function of transmembrane protein

presenilin triggers pathogenesis of AD*.

1.2 Amyloid-p

The corresponding amyloid proteins in AD is amyloid-B (AB). AP are proteolytic
products after sequential cleavages of - and y- secretases*” on amyloid precursor protein
(APP)*“2 in the amyloidogenic pathway. To be specific, APP is first cleaved by B-
secretase, producing soluble fragment sAPPp in the extracellular space and a carboxy-
terminal fragment CTFP. Subsequent processing on CTFB by y-secretase complex
generates APP intracellular domain (AICD) and AP. The y-secretase is a protein complex
composed of presenilin, nicastrin (NCT), y-secretase activating protein (GSAP), and
multipass transmembrane proteins encoded by pen-2, and aph-1 genes***’. The other
pathway is a non-amyloidogenic pathway in which o-secretase cleaves APP in its
extracellular domain to release a soluble fragment sAPPo and a carboxy-terminal

fragments CTFa (Figure 2).



Non amyloidogenic Amyloidogenic
pathway pathway

Gene

AICD regulation
APP e

Cter CTFB Cytosol

Extracellular
space

a-secretase

*
y-secretase 5 _!;J’,
sAPPa p-secretase KR 't"
salg
\SAPPB Amyloid deposits

Figure 2. Schematic of APP processing. Adapted from ref. 42. APP processing can undergo either
the non-amyloidogenic pathway (left) or the amyloidogenic pathway (right). In the non-
amyloidogenic pathway, a-secretase cleaves APP in its extracellular domain to release a soluble
fragment sAPPa and a carboxy-terminal fragments CTFa. In the non-amyloidogenic pathway, -
and y- secretases sequentially cleave APP. The resulting products are SAPPJ in the extracellular
space and a carboxy-terminal fragments CTFp. Subsequent processing on CTFp by y-secretase
complex generates AICD and AP. The y-secretase is a protein complex composed of presenilin,

nicastrin (NCT), y-secretase activating protein (GSAP), pen-2, and aph-1

Predominant AP species are isoforms AB40 and AB42 which respectively consists of
40 and 42 amino-acid residues with the latter bearing identical sequence as the former
except for the extra two residues at the C-terminus. AB40 is 10 times more abundant than
AP42, but AB42 aggregates faster and plays a more evil role***7. AB is a intrinsically

disordered and is prone to aggregating into fibrillar structures characterized by cross-3



sheets*®. Structural modeling shows that the cross B-sheet stacks along the axis of fibril*.
For long time AP fibrils were regarded as a direct cause of neuronal death, and the
amyloid aggregation of AP at the extracellular space has been implicated in the
pathogenesis of AD. In recent years, however, accumulating evidences demonstrate that
specific intermediates, i.e. AP oligomers, in AP fibrillization contribute majorly to the
neurotoxicity and correlate best with the cognitive impairment and synaptic dysfunction®’.
Ratio of AB40 and AB42 has been implicated to alter population of various AP species,
which are correlated with cytotoxicity to neurons>'. Several oligomeric species have been
reported including AP dimers/trimers>2, spherical oligomers®®, AB-derived diffusible
ligands (ADDLs)*, globulomers®>%, annular protofibrils®’, AB56%°%, and curvilinear
protofibrils*. On the other hand, AP fibrils are relatively less toxic®, but different types
of fibrils have been shown to cause various toxicities®!. The structure-neurotoxicity

relationships and the importance of structure-function relationships in protein sciences

necessitate the detailed structural determination of all forms of Ap.



1.2.1 Amyloid-p monomer

AP monomer is a natively unfolded or intrinsically disordered protein lacking intact

secondary and tertiary structures*® (

Figure 3). Biochemical properties from solution NMR, limited proteolysis/mass
spectrometry, fluorescence spectroscopic investigations indicated that the N-terminus
(residues 1-28) is hydrophilic®?, the central protease-resistant (residues 20-30) segment
harboring turn/bend-like structure is flanked by two B-strands (residues 17-21 and 31—
36), and the C-terminus (residues 29-40 for AP40 and 29-42 for AP42) is hydrophobic®*-
6. The turn/bend-like structure is stabilized by hydrophobic interactions between side
chains of V24 and L28, and by long-range electrostatic interactions between L28 and E22
or D23%. Higher conformational stability of the central turn/bend region is correlated
with higher propensity oligomerization®’. In addition, the protease-resistant segment
covers residues E22 and D23 that are implicated to serve as a nucleation site for Ap

monomer folding®®.

Bis-ANS binding site Bis-ANS binding site
r 1 L
Turn/bend
1 20 26 40
17 21 31 36
B-strand p-strand

protease-resistant region
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Figure 3. Structural characteristics of A monomer.

1.2.2 Amyloid-p fibrils

Monomeric AP molecules were proposed to polymerize into oligomers that serve as
nuclei for subsequent elongation into fibrils via a nucleation-dependent polymerization
mechanism®® (Figure 4). Three-dimensional structures of AP fibrils have been obtained
by solid state NMR spectroscopy*’*!’*7! Figure 5 shows a three-dimensional structural
model of a five-stacking-p-sheets segment of one AB40 fibril proposed by Petkova et al.
in 2002%. They discovered that in a single monomer in AP40 fibrils the N-terminus
containing the first 10 residues is structurally disordered, the two B-strands in residues
12-24 and 3040 form two in-register parallel B-sheets through intermolecular hydrogen
bonding between side chains on each side of the B-sheets in contact, a bend in residues
25-29 that bring the two B-sheets in contact, and an intramolecular salt bridge formed

between side chains of D23 and K28%.

O%O H'.—bl
®e .

Fibril assembly

Time



Figure 4. Schematic illustration of amyloid fibril formation via nucleation-dependent mechanism.

b V40 V36 132 K28

D23

Y10 H14 K16 F20

Figure 5. Three-dimensional structural model of AB40 fibrils. Adapted from ref. 49. (a) Schematic
representation of a single layer of cross-p unit extended along the direction of fibril axis (yellow
arrow). The B-strands formed at residues 1224 are depicted as orange ribbons. The [-strands
formed at residues 30-40 are depicted as blue ribbons. (b) The 10-40 segment of Ap viewed down
the long axis of the fibril. Residues are colored according to the properties of the side chains.
Residues with hydrophobic side chains are in green, polar ones are in magenta, positive ones are

in blue, and negative ones are in red.

In 2005, another work by Petkova et al. using scanning transmission electron

microscopy (STEM) and solid state NMR spectroscopy refined the model and revealed
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that the structural variations in molecular level lead to distinct fibrillar morphologies®!.
Robert Tycko concluded in a review paper that the following similarities between AB40

t’!. First, residues 1-9 are

fibrils prepared in quiescence and by gentle agitation exis
structurally disordered. Secondly, residues 10-22 and 30—40 form two B-strands flanking
a bend/loop in residues 23—-297!. The B-strands form an extending in-register, parallel p-
sheets via intermolecular hydrogen bonds within the B-sheets’!. In their 2005 and 2006
publications, Petkova et al. determined from isotope dilution experiments that the [-
sheets are staggered, creating intermolecular rather than intramolecular contacts between
neighboring B-sheets®-’2. In addition to Tycko’s group, staggered contacts suggesting

intermolecular salt bridges between D23 and K28 in cross B-sheets were also found in

AP42 fibrils.

1.3 Amyloid-p and metal ions

Homeostasis of physiologically vital metal ions is critical in maintaining normal
neurotransmission’*. Lowell et al. reported a comprehensive comparison showing that
Fe**, Zn**, and Cu®" are at least twice as much concentrated in AD neuropils as in control
(healthy) neuropils’. The difference is further widened to at least threefold when the AD-

specific senile plagues were compared with normal neuropils. Redox-active capability of
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Fe’" and Cu?" has been shown to elevate production of H202 and in turn to aggravate

oxidative stress by forming metal-Ap complex'>7>.

Investigations at molecular level demonstrated that all three metal ions mentioned
above are capable of binding AP peptide'®?%76. Zn>" and Cu?" ions accelerate AP

23.24 Fe** and exogenous Aluminum (AI**) promote

aggregation into amorphous deposits
AP oligomerization and fibrillization?>. While the binding affinity determined from
various in vitro studies was discrepant and is still inconclusive, the coordination of metal-
AP complex is accepted with more consensus. Results from X-ray absorption
spectroscopy (XAS)”” and electron paramagnetic resonance (EPR; also known as electron

spin resonance, ESR)’®7

studies agreed that intramolecular H6, H13, and H14 are
involved in forming Cu®*-Ap complex. EPR studies further implicated that the N-terminal
amine nitrogen from Asp-1 (D1) and the carbonyl oxygen from Ala-2 (A2) are involved
in the formation of Cu?*-AB complex® (Figure 6), suggestive of an important role of N-
terminal AB in AD pathology. It was reported that intermolecular Cu**-AB complexes can
be formed via histidine bridges®!. Similar but more complex coordination scenarios
involving different numbers of histidine, intra- and inter- molecular binding modes, and
possible binding partners at the N-terminus or E11 were reported for Zn-AB complex®*

85 For iron, '"H NMR titration study showed strong binding between Fe and histidine

residues®®.
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Figure 6. Coordination structure of Cu**-Ap complex. Adapted from ref. 20. This is the most
plausible Cu®* coordination. It involves a nitrogen from H6, a nitrogen from either H13 or H14,
the N-terminal amine nitrogen from D1, and the carbonyl oxygen from A2. The question mark

denotes a weakly bound carboxylate from the side chain of D1 is possible.

1.4 Single-point mutations of Amyloid-p

1.4.1 Familial mutations, A21, E22, and D23, in Alzheimer’s disease

Despite that familial mutation cases comprise around 10 % compared to sporadic
cases®’, evidence that these point mutations can drastically alter the fibrillization kinetics
and properties of AP inspired effort to gain insight of the underlying mechanism®. Point
mutations may occur both outside and inside AP sequences as shown in Figure 7. Point
mutations can lead to total AP production, alteration in biophysical properties, or

population change in oligomeric species. Of all the mutants studied, mutation at A21, E22,
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and D23 drew relatively more attention due to locations at the protease-resistant segment
related to nucleation process. A comparative biochemical study on FAD mutants A21G
(Flemish), E22G (Arctic), E22K (Italian), E22Q (Dutch), and D23N (Iowa), which cause
early-onset AD, showed that all except A21G fibrillized faster than wild type AP, and all
five mutants adopt the same two-state equilibrium folding mechanism as wild type A
does, and that E22 mutants are relatively unstable®®. Computer simulation results suggest
that folding stability was correlated with disturbance in fibrillization kinetics and this

phenomenon was attributed to decreased free energy level®*.

B-cleavage y-cleavage

!

KMDAEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVGGVVIATVIVITLVMLKKK ...
1 29 38 40 43 4850

APP N s C

. H (Taiwa_n) . M (French)
NLT(Swedlsh) I? (Tottori) G (FlemfsTh) I;I (lowa) A (German) *TV (Florida)

&
KMDﬂ\EFRiiiDSGY%VHHOKLVFFAI%DVGSNKGAIIGLMVGGWIA‘[VI\{ITLVMLKKK...
V R (English) K (Leuven) G (Arctic) | (Austrian) F (Indiana)

T Q (Dutch) | (London)
K (ltalian)
A (Osaka)

Figure 7. Mutation sites located inside and outside AP sequence. Adapted from ref 87. A2V and

A2T mutations have not been associated with names.
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1.4.2 N-terminal familial mutations, H6 and D7, in Alzheimer’s disease

Hori et al. was the first to show that both N-terminal mutations at H6R (English) and
D7N (Tottori) accelerate fibrillization without altering AR production’®!. They found H6R
and D7N mutation specifically affect elongation phase rather than nucleation phase
during fibrillization. They proposed that the N-terminally mutated Af may have a
different fibrillization mechanism. Another D7 mutation, D7H, recently discovered in a
Taiwanese family, behaves differently from D7N. D7H increases AP production along
with elevated AP42/AB40 ratio, enhanced AB40 fibrillization, and promoted formation of
low molecular wright species for AB42°%. Metal ion binding studies are carried on H6 and
D7 variants given that these findings illustrated the impacts of H6 and D7 mutations to
the amyloidogenic properties of Af and other findings that histidines are critical in the
coordination of metal ion. Cu*" binding properties examined on H6R and D7N showed
that the former influences Cu?* coordination on AP while the latter does not®*. D7H
decreases the level of reduced Cu*, indicative of lower redox activity for Cu*-Ap D7H
complex. Another N-terminal FAD mutations occur at A2 residue. A2T was derived from
A673T mutation in amyloid precursor protein (APP) found from 1795 Icelanders®. This
mutation protects the elderly against AD and cognitive decline in both homozygous and
heterozygous states. A2V, found in an Italian family, was derived from A673V mutation

in APP which cause AD only in homozygous state®™. A2V disturbed APP processing,
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enhanced A production, and amyloid fibrils formation in vitro. A2V cannot form fibrils
when mixed with wild type AP. It was reported to interfere with the coordination with

Cu*" as well®.

1.5 Application of nanotechnology in the studies of Alzheimer’s disease

Fast-advancing nanotechnology has proven that nanoparticles (NPs) can be

conveniently modified to provide functional versatility’’*°. NPs have been demonstrated

100-104 102,105—

to carry potentials in biological applications such as drug delivery , imaging

107 "and diagnostic tools for diseases such as cancers!°®!92 The therapeutic target in
neurodegenerative diseases is central nervous system (CNS). CNS is composed of the
brain and the spinal cord, extremely important organs of human. CNS is protected by
blood-brain barrier (BBB) that only allows passage of a small fraction of molecules
between blood and CNS'%, It is this property that few effective pharmaceutical molecules

enters CNS to carry out functions!!*!13

, significantly diminishing efficacy of drugs. In
this regard, versatile and multifunctional nano-sized materials have been researched
intensively and extensively, showing promising applications to undertake pharmaceutical

tasks aimed for precise targeting of drugs in CNS. Cherney et al. found that the metal

chelating drug Clioquinol for AD can be uptaken by brain with higher efficiency in an
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encapsulated form inside polybutylcyanoacrylate (PBCA) nanoparticles than in the drug

114 Clioquinol inside CNS will target metals in senile plaques, and therefore can

only way
execute at least dual functions, imaging and metal-chelating. Encapsulated fluorescent
probe ThT were able to be located at fibrils in microglia and neurons, where the
spectroscopic properties of ThT allow scientists to detect fibrillar AB''>. Excellent
surface-modification capability and metallic properties of gold nanoparticles (NPs)
enabled successful in vitro targeting to fibrils via conjugated peptide sequences and

subsequent breakdown of fibrils through remote heating by microwaves''®

. More recently,
Song et al. employing reconstituted apolipoprotein E3-reconstituted high density
lipoprotein (ApoE3-—rHDL) to validate its its accessibility to the brain after intravenous
injection, preferential binding to monomeric and oligomeric AP, and efficiency in

1''7. Moreover,

lysosomal degradation of brain A in neuronal cells in an AD animal mode

those ApoE3—-rHDL not passing BBB into CNS were shown to redirect circulating A to

the liver for degradation.
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Chapter 2  Materials and methods

2.1 Materials

Dimethyl sulfoxide (DMSO), hexafluoro-2-propanol (HFIP), and ThT were purchased

from Sigma-Aldrich (St. Louis, MO, USA). Bare, amine-conjugated, and carboxyl-

conjugated AuNPs were purchased from Nanopartz Inc. (Salt Lake City, UT, USA).

Guanidine hydrochloride (GdnHCl), and Thioflavin T (ThT) were purchased from Sigma-

Aldrich (St. Louis, MO). Tris and NaCl were purchased from Amresco (Solon, OH, USA).

CaCl2-:2H20 was from J. T. Backer (Phillipsburg, NJ, USA). AICl3-6H20, CuCly,

FeCl3-6H20, and ZnCl> were purchased from Riedel-de Haeen Inc. (Sigma-Aldrich, St.

Louis, MO, USA). All metal ions stock solutions were prepared in double-distilled Milli-

Q water.

2.2 Methods

2.2.1 AP monomer preparation

Synthetic AP peptide was synthesized using Fmoc (N-(9-fluorenyl) metho-xycarbonyl)

chemistry and purified by reversed phase high performance liquid chromatography. The

molecular mass was confirmed by MALDI-TOF mass spectrometry (UltraFlex II; Bruker

BioSciences, Billerica, MA, USA). To prepare monomeric peptide stock, we employed
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two preparations whose usage depended on limitations imposed by experiments. In
experiments in Chapter 3 where AuNPs were involved, HFIP-DMSO method was
introduced due to their compatibility with AuNPs. Briefly, powder of synthetic Ap was
freshly treated with 100 % HFIP to eliminate pre-existing aggregates. It was then
sonicated for 10 min, followed by removal of HFIP using a desiccator. After desiccation,
a transparent thin film of AB was formed. The A thin film was then dissolved in DMSO
at a concentration of 10 mg/mL and rapidly diluted 20-fold in 20 mM sodium phosphate
buffer, pH 7.4. Centrifuged was applied at 17,000 x g at 4 °C for at least 10 min. The
supernatant was collected and the monomer concentration was determined by the

following equation

Abs@280 —Abs@340
[A,B] _ (Abs@ nm s@ nm) Eqn. |

exl

where ¢ is the molar extinction coefficient of protein and its unit is M'em™. The path
length / is the distance the light travels across the cuvette and the unit is cm. Calculation
of extinction coefficient was based on the data published by Edelhoch H!''8. In the case of
AP the strongest intrinsic fluorescence comes from the sole tyrosine residue, and therefore

contributes most to the molar extinction coefficient. The molar extinction coefficient &
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used throughout this dissertation is 1,280 M'cm™'. Subtraction of absorbance at 280 nm

with that at 340 nm was used to exclude absorbance caused by turbidity.

In experiments discussed in Chapter 4, AR was dissolved in 8 M GdnHCI buffered in
10 mM phosphate buffer, pH 7.4, at a concentration of 5 mg/mL, followed by 30-fold
rapid dilution into 10 mM phosphate buffer, pH 7.4. In Chapter 5, AP powder was
dissolved in 8 M GdnHCl buffered in 10 mM Tris, pH 7.4, at a concentration of 10 mg/mL
and was subsequently subjected to a 10-fold rapid dilution accordingly to 10 mM or 100

mM Tris, pH 7.4.

2.2.2 AuNPs preparation

AuNP concentrations were provided in the manufacture’s manuals. The optical density
(OD) were around 1 for the commercial AuNPs and was confirmed using a quartz cuvette
with a light path of 1 cm and a DU 800 spectrophotometer (Beckman Coulter Inc., CA,
USA). The concentration of AuNPs were provided in the Nanopartz’s certificate of
analysis for each batch. The concentration varied slightly batch by batch, but close to 400
pM in the batches we bought. The AuNPs were stored in 4 °C freezer instantly after it
was delivered. Prior to the experiments, adequate amount of AuNPs were centrifuged at

17,000 x g at 4 °C for at least 10 min. After centrifuge, the supernatant was removed
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delicately and was resuspended in Milli-Q water. This procedure was to rid of trace

contaminants in the chemical synthesis.

2.2.3 Thioflavin T assay

One hundred micromolar of Af was mixed with AuNPs in a 1:1 ratio (% v/v) and

incubated in a 384-well microplate with 50 pM ThT and 0.02 % sodium azide. The final

volume was 50 pL. Continuous orbital shaking at 1,000 rpm at room temperature was

employed. ThT fluorescence intensities were measured by a microplate reader

(SpectraMax M5, Molecule Devices, Sunnyvale, CA, USA) at 25 °C. ThT emission was

monitored at 485 nm with excitation at 442 nm. Three replicates were performed and the

data were averaged. The standard deviations were calculated.

224 Dynamic light scattering

Samples of interest were subjected to size analysis by Zetasizer Nano (Malvern

Instruments, Worchestershire, UK) using disposable solvent resistant micro cuvette

(ZEN0040) at room temperature. Three replicates were performed and average was used

to represent experimental results in each condition.
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2.2.5 Transmission electron microscopy

The samples were deposited on 400-mesh Formvar carbon-coated copper grids (EMS
Inc., Hatfield, PA, USA) for 2 min. Adequate amount of samples were applied onto the
copper grid, followed by negative staining using 2 % uranyl acetate for 5 min. The grid
was rinsed once with Milli-Q water. The samples were examined with a Hitachi H-7000
transmission electron microscope (Hitachi, Chiyoda, Tokyo, Japan) with an accelerating

voltage of 75 kV.

2.2.6 Fourier transform infrared spectroscopy

IR spectra were recorded with a Thermo Scientific Nicolet 6700 spectrometer equipped
with an ATR sampling accessory (PIKE MIRacle, USA). Samples were deposited onto
ATR crystal, and solvent evaporation was facilitated with an air dryer blowing room
temperature air. One hundred interferograms were recorded at room temperature with a
resolution of 2 cm. For each spectrum, corresponding background was subtracted. All
spectra between 1,500 and 1,800 cm™ were normalized to unity, and were displayed

between 1,600 and 1,700 cm™.
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2.2.7 Far-UV circular dichroism spectroscopy

Far-ultraviolet circular dichroism (far-UV CD) spectra were collected from 250 to 200

nm at 25 °C using a Jasco J-815 spectropolarimeter (Jasco Inc., MD, USA). A quartz

cuvette with a path length of 3 mm was used. Three scans were recorded and averaged

for each measurement.

2.2.8 Fluorescence lifetime measurement

Samples were added to a cuvette (Hellma Analytics, Germany) with 3 mm light path.

The cuvette was mounted into a home-made black chamber for measurement. The

detector was set to record the fluorescent lights emitting from the cuvette and making a

right angle to the incident light path. The Monochromatic laser source at 442 nm was used

for excitation and was supplied by a computer controlled multichannel picosecond diode

laser driver “Sepia II” module (PicoQuant, Berlin, Germany). A Time-correlated single-

photon counting (TCSPC) module “PicoHarp 300 (PicoQuant, Berlin, Germany) was

employed for photon collection and counting. A grating filter was used to ensure emission

fluorescence at 485 nm was detected. Instrumental response function (IRF) was also

recorded.
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2.29 Stopped-flow fluorescence

The kinetics of A and metal ion binding was examined using a stopped flow module
(Bio-Logic, Claix, France) attached to a Jasco J-815 spectropolarimeter. The stopped-
flow module was composed of a multimixer SFM-400, a motor power supply MPS-250,
and a photomultiplier system PMS-250. A fluorescence cuvette, FC-15, with an optical
path of 1.5 mm was used. Excitation at 270 nm was used to monitor the tyrosine
fluorescence of AP at 12.5 puM. A single mixing reaction using a volume ratio of 9:1 for
the metal ions and AP was performed at 25 °C. The final metal ion concentrations were
1.25 mM. The metal-to-Af ratio was 100 to 1. Here, AP was prepared in 100 mM Tris
buffer, pH 7.4, to avoid metal-ion-induced acidity. In this setting, the final pH is above
7.0 after reactions. The flow rate was fixed at 11 mL/s, resulting in a dead time of 4.7 ms.
The data were collected every 0.5 ms for the first 2 s, every 20 ms in the range of 2—60 s,
and every 0.5 s for 60-100 s. The data were fitted to multi-exponential equations using
Bio-kine 32 V4.51 (Bio-Logic, Claix, France) with either single or double exponential

equations with a linear base line,

Fops =at+ b+ ¢y x ekt Eqn. 2

Fos =at+b+c; Xe ¥t 4 ¢, x e7at Eqn. 3

where a and b are the slope and offset for the linear base line, and ¢ and k are the

amplitudes and rate constants for the exponential phases, respectively.
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2.2.10  Fluorescence spectroscopy

Each of 25 uM AP peptide in 10 mM Tris, pH 7.4, were independently titrated with
100 mM Tris-buffered 2 mM CuClz or ZnClz, pH 7.4, to final 8 molar equivalent metal
ion. Volume increase due to titrated metal ions was less than 10 % of the initial volume.
Excitation wavelength was set at 270 nm. Emission spectra from intrinsic fluorescence of
tyrosine (Y10) residue were recorded from 290 to 360 nm using a FluoroMax-3
spectrofluorometer (Horiba Jobin Yvon). For Bis-ANS measurement, excitation
wavelength was 400 nm and emission fluorescence was monitored from 450 nm to 550
nm. Slit widths were 3 nm for excitation and 5 nm for emission. Temperature of titration

experiments was controlled by a circulating water bath and set at 25 °C.

2.2.11  Proton and "H-'>N HSQC NMR spectroscopy

Proton ('H) and 'H-'SN heteronuclear single quantum coherence (HSQC) NMR
measurements were performed on Bruker Avance 600 MHz NMR spectrometer equipped
with 5 mm triple resonance cryoprobe and Z-gradient. In 'H NMR experiments, 50 pM
of unlabeled AP peptide was prepared using GdnHCI method in 10 mM Tris buffer
containing 90 % D20, pH 7.4. In HSQC experiments, 50 uM of 'N-labeled peptides was

prepared using the same method in proton NMR except that 10 mM Tris buffer containing
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10 % D20, pH 7.4, was used instead. Titrated Cu?>" were prepared in 100 mM Tris buffer
containing 10 % D20, pH 7.4. All NMR experiments were conducted at 5 °C. Shigemi
NMR microtubes (Shigemi, Inc., USA) were employed. Sample volume was 250 L.

Volume of titrated Cu?" was less than 10 % of initial volume. Forty eight scans were

accumulated to acquire each spectrum
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Chapter 3  Interference of gold nanoparticles in the fibrillization process of wild

type Ap40

3.1 Aims

Literature review revealed that nano-sized polymers are able to influence the
nucleation phase in AB40 fibrillization'!®, inorganic NPs can inhibit fibrillization of
AP42'?° and biodegradable poly(ethylene glycol)methyl ether-block-polylactide (PEG-
b-PLA) NPs can promote its interactions with Ap42'2!. However, it was still unclear that
what properties of NPs are key factors in fibrillar inhibition and whether the end products
AP after inhibition by NPs have lower cellular toxicity. The latter is of critical importance
in developing NPs into practical tool for therapeutics. Motivated by these unanswered
questions and a demonstration that bare gold nanoparticles are capable of tipping
lysozyme in native state towards forming aggregates'??, we decided to initiate a project
to explore the effect of bare AuNPs on the fibrillization of a model amyloid system, wild
type AP40, in vitro. The charge property of AuNPs was also examined whether it plays a

role in the interactions between AuNPs and amyloid.

27



3.2 Bare AuNPs inhibit AP fibrillization without self-clustering

The quality of commercial 30 nm AuNPs were confirmed by absorption spectrum and
DLS right after we received the product shipment. Typical absorption spectrum of AuNPs
with 30 nm in diameter had a single absorption peak at around 523 nm (Figure §). We
initiated the study by co-incubating various concentrations of bare AuNPs and Af
monomers and monitored AP fibrillization using ThT assay. In this chapter, AP is used
throughout to stand for AB40. ThT is a classic amyloid dye that is commonly used to
probe AP fibril formation due to its strong fluorescence emission upon binding to cross-
B fibril structures®’:'2312%_ In our experiments, 100 uM A monomers were mixed in 1 to
1 volume ratio at 25 °C to reach the desired final concentration. The final peptide
concentration was 50 uM buffered in10 mM sodium phosphate buffer, pH 7.4, and AuNPs
concentrations ranged from 0 to 2.72 nM. The samples were continuously agitated at
1,000 rpm in the presence of 50 uM ThT. The ThT fluorescence intensities were
monitored at indicated time points for 72 h and the A fibrillization kinetics in the absence
and presence of bare AuNPs are shown in Figure 9. The kinetics for AP alone exhibited
characteristics of amyloid fibril formation, where a lag phase about 6 h was followed by
an elongation phase lasting for about 13 h and a steady state after 18 h. The lag phases
were not significantly changed in the presence of AuNPs. We found the ThT intensity

decreased in an AuNP dose-dependent manner, in which a transition was between 0.042
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to 2.72 nM AuNPs. The results indicated that addition of bare AuNPs to Af} monomers

interfered with AP fibrillization pathways.
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Figure 8. Absorption spectrum of 30 nm AuNPs. Stock suspension taken directly from purchased

Nanopartz bare AuNPs (~400 pM) was measured directly. Milli-Q was used as a blank solution.
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Figure 9. Time course of ThT fluorescence changes of A monomers incubated with and without
30 nm AuNPs. Fifty micromolar Ap was incubated in the absence and in the presence of 0.021
nM to 2.72 nM 30 nm AuNPs. A 384-well opaque microplate was used. The samples were
continuously agitated by orbital shaking at 1,000 rpm. (a) Fifty micromolar of ThT was employed
to report formation of fibrils for 72 h. The inset on the upper part of this figure illustrates that bare
AuNPs were mixed with monomeric AP before co-incubation. (b) The ThT fluorescence

intensities of (a) at 72 h.
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3.3 Bare AuNPs alter ThT fluorescence intensity of preformed A fibrils

Next, we investigated the effects of AuNPs on the preformed AP fibrils by ThT assay.
Preformed AP fibrils were first prepared by incubating 100 uM of A} monomers at room
temperature with continuous orbital shaking at 1,000 rpm for more than 80 h. The
preformed fibril formation was validated by the elevated ThT fluorescence and TEM
imaging. The preformed fibrils were then mixed with various concentrations of the 30 nm
AuNPs in a 1 to 1 ratio volume ratio and monitored in the same incubation condition
described in Chapter 3.2. During the incubation, all ThT fluorescence intensities slowly
decreased (Figure 10). Fibril sedimentation might be accounted for the decrease of ThT
intensity level of AP fibril alone'?’. Interestingly, the initial ThT intensities were
decreased in an AuNP dose-dependent fashion, indicative of fast interacting kinetics
occurred between AuNPs and mature fibrils. The data showed a decreasing trend in the
ThT fluorescence intensities during incubation. The results indicated that AuNPs also

affect the properties of the preformed AP fibrils to some extent.
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Figure 10. Time course of ThT fluorescence changes of preformed AP fibril incubated with and
without bare AuNPs. Fifty micromolar preformed AP fibrils were incubated in the absence and in
the presence 0f 0.021 nM to 1.36 nM 30 nm AuNPs. A 384-well opaque microplate was used, and
the samples were continuously agitated at 1,000 rpm. (a) Fifty micromolar of ThT was employed
for recording changes in ThT fluorescence intensities for up to 96 h. The inset on the upper part
of this figure illustrates that bare AuNPs were mixed with fibrillar AP and continued incubation.

(b) The ThT fluorescence intensities of (a) at 96 h.
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3.4 Absorbance spectra of Ap monomers or preformed Ap fibrils

AuNPs have been reported to form self-clusters while inducing lysozyme
aggregation'??. The final clusters exhibited red-shifted absorbance spectra due to the
plasmonic coupling between the aggregated AuNPs. Hence, we asked whether AuNPs
incubated with A also generated AuNPs self-clusters. Replicated samples were prepared
and subjected to absorbance measurement following the condition for ThT assays. The
absorbance spectra were recorded from 400 to 1,000 nm at different time points for AB
monomers (Figure 11a) or preformed AP fibrils incubated with 1.36 nM AuNPs (Figure
11b). We did not observe any absorption shift in both cases, which indicates that the

AuNPs did not form self-clusters during incubation with A monomers or preformed A3

fibrils.
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Figure 11. Time course absorbance spectra of A monomers or preformed A fibrils incubated in

the presence of 1.36 nM AuNPs. Fifty micromolar of (a) AR monomers and (b) preformed fibrils

were incubated in the presence of 1.36 nM of 30 nm AuNPs. A 384-well opaque microplate was

used, and the samples were continuously agitated at 1,000 rpm.
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3.5 DLS analysis shows redirected AP species in the presence of AuNPs

To confirm the results obtained from ThT assays, we employed DLS to study the

particle size distributions (Figure 12). DLS is frequently used to examine the

hydrodynamic radius of spherical particles in solution and the intensity of scatter lights is

dominated by large particles in solution. Although A fibrils are heterogeneous and with

long rod-like shapes, DLS analysis can provide a qualitative estimation of the aggregate

distribution. Here, we first examined the size distributions of the AuNPs alone (Figure

12¢). Triplicate measurements were carried out and shown. The data were plotted as

scattered light intensity versus size in diameter. The samples were diluted in double

distilled water and measured in disposable DLS cuvettes. In the case of 0.34 nM AuNPs

alone, a single peak at ~60 nm was observed. For the end-point products of A} monomers

in the absence and presence of 0.021 to 2.72 nM AuNPs (Figure 12a), we found that A

only control showed three major populations of large particles with the diameters at ~100

nm, ~700 nm, ~4 pm. With increasing AuNP concentrations, such large species decreased

in intensity and the species became smaller. In the presence of 2.72 nM AuNPs, no large

species were observed and a single species with a diameter of ~60 nm was detected, which

may be contributed from the AuNPs. Moreover, we examined the species generated from

incubating AuNPs with preformed A fibrils (Figure 12b). In the absence of AuNPs, DLS

analysis of preformed fibrils showed heterogeneous distribution of large aggregates
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populated from 100 nm to 5 um. Upon incubation with AuNPs, DLS intensities from
large particles decreased and the scattering was gradually dominated by particles smaller
than 100 nm. Above 0.34 nM AuNPs, no large species were detected. Instead, a major
peak situated at ~60 nm and a minor peak at ~8 nm were observed. Taken together, the
diminishment of larger aggregates, > 100 nm, may reflect the population changes in A}

species after AuNPs incubation.
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Figure 12. DLS analysis of size distribution of the AP species induced by AuNPs. Incubated
samples, (a) 72 h-incubated A monomers, (b) 96 h-incubated A preformed fibrils, and (c) 72 h-

incubated AuNPs, were subjected to size analysis using DLS at room temperature.
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3.6 Bare AuNPs induce AP fibril fragmentation and oligomer formation and

preferentially bind to AP fibrils

To further verify the results from the DLS analysis, TEM was used to visualize the

morphological properties of the end-point products from either incubated with A

monomers (Figure 13a-f) or preformed fibrils (Figure 13g-1). In the absence of AuNPs,

AP formed long, smooth, and entangled fibrils as expected (Figure 13a). However, upon

incubation with different AuNP concentrations as indicated, several AP species were

observed. Some fibrils seemed fragmented and became shorter or truncated, which are

pointed out by black arrows in Figure 13. Moreover, many spherical oligomers ranging

from 10 to 15 nm in diameter were observed (pointed out by white arrows in Figure 13).

Such species were either attached to or located in close proximity to the fibrils without

associating with the AuNPs. Few AuNP clusters were found, which is consistent with the

result from absorbance spectra, implying AuNPs did not self-aggregate (The spherical

black particles with a diameter of ~30 nm in the images were the AuNPs). On the other

hand, co-incubation of the preformed AP fibrils with AuNPs resulted in morphologically

changes in fibrils as well. In the presence of 0.34 and 1.36 nM AuNPs, we found

coexistence of ragged fibrils and some small spherical oligomer-like structures with

diameters ~5 to 8 nm (Figure 13g-j). The amorphous aggregated species increased with

increasing AuNP concentrations. In the presence of 10 nM AuNPs, we found a striking

37



contrast that AuNPs preferentially attached to the mature fibrils rather than the amorphous

aggregates. AuNPs seemed to alter the morphology of fibrils, inducing oligomer and

amorphous aggregate formation. The TEM images demonstrated a consistent

phenomenon with our ThT and DLS studies.
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Figure 13. TEM images of co-incubated monomeric AP and bare AuNPs, and co-incubated A
fibrils. Scale bar is 100 nm. Black arrows indicate frag-mentation of fibrils. White arrows indicate
spherical oligomers. The number at the lower left corner in each image indicates the concentration

of AuNPs.
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3.7 Negatively charged AuNPs inhibit A fibrillization in vitro

To understand the molecular interactions between AuNPs and AP, we asked whether

the surface potential of AuNPs is the main factor contributed to this phenomenon. We

used different surface modified AuNPs including amine- and carboxyl-conjugated

AuNPs to examine the charge effect on AP fibrillization (Figure 14). The AuNPs used

here were all 30 nm in diameters. The surface conjugated and bare AuNPs were incubated

with AB monomers and monitored by ThT assays as previously described. Interestingly,

we found that only the carboxyl-conjugated and bare AuNPs have inhibitory effects to

AP fibrillization, but not the amine-conjugated AuNPs. The amine-conjugated AuNPs

elongated slightly slower than that of the AP only control, but reached the same ThT

intensity after 40 h. Nevertheless, the bare and carboxyl-conjugated AuNPs showed

similar patterns with the final ThT at a much lower level than that of the AB control. The

results suggested that the surface negative charges of AuNPs are essential for the

interactions of AP and AuNPs leading to inhibiting the fibrillization. The end-point

products from both surface modified AuNPs were examined by TEM and distinct

morphologies were observed. After incubating with amine-conjugated AuNPs, the mass

majority of AP still formed mature fibrils exhibited characteristic structures (Figure 15a),

which is consistent with the ThT data. Few amine-conjugated AuNPs were seen on the

EM grids. While incubating with carboxyl-conjugated AuNPs, only very short A
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filaments, <100 nm, and oligomers were observed. The carboxyl-conjugated AuNPs

mostly attached to such short species (Figure 15b and c).

One of our lab member, Mr. Yu-Jen Chang, examined whether the end products of AP
after co-incubation with bare and negatively charged AuNPs alleviate the toxicity. Results
from his work are included in the discussion chapter. Data of cytotoxicity assays are

shown in the supplementary.

- A only
2.000- - Af/bare AuNPs
2 —A— Ap/amine AuNPs
-¥— Ap/carboxyl AuNPs

ThT Fluorescence (a. u.)

DI T T T T T T T T
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Time (h)

Figure 14. Fibrillization kinetics of AP in the absence and prescence of 1.36 nM bare, amine-, and
carboxyl- conjugated AuNPs recorded by ThT assays. AP concentration is 50 pM. The
concentration of all three kinds of AuNPs is the same at ~400 pM. Fifty micromolar of ThT was

used.
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Figure 15. TEM images of the 160 h-incubated AP in presence of 1.36 nM AuNPs. (a) amine-

conjugated and (b and c¢) carboxyl-conjugated AuNPs. Scale bar is 100 nm.
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Chapter 4  Structural differences between homo-polymeric and hetero-

polymeric A fibrils

4.1 Aims

Seeding experiments manifested that amyloidogenic proteins or peptides can turn into
amyloid fibrils with a variety of sequence-similar ones and with different efficiency!?%!%7.
In addition, different ratios of mixed AP40 and AP42 were shown to impact on the
progression of fibrillization!?’"'?°. Evidence from in vitro aggregation assays in Kulic et
al. work showed anti-amyloidogenic property of heterozygous APP E693A mutation
(E22A for AB) and an inhibitory effect of E22A AB42 on the fibrillization of E22A AB40
130 A similar phenomenon was reported in heterozygous state of APP A673V (A2V)
mutation®® and in both homozygous and heterozygous states of A673T (A2T)**. Therefore,
we were motivated by these experimental results to address whether fibrils of Ap E22 and
D23 variants formed hetero-polymerically are structurally different from that formed

homo-polymerically, and whether the unique difference can be revealed by the binding

properties of ThT and by secondary structures.
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4.2 Homo- and hetero- fibrils are morphologically indistinguishable under TEM

imaging.

We utilized ThT to report fibrillization of homo- and hetero- fibrils. A stock
concentration of at least 50 pM monomeric AP, homo-polymerically or hetero-
polymerically were incubated at 25 °C in quiescence for at least two weeks. In our
experimental setup, the four hetero-fibrils of E22 and D23 variants, E22G, E22K, E22Q,
and D23N, are fibrillized by quiescent incubation of equal-molar-mixed monomeric
variants and wild type AB40. For instance, E22G hetero-fibrils were formed by quiescent
incubation of mixture of E22G and wild type monomers. On the other hand, E22G homo-
fibrils were formed singly from quiescent incubation of monomeric E22G. In some fibril
preparations, we made the starting materials in total 25 uM instead of 50 pM due to lower
refolding yield of the peptide. Figure 16 shows the fibrillar morphology confirmed by

TEM imaging. Scale bar represents 100 nm.
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WT/E22Q — WT/D23N

Figure 16. TEM images of homo- and hetero- fibrils of E22G, E22K, E22Q, and D23N. Scale bar

is 100 nm. Fibrils were incubated in quiescence for at least two weeks at 25 °C.
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4.3 Binding stoichiometry of Thioflavin T to amyloid-p fibrils

We speculated that any structural difference of the fibrils could result in differential

ThT binding to amyloid fibrils. First we titrated homo-fibrils with ThT. The incubated

stock fibril solutions were centrifuge at 17,000 x g at 4 °C for at least 10 min. Supernatant

was removed and precipitated fibrils were resuspended in Milli-Q water. Increasing

concentration of ThT drastically elevated fluorescence readings, indicating effective ThT

binding onto amyloid fibrils composed of characteristic cross-f sheet. For all FAD homo-

fibrils, 80 % of ThT fluorescence was achieved before 5 UM (one molar equivalent) ThT

was titrated in. Beyond this concentration, elevation of ThT fluorescence rapidly declined

as evidenced by the slow increase in ThT intensity (Figure 17a). For hetero-fibrils,

intensities of ThT fluorescence increased before 2 molar equivalent ThT was added and

remained unchanged beyond that ratio. Stoichiometry conformed to 2:1 ThT to fibril ratio

(Figure 17b). Taken together, our results showed and implicated that the two molar

equivalent ThT binds to one molar of all the fibrils studied.
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Figure 17. ThT binding stoichiometry of (a) homo-and (b) hetero- fibrils. Total peptide
concentration was 50 uM. For hetero-fibrils, equal molar (25 uM) of each FAD variant monomers
were co-incubated with wild type ones at room temperature for at least two weeks. The incubated
stock fibril solutions were centrifuge at 17,000 x g at 4 °C for at least 10 min. Supernatant was

removed and precipitated fibrils were resuspended in Milli-Q water.
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4.4 Secondary structures of fibrils revealed by far-UV circular dichroism

All homo-fibrils except E22K exhibited a spectral minimum near 220 nm wavelength
(Figure 18), indicating fibrils were enriched in B-sheet structures. More detailed analysis
revealed that the spectral minima of both E22G and E22Q were situated at 222 nm, but
wild type and D23N had spectral minima at 219 nm. Spectral minima of E22K fibrils was

at 228 nm despite that the spectrum resembled B-sheet profile.

] —o— wild type 1
60 4 —A— E22G homo-fibrils

1 —w¥— E22K homo-fibrils 1
—&— E22Q homo-fibrils
—<&— D23N homo-fibrils
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Wavelength (nm)

Figure 18. CD spectra of homo-fibrils. Fibrils were processed The incubated stock fibril solutions
were centrifuge at 17,000 x g at 4 °C for at least 10 min. Supernatant was removed and

precipitated fibrils were resuspended in Milli-Q water.
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In each figure from Figure 19a to Figure 19d we juxtaposed CD spectrum of wild type

homo-fibrils, one FAD homo-fibrils and corresponding hetero-fibrils, and equal-molar-

mixed homo-fibrils. Spectra of equal-molar-mixed homo-fibrils served as control group

to demonstrate that the observed differences of hetero-fibrils came from genuine

structural characteristics instead of spectral superimposition of homo-fibrils of parental

species. CD spectrum of E22G hetero-fibrils almost overlapped with that of wild type

hetero-fibrils, suggesting that in terms of secondary structure it resembles more to wild

type than to E22G homo-fibrils (Figure 19). All hetero-fibrils showed marked differences

from their counterpart equal-molar-mixed control, providing authenticity of our

observations. WT/E22K fibril exhibited an almost flat profile (Figure 19b). E22Q hetero-

fibrils showed a spectral minimum at 225 nm, which deviated by 5 nm from the 220 nm

shared by wild type and E22Q homo-fibrils Figure 19. Similar phenomenon was also

observed for D23N (Figure 19d). To summarize, CD spectra revealed that E22G hetero-

fibrils resembled more to wild type ones, E22K and E22Q hetero-fibrils resembled more

to, respectively, E22K and E22Q homo-fibrils, and D23N hetero-fibrils resembled to

neither of its corresponding homo-fibrils.
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Figure 19. CD spectra of each FAD homo-fibrils, hetero-fibrils, and equal-molar-mixed homo-
fibrils. The incubated stock fibril solutions were centrifuge at 17,000 x g at 4 °C for at least 10

min. Supernatant was removed and precipitated fibrils were resuspended in Milli-Q water.
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4.5 Secondary structures of fibrils revealed by Fourier transformation infrared

spectroscopy

We complemented CD spectroscopy data with another commonly used tool, FTIR,
attempting to further examine that the B-sheet structures revealed by CD spectra are the
determinant cross B-sheet of amyloid fibrils. Fibrils were precipitated and resuspended in
Milli-Q water as described in methods prior to each measurement. Original absorbance
spectra between 1,500 cm™ to 1,800 cm™! were processed and presented as normalization.
It facilitated comparison of relative content of secondary structures in fibrils. All fibrils,
homopolymeric or heteropolymeric, exhibited similar FTIR spectral profiles (Figure 20
and 21). The B-sheet characteristic 1,630 cm™ peaks were the most dominant for all six
homo-fibrils. Compared to wild type homo-fibrils, spectra of E22G and D23N homo-
fibrils similarly had lower 1,660 cm™! peak and slightly higher peak between 1,640 cm’!
and 1,650 cm™. The spectrum of E22Q homo-fibrils was similar to that of E22G and
D23N in the region between 1,640 cm™ and 1,650 cm™, but was higher in the 1,660 cm’!
peak than E22G and D23N homo-fibrils. Spectrum of E22K homo-fibrils was the highest

among the six between wavenumber 1,640 - 1,700 cm™.
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Figure 20. FTIR spectra of homo-fibrils. A hundred microliter of stock solution of fibrils were
centrifuged at 17,000 x g at room temperature. Supernatant was discarded and precipitated fibrils
were re-suspended in 10 pL of 10 mM sodium phosphate buffer, pH 7.4. Re-suspended fibrils

were deposited on the ATR crystal prior to drying by non-heated air flow from a hair dryer.

Juxtaposition of CD spectra of wild type homo-fibrils, FAD homo-fibrils and hetero-
fibrils, and equal-molar-mixed homo-fibrils again were presented in Figure 20 and 21 for
better differentiation. E22G homo-fibrils had a similar spectrum as wild type one (Figure
21a), but we noticed an elevated absorbance in the 1,650 cm™ region, implicating more
o-helices/random coil content'!. Spectra of E22G hetero-fibrils and equal-molar-mixed
homo-fibrils overlapped very well with E22G homo-fibrils, suggesting all three species

bear identical secondary structure contents. E22K homo-fibrils exhibited increased
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absorbance in regions around 1,650 cm™ and 1,670 cm™ (Figure 21b). Peak around 1,670
cm! is suggested to represent B-turns and other secondary structures'®'. E22K hetero-
fibrils had a less evident peak at 1,630 cm™. This indicated that B-sheet content are
relatively less abundant than other secondary structures. Spectrum of E22Q homo-fibrils,
compared to wild type one, had a slightly higher peak around regions from 1,640 cm™ to
1,660 cm™!, but spectrum of E22Q hetero-fibrils was elevated at the same regions (Figure
21c¢). For D23N homo-fibrils, its spectrum, like E22G, only showed mildly lower peak
around 1,660 cm™ when compared to wild type, but absorbance elevation was observed
for D23N hetero-fibrils at regions ranging from 1,400 cm™ to 1,700 cm™ (Figure 21d). In
summary, we found each of the four FAD hetero-fibrils had relatively fewer content of 3-
sheet than did corresponding homo-fibrils. The most dramatic difference was found for

E22K.
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Figure 21. FTIR spectra of FAD homo-fibrils, hetero-fibrils,and equal-molar-mixed homo-fibrils.
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4.6 Fluorescence lifetime of bound ThT on fibrils

After complementary spectroscopic examination using CD and FTIR revealed
distinction in the secondary structures of fibrils, we turned to the fluorescent probe ThT,
exploiting another property of fluorescence, fluorescence lifetime. We would like to
understand whether the differences in secondary structures can be reported by
fluorescence lifetime of ThT. In 2012, Mohanty et al. pioneered in using ThT as a
sensitive method to monitor fibrillation of insulin in the pre-fibrillar regime'3?. We
processed fibrils for fluorescence lifetime measurement with the same method as used in
FTIR experiments. ThT was added to final 5 uM to avoid influence from free dye. Our
results showed that for all the homo-fibrils, lifetimes of ThT fluorescence were
multiexponential as the decay profiles were non-linear when the photon counts was
plotted in log scale (Figure 22a). A detailed analysis of the decay profiles showed that the
decay curve for E22K deviated from the rest of spectra (Figure 22b). The decay curves of
hetero-fibrils were shown in Figure 23 along with that of wild type fibril. The decay
curves varied from each other. Better visualization is strengthened in the zoom-in view in
Figure 23b. All decay curves were subjected to fitting analysis using a multiexponential
decay model in an attempt to extract lifetimes. ThT binding onto E22K homo-fibrils
resulted in two lifetimes, 1.33 ns and 2.38 ns, which were longer than the rest of homo-

fibrils (Table 1). Bound ThT on homo-fibrils other than E22K can be classified into two
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groups. The first group had a lifetime of ~0.8 ns, and the second group had a longer

lifetime, 1.9 ns for E22G, E22Q, and D23N fibrils and 2 ns for wild type fibrils. We found

two scenarios in the lifetime changes when we compared that of bound ThT on each FAD

hetero-fibrils with corresponding homo-fibrils. The lifetimes of ThT were both prolonged

to 1.1 ns and 2.13 ns when binding onto E22G hetero-fibrils. On the contrary, the lifetimes

of ThT were shortened when it binds onto E22K, E22Q, and D23N hetero-fibrils. The

extent of reduction was observed for E22K.
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Figure 22. Comparison of ThT fluorescence lifetime for FAD homo-fibrils. (a) full scale and (b)
zoom-in of lifetime decay profiles of at least 10 uM fibrils in the presence of 5 pM ThT. Photons

were collected for 60 minutes and were normalized to a 0 to 10,000 scale for comparison.
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Figure 23. Comparison of ThT fluorescence lifetime for FAD hetero-fibrils. Wild type homo-
fibrils data is used for showing how deviated the decay profiles of hetero-fibrils are from the
majority of homo-fibrils (except E22K). (a) full scale and (b) zoom-in of lifetime decay profiles
of at least 10 uM fibrils in the presence of 5 uM ThT. Photons were collected for 60 minutes and

were normalized to a 0 to 10,000 scale for comparison.
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Homo- Hetero-

tl(ns) t2(ns) R2 t1(ns) 12 (ns) Re

fibrils fibrils

Wild type 0.8 299 0.99
E22G 0.75 1.89 0.99 E22G 1.1 2.13 0.99
E22K 133 2.38 0.99 E22K 0.72 1.94 0.99
E22Q 0.8 1.89 0.99 E22Q 0.6 1.66 0.99

D23N 0.8 191 0.99 D23N 0.69 1.79 0.99

Table 1. Summary of lifetimes of ThT upon binding to amyloid fibrils.
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Chapter 5 Interactions of Cu?* with wild type and N-terminal familial mutants

of Ap

5.1 Aims

In this chapter, we emphasized on N-terminal mutations of AP associated with three
types of FAD, H6R, D7N, and D7H. As H6 and D7 mutations occur at the residue either
validated to bind directly to Cu?" in coordination or sitting next to it, we asked whether
mutations perturb integrity of Cu?* binding and how residue replacement affect the extent
of the perturbation. We used stopped-flow fluorescence, intrinsic fluorescence, Bis-ANS
fluorescence, proton NMR spectroscopy, and 'H-'>N HSQC NMR spectroscopy to
provide insights of Cu?* binding to the three disease-related FAD variants. Two other non-

disease-related variants H6A and D7A were included to increase residue diversity.

5.2 Metal ion binding examined by stopped-flow fluorescence.

The stopped-flow apparatus monitoring total quantum yield of tyrosine fluorescence
was employed to acquire the binding kinetics of the metal ions and 12.5 uM AB40 (Figure

24).
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Figure 24. Binding kinetics of Zn*', Cu**, Fe*, and AI’** with AB40. The reaction was 12.5 uM
AP40 and 1.25 mM metal ions performed using stopped-flow. AB40 monomers were prepared in
10 mM Tris, pH 7.4. Tyrosine fluorescence changes was recorded within 5 min, and was presented

the first 100 s.

The final metal ion concentration was 100 times more than that of Af. The ThT
fluorescence intensity was monitored from the instrumental dead time, ~5 ms, up to 100
s. The control experiment of AP mixing with Milli-Q had no fluorescence intensity
change in 180 seconds, suggesting no conformational changes occurred during the time
span. When AP mixed with the metal ions, the intensity signals showed exponential

increases for Zn** and AI’*, whereas the signals decayed exponentially for Fe**. The

63



signals for Cu®** had no significant change after 5 ms. However, we noticed that the initial
detectable ThT signals was drastically decreased compared to other curves. The offset of
Zn*" was elevated, consistent with the baseline elevation in the steady state spectra. The
offset changes for AI*" and Fe** were relatively small compared to fluorescence intensity
changes indicative of metal ion binding occurring beyond 20 ms in both cases. Overall,
the amplitude changes of tyrosine intensity signals were consistent with the changes
observed in the steady state spectra'®®, where Zn>" and Al** increased the fluorescence,
but Fe** and Cu®*" quenched the fluorescence. The data were fitted to exponential
equations with a linear baseline assuming the metal ion binding events are pseudo-first-
order reactions. Fe>* and A1’ were best fitted to two exponential equations, whereas Zn**
was best fitted to a single exponential equation. Two exponential equation has two
binding constants and single exponential equation has one binding constant. Therefore,
the number of binding constants can be accounted for the stoichiometry between A} and
metal ions. Our results suggested that the stoichiometry is 1:1 for Zn**/Ap and Cu®"/AB,
and 2:1 for both Fe*"/AB and AI**/AB. In contrast to Zn**, Fe**, and AI**, Cu®*" had nearly
no signal change after the dead time, indicating that the binding events were likely
completed before the instrumental dead time 5 ms. Therefore, we proposed the order of
binding from the fastest to the slowest was Cu®* (sub-milliseconds) > AI** (k; = 6.067 57!
1,7=0.114 s) > Fe* (k1=3.455s11,1=0.205) > Zn*" (k; =0.124 5!, 1= 5.553 5). The
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observed offset could be due to sub-millisecond binding events or environmental effects
altering the tyrosine quantum yield. In the case of Zn?", because the fitting precisely
described the events from 0.005 to 100 s, and the elevation was also observed in the steady

state spectra. We reasoned that the elevation is not due to a binding event.

5.3 Intrinsic fluorescence of H6 and D7 mutants upon Cu?* binding

We examined Cu?* binding properties of six AP peptides, wild type, three D7 mutants,
and two H6 mutants. We exploited the proximity of Y10 to the mutated residue, H6 or
D7, to report conformational changes of AP peptides induced by metal ion binding.
Consistent with our published data'**, tyrosine fluorescence intensities of wild type AP
was quenched upon titration with Cu®" due to its paramagnetic properties'**. In the
absence of Cu®*, emission peak situated at 300 nm for all Ap (Figure 25). Overall,
fluorescence intensities for wild type and D7 mutants were higher than that of H6 mutants
possibly due to higher quantum yield. In the presence of eight molar equivalent Cu,

tyrosine fluorescence was quenched at least two-fold.
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Figure 25. Tyrosine emission spectra of wild type, H6, and D7 mutant AP. The spectra for each
peptide in the absence (black) and presence (green) of 8 molar equivalent Cu** are presented. The

reactions were such that 25 pM peptide was titrated with up to 8 molar equivalent of Cu?".

Quenching of tyrosine fluorescence started shortly after Cu?" addition until Cu®*

concentration reached close to peptide concentration, 25 pM, in our experiments (Figure
26). Beyond 25 uM, decrease of tyrosine fluorescence slowed down in an exponential
way, indicating a weaker quenching. All titration curves of the five FAD mutants showed
similar trends. We fit experimental data to a quadratic equation derived from a single

protein-ligand interaction model (Eqn. 4),

)xK&ﬁ4¢+a)—Ja@+4¢+ﬂy—4xame

Fops = Fr + (F, — F; T
t

Eqn. 4
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where Fops 1s the observed fluorescence intensity, Fi and Fy are the initial and final
fluorescence intensity recorded in each titration, P is the total AP concentration, L. is the
total ligand concentration, and Ky is the dissociation constant. Curve fitting gave apparent
dissociation constants Ks. Because binding affinity is determined as the inverse of Ka,
smaller Ky indicates stronger binding affinity. The dissociation constants derived from
curve fitting are listed in Table 2. The K« of Cu** binding for wild type AP is 9.95 + 2.84
uM. A quadrupled K4 (39.95 + 11.72 uM) for H6A indicated the Cu®* binding affinity is
reduced four-fold. Substitution of H6 with an arginine residue bearing a charged side
chain had negligible impact on Cu** binding (K4 = 9.8 + 3.49 uM). Cu?* binding affinity
was close to wild type for D7A (Ka = 6.10 + 2.02 uM), was increased 2.5-fold for D7TH
(Ka=3.76 £ 1.1 uM), and was decreased for D7N (15.41 = 7.19 uM), suggesting an extra

histidine strengthen while an asparagine weaken Cu®" binding.
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Figure 26. Cu?" titration curves of wild type, H6, and D7 variants of AB monitored by tyrosine
fluorescence. Twenty-five micromolar of peptide was titrated with up to 8 molar equivalent of
Cu*". Number of replicates used in data averaging are shown at the upper left corner for each

figure.

5.4 Bis-ANS fluorescence of H6 and D7 mutants upon Cu?* binding

We attempted to correlate the induced conformational changes with the concomitant
exposure of the hydrophobic surfaces formed during Cu?* binding. External fluorescent
probe Bis-ANS that binds hydrophobic clusters on protein surface was utilized'*>!%¢, First,
we found that Cu?* binding induced identical blue shift of Amax of Bis-ANS emission but

diverse response of Bis-ANS fluorescence intensity for all peptides after eight molar
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equivalent Cu?>" was added to wild type AP (Figure 27). Intensities of Bis-ANS
fluorescence for wild type and D7N A remained barely changed after addition of eight
molar equivalent of Cu?>*. Compared to wild type AP, quenching of Bis-ANS fluorescence
was found in D7A and D7H. The decrease of intensities were 4-fold for D7A and 2-fold

for D7H. Enhancement of Bis-ANS fluorescence was found to be 7-fold for H6R and 2-

fold for HO6A.
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Figure 27. Bis-ANS emission spectra of wild type, H6, and D7 mutant AP. The spectra for each
peptide in the absence (black) and presence (green) of 8 molar equivalent Cu*" are presented. The
reactions were such that 25 pM peptide was titrated with up to 8 molar equivalent of Cu*" in the

presence of 5 uM Bis-ANS.
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After we performed baseline correction by subtracting each spectrum with
corresponding control one, declining titration curves were present by plotting
fluorescence intensity against Cu®>* concentration (Figure 28). The apparent dissociation
constants of Cu?" binding after curve fitting to the same equation used is Chapter 5.3.
However, this attempt yielded greater values of standard deviation than that of
dissociation constants for several variants. The curves for H6A (Ks = 12.59 + 5.48 uM)
and D7N (K4 = 5.36 + 2.30 uM) are better fitted as evidenced by the R values 0.967 and
0.972, respectively. The K« values are more ill-defined for wild type (2.22 + 3.34 uM)
and D7H (4.9 = 6 uM). The single-ligand binding equation (Eqn. 4) is not applicable to

the D7A and H6R curves.
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Figure 28. Cu*" titration curves of AP monitored by BisANS fluorescence. The spectra for each
peptide in the absence (black) and presence (green) of 8 molar equivalent Cu*" are presented. The
reactions were such that 25 uM peptide was titrated with up to 8 molar equivalent of Cu*" in the

presence of 5 uM Bis-ANS.

Kq from intrinsic fluorescence Kq from Bis-ANS fluorescence
WT 9.95 £ 2.84 uM WT 222 + 334 M
D7A 6.10 £2.02 uM D7A N.A.

D7H 3.76 £ 1.1 yM D7H 49+ 6 uM
D7N 1541 £7.19 uM D7N 536 +2.30 uM
Ho6A 39.95+11.72 uM Ho6A 12.59 +5.48 uM
H6R 9.8+3.49 uM H6R N.A.

Table 2. Summary of dissociation constants K, extracted from curve fitting of data from intrinsic

tyrosine and Bis-ANS fluorescence.
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5.5 'H NMR spectroscopy

We provided complementary and supporting evidence using NMR spectroscopy to
substantiate our findings from intrinsic fluorescence. Proton (\H) NMR Experiments were
performed in 10 mM Tris buffer containing 90 % D20, pH 7.4, at 5 °C. We focused on
the region around 6 — 8 ppm representing hydrogens of C-H bonds on the side chains of
Y10 and H6, H13, and H14 histidines. To circumvent potential discrepancy caused by A3
preparation method, we prepared peptide using GdnHCI] method instead of the commonly
used NaOH method!*’. In addition, we were concerned that high AP concentration such
as 75 uM and 130 uM used by other groups could interfere measurement due to
aggregation-prone propensity of Af. On the other hand, the time needed to accumulate
sufficient data for a spectrum is concentration-dependent. Lower peptide concentration
takes longer data acquiring time, which, in our titration experiments, increases chances
that monomeric peptide nucleates into oligomeric species. Therefore, after taking the
concentration and spectra-acquiring time into account, we decided to perform 'H and
HSQC NMR measurement with 50 pM of peptide. We confirmed that the GdnHCl
preparation method produced proton NMR spectrum was similar to the previously

reported ones using NaOH method (Figure 29). Peaks were assigned according to

82,138 139

published data by Syme et al. , and Hou et al.”>”. We assigned the peaks around 7.8
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ppm (H6/H13/H14 peaks in Figure 29d) as €H resonances, and peaks around 7.0 ppm (H6

and H13/H14 peaks in Figure 29d) as oH.

a Y10 H& H14/H13 Y10

vy v vy v
I I

JUN

1 I
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Figure 29. Aromatic region in the 'H NMR spectra of wild type AP40. (a) Peak assignment
adapted from ref. 81. The experimental conditions are 77 uM AB(1-28) in 100 % D,O, pH 7.8 at
25 °C. (b) Peak assignment adapted from ref. 136, where 1 designates ¢H and 6H from H6, H13,
and H14, and 2 designates Y10. The experimental conditions are 1,000 pM AB(1-16) in 100 %
D,0, pH 7.4 at 25 °C. (c) Peak assignment adapted from ref. 81, where 1 designats ¢eH and 6H
from H6, H13, and H14, and 2 designates Y 10. The experimental conditions are 130 uM AB40 in
5 mM potassium phosphate buffer in D,O, pH 7.3 at 5 °C. (d) Peak assignment in our spectra

based on (a-c). The experimental conditions are 50 pM AB40 in 10 mM Tris buffer in 90 % D-O,

73



pH 7.4, at 5 °C. The left inset shows the €H and 8H on the aromatic ring of histidine. The right

inset shows the ¢H and 6H on the aromatic ring of tyrosine.

We compared '"H NMR spectra of six AP peptides in the absence of Cu?" (Figure 30).
Five regions were highlighted in boxes except for region 3. The peaks of Y10 in Box 1
and 4 had the largest upfield chemical shift to the right for D7A than for other peptides.
Besides, we noticed that D7 variants had peak broadening effect in Y10 peaks. In Box 2,
the H13/H14, 6H peaks underwent an upfield chemical shift for D7A, D7N, H6A, and a
downfield shift for D7H. In Box 5, two H6/H13/H14, eH peaks were found for all peptides
except D7H, which had extra peaks. Upfield shift were observed for D7N and H6 variants,
and a slight downfield shift was seen in D7A. The unboxed region 3 disclosed a greater
extent of upfield shift of H6, 0H peaks for D7H and D7N, and loss in H6 variants. The
peaks around 7.3 ppm could mainly come from the three phenylalanine residues. Taken
together, alteration in H6 and D7 residues led to chemical shifts of certain specific peaks

in "H NMR spectra.
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Figure 30. Comparison of '"H NMR spectra of wild type AP and its H6 and D7 variants in the
absence of Cu?". NMR measurement was performed in 50 uM peptide buffered in 10 mM Tris

containing 90 % D-O, pH 7.4, at 5 °C.

We performed a series of Cu?* titration using NMR spectroscopy for all six AP peptides.
We found that addition of Cu?* caused severe signal intensity reduction which could result
from peak broadening. Y10 and histidine signals vanished after 0.8 molar equivalent Cu**
was titrated. The signal reduction profile of wild type AP was shown in Figure 31. Similar
profiles was observed for all peptides in this study (data not shown). The decrease in H6

and H13/H14, 8H peaks, and Y10 peaks were plotted against the titrated Cu?*
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concentration (Figure 32). To acquire peak intensities at a better signal-to-noise ratio, we
implemented 400 scans in titration experiments. Attempts to fit experimental results to a
single-ligand binding model were not shown due to unsuccessful fitting results. We found
that the peak intensities of H6 and H13/H14, o6H remained above 20 % of the initial
intensities after ~37 pM (0.8 molar equivalent) Cu®>" were titrated, while for the rest of
the peptides these two peaks reduced to the lowest level at the same Cu?" concentration.
The titration curve of Y10 intensities for D7H deviated from H6 and H13/H14, 6H ones
and was also distinct from that for others peptides in study, suggesting that in D7H the
Y10 is surrounded in a different environment due to the existence of the extra histidine.
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gt AU LT, A N bt s Y Tt gt e TN g
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W wawwf
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Figure 31. Peak broadening around aromatic region during Cu*" titration of wild type Ap40. Fifty

micromolar of peptide was buffered in 10 mM Tris, pH 7.4. Cu** were titrated up to two molar
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equivalent of AB40. Dilution effect was factored in to reach precise molar ratio. NMR

measurement was performed at 5 °C.
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Figure 32. Reduction of H6 and H13/H14, 8H peaks, and Y10 peaks for H6 and D7 variants of

AB. Fifty micromolar of peptide was buffered in 10 mM Tris, pH 7.4. Cu** were titrated up to two

molar equivalent of AB40. Dilution effect was factored in to reach precise molar ratio. NMR

measurement was performed at 5 °C.



5.6 'H-1SN HSQC spectroscopy of D7H and wild type Ap

As experimental evidence strongly implicated the involvement of the three histidines

H6, H13, and H14 in Cu®" coordination, we were especially interested in whether and

how an additional histidine, as in the case of an early-onset AD mutant D7H, impact Cu**

coordination. We employed recombinant 15N labeled wild type and D7H A peptides in

titration experiments using 'H-'>N HSQC spectroscopy. We showed that A prepared by

GdnHCI method had a similar 2D spectrum as reported'® (Figure 33).
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Figure 33. Comparison of 'H-'""N HSQC NMR spectrum from Zagorski’s and our group. (Left

panel) The spectrum of wild type AB40 reported by Hou et al.'*’. (Right panel) The spectrum

of wild type AP40 obtained in our lab. Peptide concentration was 130 uM in Hou et al.’s

experiment and was 50 uM in ours. Red circles indicate major spectral difference between Hou
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et al.’s results and ours. Our NMR measurement was performed with peptide buffered in 10 mM

Tris containing 10 % D,O, pH 7.4, at 5 °C.

Because we did not perform peak assignment experiments, peaks in our spectrum were
assigned based on the one reported by Hou et al.'* (left panel, Figure 33) Red circle
marked the evident differences, which possibly was caused by different peptide

preparation, buffer system, or peptide concentration used in measurements.

Compared to the spectrum of wild type AP, spectrum of D7H showed displaced F4, G9
and K16 peaks, and vanished R5, S8, and K28 peaks (Figure 34). One molar equivalent
Cu** induced peak disappearance in mostly N-terminal (1-16) residues in both wild type
AP (Figure 35). Disappearing peaks are highlighted in red. A parallel control experiments
in which metal ion buffer was titrated in the same manner into AP. Very similar peak
disappearance pattern was also observed for D7H upon one molar equivalent Cu**
addition (right panels in Figure 35a and b). After two molar equivalent Cu®" was titrated,
comparable peak intensity seen in Figure 35 underwent slightly different changes. F20
and D23 peaks completely disappeared in the D7H spectrum, but not wild type one
(Figure 36). Ratio of intensity from Cu?" titration and buffer control experiments for each
peak was plotted in Figure 37. Peak reduction pattern of overall residues clearly showed

that Cu®* binding occurred at the N-terminal region (residue 1-17) of Ap.
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Figure 34. Comparison of 'H-'"N HSQC spectra from wild type and D7H A. (Left panel) Wild
type AB. (Right panel) D7H A. Red color indicate vanishing residues and black color indicate
displaced residues. Our NMR measurement was performed with peptide buffered in 10 mM Tris

containing 10 % D-O, pH 7.4, at 5 °C.

80



d 0 [ ¢ \
0 Q15 Le ' 2
0 G9 / | [}
00 L e ; b
[ E " "E
‘\58 H6,Q15,F4
0! Nvio & Y ¥
Mvis ' "‘ ’
E11, / 5 ' ]
K16 ( le ¢ le
w\ R SvizHig [ 5 y
L17 '
. Wildtype AB'* Wwild type AB:Cu=1:1 ¥ &
1 1] 1] 15 m F [ppm] &5 1] 15 ™ F1 [ppm] Q_
. -1
b GQ\ ' / ats [e § 4 =
] [ (] L]
L e : ;
#~v10 : ' p'
V18 o, ¥
‘ ]
V12,H14 .
[
[ ' [
D7H -2 D7H:Cu=1:1 '8
85 {1} 15 8 F2 [ppm) 111 (1] 15 1] F1 [ppm]
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residues. NMR measurement was performed with peptide buffered in 10 mM Tris containing 10

% D20, pH 7.4, at 5 °C.
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Figure 36. 'H-'"N HSQC spectra of peptide in the presence of two molar equivalent Cu*". (Left
panel) Wild type and (Right panel) D7H Ap. Single-letter amino acid codes with number in red
indicate vanishing residues. NMR measurement was performed with peptide buffered in 10 mM

Tris containing 10 % D,O, pH 7.4, at 5 °C.
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Figure 37. Relative NH peak intensities obtained from 'H-'>N HSQC spectra with different
amounts of Cu®*. The omitted intensities are due to spectral overlap or rapid solvent exchange.
Single-letter amino acid codes with numbers are used to designate residues. NMR measurement

was performed with peptide buffered in 10 mM Tris containing 10 % D-O, pH 7.4, at 5 °C.
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Chapter 6  Discussion

6.1 Negatively Charged Gold Nanoparticles Inhibit Alzheimer’s Amyloid-f

Fibrillization, Induce Fibril Dissociation, and Mitigate Neurotoxicity

6.1.1 Results of various effects imposed by AuNPs on Ap

We focused on understanding the effect of the most biocompatible nanoparticles,
AuNPs, on AP in AD using 30 nm AuNPs. First, ThT experiments showed that bare
AuNPs were able to inhibit A fibrillization and initiated fibril alteration as evidenced
from the low end-point ThT fluorescence intensities. ThT fluorescence resulting from its
binding to amyloid fibrils in parallel with the fibril axis is an indicator of the amount and
length of the fibrils!>*»!%°, Changes in quantity and/or morphology of fibrils could result
in fewer ThT binding sites leading to lower ThT intensity. The result was further
confirmed by morphological examination by TEM showing generation of shorter,
fragmented fibrils and spherical oligomers as well as DLS analysis in which large fibrils
(> 100 nm) dominating the scattered lights were significantly reduced to smaller species
(<100 nm). The phenomenon is closely related to the surface charges of the AuNPs since
the fibril inhibition effect was only observed in the negatively charged AuNPs.
Cytotoxicity assays conducted by one of our lab member showed that the resulting short
fibrils and oligomers revealed reduced neurotoxicity to the neuroblastoma N2a cells in

comparison to those treated with mature AP fibrils formed in the absence of AuNPs. The
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rescue effect was only seen in those incubated with negatively charged AuNPs (Figure

S1 in Supplementary data). Taken together, we illustrated results from our experiments in

Figure 38. The results suggested that the negatively charged AuNPs in nanomolar range

can potentially serve as rescuing molecules like chemical chaperones to prevent cell death

caused by those detrimental A species. Although AuNPs-altered preformed fibrils were

still as toxic as the mature ones, the specificity of bare AuNPs toward mature AP fibrils

implicates a diagnostic potential in the future.
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Figure 38. Diagram of AP fibrillization pathways influenced by AuNPs. (a) AP monomers
assemble into mature amyloid fibrils through a nucleation-dependent polymerization and cause
neurotoxicity. (b) AR monomers incubated with the AuNPs possessing negative surface potential

lead to formation of short and fragmented fibrils along with spherical oligomers. The alteration

86



rescues the toxicity generated from mature AP fibrils. (c) AuNPs addition to preformed AP fibrils

induces ragged fibrils and amorphous aggregates without changing the toxicity level.

6.1.2 Inhibition of A fibrillization by nanoparticles

Inhibition of AB40 and AB42 fibrillization has been separately reported when mixing
with polystyrene, copolymer NPs, and inorganic CdTe NPs'!*!2%141 ' The copolymeric
NiPAM:BAM nanoparicles with less hydrophobicity caused greater extent of retardation
in A fibrillization through exclusive interference in the nucleation phase!"”. In addition
to the polymer nanoparticles, fullerene molecules can also inhibit AP through the
uncharged hydrophobic region in AR sequence KLVFF!*? and the fibrillization can only
be interfered before the fibril formation. AuNPs have been reported to enhance helical

coiled-coil peptide fibrillization'®

. Wagner et al. found the stoichiometry of peptides and
AuNPs correlates with the nucleus formation leading to more B-sheet fibrils by using
different peptide sequences. However, the effect is not generic. Effect of NPs on amyloids
is not always in favor of inhibition. In 2007, Linse et al. demonstrated that copolymer
NPs, ceriumoxide NPs, quantum dots, and carbon nanotubes all accelerated fibrillization
via enhancing nucleation of p2-microglobulin (B2-m), a dialysis-related amyloid'**. What

is interesting is that Cabaleiro-Lago et al. employed the same copolymeric NIPAM:BAM

NPs used in Linse et al. work, but opposite effect was observed on B2-m. The dual
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properties of the same NPs suggest that inhibition only occurs when certain relationship

between surface properties of NPs and peptides have to be established.

6.1.3 Effect of localized charge on AP fibrillization

We found for the first time that surface charge is essential and that only negatively
charged AuNPs inhibit AP fibrillization. The charge property of AuNPs are determined
by zeta potential which represents the effective surface charges on the colloidal particles
and also measures the colloidal stability in solutions'**146, The 30 nm bare AuNPs used
in this study have a zeta potential at =38 mV as quoted from the manufacture’s product
description. The amine-conjugated and carboxyl-conjugated AuNPs are + 7 and —39 mV,
respectively. By using the negatively charged, but not positively charged, metallic AuNPs,
the elongation phase was mainly affected but not the nucleation phase in A fibrillization.
Therefore, the negative zeta potential is most likely to be the key factor governing the
fibril inhibition. The higher absolute zeta potential representing higher stability of the
colloidal system may also contribute somewhat to the effect. Taken together, we suspect
that the rate-limiting step of amyloid nucleation is driven by the hydrophobic interactions
as demonstrated from previous literatures'!®!#! that the hydrophobic nanoparticles can

only interfere the species within the nucleation phase. The subsequent elongation phase
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is either driven by electrostatic interactions and hydrogen bonding that can be interfered
by the negatively charged nanoparticles or redirected due to the species interaction with

the negatively charged nanoparticles.

Amyloid aggregates including some types of oligomeric intermediates and fibrils have
been shown to be the toxic entities. The surface structure encompassing positively
charged clusters of AP fibrils have been suggested to contribute to some degree of
cytotoxicity'¥’. In our experiments, mixed AB species including spherical-like oligomers
and fragmented short fibrils were both found in the solution after AuNP incubation with
AP fibrillization and the preformed fibrils. The appearance of such spherical oligomeric
species reminds us of the pathological role of the soluble amyloid oligomers in AD.
According to our neurotoxicity studies, the altered fibrils after treatment with preformed
fibrils did not change the toxicity level probably due to such morphology and species
changes were unrelated to fibril toxicity. On the other hand, the bare and carboxyl-
conjugated AuNPs induced AP oligomers in the AP fibrillization were non-toxic and even
mitigated the toxicity level. Although the reduce toxicity was not quantitatively
proportional to the amount of small species observed in TEM, we think it is due to lacking
of precise quantification methods for the toxic entities. Our results suggest that the
negatively charged AuNPs in nanomolar range are capable of redirecting A fibrillization

into off-pathway intermediates. Similar effect has been seen in a small chemical molecule
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from green tea extract, polyphenol (-)-epi-gallocatechine gallate (EGCQG), to redirect A
and a-synuclein in Parkinson’s disease forming off-pathway oligomers'*. Our data also
suggest that the AuNP induced spherical oligomers are different from the pathological
soluble AP oligomers. Previously, by intravenous administration of different sizes of bare
AuNPs in mice has shown that smaller AuNPs, 15 and 50 nm examined, can pass through
blood-brain barrier, but not the larger AuNPs, such as 100 and 200 nm'*°. Our results
using 30 nm AuNPs may be suitable to penetrate the blood-brain barrier. Overall, our
results provide a potential therapeutic development using negatively charged AuNPs on
amyloidosis. In conclusion, we have examined the effects of gold nanoparticles (AuNPs)
on amyloids using AB40 as a model system. Bare AuNPs were found to inhibit A
fibrillization and redirect AP forming fragmented fibrils and spherical oligomers. Adding
bare AuNPs to preformed fibrils resulted in smaller and ragged AP species and these
AuNPs bound preferentially to AP fibrils but not amorphous aggregates. The negative
surface potential of AuNPs is very crucial to the observed phenomena since similar effects
were observed from carboxyl- but not amine-conjugated AuNPs. The A incubating with
negatively charged AuNPs during AP fibrillization is less toxic and can be served as
potential nano-chaperones to inhibit and redirect AP fibrillization and leads to potential

applications for AD.
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6.2 Homo- and hetero- polymeric Ap fibrils

We mixed equal molar of wild type AP and each of the four FAD related variants in

monomeric form and incubate in quiescence to produce hetero-fibrils and sought to

identify how this heterogeneity influence the structure of fibrils compared with homo-

fibrils formed from monomeric parent species (wild type or FAD). TEM images

confirmed formation of fibrils via visualization of fibrillar morphologies. In addition,

TEM imaging showed no discernible differences in the morphologies between fibrils

homopolymerically or hetero-polymerically incubated. Results from Far-UV circular

dichroism spectroscopy first showed that the spectral minimum of E22K was at 228 nm,

while the other homo-fibrils had spectral minima around 220 nm. Secondly, we found CD

spectum of FAD hetero-fibril can resemble parental FAD homo-fibrils as in the case of

E22G, or neither of both parental homo-fibril as in the case of E22Q and D23N. E22K

hetero-fibril had no identifiable secondary structure in CD spectrum. We provided

complementary data showing that mixed wild type and FAD homo-fibril had different

secondary features in terms of CD spectra. The striking difference of E22K homo- and

hetero- fibrils from other fibrils were also displayed in FTIR spectra, but was not reflected

on the binding stoichiometry of ThT to fibrils. Uniqueness of E22K fibrils were evident

in measurement of ThT fluorescence lifetime. Two populations of fluorescence lifetime

upon anchoring onto fibrils were determined after fitting experimental curves to a multi-
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exponential decay equation for all fibrils in this study. All homo-fibrils except for E22K
had a shorter lifetime of 0.8 ns, and a longer lifetime of 1.9 ns. Wild type fibril had a
slightly larger value of “longer” lifetime. Fibrillization with equal molar wild type A
shortened ThT lifetimes on E22K, E22Q, and D23N fibrils, while prolonging lifetimes
for E22G. As ThT fluorescence lifetime has been correlated with sensitive reporter to

conformational change of amyloid fibrils'3%!5!

, we suggested the diversity found between
hetero- and homo- fibrils reflect subtle differences in fibrillar structures. We will continue
exploring adequate relations between ThT lifetime and specific structural characteristics.
Three-dimensional structures might be needed to establish a more comprehensive

correlation between the observed distinctions in secondary structures with three-

dimensional fibrillar structures.

6.3 Cu?* coordination of H6 and D7 mutants of Ap

Data from titration monitored by intrinsic tyrosine fluorescence showed that loss of H6
impacts on Cu** binding to Ap. H6A had a nearly 4-fold decrease in Cu?* affinity. Two of
the three D7 mutations, D7A and D7H gave result to enhanced Cu?" affinity, especially
D7H, while D7N reduced Cu** affinity with AB. The order of Cu?" binding affinity from

the strongest to the weakest in our experiments are D7H > D7A > WT~H6R > D7N >
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H6A. Titration data monitored by Bis-ANS fluorescence showed gradual decreased
intensities for wild type, D7H, D7N, and H6A AP, but not for D7A and H6R. We
speculated that unstable monomers may undergo conformational changes, disturbing
formation of hydrophobic exposure. Proton NMR results gave information that
environment surrounding H6, Y10, and H13/H14 changed after Cu®" addition, which
caused corresponding complete disappearance of histidine peaks and severe intensity
reduction of tyrosine peak at regions where hydrogens signals of C-H bond on side chains
are typically present. Multiple sources of peak intensity loss can account for peak
broadening. Signal decrease pattern of Y10 deviated much from titration results of
fluorescence spectroscopy, and we were not able to achieve good fitting on our proton
NMR results. We speculated that low signal-to-noise ratio was the reason to this failure.
Technically, NMR spectroscopy have been successfully applied to identify structural
changes of monomeric amyloid in Cu?" titration experiments, from which binding
constants derived are consistent with that from fluorescence techniques'**!'>2. For
instance, Hou et al. reported Ka of wild type AP to be 1.6 uM by recording decrease of
signal intensities of the RS, V12, and L17 peaks. These residues are the ones neighboring
the proposed Cu?" coordinating residues H6 and H13/H14, and fitting data to certain Cu**
binding model. We reasoned that by increasing the “number of scan” at least 10-fold from

48, much improved signal-to-noise ratio would allow us to evaluate Cu®** binding effect
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in our study. We are attempting to provide more details of the differential Cu’* binding

from EPR and NMR in the future.

6.3.1 Effect of H6 mutation on Cu?* binding to Ap

Alies et al. employed EPR to show that in their proposed Cu** coordinating model in
physiological pH, the Cu**-AB16 complex can adopt two coordination. The major
coordination (component I) is an equatorial sphere in which the Cu?" at the center
coordinates with the amide group of D1, H6, H13 or H14, and the carbonyl group from
D1-A2 peptide bond”®. The minor form (component II) is similar to the major one,
differing only on the histidine coordination that simultaneously involves H13 and H14,
but no H6. On the basis of their model, the diminished affinity of H6A to Cu®" in our
system could be explained by an incompetent component I because H6A is not capable
of binding Cu?**. Our finding that H6R did not alter Cu?** affinity could be due to two
scenarios. First, replacement of H6 with an amino acid bearing a positive charge side
chain preserve the charge property of H6, thus maintaining the integrity of Cu?*
coordination. The same conjecture was made to account for the similarity of H6A and
H6R AB(1-16) in Alies et al. paper. The second scenario is that the Cu?**-H6R complex in

our experiments bears a coordination like component II, circumventing the diminishment
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seen in Cu**-H6A complex. In fact, Alies et al. also identified that coordination in Cu?*-
H6RAP16 dominantly assume component II coordination adopted by Cu?>™-AB16, which

lend support to our results.

6.3.2 Effect of D7 mutation on Cu?* binding to Ap

The discrepancy in the association constants derived from tyrosine and Bis-ANS
fluorescence could be the consequences that multiple sources of hydrophobic clusters
complicated the Bis-ANS fluorescence readings. For instance, hydrophobic regions can
be induced intramolecularly upon Cu?" binding, and could as well be formed
intermolecularly via assembly of Cu?*-AB complexes into large aggregates, thus
interfering determination of association constants. 'H-""N HSQC NMR spectra of wild
type and D7H showed identical peak reducing patterns after equal molar of Cu*" was
added. The complete loss of F20 and D23 peaks in D7H spectrum after two molar
equivalent of Cu** could be due to distinct Cu?* binding mode between wild type and
D7H AB. We speculated that in physiological pH because Cu?* binding in component I of
the proposed model only requires a histidine from H6 and another one from either H13
or H14, the remaining histidine could coordinate an extra histidine if available. It is likely

that D7H offers a fourth histidine adjacent to H6, forming a similar steric configuration

95



with H13 or H14, thereby constituting stronger aftinity than wild type AP. In future work,
detailed Cu®* coordination needs to be provided to verify our speculation and correlate

our findings in Cu?" titration with coordination.
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Supplementary data

Negatively charged AuNPs reduce the neurotoxicity induced by AB

This experiment was carried out by Mr. Yu-Jen Chang in our lab. To assess the
neurotoxicity effect of the AuNP-induced AP species, we performed MTT assays that
examined the activity of mitochondrial alcohol dehydragenase by treating human
neuroblastoma cells, BE-(2)-C, with the end-point products specified in Chapter 3.2 and
3.3. Neurotoxicity was demonstrated by the reduction of cell viability and the viability
was normalized to the ones treated with the buffer controls. AP fibril alone contributed to
~24-30 % of cytotoxicity to the neuroblastoma cells (Figure S1). For the end-point
products obtained from AP monomers incubated with various concentrations of bare
AuNPs, the neurotoxicity decreased in a AuNP dose-dependent manner. When AuNP
concentration was at 1.36 nM, the toxicity was significantly reduced to ~16 % (Figure
Sla). The difference was statistically significant (p-value = 0.0404 using two-tailed
Student’s t-test). Similar toxicity reduction and AuNP dose-dependence were observed
for treatment of the end-point AP products incubated with carboxyl-conjugated AuNPs.
In contrast, the toxicity did not reduce but rather slightly increased in the ones incubated
with amine-conjugated AuNPs. These results suggested that only bare and carboxyl-

conjugated AuNPs are capable of redirecting AP fibrillization pathways to form less toxic
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species. When treating the end-point products of preformed fibrils incubated with bare

AuNPs, we did not observe significant changes in cytotoxicity level (Figure S1b). The

data implicated that although bare AuNPs also altered the preformed AP fibrils and

produced rough fibrils and some small oligomers as well as amorphous aggregates at

higher AuNP concentrations, the end-point products did not change the toxicity level

significantly. For a brief summary, only the bare and carboxyl-conjugated AuNPs

incubated during A fibrillization contribute to noticeable reduction of neurotoxicity.
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Figure S1. Neurotoxicity of the AP species induced with bare, amine-conjugated, and carboxyl-

conjugated AuNPs. (performed by Yu-Jen Chang)
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