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Abstract

In recent years, studies have indicated that the presence of neurotoxic forms of
aggregated amyloid-beta peptide have a strong correlation with the pathological progression of
Alzheimer’s Disease. Therefore, the inhibition, modulation, and/or reduction of targeted
amyloid-beta aggregates formation are considered promising therapeutic strategies to treat this
disease. In order to search for novel small molecule modulators with good biocompatibility, our
research group screened various FDA-approved food dyes and their close structural analogs. We
recently reported that Brilliant Blue G and Erythrosin B are novel modulators of amyloid-beta
monomer in vitro aggregation and cytotoxicity in a dose-dependent manner.

This dissertation details four additional characterization investigations (three in vitro and
one in vivo) to further develop Brilliant Blue G, Erythrosin B, and their structural analogs as
potential Alzheimer’s Disease therapeutics. First, we performed a structure-activity relationship
analysis on Erythrosin B and its analogs and discovered the placement of heavy halogen atoms
on the xanthene benzoate backbone structure to be a critical feature for the amyloid-beta
monomer binding, aggregation, and cytotoxicity modulating activity observed. Second, having
seen the potent effect of halogenation at generating effective amyloid-beta binding ligands, we
then sought to explore the specific binding sites of Erythrosin B and its structural analogs on the
amyloid-beta monomer target peptide. After creating a novel method for identifying ligand
binding sites using dot blotting with a sequence-specific antibody panel, the technique revealed
amino acids 10-16 of amyloid-beta as a common strong binding site for Erythrosin B and its
analogs. Third, since we had thus far characterized the effects of Brilliant Blue G and Erythrosin
B on amyloid-beta aggregation from the monomer state, we wanted to also investigate if these

molecules could perturb pre-existing aggregates from a different side of the thermodynamic



spectrum. To this end, we performed comparative structural studies on the different fates of very
stable amyloid-beta fibrils remodeled by the two compounds, finding that Brilliant Blue G- and
Erythrosin B-treatment generate fragmented amyloid-beta fibrils and protofibrils, respectively.
Fourth, we sought to further evaluate these novel modulators in a more therapeutically-relevant
Alzheimer’s Disease mouse model. Brilliant Blue G was selected to be tested first and
administered to mice for three months. The results revealed that administration of Brilliant Blue
G to the transgenic Alzheimer’s Disease mouse was well-tolerated, crossed the blood-brain

barrier, rescued neuronal loss, and reduced intraneuronal amyloid-beta loading.
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Chapter 1: Introduction



Alzheimer’s Disease - Scope and Significance

Alzheimer’s Disease (AD) is a neurodegenerative illness that impairs memory, thinking,
and behavior. It is the most common form of irreversible dementia in the world today, usually
affecting persons over the age of 65 (termed late onset AD).* The symptoms associated with the
pathological progression of AD are as follows: sporadic memory loss during early stages,
universal decline in cognitive ability as the disease progresses, and finally, the patient becomes
bedridden due to the brain’s lack of control of the body and is completely dependent on

caregivers. On average, death occurs only 9 years after diagnosis of AD.?

In addition to the severe effects AD has on the individual patients, the disease also
contributes a very significant monetary and emotional burden to society. Currently, it is
estimated that AD affects more than 5.3 million people in the United States alone. In fact, AD is
becoming such an issue that it is now the sixth leading cause of death in the United States. With
increasing age being the biggest risk factor for the disease, the incidence of AD is expected to
increase to an estimated 11-16 million cases in the United States in 2050. Furthermore, the total
annual costs of AD in the United States have been estimated at over $148 billion.? Despite
significant research to discover a therapeutic for this disease, an approved treatment with proven
disease-modifying effect does not exist (only symptomatic treatments are available). Thus, there

exists a great medical need to further investigate the Alzheimer’s Disease therapeutic space.



Causes of Alzheimer’s Disease

Two pathological hallmarks of Alzheimer’s Disease were discovered in biopsied AD
brains more than 100 years ago and have since been the subject of much investigation. These
hallmarks are as follows: 1) neurofibrillary tangles inside neuron cells consisting of tau protein
filaments and 2) intercellular plaques, which in recent years have been found to be formed by
amyloid-beta (AP) peptide aggregation.” ® Tau protein exists in the healthy human brain to
stabilize axon microtubules. However, aggregation and/or hyperphosphorylation of this protein
have been shown to cause toxic effects. The AP peptide is formed by successive cleavage of the
normally occurring neuronal transmembrane protein, Amyloid Precursor Protein (APP), by
gamma and beta-secretase enyzmes. The aggregated form of the AP peptide has been shown to

confer toxicity to neuronal cells.?

Research Scope Selection — Amyloid Pathological Hallmark Therapeutic Approach

Despite a strong correlation found between cognitive dysfunction and the existence of tau
tangles in various AD case studies,® A aggregates have been shown to commonly exist in the
AD brain without the presence of any tau protein. In addition, it has been found that the
existence of AP plaques can in fact initiate the creation of tau filament tangles.” Because of this
and the fact that all genetic risk factors and mutations linked with AD are also associated with
increased amyloid load,? the amyloid-beta peptide aggregate hallmark presents itself as a

particularly important therapeutic target on which to focus our research efforts.



Amyloid Cascade Hypothesis and Related Treatment Approaches

The process by which the AP peptide is generated, subsequently aggregates/accumulates,
and is suspected to confer toxicity upon neuronal cells is termed the Amyloid Cascade
Hypothesis. As mentioned previously, the process begins when the AP peptide (monomer) is
generated by sequential cleavage of the APP parent protein by gamma and beta-secretases.
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
(herein designated APB40 and AP42, respectively) are the alloforms most often found in amyloid
aggregates in the AD brain. Although the AB42 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 AB40 isoform.® AB40 was chosen as the primary platform and target peptide for
this dissertation 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 AP42.° and 3) has an aggregation pathway that has been found to generally be

modulated in a similar fashion by small molecule inhibitors as the AB42 aggregation pathway.7

From the Amyloid Cascade Hypothesis, several treatment approaches present themselves
for consideration as drug development targets. First, the generation of A} monomer could be
blocked by developing beta and/or gamma secretase enzyme inhibitors. Indeed, this approach
was one of the first strategies attempted, probably due to the familiarity of pharmaceutical
companies with developing small molecules to inhibit specific enzymes throughout the body.
However, several complicating factors have arisen: 1) the normal biological role of beta-

secretase is unknown, and 2) the inhibition of gamma-secretase interferes with its action on other



biologically-important substrates.” Both of these factors greatly complicate the drug discovery
process. Indeed, after almost 20 years of research in this field, no drug candidate has successfully
passed human clinical trials, and many gamma-secretase inhibitors have displayed significant
side effects or worsened AD clinical symptoms. The second treatment approach involves the
prevention or control of the amyloid aggregation pathway once the monomer is generated.? Due
to the disadvantages of the enzyme inhibitor approach, the second treatment approach involving
the prevention and/or control of the amyloid aggregation pathway presents itself as particularly

promising for further investigation in our research.

AP Aggregation Pathways

After the AP40 peptide monomer is generated, multiple independent and dependent
aggregation cascades can occur resulting in the formation of various aggregated states of Ap40
peptide, known as conformers. In one frequently studied pathway, misfolded disordered AB40
monomers first self-assemble in to soluble (commonly termed “on-pathway,” since they mature
to the fibril state) prefibrillar oligomers prior to forming a stacked -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 AB40
aggregation pathway with the various species is shown in Figure 1.1. 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 Fibrils

Figure 1.1 - A commonly studied Ap40 aggregation pathway.

The original version of the Amyloid Cascade Hypothesis cited insoluble fibrils as the
principle conformer conferring neurotoxicity in AD.™® However, recent results have since shown
that soluble prefibrillar oligomers and protofibrils are the primary acutely toxic species,'* and the
existence of amyloid fibrils are more responsible for less-acute neuronal toxicity and
inflammatory responses.? As such, preventing/modulating the creation of or the reduction of pre-
existing AP oligomers, protofibrils, and fibrils represents a promising strategy for AD disease-

modifying treatment and drug development.

Definition of Various AP40 Aggregated Conformers

In order to properly interpret AP40 aggregation modulatory and structural changes,
concrete definitions of the various possible AP40 peptide aggregate species are needed.
Disordered aggregates, protofibrils, and amyloid fibrils were introduced as three general
categories of conformers that can be sampled during the AB40 aggregation pathway discussed in
the previous section. 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 Background and Theoretical

Development Section) based on reports in the literature for the three conformers:

Disordered Aggregates
e 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.® >
e Secondary Structure using Circular Dichroism (CD) — Random coil/disordered

secondary structure CD spectra.'%?®

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

e Secondary Structure using CD — B-sheet secondary structure CD spectra.'%%?



Fibrils
e ThT — Strongly ThT positive.”® 2"*° 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.™
e Morphology using TEM/AFM - Long, filamentous, rod-like aggregate with visible
defined and persistent structure.*! Length ~ 1 um.*! Width ~ 20 nm.?*

e Secondary Structure using CD — B-sheet secondary structure CD spectra.'®?

Ap Small Molecule Aggregation Modulators

Out of the various therapeutic agents that have been investigated as AP aggregation
modulators, small molecules have presented themselves as a promising potential treatment for
AD. The inherent small physical size of these molecules makes them more likely to be blood-
brain barrier permeable than macromolecules (such as trophic factors and other protein
therapies).>* However, because blood-brain barrier permeability is a highly selective and
complex phenomenon, each small molecule must be evaluated on a case-by-case basis to ensure
that a relevant therapeutic dose of the small molecule can in fact be delivered to the brain.
Indeed, in recent years, many small molecule modulators of AP aggregation have been identified
and characterized in vitro with rather promising results.?® 3 * Some of these small molecules
have been found to inhibit the formation of neurotoxic conformers and/or promote the formation

of non-toxic species during aggregation from the monomeric state (approach to prevention of



AD). Other small molecules have been investigated to remodel pre-existing toxic aggregates into
less toxic (or non-toxic) conformers (approach for AD therapy after acute disease onset has
already occurred). A very small subset of these small molecules investigated has advanced
through in vivo animal testing and on to clinical trials in humans, but no molecules have yet to
demonstrate both safety and efficacy for modifying AD in patients.’ Because of this, there still
remains a great need to identify new small molecule drug candidates and characterize their

interaction with the AP aggregation pathways.

To this end, the Kwon Research Group at The University of Virginia has been
investigating/characterizing two novel small molecules AP aggregation modulators and their
structural analogs as potential lead drug candidates — Erythrosin B (ERB) and Brilliant Blue G
(BBG). Multiple characteristics of ERB and BBG make them attractive drug candidates for
investigation. BBG and ERB both have been reported to cross the blood-brain barrier (BBB),
exhibit low toxicity in vivo, and are biocompatible.***® Furthermore, ERB and a close structural
analog of BBG, Brilliant Blue FCF, are FDA-approved for human use as food dyes.** 3" All of
these factors can potentially help to lessen resistance in the drug approval process as these
compounds are developed as therapies. From a chemical structure perspective, these molecules
are also attractive because they contain multiple aromatic ring structures and charged groups,

features believed to perturb pi-pi stacking in Ap aggregates and help with binding.’



Background and Theoretical Development - Monitoring Protein Aggregation In Vitro®

As mentioned previously, AD is closely associated with the aggregation and
accumulation of toxic amyloid-beta peptide (AB). These aggregates are eventually deposited
outside of the cells.”” ** Therefore, monitoring Ap peptide aggregation in vitro is an appropriate
and cost-efficient first step to understanding the molecular mechanism of AD 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 the dissertation

experiments using Ap40.

Protein aggregates in general have diverse structures, including disordered aggregates,
prefibril aggregates, and amyloid fibrils (Figure 1.2). Originally, insoluble fibrils were thought to
be the principal 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, prefibril aggregates (Figure 1.2)
have now emerged as the primary toxic species in several of these neurodegenerative protein
conformation diseases.*** Prefibril aggregates include the following conformers: prefibrillar
oligomers (globular aggregates lacking the ordered cross-stacked B-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 prefibril aggregates have become apparent. In addition, new techniques (or
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new uses of “traditional” techniques) have emerged to better characterize prefibril/oligomeric
aggregates and the effectiveness of proposed aggregation modulating 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.
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Figure 1.2 - General scheme of protein folding and misfolding/aggregation.

Molecular Probes for Aggregate Characterization

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
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the B-sheet groove structure of fibrillar protein aggregates.®® The use, binding sites, and binding

mechanisms of ThT with protein aggregates have been reviewed extensively.” *2

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.** % 2"
% However, ThT has also been found to bind prefibril aggregates that contain the B-sheet groove
binding site (fibrillar oligomers and protofibrils). Prefibril aggregates which contain the pB-sheet
structure have fewer binding sites than fibrils and so their fluorescence is lower, but still
observable (1.5 fold increase for prefibril 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 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.'? 273930

Because small molecule modulators were being studied in this dissertation work, ThT
fluorescence was used to monitor aggregation and verify fibril formation in the absence of any
small molecule, but could not be used to investigate modulating once the small molecules were

applied due to spectral interference issues.

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

24, 47, 49, 54

vitro (reviewed in ). CR binds to B-sheet rich structures present in amyloid fibrils®® and
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demonstrates a characteristic shift in the absorbance maximum from 490 to 540 nm and green

birefringence with crossed polarized light.*®

More recent studies have shed light on the use of CR toward examining prefibril
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 dissertation work to verify fibril formation or monitor aggregation

progression.

Antibody Dot Blot Assay

Because of the difficulty in obtaining high resolution crystal structures of protein
aggregates (prefibril 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 prefibril aggregates: A1l (recognizing prefibrillar oligomers but
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not fibrillar conformers;* OC (recognizing the cross-stacked B-sheet structure of fibrillar
oligomers, protofibrils, and fibrils;** and aAPF (recognizing annular protofibrils®}). These

conformational-specific antibodies have been extensively used and reviewed.® 22 2% 434956

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 prefibril aggregates compared to end-state conformers, preparing a homogeneous
sample of exclusively Al1, OC, or aAPF reactive (no cross reactivity) aggregates in vitro has
proven quite challenging, though preparations of homogeneous prefibril aggregates were
reported by a few research groups.” 2 2! Despite their success, non-physiological aggregation

% 20 \vere

conditions (low pH?®) or incomplete removal of pre-treatment disaggregation agent
employed in order to generate these homogeneous populations. Other groups who have applied
the OC and All conformational-specific antibodies have observed more non-homogeneous
populations, either in the form of fibrillar conformers populations containing significant A11-
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.
14



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 prefibril aggregates,
additional conformational-dependent antibodies are being developed to further characterize these
conformers. 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 A1l antibody.

Because this dissertation work focuses on fibrils, protofibrils, and prefibrillar oligomers,

the primary conformationally-specific antibodies used were OC and A11.

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

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 samples 2% 23 27 29, 30. 49, 50, 38, €0, 6469 gyt TEM and AFM provide information (both
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qualitative and quantitative) at the nanometer level of quaternary structure characteristics,

including the length, width, curvature, and surface features of protein aggregates (reviewed in *"

53, 70-74
).

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 required’®) and can be performed fairly
quickly,” the detection limit for smaller aggregates less than ~20 nm is fairly limited compared
to higher resolution techniques, 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 prefibril
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.*> ¢

75

Conversely, AFM provides sub-nanometer three-dimensional (including height) detection
of protein sample characteristics’® and is thus well-suited for studying smaller prefibril
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.™ ”’
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Because AFM and TEM are such complimentary techniques (each with their respective

strengths and weaknesses), both were used in this dissertation work as required.

Methods for Obtaining Secondary Structure Information on Protein Aggregate Species
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, p-turn, and disordered content) of protein aggregates in vitro.”® % % ® cp
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 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 AB peptide, 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 -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 reported that AP oligomers contain mostly random coil/disordered secondary

12

structure, 2 while others have reported these oligomers possessing prevailing parallel or
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antiparallel B-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.

47,53, 73, 74,80-82 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 B-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 structure have been reviewed.*”
8 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
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disordered/random coil proteins are often not included in these reference sets, caution should be
taken in interpreting CD spectra of disordered 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 or an acid. 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 dissertation work.

Dissertation Research Objectives

The overall goal of the Alzheimer’s Disease project in the Kwon Research Group at
University of Virginia is to characterize/investigate the capability of Erythrosin B (ERB),
Brilliant Blue G (BBG), and their structural analogs to modulate neurotoxic AP aggregates in the

ultimate pursuit of a novel, effective Alzheimer’s Disease-modifying therapy.

This general goal could be approached in several ways, each of which must be
investigated in the drug development process due to their inherent therapeutic relevance. First,
the small molecules could inhibit the formation of neurotoxic conformers and/or promote the

formation of non-toxic species during aggregation from the monomeric state (approach to
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prevention of AD). Conversely, the small molecules could remodel pre-existing aggregates in to
non-toxic conformers (approach for AD therapy after acute disease onset has already occurred).
Regardless of whether the small molecule is acting on preformed conformers or monomers, it is
hypothesized that the small molecules will antagonize A aggregation and neurotoxicity through
hydrogen bonding, pi-pi stacking between aromatic side-chains, electrostatic, and hydrophobic
interaction effects. As such, a long-term goal of this project is to elucidate these specific small-
molecule modulator interactions through structure-activity relationship analyses. This
investigation could lead to the discovery of a whole group of therapeutic candidates (with the

respective critical functional structures identified) that could strengthen the fight against AD.

In order to reach these long-term goals, several intermediate steps have to be performed

first in the roadmap. These are listed numerically below:

1. Assess binding and modulating activity of BBG and ERB on overall Ap monomer-to-
fibril aggregation pathway and neurotoxicity.

2. Structure-activity relationship analyses - Assess binding and modulating activity of BBG
and ERB structural analogs (with side chain substitutions) on overall Ap monomer-to-
fibril aggregation pathway and toxicity to elucidate important molecular structural
features.®®

3. Assess restructuring activity of BBG and ERB on preformed targeted AP aggregate
species (fibrils, protofibrils, and oligomers) to test effect from different end of
aggregation thermodynamic spectrum.

4. In vivo animal testing of drug candidates’ efficacy in a transgenic Alzheimer’s Disease

mouse model.
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Prior to me joining the Kwon Research Group, our lab had performed the following
characterization steps: 1) shown that ERB and BBG were effective modulators of AB40-

associated in vitro aggregation and toxicity from the monomer state®”

and 2) performed a
structure-activity relationship analysis of BBG’s structural analogs to reveal important structural

features for the compounds’ modulatory and binding effects on A monomers.®

In order to continue the development/characterization progress for these potential small

molecule therapeutics, the following specific dissertation research objectives were set forth.

1. In vitro structure-activity relationship analysis of ERB and structural analogs to
determine important molecular structural features required for molecular binding and
subsequent modulatory capacity of AP aggregation and neurotoxicity (from monomer
starting material).

2. In vitro investigation of ERB and structural analogs ligand binding sites on Ap target
peptide monomers.

3. In vitro comparative studies on the structural fates of mature, thermodynamically very
stable AB40 amyloid fibrils destabilized by BBG and ERB.

4. In vivo efficacy evaluation of BBG in a transgenic mouse model of Alzheimer’s Disease.
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Chapter 2: In Vitro Structure-Activity Relationship Analysis of Erythrosin B Analogs
Reveals That Halogenation Generates Effective Binders and Modulators of Amyloid-Beta

Monomer Aggregation and Neurotoxicity®
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Abstract

Halogenation of organic compounds plays diverse roles in biochemistry, including
selective chemical modification of proteins and improved oral absorption/blood-brain barrier
permeability of drug candidates. Moreover, halogenation of aromatic molecules greatly affects
aromatic interaction-mediated self-assembly processes, including amyloid fibril formation.
Perturbation of the aromatic interaction caused by halogenation of peptide building blocks is
known to affect the morphology and other physical properties of the fibrillar structure.
Consequently, in this chapter, we performed a structure-activity relationship analysis to
investigate the ability of Erythrosin B (ERB) analog halogenated ligands to bind and modulate
the self-assembly of the amyloidogenic amyloid-beta peptide (AB). Considering that four
halogen atoms are attached to the xanthene benzoate group in ERB, we hypothesized that
halogenation of the xanthene benzoate plays a critical role in modulating Ap aggregation and
cytotoxicity. Therefore, we evaluated the binding and modulating capacities of four ERB analogs
containing different types and numbers of halogen atoms as well as Fluorescein (FLN) as a
negative control. We found that FLN is not an effective modulator/binder of Ap aggregation and
cytotoxicity. However, halogenation of either the xanthene or benzoate ring of Fluorescein
substantially enhanced the binding and inhibitory capacity on AP aggregation. Such Ap
aggregation inhibition by ERB analogs except Rose Bengal correlated well to the inhibition of
AP cytotoxicity. To our knowledge, this is the first report demonstrating that halogenation of
aromatic rings substantially enhance inhibitory capacities of small molecules on Ap-associated

neurotoxicity via Ap aggregation modulation.
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Introduction

Halogenation has been widely used to provide organic compounds, including
biomolecules, with new properties. Introduction of aryl halides in to proteins allows chemical

modification via versatile palladium catalyzed cross-coupling reactions with terminal alkene or

91, 92 93, 94

alkyne reaction partners, and facilitates monitoring structural changes of protein.
Halogen groups are often inserted during hit-to-lead or lead-to-drug conversions for several
reasons, including enhanced antagonistic/agnostic effects due to improved oral absorption/blood-
brain barrier permeability.” Furthermore, it was reported that halogenation of aromatic
molecules greatly affects aromatic interaction-mediated self-assembly processes.”® Aromatic
interaction plays an important role in a broad spectrum of molecular self-assemblies.®® * |n
particular, aromatic interaction is considered one of the critical contributors to forming cross-
stacked B-sheet structure, so called, amyloid fibrillar structure.'® *** Planar aromatic interaction

stabilizes the fibrillar structure and determines the direction and orientation of amyloid fibrils.'%*

103 Therefore, perturbation of the aromatic interaction caused by halogenation of aromatic
building blocks affects the morphology and physical properties of the fibrillar structure. %
Herein, we have performed a structure-activity relationship analysis to investigate
whether halogenation of ligands can also affect binding and self-assembly of amyloid-beta
peptide (AB), which is implicated in Alzheimer’s Disease (AD). A pathological hallmark of AD
is the accumulation of insoluble protein aggregates, composed primarily of fibrillar AB
aggregates. According to the revised amyloid-cascade hypothesis, certain types of soluble AB
oligomers and protofibrils are more toxic than Ap fibrils and correlate well with dementia.® ** >

104 Therefore, modulation of AP aggregation using small molecules is considered a promising

way to eliminate AB associated toxicity. ® 23 3% 4659, 88,93, 105114 \nsa vecently reported that the red
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food dye, Erythrosin B (ERB), is a novel modulator of AB-aggregation in vitro and AP
neurotoxicity.”” The good biocompatibility and possibility of systemic administration make ERB
an attractive inhibitor of AB neurotoxicity.™™ *® Considering that ERB has multiple aromatic
rings attached to four electronegative halogen atoms (Figure 2.1), we hypothesized that the
modulatory capacity of ERB on AP aggregation is attributed to halogen atoms. In order to
validate our hypothesis that halogen atoms are key chemical structures for AP aggregation
modulation, we evaluated the modulating and binding capacities of four ERB congeners/analogs,
Eosin Y (EQY), Eosin B (EOB), Rose Bengal (ROB), and Phloxine B (PHB) (Figure 2.1), each
of which contains different types and numbers of halogen atoms. As a negative control, we also
evaluated Fluorescein (FLN), which has the same xanthene benzoate backbone as ERB but lacks
a halogen atom. If halogenation of aromatic rings is indeed effective in modulating Ap
aggregation and cytotoxicity, it will enhance our understanding of the molecular mechanism of
amyloid formation and facilitate discovery and design of a new series of halogenated small

molecule modulators of amyloidogenic peptides/proteins.
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PHB FLN

Figure 2.1 - Chemical Structure of Erythrosin B (ERB), Eosin Y (EOQY), Eosin B (EOB), Rose
Bengal (ROB), Phloxine B (PHB), and Fluorescein (FLN) at neutral pH.
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Materials and Methods

Materials

AP40 was purchased from Anaspec Inc. (Fremont, CA) and Selleck Chemicals (Houston,
TX). Human neuroblastoma SH-SY5Y cells were obtained from the American Type Culture
Collection (ATCC; Manassas, VA). Polyclonal A1l anti-oligomer and horseradish peroxidase
(HRP)-conjugated anti-rabbit 1gG antibodies were obtained from Invitrogen (Carlsbad, CA). 4G8
antibody was obtained from Covance (Dedham, MA). Polyclonal OC antibody and 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) was obtained from Millipore
(Billerica, MA). Nitrocellulose membranes and ECL advance chemiluminescence detection Kit
were obtained from GE Healthcare Life Sciences (Waukesha, WI). Eosin Y was purchased from
Acros Organics (Geel, Belgium). All other chemicals were obtained from Sigma-Aldrich (St.

Louis, MO) unless otherwise noted.

AP Aggregation

AB40 stock was prepared as described previously27’ 89

except the pretreatment using
hexafluoroisopropanol (HFIP). It has been reported that HFIP increases the a-helix content of a
protein and is a strong disaggregating solvent of AB.** % Lyophilized AP40 was dissolved in 100
% HFIP (1 mM) and incubated at room temperature for 2 hours. HFIP was evaporated under a
constant stream of nitrogen, and the peptide was reconstituted in phosphate buffered saline (PBS)
solution (10 mM NaH,PO, and 150 mM NaCl, pH 7.4) to a concentration of 50 uM. If needed,
the HFIP treated peptide was dissolved in 100 mM NaOH (2 mM ABR) prior to dilution in PBS.

Erythrosin B, Eosin Y, Eosin B, Rose Bengal, Phloxine B, and Fluorescein were dissolved in
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PBS. Concentrated dye stock solutions were added to the peptide solutions. The AB40 peptide

samples were incubated at 37 °C in the absence or in the presence of the dye.

Thioflavin T (ThT) Assay

5 uL of AP sample (50 uM) was dissolved in 250 pL of ThT (10 uM). Fluorescence was
measured in 96-well microtiter plates (Fisher Scientific, Pittsburgh, PA) using a Synergy 4 UV-
Vis/fluorescence multi-mode microplate reader (Biotek, VT) with an excitation and emission

wavelength of 438 nm and 485 nm, respectively.

Transmission Electron Microscopy (TEM)

TEM was performed as reported previously.?” # Ap samples (10 pL of 50 uM AB) were
placed on 200 mesh formvar coated/copper grids, absorbed for 1 minute, and blotted dry with
filter paper. Grids were then negatively stained with 2% uranyl acetate solution, blotted dry, and

then inspected with a JEOL 1010 Transmission Electron Microscope operated at 60 kV.

Dot Blotting

Dot blotting was performed as reported previously.*® 2" # 2 uL AB samples were spotted
onto nitrocellulose membranes and were dried at room temperature. A solution of 0.1 % Tween
20 in Tris-buffered saline (TBS-T) solution (0.1% Tween 20, 20 mM Tris, 150 mM NaCl, pH
7.4) was prepared. Each nitrocellulose membrane was blocked at room temperature for 1 hour (5
% milk TBS-T) and washed with TBS-T. Each membrane was then incubated with antibody
(HRP-conjugated 4G8, All, or OC antibody) in 0.5% milk TBS-T for 1 hour at room

temperature and washed with TBS-T. After immunostaining with HRP-conjugated 4G8, the
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membranes were coated with ECL advance detection agent (based on manufacturer
specifications) and visualized. Alternatively, all other membranes were incubated with HRP-
conjugated 1gG in 0.5 % milk TBS-T for 1 hour and washed with TBS-T. Signal detection was
performed as aforementioned using the ECL Advance Detection kit and was visualized using a
Biospectrum imaging system (UVP, Upland, CA). HRP-conjugated 4G8 and OC were applied at

a 1:25000 dilution while A11 and HRP-conjugated IgG were applied at a 1:10000 dilution.

MTT Reduction Assay

MTT reduction assay was performed as reported previously.?” ¥ SH-SY5Y cells were
cultured in a humidified 5 % CO2/air incubator at 37 °C in DMEM/F 12:1:1 containing 10 %
fetal bovine serum and 1 % penicillin-streptomycin. 20000 to 25000 cells were seeded into each
well of a 96-well microtiter plate (BD, Franklin Lakes, NJ) and allowed to acclimate for 3 days.
10 uL of AP sample was added to each well and incubated for 2 days. The cells were washed by
replacing the culture media with fresh media and incubating for 1 hour. The wash media was
replaced with fresh media. 10 uL of MTT was added to each well and incubated in the dark for 6
hours at 37 °C. After incubation, reduced MTT was dissolved with 200 pL of dimethylsulfoxide
(DMSO). After reduced MTT dissolution, the absorbance was measured at 506 nm using a

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

Circular Dichroism (CD)
CD analysis of AP samples was performed as described previously.13’ 147, 118 AP sample
was diluted 1:10 using double distilled water. Samples were measured using a Jasco J710

spectropolarimeter with a 1 mm path length. The reported spectrum for each sample was the
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average of at least 5 measurements and the background was subtracted using appropriate
controls. In case of samples containing any dye, the background spectra were obtained using

controls containing only dye at the same concentration.

AP Binding Assay

The binding of ERB, EOY, ROB, PHB, and FLN to AB40 was assessed using modified
assays based on emission fluorescence quenching techniques described in the literature.'%'?
The concentration of each of the dyes was fixed at 20 uM. In order to evaluate fluorescence
quenching of the dye upon binding to AB40, AB40 was mixed with the dye in a final
concentration of 0 to 25 uM in citrate buffer at pH 4.5. The excitation wavelengths used are as
follows: ERB — 317 nm, EOY — 480 nm, ROB — 510 nm, PHB — 500 nm, and FLN — 432 nm.
The emission wavelengths where the data were collected are as follows: ERB — 548 nm, EQY —
536 nm, ROB — 565 nm, PHB — 555 nm, and FLN — 512 nm. With FLN, fluorescence quenching
was also investigated due to binding to bovine serum albumin (BSA - New England Biolabs,
Ipswich, MA) by mixing with FLN in a final concentration of 0 to 25 uM BSA in citrate buffer
at pH 4.5. Where appropriate, the dissociation constant, Ky, was determined using non-linear
regression curve fitting to Eg. 1 shown below. In Eq. 1, n is the number of binding sites, and [D]
is the molar concentration of free dye.

n[D]

Al=—nr
K, +[D]

Eq. 1

Where, n is the average number of dye molecules bound to protein/peptide molecule and

thus is calculated as shown in Eq. 2.
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Eqg. 2

And, [Dy] and [P are the total molar dye (set at 20 uM) and AB40 concentrations,
respectively, and X is the fraction of dye bound to AB40 at each AB40 concentration, calculated
as shown in Eq. 3. In Eq. 3, Firee, Fobs, and Fo correspond to the free 20 uM dye fluorescence,
fluorescence observed at a certain AB40 concentration, and the fully quenched fluorescence

values, respectively.

Ffree - Fobs
X = e~ Tobs Eq. 3
Fo. — F,

free

We assessed the binding of EOB to AB40 and BSA, using an absorbance technique

123 the absorbance

described in the literature based on the observation that upon protein binding,
maximum of EOB shifts from 514 to 530 + 5 nm. The concentration of EOB was fixed at 20 uM.
APB40 and BSA concentrations were varied from 0 to 60 uM and 0 to 25 uM, respectively, and

the absorbance was measured at 530 nm. Citrate buffer at pH 4.5 was also used for the EOB

binding assay.
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Results and Discussion

ERB, EOY, and PHB Substantially Inhibit Ap-Associated Cytotoxicity

In order to evaluate the modulation capability of ERB and its analogs (EOY, EOB, PHB,
and ROBY), we employed the widely-used MTT reduction assay.” 2" %% 8 124125 Ag a50repates
were prepared by incubating AP monomers with or without 3x ERB analog. In the absence of
any ERB analog, AP aggregation was monitored by ThT fluorescence assay. The ThT
fluorescence of AP aggregates started to increase at day 4 and reached the plateau at day 6
(Figure 2.2A), indicating that AP protofibrils and fibrils were primarily formed from day 4. In
order to evaluate cytotoxicity of AP aggregates containing AP intermediates, we chose AP
samples incubated for 5 days in the absence or presence of 3x ERB analog. The preformed AP
aggregates were then administered to neuroblastoma SH-SY5Y cells, and cell viability was
determined by MTT reduction (Figure 2.2B). We determined whether Ap monomer or ERB
analog with no peptide is cytotoxic to neuroblastoma SH-SY5Y cells, and the results are shown
in Figure 2.2B. AP monomers (5 uM) caused a mild reduction (11%) in the cell viability. All
ERB analogs (15 puM) except ROB also caused only mild reduction in the cell viability ranging
from 0 to 8%. However, 3x ROB substantially reduced the cell viability (34%). ROB has been

tested to ablate certain types of cancer cells including melanoma,*?® *#/

and so it is not surprising
that ROB is cytotoxic to SH-SY5Y cells.

Next, we determined the cytotoxicity of Af monomers incubated with or without ERB
analog for 5 days, and the results are shown in Figure 2.2B. 5 uM of AP aggregates without any
ERB analog (A control) substantially reduced the cell viability to 63%. Co-incubation of Af
monomers in the presence of 3x EOB (15 pM) resulted in an SH-SY5Y cell viability of 65%,

which is not significantly different from that of AP control. However, co-incubation of Af
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monomer with 3x ERB, EOY, or PHB significantly increased the cell viability (around 21%). In
the presence of 3x ROB, cell viability was 70%, which is only 7% higher than that of the AP
control. The MTT reduction assay results clearly indicate that 3x ERB, EQY, and PHB can
substantially inhibit Ap-associated cytotoxicity, but 3x EOB cannot. The AP monomers
incubated with 3x ROB (15 puM) led to a substantial reduction in the cell viability (30%).
However, since 3x ROB alone (no AB) was intrinsically toxic and led to a similar reduction in
cell viability (34%), it is difficult to gauge the effect 3x ROB co-incubation had on AB-induced
cytotoxicity. In order to clarify this, we repeated the MTT cell viability assay, this time
comparing the results obtained using 2.5 uM and 5 uM AP, both with corresponding
concentrations of 3x ROB (7.5 uM and 15 pM, respectively — Figure Al; Panels A and B in
Appendix A). Since the ThT fluorescence of the AP aggregates reach a plateau at day 6, the AP
aggregates in day 3 were used as AP intermediate controls. When 5 uM AP and 15 uM ROB
were used, we again observed a substantial reduction in cell viability upon the addition of 3x
ROB alone (P < 0.05) and AP intermediate controls compared to AR monomer and PBS samples
(Figure Al; Panel A). However, when concentrations of 2.5 uM AP and 7.5 uM ROB were
applied to the cells, the intrinsic cytotoxicity of ROB alone (no AP) was greatly reduced to
approximately the level of the Ap monomer control (Figure Al; Panel B). These results allowed
us to interpret the true effect ROB had on AB-induced toxicity. Similar to EOB, co-incubation of
AP monomers with 3x ROB for 3 days did not significantly alleviate the Ap-associated
cytotoxicity displayed by the AP intermediate control (P > 0.05). Next, in order to investigate the
effect that dye binding to AP had on Ap-associated toxicity, AP intermediates from day 3 of
aggregation were mixed with 3x ROB and immediately added to the SH-SY5Y cells. As with the

ROB co-incubation, the results showed that ROB binding to AB did not alleviate the associated
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toxicity (P > 0.05) (Figure Al). In addition, since the AP intermediates mixed with 3x ROB
immediately prior to addition to the cells showed similar cell viability to the AP intermediate
control, we concluded that the intrinsic toxicity of ROB and Ap are not additive.

It should be noted that careful execution of the MTT reduction assay and interpretation of
the results is required due to several factors. The first potential issue is that of AB-induced
expedited exocytosis of the reduced MTT. Several reports showed that Ap aggregates can export
the reduced MTT and so promote the crystalline form of the reduced MTT deposit on the cell

surface leading to a reduced MTT uptake."**®

In our previous studies, there was a good
correlation between a MTT reduction and another viability assay based on Alamar blue reduction
8 Therefore, we considered that the MTT reduction assay is a valid viability assay on the cell
line and AP preparation method used in this study. The second issue relates to potential
interference effects that the dyes investigated in this study might have on the final results
obtained from the cell viability MTT assay (itself a color-based test). In order to minimize this
potential interference by removing the dyes prior to reading the MTT signal, all viability assays
incorporated thorough washing steps, as detailed in the Methods section above. To validate the
washing steps conducted, the fraction of each original dye amount remaining in the culture plate
wells after thoroughly washing the cells using the MTT protocol was quantified. The results
showed that less than 3% of the original dye amounts remained in the wells after washing (Table
Al in Appendix A). Next, we quantified the interference effect these residuals might have on the
final MTT absorbance. Our results showed that the interference was less than 5% for all dyes
(Table Al in Appendix A), which is consistent with the intrinsic uncertainty of the MTT assay (4
to 6%) in Figure 2.2B and Figure Al in Appendix A, indicating that the dyes do not cause

significant spectral interference in the MTT assays.
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By correlating the chemical structures of ERB analogs and their inhibitory capacities on
AP cytotoxicity, we deduced the following. First, EOY, which contains four bromine atoms in
the same locations as the four iodine atoms in ERB, exhibited similar inhibitory capacities on Ap
cytotoxicity as ERB. However, EOB, which contains two nitro groups in the place of the two
bromine atoms in the xanthene group of EQY, did not show any significant inhibitory capacity
on AP cytotoxicity. Therefore, these findings clearly indicate that either bromine or iodine atoms
in the two positions of xanthene group are critical for AP cytotoxicity inhibition. Second, PHB,
which contains four extra chlorine atoms in the benzoate ring structure present in EQY, exhibits
significant inhibitory capacities on A cytotoxicity (similar to EOY). The third conclusion we
made was in regards to ROB, which did not eliminate AB-associated cytotoxicity. ROB differs
from ERB in that it is outfitted with four extra chlorine atoms in the benzoate ring and differs
from PHB in that the bromine atoms on the xanthene group are replaced with iodine. The ROB
results clearly indicate that not only the presence, but also the specific position of the

halogenation, are important in determining the potency in inhibiting AB-cytotoxicity.
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Figure 2.2 - Monitoring AP aggregation by ThT fluorescence assay and measuring Ap-associated
cytotoxicity using MTT reduction assay. (A) Time course of ThT fluorescence of AP samples. 50 uM
of AR monomer was incubated at 37 °C. 5 pL of AP sample was taken daily for 8 days for ThT
fluorescence analysis. ThT fluorescence was measured in arbitrary units (a.u.). Values represent means +
standard deviation (n = 3). (B) Viability of neuroblastoma SH-SY5Y cells incubated with ERB analog
controls and preformed AP samples in the absence or presence of ERB analog. Preformed AP aggregates
were prepared by incubating 50 uM of AB monomer in the absence or presence of ERB analog (EOB,
PHB, EQY, ERB, or ROB) at 37 °C for 5 days. Aggregates were then administered to SH-SY5Y cells at a
final concentration of 5 puM. After 48 hours, MTT reducing activity was measured. Values represent
means =+ standard deviation (n > 3). Values are normalized to the viability of cells administered with PBS
only. Two-sided Student’s t-tests were applied to the MTT reduction data of AP aggregates in the
presence of ERB analog at day 5 compared to that of the AP only control. (NS; Not significant, *; P <
0.001, **; P < 0.05).
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AP Monomers Aggregate to Form Prefibrillar and Fibrillar Aggregates

In order to determine whether AP cytotoxicity inhibition by ERB analogs is associated
with AP aggregation modulation, we characterized the AP aggregates formed in the absence or
presence of each ERB analog using CD, TEM, and dot-blot assays. CD analysis has been widely
used to monitor secondary structure changes of proteins.® ** 31 13 The CD spectrum of Ap
monomer did not exhibit any spectral feature of a-helix and B-sheet, but showed typical features
of dominantly disordered structure (Figure 2.3A). The CD spectrum of AP aggregates at day 5
exhibited the typical signatures of -sheet structure, including a minimum at 217 nm (Figure
2.3A), which indicate that disordered AP monomers aggregated into B-sheet rich fibrillar
aggregates. The TEM image of AP monomers incubated for 5 days also clearly show the
existence of the AP aggregates consisting of protofibrils and short fibrils (Figure 2.4; Panel AB
only). Recently, dot-blotting with AB-specific antibodies has been widely used to detect the
spectrum of AP aggregates with different conformations.® * 2% 42 110.133. 134 5 s 3 polyclonal
antibody that reacts with neurotoxic fibrillar oligomers, protofibrils, and fibrils.> ** It was shown
that AB-associated toxicity could be eliminated by reducing the OC-reactive species.” Dot-blot
assay using the OC antibody confirmed the existence of fibrillar structure at day 5 (Figure 2.5;

Panel OC). 4G8 is an Ap-sequence-specific monoclonal antibody****%®

of which epitope is
known to be residues 17 to 24 of AP. During transition from monomers to fibrils, B-sheet
stacking buries the 4G8 epitope and ultimately limits 4G8 antibody access to the epitope leading
to a significant reduction in the 4G8 reactivity.?” *® % Therefore, the reduction in 4G8 reactivity
of AP aggregates at days 5 and 6 can be attributed to the formation of fibrils and the lateral fibril
stacking (Figure 2.5; Panel 4G8). All is a polyclonal antibody that reacts with disordered

prefibrillar aggregates.® The weak All-reactivity of the AP aggregates at day 5 indicate that
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content of disordered prefibrillar A aggregates was low (Figure A2 in Appendix A). Therefore,
the CD, TEM, and dot-blot results using AB-specific antibodies clearly show that the AP

aggregates at day 5 mainly consist of fibrillar aggregates including protofibrils and short fibrils.
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Figure 2.3 - CD spectra of Ap monomer and preformed AP aggregates. (A) CD spectra of AP
monomer, AP aggregates formed in the absence or presence of 10x EOB or PHB for 5 days at 37 °C. (B)
CD spectra of AP aggregates formed in the absence or presence of 10x EOY, ERB, or ROB for 5 days at
37 °C.
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AB only
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Figure 2.4 - TEM images of 50 pM Ap incubated for five days at 37 °C in the absence of any dye
(AP only), or in the presence of 3x EOB, EOY, PHB, ERB, or ROB. Scale bar is 100 nm.
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Figure 2.5 - Modulation of Ap aggregation by ERB and ERB analogs. 50 uM of A monomer was
incubated at 37 °C in the absence (AB only) or presence of 3x and 10x ERB analogs (EOB, EOY, ERB,
ROB, and PHB) for up to 6 days. For each antibody, all samples were spotted onto one nitrocellulose
membrane. Each membrane was immunostained with the OC or 4G8 antibody. For clearer presentation of
the data, the sections of each membrane were cut and re-arranged.
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EOB Does Not Modulate Ap Aggregation, but PHB Substantially Inhibits AB Aggregation

Next, we characterized the AP aggregates formed in the presence of 3x or 10x EOB. The
CD spectrum of AP aggregates formed with EOB exhibits dominant -sheet structure, possibly
fibrillar structures, similar to that of A control (Figure 2.3A). The TEM images also show that
the EOB-induced AP aggregates have protofibrils and short fibrils similar to the AB control
(Figure 2.4; Panels EOB and A only). Furthermore, the EOB-induced AP aggregates exhibit
immuno-reactivity against OC-, 4G8-, and All-antibodies similar to those of the AB control
from days 0 to 6 (Figure 2.5; Figure A2 in Appendix A). The CD, TEM, and dot-blot assay
results clearly indicate that the co-incubation of EOB with A monomer does not substantially
affect AP aggregation process, which is consistent with the MTT reduction results showing that
the cytotoxicity of the EOB-induced AP aggregates was comparable to that of AP control (Figure
2.2B). These findings indicate that addition of two nitro groups and two bromine atoms to
xanthene benzoate does not enhance modulatory capacity on AP aggregation and cytotoxicity.
However, considering the possibility of negative effects of two nitro groups on the modulatory
capacity of halogenated xanthene benzoates, we also tested the other xanthene benzoate
derivatives which contain only halogen atoms.

In case of PHB, the CD, TEM, and dot-blot assay results clearly indicate that co-
incubation of AR monomer with PHB significantly inhibits the Ap aggregation process (Figures
2.3A, 2.4, and 2.5). First, the CD spectrum of the A monomers co-incubated with PHB for 5
days do not show any typical features of a-helical and -sheet structure, strongly indicating that
the PHB-induced AP species have disordered structure (Figure 2.3A). In the TEM image of the
PHB-induced AP species, no AP aggregates were observed (Figure 2.4; Panel PHB), indicating
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no large molecular weight aggregates are present in the A sample. Since no aggregates were
detected in the TEM image, the dot-blot assays using fibrillar or disordered oligomer-specific
antibodies (OC- or All-antibodies) were employed to monitor formation of Ap oligomers. The
AB monomers co-incubated with either 3x or 10x PHB exhibit neither OC- nor All-reactivity,
indicating that the PHB-induced AP species were neither fibrillar nor disordered prefibrillar Ap
oligomers (Figure 2.5 Panel OC; Figure A2 in Appendix A). Therefore, the TEM, CD, and dot-
blot assay results strongly support the idea that co-incubation of PHB significant inhibits
formation of any AR oligomers/higher molecular weight aggregates, but allows maintaining A
monomer-like structural features. Considering that AR monomer is known to be a non-toxic

species,® 2" &

the substantial reduction of Ap-associated cytotoxicity by co-incubating Ap
monomer with PHB can be attributed to the AB monomer-like structure of the PHB-induced A

species.

EOY, ERB, and ROB Substantially Inhibit Fibrillar Structure Formation

We then characterized the AB aggregates formed in the presence of 3x or 10x EQY,
ERB, or ROB. The three CD spectra of the Ap aggregates formed with one of the three ERB
congeners (10x EQY, ERB, and ROB) were almost overlapped (Figure 2.3B), indicating that the
secondary structure contents of the AB aggregates are similar. The negative ellipticity value over
all ranges of wavelength and the strong negative ellipticity values below 200 nm indicate the
typical features of denatured proteins®*® or disordered AR aggregates induced by small
molecules.” *° Therefore, the CD analysis results support the idea that the three A aggregates

formed with EQOY, ERB, and ROB have an increased disordered structure content but a
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decreased [-sheet structure (possibly fibrillar structure) compared to Ap control. However, the
overlapped CD spectra of the AB samples with the three 10x dyes make it difficult to determine
relative Ap-aggregation modulating capacities of the three dyes. Therefore, the CD spectrum of
the AP aggregates formed with a lower concentration (3x) of EOY, ERB, or ROB was also
obtained (Figure A3 in Appendix A). The estimated -sheet content, possibly fibrillar structure,
of the AR samples with the three dyes based on the ellipticity value around 217 nm is in
descending order of EOY, ERB and ROB. The TEM images of the three A3 aggregates formed
with EQY, ERB, and ROB also show that the morphology of the three AP aggregates are quite
different from that of Ap control (Figure 2.4). The EOY-induced AP aggregates are primarily
small protofibrils in the length of 20 to 40 nm and a small portion of ~ 100 nm straight
protofibrils (Figure 2.4; Panel EOY), whereas the AP control mainly consisted of protofibrils and
fibrils in the length of > 300 nm (Figure 2.4; Panel AB only). The ERB-induced AP aggregates
are curvilinear aggregates protofibrils, suggesting that the disordered structure content is higher
than that of the AB control (Figure 2.4; Panel ERB). The ROB-induced AB aggregates also
appeared as curvilinear protofibrils, but are thinner than the ERB-induced AP aggregates (Figure
2.4; Panel ROB). Dot-blot assays using the OC and A1l antibodies were employed to estimate
the relative amount of fibrillar and prefibrillar aggregates in the Ap samples. At day 5, the EOY-
, ERB-, and ROB-induced A aggregates were in descending order of OC-reactivity (Figure 2.5;
Panel OC), which is quite consistent with the trend found in the CD analysis (Figure A3 in
Appendix A). In contrast, the ROB-, ERB-, and EOY-induced AP aggregates were in the
descending order of All-reactivity (Figure A2 in Appendix A). Since the ROB-induced AP

aggregates exhibit very high All-reactivity, we investigated whether there was any spectral
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interference of all ERB analogs with the dot-blot assay using the All antibody. The ERB
congeners alone as well as the All-reactive AP aggregates were spotted to a nitrocellulose
membrane and then the All-reactivity of the samples was determined. Only ROB exhibits a
significant All-reactivity comparable to those of AB samples (Figure A4 in Appendix A).
Therefore, caution should be taken to interpret All-reactivity of A samples containing ROB.
None of the ERB congeners exhibit a significant immuno-reactivity against the OC and 4G8
antibodies (data not shown). The decrease in the OC-reactivity of the ERB analogs can be
directly interpreted as a decrease in the fibrillar structure content, but the increase in the Al1l-
reactivity of the ROB-induced should not be interpreted as an increase in the prefibrillar content.

For all three ERB congeners (EOY, ERB and ROB), the CD spectra, TEM images, and
dot-blot assay using OC-antibody clearly indicate that there was a substantial of reduction in the
fibrillar structure. Combined with the MTT reduction assay results (Figure 2.2B), such a
reduction in the fibrillar structure can be attributed to a reduction in the Ap-associated
cytotoxicity for EOY and ERB. Although the All-reactivity of the ROB-induced AP aggregates
is greater than that of the Ap control, the All-reactivity is most likely overestimated. It is also
interesting to note that even though ROB did not reduce AB-associated cytotoxicity in the MTT

assay, these results show that it is clearly a potent inhibitor of the Af-aggregation.

FLN Does Not Effectively Modulate Ap Aggregation and Cytotoxicity

Investigating the modulatory capacities of ERB congeners on AP cytotoxicity and
aggregation reveals that even a subtle change in their chemical structure from the ERB structural
template can affect their modulatory capacities. In order to further validate our hypothesis that

the modulatory capacities of the ERB congeners are related with the presence of halogen atoms,
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we also evaluated the modulatory capacities of FLN as a negative control without any halogen
atoms (Figure 2.1). The CD spectrum of the FLN-induced AP aggregates clearly exhibits the
typical features of 3-sheet rich structure (Figure 2.6A). The TEM image of the FLN-induced A
aggregates also indicates that protofibrils and fibrils are dominant species similar to the Ap
control (Figure 2.6B). Furthermore, the OC-reactivity of the Ap aggregates formed with FLN at
days 5 and 6 are very comparable to those of the Ap control (Figure 2.6C), indicating that the
FLN-induced AP aggregates had fibrillar aggregates as much as the AP control. The 4G8-
reactivity of the FLN-induced AP aggregates with FLN remained unchanged up to day 7,
whereas the 4G8-reactivity of the AB control dropped after day 5. Such a slightly higher 4G8-
reactivity of the FLN-induced AP aggregates after day 5 is likely because the FLN-induced
fibrils are not laterally stacked and so allow the 4G8 binding to its epitope better than the Ap
control. The CD, TEM, and dot-blot assay results conclusively demonstrate that FLN does not
modulate the AP aggregation as much as EOY, ERB, or ROB.

Next, we investigated whether FLN affects the ApB-associated cytotoxicity. Similar to the
ERB analogs, AB monomers were incubated in the absence of or presence of FLN for 5 days,
and the resulting aggregates were subjected to the MTT reduction assay. The viability of the
SH-SYS5Y cells treated with the AP control (5 uM) was 66% (Figure 2.6D). Co-incubation of the
AB monomer with FLN led to a small increase in the cell viability (6%) (Figure 2.6D), but the
difference was only marginally significant (P = 0.013), while ERB, EQOY, and PHB led to a
substantial increase in the cell viability (P < 0.001). The MTT assay results indicate that FLN did
not substantially eliminate AB cytotoxicity, which is consistent with the fact that FLN did not

modulate AP aggregation.
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Figure 2.6 - Modulation of Ap aggregation and cytotoxicity by FLN. (A) CD spectra of Ap monomer
incubated for 7 days at 37 °C in the absence (A aggregate) or presence of 10x FLN (FLN). (B) TEM
images of 50 uM AP incubated for seven days at 37 °C in the absence of any dye (AP only), or in the
presence of 3x FLN. Scale bar is 100 nm. (C) Dot blot images of AP aggregates formed without (AP
only) or with 3x and 10x FLN using OC and 4G8 antibodies. For each antibody, all samples were spotted
onto one nitrocellulose membrane. Each membrane was immunostained with the OC or 4G8 antibody.
For clearer presentation of the data, the sections of each membrane were cut and re-arranged. (D)
Viability of neuroblastoma SH-SY5Y cells. Three controls (PBS buffer, Ap monomer, and FLN) and two
AP aggregates formed in the absence or presence of 3x FLN at 37 °C for 5 days. Values represent means
+ standard deviation (n > 3). Values are normalized to the viability of cells administered with PBS buffer
only. Two-sided Student’s t-tests were applied to the MTT reduction data. (*; P = 0.013).

47



Halogenation of Xanthene Benzoate Generates Efficient Binders of Ap

Having discovered from the CD, TEM, and dot-blotting results that ROB, PHB, ERB,
and EOY (but not EOB and FLN) are potent inhibitors of Af aggregation, we then investigated
possible correlations between these inhibition results and the binding affinity of the dyes to AP.
Dissociation constant (Kq4) values and the number of binding sites were calculated for ROB,
PHB, ERB, and EOY using fluorescence quenching of 20 UM concentrations of the dyes upon
binding to AP (Table 2.1). Intriguingly, the FLN (negative control lacking halogen atoms)
quenching results showed that FLN is an exceptionally weak binder of AP, with less than 3% of
the dye bound even in the presence of an excess molar concentration of 25 uM AP (Figure A5;
Panel A in Appendix A). In order to maintain consistency with the other five small molecules,
our first preference was to employ a similar fluorescence quenching technique to assess the
binding of 20 uM EOB (analog of EOY with replacement of the two bromine atoms close to
benzoate group in EOY with two nitro groups) to AB40. Despite varying reports in the literature

about the fluorescence of the EOB molecule™'**#

and trying various solvents and pH conditions
(acids, bases, alcohols), in our hands, the EOB fluorescence was too low for use in the quenching
assay. Therefore, we employed an assay based on the characteristic shift in the absorbance
maximum of EOB upon protein binding. The results showed that like FLN, EOB is a weak
binder of AP, with less than 3% of the dye bound even in the presence of an excess molar
concentration of 25 uM AP (Figure A5; Panel B in Appendix A). The number of binding sites on
AP40 for the four dyes (RRB, EOY, ROB, and PHB) ranges between 1.5 and 2, suggesting that

these dyes can interact with multiple sites of AB40. The multiple binding sites may explain

different properties of the AP aggregates induced by the dyes.
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Since EOB and FLN displayed very poor binding to A and were also poor inhibitors of

AP aggregation, it clearly demonstrates that halogenation is very effective in generating

molecules that tightly bind and consequently modulate the aggregation of Ap.

Table 2.1 - Binding properties of ERB analogs to AB40 monomers.

Dye (20 uM) ERB EQOY PHB ROB EOB FLN
Dissociation Poor Poor
3.35 0.14 0.89 1.36 . .
constant (uM) binding | binding
Number of Poor Poor
binding sites 21 L4 14 20 binding | binding

Poor binding: less than 3% of the dye bound to 25 uM AB40
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Heavy Halogen Atoms Play a Key Role in Modulating Ap Aggregation

Taken together, the TEM, CD, dot-blot, dye binding, and MTT reduction assay results
indicate that FLN (negative control) without any halogen atom does not bind and modulate the
AP aggregation and cytotoxicity, whereas ERB congeners (ERB, EOY, PHB) containing
multiple halogen atoms substantially modulated the AP aggregation and effectively reduced the
AP cytotoxicity. Considering that FLN has a polyphenol-like structure but is a very poor AB
aggregation modulator, the molecular mechanism underlying the Ap aggregation modulation by
ERB congeners was different from those of polyphenols. The assay results strongly support the
idea that halogen atoms in the ERB congeners play an important role in the modulating AB
aggregation, and in the case of ERB, PHB, and EQY, ultimately AP cytotoxicity. Having
established this, the next issue becomes determining which specific features of halogen atoms are
critical in modulating the Ap aggregation.

From the CD, TEM, and dot-blot results of FLN and ERB analogs, several trends were
found. First, the electronegativity of the halogen atoms/functional groups attached to xanthene
group play an important role in Ap aggregation modulation. Although the results clearly show
that EOY (which has four bromine atoms attached to the xanthene group) and ERB (which has
four iodine atoms attached to the xanthene group) are both potent inhibitors of AP fibril
formation, ERB was slightly more effective than EOY at reducing the formation of fibrillar
structures in the dot blotting and TEM assays. Furthermore, when the two bromine atoms close
to the benzoate group in the EQY structure are replaced with the two nitro groups in EOB, the
inhibitory capacities of the small molecule on AP fibril formation are eliminated. Therefore, the

order of AP fibril formation inhibitory capacity by xanthenes constituent group is | (ERB) > Br
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(EOY) > NO, (EOB). Because of this, either the electronegativity or size of the functional group
attached to xanthene ring can be attributed to the inhibitory capacity of the ERB analogs. The
order of the electronegativity and size of three atoms/groups is NO, > Br > | or NO, > | > Br,
respectively. Therefore, we concluded that the inhibitory capacities are inversely proportional to
the electronegativity of functional group attached to xanthene group rather than size, which is
consistent with the recent findings on organofluorine Ap aggregation inhibitors.**° Second, PHB
and ROB (both of which contain four chlorine atoms on the benzoate group in addition to
xanthenes group structures of EOY and ERB, respectively) led to the potent inhibitory capacities
on AP aggregation compared to the non-halogenated control molecules, EOB and FLN. This
indicates that either polarity change or steric hindrance caused by four chlorine atoms added to
the benzoate group resulted in the enhanced inhibitory capacities. However, ROB does not
reduce AP cytotoxicity, suggesting that both the location and type of halogen atoms on the
xanthene benzoate affects the extent of AP cytotoxicity inhibition.

Despite the two bromine atoms attached to xanthene benzoate group, EOB is not an
effective modulator of AP aggregation and cytotoxicity, Alternatively, we speculate that two
nitro groups in EOB offset the positive effects of two bromine atoms on the modulatory capacity.
Although more studies are required to clearly understand why EOB is not an effective
modulator, other halogenated xanthene benzoates without any nitro group clearly exhibited the
enhanced modulatory capacity on AP aggregation over the xanthene benzoate without any

halogen atom (FLN).
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Conclusion

In this chapter, our structure-activity relationship investigation has conclusively
established that ERB and two ERB analogs (EOY and PHB) effectively reduce Ap-associated
neurotoxicity by modulating AP aggregation. In the case of ROB, while modulating capacities of
ROB on AP aggregation are prominent, it was not capable of alleviating A-associated
neurotoxicity. Comparative studies of ERB and ERB analogs on modulation of AP aggregation
and cytotoxicity revealed that FLN is not an effective modulator, but adding four heavy halogen
atoms (either Br or 1) to the xanthene group substantially enhanced the modulatory capacities on
AP aggregation and cytotoxicity. Adding four Cl atoms to the benzoate group also significantly
enhanced the AP aggregation modulation. In particular, co-incubation of PHB, which contains
four bromine atoms in the xanthene group and four chlorine atoms in the benzoate, generates
low-molecular-weight AP species with disordered structure similar to A monomer, which
makes PHB a unique AP aggregation modulator. Considering that halogen atoms play an
important role in modulating AP aggregation and cytotoxicity, ERB analogs are considered a
new type of AP modulators, halogenated small molecules. To our knowledge, this is the first
report demonstrating the heavy halogen atoms added to multiple aromatic rings can confer
inhibitory capacities on Ap-associated cytotoxicity. Our studies can open a door to convert a
poor A aggregation modulator into an effective one by adding heavy halogen atoms and serves
as guidance to discover or design novel AP aggregation modulators. Considering that ERB
analogs are effective modulators of a-synuclein aggregation implicated in Parkinson’s disease'*
and ERB itself is effective at destabilizing preformed AP fibrils (covered in Chapter 4),*
halogenation of small molecules might be a general way to obtain effective modulators of other
amyloidogenic  peptides and  proteins at  multiple stages in  aggregation.
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Chapter 3: Creation and Use of an In Vitro Ligand Binding Site Identification Method to
Characterize Erythrosin B and Structural Analogs Ligand Binding Sites on AP Target

Peptide Monomer
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Abstract

Numerous small molecule modulators of amyloid-beta (AP) aggregation and
neurotoxicity have been identified with the ultimate goal of Alzheimer’s Disease (AD) treatment.
Determining binding sites of these modulators on AP is an important topic in the mechanistic
understanding of AD pathology and drug development. However, AB binding sites have been
reported for only a very limited number of AB modulators, because of highly specialized and
expensive equipment/materials or lack of folded structure of Ap. In this chapter, we developed a
convenient method for determining ligand binding sites on AP using dot blot immunostaining
with a panel of Ap sequence-specific antibodies. To validate our technique, we first examined
one ligand (Congo Red), with known binding sites, which yielded consistent results with
previous findings. Then, using the same technique, binding sites on AP were investigated for
Erythrosin B (ERB) and three other halogenated xanthene benzoate structural analogs, Phloxine
B (PHB), Rose Bengal (ROB), and Eosin Y (EQY). This analysis revealed a common locus,
amino acids 10-16, as an important strong binding region. The identified ligand binding sites
were also confirmed by a separate fluorescence quenching-based binding assay using a panel of
overlapping AP fragments. The technique described here greatly increases researchers’ ability to
determine AP binding site of ligands and to screen for new ligands that bind specific amino acid
regions on AB. More broadly, this technique has a great potential for determining ligand binding

sites on other target peptides/proteins associated with neurodegenerative disease.
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Introduction

The identification of ligand binding sites on a target protein/peptide is a topic of great
interest to chemists and biologists alike. The biological function of many proteins is defined by
the specific interaction with molecules in the micro-environment.**? Therefore, knowledge about
where and how ligands bind can provide valuable insight in to a target protein’s function(s) on a
mechanistic level.'*® This is especially important in the post-genomic era where 40% of proteins
in the Protein Data Bank (PDB) with a 3D structure lack biological ligand-binding

information.*

Beyond a basic understanding of native function, knowledge of a protein’s ligand
binding site is crucial for rational, structure-based design of inhibitors or activators to alter the
protein’s activity.'*® In the realm of pharmaceutical development, many proteins implicated in
diseases have known amino acid regions representing active sites, allosteric sites, “druggable”
binding pockets, and/or “hot spots” that themselves are the actual targets for drug discovery
using high-throughput ligand screening.***™*® From the opposite point of view where there exists
a known drug that works through an unknown mechanism, identification of the drug’s binding
site(s) on the target protein can provide insight in to 1) potentially negative side effects if the

ligand binds multiple and/or unwanted locations™*’ and 2) how to design future drugs based on

the structure of the interaction site identified.

Alzheimer’s Disease (AD) is the most common form of irreversible dementia in the
world today.** Currently, it is reported that AD affects more than 5.3 million people and is the
sixth leading cause of death in the United States.**® One pathological hallmark of AD is the
accumulation of insoluble protein aggregates, composed primarily of neurotoxic AB.* It is
believed that soluble AP oligomers and protofibrils are neurotoxic and causative to the onset of

AD.> 75 104 Therefore, modulating Ap aggregation to inhibit toxic A oligomers and
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protofibrils formation has been considered as a promising strategy to inhibit Ap-associated
neurotoxicity. Numerous small molecules have been studied for their ability to modulate AP
aggregation and reduce neurotoxicity.'® 27 3% 46 59 61, 89,90, 105-108, 112, 151 152 A\ |though none have
yet to be ultimately FDA-approved for AD-treatment, several of these small molecule
modulators, tramiprosate/homotaurine, clioquinol, scyllo-inositol, epigallocatechin-3-gallate, and
curcumin,*®® *** have made significant developmental progress and even reached Phase 11 / 111
clinical trials. Most of these modulators are expected to bind to AP site-specifically or non-

specifically. However, our knowledge on their binding sites on AP is quite limited.

Currently, both computational and experimental methods are employed to elucidate
ligand-protein/peptide interaction regions. Nuclear Magnetic Resonance (NMR) is considered by
many researchers to be the “gold standard” in the field. Indeed, NMR enables solution-based,
residue-level ligand-protein interaction site information to be detected, even if the binding is
quite weak.X** > However, it is often time consuming, challenging due to complicated spectra
assignment procedures, and expensive due to the large amount of labeled isotope material and

d.143 156159 x ray crystallography has also been

specialized equipment/personnel require
employed, but has the distinct disadvantage of not being able to monitor binding in aqueous
solution since samples have to be crystallized.** ***° Several array-based methods have been
reported in the literature in recent years, immobilizing either a fragment of the parent peptide”

160 o1 a small molecule ligand™® 62

on a surface and then detecting the resulting binding that
occurs. While innovative, these approaches require the use of shortened amino acid fragments of
the full-length target protein, and thus, do not allow for assessment of ligand binding sites using

the full 3D protein/peptide structure. A similar limitation exists regarding the method of

identifying ligand binding sites using peptide fragment phage display.®® As computational
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technology continues to advance, computer-based methods of predicting ligand binding sites on
target proteins evolve as well. Primary categories of these methods include geometric, energy-
based, and docking programs.'** 147 14188 However, the majority of these techniques require an
established 3D PDB protein/peptide structure, which do not exist for all target proteins (in
particular, A monomer), and/or sophisticated molecular dynamic simulations. Furthermore,
ligand binding sites predicted by computational methods usually require experimental validation.
Many 3D structures are resolved in the presence of a single specific ligand, which makes it

difficult to study other ligand molecules.

In order to address the limitations of current methods, we investigated whether binding
sites could be identified using a panel of AB sequence-specific poly- and monoclonal (mAbs)
antibodies. This method is hinted by our previous observations that a reduction in the dot blot
immunostaining signal of a sequence-specific antibody upon adding ligand is indicative of
potential epitope blocking/binding.*® 2" 3 39 8. %0 gequence-specific antibodies have been
employed in common laboratory techniques throughout the literature for many endpoints,
including protein separation, purification, verification of loading/size, and analysis of
conformational change.®® °® %% 1% However, to our knowledge, the robust use of sequence-
specific antibodies to identify ligand binding sites on a target protein/peptide, including AB, was

not yet reported.

To validate our hypothesis that dot blot immunostaining with a sequence-specific
antibody panel can be used to identify ligand binding sites on AB, we employed the 40 amino
acid length amyloid-beta peptide (Ap40 — Figure 3.1, Center Panel), as our target peptide, along

with 6 overlapping sequence-specific antibodies (Figure 3.1, Top Panel) to obtain full coverage.
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The binding sites of four known ligand binders of AB40 (previously reported Ky values of 0.14 —
3.35 uM)® with unknown binding sites were evaluated — Erythrosin B (ERB), Eosin Y (EQY),
Rose Bengal (ROB), and Phloxine B (PHB) (Figure 3.2C). In order to validate our method, we
also used Congo Red (CR), a ligand with previously reported binding sites (Kq4 value found to be
5 — 300 uM to AP40 monomer),"” 1 1"t Fluorescein (FLN), a poor molecular binder of A
(previously reported to have less than 3% of the molecule bound even in the presence of an
excess molar concentration of AP over FLN)® (Figure 3.2A, B), and an AP40 peptide sub-
fragment panel (Figure 3.1, Bottom Panel) fluorescence quenching assay as controls. If proven
effective, the method will greatly facilitate identifying ligand binding sites on AP, since only

common biochemistry lab equipment is required once antibodies are obtained.
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Sequence
Specific
Antibody 6E10 4G8 11A50-B10

2H4 1203 Anti-AB-22-35

APA0AR DAEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVGGVY,

Sequence 1

Peptide

Ap1-11 AP 17-24 AP 33-40
Fragment

AR 11-22

Figure 3.1 - Target AB40 peptide, sequence specific antibodies, and peptide fragments. (Top Panel)
The six sequence/residue specific antibodies employed to detect ligand amino acid (AA) binding sites on
the target peptide, AP40. (Center Panel) Primary amino acid sequence of AB40 target peptide (at neutral
pH, negatively charged AAs — blue, positively charged AAs — red, hydrophobic AAs — green, other types
— black). (Bottom Panel) The four AP peptide sub-fragments employed in validating the strong ligand
binding sites detected by the sequence specific antibodies. Positions of sequence specific antibodies and
peptide fragment bars indicate their respective associated regions of the full length target peptide.
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Figure 3.2 - Chemical structures of AB40 target peptide ligands. (A) Structure of Congo Red (CR), an
AP40 ligand with binding sites previously reported in the literature. (B) Structure of Fluorescein (FLN), a
molecule previously reported to be a poor binder of AB40. (C) Structure of Erythrosin B (ERB), Eosin Y
(EOQY), Rose Bengal (ROB), and Phloxine B (PHB), known binders and modulators of AB40 aggregation,

with binding sites unknown.
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Materials and Methods
Materials

Full length AB40 target peptide was purchased from Anaspec, Inc. and Selleck Chemicals
(Purity > 95%). Individual peptide fragments representing amino acids 1-11, 11-22, 17-24, and
33-40 of the full length AP40 target peptide were purchased from Genscript. Horseradish
peroxidase (HRP)-conjugated goat anti-rabbit and anti-mouse IgG secondary antibodies were
obtained from Invitrogen. Primary antibodies were purchased from the following sources: mouse
2H4, HRP-conjugated 4G8, HRP-conjugated 6E10 — Covance, mouse 12C3 — Novus Biologics,
rabbit Anti-Ap22-35 — Sigma, and mouse 11A50-B10 - Abcam. Nitrocellulose membranes and
ECL Prime chemiluminescence detection kit were obtained from GE Healthcare Life Sciences.
Eosin Y was purchased from Acros Organics, and Tween 20 was purchased from Bio-Rad. All

other chemicals were obtained from Sigma-Aldrich unless otherwise noted.

Target AB40 Peptide and Sub-Fragment Monomer Preparation

Full length AB40 and AP peptide sub-fragment monomers were prepared as described
previously.”® Lyophilized AB40 or sub-fragment was dissolved in 100 % hexafluoroisopropanol
(HFIP) to 1 mM and incubated at room temperature for 2 hours. HFIP was evaporated under a
constant stream of nitrogen, and the peptide film dissolved in 100 mM NaOH to a concentration
of 2 mM AP prior to dilution in phosphate buffered saline (PBS) solution (10 mM NaH,PO, and
150 mM NaCl, pH 7.4) to a concentration of 50 uM Ap. Separate Erythrosin B (ERB), Eosin Y
(EQY), Rose Bengal (ROB), Phloxine B (PHB), Fluorescein (FLN), and Congo Red (CR) ligand

stock solutions were dissolved in PBS to a concentration of 10 mM of each small molecule.
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Small amounts of these concentrated ligand stock solutions were added to the peptide solutions
to yield a final ligand concentration corresponding to 0.3x — 10x (CR) or 0.3x — 3x (ERB, EQY,

ROB, PHB, and FLN) molar excess based on the concentration of Ap.

Dot Blotting / Sequence-Specific Antibody Immunostaining

Dot blotting was performed as reported previously.™ 8% 2 1, AB40 peptide samples
were spotted onto nitrocellulose membranes and were dried at room temperature. A solution of
0.1 % Tween 20 in Tris-buffered saline (TBS-T) solution (0.1% (v/v) Tween 20, 20 mM Tris,
150 mM NaCl, pH 7.4) was prepared. Each nitrocellulose membrane was blocked at room
temperature for 1 hour (5 % (w/v) milk TBS-T) and washed with TBS-T. Each membrane was
then incubated with an AP sequence-specific primary antibody (HRP-conjugated 4G8, HRP-
conjugated 6E10, 12C3, 2H4, Anti-AB-22-35, or 11A50-B10 antibody) in 0.5% (w/v) milk TBS-
T for 1 hour at room temperature and washed with TBS-T. After immunostaining with HRP-
conjugated 4G8 and 6E10 primary antibodies, the membranes were coated with ECL Prime
detection agent (based on manufacturer specifications) and visualized. Alternatively, all other
membranes were incubated with the appropriate HRP-conjugated anti-mouse or anti-rabbit 19G
secondary antibody in 0.5 % (w/v) milk TBS-T for 1 hour and washed with TBS-T. Signal
detection was performed as aforementioned using the ECL Prime Detection kit and was
visualized using a Biospectrum imaging system. HRP-conjugated 4G8, 6E10, and IgG secondary
antibodies along with the 11A50-B10 antibody were applied at a 1:10000 dilution, while the
2H4, 12C3, and Anti-Ap-22-35 antibodies were applied at a 1:7000 dilution. The ECL Prime

signal detection process, Biospectrum imaging system exposure time, and antibody
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concentrations were all carefully optimized to prevent over-exposure and/or over-saturation,

artifacts which can skew the dot blotting results.

Quantification of Dot Blotting

The resulting dot blot intensities on the membrane of each sequence-specific antibody
were quantified using Image J. Specifically, a circular region of interest (ROl — an equally-sized
ROI was used for all dots and background readings on the same membrane) was displayed over
each dot, and the integrated density was measured in Image J. After quantifying the integrated
densities of all dots on a respective membrane, an average background integrated density value
was obtained using the same sized ROI. After carefully subtracting out the background
contribution, each 0.3x — 10x ligand-AB40 monomer sample’s integrated density was normalized
to that of the average AP40 (no ligand) control signal on the membrane. The resulting

normalized intensities were then displayed in the Figures and Tables.

Ligand Fluorescence Quenching Binding Assay

The binding of ERB, EOY, ROB, PHB, and FLN to AP peptide sub-fragments was
assessed using modified assays based on emission fluorescence quenching techniques described

119122 and performed in our previous report.”® The concentration of each of the

in the literature
ligands was fixed at 20 uM. In order to evaluate fluorescence quenching of the ligand upon
peptide binding, the appropriate peptide sub-fragment was mixed with the ligand in a final

concentration of 0 to 25 uM in pH 4.5 low salt citrate buffer (25 mM citric acid, 25 mM sodium

citrate, pH 4.5). The excitation wavelengths used are as follows: ERB - 486 nm, EOY — 480 nm,
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ROB — 510 nm, PHB — 500 nm, and FLN — 432 nm. The maximum emission wavelengths where
the data were collected are as follows: ERB — 546 nm, EOY — 536 nm, ROB — 565 nm, PHB —
555 nm, and FLN — 512 nm. After generating binding curves, the % decrease in fluorescence due
to ligand-peptide binding was calculated by comparing the fluorescence intensity at 25 uM

peptide to the free ligand (no peptide) control.

Results and Discussion

A common interest in the linkage between chemistry and biology is the desire to
understand where a ligand containing a certain chemical structure binds on a target protein /
peptide of biological interest. However, traditional methods of identifying ligand binding sites,
such as NMR and computational simulations, can be cumbersome and are not trivial to use under
common biochemistry lab settings. Because of these shortcomings, we have developed a more
convenient, user-friendly method employing dot blot immunostaining of sequence-specific dot
blotting to identify ligand binding sites on AP and then applied it to characterize the binding sites

of ERB analogs.

Method Verification - Identification of Congo Red-Ap40 Binding Sites

As a first step in the development and validation of our proposed method, we wanted to

utilize dot blot immunostaining with a sequence-specific antibody panel to identify binding sites

17,170, 171
d

of Congo Red (CR — Figure 3.2A), a previously characterized ligan that modulates Af

aggregation, on the AB40 target peptide (Figure 3.1).
64



Previous reports in the literature have revealed that the interaction of CR and Af is a
highly complex process that involves multiple steps and possible mechanisms.”* For example,
CR has been reported to 1) interact directly and stabilize Ap monomers,}”? 2) itself first
aggregate in to micelles/vesicles which then interact with AR monomers to promote formation of

117, 173

non-amyloid aggregates, and 3) interact with AB monomers to form 1:1 and 1:2 AB:CR

molecular complexes, each containing more than one peptide and one ligand molecule.*™
Specific binding sites of CR on AP have also been identified in the literature.” *™® 1" Pedersen
et al. found using NMR that CR interacts with all 40 amino acid residues, with the most
significant binding occurring at the 14-26 and 31-37 amino acid regions.”* Also using NMR,
Abelein et al. identified amino acids 7, 15-25, and 31-37 as the most significant interaction sites

of CR on AP40 monomers.*” Finally, using an AB peptide fragment spot assay, Grelle et al.

found that the strongest CR binding sites were amino acids 12-22 and 24-36.

Having gained an understanding of previously reported Congo Red - AP binding sites in
the literature, we could then proceed with our new method’s validation. AB40 target peptide
monomers were prepared, mixed in the presence or absence of 0.3, 1, 3, 5, and 10x molar excess
concentrations of CR ligand, dotted within a short time (5 minutes — AP40 aggregation time
scale is much longer at 3-5 days’’) to prevent any conformation change from occurring,”” and
then the membranes probed with the antibody panel to yield immunostaining results (Figure 3.3).
A total of 6 commercially-available sequence-specific antibodies were employed in the analysis
to give complete coverage amino acid (AAs) coverage (Figure 3.1, Top Panel): 2H4 (mAb,
recognizes AAs 1-8),174 6E10 (mAb, recognizes AAs 4-9),160 12C3 (mAb, recognizes AAs 10-
16), 4G8 (mAb, recognizes AAs 17-24),”’ Anti-Ap-22-35 (polyclonal antibody, recognizes AAs

22-35),'” and 11A50-B10 (mAb, recognizes the C-terminus of AP40).””° According to our
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hypothesis, in the absence of a conformation change of the target protein/peptide, a reduction in
the dot blot immunostaining signal of a sequence-specific antibody upon adding increasing
ligand concentrations is indicative of epitope blocking/binding by the ligand.*® 27 34 39 89 %0
Special care was taken during the optimization of the dot blot assay conditions to prevent over-
exposure and/or over-saturation, which can skew interpretation of the results. This optimization
ensured that even if the dots were not homogeneous (a phenomenon previously observed in the
AP dot blotting literature stemming from a weaker signal in one region of the dot versus

13, 34, 59, 61, 90, 112, 152

another ), we could still proceed with our analysis without confounding data

artifacts.

Potential CR binding sites were assessed by using Image J to normalize the antibody
signal intensities of the 0.3 — 10x CR samples (> 6 replicates per sample) to the AB40- control
(no ligand) intensity within each respective antibody (Table 3.1 and Figure B1 in Appendix B for
dose-dependency graphical version). From there, a normalized intensity < 20% of the A control
signal was selected as the cutoff criteria for identifying the relatively strong binding sites of each

ligand (green highlighted cells in Table 3.1).

The resulting normalized dot blot intensities at the 3x — 10x CR concentrations revealed
several interesting findings (Table 3.1). First, CR exhibited at least weak non-specific binding to
all regions of AB40, as evidenced by the relative dot blot intensities being below ~65% for all
antibodies at the 3x CR molar excess level. Similarly, at a very large 10x molar excess of CR,
binding seems to become fairly non-specific as well, with all dot blot signals being less than 20%
of the AP control. Broad interaction of CR with all residue regions of AB40 (Table 3.1, 3x — 10x

CR ligand concentrations and Figure B1 in Appendix B) was also observed in the NMR work by
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Pedersen et al. described above.'™ Second, the results revealed that at a 5x CR concentration,
ligand binding was strongest at the 6E10 and 12C3 epitopes (AAs 4-9 and 10-16, respectively),
with relative intensities less than 20% that of the AP control sample without ligand. The amino
acid 4-16 region of AB40 identified using our antibody panel as a strong relative CR binding
location coincides with the AP amino acid CR binding sites (AAs 7,170 14-26,171 15-25170, and

12-22"7) previously reported in the literature.
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Figure 3.3 - Congo Red (CR) ligand binding site identification using sequence specific antibody
panel. Representative dot blotting results of AB40 monomers mixed with (+ CR) or without (AB40-) 0.3-
10x molar excess concentrations of Congo Red (CR) for the six sequence specific antibodies and then
dotted within 5 minutes after mixing. For better ease of viewing, each antibody was developed on a
separate membrane and then cut and pasted for the compiled results.
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Table 3.1 - Normalized dot blot intensities for Congo Red (CR) ligand-Ap40 binding site
identification using sequence specific antibody panel. Dot blot signal intensities for the 0.3-10x Congo
Red ligand concentration samples were quantified and normalized to the average AB40 control (no
ligand) intensity for each respective antibody. Dot blot samples that yielded a normalized signal below
20% of the AP control were identified as relatively strong binding sites and highlighted in green.
Normalized values are expressed as average + standard deviation, n > 6 (* indicates a p-value from two-
sided Student’s T-Test < 0.05 when comparing average of data point to 20% of the Ap control normalized
value, ** indicates a p-value of < 0.005).

Normalized Dot Blot Signal Intensity

Congo Red
Ligand 2H4 6E10 12C3 4G8 Anti-AB-22-35| 11A50-B10
Concentration

0.3x 0.43+0.11| 054+0.18 | 046+0.12 | 0.82+0.18 0.96+0.22 |0.87+0.23

1x 0.38+0.13| 0.35+0.09 | 0.39+0.11 | 0.50+0.18 0.76 £0.17 | 0.69+0.13

3x 0.32+0.07| 0.23+0.17 | 0.23+0.13| 0.35+0.14 0.61+0.22 | 0.63+0.17

5x 0.24+0.04 | 0.13+£0.09 0.05+ 0.10** 0.29+0.12 0.33+0.10 | 0.52+0.10

10x 0.18 + 0.06 |0.04 + 0.08**|0.05 + 0.10**| 0.18 +0.07 | 0.13+0.08* | 0.19 + 0.07
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Identification of Erythrosin B Analogs Ligand-Ap40 Binding Sites

Having used our panel of sequence-specific antibodies to obtain binding site results for
Congo Red (a ligand with reported binding sites) consistent with established techniques, we
could then apply the method to investigate our ERB analog ligands with unknown binding sites.
Recently and in Chapter 2, we reported that halogenation of the xanthene benzoate structural
backbone generates binders of the AB40 peptide.”® Halogenated xanthene benzoate structural
analogs (Erythrosin B (ERB), Eosin Y (EOY), Rose Bengal (ROB), and Phloxine B (PHB))
(Figure 3.2C) applied at a 3x molar excess concentration were found to effectively bind and
modulate AP40 aggregation, while a non-halogenated negative control molecule, Fluorescein

(FLN — Figure 3.2B), was ineffective.”

APB40 monomers were again prepared, mixed in the presence or absence of three different
concentrations (0.3, 1, and 3x molar excess) of EOY, FLN, ERB, PHB, and ROB ligands, and
then dot blotted (EOY and FLN - Figure 3.4, ERB, PHB, and ROB — Figure 3.5). Upon visual
inspection of the dot blot results (and unlike CR), the halogenated xanthene benzoate ligands
seemed to exhibit localized, specific binding with the N-terminal region epitopes of AB40
(Figure 3.4A, 12C3 Panel, Figure 3.5A-C, 2H4, 6E10, and 12C3 Panels), resulting in almost
complete blockage / disappearance of several antibody signals at the 1x and 3x ligand

concentration levels.

As was done with Congo Red, Image J was used to quantify the integrated density of the
halogenated xanthene benzoate ligand-Ap40 dot blot results. Signal intensities of the ligand
samples (> 3 replicates per sample) were normalized to the AB40- control (no ligand) (Table 3.2
and Figures B2-B6 in Appendix B for dose-dependency graphical versions), and a normalized
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intensity < 20% of the AP control signal was selected as the cutoff criteria for identifying the
strongest relative binding sites of each ligand (green highlighted cells in Table 3.2). As expected,
strong binding was not detected for FLN, the non-halogenated, poorly-binding negative control
xanthene benzoate structural analog. This was evidenced by 1) the lowest normalized signal of
FLN being the 3x FLN 12C3 antibody sample at 49% (Table 3.2, 3x FLN row) and 2) the lack of
a dose-dependent decrease in any of the antibody signals between 0.3-3x concentrations of FLN

(Figure B3 in Appendix B). This finding provides additional proof that our method is working

properly.

Next, the quantified results for ERB were assessed (Table 3.2, ERB rows and Figure B4
in Appendix B). Upon inspection, the results revealed that no significant binding was occurring
in the C-terminal amino acid regions (4G8, Anti-Ap-22-35, and 11A50-B10 epitopes), as
evidenced by there being < 10% reduction in the relative intensities compared to the AP control.
In fact, for the majority of the ERB samples, the average C-terminal antibody signals were
greater than that of the AP control without any ligand (Table 3.2, ERB panel, 4G8, Anti-Ap-22-
35, and 11A50-B10 columns). However, given the large standard deviation of these samples and
that halogenated xanthene benzoate ligands alone (no AB) do not artificially promote antibody
signals (Figure B7 in Appendix B), the normalized values greater than 1 are most likely due to
inherent error in the dot blot assay and not indicative of an actual physical change in AB40
monomer epitope exposure. Although the possibility of structural changes of AB40 monomer
cannot be completely excluded, enhanced signals upon ligand binding, if any, will not prevent
the detection of inhibitory effects of ligand on antibody binding to AB40, the main objective of
this assay. Analyzing the results further, the strongest relative binding site at even the 1x ERB

ligand concentration was AAs 10-16 (12C3 epitope), with a relative intensity significantly less
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than 20% that of the AP control sample without ligand (p < 0.005) and a dose-dependent
decrease in antibody signal upon addition of higher amounts of ERB ligand. At the higher ligand
concentration, strong, dose-dependent binding was also observed for ERB at AAs 1-8 (2H4
epitope). Next, relatively strong binding sites of the three remaining halogenated xanthene
benzoate ligands, EQY, PHB, and ROB, were determined (Table 3.2, EQY, PHB, and ROB rows
and Figures B2, B5-B6 in Appendix B). As was the case with ERB, the most common and
strongest relative binding site between all molecules was again AAs 10-16, the 12C3 antibody
epitope. Examination of the 12C3 results in conjunction with the other two N-terminal

antibodies’, 6E10 and 2H4, signals revealed a significant finding as well (Table 3.2).

One concern may be raised on our interpretation of the reduced signal intensity as the
reduced accessibility to epitopes on AP, because ligands may block antigen binding sites on
antibodies, leading to a similar reduction in the dot blot signal intensity. Although we cannot
exclude the possibility of ligand binding to antibodies completely, we speculate that it is not very
feasible. The ligand mixed with AP was applied to nitrocellulose membranes followed by
multiple washing steps prior to addition of antibodies. Therefore, it is very likely that unbound
ligand will be almost completely removed before antibodies are applied to the nitrocellulose
membrane. Furthermore, in order to confirm our findings, we employed an additional method for
determining ligand binding sites based on a different mechanism, fluorescence gquenching, as

described below.
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Figure 3.4 - Less halogenated xanthene benzoate ligand binding site identification using sequence
specific antibody panel. Representative dot blotting results of AB40 monomers mixed with (+ ligand) or
without (Ap40-) 0.3-3x molar excess concentrations of (A) Eosin Y (EOY) or (B) Fluorescein (non-
halogenated, poorly-binding negative control — FLN) for the six sequence specific antibodies and then
dotted within 5 minutes after mixing. For better ease of viewing, each antibody was developed on a
separate membrane and then cut and pasted for the compiled results.
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Figure 3.5 - More extensively halogenated xanthene benzoate ligand binding site identification
using sequence specific antibody panel. Representative dot blotting results of AB40 monomers mixed
with (+ ligand) or without (AB40-) 0.3-3x molar excess concentrations of (A) Erythrosin B (ERB), (B)
Phloxine B (PHB), or (C) Rose Bengal (ROB) for the six sequence specific antibodies and then dotted
within 5 minutes after mixing. For better ease of viewing, each antibody was developed on a separate
membrane and then cut and pasted for the compiled results.
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Table 3.2 - Normalized dot blot intensities for AB40 aggregation modulating ligand binding site
identification using sequence specific antibody panel. Dot blot signal intensities for the 0.3-3x Eosin Y
(EOQY), Fluorescein (FLN), Erythrosin B (ERB), Phloxine B (PHB), and Rose Bengal (ROB) ligand
concentration samples were quantified and normalized to the average Ap40 control (no ligand) intensity
for each respective antibody. Dot blot samples that yielded a normalized signal below 20% of the AB
control were identified as relatively strong binding sites and highlighted in green. Normalized values are
expressed as average + standard deviation, n > 3 (* indicates a p-value from two-sided Student’s T-Test <
0.05 when comparing average of data point to 20% of the A control normalized value, ** indicates a p-

value of < 0.005).
Normalized Dot Blot Signal Intensity

Ligand 'é%"’r‘]rgd 2H4 6E10 12C3 4G8  |Anti-AB-22-35| 11A50-B10
EOY | 0.3x | 0.50+0.10 | 0.65+0.41 | 0.42+0.22 |0.92+0.29| 1.20+0.24 | 0.95+0.07
1x 0.50+0.13 | 0.85+£0.57 | 0.25+0.11 |1.12+0.38| 1.42+0.38 |1.07+0.21

3x 0.59+0.05 | 0.80+0.45 [0.05+0.05**|1.05+0.31| 1.53+0.44 |1.11+0.20

FLN | 0.3x | 0.61+0.17 | 0.68+0.17 | 0.50+0.18 |0.73+£0.31| 0.70+0.28 | 0.70+0.09
1x 0.61+0.24 | 0.72+£0.22 | 0.57+£0.27 |0.83+0.31| 0.62+0.08 |0.71+£0.09

3x 0.77+0.22 | 0.85+£0.31 | 0.49+£0.15 |0.94+£0.30| 0.75+0.29 |0.71+0.11

ERB | 0.3x | 064+0.13 | 1.07+£0.20 | 0.24+£0.08 |1.46+0.44| 1.34+0.28 |1.17+0.20
1x 045+0.11 | 0.59+0.21 |0.05+0.05**|1.52+0.52| 1.35+0.35 |1.13+0.12

3x 0.14+£0.13 | 0.22+0.18 |0.03£0.06**|1.06 £+ 0.17| 1.49+0.47 |0.90+0.19

PHB | 0.3x | 045+0.21 | 0.70£0.18 [0.03+0.05**/1.40+0.38| 1.50+0.25 |1.23+0.28
1x 0.12+0.10 | 0.06 £ 0.09* 0.00 £ 0.00**|1.24 +0.21| 1.77+0.44 |1.12+0.35

3x |0.06 £0.07* | 0.03 £ 0.04** |0.00 £ 0.00**|1.41 +0.30| 1.39+0.58 |0.69+0.38

ROB | 0.3x |0.09 £ 0.03**| 0.21+0.15 |0.00+0.01**|1.35+0.29| 1.59+0.40 |[1.17+0.35
1x (0.01 £ 0.01** 0.06 £ 0.07* |0.02 £ 0.06**|1.38+0.41| 1.19+0.42 |0.75+0.27

3x 10.01 £ 0.01**| 0.05 £ 0.06** {0.01 £ 0.02** | 0.84 + 0.25| 0.93+0.23 | 0.63 +0.26
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A graphical summary of the strongest ligand binding sites discovered using our panel of
sequence-specific antibodies can be seen in Figure 3.6. One central finding was that the 12C3
antibody epitope, or AAs 10-16, emerged as the only common strong relative binding site for all
of the halogenated xanthene benzoate-Ap40 ligands/aggregation modulators, though ERB, PHB,
and ROB bind to other regions of the N-terminus of AB at 3x concentration. Next, we sought to
confirm this finding using AP40 peptide sub-fragments (Figure 3.1, Bottom Panel). Our first
choice was to perform dot blot immunostaining with the fragments, as we did with the full length
AP40 target peptide previously. However, in our hands, the peptide fragments were too small to
bind effectively to the nitrocellulose dot blot membrane. In surveying the literature, we found
evidence of similar problems experienced in the past with very small peptides.”” Thus, dot
blotting with peptide fragments was not possible, and another method was required. Since the
xanthene benzoate ligands employed here are all self-fluorescent, we used fluorescent quenching
of 20 uM ligand concentrations upon binding to the panel of ApP40 peptide sub-fragments. The
results clearly showed that the fragment displaying the relatively strongest binding to the ligands,
AP11-22, contained the AA 10-16 region (Table B1, Ap11-22 row in Appendix B), which was in
line with our dot blot findings. In addition, FLN fluorescence quenching/binding was not
detected with any of the peptide sub-fragments (Table B1, FLN column in Appendix B), further

supporting our dot blot findings for FLN.

In terms of amino acid composition, the 10-16 AA region of AP40 consists of 2 —
hydrophobic, 1 - negatively charged, 1 — polar uncharged, and depending on the pH, 3 —
positively charged AAs (1 - lysine and 2 — histidines). The positively charged amino acids have
been reported to be particularly important for AB40 aggregation and toxicity mechanisms, with

the histidines (positions 13-14) playing a role in A membrane pore formation and binding of
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metal ions implicated in Alzheimer’s Disease!’8180

and the lysine at position 16 being involved
in salt bridge formation, interaction with other monomers/cell membranes, and required for Ap40
aggregation and toxicity.**® *® ¥ |n addition, intermonomer contacts centered at positions
histidine13 and glutaminel5 were found to be required for fibril formation.'? Indeed, several
recent reports of other AB-ligand aggregation modulators have revealed binding to these residues
contained in the 10-16 AA epitope.!’® 18287 Because of the mechanistic importance of the 10-16

AA region of AB40, it is logical that the ligands we investigated, which are very potent AB40

aggregation modulators,” also bind strongly to this epitope.

EOY
ERB ERB

APSOAA D AEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVGGVY
1 10

Sequence

PHB

ROB

FLN

Figure 3.6 - Summary of strong binding sites for Ap40 aggregation modulating ligands. Fluorescein
(FLN) poorly-binding, non-aggregation-modulating negative control does not significantly bind.
Erythrosin B (ERB), Eosin Y (EOY), Phloxine B (PHB), and Rose Bengal (ROB) all bind to the common
loci of amino acids (AAs) 10-16 on AB40. ERB, PHB, and ROB also bind strongly to other sites on the
N-terminus.

77



It is noteworthy that the relatively weak binding site of ERB, PHB, and ROB (the 1-8 AA
region of AB40) identified by the dot blot using sequence-specific antibodies was not detected by
the fluorescence quenching method. We speculate that this discrepancy results from the
limitation of fluorescence quenching method in identifying secondary binding sites generated by
structural changes of a target protein upon ligand binding to the primary binding site. It is
obvious that the 10-16 AA region of AB40 is the primary binding site of ERB, PHB, and ROB.
Therefore, we speculate that the 1-8 AA region of AB40 becomes in contact with ERB, PHB,

and ROB only after these dyes bind to the primary binding site.

Conclusion

In this chapter, we have introduced and validated a method for identifying ligand binding
sites on AP that employs dot blot immunostaining with sequence-specific antibodies. Unlike
other current binding site identification methods requiring very specialized equipment and
training, this technique can be carried out using apparatuses readily available in the biochemistry
laboratory. As a result, this method greatly increases researchers’ ability to both screen for new
ligands that bind specific amino acid regions on AB and gain valuable insight to how existing
ligands work. We then proceeded to successfully apply the method to characterize the binding
sites of Erythrosin B and its structural analogs to the AB40 target peptide, discovering the 10-16
amino acid region is very important for strong molecular binding. More broadly, this method
has a great potential to be applied to other target peptides/proteins associated with human
diseases. For example, alpha-synuclein, a 140 amino acid protein targeted in Parkinson’s disease,

has a panel of 10 sequence-specific antibodies, each representing 10-15 amino acid segments,
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allowing for full coverage of the protein sequence.'® In addition, ubiquitin, a common 76 amino
acid regulatory protein, and superoxide dismutase 1, a 154 amino acid protein implicated in Lou
Gehrig’s disease, have panels of 8 and 11 sequence-specific antibodies, respectively, allowing

complete sequence coverage.
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Chapter 4: Different Fates of Alzheimer’s Disease Amyloid-Beta (Ap) Fibrils Remodeled by

Biocompatible Small Molecules™
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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 destabilize and remodel amyloid fibrils in a
physiologically relevant manner. In order to investigate potential mechanisms and whether this
approach would be effective for the biocompatible amyloid-beta (Ap) aggregation modulators
our group has been developing, we performed studies on the structural features of the different
AP aggregates remodeled from AP fibrils by Brilliant Blue G (BBG) and Erythrosin B (ERB).
For comparison purposes, we also analyzed the effects of a third AB small molecule modulator,
Methylene Blue (MB). 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 Erythrosin 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 Af 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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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),

10. 13, 188190 ntrinsically disordered monomeric

Parkinson’s disease (PD), and prion disease.
peptide and protein, such as amyloid-beta (AB) 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 B-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.*" 1%
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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-dihydroxy-phenylalanine (L-DOPA), an endogenous precursor of dopamine,
disaggregated the amyloid fibrils formed in the mouse brain generating toxic smaller

200

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.*
203, 204 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
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pathological mechanism of amyloid fibrils as well as small molecule-induced structural
conversion of biomacromolecules.™

To this end, the scope of this chapter’s 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, Methylene Blue (MB), Brilliant
Blue G (BBG), and Erythrosin B (ERB) (Figure 4.1).** These three molecules are effective
modulators of AP aggregation and cytotoxicity and possess several attractive features. Our
research group recently reported that red food dye (ERB) and the blue food dye analog (BBG)
are novel small-molecule modulators of AB40 monomer aggregation and effectively eliminate
Ap-associated cytotoxicity by promoting non-toxic AP aggregate formation but reducing toxic

2. 8 MB has also been shown to modulate AB42 aggregation and

AP aggregate formation.
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. In addition, MB, BBG, and ERB
are structurally quite distinct, representing phenothiazine, triphenylmethane, and xanthene
benzoate groups, respectively. Therefore, these three molecules most likely have different
interaction modes on AP40 fibrils. These three molecules also have good potential for
therapeutic application since they are safe, biocompatible, and potentially blood-brain barrier
permeable, 3038 115 141, 205212 \qB hag already been shown to have a wide variety of medicinal
applications, including treatment of malaria and cancer.?***** Furthermore, the Phase 11 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.?®® 211212 ERB js a Food and Drug Administration-approved red food coloring dye. A
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daily dose up to 60 mg/kg of ERB 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 molecules on amyloid fibrils will serve a
good reference to gauge their destabilizing capacity on the amyloid fibrils in the human brain,

thus possibly facilitating clearance.

The following steps were taken 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 Chapter 1’s “Definition of Various Ap40 Aggregated

Conformers” Section.
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Figure 4.1 - Chemical structure of Brilliant Blue G (BBG), Methylene Blue (MB), and Erythrosin B
(ERB) at neutral pH.
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Materials and Methods

Materials

AB40 lyophilized powder was purchased from Selleck Chemicals (Houston, TX).
Horseradish peroxidase (HRP)-conjugated goat anti-rabbit 1gG 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.

Methods

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 Ap40. 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 uM AB40 in phosphate buffered saline (1X PBS)
solution (10 mM NaH,PO, 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 Erythrosin B (ERB), concentrated stock solutions of each small molecule dissolved in
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1X PBS were added to the preformed AB40 fibrils. The samples were then incubated for an

additional 1 day at 37°C without stirring.

Thioflavin T (ThT) Assay

ThT fluorescence assay was performed as reported previously.?” ® AB40 fibril formation
was monitored by diluting 5 pL of 50 uM A sample solution in 250 uL of 10 uM ThT in black
96-well 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).

Transmission Electron Microscopy (TEM)

Aggregate morphology was assessed using TEM and was performed as reported
previously.?”” ® AB samples (10 pL of 50 puM 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 (ddH0),
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).
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Atomic Force Microscopy (AFM)

10 pL 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
pL 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.?’

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 AP sample in 270 puL of ddH,0 (1:10 dilution). The background contribution of the 1X
PBS solvent and an appropriate small molecule (BBG, MB, or ERB) 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
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DichroWeb online circular dichroism analysis software server,” employing the CONTINLL

analysis program®® 29 along with ‘Set #6°**> % or the SP175%*! reference sets in DichroWeb.

Antibody Dot-Blot Assay

Dot-blot assays were performed as reported previously.?” # 2 uL 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 NacCl, 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 immunostained
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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Results and Discussion
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 A 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 C1 exhibits this behavior. Fibril formation commences on day 5 and
ThT fluorescence reaches a maximum by day 10 (Figure C1 in Appendix C). 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 4.2A; Panel AP only and Figure C2 Panel AP only
for wider frame in Appendix C). 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 B-sheet structures

(Figure 4.2C) 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 A

fibrils, we could not employ this method in our studies due to the reported spectral interference
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of small molecules, including curcumin, BBG, and ERB on ThT fluorescence measurement.”” **

%089 The preformed AP fibrils were then incubated in the absence or presence of BBG for 1 day.
First, both the A fibrils and the BBG-treated A fibrils were subjected to negative-stain TEM
analysis. The AP fibrils exhibited the typical morphological features of amyloid fibrils (Figure
4.2A; Panel AP only and Figure C2; Panel AP only for wider frame in Appendix C) — 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 Chapter 1’s “Definition of Various AP40 Aggregated
Conformers” Section. The population of the fibrils with a length greater than 1,100 nm is 35%
(Table 4.1A). In contrast, BBG treatment generated much shorter, rod-like (with defined
structure) aggregates of average length 133 + 65 nm (Figure 4.2A; Panel BBG and Figure C2:
Panel BBG for wider frame in Appendix C; Table 4.1A). Although only 6% of the untreated AB
fibrils have a length less than 300 nm, 97% of the BBG-treated AP aggregates have a length less
than 300 nm (Table 4.1A), 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 A}
fibrils are intermingled (Figure 4.2B; Panel A only), while treatment with 10X BBG resulted in
much shorter, dispersed aggregates (Figure 4.2B: Panel BBG). The lengths and widths of the two
AP samples were measured using the AFM image analysis software Gwyddion®’ (Table C1A
and C1B in the Appendix C). 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

77, 222, 223

the absolute values of both lateral and height measurements and the detection limit of
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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 AP 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 length less than 150 nm (Table C1A in
Appendix C). A decrease in the average lengths of both the untreated and the BBG-treated A
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 4.1A).
However, in AFM results, these values are 30% and 98% (Table C1A in Appendix C), 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 AB40 fibrils and protofibrils,?® the thicknesses of the individual
AP 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

93



literature by different research groups to provide numerical estimation of the length or width of
aggregates less than 30 nm.'? % % 7 More specifically, Fandrich, et al. employed TEM to
measure the widths of Ap40 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 4.2A;
Panel AP only M), with 98% of the fibrils measured having a width greater than 12 nm (Table
4.1B). Upon examination of the magnified TEM image, thickness of the BBG-treated AP
aggregates seems similar to that of the untreated AP fibrils (Figure 4.2A; Panel BBG_M). The
average width of the BBG-treated AP aggregates is 26 + 7 nm (Table 4.1B). 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 of the untreated AP fibrils, the BBG-treated AP aggregates
are considered shorter AP fibrils compared to the untreated A fibrils. The AFM results also
show similar trends in the width of the AP aggregates (Table C1B in Appendix C). The average
width of the BBG-treated sample was 58 + 14 nm, and the untreated A 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 AP 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 AP 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 to over-
estimation (convolution) of nanostructure widths.”” *** Because BBG-treatment resulted in

shorter, rod-like aggregates but of similar thickness as AP fibrils, it was hypothesized that the
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BBG-induced AP aggregates are likely fragmented fibrils but not protofibrils, according to the
structural criteria set forth in Chapter 1°s “Definition of Various AB40 Aggregated Conformers”
Section.

In order to confirm this hypothesis, we also performed CD analysis. CD analysis is
widely used to analyze secondary structure content of proteins.® * 39 131132 Tha CD spectra of
both the AP fibrils and the BBG-treated AP fibrils are shown in Figure 4.2C along with that of
AP monomers for comparison. In the CD spectrum of A3 monomers, neither a-helix nor 3-sheet
structural features were observed, strongly suggesting that AB monomers have disordered
structure (Figure 4.2C). However, the CD spectrum of the AP fibrils exhibited the typical
features of p-sheet-rich structure,® including a minimum at 217 nm (Figure 4.2C). The BBG-
treated AP fibrils maintained the typical features of (-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 analysis program?®® 21

and SP175 reference protein set.”® %%

The o-helix, B-sheet, B-turn, and disordered structure
content of the AP fibrils are 12.2%, 36.4%, 12.1%, and 39.3% (Table 4.2), 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 f-sheet content increasing by 8% but the disordered

structure content decreasing by around 7%. The [-sheet content of the BBG-treated A fibrils is

comparable to that of the AP fibril control, suggesting that the BBG-treated A fibrils also have
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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 AP aggregates are shorter A fibrils than the untreated A fibril control, likely A fibril

fragments.

Dot-blot assays of the AP samples were also performed using three AP-specific
antibodies (OC, 4G8, and 6E10). Recently, dot-blotting with AB-specific antibodies has been
widely used to detect AB aggregates with different conformations.> 24 2039 42 110. 133,134 55 s 5
polyclonal antibody that recognizes fibrillar oligomers, protofibrils, and fibrils but not monomer,
prefibrillar oligomers, and disordered 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 N-terminus residues of Ap.’* °* Although both 4G8 and
6E10 were originally used to ensure the conservation of AP 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.?” *® 8 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 AP 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 4G8), strongly indicating that there is no change in the content of fibrillar
structure (Figure 4.3). The 6E10 and 4G8 immuno-reactivities of the BBG-treated fibril samples

at both 5 minutes and 1 day were maintained when compared to the fibril sample, indicating that
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BBG did not significantly bind to the N-terminus and 17-24 residues of AP fibrils. 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 4.3; 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 4.3; 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 AB peptide in multiple sites.** Therefore, we speculate that
direct binding of BBG to A fibrils leads to AB fibril fragmentation.™®* Unlike AP 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 the 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 P-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 4.2 - Properties of the AB 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 A
only) or presence of 10x BBG (Panel BBG). The sections of the two TEM images were magnified
(Panels AB only_M and BBG_M). Each pair of arrows illustrates the width of the AB aggregates. TEM
scale bar is 100 nm (Top Panels) or 20 nm (Bottom Panels). (C) CD spectra of AR monomers, A fibrils
incubated in the absence (A fibrils) or presence of 10x BBG (A fibrils + BBG) for one day.
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Table 4.1 - Measured® TEM length (A) and width (B) distribution® of Ap fibrils incubated in the
presence or absence of 10X BBG and 10X ERB for one day at 37°C.

A

Length of AP Aggregates (Lm)

Average
0.1 0.2 0.3 0.4 0.5 0.6 0.7 08 |09 ] 1 1.1 >1.1
(hm)
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

10XERB| 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
10XBBG| ND | ND | ND | ND | ND | 1% |10% | 4% |10% | 11% | 19% | 8% | 37% | 267
10XERB| 1% | 7% |48% | 25% |[17% | 2% | ND | ND | ND | ND | ND | ND | ND 102

®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 4.2 - Secondary structure content® of AB fibrils incubated”® in the absence or presence of BBG
or ERB.

Dye added® o-helix B-sheet B-turn Disordered
- 12.2% 36.4% 12.1% 39.3%
BBG 12.8% 44.4% 9.9% 32.9%
ERB 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 ERB) = 1:10 molar ratio
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Figure 4.3 - Dot-blot images of the A fibrils incubated in the absence (Ap only) or presence of 1x
and 10x BBG, MB, or ERB 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 immunostained 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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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 4.4A), indicating the possibility of structural changes from
fibrils to amorphous aggregates. The CD spectrum of the MB-treated A 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
4.4B). Furthermore, the CD spectrum of the MB-treated AP fibrils shifted toward that of the AP
monomers (Figure 4.4B). 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 3-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 ERB). 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

C2 in Appendix C). After searching through the literature for a possible explanation to this

disparity, we found that the accuracy of the secondary structure content deconvolution estimation
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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 particularly challenging. To our
knowledge, there are no existing reference sets containing intrinsically disordered monomeric
peptides/proteins, such as A monomer. After thoroughly examining the SP175 reference protein

set,221

we found that a-helix-, B-sheet, and -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 limited to a-helical and B-rich proteins, not disordered proteins.??
This further underlines the 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 4.3.
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Compared to the AP fibrils, the MB-treated AP fibrils exhibited a significant reduction in the -
sheet and B-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 4.4A), 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.

The interaction between MB and preformed AB40 fibrils was further explored using dot-
blotting with 6E10, OC, and 4G8 antibodies. Incubation of A 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 4.3;
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 4.3, 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 (N-terminus of AP). According to the structural model of AP fibrils, the N-

126

terminus of AP 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

1.1* MB carries a

to a joint region between the two protofibrillar components of an AP fibri
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.
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Table 4.3 - Secondary structure content® of AP fibrils incubated” in the absence or presence of MB.

Small molecule added® o-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
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Figure 4.4 - 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 A monomers, AP fibrils incubated in the absence
(AP fibrils) or presence of 10x MB (A fibrils + MB) for one day.
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ERB Disrupts Preformed A fibrils into Protofibrils

In order to investigate the action of the third small molecule modulator, 1x or 10x ERB
was incubated with the AP fibrils for one day. The TEM image of the ERB-treated A fibrils
showed many filamentous, persistent fibrillar structures (Figure 4.5A and Figure C2; ERB panel
for wider frame in Appendix C) that seemed to be less tightly bundled/stacked than the untreated
fibril sample (Figure 4.2A-B; AP only panels and Figure C2; AP only panel in Appendix C). The
average length of the ERB-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 4.1A). The majority (73%) of the ERB-treated aggregates measured had a
length between 200 and 500 nm. Next, the morphological fate trends of AP fibrils remodeled
with ERB were investigated using AFM and compared to the TEM findings. Similar to TEM, the
AFM scan of the ERB-treated AP fibrils (Figure 4.5B) showed many fibrillar structures, still in
close proximity to each other, but less stacked than with the untreated fibril sample (Figure 4.2B;
AP only panel). From the AFM scan, the average length of the ERB-treated sample was found to
be 162 + 60 nm (Table C1 in Appendix C). This length data matched the trend seen in the TEM
data that the ERB-treated fibrils were shorter than the untreated A 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 ERB-treated sample measured by AFM is shorter
than that by TEM, likely because AFM detects shorter AP aggregates better than TEM. The
ERB-treated AP aggregates (with persistent filamentous structure) that are shorter than the
untreated AP fibrils could be protofibrils or AP fibril fragments.

In order to determine whether the ERB-treated aggregates are protofibrils or fibril

fragments, their widths were measured and compared to those of untreated A fibrils. From the
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TEM images (Figure 4.5A: ER_M Panel and Figure C2 in Appendix C), the average width of the
ERB-induced aggregates is significantly smaller than that of both the untreated A fibrils and the
10X BBG-treated AP fibrils (Table 4.1B). The average measured width of the ERB-treated A
fibrils was 10 £ 2 nm, which matches well with the width of an individual protofibril according
to the AB protofibrils and fibrils structural model discussed previously.?® Furthermore, none of
the ERB-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 AP monomer with ERB also led to formation of dominant protofibrils with the
width of 12 nm.?” Furthermore, the ERB-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 4.5A for ERB-treated sample and Figure 4.2A for AP only sample).
Moreover, the widths of the ERB-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 C1B
in Appendix C), reinforcing the trend found in the TEM analysis. In fact, the width distribution
data show that only 6% of the ERB-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 ERB-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 ERB-treated AP 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.””
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The CD spectrum of the ERB-treated AP fibrils clearly shows typical features of B-sheet-
rich structure (Figure 4.5C). The estimates of the secondary structure content of the ERB-treated
AP fibrils are essentially the same as those of AP fibrils (Table 4.2), indicating that the ERB-
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 AP fibrils
with 1x or 10x ERB led to a significant reduction of the OC-reactivity (Figure 4.3), clearly
indicating that ERB binds to the OC antibody epitope (as was the case with MB). Further, both
1x and 10x ERB led to a complete loss of the 6E10 reactivity indicating that an ERB binding site
on AP is located at the 6E10 antibody epitope (AP N-terminus), which is consistent with the
results reported previously.”’ As mentioned previously in the structural model of Ap fibrils, the
N-terminus of AP is involved in the assembly of two protofibrils into one fibril. Therefore, we
conclude that ERB separates fibrils in to the ERB-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 ERB were shown to bind to the N-terminus of Ap sequence,
they most likely interact with different residues in AB. MB has a positive charge, but ERB has
negative charges at neutral pH. Therefore, we speculate that ERB 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 APB), which led to a different fate of the destabilized AP fibrils

compared to the action of MB.
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Figure 4.5 - Properties of the AB fibrils incubated in the absence or presence of ERB. TEM (A) and
AFM (B, 1x1 pm) images of the AP fibrils incubated for one day in the presence of 10x ERB (Panel ER)
and the magnified section (Panel ER_M). The pair of arrows illustrates the width of the Ap aggregates.
TEM scale bar is 100 nm (Panel ER) or 20 nm (Panel ER_M). (C) CD spectra of Ap monomers, A}
fibrils incubated in the absence (A fibrils) or presence of 10x ERB (Ap fibrils + ER) for one day.

110



Conclusion

In this chapter’s work, we evaluated three biocompatible small molecule Ap aggregation
modulators (BBG, MB, and ERB) for their capacities to trigger structural changes of the AB
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. This investigation has
conclusively established that thermodynamically stable preformed AP fibrils can be destabilized
or remodeled by three small molecules (BBG, MB, and ERB). The results also successfully
illustrate the possibility of controlling changes in biomolecule-based nanostructures using
chemical compounds.

Combined with TEM, AFM, and dot-blot assays, conversion of AP 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 ERB) 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, ERB separated the AP
fibrils into protofibrils. 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 ERB
bind to the N-terminus of AP, a joining region between two protofibrils in the formation of one
AB fibril. Therefore, we speculate that MB or ERB 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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Chapter 5: Triphenylmethane Food Dye Analog Crosses Blood-Brain Barrier and Rescues
Neuronal Loss and Amyloid-Beta Pathologies In A Transgenic Mouse Model of

Alzheimer’s Disease
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Abstract

Reducing amyloid-beta (AB) accumulation represents a promising strategy for developing
Alzheimer’s Disease (AD) therapeutics. We recently reported that Brilliant Blue G (BBG),
Erythrosin B, and their structural analogs are novel modulators of in vitro amyloid-beta
aggregation and cytotoxicity in cell-based assays in a dose-dependent manner. Following up on
this recent work, we sought to further evaluate these novel modulators in a more therapeutically-
relevant AD mouse model. The triphenylmethane food dye analog, BBG, was selected to be
tested first due to its superior biocompatibility consensus and use in existing investigations to
treat neurological diseases. Brilliant Blue G was administered to APPSwDI/NOS2-/- mice for
three months in order to assess biocompatibility, ability of the small molecule to cross the blood-
brain barrier, and efficacy at rescuing key AD pathologies. The results showed that BBG was
well-tolerated, showed no gross toxicity, and was able to significantly cross the AD blood-brain
barrier. Immunohistochemical analysis of the brain sections revealed that BBG was able to
significantly rescue neuronal loss and reduce intraneuronal AP loading in the hippocampus. To
our knowledge, this is the first report of the effect of Brilliant Blue G on neuronal loss in a
transgenic animal model of AD as well as the first report of oral (not injected) animal

administration of BBG affecting a protein conformation/aggregation disease.
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Introduction

Alzheimer’s Disease (AD), the most common form of senile dementia today, is
characterized and diagnosed by three key pathological hallmarks: neurofibrillary tau protein
tangles, loss of neurons, and the accumulation of insoluble protein aggregates, composed
primarily of neurotoxic amyloid-beta (AB).?*® Among the various isoforms of AB, Ap40 and
AB42 are the most physiologically relevant, with AB42 being more atggregation-prone.6 AP is
formed by sequential cleavage of the Amyloid Precursor Protein (APP) by beta- followed by
gamma-secretase. The amyloid-cascade hypothesis states that AB accumulation is toxic to the
brain and causative to the tau / neuronal death pathologies and cognitive deficits seen in AD
patients." **° Therefore, reducing Ap accumulation and aggregation represents a promising
strategy for developing AD therapeutics.

Numerous small molecules have been studied for their ability to modulate AP
aggregation and reduce neurotoxicity.*> *® In particular, several lipid-based modulators and
polyphenols have been reported to modulate AP aggregation and reduce Ap-associated
toxicity. 1 5% 88 105, 107, 108, 1L 112 A 1thoygh the results from these studies are encouraging and
validate AP aggregation modulation as a promising strategy, a practical and effective therapeutic
has yet to be identified. Not all Ap aggregation small molecule modulators identified are suitable
for AD therapeutic leads because they may not possess good biocompatibility and/or blood-brain
barrier (BBB) permeability. Crossing the BBB is a big challenge in AD drug development; 98%
of small molecule drugs and almost 100% of large molecule drugs cannot cross the BBB.?*® For
example, therapeutic application of Congo Red has been hindered by poor BBB-permeability

227

and carcinogenicity.”" Although polyphenol tannic acid is also very effective in reducing AB

B.??% As a result,

114

neurotoxicity in cell-based assays,*® tannic acid does not cross the animal BB



there remains a strong driving force to identify new small molecule AD therapeutic candidates
with desirable features.

In order to search for novel small molecule modulators with good biocompatibility, our
research group screened various FDA-approved food dyes and their close analogs. We recently
reported that the triphenylmethane dye, Brilliant Blue G (BBG), and its structural analog are
novel modulators of in vitro Ap40-aggregation and AP cytotoxicity in cell-based assays in a
dose-dependent manner.*® 2" 8% % Therefore, with good biocompatibility, BBG is an attractive
potential therapeutic inhibitor of AP cytotoxicity in the treatment of AD. Following up on our
recent work, we sought to further evaluate this novel modulator’s efficacy in a more

therapeutically-relevant AD mouse model.

Being a well-documented P2X7 receptor antagonist, BBG has been tested numerous

times in animal models and as a potential therapy for neurodegenerative diseases.??®

Young et.
al. gave intraperitoneal (i.p.) injections of 125 mg/kg/day BBG to mice and reported no adverse
effects.”®® Peng et. al. administered BBG intravenously (i.v.) to a rat model of an acute spinal
cord injury and found that it effectively reduced damage/inflammation and improved motor
function recovery.?®® In one of the few reports of administering BBG orally, Kimbler et. al. gave
~3000 mg/kg/day BBG in drinking water to a mouse model of traumatic brain injury and also
found that it improved injury recovery.”** In a mouse model of prion protein disease, Iwamuru et.
al. administered injections of BBG, finding that the dye prevented prion protein accumulation in
mouse brains and cells.?** Although detailed metabolic loss studies have not been conducted with
BBG, Brilliant Blue FCF (BBF — FDA approved food dye, FD&C blue No. 1), a close structural
analog of BBG, has been found to be absorbed 5% by the gastro-intestinal tract following oral

consumption and absorbed 10% by the plasma when given intravenously.?*
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Brilliant Blue G (BBG) has been investigated twice in animal models of Alzheimer’s
Disease. In both of these reports, the primary goal was to explore antagonism of the P2X7
receptor as a viable therapeutic mechanism for future AD therapies, rather than the in vivo
advancement of BBG as a lead AD therapeutic molecule. Ryu et. al. administered i.p. injections
of BBG to rats that had been injected in the hippocampus with AB42 protofibrils (a model used
to simulate the inflammation state of the AD brain) and found that BBG treatment resulted in a
38% increase in viable neurons, reduced gliosis/inflammatory response, and decreased leakage
of the BBB.?! The effect of BBG on AP loading was not assessed in this study. In addition,
although insightful from a mechanistic exploration perspective, blunt injection of toxic Ap42
protofibrils in to the brain of healthy animals may not recapitulate the complex Alzheimer’s
Disease brain chemistry as well as a transgenic mouse model that develops AD-pathology over
its life-span. More recently, Diaz-Hernandez et. al. performed a very important first assessment
of BBG in a transgenic mouse model of familial Alzheimer’s Disease.>® Specifically, they
administered 45.5 mg/kg BBG via i.p. injections to J20 hAPP mice for 4 months (starting at age
3-4 months), discovering that BBG effectively penetrated the BBB (brain tissue concentration
found to be 200-220 nM) and reduced the number and size of hippocampal AP plaques. The
mechanism reported to cause the ultimate reduction in AP plaques was that BBG
inhibits/antagonizes the P2X7 receptor, subsequently inhibiting GSK-3 (glycogen synthase
kinase 3), which then promotes non-amyloidogenic processing of the Amyloid Precursor Protein
(APP) by alpha-secretase, and a decrease in the amyloidogenic/Af progressing of APP by beta-
secretase. Unfortunately, even though the J20 hAPP mouse model they employed does exhibit
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neuronal loss at age 3 months,” the authors did not investigate if BBG administration was able

to rescue the neuronal loss pathological hallmark,?*® an important characterization step in the
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development of BBG as a lead AD therapeutic candidate targeted at the amyloid-cascade

hypothesis.

In order to complete the in vivo characterization of BBG’s effect on Ap-related
Alzheimer’s pathologies and advance the compound as a potential lead drug for AD-therapy, we
investigated the effect of oral administration of the compound on intraneuronal / extracellular A
loading and neuronal loss in the APPSwWDI/NOS2-/- mouse, a well-established transgenic model
of AD. The APPSWDI/NOS2-/- strain is an optimized bigenic mouse AD model created to more
accurately simulate the interactions between the three essential pathological features for
diagnosis of AD. Since macrophages in the mouse brain display more activity in producing nitric
oxide that provides protection during an immune response than human macrophages,®*® knocking
out the nitric oxide synthase 2 encoding gene (NOS2-/-) allows for a better representation of
human brain chemistry in a mouse model.?®> The mouse strain was validated as displaying severe
amyloid deposition, tau pathology, 30-40% hippocampal neuron loss, and significant memory
deficits as measured by radial-arm water maze testing at 12-14 months of age.??>2%: 237238240
Since the initial validation, these transgenic mice have been employed several times in the
literature to assess how various potential therapeutic options affect AD pathology/behavior?*® %
and also to study AD brain chemistry.?*®%* Because of these considerations, these transgenic
mice are well-suited for studying the efficacy of small molecules in eliminating AD pathological
features, neuronal loss in particular. To our knowledge, this is the first report of the effect of
Brilliant Blue G on neuronal loss in a transgenic animal model of Alzheimer’s Disease as well as

the first report of oral (not i.v. / i.p injected) animal administration of BBG affecting a protein

conformation/aggregation disease.
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Materials and Methods

Mice

Female 6-7 month old wild type C57BL/6 (Jackson Laboratories) and APPSwDI/NOS2-
/- familial Alzhiemer’s Disease transgenic mice (generously provided by Professor George
Bloom of the Biology Department at the University of Virginia) were randomly divided up in to
untreated control and drug experimental groups. The APPSWDI/NOS2 -/- transgenic strain was
originally generated by crossing the widely accepted cerebral amyloidosis angiopathic model
APPSwWDI (Amyloid Precursor Protein with Swedish K670N/M671L, Dutch E693Q, and lowa
D694N mutations) transgenic mice with NOS2-/- (nitric oxide synthase 2 knockout) mice. All
experiments involving vertebrate mice were performed according to University of Virginia’s
Institutional Animal Care and Use Committee (IACUC) regulations, which operate under
approval by the Association for Assessment and Accreditation of Laboratory Animal Care

(AALAC).

Brilliant Blue G (BBG) Preparation, Administration, and Monitoring

Mice received either i.p. injections of 100 mg/kg BBG (Sigma Aldrich) dissolved in 0.2
pm filtered 0.9% NaCl every 48 hours (3 times total per week) for 3 months or 2,000 mg/kg/day
BBG for 3 months total ad libitum blended in to the standard mice chow food and provided in
cages. Mice in the untreated control groups were fed standard basal mouse chow diet (no

sham/saline injections).
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Observations of coloring of body parts/urine/feces, unusual behavior, body condition,
appearance of skin, haircoat, eyes, nose, posture, survival, and if applicable, palatability of the
BBG-food mixture were recorded 1-2 times per week throughout the 3 month administration
period to assess gross biocompatibility, biodistribution, and any potential gross toxicological
effects. In addition, the weight of each mouse was measured once weekly and recorded. Average

weights of each experimental or control group’s weekly readings were then calculated.

Tissue Processing for Immunohistochemistry and Biochemical Analysis

After completing the 3 month BBG-administration regimen, mice were euthanized with
Euthasol solution administered i.p., with death being confirmed by cardiac puncture /
desanguination during transcardial perfusion. For immunohistochemistry, mice were perfused
transcardially with Tyrode’s buffer followed by 4% paraformaldehyde, 0.1% glutaraldehyde
prior to extraction of the brain. Extracted brains were post-fixed overnight at 4°C in 4%
paraformaldehyde, 0.1% glutaraldehyde, cut in to 60 um thick sections on a vibratome (Leica
VT1000S), collected serially in a 12-well plate, and then preserved with 1% NaBHj, to deactive
fixative. For biochemical BBG tissue concentration analysis, mice were perfused transcardially
with PBS only. Following extraction from the skull and bisection, the hemibrains for BBG

concentration analysis were flash-frozen in liquid nitrogen and subsequently stored at -80 C.*®
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Quantification of Brilliant Blue G (BBG) in Brain Tissue

A gauge of blood-brain barrier (BBB)-permeability of BBG was assessed based on the
concentration of the blue BBG dye detected in the snap-frozen mouse brain hemispheres using a
spectroscopic/absorbance method reported in the literature.?®® After the brain tissue was thawed,
the wet weight and volume of each hemisphere was measured. Next, 5 mL of 1X PBS (10 mM
NaH,PO4 and 150 mM NacCl, pH 7.4) was added to each brain in a 15 mL centrifuge tube, the
tube placed on ice, and the tissue was homogenized with an ultrasonic converter (Branson
Sonifier model 102C CE equipped with a Fisher Scientific Sonic Dismembrator Model 500
Control System, 30 minutes, 10% amplitude, 15 seconds on pulse, 5 seconds off pulse). Samples
of the brain homogenate (100 pL replicates) were aliquoted in to 96-well plate. Next, the
absorbance spectra were scanned from 200-800 nm with a Synergy 4 UV-Vis/fluorescence
multi-mode microplate reader (Biotek), reading the maximal absorbance of BBG at 576 nm, and
using 800 nm as a reference point to correct for tissue sample differences. Reference subtracted
absorbance values were then normalized to untreated controls. The BBG concentration in the
tissue of experimental groups was quantified via correlation to calibration curves constructed by
adding known amounts of BBG to homogenized brain tissue from untreated control mice that did

not receive the dye compound.

Free-Floating Immunohistochemistry

Brain sections for histological analysis were first blocked for 30 minutes at room
temperature with 1% BSA, 0.01M PBS solution. Representative section series were then

incubated with one of the following primary antibodies and dilutions overnight at room
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temperature in a scint vial: 1:200 6E10 (Covance), 1:200 M87 (generously provided by Professor
George Bloom at the Biology Department at University of Virginia), and 1:200 NeuN
(Millipore). Antibody solutions were always prepared fresh and were not re-used to prevent
skewing of the quantified results. The next day, brain sections underwent a 2 hour room
temperature incubation with the appropriate biotinylated secondary antibody (Vector Labs —
1:1000 dilution of anti-rabbit secondary antibody for M87, 1:1000 dilution of anti-mouse
secondary antibody for 6E10, and 1:100 dilution of anti-mouse secondary antibody for NeuN).
Each primary antibody’s immunoreactivity was then visualized with the use of the Vectastain
ABC Elite Kit (Vector Labs) and 3,3’-diaminobenzidine, tetrahydrochloride (DAB). DAB stain
reaction times were optimized for each specific antibody and standardized across brain sections
from different animals. Finally, the sections were mounted on subbed slides, air-dried,

dehydrated with ethanol, de-fatted with xylene, and cover-slipped using DPX mountant.

Light Microscopy Imaging

After the DPX-mounted slides had dried overnight, light microscopy images of the
immunohistochemical stain were collected using optimized conditions for each primary
antibody. In addition, for each antibody, all camera and microscope settings (exposure time, light
illumination voltage, filters, aperture, condenser) were standardized across different sections and
animals, and anatomical landmarks were employed to ensure that similar brain sections were
analyzed for each animal. For M87, black and white images of the whole hippocampus and
cerebral cortex regions were captured for each brain section (3-4 sections per animal, 12-16
images per section on average) using the 5x objective lens on a Zeiss Axio Imager M2 light
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microscope equipped with a Zeiss AxioCam Ice3 digital camera (total magnification between
objective and digital camera = 50x). For 6E10, black and white images from the CA1 — CA2
hippocampus and cerebral cortex regions were captured for each brain section (2 sections per
animal, 22 images per section on average) using the 20x objective lens on a Zeiss Axio Imager
M2 light microscope with motorized z-scan equipped with a Zeiss AxioCam Ice3 digital camera
(total magnification between objective and digital camera = 200x). For NeuN, color images from
the CA1, CA2, and subiculum hippocampal regions were captured for each brain section (3
sections per animal, 8 images per section on average) using the 10x objective lens on a Leica

DMLB light microscope equipped with a Leica MC170 HD digital camera.

Image Processing - Quantification of Neuronal Loss and Ap Loading

Hippocampal neuronal loss was quantified through manual counts and width
measurements of the DAB-positive NeuN antibody stain on the light microscopy images using
Image J analysis software (NIH). Neuronal density was assessed by projecting 5000 um? sub-
grids on the subiculum region, manually counting the number of neurons in each grid box (Grid
and Cell Counter plugins in Image J, respectively), and then taking an overall average. Thickness
of the CA1-CA2 pyramidal neuron cell layer was analyzed by projecting 1000 pm? sub-grids on
the CA region, and then manually measuring the width of the contiguous neuronal cell layer at

each grid increment.

AP loading was quantified as the percentage of positively stained area of 6E10 and M87
antibody DAB-immunohistochemical products per total area analyzed/measured. For the 6E10

hippocampal CA1-CA2 pyramidal cell layer and M87 analyses in the cerebral cortex, dentate
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gyrus and CA / lacunosum moleculare, this was performed in Image Pro Plus 7.0 by applying a
threshold pixel intensity value to distinguish between positive stain and background signal. In
order to maintain consistency across different brain sections and animals for each antibody, an
average background pixel signal intensity for each section analyzed was calculated and then used
to correct the consensus threshold value for analyzing the percent area occupied by stain in the
section. When applicable to obtain a larger sample size, multiple measurements of percent
staining were taken within each light microscopy image by analyzing small incremental regions
of interest (ROIs) across the respective image. Loading of diffuse, extracellular AB plaque
deposits was assessed in the cerebral cortex by manually tracing the area (in Image J) occupied

by diffuse plaques stained by 6E10 antibody.

Once all staining was quantified, the average results (displayed as + SEM) were
compared between transgenic, wild-type, and untreated control animal groups using standard
two-sided Student T-tests (p < 0.05 required for significancy) to gauge whether BBG was

effective at alleviating the various AD-associated pathologies.

Results

Administration of Brilliant Blue G (BBG) is Well-Tolerated, Results in No Apparent Gross
Toxicity, and Achieves Peripheral Biodistribution
Considering the need to evaluate the efficacy of Brilliant Blue G (BBG), which our

research group previously found to effectively inhibit AP aggregation-associated cytotoxicity in
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an in vitro cell culture assay,®

in a more physiologically relevant setting, we extended our
characterization investigation to the APPSwWDI/NOS2-/- transgenic AD mouse model. Wild Type
(WT) and APPSWDI/NOS2-/- (APP) transgenic mice aged 6-7 months were administered 2,000
mg/kg/day BBG ad libitum in food for 3 months. This oral dosage level was determined based
on safe dosage levels previously reported in the literature.”*> %** The administration period of 3
months was chosen based on previous reports of A efficacy testing of drug candidates in mouse

216, 241-245 and then

AD-models using administration periods ranging from 2 weeks to 6 months
choosing an approximate mid-point. We initiated BBG administration at an earlier age than the
12-14 months previously used in strain validation®® in order to assess the small molecule’s

potential to prevent the formation of AD pathology.

Overall, the administration of BBG was very well-tolerated. Observations of unusual
behavior/activity, body condition, posture, and survival were recorded 1-2 times per week
throughout the 3 month drug administration period, revealing no signs of gross toxicity or death.
In addition, no palatability issues of blending the BBG in to standard mouse chow were
recorded. Mice were also weighed once per week, with no overall weight loss being observed
(Table 5.1). Intriguingly, the weight tracking results showed that untreated control wild type
mice (WT Cont.) gained significantly more weight than the untreated control APPSWDI/NOS2-/-
(APP Cont.) group (p < 0.05, two-sided Student’s t-test), suggesting strain differences play a role
in body weight change and eating habits. The oral administration of BBG was not found to
significantly affect overall average weight change in either mouse strain (BBG-Food compared
to Cont. groups, Table 5.1, p > 0.1), although it did cause a modest increase in week-to-week
fluctuation of the weights of individual APPSwWDI/NOS2-/- mice (p < 0.001 in comparing SEMs

of APP Cont. and APP BBG-Food groups). Lastly, in order to assess the
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biodistribution/bioavailability of BBG (a blue-colored dye) upon administration, observations of
blue coloring of body parts, urine, and feces were recorded 1-2 times per week. Starting
approximately 4 days after beginning the BBG administration period, mice in both the wild type
and APPSwWDI/NOS2-/- groups displayed a light bluish-green hue on the extremities (nose, ears,
skin) as well as a darker blue color in the urine and fecal matter, suggesting that some of the

compound achieved peripheral distribution.
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Table 5.1 — Weekly weight monitoring during 3 month oral Brilliant Blue G (BBG) administration
period. Percent weight change of APPSWDI/NOS2-/- (APP) and wild type (WT) untreated (Cont.) and
orally-administered BBG (BBG-Food) mice. Data expressed as the overall change in each group’s
average weight in a respective week during 3 month BBG administration period compared to starting

weight, +/- SEM (n = 4-5 mice per group).

% Weight Change During 3 Month BBG Administration Period

Group 1 2 3 4 5 6 7 8 9 10 11 12 13 14
APP

BBG- 2.3+ 34+ 4.6+ 23+ | -1.1+ 1.1+ 4.6 + 3.4+ 3.4+ 4.6 + 4.6 4.6 + 8.0+ 4.6 +
Food 3.4% 3.0% | 29% | 2.9% 1.3% 1.9% | 22% | 3.0% | 3.0% | 2.2% | 3.4% | 3.4% 3.0% 2.2%
APP 1.0+ 1.0+ | 19+ | 1.0+ | 34+ | 22+ | 22+ | 1.0+ | 46+ | 70+ | 46+ | 46+ | 3.4+ 3.4+
Cont. 1.5% 2.2% 1.0% | 0.0% 1.4% 1.2% 1.2% 2.0% 2.3% 2.3% 1.2% 1.2% 1.4% 1.4%
B\glg- 53+ 09+ 1.8+ 35+ 1.8+ 35+ 53+ 7.1+ 8.8+ 7.1+ 6.2 + 9.7+ | 13.3% 115+
Food 1.7% 1.7% 1.4% | 2.3% 1.4% 1.1% 1.7% 1.7% 3.0% 1.7% 1.4% 2.2% 3.0% 2.2%
WT 0.9+ 27+ | 09+ | 1.8+ | 54+ | 45+ | 45+ | 54+ | 63+ | 7.1+ | 6.3+ | 7.1+ | 80 9.8+
Ccont. 1.1% 2.0% 1.1% | 0.9% 1.1% 1.8% 2.3% 1.1% 1.7% 2.4% 1.7% 2.4% 2.2% 2.3%
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Brilliant Blue G (BBG) Effectively Penetrates the Alzheimer’s Disease (AD) Blood-Brain

Barrier (BBB)

After mice had successfully finished the 3 month oral BBG administration period, the
concentration of the blue dye in homogenized brain tissue was quantified by reading the
maximum absorbance located at 576 nm, as previously performed in the literature.?®
Intriguingly, reference-subtracted absorbance results (Figure 5.1) revealed that in wild type mice,
the compound was not able to significantly pass through the BBB, as evidenced by no significant
difference in absorbance being detected between WT Cont. and WT BBG-Food groups.
However, in the transgenic APPSwWDI/NOS2-/- familial AD mice fed with BBG (APP BBG-
Food group), a significant increase in the absorbance at 576 nm was detected compared to the
untreated APPSWDI/NOS2-/- (APP Cont.) group, corresponding to a BBG brain tissue

concentration of 3.91 + 0.13 pM.
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Figure 5.1 — Spectroscopic analysis of orally administered Brilliant Blue G (BBG) in mouse brain
tissue. Average reference subtracted normalized absorbance values of homogenized brain tissue from
wild type (WT) and APPSwWDI/NOS2-/- transgenic AD (APP) mice either untreated (Cont.) or orally
administered BBG for 3 months (BBG-Food). Error bars indicate + SEM (n > 20 replicates, 1-2 mice per
group). NS indicates no statistically significant difference detected (p > 0.05 from two-sided Student’s t-
test). *** indicates significant difference (p < 0.001).
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Brilliant Blue G (BBG) Rescues Hippocampal Neuronal Loss Alzheimer’s Disease

Pathology

Given that it is an important AD-associated pathological feature and there have been no
prior reports characterizing the effect, we next investigated whether oral administration of
Brilliant Blue G (BBG) could alleviate the loss of neurons that occurs in transgenic familial
Alzheimer’s Disease mouse model progression. To do this, we performed DAB chromagen-
based immunohistochemistry with the NeuN primary antibody, a widely characterized and
accepted antibody that recognizes a neuronal-specifc nucelar protein?tl 22 236 237, 246, 247 |y o
survey of the animal model literature, there is a very strong positive correlation between
therapeutics (peptides, small molecules, and antibodies) rescuing AD-related neuronal loss using
NeuN immunohistochemical methods and cognitive/behavioral enhancement.?*® %37 248251 The
comprehensive validation by Wilcock et. al. of the APPSWDI/NOS2-/- transgenic AD mouse
model (using mice aged 12-14 months) revealed that the greatest neuronal loss occurred in the
subiculum and CA regions of the hippocampus, displaying a 35% and 40% loss, respectively.??®
Therefore, we assessed neuronal loss / neuronal levels in these areas as well, calculating neuronal
count density in the subiculum and width of the pyramidal neuron layer in the CA1-CAZ2 fields
(Figure 5.2A, C for subiculum, Figure 5.2B, D for CA1-2). As expected given the favorable
biocompatibility profile of the compound, no significant difference in neuronal levels was
observed upon inspection of the results for wild type untreated versus wild type animals fed
BBG (WT Cont. and WT BBG-Food groups, Figure 5.2A-D). A comparison of untreated wild
type and untreated APPSwWDI/NOS2-/- animal groups revealed substantial neuronal loss of 20-

22% for transgenic animals in the subiculum and CA1-CA2 regions (WT Cont. and APP Cont.

groups, Figure 5.2A-D). Intriguingly however, 3 months oral administration of Brilliant Blue G
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was able to completely rescue the APPSWDI/NOS2-/- neuronal loss back to the levels seen with
wild type animals in both regions of the hippocampus (APP Cont. and APP BBG-Food groups,

Figure 5.2A-D).
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Figure 5.2 — NeuN immunohistochemical assessment of neuronal loss in hippocampus with oral
Brilliant Blue G (BBG) administration. Representative light microscopy images of NeuN staining in
the subiculum (A) and CA1-CA2 cell layer (B) of the hippocampus for wild type (WT) and
APPSWDI/NOS2-/- (APP) mice either untreated (Cont.) or orally administered BBG for 3 months (BBG-
Food). Scale bar displayed = 50 um for the subiculum images (A) and 40 um for the CA1-2 images (B).
Neuronal loss was quantified by counting neuron density in the subiculum (C) and measuring
width/thickness of the CA1-2 neuron layer (D). Data expressed as average £ SEM (n > 350 replicates, 3
animals per group). *** indicates significant difference (p < 0.001 from two-sided Student’s t-test). NS
indicates no significant difference detected (p > 0.05).

131



Brilliant Blue G (BBG) Reduces Intraneuronal Ap Loading in the CA1-CA2 Pyramidal
Neuron Cell Layer of the Hippocampus, But Does Not Affect Extracellular Ap in the

Cerebral Cortex

Given AB loading/accumulation’s implication as a key pathological hallmark of AD® -
75104 and that our research group had previously investigated the Brilliant Blue G (BBG) small
molecule to alleviate AB-associated cytotoxicity in vitro, we next explored if our 3 month oral

BBG administration affected Ap deposition in the hippocampus and cortex of APPSwWDI/NOS2-

/- mice.

To do this, we performed immunohistochemistry using the 6E10 primary antibody, which

recognizes the N-terminal amino acid 4-9 sequence of Ap,%!®°

to analyze AP loading in the
CA1-CA2 pyramidal neuron cell layer of the hippocampus. It is worthwhile to note that this
location is also where neuronal loss was assessed in the previous section. The results showed that
the majority of 6E10 staining in CA pyramidal cell layer was localized on neuronal bodies
(Figure 5.3A, APP Cont. and APP BBG-Food groups), closely resembling the
intraneuronal/intracellular AP loading previously reported using the 6E10 antibody.””*?’° The
CA pyramidal cell layer is a very densely packed layer of neurons in the hippocampus, and
therefore, the area analyzed here was almost completely composed of these cells. Because of
these factors, it was concluded that the AP loading quantified in the CA1-CA2 cell layer was
mainly intraneuronal AP. As expected, the results showed negligible AP loading for both wild
type mice groups, with only ~ 0.1% of the CA neuron layer occupied by positive stain (Figure

5.3B, WT Cont. and WT BBG-Food groups). The wild type loading results gave us assurance

that our assay was working correctly and was not resulting in false positive staining. Further, the
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wild type percent area occupied by 6E10 stain was 100 times less than the APPSwWDI/NOS2-/-
untreated control group, which had ~ 10% AP loading (Figure 5.3A-B, APP Cont. group).
Importantly, when BBG was blended in with the mouse chow and fed to the APPSwWDI/NOS2-/-
strain, it caused a striking decrease in AP loading, resulting in only ~ 5% of the area analyzed
being occupied by 6E10 positive stain (Figure 5.3A-B, APP BBG-Food group). Thus, there was

a strong positive correlation between neurotoxicity (neuronal loss) and intraneuronal A loading.
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Figure 5.3 — 6E10 immunohistochemical assessment of intraneuronal / intracellular Af loading with
oral Brilliant Blue G (BBG) administration. (A) Representative light microscopy images of 6E10
antibody staining in the CA1-CA2 neuronal cell layer of the hippocampus for wild type (WT) and
APPSWDI/NOS2-/- (APP) mice either untreated (Cont.) or orally administered BBG for 3 months (BBG-
Food). Scale bar displayed = 50 pm. (B) Quantification of intraneuronal Ap loading expressed as the
average percentage of area occupied by 6E10-positive stain per total area analyzed £ SEM (n > 450
replicates, 2-3 animals per transgenic group). *** indicates significant difference (p < 0.001 from two-
sided Student’s t-test).
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Next, 6E10-positive AP loading was assessed in the cerebral cortex (Figure 5.4A). Close
inspection of the APPSWDI/NOS2-/- cortex brain sections revealed that along with recognizing
AP localized to neurons, the 6E10 antibody also stained diffuse AP deposits that appeared
extracellular in nature (Figure 5.4A, APP Cont. and APP BBG-Food groups). Since
intraneuronal AP was already assessed in the hippocampus, we focused the cortex 6E10 analysis
on the diffuse plaques, quantifying each plaque by tracing its area using Image J. The results
revealed that BBG fed to APPSwWDI/NOS2-/- mice did not significantly affect the percentage of
area occupied by the plaques (Figure 5.4A, Right Panel, APP Cont. and APP BBG-Food groups).
In addition, oral administration of BBG did not significantly affect the average area of individual
plaques traced, with both untreated and BBG-fed APPSwWDI/NOS2-/- mice presenting an average

plague size of ~ 650 pm?.

As a supplementary element for the AP loading characterization with the 6E10 antibody,
we also employed immunohistochemistry with the M87 primary antibody in the relatively large
areas of the cerebral cortex and hippocampus (Figure 5.4B-C and Figure D2 in Appendix D).
Compared to 6E10, M87 is newer, investigational antibody reported to recognize lower order
aggregation intermediates of AB.”*® Being a newer antibody, we first wanted to gauge the type
(conformer) and location of AP stained by M87 in our specific APPSwWDI/NOS2-/- transgenic
mouse model. To do this, we qualitatively examined close-up, 20x zoom images taken of the
M87 staining in the cortex and hippocampus of an APPSwDI/NOS2-/- control animal (Figure D1
in Appendix D). Although some A aggregation intermediate staining was localized to neuronal
bodies in the CA pyramidal neuron layer (Figure D1B in Appendix D), the vast majority of the
staining seemed to be extracellular, in the general parenchyma and cerebrovasculature (Figure

D1A-F in Appendix D). Because of this identified pattern and that the CA neuronal layer
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represents only a small portion of the total area analyzed in the hippocampus and cortex, it was
assumed that M87 represented mostly extracellular AP species. We then proceeded to quantify
the percent area occupied by these M87-positive extracellular AP aggregates in the retrosplenial,
motor, and visual cortex (Figure 5.4B, Right Panel) and the CA - lacunosum moleculare (Figure
5.4C, Right Panel) and dentate gyrus (Figure D2B in Appendix D) regions of the hippocampus.
The results revealed that < 0.1 % of the area analyzed was occupied by M87-positive stain for
any of the wild type mice (WT Cont. and WT BBG-Food groups), indicating that the M87
antibody was acting specifically and not generating false positive signals. Conversely, M87
staining for the APPSwWDI/NOS2-/- untreated control groups (APP Cont.) was much more
intense, at ~ 6% of the area occupied in the hippocampus and ~ 16% in the cerebral cortex
regions. In all areas analyzed (cerebral cortex, CA - lacunosum moleculare, and the dentate
gyrus), 3 months of oral administration of BBG to APPSwWDI/NOS2-/- mice in food did not have
any significant effect on M87 extracellular staining loading (APP Cont. and APP BBG-Food
groups). Taken together, the combined 6E10 and M87 AP loading analysis indicates that oral
BBG administration was able to significantly ameliorate intraneuronal A in the CA1 and CA2
region in hippocampus, but not extracellular AP deposition in the cortex in our transgenic mouse

model of AD.
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Figure 5.4 — Immunohistochemical assessment of extracellular Ap loading with oral Brilliant Blue
G (BBG) administration. Left panels display representative light microscopy images of 6E10 staining of
diffuse extracellular deposits in the cerebral cortex (Ctx. - A) and M87 AP aggregation intermediate
staining in the cerebral cortex (B) and CA / lacunosum moleculare (CA LM - C) regions of the
hippocampus. Images are shown for untreated control (Cont.) and orally administered BBG (BBG-Food)
groups of both wild type (WT) and transgenic APPSWDI/NOS2-/- (APP) mice. Scale bar displayed = 50
pm for the cortex 6E10 images (A) and 150 pum for the cortex and hippocampus M87 images (B and C).
Right panels display quantification of extracellular Ap loading expressed as the average percentage of
area occupied by 6E10-positive manually traced diffuse plaques (A) or M87-positive stain (B and C) per
total area analyzed = SEM (n > 270 replicates for M87, n > 50 for 6E10, 2-3 animals per transgenic
group). NS indicates no statistically significant difference detected compared to APPSwDI/NOS2-/-
untreated control group (p > 0.1 from two-sided Student’s t-test).
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Brilliant Blue G (BBG) Injection Efficacy Evaluation

In addition to administering BBG orally (in food), we also gave i.p. injections of 100
mg/kg BBG every 48 hours for 3 months. This injection dosage levels was determined based on

safe dosage levels previously reported in the literature, % 2

and the administration frequency of
48 hours between doses was employed because at least ~ 40 hours is required for the mice to
eliminate non-absorbed BBG.?** %' Again, the weight of each mouse was measured and
recorded once per week (Table D1 in Appendix D). Similar to the oral administration of BBG,
injecting BBG three times per week caused an increase in the week-to-week fluctuation of
individual mouse weights, this time for both the wild type and APPSWDI/NOS2-/- strain groups
(p < 0.01 from two-sided Student’s t-test when comparing SEMs for respective Cont. Non-Inj.
and BBG-Inj. groups within each strain). Neither abnormal weight loss nor any other sign of
gross toxicity were observed in the BBG-injected groups. However, i.p. administration of BBG
caused the APPSwWDI/NOS2-/- mice to experience less overall weight gain (p < 0.05 when
comparing APP Cont. Non-Inj. and APP BBG-Inj. groups). To gauge potential BBB-
permeability of Brilliant Blue G, the absorbance at 576 nm was again read for the homogenized
brain tissue of BBG-injected animals. Similar to oral administration, a significant amount of
BBG was detected in the APPSWDI/NOS2-/-, but not wild type brain tissue (Figure D3 in
Appendix D), with the concentration of blue dye in the BBG-injected APPSWDI/NOS2-/- brain
calculated to be 3.35 £ 0.06 uM. Next, neuronal loss in the subiculum (Figure 5.5A, Left Panel)
and CA1-CA2 (Figure D4A in Appendix D) fields of the hippocampus was assessed using NeuN
antibody immunohistochemistry. Surprisingly (and different from oral administration),
quantitative comparison of the wild type untreated control and wild type BBG-injected results

revealed a significant neuronal loss of 12-16% (WT Cont. Non-Inj. and WT BBG Inj. groups in
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Figure 5.5A, Right Panel and Figure D4B in Appendix D), indicating that either the injection
handling procedure or indeed the BBG compound itself was inducing a degree of neurotoxicity.
Nevertheless, injection of BBG to APPSWDI/NOS2-/- mice was still able to significant improve
(reduce) neuronal loss by 9-13% compared to the untreated transgenic control group (comparison
of APP Cont. Non-Inj. and APP BBG Inj. groups). In order to see how this reduction in neuronal
loss correlated AP loading, intraneuronal AP was assessed using 6E10 immunohistochemistry in
the CA1-CAZ2 neuronal layer of the hippocampus (Figure 5.5B). Similar to food administration,
BBG injection resulted in a significant ~ 50% decrease in intraneuronal A loading, as measured
by area occupied by positive 6E10 staining in the APPSwWDI/NOS2-/- untreated control (APP
Cont. Non-Inj.) versus the APPSWDI/NOS2-/- BBG-injected (APP BBG-Inj.) groups. In the
6E10 extracellular diffuse AP plaque analysis (Figure 5.5C, Left Panel), BBG injection was
found to significantly increase the average area of each individual deposit to ~ 800 pm?.
However, the overall percent area occupied by diffuse plaques was not significantly affected
(Figure 5.5C, Right Panel, APP Cont. Non-Inj. and APP BBG Inj. groups), indicating that there
were fewer numbers of individual plaques. Extracellular AP loading was also investigated using
M87 antibody immunohistochemistry as a supplement (Figure D5A-C, Left Panels in Appendix
D). Although there was no significant change in the cerebral cortex between APPSwWDI/NOS2-/-
untreated control and APPSwDI/NOS2-/- BBG-injected groups, there was a significant increase
in extracellular AP aggregate loading in the hippocampus upon injection of the blue dye (APP
Cont. Non-Inj. and APP BBG-Inj. groups, Right Panels of Figure D5A, B, and C, for cortex, CA

— lacunosum moleculare, and dentate gyrus, respectively in Appendix D).
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Figure 5.5 —Immunohistochemical assessment of efficacy of 3 month Brilliant Blue G (BBG)
injection administration on neuronal loss and AP loading. Left Panels show representative light
microscopy images of NeuN staining in the subiculum (A) and 6E10 staining in the CA1-CA2 cell layer
(B) of the hippocampus and cerebral cortex (C) and for wild type (WT) and APPSWDI/NOS2-/- (APP)
mice either untreated (Cont. Non-inj.) or administered i.p. injections of BBG for 3 months (BBG-Inj.).
Scale bar displayed = 50 um for NeuN subiculum images (A) and 50 pum for 6E10 cortex and CA1-2
images (B and C). (A, Right Panel) Neuronal loss quantified by counting neuron density in the subiculum
(n > 350 replicates). (B, Right Panel) Quantification of intraneuronal AP loading by calculating
percentage of area occupied by 6E10-positive stain per total area analyzed in the CA1-CA2 pyramidal
neuron layer of the hippocampus (n > 450 replicates). (C, Right Panel) Quantification of extracellular Ap
diffuse plaques by calculating percentage of area occupied by 6E10-positive manually traced diffuse
plaques per total area analyzed (n > 50 replicates). Data expressed as average + SEM (humber of
replicates, n, mentioned above, 2-3 animals per transgenic group). NS indicates no statistically significant
difference detected compared to APPSwWDI/NOS2-/- untreated control group (p > 0.1 from two-sided
Student’s t-test). *, ** and *** indicate significant differences detected (p < 0.05, p < 0.01, and p <
0.001, respectively).
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Discussion — Brilliant Blue G (BBG) Food Administration

In this chapter, we found that 3 month oral administration of the triphenylmethane food
dye analog, Brilliant Blue G (BBG), to the APPSWDI/NOS2-/- transgenic mouse was well-
tolerated, crossed the blood-brain barrier, rescued neuronal loss, and reduced intraneuronal AP

loading.

Although the weekly weight monitoring data showed BBG did not significantly affect
overall average weight change, it did reveal that the weights of individual mice in the group fed
BBG fluctuated more week-to-week compared to the group fed normal mouse chow. We
postulate that this difference could be due to short-term accessibility differences between the
BBG-containing food and the normal mouse chow. In the untreated control group cages, hard-
packed mouse food pellet-bricks are presented from an open-wire basket on the top of the cage in
such a way that food is accessible to many individual mice at one time. This is different from the
cages where the mice were fed BBG-blended food ad libitum in a single 3-inch diameter ceramic

tray, generally accessible to only 1-2 mice at once.

The BBG brain-tissue concentration quantification revealed the intriguing finding that the
triphenylmethane dye could cross the animal blood-brain barrier (BBB) in familial AD-
transgenic mice, but not significantly for wild type control mice. Since BBG is water-soluble (to

50 mM) with a molecular weight over 800 Da,*®

the compound would not be expected to readily
pass through the BBB from a theoretical perspective. This is given that most drugs that passively
cross the BBB through endothelial transcellular diffusion are lipophilic and less than 450 Da in
size.?% %% Fyrthermore, Brilliant Blue G is unlikely to be transported across the BBB via carrier-

mediated influx transporters for endogenous polar molecules / analogs or receptor-mediated
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transcytosis for proteins, given the nature of the compound.?*® % Because of this, the most likely
BBB-permeation mechanism for Brilliant Blue G is the paracellular pathway between
endothelial cells through extremely robust tight junctions sealed with protein complexes.?®
Therefore, the passage of BBG through the healthy, intact blood-brain barrier of a mouse is
unlikely, as evidenced by our wild type control mice results. However, it is now well-established
that the BBB experiences disruption and dysfunction in Alzheimer’s and other
neurodegenerative diseases, resulting from damage occurring to pericytes, microglia, astrocytes,
and neurons that collectively make up the neurovascular unit.?>?** For example, Brilliant Blue
G was peripherally (i.v.) administered to rodent models of traumatic brain injury®** and spinal
cord injury,?®® with the dye being found to significantly accumulate at the contusion site (at up to
~44 uM concentrations). These findings implicated that the compound was able to cross in to the
central nervous system (CNS) tissue through the disrupted BBB. In Alzheimer’s Disease
specifically, evidence for leakage of the blood-brain barrier is increased CNS infiltration (from

259, 263, 264

the periphery) of inflammatory cells/immunoglobulins and blood proteins, such as

albumin,?*! %% 263 hemoglobin,?*® prothrombin,?®® and fibrinogen.”®*

Although these reports of
BBB leakage resulting from Alzheimer’s Disease present a potentially promising opportunity for
small molecules therapeutics to enter the CNS, it is not a guarantee, given the different
mechanisms required to transport larger proteins vs. smaller water-soluble molecules, the nature

of the individual small molecule, and the extent to which the brain (human or transgenic model)

has been damaged.?® 2%

Perhaps the most important and novel finding from this study was the efficacy of BBG at

ameliorating AD-related neuronal loss in the hippocampus. Because many of the AD-mouse

225

models do not develop significant neuronal loss,“” this pathological endpoint is often excluded

142



from efficacy studies of new therapeutics. The hippocampus is a critical region of the brain for
learning, consolidating information from short to long term memory, and spatial navigation.?®>
288 |nput signals are received from the entorhinal cortex, pass sequentially through the dentate
gyrus, CA3, CA2, and CA1 subfields, and then information is output from the hippocampus
through the subiculum.?®® The dentate gyrus is also one of the few regions of the brain which
continue undergoing neurogenesis during adulthood.?®® Unfortunately, the hippocampus is one of
the most vulnerable areas of the brain to physiological changes, and in AD, is one of the earliest
areas to be affected.’®® Because of the importance of the hippocampus and the positive
correlation between therapeutics rescuing AD-related neuronal loss cognitive/behavioral

236, 237, 248-251
enhancement,

our findings about BBG being able to improve this pathological
feature in the subiculum and CA1-CA2 regions makes it very promising to proceed as a AD-

therapeutic.

Since we had previously demonstrated in vitro that Brilliant Blue G modulated AD-
associated cytotoxicity through the mechanism of modulating AP aggregation, we were also
interested in testing what effect BBG had on A loading/accumulation. In reviewing the
literature, ELISA investigations of 6-10 month old transgenic AD mice reported an approximate
total AP brain tissue concentration in the range of 0.02 — 2.7 uM (depending on the mouse strain
employed), with only one reported concentration being above 0.25 pM.?*"2"° In our results, we
found that the total brain tissue concentration of BBG was 3.91 uM. It is important to note that
this concentration represents both bound and unbound BBG, and that the concentration of
free/unbound dye would likely be less due to the high binding affinity of BBG for proteins, but
additional investigation would be required to determine the exact mechanics.?%® %° Nevertheless,

using these numbers yields an approximate in vivo molar ratio of BBG:A of 15:1, which falls
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well within our previously reported in vitro aggregation-modulating 1Cs, and cytotoxicity-
alleviating BBG:AP molar concentration ratios of 0.72:1 and 3:1, respectively.?® Therefore, it
was reasonable to assume that the BBG concentrations achieved in the brain tissue would be

sufficient to affect AP loading.

The AP immunohistochemistry results showed that oral BBG administration was able to
significantly reduce intraneuronal/intracellular, but not extracellular AP loading. Traditionally,
extracellular aggregated species of secreted AP were believed to initiate the cascade of events in
the toxicity of Alzheimer’s Disease.2’* However, there is now increasing evidence that the
neurodegenerative cascade may actually be triggered first by Ap accumulating inside neurons
(intraneuronal APB).>"% Indeed, recent studies have demonstrated that neuronal loss, cognitive
decline, and synapse degradation can occur prior (i.e. at an earlier age) to the appearance of
extracellular plaques in the Alzheimer’s Disease brain, and that intraneuronal AP loading
coincides better with these pathological events.?> 2% 271 27328 15 fact it was reported that the
formation of AP oligomers and fibrils actually begins by AB monomer being sorted to
multivesicular bodies inside of cells, where aggregation then proceeds. The aggregates are then
only released to the extracellular space once the cells undergo cell death.?** 2" 28 Fyrthermore,
intraneuronal AP has been found to be many times more toxic than extracellular AB.289 Due to

these factors and that very few small molecules have been reported targeting intracellular Ap,%

2% our current result that BBG can reduce intraneuronal AP loading is of interest from a
therapeutic and novelty perspective. Given this, two questions present themselves for our
specific results — 1) what type of conformer species does the intraneuronal A represent, and 2)

was BBG able to reduce intraneuronal AP loading through inhibition of AP aggregation or

inhibition of AP monomer generation from the APP parent protein? Unfortunately, further
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investigation is needed to definitively answer these questions, since with the current data, the
6E10 antibody is cross reactive to all APP proteins/fragments that contain the N-terminal amino
acid sequence of AP (both cleaved and uncleaved products) and the quantitative M87 antibody
analysis was not designed to target areas containing only neurons. In the literature, some discord
exists between research groups regarding the exact APP-cleavage product and aggregation-state
of intraneuronal amyloid staining seen in transgenic mice models and human AD patients when
using sequence-specific antibody (such as 6E10) immunohistochemistry.? 274 282299 Hgwever,
there is a substantial body of literature indicating that intraneuronal amyloid staining by these
sequence-specific antibodies does indeed represent AP (the majority being aggregation prone

256, 273, 300

AP42 and not the APP parent protein or other cleavage product) and often, aggregated

AP species identified using oligomer-specific antibodies or Thioflavin S.27% 27%-278. 281, 301,302 |
the context of our results, we postulate that at least part of the intraneuronal A staining in the
CA1-CAZ2 regions of the hippocampus is an aggregated form. This is because in our results, the
M87 antibody did stain several neuronal bodies in the CA1-CAZ2 region, substantial neuronal loss
was observed in that area in untreated transgenic animals, and non-aggregated forms of AP are
considered to have negligible toxicity.”> %'’ Regarding mechanisms, Diaz-Hernandez et. al.
reported that BBG reduced AP plaques by promoting non-amyloidogenic processing of APP by
alpha-secretase through the P2X7 receptor.”” The dissociation constant between A monomer
and BBG was reported to be 92 pM.* Conversely, the dissociation constant for BBG and P2X7
human receptor was much lower at 185 nM,** with the ICs, value for P2X7 antagonism was
reported to be 10 — 200 nM.?* Because of these factors and our previously reported in vitro
aggregation modulating data,®® the exact mechanism by which BBG reduces intraneuronal Af

loading in conjunction with the brain’s existing AP clearance pathways (Supporting Information
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D1 in Appendix D) will require additional investigation. Indeed, epigallocatechin-3-gallate
(EGCG), a well-known AB aggregation modulating compound,™ *"*°? has also been reported to
reduce cerebral amyloidosis by promoting non-amyloidogenic APP processing by alpha-

secretase.3%

Regarding the discrepancy of BBG being able to reduce intraneuronal but not
extracellular AP loading, we hypothesis two possible causes under the assumption that BBG
does indeed modulate AP aggregation in vivo. First, it is possible that BBG is more efficacious at
inhibiting the formation of new aggregates, leaving existing aggregates unaffected.

287

Accumulating evidence shows that AP monomer aggregates inside of cells,”" implying that
BBG may be internalized (either along with AP or separately), and then modulate aggregation
inside the cell. Second, it is also possible that the transgenic mice used in our study were
analyzed at a young enough age prior to having accumulated significant enough extracellular A
pathology to detect differences upon application of the BBG compound. For example, the initial
validation of the APPSwDI/NOS2-/- strain using 12-14 month mice revealed extensive
extracellular AP deposits, but a lack of intraneuronal AP staining.?* Since the mice used in our
study were 9-10 months at the time of analysis and it has been reported that intraneuronal Af
appears first in the aging process followed by decline and an inversely proportional increase in

extracellular AB,254 it is quite possible that extracellular AP pathology was not developed enough

in our studies.
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Discussion -- Brilliant Blue G (BBG) Injection Administration

The 3 month BBG i.p. injection administration regimen produced some truly unexpected
results from both the biochemical and immunohistochemical assays in this study. The most
unexpected finding was the significant amount of neuronal loss that occurred between the
untreated, non-injected control and the BBG-injected wild type mice. Since wild mice do not
normally develop neuronal loss AD-associated pathology, BBG has a very favorable safety
profile with no neuronal loss being observed between wild type rats injected with saline vs. BBG

Only,211

and no gross toxicity was observed throughout our 3 month administration period, we
were expecting neuronal levels to be fairly equivalent between these wild type groups (as was
the case with BBG administered orally). In an effort to explain this finding, a literature search
was performed on potential effects of handling (i.p. injection, in particular) on rodent brain
physiochemistry. The search revealed that light, predictable handling of rodents (such as
restraining a rat in a plastic square right side up or socializing with human contact) or providing
an enriched environment is beneficial for neurogenesis and cognitive performance.’%>3%
Conversely, it was found that chronic unpredictable stress, such as picking rodents up by their
tails and IP injection of saline, causes increases in corticotropin, corticosterone, and
glucocorticoid stress chemicals, anxious behavior, nullification of the action of anti-anxiety
drugs, and decreased neuronal levels.**® These reports highlight the importance of having
rigorous control groups in an in vivo drug testing investigation. In relation to our current study, it
signifies that having one untreated control group for both oral (food) and injection (i.p.)
administration routes was insufficient to draw robust efficacy conclusions for both

administration types. Since the untreated control group was fed normal mouse diet and not

injected, it is an appropriate control for the oral administration of BBG experimental groups, but
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not for the injected ones. Instead, the studies should have been designed to include 0.9%
saline/sham-injected controls. Unfortunately, due to limited resources and number of mice, this
was not employed in the current work. Therefore, it is not possible to conclusively determine
whether the neuronal loss that occurred between the untreated, non-injected control and the
BBG-injected wild type mice was due to neurotoxicity of the BBG compound or an artifact of
injection handling. However, we postulate that it was likely an animal handling artifact, given
that BBG-injection was still able to significant reduce neuronal loss in the APPSWDI/NOS2-/-
transgenic mice. A similar question can also be raised regarding the unexpected increase in
extracellular Ap loading in the hippocampus as identified by the M87 antibody staining, a result
that again was not observed in our studies of orally-administered BBG. Again, since we did not
employ sham-injected controls, it is not possible to conclude if this effect was due to the BBG
compound or a by-product of injection handling itself. As mentioned previously, injection
handling has been shown to release stress chemicals/hormones, which in recent years have been

252,314, 317, 318 | astly, it is worthwhile to note that

linked to increasing Af-associated pathology.
the M87 is a relatively new conformationally-specific AP antibody reported once in the
literature.”®® The initial use/validation study of the antibody revealed that it recognized lower
order aggregation intermediates / low ‘n’ oligomers of AB42 (but not monomers or fibrils) and
whose epitope is amino acids 3-7 of AP peptide spotted sub-fragment monomers.”®® Generally,
aggregation intermediates, such as the ones identified by the A1l and OC conformationally-
specific antibodies, are thought to be cytotoxic.®> * However, cell viability assays revealed that
the low ‘n’ oligomers recognized by the M87 were not cytotoxic.”*® Therefore, additional
investigation may be needed to elucidate the exact meaning/toxicity of the species identified by

the M87 antibody in the pathology of Alzheimer’s Disease.
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Also intriguing is the comparison of the Brilliant Blue G brain tissue concentrations
resulting from the compound administered in food (3.91 £ 0.13 uM) or injected (3.35 £+ 0.06
M) in this investigation and the value previously reported by Diaz-Hernandez et. al (200 — 220
nM).?*®* As mentioned previously, detailed metabolic fate analyses have been conducted for
Brilliant Blue FCF (BBF), a close structural analog of Brilliant Blue G (BBG). When BBF was
injected to animal models, it was found to enter the blood stream and quickly be cleared through
the liver in to the bile fluid. The blood plasma half-life elimination time was found to be 2.8
minutes, with 20% remaining after 25 minutes, and only 10% remaining in the blood after 4

hours 210, 319, 320

Once in the bile, the compound can enter the gastrointestinal tract via the
gallbladder, where it is either reabsorbed in to the blood or excreted in feces. When BBF is
administered orally, the compound proceeds to the gastrointestinal tract, where it was reported
that over a 36 hour period, 95% is excreted in feces and ~5% is absorbed to the bloodstream,

through the liver, and in to bile fluid.?*

Virtually no BBF was excreted through the bloodstream,
to the kidneys, and out through the urine.?® Importantly, in mice, only ~50% of the total BBF
administered was found to be excreted in feces in the 0-24 hour period following oral dosing.***
Because of these metabolic considerations, the slightly increased brain tissue concentration in
our studies of orally vs. i.p. administered BBG could be due to the compound being presented at
more consistent levels to the blood brain barrier with the mice consuming BBG-containing food
consistently each day, instead of receiving a large spike from BBG injection, which is then
cleared within a few hours. Alternatively, there have also been reports that stress-related
hormones/chemicals, which can be produced by i.p. injections as discussed previously, can
decrease blood-brain barrier permeability of small molecules therapeutics.*?* ** Regarding the

difference in BBG brain tissue concentration between the values reported here and those
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obtained previously by Diaz-Hernandez et. al.,**

it is most likely due to the different dosages
and transgenic mice utilized in the two studies. For example, the investigation by Diaz-
Hernandez et. al. employed an i.p. BBG dosage of 45.5 mg/kg in the J20 hAPP mouse model of
Alzheimer’s Disease. This was less than one-half of the i.p. employed in our investigation with
APPSWDI/NOS2-/- mice. In addition, it is also plausible that the APPSwWDI/NOS2-/- mouse
model displays more blood-brain barrier disruption than the J20 hAPP strain.®* A literature
search did not reveal any investigations in to potential blood-brain barrier disruptions of the J20
hAPP mouse. However, the nitric oxide synthase 2 knockout in the APPSWDI/NOS2-/- mouse
decreases protection against the immune response, allowing for increased inflammation.”” And,
inflammation has been linked to leakage of the blood-brain barrier in the Alzheimer’s Disease
brain.’” In addition, the APPSWDI/NOS2-/- mouse exhibits decreased aquaporin 4 and glial
fibrillary acid protein astrocytic end feet, both features which are required for the integrity of the

blood-brain barrier,240: 325 326

Conclusion

In this chapter, we administered the triphenylmethane food dye analog, BBG, to
APPSWDI/NOS2-/- familial AD mice for 3 months in order to evaluate its efficacy at improving
AP and neuronal loss AD-pathologies. The results showed that BBG administered both orally
and through i.p. injection was well-tolerated, showed no gross toxicity, and was able to cross the
AD blood-brain barrier. In addition, immunohistochemical analysis of the brain sections revealed

that BBG was able to significantly rescue neuronal loss and reduce intraneuronal A loading. To
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our knowledge, this is the first report of the effect of BBG on neuronal loss in a transgenic
animal model of AD as well as the first report of oral animal administration of BBG affecting a
protein conformation/aggregation disease. Given that these successful results were obtained
regarding the compound’s ability to improve key biochemical AD pathologies, BBG is a strong
candidate to proceed with behavioral studies with AD transgenic mice to determine if it can also
improve AD-associated cognitive decline/function. Lastly, the positive results obtained in this
chapter enhance our understanding of the general potential of food dye analog-based small
molecules AP modulators to be effective therapeutics in a more physiologically relevant in vivo
system and what specific AD-related pathologies they can alleviate. For example, since the red
food dye, Erythrosin B (ERB), was found to be an effective modulator of AB3-aggregation and
AB neurotoxicity in vitro?” and has a favorable biocompatibility profile (Supporting Information
D2 in Appendix D), it presents itself as a promising therapy to explore further in an AD animal

model.
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Chapter 6: Project Objectives, Summary, and Avenues for Future Work
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Project Objectives and Summary

In order to continue the developmental progress of Brilliant Blue G (BBG), Erythrosin B
(ERB), and their structural analogs as potential small molecule Alzheimer’s Disease
therapeutics, four (three in vitro and one in vivo) additional characterization investigations were

undertaken in this dissertation research.

All research objectives were completed:

1. In vitro structure-activity relationship analysis of ERB and structural analogs to
determine important molecular structural features required for molecular binding and
subsequent modulatory capacity of AP aggregation and neurotoxicity (from monomer

starting material).

We evaluated the binding and modulating capacities of ERB and three analogs containing
different types and numbers of halogen atoms as well as Fluorescein as a non-halogenated
negative control. We found that Fluorescein is not an effective modulator/binder of AP
aggregation and cytotoxicity. However, halogenation of either the xanthenes or benzoate ring of
Fluorescein substantially enhanced the binding and inhibitory capacity on Ap aggregation. Such
AP aggregation inhibition by ERB analogs except Rose Bengal correlated well to the inhibition
of AP cytotoxicity. To our knowledge, this is the first report demonstrating that halogenation of
aromatic rings substantially enhance inhibitory capacities of small molecules on AB-associated

neurotoxicity via AP aggregation modulation.
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2. In vitro investigation of ERB and structural analogs ligand binding sites on Ap target

peptide monomers.

In order to address and improve upon the limitations of current methods, we developed a
technique for identifying binding sites on a ligand-exposed target protein using dot-blot
immunostaining with a panel of sequence-specific antibodies. The method was then employed to
characterize the AP binding sites of Erythrosin B and three other halogenated xanthene benzoate
structural analog binders, Phloxine B, Rose Bengal, and Eosin Y. This analysis revealed a

common locus, amino acids 10-16, as an important strong binding region.

3. In vitro comparative studies on the structural fates of mature, thermodynamically very

stable AB40 amyloid fibrils destabilized by BBG and ERB.

We performed studies on the structural features of the different AP aggregates remodeled
from AP fibrils by BBG, ERB, and a third exogeneous small molecule modulator, Methylene
Blue (MB), for mechanistic comparative purposes. 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 Erythrosin 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 A aggregates.
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4. Invivo efficacy evaluation of BBG in a transgenic mouse model of Alzheimer’s Disease.

We administered BBG to APPSWDI/NOS2-/- AD mice for 3 months in order to evaluate
its efficacy at improving AP and neuronal loss AD-pathologies. The results showed that BBG
administered both orally and through i.p. injection was well-tolerated, showed no gross toxicity,
and was able to cross the AD blood-brain barrier. In addition, immunohistochemical analysis of
the brain sections revealed that BBG was able to significantly rescue neuronal loss and reduce
intraneuronal A loading. To our knowledge, this is the first report of the effect of BBG on
neuronal loss in a transgenic animal model of AD as well as the first report of oral animal

administration of BBG affecting a protein conformation/aggregation disease.

Future Work and Suggestions

In this dissertation work, we were very fortunate to gain hands-on experience with both
the in vitro and in vivo development of Brilliant Blue G, Erythrosin B, and their structural
analogs as potential small molecule Alzheimer’s Disease therapeutics. This was possible due to
the talented array of collaborators and robust equipment/facilities accessible at the University of
Virginia. As we have seen, there are both advantages and disadvantages of using in vitro and in
vivo models in drug development. In vitro investigation allows more specific mechanistic testing
of neurodegenerative therapies since the test tube or cell culture environment can be more
rigorously controlled compared to the complex composition of the animal nervous system.
Conversely, in vivo testing is required and beneficial since it allows for testing conditions more
physiologically-relevant to the human body. As such, it is logical to break down suggestions for

future work in to these two categories (in vitro and in vivo investigations) as well.
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Suggestions for Future In Vitro Investigations

The structure-activity relationship analysis of Erythrosin B (Chapter 2) revealed that
halogenation of either the xanthene or benzoate backbone substantially enhanced the binding and
inhibitory capacity on Ap aggregation. Following up on this finding, there are several intriguing
investigations that could be performed. First, it would be interesting to further explore the
molecular mechanism(s) by which halogenation modulates AP aggregation and toxicity,
specifically looking at the orientation of the functional groups of the halogenated xanthene
benzoate molecules during the process. The investigation in Chapter 2 of this dissertation
revealed the halogenation aggregation modulating capacity/mechanism as being quite complex,
finding that it was inversely proportional to the electronegativity of functional group attached to
xanthene group and regulated by polarity change or steric hindrance (size) caused by
halogenation of the benzoate group. Computational modeling would likely be best-suited to
investigate deeper in to the molecular interactions. Of course, obtaining this kind of molecular
mechanistic level understanding is quite challenging with AP, given that it does not have the
crystal structure required traditionally for computational models. However, in recent years, there
have been models developed to serve as a starting point for AP molecular simulations, most of
which utilize key solvation or force-field assumptions to overcome the lack of a crystal
structure.®®” Second, it would be illuminating to further explore the generalizability of the
concept that halogenation of other small molecules (not just xanthene benzoate analogs) can
result in effective modulation of AP aggregation and toxicity. This could be accomplished by
testing the AP modulating capacity of existing biocompatible halogenated small molecules, such
as the ones that have been investigated as plaque detection probes.*?**® Or, newly synthesized
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halogenated derivatives of previously ineffective molecules (such as melatonin, fenofibrate, and
dimethyl yellow®") could be investigated as to their efficacy at modulating AP aggregation with

the added halogen functionality.

The key finding from Chapter 3’s investigation of ERB analog ligand binding sites on AP
revealed amino acids 10-16 as an important binding region for the four aggregation modulating
small molecules tested. Given this, it would be both logical and illuminating to investigate (using
our method of dot blot immunostaining with the sequence-specific antibody panel) if the 10-16
amino acid sequence is also a strong binding site of other small molecules that were previously

reported to effectively modulate AP aggregation.

The investigation in Chapter 4 established that thermodynamically stable preformed Ap
fibrils can be destabilized or remodeled by three small molecules (BBG, MB, and ERB). 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 A fibrils would yield interesting information on both the binding affinity and
number of binding sites for each molecule. This information could then be compared to the
existing data our research group obtained for AP monomers. 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 dissertation work, high concentrations of small
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molecules (10X molar excess over APB) 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.

Suggestions for Future In Vivo Investigations

The in vivo efficacy evaluation of Brilliant Blue G in Chapter 5 revealed that both oral or
injection administration of the compound allowed it to cross the blood-brain barrier and rescue
neuronal loss and intraneuronal AP pathologies in a transgenic mouse model of AD. Regarding
future work, the highest priority from the perspective of advancing BBG as an AD therapy is to
test whether administration of the compound can ameliorate cognitive/behavioral impairments in
an AD mouse model. Unfortunately, we were not able to perform behavioral studies in this
dissertation work due to resource limitations. However, there is great need to obtain that
information through the use of Y- or Morris Water Mazes, since it has not been performed
previously in the literature. Once this preclinical work is completed, commercialization of the

drug could potentially proceed through the FDA’s IND stage and in to Phase I clinical trials.

In addition, there are several worthwhile extensions of the dissertation’s current in vivo
work relating to AD-pathologies. Since it prevented clear interpretation of some of the injection
results, the most obvious improvement/extension for future studies would be to include
sham/saline-injected control groups if it is desired to study injection administration of BBG.

158



Further, ELISA-based biochemical analysis could be performed on the brain tissue to determine
the effect that BBG administration had on total, soluble, and insoluble ABO and AB42 species,
since this discrimination can be important from a therapeutic mechanism perspective. Second, as
a supplement to the light level microscopy analysis that was performed to assess neuronal loss, a
much closer examination (inside the cell) of neuronal state/health could be obtained by applying
electron microscopy to the pyramidal neurons in the hippocampus. In addition to the AP loading
and neuronal loss that we explored, other important factors often investigated in the
characterization of new AD therapies in animal models include neurofibrillary tau tangles and
inflammation/gliosis. Ryu et. al. demonstrated that BBG could reduce inflammatory factors
associated with Ap peptide being injected in to the brain.”** However, the effect of the drug on
tau levels has not yet been investigated. As such, immunohistochemistry for
hyperphosphorylated tau protein with the AT8 antibody would be valuable to perform. Lastly,
an important unanswered question from the in vivo studies in this dissertation relates to the
mechanism by which BBG administration rescues neuronal loss and reduced intraneuronal AP
loading in the hippocampus. Specifically, does BBG bind A and then modulate its aggregation
(as our research group reported previously from in vitro studies®)? Or, does BBG signal through
the inhibition of the P2X7 receptor (which then inhibits GSK-3) to affect processing of the APP
parent protein (as Diaz-Hernandez et. al. previously reported)?** Since creating new transgenic
AD mice strains (with P2X7 knocked out or GSK-3 hyperactivated, for example) is not trivial, a
potential method to elucidate the implication of the P2X7 receptor mechanism would be co-
administer BBG to mice along with activators of P2X7 or GSK-3. The species/aggregation state
of intraneuronal AP could be identified through the addition of Thioflavin staining of brain

sections (which recognizes only aggregated fibrillar species) and immunohistochemistry with
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antibodies that are not cross reactive like 6E10 (AB40/AB42 specific antibodies, or antibodies
specific to the secretase-processed fragments of APP parent protein). To leverage the antibodies
we already applied in this dissertation, a closer analysis with the M87 antibody (which
recognizes aggregation intermediates) could also be performed on areas containing only neurons,

such as CA1-CAZ2 neuron layer of the hippocampus.
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Appendix A: Chapter 2 (In Vitro Structure-Activity Relationship Analysis of Erythrosin B
Analogs Reveals That Halogenation Generates Effective Binders and Modulators of
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Table Al - Spectral interference in the MTT absorbance by the residual dyes in the plate after
washing. 1* Row of Table A1 - Determination of the Dye Remaining in the Plate During the MTT Assay.
The MTT assay was carried out as described previously in the MTT methods section in Chapter 2, but
with 10 pL of each dye-only control (3x concentration - no Af) being added to each well. The absorbance
of each dye was read at the respective absorbance maximum (ERB — 540 nm, PHB — 554 nm, EOB — 520
nm, ROB — 562 nm, EQOY - 530 nm, and FLN — 492 nm) both before and after the washing steps
described. After subtracting the appropriate background for both readings, the post-washing absorbance
was normalized to the pre-wash absorbance in order to determine the fraction of each dye remaining after
washing. 2™ and 3™ Rows of Table Al - Determination of the Spectral Interference of the Dyes During
the MTT Assay. To quantify the interference that varying fractions of residual dye remaining in the cell
wells have on the final reduced form of MTT (MTT-formazan) absorbance signal, fresh media was first
added to a new cell culture plate without cells. Next, 7 uL of 1 mg/mL MTT-formazan in DMSO was
added to each well along with 0.01 and 0.05 fractions of each original dye amount or PBS. The
absorbance of the samples was measured at 506 nm. After subtracting the background contribution of the
media and DMSO, the absorbance values of the wells containing the varying dye fractions and MTT-
formazan mixture were normalized to the wells with PBS/MTT-formazan to obtain the change induced in
the MTT signal by the dyes left behind after washing (minimum triplicates tested).

Dye FLN ERB EQOY ROB PHB EOB
Residual dye after washing (%6) 13 1.8 1.0 1.6 1.0 25
Change in the MTT 1% dye 1.4 0.4 -1.4 3.6 11 2.3
absorbance with dye
(%) 5% dye 5.1 0.4 -1.8 3.8 0.9 3.9
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Figure S1.
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Figure A1 - MTT assay for ROB to assess viability of neuroblastoma SH-SY5Y cells. Three controls
(PBS buffer, ROB, and AP 0 d monomer) and two AP aggregates formed in the absence (AP 3 d) or
presence (ROB Coincub) of 3x ROB at 37 °C for 3 days. The AP and ROB concentrations used were 5
and 15 puM, respectively (A). The AP and ROB concentrations used were 2.5 and 7.5 uM, respectively
(B). The ROB Bind sample refers to taking AR 3d aggregates formed in the absence of any dye and
mixing them with 3x ROB immediately before addition to the cells. Values represent means * standard
deviation (n > 3). Values are normalized to the viability of cells administered with PBS buffer only. Two-
sided Student’s t-tests were applied to the MTT reduction data. (Not significant: P > 0.05).
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Figure S2.
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Figure A2 - Dot blot assay results using the A1l antibody. 50 uM of AB monomer was incubated at 37
°C in the absence (AP only) or presence of 3x and 10x ERB analogs (EOB, EQY, ERB, ROB, and PHB)
for up to 6 days. The samples were taken on the indicated day and then all samples were spotted onto one
nitrocellulose membrane. The membrane was immunostained with the A1l antibody. For clearer
presentation, the sections of the membrane were cut and re-arranged.
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Figure S3.
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Figure A3 - CD spectra of the Ap aggregates formed in the absence (A aggregates) or presence of
3x EQY, ERB, or ROB for 9 days at 37 °C.
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Figure S4.
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Figure A4 - Dot-blot assay results using the A1l antibody. The All-reactive AP aggregates (AP at day
6), PBS buffer, and 10x ERB analogs were spotted into one nitrocellulose membrane. Then, the
membrane was immunostained with the All antibody. The sections from the same membrane were cut
and re-arranged.
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Figure S5.
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Figure A5 - Assessment of binding of FLN and EOB to AB40 monomers and BSA. (A) Fluorescence
of FLN with varying concentrations (0 to 25 uM) of BSA and AB40 (excitation at 432 nm and emission at
512 nm). (B) Absorbance of EOB with varying concentrations of BSA (0 to 25 uM) and AB40 (0 to 60

uM).
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Appendix B: Chapter 3 (Creation and Use of an In Vitro Ligand Binding Site Identification
Method to Characterize Erythrosin B and Structural Analogs Ligand Binding Sites on Ap
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Figure B1 - Congo Red (CR) ligand binding site identification quantification and dose dependency
using sequence specific antibody panel. Average dot blot intensities (quantified using Image J) of 0.3x
(white bars), 1x (grey bars), 3x (diagonal marked bars), 5x (diamond marked bars), and 10x (checker
marked bars) CR samples normalized to each respective AB40 (no CR) control sample average signal.
Error bars indicate standard deviation, n > 6.
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Figure B2 - Eosin Y (EQY) ligand binding site identification quantification and dose dependency
using sequence specific antibody panel. Average dot blot intensities (quantified using Image J) of 0.3x
(white bars), 1x (grey bars), and 3x (diagonal marked bars) EOY samples normalized to each respective
APB40 (no EOY) control sample average signal. Error bars indicate standard deviation, n > 4.
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Figure B3 - Fluorescein (FLN) ligand binding site identification quantification and dose
dependency using sequence specific antibody panel. Average dot blot intensities (quantified using
Image J) of 0.3x (white bars), 1x (grey bars), and 3x (diagonal marked bars) FLN samples normalized to
each respective AB40 (no FLN) control sample average signal. Error bars indicate standard deviation, n >
4,
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Figure B4 - Erythrosin B (ERB) ligand binding site identification quantification and dose
dependency using sequence specific antibody panel. Average dot blot intensities (quantified using
Image J) of 0.3x (white bars), 1x (grey bars), and 3x (diagonal marked bars) ERB samples normalized to
each respective AB40 (no ERB) control sample average signal. Error bars indicate standard deviation, n >
3.
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Figure B5 - Phloxine B (PHB) ligand binding site identification quantification and dose dependency
using sequence specific antibody panel. Average dot blot intensities (quantified using Image J) of 0.3x
(white bars), 1x (grey bars), and 3x (diagonal marked bars) PHB samples normalized to each respective
AP40 (no PHB) control sample average signal. Error bars indicate standard deviation, n > 4.
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Figure B6 - Rose Bengal (ROB) ligand binding site identification quantification and dose
dependency using sequence specific antibody panel. Average dot blot intensities (quantified using
Image J) of 0.3x (white bars), 1x (grey bars), and 3x (diagonal marked bars) ROB samples normalized to
each respective AB40 (no ROB) control sample average signal. Error bars indicate standard deviation, n >
3.
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Figure B7 - Ligand-only dot blotting using sequence specific antibody panel. Dot blotting results of
APB40 monomers mixed without ligand (Top Panel, AB40-) and 0.3-3x molar excess concentrations (15-
150 pM) of Erythrosin B (ERB) and Phloxine B (PHB) ligand only (Bottom Panel, no 50 uM AP40
added) for the six sequence specific antibodies. For better ease of viewing, each antibody was developed
on a separate membrane and then cut and pasted for the compiled results.

200



Table B1 - Decrease in fluorescence due to ligand-Ap peptide sub-fragment binding. 20 uM of each
fluorescent ligand (ERB, EQY, PHB, ROB, or FLN) was added to 0-25 uM amounts of AP peptide
fragment, and the percent decrease in average fluorescence between the free ligand and excess peptide
fragment samples was calculated. Low salt, pH 4.5 buffer was used for all samples. Values are expressed
as percent decrease between average fluorescence + each assay’s standard deviation. ND (not detected)
indicates that the percent decrease in fluorescence due to ligand-peptide binding was less than the assay
standard deviation.

Decrease in Fluorescence Due to Ligand-Peptide Binding
AB Fragment ERB EQY PHB ROB FLN
AB1l-11 ND ND ND ND ND
AB11-22 33.1+6.8% | 19.0+4.9% | 20.2+25% | 40.6 £2.5% ND
AB17-24 ND ND ND ND ND
AB33-40 ND ND ND ND ND
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Appendix C: Chapter 4 (Different Fates of Alzheimer’s Disease Amyloid-Beta (Ap) Fibrils
Remodeled by Biocompatible Small Molecules) Supplemental Information
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Figure C1 - ThT fluorescence monitoring during A fibril formation (N > 2). The data were fit into a
sigmoidal curve (R2 = 0.99).
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Figure C2 - Wider-frame (1 pm x1 pm panel view) TEM images of Ap fibrils incubated in the
absence (Ap only panel) or presence of 10X BBG (BBG panel) and 10X ERB (ER panel). Scale bars
are all 500 nm.
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Table C1 - Measured® AFM length (A) and width (B) distribution® of Ap fibrils incubated in the
presence or absence of 10X BBG and 10X ERB for one day at 37 degrees Celsius.

A.
Length of Ap Aggregates (um)
Sample 005| 01 | 015 | 02 | 025 |03| 035 |04 | >04 | Average
Size (nm)
Fibrils 23 ND | ND | 17% | 13% | 13% | 9% | 4% | 9% | 35% | 329 + 161
Only
10X 141 5% | 58% | 26% | 10% | 1% |[ND | 1% |ND | ND 96 + 40
BBG
10X 103 ND | 15% | 33% | 35% | 6% [8% | 3% | 1% | ND | 162 +60
ERB
B.
Width of AP Aggregates (nm)
Sample | 20 | 25 | 30 35 40 45 50 55 60 | 65 | 70 | 75 | >75 | Average
Size (nm)
Fibrils 98 ND | ND| ND | 2% | 1% | 1% | 7% | 15% | 15% | 5% | 7% | 6% | 40% | 73 + 23
Only
10X 116 ND |ND | 1% | 1% | 3% | 9% | 16% | 26% | 10% | 9% | 9% | 6% | 10% | 58 + 14
BBG
10X 116 1% | 3% | 20% | 29% | 26% | 15% | 5% | 1% | ND |[ND | ND |ND | ND | 35%6
ERB

*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 C2 - Secondary structure content® of Ap fibrils incubated® in the absence or presence of MB
analyzed using SP175 Reference Set.

Sma!drg:éccecule a-helix [-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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Appendix D: Chapter 5 (Triphenylmethane Food Dye Analog Crosses Blood-Brain Barrier
and Rescues Neuronal Loss and Amyloid-Beta Pathologies In A Transgenic Mouse Model
of Alzheimer’s Disease) Supporting Information
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Figure D1 — Qualitative analysis of nature of M87 antibody immunohistochemical staining.
Representative 20x objective light microscopy images of M87 staining in the cerebral cortex (A) and CAl
pyramidal neuron layer (B), stratum radiatum (C), lacunosum moleculare (D), top dentate gyrus granule
layer (E), and bottom dentate gyrus granule layer (F) of the hippocampus for an untreated control
APPSWDI/NOS2-/- mouse. Scale bar displayed = 20 pum.
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Figure D2 — M87 immunohistochemical assessment of A loading in the dentate gyrus with oral
Brilliant Blue G (BBG) administration. (A) Representative light microscopy images of M87 A
aggregation intermediate staining in the dentate gyrus region of the hippocampus. Images are displayed
for untreated control (Cont.) and 3-month orally administered BBG (BBG-Food) groups of both wild type
(WT) and transgenic APPSWDI/NOS2-/- (APP) mice. Scale bar displayed = 150 um. (B) Quantification
of AP loading expressed as the average percentage of area occupied by M87-positive stain per total area
analyzed + SEM (n > 145 replicates, 3 animals per transgenic group). NS indicates no statistically
significant difference detected (p > 0.05 from two-sided Student’s t-test).
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Table D1 — Weekly weight monitoring during 3 month Brilliant Blue G (BBG) injection
administration period. Percent weight change of APPSwDI/NOS2-/- (APP) and wild type (WT)
untreated (Cont. Non-Inj.) and i.p injection-administered BBG (BBG-Inj.) mice. Data expressed as the
overall change in each group’s average weight in a respective week during 3 month BBG administration
period compared to starting weight, +/- SEM (n = 4-5 mice per group).

% Weight Change During 3 Month BBG Administration Period

Group 1 2 3 4 5 6 7 8 9 10 11 12 13 14

Qgg 27+ | -09+ | -18+ | -27+ | -23+ | -45+ | -23+ | -34+| 00+ | 0.0+ 0.0+ 0.0+ 11+ | 0.0+

Inj 3.1% | 3.0% | 3.1% | 3.7% | 23% | 1.9% | 1.3% | 22% | 1.9% | 1.9% 1.9% 1.9% | 2.2% | 1.9%

APP

Cont. | 1.0+ | 1.0+ | 1.9+ | 1.0+ | 34+ | 22+ | 22+ | 1.0+ | 46% | 7.0+ 46+ 4.6+ 34+ | 34+
(Non | 1.5% | 22% | 1.0% | 0.0% | 1.4% | 1.2% | 1.2% | 2.0% | 2.3% | 2.3% 1.2% 1.2% 1.4% | 1.4%

-Inj.)

BBG 22+ | 45+ | 6.7+ | 56+ | 56+ | 34+ | 67+ | 79+ | 90+ | 90+ | 124+ | 11.2+ | 90+ | 9.0+

Inj 22% | 3.4% | 22% | 2.9% | 2.9% | 2.6% | 2.2% | 26% | 3.4% | 2.2% 1.8% 34% | 3.4% | 2.2%

WT

Cont. | 09+ | 27+ | 09+ | 18+ | 54+ | 45+ | 45+ | 54+ | 63+ | 7.1+ 6.3+ 7.1+ 80+ | 98+
(Non | 1.1% | 2.0% | 1.1% | 0.9% | 1.1% | 1.8% | 2.3% | 1.1% | 1.7% | 2.4% 1.7% 2.4% 22% | 2.3%

-Inj.)
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Figure D3 — Spectroscopic analysis of injection administration of Brilliant Blue G (BBG) in mouse
brain tissue. Average reference subtracted normalized absorbance values of homogenized brain tissue
from wild type (WT) and APPSwWDI/NOS2-/- (APP) transgenic AD mice either untreated (Cont. Non-Inj.)
or injected i.p. with BBG for 3 months (BBG-Inj.). Error bars indicate + SEM (h > 20 replicates, 1-2 mice
per group). NS indicates no statistically significant difference detected (p > 0.1 from two-sided Student’s
t-test). *** indicates significant difference (p < 0.001).
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Figure D4 — NeuN immunohistochemical assessment of neuronal loss in CA1-CA2 pyramidal cell
layer of hippocampus with Brilliant Blue G (BBG) injection administration. (A) Representative light
microscopy images of NeuN staining in the CA1-CAZ2 cell layer of the hippocampus for wild type (WT)
and APPSWDI/NOS2-/- (APP) mice either untreated (Control Non-Inj.) or i.p. injected for 3 months with
BBG (BBG-Inj.). Scale bar displayed = 40 um. (B) Neuronal loss quantification by measuring
width/thickness of the CAL-2 neuron layer. Data expressed as average thickness = SEM (n > 410
replicates, 3 animals per group). *** indicates significant differences detected (p < 0.001 from two-sided
Student’s t-test).
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Figure D5 — M87 immunohistochemical assessment of AP loading in cortex and hippocampus with
Brilliant Blue G (BBG) injection administration. Left panels display representative light microscopy
images of M87 A aggregation intermediate staining in the (A) cerebral cortex (Ctx.) and the (B) CA /
lacunosum moleculare (CA LM) and (C) dentate gyrus (DG) regions of the hippocampus. Images are
displayed for untreated control (Cont. Non-Inj.) and 3-month i.p. injection administered BBG (BBG-Inj.)
groups of both wild type (WT) and transgenic APPSWDI/NOS2-/- (APP) mice. Scale bars displayed =
150 um. Right panels display quantification of AP loading in each separate region expressed as the
average percentage of area occupied by M87-positive stain per total area analyzed + SEM (n > 95
replicates, 3 animals per transgenic group). NS indicates no statistically significant difference detected (p
> 0.1 from two-sided Student’s t-test). ** and *** indicate significant differences detected (with p < 0.01
and p < 0.001, respectively).
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Supporting Information D1 - In Vivo Relationship Between Small-Molecule Modulators of
AP Aggregation and AP Clearance Mechanisms

In the in vivo investigation of new Alzheimer’s Disease therapeutics targeting the
mechanism of AP aggregation modulation, it is valuable to have an understanding of how and

where in the body the small molecule can exert potential effects on its A target.

The therapeutic process starts when the small molecule enters the blood-stream and
circulates to the brain region. At the blood-brain barrier, there exists an equilibrium between A

in the peripheral blood stream and that inside the central nervous system.***

In the periphery, Ap
above the equilibrium level is quickly cleared through the liver and kidneys by lipid-associated
transporters.>** Ap is transported in the blood-to-brain direction primarily by receptor-mediated
transcytosis by the receptor for advanced glycation end products (RAGE).**® Conversely, Ap
inside the brain is cleared in monomeric/aggregated form by enzymatic degradation®® or in
monomeric form, transported in the brain-to-blood direction by low-density lipoprotein receptor
related protein-1 (LRP1).%*" *® [nside the brain parenchyma, there exists another equilibrium

between A in its soluble/monomeric form and higher order aggregated forms.***

In regards to AP therapy, the brain can be thought of as two different compartments: the
cerebrospinal fluid (CSF), which surrounds the brain, and the brain parenchyma, where the
neurons reside. A small molecule therapeutic can enter the CSF at a rate inversely related to its
size, but it is likely cleared very quickly since the CSF fluid turns over every 2 hours by being
recirculated back in to the peripheral blood stream via convection bulk flow.?*® Given the quick
turnover of the CSF and the fact that passage from the CSF in to the brain parenchyma is very

slow and diffusion controlled,”® the small molecule therapy is unlikely to enter the brain
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parenchyma area through the CSF route. Therefore, the primary entry access point for a small

molecule therapeutic to AP in the brain parenchyma is through the blood-brain barrier.

Once the small molecule AP aggregation modulator has entered the brain parenchyma, it
can exert therapeutic benefit in three potential ways. First, by inhibiting aggregation from the
monomeric AP state, the small molecule prevents the levels of aggregates which are neurotoxic.
Second, by binding Ap monomer to inhibit aggregation, the small molecule could have the side
effect of shifting brain equilibrium between free/un-bound monomer and aggregated AP towards
the monomer, allowing AP to be transported by LRP1.%>* The third manner relates to AP
degradation in the brain by proteolytic enzymes, the two most widely studied being neprilysin
and insulin-degrading enzyme.**’ Although all known AB degrading enzymes can cleave the
monomeric form of the peptide, it has been reported that the formation of large fibril forms of AP
greatly reduces the ability of the enzymes to act, likely because their proteolytic cleavage site
becomes buried inside the large aggregate.®*® Thus, by preventing the formation of large fibrils,
small molecule AP aggregation modulators can also exert therapeutic benefit by increasing the

efficiency of endogenous enzymatic degradation mechanisms.
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Supporting Information D2 - Metabolism, Bioavailability, and Biocompatibility of
Erythrosin B (ERB)

Being a widely used FDA-approved food dye, the biological fate of ERB (FD&C Red
No. 3) has been studied extensively in the literature in humans, rats, mice, pigs, dogs, gerbils,
and rabbits,3: 38 11> 116, 207. 381-355 FpB s highly lipid soluble and so crosses the BBB.!!* 1
Despite its relatively high molecular weight (800 Da), the in vivo BBB permeability value of
ERB was found to be 39 ul/min/g brain.'*® Although there exists a significant amount of
disagreement in the literature about the exact no-effect dosage levels in different species, ERB is
overall agreed to be a well-tolerated compound with a good biocompatibility profile. The current
Acceptable Daily Intake (ADI) for ERB is only 0.1 mg/kg/day.®*® However, a two week study
analyzing the effect of oral intake of ERB on thyroid function in adult human males found no
adverse effects at a dosage level of up to 200 mg/day/person (corresponds to between 1.6-3.0
mg/kg/day).?’" Since this study, there has not been a motivation to study higher, more aggressive
dosage regimens in humans since the estimated daily consumption of ERB is only 2 mg?®’ and
ERB has not been a therapeutic candidate for other diseases. In rodent studies, more aggressive
dosage regimens have been attempted. Borzelleca and Hallagan fed mice ERB for two years and
found no adverse effect levels of 1834 mg/kg/day for female mice and 4759 mg/kg/day for male
mice.>** Importantly, they also reported a pink discoloration of the hair, skin, and urine, a red
color of the feces, and no consistent biologically significant compound-related effects on
behavior, morbidity, mortality, and haematology stemming from administration of ERB. The
pink coloring of the mouse extremities is a promising indicator that ERB can achieve distribution
throughout the circulatory system from oral intake. Furthermore, Zuno et. al. found that i.p.

dosage of 100 mg/kg/day of ERB did not result in any adverse effects and found no evidence of
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genotoxicity.®*® Metabolic studies of ERB upon oral intake have revealed that 10% of the
compound is absorbed in to the stomach bile, with the rest being excreted in the feces.*’
Intriguingly, the ERB recovered in the fecal matter is primarily in an undegraded state, indicating
that the Fluorescein structure may still be active. No palatability issues were reported in the

literature regarding oral intake of ERB.
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