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ABSTRACT OF THE DISSERTATION

The Design, Synthesis, and Evaluation of Compounds that Bind to Alzheimer‘srelated and HIV-1-related Amyloids
by
Christina Cecilia Capule
Doctor of Philosophy in Chemistry
University of California, San Diego, 2012
Professor Jerry Yang, Chair

Amyloids—misfolded, aggregated peptides—have been implicated in over
thirty human diseases. This thesis focused on the study of two different amyloids—
Aβ(1-42) and SEVI (semen-derived enhancer of virus infection)—associated with
two distinct conditions—Alzheimer‘s Disease (AD) and Acquired Immune
Deficiency Syndrome (AIDS), respectively.

xxii

Aβ aggregates are a hallmark of AD and may play a central, causative role in
the pathogenesis of this disease.

Aβ-amyloid-targeting small molecules have,

therefore, attracted wide interest as potential agents for the treatment or diagnosis of
AD. This thesis describes the development of a general method to evaluate small
molecule-β-amyloid binding interactions via a modified quantitative ELISA
protocol. The implementation of an in vitro model to evaluate the blood-brain
barrier permeability of β-amyloid-targeting compounds is also discussed in this
thesis.
The design and evaluation of a new class of fluorescent probes that bind to
Aβ aggregates is described in this thesis. The advantage of these compounds is that
their spectroscopic properties can be altered and fine-tuned via simple synthetic
methods.
The second portion of this thesis discusses the study of small molecules that
bind to SEVI, a naturally abundant amyloid found in semen. SEVI can potentially
increase the infectivity of HIV-1 in cells by up to 400,000-fold. Although the
mechanism of SEVI-mediated transmission of HIV-1 remains poorly understood,
evidence suggests that SEVI binds to both HIV-1 virions and cell membranes,
thereby facilitating viral infection. We hypothesized that BTA-EG6, a derivative of
the well-known amyloid-binding compound Thioflavin T, could coat SEVI fibrils,
thereby inhibit HIV-1 interactions with SEVI fibrils, and thus, reduce SEVImediated enhancement of HIV-1 infectivity. The results of these investigations are
presented in this thesis.

xxiii

The final project described in this thesis is the design, synthesis, and
evaluation of multivalent analogs of BTA-EG6. The goals of this project were 2fold: 1) Create compounds that bind with high affinity to both Aβ fibrils and SEVI
fibrils based on the multivalent design strategy and 2) evaluate whether oligomers of
the BTA moiety exhibit improved ability over the BTA monomer to inhibit SEVImediated enhancement of HIV-1 infectivity. The results of this project are presented
in this thesis.

xxiv

Chapter 1

Introduction: Amyloids and Disease

1.1 Amyloids
―Amyloid‖ is an encompassing term for insoluble, abnormally-folded
proteins that possess the following structural features: 1) fibrillar morphology, 2) βsheet secondary structure, and 3) upon staining with Congo Red, apple-green
birefringence under polarized light.1 Although their peptide sequences, origin, and
native structures can widely vary, all amyloids possess the aforementioned
characteristics.

The intrinsic structural feature of amyloids is the cross-β sheet

configuration. In a cross-β sheet configuration, β-sheet extended chains and sheet–
sheet stacking interactions are oriented perpendicular to the long axis of the fibril,
while β-sheet hydrogen bonds are parallel to the length of the fibril. Because of their
limited solubility, the structural elucidation of amyloids via crystallization has been

1

2

difficult to near impossible. However, there are a number of techniques available
that can assess fibrillar morphology.2 X-ray diffraction is routinely used to confirm
the cross-β sheet structure inherent in amyloid fibrils (Figure 1.1a). The typical xray diffraction pattern for amyloids consist of two signals at 4.7 Å and at ~10-11 Å,
indicative of the interstrand and the stacking distances in β-sheet, respectively
(Figure 1.1b).

Microscopy techniques, such as atomic force microscopy and

transmission electron microscopy have also proved useful in confirming the presence
of fibrils. Additionally, histologic dyes such as Congo Red (CR) and Thioflavin T
(ThT), which both possess intrinsic spectroscopic properties upon binding to fibrils,
are routinely used to determine the presence or formation of fibrils.1

Circular

Dichroism (CD) and Fourier Transform Infrared Spectroscopy (FTIR) are additional
analytical tools that can monitor the conformation of proteins and confirm the
presence of β-sheet secondary structure in amyloids.

Figure 1.1. a) A typical x-ray diffraction pattern for amyloids b) The interstrand &
stacking distances in a cross β-sheet pattern.3 Adapted with kind permission from
Springer Science+Business Media: Journal of Chemical Biology, Binding mode of
Thioflavin T and other molecular probes in the context of amyloid fibrils- current
status, 3(1), 2010, page 2, Minna Groenning, Figure 1, copyright 2009.
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Amyloids are implicated in over 30 human diseases, which are collectively
known as ―amyloidosis.‖4 Each disease is characterized by a distinct protein that
aggregates to form insoluble amyloid deposits. While AIDS is not categorically
defined as an amyloidosis, recent findings have revealed that amyloids may play a
pivotal role in the infectivity of HIV-1 via sexual transmission.5 This thesis focused
on the study of two different amyloids—Aβ(1-42) and SEVI (semen-derived
enhancer of virus infection)—associated with two different conditions—Alzheimer‘s
Disease (AD) and Acquired Immune Deficiency Syndrome (AIDS), respectively.

1.2 Alzheimer’s Disease
1.2.1 History and Current Statistics
Alzheimer‘s Disease (AD) is a progressive, irreversible neurodegenerative
disorder and is the most common form of dementia. The earliest known case of AD
was documented in 1901 by Alois Alzheimer, when he observed a female patient
named Auguste Deter at the Frankfurt Asylum in Germany.6,7 He continued to
monitor Auguste, and her symptoms, until her death in 1906.

Autopsy and

subsequent histologic staining of her brain tissue revealed the presence of abnormal
protein deposits(Figure 1.2)8—now referred to as amyloid plaques (APs) and
neurofibrillary tangles (NFTs) 9

4

Figure 1.2. A) β-amyloid plaques and neurofibrillary tangles in the cerebral cortex
of Auguste Deter8 B) Zoom in of an amyloid plaque C) Zoom in of the
neurofibrillary tangles. Adapted with kind permission from Springer
Science+Business Media: Neurogenetics, Histopathology and APOE genotype of
the first Alzheimer disease patient, Auguste D. 1(3). 1998, page 225, Minna
Graeber, Figure 2, copyright 1998.

Symptoms of Alzheimer‘s Disease can range in severity, depending on the
stage of the disease. Early stages of AD are marked by mild cognitive decline, such
as short-term memory loss, associated irritability, and the inability to correctly solve
elementary puzzles or problems. In the more advanced stages of AD, patients suffer
significant memory failure and are unable to perform routine daily functions without
the aid of a caretaker. Moreover, as the disease progresses, there is considerable
atrophy of the brain due to a significant loss in brain cells. Figure 1.3 shows a sideby-side comparison of a normal, healthy brain (upper left) and a brain ravaged by
AD (upper right). Cross-sections of the healthy brain and the AD brain (lower left
and right) show that there is considerable shrinkage in the cortical and hippocampal
areas of the AD brain, the areas that are associated with memory and learning.
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Figure 1.3. Side-by-side comparison of a normal brain (left) and an AD
brain (right). Adapted with permission. © 2011 Alzheimer's Association.
www.alz.org. All rights reserved. Illustrations by Stacy Janis.

According to the Alzheimer‘s Association, Alzheimer‘s Disease currently
afflicts an estimated 5.2 million Americans.10 Approximately 96% of these cases are
of persons aged 65 or older. Because the majority of individuals diagnosed with AD
are in this upper age bracket, AD is a disease that is associated with old age.
Although it is not a normal process of aging, the greatest risk factor for developing
AD seems to be advancing age. Since the baby boomer generation (approximately
76 million individuals born between the years 1945-1964) is now entering retirement
age, and because average life expectancies continue to lengthen, the number of AD
cases is expected to rise dramatically in the coming years.

Projected numbers

estimate that by the year 2050, the number of AD cases may triple from 5.2 million
to as many as 16 million cases (Figure 1.4).
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Figure 1.4. Projected numbers of people aged 65 and over in the US population with
Alzheimer’s Disease (in millions).10 Reprinted from Alzheimer’s & Dementia, 2011
Alzheimer’s Disease Facts and Figures, 208-244, copyright 2011, with permission from
Elsevier.

There is currently no FDA-approved disease-modifying treatment or
preventative measure for Alzheimer‘s Disease.11

This and other factors have

contributed to the fact that, while other major causes of deaths have observed a
continued decline over the years due to available medications and known prevention
methods, the number of deaths due to AD continue to rise (Figure 1.5). Between
2000 and 2008, the number of deaths attributed to the number one cause of death,
heart disease, decreased by 13%. In stark contrast, the number of deaths due to
Alzheimer‘s Disease has risen by 66%.
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Figure 1.5. Percentage changes in selected causes of death (all ages) between 2000-2008.10
Reprinted from Alzheimer’s & Dementia, 2011 Alzheimer’s Disease Facts and Figures, 208244, copyright 2011, with permission from Elsevier.

1.2.2 Available Treatments
At this time, there is no FDA-approved disease-modifying treatment to
reverse or prevent Alzheimer‘s Disease.11 There are two types of medication that are
currently approved by the United States Food and Drug Administration (U.S. FDA)
to treat symptoms of memory loss: acetylcholinesterase (AChE) inhibitors and one
drug that acts as an antagonist on the N-methyl d-Aspartate (NMDA) receptor
(Figure 1.6).
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Figure 1.6. Commercially available treatments to alleviate symptoms of
Alzheimer’s Disease.

Acetylcholine (ACh) is an important neurotransmitter for learning and for the
formation and retention of memory. A number of AChE inhibitors were developed
because of the observed dwindling production of acetylcholine in the hippocampal
and cortical areas of AD brains.12 Inhibiting the enzymatic activity of AChE delays
the degradation of acetylcholine, resulting in the accumulation of acetylcholine and
the retention of its function. Tacrine (Cognex®) was the first cholinesterase inhibitor
approved by the FDA, but because of its poor oral availability and severe adverse
side effects,13 it has been largely supplanted by the other FDA-approved AChE
inhibitors. The most commonly prescribed AChE inhibitors for treating mild to
moderate symptoms of Alzheimer‘s Disease are Donepezil (Aricept®), Rivastigmine
(Exelon®), and Galantamine (Razadyne®).
Memantine hydrochloride, a derivative of adamantine, is the first FDAapproved drug for AD that targets the NMDA receptor.

Glutamate, like

acetylcholine, is a neurotransmitter that plays a central role in learning and memory.
At normal levels, glutamate binds to NMDA receptors to trigger the controlled influx
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of Ca2+ into cells, which is important for synaptic plasticity. However, excessive
glutamate concentrations cause abnormally high levels of Ca2+ to enter cells, which
ultimately leads to excitotoxicity, the damage and death of cells. The dysregulation
of Ca2+ has previously been suggested to be one of the factors that lead to the
pathogenesis of AD.14 Memantine HCl helps to restore cellular Ca2+ homeostasis by
binding to NMDA receptors, consequently blocking glutamate from the NMDA
receptor and hindering its activity.15 Memantine HCl is approved by the FDA for the
treatment of moderate to severe AD.16 In later stages of the disease, memantine HCl
is sometimes taken in combination with the AChE inhibitor donepezil, because of the
superior combined benefits observed in some individuals.
Unfortunately, these available medications only delay the inevitable loss of
cognitive function. Studies have shown that while these medicines do improve
cognition, these effects are only temporary and last an average of 6-12 months at
best. As AD progresses and as symptoms worsen, these medications eventually
become ineffective.

1.2.3. Aβ Deposits: A Hallmark of Alzheimer’s Disease
The accumulation of amyloid plaques and neurofibrillary tangles (NFTs)
observed by Alois Alzheimer in the brain tissue of his first AD patient are now the
hallmarks of Alzheimer‘s Disease. The major component of amyloid plaques has
been identified as a 40 to 42 amino acid peptide called Aβ (or β-amyloid) peptide
that aggregate into insoluble fibrils.

While the deposition of Aβ plaques are

definitive of and unique to AD, NFTs have been associated with other dementias,
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such as frontotemporal dementia,17 Pick‘s disease,18 and other tauopathies.19 Thus,
I‘ve focused my research efforts on the study of Aβ aggregates.
Aβ is a by-product of the sequential proteolytic cleavage of a
transmembrane protein called amyloid precursor protein (APP). Initially, APP is cut
extracellularly by β-secretase to produce the N-terminal side of Aβ. Subsequent
cleavage of the transmembrane region of APP by γ-secretase produces the Cterminal end of Aβ peptide, which can generate isoforms of Aβ ranging from 39-43
amino acid lengths (Figure 1.7).20

Figure 1.7.The amino acid sequence of Aβ peptide

The most common isoforms of Aβ in vivo are Aβ(1-40) and Aβ(1-42). I‘ve
focused my research on the study of Aβ(1-42) in particular because studies indicate
that it is the initially deposited and predominant form21 in amyloid plaques.
Moreover, Aβ(1-42) has a higher propensity for aggregation than Aβ(1-40)22 and has
been shown to be the most toxic form.23,24
Aβ production, degradation, and clearance from the brain is believed to be a
natural process.25 However, the accumulation of Aβ, due to either overproduction or
inefficient clearance of Aβ, leads to the misfolding, aggregation, and deposition of
Aβ in the AD brain.26 According to the amyloid cascade hypothesis, which was first
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articulated by Hardy et al.,27 Aβ plays a central, causative role in the pathogenesis of
Alzheimer‘s Disease. In the amyloid cascade hypothesis, the pathology of AD is
initiated by the accumulation and deposition of Aβ peptide, which then triggers an
inflammatory response, oxidative injury, synaptic dysfunction, neuronal loss, and
then, ultimately, dementia. This hypothesis has been modified over the years as
increasing evidence show that soluble oligomers, not insoluble fibrils, are the most
toxic forms.28-30

1.2.4 Available Diagnostic Tools
The development of effective treatments for AD has been hindered, in large
part, by the lack of methods available to definitively diagnose AD in living patients.
Although AD is routinely diagnosed clinically after a series of mental status tests and
physical examination, it can only be irrefutably confirmed by demonstrating that the
pathologic

hallmarks

of AD—protein

deposits

of amyloid plaques

and

neurofibrillary tangles—are present in the brain. The presence of these deposits is
typically confirmed post mortem through autopsy of the brain. Autopsied brain
tissue are treated with histologic dyes, such as Thioflavin T (ThT)31,32 or Congo Red
(CR),33 that have an affinity for and stain amyloid plaques (Figure 1.8). These dyes
are limited to post mortem use because their inherent charges prevent them from
crossing the blood-brain barrier in vivo.
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Figure 1.8. Common histological dyes used for staining amyloid plaques

In recent years, tremendous efforts have focused on the development of
imaging agents that target the biomarkers of AD in living patients, particularly βamyloid plaques in the brain. Agents that can image amyloid plaques in live patients
would make it possible to 1) monitor the progression of AD and thus enhance our
understanding of the pathology of this disease and to 2) properly diagnose AD ante
mortem, ideally before clinical symptoms or significant memory failure present
themselves. Figure 1.9 shows a partial list of β-amyloid imaging agents that are
currently in clinical trials. These radiolabeled compounds have been developed for
use in positron emission tomography (PET). The first PET agent to show success in
clinical trials is the compound Pittsburgh Compound B (11C-PiB),34 a compound
derived from the structure of the histologic dye Thioflavin T. Human clinical trials
demonstrated a good correlation of PET imaging of Aβ plaques in vivo with the post
mortem analysis of brain tissue. The widespread use of Pittsburgh Compound B has
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been limited because of the short half-life (20.4 min) of the

11

C radioisotope. This

short half-life necessitates the on-site synthesis and immediate use of

11

C-PiB for

PET scanning.35 On the other hand, the 18F radioisotope has a longer half-life (109.7
min), which would perhaps extend the clinical access of Aβ-targeting PET tracers.
Accordingly, a number of research groups have focused their attention on developing
β-amyloid-binding compounds that are labeled with
11

C-PiB modified their compound to include a

18

18

F. The original inventors of

F radioisotope, and completely

removed the 11C radiolabel (18F-flutemetamol).35 Bayer® developed a stilbene-based
18

F compound (18F-florbetaben),36 while Eli Lilly® developed a strikingly structurally

similar compound, an

18

F-labelled styrylpyridine derivative (18F-florbetapir).37

While these compounds have shown great promise in clinical trials as potential
diagnostic tools for Alzheimer‘s Disease, no imaging agent has yet been approved by
the FDA for extensive clinical use.

Figure 1.9. Imaging agents that are currently in clinical trials to probe the
accumulation of amyloid deposits in living patients.
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While there have been great gains in the field of Alzheimer‘s research in the
past few years, the pursuit of new, improved therapeutics and diagnostics remains.
One criteria for therapeutics and diagnostics that target Aβ is that they have a high
binding affinity for aggregated Aβ. One goal of my thesis was to develop an assay
that can quantitatively measure the interactions of small molecules with aggregated
Aβ. Molecules identified by this assay to bind tightly with aggregated Aβ may be
further developed into potential imaging agents or potential therapeutics. Chapter 3
of this thesis details the results of these efforts.
My second research goal aimed at investigating a rational design strategy to
develop compounds that bind with high affinity to Aβ aggregates.

Chapter 7

discusses the results of these efforts.

1.3 HIV and AIDS
1.3.1 History and Current Statistics
Acquired immune deficiency syndrome (AIDS, also called acquired
immunodeficiency syndrome) is a disease of the immune system that is caused by
the human immunodeficiency virus (HIV).38,39

Infection with HIV gradually

weakens the immune system, leaving infected individuals vulnerable to opportunistic
infections and tumors that a healthy immune system can fight off under normal
circumstances. The first clinical cases of AIDS were documented in the early 1980s.
In 1980-81, homosexual men and intravenous drug users exhibited symptoms of a
rare form of pneumonia, called pneumocystis carinii pneumonia (PCP), known to
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manifest in individuals with compromised immune systems.40,41 In addition, other
homosexual men developed a rare skin cancer called Kaposi‘s sarcoma (KS).42 Soon
thereafter, many more cases of PCP and KS were documented, prompting the U.S.
Centers for Disease Control (CDC) to put together a research team focused on
monitoring the emerging outbreak. At a meeting in 1982, after determining that the
outbreak was not unique to gay men, the CDC coined the acronym AIDS to refer to
this disease.43
The CDC estimates that in the U.S. alone, there are more than one million
people infected with HIV.44 The World Health Organization has estimated that 33.4
million people worldwide are infected with HIV/AIDS.45

Because of these

staggering statistics, AIDS has recently been declared a pandemic.

1.3.2 Transmission, Diagnosis, and Available Treatments
HIV is transmitted via three main routes: 1) through sexual intercourse, 2)
through blood, and 3) from mother-to-child (in the ante-, intra-, and postpartum
periods). The most prevalent route of transmission is via sexual intercourse, as over
80% of infections are acquired this way.46 Preventative measures can be taken to
decrease the likelihood of contracting the virus. For example, safe sexual practices,
such as using condoms during intercourse, and avoiding exposure to tainted needles
or blood, greatly reduces the risk of HIV infection. However, at this time, there is no
disease-modifying treatment for AIDS.
An individual infected with HIV is officially diagnosed with AIDS when the
number of CD4+ T cells per µL of blood falls below a 200 cell count.47 In the early
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stage of AIDS, the HIV-infected individual does not exhibit any associated
symptoms since the immune system is still robust and attempts to fight off the
infection. In the latter stage of AIDS, symptoms of HIV infection appear, as the
virus has succeeded in weakening and compromising the immune system, rendering
the individual vulnerable to opportunistic infections. In addition, people in the latter
stage of AIDS have an increased risk of developing cancers such as Kaposi‘s
sarcoma and lymphoma.38
There are currently 25 FDA-approved medications to treat AIDS symptoms.
These medications belong to a class of compounds called antiretroviral drugs.48
These drugs interfere with various stages of the HIV life cycle (section 1.3.3) and are
often used in combination to suppress viral reproduction as much as possible. Figure
1.10 lists the compounds frequently used in combination drug therapies in the U.S.
Among these compounds, tenofovir and emtricitabine are the two drugs that are
regular components in combination therapies.
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Figure 1.10. FDA-approved drugs to treat AIDS symptoms

1.3.3 The Life Cycle of HIV
The human immunodeficiency virus targets cells of the immune system, such
as CD4+ T lymphocytes, macrophages, and dendritic cells.49-51 Like all viruses, HIV
replicates by using the machinery of the cell it infects. Figure 1.11 shows the six
steps—1) fusion, 2) reverse transcription, 3) integration, 4) transcription, 5)
assembly, and 6) budding—in the life cycle of HIV.52,53 In the first step, HIV fuses
to and penetrates the target cell. The fusion of HIV onto cells requires the presence
of specific receptors on the cell‘s surface. HIV anchors onto a target cell via the
binding of its extracellular glycoprotein, gp120, to a CD4 receptor and to a
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coreceptor, such as CXCR4 or CCR5.

Conformational changes in gp120 and

another glycoprotein of HIV, the transmembrane gp41, facilitates the fusion of HIV
with the host cell. Once inside the host cell, the virus releases its RNA along with
three enzymes that are key for viral replication: reverse transcriptase, integrase, and
protease. Reverse transcriptase converts viral RNA into viral DNA. At this point,
several variants of HIV arise since reverse transcriptase is prone to errors during the
conversion of viral RNA to viral DNA.52 Viral DNA then enters the nucleus of the
cell and becomes integrated into the cell‘s DNA by the retroviral integrase enzyme.
The host cell genome now contains the genetic code of HIV. Activation of the host
cell induces transcription of the proviral DNA which then produces RNA and
proteins that are essential building blocks for the production of new viruses. The
viral protease enzyme cleaves the long chains of HIV proteins into smaller individual
proteins. These smaller HIV proteins, along with RNA of HIV and key replication
enzymes, come together to assemble a new, immature virus particle. After this
immature virus is formed, it pushes through the membrane of the cell, forms a
protective coating around itself using a small portion of the cell membrane, and
pinches off from the infected cell. This immature virus can infect new cells only
after the HIV protease enzyme cleaves structural proteins in the virus, which leads to
the formation of a mature virus.
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Figure 1.11. The life cycle of HIV54

Drugs that were developed to treat HIV infection are based on the concept
that inhibiting one or all of the steps of the life cycle of HIV (i.e. replication, cell
fusion, etc.) would limit the production of new viruses and thus reduce the number of
infected cells.

1.3.4 The Critical Role of SEVI in HIV-1 infectivity
It was only 4 years ago that researchers published seminal findings that a
proteolytic fragment of prostatic acid phophatase (PAP), a naturally abundant protein
found in semen, greatly enhances the infectivity of HIV-1, by as much as 400,000fold.5
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In search of potential factors that modulate HIV-1 infection, researchers
analyzed 294 fractions of peptides and proteins that are found naturally in seminal
fluid.

They discovered that one fraction, which contained fragments of PAP,

enhanced the HIV-1 infection of CD4+ T cells in vitro. Further analysis revealed that
these active PAP fragments corresponded to residues 248-286 of PAP (Figure 1.12).
Another key finding was that PAP248-286 was only active when it was in fibrillar
form. Neither fresh solutions of PAP248-286 nor full-length PAP promoted HIV-1
infection.

Fibrils of PAP248-286 were aptly dubbed ‗SEVI‘, an acronym for

‗semen-derived enhancer of virus infection‘.

Figure 1.12. Amino acid sequence of PAP248-286

In vitro experiments, including timelapse microscopy, demonstrated that
SEVI boosts HIV-1 infectivity by promoting HIV virion binding and fusion to target
cells. SEVI is believed to improve virion fusion to target cells via two mechanisms.
First, SEVI is intrinsically cationic, so it decreases the electrostatic repulsion
between the negatively charged surface of the virion and the negatively charged
surface of the target cell. Second, SEVI captures the HIV-1 virion and increases its
rate of deposition onto the surface of the target cell, thereby promoting the likelihood
of receptor-mediated viral entry.55
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In light of these recent findings, inhibiting the enhancing effects of SEVI
seems to be a promising objective in the prevention of HIV transmission. Our group
has demonstrated that compounds that bind to SEVI can inhibit its ability to enhance
HIV-1 infectivity.56 We‘ve shown that our proprietary compound BTA-EG6 (Figure
1.13) inhibits both SEVI-mediated and semen-mediated enhancement of HIV-1
infectivity in a dose-dependent manner, while remaining nontoxic to cervical cells
(Chapter 6). Based on these results, BTA-EG6 may be a potential candidate as an
additional ingredient in formulations of microbicides. Moreover, I‘ve synthesized
additional derivatives similar in structure to BTA-EG6 that possess higher binding
affinities toward SEVI fibrils.

Chapter 7 goes into further detail about our

experimental results.

Figure 1.13. Structure of BTA-EG6

1.4 Thesis Research Goals
When I began my graduate career in the Yang Research Group 5 years ago, I
expressed to Dr. Yang that I wanted to expand my laboratory skill set. I came to
UCSD with some synthetic knowledge; since joining the Yang lab, my breadth in
scientific knowledge and laboratory skill set has indeed expanded. I believe this will
be readily apparent to anybody that reads through the following chapters.
summary of my thesis research goals are listed below.

A
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In the beginning of my graduate career, the Yang lab had developed two
promising compounds, BTA-EG4 (benzothiazole aniline tetra(ethylene glycol)) and
BTA-EG6 (benzothiazole aniline hexa(ethylene glycol)), derivatives of the wellknown amyloid-binding compound, Thioflavin T. They demonstrated that BTA-EG4
and BTA-EG6 densely coat Aβ(1-42) aggregates57 and, in doing so, block harmful
protein-amyloid interactions in cellular assays.58 However, to be useful for in vivo
brain-related therapeutic applications, these compounds, fundamentally, must be able
to permeate the brain to reach their intended target (Aβ aggregates).

I, thus,

implemented a practical and cost effective in vitro blood-brain barrier (BBB) model
to assess the feasibility of taking these compounds forward to pre-clinical studies (in
vivo mouse studies). I discuss in Chapter 2 the evaluation of the blood-brain barrier
permeability of BTA-EG4 and BTA-EG6 by a previously described in vitro bloodbrain barrier assay.59 This BBB assay has since been used by other lab members in
their Alzheimer‘s-related research and is a staple analytical tool in our lab.
In Chapter 3 I discuss the development of another analytical tool, an ELISAbased method that quantifies the association of small molecules to aggregated Aβ.
Currently, the association of small molecules with Aβ is quantified by either
fluorescence-based assays or by radioligand assays.

This limits the type of

compounds that can be analyzed to those that possess inherent fluorescence or to
those that are radiolabelled. I developed an ELISA method that can estimate binding
constants of small molecules from the low nanomolar to the low micromolar range,
regardless of the inherent physical properties (i.e., spectroscopic properties) of the
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molecules. This ELISA assay addresses the major limitation of previously reported
binding assays by making it possible to evaluate small molecule-amyloid binding
interactions without any obvious restrictions on the molecules that can be analyzed.
This assay should, therefore, serve as a valuable tool in both industry and academic
laboratories for developing novel diagnostics36,37,60-62 (and possibly therapeutics58)
for amyloid-associated neurodegenerative diseases.
Chapters 4 and 5 discuss our collaborative effort with the Theodorakis
Research Group and I discuss the design and evaluation of a new class of compounds
that bind to Aβ aggregates.

These compounds have the advantage that their

spectroscopic properties can be modified and fine-tuned via simple synthetic
methods.
Halfway through the course of my graduate career, my thesis research
evolved to include the study of small molecules that bind to an amyloid found in
semen, called SEVI. Münch et al. revealed that SEVI fibrils significantly enhance
the infectivity of HIV-1.5 In vitro experiments, including timelapse microscopy,
demonstrated that SEVI boosts HIV-1 infectivity by promoting HIV virion binding
and fusion to target cells. SEVI is believed to improve virion fusion to target cells
via two mechanisms.

First, SEVI is intrinsically cationic, so it decreases the

electrostatic repulsion between the negatively charged surface of the virion and the
negatively charged surface of the target cell. Second, SEVI captures the HIV-1
virion and increases its rate of deposition onto the surface of the target cell, thereby
promoting the likelihood of receptor-mediated viral entry.55 Thioflavin T and its
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derivatives are believed to bind to Aβ based on the β-sheet motif that is common to
all amyloid fibrils.63 We hypothesized that BTA-EG6, a derivative of Thioflavin T
and a compound that we previously demonstrated densely coats Aβ aggregates,57
might also coat SEVI fibrils based on its β-sheet secondary structure, and thus inhibit
HIV-1 interactions with SEVI fibrils and reduce SEVI-mediated enhancement of
HIV-1 infectivity. We collaborated with the Dewhurst Research Group at Rochester
University to explore our hypothesis.

Chapter 6 details the results of these

investigations.
As an extension to the work in Chapter 6, Chapter 7 details the design,
synthesis, and evaluation of multivalent analogs of BTA-EG6. The goals of this
project, outlined in Chapter 7, were 2-fold: 1) Create compounds that would bind
with high affinity to both Aβ fibrils and SEVI fibrils based on the multivalent design
strategy and 2) evaluate whether oligomers of the BTA moiety exhibit improved
ability over the BTA monomer to inhibit SEVI-mediated enhancement of HIV
infectivity. For this particular project we again collaborated with the Dewhurst
Research Group at Rochester University. Chapter 7 discusses the results of these
investigations.

Chapter 2

The evaluation of the blood-brain barrier
permeability of Aβ-targeting compounds by an
in vitro model

2.1 Introduction
The blood-brain barrier (BBB) presents a major obstacle in the delivery of
therapeutic and diagnostic agents that target brain-related conditions since the
discriminatory BBB prohibits over 98% of drugs from entering into the brain. The
impermeability of the BBB relative to other lipophilic membranes arises from the
unique characteristics of the endothelial cells that comprise the BBB.64

These

endothelial cells interact with perivascular elements, such as pericytes and astrocyte
end-feet to form a cooperative unit. These interactions, especially with astrocytes,
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have been strongly implicated in inducing the distinctive properties of the BBB.65-67
In addition to forming cell-cell adherens junctions, these endothelial cells effectively
constrict the paracellular pathway by forming complex tight junctions via the
interactions of several tight junction associated proteins—primarily occludin, the
claudins, and the junctional adhesion molecules (JAMS). Moreover, the BBB
possesses an active transport system that is arranged by a number of cytoplasmic
accessory proteins, including the zonula occludens (ZO-1 and ZO-2) and cingulin.
We previously demonstrated that amyloid-targeting compounds developed in
our lab—BTA-EG4 and BTA-EG6 (Figure 2.1)—densely coat Aβ(1-42) aggregates57
and block harmful protein-amyloid interactions in cellular assays.58 However, to be
useful for brain-related therapeutic applications, these compounds, fundamentally,
must be able to permeate the brain. Lipinski‘s rules for drugability are often applied
in predicting the ability of potential drug candidates to passively diffuse through the
blood-brain barrier.68 BBB-permeable drugs are typically lipophilic, uncharged, and
weigh less than 500 Daltons (Da). The molecular weight of both BTA-EG4 and
BTA-EG6 fall within the required weight restrictions, at 417 Da and 505 Da,
respectively. Moreover, both BTA-EG4 and BTA-EG6 are uncharged molecules and
both possess a logP value of ~1 (determined by octanol:water partitioning
experiments), which fall within the desired logP range of 1-3 for BBB-permeable
compounds.57 Thus, according to Lipinski‘s rules, both BTA-EG4 and BTA-EG6 are
predicted to cross the BBB with relative ease. Though they offer useful pieces of
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information, these rudimentary calculations are mere predictions and must be
supplemented and confirmed with experimental evidence.

Figure 2.1. The structures of amyloid-targeting compounds developed in
the Yang lab (A) BTA-EG4 and (B) BTA-EG6

Modeling the BBB in vitro provides a relatively rapid, inexpensive, and
convenient method to evaluate the practicality of taking compounds designed and
developed in our lab forward to pre-clinical trials (i.e. in vivo animal studies). To
evaluate whether BTA-EG4 and BTA-EG6 crosses the blood-brain barrier in
sufficient amounts, I implemented a previously reported in vitro BBB assay that has
been demonstrated to reliably predict brain uptake of neuropharmaceuticals in vivo.69
The correlation diagram of the in vitro BBB model vs. in vivo uptake in the brain of
various compounds (Figure 2.2) demonstrates that this in vitro BBB model
accurately predicts whether in vivo uptake will be low (i.e. sucrose) or high (i.e.
nicotine).
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Figure 2.2. Correlation diagram of the in vitro BBB model vs in vivo brain uptake.70
Adapted with permission from Macmillan Publishers Ltd: NATURE REVIEWS
DRUG DISCOVERY. Cecchelli, R.; Berezowski, V.; Lundquist, S.; Culot, M.;
Renftel, M.; Dehouck, M. P.; Fenart, L. Nature Reviews Drug Discovery 2007, 6,
650-661, copyright 2007.

In this in vitro BBB model, bovine brain microvascular endothelial cells
(BBMVEC) are co-cultured with rat astrocytes (RA) (Figure 2.3) since there is
strong evidence to suggest that astrocytes induce the intrinsic characteristics of the
BBB.

65-67

BBMVEC co-cultured with RA exhibit a much higher transendothelial

electrical resistance (TEER) value across the confluent monolayer (661 ± 48 Ω cm2)
than BBMVEC cultured without astrocytic input (416 ± 57 Ω cm2),71 which is
attributed to the complex tight junctions that are formed in co-cultured BBMVEC.
In addition, BBMVEC grown in the co-culture system express high levels of cell
receptors, such as low-density lipoprotein and transferrin (which is important for in
vitro studies geared towards receptor-mediated BBB entry),72-74 as well as the active
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efflux transporter P-glycoprotein (P-gp).59 This in vitro model, therefore, presents a
comprehensive and functional system that closely simulates the in vivo system.

Figure 2.3. An in vitro BBB model for examining the uptake of neuropharmaceuticals into the brain. A) A confluent layer of bovine brain microvascular
endothelial cells B) Rat astrocytes C) Schematic diagram of the co-culture system,
where RA are cultured on the bottom of a 6-well plate and BBMVEC are cultured
on a microporous filter insert suspended in shared medium.

2.2 Results and Discussion
I evaluated the BBB permeability of BTA-EG4 and BTA-EG6 using the in
vitro system described above. In this assay format, solutions of the compound are
added to microporous filters containing confluent monolayers of BBMVEC (Figure
2.4A). The filters are placed inside the wells of a 6-well plate and switched to new
wells at 15 minute intervals to assess the amount of compound that crossed the
BBMVEC monolayer at each time point and to minimize back diffusion of the
compound from the lower chamber into the upper compartment. Filters containing
no cells were also assayed to subtract any restrictive contributions from the filters
(Figure 2.4B).
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Figure 2.4. Schematic Diagram of the in vitro BBB assay. Test compound is added
to microporous filters containing confluent monolayers of BBMVEC (A) and to
microporous filters alone (B). The filters are placed inside the wells of a 6-well
plate and switched to new wells at 15 minute intervals to assess the amount of
compound that crossed the BBMVEC at each time point.

To assess the reproducibility of the BBB model with respect to reported
literature values, I also evaluated Lucifer Yellow (LY), a charged compound with
known low BBB permeability75 and (-)-Nicotine, a compound known to be highly
BBB permeable (Figure 2.5),76 in this assay.
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Figure 2.5. Compounds with known low (Lucifer Yellow) and high ((-)Nicotine) BBB permeability

As expected, only small amounts of Lucifer Yellow were able to cross the
BBB (Figure 2.6). Indeed, this highly charged compound is often used as a BBB
integrity marker.75 Since LY crossed only to a small extent, this provides evidence
that, in our hands, we were able to replicate a functional, restrictive in vitro BBB
system. I also evaluated the BBB permeability of (-)-Nicotine, and found that it
crossed the BBB with relative ease. After 60 minutes, approximately 55% of (-)Nicotine crossed the blood brain barrier. In contrast, only 12% of Lucifer Yellow
crossed the BBB after 60 minutes (Figure 2.6).
Although they are structurally similar, BTA-EG4 crossed the BBB to a
greater extent than BTA-EG6, which may be attributed to the slightly more lipophilic
nature of BTA-EG4 due to its shorter hydrophilic ethylene glycol chain. While only
21 % of BTA-EG6 crossed the BBB, 41 % of BTA-EG4 was able to cross the BBB
after 60 minutes (Figure 2.6).
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Figure 2.6. Percentage of test compound that crossed the in vitro BBB over
time.

Next, in order to quantify the in vitro BBB permeability of these compounds,
I calculated their permeability coefficients (Pe) and compared them to reported
literature values (Table 2.1).75,76 The Pe values for Lucifer Yellow and (-)-Nicotine
that I obtained in these experiments—1.7 × 10-3 cm/min and 22 × 10-3 cm/min,
respectively—are slightly higher than the reported values of 0.4 × 10-3 cm/min for
Lucifer Yellow and 17 × 10-3 cm/min for (-)-Nicotine.

These differences in

experimental and literature Pe values may arise from the slight modifications in my
experimental methods compared to published methods.

In published methods,

bovine brain endothelial cells are cultured from seeded capillaries that are freshly
harvested from the cortex of bovine brain.75 In contrast, the bovine endothelial cells
that I use are purchased as cryopreserved primary cells at low passage, from a
commercial source. Nevertheless, the Pe values that we obtained for LY and (-)-
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Nicotine are consistent from experiment to experiment, and, as such, they provide a
relative scale for Pe comparison. BTA-EG4 has a Pe value of 16 × 10-3 cm/min, while
BTA-EG6 has a Pe value of 11 × 10-3 cm/min. Because BTA-EG4 possesses a higher
Pe value, it is predicted to cross the BBB to a higher extent in the in vivo situation
than BTA-EG6.
Table 2.1. The permeability coefficients (Pe) of the compounds evaluated
by this BBB assay

2.3 Conclusions
Since I demonstrated that BTA-EG4 crosses the BBB more efficiently than
BTA-EG6 in this BBB model, we‘ve taken BTA-EG4 (rather than BTA-EG6)
forward to in vivo animal testing.

In these studies, BTA-EG4 (10 mg/kg) was

administered intraperitoneally in wild-type mice and rapidly distributed to the brain.
The logarithmic ratio of the concentration of BTA-EG4 partitioned in the brain and in
the blood (log BB), at equilibrium, was calculated to be 0.43. These results are
encouraging since mepyramine, a first generation antihistamine, has a similar log BB
value of 0.46, and is known to readily distribute to the brain.77 In addition, a survey
of a library of compounds revealed that compounds with a log BB value >0.3 readily
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permeate the brain.78 In conclusion, the preliminary results I obtained using this in
vitro BBB model established the basis for current and ongoing brain-related
investigations with BTA-EG4.

The effects of BTA-EG4 on the cognitive

performance of wild-type mice are currently being investigated.79

2.4 Materials and Methods
2.4.1 Materials
Rat Astrocytes (Catalog #R1800) and Astrocyte Medium (Catalog #1801)
were purchased from Sciencell. Bovine Brain Microvascular Endothelial Cells
(#B840-05) and Bovine Brain Microvascular Endothelial Cells Growth Medium
(#B819-500) were purchased from Cell Applications.
Collagen Type 1 (rat tail, Catalog # 354236), 100 mm Poly-D-Lysine culture
dishes (Catalog # 356469), Poly-D-Lysine 6-well culture plates (Catalog # 356413),
100 mm Collagen I culture dishes (Catalog # 356450) were from BD Biosciences.
Polyethylene Terephthalate (PET) 1.0 m inserts (Catalog #PIRP30R48) and
uncoated 6-well cell culture plates (Catalog # PIMW50650) were purchased from
Millipore. UV-transparent flat-bottomed 96-well plates were purchased from
Corning (Catalog #3635).
Water (18.2 Ω/cm) was filtered through a NANOPure DiamondTM
(Barnstead) water purification system before use. HEPES (free acid) was purchased
from EMD Biosciences, Inc. Sodium Phosphate Monobasic, NaHCO3, NaCl were
purchased from Fisher Scientific. KCl was purchased from JT Baker Chemicals.
CaCl2, MgCl2, (+)-Glucose were from Sigma-Aldrich. (-)-Nicotine was from Sigma-
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Aldrich (Catalog N3876). Lucifer Yellow was purchased from Invitrogen (Catalog #
L-453). BTA-EG4 and BTA-EG6 were synthesized as previously described.57

2.4.2 Experimental Methods
Culture of Bovine Brain Microvascular Endothelial Cells (BBMVEC):
Cryopreserved BBMVEC (2nd passage, >5 x 105 cells/ampoule) were seeded onto a
collagen-coated 100 mm culture dish containing 15 mL BBMVEC medium and
incubated overnight (in a humidified atmosphere of 95% air, 5% CO2, at 37 °C) to
promote cell attachment. After several days, confluent BBMVEC were subcultured
at a split ratio of 1:20. Subcultured cells (up to passage 8) were cryopreserved in
liquid nitrogen until further use.
Culture of Rat Astrocytes (RA): Cryopreserved RA (2nd passage, >1 x 106
cells/ampoule) were seeded onto a poly-D-lysine-coated 100 mm culture dish
containing 15 mL RA medium and incubated overnight (in a humidified atmosphere
of 95% air, 5% CO2, at 37 °C) to promote cell attachment. After several days,
confluent RA were subcultured at a split ratio of 1:10. Subcultured cells were
cryopreserved in liquid nitrogen until further use.
Preparation of filters: Rat tail collagen type I was dissolved in 70% ethanol (in
H2O) at a 1:3 volume ratio (collagen:ethanol). Each 1.0 μm PET microporous filter
insert was coated with 400 μL of this solution and dried for >8 hours for complete
evaporation of the solvent, at room temperature under sterile conditions. On
collagen-coated microporous inserts, BBMVEC form well-organized confluent
monolayers that express typical tight junctions.59
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Coculture of BBMVEC and RA: Rat astrocytes were seeded onto a 6-well Poly-DLysine coated culture dish at a density of 2.4 x 105 cells/well and incubated
overnight (in a humidified atmosphere of 95% air, 5% CO2, at 37 °C) to promote cell
attachment. BBMVEC cells were then seeded onto collagen-coated 1.0 μm PET
porous inserts at a density of 4x105 cells/mL and suspended in the 6-well culture
dishes containing rat astrocytes. BBMVEC and RA were cocultured for 12 days
after which the confluent BBMVEC layer was ready for the BBB permeability
experiments.
In vitro study to assess BBB permeability of compounds: 10 mL stock solutions of
the test compound were prepared in Ringer-HEPES buffer (pH 7.4, 150 mM NaCl,
5.2 mM KCl, 2.2 mM CaCl2, 0.2 mM MgCl2, 6 mM NaHCO3, 2.8 mM Glucose, 5
mM HEPES in nanopure H2O). 2.5 mL Ringer-HEPES buffer was added to each
well of several sterile, untreated 6-well plates (the receiver compartment).
Microporous filter inserts (the donor chamber) containing confluent monolayers
of BBMVEC were rinsed gently and thoroughly with PBS and nanopure H2O and
then placed inside the 6-well plates containing Ringer-HEPES.

1.5 mL of the

compound solution (100 μM of test compound or 50 μM in the case of Lucifer
Yellow) was added to microporous filters containing the BBMVEC monolayer and
to microporous filters containing no cells and the plates were covered and placed on
a rocking shaker and incubated at 37˚C. The filters were transferred every 15
minutes to new wells containing fresh Ringer-HEPES to minimize back diffusion of
the compound from the lower chamber into the upper compartment. Three filters
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containing confluent BBMVEC monolayers and three filters with no cells were
assayed for each compound. 50 μL aliquots were withdrawn from the receiver
compartments at the 15, 30, 45, and 60 minute time points and 50 μL aliquots were
taken from the donor chamber at 0 min and 60 minutes.
pipetted

into

a

UV-Vis

transparent

96-well

These aliquots were

plate

and

analyzed

spectrophotometrically using a plate reader (SpectraMax 190, Molecular Devices,
LLC). The amount of compound in each well was calculated using a standard
calibration curve.
Data Analysis and Calculations
In this assay, the amount of compound that crossed into the receiver
compartment during incubation is converted into the cleared volume in order to
obtain a concentration-independent parameter, as described by Siflinger-Birnboim et
al.,80 using the following equation:

Equation 2.1

The average cumulative cleared volume was plotted vs. time and the slope
was calculated by linear regression analysis (Origin 7.0, Microcal, Inc.). The slope
of the clearance curve of the filters with no cells and the filters containing a
monolayer of BBMVEC is equal to PSf and PSt, respectively, where PS refers to the
permeability surface area product. The PS value for the endothelial monolayer, PSe,
was calculated using the following equation:
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Equation 2.2
To calculate the endothelial permeability coefficient, Pe (cm/min), the PSe
value is divided by S, the surface area (4.5 cm2) of the filter insert:
Equation 2.3

2.5 Additional Figures

Figure 2.7. Clearance curves of the compounds tested in the in vitro BBB
assay
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Notes about this Chapter
All work pertaining to the in vitro BBB assay outlined in this chapter was
carried out by me. I would like to thank Vivisource Laboratories for carrying out the
pre-clinical in vivo mouse studies and Dr. Lila K. Habib for analyzing and computing
the log(BB) values.

Chapter 3

An ELISA-based Method to Quantify the
Association of Small Molecules with
Aggregated Aβ Amyloid Peptides

3.1 Introduction
Alzheimer‘s Disease (AD) is a progressive neurodegenerative disorder
characterized by the deposition of senile plaques (along with neurofibrillary tangles)
in the brain.9 These senile plaques are primarily comprised of a 40-42 amino acid
peptide called β-amyloid (Aβ) peptide. Currently, AD is diagnosed through the
clinical evaluation of symptoms, but it can only be confirmed post mortem by the
presence of amyloid deposits in brain tissue.9 Methods for both early diagnosis and
for monitoring the progression of AD are critical for the development of effective
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treatments to combat this debilitating disease.81 The clinical development of PET
(positron emission tomography) and SPECT (single photon emission computed
tomography) imaging agents that target deposits of aggregated Aβ peptides in vivo
show tremendous promise for detecting changes in the accumulation of senile
plaques in living patients.36,60-62,82 These imaging techniques, therefore, provide a
potentially useful means to follow the pathological progression of AD.
Methods to rapidly identify and quantify the association of small molecules
to aggregated Aβ are critical for the development of new and improved imaging
agents for diagnosing and monitoring AD.

Currently, the association of small

molecules with aggregated Aβ is usually quantified by radioactivity- or fluorescencebased assays.83-85 However, these analytical methods limit the type of molecules that
can be developed to those that are either inherently fluorescent or to those that are
labeled with a radioisotope. Here, I describe a new ELISA-based assay to quantify
the binding of small molecules to aggregated forms of Alzheimer‘s-related Aβ
peptides. This method has the advantage that it does not require inherent
radioactivity or fluorescent properties of the molecules being analyzed, consequently
making it possible to quantify the binding of Aβ to a significantly more diverse set of
molecules compared to current methods.
We previously reported a protein inhibition assay that could be used to
qualitatively identify whether a small molecule could associate with aggregated
forms of Aβ.86

Since the molecules and antibodies were not introduced under

competitive conditions in these previous studies, this inhibition assay, while simple,
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rapid, and inexpensive, was not capable of revealing quantitative information on
interaction between the small molecules and Aβ. In order to generate a similarly
accessible assay that could be used for quantification of dissociation constants, I
developed an ELISA-based competition assay that prevents significant denaturation
of Aβ upon adsorption to hydrophobic ELISA plates, which can be an inherent
general problem with quantitative ELISA assays.87,88
Many binding interactions between small molecules and Aβ are dependent on
the secondary structure of Aβ. It is widely accepted that the β-sheet secondary
structure common to amyloids is necessary for binding of histological agents such as
Thioflavin T.89

The conformation of the peptide is, therefore, an important

consideration in assays that attempt to quantify the interaction between small
molecules and aggregated Aβ peptides.
Since a typical ELISA protocol includes the deposition of a protein (here,
aggregated Aβ) to the hydrophobic surface of a polystyrene 96-well plate, I
developed a protocol that accounts for the effect of the surface on the conformation
of Aβ. The influence of hydrophobic and hydrophilic surfaces on the conformation
of Aβ peptide has been reported previously.90-92 Giacomelli et al.,93,94 for instance,
found that aggregated Aβ adsorbed to hydrophilic surfaces retained the β-sheet
conformation that is typically characteristic of Aβ aggregates in aqueous solution;
adsorption of aggregated Aβ on hydrophobic surfaces generally lead to an increase in
the α-helix content of aggregated Aβ. Based on these observations, I hypothesized
that we would need to use hydrophilic materials in the development of a quantitative

43

ELISA protocol in order to mimic an aqueous solution environment and maintain the
desired native conformation of the Aβ aggregates during analysis of small moleculeamyloid interactions.
Here, I investigated the conformation of Aβ aggregates on hydrophobic and
hydrophilic surfaces and the association of small molecules to Aβ aggregates
adsorbed to hydrophilic and hydrophobic surfaces.

3.2 Results and Discussion
ELISA assays routinely employ hydrophobic 96-well plates made from
polystyrene (PS). I examined the influence of PS on the secondary structure of preaggregated Aβ(1-42) by dissolving a PS ELISA plate in toluene, spin-coating the PS
onto a gold surface, evaporating the residual solvent from the PS, and examining
aggregated Aβ peptides deposited on this thin film of PS by specular FTIR.
The amide I region of the IR spectrum (1600-1700 cm-1) is associated with
the C=O stretching vibration and, thus, can reveal information on the backbone
conformation (e.g., β-sheet content) of the peptide.95-99 Figure 3.1A shows the FTIR
spectrum (black line) of Aβ(1-42) adsorbed on PS. Two major peaks of similar
intensity centered at 1633 cm-1 and 1676 cm-1 appear in the amide I region of this
spectrum. Second derivative spectral analysis of the amide I region98,100 resolved the
overlapping bands and revealed component bands centered at 1630 (red line), 1660
(green line), 1680 (blue line), and 1695 (cyan line) cm-1, which correspond
approximately to the relative abundance of β-sheet, α-helix/unordered, β-turns, and
antiparallel β-sheet content, respectively.101

The bands at 1695 cm-1 may also
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contain absorbance contributions from the Arg, Asn, and Gln sidechains.
Subtracting the absorbance contribution of PS (at 1601 cm-1 corresponding to the
C=C stretch of the aromatic ring of PS) prior to peak fitting analysis and subsequent
peak integration of the component band centered at 1630 cm-1 revealed that the
aggregated Aβ(1-42) adsorbed to PS contained ~37% β-sheet content. This value is
significantly lower than the percentage of β-sheet content that is typically found in
solution samples of aggregated Aβ peptides.101,102

Figure 3.1. The FTIR spectrum of aggregated Aβ(1-42) adsorbed on polystyrene (A)
or on plasma oxidized polystyrene (B). The black lines denote the raw FTIR
spectra. The red, green, blue, and cyan lines denote the β-sheet, α-helix/unordered,
β-turns, and antiparallel β-sheet content, respectively, as estimated by second
derivative spectral analysis.101

In order to evaluate the effects of a hydrophilic material on the secondary
structure of aggregated Aβ(1-42), I subjected the PS to an air plasma treatment to
render the PS more hydrophilic.
Plasma treatment is routinely used to modify hydrophobic material into
hydrophilic material.103,104 Known as the fourth state of matter, everyday examples
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of plasma include modern television sets, lightning, and the sun. Plasma consists of
partially ionized gases made of electrons, positive ions, and neutral atoms or
molecules. In our system, in order to generate a plasma, a radiofrequency (RF)
oscillating electric field is applied to oxygen gas (from background air) under partial
vacuum (<1800 mTorr) (Figure 3.2). Molecules of oxygen gas are accelerated in this
electric field and gain enough kinetic energy to surmount the first ionization
threshold required to strip an electron from a neutral atom or molecule. The energy
of plasma is sufficient to ionize neutral atoms, break molecules apart to form reactive
radical species, and generate excited states in atoms or molecules.103,104

These

reactive oxygen species, in turn, bombard the polystyrene surface, resulting in the
oxidation of the exposed atomic layers of polystyrene and, ultimately, a more
hydrophilic surface (Figure 3.3, left).105,106

Figure 3.2. A schematic of the generation of plasma by a RF field.

Figure 3.3 shows the behavior of water droplets on a thin film of plasmamodified polystyrene (PMPS, left) and on untreated polystyrene (right).

Water
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droplets spread out on hydrophilic surfaces, whereas on untreated hydrophobic PS,
water droplets bead together to minimize interaction with the hydrophobic surface.

Figure 3.3. Water droplets on PMPS (left) and on PS (right)

I incubated Aβ(1-42) on PMPS to evaluate the influence of this hydrophilic
surface on the conformation of Aβ. Figure 3.1B shows the FTIR spectrum of Aβ(142) adsorbed on plasma-modified PS (PMPS). Second derivative spectral analysis
revealed that aggregated Aβ(1-42) adsorbed on PMPS contained a β-sheet content of
~61%,which is consistent with the approximate β-sheet content that is typically
found in solution samples of native aggregated Aβ peptides.101,102

Thus, we

conclude that deposition of the peptide on PMPS plates would result in better
retention of the desired β-sheet secondary structure of aggregated Aβ(1-42), and,
thus, might be more suitable for development of an ELISA protocol for quantifying
dissociation constants between small molecules and aggregated Aβ peptides.
Figure 3.4 shows the IR spectra of aggregated Aβ(1-42) adsorbed on PS
(green line) and on PMPS (blue line) as well as the IR spectra of PS (black line) and
PMPS (red line). The IR spectrum of polystyrene shows the typical absorbance
bands at 1601 cm-1, 1493 cm-1, and 1452 cm-1. The absorbance band at 1601 cm-1
corresponds to the C=C stretch of the aromatic ring, the band at 1493 cm-1
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corresponds to the in-plane bending mode of the aromatic ring, and the band at 1452
cm-1 corresponds to C-H bending of the (-CH2-) chain and to the in-plane bending
mode of the aromatic ring.107 Its important to note that while PMPS became more
hydrophilic after plasma treatment, its IR spectrum was unaltered. Since plasma can
only react with the exposed surface layer of the thin film, the bulk properties of the
polystyrene film remain unmodified.108,109 I created ultrathin films of PS (<100 nm
thickness)110 such that there would be minimal interference from the IR absorbances
of PS with respect to the IR absorbances of Aβ(1-42).

Figure 3.4. The FTIR spectrum of PS (black line), PMPS (red line), Aβ(142) on PS (green line) and Aβ(1-42) on PMPS (blue line).
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Figure 3.5 outlines a general procedure for a modified quantitative ELISA
protocol that can be used to estimate dissociation constants (here, reported as Ki‘s
since they are derived from a competition assay) for the binding of small molecules
to aggregated Aβ(1-42) peptides. In this assay, the binding of small molecule to
Aβ(1-42) is determined by its competition with a monoclonal anti-Aβ IgG (clone
6E10, Kd = 340 nM111).

We previously reported that this antibody effectively

competes with multiple, different binding sites for small molecules along the
aggregated Aβ(1-42) peptide surface.86 I estimated the binding constants (Ki‘s) of
small molecules to aggregated Aβ peptides from the IC50‘s obtained directly from the
ELISA assay using the Cheng-Prusoff equation:112
Equation 3.1

where C is the concentration of anti-Aβ IgG used in this assay and Kc is the
dissociation constant of the competing anti-Aβ IgG.
In order to provide a comparison for the Ki values obtained from this assay, I
evaluated the binding of five molecules whose binding constants to aggregated Aβ(142) had previously been reported in the literature56,83,85,89,113,114 (Table 3.1).

I

performed the ELISA assay on both air plasma treated and untreated PS plates to
examine whether treating the plates with air plasma was necessary for accurate
estimation of Ki‘s.
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Figure 3.5. Schematic representation for the experimental steps in a quantitative
ELISA protocol for estimating competitive inhibition constants (Ki’s) for the
interaction of small molecules with aggregated Aβ peptides. (a) We treat a
commercial polystyrene 96 well plate with a 60 sec exposure to air plasma. (b) We
deposit pre-aggregated Aβ(1-42) peptides into the wells. (c) We incubate the wells
with a protein-free blocking buffer to minimize non-specific adsorption of the IgGs
to the wells. (d) We co-incubate the wells with a fixed concentration of anti-Aβ IgG
and increasing concentrations of small molecules. (e) After removal of all excess
primary (1°) antibody, we incubate the wells with a secondary (2°) antibody
conjugated to alkaline phosphatase followed by introduction of para-nitrophenyl
phosphate (p-NPP). We quantify the relative abundance of 2° antibody remaining
in each well using a UV-Vis microplate reader.

The measured Ki‘s for compound 1-5 are given in Table 3.1. In the case of
fluorescent molecules Thioflavin T (1, ThT) and Congo Red (2), the Ki‘s obtained
from this ELISA assay on PMPS plates were similar to previously reported literature
values

obtained

from

fluorescence-based56,83,85,89,113,114

or

radioligand

assays.85,89,113,115,116 On untreated PS plates, compounds 1-5 exhibited a much lower
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affinity for aggregated Aβ than they did on PMPS plates. These results suggest that
air plasma treatment of PS was necessary to afford reliable estimations of K i values,
which can be partly attributed to the ability of the plasma-modified surface to
conserve the native secondary structure of aggregated Aβ.
Table 3.1. Summary of the Ki values obtained for compounds 1-5 for binding to
Aβ(1-42) peptides using a quantitative ELISA format on polystyrene (PS) or
plasma-modified polystyrene (PMPS). A) The structures of compounds 1-5. B)
Table of Ki values obtained by a quantitative ELISA protocol on PS and PMPS or
values.

Table 3.1 also summarizes the Ki values of two non-fluorescent amyloidbinding molecules, (S)-Naproxen (3) and (R)-Ibuprofen (4).83,85,116 I included these
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molecules in the initial development of this ELISA protocol since their Ki‘s for
binding to Aβ(1-42) peptides had previously been reported from competition assays
using known radiolabeled or fluorescent amyloid-binding molecules. Surprisingly,
the literature Ki value for (S)-Naproxen binding to aggregated Aβ varied
significantly (by ~ 4 orders of magnitude), presumably due to the use of different
formats for analysis (i.e., fluorescence- vs radioactivity-based competition assays) or
due to the significant difference in the structures of molecules used as competitors in
these previously reported assays. This discrepancy in reported Ki values highlights
the need for developing novel and general platforms for the quantitative and
comparative study of small molecules that bind to aggregated amyloid peptides. I
demonstrated that the quantitative ELISA protocol on PMPS could be used to
estimate Ki values for 3 and 4, even though these molecules are not inherently
fluorescent or radioactive. The Ki value of 4.1 μM for (S)-Naproxen that I measured
is in better agreement with the low micromolar values reported by Lockhart et al.113
and Levine83 compared to the low nanomolar Ki value reported by Agdeppa et al.116
Additionally, the low micromolar Ki value that I estimated for (R)-Ibuprofen was
also similar (within an order of magnitude) to the reported literature values.83,116
Lastly, I estimated the Ki for BTA-EG4 (5) using this ELISA protocol, an amyloidtargeting molecule with potential therapeutic applications for AD.58 The 20 nM Ki
value that we measured for 5 is comparable to the Ki values reported for a number of
benzothiazole aniline (BTA) derivatives (low to mid nM range).56,83
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The accuracy of this new ELISA-based method for quantifying the
interaction of small molecules with amyloid targets is based on at least the following
two assumptions: 1) The method assumes that the small molecules exhibit a 1:1
stoichiometry with the anti-A IgGs that compete for overlapping binding sites for
A. This same assumption is made for previously reported competition assays used
to estimate the binding constants of amyloid-targeting molecules.83,85,113,116
Deviations from this 1:1 binding stoichiometry (e.g., if it requires more than one
small molecule to competitively displace an antibody from the amyloid surface)
could lead to reported Ki values that were weaker than the true value. The similar
values between the Ki‘s estimated for 1 and 2 and the literature Kd values for these
molecules (which were not obtained through competition, and therefore, do not
require the assumption of a 1:1 binding stoichiometry with a competitor), however,
suggests that making the rough approximation of a 1:1 stoichiometry between the
small molecules and the IgG leads to reasonably accurate values for binding
constants. 2) The method assumes that the small molecules do not significantly
interact with the monoclonal anti-A IgG during the co-incubation step (step d in
Figure 3.5) of the ELISA protocol, and, therefore, do not affect the estimation of Ki
values. I did not observe a change in the absorbance or emission spectrum of ThT
(1) when it was incubated with the anti-Aβ IgG alone in solution, suggesting that
ThT (and, presumably, molecules 2-5) does not significantly interact in a nonspecific manner with the IgG (Figure 3.7) to affect the accuracy of the ELISA
assay.89,117,118
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3.3 Conclusions
I have, thus, developed a simple and accessible method for quantifying the
binding of small molecules to aggregated Aβ peptides. We demonstrate that this
ELISA method can estimate binding constants of small molecules from the low
nanomolar to the low micromolar range, regardless of the inherent physical
properties (i.e., spectroscopic properties) of the molecules. A key step in this assay
is the air plasma treatment of the polystyrene surface of the ELISA plates, which
helps maintain the native β-sheet content of the amyloid peptides during analysis.
The relatively large size of the IgG119 makes it possible for it to compete with
multiple, different binding sites for small molecules along the surface of the
amyloid,86 thus, making it a general competitor for many classes of molecules. This
ELISA assay addresses the major limitation of previously reported binding assays by
making it possible to evaluate small molecule-amyloid binding interactions without
any obvious restrictions on the molecules that can be analyzed. This assay only
requires access to a UV-Vis microplate reader and an air plasma generator (both
common and relatively inexpensive laboratory equipment), can be carried out with
minimal training of laboratory personnel, and should be readily translatable to
amyloidogenic peptides other than A. This assay should, therefore, serve as a
valuable tool in both industry and academic laboratories for developing novel
diagnostics36,37,60-62

(and

neurodegenerative diseases.

possibly

therapeutics58)

for

amyloid-associated
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3.4 Materials & Methods
3.4.1 Materials
Sodium chloride, sodium dihydrogen phosphate monohydrate; potassium
chloride and sodium hydroxide were purchased from Baker; Congo Red, (S)Naproxen

sodium,

and

magnesium

chloride

were

from

Sigma-Aldrich;

diethanolamine and p-nitrophenyl phosphate were purchased from Fluka; Thioflavin
T was purchased from MP Biomedical; (R)-Ibuprofen was from Biomol; All reagents
were used without further purification. BTA-EG4 was synthesized as previously
described.57
Water (18.2 μΩ/cm) was filtered through a NANOPure DiamondTM
(Barnstead) water purification system before use. Buffers were prepared fresh for
each experiment.
Protein-Free Blocking Buffer was purchased from Piercenet (Catalog #
37572).
As primary IgGs against Aβ, monoclonal anti-Aβ IgG (clone 6E10, mouse,
derived from residues 3-8 of Aβ peptide as antigens,) was obtained from Covance
Signet (Cambridge, MA, Lot 08BC00306). The secondary anti-mouse IgG (antimouse IgG H+L conjugated with alkaline phosphatase, polyclonal, from rabbit) was
purchased from Abcam (Lot # 588335).
Aβ(1-42) peptide was obtained from Biopeptide, Inc.
96-well polystyrene plates were from Thermo Scientific (Catalog #269620).
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Gold-coated silicon wafers were purchased from Sigma-Aldrich (Catalog #
643262).
Reagent-grade toluene was from Sigma-Aldrich.

3.4.2 Experimental Methods
Growth of aggregated Aβ:
Aβ aggregates were grown from synthetic Aβ(1-42) peptides by
reconstituting the lyophilized peptide in ultrapure H2O (final concentration 111 μM)
and incubating the peptides at 37 °C for 72 h. Aβ aggregates were characterized by
circular dichroism (CD) for the presence of β-sheet secondary structure.

We

previously reported that this procedure produces mostly fibrillar structures.120,121 CD
measurements were performed on an AVIV spectropolarimeter at room temperature.
Spectra were recorded from 260 nm to 190 nm in a 1-mm cuvette pathlength, 1 nm
stepsize (Figure 3.6).
Air plasma treatment of polystyrene plates:
Polystyrene plates were treated with air plasma for a duration of 60 seconds,
rendering them hydrophilic. The air plasma was generated under partial vacuum
(<1800 mTorr) in a Harrick Plasma Cleaner/Sterilizer (Model PDC- 32G). Plates
were used in the assay immediately after treatment. Hydrophilicity was assessed
qualitatively, by observing the behavior of water at the surface. Water droplets
spread out on hydrophilic surfaces, whereas on untreated hydrophobic PS, water
droplets bead together to minimize interactions with the hydrophobic surface.

56

Procedure for quantitative ELISA:
All incubation steps were done at 25°C unless stated otherwise. Phosphate
buffered saline (PBS, 10 mM sodium phosphate, 138 mM sodium chloride, 2.7 mM
potassium chloride, pH 7.4) was prepared fresh for each experiment.
ELISA protocol for competition of anti-Aβ IgG-Aβ interactions using small
molecules:
The wells of air plasma-treated or untreated 96-well plates were coated with
aggregated Aβ peptide by incubating each well for 6 h with 50 μL of a 1.4 µM
solution of aggregated Aβ in PBS. After removal of solutions containing excess Aβ,
300 µL of protein-free blocking buffer was added to each well and incubated for 1 h.
The blocking buffer was removed and the wells were washed three times with PBS.
The wells were then incubated for 12 h at 4˚C with 50 μL solutions containing
various concentrations of small molecule (obtained by diluting a stock solution) and
a fixed concentration of anti-Aβ IgG (clone 6E10, Lot 08BC00306, 1 nM in ProteinFree Blocking Buffer). The amount of bound monoclonal IgGs was quantified by
removing the excess solution, washing the wells three times with 300 μL of PBS
buffer, and incubating for 45 min with 50 μL of a polyclonal secondary rabbit IgG
(anti-mouse IgG, 6.8 nM in Protein-Free Blocking Buffer) conjugated with alkaline
phosphatase. The wells were then washed five times with 300 μL of PBS buffer.
The relative amount of secondary IgG bound in each well was quantified by adding
50 μL of a solution containing p-nitrophenyl phosphate (p-NPP, 2.7 mM, in 0.1 M
diethanol amine/ 0.5 mM magnesium chloride, pH 9.8) to each well. The plates
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were incubated until a color change was observed under visual inspection. The
concentration of p-nitrophenoxide was quantified at 405 nm using a UV-Vis
microplate reader. Note: the color change upon developing the PMPS plates should
not take more than one hour.
Each data point (Figures 3.8 and 3.9) from this assay represents the average
of four independent measurements. Error bars represent standard deviations. Graphs
were normalized, plotted, and fitted with the sigmoidal curve fitting option in Origin
7.0 (Microcal Software, Inc., Northhampton, MA) to obtain IC50 values. Ki values
for these compounds were calculated using the Cheng-Prusoff equation for
competitive binding:112
Equation 3.1

where [C] is the concentration of anti-Aβ IgG used in this assay and Kc is the
dissociation constant of the anti-Aβ IgG to Aβ). The conversion of IC50 to Ki for
estimating the binding of small molecules to A in competition assays is the same as
reported by others.85,113
In order to evaluate whether a 12 h incubation period was sufficient to reach
equilibrium for competitive binding of small molecules and the anti-A IgG, we
incubated the small molecules and IgG with the aggregated A in the wells for 3 h
instead of the 12 h incubation period. We found that the Ki values obtained from this
quantitative ELISA protocol was the same with either the 3 h or 12 h incubation
periods, suggesting that 3 h was a sufficient duration of time to reach equilibrium.
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For the data shown in Table 3.1, we reported values for Ki using an incubation time
of 12 h for consistency.
Determination of the binding constant (Kc) of anti-Aβ IgG (clone 6E10) to
aggregated Aβ:
The determination of Kc was based on an ELISA assay according to Friguet
et al.122

Various concentrations of Aβ aggregates (16.4 µM -30.9 pM) were

incubated with anti-Aβ IgG (clone 6E10, 0.59 nM) in 1% BSA/PBS buffer for 2
hours. Each well of a 96-well plate was coated for 3 hours with 50 µL of a 1.3 µM
solution of Aβ in PBS buffer. Solutions in the wells were discarded and the wells
were blocked with 300 µL of 1% BSA/PBS for 30 minutes, followed by washing the
wells twice with 300 µL PBS buffer. 50 µL of the various solutions containing Aβ
and anti-Aβ IgGs were incubated in the wells for one hour. 50 µL of various
concentrations of anti-Aβ IgG (2.3 nM – 2.2 pM in 1% BSA/PBS) were incubated at
the same time as a concentration standard. The solutions were then removed and the
wells washed twice with 300 µL of PBS buffer. The amount of bound anti-Aβ IgG
was quantified with an alkaline phosphatase conjugated secondary antibody as
outlined in the assay above. The dissociation constant (Kc) was fitted using a
Scatchard analysis and was determined to be 340 ± 7 nM.
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Procedure for Preparation of Samples for Surface IR measurements
Procedure for spin-coating thin films of polystyrene on gold:
Gold-plated silicon wafers (1000 Å Au layer thickness) were rinsed with
acetone, water, 3:1 H2SO4: 30% H2O2, water, and then ethanol. The wafers were
then dried overnight in a dessicator under vacuum.
Ultrathin films of PS were generated according to Hall et al.110 Briefly, a 2%
(w/v) polystyrene (PS) solution was made by dissolving 2 g of a polystyrene ELISA
plate in 100 mL reagent-grade toluene. 4 mL of the 2% PS solution was deposited
onto a gold-plated silicon wafer. The initially stationary wafer was accelerated (~2-3
seconds) on a spincoater and rotated at 2000 rpm for 60 seconds to give a uniform
PS film thickness of approximately 100 nm. Spun films were dried overnight under
vacuum.
The PS-coated wafers were scored and cut into 1 cm x 1 cm squares.
Immediately prior to the surface studies, a portion of these PS-coated squares were
subjected to air plasma treatment, similar to the procedure above for ELISA plates,
to render them hydrophilic (plasma-modified polystyrene, PMPS).
Incubation of aggregated Aβ on air plasma treated and untreated polystyrene
surfaces:
Aβ aggregates were prepared as previously described.120 100 uL of
aggregated Aβ(1-42) in nanopure H2O was deposited onto PS-coated wafers and on
PMPS-coated wafers. 100 μL nanopure H2O was deposited onto the PS and PMPS
surface to serve as controls and as reference spectra. The squares were covered and
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incubated for 6 hours. After incubation, excess water was removed under a flow of
dry nitrogen. IR spectra were recorded on a Magna-IR 550 spectrophotometer
(Nicolet) equipped with a liquid nitrogen-cooled MCT detector and an ATR
accessory (Spectratech, ATR Magna 60 FTIR Accessory).

Each spectrum was

recorded at 4 cm-1 resolution and is an average of at least 256 scans. The reference
IR spectrum (PS incubated with H2O or PMPS incubated with H2O) was subtracted
from the corresponding spectrum of aggregated Aβ incubated on PS or PMPS. The
spectra were then baseline corrected between 1720 cm-1 and 1580 cm-1 and smoothed
at a 9 cm-1 resolution. Second derivative analysis was applied using the SavitskyGolay algorithm to resolve conformational structure bands.98 We performed a least
square iterative curve fitting using a mix of Gaussian and Lorentzian line shapes on
the spectra between 1700 and 1600 cm-1.

The percentage of each secondary

structure motif was determined by calculating the areas of each component band
with respect to the total area of the original spectrum between 1700-1600 cm-1.
Baseline correction, reference subtraction, data smoothing, second derivative
analysis, peak fitting, and peak integrations were all carried out using Omnic
software (version 7.3). Additional data analysis was completed using Origin 7.0
(Microcal Software, Inc., Northhampton, MA). All experiments were repeated at
least 3 times.
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Control Study to assess nonspecific binding of Thioflavin T to the anti-Aβ IgG
(clone 6E10):
A 40 μM solution of Thioflavin T (ThT) in PBS was incubated with a
solution of 1.4 μM aggregated Aβ(1-42) or 1.4 μM Anti-A IgG to give a final
concentration of 20 μM ThT and 0.7 μM of protein. Solutions containing only 0.7
μM ThT or only 0.7 μM protein were also incubated in PBS. The solutions were
mixed and then 100 μl of each solution was pipetted into a cuvette
(ultramicrocuvette,10-mm light path, Hellma®, Müllheim, Germany). Fluorescence,
indicative of ThT binding,83 was determined at 450 nm excitation and 485 nm
emission with a spectrofluorometer (Photon Technology International, Inc.,
Birmingham, NJ), using a solution of ThT alone as a reference (i.e., blank). Graphs
were plotted using Origin 7.0 software (Microcal Software, Inc., Northhampton,
MA).

3.5 Additional Figures

Figure 3.6. CD spectrum of 111 μM Aβ(1-42) in nanopure H2O indicating
significant -sheet content for the amyloid.123
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Figure 3.7. The excitation (left) and emission (right) spectra of Thioflavin T (ThT)
that was incubated alone with the anti-Aβ antibody (□) or alone with Aβ(1-42) (●).
The excitation and emission spectrum from a solution of ThT alone was used as a
blank reference for these spectra to better highlight any spectral changes induced
by interaction of ThT with the proteins. The lack of significant spectral changes in
the excitation and emission spectra of ThT upon incubation with the anti-Aβ
antibody suggests that ThT does not significantly interact non-specifically with the
antibody. This result is in contrast to the expected large spectral change observed
for the interaction of ThT with the aggregated Aβ peptides (●).
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Figure 3.8. The inhibition curves for compounds 1-5 in the competitive
ELISA protocol using untreated polystyrene plates.
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Figure 3.9. The inhibition curves for compound 1-5 in the competitive
ELISA protocol using plasma-modified polystyrene plates.

Notes about this Chapter
I would like to thank Dr. Petra Inbar for determining the binding constant of
the anti-Aβ IgG (clone 6E10) to Aβ aggregates. Aside from this, all work presented
in this chapter was carried out by me. This chapter contains material that has been
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submitted for publication: ―An ELISA-based Method to Quantify the Association of
Small Molecules with Aggregated Aβ Peptide.‖ Capule, C.; Yang, J. I am the
primary author of this pending manuscript.

Chapter 4

Rational Design of Amyloid-binding Agents
based on the Molecular Rotor Motif

4.1 Introduction
Alzheimer‘s disease (AD) is characterized by a progressive loss of cognitive
function and constitutes the most common and
disorder.124,125

fatal neurodegenerative

Genetic and clinical evidence supports the hypothesis that

accumulation of amyloid deposits in the brain plays an important role in the
pathology of the disease. This event is associated with perturbations of biological
functions in the surrounding tissue leading to neuronal cell death, thus contributing
to the disease process.

The deposits are comprised primarily of amyloid (Aβ)

peptides, a 39–43 amino acid sequence that self aggregates into a fibrillar β-pleated
sheet motif.

While the exact three-dimensional structure of the aggregated Aβ
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peptides is not known, a model structure that sustains the property of aggregation has
been proposed.126,127 This creates opportunities for in vivo imaging of amyloid
deposits that can not only help evaluate the time course and evolution of the disease,
but can also allow the timely monitoring of therapeutic treatments.128-130
Historically, Congo Red (CR) and Thioflavin T (ThT) have provided the
starting point for the visualization of amyloid plaques and are still commonly
employed in post mortem histological analyses (Figure 4.1).131,132 However, due to
their charge these probes are unsuitable for in vivo applications.133 To address this
issue, several laboratories developed probes with noncharged, lipophilic (logP = 0.1–
3.5) and low-molecular weight chemical structures (MW<650) that facilitate
crossing of the blood–brain barrier.134 Further functionalization of these compounds
with radionuclides led to a new generation of in vivo diagnostic agents (Figure 4.1)
that target plaques and related structures for imaging with positron emission
tomography (PET) and single-photon emission computed tomography (SPECT).135137

Despite these advances, there is a pressing need for the design and development

of new amyloid-targeting molecules with improved physical, chemical, and
biological characteristics.138,139 At present, identification of new amyloid sensing
molecules is based mainly on modification of existing dyes140,141 and/or screening of
libraries of dyes.142,143
Examination of the chemical structures shown in Figure 4.1 reveals that the
majority of these probes contain an electron-donor unit in conjugation with an
electron acceptor (D-π-A motif). This motif is a typical feature in molecular rotors, a
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family of fluorescent probes known to form twisted intramolecular charge-transfer
(TICT) complexes in the excited state producing a fluorescence quantum yield that is
dependent on the surrounding environment.144,145 Following photoexcitation, this
motif has the unique ability to relax either via fluorescence emission or via an
internal nonradiative molecular rotation. This internal rotation occurs around the ζbonds that connect the electron-rich π-system with the donor and acceptor groups,
and can be modified by altering the chemical structure and microenvironment of the
probe.146 Hindrance of the internal molecular rotation of the probe by increasing the
surrounding media rigidity, or by reducing the available free volume needed for
relaxation, leads to a decrease in the nonradiative decay rate and consequently an
increase in fluorescence. In contrast, relaxation proceeds mainly via nonradiative
pathways in environments of low viscosity or of high free volume. Due to these
properties, molecular rotors have been used to study polarity, free volume, and
viscosity changes in solvents and organized assemblies,147,148 such as liposomes,149
cells,148,150,151 and polymers.152,153
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Figure 4.1. Structures of selected amyloid imaging agents

Intrigued by these observations, we asked whether we could design amyloidbinding agents based on the molecular rotor motif.

We envisioned that π-

conjugation of a dialkyl amino group, as the electron donor (D), with a 2-cyano
acrylate unit as the electron acceptor (A), would produce Aβ-binding molecules with
inherent fluorescence properties.154,155 Interestingly, the fluorescence properties of
such a motif could be fine-tuned by modifying the electronic density and extent of
conjugation between the donor and acceptor units. The solubility of these amyloidbinding agents in aqueous media can be achieved by the introduction of water
solubilizing groups (WSG), such as esters of triethylene glycol monomethyl ether
(TEGME) or of glycerol. The design concept is shown in Figure 4.2.
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Figure 4.2. Design of amyloid-binding agents based on the structure of a
molecular rotor (D-π-A motif).

4.2 Results and Discussion
Molecular rotors JS-1 – JS-7 (Figure 4.3) were synthesized using a key
Knövenagel condensation of the appropriate aldehyde with the appropriate malonic
acid derivative (see methods section of this chapter for additional details).

Figure 4.3. Structures of molecular rotors

An initial study to determine whether a probe can associate with aggregated
Aβ is to compare its fluorescence spectra before and after mixing with the Aβ
aggregates.140-143

Typically, a fluorescent amyloid-binding agent displays a

significant fluorescence intensity increase after binding to Aβ aggregates as
compared to its native fluorescence in solution.156 Along these lines, we measured
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the fluorescent properties of each probe at 4 μM before and after mixing with
preaggregated Aβ(1–42) peptides (5 μM, aggregated in PBS buffer for 3 days at 25
˚C).
Table 4.1. Table of fluorescence profile and related values for the
interaction of the synthesized probes with aggregated Aβ(1-42) peptides.

In all cases, a 1.3- to 9.4-fold fluorescence intensity increase was observed in
the presence of aggregated Aβ, indicating that these compounds bind to the peptide
(Table 4.1). In most cases a modest blue shift (6–20 nm) was observed upon
binding. Only in the case of the naphthalene-based probe JS-5 was a significant red
shift of 76 nm observed upon binding to preaggregated Aβ (Figure 4.4c and d).
Interestingly, this binding was accompanied with a 9.3-fold intensity increase. A
similar intensity increase has been observed with FDDNP157 and may be explained
by the ability of the naphthalene motif to create excimers upon binding to its
target.158,159 Probes JS-1 and JS-2 exhibited similar fluorescence characteristics
suggesting that addition of a methoxy group on the phenyl group does not alter the
binding properties of the probe. On the other hand, it is worth noting that increasing
the size of the alkyl groups of the nitrogen leads to a significant increase in the
fluorescence intensity after binding (Table 4.1, JS-1, JS-3, JS-4). This is likely a
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result of the decreased rotational freedom of the molecules upon binding to the
aggregated forms of Aβ peptide.160,161

Figure 4.4. Fluorescence excitation (a,c) and emission spectra (b,d) of
probes JS-4 (a,b) and JS-5 (c,d) in PBS(―) and in the presence of
aggregated Aβ peptides (---).

Interestingly, no increase of fluorescence intensity was observed upon mixing
of these probes with monomeric Aβ peptide (see section 4.5 Additional Figures).
This supports the notion that these probes bind selectively to aggregated forms of
Aβ. The fluorescence profile of JS-4 (excitation and emission) is shown in Figure
4.4a and b.
We also measured the apparent binding constants (Kd) of the probes (in
concentrations of 10, 5, 2.5 and 1.25 μM) to 5.0 μM preaggregated Aβ(1–42)
peptide. The Kd can be measured from the double reciprocal of the fluorescence
maximum (Fmax) and the concentration of the probe.156 All Kd values were measured
between 1.4 and 5.3 μM (Table 4.1). It is remarkable that, despite the structural
differences, these probes display similar Kd values suggesting that they bind in a
similar fashion to aggregated Aβ. Moreover, these values are similar to the reported
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Kd values for ThT (2 μM).85,156,162,163 The double reciprocal plot of fluorescence
intensity versus concentration of probes JS-4 and JS-5 are shown in Figure 4.5. The
Kd corresponds to the -1/(x-intercept) of the linear regression.156

Figure 4.5. Determination of the apparent binding constant (Kd) of probes
JS-4 (♦;R2 = 0.95) and JS-5 (■;R2 = 0.98) to preaggregated Aβ peptide.

The association of the synthesized compounds with aggregated Aβ peptides
was tested using a semi-quantitative ELISA-based assay developed by Yang and coworkers.57,86,121

The assay is based on screening for molecules that inhibit the

interaction of the aggregated Aβ peptide with a monoclonal anti-Aβ IgG raised
against residues 1–17 of Aβ. Table 4.1 shows the concentrations of the probes
corresponding to 50% inhibition (IC50) of the IgG-Aβ interactions as well as the
maximal percentage of IgG inhibited from binding to the aggregated peptide. All
probes exhibited IC50 values at micromolar levels, the lowest value being measured
for compound JS-2 (IC50 = 1.2 μM). The maximum inhibition (Imax), a measure of
the extent of surface coating of the aggregated peptide by the probes,57,86,121 was
determined to be between 40–98% (Table 4.1). Comparison of these data indicates
that the surface coating increases by decreasing the size of the probe or the extent of
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the π system. Specifically, while the maximum inhibition is between 81–98% for the
phenyl compounds, it decreases to 58% for the longer naphthalene compound JS-5
and to 40% for the more conjugated stilbene JS-7. Representative graphs for JS-4
and JS-5 are shown in Figure 4.6.

Figure 4.6. Inhibition of IgG-Aβ interactions with probes A) JS-4 (Imax =
91%, IC50 = 91 μM) and B) JS-5 (Imax = 58%, IC50 = 74 μM.)

The logP values for all the compounds were calculated to be between 1.07
and 4.62 (Table 4.1)164 indicating that most of these probes meet the solubility
criteria and should be able to cross the blood–brain barrier.57,86,121,165 Finally, all
compounds showed little or no cytotoxicity against human neuroblastoma cells at
concentrations up to 100 μM (Figure 4.7). These properties represent significant
advantages for further in vivo evaluation.
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Figure 4.7. Cytotoxicity data of probes JS-1 – JS-6 on SHSY-5Y human
neuroblastoma cells as determined by MTT assay

4.3 Conclusion
In conclusion, inspired by the structures of the currently used amyloidbinding agents, we have evaluated the possibility to design new Aβ-binding
fluorescent probes based on the molecular rotor motif. We found that the molecular
rotors, designed based on the concept shown in Figure 4.2, bind to aggregated Aβ
peptide with low micromolar affinity. We hypothesize that this binding is a result of
hydrophobic interactions between the rotor and the amyloid peptide. This binding
reduces the free volume around the rotor, resulting in an increased fluorescence
emission.166,167 A similar effect has been reported for the binding of molecular rotors
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to actin, albumin, and other proteins.168,169

We have demonstrated that these

molecules can be readily synthesized and have no significant cytotoxicity.

In

addition, we have shown that both the physical properties and fluorescence profile of
these probes can be fine-tuned by modifying their chemical structure. Notably,
substituent changes in the electron donor group can affect the intensity of
fluorescence emission, while changes in the π-system can affect the emission
wavelength. These effects can be implemented for the construction of multicolored
dyes and can lead to potential applications for in vitro and in vivo imaging.170
Interestingly, a recent report describes the identification of CRANAD-2,171 a small
molecule containing two electron-donating groups connected simultaneously via πconjugation to a single difluoroboronate acceptor. This probe has a high affinity for
Aβ aggregates (Kd=38.0 nM) and suitable near-infrared fluorescence properties for
in vivo imaging, further validating our proposed concept of exploring the molecular
rotor motif for the development of new amyloid-imaging probes. These findings
demonstrate that the D-π-A motif of molecular rotors, presented in Figure 4.2, is a
privileged scaffold and represents an important first step for the rational design of
new diagnostic tools for Alzheimer‘s disease and related amyloid-based
neurodegenerative disorders.

4.4 Materials and Methods
4.4.1 Materials
All the reagents were obtained (Aldrich, Acros) at highest commercial quality
and used without further purification except where noted. Air- and moisture-sensitive
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liquids and solutions were transferred via syringe or stainless steel cannula. Organic
solutions were concentrated by rotary evaporation below 45 °C at approximately 20
mm Hg. All non-aqueous reactions were carried out under anhydrous conditions.
Reactions were monitored by thin-layer chromatography (TLC) carried out
on 0.25 mm E. Merck silica gel plates (60F-254) and visualized under UV light
and/or developed by dipping in solutions of 10% ethanolic phosphomolybdic acid
(PMA) or p-anisaldehyde and applying heat. E. Merck silica gel (60, particle size
0.040-0.063 mm) was used for flash chromatography. Preparative thin-layer
chromatography separations were carried out on 0.25 or 0.50 mm E. Merck silica gel
plates (60F-254).
NMR spectra were recorded on Varian Mercury 300 or 400 MHz instruments
and calibrated using the residual non-deuterated solvent as an internal reference.
(HRMS) were recorded on a VG 7070 HS mass spectrometer under electron spray
ionization (ESI) or electron impact (EI) conditions.
Fluorescence spectroscopy data were recorded on a MD-5020 Photon
Technology International Spectrophotometer at 25 °C.

4.4.2 Experimental Methods
General procedure for the preparation of fluorescence probes.
To a round bottom flask containing a solution of aldehyde (5.0 mmol) and 2(2-(2 methoxyethoxy)ethoxy)ethyl 2-cyanoacetate (5.5 mmol) in 20 ml of
tetrahydrofuran (THF) was added 0.50 mmol of piperidine and the mixture was
heated at 50 °C. The reaction was monitored by TLC and was completed within 21
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hours. The crude mixture was concentrated under reduced pressure and the product
was purified via flash chromatography (10-30% ethyl acetate in hexane).

Figure 4.8. Schematic for the synthesis of probes JS-1 – JS-4

(E)-2-(2-(2-methoxyethoxy)ethoxy)ethyl 2-cyano-3-(4 (dimethylamino)phenyl)
acrylate (JS-1). 98% ; yellow solid; 1H NMR (400 MHz, CDCl3): δ = 8.07 (s, 1H),
7.93 (d, 2H, J= 9.0 Hz), 6.69 (d, 2H, J= 9.1 Hz), 4.41 (m, 2H), 3.81-3.79 (m, 2H),
3.73-3.65 (m, 6H), 3.56-3.54 (m, 2H), 3.37 (s, 3H), 3.10 (s, 6H); 13C NMR (100
MHz, CDCl3): δ = 164.2, 154.7, 153.6, 134.1, 119.3, 117.4, 111.4, 93.6, 71.9, 70.8,
70.6, 70.5, 68.9, 65.0, 59.0, 40.0; HRMS calc for C19H26N2O5 (M)+ 362.1836; found
362.1841.
(E)-2-(2-(2-methoxyethoxy)ethoxy)ethyl2-cyano-3-(4-(dimethylamino)-2methoxyphenyl)acrylate (JS-2). 98% yield; yellow solid; 1H NMR (400 MHz,
CDCl3): δ = 8.64 (s,1H), 8.39 (d, 1H, J= 9.2 Hz), 6.63 (dd, 1H, J= 2.3 Hz, J= 9.2
Hz), 6.01 (s, 1H), 4.40 (m, 2H), 3.87 (s, 3H), 3.81-3.78 (m, 2H), 3.73-3.65 (m, 6H),
3.56-3.53 (m, 2H), 3.36 (s, 3H), 3.10 (s, 6H); 13C NMR (400 MHz, CDCl3): δ =
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165.0, 162.2, 155.9, 148.5, 131.3, 118.4, 109.7, 105.4, 93.0, 92.0,72.2, 71.1, 70.9,
70.8, 69.2, 65.1, 59.3, 55.6, 40.4; HRMS calc for C20H28N2O6 (M+Na)+ 415.1840;
found 415.1836.
(Z)-2-(2-(2-methoxyethoxy)ethoxy)ethyl-2-cyano-3-(4-(diethylamino)phenyl)
acrylate (JS-3). 90% yield; orange liquid; 1H NMR (400 MHz, CDCl3): δ = 8.05 (s,
1H), 7.92 (d, 2H, J= 9.1 Hz), 6.67 (d, 2H, J= 9.2 Hz), 4.42 (m, 2H), 3.82-3.79 (m,
2H), 3.73-3.72 (m, 2H), 3.69-3.65 (m, 4H), 3.57-3.54 (m, 2H), 3.45 (q, 4H, J= 7.1
Hz), 3.37 (s, 3H), 1.23 (t, 6H, J= 7.1 Hz);

13

CNMR (100 MHz, CDCl3): δ = 164.7,

154.8, 151.9, 134.8, 119.0, 117.8, 111.4, 93.0, 72.2, 71.1, 70.9, 70.8, 69.2, 65.2,
59.3, 45.0, 12.8; HRMS calc for C21H30N2O5 (M+Na)+ 413.2047; found 413.2053.
(Z)-2-(2-(2-methoxyethoxy)ethoxy)ethyl-2-cyano-3-(4-(dibutylamino)phenyl)
acrylate (JS-4). 78% yield; yellow liquid; 1HNMR (400 MHz, CDCl3): δ = 8.00 (s,
1H), 7.87 (d, 2H, J= 9.0 Hz), 6.60 (d, 2H, J= 9.2 Hz), 4.38 (m, 2H), 3.78- 3.76 (m,
2H), 3.71-3.69 (m, 2H), 3.66-3.62 (m, 4H), 3.53-3.51 (m, 2H), 3.34- 3.30 (m, 7H),
1.57 (m, 4H), 1.34 (m, 4H), 0.94 (t, 6H, J= 7.3 Hz); 13CNMR (100 MHz, CDCl3): δ
= 164.7, 154.7, 152.2, 134.6, 118.9, 117.9, 111.5, 92.8, 72.1, 71.0, 70.8, 69.1, 65.2,
59.2, 51.1, 29.5, 20.4, 14.1; HRMS calc for C25H38N2O5 (M+Na)+ 469.2673; found
469.2677.

Figure 4.9. Schematic for the synthesis of probe JS-5.
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6-(piperidin-1-yl)-2-naphthaldehyde (C). To a 50 ml round bottom flask
containing benzene (3 mL), hexamethylphosphoramide (HMPA, 3 mL) and
piperidine (1.65 ml, 16.7 mmol), n-butyllithium (n-BuLi, 1.6 M in hexane, 10.4 mL,
16.7 mmol) was added via syringe, at 0 °C. After stirring for 15 min, the reaction
mixture was treated with a solution of 6-methoxy-2-naphthaldehyde (390 mg, 2.09
mmol) in benzene:HMPA 1:1 (2 ml). The reaction mixture was warmed to room
temperature, left stirring for 12 hours and then it was poured into cold 5% aqueous
NaCl (30 ml). The mixture was extracted with diethyl ether (3 x 20 mL), dried over
anhydrous magnesium sulfate (anh. MgSO4) and concentrated. The product was
purified via flash chromatography (20% EtOAc in hexanes) to give compound C. C:
35% yield, yellow solid; 1H NMR (300 MHz, CDCl3): δ = 10.02 (s, 1H), 8.14 (s,
1H), 7.88-7.73 (m, 2H), 7.67 (d, 1H, J= 8.6 Hz), 7.32 (dd, 1H, J= 2.5 Hz, J= 9.1 Hz),
7.08 (d, 1H, J= 2.4 Hz), 3.42-3.32 (m, 4H), 1.85-1.57 (m, 6H); 13C NMR (100 MHz,
CDCl3): δ = 192.2, 152.2, 138.8, 134.7, 131.6, 130.7, 127.5, 126.5, 123.6, 119.7,
109.0, 49.8, 25.8, 24.6; HRMS calc for C16H17NO (M+H)+ 240.1383; found
240.1387.
(E)-2-(2-(2-methoxyethoxy)ethoxy)ethyl-2-cyano-3-(6-(piperidin-1-yl)
naphthalen-2-yl)acrylate (JS-5). 82% yield; red liquid; 1H NMR (400 MHz,
CDCl3): δ = 8.30 (s, 1H), 8.22 (d, 1H, J=1.2 Hz), 8.10 (dd, 1H, J= 1.8 Hz, J= 8.8
Hz), 7.76 (d, 1H, J= 9.2 Hz), 7.65 (d, 1H, J= 8.8 Hz), 7.29 (dd, 1H, J= 2.4 Hz, J= 9.2
Hz), 7.05 (d, 1H, J= 2.2 Hz), 4.47 (m, 2H), 3.85-3.82 (m, 2H), 3.74-3.66 (m, 6H),
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3.57-3.54 (m, 2H), 3.42-3.38 (m, 4H), 3.37 (s, 3H), 1.74- 1.67 (m, 6H);

13

C NMR

(100 MHz, CDCl3): δ = 163.4, 155.5, 151.9, 137.8, 134.7, 130.6, 127.3, 126.4,
126.0, 125.7, 119.3,116.4, 108.4, 98.7, 71.9, 70.8, 70.6, 70.5, 68.8, 65.4, 59.0, 49.4,
25.5, 24.3; HRMS calc for C26H32N2O5 (M+H)+ 453.2384; found 453.2390.

Figure 4.10. Schematic for the synthesis of probe JS-6.

(2,2-dimethyl-1,3-dioxolan-4-yl)methyl 2-cyanoacetate (E). To a solution of 2cyanoacetic acid (1.02 g, 12 mmol), the acetal (2,2-dimethyl-1,3-dioxolan-4yl)methanol (1.32 g, 10 mmol) in 5 mL of DCM and DMAP (61 mg, 0.50 mmol)
was added dropwise at 0 °C. Finally, EDC 1.86 g (12 mmol) was added and the
reaction mixture was stirred at 0 °C for 6 hours. The reaction was diluted with 15 mL
of DCM and the formed dicyclohexyl urea (DCU) was filtered off. The filtrate was
dried over anhydrous MgSO4 and the solvents were removed under reduced pressure.
The residue was purified by flash chromatography (Hex: EtOAc; 10:1) to give
compound E. E: 71% yield; colorless liquid; 1H NMR (400 MHz, CDCl3): δ = 4.34-
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4.32 (m, 1H), 4.28-4.17 (m, 2H), 4.07 (dd, 1H, J= 6.5 Hz, J= 8.5 Hz), 3.75 (dd, 1H,
J= 5.8 Hz, J= 8.5 Hz), 3.51 (s, 2H), 1.41 (s, 3H), 1.34 (s, 3H); HRMS calc for
C9H13NO4 (M+H)+ 200.0923; found 200.0931.
(E)-(2,2-dimethyl-1,3-dioxolan-4-yl)methyl2-cyano-3-(4-(dimethylamino)phenyl)
acrylate

(F). To

a

round bottom

flask

containing

a solution

of

4-

(dimethylamino)benzaldehyde (0.75 g, 5.0 mmol) and compound E (1.2 g, 5.5
mmol) in 20 ml of THF was added 0.50 mmol of piperidine and the mixture was
heated at 50 °C. The crude mixture was concentrated under reduced pressure and the
product was purified via flash chromatography (10-30% ethyl acetate in hexane) to
give compound F. F: 91% yield; yellow solid; 1H NMR ( 400 MHz, CDCl3): δ =
8.08 (s, 1H), 7.94 (d, 2H, J= 9.0 Hz), 6.69 (d, 2H, J= 9.2 Hz), 4.42- 4.29 (m, 3H),
4.13 (dd, 1H, J= 6.2 Hz, J= 8.6 Hz), 3.89 (dd, 1H, J= 5.9 Hz, J= 8.5 Hz), 3.11 (s,
6H), 1.46 (s, 3H), 1.38 (s, 3H);

13

CNMR (400 MHz, CDCl3): δ = 164.3, 155.3,

153.9, 134.5, 119.5, 117.5, 111.7, 110.1, 93.3, 73.7, 66.7, 65.6, 40.3, 26.9, 25.7;
HRMS calc for C18H22N2O4 (M+H)+ 331.1658; found 331.1691.
(E)-2,3-dihydroxypropyl 2-cyano-3-(4-(dimethylamino)phenyl)acrylate (JS-6).
Compound F (0.5 g, 1.5 mmol) was dissolved in a mixture of THF/MeOH (1:1) and
DOWEX-H+ resin (0.10 g) was added and the heterogeneous mixture was stirred for
20 hours. The DOWEX-H+ resin was removed by filtration and triethylamine (50
mg, 0.5 mmol) was added and the solvent was removed under reduced pressure. The
residue was purified by flash chromatography (100% ether) to give compound JS-6.
JS-6: 75% yield; bright yellow solid; 1H NMR (400 MHz, CDCl3): δ = 8.08 (s, 1H),
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7.94 (d, 2H, J= 9.1 Hz), 6.69 (d, 2H, J= 9.2 Hz), 4.42-4.32 (m, 2H), 4.05 (m, 1H),
3.80-3.70 (m, 2H), 3.12 (s, 6H);

13

C NMR (100 MHz, CDCl3): δ = 199.0, 164.8,

155.5, 154.0, 134.6, 119.4, 117.9, 111.8, 111.7, 92.8, 70.3, 70.2, 66.9, 66.8, 63.6,
63.5, 40.3, 40.2; HRMS calc for C15H18N2O4 (M+H)+ 291.1345; found 291.1361.

Figure 4.11. Schematic for the synthesis of probe JS-7.

Diethyl 4-bromobenzylphosphonate (G). 1-bromo-4-(bromomethyl) benzene (5.0
g, 20 mmol) and triethyl phosphite (51 mL, 300 mmol) were mixed in a round
bottom flask and refluxed at 90˚C for 19 hours. Excess triethyl phosphite was
removed under reduced pressure and the product purified by flash chromatography
(1:1 Hexane/ EtOAc) to give compound G. G: 98 % yield; colorless liquid; 1H NMR
(400 MHz, CDCl3): δ = 7.30 (d, 2H, J= 7.5 Hz), 7.05 (d, 2H, J= 7.6 Hz), 3.99-3.88
(m, 4H), 2.99 (s, 1H), 2.94 (s, 1H), 1.12 (t, 6H, J= 6.9 Hz);

13

C NMR (100 MHz,

CDCl3): δ = 131.7, 131.6, 131.5, 121.0, 62.3, 34.0, 32.0, 16.5; HRMS calc for
C11H16BrO3P (M+H)+ 307.0097; found 307.0093.
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(E)-4-(4-bromostyryl)-N,N-dimethylaniline (H). DMF (anhydrous) (10.5 mL) was
added to sodium methoxide (176 mg, 3.26 mmol) and the color was changed to pink.
To the above solution diethyl 4-bromobenzylphosphonate (1.0 g, 3.26 mmol) in
DMF (6.5 ml) was added dropwise over 2 minutes, followed by 4
(dimethylamino)benzaldehyde (486 mg, 3.26 mmol). The reaction mixture was
stirred at room temperature for 24 hours. Deionized water (17 mL) was added. The
product was filtered out through vacuum filtration and recrystallized with
DCM/hexane to give compound H. H: 74%. Yield; tan solid; 1H NMR (400 MHz,
CDCl3): δ = 7.47- 7.32(m, 6H), 7.04 (d, 1H, J= 12.5 Hz), 6.83 (d, 1H, J= 16.3 Hz),
6.71 (d, 2H, J= 8.9 Hz), 2.99 (s, 6H); 13C NMR (100 MHz, CDCl3): δ = 150.5, 137.4,
136.1, 132.1, 131.8, 129.7, 128.3, 128.2, 127.9, 127.7, 125.5, 123,2, 120.3, 112.6,
40.7; HRMS calc for C16H16BrN 302.0541; found 302.0539.
4-(4-(dimethylamino)styryl)benzaldehyde (I). To a round bottom flask compound
H (300 mg, 1 mmol) was transferred followed by THF (5 mL). The heterogeneous
solution was cooled at –78 °C and n-BuLi (1.6M in hexane, 1 mmol) was added
dropwise over 5 min, followed by DMF (1.5 mL). The reaction mixture was stirred
at –78 °C for 3 hours then it was quenched by water (1 mL) and the mixture was
extracted with ether (2 x 25 mL). The combined organic extracts were washed with
brine, dried over MgSO4 and concentrated under reduced pressure to give compound
I. I: 60% yield; yellow powder; 1H NMR (400 MHz, CDCl3): δ = 9.96 (s, 1H), 7.83
(d, 2H, J= 8.2 Hz), 7.60 (d, 2H, J= 8.2 Hz), 7.44 (d, 2H, J= 8.8 Hz), 7.22 (d, 1H, J=
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16.2 Hz), 6.94 (d, 1H, J= 16.2 Hz), 6.72 (d, 2H, J= 8.8 Hz), 3.01 (s, 6H); 13C NMR
(100 MHz, CDCl3): δ = 191.8, 150.8, 144.7, 134.7, 134.6, 132.7, 130.4, 128.4,
126.4, 124.9, 122.8, 112.4, 40.5; HRMS calc for C17H17NO 252.1384; found
252.1383.
(E)-2-(2-(2-methoxyethoxy)ethoxy)ethyl-cyano-3-(4(4(dimethylamino)styryl)
phenyl)acrylate (JS-7). 97% yield; red solid; 1H NMR (400 MHz, CDCl3): δ = 8.20
(s, 1H), 7.98 (d, 2H, J= 8.4 Hz), 7.57 (d, 2H, J= 8.4 Hz), 7.45 (d, 2 H, J= 8.7 Hz),
7.20 (d, 1H, J= 16.2 Hz), 6.92 (d, 1H, J=16.2 Hz), 6.72 (d, 2H, J= 8.7 Hz) , 4.47 (m,
2H), 3.84-3.82 (m, 2H), 3.74-3.72 (m, 2H), 3.70-3.66 (m, 4H), 3.57-3.55 (m, 2H),
3.37 (s, 3H), 3.02 (s, 6H);

13

C NMR (100 MHz, CDCl3): δ = 154.9, 133.0, 132.2,

128.6, 128.5, 126.7, 122.7, 112.4, 72.2, 71.1, 70.8, 69.0, 65.8, 59.3, 40.6, 40.5, 29.9,
28.2; HRMS calc for C27H32N2O5 (M+Na)+ 487.2203; found 487.2201.
Fluorescence studies with aggregated Aβ peptides: Aggregated Aβ peptide was
prepared by dissolving Aβ(1-42) in PBS pH 7.4 to a final concentration of 100 μM.
This solution was magnetically stirred at 1200 rpm for 3 days at room temperature.
The 100 μM Aβ(1-42) stock solution in PBS was aliquoted and frozen at –80 °C for
up to 4 weeks without noticeable change in its property. 150 μL of pre-aggregated
Aβ(1-42) was added to 2.85 mL of probe to attain a final concentration of 5 μM
Aβ(1-42) and 4 μM of probe. The solution was transferred to a 3 mL cuvette and the
fluorescence was measured at 25 °C.
Determination of the probe binding constant (Kd) to Aβ(1-42): Pre-aggregated
Aβ(1-42) (5 μM final concentration) was mixed with various concentrations of
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probes (10, 5, 2.5, 1.25 μM) in PBS buffer (pH 7.4) and their fluorescence was
measured. The negative inverse of the x-intercept of the linear regression, that was
drawn between the double reciprocal of the fluorescence intensity maximum and
concentration of the probe, represents the probe binding constant (Kd) to Aβ(1-42).
Determination of Kd’s from fluorescence measurements: In order to quantify the
dissociation constants (Kd‘s) for the binding of fluorescent probes with aggregated βamyloid peptides, we used the method described by LeVine.156 This method is
similar to the method described by Benesi-Hildebrand.172 Here, the fluorescence of
the probe was measured with and without the addition of the aggregated peptides in
solution. The relative fluorescence enhancement of the probe upon binding to
aggregated β-amyloid peptides was determined by taking the difference between F
(fluorescence after the addition of aggregated peptides) and FO (fluorescence before
the addition of aggregated peptides).
In order to estimate the binding constant (Kd) for the probe-Aβ complexes
from the fluorescence studies, we made the following assumptions:

1. All probes are completely in solution and free of any significant competing
binding process such as self-aggregation.
2. The concentration of unbound probes can be approximated as close to the
total concentration of the probes.
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3. The binding sites in the aggregated Aβ peptides are not completely occupied
at the concentration of Aβ binding probes used for the fluorescence studies
(i.e., the experiments are carried out under non-saturated binding conditions).

According to the Beer-Lambert law,173 we can obtain two expressions that
relate the concentration of bound probe ([HG]), free probe ([G]), and free binding
sites on the amyloid peptides ([H]) with either 1) the measured fluorescence of the
probe in solution before the addition of the aggregated peptides (FO), or 2) the
measured fluorescence of the probe in the presence of the amyloid peptides (F):

Equation 4.1

Equation 4.2
where
l = path length
[GO] = total concentration of probes
εG = absorption coefficient of the probes
[G] = unbound probe concentration
εHG = absorption coefficient of probe-Aβ complex
[HG] = probe-Aβ complex concentration
εH = absorption coefficient of H
[H] = concentration of free binding sites on the aggregated peptide
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[HO] = total concentration of binding sites on the Aβ peptides
Substituting
that

into equation 4.1, and making the approximation
, we can arrive at a simplified expression for the

relative fluorescence of bound probe (DF):

Equation 4.3

or

Equation 4.4

where

In order to obtain a relationship between the change in measured fluorescence of the
probe (ΔF) with the binding constant of the probe to aggregated β-amyloid peptides
(Kd‘s), we used the standard equation for a binding isotherm to obtain a relationship
between [HG] and Kd:
Equation 4.5

Combining equations 4.4 and 4.5, we obtained a relationship between ΔF and Kd:
Equation 4.6

In order to estimate the Kd of the probe bound to aggregated Aβ peptides from the
measured change in fluorescence, we take the reciprocal of the equation 4.6 to give:
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Equation 4.7

Equation 4.7 suggests that a double reciprocal plot of ΔF and [G] should yield a
straight line with the x-intercept equal to -1/Kd. Figure 4.5 and figure 4.10 show
double reciprocal plots of the measured fluorescence versus total concentration of
probe [GO]. Assuming that [G] can be approximated as close to [GO] (assumption 2),
we can obtain estimates for the Kd‘s of the probe-Aβ complexes from the x-intercept
of the linear fits of the data for each probe. The estimated Kd‘s for all probes are
given in Table 4.1.
ELISA assay: Aggregated Aβ peptides were generated from synthetic Aβ(1-42)
peptides by dissolving 30 μg of peptide in 90 μL of nanopure water (pH 5-6) and
incubating at 37 °C for ≥ 72 h without agitation. Each well of a 96-well plate (well
volume 0.4 mL; clear, flat bottom polystyrene) was coated for 3 h at 25 °C with 50
μL of 1.3 μM solution of Aβ peptides in phosphate-buffered saline (PBS, 10 mM
NaH2PO4/Na2HPO4, 138 mM NaCl, 2.7 mM KCl, pH 7.4). After removal of the
excess sample, 50 μL solutions of probes in PBS buffer (various concentrations were
obtained by diluting a stock solution with PBS buffer) were incubated in the wells
for 12 h. Probes that did not dissolve in PBS buffer were dissolved in DMSO and
diluted in PBS buffer to give a final solution of 5% DMSO in PBS buffer. The
excess solutions were then removed and all wells were blocked for 30 min by adding
300 μL of a 1% (w/v) solution of bovine serum albumin in PBS buffer (BSA/PBS).
On occasion, an additional blocking step was performed prior to incubation with
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solutions of small molecules. The blocking solution was discarded and the wells
were washed once with 300 μL of PBS buffer. Wells were incubated for 1h with 50
μL of a 1.1 nM solution (in 1% BSA/PBS, dilution 1:6000) of anti-Aβ IgG (clone
6E10, monoclonal, mouse), followed by removal of the solution. The wells were
washed twice with 300 μL of PBS buffer and incubated for 60 min with 50 μL of the
secondary IgG (anti- mouse IgG H+L, polyclonal, rabbit) conjugated with alkaline
phosphatase (6.8 nM in 1% BSA/PBS, dilution 1:1000). The solution was discarded,
and the wells were washed twice with 300 μL PBS buffer. Bound secondary IgGs
were detected by the addition of 50 μL of a p-nitrophenyl phosphate solution (2.7
mM, in 100 mM diethanol amine/0.5 mM magnesium chloride, pH 9.8). Absorbance
intensities were determined at 405 nm using a UV-vis spectroscopic plate reader
(Sprectramax 190, Molecular Devices, Sunnyvale, CA). Each run was performed
five times and averaged. Error bars represent standard deviations. Graphs were
plotted and fitted with the sigmoid curve fitting function(Origin 7.0, Microcal).
Fluorescence studies with monomeric Aβ: Aβ (Biopeptide, Inc.) was initially
solubilized in hexafluoroisopropanol at 1 mM concentration, vortexed, sonicated,
and vortexed. The vial was covered in foil and was incubated for 21 hours at 25 °C
on a shaker, with 3 times of vortexing throughout the incubation period. The solution
was sonicated and vortexed again then diluted with cold nanopure water (2:1
H2O:HFIP), fractionated in desired amounts into small glass vials, and immediately
frozen in a CO2/acetone bath. Each fraction was covered with parafilm that was
punctured to allow solvent vapors to escape. The fractions were lyophilized for 2

91
days to obtain monomeric Aβ (91% monomer by 12% Tris-bis PAGE gel analysis).
1.8 μL (8.42 μM) of this monomeric Aβ(1-42) was added to 3 μL of 4 μM
concentration of small molecules that was prepared by dissolving in PBS buffer pH
7.4 to attain a final concentration of 5 μM of Aβ(1-42) and 4 μM of the probe. The
solution was transferred to a 3 mL cuvette and the fluorescence was measured at 25
°C.
Evaluation of fluorescent probes for cytotoxic activity against SH-SY5Y human
neuroblastoma cells (MTT assay): SH-SY5Y human neuroblastoma cells, MTT (3(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) cell proliferation kit,
Eagle‘s Minimum Essential Medium (EMEM), Ham‘s F12 nutrient mixture, and
Fetal Bovine Serum (FBS) were all purchased from ATCC (Manassas, VA). Briefly,
SH-SY5Y cells (in 1:1 EMEM:Ham‘s F12 with 10% FBS) were seeded on 96-well
plates at a density of 5x104 cells/well. Plates were incubated overnight (in a
humidified atmosphere of 95% air, 5% CO2, at 37 °C) to promote attachment of cells
to the wells. Cells were then treated with various concentrations of compound JS-1,
JS-2, JS-3, JS-4, JS-5, or JS-6 and incubated for 24 hours (humidified atmosphere
of 95% air, 5% CO2, at 37 °C). MTT reagent (20 μL) was added to the medium and
incubated for an additional 4 hours. After incubation, 100 μL of detergent reagent
was added and the plates were covered with aluminum foil and left at room
temperature overnight. The amount of solubilized MTT formazan was measured by
spectrophotometric absorbance at 570 nm (Spectramax 190, Molecular Devices,
Sunnyvale, CA). MTT assay was not performed on compound JS-7 due to its poor
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solubility in aqueous media. All data are presented as the mean ± S.D, N= 3 for each
concentration. The Student‘s t-test was employed for all statistical analyses. A pvalue of < 0.05 was considered statistically significant compared to control cells.

4.5 Additional Figures

Figure 4.12. Double reciprocal of fluorescence maxima and concentration
of compounds JS-1, JS-2, JS-3, JS-6, and JS-7.
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Figure 4.13. Fluorescence excitation spectra (left) and emission spectra
(right) for JS-1 (A),JS-2 (B), JS-3 (C),JS-6 (D), and JS-7 (E) in PBS(―)
and in the presence of aggregated Aβ peptides (---).
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Figure 4.14. Fluorescence emission spectra for probes JS-1- JS-7 in PBS(―) and in the
presence of monomeric Aβ peptides (---).
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Figure 4.15. Inhibition curves for JS-1,JS-2, JS-3, JS-6, and JS-7.

Notes about this Chapter
This chapter is based on material that appears in ―Rational Design of
Amyloid-binding Agents based on the Molecular Rotor Motif.‖ Sutharsan, J.;
Dakanali, M.; Capule, C. C.; Haidekker, M. A.; Yang, J.; Theodorakis, E. A.
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Chemmedchem 2010, 5, 56-60. Jeyanthy Sutharsan was the first author of this work
and generated a significant portion of the data. I am a co-author on this publication.
My contributions focused on the cellular MTT assay, technical aspects of the
inhibition assay and the fluorescence measurements, data analysis of the inhibition
assay as well as the fluorescence studies.

Chapter 5

ANCA: A Family of Fluorescent Probes that
Bind and Stain Amyloid Plaques in Human
Tissue

5.1 Introduction
Alzheimer‘s Disease (AD) is characterized by a progressive impairment of
episodic memory and language deficits.174 Pathologically, AD is characterized by
the accumulation of amyloid- (A) deposits in the brain. The major component of
these deposits are A40 and A42 peptides that are derived from Amyloid Precursor
Protein after cleavage by - and γ-secretases.175 To date, the late-stage diagnosis of
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AD is achieved using functional memory and behavioral tests;176 early stage
asymptomatic diagnosis, however, remains a challenge. Along these lines, recent
efforts have targeted the visualization of amyloid deposits in vivo. Moreover, the
structure of a model amyloidogenic peptide that sustains the property of aggregation
has been proposed.177,178

In turn, this paves the way for a rational design of

amyloid-binding molecules that can potentially be used for in vivo and ex vivo
imaging. Such molecules can not only help evaluate the time course and evolution
of the disease, but can also allow for the timely monitoring of therapeutic
treatment.179-181

Figure 5.1. Examples of fluorescent probes that stain A deposits in tissue.

Over the past few years a number of probes have been developed for the
specific labelling and imaging of the A plaques. These probes rely on techniques
such as Magnetic Resonance Imaging (MRI),182,183 Positron Emission Tomography
(PET),34,136,184,185

and

Single

Photon

Emission

Computed

Tomography
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(SPECT).186,187

In addition, fluorescent probes that can stain A deposits have

gained increasing interest as potential tools for monitoring the progression of AD in
vitro and in vivo.

In principle, such fluorescent probes are advantageous over

PET/SPECT methods since they provide real-time, non-radioactive, and highresolution imaging both in vivo and ex vivo. Figure 5.1 illustrates representative
structures of such probes that, to-date, have found limited use as fluorescent labelling
agents of A deposits in small animal studies.188-193 Reliable methods to fine-tune
the optical and biocompatible properties of these amyloid-targeting agents and to
improve their selectivity and affinity to amyloid deposits in tissue could further
advance this optical strategy for AD monitoring and diagnosis.

In general, an

appropriate

the

fluorescent

probe

for

amyloids

should

have

following

properties:34,189,192 a) molecular mass less than 600 Da, b) emission wavelength
above 450 nm to minimize background fluorescence from brain tissue,23 c) high
quantum yield, d) appropriate lipophilicity (logP value between 1-3), e) specificity to
A plaques, f) sufficient binding affinity to aggregated amyloid peptides, g) straight
forward synthesis and h) upon binding to A deposits, a significant change in
fluorescent properties should be observed.
Recently, we reported the rational design of a new class of amyloid-binding
agents based on the molecular rotor motif.194,195

This motif contains an electron-

donor unit in conjugation with an electron acceptor, and produces a fluorescent
quantum yield that is dependent on the surrounding environment. Hindrance of the
internal molecular rotation of the probe, by increasing the surrounding media rigidity
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or by reducing the available free volume needed for relaxation, leads to a decrease in
the non-radiative decay rate and consequently an increase of fluorescent emission.
Closer evaluation of the data led to the identification of 6-aminonapthalenyl-2cyano-acrylate (ANCA) as a motif with potentially useful spectroscopic properties
for fluorescent labelling of aggregated amyloid peptides (Figure 5.2). Specifically,
compound WMC-1, referred to as ANCA-11, possesses a long emission wavelength
and large increase in fluorescence intensity upon binding to A fibrils.194 In order to
validate the ANCA scaffold as a general motif that can bind to aggregated A
peptides, we sought to examine whether structural changes at its periphery, including
alterations at the water solubilizing groups or at the nitrogen substitution, can affect
the binding and fluorescent properties of the probe. The synthesis and the optical
properties of a small family of compounds based on the ANCA motif is discussed in
this chapter. The ex vivo staining of amyloid plaques in human tissue by these novel
fluorescent probes is also presented in this chapter.

Figure 5.2. General motif of the ANCA probes. The ANCA scaffold is
shown in red. Substitutions at the nitrogen and the WSG sites are shown in
blue and green, respectively.
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5.2 Results and Discussion
A general strategy for the synthesis of all ANCA-based probes is depicted in
Figure 5.3. Commercially available methyl 6-bromonaphthalene-2-carboxylate (A)
was converted to the corresponding naphthaldehyde B by reduction of the ester to the
primary alcohol using diisobutylaluminum hydride (DIBALH) and oxidation of the
resulting alcohol to the desired aldehyde upon treatment with pyridinium chloro
chromate (PCC).196

The transformation of the bromide to the appropriate amine

demanded the use of novel chemistry to improve the yield and apply the method in
bigger scale. To this end, treatment of bromide B in the presence of palladium using
Buchwald and Hartwig conditions produced aldehydes C-F in excellent yield for
most cases.197-199 Knövenagel condensation of aldehydes C-F with the appropriate
cyanoester G concluded the synthesis of the final probes WMC-1 and WMC-2 –
WMC-6, as a single stereoisomer (E isomer).30 Deprotection of the acetal group of
WMC-6 using acidic resin yielded the final dye WMC-7.

Figure 5.3. General strategy for the synthesis of probes WMC-1 – WMC7.
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Table 5.1 summarizes the R and X combinations of the final products. Based
on their chemical structures, the synthesized probes can be separated in two
subgroups: compounds WMC-1, WMC-5, and WMC-7 (group A) that contain an
identical piperidine donor group and differ only in the WSG area (triethylene glycol
monomethyl ether, tetraethylene glycol monomethyl ether and propane 1,2-diol
motif, respectively) and compounds WMC-1, WMC-2, WMC-3, and WMC-4
(group B) that contain an identical WSG motif (triethylene glycol monomethyl ether)
but differ in the nitrogen substitution.

Table 5.1. Structures of ANCA-based Aβ-binding probes.

103

Table 5.2. Fluorescence profile, Kd, and logP values of the synthesized
probes with aggregated Aβ(1-42) peptides.

To be useful, a fluorescent amyloid-binding probe should display a
significant increase in fluorescence emission upon binding with the aggregates as
compared to the emission of the free probe in solution.200

To test whether the

ANCA family of probes possessed these desirable fluorescence properties, we
compared the fluorescent properties of all free probes in aqueous solution to their
fluorescence properties in the presence of aggregated Aβ42 peptides. We chose to
evaluate the binding of probes to Aβ42 instead of Aβ40, since Aβ42 is the major
amyloid species found in AD plaques.2,197-199

Specifically, we evaluated the

fluorescent properties of each probe at a final concentration of 4 μM in nanopure
water, before and after mixing with aggregated Aβ42 peptide (final concentration
peptide = 5 μM). As shown in Table 5.2, in all cases we observed a significant
increase (2.9 to 8.4-fold) in the intensity of the emission spectra of the probes upon
association with the aggregated amyloid peptides.201

This intensity increase was
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also accompanied with a blue shift in the emission spectra of around 5-50 nm. After
binding, all compounds had excitation maxima between 380-430 nm and their
emission maxima were between 525-550 nm, suggesting that small changes in the
donor or acceptor part of the molecule do not alter significantly their fluorescent
maxima. However, compounds WMC-1, WMC-5, and WMC-7 (group A) that
possess piperidine as the electron donor, showed higher increase in fluorescence
intensity after binding (7.7-, 8.4- and 6.6-fold, respectively) as compared to probes
containing piperazine (WMC-2), morpholine (WMC-3), or morpholino-ethanamine
(WMC-4) groups as electron donors (group B). Figure 5.4 provides a representative
example of the fluorescent properties of compound WMC-2.

Figure 5.4. A) Fluorescent emission of compound WMC-2 before (blue solid line)
and after (red dotted line) mixing with Aβ aggregates; B) Plot of the fluorescence
intensity (at λ = 530 nm) as a function of the concentration of compound WMC-2 in
the presence of aggregated Aβ42 peptides (5 μM) in solution. Fitting this data to
the equation: y = Bx/(Kd+x) revealed a Kd of 4.6  1.3 μM for association of
compound WMC-2 to aggregated Aβ42 peptides.
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We also measured the apparent binding constants (Kd) of the probes to
aggregated A42 peptides. The fluorescent intensity of each probe was measured at
concentrations of 1.25, 2.5, 5.0 and 10 M in nanopure water, mixed with preaggregated A42 peptides (final concentration of peptide = 5 M).202 In all cases,
the Kd values were between 1.4 and 13.8 M. Interestingly, group A exhibited the
highest affinity to aggregated A peptides. The nearly identical Kd values obtained
for these dyes (1.4-1.6 M) indicate that small chemical modifications within the
water-solubilizing region of the ANCA motif do not affect significantly the binding
of the probes to A aggregates. On the other hand, a measurable change of the Kd
value was observed upon chemically altering the electron donor moiety of the
ANCA motif. As shown in Table 5.2, compounds having piperidine as the electron
donor were found to have lower Kd values (1.4-1.6 M) compared to those
possessing piperazine, morpholine, or morpholino-ethanamine as electron donor
(compounds WMC-2, WMC-3, and WMC-4, respectively).
Finally, the lipophilicity (logP) of the synthesized probes were calculated.203
All compounds were found to have logP values between 2.5 and 3.8, suggesting that
most of them possess the desirable properties for biocompatibility and can
potentially cross the blood-brain barrier.38
In order to assess whether this family of ANCA-based fluorescent probes
could stain amyloid deposits in brain tissue, we exposed sections of frozen human
brain tissue (derived from the cerebral cortex of AD cases) to solutions containing
the fluorescent probes. Figure 5.5 shows representative examples of fluorescence
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micrographs of these tissue samples incubated with each probe. As can be seen in
Figure 5.5, all tissue samples exposed to the ANCA probes contained small regions
within the tissue that exhibited a significant concentration of fluorescence. As a
negative control, we exposed frozen tissue sections from healthy human cases to
probes WMC-1, WMC-2 – WMC-5, WMC-7 and did not observe such
concentrated areas of fluorescence (data not shown).
More interestingly, inspection of the images from these staining experiments
(Figure 5.5) reveal a trend of increased fluorescent labelling of amyloid plaques
using probes WMC-2 and WMC-3 compared to all other probes (Figure 5.5G).
This trend can be seen by increased fluorescence contrast between the plaques and
surrounding tissue in Figures 5.5B,C (corresponding to tissue samples stained with
compounds WMC-2 and WMC-3) compared to the weaker observed contrast
between the plaques and the surrounding tissue shown in Figures 5.5A,D-F
(corresponding to tissue samples stained with compounds WMC-1, WMC-4,
WMC-5, and WMC-7). We hypothesize that the improved contrast of amyloid
deposits stained with probes WMC-2 and WMC-3 may be attributed to their
increased hydrophilicity compared to WMC-1, WMC-4, WMC-5, and WMC-7.
The increased hydrophilic properties of WMC-2 and WMC-3 could reduce the
amount of non-specific staining by these probes to the brain tissue. This effect
would result in the observed trend for increased fluorescence contrast between the
plaques and surrounding tissue when using the more hydrophilic fluorescent probes.

107

Figure 5.5. Staining of Aβ plaques in brain sections from an AD patient. Frozen
brain sections mounted on glass slides were dried and briefly fixed in ethanol,
immersed in PBS, exposed to a 60 µM solution of fluorescent probe in PBS for 30
min, washed with PBS and covered with a glass coverslip. Plaques from brain
sections were stained with A) compound WMC-1, B) compound WMC-2, C)
compound WMC-3, D) compound WMC-4, E) compound WMC-5, or F) compound
WMC-7. Stained Aβ plaques were imaged using a Leica DM IRE2 inverted epifluorescence microscope equipped with a Hamamatsu camera. Images from the
blue, red, and green filters were overlayed. G) Graphical representation of the
average fluorescence intensity of the probes bound to amyloid plaques relative to
the fluorescence intensity of the background. All data is presented relative to the
fluorescence contrast for staining plaques with compound WMC-2. The data
represents the mean relative fluorescence intensity  SD (n = 10 measurements for
each compound). H) Table of the average fluorescence intensity of the plaques in AF relative background. All data were normalized to the average fluorescence
intensity of plaques stained with compound WMC-2 relative to background. Scale
bar = 20 µm.

In addition, Figure 5.6A-C shows representative fluorescence micrographs of
a single formalin-fixed tissue sample from a human AD patient that was treated
sequentially with a mouse monoclonal anti-human A IgG (clone 82E1), a
fluorescently-labelled polyclonal anti-mouse IgG, and a solution containing probe
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WMC-3. The bright green areas in Figure 5.6A indicate the regions of tissue that
are labelled by compound WMC-3, the bright red areas in Figure 5.6B indicates the
regions of the tissue that are labelled by the anti-A IgGs, and the bright yellow
areas in Figure 5.6C represent the regions where probe WMC-3 and the anti-A
IgGs overlap in the tissue. The images in Figure 5.6A-C reveal that the fluorescent
ANCA probes label the amyloid deposits with good specificity in these human tissue
sections. These staining experiments strongly support the notion that the ANCAbased probes are capable of marking the location of amyloid deposits within human
brain tissue.

Figure 5.6. Fluorescence micrographs of formalin-fixed brain sections from an AD
patient revealing amyloid plaques that are labelled with A) probe WMC-3 or B) a
monoclonal anti-A IgG (clone 82E1). C) A fluorescence micrograph representing
regions of overlap (yellow) for the fluorescence labelling of tissue by probe WMC-3
and the anti-A IgG. No labelling was observed in the IgG isotype/DMSO stained
isotype control section (D). Scale bar = 20 µm.
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5.3 Conclusion
In conclusion, we show that the aminonaphthalenyl-2-cyano-acrylate
(ANCA) motif has appropriate fluorescence characteristics for the targeting and
staining of A deposits in tissue.

Functionalization of this motif with water

solubilizing groups does not affect the binding to A but can help with the
biocompatibility and water-solublizing properties of the compounds.37,

39

On the

other hand, changes in the nitrogen motif can significantly affect the binding affinity
and specificity of the probes to A deposits in tissue. Based on these results we can
propose that the donor part of the molecule is most likely located within the binding
pocket of the aggregated protein. Thus, any changes in that domain can affect the
interactions between the small molecule and protein. Ongoing efforts in our lab are
aiming to further support this hypothesis.

5.4 Materials & Methods
5.4.1 Materials
All reagents were purchased at highest commercial quality and used without
further purification, except where noted. Air- and moisture-sensitive liquids and
solutions were transferred via syringe or stainless steel cannula. Organic solutions
were concentrated by rotary evaporation below 45 °C at approximately 20 mmHg.
All non-aqueous reactions were carried out under anhydrous conditions.
Yields refer to chromatographically and spectroscopically (1H NMR,

13

C

NMR) homogeneous materials, unless otherwise stated. Reactions were monitored
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by thin-layer chromatography (TLC) carried out on 0.25 mm Dynamic Adsorbents,
Inc. silica gel plates (60F-254) and visualized under UV light and/or developed by
dipping in solutions of 10% ethanolic phosphomolybdic acid (PMA) and applying
heat. Dynamic Adsorbents, Inc. silica gel (60, particle size 0.040-0.063 mm) was
used for flash chromatography. NMR spectra were recorded on the Varian Mercury
400, 300 and/or Unity 500 MHz instruments and calibrated using the residual nondeuterated solvent as an internal reference. The following abbreviations were used to
explain the multiplicities: s = singlet, d = doublet, t = triplet, q = quartet, m =
multiplet, b = broad. High resolution mass spectra (HRMS) were recorded on a VG
7070 HS mass spectrometer under electron spray ionization (ESI) or electron impact
(EI) conditions.

5.4.2 Experimental Methods
6-bromo-2-naphthaldehyde (B). To a solution of DIBAL-H (1.0 M in heptane, 34
mL, 34 mmol) at 0 °C under argon, a solution of A (3.0 g, 11 mmol) in anhydrous
THF was added dropwise. The reaction mixture was allowed to warm up to room
temperature and left stirring overnight. Upon completion, MeOH was added,
followed by addition of a saturated sodium potassium tartrate solution and ethyl
acetate. After the two phases were separated, the organic phase was washed with a
saturated solution of ammonium chloride and brine, dried over MgSO4 and
concentrated

under

reduced

pressure

to

yield

6-bromo-2-(hydroxymethyl)

naphthalene. Rf = 0.33 (EtOAc:Hexanes 3:7); 1H NMR (400 MHz, CDCl3): δ = 7.99
(bs, 1H), 7.77 (bs, 1H), 7.74 (d, J= 8.5 Hz, 1H), 7.69 (d, J= 8.7 Hz, 1H), 7.55 (dd, J=
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1.7, 8.7 Hz, 1H), 7.49 (dd, J= 1.7, 8.5 Hz, 1H), 4.84 (bs, 2H); 13C NMR (100 MHz,
CDCl3): δ = 138.8,133.9, 131.7, 129.7, 129.5, 129.5, 127.4, 126.1, 125.2, 119.8,
65.2.
To a suspension of pyridinium chlorochromate (2.4 g, 11 mmol) in anhydrous
CH2Cl2 (60 mL) was added a solution of the above alcohol in anh. CH2Cl2, and the
reaction was heated under reflux for 5 hours. Upon completion, it was cooled to
room temperature and poured into diethyl ether. The solution was then filtered
through a pad of silica and concentrated under reduced pressure to yield B (2.4 g,
95%). B: white solid; Rf = 0.67 (EtOAc:Hexanes 3:7); 1H NMR (400 MHz, CDCl3):
δ = 10.15 (s, 1H), 8.31 (bs, 1H), 8.08 (bs, 1H), 7.98 (dd, J= 1.5, 8.5 Hz, 1H), 7.86
(m, 2H), 7.67 (dd, J= 1.5, 8.5 Hz, 1H);

13

C NMR (100 MHz, CDCl3): δ = 191.8,

137.3, 134.3, 134.1, 131.0, 131.0, 130.6, 130.2, 128.2, 124.0, 123.6.
General procedure for the synthesis of 6-amino-substituted naphtaldehydes (CF).
In dry and degassed toluene (0.8 mL), were added Pd(OAc)2 (0.022 mmol)
and P(tBu)3 (0.078 mmol). After stirring for 20 min, B (0.207 mmol), the
appropriate amine (0.249 mmol) and cesium carbonate (Cs2CO3, 0.280 mmol) were
added and the reaction left stirring for three days under reflux. After three days, the
reaction was cooled at room temperature, diluted with CH2Cl2, filtered, concentrated
under reduced pressure and purified via silica gel flash chromatography
(hexanes/EtOAc 0-10%).

112

6-(piperidin-1-yl)naphthalene-2-carbaldehyde (C). 70% yield, yellow solid; Rf =
0.61 (EtOAc:Hexanes 3:7); 1H NMR (400 MHz, CDCl3): δ = 10.03 (s, 1H), 8.15 (s,
1H), 7.83 (m, 2H), 7.68 (d, J= 8.6 Hz, 1H) 7.32 (dd, J= 2.4, 9.1 Hz, 1H), 7.08 (d, J=
2.4 Hz, 1H), 3.38 (m, 4H), 1.78-1.63 (m, 6H);

13

C NMR (100 MHz, CDCl3): δ =

191.9, 151.9, 138.5, 134.4, 131.3, 130.4, 127.2, 126.3, 123.4, 119.5, 108.8, 49.6,
25.5, 24.3; HRMS calc for C16H18NO (M+H)+ 240.1383; found 240.1381.
6-morpholinonaphthalene-2-carbaldehyde (D). 79% yield, yellow solid; Rf = 0.56
(EtOAc:Hexanes 3:7); 1H NMR (400 MHz, CDCl3): δ = 10.06 (s, 1H), 8.20 (s, 1H),
7.88 (m, 2H), 7.73 (d, J= 8.4 Hz, 1H), 7.32 (m, 1H), 7.11 (d, J= 1.2 Hz, 1H), 3.92
(m, 4H), 3.36 (m, 4H); 13C NMR (100 MHz, CDCl3): δ = 191.9, 151.3, 138.1, 134.2,
131.8, 130.6, 127.5, 127.0, 123.6, 118.7, 109.0, 66.7, 48.5; HRMS calc for
C15H15NO2Na (M+Na)+ 264.0995; found 264.0996.
6-(4-methylpiperazin-1-yl)naphthalene-2-carbaldehyde (E). 77% yield, yellow
solid; Rf = 0.36 (EtOAc:Hexanes 3:7); 1H NMR (300 MHz, CDCl3): δ = 10.00 (s,
1H), 8.13 (s, 1H), 7.80 (m, 2H), 7.66 (d, J= 8.6 Hz, 1H), 7.28 (dd, J= 2.1, 9.2 Hz,
1H), 7.06 (d, J= 2.1 Hz, 1H), 3.36 (m, 4H), 2.57 (m, 4H), 2.33 (s, 3H);

13

C NMR

(100 MHz, CDCl3): δ = 191.5, 151.0, 138.0, 134.0, 131.3, 130.2, 127.1, 126.4,
123.1, 118.7, 108.7, 54.5, 47.8, 45.7; HRMS calc for C16H19N2O (M+H)+ 255.1492;
found 255.1491.
6-(2-morpholinoethylamino)naphthalene-2-carbaldehyde (F). 33% yield, yellow
solid; Rf = 0.60 (2% MeOH in CH2Cl2); 1H NMR (400 MHz, CDCl3): δ = 10.01 (s,
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1H), 8.14 (s, 1H), 7.83 (dd, J= 1.6, 8.6 Hz, 1H), 7.76 (d, J= 8.9 Hz, 1H), 7.64 (d, J=
8.6 Hz, 1H), 6.98 (dd, J= 2.3, 8.9 Hz, 1H), 6.79 (d, J= 2.3 Hz, 1H), 4.88 (bs, 1H),
3.75 (m, 4H), 3.31 (dd, J= 5.1, 11.1 Hz, 2H), 2.72 (m, 2H), 2.51 (bs, 4H); 13C NMR
(100 MHz, CDCl3) δ 191.9, 148.8, 139.1, 134.6, 130.8, 130.7, 126.6, 126.0, 123.8,
118.7, 103.8, 66.9, 56.7, 53.3, 39.3; HRMS calc for C17H21N2O2 (M+H)+ 285.1598;
found 285.1600.
General procedure for the synthesis of 2-cyanoacetates (G).
To a solution of 2-cyanoacetic acid (2.72 mmol), the appropriate alcohol
(2.27 mmol) in CH2Cl2 (2.5 mL) and DMAP (0.013 mmol) was added dropwise at 0
°C. Finally, DCC (2.72 mmol) was added and the reaction mixture was stirred at 0
°C for 6 hours. The reaction was diluted with CH2Cl2 and the formed dicyclohexyl
urea (DCU) was filtered off. The filtrate was dried over MgSO4 and concentrated
under reduced pressure. The residue was purified by silica gel flash chromatography
to yield 2-cyanoacetate G.
2-(2-(2-methoxyethoxy)ethoxy)ethyl-2-cyanoacetate (G-1). 86% yield; colorless
liquid; Rf = 0.45 (100% ether); 1H NMR (400 MHz, CDCl3): δ = 4.29 (m, 2H), 3.67,
(m, 2H), 3.59 (m, 6H), 3.50 (m, 2H), 3.49 (s, 2H), 3.32 (s, 3H); 13C NMR (100 MHz,
CDCl3): δ = 163.0, 113.0, 71.7, 70.4, 70.3, 68.3, 65.5, 58.8, 24.5; HRMS calc for
C10H17NO5: (M+H)+ 232.1185; found 232.1199.
2-(2-(2-(2-methoxyethoxy)ethoxy)ethoxy)ethyl-2-cyanoacetate (G-2). 68% yield;
colorless liquid; Rf = 0.40 (100% ether); 1H NMR (400 MHz, CDCl3): δ = 4.21 (bs,
2H), 3.61 (bs, 2H), 3.51 (m, 12H), 3.43 (m, 2H), 3.24 (bs, 3H) 13C NMR (100 MHz,
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CDCl3): δ = 163.0, 113.0, 71.4, 70.2, 70.1, 70.1, 70.0, 68.1, 65.3, 58.5, 24.2; HRMS
calc for C12H22NO6: (M+H)+ 276.1447; found 276.1455.
(2,2-dimethyl-1,3-dioxolan-4-yl)methyl

2-cyanoacetate

(G-3).

71%

yield;

colorless liquid; Rf = 0.83 (100% EtOAc); 1H NMR (400 MHz, CDCl3): δ = 4.35 (m,
1H), 4.29-4.19 (m, 2H), 4.09 (m, 1H), 3.76 (dd, J= 5.8, 8.6 Hz, 1H), 3.52 (s, 2H),
1.43 (s, 3H), 1.36 (s, 3H);

13

C NMR (100 MHz, CDCl3): δ = 162.8, 112.7, 110.1,

73.0, 66.8, 65.9, 26.6, 25.2, 24.6; HRMS calc for C9H13NO4 (M+H)+ 200.0923;
found 200.0931.
General procedure for the synthesis of fluorescent probes
To a round bottom flask containing a solution of aldehyde (0.21 mmol) and
the appropriate 2-cyanoacetate (0.23 mmol) in THF (0.8 mL), piperidine (0.02
mmol) was added and the mixture left stirring at 50 °C. The reaction was monitored
by TLC and was completed within 21 hours. The crude mixture was concentrated
under reduced pressure and the product was purified via flash column
chromatography (10-30% EtOAc in hexanes).
(E)-2-(2-(2-methoxyethoxy)ethoxy)ethyl 2-cyano-3-(2-(piperidin-1-yl)napthalen6-yl) acrylate (WMC-1). 90% yield; red liquid; Rf = 0.44 (EtOAc:Hexanes 1:1); 1H
NMR (400 MHz, CDCl3): δ = 8.31 (s, 1H), 8.22 (bs, 1H), 8.10 (d, J= 8.8 Hz, 1H),
7.76 (d, J= 9.2 Hz, 1H), 7.65 (d, J= 8.8 Hz, 1H), 7.30 (dd, J= 2.1, 9.2 Hz, 1H), 7.05
(d, J= 2.1 Hz, 1H), 4.47 (m, 2H), 3.83 (m, 2H), 3.74-3.66 (m, 6H), 3.56 (m, 2H),
3.42-3.38 (m, 4H), 3.37 (s, 3H), 1.74 (m, 6H);

13

C NMR (100 MHz, CDCl3): δ =

163.3, 155.4, 151.9, 137.7, 134.7, 130.6, 127.2, 126.4, 125.9, 125.6, 119.2, 116.4,
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108.3, 71.8, 70.7, 70.5, 70.5, 68.7, 65.3, 58.9, 49.3, 25.4, 24.3; HRMS calc for
C26H32N2O5Na (M+Na)+ 475.2203; found 475.2197.
(E)-2-(2-(2-methoxyethoxy)ethoxy)ethyl-2-cyano-3-(2-(4-methylpiperazin-1-yl)
napthalen-6-yl)acrylate (WMC-2). 85% yield; red liquid; Rf = 0.71 (2% MeOH in
CH2Cl2); 1H NMR (400 MHz, CDCl3): δ = 8.31 (s, 1H), 8.23 (s, 1H), 8.10 (d, J= 8.6
Hz, 1H), 7.78 (d, J= 9.1 Hz, 1H), 7.67 (d, J= 8.6 Hz, 1H), 7.29 (d, J= 9.1 Hz, 1H),
7.06 (s, 1H), 4.46 (m, 2H), 3.83 (m, 2H), 3.73 (m, 2H), 3.67 (m, 4H), 3.55 (m, 2H)
3.42 (bs, 4H), 3.36 (s, 3H), 2.61 (bs, 4H), 2.37 (s, 3H); 13C NMR (100 MHz, CDCl3):
δ = 163.2, 155.4, 151.4, 137.5, 134.5, 130.6, 127.4, 126.9, 126.1, 126.1, 119.0,
116.2, 108.7, 99.3, 71.9, 70.8, 70.6, 70.5, 68.8, 65.4, 59.0, 54.8, 48.0, 46.1; HRMS
calc for C26H34N3O5 (M+H)+ 468.2493; found 468.2494.
(E)-2-(2-(2-methoxyethoxy)ethoxy)ethyl-2-cyano-3-(2-morpholinonapthalen-6yl) acrylate (WMC-3). 83% yield; red liquid; Rf = 0.76 (2% MeOH in CH2Cl2); 1H
NMR (300 MHz, CDCl3): δ = 8.31 (s, 1H), 8.24 (s, 1H), 8.11 (dd, J= 1.9, 8.8 Hz,
1H), 7.80 (d, J= 9.1 Hz, 1H), 7.69 (d, J= 8.8 Hz, 1H), 7.28 (m, 1H), 7.06 (d, J= 1.9
Hz, 1H), 4.47 (m, 2H), 3.90 (m, 4H), 3.83 (m, 2H), 3.70 (m, 6H), 3.55 (m, 2H), 3.35
(m, 7H); 13C NMR (100 MHz, CDCl3): δ = 163.0, 155.2, 151.3, 137.2, 134.4, 130.6,
127.4, 127.0, 126.1, 126.0, 118.5, 116.1, 108.5, 99.4, 71.8, 70.7, 70.5, 70.4, 68.6,
66.5, 65.3, 58.9, 48.2; HRMS calc for C25H30N2O6Na (M+Na)+ 477.1996 found
477.1995.
(E)-2-(2-(2-methoxyethoxy)ethoxy)ethyl-3-(2-(2-morpholinoethylamino)
naphthalen-6-yl)-2-cyano acrylate (WMC-4). 87% yield; red liquid; Rf = 0.53 (2%
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MeOH in CH2Cl2); 1H NMR (500 MHz, CDCl3): δ = 8.28 (s, 1H), 8.19 (d, J= 1.6
Hz, 1H), 8.08 (dd, J= 1.9, 8.8 Hz, 1H), 7.69 (d, J= 8.9 Hz, 1H), 7.60 (d, J= 8.8 Hz,
1H), 6.95 (dd, J= 2.3, 8.8 Hz, 1H), 6.74 (d, J= 2.2 Hz, 1H), 4.96 (bs, 1H), 4.46 (m,
2H), 3.83 (m, 2H), 3.76-3.72 (m, 6H), 3.69-3.65 (m, 4H), 3.57-3.54 (m, 2H), 3.36 (s,
3H), 3.31 (s, 2H), 2.70 (m, 2H), 2.51 (s, 4H);

13

C NMR (100 MHz, CDCl3): δ =

163.4, 155.5, 149.0, 138.3, 135.0, 130.9, 126.6, 126.3, 126.2, 124.9, 118.9, 116.5,
103.6, 98.2, 71.9, 70.8, 70.6, 70.5, 68.8, 66.9, 65.3, 59.0, 56.6, 53.2, 39.2; HRMS
calc for C27H36N3O6 (M+H)+ 498.2599; found 498.2596.
(E)-2-(2-(2-(2-methoxyethoxy)ethoxy)ethoxy)ethyl-2-cyano-3-(2-(piperidin-1yl)napthalen-6-yl)acrylate (WMC-5). 89% yield; red liquid; Rf = 0.67 (2% MeOH
in CH2Cl2); 1H NMR (400 MHz, CDCl3): δ = 8.20 (s, 1H), 8.10 (s, 1H), 8.01(d, J=
8.5 Hz, 1H), 7.66 (d, J= 9.0 Hz, 1H), 7.55 (d, J= 9.0 Hz, 1H), 7.20 (d, J= 8.5 Hz,
1H), 6.95 (s, 1H), 4.39 (bs, 2H), 3.75 (bs, 2H), 3.65-3.54 (m, 10H), 3.45 (m, 2H),
3.31 (bs, 4H), 3.28 (s, 3H), 1.65-1.54 (m, 6H);
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C NMR (100 MHz, CDCl3): δ =

163.2, 155.3, 151.8, 137.6, 134.6, 130.5, 127.1, 126.3, 125.8, 125.5, 119.1, 116.3,
108.2, 98.4, 71.7, 70.6, 70.4, 70.3, 68.6, 65.3, 58.8, 49.2, 25.3, 24.2; HRMS calc for
C28H36N2O6Na (M+Na)+ 519.2466; found 519.2468.
(E)-(2,2-dimethyl-1,3-dioxolan-4-yl)methyl-2-cyano-3-(2-(piperidin-1-yl)
naphthalene-6-yl) acrylate (WMC-6). 83% yield; red liquid; Rf = 0.25
(EtOAc:Hexanes 4:6); 1H NMR (400 MHz, CDCl3): δ = 8.29 (s, 1H), 8.19 (s, 1H),
8.09 (dd, J= 1.9, 8.8 Hz, 1H), 7.74 (d, J= 9.3 Hz, 1H), 7.63 (d, J= 8.8 Hz, 1H), 7.28
(dd, J= 2.8, 9.3 Hz, 1H), 7.03 (d, J= 1.9 Hz, 1H), 4.43 (m, 1H), 4.36 (m, 2H), 4.14
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(dd, J= 6.0, 8.5 Hz, 1H), 3.90 (dd, J= 6.0, 8.5 Hz, 1H), 3.40 (m, 4H), 1.73-1.66 (m,
6H), 1.48 (s, 3H), 1.39 (s, 3H);

13

C NMR (100 MHz, CDCl3): δ = 162.9, 155.4,

151.5, 137.6, 134.6, 130.5, 127.0, 126.2, 125.6, 125.3, 119.0, 116.1, 109.6, 108.2,
98.0, 73.1, 65.9, 65.6, 57.1, 49.1, 45.5, 29.4, 26.4, 25.2, 24.0; MS (M+H)+ 421.24.
(E)-2,3-dihydroxypropyl2-cyano-3-(2-(piperidin-1-yl) naphthalene-6-yl)acrylate
(WMC-7). Compound WMC-6 (50 mg, 0.12 mmol) was dissolved in a mixture of
THF/MeOH (1:1) and DOWEX-H+ resin (15 mg) was added and the heterogeneous
mixture was stirred for 20 hours. The resin was removed by filtration and
triethylamine was added and the solvent was removed under reduced pressure. The
residue was purified by flash chromatography to give compound WMC-7. WMC-7:
38 mg, 84% yield; red liquid; Rf = 0.55 (EtOAc:Hexanes 1:4); 1H NMR (400 MHz,
CDCl3): δ = 8.30 (s, 1H), 8.19 (s, 1H), 8.08 (d, J= 8.8 Hz, 1H), 7.74 (d, J= 9.1 Hz,
1H), 7.63 (d, J= 9.1 Hz, 1H), 7.29 (m, 1H), 7.03 (s, 1H), 4.46-4.36 (m, 2H), 4.09 (m,
1H), 3.81 (dd, J= 5.5, 11.3 Hz, 1H), 3.73 (dd, J= 5.5, 11.3 Hz, 1H), 3.41 (m, 4H),
1.74-1.67 (m, 6H);
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C NMR (100 MHz, CDCl3): δ = 163.6, 156.0, 152.0, 137.9,

135.0, 130.7, 127.3, 126.3, 125.9, 125.5, 119.2, 116.6, 108.3, 97.8, 69.9, 67.0, 63.2,
49.3, 25.5, 24.3; HRMS calc for C22H25N2O4 (M+H)+ 381.1809; found 381.1802.
Fluorescence studies with aggregated A peptides: Aggregated A peptide was
prepared as described previously.24 Briefly, we dissolved A42 in PBS pH 7.4 to a
final concentration of 100 M. This solution was magnetically stirred at 1200 rpm
for 3 days at room temperature. Aliquots of 15 L of the pre-aggregated A42
solution was added to 285 L of the probe (5% DMSO in nanopure water) to attain a
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final concentration of 5 M A42 and 4 M of the probe. The solution was
transferred to a 300 L cuvette and the fluorescence was measured.
Determination of the binding constant (Kd) of the probe to aggregated Aβ: Preaggregated A42 (5 M final concentration) was mixed with various concentrations
of probes (10, 5, 2.5, 1.25 M) in 5% DMSO in nanopure water and their Kd‘s were
determined as described previously. 24
Patient samples. AD cases were from the Alzheimer Disease Research Center
(ADRC) at the University of California, San Diego (UCSD). Subjects came to
autopsy between 1985 and 2006 and postmortem interval for the cases was under
12 h. Institutional board review was obtained from the UCSD Human Research
Protections Program, in accordance with the Health Insurance Portability and
Accountability Act. Written informed consent was obtained from all patients or their
guardians.
Staining of human tissue sections. Frozen brain sections from patients diagnosed
with AD were dried for 1 h, treated with 100%, 95%, and 70% ethanol for 5 min.
each, and then rinsed in deionized water. The sections were equilibrated in
phosphate-buffered saline (PBS) for 15 min. Fluorescent molecules were diluted in
PBS (1:50, from stock solutions of 3 mM in PBS to give a final concentration of 60
µM), added to the brain sections, incubated for 30 min at room temperature, washed
with PBS, and coverslipped.
Co-staining with the Aβ antibody 82E1 and compound WMC-3. Aβ and
compound WMC-3 co-staining was performed on a formalin-fixed brain section
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from an AD case. Slides were deparaffinized, incubated for 5 min in 98% formic
acid, and then washed in distilled water for 5 min. Sections were blocked with 10%
goat serum and incubated with anti-Aβ antibody 82E1 (Immunobiological
Laboratories) for 30 min. The slides were washed with PBS containing 0.2% tween
and stained with antibody anti-mouse HRP (Jackson Immunolabs), washed in PBStween, and tyramide-Alexa Fluor 594 (InvitrogenTM) for 30 min. After washing with
PBS-tween, the slides were stained with 60 µM solutions of compound WMC-3 for
30 min. Control sections were co-stained with the mouse isotype control antibody as
the primary antibody, and the PBS control buffer that was used to generate stock
solutions of compound WMC-3. Adjacent sections were singly stained with Aβ
antibody 82E1 or compound WMC-3.
Fluorescence microscopy. The sample was excited using an Argon 488 nm laser on
an Olympus FluoView FV1000 confocal microscope. The emission spectra of the
probes bound to Aβ or background was collected in 5 nm increments from 450 – 645
nm. A minimum of 10 measurements were collected for probe bound to Aβ and for
background. The peak intensity for the Aβ-bound probe was divided by an average
of the background measurements to calculate the ratio of probe to background signal.
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5.5 Additional Figures

Figure 5.7. Fluorescence emission spectra for probes in PBS(―) and in
the presence of aggregated Aβ peptides (---).
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Figure 5.8. Saturation binding curves of probes to aggregated Aβ42
peptide
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Chapter 6

Amyloid-binding Small Molecules Efficiently
Block SEVI- and Semen-mediated
Enhancement of HIV-1 Infection

6.1 Introduction
The global HIV-1 epidemic remains a pressing public health threat nearly 30
years after its identification. The vast majority of cases worldwide are acquired by
heterosexual transmission, especially male to female.46 Therefore, a microbicide that
could limit the sexual transmission of HIV might provide an affordable and feasible
way to decrease the spread of the virus, especially in developing countries.
Recently, Münch et al.5 demonstrated that human semen can enhance HIV
infection as a result of the presence of amyloid fibrils formed from a self-assembling
peptide consisting of amino acid residues 248-486 of prostatic acid phosphatase

123

124
(PAP),5 an abundant protein secreted into semen from the prostate. These fibrils,
which Münch et al. termed the ―semen-derived enhancer of virus infection‖ (SEVI),
are highly cationic and enhance infectivity by at least two mechanisms. First, they
decrease the electrostatic repulsion between the negatively charged surface of the
virion and the target cell, and second, they bind virions and increase their rate of
sedimentation onto the target cell surface, therefore enhancing the likelihood of
receptor mediated viral entry.204 The effect of SEVI fibrils is greatest with low
levels of infectious virus,5 similar to the conditions seen in a mucosal transmission of
HIV, where relatively few virions must cross the mucosal barrier.205
Other amyloid fibrils, especially amyloid-β (Aβ), which is associated with
Alzheimer‘s Disease,206 have been well studied as potential therapeutic or diagnostic
targets. One approach to target Aβ fibrils is the use of small molecules that bind the
fibrils at a high density and thereby sterically inhibit their interactions with
proteins.57,58,121

The amyloid imaging agent, Thioflavin T (ThT) is one such

molecule. Substituted 2-(4-aminophenyl)benzothiazoles (commonly referred to as
―benzothiazole aniline‖ or BTA) are biocompatible analogues of ThT that bind to an
increased number of sites along the Aβ fibril axis.207 Specifically, the hexa(ethylene
glycol) derivative of ThT, BTA-EG6 (Figure 6.1), has been shown to bind to Aβ
fibrils and to inhibit the interaction of Aβ fibrils with other proteins.57,58 ThT and its
derivatives are believed to bind to Aβ based on the β-sheet motif that is common to
all amyloid fibrils.63 Therefore, we investigated the ability of these small molecules
to bind to SEVI and interfere with SEVI-mediated enhancement of HIV-1
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infectivity.

Figure 6.1. The structure of BTA-EG6

We show here that BTA-EG6 is capable of inhibiting both SEVI-mediated
and semen-mediated enhancement of HIV-1 infectivity in a dose-dependent fashion.
Furthermore, BTA-EG6 exhibited no toxicity toward cervical cells. Taken together,
these features show that BTA-EG6 may be a useful candidate as an addition to
potential microbicide formulations.

6.2 Results and Discussion
BTA-EG6 has been previously shown to bind Aβ fibrils and interfere with the
ability of Aβ-binding proteins to interact with the fibrils.57,58,121 Based on these
previous studies, and because SEVI shares the same β-sheet structural motif as
aggregated Aβ, we hypothesized that BTA-EG6 might also bind to SEVI fibrils. To
test this hypothesis, we used fluorescence polarization to measure the ability of
BTA-EG6 to bind SEVI. Increasing concentrations of BTA-EG6 were added to 50
µg/mL SEVI that had been preincubated with 16 µg/mL of fluorescein
isothiocyanate-heparin (FITC-heparin), a known SEVI binder.55 BTA-EG6 was able
to displace fluorescent heparin from the SEVI fibrils in a dose-dependent fashion
(Figure 6.2), suggesting an interaction between these molecules and the fibrils.
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Figure 6.2. BTA-EG6 binds SEVI fibrils as measured by fluorescence
polarization.

To quantify the binding affinity of BTA-EG6 to SEVI fibrils, I used a
previously reported fluorescence-based assay to determine the Kd between BTA-EG6
and SEVI fibrils (Figure 6.3A).83 Figure 6.3A shows the fluorescence intensity of
BTA-EG6 bound to SEVI fibrils as a function of exposure of the SEVI peptides to
increasing concentrations of BTA-EG6. Fitting the data with a one-site specific
binding algorithm revealed a Kd of 127 ± 22 nM. For comparison, I also measured
the binding affinity of BTA-EG6 toward Aβ fibrils (Figure 6.3B) and found that it
exhibited a similar affinity for aggregated Aβ, with a Kd of 111 ± 32 nM. These
results suggest that BTA-EG6 binds to these fibrils based on their shared structural
features.
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Figure 6.3. A) The saturation binding curve of BTA-EG6 to SEVI fibrils. B)
The saturation binding curve of BTA-EG6 to Aβ fibrils

Given that BTA-EG6 binds with similar affinity towards SEVI and Aβ fibrils,
and based on what is known about the interactions of BTA-EG6 with Aβ fibrils,57,58
we hypothesized that BTA-EG6 can densely coat the surface of SEVI and inhibit
SEVI-HIV virion interactions, thereby neutralizing SEVI-mediated enhancement of
HIV-1 infectivity. We evaluated the ability of BTA-EG6 to inhibit SEVI-mediated
enhanced infection of HIV-1 (strain IIIB) in CEM-M7 cells as a function of BTAEG6 concentration. CEM-M7 cells are a CD4+, CCR5+, CXCR4+ T/B cell hybrid
cell line and contain HIV LTR-driven luciferase and green fluorescent protein (GFP)
reporter gene cassettes. The HIV LTR is a weak transcriptional regulator in the
absence of its cognate, virally-encoded trans-activator, Tat. As a result, luciferase
and GFP expression levels in these cells are directly responsive to HIV-1 infection;
this property therefore provides a convenient method to determine the extent of viral
infection. In this assay, BTA-EG6 effectively inhibited SEVI-mediated enhancement
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of HIV infection in a dose-dependent fashion. The extent of infection was brought
down to nearly baseline levels at the highest concentration of BTA-EG6 (44 μM,
Figure 6.4A). Importantly, BTA-EG6 had no effect on the infectivity of HIV virus
alone, even at the highest concentration (Figure 6.4B), suggesting that this effect was
not due to direct inhibition of intrinsic virus infectivity.

Figure 6.4. BTA-EG6 inhibits SEVI-mediated enhancement of HIV-1 infection. A)
HIV-1IIIB virions were preincubated with increasing concentrations of BTA-EG6 (0,
11, 22, 44 μM) and with or without SEVI. RLU, relative luciferase units. Uninf,
uninfected B) A magnification of panel A to show data for cells treated with HIV1IIIB virions with and without increasing concentrations of BTA-EG6, in the absence
of SEVI.

We next calculated the IC50 of BTA-EG6 for inhibition of SEVI-mediated
enhancement of HIV-1 infection.

To determine the IC50, CEM-M7 cells were

infected with HIV-1ADA and 15 μg/ml SEVI in the presence of BTA-EG6. Ten
different BTA-EG6 concentrations were tested, ranging from 0.4 to 50 μg/ml. The
data were fit to an exponential decay curve and the IC50 was determined to be 6.6
μg/ml for BTA-EG6 (equivalent to 13 μM, figure 6.5).
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Figure 6.5. CEM-M7 cells were infected with HIV-1ADA+SEVI and various
concentrations of BTA-EG6. An exponential decay curve was fit to the data
to calculate the IC50 of the inhibitory effect of BTA-EG6 on SEVI-mediated
enhancement of HIV-1 infection.

For BTA-EG6 to be a viable microbicide candidate, it must be effective not
just against the effects of SEVI, but should be able to effectively inhibit the
infection-enhancing activity of human semen. Therefore, we examined the effect of
BTA-EG6 on semen-mediated enhancement of HIV-1 infection in Jurkat cells (an
immortalized T-cell line). BTA-EG6 was able to efficiently inhibit semen-mediated
enhancement of HIV-1IIIB infection, at the same concentrations tested with SEVI
alone (Figure 6.6).
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Figure 6.6. BTA-EG6 inhibits semen-mediated enhancement of HIV-1
infectivity. RLU, relative luciferase units.

To more closely examine how BTA-EG6 exerts its inhibitory effects on
SEVI-mediated HIV-1 infection enhancement, we examined the ability of this
compound to interfere with SEVI-enhanced binding of HIV-1 virions to the cell
surface. The cationic nature of SEVI has been shown to enhance the binding of
HIV-1 virions to the cell surface, which allows it to neutralize the electrostatic
repulsion between the negatively charged HIV-1 virion and target cell surface.204
Jurkat T cells were incubated with HIV-1IIIB virions and 15 µg/mL of SEVI in the
presence or absence of increasing concentrations of BTA-EG6.

The amount of

surface bound virions were then measured by p24 ELISA after rinsing off unbound
virus. SEVI strongly promoted the binding of virions to the cell surface, and this
effect was efficiently abrogated by BTA-EG6 (Fig. 6.7). Importantly, in the absence
of SEVI, BTA-EG6 had no effect on the binding of HIV virions to the cell surface
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(Figure 6.7), which suggests that BTA-EG6 does not directly interact with HIV
virions.

Figure 6.7. BTA-EG6 prevents SEVI-mediated attachment of HIV-1 to the
cell surface

For a compound to be a legitimate HIV-1 microbicide candidate, it must not
have toxic or inflammatory effects on the cervical endothelium.

Loss of this

protective layer leads to an increased ability for HIV-1 to cross the mucosal barrier,
and inflammatory effects drive recruitment of HIV-1 target cells, further decreasing
the natural barriers against successful transmission of HIV. Therefore, we examined
the effects of BTA-EG6 on A2En cells, a primary-cell derived line from the
endocervical endothelium.
To evaluate the effects of BTA-EG6 on cell viability, the compound was
added to cells at concentrations up to 10× the IC50 (13 μM) for up to 24 hours.
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Nonoxynol-9, a spermicide, was used as a positive control for induction of cell
death, as it is known to be toxic to cervical epithelial cells.208 Viability was assessed
at 24 hours by using the resazurin cytotoxicity assay. Fig 6.8 shows that BTA-EG6
did not have any detrimental effect on cell viability, even at the highest
concentrations tested.

Figure 6.8. BTA-EG6 is not toxic to cervical cells at concentrations up to
10 times its IC50.

6.3 Conclusions
In this study we demonstrate that amyloid-binding small molecules are
efficient inhibitors of SEVI- and semen-mediated enhancement of HIV infectivity.
We chose to examine the amyloid-binding small molecule BTA-EG6 based on the
hypothesis that it would effectively bind and coat SEVI fibrils, as it has been
previously shown to do for Aβ.57 We found that BTA-EG6 bound to the SEVI fibrils
and interfered with their ability to enhance HIV infectivity, suggesting that other
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amyloid-binding small molecules that target SEVI might also prove to be effective
microbicide candidates. Importantly, BTA-EG6 did not have any direct inhibitory
effects on the infectivity of HIV-1 alone.
BTA-EG6 inhibited SEVI-mediated enhancement of HIV-1 infection in a
dose-dependent fashion and was able to block SEVI-mediated binding of HIV-1 to
target cells.
Moreover, our results show that BTA-EG6 effectively prevents semenmediated enhancement of HIV infectivity, suggesting that this activity of semen can
be targeted by specifically inhibiting the SEVI fibrils. These data not only suggest
that BTA-EG6 may be an effective microbicide candidate, but also offers proof-ofprinciple support for the concept that screening amyloid- or SEVI-binding molecules
may allow identification of additional anti-SEVI microbicide candidates. In the case
of BTA-EG6, it is likely that the BTA moiety intercalates into the SEVI fibrils, while
the hexa(ethylene glycol) moiety extends and inhibits the interactions of SEVI with
cells and virions.57 Oligomeric derivatives of BTA-EG6 and related compounds may
prove even more effective due to increased avidity and affinity, as may amyloid
binders with modified functional groups.

Studies toward these hypotheses are

discussed in chapter 7 of this thesis.
It is important to compare the properties of the anti-SEVI small molecule
described here with those of previously identified inhibitors of SEVI‘s HIV infectionenhancing activity. Other previously described SEVI inhibitors, such as polyanionic
compounds,204 and the Heparin antagonist Surfen209 block the actions of SEVI at
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least in part due to simple electrostatic interactions with the cationic fibrils. Another
example, the anionic polymer PRO-2000 showed robust activity in in vitro studies
and preclinical models,210-212 but failed to demonstrate a protective effect against
HIV-1 transmission in the phase III Microbicide Development Program (MDP) 301
trial.

Reasons for the futility of PRO-2000 remain unclear but may include

inhibition of its antiviral activity by seminal plasma;213 this may contribute to its
decreased effectiveness in postcoital cervicovaginal fluid.214 In our experiments, the
presence of semen had no effect on the microbicidal activity of BTA-EG6.
Moreover, small cationic peptides are present in both semen and cervicovaginal
fluid; anionic SEVI inhibitors may interact nonspecifically with these charged
peptides because of their electrostatic properties.215,216 In contrast, amyloid-binding
small molecules typically do not rely on electrostatic properties to bind to SEVI, and
are therefore expected to offer a new class of SEVI inhibitors whose effects are more
specifically targeted at the fibrils themselves.

This is expected to reduce the

potential for off-target effects and increase the potential for effectiveness in an in
vivo setting. Finally, current microbicide candidates target the HIV virus itself,217
while BTA-EG6 does not. We propose that, since semen is the vector in the vast
majority of transmitted HIV-1 infections, it is reasonable to consider that the addition
of a SEVI inhibitor to microbicide formulations—such as to the tenofovir (a reverse
transcriptase inhibitor) topical ointment that has been recently demonstrated to
reduce HIV transmission in 39% of cases218—might improve the efficacy of antiviral
microbicides.
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6.4 Materials & Methods
Cell Culture: CEM-M7 (a gift from N. Landau, NYU, New York, NY) and Jurkat
cells were cultured in RPMI 1640 media supplemented with 10% fetal bovine serum,
penicillin (50 U/mL) , and streptomycin (50 µg/mL). A2En cells (a gift from S.
Greene, Louisiana State University Health Sciences Center, New Orleans, LA),
SEVI and Semen: PAP248-286, synthesized by New England Peptide (NEP), was
dissolved in PBS at a concentration of 10 mg/mL. Fibrils were formed by agitation
in an Eppendorf Thermomixer at 1400 rpm and 37oC for 72 hours . Semen samples
were obtained from the University of Rochester Fertility Center (Rochester, NY) and
Fairfax Cryobank (Fairfax, VA). Samples were pooled, aliquoted and stored at 80oC.
Fluorescence Polarization: 100 ug/mL of SEVI was mixed with 16 ug/mL FITCHeparin and concentrations of BTA-EG6 ranging from 0 to 200 g/mL. Samples
were incubated 1 hr at RT and read on a Perkin Elmer Envision 2012 Multilabel
reader at an excitation =480 and emission =535. The horizontal (S) and vertical
(P) polarized fluorescence intensities were recorded and the calculated polarization
was determined in millipolarization units.
Measurement of the Binding Affinity of BTA monomer and oligomers to
amyloid fibrils: Binding of BTA-EG6 to SEVI fibrils was measured according to the
centrifugation assay described by Levine83 for BTA-1 to Aβ fibrils. Briefly, 200 μl
of various concentrations of BTA-EG6 in PBS were incubated in the presence or
absence of 10 μg of SEVI fibrils to give a final volume of 220 μl of solution. These
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incubations were performed in duplicate runs and allowed to equilibrate overnight at
room temperature. After equilibration, each solution was centrifuged at 16,000 × g
for 30 min. The supernatants were separated from the pelleted fibrils, and 220 μl of
fresh PBS was added to resuspend the pellets. 100 µl aliquots of each re-suspended
pellet was pipetted into a cuvette (ultramicrocuvette,10-mm light path, Hellma®,
Müllheim, Germany), and the fluorescence of the bound molecule was determined at
355 nm excitation and 420 nm emission using a spectrofluorometer (Photon
Technology International, Inc., Birmingham, NJ). Each experiment was repeated at
least 3 times. Error bars represent standard deviations from the mean. Plots shown
in Figure 6.3 of fluorescence intensity versus concentration of BTA-EG6 were
plotted and fitted using the following one-site specific binding algorithm to
determine Kd: Y = Bmax

X/(Kd + X), where X is the concentration of BTA-EG6, Y is

the specific binding fluorescence intensity, and Bmax corresponds to the apparent
maximal observable fluorescence upon binding of BTA-EG6 to Aβ or SEVI fibrils.
The data were processed using Origin 7.0 (MicroCal Software, Inc., Northampton,
MA).
Infectivity Assays: For infection of CEM-M7 cells, X4 tropic HIV-1IIIB (21 ng/ml
p24) was pretreated for 10 min at RT with 15 g/mL SEVI in the presence or
absence of BTA-EG6. Treated virions were then added to 5 × 104 CEM-M7 cells/
well in 96-well flat-bottomed tissue culture plates. After 2 hours, the media was
replaced. Infection was assayed after 48 hours by quantitating luciferase expression
using the Promega Luciferase Assay and a Beckman Coulter DTX880 platereader.
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For infections using semen, pooled human semen samples were added to
virions at a 1:1 dilution and incubated for 10 min at RT in the presence or absence of
BTA-EG6. After 10 min, the semen and virus mixture was diluted 1:15 into 5 x 104
CEM-M7 cells/well in a 96 well plate. Cells were washed after 1 hour and infection
was assayed at 48 hours as above.
Virus binding assay: HIV-1IIIB 15 µg/mL SEVI and added to 5x104 Jurkat cells in
the presence or absence of BTA-EG6. After 90 minutes, cells were washed to
remove any unbound virus and bound virions were detected using an HIV-1 p24
antigen capture assay (Advanced Bioscience Laboratory).
Toxicity studies: The cervical epithelial cell line was treated for 12 hours with BTAEG6 at concentrations up to 66 g/mL, 10 times the IC50. At 12 hours cell viability
was analyzed by measuring cellular metabolic activity using the resazurin
cytotoxicity assay, alamarBlue (Invitrogen) in accordance with the manufacturer‘s
protocol. Cells were also treated with 0.1% Nonoxynol-9 as a positive control for
cytotoxicity.

Notes about this Chapter
This chapter is based on material that appears in ―Amyloid-binding Small
Molecules Efficiently Block SEVI (Semen-derived Enhancer of Virus Infection)and Semen-mediated Enhancement of HIV-1 Infection.‖ Olsen, J. S.; Brown, C.;
Capule, C. C.; Rubinshtein, M.; Doran, T. M.; Srivastava, R. K.; Feng, C. Y.;
Nilsson, B. L.; Yang, J.; Dewhurst, S. J. Biol. Chem. 2010, 285, 35488-35496.
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Joanna S. Olsen and Caitlin Brown generated a large portion of the work presented
here. These studies would not have been possible without the synthetic expertise of
Dr. Mark Rubinshtein. My contributions to this chapter focused on quantifying the
binding interactions of BTA-EG6 with Aβ and SEVI fibrils.

Chapter 7

The Rational Design of Multivalent Oligomers
that Bind with High Affinity to Aβ and SEVI
Amyloids

7.1 Introduction
Multivalent interactions—the simultaneous binding of linked, multiple,
identical ligands to multiple receptors—are a ubiquitous phenomenon in nature and
are commonly employed to improve the weak affinity of the corresponding
monovalent interaction.219 Multivalent interactions are vital in physiological events
such as inflammation, bacterial and viral adhesion to target cells, and in immune
recognition and responses. Taking these cues from nature, various research groups
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have successfully applied and incorporated the concept of multivalency into the
design and synthesis of high affinity ligands for multivalent targets.220-234
Amyloid fibrils formed from the self-assembly of peptides putatively display
multiple, identical, and periodically spaced binding sites for small molecules along
the fibrillar surface,57,83,85,121,235 and, thus, represent an excellent biological target for
multivalent ligand design.
Lockhart et al.85 and Shea et al.235 previously reported that compounds with
the benzothiazole aniline (BTA) moiety, derivatives of the well known amyloidbinding agent Thioflavin T (ThT), associate with Aβ fibrils with data suggesting a
spacing between adjacent binding sites of ~2 nm.
I, therefore, designed oligovalent compounds based on the BTA moiety with
linkers that can span the ~2 nm distance between binding sites on the Aβ fibrillar
surface (Figure 7.1). In this chapter, I describe the design, synthesis, and evaluation
of oligomeric BTA compounds that bind to Aβ fibrils. Although I demonstrate that
these BTA oligomers exhibit improved binding toward Aβ fibrils compared to the
monovalent counterpart, the high molecular weights (>500 Da) of these compounds
preclude them from readily entering the brain. These compounds, therefore, may not
be practical for Alzheimer‘s-related in vivo use. Because we wanted to explore the
potential of these compounds for further development in clinical applications, we
investigated the interaction of these BTA oligomers with another multivalent target,
the HIV-related SEVI (―semen-derived enhancer of virus infection‖) fibril. SEVI
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fibrils are naturally abundant in semen, and, as there are no restrictive barriers in
semen, these BTA oligomers should easily reach the SEVI fibril target.
SEVI fibrils are formed from the self-assembly of the peptide PAP248-286—
the proteolytic byproduct of prostatic acid phosphatase (PAP) cleavage—abundantly
found in semen. A recent study reported that SEVI can potentially increase infection
of HIV-1 in cells by up to 400,000-fold.5 Although the molecular mechanism of
SEVI-mediated transmission of HIV-1 remains poorly understood, evidence suggests
that SEVI binds to both HIV-1 virions and cell membranes, and facilitates viral
infection in vitro.5,55,236,237 Methods to suppress the effects of such natural enhancers
of HIV-1 transmission may, therefore, significantly reduce the global spread of HIV
through sexual contact among high-risk populations.
We recently reported that targeting SEVI fibrils with the amyloid-binding
molecule BTA-EG6, a hexa(ethylene glycol) derivative of benzothiazole aniline
(BTA), reduced SEVI- and semen-mediated enhancement of HIV infection in T cells
with an IC50 of 13 μM.56 We hypothesized that BTA-EG6 forms a protein-resistive
coating on SEVI,56 effectively blocking the interaction of these fibrils with HIV-1
virions and cells. A key characteristic of this approach to reducing HIV transmission
compared to more traditional microbicide candidates is that we target a naturally
abundant mediator (i.e., SEVI) in the cellular attachment of HIV, rather than
targeting the virions themselves. Although BTA-EG6 was not toxic to cervical cells
and did not exhibit any pro-inflammatory activity at a concentration that was 10
times the IC50 for efficacy,56 I explored the multivalent design strategy in order to
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create potentially more potent compounds for further development of SEVIneutralizing agents as supplements to current microbicide candidates.238-240
The goals of this project, outlined in this chapter, were 2-fold: 1) Create
compounds that would bind with high affinity to Aβ fibrils and SEVI fibrils based on
the multivalent design strategy 2) Evaluate whether these oligomers of BTA exhibit
improved ability over the BTA monomer to inhibit SEVI-mediated enhancement of
HIV infectivity.

Figure 7.1. Structures of monovalent and oligovalent amyloid-binding molecules.
A) Cartoon depicting the monovalent (left) or oligovalent (right) binding of
molecules to amyloid fibrils. B) Chemical structures of monovalent (CC-1) and
oligovalent (CC-2 – CC-5) derivatives of benzothiazole aniline (BTA). A
rudimentary estimate of the length (in fully extended conformation) of the flexible
group attached to BTA was calculated using ChemBio3D Ultra 12.0 software.
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7.2 Results and Discussion
Despite theoretical predictions that rigid linkers would optimize multivalent
binding through the minimization of the loss of conformational entropy upon
binding,219,241-244 flexible linkers have been incorporated into the design of
multivalent compounds by several research groups, with demonstrated success.229,245248

Moreover, unlike rigid linkers, flexible linkers can adopt several conformations

with ease and without strain. The incorporation of flexible linkers in the design of
multivalent compounds can thus optimize the binding of the tethered ligands to
multiple binding sites.229

I designed the BTA monomer CC-1 to carry a

tetra(ethylene glycol) group terminated with a carboxyl moiety, which I subsequently
used to generate oligovalent BTA derivatives CC-2 – CC-5 by reaction with
commercial oligo-amine spacers using standard amidation chemistry.

Although

oligo(ethylene glycols) are quite flexible (which theoretically diminishes the
potential gain in conformational entropy for oligovalent binding219,241-244), I
incorporated them into the design of compounds CC-2 – CC-5 because of their
known minimal interaction with proteins249,250 and for their water solubilizing
properties.251 I estimated that the flexible spacer on each BTA monomer could span
a length of ~2.5 nm when modeled in fully extended conformation (modeled in
ChemBio3D 12.0, Figure 7.1), suggesting that the BTA units on oligomers CC-2 –
CC-5 could easily span the expected ~2 nm distance between binding sites on Aβ
fibrils.252 Additionally, dimers of Thioflavin T, where the ThT moieties were linked
by 2-5 ethylene glycol units, have recently been reported to associate with Aβ fibrils
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with increased affinity compared to ThT alone.253 These studies suggest that BTA
oligomers CC-2 – CC-5 could also bind oligovalently to Aβ amyloid.
Table 7.1 lists the measured Kd values for compounds CC-1 – CC-5 to fibrils
formed from Aβ(1-42) peptides, as determined using a known fluorescence binding
assay.56,83,194,254 As expected, BTA dimer 2 bound more strongly than monomer CC1 to Aβ(1-42) fibrils, albeit with only a modest 8-fold lower Kd value. The flexibility
of the oligo(ethylene glycol) groups presumably attenuates the degree of cooperative
binding of the two BTA units in CC-2 to the fibrillar surface. Surprisingly, BTA
trimer CC-3 and tetramer CC-4 bound only with similar Kd values to Aβ(1-42)
fibrils compared to dimer CC-2. One possible explanation for this result is that the
structures of CC-3 and CC-4 make it preferable for these molecules to bind
divalently to the amyloid surface. Alternatively, it may also be possible that CC-3
and CC-4 bind to amyloid fibrils with a valency greater than 2, but incur significant
loss in binding energy due to partial docking of the BTA units to their respective
binding sites. For BTA pentamer CC-5, the measured Kd value was an additional
10-fold lower than tetramer CC-4 and was 117-fold lower than monomer CC-1.
Although the effects of multivalent binding to Aβ fibrils are modest for compounds
CC-2 – CC-5, there appears to be a general trend of improved binding from
monomer to pentamer (most notably from monomer to dimer and from tetramer to
pentamer) within this series of compounds.
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Table 7.1. Table of Kd values obtained for compounds CC-1 – CC-5 for
binding to fibrils formed from synthetic Aβ(1-42) or SEVI. These values
were estimated using a known fluorescence binding assay. 83

I previously demonstrated that the related compound, BTA-EG6, bound with
similar affinity to both Aβ fibrils and to SEVI fibrils (Kd = 111±32 nM and 127±22
nM, respectively). We, therefore, reasoned that although these BTA oligomers were
designed based on the known binding interactions of structurally analogous
compounds to Aβ fibrils, these compounds should also exhibit a comparable affinity
for SEVI fibrils. When I examined the Kd values of compounds CC-1 – CC-5 to
SEVI fibrils, I found a similar trend for improved binding of the oligomeric BTA
compounds as I observed for their binding to Aβ(1-42) fibrils (Table 7.1). I, again,
observed the greatest improvement in binding as a function of increasing valence
number in the oligomer when we compared the monomer to dimer and the tetramer
to pentamer. I found that BTA pentamer CC-5 had a Kd value of 0.4 nM for binding
to aggregated SEVI peptides and exhibited a 590-fold lower Kd value than monomer
CC-1.
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Figure 7.2. Inhibition of SEVI-mediated enhancement of HIV-1 infection by
compounds CC-1 – CC-5. A) Schematic illustration showing the proposed coating
of SEVI fibrils with amyloid-binding oligomers. These coatings prevent the direct
interaction of HIV-1 with SEVI fibrils and, thus, prevent SEVI-mediated
enhancement of viral infection in cells. B) Graph showing the reduction of SEVImediated enhancement of HIV-1IIIB infection in TZM-bl cells in the presence of
compounds CC-1 – CC-5. RLUs = relative luciferase units. A p-value of < 0.05 was
considered statistically significantly different compared to cells treated with HIV1IIIB alone (i.e., in the absence of SEVI) as determined by 1-way ANOVA with
Tukey’s post test.

In order to investigate whether the improved binding of BTA oligomers CC2 – CC-5 to SEVI fibrils compared to monomer CC-1 would translate into improved
efficacy for blocking SEVI-mediated HIV-1 infection (Figure 7.2A), we evaluated
compounds CC-1 – CC-5 for their capability to inhibit SEVI-enhanced infection of
HIV-1IIIB in TZM-bl cells. TZM-bl cells are a HeLa-derived cell line that express
high levels of the CD4 receptor, CCR5 and CXCR4 co-receptors, and contain the
HIV-1 LTR-driven luciferase cassette.255,256

Since HIV-1 LTR is a weak
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transcriptional regulator in the absence of its cognate, Tat, the expression levels of
luciferase in these cells are directly proportional to the extent of HIV-1 infection. In
these HIV-1 infectivity experiments, we chose concentrations of compounds CC-1 –
CC-5 that maintained a 1 μM concentration of the BTA moiety in all samples of
monomer and oligomers (e.g., since there are 2 BTA moieties in dimer CC-2, we
used a 0.5 μM concentration of dimer to afford a 1 μM total concentration of BTA).
We expected this experimental design would highlight any multivalent enhancement
of efficacy from the oligomers compared to monomer. Figure 7.2B shows that all of
the oligomers were more effective at inhibiting SEVI-mediated enhancement of
HIV-1 infection compared to monomer CC-1. As a control, compounds CC-1 –
CC-5 did not have any significant effect on HIV infection in these cells in the
absence of SEVI (Figure 7.3). Satisfyingly, the trend for efficacy of compounds
CC-1 – CC-5 (Figure 7.2B) appeared to parallel the same trend as the binding of
these compounds to SEVI (Table 7.1). BTA pentamer CC-5, which exhibited the
lowest Kd value for binding to SEVI fibrils, reduced SEVI-mediated HIV-1
infectivity almost completely at a concentration of 200 nM (i.e., the level of HIV
infection was essentially the same as in the absence of SEVI). This level of activity
from BTA pentamer CC-5 is over 200-fold more effective than the previously
reported BTA-EG6 (which required a concentration of 44 μM to completely
neutralize the effects of SEVI on HIV-1 infection56). We attribute at least part of the
increased efficacy of oligomers CC-2 – CC-5 with respect to the monomer CC-1 to
the capability of the oligomers to bind multivalently to SEVI fibrils.
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Figure 7.3. Control studies demonstrating that compounds CC-1 – CC-5 do not
affect HIV-1 infection in TZM-bl cells in the absence of SEVI fibrils. RLUs, relative
luciferase units. Analyses of the data by ANOVA with Tukey’s post test revealed that
luciferase expression in cells treated with HIV only and cells treated with
HIV+compound were not statistically significantly different from one another. *
indicates p < 0.05 compared to cells treated with only HIV.

7.3 Conclusions
I have, thus, demonstrated proof-of-principle that multivalent display of
amyloid-binding groups results in improved binding to both Aβ and SEVI fibrils.
We showed that oligomers of BTA were significantly more effective in attenuating
SEVI-mediated HIV-1 infectivity than their monomeric counterpart. These studies
provide further support that amyloid-targeting agents can form a bio-resistive coating
on aggregated amyloids and inhibit deleterious interactions of these naturally
occurring biomaterials with other biomolecules.56-58,121 They also further support
that amyloid-targeting agents may have important utility as prophylactic supplements
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for microbicides to reduce sexual transmission of HIV.

Efforts to use

polymeric219,226,257 and more rigid water-soluble258 and biocompatible scaffolds259-261
to generate more potent multivalent amyloid-targeting agents with improved efficacy
for reducing SEVI-mediated infection of HIV is an active and ongoing area of
research in our lab.

7.4 Materials & Methods
7.4.1 Materials
Reagents were purchased from Sigma-Aldrich unless otherwise stated. 2-(paminophenyl)-6-methyl benzothiazole (BTA) was purchased from City Chemical
LLC. Amino-dPEG®-4-acid was purchased from Quanta BioDesign, Ltd. 2,2‘,2‖triaminotriethylamine (TREN) was purchased from STREM Chemicals. 4(dimethylamino)pyridine (DMAP) was purchased from Alfa Aesar. Ethylamine-HCl
was from Fluka. HEPES (free acid) was purchased from EMD Biosciences, Inc.
Sodium Phosphate Monobasic and NaCl were purchased from Fisher Scientific. KCl
was purchased from JT Baker Chemicals. All reagents were used without further
purification.
Aβ(1-42) peptide was purchased from GL Biochem (Shanghai) Ltd.
PAP248–286 peptide was synthesized by New England Peptide.
All solvents used for reactions were obtained from Fisher Scientific. Solvents
used for regular silica chromatography were ACS technical grade and used without
further purification. Solvents used for amine-functionalized silica chromatography
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(Teledyne Isco, Inc.) were HPLC grade and used without further purification. Water
(18.2 μΩ/cm) was filtered through a NANOPure DiamondTM (Barnstead) water
purification system before use.
NMR spectra were obtained on a Varian 400 MHz spectrometer. Chemical
shifts are reported in ppm relative to residual solvent. Low resolution MS analysis
was performed on a Micromass Quattro Ultima triple quadrupole mass spectrometer
with an electrospray ionization (ESI) source. High resolution MS analysis was
performed on an Agilent 6230 Accurate-Mass TOFMS with an ESI source.
Dulbecco‘s Modified Eagle Medium (DMEM) was purchased from
Invitrogen (Catalog # 11965). Fetal bovine serum was purchased from Atlas
Biologicals (Catalog # F-0500-A), Pen-strep Glutamine was purchased from
Invitrogen (Catalog #10378). Britelite Plus was purchased from Perkin Elmer
(Catalog # 6016761). DPBS was purchased from Invitrogen (Catalog #14190).
TZM-bl cells were obtained from the NIH AIDS Research & Reference
Reagent Program. HIV-1IIIB was obtained from Zeptometrix.
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7.4.2 Experimental Methods

Figure 7.4. Synthetic Scheme for the synthesis of the precursor of
compounds CC-1 – CC-5

Synthesis of BTA Acid (A): 2-(p-aminophenyl)-6-methyl benzothiazole (BTA)
(2.00 g, 8.33 mmol) and 3-bromopropionic acid (0.69 g, 4.51 mmol) were added to
25 mL dry dimethylformamide (DMF) and refluxed for 12 h. The reaction was
concentrated in vacuo and an excess volume of H2O was added to the mixture to
precipitate the product. The product was filtered and purified by re-crystallization in
hot dichloromethane (DCM). The solid was filtered and washed with cold DCM to
afford a yellow product (0.69 g, 49% yield). 1H-NMR (400 MHz, CD3OD): δ = 2.47
(s, 3H), 2.63 (t, J=6.8 Hz, 2H), 3.48 (t, J=6.8 Hz, 2H), 6.71 (d, J=8.8 Hz, 2H), 7.28
(d, J= 8.4 Hz, 1H), 7.72 (s, 1H), 7.75 (d, J= 8.4 Hz, 1H), 7.81 (d, J=8.8 Hz, 2H).
ESI-MS (m/z) calculated for C17H17N2O2S [M+H]+ 313.10; found 313.35.
Synthesis of BTA-NHS-Ester (B): Acid A (0.62 g, 1.99 mmol ), N-hydroxy
succinamide

(NHS)

(0.69

g,

6.00

mmol),

and

1-Ethyl-3-[3-

dimethylaminopropyl]carbodiimide-Hydrochloride (EDC-HCl) (1.14 g, 5.94 mmol)
were added to dry DMF and stirred for 12 h at room temperature. The reaction was
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concentrated in vacuo and an excess volume of H2O was added to precipitate the
product. The precipitate was filtered and washed with H2O to afford a tan product
(0.43 g, 53% isolated yield). 1H-NMR (400 MHz, CDCl3): δ = 2.47 (s, 3H), 2.85 (s,
4H), 2.93 (t, J= 6.4 Hz, 2H), 3.68 (t, J=6.4 Hz, 2H), 6.68 (d, J=8.8 Hz, 2H), 7.24 (d,
J= 9.6 Hz, 1H), 7.63 (s, 1H), 7.86 (d, J= 8.4 Hz, 1H), 7.89 (d, J=8.4 Hz, 2H). ESIMS (m/z) calculated for C21H20N3O4S [M+H]+ 410.11; found 410.21.
Synthesis of BTA-dPEG4-Acid (C): Ester B (0.17 g, 0.42 mmol) was dissolved in
6 mL 1,4-dioxane and was added in 3 portions to a round bottom flask containing
Amino-dPEG®4-acid (0.09 g, 0.35 mmol) in 0.1 M HEPES buffer (pH 8.3, 4 mL).
The pH was monitored and maintained between 8.2-8.4 to optimize product yield.
After the pH stabilized in the 8.2-8.4 range, the solvent was evaporated.

The

remaining brown, oily residue was taken up in Methanol (MeOH) and purified by
silica chromatography (6:1:1:1 mixture of ethyl acetate (EtOAc):acetonitrile
(ACN):H2O:MeOH as eluent) giving the acid C as a brown, sticky residue (0.18 g,
92% yield). 1H-NMR (400 MHz, acetone-d6): δ = 2.44 (s, 3H), 2.54 (t, J= 6.4 Hz,
2H), 2.56 (t, J= 6.8 Hz, 2H), 3.36 (q, J= 5.6 Hz, 2H), 3.48-3.57 (m, 16H), 3.71 (t, J=
6.4 Hz, 2H), 6.75 (d, J= 8.4 Hz, 2H), 7.26 (d, J= 7.6 Hz, 1H), 7.56 (br. s, 1H), 7.72
(s, 1H), 7.77 (d, J= 8 Hz, 1H), 7.84 (d, J= 8.8 Hz, 2H).

13

C-NMR (400 MHz,

acetone-d6): δ = 20.71, 35.02, 35.27, 39.08, 39.65, 66.89, 69.79, 70.18, 70.32, 70.42,
70.46, 70.48, 112.37, 121.48, 121.86, 127.66, 128.86, 134.44, 134.73, 151.54,
152.91, 167.40, 171.07, 172.68. HR-MS (m/z) calculated for C28H38N3O7S [M+H]+
560.2425; found 560.2426.
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Figure 7.5. Synthetic Scheme for the synthesis of BTA monomer CC-1

Synthesis of BTA Monomer (CC-1): Compound C (6.3 mg, 11 μmol), Nhydroxybenzotriazole (HOBt) (1 mg, 7.3 μmol), ethylamine-HCl (5.6 mg, 69 μmol),
EDC-HCl (7.5 mg, 39 μmol) and diisopropylethylamine (DIPEA) (21 μL) were
added to dry DMF and stirred for 12 h at room temperature. The solvent was
evaporated in vacuo and the reaction mixture was taken up in DCM and then washed
with brine, saturated NaHCO3, brine once more, and then dried over Na2SO4. The
residue was further purified by silica chromatography using a gradient of
8:1:0.25:0.25 to 6:1:1:1 mixture of EtOAc:ACN:H2O:MeOH as eluent. Monomer 1
was isolated as a yellow, sticky residue (3.3 mg, 50% yield). 1H-NMR (400 MHz,
acetone-d6): δ = 1.06 (t, J= 7.2 Hz, 3H), 2.38 (t, J= 7.2 Hz 2H), 2.45 (s, 3H), 2.54 (t,
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J= 6.4 Hz, 2H), 3.19 (m, J= 5.6 Hz, 2H), 3.36 (q, J= 5.6 Hz, 2H), 3.48-3.57 (m,
16H), 3.68 (t, J= 6 Hz, 2H), 6.76 (d, J= 8.4 Hz, 2H), 7.27 (d, J= 8.4 Hz, 1H), 7.63
(br. s, 1H), 7.72 (s, 1H), 7.78 (d, J= 8 Hz, 1H), 7.85 (d, J= 8.8 Hz, 2H).

13

C-NMR

(400 MHz, acetone-d6): δ = 14.53, 20.71, 33.87, 35.33, 36.72, 39.20, 39.72, 67.33,
69.90, 70.17, 70.20, 70.31, 70.41, 70.43, 70.45, 112.38, 121.49, 121.86, 127.68,
128.86, 134.47, 134.70, 151.56, 152.89, 167.39, 171.13, 171.20. HR-MS (m/z)
calculated for C30H42N4O6SNa [M+Na]+ 609.2717; found [M+Na]+ 609.2720.
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Figure 7.6. Synthetic scheme for compound CC-2

Synthesis of BTA Dimer (CC-2): Compound C (22 mg, 39 μmol), 4(dimethylamino)pyridine (DMAP) (12 mg, 98 μmol), ethylene diamine (1.1 μl, 16
μmol), EDC-HCl (29 mg, 151 μmol) were added to dry DCM and stirred for 12 h at
room temperature. The reaction mixture was washed with brine, 1M HCl, saturated
NaHCO3, brine once more, then dried over anhydrous Na2SO4. The DCM layer was
concentrated in vacuo, then purified by an amine-functionalized silica column
(Redisep Rf Gold®, Teledyne Isco, Inc.) using a gradient of 0% to 25% MeOH in
EtOAc over 50 minutes. The product was isolated as a sticky, yellow residue (8.3
mg, 45% yield). 1H-NMR (400 MHz, acetone-d6): δ = 2.39 (t, J= 6.4 Hz, 4H), 2.45
(s, 6H), 2.54 (t, J= 6.4 Hz, 4H), 3.29 (m, 4H), 3.36 (q, J= 5.6 Hz, 4H), 3.48-3.57 (m,
32H), 3.69 (t, J= 6 Hz, 4H), 6.75 (d, J= 8.8 Hz, 4H), 7.26 (d, J= 8.4 Hz, 2H), 7.34
(br. s, 2H), 7.39 (br. s, 2H), 7.74 (s, 2H), 7.76 (d, J= 8.4 Hz, 2H), 7.85 (d, J= 8.8 Hz,
4H). 13C-NMR (400 MHz, acetone-d6): δ = 20.73, 35.36, 36.86, 39.23, 39.28, 39.74,
67.28, 69.28, 70.24, 70.28, 70.39, 70.52, 112.40, 121.49, 121.87, 127.67, 128.89,
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134.44, 134.74, 151.57, 152.92, 167.41, 171.10, 171.28. HR-MS (m/z) calculated for
C58H78N8O12S2Na [M+Na]+ 1165.5073; found 1165.5065.
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Figure 7.7. Synthetic scheme for compound CC-3

Synthesis of BTA Trimer (CC-3): A mixture of HOBt hydrate (24 mg, 178
μmol) and 2,2‘,2‖-triaminotriethylamine (TREN) (2.1 μl, 14 μmol) in 1 ml dry DMF
was added to a vial containing C (26 mg, 47 μmol) in 2 mL of dry DMF. EDC-HCl
(19 mg, 99 μmol) was added in 3 portions and the reaction was stirred for 12 h at
room temperature. The reaction solvent was evaporated in vacuo and the residue
was taken up in DCM. The DCM layer was washed with brine, 1M HCl, saturated
NaHCO3, brine once more, then dried over anhydrous Na2SO4. The DCM layer was
concentrated in vacuo, then purified by an amine-functionalized silica column
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(Redisep Rf Gold®, Teledyne Isco, Inc.) using a gradient of 0% to 25% MeOH in
EtOAc over 50 minutes. The product was isolated as a sticky, yellow residue (11
mg, 44% yield). 1H-NMR (400 MHz, acetone-d6): δ = 2.44 (s, 9H), 2.46-2.56 (m,
18H), 3.21 (q, J= 5.6 Hz, 6H), 3.36 (q, J= 5.6 Hz, 6H), 3.49-3.56 (m, 48 H), 3.71 (t,
J= 6.4 Hz, 6H), 6.75 (d, J= 8.4 Hz, 6H), 7.26 (d, J= 7.2 Hz, 3H), 7.41 (br.s, 6H),
7.73 (s, 3H), 7.76 (d, J= 8 Hz, 3H), 7.84 (d, J= 8.4 Hz, 6H).

13

C-NMR (400 MHz,

acetone-d6): δ = 20.74, 35.37, 36.78, 37.86, 39.30, 39.75, 54.50, 67.44, 69.78, 70.29,
70.40, 70.54, 112.40, 121.50, 121.87, 127.67, 128.90, 134.43, 134.75, 151.57,
152.92, 167.41, 171.10, 171.14. HR-MS (m/z) calculated for C90H123N13O18S3Na
[M+Na]+ 1792.8163; found 1792.8157.
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Figure 7.8. Synthetic scheme for the synthesis of compounds D and E

Synthesis of BTA-dPEG4-NHS Ester (D): Compound C (0.26 g, 0.47 mmol), NHS
(0.16 g, 1.39 mmol) and EDC-HCl (0.90 g, 4.69 mmol) were added to dry DCM and
stirred for 12 h at room temperature. The reaction mixture was washed 3 times with
brine and the DCM layer was dried over anhydrous Na2SO4. The DCM layer was
concentrated in vacuo and purified by silica chromatography (8:1:0.25:0.25 mixture
of ethyl acetate (EtOAc):acetonitrile (ACN):H2O:MeOH as eluent) to afford the
product as a sticky, brown residue (0.14 g, 48% yield). 1H-NMR (400 MHz, CDCl3):
δ = 2.47 (s, 3H), 2.52 (t, J= 6.4 Hz, 2H), 2.78 (s, 4H), 2.87 (t, J= 6.4 Hz, 2H), 3.45
(q, J= 5.2 Hz, 2H), 3.50-3.63 (m, 16H), 3.81 (t, J= 6.4 Hz, 2H), 6.66 (d, J= 8.8 Hz,
2H), 6.74 (br. s, 1H), 7.23 (d, J= 7.6 Hz, 1H), 7.63 (s, 1H), 7.83 (d, J= 8.4 Hz, 1H),
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7.86 (d, J= 8.4 Hz, 2H). ESI-MS (m/z) calculated for C32H40N4O9S [M]+ 656.3;
found [M+H]+ 657.2 and [M+Na]+ 679.2.
Synthesis of BTA-Tetramer-Acid (E): Compound D (81 mg, 123 μmol) in 2 mL
1,4-dioxane was added to 0.1 M HEPES buffer (pH 8.3, 2 mL) containing trilysine
(9 mg, 22 μmol). The pH was maintained between 8.2-8.4 to favor complete
acylation of all amines. The solvent was evaporated and the remaining yellow, oily
residue was taken up in DCM and purified by silica chromatography (6:1:1:1
mixture of EtOAc:ACN:H2O:MeOH as eluent) giving E as a brown, sticky residue
(32 mg, 57% yield). 1H-NMR (400 MHz, CDCl3): δ = 1.25-1.50 (2 broad peaks, 12
H), 1.55-1.90 (2 broad peaks, 6H), 2.35-2.55 (broad peaks 28H), 3.05-3.25 (br, 6H),
3.35-3.75 (broad peaks 80 H), 6.66 (d, J= 8.8 Hz, 8H), 7.23 (d, J= 7.6 Hz, 4H), 7.63
(s, 4H), 7.83 (d, J= 8.4 Hz, 4H), 7.86 (d, J= 8.4 Hz, 4H).

13

C-NMR (400 MHz,

CDCl3): δ = 21.67, 22.76, 22.94, 28.99-29.20 (br), 29.90, 31.54 (br), 35.63,
36.83(br), 39.10, 39.48, 39.98, 67.47, 70.33 (br), 112.65, 121.45, 121.86, 122.47,
127.77, 129.12, 134.54, 134.74, 150.80, 152.49, 168.06, 171.94 (br), 172.19 (br).
HR-MS (m/z) calculated for C130H180N18O28S4 [M+2H]2+ 1284.6043; found
1284.6035.
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Figure 7.9. Synthetic scheme for the synthesis of compound CC-4

Synthesis of BTA Tetramer (CC-4): Compound E (48 mg, 19 μmol), 2-Methyl-6nitrobenzoic anhydride (MNBA) (15 mg, 44 μmol), DMAP (15 mg, 123 μmol),
Ethylamine hydrochloride (EtNH2-HCl) (8 mg, 99 μmol) were stirred at room
temperature for 12 h in 2 mL dry DMF. The DMF was evaporated in vacuo and the
residue was taken up in DCM, washed with saturated NaHCO3, washed three times
with brine, and dried over anhydrous Na2SO4. The crude product was purified by
silica chromatography (6:1:1:1 mixture of EtOAc:ACN:H2O:MeOH as eluent) to
afford CC-4 as a sticky, yellow residue (30 mg, 62% yield). 1H-NMR (400 MHz,
CDCl3): δ = 1.08 (t, J= 7.2 Hz, 3H), 1.25-1.50 (2 broad peaks, 12 H), 1.55-1.90 (2
broad peaks, 6H), 2.35-2.55 (broad peaks 28H), 3.05-3.25 (br, 8H), 3.35-3.75 (broad
peaks 80 H), 6.66 (d, J= 8.8 Hz, 8H), 7.23 (d, J= 7.6 Hz, 4H), 7.63 (s, 4H), 7.83 (d,
J= 8.4 Hz, 4H), 7.86 (d, J= 8.4 Hz, 4H).

13

C-NMR (400 MHz, CDCl3): δ = 14.76

(br), 23.31 (br), 29.04 (br), 35.62, 36.90, 39.46, 40.02, 67.49, 70.25 (br), 112.65,
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121.48, 121.88, 122.48, 127.78, 129.12, 134.57, 134.76, 150.83, 152.51, 168.08,
172.05-172.20 (br). HPLC analysis was performed on a Spheri-5 phenyl column (5
µm, 250x4.6mm, Applied Biosystems, Inc.) using a gradient of 0 to100% MeOH in
ACN and a flow rate of 1 mL/min over 50 minutes. The HPLC trace was monitored
at 355 nm absorbance and retention time of CC-4 was at 10.3 minutes. HR-MS (m/z)
calculated for C132H185N19O27S4 [M+2H]2+ 1298.1280; found 1298.1234.
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Figure 7.10. Synthetic scheme for the precursor of the pentamer,
compound F

Synthesis of BTA-Pentamer-Acid (F): Compound D (78 mg, 119 μmol) in 2 mL
1,4-dioxane was added to 0.1 M HEPES buffer (pH 8.3, 2 mL) containing tetralysine
(10 mg, 19 μmol). The pH was maintained between 8.2-8.4 to favor complete
acylation of all amines. The solvent was evaporated and the remaining yellow, oily
residue was taken up in DCM and purified by silica chromatography (6:1:1:1
mixture of EtOAc:ACN:H2O:MeOH as eluent) giving the BTA pentamer acid F as a
brown, sticky residue (29 mg, 47% yield). 1H-NMR (400 MHz, CDCl3): δ = 1.251.50 (2 broad peaks, 16 H), 1.55-1.90 (2 broad peaks, 8H), 2.35-2.55 (broad peaks
35H), 3.05-3.25 (br, 8H), 3.35-3.75 (broad peaks 100 H), 6.66 (d, J= 8.8 Hz, 4H),
7.23 (d, J= 7.6 Hz, 10H), 7.63 (s, 5H), 7.83 (d, J= 8.4 Hz, 5H), 7.86 (d, J= 8.4 Hz,
15H).

13

C-NMR (400 MHz, CDCl3): δ = 21.67, 22.90, 23.10, 29.05-29.20 (br),

29.90, 31.53 (br), 35.65, 36.80 (br), 39.00, 39.48, 40.01, 67.49, 70.32 (br), 112.66,
121.45, 121.88, 122.48, 127.76, 129.12, 134.54, 134.77, 150.82, 152.52, 168.04,
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172.05 (br), 172.25 (br). HR-MS (m/z) calculated for C164H225N23O35S5Na2
[M+2Na]2+ 1641.2461; found 1641.2443.

Figure 7.11. Synthetic scheme for synthesis of pentamer CC-5

Synthesis of BTA Pentamer (CC-5): Compound F (46 mg, 14 μmol), MNBA (12
mg, 35 μmol), DMAP (23 mg, 188 μmol), and EtNH2-HCl (20 mg, 245 μmol) were
stirred at room temperature for 12 h in 2 mL dry DMF. DMF was evaporated in
vacuo and the residue was taken up in DCM, washed with saturated NaHCO3,
washed three times with brine, and dried over anhydrous Na2SO4. The crude product
was purified by silica chromatography (6:1:1:1 mixture of EtOAc:ACN:H 2O:MeOH
as eluent) to afford CC-5 as a sticky, yellow residue (18 mg, 40% yield). 1H-NMR
(400 MHz, CDCl3): δ = 1.10 (t, J= 7.2 Hz, 3H), 1.25-1.50 (2 broad peaks, 16 H),
1.55-1.90 (2 broad peaks, 8H), 2.35-2.55 (broad peaks 35H), 3.05-3.25 (br, 10H),
3.35-3.75 (broad peaks 100 H), 6.66 (d, J= 8.8 Hz, 4H), 7.23 (d, J= 7.6 Hz, 10H),
7.63 (s, 5H), 7.83 (d, J= 8.4 Hz, 5H), 7.86 (d, J= 8.4 Hz, 15H).13C-NMR (400 MHz,
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CDCl3): δ = 14.42(br), 21.69, 23.20, 29.17 (br), 35.64, 37.00 (br), 39.50 (br), 40.00,
67.48, 70.30 (br), 112.70, 121.46, 121.94, 122.61, 127.77, 129.14, 134.53, 134.82,
150.73, 152.57, 167.95, 172.02-172.20 (br). HPLC analysis was performed on a
Spheri-5 phenyl column (5 µm, 250 x 4.6mm, Applied Biosystems, Inc.) using a
gradient of 0 to100% MeOH in ACN and a flow rate of 1 mL/min over 50 minutes.
The HPLC trace was monitored at 355 nm and the retention time of 5 was at 9.6
minutes. HR-MS (m/z) calculated for C166H232N24O34S5 [M+2H]2+ 1632.7878; found
1632.7850.
Growth of Aβ Fibrils: Aβ fibrils were grown from synthetic Aβ(1-42) peptides by
incubating the peptides (111 µM) in PBS at 37 °C for 24 h, with stirring. The
presence of fibrils was confirmed by a previously described Congo Red
spectroscopic assay.1
Growth of SEVI Fibrils: PAP248–286 was dissolved in PBS at a concentration of
10 mg/mL. Fibrils were formed by agitation in an Eppendorf Thermomixer at 1400
rpm and 37 °C for 72 h. The presence of fibrils was confirmed by a previously
described Congo Red spectroscopic assay.1
Congo Red spectroscopic assay: Fibril formation was characterized by a Congo
Red assay.1 A fresh solution of 7 mg/ml Congo Red (CR) was prepared in PBS and
filtered through a 0.2 µm syringe filter. 5 µl of this solution was pipetted in 1 ml PBS
to make a dilute solution of Congo Red. 160 µl of the dilute CR solution was
pipetted into wells of a 96-well plate. To each well was added 40 µl of fibrils or 40
µl PBS. The microplate was covered in parafilm and incubated for 30 minutes at
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room temperature. The contents of the wells were pipet-mixed then the spectrum of
each well (400-700 nm) was recorded on a UV-Vis microplate reader (SpectraMax
190, Molecular Devices, LLC). A maximal absorbance shift (Congo Red has a
maximal absorbance at 490 nm) to approximately 540 nm indicates the presence of
fibrils.
Measurement of the Binding Affinity of BTA monomer and oligomers to
amyloid fibril: The binding of BTA monomer and oligomers to amyloid fibrils was
measured according to the centrifugation assay described by Levine83 for BTA-1 to
Aβ fibrils. Briefly, 200 μL of various concentrations of BTA derivatives CC-1 –
CC-5 in 5 % DMSO/PBS were incubated in the presence or absence of 10 µg of
fibrils to give a final volume of 220 µL of solution. These incubations were
performed in duplicate runs and allowed to equilibrate for 12 h at room temperature.
After equilibration, each solution was centrifuged at 16,000

g for 20 min at 4˚C.

The supernatants were separated from the pelleted fibrils, and 220 µL of fresh 5%
DMSO/PBS was added to re-suspend the pellets.

100 µl aliquots of each re-

suspended pellet was pipetted into a cuvette (ultramicrocuvette,10-mm light path,
Hellma®, Müllheim, Germany), and the fluorescence of the bound molecule was
determined at 355 nm excitation and 420 nm emission using a spectrofluorometer
(Photon Technology International, Inc., Birmingham, NJ). Each experiment was
repeated at least 3 times. Error bars represent standard deviations from the mean.
Graphs shown in Figures 7.12 and 7.13 of fluorescence intensity versus
concentration of compounds CC-1 - CC-5 were plotted and fitted using the
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following one-site specific binding algorithm to determine Kd: Y = Bmax

X/(Kd +

X), where X is the concentration of BTA oligomer, Y is the specific binding
fluorescence intensity, and Bmax corresponds to the apparent maximal observable
fluorescence upon binding of BTA oligomer to Aβ or SEVI fibrils. The data were
processed using Origin 7.0 (MicroCal Software, Inc., Northampton, MA).
Evaluation of SEVI-mediated enhancement of HIV-1 infectivity of TZM-bl cells
in the presence of BTA monomer and oligomers: TZM-bl cells (in DMEM
supplemented with 10% FBS, 50 units/mL penicillin, and 50 μg/mL streptomycin)
were seeded on 96-well flat-bottomed tissue culture plates at a density of 4x103
cells/well. Plates were incubated for 12 h (in a humidified atmosphere of 95% air,
5% CO2 at 37˚C) to promote attachment of cells to the wells.

HIV-1IIIB was

pretreated for 10 min at room temperature with 15 μg/mL SEVI fibrils in the
presence or absence of CC-1 – CC-5 (in 5% DMSO/DPBS). Treated virions were
then added to the plated TZM-bl cells and incubated for 2 h at 37˚C.

After

incubation, the cells were washed with DPBS and the media was replaced. Infection
was assayed after 72 hours by quantifying luciferase expression with PerkinElmer
Britelite Plus and measuring luminescence with a microplate reader (DTX880,
Beckman Coulter).

All data are represented as the mean ± S.D. of triplicate

measurements. ANOVA with Tukey‘s post test was employed in all analyses of
data. A p-value < 0.05 was considered statistically significant compared to control
cells.
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7.5 Additional Figures

Figure 7.12. Fluorescence saturation binding curves of compounds CC-1 – CC-5 to Aβ fibrils. λex:
355 nm; λem: 420 nm.
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Figure 7.13. Fluorescence saturation binding curves of BTA monomer and oligomers to SEVI fibrils.
λex: 355 nm; λem: 420 nm.

Notes about this Chapter
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