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Direct disassembly of α-syn preformed
fibrils into α-syn monomers by an all-D-
peptide
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Marc Sevenich 1,2,3, Ian Gering2, Bettina Kass1,2,3, Madita Vollmer2, Selma Aghabashlou Saisan2,
Markus Tusche2, Tatsiana Kupreichyk 1,2, Thomas Pauly1, Matthias Stoldt1,2, Wolfgang Hoyer 1,2,
Antje Willuweit 3,4, Janine Kutzsche 2, Nils-Alexander Lakomek1,2, Luitgard Nagel-Steger1,
Lothar Gremer 1,2, Gültekin Tamgüney1,2, Jeannine Mohrlüder2 & Dieter Willbold1,2,3

A hallmark of Parkinson’s disease (PD) is the progressive neurodegeneration associated with soluble
oligomeric and fibrillar forms ofmisfolded α-synuclein (α-syn). In this study, all-D-enantiomeric peptide
ligands are presented that bind monomeric α-syn with high affinity, stabilize its physiological
monomeric status, prevent aggregation and dissolve existing aggregates. This “antiprionic”mode of
action directly targets pathogenic aggregated particles. Using mirror-image phage display on
D-enantiomeric full-length α-syn, SVD-1 and SVD-1a were identified, showing a delay of aggregation
and reduction of aggregate formation in both de novo and seeded models. Picomolar KDs were
confirmed by SPR, where a highly dynamic interaction mode was verified by PRE-NMR. SVD-1a also
reduced the toxicity and intracellular seeding of α-syn fibrils in cell culture by disassembling them into
monomers, as confirmed by atomic force microscopy and dynamic light scattering. These results
support SVD-1a as a promising lead compound for the treatment of Parkinson’s disease.

Fibrils consisting of α-syn have been extracted from the brain tissue of
patients suffering from Parkinson’s disease (PD). PD, dementia with
Lewy bodies (DLB) and multiple system atrophy (MSA) are diseases
that are collectively referred to as synucleinopathies, as they are all
characterized by the accumulation of insoluble α-synuclein (α-syn)
aggregates in neuronal cells. The majority of the filamentous propor-
tion of these deposits is composed of the α-syn protein1,2. α-Syn,
encoded by the SNCA gene, is a 140 amino acid, 14.6 kDa, pre-
synaptically located, and intrinsically disordered protein (IDP), which
is thought to be involved in synaptic vesicle trafficking, synaptic plas-
ticity, as well as modulation of neurotransmitter release, including
dopamine3,4. More than insoluble α-syn fibrils, smaller soluble versions
of them, as well as α-syn oligomers, are suspected to be responsible for
the progression of the disease and the spreading of the pathology
through the brain.

On- as well as off-pathway oligomers show a clear negative impact on
many cellular processes, including membrane, proteasome, mitochondria
and ER function, as well as inflammation, autophagy, and synaptic
transmission5–7. In addition, recent insights suggest that aggregated species
of α-syn are able to self-propagate between neuronal cells in a prion-like

manner and, therefore, might be the central factor of the progressive nature
of disease pathology8–11.

In this sense, the most promising mode of action for PD treatment is
the destabilization and direct elimination of the toxic and self-replicating α-
syn species. We have therefore termed such a therapeutic strategy and the
compounds that realize it, “anti-prionic”12. This term stays in analogy to the
term “antibiotic” where elimination of the self-replicating pathological
species is also the desiredmode of action. In contrast to antibiotics, where it
is about killing bacteria by chemical intervention of bacterial enzymes, anti-
prionics need to reverse a thermodynamic equilibrium that favors the for-
mation of α-syn fibrils and oligomers from α-synmonomers (Fig. 1). This is
achieved by compounds that stabilize the IDP conformation of the α-syn
monomer.

The success of this therapeutic strategy against the target amyloid-beta
(Aβ) oligomers for the treatment of Alzheimer’s disease (AD)was previously
demonstrated with the anti-prionic compound RD213–15. RD2 is a 12-aa all-
D-enantiomeric peptide that binds Aβ monomers with high affinity16. This
results in the destabilization and ultimately the disassembly of oligomers into
monomers. This kind of target engagement has been demonstrated in vitro14,
in vivo13 andmost recently, ex vivowithpatient brain-derivedAβoligomers17.
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Moreover, the compoundproved cognitive restorationwhen administered to
AD-micewith full-blown pathology13, while its D-enantiomeric structure and
low molecular weight confer proteolytic stability, high bioavailability and
penetration of the blood–brain barrier14,18,19.

In this study, we demonstrate the realization of the anti-prionic mode
of action for α-syn. The developed all-D-enantiomeric peptides SVD-1 and
SVD-1a bind monomeric α-syn with high affinity, inhibit non-seeded as
well as seeded α-syn aggregation, and most importantly disassemble pre-
formed fibrils (PFF) into monomers with high efficiency.

Results
Selection and optimization of α-synuclein-binding all-D peptides
A phage display selection against the mirror image of full-length α-syn
yielded SVD-1 (Fig. 2) as the most promising all-D-peptide for stabilization
of α-syn monomers (for full description of the phage display and peptide
screening procedure, please see Supplementary Figs. 1–6).

SVD-1a is a derivative of SVD-1 in which D-methionine has been
replaced by D-leucine at position 2 and D-lysine by D-arginine at position 1.
Thesemodifications were introduced to prevent possible alterations of these
residues under physiological conditions, such as oxidation, acetylation, or
phosphorylation, respectively. Five D-arginineswere added at theC-terminal
end to increase the overall solubility and potentialmembrane permeability20.
Taken together, these modifications result in the sequence shown in Fig. 2.

High-affinity binding of SVD-1 and SVD-1a to α-synuclein
monomers
First, we characterized the binding affinities of SVD-1 and SVD-1a to α-syn
monomer. Surfaceplasmonresonance (SPR) experiments allow thedetection
of kinetic values, thereby giving insights into the time dependency of target
recognition and complex rigidity. Prior to measurements, the SVD peptides
were immobilized on a carboxyl dextran matrix surface via amino coupling,
and α-syn was injected as analyte in the concentration range of 30–500 nM
(Fig. 3A). Likewise, a control peptide that had the same amino acid com-
position as SVD-1 but with a random amino acid sequence (SVD-

1_scrambled: ihyawtphtkhmqewe-NH2) was immobilized. As control for
SVD-1a, five arginines were added to the C-terminus of the SVD-1 control
peptide (SVD-1_scrambled+5r: ihyawtphtrhlqewerrrrr-NH2; (Fig. 3B)).

Whenapplying a 1:1Langmuir-based interactionmodel,weobtained a
KD value of 880 pM with a kon of 6.56 × 104M−1 s−1 and a koff of
5.78 × 10−5 s−1 for SVD-1. For SVD-1a, a KD of 100 pM with a kon
3.13 × 105M−1 s−1 and a koff of 3.13 × 10−5 s−1 was identified. However, the
data is not fully explainedby the1:1model,which is evident fromadeviation
of the fits from the data obtained for the later injections, suggesting an
additional low-affinity binding mode in the higher nM range.

Inhibition of α-synuclein seeded and de novo aggregation
The inhibitory effects on amyloid formation were further verified in ThT
assaysunderdenovoaswell as seeded conditionswith several ratios ofα-syn
andSVD-1or SVD-1a (SupplementaryFigs. 8 and9). For seeding assays,we
incubated SVD-1 or SVD-1a together with small α-syn pre-formed fibrils
(PFF) that induce fibril mass growth in the presence of monomeric α-syn.
Toobtainfibril seedswith ahomogeneous size andhigh seedingcapacity,we
started frommaturefibrils and treated themwithharshultrasonication.Any
remaining largerfibrils were removed by ultracentrifugation as described by
Kaufmannet al. 21.This yielded shortfibrilswith ahigh ratio offibril ends per
mass as shown by AFM (Supplementary Fig. 10). Referring to their small
size, we call them “small α-syn PFF seeds” throughout the manuscript. Due
to their high ratio of fibril ends per mass, added monomeric α-syn is very
efficiently and reproducibly elongating the seeds22.

The sequence specificity of the effect was confirmed by comparing the
inhibitory effects of SVD-1andSVD-1awith the respective controlpeptides.
The sequence-randomized control peptides had virtually no inhibitory
effects, clearly suggesting that neither the overall electrostatic charge nor
hydrophilicity was most important, but the amino acid sequence of SVD-1
and SVD-1a (Supplementary Figs. 8 and 9). In contrast to the sequence-
randomized control peptide, SVD-1 confirmed its efficacy by a
concentration-dependent delay of aggregation onset as well as by a reduc-
tion of steady state levels under de novo aggregation conditions. Thus, SVD-

Fig. 1 |Mechanisticmodel of the anti-prionicmode of action realized by the all-D
peptide described in the present work. Anti-prionic all-D-peptides are designed to
stabilize monomers in their intrinsically disordered conformation—symbolized by
circles. This conformation is distinct from the yet unknown, but certainly highly
defined beta-sheet-rich conformation building blocks in oligomers—symbolized by
hexagons. A Qualitative and schematic free energy landscape for the anti-prionic
mode of action. The black line represents the energy landscape in the absence of the
anti-prionic all-D-peptide. Monomer building blocks in oligomers are more stable
than monomers. This allows the formation of oligomers from monomers ther-
modynamically, although there is a kinetic barrier, which is called primary
nucleation and is currently under intensive investigation. Stabilization of the
monomer by the anti-prionic all-D-peptide is lowering the free energy of the
monomer (light green line) when in complex with the all-D-peptide, by the free
binding energy (blue arrow) of the complex. Because in the presence of the anti-

prionic all-D-peptide, the monomer has a lower free energy as compared to the
oligomer, oligomers are disassembled into monomers. BMechanistic model for
disassembly of already existing oligomers from top to bottom: Anti-prionic all-D-
peptides—symbolized by circle segments—approach oligomers. Due to their affi-
nity to α-syn monomers, each all-D-peptide will interact with one of the α-syn
building blocks within the oligomer assembly and thereby pushes its conformation
towards the intrinsically disordered monomer conformation. This is incompatible
with the oligomer assembly and therefore destabilizing the oligomer assembly.
Further destabilization by interaction of additional anti-prionic molecules with
other monomer building blocks ultimately leads to the complete disassembly of the
oligomer into monomers in their intrinsically disordered conformation. Both
molecules remain disordered in this transient complex, which may therefore be
called “fuzzy complex”31. We called this mode of action “anti-prionic”, because it is
ultimately disrupting prion-like behaving aggregates12.
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1 inhibits primary nucleation of α-syn. Also, in contrast to the sequence-
randomized control peptide, SVD-1 was able to significantly decelerate
amyloid growth in the seeded environment. Thus, SVD-1 also inhibits
elongation and secondary nucleation of α-syn. Similar observations were

made for SVD-1a under de novo aggregation conditions, where at twofold
molar excess aggregation was completely inhibited. When SVD-1a was
present in the pre-incubation period with the small α-syn PFF seeds, a
reduction of the elongation rate was observed later during the incubation

Fig. 2 | Natta projection of the D-enantiomeric lead compound SVD-1 and its first optimized derivative SVD-1a.Amino acid residues marked in red were exchanged or
added for improved bioavailability, membrane penetrance and inhibitory effects.

Fig. 3 | Single-cycle kinetic experiment with α-syn and immobilized SVD-1 and
SVD-1a and control peptides. A SVD-1 (left) and SVD-1a (right) were immobilized
on a carboxyl dextran matrix via amino coupling until saturation was reached
(CMD200M, Xantec, GE). α-Syn was injected for 100 s at 30 µl/min in PBS 7.4 in a
serial dilution ranging from 30 to 500 nM, followed by a dissociation time of 60 or
30min, respectively. The experiment was performed as an individual measurement.
The interaction kinetics were fitted with a 1:1 kinetic interaction model: SVD-1: KD:

880 pM, kon: 6.56 × 104M−1 s−1, koff: 5.78 s
−1 × 10−5; SVD-1a: KD: 100 pM, kon:

3.13 × 105 M−1 s−1, koff: 3.13 × 10−5 s−1. The non-referenced signal of the active and
referenced surface is shown in Supplementary Fig. 7. B SVD-1_scrambled (left) and
SVD-1_scrambled+5r (right) were immobilized on a carboxyldextran matrix via
amino coupling until saturationwas reached (CMD200M, Xantec, GE). Full-length α-
syn was injected for 100 s at 30 µl/min in PBS 7.4 in a serial dilution ranging from15 to
250 nM, followed by a dissociation time of 60min. Y-axis scaling was adjusted to (A).
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period with α-syn monomers already at 5 µM SVD-1a. 20 µM or higher
SVD-1a concentrations even led to the complete inhibition of the seeding
capacity. 20 µMof the control peptide, SVD-1_scrambled+5r, did not yield
any inhibitionof seeding, againunderlining the SVD-1a sequence specificity
for the observed effects.

Disassemblyofsmallα-synucleinpre-formedfibril (PFF)seedsby
SVD-1a
It is tempting to speculate that SVD-1a was successfully reducing the
amount of small α-syn PFF seeds during the 20 h pre-incubation period to
explain the reduction of their seeding activity. To investigate this further, we
incubated 100 or 200 nM monomer equivalent purified small α-syn PFF
seeds with increasing concentrations of SVD-1a for 72 h and analyzed the
samples by time-dependent dynamic light scattering (DLS), atomic force
microscopy (AFM), Western blot andMW-based membrane fractionation
(Fig. 4).

Time-dependent DLS measurement (Fig. 4A and B) shows that SVD-
1a progressively eliminates the small α-syn PFF seeds (Fig. 4B, ~26 nm
radius) by disassembling them into monomeric α-syn (Fig. 4B, ~1.6 nm
radius). In contrast, no change in the smallα-synPFFparticle size radiuswas
observed when SVD-1a is absent (Fig. 4A, 26 nm radius). A mono-
exponential fit was identified as the best fit for describing the degradation of
small α-syn PFF seeds tomonomers by SVD-1a (Fig. 4C). Incubation of the
small α-syn PFF seeds with increasing concentrations of SVD-1a (400 and
1600 nM) also resulted in a decrease in small α-syn PFF particle number as
supported by AFM (Fig. 4D). Destabilization of small α-syn PFF and con-
version into monomers is confirmed by a Western blot that specifically
detects α-syn (Fig. 4E). The intensity of higher MW bands, which are
exclusively present in small α-syn PFF samples (comparison to monomer
control), is progressively reduced in presence of higher SVD-1a con-
centrations (see Supplementary Fig. 11 for whole blot image). Accordingly,
MW-based fractionation with 100 kDa MWCO23 followed by ELISA
quantification (Fig. 4F) shows an SVD-1a concentration-dependent
decrease of the α-syn fraction in the retentate—corresponding to small α-
syn PFF—and an increase in the eluate, indicating a destabilization of α-syn
small PFF by stabilization of the α-syn monomers. It is important to note
that incubation of small α-syn PFF seeds with SVD-1a did not lead to
precipitation of these species, but to stabilization of themonomers. Thiswas
demonstrated by measuring the protein concentration in the supernatant
and in the pelleted fraction after centrifugation at different incubation time
points (Supplementary Fig. 12). Moreover, elimination of the small α-syn
seeds by SVD-1a leads to stabilization of the random coil secondary
structure of the pre-existing non-folded α-syn monomer, while in the
absence of the compound, a conversion to beta-sheet absorption spectra
occurs, which is a typical indicator of fibril formation (Supplementary
Fig. 13).

In conclusion, SVD-1a stabilizes monomeric α-syn in its random coil
status and demonstrates its anti-prionic mode of action by disassembling
pre-existing small α-syn PFF seeds into α-syn monomers in a time and
concentration-dependent manner.

Inhibition of intracellular seeding and cytoprotection
To further verify whether SVD-1a is also able to counteract the seeding
potential of soluble α-syn small α-syn PFF seeds in living cells, α-
synA53T–YFP-expressing cells were transfectedwith soluble α-syn small α-
syn PFF seeds together with SVD-1a or a negative-control peptide with
similar molecular weight as SVD-1a but no affinity to monomeric α-syn
(Fig. 5). In the α-synA53T-YFP cell system, human α-syn with the familial
A53T mutation fused to YFP is stably expressed in HEK293T cells and
enables fluorescence-based detection of intracellular aggregation of endo-
genously expressed α-synA53T after seeding with patient-brain extracts
containing PFFs as shown previously24–27 or with small α-syn PFF seeds as
shown here. To avoid interference with the fluorescence-based aggregate
detection, we intentionally did not use fluorescence-labeled SVD-1a or the
control peptide. Another reason was that fluorescent dyes can positively or

negatively interfere with the transfection efficacy and possibly also with the
subcellular localization of the respective peptide.

Seeding with small α-syn PFF seeds in the presence of a negative-
control peptide induced aggregation in 85% of the cells (Fig. 5A, E–G).
We verified that the induced intracellular, yellow-fluorescent aggregates
consist of α-syn by immunofluorescence staining with three different
antibodies recognizing aggregated α-syn, α-syn phosphorylated at serine
129, and total α-syn (Supplementary Fig. 14). When SVD-1a was trans-
fected into the cells, a concentration-dependent reduction of aggregate-
positive cells was observed, resulting in 64% and 57% aggregate-positive
cells using 5 and 25 µM of SVD-1a, respectively (Fig. 5A, H–J). Also, the
viability of PFF-seeded α-synA53T–YFP cells was not significantly
reduced in the presence of any of the two peptides (Supplementary Fig.
15). SVD-1aCys_Alexa647 crosses the membrane without transfection
(Supplementary Fig. 16). These results demonstrate that SVD-1a inhibits
PFF-induced aggregation of α-syn in the intracellular environment
without inducing cytotoxicity.Moreover, in PC12 cells a reduction of PFF
cytotoxicity was verified in the presence of SVD peptides using cell via-
bility assay (Supplementary Fig. 17).

SVD-1a interacts in a highly dynamic interaction mode with dis-
ordered α-synuclein monomers
SVD-1 and SVD-1a have been selected and developed to specifically bind α-
syn monomers in order to stabilize α-syn in its monomeric conformation.
The constant and fast sampling of a large conformational space gives IDPs
the structural plasticity and adaptability to interact with and control mul-
tiple binding partners at the same time. IDPs have very characteristic NMR
spectra.The amideprotonsof theproteinbackboneare solvent-exposed and
not involved in typical secondary structural elements like β-sheets or α-
helices. This and the high mobility of the protein backbone and the side
chains on a very rapid time scale limit the chemical shift dispersion of IDPs
more or less to the time-averaged random coil chemical shifts of the
respective amino acid residues of the protein in aqueous solution. This is the
reason why the amide protons of IDPs have a typical chemical shift dis-
persion of only 0.7 ppm. In contrast, the amide protons of globularly folded
proteins have a chemical shift dispersion of up to 4 ppm, and the individual
chemical shift of the amide proton is dependent on its involvement in a
hydrogen bond and whether its chemical environment contributes more
shielding or de-shielding contributions, both of which are not averaged out
over time as in IDPs28,29.

Next, we wanted to investigate whether SVD-1 and SVD-1a have a
significant impact on the IDPconformation ofα-synmonomers, given their
high affinity based on SPR. The highly dynamic and transient interactions
may, for each amide proton and 15N-nucleus, lead to many different
shielding and de-shielding events in their chemical environment that
become zero when averaged over the NMR time scale. The probability,
however, that each chemical shift change is averaged to exactly zero, is very
low.Thus,we investigated the chemical shift changes upon binding of SVD-
1a to α-syn monomers at the highest available field. Figure 6A shows the
superposition of the 1H-15NHSQCNMR spectra of 25 µM 15N-labeled full-
length α-syn in the absence and presence of 25 µM SVD-1a. Careful and
automated peak analysis revealed that there are indeed small chemical shift
changes that are shown in the α-syn sequence, specifically in Fig. 6C, with
some examples displayed in Fig. 6B. Overall, the chemical shift changes are
very small, with most residues showing significant chemical shift changes
located in theC-terminal region, but also residues in other parts of α-syn are
affected.

To obtain more information about which parts of the α-syn molecule
are involved in the highly dynamic and transient interaction, we applied
paramagnetic relaxation enhancement (PRE) NMR experiments. Such
NMR-PRE data have proven insightful for the study of binding interactions
of amyloid-β recently30.

Residue-specific NMR PREs intensity ratios, Ipara/Idia, were recorded
for 15N-labeled (NMR-visible) α-syn in the presence of SVD-1a, with a
paramagnetic spin-label covalently attached at its C-terminus (Fig. 6D).
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Decrease in intensity ratios points to the proximity of the paramagnetic
spin-label of SVD-1a to the respective residue of α-syn. Indeed, we
observed an overall decrease of intensity ratios, Ipara/Idia, in the spectra
(paramagnetic vs. diamagnetic sample) for practically all residues, in the
order of 15–20% and with an increased reduction for the C-terminal

residues of α-syn (Fig. 6D). Strikingly, this coincides with the residues
showing the “largest” of the very small chemical shift changes (Fig. 6B)
thatweremost prominent in theC-terminal region. In order to investigate
whether SVD-1a has any sequence similarity with parts of α-syn, we
carried out a sequence comparison (Supplementary Fig. 18). Although

Fig. 4 | SVD-1a disassembles small α-syn PFF seeds into α-syn monomers. Small
α-syn PFF seeds were prepared as described previously. 100 or 200 nM monomer
equivalent small α-syn PFF seeds were incubated with or without 400, 500, 1600 nM
SVD-1a for 3 days at 37 °C in PBS pH 7.4. A and B Time-dependent DLS mea-
surements with 200 nMsmall α-syn PFF seeds in the absence (A) and presence (B) of
500 nM SVD-1a. 1 ml sample was continuously measured in a sealed quartz cuvette
at 37 °C under quiescent conditions every 60 s for 72 h in a SpectroSize 300
instrument (XtalConcepts, GE). Data are shown as a radius plot where the signal
amplitude of each particle size is represented by the data point diameter. C One-
phase exponential decay fit of “200 nM PFF+ 500 nM SVD-1a” shown in (B). Fit
was performed for particles in the range of 1–100 nm with an amplitude > 0.2.
Outliers were excluded from fitting using a Q value of 1%. Fitting results:
Span = 23.38 nm, rate constant = 0.132 1/s; half-life = 5.2 h. Fitting was performed
using the “One phase exponential decay” fitting function from GraphPad Prism 10
(GraphPad Software Inc., USA). SVD-1a does not precipitate small α-syn PFF seeds
as demonstrated by protein quantification after centrifugation, shown in Supple-
mentary Fig. 12. D For AFM analysis, small α-syn PFF seeds pretreated with or
without 400 and 1600 nM SVD-1a were incubated and dried on a freshly cleaved
mica surface, followed by washing with ddH2O and drying using a gentle stream of
N2. Analysis was performed using the NanoWizard 3 system (J-1100, JPK BioAFM,
USA), recording multiple surface sections. The sections shown are representative of
the observed species and particle density identified on all surface sections.

E Exemplary Western blot of small α-syn PFF samples incubated with SVD-1a.
200 nM small α-syn PFFs (monomer equivalent) were incubated with increasing
concentrations of SVD-1a for 72 h at 37 °C. PFF and monomer samples that were
incubated without SVD-1a served as controls. α-Syn was detected with the antibody
Syn211. A prominent α-syn monomer band was present at the expected molecular
weight. Below the monomer bands, no further bands were visible. In the upper part
of the blot, above themarker range, PFFswere detected, using a longer exposure time
due to a weaker signal (see Supplementary Fig. 11 for the whole blot image with
different exposure times). F Size-based fractionation by centrifugal concentration
followed by ELISA quantification. 200 nM small α-syn PFF (monomer equivalent)
were incubated with or without SVD-1a together with a 200 nM monomer control
for 72 h at 37 °C. After incubation, the samples were fractioned using a 100 kDa
MWCO centrifugal concentrator (Merck, Microcon DNA Fast Flow 100 MWCO).
α-Syn content of flow through (red) and retentate (blue) was quantified using an α-
syn specific ELISA (BioLegend, Human α-Synuclein (Colorimetric), 448607).
Shown are the fractions of the retentate and flow through as a percentage of the total
concentration identified for each sample. A linear regression line (blue or red dotted
lines) was included for the SVD-1a-treated samples (left) to underline the con-
centration dependency of the SVD-1a treatment effect. The fractions identified for
the α-syn monomer control sample are shown as a bar graph (right). Notably, the
sample treated with 1000 nM SVD-1a shows the same distribution as the monomer
control. Data are shown as mean values with ±SD (n = 3).
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there is a small similarity of SVD-1awith aC-terminal sequence stretch, in
our view, the sequence similarity is not high enough to convince us of its
relevance for the mechanism of interaction. Another argument is that
although the interaction takes place with a slight C-terminal emphasis, it
was shown by chemical shift perturbation and PRE-NMR (Fig. 6) that
SVD-1a is binding along the entire primary sequence of α-syn. The

apparently weak transient interactions with the N-terminal 108 α-syn
residues, as observed by theNMR-PREdata, are in their accumulated sum
effect relevant and impactful. This is indicated by the observation that the
de novo aggregation not only of full-length α-syn is efficiently inhibited by
SVD-1 and SVD-1a, but also that of the C-terminal deletion mutant of α-
syn, α-syn (1–108) (Supplementary Fig. 19).
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The PRE data, together with the absence of large chemical shift
changes, are in line with lowly populated transient binding interactions,
presumably due to an on/off hopping of SVD-1a to α-syn occurring on a
very fast time scale.Hence, the bindingmode is potentially best describedby
an IDP–IDP interaction withmultiple dynamic binding sites, whereas both
partners retain their disordered structure31,32. Such fuzzy complexes have
beendescribedpreviously33–39. In somecases, no chemical shift changeshave
been reported at all33. For several of those cases, NMR paramagnetic
relaxation enhancement (PRE) measurements revealed transient interac-
tions between the protein and the binding partner33–39.

SVD-1a stabilizes α-Syn monomers under strong aggregation-
promoting conditions
To investigate in further detail how this interaction mode functions under
aggregation-promoting conditions, we performed de novo aggregation in
the presence and absence of the peptide and analyzed the endpoint samples
by circular dichroism spectroscopy (CD) and AFM. In addition, at the end
of the incubation period, samples were separated into monomeric and
aggregated fractions using centrifugal membrane filters with a 100 kDa
molecular weight cut-off. These fractions were subsequently analyzed by
SDS–PAGE and α-syn-specific ELISA.

CD secondary structure analysis (Fig. 7B) of replicate samples without
ThT shows that incubation of monomeric α-syn results in a shift from
random coil (Fig. 7B, black line) to beta-sheet (Fig. 7B, blue line) CD
spectrum, typical for α-syn fibrils40,41. However, in the presence of SVD-1a,
while the overall signal is slightly reduced, no spectrum shift towards a beta-
sheet spectrum was observed (Fig. 7B, gray line). In combination with the
ThTmeasurements, theCDmeasurements clearly indicate that themajority
of monomeric α-syn that is present at the start point of incubation is
retained in itsmonomeric random coil formwhen SVD-1a is present and is
only aggregating intoβ-sheet-richfibrils when SVD-1a is not present. These
observations are confirmed by AFM pictures of the samples taken from the
incubation endpoints in the ThT assay (Fig. 7C). Here, the sample without
SVD-1a shows mature fibrils (Fig. 7C, left). The AFM images of samples
containing SVD-1a reveal small particles that are likely artifacts resulting
from the drying process (Fig. 7C, right). However, they clearly do not
contain any fibrils, supporting that SVD-1a was able to inhibit fibril for-
mation as already demonstrated by the ThT experiments. At the end of the
incubation, samples were fractionated using 100 kDa MWCO centrifugal
concentrators in the presence of increasing concentrations of SVD-1a. The
eluate, representing the monomeric α-syn fraction, was quantified via α-
syn-specific ELISA (Fig. 7D). In the pre-incubated control, ~3.7 µM α-syn
was detected in the flow-through. In contrast, the incubated sample without
compound showed a markedly reduced monomer concentration
(~0.3 µM), asmost α-syn had aggregated into species >100 kDa, retained by
the filter. Addition of SVD-1a (5, 10, 20 µM) at the beginning of the incu-
bation resulted in concentration-dependent stabilization of monomeric α-
syn, with 20 µM restoringmonomer levels in the eluate to those of the non-
pre-incubated control (before incubation). SDS–PAGE analysis corrobo-
rated these findings (Fig. 7E). Without SVD-1a, the majority of α-syn

remained in the retentate (Fig. 7E, lane 2). Notably, high-molecular-weight
aggregates (>100 kDa) were not fully monomerized by SDS and heat
treatment and accumulated near the gel pocket (Supplementary Fig. 20).
With increasing SVD-1a concentrations, more α-syn appeared in the eluate
(Fig. 7E, lanes 3–5), while aggregate levels in the retentate decreased. At
20 µM SVD-1a, the aggregate band intensity was substantially diminished,
indicating effective stabilization of monomeric α-syn in the presence of the
compound. These results support the observation of other experiments that
SVD-1a stabilizes α-synuclein in its random coil conformation and inhibits
the formation of β-sheet-rich fibrils.

Discussion
In order to integrate the results shown into a mechanistic model (Fig. 1)
of a therapeutic mode of action, the following considerations are crucial:
only very small chemical shift changes were identified for unbound vs.
bound α-syn, indicating that the presence of the compounds did not
significantly change the overall α-syn conformation. At first glance, this
may seem counterintuitive when compared to the classical
receptor–ligand interaction studies, where one would expect chemical
shift changes for the residues close to the “binding pocket”. However, the
binding mode of IDPs, such as α-syn, may substantially deviate from
such a classical picture42,43. Thus, we carried out NMR experiments with
15N isotope-labeled α-syn and SVD-1a with a paramagnetic label
attached. When applying paramagnetic relaxation enhancements (PRE)
experiments, the PRE-label associated with the peptide decreases the
peak intensities around the binding site. As our PRE measurements
indicate (Fig. 6D), SVD-1a interacts with the entire α-syn monomer,
with the C-terminal part showing the strongest interaction. PRE data
indicate a transient and highly dynamic interaction.

The binding data would be consistent with the following scenario:
SVD-1 and SVD-1a encounter α-syn in various conformations. Each con-
formation of this conformational ensemble is transient and sparsely
populated, with conformations interconverting among each other on fast
time scales. In sum, the accumulated high number of sparsely populated
binding events will result in the observedmacroscopic high-affinity binding
constant. Note that the observed overall binding will not necessarily induce
large chemical shift changes for the individual residues33,34, but leads to the
observed NMR PRE effects. Such interactions have been described before,
e.g., in the modification of histones, where this type of interaction enables
rapid switching between different states31. Although this is also a fuzzy
complex consisting of two IDP interaction partners, a pM KD was deter-
mined for the entire interaction, similar towhatwe observe here for SVD-1a
and α-syn monomer. Also, one has to keep in mind that the extent of
chemical shift perturbation is not a measure of affinity but a measure of
change in the chemical environment of the observed nucleus. The time-
averaged chemical environments of the observed amide groups, however,
aremostly solvent for an IDP, in the absence orpresenceof SVD-1a.This is a
binding mode, which comes closest to the envisioned mode of action for
SVD-1 and SVD-1a, namely to stabilize α-syn monomers in their highly
dynamic and flexible IDP conformation and to protect them from

Fig. 5 | SVD-1a inhibits seeded α-syn aggregation in cells. To validate the inhi-
bitory effect of SVD-1a in cells, we used the α-synA53T–YFP cell system, which
stably expresses human α-syn with the familial A53T mutation fused to YFP in
HEK293T cells and enables fluorescence-based detection of aggregates that show up
as highly fluorescent spots within the cells, clearly above background, intracellularly
after seedingwith small α-syn PFF seeds. In order to avoid interference of the peptide
with the uptake of small α-syn PFF seeds, we performed a two-step transfection
starting with a first transfection of the peptide and a second transfection with PFFs.
SVD-1a but not the negative control peptide (kgvgnleyqlwalegk-NH2) inhibited α-
syn aggregation in αSynA53T–YFP cells in a dose-dependent manner (A). To
quantify the number of cells with aggregates in our images and to avoid experimental
bias, we used a fully automated algorithm for image analysis. Significance was cal-
culated using one-way ANOVA followed by Dunnett’s multiple comparisons test.

One asterisk denotes p values < 0.05 and three asterisks a p value < 0.001. Error bars
indicate standard deviation. In contrast to unseeded cells, which did not harbor any
α-syn aggregates at day 3 after plating (B-D), seeding with soluble α-syn PFFs-
induced aggregation in 85% of cells treated with a negative-control peptide (25 µM)
that does not bind to α-syn (E-G). Treatment with increasing concentrations of
SVD-1a, here imaged at 25 µM, led to a concentration-dependent reduction in the
number of cells with aggregates (H-J). Panels B, E, and H show nuclei stained with
Hoechst 33342. Panels C, F, and I show αSynA53T–YFP fluorescence. Panels
D,G, and J showmerged images. The scale bar in J represents 100 µm and applies to
all panels. The viability of the cells was not reduced by transfection with seeds or in
SVD-1a, as shown in Supplementary Fig. 15. Confirmation that highly fluorescent
aggregates contain α-syn is shown in Supplementary Fig. 14 by co-immunostaining
with syn-211 antibody, anti-α-syn (phospho S129) antibody and 5G4 antibody.
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accumulation into toxic and seeding potent α-syn aggregates. The SPR
results comparing SVD-1a and SVD-1a_scr.+5r (Fig. 3), as well as the
comparison of the same compounds in the seeded assay (Supplementary
Fig. 8), also show that the binding and compound effects are sequence-
specific.However, since the SVD-1a control peptide shows improved effects
compared to the parental sequence SVD-1 in the seeded assay, it is possible

that improved effects are partly due to the mere introduction of additional
positive charge in the form of arginines.

For the majority of the α-syn anti-aggregation compounds that have
beendevelopedover the last years, an essential dogmawas the avoidanceof a
direct interferencewith the physiologicalmonomeric formofα-syn in order
to exclude effects that might influence the physiological function of the
target protein44,45. However, recent studies have shown that the endogenous
catalytic elimination of α-syn aggregates occurs via the binding and stabi-
lization ofmonomer units46. The following data support the conclusion that
SVD-1a also binds to the α-syn monomer, stabilizes it in its IDP-like con-
formation, and keeps it monomeric in its physiological IDP conformation.
Incubation of 25 µM α-syn with 25 µM SVD-1a for 4.8 h at 10 °C for the
NMRexperiments shown inFig. 6Adidnot yield any signs of signal loss due
to precipitation. Similarly, for the PRE NMR experiments (Fig. 6D), the
observed amide cross-peak intensity reduction due to the PRE label inter-
action with α-syn residues was fully rescued upon addition of ascorbate to
quench the PRE label (which was the diamagnetic reference experiment).
Thus, SVD-1a is not sequestering α-syn monomers into any other con-
formation or state. SVD-1a is rather stabilizing α-syn monomers in their
IDP conformation by the free binding energy underlying the high affinity
demonstrated by the SPR measurements (Fig. 3). The strong binding of
SVD-1a to α-syn monomers is not influencing its IDP conformation, sug-
gesting that its physiological role in the cell might not be affected or limited
by SVD-1a. This assumption is further supported by the de novo aggrega-
tion experiments presented in Fig. 7, in which SVD-1a, at a two-fold molar
excess, fully stabilizes monomeric α-syn in its random coil secondary
structure after 7 days of incubation under aggregation-promoting condi-
tions. Figure 1A illustrates why the stabilization of α-syn monomers by the
freebinding energy of SVD-1a is alsodisassembling already existing smallα-
syn PFF seeds (Fig. 1B), just because SVD-1a-bound α-syn monomers are
thermodynamically more stable than the α-syn building block conforma-
tion PFFs. This strongly supports the proposed mode of action of SVD-1a.
Incubation of small α-syn PFF seeds with SVD-1a led to the decrease of
smallα-synPFFparticle size and number as verified byDLS,AFM,Western
Blot and size-based centrifugalmembrane fractionation (Fig. 4).At the same
time, the formation of monomer was detected (Fig. 4B, C, E, F). All these
results support the mechanistic model for SVD-1a’s mode of action as
described in Fig. 1.

Taken together, the small α-syn PFF seed elimination assay as well as
the assays for which small α-syn PFF seeds were used as the pre-formed
aggregate species (cell viability assay, intracellular aggregation assay, seeded
aggregation assay) show that the compounds are able to eliminate solubleα-
syn aggregates independent of their overall structural assembly. This result
appears to be in agreement with the intended anti-prionic mode of action,

Fig. 6 | NMR analysis of 15N-labeled α-syn interacting with SVD-1a (not isotope
labeled). AOverlay of two-dimensional 1H-15NHSQC spectra of 25 µM 15N α-syn in
the presence (red) and absence (black) of an equimolar amount of SVD-1a.
BEnlargement of several resonances in the spectra shown under (A) that show small
chemical changes for residues in the presence (red) relative to the absence (black) of
SVD-1a (130E, 129S 126E, 122N, 119D, 65N); for comparison, resonance 77 V is
shown that does not show any chemical shift change. C Residue-specific absolute
NMR chemical shift changes in the spectra of 15N α-syn in the presence of SVD-1a
relative to the absence of SVD-1a. The standard deviation, σ, as well as the 2-fold
standard deviation, 2σ, of the distribution of observed chemical shift changes are
indicated as dashed lines.DNMRPRE intensity ratios of 15N α-syn in the presence of
the paramagnetically-labeled SVD-1a. Residue-specific intensity ratios, Ipara/Idia, of
the cross-peak intensities in the two-dimensional 1H–15N NMR spectra of the
paramagnetic vs. diamagnetic sample are shown. The lower the intensity ratios, Ipara/
Idia, the closer the proximity of the paramagnetically-labeled SVD-1a to the
respective residue of α-syn. An intensity of one would indicate the absence of
interactions. Data point to a bit more pronounced (transient) binding interaction of
SVD-1a with residues in the C-terminal region of α-syn, as compared to the average
effect on residues in the remaining N-terminal region.
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where the compounds stabilize the physiological IDP-like monomer
structure, thereby destabilizing and disassembling the toxic aggregates. This
allows themode of action to be independent of the specific conformation of
specific toxic aggregate assemblies. The physiological solution structure of
monomeric α-syn remains the same in vitro and in vivo, irrespective of the
localization47. This makes monomeric α-syn a more attractive target, since

thismode of action is independent of the final form of the toxic component,
and thus independent of any prion strain.

These results are a promising starting point for further development of
an all-D-enantiomeric peptide compound that disassembles already existing
aggregates. Since the compounds presented here are predominantly inter-
actingwith thephysiological activemonomeric formofα-syn, future studies
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will also address the preservation of its physiological functionality in pre-
sence of the compounds. In addition, future efforts will deal with the
investigation of the compound’s blood–brain-barrier penetrance and
pharmacokinetic profile to show the transferability of the anti-prionicmode
of action in vivo.

Methods
Recombinant expression and purification of monomeric wt and
α-syn A140C
N-terminal acetylated α-syn wt (hereinafter referred to as α-syn) and
acetylated α-syn-A140C were expressed in E. coli BL21(DE3) carrying
codon-optimized α-syn in pT7 vector and the pNatB vector with the
N-terminal acetylation enzyme from Schizosaccharomyces pombe48.
Expression was performed in LB or 15N-supplemented M9-minimal med-
iumwith1mMIPTGafter reaching anOD600of 1.2, followedby incubation
for 4 h at 37 °C. Purification was performed as described previously49 with
some modifications: The pellets from 1 l expression were resuspended in
25ml 20mM Tris pH 8.0, and boiled at 95–100 °C for 2 × 15min. After
centrifugation at 20,000×g for 30min at 4 °C, the supernatant was pre-
cipitated using a final concentration of 0.45 g/ml of ammonium sulfate. The
protein was pelleted at 20,000×g for 30min and resuspended in 50ml
20mMTris–HCl pH 8.0. After sterile filtration, the sample was loaded on a
HiPrep QFF 16/10 (Cytiva, USA, CV = 20ml) anion exchange column.
Gradient elution was performed with a target concentration of 800mM
NaCl over 20CV.Recombinant α-syn eluted at a conductivity of 28–32mS/
cm. The fractions containing recombinant α-syn were pooled and pre-
cipitated using ammonium sulfate as described previously. The pellets were
resuspended in 5ml 50mMTris–HClpH7.4 50mMNaCl, and loadedon a
HiLoad Superdex 60/75 pg gel filtration column (Cytiva, USA,
CV = 120ml). The expression yielded 20–30mg/l as determined by A275

with an extinction coefficient of 5600M−1 cm−1. Protein aliquots were
frozen with liquid nitrogen and stored at −80 °C.

Mirror-image phage display selection
In phage display, exogenous peptides are presented on phage particles by
fusion with the major coating proteins. Consecutive rounds of biopanning
and amplification increase the fraction of phages presenting strong target
binders, which is detectable by sequencing of the variable portion of the
genome50. Using mirror-image phage display, the L-enantiomeric selection
target is replaced by an otherwise identical D-enantiomeric version. This
allows the identification of D-enantiomeric peptides that show high affinity
for the physiological L-target and are more resistant to metabolic degrada-
tion than their L-enantiomeric counterparts51,52.

For mirror-image phage display, the commercially available M13-
bacteriophage library TriCo-16 (Creative Biolabs, USA) was used. The
library has a capacity of 2.6 × 1010 pIII fused 16-mer peptide variants.
D-enantiomeric full-length α-syn carrying a C-terminally biotinylation and
N-terminal acetylation was purchased as lyophilized powder from P&E
(Peptides and Elephants, GE) with a purity of >90%. To minimize non-

target related peptide enrichment, the display format was alternated
between a polystyrene and polypropylene streptavidin functionalized 96-
well plate surface (maximum capacity plates, BioTeZ, GE). For target
immobilization, D-enantiomeric α-syn was diluted to a concentration of
2 pmol/well. Non-coupled streptavidin was quenched using biotin. The
selection was performed as described previously53–55 with some minor
modifications. Briefly, three consecutive selection rounds were performed
using alternating blocking conditions with bovine serum albumin (BSA)
and milk powder (MP) with PBS pH 7.4 as the selection buffer. Selection
pressure was stepwise increased with each selection round using 5–10
washing repetitions. The selection was performed in three consecutive
rounds on the target (target selection = TS). Additionally, input phages
resulting from selection rounds on the target were incubated on a surface
without target (direct control = DC), which was otherwise treated identi-
cally to the TS surface. As a second control, a consecutive selection was
performed exclusively without a target on otherwise identically treated
surfaces (empty selection = ES). A concentration of 2 × 10 12 CFUml−1 was
used as input for all selection rounds and controls.

Enrichment ELISA
Enrichment ELISA is a method to identify enrichment of target-binding
phages during phage display selection. All stepswere performed as described
previously with some minor changes53. Briefly, 20 pmol/well of the D-enan-
tiomeric α-syn target was immobilized on a streptavidin-coated polystyrene
96-well plate (maximum capacity plates, BioTeZ, GE). Both the target
immobilized and the target-free surface were quenched with biotin. In total,
2.5 × 1011 phages from the TS input samples were diluted in 100 µl washing
buffer and incubated on the target and control surface. The A450 of the
product of the peroxidase reaction product 3,3’,5,5’-tetramethylbenzidine
diimine was quantified after reaction stop with H2SO4 by absorption mea-
surement in a Fluorostar Optima plate reader (BMG Labtech, GE; n = 3).

ssDNA purification and next-generation sequencing of phage
input samples
The ssDNA of the input phage suspensions resulting from mirror-image
phage display selection was purified by phage precipitation and subsequent
ssDNA separation as described previously53–55. For next-generation
sequencing, PCR was performed, adding adapter sequences to both the 3’
and 5’ ends of the amplification product. Amplicon next-generation
sequencing was performed by BMFZ-GTL Düsseldorf (GE) with a MiSeq
system (Illumina, USA).

Analysis of the next-generation sequences by filtering and
clustering
VariableDNA sequences resulting fromnext-generation sequencing (NGS)
were transcribed to peptide sequences as described previously56. The tran-
scribed sequences were filtered based on their frequency increase in TS
(library <TS1 < TS2 < TS3), their correlation with the presence of the target
(TS2 >DC2; TS3 >DC3) and their frequency in the selectionwithout target

Fig. 7 |Denovo aggregation analysis ofα-syn in the presence and absence of SVD-
1a. A De novo ThT assay of 10 µM α-syn with and without 20 µM SVD-1a. ThT
fluorescence progression was measured in a 96-well non-binding half-area plate
(Corning, USA) with a FLUOStar plate reader (BMG labtech, GE) at λex = 448 nm
and λem = 482 nm with 300 rpm continuous orbital shaking between reads. For
induction of aggregation, one borosilicate bead per well was added (d = 3mm,
Hilgenberg, GE). Data are shown as mean values with ±SD (n = 5). B CD secondary
structure analysis of de novo aggregation samples. Samples were incubated as
described in (A) without added ThT (n = 3) and subsequently pooled for CD ana-
lysis. Far-UV ellipticity of the samples was measured in a quartz cuvette (l = 10 mm)
in a J-1100 CD-spectrometer (Jasco, GE). In addition to (A), a sample with 20 µM
SVD-1a alone was incubated under identical conditions and later used as a reference
for the sample with α-syn and SVD-1a. For this sample (α-syn+ SVD-1a (after
incubation)), the SVD-1a reference subtracted CD spectrum is shown. C Samples
from (A) were isolated directly after incubation and diluted in PBS pH 7.4 to a final

concentration of 1 µM α-syn monomer equivalent. 5 µl diluted sample was incu-
bated and dried on a freshly cleaved mica surface, followed by washing with ddH2O
and drying using a gentle stream of N2. Analysis was performed using the Nano-
Wizard 3 system (J-1100, JPK BioAFM, USA), recording multiple surface sections.
The sections shown in (C) are representative of the observed species identified on all
surface sections. D and E 10 µM α-syn monomer was incubated—analogous to the
samples in (A)—with or without 5, 10, or 20 µM SVD-1a for 7 days (n = 7). The
replicates were then united and loaded onto a 100 kDa MWCO centrifugal con-
centrator. In addition, a 10 µM α-syn sample was prepared and subjected directly to
size-based fractionation. D α-Syn in the flow through (MWCO < 100 kDa) was
quantified using an α-syn specific ELISA (BioLegend, Human α-Synuclein (Col-
orimetric), 448607, n = 3). E Retentate and flow-through samples were analyzed
using SDS–PAGE with silver staining. The whole gel is shown in Supplementary
Fig. 20.
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(TS1 > ES1; TS2 > ES2; TS3 > ES3). Sequences that passed the filter were
ranked according to their enrichment from library to TS3 (TS3/library =
enrichment score) and their frequency in TS3 compared to ES3 (TS3/
ES3 = empty score)56. Filtered sequences were used as input for Hammock
clustering software57. The input FASTA file included all filtered sequences as
ranked by their empty score. Hammock clustering software was run in full
mode with sequences ranked according to their input position (-R input).
Cluster motif logos were generated from initial clusters after greedy clus-
tering using theWebLogo 3.4 application.

D-enantiomeric peptides
D-enantiomeric peptides were purchased with C-terminal amidation from
CASLO (CASLO, DK) as lyophilized chloride salt powder with a purity of
>95%. SVD-1 and SVD-1a were tested in different buffer conditions,
including PBS pH 7.4, where UV–vis absorption measurements after 1 h
incubation at 37 °C and 20,800×g centrifugation showed that both com-
pounds were completely retained in the supernatant up to at least 1mM
initial concentration.

Thioflavin T assay
The Thioflavin T (ThT) assay is commonly used for the visualization of α-
syn fibrilization, since the dye ThT is able to bind to the amyloidogenic
cross-β-sheet proportions of fibril structures. Recombinant α-syn was
thawed on ice and centrifuged for 30min at 21,000 × g and 4 °C. The
concentration of the supernatant was determined as described previously.
Lyophilized D-peptides were thawed at RT for 1 h and dissolved in 500 µl
PBS pH 7.4. After centrifugation for 30min at 21,000 × g the supernatant
concentration was determined by UV–vis using the corresponding extinc-
tion coefficient atA280. All ThT assay experiments were performed at 37 °C
with 15 µM ThT and 0.05% sodium azide (w/v) in PBS pH 7.4 if not
otherwise stated. ThT fluorescence was monitored with bottom optics at
λex = 448 nm and λem = 482 nm in a fluorescence plate reader with orbital
averaging on 3mm (Clariostar or Polarstar Optima, BMG labtech, GE).
Prior tomeasurement start, 120 µl sample solutionwas transferred to a non-
binding 96-half areawell platewith transparentflat bottom(Corning,USA).
One borosilicate glass bead (d = 3.0mm,Hilgenberg,GE)was added to each
well for all de novo aggregation assays. For seeded aggregation assays, no
bead was used, and samples were incubated under quiescent conditions.
Wells that surrounded the sample wells were filled with the same volume of
buffer to improve heat distribution. Experiments were performed with five
replicates (n = 5) if not otherwise stated.

ThT assay was used for different purposes. First, de novo ThT aggre-
gation assays served as a screening platform for the aggregation delay with
the synthetic D-peptides. Here, 50 µM recombinant α-syn was incubated
with a three-foldmolar excess of each D-peptide, respectively. Samples were
shaken before each cycle using orbital shaking mode at 300 rpm for 30 s.
Peptides that were insoluble in aqueous buffer were dissolved in 2.5 µl
DMSO (0.5mg peptide) and gradually mixed with PBS pH 7.4 until a final
concentration of 2.5% (v/v) DMSO was reached. For these samples, the
reference aggregation of α-syn alonewas also performed in PBS pH7.4with
2.5% (v/v) DMSO. Aggregation curves of each replicate were individually
fitted using a symmetric Boltzmann sigmoidal fit (OriginPro 2020, Origi-
nLab, USA) with the following formula: y ¼ A1�A2

1þeðx�x0 Þ=dx þ A2 (A1 = initial
value, A2 = final value, x0 = inflection point [s], dx = time constant [1/s]).
The inflection point of the fit determines the aggregation half-time t½,
whereas the lag-time was approximated with the following formula:
t1/2–2 × dt1/2, where dt1/2 is defined as the slope of the fit at x = t1/2 in 1/s58.
Half-time and lag-timewere calculated as themean value of the separatefits.
For the concentration dependency of aggregation delay, different com-
pound concentrations were applied to 50 µM recombinant α-syn. Lag-time
and t½ were calculated as described previously. For graphical representa-
tion, the fitted steady-states were normalized to 1 for all conditions and the
mean error was calculated based on the fits. Statistical testing on the sig-
nificance of the time shifts was performed using the two-sampleWelch’s t-
test with p < 0.05 (OriginPro 2020, OriginLab, USA). For de novo ThT

assays including sub-stoichiometric compound concentrations, 10 µM α-
syn was used. In contrast to the screening aggregation assay, α-syn samples
were continuously shaken at 300 rpm using orbital shakingmode to reduce
the aggregation time, taking measurements every 5min. Statistical evalua-
tionwasperformed as describedpreviously by comparing the significance of
t½, lag-time shifts and steady state reduction in the presence of the inhibitor
and the same concentration of the corresponding control peptide. For
seeded ThT assays, 50 nMmonomer equivalent small α-syn PFF seeds were
incubatedON at 37 °C under quiescent conditions togetherwith or without
different concentrations of the compounds in the fluorescence plate reader.
After20 h20 µMmonomericα-synwas added to the samplemixture to start
seeding. Measurements were taken every 5min (n = 3).

Preparation of small α-syn PFF seeds
small α-syn PFF seeds were prepared as described previously with some
modifications21. First, insoluble PFF were produced by incubation of
300 µM recombinant α-syn in a LoBind reaction tube (Eppendorf GmbH,
GE) with one borosilicate glass bead (d = 3.0mm; Hilgenberg, DE) in
20mMNaPi, pH7.0, 150mMNaCl, 0.05%(w/v) sodiumazide foroneweek
at 37 °C. The insoluble PFF were harvested by ultracentrifugation at
100,000 × g for 30min at 4 °C, and the pellet was washed several times with
20mM NaPi, pH 7.0, 150mM NaCl. The monomer equivalent con-
centration was determined by measuring the α-syn concentration in the
supernatant after the first centrifugation and subtracting it from the start
concentration for fibrilization. The insoluble PFF were resuspended in
buffer and frozen at −80 °C with liquid N2. Small α-syn PFF seeds were
generated by harsh sonication of 200 µl insoluble PFF with 300 µM
monomer equivalent concentration for 3 × 15 s (1 s on/off) and 60%
amplitude with a tip sonifier (MS 72 micro tip, Sonopolus, Brandelin, GE).
Insoluble PFF were separated by centrifugation at 100,000×g for 1 h at 4 °C.
The supernatant containing small α-syn PFF seeds was separated, aliquoted
and frozen at−80 °C with liquid N2.

Surface plasmon resonance kinetic experiments
Measurements were performed using an 8K Biacore device (Cytiva, USA).
Interactions were measured using single-cycle kinetics experiments. For all
assays, the peptide compounds were immobilized as ligand on the sensor
surface and recombinant α-syn was injected as analyte in the flow. SVD-1
and SVD-1a were immobilized via primary amino groups on a CMD200M
carboxyldextran matrix chip (Xantec, GE). Immobilization was performed
after 7min EDC/NHS activation at 10 µl/min with 50 µg/ml peptide in
10mMNaAc, pH 5.0 for SVD-1 and pH 7.0 for SVD-1a until a saturation
signal was reached (SVD-1: 400 RU, SVD-1a: 500 RU). Surface quenching
was performed using 1M ethanolamine, pH 8.3. The kinetic experiments
were performedusing aflow rate of 30 µl/min inPBSpH7.4 if not otherwise
stated. The surfacewas regenerated in between cycles using 30 s injections of
2M Gua-HCl at 30 µl/min. Data evaluation was performed using Biacore
Insight Evaluation Software v3.0 (Cytiva, USA).

SVD-1a_Cys_MTSL spin label preparation
The spin-labeled analog of SVD-1a was prepared by covalent attachment of
MTSL (S-(1-oxyl-2,2,5,5-tetramethyl-2,5-dihydro-1H-pyrrol-3-yl)methyl
methanesulfonothioate, Toronto Research Chemicals, USA) to the
C-terminal D-cysteine residue of SVD-1a_Cys.MTSLwasdissolved inDMF
(N,N-dimethylformamide) with a concentration of 20mM and diluted in
200mM HEPES, pH 7.6, to a final concentration of 2mM. 900 µl of the
solution was then added to 1mg of lyophilized SVD-1a_Cys to create a
fivefold molar excess of MTSL compared to SVD-1a_Cys. The reaction
mixture was incubated for 2 h at RT and subsequently applied to a semi-
preparative RP-HPLCC8 column (Zorbax-300 SB, Agilent, GE) connected
to an HPLC system (Agilent 1260, Agilent, GE). Purification of the spin-
labeled peptide SVD-1a_Cys_MTSL was achieved by applying an aqueous
acetonitrile (ACN) gradient (8% ACN, 0.1% trifluoroacetic acid (TFA) to
60%ACN, 0.1%TFA inMilli-Qwaterwithin 40min), running at aflow rate
of 4mlmin−1 at 25 °C with a detection at 214 nm. The purified reaction
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product was flash-frozen with liquid N2 and lyophilized (LT-105, Martin
Christ, GE). The purity of the SVD-1a_Cys_MTSL spin-labeledpeptidewas
verified by RP-HPLC with >98%.

NMR spectroscopy
Samples were prepared at final concentrations of 25 µM 15N-labeled full-
length acetyl-α-syn in the absence (reference) and presence of an equi-
molar amount of SVD-1a (not isotopically labeled, thus NMR-invisible)
in PBS buffer, pH 7.4, with an addition of 5%D2O for internal reference.
2D 1H-15N HSQC spectra were recorded back-to-back, on a Bruker
AVANCE NEO spectrometer (Bruker, USA) operating at 1200 MHz
proton Larmor frequency. The experimental temperature was 10 °C.
Spectral dimensions were 16.02 ppm (1H) x 30 ppm (15N), with 2048
points in the 1H dimension and 256 increments in the 15N dimension,
resulting in an acquisition time of 53 ms for the 1H dimension and 35 ms
for the 15N dimension. For each increment, 32 scans were recorded, with
a recovery delay of 1 s between scans, resulting in an overall experi-
mental time of 4.8 h per spectrum.

NMR paramagnetic relaxation enhancement (PRE) data were recor-
ded on 25 µM 15N-labeled full-length acetyl-α-syn in the presence of 25 µM
paramagnetically labeled (but not isotopically enriched) SVD-
1a_Cys_MTSL (using a MTSL spin-label covalently attached to the SVD-
1a C-terminus), resulting in a 1:1 ratio of α-syn: SVD-1a. Intensities (Ipara)
were extracted from 2D 1H–15N Best-TROSY NMR spectra recorded at
600MHz and 10 °C, each with 128 scans per increment, resulting in a total
experimental time of 16 h per spectrum. Reference data were obtained by
adding a 20-foldmolar excess of ascorbic acid to the same sample, therefore
quenching the paramagnetic effect of the spin-label and obtaining a dia-
magnetic reference sample. The diamagnetic reference spectra and inten-
sities (Idia)were recorded back-to-back andunder identical conditions as for
the paramagnetic sample.

NMR data sets were processed using the Bruker TopSpin software
(version 4.1.1) and visualized using CcpNmr Analysis (v2.4.2)59. For the
assessment of chemical shift changes of α-syn resonances in the presence of
SVD-1a relative to the reference spectrum(without SVD-1a), peakpositions
were extracted using the CcpNmr Analysis software. From the residue-
specific chemical shift changes in the 1H and 15N dimensions, an absolute
chemical shift change, Δδ, was calculated using the formula

Δδ =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

0:5 δ2H þ 0:14 δ2N
� �� �

q

60. For analysis of the PRE data, resonance

intensities of the paramagnetic sample and the diamagnetic reference
sample peak intensities were extracted using CcpNmr analysis.

Dynamic light scattering (DLS)
Measurements were performed using a SpectroSize 300 131 (XtalConcepts,
GE) instrument and a sample volume of 1ml in a sealed quartz cuvette
(HellmaGroup, GE). Samples were incubated in PBS pH 7.4 at 37 °C under
quiescent conditions. Prior to measurements, all samples were centrifuged
at 21,000×g for 30min at 4 °C to remove potential impurities from the
solution. For time-dependent DLS measurements, data points were recor-
ded every 60 s. Diffusion coefficients were obtained from analysis of the
decay of the scattered intensity autocorrelation function and were used to
determine apparent hydrodynamic radii via the Stokes-Einstein equation.
Kinetic fitting for the degradation of small α-syn PFF seeds was performed
with the “SVD-1a+ small α-syn PFF” sample using the “single-phase
exponential decay function” of GraphPad Prism 10 (GraphPad Software
Inc., USA), considering only particle sizes in the range of 1–100 nmwith an
amplitude > 0.2. Outliers were identified with aQ value of 1% and excluded
from the fitting. Protein quantification after centrifugation was performed
by incubating identical samples as in theDLSmeasurementswith additional
compound and buffer controls in low-binding reaction tubes at 37 °C under
quiescent conditions (n = 3). After 0, 20 and 72 h of incubation, the samples
were centrifuged at 21,000×g for 30min at RT, and the supernatant was
carefully transferred to a fresh reaction tube, while potential pellets were
resuspended in 1ml PBS 7.4. Protein quantification of pellet and

supernatant was performed using a Micro-BCA kit following the manu-
facturer’s instructions (Thermo Fisher Scientific, USA).

Western blot
Samples of 200 nMsmallα-synPFForα-synmonomerwere incubatedwith
0, 250, 500, 750 and 1000 nM SVD-1a for 72 h at 37 °C in PBS pH 7.4 with
0.05% sodium azide. Samples were then resolved via SDS–PAGE on 12%
TGX gels (Bio-Rad, Hercules, USA) using the Mini-PROTEAN Tetra Cell
(Bio-Rad, Hercules, USA). Proteins were transferred to a PVDFmembrane
(0.2 µm pore size) (Trans-Blot Turbo Mini PVDF Transfer Pack, Bio-Rad,
Hercules, USA) at 25 V, 1.3 A for 7min. Blocking of the membrane was
carried outwith 2%nonfat driedmilk powder inTBS+ 0.05%Tween 20 for
1 h at room temperature. Anti-α-synuclein antibody Syn211 (RRI-
D:AB_628318, Santa Cruz Biotechnology, Dallas, TX, USA) was used as
primary antibody at a concentration of 1 µg/ml in TBS-T for 1 h at RT. As a
secondary antibody, an HRP-coupled goat anti-mouse IgG (RRI-
D:AB_228307, Thermo Fisher Scientific, Waltham, MA, USA) was used at
0.2 µg/ml in TBS-T for 1 h at RT. The membrane was incubated with
Pierce™ ECL Western Blotting substrate (Thermo Fisher Scientific, Wal-
tham, MA, USA) for 1min, and protein bands were visualized with a UVP
ChemStudio (Analytik Jena, Jena, Germany).

α-Syn size-based fractionation by centrifugal concentration fol-
lowed by ELISA quantification or SDS PAGE analysis
For small PFF pre incubation with or without SVD-1a (Fig. 4) samples were
pre-incubated at 37 °C and 600 rpm for 72 h in PBS pH 7.4 with 0.05%
sodium azide using protein low binding reaction tubes in a thermos shaker
(EppendorfGmbH,GE). For denovo aggregation analysis, each replicatewas
pre-incubated in PBS pH 7.4 with 0.05% sodium azide in a 96-well non-
binding half-area plate (Corning, USA) in a FLUOStar platereader (BMG
labtech, GE) with 300 rpm continuous orbital shaking in between reads,
adding one borosilicate bead per well (d= 3mm, Hilgenberg, GE, n = 7).
10 µMα-synmonomerwas incubatedwithorwithout5, 10or20 µMSVD-1a
for 7 days. Replicates were united and 500 µl (PFF experiment) or 200 µl (de
novoaggregation)of eachconditionwas loadedonanequilibrated centrifugal
concentrator with a MWCO of 100 kDa (Merck, Microcon DNA Fast Flow
100MWCO,GE) and centrifuged for 30min at 500×g at RT. The volumes of
retentate and flow through were adjusted with buffer to the initially loaded
volume. Theα-syn concentration of the sampleswas thenquantifiedusing an
α-syn-specific kit (Human α-Synuclein (Colorimetric), 448607, BioLegend,
USA). For de novo aggregation analysis by SDS–PAGE the samples were
supplemented with Laemmli buffer (375mM Tris–HCl (pH 6.8), 9% SDS,
50% glycerol, 9% β-mercaptoethanol, 0.03% bromophenol blue) and boiled
for 5min. 15 µl of each sample and 8 µl of protein standard (Nove Sharp Pre-
stained Protein Standard, Thermo Fisher Scientific, USA) were applied to a
15% SDS gel. Staining was performed using Pierce Silver Stain Kit following
the manufacturer’s instructions (Thermo Fisher Scientific, USA).

Atomic force microscopy (AFM)
Samples were prepared by dilution to 1 µM α-synmonomer concentration,
and 5 µl was incubated and dried on a freshly cleavedmica surface. Surfaces
were then three-times washed with 200 µl ddH2O and dried using a gentle
stream of N2. Measurements were performed in a Nanowizard 3 system
(JPKBioAFM—BrukerNanoGmbH,GE) using intermittent contactmode
with 2 × 2 and 5 × 5 µm section and line rates of 0.5–2Hz in ambient
conditions using a silicon cantilever and tip with a nominal spring constant
of 26 N/m, average tip radius of 9 ± 2 nm and a resonance frequency of
~300 kHz (Olympus OMCL-AC160TS-R3). The images were processed
using JPK data processing software (version spm-5.0.84). For the height
profiles presented, a polynomial fit was subtracted from each scan line, first
independently and then using a limited data range.

Circular dichroism (CD) spectroscopy
Far-UV circular dichroism (CD) data were collected using a Jasco J-1100
spectropolarimeter (Jasco, GE). 350 µl samples were pooled and loaded into
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a high precision quartz cuvette with a path length of 1mm (Hellma group,
GE). A scan speed of 20 nm/min with five accumulations per sample was
performed using far UV wavelengths from 260 to 190 nm. Baseline was
corrected by subtracting measurements of the reference sample only.

Cell assay for α-synuclein aggregation
A construct encoding full-length A53T-mutated human α-syn fused with
YFP at the C-terminus was synthesized and introduced into the pMK–RQ
expression vector (GeneArt; Thermo Fisher Scientific, USA). The α-
synA53T–YFP construct was subcloned into the pIRESpuro3 vector
(Clontech; Takara Bio, JPN) using NheI (5′) and NotI (3′) restriction sites.
HEK293T cells (American Type Culture Collection) were cultured in high-
glucose Dulbecco’s modified Eagle’s medium (DMEM; Sigma-Aldrich,
USA) supplemented with 10% fetal calf serum (Sigma-Aldrich, USA), and
50 units/ml penicillin as well as 50 μg/ml streptomycin (Sigma-Aldrich,
USA). Cells were cultured in a humidified atmosphere of 5% CO2 at 37 °C.
Cells plated in DMEM were transfected using Lipofectamine 2000 (Invi-
trogen; Thermo Fisher Scientific, USA). Stable cells were selected inDMEM
containing 1 μg/ml puromycin (EMD Millipore, USA). Monoclonal lines
were generated by fluorescence-activated cell sorting of a polyclonal cell
population in 96-well plates using a MoFlo XDP cell sorter (Beckman
Coulter, USA). Finally, the clonal cell line B5 was selected from among 24
clonal cell lines and is referred to as αSynA53T–YFP cells. Peptides were
incubated with 1.5% Lipofectamine 2000 in OptiMEM for 2 h at room
temperature. The α-synA53T–YFP cells were plated in a 384-well plate with
poly-D-lysine coating (Greiner, AT) at a density of 1000 cells per well with
0.1 μg/ml Hoechst 33342 (Thermo Fisher Scientific, USA), and the pre-
viously prepared transfectionmix was added directly to the cells in the well.
To seed cellular aggregation of α-syn in α-synA53T–YFP cells, 30 nM
soluble α-syn small α-syn PFF seeds were incubated with 1.5% Lipofecta-
mine inOptiMEM for 2 h at room temperature and then added to eachwell
3 h after the first transfection. The plate was then incubated in a humidified
atmosphere of 5%CO2 at 37 °C. On day 3 the cells were imaged with an IN
Cell Analyzer 6500HS System (Cytiva, USA) using the blue and green
fluorescence channel, and analyzed using INCarta ImageAnalysis Software
(Cytiva, USA) after an algorithm was established to identify intracellular
aggregates in living cells. For each condition, we used four wells and took 16
images per well, which were analyzed by a fully automated algorithm to
avoid bias. Statistical analysis was performed using one-way ANOVA fol-
lowed by Dunnett’s multiple comparisons test (GraphPad Prism 9,
GraphPad Software, USA). Error bars represent standard deviation.

Cell-viability assay (CellGlo test)
We used the CellTiter-Glo Luminescent Cell Viability Assay (Promega
GmbH, GE) to determine the number of viable cells in culture based on
quantitation of the ATP present, an indicator of metabolically active cells.
After culturing cells in 384-well plates for three days, 35 µl of medium was
removed from thewells and 40 µl of CellTiter-GloReagent directly added to
each well. After mixing, luminescence was measured 10min later using a
FLUOStar (BMG labtech, GE).

Immunofluorescent cell staining
After culturing cells for 3 days on 384-well plates, the cells were fixed in 4%
formaldehyde (Sigma-Aldrich, USA) in PBS (pH 7.4) for 15min. After
washing three times with PBS for 5min each, the cells were permeabilized
with 0.25% Triton X-100 (Sigma-Aldrich, USA) in PBS for 10min. After
another three washes with PBS for 5min each, the cells were blocked with
1% bovine serum albumin (Sigma-Aldrich, USA) in PBS supplemented
with 0.1% Tween 20 (Sigma-Aldrich, USA) for 30min. The cells were
stainedwithCF633 (Biotium,USA) fluorescently labeled antibodies at 8 µg/
ml in 1% bovine serum albumin in PBS supplemented with 0.1% Tween-20
for 1–3 hat room temperature in thedark. For detecting totalα-syn,weused
the anti-α-syn antibody syn211 (Abcam,UK). For detecting oligomeric and
fibrillar α-syn, we used the anti-aggregated α-syn antibody, clone 5G4
(Sigma-Aldrich,USA). Fordetectingα-synphosphorylatedat serine129,we

used the recombinant anti-α-syn (phospho S129) antibody EP1536Y
(Abcam,UK).After afinal threewashes inPBS for 5min each, the cells were
imaged in PBS using an IN-Cell Analyzer 6500HS System and 40-fold
magnification (Cytiva, USA).

Cell viability assay (MTT test)
Thepotential cell viability rescueofPC12cells (Leibniz InstituteDSMZ,GE)
from α-syn toxicity through the addition of SVD-1, SVD-1a or SVD-
1_scrambled was measured in an MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazoliumbromide) cell viability test. PC12cells (Leibniz Institute
DSMZ, GE) were cultivated on collagen A-coated (Biochrom GmbH, GE)
tissue culture flasks in RPMI 1640medium supplemented with 5% fetal calf
serum and 10% horse serum in a 95% humidified atmosphere with 5%CO2

at 37 °C. 10,000 cells per well in a volume of 100 µl were seeded on collagen
A-coated 96-well plates (Thermo Fisher Scientific, USA) and were incu-
bated for 24 h at 37 °C and 300 rpm in a thermo cycler. Then, final con-
centrationsof 30 nMα-syneither in the absenceor after pre-incubationwith
15 µMSVD-1, SVD-1_scrambledor 0.5 µMSVD-1awere added to the cells.
In addition, 15 µMof the peptides alone, cell media, buffer without peptides
and 0.1% Triton X-100 (cytotoxic compound) served as controls. After
further incubation in a 95% humidified atmosphere with 5% CO2 at 37 °C
for 24 h, cell viability wasmeasured using the Cell ProliferationKit I (MTT)
(RocheApplied Science, CH) according to themanufacturer’s protocol. The
MTT formazan product was quantified by measuring the absorbance at
570 nmcorrectedby subtractionof the absorbance at 660 nm in aFLUOStar
Optima plate reader (BMG Labtech, GE). All results were normalized to
untreated cells grown in medium only. Test on significance was performed
using one-wayANOVAwithBonferroni post hoc analysis (OriginPro 2020,
OriginLab, USA; n = 4).

Data availability
The datasets generated during and/or analyzed during the current study are
available from the corresponding author on reasonable request.

Received: 3 September 2024; Accepted: 6 August 2025;

References
1. Wakabayashi, K. et al. TheLewybody inParkinson’sdiseaseand related

neurodegenerative disorders.Mol. Neurobiol. 47, 495–508 (2013).
2. Spillantini, M. G. et al. Alpha-synuclein in Lewy bodies. Nature 388,

839–840 (1997).
3. Cheng, F. R., Vivacqua, G. & Yu, S. The role of alpha-synuclein in

neurotransmission and synaptic plasticity. J. Chem. Neuroanat. 42,
242–248 (2011).

4. Maroteaux, L., Campanelli, J. T. & Scheller, R. H. Synuclein—a
neuron-specific protein localized to the nucleus and presynaptic
nerve-terminal. J. Neurosci. 8, 2804–2815 (1988).

5. Fields, C. R., Bengoa-Vergniory, N. & Wade-Martins, R. Targeting
alpha-synuclein as a therapy for Parkinson’s disease. Front. Mol.
Neurosci. 12, 299 (2019).

6. Bengoa-Vergniory, N., Roberts, R. F., Wade-Martins, R. & Alegre-
Abarrategui, J. Alpha-synuclein oligomers: a new hope. Acta
Neuropathol. 134, 819–838 (2017).

7. Ingelsson, M. Alpha-synuclein oligomers-neurotoxic molecules in
Parkinson’s disease and other Lewy body disorders. Front. Neurosci.
10, 408 (2016).

8. Willbold, D., Strodel, B., Schröder, G. F., Hoyer, W. & Heise, H.
Amyloid-type protein aggregation and prion-like properties of
amyloids. Chem. Rev. 121, 8285–8307 (2021).

9. Lee, H. J., Patel, S. & Lee, S. J. Intravesicular localization and exocytosis
ofalpha-synucleinand itsaggregates.J.Neurosci.25, 6016–6024 (2005).

10. Volpicelli-Daley, L. & Brundin, P. Editorial: Pathogenic templating
proteins in neurodegenerative disease. Neurobiol. Dis. 109, 175–177
(2018).

https://doi.org/10.1038/s41531-025-01132-7 Article

npj Parkinson’s Disease |          (2025) 11:271 13

www.nature.com/npjparkd


11. Prusiner, S. B. et al. Evidence for alpha-synuclein prions causing
multiple system atrophy in humans with Parkinsonism. Proc. Natl
Acad. Sci. USA 112, E5308–E5317 (2015).

12. Willbold, D. & Kutzsche, J. Do we need anti-prion compounds to treat
Alzheimer’s disease?.Molecules 24, 2237 (2019).

13. Schemmert, S. et al. A oligomer elimination restores cognition in
transgenic Alzheimer’s mice with full-blown pathology.Mol.
Neurobiol. 56, 2211–2223 (2019).

14. van Groen, T. et al. The A beta oligomer eliminating D-enantiomeric
peptide RD2 improves cognition without changing plaque pathology.
Sci. Rep. 7, 16275 (2017).

15. Schemmert, S. et al. Deceleration of the neurodegenerative
phenotype inpyroglutamate-Aβaccumulating transgenicmicebyoral
treatment with the Aβ oligomer eliminating compound RD2.
Neurobiol. Dis. 124, 36–45 (2019).

16. Zhang, T., Loschwitz, J., Strodel, B., Nagel-Steger, L. & Willbold, D.
Interference with amyloid-nucleation by transient ligand interaction.
Molecules 24, 2129 (2019).

17. Kass, B. et al. Aβ oligomer concentration in mouse and human brain
and its drug-induced reduction ex vivo. Cell Rep. Med. 3, 100630
(2022).

18. Elfgen, A. et al. Metabolic resistance of the D-peptide RD2 developed
for direct elimination of amyloid-beta oligomers. Sci. Rep. 9, 5715
(2019).

19. Leithold, L.H.E. et al. Pharmacokinetic propertiesof a novel D-peptide
developed to be therapeutically active against toxic β-amyloid
oligomers. Pharm. Res. 33, 328–336 (2016).

20. Allolio, C. et al. Arginine-rich cell-penetrating peptides induce
membrane multilamellarity and subsequently enter via formation of a
fusion pore. Proc. Natl Acad. Sci. USA 115, 11923–11928 (2018).

21. Kaufmann, T. J., Harrison, P.M., Richardson,M. J. E., Pinheiro, T. J. T.
& Wall, M. J. Intracellular soluble alpha-synuclein oligomers reduce
pyramidal cell excitability. J. Physiol.-Lond. 594, 2751–2772 (2016).

22. Buell, A.K. et al. Solutionconditionsdetermine the relative importance
of nucleation and growth processes in α-synuclein aggregation.Proc.
Natl Acad. Sci. USA 111, 7671–7676 (2014).

23. Kumar, S. T. et al. How specific are the conformation-specific alpha-
synuclein antibodies? Characterization and validation of 16 alpha-
synuclein conformation-specific antibodies using well-characterized
preparations of alpha-synucleinmonomers, fibrils and oligomers with
distinct structures and morphology. Neurobiol. Dis. 146, 105086
(2020).

24. Woerman,A. L. et al. Propagationofprionscausingsynucleinopathies
in cultured cells.Proc. Natl Acad. Sci. USA 112, E4949–E4958 (2015).

25. Woerman, A. L. et al. α-synuclein: multiple system atrophy prions.
Cold Spring Harb. Perspect. Med. 8, a024588 (2018).

26. Woerman, A. L. et al. Familial Parkinson’s point mutation abolishes
multiple system atrophy prion replication. Proc. Natl Acad. Sci. USA
115, 409–414 (2017).

27. Aoyagi, A. et al. Aβand tauprion-like activitiesdeclinewith longevity in
the Alzheimer’s disease human brain. Sci. Transl. Med. 11, eaat8462
(2019).

28. Brutscher, B. et al. NMR methods for the study of instrinsically
disordered proteins structure, dynamics, and interactions: general
overview and practical guidelines. Adv. Exp. Med. Biol. 870, 49–122
(2015).

29. Prestel, A., Bugge,K., Staby, L., Hendus-Altenburger, R. &Kragelund,
B. B. Characterization of dynamic IDP complexes by NMR
spectroscopy. Methods Enzymol. 611, 193–226 (2018).

30. Bocharov, E. V. et al. All-d enantiomeric peptide D3 designed for
Alzheimer’s disease treatment dynamically interacts with
membrane-bound amyloid-β precursors. J. Med Chem. 64,
16464–16479 (2021).

31. Borgia, A. et al. Extreme disorder in an ultrahigh-affinity protein
complex. Nature 555, 61 (2018).

32. Wu, S. W. et al. The dynamic multisite interactions between two
intrinsically disordered proteins. Angew. Chem.-Int. Ed. 56,
7515–7519 (2017).

33. Clore, G. M. Seeing the invisible by paramagnetic and diamagnetic
NMR. Biochem. Soc. Trans. 41, 1343–1354 (2013).

34. Clore, G. M., Tang, C. & Iwahara, J. Elucidating transient
macromolecular interactions using paramagnetic relaxation
enhancement. Curr. Opin. Struct. Biol. 17, 603–616 (2007).

35. Deshmukh, L., Louis, J.M., Ghirlando,R. &Clore,G.M. TransientHIV-
1 Gag-protease interactions revealed by paramagnetic NMR suggest
origins of compensatory drug resistance mutations. Proc. Natl Acad.
Sci. USA 113, 12456–12461 (2016).

36. Di Savino, A. et al. Efficient encounter complex formation and electron
transfer to cytochrome c peroxidase with an additional, distant
electrostatic binding site. Angew. Chem. Int. Ed. Engl. 59,
23239–23243 (2020).

37. Iwahara, J. & Clore, G. M. Detecting transient intermediates in
macromolecular binding by paramagnetic NMR. Nature 440,
1227–1230 (2006).

38. Tang,C., Schwieters, C.D. &Clore,G.M.Open-to-closed transition in
apomaltose-binding protein observedby paramagnetic NMR.Nature
449, 1078–1082 (2007).

39. Volkov, A. N., Worrall, J. A. R., Holtzmann, E. & Ubbink, M. Solution
structure and dynamics of the complex between cytochrome c and
cytochrome c peroxidase determined by paramagnetic NMR. Proc.
Natl Acad. Sci. USA 103, 18945–18950 (2006).

40. Ohgita, T. et al. Intramolecular interaction kinetically regulates fibril
formationbyhumanandmouseα-synuclein.Sci.Rep.13, 10885 (2023).

41. Nath, S., Meuvis, J., Hendrix, J., Carl, S. A. & Engelborghs, Y. Early
aggregation steps in α-synuclein as measured by FCS and FRET:
evidence for a contagious conformational change. Biophys. J. 98,
1302–1311 (2010).

42. Dyson, H. J. & Wright, P. E. NMR illuminates intrinsic disorder. Curr.
Opin. Struct. Biol. 70, 44–52 (2021).

43. Arai, M., Sugase, K., Dyson, H. J. & Wright, P. E. Conformational
propensities of intrinsically disordered proteins influence the
mechanism of binding and folding. Proc. Natl Acad. Sci. USA 112,
9614–9619 (2015).

44. Wagner, J. et al. Anle138b: a novel oligomermodulator for disease-
modifying therapy of neurodegenerative diseases such as prion
and Parkinson’s disease. Acta Neuropathol. 125, 795–813 (2013).

45. Pujols, J. et al. Small molecule inhibits α-synuclein aggregation,
disrupts amyloid fibrils, and prevents degeneration of dopaminergic
neurons. Proc. Natl Acad. Sci. USA 115, 10481–10486 (2018).

46. Chen, S. et al. HTRA1 disaggregates α-synuclein amyloid fibrils and
converts them into non-toxic and seeding incompetent species. Nat.
Commun. 15, 2436 (2024).

47. Binolfi, A., Theillet, F. X. & Selenko, P. Bacterial in-cell NMR of human
alpha-synuclein: a disordered monomer by nature?. Biochem. Soc.
Trans. 40, 950–U292 (2012).

48. Johnson, M., Coulton, A. T., Geeves, M. A. & Mulvihill, D. P. Targeted
amino-terminal acetylation of recombinant proteins in E. coli. PLoS
ONE 5, e15801 (2010).

49. Hoyer,W. et al. Dependence ofα-synuclein aggregatemorphology on
solution conditions. J. Mol. Biol. 322, 383–393 (2002).

50. Barderas, R. & Benito-Pena, E. The 2018 Nobel Prize in Chemistry:
phage display of peptides and antibodies. Anal. Bioanal. Chem. 411,
2475–2479 (2019).

51. Funke, S. A. & Willbold, D. Mirror image phage display—a method to
generate d-peptide ligands for use in diagnostic or therapeutical
applications.Mol. Biosyst. 5, 783–786 (2009).

52. Wiesehan, K. &Willbold, D. Mirror-image phage display: aiming at the
mirror. ChemBioChem 4, 811–815 (2003).

53. Santur, K. et al. Ligand-induced stabilization of the native human
superoxidedismutase1.ACSChem.Neurosci.12, 2520–2528 (2021).

https://doi.org/10.1038/s41531-025-01132-7 Article

npj Parkinson’s Disease |          (2025) 11:271 14

www.nature.com/npjparkd


54. Sevenich, M. et al. Phage display-derived compounds displace
hACE2 from its complex with SARS-CoV-2 spike protein.
Biomedicines 10, 441 (2022).

55. Kolkwitz, P. E., Mohrlueder, J. & Willbold, D. Inhibition of
polyglutamine misfolding with D-enantiomeric peptides identified by
mirror image phage display selection. Biomolecules 12, 157 (2022).

56. Altendorf, T., Mohrlüder, J. & Willbold, D. TSAT: efficient evaluation
software for NGS data of phage/mirror-image phage display
selections. Biophys. Rep. 4, 100166 (2024).

57. Krejci, A., Hupp, T. R., Lexa,M., Vojtesek, B. &Muller, P. Hammock: a
hidden Markov model-based peptide clustering algorithm to identify
protein-interaction consensusmotifs in largedatasets.Bioinformatics
32, 9–16 (2016).

58. Nielsen, L. et al. Effect of environmental factors on the kinetics of
insulin fibril formation: elucidation of the molecular mechanism.
Biochemistry 40, 6036–6046 (2001).

59. Vranken, W. F. et al. The CCPN data model for NMR spectroscopy:
development of a software pipeline. Proteins: Struct., Funct. Genet.
59, 687–696 (2005).

60. Williamson, M. P. Using chemical shift perturbation to characterise
ligand binding. Prog. Nucl. Magn. Reson. Spectrosc. 73, 1–16 (2013).

Acknowledgements
The authors acknowledge access to the Jülich-Düsseldorf Biomolecular
NMR Center which is jointly run by the Forschungszentrum Jülich and
Heinrich-Heine-University Düsseldorf. We acknowledge Abishek Cukke-
mane for help with time-dependent DLS experiments, as well as, Lena
Mangels for help with AFM measurements. The project received funding
from the Michael J. Fox Research Foundation (Grant-ID: MJFF-000934).

Author contributions
Conceived and designed the project outline: M.S., W.H., A.W., G.T., J.K.,
J.M., and D.W.; planned and performed experiments: phage display
selection: M.S., W.H., J.M., and D.W.; ThT screening assays: M.S.; de novo
and seeded ThT assays: M.S.; peptide optimization: M.S., J.M., and D.W.;
surface plasmon resonance: M.S.; circular dichroism spectroscopy: M.S.;
dynamic light scattering: M.S.; atomic forced microscopy: M.S. and T.K.;
nuclear magnetic resonance spectroscopy: M.S., M.S.2, N.A.L., L.G.;
intracellular seeding assay: M.S., M.V., S.A.S., G.T.; PFF elimination: M.S.;
cell viability assay: M.S., M.T., and J.K.; Western blot: M.S. and B.K.;
centrifugal fractionation and ELISA: M.S.; wrote the manuscript:M.S.,
N.A.L., G.T., J.M., and D.W.; contribution for revision: L.N.S. and T.P. All
authors contributed to the manuscript.

Funding
Open Access funding enabled and organized by Projekt DEAL.

Competing interests
M.S., J.M., andD.W.areco-inventorsofpatentscovering thecompositionof
matterofSVD-peptides.D.W. andA.W.are co-foundersandshareholdersof
the company “Priavoid GmbH, Düsseldorf, Germany”, which is planning to
further develop the SVD-peptides. M.S., B.K., and A.W. are employees of
PriavoidGmbH. Theydeclare that this has not influenced the evaluation and
interpretation of experiments. All other authors declare no competing
interests.

Additional information
Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41531-025-01132-7.

Correspondence and requests for materials should be addressed to
Jeannine Mohrlüder or Dieter Willbold.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in anymedium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in the
article’sCreativeCommons licence and your intended use is not permitted
by statutory regulation or exceeds the permitted use, you will need to
obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2025

https://doi.org/10.1038/s41531-025-01132-7 Article

npj Parkinson’s Disease |          (2025) 11:271 15

https://doi.org/10.1038/s41531-025-01132-7
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
www.nature.com/npjparkd

	Titelblatt_Willbold_final
	Willbold_direct
	Direct disassembly of α-syn preformed fibrils into α-syn monomers by an all-D-peptide
	Results
	Selection and optimization of α-synuclein-binding all-d peptides
	High-affinity binding of SVD-1 and SVD-1a to α-synuclein monomers
	Inhibition of α-synuclein seeded and de novo aggregation
	Disassembly of small α-synuclein pre-formed fibril (PFF) seeds by SVD-1a
	Inhibition of intracellular seeding and cytoprotection
	SVD-1a interacts in a highly dynamic interaction mode with disordered α-synuclein monomers
	SVD-1a stabilizes α-Syn monomers under strong aggregation-promoting conditions

	Discussion
	Methods
	Recombinant expression and purification of monomeric wt and α-syn A140C
	Mirror-image phage display selection
	Enrichment ELISA
	ssDNA purification and next-generation sequencing of phage input samples
	Analysis of the next-generation sequences by filtering and clustering
	d-enantiomeric peptides
	Thioflavin T assay
	Preparation of small α-syn PFF seeds
	Surface plasmon resonance kinetic experiments
	SVD-1aCysMTSL spin label preparation
	NMR spectroscopy
	Dynamic light scattering (DLS)
	Western blot
	α-Syn size-based fractionation by centrifugal concentration followed by ELISA quantification or SDS PAGE analysis
	Atomic force microscopy (AFM)
	Circular dichroism (CD) spectroscopy
	Cell assay for α-synuclein aggregation
	Cell-viability assay (CellGlo test)
	Immunofluorescent cell staining
	Cell viability assay (MTT test)

	Data availability
	References
	Acknowledgements
	Author contributions
	Funding
	Competing interests
	Additional information





