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a-Synuclein (Syn) is an intrinsically disordered protein, abundant in presynaptic neurons. It is a constituent of the
Lewis Body inclusions as amyloid fibrils, in Parkinson's disease patients. It populates an ensemble of confor-
mations and floats between the free random coil and the membrane-bound a-helical species. E46K is a patho-
genic mutant of Syn able to accelerate the formation of fibrils. The lysine in position 46 affects several protein
structural properties including its interaction with membranes.

We have shown that 3,4-dihydroxyphenylacetic acid (DOPAC), a dopamine metabolite, hampers Syn to form
fibrils, interfering with the aggregation process and alters the interaction of the protein and its aggregates with
membranes. To understand the mechanism of such alteration, we studied the interplay between Syn and E46K,
lipid membranes and DOPAC. The ability of DOPAC to displace the proteins bound to membrane was also tested.

Our findings provided a dynamic model of interaction able to explain the different effects of DOPAC on lipid
binding properties of Syn and E46K, shedding light on the conformational changes induced by the catechol,
which may destabilize the protein interactions with membranes. Understanding these mechanisms could have
implications for therapeutic strategies targeting Syn aggregation and membrane interactions in neurodegener-

ative diseases.

1. Introduction

Parkinson's disease (PD) is a chronic, progressive neurodegenerative
disease mainly characterized by motor symptoms [1]. Its neuropatho-
logical hallmarks are the loss of dopaminergic neurons in the substantia
nigra, with dopamine deficiency, and widespread intracellular in-
clusions, called Lewy bodies, containing aggregates of the protein
a-synuclein (Syn) [2]. Syn is a relatively small protein (14.460 Da),
prevalently present in the presynaptic nerve terminals (Fig. 1A). In vivo
and isolated in solution, it appears intrinsically disordered [3], and
populates a dynamic ensemble of conformations ranging from highly
unfolded to fairly compact, for the establishment of stabilizing long-
range interactions between the N- and C-terminal regions [4]. Syn ex-
hibits the ability to bind membranes, lipids, and vesicles, and upon
binding the protein adopts ordered o-helical structure (Fig. 1B)
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important to mediate Syn functions correlated to synaptic plasticity, and
modulation of neuronal survival [5,6]. Syn structural plasticity is due to
the peculiarity of its primary structure, where three regions are distin-
guishable: the N-terminus (1-60), rich in lysine residues, involved in the
binding to negatively charged membranes and lipids [5,7]; the central
region (61-95, called NAC, non-amyloid p-component), responsible for
the aggregation properties of the protein [8]; and the C-terminus
(96-140), containing several acidic residues and prolines, site of post-
translational modifications, able to bind metals [9], and to modulate
the tendency of the protein to aggregate [10]. N-terminus and NAC,
together, (roughly the region spanning residues 1-90), containing
imperfect repeats of 11 amino acids with a KTKEGV consensus sequence,
resemble the amino acid pattern found in the lipid-binding o-helical
domain of the apolipoproteins [11]. The physiological neuronal function
of Syn is not fully understood, but there is evidence suggesting its role in
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Fig. 1. General model of Syn interacting with a lipid membrane. Primary
structure of Syn with indication of the mutation E46K and organization in
structural domains (A), scheme showing the conformational transition of Syn in
the presence of a lipid membrane (B), structure and generation of DOPAC from
Dopamine by enzymatic pathway. MAO indicates Monoamine Oxidase; ALDH
indicates Acetaldehyde Dehydrogenase (C).

neurotransmission, modulating the synaptic vesicle dynamics, the
mitochondria, and the SNARE complex functions [12]. The protein be-
comes toxic when it undergoes a transition from a soluble monomer to
insoluble fibril, through a progressive process involving oligomer in-
termediates [13]. Both oligomers and mature fibrils cause toxicity to a
different extent and could potentially be linked to the disease [14].
Several missense point mutations of Syn gene have been identified in
patients suffering from PD, leading to early-onset (A30P, E46K, A53T,
G51D) or late-onset (H50Q) forms of the disease [15]. Although the
mutations differently affect Syn aggregation, the precise pathogenic
mechanism remains unknown. Multiple lines of evidence indicate that
the presence of genetic mutations increases the likelihood of the protein
misfolding and, as consequence, its tendency to oligomerization and
aggregation [16]. An aspect requiring consideration is that the muta-
tions occur mainly in the region of Syn encompassing the residues from
25 to 97, therefore affecting the protein affinity for and binding mo-
dality to lipids. Among the studied mutations, E46K variant has aroused
great interest for its high neurotoxicity due to cell-autonomous mecha-
nisms [17] and for the clinical phenotype of E46K patients displaying
severe disease progression [14,18]. This mutation also causes changes in
the structure of Syn. Indeed, the long-range intramolecular interactions
between the N-terminal and NAC with the C-terminal regions result
increased and E46K mutant exhibits a more compact than the wild-type
protein [19,20]. In relation to the membrane binding property, the K46,
located in the middle of the IV of the 7 repeats, induces an increase of the
protein affinity to membranes [21], a decreased sensitivity of Syn to
membrane curvature [22] and displays a preference for a binding mode
to membrane where the residues 3-25 appear tightly linked, while the
NAC region is dynamically free and prone to other interactions [23].
Recently, we have studied the molecular interaction between Syn
and some plant-derived molecules such as Oleuropein and some struc-
turally related catechols, DOPET and DOPAC [24-26] (Fig. 1C). We
showed that these molecules prevent Syn amyloid aggregation in vitro
by stabilizing the monomeric form of the protein and inducing the
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growth of off-pathway oligomers, which do not form fibrils [25]. Cate-
chols exhibit a wide spectrum of biological activities, the ability to cross
the blood-brain barrier and are metabolite of dopamine in vivo [27].
Changes in DOPAC levels reflect an alteration of dopamine neuro-
transmission that may be associated with neurodegenerative disorders
like PD [28]. Moreover, DOPAC appears more effective than the
hydroxyl-derivative for the presence of the carboxyl negatively charged
moiety exhibiting high affinity for the positive charged region of Syn.
Cellular assays revealed that the DOPAC-induced oligomers could be
internalized into the cell, where they activate the lysosomal pathway
and undergo clearance. Finally, these Syn aggregates manifested a
reduced propensity to conformational transition in the presence of
synthetic membranes in comparison to the monomeric protein. Addi-
tional studies were conducted on the mutant E46K by using high-
resolution mass spectrometry techniques. Reduced extent of aggrega-
tion inhibition by DOPAC was found in the case of E46K [26]. This effect
was correlated to the ability of DOPAC to interact preferentially with the
protein extended conformers present at the equilibrium with the
compact ones in the native state. E46K populates mainly the compact
conformer and the interconversion rate between the two species is
faster. Finally, these compounds exhibit the property to disaggregate
preformed fibrils. Consequently, these molecules could be particularly
relevant in the context of neurodegenerative diseases like PD, consid-
ering that the symptomatic therapies like levodopa remain the corner-
stone treatment and the number of trials for disease-modifying therapies
has increased in recent years [29]. In this context, we highlighted how a
small molecule scaffold could serve as a model for studying Syn aggre-
gation, its interaction with biological membranes and be proposed for
the rationale design of new drugs.

Here, we have studied the effect of DOPAC on the interaction be-
tween Syn and E46K with synthetic membranes with the aim to un-
derstand the mechanism of binding of the protein in the presence of the
catechol. We have used acidic small unilamellar vesicles (SUVs) to
generate a model of membrane. Two different settings were studied. In
one case, the interaction between the proteins complexed with DOPAC
(P/DOPAC) in a previous step and then with SUV (P/DOPAC + SUV) was
studied. In a second set of experiments, the catechol was added to the
proteins bound to SUV (P/SUV + DOPAC) to evaluate the ability of
DOPAC to displace the protein from SUV. In the latter case, two different
molar ratios between the proteins and SUV were considered: a “satu-
rating” condition, where the equilibrium bound/unbound protein to
SUV is shifted towards the bound protein and a negligible fraction of
unbound protein is present and an equilibrium condition, where roughly
50 % of the protein is in the unbound form. These molecular ratios were
determined by circular dichroism titration and SPR measurements. Our
previous findings demonstrated a two-step reaction between DOPAC
and Syn: initially the catechol seems to bind the extended conformation
of the protein. Successively, it generates a shield around the molecule.
The general effect is a decrease of the long-range intramolecular in-
teractions. Along the aggregation process of Syn, two moments appeared
particularly important for the formation of fibril and consequently for
their inhibition: the time 0 and 48 h, when the dynamic ratio between
the existing different conformers of the molecule determines the speed
of aggregation and the ability of certain compounds to inhibit the for-
mation of fibrils [26]. Therefore, in this study the times of incubation
0 and 48 h were chosen to monitor and compare the conformational
changes of the proteins in the presence of SUV and DOPAC (condition
named +48 h). In summary, our findings reveal that DOPAC plays a
significant role in modulating the interactions of both wild-type Syn and
the E46K mutant with lipid membranes. By influencing the binding
dynamics and conformational states of these proteins, DOPAC not only
inhibits fibril formation but also alters the membrane-associated
behavior of Syn aggregates. This research enhances our understanding
of the molecular mechanisms underlying Syn aggregation and highlights
DOPAC as a potential therapeutic agent in the context of PD.
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2. Material and methods
2.1. Material and samples

3,4-Dihydroxyphenylacetic acid (DOPAC), Thioflavin T (ThT) and
lyophilized bovine catalase (CAT) were purchased from Merck (Darm-
stadt, Germany). pT7-7 was purchased from Addgene (Watertown,
Massachusetts, USA). The catechol powder was dissolved in water so-
lution at 100 mM final concentration and stored at —20 °C [30]. All
reagents and chemicals were obtained from Merck (Darmstadt, Ger-
many) and were of analytical reagent grade.

For clarity, the samples used in this study were indicated with a
specific name as follows: P, protein (Syn or E46K); P/DOPAC, protein
treated with DOPAC (ratio 1:5); P/DOPAC +48 h, protein treated with
DOPAG, then incubated for 48 h; P/DOPAC + SUV, protein treated with
DOPACG, then incubated with SUV; P/DOPAC + SUV + 48 h, protein with
DOPAC, then added to SUV and furtherly incubated for 48 h; P/SUV,
protein interacting with SUV; P/SUV + 48 h, protein interacting with
SUV and furtherly incubated for 48 h; P/SUV + DOPAC, protein inter-
acting with SUV, then DOPAC is added (displacement); P/SUV + DOPAC
+48 h, displacement effect measured over time (48 h).

2.2. Main abbreviations

Syn, a-Synuclein; NAC, non-amyloid -component; PD, Parkinson's
disease; DOPAC, 3,4-dihydroxyphenyacetic acid; DOPET, 3,4-dihydrox-
yphenylethanol; SUV, small unilamellar vesicle; ThT, Thioflavin T; CAT,
bovine catalase; CD, circular dichroism; SPR, surface plasmon reso-
nance; HDX-MS, Hydrogen-Deuterium Exchange Mass Spectrometry;
maxD, maximally deuterated sample; MAO, Monoamine Oxidase;
ALDH, Acetaldehyde Dehydrogenase;

2.3. Expression and purification of recombinant a-synuclein and its E46K
mutant

The expression and the purification of the recombinant proteins
a-Synuclein and its E46K mutant were conducted in E. coli BL21 and
BL21-Gold cells respectively following a procedure previously described
[26]. Briefly, the overnight culture of transformed cells was induced
with IPTG. All the cultures were performed in LB medium with ampi-
cillin at 37 °C. Osmotic shock was carried out in specific buffers. The
periplasmic supernatant was purified using anion exchange chroma-
tography and the eluted fractions were dialyzed and lyophilized. Protein
identity and integrity were assessed by ESI-mass spectrometry (MS).

2.4. Small unilamellar vesicle preparation

Small unilamellar vesicles (SUVs) were prepared as reported by Mui
et al. [31] L-alpha-Phosphatidylcholine (egg, PC) and L-alpha-Phos-
phatidylserine (bovine liver, PS) were solubilized in chloroform and
mixed at a 1:1 M ratio and dried under gentle stream of nitrogen gas.
After 2 h in a SpeedVac vacuum concentrator (Thermo Fisher Scientific,
Waltham, MA, USA), the pellet was resuspended in 20 mM sodium
phosphate buffer pH 7.4 (previously kept at 37 °C) for 1 h at room
temperature. They were vortexed to resuspend the milky and uniform
mixture and then subjected to five freeze-thaw cycles. The cycles were
performed by vortexing the sample at 37 °C for 2 min, and then freezing
it with dry ice. The extrusions were performed with the Liposofast de-
vice (Avanti Polar Lipids) by using a 50 nm-polycarbonate membrane.
The process was repeated 11 times. The size of SUVs was controlled by
dynamic light scattering (Zetasizer Nano-ZS instrument, Malvern,
Worcestershire, UK) and the final product was stored at 4 °C.

2.5. Spectroscopic measurements

Protein concentrations were determined by absorption
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measurements at 280 nm using a double-beam Lambda-20 spectropho-
tometer (Perkin Elmer Life Sciences). The molar absorptivity at 280 nm
for Syn and E46K samples was 5960 cm ™! M2, as evaluated from their
amino acid composition by the method of Gill and von Hippel (1989)
[32]. The secondary structure content of the proteins was assessed by
far-UV circular dichroism (CD). The measurements were performed on a
J-800 Series spectropolarimeter (JASCO, Japan) in a 1-mm quartz
cuvette at room temperature. Data were recorded in the wavelength
range of 250-190 nm, collecting data with high-tension voltage <600 V,
and avoiding noisy signals. All protein samples were measured at the
same settings averaged in five and the buffer data subtracted. The mean
residue ellipticity [0] (degree cm? dmol’l) was calculated from the
formula [0] (6,bs/10) (MRW/Ic), where 0, is the observed ellipticity in
degrees; MRW is the mean residue molecular weight of the protein; 1 is
the optical path length in cm; and c is the protein concentration in g/mL.
A protein concentration of 3-5 pM was used. The spectra were recorded
in 25 mM sodium phosphate buffer pH 7.4 in the presence and the
absence of liposomes and in the presence and the absence of DOPAC.

2.6. Surface plasmon resonance

Surface Plasmon Resonance (SPR) analyses were performed on a
Biacore X-100 dual flow-cell instrument from GE Healthcare using an L1
sensor chip. The chip surface was conditioned with three consecutive 1-
minute injections of 20 mM CHAPS followed by 1-minute injection of
30% (V/V) ethanol. SUVs (12 mM in 20 mM Sodium Phosphate buffer,
pH 7.4) were deposited for 40 min at a flow rate of 5 pl-min~'. The
surface was then stabilized by three 1-min injections of 100 mM NaOH.
Aliquots of protein samples at increasing concentrations (0-10 pM) were
injected over immobilized liposomes, at 10 pl/min flow rate. All mea-
surements were carried out at 25 °C in 20 mM sodium phosphate buffer,
pH 7.4, with 120-sec of contact time and 200-sec of dissociation phase.
Liposomes were then regenerated by 1-minute injection of 100 mM
NaOH. Each sensorgram was subtracted for the corresponding baseline,
obtained on the reference flow cell and accounting for nonspecific
binding. Affinity and kinetic analysis were performed using the BIAe-
valuation software.

2.7. Hydrogen-deuterium exchange mass spectrometry

Hydrogen-Deuterium Exchange Mass Spectrometry (HDX-MS) mea-
surements were performed using a Xevo G2S Q-TOF (Waters) mass
spectrometer equipped with a standard electrospray ionization source,
an Acquity M-class UPLC (Waters), an Automation 2.0 sample work-
station (Waters), and an HDX PAL autosampler (Leap technologies,
Carrboro, NC, USA). Leu-enkephalin (Waters) was continuously infused
as the reference lock mass. For clarity, the samples used in this study
were prepared as follows: P, protein Syn or E46K in PBS buffer; P/
DOPACG, protein treated with DOPAC (ratio 1:10) for 1 h at room tem-
perature; P/DOPAC + SUV, protein with DOPAC, then incubated 30 min
with SUV; P/SUV, protein incubated with SUV for 30 min at room
temperature; P/SUV + DOPAC, protein interacting with SUV, then a 10-
fold excess of DOPAC is added (displacement). The final concentrations
in the reaction mixture were standardized to 4.8 pM for the protein, 48
pM for DOPAC, and 480 pM for the lipids (SUV), where present.
Immediately after the incubation, samples were thermostated at 4 °C. All
experiments were conducted in the presence of catalase to prevent
oxidation. For the H/D exchange reaction, an aliquot (3 pl) of each
sample was diluted 10-fold in deuterated buffer (20 mM sodium phos-
phate, pD 7.42, in 99.9 % D50) and was then allowed to exchange for 5 s
or 10 min at 4 °C. H/D exchange was quenched at 0 °C by adding an
equal volume of quenching buffer, i.e. 0.8 % formic acid, adjusted to pH
2.35. Quenched samples were immediately digested on an in-line pepsin
column (Enzymate™ BEH Pepsin Column, Waters), thermostated at
15 °C and eluted at a constant flow rate (100 (l/min) with 0.23 % (v/v)
aqueous formic acid. The resulting peptic fragments were online trapped
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on an Acquity UPLC BEH C18 VanGuard Pre-column (Waters) and eluted
on an Acquity UPLC BEH C18 column (Waters) with a linear acetonitrile-
0.1 % formic acid gradient from 5 % to 35 % in 6 min, at a constant flow
rate of 40 pl/min. The effluent was analyzed by the Xevo G2S Q-TOF
mass spectrometer (m/z 50-2000), and each peptic fragment was
identified by the MSE mode, using argon as the collision gas. Deuterium
incorporation was determined according to the following equation [33]:
%D = (m¢—mg)/(m1go — Mg), where m, is the mass of the fragments after
labeling time t, mp, and mjgo are the masses of the non-deuterated
fragment and the maximally deuterated sample (maxD), respectively.
The maximally deuterated samples used for back-exchange corrections
were prepared as described by Peterle et al. (2022) [34]. Briefly, pro-
teins were lyophilized, suspended in 7 M GdnHCl, and heated at 90 °C
for 5 min. After cooling to room temperature, the labelling buffer was
added to the denatured protein solution, obtaining a final 95 % of D50,
and the exchange reaction proceeded at 40 °C for 10 min. The samples
were then cooled to room temperature, and the exchange was quenched
by two-fold dilution with an ice-cold quenching buffer (as above).
Fragments generated from online pepsin digestion were identified using
the Protein Lynx Global Server 3.0 and then analyzed with DynamX 3.0
software (Waters). Only fragments matching the following criteria were
considered for the analysis: i) 5 %-retention time window in the chro-
matographic separation; ii) maximum MH™" error of 6 ppmy; iii) at least 2
ion products identified for each peptic fragment; iv) a minimum of 0.2
ion products generated per amino acid in the fragment; v) fragments
containing <4 or >33 amino acids were excluded, due to identification
ambiguity and poor sequence localization.

2.8. Cell culture conditions and treatments

Human neuroblastoma SH-SY5Y cells were cultured at 37 °C in a
humidified incubator under a 5.0 % CO; atmosphere in 50:50 HAM:
DMEM culture medium supplemented with 10 % fetal bovine serum, 3.0
mM glutamine, 100 units/mL penicillin and 100 pg/mL streptomycin.
Cells were exposed for varying lengths of time to protein samples (5 pM
Syn or E46K) aggregated in vitro for 48 h in the absence or presence of
DOPAC.

2.9. Mitochondria functionality

The MTT reagent (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenylte-
trazolium bromide (Sigma-Aldrich, St. Louis, MO, USA) was added to
SH-SY5Y cells seeded in 96-well plates (1 x 10* cells/well) at a final
concentration of 0.5 mg/mL. After incubation for 2 h at 37 °C, formazan
crystals formed from MTT by the reducing activity of mitochondrial
dehydrogenases were dissolved with 100 pl solubilizing solution
(DMSO) and the absorbance of the blue formazan resulting from MTT
reduction was read at 595 nm using a Biotek Synergy 1H spectropho-
tometric plate reader.

2.10. Reactive oxygen species measurements

The probe 2,7-dichlorofluorescein diacetate, acetyl ester (CM-H
DCFDA; Sigma-Aldrich) was added at a final concentration of 10 mM to
SH-SY5Y cells plated in 96-well plates (1 x 10* cells/well). After 1 h,
fluorescence values were read at 538 nm using a Biotek Synergy 1H
spectrophotometric plate reader.

2.11. Interaction with cell membrane

Subconfluent SH-SY5Y cells (8 x 10* cells/well) grown on glass
coverslips were treated for 24 h with Syn aggregates at a 5.0pM final
concentration and then washed with PBS. Cell nuclei were stained with
HOECHST 33342 for 30 min at 37 °C. Ganglioside M1 (GM1) labeling
was performed by incubating the cells with 10 ng/mL CTX-B Alexa Fluor
488- conjugated in complete medium for 10 min at room temperature.
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Cells, fixed in 2.0 % buffered paraformaldehyde for 10 min, were per-
meabilized by treatment with a 1:1 acetone/ethanol cold solution for
4.0 min at R.T., washed with PBS and blocked with blocking solution
(PBS, 0.5 % BSA and 0.2 % gelatine) for 30 min. After blockage, the cells
were incubated for 1h at room temperature with a rabbit polyclonal
anti-Syn antibody (Abcam, Cambridge UK) diluted 1:500 in blocking
solution and then washed with PBS for 30min under stirring. The
immunoreaction was revealed by Alexa 568-conjugated anti-rabbit Abs
(Molecular Probes, Eugene, Oregon, USA) diluted 1:100 in PBS. Cell
fluorescence was imaged using a confocal TCS SP8 scanning microscope
(Leica) equipped with 63x, 1.4-0.6 NA, oil, HCX Plan APO lens.
Multicolor images were analyzed with FiJi software. Forster Resonance
Energy Transfer (FRET) analysis was carried out by the FRET sensitized
emission method as previously reported [35].

2.12. Calcium flux

Cytosolic levels of free Ca?" were measured using the fluorescent
probe Fluo-3 acetoxymethyl ester (Fluo-3 AM; Molecular Probes). Sub-
confluent neuroblastoma cells (8 x 10* cells/well) grown in complete or
free Ca®" medium, on glass coverslips were loaded with 5.0 pM Fluo-3
AM at 37 °C for 15 min and then treated with different protein samples
for 2 h. Finally, the cells were fixed in 2.0 % paraformaldehyde in PBS
for 10 min. Imaging was performed using a Leica TCS SP8 confocal
scanning microscope with a Leica Plan 7 Apo 40x oil immersion
objective. The Ca?* flux was monitored in SH-SY5Y cells, plated on 96-
well plates at a density of 1 x 10 cells/well and labelled as previously
described, before exposing to different aggregates. The fluorescence
intensity of Fluo3-AM was monitored continuously at 526 nm for 2 h
from the moment the protein samples were added to the cell medium
using a Biotek Synergy 1H plate reader.

2.13. Statistical analysis

All data were reported as mean values + standard deviation (SD) of
biological triplicates for HDX-MS analysis. Statistical analysis using one-
way ANOVA, with p-value <0.05 as regarded statistically significant.
The differences between control and experimental samples were deter-
mined by t-test. One-way analysis of variance by ANOVA and pairwise
comparisons by the Tukey HSD (honestly significant difference) method
were used for the statistical evaluation of the cellular assays.

3. Results

3.1. Interaction of Syn and its mutant with SUV (P/SUV) probed by
circular dichroism and surface plasmon resonance

It is widely accepted that Syn exists in vivo as an equilibrium be-
tween the free unfolded and membrane-bound a-helical forms [36,37].
A stable system was developed to mimic neuronal biological mem-
branes, which are natural targets for Syn. Small unilamellar vesicles
(SUVs) consisting of negatively charged phospholipids, with a diameter
of 50-80 nm, were chosen as Syn preferentially binds to lipids that
contain negatively charged polar head groups, with a strong preference
for phosphatidylserine (PS), because of the electrostatic attraction be-
tween the anionic membrane surface and the cationic lysine-rich N-
terminus domain [38]. The chosen system exhibited stability for all the
time range used to perform the experiments (Fig. S1). In vitro, the mo-
lecular ratio between the two forms (bound and unbound) can be
modulated by changing the lipid composition and concentration of
SUVs®, Increasing the SUV concentration with respect to the protein,
the bound/unbound protein equilibrium is shifted towards the bound
form. Here, in the first set of experiments, a protein/SUV (P/SUV) molar
ratio was determined to minimize the percentage of free molecules in
equilibrium with the bound ones (saturating condition). The endpoint of
the titration was calculated as the molar concentration of the SUV, with
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whom no further changes of the protein secondary structure were
detectable. The conformational changes of the proteins from unfolded to
a-helical structure was monitored by far UV CD measurements (Fig. 2 A
and B). The CD spectra of Syn and E46K showed a clear transition from
the unstructured free form to the a-helical bound species, where two
typical minima at 208 and 220 nm were visible. The CD spectra of both
proteins formed an isodichroic point at 204 nm, suggesting a coopera-
tive folding process on the SUV surface. The saturation point was
calculated as the first P/SUV molar ratio displaying the maximum molar
ellipticity at 222 nm and it was 1:500 for Syn and 1:300 for E46K.
Plotting the normalized ellipticity as a function of SUV concentration
(Fig. 2C), E46K lipid-induced folding appears more rapid than that of the
wild-type molecule, in agreement with previous results [22].

The binding affinities for the interaction of Syn and its mutant with
SUV were determined by SPR analysis (Fig. 2D-F). In these measure-
ments, SUVs with identical composition to CD experiments were
captured on the L1 sensor chip and left to interact with Syn and E46K.
The two proteins exhibited a comparable affinity (K4syn 38 = 5 pM and
Kggaex 32 + 2 pM), but different kinetics of association/dissociation to/
from membrane. Notably, the two Kq4 calculated at the equilibrium
(Fig. 2F) are comparable to those calculated from kinetic analysis as the
ratio of Kkog/Kon. SPR curves were interpolated according to a single-
binding kinetic model with best-fit parameters: Syn, ko,: 5863 M ™!
571, kog: 0.158 571, Kg: 26.9 uM; E46K, kop: 1605 M1 571, ko 0.0406
s7! Kg: 25.3 pM. For Syn, faster association (ko) and dissociation (Kog)
rate constants were calculated compared to those determined in the
interaction E46K/SUV. The extra positive charge in the lipid binding
domain due to substitution E — K at position 46 is expected to favor the
protein interaction with negatively charged lipids, but it was also sug-
gested that the electrostatic factor promoted by E46K mainly affects the
dissociation rate from the SUV surface [21].
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3.2. Interaction of P/DOPAC with SUV probed by circular dichroism and
Hydrogen Deuterium Exchange (HDX) - mass spectrometry (MS)
measurements. (P/DOPAC + SUV)

Two series of experiments have been carried out. In one set, the
interaction between the proteins incubated with DOPAC (P/DOPAC)
and SUV in comparison to the protein/SUV (P/SUV) interaction was
studied. The protein/DOPAC ratio (1:5) was selected on the basis of our
previous research and corresponds to an amount of catechol able to
provide the complete inhibition of the aggregation of the protein [25].
In another one, the effect of adding DOPAC to the protein bound to the
SUV was analyzed. In the first case, the samples are named P/DOPAC +
SUV, while in the second P/SUV + DOPAC. In addition, the samples P/
DOPAC were incubated for 48 h before mixing with SUV (P/DOPAC
+48 h + SUV) as a further assay. After 48 h-incubation in the presence of
catechol, Syn and E46K generated oligomeric forms [26], therefore the
interaction between 48 h-species grown in the absence or in the presence
of DOPAC was tested. The protein conformational and dynamics
changes were monitored by using far-UV CD and HDX-MS
measurements.

Far UV CD spectra were recorded immediately after the preparation
of the samples constituted by the protein and DOPAC (P/DOPAC) in the
presence and in the absence of the SUV. As was previously reported [25],
DOPAC does not induce evident conformational changes (Fig. 3A, C,
continuous black lines), and both proteins adopt the unfolded structure
as in the absence of the catechol (Fig. 3A, C, dashed black lines). The
species formed by the protein and DOPAC (1:5 P/DOPAC) were then
mixed to SUV (1:500 for Syn/SUV; 1:300 for E46K/SUV). Far-UV CD
spectra gave indication of acquisition of a-helical structure by protein/
DOPAC species suggesting their ability to bind to the lipid membrane,
similarly to the protein alone (Fig. 3A, C, red continuous lines). Both
proteins, Syn and E46K mixed with DOPAC underwent conformational
transition in the presence of SUV at similar extent (Fig. 3, continuous red
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obtained from three independent measurements was plotted against the SUV concentration (C). SPR curves obtained at increasing concentrations of Syn (D) and
E46K (E). The measurements were carried out at 25 °C in a 20 mM sodium phosphate buffer pH 7.4. SPR curves were interpolated according to a single-binding
kinetic model with best-fit parameters: Syn, ko,: 5863 Mt s koge 0.158 571, Kyt 26.9 uM; E46K, kon: 1605 Mt s7L koge 0.0406 s, Kg: 25.3 pM. (F) Steady
state affinity determination. Plot of the response at equilibrium as a function of protein concentration and fitting for 1:1 binding model. The affinity constants are Kg:

38 £ 5 pM for Syn and Ky: 32 + 2 pM for E46K.



E. Rizzotto et al.

- 0h . 48h
—~ 10FA 1 ESyn 0B i Syn
N 1 =Syn/DOPAC| < | —Syn/DOPAC]
TE) 1 5 1
1 £ 1
N‘o 0 = 0 3
£ 1 N [
o ] g 1
P -10r ! o ~10 !
e 1 (5] 1
b . 2 B
[ o L
2 -20p STy 5 -20F |
b 1 o 1
I I
1 1 1l 1 1 1 1 1l 1 1
200 210 220 230 240 200 210 220 230 24
Wavelength (nm) Wavelength (nm)
- 0h . ___48h
10+C 7 E46K 10FD T E46K
== 1—E46K/DOPAC] e 1—E46K/DOPAC]
2 : s :
E o = 5§ 0 ~
N I N I
; | :
o-10F I o-10 I
(0] I (0] I
A | & el
% 20 P =L suv % 20 P :
S : > :
1 1 T | 1 1 1 1 1l 1 1
200 210 220 230 240 200 210 220 230 240
Wavelength (nm) Wavelength (nm)
= [E
I,_g 200 —E =
©
N
£ 15
o
o
(7]
Z 10
©
=
a5
S
=}
opF—-
oh | 48n oh | 48h
Syn E46K

Fig. 3. Interaction of Syn and E46K mixed with DOPAC (P/DOPAC) with SUV
at time 0 (A, C) and of P/DOPAC species formed after 48 h of incubation (P/
DOPAC +48 h) with SUV (B, D) probed by far-UV CD. SUV concentration was
selected to obtain negligible fraction of unbound protein. The plots show the
proteins in the presence (solid black line) and in the absence (dashed black line)
of DOPAC, and the proteins in the presence (solid red line) and in the absence
(dashed red line) of DOPAC incubated with SUV, respectively for Syn (A, B) and
E46K (C, D). In E, the bars report the ellipticity (in absolute value) at 222 nm of
the spectra in red. The black bars refer to the ellipticity of the samples P/
DOPAC mixed with SUV in comparison to P/SUV (white bars).

lines). Successively, P/DOPAC samples were incubated for 48 h and then
mixed with SUV (Fig. 3B, D). A decreased ellipticity was detected in the
case of E46K/DOPAC, correlating to the presence of a higher amount of
oligomeric species than in the case of Syn as previously shown [26]. In
the presence of DOPAC and SUVs, the ellipticity is lower (red continuous
lines) than in the presence of SUVs alone (red dashed lines). This effect is
more remarkable for E46K/DOPAC than the wild-type protein. These
data suggested that the complex formed by the proteins and the catechol
incubated for 48 h (P/DOPAC +48 h) exhibits a reduced affinity for SUV
(Fig. 3B, D).

H/D exchange measurements by MS of Syn and its mutant E46K
complexed with DOPAC were then performed in the presence and
absence of lipid membranes in comparison to P/SUV systems. Firstly, the
experiments were conducted by measuring the percentage of H/D ex-
change for 5 s of Syn and E46K in the presence of the SUV (Fig. 2S). The
profiles were compared with those obtained from the proteins alone
that, as completely unfolded species appeared fully deuterated.
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Fig. 4. Interaction of Syn and E46K in presence of DOPAC (P/DOPAC) with
SUV probed by HDX-MS. Percentage of deuteration of Syn (red line) and E46K
(black line) in the presence of SUV (P/SUV) (A). Comparisons of the percentage
of deuteration of Syn/SUV (red line) and Syn/DOPAC + SUV (purple line) (B),
and E46K/SUV (black line) and E46K/DOPAC + SUV (light blue line) (C). To
highlight the effect of DOPAC, to the profiles shown in B relative to E46K/SUV
was added (D). All these profiles were obtained by 10 min of exchange.

Allowing the deuteration for 5 s (Fig. 2S), there was no appreciable
difference in the profiles obtained for both proteins that showed a
similar behavior. In the presence of SUV, the 1-94 region of the poly-
peptide chain exchanged very poorly (4-5 %), a second stretch of the
protein sequence (95-113) exchanged in a higher extent (60-64 %),
while the segment corresponding to the C-terminus (114-140) appears
quite flexible and exchanged very extensively, in agreement with other
models of Syn interacting with membranes [6,39]. Deuterium incorpo-
ration was then prolonged to 10 min (Fig. 4). When Syn and E46K were
analyzed in the presence of SUV, the region 18-38 showed a lower
deuterium incorporation by 10 % in both proteins, while substantial
differences between the two proteins were observed in the region 40-95.
Within this region, the segment 55-70 exhibited a significant variation
by 30 % in the wild type and by 50 % in the mutant when exchanging H
with D (Fig. 4A). The presence of DOPAC added to Syn before the
interaction with the membrane (P/DOPAC + SUV) increased the ex-
change in the 40-90 region, thus its mobility, making the behavior of
Syn more like that of the mutant (Fig. 4B). Fig. 4C instead shows the
comparison between E46K and E46K/DOPAC with the SUV. In this case,
unlike Syn, there was no exchange difference. To better compare the
effect of DOPAC on the interaction of the protein with membranes, in
Fig. 4D, the percentage of deuteration of the complex Syn/DOPAC with
SUV was reported in relation to the exchange of the wild-type and
mutant with SUV in the absence of the catechol. The 55-70 region of Syn
bound to DOPAC appeared more prone to exchange than when the
protein is directly bound to the membrane, but less than in the case of
E46K.

3.3. Effect of DOPAC on the interaction of Syn and its mutant with SUV
(P/SUV + DOPAC) probed by circular dichroism and Hydrogen
Deuterium Exchange (HDX) - mass spectrometry (MS) measurements

Having tested the affinity of P/DOPAC to SUV, a new experiment was
performed by adding DOPAC after the establishment of the interaction
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between the proteins and the lipid membrane (named P/SUV +
DOPAQ), to assess if the catechol was able to displace the protein from
the membrane. In this case, two different protein/SUV ratios were
considered: one in which the percentage of free protein molecules is
negligible and another one in which 50 % of the protein is in the bound
form. These ratios were chosen based on the results shown in Fig. 2.

In Fig. 5, the effect of DOPAC on the interaction of the proteins with
SUV (saturation P/SUV ratio) at time 0 (P/SUV 4 DOPAC) and after 48
h-incubation (P/SUV + DOPAC +48 h) was shown. The CD spectra of
the proteins in the absence and in the presence of DOPAC without SUV
were reported as a control (Fig. 5, dashed and continuous black lines). At
time 0, both Syn and E46K acquired a-helical structure in the presence of
the SUV, as already shown in Fig. 2. The ellipticity of the CD curves at
222 nm for both wild type and mutated proteins was similar (Fig. 5A, C,
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Fig. 5. Effect of DOPAC on the interaction of Syn (A, B) and E46K (C, D) with
SUV (P/SUV) at time 0 (A, C) and 48 h (B, D) probed by far-UV CD. SUV
concentration was selected to obtain negligible fraction of unbound protein.
The curves relative to the protein with SUV in the absence of DOPAC were
reported as dashed red lines. DOPAC was added to obtain a final molar ratio of
1:5 (P/DOPAC 1:5, continuous red lines). The 48 h-incubation was performed
without shaking the samples. The CD curves of the protein in the absence of
SUV were reported as a control (in the absence of DOPAC, dashed black lines; in
the presence of DOPAC, continuous black lines). In E, the bars report the
ellipticity (in absolute value) at 222 nm of the spectra in red. The black bars
refer to the ellipticity of the P/SUV samples upon addition of DOPAC, the white
bars report the ellipticity of the P/ SUV samples as a control.
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dashed red lines; E, white bars). This did not change after 48 h-incu-
bation in quiescence (Fig. 5B, D, dashed red lines; E, white bars), sug-
gesting that the system formed by the protein and SUV was stable under
these experimental conditions. Upon adding DOPAC (in ratio 1:5
calculated on the protein concentration), a slightly reduced content of
the o-helical structure of the proteins was detected at time 0 (Fig. 5A, C,
continuous red lines). After 48 h of incubation, the a-helical content was
even more reduced for E46K (Fig. 5B, D, continuous red lines; E, black
bars), while no significant change was detected for the wild type protein.

HDX-MS measurements were conducted to understand if the reduced
content of ellipticity could be ascribable to a protein displacement from
the lipid membrane or a partial unfolding of a specific region of the
protein after the addition of DOPAC to the proteins bound to SUV. These
measurements were conducted only on freshly prepared samples,
without further incubation to avoid that eventual protein aggregative
processes could interfere in the MS measurements. In the case of Syn, no
difference in the HDX-MS profiles was detectable (Fig. 6A). Conversely,
the H/D exchange of the mutant bound to SUV was largely affected by
the catechol at the level of the 40-89 region (Fig. 6B). The biggest dif-
ference was found for the 55-70 segment where the H/D exchange
changed from 50 to 70 % (Fig. 6C).

To clarify the catechol preference for the bound or unbound form of
the protein, DOPAC was added to P/SUV at an SUV concentration
allowing the presence of a large fraction of unbound protein (50 %).
Therefore, for Syn, a 1: 140 P/SUV ratio was chosen, while for E46K, this
ratio was 1:100. In these conditions, DOPAC could interact with the
fraction of free protein or displace the protein from the membrane. The
analysis was monitored by CD at time 0 and 48 h. First, the stability of
the system constituted by the protein bound to the SUV was tested over
48 h, detecting no change in the ellipticity (Fig. 7B, D, dashed red lines;
E, white bars). The addition of DOPAC at time 0 induced a slight effect
both in the case of Syn and E46K, being the most pronounced in the case
of the mutant after 48 h-incubation (Fig. 7, continuous red lines; E, black
bars). Overall, these measurements show that DOPAC seems to be more
effective in reducing the interaction of E46K with the membrane.

Finally, the effect of further addition of DOPAC was tested. The
system used was constituted by the protein bound to SUV incubated for
48 h without agitation in the absence (P/SUV + 48 h, Fig. 8 A, C, dashed
blue lines; B1, D1, blue bars) or in the presence (P/SUV + DOPAC +48 h,
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Fig. 6. Effect of DOPAC on the interaction of the proteins with SUV probed by
HDX-MS. Percentage of deuteration of Syn/SUV upon addition of DOPAC (pink
line) in comparison with the profile of Syn/SUV (red line) (A). Percentage of
deuteration of E46K/SUV upon addition of DOPAC (green line) in comparison
with the profile of E46K/SUV (black line) (B). Comparison of percentage of
deuteration of P/SUV upon addition of DOPAC (pink and green line, respec-
tively for Syn and E46K) (C). The profiles were obtained by 10 min of exchange.
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Fig. 7. Effect of DOPAC on the interaction of Syn (A, B) and E46K (C, D) with
SUV (P/SUV) at time O (A, C) and 48 h (B, D) probed by far-UV CD. The molar
ratio Syn/SUV was 1:140; the molar ratio E46K/SUV was 1:100, to have 50 %
of the protein in the bound form. The curves of the protein with SUV in the
absence of DOPAC were reported as dashed red lines. DOPAC was added to
obtain a final ratio of 1:5 (P/DOPAC 1:5, continuous red lines). The 48 h-in-
cubation was performed without shaking the samples. The CD curves of the
protein in the absence of SUV were reported as a control (in the absence of
DOPAC, dashed black lines; in the presence of DOPAC, continuous black lines).
In E, the bars report the ellipticity (in absolute value) at 222 nm of the spectra
in red. The black bars refer to the ellipticity of the P/SUV samples upon addi-
tion of DOPAC, the white bars report the ellipticity of the P/ SUV samples as
a control.

Fig. 8 A, C, continuous blue lines; B2, D2, blue bars) of DOPAC. DOPAC
could react with the fraction of free protein in equilibrium with the
bound one and with protein displaced from the SUV. A decrease of
ellipticity was detected, more pronounced in the case of E46K. As a
control, a fresh protein sample (3.5 pM) was added to both systems to
verify the occurrence of a competition event between the free protein,
SUV and available DOPAC (Fig. 8, green lines, and green bars). The
addition of new protein molecules restored only in part the initial con-
tent of a-helical structure, even less in the case of E46K.

3.4. Protein aggregate effects on cultured cells
The interaction between Syn and cell membrane can lead to its

permeabilization with loss of membrane integrity, but also to dysregu-
lation of calcium signaling and consequent production of reactive
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oxygen species (ROS) [40,41], which are both involved in neuronal
toxicity. Indeed, Syn aggregates, particularly in their oligomeric form,
could permeabilize the neuronal membranes by destabilizing the lipid
bilayer and forming transient pores [42]. Therefore, a series of analyses
on a human neuroblastoma cell line were performed. SH-SY5Y cells,
which are a well-characterized cell model for neurodegeneration
studies, were used to investigate Syn aggregates interaction with cells.
The toxicity of exogenous Syn and E46K aggregates obtained after 48 h
of aggregation in vitro in the absence and presence of catechol (P + 48 h
and P/DOPAC +48 h) were tested.

First, we evaluated the aggregates/cell membrane interaction by
confocal microscopy analysis. The interaction between exogenous Syn
or E46K aggregates, with or without DOPAC, and GM1, a ganglioside
present in neuronal membrane was observed in terms of colocalisation
(Fig. 9A, top panels) and sensitized Forster resonance energy transfer
(FRET) confocal analyses (Fig. 9A, bottom panels). The Syn and E46K
aggregates on cells showed a remarkable colocalisation with GM1 in the
plasma membrane (Fig. 9A, top panels) and an intense FRET interaction
between GM1 staining (Alexa488-conjugated cholera toxin, subunit B)
and Syn immunolabeling (Alexa568) was observed (Fig. 9A, top panels).
On the other hand, the few DOPAC-modified aggregates detected on the
cell showed a low FRET efficiency between Alexa488 and Alexa568
(Fig. 9A, lower panels).

To investigate how the different aggregates may affect cell mem-
branes integrity, the change in intracellular calcium levels was assessed.
Cells were treated for two hours with the different types of protein ag-
gregates grown in the presence or absence of DOPAC, after which the
confocal microscopy images of the cells loaded with the Fluo3-AM probe
were recorded. Fig. 9B shows increased Fluo3-AM fluorescence in cells
treated with the Syn and E46K aggregates, while the DOPAC-modified
aggregates caused no change in intracellular calcium levels. This
result was confirmed by a further in vivo cell analysis of intracellular
calcium levels by treating the cells with the aggregates and immediately
initiating fluorescence recording for the next two hours. An increase in
intracellular calcium levels was observed approximately 45 min after
treatment of the cells with Syn and E46K (Fig. 9C). This change was not
recorded when the experiments were performed in Ca?"-depleted me-
dium, demonstrating that these aggregates increase the uptake of
external Ca?" and thus destabilize membrane permeability. When cells
were treated with DOPAC-modified aggregate protein samples with low
affinity for the cell membrane, no change in calcium levels was recorded
(Fig. 9C).

Mitochondrial impairment linked to membrane destabilization was
assessed by the ability of cells to reduce the MTT probe (Fig. 9D) and the
production of reactive oxygen species (ROS) using a fluorescent ROS
indicator (DCFDA) (Fig. 9E). Syn and E46K aggregates resulted in a
significant reduction in mitochondrial function, compared to untreated
control cells, and increased levels of ROS were observed, indicating
oxidative stress induced by the aggregates. Consistent with literature
reports, E46K aggregates exhibited greater toxicity than Syn aggregates
[43]. Notably, there was no significant difference in toxicity between 4-
h and 24-h treatment for both proteins. This suggests that the cytotoxic
effects may occur rapidly upon interaction with cell membranes. When
cells were treated with P/DOPAC +48 h, a reduced cell sufferance and a
corresponding decrease in ROS production were observed, suggesting
that the protein/DOPAC complexes exhibit lower toxic activity (Fig. 9D,
E). Taken together, these results not only support the in vitro data, but
also highlight the potential of DOPAC as a protective agent, suggesting
that DOPAC-induced modifications may alter the mechano-physical
properties of the aggregates potentially mitigating their toxic effects
on neuronal membranes.

4. Discussion and conclusion

Syn is engaged with lipids as a part of its physiological and patho-
logical function [44]. Several factors affect Syn-lipid interaction such as
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Fig. 8. Effect of further addition of DOPAC on the interaction of Syn (A, B) and E46K (C, D) with SUV (P/SUV) after 48 h without shaking. SUV concentration was
selected to have 50 % of the protein in the bound form. To the samples P/SUV + DOPAC +48 h (continuous red lines, A, C; red bars, Bo, D), DOPAC in ratio 1:5 with
the protein was added (P/SUV + DOPAC +48 h + DOPAC, continuous blue lines, A, C: blue bars, Bo, D»). In comparison, DOPAC was added to P/SUV + 48 h (dashed
red lines, A, C; red bars, By, D;) in the same ratio (P/SUV + 48 h + DOPAC, dashed blue lines, A, C; blue bars, B;, D;). Continuous green lines (A, C) and green bars
(By, Do) refer to samples as described for the blue lines and bars to which fresh protein (3.5 pM) was added (P/SUV + DOPAC +48 h + DOPAC + P). The dashed green

lines (A, C) and green bars (B;, D;) refer to P/SUV + 48 h + DOPAC + P.

the composition of the lipid system and the reciprocal concentration of
the protein and the lipid [45]. It is quite difficult to assess all the aspects
contributing to this interaction, since lipid vesicles can also trigger Syn
aggregation and fibril formation [38] and lipids themselves are in vivo
constituents of the Lewy bodies, pathological hallmarks of PD [46].
Therefore, we decided to focus our study on the dynamics of the Syn/
membrane interaction by using biophysical approaches. Previously, we
have shown that Syn and E46K aggregation is inhibited by DOPAC in a
dose-dependent manner and that the mutant requires higher concen-
trations of the compound than Syn for the complete inhibition. DOPAC
seems to recognize the extended conformation of the protein among the
interconverting ones present at equilibrium preventing long-range in-
teractions responsible for the packed conformation. The aggregation-
prone species is thus confined in a non-aggregating one and the intra-
molecular aggregation process is hampered [26]. Here, we analyzed
how protein/DOPAC complexes interact with SUV and the effects of
DOPAC on already membrane bound protein. Overall, our findings
provided a dynamic model of interaction of Syn and E46K with the
membrane able to explain the different behavior of the two proteins in
relation to the amyloid inhibitor.

Far-UV CD and SPR measurements were employed to assess the
ability of the two proteins to bind membranes and to determine the
saturation conditions (negligible fractions of unbound proteins). Mea-
surements obtained by far UV-CD showed the ability of the proteins to
assume a different content of a-helical secondary structure in relation to
the protein-liposome ratio. The existence of an isodichroic point at
~205 nm indicates the presence of two different populations in equi-
librium and a cooperative folding process [47]. Indeed, the presence of a

single molecule structured on the membrane may reduce the free energy
required for the second molecule to structure itself. E46K lipid-induced
folding appears more rapid than Syn and the mutant requires less lipid
concentration to complete its conformational transition. A P/SUV ratio
of 1:500 for Syn and 1:300 for E46K were found to be the saturating
conditions. The lower saturation ratio for E46K than Syn suggests a
higher avidity of the mutant for this type of membrane or a different
modality of binding. The positively charged Lys46, as well as intensi-
fying the binding to the negatively charged surface of the liposome,
shifts the bound-unbound equilibrium towards the bound form of the
protein, as previously proposed [22]. Interestingly, Syn and E46K
exhibit similar affinity to membrane but different kinetics of interaction.
The association (ko) and dissociation (ko) constants calculated for Syn
have a higher value than those calculated for E46K. Since k,, and kqgr are
indices of the time required to reach equilibrium in the interaction be-
tween the protein and the lipid vesicle, they confirm that the mutant
needs more time to acquire the secondary structure. The binding of Syn
to SUV occurs in a concentration dependent manner and with an affinity
(Kg) in the micromolar range, as determined by SPR, comparable to
those reported elsewhere using anionic lipids. In addition, Kq of this
magnitude suggests that the protein is in a monomeric state; a partially
aggregated or oligomeric species of Syn should be characterized by a
submicromolar affinity constant [48]. Of note, at higher concentrations
(i.e., 10 uM) Syn appears stably bound on the SUV surface, even after 3
min of the dissociation period. This suggests that Syn not only interacts
with the anionic lipid head groups but also could insert deeper into the
lipid bilayer, as previously suggested [49].

The binding model of Syn and E46K to SUVs determined by HDX-MS
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Fig. 9. Interaction of Syn and E46K aggregates with cells. SH-SY5Y cells were treated for 24 h with Syn or E46K aggregates, obtained after 48 h of incubation in the
absence or in the presence of DOPAC (P: DOPAC/1:5), at the final concentrations of 5 pM (monomer concentration). (A) Representative confocal scanning mi-
croscopy images of SH-SY5Y cells exposed to different aggregates for 24 h. The cell membranes were stained with Alexa 488-conjugated CTX-B (green fluorescence);
the cell nuclei with Hoechst 33342 (blue fluorescence), and the protein aggregates with anti-Syn antibodies followed by treatment with Alexa 568-conjugated anti
rabbit secondary antibodies (red fluorescence). Protein colocalization with GM1 (top panels). Scale bars are 14 pm in all images. FRET efficiency is shown in the
bottom panels. (B) Representative confocal microscopy images of Fluo3-AM loaded SH-SY5Y cells exposed for 2 h to 5 pM different aggregates. The cells were grown
in complete (left) or in calcium-free (right) medium. In each column representative differential interference contrast (DIC) images (right) and intracellular free Ca?*
fluorescence signal images (left) are shown. Scale bars are 18.5 pm in all images. (C) Representative kinetic traces of SH-SY5Y cells loaded with Fluo-3 AM, treated
with different aggregates and monitored for 2 h. The cells were grown in complete medium (top panel) or in free Ca®>" medium (bottom panel). Fluo-3 AM-treated
cells were used as a control (black line); after addition of Syn aggregates (orange) and Syn/DOPAC aggregates (yellow); after addition of E46K aggregates (dark
green) and E46K/DOPAC aggregates (light green). (D, E) Mitochondrial activities were analyzed in terms of MTT reduction (D) and ROS production (E) detected by
CH,-DCFDA probe. Values refer to 4 (black column) and 24 (grey column) h of incubation with different aggregates. Data were reported as the mean of three in-
dependent experiments performed in triplicates + SE. Statistical analysis: **p < 0.01; *** p < 0.001 vs untreated cells (CTRL). ° p < 0.05: °° p < 0.01; °°° p < 0.001
vs E46K and Syn alone.
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Flexibility

Scheme 1. Comparison between the modality of interaction of Syn and E46K
with SUV. Both proteins show the N-terminal helical domain (residues 1-55)
anchored to the membrane and different flexibility at the level of the 55-90
region: in Syn results to be more rigid, while it is dynamically available for
other interaction in E46K (A). Proposed site of DOPAC binding to protein. The
pink region represents the N-terminal helical segment interacting with the
membrane, while the blue and orange lines illustrate different flexibility zones.
The blue box refers to the proposed DOPAC binding sites, confined in the 55-70
region. The plot below emphasizes the protein increasing flexibility from res-
idue 1 to 140, with significant changes in regions of membrane interaction.

resembles that previously proposed one probed by NMR techniques in
the limits determined by technical timescale [6,23] (Scheme 1). The N-
terminal segment is firmly bound to the membrane, the central region
interacts dynamically, and the C-terminal region (96-140) is disordered
and free in the cytosol. In the model proposed by Fusco et al., the first 25
residues, called membrane anchor region, are strongly engaged with the
vesicles, while the amino acid stretch 26-97, defined membrane sensor
region, transiently binds the membrane. Taking the deuterium exchange
value as an index of the protein flexibility and mobility, under our
experimental conditions, the anchor region extends to residue 39 in Syn,
shortening the sensor region to 40-95 stretch. The C-terminal tail per-
sists in solution as a disordered and flexible region as seen in all models
of Syn/lipid interaction [50]. The reduced temporal resolution of HDX
techniques compared to HR-NMR may be insufficient to discriminate
which regions interact more strongly in fast equilibria, however it
allowed us to capture valuable insights regarding the overall strong
interaction within the entire segment. By HDX-MS analysis, the 18-39
region shows very low deuterium incorporation (10 %) in both proteins
and the residues from 95 onwards reach a percentage close to 100 %, as
expected. The most significant difference between Syn and E46K upon
binding to membrane was observed in the 40-95 region, where a
gradual increase in the exchange percentage can be detected along the
sequence reaching 30 % in Syn and 50 % in E46K. The wider deuterium
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incorporation in E46K in the entire extent of the 40-95 region is thus
consistent with greater mobility and dynamics in the mutant in com-
parison to Syn. This higher conformational flexibility of the mutant
matches the results obtained by SPR, allowing us to conclude that E46K
is characterized by greater mobility when bound to SUV than Syn. When
free in solution, the two molecules exhibited different behavior resulting
E46K more compact than Syn [26]. Therefore, the longer time taken by
E46K to acquire secondary structure in contact with membranes could
be the result of two distinct events: the interruption of the long-range
stabilizing interactions and the short-life of the stable bound confor-
mation characterized by a fast bound-unbound equilibrium.

When the complexes P/DOPAC are mixed with SUV (P/DOPAC +
SUV), they stably bind to vesicles through the region 1-39, as do the
proteins alone. The remnant of the lipid-binding domain of the two
proteins behaves differently. DOPAC affects the deuterium exchange of
55-70 region of Syn, in the protein/SUV system, accounting for an in-
crease of 10 % (from 30 to 40 %). In contrast, it has no effect on the
mutant. Indeed, the region 55-70 in E46K/DOPAC appears still tran-
siently exposed upon lipid-induced folding like in the absence of the
catechol. Therefore, our previous hypothesis that DOPAC preferentially
recognizes the segment 55-70 is likely to be further supported
[25,26,51]. Of note, CD measurements detected a reduced content of
a-helical secondary structure upon membrane binding for both proteins,
even more for E46K, after their incubation with DOPAC for 48 h. At this
stage, stable catechol-induced off-pathway oligomers constitute the
main conformational population [25,26]. Therefore, the 55-70 stretch
in the oligomeric protein is hidden by the interaction with DOPAC or as
the result of the incubation in the presence of DOPAC, preventing the
possibility for the proteins to further interact with SUV. The different
membrane affinity of DOPAC-modified aggregates compared to un-
modified aggregates was also evaluated in cultured human neuroblas-
toma cells, SH-SY5Y. Indeed, DOPAC-modified aggregates showed
reduced FRET efficiency with GM1 on the SH-SY5Y cell membrane,
reduced membrane destabilization, as indicated by calcium flux mea-
surements, as well as reduced cytotoxicity and reactive oxygen species
(ROS) production compared to unmodified aggregates. This suggests
that DOPAC modification may confer protective effects against the toxic
effects of Syn on neuronal membranes.

On the other hand, analyzing the action of DOPAC on the protein/
membrane system in saturation conditions (P/SUV + DOPAC), the
catechol seems to affect only the mutant, increasing its ability to ex-
change hydrogens in the 55-70 region, where an exchange of 70 % is
detected upon DOPAC addition. This further confirms that this amino
acid region is more mobile in E46K and is exposed to the solvent long
enough for DOPAC to bind. In Syn, it remains more firmly anchored to
the membranes and does not expose the conformational space required
for DOPAC to bind (Scheme 2). Prolonging the incubation (48 h) with
DOPAC in quiescence conditions (no possible aggregation event), the
catechol further competes with the binding of the protein with SUV
inducing E46K displacement, with no effect on Syn, as shown by CD

on

Scheme 2. Protein displacement by DOPAC. The scheme shows the differences in the interaction model of the two proteins with SUVs. The 55-90 amino acid region
in Syn is firmly anchored to the membranes, while it appears more mobile in E46K. Therefore, the proposed binding region for DOPAC (residues 55-70) seems more
rigid and thus less available in Syn than E46K. Hence, the conformational space required for DOPAC to bind is exposed in E46K and not in Syn.
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Summarizing scheme. DOPAC effect on Syn and E46K dynamics in solution (left panel) and upon interaction with membranes (center and right panels). In the
conformational ensemble populated by Syn and E46K, Syn adopts a more extended and E46K a more compact state (circled). DOPAC selects and stabilizes their
extended conformations (left). P/DOPAC complexes retain their ability to bind SUVs. Notably, Syn/DOPAC exhibits an increase in mobility in the region 40-95
(circled), compared to the protein alone bound to SUV (center). When bound to SUV, E46K exhibits higher mobility in the 40-95 region compared to Syn. Indeed,
DOPAC seems to affect only E46K increasing its mobility in the region 55-70, therefore suggesting that this region in E46K is dynamically exposed for a sufficient

time to allow DOPAC to bind (right).

measurements. The same experiment was conducted by using a protein/
lipid ratio leaving 50 % of protein molecules in the free form. In this
case, DOPAC could interact with both populations of the protein, the
bound and the unbound ones. Since its faster bound-unbound equilib-
rium, as previously observed, E46K binding is affected by DOPAC
immediately and even more upon 48 h-incubation in quiescence. Vice
versa, as expected, the catechol fails in the displacement of the bound
form of Syn. Therefore, we can conclude that DOPAC exhibits a pref-
erence for the membrane-bound species of E46K. Of note, E46K, while in
solution populates preferentially a compact conformation [22,26,43],
upon binding to SUV, it exhibits a relaxed region exposed to solvent.
Conversely, the more extended conformation of Syn in solution fairly
interacts with DOPAC, more than the rigid lipid-bound species. This is
corroborated by the observation that upon further addition of DOPAC
molecules to the system constituted by the protein/SUV incubated for
48 h, E46K undergoes displacement following the addition of the cate-
chol in higher extent than Syn. For both proteins, adding new protein
molecules restore the a-helical secondary structure content of the pro-
teins bound to SUV after 48 h (cfr Fig. 8By, D1). Of note, if the system
already contains DOPAC (P/SUV + DOPAC +48 h), a further addition of
the catechol has a slight effect in the case of Syn and a robust one for
E46K, while a further addition of protein allows the complete acquisi-
tion of the initial secondary structure in Syn but not in E46K (cfr
Fig. 8By, Da).

In conclusion, the approaches used, mainly based on biophysical
measurements, provided a suitable method to study a dynamic process
highlighting and confirming substantial differences between Syn and its
pathological mutant E46K (Summarizing scheme). Even if in a not-
quantitative way, a catechol-containing compound demonstrated its
ability to partially compete with Syn for membrane binding by using the
same concentration efficacious for the inhibition of the protein aggre-
gation in solution. Finally, DOPAC is a dopamine metabolite that could
be actively involved in the modulation of Syn levels within the neuronal
environment when the protein is in free or bound form. These possible
roles of DOPAC highlight the need for further research into its mecha-
nisms and potential therapeutic implications, particularly regarding
neurodegenerative diseases in which dopamine dysregulation is a hall-
mark such as in PD. The beneficial effect of this small molecule must be
put into perspective to convert it into therapeutics, that is a major
challenge and to overcome the bioavailability limitation of this type of
compounds a real strategy could be represented only by tailored nano-
medicine [52].
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