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Abstract

Dopaminergic neurons are constantly threatened by the thin boundaries between functional a-synuclein (AS) structural disorder and
pathogenic aggregation, and between dopamine (DA) neurotransmitter activity and accumulation of cytotoxic by-products. The possibil-
ities of developing drugs for Parkinson’s disease (PD) depend on our understanding of the molecular mechanisms that cause or accompany
the pathological structural changes in AS. This review focuses on the three interconnected aspects of AS conformational transitions, its
aggregation pathways and ligand binding. Specifically, the interactions of AS with DA, DA metabolites, DA analogs and DA agonists
are considered. Recent advances in the field are discussed with reference to the structural properties of AS and the methodologies em-
ployed. Although several issues are still object of debate, salient structural features of the protein, the aggregates and the ligands can be
identified, in the hope of fueling experimental and computational approaches to the discovery of novel disease-modifying agents.
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1. Introduction

Parkinson’s disease (PD) is the second most common
neurodegenerative disease after Alzheimer’s disease (AD).
This movement-related disorder is associated with a pro-
gressive loss of dopaminergic neurons in the brain - partic-
ularly in the substantia nigra pars compacta (SNpc) and in
the locus coeruleus - and with the accumulation in nerve
cells of B-sheet-rich protein inclusions, called Lewy bodies
(LBs) or Lewy neurites (LNs) depending on intracellular
localization and morphology [1]. LBs and LNs are consti-
tuted mainly of aggregated and modified a-synuclein (AS),
the main protein implicated in PD etiology, and represent
hallmarks of PD and related neurodegenerative disorders.
In addition to AS fibrils, LBs and LNs can contain other
proteins, lipids, and organelles [2].

Despite the strong effort devoted in the last decades
to the investigation of PD etiology, the molecular mecha-
nisms underlying the onset and progression of the pathol-
ogy are still poorly understood. Several genes have been
reported to play a role in the pathogenesis and several mu-
tations in the AS-encoding gene (SNCA) have been linked
to familial PD. However, the latter account for only 5%
of the cases, while the large majority of patients develop
the sporadic form. PD is, indeed, regarded as a multifacto-
rial pathology, in which alterations in protein homeostasis,
redox homeostasis, mitochondrial function, and membrane
integrity are involved in a complex process leading to neu-

roinflammation and disease onset [3—5]. AS is known to
be physiologically involved in neurotransmission and cog-
nition, but the mechanisms of action have yet to be elu-
cidated [6]. AS is expressed in vertebrates and particu-
larly abundant in the brain, especially in the presynaptic
terminals of dopaminergic neurons, but it can also be found
in the central nervous system (CNS) and in peripheral tis-
sues [7] or fluids, including serum [8], saliva [9,10] and
tears [11,12]. The pathological accumulation of AS pro-
tein in specific populations of neurons and glia is the hall-
mark of several disorders identified as synucleinopathies.
They can be classified in two major groups: Lewy body
disease (characterized by LBs and LNs) and multiple sys-
tem atrophy (MSA, characterized by glial cytoplasmic in-
clusions). Lewy body disease includes PD, PD demen-
tia (PDD), dementia with Lewy bodies (DLB), and other
neurodevelopmental and neurometabolic disorders, while
MSA is subclassified into MSA with predominant cerebel-
lar ataxia (MSA-C) and MSA with predominant parkinson-
ism (MSA-P) [13].

The difficulties in diagnosis and treatment of these
pathologies are a mirror of the molecular complexity un-
derlying it. The different molecular landscapes depicted
in the literature suggest the involvement of distinct factors
(Fig. 1) and underscore the importance of deep, individual,
biochemical phenotyping for basic and translational studies
[14]. Combined AS biomarkers, integrating structural, bio-
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Fig. 1. Pictorial representation of the main factors affecting a-synuclein (AS) aggregation. DA, dopamine; ROS, reactive oxygen

species; RNS, reactive nitrogen species; RSS, reactive sulfur species; PTMs, post-translational modifications.

chemical and aggregation properties, could contribute to di-
agnosis and typization of synucleinopathies [8]. Increasing
interest is devoted to peripheral, non-invasive, AS biomark-
ers [8,12,15].

Particularly relevant to this regard is the dual-hit hy-
pothesis, also known as the Braak’s hypothesis, stating that
sporadic PD initiates in the peripheral nervous system [16].
It is hypothesized that after exposure to external insults, in-
cluding viral or bacterial infections [16—18], the pathology
propagates from peripheral tissues - neurons of the gut and
nasal cavity - to and within the CNS [16,18]. Dysregula-
tion of either redox or protein homeostasis induces a toxic
response in dopaminergic neurons [4,5]. The accumulation
of AS, in turn, may enhance the redox stress, thereby gen-
erating a vicious cycle that leads to cell death and neuroin-
flammation [19]. Thus, perturbations of redox and protein
homeostasis enhance each other in degenerating neurons in
PD (Fig. 1).

Proteostasis is a finely regulated process aimed at con-
trolling the quality of protein synthesis, from transcription
to folding. Alterations in this surveillance lead to the accu-
mulation of abnormal products. Autophagy plays a key role
in this context by removing dysfunctional elements and fa-
cilitating the natural turnover of cellular components. Dys-
functions in this mechanism can result in accumulation of
aggregation products of misfolded AS. In turn, AS misfold-
ing may further inhibit its degradation, generating another
vicious cycle [20-25].

Reactive oxygen, nitrogen, and sulfur species (reac-
tive oxygen species (ROS), reactive nitrogen species (RNS)
and reactive sulfur species (RSS), respectively) are pro-
duced by cell metabolism and play a fundamental role as
second messengers in several metabolic processes, but also
pose a threat to cellular structures and functions. Both en-
zymatic and non-enzymatic actors form a delicate and in-
tricate network aimed at protecting cells from oxidative
or reductive damage to DNA, lipids, and proteins. An-
other source of oxidative stress is dysregulation of iron
metabolism, which is well-documented to be impaired in
PD [26,27]. Neurons are particularly exposed to redox
stress due to dopamine (DA) metabolism. The inherent tox-
icity of DA and AS could be a key to understanding PD
pathogenesis [6,28].

The two crucial factors DA and AS are not only func-
tionally but also directly linked to each other by the inter-
actions that the protein and its aggregation products can es-
tablish with DA and its metabolites. Thus, it is of interest to
elucidate the effects of such ligands on conformational and
aggregation properties of AS. In this review, the recent liter-
ature on the interactions of AS with DA and its metabolites
is commented, with regards to their effects on the protein
conformational ensemble and aggregation process.

2. DA Metabolism and Oxidative Stress

DA and AS are two central actors of neurotransmis-
sion by dopaminergic neurons [3]. DA transmits stimuli
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Fig. 2. Simplified metabolic pathways of dopamine (DA). DOPA, 3,4-dihydroxyphenylalanine; DOPAC, 3,4-dihydroxyphenylacetate;
DOPAL, 3.,4-dihydroxyphenylacetaldehyde; DOPET, 3,4-dihydroxyphenylethanol; NAD, nicotinamide adenine dinucleotide; ALDH,
aldehyde dehydrogenase; MAO, monoamine oxidase; ADH, alcohol dehydrogenase.

from SNpc to striatum to activate motor function [29], while
AS is involved in storage, release and recycling of the neu-
rotransmitter [30]. In spite of this concerted action, the two
molecules have restricted interactions under physiological
conditions [6,27]. AS is a presynaptic, cytoplasmic pro-
tein. DA, too, is synthesized in the cytoplasm of dopamin-
ergic neurons from the precursor tyrosine, through the se-
quential activities of tyrosine hydroxylase (TH) and aro-
matic amino acid decarboxylase (AADC). However, its cy-
toplasmic concentration is kept low by efficient loading into
synaptic vesicles by the vesicular monoamine transporter 2
(VMAT2).

Cytoplasmic DA can be catabolized by potentially
toxic reactions having ROS as side products (Fig. 2). One
pathway involves the enzymatic oxidation of DA to 3,4-
dihydroxyphenylacetaldehyde (DOPAL), with concomitant
production of hydrogen peroxide, by the monoamine ox-
idase isoforms MAO-A and MAO-B of the outer mi-
tochondrial membrane. The highly reactive metabo-
lite DOPAL has long been recognized as neurotoxic.
It is further converted to the non-toxic metabolite 3,4-
dihydroxyphenylacetate (DOPAC) by aldehyde dehydroge-
nase (ALDH). The catecholaldehyde hypothesis points to
DOPAL as the main trigger of neurodegeneration in PD
[31,32].

Cytoplasmic DA is also prone to auto-oxidation, a fate
that is prevented inside synaptic vesicles by the low pH
[33]. This reaction is accelerated by metal ions, particularly
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Fe?* [34,35], and can lead to intracellular accumulation
of dopamine quinone, aminochrome, 5,6-indolequinone,
5-S-cysteinyl-dopamine, hypochlorite-oxidized cysteinyl-
dopamine, and 7-(2-aminoethyl)-3,4-dihydro-5-hydroxy-
2H-1,4-benzothiazine-3-carboxylic acid. These products,
themselves, exert recognized cytotoxic functions [36,37]
and are produced along with superoxide, hydrogen peroxide
and hydroxyl radicals, threatening redox homeostasis [38].

A third pathway in DA metabolism is the polymer-
ization of its auto-oxidation products and inclusion into
neuromelanin (NM). NM is a pigment accumulating in
dopaminergic neurons, containing DA oxidation products,
iron, lipids, proteins (including AS) and different toxic
compounds and metals, particularly iron, zinc, aluminum
chromium, molybdenum, lead and mercury [39—41]. These
components are bound to the polymer matrix and enclosed
in a lipid bilayer membrane, forming intracellular NM or-
ganelles [39]. Thus, NM synthesis is thought to be pro-
tective of neurons by sequestering potentially toxic com-
pounds from the cytosol. However, NM can also have
toxic effects when released from degenerating neurons in
PD, promoting microglia activation and neuroinflammation
[42].

3. Structural Properties of AS

AS is an intrinsically disordered protein (IDP) com-
posed of an N-terminal, lipid-binding domain (residues
1-66) [43], a central, non-amyloid 8 component (NAC,
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residues 67-95) promoting cross-( structures [44], and a
negatively charged, C-terminal domain (residues 96-140)
playing a key role in determining AS (in)solubility and
protein-protein interactions in a pH-dependent way [45]
(Fig. 3A). Different states have been reported for AS
(Fig. 3B): () monomeric, soluble, cytoplasmic and highly
disordered [46,47]; (if) monomeric, lipid-bound, with a he-
lical N-terminal region and a disordered C-terminal tail
[48]; (iii) helical, tetrameric, soluble state resistant to aggre-
gation [49]; (iv) oligomeric, lipid-bound, forming patholog-
ical fibrils [50]. The first three can be considered physio-
logical conformations, while the latter triggers pathological
conditions [46-50]. Note that the physiological tetramer
has been described only once, while several manuscripts
have been published afterwards reporting contrasting evi-
dence in this regard [51].

The soluble, disordered monomer is the most common
state, in which AS is found in the cytoplasm of neuronal
cells [47]. In-vitro studies indicate that AS forms rapidly
interconverting conformers, whose nature and biased dis-
tribution can promote specific aggregation pathways [52].
The disordered nature of cytosolic AS has been experimen-
tally assessed by in-cell nuclear magnetic resonance (NMR)
and electron paramagnetic resonance (EPR) spectroscopies
[47]. NMR and EPR signals show that the protein remains
highly flexible, transiently interacting with various cyto-
plasmic components and undergoing rapid molecular reori-
entation. In-vivo cross-linking (XL) coupled to mass spec-
trometry (MS) is another approach that probes protein con-
formation inside the cell, yielding information on intra- and
inter-molecular contacts and inter-residue distances. Such
kinds of measures can feed computational modeling by ex-
perimental constraints. This method describes AS confor-
mational ensemble as dominated by rather compact, glob-
ular conformations with transient secondary structure el-
ements. Compaction is determined by contacts between
the N- and C-terminal regions, with a transient S-hairpin
structure involving the so-called NAC and C-terminal re-
gions that could provide a nucleation site for oligomeriza-
tion [53]. XL-MS has also pointed out a set of rather com-
pact, “hairpin-like” conformations of soluble AS in vitro
with the positively charged N-terminal region interacting
with negatively charged C-terminal region and thus shield-
ing the NAC domain [54]. On the other hand, XL-MS anal-
yses highlight open, “elongated” conformations in AS con-
densates, likely because they promote inter-protein contact
underlying liquid-liquid phase separation (LLPS) [54].

Multiple and transient conformations are also cap-
tured by fluorescence resonance energy transfer (FRET),
which also allows in-vivo conformational studies on in-
dividual molecules with high spatio-temporal resolution.
Time-resolved FRET (trFRET) experiments have been per-
formed on a set of eight AS mutants [55]. The structural
transitions simulated by molecular dynamics (MD) based
on FRET trajectories are heterogeneous and occur on the

millisecond timescale. Secondary-structure composition
of AS conformers has been captured by surface-enhanced
Raman spectroscopy (SERS) coupled with in-situ optical
tweezers [56]. This experimental setting allows micro-
sampling of aqueous solutions, in which AS is present in
a non-aggregated form, at concentrations comparable to
physiological concentrations in the neuronal cytosol (1 uM)
[56]. Secondary structure has been detected at quasi—single
molecule level from 200 measurements performed in paral-
lel on a same AS preparation. The majority of molecules
(>75%) have been found in random-coil conformation,
with minor fractions exhibiting a-helix and 3-sheet struc-
tures (15% and 10%, respectively). Such a skewed confor-
mational distribution could explain the lag periods required
for the formation of fibrils observed macroscopically. Post-
translational modifications (PTMs), such as phosphoryla-
tion, nitration, acetylation, arginylation, methylation, gly-
cation, truncation, ubiquitination, SUMOylation and O-
GlcNAcylation, have strong impact on AS properties in-
vivo [57,58]. They can affect conformational transitions,
biasing conformational equilibria towards some specific
subpopulations and altering its seeding properties [58,59].
PTMs have been also implicated in AS aggregation propen-
sity [58,60] and degradation [61], as well as interactions
with membranes [62] or other proteins [63], including chap-
erones [64], small molecules [65] and metal ions [66]. Most
studies have focused on pathological species extracted from
tissues of patients with synucleinopathies [67,68]. How-
ever, some evidence shows that PTMs occur at varying de-
grees on soluble, monomeric AS in the brain of healthy in-
dividuals, too [2,69-71]. How the composition of the con-
formational ensemble affects the aggregation pathway and,
consequently, the types of fibrils represents a salient aspect
of structure-function relationship [72]. This is also relevant
from a patho-physiological point of view, since the rate of
disease progression can be affected by the local structures
explored by monomeric AS in solution [52]. Sequence vari-
ants, PTMs and environmental conditions shape the confor-
mational ensemble. However, exposure to the same envi-
ronment can also lead to fibrils with different morphology,
solubility, and stability [73]. In light of all this, the charac-
terization of conformational ensembles and conditions sta-
bilizing potentially pathological species is of utmost rele-
vance for biomedical studies.

4. AS Aggregation Pathways

The general scheme of the protein aggregation mech-
anism involves misfolded conformers assembling into low-
molecular weight oligomers, followed by the formation of
prefibrillar aggregates and mature fibrils (Fig. 3B).

Despite the large amount of research, most of the de-
tails of these molecular events are unknown, including the
structures of AS monomers and aggregation intermediates,
the relationship among the different aggregation pathways
reported in the literature, and the interplay between the pro-
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tein structure and the cellular/extracellular contexts. Fig. 4
gives an outline of the AS aggregation pathways described
in the literature, where steps modulated (triggered or inhib-
ited) by DA and related molecules are indicated (see also
the next sections).

As reported in the previous section, AS monomers are
highly dynamic and populate extended and partially folded
conformers, whose equilibrium can be shifted by environ-
mental factors, including ligand binding. AS is partitioned
between cytosolic and membrane-bound forms. It has been
shown that the presence of free monomers in solution (high
AS/membrane ratio) promotes primary nucleation on the
surface of vesicles already saturated with AS by up to three
orders of magnitude [74].

Starting from the heterogeneous ensemble of AS con-
formers, two main interconnected aggregation pathways
have been described [75], both inhibited by DA, as dis-
cussed in the next paragraph. In the classical nucleation-
dependent polymerization process [76], aggregation-prone
conformers of AS [77] form oligomeric structures, which
are on- or off-pathway of fibrils formation. Oligomers with
spherical, ellipsoidal and annular morphologies have been
described. Conformational transitions from random coil
to a-helix and f-sheets have been reported [78,79]. AS
oligomers are metastable, highly heterogeneous and are re-
garded as the most toxic species. To better understand
the structure-toxicity relationship, two types (-A* and -
B*) of oligomers characterized by different ability to per-
turb biological membranes and disrupt cellular function
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have been compared [80]. Type-A* oligomers were pre-
pared by incubating AS monomers with epigallocatechin
gallate (EGCG). The isolated oligomers contained an aver-
age of approximately 24 monomers. Type-B* oligomers
were, instead, prepared by AS incubation in phosphate
buffered saline at high protein concentration without agi-
tation. The isolated material consisted of two populations
of oligomers, each containing an average of approximately
18 or 29 monomers. Type-A* and type-B* display similar
size and morphology but only type-B* can be considered
toxic in consideration of their ability to disrupt synthetic
and cellular membranes, to increase intracellular ROS con-
centration, and to reduce the mitochondrial activity in neu-
ronal cells. The biophysical characterizations of the two
oligomer types disclosed substantial structural differences.
Type-A* oligomers displayed negligible secondary struc-
ture content while type-B* contained considerable 3-sheet
structures, with a more dynamic and accessible N-terminal
region than in type-A*. Different models for the interac-
tion with cellular membranes have been proposed for the
two oligomer types: type-A* binds exclusively to the mem-
brane surface; type-B* binds the membrane surface via
the folding of the N-terminal regions into amphipathic a-
helices while the rigid B-sheet regions intercalate into the
lipid bilayers [80]. It has been shown that oligomer toxic-
ity correlates directly with surface hydrophobicity and in-
versely with oligomer size, with the most toxic oligomers
characterized by high hydrophobicity and small size [81].
Thus, hydrophobicity, S-sheet content, and also a-helical
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structures are all relevant in the structure-toxicity relation
of AS oligomers [78,80,82]. A high-resolution structural
model of membrane-bound AS oligomers, based on solu-
tion NMR and cross-linking mass spectrometry, has been
recently reported [83]. The formation of early aggregates
by primary nucleation events is followed by aggregate elon-
gation, leading to mature fibrils characterized by a cross-f3
structure and further assembly into LB and LN. Fibril frag-
mentation and secondary nucleation (i.e., nucleation me-
diated by the fibril surfaces) contributes to the growth of
the fibrillar material [84]. In addition to the prefibrillar
species generated by the primary nucleation events, fibrils
also represent a source of potentially toxic oligomers, con-
tributing to their heterogeneity [85]. A different pathway
of fibril formation has been recently reported in vitro, ap-
plying 10% of PEGS800 as a crowding agent [86]. In this
model, AS undergoes LLPS in the nucleation step. During
droplets coalescence and maturation, several AS structural
changes occur. Initial liquid droplets mainly contain low-
molecular weight, disordered AS species (~90%), whose
relative amount decreases during maturation, while fibrillar
material increases. Oligomeric species were also observed
and, interestingly, they displayed a helical structure. In the
late stages, mature fibrils were observed within droplets,
which can promote secondary nucleation events. These
structural changes were accompanied by a liquid-to-solid
transition [86].

It has been reported that the nucleation-dependent
polymerization process occurs at low AS concentrations,
while an increase in protein concentration above a thresh-
old value is necessary, at least locally, for phase transition
[86,87]. PD-promoting conditions, such as AS mutations

and PTMs, oxidative stress, exposure to metal ions and pes-
ticides, have been reported to impact on AS aggregation.
Under the above-mentioned conditions, to which molecular
crowding is also added, a conspicuous lowering of the criti-
cal concentration for LLPS could occur [86,87], suggesting
the inclusion of PD in the list of so-called condensopathies.
Pathogenic AS species deriving from these pathways spread
from cell to cell, propagating amyloid aggregation similarly
to prions. However, since infectivity of synucleinopathies
has not been proved, AS is referred to as a “prion-like pro-
tein” or “prionoid”, rather than “prion” [88]. The AS spread
is considered an important factor determining PD progres-
sion, as supported by the spatial and temporal spreading pat-
tern of AS in the brain at different stages of the disease [89].

Intercellular AS transmission requires two fundamen-
tal steps: (1) release of seeding-competent AS species from
donor cells and (2) internalization of these protein species
by healthy cells where they act as aggregation nuclei for
the endogenous AS monomers. Several mechanisms have
been reported in the literature. Processes that have been
implicated in the first step are: diffusion across intact cell
membranes of AS monomers and small oligomers, diffu-
sion through damaged cell membranes, non-classical ex-
ocytosis pathways independent of the endoplasmic reticu-
lum (ER)-Golgi apparatus, exosomes, and tunneling nan-
otubes [88]. Processes that have been reported for the sec-
ond step are: diffusion across intact cell membranes, dif-
fusion through damaged cell membranes, transmembrane
amyloid pore-like channels, the classic endocytosis path-
way, exosome-mediated uptake, and receptor-mediated in-
ternalization. An in-depth overview of these mechanisms
has been recently reported [88].
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Different polymorphs and “strains” of AS could arise
from these pathways with a potential role in the phenotypic
heterogeneity of PD and other synucleinopathies [13,90].
Thanks to solid-state NMR spectroscopy and cryo-electron
microscopy (cryo-EM), polymorphic amyloid structures
can be described at atomic resolution [91]. AS fibrils
obtained in vitro using recombinant wild type (WT) and
disease-associated mutants display structural differences.
These observations and the implication of AS in several
distinct neurological disorders support the “strain hypoth-
esis”, where distinct pathogenic AS conformations deter-
mine the specific diseases [92]. The AS fibril structures
derived from the brains of individuals affected by synu-
cleinopathies, such as MSA, PDD and DLB, have been
recently reported [1,93]. AS inclusions from MSA brain
are made of two types of filaments (each consisting of two
protofilaments) that are different from those of individuals
with DLB and from those obtained in vitro by recombinant
AS [93]. AS filaments from the brains of PD, PDD and
DLB patients, instead, are made of a single protofilament
[1]. These results [1,93] strongly support the strain hypoth-
esis, indicating the presence of distinct AS assemblies in
different synucleinopathies. Cryo-EM structures of AS in
presence of lipids shows that phospholipids induce alterna-
tive arrangement of protofilaments and fill the central cav-
ities of AS fibrils [94].

In addition to membrane destabilization by oligomers
[80], several other mechanisms of AS toxicity have been
reported in the literature, including synaptic dysfunction,
impairment of the normal quality control systems (molec-
ular chaperones, ubiquitin proteasome system, phago-
some/lysosome system), disruption of microtubule dynam-
ics and axonal transport, endoplasmic reticulum/Golgi dys-
function, nucleus malfunction, and microglia activation
leading to neuroinflammation [95]. Among these, mito-
chondrial dysfunction, leading to oxidative stress, is con-
sidered one of the main mechanisms of AS-induced toxicity
[95]. Indeed, AS affects mitochondrial function by several
mechanisms, including impairment of mitochondrial elec-
tron transport chain complexes, dysregulation of mitochon-
drial calcium levels, dysfunction of the mitochondrial qual-
ity control systems, and impairment of mitochondrial pro-
tein import machinery [95].

5. AS Interactions with DA and Related
Molecules

The interest in small molecules able to bind AS is
highly motivated by the goal of developing new drugs for
synucleinopathies and understanding the mechanisms of
disease onset and development. Such studies have been fo-
cusing on the assessment of direct or indirect interaction
between AS and the ligand, identifying the structural deter-
minants of intermolecular recognition, investigating the ef-
fects of ligand binding on protein conformation and aggre-
gation, as well as computational modeling of supramolecu-
lar complexes and conformational ensembles.
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5.1 Interactions with DA

It has long been recognized that DA and its oxida-
tion products can inhibit and even reverse AS fibrillation
in vitro and in vivo, deviating the aggregation pathway to-
wards spherical, soluble oligomers [96]. This effect does
not depend on protein covalent modification and is, rather,
associated to protein conformational changes [96,97]. DA
oxidation, too, is not absolutely required, as shown by con-
trol experiments, in which the effect is retained while in-
hibiting oxidation by NaBH4. DA-induced AS oligomers
slow down fibrillation in a dose-dependent manner [98].
Circular dichroism (CD) and infrared (IR) spectroscopy in-
dicate that the conformational ensemble of oligomeric AS
is shifted in the presence of DA towards a predominantly
disordered state with some elements of a- and -secondary
structure, resulting in an average 3-sheet content in between
that of monomeric and fibrillar structures [96,97]. The role
of pH on the effects of DA on AS aggregation has also been
investigated [99]. At acidic pH, a condition in which DA
is stable, AS undergoes amyloid aggregation regardless of
the presence of DA. DA impacts, instead, on AS aggrega-
tion at pH >7, an effect that is counteracted by antioxidants
(ascorbic acid, glutathione, or homocysteine) and reducing
agents (/3-mercaptoethanol and dithiothreitol) to different
extents, depending on the specific agent [99]. These results
support the hypothesis that DA oxidation products are more
effective than DA itself in inhibiting AS amyloid aggrega-
tion.

In-vitro characterization of serial AS deletion prod-
ucts and competition experiments by designed peptide have
led to first identification of the main AS-DA interaction
site within the C-terminal pentapeptide 125 YEMPS29 [97].
That this sequence is required in vivo for AD-dependent in-
hibition of AS fibrillation has been demonstrated in SH-
SYS5Y cells expressing a multiple mutant carrying five
amino acid substitutions in the 125-129 region, while con-
trolling catechol levels by the expression of the biosyn-
thetic, rate-limiting enzyme TH [100]. Such an evidence
has been later extended to mice and Caenorhabditis elegans
[26].

MD simulations of AS in aqueous solutions and clus-
tering analysis on experimental NMR structures indicate
that DA binds preferentially to the 125 YEMPS;59 region
and to a few residues of the NAC region, establishing hy-
drophobic contacts as well as H-bonds [101,102]. Those
results also show that the AS-DA complex is stabilized by
electrostatic interactions with the E83 residue of the NAC
region. Mutation of this residue to alanine impairs fibril-
lation inhibition by DA, confirming an important role of
this interaction in AS affinity for this ligand and hinting for
the first time to a non-linear binding site [101]. The AS-
DA complex in the different structural clusters appears to
fluctuate around rather large average values (16.3-25.8 A),
indicating that the complex maintains large conformational
flexibility, in spite of some induced structural compaction
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and induced structural order (Fig. 5, Ref. [102]). MD sim-
ulations on preformed AS44-96 protofibrils and DA have
shown disruption of the Greek-key-like core by hydropho-
bic and electrostatic interactions at multiple AS-DA inter-
action sites [103].

DOP

I_\rl.“g
N

me
'-;‘?:-)\\n] 22

) ”’/}7‘;7-,\

-~

e ALY ) 8
%J {ilul_‘1§": B L d
(L J o /b

v &';L.'f/_‘,/

é {f% =y Valll8 ,\I’ ...

Fig. 5. Representative structure of the AS-DA complex from
molecular dynamics (MD) simulations. Hydrogen bonds are
represented by dashed lines and hydrophobic interactions by arcs
with spokes (adapted with permission from [102]).

In-vivo AS conformational properties and their re-
sponse to DA concentration have been explored by the
FRET-based assay for molecular proximity called fluores-
cence lifetime imaging microscopy (FLIM) [104]. This
technique is based on the observation that the fluores-
cence lifetime of a donor fluorophore decreases with the
6th power of the distance from a FRET acceptor. Mouse
and rat primary neuronal cultures were transfected by a
doubly-tagged Myc-aSyn-V5 to probe the intramolecular
distance between N- and C-termini by FLIM, based on im-
munocytochemistry with fluorescent labeled secondary an-
tibodies. A first interesting observation was an inhomo-
geneous intracellular distribution of AS conformers, with
more extended conformations in the cell body and more
compact ones in the neurites. Furthermore, DA uptake
significantly reduces the average distance, indicating that
DA itself or some DA metabolite modulates AS confor-
mational ensemble in vivo in favor of partially structured
states. No effect was observed with DA agonists or an-
tagonists. Very minor changes in CD spectra have been
interpreted as an increase in random-coil and loss of -
structures, but these effects seem hardly significant [104].

Other reports by CD and/or FTIR failed to detect a signifi-
cant effect of DA on monomeric AS secondary structure in
solution [96,105,106].

DA-induced changes in AS conformational ensem-
bles in vivo are mirrored by peculiar structural and func-
tional features of the resulting oligomers [26]. Indeed, the
oligomeric aggregates that accumulate in mice expressing
the human A53T mutant, upon induction of catecholamine
production, are larger (up to 122 A) than in the control
system (up to 65 A) and do not display seeding activity
on AS aggregation, as assessed by in-vitro Thioflavin T
(ThT) assays and analysis of trans-synaptic spreading to
motor cortex. Furthermore, AS oligomers formed in the
presence of DA are known to be sodium dodecyl-sulfate
(SDS)-resistant [100,107] and this feature has been reported
to be modulated by the concomitant presence of copper
and DA [108]. DA-stabilized oligomers are suspected to
have toxic effects by multiple possible mechanisms [109],
such as inhibition of SNARE (soluble N-ethylmaleimide-
sensitive factor attachment protein receptor) complex [110],
impairing chaperone-mediated autophagy [111], and caus-
ing mitochondrial dysfunction [112]. However, a recent ar-
ticle on SH-SYSY cells and rat synaptosomes reports negli-
gible toxicity of purified AS oligomers formed in the pres-
ence of DA [98].

In line with previous evidence, it has been shown
that DA counteracts the effect of psychosine on AS con-
formation and aggregation in vitro [113]. Psychosine pro-
motes AS fibrillation in ThT assays and has a finger-
print in N AS Heteronuclear Single Quantum Coherence
(HSQC) NMR spectra, consistent with interactions with
the C-terminal domain of the protein. AS incubation with
both ligands abolishes these effects, although no compar-
ison with the effect of DA alone is reported. The authors
of that study speculate about interconversion between an
“open” and a “closed” AS conformations, where the former
(fibrillation-competent) would be stabilized by psychosine
and the latter by DA.

Further NMR experiments have recently pointed out
that 1N AS HSQC spectra are very sensitive to pH changes
and that previous AS-ligand binding studies might be ex-
posed to the risk of false-positive results, due to small pH
changes induced by the components of commercial ligand
formulations, rather than by ligand binding [114]. In par-
ticular, DA-induced changes in 1N AS HSQC spectra be-
come evident only at pH 5 and not at pH 7, upon subtrac-
tion of the pH effect, under the experimental conditions em-
ployed in that study.

Native MS can provide important additional informa-
tion in the attempt to describe disordered conformational
ensembles [115,116]. This technique captures conforma-
tional components coexisting in the original liquid sample
by their different ionization propensity under mild electro-
spray conditions [117,118]. The possibility to preserve non-
covalent interactions, along with conformation-dependent
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protein ionization, makes it possible to depict conforma-
tional ensembles, discriminating conformational states by
structural compactness. At the same time, non-covalent
complexes are detected by their specific mass, providing a
unique possibility to gather combined information on pro-
tein folding and binding [119,120]. Native MS on AS in
aqueous solutions detects four main conformational compo-
nents based on charge-state distributions [121,122]. These
are referred to as compact, extended and intermediate (I and
1), by comparison to the reference behavior of folded and
unfolded proteins [118].

Native-MS analysis of AS-DA interactions by titration
experiments at pH 7.4 [122] provides direct experimental
evidence of the formation of non-covalent complexes and
shows that no chemical modification of protein or ligand
takes place in the time scale of such experiments. DA binds
preferentially to a partially structured AS conformer with
stoichiometry up to 1:4 and sub-millimolar apparent Kp,
and slightly remodels the AS conformational ensemble by
stabilizing the intermediate. Ligand footprinting [122] by
electron-transfer dissociation (ETD) of the 1:1 complex lo-
cates the main interaction site in the 19y MPSEE;3; region,
in agreement with the above reported evidence. The appar-
ent discrepancy with the NMR study failing to detect sig-
nificant binding at pH 7 [114] could be explained by the
peculiar properties of MS, which escapes averaging over
the molecular population and, rather, describes folding and
binding status of each sorted ion in the spectrum. This prop-
erty makes MS more similar to single-molecule than to bulk
spectroscopy methods [105], offering peculiar sensitivity
and deepness in the description of heterogeneous samples.
It is interesting to note that, at | mM DA and 20 uM AS,
~75% of the 15+ charge state (representing the intermedi-
ate state in the native MS spectrum) is bound to DA, while
only ~29% of the 8+ charge state (representing the compact
state) is bound [122]. In that study, the pH of the DA stock
solution was controlled after DA addition [122]. Also rele-
vant to this discussion is the large amount of evidence that
rules out uncontrolled pH changes during nano-electrospray
of buffered aqueous solutions [123,124].

Another biophysical method to explore conforma-
tional ensembles is single-molecule force spectroscopy
(SMFS), in which individual molecules in solution are un-
folded mechanically by the cantilever of an atomic force
microscopy (AFM) instrument, relating pulling force to the
structural features of the molecule [125]. By randomly reit-
erating this procedure, it is possible to characterize the sta-
tistical distribution of distinct protein conformers. Three
main conformational states of AS in buffered solutions at
pH 7.4 can be detected by this method based on the strength
of the intramolecular interactions [105,126,127]. The ad-
dition of DA shifts the conformational ensemble towards
the strong interactions, with loss of the fully unstructured
component [105]. These interactions must be at the level
of tertiary structure, since the secondary structure content
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remains unaltered, as discussed above. The structural in-
terpretation of MS and SMFS data has been corroborated
by comparison to structural clusters obtained from a 73 ps-
long MD simulation of the AS conformational ensemble in
solution [128,129].

AS-DA binding at near-neutral pH has been detected
by other orthogonal techniques, such as isothermal titra-
tion calorimetry (ITC) and nanopore-permeability analysis.
One ITC study at pH 7.8 indicates relatively weak binding,
with an estimated dissociation constant of about 280 uM
[106]. On the other hand, another ITC study reports too
weak binding at pH 7.4 to be quantitatively evaluated [130].
Apparent dissociation constants in the sub-millimolar or
millimolar range can be considered biologically relevant,
since DA concentrations are of the micromolar order in
the cytosol and reach the millimolar range within stor-
age vesicles and striatal nerve terminals [99]. Nanopore-
permeability assays provide additional evidence of AS-DA
interaction by detecting changes in the frequency distribu-
tion of pore translocation or bumping events for the pro-
tein in solution, before and after the addition of the ligand
[106]. Translocation events are only considered possible
for molecules in random-coil conformation, while folded
or partially folded structures, instead, bumping away on the
cis side of the membrane [131,132]. According to this inter-
pretation, DA would stabilize a partially folded intermedi-
ate in WT AS, while stabilizing the random-coil state in the
A30P mutant. Although the results are not of straightfor-
ward interpretation in terms of conformational effects, they
suggest direct interaction between AS and DA [106]. Thus,
the available data suggest that DA itself can bind to AS and
affect its aggregation. DA oxidation would not be an abso-
lute requirement, although, as described below, some DA
metabolites, such as DA o-quinone and DOPAC, are more
effective [97,100]. Further studies are needed to understand
whether apparently conflicting reports in the literature can
be interpreted and reconciled by the peculiarities of the dif-
ferent biophysical approaches.

5.2 Interactions with DA Agonists and Analogs

In order to find AS ligands that can inhibit AS fibrillo-
genesis and toxicity, several Authors have studied the inter-
actions of this protein with DA-related molecules (catabo-
lites, agonists, and analogs). DA analogues are molecules
that structurally mimic DA, while DA “agonists” and “an-
tagonists” are molecules able to activate or inactivate the
biological response mediated by DA receptors.

One of the first systematic search for direct interac-
tors has been carried out by in-silico screening of 70 com-
pounds and led to the identification of 5 DA analogs that,
similarly to 6-aminoindole, are expected to affect the nu-
cleation/polymerization mechanism and possibly to bind
oligomers [133] (Fig. 6). In-vitro assays by ThT and AFM
has showed that 6-aminoindole and 5-hydroxyindole have
the strongest inhibitory effects on AS aggregation, while
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Fig. 6. Structural formulas of the DA analogs mentioned in the text. EGCG, epigallocatechin.

tyramine and 4-(2-aminoethyl)aniline have the poorest ef-
fects [133]. Structural comparison between tyramine and
DA suggests that the loss of just one of the -OH groups
(replaced by -H in tyramine) causes a dramatic loss in
anti-fibrillogenic activity. It has been hypothesized that a
benzene ring with two -OH or quinone groups (i.e., 1,2-
benzoquinone moieties) may have great potential in AS
binding. Stacking interactions and charge interactions ap-
pear to be relevant in determining the interaction with ei-
ther soluble or aggregated AS. Below, DA analogs show-
ing these key structural motifs are discussed. An exam-
ple of DA analog directly interacting with soluble AS is
provided by Fasudil®, an isoquinoline substituted by a
(1,4-diazepan-1-yl)sulfonyl group at position 5 (Fig. 6).
It also acts as an inhibitor of Rho kinases and serendip-
itously proved to have antifibrillogenic activity. Its use
has been approved by the U.S. Food and Drug Adminis-
tration (FDA) in clinical trials of disorders such as Ray-
naud’s disease, atherosclerosis, and age-related or neurode-
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generative diseases [134]. Direct interaction of Fasudil®
with AS has been primarily demonstrated by NMR [135]
and analyzed by MD simulations [136]. These studies
offer an atomic-level description of a possible inhibition
mechanism. Aromatic stacking and electrostatic interac-
tions are formed through a process termed dynamic shut-
tling, in which one set of interactions breaks before another
is formed nearby [136]. The interactions preferentially in-
volve the C-terminal region of AS, which remains highly
dynamic upon binding. Beside the tyrosine-glutamate (YE)
residues 136 YE137, also the 125YE 96 pair appears to be
involved in these interactions, although with lower affin-
ity likely depending on the sequence context. The binding
of Fasudil® in the C-terminal region may screen protein-
protein electrostatic attractions or sterically prevent inter-
actions between monomers.

The category of molecules that bind and dissolve
aggregated AS includes three molecules recently isolated
by in-vitro high-throughput screening based on ThT flu-
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orescence, light-scattering and transmission electron mi-
croscopy (TEM), applied to a library of more than 14,000
compounds [137] (Fig. 6). These are named SynuClean-D
[65,138], ZPD-2 [139] and ZPDm [140], and proved effec-
tive even at sub-stoichiometric concentrations in disaggre-
gating mature fibrils of WT AS and familial variants A30P
and H50Q. All three compounds are also able to reduce the
aggregation of AS in PD models of Caenorhabditis elegans
but do not interact with soluble AS, as indicated by NMR
studies [140,141] (Fig. 6). Unfortunately, no structural data
are available on the atomic details of the interactions be-
tween these disaggregating agents and AS fibrils. Although
the three molecules have similar effects, they might have
fine differences in their mechanism of action reflecting their
structural differences.

For the purpose of drawing some rules about the struc-
ture and function of disaggregating molecules, SynuClean-
D has been compared with diverse and much more com-
plex compounds, such as EGCG [142] and the molecu-
lar tweezer CLRO1 [143,144]. The hypothesis underlying
this comparison is that greater structural complexity and
larger hydrophobic contact surface (i.e., larger number of
aromatic rings) leadto stronger effects in fibril disaggrega-
tion [145]. In fact, SynuClean-D, EGCG, and CLRO1 con-
tain, respectively, 2, 3, and 5 aromatic rings and this rank-
ing also reflects their disaggregation efficacy (CLRO1 >
EGCG > SynuClean-D). Nonetheless, it has been observed
that small, single-ring molecules can still be highly effec-
tive as disaggregating agents [145], while more complex
molecules, such as EGCG and CLRO1 can have pleiotropic
effects combining fibril disaggregation with the ability to
directly bind soluble AS and modulate its aggregation path-
ways, thus reducing the quantity and toxicity of aggregates
[146-149]. This is also reflected in an enhanced ability
to attenuate cytotoxic effects in vivo [143,150]. Further-
more, the effects of polyphenolic molecules may also derive
from an indirect protective action against oxidative stresses
due to chelation of metal ions [150-152]. Comparative
structural and functional analyses of DA, amphotericin-B,
EGCQG, and quinacrine dihydrochloride unfortunately con-
firm our current inability to extract a general model, relating
binding affinity and fibril inhibition to chemical structures
[150]. The interactions of these compounds to soluble or
fibrillar AS, analyzed by NMR and surface plasmon res-
onance (SPR), show differences in strength and position,
with no evident structure-function relationship [150].

DA agonists include molecules that are commonly
used to relieve symptoms of PD. Fig. 7 shows the structure
of some DA agonists [153,154]. Among them, the neuro-
protectant cabergoline has been suggested to directly inter-
act with AS by molecular docking experiments [155]. Per-
golide and bromocriptine have long been recognized by in-
vitro ThT assays to also destabilize preformed fibrils by di-
rect interaction [156,157]. A small group of agonists can be
considered bifunctional, in that they also exhibit the ability
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to modulate AS aggregation by either direct interaction, or
by affecting its PTMs and/or turnover [158]. Carbazole-
based DA agonists are a recent example of development
of such kind of multifunctional drugs [159]. Bifunctional
molecules have been designed ad hoc by introducing hy-
droxyl groups into the structure of known agonists, so that
their efficacy on the signaling cascade is not altered and
the ability to interact directly with AS is newly conferred.
Compounds such as D-519 and D-520 (Fig. 7) prove effec-
tive in reducing symptoms in Drosophila melanogaster and
rat models of PD, having maintained their efficacy as strong
agonists of D2/D3 receptors, and showing new properties
derived from their ability to directly interact with AS [160].
In particular, D-520 can reduce the toxicity of preformed
AS aggregates against rat pheochromocytoma cell cultures
and modulate AS aggregation, as demonstrated in vitro by
ThT and TEM [160]. Apomorphine (Apo) is a non-ergoline
DA agonist, whose dual function is a downside. Apo binds
with high affinity to DA receptors D2, D3, and D5, and can
also directly interact with AS [160]. Apo was approved by
the FDA in April 2004 for the treatment of hypomobility
and dyskinesia associated with PD. Apo inhibits fibrilla-
tion and dissolves pre-formed fibrils, as assessed by ThT
assays and TEM. Under oxidizing conditions, off-pathway
oligomeric adducts, Apo-AS-0O, are formed. AS oligomer-
ization is faster in the presence of Apo than DA. Apo-
derived AS oligomers are toxic to cultured neuronal cells,
and form by recruiting innocuous AS monomers. NMR 1H-
15N-HSQC experiments show that Apo binds monomeric
AS in the 105 YEMPS 59 region, as observed for other ox-
idized catechols. Apo establishes sufficiently stable hy-
drophobic interactions with monomeric AS to resist dilution
during size exclusion chromatography (SEC) [160]. Fur-
ther studies are needed to understand whether neurotoxic
effects of Apo can also occur in vivo [160]. Given that anti-
PD drugs can produce toxic intermediates, it is appropriate
to reason on their role and the rationale behind their de-
sign. Indeed, the formation of specific neurotoxic interme-
diates, or even the persistence of oligomeric forms derived
from fibril disgregation, can have a high neurotoxic poten-
tial, and hence should be considered as undesirable effects.
Instead, it is desirable to develop drugs that reduce fibrillo-
genic potential by inhibiting the formation of oligomers, as
part of a general preventive and prophylactic strategy to be
adopted throughout life, rather than drugs to be used at more
advanced stages of a synucleinopathy, when oligomers or
fibrils have already formed.

5.3 Interactions with DOPAL

The interaction of AS with DOPAL, the immedi-
ate metabolite of DA catabolism, has been proposed as
a key factor in PD pathogenesis in the so-called cate-
cholaldehyde hypothesis [32]. The aldehyde group gener-
ated by MAO-mediated conversion of the DA amine group
makes DOPAL capable of quinonizing AS, forming co-
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valent adducts to lysine residues or to the N-terminus by
Schiff base or Michael addition, or generating a dicate-
chol pyrrole lysine structure [161]. ThT fluorescence ex-
periments have shown that DOPAL destabilizes preformed
AS fibrils and inhibits aggregation, generating off-pathway
oligomers [162]. According to near-infrared fluorescence
spectroscopy and western-blotting experiments, DOPAL
induces the formation of AS oligomers more effectively
than DA [163]. DOPAL-induced AS quinonization and
oligomerization are enhanced in the presence of Cu(II) ions
[163]. Despite some contrasting evidence [164], a consen-
sus is emerging in the literature that many DOPAL-induced
oligomers are toxic and compromise several physiological
processes in neurons [ 165]. Blocking the DOPAL aldehyde
moiety by compounds containing primary (e.g., aminoin-
dan) or secondary (e.g., rasagiline) amines abrogates its ef-
fects on protein aggregation and cytotoxicity [165].

AS oligomers generated by DOPAL have been inves-
tigated by SEC-HPLC [166]. Detected species have been
classified, according to their size, in small (dimers and
trimers) and large (tens of subunits) oligomers. The relative
amounts of these species are finely tuned by several factors
(mutations, PTMs, etc.). Among them, DOPAL-induced
oxidation of methionine residues has been shown to favor
the accumulation of small oligomers, hampering the forma-
tion of larger species [166,167]. In particular, the oxidation
of the C-terminal methionine at position 127 improves the
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Ability of AS to scavenge ROS derived from DOPAL and
prevents the assembly of large neurotoxic oligomers [167].

DOPAL-mediated oligomerization is also influenced
by familial PD point mutations of AS. In particular, the
AS53T, E46K and H50Q variants of AS have been shown to
stimulate formation of large (n > 3) rather than small (n =2—
3) oligomers upon the incubation with DOPAL [163,168].
DOPAL-induced large oligomers have been associated with
enhanced toxicity [166]. N-terminal acetylation and bind-
ing to phospholipid vesicles counteracts DOPAL-induced
oligomerization, as shown by denaturing electrophoresis
and SEC experiments [168].

5.4 Interactions with DOPAC

The DA metabolite DOPAC is the product of DOPAL
detoxification by aldehyde dehydrogenase conversion, and
it is usually rapidly removed by active transport from the
cell via a sulfonylurea-sensitive transporter [169]. As its
precursor DOPAL, it can undergo spontaneous oxidation to
a quinone, thus producing HoOs, a reactive molecule able
to disturb the redox balance [170].

It has been observed in vitro that DOPAC at physi-
ologically relevant concentrations binds non-covalently to
AS and stabilizes the oligomeric state, hindering fibrilloge-
nesis [170]. Because of the oxidative instability of the com-
pound, the molecular mechanism could not be unveiled, but
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this effect might be due to an alteration of the oligomer in-
terface that plays a fundamental role in fibril formation. The
interaction has been mapped by mutagenesis to the same
N-terminal region that binds lipid vesicles [163]. At high
molar excess (i.e., DOPAC:AS >3:1), DOPAC forms co-
valent adducts with AS, as also seen for DOPAL [170]. A
following study demonstrated that DOPAC binding also de-
creases the ability of AS to interact with lipids, thus re-
ducing its functionality [171]. Furthermore, AS/DOPAC
oligomers showed a reduced propensity to conformational
changes upon interaction with cellular membranes [172].
DOPAC-AS interaction has an influence also on the redox
state of both molecules. Indeed, AS speeds up the spon-
taneous oxidation of DOPAC, whereas the oxidized form
of DOPAC (the quinone derivative) leads to oxidation of
AS methionine residues, probably due to HoO- generation,
as monitored by MS along an in-vitro kinetic assay [170].
AS oxidation has been reported to promote the formation of
oligomers, rather than fibrils, in vitro [173]. The addition of
catalase as an HoO> scavenger prevents AS oxidation but
does not affect AS aggregation properties, as assessed by
ThT, TEM and SEC. These results suggest that the oxida-
tion of AS methionines is not required for oligomerization
and inhibition of fibrillogenesis by DOPAC [172].

5.5 Interactions with DOPET

As discussed in the previous section, DOPAL is fur-
ther oxidized by mitochondrial aldehyde dehydrogenase to
DOPAC, in the major oxidation pathway of DA (Fig. 2). In
a minor pathway (under normal conditions), DOPAL can
be, instead, reduced by alcohol dehydrogenase (ADH) to
3,4-dihydroxyphenylethanol (DOPET), also called hydrox-
ytyrosol (Fig. 2). In addition to this endogenous source as
DA metabolite, DOPET can have a dietary origin, being
found in olive oil and wine. Moreover, DOPET can be pro-
duced from the hydrolysis of olive oil secoiridoids, such as
oleuropein. Noteworthy, DOPET is able to cross the blood-
brain barrier and exhibits antioxidant, anti-inflammatory,
and anti-aggregation activities [174].

In a first in-vitro study [175], DOPET was found to in-
hibit AS aggregation and to destabilize preformed AS fib-
rils, as evaluated by ThT and TEM investigations. In partic-
ular, DOPET inhibits AS fibrillogenesis, leading to the for-
mation of small amorphous aggregates. Moreover, DOPET
was found to counteract AS-induced toxicity on PC12 cells
[175].

The effects of DOPET on AS aggregation have been
elucidated by employing complementary biochemical and
biophysical approaches, including ThT assay, CD spec-
troscopy, TEM, native MS, limited proteolysis, intrinsic
fluorescence, SEC and electrophoretic analyses [176]. ThT
assay and TEM show that a 1:1 DOPET:AS ratio com-
pletely inhibits AS fibrillogenesis, leading to the forma-
tion of AS oligomers, which appear structurally disordered
as indicated by CD spectroscopy. The CD analyses also
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suggested that DOPET does not affect the secondary struc-
tures of monomeric AS. Chromatographic, TEM, and MS
analyses of AS treated with DOPET showed the presence
of spherical oligomers and that of protein species contain-
ing one-to-four oxidations of methionine residues, whose
speed of formation and extent of oxidation were related to
DOPET concentrations. Covalent adducts, likely involving
the e-amino group of lysine residues and the aromatic ring
of DOPET, were also observed. Limited-proteolysis exper-
iments have revealed similar fragment patterns at the begin-
ning of the incubation with and without DOPET [176]. Af-
ter longer incubation, AS alone displays a reduced suscepti-
bility to proteolysis, in agreement with the formation of AS
fibrils, while the protein species formed in the presence of
DOPET are more susceptible to proteolysis. A slight pro-
tection to proteolysis of the C-terminal region was observed
in the monomeric protein in the presence of DOPET, sug-
gesting that this region could be involved in the AS-DOPET
interaction [176]. The effects of DOPET on AS aggrega-
tion were also studied in the presence of catalase, to in-
hibit the methionine oxidation induced by DOPET. DOPET
retained the anti-fibrillogenic activity also in the absence
of AS oxidation [176]. The presence of DOPET during
AS aggregation remarkably decreases AS cytotoxicity on
SH-SY5Y human neuroblastoma cells, as measured by the
MTT test. Since aggregated AS enhances intracellular ROS
and binds the cell membranes at monosialotetrahexosylgan-
glioside 1 (GM1)-enriched sites, both events were tested in
the presence of DOPET. DOPET-induced AS aggregates
displayed reduced ROS and membrane GM1 binding, in
comparison to AS aggregates obtained in the absence of the
compound. Overall, this study showed that DOPET inter-
acts with AS by non-covalent and covalent interactions and
redirects protein aggregation to the formation of not-toxic
spherical oligomers and amorphous aggregates, which ap-
pear to be off-pathway of fibrils formation [176].

The interactions of DOPET and DOPAC with WT
AS and the E46K pathological mutant have been compared
[177]. Both compounds partially or completely inhibit fib-
ril formation at 1:1 or 1:5 protein:catechol ratio, respec-
tively. In the absence of catechol, WT and E46K formed
fibrils with a different morphology, as observed by TEM.
DOPAC at 1:5 protein:catechol ratio induced the formation
of spherical and annular oligomers of 10-20 nm and 20—
40 nm for E46K and WT AS, respectively. In the pres-
ence of DOPET, mainly amorphous structures were ob-
served under the tested experimental conditions. The for-
mation of oligomeric species was also investigated by SEC,
which showed additional peaks due to protein dimers and
trimers in the presence of each compound. A higher frac-
tion of oligomeric species was observed in the early stages
of incubation for E46K, both in the absence and the pres-
ence of catechols, compared to WT AS. CD spectroscopy
showed that the off-pathway species induced by DOPET
and DOPAC are characterized by a predominant random-
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coil structure, similar to monomeric AS. In all the above
investigations, DOPET appeared less active in affecting AS
fibrillogenesis compared to DOPAC and the E46K mutant
appeared less affected by catechols compared to the WT AS
[177].

Important structural details of the catechol effects on
AS fibrillogenesis were obtained by SEC, native-MS and
hydrogen-deuterium isotope exchange (HDX)-MS. At the
beginning of the incubation in the absence of catechols,
E46K eluted at a slightly higher volume in SEC compared
to WT AS suggesting increased compactness of the mutant.
In the presence of DOPAC or DOPET, E46K ecluted slightly
earlier, suggesting a stabilization of a more extended con-
former. On the contrary, catechols did not affect the reten-
tion time of the WT protein. Native-MS indicated the pres-
ence of multiple protein conformers with different compact-
ness at the beginning of incubation, in agreement with other
studies [177]. The addition of DOPAC shifted the equilib-
rium towards a more extended conformer, an effect that was
more evident for the WT protein. Compared to DOPAC, the
effect of DOPET was less evident on E46K and not signif-
icant in the case of WT AS. The most remarkable effects
of both catechols were observed by native-MS at 48 hours
of incubation for E46K and WT AS [177]. ThT assays and
TEM indicated that DOPAC, and DOPET to a minor extent,
were able to disaggregate intermediates and mature E46K
aggregates obtained in the absence of the compounds. This
effect was less evident in the case of mature WT AS aggre-
gates.

On the basis of these results [176,177], the Authors
proposed the following model for the effects of the two
catechols on AS aggregation. Catechol binding affects the
conformational equilibrium of monomeric AS, stabilizing
a conformer that is less prone to convert into amyloid fib-
rils. These extended monomers assemble into not-toxic,
oft-pathway oligomers and amorphous aggregates. AS ox-
idation is not required for DOPET inhibition of AS fibril
formation [176,177].

6. Concluding Remarks

DA exerts its toxicity through multiple mechanisms
related to the products of its catabolism and to direct
AS binding. DA binding to AS monomers is associated
with conformational changes in the protein that redirect
the aggregation pathway towards spherical, soluble, SDS-
resistant, and toxic oligomers. DA also induces oxidation
of methionine residues, although interaction with AS and
conformational effects occur even in the absence of cova-
lent protein modifications and DA oxidation. At the same
time, DA is also capable of disassembling amyloid aggre-
gates of AS, resulting in protein oligomers. Most of the DA
related molecules discussed in this review are able to af-
fect AS fibrillogenesis by non-covalent interactions -with
the 125 YEMPS1299 region in the majority of the cases- and
by promoting methionine oxidation.
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The study of DA analogs suggests a predominant role
of 7-m stacking and electrostatic interactions in disaggre-
gating effects on preformed fibrils and anti-aggregating ac-
tivity on soluble AS, hinting to the possibility of combining
these two activities in more complex molecules. Among
the DA metabolites, DOPAL is believed to play the most
critical role in PD pathogenesis [165]. DOPAL can quinon-
ize AS, induce oxidation of methionine residues, and pro-
mote the accumulation of small neurotoxic oligomers of AS
more effectively than DA. On the other hand, DOPAC and
DOPETredirect AS fibrillogenesis towards off-pathway,
non-toxic aggregates. The microenvironment constituted
by the presynaptic neuronal cytoplasm contains high con-
centrations of DA and its metabolites. This group of small
molecules may play both a protective role by interacting di-
rectly with soluble AS and a cytotoxic role mediated by in-
teraction with its oligomers. Structural studies on the com-
plexes formed by AS with these ligands help us understand
the determinants of molecular recognition and to rationally
design new drugs active on specific protein variants, at spe-
cific stages of fibrillogenic progression.

The available treatments for PD are directed to symp-
toms without significant effects on the molecular mecha-
nisms of disease progression. Strategies to directly target
AS are under investigation, such as small molecules inhibit-
ing the accumulation of toxic AS species or immunoglobu-
lins promoting the clearance of AS aggregates. Relevant to
this regard is the development of ligands that are selective
for AS toxic species, such as nanobodies [ 178] and peptides
[179]. Detailed characterization of the binding properties of
several antibodies undergoing clinical trials for PD has been
performed. Most of them bind to the AS residues 102-130,
which are close to or overlapping with the 125 YEMPS;59
binding site of DA and related molecules [180]. Clinical tri-
als on two antibodies directed against AS aggregates (Cin-
panemab and Prasinezumab) unfortunately have shown no
significant difference in the clinical assessment of disease
progression compared with placebo [181].

In this scenario, information on the molecular mecha-
nisms of AS aggregation and AS interaction with DA and
related molecules may provide new therapeutic strategies.
Indeed, it has become evident how these molecules lead to
oligomers and end-point aggregates with diverse structure
and toxicity. Molecules that counteract both fibrillogene-
sis and toxicity can be the starting point for designing new
drugs. The comparison of toxic and non-toxic oligomers
can provide the rationale for identifying new targets for im-
munotherapy.

AS existence as conformational ensembles and their
variegated response to the environment represents a crucial
aspect of the structure-function relationship of this protein
and a major experimental challenge. Advances in experi-
mental and computational methods are bringing us closer
to the goal of modeling at atomic resolution such a difficult
target in the presence or absence of ligands. Particularly
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relevant to this regard is the contribution of cryo-EM to the
characterization of AS fibril polymorphism in the presence
or absence of heparin, providing a rationale for drug design
[182]. Another central challenge is to translate structural
information into in-vivo protein activity. Such an in-depth
understanding is required for the design of new therapeutic
strategies based on small molecules or antibodies, target-
ing the conformers with the most pronounced fibrillogenic
potential.
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