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NEURAL REGENERATION RESEARCH 

Navigating the dynamic landscape of alpha-synuclein 
morphology: a review of the physiologically relevant 
tetrameric conformation

Introduction
α-Synuclein (αSyn) is a major component of Lewy bodies 
and Lewy neurites, which are the pathological intracellular 
lesions associated with Parkinson’s disease (PD), Alzheimer’s 
disease, and dementia with Lewy bodies (Lippa et al., 1998; 
Braak et al., 2004; Wakabayashi et al., 2013; Longhena et 
al., 2019). Misfolded and aggregated αSyn also comprises 
inclusions linked to multiple system atrophy (Peng et al., 
2018). Accumulation of these αSyn aggregates is a common 
denominator among all of these neurodegenerative diseases; 
the formation of oligomers is implicated as the toxic con-
former that triggers pathogenesis. Other diagnostic hall-
marks of PD are cell loss in the substantia nigra and other 
pigmented brain stem nuclei (Yazawa and Suzuki, 2014). The 
presence of functionally altered astrocytes and macrophages 
also accompany this loss. As the disease progresses, the neu-
ropathic regions exhibit a consistent accumulation of αSyn 
oligomers and/or fibrils. Extracellular release and propa-
gation of αSyn aggregates to recipient cells is thought to be 
a contributing factor to PD pathology (Danzer et al., 2009; 
Steiner et al., 2018; Hoffman et al., 2019). The PD pathosis is 
initially observed in the olfactory bulb; oligomers are con-
sistently allocated at the dorsal motor nucleus of the vagus 
nerve in the medulla (Braak et al., 2004, 2006). PD thereafter 
spreads towards the brain stem, telencephalon, and cerebral 
cortex. Degeneration within the cerebral cortex often aligns 
with progression of dementia at advanced disease stages. It 
has also been suggested by some that PD pathology begins 

in the gut due to Lewy pathology in the enteric nervous sys-
tem, pointing to a multi-organ degeneration pathway (Beach 
et al., 2010; Gelpi et al., 2014; Corbillé et al., 2016).

Historically, αSyn has been considered as an intrinsically 
disordered protein (IDP) in the healthy, physiological state, 
yet this natively unfolded protein is capable of undergoing 
structural recombination to form ordered protein arrays 
(Dunker et al., 2008; Mor et al., 2016). IDPs exist as dynamic 
protein ensembles with fluxional structures under physio-
logical conditions that can adopt different conformations 
depending on their external stimuli, thus enabling the com-
plex signaling and regulatory requirements of higher biolog-
ical systems (Minde et al., 2017; Chen and Kriwacki, 2018). 
Under certain conditions, unfolded monomeric αSyn can 
alternatively misfold and self-assemble into a series of dys-
functional aggregates with a high degree of β-sheet structure 
through on- or off-pathway oligomerization and/or fibrilli-
zation routes (Tycko and Wickner, 2013; Wang et al., 2016; 
Ottolini et al., 2017). Multimeric αSyn morphology has been 
broadly studied providing irrefutable evidence of patholog-
ical character and dynamic co-existence with non-patho-
logical structures. Tissue biopsies from mammalian sources 
identified an irreversible post-translational modification 
(PTM) of αSyn in which an acetyl group is covalently at-
tached at the N-terminal methionine residue (Anderson et 
al., 2006). Incorporation of this functional group results in 
an alteration in the global landscape of αSyn, such as en-
hanced helicity (Fauvet et al., 2012a; Kang et al., 2012). No-
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In recent years, tetrameric αSyn has been proposed as a 
novel target for therapeutic treatment of PD as a result of 
its ability to resist aggregation (Dettmer et al., 2015b). The 
pathway to tetramerization remains elusive, but its mor-
phology is found to resist environmental conditions that are 
unfavorable for the unfolded monomer which can surrender 
to oligomerization and/or fibrillization. In the proximity of 
membranes rich in acidic phospholipids, monomeric αSyn 
adopts a helical structure (Trexler and Rhoades, 2009; Dikiy 
and Eliezer, 2014). This amphipathic α-helix region has been 
implicated to endorse the higher order tetrameric conforma-
tion (Rovere et al., 2018); however, evidence is still lacking. 
Helical αSyn multimers have also been suggested to regulate 
synaptic transmission and potentially be involved in the exo-
cytic process and vesicle turnover (Burré et al., 2014; Wang 
et al., 2014). Novel purification methods from mammalian 
cells (Bartels et al., 2011b; Luth et al., 2015; Dettmer, 2018) 
and through bacterial cell lines (Wang et al., 2011; Trexler 
and Rhoades, 2012; Fernández and Lucas, 2018b) along with 
powerful computational studies (Gurry et al., 2013; Cote et 
al., 2018; Xu et al., 2018) have provided insight into the bio-
physical complexity of the elusive tetramer. Through contin-
ued cross-disciplinary research, the intricate relationship be-
tween the tetramer and the monomer will be clarified. In this 
review, we will highlight some of the molecular level details 
that define the structural diversity of multimeric αSyn, pay-
ing special attention to the newest conformer on the block, 
tetrameric αSyn. For this review, literature searches were 
performed on public databases (PubMed) using the terms 
“tetramer” and “synuclein”; articles that were published up 
until March 2019 were included.

Conformational Variance of α-Synuclein
αSyn is a structurally dynamic protein constituted of 140 
amino acids, and it entails three characteristic regions (Fig-
ure 2A). The first 60 residues are known as the N-terminal 
amphipathic region; this segment demonstrates enhanced 
helical propensity under specific physiological and/or experi-
mental conditions (Sung and Eliezer, 2018). The non-amyloid 
β-component (NAC) region comprises residues 61–95 and 
features the hydrophobic self-aggregation sequence desig-

nated as the NACore (Rodriguez et al., 2015). Between them, 
these two regions also house other key sequence features that 
will be discussed in more detail below, including a set of nine 
imperfect 11-residue repeats with a KTKEGV consensus 
core as well as pairs of β-branched amino acids (V, T) that 
influence protein secondary structure. A 10-residue stretch 
of amino acids just proximal to the NAC region is known as 
the “preNAC” segment (Rodriguez et al., 2015). The preNAC 
residues house many of the known familial mutations linked 
to PD and, like the NACore, this segment has been implicat-
ed in fibril formation. The third region is an acidic C-terminal 
region, composed of residues 96–140. Although αSyn as a 
whole demonstrates dynamic behavior, the C-terminal region 
in particular carries many characteristics of disordered pro-
teins, including a relatively high net charge and a collection 
of proline residues that disrupt backbone hydrogen bonding, 
thus disfavoring secondary structural elements including 
α-helices and β-sheets. Indeed, the C-terminal region is ex-
pected to remain largely unfolded based on FoldIndex©, a 
predictive tool based on Uversky’s algorithm for whether or 
not protein regions are intrinsically disordered (Uversky et 
al., 2000; Felder et al., 2005). The C-terminal region is also 
thought to be involved in mediating the interactions of αSyn 
with other neuronal proteins, contributing to an αSyn inter-
actome with the diversity typical of IDPs (Kim et al., 2002; 
Lassen et al., 2016). The STRING database, which enables the 
mapping of protein-protein association networks through 
published experimental evidence, literature reports, and bio-
informatic predictions, was used to illustrate the nearest ten 
associations (Figure 2B) (Gable et al., 2018).

Classical biochemistry pedagogy teaches that protein 
sequence dictates protein structure, and protein structure 
dictates protein function. In contrast to canonical proteins 
possessing well-defined three-dimensional structures, IDPs 
often function from a transient or dynamic structural state, 
and it is becoming increasingly clear that this once-over-
looked class of proteins plays a critical role in many bio-
logical pathways (Oldfield and Dunker, 2014; Minde et al., 
2017). IDPs can reconfigure structurally in response to envi-
ronmental conditions, such as thermal fluctuations, solvent 
exposure, pH changes, or chemical dyshomeostasis. While 

Figure 1 Representation of how the intrinsically disordered protein α-synuclein can adopt an ordered tetrameric structure.
IDP: Intrinsically disordered protein.

tably, biochemical strategies to mimic this native PTM have 
been accompanied by the characterization of a more struc-

turally inert αSyn conformation, tetrameric αSyn, which was 
previously unknown (Figure 1).
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well-defined folded proteins tend to favor a single physio-
logically relevant structure as it represents the lowest energy 
state, IDPs have multiple local energy minima and can thus 
access multiple folded or unfolded states, which can be con-
formationally steered through external phenomena (Figure 

2C) (Burger et al., 2014). Like many IDPs, αSyn displays a 
broad plasticity in conformational distribution, enabling a 
versatile structural continuum and the possibility of diverse 
functional roles that would not be feasible from a single 
well-ordered structure.

Figure 2 Demonstration of the unique structure, biophysical characteristics, and features of α-synuclein.
(A) Simplified depiction of the three regions of α-synuclein that pinpoints the amyloidogenic segments and Parkinson’s disease-relevant genetic 
point mutations. (B) Data obtained from publicly available computational algorithms, including the STRING database and FoldIndex©. (C) Exem-
plary energy landscape of a folded protein versus an intrinsically disordered protein; diagram is modified from Burger et al. (2014). NAC: Non-am-
yloid β-component.

Fibrillar conformations of αSyn are perhaps the most 
widely recognized among the broader scientific community, 
in part owing to analogies that can be drawn with the no-
torious deposits of fibrillar amyloid-β found in Alzheimer’s 
disease patients. Recent applications of advanced structural 
characterization techniques such as electron microscopy 
(EM) and solid-state nuclear magnetic resonance (NMR), 
along with support from theoretical experiments, have shed 
light on the atomic details of polymorphic fibrillar structures 
(Figure 3 top right) (Lemkau et al., 2013; Gath et al., 2014; 
Rodriguez et al., 2015; Tuttle et al., 2016; Guerrero-Ferreira 
et al., 2018; Li et al., 2018a, b; Chakraborty and Chatto-
padhyay, 2019; Hwang et al., 2019). Cryo-EM studies have 
demonstrated that fibrillization of αSyn is promoted by 
intermolecular interactions whereby the NACore (68GAV-

VTGVTAVA78) self-associates in β-strands to form a steric 
zipper, as does the preNAC segment (47GVVHGVTTVA56), 
which can then stack into in-register β-sheets to form elon-
gated fibrils (Rodriguez et al., 2015). Interfilament packing 
around these distinct zipper interfaces derived from preNAC 
and NACore segments give rise to two different classes of 
polymorphic fibrils, termed rods and twisters, respectively 
(Li et al., 2018a). Fibrillar αSyn can act as seed material for 
aggregation, with variable seeding potency and cytotoxicity 
for different fibril polymorphs (Bousset et al., 2013; Oueslati 
et al., 2014; Peelaerts et al., 2015; Okuzumi et al., 2018; Peng 
et al., 2018; Candelise et al., 2019). 

Similarly, αSyn oligomerization is the consequence of 
β-sheet stacking varying in size, interaction, and hydropho-
bicity exposure, resulting in a vast assortment of structurally 
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diverse oligomers (Figure 3 bottom right) (van Diggelen 
et al., 2017). Oligomers can be on- or off-pathway with re-
spect to fibrillization, and many species of oligomeric αSyn 
demonstrate toxicity linked to membrane disruption (Tsigel-
ny et al., 2012). For example, αSyn oligomers that accumu-
late during fibrillization share a hollow core as part of their 
architecture (Chen et al., 2015). In another example, oligom-
erization is induced by iron(II) under aerobic conditions, re-
sulting in αSyn oligomers that are both rich in right-twisted 
anti-parallel β-sheet character, reminiscent of β-II proteins 
(Sreerama and Woody, 2003), and resistant to fibrillization 
(Abeyawardhane et al., 2018b). 

Disordered monomeric αSyn can also be encouraged to 
adopt discrete folded states by interaction with other bio-
molecules. For example, upon interaction with membranes, 
the N-terminal region of αSyn gains α-helical character, and 
the curvature of the membrane has a direct impact on global 
structure (Figure 3 bottom left) (Trexler and Rhoades, 2009; 
Jiang et al., 2013). Modifications at the N-terminus such as 
Cu2+ binding have been demonstrated to increase the α-heli-
cal propensity of monomeric αSyn (Lucas and Lee, 2011). 

Tetrameric αSyn represents one of the newest and most 
controversial conformational states of αSyn (Bartels et al., 
2011a; Burré et al., 2013). This α-helical conformer is aggre-
gation-resistant, prompting much interest in its biological 
role(s) and therapeutic potential. A clear understanding of 

the functional role the tetramer plays in neuronal health and 
neurodegeneration has been hampered due to its lability, and 
challenges in isolating this elusive conformer have impeded 
systematic biochemical and biophysical studies. Solution 
NMR studies on a recombinant variant of tetrameric αSyn 
provided the basis for a structural model (Wang et al., 2011; 
Kara et al., 2013), in which the familial PD-associated point 
mutations are grouped together near a putative hairpin turn 
in the α helical N-terminal regions of tetrameric αSyn (Fig-
ure 3 top left). A library of αSyn structural multimers gen-
erated using NMR chemical shifts and NH residual dipolar 
coupling suggest the tetramer to be a storing conformation 
upon exposure to high protein concentration (Gurry et al., 
2013). The NACore, also referred to as NAC(8–18) (el-Agnaf 
and Irvine, 2002), was observed to serve as an initiator of 
toxic oligomerization; however, the tetrameric helical spe-
cies buried this region, supporting the concept of the helical 
tetramer as a nontoxic multimer. Indeed, experiments in 
transfected M17D neural cells have confirmed that tetramer 
formation is hampered by familial missense mutations, shift-
ing the tetramer:monomer ratio by 10–40%, depending on 
the mutant (Dettmer et al., 2015b). Furthermore, tetramer 
abrogation disrupts normal vesicle trafficking mediated by 
αSyn in live neurons (Wang et al., 2014) and induces a PD-
like motor syndrome in mice (Nuber et al., 2018), suggesting 
that tetrameric αSyn plays a key role in normal neuronal 
health and neurotransmission.

Figure 3 Schematic representation of α-synuclein (αSyn) multimeric conformations.
Upper left: Cartoon representation and ribbon model of tetrameric structure derived from solution NMR data and modified from Kara et al. (2013). 
Missense mutations (red) are found in proximity to loops connecting two helices of the tetramer. Upper right: Atomic modeling of amyloid fibril 
αSyn derived from cryo-electron microscopy (EM) for both the twister (PDB: 6CU8) and rod polymorph (PDB: 6CU7). Lower left: Cartoon repre-
sentation and ribbon model of monomeric αSyn bound to membrane mimics based on modifications of Trexler and Rhoades (2009) and Lucas and 
Lee (2011). Lower right: Cartoon representation, transmission electron microscope image, and 3-dimension reconstruction from cryo-EM model-
ing of αSyn oligomers adapted from Abeyawardhane et al. (2018b) and Chen et al. (2015). 
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Controversy and Consensus Surrounding
Tetrameric α-Synuclein
The discovery of tetrameric αSyn in 2011 by Bartels and 
coworkers generated both excitement and skepticism. In 
their report, in vivo crosslinking experiments revealed the 
presence of endogenous αSyn tetramers in several human 
cell lines, red blood cells, and mammalian brain tissue, sup-
ported by native and denaturing polyacrylamide gel electro-
phoresis. Biophysical techniques including EM imaging and 
sedimentation-equilibrium analytical ultracentrifugation 
indicated a molecular weight of about 58 kDa for tetrameric 
αSyn, and circular dichroism spectroscopy described the 
structural conformation of red blood cell-purified tetrameric 
αSyn to be helical. Aggregation conditions did not induce 
fibrillization or β-sheet formation of αSyn tetramers, indi-
cating an ability to resist neurotoxic assembly that was im-
mediately recognized for its therapeutic potential. Until this 
point, αSyn had been universally considered a natively dis-
ordered monomer with a strong affinity towards negatively 
charged phospholipids and a propensity for aggregation, so 
the original report sparked widespread debate.

Following the initial disclosure of tetrameric αSyn, a vig-
orous discourse played out in the literature (Bartels et al., 
2011a; Fauvet et al., 2012b; Burré et al., 2013; Selkoe et al., 
2014). Monomeric αSyn exists in an extended state due to its 
lack of secondary structure. As a result, it presents with de-
creased mobility in gel electrophoresis. Moreover, hydrody-
namic radius measurements by dynamic light scattering have 
not been able to discriminate between the compact helically 
folded tetramer and the unfolded monomer. The unusual be-
havior of monomeric αSyn complicates data interpretation, 
contributing to early reluctance regarding tetrameric αSyn 
and an assertion by some groups that monomeric, disor-
dered αSyn is the predominant form in vivo. It is now well 
established that the tetramer is highly labile outside of the 
cellular environment, requiring chemical crosslinking tech-
niques to isolate it from native sources. The realization that 
tetrameric αSyn dissociates to its monomeric units during 
traditional cell lysis protocols has reconciled some of the 
original controversy. 

The existence of tetrameric αSyn has since been corrobo-
rated by repeated experiments from the original lab and by 

many others. A consensus is beginning to form that tetram-
eric αSyn exists in a dynamic equilibrium with disordered 
monomeric αSyn, and that the distribution of the ensemble 
depends on the cell type and other biochemical factors. For 
example, glucocerebrosidase 1 deficiency has been shown to 
reduce the tetrameric αSyn content and increase the mono-
meric αSyn content in SH-SY5Y cells (Kim et al., 2018). In 
mammalian cells expressing αSyn, the tetrameric population 
has been shown most prevalent in human erythroid leuke-
mia cells (Dettmer et al., 2013). In gastrointestinal neuronal 
cells from rats, however, the population of tetrameric αSyn 
is absent, suggesting that cells of the enteric nervous sys-
tem generate predominantly monomeric αSyn (Corbillé et 
al., 2016). A dynamic equilibrium between monomer and 
tetramer has been observed following purification of recom-
binant αSyn under mild purification conditions from Esch-
erichia coli (Wang et al., 2011; Trexler and Rhoades, 2012; 
Fernández and Lucas, 2018b). The conditions that govern 
the dynamic equilibrium between monomeric and tetramer-
ic αSyn remain unexplained; however, misfolding of αSyn to 
toxic aggregates is well established to proceed from mono-
mers and is thus connected to tetramer disassembly. 

Destabilization of α-Synuclein Tetramers
It has been suggested that a shift from metastable tetramers 
to the monomeric form could serve as a mechanism for 
disease initiation (Dettmer et al., 2015b); yet, the underly-
ing molecular pathology causing this type of shift remains 
unknown. Given that tetrameric αSyn may serve as a benign 
storage form of this otherwise amyloidogenic protein, cur-
rent and future research is expected to place an emphasis on 
understanding the factors that control αSyn conformational 
homeostasis and on stabilization of tetrameric αSyn as a 
therapeutic strategy for PD and other synucleinopathies. 

The N-terminal regions of αSyn contain a series of imper-
fect KTKEGV motifs (Figure 4 in green font) embedded 
within 11-residue repeats that are predicted to form an 
amphipathic 11/3 helix (Bendor et al., 2013). Given the he-
lical character of tetrameric αSyn, the KTKEGV consensus 
sequences were targeted for mutational studies aimed at 
understanding the contribution of this conserved motif to 
tetramer formation (Dettmer et al., 2015a). Indeed, altered 

Figure 4 Primary sequence features of α-synuclein. 
The primary amino acid sequence of human α-synuclein is shown, with key sequence features of this 140-amino acid protein highlighted. The core 
sequence of the 9 imperfect repeats that predict α-helicity are shown in green font, and the amino acids consistent with the KTKEGV consensus 
sequence are underlined. Locations of known familial Parkinson’s disease mutations are shown in red font. Pairs of β-branched amino acids that 
promote β-sheet formation are highlighted in purple, with the β-strand regions observed inα-synuclein fibrils notated by purple arrows below the 
sequence.
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repeat sequences KLKEGV, KTKKGV, KTKEIV, and KT-
KEGW abolished tetramer formation in neural cells, where-
as other consensus motif alterations (GTKEGV, KTEEGV, 
and KTKEGR) preserved the tetrameric αSyn population. 
Moreover, the motif alterations that eliminated tetrameric 
αSyn also conferred neural cytotoxicity and generated cy-
toplasmic αSyn inclusions in neurites. Notably, the E46K 
familial PD point mutation falls within a KTKEGV core 
consensus sequence, garnering it special attention. The E46K 
mutation was demonstrated to induce a decrease in the 
tetrameric αSyn population in human M17D neural cells 
(Dettmer et al., 2015b). Moreover, this shift in the tetram-
er:monomer ratio could be progressively amplified by intro-
ducing additional E-to-K mutations in the nearby consensus 
sequences, which was mirrored by a stepwise reduction in 
cell viability. When expressed in mice, the tetramer-abrogat-
ing αSyn triple mutant E35K/E46K/E61K induced a PD-like 
motor syndrome phenotype, highlighting a thread that links 
the KTKEGV consensus motif with α-helix stabilization and 
tetrameric αSyn stabilization with neuronal health (Nuber et 
al., 2018).

Another notable conserved sequence feature of αSyn is the 
presence of sequential pairs of the β-branched amino acids 
valine and threonine (Figure 4, highlighted in purple). These 
amino acid pairs have an opposing effect on the helical pro-
pensity of αSyn, as they are embedded throughout the same 
region as the imperfect KTKEGV consensus motifs; thus, 
αSyn is nudged towards β sheet formation in order to allevi-
ate steric side-chain interactions due to adjacent β-branched 
VT residues by adopting an extended conformation as is 
common among cross-β-sheet fibrils (Pochapsky, 2015). This 
dichotomy emphasizes a delicate balance that underpins one 
aspect of the conformational variability of αSyn, a balance 
that cells must be poised to preserve in order to maintain 
neuronal health.

Recombinant Expression Systems
Mounting evidence implicates degradation of tetrameric 
αSyn in neuronal cytotoxicity and in the onset of patholog-
ical phenotypes associated with PD and other synucleinop-
athies. Thus, a therapeutic strategy aimed at stabilization of 
αSyn tetramers is an obviously compelling target. These ef-
forts would be greatly facilitated by a more complete picture 
of the structure and dynamics of tetrameric αSyn, which in 
turn would be enabled by access to purified tetrameric αSyn 
for biophysical and biochemical studies. Problematically, iso-
lation of tetrameric αSyn from human cell lines and eryth-
rocytes requires chemical cross-linking, thus undermining 
efforts to use this material to probe factors that may influ-
ence the tetramer:monomer ratio. Recent advances in the 
recombinant production and isolation of tetrameric αSyn, 
described herein, have shown promise in increasing access 
to the elusive αSyn tetramer for rigorous biophysical studies.

The earliest successful production of recombinant tetram-
eric αSyn was through expression in E. coli as a GST fusion 
protein, described by Wang et al. (2011), just after the initial 
report of tetrameric αSyn being identified in mammalian 

tissue and human cell lines. Following cleavage of the GST 
tag, the soluble recombinant αSyn construct adopted a heli-
cal tetrameric conformation even in the absence of micelles, 
as confirmed by circular dichroism spectroscopy. Further 
support for a tetrameric αSyn conformer was obtained 
through native gel electrophoresis, chemical crosslinking, 
and mass spectrometry. A set of NMR studies corroborated 
that the helical structure of αSyn tetramers resides within 
the N-terminal regions, specifically within the first 100 res-
idues. These same NMR studies have provided the basis for 
structural models of tetrameric αSyn that have been used 
for various applications, including mapping disease-related 
mutations and engineering theoretical αSyn variants that are 
expected to favor the tetrameric conformation (Gurry et al., 
2013; Kara et al., 2013; Xu et al., 2018). This recombinant 
construct also supported the first preliminary investiga-
tions into factors impacting tetramer stability, as both heat 
and dilute conditions were shown to disrupt the tetrameric 
conformation (Wang et al., 2011). It should be noted that 
this construct maintains a 10-residue N-terminal extension 
originating from the fusion protein linker, so data generated 
from this construct should be interpreted with that aware-
ness. For example, the influence of biometals on αSyn struc-
ture and dynamics is of interest, in part because diminished 
copper pools have been observed in PD brain tissue (Davies 
et al., 2014), and αSyn is known to bind reduced copper at 
the N-terminus with potential downstream effects on global 
structural dynamics (Binolfi et al., 2011; Abeyawardhane et 
al., 2018a). Accordingly, the impact of the residual 10-amino 
acid linker region which resides at the N-terminus must be 
taken into consideration in downstream studies. 

A recombinant construct for human αSyn was subse-
quently reported by Trexler and Rhoades that maintained 
the native sequence of αSyn (Trexler and Rhoades, 2012). 
Bacterial co-expression of αSyn with an acetylation complex 
from fission yeast provided the acetyl group capping the 
N-terminal free amine, as is found natively in human αSyn. 
When purified in the presence of octyl β-D-glucopyranoside, 
a non-ionic detergent, this construct yielded a multimeric 
α-helical species consistent with tetrameric αSyn based on 
size exclusion chromatography and sedimentation-equilibri-
um analytical ultracentrifugation. Both the acetyl PTM and 
octyl β-D-glucopyranoside were required to attain the α-he-
lical conformer.

Two recent reports by Fernández and Lucas describes a 
platform for the isolation of intact tetrameric N-terminally 
acetylated αSyn from E. coli that does not require crosslink-
ing agents or detergents (Fernández and Lucas, 2018a, b). 
In this work, a mild isolation protocol that avoids harsh or 
abrupt environmental conditions throughout the process 
and maintains minimal pressure during chromatography 
steps enables access to tetrameric αSyn without the need for 
potentially structure-modifying additives. This tetrameric 
αSyn construct, which has only the native human sequence 
and carries the acetyl PTM, displays the characteristic 
α-helical circular dichroism signature, and its assignment 
is further supported by size exclusion chromatography, im-
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munoblotting, and native gel electrophoresis. Concurrent 
purification of the non-acetylated form resulted in reduced 
structural rigidity and led to unfolding and accelerated 
β-sheet formation. As observed for tetrameric αSyn from 
mammalian sources, the recombinant N-terminally acetylat-
ed αSyn tetramer reported by the Lucas group is resistant to 
aggregation, indicating that it can serve as a reliable source 
material for biophysical studies and downstream drug devel-
opment efforts. 

Conclusion
The aggregation-prone neuronal protein αSyn is universally 
recognized as being a key player in PD, however the bio-
chemical events linking αSyn misfolding and the disease 
state remain to be fully elucidated. Likewise, αSyn is thought 
to have an important role in maintaining neuronal health 
and facilitating normal neurotransmission, yet the molecular 
details of this process are also still largely unresolved. The 
dynamic nature of this conformational chameleon is at the 
heart of its impact on human health and neuropathology. 

Widely considered an IDP, αSyn can access an overwhelm-
ing variety of ordered states as well, including beautifully 
crystalline β-sheet fibrils with several polymorph variations, 
a multitude of higher-order oligomers that are often linked 
to toxicity, structured monomers that are typically mem-
brane-associated, and the controversial α-helical tetram-
eric αSyn that is the focus of this review. Each species may 
have unique implications on disease onset and progression. 
Thus, teasing apart the molecular function of crucial αSyn 
conformers and understanding the factors that control and 
influence the dynamic equilibria among them is of utmost 
importance. 

Despite initial uncertainty surrounding the elusive tetram-
eric αSyn, it has now been established as one of the native 
states of αSyn, present in variable amounts depending on the 
cell type and the local biochemical environment. Moreover, 
compelling studies from multiple groups have documented 
pathological downstream events that result from system-
atically disrupting αSyn tetramers in human cell lines, live 
neurons, and mouse models. Based on these observations, 
a therapeutic strategy targeting αSyn tetramer stabilization 
could have far-reaching effects, particularly given the range 
of neurodegenerative disorders linked to αSyn misbehavior, 
including PD, Alzheimer’s disease, dementia with Lewy bod-
ies, and multiple system atrophy. A deeper understanding of 
the structure and dynamics of tetrameric αSyn, along with 
a systematic account of factors that can influence the te-
tramer:monomer ratio, are needed as a foundation for drug 
discovery and development efforts in this area. These efforts 
have been hampered by technical challenges associated with 
harvesting tetrameric αSyn from mammalian sources, but 
recent advances in the recombinant production and suc-
cessful isolation of native tetrameric αSyn show promise in 
providing a reliable source material for the development of 
therapies for PD and other synucleinopathies targeting te-
tramer stabilization.

Author contributions: The writing of this manuscript and preparation 
of figures were completed by HRL with assistance from RDF.
Conflicts of interest: The authors declare no conflicts of interest.
Financial support: This work was supported in part by Award No. 18-7 
(to HRL) from the Commonwealth of Virginia’s Alzheimer’s and Related 
Diseases Research Award Fund, administered by the Virginia Center on 
Aging.
Copyright license agreement: The Copyright License Agreement has 
been signed by both authors before publication.
Plagiarism check: Checked twice by iThenticate.
Peer review: Externally peer reviewed.
Open access statement: This is an open access journal, and articles are 
distributed under the terms of the Creative Commons Attribution-Non-
Commercial-ShareAlike 4.0 License, which allows others to remix, tweak, 
and build upon the work non-commercially, as long as appropriate credit 
is given and the new creations are licensed under the identical terms.
Open peer reviewers: Kazunori Adachi, Meikai University School of 
Dentistry, Japan; Hans-Gert Bernstein, Otto-von-Guericke University 
Magdeburg, Germany.
Additional file: Open peer review report 1.

References
Abeyawardhane DL, Fernández  RD, Heitger DR, Crozier MK, Wolver J, 

Lucas HR (2018a) Copper induced radical dimerization of  α-synu-
clein requires histidine. J Am Chem Soc 140:17086-17094.

Abeyawardhane DL, Fernández RD, Murgas CJ, Heitger DR, Forney 
AK, Crozier MK, Lucas HR (2018b) Iron redox chemistry pro-
motes antiparallel oligomerization of α-synuclein. J Am Chem Soc 
140:5028-5032.

Anderson J, Walker D, Goldstein J, de Laat R, Banducci K, Caccavello 
R, Barbour R, Huang J, Kling K, Lee M, Diep L, Keim P, Shen X, 
Chataway T, Schlossmacher M, Seubert P, Schenk D, Sinha S, Gai 
W, Chilcote T (2006) Phosphorylation of Ser-129 is the dominant 
pathological modification of alpha-synuclein in familial and sporadic 
Lewy body disease. J Biol Chem 281:29739-29752.

Bartels T, Choi JG, Selkoe DJ (2011a) α-Synuclein occurs physiolog-
ically as a helically folded tetramer that resists aggregation. Nature 
477:107-110.

Bartels T, Choi J, Kim N, Selkoe D (2011b) Non-denaturing purifica-
tion of alpha-synuclein from erythrocytes. https://protocolexchange.
researchsquare.com/article/nprot-2136/v1. Accessed on July 7, 2017.

Beach TG, Adler CH, Sue LI, Vedders L, Lue L, White Iii CL, Akiyama 
H, Caviness JN, Shill HA, Sabbagh MN, Walker DG; Arizona Parkin-
son’s Disease Consortium (2010) Multi-organ distribution of phos-
phorylated α-synuclein histopathology in subjects with Lewy body 
disorders. Acta Neuropathol 119:689-702.

Bendor JT, Logan TP, Edwards RH (2013) The function of α-synuclein. 
Neuron 79:1044-1066.

Binolfi A, Valiente-Gabioud AA, Duran R, Zweckstetter M, Griesinger 
C, Fernandez CO (2011) Exploring the structural details of Cu(I) 
binding to α-synuclein by NMR spectroscopy. J Am Chem Soc 
133:194-196.

Bousset L, Pieri L, Ruiz-Arlandis G, Gath J, Jensen PH, Habenstein 
B, Madiona K, Olieric V, Böckmann A, Meier BH, Melki R (2013) 
Structural and functional characterization of two alpha-synuclein 
strains. Nat Commun 4:2575.

Braak H, Ghebremedhin E, Rüb U, Bratzke H, Del Tredici K (2004) 
Stages in the development of Parkinson’s disease-related pathology. 
Cell Tissue Res 318:121-134.

Braak H, Bohl JR, Müller CM, Rüb U, de Vos RA, Del Tredici K (2006) 
Stanley Fahn Lecture 2005: The staging procedure for the inclusion 
body pathology associated with sporadic Parkinson’s disease recon-
sidered. Mov Disord 21:2042-2051.

Burger VM, Gurry T, Stultz CM (2014) Intrinsically disordered pro-
teins: where computation meets experiment. Polymers 6:2684-2719.



414

Lucas HR, Fernández RD (2020) Navigating the dynamic landscape of alpha-synuclein morphology: a review of the physiologically relevant 
tetrameric conformation. Neural Regen Res 15(3):407-415. doi:10.4103/1673-5374.265792

Burré J, Vivona S, Diao J, Sharma M, Brunger AT, Südhof TC (2013) 
Properties of native brain α-synuclein. Nature 498:E4-6; discussion 
E6-7.

Candelise N, Schmitz M, Llorens F, Villar-Piqué A, Cramm M, Thom T, 
da Silva Correia SM, Eriton Gomes da Cunha J, Möbius W, Outeiro 
TF, Álvarez VG, Banchelli M, D’Andrea C, de Angelis M, Zafar S, 
Rabano A, Matteini P, Zerr I (2019) Seeding variability of different 
alpha synuclein strains in synucleinopathies. Ann Neurol 85:691-
703.

Chakraborty R, Chattopadhyay K (2019) Cryo-electron microscopy 
uncovers key residues within the core of alpha-synuclein fibrils. ACS 
Chem Neurosci 10:1135-1136.

Chen J, Kriwacki RW (2018) Intrinsically disordered proteins: struc-
ture, function and therapeutics. J Mol Biol 430:2275-2277.

Chen SW, Drakulic S, Deas E, Ouberai M, Aprile FA, Arranz R, Ness 
S, Roodveldt C, Guilliams T, De-Genst EJ, Klenerman D, Wood 
NW, Knowles TP, Alfonso C, Rivas G, Abramov AY, Valpuesta JM, 
Dobson CM, Cremades N (2015) Structural characterization of toxic 
oligomers that are kinetically trapped during α-synuclein fibril for-
mation. Proc Natl Acad Sci U S A 112:E1994-2003.

Corbillé AG, Neunlist M, Derkinderen P (2016) Cross-linking for the 
analysis of α-synuclein in the enteric nervous system. J Neurochem 
139:839-847.

Cote Y, Delarue P, Scheraga HA, Senet P, Maisuradze GG (2018) From 
a highly disordered to a metastable state: uncovering insights of α-sy-
nuclein. ACS Chem Neurosci 9:1051-1065.

Danzer KM, Krebs SK, Wolff M, Birk G, Hengerer B (2009) Seeding in-
duced by alpha-synuclein oligomers provides evidence for spreading 
of alpha-synuclein pathology. J Neurochem 111:192-203. 

Davies KM, Bohic S, Carmona A, Ortega R, Cottam V, Hare DJ, Fin-
berg JP, Reyes S, Halliday GM, Mercer JF, Double KL (2014) Copper 
pathology in vulnerable brain regions in Parkinson’s disease. Neuro-
biol Aging 35:858-866.

Dettmer U (2018) Rationally designed variants of α-synuclein illu-
minate its in vivo structural properties in health and disease. Front 
Neurosci 12:623.

Dettmer U, Newman AJ, Luth ES, Bartels T, Selkoe D (2013) In vivo 
cross-linking reveals principally oligomeric forms of α-synuclein and 
β-synuclein in neurons and non-neural cells. J Biol Chem 288:6371-
6385.

Dettmer U, Newman AJ, von Saucken VE, Bartels T, Selkoe D (2015a) 
KTKEGV repeat motifs are key mediators of normal α-synuclein 
tetramerization: Their mutation causes excess monomers and neuro-
toxicity. Proc Natl Acad Sci U S A 112:9596-9601.

Dettmer U, Newman AJ, Soldner F, Luth ES, Kim NC, von Saucken 
VE, Sanderson JB, Jaenisch R, Bartels T, Selkoe D (2015b) Parkin-
son-causing α-synuclein missense mutations shift native tetramers 
to monomers as a mechanism for disease initiation. Nat Commun 
6:7314.

Dikiy I, Eliezer D (2014) N-terminal Acetylation Stabilizes N-terminal 
Helicity in Lipid- and Micelle-bound alpha-Synuclein and Increases 
Its Affinity for Physiological Membranes. J Biol Chem 289:3652-
3665.

Dunker AK, Silman I, Uversky VN, Sussman JL (2008) Function and 
structure of inherently disordered proteins. Curr Opin Struct Biol 
18:756-764.

el-Agnaf OM, Irvine GB (2002) Aggregation and neurotoxicity of α-sy-
nuclein and related peptides. Biochem Soc Trans 30:559.

Fauvet B, Fares M, Samuel F, Dikiy I, Tandon A, Eliezer D, Lashuel 
H (2012a) Characterization of semisynthetic and naturally N-al-
pha-acetylated alpha-synuclein in vitro and in intact cells implica-
tions for aggregation and cellular properties of alpha-synuclein. J 
Biol Chem 287:28243-28262.

Fauvet B, Mbefo MK, Fares MB, Desobry C, Michael S, Ardah MT, Tsi-
ka E, Coune P, Prudent M, Lion N, Eliezer D, Moore DJ, Schneider B, 
Aebischer P, El-Agnaf OM, Masliah E, Lashuel HA (2012b) α-Synu-
clein in central nervous system and from erythrocytes, mammalian 
cells, and Escherichia coli exists predominantly as disordered mono-
mer. J Biol Chem 287:15345-15364.

Felder CE, Rydberg EH, Silman I, Beckmann JS, Prilusky J, Sussman JL, 
Man O, Zeev-Ben-Mordehai T (2005) FoldIndex©: a simple tool to 
predict whether a given protein sequence is intrinsically unfolded. 
Bioinformatics 21:3435-3438.

Fernández RD, Lucas HR (2018a) Mass spectrometry data confirming 
tetrameric α-synuclein N-terminal acetylation. Data Brief 20:1686-
1691.

Fernández RD, Lucas HR (2018b) Isolation of recombinant tetrameric 
N-acetylated α-synuclein. Protein Expr Purif 152:146-154.

Gable AL, Szklarczyk D, Lyon D, Simonovic M, Wyder S, Mering Chris-
tian v, Junge A, Jensen LJ, Doncheva NT, Huerta-Cepas J, Morris JH, 
Bork P (2018) STRING v11: protein–protein association networks 
with increased coverage, supporting functional discovery in ge-
nome-wide experimental datasets. Nucleic Acids Res 47:D607-D613.

Gath J, Bousset L, Habenstein B, Melki R, Böckmann A, Meier BH 
(2014) Unlike twins: an NMR comparison of two α-synuclein poly-
morphs featuring different toxicity. PLoS One 9:e90659.

Gelpi E, Navarro-Otano J, Tolosa E, Gaig C, Compta Y, Rey MJ, Martí 
MJ, Hernández I, Valldeoriola F, Reñé R, Ribalta T (2014) Multiple 
organ involvement by alpha-synuclein pathology in Lewy body dis-
orders. Mov Disord 29:1010-1018.

Guerrero-Ferreira R, Taylor NMI, Mona D, Ringler P, Lauer ME, Riek R, 
Britschgi M, Stahlberg H (2018) Cryo-EM structure of alpha-synu-
clein fibrils. Elife 7:e36402.

Gurry T, Ullman O, Fisher CK, Perovic I, Pochapsky T, Stultz CM (2013) 
The dynamic structure of α-synuclein multimers. J Am Chem Soc 
135:3865-3872.

Hoffmann AC, Minakaki G, Menges S, Salvi R, Savitskiy S, Kazman A, 
Vicente Miranda H, Mielenz D, Klucken J, Winkler J, Xiang W (2019) 
Extracellular aggregated alpha synuclein primarily triggers lysosomal 
dysfunction in neural cells prevented by trehalose. Sci Rep 9:544.

Hwang S, Fricke P, Zinke M, Giller K, Wall JS, Riedel D, Becker S, 
Lange A (2019) Comparison of the 3D structures of mouse and hu-
man α-synuclein fibrils by solid-state NMR and STEM. J Struct Biol 
206:43-48.

Jiang Z, de Messieres M, Lee JC (2013) Membrane remodeling by 
α-synuclein and effects on amyloid formation. J Am Chem Soc 
135:15970-15973.

Kang L, Moriarty G, Woods L, Ashcroft A, Radford S, Baum J (2012) 
N-terminal acetylation of alpha-synuclein induces increased tran-
sient helical propensity and decreased aggregation rates in the intrin-
sically disordered monomer. Protein Sci 21:911-917.

Kara E, Lewis PA, Ling H, Proukakis C, Houlden H, Hardy J (2013) 
α-Synuclein mutations cluster around a putative protein loop. Neu-
rosci Lett 546:67-70.

Kim S, Yun SP, Lee S, Umanah GE, Bandaru VVR, Yin X, Rhee P, 
Karuppagounder SS, Kwon S-H, Lee H, Mao X, Kim D, Pandey A, 
Lee G, Dawson VL, Dawson TM, Ko HS (2018) GBA1 deficiency 
negatively affects physiological α-synuclein tetramers and related 
multimers. Proc Natl Acad Sci U S A 115:798.

Kim TD, Paik SR, Yang CH (2002) Structural and functional implica-
tions of C-terminal regions of α-synuclein. Biochemistry 41:13782-
13790.

Lassen LB, Reimer L, Ferreira N, Betzer C, Jensen PH (2016) Protein 
partners of α-synuclein in health and disease. Brain Pathol 26:389-
397.



415

Lucas HR, Fernández RD (2020) Navigating the dynamic landscape of alpha-synuclein morphology: a review of the physiologically relevant 
tetrameric conformation. Neural Regen Res 15(3):407-415. doi:10.4103/1673-5374.265792

Lemkau LR, Comellas G, Lee SW, Rikardsen LK, Woods WS, George 
JM, Rienstra CM (2013) Site-specific perturbations of alpha-synu-
clein fibril structure by the parkinson’s disease associated mutations 
A53T and E46K. PLoS One 8:e49750.

Li B, Ge P, Murray KA, Sheth P, Zhang M, Nair G, Sawaya MR, Shin 
WS, Boyer DR, Ye S, Eisenberg DS, Zhou ZH, Jiang L (2018a) Cryo-
EM of full-length α-synuclein reveals fibril polymorphs with a com-
mon structural kernel. Nat Commun 9:3609.

Li Y, Zhao C, Luo F, Liu Z, Gui X, Luo Z, Zhang X, Li D, Liu C, Li 
X (2018b) Amyloid fibril structure of α-synuclein determined by 
cryo-electron microscopy. Cell Res 28:897-903.

Lippa CF, Fujiwara H, Mann DM, Giasson B, Baba M, Schmidt ML, 
Nee LE, O’Connell B, Pollen DA, St George-Hyslop P, Ghetti B, 
Nochlin D, Bird TD, Cairns NJ, Lee VM, Iwatsubo T, Trojanowski 
JQ (1998) Lewy bodies contain altered alpha-synuclein in brains of 
many familial Alzheimer’s disease patients with mutations in prese-
nilin and amyloid precursor protein genes. Am J Pathol 153:1365-
1370.

Longhena F, Faustini G, Spillantini MG, Bellucci A (2019) Living in 
promiscuity: the multiple partners of alpha-synuclein at the synapse 
in physiology and pathology. Int J Mol Sci 20:E141.

Lucas HR, Lee JC (2011) Copper(II) enhances membrane-bound α-sy-
nuclein helix formation. Metallomics 3:280-283.

Luth ES, Bartels T, Dettmer U, Kim NC, Selkoe DJ (2015) Purification 
of α-synuclein from human brain reveals an instability of endog-
enous multimers as the protein approaches purity. Biochemistry 
54:279-292.

Minde DP, Dunker AK, Lilley KS (2017) Time, space, and disorder in 
the expanding proteome universe. Proteomics 17:1600399.

Mor DE, Ugras SE, Daniels MJ, Ischiropoulos H (2016) Dynamic struc-
tural flexibility of α-synuclein. Neurobiol Dis 88:66-74.

Nuber S, Rajsombath M, Minakaki G, Winkler J, Müller CP, Ericsson 
M, Caldarone B, Dettmer U, Selkoe DJ (2018) Abrogating native 
α-synuclein tetramers in mice causes a L-Dopa-responsive motor 
syndrome closely resembling Parkinson’s disease. Neuron 100:75-90.
e5.

Okuzumi A, Kurosawa M, Hatano T, Takanashi M, Nojiri S, Fukuhara 
T, Yamanaka T, Miyazaki H, Yoshinaga S, Furukawa Y, Shimogori T, 
Hattori N, Nukina N (2018) Rapid dissemination of alpha-synuclein 
seeds through neural circuits in an in-vivo prion-like seeding experi-
ment. Acta Neuropathol Commun 6:96.

Oldfield CJ, Dunker AK (2014) Intrinsically disordered proteins and 
intrinsically disordered protein regions. Annu Rev Biochem 83:553-
584.

Ottolini D, Calí T, Szabò I, Brini M (2017) Alpha-synuclein at the in-
tracellular and the extracellular side: functional and dysfunctional 
implications. Biol Chem 398:77-100.

Oueslati A, Ximerakis M, Vekrellis K (2014) Protein transmission, 
seeding and degradation: key steps for α-synuclein prion-like propa-
gation. Exp Neurobiol 23:324-336.

Peelaerts W, Bousset L, Van der Perren A, Moskalyuk A, Pulizzi R, Gi-
ugliano M, Van den Haute C, Melki R, Baekelandt V (2015) α-Synu-
clein strains cause distinct synucleinopathies after local and systemic 
administration. Nature 522:340.

Peng C, Gathagan RJ, Covell DJ, Medellin C, Stieber A, Robinson JL, 
Zhang B, Pitkin RM, Olufemi MF, Luk KC, Trojanowski JQ, Lee VM 
(2018) Cellular milieu imparts distinct pathological α-synuclein 
strains in α-synucleinopathies. Nature 557:558-563.

Pochapsky TC (2015) From intrinsically disordered protein to con-
text-dependent folding: The α-synuclein tetramer is teased out of 
hiding. Proc Natl Acad Sci U S A 112:9502-9503.

Rodriguez JA, Ivanova MI, Sawaya MR, Cascio D, Reyes FE, Shi D, 
Sangwan S, Guenther EL, Johnson LM, Zhang M, Jiang L, Arbing 
MA, Nannenga BL, Hattne J, Whitelegge J, Brewster AS, Messer-
schmidt M, Boutet S, Sauter NK, Gonen T, et al. (2015) Structure of 
the toxic core of α-synuclein from invisible crystals. Nature 525:486-
490.

Rovere M, Sanderson JB, Fonseca-Ornelas L, Patel DS, Bartels T (2018) 
Refolding of helical soluble α-synuclein through transient interaction 
with lipid interfaces. FEBS Lett 592:1464-1472.

Selkoe D, Dettmer U, Luth E, Kim N, Newman A, Bartels T (2014) De-
fining the native state of α-synuclein. Neurodegener Dis 13:114-117.

Sreerama N, Woody RW (2003) Structural composition of βI- and 
βII-proteins. Protein Sci 12:384-388.

Steiner JA, Quansah E, Brundin P (2018) The concept of alpha-synu-
clein as a prion-like protein: ten years after. Cell Tissue Res 373:161-
173. 

Sung YH, Eliezer D (2018) Structure and dynamics of the extended-he-
lix state of alpha-synuclein: Intrinsic lability of the linker region. 
Protein Sci 27:1314-1324.

Trexler AJ, Rhoades E (2009) α-Synuclein binds large unilamellar vesi-
cles as an extended helix. Biochemistry 48:2304-2306.

Trexler AJ, Rhoades E (2012) N-Terminal acetylation is critical for 
forming α-helical oligomer of α-synuclein. Protein Sci 21:601-605.

Tsigelny IF, Sharikov Y, Wrasidlo W, Gonzalez T, Desplats PA, Crews L, 
Spencer B, Masliah E (2012) Role of α-synuclein penetration into the 
membrane in the mechanisms of oligomer pore formation. FEBS J 
279:1000-1013.

Tuttle MD, Comellas G, Nieuwkoop AJ, Covell DJ, Berthold DA, 
Kloepper KD, Courtney JM, Kim JK, Barclay AM, Kendall A, Wan W, 
Stubbs G, Schwieters CD, Lee VMY, George JM, Rienstra CM (2016) 
Solid-state NMR structure of a pathogenic fibril of full-length human 
α-synuclein. Nat Struct Mol Biol 23:409.

Tycko R, Wickner RB (2013) Molecular structures of amyloid and prion 
fibrils: consensus versus controversy. Acc Chem Res 46:1487-1496.

Uversky VN, Gillespie JR, Fink AL (2000) Why are “natively unfold-
ed” proteins unstructured under physiologic conditions? Proteins 
41:415-427.

van Diggelen F, Tepper AWJW, Apetri MM, Otzen DE (2017) α-Synu-
clein oligomers: a study in diversity. Isr J Chem 57:699-723.

Wakabayashi K, Tanji K, Odagiri S, Miki Y, Mori F, Takahashi H (2013) 
The Lewy body in parkinson’s disease and related neurodegenerative 
disorders. Mol Neurobiol 47:495-508.

Wang C, Zhao C, Li D, Tian Z, Lai Y, Diao J, Liu C (2016) Versatile 
structures of α-synuclein. Front Mol Neurosci 9:48.

Wang L, Das U, Scott David A, Tang Y, McLean Pamela J, Roy S (2014) 
α-Synuclein multimers cluster synaptic vesicles and attenuate recy-
cling. Curr Biol 24:2319-2326.

Wang W, Perovic I, Chittuluru J, Kaganovich A, Nguyen LT, Liao J, 
Auclair JR, Johnson D, Landeru A, Simorellis AK, Ju S, Cookson 
MR, Asturias FJ, Agar JN, Webb BN, Kang C, Ringe D, Petsko GA, 
Pochapsky TC, Hoang QQ (2011) A soluble α-synuclein construct 
forms a dynamic tetramer. Proc Natl Acad Sci U S A 108:17797-
17802.

Xu L, Bhattacharya S, Thompson D (2018) Re-designing the α-synuclein 
tetramer. Chem Commun (Camb) 54:8080-8083.

Yazawa I, Suzuki Y (2014) Alpha-synuclein accumulation in Parkinson’s 
disease and multiple system atrophy. In: Alpha-Synuclein: Functional 
Mechanisms, Structure and Role in Parkinson’s Disease. New York: 
NOVA Biomedical.

P-Reviewers: Bernstein HG, Adachi K; C-Editors: Zhao M, Yu J; 
T-Editor: Jia Y


