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Protein aggregation, particularly the formation of amyloid fibrils, is associ-

ated with numerous human disorders, including Parkinson’s disease. This

neurodegenerative condition is characterised by the accumulation of

α-Synuclein amyloid fibrils within intraneuronal deposits known as Lewy

bodies or neurites. C-terminally truncated forms of α-Synuclein are frequently

observed in these inclusions in the brains of patients, and their increased

aggregation propensity suggests a role in the disease’s pathogenesis. This

study demonstrates that the small molecule ZPD-2 acts as a potent inhibitor

of both the spontaneous and seeded amyloid polimerisation of C-terminally

truncated α-Synuclein by interfering with early aggregation intermediates.

This dual activity positions this molecule as a promising candidate for thera-

peutic development in treating synucleinopathies.

Introduction

Parkinson’s disease (PD) is the second most prevalent

neurodegenerative disorder worldwide, after Alzhei-

mer’s disease [1,2]. Its defining feature is the loss of

dopamine-producing neurons in the substantia nigra

pars compacta, leading to characteristic motor symp-

toms such as tremor, rigidity and/or bradykinesia [3,4].

Abbreviations

ATR-FTIR, attenuated total reflection Fourier-transform infrared; NAC, non-Amyloid Corecore; PD, Parkinson’s disease; PQQ, pyrroloquinoline
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However, PD may also involve non-motor complica-

tions such as dementia [5,6].

Like other neurodegenerative pathologies, PD is

connected with the presence of amyloid protein

deposits in the brain [7]. The major histopathological

hallmark of PD is the formation of intraneuronal

aggregates in neuronal bodies and processes, named

Lewy bodies and neurites. These assemblies are pri-

marily composed of amyloid fibrils formed by the pro-

tein α-Synuclein (α-Syn) [7]. Under normal conditions,

α-Syn exists as a soluble and mostly disordered protein

that participates in diverse functions, including regulat-

ing vesicle trafficking, fatty acid binding and neuronal

survival [8–13], whereas in pathological conditions, the

protein misfolds and establishes intermolecular β-sheet
interactions to form toxic and neuron-to-neuron trans-

missible aggregates [14].

The 140-residue amino acid sequence of α-Syn can

be dissected into three distinct regions: N-terminal,

non-amyloid core (NAC) domain and C-terminal [15].

The hydrophobic NAC domain drives the formation

of cross-β amyloid aggregates, whereas the N- and

C-terminal regions appear to modulate this process

[16–18]. The N-terminal is highly conserved and con-

tains most of the imperfect KTKEGV repeats respon-

sible for the amphipathic character of α-Syn and its

interactions with lipids, which are important for both

its functional and pathogenic behaviour [19,20]. The

C-terminal region has been described to act as an

intramolecular chaperone that reduces the aggregation

propensity of the full-length protein [21,22]. This

α-Syn segment is highly flexible and has many acidic

residues (10 glutamates + 5 aspartates), providing a

high negative charge that precludes or delays amyloid

formation through repulsive electrostatic interactions

[22,23]. In this way, truncation of the α-Syn
C-terminus significantly increases its aggregation, sup-

porting a solubilising role for this domain [24–26].
Truncated forms of α-Syn are detected in healthy

brains, but there is an enrichment of C-terminal trun-

cated α-Syn (α-Syn-CT) in the protein deposits of PD

patients [27]. C-terminal truncations are thought to

result from an incomplete degradation in the protea-

some [28,29] and the activity of endoproteases such as

calpain [29,30], with cellular and in vivo studies show-

ing that truncation precedes and increases fibrillation

[31]. The enhancement of α-Syn aggregation propensity

is proportional to the extent of the truncation, as long

as it does not affect the NAC domain (residues 85–90)
[32]. C-terminal truncation enhances mitochondrial

degradation, leading to an increased toxicity [33], and

transgenic mice expressing C-terminal truncated spe-

cies manifest PD-like symptoms [34]. Furthermore, it

has been shown that the aggregation of α-Syn-CT
induces the pathological accumulation of the

full-length protein [25,34–36].
The exacerbated aggregation propensity of α-Syn-

CT likely underlies the limited success in identifying

small molecules that effectively inhibit its amyloido-

genesis. While there have been numerous reports on

small organic molecules modulating the aggregation of

the full-length α-Syn (α-Syn-FL) [37–39], to our

knowledge, only one compound, pyrroloquinoline qui-

none (PQQ) (Fig. 1), has been reported to be effective

against the truncated variant [40]. In this study, we

explored the impact of two small molecules,

SynuClean-D (SC-D) and ZPD-2 (Fig. 1), on the poly-

merisation of one of the most common C-terminal

truncations, the isoform containing residues 1–119 (α-
Syn-CT119) [28,29]. Both compounds have recently

Fig. 1. Modulators of α-Syn-CT119 aggregation. (A–C) Chemical

structure of SynuClean-D (A), ZPD-2 (B) and PQQ (C).
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been described as potent modulators of α-Syn-FL
aggregation both in vitro and in C. elegans models of

PD, exerting a neuroprotective effect on dopaminergic

neurons [41,42]. Consistent with previous findings

[25,43], this truncated variant exhibited a significantly

higher aggregation propensity when compared to α-
Syn-FL. However, ZPD-2 was highly effective in inhi-

biting both the spontaneous and seeded polymerisation

of α-Syn-CT119 by targeting preferentially the trun-

cated oligomeric species. Therefore, this molecule is a

dual agent able to interfere with the aggregation of

intact and truncated α-Syn, holding potential for ther-

apeutic development.

Results

Impact of α-syn C-terminal truncation on its

aggregation

The presence of naturally occurring truncated variants

in the brains of PD patients suggests a potential role

for truncation in disease progression. Several trunca-

tions have been described in vivo (103, 110, 113, 114,

115, 119, 122, 124, 125, 133, and 135), but truncations

at positions 119 and 122 are most prevalent, with

levels as high as 20–25% that of α-Syn-FL in the

insoluble brain fraction [28,29]. We compared

the aggregation propensity of the α-Syn-CT119 iso-

form with that of α-Syn-FL using a kinetic assay that

monitors the characteristic increase in fluorescence

intensity of Thioflavin-T (Th-T) upon binding to amy-

loid fibrils. The level of fluorescence attained by α-
Syn-CT119 at the end of the polymerisation reaction

was 2.3-fold greater than that of α-Syn-FL (Fig. 2A),

consistent with previous studies [43]. In addition, trun-

cation dramatically accelerated the rate of fibril forma-

tion (Fig. 2A), shortening the lag phase by 6.7 h (from

11.2 to 4.5 h) due to a 90-fold increase in the primary

nucleation rate (Kb= 0.03843 vs Kb= 0.00043). This

acceleration notably shortened the T50 of the reaction

by 6.8 h (from 11.3 to 4.5).

Transmission electron microscopy (TEM) analysis

revealed differences in α-Syn-FL and α-Syn-CT119
fibrils morphology (Fig. 2D,E). α-Syn-FL tends to

form large and well-defined ribbon-like fibrils

(Fig. 2E), whereas α-Syn-CT119 fibrils are clearly

shorter and have a rod-like shape. To date, all high-

resolution structures of α-Syn-FL fibrils have consis-

tently shown that the flexible C-terminal region

remains unincorporated within the amyloid core

[14,17,18,44–46]. This configuration results in a sur-

rounding cloud of negative charge enveloping the fibril

surface, thereby impeding lateral association.

Truncated fibrils lack this flexible anionic region,

which translates into the formation of larger, denser

and more frequent aggregate clusters compared to α-
Syn-FL (Fig. 3).

We investigated whether the observed differences in

fibril morphology and stickiness correlate with

differences in the secondary structure content using

attenuated total reflection Fourier-transform infrared

(ATR-FTIR) spectroscopy. Specifically, we recorded

the infrared signal in the amide I region of the spec-

trum (1700–1600 cm�1) (Fig. 2B,C and Table 1). In α-
Syn-CT119 fibrils, the spectrum was dominated by a

signal at 1628 cm�1, assigned to intermolecular β-
sheets, accounting for 52% of the area, whereas the

unordered signal at 1648 cm�1 contributed only 7%.

In contrast, in α-Syn-FL fibrils, the intermolecular β-
sheets and unordered signals account for 36% and

32% of the spectrum area, respectively. These data

suggest that α-Syn-CT119 and α-Syn-FL fibrils share

similar core regions, albeit not necessarily in the same

spatial configuration, but α-Syn-CT119 is devoid of

the disordered regions that surround and exclude lat-

eral interactions in full-length fibrils.

Impact of SynuClean-D and ZPD-2 on

α-syn-CT119 aggregation kinetics

SC-D and ZPD-2 were previously shown to be potent

modulators of α-Syn-FL aggregation, both in vitro and

in vivo [41,42,47]. We assayed here whether they are

also able to inhibit the aggravated aggregation

observed in α-Syn-CT119. Incubation of 35 μM of α-
Syn-CT119 in the presence of 50 μM of SC-D revealed

that the molecule inhibited the protein aggregation,

reducing the formation of Th-T positive species at the

end of the reaction by 51.5% (Fig. 4A), although it

seemed to be less effective than against the aggregation

of α-Syn-FL, where Th-T fluorescence was reduced by

71.5% (Fig. 4C). At the same concentration, ZPD-2

was exceptionally active, abrogating almost completely

the formation of fibrils, with a 96.9% reduction in Th-

T fluorescence emission (Fig. 4A), being similarly

active against α-Syn-FL aggregation, with a 97.3%

reduction (Fig. 4C).

Validation and characterisation of the inhibitory

activity of the compounds

Orthogonal light-scattering measurements at the end-

point of the aggregation reaction confirmed that the

observed reduction in Th-T fluorescence correlates

with a significant decrease in the levels of detectable α-
Syn-CT119 and α-Syn-FL aggregates, with reductions
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in dispersed light of 31.7% and 53.03% for SC-D and

ZPD-2, respectively (Fig. 4B,D). TEM images further

corroborated that the samples treated with SC-D, and

especially those treated with ZPD-2, exhibited signifi-

cantly fewer α-Syn-CT119 fibrils per field and dis-

played less clustering than untreated ones (Fig. 4E–G).

Fig. 2. Characterisation of C-terminally truncated α-Synuclein aggregation. (A) Kinetic analysis of C-terminally truncated (black) and wt (grey)

α-Syn aggregation followed by Th-T fluorescence measurement. Th-T fluorescence is plotted as normalised means. Error bars are shown as

standard errors of mean values. (B, C) Secondary structure characterisation reported by ATR-FTIR absorbance spectra in the amide I region

of final point aggregates of truncated (B) and wt (C) mature fibrils. (D, E) Representative TEM images of C-terminally truncated (D) and wt

(E) α-Syn fibrils. Scale bar 200 nm. All the experimental data, acquired in three independent experiments (n= 3).
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Subsequently, we performed a titration analysis to

assess whether the inhibitory activity of these mole-

cules was dose-dependent (Fig. 5A,B), as previously

reported for α-Syn-FL [41,42]. This assay revealed that

ZPD-2 was notably more potent than SC-D against α-
Syn-CT119 aggregation, with ZPD-2 showing signifi-

cant activity at 25 and 10 μM, corresponding to 1.4:1

and 3.5:1 protein-to-molecule ratios, where it pro-

moted 69.36% and 39.42% reduction in Th-T fluores-

cence, respectively. SC-D displayed low or no activity

at the same concentrations, which contrasts with our

previous observations for α-Syn-FL [42]. Thus, ZPD-2

is active at substoichiometric concentrations, display-

ing significantly greater inhibitory activity against α-
Syn-CT119 aggregation than the one previously

reported for PQQ (Fig. 5C).

To determine the time window during which the two

molecules are active, we set up aggregation reactions

of α-Syn-CT119 in which 50 μM of the molecules were

added at 0 h, 2.5 h and 5 h after the reaction com-

menced. At 2.5 h and 5 h, the exponential phase of the

aggregation reaction has progressed by 11.48% and

61.75%, respectively. While SC-D turned out to be

insensitive to the time of addition, the activity of

ZPD-2 was clearly time-dependent, exhibiting its

strong inhibitory effect only when added at the begin-

ning of the aggregation (Fig. 6A,B). This suggests that

ZPD-2 is primarily active against the species formed

early in the fibrillation reaction. A similar dependence

Fig. 3. Low magnification TEM images of α-Synuclein mature fibrils. Representative TEM images at 1500× of C-terminally truncated (A) and

wt (B) mature α-Syn fibrils. Scale bar 2 μm. All the experimental data, acquired in three independent experiments (n= 3).

Table 1. Assignment of the fibrils secondary structure. The

secondary structure content of C-terminally truncated and wt α-Syn
aggregates at the reaction final point were obtained by measuring

ATR-FTIR absorbance in the amide I region of the spectra. The

fitted individual bands after Gaussian deconvolution are indicated.

Truncated WT

Band

(cm�1)

Area

(%) Structure

Band

(cm�1)

Area

(%) Structure

1628 52 β-sheet
(inter)

1626 36 β-sheet
(inter)

1648 7 Unordered 1648 32 Unordered

1661 31 β-turn 1669 30 β-turn
1681 9 β-turn 1687 1 β-turn
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Fig. 4. Inhibition of C-terminally truncated and full-length α-Synuclein aggregation. (A) Aggregation of C-terminally truncated α-Syn in absence

(black) or presence of SC-D (blue) and ZPD-2 (green). The aggregation is followed by Th-T fluorescence measurement. (B) Final point light-

scattering measurements of truncated mature α-Syn fibrils formed in absence (black) or presence of SC-D (blue) and ZPD-2 (green). (C)

Aggregation of full-length α-Syn in absence (black) or presence of SC-D (blue) and ZPD-2 (green). The aggregation is followed by Th-T

fluorescence measurement. (D) Final point light-scattering measurements of mature α-Syn fibrils formed in absence (black) or presence of

SC-D (blue) and ZPD-2 (green). Th-T fluorescence and light scattering are plotted as normalised means. Error bars are shown as standard

errors of mean values. (E–G) Representative TEM images of mature fibrils of C-terminally truncated α-Syn in absence (E) or presence of SC-

D (F) and ZPD-2 (G). Scale bar 2 μm. All the experimental data, acquired in three independent experiments (n= 3).
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of the signal on the time of ZPD-2 addition was

observed when measuring orthogonal light scattering

at the endpoint of the reaction (Fig. 6C).

Modulation of α-syn-CT119 oligomers

We have shown previously that neither SC-D nor ZPD-

2 binds to isotopically labelled monomeric and soluble

α-Syn-FL [41,42]. Due to the high aggregation propen-

sity of α-Syn-CT119, we were unable to repeat these

experiments with the truncated variant. However, given

that the sequence of α-Syn-CT119 is encompassed

within the full-length protein, we do not anticipate spe-

cific interactions of ZPD-2 and the initially soluble state

α-Syn-CT119. This led us to consider that the target of

this molecule may be the early oligomeric species.

Truncated forms of α-Syn have been shown to form

prefibrillar, oligomeric structures [48]. Nonetheless,

because of the lack of the solubilising C-terminal

region, truncated oligomers exhibit higher exposed

hydrophobicity and can laterally interact, becoming

significantly resistant to chaperone-mediated

disaggregation [48]. By implementing the same proto-

col previously used to obtain α-Syn-FL oligomers [49],

we successfully obtained highly homogenous prepara-

tions of α-Syn-CT119 oligomers (Fig. 7D).

We assessed the impact of SC-D and ZPD-2 on

truncated α-Syn oligomers using TEM. After incubat-

ing oligomers with SC-D for 24 h, little change in par-

ticle organisation and number was observed

(Fig. 7A–C,E). Conversely, treatment with ZPD-2 dra-

matically reduced the number of observable oligomers.

Furthermore, the remaining assemblies were less

spheric and tended to cluster together (Fig. 7A–C,F).
These data indicate that ZPD-2 interacts with and dis-

entangles structured α-Syn-CT119 oligomers, poten-

tially by modifying their surface properties.

Impact of SynuClean-D and ZPD-2 on

α-syn-CT119 seeded polymerisation

The formation of amyloid fibrils can be accelerated or

induced by the addition of previously formed aggre-

gates [50]. This process, usually referred to as seeding,

Fig. 5. Concentration-dependent activity. (A–C) Aggregation of C-terminally truncated α-Syn in absence (black) or presence of different

concentrations (0, 5, 10, 25 and 50 μM) of SC-D (A) and ZPD-2 (B). The aggregation is followed by Th-T fluorescence measurement. Th-T

fluorescence is plotted as normalised means. Error bars are shown as standard errors of mean values. (C) Concentration-dependent activity

of PQQ (black), SC-D (blue) and ZPD-2 (green). PQQ values are derived from literature [40]. All the experimental data, acquired in three

independent experiments (n= 3).

Fig. 6. Time-dependent activity. (A, B) Aggregation of C-terminally truncated α-Syn in absence (black) or presence of 50 μM of SC-D (A) and

ZPD-2 (B) added at different time points of the reactions. The aggregation is followed by Th-T fluorescence measurement. (C) Final point

light-scattering measurements of mature α-Syn fibrils formed in absence (black) or presence of 50 μM of SC-D (blue) and ZPD-2 (green). Th-T

fluorescence and light-scattering are plotted as normalised means. Error bars are shown as standard errors of mean values. All the

experimental data, acquired in three independent experiments (n= 3).
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Fig. 7. Effect of the compounds on the C-terminally truncated oligomers. (A) Quantification of the number of particles observed on TEM

images. (B) Area distribution of the observed structures in absence (black) or presence of 100 μM of SC-D (blue) or ZPD-2 (green). (C) Mean

areas of the different samples according to TEM images. Error bars are shown as standard errors of mean values. (D–F) Representative
TEM images of the oligomers treated for 20 h with DMSO (D), SC-D (E) or ZPD-2 (F). All the experimental data, acquired in three

independent experiments (n= 3).
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plays a key role in the pathogenesis and spreading of

the disease, as preformed aggregates can propagate to

neighbouring cells in a prion-like manner [51–54].
Accordingly, evaluating the capacity of a molecule to

prevent these events is crucial for it to become an

effective anti-aggregational therapy.

The addition of 0.1% (v/v) of preformed and soni-

cated α-Syn-FL fibrils to its soluble counterpart effec-

tively accelerated amyloid formation by shortening the

lag phase, consistent with previous reports [25,34–36]
(Fig. 8). This effect was observable, but much less pro-

nounced for α-Syn-CT119, which displays an extremely

short lag phase even without seeds (Fig. 8A). Addi-

tionally, we also explored cross-seeding by initiating

the aggregation of soluble α-Syn-FL with preformed

α-Syn-CT119 fibrils. While a seeding effect was

observed, the acceleration induced by homotypic seed-

ing was greater than that promoted by heterotypic

interactions.

Given our observation that ZPD-2 targets oligo-

mers and/or other early assemblies, we speculated

that the addition of preformed fibrils might override

its inhibitory capability. To our surprise, this was not

the case, and the presence of the molecule at the

beginning of the reaction almost completely pre-

vented aggregation in all seeded and unseeded reac-

tions (Fig. 8A,C,E), resulting in reductions in Th-T

fluorescence of 97.05%, 91.25% for α-Syn-FL and α-
Syn-CT119 homotypic seeding, respectively, and

91.9% for the cross-seeded reaction. This anti-

aggregational effect of ZPD-2 was further confirmed

by light scattering measurements (Fig. 8B,D,F). SC-

D also exhibited anti-seeding activity, albeit much

lower than that of ZPD-2 in all cases, with efficacy

varying depending on the identity of the soluble pro-

tein and the added seed (Fig. 8).

Discussion

The aggregation of α-Syn is considered to play a major

role in the onset and progression of PD. Diverse trun-

cated forms of α-Syn have been observed in neuronal

deposits, corresponding to up to 20% of the total

aggregated protein. Even though the exact role in the

pathogenesis of these truncated variants remains

unknown, truncations on the C-terminal region have

been shown to markedly enhance the aggregation pro-

pensity of α-Syn. Accordingly, it has been suggested

that the aggregation of C-terminally truncated forms

precedes and promotes the aggregation of the full-

length protein in vivo. In this scenario, targeting the

aggregation of C-terminal truncated α-Syn emerges as

an attractive therapeutic approach for PD treatment.

Despite several molecules that have been described to

prevent α-Syn aggregation, the modulation of C-

terminally truncated α-Syn aggregation is still a poorly

explored strategy, and to the best of our knowledge,

only one small molecule has been described to display

such activity [40].

In this study, we investigate the effect of inhibitors

of α-Syn aggregation, SC-D and ZPD-2, on the poly-

merisation of the 1—119 truncated form. Th-T analy-

sis (Fig. 4) demonstrated that both compounds can

modulate the aggregation of α-Syn-CT119 in vitro, a

finding corroborated by light-scattering and TEM

(Fig. 4). These results suggest that the previously

described inhibitory activity of these compounds on a-

Syn-FL aggregation does not involve direct interaction

with the C-terminal domain, unlike what has been

observed with other molecules [55,56]. Titration assays

(Fig. 5) revealed that ZPD-2 has a significantly higher

in vitro inhibitory potential compared to SC-D, which

did not show significant substoichiometric anti-

aggregational capacity. Time-dependent assays (Fig. 6)

indicated that ZPD-2’s activity on α-Syn-CT119
largely depends on the stage of the aggregation pro-

cess, with inhibitory effects being most potent when

the molecule is present at the onset of the reaction. To

note, this behaviour aligns with our previous hypothe-

sis [57] and results for α-Syn-FL [41,42].

To confirm this view, we incubated α-Syn-CT119
oligomers in the presence or absence of the com-

pounds. The lack of the C-terminal region promotes

the lateral association of α-Syn-CT119 oligomers into

chains, without significantly impacting the structure of

the core compared to FL oligomers [36,48]. This pro-

vides an excellent tool to analyse the anti-oligomeric

properties of a given compound. SC-D had a negligi-

ble effect, showing no significant impact on the num-

ber or morphology of these structures (Fig. 7). In

contrast, ZPD-2 targeted the oligomers, disintegrating

them, likely by altering their surface properties, result-

ing in a decreased number of oligomers upon treat-

ment and the remaining aggregates appearing less

spherical and more clustered, further supporting ZPD-

2 acting on early intermediates in aggregation reac-

tions (Fig. 7). This suggests that the strong ZPD-2

inhibitory capacity may be associated with off-

pathway processes that generate non-productive

assemblies, which could explain the lower effect of the

molecule on the scattering signal compared to Th-T

fluorescence (Fig. 4).

Surprisingly, homotypic and heterotypic seeding

reactions revealed that both compounds were capable

of acting on seeded processes (Fig. 8). ZPD-2, in par-

ticular, exhibited strong inhibitory potential in all
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Fig. 8. Effect of the compounds on the seeded polymerisation. (A, B) Seeded aggregation of C-terminally truncated α-Syn reported by Th-T

derived fluorescence (A) and light-scattering (B) at final point. (C, D) Seeded aggregation of wt α-Syn reported by Th-T derived fluorescence

(C) and light-scattering (D) at final point. (E, F) Seeded aggregation of wt α-Syn by using seeds from C-terminally α-Syn fibrils reported by

Th-T derived fluorescence (E) and light-scattering (F) at final point. In all cases the protein was incubated in absence (black) or in presence

of 50 μM of SC-D (blue) and ZPD-2 (green); lighter colours in the kinetic reactions represent unseeded reactions. Th-T fluorescence and light

scattering are plotted as normalised means. Error bars are shown as standard errors of mean values. All the experimental data, acquired in

three independent experiments (n= 3).

5299The FEBS Journal 291 (2024) 5290–5304 ª 2024 The Author(s). The FEBS Journal published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies.

S. Peña-Dı́az and S. Ventura Inhibiting truncated α-Synuclein aggregation



seeded reactions. This strongly suggests that the mole-

cule interferes with the fibril-catalysed secondary

nucleation in the autocatalytic proliferation of α-Syn
fibrils. Since in seeded reactions, oligomers are gener-

ated primarily by surface-catalysed secondary nucle-

ation [58,59], the ability of ZPD-2 to interfere with

these species might account for the observed activity.

The ability of ZPD-2 to strongly inhibit both sponta-

neous and seeded polymerisation of α-Syn-CT119
underscores its potential as a therapeutic agent. This

dual action suggests that ZPD-2 can not only prevent

the initial aggregation of α-Syn but also impede the

propagation of existing aggregates, which is crucial in

addressing the pathology of PD.

Conclusion

All in all, the results described here show that ZPD-2

holds great potential as a modulator of the aggrega-

tion of α-Syn-CT119 by targeting the initial stages of

the process. The existence and aggregation of these

truncated species are thought to precede and promote

the aggregation of α-Syn-FL in vivo. Thus, preventing

their aggregation addresses a critical aspect of PD

pathology. Moreover, this study underscores the need

to explore the inhibitory potential of hit compounds

beyond the traditional assays focused exclusively on

full-length α-Syn, including the study of truncations

and other post-transductional modifications.

Methods

Protein expression and purification

The expression and purification of wt (used as a reference

in this work) and C-terminally truncated α-Syn was per-

formed as previously described [60], with slight adaptations

for the truncated form. Protein expression was performed

in an Escherichia coli BL21 DE3 strain, incubated in LB

medium supplemented with 100 μM ampicillin, at 37 °C and

250 g. Induction was conducted by the addition of 1 mM

IPTG for 5 h at OD600 0.6–0.8. Then, the cells were har-

vested upon 15min of centrifugation at 4000 g and washed

by resuspension and centrifugation with PBS 1×. Cell pel-
lets were stored at �80 °C until used. Once required, the

pellet was resuspended in 50mL of lysis buffer per 1 L of

culture, composed of 50 mM Tris, 150 mM NaCl, 1 mM

PMSF or 0.02 mg�mL�1 DNase, 1 mM EDTA, 1 mM benza-

midine, 1 μg�mL�1 pepstatin, tip covered spoon of lyso-

zyme, pH 7.4 for wt variant or pH 9.0 for truncated

variant. The resuspended cells were sonicated with a LAB-

SONICU sonicator (B. Braun Biotech International, Ven-

tura, CA, USA) for 7.5 min at 35% amplitude, 2 s ON and

2 s OFF, and centrifuged for 30 min at 20 000 g. The solu-

ble fraction was then recovered and incubated for 15 min at

95 °C. Then, the sample was centrifuged for 30 min at

20 000 g and the soluble fraction treated with 4.7 g of strep-

tomycin sulphate and incubated 15min at 4 °C and mild

shaking. Afterwards, the samples were centrifuged at

20 000 g for 15 min. The soluble fraction was then recov-

ered and mixed with 360mg�mL�1 of ammonium sulphate.

After 20 min of incubation at 4 °C and mild shaking, the

mixture was centrifuged at 20 000 g for 20 min and the pel-

let recovered. The pellet was finally resuspended on

Tris/HCl 100 mM pH 9.0 (truncated variant) or pH 8.0 (wt

variant) and dialysed (4–5 h and overnight) with Tris/HCl

25 mM pH 9.0 (truncated variant) or pH 8.0 (wt variant).

After dialysis, the sample was filtered with a 0.22-μm filter

and loaded into an anion exchange column HiTrap Q HP

(GE Healthcare, Chicago, IL, USA) coupled to an ÄKTA

purifier high-performance liquid chromatography system

(GE Healthcare). Tris 25 mM pH 8.0 or 9.0 and Tris 25 mM

pH 8.0 or 9.0 with NaCl 500 mM were used as buffer A

and buffer B, respectively. The protein was eluted imple-

menting a step gradient: step 1, 0% buffer B, 5 cv; step 2,

20% buffer B, 5 cv; step 3, 50% buffer B, 5 cv; step 4,

75% buffer B, 5 cv; step 5, 100% buffer B, 5 cv. The

obtained protein was then loaded into a gel filtration chro-

matography with 50 mM ammonium acetate pH 8.0. To

conclude, the protein was lyophilised for 48 h and stored at

�80 °C until used.

Protein aggregation

To aggregate both wt and C-terminally truncated α-Syn,
the lyophilised proteins were first resuspended on PBS 1×
to a final concentration of 210 μM and filtered through a

0.22 μm filter to remove small aggregates and contaminants

derived from resuspension. The aggregation was performed

on a 96-well plate in which each well contains 35 μM of α-
Syn, 40 μM Th-T, a 1/800 diameter Teflon polyball (Poly-

sciences Europe GmbH, Hirschberg an der Bergstraße, Ger-

many) and 50 μM of the compounds. As a control

reference, the same volume of DMSO (2.5%) was added.

The final volume of the reaction was 150 μL. The plate was

incubated at 37 °C with continuous orbital shaking (96 g)

in a SPARK® multimode microplate reader (Tecan, Män-

nedorf, Switzerland). Th-T fluorescent increase was mea-

sured every hour by exciting at 445 nm and collecting

fluorescence emission at 495 for 24 h.

In later kinetic studies, the concentration of α-Syn
remained constant at 35 μM, while the compounds were

added at different concentrations ranging from 50 to

5 μM. As reference, DMSO content was maintained iden-

tically in all the wells (2.5%). Also, the capacity of tar-

geting the seeded polymerisation of the protein was

analysed by adding 0.1% (v/v) of seeds to 35 μM of α-
Syn, with or without 50 μM of the compounds. The seeds
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were obtained from mature fibrils formed as previously,

which were sonicated three times at 35%, 40s with

1ON–3OFF cycles. In further kinetics assays, the aggre-

gation was performed at 35 μM in presence or absence of

the compounds; however, the compounds or DMSO

were added at different time-points (2.5 and 5 h) at a

final concentration of 50 μM.
Each assay was done in triplicate and the values of the

kinetic fitted according to the following equation:

/ = 1� 1

kb ekat�1ð Þ þ 1

where kb and ka constitute the homogeneous nucleation

rate constant and the autocatalytic rate constant, respec-

tively [61].

Oligomeric formation was performed as previously

[46,49]. Briefly, purified α-Syn was previously dialysed

against Milli-Q water and lyophilised for 48 h in aliquots of

6 mg. Lyophilised protein was resuspended in 500 μL of

PBS 1× to a final concentration of 800 μM, filtered through

0.22 μm filters and incubated at 37 °C on quiescent condi-

tions for 20–24 h. The resultant samples were ultracentri-

fuged at 288 000 g for 1 h in a SW55Ti Beckman rotor to

remove any fibrillar structure formed during the incuba-

tion. Finally, the oligomers were filtered four times using

100 kDa centrifuge filters (Merck, Darmstadt, Germany) to

remove the remaining monomeric protein. The resultant

oligomers were diluted to a final concentration of 20 μM of

protein and incubated in presence of 100 μM of the com-

pounds (or DMSO) for 24 h at 25 °C in quiescent

conditions.

Secondary structure determination

Attenuated total reflection Fourier-transform infrared

(ATR-FTIR) spectroscopy analysis was performed using a

Bruker Tensor 27 FTIR Spectrometer (Bruker Optics Inc,

Billerica, MA, USA) with a Golden Gate MKII ATR

accessory. All the spectra consist of 16 independent scans,

measured at a spectral resolution of 4 cm˗1, within the

1800–1500 cm˗1 range. Second derivatives of the spectra

were used to determine the secondary composition.

Fourier-deconvolution and determination of band position

of the original amide I band were performed using PEAKFIT

software (Grafiti LLC, Palo Alto, CA, USA).

Light-scattering measurements

To validate Th-T outcomes, 80 μL of the resultant aggre-

gates were resuspended and recovered into a quartz cuvette.

The scattering was then recorded in a Cary Eclipse Fluores-

cence Spectrophotometer (Agilent, Santa Clara, CA, USA)

by exciting the samples at 340 nm and collecting at

330–350 nm. The sample of each well was measured inde-

pendently, and technical triplicates were implemented.

Transmission electron microscopy (TEM)

Incubated fibrils at 70 μM in presence or absence of 200 μM
of the different compounds were recovered and diluted 1:10

in PBS 1× and sonicated for 30 s, with an intensity level of

2 to reduce the number of large clusters. The grids were

previously glow discharged for 25 s, at 25 mA and 0.37

mBar. Then, 5 μL of the samples were placed on the grid

for 1 min and the excess removed with a filter paper. After-

wards, the grids were washed twice in milli-Q water, which

was removed as before. Finally, 5 μL of a 2% (w/v) uranyl

acetate solution were added to the grid as negative staining

for 1 min and thus removed as previously. Representative

TEM images were acquired with a Transmission Electron

Microscopy Jeol 1400 (JEOL USA, Inc., Peabody, MA,

USA), at an accelerating voltage of 120 kV. At least 30

fields per sample were screened.
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