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ABSTRACT 

Parkinson’s disease (PD) is a progressive neurodegenerative disorder for which there is no successful prevention 

or intervention. The pathological hallmark for PD involves the self-assembly of functional Alpha-Synuclein (αS) 

into non-functional amyloid structures. One of the potential therapeutic interventions against PD is the effective 

inhibition of αS aggregation. However, the bottleneck towards achieving this goal is the identification of αS 

domains/sequences that are essential for aggregation. Using a protein mimetic approach, we have identified αS 

sequences-based novel targets that are essential for aggregation and will have significant therapeutic implications. 

An extensive array of in vitro, ex vivo, and in vivo assays was utilized to validate αS sequences and their structural 

characteristics that are essential for aggregation and propagation of PD phenotypes. The study aids in developing 

significant mechanistic and therapeutic insights into various facets of αS aggregation, which will pave the way 

for novel and effective treatments for PD.       
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INTRODUCTION 

Alpha-Synuclein (αS) is a neuronal protein expressed at high levels in dopaminergic neurons and it is believed to 

be implicated in the regulation of synaptic vesicle trafficking and recycling, and neurotransmitter release1-8. The 

misfolding of αS leads to its self-aggregation, which is a pathological hallmark of PD1-8. Therefore, modulation 

of αS aggregation is a promising therapeutic intervention for PD1-10. The identification and specific targeting of 

sequences or domains that initiate αS aggregation could promise potent antagonism of the αS self-assembly. A 

few small molecules have been shown to inhibit αS aggregation (11 and ref. within), however, limited atomic-

level understanding is available of the ligand-αS interaction, which restricted the further optimization of the 

antagonists against αS aggregation. More importantly, limited progress has been made in the identification of 

factors that are associated with αS aggregation, e.g. αS sequences that initiate aggregation. Mutation studies 

enable the identification of αS sequences/domains that are important for aggregation12-16
. However, no study has 

been directed to validate these αS sequences as novel targets. Here, we have utilized a foldamer-based approach 

in tandem with a mutation study that allowed the identification and validation of novel αS sequences as key 

therapeutic targets that are essential for the initiation of αS aggregation.    
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of the secondary structure of proteins17-22. The diversity of chemical space can be conveniently tuned in foldamers, 

an essential property for the optimization of interactions with targets. Oligoquinoline (OQ)-based foldamers have 

been shown to modulate the self-assembly of islet amyloid polypeptide22-26 and Aβ peptide21, whose aggregation 

is associated with type 2 diabetes (T2D) and Alzheimer’s disease (AD), respectively.  

We have utilized OQs to gain mechanistic and therapeutic insights into αS aggregation. Using an array of 

biophysical, cellular, in vivo assays and mutation studies, we have identified SK-129, a potent antagonist of αS 

aggregation in both in vitro and in vivo PD models. A 2D-NMR-based atomic-level investigation enabled the 

identification of the binding sites of SK-129 on αS, which were validated using fluorescent polarization and 

mutation studies. More importantly, we identified αS sequences as novel targets that are essential for the initiation 

of the aggregation. We also validated novel αS sequences by targeting them with OQs and rescued PD phenotypic 

readouts in cellular, neuronal, and in vivo PD models. SK-129 was a potent antagonist of the prion-like spread of 

αS seeds. The activity of SK-129 against the prion-like spread of αS seeds was confirmed using distinct αS seed 

polymorphs generated from the recombinant αS and extracted from the substantia nigra of the post mortem brain 

of PD patient. The activity of SK-129 was also confirmed in a novel intracellular assay for the prion-like spread 

of αS seeds. Overall, SK-129 interacts at the N-terminus of αS monomer, induces or stabilizes a helical 

conformation, and modulates both de novo aggregation and the prion-like spread of αS seeds. We used a chemical 

tool to identify and validate novel αS sequences with structural insights that are essential for the aggregation and 

associated with PD phenotypes. The study will have significant mechanistic and therapeutic implications, which 

will aid in expediting treatments for PD. 
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RESULTS 

Biophysical characterization of foldamers with αS. The OQs with carboxylic acid and hydrophobic side chains 

have been shown to modulate the self-assembly of amyloid proteins by specifically targeting sequences that are 

rich in positively charged and hydrophobic side chain residues21-26. Therefore, we utilized an established library 

of OQs with carboxylic acid and various hydrophobic groups as side chains (Fig. 1a-c). The library was screened 

against αS aggregation using Thioflavin T (ThT) dye-based amyloid assay27. The aggregation kinetics of 100 μM 

αS (in 1 × PBS buffer) was characterized by a sigmoidal curve with a t50 (time to reach 50% fluorescence) of 

~38.1±1.8 h. The screening led to the identification of SK-129 as the most potent antagonist of wild type (WT) 

αS (and αS mutants, αSA30P and αSA53T) aggregation at equimolar and sub-stoichiometric ratios (Fig. 1c,d and 

Supplementary Fig. 1). SK-129 inhibits αS aggregation under de novo and lipid membrane conditions at an 

equimolar ratio (Supplementary Fig. 2a), which was also validated by transmission electron microscopy (TEM) 

images (Supplementary Fig. 2b,c).   

 The antagonist activity of SK-129 is predominantly a consequence of the side chains. Among analogs (with 

varying hydrophobicity), SK-129 was the most potent antagonist of αS aggregation (Fig. 1e,f and Supplementary 

Scheme 3), which indicates that moderate hydrophobicity at positions 1 and 3 is required to achieve the optimal 

activity. The positioning of the side chains was important for SK-129’s activity as scrambling of side chains led 

to significantly diminished activity (Fig. 1f, Supplementary Scheme 1,2). The antagonist activity of SK-129 was 

much better than Epigallocatechin Gallate (EGCG), a potent antagonist of αS aggregation28. Gel shift assay shows 

that SK-129 potently inhibits αS aggregation; however, higher-order toxic oligomers (n>5)29-30 were observed in 

the presence of EGCG (Supplementary Fig. 3). We next determine the binding affinity of SK-129 using 

fluorescence polarization (FP) titration between a fluorescent analog of SK-129 (SK-129F) (Supplementary 

Scheme 3) and αS, which yielded a Kd of 0.81±0.09 μM (Fig. 1g) and a binding stoichiometry of 1:1 (αS:SK-

129F) (Supplementary Fig. 4). The complex of SK-129F-αS was used for a displacement titration with SK-129, 

which yielded a Kd of 0.72±0.06 μM (Supplementary Fig. 5). More importantly, SK-129F (SK-129F-αS complex) 

could be used as a novel tool for a high throughput assay to screen and identify high-affinity ligands for αS. Also, 

SK-129 is a very specific antagonist of αS aggregation. The Kd of SK-129 for Aβ42 was more than 15-fold higher 

than αS (Supplementary Fig. 6a). Corroborating this specificity, SK-129 did not show any noticeable effect on 

Aβ aggregation (Supplementary Fig. 6b).  

The aggregation of αS is associated with toxicity1-8; therefore, we tested the efficacy of SK-129 on the 

neuroblastoma SH-SY5Y cell line. The aggregation of αS was carried out in the absence and presence of SK-129 

at an equimolar ratio, and the solutions were tested in SH-SY5Y31. The viability of SH-SY5Y cells decreased to 

48±3% upon exposure to 10 μM αS for 24 h; which was rescued to 91±4% and 97±4% in the presence of SK-129 

at molar ratios of 1:0.1 and 1:1 (αS:SK-129), respectively (Fig. 1h). The rescue of toxicity by SK-129 in SH-

SY5Y cells was similar at higher concentrations of αS (25 μM and 50 μM) (Supplementary Fig. 7). To confirm 

that SK-129 did not generate seed-competent structures during the inhibition of αS aggregation, we utilized two 
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HEK cell lines, which stably express YFP-labeled WT αS (αS-YFP) and a familial mutant, A53T (αS-A53T-YFP)32-

33. Both HEK cells have been shown to template endogenous monomeric αS-A53T-YFP (αS-YFP) into fibers when 

transfected with αS fibers with lipofectamine 3000 (Fig. 1i)32-33, which is detected by intracellular fluorescent 

puncta (Fig. 1i, white arrows). αS was aggregated in the absence and presence of SK-129 at an equimolar ratio 

and the HEK cells were treated with αS fibers (7 μM in monomeric αS) for 24 h (Fig. 1i). A very small number 

of inclusions (αS-A53T-YFP or αS-YFP) were observed in the presence of SK-129 (Fig. 1i). The inclusions (αS-

A53T-YFP) were quantified by confocal microscopy (Fig. 1i,l), flow cytometry (inclusions stained with ProteoStat 

dye34, Fig. 1j,k), and a 96-well plate reader (using ProteoStat dye, Fig. 1m), which were alleviated significantly 

in the presence of SK-129. The viability of HEK cells improved from 68% to 94% (αS aggregated solution in the 

presence of SK-129), which was determined using the (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 

bromide) (MTT) reduction assay (Fig. 1n). SK-129 was equally effective in inhibiting aggregation and 

cytotoxicity in HEK cells that were expressing intracellular αS-YFP (Supplementary Fig. 8).  

Identification of the binding site of SK-129 on αS. The N-terminal domain spanning residues 1-90 plays a 

significant role in αS aggregation8,12,35-38. Therefore, we hypothesized that SK-129 could be interacting with the 

N-terminus of αS for the potent inhibition. We utilized two-dimensional heteronuclear single quantum coherence 

NMR spectroscopy (2D NMR HSQC) for atomic-level insight into the binding site of SK-129 on αS. We collected 

the HSQC NMR of 70 μM 15N-1H-uniformly labeled αS in the absence and presence of SK-129 at an equimolar 

ratio (Fig. 2a-e) and compared the signal intensity of the amide peaks. The total changes in the intensity in the 

presence of SK-129 suggest that the binding site of SK-129 is toward the N-terminus of αS (Fig. 2a-e), more 

specifically SK-129 interacts and changes the conformation of four αS sequences, including 6-12, 15-23, 36-45, 

and 48-53 (Fig. 2a-e). The binding sites of SK-129 on αS contain lysine and hydrophobic residues; therefore, we 

propose that the carboxylic acid and the propyl side chains of SK-129 are involved in binding interactions with 

lysine and hydrophobic residues of αS. 

Effect of SK-129 on αS conformation. The NMR study also suggests that SK-129 induces α-helical 

conformation in αS. The intensity changes of αS residues in the presence of large unilamellar vesicles [0.875 mM, 

LUVs, 100 nm, DOPS, 1,2-dioleoyl-sn-glycero-3-phospho-L-serine (sodium salt)] were similar to those 

influenced by SK-129 at a higher molar ratio (1:2, αS:SK-129) (Supplementary Fig. 9-11). As αS samples α-

helical conformations in the presence of LUVs37-39, we postulated that αS forms an α-helical conformation in the 

presence of SK-129. We utilized circular dichroism (CD) to study the interaction of αS with SK-129. The 

conformation of 35 μM αS transitioned from random coil to β-sheet in 7 days (Fig. 2f); however, the conformation 

of αS switched from random coil to α-helix and stayed in the same conformation in the presence of SK-129 at an 

equimolar ratio(Fig. 2g). We posit that the antagonist activity of SK-129 against αS aggregation is a consequence 

of the direct interaction with the N-terminus and the induction or stabilization of an α-helical conformation in αS. 

SK-129 behaved similarly under lipid catalyzed αS aggregation. SK-129 was a potent antagonist of LUVs 
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catalyzed αS aggregation (Supplementary Fig. 2a). The CD spectra of 30 μM αS switched from an α-helix to a β-

sheet conformation via an α-helical conformation in the presence of LUVs (375 μM, 100 nm, DOPS, 

Supplementary Fig. 12a)37,39,40. In marked contrast, αS remained in an α-helix conformation in the presence of 

LUVs and SK-129 at an equimolar ratio (Supplementary Fig. 12b). However, there was a decrease in the CD 

intensity of α-helix upon the addition of SK-129, which suggests that SK-129 might be competing against the 

lipid membrane for αS (Supplementary Fig. 12b). We surmise that the inhibition of the membrane-catalyzed 

oligomerization/aggregation of αS might be a consequence of the competition of αS between LUVs and SK-129.  

We utilized HSQC NMR to monitor the effect of SK-129 on LUVs associated αS. SK-129 (70 μM) was added to 

the complex of 15N αS:LUVs (70 μM: 875 µM) and the intensity changes were compared with the αS:SK-129 

complex (Supplementary Fig. 13). The NMR spectrum was a combination of αS-SK-129 and αS-LUVs 

complexes, which suggests an interchange of αS between SK-129 and LUVs (Supplementary Fig. 13). 

Collectively, our results suggest that SK-129 is inhibiting αS aggregation by partially competing with LUVs via 

transient interactions with αS and without completely displacing αS from LUVs. 

 To further confirm the binding sites of SK-129 on αS, we carried out a mutation study by systematically removing 

residues 6-12, 15-23, 36-45, or 48-53 from WT αS denoted as αS1, αS2, αS3, and αS4, respectively (Fig. 3a and 

Supplementary Fig. 14-15). The FP-based binding affinity of SK-129F for αS1 and αS2 mutants was 3-4 fold 

weaker (than WT αS) and very weak for both αS3 (~8 fold) and αS4 mutants (>10 fold, Fig. 3b-e). We posit that 

SK-129 has multiple binding sites on αS with varying binding affinities or that the main binding site spans 

residues 36-53, and the intensity change of residues 6-12 and 15-23 is a consequence of the conformational switch 

in αS.  

αS sequences essential for de novo and seed-catalyzed aggregation. SK-129 inhibits aggregation by interacting 

with four αS sequences; therefore, we hypothesize that these sequences might be essential to initiate αS 

aggregation. Therefore, we investigated the effect of these sequences on αS aggregation. Mutants αS3 and αS4 

did not aggregate under our conditions via ThT and TEM (Fig. 3a,i,j,n,o and Supplementary Fig. 16), and their 

CD spectra were random coil (Fig. 3s,t). Mutants αS1 and αS2 aggregated with t50’s 3-4 fold higher than WT αS 

(Fig. 3a,f,g and Supplementary Fig. 16). The morphology of αS1 fibers was similar to WT αS (Fig. 3l); however, 

αS2 fibers were amorphous (Fig. 3l). Both WT αS and αS1 sampled β-sheet conformation (Fig. 3p,q); however, 

αS2 did not have the characteristics of a β-sheet conformation (Fig. 3r).  

We also investigated the role of these αS sequences on the seed-catalyzed aggregation of αS. The WT αS seeds 

(10% monomer concentration) accelerated 100 μM αS aggregation by decreasing the t50  of WT αS (28.3±2.2 h), 

αS1 (84.1±3.6 h), αS2 (72.1±3.4 h) to WT αS (8.9±0.2 h), αS1 (14.0±0.6 h), αS2 (21.6±0.7 h) (Fig. 3u-y and 

Supplementary Fig. 17). The αS seeds did not template and aggregated mutants αS3 and αS4 (Fig. 3x,y and 

Supplementary Fig. 17), which suggests that the deleted sequences in αS3 and αS4 might be involved in seed 
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catalyzed aggregation. SK-129 wholly suppressed the seed-catalyzed aggregation of WT αS, αS1 and αS2 (Fig. 

3u-w and Supplementary Fig. 17) at an equimolar ratio. These experiments show that the sequences affected by 

SK-129 are important for αS aggregation. 

The seed-catalyzed aggregation of αS conceptually mimics the prion-like spread of αS seeds, a phenomenon in 

which αS seeds enable the rapid conversion of functional and soluble αS into insoluble fibrils 41-48. An in vitro 

model of the prion-like spread of αS has been recapitulated in the protein misfolding cyclic amplification (PMCA) 

technique 49-51. In the PMCA assay, αS fibers are amplified for five cycles using αS monomer and seeds from the 

previous cycle. Additionally, αS seed polymorphs from different sources differ in mediating PD phenotypes, 

which is a consequence of the prion-like spread through infection pathways51-53. Therefore, we utilized two αS 

seed polymorphs, including recombinant αS seeds and αS seeds extracted from the substantia nigra of a PD brain 

and a control brain (post mortem condition) and used them in the PMCA assay (Fig. 4a). The Lewy bodies 

(LBs)/αS aggregates in the substantia nigra of the PD brain were confirmed using immunostaining (bluish/black, 

black arrows) and TEM (Fig. 4c,e). We did not observe LBs in the control brain (Fig. 4b,d). The PMCA assay 

sample (cycle 5) of the control brain extract was neither effective in seeding nor PK (proteinase K) resistant (Fig. 

4f). However, the sample (cycle 5) from the PD brain was effective in seeding and was PK resistant (Fig. 4f). The 

sample was also effective at templating αS-A53T-YFP monomer into inclusions in HEK cells (Fig. 4i,k). The 

inclusions and toxicity increased gradually up to four days in the presence of the seeds from PD brain sample 

(Fig. 4i,k,l). Under the biological condition used, the control HEK cells were healthy up to 4 days and therefore, 

we decide to restrict our study up to four days.  

Effect of SK-129 on the prion-like spread of αS seeds in an ex vivo PD model. We next investigated the effect 

of SK-129 at preventing seed-catalyzed aggregation from PD brain samples. The sample (cycle 5) of PD brain 

extract in the presence of SK-129 was neither aggregated nor PK resistant (Fig. 4a). Also, we observed a lower 

number of inclusions and improved cell viability for up to four days (Fig. 4j-l). We observed similar behavior of 

the PMCA sample (cycle 5) from recombinant αS seeds in the absence and presence of SK-129 at an equimolar 

ratio (Supplementary Fig. 18). The PMCA assay for recombinant protein leads to an abundance of αS fibers 

(Cycle 5), confirmed with high ThT signal, TEM image, PK resistance, inclusions and toxicity in HEK cells 

(Supplementary Fig. 18). In contrast, there was no formation of αS fibers for the PMCA assay (Cycle 5) in the 

presence of SK-129 as confirmed by ThT intensity, TEM image, PK cleavage, very low number of inclusions and 

rescue of toxicity in HEK cells (Supplementary Fig. 18).   

To further confirm the effect of SK-129 on the formation of LBs and on the prion-like spread of αS seeds in the 

presence of the PD brain extract, we employed a more physiologically relevant model based on the primary rat 

hippocampal neurons. Using primary hippocampal neurons, an αS aggregation-based seeding model has been 

recently developed that recapitulates the key events of aggregation, seeding, and maturation of inclusions that 
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mimic the bona fide LBs48. We incubated PMCA samples (cycle 5) of brain extracts in the absence and presence 

of SK-129 in primary hippocampal neurons for 21 days, a reported timeline to form matured LBs48. The neurons 

treated with PD sample (Fig. 4m) were stained positive for LBs biomarkers, including αS-pS-129 (phosphorylated 

residue 129) (red color) and ThS, a dye that specifically binds protein aggregates (blue color, Fig. 4m)54, p62 

(autophagosome vesicles) and TOM20 (mitochondria) (Fig. 4m)48. The data suggest that αS inclusions recruit 

and sequester various organelles, proteins, and membranous structures45,48,55-56. We did not observe any 

colocalization of αS-pS-129 with p62 and TOM20 when neurons were treated with PD sample in the presence of 

SK-129 (Fig. 4m, +PD+SK-129). Also, no staining of  αS-pS-129 was observed with ThS (Fig. 4m). Using lactate 

dehydrogenase (LDH) release assay, we observed very high neurotoxicity (~8-fold higher than control) in primary 

neurons in the presence of PD sample; however, no toxicity was observed in the presence of PD sample treated 

with SK-129 (Fig. 4n).  

Effect of SK-129 on αS aggregation mediated PD phenotypes in an in vivo model. The antagonist activity of 

SK-129 against αS aggregation was tested in vivo using a C elegans-based PD model (NL5901). The ability of 

SK-129 to efficiently permeate cell membranes was confirmed by the parallel artificial membrane permeation 

assay (Fig. 5a) and confocal microscopy (using SK-129F, Fig. 5b). The NL5901 strain expresses WT αS-YFP in 

the body wall muscle cells49,57 and PD phenotypic readouts include a gradual increase in inclusions (αS-YFP) in 

body wall muscle cells and a decline in motility during aging (Fig. 5c,e,f)49,57. The NL5901 strain was treated 

with 15 μM SK-129 at the larval stage and incubated with and without SK-129 for nine days. The inclusions (αS-

YFP) were counted manually using confocal microscopy. We observed a high number of inclusions (~33 

inclusions/C elegans) (Fig. 5c,e and Movie S1); however, there was a substantial decline in inclusions in the 

presence of SK-129 (~8-9 inclusions/C elegans) (Fig. 5d,e and Movie S2), suggesting that SK-129 permeates the 

body wall muscle cell membrane and inhibits αS aggregation (Fig. 5d,e). The motility rate of the NL5901 strain 

decreases during the aging process as a consequence of αS inclusions. We utilized a newly developed 

WMicroTracker ARENA plate reader to measure the locomotion (overall activity counts) of NL5901 in the 

absence and presence of SK-12958,59. The overall activity of NL5901 displayed a gradual decline in the activity 

in comparison to the WT model of C elegans (N2) (Fig. 5f and Supplementary Fig. 19); however, NL5901 treated 

with 15 µM SK-129 at the larval stage resulted in a significant improvement in the overall activity (Fig. 5f and 

Supplementary Fig. 19). The overall activity of NL590 treated with SK-129 was closer to N2 (Fig. 5f and 

Supplementary Fig. 19). 

Effect of SK-129 on the intracellular prion-like spread of αS seeds. SK-129 was potent in inhibiting in vitro 

prion-like spread of αS seeds. We developed a novel assay to test the antagonist activity of SK-129 in an 

intracellular prion-like spread model of αS using HEK cells. First, we assessed the total time required by αS seeds 

for the internalization into HEK cells. The HEK cells (expressing αS-A53T-YFP) were exposed to αS seeds (0.125 

µM) extracted from PD brain for various time points (0.5, 4, 8, 12, and 24 h), washed the cells, and incubated for 
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a total of 24 h. The formation of αS inclusions was noticeable within 4 h treatment of cells with αS seeds and 

inclusions were comparable (~20 inclusions/100 cells) in the case of 8,12, and 24 h treatment of cells (Fig. 5h,i), 

which suggests that αS seeds were completely internalized in cells within 8 h. The antagonist activity of SK-129 

against the intracellular prion-like spread was measured using the HEK cells treated with αS seeds for 8 h. SK-

129 (10 µM) was added to HEK cells that were already treated with αS seeds (0.125 µM) for 8 h, followed by the 

incubation for an additional 16 h (total 24 h) (Fig. 5j). There was an abundance of inclusions in the absence of 

SK-129 after 24 h (~19 inclusions/100 cells, Fig. 5i); however, a low number of inclusions (~1-2 inclusions/100 

cells) were observed in the presence of SK-129 (Fig. 5j). We also observed a gradual increase in inclusions and 

cytotoxicity in the presence of αS seeds for up to 4 days. However, in the presence of SK-129, a low number of 

inclusions was observed for up to 4 days (2-3 inclusions/100 cells, Fig. 5j), and the cell viability was improved 

significantly up to four days (Fig. 5k). Therefore, we conclude that SK-129 is a potent inhibitor of the intracellular 

de novo αS aggregation and the prion-like spread of αS seeds.   
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DISCUSSION 

αS aggregation is one of the causal agents in PD pathologies, making it an enticing therapeutic target. However, 

the atomic-level understanding of the sequences that initiate αS aggregation is limited; therefore, strategies that 

identify aggregation-prone αS sequences could have significant therapeutic implications in the treatment of PD. 

We used OQs as a multipronged approach to investigate αS aggregation on a molecular level and to identify novel 

targets that are essential for the initiation of αS aggregation.  

The study led to the identification of SK-129 as a potent inhibitor of αS aggregation under both in vitro and in 

vivo PD models. The data suggest that SK-129 stabilizes αS in an amyloid incompetent helical conformation by 

specifically interacting with distinct αS sequences. Deletion of these sequences completely abolished the de novo 

and seed-catalyzed aggregation of αS. We postulate that the identified αS sequences are essential to initiate the 

aggregation and could be considered as novel therapeutic targets for the potent inhibition of αS aggregation. In 

groundbreaking findings, Eisenberg13 and Radford12 groups have identified αS sequences that initiate aggregation 

and they are in close proximity to the αS sequences identified from our study. More importantly, we have also 

validated these αS sequences by targeting them with foldamers, which led to the complete inhibition of αS 

aggregation and rescue of PD phenotypes in vivo and in vitro models. Our data suggest that the aggregation-prone 

αS sequences are potentially sampling helical conformation during αS aggregation; therefore, the design of helical 

mimetics complementing the chemical fingerprints of the helical conformation of αS sequences could lead to 

effective antagonism of αS aggregation and rescue of PD phenotypes.  

We demonstrated that αS sequences that initiate de novo αS aggregation are important for the seed-catalyzed 

aggregation, which mimics the prion-like spread of αS. The prion-like spread requires the interaction of αS fibers 

with αS monomers to accelerate and propagate the aggregation. We surmise that SK-129 modulates αS monomer 

into fiber-incompetent conformation, which consequently prevents the prion-like spread of αS. We also developed 

a novel intracellular prion-like spread model of αS seeds (extracted from a PD brain). SK-129 was very effective 

in inhibiting the intracellular prion-like spread of αS seeds. 

Our atomic-level study suggests that SK-129 regulates αS aggregation by binding to N-terminal sequences of αS, 

which are in close vicinity to the binding sites of molecular chaperones (Fig. 2, secB)60. Our NMR and CD data 

suggest that SK-129 regulates αS aggregation by shifting the equilibrium toward soluble and potentially 

functional αS, similar to molecular chaperones. The chaperones have been shown to interact with the N-terminal 

region of αS and shift the conformational equilibrium towards the functional αS to maintain the cellular 

homeostatic balance 60. The modulation of αS aggregation by affibody61 and molecular chaperones60 could be an 

attractive therapeutic intervention for PD; however, proteins/peptides are limited with poor cell permeability and 

poor enzymatic and conformational stability in biological milieus. SK-129 has demonstrated chaperone/affibody-

like ability to manipulate αS aggregation as well as good pharmaceutical properties. More importantly, the side 
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chains on SK-129 based scaffold can be conveniently manipulated without disturbing its overall conformation for 

further optimization of activity, which is often challenging with proteins/peptides.  

To the best of our knowledge, this is the first report that simultaneously led to the identification and validation of 

the chemical fingerprints of key sequences, which initiate αS aggregation and the targeting of these sequences 

completely abolishes αS aggregation.  
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METHODS 

The methods and the supporting information sections include (1) protein expression (WT αS and mutants); (2) 

synthetic protocol and characterization of novel OQs, including SK-129F; (3) HSQC NMR’s between αS and SK-

129 and LUVs; (4) the mutation study, including fluorescence polarization titrations between αS mutants and SK-

129, ThT aggregation assays, TEMs, and seed-catalyzed aggregation of αS mutants; (5) HEK cells based seed 

catalyzed intracellular aggregation and toxicity assays; (6) extraction of αS seeds from the substantia nigra of the 

PD brain; (7) locomotion and confocal microscopy-based experiments to assess PD phenotypic readouts in C 

elegans PD model in the absence and presence of SK-129; (8) movie of the confocal images (3 D stack) of the 

NL5901 strain in the absence (Movie S1) and presence of SK-129 (Movie S2); and (8) all in vitro and in vivo 

studies presented in the manuscript.  
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Fig. 1. Characterization of the antagonist activity of SK-129 against αS aggregation. The chemical (a) and crystal 

(b) structures of OQs and surface functionalities. c, Chemical structure of SK-129. d, The aggregation profile of 

100 µM αS in the absence and presence of SK-129 at the indicated molar ratios. e, The chemical structures and 

antagonist activities (f) of 100 μM SK-129 derivatives against 100 μM αS aggregation. g, The FP titration curve 

to determine the binding affinity between 10 μM SK-129F and αS. h, The statistical analysis of the relative 

viability of SH-SY5Y cells in the presence of 10 μM αS and the αS-SK-129 complex at the indicated molar ratios. 

i, Confocal images of HEK cells treated with the indicated conditions. Inclusions=white arrows, Hoechst (blue), 

merge = Hoechst and αSA53T-YFP. j, The Flow cytometry analysis of HEK cells treated with the indicated 

conditions. The x-axis represents αSA53T-YFP aggregates containing cells stained with ProteoStat dye. k, A and 

B represent relative % of HEK cells without and with αSA53T-YFP aggregates, respectively. l, The number of 

inclusions in HEK cells observed for the indicated conditions. The relative intensity of ProteoStat-stained 

aggregates (m) and relative viability (n) of HEK cells under the indicated conditions. Statistical significance, one-

way analysis of variance (ANOVA) with Tukey’s multiple comparison test. *p<0.05, **p<0.01, ***p<0.001. 
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Fig. 2. Structural characterization of the binding interaction between SK-129 and αS. a-d, Overlay of two-

dimensional HSQC (1H, 15N) NMR spectra of 70 µM uniformly 15N-labelled αS in the absence (black) and 

presence (yellow) of SK-129 at an equimolar ratio. The largest attenuation in the volume of the backbone amide 

residue NMR signals are highlighted and assigned, which includes αS segments from 6-12 (a), 15-23 (b), 36-45 

(c), and 48-53 (d). The change in the volume of amide backbone residue peaks of αS was compared between SK-

129 and a molecular chaperone SecB (*, red) and the pronounced changes were observed in segments 6-12 (a) 

and 36-45 (b). e, Graphical presentation of the changes in the chemical shifts of the backbone amide residue peaks 

of 15N-labelled αS (70 µM) in the presence of SK-129 at an equimolar ratio. The colored sequences are the 

potential binding sites of SK-129 on αS. CD-based characterization of the aggregation kinetics of 35 µM αS in 

the absence (f) and presence (g) of SK-129 at an equimolar ratio. The spectra were recorded for 7 days.  
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Fig. 3. SK-129-based mutation study to delineate the role of αS sequences in aggregation. a, A schematic of the 

design of αS variants where “x” represents the deleted sequence from the WT αS. b-e, The fits for the FP titrations 

to determine the binding affinities between 10 µM SK-129F and αS variants (inset). f-j, ThT fluorescence-based 

aggregation kinetic profiles of 100 µM αS variants in the absence (closed circle) and presence (open circle) of 

SK-129 at an equimolar ratio. The circles represent the average ThT intensity of three different experiments. k-

o, TEM images of αS variants (100 µM) after aggregated them for seven days. p-t, CD spectra of monomeric 

(light color) and the aggregated (dark color) states of αS variants (35 µM). The same aggregated samples of αS 

variants were used for both CD and TEM images. u-y, Aggregation profiles of 100 µM αS variants catalyzed by 

preformed fibers of WT αS (10 µM in monomeric unit) in the absence (close circle) and presence (open circle) 

of SK-129 at an equimolar ratio. The circles represent the average ThT intensity of three different experiments. 

The fluorescence polarization titrations between SK129 and various proteins were conducted at least three times 

and each point in titrations represents the average of three data points. The reported error bars are the s.d.’s for 

multiple sets of experiments conducted on separate occasions. 
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Fig. 4. The assessment of the antagonist activity of SK-129 in ex vivo PD models a, The demographic and clinical 

information of the human brain tissues. Neuromelanin (brown) and αS immunostaining (LBs, bluish/black, black 

arrows, inset) in substantia nigra neurons from control (b) and PD (c) post mortem brain. Degenerating neurons 

and the extracellular neuromelanin debris from dying neurons (red arrows) were also visible. The hollow spaces 

in the PD brain demarcate cell loss. TEM images of the αS seeds extracted from the control (d) and PD brains 

(e). f, The αS stained western blot of the PMCA sample from the fifth cycle of the control and PD brain extracts 

after treatment with PK in the absence and presence of SK-129. Confocal images of HEK cells after treatment 

with control (g), control (h) and PD (i) brain extracts from PMCA sample (fifth cycle) and in the presence of SK-
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129 (j) at an equimolar ratio (j). k, l, Statistical analysis of the number of inclusions (k) and relative viability of 

HEK cells in the presence of PMCA samples (fifth cycle) from PD brain extracts under the indicated conditions. 

m, Confocal imaging of primary neurons treated with PMCA samples (fifth cycle) of control and PD brain extracts 

in the absence and presence of SK-129 at an equimolar ratio for 21 days. The primary neurons were stained with 

various markers, including LB biomarkers (pS129 and p62), mitochondria marker (TOM20), and ThS dye. n, 

Under matched conditions (to m), the neurotoxicity of primary neurons was measured using the LDH assay. 

*p<0.05, **p<0.01, ***p<0.001. 
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Fig. 5. The intracellular inhibition of αS aggregation by SK-129 in PD models. Assessment of cell permeability 

of SK-129 using PAMPA (a) and confocal microscopy (b). Confocal image of SH-SY5Y cells after treatment 

with 100 nM SK-129F for 15 h. Confocal images (c,d) of αS-YFP inclusions (white arrows) in muscle cells of 

NL5901 (Days of adulthood=8 days) in the absence (c) and presence (d) of 15 µM SK-129. e, The number of 

inclusions for experiment ‘c-d’ for NL5901 in the absence and presence of SK-129. f, The locomotion for 14 days 

of adulthood of N2 and NL5901 and statistics (day 8) in the absence and presence of 15 µM SK-129. h, Confocal 

images and number of inclusions (i) of HEK cells incubated with PMCA sample from control and PD brain extract 

for indicated times. The HEK cells were washed after incubating them with the PMCA sample for various 

amounts of time. The number of inclusions (j) and relative viability (k) when HEK cells were incubated with the 

PMCA sample from PD brain extract for 8 h followed by washing, and further incubating cells up to 4 days. 

*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. 
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