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Abstract

Amyloid fibril protein aggregates implicated in numerous human diseases are
thermodynamically very stable. Stringent conditions that would not be possible in a physiological
environment are often required to disrupt the stable fibrils. Recently, there is increasing evidence that
small molecules can remodel amyloid fibrils in a physiologically relevant manner. In order to
investigate possible fibril remodeling mechanisms using this approach, we performed comparative
studies on the structural features of the different amyloid-beta (AP) aggregates remodeled from Af
fibrils by three biocompatible small molecules: methylene blue (MB); brilliant blue G (BBG); and
erythrosine B (ER). Combined with circular dichroism (CD), immuno-blotting, transmission electron
microscopy (TEM), and atomic force microscopy (AFM) results, it was found that brilliant blue G- and
erythrosine B-treatment generate fragmented AP fibrils and protofibrils, respectively. In contrast,
incubation of the AP fibrils with methylene blue perturbs fibrillar structure leading to amorphous Af3
aggregates. These findings provide insights on the molecular mechanism of amyloid fibril formation and

remodeling and also illustrate the possibility of controlled changes in biomolecule nanostructures.
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1. Introduction

The amyloid fibril is one of the most biologically important protein structures due to its
implication in numerous neurodegenerative diseases, such as Alzheimer’s disease (AD), Parkinson’s
disease (PD), and prion disease.'” Intrinsically disordered monomeric peptide and protein, such as
amyloid-beta (AP) peptide and a-synuclein, aggregate to form prefibrillar or fibrillar oligomers, leading
to amyloid fibrils with cross-stacked p-sheet structure.’

Since amyloid fibrils are thermodynamically very stable,”” it has been generally accepted that
reversing the preformed amyloid fibrils into smaller intermediates does not occur spontaneously.
Therefore, several strategies employing physiological and non-physiological conditions have been
investigated to break, disrupt, and/or destabilize amyloid fibrils.® As a non-physiological condition,
physical energy has been applied to break down mature fibrils. Ultrasonication has been found to
fragment preformed amyloid fibrils into shorter fibril fragments that can be used to template further
fibril formation.” Additionally, high temperatures (above 100°C) have been found to disrupt the strength
of hydrogen-bond networks which are crucial for the rigid fibril structure, leading ultimately to

destruction of fibril structure.® '

Because charge is a very important factor in fibril structure stability,
drastic changes in pH or salt levels can lead to fibril destruction. Specifically, pH levels above 8 have
been shown to lead to complete loss of P-sheet interactions.'' Similarly, the addition of strong ionic
liquids can block the electrostatic repulsion forces needed to hold together neighboring protofibrils
during the fibril twisting process.'” Finally, the introduction of denaturants (such as guanidine
hydrochloride) or co-solvents (such as hexafluoroisopropanol (HFIP) and dimethylsufoxide) have also
been shown to strongly destabilize preformed amyloid fibrils."* '* Water-ethanol solutions have been
found to have a lesser effect over shorter time periods (< 1 day), but still converted mature fibrils into
shorter, worm-like fibrils over a period of several weeks."

Besides these non-physiological conditions, recent findings demonstrate that preformed amyloid

fibrils can be destabilized by endogenous or exogenous compounds in physiological conditions.' L-
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dihydroxy-phenylalanine (L-DOPA), an endogenous precursor of dopamine, disaggregated the amyloid
fibrils formed in the mouse brain generating toxic smaller aggregates,'® illustrating the possibility that
insoluble amyloid fibrils are a source of toxic soluble oligomers/protofibrils'’ by interacting with
destabilizing chemical compounds. Surfactants (such as Triton X-100 and sodium dodecyl sulfate) have
been used to destabilize fibrils through the promotion of molecular orientations with unfavorable
energy. An interesting example of the interaction of surfactants with mature amyloid fibrils is the work
by Ruhs, et al., employing sulfonic-acid-terminated PEG."® The strong electrostatic interactions between
the PEG and fibrils reduced the entropy of the native amyloid fibril structure, resulting in its conversion
to an amorphous, globular ending structure. It was also reported that several small molecules often
introduced into human body (exogenous small molecules), such as doxycycline, epigallocatechin

gallate, rifampicin, and dequalinium, destabilize preformed amyloid fibrils."”?!

Despite the increasing
number of cases demonstrating that amyloid fibrils can be destabilized by small molecules, the

underlying molecular mechanisms still remain largely unclear.® In particular, different fates of the

destabilized amyloid fibrils have not yet been extensively investigated. Considering that endogenous

and exogenous compounds can directly destabilize amyloid fibrils present in the human body.

investigating the different fates of the destabilized amyloid fibrils by small molecules will provide

insights on the molecular-level pathological mechanism of amyloid fibrils as well as small

molecule-induced structural conversion of biomacromolecules.'

1.1 Ap40 Aggregation Pathway

AP was chosen as the protein to use to study small molecule-induced amyloid fibril
destabilization due to their connection with Alzheimer’s Disease (AD). The aggregation process for this
protein begins when the AP protein fragment (monomer) is generated by sequential cleavage of the
Amyloid Precursor Protein by gamma and beta-secretase. Depending upon where gamma-secretase
cleavage occurs, AP peptide fragments ranging from 39-43 amino acids in length can be generated, but

the 40 and 42 amino acid length peptides (designated AB40 and AP42, respectively) are the alloforms
9



most often found in amyloid aggregates in the AD brain. Although the AP42 load in the AD brain is
only 10% that of AB40, AP42 has been shown to be more hydrophobic, more aggregation prone, and
more neurotoxic than the AP40 isoform.” AB40 was chosen as the platform for this thesis work because
it 1) is more user friendly in that is it less sensitive to person-to-person handling during sample
preparation, 2) is nine times physically more prevalent in the AD brain than AB42,** and 3) has an
aggregation pathway that has been found to generally be modulated in a similar fashion by small
molecule inhibitors as the AP42 aggregation pathway.”

After the AB40 peptide monomer is generated, multiple independent and dependent aggregation
cascades can occur resulting in the formation of various aggregated states of AB40 protein, known as
conformers. In one frequently studied pathway, misfolded disordered AP40 monomers first self-

b

assemble in to soluble (commonly termed “on-pathway,” since they mature to the fibril state)
prefibrillar oligomers prior to forming a stacked B-sheet rich aggregate known as protofibrils. Further
aggregation of these protofibrils ultimately results in the more thermodynamically stable insoluble AB40
fibril conformer.”* A schematic of this AP40 aggregation pathway with the various species is shown in
Figure 1. Aside from these on-pathway conformers, unstructured “off-pathway” aggregates have also

been found to occur during the AP aggregation process employing different in vitro aggregation

conditions.?

Monomers Oligomers Protofibrils

Figure 1 — A commonly studied AB40 aggregation pathway.
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1.2 Definition of Various ApP40 Aggregated Conformers

In order to properly interpret AB40 fibril remodeling/structural changes induced by small
molecules, concrete definitions of the various possible AB40 protein aggregate species are needed.
Disordered aggregates, protofibrils, and amyloid fibrils were introduced as three general categories of
conformers that can be sampled during the AP40 aggregation pathway discussed in Section 1.1.
Therefore, it is important to establish structural criteria (i.e. data endpoints from commonly used
techniques) for each of these three conformers.

Listed below are the expected data endpoints from several commonly-used assays (background
on assays will be discussed in detail in the following section) based on reports in the literature for the

three conformers:

1.2.1 Disordered Aggregates
o Thioflavin T (ThT) — ThT negative.”> ** Not applicable if studying samples containing
spectrophotometrically active small molecules.'
e Dot Blotting with OC Antibody — OC negative.”” Must be careful interpreting results due to
possible false negative signals due to small molecule binding.'
e  Morphology using Transmission Electron Microscopy (TEM)/Atomic Force Microscopy (AFM)
— Amorphous aggregates with varying sizes/morphologies lacking defined, persistent
morphological features.”! 225
o Secondary Structure using Circular Dichroism (CD) — Random coil/disordered secondary

structure CD spec‘[ra.3 1-33
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1.2.2 Protofibrils

ThT — Moderately ThT positive.”> *® Not applicable if studying samples containing
spectrophotometrically active small molecules.'

Dot Blotting with OC Antibody — OC positive.”” Must be careful interpreting results due to
possible false negative signals due to small molecule binding.'

Morphology using TEM/AFM — Shorter, filamentous, rod-like aggregate with visible defined and
persistent structure. Length < 400 nm.>” Width ~12 nm.*®

Secondary Structure using CD — B-sheet secondary structure CD spectra.’'>*

1.2.3 Fibrils

ThT - Strongly ThT positive.’> **

Not applicable if studying samples containing
spectrophotometrically active small molecules.'

Dot Blotting with OC Antibody — OC positive.”” Must be careful interpreting results due to
possible false negative signals due to small molecule binding.'

Morphology using TEM/AFM — Long, filamentous, rod-like aggregate with visible defined and
persistent structure.” Length ~ 1 pm.* Width ~ 20 nm.***

Secondary Structure using CD — B-sheet secondary structure CD spectra.>'*

12



2. Background and Theoretical Development

Protein misfolding and aggregation have attracted great attention in recent years. These
phenomena are implicated in the onset of numerous human diseases. Misfolding and aggregation of
proteins are known to cause numerous neurodegenerative diseases, such as Alzheimer’s disease (AD),
Parkinson’s disease (PD), and Huntington’s disease.””™" AD is the most common form of dementia.
Currently, 5.3 million people in US are affected, with the number projected to rise to 13.5 million by
2050.%" PD is the second most common neurodegenerative disease, with nearly 1 million people in the

US affected. PD is a brain disorder leading to shaking and difficulty with walking and movement.

A common pathological hallmark of these neurodegenerative diseases is the accumulation of
insoluble protein aggregates in the central nervous system. AD and PD are closely associated with
aggregation of toxic amyloid-beta peptide (AB) and a-synuclein, respectively. AB and a-synuclein are
accumulated outside of the cells.”® > Therefore, monitoring protein aggregation in vitro is an
appropriate and cost-efficient first step to understanding the molecular mechanism of these
neurodegenerative diseases and in identifying drug candidates capable of modulating protein

aggregation before studying the action in animals or humans.

Because of the importance and complexities of in vitro monitoring techniques in the study of
protein aggregation/neurodegenerative diseases, it was necessary to have a good fundamental

knowledge of the techniques available prior to beginning our experiments using AB40.
2.1 Monitoring Protein Aggregation In Vitro®

Partially misfolded or misfolded proteins self-assemble to form protein aggregates in vitro.
Protein aggregates in general have diverse structures, including disordered aggregates, prefibrillar

aggregates, and amyloid fibrils (Figure 2). Originally, insoluble fibrils were thought to be the principal
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conformer conferring neurotoxicity in diseases such as AD.?  As such, the scientific community
committed much time and resources into the development and optimization of many “traditional” in
vitro techniques to characterize this particular form of protein aggregate. However, through recent in
vivo and in vitro discovery, smaller, prefibrillar aggregates (Figure 2) have now emerged as the primary
toxic species in several of these diseases.”*”’ Prefibrillar aggregates include the following conformers:
prefibrillar oligomers (globular aggregates lacking the ordered cross-stacked P-sheet structure) and
fibrillar oligomers/protofibrils (aggregates with the cross-stacked B-sheet structure). Because of this
paradigm shift, many limitations and potential drawbacks of using “traditional” fibril monitoring
techniques to study prefibrillar aggregates have become apparent. In addition, new techniques (or new
uses of “traditional” techniques) have emerged to better characterize prefibrillar/oligomeric aggregates
and the effectiveness of proposed aggregation inhibition therapies. The focus of this section is to review
recent trends in the use of several “traditional” techniques (small molecule probes, TEM/AFM, and
CD/FTIR) and a new technique (dot-blot assay using conformational-specific antibodies) for routine in

vitro monitoring of protein aggregation.

Ribosome
" —
«— +«—
Nascent

polypeptide
Folding Folded
intermediate protein

‘l
— —r — —
‘_é,@m‘_%‘_ ©

Disordered " Misfolded Partially _ _
aggregate misfolded Prefibrillar Amyloid

aggregate fibril

Figure 2. General scheme of protein folding and misfolding/aggregation.
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2.1.1 Molecular Probes for Aggregate Characterization
2.1.1.1 Thioflavin T Binding Assay

The use of a small molecule dye, Thioflavin T (ThT), and its derivatives is arguably the simplest
and most widely used method to monitor aggregation of amyloidogenic proteins. ThT displays a
fluorescence emission maximum at around the 485 nm wavelength upon binding to the B-sheet groove
structure of fibrillar protein aggregates.”® The use, binding sites, and binding mechanisms of ThT with

- - : 36, 59-65
protein aggregates have been reviewed extensively.™

Traditionally, ThT has been used to detect amyloid fibrils only due to the characteristic
sigmoidal increase in fluorescence that occurs between the monomer and end fibril state.' 3> 3+
However, ThT has also been found to bind prefibrillar aggregates that contain the B-sheet groove
binding site (fibrillar oligomers and protofibrils). Prefibrillar aggregates which contain the B-sheet
structure have fewer binding sites than fibrils and so their fluorescence is lower, but still observable (1.5

32,36

fold increase for prefibrillar aggregates vs. 100 fold for fibrils). Therefore, ThT signal can prove

indicative to the presence of toxic protofibrils and fibrillar oligomers, but not prefibrillar oligomers that

25, 26

lack defined B-sheet structure. Lastly, caution should be taken when using ThT to monitor

aggregation in the presence of aggregation inhibitors due to potential spectral interference with ThT

fluorescence. ! &3 0

Because small molecule modulators were being studied in this thesis work, ThT fluorescence
was used to verify fibril formation in the absence of any small molecule, but could not be used to
investigate the remodeling effect once the small molecules were applied due to spectral interference

1SSues.
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2.1.1.2 Congo Red Binding Assay

Congo Red (CR) is another small molecule probe which, similar to ThT, has traditionally been
used to identify amyloid fibrils, specifically in the form of deposits in the brain tissue or in vitro
(reviewed in 36, 59, 61, 66). CR binds to B-sheet rich structures present in amyloid fibrils®* and
demonstrates a characteristic shift in the absorbance maximum from 490 to 540 nm and green

birefringence with crossed polarized light.60

More recent studies have shed light on the use of CR toward examining prefibrillar aggregates.
Walsh et al. observed a change in CR absorbance when applied to protofibrils, albeit the change was
less marked than that of amyloid fibrils.”” Additionally, Maezawa et al. applied surface plasmon
resonance to identify the binding affinity/dissociation constant of CR towards prefibrillar oligomers.°'
However, a shift in absorbance maximum upon CR binding was not observed for prefibrillar oligomers.
So, as was the case with ThT, recent studies demonstrate that CR could be applicable to characterize
protofibrils, fibrils, and fibrillar oligomers, but not prefibrillar oligomers that do not have defined

stacked B-sheet structure.

Because CR binding yields similar information as that obtained from ThT fluorescence, it was

not needed in the thesis work to verify fibril formation.
2.1.1.3 Antibody Dot Blot Assay

Because of the difficulty in obtaining high resolution crystal structures of protein aggregates
(prefibrillar aggregates, in particular), conformational-specific antibodies have been developed over the
past 10 years to help identify and monitor the state of amyloidogenic protein aggregation and screen

potential aggregation inhibitors/modulators.

Glabe et al. developed three conformational-specific antibodies that are important to detect

physiologically-relevant prefibrillar aggregates: A11 (recognizing prefibrillar oligomers but not fibrillar

16



conformers;** OC (recognizing the cross-stacked p-sheet structure of fibrillar oligomers, protofibrils,
and fibrils;’” and aAPF (recognizing annular protofibrils®). These conformational-specific antibodies

have been extensively used and reviewed.?* 3% 3% > 61. 68

Even though the application of these antibodies has provided important insight into the
properties of protein aggregates and the effects of potential therapeutics, recent studies have shown that
care must be taken when using and interpreting the results. First, due to the transient nature of
prefibrillar aggregates compared to end-state conformers, preparing a homogeneous sample of
exclusively All, OC, or aAPF reactive (no cross reactivity) aggregates in vitro has proven quite
challenging, though preparation of homogeneous prefibrillar aggregates were reported by a few research
groups.”> **# Despite their success, non-physiological aggregation conditions (low pH>?) or incomplete

removal of pre-treatment disaggregation agent™ *

were employed in order to generate these
homogeneous populations. Other groups who have applied the OC and A1l conformational-specific
antibodies have observed more non-homogeneous populations, either in the form of fibrillar conformers

populations containing significant All-reactivity® "'

or prefibrillar oligomer populations possessing
significant OC-reactivity.” ”* Because of the cross reactivity demonstrated by these populations, it is
difficult to discern which species is dominant. Second, in rare but present cases,” false positive
antibody reactivity has been observed when testing the inhibitory/modulatory activity of extrinsic
compounds on protein aggregates. Third, binding of these extrinsic compounds to antibody epitopes on
protein aggregates can block subsequent antibody binding,' leading the investigator to think that
significant and rapid conformational changes have occurred, when in reality, they may not have.

Because of these three factors, care must be taken when designing experiments and interpreting the

results of these antibodies.

Because of the insight that the three primary conformational-specific antibodies discussed above
have given and due to the high degree of polymorphism that exists in prefibrillar aggregates, additional

conformational-dependent antibodies are being developed to further characterize these conformers.
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Wang et al. developed four single-chain variable fragment antibodies that specifically recognize AP
oligomers, but not monomers or fibrils.”* However, the use of this antibody does not appear to have
caught on in a widespread manner throughout the community. Furthermore, Kayed et al. developed 6
new monoclonal antibodies that recognize immunologically distinct preparations and sub-variants of
prefibrillar oligomers also recognized by the more general polyclonal antibody, A11.” Even though the
sub-classes of prefibrillar oligomers identified by the monoclonal antibodies showed different molecular
weight size distributions through Western blot analysis, it is not yet clear whether or not these variants

are more pathologically relevant than A11 antibody.

Because this thesis work focuses on changes from the amyloid fibril state, the primary

conformationally-specific antibody used was OC.

2.1.2 Methods for Obtaining Visual Morphological (Quaternary Structure) Information on
Protein Aggregate Species

2.1.2.1 Electron Microscopy & Atomic Force Microscopy

Transmission Electron Microscopy (TEM) and Atomic Force Microscopy (AFM) are the two
techniques most commonly used to visualize the morphology of amyloidogenic protein aggregate

32, 35, 39, 41, 42, 61, 62, 70, 72, 76-81
samples.

Both TEM and AFM provide information (both qualitative and
quantitative) at the nanometer level of quaternary structure characteristics, including the length, width,

curvature, and surface features of protein aggregates (reviewed in 59, 65, 82-86).

However, there are several significant differences and/or limitations to consider when using
these methods to study protein aggregates. Although TEM has the advantage of being a direct method
(i.e. crystallization of the sample is not requiredgz) and can be performed fairly quickly,84 the detection

limit for smaller aggregates less than ~20 nm is fairly limited compared to higher resolution techniques,
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such as AFM." *® Because of this limitation, TEM is generally accepted as being useful in verifying
formation, inhibition, and/or disaggregation of larger protofibrils/fibrils and providing an approximate
gauge for morphology of smaller aggregates, but not as the sole source for yielding high-resolution,
low-error details of small prefibrillar conformers. However, it is important to note that despite this
drawback, TEM has been used to provide a numerical estimation of the length or width of smaller

aggregates less than 30 nm.”* 7% %

Conversely, AFM provides sub-nanometer three-dimensional (including height) detection of
protein sample characteristics® and is thus well-suited for studying smaller prefibrillar aggregates with
low expected error. However, the sample preparation for AFM often takes longer and involves more
steps (for example, freezing or adsorption to mica surface) than a simple negative-stain TEM sample
preparation®®. In addition, some convolution of the data is introduced when the radius of curvature of the

tip used is close to the dimensions of the aggregates being studied. *

Because AFM and TEM are such complimentary techniques (each with their respective strengths

and weaknesses), both were used in this thesis work.

2.1.3 Methods for Obtaining Secondary Structure Information on Protein Aggregate Species
2.1.3.1 Circular Dichroism & Fourier Transform Infrared Spectroscopy

Circular Dichroism (CD) and Fourier Transform Infrared Spectroscopy (FTIR) are two well-
established techniques that are used most frequently to assay the secondary structure (B-sheet, a-helix,
B-turn, and disordered content) of protein aggregates in vitro.*” *" 8 8 CD measures the differential
absorption of right and left polarized light, and FTIR analyzes molecular bond vibration frequencies.®

Although it has been reported to be theoretically possible to determine antiparallel vs. parallel B-sheet
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90, 91

secondary structure using CD, FTIR is used more readily to obtain resolution on secondary

structures within the B-sheet group.

Secondary structure content is important for the study of protein aggregates because specific
secondary structures are characteristic of different stages in the aggregation pathways. For example, in
the AP peptide associated with AD, monomers and small oligomers have been found to consist of
mainly unordered/a-helical structures, whereas the intermediate fibrillar oligomers, protofibril, annular
protofibril, and ending fibril conformers contain mostly B-sheet secondary structure.’’* Unlike the
other conformers, there is a considerable amount of disagreement in the literature regarding the
secondary structure of soluble prefibrillar oligomers. On one hand, several research groups have

25,26

reported that AP oligomers contain mostly random coil/disordered secondary structure, while others

have reported these oligomers possessing prevailing parallel or antiparallel p-sheet content.® " ¥

Given the transient nature of this aggregate species and the difficulty in preparing a homogeneous

conformer sample, it is not surprising that different research labs obtained different results.

59, 65, 85, 86, 92-94
00 B OO and the vast amount of

Despite extensive general reviews of the techniques
primary works employing CD and FTIR to assess protein aggregates, a single, straight-forward protocol
does not exist that details how to use these methods to estimate secondary structure content percentages.
Instead, researchers employ a milieu of scientifically acceptable approaches to estimate secondary
structure content from the raw CD and FTIR data generated. Often, a qualitative-based analysis is used
by comparing general features of the CD or FTIR spectra with controls or “expected” results, which are
used to correlate secondary structure changes or overall content. For example, the CD or FTIR spectra
of an unknown protein aggregate sample could be compared to a predominantly -sheet fibril control
spectra, and deviations could be visualized.** Similarly, spectral features of an unknown sample, such as
curve minima and maxima between 190-250 nm for CD and 1600-1700 cm™ for FTIR are often

compared to established “expected” correlations to obtain a qualitative assessment of the major

secondary structure features.”>’" "> Correlations of CD and FTIR curve characteristics to secondary
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structure have been reviewed.”” > Alternatively, a more complex, but quantitative analysis has been
developed and utilized in order to estimate the percentage of secondary structure content of a sample
from CD spectral data using one or more single value decomposition, regression, or neural network
algorithms available.”®”® Several examples of these methods/algorithms include CDSSTR, SELCON,
CONTIN, and K2D.” It is important to note that the majority of these algorithms require that the
sample CD spectra is ‘matched’ to a protein with known secondary structure content within various
protein reference sets.” Because amyloidogenic proteins (or their parent proteins) and
disordered/random coil proteins are often not included in these reference sets, caution should be taken in
interpreting CD spectra of disordered prefibrillar aggregates." ¢ Additionally, the numerical results
obtained from the analysis should agree (at least directionally) with what is seen upon visual inspection
of the sample spectra, and the error value (normalized root mean square deviation) should not be the
only criteria used to select the best fit. Lastly, care must be taken to ensure the CD cuvette is sufficiently
cleaned and dried prior to reading each sample. Cleaning often needs to be done with a solvent other
than water, such as 2% Helmanex Solution. To ensure the cuvette is sufficiently clean, it is advisable to

run a dd H,0 baseline prior to every protein aggregate sample to confirm drift has not occurred.

Due to equipment accessibility and the fact that resolution within the B-sheet secondary structure

group was not needed (through FTIR), CD analysis was used in this thesis work.
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3. Research Scope and Objectives

3.1 Research Scope

The scope of this thesis work was to perform comparative in vitro studies on the structural

features of the different AP aggregates converted from AB40 amyloid fibrils destabilized by three

exogenous biocompatible small molecules.

The three small molecules chosen were methylene blue (MB), brilliant blue G (BBG), and
erythrosine B (ER) (Figure 3), due to their favorable features for our studies.' First, these three
molecules are effective modulators of AP aggregation and cytotoxicity. Our research group recently
reported that red food dye (ER) and the blue food dye analog (BBG) are novel small-molecule
modulators of AB40 monomer aggregation and effectively eliminate Af-associated cytotoxicity by
promoting non-toxic AB aggregate formation but reducing toxic Ap aggregate formation.*”'®> MB has
also been shown to modulate AB42 aggregation and cytotoxicity by promoting less toxic amyloid fibril
formation but preventing the formation of very toxic prefibrillar oligomers.’> '*! Therefore, it was
expected that these three molecules will interact with AB40 fibrils despite the lack of previous evidence.
Second, MB, BBG, and ER are structurally quite distinct, representing phenothiazine, triphenylmethane,
and xanthene benzoate groups, respectively. Therefore, these three molecules most likely have different
interaction modes on APB40 fibrils. Third, these three molecules have good potential for therapeutic
application since they are safe, biocompatible, and potentially blood-brain barrier permeable.'**''* MB
has already been shown to have a wide variety of medicinal applications, including treatment of malaria
and cancer.'>™7 Furthermore, the Phase II clinical trials of MB on AD demonstrated promising
results.''® BBG expedited the recovery after spinal cord injury and conferred neuroprotection to the
brain by mitigating AD and multiple sclerosis symptoms.''® '* ¥ ER is a Food and Drug
Administration-approved red food coloring dye. A daily dose up to 60 mg/kg of ER is non-toxic to
humans.'”” These three compounds are either being taken or might be taken in the future by humans.

Since testing small molecules in vivo is not trivial, in vitro studies on the effects of these three
22



molecules on amyloid fibrils will serve a good reference to gauge their destabilizing capacity on the

amyloid fibrils in the human brain.

N
j94®!
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Brilliant Blue G (BBG)

Erythrosine B (ER)

Figure 3. Chemical structure of brilliant blue G (BBG), methylene blue (MB), and

erythrosine B (ER) at neutral pH.
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3.2 Research Objectives

The purpose of this thesis work was to perform comparative in vitro studies on the structural
features of the different AP aggregates converted from APB40 amyloid fibrils destabilized by three
exogenous biocompatible small molecules, methylene blue (MB), brilliant blue G (BBG), and
erythrosine B (ER). The following objectives were completed in order to investigate and classify these

changes.

1. Assess morphology of the remodeled AP aggregates using TEM and AFM.
a. If aggregates have a persistent, defined structure, assess average length and thickness.
b. Compare morphological characteristics to untreated AP fibril control.
2. Assess secondary structure of remodeled aggregates using CD spectra analysis.
a. Quantify secondary structure content using numerical deconvolution software platform.
b. Compare secondary structure content to untreated AP fibril control.
3. Assess morphological changes and/or binding sites of the three small molecules using
conformational and sequence-specific antibody dot blot analysis.
a. Propose mechanisms by which the small molecules trigger structural changes in the
fibrils.
4. Classify remodeled AP aggregates using the criteria for various Ap40 conformers discussed

in Section 1.2.
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4. Materials and Methods

4.1 Materials

AP40 lyophilized powder was purchased from Selleck Chemicals (Houston, TX). Horseradish
peroxidase (HRP)-conjugated goat anti-rabbit IgG antibody was obtained from Invitrogen (Carlsbad,
CA). 4G8 antibody was obtained from Covance (Dedham, MA). Polyclonal OC and monoclonal 6e10
antibodies were obtained from Millipore (Billerica, MA). Nitrocellulose membranes and ECL Advance
chemiluminescence detection kit was obtained from GE Healthcare Life Sciences (Waukesha, WI).
Thioflavin T was purchased from Acros Organics (Geel, Belgium). All other chemicals were obtained

from Sigma-Aldrich (St. Louis, MO) unless otherwise noted.

4.2 Methods
4.2.1 AP Fibril Formation and Remodeling.

AP40 fibrils were prepared by dissolving lyophilized AB40 peptide powder from Selleck in
100% HFIP at room temperature at a concentration of 1 mM AB40. After a 2 hour incubation period at
room temperature, the HFIP was evaporated to dryness in a gentle stream of nitrogen gas. Then, the
peptide was diluted to 50 pM AB40 in phosphate buffered saline (1X PBS) solution (10 mM NaH;PO4
and 150 mM NaCl at pH 7.4) and incubated for 10-13 days at 37°C without stirring. To examine the
remodeling effect of brilliant blue G (BBG), methylene blue (MB), and erythrosine B (ER),
concentrated stock solutions of each small molecule dissolved in 1X PBS were added to the preformed

APB40 fibrils. The samples were then incubated for an additional 1 day at 37°C without stirring.
4.2.2 Thioflavin T (ThT) Assay.

ThT fluorescence assay was performed as reported previously.*” '® AB40 fibril formation was

monitored by diluting 5 pL of 50 uM AP sample solution in 250 uL of 10 uM ThT in black 96-well
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plates (Fisher Scientific, Pittsburgh, PA). The resulting ThT fluorescence of the AP sample was
measured at an emission wavelength of 485 nm using an excitation wavelength of 438 nm in a Synergy

4 UV-Vis/fluorescence multi-mode microplate reader (Biotek, VT).

4.2.3 Transmission Electron Microscopy (TEM).

Aggregate morphology was assessed using TEM and was performed as reported previously.*” '

AP samples (10 uL of 50 uM AP) were placed on 200 mesh formvar coated/copper grids (Electron
Microscopy Sciences, Hatfield, PA), adsorbed for 1 minute, and blotted dry with filter paper. Grids were
then negatively stained for 45 seconds with 2% uranyl acetate solution (Electron Microscopy Sciences,
Hatfield, PA) in doubly distilled water (ddH,0), blotted dry, and then inspected with a JEOL 1010
Transmission Electron Microscope operated at 60 kV. Aggregate length and width was then quantified

where appropriate using Image J software (NIH).
4.2.4 Atomic Force Microscopy (AFM).

10 uL of AP samples (diluted to 25 uM AP in molecular grade ddH,0) were spotted on freshly
cleaved V1 grade muscovite mica (Electron Microscopy Sciences, Hatfield, PA) and allowed to adsorb
for 10 minutes. After adsorption, the samples were washed four times with 30 uL molecular grade
ddH,0 to remove residual salts, dried with a gentle stream of pure nitrogen gas, and placed in a covered
petri dish to dry completely overnight. Dry AFM images were taken using an NT-MDT Solver Pro M
system with NSGO1 silicon cantilevers (NT-MDT, Santa Clara, CA, guaranteed < 10 nm radius of
curvature, 5.1 N/m force constant) in semi-contact mode. Aggregate length and width was then

quantified where appropriate using the Gwyddion SPM analysis software package.'"’
4.2.5 Circular Dichroism (CD) and Numerical Spectra Deconvolution.

The secondary structure of AP aggregates was evaluated using a Jasco 710 spectropolarimeter

(1-mm path length quartz cuvette) at room temperature by diluting 30 pL of 50 uM A sample in 270
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puL of ddH,0 (1:10 dilution). The background contribution of the 1X PBS solvent and an appropriate
small molecule (BBG, MB, or ER) was then carefully subtracted to obtain the spectra plots displayed.
Each background-subtracted sample spectra is the average of at least 10 readings. The background-
subtracted sample spectra was then deconvoluted to obtain numerical estimations of secondary structure
content using the DichroWeb online circular dichroism analysis software server,”' employing the
CONTINLL analysis program'?® '*' along with ‘Set #6’'** '2 or the SP175'** reference sets in

DichroWeb.
4.2.6 Antibody Dot-Blot Assay.

Dot-blot assays were performed as reported previously.”” '’ 2 pL of 50 uM AP samples were
loaded on nitrocellulose membranes at the desired time points during fibril destabilization, allowed to
air dry, and then were stored at 4 °C until immunostaining. For immunostaining, nitrocellulose
membranes were first blocked for 1 hour in 5% skim milk dissolved in Tris-buffered saline solution
with 0.1% Tween 20 (Bio-Rad, Hercules, CA) (1X TBS-T — 0.05 M Tris base, 0.15 M NaCl, pH 7.44).
Membranes were then exposed to three, 5 minute washes with 1X TBS-T. Next, the membranes were
incubated for 1 hour with OC (1:14,000 dilution), 6E10 (1:14,000 dilution), or 4G8 (1:7,000 dilution)
primary antibody diluted to the specified factor in 0.5% milk 1X TBS-T solution. After the incubation,
membranes were then again exposed to three, 5 minute washes with 1X TBS-T. The dot blot intensity of
the membrane immuno-stained with 4G8 antibody (already has horseradish peroxidase conjugated) was
visualized by exposing the membrane to the ECL substrate (ECL Advance Detection Kit — GE
Healthcare) and then imaged in a BioSpectrum imaging system (UVP, Upland, CA). The membranes
immunostained with OC and 6E10 antibodies were incubated for 1 hour with HRP-conjugated goat-
anti-rabbit IgG secondary antibody at a 1:10,000 dilution in 0.5% milk 1X TBS-T and then visualized

using the ECL substrate as described for the 4G8 membrane.
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5. Results and Discussion

5.1 BBG Fragments Preformed A Fibrils.

AP fibrils were prepared by incubating AB40 monomers for 10 to 13 days. Thioflavin T (ThT)
fluorescence, transmission electron microscopy (TEM), and circular dichroism (CD) assays were
employed to verify the formation AP fibrils. ThT binding and its resulting fluorescence is widely used to
monitor fibril formation.® The initiation of fibril assembly is characterized by a sharp increase in ThT
fluorescence, while mature fibrils are predominantly present when the emission signal reaches a
maximum and plateaus. Consequently, AP fibril assembly as measured by ThT fluorescence can be
modeled by sigmoidal regression. The ThT fluorescence curve in Figure S1 exhibits this behavior. Fibril
formation commences on day 5 and ThT fluorescence reaches a maximum by day 10 (Figure S1 in
Supporting Information - Section 9). Furthermore, from day 9 to day 10, there is no significant increase
in ThT fluorescence. Next, TEM was utilized to visually verify the presence of fibrils (Figure 4A; Panel
AP only and Figure S2 Panel AP only for wider frame in Supporting Information — Section 9).
Consequently, both ThT fluorescence and TEM results verify that fibrils are present. Next, CD was
employed to characterize the secondary structure of the fibrils. The CD spectrum of the AP fibrils
exhibited the typical features of P-sheet structures (Figure 4C) supporting the fibrillar structure

formation.®

Next, we investigated whether BBG can destabilize preformed fibrils and generate different
forms of aggregates using transmission electron microscopy (TEM), atomic force microscopy (AFM),
circular dichroism (CD), and dot-blot assays with AB-specific antibodies. Although measuring ThT
fluorescence intensity has also been used to monitor a loss of AP fibrils, we could not employ this
method in our studies due to the reported spectral interference of small molecules, including curcumin,

BBG, and ER on ThT fluorescence measurement.” * > 1% The preformed AP fibrils were then
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incubated in the absence or presence of BBG for 1 day. First, both the AP fibrils and the BBG-treated
AP fibrils were subjected to negative-stain TEM analysis. The AP fibrils exhibited the typical
morphological features of amyloid fibrils (Figure 4A; Panel AP only and Figure S2; Panel AP only for
wider frame in Supporting Information — Section 9) — long, filamentous, and rod-like with defined and
persistent structure. The length of the AP fibril population was measured and found to have an average
length of 1,026 + 621 nm, consistent with the fibril criteria established in Section 1.2.3. The population
of the fibrils with a length greater than 1,100 nm is 35% (Table 1A). In contrast, BBG treatment
generated much shorter, rod-like (with defined structure) aggregates of average length 133 + 65 nm
(Figure 4A; Panel BBG and Figure S2: Panel BBG for wider frame in Supporting Information — Section
9; Table 1A). Although only 6% of the untreated AP fibrils have a length less than 300 nm, 97% of the
BBG-treated AP aggregates have a length less than 300 nm (Table 1A), indicating that the BBG-treated
AP aggregates were strikingly shorter than the untreated AP fibrils. Next, we investigated the
morphological trends of the remodeled fibrils observed using AFM. As was the case with the TEM
results, most of the untreated AP fibrils are intermingled (Figure 4B; Panel AP only), while treatment
with 10X BBG resulted in much shorter, dispersed aggregates (Figure 4B: Panel BBG). The lengths and
widths of the two AP samples were measured using the AFM image analysis software Gwyddion'"
(Table STA and S1B in the Supporting Information — Section 9). When we first began the AFM analysis
of our samples, we expected to be able to directly compare the lengths and widths found with AFM to
our TEM results. However, since the intrinsic resolution limit of AFM set by cantilever tip radius affects
the absolute values of both lateral and height measurements®” > 1% and the detection limit of AFM is
smaller than that of TEM,** * a direct comparison between TEM and AFM values was not possible.
Therefore, we focused on comparing the length and width distribution trends between samples obtained
using the two different microscopic assays. The average length of the 10X BBG-treated fibrils measured
using AFM was 96 + 40 nm, while the average length of the untreated A fibrils was much longer at
329 + 161 nm, consistent with the remodeling trend observed in the TEM images. In fact, 88% of the

BBG-treated sample had a length less than 150 nm, while only 17% of the amyloid fibril sample had a
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length less than 150 nm (Table S1A in the Supporting Information — Section 9). A decrease in the
average lengths of both the untreated and the BBG-treated AP fibrils in AFM compared to TEM is
likely due to the lower detection limit of AFM than that of TEM. In the TEM results, the percentages of
the AP aggregates of a length less than 200 nm are 2% and 88% for the untreated and the BBG-treated
AP fibrils, respectively (Table 1A). However, in AFM results, these values are 30% and 98% (Table
S1A in the Supporting Information — Section 9), indicating that small AP aggregates were better
detected by AFM than TEM resulting in the decrease in the average length in AFM compared to TEM.
Despite the differences in absolute average lengths, both the TEM and AFM results strongly support the
idea that the BBG-treatment substantially reduces the average length of AP fibrils. Therefore, the
smaller, rod-like BBG-treated AP aggregates could be protofibrils or fibril fragments.

In order to determine whether the BBG-treated aggregates are protofibrils or fibril fragments,
their thicknesses/widths were measured and compared to those of untreated A fibrils. According to the
AP fibril structural model proposed by Schmidt et. al through cryo-EM and mass-per-length analysis of
AP40 fibrils and protofibrils,*® the thicknesses of the individual AB fibril and protofibril are around 20
nm and 12 nm, respectively. Despite concern over the intrinsic resolution of the technique, negative-
stain TEM has been used numerous times in the literature by different research groups to provide
numerical estimation of the length or width of aggregates less than 30 nm.*** ">%" More specifically,
Fandrich, et al. employed TEM to measure the widths of AB40 fibrils and found the average width to be
20.6 + 2.8 nm,* which is in good agreement with the cryo-EM findings.*® The untreated Ap fibrils in
this study exhibited an average width of 19 + 4 nm upon examination of the magnified TEM image
(Figure 4A; Panel AP only M), with 98% of the fibrils measured having a width greater than 12 nm
(Table 1B). Upon examination of the magnified TEM image, thickness of the BBG-treated AP
aggregates seems similar to that of the untreated AP fibrils (Figure 4A; Panel BBG_M). The average
width of the BBG-treated AP aggregates is 26 = 7 nm (Table 1B). In particular, none of the aggregates
measured have a width of 12 nm or less, clearly indicating that the BBG-treated AP aggregates are not

protofibrils. Considering that the average width of the BBG-treated AP aggregates is comparable to that
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of the untreated AP fibrils, the BBG-treated AP aggregates are considered shorter A fibrils compared
to the untreated AP fibrils. The AFM results also show similar trends in the width of the AP aggregates
(Table S1B in the Supporting Information — Section 9). The average width of the BBG-treated sample
was 58 + 14 nm, and the untreated AP fibril sample had an average width of 73 + 23 nm. In comparing
the width distributions of these two samples measured using AFM, it was found that 86% of the BBG-
treated sample’s aggregate widths fall within one standard deviation of the A fibril average width,
indicating that these samples possess similar widths and confirming the trend found in the TEM
analysis. An increase in the average width of the A aggregates obtained using AFM assay compared to
those of TEM assay can be attributed to the intrinsic resolution limit set by cantilever tip radius leading

89. 125 Because BBG-treatment resulted in

to over-estimation (convolution) of nanostructure widths.
shorter, rod-like aggregates but of similar thickness as A fibrils, it was hypothesized that the BBG-
induced AP aggregates are likely fragmented fibrils but not protofibrils, according to the structural
criteria set forth in Section 1.2.

In order to confirm this hypothesis, we also performed CD analysis. CD analysis is widely used
to analyze secondary structure content of proteins.6’ 2231127128 Tpe CD spectra of both the AP fibrils
and the BBG-treated AP fibrils are shown in Figure 4C along with that of AB monomers for
comparison. In the CD spectrum of AP monomers, neither a-helix nor B-sheet structural features were
observed, strongly suggesting that A monomers have disordered structure (Figure 4C). However, the
CD spectrum of the AP fibrils exhibited the typical features of B-sheet-rich structure,’ including a
minimum at 217 nm (Figure 4C). The BBG-treated A fibrils maintained the typical features of B-sheet
structure. The minimum ellipticity value of the BBG-treated AP fibrils was observed at 217 nm. The
ellipticity of the BBG-treated AP fibrils was positive below 200 nm. In order to quantitatively
investigate secondary structural changes caused by BBG treatment, we used the web-based server,
DichroWeb,”" and calculated the secondary structure contents from the CD spectra using the CONTIN

120, 121

analysis program and SP175 reference protein set.”” '** The o-helix, p-sheet, B-turn, and
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disordered structure content of the AP fibrils are 12.2%, 36.4%, 12.1%, and 39.3% (Table 2),
respectively, which is consistent with the AP fibril structural information that the N-terminus 17
residues (residues 1 — 17) are usually disordered and the 6 residues (residues 23-28) in the middle of AP
sequence form B-turn structure.”® Upon one day incubation of the A fibrils with BBG, the secondary
structural content was only slightly changed, with the P-sheet content increasing by 8% but the
disordered structure content decreasing by around 7%. The B-sheet content of the BBG-treated Af
fibrils is comparable to that of the AP fibril control, suggesting that the BBG-treated AP fibrils also have
fibrillar structures similar to the AP fibril control. Considering that the BBG-treated AP fibrils have
persistent fibrillar structures in the TEM image, these results support the idea that the BBG-treated A

aggregates are shorter AP fibrils than the untreated AP fibril control, likely A fibril fragments.

Dot-blot assays of the AP samples were also performed using three AB-specific antibodies (OC,
4GS, and 6E10). Recently, dot-blotting with AB-specific antibodies has been widely used to detect A
aggregates with different conformations.® 2> 273234 12931 5 5 polyclonal antibody that recognizes
fibrillar oligomers, protofibrils and fibrils but not monomer, prefibrillar oligomers, and disordered

132-135

aggregates.” %’ 4G8 is an AP sequence-specific monoclonal antibody, which binds to amino acids

17 to 24 of AP. Lastly, 6E10 is a monoclonal antibody that recognizes residues 1-16 of AP.*"
70 Although both 4G8 and 6E10 were originally used to ensure the conservation of AB moieties, recent
findings demonstrated that immuno-reactivities of these two antibodies can be affected by AP
conformational changes and small-molecule binding to their epitopes.®” " '® In order to distinguish the
immuno-reactivity changes caused by the small molecules binding to antibody epitopes (fast processes)
from those made by AP conformation changes (slow processes), we incubated the A fibrils with the
small molecules for a very short time (less than 5 min) and for a longer time (one day). Incubation of
the AP fibrils with 1x BBG (molar concentration equal to that of AP peptide) did not alter the immuno-
reactivities of AP fibrils for all three antibodies (OC, 6E10, and 4GS8), strongly indicating that there is
no change in the content of fibrillar structure (Figure 5). The 6E10 and 4G8 immuno-reactivities of the
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BBG-treated fibril samples at both 5 minutes and 1 day were maintained when compared to the fibril
sample, indicating that BBG did not significantly bind to the 1-16 and 17-24 residues of AP. It is
noteworthy that 10x BBG (10 times the molar concentration of AP peptide) resulted in a significant
reduction of the OC-reactivity after 1-day incubation (Figure 5; Panel 1-day incubation). However, such
a reduction in the OC-reactivity of the 10x BBG-treated AP fibrils can be explained by BBG binding to
the OC epitope rather than a loss of fibrillar structure. The short incubation of A fibrils with 10x BBG
is not long enough to cause AP conformational changes resulting in a significant reduction in the OC-
reactivity (Figure 5; Panel < 5 min), indicating that BBG binds to the epitope thus restricting the access
of the OC antibody. It was also reported that BBG binds to AP peptide in multiple sites.'” Therefore,
we speculate that direct binding of BBG to AP fibrils leads to AP fibril fragmentation.' Unlike Af
sequence specific antibodies, the OC antibody recognizes a generic epitope of the protein backbone
present in fibrillar conformations, independent of protein sequence.”” Because of this, it is difficult to
conclude about a specific location of interaction between BBG and AP fibrils that would facilitate the
decrease in OC signal due to binding without additional studies. However, structural models of AB40
protofibrils have proposed that the hydrophobic C-terminus of the AP peptide comprises the core of the

cross-stacked B-sheet axis/backbone.*® '*°

Therefore, it is possible that the hydrophobic interactions
between the six aromatic rings in each BBG molecule contribute to interaction with the hydrophobic C-

terminus, thus destabilizing the fibrils.
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Figure 4. Properties of the A fibrils incubated in the absence or presence of BBG. TEM
(A) and AFM images (B, 1x1 um) of the AP fibrils incubated for one day in the absence
of any dye (Panel AP only) or presence of 10x BBG (Panel BBG). The sections of the
two TEM images were magnified (Panels A only M and BBG_M). Each pair of arrows
illustrates the width of the AP aggregates. TEM scale bar is 100 nm (Top Panels) or 20
nm (Bottom Panels). (C) CD spectra of A monomers, AP fibrils incubated in the

absence (AP fibrils) or presence of 10x BBG (A fibrils + BBG) for one day.
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Table 1: Measured” TEM length (A) and width (B) distribution” of AP fibrils incubated in the presence

or absence of 10X BBG and 10X ER for one day at 37°C.

A.
Length of AP Aggregates (im)
Average
0.1 0.2 0.3 0.4 0.5 0.6 0.7 | 0.8 |09 1 1.1 | >1.1
(nm)
Fibrils
ND 2% | 4% 8% 10% | 10% | 6% | 10% | 4% | 2% | 10% | 35% |1026+ 621
Only
10X BBG| 34% | 54% | 9% 3% ND | ND | ND | ND | ND | ND | ND | ND 133 £ 65
I0XER | 3% | 18% | 32% | 32% | 9% | 3% | 2% 1% | ND | ND | ND| ND |[303+129
B.

Width of AR Aggregates (nm)

Average
6 8 10 12 14 16 18 20 22 24 26 | 28 | >28
(nm)
Fibrils
ND | ND [ ND | 2% | 10% | 10% |25% | 13% |21% | 10% | 4% | 4% | 1% 19+4
Only

I10XBBG| ND | ND | ND | ND | ND | 1% |10% | 4% |10% | 11% | 19% | 8% |37% | 26+7

I0XER | 1% | 7% |48% | 25% | 17% | 2% | ND | ND | ND | ND | ND | ND | ND 10£2

*Measured using Image J software.

°The aggregate length or width bin labels represent the maximum length or width of aggregates in each
respective bin. Shown on the table are the proportions of each sample population measured possessing

the respective maximum bin length or width. Minimum one hundred aggregates except fifty one fibrils

only aggregates for length distribution were used to obtain the distribution.

ND: Not Detected
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Table 2: Secondary structure content® of AP fibrils incubated” in the absence or presence of BBG or

ER.

Dye added" o-helix [3-sheet B-turn Disordered
- 12.2% 36.4% 12.1% 39.3%
BBG 12.8% 44.4% 9.9% 32.9%
ER 12.7% 36.8% 11.8% 38.6%

*Determined by DichroWeb using CONTIN method and SP175 reference proteins

®Incubated at 37 “C without shaking for one day.

¢ AB:small molecule (BBG or ER) = 1:10 molar ratio
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Figure 5. Dot-blot images of the AP fibrils incubated in the absence (AP only) or
presence of 1x and 10x BBG, MB, or ER for less than 5 minutes (Panel < 5 min) or one
day (Panel 1-day incubation). For each antibody, all samples were spotted onto the same
nitrocellulose membrane. Each membrane was immuno-stained with the OC, 6E10, or
4G8 antibody. For clearer presentation of the data, the sections of each membrane were

cut and re-arranged.
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5.2. MB Converts Preformed A fibrils into Amorphous Aggregates.

Next, AP fibrils were treated with 1x or 10x MB for one day. The TEM and AFM images of the
MB-treated AP fibrils showed that no structural features of fibrils were observed (lacking a persistent
defined structure), and neither the size nor the shape of the MB-treated AP aggregates were homogenous
(Figure 6A), indicating the possibility of structural changes from fibrils to amorphous aggregates. The
CD spectrum of the MB-treated AP fibrils showed three changes from that of A fibrils — a shift in the
wavelength of a minimum ellipticity, negative ellipticity below 200 nm, and an upward shift of
ellipticity above 200 nm toward zero (Figure 6B). Furthermore, the CD spectrum of the MB-treated A3
fibrils shifted toward that of the AP monomers (Figure 6B). Because AP monomers have been shown to
possess predominantly disordered/random-coil secondary structure™*' and low ellipticity above 210 nm
and negative banding at 195 nm are general characteristics of disordered proteins,” the changes
observed with MB-treated fibrils strongly indicate a substantial loss of the B-sheet content but an
increase in the disordered structural content. Similar to the BBG-treated AP fibrils, the CD spectrum of
the MB-treated AP fibrils was used to estimate the secondary structure content numerically using
DichroWeb. Because the SP175 reference set contains the greatest range of protein
structures/conformations among the total eight reference sets explicitly described in DichroWeb, our
first choice was to employ this reference set for the CD analysis with all three small molecules (BBG,
MB, and ER). However, when we used the SP175 reference protein set to analyze the MB-treated fibril
CD spectrum, no significant change in the secondary structure content was observed despite the obvious
changes in the spectrum described previously (Table S2 in the Supporting Information). After searching
through the literature for a possible explanation to this disparity, we found that the accuracy of the
secondary structure content deconvolution estimation greatly relies on the choice of a reference protein
set containing proteins with similar structure to the one being studied.”” '* Since many of the
intrinsically disordered amyloidogenic proteins do not fold into only one stable conformation that can be

used to construct a reference set, finding an appropriate reference set for intrinsically disordered AP is
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particularly challenging. To our knowledge, there are no existing reference sets containing intrinsically
disordered monomeric peptides/proteins, such as Ap monomer. After thoroughly examining the SP175
reference protein set,'** we found that o-helix-, B-sheet, and p-turn —rich reference proteins are well
represented in the SP175 reference set, allowing successful estimation of the secondary structure
contents of numerous folded proteins. However, we also found that the SP175 set includes only 1-2
disordered reference proteins among a total of 72 reference proteins. Since the proteins used to construct
the SP175 reference set were prepared by folding recombinant proteins produced from bacteria,
denatured or unfolded proteins were rarely included. Such a relatively low frequency of the disordered
reference proteins is most likely attributed to the underestimated disordered structure content. In fact,
the developers of the SP175 reference set also acknowledged that the validity of the reference set is

124 This further underlines the

limited to a-helical and B-rich proteins, not disordered proteins.
importance of performing an in-depth review of the reference set being used before beginning the
analysis.

In order to address the issue of finding an appropriate reference set for the spectrum of the MB-
treated AP fibrils, different reference protein sets contained within the DichroWeb server were
evaluated. Among the reference protein sets embedded in DichroWeb, Set No. 6 has the highest
frequency of disordered reference proteins (11 out of 42 total reference proteins). Therefore, the
secondary structure contents of both the AP fibrils and the MB-treated AP fibrils were re-evaluated
using the Set No. 6 and the estimated values are presented in Table 3. Compared to the AP fibrils, the
MB-treated AP fibrils exhibited a significant reduction in the B-sheet and p-turn content, but a
substantial increase in the unordered structure content, which is quite consistent with the observation of
the amorphous aggregates in the TEM monograph, AFM scan (Figure 6A), and qualitative visual
analysis of the CD spectra. To our knowledge, conversion of AP fibrils into disordered-structured

aggregates has not been shown previously through numerical deconvolution analysis of

corresponding CD spectra.
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The interaction between MB and preformed AB40 fibrils was further explored using dot-blotting
with 6E10, OC, and 4G8 antibodies. Incubation of AP fibrils with either 1x or 10x MB for a very short
time (less than 5 min) led to a substantial loss of the OC-reactivity (Figure 5; Panel < 5 min), clearly
indicating that MB binds to the OC antibody epitope. Because of this strong binding affinity of MB to
the OC antibody epitope, it is difficult to discern whether the weak OC signals observed in the MB-
treated fibrils for 1 day (Figure 5, Panel 1 day) can be attributed to the direct MB binding to the OC
epitope or the structural changes induced by MB (resulting in loss of the cross-stacked B-sheet epitope).
The AP fibrils treated with MB for a short time also led to a complete loss of the 6E10 reactivity,
indicating that MB binds to the 6E10 antibody epitope (residues 1 — 16 of APB). According to the
structural model of AP fibrils, the N-terminus of AP (residues 1 — 16) is involved in the assembly of two
protofibrils into one fibril.*® Therefore, we speculate that MB destabilizes fibrils into amorphous
aggregates at least in part via MB binding to a joint region between the two protofibrillar components of
an AP fibril.' MB carries a positive charge at neutral pH, and therefore, has the potential to interact with
negatively charged amino acids in the N-terminus of AP (Aspartic and/or Glutamic Acid) through

electrostatic interactions.

Table 3: Secondary structure content® of A fibrils incubated® in the absence or presence of MB.

Small molecule added" a-helix B-sheet B-turn Disordered
- 10.1% 32.2% 27.4% 30.3%
MB 8.4% 18.3% 4.3% 69.0%

* Determined by DichroWeb using CONTIN method and Set 6 reference proteins
® Incubated at 37 “C without shaking for one day.

¢ AB:MB = 1:10 molar ratio

40



0 pm 1 um

wrl g

B 5

3
= AB monomers
g /
S o -
o
£
o
o
35
g 3 \
= AB fibrils + MB
= g T~ Ag fibrils
)

'6 T T T T

195 205 215 225 235 245

Wavelength (nm)

Figure 6. Properties of the A} fibrils incubated in the absence or presence of MB. (A)
TEM (left panel) and AFM (right panel, 1x1 pm) images of the AP fibrils incubated for
one day in the presence of 10x MB. TEM scale bar is 100 nm. (B) CD spectra of AP
monomers, AP fibrils incubated in the absence (AP fibrils) or presence of 10x MB (A

fibrils + MB) for one day.
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5.3. ER Disrupts Preformed A fibrils into Protofibrils.

In order to investigate the action of the third small molecule modulator, 1x or 10x ER was
incubated with the AP fibrils for one day. The TEM image of the ER-treated AP fibrils showed many
filamentous, persistent fibrillar structures (Figure 7A and Figure S2; ER panel for wider frame in
Supporting Information — Section 9) that seemed to be less tightly bundled/stacked than the untreated
fibril sample (Figure 4A-B; AP only panels and Figure S2; AP only panel in Supporting Information —
Section 9). The average length of the ER-treated fibrils measured using TEM was 303 £+ 129 nm, less
than the average length of the untreated fibrils mentioned previously, but longer than the fibrils treated
with 10X BBG (Table 1A). The majority (73%) of the ER-treated aggregates measured had a length
between 200 and 500 nm. Next, the morphological fate trends of AP fibrils remodeled with ER were
investigated using AFM and compared to the TEM findings. Similar to TEM, the AFM scan of the ER-
treated AP fibrils (Figure 7B) showed many fibrillar structures, still in close proximity to each other, but
less stacked than with the untreated fibril sample (Figure 4B; AB only panel). From the AFM scan, the
average length of the ER-treated sample was found to be 162 £ 60 nm (Table S1 in the Supporting
Information — Section 9). This length data matched the trend seen in the TEM data that the ER-treated
fibrils were shorter than the untreated AP fibrils, but longer than the BBG-treated sample’s aggregate
population. As was the case for the untreated- and the BBG-treated AP samples, the average length of
the ER-treated sample measured by AFM is shorter than that by TEM, likely because AFM detects
shorter AP aggregates better than TEM. The ER-treated AP aggregates (with persistent filamentous
structure) that are shorter than the untreated A fibrils could be protofibrils or AP fibril fragments.

In order to determine whether the ER-treated aggregates are protofibrils or fibril fragments, their
widths were measured and compared to those of untreated AP fibrils. From the TEM images (Figure
7A: ER_M Panel and Figure S2 in the Supporting Information), the average width of the ER-induced
aggregates is significantly smaller than that of both the untreated AP fibrils and the 10X BBG-treated

AP fibrils (Table 1B). The average measured width of the ER-treated A fibrils was 10 = 2 nm, which
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matches well with the width of an individual protofibril according to the AP protofibrils and fibrils
structural model discussed previously.”® Furthermore, none of the ER-treated AP fibrils measured
displayed widths greater than 16 nm, whereas 78% and 99%, respectively, of the untreated A fibrils
and the BBG-treated fibrils samples measured contained widths greater than the 16 nm cutoff. It is also
noteworthy to mention that co-incubation of AR monomer with ER also led to formation of dominant
protofibrils with the width of 12 nm.* Furthermore, the ER-treated samples did not exhibit the twisted
structure, a typical feature of AP fibrils in general and also observed in our untreated AP fibril samples,
in the TEM images (Figure 7A for ER-treated sample and Figure 4A for AP only sample). Moreover,
the widths of the ER-treated aggregates (35 £ 6 nm) analyzed using AFM were much thinner than the
AP fibril (73 £ 23 nm) and BBG-treated samples (58 + 14 nm) (Table S1B in the Supporting
Information — Section 9), reinforcing the trend found in the TEM analysis. In fact, the width distribution
data show that only 6% of the ER-treated sample’s aggregate population displayed widths within one
standard deviation from the 73 nm mean width for the untreated fibril sample. Because of these
morphological changes/findings, the ER-treated A fibrils are most likely protofibrils. As was the case
for the untreated A fibrils and the BBG-treated AP fibrils, the width of the ER-treated A fibrils
determined by AFM is considered over-estimated compared to the width determined of TEM due to the
lateral convolution caused by cantilever tip radius.* '*

The CD spectrum of the ER-treated A fibrils clearly shows typical features of -sheet-rich
structure (Figure 7C). The estimates of the secondary structure content of the ER-treated A fibrils are
essentially the same as those of AP fibrils (Table 2), indicating that the ER-treated AP fibrils are B-sheet
—rich, and most likely fibrillar structures.

In the dot-blot assays, the short time incubation (less than 5 minutes) of the A fibrils with 1x or
10x ER led to a significant reduction of the OC-reactivity (Figure 5), clearly indicating that ER binds to
the OC antibody epitope (as was the case with MB). Further, both 1x and 10x ER led to a complete loss
of the 6E10 reactivity indicating that a primary ER binding site on A is located at the 6E10 antibody

epitope (A N-terminus), which is consistent with the results reported previously.” As mentioned
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previously in the structural model of AP fibrils, the N-terminus of AP (residues 1 — 16) is involved in
the assembly of two protofibrils into one fibril. Therefore, we conclude that ER separates fibrils in to the
ER-induced protofibrils by binding to the N-terminus of the two protofibrillar components of AP fibrils,
thus destabilizing the fibril complex." Although both MB and ER were shown to bind to the N-terminus
of AP sequence, they most likely interact with different residues in Af. MB has a positive charge, but
ER has negative charges at neutral pH. Therefore, we speculate that ER interacts with positively
charged residues in the N-terminus of AP (one Lysine, one Arginine, and/or the three Histidines present
in the N-terminus of AP), which led to a different fate of the destabilized AP fibrils compared to the

action of MB.
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Figure 7. Properties of the AP fibrils incubated in the absence or presence of ER. TEM
(A) and AFM (B, 1x1 um) images of the AP fibrils incubated for one day in the presence
of 10x ER (Panel ER) and the magnified section (Panel ER_M). The pair of arrows
illustrate the width of the AP aggregates. TEM scale bar is 100 nm (Panel ER) or 20 nm
(Panel ER_M). (C) CD spectra of A monomers, AP fibrils incubated in the absence (A

fibrils) or presence of 10x ER (AP fibrils + ER) for one day.
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6. Conclusions

In this thesis work, we evaluated three biocompatible small molecule Ap aggregation modulators
(BBG, MB, and ER) for their capacities to trigger structural changes of the AP fibrils in a
physiologically-relevant manner and then characterized the structural features of the restructured AP

fibrils and the mechanisms by which the changes occur.

All research objectives were met:

1. Morphology of the remodeled AP aggregates was assessed using TEM and AFM.
2. Secondary structure of remodeled aggregates was assessed using CD spectra analysis.
3. Remodeled AP aggregates were classified using the criteria for various conformers discussed in

Section 1.2.

Combined with TEM, AFM, and dot-blot assays, conversion of Af fibrils into different types of
aggregates was quantitatively analyzed through numerical deconvolution analysis of corresponding CD
spectra with appropriate choices of reference protein sets. Incubation of the preformed AP fibrils with
these molecules (BBG, MB, and ER) effectively destabilized the preformed AP fibrils but led to three
distinct fates. BBG fragmented the A fibrils into shorter fibrils. MB restructured the AP fibrils into

amorphous aggregates. Finally, ER separated the AP fibrils into protofibrils.

4. Morphological changes and/or binding sites of the three small molecules were assessed using

conformational and sequence-specific antibody dot blot analysis.
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We found that BBG binds to the OC antibody epitope. Previously, it was shown that BBG binds

to AP peptide in multiple sites.'”

Therefore, it is likely that direct binding of BBG to AP fibrils causes
the AP fibril fragmentation. We also found that both MB and ER bind to the N-terminus of AP, a
joining region between two protofibrils in the formation of one AP fibril. Therefore, we speculate that

MB or ER binding to the joint between two protofibrils is a key step that triggers drastic structural

changes of the AP fibrils into amorphous aggregates or separate protofibrils, respectively.
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7. Recommendations

This investigation has conclusively established that thermodynamically stable preformed A
fibrils can be destabilized or remodeled by three small molecules (BBG, MB, and ER). Because of this,
these three biocompatible molecules are promising candidates to remove insoluble amyloid fibrils
deposited in the human brain associated with Alzheimer’s disease. Therefore, as a next step, they would
be well suited for study in animals to confirm efficacy in a living model. The results also successfully
illustrate the possibility of controlling changes in biomolecule-based nanostructures using chemical
compounds.

In addition to the experiments performed, there are several logical continuations of studying the
effect of these three small molecules on preformed AB40 fibrils in vitro that could provide fascinating
insights. First, an investigation of the binding/dissociation constant of the small molecules to AP fibrils
would yield interesting information on both the binding affinity and number of binding sites for each
molecule. Second, monomer seeding experiments could be performed to determine if the remodeled AP
fibrils can be considered “on” or “off-pathway” (“on-pathway” if the restructured aggregates can
seed/accelerate fibril formation from the monomer state). Third, it would be interesting to test whether
or not the restructured aggregates are non-covalently associated by exposing them to high temperatures
and observe if dissociation occurs. Fourth, in this thesis work, high concentrations of small molecules
(10X molar excess over AP) and a one-day restructuring period were used in order to observe
overall/ending structure change. However, it would provide interesting insight to perform a similar set
of analyses using lower concentrations of small molecules and/or shorter restructuring time to
characterize the progression of the change. Lastly, it would be interesting to remove the small molecules
from the restructured aggregates by desalting and determine if the structural changes are reversible or

not.
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Figure S1: ThT fluorescence monitoring during AP fibril formation (N > 2). The data were fit into a

sigmoidal curve (R2 = 0.99).



Figure S2: Wider-frame (1pm x1 um panel view) TEM images of AP fibrils incubated in the absence
(AP only panel) or presence of 10X BBG (BBG panel) and 10X ER (ER panel). Scale bars are all 500

nm.
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Table S1. Measured” AFM length (A) and width (B) distribution” of AP fibrils incubated in the presence

or absence of 10X BBG and 10X ER for one day at 37 degrees Celsius.

A.
Length of AP Aggregates (um)
Sample Size | 0.05 0.1 0.15 0.2 025 [ 03] 035 |04 | >04 Average
(nm)
Fibrils 23 ND ND 17% | 13% | 13% | 9% | 4% | 9% | 35% | 329+16l
Only
10X 141 5% 58% | 26% | 10% 1% [ND| 1% |ND | ND 96 + 40
BBG
10X ER 103 ND 15% | 33% | 35% 6% | 8% | 3% | 1% | ND 162 £ 60
B.
Width of AR Aggregates (nm)
Sample 20 | 25 | 30 35 40 45 50 55 60 | 65 | 70 | 75 | >75 | Average
Size (nm)
Fibrils 98 N | N|[ND|2% | 1% | 1% | 7% | 15% | 15% | 5% | 7% | 6% | 40% | 73 +23
Only D D
10X 116 N | N[ 1% | 1% | 3% | 9% | 16% | 26% | 10% | 9% | 9% | 6% | 10% | 58+ 14
BBG D | D
10X 116 1% | 3% | 20% | 29% | 26% | 15% | 5% | 1% | ND | N | N | N | ND 35+6
ER D | D | D

*Measured using Gwyddion SPM analysis software.

® The aggregate length or width bin labels represent the maximum length or width of aggregates in each

respective bin. Shown on the table are the proportions of each sample population measured possessing

the respective maximum bin length or width.

ND: Not Detected
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Table S2. Secondary structure content® of AP fibrils incubated” in the absence or presence of MB

analyzed using SP175 Reference Set.

Small molecule added" a-helix B-sheet B-turn Unordered
- 12.2% 36.4% 12.1% 39.3%
MB 8.4% 37.3% 12.9% 41.3%

*Determined by DichroWeb using CONTIN method and SP175 reference proteins

®Incubated at 37 “C without shaking for one day.

¢ AB:MB = 1:10 molar ratio
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