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ABSTRACT: The aggregation of α-synuclein (αSyn), a 140-mer protein, has been implicated in the pathogenesis 
of Parkinson’s disease, multiple system atrophy, and dementia with Lewy bodies. KTKEGV pseudo-repeats (KRs) 
in the sequence of Syn are key mediators of its prion-like propagation and neurodegeneration. Despite the 
availability of symptomatic treatments, no current therapy effectively delays disease progression. Here we re-
port a 77-nucleotide RNA aptamer called 1R6, obtained through in vitro selection, that binds with high affinity 
and selectivity to αSyn1-95. 1R6 significantly inhibits αSyn oligomerization and -sheet-rich fibril assembly and 
promotes disaggregation of preformed fibrils. Additionally, 1R6 suppresses αSyn seeding, as determined by a 
FRET-based biosensor-cell assay. Cellular studies reveal that 1R6 co-transfection completely prevents αSyn-in-
duced cytotoxicity. To assess the protective effects of 1R6 in vivo, we use a Drosophila melanogaster model ex-
pressing human αSyn in neurons. Flies fed 1R6 show improved locomotor activity, reduced photoreceptor de-
generation, and decreased αSyn levels in the head. Structural characterization using 1H-15N heteronuclear mul-
tiple quantum correlation nuclear magnetic resonance experiments demonstrates that 1R6 targets KR motifs, a 
finding further supported by in silico simulations. Our findings support further development of RNA aptamers, 
such as 1R6, including evaluation of efficacy, stability, delivery, and immune responses in mammalian systems, 
highlighting their potential as therapeutic candidates for synucleinopathies. 
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1. INTRODUCTION 

Misfolding and aggregation of amyloidogenic proteins 
is associated with several neurodegenerative disorders. 
The primary pathogenic protein in synucleinopathies, 
including Parkinson’s disease (PD), dementia with 
Lewy bodies (DLB), and multiple system atrophy (MSA) 
is α-synuclein (αSyn)1-3. αSyn is the main component of 
Lewy bodies in patients with PD and DLB and glial cy-
toplasmic inclusions in MSA, and its toxic oligomers and 
aggregates are thought to be causative agents of neuro-
pathology in these diseases4. Point mutations in, or 
multiplication of, the SNCA gene encoding αSyn cause 
familial PD5-8. αSyn oligomers cause neurotoxicity, syn-
aptic impairment, mitochondrial dysfunction, endo-
plasmic reticulum stress, neuroinflammation, proteo-
stasis dysregulation, and apoptosis, all of which lead to 
neuronal death9. αSyn aggregation involves formation 
of cross-β structures, typical of amyloid fibrils and an 
enrichment in β-sheet formation has been reported al-
ready in rigid regions of high-order oligomers, before 
fibril formation10,11. The development of αSyn assembly 
modulators is believed to be a promising approach for 
inhibiting the abnormal self-assembly process, pre-
venting the toxicity of αSyn oligomers and aggregates, 
potentially delaying the onset and slowing the progres-
sion of synucleinopathies. 

αSyn is a 140-residue protein mainly located at presyn-
aptic terminals2,12. Its amphipathic N-terminal region 
(residues 1-60) contains ~5.5 of seven imperfect re-
peats, each with a variant of a KTKEGV motif (a.k.a. 
KTKEGV repeat: KR), whereas the hydrophobic middle 
region (residues 61–95, known as the non-amyloid-β 
component (NAC) domain) is critical for the aggrega-
tion process and forms the core of the amyloid fibrils. 
The KR motifs contribute to the self-assembly and neu-
rotoxicity of αSyn13,14, as well as to its interactions with 
phospholipid membranes15-17 (Fig. 1a). Eleven (73%) of 
the 15 Lys residues in αSyn are concentrated in the N-
terminal region, whereas only one is in the NAC region 
and three Lys residues are in the C-terminal region 
(Supplementary Fig. S1). Cryo-electron microscopy has 
revealed the atomic structure of the N-terminal and 
NAC regions in αSyn filaments18. Structure-activity re-
lationship19 and nuclear magnetic resonance (NMR) 
studies14 confirmed the critical role of these domains in 
αSyn aggregation. In contrast, the acidic, proline-rich C-
terminal region (residues 96–140)20 is not part of the 
amyloid core and is prone to cleavage during or after 
aggregation21. C-terminally truncated αSyn is abundant 
in Lewy bodies found in the brain of patients with PD or 
DLB22,23.  

Despite the functional significance of the αSyn N-termi-
nal region, most commercially available anti-αSyn anti-
bodies target the C-terminal region or its phosphory-
lated forms. Consequently, these antibodies may fail to 
detect, or underestimate, αSyn aggregates in patholog-
ical analyses if their epitopes are in regions that are 

cleaved in the aggregates, highlighting the need to de-
velop novel reagents that can specifically recognize the 
N-terminal region to improve diagnostic and therapeu-
tic strategies for synucleinopathies. A recent study us-
ing an antibody against the N-terminus of αSyn 
(A15110D) reported the accumulation of αSyn aggre-
gates in neuronal nuclei in MSA, which were difficult to 
detect using antibodies against pS129-αSyn24. 

Aptamers—single-stranded DNA/RNA oligonucleo-
tides—offer similar binding affinity and specificity to 
antibodies, along with several advantages, such as 
small size, facile chemical synthesis (including large-
scale production), high stability, and low immunogen-
icity25. These characteristics make aptamers attractive 
for molecular recognition including of amyloidogenic 
proteins26. Moreover, RNA aptamers can be expressed 
in target cells, e.g., neurons, creating an in situ inhibitor 
that would inhibit the aggregation and facilitate the 
degradation of amyloidogenic proteins, such as αSyn. 
However, generation of aptamers against amyloido-
genic proteins is difficult because in the amyloid form, 
these proteins inherently bind with high affinity and 
low selectivity to nucleic acids27-30. Thus, to date, only 
three aptamers targeting αSyn have been reported: M5-
1531, recognizing αSyn monomers and oligomers; T-
SO53032, recognizing αSyn oligomers; and F5R1, recog-
nizing αSyn fibrils33, as reviewed by Murakami et al26. 
These aptamers target the aggregated states, yet the ap-
tatopes (akin to antibody epitopes) they recognize have 
not been determined. Here, we detail the development 
of an RNA aptamer, 1R6. We also report that 1R6 miti-
gates αSyn aggregation and cytotoxicity in cellular 
models, explore the structural basis for αSyn recogni-
tion and demonstrate that 1R6 improves motor func-
tion in a Drosophila model of synucleinopathy. 

 

2. RESULTS 

2.1. Characterization of 1R6 as an RNA Aptamer against 
αSyn1-95 

To identify key regions in αSyn contributing to its ag-
gregation that could be attractive for aptamer develop-
ment, we evaluated the sequence of the protein using 
three predictive tools: the Zyggregator score for aggre-
gation propensity34, Rosetta energy for structural sta-
bility35, and CamSol score for solubility36. The results of 
these in silico analyses indicated that the KR motifs, 
clustered within αSyn1-95, are key contributors to the 
self-assembly of αSyn, in agreement with the previous 
reports13,14 (Fig. 1a), leading us to choose αSyn1-95 as 
a target for aptamer selection. This region has been re-
ported previously to aggregate into typical amyloid fi-
brils37. 

In each SELEX round, the refolded RNA pool was incu-
bated with a nitrocellulose membrane spotted with 
200–400 pmole αSyn1-95. Bound RNA was eluted by 
boiling in a detergent-containing buffer, reverse-tran-
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scribed, and amplified by PCR for the next round. Dur-
ing SELEX, selection stringency was increased by 
changing the molar ratio of αSyn1-95 to RNA, achieving 
significant enrichment after six rounds (Fig. 1b). The 
PCR products of the last round (round 6) were deep-se-
quenced, revealing one family (major family-1) and 
several ungrouped sequences (minor family-2 and fam-
ily-3) among the top 20 sequences (Supplementary Fig. 
2a). The MEME Suite analysis showed that the 77-nt se-
quence 1R6, which accounted for 8.3% of the final li-
brary, was selected from family-1 (Fig. 1c). The second-
ary structures of 1R6 were predicted using RNAstruc-
ture (Supplementary Fig. 2b). For 1R6, the conserved 
nucleotides were distributed in the internal stemloop 
(bold in Supplementary Fig. 2a and blue square in Sup-
plementary Fig. 2b). Thus, we selected 1R6 for further 
testing and development. 

To determine the specificity of 1R6 for different αSyn 
regions, dot blotting was performed using several αSyn 
fragments (Fig. 1d). FITC-labeled 1R6 bound to αSyn1-
95, full-length αSyn, and αSyn1-60, but not to αSyn1-13 
or αSyn96-140, and only weakly to αSyn61-140. A 
FITC-labeled monoclonal antibody specific for 
αSyn115-121 was used as a positive control and 
showed binding to αSynX-140, including αSyn61-140, 
αSyn95-140, and αSyn1-140, as expected (Supplemen-
tary Fig. 3). 

To characterize the binding kinetics and binding affin-
ity of 1R6 for αSyn we used BLI. 5'-Biotinylated 1R6 
was immobilized on a streptavidin biosensor and αSyn 
was added into the solution. Stable complexes of 1R6 
with αSyn1-95 formed, exhibiting a dissociation con-
stant (KD) = 11 nM. The affinity for full-length αSyn was 
slightly higher (KD = 8.7 nM) (Fig. 1e, Supplementary 
Table 1). In agreement with the high affinity, the asso-
ciation kinetics (kon) was fast, 8.6 x 104 M−1s−1, whereas 
the dissociation kinetics (koff) was substantially slower, 
1.5 x 10−3 s−1. Similarly, 1R6 demonstrated a high affin-
ity for αSyn1-60 (KD = 32 nM), which contains five KR 
motifs. In contrast, binding of 1R6 to αSyn1-13, 
αSyn61-140, or αSyn95-140, was markedly weaker, in 
agreement with the dot-blot results, suggesting that 
1R6 binds primarily between residues 14-60 in α-syn 
but may bind also in the NAC region due to the similar-
ity among the repeats in the NAC and N-terminal region. 
Notably, 1R6 bound avidly to mouse αSyn, which con-
tains two amino acid substitutions in this region, as well 
as to the familial-PD, human αSyn variants A30P, E46K, 
G51D, A53E, A53T, and A53V, with KD values of 4–12 
nM (Supplementary Fig. 4, Supplementary Table 1), 
suggesting that these minor sequence variations had 
minimal impact on the binding of the aptamer. The af-
finity of 1R6 for αSyn PFFs was 14 times weaker than 
for monomeric αSyn (Fig. 1f) and its affinity for Aβ42 
and tau-441(2N4R) was negligible (Fig. 1g), demon-
strating the aptamer’s selectivity for αSyn in its non-fi-
brillar form. 

 

2.2. 1R6 Inhibits αSyn Assembly In Vitro 

Given the high affinity of 1R6 for αSyn regions im-
portant for aggregation, we asked if the aptamer could 
inhibit the aggregation. Aggregation of amyloidogenic 
proteins, including αSyn, typically follows nucleation-
dependent polymerization dynamics, consisting of nu-
cleation and elongation phases. Protein monomers 
gradually assemble into critical nuclei in the nucleation 
phase. Once nuclei are formed, the elongation phase 
proceeds, during which each nucleus serves as a tem-
plate recruiting additional monomers, resulting in for-
mation of higher-order oligomers and ultimately amy-
loid fibrils38,39. Although thioflavin-T (Th-T) fluores-
cence typically is used to monitor the aggregation reac-
tion, interference of RNA nucleotides with Th-T fluores-
cence40, as reported in previous A studies41, prevents 
using this assay for studying the impact of aptamers. A 
simple solution is to replace Th-T with the related dye 
Th-S, which displays a sigmoidal increase in fluores-
cence reflecting the formation of the cross-β structure 
in amyloid fibrils. αSyn was used immediately after sol-
ubilization without pretreatment. Western blotting 
analysis detected only monomers (Supplementary Fig. 
5a). 100 M αSyn followed this behavior with a half-
maximal fluorescence (t1/2) = 42 h (Fig. 2a) and reached 
a plateau after ~70 h of incubation. Addition of 1R6 in-
hibited the aggregation reaction, as reflected by an ex-
tension of the lag phase, (5 and 10 M; t1/2 = ~52 h) and 
reduction of the final fluorescence, reaching complete 
inhibition at 50 M. Half-maximal inhibition (IC50) was 

achieved at 15 ± 2.0 M (Fig. 2a). 

Morphologic analysis of αSyn in the absence or pres-
ence of 1R6 using TEM showed that αSyn alone formed 
typical long amyloid fibrils, and the addition of 1R6 re-
sulted in dose-dependent inhibition of fibril formation 
(Fig. 2b), in agreement with the Th-S data. 

To evaluate 1R6’s ability to disaggregate PFF, 100 μM 
αSyn was allowed to aggregate for 14 days (Fig. 2c) be-
fore adding 50 μM 1R6 on Day 15, which led to a grad-
ual decrease in Th-S fluorescence, demonstrating that 
1R6 not only inhibited αSyn fibril formation, but also 
dissociated existing fibrils. Immuno-TEM confirmed 
the binding of the aptamer to the fibrils (Fig. 2c). R0 did 
not inhibit αSyn aggregation (Supplementary Fig. 6a) 
or disaggregate αSyn PFF (Supplementary Fig. 6b). 

To further investigate the effect of 1R6 on αSyn assem-
bly, we measured particle hydrodynamic radius using 
DLS and calculated the Z-average, an intensity-
weighted mean diameter often used to characterize na-
noparticle size in solution. On day 1, the main peak was 
at ~10-nm diameter, whereas after incubation for 3 
days, the main species observed had a 1-2 × 103-nm di-
ameter, likely corresponding to amyloid fibrils42, and 
which remained stable up to 7 days (Fig. 2d, solid line). 
In the presence of 1R6, the particle size distribution 
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shifted toward smaller particles at all time points, sug-
gesting inhibition of fibril formation and stabilization of 
smaller-diameter assemblies (Fig. 2d). 

To further assess the oligomer order targeted by 1R6, 
we utilized PICUP43-45. Using this technique, crosslinked 
αSyn fractionated by SDS-PAGE and silver-stained ap-
peared as a range of multiple species, which were re-
solved up to a pentamer and formed a high-molecular-
weight smear at higher orders (Fig. 2e). Densitometric 
analysis revealed that 1R6 treatment attenuated the 
formation of pentamer and higher-order species in a 
dose-dependent manner and concomitantly increased 
the abundance of monomers, dimers, trimers, and te-
tramers (Fig. 2e). 

The assembly of αSyn into high-order oligomers and 
amyloid fibrils is accompanied by the formation of -
sheet-rich structures.10,11 To assess the effect of 1R6 on 
the temporal change in the secondary structure of αSyn 
we used CD spectroscopy. The intensities of the maxi-
mum at ~200 nm and minimum at ~215 nm increased 
when αSyn was incubated alone, indicating a transfor-
mation from a statistical coil into a β-sheet-rich struc-
ture. In contrast, addition of 1R6 decreased those sig-
nals, indicating attenuation of this confirmational tran-
sition, in agreement with the Th-S, TEM, DLS, and PICUP 
results. 

 

2.3. 1R6 Inhibits In Cellulo Seeding of αSyn 

The prion-like, cell-to-cell transmission of αSyn 
through neuronal networks has been a major focus of 
recent research46. A previous study by Herrera-
Vaquero et al.47 demonstrated that αSyn aggregation 
could be seeded by brain extracts from an MSA mouse 
model, using a biosensor-cell assay based on FRET be-
tween CFP and YFP. In this assay, fusion proteins con-
taining the PD-associated A53T-αSyn variant conju-
gated to CFP or YFP are expressed together in HEK293T 
cells48. In-cellulo assembly of αSyn in response to addi-
tion of pre-formed seeds (fragmented αSyn fibrils) can 
be visualized using fluorescence microscopy and quan-
tified by flow cytometry. Bright puncta of αSyn aggre-
gates were observed after incubating the biosensor 
cells with MSA mouse brain extracts for 72 h. Treat-
ment of the seeds with 1R6 eliminated the formation of 
the bright puncta (Fig. 3a). FRET analysis demonstrated 
a marked reduction in the integrated fluorescence, 
which at 5 μM 1R6 was indistinguishable from baseline 
levels in the absence of the seeds (Fig. 3a). 1R6 treat-
ment in the absence of seeds did not affect the fluores-
cence intensity. After incubating αSyn seeds with 1R6 
inside liposomes for 24 h, we examined whether the ag-
gregates remained intact using western blotting (Sup-
plementary Fig. 5b). 1R6 dissociated the aggregates in 
the liposomes, indicating that 1R6 might prevent αSyn 
seeding derived from MSA mice within liposomes be-
fore they fully enter cells. These results show that 1R6 

inhibits αSyn aggregation not only in vitro but also in a 
cellular environment.  

 

2.4. 1R6 Inhibits αSyn-induced Cytotoxicity 

To determine whether 1R6 attenuated αSyn toxicity, 
we used the MTT assay in HEK 293T cells. Although tra-
ditional cytotoxicity assays using exogenous αSyn are 
considered nonphysiological because of αSyn’s pre-
dominant intracellular localization49,50, as discussed 
above, extracellular αSyn oligomers and aggregates can 
trigger abnormal intracellular αSyn assembly, inducing 
toxicity. When αSyn was added exogenously to the cul-
ture medium in a liposome-encapsulated state at 20 M 
and incubated for 72 h, the cell viability decreased by 
~32% (Fig. 3b). This cytotoxicity was reduced signifi-
cantly by 1R6 co-incubated with αSyn in a dose-de-
pendent manner. 1R6 at the maximum concentration 
(80 M) did not affect cell viability. The R0 RNA pool 
had no effect on the cytotoxicity of αSyn tested (Fig. 3b). 
Taken together, these results demonstrate that 1R6 in-
hibits not only αSyn self-assembly in vitro and in cul-
tured cells, but also the cytotoxicity of the assemblies. 

The concentration of αSyn seeds used in the biosensor 
cells was 7 ± 2 μM, whereas, in the MTT assay, to induce 
the mitochondrial dysfunction allowing the measure-
ment, 24 μM of αSyn were used. In addition to the 3.5-
fold higher concentration used in the toxicity experi-
ments, the downstream processes in these experiments 
are more complex than the simple aggregation that 
leads to the FRET signal in the biosensor cells. Inhibi-
tion of mitochondrial activity leads to reduced cell en-
ergetics, formation of reactive oxygen and nitrogen spe-
cies, and damage to proteins, lipids, and nucleic acids. 
Although the relatively simple MTT assay does not 
measure all of these processes directly, because these 
downstream processes in turn further exacerbate the 
mitochondrial damage, it is reasonable that a higher 
concentration of the inhibitor would be needed to 
achieve a meaningful inhibitory effect compared to the 
simple inhibition of aggregation. 

 

2.5. 1R6 Reduces αSyn-induced neurodegeneration and 
motor dysfunction, and extends the lifespan in a Dro-
sophila model of synucleinopathy. 

Given the preventive effects of 1R6 on αSyn aggregation 
and cytotoxicity, we examined its therapeutic potential 
in a Drosophila model expressing one copy of human 
wild-type αSyn and one copy of αSyn harboring an 
S129D pseudo-phosphorylation modification51 in neu-
rons. Neuronal S129D-αSyn expression at the adult 
stage was induced using the GAL4/UAS/gal-80ts system 
with a nSyb-Gal4 driver, which causes expression of the 
mutant gene upon increasing the incubator tempera-
ture from 18℃ to 29℃ (Fig. 4a)52. This enabled us to 
monitor the expression of native and pseudophosphor-
ylated αSyn in adult neurons of living flies and measure 
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the effects of expressing the human protein on fly be-
havior. 

Impaired geotaxis is a behavioral measure reflecting 
neuronal dysfunction that can be assessed using a 
climbing assay53. nSyb-Gal4/Y; UAS-αSynS129D/tub-
gal80ts; UAS-αSynWT/+ flies were treated with 1R6 
mixed in their food starting 3 days after shifting the 
temperature to 29 °C to induce αSyn and S129D-αSyn 
expression, and their climbing ability was subsequently 
recorded on multiple time points until day 24 (Fig. 4b). 
Flies expressing αSyn showed significantly reduced 
climbing ability in an age-dependent manner after day 
19, dropping to < 60% of the level of nSyb-Gal4/Y; tub-
gal80ts/+ control flies. Treatment with 50 M 1R6 res-
cued significantly the decline in climbing ability on days 
19 (from 53% to 76%), 21 (from 13% to 44%), and 23 
(from 9% to 30%) (Fig. 4b, Supplementary Movie 1–10). 
The climbing ability of control flies, which do not ex-
press αSyn, remained nearly unaffected until day23 and 
declined significantly only on Day25 (Supplementary 
Fig. 7). αSyn expression in neurons shortened the flies’ 
median (8%) and maximal (11%) lifespan significantly 
compared to control flies. In contrast, the lifespan of 
1R6-treated flies was extended in a dose-dependent 
manner (Fig. 4c). 

To assess neurodegeneration, we expressed αSyn con-
stitutively in the fly compound eye using the GMR-Gal4 
driver, a system that has been used extensively to char-
acterize fly models of neurodegenerative diseases54. Ex-
pression of αSyn caused disorganization of the omma-
tidia in the fly eyes, decreasing the number of GFP-pos-
itive photoreceptor cells (Fig. 4d). 1R6 treatment en-
hanced fluorescence levels significantly and restored 
ommatidia organization, demonstrating a protective ef-
fect of the aptamer on photoreceptor cells against αSyn-
induced degeneration. 

To investigate whether 1R6 affected soluble αSyn levels 
in the adult fly neurons, we extracted the soluble pro-
tein fraction from fly heads using a Triton X-100 lysis 
buffer and quantified αSyn by ELISA. Detergent-soluble 
αSyn concentrations in UAS-αSyn/tub-gal80ts flies 
ranged between 150 and 200 ng/mL but were reduced 
significantly by 1R6 treatment (Fig. 4e). The soluble 
αSyn generated from 1R6-mediated disassembly of 
αSyn aggregates likely has been further degraded into 
small peptides or amino acids. The insoluble fraction 
also was reduced in the 1R6-treated group (Fig. 4e), im-
plying an overall decrease in total αSyn levels in the fly 
heads. These observations suggest that the rescue of 
the synucleinopathy phenotype by 1R6 was associated 
with facilitating the clearance the toxic protein.  

In view of the selectivity of 1R6 for αSyn compared to 
A and tau in vitro (Fig. 1g), we asked whether this se-
lectivity was preserved in vivo. To address this question, 
we used flies expressing A3-42E3Q, an N-terminal pyro-
glutamylated form of Aβ,55 or tauR406W,56 a mutant form 
of human tau that causes a familial form of frontotem-
poral dementia, using the same expression system. 1R6 

did not recover the declined climbing ability of flies ex-
pressing A3-42E3Q (Supplementary Fig. 8a) or the 
lifespan of these flies (Fig. 4f). Using the GMR-Gal4 
driver on GFP-tagged rhodopsin1 in R1-6 photorecep-
tor cells, A expression caused ommatidia disorganiza-
tion, which was not affected by 1R6 (Fig. 4g, Supple-
mentary Fig. 8b). Similarly, 1R6 had no impact on the 
climbing ability, lifespan, or eye-toxicity phenotype in 
flies expressing tauR406W (Supplementary Fig. S8c, Fig. 
4f, Fig. 4g, and Supplementary Fig. 8d), demonstrating 
that 1R6 is a selective anti-αSyn agent.  

 

2.6. Structural Insight into the αSyn–1R6 contact re-
gions 

Given the therapeutic effect of 1R6 on the pathological 
phenotypes of αSyn-expressing flies, we focused next 
on obtaining structural insight into the molecular inter-
action between the aptamer and αSyn. Two-dimen-
sional NMR measurements were performed using 15N-
labeled αSyn solutions in the absence or presence of 
1R6. 1H-15N crosspeak crowding in the NMR spectra 
prevented assignment of the RNA bases with sufficient 
resolution for obtaining structural information. There-
fore, we took next a reductionist approach in an at-
tempt to identify the most important part of the ap-
tamer. RNAstructure, predicted that the conserved nu-
cleotides within family-1 of the sequences enriched in 
the SELEX process, which are present in 1R6, , a short, 
21-base fragment of 1R6 that we named sh1R6, would 
form a stemloop structure (Fig. 5a, Supplementary Fig. 
2). CD analysis showed that sh1R6, similar to the full-
length 1R6, had minima at 210 and 235 nm and maxima 
at 220 and 270 nm (Fig. 5b), suggesting that the frag-
ment maintained its structure outside the context of the 
full aptamer. The spectra did not change in the presence 
of KCl and LiCl, further supporting a stem-loop struc-
ture in sh1R6, as assessed using CD-NuSS. The struc-
ture contains eight intramolecular base pairs, as in-
ferred from protons observed in 1D 1H NMR57 (Supple-
mentary Fig. 9a). The CD (Fig. 5b) and NMR (Supple-
mentary Fig. 9a) spectra of sh1R6 remained consistent 
throughout the measurements. In the CD spectra, the 
intensity of these peaks in the R0 pool of RNA, which 
was used as a control, was weaker than those in sh1R6 
and 1R6 (Fig. 5b). Thus, we performed NMR experi-
ments using the complex of αSyn with sh1R6 as an ap-
proximation of the binding between the protein and the 
full aptamer. 

Assignment of the chemical shifts of 1H-15N HMQC spec-
tra of 15N-labeled αSyn was done based on previous re-
ports deposited in BMRB (https://bmrb.io/), and was 
further confirmed by a series of standard triple-reso-
nance NMR experiments (Fig. 5c). Titration of up to 13 
equivalents of sh1R6 into the 15N-labeled αSyn solution 
induced chemical shift perturbation of multiple resi-
dues, primarily in the amphipathic N-terminal region. 
Several residues, including V3, F4, M5, L8, S9, K10, H50, 

https://bmrb.io/
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G51, and V52 showed substantial shifts of the corre-
sponding 1H-15N peaks upon interaction with sh1R6. In 
addition, G86, S87, and G93, all of which are small and 
relatively polar residues within the hydrophobic NAC 
region showed dose-dependent shifts. These observa-
tions suggest the presence of three binding sites: 3–10, 
50–52, and 86–93 (Fig. 5d, Supplementary Fig. 9b). In 
contrast, the perturbation in most of the C-terminal res-
idue peaks was minimal. The simulated spectra, gener-
ated as contour plots and three-dimensional (3D) plots 
of V3, M5, and L8 supported the dose-dependent per-
turbation of the chemical shifts corresponding to these 
residues, enabling the estimation of KD values in the mi-
cromolar range (Fig. 5e and Supplementary Fig. 10, 11). 
This KD value did not fully align with the BLI results (Fig. 
1e), likely due to differences in experimental setup, 
such as buffer composition, concentration range, or de-
tection principles. These factors are further addressed 
in the Discussion section. 

Chemical shift perturbations (CSPs) of αSyn titrated by 
sh1R6 identified three interaction sites: at the N-termi-
nus - residues 3–10, in the pre-NAC region – residues 
50–52, and in the NAC region – residues 86–93 (Fig. 5d). 
In addition, cross-peak intensities decreased through-
out a sequence spanning from the N-terminus to resi-
due 100 suggesting that the binding of sh1R6 is medi-
ated primarily by contacts with the three ‘hotspots’ but 
affects the whole N-terminus and NAC regions (Supple-
mentary Fig. 9c). Minimal broadening was detected in 
the C-terminal region, suggesting that this region is not 
involved in binding sh1R6. 

Comparison of the NMR data to the BLI and dot blots 
suggests that at least two of the ‘hot spots’ are required 
for stable binding. Thus, despite the identification of the 
binding sites at residues 3-10 and 86-93, the short frag-
ment αSyn1-13 did not bind 1R6 on its own and the 
longer fragment αSyn61-140 showed weak binding 
(Fig. 1d, e). In contrast, when both the N-terminal and 
pre-NAC regions were present, i.e., in αSyn1-60, 
stronger binding was observed, which was only slightly 
weaker than that of the fragment containing all three 
hot spots, αSyn1-95, or of full-length αSyn. 

Using the structural constraints obtained from the NMR 
experiments, we conducted docking simulations using 
semiflexible, monomeric (PDB code: 1XQ8) or fibrillar 
(PDB code: 2N0A and 6XYO) αSyn with sh1R6 (Fig. 5f, 
see also Supplementary Fig. 12 for a list of all con-
straints) using the program HADDOCK58. It should be 
noted that the NMR structure of full-length αSyn (PDB 
1XQ8) was obtained in the presence of 50 mM SDS, 
which is not a physiological condition. The simulations 
showed sh1R6 was embedded in a groove within resi-
dues 10–74 and 6–32, respectively. These grooves fit 
the binding sites, 3–10 and 30–52, respectively, re-
vealed by NMR. The negative charges of the RNA phos-
phate groups may point away from the assembly sur-
face and can be in close contact with Lys -amino 
groups upon fibril binding (Fig. 5f). sh1R6 exhibited an 

electrostatic anchor to the α-helical region, pointing to-
ward the region K10-V74 in the monomeric structure, 
and toward two regions in the fibrillar structures, K6-
K32 in PDB code 2N0A, and K34-H50 in PDB code 6XYO. 
For reference, the docking results conducted using 1R6 
suggested the possibility of association with the groove 
within residues 10–74 and 6–32 in αSyn1-95 (Supple-
mentary Fig. 13, see also Supplementary Fig. 14 for a 
list of all constraints). The docking results suggest that 
these combinations are structurally compatible with 
KR recognition during 1R6–αSyn interaction. 

The electrostatic landscape inferred from the surface 
charge distribution of the KR region is partly consistent 
with the association of sh1R6 with the Lys-rich groove 
observed in the HADDOCK models, whereas in the 
docking analyses with Aβ42 or tau, no clear interac-
tions with Lys or other residues were apparent (Sup-
plementary Fig. 15 and 16). However, in contrast to the 
NMR-guided docking of αSyn, the docking analyses for 
Aβ42 or tau lacked experimental restraints and should 
be regarded as exploratory. The computational models 
alone may not fully account for the electrostatic basis 
underlying the specificity observed in the binding or fly 
experiments, but the models do support the association 
of the Lys-rich groove with 1R6. 

 

3. DISCUSSION 

In this study, we identified and characterized an RNA 
aptamer, 1R6, that selectively targets the N-terminal 
and central regions of αSyn (αSyn1-95), particularly the 
lysine-rich domain containing the seven KR motifs, 
which plays a critical role in αSyn’s aggregation and 
toxicity59. Truncation of the C-terminal region by 11 to 
37 residues increases the aggregation rate of αSyn60,61, 
supporting the role of αSyn1-95 in the αSyn aggrega-
tion. Recent bioinformatics and NMR studies have iden-
tified the P1 (residues 36–42) and P2 (residues 45–57) 
motifs as master controllers of αSyn assembly14, both of 
which are contained within αSyn1-95. Given that 
αSyn1-95 itself forms typical amyloid fibrils37, it is im-
portant to develop compounds recognizing this region 
and potentially inhibiting its self-assembly. Despite ef-
forts in this direction, including an antibody targeting 
the N-terminus (αSyn1-10)62, such compounds are rel-
atively scarce as most available antibodies have been 
developed against the C-terminal region. Immune-
based therapeutics are advancing into clinical trials63. 
The monoclonal antibody cinpanemab, which targets 
the N-terminal region of αSyn has been explored clini-
cally yet unfortunately, it did not demonstrate clinical 
or imaging efficacy in patients with early PD compared 
with placebo64. Other modalities currently in preclinical 
development include α-helical peptides65, cyclic pep-
tides66, and macrocyclic peptides67. However, the bind-
ing sites for these peptides have not been identified and 
it is not known whether they bind to the N-terminus or 
NAC regions as does aptamer 1R6. 
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Our results demonstrate that 1R6 exhibits nanomolar-
range binding affinity for αSyn1-95 and full-length 
αSyn, inhibits formation of high-molecular-weight oli-
gomers and β-sheet-rich fibrils, and disaggregates pre-
formed fibrils in vitro. In cellulo, 1R6 suppresses αSyn 
seeding activity and cytotoxicity in HEK293T cells. Im-
portantly, in a Drosophila model of synucleinopathy, 
1R6 mixed in the food ameliorates motor dysfunction, 
extends lifespan, and prevents photoreceptor degener-
ation. These protective effects correlate with a reduc-
tion in detergent-soluble αSyn levels in fly heads, sug-
gested that aptamer binding modulates αSyn proteo-
stasis, inhibiting formation of toxic assemblies and fa-
cilitating their clearance. 

CD and 1H-NMR analyses suggest that 1R6 folds into a 
conserved RNA stem-loop structure in the region cor-
responding to sh1R6. The interaction between sh1R6 
and αSyn was observed in 1H-15N HMQC NMR titration 
experiments, where dose-dependent chemical shift 
perturbations were observed in three regions: 3–10, 
50–52, and 86–93. The model of the bound complex, 
generated using HADDOCK docking, suggests that the 
binding is driven by electrostatic interactions between 
the negatively charged phosphate groups in the RNA 
backbone and the positively charged lysine residues in 
KR motifs. These interactions likely contribute to1R6’s 
ability to inhibit the assembly of αSyn into oligomers 
and fibrils. Future high-resolution analyses, e.g., using 
cryo-EM, will help identify the minimal interactions re-
quired for the high affinity and selectivity of the ap-
tamer, allowing optimization for improvement of the 
inhibition efficiency and long-term stability of 1R6. 
Consistent with the NMR data, the aptamer binds to the 
pre-NAC cluster in the monomer structure; however, 
docking results remain hypothesis-generating and re-
quire further 3D structural validation. 

The NMR data suggest that the interaction of 1R6 with 
αSyn may be driven by electrostatic forces between the 
aptamer phosphate groups and the ammonium groups 
of Lys residues. Whereas the binding affinity measured 
via BLI yielded a KD of 8.7–32 nM, the value estimated 
from the NMR titration was in the micromolar range. 
This discrepancy is not unexpected and can be at-
tributed to the inherent differences between the two 
methods, particularly the vast difference in αSyn con-
centration, which in turn determines the aptamer con-
centration needed for binding measurement. BLI 
measures real-time binding kinetics in a surface-immo-
bilized format, whereas NMR monitors solution-based 
chemical environment changes in a dynamic equilib-
rium. Differences in buffer composition also may con-
tribute to the differences in the measured binding affin-
ity. BLI measurements involve ligand immobilization 
on a sensor surface, which can in part restrict confor-
mational freedom and effectively increase the local lig-
and concentration, often resulting in stronger apparent 
affinities. In contrast, NMR titration experiments are 
performed entirely in solution and report on CSPs and 

changes in peak intensities, which typically reflect av-
eraged populations and may emphasize weaker-bind-
ing conformers. Taken together, the apparent discrep-
ancy between the NMR titration and BLI results may re-
flect the different features of the assays used, probing 
dynamically interacting states or highly stable states68-

70. 

The affinity of 1R6 is in the same range as the DNA ap-
tamers F5R1 and F5R233, which target the full-length 
αSyn. Hmila et al. developed another DNA aptamer 
(Apt11) specific for C-terminally truncated αSyn fibrils, 
but not monomers.71 Apt11 binds αSyn fibrils gener-
ated from the truncated forms 1–107, 1–115, 1–122, 
and 1–130, as well as full-length αSyn fibrils. It inhibits 
αSyn-seeded aggregation in vitro, retards αSyn-seeded 
aggregation seeded by brain homogenates from pa-
tients with PD in a real-time quaking-induced conver-
sion assay72, and reduces formation of insoluble, αSyn 
phosphorylated at Ser129 (pS129-αSyn) in HEK293 
cells.71 

Zheng et al. used F5R1 to demonstrate that the use of 
an internalization carrier molecule is effective for 
transporting aptamers to the brain33. F5R1 attached to 
a peptide carrier73 enhanced membrane accessibility, 
inhibited cellular aggregation, and inhibited the cyto-
toxicity of αSyn overexpressed in primary neurons33. A 
follow-up study showed that F5R1 encapsulated in ex-
osomes isolated from HEK293T cells could be delivered 
into mouse brain, where it suppressed αSyn aggrega-
tion in the substantia nigra and rescued motor dysfunc-
tion74. These exciting results demonstrate the thera-
peutic utility of anti-αSyn aptamers and support further 
development of 1R6. Moreover, because 1R6 is an RNA 
aptamer, a potential future therapeutic use is its ex-
pression in the brain following delivery, e.g., using ade-
noviruses, similar to current gene-therapy approaches. 

To demonstrate the specificity of 1R6 in vivo, we gen-
erated Drosophila models that express three prominent 
amyloidogenic proteins, αSyn, Aβ, and tau. These mod-
els can be useful in future studies by other groups who 
wish to test the selectivity of their own candidate com-
pounds targeting any of these proteins. In our study, 
1R6 selectively mitigated climbing defects and photo-
receptor degeneration in the synucleinopathy model, 
but not in the models expressing toxic forms of Aβ or 
tau, highlighting its specificity and therapeutic poten-
tial. Given the growing focus on mixed pathologies aris-
ing from the co-aggregates of amyloids in neurodegen-
erative diseases39,75-77, the models developed here may 
be used also for testing compounds with broader activ-
ity against multiple amyloidogenic proteins. As with 
other biologics, challenges remain in DNA/RNA ap-
tamer drug development, particularly with respect to 
stability, delivery, and immune stimulation25,26. The fly 
experiments do not allow us to unambiguously discern 
whether 1R6 primarily affects aggregation nucleation, 
propagation, or both, although we observed a reduction 
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in total αSyn levels, including both soluble and insolu-
ble fractions, which suggests enhanced clearance as a 
plausible explanation. The Th-S assay showed that 1R6 
both prolonged the lag phase and reduced the rate of 
exponential fibril growth, indicating that in vitro, the 
aptamer interferes with both aggregation nucleation 
and elongation processes. Presumably, similar mecha-
nisms operate in vivo, yet direct evidence is difficult to 
obtain at this stage. 

In conclusion, our study presents the RNA aptamer dis-
rupting its aggregation and associated cytotoxicity. 
These inhibitory effects support the selection of αSyn1-
95 as the SELEX target, as predicted by in silico analysis. 
Notably, 1R6 preferentially binds to αSyn and de-
creases αSyn concentrations selectively compared to 
other amyloidogenic proteins, such as Aβ and tau, both 
in vitro and in vivo. The present results provide a basis 
for the development of nucleic acid–based therapeutics 
against αSyn-related disorders such as PD. Future stud-
ies should explore further the mechanism of action of 
1R6 in vivo, as well as the pharmacokinetics, stability, 
and delivery mechanisms of 1R6 and its derivatives in 
mammalian models. 

 

4. METHODS 

4.1. Selection of RNA Aptamer 

RNA aptamers were selected using systematic evolu-
tion of ligands by exponential enrichment (SELEX)41. A 
DNA library was designed containing a 29-nt random-
ized region (A:T:G:C = 25%:25%:25%:25%) flanked by 
non-random 5'- and 3'-primer regions, and 3-nt thy-
mine linkers between the randomized and primer re-
gions: 5'-TAG AGA TAA TAC GAC TCA CTA TAG GGA 
CGA AGA CCA ACT GAA C -ttt-N29-ttt- GTC CGT GCT GCC 
ACC TTA CTT C-3'. The DNA library and primers were 
purchased from Eurofins (Tokyo, Japan). Polymerase 
chain reaction (PCR) was performed to amplify the li-
brary in 20 cycles, each comprising 10 s at 98 °C for de-
naturing, 30 s at 53 °C for annealing, and 5 s at 72 °C for 
extension using the TaKaRa Ex Taq Hot Start Version kit 
on a TaKaRa PCR thermal cycler dice mini (TaKaRa Bio; 
Shiga, Japan). Double-stranded DNA was purified using 
the NucleoSpin Gel and PCR Clean-up kit (TaKaRa Bio). 
The initial RNA pool (R0) was generated via in-vitro 
transcription using the CUGA7 Kit (Nippon Gene, Tokyo, 
Japan) and purified using FastGene RNA Premium Kit 
and FastGene™ miRNA Enhancer (Nippon Genetics, To-
kyo, Japan). RNA integrity was confirmed by electro-
phoresis on 6% Tris–borate–ethylenediaminetet-
raacetic acid (EDTA)–urea acrylamide gels (Invitrogen; 
Carlsbad, CA, USA) stained with SYBR Green II (TaKaRa 
Bio). In the SELEX or binding assays, RNA was quanti-
fied using a UV BioPhotometer (Eppendorf; Hamburg, 
Germany) or EzDrop 1000C (Blue-Ray Biotech, Tai-
wan). As an experimental control, we used the original 
RNA library before the SELEX enrichment (R0). In this 

library, the RNA pool was created by in vitro transcrip-
tion of scrambled ssDNA and the contribution of the ac-
tive aptamer(s) is infinitesimally small. This is a widely 
accepted practice proposed by McKeague et al.78 

Recombinant, αSyn fragments, including αSyn1-60, 
αSyn1-95, αSyn61-140, and αSyn96-140, full-length 
human αSyn, and full-length mouse αSyn, tau-
441(2N4R), and Aβ42 were purchased from rPeptide 
(Watkinsville, GA, USA). αSyn variants, including A30P, 
E46K, G51D, A53E, A53T, and A53V, were prepared as 
described previously79. αSyn1-13 was purchased from 
Cambridge Research Biochemicals (Cleveland, UK). The 
RNA pool or aptamers were denatured at 90 °C for 10 
min and rapidly renatured on ice for 30 min for refold-
ing before use. 

αSyn1-95 (200–400 pmole) was applied to a nitrocellu-
lose membrane (0.2-μm pore size, Biorad; Hercules, CA, 
USA). The renatured RNA pool was incubated with the 
αSyn1-95-spotted membrane in 200 μL Tris buffer (TB: 
10 mM Tris-HCl, 100 mM KCl, pH 7.5) on a rotator at 
25 °C for 1 h. After washing with TB, the bound RNA was 
denatured in TB containing a detergent (TB-T: 10 mM 
Tris-HCl, 1 mM EDTA, pH 7.5, 0.05% Tween-20) at 90 °C 
for 10 min and collected by ethanol precipitation. Puri-
fied RNA was reverse-transcribed and amplified by PCR. 
The αSyn1-95:RNA molar ratio gradually changed from 
1:1 (round 1) to 2:1 (rounds 2–4), 1:2 (round 5), and 
1:5 (round 6). 

 

4.2. Sequencing of RNA Aptamers and Prediction of Sec-
ondary Structure 

Following bound RNA enrichment and RT-PCR, the Am-
plicon DNA library was prepared using the TruSeq 
Nano DNA Kit (Illumina, San Diego, CA, USA) and ana-
lyzed via next-generation sequencing using No-
vaSeq6000 (Illumina; San Diego, CA, USA) at Macrogen 
Japan Corp. (Tokyo, Japan). The obtained sequences 
were processed using AptaSUITE (https://drivenbyen-
tropy.github.io/) and MEME Suite (https://meme-
suite.org/meme/) for alignment, clustering, classifica-
tion, and local super-motif analysis. RNA secondary-
structure motif prediction was performed using the en-
ergy minimization algorithm of RNAStructure 
(https://rna.urmc.rochester.edu/RNAstructure.html). 

 

4.3. Dot Blotting 

Full-length αSyn or αSyn fragments, each at 100 pmole, 
were applied to a 0.2-μm pore size nitrocellulose mem-
brane (Biorad), and the membrane was blocked using 
Blocking Reagent for Can Get Signal (TOYOBO, Tokyo, 
Japan). After washing, the membrane was probed 
with0.3-μM fluorescein isothiocyanate (FITC)-labeled 
aptamer or 0.5 μg/mL anti-αSyn115-121 antibody 
(clone LB509, lot No. B360970, BioLegend, San Diego, 
Japan) at 25 °C for 1 h. Chemiluminescent imaging was 
performed using LuminoGraph II (ATTO, Tokyo, Japan). 
For aptamer-based detection, the VariRays II apparatus 
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(ATTO) was employed as the epi-illumination light 
source. TB-T was used as a washing buffer. 

 

4.4. Bio-Layer Interferometry (BLI) Measurements 

BLI experiments were conducted at 30 °C with shaking 
at 1,000 rpm using an OctetRED96 (ForteBio; Menlo 
Park, CA, USA)41. RNA aptamers were biotinylated using 
the 5’ EndTag Nucleic Acid Labeling System (Vector) 
with biotin-PEG6-maleimide (TCI) according to the 
manufacturer’s protocol. Biotinylated RNA aptamers 
were immobilized on a streptavidin biosensor and the 
biosensor was rehydrated at 30°C with shaking at 1,000 
rpm in phosphate buffered saline (PBS: 8.1 mM 
Na2HPO4, 1.5 mM KH2PO4, 2.7 mM KCl, 14 mM NaCl, pH 
7.4) for 10 min. The immobilization was accomplished 
using 200 μL of 1 μM biotinylated aptamers in a 96-well 
black plate for 840 s, followed by incubation of the sen-
sor in PBS buffer for 180 s. The binding reaction was 
performed in 200 μL TB containing αSyn concentra-
tions ranging between 200 and 1,600 nM for 180 s. 
Samples without protein were subtracted as back-
ground. The sensorgrams were generally fitted to a 1:1 
binding model contingent on the lower chi-square coef-
ficient, with association rate kon, dissociation rate koff, 
and dissociation constant KD, determined using Data 
Analysis Software (ForteBio). A chi-square coefficient, 
which represents the sum of the squared deviations be-
tween the experimental data and the fitted curve, re-
maining below 3 indicates a good fit80. 

 

4.5. Thioflavin-S (Th-S) Aggregation Assay  

The aggregation of αSyn in the absence or presence of 
RNA aptamers was evaluated using a Th-S (Sigma–Al-
drich) fluorescence assay, as described previously41. 
αSyn and aptamer were dissolved together in RNase-
free water (Nacalai; Kyoto, Japan) at 500 μM each and 
then added to Tris-buffered saline (TBS: 10 mM Tris-
HCl, 100 mM KCl, 100 mM NaCl, pH 7.5) to a final con-
centration of 100 μM for αSyn and 5–50 μM for the ap-
tamer. The mixture was incubated with shaking at 700 
rpm at 37 °C in the presence of polytetrafluoroethylene 
(PTFE) beads (Φ 2.38 mm). For fluorescence measure-
ment, 2.5 μL of the reaction solution was combined with 
250 μL of 5 μM Th-S in 5 mM Gly-NaOH (pH 8.5). 1-mM 
Th-S solution in distilled water was used as a stock so-
lution. These reaction mixtures were frozen and stored 
at −80°C in 96-well black plates (ThermoFisher) at des-
ignated time points. Fluorescence was measured using 
a microplate reader (Varioskan LUX multimode micro-
plate reader; ThermoFisher) at λex = 430 nm and λem = 
485 nm. All values were normalized by subtracting the 
background fluorescence of the buffer of aptamer solu-
tion without αSyn. The resulting fluorescence values af-
ter a 96-h incubation were plotted against concentra-
tion using Prism 9.3.1 (GraphPad; San Diego, CA, USA). 
IC50 values were determined via a nonlinear regression 
analysis. Disaggregation assays were performed by 

treating preformed fibrils (PFFs), and PTFE beads for 
96 h in the presence of 0.5-fold molar excess 1R6 under 
the same measurement conditions. 

 

4.6. Circular Dichroism (CD) Spectroscopy 

CD spectra were measured using a JASCO J-805 spec-
troscopy (JASCO, Tokyo, Japan) with a slight modifica-
tion of a previously described protocol41. For RNA 
measurement, a refolded RNA solution (5 μM, 200 μL) 
in 10 mM Tris-HCl, pH 7.5, containing 100 mM KCl or 
LiCl was loaded into a 1-mm pathlength quartz cell 
(JASCO). For αSyn measurement, 10 μL of a 20 μM αSyn 
solution, incubated in the same manner as for the Th-S 
experiments, was loaded into a microsampling disc 
(JASCO). The CD spectra were recorded at a scanning 
speed of 100 nm/min between 200 and 320 nm for RNA 
and 190–260 nm for αSyn, and buffer spectra were sub-
tracted. The CD-NuSS web server (https://pro-
ject.iith.ac.in/cdnuss/index.html) was used to predict 
the nucleic acid secondary structures from the CD spec-
tral data using machine learning algorithms developed 
for the analysis of protein secondary structural compo-
sition57. 

 

4.7. Transmission Electron Microscopy (TEM) 

The contents of each reaction mixture were examined 
using TEM after the Th-S assay41. For the TEM analysis, 
each solution was centrifuged at 17,900 g for 10 min at 
4 °C and the supernate was removed. The resulting pel-
let was resuspended gently in 100 μL ultrapure water 
using a vortex for 1 min. Fifteen μL of the suspension 
were applied to a 200-mesh carbon–coated copper grid 
(Nisshin EM; Tokyo, Japan), incubated for 5 min, and 
stained twice with 2% uranyl acetate for 1 min. The 
stained samples were analyzed using a JEM-1400 elec-
tron microscope (JEOL, Tokyo, Japan) operating at 100 
kV.  

Immuno-TEM was performed after incubation of the fi-
brils of α-syn or its fragments in the presence of bioti-
nylated 1R6. Grids were prepared as described above 
and incubated with 15 μL of 5 μg/mL anti-biotin anti-
body (GTX124262, lot No. 40597, GeneTex) for 20 min. 
The grids then were washed and incubated with 15 μL 
of 1 μg/mL secondary antibody labeled with 20-nm 
nanogold particles (BBI Solutions) for 10 min before 
being negatively stained with 2% uranyl acetate as de-
scribed above. The stained samples were subjected to 
TEM at 100 kV. 

 

4.8 Dynamic Light Scattering (DLS) 

To evaluate the impact of 1R6 on αSyn oligomer/aggre-
gate size, DLS was performed using Zetasizer Ultra blue 
(Malvern Instruments, Malvern, UK) at 633 nm incident 
wavelength and 174.7° detection angle in the absence 
or presence of 1R6. Ultrapure water was used as the 
dispersant at 298 K, yielding a viscosity of 1.33 cP. For 
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protein, the refractive index was 1.45 and the absorp-
tion was 0.001. The solutions of αSyn in the absence or 
presence of the aptamer were prepared in TBS at a final 
concentration of 60 μM αSyn and/or 20 μM aptamer 
and then incubated at 37 °C with shaking at 700 rpm in 
the presence of PTFE beads (Φ 2.38 mm). Each reaction 
mixture was centrifuged at 20,000 g for 10 min at 20 °C 
and then the supernate was removed and measured in 
triplicate using a disposable plastic microcuvette. The 
resulting scattering values were analyzed using the ZS 
Xplorer software v3.20 (Malvern Instruments) to de-
termine the particle size distribution and Z-average. 

 

4.9. Photo-Induced Crosslinking of Unmodified Pro-
teins (PICUP) Assay 

PICUP uses visible light to generate Ru3+, an oxidizer 
that can abstract an electron from a susceptible protein 
side chain, forming a radical (e.g., Tyr radical) that may 
covalently bind to another side chain intermolecularly 
to form a cross-link. PICUP reactions were performed 
using a slight modification of a previously published 
protocol.81. Briefly, 30 μM αSyn were incubated with 6, 
15, or 30 μM aptamer in PBS for 30 min at room tem-
perature in a final volume of 7 μL in PCR tubes. Then, 1 
μL of 1 mM tris(bipyridyl)ruthenium(II) chloride 
[Ru(bpy)3Cl2] and 1 μL of 20 mM ammonium persulfate 
were added, followed by 1-s irradiation and immediate 
quenching with 2.5 μL of lithium dodecyl sulfate sample 
buffer (Invitrogen) containing 50 mM dithiothreitol. 
Samples were fractionated by electrophoresis on 10% 
Bis-Tris sodium dodecyl sulfate–polyacrylamide gels 
(SDS-PAGE; Invitrogen). Non-crosslinked proteins 
served as controls running as monomers. Protein bands 
were visualized by silver staining (Wako, Osaka, Japan), 
scanned using LuminoGraph II (ATTO, Tokyo, Japan), 
and quantified densitometrically relative to crosslinked 
αSyn alone using CS Analyzer4 (ATTO). 

 

4.10. Förster Resonance Energy Transfer (FRET)-Based 
Biosensor Cell Seeding Assay 

αSyn seeding activity was assessed using FRET flow-cy-
tometry with a slight modification of a previously pub-
lished protocol48. HEK293T biosensor cell lines, stably 
expressing full-length αSyn containing the disease-as-
sociated A53T substitution fused to either cyan fluores-
cent protein (CFP) or yellow fluorescent protein (YFP), 
were a generous gift from Dr. Marc Diamond (Univer-
sity of Texas Southwestern Medical Center, Dallas, TX, 
USA). CFP-only and YFP-only cells were used as con-
trols. Cells were cultured in Dulbecco’s modified Eagle 
medium (DMEM; Gibco) supplemented with 10% fetal 
bovine serum (FBS; Nucleus Biologics), 1% PenStrep 
(Gibco), and 1% GlutaMAX (Gibco) in a humidified in-
cubator at 37 °C with 5% CO2. For the seeding activity 
assay, 30,000 cells/well were seeded in 96-well plates. 
At ~60% confluency (24 h later), seeds containing 20 
μg of total protein from MSA mouse brain extracts47 

were prepared by dilution of soluble-fraction brain-ly-
sate samples in OptiMEM (Gibco), sonication for 5 min, 
and mixing with 8.75 μL OptiMEM +1.25 μL Lipofec-
tamine 2000 (Invitrogen) to a final volume of 
20 μL/well. Seed complexes containing 20 μg total pro-
tein/well were incubated at room temperature for 30 
min before addition to cells. Control cells were incu-
bated with the same solution in the absence of brain ex-
tracts. After 72 h, cells were harvested using TrypLE 
(ThermoFisher), transferred to 96-well round-bottom 
plates, fixed in 4% paraformaldehyde (Electron Micros-
copy Services) in PBS for 10 min, and resuspended in 
flow cytometry buffer (1% FBS, 1 mM EDTA in Hanks’ 
Balanced Salt solution). Fluorescence images were ac-
quired using a BZ-X710 fluorescence microscope 
(Keyence, Osaka, Japan) and analyzed using BZ-X700 
Analyzer software (Keyence). 

FRET flow-cytometry was performed using a BD Biosci-
ences LSR II flow cytometer and FACSDiva software. To 
measure CFP and FRET, cells were excited at 405-nm 
and captured using 405/50-nm and 525/50-nm filters, 
respectively. To measure YFP, cells were excited at 488-
nm and captured using a 525/50-nm filter. CFP spill-
over into YFP and FRET channels was compensated for 
using CFP-only cells. Flow cytometry data were ana-
lyzed using FlowJo v10. To establish the sequential gat-
ing hierarchy, intact cells were first gated to exclude 
cellular debris using a forward scatter area (FSC-A) ver-
sus side scatter area (SSC-A) plot48. Singlet cells were 
then strictly isolated from the cell population using an 
FSC-A versus forward scatter height (FSC-H) plot to ex-
clude doublets and cell aggregates. From this single-cell 
population, the signal within the FRET filter that arises 
from the direct activation of YFP by the 405-nm laser 
was excluded by introducing a “false FRET” gate de-
rived from YFP-only cells. A triangular FRET gate was 
established with lipofectamine-treated only cells, and 
the background FRET signal was set at ~1%. Cells that 
shifted into this gate were FRET+. The integrated FRET 
density was defined as the percentage of FRET+ cells 
multiplied by the median fluorescence intensity and 
standardized by dividing the value of Lipofectamine-
only control cells. For each experiment, 20,000 single 
cells per replicate were analyzed, and each sample was 
examined in triplicate. 

 

4.11. Western Blotting 

αSyn solutions were mixed with 4× LDS sample buffer 
(Invitrogen; Carlsbad, CA, USA) before heating at 70 °C 
for 10 min. The denatured samples were fractionated 
on NuPAGE 10% Bis-Tris gels (ThermoFisher) and the 
proteins transferred to PVDF membranes (0.45-μm 
pore size, Merck Millipore, MA, USA). The membranes 
were blocked using Blocking Reagent for Can Get Signal 
(TOYOBO) and incubated with the anti-αSyn primary 
antibody (ab51252, lot No. GR237394-20, Abcam, 10 
μg/mL). The membranes were washed using TB-T, in-
cubated with anti-rabbit secondary antibody and 
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washed again. Subsequently, blots were developed us-
ing enhanced chemiluminescence (ECL Prime, Cytiva; 
Marlborough, MA, USA) and imaged with Lumino Graph 
II (ATTO; Tokyo, Japan). 

 

4.12. MTT Assay 

HEK293T cells (RCB2202, RIKEN BioResource Center, 
Tsukuba, Japan) maintained in DMEM (Wako) contain-
ing 10% FBS (Sigma–Aldrich) were used to estimate the 
neurotoxicity of liposome-encapsulated αSyn exoge-
nously added to the culture medium, as described pre-
viously with a slight modification82. αSyn, 1R6, or R0 
were dissolved in RNase-free water to create a 20x 
stock solution and diluted in culture medium to the de-
sired concentration. Monomeric αSyn solution contain-
ing PFF seeds (5 μg) was combined with 1R6 or R0 and 
incubated with a transfection reagent (ScreenFect A 
plus; FUJIFILM Wako, Osaka, Japan) for 20 min at room 
temperature. The resulting solution (30 μL) was added 
to the culture medium containing near-confluent cells 
(1 x 104 cells/well) for overnight adaptation. After 60 h 
of incubation at 37 °C, 15 μL/well of Dye solution from 
the CellTiter 96 Non-Radioactive Cell Proliferation As-
say kit (Promega, Madison, WI, USA) was added to the 
cells and incubated for 3 h at 37 °C. The reaction was 
stopped by adding 100 μL/well of solubilization/stop 
solution, and the cell lysate was incubated in the dark 
at room temperature overnight. The absorbance was 
measured at 570 nm using a microplate reader (Vari-
oskan LUX multimode microplate reader; Ther-
moFisher). The results were normalized to vehicle con-
trol (RNase-free water) set as 100% viability. 

 

4.13. Drosophila Experiments  

(1) Construction of Transgenic Drosophila and Admin-
istration of Aptamer 

Flies were maintained in plastic vials (3-cm diameter, 
20-cm height) with standard cornmeal-yeast agar me-
dium at 25 °C in a 12 h light/dark cycle. The nSyb-Gal4, 
pGMR-Gal4, tub-gal80ts, pUAS-mCD8-green fluorescent 
protein (GFP), and P{ninaE.GFP}1 expressing GFP-
tagged rhodopsin1 in R1-6 photoreceptor cells under 
the control of ninaE regulatory sequences was obtained 
from the Bloomington Drosophila Stock Center (Indi-
ana University). Transgenic αSyn flies were generated 
by cloning human αSyn cDNA into the pUAST vector83 
to create a pUAS-αSynWT. A mutant αSyn (αSynS129D), 
with serine replaced by aspartic acid at position 129, 
was inserted into a pUAST vector to produce pUAS-
αSynS129D. BestGene Inc. injected these vectors to gener-
ate the initial strains of w1118; UAS-αSynWT and w1118; 
UAS-αSynS129D. A UAS-tauR406W strain was a generous gift 
from Dr. Feany84, and a UAS-A3–42E3Q strain was de-
scribed previously55. 

To induce neuronal expression of αSyn, A3-42E3Q or 
tauR406W at the adult stage for climbing and life span as-
says, the GAL4/UAS/gal-80ts system was established for 
the following strains: nSyb-Gal4/Y; UAS-αSynS129D/tub-
gal80ts; UAS-αSynWT/+ : nSyb-Gal4/Y; UAS-A3-
42E3Q/tub-gal80ts: nSyb-Gal4/Y; UAS-tauR406W/tub-
gal80ts. These male flies at the age of 4–7 days were 
shifted from 18 °C to 29 °C before the experiment52. For 
the neurodegeneration assay (see below), expression of 
αSyn, A3-42E3Q or tauR406W in compound eyes at the 
adult stage was induced using the following strains: 
pGMR-Gal4, P{ninaE.GFP}1/Y; UAS-αSynS129D/tub-
gal80ts; UASαSynWT/tub-gal80ts : pGMR-Gal4, P{ni-
naE.GFP}1/Y; +/tub-gal80ts; UAS-A3-42E3Q/tub-gal80ts: 
pGMR-Gal4, P{ninaE.GFP}1/Y; UAS-tauR406W/tub-gal80ts; 
+/tub-gal80ts. Control strains included: nSyb-Gal4/Y; 
UAS-mCD8-GFP/tub-gal80ts; +/+: pGMR-Gal4, P{ni-
naE.GFP}1/Y; +/tub-gal80ts; +/tub-gal80ts. The 1R6 ap-
tamer was diluted in 5% sucrose to 5 μM, 25 μM, or 50 
μM, and R0 was used at 50 μM. Adult flies were given ad 
libitum access to filter paper soaked with each reagent 
twice weekly, 2–3 days apart, for 15 h each time85. 

 

(2) Climbing Assay (Locomotor Analysis) 

In the climbing assay (negative geotaxis assay86), 20 
flies were placed in an empty plastic vial. The vial was 
gently tapped to collect all flies at the bottom, and the 
number of flies that climbed 5 cm or more within 10 s 
was recorded. The test was conducted twice with a 15-
s interval, and the average value was used as the meas-
urement result. 

 

(3) Lifespan Assay 

For survival assays, 20 flies per vial were maintained on 
standard medium at 29 °C, transferred to fresh vials 
every 2–3 days, and scored for survival. Each experi-
ment was conducted using at least 80–100 flies of each 
genotype. The results were analyzed using the Kaplan–
Meier method and the log-rank test. 

 

(4) Neurodegeneration Assay 

A 1% agar medium was melted at 100 °C, and anesthe-
tized flies were placed in it when the temperature 
dropped to 65°C. After the agar solidified, water was 
added to immerse the flies. Photoreceptor cell survival 
was examined under fluorescent light using a 60x water 
depth lens and images were captured using a charged-
coupled device camera (Olympus, DP-86)87. The sur-
vival rate was calculated as the ratio of GFP-positive 
cells (photoreceptor cells) to the number of ommatidia 
using the following formula: 

 

Survival rate (%) = (number of GFP-positive cells / 
number of ommatidia x 6) x 100. 
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4.14. ELISA 

Fly heads were homogenized in Triton lysis buffer (50 
mM Tris-HCl, pH 7.4, 1% Triton X-100, 150 mM NaCl, 
and 1 mM EDTA) containing protease and phosphatase 
inhibitor cocktails (Nacalai; Kyoto, Japan) and centri-
fuged at 15,000 g for 20 min at 4 °C to yield Triton-sol-
uble supernates and Triton-insoluble pellets, as de-
scribed previously88. The pellets were then lysed by 
sonication in SDS lysis buffer (50 mM Tris-HCl, pH 7.4, 
2% SDS, 150 mM NaCl). αSyn levels in the soluble and 
insoluble fractions were determined using a human 
αSyn ELISA Kit (catalog # KE00191: ProteinTech, Rose-
mont, IL, USA) according to the manufacturer’s instruc-
tions. The absorbance was measured at 450 nm using a 
microplate reader (Varioskan LUX multimode micro-
plate reader; ThermoFisher). 

 

4.15. NMR Measurement 
1H-15N heteronuclear multiple quantum correlation 
(HMQC) measurements were performed at 288 K using 
a Bruker Avance III 800 MHz spectrometer with TCI 
CryoProbe (Bruker Biospin, Germany). Uniformly 15N-
labeled  Syn prepared according to a standard proto-
col was dissolved at 40 M in PBS containing 5% D2O. 
Refolded aptamer [sh1R6, a short, 21-base fragment of 
1R6, synthesized by FASMAC (Kanagawa, Japan)] was 
added to the Syn solution at 1–13 equivalents. Peaks 
were assigned using data in the Biological Magnetic 
Resonance Data Bank (https://bmrb.io/). The dis-
tances between the 1H-15N cross-peaks of αSyn alone or 
in the presence of different 1R6 concentrations were 
calculated using the Pythagorean theorem. To account 
for the different chemical shift ranges of the nuclei, the 
15N chemical shifts were scaled by a factor of 0.14 rela-
tive to the 1H chemical shifts. Specifically, scaling was 
applied to the 15N shifts, reflecting their larger chemical 
shift range compared to 1H. The combined chemical 
shift perturbation Δδcomb was calculated for quantita-
tive titration using the following equation 
(https://ccpn.ac.uk/manual/v3/Titrations.html): 

 

Δδcomb = √
(ΔδH)2 + (0.14 × ΔδN)2

2
 

 

The NMR titration data were fitted and simulated using 
the TITAN software package (https://nmr-ti-
tan.com/citing.html). 

 

4.16. In Silico Molecular Docking 

The secondary structure of the aptamer was predicted 
using Mfold and modeled with FARFAR2 in Rosetta89. 
The template structures were selected from the ON-
QUADRO database90 based on the sequence similarities 
of the subsequences, which were calculated using an in-
house Python script. The structures with the highest 
scores were docked on αSyn. In its monomeric form, 

αSyn may adopt an α-helical structure, especially when 
bound to membranes, whereas in its aggregated form, 
it forms β-sheet-rich fibrils. Protein Data Bank (PDB) 
entries with long solved regions were selected as fol-
lows: αSyn monomer (PDB code: 1XQ8); αSyn fibril 
structures (PDB codes: 2N0A or 6XYO); A42 fibril 
structures (PDB code: 2NAO and 2MXU). Structural 
models were generated using AlphaFold3 (AF3) (Sup-
plementary Fig. S17). The full-length tau protein se-
quence (441 residues; UniProt: P10636-8, isoform 
2N4R) was used without truncation or modification. 
The highest-ranking model, as determined by the rank-
ing score, was selected for analysis. Model confidence 
was evaluated using per-residue pLDDT values and 
predicted aligned error (PAE). Given the intrinsically 
disordered nature of tau, the model is interpreted qual-
itatively. 

For fibril structures, the first chain was used for dock-
ing. The docking calculations were performed using 
HADDOCK2.4.91. Twenty structures were generated for 
each docking process, and the best-scoring models 
were selected using HADDOCK scores, as the structures 
did not form a single dominant cluster, indicating mul-
tiple plausible docking models. 

 

4.17. Statistical Analysis 

Statistical analysis was performed using Welch’s t-test 
or one-way analysis of variance (ANOVA) followed by 
Dunnett’s or Tukey’s post-hoc test, as appropriate in 
Prism version 9.3.1 (GraphPad).  

 

Data availability 

Unless otherwise stated, all data supporting the results of 
this study can be found in the article, supplementary, and 
source data files. The PDB accession codes used in this 
study are listed below; 
1XQ8 [http://doi.org/10.2210/pdb1XQ8/pdb] 
2N0A [http://doi.org/10.2210/pdb2N0A/pdb] 
6XYO [http://doi.org/10.2210/pdb6XYO/pdb] 
6L1U [http://doi.org/10.2210/pdb6L1U/pdb] 
5OQV [http://doi.org/10.2210/pdb5OQV/pdb] 
6QJH [http://doi.org/10.2210/pdb6QJH/pdb] 
2NAO [http://doi.org/10.2210/pdb2NAO/pdb] 
2MXU [http://doi.org/10.2210/pdb2MXU/pdb] 
The RNA-seq dataset generated in this study has been de-
posited in the NCBI Sequence Read Archive (SRA) under 
BioProject accession number PRJNA1479858. 
This dataset contains raw FASTQ files generated from 
SELEX experiments for α-synuclein-binding RNA ap-
tamers. Following enrichment of bound RNA pools and RT-
PCR amplification, amplicon DNA libraries were prepared 
using the TruSeq Nano DNA Kit (Illumina, San Diego, CA, 
USA). Next-generation sequencing was performed on the 
NovaSeq 6000 platform (Illumina, San Diego, CA, USA) at 
Macrogen Japan Corp. (Tokyo, Japan). The dataset includes 
raw sequencing reads from rounds 0 and 6 of SELEX in 
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compressed FASTQ format, together with accompanying 
metadata. 
Source data are provided with this paper. 
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FIGURE LEGENDS 

Figure 1. Selection of an RNA aptamer against αSyn1-95 
and its binding characterization. a Aggregation and solu-
bility profiles per amino acid in the αSyn sequence derived 
from Zyggregator score for aggregation propensity, Ro-
setta energy for protein structure, and CamSol score for 
water solubility. These profiles indicate that Syn1-95 is 
aggregation-prone and point to a low-solubility region, 
which includes the seven imperfect KTKEGV repeats (KR). 
b UV measurement of SELEX progression. The ratio of 
bound RNA for each round of selection was plotted as a 
percentage of the total RNA used for the corresponding cy-
cle (left y-axis). The ratio of Syn to RNA between 1:2 and 
1:0.25, respectively, is highlighted by the light blue area 
and right y-axis. c Alignment of the selected sequences 
within conserved family-1 (Supplementary Fig. 2) in the 
round-6 library of the Syn1-95 SELEX cycle with the 
count (%) of the final library (18,540,679 reads). For the 
MEME analysis, the p-values represent the one-sided prob-
abilities that an equal or better site would be found in a 
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random sequence of the same length conforming to the 
background letter frequencies. The nucleotides in bold 
correspond to sh1R6. d Dot blots of Syn fragments 
probed by 1R6. An aliquot containing 100 pmole of each 
Syn fragment or full-length Syn was blotted and probed 
with 0.3 M of 1R6. e, f, g BLI sensorgrams and curve fit-
ting of 1R6 as a ligand to (e) Syn fragments or full-length 
Syn, (f) Syn PFF, (g) Aβ42 or tau-441(2N4R) as the an-
alyte at 200 nM (blue), 400 nM (orange), 800 nM (green), 
or 1600 nM (black). As shown in the lower panel of (f), 
PFFs were formed as a white precipitate by incubating 100 
μM Syn1-140 in a buffer containing one PTFE bead (2.38 
mm) in Protein LoBind® Tubes. N.D., not determined. 
Source data are provided as a Source Data file. 

 

Figure 2. 1R6 inhibits Syn oligomerization and aggrega-
tion in vitro. a Th-S assay of Syn aggregation. 100 M 
Syn was incubated in the absence or presence of 5–50 M 
1R6 at 37 °C. The fluorescence values are normalized to 
that of Syn alone at 96 h. b TEM analysis of Syn at the 
end of the Th-S reactions shown in A. Scale bar = 200 nm. 
c Disaggregation of Syn PFFs by 1R6. 100 M PFFs were 
incubated at 37 °C in the absence or presence of 50 M 1R6 
and the reactions were monitored using Th-S fluorescence. 
After 96 h, TEM images of gold-immunolabeled 1R6 were 
observed on the remaining fibrils. Scale bar = 100 nm. The 
red arrowheads and black arrows indicate gold nanoparti-
cles and fibrils, respectively. d DLS analysis of Syn oli-
gomerization. 60 M Syn were incubated in the absence 
(solid line) or presence (dotted line) of 20 M 1R6 at 37 °C. 
The inset shows the Z-average of the particles. Veh = vehi-
cle. e PICUP analysis of Syn oligomerization. PICUP was 
performed using 30 M Syn in the absence or presence of 
6–30 M 1R6. After crosslinking, the products were frac-
tionated by SDS-PAGE and visualized by silver staining in 
the representative blot. The positions of the molecular 
weight markers are shown on the left. The percent abun-
dance of N-mers (N = 1–5) was quantified densitometri-
cally in triplicate samples and is shown in a logarithmic 
form. f Secondary structure analysis by CD spectroscopy. 
100 M αSyn were incubated in the absence or presence of 
20 M 1R6 at 37 °C. In panels (a, c, d, e), the data are ex-
pressed as mean   SD (n = 3). P-values were calculated by 
a one-way ANOVA with post-hoc Dunnett test. Source data 
are provided as a Source Data file. 

 

Figure 3. 1R6 inhibits αSyn seeding and cytotoxicity in cell 
culture. a Syn seeding activity tested using FRET-based 
biosensor cells. Left (top), a schematic representation of 
HEK293T cells expressing CFP/YFP-conjugated Syn. 
Cells were transfected with 20 g Syn PFFs in the absence 
or presence of 1–10 M 1R6 mixed with lipofectamine and 
incubated at 37 °C for 72 h. Left (bottom), fluorescence-
microscopy images of unseeded or seeded biosensor cells 
treated with 5 or 10 M 1R6. Scale bar = 100 m. Arrow-
heads indicate puncta. Right, integrated FRET density of 
biosensor cells. Data are expressed as the mean   SD (n = 
3 independent experiments). P-values were calculated by 
one-way ANOVA with post-hoc Dunnett test. b MTT assay 
of Syn-induced cytotoxicity on HEK293T cells. 20 M 

Syn was transfected with 5 g seed and 20~80 M 1R6 
mixed with lipofectamine and incubated for 48 h at 37 °C. 
Data are expressed as the mean   SD (n = 3 independent 
experiments). P-values were calculated determined by 
one-way ANOVA with post-hoc Tukey test. Veh = vehicle, 
R0 = initial RNA pool before selection. Source data are pro-
vided as a Source Data file. 

 

Figure 4. 1R6 rescues motor dysfunction and eye degen-
eration in a Drosophila model of synucleinopathy. a Over-
view of temperature-sensitive αSyn expression in Dro-
sophila using the Gal4/UAS/gal80ts system. Transgene ex-
pression was induced by the neuron-specific nSyb driver 
or eye-specific GMR driver. The introduced genes were 
wild-type αSyn and its mutant form encoding an S129D 
substitution as a phosphorylated mimetic of Ser129, facil-
itating the aggregation and toxicity of αSyn. b Climbing as-
say for motor function of the flies treated with 5–50 M 
1R6 or 50 M R0. Data are expressed as the mean   SD (n 
= 4). c Lifespan analysis of αSyn transgenic flies treated 
with 5–50 M 1R6 or 50 M R0, n = 80 per group. Kaplan–
Meyer curve, log-rank test. d Degeneration test. Left (top), 
representative light microscopic images of the external 
eye morphologies of the flies. Scale bar = 100 m. Left (bot-
tom), representative fluorescence microscopic images of 
GFP-tagged rhodopsin1 in the ommatidia of the flies. Scale 
bar = 4 m. Right, survival rate of R cells estimated from 
the number of GFP-positive cells in the compound eye of 
αSyn flies on Day14. Data are expressed as the mean   SD. 
e ELISA analysis of αSyn using the TB-T-soluble and insol-
uble fractions of fly heads on Day14 or Day21. Data are ex-
pressed as the mean   SD (n = 3). f Lifespan analysis of 
transgenic flies expressing human A or tau and treated 
with 50 M 1R6, n = 100 per group. Kaplan–Meyer curve, 
log-rank test. g Degeneration test. Survival rate of R cells 
estimated from the number of GFP-positive cells in the 
compound eye of flies expressing human A or tau on 
day14. Data are expressed as the mean   SD. Significance 
was determined by one-way ANOVA with post-hoc Sidak 
test (b) or with post-hoc Tukey test (c–g). Veh = vehicle. 
R0 = initial RNA pool before selection. In panels (d) right 
and (g), the number of flies analyzed per group is indicated 
in the bar graphs. Source data are provided as a Source 
Data file. 

 

Figure 5. Structural insight into the recognition of αSyn by 
aptamer 1R6. a The position and sequence of sh1R6 in the 
full-length 1R6. b CD spectra of 5 M 1R6, sh1R6, or R0 in 
the presence of 100 mM KCl (solid line) or LiCl (dotted 
line). c, d NMR titration of αSyn with sh1R6. c HMQC spec-
tra of 40 M αSyn in the presence of 6 or 13 equivalents of 
sh1R6. The affected residues are highlighted in the dotted 
frame and expanded panels. d Chemical shift perturbation 
of αSyn upon the addition of 3, 6, 9, or 13 equivalents of 
sh1R6 was analyzed to determine the association of αSyn 
with sh1R6. Black and gray dotted lines indicate the mean 
and +SD, respectively. The residues whose chemical shifts 
changes exceeded 1/2 of the SD values are indicated in red 
in the inset figure. e Left, simulated spectra of the affected 
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residues V3, M5, and L8, in the expanded area in (c) (dot-
ted square), also shown in Supplementary Fig. 9b. The 1R6 
concentrations are color-coded, increasing from blue 
(low) to pink (high). The open circles indicate the pre-
dicted peak positions for each residue when all proteins 
are bound by RNA. Right, 3D comparison of the simulated 
and observed cross-peaks at V3, M5, and L8 in the pres-
ence of 13 equivalents of sh1R6. f Molecular docking of 
αSyn structures with the modeled sh1R6 generated from 
HADDOCK. The complexes with the lowest energy are 
shown in the contacted (blue) and uncontacted (red) re-
gions. PDB codes of αSyn (1XQ8, 2N0A, and 6XYO) were 
used for docking calculations. The residue number indi-
cates the number of residues from the start and end of the 
contact. Source data are provided as a Source Data file. 
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