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Fibrils of alpha-synuclein are significant components of cellular

inclusions associated with several neuropathological disorders

including Parkinson’s disease, multiple system atrophy and

dementia with Lewy bodies. In recent years, technological

advances in the field of transmission electron microscopy and

image processing have made it possible to solve the structure

of alpha-synuclein fibrils at high resolution. This review

discusses the results of structural studies using cryo-electron

microscopy, which revealed that in-vitro produced fibrils vary in

diameter from 5 nm for single-protofilament fibrils, to 10 nm for

two-protofilament fibrils. In addition, the atomic models hint at

contributions of the familial Parkinson’s disease mutation sites

to inter-protofilament interaction and the locations where post-

translational modifications take place. Here, we propose a

nomenclature system that allows identifying the existing alpha-

synuclein polymorphs and that will allow to incorporate

additional high-resolution structures determined in the future.
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Introduction
Studiesof thestructureofamyloidfibrilshavebeenpivotal in

understanding the mechanism of their formation and

growth, and in establishing approaches for the development

of vaccine and therapeutic alternatives to fight diseases

caused by amyloids. The protein alpha-synuclein (aSyn)

has been identified as one of the components of Lewy
www.sciencedirect.com 
bodies (LB) and Lewy neurites (LN), which are cellular

inclusions characteristic of synucleinopathies including

Parkinson’s disease (PD) [1–4]. Recently, Shahmoradian

et al. studied Lewy bodies from post-mortem human brain

by correlative light and electron microscopy (CLEM), and

reported that the main structural component of Lewy bodies

are membrane fragments, whereas filamentous structures

were only seen, to a limited extent, in a smaller subset of

Lewy bodies. The membranous Lewy bodies were not

noticeable by electron microscopy alone due to their texture

being highly similar to that of the surrounding tissue, so that

guidance by CLEM was required to localize these. Never-

theless, prionoid fibrils of the protein aSyn are existing in

human brain of PD patients [1,2,5], and in addition are

expected to exist in several other neurodegenerative dis-

eases related to aSyn [6–8].

Alpha-synuclein is part of the synuclein family of proteins,

related by sequence homology, which include also beta-

synuclein and gamma-synuclein [3,5,9]. The sequence

homology between these is higher at their amino-terminal

regions, which also contain 5–6 lipid-binding repeats [10].

The process of aSyn fibrillar structure initiation is not

fully understood. Some evidence suggests that fibril

formation begins with destabilization of aggregation-

resistant, helical tetrameric forms, followed by mono-

meric aSyn misfolding and aggregation into fibrils

[11,12]. However, other studies have also shown mono-

meric and not tetrameric aSyn in human and rodent

central nervous system, and monomeric aSyn was found

in mouse and rat brains and mammalian cell lines with

human aSyn expressed [13]. It is possible that structural

changes occur in aSyn within the cellular milieu due to

protein activity or the interaction of aSyn with biological

membranes, and that both, monomers, tetramers and

possibly even certain strain types of fibrils occur within

the cell in dynamic equilibrium. It is currently unknown,

if the in vitro generated fibril strains described here are

also present in human brain, or if brain-derived fibrils

occupy a different fold all together. The latter was

found for tau, where brain-derived fibrils showed a

radically different conformation to what had been previ-

ously suggested based on in vitro generated tau fibrils

[14–16]. A combination of cryo-electron microscopy

(cryo-EM) and cryo-electron tomography could prove

useful in determining the composition of aSyn forms

within cells or tissue, provided that a conservative sam-

ple preparation protocol is applied [17].
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Besides cryo-EM, insights into aSyn structure have been

obtained through nuclear magnetic resonance (NMR)

[18–28], micro-electron diffraction (micro-ED) [29],

and through quenched hydrogen/deuterium (H/D)

exchange [23]. In this review, we describe how the

application of these techniques has resulted in a better

understanding of the structure of aSyn fibrils, and discuss

hypotheses on a mechanism of fibril aggregation and

growth, the role of the known familial Parkinson’s disease

mutations in aSyn, and potential strategies to disrupt

formed fibrils or arrest the fibrillization process (Table 1).

The structure of alpha-synuclein
The protein alpha-synuclein is composed of 140 amino

acids (Figure 1). Residues 1–60 encompass the lysine-rich

N-terminus, which contains the KTK lipid-binding

repeats responsible for vesicle binding [30–32]. In addi-

tion, familial mutations of the SNCA gene are found in

this region, including A30P [33], E46K [34], H50Q [35],

G51D [36], A53E [37], A53V [38] and A53T [39].

The central group of aSyn aminoacids ranging from

residues 61–95 are known as the non-amyloid-ß compo-

nent (NAC) region [40,41]. This region is responsible for

fibril aggregation, as initially demonstrated by Li et al.
[42], who showed that proteins with the NAC region have

the ability to switch from a random coil state to a highly

hydrophobic, easily aggregating beta-sheet state. This

evidence was confirmed by the finding that beta-synu-

clein, which compared to alpha-synuclein lacks 12 ami-

noacids (residues 71–82) in the NAC region, is not capa-

ble of fibrilization [3,5].

Residues 96–140 of aSyn encompass the highly nega-

tively charged C-terminal region, which is necessary for

calcium binding [23,43,44]. Interestingly, while trunca-

tion of this domain has been shown to promote fibril

formation, which may indicate its role in aSyn pathology

[45–48], inhibition of truncation of this domain has
Table 1

Comparison of cryo-EM alpha-synuclein fibril structures

Reference [51��] [52��] [53��] [53��

Modification C-terminally

truncated

N-terminally

acetylated

wild-type wild-

Polymorph 1a 1a Rod (1a) Twis

Number of residues

in atomic model

57 62 60 41 

Protofibril interface

residues

H50-E57 H50-E57 H50-E57 V66-

Mutation sites

localized

E46K H50K

G51D A53T

E46K H50K

G51D A53T

E46K H50K

G51D A53T

E46K

G51D

Helical rise (Å) 2.45 2.40 2.40 2.40 

Helical twist (�) 179.5 179.63 179.53 179.0

Resolution (Å) 3.42 3.07 3.70 3.70 

EMDB EMD-0148 EMD-6988 EMD-7618 EMD

PDB 6H6B 6A6B 6CU7 6CU8
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reduced neurodegeneration in a transgenic mouse model

of MSA [7].

Various biophysical and biochemical approaches includ-

ing solid-state and solution-state NMR, Electron Para-

magnetic Resonance (EPR), and limited proteolysis have

been employed to understand the composition of aSyn

fibrils [10,23,49,50]. These studies revealed that aSyn

fibrils are made of more than one protofilament, vary in

diameter from 5 to 10 nm, and can occupy more than one

polymorph. The first 30 residues of individual aSyn

monomers are heterogeneous, residues 31–109 are folded,

and the C-terminal residues 110–140 are flexible.

Alpha-synuclein polymorphism and familial
Parkinson’s disease mutations
Cryo-EM investigations have allowed localizing familial PD

mutations of aSyn in the context of the fibril. In all atomic

structures known to date, mutation sites are involved in

either the interaction between protofilaments or the stability

of monomeric conformations, which may hint at the role that

these changes play on fibril formation and growth.

Overall, in polymorph 1a structures [51��,52��,53��], three

mutation sites within the atomic model participate in the

tight interface between protofilaments (Figure 1). Of

them, the E46 residue markedly contributes to aSyn

folding stability by strongly interacting with the lysine

in position 80, forming a salt bridge in polymorph 1a. The

E46K change of a glutamic acid to a lysine would likely

result in electrostatic repulsion and destabilization of the

monomer conformation. In contrast, polymorph 1b pro-

tofilaments [53��] interact via residues V66-A78, relocat-

ing the mutation sites to the periphery of the fibril.

However, the E46 residue interacts with another glutamic

acid in position 83, indicating that the E46K mutation

would lead to the formation of a stabilizing salt bridge.

In polymorphs 2a and 2b, E46 is one of the main

residues contributing to the interface between the two
] [54��] [54��] [55��] [55��]
type H50Q H50Q wild-type wild-type

ter (1b) Narrow (1c) Wide (1d) 2a 2b

63 63 71 71

A78 Single

protofilament

T59-K60 K45-E57 K45-E46

 H50K

 A53T

E46K H50K

G51D A53T

E46K H50K

G51D A53T

E46K H50K

G51D A53T

E46K H50K

G51D A53T

4.81 4.82 4.80 2.40

6 �0.97 �0.83 �0.80 179.55

3.30 3.6 2.99 3.39

-7619 EMD-20328 EMD-20331 EMD-10307 EMD-10305

 6PEO 6PES 6SSX 6SST
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Figure 1

PDB 6h6b ( αSyn polymorph 1a ) PDB 6cu7 ( αSyn polymorph rod 1a ) PDB 6ssx ( αSyn polymorph 2a )

PDB 6sst ( αSyn polymorph 2b )PDB 6cu8 ( αSyn polymorph twister 1b )PDB 6a6b ( αSyn polymorph 1a )

Guerrero-Ferreira, Taylor et al. 2018 Guerrero-Ferreira, Taylor et al. 2019

Guerrero-Ferreira, Taylor et al. 2019

Li, Ge et al. 2018

Li, Ge et al. 2018Li, Zhao et al. 2018
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Comparison of cryo-EM structures of six wild-type aSyn polymorphs. The nomenclature proposed in this review is used in addition to the names

proposed in the respective original publications. PDB accession numbers are indicated. Atomic models in protofilaments are represented as

ribbons and sticks with one protofilament including a transparent surface with the N-terminal domain in pink, the NAC region in white and the C-

terminal tail in blue. Familial PD mutation sites are indicated on the top diagram, as well as on each polymorph with matching colors. In addition,

seven repeat sequences are shown as a color sequence in the top diagram as well as in the atomic models. First and last residues of each model

are also indicated.
protofilaments. Particularly in polymorph 2b, where only

a narrow connection between K45 and E46 on one pro-

tofibril, to E46 and K45 on the other protofibril maintain

the interface, the E46K mutation with an additional

lysine in the site of inter-protofilament interaction would

make this polymorph unlikely.

In polymorphs 1c (narrow fibrils) and 1d (wide fibrils)

[54��] the structure of the common kernel for class 1 poly-

morphs is maintained. In addition, polymorph 1c closely

resembles the solid-state NMR structure published by

Tuttle et al. [24] in that it forms a 5 nm thick fibril and a

salt bridge between E46 and K80. These two polymorphs

were obtained from aSyn fibrils carrying the H50Q muta-

tion, which causes familial late-onset PD. This mutation
www.sciencedirect.com 
is likely to produce an effect similar to the E46K mutation

on fibril stability. Polymorph 1a is made out of two

protofilaments that interact through residues H50 to

E57 and requires the H50 residue to form a salt bridge

with E57 to maintain inter-protofilament interaction. The

H50Q mutation would destabilize this bond due to the

presence of a polar, uncharged glutamine instead of a

positively charged histidine. In contrast, the interaction

between residues H50 and K45, which contributes to the

aSyn fold, is not affected by the H50Q mutation, as shown

by Boyer et al. [54��], who also confirmed the transition of

the polymorph 1a protofilament interface to either a

narrow fibril (polymorph 1c) formed by a single protofila-

ment or a wide fibril (polymorph 1d) in which the inter-

face is comprised only of residues T59 and K60.
Current Opinion in Neurobiology 2020, 61:89–95
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The G51D mutation triggers early onset Parkinson’s

disease. The steric hindrance resulting from the replace-

ment of the glycine in position 50 by a large, negatively

charged aspartic acid in this mutant is likely to disturb the

steric zipper maintaining the stability of the fibril in

polymorph 1a. In contrast, residue G51 in polymorphs

1b, 2a and 2b is positioned in such a way that it is not

likely to affect the strength of inter-protofilament inter-

action. However, the aspartic acid G51 is in all fibril

polymorphs oriented towards the inner core of the pro-

tofibrils, where it establishes a contact with the NAC

region. The G51D mutation should therefore disrupt the

inter-beta-strand contact in the beta-sheets, so that fibrils

with a different protofibril conformation are expected.

The A53T and A53E early-onset familial PD mutations

replace the small alanine side chain in A53 with a larger,

polar threonine (A53T), or to a negatively charged glu-

tamic acid (A53E), respectively. This would result in a

reduction of hydrophobic interaction similar to that of the

G51D mutation. Mutation to a larger, non-polar valine

(A53V) would increase hydrophobicity in the steric zipper

region but the bulkier side-chain size would create a steric

hindrance in the region which may affect the interaction

between protofilaments. In this context, the structure of

the aSyn polymorph 1a would be affected by these

mutations. However, the core of polymorph 1b, in which

protofilaments interact through residues in the NAC

region, would be unaffected by the aforementioned

A53 mutations. Similarly, the location of A53 in poly-

morphs 2a and 2b makes mutations on these sites unlikely

to affect inter-protofilament interaction but may disfavor

fibril aggregation by affecting the distribution of hydro-

phobic pockets in individual aSyn molecules.

Alpha-synuclein polymorphism and disease-
related post-translational modifications
Solving the structure of aSyn fibrils by cryo-EM allowed

identification of post-translational, disease-associated

modifications. In Parkinson’s disease, these modifications

have been correlated with Lewy body formation, not only

in postmortem human tissue, but also in transgenic mouse

models of Parkinson’s disease and other synucleinopa-

thies. These modifications, which include phosphoryla-

tion, ubiquitination, cross-linking or C-terminal trunca-

tion, may inhibit fibrillization, suggesting that they are

late events occurring after protein aggregation [56].

Ubiquitination affects mostly lysines 21, 23, 32 and 34,

which reside within the N-terminal region of aSyn

[57,58]. Because of the disordered nature of this region,

these residues fall outside of the atomic structures solved

by cryo-EM, with the exception of polymorphs 2a and 2b,

where K21 and K23 mark the end of a beta-sheet that

interacts (i) with the NAC region and (ii) with the

beginning of a disordered stretch of residues ending with

a glutamic acid in position 35. However, the side chains of
Current Opinion in Neurobiology 2020, 61:89–95 
K21 and K23 in polymorphs 2a and 2b are oriented

towards the inside of the fibril core and should therefore

be inaccessible to ubiquitin in these polymorphs.

Acetylation is another post-translational modification

restricted to the N-terminus of aSyn. It occurs in mam-

malian cells and has been shown to improve lipid binding

affinity, N-terminal helicity, as well as reduce the rate of

aggregation [59,60]. The structures of polymorphs 1a, 2a

and 2b have been obtained by cryo-EM from N-termi-

nally acetylated, recombinant aSyn, indicating that this

modification does not affect the fold of these fibrils.

All available atomic resolution aSyn structures except for

polymorph 1b include the phosphorylation site serine 87,

which is the only phosphorylation site of alpha synuclein

located within the NAC region [61,62]. In polymorph 1a

[51��,52��,53��,55��], S87 faces the periphery of the fibril

which makes it amenable for post-translational modifica-

tion. In contrast, in both 1c and 1d polymorphs [54��] and

the solid-state NMR structure [24], S87 appears with its

side chain facing the inside of the protofilament core.

Interestingly, in the structures of polymorphs 2a and 2b, a

beta-sheet was solved which corresponds to a stretch of

N-terminal residues and associates with the NAC core,

thus making S87 inaccessible to any modification. In

addition, the connection between residues A17, A18

and A19 and S87 was confirmed by solid-state NMR data

[55��].

Data processing of cryo-EM data
Cryo-EM images for structural analysis of amyloid fibrils

are typically collected in the same way as for other

proteins. Using state-of-the-art cryo-transmission elec-

tron microscopes driven by automated routines, several

thousands of images of protein samples frozen in thin

layers of vitrified buffer solution are recorded with direct-

detection cameras as stacks of 40–60 dose-fractionated

image frames. Data are typically recorded at a pixel size of

�1 Å or smaller, which limits the resolution of the image

to 1/[2 Å] or higher, thus safely allowing for discrimination

of the typical 4.8 Å helical rise and for the atomic struc-

ture of the fibrils.

The helical symmetry of filamentous samples made the

first three-dimensional structure reconstruction from two-

dimensional electron micrographs possible [63]. Since

then, helical image processing has been further devel-

oped, resulting into several modern software packages,

including the Burnham-Brandeis Helical Package [64],

IHRSR [65], Phoelix [66], Spring [67], and Relion [68].

Among these, the Relion program employing the Bayes-

ian probability approach has become a standard tool for

structural determination of cryo-EM protein structures.

Since the introduction of its helical reconstruction exten-

sion by He et al. [69�], Relion has also become the most

frequently used program for solving the structure of
www.sciencedirect.com
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helical assemblies. It offers all tools needed for helical

reconstruction, as it provides interface to routines per-

forming motion correction of image stacks, determination

of contrast-transfer function (CTF) parameters, selection

of filaments, and the 2D and 3D processing of extracted

helical segments. In addition, the Relion-specific resolu-

tion-boosting routines for per-particle CTF determina-

tion and motion correction can also be employed for

helices.

In Relion, segments of straight filaments are manually

picked from images displaying recognizable 4.8 Å line

reflections in their computed power spectra. Alterna-

tively, automated particle picking programs such as Gau-

tomatch (www.mrc-lmb.cam.ac.uk/kzhang/Gautomatch/

), Topaz [70], or SPHIRE-crYOLO [71] can be also used

to detect helical segments in a manner comparable to the

single-particle protocol. The SPRING package also offers

the MICHELIXTRACE program for automated filament

detection.

Individual helical particles are extracted from marked

filaments as square boxes with box spacing corresponding

to an integer multiple of the helical rise parameter of the

aSyn fiber. Its helical rise is determined by the length of

hydrogen bonds between two consecutive aSyn b-strands
(�4.8 Å). The extracted fibers are subjected to 2D clas-

sification, which allows recognizing the difference

between single or double protofilament fibrils, and in

the latter case can reveal if the two opposing aSyn pro-

tofilaments are arranged head-to-head with a typical

helical rise of 4.8 Å and a twist between �1 and 0�, or

in a steric zipper with a helical rise of �2.4 Å and a twist

between 179 and 179.7 �. In 3D processing in Relion, the

initial rough values of helical rise and twist are refined to

final values. As starting models, former aSyn structures,

low-pass-filtered to 40 or 50 Å can be used, as well as

synthetic cylindrical models that can be generated with

the relion_helix_toolbox program that is part of the

Relion set of processing tools. Despite significant recent

advances in the computational tools, the 3D refinement of

the structure of amyolid fibrils is still challenging, due to

the relatively flat energy landscape with several local

optima for the refinements. Scheres [72] has recently

provided a collection of helical processing approaches

and tools in RELION-3.1 for the correct estimation of

helical parameters of fibrils under study, which is a great

resource for the processing of helical filament datasets.

Conclusion
Cryo-electron microscopy has matured into an efficient

tool to determine the structure of proteins, macromolec-

ular complexes and filamentous structures at high resolu-

tion. In the case of amyloid fibrils associated with neuro-

pathological disorders, cryo-EM has become the method

of choice for elucidating the atomic structures of fibrils

prepared from recombinant proteins or fibrils directly
www.sciencedirect.com 
isolated from post-mortem brain tissue. Isolation of aSyn

fibrils from brain at concentrations required for cryo-EM

analysis has so far not been achieved. However, recom-

binantly produced aSyn protein can be provoked to

aggregate into fibrils in vitro under specific conditions,

and their structures can be analyzed using cryo-EM.

Structural knowledge about the fibril space of aSyn pro-

tein will prove useful, once a brain-derived cryo-EM fibril

structure is available.

We here propose a categorization of aSyn fibril poly-

morphs based on the organization of the beta sheets

(polymorph numbers 1, 2, etc.), and on the nature of

protofilament interaction (a, b, etc.). This system allows

extension with possible further structures, as previously

suggested [55��] and already ratified in the review by

Meade et al. [4]. This identification system will be useful

for tracking of structures in the various databases.
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