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ABSTRACT OF THE DISSERTATION 

Direct and Indirect Targeting of Amyloid Fibrils with Small Molecules and 

Polymeric Nanoparticles to Inhibit Disease Transmission and Progression 

by 

Daniel Sheik 

Doctor of Philosophy in Chemistry 

University of California, San Diego, 2016 

Professor Jerry Yang, Chair 

 This dissertation focuses on targeting amyloid aggregates as a means 

to inhibit disease transmission, as with semen-derived enhancer of virus 

infection (SEVI), or disease progression, as with β amyloid (Aβ). The main 

focus has been to use polymeric nanoparticles to inhibit enhanced human 

immunodeficiency virus (HIV) infection in the presence of SEVI amyloid fibrils. 

By incorporating amyloid-binding benzothiazole anline (BTA) moieties into 
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polyacrylate scaffolds, we were able to bind SEVI fibrils and inhibit SEVI-

mediated HIV infection at low concentrations. We formulated the amyloid-

binding polymers into discreet spherical nanoparticles of comparable size to 

HIV virions (~150 nm) in order to analyze the effects of steric hindrance on 

SEVI-mediated HIV infection. The amyloid-binding nanoparticles we 

developed were shown to inhibit SEVI-mediated HIV infection better than any 

previously studied SEVI-neutralizing agent. Our results suggest that the 

improvement in activity against SEVI-mediated HIV infection is due to the 

increased size of the amyloid-binding nanoparticles relative to previously 

described small molecules and oligomers. From these results, we believe that 

we have introduced steric repulsion as a factor possibly as important as 

binding affinity in the inhibition of SEVI-mediated enhancement of HIV 

infection. 

 Further studies in the area of SEVI-HIV interactions have investigated 

denaturation of the secondary structure of SEVI fibrils to remove potential 

binding sites to HIV. Using hydrophobic acrylate-based polymers we were able 

to show that the β-sheet content of preformed SEVI fibrils was decreased by 

approximately half that of the native β-sheet content. Through our analyses, 

we were able to correlate the presence of hydrophobic β-sheets in SEVI fibrils 

with enhanced Thioflavin T (ThT) fluorescence after binding SEVI to fibrils as 

well as enhancement of HIV infection in the presence of SEVI. The 

relationship between HIV infection activity and hydrophobic β-sheet content 

suggests that HIV may bind to SEVI fibrils in hydrophobic pockets composed 
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of β-sheets, similar to the mechanism of ThT binding. To apply this 

hydrophobic system in cellular HIV infection assays, the hydrophobic polymers 

were formulated into nanoparticles of controlled size and suspended in 

aqueous solution. The results of HIV infection assays suggest that we are able 

to denature the secondary structure of SEVI fibrils in solution and thereby 

inhibit SEVI-mediated HIV infection by over 60%. This is the first application of 

denaturation of SEVI fibrils as a mechanism to inhibit enhanced HIV infection 

to our knowledge.  

 Further research in the field of amyloid-related diseases has directed 

our focus to neurodegeneration and its relationship to amyloidogenic peptide 

aggregates. It has been previously determined that oligomers and aggregates 

of Aβ are toxic to neuronal cells, leading to neurodegeneration. Several 

neuronal receptors have been implicated in the clearance of such toxic 

amyloid aggregates. In an effort to inhibit Aβ toxicity in neurons we have 

designed small molecule analogs of agonists of these neuroprotective 

receptors. We have conducted a Structure-Activity Relationship (SAR) study to 

guide our synthetic efforts and have been able to develop fluorescently tagged 

agonists of two receptors, TrkB and SSTR4. We are seeking to quantify the 

binding affinities and activation of the receptors using these fluorescent 

binders. By targeting receptors implicated in neuroprotective processes we are 

seeking to prevent the progression of neurodegenerative diseases and 

introduce new treatments for these diseases.   
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Chapter 1 

 

Amyloid Structure, Function, and Disease 

Related Activity 

 

1.1 Amyloidogenic Peptides are Self-Assembling Products of Natural 

Protein Degradation 

 The contemporary dogma of biology flows from DNA to RNA to 

proteins. It is these collections of organic molecules that provide the basis for 

life everywhere on the planet. Proteins in particular have been studied 

extensively since the late 18th century, before science was able to ascertain 

much more than their atomic compositions.1 It has since been determined that 

these molecular machines are composed primarily of varying combinations of 

20 natural amino acids.2–4 The evolutionarily perfected sequences of amino 

acids are what give rise to macromolecular structural features which further 

impart vast arrays of functionality.5–12 Over time, our understanding of proteins 

has positioned them as the basis of numerous cellular assays and enabled the 

development of countless therapeutics.13–21 
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The sequence of amino acids within a protein is ultimately derived from 

information encoded within DNA and is known as the primary structure. DNA 

is transcribed into RNA and further translated into amino acids. As the primary 

sequence is translated from RNA by the ribosome within the cell, the encoded 

protein begins to fold and take shape. Folding into secondary structures is the 

result of hydrogen bonds, hydrophobic and hydrophilic side chain interactions, 

as well as aromatic rings within the protein interacting to form one of several 

architectural features.5–7,22 Although there are many possible secondary 

structures, the most commonly found in nature are: α-helices, β-sheets, and 

collections of less ordered coils and turns.10,23,24 The combination of all of 

these secondary features leads to the overall size, shape, and porosity of the 

protein, known as the tertiary structure.  

Structural pieces of the protein which bring distant residues together 

such as coiled coils and β-sheets are included in the tertiary structure. 

Proteins whose tertiary structures aggregate together have what is referred to 

as quaternary structure. Typically, common features will aggregate together in 

the quaternary structure. α-helices will associate with other α-helices through 

bonding of the exposed side chain residues, while β-sheets stack upon each 

other.25–28 The secondary and tertiary organizations described in the previous 

paragraphs are primarily derived from the 20 natural amino acids. The orders 

in which these amino acids are connected determine the interactions 

governing their folding abilities.  
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Figure 1.1 Examples of natural protein aggregates. A) The super-helical 
structure of collagen fibrils. B) The aggregated α (red) and β (green) subunits 
of hemoglobin containing an iron bound heme. 

Though they are all made from the same amino acids and have 

common structural features, not all proteins are active as a single 

macromolecule. Common examples of natural protein aggregates include: 

collagen, the super-helical connective fiber in ligaments, and hemoglobin, 

containing four globulin protein chains bound to two organic “heme” molecules 

which are each imbedded with oxygen-binding iron atoms (Figure 1.1).29–34 

Although protein aggregation within cells is regulated, there are also many 

examples of quaternary structures resulting in non-functional and sometimes 

toxic proteins.35 Over time, the continued aggregation of these protein 

fragments enables them to resist enzymatic cleavage.  
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Figure 1.2 Mechanism of protein misfolding purportedly leading to β-sheet 
aggregation and amyloid protofibril and fibril formation. Reprinted with 
permission from Nature Publishing Group: Selkoe, D. J. Nature, 2003, 426, 
900-904. 

In solution, proteins and cleaved peptide fragments are free to fold and 

unfold, usually until the lowest energy state has been reached.36 There are 

times during this uncontrolled folding process that these macromolecules take 

on structural components which are environmentally ominous (Figure 1.2).37 

These misfolded sequences can become trapped in an energetic sink. 

Although the proteins or peptides are in a stable energetic state, it is 
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unfavorable for proper amino acid recycling. While in this misfolded state, it is 

possible for them to begin aggregating together. For some, the continued 

aggregation leads to insoluble materials which precipitate from solution, 

leaving soluble enzymes incapable of breaking these aggregates down.38 

Proteins and peptide fragments that aggregate to form rope-like structures, 

known as fibrils, are commonly called amyloidogenic peptides.  

1.2 Structural Properties of Amyloids 

 Amyloidogenic peptides tend to contain a high concentration of 

hydrophobic amino acid residues, which frequently leads to the development 

of a particular secondary structure.39 β-sheets are generated from the van der 

Waals interactions of non-neighboring amino acid residues as well as 

hydrogen bonding between the oxygen and nitrogen atoms in the backbone of 

the peptide.7,8,40 These interactions lead to the exclusion of water molecules 

between hydrophobic side chains, thereby creating an energetically favorable 

conformation. The limiting of water within these spaces is commonly referred 

to as the hydrophobic effect and is one of several driving forces of secondary 

and tertiary structures within proteins.41–44  

 The organization of β-sheets can occur in parallel, antiparallel, or mixed 

fashion (Figure 1.3).1,40 These titles relate the C- and N- terminus of the 

protein or peptide chain. In the parallel arrangement, the N-termini of β-

strands are all aligned in the same direction, meaning that the β-strands 

making up the sheet need to be distant from each other, or be separate 
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peptides altogether. This is the least favorable of the β-sheet arrangements 

because it causes the attractive forces between functional groups to be 

generated at varying angles rather than the ideal direct, planar interactions 

(Figure 1.3B).1 Antiparallel is the most stable organization for β-sheets as the 

N- and C- termini interact in alternating directions making the strongest 

hydrogen bonding abilities between strands (Figure 1.3A).45 In the mixed β-

sheets, there are combinations of parallel and antiparallel strands which create 

the β-sheet. Stacking of β-sheets in an organized manner further helps 

eliminate the presence of water.  

 

Figure 1.3 Diagram showing the differences between β-sheets. A) Anti-
parallel arrangement. B) Parallel arrangement. Reprinted with permission from 
Nature Publishing Group: Lifson, S.; Sandler, C. Nature, 1979, 282, 109-111. 
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As several β-sheets associate with one another through further van der 

Waals interactions and hydrogen bonding interactions, they form species 

called protofibrils. These protofibrils are intermediate in size between small 

peptide oligomers and large fibrils. Each antiparallel β-sheet stacks upon 

another in a parallel fashion (Figure 1.4).46,47 Though they are still strand-like 

materials, protofibrils are about half of the diameter of a mature fibril, while 

stretching anywhere between 60 ~ 200 nm in length.48–51 

 

Figure 1.4 Stacking of β-sheets to form initial protofibril as determined by 
NMR spectroscopy. The interactions between side chains and backbones form 
each individual sheet and these sheets stack in a parallel manner.48 

Aggregation of protofibrils leads to a wrapping or twisting effect 

whereby several different protofibrils will form one of several possible rope-like 

structures, depending on the number of protofibrils aggregating together. The 

maturing fibrils are now much larger and more rigid in their structure than the 

starting peptides which have come together as building blocks. As the 

protofibrils associate, the nature of their interactions causes gentle wrapping 

around each other. Once aggregated into mature fibrils, protofibrils are found 
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to be entwined together, carefully turning around a nonexistent core running 

parallel to the direction of their stacked β-sheets.52–55 This organization leads 

to major and minor grooves along the fibril, and generates hydrophobic 

pockets into which hydrophobic small molecules can bind.  

Studies have shown that, although amyloid fibrils are in general 

hydrophobic, the extent of hydrophobicity within these pockets varies between 

amyloids composed of different peptides. Being that each peptide forms a β-

sheet with different amino acid composition, it should follow that each β-sheet 

varies in the extent to which it excludes water molecules. Although these 

differences in water exclusion confer miniscule differences in hydrophobic 

character on an atomic scale, further β-sheet aggregation exacerbates these 

variations in hydrophobicity, which can be verified experimentally.56  

Several molecules have been shown to bind the surface of amyloid 

fibrils (Figure1.5).56–61 Extended aromatic ring motifs have been used most 

frequently in these molecules and it is presumed that binding occurs within the 

hydrophobic grooves of the fibril surface. Each of these molecules has a high 

binding affinity for amyloid fibrils, though most are not selective for one 

particular type of amyloid fibril. This poor selectivity is likely due, again, to the 

overall nature of amyloid fibril surfaces. Amyloid binding molecules have 

shown great promise in the area of inhibition of amyloid functionality. By 

binding the mature amyloid fibrils, these molecules block potential binding 

sites of other materials to the amyloid surface and thereby prevent activity 

related to the amyloid.62–65 
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Figure 1.5 Examples of amyloid binding small molecules.  

Previously in the Yang lab, the Thioflavin T derivative, benzothiazole 

aniline (BTA) was modified with an ethylene glycol tail to increase its water 

solubility and shown to be an efficient binder of amyloids.58,66–68 BTA is now 

known to have therapeutic value in the fields of neurodegeneration and 

amyloid-related disease transmission. Some of these benefits will be 

elaborated upon in the following chapters.  
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1.3 Disease Transmission and Progression in the Presence of 

Amyloids 

 Amyloid fibrils are commonly resistant to degradation, which makes 

them formidable targets for natural proteolytic cleavage pathways. Their 

considerable size, structure, and colloidal features enable them to repel 

enzymes which are naturally responsible for the degradation of their peptide 

constituents. By stacking β-sheets and wrapping them around each other 

through π-bonding and salt-bridge interactions between side chains, these 

amino acids have protected their hydrolysable bonds. Amyloids are known to 

be stable over long periods of time, and, when generated in vitro, they will 

continue aggregating until precipitation forces them out of solution.  

Amyloids have been studied extensively because of their disease 

related pathologies, but they are natural materials and, as such, do have 

natural functions.69,70 Some amyloids function as storage vehicles for amino 

acids and hormones, some are used as binding ligands to increase affinity in 

surface interactions.71 Amyloids can be used as surface coatings and 

protective wraps to prevent undesirable interactions with the environment. 

They have also been found within the composition of certain spider silks.72 

Despite the advantages of their natural function, when amyloidosis occurs 

uncontrolled, like any uncontrollable process, it can have severe side effects 

and lead to cell death. 

 There are a variety of amyloid-related diseases and the common term 

for the buildup of the fibrils and plaques is amyloidosis.73–75 For some of these 
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diseases, amyloids are believed to be the cause, while for others it seems that 

amyloids are more of a side effect of the disease progression. Alzheimer’s, 

Parkinson’s, Huntington’s, Creutzfeldt-Jakob, diabetes, and arthritis have all 

been linked to some form of amyloidosis.76–80 Amyloids have also been shown 

to affect virus transmission. There are many diseases that involve the 

production and deposition of amyloids, and there is varying pathology among 

these amyloid-related diseases.  

 Semen-derived enhancer of virus infection, or SEVI, is derived from 

prostatic acid phosphatase fragments found in semen. Although the surface of 

SEVI fibrils is hydrophobic, it has a cationic charge at physiological pH.81 This 

positive charge allows for the attraction of negatively charged materials, 

including the surfaces of cells and virions. As will be discussed further in 

Chapters 2 and 3, studies have focused on coating SEVI fibrils with efficient 

amyloid binders and inhibiting SEVI interactions with virus particles and 

microbes.66 My work has also introduced the potential for amyloid structural 

disruption as a mechanism to inhibit SEVI-mediated infection of HIV. 

 Amyloid beta (Aβ) has been implicated in neurodegenerative processes 

where the protofibrils, fibrils and aggregate deposits interfere with neuronal 

cells.67,82,83 Amyloidosis in Alzheimer’s disease is not associated solely with 

the presence of Aβ plaques, but these amyloids have been shown to have 

deleterious effects within neuronal cells. While the mechanisms of Aβ toxicity 

remain highly debated, Aβ fibrils are known to be neurotoxic so methods to 

remove or degrade them would be a logical treatment option. In Chapters 4 
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and 5 I will discuss the synthesis and application of several potential 

therapeutics against Aβ-related neurodegeneration. 

1.4 Current Treatment Options for Amyloid-Related Diseases 

 Although amyloids are being widely studied, the mechanisms of action 

and deliberate targets for inhibition have not yet been elucidated. Most 

amyloid-related diseases are not curable, but there are several treatment 

options for those infected. In the cases of amyloid-related viral transmission, 

the approach will be different as the goal is to eradicate the virus itself or 

prevent transmission associated with the amyloid of interest. For the 

previously described SEVI amyloids, current treatment options are tied to the 

ability to treat the viral infection. Although many efforts have focused on the 

transmission of HIV, SEVI is capable of binding and transmitting a large 

number of different microbes and the efforts to combat this will be discussed in 

Chapters 2 and 3. 

 Alzheimer’s disease is one of the most expensive diseases on the 

planet today. Treating the symptoms to improve the quality of life has become 

the option of choice as there is no cure for this disease. Although several 

drugs are available on the market to combat memory loss and personality 

changes (Figure 1.6), it is common that the environment is modified to suit the 

individual patient. Currently it is believed that exercise and nutrition have 

almost as much to do with eliminating the onset of this disease as the drugs 

on the market.  
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Figure 1.6 Examples of drugs available for the treatment of amyloid-related 
diseases. Donepezil, Galantamine, Memantine, and Rivastigmine can be used 
to treat Alzheimer’s disease. 

 The main problem confronting researchers is that treatment options 

need to be able to pass the blood-brain barrier (BBB). This barrier prevents 

unwanted molecules within the bloodstream from coming into contact with 

tissue in the central nervous system.84,85 Filtration in the BBB is a result of 

brain endothelial cells whose membranes have joined together forming a 

semi-permeable barrier. This barrier mostly passes non-toxic small molecules 

through, making large antibodies or RNA and DNA silencing technologies 

unlikely as candidates for final drug compounds. The limited availability of 

macromolecular therapeutics in the brain decreases their efficacy against the 

targeted disease. Small molecules, which are commonly designed to adhere 
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Lipinski’s rules for crossing the BBB, are the most likely remedy for 

neurodegenerative amyloid-related illnesses (Figure 1.6). Problems with 

effective small molecules, though, are mostly related to the lack of efficacy. 

1.5 Goals of Research Projects 

 Prior to my arrival in the Yang laboratory, several molecules which bind 

to amyloids with high affinity had been developed and extensively studied 

(BTA-EGx and Aminonapthalene 2-cyanoacrylate, Figure 1.5). The initial 

hypotheses for my work surrounded SEVI amyloids and their propensity for 

enhancing the infectivity of the HIV virus. I developed several multimeric 

amyloid binding materials to bind mature SEVI amyloids fibrils and inhibit 

SEVI-HIV interactions. We sought FDA approved polymer scaffolds capable of 

forming nanoparticles of discreet size comparable to HIV virions (~150 nm) to 

analyze the effect sterics has on the inhibition of SEVI-mediated HIV infection. 

I describe in Chapter 2 the process of selection, synthetic design, 

troubleshooting, formulation and final product testing of these multimeric 

amyloid binders. This work was done in collaboration with the Dewhurst 

laboratory at the University of Rochester Medical Center. 

 In Chapter 3 I will discuss further research into inhibition of SEVI 

activity. As a hydrophobic material, SEVI interacts with hydrophobic surfaces, 

excluding water to enter a more energetically favorable state. It has been 

shown on several occasions, including in the Yang lab, that when amyloids are 

deposited on hydrophobic surfaces the β-sheet content is decreased and the 
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secondary structure is converted to less ordered motifs. To use this denaturing 

effect to our advantage, I developed polymeric nanoparticles with hydrophobic 

surfaces and assessed their ability to disrupt the β-sheet structure of 

preformed SEVI fibrils. To combat the insolubility of these polymers in 

aqueous solution, I formulated them into well-defined nanoparticles and we 

applied them in HIV infection assays to quantify their potential to inhibit the 

enhancement of HIV infection in the presence of SEVI fibrils.  

 Finally, the last two chapters, 4 and 5, will review the work I completed 

in the area of neurodegeneracy. Amyloids such as Aβ have been implicated in 

Alzheimer’s disease and impeding the progression of this ailment could have a 

tremendous impact on human health. Oligomeric forms of Aβ are known to be 

toxic to cells, driving neurodegenerative processes. Several neuronal 

receptors have been shown to help clear Aβ aggregates from neuronal tissue. 

Tropomyosin receptor kinases (Trk) are known to bind neurotrophic factors in 

the brain and lead to various growth and regulatory responses. TrkB, in 

particular, is targeted by brain-derived neurotrophic factor (BDNF), which is 

known to help encourage neuron growth and survival. When cells are treated 

with Aβ in the presence of BDNF, survival returns to that of cells untreated 

with Aβ. To address several drawbacks of delivery of BDNF to neuronal 

tissues, several small molecules that mimic the activity of BDNF have been 

studied and tested in cellular assays for their activity. We selected one such 

molecule and I was able to generate several derivatives which we further 

tested for activity. In Chapter 4 I will present the hypothesis, synthesis and 
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studies conducted for a TrkB agonist in collaboration with the Tuszynski 

laboratory in the Department of Neurosciences at UCSD. 

 In Chapter 5 I will describe studies towards the synthesis of an agonist 

of a second receptor found to be important in the inhibition of Aβ toxicity. 

Somatostatin receptors (SSTR) are found all over the body, but are mainly 

associated with the nervous system. SSTR-4 is found within the hippocampus 

and is the receptor that signals for the production of the protease Neprilysin. 

Neprilysin has been shown to aid in the clearance of Aβ aggregates, making it 

a natural target for neuroprotection. Several studies have concluded that there 

are a host of small molecule derivatives of the natural agonist of SSTR-4 and I 

pursued the synthesis and evaluation of one of these molecules for activity. 

The long term goal of this project is to connect both the TrkB and the SSTR-4 

agonists together via a cleavable linker to use as a targeted delivery system. 

Using the SSTR-4 agonist as the targeting ligand and the TrkB agonist as the 

therapeutic, we hoped to eradicate amyloid deposits within the brain, and 

possibly lead to some recovery of the neuronal systems. 
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Targeting SEVI Amyloid Fibrils to Inhibit 

HIV Transmission 

 

2.1 SEVI Amyloid Fibrils Bind HIV and Cervical Cells 

 The major mechanisms of exposure to the Human Immunodeficiency 

Virus (HIV) are sexual contact, mother-to-child transmission during birth and 

feeding, needle stick injury, as in intravenous drug abuse, and blood 

transfusions with HIV contaminated blood.86–90 Blood transfusions are by far 

the mechanism with the highest likelihood of overall disease transmission.91 

Sexual contact, however, is the most common mechanism of transmission of 

the HIV virus and has become the focus of many approaches to inhibit the 

spread of this deadly disease.92 The most effective method of preventing HIV 

transmission through sexual contact has historically been latex 

prophylactics.93 

The life cycle of a virus involves exposure, entry, replication, and 

shedding. HIV is no different in its approach to infection and replication (Figure 
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2.1).94 This virus commonly affects immune cells, T lymphocytes and 

macrophages, due to the presence of the appropriate membrane proteins for 

viral entry of the host immune cells.95 

After membrane fusion and viral entry, the cellular processing 

equipment within the infected cells produces multiple copies of HIV. In the 

end, like all viruses, HIV destroys the cells that have been held hostage as 

production facilities. By killing T cells and macrophages, HIV weakens the 

immune system and, if untreated, leads to Acquired Immunodeficiency 

Syndrome (AIDS).96,97 AIDS is the advanced disease related to HIV and 

leaves the body unable to fight off basic infections and eventually leads to 

death.  

Figure 2.1 Cartoon depicting the life cycle of the HIV virus. 
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There are a host of interactions between HIV virions and cells, most 

notably the binding of HIV proteins to target cell membrane receptors such as 

CD4 and CCR5.98–101 The slight negative charge present on the surface of HIV 

virus particles causes some charge-charge repulsion during exposure to the 

cell surface, which is easily overcome by receptor binding interactions. The 

negatively charged surface is also responsible for HIV interactions with 

amyloidogenic peptide aggregates found within seminal fluid.81  

Genital fluids from adult humans contain concentrations of virus, known 

as viral load, which can be correlated to the concentration in blood and other 

bodily fluids.102–104 Studies of disease transmission have shown that every ten-

fold increase of viral load in genital fluids results in an approximate two-fold 

increase in the likelihood of virus transmission.105,106 In males, the presence of 

peptide aggregates also plays a role in the transmission of HIV.107–109 The 

presence of amyloidogenic peptides found in seminal fluid has been shown to 

increase the rate of HIV transmission by 400,000-fold.81,110,111 

These peptide aggregates, derived from prostatic acid phosphatase, 

PAP (248-286), are designated semen-derived enhancer of virus infection, or 

SEVI, and are one focus of my research efforts during my graduate studies. I 

specifically investigated methods to inhibit the enhancement of HIV infectivity 

in the presence of SEVI amyloid fibrils. The cationic nature of SEVI amyloid 

fibrils has been the focus of many research efforts aiming to inhibit SEVI-HIV 

binding interactions.66,81,111–113  

 



20 
 

 

 

 

Figure 2.2 Amino acid sequence of PAP (248-286). Amino acids highlighted in 
blue represent hydrophilic residues. 

The amino acid sequence of PAP (248-286) includes six lysine residues 

and a few glutamate, arginine, and histidine residues (Figure 2.2). The 

presence of basic amino acids within the peptide sequence raises the 

isoelectric point (pI), the pH at which the net charge of the peptide is zero, of 

PAP (248-286) to 10.21, making this peptide positively charged at 

physiological pH, 7.4. The location of these residues within the peptide 

sequence is also important. Due to the nature of fibrillar structure, discussed 

further in Chapters 1 and 3, the positively charged amino acids reside on what 

becomes the surface of the mature peptide aggregates.  

Munch, et. al. have shown that this positively charged surface is 

responsible for binding interactions between SEVI and HIV as well as SEVI 

and TZM-bl cell membranes.81 TZM-bl cells are derived from the HeLa cell line 

and have been modified with luciferase for use in HIV infection assays. These 

cells overexpress CD4 and CCR5, maximizing their sensitivity to HIV infection. 

The proposed mechanism of HIV exposure and entry in the presence of SEVI 

amyloid fibrils involves attachment of virion to SEVI fibrils followed by 

subsequent attachment of the SEVI-HIV conjugate to cell surfaces, increasing 

the viral load at the membrane, followed by the attachment and internalization 

of the HIV virus to the host cell.66  
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2.2 Previous Studies to Inhibit SEVI Amyloid Activity 

 Research into the inhibition of SEVI amyloid aggregation and activity 

focuses on several areas. Metal ions have been used to disrupt the 

aggregation of SEVI peptides, small molecules have been used to bind mature 

SEVI fibrils, and polymers of anionic materials have been shown to bind and 

inhibit amyloid aggregate functions. Each of these methods has benefits and 

drawbacks when it comes to treating alternative amyloid-related diseases. 

 Amyloid-β (Aβ) has been the focus of most amyloid-related research 

due to its relationship with neurodegeneration and Alzheimer’s disease. 

However, our work has focused on SEVI amyloid fibrils, and although SEVI 

and Aβ share common structural features, the results of treatment studies 

have varied. For instance, metal ions do not aid in the production of mature 

SEVI aggregates as they do with Aβ peptides.114–116 On the contrary, it has 

been shown that the presence of copper (Cu) and zinc (Zn) can actually impair 

the ability of SEVI fibrillogenesis to occur.117 Rather than complete inhibition of 

fibrillization, these ions inhibit the rate at which SEVI peptide aggregation 

occurs. The morphology of the resulting fibrils remains the same according to 

EM images. 

Another focus of research aiming to inhibit the production of amyloids 

has involved small molecules. Again, the common amyloid aggregate studied 

is Aβ. A wide range of small molecules have been tested for their ability to 

inhibit the aggregation of Aβ.118,119 There have also been several small 

molecules that have been shown to bind efficiently to preformed aggregates of 
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Aβ, and some of these molecules have proven to be effective inhibitors of 

neuronal cell toxicity. Luckily, small molecule amyloid binders are not highly 

amyloid specific, and the same small molecules used for the inhibition of Aβ 

toxicity have been shown to bind and effectively inhibit SEVI-mediated HIV 

transmission.113 In the Yang lab, benzothiazole aniline (BTA)-based small 

molecules and oligomers have been developed to inhibit SEVI-mediated HIV 

infection.66,68 

BTA is a small molecule derivative of the known amyloid binder 

Thioflavin T (ThT).58,65,120 It is known that ThT binds into hydrophobic channels 

that run along the length of amyloid fibrils. Since all amyloid aggregates share 

some version of this structural feature, ThT binds to amyloid aggregates 

comprised of different peptides non-specifically. BTA is also non-specific in 

amyloid fibril binding preferences. BTA was designed to have improved ability 

to cross the semi-permeable blood-brain barrier (BBB) for use against 

neurodegeneration related to aggregates of the Aβ peptide.67 An ethylene 

glycol tail was attached to improve water solubility without interfering with the 

efficient amyloid binding capabilities of BTA. Since this molecule is not amyloid 

specific, it was applied to SEVI amyloid research and found to be a potent 

inhibitor of SEVI-mediated HIV infectivity.66  

The Yang lab originally hypothesized that improving the binding 

characteristics of BTA analogs would improve the inhibitive activity against 

SEVI-mediated HIV infection. Research efforts focused on improvements to 

BTA binding affinity to amyloid fibrils led to the development of multivalent 
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amyloid binding small molecules and oligomers.68 The results of this work 

have shown that improvements in binding are not equaled by improvements in 

activity against SEVI-mediated HIV infection. The disconnect between binding 

and activity is what led us to design and develop polymeric materials 

comprised of amyloid-binding BTA monomers. Our hypothesis was that size 

and sterics may also play a role in the inhibition of SEVI-mediated HIV 

infection. Research into this aspect of SEVI-HIV interactions is the focus of 

studies in Chapter 2. 

There is one more class of SEVI-targeting therapeutics, polyanionic 

materials. Many polymers of sugars and peptides have been developed and 

some have made it to clinical trials. Although they were all efficient binders of 

SEVI, they were found to be incapable of inhibiting SEVI-mediated HIV 

infectivity.121–123 Their mechanism of action is based on charge-charge 

interactions of SEVI and HIV, but they are not efficient enough binders to 

mature SEVI fibrils. Polyanionic materials have also been shown to lack 

synergistic effects when used in combination with known antiviral treatments.  

With all of the limitations on the current SEVI-related therapeutics, we 

sought to develop a sterically hindering multivalent SEVI amyloid binder that, 

when bound to SEVI, would inhibit SEVI-mediated HIV infectivity. Ideally this 

material would be biocompatible, meaning that it would show minimal toxicity 

in cellular environments and would have limited nonspecific binding. In the 

following section I will discuss our efforts to develop amyloid binding polymers 

to exploit steric hindrance in the inhibition of SEVI-mediated HIV infection. 
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2.3 Design of Amyloid Targeting Polymeric Nanoparticles 

 In our primary study to inhibit SEVI-mediated HIV infectivity, we were 

interested in using polymeric scaffolds to generate a presumably multivalent 

amyloid binding material. We sought to use biocompatible polymeric materials, 

approved by the Food and Drug Administration (FDA) for use in one or more 

studies, as the backbone for our amyloid-binding nanoparticles. We 

hypothesized that this approach would minimize cellular toxicity resulting from 

possible degradation products.  

There are several approved polymer systems that are widely used for 

drug delivery applications.124–127 Polyesters, such as polylactide (PLA) or 

poly(lactide-co-glycolide) (PLGA), and polyethers, such as polyethylene glycol 

(PEG) each have cleavable bonds within the backbone of the polymer chain. 

The degradation products are small molecules and oligomers, both easily 

cleared from living organisms, allowing these polymers to be approved for use 

in foods and therapeutics. Polymers with cleavable bonds to their side chains 

are also approved by the FDA, including, but not limited to: polyacrylates, 

polyvinyl esters, and styrene. It is possible to attach amyloid binding 

benzothiazole aniline (BTA) molecules to any of these polymers. Using these 

polymer systems I sought to find a simple method, using established synthetic 

procedures, for the preparation of suitable amyloid binding materials.  

 Polymers are high molecular weight chains comprised of repeating 

units of monomeric small molecules. Monomers typically have an ester or 

double bond present that is stable over time when properly stored, but rapidly 
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reacts with an appropriate initiator. Initiators tend to be cationic, anionic, or 

radical in their reactivity. Lewis acids and bases are commonly used as 

cationic and anionic initiators, respectively, and mostly react to give 

uncontrolled polymers. This means that each polymer chain generated during 

the course of the polymerization will differ in length and overall composition. 

The variation in chain length of polymers in a reaction is known as the 

polydispersity index (PDI). Thermal initiators, like azobisisobutyronitrile (AIBN, 

used in this study) and benzoyl peroxide, degrade controllably at elevated 

temperatures into multiple reactive radical molecules which drive radical 

polymerizations. 

 

Figure 2.3 Previously developed synthetic route towards mono-functionalized 
hemilactides.  

Most monomers can be substituted at specific locations through 

previously developed synthetic methods. Acrylates, acrylamides, and vinyl 

ethers are among the easiest to prepare due to the breadth of available 

methods for generating ester, amide, and ether bonds. Substituted cyclic 

monomers of lactide and glycolide are also available synthetically, but these 
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molecules are less stable to purification and storage, making their production 

less trivial. Previous work done in the Yang and Gianneschi labs has provided 

a method for generating substituted lactic acids from aldehydes through a 

condensation reaction (Figure 2.3).128 These lactic acid molecules can be 

dimerized with 2-bromopropionyl chloride to generate polymerizable 

hemilactide monomers. Although many different side chains can be 

incorporated into this polymer system, it is not possible to create a 

homopolymer, a polymer consisting of only one monomer. Because of this 

limitation, polymers generated in previous studies contained approximately 

1:10 functionalized hemilactide/lactide. 

 

Figure 2.4 Cartoon depicting the use of click chemistry on an alkyne-
functionalized polymer to attach multiple amyloid binding molecules. The 
resulting triazole linkers are stable and inert. 

Initially, I wanted to use a polylactic acid containing alkyne functionality 

on the side chain, synthesized by Dr. Mark Rubinshtein previously in the Yang 
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lab,128 and attach multiple BTA moieties using copper(I)-catalyzed 

azide/alkyne cycloaddition reaction (Figure 2.4). “Click” chemistry has been 

used in many studies to create stable covalent bonds between molecules 

using aqueous reaction conditions. The resulting triazole linker is functionally 

inert and slightly hydrophilic. There are many versions of “click” reactions, not 

all of which require copper catalysts, and some of which have been adapted 

for use in living biological systems. In our case, however, it was simply 

necessary to have a high-yielding coupling reaction that could be conducted in 

the presence of labile ester bonds without the need for aqueous solvent.  

 

Scheme 2.1 Synthesis of BTA-PEG-Azide and model “click” reaction. All 
reactions were run at 25ºC unless otherwise specified. 
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To accomplish this goal, I attached a tetraethylene glycol chain to 

benzothiazole aniline, using previously described methods, and converted the 

alcohol functionality at the end into an azide through stepwise substitution 

reactions (Scheme 2.1). In order to test conditions and determine yields for the 

“click” reaction, I used commercially available propargyl alcohol as the model 

alkyne to couple with the newly synthesized BTA-EG4-Az, 2.4. Although most 

“click” reaction conditions use water as, at least, part of the solvent system, 

the insolubility of the alkyne-functionalized polylactic acid prohibits its use. To 

overcome this obstacle, DMF was employed as the solvent. A tris(triazole) 

reagent was added to the reaction mixture to inhibit the oxidation of Cu(I) 

catalyst generated in situ. These molecules chelate the Cu(I) species in 

solution for extended periods  of time, increasing the propensity for the “click” 

reaction to occur. With these conditions I was able to form and isolate the 

BTA-EG/propargyl alcohol coupled product 2.5 in high yields (Scheme 2.1).  

Scheme 2.2 Synthesis of BTA-functionalized polylactic acid. Colors indicate 
backbone protons (Green), terminal alkyne proton (Red), or alpha-triazole 
protons (Blue) used for quantification of conjugation by 1H NMR. 
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I then applied the conditions derived from the model reaction to 

generate the BTA-EG/polylactic acid complex. Since side reactions were 

limited, I used an excess of 2.4 to alkyne according to mass, along with 

catalytic amounts of copper sulfate, sodium ascorbate, and TBTA (Scheme 

2.2). After overnight reaction, the conjugated polymer was then precipitated 

from solution with excess hexanes and dried under vacuum. The resulting 

yellow solid, 2.6, was found to have coupled BTA to the polymer, but only a 

fraction of the alkyne functionalized residues had reacted according to 1H 

NMR integration. The integration of the terminal alkyne was divided by the 

integration of all of the PLA backbone protons to give the mole fraction of 

unreacted alkyne. This value was correlated with the integration of the protons 

on the carbon alpha to the newly formed triazole ring to give approximately 3 

BTA moieties per 100 monomer units. 

Although the “click” reaction was high yielding with small molecules, it 

was not possible for this reaction to proceed to completion with each alkyne 

present in the polymer chain. I had hypothesized, though not verified, that the 

polymer has a folded structure in solution, hiding some alkyne moieties within 

the core of this structure and leaving them unavailable for reaction. Further 

analysis of 1H NMR and size exclusion chromatography-multi-angle light 

scattering (SEC-MALS) data revealed that approximately 10 BTA moieties 

were conjugated to PLA. Though I had succeeded in coupling the amyloid 

binding group to the polymer, there was not a significant increase in 

multivalency compared to previously developed oligomeric versions of BTA.  
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To progress towards multivalent amyloid binding polymers and 

nanoparticles, I began generating hemilactide monomers using the previously 

described method for making functionalized lactides developed in the Yang 

and Gianneschi labs.128 We also decided to increase the length of the 

ethylene glycol chain attached the BTA conjugate. Previous studies conducted 

in the Yang lab have shown that binding activity of BTA conjugates with longer 

PEG chains is maintained while the toxicity is decreased and water solubility is 

improved. We hypothesized that decreased toxicity and improved water 

solubility would aid us in our future work and proceeded with the extended 

ethylene glycol tail. The first step in the synthesis of hemilactide monomers is 

the production of aldehyde groups on the molecule of interest. The two 

available synthetic options were to directly oxidize the existing alcohol of BTA-

EG-OH or to attach BTA to an already oxidized, and protected, ethylene glycol 

chain (Scheme 2.3). 

 

Scheme 2.3 Possible synthetic routes to aldehyde precursor of the BTA-
funcionalized hemilactide monomer. A) Direct oxidation of the terminal alcohol 
to an aldehyde.  B) Oxidation, protection, coupling, deprotection strategy. 

 Starting with BTA-EG6-OH, several different oxidation methods were 

tested in order to generate the desired aldehyde. Swern, Albright-Onodera, 
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PCC, and other common oxidation methods were tested, but none yielded 

aldehydes in appreciable yield, as measured by crude 1H NMR. Since direct 

oxidation was unsuccessful, oxidation of ethylene glycol conjugates was 

performed.  

 

Scheme 2.4 Synthesis of dioxolane-protected BTA-PEG-Aldehyde. All 
reactions were run at 25ºC unless otherwise specified. 

By modulating the functional groups on the terminal ends of 

hexaethylene glycol, I was able to generate a PEG derivative with an iodo 

leaving group on one end and a 1,3-dioxolane protected aldehyde on the 

opposite end, 2.10. This molecule was then subjected to the same microwave-

assisted coupling reaction as previous BTA-EG conjugates to give the acetal-

functionalized BTA-EG, 2.11 (Scheme 2.4). Though acetals are known to be 

labile functional groups, I was unable to remove this group with acidic 
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conditions commonly used to recover aldehydes. Hypothetically this looked to 

be the best route to our desired monomer, but this struggle and the potential 

for further synthetic problems associated with hemilactide formation led me to 

search for alternative polymeric systems. 

 

Scheme 2.5 Synthesis of vinyl ether monomers. A) BTA-PEG-vinyl ether. B) 
Monomethyl-PEG-vinyl ether. All reactions were run at 25ºC unless otherwise 
specified. 
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We decided that another viable polymer candidate would be vinyl 

ethers. Vinyl ether monomers are easily synthesized using one of several 

known vinyl transfer or elimination reactions, and the cationic polymerizations 

can be adapted to a large number of functionalized substrates. In order to form 

the desired amyloid binding vinyl ether I conducted a terminal elimination on 

the ethylene glycol tail of BTA-EG-OH (Scheme 2.5A). Elimination was done 

under reflux conditions using sodium tert-butoxide as the base after 

successfully converting the terminal alcohol into a superior iodide leaving 

group to give 2.16.  

Using a similar pathway, oligoethylene glycol monomer 2.21 was 

prepared for model polymerizations and future control experiments (Scheme 

2.5B). The side chain was synthesized through coupling of tosylated 

triethylene glycol monomethyl ether and triethylene glycol mixed neat with 

potassium hydroxide at 100ºC. Both the control and BTA-conjugated 

monomers were produced in high yields, but polymerization with varying Lewis 

acid catalysts, including Al, Zn, and BF3, was unsuccessful. The main products 

isolated after polymerization attempts were starting monomers and possible 

oligomeric materials. My hypothesis was that the ethylene glycol chain 

surrounded and stabilized the cationic Lewis acids, rendering them unreactive 

for cationic polymerization. 

Although progress was made towards the previous polymer systems, 

we continued to seek a facile method to produce a BTA-functionalized 

amyloid-binding polymer. Synthetically, acrylates were the simplest monomers 
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we aimed to study. Our immediate concern over this polymer system was the 

elevated toxicity seen in previous studies relative to both polylactides and 

polyvinyl ethers. Though inherently more toxic, polyacrylates have been 

approved for use by the FDA. The BTA-acrylate monomer 2.22 was produced 

by coupling BTA-EG6-OH and commercially available acryloyl chloride under 

basic conditions (Scheme 2.6). The desired product was isolated and kept in 

the dark in inert atmosphere to inhibit uninitiated polymerization. Acrylates are 

notoriously reactive to light and other radical producing conditions and 

reactants.  

 

Scheme 2.6 Synthesis of acrylate-based, BTA-incorporating polymer. 

The desired polymer needed to incorporate some water solubilizing 

character to prevent aggregation and precipitation as seen with PLA polymer 

systems, so acrylic acid was chosen as the hydrophilic comonomer. Though 

the ideal incorporation was unknown, we hypothesized that a 1:1 mixture of 

hydrophobic to hydrophilic monomer would give a random copolymer with 

enough water solubility for future nanoparticle formulation, but enough amyloid 
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binding character for activity against SEVI amyloid aggregates. Standard free-

radical polymerization was conducted with a 1:1 mixture of 2.22/acrylic acid 

and catalytic AIBN dissolved in butyl acetate, used for its appropriate boiling 

point. 1H NMR analysis showed that the polymer was comprised of 56% 

amyloid binding moieties, giving an approximate 1:1 BTA/acrylic acid polymer 

2.23. SEC-MALS showed that the amyloid binding polymer had an Mn of 68 

kDa and a PDI of 1.63.  

 

Scheme 2.7 Synthesis of control polymer lacking amyloid binding moieties. 

As a control, we generated polymer 2.25 with hexaethylene glycol side 

chains using the same monomethyl PEG, 2.18, as with the vinyl ether system. 

This polymer contained no amyloid binding groups and was used to verify that 

the BTA moieties were required for SEVI binding and inhibition of SEVI 

activity. Oligoethylene glycol monomethyl ether was converted to the acrylate 

monomer using acryloyl chloride under basic conditions (Scheme 2.7). This 

monomer was polymerized using the same free radical conditions as with 

amyloid binding polymer 2.23 to give the control polymer with Mn of 13 kDa 

and PDI of 1.42 according to SEC-MALS.  

Nanoparticle formulation of the amyloid binding polymer was necessary 

to inhibit the production of uncontrolled aggregates in aqueous solution. A 

colloidal suspension of particles with varying shapes and sizes would make it 
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difficult to directly assess the activity of our materials in HIV infectivity assays. 

To that end, nanoparticles were formulated using solvent evaporation 

techniques with tetrahydrofuran (THF) and water, giving spherical particles 

with average diameters around 200 nm with a uniform polydispersity as 

determined by dynamic light scattering (DLS, Figure 2.5).  

 

Figure 2.5 Formulation of polymeric nanoparticles by solvent evaporation and 
particle analysis by DLS and cryo-EM. Stability of these nanoparticles was 
determined by DLS measurements over time. 

These particles were also analyzed by cryo-electron microscopy 

(cryoEM), which showed particles with average diameters of approximately 80 

nm. Larger particles scatter more light than smaller particles and DLS 

therefore gives more weight to larger particles during its analysis. Because of 

this potential for error in the estimation of particle size by DLS, we hypothesize 

that the diameter obtained from the EM images is a better representation of 

the actual size of these particles in suspension. Regardless, these 
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nanoparticles were formulated to a size that is comparable to the size of HIV 

virus particles, ~150 nm. 

The stability of these nanoparticles was tested in aqueous solution after 

incubation at 25 and 37ºC, and the diameters and polydispersity of the 

particles measured over time. Over a 48 hour period, the diameter of the 

particles decreased by approximately 20%, without a dependence on 

temperature (Figure 2.5). Importantly, the polydispersity of these particles did 

not change significantly over time, suggesting that these particles may have 

been settling into a more thermodynamically favorable conformation. Most 

polymeric nanoparticles which are believed to be unstable show changes in 

diameter of more than 30% with several-fold changes in the polydispersity.129 

Due to the limited change in size over extended periods of time we believed 

that these particles were suitably stable to test their ability to inhibit SEVI-

mediated HIV infection in our assays. 

2.4 Properties of Amyloid Binding Nanoparticles 

 The hypothesis throughout this work has been that polymers 

incorporating amyloid binding monomers can be formulated into nanoparticles 

of uniform size and that these nanoparticles will maintain binding interactions 

to amyloid fibrils. All amyloid aggregates share hydrophobic structural features 

which will be discussed further in Chapter 3. For now it is sufficient to know 

that along the axis of fibril formation there are hydrophobic channels, and 

within these channels are binding regions to which small molecules can insert. 
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Polymers and nanoparticles containing the BTA amyloid binding moiety have 

never been reported to our knowledge. Therefore, it was necessary to quantify 

the interaction of our amyloid binding nanoparticles to SEVI amyloid fibrils. 

 

Figure 2.6 A) Centrifugation assay to quantify binding affinity of amyloid 
binding polymers to SEVI amyloid fibrils. In this depiction, yellow spheres are 
the amyloid binding polymers and SEVI amyloid fibrils are depicted as brown 
lines. B) The plot is a representative binding curve of amyloid binding polymer 
to SEVI amyloid fibrils from a single run with duplicate measurements. C) The 
plot is a representative binding curve of control polymer to SEVI amyloid fibrils 
from a single run with duplicate measurements. 

The Yang lab has previously used a known centrifugation assay for 

determining binding dissociation constants (Kd) of small molecules to amyloid 

fibrils (Figure 2.6).68,130 The assay is based on the innate fluorescence of the 
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BTA core. After incubating materials together for 24 h, to ensure enough time 

for binding interactions, the insoluble amyloid aggregates, and anything bound 

to them, are centrifuged to form a pellet. After removal of the supernatant 

solution, the only remaining fluorescent molecules are presumably those that 

are bound to the amyloid aggregates, and this signal can be analyzed using a 

standard fluorimeter once the pellet is resuspended in solution. To obtain the 

Kd, this experiment is conducted using serial dilutions of the amyloid binding 

material and a constant concentration of amyloid aggregates. The resulting 

data are fit using a one-site binding algorithm. 

Since nanoparticles themselves would centrifuge out of solution, it was 

not possible to measure the Kd of SEVI-NP interactions directly. It was, 

however, possible to use unformulated amyloid binding polymers. The 

amyloid-binding polymer 2.23 was soluble in aqueous solution at 

concentrations below 500 μg/mL and analyzed in the centrifugation assay. Our 

results show that amyloid binding polymer 2.23 bound to SEVI fibrils with an 

apparent Kd = 14 μg/mL (Figure 2.6 B). From this value we can calculate the 

Kd concentration of the polymer, using Mn as an estimate of the molecular 

weight of the polymer, to be 206 nM. We hypothesize that this value is higher 

than the known Kd of BTA-EG6-OH to SEVI amyloid fibrils (127 nM) because 

most of the amyloid binding moieties within the polymer chain should be 

inaccessible to the aqueous environment and unavailable for binding to the 

amyloid surface.  
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We conducted a competitive binding assay to quantify any binding 

interactions that our control polymer, 2.25, may have to SEVI fibrils. We kept 

the concentrations of amyloid-binding polymer 2.23 and SEVI fibrils constant, 

and incubated several of these mixtures with increasing concentrations of 

control polymer 2.23, then analyzed the fluorescence intensity after overnight 

incubation and centrifugation as previously described. As expected, our 

control polymer did not show any significant binding interactions with SEVI 

amyloid fibrils at relevant concentrations (Figure 2.6 C).  

 

Figure 2.7 Representative images of SEVI amyloid fibrils alone and of BTA-
containing nanoparticles bound to SEVI amyloid fibrils. These images were 
obtained through cryo-EM and unstained TEM, respectively. 

We also sought to image the SEVI-NP binding interactions. To 

accomplish this goal, we incubated amyloid binding nanoparticles formulated 

from polymer 2.23 with SEVI amyloid aggregates in solution and obtained 

images through unstained transmission electron microscopy (TEM). By 

combining concentrated solutions of nanoparticles and SEVI amyloid fibrils 
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together, and agitating them directly on the surface of the EM grid, we were 

able to see the SEVI-NP binding interaction (Figure 2.5).  

Since we did not see similar aggregates in images of nanoparticles or 

SEVI fibrils alone, we believe that the objects present in the TEM images are 

representative of SEVI fibrils coated with nanoparticles. This supports the 

hypothesis that nanoparticles generated from polymers containing amyloid 

binding moieties can bind amyloid fibrils and provide steric hindrance against 

amyloid aggregate binding interactions. 

2.5 Amyloid Targeting Nanoparticles Inhibit SEVI-Mediated HIV 

Infectivity 

 Having analyzed the physical properties of our amyloid binding 

nanoparticles we evaluated the effects of our nanoparticles on SEVI-mediated 

HIV infection. In collaboration with the Dewhurst lab at the University of 

Rochester Medical Center, we were able to use a previously developed 

cellular assay for quantification of HIV infection.68 TZM-bl cells express 

luciferase when infected with HIV and the cellular luciferase signal can be 

quantified. 

The amyloid-binding nanoparticles were found to effectively inhibit 

SEVI-mediated HIV infectivity. Furthermore, they have been shown to have 

limitied toxicity to ectocervical cells at concentrations required to inhibit SEVI-

mediated HIV infection. Using varying doses of amyloid binding polymer 2.23, 

control polymer 2.25, and nanoparticles comprised of 2.23 we found that the 
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IC50 of the amyloid binding polymer was 13 μg/mL and that the nanoparticles 

were slightly more efficacious, with an IC50 of 4 μg/mL. As expected the 

control polymer showed no activity at the concentrations tested, and none of 

these materials were found to be toxic at high concentration within 24 hours 

(Figure 2.8).  

 

Figure 2.8 Graphs showing the inhibition of SEVI-mediated HIV infection by 
amyloid-binding polymeric nanoparticles and the toxicity profile of all polymeric 
materials used in this study. A),and D) show the dose-dependent response of 
amyloid binding polymer 2.23. B) and E) show the dose-dependent response 
of amyloid binding nanoparticles. C) shows the lack of activity of the control 
polymer 2.25 and F) depicts the toxic profiles of all materials used in this 
study. 

Importantly, we were able to extract from this data the IC50 

concentrations, again using Mn as a suitable MW, to be 210 nM for the 

polymer and 59 nM for the nanoparticles. When we normalized the IC50 data 
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to total BTA concentration, the polymer itself exhibited an IC50 of 23 μM, which 

is comparable to the activity observed for BTA-EG6-OH. However, the 

nanoparticles exhibited an IC50 of 6 μM when normalized to total BTA 

concentration, making them over three times more active against SEVI-

mediated HIV infectivity than the unformulated amyloid binding polymer (Table 

2.1).  

Table 2.1 Comparison of known BTA-containing compounds 

Compound Apparent Kd (μM) IC50 (μM) IC50 normalized 
to [BTA]tot (μM) 

Ratio 
(Kd:IC50) 

BTA-EG6-OH 0.127 ± 0.022a 13c 13 1:102 

BTA-Pentamer 0.0004 ± 0.0002b 0.20d 1 1:500 

2.23 0.206 ± 0.0009 0.21d 23 1:1 

Nanoparticles 
of 2.23 

- 0.059d 6 - 

aFor details see reference 58 
bFor details see reference 68 
cIC50 values reflect reduction of SEVI-enhanced infection of HIV-1IIIB in CEM-
M7 cells 
dIC50 values reflect reduction of SEVI-enhanced infection of HIV-1IIIB in TZM-bl 
cells 
 

Previous studies of small molecules and oligomers of BTA have shown 

that it is possible to use multivalency to improve the binding affinity to SEVI 

amyloid fibrils. However, there is not a concomitant improvement in the activity 

of these molecules against SEVI-mediated HIV infectivity as shown by the 

ratios of Kd:IC50 which are 1:104 for BTA-EG6-OH and 1:500 for the previously 
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described BTA-pentamer. In our novel amyloid binding nanoparticles, the Kd 

was slightly higher, but the IC50 was significantly lower, making the ratio of 

Kd:IC50 1:1. This approximate 1:1 ratio suggests that the majority of polymers 

bound to SEVI contribute to the inhibition of SEVI-HIV interactions which lead 

to virus transmission.  

Comparison of the Kd:IC50 ratios of monomer, pentamer, and polymer 

illustrates that the apparent Kd values are not well correlated with the resulting 

IC50 values. Improving the binding affinity of the amyloid-binding group does 

not produce a corresponding reduction in SEVI-mediated HIV infection. These 

observations suggest that the improvements we have shown in the IC50 of our 

materials are a result of the increased size relative to previously described 

small molecules and oligomers. We believe from our analysis of amyloid-

binding polymer 2.23 that steric bulk greatly improves the efficacy of materials 

for the inhibition of SEVI-mediated HIV infection.  

 
2.6 Conclusions 

 In conclusion, we were able to develop a biocompatible polymer system 

that incorporates amyloid binding moieties. Insufficient incorporation through 

post-polymerization modifications directed our efforts towards monomer 

synthesis and direct polymerization methods. Producing a BTA-conjugated 

hemilactide monomer posed many synthetic challenges and eventually led us 

away from the polylactic acid scaffold. Though vinyl ether monomers were 

easily synthesized, cationic polymerization with several different Lewis acid 
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catalysts did not yield functional polymers. Polyacrylate-based polymers 

containing BTA moieties attached to the chain were easily synthesized using 

established synthetic procedures and techniques. The SEVI amyloid binding 

capacity of these polymers was shown to be slightly weaker than BTA alone. 

We hypothesize that most of the amyloid binding moieties are hidden from the 

surface in aqueous solution, due to their inherent hydrophobic nature, and 

remain unavailable for binding to SEVI. These amyloid binding polymers can 

be made reproducibly and are amenable to large-scale production. We further 

formulated these polymers into uniform nanoparticles of controlled size to 

introduce steric bulk to our SEVI amyloid binding materials. 

Our amyloid binding nanoparticles were designed to match the size of 

HIV virions, 150 nm. The size, 218 nm, and spherical shape of these 

nanoparticles were verified through dynamic light scattering and electron 

microscopy. We believed that equal size would allow for an unbiased analysis 

of steric effects. The centrifugation assay we used to quantify the binding 

affinity of our materials to SEVI amyloid fibrils could not be used for the 

nanoparticles as they would centrifuge out into the SEVI amyloid pellet. 

However, we were able to see what we believe to be the nanoparticles bound 

to SEVI amyloid fibrils in EM images by incubating both materials on the same 

EM grid with agitation. 

The goal of this work was to inhibit SEVI-mediated HIV infection using 

amyloid binding nanoparticles to block binding sites on the amyloid surface. 

The amyloid-binding polymer and nanoparticles inhibit SEVI-mediated HIV 
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infectivity with IC50 values of 13 and 4 μg/mL, respectively. The polymer itself 

has a 1:1 ratio of Kd to IC50, suggesting that each nanoparticle bound to SEVI 

amyloid fibrils participates in the inhibition of HIV transmission. 

Our amyloid binding nanoparticles have been shown to adequately 

inhibit SEVI-mediated HIV infectivity and we have introduced steric hindrance 

as an exploitable feature for future studies using polymeric materials for drug 

delivery and inhibition of disease transmission. Though unlikely to enter the 

bloodstream, the polymer backbone is biodegradable, which decreases 

potential toxic effects of degraded materials. Because of the low cost, 

reproducibility, and ease of production, I believe that this material can be 

generated on large scale and potentially applied as an additive to existing 

prophylactics and intrauteral devices to further inhibit the spread of disease in 

resource limited regions of the world. 

2.7 Materials 

Reagents were purchased from Sigma-Aldrich unless otherwise stated. 

2-(p-aminophenyl)-6-methyl benzothiazole (BTA) was purchased from City 

Chemical LLC. Hexaethylene glycol was purchased from Alfa Aesar. para-

Toluenesulfonyl chloride was purchased from Acros Organic. Silver (I) Oxide 

was purchased from Oakwood Chemical. Alkyne-functionalized PLA was 

synthesized by Dr. Mark Rubinshtein. All reagents were used without further 

purification. All solvents used for reactions were obtained from Fisher 

Scientific. Solvents used for regular silica chromatography were ACS technical 
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grade and used without further purification. Deuterated solvents were 

purchased from Cambridge Isotope Laboratories, Inc. 

1H and 13C NMR spectra were obtained on either a Bruker 300 MHz 

spectrometer or a Varian 400 or 500 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.  

Polymer polydispersity index (PDI) and molecular weight were 

determined by size-exclusion chromatography (Phenomenex Phenogel 5μm 

10, 1K - 75K, 300 x 7.80 mm in series with a Phenomenex Phenogel 5μm 10, 

10 - 1000 K, 300 x 7.80 mm (0.05 M LiBr in DMF, 0.75 mL/min, 60oC)) using a 

Shimadzu LA-10AT pump equipped with a UV detector (Hitachi-Elite LaChrom 

L-2420), a multiangle light scattering detector (DAWN-HELEOS, Wyatt 

Technology), and a refractive index detector (Hitachi L-2490). Data analysis 

was performed using the ASTRA software package. 

DLS measurements performed on a Wyatt DynaPro NanoStar (Wyatt 

Technology, Santa Barbara, CA) instrument using a disposable cuvette 

(Eppendorf UVette 220 nm–1,600 nm) and data processed using Wyatt 

DYNAMICS V7 software. Data were exported for final plotting using GraphPad 

Prism 5 (GraphPad Software, Inc., La Jolla, CA). 

SEVI peptide was ordered from CS Bio. Fibrils were made by re-

suspending monomeric peptide in PBS and incubating for 72 hours on a 

thermomixer (Eppendorf) at 1400RPM.   
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Dulbecco’s Modified Eagle Medium (DMEM) was purchased from 

Invitrogen (Catalog # 11965). Fetal bovine serum was purchased from Atlas 

Biologicals (Catalog # F-0500-A), PenStrepGlutamine 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. 

2.8 Experimental Methods 

Tetraethylene Glycol Monotosylate (2.1) 

To a solution of tetraethylene glycol (20 mL, 116 mmol) in dichloromethane 

(DCM, 200 mL) was added triethylamine (TEA, 8 mL, 58 mmol) followed by p-

toluenesulfonyl chloride (7.4 g, 39 mmol) and the reaction mixture was stirred 

at room temperature (r.t., 25ºC) for 16 h.  After this time the reaction mixture 

was concentrated to dry. The resulting oil was purified by silica gel 

chromatography with an ethyl acetate and methanol solvent system 

(EtOAc/MeOH) to obtain the desired product (8.5 g, 63%) as a colorless oil. 1H 

NMR (400 MHz, CDCl3) δ 7.78 (d, J = 8.3 Hz, 2H), 7.32 (d, J = 8.1 Hz, 2H), 

4.14 (t, J = 4.8 Hz, 2H), 3.70-3.58 (m, 14H), 2.44 (s, 3H); ESI-MS (m/z) 

calculated for C15H24O7S [M]+ 348.12; found [M+H]+ 349.25, [M+NH4]
+ 366.23, 

and [M+Na]+ 371.10. 
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Tetraethylene Glycol Monoiodide (2.2) 

To a solution of 2.1 (2.5 g, 7.18 mmol) in acetone (25 mL) was added sodium 

iodide (NaI, 2.15 g, 14.35 mmol) and the reaction mixture was heated at reflux 

for 12 h. After this time the reaction mixture was cooled to r.t. and the acetone 

was removed in vacuo and the resulting solid suspended in EtOAc and 

washed with 10% Na2S2O3, water, and brine then the colorless solution was 

dried over Na2SO4 and concentrated to dry. The resulting yellow oil was used 

without further purification (1.7 g, 78%). 1H NMR (400 MHz, CDCl3) δ 3.77-

3.60 (m, 14H), 3.27 (t, J = 6.8 Hz, 2H); ESI-MS (m/z) calculated for C8H17IO4 

[M]+ 304.02; found [M+H]+ 305.20, [M+NH4]
+ 322.03, and [M+Na]+ 327.01 

Benzothiazole Aniline Tetraethylene Glycol (BTA-EG4-OH, 2.3) 

A clean, oven-baked microwave reaction tube was charged 2.2 (500 mg, 1.64 

mmol), benzothiazole aniline (BTA, 593 mg, 2.47 mmol), potassium carbonate 

(K2CO3, 682 mg, 4.93 mmol) and dry tetrahydrofuran (THF, 5 mL). The tube 

was then equipped with a stir bar, sealed and placed in a microwave reactor. 

The reaction was heated to 130ºC for 2 h, cooled to r.t. and filtered to remove 

solids which were washed with several portions of DCM. The filtrate was 

concentrated in vacuo and the resulting suspension was purified by silica gel 

chromatography (EtOAc/MeOH) to yield a brown solid (194 mg, 28%). 1H 

NMR (500 MHz, CDCl3)  δ 7.89-7.84 (dd, J = 8.4 Hz, 15.4 Hz, 3H), 7.63 (s, 

1H), 7.24 (d, J = 8.3 Hz, 1H), 6.68 (d, J = 8.5 Hz, 2H), 5.12 (s, 1H), 3.74-3.64 

(m, 14H), 3.38 (t, J = 5 Hz, 2H),3.18 (s, 1H), 2.47 (s, 3H); 13C NMR (125 MHz, 

CDCl3) δ 168.06, 152.54, 150.90, 134.79, 134.47, 129.11, 127.70, 122.74, 
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121.97, 121.41, 112.78, 72.87, 70.87, 70.65, 70.40, 70.39, 69.60, 61.89, 

43.26, 21.71; ESI-MS (m/z) calculated for C22H28N2O4S [M]+ 416.18; found 

[M+H]+ 417.42, [M+Na]+ 439.24. 

BTA-EG4-OTs 

BTA-EG4-OH (650 mg, 1.56 mmol) was dissolved in DCM and cooled to 0ºC in 

an ice bath. After cooling, TEA (261 μL, 1.87 mmol) and 4-

dimethylaminopyridine (DMAP, 38 mg, 0.31 mmol) were added and reaction 

mixture stirred at 0ºC for 5 m. After this time p-toluenesulfonyl chloride (357 

mg, 1.87 mmol) was added and reaction mixture stirred and warmed to r.t. 

over 12 h.  After 12 h, the reaction mixture was concentrated to dry in vacuo 

and purified by silica gel chromatography (EtOAc/DCM) to yield an orange oil 

(541 mg, 61%). 1H NMR (400 MHz, CDCl3) δ 7.87 (t, J = 8.5 Hz, 3H), 7.78 (d, 

J = 7.9 Hz, 2H), 7.63 (s, 1H), 7.31 (d, J = 7.9 Hz, 2H), 7.24 (s, 2H), 6.65, (d, J 

= 8.3 Hz, 2H), 4.15 (t, J = 4.8 Hz, 2H), 3.74-3.61 (m, 12H), 3.37 (t, J = 5.1 Hz, 

2H), 2.48 (s, 3H), 2.42 (s, 3H); ESI-MS (m/z) calculated for C29H34N2O6S2 [M]+ 

570.19; found [M+H]+ 571.28, [M+Na]+ 593.13. 

BTA-EG4-Azide (2.4) 

In a round bottom flask, BTA-EG4-OTs (541 mg, 0.95 mmol) was dissolved in 

dimethylformamide (DMF, 5 mL), sodium azide (185 mg, 2.85 mmol) was 

added, the flask was fitted with a reflux condenser and the reaction mixture 

was heated to 95ºC in an oil bath. After 12 h, the reaction mixture was cooled 

to r.t. and the DMF removed in vacuo. The resulting solid was suspended in 

DCM and filtered to remove insoluble particles which were washed with 
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several portions of DCM.  The filtrate was concentrated to yield an orange oil 

and used without further purification (321 mg, 76%). 1H NMR (400 MHz, 

CDCl3) δ 7.90-7.85 (m, 3H), 7.63 (s, 1H), 7.24 (s, 1H), 6.66 (d, J = 8.4 Hz, 2H), 

3.75-3.66 (m, 14H), 3.37 (q, J = 4,7 Hz, 2H), 2.47 (s, 3H); ESI-MS (m/z) 

calculated for C22H27N5O3S [M]+ 441.18; found [M+H]+ 442.15. 

Model Click Reaction of BTA-EG4-Azide with Propargyl Alcohol (2.5) 

In a 1-dram vial, 2.4 (50 mg, 0.11 mmol) and propargyl alcohol (6.6 μL, 0.11 

mmol) were dissolved in DMF (300 μL). To this mixture were added copper 

sulfate (CuSO4, 180 μg, 1.1 μmol), tris[(1-benzyl-1H-1,2,3-triazol-4-

yl)methyl]amine (TBTA, 600 μg, 1.1 μmol) from freshly prepared 10 mg/mL 

stock solutions in DMF followed by sodium ascorbate (2.2 mg, 11 μmol). This 

reaction mixture was stirred at r.t. for 12 h, then purified via preparatory thin 

layer chromatography (DCM/MeOH) and dried in vacuo to obtain a yellow oil 

(44 mg, 79%). 1H NMR (400 MHz, CDCl3) δ 7.88-7.84 (m, 3H), 7.72 (s, 1H), 

7.63 (s, 1H), 7.24 (d, J = 9.2 Hz, 1H), 6.65 (d, J = 8.4 Hz, 2H), 4.78 (s, 2H), 

4.73 (s, 1H), 4.51 (t, J = 5.0 Hz, 2H), 3.85 (t, J = 5.0 Hz, 2H), 3.72 (t, J = 5.1 

Hz, 2H), 3.66-3.56 (m, 8H), 3.36 (q, J = 4.9 Hz, 2H), 2.47 (s, 3H); ESI-MS 

(m/z) calculated for C25H31N5O4S [M]+ 497.21; found [M+H]+ 498.22. 

Conjugation of BTA-EG4-Azide onto Alkyne-Functionalized PLA (2.6) 

Alkyne-functionalized PLA (80 KDa, 50 mg) and excess 2.4 (10 mg, 0.023 

mmol) were dissolved in DMF (300 μL) at rt. 10 mg/mL solutions of both 

CuSO4 (40 μL, 0.00023 mmol) and TBTA (120 μL, 0.00023 mmol) were added 

followed by sodium ascorbate (450 μg, 0.0023 mmol) and reaction mixture 
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stirred overnight at rt. After overnight, DMF removed in vacuo and mixture 

redissolved in DCM (10 mL) then washed thrice with H2O (5 mL) and once 

with brine (5 mL), dried over Na2SO4 and mixture precipitated with excess 

Hexanes to remove any remaining BTA-EG4-Az. 1H NMR (400 MHz, CDCl3) δ 

7.90 (bs, 3H), 7.62 (s, 1H), 7.49 (bs, 1H), 7.25 (bs, 1H), 6.67 (bs, 2H), 5.38-

4.94 (m, 32H), 4.48 (bs, 2H), 3.85 (bs, 2H), 3.77-3.55 (m, 14 H), 3.37 (bs, 2H), 

2.86 (bs, 2H), 2.53-1.96 (m, 16 H), 1.56 (bs, 84H). The peaks at δ 4.48 and 

5.38-4.95 represent one BTA-EG4-Az and one PLA monomer unit, 

respectively. 1H NMR integration of these two peaks was used to quantify 

BTA-EG4-Az conjugation to PLA polymer. 

Estimation of Incorporation of BTA-EG4-Az into Alkyne-PLA Polymer 

The average molecular weight per monomer, number of monomers per 

polymer chain, and the number of amyloid binding moieties per polymer can 

be calculated using the following equations: 

𝑀𝑊̅̅ ̅̅ ̅̅
𝑚𝑜𝑛𝑜 =  𝜒𝐴𝑙𝑘𝑦𝑛𝑒(𝑀𝑊𝐴𝑙𝑘𝑦𝑛𝑒) +  𝜒𝐿𝐴(𝑀𝑊𝐿𝐴) (1) 

Where 𝑀𝑊̅̅ ̅̅ ̅̅
𝑚𝑜𝑛𝑜 is the average molecular weight of a monomer within the 

polymer chain, 𝜒𝐴𝑙𝑘𝑦𝑛𝑒 is the mole fraction of alkyne conjugated monomers per 

polymer by 1H NMR analysis, 𝑀𝑊𝐴𝑙𝑘𝑦𝑛𝑒 is the molecular weight of the alkyne 

conjugated lactic acid dianion,  𝜒𝐿𝐴 is the mole fraction of unmodified lactic 

acid monomer per polymer by 1H NMR analysis and 𝑀𝑊𝐿𝐴 is the MW of the 

unmodified lactic acid dianion. Integration of the peak at 2.00 ppm (1 H) in the 

1H NMR of alkyne-functionalized PLA polymer gives a mole fraction, 𝜒𝐴𝑙𝑘𝑦𝑛𝑒, 
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of 0.1 (or 10% of the residues contained an alkyne functionalized side chain). 

If the polymer is 10% alkyne functionalized monomer then the other 90% is 

unmodified lactic acid. Inserting these values along with the molecular weights 

of the respective monomers into Eq. 1 gives an average MW, 𝑀𝑊̅̅ ̅̅ ̅̅
𝑚𝑜𝑛𝑜, of 

90.26 g/mol. To estimate the degree of polymerization (𝐷𝑃𝑝𝑜𝑙𝑦) we used Eq. 2: 

𝐷𝑃𝑝𝑜𝑙𝑦 =  
𝑀𝑛

𝑀𝑊̅̅ ̅̅ ̅̅
𝑚𝑜𝑛𝑜

⁄  (2) 

where 𝐷𝑃𝑝𝑜𝑙𝑦 is the degree of polymerization of both monomers (i.e., the total 

# of monomers within the polymer) and 𝑀𝑛 is the number average molecular 

weight of the polymer as determined by SLS-MALS. For the estimation of the 

total number of BTA moieties per polymer chain we used Eq 3: 

𝐷𝑃𝐵𝑇𝐴 =  𝐷𝑃𝑝𝑜𝑙𝑦(𝜒𝐵𝑇𝐴) (3) 

where 𝐷𝑃𝐵𝑇𝐴 is the degree of conjugation of the amyloid binding molecule 2.4 

as estimated by 1H NMR. Inserting the 𝑀𝑊̅̅ ̅̅ ̅̅
𝑚𝑜𝑛𝑜 calculated from Eq. 1 and the 

𝑀𝑛 of 40 kDa, calculated from SLS-MALS, into Eq. 2 gives 𝐷𝑃𝑝𝑜𝑙𝑦 of 443 and 

multiplying this number by 𝜒𝐵𝑇𝐴 , as determined by 1H NMR analysis, in Eq. 3 

gives, on average, an estimated 13 amyloid-binding BTA moieties per polymer 

chain.   

Hexaethylene Glycol Monotosylate (2.7) 

To a solution of hexaethylene glycol (8.9 mL, 35 mmol) in DCM (500 mL) was 

added silver (I) oxide (Ag2O, 12.3 g, 53 mmol) followed by p-toluenesulfonyl 
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chloride (7.4 g, 39 mmol) and potassium iodide (KI, 1.2 g, 7.1 mmol) and the 

reaction mixture was stirred at room temperature for 2 h. After this time the 

reaction mixture was filtered through celite and the filtrate concentrated to dry.  

The resulting oil was purified by silica gel chromatography using 4% methanol 

MeOH in EtOAc as eluent to yield a colorless oil (13 g, 84%).  1H NMR (400 

MHz, CDCl3) δ 7.78 (2H, d, J = 8.2 Hz), 7.33 (2H, d, J = 7.9 Hz), 4.14 (2H, t, J 

= 4.8 Hz), 3.71-3.57 (22H, m), 2.43 (3H, s); 13C NMR (75 MHz, CDCl3) δ 

144.89, 133.07, 129.92, 128.08, 72.63, 70.81, 70.69, 70.65, 70.63, 70.61, 

70.60, 70.39, 69.37, 68.77, 61.81, 21.75; ESI-MS (m/z) calculated for 

C19H32O9S [M]+ 436.18; found [M+H]+ 437.2, and [M+Na]+ 459.2. 

Oxidation of Hexaethylene Glycol Monotosylate to Aldehyde (2.8) 

To a flame-dried RB flask purged with N2 was added 2.7 (305 mg, 0.69 mmol) 

in freshly distilled DCM (5 mL) and mixture cooled to 0oC in an ice bath. 

Anhydrous dimethyl sulfoxide (DMSO, 100 μL, 1.39 mmol) was added 

followed by careful addition of phosphorus pentoxide (excess). After 30 m, the 

reaction warmed to r.t. stirred for an additional 4 h. After this time, TEA (340 

μL, 2.5 mmol) was added carefully and reaction mixture stirred 30 m at r.t. 

followed by careful addition of 10% HCl (15 mL) to quench. Mixture was 

placed into separatory funnel and aqueous extracted thrice with DCM (10 mL). 

Combined organic layers were washed with H2O then brine, dried over 

Na2SO4, and concentrated to dry. Resulting yellow oil was used without further 

purification. NMR analysis shows approximately 60% aldehyde yield. 
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Conversion of Monotosyl-PEG-al to Dioxolane (2.9) 

In a round-bottom flask was dissolved 2.8 (300 mg, 60%, 0.69 mmol) in 

benzene (5 mL). para-toluenesulfonic acid hydrate (66 mg, 0.35 mmol) was 

added followed by ethylene glycol (58 μL, 1.04 mmol) and reaction mixture 

stirred at reflux for 1.5 h. After cooling to r.t., mixture placed into separatory 

funnel and washed twice with sat. NaHCO3 then dried over Na2SO4 and 

concentrated to dry. Desired product was isolated via silica gel 

chromatography (EtOAc) to yield a colorless oil (201 mg, 60% over two steps). 

1H NMR (400 MHz, CDCl3) δ 7.79 (d, J = 8.3 Hz, 2H), 7.34 (d, J = 8.1 Hz, 2H), 

5.05 (t, J = 4.0 Hz, 1H), 4.15 (t, J = 4.8 Hz, 2H), 4.01-3.85 (m, 4H), 3.71-3.55 

(m, 22H), 2.44 (s, 3H); Material not stable for ESI-MS analysis. 

Monoiodo-PEG-Dioxolane (2.10) 

To a solution of 2.9 (200 mg, 0.42 mmol) in acetone (5 mL) was added NaI 

(125 mg, 0.84 mmol) and the reaction mixture was heated to 65ºC for 16 h. 

After cooling to r.t., the acetone was removed in vacuo and the resulting solid 

suspended in EtOAc, placed into a separatory funnel and washed once each 

with 10% Na2S2O3, water, and brine then the colorless solution was dried over 

Na2SO4 and concentrated to dry. The resulting yellow oil was used without 

further purification (160 mg, 88%). 1H NMR (400 MHz, CDCl3) δ 5.05 (t, J = 

4.1 Hz, 1H), 4.01-3.86 (m, 4H), 3.77-3.56 (m, 22H), 3.26 (t, J = 7.0 Hz, 2H); 

Material not stable for ESI-MS analysis. 
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Synthesis of BTA-EG5-Dioxolane (2.11) 

A clean, oven-baked microwave reaction tube was charged with 2.10 (160 mg, 

0.37 mmol), BTA (133 mg, 0.55 mmol), K2CO3 (147 mg, 1.11 mmol) and dry 

THF (2 mL). The tube was then equipped with a stir bar, sealed and placed in 

a microwave reactor. The reaction was heated to 130ºC for 2 h, cooled to 

room temperature and filtered to remove solids, which were washed with 

several portions of DCM. The filtrate was concentrated in vacuo and the 

resulting suspension was purified by silica gel chromatography (MeOH/EtOAc) 

as eluent to yield a brown oil (44 mg, 22%). 1H NMR (400 MHz, CDCl3) δ 7.87 

(dd, J = 8.4, 14.7 Hz, 3H), 7.64 (s, 1H), 7.24 (s, 1H), 6.69 (d, J = 8.2 Hz, 2H), 

5.05 (t, J = 4.1 Hz, 1H), 3.99-3.85 (m, 4H), 3.76-3.54 (m, 22H), 3.38 (t, J = 5.0 

Hz, 2H), 2.47 (s, 3H); Material not stable for ESI-MS analysis. 

Hexaethylene Glycol Monoiodide (2.12) 

To a solution of 2.7 (5 g, 11 mmol) in acetone (100 mL) was added NaI (3.4 g, 

23 mmol) and the reaction mixture was heated at reflux for 12 h.  After this 

time the reaction mixture was cooled to room temperature and the acetone 

was removed in vacuo and the resulting solid suspended in EtOAc and 

washed once each with 10% Na2S2O3, water, and brine then the organic layer 

was dried over Na2SO4 and concentrated to dry. The resulting yellow oil was 

used without further purification (3.3 g, 74%). 1H NMR (400 MHz, CDCl3) δ 

3.76-3.59 (22H, m), 3.25 (2H, t, J = 6.9 Hz); 13C NMR (100 MHz, CDCl3) δ 

72.73, 72.09, 70.77, 70.72, 70.67, 70.64, 70.38, 70.29, 61.85, 3.14; ESI-MS 
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(m/z) calculated for C12H25IO6 [M]+ 392.07; found [M+H]+ 393.11, [M+NH4]
+ 

410.14, and [M+Na]+ 415.06. 

Benzothiazole Aniline Hexaethylene Glycol (BTA-EG6-OH, 2.13) 

A clean, oven-baked microwave reaction tube was charged with 2.12 (2 g, 5.1 

mmol), BTA (1.8 g, 7.7 mmol), K2CO3 (1.6 g, 11 mmol) and dry THF (12 mL). 

The tube was then equipped with a stir bar, sealed and placed in a microwave 

reactor. The reaction was heated to 130ºC for 2 h, cooled to r.t. and filtered to 

remove solids, which were washed with several portions of DCM. The filtrate 

was concentrated in vacuo and the resulting suspension was purified by silica 

gel chromatography using 5% MeOH in EtOAc as eluent to yield a brown oil 

(667 mg, 35%). 1H NMR (400MHz, CDCl3) δ 7.90-7.84 (3H, dd, J = 8.3, 13. 5 

Hz), 7.63 (1 H, s), 7.23 (1H, s), 6.71 (2H, d, J = 8.3 Hz), 3.78-3.58 (22H, m), 

3.38 (2H, t, J = 5.0 Hz), 2.47 (3H, s); 13C NMR (125 MHz, CDCl3) δ 168.02, 

152.50, 150.87, 134.72, 134.38, 129.01, 127.62, 122.56, 121.88, 121.33, 

112.62, 72.88, 70.73, 70.69, 70.64, 70.59, 70.35, 70.25, 69.44, 61.77, 43.20, 

21.64; ESI-MS (m/z) calculated for C26H36N2O6S [M]+ 504.23; found [M+H]+ 

505.44, and [M+Na]+ 527.33. 

BTA-EG6-OTs (2.14) 

BTA-EG6-OH (300 mg, 0.59 mmol) was dissolved in DCM and cooled to 0oC 

in an ice bath. After cooling, TEA (120 μL, 0.86 mmol) and DMAP (18 mg, 

0.15 mmol) were added and reaction mixture stirred at 0ºC for 5 m. After this 

time p-toluenesulfonyl chloride (165 mg, 0.87 mmol) was added and reaction 

mixture stirred and warmed to r.t. over 12 h.  After 12 h, the reaction mixture 
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was concentrated to dry in vacuo and purified by silica gel chromatography 

(EtOAc/DCM) to yield an orange oil (307 mg, 78%). 1H NMR (400 MHz, 

CDCl3) 7.88-7.83 (m, 3H), 7.78 (d, J = 8.0 Hz, 2H), 7.63 (s, 1H), 7.32 (d, J = 

8.2 Hz, 2H), 7.24 (s, 2H), 6.67, (d, J = 8.4 Hz, 2H), 4.14 (t, J = 4.9 Hz, 2H), 

3.74-3.57 (m, 20H), 3.37 (t, J = 5.1 Hz, 2H), 2.47 (s, 3H), 2.42 (s, 3H); ESI-MS 

(m/z) calculated for C33H42N2O8S2 [M]+ 658.24; found [M+H]+ 659.19. 

BTA-EG-Iodide (2.15) 

To a solution of 2.14 (213 mg, 0.323 mmol) in acetone (10 mL) was added NaI 

(97 mg, 0.647 mmol) and the reaction mixture was heated at reflux for 12 h. 

After this time the reaction mixture was cooled to r.t. and the acetone was 

removed in vacuo and the resulting solid suspended in EtOAc and washed 

once each with 10% Na2S2O3, water, and brine then the colorless solution was 

dried over Na2SO4 and concentrated to dry. The resulting orange oil was used 

without further purification (159 mg, 80%). 1H NMR (400 MHz, CDCl3) 7.95-

7.86 (m, 3H), 7.62 (s, 1H), 7.24 (s, 1H), 6.68 (d, J = 8.4 Hz, 2H), 3.74-3.63 (m, 

20H), 3.37 (t, J = 5.2 Hz, 2H), 3.24 (t, J = 7.0 Hz, 2H), 2.47 (s, 3H); ESI-MS 

(m/z) calculated for C26H35IN2O5S [M]+ 614.13; found [M+H]+ 615.17. 

BTA-EG-Vinyl Ether (2.16) 

In a round-bottom flask, 2.15 (159 mg, 0.259 mmol) was suspended in tert-

butanol (5 mL). Sodium tert-butoxide (37 mg, 0.388 mmol) was added and the 

reaction mixture was stirred at reflux for 12 h. After this time the reaction 

mixture was cooled to r.t. then diluted with water (20 mL), placed in a 

separatory funnel and extracted three times with DCM (15 mL). The organic 
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layers were combined, dried over Na2SO4 then the solvent was removed in 

vacuo. The resulting orange oil was purified via silica gel chromatography 

(EtOAc/Hexanes) to yield an orange oil (88 mg, 70%). 1H NMR (500 MHz, 

CDCl3) 7.86 (dd, J = 8.4, 15.1 Hz, 3H), 7.63 (s, 1H), 7.23 (dd, J = 1.6, 8.3 Hz, 

1H), 6.66 (d, J = 8.5 Hz, 2H), 6.48 (dd, J = 6.8, 14.4 Hz, 1H), 4.17 (dd, J = 2.2, 

14.4Hz,  1H), 3.99 (dd, J = 2.2, 6.8 Hz, 1H), 3.83 (m, 2H) 3.73-3.66 (m, 18H), 

3.35 (t, J = 5.2 Hz, 2H), 2.47 (s, 3H); 13C NMR (500 MHz, CDCl3) 167.72, 

152.35, 151.72, 150.54, 134.61, 134.29, 127.51, 121.81, 121.20, 112.58, 

86.64, 70.58, 70.35, 69.59, 69.30, 67.19, 43.09, 21.49.  

Triethylene Glycol Monomethyl Ether Monotosylate (2.17) 

In a round-bottom flask, triethylene glycol monomethyl ether (9.8 mL, 61 

mmol) was dissolved in DCM (100 mL). TEA (10.2 mL, 73 mmol) was added 

followed by para-toluenesulfonyl chloride (14 g, 73 mmol) and reaction mixture 

was stirred at r.t. for 12 h. After this time the solvent was removed in vacuo 

and the resulting oily mixture was suspended in EtOAc, filtered, and the filtrate 

was concentrated to dry. This oil was purified via silica gel chromatography 

using 75% EtOAc in Hexanes as eluent resulting in a colorless oil (19 g, 98%). 

1H NMR (400 MHz, CDCl3) 7.79 (2H, d, J = 8.3 Hz), 7.34 (2H ,d, J = 8.2 Hz), 

4.15 (2H, t, J = 4.8 Hz), 3.69-3.51 (10 H, m), 3.37 (3H, s), 2.44 (3H, s); 13C 

NMR (125 MHz, CDCl3) δ 144.95, 133.00, 129.95, 128.11, 72.00, 70.85, 

70.68, 70.65, 69.36, 68.78, 59.19, 21.80; ESI-MS (m/z) calculated for 

C14H22O6S [M+H]+ 319.11; found [M+H]+ 319.35, [M+NH4]
+ 336.17, and 

[M+Na]+ 341.16. 
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Hexaethylene Glycol Monomethyl Ether (2.18) 

In a round-bottom flask, 2.17 (1 g, 3.14 mmol) and triethylene glycol (2.10 mL, 

15.70 mmol) were stirred together. Freshly ground potassium hydroxide (KOH) 

powder (530 mg, 9.42 mmol) was added, a reflux condenser was attached, the 

flask was placed in an oil bath heated to 100ºC and the reaction mixture was 

stirred with heating for 12 h. After this time the reaction mixture was cooled to 

r.t., diluted with water (30 mL), poured into a separatory funnel and extracted 

three times with DCM (30 mL). The organic layers were combined, dried over 

Na2SO4, and concentrated to dry. The resulting yellow oil (640 mg, 69%) was 

used without further purification. 1H NMR (400 MHz, CDCl3) 3.72-3.53 (m, 

24H), 3.37 (s, 3H); 13C NMR (125 MHz, CDCl3) δ 72.80, 72.05, 70.74, 70.69, 

70.64, 70.39, 61.85, 59.17; ESI-MS (m/z) calculated for C13H28O7 [M+H]+ 

297.18; found [M+H]+ 297.26, [M+NH4]
+ 314.21, and [M+Na]+ 319.32. 

Hexaethylene Glycol Monomethyl Ether Monotosylate (2.19) 

In a round-bottom flask, 2.18 (1.46 g, 4.93 mmol) was dissolved in DCM (20 

mL). TEA (1.03 mL, 7.39 mmol) was added followed by para-toluenesulfonyl 

chloride (1.41 g, 7.39 mmol) and the reaction mixture was stirred at r.t. for 12 

h. After this time the solvent was removed in vacuo and the resulting oily 

mixture was suspended in EtOAc, filtered, and the filtrate was concentrated to 

dry. This oil was purified via silica gel chromatography (EtOAc/Hexanes) 

resulting in a colorless oil (1.12 g, 50%). 1H NMR (400 MHz, CDCl3) 7.80 (d, J 

= 8.0 Hz, 2H), 7.34 (d, J = 8.0 Hz, 2H), 4.16 (t, J = 4.9 Hz, 2H), 3.68-3.53 (m, 

22H), 3.37 (s, 3H), 2.45 (s, 3H); 13C NMR (500 MHz, CDCl3) 144.78, 132.98, 



61 
 

 

 

129.81, 127.98, 71.92, 70.75, 70.61, 70.60, 70.55, 70.51, 69.23, 68.68, 21.65; 

ESI-MS (m/z) calculated for C20H34O9S [M]+ 450.19; found [M+H]+ 451.09, 

[M+NH4]
+ 468.13, [M+Na]+ 473.18, [M+K]+ 489.18. 

Hexaethylene Glycol Monomethyl Ether Monoiodide (2.20) 

To a solution of 2.19 (1.12 g, 2.49 mmol) in acetone (25 mL) was added NaI 

(745 mg, 4.97 mmol) and the reaction mixture was heated at reflux for 12 h. 

After this time the reaction mixture was cooled to r.t. and the acetone was 

removed in vacuo and the resulting solid suspended in EtOAc and washed 

once each with 10% Na2S2O3, water, and brine then the organic layer was 

dried over Na2SO4 and concentrated to dry. The resulting yellow oil was used 

without further purification (940 mg, 93%). 1H NMR (400 MHz, CDCl3) 3.77-

3.53 (m, 22H), 3.38 (s, 3H) 3.26 (t, J = 6.9 Hz, 2H); ESI-MS (m/z) calculated 

for C13H27IO6 [M]+ 406.09; found [M+H]+ 406.92, [M+NH4]
+ 424.03, and 

[M+Na]+ 429.13. 

Hexaethylene Glycol Monomethyl Ether Vinyl Ether Monomer (2.21) 

In a round-bottom flask, 2.20 (659 mg, 1.62 mmol) was dissolved in tert-

butanol (15 mL). Sodium tert-butoxide (234 mg, 2.43 mmol) was added and 

the reaction mixture was stirred at reflux for 12 h. After this time the reaction 

mixture was cooled to r.t., diluted with water (30 mL), placed in a separatory 

funnel and extracted three times with DCM (30 mL). The organic layers were 

combined, dried over Na2SO4, and concentrated to dry resulting in a yellow oil 

which was purified via silica gel chromatography (EtOAc/Hexanes) to yield a 

colorless oil (221 mg, 49%) 1H NMR (500 MHz, CDCl3) 6.49 (dd, J = 6.8, 14.4 
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Hz, 1H), 4.17 (dd, J = 2.2, 14.4 Hz, 1H), 4.00 (dd, J = 2.2, 6.8 Hz, 1H), 3.85 

(m, 2H), 3.75-3.54 (m, 18H), 3.38 (s, 3H); 13C NMR (500 MHz, CDCl3) 151.73, 

86.61, 71.92, 70.60, 70.57, 70.54, 70.51, 70.28, 69.59, 67.20, 59.04; ESI-MS 

(m/z) calculated for C13H26O6 [M]+ 278.17; found [M+NH4]
+ 296.11. 

BTA-EG6-Acrylate (2.22)  

In a flame-dried round-bottom flask purged with N2, BTA-EG6-OH (500 mg, 

0.99 mmol) was dissolved in DCM (25 mL). The reaction mixture was cooled 

to -78ºC in a dry ice bath (acetone/CO2), and TEA was added (138 μL, 0.99 

mmol) over 5 min. After incubation for an additional 5 min, a solution of 

acryloyl chloride (67 μL, 0.83 mmol) in DCM (1 mL) was added dropwise. After 

warming to r.t. over 24 h, the reaction mixture was concentrated to dryness 

and purified via silica gel chromatography using EtOAc as the eluent. The 

product was dried under vacuum to afford an orange oil (334 mg, 72% yield). 

1H NMR (400 MHz, CDCl3): δ 7.89 (3H, dd, J = 8.6, 10.1 Hz), 7.63 (1H, s), 

7.23 (1H, d, J = 9 Hz), 6.66 (2H, d, J = 8.7 Hz), 6.40 (1H, dd, J = 1.9, 17 Hz), 

6.11 (1H, dd, 10.1, 17 Hz), 5.82 (1H, dd, 1.9, 10 Hz), 4.30 (2H, t, J = 4.9 Hz), 

3.67 (20H, m), 3.37 (2H, t, J = 4.7 Hz), 2.47 (3H, s). 13C NMR (125 MHz, 

CDCl3): 167.85, 166.31, 152.47, 150.63, 134.71, 134.40, 131.10, 129.00, 

128.23, 127.62, 122.69, 121.90, 121.32, 112.67, 70.62, 70.60, 70.58, 70.57, 

70.56, 70.33, 69.29, 69.10, 63.81, 43.17, 21.62. ESI-MS (m/z): calculated for 

C29H38N2O7S [M]+ 558.24, found [M+H]+ 559.23. 
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Poly[acrylic acid-co-benzothiazole aniline hexa(ethylene 

glycol) acrylate] (2.23) 

Acrylic acid (32 μL, 0.47 mmol), 2.22 (263 mg, 0.47 mmol), and AIBN (4 mg, 

0.024 mmol) were dissolved in butyl acetate (1 mL). The reaction mixture was 

degassed by gently bubbling dry N2 gas with stirring for 30 m. After degassing, 

the reaction vial was sealed under N2 atmosphere and placed in an oil bath at 

65ºC for 16 h. After being cooled to r.t., the cloudy solution was placed in a 50 

mL conical vial. The reaction vial was twice rinsed with DCM (2 mL) and 

added to the conical vial. The polymer was precipitated by addition of hexanes 

(30 mL), and the solution was decanted. The polymer was redissolved in DCM 

and again precipitated with hexanes. The product was dried under vacuum to 

afford a yellow solid (100 mg, 34% yield). 1H NMR (400 MHz, CDCl3): δ 7.82 

(3H, bs), 7.56 (1H, bs), 7.21 (1H, bs), 6.62 (2H, bs), 4.16 (2H, bs), 3.29 (20H, 

bs), 2.42 (3H, bs), 1.97 (1H, bs), 1.69 (2H, bs). Integration of aromatic protons 

in the region δ 6.62-7.82 ppm was used to determine incorporation of 2.22. 

Estimation of the percent incorporation of BTA in polymer 2.23 

The average molecular weight per monomer, number of monomers per 

polymer chain, and the number of amyloid binding moieties per polymer can 

be calculated using the following equations: 

𝑀𝑊̅̅ ̅̅ ̅̅
𝑚𝑜𝑛𝑜 =  𝜒𝐵𝑇𝐴(𝑀𝑊𝐵𝑇𝐴) +  𝜒𝐴𝐴(𝑀𝑊𝐴𝐴) (4) 

Where 𝑀𝑊̅̅ ̅̅ ̅̅
𝑚𝑜𝑛𝑜 is the average molecular weight of a monomer within the 

polymer chain, 𝜒𝐵𝑇𝐴 is the mole fraction of amyloid binding monomer 2.22 per 
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polymer by 1H NMR analysis, 𝑀𝑊𝐵𝑇𝐴 is the molecular weight of the amyloid 

binding monomer 2.22,  𝜒𝐴𝐴 is the mole fraction of acrylic acid monomer per 

polymer by 1H NMR analysis and 𝑀𝑊𝐴𝐴 is the MW of the acrylic acid 

monomer. Integration of the peak at 7.62 ppm (1 H) in the NMR of polymer 

2.23 gives a mole fraction, 𝜒𝐵𝑇𝐴, of 0.56 (or 56% of the residues contained 

BTA). If the polymer is 56% alkyne functionalized monomer then the other 

44% is unmodified lactic acid. Inserting these values along with the molecular 

weights of the respective monomers into Eq. 1 gives an average MW, 

𝑀𝑊̅̅ ̅̅ ̅̅
𝑚𝑜𝑛𝑜, of 344.58 g/mol. To estimate the degree of polymerization (𝐷𝑃𝑝𝑜𝑙𝑦) 

we used Eq. 2: 

𝐷𝑃𝑝𝑜𝑙𝑦 =  
𝑀𝑛

𝑀𝑊̅̅ ̅̅ ̅̅
𝑚𝑜𝑛𝑜

⁄  (2) 

where 𝐷𝑃𝑝𝑜𝑙𝑦 is the degree of polymerization of both monomers (i.e., the total 

# of monomers within the polymer) and 𝑀𝑛 is the number average molecular 

weight of the polymer as determined by SLS-MALS. For the estimation of the 

total number of BTA monomers per polymer chain we used Eq 3: 

𝐷𝑃𝐵𝑇𝐴 =  𝐷𝑃𝑝𝑜𝑙𝑦(𝜒𝐵𝑇𝐴) (3) 

where 𝐷𝑃𝐵𝑇𝐴 is the degree of polymerization of the amyloid binding monomer 

2.22 as estimated by 1H NMR. Inserting the 𝑀𝑊̅̅ ̅̅ ̅̅
𝑚𝑜𝑛𝑜 calculated from Eq. 4 and 

the 𝑀𝑛 of 68 kDa, calculated from SLS-MALS, into Eq. 2 gives 𝐷𝑃𝑝𝑜𝑙𝑦 of 197 

and multiplying this number by 𝜒𝐵𝑇𝐴 , as determined by 1H NMR analysis, in 
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Eq. 3 gives, on average, an estimated 111 amyloid-binding BTA moieties per 

polymer chain. In other words, the concentration of BTA moieties is 111 times 

the concentration of polymer in solutions that contain polymer 2.23.  

Hexaethylene Glycol Monomethyl Ether Acrylate (2.24) 

In a flame-dried round-bottom flask purged with N2 was dissolved 2.18 (304 

mg, 1.03 mmol) in DCM (5 mL). The reaction mixture was cooled to 78ºC in a 

dry ice bath (acetone/CO2), and TEA was added (172 μL, 1.23 mmol) over 5 

min. After another 5 min, a solution of acryloyl chloride (100 μL, 1.23 mmol) in 

DCM (1 mL) was added dropwise. After being warmed to r.t. over 24 h, the 

reaction mixture was concentrated to dryness and purified via silica gel 

chromatography using EtOAc as the eluent. The product was dried under 

vacuum to afford an orange oil (200 mg, 56% yield). 1H NMR (500 MHz, 

CDCl3): δ 6.43 (1H, dd, J = 1.4, 17.4 Hz), 6.15 (1H, dd, J = 10.4, 17.3 Hz), 

5.84 (1H, dd, J = 1.4, 10.4 Hz), 4.31 (2H, t, J = 5.3 Hz), 3.74 (2H, t, J = 5 Hz), 

3.65 (18H, m), 3.54 (2H, t, 4.5 Hz), 3.37 (3H, s). 13C NMR (125 MHz, CDCl3): 

δ 166.33, 131.23, 128.37, 72.03, 70.73, 70.68, 70.63, 69.24, 63.84, 59.19. 

ESI-MS (m/z): calculated for C16H30O8 [M]+ 350.19, found [M+H]+ 351.33, 

[M+NH4]
+ 368.32 and [M+Na]+ 373.36. 

Poly(hexaethylene glycol monomethyl ether acrylate) (2.25) 

2.24 (180 mg, 0.51 mmol) and AIBN (2 mg, 0.013 mmol) were dissolved in 

butyl acetate (1 mL). The reaction mixture was degassed by gently bubbling 

dry N2 gas with stirring for 30 min. After degassing, the reaction vial was 

sealed under N2 atmosphere and placed in an oil bath at 65ºC for 16 h. After 
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being cooled to r.t., the cloudy solution was placed in a 50 mL conical vial. The 

reaction vial was rinsed twice with DCM (2 mL) and added to the conical vial. 

The polymer was precipitated by addition of hexanes (30 mL), and the solution 

was decanted. The polymer was redissolved in DCM and again precipitated 

with hexanes. The product was dried under vacuum to afford a colorless oil. 

1H NMR (400 MHz, CDCl3): δ 4.17 (2H, bs), 3.68 (22H, bm), 3.38 (3H, bs), 

2.31 (1H, bs), 1.78 (2H, bs), 1.62 (1H, bs). 

Nanoparticle Formulation 

We dissolved 2 mg of polymer 2.23 in 2 mL of tetrahydrofuran (THF). This 

solution was added dropwise to an equal volume of deionized (DI) water with 

vigorous stirring. After the solution was stirred for 30 min, the THF was 

removed in vacuo and the remaining 1 mg/mL nanoparticle solution was 

analyzed via dynamic light scattering. 

Nanoparticle Analysis by Dynamic Light Scattering 

Particle size determination by dynamic light scattering was performed on a 

Wyatt DynaPro NanoStar (Wyatt Technology, Santa Barbara, CA) instrument 

using a disposable cuvette (Eppendorf UVette 220 - 1600 nm). Samples were 

analyzed using a concentration of nanoparticles of 1 mg/mL (with respect to 

polymer concentration) and data processed using Wyatt DYNAMICS V7 

software. Data were exported for final plotting using GraphPad Prism 5 

(GraphPad Software, Inc., La Jolla, CA), and a representative plot of signal 

intensity versus radius is shown in Figure 2.5. 
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Preparation of SEVI Fibrils 

PAP (248-286) was dissolved in PBS at a concentration of 10 mg/mL. Fibrils 

were formed by agitation in an Eppendorf Thermomixer at 1400 rpm and 37ºC 

for 72 h. The presence of fibrils was confirmed by a previously described 

Congo Red spectroscopic assay. 

Nanoparticle and SEVI Analysis by Cryo-EM 

Nanoparticles were resuspended in a volume (50 μL) of water with a 

concentration of 20 mg/mL nanoparticle (with respect to polymer 

concentration) prior to imaging. SEVI amyloid fibrils were suspended at a 

concentration of 10 mg/mL (with respect to peptide concentration) in PBS. 

Small aliquots (<5 μL) of each sample were separately applied to holey grids, 

which had been glow discharged and plasma cleaned. These Cryo-EM 

samples were vitrified using liquid ethane as the cryogen. Frozen samples 

were transferred into a precooled cryo-transfer holder to maintain low 

temperature. Images acquired on a FEI Tecnai G2 Sphera operated at 200 

keV using a Gatan Ultrascan 1000 UHS 4 MP CCD camera. 

TEM Imaging of SEVI Fibrils Incubated with Nanoparticles 

In order to obtain TEM images of SEVI fibrils incubated with NP, a 5 μL 

solution of NPs (5 mg/mL) was incubated with a 2 μL solution of SEVI (2 

mg/mL) in water over an air plasma oxidized EM grid. The mixture was 

agitated via pipet on the grid for approximately 5 min. After 5 min, excess 

water was wicked away using filter paper, and the dried sample was subjected 
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to TEM imaging on a FEI Tecnai G2 Sphera using a Gatan Ultrascan 1000 

UHS 4 MP CCD camera. 

Measurement of the Apparent Dissociation Constant, Kd, of 2.23 to SEVI 

Fibrils 

The binding of polymer 2.23 to SEVI amyloid fibrils was estimated using a 

centrifugation assay described previously. Briefly, 200 μL of various 

concentrations of 2.23 in 5% DMSO/water were incubated in the presence or 

absence of 10 μg of SEVI to give a final volume of 201 μL of solution. These 

incubations were performed in duplicate runs and allowed to equilibrate for 12 

hours at room temperature. After equilibration, each solution was centrifuged 

at 16000g for 30 min at 4ºC. The supernatants were separated from the 

pelleted fibrils, and 200 μL of fresh water was added to resuspend the pellets. 

Aliquots (100 μL) of each resuspended pellet were 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 measurement experiment was 

repeated at least 3 times. Error bars represent standard deviations from the 

mean. The representative graph shown in Figure 2.6 shows the fluorescence 

intensity versus concentration of polymer 2.23; the data were fitted using the 

following one-site specific binding algorithm to determine Kd: 

𝑌 =
𝐵𝑚𝑎𝑥 ∗ 𝑋

(𝐾𝑑 + 𝑋)⁄  (6) 
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where 𝑋 is the concentration of 2.23, 𝑌 is the specific binding fluorescence 

intensity, and 𝐵𝑚𝑎𝑥 corresponds to the apparent maximal observable 

fluorescence upon binding of BTA polymer to SEVI fibrils. The data were 

processed using GraphPad Prism 5 (GraphPad Software, Inc., La Jolla, CA). 

Competition assay to evaluate the binding of control polymer 2.25 to 

SEVI 

In separate vials, 100 μg/mL polymer 2.23 dissolved in water was incubated 

with increasing concentrations of control polymer 2.25 in the presence or 

absence of 10 μg SEVI.  After 16 h, the vials were centrifuged at 16,000 g for 

30 min at 4ºC. The supernatant solution was removed and fresh 200 μL water 

was added to resuspend the pellets. 100 μL of sample 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 measurement experiment was repeated at least 3 times. Error bars 

represent standard deviations from the mean. The data were processed using 

GraphPad Prism 5 (GraphPad Software, Inc., La Jolla, CA). 

Evaluation of SEVI-mediated enhancement of HIV-1 infectivity of TZM-bl 

cells in the presence of BTA polymer and nanoparticles 

TZM-bl cells (in DMEM culture medium supplemented with 10% FBS, 50 

units/mL penicillin, and 50 μg/mL streptomycin) were seeded on 96-well 

flatbottomed tissue culture plates at a density of 4 x 103 cells/well. Plates were 
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incubated for 12 h (in a humidified atmosphere of 95% air, 5% CO2 at 37ºC) to 

promote attachment of cells to the wells. HIV-1IIIB virions were then pretreated 

for 10 min at room temperature with 15 μg/mL SEVI fibrils in the presence or 

absence of polymer or polymeric nanoparticle. Treated virions were then 

added to the plated TZM-bl cells and were incubated for 2 h at 37ºC. 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. 

Toxicity Assay 

Cervical epithelial (ectocervical) cells (3EC1 cell line) were treated for 24 

hours with polymer 2.23, nanoparticles, and polymer 2.25 at concentrations up 

to 40 μg/mL.  After 24 hours cell viability was analyzed by measuring cellular 

metabolic activity using the resazurin cytotoxicity assay (Alamar Blue; 

Invitrogen), in accordance with the manufacturer’s protocol.  Cells were also 

treated with 0.1% Nonoxynol-9 as a positive control for cytotoxicity. 

Estimation of Molar Concentration of BTA at the IC50 of 2.23 for Reducing 

SEVI-mediated HIV Infection 

The 𝐷𝑃𝐵𝑇𝐴 can be multiplied by the IC50 of polymer 2.23 or nanoparticles 

generated from polymer 2.23 as mentioned earlier in this chapter. This value 
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can be corroborated through calculation of the mass fraction of BTA within the 

polymer, which can be calculated from the following equation: 

𝜔𝐵𝑇𝐴 =  
𝜒𝐵𝑇𝐴(𝑀𝑊𝐵𝑇𝐴)

𝑀𝑊̅̅ ̅̅ ̅̅
𝑚𝑜𝑛𝑜

⁄  (7) 

Where ωBTA is the mass fraction of amyloid binding monomer 2.22 within the 

average molecular weight of the monomers in the polymer chain.  𝜔𝐵𝑇𝐴 can be 

multiplied by the IC50 (g/L units) and subsequently divided by 𝑀𝑊𝐵𝑇𝐴 

according to Eq. 8 to give the molar concentration of BTA moieties at the IC50 

concentration for reducing SEVI-enhanced HIV infection.  

𝐼𝐶50[𝐵𝑇𝐴] =  
𝜔𝐵𝑇𝐴(𝐼𝐶50)

𝑀𝑊𝐵𝑇𝐴
⁄  (8) 

Notes About This Chapter 

Chapter 2 is, in part, based on material which appears in “Inhibition of the 

Enhancement of Infection of Human Immunodeficiency Virus by Semen-

Derived Enhancer of Virus Infection Using Amyloid-Targeting Polymeric 

Nanoparticles” Sheik, D. A.; Brooks, L; Frantzen, K.; Dewhurst, S.; and Yang, 

J.ACS Nano, 2015, 9, 1829-1836. I am the primary author of this paper, co-

authored with Lauren Brooks. I was responsible for all polymer related work, 

including design, synthesis, purification and characterization of all of the 

materials discussed in this chapter. Dr. Joseph Patterson and Kate Veccharelli 

were responsible for the cryo and transmission electron microscopy, 

respectively. Lauren Brooks and Kristen Frantzen were responsible for the 

evaluation of our materials in HIV infection and toxicity assays. 
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Chapter 3 

 

Denaturation of SEVI Amyloid Structure 

with Hydrophobic Nanoparticles to Inhibit 

SEVI-Mediated HIV Infection 

 

3.1 SEVI Amyloid Aggregation and Fibrillization 

 SEVI is the name given to the amyloidogenic peptide sequence derived 

from the degradation of prostatic acid phosphatase (PAP 248-286).110 The 

amyloid fibrils that result from the aggregation of this peptide are known to be 

efficient natural binders of negatively charged biological materials.81 As 

discussed in Chapters 1 and 2, mature SEVI amyloid fibrils can bind microbes 

and viruses including: HIV, E. coli, S. aureus, and N. gonorrhoeae.131 The 

increase in local viral load causes a significant increase in the cellular uptake 

of viral and bacterial particles. Of particular importance to our work has been 

the transmission of HIV.66,68,132 Although the spread of this disease has 
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dwindled in regions with advanced medical practices in recent decades, it is 

still among the most widespread sexually transmitted diseases worldwide.133  

 Previous work in the Yang lab sought to inhibit SEVI-mediated HIV 

infection by coating the mature amyloid aggregates with synthetic molecules in 

order to block binding of SEVI to HIV virions.58,65,66 Initial studies focused on 

improvements in binding affinity through the generation of multivalent scaffolds 

and polymeric materials as discussed in Chapter 2.68 When increases in 

binding affinity were not met with equal improvements in activity, we looked to 

increase the size of bound materials to incorporate steric hindrance into SEVI-

HIV binding inhibitors. We found that after increasing the steric bulk of our 

materials, through the development of amyloid binding polymeric 

nanoparticles, most, if not all, nanoparticles bound to SEVI played a role in the 

inhibition of SEVI-mediated HIV infectivity.132 From this information, we 

determined that steric hindrance could be exploited in the design and 

development of amyloid neutralizing materials. To further our understanding of 

materials-based approaches to SEVI-HIV inhibition, we sought to determine 

how the secondary structure of mature SEVI amyloids affected HIV infectivity. 

As discussed in Chapter 1, amyloid fibrils are comprised of hydrophobic 

protein and peptide sequences that aggregate together to form stacked β-

sheet structures.134–138 Initially, stacks of β-sheets form protofibrils that 

resemble mature fibrils in length but continue to aggregate themselves. These 

protofibrils wrap around each other forming a gentle twist in the mature 

aggregate, hiding most of the amino acids within the core.139 Because amino 
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acids are hidden within the core of the fibril structure, the resulting mature 

amyloid fibrils are rigidly stable and resistant to enzyme digestion. The rope-

like structure of amyloid fibrils contains major and minor grooves into which 

hydrophobic small molecules can bind (Figure 3.1). As discussed in Chapters 

1 and 2, these grooves are where the amyloid binding benzothiazole aniline 

(BTA) moiety is putatively bound. 

 

Figure 3.1 Computer generated structure of amyloid fibril based on NMR and 
EM analysis. This fibril is comprised of 3 protofibrils and illustrates β-sheet 
stacking and the twist that occurs as mature fibrils form.139  

The suggested ubiquitous mechanism of amyloid fibrillization and the 

enhanced stability of mature amyloid aggregates have led to research efforts 
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focused on the inhibition of amyloidogenic peptide and protein aggregation. By 

inhibiting the aggregation of amyloidogenic peptides into mature fibrils, 

researchers sought to hinder the progression of amyloid-related diseases. In 

the case of SEVI, inhibition of the aggregation of PAP (248-286) fragments 

into mature amyloid fibrils was hypothesized to inhibit SEVI-mediated 

enhancement of HIV infectivity.  

One commonly studied material for the inhibition of amyloid peptide 

aggregation has been metals. It is known that some amyloid fibrils, like those 

made from Aβ, use metal ions to stabilize noncovalent interactions.114–116 The 

presence of metal ions such as zinc (Zn), copper (Cu), and iron (Fe) during Aβ 

aggregation promotes rapid precipitation of insoluble Aβ aggregates. 

Fibrillization rates of other amyloidogenic peptides have been shown to be 

hindered in the presence of metal ions. The rate of SEVI fibrillization, for 

example, is decreased by the presence of Zn ions in solution.117 Structurally, 

though, the SEVI fibrils that result from aggregation in the presence of Zn are 

similar to fibrils aggregated without Zn in solution. 

Another mechanism under investigation for the inhibition of amyloid 

fibrillization involves surface interactions. Amyloid fibrils aggregate in aqueous 

solutions, so it follows that amyloidogenic peptides should retain the ability to 

aggregate when exposed to hydrophilic surfaces. Studies have concluded that 

peptides aggregated into amyloid fibrils in the presence of hydrophilic particles 

are not disrupted in the rate of fibrillization or the resulting structure of the 

amyloid aggregate.140 However, when hydrophobic surfaces are used instead, 
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the rate of amyloidogenic peptide fibrillization is significantly decreased.141–143 

This effect has also been applied after mature amyloid aggregates have been 

formed. In the Yang lab, it has been shown that hydrophobic surfaces 

decrease the concentration of β-sheets present in an amyloid fibril.144 

β-sheets comprise 50-70% of the structure of an amyloid fibril, with the 

remainder being α-helices and other, less ordered, features. Analytical 

measurements have shown that mature amyloid fibrils generated from the 

aggregation of Aβ peptides have total β-sheet content below 40% after 

exposure to a hydrophobic surface.144 These previous studies led us to 

investigate the effect of surface chemistry on the disruption of amyloid 

structure and the potential to inhibit SEVI-mediated HIV infection. 

Using hydrophobic nanoparticles we sought to disrupt the organized β-

sheet stacked structure of SEVI amyloid fibrils in aqueous solution. Our 

hypothesis was that a disrupted secondary structure would remove potential 

binding sites for HIV along the length of the SEVI fibril. We further believed 

that the removal of structural features that comprise HIV binding sites along 

SEVI amyloid fibrils would lead to the inhibition of SEVI-mediated HIV infection 

in cells. We used hydrophobic polymers to unravel the rope-like structure of 

SEVI amyloids and quantified the resulting total β-sheet content through 

infrared (IR) spectroscopy, discussed in Sections 3.4 and 3.5. Furthermore, 

we formulated the same hydrophobic polymers into spherical nanoparticles of 

discreet sizes and applied them in HIV infection assays in the presence of 

SEVI to quantify the inhibition of SEVI-mediated HIV infection.  
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3.2 Hydrophobicity and Hydrophilicity 

 The terms hydrophilic and hydrophobic describe the desire to be 

surrounded by or excluded from water, respectively.145 Many materials are 

neither completely hydrophobic nor are they completely hydrophilic. There are 

some materials, such as hydrocarbon chains and fluorinated surfaces, which 

are more hydrophobic than others. Likewise, molecules which can engage in 

hydrogen bonding with water are more hydrophilic. Hydrophobic materials are 

present in everyday life in electronics, fabrics, sealants and coatings for 

various materials to keep water away.  

There have been several techniques designed to quantify the 

hydrophobic and hydrophilic natures of various materials. The contact angle of 

a droplet of liquid on a given surface is one the best methods to quantify the 

liquids interaction with the given material.146 If a droplet of water minimizes the 

area in contact with a given surface, as it would with hydrophobic surfaces, 

then the contact angle measured would approach 180º. Alternatively, if a water 

droplet maximizes the area in contact with a given surface, the contact angle 

measured would approach 0º. These values are commonly used to quantify 

the hydrophobicity of surface coating materials.  

In this work, we sought materials that spanned a range of 

hydrophobicities. Hydrophobic polymers were hypothesized to denature the 

secondary structure of preformed SEVI fibrils leading to the inhibition of SEVI-

mediated HIV infection. To apply these hydrophobic polymers in cell-based 

SEVI-mediated HIV infection assays, we believed that it was necessary to 
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formulate the hydrophobic polymers into nanoparticles of controlled size in 

aqueous solution.  We further hypothesized that hydrophilic polymers would 

not affect secondary structure within mature SEVI amyloid fibrils. Therefore, in 

the presence of hydrophilic polymers, SEVI-mediated HIV infection would be 

unaffected. We focused our studies of hydrophobic materials on polymers 

containing hydrocarbon side chains of 8 and 12 carbons in length. For 

hydrophilic polymers, we focused on PEG side chains. Polymers comprised of 

aromatic and hydrocarbon side chains have been shown to have contact 

angles between 80º and 120º whereas polyethylene glycol modified polymer 

surfaces have contact angles around 30-60º making our desired materials 

sufficiently hydrophobic and hydrophilic.146–150 

3.3 Design and Synthesis of Hydrophobic and Hydrophilic Polymers  

 In this study we decided to continue our use of polyacrylate-based 

polymers. As stated in Chapter 2, these types of materials are approved for 

testing by the FDA and have a useful therapeutic window. The ease of 

synthesis of the monomers and polymers was also a desirable trait. We 

sought to make acrylate monomers with hydrophobic hydrocarbon chains that 

could be polymerized through free-radical polymerization procedures into 

polymers suitable for nanoparticle formulation in aqueous solution.  

To generate hydrophobic monomers, we added hydrocarbons with 

terminal alcohol functional groups to acryloyl chloride under basic conditions. 

1-octanol and 1-dodecanol were chosen to test the effect of varied carbon 
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chain length, and in turn varied surface hydrophobicity, on the ability to disrupt 

the secondary structure of preformed mature SEVI fibrils. These monomers 

could be produced in gram quantities with high yields, but to avoid uninitiated 

polymerization of the monomers, they were always prepared and used in the 

same day (Scheme 3.1).  

 

Scheme 3.1 Synthesis of hydrophobic and hydrophilic monomers and 
polymers. A) Synthesis of monomers for polymers 3.2a-d, 3.3a-d, and 
homopolymer 3.4. B) Previously reported synthesis of polymer 2.25 
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To prevent uncontrolled polymer aggregation in aqueous solution, 

which inhibits nanoparticle formation, we believed it would be necessary to 

incorporate some fraction of a hydrophilic monomer into the otherwise 

hydrophobic polymer. We hypothesized that we would not get accurate 

measurements of structural distortion using the previously described PEG 

monomethyl ether monomer 2.24 since the side chain would be longer than 

the hydrocarbon chains and may inhibit the interaction of the hydrophobic 

material with SEVI amyloid fibrils. 

To address this issue, we settled on a similarly hydrophilic, yet shorter, 

monomer known as hydroxyethyl acrylamide (HEAm). This monomer would 

also be more stable to hydrolysis as it is known that amides cleave at a slower 

rate than esters. To make HEAm, we followed a known procedure with 

fractional additions of acryloyl chloride and strong base to a chilled solution of 

ethanolamine in methanol. With this procedure we were able to produce fresh 

HEAm in reasonable yields as needed. 

One hypothesis we had early in this study was that we would be able to 

control the hydrophobicities of polymeric nanoparticles based on the relative 

incorporations of hydrophobic and hydrophilic monomers in the polymer 

chains. With differing hydrophobicities we sought to quantify the relative 

differences in β-sheet content between preformed SEVI fibrils after exposure 

to these different hydrophobic surfaces. We further believed that the 

differences in hydrophobicity would translate to the surface properties of 

nanoparticles formulated in aqueous solution and lead to detectable changes 
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in SEVI-mediated HIV infection assays. This information was desired for us to 

expand our understanding of amyloid structure and guide future materials-

based studies. 

Table 3.1 Monomer feed ratios and incorporation from 1H NMR analysis. 

aHydrophilic monomer HEAm 
bHydrophilic monomer 2.24 
cHydrophobic monomer Octyl Acrylate (3.1a) 
dHydrophobic monomer Dodecyl Acrylate (3.1b) 
 

To test this hypothesis, we synthesized copolymers using a gradient of 

feed ratios. We added 0.1, 0.2, 0.3 and 0.4 molar equivalents of HEAm to both 

the octanyl (3.2a-d) and dodecanyl (3.3a-d) acrylates (Table 3.1). In order to 

solubilize the HEAm for polymerization we used DMF as the solvent during 

 Feed Ratio 1H NMR Analysis 

Polymer Hydrophilic 
Monomer 

Hydrophobic 
Monomer 

Hydrophilic 
Monomer 

Hydrophobic 
Monomer 

3.2aa,c 10 90 5 95 

3.2ba,c 20 80 12 88 

3.2ca,c 30 70 15 85 

3.2da,c 40 60 20 80 

3.3aa,d 10 90 3 97 

3.3ba,d 20 80 13 87 

3.3ca,d 30 70 20 80 

3.3da,d 40 60 27 73 

3.4a 100 0 100 0 

2.25b 100 0 100 0 
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polymerization. The monomers were polymerized with AIBN at elevated 

temperature as described in Chapter 2. After cooling to quench the radical 

initiator, the non-polar polymers were precipitated into methanol and dried 

under vacuum. 

1H NMR analysis concluded that the incorporation of HEAm into these 

polymers was approximately half of the feed ratio (Table 3.1). We also 

investigated incorporations of HEAm above 0.25 molar equivalents, according 

to 1H NMR, but these polymers lacked the ability to form nanoparticles due to 

their increased solubility in aqueous solution.  

Table 3.2 Polymer size distribution analysis. 

 SEC-MALS Analysis 

Polymer Mw (KDa) Mn (KDa) PDI 

3.2a 12.0 6.5 1.844 

3.2b 13.2 10.4 1.276 

3.2c 12.8 10.3 1.245 

3.2d 17.6 14.2 1.240 

3.3a 27.6 14.7 1.873 

3.3b 17.7 9.9 1.777 

3.3c N/A N/A N/A 

3.3d N/A N/A N/A 

3.4 29.0 19.2 1.510 

2.25 18.2 12.9 1.415 
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Size exclusion chromatography-multi angle light scattering (SEC-

MALS) analysis of these polymers showed that they were all 10-20 kDa with 

reasonable polydispersity indexes (PDI, Table 3.2). Polymers 3.3c and d were 

not analyzed by SEC-MALS due to limited solubility in running buffers. The 

control polymers we used were homopolymers of HEAm, 3.4, and the 

previously described monomethyl polyethylene glycol acrylate, 2.25. Although 

we did not directly measure the hydrophobicity of these polymeric materials, 

we believe that they are sufficiently hydrophobic and hydrophilic for our 

applications based on previous studies described in Section 3.2. IR analysis of 

the propensity of these polymers to disrupt SEVI amyloid structure was 

subsequently pursued. 

3.4 Principles of Infrared (IR) Spectroscopy and Protein Structure 

It is important for this work that we understand IR spectroscopy as it 

relates to protein structure. When light passes through a molecule, it is 

possible for that molecule to absorb the light as long as the energy of the 

wavelength of light matches exactly with molecular or electronic transitions 

available within the molecule. IR light has longer wavelengths and therefore 

less energy than visible and ultraviolet (UV) radiation. The available molecular 

transitions upon absorbance of IR radiation, with its intrinsically limited energy, 

involve chemical bond motions. The bonds themselves do not break and the 

electrons within a bond cannot be promoted to higher energy levels due to the 
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insufficient energy provided by IR light. The bond motions; stretching, bending, 

etc.; are due to excitations of the electrons within those bonds.  

Wavenumbers, cm-1, are the units adapted for IR spectroscopy and are 

the inverse of wavelength. This inversion is important because wavenumbers 

are now directly proportional to energy, whereas wavelength is inversely 

proportional. Carbon-carbon double bonds absorb IR light at 1600-1700 cm-1 

while carbon-oxygen double bonds typically absorb IR light between 1700 and 

1800 cm-1. Carbon-carbon and carbon-oxygen single bonds absorb IR light at 

around 1000 cm-1. Differences in the peak absorbance energies of single and 

double bonds are due to differences in the strength of the bonds. Double 

bonds are stronger and require more energy to stretch relative to single bonds. 

Atomic variances near the functional group of interest also play a role in the 

energy required to stretch a given bond. 

 

Figure 3.2 Resonance forms of amide bonds that contribute to the decreased 
energy required to stretch the carbonyl bond (Blue). 

 If a carbon-oxygen double bond has another heteroatom nearby, for 

example as in the nitrogen of an amide, lone-pair electron resonance from that 

heteroatom can decrease the energy required to stretch that bond (Figure 
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3.2). When considered in terms of single and double bonds, this concept 

becomes easy to digest. Resonance is the stabilization of electron density 

over multiple atoms. Though depicted as separate entities, all valid resonance 

forms exist at the same time, but not necessarily in the same concentrations. 

When the nitrogen atom of an amide donates its lone pair electrons into the 

carbonyl system, the result is a new carbon-oxygen single bond (2, Scheme 

3.2). It has been established that carbon oxygen single bonds are weaker than 

carbon-oxygen double bonds; therefore it follows that an amide, with 

increasing concentrations of resonance contributors containing more carbon-

oxygen single bond character, will absorb IR radiation at lower energy than a 

ketone or aldehyde, which have no heteroatom present. 

 Because of these differences in wavelength absorbance, it becomes 

possible to determine which carbonyl functional group is present by the 

signature peak absorbance in the IR spectrum. As one can imagine, however, 

it becomes increasingly difficult to tease out differences between carbonyl 

containing functional groups when there are tens or hundreds of them present 

in a single molecule. This is the problem presented when attempting to 

determine the structure of proteins and peptides through IR spectroscopy.  

There are several regions where amide bonds absorb in an IR 

spectrum. These different amide regions are common for every protein and 

each one can give information about the bonds associated with the given 

peak, but studies focus on the Amide I region for structural features within the 

protein.151,152 This is the region between 1600 and 1700 cm-1, where the 
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carbonyl bond stretches. In the case of proteins, there are a multitude of 

carbonyl bonds and each bond absorbs IR radiation in the Amide I region with 

variations in the absorbance energy based on hydrogen bonding effects 

between the carbonyl oxygen and nearby hydrogens. This overlapping of 

carbonyl absorbance energies causes a broadening of the peak, which 

requires computational methods to be properly resolved. When the 

absorbance spectrum of a protein is resolved, secondary structural 

information, such as β-sheets, α-helices and random configurations, can be 

deduced as will be shown later in this chapter.153 

There have been computational methods developed to deconvolute IR 

spectra of proteins. Using an iterative process to fit Gaussian and Lorentzian 

peaks within the total absorbance peak in an IR spectrum gives the 

appropriate deconvoluted spectrum. Computers are able to calculate the area 

beneath each deconvoluted peak, which represents the relative amount of that 

feature within the entire absorbance peak. This process is known as iterative 

least-squares curve fitting and has been included as an automatic calculation 

in many spectral analysis programs.  

3.5 Quantification of Amyloid Structure Denaturation 

 Infrared reflectance-absorbance spectroscopy (IRRAS) has been 

utilized extensively to measure the relative concentration of secondary 

structures within amyloid fibrils.144,154,155 Light from the IR spectrum can be 

reflected off gold-plated surfaces without significant absorbance by gold 
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atoms, though anything coating that surface will still absorb IR radiation 

(Figure 3.3).  

 

Figure 3.3 IR light can be passed through a sample on a gold surface and 
reflected towards a detector for sample absorbance analysis. In our 
experiments, both the gold plating and the polymer coating are 100 nm and 
the glass slide is 0.7 mm thick. 

To quantify the interactions between our polymers and preformed SEVI 

fibrils, it was necessary to cover the surface of gold-plated microscope slides 

with our polymers using an established spin coating method.156 Hydrophobic 

polymers were dissolved in toluene and hydrophilic polymers were dissolved 

in methanol, both at 20 mg/mL, to generate the solutions for spin coating. Spin 

coating was conducted using a previously described method in which a 1 x 3 

cm, gold-plated (100 nm) glass slide, cleaned thoroughly with ultrapure water 

then flame-dried, was covered with 2 mL of the necessary polymer solution. 

The slide was then accelerated to 2000 rpm for 60 s, removed from the 

apparatus and dried in a vacuum desiccator overnight. This method has been 

shown to provide a coating of approximately 100 nm polymer film.144,156 
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Figure 3.4 IRRAS measurements and analysis of 9 different SEVI fibril 
samples to quantify the native β-sheet content. Each sample was incubated 
on a gold-plated microscope slide coated with a 100 nm layer of hydrophilic 
polymer, 2.25. β-sheet (red) is measured after deconvolution of the IRRAS 
peak (black), α-helices, β-turns, and less ordered features are represented as 
green, purple, and blue, respectively. 

In our studies, we coated polymers onto gold-plated microscope slides 

and incubated mature SEVI amyloid fibrils on the polymer surface. After an 

extended period, the water was removed under a stream of N2, leaving only 

the amyloid fibrils. 9 separate aggregated SEVI peptides were subjected to 

IRRAS measurements on a surface of hydrophilic polymer 2.25 to quantify the 

native concentrations of β-sheets within each sample (Figure 3.4). We 
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investigated the differences between these SEVI samples in order to correlate 

the β-sheet content to the increased fluorescence associated with amyloid 

binding of Thioflavin T (ThT), a known amyloid binder, as well as the activity of 

each SEVI sample in an HIV infectivity assay. 

 

Figure 3.5 Graphs showing the apparent correlations between the structure 
and enhancement of HIV infection in cellular assays of 9 different SEVI fibril 
samples. A) Correlation of ThT fluorescence and β-sheet content. B) 
Correlation of SEVI-mediated HIV infection and β-sheet content. C) 
Correlation of ThT Fluorescence and SEVI-mediated HIV infection. 

Thioflavin T (ThT) is one of several fluorescent amyloid-binding small 

molecules and its common use is to verify the production of amyloid 

fibrils.157,158 After binding of ThT to amyloid fibrils, there is an increase in ThT 

fluorescence which can be detected with a fluorimeter. Although it has been 
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used extensively for this purpose, there have not been many studies, to our 

knowledge, focused on correlating the fluorescence signal with the extent of 

amyloid fibrillization.  

Mainly, research efforts have focused on the mechanism ThT uses to 

bind to amyloid fibrils. It has been determined in these studies that ThT binds 

into hydrophobic channels, which run along the surface of mature amyloid 

fibrils. This feature tends to be ubiquitous and allows ThT to be used in most, if 

not all, cases of amyloid aggregation. 

Due to the structure of amyloid fibrils, it follows that the hydrophobic 

channels are a result of the β-sheet content, being that β-sheets are typically 

comprised of hydrophobic amino acids. We were able to show that the 

increased fluorescence of ThT binding to SEVI amyloid fibrils has a modest 

correlation with β-sheet content of SEVI amyloid fibrils as measured by IRRAS 

(Figure 3.5A). This result bolsters the hypothesis that ThT binds to 

hydrophobic regions of amyloid fibrils. 

The IRRAS measurements were also correlated to SEVI enhancement 

of HIV infectivity. We hypothesized that since different aggregates have some 

variation between them in their β-sheet content, they would also differ in their 

HIV-binding capabilities. Through our analysis, we have shown that not only 

does ThT have an apparent linear correlation with SEVI activity in HIV 

infection assays and β-sheet content, but also that β-sheet content correlates 

with enhanced SEVI-mediated HIV infection (Figure 3.5B and C). The 

correlation between β-sheet content of SEVI fibrils and SEVI-mediated HIV 
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infectivity was expected since the supposed binding sites for HIV virions would 

reside along the axis of SEVI fibrils, similar to the binding sites of ThT. 

Disruption of this secondary structural feature, however, should prevent SEVI 

binding to HIV and further inhibit SEVI-mediated HIV infection.  

 

Figure 3.6 IRRAS measurements of 5 different SEVI fibril samples after 
incubation on a on a gold-plated microscope slide coated with hydrophobic 
polymer 3.2a. β-sheet content is measured after deconvolution of the IRRAS 
peak (red). F) Native β-sheet content of the same 5 SEVI samples is 
compared to β-sheet content after incubation on hydrophobic polymer 3.2a. *** 
denotes p-value < 0.001 in a paired t test. 
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The main purpose of this work, however, was to distort the secondary 

structure of mature SEVI amyloid aggregates and thereby inhibit SEVI-

mediated HIV infectivity. We incubated 5 SEVI amyloid fibril samples on a 

hydrophobic surface comprised of polymer 3.2a and quantified the β-sheet 

content through IRRAS measurements. We found that approximately half of 

the native β-sheet content in each of the SEVI fibril samples, as measured 

after incubation on hydrophilic surfaces made of polymer 2.25, has been 

converted to different secondary structural features (Figure 3.6). This 

verification led us to apply this polymer system in an HIV infectivity assay. 

3.6 Cellular Assays of Nanoparticle Inhibition of SEVI-Mediated HIV 

Infection  

Nanoparticles of our acrylate-based polymers were formulated in 

aqueous solution, except for the water soluble polymers 3.4 and 2.25, in order 

to apply the water insoluble polymeric materials in cellular HIV infection 

assays. Solvent evaporation techniques were employed using THF and water 

to generate nanoparticles of discreet sizes. Upon formulation of the 

nanoparticles, they were analyzed by dynamic light scattering (DLS) and it 

was shown that a range of particle sizes could be generated depending on the 

incorporation of HEAm (Table3.2). We found that polymers incorporating more 

molar equivalents of HEAm typically made smaller nanoparticles (~100 nm). 

Those that contained fewer molar equivalents of HEAm made larger (~250 
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nm) nanoparticles. There were also variances between batches for a few 

polymers, in particular 3.2b. Nanoparticles of 3.2b were formulated three 

separate times, with one batch producing particles with an average diameter 

below 100 nm, while the other two batches were 282 and 400 nm. 

Table 3.3 Nanoparticle analysis by DLS. 

Polymer Diameter (nm) % Polydispersity 

3.2a 265 ± 37 16 ± 4 

3.2b 252 ± 166 9 ± 4 

3.2c 146 ± 45 7 ± 4 

3.2d 119 11 

3.3a 184 ± 15 12 ± 6 

3.3b 88 ± 1 11 ± 0 

3.3c 153 ± 17 16 ± 7 

3.3d 107 ± 6 12 ± 3 

3.4 N/A N/A 

2.25 N/A N/A 

 

The discrepancy in sizes between nanoparticles composed of polymers 

with varying hydrophobicities can be justified by hydrophobic effects. The 

more hydrophobic a material, the less thermodynamically favorable it is to be 

exposed to water. Thereby, more hydrophobic polymers aggregate together in 

larger numbers to limit the exposure of hydrophobic residues to water, just as 

in proteins. We hypothesized that the size of these materials was less 
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important than in our previous studies, discussed in Chapter 2, because we 

were not looking to use steric repulsion to inhibit binding events. 

We then analyzed the effect of hydrophobic nanoparticles on SEVI-

mediated HIV infection. We sought to investigate very weak surface 

interactions and there are no amyloid-binding moieties to target our 

nanoparticles to SEVI amyloid fibrils. We had hypothesized that pH would 

govern the interactions between SEVI and our nanoparticles. Since SEVI has 

a pI of 10.21, it is positively charged at physiological pH.81 We believed that 

increased positive charge would increase the activity of SEVI in HIV infection 

assays, so we began by investigating SEVI-mediated HIV infectivity at several 

pH values. As expected, SEVI enhancement of HIV infectivity is related to the 

pH at which the assay is run, with pH 6-8 being the most active (Figure 3.7).  

 

Figure 3.7 Graphs showing the effect of pH on SEVI-mediated enhancement 
of HIV infection. A) Effect of pH on HIV infection ± SEVI. B) Fold enhancement 
of SEVI-mediated HIV infection as a result of pH changes. 

Due to the limited interaction our hydrophobic materials should have 

with SEVI fibrils in solution, we also hypothesized that an excess of 
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nanoparticles relative to SEVI amyloid fibrils would be necessary. We 

incubated a 15-fold excess of nanoparticles, relative to SEVI peptide 

concentration, with mature SEVI amyloid aggregates for 1 h and then 

analyzed the ability of hydrophobic nanoparticles to inhibit SEVI-mediated HIV 

infectivity using a similar fluorescence-based cellular assay to the one 

described in Chapter 2.  

 

Figure 3.8 Graphs of the effect various nanoparticles comprised of 
hydrophobic polymers have on HIV infection in the absence (white bars) or 
presence (black bars) of SEVI amyloid fibrils at different pH values. A) pH = 6. 
B) pH = 7.5. C) pH = 9. pH = 9 has a minimal effect on SEVI-enhancement of 
HIV infection alone and was excluded from future studies. 

To cover a range of pH values that we expected would produce 

significantly different results, we tested our nanoparticles in buffered cell 
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media at pH 6, 7.5 and 9 in the HIV infection assay (Figure 3.8). We found that 

our hydrophobic nanoparticles maintained inhibitive activity at pH 6, but were 

inactive at physiological pH, 7.5. At pH 9, we did not see sufficient 

enhancement of SEVI-mediated HIV infection with SEVI alone to allow 

analysis of the inhibitive effect against SEVI-mediated HIV infection of our 

hydrophobic nanoparticles (Figure 3.8C). Continuing work was conducted at 

pH 6 and 7.5 due to the lack of SEVI enhancement at pH 9.  

 

Figure 3.9 Viral cell attachment of HIV particles to Jurkat cells. 

We also noticed that our nanoparticles and control polymers (data not 

shown) had an effect on HIV infection alone at pH 6. We hypothesized that 

this effect was likely due to inhibition of viral cell attachment to HIV and 

proceeded to analyze the ability of our polymers to inhibit viral cell attachment 

to SEVI through a previously described assay.66 Analyzing both the control 

polymer 2.25 and the hydrophobic polymer used for IRRAS, 3.2a, in a 

previously described viral cell attachment assay, we found that the control 

polymer was capable of inhibiting HIV from binding to cells, though this result 
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was not significant. We suspect that this effect is due to the hydrophilic PEG 

polymers wrapping around HIV virus particles and thereby coating the viral cell 

surface and inhibiting infection.159,160 

 

 

Figure 3.10 Graphs of the effect hydrophobic polymer 3.2a and hydrophilic 
polymer 2.25 have on HIV infection at different pH values. A) Effect on HIV 
alone at pH 6. B) Effect on HIV alone at pH 7.5. C) Effect on HIV infection in 
the presence of SEVI at pH 6. D) Effect on HIV infection in the presence of 
SEVI at pH 7.5. 

We also shifted the focus of our studies away from varying 

hydrophobicities and chain lengths and focused on one polymer. We have to 

this point been unable to quantify the differences in inhibition of SEVI-

mediated HIV infection between polymers having side chains with varying 
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carbon chain lengths or varying incorporation of hydrophilic monomers. The 

HIV infection assay has suggested that all of the materials were equally 

effective at inhibiting SEVI-mediated HIV infection (Figure 3.8A). Polymer 3.2a 

was shown by IRRAS measurements to be sufficiently hydrophobic to disrupt 

β-sheet content in SEVI amyloid fibrils. 3.2a was therefore selected for further 

analysis in HIV infection assays. 

 The results of this work have shown that hydrophobic nanoparticles 

comprised of acrylate-based polymer 3.2a can inhibit SEVI-mediated HIV 

infection at pH 6 by greater than 50% (Figure 3.10). We have also been able 

to show that at physiological pH, 7.5, hydrophobic nanoparticles have no effect 

on SEVI-mediated HIV infection. However, we have seen a noticeable 

increase in HIV infection in the absence of SEVI at pH 7.5. This increase in 

HIV infection suggests to us that there is an interaction between our 

hydrophobic nanoparticles and the buffer solution used in this assay. It is 

possible that this interaction is inhibited by the presence of SEVI, causing the 

lack of inhibitive effect shown for hydrophobic nanoparticles on SEVI-mediated 

HIV infection. This is still the first report, to our knowledge, applying 

hydrophobic surface interactions to inhibit SEVI-mediated HIV infection. 

3.7 Conclusions 

 In this work we sought to apply a materials-based approach to the 

inhibition of SEVI-mediated HIV infectivity. We designed and synthesized 

polymers comprised of hydrophobic materials, employing an acrylate-based 
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polymer backbone that has been approved for use by the FDA. In an effort to 

test the effects of a range of hydrophobicities, we generated several polymers 

containing a gradient of incorporations of hydrophilic HEAm monomer. We 

incubated SEVI amyloids on hydrophilic and hydrophobic polymer surfaces 

coated onto gold-plated slides, and then used IRRAS measurements to verify 

that β-sheet stacking within SEVI secondary structure was disrupted. 

Furthermore, we analyzed the ability of hydrophobic nanoparticles to inhibit 

SEVI-mediated HIV infection. 

 To quantify the native β-sheet content in SEVI amyloids, we analyzed 9 

different SEVI amyloid samples by IRRAS after incubation on a surface coated 

with hydrophilic polymer 2.25. Comparison of native β-sheet content to the 

ThT fluorescence associated with the same 9 SEVI amyloid samples showed 

an apparent linear trend. This linear trend suggests that ThT binding sites 

reside in hydrophobic pockets comprised of β-sheets and may be useful for 

future studies looking into the mechanism of ThT binding to amyloid fibrils. 

The fold enhancement of HIV infection by each SEVI sample also 

shows some correlations to both ThT fluorescence and β-sheet content. 

These correlations suggest that HIV-SEVI interactions are governed, at least 

in part, by the presence of secondary structural features arising from β-sheet 

stacking in mature SEVI amyloid fibrils. IRRAS analysis of 5 SEVI amyloid 

samples after incubation on a surface coated with hydrophobic polymer 3.2a 

concluded that hydrophobic polymer 3.2a can convert approximately half of 

the β-sheets present in a given sample to less ordered secondary structural 
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motifs. This verification of surface interactions between polymer 3.2a and 

SEVI amyloids provided evidence that this material could be used to decrease 

SEVI-HIV interactions. 

 We analyzed the effect of hydrophobic nanoparticles on HIV infection. 

Initial testing in a fluorescence-based cellular assay determined that a 15-fold 

excess of hydrophobic nanoparticles, relative to SEVI peptide concentration, 

was necessary to detect significant inhibition of SEVI-mediated HIV infection. 

This was to be expected due to the lack of amyloid-binding moieties on the 

surface of our nanoparticles and the weak interactions between hydrophobic 

materials.  

Quantification of the inhibition of SEVI-mediated HIV infection with 

hydrophobic nanoparticles has produced varying results in cellular assays. 

However, hydrophobic nanoparticles have been shown to have an inhibitory 

effect on SEVI-mediated HIV infectivity. The reasons for variation in the data 

are related to the weak force of attraction of these nanoparticles and SEVI, as 

well as technical difficulties within the cellular assay. We have shown, though, 

that the enhancement of HIV infection related to SEVI can be decreased by 

greater than 50% in the presence of hydrophobic nanoparticles. 

 We believe that we have introduced surface interactions between 

hydrophobic materials and amyloid fibrils as an approach to inhibit the effects 

of amyloids in various diseases. It has been shown that hydrophobic surfaces 

can prevent proper β-sheet stacking, and we believe that this distortion is the 

reason for the decreased efficacy of SEVI in an HIV infection assays. This is 
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the first application, to our knowledge, of hydrophobic surface interactions to 

amyloid-related virus transmission. We believe that this mechanism of 

inhibition can used in future studies aiming to inhibit other protein-protein and 

protein-cell binding interactions. 

3.8 Materials 

Reagents were purchased from Sigma-Aldrich unless otherwise stated. 

Aminoethanol was purchased from Fisher Scientific. para-Toluenesulfonyl 

chloride was purchased from Acros Organic. All reagents were used without 

further purification. 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. Deuterated solvents were 

purchased from Cambridge Isotope Laboratories, Inc. 

Gold-plated, aluminosilicate glass slides were purchased from Platypus 

Technologies (Product Number Au.1000.AlSi). The gold film was produced at 

100 nm thickness. The slides were individually cut into 6 pieces (1 x 3 cm 

each). The pieces were cleaned immediately prior to spin coating by repeated 

rinsing with MilliQ water (10 mL) followed by flame drying.  

Polymer polydispersity index (PDI) and molecular weight were 

determined by size-exclusion chromatography (Phenomenex Phenogel 5u 10, 

1K - 75K, 300 x 7.80 mm in series with a Phenomenex Phenogel 5u 10, 10K – 

1000K, 300 x 7.80 mm (0.05 M LiBr in DMF, 0.75 mL/min, 60ºC)) or (Jordi Gel 

DVB 1000A, 500 x 10 mm (CHCl3)) using a Shimadzu LA-10AT pump 
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equipped with a UV detector (Hitachi-Elite LaChrom L-2420), a multi-angle 

light scattering detector (DAWN-HELEOS, Wyatt Technology) and a refractive 

index detector (Hitachi L-2490).  Data analysis was performed using the 

ASTRA software package. 

DLS measurements were performed on a Wyatt DynaPro NanoStar 

(Wyatt Technology, Santa Barbara, CA) instrument using a disposable cuvette 

(Eppendorf UVette 220 nm–1,600 nm) and data processed using Wyatt 

DYNAMICS V7 software. Data were exported for final plotting using GraphPad 

Prism 5 (GraphPad Software, Inc., La Jolla, CA). 

1H and 13C NMR spectra were obtained on either a Bruker 300 MHz 

spectrometer or a Varian 400 or 500 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.  

IR spectra were recorded on a Bruker Equinox 55 FT-IR spectrometer 

in line with a Bruker PMA 37 accessory and a liquid nitrogen cooled detector. 

Spectra were recorded using OPUS spectroscopy software Version 4.2 

(Bruker Optic EmbH). 

SEVI peptide was ordered from CS Bio. Fibrils were made by re-

suspending monomeric peptide in PBS and incubating for 72 hours on a 

thermomixer (Eppendorf) at 1400RPM. Fibril formation was monitored via 

Thioflavin T fluorescence as previously described.68  Briefly, fresh fibril 

(10mg/mL) was diluted 1:100 in 25uM ThT working solution and fluorescence 



103 
 

 

 

(Ex/Em 465/535, 20nm bandwidth) was measured in opaque 96-well black 

microtiter plate in DTX 880 multimode plate reader. 

3.9  Experimental Methods 

Octyl Acrylate (3.1a) 

1-Octanol (300 μL, 1.9 mmol) and triethylamine (TEA, 292 μL, 2.1 mmol) were 

dissolved in dichloromethane (DCM, 4 mL) and cooled to -78ºC in an ice bath 

(acetone/CO2). After 5 m, a solution of acryloyl chloride (142 μL, 1.75 mmol) in 

DCM (1 mL) was added dropwise and reaction stirred for 4 h and allowed to 

return to r.t. The resulting solution was concentrated to dry and purified using 

dry load silica gel chromatography (EtOAc/Hexanes) to yield a colorless oil 

(292 mg, 91%). 1H NMR (500 MHz, CDCl3) δ 6.39 (dd, J = 1.5, 17.4 Hz, 1H), 

6.12 (dd, J = 10.4, 17.4 Hz, 1H), 5.80 (dd, J = 1.5, 10.4 Hz, 1H), 4.15 (t, J = 

6.8 Hz, 2H), 1.69-1.63 (m, 2H), 1.44-1.19 (m, 10H), 0.88 (t, J = 7.0 Hz, 3H); 

13C NMR (125 MHz, CDCl3) δ 166.57, 130.61, 128.89, 64.95, 31.99, 29.43, 

29.39, 28.83, 26.15, 22.85, 14.29; ESI-MS (m/z) calculated for C11H20O2 [M]+ 

184.15; found [M+H]+ 184.91, [M+NH4]
+ 202.99, and [M+Na]+ 216.76. 

Dodecyl Acrylate (3.1b) 

1-Docdecanol (229 μL, 1.0 mmol) and TEA (172 μL, 1.2 mmol) were dissolved 

in DCM (4 mL) and cooled to -78ºC in an ice bath (acetone/CO2). After 5 m, a 

solution of acryloyl chloride (100 μL, 1.2 mmol) in DCM (1 mL) was added 

dropwise and reaction stirred for 4 h and allowed to return to r.t. The resulting 

solution was concentrated to dry and purified using dry load silica gel 
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chromatography (Hexanes) to yield a colorless oil (175 mg, 59%). 1H NMR 

(500 MHz, CDCl3) δ 6.39 (dd, J = 1.5, 17.4 Hz, 1H), 6.13 (dd, J = 10.4, 17.4 

Hz, 1H), 5.81 (dd, J = 1.6, 10.4 Hz, 1H), 4.15 (t, J = 6.7 Hz, 2H), 1.70-1.63 (m, 

2H), 1.42-1.22 (m, 18H), 0.88 (t, J = 6.9 Hz, 3H); 13C NMR (125 MHz, CDCl3) 

δ 166.57, 130.60, 128.89, 64.96, 32.13, 29.85, 29.79, 28.73, 29.56, 29.47, 

28.84, 26.15, 22.91, 14.33; ESI-MS (m/z) calculated for C15H28O2 [M]+ 240.21 

N-Hydroxyethyl Acrylamide (HEAm) 

Ethanolamine (170 μL, 2.8 mmol) was dissolved in methanol (MeOH, 5 mL) 

and cooled to 0ºC in an ice bath. After cooling, 0.6 eq acryloyl chloride (125 

μL, 1.5 mmol) was added and reaction stirred 1 h at 0ºC. After 1 h, 1.3 eq 

potassium hydroxide (KOH, 3 M, MeOH, 1.2 mL, 3.6 mmol) added carefully 

followed by 0.3 eq acryloyl chloride (75 μL, 0.9 mmol) and reaction continued 

stirring at 0ºC. After 1 h, second aliquot of 1.3 eq KOH solution (1.2 mL, 3.6 

mmol) added followed by 0.2 eq acryloyl chloride (50 μL, 0.6 mmol) and 

reaction stirred for 1 h. After addition and stirring complete, solid filtered over 

Fisherbrand P8 filter paper and filtrate concentrated to dry. Resulting oil 

purified via silica gel chromatography (EtOAc/MeOH) resulting in a colorless 

oil (238 mg, 73%). 1H NMR (500 MHz, CDCl3) δ 6.30 (dd, J = 1.3, 17.0 Hz, 

1H), 6.25 (bs, 1H), 6.13 (dd, J = 10.3, 17.0 Hz, 1H), 5.68 (dd, J = 1.4, 10.3 Hz, 

1H), 3.76 (t, J = 5.2 Hz, 2H), 3.51 (dt, J = 4.4, 5.7 Hz, 2H); 13C NMR (125 

MHz, CDCl3) δ 167.03, 130.74, 126.95, 61.61, 42.50; ESI-MS (m/z) calculated 

for C5H9NO2 [M]+ 115.06; found [M+H]+ 116.02 and [M+Na]+ 137.99. 
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General Method for Polymerization of Copolymers 

Measured amounts of hydrophobic and hydrophilic monomers determined by 

desired feed ratios as printed in earlier tables.  Monomer mixtures taken up in 

DMF at 1 M total monomer concentration and initiator 0.025 eq. AIBN added.  

The reaction mixtures were degassed by gently bubbling dry N2 gas with 

stirring for 30 m.  After degassing, the reaction vials were sealed under N2 

atmosphere and placed in an oil bath at 65ºC for 16 h.  After cooling to r.t., the 

cloudy solution was placed in a 50 mL conical vial, the reaction vial rinsed with 

DCM (2 mL) and added to the conical vial.  The polymer was precipitated by 

addition of MeOH (30 mL), centrifuged to isolate the polymer and the 

supernatant was decanted.  The polymer was redissolved in DCM and again 

precipitated with MeOH, centrifuged and isolated. The products were dried 

under vacuum to afford a collection of colorless oils. 

Estimation of Mole Fraction Hydrophobic Monomer per Polymer 

To quantify average monomer incorporations per polymer chain analyzed the 

1H NMR spectrum. The peaks at 3.68 and 4.00 ppm represent side chain 

hydrogen atoms adjacent to the ester for the hydrophilic and hydrophobic 

monomers, respectively. Using the integrations of these peaks, the relative 

monomer incorporations can be calculated according to equation 9: 

% 𝐻𝑦𝑑𝑟𝑜𝑝ℎ𝑜𝑏𝑖𝑐 =  
𝐼𝑛𝑡𝑒𝑔𝑟𝑎𝑡𝑖𝑜𝑛4.00

𝐼𝑛𝑡𝑒𝑔𝑟𝑎𝑡𝑖𝑜𝑛4.00+ 𝐼𝑛𝑡𝑒𝑔𝑟𝑎𝑡𝑖𝑜𝑛3.68
 (9) 
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Polymer Spin Coating 

Gold-plated glass slides were coated according to a previously described 

procedure.156 Briefly, a 20 mg/mL solution of polymer was made in either 

toluene, for hydrophobic polymers, or methanol, for hydrophilic polymers. 1-2 

mL of polymer solution was deposited onto the gold surface of a glass slide 

fragment. This fragment was accelerated to 2000 rpm within 3 s and continued 

to spin at this rate 60 s to give a uniform polymer thickness of 100 nm. Coated 

slides were dried overnight in a vacuum desiccator. 

IRRAS Measurements 

10 μL of a SEVI amyloid fibril sample (10 mg/mL relative to peptide 

concentration) was deposited onto a polymer coated glass slide, ensuring that 

material spread across the 1 cm width. The coated fragments were incubated 

in the dark for at least 6 h before the excess water was removed under a flow 

of N2. Each spectrum was recorded at 4 cm-1 resolution and is an average of 

at least 50 scans. Spectral analysis was conducted using OMNIC Series 

Software (ThermoFisher). Briefly, the background IR spectrum, polymer 

coated slide without SEVI incubation, was subtracted from the corresponding 

spectrum of SEVI amyloid fibirls incubated on the polymer coated slide. The 

spectra were then baseline corrected between 1720-1580 cm-1 and smoothed 

at a 9 cm-1 resolution. Second derivative analysis provided by the OMNIC 

Series Software allowed for the resolution of conformational bands. The 

spectra were fitted between 1700-1600 cm-1 using a least square iterative 

curve fitting with a mixture of Gaussian and Lorentzian line shapes. Secondary 
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structures were quantified by calculating the areas of each component peak 

with respect to the original spectrum between 1700-1600 cm-1. 

Nanoparticle Formulation 

2 mg of desired polymer dissolved in 2 mL of tetrahydrofuran (THF) was 

added dropwise to an equal volume of deionized (DI) water while stirring 

vigorously.  After stirring for 30 min, the THF was removed in vacuo and the 

remaining 1 mg/mL nanoparticle solution was analyzed via dynamic light 

scattering.   

Nanoparticle Analysis by Dynamic Light Scattering 

Particle size determination by dynamic light scattering was performed on a 

Wyatt DynaPro NanoStar (Wyatt Technology, Santa Barbara, CA) instrument 

using a disposable cuvette (Eppendorf UVette 220 nm–1,600 nm).  Samples 

were analyzed using a concentration of nanoparticles of 1 mg/mL (with respect 

to polymer concentration) and data processed using Wyatt DYNAMICS V7 

software.  Data exported for final plotting using GraphPad Prism 5 (GraphPad 

Software, Inc., La Jolla, CA). 

Toxicity Assays 

Alamar Blue Cell Viability assay was performed in 96-well plate format 

according to manufacturer’s instructions (Invitrogen).  Briefly, TZM-BL cells 

were plated at 7.5 x 103 cells/well and allowed to adhere overnight.  Cells were 

then treated with nanoparticles at 200 μL /mL in pH-adjusted growth media for 

24 h.  Fresh growth media of pH 7.5 was added along with alamar blue 
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reagent and fluorescence (Ex/Em 535/595 nm) was measured in DTX 880 

multimode detector plate reader (Beckman Coulter). 

Measurement of SEVI-mediated enhancement of HIV infection in TZM-Bl 

cells 

TZM-BL cells were plated at 7.5 x 103 cells/well and allowed to adhere 

overnight.  DMEM growth media supplemented with 10% FBS and 10mM 

Hepes was adjusted to pH 6 or 7.5 with 1 M HCl and 1 M NaOH, and then 

filter sterilized through a 0.2 μm syringe filter. Nanoparticles (final 

concentration 200 μg/mL) were pre-incubated with or without SEVI fibril (final 

concentration 15 μg/mL) for 1 h at room temp in growth media.  HIVIIIB was 

then added to SEVI and nanoparticle mixtures (final p24 concentration of 84.8 

ng/mL) and incubated for additional 15 m.  Treatments were added onto cells 

in triplicate (100 μL/well) and incubated for 2 h in humidified 37ºC incubator to 

allow for infection, after which initial inoculum were removed, fresh media of 

pH 7.5 was added, and cells were incubated for additional 72 h at 37ºC.  Cells 

were lysed by addition of 50 μL/well passive lysis buffer (Promega) and 

incubated at 37ºC for 5 m.  Lysates were clarified by centrifugation for 5 m at 

300 x g in v-bottom 96-well plates.  5 μL of clarified lysates was combined with 

200 μL of Quick Start Bradford Reagent (Bio-Rad) to measure total cellular 

protein.  25 μL of clarified lysate was used to measure luciferase activity by 

mixing with firefly substrate (Promega cat# E151A, 1:1 ratio) in opaque white 

plates.  Bradford and luciferase were measured using DTX 880 multi-mode 

detector and luciferase values were normalized to total cellular protein. 
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Viral Cell Attachment Assay 

These experiments were conducted according to a previously described 

procedure.66 Briefly, HIVIIIB virions were pretreated with SEVI and added to 

Jurkat cells in the presence and absence of either control polymer 2.25 or 

hydrophobic nanoparticles of polymer 3.2a. After 90 m, cells were washed to 

remove unbound virus then lysed in disruption buffer for 30 m at 37ºC. p24 

ELISA was performed according to the manufacturers protocol. 

Notes About This Chapter 

Chapter 3 is based on material titled “Hydrophobic Nanoparticles Disrupt β-

sheet Content of SEVI Amyloid Fibrils to Inhibit Enhancement of HIV Infection” 

Sheik D. A.; Chamberlain, J.; Brooks, L.; Clark, M.; Kubiak, C. P.; Dewhurst, 

S.; and Yang, J. I am the primary author of this manuscript in preparation. I 

was responsible for all of the polymer related work, including design, synthesis 

purification and characterization of all of the materials discussed in this 

chapter. Jeff Chamberlain and Lauren Brooks were responsible for the 

Thioflavin T analysis, the toxicity assays, quantification of SEVI-mediated HIV 

infection, and the viral cell attachment assays. Melissa Clark provided 

knowledge, insight, and training for the IRRAS experiments. 

.



110 
 

 

Chapter 4 

 

Studies Towards the Structure-Activity 

Relationship of a Small Molecule TrkB 

Agonist 

 

4.1 Tropomyosin Receptor Kinase B (TrkB) 

 Neurons, like all cells, have receptors on their membranes that allow for 

contact with their surroundings. These receptors bind specific small molecules 

or proteins known as ligands. There are multiple types of receptor ligands, 

each producing different signaling effects. Once bound to a ligand, the 

receptor undergoes structural and chemical changes that promote chemical 

signaling within the cell (Figure 4.1).161–163 This is how the neuron knows the 

chemical composition of the surrounding environment. Some signals increase 

metabolism within the cell, while others may cause action potentials along the 
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length of the cell to elicit a sensory response.162–164 Signals from the 

environment govern the life of every cell. 

 Agonists promote biological responses in the cell. In the brain, common 

agonists include: neurotransmitters such as dopamine and serotonin which 

help regulate mood,165–170 hormones, such as oxytocin which plays a role in 

social interactions,171,172 and endorphins which are involved in pain 

signaling.173–175 Several types of agonist have been described in the literature, 

each depending on the extent of cellular response relative to endogenous, or 

natural, ligands.  

 

Figure 4.1 Cartoon showing how ligand binding to receptors mediates cell 
signaling pathways 

 Antagonists bind to receptors and inhibit the production of agonist 

mediated responses within the cell. Small molecule and peptide antagonists 

bind to the same receptors as their agonist counterparts, but cause different 

conformational and chemical changes that limit the activity of the agonist.176–

178 Antagonists have been shown to have binding affinity to the receptor of 

interest, but do not activate cellular signaling pathways.  

There are also inverse agonists. Inverse agonists again bind to the 

same receptor as agonists, but cause a cellular response in the opposite 
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direction of the agonist. For instance, the class of drugs known as 

benzodiazepines commonly enhances sedative effects within the brain, but 

within this class of drugs are molecules that can cause anxiety or even 

seizures.179,180 Anxiety and seizure, in this case, would be considered the 

opposite of sedated. 

 Receptor-mediated responses can vary depending on the receptor of 

interest and there has been a great deal of research to find receptors and their 

natural targets. Of particular interest is a class of membrane receptors known 

as the tropomyosin receptor kinases (Trk). The Trk family has been shown to 

regulate neuronal plasticity, the strength of a synapse over time, as well as 

neuronal cell differentiation and survival.163,181 Because of the effect on 

neuronal growth, the Trk receptors have become a target of interest for 

multiple research studies.182–184 There are three main Trk receptors: TrkA, B, 

and C. Trk receptors promote cellular signaling pathways that are unique for 

each individual receptor, leading to distinct biological responses. 

 The natural ligands for binding Trk receptors are neurotrophins. Each 

Trk receptor has an increased affinity for a particular neurotrophin.185,186 TrkA 

binds with increased affinity for nerve growth factor (NGF), and helps to 

regulate cellular growth and motility.187–190 TrkB binds commonly to brain-

derived neurotrophic factor (BDNF), and plays a role in the growth and survival 

of neurons.184,191–193 TrkC binds with the highest affinity to neurotrophin-3 (NT-

3), and enables the sense of position within the body.194,195 
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TrkB is of particular importance because of its relationship to neuronal 

survival and growth. As discussed in Chapter 1, neurodegenerative diseases 

are a growing concern in our aging population and treatment options to inhibit 

neurodegeneration are needed. To that end, many studies have searched for 

small molecules that can replicate the binding affinity and activity of BDNF to 

the TrkB receptor. These studies will be discussed further in this chapter. 

 The Trk receptors are present throughout the central nervous system, 

but they tend to localize in certain areas. TrkB, importantly, is located in the 

hippocampus of the brain, which is believed to be one of the first regions 

impacted by neurodegeneration.196–199 The hippocampus is also one of the 

main regions of neurogenesis, the proliferation of neuronal cells, in the 

brain.200,201 

4.2 Previous Studies Targeting TrkB 

Research has shown that BDNF can help protect neuronal cells from 

the effects of neurotoxic amyloid β (Aβ) aggregates, putatively through 

interactions with TrkB receptor.202,203 There is an ongoing debate as to 

whether the buildup of Aβ aggregates is the cause or the effect of 

neurodegeneration.77,204 However, multiple studies have concluded that Aβ is 

toxic to cultured neurons.47,205 Aβ aggregates have been shown to inhibit the 

activity of catalase inside of cells which prevents cells from reducing peroxides 

and causes oxidative stress leading to eventual cell death.67  
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Recently, the Tuszynski lab in the Department of Neurosciences at 

UCSD has shown that the addition of BDNF to cells incubated with Aβ 

aggregates prevents neuronal cell death (Figure 4.2).202 The mechanism of 

this correlation is still under investigation, but has laid the groundwork for the 

use of BDNF mimics that activate the TrkB receptor as a target for treatment 

of neurodegeneration. This has been the focus of our research efforts. 

 

Figure 4.2 BDNF protects neurons from the toxic effects of Aβ. Living neurons 
are stained in green while deceased cells are shown in red. Reprinted with 
permission from Nature Publishing Group: Nagahara, A. H.; Merrill, D. A.; 
Coppola, G.; Tsukada, S.; Schroeder, B. E.; Shaked, G. M.; Wang, L.; Blesch, 
A.; Kim, A.; Conner, J. M.; Rockenstein, E.; Chao, M. V.; Koo, E. H.; 
Geschwind, D.; Masliah, E.; Chiba, A. A.; Tuszynski, M. H. Nat. Med. 2009, 
15, 331. 

Through computer guided studies, research groups have shown that it 

is possible to develop small molecule therapeutics based on natural protein 

ligands for multiple diseases. Studies focusing on small molecules and 

peptides that can mimic the activity of BDNF while remaining inherently 

nontoxic have been of particular interest to our research focus. BDNF is not a 

viable drug candidate because, as a large protein, it does not permeate the 
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blood-brain barrier (BBB) efficiently, as discussed in Chapter 1, and therefore 

has limited availability after dosing.206 Computer-guided studies have used 

simulations to screen libraries of small molecule mimics of the binding domain 

of BDNF to TrkB and found that there are several candidates for use as 

treatment options for neurodegeneration. 

 

Figure 4.3 Computer guided studies provided the basis for TrkB agonists 
shown. The main focus of our work has been LM22A-4. Reprinted with 
permission from American Society for Clinical Investigation; Massa, S. M.; 
Yang, T.; Xie, Y.; Shi, J.; Bilgen, M.; Joyce, J. N.; Nehama, D.; Rajadas, J.; 
Longo, F. M. J. Clin. Invest. 2010, 120, 1774. 

Longo, et. al. found several small molecules through their screen and 

determined that each of them had pronounced efficacy for TrkB activation.183 

In particular, LM22A-4 was shown to be the most effective activator of TrkB, 

relative to BDNF activation (Figure 4.3). It was surprising to us that such a 

small molecule would have a significant effect on a large transmembrane 

protein such as TrkB. Regardless, we decided to probe the structural features 

of this small molecule to determine if there were useful features that could 

direct future studies aimed towards activation of the TrkB receptor. The 
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synthesis of this molecule is very straightforward and because of its size, yet 

overwhelming effect, we found it to be an ideal target for Structure-Activity 

Relationship (SAR) study.  

4.3 Structural Changes to LM22A-4 

We hypothesized that we could generate several analogs of LM22A-4 

to determine the minimal structural elements of this molecule that are 

necessary to elicit a biological response and gain insights into how to increase 

its efficacy. We sought to modify multiple sites on the molecule and then 

analyze each modified analog for its ability to activate TrkB in cellular assays. 

We believed the information gleaned from this analysis would guide us 

towards derivatives and analogs for future testing.  

The three structural features we wanted to investigate were: 1) the 

relative location and number of side chain substituents, 2) the side chain 

length, 3) and the hydrogen bonding ability of the side chain (Scheme 4.1). We 

sought this structural information to direct our future efforts to find 

neuroprotective small molecules that may be used for the treatment of 

Alzheimer’s disease. Through this SAR we aimed to develop targeted analogs 

of LM22A-4 to more effectively inhibit neurodegeneration through activation of 

the TrkB receptor. Furthermore, we sought to generate a fluorescently labeled 

analog of LM22A-4 to quantify the binding affinity of LM22A-4 analogs to the 

TrkB receptor in cellular assays. 
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Scheme 4.1 Synthesis of analogs of LM22A-4. A) Mono-substituted LM22A-4. 
B) Variations of the relative substitution pattern. C) Changes in the length of 
the side chain. All reactions were run at 25ºC. 

All of the derivatives we investigated can be generated by coupling 

excess amino alcohols with aromatic acyl chlorides (Scheme 4.1). Though it is 

possible for the alcohol to react with the starting acyl chloride, we saw no 

evidence of the product of such a reaction in our analysis.  
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The number and relative orientation of the side chains was one of the 

first parameters we investigated. Using the same ethanolamine starting 

material as in the synthesis of LM22A-4, we employed benzoyl chloride to 

make a mono-substituted analog of LM22A-4 (Scheme 4.1 A). We then 

investigated analogs having different relative substitution patterns on the 

benzene core. Ortho-, meta- and para-disubstituted acyl chlorides were used 

to determine the effects of the relative orientation of side chains within a 

disubstituted analog of LM22A-4 (Scheme 4.1 B).  

Next, the side chain length was easily modified using amino alcohols 

with varying carbon spacers between the functional groups and the same 

triacyl chloride used to generate LM22A-4 (Scheme 4.1 C). Starting from the 

2-carbon ethanolamine spacer in LM22A-4, we increased the chain length 

sequentially to 5-carbons using 5-amino-1-pentanol during the coupling 

reaction. The hydrogen bonding capability of the side chain was also modified 

using 2-methoxyethylamine as the starting material instead of ethanolamine. 

With the ether-functionalized analog we eliminated the hydrogen bond donor 

abilities of the hydroxyl group on the side chain of LM22A-4. All of these 

molecules were isolated and recrystallized to yield white solids, except for 4.8, 

which was an oil.  

Separately, we wanted to know if the presence of amyloid binding 

moieties would allow for targeting of the compounds to regions of the brain 

affected by neurodegeneration as a result of the buildup of amyloid deposits. 

We hypothesized that a trimer of benzothiazole aniline (BTA), discussed in 
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greater detail in Chapters 1 and 2, containing the same core as LM22A-4 

would target amyloid fibrils in the brain and potentially retain binding and 

activity to the TrkB receptor. We converted the alcohol of BTA-EG-OH to the 

corresponding amine through hydrogenation of the azide in molecule 4.9 

(Scheme 4.2). Molecule 4.10 was then subjected to a triacyl chloride coupling 

reaction under basic conditions to give the desired BTA trimer. 

 

Scheme 4.2 Synthesis BTA-functionalized analog of LM22A-4. All reactions 
were run at 25ºC unless otherwise noted. 

To further our understanding of LM22A-4 binding into the TrkB receptor 

our collaborators in the Amaro lab at UCSD conducted a simulated docking 

study of LM22A-4 to the binding domain of the TrkB receptor. In this computer 
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simulation, it was shown that the amide of LM22A-4 may be engaging amino 

acid side chains within one possible receptor binding pocket. In an attempt to 

determine whether or not the binding site isolated in silico was accurate for 

future modeling studies, we attempted to inhibit hydrogen bonding shown in 

the simulation to occur between the amide nitrogen in LM22A-4 and several 

amino acid residues in the TrkB receptor.  

In order to remove hydrogen-bond donor capabilities in LM22A-4, we 

sought to make a monomethyl amide version of LM22A-4. 2-

(Methylamino)ethanol was unsuccessful for direct coupling with the triacyl 

chloride due to the production of an inseparable mixture of amide and ester 

products. After several unsuccessful attempts to selectively protect the alcohol 

of 2-(methylamino)ethanol, we directed our efforts towards a more controlled 

synthetic route. 

We designed a route to a monomethyl aminoethanol with a protected 

alcohol using an orthogonal protection strategy (Scheme 4.3). After selective 

Cbz protection of ethanolamine, monomethoxymethyl (MOM) was added to 

protect the alcohol to give 4.13. We used monomethoxymethyl (MOM) as the 

hydroxyl protecting group for this molecule because of its lability under mild 

acidic conditions. This protecting group is useful in multiple syntheses 

discussed in Chapters 4 and 5. The Cbz protecting group on the amine was 

then easily removed through hydrogenation to give MOM-protected 

ethanolamine 4.14. 
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Scheme 4.3 Synthetic route towards methylamide analog of LM22A-4. All 
reactions were run at 25ºC unless otherwise noted. 

The amine was then selectively benzylated by reaction of ethanolamine 

with benzaldehyde, to form the imine, followed by reduction. The methyl group 

was subsequently added to the amine with the Eschweiler-Clarke reaction to 

give molecule 4.16. In this reaction formic acid acts a source of hydride for the 

reduction of the resulting iminium ion. After deprotection of the benzyl group 

by hydrogenation we reacted our MOM protected monomethyl aminoethanol 

4.17 with the triacyl chloride. The material isolated from this reaction appeared 

by our analysis to be an inseparable mixture of products so we have set aside 

strategies for the synthesis of methylated analogs until analysis of our other 

TrkB agonists has been completed in cellular assays. 

Our collaborators in the Tuszynski lab conducted cellular assays to 

quantify the TrkB activation of LM22A-4 analogs 4.1-4.8 synthesized for this 
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study. The results of these assays will be discussed later in this chapter. 

However, the resulting information suggested that only two of the 

ethanolamine side chains on the agonist were necessary for TrkB activation, 

and that the regiochemistry of those two functional groups with respect to the 

benzene ring had a minimal impact on the activation of the TrkB receptor.  

With this information, we sought to use one of the side chains of 

LM22A-4 for further conjugation with a fluorescent molecule for cellular 

imaging and quantification of the binding affinity of the small molecule agonist 

to TrkB. Luckily, there was an available site for conjugation of an extended 

ethylene glycol chain with a terminal amine. The introduction of this 

functionality allowed for coupling to a coumarin dye and a targeting ligand 

discussed in Chapter 5. 

 

Scheme 4.4 Synthesis of polyethylene glycol with terminal amine functional 
groups for conjugation with therapeutics, fluorescent tags, and targeting 
ligands. 

To form the amine terminated polyethylene glycol necessary for 

conjugation to LM22A-4, we conducted a stepwise synthesis to replace each 

terminal alcohol on hexaethylene glycol with amines (Scheme 4.4). We 



123 
 

 

 

protected one of the amines en route to the final product to avoid losing 

material in an attempt to monoprotect a PEG diamine. The free amine of 4.21 

was attached to 4.26 using carbodiimide coupling. After global deprotection 

with mild acidic conditions, we attached an NHS-ester of a coumarin 

fluorescent tag under basic conditions (Scheme 4.5). The desired fluorescent 

molecule 4.29 was isolated in sufficient yields for in vitro experiments. 

 

Scheme 4.5 Synthesis of fluorescently labeled LM22A-4 analog 4.29 by 
conjugation with functionalized PEG chain described in Scheme 4.4. 
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4.4 Collaborative Results from Cellular Assays 

 Our collaborators in the Tuszynski lab were able to design a high-

throughput cellular assay to quantify the TrkB activation of these molecules 

based on the proliferation of cells. The basic design was to grow cells that 

express both the TrkB receptor and green fluorescent protein (GFP). Cells 

were grown in the presence and absence of LM22A-4 analogs 4.1-4.8. After 

sufficient time for cell proliferation the number of cells was quantified in each 

well through fluorescence measurements. Since activation of the TrkB 

receptor increases cell growth and proliferation, there should be a larger 

number of cells present when an agonist activates the TrkB receptor, and 

therefore an increased fluorescence signal from GFP. 

 Figure 4.4 shows that most of our LM22A-4 analogs increased cell 

proliferation above cells treated with only media. This data suggests that the 

LM22A-4 analogs generated for this study, with the exception of the 

monomeric version and the BTA-Trimer (4.1 and 4.11, respectively, data not 

shown), were able to activate the TrkB receptor with comparable efficacy to 

LM22A-4. This data was instrumental in guiding the development of future 

synthetic strategies because it informed us that only two functionalized side 

chains of LM22A-4 were necessary for activation of the TrkB receptor. With 

this information we moved forward with the fluorescently tagged analog 4.29, 

as well as a targeted system discussed in Chapter 5. Future studies should 

look to further quantify activation of the TrkB receptor in presence of these 

molecules. 



125 
 

 

 

 Although the fluorescence-based cell proliferation assay allowed for the 

analysis of many compounds at one time, there was inherent variation in the 

measurements. Systematic errors decreased the precision of measurements 

quantifying activation of the TrkB receptor with small molecules. With the 

variability of the fluorescence-based measurements in the cell proliferation 

assay, we moved towards a more precise, though lower throughput, Western 

blot quantification assay. For the higher precision assays, our collaborators 

developed a new cell line that overexpresses the TrkB receptor. They used 

this cell line to investigate downstream signaling pathways the result from 

activation of the TrkB receptor by Western blot. This work is ongoing.  

 

Figure 4.4 Cell proliferation assay to quantify the activity of modified TrkB 
agonists 4.1-4.8. Increased cell count is a result of increased TrkB receptor 
activation. * denotes statistical significance. This work was provided by our 
collaborator Brandon Dolan in the Tuszynski lab. 
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 The binding affinity of these molecules has been analyzed by 

fluorescence microscopy, but after incubation of cells that overexpress TrkB 

receptor with 4.28 no fluorescent signal was seen. These studies are also 

ongoing and modifications to the procedure as well as variations of the binding 

affinity measurement are hypothesized to give further insight into the binding 

affinity of our agonist to the TrkB receptor. 

4.5 Conclusions 

 In conclusion, we were able to modify a previously discovered small 

molecule TrkB agonist and use structural insights gained from the SAR to 

develop a fluorescently labeled TrkB binder. Our synthetically accessible 

LM22A-4 analogs were analyzed in cellular assays to quantify activation of the 

TrkB receptor. Almost all of our analogs were shown to activate the TrkB 

receptor comparably to LM22A-4, but these results have not yet been 

repeated in Western blot analysis. The binding affinity of the fluorescently 

tagged molecule was also analyzed, but the results remain inconclusive.  

 Our future work is focused on quantifying the efficacy of these analogs, 

with respect to the activity of LM22A-4 on TrkB activation, as well as finding 

novel targets for activation of the TrkB receptor. We are seeking to address 

the technical difficulties we have seen in cellular assays using more 

quantifiable methods such as Western blot analysis. We are also looking to 

repeat our original cell proliferation assay and make technical improvements to 

limit the variability of fluorescence measurements. 
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 Future work also includes plans to screen libraries of small molecules 

and peptides to find new compounds that activate the TrkB receptor using a 

fluorescence-based cellular assay. We want to develop candidates from this 

screen for targeted delivery to areas of the brain that are affected by 

neurodegeneration. This developmental process may yield a therapeutic that 

inhibits, and possibly reverses, the progression of Alzheimer’s and other 

neurodegenerative diseases through activation of the TrkB receptor in 

neurons.  

4.6 Materials 

Reagents were purchased from Sigma-Aldrich unless otherwise stated. 

Aminoethanol was purchased from Fisher Scientific. para-Toluenesulfonyl 

chloride was purchased from Acros Organic. All reagents were used without 

further purification. All solvents used for reactions were obtained from Fisher 

Scientific. Solvents used for chromatography were ACS technical grade and 

used without further purification. Deuterated solvents were purchased from 

Cambridge Isotope Laboratories, Inc. 

Analytical HPLC was performed using an Agilent 1100 Series HPLC 

and a C18 reverse phase column (Eclipse XDB"C18, 4.6 × 150 mm, 5 Gm). 

Flow: 1 mL/min. Injection volume: 20 μL. Eluent: 0.1% TFA solution in DI 

water/Acetonitrile (ACN). Gradient: 5% ACN to 95% ACN over 10 m.  

Semi-preparative HPLC was performed using RediSep Rf Gold reverse 

phase C18 column (5.5g). Flow: 3 mL/min. Injection volume: 250 μL. Eluent: 
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0.1% TFA solution in DI water/Acetonitrile (ACN). Gradient: 5% ACN to 95% 

ACN over 50 m. 

1H and 13C NMR spectra were obtained on either a Bruker 300 MHz 

spectrometer or a Varian 400 or 500 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.  

4.7 Experimental Methods 

General Procedure for Coupling Amino Alcohols to Acyl Chlorides 

To a round bottom flask purged with N2 was added 10 molar equivalents of 

desired amino alcohol followed by the dropwise addition of a 0.3 M solution of 

the desired acyl chloride in dichloromethane (DCM). The reaction mixture was 

stirred at 25ºC for 1 h then diluted with H2O and placed into a separatory 

funnel. The product was extracted from the aqueous solution with three 

aliquots of 1:1 mixture of chloroform/isopropanol (CHCl3/i-PrOH) and the 

combined organics were dried over Mg2SO4 and concentrated to dry. If 

necessary, the product was first isolated by silica gel chromatography. All 

products, except for 4.8, were recrystallized to yield white solids. 

LM22A-4 

This compound was generated by the reaction of ethanolamine (988 μL, 16.37 

mmol) and 1,3,5-benzenetricarbonyl trichloride (292 μL, 1.64 mmol) according 

to the general procedure for coupling amino alcohols to acyl chlorides. 
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Recrystallization with MeOH/DCM/Hexanes yielded a white solid (130 mg, 

23%). 1H NMR (500 MHz, CD3OD) δ 8.44 (s, 3H), 3.73 (t, J = 5.8 Hz, 6H), 

3.54 (t, J = 5.7 Hz, 6H); 13C NMR (125 MHz, CD3OD) δ 169.06, 136.81, 

130.13, 61.67, 43.87; ESI-MS (m/z) calculated for C15H21N3O6 [M]+ 339.14; 

found [M+H]+ 340.14. 

N-(2-hydroxyethyl)benzamide (4.1) 

This compound was generated by the reaction of ethanolamine (988 μL, 16.37 

mmol) and benzoyl chloride (190 μL, 1.64 mmol) according to the general 

procedure for coupling amino alcohols to acyl chlorides. Silica gel 

chromatography (EtOAc/Hexanes) followed by recrystallization 

(EtOAc/Hexanes) yielded a white solid (113 mg, 42%). 1H NMR (400 MHz, 

CDCl3) δ 7.79 (d, J = 7.8 Hz, 2H), 7.52 (t, J = 7.3 Hz, 1H), 7.45 (t, J = 7.6 Hz, 

2H), 3.86 (q, J = 5.2 Hz, 2H), 3.65 (q, J = 5.2 Hz, 2H); ESI-MS (m/z) calculated 

for C9H11NO2 [M]+ 165.08; found [M+H]+ 166.10 and [M+Na]+ 188.09. 

N1,N2-bis(2-hydroxyethyl)phthalamide (4.2) 

This compound was generated by the reaction of ethanolamine (988 μL, 16.37 

mmol) and phthaloyl chloride (236 μL, 1.64 mmol) according to the general 

procedure for coupling amino alcohols to acyl chlorides. Silica gel 

chromatography (MeOH/DCM) followed by recrystallization 

(MeOH/DCM/Hexanes) yielded a white solid (137, 33%). 1H NMR (500 MHz, 

CD3OD) δ 7.62-7.47 (m, 4H), 3.71 (t, J = 5.7 Hz, 4H), 3.46 (t, J = 5.6 Hz, 4H); 

13C NMR (125 MHz, CD3OD) δ 172.00, 137.07, 131.39, 129.04, 61.61, 43.73; 
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ESI-MS (m/z) calculated for C12H16N2O4 [M]+ 252.11; found [M+H]+ 253.09 and 

[M+Na]+ 275.22. 

N1,N3-bis(2-hydroxyethyl)isophthalamide (4.3) 

This compound was generated by the reaction of ethanolamine (988 μL, 16.37 

mmol) and isophthaloyl chloride (332 mg, 1.64 mmol) according to the general 

procedure for coupling amino alcohols to acyl chlorides. Recrystallization 

(MeOH/DCM/Hexanes) yielded a white solid (192 mg, 46%). 1H NMR (500 

MHz, CD3OD) δ 8.31 (t, J = 1.7 Hz, 1H), 7.99 (dd, J = 1.8, 7.8 Hz, 2H), 7.56 (t, 

J = 7.8 Hz, 1H), 3.72 (t, J = 5.8 Hz, 4H), 3.52 (t, J = 5.8 Hz, 4H); 13C NMR 

(125 MHz, CD3OD) δ 169.80, 136.27, 131.38, 129.97, 127.47, 61.70, 43.78; 

ESI-MS (m/z) calculated for C12H16N2O4 [M]+ 252.11; found [M+H]+ 253.12. 

N1,N4-bis(2-hydroxyethyl)terephthalamide (4.4) 

This compound was generated by the reaction of ethanolamine (988 μL, 16.37 

mmol) and terephthaloyl chloride (332 mg, 1.64 mmol) according to the 

general procedure for coupling amino alcohols to acyl chlorides. 

Recrystallization (MeOH/DCM/Hexanes) yielded a white solid (70 mg, 17%). 

1H NMR (400 MHz, DMSO-d6) δ 8.55 (t, J = 5.6 Hz, 2H), 7.91 (s, 4H), 4.75 (t, 

J = 5.4 Hz, 2H), 3.52 (q, J = 5.9 Hz, 4H), 3.33-3.31 (m, 4H); 13C NMR (125 

MHz, DMSO-d6) δ 165.67, 136.66, 127.13, 59.67, 42.25; ESI-MS (m/z) 

calculated for C12H16N2O4 [M]- 252.11; found [M-H]- 251.14. 

N1,N3,N5-tris(2-methoxyethyl)benzene-1,3,5-tricarboxamide (4.5) 

This compound was generated by the reaction of methoxyethylamine (1.16 

mL, 13.31 mmol) and 1,3,5-benzenetricarbonyl trichloride (238 μL, 1.33 mmol) 
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according to the general procedure for coupling amino alcohols to acyl 

chlorides. Silica gel chromatography (MeOH/DCM) followed by 

recrystallization (DCM/Hexanes) yielded a white solid (228 mg, 45%). 1H NMR 

(400 MHz, CDCl3) δ 8.37 (s, 3H), 3.69 (q, J = 5.3 Hz, 6H), 3.58 (t, J = 5.0 Hz, 

6H), 3.40 (s, 9H); 13C NMR (125 MHz, CD3OD) δ 168.94, 136.78, 130.08, 

72.06, 59.11, 41.07; ESI-MS (m/z) calculated for C18H27N3O6 [M]+ 381.19; 

found [M+H]+ 383.09. 

N1,N3,N5-tris(3-hydroxypropyl)benzene-1,3,5-tricarboxamide (4.6) 

This compound was generated by the reaction of 3-amino-1-propanol (1.02 

mL, 13.31 mmol) and 1,3,5-benzenetricarbonyl trichloride (238 μL, 1.33 mmol) 

according to the general procedure for coupling amino alcohols to acyl 

chlorides. Silica gel chromatography (MeOH/DCM) followed by 

recrystallization (MeOH/DCM/Hexanes) yielded a white solid (59 mg, 12%). 1H 

NMR (400 MHz, CD3OD) δ 8.39 (s, 3H), 3.66 (t, J = 6.4 Hz, 6H), 3.51 (t, J = 

6.9 Hz, 6H), 1.86 (m, J = 6.5 Hz, 6H); 13C NMR (125 MHz, CD3OD) δ 168.90, 

136.87, 129.93, 60.68, 38.43, 33.34; ESI-MS (m/z) calculated for C18H27N3O6 

[M]+ 381.19; found [M+H]+ 382.18. 

N1,N3,N5-tris(4-hydroxybutyl)benzene-1,3,5-tricarboxamide (4.7) 

This compound was generated by the reaction of 4-amino-1-butanol (500 mg, 

13.31 mmol) and 1,3,5-benzenetricarbonyl trichloride (100 μL, 0.56 mmol) 

according to the general procedure for coupling amino alcohols to acyl 

chlorides. Silica gel chromatography (MeOH/DCM) followed by 

recrystallization (MeOH/DCM/Hexanes) yielded a white solid (152 mg, 64%). 
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1H NMR (400 MHz, CD3OD) δ 8.38 (s, 3H), 3.61 (t, J = 6.3 Hz, 6H), 3.44 (t, J = 

6.9 Hz, 6H), 1.76-1.58 (m, 12 H); 13C NMR (125 MHz, CD3OD) δ 168.85, 

137.02, 129.89, 62.70, 41.14, 31.15, 27.13; ESI-MS (m/z) calculated for 

C21H33N3O6 [M]+ 423.24; found [M+H]+ 424.38. 

N1,N3,N5-tris(5-hydroxypentyl)benzene-1,3,5-tricarboxamide (4.8) 

This compound was generated by the reaction of 5-amino-1-pentanol (1 g, 

9.69 mmol) and 1,3,5-benzenetricarbonyl trichloride (173 μL, 0.97 mmol) 

according to the general procedure for coupling amino alcohols to acyl 

chlorides. Silica gel chromatography (MeOH/DCM) followed by 

recrystallization (MeOH/DCM/Hexanes) yielded a white solid (248 mg, 55%). 

1H NMR (400 MHz, CD3OD) δ 8.37 (s, 3H), 3.58 (t, J = 6.5 Hz, 6H), 3.42 (t, J = 

7.1 Hz, 6H), 1.72-1.42 (m, 18H); 13C NMR (125 MHz, CD3OD) δ 168.81, 

136.98, 129.90, 62.91, 41.29, 33.42, 30.39, 24.52; ESI-MS (m/z) calculated for 

C24H39N3O6 [M]- 465.28; found [M-H]- 464.30. 

BTA-EG6-Azide (4.9) 

In a round bottom flask, BTA-EG6-OTs, 2.14 (307 mg, 0.47 mmol) was 

dissolved in dimethylformamide (DMF, 5 mL), sodium azide (91 mg, 1.39 

mmol) was added, the flask was fitted with a reflux condenser and the reaction 

mixture was heated to 95ºC in an oil bath. After 12 h, the reaction mixture was 

cooled to r.t. and the DMF removed in vacuo. The resulting solid was 

suspended in DCM and filtered to remove insoluble particles that were washed 

with several portions of DCM. The filtrate was concentrated to yield an orange 

oil and used without further purification. 1H NMR (400 MHz, CDCl3) δ  7.87 
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(dd, J = 8.5, 12.8 Hz, 3H), 7.63 (s, 1H), 7.24 (dd, J = 1.7, 8.4 Hz, 1H), 6.67 (d, 

J = 8.6 Hz, 2H), 3.76-3.62 (m, 20H), 3.37 (t, J = 5.2 Hz, 4H), 2.47 (s, 3H); ESI-

MS (m/z) calculated for C26H35N5O5S [M]+ 529.24; found [M+H]+ 530.24 and 

[M+Na]+ 552.20. 

BTA-EG6-Amine (4.10) 

In a round bottom flask, 4.9 (247 mg, 0.47 mmol) was dissolved in MeOH 

under N2 atmosphere. Pd/C (10 wt. % loading, 25 mg) added and reaction 

mixture stirred vigorously while a balloon of H2 gas was attached and the N2 

atmosphere purged from the flask. The new reaction mixture was stirred at r.t. 

for 24 h under H2 atmosphere then carefully filtered through celite to remove 

solids that were washed with several portions of MeOH and DCM and the 

filtrate was concentrated to dry. The resulting oil was carefully purified on 

basic alumina (DCM/MeOH) to yield a yellow oil (140 mg, 60% over 2 steps). 

1H NMR (500 MHz, CDCl3) δ 7.86 (dd, J = 8.5, 15.2 Hz, 3H), 7.62 (s, 1H), 7.23 

(dd, J = 1.7, 8.3 Hz, 1H), 6.65 (d, J = 8.6 Hz, 2H), 4.90 (bs, 1H), 3.73 (t, J = 

5.2 Hz, 2H), 3.68-3.60 (m, 18H), 3.51 (t, J = 5.2 Hz, 2H), 3.37 (bs, 2H), 2.85 (t, 

J = 5.4 Hz, 2H), 2.47 (s, 3H); 13C NMR (500 MHz, CDCl3) δ 167.97, 152.61, 

150.83, 134.83, 134.47, 129.10, 127.70, 122.84, 122.00, 121.40, 112.73, 

73.13, 70.79, 70.72, 70.47, 70.43, 69.55, 43.28, 41.88, 21.68; ESI-MS (m/z) 

calculated for C26H37N3O5S [M]+ 503.25; found [M+H]+ 504.23. 

BTA-Trimer (4.11) 

In a clean, flame-dried round bottom flask, 4.10 (140 mg, 0.28 mmol) was 

stirred under N2 atmosphere. A solution of 1,3,5-benzenetricarbonyl trichloride 
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(10 μL, 5.6 μmol) in DCM (500 μL) was added dropwise over 5 m and the 

reaction mixture was stirred at r.t. After 1 hour, the orange solution was 

concentrated to dry and purified via silica gel chromatography (DCM/MeOH) to 

yield a yellow oil (10 mg, 11%). 1H NMR (400 MHz, CDCl3) δ 8.45 (s, 3H), 

7.84 (t, J = 8.4 Hz, 9H), 7.62, (s, 3H), 7.38 (bs, 3H), 7.23 (dd, J = 1.3, 8.3 Hz, 

3H), 6.64 (d, J = 8.3 Hz, 6H), 4.71 (bs, 3H), 3.75-3.52 (m, 66H), 3.36-3.26 (m, 

6H), 2.46 (s, 9H); 13C NMR (500 MHz, CDCl3) δ 168.09, 168.41, 150.74, 

135.24, 134.78, 129.27, 129.00, 128.55, 127.93, 121.68, 121.44, 113.06, 

112.82, 70.73, 70.68, 70.44, 70.41, 69.89, 69.45, 69.34, 43.50, 40.34, 29.93, 

21.72; ESI-MS (m/z) calculated for C87H111N9O18S3 [M]+ 1665.72; found 

[M+H]+ 1667.51, [M+2H]+ 834.30 and [M+3H]+ 556.77. 

Benzyl (2-hydroxyethyl)carbamate (4.12) 

To a solution of ethanolamine (1 mL, 17 mmol) and K2CO3 (2.3 g, 17 mmol) in 

DI water (20 mL) cooled to 0oC in an ice bath was added benzyl chloroformate 

(2.6 mL, 19 mmol) dropwise. The reaction mixture was stirred for 1 h then 

warmed to r.t. After warm, mixture was placed into a separatory funnel and 

extracted with EtOAc (3 x 50 mL). The combined organic layers were washed 

with sat. NaHCO3 (1 x 50 mL), water (1 x 50 mL), and brine (1 x 50 mL), dried 

over Na2SO4 then concentrated to dry. The desired product was crystallized 

by addition of hexanes (100 mL) to the resulting oil, then filtered and dried 

(2.54 g, 79%).  1H NMR (500 MHz, CDCl3) δ 7.42-7.27 (m, 5H), 5.16 (bs, 1H), 

5.11 (s, 2H), 3.73 (t, J = 4.8 Hz, 2H), 3.36 (q, J = 5.1 Hz, 2H); 13C NMR (125 

MHz, CDCl3) δ 157.35, 136.56, 128.77, 128.41, 128.36, 67.15, 62.62, 43.72; 
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ESI-MS (m/z) calculated for C10H13NO3 [M]+ 195.09; found [M+H]+ 195.97, and 

[M+Na]+ 218.07. 

Benzyl (2-(methoxymethoxy)ethyl)carbamate (4.13) 

In a round bottom flask, 4.12 (500 mg, 2.6 mmol) was dissolved in DCM (10 

mL). N,N-diisopropylethylamine (DIPEA, 937 μL, 5.4 mmol) was added 

followed by dropwise addition of chloromethyl methyl ether (MOM-Cl, 389 μL, 

5.1 mmol) and the reaction was stirred at r.t. for 16 h. After this time, the 

solvent was removed in vacuo, the mixture was diluted with EtOAc, placed in a 

separatory funnel and washed with 0.5 M H3PO4 (1 x 50 mL), sat. NaHCO3 (1 

x 50 mL), and brine (1 x 50 mL), dried over Na2SO4 and concentrated to dry. 

The resulting white solid (560 mg, 91%) was used without further purification. 

1H NMR (500 MHz, CDCl3) δ 7.41-7.26 (m, 5H), 5.17 (bs, 1H), 5.11 (s, 2H), 

4.62 (s, 2H), 3.61 (t, J = 5.2 Hz, 2H), 3.41 (q, J = 5.3 Hz, 2H), 3.35 (s, 3H); 13C 

NMR (125 MHz, CDCl3) δ 156.62, 136.74, 128.72, 128.32, 96.82, 67.17, 

66.94, 55.56, 41.29; ESI-MS (m/z) calculated for C12H17NO4 [M]+ 235.12; 

found [M+H]+ 240.06, and [M+Na]+ 262.14. 

2-(methoxymethoxy)ethan-1-amine (4.14) 

In a round bottom flask, 4.13 (1.71 g, 7.1 mmol) was dissolved in MeOH (50 

mL) under N2 atmosphere. Pd/C (10 wt. % loading, 170 mg) was added and 

reaction mixture stirred vigorously while a balloon of H2 gas was attached and 

the N2 atmosphere purged from the flask. The new reaction mixture was 

stirred at r.t. for 24 h under H2 atmosphere then carefully filtered through celite 

to remove solids that were washed with several portions of MeOH and DCM 
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and the filtrate was concentrated to dry. The resulting colorless oil was used 

without further purification. 1H NMR (500 MHz, CDCl3) δ 4.64 (s, 2H), 3.56 (t, J 

= 5.1 Hz, 2H), 3.37 (s, 3H), 2.88 (t, J = 5.3 Hz, 2H); 13C NMR (125 MHz, 

CDCl3) δ 96.82, 70.18, 55.45, 42.09; ESI-MS (m/z) calculated for C4H11NO2 

[M]+ 105.08; found [M+H]+ 105.95. 

N-benzyl-2-(methoxymethoxy)ethan-1-amine (4.15) 

In a round bottom flask, benzaldehyde (174 μL, 1.71 mmol) was dissolved in 

MeOH (10 mL). 4.14 (198 mg, 1.88 mmol) was added and reaction mixture 

was stirred at 80ºC for 16 h then cooled to r.t. After cool, sodium borohydride 

(80 mg, 2.11 mmol) added and new mixture heated to 80ºC and stirred for 2 h. 

After cooling to r.t., MeOH removed in vacuo, mixture redissolved in water (30 

mL), placed in a separatory funnel and product extracted with DCM (3 x 20 

mL). The combined organic layers were dried over Na2SO4 and concentrated 

to dry. The resulting yellow oil (281 mg, 76%) was used without further 

purification. 1H NMR (500 MHz, CDCl3) δ 7.47-7.19 (m, 5H), 4.64 (s, 2H), 3.83 

(s, 2H), 3.67 (t, J = 5.1 Hz, 2H), 3.36 (s, 3H), 2.84 (t, J = 5.1 Hz, 2H);  

N-benzyl-2-(methoxymethoxy)-N-methylethan-1-amine (4.16) 

In a round bottom flask, 4.15 (281 mg, 1.44 mmol) was dissolved in MeOH (5 

mL). Formaldehyde (37%, 200 μL, 2.30 mmol) was added followed by formic 

acid (160 μL, 4.32 mmol) and reaction mixture was stirred at 80ºC for 16 h. 

After cooling to r.t., the mixture was concentrated to dry, redissolved in DCM 

(20 mL), placed in a separatory funnel and washed with sat. NaHCO3 (2 x 20 

mL) then H2O (20 mL). The organic layer was dried over Na2SO4 then 
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concentrated to dry. The product was isolated by silica gel chromatography 

(EtOAc/Hexanes) to yield a colorless oil (160 mg, 53%). 1H NMR (500 MHz, 

CDCl3) δ 7.38-7.20 (m, 5H), 4.64 (s, 2H), 3.67 (t, J = 5.9 Hz, 2H), 3.57 (s, 2H), 

3.36 (s, 3H), 2.64 (t, J = 5.9 Hz, 2H), 2.26 (s, 3H. 

2-(methoxymethoxy)-N-methylethan-1-amine (4.17) 

In a round bottom flask, 4.15 (160 mg, 0.76 mmol) was dissolved in MeOH (10 

mL) under N2 atmosphere. Pd/C (10 wt. % loading, 20 mg) was added and 

reaction mixture stirred vigorously while a balloon of H2 gas was attached and 

the N2 atmosphere purged from the flask. The new reaction mixture was 

stirred at r.t. for 24 h under H2 atmosphere then carefully filtered through celite 

to remove solids which were washed with several portions of MeOH and DCM 

and the filtrate was concentrated to dry. The resulting colorless oil was used 

without further purification. 1H NMR (500 MHz, CDCl3) δ 4.64 (s, 2H), 3.65 (t, J 

= 5.2 Hz, 2H), 3.37 (s, 3H), 2.78 (t, J = 5.2 Hz, 2H), 2.47 (s, 3H); ESI-MS (m/z) 

calculated for C5H13NO2 [M]+ 119.09; found [M+H]+ 119.99. 

Hexaethylene Glycol Monoazide (4.18) 

To a solution of Hexaethylene Glycol Monotosylate, 2.7 (4.3 g, 9.9 mmol) 

dissolved in DMF (20 mL) in a round-bottom flask was added sodium azide 

(1.92 g, 29.6 mmol). The flask was fitted with a reflux condenser and the 

mixture stirred at 90ºC. After 16 h, DMF was removed on rotovap and resulting 

mixture resuspended in DCM, and filtered over Fisherbrand P8 filter paper to 

remove white solid. The filtrate was washed twice with water, once with brine, 

dried over Na2SO4, filtered and concentrated to dry. The resulting colorless oil 
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(2.76 g, 91%) was used without further purification. 1H NMR (500 MHz, CDCl3) 

δ 3.74-3.59 (m, 22H), 3.40 (t, J = 5.0 Hz, 2H); 13C NMR (125 MHz, CDCl3) δ 

72.89, 70.83, 70.81, 70.79, 70.72, 70.70, 70.67, 70.39, 70.23, 61.89, 50.85; 

ESI-MS (m/z) calculated for C12H25N3O6 [M]+ 307.17; found [M+H]+ 308.37, 

[M+NH4]
+ 325.25 and [M+Na]+ 330.20. 

Hexaethylene Glycol Monoamine (4.19) 

In a round bottom flask, 4.18 (700 mg, 2.3 mmol) was dissolved in MeOH (10 

mL) under N2 atmosphere. Pd/C (10 wt. % loading, 70 mg) was added and 

reaction mixture stirred vigorously while a balloon of H2 gas was attached and 

the N2 atmosphere purged from the flask. The new reaction mixture was 

stirred at r.t. for 24 h under H2 atmosphere then carefully filtered through celite 

to remove solids that were washed with several portions of MeOH and DCM 

and the filtrate was concentrated to dry. The resulting colorless oil was used 

without further purification. 1H NMR (500 MHz, CDCl3) δ 3.82-3.57 (m, 22H), 

3.09 (t, J = 4.9 Hz, 2H); 13C NMR (125 MHz, CDCl3) δ 73.04, 72.93, 70.70, 

70.58, 70.52, 70.34, 70.29, 70.25, 70.07, 69.79, 69.39, 61.15, 41.34; ESI-MS 

(m/z) calculated for C12H27NO6 [M]+ 281.18; found [M+H]+ 282.22, and 

[M+Na]+ 304.29. 

HO-PEG-NHBoc (4.20) 

1 M NaOH (aq, 4.3 mL, 4.3 mmol) was added to a solution of 4.19 (1 g, 3.6 

mmol) dissolved in MeOH (15 mL) in a round bottom flask followed by addition 

of a solution of di-tert-butyl dicarbonate (Boc2O, 931 mg, 4.3 mmol) dissolved 

in MeOH (5 mL) and reaction stirred at r.t. for 1 h. The solvent was removed in 
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vacuo and the resulting material was purified by silica gel chromatography to 

yield a colorless oil (380 mg, 28%). 1H NMR (500 MHz, CDCl3) δ 3.72 (t, J = 

4.6 Hz, 2H), 3.67-3.59 (m, 18H), 3.53 (t, J = 5.2 Hz, 2H), 3.30 (t, J = 5.2 Hz, 

2H), 1.44 (s, 9H); 13C NMR (125 MHz, CDCl3) δ 156.27, 79.38, 72.78, 70.82, 

70.80, 70.78, 70.76, 70.53, 70.49, 70.44, 61.94, 40.71, 28.66; ESI-MS (m/z) 

calculated for C17H35NO8 [M]+ 381.24; found [M+Na]+ 404.16, and [M-Boc+H]+ 

282.25. 

TsO-PEG-NHBoc (4.21) 

To a solution of 4.20 (380 mg, 0.99 mmol) dissolved in DCM (5 mL) was 

added TEA (167 μL, 1.2 mmol) followed by para-toluenesulfonyl chloride 

(TsCl, 209 mg, 1.1 mmol). The reaction was stirred at r.t. for 16 h then the 

solvent was removed and the product isolated by silica gel chromatography 

(EtOAc) to yield a colorless oil (230 mg, 43%). 1H NMR (500 MHz, CDCl3) δ 

7.79 (d, J = 8.1 Hz, 2H), 7.34 (d, J = 8.0 Hz, 2H), 4.15 (t, J = 4.9 Hz, 2H), 3.68 

(t, J = 4.8 Hz, 2H), 3.65-3.57 (m, 18H), 3.53 (t, J = 5.3 Hz, 2H), 2.44 (s, 3H), 

1.44 (s, 9H); 13C NMR (125 MHz, CDCl3) δ 156.20, 144.99, 133.24, 130.03, 

128.19, 79.38, 70.97, 70.83, 70.79, 70.74, 70.45, 69.44, 68.90, 40.60, 28.65, 

21.86; ESI-MS (m/z) calculated for C24H41NO10S [M]+ 535.25; found [M+H]+ 

535.87, [M+NH4]
+ 552.99, [M+Na]+ 558.15, and [M-Boc+H]+ 436.21. 

Azide-PEG-NHBoc (4.22) 

To a solution of 4.21 (144 mg, 0.27 mmol) in DMF (5 mL) was added sodium 

azide (52 mg, 0.81 mmol). The flask was fitted with a reflux condenser and 

stirred at 95oC. After 16 h, DMF removed in vacuo, the resulting mixture was 



140 
 

 

 

resuspended in DCM, and filtered over Fisherbrand P8 filter paper. The filtrate 

was washed with water (2 x 40 mL), brine (1 x 25 mL), dried over Na2SO4, 

filtered and concentrated to dry. The resulting mixture was purified by silica gel 

chromatography (EtOAc) to yield a colorless oil (82 mg, 75%). 1H NMR (500 

MHz, CDCl3) δ 3.69-3.59 (m, 18H), 3.53 (t, J = 5.1 Hz, 2H), 3.39 (t, J = 5.1 Hz, 

2H), 3.31 (bs, 2H), 1.44 (s, 9H); 13C NMR (125 MHz, CDCl3) δ 156.24, 79.37, 

70.92, 70.89, 70.84, 70.80, 70.74, 70.48, 70.25, 50.91, 40.60, 28.65;  

Amine-PEG-NHBoc (4.23) 

In a round bottom flask, 4.22 (82 mg, 0.20 mmol) was dissolved in MeOH (5 

mL) under N2 atmosphere. Pd/C (10 wt. % loading, 10 mg) was added and 

reaction mixture stirred vigorously while a balloon of H2 gas was attached and 

the N2 atmosphere purged from the flask. The new reaction mixture was 

stirred at r.t. for 24 h under H2 atmosphere then carefully filtered through celite 

to remove solids which were washed with several portions of MeOH and DCM 

and the filtrate was concentrated to dry. The resulting colorless oil was used 

without further purification (69 mg, 90%). 1H NMR (400 MHz, CDCl3) δ 3.73-

3.50 (m, 20H), 3.31 (m, 2H), 2.88 (t, J = 5.2 Hz, 2H), 1.44 (s, 9H); ESI-MS 

(m/z) calculated for C17H36N2O7 [M]+ 380.25; found [M+H]+ 381.19, and 

[M+Na]+ 403.19. 

5-(methoxycarbonyl)isophthalic acid (4.24) 

In a round bottom flask fitted with a reflux condenser, a solution of sodium 

hydroxide (NaOH, 350 mg, 8.7 mmol) in MeOH (30 mL) and DI water (5 mL) 

was heated to 85ºC in an oil bath. Trimethyl 1,3,5-benzenetricarboxylate (1 g, 
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4.0 mmol) was added and mixture stirred for 16 h at 85ºC. The mixture was 

then carefully diluted with 1 M HCl, placed in a separatory funnel and 

extracted with Et2O (3 x 50 mL). The combined organic layers were dried over 

Na2SO4 then concentrated to dry and the resulting oil was recrystallized 

(EtOAc/Hexanes) affording a white solid (820 mg, 92%). 1H NMR (500 MHz, 

CD3OD) δ 8.82 (t, J = 1.5 Hz, 1H), 8.80 (d, J = 1.7 Hz, 2H), 3.98 (s, 3H); 13C 

NMR (125 MHz, CD3OD) δ 167.91, 166.98, 135.83, 135.41, 133.45, 132.57, 

53.28; ESI-MS (m/z) calculated for C10H8O6 [M]- 224.03; found [M-H]- 223.05.  

Methyl 3,5-bis((2-(methoxymethoxy)ethyl)carbamoyl)benzoate (4.25) 

A solution of 4.24 (400 mg, 1.8 mmol), diisopropylcarbodiimide (DIC, 446 μL, 

3.8 mmol) and 1-hydroxybenzotriazole hydrate (HOBt, 506 mg, 3.8 mmol) in 

DMF (6 mL) was added slowly to a solution of 4.17 (413 mg, 3.9 mmol) and 

DMAP (cat.) dissolved in DMF (4 mL). After 16 h at r.t., the solvent was 

removed in vacuo and the resulting oil was purified by silica gel 

chromatography (EtOAc) to yield a colorless oil (296 mg, 42%). 1H NMR (500 

MHz, CD3OD) δ 8.61 (d, J = 1.7 Hz, 2H), 8.51 (t, J = 1.8 Hz, 1H), 4.66 (s, 4H), 

3.97 (s, 3H), 3.73 (t, J = 5.7 Hz, 4H), 3.62 (t, J = 5.6 Hz, 4H), 3.36 (s, 6H); 13C 

NMR (125 MHz, CD3OD) δ 168.60, 167.17, 136.92, 132.46, 131.97, 131.76, 

97.73, 67.38, 55.71, 53.21, 41.36; ESI-MS (m/z) calculated for C18H26N2O8 

[M]+ 398.17; found [M+H]+ 398.96 and [M+Na]+ 421.06. 

3,5-bis((2-(methoxymethoxy)ethyl)carbamoyl)benzoic acid (4.26) 

Lithium hydroxide (LiOH, 32 mg, 0.76 mmol) was added to a solution of 4.25 

(296 mg, 0.74 mmol) dissolved in a mixture of THF, MeOH and H2O (3:1:1, 10 
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mL) and reaction stirred at r.t. for 16 h. After this time, the mixture was placed 

into a separatory funnel and washed with EtOAc (15 mL) to remove excess 

starting material. The aqueous layer was neutralized by careful addition of 1 M 

HCl then extracted with EtOAc (2 x 25 mL). The combined organic layers were 

dried over Na2SO4 and concentrated to dry. The resulting white solid (138 mg, 

48%) was used without further purification. 1H NMR (500 MHz, CDCl3) δ 8.61 

(d, J = 1.8 Hz, 2H), 8.49 (t, J = 1.8 Hz, 1H), 4.66 (s, 4H), 3.73 (t, J = 5.6 Hz, 

4H), 3.62 (t, J = 5.6 Hz, 4H), 3.36 (s, 6H); 13C NMR (125 MHz, CDCl3) δ 

168.85, 168.56, 136.77, 133.81, 132.18, 131.42, 97.69, 67.34, 55.69, 41.34; 

ESI-MS (m/z) calculated for C17H24N2O8 [M]+ 384.15; found [M+H]+ 385.05, 

and [M+Na]+ 407.17. 

MOM-LM22A-4-PEG-NHBoc (4.27) 

A solution of 4.26 (26 mg, 0.07 mmol), DIC (13 μL, 0.08 mmol) and HOBt (11 

mg, 0.08 mmol) in DMF (500 μL) was added slowly to a solution of 4.23 (31 

mg, 0.08 mmol) and DMAP (cat.) dissolved in DMF (500 μL). After 16 h at r.t., 

the solvent was removed in vacuo and the resulting oil was purified by silica 

gel chromatography (EtOAc/MeOH) to yield a colorless oil (46 mg, 92%). 1H 

NMR (500 MHz, CD3OD) δ 8.61 (d, J = 1.7 Hz, 2H), 8.51 (t, J = 1.8 Hz, 1H), 

4.66 (s, 4H), 3.97 (s, 3H), 3.73 (t, J = 5.7 Hz, 4H), 3.62 (t, J = 5.6 Hz, 4H), 3.36 

(s, 6H); 13C NMR (125 MHz, CD3OD) δ 168.60, 167.17, 136.92, 132.46, 

131.97, 131.76, 97.73, 67.38, 55.71, 53.21, 41.36; ESI-MS (m/z) calculated for 

C34H58N4O14 [M]+ 746.39; found [M+Na]+ 769.29, and [M-Boc+H]+ 647.37. 
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LM22A-4-PEG-Amine (4.28) 

To a solution of 4.27 (36 mg, 0.05 mmol) dissolved in MeOH (750 μL) was 

added a 4 M HCl solution in dioxane (250 μL) and the reaction was stirred for 

2 h at r.t. After this time, the solvents were removed and the resulting oil dried 

in vacuo. The crude mixture was purified by semi-preparative HPLC 

(ACN/H2O) to yield a colorless oil (15 mg, 56%). 1H NMR (500 MHz, CD3OD) 

δ 8.45 (s, 3H), 3.79-3.58 (m, 26H), 3.54 (t, J = 5.8 Hz, 4H), 3.13 (t, J = 5.1 Hz, 

2H); 13C NMR (125 MHz, CD3OD) δ 168.98, 168.91, 136.83, 136.74, 130.23, 

130.03, 71.57, 71.42, 71.35, 71.13, 70.72, 68.03, 61.67, 43.86, 41.14, 40.77; 

ESI-MS (m/z) calculated for C25H42N4O10 [M]+ 558.29; found [M+H]+ 559.31 

and [M+Na]+ 581.33. 

LM22A-4-PEG-Coumarin (4.29) 

4.28 (65 mg, 0.12 mmol) dissolved in dry DMF (1 mL) in a flame-dried round 

bottom flask purged with N2.  TEA (20 μL, 0.14 mmol) was added followed by 

7-(diethylamino)coumarin-3-carboxylic acid N-succinimidyl ester (50 mg, 0.14 

mmol) and reaction was stirred at r.t. in the dark under a N2 atmosphere for 16 

h. DMF was removed in vacuo and resulting solid isolated by silica gel 

chromatography (EtOAc/MeOH) in the dark then triturated with Et2O and 

filtered to yield a yellow solid (15 mg, 16%). 1H NMR (500 MHz, CDCl3) δ 9.00 

(bs, 1H), 8.63 (s, 1H), 8.21 (s, 3H), 8.05 (bs, 1H), 7.95 (bs, 2H), 7.41 (d, J = 

8.9 Hz, 1H), 6.64 (dd, J = 2.3, 8.9 Hz, 1H), 6.47 (d, J = 2.2 Hz, 1H), 3.88 (bs, 

4H), 3.75-3.50 (m, 34H), 3.45 (q, J = 7.2 Hz, 4H), 1.23 (m, 6H); 13C NMR (125 

MHz, CDCl3) δ 167.15, 166.69, 163.86, 162.87, 157.86, 148.38, 134.98, 
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134.78, 131.47, 128.84, 128.77, 110.32, 110.05, 108.57, 96.77, 70.61, 70.55, 

70.48, 70.43, 70.34, 70.18, 61.58, 45.34, 43.47, 40.39, 39.56, 29.92, 12.65; 

ESI-MS (m/z) calculated for C39H55N5O13 [M]+ 801.38; found [M+H]+ 802.42, 

and [M+Na]+ 824.52. 

Notes About This Chapter 

I conducted all of the synthetic procedures and molecular characterization in 

this chapter. All of the assays to quantify TrkB receptor activity were 

conducted in the laboratory of Prof. Mark Tuszynski in the Department of 

Neurosciences at USCD. Brandon Dolan was responsible for all of the data 

presented in this chapter. Imre Kovacs and Alan Nagahara were responsible 

for all fluorescence-based experiments and the Western blot assays 

mentioned briefly. The biological assays were conducted using previously 

described experimental procedures. 
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Chapter 5 

 

Targeting Somatostatin Receptor 4 with 

Small Molecules to Treat Alzheimer’s 

Disease 

 

5.1 Somatostatin Receptor 4 (SSTR4) 

 Similar to the Trk receptors discussed in Chapter 4, the five 

somatostatin receptors (SSTR 1-5) are all localized in the central nervous 

system, with some branching out into the digestive system and other 

organs.207–210 Each of them is a G-protein coupled receptor (GPCR), meaning 

that they activate cellular signaling pathways through a guanine-nucleotide 

binding protein (G-protein), which is a common “molecular switch” within 

cells.211 The SSTR family interacts with a hormone known as somatostatin, or 

somatotropin release-inhibiting factor (SRIF).208,212,213 

Somatostatin has two active forms comprised of 14 or 28 amino acids 

and binds to SSTR in the brain and digestive system. Each individual SSTR 
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produces a different cellular response to somatostatin, but typically the result 

is the inhibition of release of growth hormones. This is manifested 

phenotypically by the inhibition of metabolic processes in the brain and 

digestive systems. There are also other responses correlated to the activation 

of SSTRs. SSTR4 is of particular interest to our research efforts because of its 

localization within the hippocampus and its propensity to activate the release 

of a protease called Neprilysin.209,214–216  

 TrkB is also localized in the hippocampus, as discussed in Chapter 4. 

Importantly, the hippocampus is one of the first regions in the brain affected by 

neurodegeneration during aging.197 The amyloid cascade hypothesis posits 

that the deposition of Aβ aggregates in the brain is the main cause of 

neurodegeneration and neuronal cell dysfunction in Alzheimer’s disease.77 

Studies have also concluded that there are elevated levels of Aβ aggregates 

in the hippocampus during the early stages of neurodegeneration.217 We have, 

therefore, aimed to develop TrkB agonists that have shown neuroprotective 

abilities in the presence of Aβ aggregates, discussed in Chapter 4, which can 

be targeted to the hippocampus.  

Delivering small molecule TrkB activators to the hippocampus can 

prove to be difficult due to potential toxicity from nonspecific binding and 

activation. In an effort to prevent non-specific binding and direct the small 

molecule TrkB agonist LM22A-4 to the hippocampus, we sought to conjugate 

LM22A-4 to a known binder of SSTR4. Work towards this targeted delivery 

system will be discussed later in this chapter.  
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 We believed that SSTR4 was an ideal candidate for targeting not only 

because of its localization within the hippocampus, but because activation of 

SSTR4 has an apparent correlation with the release of Neprilysin.214,218 

Neprilysin is a protease, an enzyme that cleaves peptide bonds to degrade 

proteins. This protease has shown some promise towards the degradation of 

Aβ aggregates.214–216 Studies have shown that in the presence of Neprilysin, 

Aβ fibrils can be degraded and potentially cleared from living systems. 

Degradation of neurotoxic amyloid fibrils related to Alzheimer’s disease would 

be a useful advantage for this ligand. However, targeting TrkB agonists to the 

hippocampus using known SSTR4 binders was the primary goal. 

5.2 Development of Small Molecules to Target SSTR4 

 The structure of the SSTR4 binding pocket has been modeled on 

computers and analyzed for the development of SSTR4 agonists. Kontoyianni 

et. al. conducted a thorough investigation into the binding modes of 28 

different molecules shown to be both strong and weak binders to SSTR4.219 

That group found that aromatic or hydrophobic molecules fit best within the 

fairly deep binding pocket of SSTR4. Amino acid residues of phenylalanine, 

valine, and isoleucine are present in the binding pocket and form strong 

interactions with molecules comprised of hydrophobic or aromatic motifs.  

 Several classes were distinguished in the Kontoyianni study. These 

classes were comprised of ureas, thioureas and peptides. To have a complete 

study of binding modes they felt it was necessary to simulate binding of both 
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strong and weak binders and use the resulting binding modes to explain the 

differences. In the two binding modes they described, a great deal of hydrogen 

bonding was taking place, but also pi-stacking and hydrophobic interactions. 

Notably, the C-terminal end of certain agonists did not show binding 

interactions in their computer simulation. 

 

Figure 5.1 Structure of J-2156, the molecule of interest in SSTR4 targeting. 

There have been a multitude of small molecule and peptide-based 

binders to SSTR4 developed in recent years. We analyzed the structure of 

many of the agonists used by Kontoyianni et.al. in their study and concluded 

that there was potential for structural modifications. Choosing an agonist with 

a high binding affinity was also a priority and we settled compound 11 from 

that study, published originally as J-2156 in 2005 (Figure 5.1).220 The lack of 

extensive hydrogen bonding at the C-terminus of the peptide created a site for 

potential conjugation through amide coupling to a wide variety of functional 

groups. In the binding modes presented by Kontoyianni et. al. we did not see 

significant interaction between the C-terminal amide and the binding pocket. 
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5.3 Functionalization of Peptide-Based Agonist  

We initially sought four different molecules for this study: 1) the original 

peptide-based agonist to verify its activity in our assays, 2) an agonist with a 

functionalized ethylene glycol tail to improve water solubility, and conjugates 

with fluorescent tags (3) or therapeutics (4). To obtain the original peptide-

based agonist J-2156, we followed a literature procedure, substituting the 

methyl group on the naphthalene moiety for hydrogen to save cost on the 

starting material (Scheme 5.1).  

 

Scheme 5.1 Synthesis of J-2156 analog 5.3. All reactions were run at 25ºC. 



150 
 

 

 

The ethylene glycol functionalized material was more involved. As with 

the LM22A-4-fluorescent probe, 4.29 discussed in Chapter 4, we sought to 

exchange the existing alcohol functional groups on hexaethylene glycol for 

amines. Through a stepwise substitution procedure, we were able to generate 

diamine 5.6, monoprotected with Cbz (Scheme 5.2). In this case we employed 

the Cbz protecting group on the terminal amine to maintain orthogonality with 

the Boc-protected butyrylamine side chain within the peptide. This would 

enable us to selectively conjugate at the terminal amine in future syntheses. 

 

Scheme 5.2 Synthesis of amine terminated polyethylene glycol 5.6. All 
reactions were run at 25ºC unless otherwise noted. 

After coupling the Cbz-protected ethylene glycol with Boc-Phe-OH 

using carbodiimide chemistry, the synthesis followed that of J-2156 analog 5.3 

(Scheme 5.3). Of course, we needed to verify that the addition of our PEG 

chain to the peptide did not inhibit binding and activity, so we deprotected both 

the Cbz and Boc groups to give molecule 5.10 (Scheme 5.3). 
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Scheme 5.3 Synthesis of polyethylene glycol functionalized J-2156 analog 
5.10. 
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Scheme 5.4 Synthesis of fluorescently tagged J-2156 analog 5.12. 

We were seeking to quantify the binding affinity of this peptide material 

to SSTR4 as well. For that we looked to a fluorescence-based binding assay 

similar to the one used in Chapter 4 for TrkB agonists. For the fluorescence 

tag, we chose a tetramethylrhodamine derivative, TAMRA. With a rhodamine 

tag we hypothesized that tissue staining with the fluorescently tagged TrkB 

and SSTR4 agonists would allow us to visualize the colocalization of the 

receptors in the brain. To generate this new fluorescent probe, we started with 
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ethylene glycol modified agonist 5.9. After deprotection of the Cbz through 

hydrogenation to give 5.11, we coupled the fluorescent tag using TAMRA-NHS 

ester under basic conditions, and removed the Boc group on the side chain 

with mild acid yielding molecule 5.12 (Scheme 5.4).  

5.4 Conjugation of SSTR4 and TrkB Agonists to Improve Targeting 

 The main goal of this work was to conjugate a known TrkB agonist, 

LM22A-4, with an efficient SSTR4 binder to generate a targeted therapeutic. 

Common strategies in targeted drug delivery systems focus on the use of 

labile bonds to deliver free therapeutic molecules to sites of interest. By 

attaching a drug to a targeting ligand via a cleavable linker, the therapeutic 

can be targeted to the active site, and then released upon interaction with the 

appropriate stimulus. We wanted to employ a similar strategy for our 

conjugated molecules as well, using a known peroxide sensitive linker 

between the two agonists.221 It has been shown that areas of the brain 

experiencing neurodegeneration have elevated extracellular peroxide levels. 

 Before engaging the complex cleavable linker strategy, we wanted to 

determine if covalent attachment was sufficient for targeted delivery of LM22A-

4 analogs and subsequent activation of TrkB receptors in the hippocampus. 

For that targeted LM22A-4 analog, we conjugated SSTR4-PEG-NH2 molecule 

5.11 to the multifunctional LM22A-4 analog 4.26 using carbodiimide coupling. 

After global deprotection under mild acid we isolated the desired material, 
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5.13. This molecule combined the targeting abilities of J-2156 with the 

potential therapeutic benefits of LM22A-4.  

 

Scheme 5.5 Synthesis of LM22A-4-PEG-J-2156 conjugated molecule 5.13. 

The peroxide sensitive linker we sought to install between the LM22A-4 

and J-2156 analogs contained an aromatic boronyl ester core that would 

degrade upon hydrolysis in the presence of peroxides (Figure 5.2). We were 

looking to couple the protected LM22A-4 analog 4.26 with carbodiimide 

conjugation strategies to the boronic ester core, followed by conjugation of J-

2156 analog 5.11, but synthetic challenges have inhibited progress in this 
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area. This molecule would have potentially released undisturbed LM22A-4 

after degradation of the core by peroxide, but our synthetic efforts were halted 

until the other SSTR4 agonists could be properly analyzed. 

 

Figure 5.2 Structure of proposed peroxide-sensitive linker. 

5.5 Collaborative Results from Cellular Assays 

 Similar to the work towards an improved TrkB agonist, we collaborated 

with the Tuszynski lab in the Department of Neurosciences at UCSD to 

analyze these molecules in cellular assays. After testing our J-2156 analog 

and 5.10 in a Western blot assay, we found that SSTR4 was not activated by 

either compound. Analysis in cellular assays with molecules 5.3 and 5.10 is 

ongoing and future studies look address technical difficulties within the assay. 

Microscopy analysis of cells overexpressing SSTR4 after incubation with 5.12 

has not shown any significant binding affinity of this molecule to the SSTR4 

receptor. We have hypothesized that the rhodamine tag is large enough to 
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sterically inhibit the entrance of 5.12 into the SSTR4 binding pocket, but this 

has not been verified experimentally.  

5.6 Conclusions 

 In conclusion we were able to synthesize several analogs of known 

SSTR4 binding molecule J-2156. By attaching an amine-terminated ethylene 

glycol chain to the C-terminus of the J-2156 peptide, we were able to attach 

both a fluorescent tag as well as a therapeutic to our J-2156 analog. We also 

believe that with a cleavable linker, it is possible to selectively release the 

therapeutic in areas of the brain affected by neurodegeneration. 

 Future studies in this area should look to complete the analysis of these 

molecules. Once activity has been verified and potential dual-functionality of 

5.13 quantified, the peroxide-sensitive linker can be pursued again. 

Alternatively, there are many other available molecular targets for this 

application. A screening assay to quantify binding and activity of other small 

molecules and peptides could be employed to find new targets for future 

studies. I believe that this is a viable system for targeted treatment of 

neurodegeneration in the hippocampal region of the brain. The potential health 

and cost benefits of treating neurodegeneration should provide motivation for 

future research in this area and enable sufficient funding for this work to 

proceed. 
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5.7 Materials 

Reagents were purchased from Sigma-Aldrich unless otherwise stated. 

Aminoethanol was purchased from Fisher Scientific. para-Toluenesulfonyl 

chloride was purchased from Acros Organic. Fmoc-Dab(Boc)-OH was 

purchased from Matrix Scientific. All reagents were used without further 

purification. All solvents used for reactions were obtained from Fisher 

Scientific. Solvents used for chromatography were ACS technical grade and 

used without further purification. Deuterated solvents were purchased from 

Cambridge Isotope Laboratories, Inc. 

Analytical HPLC was performed using an Agilent 1100 Series HPLC 

and a C18 reverse phase column (Eclipse XDB"C18, 4.6 × 150 mm, 5 Gm). 

Flow: 1 mL/min. Injection volume: 20 μL. Eluent: 0.1% TFA solution in DI 

water/Acetonitrile (ACN). Gradient: 5% ACN to 95% ACN over 10 m.  

Semi-preparative HPLC was performed using RediSep Rf Gold reverse 

phase C18 column (5.5g). Flow: 3 mL/min. Injection volume: 250 μL. Eluent: 

0.1% TFA solution in DI water/Acetonitrile (ACN). Gradient: 5% ACN to 95% 

ACN over 50 m. 

1H and 13C NMR spectra were obtained on either a Bruker 300 MHz 

spectrometer or a Varian 400 or 500 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. 
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5.8 Experimental Methods 

NH2-Phe-Dab(Boc)-NHFmoc (5.2) 

A solution of Fmoc-Dab(Boc)-OH (100 mg, 0.23 mmol), N,N’-

diisopropylcarbodiimide (DIC, 34 μL, 0.23 mmol) and 1-hydroxybenzotriazole 

hydrate (HOBt, 31 mg, 0.23 mmol) in DCM/DMF (1:1, 1 mL) was added slowly 

to a solution of L-Phenylalaninamide (37 mg, 0.23 mmol) and 4-

(dimethylamino)pyridine  (DMAP, cat.) dissolved in a mixture of DCM/DMF 

(1:1, 1 mL) in a round bottom flask. The reaction mixture was stirred 16 h at rt 

before the solvent was removed in vacuo. The mixture was redissolved in 

DCM, placed into a separatory funnel and washed with deionized (DI) water (3 

x 25 mL), brine (1 x 25 mL), dried over sodium sulfate (Na2SO4), then 

concentrated to dry. The resulting material was recrystallized 

(DCM/MeOH/Hexanes) to yield a white solid (164 mg, 49%). 1H NMR (500 

MHz, CD3OD) δ 7.79 (bs, 2H), 7.77 (bs, 1H), 7.65 (dd, J = 3.7, 7.4 Hz, 2H), 

7.39 (t, J = 7.6 Hz, 2H), 7.31 (t, J = 7.4 Hz, 2H), 7.23-7.07 (m, 5H), 4.61 (dd, J 

= 5.5, 8.8 Hz, 1H), 4.40 (dd, J = 6.9, 10.3 Hz, 1H), 4.33-4.27 (m, 1H), 4.2 (t, J 

= 6.9 Hz, 1H), 4.03 (dd, J = 5.8, 8.4 Hz, 1H), 3.16 (dd, J = 5.6, 14.1 Hz, 1H), 

3.04-2.88 (m, 3H), 1.83-1.57 (m, 2H), 1.42 (s, 9H); ESI-MS (m/z) calculated for 

C33H38N4O6 [M]+ 586.28; found [M+Na]+ 609.35. 

NH2-Phe-Dab(Boc)-NH-SulfoNaphthalene (5.2) 

NH2-Phe-Dbu(Boc)-NHFmoc (130 mg, 0.22 mmol) was dissolved in DMF (5 

mL) and deprotected with piperidine (1.5 mL) for 2 h at r.t. After the solvent 

was removed in vacuo, the deprotected product was isolated by silica gel 
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chromatography (DCM/MeOH) to yield a pale yellow solid. In a round bottom 

flask, deprotected 5.1 (80 mg, 0.22 mmol) was dissolved in DCM (2 mL) and 

TEA (46 μL, 0.33 mmol) was added followed by 1-naphthalenesulfonyl 

chloride (75 mg, 0.33 mmol). The reaction mixture was stirred for 16 h at r.t. 

then the solvent was removed in vacuo and resulting oil purified via silica gel 

chromatography (EtOAc) to yield a colorless solid (65 mg, 52%). 1H NMR (400 

MHz, CD3OD) δ 8.69 (d, J = 8.6 Hz, 1H), 8.15 (d, J = 7.8 Hz, 2H), 8.00 (d, J = 

8.1 Hz, 1H), 7.72-7.60 (m, 2H), 7.52 (t, J = 7.9 Hz, 1H), 7.29-7.12 (m, 5H), 

4.32 (dd, J = 6.1, 8.4 Hz, 1H), 3.58 (t, J = 7.2 Hz, 1H), 2.98 (dd, J = 6.1, 13.8 

Hz, 1H), 2.84-2.54 (m, 3H), 1.63-1.41 (m, 2H), 1.38 (s, 9H) ESI-MS (m/z) 

calculated for C28H34N4O6S [M]+ 554.22; found [M+Na]+ 577.33. 

J-2156 Analog (5.3) 

5.2 (65 mg, 0.12 mmol) was deprotected by dissolultion in HCl (4 M, dioxane, 

2 mL), at r.t. for 2 h. The solvent was removed in vacuo, and the resulting solid 

was then triturated in diethyl ether (Et2O) then filtered, collected and dried (30 

mg, 29%). 1H NMR (500 MHz, CD3OD) δ 8.67 (d, J = 8.6 Hz, 1H), 8.16, (dd, J 

= 4.0, 7.6 Hz, 2H), 8.02, (d, J = 8.2 Hz, 1H), 7.70 (ddd, J = 1.4, 6.8, 8.7 Hz, 

1H), 7.64 (ddd, J = 1.4, 6.7, 8.2 Hz, 1H), 7.51 (t, J = 7.8 Hz, 1H), 7.26-7.18 (m, 

3H), 7.08 (d, J = 7.1 Hz, 2H), 4.19 (t, J = 7.3 Hz, 1H), 3.87 (t, J = 6.7 Hz, 1H), 

2.86-2.74 (m, 3H), 2.54, (dd, J = 8.0, 13.8 Hz, 1H), 1.96-1.77 (m, 2H); 13C 

NMR (125 MHz, CD3OD) δ 175.56, 171.70, 149.75, 138.04, 136.18, 135.95, 

135.87, 130.77, 130.36, 129.64, 129.45, 128.28, 128.03, 125.92, 125.51, 



160 
 

 

 

55.76, 55.43, 38.95, 37.53, 32.33, 23.66; ESI-MS (m/z) calculated for 

C23H26N4O4S [M]+ 454.17; found [M+H]+ 455.36, and [M+Na]+ 477.26. 

HO-PEG-NHCbz (5.4) 

Hexaethylene glycol monoamine, 4.19 (4.5 g, 16 mmol) and sodium 

bicarbonate (4 g, 48 mmol) were dissolved in DI water (40 mL) and cooled to 

0ºC in an ice bath. Upon cooling, a solution of benzyl chloroformate (2.7 mL, 

19 mmol) in acetonitrile (ACN, 48 mL) was carefully added and the reaction 

mixture was allowed to come to r.t. over 3 h. After warm, the pH of the mixture 

was decreased to pH = 4 using 1 M HCl and the mixture was placed in a 

separatory funnel and extracted with DCM (3 x 75 mL). The combined organic 

layers were dried over Na2SO4 and concentrated to dry. The resulting oil was 

purified by silica gel chromatography (EtOAc/MeOH) to yield a colorless oil 

(3.9 g, 59%). 1H NMR (500 MHz, CDCl3) δ 7.40-7.24 (m, 5H), 5.83 (bs, 1H), 

5.09 (s, 2H), 3.71-3.54 (m, 22H), 3.39 (q, J = 5.2 Hz, 2H); 13C NMR (125 MHz, 

CDCl3) δ 156.85, 136.93, 128.66, 128.31, 128.20, 72.88, 70.74, 70.72, 70.69, 

70.67, 70.62, 70.33, 70.28, 66.73, 61.79, 41.09; ESI-MS (m/z) calculated for 

C20H33NO8 [M]+ 415.22; found [M+H]+ 416.13, [M+NH4]
+ 433.13, and [M+Na]+ 

438.27. 

TsO-PEG-NHCbz 

To a solution of 5.4 (1.1 g, 2.6 mmol) and TEA (548 μL, 3.9 mmol) in DCM (20 

mL) was carefully added para-toluenesulfonyl chloride (TsCl, 600 mg, 3.2 

mmol). The reaction was stirred 16 h at r.t. then concentrated to dry. The 

resulting mixture was purified by silica gel chromatography (EtOAc/Hexanes) 
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to yield a colorless oil (1.0 g, 69%). 1H NMR (500 MHz, CDCl3) δ 7.79 (d, J = 

8.1 Hz, 2H), 7.38-7.27 (m, 7H), 5.54 (bs, 1H), 5.09 (s, 2H), 4.13 (t, J = 4.9Hz, 

2H), 3.68-3.52 (m, 20H), 3.38 (q, J = 5.3 Hz, 2H), 2.44 (s, 3H); 13C NMR (125 

MHz, CDCl3) δ 156.75, 145.02, 136.83, 133.09, 130.03, 128.69, 128.31, 

128.26, 128.19, 70.89, 70.77, 70.74, 70.67, 70.41, 70.30, 69.45, 68.85, 66.81, 

41.06, 21.87; ESI-MS (m/z) calculated for C27H39NO10S [M]+ 569.23; found 

[M+H]+ 570.21, [M+NH4]
+ 587.13, and [M+Na]+ 592.27. 

Azide-PEG-NHCbz (5.5) 

To a solution Tso-PEG-NHCbz (1.0 g, 1.8 mmol) in DMF (15 mL) was added 

sodium azide (353 mg, 5.4 mmol). The flask was fitted with a reflux condenser 

and stirred at 95ºC. After 16 h, DMF removed in vacuo, the resulting mixture 

was resuspended in DCM, and the white solid filtered over Fisherbrand P8 

filter paper. The filtrate was washed with DI water (2 x 40 mL), brine (1 x 25 

mL), dried over Na2SO4, filtered and concentrated to dry. The resulting mixture 

was purified by silica gel chromatography (EtOAc) to yield a colorless oil (598 

mg, 75%). 1H NMR (500 MHz, CDCl3) δ 7.38-7.27 (m, 5H), 5.56 (bs, 1H), 5.10 

(s, 2H), 3.69-3.53 (m, 20H), 3.42-3.34 (m, 4H); 13C NMR (125 MHz, CDCl3) δ 

156.77, 136.84, 128.70, 128.33, 128.27, 70.83, 70.77, 70.75, 70.69, 70.42, 

70.32, 70.21, 66.82, 50.84, 41.07; ESI-MS (m/z) calculated for C20H32N4O7 

[M]+ 440.23; found [M+H]+ 441.26, and [M+Na]+ 463.27. 

Amine-PEG-NHCbz (5.6) 

In a round bottom flask, 5.5 (598 mg, 1.4 mmol) was dissolved in 1:5:5 

THF/Et2O/1 M HCl (10 mL). Triphenylphosphine (TPP, 534 mg, 2.0 mmol) was 
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added in portions and the reaction mixture stirred vigorously for 16 h. The 

reaction mixture was diluted with Et2O and placed in a separatory funnel. The 

ether was washed with 4 M HCl (2 x 25 mL) and the combined aqueous layers 

were then washed with fresh Et2O (2 x 25 mL). The pH of the aqueous layer 

was carefully increased by the addition of solid NaOH until it was above a 

value of 10 as verified by pH test strips. The basic solution was extracted with 

DCM (3 x 50 mL), the combined organic layers dried over Na2SO4 and 

concentrated to dry. The resulting oil (555 mg, 99%) was used without further 

purification. 1H NMR (500 MHz, CDCl3) δ 7.38-7.27 (m, 5H), 5.93 (bs, 1H), 

5.09 (s, 2H), 3.67-3.52 (m, 20H), 3.39 (q, J = 5.2 Hz, 2H), 2.87 (t, J = 5.1 Hz, 

2H); 13C NMR (125 MHz, CDCl3) δ 156.87, 136.90, 128.68, 128.32, 128.23, 

72.27, 70.70, 70.57, 70.38, 70.31, 70.22, 66.74, 41.71, 41.02; ESI-MS (m/z) 

calculated for C20H34N2O7 [M]+ 414.24; found [M+H]+ 415.14. 

CbzNH-PEG-Phe-NHBoc 

To a mixture of benzyl 5.6 (555 mg, 1.3 mmol) and 4-(dimethylamino)pyridine 

(DMAP, cat.) in DCM (2 mL) was added a solution of Boc-Phe-OH (355 mg, 

1.3 mmol), DIC (207 μL, 1.3 mmol) and HOBt (181 mg, 1.3 mmol) in 5% 

DMF/DCM (2 mL). The reaction was stirred for 16 h at r.t.  The solvents were 

removed in vacuo, the resulting mixture suspended in DCM (30 mL), placed in 

a separatory funnel and washed with water (3 x 30 mL), and brine (1 x 30 mL). 

The organic layer was dried over Na2SO4 and concentrated to dry. The 

resulting oil was purified by silica gel chromatography (EtOAc/MeOH) to yield 

a colorless oil (304 mg, 34%). 1H NMR (500 MHz, CD3OD) δ 7.38-7.17 (m, 
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10H), 5.07 (s, 2H), 4.28 (m, 1H), 3.64-3.50 (m, 24H), 3.06 (dd, J = 6.1, 13.6 

Hz, 1H), 2.82 (dd, J = 8.8, 13.6 Hz, 1H), 1.37 (s, 9H); ESI-MS (m/z) calculated 

for C34H51N3O10 [M]+ 661.36; found [M+H]+ 662.05, [M+Na]+ 684.31, [M+K]+ 

700.25, [M-Boc+H]+ 562.26, and [M-Boc+Na]+ 584.37. 

CbzNH-PEG-Phe-NH2 (5.7) 

To a solution of CbzNH-PEG-Phe-NHBoc (260 mg, 0.4 mmol) in DCM (2 mL) 

was added trifluoroacetic acid (TFA, 2 mL). The reaction was stirred at r.t. for 

2 h then quenched with 1 M NaOH (20 mL). The mixture was placed into a 

separatory funnel and extracted with DCM (3 x 25 mL), the combined organic 

layers were dried over Na2SO4 then concentrated to dry. The resulting oil (166 

mg, 75%) was used without further purification.  1H NMR (500 MHz, DMSO-d6) 

δ 7.91 (t, J = 5.8 Hz, 1H), 7.39-7.15 (m, 10H), 5.00 (s, 2H), 3.53-3.43 (m, 

16H), 3.40 (t, J = 5.9 Hz, 2H), 3.25-3.11 (m, 4H), 2.90 (dd, J = 5.0, 13.3 Hz, 

1H), 2.59 (dd, J = 8.2, 13.3 Hz, 1H); 13C NMR (125 MHz, DMSO-d6) δ 174.39, 

156.18, 138.82, 137.22, 129.35, 128.39, 128.12, 127.82, 127.79, 126.10, 

69.81, 69.73, 69.61, 69.58, 69.12, 69.09, 65.24, 56.25, 41.17, 40.18, 38.31; 

ESI-MS (m/z) calculated for C29H43N3O8 [M]+ 561.31; found [M+H]+ 562.28, 

and [M+Na]+ 584.38. 

CbzNH-PEG-Phe-Dab(Boc)-NHFmoc 

To a solution of 5.7 (239 mg, 0.43 mmol) and DMAP (cat.) in DCM was added 

a solution containing Fmoc-Dab(Boc)-OH (179 mg, 0.41 mmol), HOBt (57 mg, 

0.43 mmol), and DIC (66 μL, 0.43 mmol) in 5% DMF/DCM.  The reaction was 

stirred at rt for 16 h and then the solvents were removed in vacuo. The mixture 
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was redissolved in DCM, placed into a separatory funnel and washed with DI 

water (3 x 25 mL), and brine (1 x 25 mL). The organic layer was dried over 

Na2SO4 then concentrated to dry. The resulting oil was purified by silica gel 

chromatograpy (EtOAc/MeOH) to yield a white solid (337 mg, 84%). 1H NMR 

(500 MHz, DMSO-d6) δ 8.09 (bs, 1H), 7.98 (d, J = 8.1 Hz, 1H), 7.89 (d, J = 7.6 

Hz, 2H), 7.72 (dd, J = 4.4, 7.4 Hz, 2H), 7.56 (d, J = 8.2 Hz, 1H), 7.41 (t, J = 7.4 

Hz, 2H), 7.38-7.12 (m, 13H), 6.79 (bs, 1H), 5.00 (s, 2H), 4.50-4.45 (m, 1H), 

4.30-4.17 (m, 3H), 4.05-3.97 (m, 1H), 3.51-3.43 (m, 18H), 3.39 (t, J = 6.0 Hz, 

2H), 3.33-3.18 (m, 4H), 3.16-3.10 (m, 3H), 2.93 (dd, J = 6.0, 13.3 Hz, 3H), 

2.80 (dd, J = 8.2, 13.7 Hz, 1H), 1.75-1.51 (m, 2H), 1.37 (s, 9H); 13C NMR (125 

MHz, DMSO-d6) δ 174.39, 156.18, 138.82, 137.22, 129.35, 128.39, 128.12, 

127.79, 126.10, 69.81, 69.73, 69.61, 69.58, 69.12, 69.09, 65.24, 56.25, 41.17, 

40.18, 38.31; ESI-MS (m/z) calculated for C53H69N5O13 [M]+ 983.49; found 

[M+H]+ 984.21, [M+Na]+ 1006.40, and [M-Boc+H]+ 884.43. 

CbzNH-PEG-Phe-Dab(Boc)-NH2 (5.8) 

In a round bottom flask, CbzNH-PEG-Phe-Dbu(Boc)-NHFmoc (337 mg, 0.34 

mmol) was dissolved in a solution of Piperidine in DCM (20% v/v, 5 mL) and 

the reaction was stirred at r.t. for 2 h. After this time, the solvent was removed 

in vacuo and the desired product isolated by silica gel chromatography 

(EtOAc/MeOH/H2O/ACN) to yield a colorless oil (258 mg, 99%). 1H NMR (500 

MHz, CD3OD) δ 7.38-7.19 (m, 10H), 5.07 (s, 2H), 4.61 (dd, J = 6.1, 8.7 Hz, 

1H), 3.66-3.34 (m, 27H), 3.24-3.04 (m, 4H), 2.94 (dd, 8.8, 13.8 Hz, 1H), 1.78 
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(m, 1H), 1.61 (m, 1H), 1.45 (s, 9H); ESI-MS (m/z) calculated for C38H59N5O11 

[M]+ 761.42; found [M+H]+ 762.29, [M+Na]+ 784.34, and [M-Boc+H]+ 662.34. 

CbzNH-PEG-Phe-Dab(Boc)-NH-SulfoNaphthalene (5.9) 

To a solution of 5.8 (258 mg, 0.34 mmol) in DCM (2 mL) was added TEA (94 

μL, 0.68 mmol) and the mixture was stirred at r.t. After 5 m, 1-

naphthalenesulfonyl chloride (115 mg, 0.51 mmol) was added and the reaction 

mixture was stirred at r.t. for 16 h. After removing the solvent in vacuo, the 

desired product was isolated by silica gel chromatography 

(EtOAc/MeOH/H2O/ACN) to yield a colorless solid (283 mg, 89%). 1H NMR 

(500 MHz, CD3OD) δ 8.70 (d, J = 8.7 Hz, 1H), 8.17 (d, J = 7.4 Hz, 1H), 8.14 

(d, J = 8.3 Hz, 1H), 8.00 (d, J = 8.2 Hz, 1H), 7.69 (t, J = 7.9 Hz, 1H), 7.63 (t, J 

= 7.3 Hz, 1H), 7.53 (t, J = 7.8 Hz, 1H), 7.38-7.10 (m, 10H), 5.06 (s, 2H), 4.27 

(t, J = 7.4 Hz, 1H), 3.64-3.33 (m, 23H), 3.30-3.19 (m, 4H), 2.89 (m, 2H), 2.65 

(m, 2H), 1.63-1.43 (m, 2H), 1.38 (s, 9H); ESI-MS (m/z) calculated for 

C48H65N5O13S [M]+ 951.43; found [M+Na]+ 974.25, and [M-Boc+H]+ 874.30. 

NH2-PEG-Phe-Dab-NH-SulfoNaphthalene (5.10) 

To a solution of NH2-PEG-Phe-Dbu(Boc)-NH-SulfoNaphthalene (94 mg, 0.1 

mmol) in DCM (2 mL) was added TFA (2 mL) and the reaction mixture was 

stirred at r.t. for 2 h. After this time, the solvents were removed in vacuo. 

Excess TFA was removed by repeated dissolution in DCM and evaporation 

and the product was crystallized by trituration with Et2O and used without 

further purification. Boc-deprotected material was subjected to hydrogenation 

to Cbz-group after being dissolved in MeOH (5 mL) under N2 atmosphere. 
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Pd/C (10 wt. % loading, 10 mg) was added and reaction mixture stirred 

vigorously while a balloon of H2 gas was attached and the N2 atmosphere 

purged from the flask. The new reaction mixture was stirred at r.t. for 24 h 

under H2 atmosphere then carefully filtered through celite to remove solids that 

were washed with several portions of MeOH and DCM and the filtrate was 

concentrated to dry. The resulting colorless oil was used without further 

purification (38 mg, 54%,). 1H NMR (500 MHz, CD3OD) δ 8.68 (d, J = 8.6 Hz, 

1H), 8.18 (t, J = 7.7 Hz, 2H), 8.03 (d, J = 8.2 Hz , 1H), 7.71 (t, J = 7.8 Hz, 1H), 

7.65 (t, J = 7.5 Hz, 1H), 7.55 (t, J = 7.6 Hz, 1H), 7.28-7.19 (m, 3H), 7.1 (d, J = 

7.4 Hz, 2H), 4.19 (t, J = 7.5 Hz, 1H), 3.8 (dd, J = 5.9, 8.0 Hz, 1H), 3.74-3.51 

(m, 22H), 3.43 (m, 1H), 3.29-3.19 (m, 2H), 3.12 (d, J = 5.1 Hz, 2H), 2.84 (dd, J 

= 7.1, 13. 7 Hz, 1H), 2.75-2.61 (m, 2H), 2.57 (dd, J = 7.8, 13.6 Hz, 1H), 1.91-

1.73 (m, 2H); 13C NMR (125 MHz, CD3OD) δ 173.13, 171.90, 138.14, 135.93, 

131.00, 130.45, 130.38, 129.68, 129.50, 129.43, 128.32, 128.06, 125.92, 

125.53, 71.56, 71.53, 71.50, 71.11, 70.45, 68.04, 56.21, 55.59, 50.00, 40.72, 

40.24, 38.88, 37.46, 32.00; ESI-MS (m/z) calculated for C35H51N5O9S [M]+ 

717.34; found [M+2H] 359.96, [M+H] 718.38, and [M+Na]+ 974.25. 

NH2-PEG-Phe-Dab(Boc)-NH-SulfoNaphthalene 

In a round bottom flask, 5.9 (233 mg, 0.25 mmol) was dissolved in MeOH (5 

mL) under N2 atmosphere. Pd/C (10 wt. % loading, 23 mg) was added and 

reaction mixture stirred vigorously while a balloon of H2 gas was attached and 

the N2 atmosphere purged from the flask. The new reaction mixture was 

stirred at r.t. for 24 h under H2 atmosphere then carefully filtered through celite 
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to remove solids that were washed with several portions of MeOH and DCM 

and the filtrate was concentrated to dry. The resulting colorless oil was used 

without further purification (125 mg, 63%,). 1H NMR (500 MHz, CD3OD) δ 8.73 

(t, J = 8.5 Hz, 1H), 8.14 (dd, J = 7.9, 11.1 Hz, 2H), 8.0 (d, J = 8.1 Hz, 1H), 7.69 

(t, J = 7.7 Hz, 1H), 7.62 (t, J = 7.5 Hz, 1H), 7.53 (m, 1H), 7.36-7.11 (m ,5H), 

4.30 (m, 1H), 3.65-3.34 (m, 25H), 3.30-3.21 (m, 2H), 2.96 (m, 1H), 2.88 (t, J = 

5.2 Hz, 1H), 2.83-2.53 (m, 3H), 1.61-1.40 (m ,2H), 1.37 (s, 9H). 

TAMRA-NH-PEG-Phe-Dab-NH-SulfoNaphthalene (5.12) 

In a round bottom flask, NH2-PEG-Phe-Dbu(Boc)-NH-SulfoNaphthalene (12 

mg, 0.01 mmol) was dissolved in DMF (500 μL). TEA (4 μL, 0.03 mmol) was 

added and the reaction flask was fitted with aluminum foil to prevent light from 

entering. After 5 m, 5(6)-TAMRA-SE (5 mg, 0.01 mmol) was added and the 

reaction mixture was stirred at r.t. for 16 h. The desired product was isolated 

by silica gel chromatography (DCM/MeOH) to yield a purple solid (11 mg, 

92%) which was then dissolved in DCM (1 mL). A solution of HCl in Toluene (3 

M, 300 μL) was added and the reaction mixture was stirred at r.t. After 2 h, the 

solvents were removed in vacuo and the desired product was isolated by 

HPLC (H2O/ACN) to yield a purple solid (5 mg, 50%). 1H NMR (500 MHz, 

CD3OD) δ 8.92 (bs, 1H), 8.8 (d, J = 1.8 Hz, 1H), 8.66 (d, J = 8. 6 Hz, 1H), 8.29 

(dd, J = 1.8, 7.9 Hz, 1H), 8.14 (d, J = 7.9 Hz, 2H), 8.01 (d, J = 8.1 Hz, 1H), 

7.76 (bs, 1H), 7.68 (t, J = 8.0 Hz, 1H), 7.62 (t, J = 7.5 Hz, 1H), 7.51 (m, 2H), 

7.24-7.16 (m, 3H), 7.12 (dd, J = 1. 9, 9.4 Hz, 2H), 7.06 (d, J = 7.3 Hz, 2H), 

7.01-6.95 (m, 4H), 4.17 (t, J = 7.4 Hz, 1H), 3.89 (t, J = 6.7 Hz,1H), 3.74-3.42 
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(m, 26H), 3.29 (s, 6H), 3.17 (m, 2H), 2.81 (m, 3H), 2.52 (dd, J = 7.4, 13.7 Hz, 

1H), 2.00-1.77 (m, 2H), 1.29 (s, 6H); 13C NMR (125 MHz, CD3OD) δ 172.97, 

171.60, 168.61, 167.57, 160.75, 159.19, 159.11, 138.30, 138.12, 137.83, 

137.79, 136.30, 135.94, 135.82, 133.71, 132.55, 132.14, 132.08, 131.56, 

130.79, 130.39, 130.35, 129.67, 129.48, 129.46, 128.30, 128.03, 126.00, 

125.53, 115.70, 114.87, 97.61, 71.80, 71.67, 71.61, 71.59, 71.51, 71.44, 

70.81, 70.78, 70.34, 56.19, 56.15, 55.35, 41.28, 41.08, 40.06, 38.56, 37.50, 

32.48, 30.91; ESI-MS (m/z) calculated for C60H71N7O13S [M]- 1129.48; found 

[M-H]- 1128.53. 

Conjugation of TrkB and SSTR4 Agonists (5.13)  

A solution of 4.26 (46 mg, 0.12 mmol), DIC (15 μL, 0.13 mmol) and HOBt (17 

mg, 0.13 mmol) in DMF (3 mL) was added slowly to a solution of NH2-PEG-

Phe-Dbu(Boc)-NH-SulfoNaphthalene (100 mg, 0.13 mmol) and DMAP (cat.) 

dissolved in DMF (2 mL). The reaction mixture was stirred 16 h at r.t. before 

the solvent was removed in vacuo. The mixture was redissolved in DCM, 

placed into a separatory funnel and washed with deionized (DI) water (3 x 25 

mL), brine (1 x 25 mL), dried over sodium sulfate (Na2SO4), then 

concentrated to dry. The desired product was isolated by silica gel 

chromatography (EtOAc/MeOH) to yield a colorless oil (65 mg, 46%). 1H NMR 

(500 MHz, CD3OD) δ 8.68 (d, J = 8.6 Hz, 1H), 8.43 (m, 3H), 8.14 (dd, J = 3. 7, 

7.9 Hz, 2H), 7.99 (d, J = 8.2 Hz, 1H), 7.67 (t, J = 7.6 Hz, 1H), 7.61 (t, J = 7.5 

Hz, 1H), 7.51 (t, J = 7.8 Hz, 1H), 7.25 (t, J = 7.3 Hz, 2H), 7.19 (t, J = 7.2 Hz, 

1H), 7.13 (d, J = 7.5 Hz, 2H), 4.65 (s, 4H), 4.26 (t, J = 7.3 Hz, 1H), 3.72 (t, J = 
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5.6 Hz, 4H), 3.69-3.38 (m, 32H), 3.34 (s, 6H), 3.24-3.16 (m, 2H), 2.92-2.79 (m, 

2H), 2.63 (m, 2H), 1.62-1.43 (m, 2H), 1.38 (s, 9H); 13C NMR (125 MHz, 

CD3OD) δ 173.15, 173.10, 168.80, 138.34, 136.81, 136.75, 135.99, 135.90, 

135.78, 130.99, 130.56, 130.30, 130.20, 129.63, 129.49, 129.37, 128.23, 

127.98, 126.06, 125.46, 97.69, 80.31, 71.72, 71.66, 71.62, 71.44, 71.36, 

70.60, 70.39, 67.36, 56.09, 56.04, 55.73, 41.39, 40.52, 38.89, 37.76, 34.57, 

28.89; ESI-MS (m/z) calculated for C57H81N7O18S [M]+ 1183.54; found [M+Na]+ 

1206.43 and [M-Boc+Na]+ 1106.60. This material was subjected to 

deprotection with HCl (1 M, DCM, 2 mL). After 2 h, the solvents were removed 

in vacuo and the desired product was isolated by HPLC (H2O/ACN) to yield a 

colorless oil. ESI-MS (m/z) calculated for C48H65N7O14S [M]+ 995.43; found 

[M+Na]+ 1018.58. 

Notes About This Chapter 

I conducted all of the synthetic procedures and molecular characterization in 

this chapter. All of the assays to quantify SSTR4 receptor activity were 

conducted in the laboratory of Prof. Mark Tuszynski in the Department of 

Neurosciences at USCD. Imre Kovacs and Alan Nagahara were responsible 

for all fluorescence-based experiments and the Western blot assays 

mentioned briefly. The biological assays were conducted using previously 

described experimental procedures. 
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Figure A1 NMR spectra of BTA-PEG-Acrylate 2.22 A) 1H NMR. B) 13C NMR. 
NMR spectra were analyzed using MestReNova LITE Version 5.2.5-5780. 
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Figure A2 NMR spectra of PEGOMe-Acrylate 2.24 A) 1H NMR. B) 13C NMR. 
NMR spectra were analyzed using MestReNova LITE Version 5.2.5-5780. 



172 
 

 

 

 

 

Figure A3 1H NMR spectra of polymers 2.23 (A) and 2.25 (B). NMR spectra 
were analyzed using MestReNova LITE Version 5.2.5-5780. 
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Figure A4 NMR spectra of Octyl Acrylate 3.1a A) 1H NMR. B) 13C NMR. NMR 
spectra were analyzed using NMRNotebook Version 2.10. 
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Figure A5 NMR spectra of Dodecyl Acrylate 3.1b A) 1H NMR. B) 13C NMR. 
NMR spectra were analyzed using NMRNotebook Version 2.10. 
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Figure A6 NMR spectra of HEAm A) 1H NMR. B) 13C NMR. NMR spectra 
were analyzed using NMRNotebook Version 2.10. 
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Figure A7 1H NMR spectra of hydrophobic polymers 3.2a-d (A) and 3.3a-d 
(B). The inlays show the region from 4.3-3.5 ppm, where the integrations are 
used to quantify the relative monomer incorporations. NMR spectra were 
analyzed using NMRNotebook Version 2.10. 
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Figure A8 NMR spectra of LM22A-4 A) 1H NMR. B) 13C NMR. NMR spectra 
were analyzed using NMRNotebook Version 2.10. 
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Figure A9 NMR spectra of LM22A-4 analog 4.2 A) 1H NMR. B) 13C NMR. 
NMR spectra were analyzed using NMRNotebook Version 2.10. 
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Figure A10 NMR spectra of LM22A-4 analog 4.3 A) 1H NMR. B) 13C NMR. 
NMR spectra were analyzed using NMRNotebook Version 2.10. 
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Figure A11 NMR spectra of LM22A-4 analog 4.4 A) 1H NMR. B) 13C NMR. 
NMR spectra were analyzed using NMRNotebook Version 2.10. 
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Figure A12 NMR spectra of LM22A-4 analog 4.5 A) 1H NMR. B) 13C NMR. 
NMR spectra were analyzed using NMRNotebook Version 2.10. 
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Figure A13 NMR spectra of LM22A-4 analog 4.6 A) 1H NMR. B) 13C NMR. 
NMR spectra were analyzed using NMRNotebook Version 2.10. 
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Figure A14 NMR spectra of LM22A-4 analog 4.7 A) 1H NMR. B) 13C NMR. 
NMR spectra were analyzed using NMRNotebook Version 2.10. 
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Figure A15 NMR spectra of LM22A-4 analog 4.8 A) 1H NMR. B) 13C NMR. 
NMR spectra were analyzed using NMRNotebook Version 2.10. 
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Figure A16 NMR spectra of fluorescent LM22A-4 analog 4.29 A) 1H NMR. B) 
13C NMR. NMR spectra were analyzed using NMRNotebook Version 2.10. 
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Figure A17 NMR spectra of fluorescent J-2156 analog 5.12 A) 1H NMR. B) 
13C NMR. NMR spectra were analyzed using NMRNotebook Version 2.10. 
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Figure A18 SEC-MALS chromatrgrams for amyloid-binding polymer 2.23 (A), 
and control polymer 2.25 (B) used in Chapter 2. In these chromatograms, 
black, blue and dashed red lines represent signals from the LS detector, the 
UV detector and the RI detector, respectively. Both polymers were analyzed 
using the DMF solvent system described in Section 2.7. 
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Figure A19 SEC-MALS chromatograms of hydrophobic polyacrylates used in 
Chapter 3 A) 3.2a. B) 3.2b. C) 3.2c. D) 3.2d. E) 3.3a. F) 3.3b. Each of these 
polymers was analyzed using the CHCl3 solvent system described in Section 
3.8. In these chromatograms, black, and dashed red lines represent signals 
from the LS detector, and the RI detector, respectively. The RI peaks at 7 m 
are a result of the void volume within the SEC column and are not analyzed as 
polymer peaks.  
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Figure A20 SEC-MALS chromatogram of poly(HEAm) polymer 3.4. This 
polymer was analyzed using the DMF solvent system described in Section 3.8. 
In this chromatogram, black, and dashed red lines represent signals from the 
LS detector, and the RI detector, respectively.The peak at 25 m did not have 
an associated RI response and was not analyzed.  
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Figure A21 RP-HPLC chromatogram displaying the purity of PEG-LM22A-4 
analog 4.28. The UV detector was set for analysis at 214 nm. 
 
 

 

 
Figure A22 RP-HPLC chromatogram displaying the purity of Coumarin-PEG-
LM22A-4 fluorescent analog 4.29. A) UV detector trace at 214 nm. B) 
Concurrent UV detector analysis trace at 415 nm.The peaks at 2 m in (A) are 
from the solvent used to load the sample onto the column. 
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Figure A23 RP-HPLC chromatogram displaying the purity of PEG-J-2156 
analog 5.11. The UV detector was set for analysis at 214 nm.  
 

 
 

 
Figure A24 RP-HPLC chromatograms displaying the purity of TAMRA-PEG-J-
2156 fluorescent analog 5.12. A) UV detector trace at 214 nm. B) Concurrent 
UV detector analysis trace at 480 nm.  
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Figure A25 RP-HPLC chromatogram displaying the purity of LM22A-4-PEG-J-
2156 analog 5.13. The UV detector was set for analysis at 214 nm. This 
material has been isolated but not fully characterized by NMR. 
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