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Abstract

An important pathological hallmark of AD is the formation of extracellular plaques and
lesions composed primarily of a protein called amyloid-beta (AP). While AP forms amyloid
fibrils which are toxic, growing evidence has shown that soluble AP oligomers are highly
neurotoxic and cause a cascade of events that lead to cell death and disease onset. Our research
focuses on discovering safe, biocompatible, BBB-permeable compounds that can effectively
modulate Ap-associated neurotoxicity. To this end, we have investigated two groups of
molecules, Brilliant Blue G (BBG) and its family of triphenylmethane dyes, and erythrosine B
(ER) and its family of halogenated xanthene benzoate derivatives. BBG is a close structural
analogue of Brilliant Blue FCF, which is a Food and Drug Administration (FDA)-approved food
dye. More importantly, BBG is BBB-permeable and neuroprotective. ER is an FDA-approved
food dye and has been shown to penetrate the BBB in in vitro uptake studies. We found that a
number of molecules from each group modulated aggregation and aggressively inhibited AB-
associated toxicity.

Of the triphenylmethane dyes, Brilliant Blue G (BBG) and Brilliant blue R (BBR) were
both capable of completely eliminating AB-associated cytotoxicity at 3x concentration (ratio of
dye to AB). BBG half-maximally inhibited AP cytotoxicity at 0.55x. Both BBG and BBR
inhibited fibril formation and reduced cytotoxicity by promoting the formation of non-toxic A
oligomers. Alternatively, Brilliant Blue FCF and Fast Green FCF were less effective in
modulating both aggregation and toxicity. Based on the comparison between the efficacy and
structure of the molecules, we also identified two additional methyl groups on BBG and BBR

that may be responsible for their unique modulating activity.
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Of the halogenated xanthene benzoate derivatives, erythrosine B and eosin Y eliminated
AB-associated toxicity by promoting the formation of non-toxic AP aggregates and inhibiting
fibrillogenesis. Alternatively, eosin B (EB) and phloxine B were less effective, and Rose Bengal
and ethyl eosin were not significantly effective at modulating AP cytotoxicity at 1x
concentration. Despite close structural similarity, all of the molecules possessed unique AP
aggregation modulating activity, and all were able to inhibit fibril formation. Comparison
between structure and modulating activity showed that a benzoate attached to the xanthene was
more effective at modulating AP cytotoxicity than a tetrachlorobenzoate or an ethyl benzoate
attached to xanthene.

Our work has uncovered a number of potent AP neurotoxicity modulators and
demonstrated that triphenylmethane and halogenated xanthene benzoate derivatives are novel

families of molecules that show remarkable promise in the search for AD therapies.
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Figure 2.5. Time course of ThT fluorescence of AP samples with varying concentrations of
BBG. 50uM of AP monomer was incubated at 37 °C in the absence (no BBG) or presence of the
indicated concentrations of BBG (from 0.001x to 10x) for up to 80 hours. 5 uL of AP sample
was taken at 0, 6, 24, 32, 48, 54, 72 and 80 hours for ThT fluorescence analysis. ThT
fluorescence was measured in arbitrary units (a.u.). Values represent means + standard deviation

(n=3).

Figure 2.6. Dose-dependence of AP aggregation modulation by BBG. 50 uM of AP} monomer
was incubated at 37 °C in the absence (No BBG) or presence of the indicated concentrations of
BBG (from 0.001x to 10x) for up to 3 days. Samples were taken on the indicated day and spotted
onto a nitrocellulose membrane. Each membrane was immunostained with the A11 (4), 4G8 (B),
or 6E10 (C) antibody. The blot images were taken by a UVP BioSpectrum imaging system. The
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Figure 2.7. A saturation binding curve of BBG into AP peptide. 49 uM BBG was incubated
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Figure 2.8. Viability of neuroblastoma SH-SY5Y cells incubated with preformed A samples in
the absence or presence of BBG. Preformed AP aggregates were prepared by incubating 50 pM
of AP monomer in the absence or presence of BBG at 37 °C for 0 to 3 days, as indicated in the

graph. Aggregates were then administered to SH-SYS5Y cells at a final concentration of 5 uM.
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After 48 hours, mitochondrial metabolic activity was measured using MTT reduction. Cells
administered with PBS as a control (Black), 3x BBG (15 uM) dye only (White with pattern), AP
incubated without BBG (White), AP incubated with 3x BBG (Grey). 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 data. * P <0.001, ** P <0.005.

Figure 2.9. Dose-dependence of inhibition of AB-associated cytotoxicity by BBG. Preformed
AP aggregates were prepared by incubating 50 uM of AP monomer in the presence of varying
concentrations of BBG (0.001x, 0.01x, 0.1x, 0.5x, 1x, 3x, 5x, and 10x) at 37 °C for 2 days. AB
aggregates were then administered to SH-SYSY cells at a final concentration of 5 pM. After
incubation, mitochondrial metabolic activity was measured after 48 hours using MTT reduction.
Values represent means + standard deviation (n > 3). Values are normalized to the viability of

cells administered with PBS only. The data were fitted to a sigmoid curve (R*=0.99).

Figure 2.10. Modulation of AP aggregation by BBG analogs, BBR, BBF and FGF. 50 uM of A
monomer was incubated at 37 °C in the absence (No Dye) or presence of the indicated
concentrations of BBR, BBF or FGF (1x, 3x, and 10x) for up to three days. Samples were taken
on the indicated day and spotted onto a nitrocellulose membrane. Each membrane was

immunostained with the A11 (4), 4G8 (B), or 6E10 (C) antibody.

Figure 2.11. Viability of neuroblastoma SH-SYSY cells incubated with preformed AP samples
in the presence of BBG or BBG analogs (BBR, BBF, and FGF). Preformed AP aggregates were

prepared by incubating 50 uM of AP monomer in the presence of BBG or BBG analogs at 37 °C
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for two days, as indicated in the graph. Aggregates were then administered to SH-SYSY cells at
a final concentration of 5 pM. After 48 hours, mitochondrial metabolic activity was measured
using MTT reduction. Cells administered with PBS as a control (Black), AP samples incubated
without BBG (White with pattern), AP samples incubated with 1x dye (White) or 3x dye (Grey).
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 data. * P <

0.001, ** P <0.01.

Figure A2.1. The data on the BBG-AP binding saturation curve (Figure 2.7) were fitted into a
straight-line according to the equation, Pr/Y = 1/(nk) [1/(1 - Y)] + Dy/n derived from Y =
nk(D)(Pr/D1)/(1 + k(D)) where Y, n, k, D, Dr, and Pr mean the fractional saturation of ligand
binding sites, the number of binding sites, the binding constant, the dye concentration in solution,
the total dye concentration, and the total protein concentration, respectively (/). The BBG
concentration (Dr) was fixed at 49 uM. The AP concentration (Pr) was varied from 0 to 300 pM.
The data at four Pr values between 20 uM and 120 uM were used for the fitting to a straight-line

(R?=0.98). The values of n and & were 3.2 and 1.1*10* (M), respectively.

Figure A2.2. Alamar blue reducing activities of neuroblastoma SH-SY5Y cells incubated with
pre-formed AP samples in the absence or presence of 3x BBG. Preformed A aggregates were
prepared by incubating 50 uM of AP monomer in the absence of BBG at 37 °C for 0 to 3 days or
in the presence of 3x BBG for 2 days, as indicated in the graph. The AP aggregates were then
administered to SH-SY5Y cells at a final concentration of 5 uM. After 3 days, cell viability was

measured using alamar blue reduction. Cells administered with PBS as a control (Control), AB



incubated without BBG for 0 (Day 0), 1 (Day 1), 2 (Day 2), or 3 days (Day 3), or AP incubated
with 3x BBG for 2 days (Day 2*). Values represent means + standard deviation (n > 3). Values
are normalized to the viability of cells administered with PBS only. One-sided Student’s t-tests

were applied to the data. * P <0.05.

Figure A2.3. Dose-dependence inhibition of ThT fluorescence of AP samples by BBG. 50 uM
of AP monomer was incubated at 37 °C in the absence (no BBG) or presence of the indicated
concentrations of BBG (from 10°x to 50x). 5 uL of AB sample was taken at 72 hours of
incubation. ThT fluorescence was measured in arbitrary units (a.u.). Values represent means +

standard deviation (n = 3). The data were fitted to a sigmoid curve (R* = 0.99).

Figure 3.1. Chemical structure of erythrosine B (ER)

Figure 3.2. TEM images of AP aggregates. AR monomers were incubated for one to three days
in the absence (no ER) (far-left panels) and the presence of 1x (middle-left panels), 5x (middle-

right panels), or 10x ER (far-right panels) and visualized by TEM. Scale bars are 100 nm.

Figure 3.3. ThT fluorescence of AP samples. Afp monomers were incubated for four days in the
absence (no ER) or in the presence of 0.01x, 0.1x, 0.5x, 1x, 3x, 5x, or 10x of ER. Values

represent means + standard deviation (n = 3).

Figure 3.4. Dot-blotting of AP samples using four AB-specific antibodies. AP monomers were

incubated at 37 °C in the absence (no ER) or presence of the indicated concentrations of ER
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(from Ix to 10x) for up to 3 days. Samples were spotted onto a nitrocellulose membrane and

immunostained with the 4G8, 6E10, A11, or OC antibody.

Figure 3.5. TEM images of AP aggregates after three day incubation. Afp monomers were
incubated for three days in the absence (no ER) or in the presence of 1x, 5x, or 10x ER and

visualized by TEM. Scale bars are 20 nm.

Figure 3.6. Viability of neuroblastoma SH-SYSY cells treated with AB samples (5 uM) formed
in the absence or presence of 10x ER incubated at 37 °C for one to three days, measured by MTT
reduction. 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

data (* P < 0.001; ** P < 0.005).

Figure 3.7. Viability of neuroblastoma SH-SYSY cells treated with AP samples (5 pM)
incubated at 37 °C for one day in the absence of (no ER) or in the presence of 1x, 3x, 5x, or 10x
ER, measured by MTT reduction. 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 data (* P <0.001; NS: not significant).

Figure 4. 1. The structure of erythrosine B and its halogenated xanthene benzoate analogues at

pH 7.
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Figure 4.2. Confirmation of fibril formation by ThT fluorescence and CD. ThT (A) and CD (B)
results were obtained by sampling AP incubated at 37°C in the absence of dye. CD was
performed on day 5 and shows the characteristic B-sheet structure present in protofibrils and

fibrils. The CD spectra is the average of five readings.

Figure 4.3. TEM images of AP aggregates formed after a three day incubation. A monomer
was incubated for 5 days at 37°C in the absence (A) or in the presence of 10x ER (B), EY (C),

EB (D), RB (E), PH (F), and EE (F) and visualized by TEM. Scale bars are 100 nm.

Figure 4.4. Comparison of Aggregate Length Distributions. Aggregate lengths were measured
manually using representative TEM images for each of the dyes (n = 200). Aggregate lengths

were binned in 10 nm length interval.

Figure 4.5. Monitoring AP aggregation by dot blotting. Conformational-specific antibodies A1l
and OC were used to detect prefibrillar oligomers and fibrillar species, respectively. Ap-
sequence specific antibodies, 4G8 and 6E10, were used. 50 uM A was incubated in the absence
absence or presence of 1x, 3x or 10x dye for 6 days at 37 °C. Samples were obtained on the
indicated day and spotted onto a nitrocellulose membrane. Each membrane were immunostained

with the A11 (4), OC (B), 4G8 (B), or 6E10 (C) antibody.

Figure 4.6. Viability of neuroblastoma SH-SY5Y cells incubated with preformed A samples in
the absence or presence of 1x dyes. Mitochondrial metabolic activity was measured by MTT

reduction. Preformed AP aggregates were prepared by incubating 50 pM of AP monomer in the
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absence or presence of ER, EY, EB, RB, PH or EE at 37 °C for 5 days. A monomer was

prepared using the sample preparation method outlined in Materials and Methods.

Figure 4.7. Comparison of dot blot intensities at 1x dye concentration from day 5. Dot blot

intensities were obtained by integrating dots using ImageJ.

Figure 4.8. Secondary Structure of AP, and ER-, EY-, EB- and RB-induced aggregates on day
5. The secondary structure of AP aggregates formed in the absence or presence of dye were
obtained by CD. Since the dyes absorb within the measured wavelengths, peptide spectra were
obtained by subtracting the background spectra that were obtained separately. Each spectra is the
average of five readings. AP and EB resemble the spectra for B-sheet structure. AP aggregates

induced by ER, EY and RB resemble the spectra for random coil structure.
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Chapter 1

Introduction



1.1 Scope

Alzheimer’s disease (AD) is the most common form of senile dementia and has become a
leading cause of death in the United States. Patients progressively loss cognitive capabilities as
well as suffer changes to behavior. Gradually, bodily functions deteriorate which ultimately leads
to death.

Pathological hallmarks of AD are extracellular plaques and brain lesions formed from the
deposition and accumulation of a protein called amyloid-beta (AP). AP is generated from the
sequential cleavage of the amyloid precursor protein by a group of secretases. Depending on the
cleavage site, multiple isoforms can be created. However, the two most physiologically abundant
isoforms are APB40 and AP42. After generation, AP undergoes a complex aggregation process to
form amyloid fibrils.

While a number of aggregate conformers, including fibrils, are known to be toxic,
growing evidence has shown that certain soluble A oligomers are highly neurotoxic. They cause
a cascade of events, including oxidative stress that leads to cell death. Most importantly their
presence strongly correlates with disease. Consequently, the reduction of toxic AP oligomers and
fibrils is a promising strategy to inhibit AB-induced toxicity.

Numerous small-molecules have been investigated for their ability to modulate the
formation of toxic AP species and reduce A-associated toxicity. Despite certain successes, most
molecules are limited by their practical application, due to their inherent toxicity or an inability
to pass through the blood-brain barrier (BBB). Discovery of safe, effective, non-invasive
therapies for Alzheimer’s disease represents a significant challenge. The most precipitous
obstacle is identifying molecules that are BBB permeable. 98% of small-molecules and nearly

100% of proteins cannot pass through the BBB. Due to the stringency of these requirements, the



pool of promising candidates remains relatively small compared to the growing need. But more
importantly, a cure has yet to be found. Therefore, a strong driving force for new discovery

remains.

1.2 Objective

Our research effort focuses on discovering small-molecule modulators of Ap40
aggregation and cytotoxicity. Our starting point is compounds with known safety profiles and
potential BBB-permeability. Brilliant Blue G (BBG) and erythrosine B (ER) met all of these
preliminary requirements. BBG is a close structural analogue of Brilliant Blue FCF a common
food dye. In animal models, systemic administration of BBG reduced damage and expedited
recovery after spinal cord injury. BBG was also found to confer neuroprotection to the brain by
inhibiting adverse inflammatory reactions. Alternatively, ER is a Food and Drug Administration
(FDA)-approved food dye and demonstrated high in in vitro BBB uptake studies. In order to
potentially expand the pool of therapeutic candidates, we also investigated BBG analogues, a
family of triphenylmethane dyes, which includes Brilliant Blue FCF (BBF), Brilliant Blue R
(BBR), and Fast Green FCF (FGF). We also tested ER analogues, a family of halogenated
xanthene benzoate derivatives, which includes eosin Y, eosin B, Rose Bengal, phloxine B and
ethyl eosin. Of the analogues, BBF and FGF are also FDA-approved food dyes. Our research

goals were as follows:

1) Evaluate the ability of BBG to modulate A aggregation and cytotoxicity.

2) Evaluate the ability of BBG analogues to modulate Ap aggregation and cytotoxicity.



3) Compare the efficacy of BBG and its analogues to determine structure-to-activity
relationships.

4) Evaluate the ability of ER to modulate AP aggregation and cytotoxicity.

5) Evaluate the ability of ER analogues to modulate AP aggregation and cytotoxicity.

6) Compare the efficacy of ER and its analogues to determine structure-to-activity

relationships.

3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) and Alamar blue
were employed to evaluate the modulation of AB-associated toxicity. Both cell-based assays
measure cellular metabolism and are used to monitor cell viability. To characterize aggregation
modulation, TEM and dot blotting were employed. Aggregate morphology can be obtained by
TEM and the information can be used to differentiate large aggregates, protofibrils and fibrils.
Dot blotting with a panel of sequence-specific and conformation-specific AB-reactive antibodies
was used to monitor the formation of immunologically relevant Ap conformers. The A1l and
OC antibodies can detect prefibrillar and fibrillar species, respectively. Additionally, assays such
as Thioflavin T fluorescence and circular dichroism were employed to confirm fibril formation
and peptide secondary structure, respectively. Collectively these results were used to discover

effective molecules and to characterize their modulating activity.



Chapter 2

A Safe, Blood-Brain Barrier Permeable Triphenylmethane Dye Inhibits Amyloid-8

Neurotoxicity by Generating Nontoxic Aggregates



2.1 Abstract

Growing evidence suggests that on-pathway amyloid-beta (AB) oligomers are primary
neurotoxic species and have a direct correlation with the onset of Alzheimer’s disease (AD). One
promising therapeutic strategy to block AD progression is to reduce the levels of these
neurotoxic AP species using small molecules. While several compounds have been shown to
modulate AP aggregation, compounds with such activity combined with safety and high blood-
brain barrier (BBB) permeability have yet to be reported. Brilliant Blue G (BBG) is a close
structural analog of a Food and Drug Administration (FDA)-approved food dye and has recently
garnered prominent attention as a potential drug to treat spinal cord injury due to its
neuroprotective effects along with BBB permeability and high degree of safety. In this work, we
demonstrate that BBG is an effective AP aggregation modulator, that it reduces AB-associated
cytotoxicity in a dose-dependent manner, and that it acts by promoting the formation of off-
pathway, non-toxic aggregates. Comparative studies of BBG and three structural analogs,
Brilliant Blue R (BBR), Brilliant Blue FCF (BBF) and Fast Green FCF (FGF), revealed that
BBG is most effective, BBR is moderately effective, and BBF and FGF are least effective in
modulating AP aggregation and cytotoxicity. Therefore, the two additional methyl groups of
BBG and other structural differences between the congeners are important in the interaction of
BBG with AP leading to formation of non-toxic AP aggregates. Our findings support the
hypothesis that generating non-toxic aggregates using small molecule modulators is an effective
strategy for reducing AP cytotoxicity. Furthermore, key structural features of BBG identified
through structure-function studies can open new avenues into therapeutic design for combating

AD.



2.2 Introduction

With an ever increasing number of new cases each year, Alzheimer’s disease (AD) has
become the most common form of senile dementia. The disease is primarily diagnosed in
persons over the age of 65 (/). Symptoms manifest in a slow and progressive manner, but are
ultimately debilitating and fatal. Currently, 5.3 million people in U.S. are affected by AD, with
the number projected to rise to 13.5 million by 2050 (2). Although several U.S. Food and Drug
Administration (FDA)-approved drugs temporarily reduce symptoms, no treatment exists that
slows or stops the progression of AD.

A pathological hallmark of AD is the accumulation of insoluble protein aggregates,
composed primarily of neurotoxic amyloid-beta (AP). AP is created from sequential proteolytic
cleavage of the amyloid precursor protein (APP) by the B- and y-secretases (3). Although a
number of AP isoforms, with lengths from 39 to 43 residues are generated, AB40 and APB42 are
the most physiologically relevant. In AD patients, AB40 and AB42 are found in an approximate
9:1 ratio, but AB42 is more aggregation-prone (4).

According to the original amyloid-cascade hypothesis, conversion of soluble AP
monomers into insoluble fibrils causes AD onset (5). Recently, this hypothesis has been further
refined. Growing evidence suggests that certain types of soluble AP oligomers and protofibrils
are more toxic than AP fibrils, and their presence correlates strongly with dementia (6-9).
Therefore, reduction of neurotoxic AP oligomers and protofibrils represents a promising strategy
to inhibit AB-associated neurotoxicity.

Numerous small molecules have been studied for their ability to modulate A
aggregation and reduce neurotoxicity (/0-13). Congo red, an amyloid-structure specific dye, has

the ability to modulate fibril formation and reduce AP neurotoxicity (/4-18). Besides amyloid-



specific dyes, several lipid-based modulators and polyphenols, such as scyllo-inocitol,
nordihydroguaiaretic acid, curcumin, epigallocatechin gallate (EGCG) and resveratrol, have been
reported to modulate AP aggregation and reduce Ap-associated toxicity (10, 19-25). Although
the results from these molecules are encouraging and validate AP aggregation modulation as a
promising strategy, a practical and effective therapeutic has yet to be identified. Most AP
aggregation small molecule modulators identified are not suitable for AD therapeutic leads
because they lack low toxicity or blood-brain barrier (BBB) permeability. Crossing the blood-
brain barrier is a big challenge in AD drug development; 98% of small molecule drugs and
almost 100% of large molecule drugs cannot cross the BBB (26). For example, therapeutic
application of Congo red has been hindered by poor blood-brain barrier (BBB) permeability as
well as carcinogenicity (27). Although several polyphenol-based A modulators including tannic
acid and EGCG are very effective in reducing AP neurotoxicity in cell-based assays (21, 28),
tannic acid or EGCG do not cross the animal BBB or the human BBB, respectively (29-37). As
a result, there remains a strong driving force to identify new small molecule AD therapeutic
candidates that modulate AP aggregation and are also safe and BBB-permeable.

Here we identify a new AP modulator with all of these properties. To our knowledge, AP
modulating capacities of triphenylmethane dyes have not yet been reported. Here we show that
Brilliant Blue G (BBG), a triphenylmethane dye (Figure 2.1) with a demonstrated safety profile
(32) and BBB-permeability (33), also substantially removes AP cytotoxicity even at below
stoichiometric concentration. Brilliant Blue FCF (BBF), a close structural analog of BBG, is
approved by the U.S. Food and Drug Administration (FDA) as a blue food dye (Figure 2.1) and
has one of the highest safety profiles amongst the seven currently approved synthetic food dyes.

In tests, it exhibits no observable toxicity up to a daily consumption of 600 mg/kg body mass in



healthy animals (34). In the United States, more than six thousand pounds of BBF

is produced annually, and daily intake of up to 12.5 mg/kg is tolerable in humans (35). BBG has
recently garnered prominent attention in neuroscience regarding its therapeutic potential to treat
acute spinal cord injury. In animal models, systemic administration of BBG reduced damage and
expedited recovery after spinal cord injury (33). BBG also confers neuroprotection to the brain
by inhibiting adverse inflammatory reactions and mitigating multiple sclerosis symptoms (36,
37). With the possibility for systemic administration into the nervous system with no known
adverse side effects, BBG is an attractive candidate A aggregation modulator.

Here we explore BBG’s ability to modulate AP aggregation and reduce neurotoxicity
with biochemical, biophysical, and cell-based assays. In particular, we monitored AP oligomer
formation via immunoblotting using the AB-conformation specific antibody, All. Polyclonal
All antibody reacts with soluble AP oligomers and protofibrils, including neurotoxic
conformers, but not with AB monomers and fibrils (8, 38, 39). We report that BBG promotes A}
monomer conversions into non-toxic aggregates. To begin identifying the BBG structural
features responsible for this activity, we also evaluated the modulating capacities of three close
structural analogs, Brilliant Blue R (BBR), BBF, and Fast Green FCF (FGF) on AP aggregation
and cytotoxicity. Our findings suggest that the structural differences of BBG and BBR from BBF
and FGF along with the two additional methyl groups attached to the triphenylmethane structure
of BBG are important for effective modulation of AP aggregation and cytotoxicity. Unique
interaction modes on AP of BBG and BBR are expected to provide a new insight on molecular
mechanism of AP aggregation and cytotoxicity. Our findings validate a relatively new hypothesis
that generating non-toxic AP aggregates by small molecules is an effective way to reduce AB-

associated neurotoxicity even without preventing A oligomer formation (27, 28). Thus, our
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Figure 2.1. Chemical structures of Brilliant Blue G (BBG), Brilliant Blue FCF (BBF), Brilliant
Blue R (BBR), and Fast Green FCF (FGF) at neutral pH.



11

work provides evidence of and mechanistic details of reduced A-associated neurotoxicity for a
novel type of AP aggregation inhibitor that also has encouraging attributes as a therapeutic lead

compound.

2.3 Materials and Methods

AP40 was purchased from Anaspec, Inc. (Fremont, CA). Human neuroblastoma SH-
SYS5Y cells were obtained from ATCC (Manassas, VA). Polyclonal A1l anti-oligomer and
horseradish peroxidase (HRP)-conjugated anti-rabbit IgG antibodies were obtained from
Invitrogen (Carlsbad, CA). 4G8 antibody was obtained from Abcam (Cambridge, MA).
Monoclonal 6E10 was obtained from Millipore (Billerica, MA). ECL advance chemi-
luminescence kit was obtained from GE Healthcare Life Sciences. 10x Alamar Blue dye stock
solution was obtained from Invitrogen (Calsbad, CA). All other chemicals were obtained from

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

AP Sample Preparation. AB40 samples were prepared as described earlier (59-61). AB40 was
dissolved in 0.1 % triflouroacetic acid (TFA) to obtain a 1.0 mM stock solution, which was then
incubated for 1 hour at room temperature without agitation. The freshly prepared 1.0 mM stock
AP40 solution was diluted with phosphate buffered saline (PBS) solution (10 mM NaH,PO, and
150 mM NaCl at pH 7.4) to obtain a 50 uM AP solution. 50 uM AP samples were then incubated

at 37 °C for the desired time.

Dot blotting. 2 pL. AB40 samples were spotted onto a nitrocellulose membrane and were

allowed to dry at room temperature. The nitrocellulose membrane was incubated in 5% skim
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milk dissolved in 0.1 % Tween 20, Tris-buffered saline (TBS-T) solution for one hour. The 5%
milk TBS-T solution was removed and the membrane was washed three times for 5 minutes each
with TBS-T solution. The membrane was then incubated in antibody solution for 1 hour. The
4G8, All and 6E10 antibodies were diluted in 0.5% milk TBS-T solution according to the
manufacturer’s recommendation. After incubation the membrane was washed three times for 5
minutes using TBS-T solution. When a peroxidase (HRP)-conjugated antibody (4G8) was used
as the primary antibody, membranes were coated with 2 mL of detection agent from the ECL
Advance Detection Kit (GE Healthcare, Waukesha, WI) and the fluorescence was visualized.
Otherwise, the membrane was incubated in (1:5000 dilution in 0.5% milk TBS-T) HRP-
conjugated IgG for one hour. Then the membrane was washed three times for 5 minutes each
with TBS-T solution and the same detection method as previously described was used. The blot

images were captured using a BioSpectrum imaging system (UVP, Upland, CA).

Thioflavin T (ThT) Fluorescence Assay. 5 uL of 50 uM AB40 sample solution was diluted in
250 pL of 10 uM ThT (dissolved in PBS) in 96-well plates. The resulting ThT fluorescence of
AP sample was measured at an emission wavelength of 485 nm using an excitation wavelength

of 450 nm using a Synergy 4 UV-Vis/fluorescence multi-mode microplate reader (Biotek,

Winooski, VT).

Transmission Electron Microscopy (TEM). 10 pL AP sample was adsorbed onto a formvar
mesh grid for 1 min. The grids were then negatively stained with 2% uranyl acetate for 45 sec.,
blotted dry and viewed on a Jeol JEM1230 Transmission Electron Microscope at the Advanced

Microscopy Laboratory at the University of Virginia operated at 80 kV.
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AB-BBG Binding Assay. A saturation curve of BBG binding to AP was obtained according to
the Bradford assay protocols described previously (63, 83, §6). 0.05 mg/mL stock solution of
BBG was prepared by dissolving BBG powder in water. An acidified alcohol solution was
prepared by combining 95% ethanol and 85% phosphoric acid in a 1:2 volumetric ratio. Then the
modified Bradford reagent was created by adding 167 pL of the BBG stock solution to 250 uL
of the acidified alcohol and the final volume was adjusted to 1 mL. For each sample, 50 pL of
the modified Bradford reagent was added to each well in a 96-well microplate. Next, 0 to 30 uL
of 1 mM A monomer was added to each well, and the final volume was adjusted to 100 uL with
double distilled water. Absorbance of the samples was measured at 595 nm using a Synergy 4
UV-Vis/fluorescence multi-mode microplate reader (Biotek, Winooski, VT). The number of
BBG binding sites and the intrinsic binding constant were derived from the saturation binding

curve. The detailed procedures are described in the Supporting Information.

MTT and Alamar Blue Reduction Assays. 50 mg of 3-(4,5-Dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) obtained from Millipore (Billerica, MA) was dissolved
overnight at 4 °C in 10 mL of PBS. The MTT solution was then sterile filtered. Human
neuroblastoma SH-SYSY cells were cultured in a humidified 5% CO»/air incubator at 37 °C in
DMEM 12:1:1 modified media with 10% fetal bovine serum and 1% penicillin-streptomycin
(Thermofisher, Waltham, MA). 25,000 SH-SY5Y cells were seeded into 96-well plates and
incubated for 48 hours. After incubation, the culture medium was replaced with 100 uL of fresh
media, and 10 uL of the AP sample was added to each well to obtain a final AB concentration of

5 uM. Cells were incubated for an additional 48 hours. The media was then aspirated and
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replaced with 50 pL of fresh media. 10 pL of the sterile MTT solution was added, and cells were
incubated for 6 hours at 37 °C in the dark. After incubation, 200 pL of dimethylsulfoxide
(DMSO) was added to each well to dissolve the reduced MTT, and the absorbance was measured
at 506 nm using a Synergy 4 UV-Vis/fluorescence multi-mode microplate reader.

Alamar Blue reduction assay was performed according to the protocol in the literature
(79-81) and the manufacturer’s protocol (Invitrogen) with some modifications. 10,000 SH-SY5Y
cells were seeded at each well in a 96-well plate. The cells were incubated for up to 1 week.
After incubation, old media was replaced with 100 uL of fresh media, and 10 pL of the sample
containing AP with or without BBG was added to each well. The cells were incubated for 3 days,
and the media was then replaced with 100 pL of fresh media followed by addition of 40 pL of a
10x Alamar Blue stock solution. Next, the cells were incubated for 4 — 6 hours to allow the cells
to metabolize the Alamar Blue. After incubation, fluorescence was measured using an emission
wavelength of 555 nm using an excitation wavelength of 590 nm using a Synergy 4 UV-

Vis/fluorescence microplate reader (Biotek, Winooski, VT).

2.4 Results and Discussion

Modulation of AP Aggregation by BBG. In order to evaluate the aggregation
modulation capability of BBG, we employed dot-blotting, TEM and the ThT fluorescence assay.
TEM and ThT fluorescence assays are widely used to monitor AP aggregation. TEM images
provide morphological information of AP aggregates. ThT is a dye that fluoresces at 485 nm
when it binds to amyloid fibrils (23, 40, 41). Therefore, ThT fluorescence measurement is an
efficient tool to monitor the progression of fibril formation. However, the ThT assay is not very

effective in detecting soluble oligomers that are known to be more neurotoxic than amyloid
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fibrils (6-9). Furthermore, the diversity of AP aggregate morphologies and differing levels of
neurotoxicity (42, 43) represent a challenge for correlating the aggregate morphology observed
by TEM to AB-associated neurotoxicity. Recently, dot-blotting with AB-specific antibodies was
successfully used to detect and distinguish the spectrum of AB conformer species (8, 38, 39, 44-
46). In particular, A1l is useful for detecting neurotoxic AP intermediates (39, 45). Previously it
was shown that AB-associated toxicity could be mitigated by reducing the presence of All-
reactive species (8, 21). Alternatively, 4GS is an AB-sequence-specific monoclonal antibody (47-
50) which has an epitope that lies within amino acids 17 to 24 of AB. The 4G8 epitope
corresponds to a region of the AP peptide that is known to form [B-sheet structures. During
transition from monomers and low molecular weight oligomers to fibrils, B-sheet stacking buries
the 4G8 epitope and ultimately limits 4G8 antibody binding. This leads to a dramatic loss of the
4G8 signal which can thereby be used to detect extensive fibril network structure formation (57).
Lastly, 6E10 is a monoclonal antibody that recognizes residues 1-16 of AP, the N-terminus of A3
(45, 51). Although the 6E10 antibody was originally thought to bind various AP species with
equal strength, recent studies indicate that the 6E10 antibody binds to different AP species with
different binding affinities (/3, 45, 52). Similar to the 4G8 antibody, the 6E10 antibody binding
affinity to fibrils is a few times lower than those of oligomers and monomers. According to the
structural model of AB40 fibril proposed by Grigorieff et. al., two pairs of AP protofibrils
intertwine adjacently to form a fibril (53). In their model, the N-terminus of the each protofibril
is interlocked to form a fibril, which can bury the 6E10 epitope upon fibril formation. We
performed dot-blotting using a panel of AB-specific antibodies, together with traditional TEM
and ThT fluorescence assay, to monitor the formation of neurotoxic AP oligomers, protofibrils,

and fibrils.
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Two pathologically important AP isoforms, AB42 and AB40, have been widely used to
evaluate the modulating capacities of numerous small molecules on AP aggregation and
cytotoxicity (54-58). We used the more abundant isoform, AB40, in this study. AP samples were
prepared by incubating 50 uM of AB40 monomer from 0 to 3 days at 37 °C without shaking
either in the absence (control) or presence of BBG as described previously (59-61). In order to
detect even a weak modulating effect of BBG on A aggregation, we chose 150 uM of BBG (3x
BBG), which is three times higher than the concentration of AB (50 uM). AP samples were taken
periodically during incubation, and subjected to dot-blotting, ThT fluorescence assay, and TEM.

In the absence of BBG, dot-blotting results indicated that the majority of Al1-reactive AB
aggregates formed between day 1 and 2 (Figure 2.2). However, when the AB monomer was co-
incubated with BBG, All-reactive signals remained very low until day 3. However, reduction of
the All-reactive signals at day 1 and 2 did not result from a loss of AP moieties, as supported
by the sustained 6E10 signal at days 1 and 2 compared to day 0 (Figure 2.2). In the absence of
BBG, the 6E10 signal increased at days 1 and 2 from day 0 and then decreased at day 3 (Figure
2.2). This variation can be explained by the weaker binding affinity of 6E10 for A monomers
and fibrils compared to AP intermediates as described previously (52). In the presence of 3x
BBG, the 6E10 signal at day 3 was very strong, suggesting the idea that A intermediates rather
than AP fibrils were predominant in the sample. In the AP control sample, the majority of 4G8
signal was lost between day 2 and 3 (Figure 2.2; Figure 2.8B), implying that the majority of 4G8
epitopes were buried due to compact stacking of B-sheet structures, a prototypical feature of
amyloid fibrils (57). However, in the presence of 3x BBG, a significant 4GS signal at day 3 was

observed, which also supports the idea that AP fibril mesh networks were not formed. These
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Figure 2.2. Monitoring A aggregation by dot blotting. Oligomer-specific A1l antibody and AB-
sequence specific antibodies, 4G8 and 6E10, were used. 50 uM AP was incubated in the absence
(-) (top panels) or presence of 3x BBG (+) (bottom panels) for 1 to 3 days at 37 °C. Samples
were taken on the indicated day and spotted onto a nitrocellulose membrane. Each membrane
was immunostained with the A1l (4), 4G8 (B), or 6E10 (C) antibody. The blot images were
taken by a UVP BioSpectrum imaging system.
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Figure 2.3. Monitoring AP aggregate and fibril formation by TEM. 50 uM A was incubated in
the absence (-) (top panels) or presence of 3x BBG (+) (bottom panels) for 1 to 3 days at 37 °C.
Presence of oligomers and protofibrils (Top-left); protofibrils and isolated fibrils (Top-middle);
fibril mesh network (Top-right); oligomers and protofibrils (Bottom-left); protofibrils (Bottom-
middle); protofibrils (Bottom-right). Scale bar is 100 nm.
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findings imply that BBG effectively inhibits the formation of Al1-reactive A oligomers and Af
fibrils, the most toxic AP species.

Next we characterized the morphology of the AP species formed with and without BBG
using negative-stain TEM. TEM images clearly show a distinct morphological difference
between AP samples incubated in the absence and those in the presence of 3x BBG (Figure 2.3).
At day 1, in the absence of BBG, oligomers and protofibrils (~100 nm in length) were formed
(Figure 2.3, top-left). Considering that high molecular weight AP protofibrils as well as
oligomers were All-reactive in the literature (21, 39, 62), there is the possibility that the
protofibrils observed at day 1 were also All-reactive. Interestingly, even in the presence of 3x
BBG, protofibrils (~100 nm in length) were predominantly observed (Figure 2.3, bottom-left
panel). Despite the morphological similarities, the AP aggregates prepared with 3x BBG
possessed substantially lower immuno-reactivity to the All antibody than those prepared
without BBG. These findings imply that at day 1, the low All reactivity of Af samples co-
incubated with BBG resulted from promoted formation of Al1-unreactive AP protofibrils.

At day 2, a mixture of protofibrils and fibrils was observed in the absence of BBG
(Figure 2.3, top-middle; Figure 2.4A), which indicated that some AP oligomers and protofibrils
were converted into longer protofibrils and fibrils. However, in the presence of 3x BBG,
protofibrils (less than 100 nm) were still predominantly observed similar to day 1 (Figure 2.3,
bottom-middle; Figure 2.4B).

At day 3, the AP sample prepared in the absence of BBG exhibited only long mature
fibrils in a meshed network (Figure 2.3, top-right), which is consistent with dot-blotting and ThT
fluorescence results. Here, ThT fluorescence sharply increased beginning at 48 hr (Figure 2.5),

which was interpreted to be the onset of amyloid fibril formation. In dramatic contrast, in the
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presence of 3x BBG, TEM showed that protofibrils (~100 nm) remained the predominant species
(Figure 2.3, bottom-right), which supports the idea that co-incubation of 3x BBG stops or at least
substantially slows down the AP aggregation process. Morphological similarities among the
BBG-treated AP aggregates observed at days 1, 2 and 3 are consistent with very weak All-
reactivity of the BBG-treated samples at least until day 3.

These findings support that BBG is an efficient aggregation modulator and reduces the
formation of All-reactive AP aggregates. The results also show that BBG suppresses fibril

formation for at least three days.

Dose-Dependent Modulation of Ap Aggregation by BBG. To further characterize the
aggregation modulation capabilities of BBG, we evaluated BBG dose-dependent aggregation
using dot-blotting and ThT fluorescence assay. 50 uM AP was co-incubated at 37 °C with
various BBG concentrations ranging from 0.001x (50 nM) to 10x (500 uM). Dot-blotting results
of AP samples using three AB-specific antibodies (A11, 4GS, and 6E10) are shown in Figure 2.6.
When AP was co-incubated with less than 0.1x BBG (5 uM), no observable changes were found
in the A11 immunoblotting patterns (Figure 2.6A). However, co-incubation with 0.5x BBG or
greater resulted in a reduction in the concentration of All-reactive species formed, over the
course of the study, confirming previous results. Since All-reactive AP species were most
abundant at day 2, we wanted to quantify inhibition of All-reactive AP species formation
(Figure 2.6D). Therefore, for day 2, integrated All dot-blot signal intensities were plotted
against BBG concentrations. A half-maximal value of inhibitory concentration (ICsp) of 0.72x

BBG was derived from the data fitting to a sigmoid curve (R*=0.99).
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Figure 2.5. Time course of ThT fluorescence of AP samples with varying concentrations of
BBG. 50uM of AP monomer was incubated at 37 °C in the absence (no BBG) or presence of the
indicated concentrations of BBG (from 0.001x to 10x) for up to 80 hours. 5 pL of AP sample
was taken at 0, 6, 24, 32, 48, 54, 72 and 80 hours for ThT fluorescence analysis. ThT
fluorescence was measured in arbitrary units (a.u.). Values represent means =+ standard deviation

(n=3).
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Figure 2.6. Dose-dependence of AP aggregation modulation by BBG. 50 uM of A monomer
was incubated at 37 °C in the absence (No BBG) or presence of the indicated concentrations of
BBG (from 0.001x to 10x) for up to 3 days. Samples were taken on the indicated day and spotted
onto a nitrocellulose membrane. Each membrane was immunostained with the A11 (4), 4G8 (B),
or 6E10 (C) antibody. The blot images were taken by a UVP BioSpectrum imaging system. The
blot image of All-reactive signal of AP samples incubated with varying concentrations of BBG
for two days was processed by ImageJ (NIH). The data were fitted to a sigmoid curve (R*=0.99)

(D).
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In the absence of BBG, the 6E10 antibody stained AP oligomers/protofibrils, monomers,
and fibrils in decreasing order of intensity, which is consistent with a few fold weaker binding to
AP fibrils by the 6E10 compared to oligomers/protofibrils as described previously (52). In Figure
2.6B and C, BBG at concentration below 1x increases 4G8 and 6E10 signals at day 3. These
results are consistent with enhanced accessibility of the 4G8 and 6E10 epitopes due to BBG-
induced conversion of AP aggregates from fibril mesh networks to oligomers and protofibrils.
However, as the concentration of BBG increased above 1x, 4G8 and 6E10 reactive signals
decreased. Finally, in the presence of 10x BBG, the 4G8- and 6E10-reactive signals are both
very weak compared to those observed in the absence of BBG, suggesting that both 4G8 and
6E10 epitopes were substantially lost partially due to direct binding of BBG. The 4G8 epitope
corresponds to a hydrophobic patch of the A that is known to form B-sheet structures. The 6E10
epitope is the N-terminus of AP carrying both positive and negative charges. Therefore, we
speculate that BBG preferentially binds to the hydrophobic patch of AP and weakly binds to the

charged N-terminus of A via electrostatic interaction.

BBG Binding to AB. Immunoblotting assays described in the previous section suggested
that BBG binds to multiple sites on AP above 1x BBG concentration. In order to determine the
number of BBG binding sites on A, a binding curve (Figure 2.7) was obtained according to the
method described previously (63). The number of binding sites (n) and the intrinsic association
constant (k), 3.2 and 1.1*¥10* (M™), respectively, were determined by fitting the BBG-Ap binding
data to a straight line in the double reciprocal plot (Figure A2.1) in the Supplemental Information
Section. More than one BBG binding site on AP can explain the reduced 4G8- and 6E10-

reactivity of AP aggregates at high concentrations of BBG considering the reduced accessibility
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Figure 2.7. A saturation binding curve of BBG into AP peptide. 49 uM BBG was incubated
with the varying concentrations of AP peptide (0 to 300 uM) until they reached an equilibrium
and the absorbance of the BBG bound to the AP peptide was measured at 595 nm.
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of the 4G8 and 6E10 antibodies to their epitopes caused by BBG binding. The dissociation

constant, the reciprocal of the intrinsic association constant, is 92 pM.

Inhibition of Ap-associated Cytotoxicity by BBG. Next, we sought to determine
whether the conversion of All-reactive aggregates into off-pathway aggregates reduces AB-
associated neurotoxicity. In order to evaluate the cytotoxicity of AP species, we employed the
MTT-reduction assay and neuroblastoma SH-SYS5Y cells, widely used for this purpose (8, 22,
64-69). Although the MTT-reduction assay does not directly measure cell death, it detects any
change in cellular redox activity that is considered an indication of cell viability (70). Therefore,
inhibiting MTT reducing activity of cells has been often interpreted as cytotoxicity. Preformed
AP aggregates were prepared by incubating A} monomers in the absence or presence of 3x BBG
at 37 °C for the specified time duration. The preformed aggregates were then administered to
neuroblastoma SH-SY5Y cells for 48 hours, and subsequent cell viability was measured by MTT
reduction. Before testing the cytotoxicity of AP samples, we first determined whether BBG by
itself is cytotoxic to neuroblastoma SH-SYS5Y cells. In the presence of 3x BBG dye (15 uM),
SH-SYSY cell viability was 95% without any BBG, quite consistent with the good
biocompatibility and low toxicity observed in animals (32, 33).

Next we evaluated AB-associated toxicity. At day 0, cells treated with Af monomers (5
uM) exhibited a mild reduction (15%) in the viability (Figure 2.4), which may be due to
moderately toxic AP aggregates formed during the 48 hr incubation of A monomers with the
cells. In the presence of 3x BBG (15 uM), viability recovered to 93% (P < 0.001), which is
similar to the viability of 3x BBG dye alone without A monomer (95%). This finding suggests

the possibility that 3x BBG inhibits toxic aggregate formation of A} monomers (5 uM) during



* % % * *
[ [ [ [ ]
100 - pigg-------------------1 T e
— ] 1 —
g 8- N
S |
T 60+
>
o
6}
X 404
|_
=
20 -
-Controls' 0 1 2 ' 3

Incubation Time (day)

Il PBS Only
B BBG Only
[C1-BBG
[ 1+BBG

26

Figure 2.8. Viability of neuroblastoma SH-SYS5Y cells incubated with preformed A samples in
the absence or presence of BBG. Preformed AP aggregates were prepared by incubating 50 pM
of AP monomer in the absence or presence of BBG at 37 °C for 0 to 3 days, as indicated in the
graph. Aggregates were then administered to SH-SYSY cells at a final concentration of 5 uM.

After 48 hours, mitochondrial metabolic activity was measured using MTT reduction. Cells
administered with PBS as a control (Black), 3x BBG (15 uM) dye only (White with pattern), AP
incubated without BBG (White), AP incubated with 3x BBG (Grey). 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 data. * P <0.001, ** P <0.005.
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the 48 hr incubation with the cells. At day 1, in the presence of 3x BBG, the A3 sample exhibited
cell viability of 101 %, significantly higher than the cell viability (90%) of A samples without
BBG (P < 0.001) (Figure 2.8). These findings support the hypothesis that BBG can counteract
the AP sample cytotoxicity and that BBG-induced AP aggregates observed by TEM were non-
toxic.

At day 2, in the absence of BBG, cell viability decreased to 76%. This can likely be
attributed to an increased concentration of All-reactive toxic oligomers and to the emergence of
amyloid fibrils (Figure 2.8). Although amyloid fibrils are less toxic than All-reactive toxic
oligomers, the toxicity of amyloid fibrils is reportedly higher than that of monomers (8, 9). In the
presence of BBG, cell viability significantly improved to 92% (P < 0.001), consistent with the
reduction of All-reactive AP species in the dot-blot results (Figure 2.2) and lack of observable
fibrils in the TEM image (Figure 2.3). These results suggest that a decrease in the concentration
of All-reactive species correlates with a decrease in AB-associated toxicity.

At day 3, in the absence of BBG, addition of the preformed AP aggregates reduced the
cell viability to 72%. Although the All-reactive signal dropped after day 2, the reduced viability
was most probably caused by the predominant amyloid fibrils converted from both small fraction
of toxic All-reactive aggregates and probably more dominant toxic non-All reactive large
intermediates. Ishii and co-workers showed that AP aggregates larger than 50 kDa were five
times less toxic than AP aggregates smaller than 50 kDa (9). Based on dot-blotting, TEM and
fluorescence, the vast majority of fibrils were formed almost exclusively after day 2 (Figure 2.2,
2.3, and 2.5). Consequently, at day 3, fibrils were the major toxic moieties. However, when A
was incubated with 3x BBG, cell viability significantly recovered to 92% (P < 0.001), which is

comparable to the viability of cells incubated only with 3x BBG, without AB. Based on the cell
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viability results, we conclude that 3x BBG completely mitigates Af-associated cytotoxicity.
Moreover, these findings suggest that the majority of oligomers and protofibrils formed in the
presence of 3x BBG observed in TEM in fact are non-toxic and structurally distinct from toxic
AP species formed in the absence of BBG. This confirms that BBG reduces Ap-associated
toxicity by promoting the conversion of A monomer to off-pathway, non-toxic intermediates.

Although an MTT reduction assay has been widely used to determine Ap-associated
cytotoxicity on numerous cell lines (21, 45, 71-75), the MTT reduction assay results should be
carefully interpreted due to a potential issue of AB-induced expedited exocytosis of the reduced
MTT. There have been several reports indicating that Af aggregates can increase export of the
reduced MTT and promote buildup of the crystalline form of the reduced MTT on the cell
surface leading to a reduced MTT uptake (76-78). Considering other researchers have reported a
good correlation between a MTT reduction and other viability assay results, including oxidative
stress (73) and lactate dehydrogenase (LDH) release (75), the increased MTT exocytosis may be
dependent on the cell type and AP preparation method used.

In order to confirm the correlation of the MTT assay results with Ap-associated
cytotoxicity, an Alamar Blue reduction assay was also performed. Alamar Blue reducing
cellular activity has been considered an indication of cell viability and used to measure Af-
associated cytotoxicity (79-81). Since Alamar Blue is a soluble dye, it does not cause an issue of
crystal dye buildup on the cell surface. AP samples incubated for 0 to 3 days at 37 °C were
added to SH-SYSY cells to determine Alamar Blue reducing activities. Similar to the MTT
reduction assay results, the cells treated with AP aggregates incubated for 2 days exhibited
significantly (P < 0.05) lowered Alamar Blue reducing activity compared to the cells without AP

treatment (Control) or cells treated with A monomers (Day 0) (Figure A2.2). Furthermore, co-
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incubation of 3x BBG with A for 2 days inhibited the AB-associated reduction of the Alamar
Blue reducing activity (P < 0.05) (Figure A2.2), which is also consistent with the MTT reduction
assay results. However, there were two factors making it difficult to detect a subtle change in the
Alamar Blue reducing activity under the other conditions used in our studies. First, the
differences in the Alamar Blue reducing cellular activities with different Ap samples were
smaller than those in the MTT reducing activities at similar conditions. Second, the standard
deviations of the measured Alamar Blue reducing activities (5 to 11%) were greater than those in
the MTT reducing activities (usually less than 5%). Despite the limitations, the Alamar Blue
assay results support the idea that the reduction in the MTT reducing activity of cells treated with
AP aggregates (at least at day 2) indicates the AB-associated cytotoxicity and inhibition of the
Ap-associated cytotoxicity by co-incubation of 3x BBG under the conditions used in our studies.
Therefore, we believe that the MTT reduction assay results have a good correlation with the cell
viabilities treated with the AP samples, though we do not completely exclude the possibility of

the promoted crystal buildup of the reduced MTT contributes to the MTT reduction results.

Dose-Dependent Inhibition of Ap-Associated Cytotoxicity by BBG. In order to
evaluate dose-dependent ability of BBG to inhibit AB-associated cytotoxicity, preformed A
aggregates were prepared by incubating A monomer in the absence (control) or presence of
varying concentrations of BBG from 0.001x to 10x at 37 °C for 2 days. The resulting preformed
species were administered to SH-SYSY cells and viability was measured after 48 hours using
MTT reduction. From 0.001x (5.0 nM) to 0.1x (0.5 uM) BBG, cell viability (approximately
72%) was comparable to that of the control. However, cell viability dramatically improved when

0.5x BBG (2.5uM) or greater was co-incubated with A (Figure 2.9). Consequently, from 3x to
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Figure 2.9. Dose-dependence of inhibition of AB-associated cytotoxicity by BBG. Preformed
AP aggregates were prepared by incubating 50 uM of AP monomer in the presence of varying
concentrations of BBG (0.001x, 0.01x, 0.1x, 0.5x, 1x, 3x, 5x, and 10x) at 37 °C for 2 days. AB
aggregates were then administered to SH-SYSY cells at a final concentration of 5 uM. After
incubation, mitochondrial metabolic activity was measured after 48 hours using MTT reduction.
Values represent means + standard deviation (n > 3). Values are normalized to the viability of
cells administered with PBS only. The data were fitted to a sigmoid curve (R*=0.99).
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10x BBG, cell viability was maintained in the range of 91 to 93%. When the data were fitted to a
sigmoid dose-dependent curve (R* = 0.99), a half maximal effective concentration (ECso) value
of 0.55x BBG was obtained. This value corresponded almost exactly to the significant reduction
in the AP-associated cytotoxicity observed at 0.5x BBG. These results clearly demonstrate that
BBG inhibits AB-associated cytotoxicity in a dose-dependent manner.

Based on the results described earlier, it is obvious that BBG inhibits formation of A11-
reactive AP species and Af-associated cytotoxicity in a dose-dependent manner. Furthermore,
the ECsy value (0.55x BBG) derived from Ap-associated cytotoxicity sigmoidal regression
(Figure 2.9) corresponds well to the ICsy values (0.72x BBG) derived from the sigmoidal
regression of inhibition of Al1-reactive AP species formation by BBG (Figure 2.6D). Therefore,
we conclude that the inhibition of Ap-associated cytotoxicity directly correlates with BBG
aggregation modulation effects. Furthermore, considering that BBG-induced aggregates are non-
toxic, AP-associated cytotoxicity reduction is attributed to BBG-induced, non-toxic aggregate

formation.

Bias of ThT Fluorescence Reading at High BBG Concentrations. We used ThT
binding to verify the onset of fibril formation at varying BBG concentrations. As BBG
concentration was increased ThT fluorescence of AP} sample decreased accordingly (Figure 2.5),
consistent with our findings and observations at 3x BBG. In order to quantify the inhibition of
ThT fluorescence by BBG, we plotted ThT fluorescence versus BBG concentrations from 10~x
to 10x BBG (Figure A2.1). Data fitting to a sigmoid curve (R* = 0.99) generated an ICs, value of
0.03x BBG, which is one order of magnitude lower than those determined for the inhibition of

All-reactive species formation by BBG. To explain this discrepancy, we hypothesized that the
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ThT fluorescence reading was biased due to either spectral interference of BBG on ThT
fluorescence measurement or competitive binding of BBG to ThT binding sites on amyloid
fibrils. Carver et al. reported that curcumin and quercetin significantly skewed ThT fluorescence
measurements via spectral interference, where alternatively resveratrol introduced a
measurement bias by competing with ThT for amyloid fibril binding sites (82). Since BBG at
neutral pH has negligible absorbance at both 450 nm (excitation wavelength of ThT
fluorescence) and 485 nm (emission wavelength of ThT fluorescence) (83), spectral interference
was ruled out as a source of the bias. Next, to determine whether BBG and ThT competitively
bind to the same sites, we measured the ThT fluorescence of preformed amyloid fibrils that were
momentarily mixed with varying BBG concentrations immediately prior to adding ThT (Figure
A2.4). As BBG concentration increased, ThT fluorescence decreased accordingly. When the data
were fitted to a sigmoidal curve (R*=0.99), an ICs, value of 0.16x BBG was obtained. From this
we conclude that the ThT fluorescence measurements of AP} samples co-incubated with BBG can
be biased since BBG at high concentrations can interfere with ThT binding to amyloid fibrils.
Consequently, the ThT fluorescence assay should be used with caution at high concentrations of

BBG.

Comparison of the A aggregates formed in the presence or in the absence of BBG.
TEM, ThT fluorescence, immune-blotting, and cellular reducing activity assays have
demonstrated various differences between the AP aggregates formed with BBG and those formed
without BBG. In particular, the AP aggregates incubated for 2 days with and without 3x BBG
exhibited several noticeable differences. The TEM images clearly indicate that 3x BBG inhibits

long fibril formation but promotes ~ 100 nm-long curvilinear protofibril formation (Figure 2.3



33

top middle and bottom middle). At day 2, AP aggregates formed without BBG exhibited a
moderate increase in ThT fluorescence compared to A monomers (Figure 2.5), which suggests
that fibrillar and non-fibrillar aggregates exist together. Unfortunately, the reduction in the ThT
fluorescence value of the AP aggregates formed with 3x BBG cannot be directly interpreted as
an indication of a reduction of AP fibrils due to the interference issue. The AP aggregates
formed with 3x BBG showed very weak All-reactivity, whereas the AP aggregates formed
without BBG exhibited a substantial All-reactivity. The protofibrils (Figure 2.3 top middle)
look similar to the All-reactive AB40 protofibrils that Kim et al. recently reported (39). In the
presence of 3x BBG, the 4G8-reactivity of the AP aggregates decreased (Figure 2.2), which
suggests that one of the BBG binding sites might be located to near the 4G8 epitope, the
hydrophobic patch of AP at the 3x BBG concentration.

At day 2, the AP aggregates formed without BBG exhibited a significant decrease in the
cellular reducing activity in both MTT (Figure 2.8) and Alamar Blue (Figure A2.2) assays.
These two assays indicate the reduced cell viability is correlated with the substantial Al1-
reactivity (Figure 2.2). The very weak Al1-reactivity of the AP aggregates formed with 3x BBG
suggests its correlation with the substantial increase in the cellular reducing activity on both
MTT (Figure 2.8) and Alamar Blue (Figure A2.2). All-reactivity is defined by immuno-
reactivity of AP aggregates but not by size or morphology. Therefore, it remains unclear
whether there is any correlation between the All-reactivity and the size or morphology of AR
aggregates. Considering that the BBG-induced A aggregates do not form AP fibrils or at least
substantially slow down fibril formation process, we speculate that BBG binding causes
conformation changes of Af protofibrils or blocking the nuclei leading to inhibition of fibril

formation. However, further investigation is required to clarify the relationship between the
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BBG-induced A aggregate morphology change and the change in the cellular reducing activity

using MTT and Alamar Blue.

Modulation of AP aggregation by BBG analogs. In order to determine whether any
structural features of BBG are critical in modulating AP aggregation and cytotoxicity, AP
aggregation modulation by three close structural analogs of BBG (BBR, BBF and FGF) were
examined using dot blotting and TEM analysis. The four compounds (BBG, BBR, BBF, and
FGF) are congeners sharing the common triphenylmethane structure. Both BBF and FGF are
FDA-approved food dyes (84). Similar to BBG, BBR is commonly used to stain proteins in
protein electrophoresis. However, the chemical structure of BBR differs from BBG by the lack
of two methyl groups attached to triphenylmethane (Figure 2.1). Both BBF and FGF have three
benzenesulfonate functional groups, whereas BBG and BBR have two benzenesulfonate
functional groups and one uncharged diphenylamine group. FGF differs from BBF with only one
hydroxyl functional group attached to one of the benzenesulfonate functional groups (Figure
2.1).

Three different concentrations (1x, 3x, and 10x) of each BBG analog were co-incubated
with 50 uM of AP up to three days and the immuno-reactivities of the AP samples were
monitored by All, 4G8, and 6E10 AB-specific antibodies. Similar to BBG, BBR reduced toxic
All-reactive AP species. In the presence of 3x BBR, the All-reactive AP signal became less
than half the All-reactive signal of AP sample incubated without any dye, though 1x BBR did
not make a substantial change in the All-reactive signal (Figure 2.10A). Co-incubation of 10x
BBR with the AP samples led to almost complete elimination of the All-reactive species.

However, considering that even 1x BBG substantially reduced All-reactive signal (Figure
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Figure 2.10. Modulation of AP aggregation by BBG analogs, BBR, BBF and FGF. 50 uM of A}
monomer was incubated at 37 °C in the absence (No Dye) or presence of the indicated
concentrations of BBR, BBF or FGF (1x, 3x, and 10x) for up to three days. Samples were taken
on the indicated day and spotted onto a nitrocellulose membrane. Each membrane was

immunostained with the A11 (4), 4G8 (B), or 6E10 (C) antibody.
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2.10A), BBR is less effective than BBG in reducing Al1-reactive species. Similarly to 10x BBG,
10x BBR substantially reduced the 4G8-reactive signal, suggesting that both BBR and BBG bind
to the AP hydrophobic patch (4G8 epitope) in a similar fashion (Figure 2.10B). In contrast, even
at 10x BBR, there was no substantial reduction of the 6E10-reactive signal, which suggests that
the BBR interaction mode of AP is different from that of BBG (Figure 2.6C and 2.10C). These
results suggest that BBR reduces All-reactive toxic species, but the interaction mode of BBR
with AP is different from that of BBG.

In sharp contrast to BBG, both BBF and FGF exhibited little or minor changes in the
immuno-reactivities of the AP samples against the A11 and 4G8 antibodies from the AP samples
incubated without any dye (Figure 2.10A to C). In particular, even 10x BBF and 10x FGF did
not show any substantial reduction of the neurotoxic All-reactive AP species. At day 3, the AP
samples incubated with either BBF or FGF exhibited strong 6E10 signals, whereas AP
aggregates formed in the absence of any dye exhibited very weak 6E10 signals (Figure 2.10C).
These 6E10 epitope accessibility results suggest that BBF- or FGF-induced AP protofibrils and
fibrils have conformations different from those of AP protofibrils and fibrils formed in the
absence of any dye.

Morphology of AP aggregates formed after two days in the absence (no dye control) or in
the presence of one of the BBG congeners was analyzed by negative-stain TEM (Figure 2.4).
Similar to BBG, co-incubation of 10x BBR promoted protofibril formation (less than 100 nm),
but inhibited amyloid fibril formation (Figure 2.4B and C). In contrast, both BBF and FGF
induced formation of the mixture of long fibrils and protofibrils, whereas the AP aggregates
incubated with BBG for two days were predominantly curvilinear protofibrils (Figure 2.4B, D,

and E). In contrast, morphology of the AP aggregates formed in the presence of either BBF



37

k %k

100 |- g -~~~ mm- s
—
-} 1

. 80- = [
e
c
S 60
S Il PBS Only
3 B A Only
x 404 [_11xDye
- 13x Dye
= 04

0- o2

Controls BBG BBR BBF FGF

Figure 2.11. Viability of neuroblastoma SH-SYSY cells incubated with preformed AP samples
in the presence of BBG or BBG analogs (BBR, BBF, and FGF). Preformed A aggregates were
prepared by incubating 50 uM of AP monomer in the presence of BBG or BBG analogs at 37 °C
for two days, as indicated in the graph. Aggregates were then administered to SH-SYSY cells at
a final concentration of 5 uM. After 48 hours, mitochondrial metabolic activity was measured
using MTT reduction. Cells administered with PBS as a control (Black), AP samples incubated
without BBG (White with pattern), AP samples incubated with 1x dye (White) or 3x dye (Grey).
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 data. * P <
0.001, ** P <0.01.
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(Figure 2.4D) or FGF (Figure 2.4E) were similar to that of the AP aggregates formed in the
absence of any dye (Figure 2.4A), which is consistent with the dot-blot results that there are little
or minor differences in the immuno-reactivities of the AP aggregates formed in the absence or in
the presence of BBF or FGF.

These results strongly suggest that the both BBG and BBR effectively modulate AP
aggregation by promoting protofibril formation but inhibiting fibril formation. In contrast, both
BBF and FGF are not as effective in modulating AP aggregation as BBG and BBR, but promote

formation of the mixture of protofibrils and fibrils.

Modulation of AP cytotoxicity by BBG analogues. Modulating effects of the BBG
analogs on Af-associated cytotoxicity were also evaluated by MTT reduction assay of SH-SY5Y
cells (Figure 2.11). Similarly to 3x BBG, co-incubation of 3x BBR with AP samples recovered
the viability of SH-SYSY cells from 76% to 97% (Figure 2.11), which is consistent with the
reduced neurotoxic All-reactive signal of the AP aggregates at 3x BBR (Figure 2.10A).
However, compared with 1x BBG, co-incubation of 1x BBR exhibits less increase in the SH-
SYSY cell viability (86%) consistent with lower reduction of Al1-reactive signal. These findings
support the idea that BBR reduces AB-associated cytotoxicity but is less effective than BBG.

In contrast, BBF and FGF are less effective in modulating the AB-cytotoxicity than BBG
and BBR. Even at 3x BBF and FGF, the SH-SYS5Y cell viability was 80% and 86%, respectively,
which is higher than the cell viability without any dye but 10% lower than the cell viability with
either 3x BBG or 3x BBR. A moderate reduction of AP cytotoxicity produced by BBF or FGF
may be due to promoted formation of fibrils less toxic than oligomers/protofibrils (Figure 2.4D

and E). Investigations are underway to reveal the underlying mechanisms for this behavior.
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2.5 Conclusion

Our research is geared towards the discovery of potential therapies for Alzheimer’s
disease. To this end, our efforts have focused on discovering practically applicable small
molecules that can modulate amyloid-beta cytotoxicity and elucidating their mode of action.
While expanding the pool of potential candidates, we also compared molecular analogues to
identify unique structural features responsible for imparting modulating activity.

Comprehensively, our results conclusively demonstrate that BBG inhibits Ap-associated
cytotoxicity. BBG inhibits the formation of neurotoxic All-reactive AP intermediates in a dose-
dependent manner, by promoting the formation of non-toxic AP aggregates. The half-maximal
BBG concentration for inhibition of All-reactive AP aggregate formation (ICsg) after a two-day
incubation was 0.72x. Moreover, negative-stain TEM, ThT fluorescence and dot-blotting assay
results demonstrate that BBG promotes the formation of All-unreactive, off-pathway AP
oligomers and protofibrils, and also consequently inhibits the formation of amyloid fibrils. 15
uM of BBG (3x BBG) was marginally cytotoxic (5%) to neuroblastoma SH-SYSY cells, which
is approximately one third the cytotoxicity of 5 uM of AP monomer. 3x BBG also completely
suppressed AP-associated cytotoxicity throughout the duration of our study (three days). The
half-maximal BBG concentration for the inhibition of Ap-associated cytotoxicity (ECsg) was
0.55x. These results strongly supports that the inhibition of AB-associated cytotoxicity directly
correlates with the reduction of neurotoxic All-reactive AP aggregates by BBG.

Based on our findings, we identified several structural features that are important to the
modulating activity of the triphenylmethane derivatives. In particular, the electron withdrawing

sulfur atom on the sulfonated aryl groups are expected to perturb pi-pi stacking interaction.
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Moreover, although all four triphenylmethane derivatives exhibit modulating activity towards A}
aggregation, the structural difference between BBG and BBR, and BBF and FGF dictate their
characteristic interaction mode and level of activity. The 4-ethoxy aniline group is structurally
unique to BBG and BBR and likely imparts the ability to strongly modulate both AP aggregation
and cytotoxicity by reducing the formation of toxic aggregates. A comparison between BBG and
BBR also revealed the potential importance of two additional methyl groups on the core
triphenylmethane structure that may allow BBG to inhibit AP toxicity at lower stoichiometric
concentrations.

The inhibitory effects of BBG on Ap-associated cytotoxicity as well as highly favorable
biocompatibility and BBB-permeability make BBG a promising lead compound for future AD

therapeutic development.
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Figure A2.1. The data on the BBG-AP binding saturation curve (Figure 2.7) were fitted into a
straight-line according to the equation, Pr/Y = 1/(nk) [1/(1 - Y)] + Dy/n derived from Y =
nk(D)(Pr/D1)/(1 + k(D)) where Y, n, k, D, Dr, and Pr mean the fractional saturation of ligand
binding sites, the number of binding sites, the binding constant, the dye concentration in solution,
the total dye concentration, and the total protein concentration, respectively (/). The BBG
concentration (D) was fixed at 49 uM. The AP concentration (Pr) was varied from 0 to 300 uM.

The data at four Pt values between 20 uM and 120 uM were used for the fitting to a straight-line
(R? = 0.98). The values of n and k were 3.2 and 1.1%10* (M™), respectively.
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Figure A2.2. Alamar blue reducing activities of neuroblastoma SH-SYSY cells incubated with
pre-formed AP samples in the absence or presence of 3x BBG. Preformed A aggregates were
prepared by incubating 50 uM of AP monomer in the absence of BBG at 37 °C for 0 to 3 days or
in the presence of 3x BBG for 2 days, as indicated in the graph. The AP aggregates were then
administered to SH-SY5Y cells at a final concentration of 5 uM. After 3 days, cell viability was
measured using alamar blue reduction. Cells administered with PBS as a control (Control), AB
incubated without BBG for 0 (Day 0), 1 (Day 1), 2 (Day 2), or 3 days (Day 3), or AP incubated
with 3x BBG for 2 days (Day 2*). Values represent means + standard deviation (n > 3). Values
are normalized to the viability of cells administered with PBS only. One-sided Student’s t-tests
were applied to the data. * P <0.05.



51

1600
1200 - {
800 4

400 -

ThT Fluorescence (a.u.)

O AELARLLLY I BRI LLLL LR LLLY IR, BRI LLLY IR AL B |
1E-6 1E-5 1E-4 1E-3 0.01 0.1 1 10 100

[BBG] / [AB] (X)

Figure A2.3. Dose-dependence inhibition of ThT fluorescence of AP samples by BBG. 50 uM
of AP monomer was incubated at 37 °C in the absence (no BBG) or presence of the indicated
concentrations of BBG (from 10°x to 50x). 5 uL of Ap sample was taken at 72 hours of
incubation. ThT fluorescence was measured in arbitrary units (a.u.). Values represent means +
standard deviation (n = 3). The data were fitted to a sigmoid curve (R* = 0.99).
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3.1 Abstract

Alzheimer’s disease (AD) is the most common form of dementia. AD is a degenerative
brain disorder that causes problems with memory, cognition and behavior. It has been suggested
that aggregation of amyloid-beta peptide (AP) is closely linked to the development of AD
pathology. In the search for safe, effective modulators, we evaluated the modulating capabilities
of erythrosine B (ER), a Food and Drug Administration (FDA)-approved red food dye, on AB
aggregation and AP-associated impaired neuronal cell function.

In order to evaluate the modulating ability of ER on AP aggregation, we employed
transmission electron microscopy (TEM), thioflavin T (ThT) fluorescence assay, and
immunoassays using AB-specific antibodies. TEM images and ThT fluorescence of AP samples
indicate that protofibrils are predominantly generated and persist for at least 3 days. The average
length of the ER-induced protofibrils is inversely proportional to the concentration of ER above
the stoichiometric concentration of AP monomers. Immunoassay results using Ap-specific
antibodies suggest that ER binds to the N-terminus of AP and inhibits amyloid fibril formation.
In order to evaluate Af-associated toxicity we determined the reducing activity of SH-SY5Y
neuroblastoma cells treated with AP aggregates formed in the absence or in the presence of ER.
As the concentration of ER increased above the stoichiometric concentration of AP, cellular
reducing activity increased and reducing activity loss was negligible at 500 uM ER.

Our findings show that ER is a novel modulator of AP aggregation and reduces Ap-
associated impaired cell function. Our findings also suggest that xanthene dyes can be a new type
of small molecule modulator of AP aggregation. With demonstrated safety profiles and blood-
brain permeability, ER represents a particularly attractive aggregation modulator for

amyloidogenic proteins associated with neurodegenerative diseases.
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3.2 Introduction

Growing evidence suggests that protein misfolding and aggregation closely correlate to
the onset of numerous neurodegenerative diseases, such as Alzheimer’s disease (AD),
Parkinson’s disease (PD), and Huntington’s disease (HD). A common pathological hallmark of
these neurodegenerative diseases is the accumulation of insoluble protein aggregates in the brain.
Amyloidogenic protein associated with AD, PD, and HD is amyloid-beta peptide (A), o-
synuclein, and huntingtin protein, respectively. Although the exact cellular and molecular
mechanisms of protein aggregation remain unclear, there is increasing evidence supporting the
idea that aggregation of peptides/proteins associated with the neurodegenerative diseases have
common cellular and molecular mechanisms [1,2]. Therefore, it is hypothesized that protein
aggregates associated with neurodegenerative disease have common structural features. Glabe et.
al. discovered that an oligomer-specific antibody raised using amyloid-beta peptide recognizes
soluble oligomers of other types of amyloids including a-synuclein, insulin, and polyglutamine
[1], demonstrating that soluble oligomers of amyloidoigenic proteins share common
conformation. Numerous small molecules have been tested for their ability to reduce toxic A
aggregates [3,4,5,6,7,8,9,10,11]. Recently Wanker et al. reported that (-)-epigallocatechin gallate
preferentially binds to unfolded monomeric a-synuclein and AP and induces formation of non-
toxic oligomers, suggesting that small molecules modulate aggregation of amyloidogenic
proteins through a common molecular mechanism [7]. However, the modulation of amyloidgenic
protein aggregation by the same small molecule via a common mechanism has not been
extensively explored. In order to validate this concept, we chose one a-synuclein aggregation

modulator, erythrosine B (ER), considering its demonstrated safety profiles evidenced by FDA



Figure 3.1. Chemical structure of erythrosine B (ER)
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approval as a food dye [12,13]. To our knowledge, AP modulating capacities of xanthene dyes
including ER have not been reported. Herein, we evaluate the modulating capacities of ER on A
aggregation and AB-induced impaired cellular reducing activity in neuronal cells, and investigate
whether there are any common features in the interaction mode of erythrosine B with between a-
synuclein and Ap.

ER is a xanthene dye and is commonly used in coloring candies and cakes (Figure 3.1).
ER is listed in the US as FD&C Red No. 3, in the EU as E127, and also in many other countries
as a food coloring dye. It exhibits no observable toxicity up to a daily dose of 149 mg/kg body
mass in healthy animals [13]. Likewise, a daily dose of 60 mg/kg does not exhibit any toxicity to
humans [14]. ER is highly lipid soluble and so crosses the blood-brain barrier (BBB) [15,16].
The in vivo BBB permeability value of ER is 39 pl/min/g brain, though the condition of the
subject can affect plasma protein binding to ER leading to restricted brain uptake [16]. With
demonstrated safety profiles and BBB permeability, ER represents a particularly attractive

aggregation modulator for amyloidogenic proteins associated with neurodegenerative diseases.

3.3 Material and Methods

AP40 was purchased from Anaspec, Inc. (Fremont, CA). SH-SY5Y Human
neuroblastoma cells were obtained from ATCC (Manassas, VA). Polyclonal A11 anti-oligomer
and horseradish peroxidase (HRP)-conjugated anti-rabbit IgG antibodies were obtained from
Invitrogen (Carlsbad, CA). 4G8 antibody was obtained from Abcam (Cambridge, MA).
Monoclonal 6E10 was obtained from Millipore (Billerica, MA). ECL advance chemi-
luminescence kit was obtained from GE Healthcare Life Sciences. All other chemicals were

obtained from Sigma-Aldrich (St. Louis, MO) unless otherwise noted.
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AP Sample Preparation. AB40 powder (Anaspec, Inc.) was added to 0.1 % trifluoroacetic acid
(TFA) to obtain a 1.0 mM stock solution, which was then incubated for one hour without
agitation for complete dissolution as described previously [17,18,19]. The freshly prepared 1.0
mM stock AP solution was diluted with phosphate buffered saline (PBS) solution (10 mM
NaH,PO, and 150 mM NacCl at pH 7.4) to obtain a 50 uM A solution. 50 uM AP samples were

then incubated at 37 °C for the specified time duration.

Transmission Electron Microscopy (TEM). 10 uL AP sample was spread onto a formvar mesh
grid and incubated for one min. The grids were then negatively stained with 2% uranyl acetate
for 45 sec., dried and viewed on a Jeol JEM1230 Transmission Electron Microscope (80 kV)

located at the Advanced Microscopy Laboratory at the University of Virginia.

Thioflavin T (ThT) Fluorescence Assay. 5 uL of 50 uM AB40 sample in the absence or in the
presence of ER was diluted in 250 pL of 10 uM ThT in 96-well plates. ThT fluorescence was
measured using a Synergy 4 UV-Vis/fluorescence multi-mode microplate reader (Biotek, VT) at

an emission wavelength of 485 nm using an excitation wavelength of 450 nm.

Dot Blotting. 2 pL of AP samples were spotted onto a nitrocellulose membrane and were dried
at room temperature. The nitrocellulose membrane was incubated in 5% skim milk dissolved in
0.1% Tween 20, Tris-buffered saline (TBS-T) solution for one hour. The 5% milk TBS-T
solution was removed and the membrane was washed three times (each time for five minutes)

with TBS-T solution. The membrane was then incubated with antibody for one hour. Polyclonal
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A1l anti-oligomer antibody and horseradish peroxidase (HRP)-conjugated anti-rabbit antibody
were obtained from Invitrogen (Carlsbad, CA). 4G8 antibody was obtained from Abcam
(Cambridge, MA). Monoclonal 6E10 and polyclonal OC antibodies were obtained from
Millipore (Billerica, MA). The 4G8, OC, All and 6E10 antibodies were diluted in 0.5% milk
TBS-T solution according to the manufacturer’s protocols. After incubation the membrane was
washed three times for 5 minutes using TBS-T solution. In the case of the HRP-conjugated
antibody (4G8), membranes were coated with 2 mL of detection agent from the ECL Advance
Detection Kit (GE Healthcare, NJ) and the fluorescence was visualized. Otherwise, the
membrane was incubated in (1:5000 dilution in 0.5% milk TBS-T) HRP-conjugated secondary
antibody solution for one hour. Then the membrane was washed three times (each time for 5
minutes) with TBS-T solution and the same detection method as previously described was used.

The blot images were taken using a BioSpectrum imaging system (UVP, CA).

MTT Reduction Assay. Viability of Human neuroblastoma SH-SYSY cells (American Type
Culture Collection) was determined by 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) reduction. 50 mg of MTT (Millipore, MA) was dissolved overnight at 4 °C in 10
mL of PBS. The MTT solution was then sterile filtered. SH-SY5Y cells were cultured in a
humidified 5% CO»/air incubator at 37 °C in DMEM/F 12:1:1 modified media with 10% fetal
bovine serum and 1% penicillin-streptomycin (Thermo Scientific, MA). 20,000 to 25,000 SH-
SYSY cells were seeded into each well of 96-well plates and incubated for 48 hours. Then, the
culture medium was replaced with 100 uL of fresh media, and 10 pL of the AP sample was
added to each well to obtain a final AP concentration of 5 pM. Cells were incubated for an

additional 48 hours. After replacing the culture medium with a fresh medium, 10 pL of the
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sterile MTT solution was added, and cells were incubated for 6 hours at 37 °C in the dark. After
dissolution of the reduced MTT using 200 pL of DMSO, the absorbance was measured at 506

nm using a Synergy 4 UV-Vis/fluorescence multi-mode microplate reader.

3.4 Results and Discussion

Stabilization of AP protofibrils and Inhibition of AP fibril formation by ER. In order
to monitor morphological changes of AP aggregates and formation of amyloid fibrils, we
employed TEM and ThT fluorescence assays. TEM has been widely used to obtain
morphological information on AP aggregates [20,21,22,23]. AP intermediates as well as fibrils
can be directly visualized with negative-stain TEM. ThT fluoresces at 485 nm when bound to
amyloid fibrils [9,24,25]. Therefore, ThT fluorescence is used to monitor the progression of
amyloid fibril formation. AB samples were prepared by incubating 50 uM of A} monomer either
in the absence (control) or presence of ER from 0 to 3 days at 37 °C without shaking as
described previously [17,18,19].

AP sample TEM images clearly show distinct differences in morphology among Af
samples incubated in the absence and in the presence of ER (Figure 3.2). In the absence of ER,
oligomers, protofibrils, and amyloid fibril mesh network were sequentially observed throughout
the study (Figure 3.2, far-left panels). The onset of fibril formation at day 2 was confirmed by a
dramatic increase in ThT fluorescence from 48 to 72 hr (Figure 3.3A). At day 1, in the presence
of 50 uM of ER (1x ER), protofibrils were the predominant species (Figure 3.2, top 1x ER
panel), whereas oligomers were dominant in the absence of ER (Figure 3.2, top far-left panel).
Furthermore, these protofibrils were observed until day 3 and appeared to have morphological

homogeneity characterized by similarity in length and width (Figure 3.2, 1x ER panels). To
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no ER 1x ER 5x ER 10x ER

Day 1

Day 2

Day 3

Figure 3.2. TEM images of AP aggregates. A monomers were incubated for one to three days
in the absence (no ER) (far-left panels) and the presence of 1x (middle-left panels), 5x (middle-
right panels), or 10x ER (far-right panels) and visualized by TEM. Scale bars are 100 nm.
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Table 1. Length distribution of AP aggregates incubated in the presence of 1x, 5x, and 10x for
one, two, and three days.”

ER Average
conc. Length of AB aggregates (um)° (nm)
0.1 02 03 04 0.5 0.6 0.7 0.8 0.9 10 11 12 13 14 >14
1x ND 20 17 27 17 22 11 21 7 13 7 7 9 4 18 690 + 430
Day
1 5x 1 25 68 63 25 15 3 ND ND ND ND ND ND ND ND 320+ 110
10x 187 12 1 ND ND ND ND ND ND ND ND ND ND ND ND 55+ 27
1x ND 9 20 25 24 16 17 18 21 15 9 4 5 2 15 702+ 424
Day
2 5x ND ND 1 9 21 28 28 34 28 25 7 3 5 8 3 758 + 263
10x 162 37 1 ND ND ND ND ND ND ND ND ND ND ND ND 73+37
1x 1 16 13 18 15 21 16 20 17 9 9 9 6 5 25 784 + 485
Day
3 5x ND 3 8 23 25 31 31 33 16 18 4 3 5 ND ND 642 + 233
10x 151 45 4 ND ND ND ND ND ND ND ND ND ND ND ND 83+ 41

a. Two hundred AP aggregates observed in negative-stain TEM images at each concentration of ER were analyzed.
b.  Each bin has a 100 nm interval in the length of AP aggregates. The number indicates the maximum length of AP aggregates

in each bin. ND: Not Detected
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evaluate this quantitatively, the length of two hundred AP aggregates including protofibrils and
fibrils in TEM images at each ER concentration were manually measured using ImagelJ (NIH).
The length distribution of the two hundred AP aggregates at 1x, 5x, or 10x ER concentration is
described in Table 3.1. At day 1, in the presence of 1x ER, the average protofibril length was 690
nm. In the presence of 1x ER, the average length protofibrils did not change substantially on
subsequent days (Table 3.1). At day 1, increasing the ER concentration from 1x to 10x decreased
the average length of AP aggregates from 690 nm to 55 nm. At days 2 and 3, the average length
of protofibrils in the presence of 5x was 758 and 641 nm, respectively, but short protofibrils of
length less than 100 nm were predominantly observed in the presence of 10x (Table 3.1). These
findings support the idea that ER promoted the formation of stable intermediate protofibrils.
Furthermore, ER likely limited the capability to form longer fibrils. Therefore, next we
determined whether the inhibition of fibril formation was dependent on ER concentration using
ThT fluorescence assay. In the absence of ER, there was a steady increase in the ThT
fluorescence of AP samples throughout the study (Figure 3.3A). In particular, a steep increase in
the fluorescence was observed from 48 to 72 hr, indicating amyloid fibril formation. However, as
the ER concentration varied from 0.01x to 10x, a substantial reduction in the ThT fluorescence
was observed (Figure 3.3A). However, the ThT data of the AP aggregates formed with ER
should be interpreted with caution due to interference of ER with the ThT fluorescence
measurement. In order to investigate the interference of ER with the ThT fluorescence, three
different ER concentrations (1x, 3x, and 10x) were added to the AP aggregates incubated without
any ER for 3 days displaying a high ThT fluorescence intensity. Addition of 1x, 3x, or 10x ER
caused 66%, 81%, and 88% reduction in the AP aggregate fluorescence, respectively (Figure

3.3B), suggesting that ER competitively binds to ThT bindings sites on AP fibrils. However, the
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Figure 3.3. ThT fluorescence of AP samples. Afp monomers were incubated for four days in the
absence (no ER) or in the presence of 0.01x, 0.1x, 0.5x, 1x, 3x, 5x, or 10x of ER (A). Values
represent means + standard deviation (n = 3). Preformed amyloid fibrils (72 hours) were mixed
with varying concentrations of ER (1x, 3x, and 10x ER) (B). ThT fluorescence was measured in
arbitrary units (a.u.). Values represent means =+ standard deviation (n = 3).
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ThT fluorescence of the AP aggregates formed with 1x or 3X ER for 3 days was twice lower
than that of the AP aggregates at day 3 mixed with 1x or 3x ER respectively, suggesting that the
ER-induced AP protofibrils weakly bind ThT compared to A fibrils. Glabe et al. also reported
that AP fibrillar oligomers with stacked B-sheet structure are OC-antibody reactive but weakly
bind ThT [26].

In summary, co-incubation of AP with ER concentrations of 1x or greater inhibits high-
molecular weight AP fibril formation and leads to formation of protofibrils and stabilization of
the protofibrils at least up to 3 days. At day 1, the average length of A protofibrils is inversely

proportional to the concentration of ER at the concentration of 1x ER or greater (Table 3.1).

Changes in Ap-aggregate immunoreactivity caused by ER. Dot blotting with Ap-
specific antibodies was also used to monitor AP aggregate formation. These assays were
performed to obtain an integrated picture of AP aggregation modulation by ER. With AB-specific
antibodies, dot blotting has become an effective method for monitoring AP aggregate formation
[1,26,27,28,29,30]. Four AB-specific antibodies were utilized for this purpose. 4G8 is an Ap-
sequence-specific monoclonal antibody [31,32,33,34] that binds to amino acids 17 to 24 of A,
the hydrophobic patch of AB. 6E10 is a monoclonal antibody that recognizes A residues 1-16
[28,35]. All is a polyclonal antibody that reacts with soluble toxic oligomers and protofibrils
[7,28,30]. OC is a polyclonal antibody that reacts with aggregates with fibrillar structure,
including fibrillar oligomers, protofibrils and fibrils [28,29].

In the absence of ER, 4G8-reactive species were detected from day 0 to 2, whereas 4G8-
reactivity was nearly negligible at day 3. Considering that the 4G8 epitope lies in a hydrophobic

patch of the AP peptide that is known to be buried during amyloid fibril formation, a dramatic
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Figure 3.4. Dot-blotting of AP samples using four AB-specific antibodies. AP monomers were
incubated at 37 °C in the absence (no ER) or presence of the indicated concentrations of ER
(from Ix to 10x) for up to 3 days. Samples were spotted onto a nitrocellulose membrane and
immunostained with the 4G8, 6E10, A11, or OC antibody.

Figure 3.5. TEM images of AP aggregates after three day incubation. Afp monomers were
incubated for three days in the absence (no ER) or in the presence of 1x, 5x, or 10x ER and
visualized by TEM. Scale bars are 20 nm.
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loss of the 4G8 signal was regarded as the onset of extensive fibril-mesh networking [35]. The
loss of 4G8 signal corresponding to the formation of fibril-mesh networks was also confirmed by
TEM results (Figure 3.2, far-left panels). In contrast, in the presence of 1x ER or greater, there
was prominent 4G8-reactivity even at day 3 indicating that fibril-mesh networks were not readily
formed, which is consistent with TEM results. In the absence of ER, significant 6E10 reactivity
was observed from day 0 to 2. Under these conditions, the N-terminus of A, the 6E10 epitope,
is easily accessible to the 6E10 antibody. At day 3, only very weak 6E10 signal was detected,
which is most probably due to AP conformation change restricting 6E10 antibody binding
similar to 4E8. However, as ER concentration was increased from 1x to 10x, 6E10 reactivity
decreased significantly even at day 1 and 2. At ER 10x concentration, 6E10 reactivity was
significantly weaker than reactivity in the absence of ER (Figure 3.4). This suggests that ER
interaction with AP inhibits 6E10 binding. There are two possible mechanisms. First ER
competitively binds to the 6E10 epitope. Second, ER alters the conformation of AP limiting
antibody accessibility to the 6E10 epitope, essentially hiding the N-terminus. According to the
structural model of AB40 fibril proposed by Grigorieff et. al., two pairs of A protofibrils
intertwine adjacently to form a fibril with a 20 nm cross-sectional width [36], which is consistent
with the 20 nm Ap-fibril cross-sectional width observed in Figure 3.5 (no ER panel). In their
model, the N-terminus of each protofibril is laterally exposed and interlocked to form a fibril.
Based on this AP40 fibril structural model, we speculate that ER binding disrupts the
coalescence of two protofibrils leading to inhibition of amyloid fibril formation. This is also
consistent with the results that ER-induced oligomers/protofibrils (7 nm cross-sectional width)

are stable and do not form fibrils (Figure 3.5).
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In the absence of ER, significant A11-signals were detected at day 1 and 2 but not at day
3 indicating the Al1-reactive species were formed until day 2 but converted into amyloid fibrils
between day 2 and 3. In contrast, when 1x ER was present, Al1-signal was detected even at day
0 and persisted until day 3. In the presence of 3x, 5x, and 10x ER, substantial Al1-signal was
detected from day 1 to 3, which is consistent with predominant protofibrils but no fibrils were
observed in the TEM images. In the absence or the presence of ER, OC-reactive signals remain
unchanged (Figure 3.4) indicating that ER-induced protofibrils still have a fibrillar aspect. These
dot-blotting results support the idea that ER induces formation of both A11- and OC-reactive

oligomers but inhibits fibril formation.

Modulation of Af and a-synuclein aggregation by ER. All of these findings strongly
support the idea that ER is an efficient aggregation modulator. ER promotes the formation of Af
protofibrils and stabilizes them for at least three days, which in turn inhibits fibril formation.
Based on the AB40 fibril structural model proposed by Grigorieff et. al. and the immunoassay
results using the A N-terminus specific antibody, inhibition of AP fibril formation is at least
partly due to ER binding to the Ap N-terminus by blocking binding of two protofibrils to form
one fibril. As mentioned earlier, it is worthwhile to compare modulation of aggregation of a-
synuclein and AP by ER. Previous studies on a-synuclein aggregation [12] and our findings
indicate that ER promotes protofibril formation of both a-synuclein and AB. ER binding sites
were found to be predominantly on the hydrophobic region of non-Af component of AD
amyloid (NAC) [12]. Therefore, the authors speculate that ER facilitates hydrophoboic
interaction of a-synuclein leading to fast protofibril formation. Similarly ER aromatic rings

might play a key role in the promotion of AP aggregation at 1x ER concentration. However,
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although the concentration of ER increased up to 10x, the hydrophobic patch of AP (4G8
epitope) was not completely buried, suggesting that the interaction mode of ER with AP is
different from that with a -synuclein. A bigger difference was found in the effects of xanthene
dyes on fibril formation of a-synuclein and AP. Although xanthene dyes lead to formation of a-
synuclein fibrils, ER clearly inhibits formation of A fibrils. These comparisons suggest that ER
promotes protofibril formation of both a-synuclein and A} most probably due to the interaction
of xanthene aromatic rings with the hydrophobic region of each protein. However, ER is thought
to bind to the N-terminus of AP leading to the inhibition of AP fibril formation, which

distinguishes the ER interaction with AP from that with a-synuclein.

Inhibition of AB-induced cellular impairment by ER. Modulation of AP} aggregation
by ER was clearly demonstrated in the previous sections. However, since AB oligomers and
protofibrils are normally considered toxic species, we wanted to determine whether ER-induced
AP protofibrils perturb cellular activities of neuronal cells. In order to determine the detrimental
effects of ER-induced A aggregates on cellular functions, we chose the cellular MTT reducing
activity of SH-SYS5Y neuroblastoma cells. MTT reducing activity has been widely considered as
an indication of cell viability [8,29,37,38]. Therefore, the MTT reducing activity loss has often
been interpreted as the AP-associated cytotoxicity [7,28,39,40,41,42,43]. However, due to a
potential issue of the promoted export of the reduced MTT from the cells upon AP aggregate
treatment leading to reduction of the MTT signal [44,45,46], we avoided direct interpretation of
the reduced MTT signal as AB-associated cytotoxicity but considered the reduced MTT signal as
an indication of impaired cellular functions. Cells were adminstered AP aggregates preformed in

the absence or presence of ER. Preformed AP aggregates were prepared by incubating 50 uM A
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Figure 3.6. Viability of neuroblastoma SH-SYSY cells treated with AB samples (5 uM) formed
in the absence or presence of 10x ER incubated at 37 °C for one to three days, measured by MTT
reduction. 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
data (* P <0.001; ** P <0.005).
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Figure 3.7. Viability of neuroblastoma SH-SYSY cells treated with AP samples (5 pM)
incubated at 37 °C for one day in the absence of (no ER) or in the presence of 1x, 3x, 5x, or 10x
ER, measured by MTT reduction. 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 data (* P <0.001; NS: not significant).
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monomers in the absence or presence of various concentrations of ER (1x to 10x) at 37 °C for
the specified time duration. SH-SY5Y cells were incubated with 5 uM preformed aggregates for
48 hours, and subsequently MTT reducing activity was determined.

As a control, the MTT reducing activity of cells treated with varying concentrations of
ER was measured. Up to 10x ER (500 uM), there was only slight reduction (5%) in the MTT
reduction. At day 0, Ap monomers (5 uM) caused 10% reduction (P < 0.001) in the MTT
reduction probably due to the toxic AP aggregate formation during the AB monomer incubation
with the cells for 48 hr (Figure 3.6). However, in the presence of 10x ER, the MTT reducing
activity was recovered to 95%. At day 1, preformed A species formed in the absence of ER
significantly reduced the MTT reducing activity by 28%. This loss of the MTT reducing activity
likely resulted from the formation of both All- and OC-reactive protofibrils (Figure 3.4).
However, preformed A species prepared in the presence of 10x ER showed an MTT reducing
activity significantly higher than those of the AP incubated without any ER at days 0 and 1 (P <
0.001 and < 0.005, respectively) up to the level of a negative control without any A (Figure
3.6). At day 1, ER reduced the AP-induced loss of the MTT reducing activity in a dose-
dependent manner (Figure 3.7). At 1x ER, there was only 8% recovery of the MTT reducing
activity (P < 0.001). However, the MTT reduction reaches close to 100% in the presence of 10x
ER. Similar results were shown with preformed AP on subsequent days. The cellular MTT
reducing activity with AB (5 uM) incubated for 2 and 3 days decreased to 69% and 66%,
respectively. In particular, co-incubation of 10x ER raised the MTT reducing activity to 96% and

98% at day 2 and 3, respectively (Figure 3.6).
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3.5 Conclusion

Erythrosine B (ER) was able to significantly inhibit Af-associated cytotoxicity by
improving the cellular reduction activity of SH-SY5Y neuroblastoma cells in a dose-dependent
manner. TEM images and ThT fluorescence revealed that protofibrils were predominantly
generated and persisted throughout the duration of the study. Furthermore their average length is
inversely proportional to the concentration of ER. Immunoassay results using Ap-specific
antibodies suggest that ER binds to the N-terminus of AP and inhibits amyloid fibril formation.
Collectively the results suggest that ER inhibits Ap-associated cytotoxicity by promoting the
formation of non-toxic aggregates. However at the same time, we have not excluded the
possibility that ER binding may block A sites that confers cytotoxicity.

Here we demonstrated that ER is a novel modulator of AP aggregation and reduces Ap-
associated impaired cell function. Our findings also suggest that xanthene dyes may be a novel
group of small-molecule modulators of AP aggregation. With demonstrated safety and blood-
brain permeability, ER represents a particularly attractive aggregation modulator for

amyloidogenic proteins associated with neurodegenerative diseases.
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Chapter 4

Halogenated Xanthene Benzoate Dyes Can Potently Modulate Amyloid-beta Aggregation and

Neurotoxicity
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4.1 Abstract

Amyloid-beta (AP) aggregates have been implicated in causing the onset of Alzheimer’s
disease (AD). A number of AP aggregates, including fibrils, are known to be toxic, while certain
soluble AP oligomers are highly neurotoxic. Together they cause a cascade of events that leads to
cell death. A promising strategy to combat AD is the modulation of toxic AP species. Although
halogenation is widely used to enhance specific qualities and the efficacy of therapeutic small-
molecules and peptides, its effect on AP aggregation modulation has rarely been investigated.
More importantly, a halogenated aromatic small-molecule, with the ability to strongly modulate
AB-associated cytotoxicity, to our knowledge, has only recently been identified through our
previous work. To potentially expand the pool of such molecules we investigated erythrosine B
and its family of halogenated xanthene benzoate derivatives. Here, we demonstrate that
erythrosine B and eosin Y eliminated A-associated toxicity by promoting the formation of non-
toxic aggregates and by inhibiting fibrillogenesis. Alternatively, eosin B (EB) and phloxine B
were less effective, and Rose Bengal (RB) and ethyl eosin (EE) were not significantly effective
at modulating AP cytotoxicity. Despite close structural similarity, groups of molecules
modulated AP aggregation via unique pathways, and all were able to inhibit fibril formation.
Except for EB, each of the dyes inhibited fibrillar oligomer formation. Comparison between
structure and modulating activity showed that a benzoate attached to the xanthene was more
effective at modulating AP cytotoxicity than a tetrachlorobenzoate or an ethyl benzoate attached
to xanthene. Our results suggest that halogenated xanthene benzoates are a novel family of A
modulators. At the same time this body of work opens the door to exciting new small-molecules

with diverse chemistry.
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4.2 Introduction

Alzheimer’s disease (AD) is the most common form of senile dementia and has become
the 6th leading cause of death in the United States. Patients progressively suffer loss of cognitive
capacity and experience dramatic behavioral changes. Death is inevitable as bodily functions
decline.

Extracellular plaques and brain lesions are pathological hallmarks of AD and form from
the deposition and accumulation of a protein called amyloid-beta (AB). AP is generated from the
sequential cleavage of the amyloid precursor protein by a group of secretases. Multiple isoforms
can be created depending on the cleavage site. However, the two most physiologically abundant
isoforms are APB40 and AP42. After generation, AP undergoes a complex aggregation process to
form amyloid fibrils.

While a number of aggregate conformers, including fibrils, are known to be toxic,
growing evidence has shown that certain soluble A oligomers are highly neurotoxic. They cause
a cascade of events, including oxidative stress that leads to cell death. Most importantly their
presence strongly correlates with disease. Consequently, the reduction of toxic AP oligomers and
fibrils is a promising strategy to inhibit Ap-induced toxicity.

Numerous small-molecules have been investigated for their ability to modulate the
formation of toxic AP species and reduce Ap-associated toxicity. The majority of effective
molecules contain multiple aryl groups with functional moieties attached to the aromatic
constituents. These molecules are believed to bind AP through pi-pi interactions with the two
adjacent phenylalanine residues that dictate self-association. However, not all aromatic
molecules are effective AP modulators. Currently, polyphenols, which have an acidic electron

withdrawing hydroxyl group attached to the benzene ring, contain the most known modulators.
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Figure 4.1. The structure of erythrosine B and its halogenated xanthene benzoate analogues at
pH=7.
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Depending on the type and degree, halogenation can also alter the electronics of the
benzene ring which in theory allows manipulation of pi-pi interactions between AP and potential
lead compounds. Although halogenation has been favorably employed to enhance specific
qualities and the efficacy of therapeutic small-molecules and peptides, its effect on AP
aggregation modulation has rarely been investigated. Sood et al and Torok et al have shown that
halogenated molecules can modulate Ap aggregation. However, to our knowledge, a halogenated
aromatic small-molecule with the ability to strongly modulate AB-associated cytotoxicity has
only recently been identified through our previous endeavors. In order to potentially broaden the
population of these compounds that possess such rich chemistry, we investigated erythrosine B
and its family of halogenated xanthene benzoate derivatives. To this end, we characterized the
modulating activity of, erythrosine B (ER), eosin Y (EY), eosin B (EB), Rose Bengal (RB),
phloxine B (PH), and ethyl eosin (EE) (Figure 4.1). We also compared structure to function to

identify moieties that are central to modulating activity.

4.3. Materials and Methods

AP40 was purchased from Anaspec Inc. (Fremont, CA). Human neuroblastoma SH-
SYSY cells were obtained from the American Type Culture Collection (ATCC; Manassas, VA).
Polyclonal A1l antioligomer and horseradish peroxidase (HRP)-conjugated anti-rabbit IgG
antibodies were obtained from Invitrogen (Carlsbad, CA). 4G8 antibody was obtained from
Abcam (Cambridge, MA). Monoclonal 6E10 antibody and 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) were obtained from Millipore (Billerica, MA).
Nitrocellulose membranes and ECL advance chemiluminescence detection kit were obtained

from GE Healthcare Life Sciences (Uppsala, SE. Eosin Y was purchased from Acros Organics
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(Geel, Belgium). All other chemicals were obtained from Sigma-Aldrich (St. Louis, MO) unless

otherwise noted.

Dye Stock Solution Preparation. Erythrosine B, eosin Y, eosin B, Rose Bengal, phloxine B or

ethyl eosin were dissolved in phosphate buffed saline (PBS).

AP Sample Preparation. AB40 was dissolved in 100 % hexafluoroisopropanol (HFIP) (2
mg/mL) and incubated at room temperature for 2 hours. HFIP was evaporated under a constant
stream of nitrogen, and the peptide was reconstituted in PBS solution (10 mM NaH,PO4 and 150
mM NaCl, pH 7.4) to a concentration of 50 uM. If needed, concentrated dye stock solutions (1 —

10 mM) were added. The peptide samples were incubated at 37 °C.

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 450 nm and 485 nm, respectively.

Transmission Electron Microscopy (TEM). 10 puL of AP sample (50 uM) was spotted onto a
formvar mesh grid and incubated for 1 min and wicked. The grids were then stained with 2 %
uranyl acetate for 45 sec, wicked, allowed to air dry and viewed on a Jeol JEM1230
Transmission Electron Microscope. To determine mean aggregate lengths, 200 aggregate species

were measured from at least one representative TEM image.
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Dot Blotting. 2 nL. AP 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 (oxidase (HRP)-conjugated 4GS, 6E10, A11, 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 4GS, the membranes were coated with 2 mL of ECL
advance detection agent (based on manufacturer specifications) and visualized. Alternatively, all
other membranes were incubated with HRP-conjugated anti-rabbit IgG 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, 6E10, and OC were applied at a 1:25000 dilution while A11

and HRP-conjugated anti-rabbit IgG were applied at a 1:10000 dilution.

MTT Reduction Assay. 50 mg of 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) obtained from Millipore (Billerica, MA) was dissolved overnight at 4 °C in 10
mL of PBS. The MTT solution was then sterile filtered. SH-SY5Y human neuroblastoma cells
were cultured in a humidified 5 % CO»/air incubator at 37 °C in DMEM/F 12:1:1 containing 10
% fetal bovine serum and 1 % penicillin-streptomycin. 20,000 cells were seeded into each well
of a 96-well microtiter plate (BD, Franklin Lakes, NJ) and allowed to acclimate for 3 days. 10
pL 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 pL of MTT was added to each well and incubated for 6 hours at 37
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°C in the dark. After incubation, reduced MTT was dissolved by adding 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 Dichorism (CD). AB 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 average of at least 5 measurements. Peptide spectra were

obtained by subtracting background spectra.

4.4 Results and Discussion

In order to determine if the erythrosine B and its family of xanthene benzoate analogues
are capable of modulating aggregation, transmission electron microscopy (TEM), circular
dichroism (CD) and dot blotting analysis were employed. TEM is widely used to visualize AP
aggregate morphology and can differentiate large aggregates, protofibrils and fibrils. Circular
dichroism was employed to detect peptide secondary structure and to confirm fibril B-sheet
secondary structure. Dot blotting was performed with a panel of sequence-specific and
conformation-specific antibodies. The A1l and OC antibody were used to detect prefibrillar
oligomers and fibrillar species, respectively. And the 4G8 and 6E10 sequence-specific antibodies
were used to detect AP moieties. Peptide sample was prepared by incubating 50 uM AP

monomer in the absence or presence of 1x, 3x and 10x dye at 37°C for up to 6 days.

The commonality of fibril inhibition. Fibrils are a significant part of extracellular

plaques and are neurotoxic. Therefore the ability of Erythrosine B (ER) and its analogues to
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Figure 4.2. Confirmation of fibril formation by ThT fluorescence and CD. ThT (A) and CD (B)
results were obtained by sampling AP incubated at 37°C in the absence of dye. CD was
performed on day 5 and shows the characteristic B-sheet structure present in protofibrils and
fibrils. The CD spectra is the average of five readings.
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inhibit fibril formation was tested. 500 uM dye was used to confer even the most subtle
modulating effects and to improve the likelihood that every AP moiety was interacting with dye
moiety. Samples were incubated in the absence (control sample) or presence of 10x dye for 5
days. Fibril formation was confirmed at day 5 using ThT fluorescence, CD and TEM. A sharp
increase in ThT signal was observed on day 5 which is consistent with fibril formation (Figure
4.2A). The presence of B-sheets prominent in fibrillar species was detected by CD (Figure 4.2B).
TEM also confirmed the presence of laterally-paired protofibrils which is characteristic of fibrils.

By comparing TEM images of AP samples coincubated with and without dye at day 5, it
is apparent that coincubation of AP with dyes promotes noticeably shorter aggregates (Figure
4.3A-G). To quantitatively evaluate the difference, aggregate lengths from representative TEM
images were manually measured (Figure 4.4). A downward shift in the distribution of aggregate
lengths was observed when dyes were coincubated with AP (Figure 4.4). The dyes dramatically
reduced the number of aggregates greater than a 100 nm cutoff, compared to the control sample,
by at least 81% and up to 95% (Table 4.1). At a 150 nm cutoff, the dyes diminished the number
of larger aggregates by 86% and up to 100% (Table 4.1). These results indicate that the dyes are
highly effective in inhibiting the lengthening of aggregates which suggests their underlying
potential to inhibit fibril formation.

Examination of TEM images found that fibrils were present in the AP control sample,
while fibril and fibril-like species were not observed with dyes except (Figure 4.3D-G) for with
ER and eosin Y (EY) (Figure 4.3B, 4.3C). Based on the size distribution, compared to the A
control, the fibril-like aggregates present with ER and EY were a minor component comprising
no more than 4% (150 nm cutoff) of the total aggregates (Table 4.1). Based on these results, we

concluded that all of the dyes are capable of inhibiting fibril formation.
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Figure 4.3. TEM images of AP aggregates formed after a three day incubation. Af monomer
was incubated for 5 days at 37°C in the absence (A) or in the presence of 10x ER (B), EY (C),
EB (D), RB (E), PH (F), and EE (F) and visualized by TEM. Scale bar is 100 nm.
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Table 4.1. Comparison of long aggregate inhibition by each dye.

Percent of Percent reduction of Percent of Percent reduction of
Dye Aggregates Above Aggregates <100 Aggregates Above Aggregates <150
nm (compared to nm (compared to
100 nm 150 nm
control) control)

No Dye 58 — 35 _
ER 8 86 4 29
=y > 91 2 96
EB S 95 0 100
RB 3 95 0 100
e 3 05 1 97
EE 1 81 2 94
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Each molecule has unique aggregation modulating activity. Since these dyes inhibited
fibril formation, logically, we investigated the mechanism by which these dyes modulate
aggregation. Dot blotting was employed to determine the apparent concentration of prefibrillar
and fibrillar species. The A11 and OC antibodies were used to detect prefibrillar and fibrillar
species, respectively. 6E10 and 4G8, two sequence-specific dyes were also used. AP aggregates
were prepared by incubating A} monomer in the absence (control sample) or presence of 1x, 3x
or 10x dye at 37°C for up to 6 days.

Eosin B (EB) was the only dye that enhanced OC-reactivity compared to the control
sample at all concentrations from day 1 to 6 (Figure 4.5B). This corresponded to an inverse
response in All-reactivity, where EB exhibited the lowest Al1l-reactivity from day 1 to 6 when
compared with the other dye-induced aggregates (Figure 4.5A). This indicates that EB stabilizes
fibrillar aggregates and inhibits the formation of prefibrillar species. The size of the aggregates
suggests that EB is capable of stabilizing fibrillar oligomers but prevents the formation of
prototypical amyloid fibrils (Figure 4.4). Interestingly, EB also induced a significant reduction in
4G8-reactivity at day 5 (Figure 4.5C). Previously we observed that a sudden loss in 4GS
reactivity was associated with protofibril and fibril formation, where B-sheet stacking obstructs
accessibility to the 4G8 epitope. Similarly, fibril formation was also found to be accompanied by
a decrease in both OC- and 6E10-reactivity associated with the lateral pairing of protofibril
strands (Figure 4.5B, 4.5D). However, interestingly, EB induced the loss of the both 4G8- and
6E10-reactivity without aggregate elongation and without inhibiting OC-reactivity (Figure 4.5B-
D). This suggests that the loss of 4G8- and 6E10-reactivity may not result directly from b-sheet
stacking. Instead it may originate from a conformation change that is obligate for B-sheet

stacking. As the
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Figure 4.5. Monitoring AP aggregation by dot blotting. Conformational-specific antibodies A1l
and OC were used to detect prefibrillar oligomers and fibrillar species, respectively. Ap-
sequence specific antibodies, 4G8 and 6E10, were used. 50 pM AP was incubated in the absence
or presence of 1x, 3x or 10x dye for 6 days at 37 °C. Samples were obtained on the indicated day

and spotted onto a nitrocellulose membrane. Each membrane were immunostained with the A11
(4), OC (B), 4G8 (B), or 6E10 (C) antibody.
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only dye with a NO; group on the xanthene constituent, the results also demonstrate that the NO,
group likely played a pivotal role in stabilizing fibrillar species (Figure 4.1).

ER inhibited OC-reactivity starting from day 1 in a dose-dependent manner (Figure
4.5B). At 1x and 3x ER concentration, OC-reactivity was observed to increase with the time of
incubation. This indicates that while ER can inhibit fibrillogenesis, it may not suspend it
indefinitely. ER promoted Al1-reactivity at all concentrations for the entire duration of the study
(Figure 4.5A). These results suggest that ER strongly stabilizes and promotes prefibrillar
oligomers which in turn inhibits fibrillogenesis. These results are consistent with previously
observations (REF).

At 1x, EY maintained a strong constant OC-reactivity comparable to the highest level of
the AP control from day 1 to 6 (Figure 4.5B). However, at higher concentrations EY was able to
marginally inhibit OC reactivity and it is most apparent at day 3 to 6. On the other hand, EY also
promoted All-reactivity similarly at all concentrations, comparable to the strongest signal of the
AP control throughout the entire duration of the study (Figure 4.5A). These findings along with
the size distributions suggest that EY stabilizes both prefibrillar species and short fibrillar species
which consequently inhibit fibril formation.

Ethyl eosin (EE) inhibited OC reactivity at all concentrations despite having fairly
constant signal strength temporally at each concentration (Figure 4.5B). OC reactivity was
comparable at 3x and 10x but still lower than at 1x. Interestingly, Al1l-reactivity was enhanced
by EE, compared to the control in a dose-dependent manner (Figure 4.5A). Furthermore, the Al11
signal strength was maintained at independently at each concentration from day 1 to 6. These
results suggest that EE stabilizes prefibrillar oligomers and while inhibiting the formation of

fibrillar species.
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Phloxine B (PH) inhibited OC- reactivity starting from day 1 in a dose-dependent manner
(Figure 4.5B). At 1x OC-reactivity was weaker than the A control and was constant from day 1
to 6. At 3x concentration, OC reactivity is inhibited to the same degree as 1x PH, but the signal
decreases significantly after day 2. At 10x concentration, OC-reactivity decreases significantly
after day 0 (Figure 4.5B). On the other hand, PH did not seem to modulate All-reactivity in a
dose-dependent manner (Figure 4.5A). PH did however enhance All-reactivity from day O at
each concentration tapers off at later time points similarly to the AP control. This suggest that PH
inhibits the formation of fibrillar species.

Rose Bengal (RB) was shown to inhibit OC-reactivity starting from day 1 at all
concentrations in a dose-dependent manner (Figure 4.5B). Consequently, RB promoted All-
reactivity in a dose dependent manner for the entire duration of the study (Figure 4.5A).
However in supplemental work, RB was shown to artificially enhance All-reactivity. When RB
alone was spotted onto nitrocellulose and immunostained, it was capable of producing positive
All signal (data not shown). In order to quantitatively evaluate the degree of artificial
enhancement, we integrated dot blots intensities. The signal enhancement from 3x over 1x RB
was found to be 13 arbitrary units (a.u.) which suggest that the enhancement at 1x is
approximately 4 a.u. Adjusting for the enhancement, places the Al1l signal intensity of AB-
aggregates induced by 1x RB and 1x PH at a nearly equivalent level. The enhancement from 10x
over 3x was found to be 37 a.u. which is approximately a 2.8-fold increase, indicating that RB
might artificially enhance All-reactivity in a dose-dependent manner. Therefore, we
hypothesize, that had RB not had this artificial A11-reactivity enhancement property RB and PH

would have similar A11 signal profiles.
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Figure 4.6. Viability of neuroblastoma SH-SYS5Y cells incubated with preformed A samples in
the absence or presence of 1x dyes. Mitochondrial metabolic activity was measured by MTT
reduction. Preformed AP aggregates were prepared by incubating 50 uM of A monomer in the
absence or presence of ER, EY, EB, RB, PH or EE at 37 °C for 5 days. Ap monomer was
prepared using the sample preparation method outlined in Materials and Methods. *P < 0.0001,
**P < (0.005, P < 0.05; t-test between AP (5 day) dye-induced aggregates.
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Halogenated xanthene benzoate dyes can potently inhibit Ap-associated toxicity.
Previously we reported that ER was able to modulate cytotoxicity. To potentially expand the
pool of effective AP cytotoxicity modulators, we wanted determine if the analogues could
perform similarly. AP aggregates were prepared by incubating 50 uM of AP monomer in the
absence of presence of 1x dye at 37 °C for 5 days. The resulting aggregates were administered to
SH-SYS5Y cells and MTT reduction was employed to measure cell viability. At 1x dye
concentration, when compared with the AP control, ER and EY were highly effective and
significantly improved cell viability from 65% to 95% (P < 0.001) and 91% (P < 0.005),
respectively (Figure 4.6). Based on the two-tailed t-test, the cell viability accompanying the ER-
and EY-induced aggregates was not statistically different from the PBS control which suggests
that ER and EY might completely eliminate Ap-associated toxicity. Alternatively, while less
effective, EB and PH showed an improvement to cell viability from 65% to 79% (P < 0.005) and
74% (P < 0.05), respectively, compared to the AP control (Figure 4.6). Coincubation with RB

and EE exhibited cell viability of 75%and 82%, respectively.

Erythrosine B and eosin Y modulate AP cytotoxicity by inhibiting fibrillogenesis
and promoting the formation of non-toxic aggregates. Next we wanted to look for evidence
that might explain the neuroprotective properties of some of these dyes. When MTT reduction
was examined and compared to the 1x dot blotting results, we found that for ER, EY and EB, the
apparent concentration of All-reactivity species did not trend with toxicity (Figure 4.6, 4.7A).
Instead, OC-reactivity did (Figure 4.6, 4.7B). All of these molecules were able to either maintain
or promote OC-reactivity compared to the control. Despite having the highest A11-reactivity and

comparable OC-reactivity to the AP control, ER demonstrated the highest recovery in cell
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(B), 4G8 (C), 6E10 (E). Dot blot intensities were obtained by integrating dots using Image].
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Figure 4.8. Secondary Structure of AP, and ER-, EY-, EB- and RB-induced aggregates on day
5. The secondary structure of AP aggregates formed in the absence or presence of dye were
obtained by CD. Since the dyes absorb within the measured wavelengths, peptide spectra were
obtained by subtracting the background spectra that were obtained separately. Each spectrum is
the average of five readings. AP and EB resemble the spectra for B-sheet structure. AP
aggregates induced by ER, EY and RB resemble the spectra for random coil structure.
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viability (Figure 4.6, 4.7A, 4.7B). Since both ER and EY exhibited higher Al1-reactivity than
the AP control, while significantly inhibiting toxicity, this suggests that the Al1-reactive species
induced by ER and EY were innocuous. More specifically, the results indicate that both ER and
EY demonstrated similar modulating activity, where they inhibited fibrillogenesis and promoted
the formation of non-toxic, prefibrillar species. On the other hand, EB showed the highest OC-
reactivity and All-reactivity lower than the AP control (Figure 4.7A, 4.7B). With negligible
All-reactivity at all time points, the results indicate that EB inhibits fibrillogenesis but is unable
to promote the formation of non-toxic Al1l-reactive species.

Alternatively, RB, PH and EE seemed to induce a different modulating effect. At day 5,
these three dyes inhibited OC-reactivity compared to the AP control (Figure 4.7B). At the same
time, they demonstrated comparable All-reactivity to ER and EY (Figure 4.7A). However, RB
and PH exhibited the lowest recovery to cell viability. Although EE seemed to improve cell
viability more than RB and PH, its modulating activity at 1x was similar to theirs with respect to
OC-reactivity and All-reactivity (Figure 4.7A, 4.7B). This suggests that the All-reactive
species induced by RB, PH and EE were toxic. Therefore, RB, PH, and EE were not able to
promote the formation of non-toxic prefibrillar species.

To further validate these observations we also wanted to gauge the relative concentration
of All- and OC-reactive species present with each of the dyes at 1x concentration. To
accomplish this, OC-reactivity and Al1l-reactivity were compared to those of the two sequence
specific antibodies. The sequence-specific antibody dyes if uninterrupted by dye binding or fibril
formation should give consistent signal. We found that the All-reactivity pattern trended well
with 4G8-reactivity (Figure 4.7A, 4.7C). Alternatively, the OC-reactivity profile seemed to trend

accordingly with 6E10-reactivity (Figure 4.7B, 4.7D). While 4G8 signal was observed at nearly
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all dots where A11- and OC-reactivity were present, the 6E10 antibody could not detect the A11-
reactive and OC-reactive species induced by RB, PH and EE at day 5 at all concentrations,
suggesting its limited utility for detecting AP moieties (Figure 4.5C, 4.5D). Since the OC-
reactivity did not trend with 4G8-reactivity while All-reactivity did (Figure 4.7A, 4.7C), this
suggests that All-reactive species were likely predominant over OC-reactive species for ER,
EY, RB, PH and EE at 1x concentration. Alternatively, for EB, the lack of A11 signal and strong
OC signal suggest that OC-reactive species were in fact present (Figure 4.7B-D).

Since random coil structure and B-sheet structure are known to correspond with All-
reactive species and OC reactive species, respectively, we applied CD to ER, EY, EB, and RB at
10x concentration to minimize the diversity of secondary structure (Figure 4.8). We found that
ER, EY and RB possessed very similar spectra each of which resembled the spectra for random
coil secondary structure. On the other hand EB exhibited a spectrum resembling that of B-sheet
secondary structure (Figure 4.8). These results support the previous observations while
comparing A1l and 4G8 signals suggesting that Al1-reactive species were predominant in ER,

EY and RB.

4.5 Conclusions

Through this work, we demonstrated that erythrosine B (ER) and eosin Y (EY) had
similar modulating activity whereby they eliminated A-associated toxicity by promoting the
formation of non-toxic aggregates and by inhibiting fibrillogenesis. Compared to ER and EY,
eosin B (EB) and phloxine B (PH) were less effective, and Rose Bengal (RB) and ethyl eosin
(EE) were not significantly effective at modulating AP cytotoxicity. Despite close structural

similarity, groups of molecules modulated AP aggregation via unique pathways, and all were
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able to inhibit fibril formation. Except for EB, each of the dyes inhibited fibrillar oligomer

formation. We also found that RB, PH and EE had similar AB-cytotoxicity modulating activity.

Based on the comparison of structure and modulating activity between ER and EY, and

RB, PH and EE, we have shown that a benzoate attached to the xanthene was more effective at

modulating AP cytotoxicity than a tetrachlorobenzoate or an ethyl benzoate attached to xanthene.

Our results suggest that halogenated xanthene benzoates are a novel family of AP modulators. At

the same time this body of work opens the door to exciting new small-molecules with diverse

chemistry.
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Chapter 5

Conclusions and Recommendations for Future Work
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5.1 Conclusions

Our research has focused on the discovery of small-molecule modulators of A
aggregation and cytotoxicity for the purpose of discovering potential therapies for Alzheimer’s
disease. At the same time we have also striven to understand their mode of action and to identify
certain structural features that confer modulating activity.

For this purpose, two groups of molecules were investigated, BBG and its family of
triphenylmethane dyes, and erythrosine B and its family of halogenated xanthene benzoate
derivatives. BBG is a close structural analogue of Brilliant Blue FCF, which is a Food and Drug
Administration (FDA)-approved food dye. More importantly, BBG is BBB-permeable and
neuroprotective. ER is an FDA-approved food dye and has been shown to penetrate the BBB in
in vitro uptake studies. We determined that a number of molecules from each group modulated
AP aggregation and inhibited AB-associated toxicity. Through this research we were able to meet
each of the objectives outlined in the Introduction section. The following is a summary of

conclusions based on the objectives.

1) Evaluate the ability of BBG to modulate A aggregation and cytotoxicity.

BBG was discovered to completely eliminate AB-associated cytotoxicity at both 1x and
3x concentration (ratio of dye to APB) by inhibiting the formation of toxic aggregates
while promoting the formation of non-toxic aggregates. Consequently, BBG inhibited
fibril formation. The half-maximal BBG concentration for inhibition of AP cytotoxicity

(ECso) was 0.55x.
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3)

4)

108

Evaluate the ability of BBG analogues to modulate AP aggregation and cytotoxicity.

BBR was also discovered to completely eliminate Af-associated cytotoxicity at 3x
concentration, while slightly less effective at 1x. Similar to BBG, BBR inhibited fibril
formation, and reduced cytotoxicity by inhibiting the formation of toxic aggregates while
promoting the formation of non-toxic A aggregates. Compared to BBG and BBR, BBF

and FGF were less effective in modulating both aggregation and toxicity.

Compare the efficacy of BBG and its analogues to determine structure-to-activity

relationships.

Based on the comparison between the efficacy and structure of the molecules, we also
found that the 4-ethoxy aniline group which is unique to BBG and BBR is likely
responsible for their ability to strongly modulate AP aggregation and cytotoxicity. A
comparison between BBG and BBR also revealed the importance of two additional
methyl groups on BBG that allow it to inhibit AP toxicity at lower stoichiometric

concentrations.

Evaluate the ability of ER to modulate AP aggregation and cytotoxicity.

Our results demonstrated that ER eliminates Af-associated toxicity by promoting the

formation of non-toxic AP aggregates and inhibiting fibrillogenesis. ER also induced
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protofibril formation where the average length is inversely proportional to the

concentration of ER.

5) Evaluate the ability of ER analogues to modulate AP aggregation and cytotoxicity.

EY also eliminated AB-associated toxicity by promoting the formation of non-toxic AP
aggregates. Compared to ER and EY, EB and PH were less effective, and RB and EE
were not significantly effective at modulating AP cytotoxicity at 1x concentration.
Despite close structural similarity, all of the molecules possessed unique AP aggregation

modulating activity, and all were able to inhibit fibril formation.

6) Compare the efficacy of ER and its analogues to determine structure-to-activity

relationships.

Comparison between structure and modulating activity showed that a benzoate attached
to the xanthene was more effective at modulating AP cytotoxicity than a

tetrachlorobenzoate or an ethyl benzoate attached to xanthene.

Collectively our results suggest that aromaticity is an important feature towards the
modulating activity of each of these molecules. But more importantly, our results suggest that
functional groups attached to aryl constituents may be vital for conferring a unique modulating
activity to each molecule. How each functional group impacts the electronics of the benzene ring

may ultimately dictate the mode of AP-to-compound interaction and the modulation activity.
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Most importantly, our endeavors have uncovered a number of potent AP neurotoxicity
modulators and demonstrated that triphenylmethane and halogenated xanthene benzoate
derivatives are novel families of molecules that show remarkable promise in the search for

Alzheimer’s disease therapies.

5.2 Recommendations for Future Work

Although our work has identified a pool of promising therapeutic compounds, a number
of questions still remain. 1) While we have demonstrated that these molecules can modulate A
aggregation and cytotoxicity, can these compounds be applied to targeting preexisting toxic
aggregates? 2) Since aggregation-prone proteins have a similar disease mechanism, can these
molecules be employed against a spectrum of aggregation-prone proteins? 3) And finally, how
do these molecules directly interact with its intended target protein? To answer these questions

we have proposed the following work.

1) Our results have shown that a number of compounds possess the potential to slow or stop
disease progression by modulating newly synthesized AP. However due to the dynamic
nature of protein aggregation, the most effective class of therapies would likely also be
required to target preexisting toxic aggregates. Logically the next step in characterizing
these molecules is to evaluate whether they can remodel preexisting toxic aggregates,
such as fibrils and oligomers into non-toxic conformers or more simply, determine if they

can provide neuroprotection against preexisting toxic aggregates.
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2) Previously, it has been shown that aggregation-prone proteins have a similar disease

3)

mechanism that is substantially linked to toxic oligomers, suggesting that a common
structure exists in these oligomers (Kayed et al., 2003). Consequently, it has been
hypothesized that universal modulators may exist. In fact, erythrosine B has been shown
to modulate both amyloid-beta and alpha-synuclein aggregation (Shin et al., 2000). In the
case of Alzheimer’s disease, a number of AP isoforms and aggregation-prone proteins are
present. While our work has demonstrated that each of these molecules is capable of
interacting with the AP40 isoform the next step is to attempt to expand their utility by
determining if they can modulate AP42 as well as other known aggregation-prone

proteins.

Finally, since we have identified structural features that seem to impart modulating
activity, next we would like to determine how these molecules directly interact with Af.
Interaction modes can be determined through binding studies using well designed
overlapping and contiguous AP peptide fragments as well as the application of

competitive binding studies between compounds and sequence-specific antibodies.



