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Alpha-synuclein (aSyn) is a highly expressed and conserved protein, typically found in the
presynaptic terminals of neurons. The misfolding and aggregation of aSyn into amyloid fibrils
is a pathogenic halmark of several neurodegenerative diseases called synucleinopathies,
such as Parkinson’s disease. Since aSyn is an Intrinsically Disordered Protein, the
characterization of its structure remains very challenging. Moreover, the mechanisms by
which the structural conversion of monomeric aSyn into oligomers and finally into fibrils takes
place is still far to be completely understood. Over the years, various studies have provided
insights into the possible pathways that aSyn could follow to misfold and acquire oligomeric
and fibrillar forms. In addition, it has been observed that aSyn structure can be influenced by
different parameters, such as mutations in its sequence, the biological environment (e.g.,
lipids, endogenous small molecules and proteins), the interaction with exogenous
compounds (e.g., drugs, diet components, heavy metals). Herein, we review the
structural features of aSyn (wild-type and disease-mutated) that have been elucidated up
to present by both experimental and computational techniques in different environmental and
biological conditions. We believe that this gathering of current knowledge will further facilitate
studies on aSyn, helping the planning of future experiments on the interactions of this protein
with targeting molecules especially taking into consideration the environmental conditions.

Keywords: intrinsically disordered protein, synucleinopathy, secondary and tertiary structure, protein interaction, in
silico studies

INTRODUCTION

Alpha-synuclein (aSyn) is a relatively small protein formed by 140 residues, which is highly
expressed and conserved. It is typically found in the presynaptic terminals of neurons. Its
primary sequence can be divided into three regions, as shown in Figure 1 (Fusco et al., 2014;
Mori et al., 2020; Uversky and Eliezer, 2009) that are characterized by different physico-chemical
properties due to their distinct aminoacidic composition. First, the N-terminal segment,
(residues 1-60), shows numerous amphipathic 11-mer repetitions, and contains the
consensus sequence KTKEGV. This is the aSyn region where most of the familial mutations
are located. Then, the non-amyloid-pf-component (NAC) central region (residues 61-95) is
highly amyloidogenic giving the protein the ability to generate B-sheets. Finally, the C-terminal
segment (residues 96-140) is rich in anionic residues and prevents aSyn aggregation by
electrostatic repulsion.
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FIGURE 1 | The three aSyn regions are represented in different colors. Their properties, along with the main PD mutations and interacting sites are indicated.
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In its native state, monomeric aSyn is unfolded, and thus is
commonly considered as an intrinsically disordered protein
(IDP). Yet, there is still a large controversy regarding aSyn
secondary and tertiary structural tendencies and the data from
literature are often conflicting. Changes in the environment
conditions, mutations, interactions with endogenous and/or
exogenous molecules can indeed induce aSyn to fold in
different structures. aSyn misfolding and its subsequent
aggregation into amyloid fibrils is a pathogenic hallmark of
different synucleinopathies, such as Parkinson’s disease (PD).
As a consequence, the comprehension of aSyn structural and
functional features is fundamental to progress in the study and
finding of treatments for aSyn-related diseases.

Here, we provide a review on in silico and experimental data
regarding the structural features of aSyn both in the WT form and
in biologically relevant mutants. Moreover, we focus on different
factors influencing aSyn structure, such as the biological
environment, the interaction with lipids, with endogenous
small molecules and proteins, as well as with exogenous
compounds (e.g., drugs, diet components, heavy metals). We
also discuss the different methods used to highlight aSyn
structure in each case and the relation between the obtained
results and the employed technique.

MONOMERIC WILD TYPE (WT) aSYN
STRUCTURAL FEATURES

In 1996, Weinreb et al. observed that Wild-Type (WT) aSyn
exists in solution as a dynamic ensemble of conformations lacking
a single equilibrium structure and, therefore, classified it as an
IDP (Weinreb et al., 1996). Many studies have advanced our
knowledge in this field by applying experimental (for a recent
review on NMR investigations see Kim et al, 2020) and
computational (e.g., MD, Monte Carlo simulations) techniques
(Jonsson et al, 2012), or a combination of both approaches
(Brodie et al, 2019). However, due to aSyn structural
heterogeneity that depends on many different biological and
physico-chemical factors (Stephens et al, 2019), caution is
needed when interpreting these results. To date, the general
consensus is that monomeric WT aSyn is almost unstructured
in solution (Fauvet et al., 2012). Anyway, variations of WT aSyn
structural propensity can be detected. In order to rationalize the

vast amount of literature data, we try to categorize them
according to two different levels: global and local (Table 1 and
below).

Global-Level

Tertiary Structure Propensity

aSyn is able to interconvert between multiple states of the
dynamic ensemble of conformations (Weinreb et al, 1996).
Nonetheless, at the global-level, different research groups have
reached different conclusions as to whether the conformational
ensemble in solution is on average: (1) likely to be compact and
acquire a globular-like structure driven mainly by long-range
intra-molecular electrostatic interactions, as illustrated in Figures
2 and 3 or (2) prone to exist as an extended random coil.

At physiological pH, WT aSyn has a very uneven distribution
of physico-chemical properties along its sequence. The
N-terminal region is amphipathic, the NAC region
hydrophobic, and the C-terminal region highly negatively
charged (Ilie and Caflisch, 2019). Flickering structural
tendencies can be observed when viewing the hydrophobic
effect as the major driving force for protein folding
(Kauzmann, 1954). Based on this assumption, the contacts
between the hydrophobic residues and the polar solvent are
minimized. In turn, the regions formed by hydrophilic
residues, such as the polar part of the N-terminal region and
the C-terminal region, are expected to be more exposed to the
cellular solvent and transiently interact with each other (Dutak
et al., 2020). Experimental and computational techniques have
suggested the presence of brief long-range intramolecular
electrostatic interactions within aSyn structure (Dedmon et al,,
2005b; Bertoncini et al., 2005; Allison et al., 2009; Fakhree et al.,
2018; Brodie et al., 2019).

Dedmon et al. and Yu et al. lack of agreement on the exact
residues that form the aSyn intra-electrostatic contacts,
nonetheless, both agree on the existence of such interactions
between the residues present in the C-terminal domain and those
located in the central part of the protein. Moreover, Bertoncini
et al. (2005) reported that perturbation of these long-range
naturally occurring interactions could lead to the exposure of
the NAC region (residues 61-95) toward the cellular
environment, potentially promoting aSyn oligomerization.
Furthermore, in vivo and in vitro experiments have shown
that the truncation of the monomeric WT aSyn C-terminal
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TABLE 1 | Reported experimental and computational data on monomeric wt aSyn.

Structural features

Literature Overview on a-Synuclein Structure

Technique

Global

Compact, globular structure
Electrostatic interactions (120-140
and 30-100 residues)

Brief long-range intramolecular
electrostatic interactions

Extended tendency
Brief long-range intramolecular
electrostatic interactions

Compact structure at both neutral
and low pH

C- to N-terminal interchain
interactions

Compact structure (low pH)

High-energy phase:
Extended random coil
Low-energy phase:
Extended all-p

Compact structure

Electrostatic interactions (118-130
and 38-53 residues)

a+p

Compact, globular structure
Tail-like protrusions
All-a

Compact, globular structure
Brief long-range intramolecular
electrostatic interactions a+p

Compact, globular structure
Tail-like protrusions
All-a

Local

N-terminal: Helical elements

High-energy phase:

N-terminal: Helical elements

Low-energy phase:

N-terminal + NAC + C-terminal (residues 30-100):
B-strands

C-terminal: p-structures + random coil

N-terminal + NAC + C-terminal (residues 1-100): Helical
elements

N-terminal: Helical elements + B-hairpin spanning
residues 38-53

B-strands: p1 (38-44) and p2 (47-53)

NAC: Helical elements

C-terminal: Helical elements + p-structures

N-terminal: Helical elements
NAC: Helical elements
C-terminal: Helical elements

N-terminal: Helical elements spanning residues 25-55
NAC: B-structures
C-terminal: -structures + random coil

N-terminal: Helical elements
NAC: Helical elements
C-terminal: Helical elements + random coil

N-terminal: Helical elements spanning residues 10-30
and a weak helix centered around residue 50

NAC: tendency to form p-structures

helix centered around residue 90

"Paramagnetic Relaxation Enhancement.

2Molecular Dynamics simulations.

SNuclear magnetic resonance.

“Fluorescence resonance energy transfer.

SMonte Carlo simulations.

SReplica Exchange Molecular Dynamics simulations.
"High-Speed Atomic Force Microscopy.

8All-atom Replica Exchange.
Discrete Molecular Dynamics.
"9 ong-distance crosslinking.
" Circular dichroism.

"2Hydrogen-deuterium exchange.

3L jquid chromatography-mass spectrometry.

Experimental

Technique: PRE’
Spin label MTSL

Cysteine mutations at Q24, S42, Q62,

587 and N103

Technique: NMR®

100uM WT aSyn in buffer (26mM Tris.Cl

pH = 7.4/0.1M NaC))

Technique: NMR®

Technique: PRE'
Various pH, concentrations, solvents

Technique: Single-Molecule FRET*

50 pM solution of double-labeled WT aSyn

Technique: HS-AFM’
50nM WT aSyn in PBS

Techniques:
LD-CL', CD'',HDX'?,
LC-MS'™/MS Analysis

Technique: NMR®

Computational

Technique: MD?

Technique: restrained MD?
Solvent: implicit

Technique: constrained excluded
volume MC®

Technique: All-atom MD?
Solvent: explicit

Technique: MC®
Solvent: Implicit

Technique: REMD®
Solvents: implicit
Technique: MD?
Solvents: explicit

Technique: coarse-grained MD?
Solvent: explicit

Technique: REXS/DMD®
Solvent: Lazaridis-Karplus implicit

Technique: REX®/DMD®
Solvent: Lazaridis-Karplus implicit

Technique: MD?
Solvents: explicit
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FIGURE 2 | DMD centroids of the most frequent monomeric WT aSyn lowest energy clusters. Clusters representing a (A) ~76%, (B) 15%, and (C) ~4% of the
overall population. aSyn N-terminal region (residues 1-60) is colored in orange, the NAC-region (residues 61-95) is colored in green and the C-terminal region (residues
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(residues 96-140) is colored in yellow (Brodie et al., 2019).

FIGURE 3| CL-DMD WT monomeric aSyn models. Centroids from the most relevant conformational clusters containing (A) 37 %, (B) 28%, (C) 20%, and (D) 8% of
the overall population. aSyn N-terminal region (residues 1-60) is colored in orange, the NAC-region (residues 61-95) is colored in green and the C-terminal region

region can induce the formation of amyloid aggregates (Iyer et al.,
2017; Vasili et al., 2019). Hence, several studies hypothesized that
these detected intra-molecular contacts reduce the accessibility of
the central part of the protein, preventing it from establishing
inter-molecular interactions and inhibiting monomeric WT aSyn
oligomerization and aggregation. As a consequence, some
authors have rationalized the possibility of aSyn C-terminal
region demonstrating a protective role against the formation
of amyloid fibrils (Dedmon et al., 2005b; Bertoncini et al,
2005; Yu et al., 2015).

The temperamental nature of these aggregation-resistant
globular conformations can be affected by changes in the
environment; for example, changes in pH alters the
distribution of charges throughout aSyn, which can lead to the
loss of these transient intra-molecular electrostatic interactions.
The C-terminal domain, (residues 96-140), presents a high
content of acidic residues at physiological pH which are
thought to play a major role inhibiting aSyn aggregation
(Dedmon et al., 2005b; Bertoncini et al., 2005; Bhattacharya
et al, 2019). Studies suggest that, this self-inhibition against
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fibrillation conformation can be lost when changing the pH from
neutral to acidic (Plotegher et al., 2014).

Contrarily, Nath et al. observed that aSyn acquires a more
compact conformation at low pH (Nath et al., 2012). However,
this should be taken with caution as these are predictions and not
conclusive observation. Moreover, some research groups point
out that the interactions between the C-terminal region and the
rest of the molecule is rather small and, therefore, the contacts
established within the native structure provide limited protection
against solvent exposure for the NAC region (Jonsson et al.,
2012).

Further criticism suggests that monomeric WT aSyn acquires
more extended or tail-like global conformations, which aligns
with the fact that it is unstructured in solution. Zhang et al.
reported the structural dynamics of aSyn in aqueous solution,
demonstrating its ability to interchange its structure dynamically,
mainly between the primary overall globular morphology and
both one-tail and two-tail structures. These tails are parts of the
protein that protrude from the main globular segment (Figure 2)
(Zhang et al., 2018). The tendency of aSyn to adopt a tail-like
structure has also been reported by other researchers, based on
MD simulations, Small-Angle X-ray Scattering (SAXS) and
Electron Microscopy (EM) experiments (Tsigelny et al., 2012;
Lorenzen et al., 2014). These transient tail-like structures are
often seen in IDPs because they are implicated in diverse
biological functions (Uversky, 2013).

Lastly, other studies stated that, in aqueous solvent,
monomeric WT aSyn has a weak preference for adopting
globular conformations (Weinreb et al., 1996; Ilie and Caflisch,
2019). For instance, Allison et al. observed that, over time,
monomeric WT aSyn has a propensity to expand (Allison
et al., 2009). Also, others have reported relevant clusters of
aSyn monomers detected in their experiments presenting
extended conformations (Jonsson et al., 2012).

The controversial results about the globular or extended
preferences obtained by various groups may be ascribed to the
rapid interconversion between conformers affecting aSyn and the
use of different methodologies to carry out their investigations.

Overall Secondary Structure Propensity

Knowing that monomeric WT aSyn is unstructured in solution,
the classification of its transient secondary structural elements
can be useful for further investigations. Attempts to determine a
structure of native aSyn has been mainly classified it as an all-a
protein, whose secondary structure is composed exclusively of
a-helices allowing a small number of isolated pB-sheets (Figure 2)
(Bhattacharya et al., 2019; Cartelli et al., 2016; Meade et al., 2019;
Zhang et al., 2018) or as an a+p protein when along the aSyn
backbone a-helices and B-strands are intercalated (Figures 3 and
4) (Yu et al., 2015; Brodie et al., 2019).

Conversely, Jonsson et al. predicted that aSyn could adopt an
all-p secondary structure in which aSyn was almost entirely
composed by B-sheets with some peripherical small a-helices
in several of the detected relevant conformers obtained.

They also reported that these results match with experimental
data obtained at neutral pH and low temperatures, around 15°C
(Jonsson et al, 2012). Zhang et al. (2018) found this
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FIGURE 4 | MD WT monomeric aSyn models. Centroid from the most
relevant conformational clusters. This figure has been reproduced upon copy
right permissions (Yu et al., 2015).

conformational extended -sheet pattern to be unfavorable in
the WT aSyn monomeric state.

Some studies argue that folded helical conformers are not
anticipated to be pathogenic (Meade et al., 2019) and impede
amyloidogenic aggregation (Bhattacharya et al., 2019) whereas
the presence of B-sheets drive this process. In fact, the design of
novel small molecules or biological therapeutics to stabilize
a-helical monomers is a strategy for blocking the neurotoxic
pathway switching off B-sheet structure formation (Plotegher
et al., 2014; Ciechanover and Kwon, 2015).

Local-Level

Since we face the problem of the lack of technical resources to
irrefutably determine a series of conformations that full-length
WT aSyn monomers can adopt in solution, attempts have been
made to use available techniques to identify structural trends at
the local-level, that is, if it even has a determinable structure.
Despite its unstructured nature, aSyn can be analyzed in terms of
its transient secondary structures. This allows us to hypothesize
the conformational changes aSyn undergoes before the molecular
aggregation process is carried out and identify possible target-
sites that facilitate the design of drugs to avoid the formation of
amyloid fibrils in earlier stages. As a matter of fact, due to the
intrinsic dynamic equilibrium of this protein in solution, as
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mentioned, different tools and techniques for proteins
characterization capture different structural trends. However,
there is an identifiable trend in which several research groups
outline that the N-terminus of WT aSyn is prone to fold into a
helical conformation, whereas the C-terminus contains many
fragments found as random coils. There is less agreement as to
whether the NAC region folds into B-sheets, which is the key
secondary structure that directs protein aggregation, or whether it
maintains a helical structure.

N-Terminal Region

Monomeric WT aSyn N-terminal region can adopt different
transient secondary structural features in aqueous solution due
to its intrinsically disordered nature. Several studies observed a
tendency in the aSyn N-terminus to acquire a helical secondary
structure (Vilar et al., 2008; Allison et al., 2009; Jénsson et al.,
2012; Coskuner and Wise-Scira, 2013; Zhang et al., 2018;
Bhattacharya et al., 2019; Brodie et al, 2019; Meade et al,
2019; Kim et al., 2020). This helical pattern has been proposed
to be essential for vesicle and membrane binding (Coskuner and
Wise-Scira, 2013; Vasili et al, 2019). Hence, this local
conformation is prone to be energetically favorable, especially
in the presence of factors known to drive this helical structural
feature, such as acidic negatively charged membranes (Vasili
et al.,, 2019).

Contrarily, Jonsson et al. predictedan aSyn conformational
low-energy phase in solution, in which residues spanning from 30
to 100 contained a high average strand population (Jonsson et al.,
2012). Additionally, Yu et al. identified in residues 38-53 a high
probability of assuming a (B-hairpin conformation, formed by
antiparallel B-strands B1 (38-44) and B2 (47-53), connected by a
turn in region 44-47 (Figure 4) (Yu et al,, 2015). This protein
region includes some of the residues belonging to two of the five
aSyn segments suggested to be involved in the core of aSyn fibrils
(37-43, 52-59) (Vilar et al., 2008). Other computational and
bioinformatic studies have also reported a higher propensity for
regions 38-40 and 50-53 to form P-strand structures (Vilar et al.,
2008).

NAC Region

There is presently no clear agreement as to whether the NAC
region (residues 61-95) adopts a helical or a B-sheet structure or,
indeed, whether it acquires a structure at all. As this region is
involved in triggering protein aggregation, its structure depends
to a great extent on the environmental conditions. This is
probably why it contains numerous distinct energetically
favorable secondary structures.

A combination of experimental and computational
approaches (Brodie et al, 2019) and NMR measurements
(Eliezer, 2009) have seen a tendency of the aSyn NAC region
to form B-structures (Figure 3) (Kim et al., 2020). This supports
the significance of the presence of these transient structures in the
native protein, alluding to their resemblance to hairpins that form
inter-molecular interactions in amyloid fibrils constituting the
core of this mature fibrillar form of aSyn (Tuttle et al., 2016;
Guerrero-Ferreira et al., 2018). In contrast, in previous NMR
studies, it was not possible to detect free aSyn conformations that

Literature Overview on a-Synuclein Structure

would lead to the formation of partially folded aggregation
intermediates (Wu and Baum, 2010).

Since the aSyn aggregation process is extremely slow,
ensemble solution techniques such as NMR may not succeed
in identifying the molecules that are prone to drive this process
because they may appear in very small percentages (Plotegher
et al, 2014). Nonetheless, Zhang et al. (2018) via HS-AFM
documented that the extended P-sheet pattern in the WT
aSyn monomeric state is unfavorable.

Other experiments show the sporadic formation of helical
structures in the NAC region (Figure 2) (Coskuner and Wise-
Scira, 2013; Zhang et al., 2018)

C-Terminal Region

The C-terminus of IDPs has been identified as the most
important region since it has numerous functionalities
(Uversky, 2013). It follows that this protein area adopts
different structures depending on the function that it is
required to perform. The results of the investigations that have
tried to structurally characterize aSyn in an aqueous medium,
either by experimental or computational methods, indicate that
the C-terminal end tends to present a random coil structure for
the most part under physiological conditions (Jonsson et al., 2012;
Brodie et al., 2019).

Despite this tendency to present fewer secondary structure
elements than the other protein regions, a propensity to form
B-structures (Eliezer, 2009; Jonsson et al., 2012; Yu et al., 2015)
and helical elements (Lorenzen et al., 2014; Yu et al., 2015; Zhang
et al.,, 2018) has been observed in some studies.

EFFECT OF PD MUTATIONS ON aSYN
STRUCTURAL FEATURES

aSyn is a protein involved in PD, not only as the main component
of Lewy bodies, but because of its several mutations observed in
PD patients. It is well known that mutations can change the
phenotype, having several effects on the structure of a protein.
Understanding how PD mutations affect aSyn structure and its
functions is thus essential for gaining a profound understanding
of the protein itself and for developing more -effective
pharmacological strategies.

A53T, A30P, and E46K Mutations
In 1997, Polymeropoulos et al. (1997) identified the A53T
mutation in the aSyn gene in an Italian kindred and in three
unrelated families of Greek origin with autosomal dominant
inheritance for the PD phenotype. A year after, Kriiger et al.
(1998) reported the A30P mutation in the aSyn gene. A third
mutation, namely E46K, was identified in 2004 (Zarranz et al.,
2004). During the years, it has been highlighted that mutations
could impact both the free state of aSyn and its aggregated form.
In this context, studies were performed using different techniques
such as NMR spectroscopy, CD, and FTIR.

Initial CD studies on WT aSyn and the first two identified
mutations, A30P and A53T, showed that the three proteins lack a
preferred conformation in solution (Conway et al., 1998; Narhi
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etal., 1999; Serpell et al., 2000). However, in 2001, by conducting
NMR studies, Bussell and Eliezer reported, that the mutation
A30P strongly attenuates the helical propensity of the
N-terminus. They observed indeed a positive C* secondary
shift, indicative of a significant preference for helical secondary
structure in the WT 18-31 sequence, which was absent in mutant
A30P. Conversely, A53T mutation leaves this region
unperturbed, exerting a more modest and local influence on
structural propensity (Bussell and Eliezer, 2001). In particular, the
A53T mutant exhibited a slightly enhanced local preference for
extended, B-sheet-like conformations around the site of the
mutation. Other NMR studies on the WT, A30P and A53T,
revealed a similar B-sheet-rich core region spanning residues
38-94 in the sequence of the two mutants, whereas the
C-terminus remained flexible and unfolded in both cases
(Heise et al., 2005).

McLean et al. investigated the aSyn long-range interactions by
fluorescence resonance energy transfer (FRET). They reported,
for both the WT and mutant A53T, a weak interaction between
the N-terminal and C-terminal regions, whereas for mutant A30P
they observed a statistical increase in the magnitude of FRET
signal, indicating a closer vicinity between the N- and C- terminal
regions (McLean et al., 2000).

In 2007, Fredenburg et al. reported a similar random coil
secondary structure for both E46K and WT aSyn when free in
solution, as highlighted by CD experiments (Fredenburg et al.,
2007). In 2009, Rospigliosi et al. studied the effect of mutation
E46K on the long-range interactions by paramagnetic relaxation
NMR(PRE) and residual dipolar coupling (RDC) measurements.
Surprisingly, no decrease in long-range contacts was detected in
the mutant E46K with respect to the WT. Furthermore, an
increased interaction between the C-terminal tail, the NAC
and the N-terminal regions was observed. The same
experiments on A30P and A53T did not indicate any changes
in the long-range structure. In the same work, the authors
observed a slight increase in local helix propensity in the area
immediately adjacent to the mutation of mutant E46K, by
calculating its C* chemical shifts deviations in comparison to
the deviations of the random coil ones (Rospigliosi et al., 2009).

Kumar et al. used Molecular Dynamics (MD) to analyze the
mutations A30P, A53T and E46K in water under explicit solvent
conditions. These mutants showed variations, more specifically
their RMSD scores were 0.529, 0.534, and 0.486 respectively, in
their secondary structure compared to WT micelle-bound aSyn
(PDB ID 1XQ8) simulated in sodium dodecyl sulfate (SDS)
(Figure 5). The secondary structure of A53T recorded in this
study was similar to that determined by quenched hydrogen/
deuterium exchange NMR spectroscopy which states that five
B-strands appear in the amyloid state of aSyn (Vilar et al., 2008;
Kumar et al., 2009).

Passing from the last decade to the current one, computational
techniques started being more intensively employed to shed light
on the structures of the WT and the mutants. In 2011, Balesh et al.
(2011) performed classical MD and annealing MD (AMD)
simulations and reported similar helical and B-sheet contents
for the WT and A53T mutant-type aSyn proteins. At the same
time, A53T presented a more compact structure. In 2013,
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Coskuner and Wise-Scira performed all-atom replica exchange
molecular dynamics (REMD) simulations on the full-length
monomeric WT and A53T mutant-type aSyn proteins in
aqueous solution utilizing implicit and explicit water models.
From these results, they observed that the helical content is
minimally affected by the mutation A53T except for a few
residues in the N-terminal and C-terminal regions.
Additionally, in contrast, to previous computational works
(Kumar et al., 2009) they reported an increase in the B-sheet
formation close to the mutation site in the N-terminal region
(Coskuner and Wise-Scira, 2013).

In the same year, a similar MD study was published on mutant
A30P by Wise-Scira et al., reporting that the mutation has local as
well as long-range effects on the protein structure. More
specifically, the helical content of region 18-31 is less
prominent in mutant A30P than in the WT protein. The
B-sheet structure abundance decreases in the N-terminal
region upon mutation A30P of the WT aSyn, whereas the
NAC and C-terminal regions possess larger tendencies for
B-sheet structure formation. Long-range intramolecular protein
interactions are less abundant upon mutation A30P, especially
between the NAC and C-terminal regions, leading to a less
compact and less stable structure with respect to the WT
(Wise-Scira et al., 2013).

Recently Discovered Mutations
In 2013, a fourth mutation, namely H50Q, was identified (Appel-
Cresswell et al, 2013; Kiely et al, 2013). Far-UV CD studies
demonstrated that also the H50Q variant is a primarily unfolded
protein in aqueous buffers (Chi et al., 2014; Ghosh et al., 2013;
Khalaf et al., 2014). Also, Chi et al. (2014), by using heteronuclear
single quantum coherence (HSQC) NMR observed that the
chemical shifts of most residues between the WT and H50Q
were unperturbed, although the C-terminal region of H50Q is
more flexible than that of the WT. On the contrary, Ghosh et al.
noticed chemical shift perturbations between WT aSyn and
H50Q, by conducting the same experiments. In fact, they
observed quite significant chemical shift perturbations in the
mutation area and in the C-terminal region (Ghosh et al., 2013).
In 2014, a fifth mutation, G51D, was discovered (Kiely et al.,
2013; Lesage et al., 2013). Fares et al. performed CD experiments
where the WT and G51D proteins exhibited the same random
coil secondary structure. The 'H, "’N-HSQC studies confirmed
the lack of a preferred conformation for both proteins, while the
analysis of the secondary structure propensity via C* secondary
shifts deviations showed no significant loss or gain of secondary
structure compared to the WT. Furthermore, it was observed that
the mutation G51D also does not significantly perturb transient
long range contacts between N-and C-termini (Fares et al., 2014).
In the same year, mutation A53E was identified in a Finnish
family (Pasanen et al, 2014). Ghosh et al. performed NMR
studies with the WT, A53T, and A53E aSyn. Their data
showed approximately similar spectra of the WT, A53T, and
AS53E with relatively narrow dispersions in the proton dimension
for all proteins, characteristic for unfolded structures. The
chemical shift differences, however, suggest perturbation of
chemical shifts for residues surrounding the A53E mutation
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1X08_SDS

FIGURE 5 | Structural changes in aSyn and the hydrophobic regions. Structure of (A) wild type (1XQ8) in SDS solvent, (B) wild type (1XQ8) simulated in explicit
water conditions, (C) A30P mutant in water solvent, (D) E46K mutant in water solvent, (E) AS3T mutant in water solvent. The blue region depicts the 36-41 and 68-78
hydrophobic regions in aSyn showing aggregation propensity (Kumar et al., 2009).

1XQ8_Water

site, as already observed for the other mutants. Significant
chemical shift changes were also observed for the residues at
the extreme C-terminus of aSyn. In contrast to chemical shift
perturbation data, the secondary structural propensity did not
show any major alteration due to mutation A53E or A53T
(Ghosh et al., 2014).

Comparative Experiments on all Known

Mutated Sequences

Recently, Tsigelny et al. generated by MD multiple structural
conformations of the WT and all the different mutants, by
developing a new combined modeling approach. In the
beginning, they simulated WT aSyn and mutant conformers
creating a 20-ns interval MD snapshot (Figure 6). From their
analysis it can be deduced that the general a-helical content does
not change more than 20% in all cases and that these a-helices
transform into turns and loops within specific regions for each
mutant over the 100 ns of the MD (Tsigelny et al., 2015).

In 2020, Okuwaki et al. examined all the NMR parameters,
including the chemical shift and amide-proton exchange of the
WT and the mutants. They observed in WT an a-helix structure
in the 18-31 fragment, and a p-structure at the C-terminal region
120-140. The B-structure was destabilized by the mutations A30P

and A53T. On the other hand, the a-helical structure might be
stabilized by these mutations (Okuwaki et al., 2020).

Taken together, these data seem to point out that, among all
the observed PD mutations, only A30P affects the overall aSyn
structure. In addition, long-range interactions are less abundant.
The contact between N- and C-terminal regions is thus perturbed
and it might facilitate the aggregation.

EFFECT OF THE BIOLOGICAL
ENVIRONMENT ON aSYN STRUCTURAL
FEATURES

From the previous paragraphs, it can be deduced that the
structure of the monomeric WT aSyn protein in solution tends
to acquire diverse transient and dynamic conformations. aSyn
will be likely to adopt specialized conformations upon
different conditions (e.g., changes in pH, temperature, ionic
strength, closeness to surfaces, etc...) in order to carry out
certain biological or pathological functions. Hence, even
though the study of WT aSyn conformation alone is useful,
a more profitable course of action is to observe the
conformational changes induced by different biological and
physico-chemical factors triggering structure modifications. In
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FIGURE 6 | Tertiary structure of the initial NMR conformations of the mutants containing a significant percentage of a-helices changes during MD. Figure modified

from Tsigelny et al. (2015).
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FIGURE 7 | Different biological factors/modulators influencing aSyn structure. The figure is composed of two sections referring to proteins (left panel) and lipid
membranes (right panel), which have an important role in the conformational change of aSyn from being an intrinsically disordered protein (IDP) to induce a more stable
structure. Right panel: special emphasis is placed on the type of study performed, classified in computational, in vitro and in vivo experiments, and on the particular
interaction of the proteins with the distinct aSyn configurations (fibrils, oligomers, monomers). Hsp70 and Hsp73 heat shock protein 70 and 73; SCGN:
secretagogin. Left panel: The equilibrium between horseshoe and linear conformation is highlighted and the partition of aSyn in three regions is depicted to show the
different behavior throughout the sequence when in contact with lipid membranes. The important interaction with mitochondrial membranes and lipid rafts is also

mentioned here. GM1: monosialotetrahexosylganglioside.

this context, the interaction with endogenous molecules is an  proteins. Here below in Figure 7, the general features are
important factor to consider. It is commonly accepted that  presented, together with several highlights on the interaction

aSyn can bind lipids and phospholipids, as well as several = with endogenous small molecules.
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Lipids

In living organisms, lipids are mainly used as structural
components in cell membranes, as energy stores or as
signaling molecules. Various studies have investigated the
possibility of aSyn monomer to bind lipids, in particular lipid
membranes (plasma and mitochondrial membrane, axonal
transport vesicles) (Sung and Eliezer, 2018). In the following
paragraphs, we will present an overview of the most recent results,
focusing our attention on the protein structure and the innovative
strategies and techniques used to obtain these outcomes.

Phospholipids

Based on the specific binding properties to lipid layers and the
location in synaptic nerve endings, the physiological function of
aSyn has been related to circulation and transport of synaptic
vesicles (Burré, 2015). Nevertheless, besides its physiological role
in the synaptic transmission, the interaction with lipids can also
lead to structural changes undergoing aggregation and
contributing to amyloidogenesis. Membranes have been
reported to both accelerate and inhibit aSyn fibril formation.
In fact, the helical fold has been suggested to stabilize the protein
and prevent aggregation by hindering the structural transition to
B-sheet (Hogen et al., 2012) but, at the same time, the helical state
has also been proposed as being an intermediate in the
aggregation process because it stabilizes intermolecular
interactions through hydrophobic contacts (Eliezer et al,
2001). In the latter case, cell membrane surfaces would act as
a fibrillation template favoring nucleation and participating in the
fibrillation cascade while the NAC region would be essential for
the self-polymerization of the protein (Pineda and Burré, 2017;
Martial et al., 2019; O’Leary and Lee, 2019). A fact that argues in
favor of the role of aSyn/lipid interaction in the etiopathogenesis
of synucleinopathies is that all missense mutations responsible for
familial PD (e.g., A30P and E46K) are localized in the 11-residue
repeat domain; indeed, these mutations alter the lipid binding
properties modifying membrane interaction (Bodner et al., 2010;
Robotta et al., 2017). Therefore, it is particularly critical to
understand how this interaction can regulate the equilibrium
between the soluble intrinsically disordered monomer and the
structured membrane-bound monomer/oligomer in vivo.

The first preliminary hypothesis about aSyn binding to
membranes was developed by Davidson et al. (1998), who
reported aSyn binding to acidic small unilamellar vesicles
(SUVs), underlining the importance of membrane charge and
curvature. In particular, an increase in a-helicity from 3 to 80%
was measured. Browne and coworkers first tried in 2001, by
means of modern multi-dimensional heteronuclear NMR
spectroscopy, to characterize the conformational properties of
aSyn as a free monomer and when bound to lipid-mimetic SDS
detergent micelles and lipid vesicles. A prevalent disposition
toward a-helical conformation in the N-terminal region was
suggested in the free monomer in comparison to the
C-terminus that, on the contrary, displays a highly unfolded
and extended structure. Not surprisingly this tendency could be
fulfilled after association to phospholipids, showing an extended
a-helical structure stretching among residues 1-100 (Eliezer et al.,
2001). Few years later, this idea of an extended conformation was
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revised by Chandra et al., who asserted that the N-terminal
region, interacting with SDS, surprisingly configures itself in
two helical regions that are interrupted by a short break
around residues 43-44, as demonstrated by NMR studies and
proteolysis experiments. This interruption has been explained
with a more favorable binding of hydrophobic residues to the
interior of the membrane or, alternatively, a more advantageous
binding to highly curved vesicles (Chandra et al., 2003). By means
of following studies based on EPR, Jao et al. could successfully
provide important details about aSyn interaction with lipid
bilayers, emphasizing the influence of the membrane features
on the conformation of the membrane bound aSyn. The authors
observed an extended, curved a-helical structure that is
significantly different from the antiparallel helices formed in
the presence of the detergent SDS (Jao et al., 2008). However,
the experimental evidences provided by EPR are also consistent
with different binding modes, involving an extensive membrane
rearrangement, as suggested by Bodner et al. (Bodner et al., 2009).
In this context of contradictory results, Robotta et al. (2011)
presented aSyn as a coexistence of the two conformations:
extended a-helix and horseshoe, i.e. two antiparallel a-helices,
even if with a preference toward the extended form. The authors
obtained these results by site-directed spin labeling in
combination with pulsed electron paramagnetic resonance on
large unilamellar vesicles (LUVs) and they concluded that the two
conformations are closely related to the experimental conditions
used and that the equilibrium is very labile, which means the
molecule is highly flexible. In this way, they could explain why
previous studies were in opposition (Robotta et al., 2011).

The interconversion between these two states has been
represented as functionally relevant to the protein; in fact,
physiologically, aSyn could effectively connect a synaptic
vesicle to the plasma membrane by switching from an
extended state to a broken-helix conformation (more tightly
bound state). For this purpose, in order to characterize the
extended helical structure by high-resolution solution-state
NMR, a fluorinated alcohol (HFIP) has been employed, able
to induce a highly helical state. Indeed, the central region
corresponding to the non-helical linker displays a certain
instability in the helical structure suggesting the possibility of
this transition (Sung and Eliezer, 2018).

Solid state NMR (ssNMR) helped in providing new insights in
the structural conformation of the membrane-bound aSyn. In
fact, since the N-terminus is tightly bound to the lipid bilayer,
these residues cannot be identified by solution NMR because they
are invisible. The results of these experiments on acidic SUVs
indicated that residues 6-25 are tightly bound to the membrane
and no differences are detected when 1,2-dioleoyl-sn-glycero-3-
[phospho-rac-(1-glycerol)] (DOPG) SUVs are used, even if the
calculated affinity between aSyn and these vesicles is higher. We
already know that the most dynamic part of the molecule is
identified with the C-terminal region and INEPT (insensitive
nuclei enhanced by polarization transfer) MAS (magic-angle
spinning) measurements enabled to also characterize this
domain as highly unstructured. In general, three domains
could be identified: an anchoring N-terminal region (6-25),
followed by an intermediate dynamic domain (26-96) and an
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unstructured C-terminal domain that only transiently interact
with the membrane surface. The central region is shown to be
critical in modulating the affinity for the membrane surface and it
is subsequently called membrane “sensor.” Furthermore, MAS
measurements indicated that the binding occurs at the surface of
the membrane and not in the membrane bilayer (Fusco et al.,
2014). Following ssNMR experiments helped also to understand
the contribution of N-terminal acetylation on aSyn. This post-
translational modification leads to a stronger membrane affinity
and an increased propensity to adopt a helical structures in the
N-terminal region. According to Runfola et al, N-terminal
acetylation seems to regulate the binding affinity of aSyn for
synaptic vesicles without altering the structural properties of the
bound state (Runfola et al, 2020). Considering all these
determinant aspects affecting the binding of aSyn to
membranes, one can easily understand how the protein
binding is sensitive to the experimental conditions used. In
particular, a physiological environment should be used to
mimic the naturally occurring features and obtain an ultimate
description of the aSyn monomer when bound to membranes. In
this framework, another factor to be taken into consideration is
the influence of calcium ions on the membrane binding
propensity of aSyn. This ion, localized at the presynaptic
terminals, is able to bind to the C-terminus and favors its
binding to lipid membranes, as verified by CEST-NMR
experiments, leading to the so-called “double anchor
mechanism” emphasizing its role in neurotransmitter release
(Lautenschléger et al., 2018).

Summarizing, experimental evidences of association with lipid
membranes support the strong dependence of the binding on the
lipid composition and surface curvature. In general, aSyn binding
to membrane is based on electrostatic interactions between the
cationic groups of the basic N-terminal region (rich in Lys
residues) and the anionic phospholipids, which in fact
represent excellent models to mimic synaptic vesicles.

Similar considerations can be done for the aSyn fragment
71-82, included in the NAC region, as observed by Bédard et al.,
who described its role on the structural and assembly behavior of
aSyn. As deduced from CD and IR measurements, in the presence
of 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC)
membranes, the fragment is mostly disordered as it is in
solution, but when in contact with negatively charged
membranes  (1-palmitoyl-2-oleoylglycero-3-phosphoglycerol,
POPG) the peptide adopts an intermolecular parallel B-sheet
configuration (Bédard et al., 2014). In a more recent study, its
behavior has been analyzed in the presence of partially anionic
membranes to mimic in the best way neuronal membranes and
an in-register configuration could be validated by means of IR
and ssNMR DQF-DRAWS experiments. The amyloid
aggregation driver is the electrostatic interaction as it
happened also with the N-terminal sequence (Martial et al,
2020).

In addition to the curvature degree, the interaction of aSyn
and membranes is also regulated by lipid packaging. In view of
this, Stockl et al. proved by confocal microscopy that aSyn
preferentially interacts with liquid-disordered giant unilamellar
vesicles (GUVs): the binding requires anionic lipids in a liquid
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disordered state, and this is in good correlation with the synaptic
vesicles composition (Stockl et al., 2008). This is also valid for
fragment 71-82 (Martial et al., 2020). A comprehensive model for
the interaction of aSyn with lipid bilayers has been proposed by
Ouberai et al. based on many converging independent studies and
new results generated by the combination of dual polarization
interferometry, atomic force microscopy and CD spectroscopy.
Connecting to membranes with strong curvature and stressed
surfaces (cone-shaped lipids), aSyn monomers are apparently
able to close the packing defects. In fact, after binding of aSyn to
the phospholipid polar heads and insertion of the hydrophobic
residues, lipids are induced to laterally expand provoking
membrane remodeling and this process is promoted in the
presence of packing defects or imperfections (Ouberai et al.,
2013). aSyn ordering effect on the membrane has been also
investigated by fluorescence anisotropy and it has been
concluded that this is concentration dependent and it occurs
in the liquid-crystalline state and not in the gel phase. This means
that aSyn is able to stabilize the membrane of synaptic vesicles
and thereby can be essential to prevent the premature vesicle
fusion to the presynaptic membranes (Pirc and Ulrih, 2015). The
higher binding affinity to fluid compared to gel phases has been
also investigated by Galvagnion et al. by means of CD and DSC
studies, suggesting that the higher exposure of hydrophobic area
is essential for the binding. Notably, the authors also asserted that
shorter and more soluble lipids greatly improve aSyn aggregation
and, consequently, its pathological effect (Galvagnion et al,
2016).

Together with the lipid composition, the lipid to protein ratio
is a discriminant factor for amyloidogenesis, being able to switch
the equilibrium between physiological and pathological paths, as
first described by Galvagnion et al. (2015) and later discussed in a
detailed review by Kiechle et al. (2020). When this value is high,
due to the low local concentration of aSyn, the aggregation can be
suppressed. On the contrary, when this value is low or
intermediate, aSyn-bound monomers could lead to nucleation
and amyloid formation (Terakawa et al., 2018).

Although aSyn has a mainly cytosolic distribution, its ability to
adhere to cell membranes, predisposes it to have other cellular
localizations. A certain selectivity of aSyn toward mitochondrial
membranes has been observed and this propensity has been
related to the abundance of the phospholipid cardiolipin.
Nevertheless, cardiolipin is mostly present in the inner
membrane of the mitochondria. It has been demonstrated that
aSyn enters mitochondria via import channels and not via direct
interaction with the lipids of the outer membrane and afterward it
is localized in the inner membrane (Zigoneanu et al., 2012). On
the other hand, recent studies demonstrated that cardiolipin
translocates to the outer mitochondrial membrane in response
to cellular stress and binds aSyn species. In this position,
cardiolipin can also pull aSyn monomer away from
oligomeric/fibrillar aggregates and facilitate its refolding in
a-helix. Cardiolipin exposure is therefore a key signal in PD
pathogenesis (Ryan et al., 2018). In agreement to these results
Ghio et al. also demonstrated that cardiolipin enhances aSyn lipid
membrane binding and also favors the membrane pore-forming
activity of aSyn oligomers (Ghio et al., 2019).

Frontiers in Chemistry | www.frontiersin.org

July 2021 | Volume 9 | Article 666585


https://www.frontiersin.org/journals/chemistry
www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

Bisi et al.

Lipid Rafts

In general, it seems that aSyn specifically binds to anionic
phospholipids, when these are embedded in liquid-disordered
domains (Stockl et al., 2008). Nevertheless, various studies
demonstrate that lipid rafts can also have a very important
role in aSyn binding. Lipid rafts are specialized areas of the
plasma where tightly packed cholesterol and sphingolipids
accumulate, surrounded by more fluid phospholipids. In fact,
these dynamic microdomains adopt a liquid-ordered state and
float in the remaining liquid-disordered plasma membrane
(Sezgin et al., 2017). Fortin et al. demonstrated by a double
fluorescent labeling that aSyn specifically associates with lipid
rafts and this interaction can be crucial for its synaptic
localization and physiological function (Fortin et al, 2004).
Furthermore, many other publications illustrated how lipid
rafts are closely connected with neurodegenerative diseases
(Sebastido et al., 2013; Canerina-Amaro et al., 2019; Mesa-
Herrera et al., 2019; Grassi et al., 2020).

In this framework, the analysis of aSyn interaction with
cholesterol and gangliosides is fundamental since both have
been considered as critical elements that could synergically
favor the insertion of aSyn in lipid rafts and influence its
pathological and physiological function (Fantini et al., 2011).

Cholesterol

Together with phospholipids, cholesterol plays an important role
in regulating permeability and fluidity of the membrane. As
expected, it also interacts with aSyn modulating its binding to
synaptic-like vesicles, cholesterol being a very important
component of these structures (Pfrieger, 2003). In particular,
two domains of aSyn were recognized by Fantini et al. to bind
cholesterol. Especially, residues 67-78 display a high affinity
binding with a tilt angle of 46°, as measured by MD. Notably,
they asserted that the tilted peptide could probably insert in the
membrane and intercalate with the apolar regions of cholesterol
leading to a higher affinity. On the contrary, residues 37-43
probably just associated to the hydroxyl group of cholesterol
(Fantini et al., 2011). Other authors showed how cholesterol
reduced or completely blocked, depending on the concentration
used, aSyn binding to non-anionic membranes but, at the same
time, this effect was much lower in the presence of negatively
charged membranes (Shvadchak et al.,, 2011). Recently, surface
plasmon resonance (SPR) was employed to measure the binding
of aSyn monomers to lipid vesicles and this resulted decreased
with the addition of cholesterol molecules to the membrane
composition. The effect was detected also in the presence of
negatively charged vesicles (Jakubec et al., 2019). A very recent
publication from Fusco and coworkers confirmed these results
showing by CD experiments that aSyn binding is reduced in the
presence of cholesterol. However, the weaker interaction was
detected by CEST (chemical exchange saturation transfer)
experiments only at the NAC region. The previously described
property of aSyn of binding two different membranes at the same
time, the “double anchor mechanism”, has been also evaluated by
DLS (dynamic light scattering) and the ability of aSyn to interact
with two vesicles was promoted with the increasing concentration
of cholesterol showing that the NAC region is effectively crucial
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in this step modulating this important biological property (Man
et al,, 2020). At the same time, Jakubec et al. questioned whether
cholesterol could influence aSyn fibrillation and they observed
that the aggregation was effectively promoted by analyzing ThT
(thioflavin T) and TPE-TPP (bis(triphenylphosphonium)
tetraphenylethene) fluorescence assays. This outcome could be
explained taking into consideration that cholesterol could act as a
nucleation site (Jakubec et al., 2019).

Glycosphingolipids

The interaction of aSyn with glycosphingolipids, in particular
gangliosides as GM1, has been reported in many articles,
revealing their key role in the physiological and pathological
function of this protein (Chiricozzi et al., 2020). In 2006, Martinez
et al. concluded from SEC (size-exclusion chromatography)
HPLC, CD and TEM (transmission electron microscopy) that
aSyn displays a very high binding affinity and specificity toward
GM1, in comparison to the other gangliosides (Martinez et al.,
2007). Differently from cholesterol, the high-affinity binding site
of aSyn to glycosphingolipids includes residues 34-45 (Fantini
et al, 2011). This affinity is even intensified when aSyn is
N-acetylated and at the same time the fibrillation is reduced
together with enhancement of the helical folding propensity
(Bartels et al., 2014). Based on these outcomes, Schneider et al.
reported that GM1 displays neuroprotective effects after in vivo
administration with a decreased aSyn aggregation (Schneider
et al., 2019).

Proteins

The investigation of the interplay between aSyn and proteins is of
high relevance for understanding both the physiological and the
pathological role of aSyn. To see how this interaction influences
its monomeric structure, in the following paragraphs and in
Table 2 we will summarize various biomolecules and how
they affect not only its conformation but also its aggregation
tendency.

Tubulin

Tubulin is a highly conserved af dimeric protein that is the main
component of microtubules. af-Tubulin dimers assembly and
disassembly are finely tuned within the cell and a huge number of
proteins interact with them, affecting the stability of microtubules
and their function. Recently, it has been found that aSyn binds to
microtubules and tubulin a,p, tetramer. This interaction induces
helical aSyn folding, enabling it to promote microtubule
nucleation and to enhance microtubule growth rate and
catastrophe frequency. On the other hand, PD aSyn mutants
do not undergo tubulin-induced folding, causing tubulin
aggregation rather than polymerization (Cartelli et al., 2016).
However, the precise sequence of a-Syn binding site to tubulin
has not been fully elucidated yet, and molecular studies aimed to
deciphering the interaction at an atomic level are still missing.

Heat Shock Protein 70 (Hsp70) and Heat Shock Protein
73 (Hsp73)

Hsp70 is a 70 kDa protein from the “chaperone” family, involved
in cell defense against protein misfolding (Figure 8). Concerning
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TABLE 2 | Reported proteins interactions with monomeric and aggregated states of aSyn.

Compound a-Syn interaction region a-Syn state conversion Common features References
upon interaction (class)
Tubulin Not specified Folding into helical structure Microtubule protein Cartelli et al. (2016)
Hsp70 NAC and ¢5VKKDQgg (at the border between NAC  Fibrils — soluble conformers Chaperone Ebrahimi-Fakhari et al.
and C-terminal) (2011)
Monomers — stabilized monomers Dedmon et al. (2005a)
Luk et al. (2008)
Klucken et al. (2006)
Hsp73 Not specified Monomers — stabilized monomers Chaperone Chaari et al. (2016)
DNAJUB6 Not specified Non specified Co-chaperone Mansson et al. (2014)
Aprile et al. (2017)
DNAJB1 Non specified Fibrils — shorter fibrils — monomers Co-chaperone Gao et al. (2015)
SCGN Non specified Monomers and early-stage oligomers — Ca®*-binding protein Chidananda et al. (2019)
soluble conformers
AS69 Y39, Hso Monomers — stabilized monomers Engineered protein Mirecka et al. (2014)
Agerschou et al. (2019)
central region becomes exposed and this can lead to protein-
C protein interaction with the formation of pre-fibrillar aggregates.
‘ In this case, the chaperone binds to these aggregates and prevents
) the fibrils formation (Dedmon et al., 2005a). The hypothesis of
N-terminal . . . . . .
Nucleotide Hsp70 interacting with the NAC region of aSyn is sustained also

Binding Domain

Helical lid
Subdomain

FIGURE 8 | Ribbon drawing illustrating the structure of Hsp70 with its
different domains (PDB file 2KHO).

aSyn interaction, in silico and ThT assays suggest that Hsp70
binds to several conformers (monomers, protofibrils and fibrils)
but it shows preference for the protofilaments involved in fibrils.
In this regard, Fakhari et al. highlighted the binding of Hsp70 to
the pre-fibrillar species of aSyn, which leads to their disassembly
into soluble entities in vitro (Ebrahimi-Fakhari et al., 2011).
Furthermore, experiments by Dedmon et al. show that Hsp70
interacts with aSyn fibrils instead of monomers. These results
suggest that the protein adopts a folded structure which protects
the central hydrophobic region and does not allow further inter-
molecular binding. As shown by NMR data, this happens when
the C-terminal domain makes contacts with the NAC region. If
these interactions are perturbed (early stages of aggregation), the

by Luk et al. As previously mentioned, this element represents the
core of aSyn fibrils, and it contains the sequence required for
aSyn to aggregate. Interestingly, ThT assay demonstrated that
aSyn residues s VKKDQqgo, at the border between NAC and the
C-terminal domain, are crucial for interaction with Hsp70 (Luk
et al., 2008).

Regarding monomers, Hsp70 is able to modify aSyn
conformation by forcing it to a different open conformational
state in which the N- and C-termini are distant from each other.
aSyn-aSyn interactions are observed but are probably modified
and NAC-NAC domain interactions among monomers are lost,
increasing aSyn solubility (Klucken et al., 2006).

Another important chaperone is Hsp73 (Hsc70). Concerning
its interaction with aSyn, Chaari et al. found out that the
chaperone binds aSyn at the peptide binding sub domain
(SBSD) corresponding to residues 386-509. These interactions
involve unfolded monomers, and this is coherent with the role of
Hsp73, which normally binds to unfolded proteins to mediate
their refolding. At the same time, the helical subdomain
(510-646)  stabilizes  the  chaperone/aSyn  complex,
counteracting the formation of nuclei and/or the elongation of
fibrils, as shown by in vitro experiments (Chaari et al., 2016).

DNAJB6 and DNAJBH1

DNA]JBS, the co-chaperone of Hsp70, is able to counteract aSyn
and amyloid P aggregation in vitro by combining with its partner
(Mansson et al., 2014). In particular, its effect is linked to the J
domain, which catalyzes the transfer of the misfolded aSyn to the
chaperone. Furthermore, post-mortem analysis on PD patients’
brains reveals the presence of the protein in Lewy Bodies,
suggesting that its misregulation may provide early PD onset.
Finally, this may reveal an interaction of DNAJB6 with aSyn and
its direct role in aggregation inhibition. However, this hypothesis
needs to be proved in vivo (Aprile et al., 2017). Focusing on the
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DNAJB family, DNAJBI efficiently works with Hsp70 and
Hsp110 in fibrils disassembling. The system binds pre-formed
fibrils both in vitro and in vivo, converting them into shorter
fibrils later depolymerized into monomers (Gao et al., 2015).
However, the interaction sites on aSyn still remain unknown.

Secretagogin (SCGN)

Studies suggest that neurodegeneration may be associated with
Ca”" dis-homeostasis, since a misregulation in this ion signaling
system can be detected in neuropathologic patient brains.
Considering this, scientists from Chidananda research team
focused on SCGN, a Ca®'-sensor protein expressed in the
brain which plays a key role in insulin regulation (Chidananda
et al.,, 2019).

To study its effect over aSyn, the authors developed a method
able to lead to protein fibrillation with entities of the range of
5-10 nm. Notably, TEM analysis revealed that no fibril was
formed when aSyn was incubated with SCGN. These results
are explained by considering that SCGN can bind both to
monomers and early-stage oligomers, according to ThT and
MTIT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide) assays. In this case, soluble aSyn is preserved,
without any further aggregation (Chidananda et al., 2019).

Allin all, SCGN is shown to bind to aSyn and prevent it from
fibrillation and nucleation in vitro. This may impede its binding
to membranes, its misfolding and its aggregation. Finally, NMR
studies show that anti-fibrillar activity is attributed to the central
region and C-terminal domain of SCGN (Chidananda et al,
2019).

AS69

AS69 was engineered from Mirecka et al., who developed a new
phage library, obtained by random mutagenesis of the gene
encoding ZAP3. (Mirecka et al, 2014). This protein was
proven to be an efficient AP; 4, aggregation inhibitor. In
particular, due to its structure it is classified as “P-wrappin.”
This protein shows two identical subunits, each formed by two
a-helix and one B-strand spanning residues 13-58, linked by a
disulphide bond involving the Cys28 residues of both of them.
Moreover, NMR analyses showed that Phe31 residues of both
AS69 subunits are involved in nt-stacking interactions with Tyr39
and His50 of aSyn. Furthermore, molecular modeling studies
suggest that AS69, by interacting with aSyn, folds into two
B-strands and four a-helices forming a hydrophobic cavity
where aSyn is buried (Figure 9) (Mirecka et al., 2014).

ThT analysis suggests that AS69 binds stoichiometrically to
aSyn monomers, thus blocking the fibril elongation step by
sequestrating free monomers. Also, the complex aSyn/protein
can act as an inhibitor of the secondary nucleation process.
Together, these results suggest that AS69 may display a broad
activity against fibrillation, as demonstrated both in vitro and in
vivo (Drosophila flies and mice) (Agerschou et al., 2019).

Endogenous Small Molecules

The role of endogenous small molecules (e.g., neurotransmitters)
is important when it comes to understanding the function and
structure of amyloids. Interestingly, some neurotransmitters are

Literature Overview on a-Synuclein Structure

able to alter aSyn folding while interacting with it, which enables
to better understand how the protein behaves and which binding
sites are pivotal in that circumstance. The structures of the
endogenous small molecules that will be reviewed in the next
paragraphs are represented in Figure 10 and the effect are
summarized in Table 3.

Dopamine (DA)

Dopamine, one of our principal neurotransmitter, is a
catecholamine implicated in several physiological process
whose biosynthesis decreases in neuropathologies, like PD. Its
role in aSyn aggregation modulation has been widely discussed
and there is not a clear consensus whether it has a direct or
indirect implication. In fact, some researchers hypothesize that
DA can decrease aSyn fibrillation and oligomerization by binding
to the protein via hydrophobic and hydrophilic interactions.
These lead to non-stable complexes, which include its NAC or
C-terminal region. Furthermore, studies showed that DA can
mediate anti-fibrillar effect both in vitro and in vivo, while
forming off-pathway oligomers (Oliveri, 2019).

The role of dopamine concerning aSyn modulation has been
explored by Rekas et al. SAXS data suggest that the catecholamine
mediates the formation of trimers made by aSyn overlapped
structures. CD data suggest that their structure lacks p-sheets,
which are crucial for amyloid aggregates (Rekas et al., 2010).

Recently, Post et al. reviewed the interaction between DA and
aSyn, providing features over the protein structure and its
binding sites. In particular, oxidized DA can interact with
aSyn, producing a complex which enhances the formation of
oligomers rather than fibrils (Post et al., 2018). Moreover, in vitro
studies underline that its formation is due to a non-covalent
binding between DA and the ;,5YEMPS;59 region of aSyn
(Mazzulli et al., 2007). Furthermore, this complex seems to be
stabilized by a salt-bridge between DA and Eg; in the NAC region
(Post et al., 2018).

Finally, the binding of DA to aSyn has an important effect on
the conformation of the protein domains. In fact, fluorescence
lifetime imaging microscopy data showed that the N- and C-
termini of aSyn come closer, adopting a conformation which may
inhibit fibril formation.

Arginine
Arginine is an amino acid able to affect aSyn behavior. This
natural compound is well-known for its neuroprotective effect
both in vitro and in vivo against glutamate excitotoxicity.
Regarding arginine/aSyn interaction, this molecule can inhibit
protein late state aggregation, according to ThT, DLS and AFM
(Atomic Force Microscopy) data. Isothermal calorimetry (ITC)
and MS (Mass Spectrometry) analyses show that arginine binds
to aSyn, forcing it to acquire a conformation thought to slow
down the early-stage oligomerization. From a structural point of
view, this conformer leads to a unified compaction of unfolded
monomers. Since this intermediate is stabilized by clusters of
arginine, the oligomerization and further fibrillation are avoided.
Furthermore, MALDI-TOF mass spectrometry, ITC (Isothermal
Titration Calorimetry) and MD analyses show that the aromatic
residues of aSyn and the guanidine moiety of arginine interact via
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main interacting residues are shown as sticks (Mirecka et al., 2014).

FIGURE 9 | (A) Ribbon drawing of the AS69 structure interacting with the aSyn B-hairpin (residues 36-55). In light orange and green, the two subunits of AS69 are
shown. Each subunit spans residues 13-58 of AS69. (B) Ribbon drawing of the aSyn p-hairpin (orange, p1 and p2 strands). H-bonds are depicted by dashed lines. The
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FIGURE 10 | Endogenous small molecules affecting aSyn conformation
and aggregation.

cation-t forces. Finally, arginine protective effect against aSyn
toxicity was also proven in HeLa and SH-SY5Y cells line (S.
Ghosh et al., 2018).

Glutamate

Glutamate is an excitatory neurotransmitter whose concentration
in blood is around 50 uM. In the brain, it is the precursor of
glutamine in presynaptic terminals and glial cells (Ghosh et al.,
2018). Importantly, glutamate is shown to influence aSyn
conformation and promote its aggregation. However, as an
osmolyte, it tends not to directly interact with the protein;
thus, its activity on aSyn may derive from its exclusion from
the protein surface. The impact of glutamate on the conformation
of aSyn is shown in in vitro assays. Interestingly, the more the
concentration of glutamate is increased, the more unfolded
monomers convert into B-sheet rich oligomers. In particular,
small oligomers (10-15nm diameter) predominate when
glutamate is present at a concentration of less than 100 mM.
Furthermore, AFM analysis proved that in glutamate treated
samples, after 3h of incubation two kinds of oligomeric

aggregates appeared. The most representing one had a
diameter of 20-35nm, while the second one of 60-85nm.
Finally, this early stage oligomerization could be a critical
factor to enhance fibrillation (Ghosh et al., 2018).

EFFECT OF EXOGENOUS FACTORS ON
aSYN STRUCTURAL FEATURES

In general, the interaction of IDPs with exogenous compounds
plays a crucial role for conformational stabilization and induction
of aggregation. These chemicals can be found in the daily diet
(e.g., flavonoids) or can derive from pharmacological treatments
or habits (e.g., nicotine from smoking). Recognizing which
elements are essential, beneficial or toxic is a very important
topic, displaying each substance a bivalent effect as summed up
by the sentence “The dose makes the poison”, asserted by
Paracelsus. This is valid for every element, including metals,
which have crucial physiological roles but at the same time
can induce toxicity according to their therapeutic window.
Thus, by analyzing the interaction between aSyn monomers
and those molecules, a better insight of aSyn structural
changes can be given. Finally, thanks to modern spectroscopy
and molecular dynamics, the sites of interactions can be
investigated. In the end, these data will help to better
comprehend the structure of aSyn, whose details have not yet
been fully elucidated. In this context, the main classes of
chemicals that interact with aSyn are presented below
(Figure 11).

Metals

Metals are everywhere. These so-called trace elements, have an
indispensable physiological role in normal brain functions, being
often used by enzymes and proteins, due to their redox potential
(Garza-Lomb¢ et al., 2018). On the other hand, many recent
epidemiological studies detected a significant higher level of
metals in the affected brain regions of Parkinson’s disease
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TABLE 3 | Reported endogenous and exogenous small molecules interactions with monomeric and aggregated states of aSyn.

Compound a-Syn interaction region a-Syn state conversion
upon interaction
Dopamine 125 YEMPS 59 (C-terminal) and Oligomers — complex/trimers
Egs (NAC) lacking B-sheets
Arginine Aromatic residues Monomers — unstructured
conformer
Glutamate Not specified Monomers — B-sheet rich
oligomers
EGCG Residues 23-55 (N-terminal) Monomers and fibrils — non-toxic
entities
Baicalein Lysine and tyrosine side chains Monomers and fibrils — non-toxic
(mainly N-terminal) oligomers
NDGA V3, F4, Mets and Hsp (N-terminal) Monomers — stabilized monomers
Fibrils — low B-sheet complexes
Squalamine Residues 113-139 (C-terminal) Not specified
Nicotine Not specified Monomers — soluble oligomers
Caffeine Not specified Oligomers — mature aggregates
Mannitol Not specified Oligomers — non-toxic entities
Scyllo-inositol NAC Monomers — stabilized monomers

TANIand TAN IIA

Not specified

Monomers/oligomers/fibrils — non-
toxic entities

Cuminaldehyde Lysine side chains (N-terminal) Monomers — a-helix-like
complexes
PcTs F4 and Yag (N-terminal), residues Monomers — a-helix stabilized
93-95 monomers
(C-terminal)
C41 N-terminal Monomers/oligomers/fibrils — non-
toxic entities
NQTrp Not specified Monomers — non-toxic entities
M2N and M3N Not specified Fibrils — amorphic conformers

Common features (class)

Neurotransmitter

Neurotransmitter
Neurotransmitter

Polyphenol

Polyphenol

Polyphenol

Triterpenoid
Alkaloid
Alkaloid

Sugar alcohol
Sugar alcohol

Phenanthrenequinone
Aldehyde

Phthalocyanines

4-Hydroxynaphthalen-1-yl)sulphonamide

derivatives

Naphtoquinone-Tryptophan derivative

Mannitol derivatives
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(PD) patients. In particular, high concentrations of iron, zinc and
aluminum have been found in the substantia nigra, while copper
accumulation has been detected in cerebrospinal fluid of PD
patients. Furthermore, long-term metal exposure has been
frequently related to parkinsonism (Bjorklund et al, 2019,
2020). Despite these numerous examples, there is still a
controversial debate among experts whether metals are directly
related to the cause of the disease. In general, we can state that the
exact role of metals in the mechanism to neurodegeneration is
still ambiguous. Indeed, it has been observed that metals catalyze
the formation of reactive oxygen species causing oxidative stress
but also enhance the aggregation of several proteins, among
which aSyn, by complexing to them. At the same time,
current studies have also shown how Mn and Ca levels can be
regulated by aSyn itself (Ducic et al., 2015). But how can metals
affect aSyn assembly? A possible explanation regarding the
increased tendency to fibrillation is the subsequent
conformational change after metal binding, resulting in
abnormal folding and oligomer stabilization, as demonstrated

for various metal ions (Kostka et al, 2008; Rcom-H’cheo-
Gauthier et al., 2014; Uversky et al., 2001).

Regarding metal-protein complexation, many recent studies
have been focused on determining the structural complexity of
this interaction reaching some important milestones. A low
affinity binding site exists at the C-terminus of aSyn, where
carboxylates of Asp and Glu residues are the major
contributors for metal binding. In particular residues 119-124
are involved in electrostatic interactions and can bind all divalent
metal cations, without specificity. Additionally, the affinity to this
binding site can be drastically increased after phosphorylation of
Tyr-125 and Ser-129 as demonstrated by ESI-MS and
fluorescence spectroscopy in the case of Cu(Il), Fe(Il) and
Pb(II) (Lu et al,, 2011).

In the hierarchical order of divalent metal cations binding to
aSyn, copper has been recognized to be the most affine and
efficacious metal in promoting aggregation. Its binding has
peculiar features in comparison to other ions and an
exhaustive structural description of its coordination to aSyn

Frontiers in Chemistry | www.frontiersin.org

16

July 2021 | Volume 9 | Article 666585


https://www.frontiersin.org/journals/chemistry
www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

Bisi et al. Literature Overview on a-Synuclein Structure

o Metals ,
S Conformational Induction of
o Natural small i aggregation
B
molecules <>

<]
S i« smal
S, gyntnetc sm
= moecules ——

Natural small molecules Metals Water()

HO_ N/
N 3
|1 slo sis 14|o /(N/o\ His-50
| N-terminal I NAC | C-terminal | Vf’""gg\(
I | Cu(ll)
Ky3 = Vss Ly13 = Diye 1 ASVAH(}VSZ 60 95 140
EGCG Squalamine | \
l N-terminal | NAC | C-terminal I
/ \ / \
Soriffeti M el IMDVFMKGLS® 11SDPDNEA!?*
yntnetic small molecules cu(l) All divalent metal cations,

Water H lanthanides

1 60 95 140 ! ;OH Asp-119 Glu-123
| | | | H,O\o,o : s M
I N-terrlnlnal I |\iAc l C-terminal I - /@(\N b/
B o -
Foand Y;3  Agp- Vg Met1 G /Y\F/-O \
OH A\
Asn-122,

PcTs Blocked in N-Ac aSyn Asp-121

HN

FIGURE 11 | Binding sites recognized in the interaction between aSyn monomer and different exogenous factors (natural and synthetic small molecules, metals).

The coordination between the protein and these factors leads to a balance that is always shifting between conformational stabilization and induction of aggregation. In
the box regarding “metals,” the specific coordination modes of Cu(ll), all divalent cations, lanthanides with the specific amino acid residues are detailed. EGCG:
Epigallocatechin gallate; PcTs: phthalocyanine tetra sulfonate.

has been comprehensively summed up by Binolfi et al. (2012).  could have an important consequence in the copper-protein
The authors took into consideration the intrinsically disordered  interaction, perturbing the high affinity N-terminal binding
monomer of aSyn and recognized three different binding sites for ~ site, since the Metl site is now blocked. Through electron
Cu(Il). Apart from the common C-terminal binding site, as  paramagnetic resonance (EPR) spectroscopy based on the
previously described, two independent sites in the N-terminal ~ Peisach-Blumberg correlation diagram and the DFT
portion have been defined as high-affinity binding site 1 (residues  calculations previously reported by Ramis et al, two new
1-5) and low-affinity binding site 2 (associated to His-50). correlation modes have been described (Ramis et al., 2017). A
Binding constants vary depending on the experimental N3Ol binding involving His50, Val49 and a water molecule has
conditions, so a comparison between results from different  been identified as the preferential N-terminal binding site and the
publications is not always appropriate. Anyhow, the authors  principal binding site of the N-terminal-acetylated aSyn. On the
could conclude that, differently from the binding to the  contrary, a C-terminal binding site including residues Asp119,
C-terminal region typical of all the other cations, the  Aspl21 and Glul23 have a great impact on fibrillation of the
N-terminal coordination might occur under physiological =~ H50Q missense mutation, enhancing the protein aggregation

conditions and be significantly relevant to the beginning of PD.  propensity. In a recent comparison study carried out by
After this review from 2012, many new experimental datahave =~ Lorentzon et al., Cu(II) was found to accelerate non acetylated
been published but still many questions remain open. In fact, ~ aSyn aggregation at biologically-relevant metal ion

current studies have partially undermined some of the previously ~ concentrations, while this reaction was not affected at all in
described conclusions. In the following paragraphs, the influence ~ the presence of the acetylated protein, of the A53T mutant
of different metals on the aSyn structure will be analyzed and the  and of the 1-97 truncated version. This is probably correlated
most recent results in this field will be shown, taking into account  with the intrinsic aggregation speed of the various aSyn variants:

contradictory point of views. since the velocity with which the variants form the amyloid is
higher than that of the wild type, the effect of metal binding is not

Copper detectable anymore (Lorentzon et al., 2020).

A very important issue pointed out by the research group of Lucas Cu(I) has also been investigated even if less information has

in 2019 is the fact that aSyn is mainly present in vivo as a  been generated about it. aSyn, in fact, interacts with both
N-terminally acetylated protein (Abeyawardhane et al,, 2019). It~ oxidation states of copper ions that are involved in a copper
is immediately clear how this post-translational modification  catalyzed oxidation reaction, with the subsequent formation of
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reactive oxygen species (ROS) that leads to oxidative stress and to
a possible formation of amyloid fibrils (Bisaglia and Bubacco,
2020). Also, in the case of Cu(I), three binding sites have been
recognized by NMR at the N- and C-termini, respectively residues
1-5 (high affinity), His-50 and residues 116-127 (Binolfi et al.,
2011; Camponeschi et al., 2013; Miotto et al., 2014; Okita et al.,
2017). In particular Metl and Met5 are the main coordinating
center for this ion with a 2S2N/O coordination mode (De Ricco
et al., 2015).

Iron

Also iron undergoes an oxidation cycle between two oxidative
states Fe(II) and Fe(III) with production of ROS through the
Fenton-Haber Weiss reaction (McDowall and Brown, 2016).
Even in this case, as for copper, Lucas and coworkers
investigated the influence of iron on the aggregation
propensity and the secondary structure of the N-acetyl-aSyn
(Abeyawardhane et al, 2018). Experiments performed in
aerobic conditions showed that Fe(II) yielded a distinctive,
highly toxic aSyn-metal complex in comparison to Fe(III).
Fe(II), in fact, can react with O, and oxidize to Fe(III) with
the production of H,0, and the subsequent development of a
right-twisted antiparallel p-sheet conformation based on CD
analyses and descriptive deconvolution of the secondary
structure. These results display how the Fe(Il) reactivity can
have a very important impact in the protein conformation and
its aggregated structural properties. Most importantly, the same
does not occur with copper ions, proving a distinguished
aggregation process.

Calcium

Calcium  dysregulation has been  connected  with
neurodegenerative disorders and high levels of this metal have
been detected in Lewy bodies. For its central role in aSyn
aggregation, Kim and his research group took Ca®" as
representative metal ion to understand metal influence on the
formation of large interfibrillar aggregates (Han et al., 2018). The
authors could demonstrate that Ca®* mediates the rapid
formation of aSyn fibrils via the structural transition of
monomeric aSyn into an extended conformation, which is
prone to aggregation. It is interesting to discover how the
structure of the a-syn monomer develops after binding to
Ca®". By using ion mobility-mass spectrometry (IM-MS) and
synchrotron small-angle X-ray scattering (SAXS), Han et al.
could demonstrate a structural transition of monomeric a-syn
into an extended conformation with the exposure of the NAC
region, which is more prone to aggregation.

Lanthanide (Trivalent) Metal lons

Investigation on lanthanides is a very crucial topic since they are
increasingly applied in various fields of industry and agriculture.
As divalent metal ions, trivalent metal ions non-specifically bind
to the C-terminus of aSyn but also transiently interact with
carboxylates in the N-terminal and NAC regions as
interpreted from 1H to 15N HSQC NMR spectroscopy. In
addition, they accelerate fibrillation much faster than divalent
cations (Bai et al., 2015).

Literature Overview on a-Synuclein Structure

All the in vitro experiments carried out so far do not
necessarily translate in vivo metal binding. Lothian et al
pointed out that there is a lack of evidence that the metal
binding observed in vitro also occurs in vivo (Lothian et al,
2019). This work does not exclude the possibility that a very small
percent (1%) of the whole protein can effectively bind to metals,
promoting their aggregation with the consequent formation of
oligomers and fibrils but, in general, according to the authors,
aSyn cannot be considered as a metalloprotein in vivo. However,
also these last results have some limitations because they
considered non-pathogenic tissues, while in PD many factors
can be combined and lead to the ultimately conclusion, like e. g
post translational modification, molecular binding, ionic
strength, salt concentration.

Natural Small Molecules

Natural products are gaining importance in drug discovery since
they are an environmental-friendly source for hit compounds.
Moreover, with modern extraction and purification techniques,
researchers are able to obtain these small molecules with
moderate efforts. Also, they offer low-cost production and
possible improvement of their activity. However, natural
compounds have some limitations such as low reproducibility
and vyield, but also lack of safety and tolerability. Finally, their
multi-target activity can be a problem when the aim is to be
selective toward a single target.

Since these molecules present low selectivity, they can bind to
both aSyn aggregates and monomers. However, when they bind
to monomers, few of them have a characteristic binding site,
hence more studies are needed to look further into this topic.
Here, we present an overview over the main classes of natural
small molecules able to influence monomeric aSyn aggregation.
Their structures are depicted in Figure 12.

Polyphenols

Flavonoids

Epigallocatechin Gallate (EGCG)

EGCG is a natural compound known for its antioxidant
properties and anti-aggregation activity against amyloid
proteins. This latter effect against multiple targets (aSyn,
AByi_42 Tau, hIAPP) is due to its lack of selectivity.
Concerning aSyn, NMR studies suggest that EGCG binds to
the N-terminal domain, in particular to residues 23-55 (Xu et al.,
2020). This binding is mainly governed by Van der Waals and
n-stacking interactions due to the structure of EGCG,
characterized by electron-rich aromatic rings bearing three
consecutive OH substituents. Even if the mechanism behind
the anti-aggregation effect is ambiguous, EGCG can bind
fibrils and convert them into smaller, non-toxic aggregates.
Moreover, EGCG is also able to bind to monomers and
induce their aggregations into non-cytotoxic, off-pathway
entities, thus avoiding the nucleation process (Caruana et al.,
2011). EGCG efficacy has been tested both in vitro and in vivo
(Pujols et al., 2018). Also, the compound is currently under
clinical trials for Multiple System Atrophy (Xu et al, 2020).
Recent studies have reported that the species responsible for
EGCG anti-aggregating properties is its oxidized form
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(0xEGCQG). In fact, most of the EGCG efficacy studies were
performed at pH 7, at which the compound is not stable and
comes across oxidation. When EGCQG is tested at pH six or less,
the molecule is stable and its anti-aggregation properties are lost
(Sternke-Hoffmann et al., 2020).

Baicalein

Baicalein is a flavonoid extracted from Scutellaria baicalensis.
This molecule is known to disassemble aSyn fibrils into smaller,
non-toxic oligomers by binding to them once they are mature
(Kurnik et al., 2018). As EGCG, baicalein is also active toward
aSyn monomers: the polyphenol can interact and convert them
into off-pathway aggregates with very low cellular toxicity
(Morshedi et al., 2015).

Recently, Javed et al. reviewed the interaction between
baicalein and aSyn. Here, the oxidized form of baicalein
(quinone) is crucial for aSyn aggregation inhibition. In fact, its
effectiveness against aSyn aggregation has been tested both in
cells (HeLa and SH-SY5Y) and in vivo models (Oliveri, 2019).
When baicalein quinones interact with early-stage aggregates, it
leads to quite soluble aSyn oligomers. In this case, the polyphenol
covalently binds to the protein and creates a Schiff base with

lysine side chains, expressed in the N-terminal domain of aSyn.
Tyrosine residues are also involved in this binding (Javed and
Ojha, 2020).

As mentioned before, Baicalein binds to a broad region of
aSyn, thus it is not selective toward a specific binding site. Indeed,
other studies showed that baicalein is an efficient aggregation
inhibitor also for AP, Tau, IAPP and other amyloid proteins,
which is a common characteristic for polyphenols (Oliveri, 2019).

Nordihydroguaiaretic Acid (NDGA)

Nordihydroguaiaretic acid is a natural compound deriving from
Larrea tridentata. Concerning its interaction with aSyn, confocal
single-molecule fluorescence spectroscopy studies showed that
the compound binds to toxic inclusions and that it is able to
inhibit the formation and/or to disaggregate mature oligomers
(Caruana et al., 2011). Moreover, recent studies pointed out that
oxidation and consecutive cyclization of NDGA is required for its
activity. In fact, its oxidized form (oxNDGA) can interact with
monomers and convert them into quinone-modified species,
which are less prone to aggregate in comparison to the non-
modified ones. However, these monomers can still carry out their
physiological function: probably this modification does not alter
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their normal activity. In fact, as CD data suggest, monomers
preserve the ability to fold into a-helix conformations while
interacting with SDS in vitro. Also, in the same work,
oxNDGA was shown to inhibit in vivo oligomers and fibrils
formation (C. elegans) (Daniels et al., 2019).

Furthermore, the compound is also able to interact with
preformed fibrils. In fact, ThT assays displayed that cyclized
NDGA can reduce the contents of B-sheets in a dose-dependent
manner (Perni et al., 2017). However, it is important to inquire if
these interactions have an effect over aSyn structure. In
particular, ESI-MS analysis showed no covalent binding, which
means that the protein primary structure is unmodified.
Moreover, this interaction leads to a more compact
conformation of the protein, which may mask the NAC region
and discourage aggregation. Nevertheless, this hypothesis still
needs additional analyses to be confirmed.

Regarding the sequences of aSyn involved in this interaction,
NMR studies suggested that the most engaged domain is the
N-terminus (Val3, Phe4, Met5 and His50 in particular).
Especially, this domain is involved in the monomer’s helix
folding while interacting with membranes: as we saw before,
the dynamic flexibility of the protein is not altered by the
interaction with oxNDGA.

All in all, these results show that NDGA and in particular
0xNDGA can modify the conformation of the protein aggregates.
However, the structural properties of these entities as well as the
involved domains of aSyn have yet to be elucidated.

Non polyphenols
Triterpenoids
Squalamine
Squalamine is a steroid-polyamine conjugate found in sharks and
is known for its anticancer and antiviral activity. Its main
characteristic is the polyamine chain attached to the
cyclopentanoperhydrophenanthrene  structure, ~which is
positively charged in the cell’s physiological environment. This
moiety allows the compound to interact with membranes, in
particular with the phospholipids negatively charged heads (Perni
et al., 2017). Finally, the salt bridges formed between squalamine
and the lipidic bilayer may avoid the pathological formation of
aSyn oligomers, since there is a competition for the same sites of
interactions between misfolded aSyn monomers and the
triterpenoid. These hypotheses were confirmed by CD
experiments. In fact, when aSyn is incubated with squalamine
in the presence of phospholipidic membranes, a decrease of the
a-helix character is noticed. Thus, one can speculate that the
displacement of helical-folded aSyn from membranes leads to the
refolding of the protein in a random-coil configuration. This last
structure is the one in which monomers are usually found and it
represents the most populated state of soluble cytosolic aSyn.
However, further studies are required to confirm this idea.
Concerning aSyn-squalamine interactions, NMR analyses
showed that the C-terminal domain is the most involved
region of the protein (Perni et al, 2017). This is consistent
with the fact that the positively charged chain of squalamine
can create electrostatic interactions with the negatively charged
domain of aSyn. In particular, the sequence engaged spans
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residues 113-139. However, this interaction is attenuated
when squalamine and aSyn are incubated in the presence of
membranes. Furthermore, this contact does not seem to directly
alter the conformation of the protein. In fact, squalamine prefers
to interact with phospholipids instead of aSyn in the cells.
Nevertheless, more studies are required to confirm this
speculation to be sure that aSyn refolding merely refers to its
displacement by membranes.

Finally, the prevention of toxic oligomers formation provided
by squalamine was proven in vitro, and the antiaggregant
properties were later tested and confirmed in vivo using a
Caernohabditis elegans PD model (Perni et al,, 2017).

Alkaloids

Nicotine and Caffeine

Nicotine and caffeine can interact with aSyn and inhibit its
aggregation pathway. However, since they can bind to aSyn
simultaneously, their respective binding sites may be different.
Also, the mechanism of the inhibition of aggregation is still
unclear.

Concerning nicotine, in vitro studies demonstrated that this
alkaloid can induce a conformational change in aSyn monomers,
leading to nucleation slowdown and the formation of soluble, less
toxic oligomers (Kardani et al., 2017).

At the same time, caffeine can decrease aSyn aggregates
toxicity, while accelerating the apparent fibrillation rate
(Oliveri, 2019). Interestingly, CD and TEM data suggest that
caffeine does not alter the conformation of aSyn monomers
(Kardani and Roy, 2015). Also, an increased transformation of
oligomers into mature aggregates by administration of caffeine in
yeast cell is remarked in literature. These data suggest a role of this
alkaloid in the field of synucleinopathologies (Kardani and Roy,
2015).

Finally, nicotine is proven to be active against AP aggregates,
while caffeine displays an activity also toward hIAPP and Tau
toxic species both in vitro and in vivo (Ma et al., 2020).

Sugar Alcohols

Mannitol

Mannitol is a polyol approved by the Food and Drug
Administration as an osmotic agent. Also, it is used as an
osmotic diuretic in the therapy of hypertension and as a weak
laxative in case of constipation. Furthermore, mannitol is known
for its BBB disruption activity and its hyperosmotic solution is
widely used in clinics. CD studies show that this compound is able
to inhibit the aggregation of aSyn monomers into fibrils, likely
through interaction with oligomers by leading them to an
alternative pattern of aggregation acting as a “chemical
chaperone”. Finally, its neuroprotection activity was tested and
proven in vivo in Drosophila flies and in mice (Shaltiel-Karyo
et al., 2013).

Focusing on aSyn-mannitol interaction, CD experiments
show that the polyalcohol does not affect the conformation of
[-sheet rich fibrils, so no interaction is detected with the mature
aggregates of the protein. However, the compound is able to
change the secondary structure of aSyn oligomers. In fact, CD
analysis spots a refolding in the early-stage aggregates outline.
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However, more studies are required to understand the structural
properties of the entities derived by oligomers refolding. Also, the
protein domains involved in this interaction have yet to be
discovered (Shaltiel-Karyo et al., 2013).

Scyllo-Inositol

Scyllo-inositol is one of the inositol stereoisomers, rare in nature,
having attracted the attention of the scientific community in the
field of AP, 4, peptide inhibition. In fact, scyllo-inositol was
shown to stabilize a non-toxic form of AP; 4, peptide and to
ameliorate cognitive deficit together with lowering amyloid
plaques in vivo (AD mouse model) (Ibrahim and McLaurin,
2016). Interestingly, this molecule was proven to have an effect
also toward aSyn. In fact, TEM experiments suggest that it can
reduce both human and mouse aSyn aggregation. An explanation
for its activity may lay in its planar structure, which is expected to
interact with aSyn monomers through hydrophobic and
hydrophilic interactions, possibly entrapping the NAC domain
of the protein. Since this condition is crucial in fibrillation, its
inaccessibility can discourage protein-protein interactions and,
finally, aggregation. Considering aSyn conformation upon the
interaction with scyllo-inositol, soluble monomers seem to be
stabilized in vitro. This may allow these species to conserve their
random coil structure and prevent them from the nucleation
phase. However, further analyses are needed to determine the
binding sites involved and the monomers behavior (Ibrahim and
McLaurin, 2016).

Others

Tanshinone I (TAN I) and Tanshinone IIA (TAN IIA)
TAN I and TAN IIA are the main phenanthrenequinone
compounds found in Salvia miltiorrhiza, a plant widely
studied in Chinese traditional medicine. Concerning the
interactions between these compounds and aSyn, ThT and
TEM studies suggest that they both prolong the lag time of
aSyn aggregation and disaggregate mature fibrils (Ji et al,
2016). This effect is related to their role in decreasing toxic
oligomers formation, which contributes to their multi-target
activity. Moreover, they seem to interact with aSyn monomers
and oligomers through hydrophobic interactions, blocking them
from aggregation in the same way they do with AB;_4, peptide
(Ren et al., 2017).

Regarding aSyn conformational aspects, CD data show that
TANI and TANIIA keep the protein in a random coil
structure, while in their absence monomers tend to misfold
and aggregate in B-sheet structures (Ren et al., 2017). Although
evidence suggests that the two compounds can avoid aSyn
nucleation and fibrillation, the binding sites as well as a
detailed description of the complex formed should still be
investigated.

Cuminaldehyde

Cuminaldehyde is an aldehydic compound present in Cuminum
cyminum essential oil. It is thought that the molecule interacts
with aSyn monomers, thus preventing them from nucleation.
Furthermore, cuminaldehyde showed a lower activity in fibrillar
disaggregation than baicalein. These data suggest that
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Cuminaldehyde is more selective toward monomers rather
than aggregated species (Morshedi et al., 2015).

Interestingly, far-UV CD gives an interesting insight over the
structural behavior of aSyn while interacting with
cuminaldehyde. When cuminaldehyde is incubated with aSyn,
the strong negative peak at 200 nm disappears, in favor of one at
208 nm. This result highlights the conversion of random-coil
monomers into entities whose structure is still unknow. However,
no B-sheet peaks are detected and the shape of the graph refers to
a characteristic a-helical conformation. All in all, one can
speculate that the new complexes may adopt a helical
structure, which is not prone to fold into (-sheet nor to
convert into unfolded coils (Morshedi et al., 2015).

Interestingly, NMR studies suggest that the aldehydic function
of cuminaldehyde may interact with lysine amino groups in the
N-terminal domain of aSyn monomers (Morshedi et al., 2015).
Thus, this interaction can be one of the main cause which leads to
the conformational transition occurred in aSyn interacting with
the compound. Finally, it may provide details about the binding
site of the protein.

Synthetic Small Molecules

Synthetic small molecules have been widely investigated as
putative inhibitors of aSyn aggregation. Here, some of the
principal compounds currently being studied are described,
highlighting the interaction with the protein (Figure 13).
Other important molecules that play a role as inhibitors are
omitted, since they mainly interact with aSyn aggregates rather
than monomers. An example is the pyrazole Anle 138, widely
described in Fields and Shvadchak works (Shvadchak et al., 2018;
Fields et al., 2019).

Phthalocyanines
Phthalocyanines are tetrapyrrole macrocycles largely investigated
in the field of aSyn aggregation. Their structure is correlated to
the mechanism by which they bind to the protein: both the
electron-dense pyrrolic core and the substituent carried by the
peripherical rings play a pivotal role. In fact, NMR studies show
that phthalocyanine tetra sulfonate (PcTs, a synthetic derivative
of this group) interacts with aSyn at the N-terminal region
residues Phe4 and Tyr39 mainly by n-n stacking interactions
and salt bridges. This leads to a stabilization of the a-helical
folding of monomers, thus delaying their misfolding and
aggregation. However, data about the binding mode of PcT's to
aSyn are controversial. In contrast with the previous studies, high
resolution 'H-"’N HSQC-NMR data of Lamberto et al.
demonstrated that the compound binds to the C-terminal
domain of aSyn monomers. Thus, these studies suggest the
existence of another important binding site, involving residues
93-95 of the protein (Lamberto et al.,, 2009). Considering this
contradiction, further studies are needed to understand which site
plays a role in the interaction between aSyn and phthalocyanines.
Interestingly, PcTs can form a complex with Cu®’, an
important ion for aSyn accumulation in tissues. Also, this
compound is able to inhibit fibrillation by forming off-
pathway non-toxic oligomers in vitro (Oliveri, 2019). Finally,
the compound is active not only against aSyn, but also amyloid B,
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FIGURE 13 | Synthetic small molecules effective on aSyn aggregation.
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Tau and PrP protein aggregates in vitro (Valiente-Gabioud et al.,
2016).

4-Hydroxynaphthalen-1-yl)sulphonamide Derivatives

These compounds are novel inhibitors revealed by High-
Throughput Screening (HTS). Among them, one of the most
active compounds is C41. In vitro studies show that this molecule
binds to aSyn monomers, on-pathway oligomers, and fibrillary
precursors. In particular, the interaction with soluble monomers
was confirmed by Size Exclusion Chromatography-Multi Angle
Light Scattering (SEC-MALS). Furthermore, C41 also binds to
off-pathway small aggregates and this can prevent both vesicle
interaction and nucleation. 'H-""N HSQC analysis demonstrated
that C41 mainly interacts with aSyn N-terminal domain through
hydrophobic forces. As we saw before, this domain is involved in
aSyn interaction with membrane, which is crucial for aSyn
physiological role. MS data show that covalent adducts can be
formed, but more studies are needed to identify them and
understand the conformational changes of aSyn (Kurnik et al,
2018).

D3.3 Mannitol Derivatives

M2N and M3N

These compounds are aSyn aggregation inhibitors that consist of
mannitol, covalently linked to NQTrp via two or three molecules
of PEG. NQTrp, a generic amyloids inhibitor formed by NQ
(Naphtoquinone) and Trp (Tryptophan), is effective against

fibrils formation due to the possibility to share m-m
interactions with aSyn monomers. However, even if the
inhibition occurs at low concentration (0.1 um), the

compound is characterized by a poor BBB penetration (Paul
et al., 2019).

To overcome this problem, researchers conjugated it with
mannitol, known for its BBB disruption properties and anti-
aSyn aggregation effect. Notably, the conjugates were non-
toxic to SH-SY5Y cells and could reduce the cytotoxicity of
aSyn aggregates. Moreover, results suggest that the longer PEG
chain in M3N might confer better flexibility for a more
efficient inhibition.

Concerning aSyn conformational aspects, CD studies were
performed to elucidate the protein behavior during the
interaction with the compounds. In this analysis, aSyn alone
shows a negative peak at 218 nm and a positive one around
198 nm, which are typical of B-sheet rich structures. By adding
incremental doses of the M2N and M3N, the peak at 218
decreases in a dose-dependent manner. This means that the
secondary structure of the protein refolds during the
interaction with the molecules, with a decrement of B-sheets.
However, more studies are needed to identify the conformation of
the new formed complexes (Paul et al., 2019).

Finally, TEM studies show that in the presence of M2N and
M3N, the fibrillar outline of aSyn inclusions turns into an
amorphic conformation (Paul et al, 2019). This is in
accordance with the previous results and suggests that these
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inhibitors can be interesting to investigate aSyn behavior while
interacting with polyalcohol compounds.

CONCLUSION AND FUTURE
PERSPECTIVE

After this trip around aSyn structure, the factors influencing it
and the applied techniques, it is clear that the fundamental
structural features of this rather small protein of 140 residues
have not yet been elucidated. The main hurdle to thoroughly
understand its behavior is its intrinsically disordered nature and
high susceptibility to the environment. aSyn tends to acquire
diverse transient and dynamic conformations depending on the
presence of different biological and physico-chemical factors. In
physiological conditions, aSyn is thought to be a compact
monomer acquiring an aggregation-resistant globular
structure. This conformation is stabilized by long-range
electrostatic interactions between the residues present in the
C-terminal domain and those located in the central part of the
protein. On the other hand, when aSyn is driven to adopt a more
extended structure, exposing the NAC region, protein
aggregation is triggered. It is assumed that folded stable
helical conformers impede amyloidogenic aggregation.
However, to date, there is not a clear consensus on its in
vivo structural propensity. aSyn will likely adopt specialized
conformations depending on different conditions (e.g., changes
in pH, temperature, ionic strength, closeness to surfaces) that
might trigger different biological or pathological functions. For
instance, a helical pattern at the N-terminal end has been
observed upon vesicle and membrane interaction. Conversely,
there are limited comprehensive structural data about aSyn
interactions with various partners such as proteins and both
endogenous (e.g., neurotransmitters, and lipids) and exogenous
(e.g., metals and drugs) molecules. This information is limited
due to the difficulty to create, isolate and analyze complexes of
aSyn with these partners. This lack of comprehensive
knowledge is also due to the absence of crystallographic data
and of other experimental techniques able to reproduce the in
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