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Abstract: Alpha-Synuclein is found in the neuronal cells but its native function is not well known. 
While α-synuclein is an intrinsically disordered protein that adopts a helical conformation upon 
membrane binding, numerous studies have shown that oligomeric β-forms of this protein are 
cytotoxic. This response to misfolded species contributes to Parkinson’s Disease etiology and 
symptoms. The resulting amyloid fibrils are an established diagnostic in Parkinson’s Disease. In this 
review, we focus on strategies that have been used to inhibit the amyloidogenesis of α-synuclein 
either by stabilizing the native state, or by redirecting the pathway to less toxic aggregates. Small 
molecules such as polyphenols, peptides as well as large proteins have proven effective at protecting 
cells against the cytotoxicity of α-synuclein. These strategies may lead to the development of therapeutic agents that could 
prove useful in combating this disease. 
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INTRODUCTION 

 Parkinson’s disease (PD) is a chronic and progressive 
disease that can be characterized by fibrillar deposits found 
in the brain and results in the death of dopamine producing 
cells. The stages of neuronal degradation have been 
classified [1]. One pathological feature that traditionally 
accompanies this disease is an intracellular inclusion body 
known as Lewy Bodies that has been shown to contain large 
amounts of a 140 amino acid protein, known as α-synuclein 
[2-4]. Despite improvements in the medical treatments 
available to people diagnosed with PD, no real cure has been 
discovered, making α-synuclein an extremely attractive 
target for the development of therapeutic strategies. Therefore, 
a significant body of research has appeared concerning this 
protein and its role in the development of PD. In vitro, α-
synuclein (α-syn) has been shown to form amyloid fibrils 
over a period of days to weeks. These fibrils have been 
detected in patients with PD in the form of plaques in the 
brain. Recent studies however have shown that the mature 
fibrils are not necessarily the cause of cell death associated 
with PD since autopsies have shown that there is no correlation 
between the amount of fibrils and the severity of PD in 
patients. Instead, the current hypothesis is that the soluble  
β-oligomers that form prior to the formation of mature fibrils 
are the cause of cytotoxicity [5-7]. As a result, finding a way 
to target the early stages of amyloidogenesis has become a 
crucial feature of research in this field. 

 The α-syn sequence is usually subdivided into 3 parts, 
residues 1-60 known as the N-terminal region, which have a 
predominantly helical conformation when bound to membranes 
[8-10], residues 61-95 that contains an NAC region which is 
generally regarded as the most amyloidogenic portion of the  
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sequence [11, 12] and finally, a C-terminal tail from residues 
96-140, that is rich in glutamate, lacks any defined structural 
preferences and remains unstructured in β-oligomers [13]. 
The N-terminal region has been shown to form α-helices 
when in contact with membranes but there are multiple 
postulations as to the type of helix formed. One study 
suggests that in solution, there are two helices formed from 
residues 1-100 that are interrupted by residues 43 and 44 
possibly to aid in binding to the surface of the membrane 
[14]. A separate analysis suggests that the helix not only 
binds to the surface but also inserts itself into the membrane, 
particularly the helix formed by the NAC region from 
residues 70-80 [15, 16]. Another study predicts that there is 
an extended helix encompassing the entire N-terminal 
region, between residues 1-102 [17]. Studies conducted in 
the presence of bilayers confirm the theory of an elongated 
helix being formed by α-syn [9]. However, there is evidence 
that the elongated helix may be in equilibrium with broken-
helix states [18]. It has also been postulated that the helices 
formed depend on features of the vesicle, with larger vesicles 
allowing α-syn to adopt the elongated helix state and smaller 
diameter vesicles forcing α-syn to adopt two antiparallel 
helices [19]. With regard to membrane interactions, two 
important, not fully answered, questions are: 1) the particularly 
helical state present in presynaptic terminals and 2) whether 
the shuffling between conformational states associated with 
binding to and dissociation from vesicle membranes has an 
effect on the aggregation of α-syn [18]. 

 In its native form, α-syn undergoes a post-translational 
modification, acetylation at its N-terminus [20]. This 
modification has been suggested to be one of the ways in 
which native α-syn is protected from rapid amyloidogenesis. 
A structural study performed on N-terminal acetylated α-syn 
showed that the presence of the acetyl group stabilizes the 
transient helical character of the first 9 residues of the 
protein. The data obtained by HSQC NMR showed that the 
chemical shift difference between acetylated and non-
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acetylated α-syn was confined to this region. Longer range 
perturbations were also observed that led to a lower 
propensity to form β-sheets than in non-acetylated α-syn, 
confirming a stabilizing effect of the modification [21]. A 
comparison between the effect of acetylation on wild type α-
syn and the common familial PD mutant, A53T showed that 
“transient helicity” between residues 14-31 promotes 
amyloidogenesis in A53T while N-terminal acetylation 
promotes “transient helicity” in residues 1-12 and reduces 
amyloidogenesis. This data was confirmed using HSQC 
NMR that showed N-terminal acetylated wild type α-syn and 
A53T α-syn only showed different chemical shifts around the 
area of the mutation, indicating that the secondary structure 
of the N-terminus was relatively similar for both samples 
[22]. 

 The role of α-syn in the brain is not fully understood. 
Many possible functions have been implicated including a 
role in dopamine homeostasis [23], a role in neurotransmitter 
release regulation [24] and a role in the assembly of a 
soluble NSF attachment protein receptor [25]. There have 
also been studies that suggest conformation-specific interactions 
between α-syn and mitochondrial membranes [26, 27] as 
well as specific proteins [28]. 

Amyloid Formation by α-syn 

 Repeated units are an important motif within the N-
terminal region of α-syn. The presence of seven nearly 
conserved 11 residue pseudo-repeats that contain a shorter 
hexamer motif (KTKEGV) is the key example. These 
pseudo-repeats have been implicated in amyloidogenesis. 
Studies performed with shuffled α-syn wherein the distinct 
pseudo-repeats are linked in a different order, showed that 
amyloidogenesis was decreased and the aggregates formed 
were amorphous, lacking the distinctive amyloid morphology 
[19]. Studies where the N-terminal segment of α-syn was 
truncated show that the lag phase for these fragments was 
significantly longer than wild-type α-syn suggesting a possible 
role for the N-terminal sites in amyloid nucleation [29]. 

 The NAC region of α-syn is so named because it was 
originally observed as a “non-Aβ component” of the amyloid 
plaques found in patients with Alzheimer’s disease. The 
consensus was that this sequence was a truncated version of 
α-syn. Since then studies have shown that the core of 
filaments found in Lewy Body deposits found in PD patients 
consists of residues 31-109 [30]. Specific studies have 
shown that residues 68-76 of α-syn are in fact the minimum 
sequence necessary to observe amyloidogenesis in vitro as 
well as to demonstrate neurotoxicity in rat PC12 cells [31]. 
As with other amyloid fibril forming polypeptides, the 

kinetics of amyloidogenesis implies a nucleation-dependent 
polymerization with three phases: a lag phase, a growth 
phase, and a final plateau in fibril formation as measured by 
thiolflavin T (ThT) fluorescence experiments [32]. 

Insights from Mutational Studies of α-syn 

 One characteristic of early onset PD has been the 
duplication or triplication of the gene locus for α-synuclein 
resulting in overproduction of the protein [33, 34]. This 
likely reflects the concentration dependence of α-syn 
amyloidogenesis [4]. Early onset PD has also been linked to 
a number of single site mutations of the α-syn sequence. 
Some of the common mutations in familial Parkinsonism 
identified so far are A53T, A30P, E46K and H50Q 
mutations. These mutations act in different ways to enhance 
the toxicity of α-syn. The A53T, E46K and H50Q mutations 
have been shown to increase the rate of formation of soluble 
oligomers in vitro [35-37]. On the other hand, the A30P 
mutation does not increase the rate of formation of oligomers 
but it does delay the transition from oligomers to insoluble 
fibrils; this has been proposed to be the basis for cytotoxicity 
of this mutation [38]. An in depth study into the structure 
and dynamics of the A53T and A30P mutants provided 
insights into the effect of these mutations on membrane 
binding by α-syn. The results indicate that the A53T 
mutation results in no significant perturbation of the 
structure of α-syn, but the A30P mutation’s effect can be 
observed up to 30 residues on either side of the mutation. 
There is in fact evidence that the helical character of α-syn in 
the presence of micelles is slightly increased with the 
presence of the A53T mutation. However, despite the A30P 
mutation’s effect on α-syn structure, these do not result in a 
significant change in micelle binding. The presence of the 
mutation does rearrange the two helices formed in the 
presence of micelles, by shifting the helix break to the 
proline site, the N-terminal helix is able to reduce curvature 
strain and the boundary of the C-terminal helix is shifted to 
residue 92. This change in α-syn conformational preference 
results in a slight change in the micelle shape, but no net 
decrease in binding is observed [39]. 

 A recent study by Pasanen et al. [40] probed the effect of 
the recently discovered familial PD mutation, A53E. Their 
results showed that this mutation delayed the progression of 
oligomers to fibrils compared to the A53T mutation and the 
wild type. Studies of secondary structure consequences of 
this mutation in the presence of membrane mimics showed 
that there was little or no difference between the helical 
character of the mutant and wild type α-syn, as detected in 
helix-favoring trifluoroethanol titration experiments. 
However, their data did show that the membrane binding 

 

Fig. (1). Full sequence of α-syndivided into the genrally recognized sections; the central NAC region is in bold. 
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affinity of the mutant A53T was greatly increased compared 
to that of wild-type α-syn possibly providing a basis for the 
pathogenesis associated with this particular mutation. In 
contrast, mutants A53E and A30P showed lower membrane 
binding affinity than wild-type α-syn. This may result in 
pooling of α-syn in certain regions favoring local 
amyloidogenesis processes [41]. 

 Single site mutations of other residues within the NAC 
region, e.g. A78T and V63P, led to decreased rates of 
amyloidogenesis. In particular, proline mutations in this 
region led to a dramatic increase in lag phase [42]. A more 
specific study that probed the role of residues 71 to 82 within 
the NAC region showed that the mutation of a single residue 
(A76) to either a positively charged residue or a negatively 
charged residue resulted in significant increases to the rate of 
amyloidogenesis [43]. The study also showed that the NAC 
region formed the core of α-syn fibrils thus confirming its 
pivotal role in amyloidogenesis. 

Role of the C-terminus in Amyloidogenesis 

 The C-terminal tail of α-syn may be involved in some 
interactions that modulate amyloidogenesis. Long range 
interactions between aromatic residues in the tail and 
residues within the NAC region of α-syn have been detected 
[44, 45] and these transient interactions may inhibit the 
formation of fibrils. However, a study that mutated all the 
tyrosine residues in α-syn to alanine showed that 
amyloidogenesis was completely inhibited when all 3 of the 
tyrosine residues in the C-terminus were mutated 
simultaneously, or if the single tyrosine residue in the N-
terminus, Y39 was mutated. Aggregation inhibition was also 
complete when only Y133 in the C-terminus was mutated 
[46]. These results may indicate that tyrosine residues in the 
C-terminus are forming an aromatic cluster with Y39 in the 
N-terminus which could be providing a shielding effect that 
prevents α-syn from fibrillizing. A PRE-NMR study of α-syn 
also implied that there are contacts between residues 120-
140 and residues 30-100 of α-syn in the monomeric state 
[47]. This region includes the NAC region of α-syn and the 
contacts with the C-terminal tail could explain why α-syn 
has a more compact structure than would be expected of a 
natively unfolded protein of its residue-length. Moreover, in 
vivo studies have shown that Lewy Bodies contain C-
terminal truncated α-syn as well as full length α-syn [48]. In 
vitro studies have also confirmed that truncation of the C-
terminal leads to increased rates of amyloidogenesis [49, 50]. 
Inhibition studies have also shown a strong link between the 
C-terminal tail and inhibition. Inhibitor binding to α-syn has 
been tested in a number of studies: the data suggests that 
some of the most potent inhibitors bind to the C-terminal tail 
instead of the NAC region as might otherwise be assumed 
[13, 51-53]. 

Amyloidogenesis Causes Cytotoxicity 

 Alpha-syn’s role in causing PD likely stems from its 
ability to cause the death of dopamine producing neurons in 
the substantia nigra when α-syn experiences amyloidogenesis 
[54, 55]. The latest research shows that α-syn’s interaction 
with the inner membrane of the mitochondria of dopamine-
producing neurons may be the cause of cell death [56, 57]. 

Research has also shown that soluble oligomers that precede 
the fibrils are the true cytotoxic species in most amyloid-
related diseases [4-7]. There is, however, some recent work 
supporting a disease-causing role for larger aggregates in the 
case of α-syn [58]. The mechanism by which these, presumably 
β-, oligomers cause cell death is not well understood. A 
prominent hypothesis has been membrane pore formation 
[5]. Interactions between the soluble oligomers and the lipid 
membrane of cells could lead to the recruitment of more 
monomers that would lead to the formation of a channel that 
causes cell leakage. Yet another study postulates that rather 
than pore formation, the β-oligomers in fact interact with the 
lipid membranes and destabilize them causing them to 
rupture [59]. 

Characterization of Oligomeric Forms of α-syn 

 The fibrillar structure of α-syn is quite well characterized 
[60]. The structure has morphological features like amyloid 
fibrils from other proteins and polypeptides. The monomeric 
units within α-syn fibrils, which have multiple beta-arches 
but no β-hairpins, are organized into parallel, intermolecular 
β-sheets oriented along to the fibril axis resulting in what is 
known as a cross-β pattern [61]. Thioflavin T (ThT), a dye, 
is a common reagent used to identify this characteristic of 
fibrils. ThT is used due to the large increase in fluorescence 
that occurs upon binding to the cross β structures [62]. 

 While the structure of amyloid fibrils is well known, 
there is significant ambiguity as to the structure of the 
soluble oligomeric forms and determining which oligomeric 
form is responsible for cyctotoxicity. There is some evidence 
that the initial oligomers formed may be globular structures 
that have high percentages of α-helical characteristics [63]. 
Under other conditions, ones that afford fibrils, parallel  
β-sheet rich, protofibril structures accumulate late in the 
sequence. The latter can be detected by the ThT fluorescence 
assay [13]. One study, however, suggests that toxic oligomers 
are in fact antiparallel β-sheet structures and transform to the 
parallel β-sheet configuration only upon forming fibrils [64]. 

COMBATING THE TOXICITY OF Α-SYN BY 
AMYLOIDOGENESIS INHIBITION 

 Multiple strategies have been utilized in order to find 
agents that could reverse the cytotoxicity of α-syn and thus 
serve as PD therapies. The emphasis within this account is 
on agents that modulate amyloidogenesis pathways. Some of 
the more common strategies are a) to maintain α-syn in its 
random coil state and prevent it from ever forming toxic 
oligomers; b) to increase the rate of amyloidogenesis so that 
α-syn spends very little time in the presumably toxic 
oligomer state and c) to direct α-syn to form off-pathway, 
non-toxic aggregates. All of these strategies have yielded 
“inhibitors” that have shown some promise by in vitro 
amyloidogenesis assays and/or in cell-based studies. The 
challenge remains to develop drugs that will be able to 
penetrate the blood-brain barrier in order to effectively interact 
with α-syn. 

 What follows is a listing of the promising lead structures 
for amyloidogenesis inhibition. The first three are polyphenolic 
antioxidants. 
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Small Moleculeamyloidogenesis Inhibitors 

Resveratrol 

 Resveratrol is a polyphenol that is found in the skin of 
grapes, blueberries, raspberries and mulberries and is a 
known antioxidant. In vivo studies have shown that 
resveratrol exerts neuroprotective effects on rats that have 6-
hydroxydopamine-induced PD, with symptoms of PD being 
alleviated as early as 2 days after administration [65]. It  
has also been shown that resveratrol is able to protect 
dopaminergic neurons of rats that have been administered 
the dopaminergic neurotoxin 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine (MPTP) [66]. Its ability to protect cells 
from oxidative stressed caused by dopamine, in vivo, [67] 
and hydrogen peroxide and 6-hydroxydopamine, in vitro, 
made it an interesting candidate to test as a potential 
inhibitor of α-syn cytotoxicity. In the only in vitro study of 
inhibition of α-syn fibril formation, resveratrol was a very 
modest inhibitor [68] but it may share some of the activities 
of other polyphenols in this regard. An extensive study with 
SK-N-BE cells showed that resveratrol pretreatment was 
able to increase the viability of cells infected with A30P α-
syn by approximately 30%. This effect was determined to be 
due to activation of a human sirtuin(SIRT1) by resveratrol 
since addition of sirtinol, a specific inhibitor, reverses the 
neuroprotective effect [69]. 

 Resveratrol has also been shown to upregulate autophagy 
in cells further increasing its effectiveness as a potential 
neuroprotective: autophagy is down regulated in the brains 
of patients that have PD [70]. A study that tested PC12 cells 
infected with wild type, A53T and A30P α-syn showed that 
the AMPK-SIRT1 autophagy pathway was upregulated in 
the presence of resveratrol resulting in increased cell viability. 
This was confirmed by the fact that an autophagy inhibitor 
was able to negate the effect of resveratrol as a neuroprotective 
agent [71]. These indirect pathways not related to α-syn 
amyloidogenesis inhibition are likely responsible for the 
cytotoxicity modulation effects of resveratrol. 

EGCG 

 (-)-epigallocatechin gallate is a component of green  
tea that has been heavily tested as an inhibitor of 
amyloidogenesis. This small molecule has shown promise 
against other amyloidogenic peptides beside α-syn including 
Aβ and tau. More importantly, this polyphenol has been 
shown to redirect α-syn misfolding to non-amyloid, spherical 
aggregates that are less toxic to cells [51]. The mechanism 
by which EGCG acts on α-syn has been investigated. The 
reported data indicates that EGCG binds to α-syn, reducing 
its ability to form intermolecular β-sheets and fibrils, instead 
redirecting it to spherical aggregates. It has also been 
suggested that EGCG is capable of binding to the oligomeric 
state of α-syn, destabilizing it and preventing it from 
interacting with membranes that would ultimately lead to 
cytotoxicity [59]. There have also been studies of EGCG 
interactions with mature amyloid fibrils. In these EGCG was 
able to interact with preformed fibrils and convert them into 
spherical aggregates [72]. Rat neuronal cell studies indicate 
that EGCG is able to rescue the cells from “oligomer 
toxicity” making it a viable target for drug development. 

Gallic Acid 

 Gallic acid is a small organic molecule found in grape 
skin, gallnuts, tea leaves and other plants. It is a polyphenol 
that has been tested against a common α-syn mutant,  
A53T. The results of the study showed that gallic acid was 
effective in inhibiting the progress of amyloidogenesis by the 
mutant α-syn which is known to have a higher rate of 
amyloidogenesis than wild type α-syn [35]. This study 
examined the mechanism by which gallic acid interacted 
with A53T α-syn: an interaction between gallic acid and 
unstructured A53T α-syn which stabilizes the random coil 
state. A specific binding locus for this small molecule was 
not defined [73]. Other studies examined the effect of gallic 
acid on wild type α-syn. The results suggests that at high 
concentrations, gallic acid is able to inhibit the formation of 
fibrils of α-syn and reduce the rate of formation of 
oligomers. At lower concentrations however, they found that 
gallic acid promoted the formation of oligomers. Assays 
performed with the oligomers, however, indicated that they 
were not cytotoxic. This suggests that gallic acid also favors 
the formation of off-pathway non-amyloid aggregates. The 
effects of different phenolic compounds similar to gallic acid 
upon of α-syn amyloidogenesis were also examined. The 
results established that there is a strong correlation between 
both the number of hydroxyl groups, and their placement 
relative to the carboxyl unit, and the ability of this class of 
phenols to inhibit formation of toxic oligomers by α-syn 
[74]. 

Trehalose 

 Trehalose is a disaccharide (rather than polyphenol) that 
has proven effective at inhibiting amyloid formation by 
insulin and the Alzheimer-related Aβ peptide [75, 76]. This 
small molecule was tested against A53T α-syn. The data 
showed that at low concentrations, trehalose was able to 
disaggregate pre-formed α-syn fibrils and return them to 
random coil structures. At higher concentrations, it inhibits 
formation of fibrils by A53T α-syn [77]. Trehalose was also 
able to induce the macroautophagy of A53T α-syn and 
reduce the levels of mutant α-syn in cells. Unfortunately the 
high levels of trehalose required to achieve these results were 
toxic to cells presenting a problem for drug development 
[78]. 

 However, another study showed that trehalose was able 
to inhibit the overexpression of α-syn in PC12 cells at 
concentrations as low as 1mM [79]. This result is promising 
because PC12 cell viability in the absence of α-syn was not 
adversely affected by 10mM trehalose. The in vitro assays 
demonstrated, through the use of atomic force microscopy 
(AFM), that trehalose disaggregates preformed fibrils into 
smaller amorphous aggregates. With continued incubation 
with trehalose, the amorphous aggregates were broken down 
further to their random coil monomeric state. 

Ginsenosides 

 Ginseng is a popular medicinal plant used in East Asia to 
treat a wide variety of conditions. The neuroprotective action 
of ginseng is due to its biologically active components, 
designated as ginsenosides. Three of these ginsenosides, 
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namely Rg1, Rg3 and Rb1 have recently been studied as 
anti-amyloidogenic agents and one of them has emerged as a 
potent inhibitor of α-syn amyloidogenesis. Rb1 reduces the 
formation of oligomers by α-syn in vitro. In vivo, when 
human neuroblastoma cells were treated with aged α-syn 
alone, there was a marked decrease in cell viability. 
However, when the cells were treated with aged α-syn in the 
presence of Rb1, a 30% increase in cell viability was 
observed. The study also attempted to determine the binding 
locus of Rb1:it appears that Rb1 binds to, and stabilizes, 
oligomeric α-syn species but does not bind to the monomeric 
species [80].  

Ceftriaxone 

 Ceftriaxone is a β-lactam antibiotic that has been 
suggested as a potential therapeutic for multiple neuro- 
degenerative disorders, such as Alexander’s disease and 
cerebral ischemia. Ceftriaxone was selected based on its 
ability to upregulate the production of glutamate transporter 
subtype-1 (GLT1) which reduces the cytotoxicity of an 
excess of glutamate in dopaminergic neurons. This small 
molecule was tested in vivo and was effective in modulating 
the motor deficits in rats that had an induced Parkinson’s 
disease [81]. When tested in vitro, data showed that 
ceftriaxone was able to completely inhibit the formation of 
soluble oligomers by α-syn over the course of 11 days. A 
computational docking study that was performed suggested 
that the most likely binding locus of this molecule with α-
syn lay in the C-terminal tail, a common target for inhibitor 
interaction. Further studies in PC12 cells showed that 
ceftriaxone was able to inhibit the 6-hydroxydopamine-
induced expression of α-synuclein [82]. 

Small Molecule Binding and Amyloid Inhibition 

 A number of studies have been performed with the aim 
of ascertaining the binding sites of small molecule 
modulators of α-syn amyloidogenesis as a step toward 
defining the mechanism of inhibition. In one study, five 
small molecules, chlorazole black E, Congo Red, lacmoid, 
rosmarinic acid and phthalocyanine tetrasulfate-copper 
complex (PcTS-Cu2+) were studied to determine the binding 
site of each molecule to α-syn. At equimolar concentration, 
all 5 of these small molecules were said to interact with α-
syn in the same region, between residues 3-18 and 38-51. By 
observation, the common feature of all 5 molecules is the 
presence of negatively charged or polarized groups. It is 
therefore possible that these small molecules are binding at 
those positions due to the local abundance of lysine residues. 
Increasing the ratio of small molecule to α-syn led to the 
discovery of secondary binding sites within the N-terminal 
and core region of α-syn. However, the two generally-
recognized amyloidogenic patches, residues 66-76 and 82-
88, showed no binding interactions most likely due to the 
fact that these stretches are extremely hydrophobic and lack 
sidechains that can form electrostatic interactions [83]. 

 Lamberto et al. (2009) performed binding studies that 
focused upon the interaction of phthalocyanine tetrasulfate 
(PcTS) with α-syn. Their results confirmed that binding of 
the inhibitor was taking place within the N-terminus of α-syn 
between residues 3-9 and 35-41. They also observed some 
peak broadening in the 15N-HSQC spectra, in the region  
of residues of 93-95. Experiments performed with C-
terminally-truncated α-syn showed no difference in PcTS 
binding indicating a lack of interaction with that region. A 

 

Fig. (2). Structures of the small molecule inhibitors of α-synuclein amyloidogenesis. 
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closer analysis of the binding sites revealed that the most 
significant peak broadening was around aromatic residues 
thus hinting at an interaction between PcTS and these 
specific residues. A mutational study of all of the aromatic 
residues in the N-terminus confirmed that PcTS was indeed 
binding to an aromatic residue, in particular, Y39, [84] 
reaffirming a previous hypothesis that the tyrosine residues 
of α-syn play a role in amyloidogenesis [46]. 

 EGCG and a number of related polyphenols and 
flavanoids have also been examined. In the case of baicalein, 
a flavonoid, an oxidative mechanism has been suggested. 
The oxidation of baicalein, affording a quinone structure, 
appears to be the key to amyloidogenesis inhibition. The 
study also suggested an interaction with the C-terminus of α-
syn since truncation of the C-terminus completely eliminates 
the inhibitory effect of oxidized baicalein [85]. 

 With regard to binding site definition, inhibitor titration 
studies monitored by 15N-HSQC experiments using 
uniformly15N-labelled α-syn have emerged as the most 
insightful experiments, chemical shift changes revealing the 
sites of binding. In the earliest study [51], it was concluded 
that EGCG bound predominantly to the non-amyloidogenic 
C-terminal section of α-syn. Subsequent re-interpretation of 
that original data and new studies suggest less specific 
binding [13], but another study [59] has confirmed the C-
terminal location of the primary binding sites. Other 
polyphenols have also been examined by this method. The 
interaction of gallic acid and α-syn was also studied using 
15N-HSQC experiments. While that study showed that the 
presence of gallic acid provided some protection from the 
peak attenuation in the N-terminus and NAC region 
observed over time with uninhibited α-syn samples, the data 
was unable to reveal specific binding loci. In fact, the study 
most likely revealed, at best, a weak transient interaction 
between gallic acid and α-syn [73]. A subsequent study 
showed no binding of gallic acid to α-syn monomers and the 
authors suggested that gallic acid binds to oligomeric states 
of α-syn, thus stabilizing them. Their use of size-exclusion 
chromatography coupled with UV scanning showed that 
oligomers formed in the presence of gallic acid contain gallic 
acid [74]. 

 Ginsenoside Rb1 binding has also been examined by 15N 
-HSQC NMR. The data suggests that ginsenoside Rb1 is not 
inhibiting α-syn amyloidogenesis by interacting with the 
monomeric state. This was confirmed by the lack of any shifts 
associated with the addition of inhibitor at stoichiometries of 
up to 6:1. The authors posited that binding was, in fact, 
occurring with the oligomeric state, thus stabilizing it and 
preventing it from exerting toxic effects in cells [80]. 

Protein Binding that Prevents Aggregation: β-wrapin 
AS69 

 One approach to preventing the formation of β-oligomers 
has been to stabilize the unstructured or partially structured 
forms of α-syn or form species that are no longer capable of 
forming toxic aggregates. To this effect, a study has shown 
the successful synthesis of a protein that is able to selectively 
bind to α-syn and prevent its transition to toxic oligomers 
and fibrils [86]. This binding protein is a mutated form of a 

previously studied protein ZAB3, which binds to Aβ. The 
analog (β-wrapin AS69) with G13D, V17F, I31F and L34V 
mutations in each of the two subunits showed a strong 
binding affinity for α-syn together with a 400-fold reduction 
in binding affinity for Aβ. The high-resolution solution state 
NMR structure of the complex formed between AS69 and  
α-syn revealed a primary binding interface involving residues 
35-56 of α-syn. Of particular interest the bound conformation 
of α-syn in this span is a β-hairpin with a 44TKEG47β-turn 
locus. Τhis turn locus is part of a longer loop that connects 
two of the β-strands in the fibrillary structure of α-syn as 
determined by Vilar et al. [60]. Another study established 
that β-wrapin AS69, at equimolar concentrations to α-syn, 
was effective as a cyctotoxicity inhibitor: the presence of β-
wrapin provided complete rescue of human SH-SY5Y 
neuroblastoma cells from α-syn-induced cytotoxicity [86]. 
The extent, if any, that a hairpin forms in this span in the 
absence of wrapin AS69 is not known. 
 

 
Fig. (3). The α-syn:AS69 complex as seen in PDB 4BXL. Residues 
13-58 of the two AS69 subunits shown in grey, the observed β -hairpin 
residues (37VLYVGSK43 (β1) 44TKEG47 (turn) 48VVHGVAT54 (β2)) 
of α-syn shown in black. 

Antibodies: Single Chain Antibody Fragments (scFvs) 

 Single chain antibody fragments have been used to target 
various pathogenic agents with high selectivity. An scFv that 
is able to target the huntingtin protein and inhibit its 
amyloidogenesis as well protect cells from its neurotoxic 
effect has been produced [87, 88]. This concept was applied 
to isolate an scFv that was able to target α-syn and prevent 
the formation of toxic oligomers. One study was able to 
isolate an scFv that had nanomolar binding affinity for 
monomeric α-syn binding. In vitro tests showed that the 
presence of this scFv reduced the rate of oligomer formation 
by approximately a third compared to control assays. This 
data was confirmed via AFM [52]. A follow up study, 
isolated yet another scFv, designated as D10; scFv D10 
showed strong binding to monomeric α-syn. All experiments 
were performed intra-cellularly and the results showed that 
scFv D10 was able to selectively bind to monomeric α-syn 
and prevent α-syn from transitioning to insoluble aggregates, 
in a dose dependent manner. The data also showed that 
amyloidogenesis by α-syn leads to cell adhesion which was 
modulated by the presence of the scFv [53]. 
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 Emadi et al. employed a novel method and isolated 
scFv’s that were able to bind only to the oligomeric species 
of α-syn, thus reducing the possibility of hindering 
monomeric α-syn from performing its regular function in the 
body. Their technique involved combining phage display 
technology with AFM to select an scFv that binds only to a 
particular target morphology of α-syn. This technique 
afforded scFv D5, which showed a high affinity to 
oligomeric α-syn but no binding to monomeric α-syn. Their 
kinetic studies showed that, at sub-stoichiometric scFvs 
concentrations, scFv D5 was able to inhibit the fibrilization 
of α-syn as well as rescuing human neuroblastoma cells from 
the toxicity of aged α-syn. The significance of this study is 
that these scFvs can be expressed intracellularly as 
intrabodies for potential therapeutic strategies in vivo [89]. 

Monoclonal Antibodies 

 It is known that α-syn is not found exclusively in 
neuronal cells and is in fact secreted by neurons via 
exocytosis, having been detected in the blood and 
cerebrospinal fluid of both healthy individuals and PD 
patients [90, 91]. A number of monoclonal antibodies for α-
syn were developed for localizing and quantitating α-syn in 
the body [92]. These antibodies were later shown to aid  
in clearing extracellular α-syn before it was able to exert its 
toxic effect on neighboring cells [93, 94]. One of these 
antibodies, termed Ab274, which displayed binding to the C-
terminus of α-syn, has been examined extensively. In the 
presence of BV12 microglial cells, this antibody promotes 
lysosomal ‘digestion’ of oligomeric and fibrillar α-syn. The 
specific mechanism of action has not been elucidated but the 
interaction of the antibody with Fcγ receptor on the surface 
of microglial cells was determined to be key to the clearance 
of α-syn oligomers and fibrils. The study also performed 
tests on transgenic(tg) mice that overexpress human α-syn. 
Upon inoculation with Ab274, the tg mice were able to 
complete test paradigms at a similar level to non-tg mice. 
However, tg mice that were inoculated with a “control IgG” 
took longer times to complete similar paradigms. The results 
showed that Ab274 was able to significantly reduce the 
transmission of α-syn from neurons to astroglial cells. This 
approach may provide a therapeutic strategy because it does 
not interfere with the function of α-syn within neuronal cell 
[95]. 

 A similar approach was taken by Masliah et al. who 
identified a monoclonal antibody termed 9E4 that also 
recognizes the C-terminus of α-syn. Their passive 
immunization study with tg mice models that overexpress 
human α-syn showed that the antibody was able to ameliorate 
memory and learning deficits as well as increase the 
clearance of α-syn aggregates in the cortex and hippocampus 
of the subject. These studies showed that the antibody was 
able to cross the blood-brain barrier and enter the central 
nervous system, thus allowing it to interact with α-syn 
efficiently [96]. 

Inhibitory Peptides 

 Peptides have also been examined as amyloidogenesis 
inhibitors and modulators of α-syn cytotoxicity. There have 
been multiple approaches to the design of such peptides. The 

more common approach has been to model the sequence of 
the possible inhibitory peptides on the target system itself. 

Peptides as AFFITOPEs (AFFs), C-terminal Segment 
Mimics 

 AFFITOPEs are one of the latest development in active 
immunization therapies. They rely on a new technology that 
develops short peptides capable of imprinting specific 
features of a previously determined antibody that is specific 
for a particular molecule or structure [97]. In the case of α-
syn, the antibody that was used to select peptides was 
specific to the oligomeric form of α-syn. The advantages of 
this method lies in the fact that the peptide selected shares no 
sequence similarity to the native amino acid sequence of α-
syn. This prevents them from eliciting a deadly autoimmune 
response which has been one of the major hurdles in 
developing successful vaccines for α-syn and other 
amyloidogenic proteins. Mandler et al. have selected and 
tested seven AFFs that mimic the C-terminal region of 
oligomeric α-syn. Their results show that one of the AFFs, 
termed AFF1, is effective in selectively eliciting an immune 
response towards oligomeric but not monomeric α-syn. 
AFF1 was also determined to be specific to α-syn with no 
cross reactivity with other types of synuclein, such as β-syn. 
Most importantly, the AFF1 vaccination of transgenic mice 
was able to ameliorate the pathological behavioral and 
neurodegenerative symptoms of PD. This study has led to 
the development of a vaccine, PDO1A that is currently 
undergoing phase I clinical trials [98]. 

Solubilized Segments from the α-syn NAC Region 

 Solubilized versions of the more amyloidogenic 
segments within this region have been particularly targeted. 
To this end, El-Agnaf et al. determined the minimum sequences 
from the 64 – 100 segment of α-syn that display peptide 
amyloidogenesis. A series of seven-residue peptides that 
span this region were synthesized and solubilized by the 
addition of hydrophilic residues. Peptide RGAVVTGR-NH2 
emerged from this study as an effective in vitro amyloidogenesis 
inhibitor (based on ThT assays) when incubated with α-syn 
in the ratios, 1:2, 1;1, and 2:1 [99]. This observation does not 
appear to have been confirmed [13]. 

N-methylated Versions of Short α-syn Sequence 
Fragments 

 Another approach has been to modify amyloidogenic 
sequence fragments by N-methylation or the insertion of 
prolines. The addition of an N-methyl group decreases  
β-propensity and eliminates the possibility of strand 
association by H-bonding, preventing the peptide from 
forming stable intermolecular β-sheets. N-methylation also 
increases the solubility of the inhibitor while reducing its 
susceptibility to protein degradation [100-102]. Here as well, 
the sequence for the inhibitor-development was selected 
based on a minimum sequence required to form fibrils and to 
display toxicity in cell culture studies. Based on studies 
performed with fragments from the NAC region of α-syn and 
rat PC12 cells, the short sequence comprising residues 
68GAVVT73GVTAVA78 was selected as a cytotoxic nucleus 
[31, 103]. Residue G73 was N-methylated and the peptide 
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was tested within rat PC12 cells and determined to be non-
toxic. With equimolar concentrations, the cytotoxicityof the 
non-methylated peptide was also markedly reduced [104]. 
Madine et al. (2008) examined N-methylation effects 
through the 71 to 82 residue span using solid-state NMR 
coupled with biochemical methods. A short N-methylated 
short peptide, VAQKTmV, corresponding to the 77-82 
segment, greatly reduced the rate of amyloidogenesis when 
co-incubated with equimolar concentrations of α-syn in vitro 
[105]. 

Antiparallel β-sheet Peptides Lacking Sequence 
Homology with α-syn 

 A less common approach has been to use peptides that 
bear no sequence similarity to α-syn but instead have stable 
β-sheet structures with edge-strands available for the 
association of additional strands and hydrophobic units to 
favor hydrophobic collapse [13, 106]. This method, using the 
same very similar β-hairpin peptides, has also been successfully 
used to ameliorate the amyloidogenesis of the Alzheimers-
related Aβ system [107] as well as the Type II Diabetes 
related, human amylin system [106] and shows great 
promise in the development of a more universal inhibitor 
that shows no preference for specific target systems. Both β-
hairpins [106, 108-110] and disulfide-linked β-strands [13] 
have been examined. To date, the effective peptides in this 
category contain multiple aromatic residues, tryptophan and 
tyrosine. 

 The initial study, was performed with peptides that 
contained multiple tyrosine and/or tryptophan residues at 
different locations throughout a common hairpin scaffold. 
These had previously been tested as inhibitors of the 
amyloidogenesis of human pancreatic amylin. When tested 
as inhibitors of α-syn amyloidogenesis, a number of the 
potent peptides caused precipitation of α-syn upon or after 
addition of a few percent of HFIP, the aggregatory stimulus. 
The precipitate was visualized using Congo Red staining and 
transmission electron microscopy. TEM results showed that 
the precipitates did not have the normal morphology 
expected of α-syn fibrils. Instead the interaction of the 
peptide with α-syn, resulted in shorter, thicker fibrils in the 
case of peptides that has interacting Trp-residues and smaller, 
spherical aggregates in the case of the corresponding Tyr 
analogs [104]. These observations bear some similarity to 
the experiments with EGCG wherein co-incubation of high 
concentrations of EGCG with α-syn led to the development 
of presumed off-pathway, non-amyloid aggregates that 
precipitate [51]. 

 However, the point of higher interest in these studies was 
to find peptide inhibitors that were capable of inhibiting 
oligomer formation at lower concentrations. Therefore, in 
the follow up study that was performed [13], additional aryl-
residue-rich peptides with β-sheet structures were tested to 
determine their efficacy as inhibitors at various concentrations. 
The most potent inhibitors of amyloidogenesis, shown in 
Fig. 4, were also studied in inhibitor titration experiments 
monitored by 15N-HSQC. All of the inhibitors displayed 
binding shifts in the C-terminal segment of α-syn; notably  
at V118, D119, D121, N122, S129, G132, and Y136. In 
addition, the time course of 15N-HSQC peak intensities 
during amyloidogenesis, in the same media, in absence  
of inhibitors was examined. By the end of the latter 
experiments, when soluble β-oligomers (detected by CD) 
were fully formed, ThT fluorescence data indicates that these 
are protofibrils. At this point, the peaks in the N-terminal and 
NAC region complete disappeared while C-terminal residues 
104-140 remained indicating segmental motion like that of a 
random coil state. Even though there is evidence that the  
C-terminus plays some role in amyloidogenesis, it appears to 
be fully flexible and unstructured in the proto-fibril state [13, 
60, 111-114]. 

 Cyclo-WW2, emerged as the most potent inhibitor in this 
study, which served to validate the hairpin structure as the 
active form. Interestingly, cyclo-WW2 displays a second 
binding site outside of the C-terminal segment. Titration 
shifts were observed at residues G41, V48, H50, V52, and T54, 
which are not part of the classically-defined NAC region of 
α-syn [12]. These same sites were the very first ones to 
display peak-attenuation in the 15N-HSQC spectra collected 
in the absence of inhibitors. This is also the segment of α-
syn that is sequestered in the inhibitory AS69:α-syn complex 
observed by Mirecka et al. 

CONCLUSIONS 

 Every day more discoveries are being made concerning 
the role that α-syn plays in PD etiology. Inhibitor studies 
have aided in uncovering much of the information about how 
α-syn aggregates to form the toxic species that has been 
gained to date. Both peptides and small molecule polyphenols 
show promise as cytotoxicity inhibitors but there are still 
hurdles that need to be overcome before inhibitor-based 
treatments can be established. Among them are the lack of a 
proper delivery systems that can transport the drug to the 
target areas and the need, in most cases, for near 
stoichiometric dosing for effective inhibition. 

 Studies that focus on α-syn itself have been able to 
elucidate, at least in part, the role played by the different 
regions of α-syn in misfolding pathways. In particular, the 
region encompassing residues 37-54 is becoming more and 
more prominent as a potentially crucial segment for the 
nucleation of both cytotoxicity and fibril formation. This 
makes this segment, rather than the larger NAC region, a 
new focus for further study that could lead to the development 
of therapeutic agents. 

 The role of the C-terminal segment in ameliorating α-syn 
amyloidogenesis is also becoming more distinct. The lack of 
secondary structure in this segment in fibrils coupled with its 

 

Fig. (4). Sequences of some non-homologous peptides that showed 
significant inhibition of α-syn amyloidogenesis. 
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role in inhibiting amyloidogenesis in wild-type α-syn makes 
this an interesting target for further studies. Also, the 
observation that many of the most effective inhibitors of 
aggregation, be they small molecules or peptides, binding 
this region shows that the dynamics and intra-molecular 
binding properties of this segment of α-syn need to be 
examined in greater detail. 
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