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ABSTRACT 

 

 

 Protein misfolding has increasingly been recognized to have causative roles in several 

human neurological diseases.  Alpha-synuclein (αS) is a protein involved in the regulation of 

several neuronal synaptic functions. When misfolded and aggregated into an amyloid form, αS 

has been implicated in neuronal dysfunction and degeneration in Parkinson’s disease and related 

disorders. The goal of this project was to evaluate the effects of marine species-derived extracts 

from the Bay of Fundy, Canada, on the melting temperature of αS. Fractions that increased and 

decreased the α-synuclein melting temperature were identified within a single extract. These 

fractions were separated by acetone precipitation and size fractionation. The effects of fractions 

on amyloid formation were assessed. Compounds identified in this way may lead to novel 

marine-sourced products that directly prevent the protein misfolding that appears to be causative 

in Parkinson’s disease.       
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1 CHAPTER 1 INTRODUCTION 

 

1.1 Amyloid 

1.1.1 Protein Folding and Misfolding  

 

Proteins are covalent polymers of amino acids and the order of amino acids in the polymer is the 

amino acid sequence. The amino acid sequence of a protein is its primary structure; however, 

many protein regions associate within themselves to form secondary structures that are stabilized 

by non-covalent interactions. The two most common secondary structures are α-helix and β-

sheet. The α-helical structure is defined as a right-handed coil with hydrogen bonding between 

carbonyl groups and amine groups along the backbone of the coil. The β-sheet structure is 

defined as a set of planar strands of protein joined by at least three hydrogen bonds between the 

backbones of adjacent strands. A small structure is the compact β-turn, which allows an abrupt 

change of direction in a peptide chain and, in the absence of defined structure, the peptide chain 

is referred to as random coil or as unstructured. Proteins can further fold into tertiary structures 

that are formed by combinations of secondary structures; the tertiary structure is normally called 

the conformation or the fold of the protein. Although most proteins have tertiary structure, a 

minority of proteins are natively disordered; they are completely unstructured in their functional 

state. An example of a protein with a well-studied tertiary structure is ribonuclease A. 

Ribonuclease A has secondary structure elements that include β-sheet, turns, bends and α-helices 

(Kartha, Bello, Harker 1967; Kover et al. 2008). A diagram of the ribonuclease primary sequence 

and secondary structure is shown in Figure 1 (Kover et al. 2011).  
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Natively disordered proteins, as well as those with defined secondary and tertiary native 

structures, may adopt a non-native folded structure, which is called misfolding. Proteins misfold 

due to enzymatic cleavage, post-translational modification, mutation, overabundance or 

structural destabilization due to alteration in the tissue environment. Normally, cells can 

recognize and dispose of misfolded proteins, either through targeted degradation in the 

proteasome or refolding with the help of chaperone proteins (Chen et al. 2011; Douglas and 

Dillin 2010), but some misfolded proteins form aggregates in vivo that are not amenable to 

disassembly and refolding or to proteolysis and these cause problems. Cells lose the functionality 

of the soluble protein after protein aggregation and the aggregates may be toxic, either of which 

can lead to disease.  

 

Amyloid is the name of a peptide expressed in brain that forms aggregates that stain with iodine. 

This staining initially led the aggregates to be called “amyloid”, which means “starch-like 

(Virchow 1854). However, subsequent studies revealed that the aggregates are formed by a 

peptide, which was then named amyloid beta (Aβ). The Aβ peptide aggregates revealed a highly 

stable and tightly-folded association of β-sheets (Eanes and Glenner 1968) called cross-beta 

structure, which polymerizes into fibrils. Cross-beta tertiary structures similar to that of the 

aggregated Aβ peptide are formed by many other proteins. Therefore, this cross-beta structure is 

referred to as an amyloid fold or amyloid structure in any protein that converts to it  
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A 

 

B 

 

Figure 1: Secondary and tertiary structure of ribonuclease. Both diagrams were taken from PDB 

entries generated previously (Kover et al. 2011). Panel A: “Define secondary structure of 

protein” (DSSP) is an algorithm for predicting the secondary structure of a string of amino acids 

based on their physical properties. Panel B: In the tertiary structure diagram, the orange color 

represents beta strands, pink represents alpha helices and white portions are loops or bends. 
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through misfolding (Chiti and Dobson 2006). The term amyloid will therefore be used in this 

thesis to refer to this folding structure in any protein, rather than to the Aβ peptide specifically.  

 

Viewed with transmission electron microscope, amyloid appears fibrous, with substantial 

variation in fibril abundance and length. This is far more informative than the “starch-like” 

appearance of the amyloid aggregates (plaques) when viewed under light microscopy (Kyle 

2001). The presence of amyloid is detected and even quantified in vitro with Congo red 

(Puchtler, Sweat, LeVine 1962), thioflavin T (ThT), and thioflavin S (Kelienyi 1967; LeVine 

1999). Amyloid consists of small peptides or proteins that form a tightly wound beta structure, 

and it extends easily by addition of protein units to form visible fibers and clumps (Kyle 2001). 

Extensive study into the morphology of amyloid fibrils has been done and the fibers are 

composed of small protofilaments, which are in turn comprised of β-sheet stacked in an 

antiparallel fashion.  This tertiary fold is the cross-beta structure noted above, and perpendicular 

to the long axis of the meta fiber (Serpell et al. 2000; Sunde and Blake 1997). A number of 

different amyloid forming proteins were studied by Serpell et al. (2000), including 

immunoglobulin l light chains, Leu60Arg variant apolipoprotein AI, amyloid A protein (AA), 

and Asp67His variant lysozyme. Serpell et al showed that there were between 2 and 6 

protofilaments in a large amyloid fiber and each amyloid protofilament was 2-5 nm in diameter 

(Serpell et al. 2000). Under certain circumstances, amyloid is used in cells for specialized 

purposes (Chiti and Dobson 2006). The actinobacterium Streptomyces coelicolor uses the protein 

ChpD-H to form amyloid fibers (Claessen et al. 2003). These fibers allow the bacteria to form a 

hydrophobic surface where water meets air and allow the hyphae of the bacteria to grow in air by 

coating the outside of the hyphae in hydrophobic fibers (Claessen et al. 2003). Furthermore, 
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cultured human melanocytes regulate the cleavage of an intraluminal protein Pmel17, resulting 

in a peptide that is incorporated into an amyloid-like fibril upon which melanins are deposited 

(Berson et al. 2003). While it seems that the amyloid fold may have adaptive roles in some 

contexts, the majority of known amyloid formation, particularly those occurring in mammals, are 

detrimental.    

 

1.1.2 Amyloid Formation and Human Disease 

 

Protein misfolding is currently recognized as a central pathogenic event in a large number of 

human neurodegenerative diseases where the proteins responsible adopt non-functional folds. In 

some proteins, the misfolded structure forms aggregates and if the aggregates are amyloid, 

toxicity results. Normally, when a protein misfolds it is targeted for degradation by the 

proteostasis network, or refolded by chaperone proteins (De Strooper 2010; Morimoto 2008). If a 

misfolded protein is degraded, the cell is not damaged. However, proteins that misfold into 

amyloid pose a particular problem. The amyloid conformation provides a structural template 

upon which further misfolding of the same protein can occur, drawing monomers out of solution 

into a growing and propagating aggregate (Lotz and Legleiter 2013). Therefore, further growth 

occurs. In other words, over time, and if not destroyed, the amyloid aggregate serves as a locally 

infectious template, causing other natively folded proteins to misfold on its surfaces until it large 

fibrils are formed, which clump into plaques. This is reminiscent of prions.  

 

The idea of proteins as disease-transmitting agents is relatively recent. Until about 30 years ago, 

it appeared that bacteria and viruses were responsible for the majority of human disease, and it 
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was only after extensive study of animal encephalopathies that it was postulated that infection 

could spread without nucleic acid (Alper et al. 1967). When studying the infectious agent 

causing scrapie and related diseases, Pruisner and colleagues discovered that toxic proteins were 

propagating through templating (Diener, McKinley, Prusiner 1982). The term prion, a 

combination of the words protein and infection, was coined (Diener, McKinley, Prusiner 1982). 

A prion is a misfolded protein that infects a healthy cell or organism by converting endogenous 

prion proteins to the toxic form. Prions misfold into an amyloid structure that induces the same 

misfolding in neighboring prion proteins (Costanzo and Zurzolo 2013).  

 

A number of neurodegenerative diseases have “prion-like” characteristics, in that the misfolded 

aggregates move from cell to cell, allowing spread of the pathogenic protein to other parts of 

tissues in which they are located (Costanzo and Zurzolo 2013; Frost and Diamond 2010). In 

Alzheimer’s disease (AD), Huntington’s disease (HD), amyotrophic lateral sclerosis (ALS) and 

Parkinson’s disease (PD), key misfolded proteins are respectively Aβ, huntingtin, superoxide 

dismutase (SOD) and α synuclein (αS) (Chiti and Dobson 2006). AD accounts for the majority of 

dementia cases, making it the most common neurodegenerative disease (Nussbaum and Ellis 

2003). AD is characterized on a molecular level by extracellular aggregates of Aβ oligomers and 

plaques and intracellular neurofibrillary tangles. There is increasing evidence that the Aβ 

oligomers are responsible for the observed toxicity in AD, which leads to cognitive deficits in 

reasoning, memory, abstraction, and eventually motor skills. As AD progresses, the patient 

suffers cognitive decline until death.  Huntington’s disease is caused by an excessive number of 

sequential glutamines near the N terminus of the protein huntingtin. An expansion of the natural 

glutamine stretch exceeding approximately 33 residues results in progressive loss of muscle 
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coordination and cognitive function. The age of onset of the disease declines with increasing 

residue number (Andrew et al. 1993; Snell et al. 1993). As described for Aβ above, misfolded 

huntingtin forms amyloid (Jayaraman et al. 2012). A likely reason for this is the increased 

propensity for aggregation with increasing polyglutamine length through a collapsed 

conformation (Walters and Murphy 2009). In contrast to Huntington’s disease, ALS is associated 

with the death of the upper and lower motor neurons in the spinal cord, brain stem and motor 

cortex. The dying neurons contain aggregate protein inclusions that may be responsible for cell 

death. Mutant forms of SOD1 (Kerman et al. 2010) and TAR DNA binding protein (TDP-43) 

(Guo et al. 2011) are found in these aggregates along with ubiquitin (Deng et al. 2011). SOD 

misfolding may be common to all forms of ALS (Pokrishevsky et al. 2012). Interestingly, SOD 

appears to misfold, aggregate and act as a template for further SOD misfolding without adopting 

a detectable amyloid fold (Kerman et al. 2010). Therefore, the amyloid fold is not strictly 

required for prion-like propagation. PD is the subject of the next section and it is discussed in 

depth there. 

 

1.2  Parkinson’s Disease 

 

PD affects the substantia nigra, a region of the brain involved with reward, addiction and 

movement. Many of the onset symptoms of PD reflect its effects on the substantia nigra and 

diagnosis is based on resting tremor, bradykinesia, rigidity, and postural instability (Hoehn and 

Yahr 1967) resulting from a lack of the neurotransmitter dopamine in the striatum of the brain 

due to the loss of cells in the substantia nigra, where dopamine is produced. The majority of PD 

cases are sporadic and some of those may be environmentally induced. In two separate studies 
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that controlled for cigarette smoking and in which smoking was a benfit, exposure to agricultural 

chemicals such as paraquat (Liou et al. 1997), organochlorines and alkylated phosphates (Seidler 

et al. 1996) increased the risk of PD. There was an increased likelihood of PD in patients who 

had experienced severe head trauma, but this was not dose-dependent (Seidler et al. 1996). Rat 

models of PD employ the pesticide rotenone to induce PD.  

 

PD is related to the misfolding of αS into aggregates found in Lewy bodies and Lewy neurites 

(Nussbaum and Ellis 2003), described more completely in the next section. The prion-like spread 

of misfolded αS and concomitant increase in PD symptoms over time in healthy mice injected 

with small doses of misfolded fibrils point to a direct role for αS (Luk et al. 2012). Furthermore, 

healthy non-human primates can be infected with PD upon injection of Lewy body fractions 

extracted from PD patients (Rescasens, Ariadna et al. 2013). For these reasons, a key focus of 

PD research is the αS protein. 

 

1.2.1 Alpha Synuclein 

1.2.1.1 Structure 

 

The protein αS was originally found in amyloid rich Alzheimer’s plaques as the non-amyloid 

beta (Aβ) component (NAC), a 35 amino acid fragment (Ueda et al. 1993). The NAC fragment 

was linked to its precursor protein, NACP, of 140 amino acids and shortly afterwards two 

proteins similar to the rat torpedo synuclein were isolated from human brain tissue, one of them, 

identical to NACP and referred to as αS (Jakes, Spillantini, Goedert 1994). A recent study 



 

9 

 

spanning 73 organisms containing αS, beta-synuclein and gamma-synuclein concluded that 

gamma-synuclein is likely to be the common ancestor for both of the others, and that the novel 

secondary copper-binding region in αS noted below is highly conserved among variants of the 

protein (Yuan and Zhao 2013). A secondary copper binding region is located between E46K and 

A53T of αS, two well know mutations leading to early onset PD (Yuan and Zhao 2013). 

 

The NAC fragment of αS is a strongly hydrophobic stretch of amino acids from 60 to 95 and it is 

essential for αS misfolding (Giasson et al. 2001). αS has an amphipathic lysine-rich amino 

terminus and a disordered, acidic carboxy-terminal tail. The amino terminus is acetylated (Kang 

et al. 2012). Interestingly, the acetylated species of αS has a higher propensity to fold into a 

helical structure, rather than aggregate (Kang et al. 2012; Trexler and Rhoades 2012). The 

physiological role of the acetylation of αS is not understood. The carboxy-terminal tail of αS is 

involved in nuclear localization as well as interactions with small molecules, metals and proteins. 

There is a primary binding site for copper II on the amino terminus located at His-50 that 

accelerates the aggregation of αS at physiological concentrations (Rasia et al. 2005).  The 

amphipathic region is likely involved in membrane association, and responsible for the partial 

alpha helical structure observed upon interaction with artificial membranes and detergents 

(Eliezer et al. 2001; Ulmer et al. 2005). Tertiary structure models from two separate studies 

showing the membrane bound helical structure are displayed in Figure 2, along with a secondary 

structure prediction diagram. αS has several helical conformations when interacting with 

membranes, which include a long helical stretch and a broken helix joined by an exposed linker 

region (Drescher, Huber, Subramaniam 2012; Wietek et al. 2013). Lokappa et al. (2011) showed 

that αS switched between the two different membrane-bound helical conformations, and 
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membrane bound αS likely exists in a 7.6:1 equilibrium between long helix and broken helix 

conformations (Lokappa and Ulmer 2011). The natural degradation of αS occurs by proteosomal 

mechanisms and by autophagy (Webb et al. 2003).  

 

αS was originally thought to be a naturally unfolded monomer, as a result of studies on αS 

expressed in Escherichia coli (Weinreb et al. 1996) but more recent studies show that αS exists 

as a membrane-bound α helix, or as a α helical tetramer in its native form (Bartels, Choi, Selkoe 

2011; Eliezer et al. 2001). A subsequent investigation of αS structure suggested that αS as α 

helical tetramer migrates at a size of about 60 kDa, which is consistent with the expected size of 

a monomer in an extended conformation (Fauvet et al. 2012). This does not rule out the 

possibility of a native, functional multimer, but the protein must be further characterized. Fold 

stabilization of native αS, whether it is slightly disordered, α helical, or some other stable native 

fold, is recognized as a key strategy to prevent the transition to a toxic amyloid form (Lashuel et 

al. 2013).  
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A 

 

 

B 

   

 

Figure 2: The sequence and structure of αS. Panel A shows the sequence of αS along with the 

secondary structure depicted as line patterns. Panel B shows two images of partially folded 

structures for αS. The structure  on the left is the α helical micelle bound αS 1XQ8 (PDB) (T. 

Ulmer, Bax, Cole, & Nussbaum, 2005) and the one on the right is αS to which the detergent 

sodium laurel sarcosinate (SLAS) is bound (Rao, Jao, Hegde, Langen, & Ulmer, 2010). The 

NAC fragment is 60-95 of αS which is the last yellow helix structure before the random coil. 
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1.2.1.2 Function 

 

The biological role of αS is not completely understood. αS is produced in neurons and red blood 

cells (Barbour et al. 2008; Weinreb et al. 1996). Although the role of αS in red blood cells is 

unknown, there are several clues as to its role in neurons. αS is localized in a specific 

subpopulation of synaptic vesicles in neurons (Kahle et al. 2000) and when αS is absent or 

overproduced, problems with sustained synaptic transmission arise with repetitive stimulation 

(Abeliovich et al. 2000; Cabin et al. 2002). αS appears to be involved in refilling the pools of 

neurotransmitters at the site of synaptic transmission from the distal reserve pool of 

neurotransmitters. Abeliovich et al. (2000) showed that brains from mice lacking αS had reduced 

striatal dopamine, but no change in dopamine release or reuptake. Subsequently, Cabin et al  

(2002) examined brain tissue from αS knockout mice using transmission electron microscopy 

and found that there were fewer undocked vesicles in neurons, while docked vesicles remained 

unaltered. The normal dopamine response to repetitive stimuli was also impaired in these 

knockout mice (Cabin et al. 2002). This supports the idea that αS regulates refilling of dopamine 

from reserve pools to the site of synaptic release. The mouse knockouts used in both studies were 

viable, with unaltered dopaminergic cell bodies, fibers and synapses. That dopamine response is 

altered on repetitive stimuli in αS knockouts, along with the lack of effect on a single electrical 

stimulus, supports the idea that αS is not directly affecting dopamine signaling. Instead in PD, it 

appears that the amyloid aggregates of αS, whether as small oligomers or in the larger Lewy 

bodies, are toxic to the neurons that harbor them (Spillantini et al. 1997). Dopamine appears to 

interact with αS (Planchard et al. 2014) however, the significance of this interaction in cells is 
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not yet clear. A physiological role for αS in brain may be fostering the assembly of soluble N-

ethylmaleimide–sensitive factor attachment protein receptor (SNARE) complexes, which have a 

role in neurotransmitter release (Burre et al. 2010). Synuclein-knockout mice showed impaired 

SNARE complex assembly and reduced lifespan (Burre et al. 2010), suggesting an important 

role for synucleins in healthy neurons.  

 

1.2.2 Mechanism of Amyloid Folding in Disease-Causing Proteins 

 

Although PD and other neurological diseases involving misfolded proteins appear to have prion-

like features of templates spreading misfolded conformations to their native counterparts, the 

question remains as to how the initial amyloid conversion begins. Although neurological 

diseases vary in prevalence, some, such as Huntington’s appear to be exclusively genetic, 

whereas others such as PD and ALS appear to be primarily sporadic. Mutations in specific 

proteins increase the likelihood of neurodegenerative diseases. In many cases, mutation favours 

formation of the misfolded state, this is the case with the extra polyglutamine repeats in the 

huntingtin protein chain (Walters and Murphy 2009). In familial ALS, 11 missense mutations in 

SOD-1 are linked to the disease (Rosen et al. 1993). AD is linked heritably to a single point 

mutation in APP, valine to isoleucine at position 717 (Goate et al. 1991). Another mutation in the 

AD3 gene, is thought to contribute to altered transport or processing of APP which could lead to 

its interaction with tau (Sherrington et al. 1995). Missense mutations, repeats and gene 

duplications all cause proteins to become toxic. In each case, either the protein that misfolds is 

overproduced, altered in a manner that favours misfolding, transported incorrectly, or allowed to 

persist as a result of damage to the cell’s proteostasis network. 
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In some cases, PD is inherited and there are several known mutations that are associated with 

increased incidence of PD. An example of this is a threonine substitution for alanine at position 

53 (A53T) (Polymeropoulos et al. 1997). This mutation is autosomal dominant and it causes 

early onset PD. The Ala residue is within the region that forms α helical structure upon 

interaction with membranes; the mutation causes a β sheet to be favoured (Polymeropoulos et al. 

1997). Increased risk of PD occurs for replacement of the alanine at position 30 with proline 

(A30P) (Kruger et al. 1998). The possibility that mutations are involved in seemingly sporadic 

PD has been suggested. Larger studies are needed to confirm the idea, but A18P and A29S have 

been identified in a Polish subject group of late onset PD (Hoffman-Zacharska et al. 2013). Two 

of the previously identified inherited mutations of αS, A53P and E46K, are in a Cu2+-binding 

region of the helical secondary structure and it was postulated that impairment of copper binding 

contributes to misfolding (Yuan and Zhao 2013).  

 

The proteins involved in neurodegenerative disease all have functional roles in the brain when 

folded normally, or in some cases natively unfolded. Under normal conditions, proteins that 

misfold are handled by the proteostasis network. Action by the proteostasis network can include 

refolding by chaperone proteins, degradation by the ubiquitin proteasome system and/or directed 

to the lysosome for recycling (Glickman and Ciechanover 2002; Levine and Klionsky 2004). 

Impaired refolding and clearing of aberrant proteins allow these proteins to persist and nucleate 

oligomers. This appears to have a role in the early AD symptoms of Down’s syndrome, which 

usually occur after the age of 40. When brain tissue samples from patients with Down’s 

syndrome were analyzed post mortem by redox proteomics, it was found that the proteostasis 



 

15 

 

network is impaired in patients younger than 40 who had yet to manifest AD symptoms (Di 

Domenico et al. 2013). Redox proteomics has recently been used to show that proteome 

perturbations are an important factor in several other chronic diseases (Butterfield and Dalle-

Donne 2012). 

 

 Once pathological misfolding has occurred, the proteostasis network is likely further 

impaired by the accumulation of misfolded protein (Morimoto 2008). Aggregating proteins may 

inhibit the proteasome (Bence, Sampat, Kopito 2001). For example, the introduction of two 

unrelated misfolding proteins such as huntingtin fragments containing polyglutamine repeats and 

a folding mutant of cystic fibrosis transmembrane conductance regulator result in substantial 

inhibition of the ubiquitin-proteosome system (Bence, Sampat, Kopito 2001). Gradual 

overburdening of the proteostasis system may contribute to the lag phase of neurodegenerative 

disease onset and its subsequent rapid progression. It is worth exploring how quickly and 

completely each of the misfolded proteins suppresses the proteasome because some 

neurodegenerative diseases progress quite quickly, such as ALS, whereas others such as AD and 

PD take more time. 

 

1.3  Potential Parkinson’s Disease Treatments 

1.3.1 Current Research 

 

Neurodegeneration involves a collection of incurable diseases. There are several classes of 

potential treatments for neurodegenerative diseases, including those that lessen the effects of the 
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disease, those that modify the course of the disease and finally those that reverse the disease. At 

this time, the only approved treatments are those that mitigate the symptoms of PD. There are, 

however, several promising research avenues to pursue in disease modification and reversal of 

the damage caused by the disease.  

 

Currently, the first line of treatments for PD patients is dopamine replacement therapy. This 

includes levodopa and carbidopa. Levodopa is the immediate biosynthetic precursor to dopamine 

(Yahr et al. 1969) and it is converted into dopamine throughout the body by L-amino acid 

decarboxylase. A number of side effects occurs when treating patients with levodopa, some of 

which are caused by breakdown of dopamine outside the blood brain barrier (Fahn et al. 2004). 

An inhibitor of L-amino acid decarboxylase is often prescribed as a combination therapy in order 

to limit breakdown of dopamine in the periphery. The drug, carbidopa, does not cross the blood 

brain barrier, so it does not interfere with production of dopamine, which is needed by those with 

PD. This first line of treatment alleviates symptoms, while disease progression is unaffected.  

 

 A different approach to symptom alleviation is deep brain stimulation (DBS), a surgical 

procedure in which two electrodes are surgically implanted in a patient’s brain (Bronstein et al. 

2011). Electrical impulses are sent to the thalamus and globus pallidus to block signals 

responsible for tremor and rigidity. It is not known how this stimulating impulse blocks signals 

responsible for these symptoms. DBS is meant to be a last resort in patients who have had 

significant loss in quality of life. Some patients are able to see modest reduction in symptoms 

with DBS. Like dopamine replacement, this is a treatment that is not disease modifying as the 

progression of PD is not affected.  
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 A third type of treatment, now in clinical trials is neural grafting, in which dopamine-

producing neurons differentiated from embryonic stem cells are implanted into a patient’s brain 

to replace dysfunctional parts of the substantia nigra. This surgery presents risks, including new 

motor side effects called graft-induced dyskenisia (GIS) or cancer from undifferentiated stem 

cells (Brundin, Barker, Parmar 2010). More recently, dopamine-producing neurons were cultured 

from stem cells (Kirkeby et al. 2012), a much more sustainable source of tissue, and even 

directly from keratinocytes, skipping the stem cell phase altogether (Parmar and Jakobsson 

2011). Ideally, culturing neurons from keratinocytes would circumvent some of the risk 

associated with neural grafts, as well as ethical issues from using embryonic stem cells. The skin 

cells could be donor matched or even patient specific, allowing higher success rates. If this 

treatment were successful it would be an example of disease modification. Patients who have had 

this neural graft relapse 10 years after treatment (Brundin, Barker, Parmar 2010). This could be 

due to original deposits of misfolded αS spreading from diseased cells through the new tissue, as 

any original deposits left in the brain would likely be infectious (Luk et al. 2012). 

 

Treatments showing great promise in vitro, in cell culture and in small animal models are 

antiaggregation molecules, the idea being that a molecule with chaperone-like activity is 

administered to breakup misfolded protein or to stabilize the membrane bound state of the 

protein. As of yet, no drugs of this class have passed clinical trials. A recent in vitro study 

showed dose dependent inhibition of fibril formation and dose dependent destabilization of 

preformed fibrils (Ono, Hirohata, Yamada 2007). A molecule with antiaggregation activity is 

curcumin, a compound present in turmeric. While effective in vitro, it is quickly broken down at 
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physiological pH. Curcumin by-products were evaluated for antiaggregation activity, and of the 

many tested, biphenyl analogues of dehydrozingerone, and O-methyl-dehydrozingerone have 

antiaggregation activity (Marchiani et al. 2013). Mannitol is an effective antiaggregation agent in 

vivo in studies in the Drosophila PD model (Shaltiel-Karyo et al. 2013). 

 

In C. elegans synthesizing Aβ, curcumin and ThT prevent paralysis that is normally caused by 

the buildup of Aβ (Alavez, Vantipalli, Zucker, Klang, & Lithgow, 2011). In this study, the 

proteostasis network, specifically heat shock proteins, were required for the beneficial effects 

caused by the antiaggregation molecules (curcumin, ThT). Additionally, DAF-16, a transcription 

factor implicated in proteostasis and aging of worms, is required for the benefits of anti-

aggregation to ensue. A sample of compounds have significant antiaggregation activity in vitro 

and in vivo (mice, worms and cultured cells), but have not had success in human trials yet. The 

compounds are listed in the next section 1.3.2. There are a growing number of studies employing 

animal models for neurodegenerative diseases exposed to inhibitors of aggregation that show 

promising results, as will be discussed in the section on αS.  

 

The best option for treatment of neurological disease could lie in combination therapy. 

Combining drugs of different actions may be sufficient to restore normal protein homeostasis 

and reverse the pathological state. Examples of treatments that could be used together in the 

future are neural grafts for disease modification, dopamine replacement therapy for symptoms, 

antiaggregation molecules to remove residual misfolded proteins, vapromil to activate inducible 

chaperone network proteins and rapamycin (Webb et al. 2003) to induce autophagy. A 

combination of therapies is likely needed to fully reverse a neurological disease because small 
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amyloid seeds will promote the formation of more misfolded protein. Another aspect of PD 

treatment that needs study is how well certain treatments will work on PD sufferers with 

inherited early onset PD versus sporadic mutation based PD or even PD caused by some 

unknown environmental effects such as lifetime exposure to pesticides. It is likely that a patient 

with inherited early onset PD must continue treatment indefinitely because the conditions for 

amyloid seeding are always present. 

 

1.3.2 The Use of Natural Products in Treatments 

 

Hypothesized routes for protein misfolding are outlined for Aβ and αS (Figures 3, 4). There are 

several promising antiaggregation molecules for Aβ that have been tested in vitro and in animal 

studies and these are outlined on the diagram, along with their proposed actions. A number of 

these antiaggregation molecules have been tested on αS as well, and sites for possible action on 

the folding pathway of are outlined in Figure 3, denoted by a *. One of the more commonly 

mentioned antiaggregation molecules is curcumin (Yang et al. 2005). Curcumin caused a dose-

dependent inhibition of Aβ oligomer fibril formation, as shown in both in vitro protein studies 

and in vivo mouse models (Yang et al. 2005). Additionally, cucumin bound and unfolded intact 

Aβ fibrils. This interaction with Aβ was not sequence dependent but appeared to involve 

recognition of the fibril structure (Yang et al. 2005). Recognition of the structure rather than the 

sequence means that molecules that inhibit or reverse one type of amyloid structure may also be 

effective against others. Nordihydroguaiaretic acid (NDGA) protects hippocampal neurons 

against Aβ toxicity (Goodman et al. 1994).  
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Figure 3: Folding pathways for Aβ illustrating the steps at which selected natural products may 

act. Several studied antiaggregation agents are highlighted. They are as follows; Ecklonia cava 

extract, curcumin, PGG, scyllo-inositol, ECGC, resveratrol, NDGA, DHA/EPA, U. 

rhyncophylla, and garlic extract. 
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Figure 4: Folding pathways for αS. Stars denote possible sites for the action of antiaggregation 

agents. 
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In a later study, NDGA was shown to inhibit formation of Aβ oligomers and aggregates as well 

as break down preexisting fibrils (Ono et al. 2002). A few other recently studied antiaggregation 

molecules include Ecklonia cava extract (Kang et al. 2011), PGG (Fujiwara et al. 2009), scyllo-

inositol (McLaurin et al. 2000), resveratrol (Marambaud, Zhao, Davies 2005), DHA/EPA 

(Giunta et al. 2010), U. rhyncophylla (Fujiwara et al. 2009), and garlic extract (Gupta, Indi, Rao 

2009). These compounds, and the processes they affect, are illustrated in Figure 3. Although all 

of the compounds noted here were studied in relation to Aβ specifically (Yang et al. 2005), their 

binding could be unrelated to sequence and dependent on the amyloid fold. Figure 4 shows a 

similar map for αS, and highlights the hypothetical sites of action for antiaggregation molecules 

 

1.3.3 Cold Adaptation 

 

The ocean is an interesting and promising source of new bioactives for action against 

neurodegenerative disease due to natural selection for cold adaptation (Dube 2012). Much of the 

world’s oceans are cold, with 90% of ocean water below 5 degrees Celsius (Dube 2012; Storey 

and Storey 2004). Cold poses a significant stress to organisms living in the ocean, and therefore a 

significant evolutionary pressure (Pucciarelli et al. 2009; Schulte 2014). Low temperature 

challenges the ability of proteins to remain folded and the need for molecular chaperones makes 

the screening of organisms from marine sources particularly relevant for compounds able to 

combat disease caused by misfolded protein (Pucciarelli et al. 2009).  
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Many marine species in the North Atlantic are known to be edible, which may increase the 

likelihood of compounds extracted from them to be safe due to the species established safety as 

food. A few of the many changes to organisms as a result of temperature stress include 

“profound alterations to many essential molecular and cellular phenomena, such as energy 

metabolism, protein stability and transport, mitosis and cytokinesis, assembly of macromolecular 

complexes, membrane fluidity, and secretory processes (Feller and Gerday 2003; Hochachka and 

Somero 2002; Pucciarelli et al. 2009)”. When this information is applied to the context of protein 

misfolding in mammalian organisms at a higher temperature, it is apparent that we need to look 

to these cold adapted organisms for chaperones or antiaggregation molecules. 

 

1.4 Algae 

1.4.1 Macroalgae of the North Atlantic Ocean 

 

Algae are a diverse group of photosynthetic aquatic eukaryotes. Microalgae are primarily 

unicellular organisms, whereas macroalgae are complex multicellular formations. There are four 

main types of macroalgae in the North Atlantic Ocean; Chlorophyta (green algae), Rhodophyta 

(red algae), Bacillariophyceae (diatoms) and Phaeophyceae (brown algae). Chorophyta are a 

large group of algae that are green in colour because they contain a and b chloroplasts in 

proportions similar to terrestrial plants (Guiry 2014a). Higher plants emerged from this large 

diverse group of green algae (Palmer, Soltis, Chase 2004). Rhodophyta are a large group of 

marine multicellular algae (Freshwater et al. 1994) which includes dulse and nori, both used as 

food (Guiry 2014a). Bacillariophyceae are a major group of algae usually with bilateral 
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symmetry and central sternum (Guiry 2014a). Phaeophyceae, or brown algae, are the algae of 

interest in this project. Both algae species the extracts used in this project were made from, 

Alaria esculenta and Saccharina latissima, are brown algae. A. esculenta, known as winged kelp 

or dabberlocks, is an edible brown seaweed (Bischof, Hanelt, Wiencke 1999; Guiry 2014a). A. 

esculenta has yellow-brown fronds stretch up to 4 m long and they reach 25 cm in width. A. 

esculenta is attached to rock, usually with a root-like holdfast at the base, and its usual habitat is 

exposed rock in shallow water or tide pools (Greville 1830; Guiry 2014a). S. latissima, known as 

sea belt, poor man’s weather glass and sugar wrack (Guiry 2014a), grows to 3 m in length and 

has a claw like holdfast and is harvested in Ireland by some for use as konbu (edible kelp) (Guiry 

2014b; Reid et al. 2013). 

 

In experiments that led to this thesis research, extracts were prepared from algae obtained by Dr. 

Thierry Chopin and his team (University of New Brunswick) along with Ms. Cheryl Craft, Dr. 

Nusrat Jahan and Dr. Shawna MacKinnon (NRC). In preliminary analyses carried out by 

Dalhousie University Department of Biology Honours Student, Peter Goddard, 16 extracts from 

the two species of algae were tested for their effect on the folding stability of αS monitored by 

changes in melting temperature (Tm) of αS using methods very similar to those described in 

Chapter 2, but with a more rapid temperature increase (Figure 5) There were no significant 

increases in Tm with any of the algal extracts; however, extract 5 was selected for further study 

because the highest mean Tm was obtained for the protein under study in its presence. 
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Figure 5: The melting temperature (Tm) of αS in the presence of algal extracts, as determined by 

SYPRO Orange fluorescence. The unfolding of 0.1 mg/mL αS was measured in 0.1 M MES and 

in the presence of 1mM SDS. Negative control (white) is the Tm of αS without additions.  

Positive control (grey) is the Tm of αS in the presence of TMAO, a chemical chaperone. 

Descriptions of the buffers and solution components listed here are given in Chapter 2. 
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1.5  Research Objectives 

1.5.1 Modulation of Alpha Synuclein Folding by an Algal Extract 

 

The goal of this thesis project was to determine the effects of a marine algal extract on amyloid 

formation by αS. Extracts prepared by a natural products chemistry team from samples collected 

by marine biologists were examined using a suite of in vitro assays to determine their effects on 

αS.  An active extract was identified and then further studied. 

The specific objectives of the project were to address the following questions: 

(1) Do these marine algal extracts affect the thermal stability of αS? 

(2) Do changes in thermal stability of αS affect amyloid formation? 

(3) Does the extract or components thereof, affect αS secondary structure? Are the 

proportions of secondary structure present related to the amyloid formation?   

Taken together, the answers to these questions may provide an understanding of the effects of an 

algal extract and its fractions on the formation of amyloid by αS.  Furthermore, the results will 

allow a fuller understanding of αS folding behaviour and more complete information on the 

predictive value of thermal stability changes in identifying amyloid modulating agents. 

Ultimately, the results will indicate whether the algae studied harbor compounds with the 

potential for preventing or modifying the progress of PD.     
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2 CHAPTER 2: METHODS 

 

2.1  Preparation of Materials 

2.1.1 Preparation of Algal Extracts 

 

Samples were prepared from two species of macroalgae obtained from the Bay of Fundy, New 

Brunswick, Canada by Dr. Thierry Chopin, University of New Brunswick. The species sampled 

were A. esculenta and S. latissima, and they were both sourced from Charlie Cove, NB and 

Maces Bay, NB, on June 15, 2011. 

 

 Extracts were prepared by Dr. Shawna MacKinnon, NRC. Seaweed samples were 

cleaned of dirt and other organisms, rinsed with distilled water, freeze-dried and then ground to a 

fine powder using a mill. Twenty grams of each seaweed powder was extracted with 

MeOH/water (1:1) at 50 °C with stirring for 2 h at room temperature. This mixture was then 

centrifuged to obtain a clarified supernatant. The methanol was removed from the supernatant 

using rotary evaporation, and the remaining supernatant transferred to vials, freeze-dried and 

weighed.   

 

Extracts were taken from each algal sample in 75% methanol. Algal extracts were prepared to 50 

mg·mL-1 and were stored frozen at -20 °C until analysis. When aliquots were prepared for 

analysis, thawed solution was centrifuged approximately 45 s on a low-speed tabletop 

minicentrifuge to remove insoluble material and the supernatant was recovered. 
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Following preliminary studies described in the Introduction, extract 5 was selected for further 

examination. This extract was obtained from A. esculenta collected in Charlie’s Cove, NB. 

 

2.1.2 Preparation of αS and Assay Buffer 

 

Recombinant human αS was purchased as a lyophilized powder from rPeptide. A master solution 

of 2 mg/mL of protein was prepared by adding 500 μL of tissue culture water (Sigma) to the αS. 

Thirty µL samples were prepared from this master protein solution and stored at -20 °C in PCR 

tubes. The buffers used in most experiments were 2-(N-morpholino)ethanesulfonic acid (MES) 

and 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) and 1M stocks of these were 

prepared, divided into 1 mL aliquots and frozen at -20 °C until use. 

 

2.2 Thermal Shift Assay 

2.2.1 Thermal Shift Measurement  

 

The thermal shift assays employed Sypro Orange (Sigma-Aldrich) as a fluorescent dye that 

responds differently to folded and unfolded protein. Protein solutions containing Sypro Orange 

were prepared in white 84 well microplates and then placed in a Roche LightCycler 480 real time 

PCR machine, which quantified fluorescence as temperature changed. The excitation wavelength 

was 470 nm and the emission wavelength at which fluorescence was measured was measured at 

570 nm; the temperature range used was 25-85 °C, with a ramp speed of 1.26 degrees per 



 

29 

 

minute. This ramp speed was slower than the qPCR software was designed to allow; it was 

achieved by setting the number of reads per degree sufficiently high to limit the ramp speed to 

that sought for these experiments. The Tm was determined using the Roche LightCycler 

software, which plotted the negative derivative of fluorescence after each experiment. The rate of 

change in fluorescence was greatest at the Tm, so the location of a dip in the curve was indicative 

of Tm. The peak change in fluorescence was manually annotated for each well, and the results 

were then analyzed using Excel software. The peak change in fluorescence was manually 

annotated for each well by selecting the peak in the area of greatest change after which the 

results were analyzed using Excel software. 

 

The assay using SYPRO Orange dye (Bio-Rad) was evaluated using carbonic anhydrase II 

(Sigma) and the LightCycler 480 real time PCR machine (Roche) to ascertain that quantifiable 

results were achievable in this system. To evaluate the assay, a known carbonic anhydrase 

chaperone trifluoromethanesulfonic acid (TFMSA) was used over a concentration range of 0 to 

120 μM.  Solutions were mixed up in a white 96 well PCR plate to a final volume of 20 μL.  The 

concentrations of each part were made to be as follows; tris(hydroxymethyl)aminomethane  

(TRIS) buffer 0.1M; 2 mM Sodium dodecyl sulfate (SDS); 2 mg/mL carbonic anhydrase ; and 

SYPRO diluted to 1:300.  A different concentration of TFMSA was added to each column on the 

PCR plates, with duplicate rows for each concentration.  SYPRO fluorescence was measured at 

470 nm excitation/ 570 nm emission starting at 25°C and at every degree up to 80°C.  The assay 

parameters, including temperature range, assay timing and buffer composition were optimized 

for αS (rPeptide).  Two buffers (MES and HEPES) were tested over a range of concentrations 

and SDS was evaluated in a similar manner.     



 

30 

 

 

2.2.2 Preparation of Assay Solutions 

 

Preliminary thermal shift assays for the analysis of αS were carried out to optimize buffer and 

detergent concentrations. The buffer, 100 mM 2-(N-morpholino)ethanesulfonic acid (MES) 

buffer, pH 6.0 was evaluated for suitability in fold analysis of αS, as it had been used previously 

in several studies of αS (Lee et al. 2012). Sodium dodecyl sulfate (SDS) was tested at 0.25, 0.75, 

1.00, 1.50 and 2.00 mM. A second buffer, 100 mM (4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid (HEPES) buffer, pH 7.4, containing 10% glycerol and 150 mM 

NaCl was evaluated (Bartels, Choi, Selkoe 2011). For the solution containing HEPES, the 

detergent n-octyl-beta-D-glucoside (BOGS) at concentations of 1, 2, 3, 4 and 10 mM was used. 

As a positive control, trimethylamine oxide (TMAO) was added to 1 mg/mL αS in 100 mM 

MES, 1 mM SDS and SYPRO Orange dye. The TMAO was added at the following 

concentrations; 62.5, 125, 250, and 375 mM. Stock solutions of 1 M MES at pH 6.0, 10 mM 

SDS and 1:300 SYPRO Orange were prepared in advance and stored at 4°C. The αS, received as 

a lyophilized powder, was dissolved to 2mg·mL-1 (0.139 mM) in water, separated into 30 μL 

samples and frozen at -20 °C. Tissue culture-grade water was used for all dilutions. The algal 

extract was obtained at a concentration of 50 mg·mL-1 and diluted to 2 mg·mL-1 (4 μL extract in 

96 μL water) for the assay. Four dilutions yielding 2, 1, 0.4, 0.1, and 0.04 mg·mL-1 were made in 

succession. All tubes of extract were centrifuged briefly prior to use, as described above. 

 

For all experiments, duplicate wells were used. The final concentrations of each component of 

the extract based thermal shift assays were 100 mM MES, 1 mM SDS, 0.0138 mM αS, and an 
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extract from 20 μg·mL-1 to 1000 μg·mL-1. The plate was centrifuged for 10 seconds in a 

microplate centrifuge and then placed in the Roche qPCR machine for analysis. 

 

2.2.3 Fractionation of Algal Extract 5 

2.2.3.1 Acetone Precipitation 

 

Prior to acetone precipitation of the algal extract, 1.7 mL polypropylene microcentrifuge tubes 

were treated with acetone in order to remove acetone-soluble impurities. For this purpose, 

microcentrifuge tubes were soaked in glass-distilled acetone for 24 h. The acetone was discarded 

and the soak was repeated. Then, the treated tubes were dried and 500 μL fresh acetone was 

added to each. The acetone precipitation was carried out according to a protocol provided by 

Pierce Biotechnology. The pretreated tubes of acetone were cooled to -20 °C. Algal extract 5 was 

diluted to 2 mg/mL in a separate polypropylene microcentrifuge tube (4 μL of the 50 mg/mL 

extract and 96 μL Pierce tissue culture water) and transferred to tubes of cold acetone such that 

the proportion of acetone to extract was 4:1 and the final volume was 500 μL. The tube was then 

vortexed and incubated for 1 h at -20 °C. After incubation, the tube was centrifuged for 10 min at 

13,000 g in a microcentrifuge. The supernatant was transferred to another treated 

microcentrifuge tube. The supernatant was placed in a vacuum centrifuge and dried at 45 °C. 

Once dry, the material was dissolved in 100 μL of tissue culture water. The pellet obtained from 

acetone precipitation was dried at room temperature for 30 min after removal of the supernatant 

and then dissolved in 100 μL of tissue culture water.  Both supernatant and pellet solutions were 

aliquoted and stored frozen at -20 °C until use. 
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2.2.3.2 Pepsin Digestion 

  

Immobilized pepsin beads (Thermo Scientific) were used to digest any traces of protein that 

might remain in the algal extracts. The digestion was carried out according to the manufacturer’s 

protocol. The digestion buffer was 20 mM sodium acetate, pH 4.5, prepared in tissue culture 

water. To equilibrate the pepsin beads in the digestion buffer, 25 μL of gently mixed slurry was 

added to a 1.7 mL microcentrifuge tube containing 400 μL digestion buffer, mixed, centrifuged 

at 1000 g for 5 minutes and then the buffer was discarded. This wash step was repeated with 

another 400 μL digestion buffer, and then the beads were resuspended in 50 μL buffer. 

  

 The extract sample was diluted to 100 μL of 1 mg/mL in tissue culture water (Sigma). 

This sample was added to the tube containing the pepsin beads and incubated at 37 °C for 4 

hours in a shaking water bath. After the incubation, the tube was centrifuged for 5 minutes at 

1000 g. These digested samples were then ready to be used in the thermal shift assay. To ensure 

that the pepsin was active, the same digestion was run using bovine serum albumin, carbonic 

anhydrase II and the mixture of proteins present in the PageRuler™ Prestained Protein Ladder 

(Thermo Scientific). Digestion products were analyzed by sodium dodecylsulfate polyacrylamide 

gel electrophoresis (SDS-PAGE) to determine if the pepsin was fully active and completely 

digesting the protein substrates under the conditions used.  Refer to section 2.3 for details on 

SDS-PAGE methods. 
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2.2.3.3 Size Fractionation 

 

 Size fractionation of the algal extract was carried out by Cheryl Craft and Dr. Nusrat 

Jahan of NRC. Fractions were prepared by ultrafiltration of the algal extract at a concentration of 

46 mg/mL in 25% MeOH/water and using an Amicon Ultra-15 spin (10,000 mass cutoff) filter, 

followed by an Amicon Ultra-4 (5000 mass cutoff). The fraction retained on the 10,000 mass 

cutoff filter was re-filtered on an identical filter in order to reduce possible carryover from the 

mixed portion between 5000 and 10,000. The clean size fractions below 5000 and above 10,000 

were designated 5A and 5B, respectively. 

  

2.3  Thioflavin T Binding Assay 

 

Thioflavin T is a benzothiazole dye that binds specifically to the β sheet-rich amyloid structure 

(LeVine 1993; LeVine 1999). ThT assays were performed as previously described (Dube 2012). 

Briefly, the experiment was performed as follows.  Under low light, a 50 mM stock solution of 

ThT dye was prepared in distilled water and filtered through a 0.45 µm syringe filter into a 10 

mL polycarbonate tube (Falcon). This stock was maintained in the dark, covered in foil at 4°C 

for up to one month. For the ThT assay a working solution of dye (50 µM ThT, 50 mM glycine-

NaOH at pH 8.5), was prepared by adding 1 µL of the stock solution to 1 mL of 50 mM glycine-

NaOH, pH 8.5. 
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For the study of αS, 30 μL incubation mixtures were prepared in water containing a final 

concentration of 0.1 mg/mL αS in 100 μM MES, pH 6.0, with 1 mM SDS. For the treated tube, 

extract 5 was added to a final concentration of 1 mg·mL-1. The extract was spun for 50 seconds 

as described in the thermal shift assay prior to first use. These tubes were then incubated at 37 

°C, shaking at approximately 200 rpm, for specific time intervals, along with controls. Then, 10 

µL of the incubated αS solutions were added to the wells of a black, flat bottom 96 well-plate 

(Costar) and the ThT dye was added to a final volume of 260 µL and contents of each well were 

mixed by pipetting. These, along with suitable control wells corrected to volume with no sample 

added to the ThT solutions, were read on a SPECTRAmax® GEMINI XS dual-scanning 

microplate spectrofluorometer with excitation set to 450 nm and emission set to 482 nm. 

 

Time course analysis of amyloid increase within a sample was performed using a single solution 

and removing aliquots for analysis over a time series. This option was employed in order to 

reduce the variability that is inherent in time series samples that are taken from a series of 

samples started separately. Thus, for each replicate of a time course series, data were obtained by 

serially sampling a single solution. Multiple samples were processed in this way in parallel when 

experiments were performed. At the beginning of an amyloid time course (time 0), for a reaction 

tube containing 100 μM MES, 1 mM SDS, and 1mg/mL αS was prepared for each type of 

treatment; which included untreated, extract fraction 5A treated and extract fraction 5B treated. 

For each treatment; the concentrations of MES, SDS and αS were the same and an extract 

fraction was added at the most effective concentration, 4 mg·mL-1. After mixing, two 20 μL 

aliquots were removed for time 0 and frozen. At this point the reaction was carried out exactly as 

before, with repeated removal of aliquots from a single reaction tube per treatment. ThT was 
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added to each well as before, and fluorescence read with excitation set to 450 nm and emission 

set to 482 nm. The second set of 20 μL aliquots was reserved for TEM and CD follow-up 

experiments. 

 

A similar fluorescence assay to ThT was reported to allow reporting on monomer and aggregate 

populations of amyloid using the dye JC-1(Lee et al. 2009). The dye used was tested at 

concentrations ranging from 0.1 to 0.5 and the concentration of αS used ranged from 0.1 to 

0.5mg·mL-1. The excitation wavelength was set to 490 nm and the emission was measured as a 

spectrum from 500nm to 600nm. Ideally a monomer peak would appear at ~520nm and a 

multimer peak at ~580nm. 

 

2.4  SDS-PAGE 

  

The SDS-PAGE was carried out according to standard procedures (Laemmli 1970). A 15% 

acrylamide separating gel was selected for use with αS in order to allow resolution of this 14 kDa 

protein. The final concentrations of the lower buffer were 1.50 M Tris-HCl, and 0.5% SDS w/v, 

mixed to pH 8.8; and the final concentrations of the upper gel buffer were 0.5 M Tris-HCl and 

0.5% SDS w/v, mixed to pH 6.8. For the 10X SDS-PAGE running buffer, components were 

mixed to 0.25 M Tris-HCl, 1.92 M glycine, and 35 mM SDS. 

 

The Pageruler Prestained Protein Ladder (Thermo Scientific) was run alongside the samples on 

the gel in order to determine relative sizes of protein from the migration of the bands. A BioRad 

Mini-PROTEAN II gel dock was set to 200 V and run until the indicator dye in the sample buffer 



 

36 

 

reached the end of the gel. The gel was then stained with GelCode Blue (Thermo Scientific) 

Coomassie Blue stain, according to the protocol supplied with the product. The gel was washed 

three times with deionized water over a period of 15 minutes, and then it was immersed in 

GelCode Blue stain for one hour. A further wash in deionized water was performed if needed 

following staining.  

 

2.5  Transmission Electron Microscopy 

 

In order to confirm the development of amyloid fibers in the ThT experiments and to detect any 

differences in amyloid with the addition of algal extract, samples of the αS used in the ThT 

experiment were examined by transmission electron microscopy (TEM). The microscopy was 

completed with the assistance of Cindy Leggadrio and Dave O’Neil at NRC.  

 

In a fume hood, 10 µL drops of the samples were pipetted onto a Parafilm surface.  A carbon 

coated copper TEM grid (Canemco, St. Laurent, Quebec) was placed carefully on the surface of 

each drop using forceps and allowed to rest on drop for 5 minutes, removed and allowed to dry 

for 10 minutes. The grids were then moved to wells containing 45 µm syringe-filtered 2% uranyl 

acetate, pH 4.0 using an inoculating loop, and allowed to sit for approximately 5 minutes in 

relative darkness. All grids were then washed 4 times by floating on a series of clean drops of 45 

µm syringe-filtered distilled water for approximately 1 minute each. Grids were then dried gently 

by touching them to the edge of a filter paper (Whatman) and allowing them to air dry, 

suspended by the forceps for approximately 10 minutes. Sample grids were then viewed by 

TEM. 
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A series of photos were taken across the range of the grid and then further photos taken in 

regions where fibrils were evident. For some of the latter pictures, the focus was adjusted to the 

plane just above the fibril surface and then to the plane just below the fibril layer to allow further 

visualization of heavily tangled regions. These regions looked like clumps initially, but using 

different focus on the same area showed they were knots of fibril. Photos were taken at 

magnifications ranging from 20 000 – 100 000X. 

   

2.6  Circular Dichroism 

 

 Circular dichroism (CD) experiments were undertaken to examine the secondary 

structure of αS and the effect the algal extracts had on it. It is known that secondary structure 

features, such as α helices and β sheets exhibit characteristic CD spectra. Through comparison to 

proteins known to have given structures as determined by X-ray crystallography, one can make 

estimations about the structure of an unknown protein (Greenfield 2006). Measurements were 

made using a Jasco- J810 device at Dalhousie University. The CD analysis was carried out as 

described by Greenfield et al in 1969 (Greenfield and Fasman 1969). Samples were run for each 

type of treatment from the thermal shift, as well as a buffer run for each. The samples were 

placed in a 0.2 mm path lenth quartz cuvette and data was collected 3 times, over the wavelength 

range of 190-260 nm and averaged. In addition, the buffer, which was 10 mM MES pH 6 with 1 

mM SDS, was run as a control using the same parameters. The samples included samples taken 
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from the beginning and end of an incubation in the presence and absence of algal extract 

fractions 5, 5A and 5B.  

 

 Accurate αS concentration values are needed to calculate mean residue ellipticity from 

CD data, so this was determined by measuring absorbance at 275 nm and determining the αS 

concentration from that value, based upon its extinction coefficient at 275 of 5600 M-1 cm-1  

(Shvadchak et al. 2011). Duplicate readings were taken from each CD sample and the mean 

value was used. 

 

Since most secondary structure prediction methods based upon CD spectra require data for 

wavelengths below 200 nm, the data obtained in MES could not be used as the buffer interferes 

with the data integrity in the 190-200 nm region. Therefore, a method of analysis requiring 

specific elipticity values above 200 nm was used (Greenfield and Fasman 1969). Employing this 

method, the % α helix could be estimated by the equation: 

 

% α helix = (molar ellipticity at 208 nm) – 4000)/(33000-4000) 

 

The proportions of β sheet and random coil structure could be estimated from the values obtained 

at 217 and 222 nm, respectively, according to this method.   
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3 CHAPTER 3: RESULTS 

 

3.1 Optimization of the Thermal Shift Assay 

3.1.1 Implementation and Assessment of the Thermal Shift Assay 

 

Over the course of the study, conditions for thermal shift determination were optimized.  The 

analyses shown in Figure 5 were obtained using a more rapid temperature ramp and slightly 

different protein preparation conditions from the analyses that followed, as described in the 

Materials and Methods.  The enzyme carbonic anhydrase has previously shown a predictable 

thermal shift upon binding the inhibitor TFMSA (Matulis et al. 2005).  Therefore, this enzyme 

was used during the set up and optimization of the thermal shift assay for this project.   Early 

experiments resulted in clear Tm values, but with a high level of variability (not shown).  Using 

the Roche thermal cycler, the ramp speed was not adjustable and the default speed was far more 

rapid than the rate of temperature change used in experiments described by others such as 

(Matulis et al. 2005).  Therefore, the ramp speed was diminished by adjusting a related 

parameter, the number of temperature acquisitions per °C.  By increasing the number of 

acquisitions per °C from 10 to 70, the total ramp time for the 25°C to 85° temperature interval 

increased from 10 minutes to one hour.  Concentrations of TFMSA used ranged from 0 to 100 

μM.  These conditions allowed a clear measurement of a change in the melting point of CA, with 

an increase in the Tm of 8.4 °C ± 2.08 with 100 μM of TFMSA.  A one way ANOVA, using a 

Dunnett’s post test, with the control mean set at 0μM TFMSA, showed that the difference in Tm 



 

40 

 

was significant at 10 μM TFMSA and above, up to the max concentration used, 100 μM 

TFMSA. The results of the TFMSA experiment are shown in Figure 6. 
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Figure 6: Thermal shift analysis using carbonic anhydrase as a model protein.  The mean Tm 

values for carbonic anhydrase were determined as a function of TFMSA concentration as 

described in the Materials and Methods.  Data shown are the means ± SEM.  The error bars 

display standard error of the mean for each concentration of TFMSA.  All data points above and 

including 10 μM TFMSA were found to be significantly different from carbonic anhydrase alone 

by one way ANOVA Dunnett’s post-test as indicated by *. 

  

* 

* 

* 

* 
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3.1.2 Detergent and Buffer Optimization 

 

The TMAO did not affect the Tm of αS in the HEPES pH 7.4 and the 1mM BOGS, but it did 

affect the Tm of the αS in the MES pH 6.0 and 1mM SDS.   There was an observable, TMAO 

concentration dependent effect on the Tm of αS in MES and SDS; 62.5 mM TMAO caused a 

3.38°C shift, 125 mM TMAO caused a 4.04°C shift; 250 mM TMAO caused a 7.84 °C shift; and 

375 mM TMAO did not produce a discernable peak.  The Tm of αS is plotted against 

concentration of TMAO in figure 7. 

 

It was determined that 1mM SDS with MES as the buffer and 1mM BOGS with HEPES both 

produced repeatable peaks assumed to be the point of secondary structure unfolding.  

Additionally, both SDS and BOGS were added to αS in MES buffer and two distinct peaks, both 

characteristic of one detergent, were observed. 
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Figure 7: Variation in Tm of αS with TMAO concentration. The αS was treated with varying 

concentrations of TMAO as described in the Materials and Methods. The error bars display 

standard error of the mean for each concentration of TMAO.  
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3.1.3 Effect of Algal Extracts on the Melting Temperature of αS 

 

Extract 5 was re-evaluated using the optimized conditions, which were the following: 1 hour 

temperature ramp time (25°C - 85°C); freshly thawed αS at 0.1 mg/mL; 0.1 M MES buffer pH 

6.0 containing 1mM SDS detergent and 1x SYPRO Orange dye.  The reaction volume was 20 μL 

and various concentrations of extract ranging from 0 – 1000ug/mL were evaluated.  A 

representative thermal shift is displayed in figure 8, with the negative derivative of fluorescence 

plotted against temperature.  The point taken to be the Tm is the point of greatest change in 

fluorescence, in other words when the most hydrophobic resiudes are exposed at once. On the 

negative derivative of fluorescence graph this is where the value is most diminished.  The results 

were significant this time; over 5 separate experiements each with duplicate wells.  The 

minimum and maximum changes were a 5.07 ± 1.61 °C shift down at 0.05 mg/mL and a 9.26 ± 

0.91 °C shift up at 1 mg/mL.  The difference in Tm for each concentration is plotted in figure 9. 

 

A concern with the use of protein thermal shift is that any protein in the extracts being tested 

could contribute to the shift or create noise in the data.  Although the extracts were prepared in a 

manner to exclude protein, experiments were conducted using extracts treated to remove any 

possible residual protein.  Extract 5 was subjected to acetone precipitation and to pepsin 

digestion.  The activity of the pepsin was confirmed by its digestion of carbonic anhydriase II 

followed by SDS-PAGE analysis in figure 10. As the intact protein present in both the 

undigested BSA was completely destroyed by pepsin, the enzyme was confirmed as active.  

The Pageruler Prestained Protein Ladder was used in an SDS – PAGE gel made in the same way 

as the 15% gel above, with three adjacent wells containing; boiled 0.0138mM αS in reducing  
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Figure 8: Representative change in SYPRO orange fluorescence with temperature in the presence 

of αS.  The graph (blue) shows the negative derivative of SYPRO orange fluorescence.  SYPRO 

orange is quenched in an aqueous environment.  So, as a protein unfolds and exposes 

hydrophobic regions that shield it, SYPRO orange fluorescence increases. The region in the 

graph where the most rapid change in fluorescence is indicated by a minimum in the graph, 

which corresponds to the Tm of the protein (green arrow). 
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Figure 9: The change in melting temperature (Tm) of αS, as observed by SYPRO orange 

fluorescence as a function of the concentration of marine Extract 5 and of two extract fractions, 

5A and 5B.  Means different from the untreated protein (ANOVA with Dunnett’s test, p<0.05) 

are indicated by an asterisk; means that differ among extracts at a given treatment concentration 

are indicated by letters (T test, p<0.05). 
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Figure 10: SDS PAGE analysis of pepsin enzymatic activity.  The products of pepsin digest were 

compared to their undigested original proteins.  PageRuler prestained protein ladder used in lane 

1, labeled by size in kDa.  Contents of the other lanes are as follows: 2 digested protein ladder; 3 

digested BSA; 4 undigested BSA (actual MW known to be 66.5 kDa); 5 – digested extract 5; 6 

undigested extract 5; 7 digested carbonic anhydrase; 8 undigested carbonic anhydrase 

 

  

Size (KDa) 
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conditions (BME); 13.8 μM αS and a 20 fold molar excess of BS3 (276 μM); 13.8 μM αS and a 

50 fold molar excess of BS3 (552 μM). The results of this are not shown, as no multimers as 

described in Bartels were observed. 

 

The effect of pepsin digestion of Extract 5 on its activity in the thermal shift of αS was examined 

along with that of a control-treated extract, showing a 7.38 ± 0.44 °C change in the thermal shift 

(Figure 11).  This was found to be not significantly different from the thermal shift of untreated 

extract 5 (both at same concentration 1 mg/mL) by ANOVA with Dunnett’s post test. 

 

The results with the acetone-soluble and acetone-insoluble extract fractions were more complex.  

Compared with the untreated control, the soluble (supernatant) portion.  The extract preparations 

treated with pepsin  with acetones-soluble and insoluble  and supernatant of extract 5 were both 

used in the αS thermal shift experiment and upon analysis of the results it was noticed that the 

down shift in Tm was present in the pellet and the shift up was present in the supernatant (both at 

1 mg/mL).  For the acetone precipitation, two thermal shift experiements were carried out on 

samples of Extract 5 that had been precipitated using a standard protocol, and then two more 

were carried out using the products of an acetone precipitation using glass-distilled acetone and 

presoaked tubes to rule out any contamination.  The results were averaged over all experiments 

and the pellet caused the Tm of αS to shift down 6.2 ± 0.8 °C and the supernatant caused it to 

shift up 9.6 ± 0.5 °C.  The opposite effects of the acetone insoluble and acetone-soluble materials 

suggested that distinct components of the extract were acting in different manners on the Tm. 

These results are displayed in figure 11. 
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Figure 11:  Effect of chemical and enzymatic treatments on activity of Extract 5 in modulation of 

αS Tm.  The change in Tm of Extract 5 without treatments, in the presence of an acetone-

insoluble fraction of Extract 5; in the presence of acetone-soluble material from Extract 5 and the 

product of a pepsin digest of Extract 5.  Bar colours are green for the untreated extract, blue for 

the acetone pellet from extract, red for the acetone supernatant from extract and violet for the 

pepsin-digested extract. Each bar represents the change in Tm of αS in the presence of extract 5 

treated in various ways.  Means different from the untreated extract (ANOVA with Dunnett’s 

test, p<0.05) are indicated by an asterisk. 

  

* 
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Once it was established that there were two separate activities, size fractionation of the extract 

was attempted to see if they could be further characterized.  The result was that the positive and 

negative Tm shift could be separated by size: fraction 5A (5-10 kDa) caused a drop in Tm and 5B 

(10 kDa and above) caused an increase in Tm.  Extract fraction 5A caused a 17.7 ± 1.9 °C Tm 

shift downwards and extract fraction 5B caused a 7.3 ±1.6 °C Tm shift upwards.  The thermal 

shift experiments completed with fractions were performed three times each with duplicate wells 

in each experiment.  The results of the extract fraction thermal shift experiments are graphed in 

figures 9. 

 

One way ANOVA analysis of the results from the thermal shift experiments are displayed in 

figure 9.  For the whole extract, concentrations 0.5 mg/mL and 1mg/mL were shown to be 

significantly different from untreated αS; extract fraction 5B was significantly different from 

untreated αS at a concentration of 2 mg/mL; and extract 5A was significantly different from 

untreated αS at 0.2 mg/mL, 2 mg/mL, and 4 mg/mL.  T-tests were also performed to test if 

extracts were different from each other at a given concentration.  The results of these t-tests are 

also displayed in figure 9, with letters identifying means not shown to be significantly different 

from each other.   

 

3.2  ThT Assay for Amyloid Detection 

 

Initial ThT assays were carried out as each experiment consisting of 5 tubes containing 0.1 

mg/mL αS in MES buffer with SDS detergen, as described above.  These did not produce 

repeatable fluorescence results.  Since this did not work, a new approach focusing on better 
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conditions for a single nucleation were considered.  The concentration of αS was increased 

tenfold to 1 mg/mL and the experiment carried out in one tube for each treatment, rather than one 

for each measurement.  Using this method, the results obtained were repeatable; any untreated 

αS would be expected to have a significant increase in ThT fluorescence by 48 hours and 

onwards, which was observed, and neither extract 5A treated or 5B treated αS produced 

significant increase in ThT fluorescence in any instance. 

 

The results of at least three separate 144-hour experiments with duplicate wells for each type of 

treatment as well as untreated αS are displayed in figure 12.  Incubated buffer was used as a 

blank by subtracting its ThT fluorescence at 482 nm from all other readings.  Detailed results are 

outlined in tables displayed in figure [#].  The change for untreated was 388 ± 62, the change for 

5A treated was 139 ± 43, and the change for 5B treated was 113 ± 71.  Within treatments, the 

one-way ANOVA with Dunnett’s post-test revealed that only untreated αS showed a significant 

increase in ThT, and only at 48 hours, 72 hours, and 144 hours of incubation.  Differences 

among treatments at specific time points were examined using T-tests; these were only different 

after144 hours of incubation (Figure 12). 
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Figure 12: Thioflavin T (ThT) fluorescence over time in the presence of αS in the presence and 

absence of algal extract fractions. The effects of the two fractions of Extract 5, Fractions 5A and 

5B, were determined.  Measurements were taken over a time course at 37ºC with 200 rpm 

shaking. Samples of AS were incubated at 1mg/mL in 0.1 M MES and 1mM SDS in a heated 

orbital shaker. Means different from time 0 reading (ANOVA with Dunnett’s test, p<0.05) are 

indicated by an asterisk; means that differ among extracts at a given treatment concentration are 

indicated by letters (T test, p<0.05).  Both fractions 5A and 5B prevented the increase in ThT 

fluorescence over time.  
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3.3  Transmission Electron Microscopy of Amyloid Fibers 

 

Samples removed from the ThT assay were stained with uranyl acetate and observed at 20,000X, 

50,000X and 100,000X magnifications with a TEM.  Fibers were observed, but only in untreated 

samples of αS after suitable incubation times.  For each condition (untreated, 5A-treated, 5B-

treated, and buffer control) two grids were prepared for time 0 and time 144 hours.  Three 

random images were taken from each, and then additional images were taken of any visible 

fibers or other objects present.  It was found that extract fraction 5B contained small dark 

spherical objects that were not observed in fraction 5A.  Controls with no protein corroborated 

the presence of the small globules in fraction 5B, and absence of globules in fraction 5A. The 

fibers observed on the untreated αS grid were abundant, and exhibited a tube-like morphology as 

seen in several previous studies (Conway, Harper, Lansbury 1998) when the image was 

overfocused.  What is meant by this is the TEM is focused normally looking down on the fibers 

and then the fine know is adjusted to focus on the bottom of the fiber rather than the top.  An 

interesting insight gained from this was the nodules observed turned out to be folds or “knots”.  

A sheet of representative TEM images is displayed in figure 13, as well as some examples of the 

overfocused pictures in figure 14. 
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Figure 13: TEM images taken of incubated αS samples stained with uranyl acetate.  Panels A-C 

contain no extract; A is buffer alone, B is buffer and protein, and C is buffer with incubated 

protein.  D-F contain extract fraction 5A; D is buffer and extract; E is buffer, extract and protein; 

and F is buffer, extract and incubated protein.  Images G-I contain extract fraction 5B; G is 

buffer and extract; H is buffer, extract and protein; and I is buffer, extract and incubated protein. 
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αS 144 Hours Incubated normal focus 

  

 

“Overfocused” the same view to reveal nodules as “knot” structures 

 

Figure 14: Untreated αS 144 Hours Incubated; Image on top is in focus and bottom image is 

overfocused, revealing possible “knots” in fibers. Magnification 50 000x. 
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3.4  Circular Dichroism for Secondary Structure of αS 

 

Aliquots reserved from ThT experiment were also used to examine the conformation of the αS 

protein.  Each CD spectrum obtained was corrected for concentration of protein, as determined 

by a photometer and the elimination constant for αS at 280 nm.  These spectra were then 

analyzed using the method described by Greenfield (Greenfield and Fasman 1969). As expected 

in the presence of SDS, αS protein showed minima at 208 and 222 nm consistent with α-helix 

content.  It was determined that the helical contents of the αS at time 0 for untreated, 5A treated 

and 5B treated αS were 32%, 30% and 27 % respectively as shown in figures 15-17.  After 

incubation with the extracts, the helical contents dropped to 22%, 20% and 19% respectively as 

shown in figures 15-17. A reduction in α-helix content was observed in all samples after 

incubation, treated and untreated.  This suggests that the structure that was observed (and melted) 

in the thermal shift assay was native α-helix. Comparisons of the three treatments at time 0 are 

shown in figure 18 and at time 144 figure 19. 
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Figure 15:  Circular dichroism analysis of the αS in the solution used in the ThT assay. The 

protein was predicted to have 32% α-helix content using the method described by N. Greenfield 

(1969).   
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Figure 16:  Circular dichroism analysis of the αS in the solution used in the ThT assay.   This is a 

comparison between αS treated with 5A and αS treated with 5A after 144 hours incubation.  The 

protein with fraction 5A was predicted to have 30% α-helix content using the method described 

by N. Greenfield (1969).  
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Figure 17:  Circular dichroism analysis of the αS in the solution used in the ThT assay.   This is a 

comparison between αS treated with 5B and αS treated with 5B after 144 hours incubation.  The 

protein with fraction 5B was predicted to have 27% α-helix content using the method described 

by N. Greenfield (1969).   
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Figure 18:  Circular dichroism analysis of the αS in the solution used in the ThT assay.   This is a 

comparison between untreated αS and αS treated with 5A or 5B before incubation.  
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Figure 19:  Circular dichroism analysis of the αS in the solution used in the ThT assay.   This is a 

comparison between untreated αS and αS treated with 5A or 5B after 144 hours incubation. 
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4 CHAPTER 4: GENERAL DISCUSSION 

 

4.1 Modulation of αS Fold Stability 

 

In its native form αS forms α helical tetramers or unfolded monomers (Bartels et al., 2011). The 

tetrameric form is resistant to amyloid fibril formation because it would most likely have to 

unfold before forming the predominantly β sheet structures in amyloid oligomers and fibrils.  In 

agreement with this, an increase in the ratio of monomers to tetramers appears to initiate 

pathogenesis (Dettmer et al., 2015). Therefore a possible option to prevent Parkinson’s disease 

development is to maintain the stable folding of tetrameric α helical αS. The complete algal 

extract from A. esculenta significantly reduced the thermal stability of αS at low concentrations, 

whereas higher concentrations of the complete extract increased the stability.  This prompted a 

fractionation of the algal extract, with fractions produced by filtration that were greater than 10 

kDa and that were smaller than 5 kDa.  Evaluation of these fractions in a thermal shift assay 

revealed divergent effects on αS fold stability, as extract 5A lowered the melting temperature of 

folded αS, whereas 5B raised the melting temperature.  Together, these results indicated the 

presence of components within Extract 5 with divergent effects on αS.   

 

 The thermal shift assay which was used to identify components 5A and 5B offers a 

convenient and informative platform for initial assessment of protein folding stability.  The 

thermal shift assay is cost-effective and highly sensitive, making it an idea screening method for 

the discovery of novel molecular chaperone activities (reviewed by Huynh and Partch et al., 
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2015).  Some setup can be required in order to ensure that a particular thermal cycler allows 

assay parameters and sample detection that are appropriate for the assay. Nonetheless, in the case 

of αS, a few experiments using carbonic anhydrase as a test protein and then αS itself provided 

the initial data required for assay optimization. One condition of using a thermal shift assay is 

that the protein of interest must have a folded state to detect and it must be one that binds the 

indicator dye, SYPRO Orange.  With αS, and other proteins that exist partly or exclusively in a 

natively disordered configuration, a melting point can only be detected if a folded state can be 

induced.  In the case of αS, the addition of a submicellar concentration of SDS (1 mM) was 

sufficient to favour a folded form.  The thermal shift does not distinguish between these 

alternative folds.  For this reason, shift data for proteins with partially or fully unfolded character 

must be interpreted with caution.   

 

Another limitation of thermal shift data using a complex extract was that there was a small risk 

that the extract contains protein, which might fold and bind SYPRO Orange. Other moderately 

sized molecules could have done so as well. Because extract run in a thermal shift assay showed 

no apparent SYPRO Orange-binding structure or melting thereof (preliminary data), this could 

be attributed to the αS alone; however, in order to be certain of that, the extract was acetone 

precipitated and also digested with pepsin to remove any possible protein and thermal shift 

assays were repeated. Since the acetone-soluble and pepsin-treated extract showed the same 

thermal shifts as the untreated extract, it was clear that exogenous protein was not a factor in the 

positive thermal shift of αS by the extract.   
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4.2  Modulation of αS Amyloid Fibril Formation 

 

 Since conversion of αS to its amyloid form appears to be the key process in the 

development of Parkinson’s disease (Uversky and Eliezer, 2012; Luk et al., 2012), the effects of 

algal extract fractions on amyloid formation were examined in vitro. The formation of amyloid 

fibrils by αS is typically carried out over several days with rapid shaking after which binding of 

ThT is diagnostic of amyloid formation (LeVine et al., 1999). Under the conditions used here, 1 

mg/mL of αS was required in order to generate reproducible ThT binding indicative of αS 

aggregation. Furthermore, maximal signal required 6 days of incubation.  Thus, although the 

measurement of amyloid formation was ideal for the purpose of this study, the formation of 

amyloid requires substantial protein concentrations and time investment in order to generate 

reliable results detectable by ThT binding.   

 

The six-day incubation of αS with agitation resulted in a significant increase in ThT 

fluorescence, indicative of amyloid fibril formation, whereas no significant increase in 

fluorescence occurred in the presence of algal extract fractions 5A or 5B. Both fractions 5A and 

5B, which respectively had decreased and increased the Tm of αS, inhibited fibril formation in 

this assay.  However, the TEM images of the incubated products revealed qualitative differences 

in the effects of the two fractions, as 5A generated no observable aggregates and the 5B 

generated aggregates that appeared distinct from the elongated fibrils visible in the untreated 

samples.  There appear to be a few folding alternatives, in which an amyloid-forming protein 

may have different stabilities and resulting Tm values while being off the fibril-forming pathway 

(Fig. 4). Such a scenario may explain the differences between the αS melting point and fibril 



 

65 

 

formation results obtained in the presence of the extract fractions. Alternative non-amyloid 

aggregation was suggested previously for aβ (McLaurin et al. 2000). The non-amyloid aβ 

aggregates did not have the same toxic effects as amyloid aggregates on primary human neuronal 

in culture (McLaurin et al. 2000). Consistent with those findings, EGCG was found to direct aβ 

and αS aggregates into alternative non-toxic forms (Ehrnhoefer et al., 2008). This is a promising 

possibility for the prevention of PD. A compound that diverts αS association toward the 

formation of globular aggregates, instead of amyloid oligomers and fibrils, may reduce 

cytotoxicity.     

 

4.3  Secondary Structure of Treated and Untreated αS 

 

 Under physiological conditions, αS protein is known to exist both in an α-helical folded 

conformation and in an extended, natively unfolded, structure (Bartels et al., 2012; Fonseca-

Ornelas et al., 2014), whereas amyloid fibrils are composed of β-sheet.  Therefore, analysis of 

the secondary structure composition of αS offered unique insight into the folded structure of the 

protein under the conditions used in this study and in response to algal fraction addition.  In order 

for the CD spectra to be directly informative in this study, the αS solutions that were analyzed 

were taken directly from the ThT assays.  The buffer MES was used in the ThT assay, and MES 

did not allow reliable data collection at wavelengths below 200 nm.  The absence of lower 

wavelength data precluded reliable deconvolution of the spectra to determine the relative 

contents of random coil (unstructured), α-helix and β-sheet; however, qualitative analyses of the 

spectra were directly informative and, by using a method relying on data collected at higher 

wavelengths, the α-helix percentage in the protein was predicted. 
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   All spectra for αS collected prior to incubation showed a clear minimum at 208 and a 

slighter one at 222 mm, each of which is diagnostic of substantial α-helical content and 

calculated helical contents ranged from 27 to 32%. This result is consistent with the structure 

reported for αS in the presence of SDS (Rivers et al., 2008; Bazak et al., 2014). In contrast, 

spectra collected following the ThT experiment incubation exhibited lower intensity and 

appeared most consistent with a minimum at 218 nm, which occurs in the presence of β-sheet. 

Calculated helical contents of these spectra were lower, ranging from 19-22%.  Although the 

intensity of the spectra differed among the untreated sample and those treated with extract 

fractions 5A and B, they changed in the same manner with incubation.  The fractions do not 

appear to alter the α-helix propensity of the starting material, nor do they affect the apparent shift 

toward β-sheet in soluble protein over the course of incubation.  This suggests that the extract 

fractions reduce amyloid fibril formation by preventing aggregation of αS at a point after its 

transition to β-sheet in solution. 

 

4.4  Future Research 

 

 A number of interesting results obtained in this project warrant further investigation. 

Identification of the active components of each extract fraction may more clearly indicated how 

they act on αS. Identification of the active components would allow direct assessment of each 

species and location for the component as a means of to determine if it is a practical source of the 

component.  Furthermore, once a component is identified, testing in cellular studies would be the 

next logical step in the path toward determining potential as a treatment for PD in vivo. Finally, 

tests in animal models would be informative.  For example, a fraction from another local 



 

67 

 

seaweed was tested in a transgenic Caenorhabditis elegans worm model of PD that expresses 

human αS (Liu et al., 2015) and a blueberry extract was evaluated in an analogous transgenic 

Drosophila model (Lipsett and Staveley, 2014).  Using whole-animal models allows insight into 

the availability and behaviour of a compound in vivo, allowing decisions on further study 

directions to be made.      

 

4.5  Concluding Remarks 

 

The north Atlantic is an untapped resource in terms of organisms that have adapted to live in 

extreme environments with variations in temperature, salinity and other conditions that challenge 

native protein folds.  Therefore, these marine organisms should be ideal for the discovery of 

molecules that prevent the formation of toxic misfolding.  The findings in this study show that A. 

esculenta sampled from the Bay Fundy have compounds capable of altering αS protein fold 

stability and preventing its amyloid formation.  This study also demonstrates the feasibility and 

practicality of a suite of assays that allow efficient evaluation of extracts from species in these 

environments for protein folding. This suite of assays can be applied to any potential source of 

protein folding modulation. 
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