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Studying Parkinson's disease pathogenesis in test 
tube: Discovery of  new toxic state of  α-synuclein 

aggregation 



Talk summary 

Introduction to amyloids 

α-synuclein aggregation and Parkinson’s disease 



What is amyloid that everybody is talking about? 

• protein/peptide aggregates 

• 2-15 nm in diameter and up to several 
micrometers in length 

• highly ordered, stable, β-sheet rich structure 



Typical properties of  amyloid 

-- insoluble, non crystalline 

-- binds Thioflavin T dye (amyloid specific) 

Cross-β-sheet Amyloid morphology Cross-β model 

Binds Congo red and gives birefringence  
with cross-polarized light 

Schematic 

Saibil HR, PNAS, 2002 

4.7Å 

10Å 

Luhrs et al, J. Mol. Biol. (2006) 357, 833–841 



Amyloid associated with diseases 

Alzheimer’s Parkinson’s 

Mad cow Creutzfeldt-Jakob 

Source: William Richard 
Gowers, A Manual of  
Diseases of  the Nervous 
System  (1886) 

Rob Mitchum, sciencelife.uchospitals.edu/
2009/11/19/evolution-via-cannibalism-the-case-
of-kuru/ 

https://uk.news.yahoo.com/probe-hidden-
mad-cow-disease-170757618.html#JaTgkgZ 

https://en.wikipedia.org/wiki/
Auguste_Deter 



E. coli (curli-fibrils) 

Amyloid associated with native functions 

Chorion-eggshell 
(silkworm) 

     Spidroin 

Human (melanosome), 
Kelly JW, PLoS Biol, 2005 Secretory granules (Maji, Science, 2009) 

Source: http://www.mcdb.lsa.umich.edu/labs/
chapman/research.php 

Source: University of  Nebraska 
Department of  Entomology. 

Source: Rick Vetter, University of  
California Riverside Department of 
Entomology 



Amyloid research at IITB 

Amyloid 

Diseases 

Applications 

Functional amyloid Protein folding/ 
assembly 

α-Syn in PD/ p53 in cancer 

1.  Tissue engineering 

2.  Nanotechnology 

Secretory granule 
biogenesis 



Parkinson’s disease (PD)  
Chronic and progressive movement disorder  

•  Muscle rigidity 
•  Tremor 
•  Slowing of  physical 

movement (bradykinesia),  
•  In extreme cases,  loss of  

physical movement 
(akinesia) 

Source: http://medicalterms.info/
diseases/Parkinsons-Disease/ 

Source: Fon, D, J. Tissue 
Engineering; Springer, 
2011; 457–492 2011 

Source: Reuters Website 

Source: © NCCE Graphics 
 



Substantia nigra tissue showing  
α-Syn positive Lewy bodies 

Immuno EM isolated filaments from the substantia 
nigra stained with   antibody against α-Syn 

Godert et al., Nat Rev 
Neurosci. 2001

Pathological hallmarks 



Amyloid 

α-Syn 

Lewy bodies 

Vilar et al PNAS, 2008 

Drosophila C. elegans Neuron cell Mouse 

α-Syn aggregation  
and PD 

Parkinson's disease models 



Synuclein family 



Amyloid Growth 



Six familial mutations 
 
A53T, E46K, A30P, 
H50Q, G51D and A53E 

Familial mutations of  α-Syn 



Faster oligomerization is the shared property of  α-synuclein 
familial mutants 

WT 

A30P 

A53T 

WT 

A30P 
A53T 

Fibrillation 

Oligomerization 

J. Li et al.  
NeuroToxicology 23 
(2002) 553–567 



amyloid fibrils with similar efficiency as the A53T variant (Fig. S1
B–D, protocol A). However, when the monomer fractions, rel-
ative to size exclusion chromatography (SEC) profiles obtained
from streptomycin sulfate-precipitated protein preparations
(protocol A), were used as starting material and subjected to
time-resolved aggregation of α-syn, only the E57K and E35K
variants formed oligomer peaks at the void volume at days 5 and
10 (Fig. 1B). The EM images in Fig. 1C show the oligomers from
the SEC fractions of Fig. 1B. They appear to be of a mono-
dispersed nature with an estimated size of 100 nm, as measured
by dynamic light scattering, which is in agreement with the lit-
erature (Fig. S1E) (20).
We compared these oligomers to the fibril-promoting variant

α-syn(30–110), which includes the amyloid core residues from
approximately 30 to 110 but lacks the aggregation-interfering C-
terminal and N-terminal residues of α-syn (n ∼ 30) (14). Indeed,
α-syn(30–110) shows an accelerated growth of fibril formation
compared with hWT α-syn (protocol A), and its fibril confor-
mation is similar to that of hWT α-syn fibrils (Fig. 1A, protocol
B; and Fig. S1D, protocol A) (14). The biophysical properties of
the three artificial α-syn variants were also compared with the
familial α-syn mutants A30P, A53T, and E46K. In line with
previous observations (21), A30P formed amyloid fibrils more
slowly and A53T formed them more quickly than hWT α-syn and
E46K, respectively (Fig. S1B, protocol A). To further confirm
the presence of oligomers by an independent method, we com-

pared the immunoreactivity of E57K protein versus control and
hWT α-syn by immunoblots with an oligomer-specific antibody
(A11; protocol A, Fig. S2) (22). In comparison with hWT α-syn,
a much stronger reactivity of the E57K variant to the oligomer-
specific antibody A11 was detected on dot blots (Fig. S2A).
Western blot analysis indicated that E57K (Fig. S2B, protocol
A), and specifically the void peak of the SEC (fraction 16) of
E57K recombinant protein (Fig. S2 C and D), reacted strongly
with the A11 antibody at the level of α-syn oligomers (mostly
dimers and pentamers; Fig. S2E). In the in vitro cell-free system,
we have established a set of familial and structure-based mutants
that cover oligomer-promoting and fibril-only states in vitro (Fig.
1), and we report here on their in vivo behavior.

Toxicity of hWT α-Syn and α-Syn Variants in the SN of Lentivirus-
Injected Rats. To investigate if the α-syn mutants that favor olig-
omer formation are more toxic in vivo than the mutants that form
fibrils more quickly, the toxicity of the α-syn variants was studied
in a rat model of synucleinopathies (23). This model is based on
injection of lentivirus expressing the α-syn variants into the SN.
Although partly limited by the fact that α-syn is overexpressed
locally, it is well suited to study direct short- to medium-term toxic
effects on dopaminergic neurons in an in vivo system.
Tyrosine hydroxylase (TH)-positive neurons were quantified in

rats 3 wk after viral injection into the right SN and were com-
pared with the noninjected side (Fig. 2A). Injections of lentivirus
encoding the artificial variants E35K and E57K induced a sig-
nificant loss of TH expression. The decreases in TH-positive cells
for E35K was 50% (TH cell number, 2.7 × 103 ± 0.3 × 103) and
51% for E57K (TH cell number, 2.6 × 103 ± 0.2 × 103; Fig. 2 B
and C) compared with the uninjected sides. These decreases for
E35K and E57K were significantly different from the GFP-only
group (P < 0.001; TH cell number, 4.6 × 103 ± 0.7 × 103). In
addition, significantly fewer TH-positive cells were present in
the oligomer-forming mutants E35K and E57K compared with
the hWT α-syn–injected group (32% loss; TH cell number, 3.5 ×
103 ± 0.2 × 103; P < 0.05). The faster fibril-forming mutant α-syn
(30–110) did not show a significant decrease in TH-positive cell
numbers (9% loss; TH cell number, 4.3 × 103 ± 0.7 × 103; P >
0.05 vs. GFP-only group). The data were obtained by performing
cell counts for the entire SN by using a systematic, random
counting procedure and comparing lesioned and unlesioned SN.
The loss of TH-expressing cells caused by α-syn variant expres-
sion was more pronounced close to the injection site, as depicted
in Fig. 2 C and E. We then compared these results versus the
familial mutants. The rats injected with A30P (38% loss; TH cell
number, 3.0 × 103 ± 0.4 × 103) and E46K (40% loss; TH cell
number, 3.2 × 103 ± 0.4 × 103) did not differ significantly from
those injected with E35K and E57K. A53T-injected rats (17%
loss; TH cell number, 4.3 × 103 ± 0.3 × 103) showed a significant
difference in TH numbers compared with E35K and E57K (Fig.
2 D and E).
Consistent with the hypothesis that the oligomer-forming

mutants are more toxic, E35K and E57K induced the largest
TH-positive cell loss of all mutants studied. In summary, in the
lentivirus PD rat model, the following ranking scale from toxic to
nontoxic could be determined: E57K > E35K ≥ A30P ≥ E46K ≥
hWT α-syn > A53T ≥ α-syn(30–110) ≥ GFP only. A comparison
of brain tissue stained for the panneuronal marker (NeuN) and
TH revealed that, despite a significant loss of NeuN-positive cells
(Fig. S3A), numerous nondopaminergic neurons survived inside
the lesioned area of the SN, indicating that the loss was more
severely affecting dopaminergic neurons. The percentage of TH-
positive cells among NeuN-positive cells was approximately 75%
in controls and decreased to 67% in hWT α-syn and 61% in the
E57K group (Fig. S3 A and C).
Amore detailed analysis of the effect of α-syn variants in the rat

SN showed that E57K could lead to severe changes in neuron
morphology compared with hWT α-syn (Fig. 2 F–M). Specifically,
a dying back of neurites was observed in the E57K group (Fig.
2H), resembling the axonal pathology described in PD (24, 25). In
addition, the neurites contained larger lump-like appearances
within the E57K group than in the hWT α-syn (Fig. 2 K and M).

Fig. 1. In vitro aggregation of hWT α-syn and α-syn variants. (A) EM of aged
α-syn and α-syn variants purified without the streptomycin sulfate-
precipitation step (protocol B). (Scale bars: 500 nm.) Insets: Ring-forming
entities are shown. (Scale bar: 100 nm.) (B) Time-resolved SEC of α-syn var-
iants: 20 mg/mL α-syn variants were solubilized and their size exclusion
profiles were measured immediately (day 0). Subsequently, after days 5 and
10, the samples of the corresponding monomer peak were again put on the
SEC column, revealing that E57K and E35K had the capacity to form
oligomers over time. For both α-syn variants, we show a 10-fold magnifica-
tion of the oligomer peak at day 5. The decrease of the monomer peak in
E35K and E57K is because they aggregate into amyloids. For the other var-
iants and hWT α-syn, no oligomer peak was observed. (C) EM image of the
oligomeric species from the experiment shown in B. (Scale bars: 500 nm.)

2 of 6 | www.pnas.org/cgi/doi/10.1073/pnas.1100976108 Winner et al.

Fig. 2. Toxicity of hWT α-syn and α-syn variants in the SN of lentivirus-injected rats. (A) Injection paradigm: rats unilaterally injected with the different
lentiviral constructs in the SN. (B) Histograms representing the decrease in numbers of TH-immunoreactive (TH-IR) neurons in the SN relative to the con-
tralateral side, as evaluated by stereology. The nigral dopaminergic neurons were labeled with TH (C and E). Note that the loss of TH-expressing cells caused
by α-syn variant expression was more pronounced close to the injection site (C and E). (B) Histogram representing the percentage of TH-positive neurons
compared with the noninjected side. The artificial mutants E35K and E57K led to a significant decrease in TH-positive cells (**P < 0.001 vs. GFP and *P < 0.05 vs.

Winner et al. PNAS Early Edition | 3 of 6
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Fig. 2. Toxicity of hWT α-syn and α-syn variants in the SN of lentivirus-injected rats. (A) Injection paradigm: rats unilaterally injected with the different
lentiviral constructs in the SN. (B) Histograms representing the decrease in numbers of TH-immunoreactive (TH-IR) neurons in the SN relative to the con-
tralateral side, as evaluated by stereology. The nigral dopaminergic neurons were labeled with TH (C and E). Note that the loss of TH-expressing cells caused
by α-syn variant expression was more pronounced close to the injection site (C and E). (B) Histogram representing the percentage of TH-positive neurons
compared with the noninjected side. The artificial mutants E35K and E57K led to a significant decrease in TH-positive cells (**P < 0.001 vs. GFP and *P < 0.05 vs.

Winner et al. PNAS Early Edition | 3 of 6
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The Parkinson’s Disease-Associated H50Q Mutation Accelerates 
α‑Synuclein Aggregation in Vitro (Mutation discovered 2013) 

Ghosh et al, Biochemistry, 2013 



Ghosh et al, Biochemistry 2013 

The Parkinson’s Disease-Associated H50Q Mutation Accelerates 
α‑Synuclein Aggregation in Vitro 



Effect of  A53E mutations (mutation discovered 2014) 

Ghosh et al, Biochemistry, 2014 



Pathway(s) of  α-Syn aggregation 



Ghosh et al (2015) Structure based aggregation 
studies  reveal  the  presence  of  helix-rich 
intermediate  during  α-Synuclein  aggregation, 
Scientific  Rep,  5:9228  |  DOI:  10.1038/
srep09228 



Amyloid aggregation of various α-Syn
A30P, E46K, A53T (Disease mutants) E57K (toxic mutant) 
[30-110]α-Syn (core) 



α-helix-rich intermediate in α-Syn fibril formation. 



Morphology of  α-synuclein aggregates 



Characterizing the helical Intermediate



Appearance of  helix-rich state and aggregation potential of  
the protein  



Detection of  helical intermediates by FTIR 
Spectroscopy 



Change in secondary structure and morphology during 
helical intermediate formation of  α-Syn  



Site-specific structural changes during helical intermediate and 
its conversion to fibrils 



Site-specific structural changes during helical intermediate and 
its conversion to fibrils 



Characterization of  helical intermediate by NMR 
spectroscopy 



Case 1 

Case 2 



Isolation of  Helical Intermediate 



Characterization of  isolated helix 



Helical intermediates are cytotoxic  



Helical intermediates are cytotoxic  



Proposed mechanism 

Ghosh et al. (2015)  Scientific Rep, 5 : 9228  



Summary

(i)  A structure-based aggregation kinetics of  α-synuclein 
associated with Parkinson's disease 

(ii) The presence of  helical intermediates in α-synuclein 
aggregation 

 
(iii) The helical intermediates are highly toxic and cause 

programmed cell death 
 
(iv) These helical intermediates show seeding capacity for α-

synuclein aggregation 
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