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Abstract: Pathogenic amyloids are the main feature of several neurodegenerative disorders, such as
Creutzfeldt–Jakob disease, Alzheimer’s disease, and Parkinson’s disease. High resolution structures
of tau paired helical filaments (PHFs), amyloid-β(1-42) (Aβ(1-42)) fibrils, and α-synuclein fibrils
were recently reported using cryo-electron microscopy. A high-resolution structure for the infectious
prion protein, PrPSc, is not yet available due to its insolubility and its propensity to aggregate,
but cryo-electron microscopy, X-ray fiber diffraction, and other approaches have defined the overall
architecture of PrPSc as a 4-rung β-solenoid. Thus, the structure of PrPSc must have a high similarity
to that of the fungal prion HET-s, which is part of the fungal heterokaryon incompatibility system
and contains a 2-rung β-solenoid. This review compares the structures of tau PHFs, Aβ(1-42),
and α-synuclein fibrils, where the β-strands of each molecule stack on top of each other in a parallel
in-register arrangement, with the β-solenoid folds of HET-s and PrPSc.

Keywords: prion structure; β-solenoid; PHF-tau structure; Aβ(1-42) fibril structure; α-synuclein
amyloid structure; parallel in-register β-structure

1. Introduction

Pathogenic amyloids are the hallmark of many neurodegenerative diseases, such as
Creutzfeldt-Jakob disease (CJD) [1], Alzheimer’s disease (AD) [2], and Parkinson’s disease (PD) [3].
Most proteins are subjected to covalent or non-covalent post-translational modifications, including
N-linked glycosylation, disulfide bond formation, and protein folding, during which the protein obtains
its native conformation and its functional state. Proper folding allows for the protein to reach and
maintain a stable state and to exert its biological function(s). However, the amyloid state results from a
process by which monomeric proteins or poorly folded peptides self-assemble into fibrillar aggregates,
termed “amyloid”. Amyloid fibrils have a common architecture, consisting of a “cross-β structure”,
which is independent of the native fold of the protein [4]. The misfolded proteins for CJD, AD, and PD
are PrPSc, amyloid-β and microtubule-associated protein tau (tau), and α-synuclein, respectively.
These proteins misfold and aggregate into a very stable β-sheet architecture, and eventually form
amyloid fibrils. The molecular mechanisms how the altered conformations of these disease-associated
proteins lead to slow, progressive neurodegeneration remain elusive. Recent studies on the spread of
toxic forms of the tau protein and of truncated Aβ, which results from the proteolytic cleavage of the
amyloid precursor protein, indicated that they share characteristics with PrPSc [5]. To date, there is
no effective treatment for the prion diseases and most other pathogenic amyloids [6], thus making
it necessary to understand the structure, formation, and aggregation processes of these pathogenic
proteins to devise therapeutic strategies.
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The infectious prion protein, termed PrPSc, has the ability to convert native PrPC into a copy
of itself, adopting a non-native conformation that has the propensity to self-assemble into amyloid
fibrils [7]. The main features that distinguish PrPSc from PrPC are its high content in β-structure [8],
its partial resistance to proteases [9], its insolubility, and its propensity to aggregate into amyloid fibrils
and other quaternary structures [10], which accumulate over time, resulting in brain cell and tissue
damage [11]. Based on its structural properties, PrPSc differs in a number of epitopes from those that
are recognized by antibodies targeting PrPC [12]. Over the years, many structural models for PrPSc

have been proposed [11]; however, the most prominent ones are the β-solenoid [13], the β-spiral [14],
and the parallel in-register β-sheet models [15]. The insoluble nature and the propensity of PrPSc to
aggregate make it difficult to determine its structure. Hence, the high-resolution structure of PrPSc is
still unknown, although efforts have been made to gain insights by combining techniques, such as X-ray
fiber diffraction [16], electron microscopy (EM) [17], and limited proteolysis using proteinase K [18].
Together, these data indicated that PrPSc is a β-solenoid protein, consisting of 4-stacked β-rungs [7].
However, it is still unknown whether the β-solenoid twists in a left- or right-handed sense.

Recent insights into the structure of PrPSc have revealed similarities and differences with the
structures of non-pathogenic proteins adopting a β-solenoid fold. Moreover, other classes of pathogenic
amyloids, such as Aβ(1-42) fibrils, tau PHFs, and α-synuclein fibrils, which have been recently solved
by solid-state NMR spectroscopy (ssNMR) and cryo-EM [19–23], provide novel insights into the folds
of self-propagating amyloids that cause neurodegenerative diseases. While these last three amyloids
do not fall under the criteria of a β-solenoid, they are similar enough to warrant a side-by-side
comparison. Thus, this review provides a comparison between the folds of PrPSc and those of other
pathogenic amyloids.

2. β-Solenoid Amyloids: PrPSc and HET-s

2.1. The Structure of PrPSc

The current knowledge on the structure of PrPSc has been summarized in another review of this
special issue [7]. Therefore, we provide only a short overview on what is known about the structure of
PrPSc, its proteolytically truncated variant (PrP27-30), and related molecular species.

Fourier-transform infrared (FTIR) spectroscopy provided the first experimental evidence that the
N-terminally truncated PrP27-30 contains predominantly β-structure [8,24]. Electron crystallography
analyses on 2D crystals of PrP27-30 and an engineered variant of only 106 residues, PrPSc106, suggested
the presence of a β-solenoid fold as a key feature of the infectious conformer [13,17]. Subsequently,
X-ray fiber diffraction determined the molecular height of PrP27-30 in amyloid fibrils to be 19.2 Å,
corresponding to the height of 4 β-strands (19.2 Å = 4 × 4.8 Å) [16]. In addition, the diffraction
data confirmed that the core of PrP27-30 adopts a β-solenoid fold, consisting of 4-stacked β-rungs
(Figure 1A). The repeating unit size of 19.2 Å was also found in the diffraction patterns that were
obtained from PrPSc106 amyloid fibrils [25]. Recently, cryo-EM and subsequent three-dimensional
(3D) reconstructions demonstrated that PrP27-30 amyloid fibrils can be formed by two intertwined
protofilaments. Furthermore, the cryo-EM analysis corroborated that the structure of PrP27-30 consists
of a 4-rung β-solenoid [26].

PrPSc has a β-sheet core that is assumed to be water-inaccessible with individual β-strands
that are connected by short turns and loops [27], although it is still unknown which residues are
in each β-strand and which ones are facing outward or inward with respect to the β-solenoid
core [7,28]. A proposed model, based on mass spectrometry of proteinase K-resistant fragments
obtained from PrP27-30, suggests which amino acids may be located in β-strands or connecting
loops [18,28]. The structure of PrPSc has a high degree of stability, which provides resistance against
denaturation and decontamination, but not all of the factors contributing to this stability are fully
understood. It is clear that the highly-ordered hydrogen bonds that run up and down the β-sheets are
essential for the structure and stability of the PrPSc β-solenoid fold [27]. However, van-der-Waals forces,
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hydrophobic and electrostatic interactions, as well as aromatic side-chain stacking also contribute to
its stability, as it has been demonstrated in other amyloids [29] and β-solenoid proteins [30].Pathogens 2018, 7, x FOR PEER REVIEW  3 of 13 
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individual β-rungs is 4.8 ± 0.2 Å. (A) Representative model of the 4-rung β-solenoid architecture of 
PrPSc based on X-ray fiber diffraction and cryo-EM [16,26]. Characteristic distances of the 4-rung β-
solenoid spacing are labeled. Each cartoon color represents a single PrPSc monomer. (B) Structure of 
an amyloid fibril formed by the prion domain (residues 218-289) of the fungal prion HET-s. Each 
monomer adopted a 2-rung left-handed β-solenoid fold and is shown in a different color. PDB access 
code: 2rnm [31]. (C) Structure of the right-handed β-solenoid protein pectate lyase C from Erwinia 
chrysanthemi. Its N- and C-terminal caps were removed for representation of the β-solenoid structure 
(residues 118-285). PDB access code: 2pec [32]. 
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solenoid (Figure 1B) [31,36]. The β-solenoid rungs are connected by a flexible loop of 15 residues [37]. 
There are eight β-strands per molecule, and each β-solenoid rung has four β-strands connected by 
short loops. The first two β-strands are connected by a short, 2-residue β-arc, changing the orientation 
of the peptide backbone by ~90°; the second and third β-strands are connected by a 3-residue β-arc, 
changing the orientation by ~150°, and, lastly, the third and fourth β-strands are connected by a single 
glycine residue [31]. 

HET-s(218-289) has a triangular hydrophobic core formed by the first three β-strands of each β-
solenoid rung, which also includes two buried polar amino acids (T233 and S273) and two asparagine 
ladders consisting of N226/N262 and N243/N279 [31]. The fourth β-strand is pointing away from the 
β-solenoid core, forming part of the loop that connects the first and the second rungs of the β-solenoid 
structure. The β-strands of the second β-solenoid rung stack on top of the β-strands of the first rung, 
forming four intramolecular β-sheets. These β-sheets can connect with the β-strands of the next HET-
s(218-289) molecule through intermolecular hydrogen bonds/β-sheet contacts [31]. HET-s(218-289) 
contains polar and charged amino acids that are exposed on the surface of the β-solenoid structure, 
where three salt bridges are formed between the residues K229, E234 and R236 from the first β-rung 

Figure 1. Three examples of proteins that adopt a β-solenoid fold. The characteristic distance between
individual β-rungs is 4.8 ± 0.2 Å. (A) Representative model of the 4-rung β-solenoid architecture
of PrPSc based on X-ray fiber diffraction and cryo-EM [16,26]. Characteristic distances of the 4-rung
β-solenoid spacing are labeled. Each cartoon color represents a single PrPSc monomer. (B) Structure
of an amyloid fibril formed by the prion domain (residues 218–289) of the fungal prion HET-s.
Each monomer adopted a 2-rung left-handed β-solenoid fold and is shown in a different color. PDB
access code: 2rnm [31]. (C) Structure of the right-handed β-solenoid protein pectate lyase C from
Erwinia chrysanthemi. Its N- and C-terminal caps were removed for representation of the β-solenoid
structure (residues 118–285). PDB access code: 2pec [32].

2.2. The Structure of the HET-s Prion Domain

HET-s is a known functional prion of the filamentous fungus Podospora anserina and it is involved
in regulating heterokaryon incompatibility among different mating types [33,34]. The prion domain
of HET-s (HET-s(218-289)) is able to form amyloid fibrils and it becomes protease resistant in the
process [35]. Its structure, which has been solved by ssNMR, consists of a left-handed, 2-rung
β-solenoid (Figure 1B) [31,36]. The β-solenoid rungs are connected by a flexible loop of 15 residues [37].
There are eight β-strands per molecule, and each β-solenoid rung has four β-strands connected by
short loops. The first two β-strands are connected by a short, 2-residue β-arc, changing the orientation
of the peptide backbone by ~90◦; the second and third β-strands are connected by a 3-residue β-arc,
changing the orientation by ~150◦, and, lastly, the third and fourth β-strands are connected by a single
glycine residue [31].

HET-s(218-289) has a triangular hydrophobic core formed by the first three β-strands of each
β-solenoid rung, which also includes two buried polar amino acids (T233 and S273) and two asparagine
ladders consisting of N226/N262 and N243/N279 [31]. The fourth β-strand is pointing away from
the β-solenoid core, forming part of the loop that connects the first and the second rungs of the
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β-solenoid structure. The β-strands of the second β-solenoid rung stack on top of the β-strands of
the first rung, forming four intramolecular β-sheets. These β-sheets can connect with the β-strands of
the next HET-s(218-289) molecule through intermolecular hydrogen bonds/β-sheet contacts [31].
HET-s(218-289) contains polar and charged amino acids that are exposed on the surface of the
β-solenoid structure, where three salt bridges are formed between the residues K229, E234 and
R236 from the first β-rung and the residues E265, K270, and E272 from the second β-rung [36].
The HET-s(1-227) N-terminal domain consists of nine α-helices and two short β-strands [38,39].
Overall, HET-s(218-289) has an amino acid composition that is very different to the yeast prions which
are Q/N rich [40].

In addition to the characterization via ssNMR, HET-s(218-289) has also been analyzed by
cryo-EM [41] and X-ray fiber diffraction [42,43]. In the latter studies, meridional reflections at ~4.8 Å
and ~9.6 Å confirmed that HET-s(218-289) adopts a 2-rung β-solenoid structure with clear similarities
to the structure of PrPSc [16,42].

3. The β-solenoid Fold of Non-Pathogenic Proteins

β-solenoid proteins are characterized by a polypeptide chain that folds into more or less regular
“solenoidal windings” (Figure 1B,C), while the canonical β-helical proteins follow a more stringent
helical geometry [44]. β-solenoid proteins contain between three to well above 100 β-rungs [45].
Each β-rung contains two to four β-strands and they are connected by tight turns, β-arcs (two to six
residues), or longer loops (Figure 1C). Overall, the β-rungs have a length between 12 and 30 amino
acids. A β-rung corresponds to a complete turn of the amino acid backbone to where the next β-rung
begins with an axial rise of 4.8 ± 0.2 Å [44,46]. The β-rungs that form the β-solenoid structure are
connected by hydrogen bonds to the β-rungs above and below, forming a hydrophobic core with
solvent-exposed side-chains on the surface [44,47]. A distinctive feature of β-solenoid proteins is the
stacking of identical residues on the same position in subsequent β-rungs [44,48]. Such “ladders” are
usually comprised of polar residues, with asparagine being the most commonly followed by serine
and threonine, but aromatic residues can also form separate ladders that are stabilized by aromatic
stacking [44,47,49,50].

β-solenoid proteins can be classified into right- or left-handed polymers, depending on the
direction in which the polypeptide chain winds around the axis [30]. In addition, β-solenoid proteins
can display a twist, which is determined by an angular offset between individual β-rungs [30,49].
The shape of a β-solenoid cross-section is defined by the β-arcs connecting each β-strand, with the
most frequent shapes being generally triangular, rectangular, or oval [44]. The short β-arcs that connect
individual β-strands are mainly formed by non-polar and uncharged polar residues [46], but longer
loops can also connect subsequent β-rungs, while retaining the overall shape of the β-solenoid.
Lastly, the N- and C-termini of β-solenoid proteins generally have polymerization-inhibiting caps,
which contain polar and charged amino acids and protect the hydrophobic core from solvent
exposure [51,52].

4. Amyloid Folds of Other Pathogenic Proteins

4.1. Short Amyloid Peptides

Short, amyloidogenic peptides can be studied in great detail due to their small size, propensity
to form highly regular amyloid structures, and straightforward availability through synthetic routes.
Thus, short peptides of the prion protein have been analyzed as microcrystals that were obtained from
amyloid fibril preparations [53,54], while the structure of the more complex, full-length PrPSc remains
unsolved [7].
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These peptide structures have a minimal cross-β-sheet structure, and the structural motif was
named a “steric zipper”, based on the interdigitation of the side chains from neighboring β-sheets.
In total, eight classes of steric zippers were described for these short amyloid peptides [55]. The steric
zipper classes are defined by the orientation and the stacking of the β-strands that make up individual
protofilaments—running either in parallel or antiparallel orientation. Moreover, adjacent β-sheets may
pack face-to-face or face-to-back, and they also could be oriented up-up or up-down [54]. Examples of
peptides that are derived from human (SNQNNF) or elk prion proteins (NNQNTF) adopted different
steric zipper conformations [54,56], indicating the structural variability that is accessible to such short
peptides. It was speculated that these sequence stretches would adopt similar conformations in
PrPSc, but the X-ray fiber diffraction data contained no indication of such tight stacking of β-sheets in
PrPSc/PrP27-30 [16,25]. Similarly, the tau peptide VQIVYK [54] does not adopt the same steric zipper
arrangement in the PHF-tau structure that was recently elucidated by cryo-EM [20] (see below).

4.2. The Structure of PHF-Tau

The microtubule-associated protein tau is a natively unfolded protein consisting of up to 441 amino
acids. It plays a key role in maintaining the elongated morphology of neurons by stabilizing
microtubules in the axon [57,58]. The tau protein contains three or four sequence repeats (R1, R2,
R3, and R4) as part of the microtubule-binding domain, with the presence of the repeat R2 being
determined by alternative splicing of the mRNA. Tau inclusions are observed in the brains of diseased
patients, either as paired helical filaments (PHFs) or straight filaments (SFs), with similar protofilament
structures [5,59,60].

Studies involving X-ray fiber diffraction, circular dichroism (CD) spectroscopy, and FTIR
spectroscopy on PHFs and SFs revealed a common cross-β architecture with stacks of β-strands
being arranged perpendicular to the fiber axis [61–63]. A recent, high-resolution cryo-EM structure of
PHFs and SFs at a resolution of 3.4 Å showed that R3 and R4 (residues V306–F378) form the core of
intertwined protofilaments that are based on a C-shaped subunit (Figure 2A) [20]. The protofilament
cores in PHFs and SFs are similar in structure and contain 8 β-strands that form the C-shaped subunit
by packing in an overall antiparallel arrangement [20]. The organization of these β-strands is highly
ordered through parallel in-register stacking of tau molecules, allowing for identical amino acids
to stack on top of one another and forming hydrogen bond networks along the fiber axis with a
helical rise of 4.8 Å [20,64]. The first β-strand of the PHF core contains the hexapeptide 306VQIVYK311,
which aligns through face-to-face packing with the residues 373THKLTF378 of the eighth β-strand [20].
The interaction is based on hydrophobic contacts that are similar to a steric zipper, but distinct from
the homotypic VQIVYK steric zipper that was predicted earlier by analyzing short, amyloidogenic
peptides only [54].

An interesting feature that was observed in the structure of PHFs is a β-helix-like structure
spanning residues 337–353 in R3, which resembles a single β-solenoid rung of the HET-s prion
domain [20,31]. Thus, the core of PHFs contains two structural motifs parallel in-register β-sheets and
β-helices. Overall, the side chains of the amino acids facing the exterior of the PHFs help to increase
the stability by forming hydrogen bonds between charged residues, asparagines, and glutamines,
while the β-helix-like structure and the interior of the PHF protofilaments are stabilized by hydrophobic
clustering and aliphatic and aromatic stacking [20,55].



Pathogens 2018, 7, 50 6 of 14

Pathogens 2018, 7, x FOR PEER REVIEW  5 of 13 

 

the same steric zipper arrangement in the PHF-tau structure that was recently elucidated by cryo-EM 
[20] (see below). 

4.2. The Structure of PHF-Tau 

The microtubule-associated protein tau is a natively unfolded protein consisting of up to 441 
amino acids. It plays a key role in maintaining the elongated morphology of neurons by stabilizing 
microtubules in the axon [57,58]. The tau protein contains three or four sequence repeats (R1, R2, R3, 
and R4) as part of the microtubule-binding domain, with the presence of the repeat R2 being 
determined by alternative splicing of the mRNA. Tau inclusions are observed in the brains of 
diseased patients, either as paired helical filaments (PHFs) or straight filaments (SFs), with similar 
protofilament structures [5,59,60]. 

Studies involving X-ray fiber diffraction, circular dichroism (CD) spectroscopy, and FTIR 
spectroscopy on PHFs and SFs revealed a common cross-β architecture with stacks of β-strands being 
arranged perpendicular to the fiber axis [61–63]. A recent, high-resolution cryo-EM structure of PHFs 
and SFs at a resolution of 3.4 Å showed that R3 and R4 (residues V306–F378) form the core of 
intertwined protofilaments that are based on a C-shaped subunit (Figure 2A) [20]. The protofilament 
cores in PHFs and SFs are similar in structure and contain 8 β-strands that form the C-shaped subunit 
by packing in an overall antiparallel arrangement [20]. The organization of these β-strands is highly 
ordered through parallel in-register stacking of tau molecules, allowing for identical amino acids to 
stack on top of one another and forming hydrogen bond networks along the fiber axis with a helical 
rise of 4.8 Å [20,64]. The first β-strand of the PHF core contains the hexapeptide 306VQIVYK311, which 
aligns through face-to-face packing with the residues 373THKLTF378 of the eighth β-strand [20]. The 
interaction is based on hydrophobic contacts that are similar to a steric zipper, but distinct from the 
homotypic VQIVYK steric zipper that was predicted earlier by analyzing short, amyloidogenic 
peptides only [54]. 

 

Figure 2. Structures of pathogenic amyloid fibrils (A) paired helical filament (PHF) of tau; (B) Aß(1-
42); and, (C) α-synuclein. The fibril cores of these proteins are arranged as parallel in-register ß-sheet 
structures, which are stabilized by hydrophobic interactions, salt bridges, and hydrogen bonds up 
and down the fibril axis. The axial distance between the stacked protein molecules is 4.8 ± 0.2 Å. (A) 
Top and the side views of a high-resolution structure of PHFs obtained by cryo-EM [20]. Five 
successive layers of the tau protein along the fibril axis revealed that the fibril core is composed of 
two C-shaped subunits (residues 306-378). PDB access code: 5o3l [20]. (B) Top and side views of a 
high-resolution structure of an Aß(1-42) fibril produced by cryo-EM [19]. The LS-shaped cross-
sections of each protofilament reveal a staggered stacking of molecules along the fibril axis. PDB 

Figure 2. Structures of pathogenic amyloid fibrils (A) paired helical filament (PHF) of tau; (B) Aß(1-42);
and, (C) α-synuclein. The fibril cores of these proteins are arranged as parallel in-register ß-sheet
structures, which are stabilized by hydrophobic interactions, salt bridges, and hydrogen bonds up
and down the fibril axis. The axial distance between the stacked protein molecules is 4.8 ± 0.2 Å.
(A) Top and the side views of a high-resolution structure of PHFs obtained by cryo-EM [20]. Five
successive layers of the tau protein along the fibril axis revealed that the fibril core is composed of
two C-shaped subunits (residues 306–378). PDB access code: 5o3l [20]. (B) Top and side views of a
high-resolution structure of an Aß(1-42) fibril produced by cryo-EM [19]. The LS-shaped cross-sections
of each protofilament reveal a staggered stacking of molecules along the fibril axis. PDB access code:
5oqv [19]. (C) Top and side views of a high-resolution structure of α-synuclein determined by ssNMR
and X-ray fiber diffraction [21]. The fibril core of α -synuclein contains a Greek key motif based on a
parallel in-register ß-sheet topology (residues 42–96). PDB access code: 2n0a [21].

4.3. The Structure of Aβ(1-42)

Aβ is a peptide that is released through proteolytic cleavage of the amyloid precursor protein
(APP), which is expressed in many tissues, including neurons [5,65]. It has been shown that the
Aβ C-terminal variants Aβ(1-40) and Aβ(1-42) are prone to aggregation, forming toxic oligomers
and amyloid fibrils. Aβ(1-42) is the predominant Aβ molecule that is found in neuritic plaques of
Alzheimer’s disease patients [65,66], but it is unclear how Aβ aggregates damage the brain and give
rise to neuronal dysfunction and cellular toxicity [67].

Among others, studies using X-ray fiber diffraction, EM, and ssNMR have shown that Aβ

fibrils consist of two protofilaments that intertwine along the fibril axis, suggesting a two-fold
symmetry [67,68]. The fibrils were observed to have protofilaments with a diameter of ~5 nm and
a ~110 nm cross over distance with a left-handed twist [65,69,70]. ssNMR indicated that each Aβ

molecule contains four β-strands between amino acids 15 to 42, resulting in a highly ordered structure
at the C-terminus of the peptide [55]. Within each Aβ molecule, the four β-strands stack on top of
each other, forming an S-shaped structure (Figure 2B). The individual β-strands were stabilized by
hydrogen bonds to the molecules above and below, forming contiguous β-sheets that run parallel to
the fibril axis. Moreover, the C-terminus of each S-shaped Aβ molecule formed the fibril core with
residues 23 to 26 interacting in a steric zipper-like fashion [55,67].

More recently, a high-resolution cryo-EM structure revealed that Aβ(1-42) fibrils do not possess
a two-fold symmetry, but instead adopt a screw symmetry with a rise of ~4.8 Å. The staggered
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arrangement, which produced the screw symmetry and cannot be detected via ssNMR, resulted in
each molecule of Aβ(1-42) interacting with six other molecules in the minimal fibril unit. Moreover,
as a consequence of the screw symmetry, the Aβ(1-42) fibrils possess distinct end surfaces on the two
protofilaments, referred to as “groove” and “ridge”, based on residues 27–33, which either formed
a protrusion or indentation at the protofilament end [19]. In addition, the Aβ(1-42) fibril structure
was stabilized by salt bridges between residues D1 and K28, D7 and R5, as well as E11 and H6 / H13.
The hydrophobic residues were buried in the protofilament core, while the polar side chains were
facing the outside of the protofilaments [19].

4.4. The Structure α-Synuclein

Relatively little is known about the structure and the function of the cytoplasmic protein,
α-synuclein, which is mainly found in the presynaptic terminals of neuronal cells. The native
form consists of three domains namely: the N-terminal lipid-binding α-helix (residues 1–60),
the amyloid binding central domain (NAC; residues 61–95), and the C-terminal acidic tail (residues
96–140) [21,71,72]. α-synuclein is a natively unfolded protein in aqueous solution and an α-helical
protein in association with phospholipids. Monomers of α-synuclein tend to aggregate into oligomers
through an unknown mechanism, which then further assemble forming long amyloid fibrils. These
fibrils are seen in the Lewy bodies and Lewy neurites from patients with Parkinson’s disease (PD) [73].
A 3D structure of α-synuclein amyloid fibrils has been determined using ssNMR and was further
validated by EM and X-ray fiber diffraction [21,74]. The ssNMR analysis showed that the core of
the α-synuclein fibril consists of residues 44 to 97, forming seven β-strands that adopt a Greek-key
topology [21,75]. The resulting β-sheets form a parallel in register cross-β structure that is stabilized
by hydrogen bonds along the fibril axis.

Recently, a high-resolution structure of the full-length α-synuclein amyloid fibril was deciphered
using cryo-EM at 3.4 Å resolution, which revealed two intertwined protofilaments that were composed
of a staggered arrangement of subunits [23]. The fibrils adopt a 21 symmetry similar to the one seen
with PHF and Aβ(1-42) fibrils [19,20,23]. The fibril core consisted of residues 42 to 95 (as shown in
Figure 2C) and contained 8 β-strands forming a parallel in-register β-sheet structure with a spacing of
~4.8 Å between the β-sheets [23]. The side chains in the core were tightly packed through hydrophobic
and aromatic interactions, forming a hydrophobic pocket containing residues I88, A91, and F94 [21,76].
The observed Greek-key topology was supported through strong hydrophobic interactions between
residues V77, V82, A89, and A90, which formed β-strands [21]. Moreover, the β-strands in each
molecule of α-synuclein were supported by a glutamine ladder along the fibril axis and turns that
mainly consisted of small hydrophobic amino acids, such as alanine and glycine.

5. Similarities and Differences between Common Amyloid Folds

Many different techniques have been used to elucidate the structures of amyloid fibrils from
neurodegenerative diseases as well as functional amyloids [77]. These structures have been studied
using recombinant proteins, short peptides, as well as full-length proteins (see above). Substantial
progress has been made using the classic X-ray fiber diffraction approach, as well as more recent
techniques, such as ssNMR and cryo-EM [78]. A spate of structural studies on amyloids containing
Aβ(1-42), α-synuclein, the tau protein (as PHFs and SFs), HET-s, and PrPSc revealed two predominant
folds: the parallel in-register β-structure and the β-solenoid structure (compare Table 1).
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Table 1. Comparison of structural features in pathogenic and non-pathogenic amyloids.

Protein/Protein Aggregate β-Solenoid Parallel in-Register
Steric Zippers Salt Bridges 2

Hydro-Phobic
Core

Symmetry of
Proto-FilamentsHomo-Steric 1 Hetero-Steric 2 Intra-Molecular Inter-Molecular

Pathogenic
proteins

PHF-tau (partial) + 1 6 5 2 + 21 screw
Aβ(1-42) − + 1 2 0 2 + 21 screw

α-synuclein − + 1 2 2 2 + 21 screw
PrPSc + − 0 0 unknown unknown + unknown

Non-pathogenic
proteins

HET-s + − 0 0 3 0 + N. A.
Pectate lyase C + − 0 0 15 N. A. + N. A.

1 observed at the protofilament interface; 2 based on two protofilaments.



Pathogens 2018, 7, 50 9 of 14

5.1. Similarities between PrPSc, HET-s, and β-solenoid Proteins

Interestingly, the two β-solenoid structures among the amyloids are both linked to prions and the
autocatalytic conversion from an innocuous precursor into the prion state. Thus, it is informative to
compare these two structures (to the degree that they are known) and those of other, non-pathogenic
β-solenoid proteins. The HET-s(218-289) prion domain contains 71 residues, and its structure forms a
2-rung β-solenoid [31], which means that for a similar 4-rung β-solenoid structure, 142 residues would
be needed. Intriguingly, this matches perfectly with the ~143 residues in the proteinase K-resistant core
of PrPSc (PrP27-30), which was revealed to contain a 4-rung β-solenoid structure (Figure 1A,B) [7,16,26].

Many β-solenoids proteins contain asparagine ladders as a prominent surface feature,
which contributes to the stability of the fold. This feature can also be found in the HET-s(218-289)
2-rung β-solenoid structure with N226/N262 and N243/N279 stacking on top of one another [31].
Other amino acids that are known to form stabilizing ladders on the surface of β-solenoids proteins
are threonine and tyrosine, while glycine is prominently found in the turns that are connecting
β-strands due to its small size [44,46,47]. The high proportion of these residues in sequence of PrP27-30
(Thr (7.7%), Tyr (7.7%) and Asn (6.3%)) suggests that such ladders could also stabilize the 4-rung
β-solenoid fold of PrPSc. In addition, PrP27-30 contains even more Gly (9.9%), which could serve
to make tight turns between adjacent β-strands [28]. Moreover, β-solenoid proteins usually have a
hydrophobic core that stabilizes its structure, while the side chains of solvent exposed residues tend
to be hydrophilic [44,46,47]. This arrangement is also found in the structure of HET-s(218-289) [31],
and are assumed to apply for the structure of PrPSc as well [7,11,28].

Lastly, most β-solenoid proteins have a cap at the N- or C-termini (or both), which prevents
the propagation of the β-solenoid fold into other regions of the protein [51]. This cap also prevents
β-solenoid proteins from aggregating, since the removal of the cap has been observed to result in
insoluble and/or amyloidogenic proteins [79]. Since PrPSc has not been subjected to evolutionary
selection it does not appear to contain a capping structure, which would prevent aggregation and the
conversion of other protein molecules (e.g., PrPC) [7]. It could be argued that the N-terminal, α-helix
rich domain of full-length HET-s could be considered a cap for the β-solenoid structure of the prion
domain [39].

5.2. Comparisons of Aβ(1-42), α-Synuclein, PHF-tau and β-Solenoid Amyloids

Recent high-resolution structures for Aβ(1-42) and α-synuclein amyloid fibrils, as well as tau
PHFs that were obtained via cryo-EM, demonstrated that all these fibrils are based on a parallel
in-register β-sheet architecture [19,20,23]. This means that each successive layer in the fibril consists
of another protein molecule that stacks on top of the preceding one without substantial translation
or rotation. However, in all three pathogenic fibrils a staggered conformation of the subunits was
observed in the structures determined by cryo-EM, which resulted in a slight tilt for each layer. In turn,
this tilt imparted the fibrils with a 21 screw symmetry. The parallel in-register stacking of proteins
renders these assemblies very sensitive to charge repulsion wherever charged amino acids are found,
unless salt bridges neutralize the charge imbalance.

Similarly, the amino acid ladders that can be found in β-solenoid proteins take advantage of
stabilizing interactions between identical/similar residues (see above). Furthermore, charge repulsion
between charged residues also threatens the stability of β-solenoid proteins, and needs to be overcome
through formation of salt bridges. Nevertheless, the stacking of subsequent β-solenoid rungs allows
for sequence variations that are not open to the parallel in-register β-sheet architecture. In contrast to
the parallel in-register β-sheet fold, β-solenoid proteins possess a core that is encircled by a continuous
peptide chain, and is mainly composed of hydrophobic residues, and which is formed by the inward
facing amino acid side chains. The β-structure of the β-rungs causes the side chains of the amino acids
to alternate between inward and outward facing orientations, respectively.

Thus, the structures of parallel in-register β-sheet amyloids and those of β-solenoid amyloids
are governed by the same types of interactions, but they fall into separate structure classes.
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Nevertheless, substantial overlap exists and both HET-s(218-289) and the mammalian prion protein
(PrP) can also adopt a parallel in-register fold, as demonstrated through X-ray fiber diffraction and
ssNMR [16,42,80,81].

6. Conclusions

In the last few years, high-resolution structures have been determined from Aβ(1-42) fibrils [19,22],
PHF-tau filaments [20], α-synuclein fibrils [21,23], as well as HET-s(218-289) [31,36,41] using cryo-EM
and ssNMR. However, a high-resolution structure of PrPSc is still lacking [7], and only lower-resolution
data are available [8,13,16–18,24,26,27]. Nevertheless, we can classify the structures of these amyloid
fibrils as either a parallel in-register fold (Aβ(1-42), PHF-tau, and α-synuclein) or a β-solenoid fold
(HET-s(218-289) and PrPSc). While these folds differ in their principle architecture, they have many
molecular details in common (compare Table 1). In addition, the pathogenic amyloids are well known
for their resistance against denaturation, proteolysis, and biological clearance, which is based on the
properties of the underlying amyloid fold. A detailed understanding how these molecular details
influence the pathogenicity of the protein fibrils/aggregates is still missing.
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