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Amyloid plaques are a major pathological hallmark involved in
Alzheimer’s disease and consist of deposits of the amyloid-β
peptide (Aβ). The aggregation process of Aβ is highly complex,
which leads to polymorphous aggregates with different
structures. In addition to aberrant aggregation, Aβ oligomers
can undergo liquid-liquid phase separation (LLPS) and form
dynamic condensates. It has been hypothesized that these
amyloid liquid droplets affect and modulate amyloid fibril
formation. In this review, we briefly introduce the relationship
between stress granules and amyloid protein aggregation that
is associated with neurodegenerative diseases. Then we high-

light the regulatory role of LLPS in Aβ aggregation and discuss
the potential relationship between Aβ phase transition and
aggregation. Furthermore, we summarize the current structures
of Aβ oligomers and amyloid fibrils, which have been
determined using nuclear magnetic resonance (NMR) and cryo-
electron microscopy (cryo-EM). The structural variations of Aβ
aggregates provide an explanation for the different levels of
toxicity, shed light on the aggregation mechanism and may
pave the way towards structure-based drug design for both
clinical diagnosis and treatment.

1. Introduction

Alzheimer’s disease (AD), as a typical neurodegenerative disease
(ND), reportedly affects 50 million people worldwide.[1] Clin-
ically, <5% of AD cases are the inherited familial form with
genetic transmission through families, which are caused by a
single mutation in one of the following three genes: presenilin
1, presenilin 2, and amyloid precursor protein (APP). The genes
encode the active site of γ-secretase, and the specific mutations
increase the production of Aβ42 leading to the early onset of
familial AD.[2–4] In comparison, the sporadic form of AD is more
complex and mainly results from a combination of genetic and
environmental factors. Common symptoms of AD include
memory loss, language abilities decline, orientation and
cognitive skills destruction. The severity of these symptoms
increases significantly with time. Neurofibrillary tangles and
amyloid plaques are identified as the two pathological hall-
marks of AD. Additionally, the loss of neurons and synapses has
been observed in AD patient brains owing to the low level of
the neurotransmitter acetylcholine.[5]

Several hypotheses have been proposed for a better under-
standing of the pathology of AD, including genetic causes, the
cholinergic hypothesis, the amyloid cascade hypothesis, and
the tau hypothesis. However, there exists no consensus on a
generally accepted hypothesis. The amyloid cascade hypothesis
provides a biochemical understanding of the pathological

process, and speculates that the deposition of Aβ is the
causative agent of the Alzheimer’s pathology which results in
tau hyperphosphorylation, axonal disruption, synapses loss, and
ultimately cell death. The amyloidogenesis of Aβ in AD
proceeds via conversion of dynamic ensembles of non-fibrillar
and non-toxic conformers into β-sheet-rich cytotoxic assem-
blies. According to this hypothesis, several β- and γ-secretase
inhibitors,[6,7] Aβ inhibitors[8–10] and anti-Aβ monoclonal
antibodies[11,12] have been developed to achieve a balance
between Aβ production and clearance. Aducanumab, the first
disease-modifying AD therapeutic, preferentially binds to
soluble Aβ oligomers and insoluble fibrils, while removing
amyloid plaques in a dose- and time-dependent manner to
slow or stop the progression of AD.[13] Although the amyloid
cascade hypothesis allows to explain many pathogenic events,
there are several concerns. The relationship between reduction
of Aβ load and cognitive improvements is unclear. Most
potential drugs can remove toxic aggregates, but the patient‘s
memory function cannot be repaired, and the memory gap
cannot be filled. Furthermore, the central nervous system is
poorly penetrated by drugs which is a major barrier that limits
the efficacy of these drugs in AD treatment. The human brain
and AD pathogenesis is very complex. Therefore, only a
comprehensive complication of all scientific evidence with
respect to the clinical progression of AD can provide an
understanding of the disease mechanism.

Aberrant amyloid aggregation is linked to the pathogenesis
of several NDs, such as AD, amyotrophic lateral sclerosis (ALS),
and Parkinson’s disease (PD). It has been shown that these
pathological amyloid aggregates co-localize with stress granules
(SGs), and that interactions of amyloid proteins with SGs have
consequences for the pathophysiology of diseases.[14,15] Addi-
tionally, maturation of SGs over time into insoluble aggregates
contributes to disease.[16,17] In this review, we introduce first the
relevance of SGs and LLPS in NDs with a focus on AD associated
Aβ. Subsequently, we discuss the relationship between Aβ
phase separation and aggregation, suggesting a potential
pathway from Aβ phase transition to aggregation. Additionally,
we review mechanistic aspects of Aβ aggregation kinetics
focusing mainly on nucleation, fibril elongation, and heteroge-
neous nucleation processes. Finally, diverse polymorphic Aβ
structural models are reviewed which might aid in structure-
based drug design in diagnosis or treatment.
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2. Stress Granules, Phase Separation and
Amyloid Protein Aggregation

In recent years, LLPS-mediated aggregation has been proposed
to be an important mechanism underlying the progression of
several NDs.[14,18,19] The disease-associated proteins can undergo
LLPS to form biomolecular condensates exhibiting liquid
behavior, then mature into solid-like hydrogel over time via a
liquid-to-solid phase transition (LSPT), and further aggregate
into fibrillar aggregates. These pathogenic aggregates are
related to SGs biology and play an important role in neuro-
degeneration. For example, AD-associated tau protein appears
to regulate SGs formation and the interactions of tau protein
with SGs have consequences for the pathophysiology of AD
and tauopathies.[14] Microglial cells stressed by exposure to Aβ42

peptides or fibrils form persistent SGs, leading to the produc-
tion of reactive oxygen and nitrogen species that are toxic to
neuronal cells.[20] SGs are dynamic cytoplasmic assemblies of
mRNA and RNA-binding proteins (RBPs) formed via phase
separation to help cell recovery from stress stimuli. They are
transient structures that disperse when the environmental
stress is removed. Low-complexity sequences and prion-like
domains promote SG assembly. The subsequent disassembly

and clearance of SGs are critical for restoration of normal
cellular function.[21]

ALS is a neurodegenerative disease that primarily affects
motor neurons in the brain and spinal cord. Evidence indicates
that SGs are linked to ALS protein aggregation involved in the
disease progression. The localization of superoxide dismutase 1
(SOD1), fused in sarcoma (FUS), and TAR DNA binding protein
of 43 kDa (TDP-43) to SGs in cellular contexts of ALS patient
suggests the facilitation role of SGs in ALS protein
aggregation.[22–27] SGs may function as precursors in the
formation of pathological aggregates. Mutant SOD1 increases
the number of T cell-restricted intracellular antigen 1 (TIA-1)
positive SGs and colocalizes with the SG marker Ras GTPase-
activating protein binding protein 1 (G3BP1) in an RNA
independent manner indicating the close link of SGs and
neurodegeneration.[28,29] Additionally, ALS-mutations can per-
turb SG formation and alter its internal dynamics. Proteins
associated with ALS promote the formation of SGs and the ALS-
mutants enhance the accumulation of SGs in cells when
exposed to stress conditions, thereby leading to SGs evolution
and pathological aggregates formation. The chronic illness
condition associated with aging, dysregulation of SGs, and
mutations of SG components lead to chronic persistent SG
formation. The persistent SGs function as seeds for protein
aggregation that is associated with several NDs including ALS
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and PD.[23,30] The prominent pathological hallmark of PD is the
deposition of α-synuclein (αS) in Lewy bodies. Recent research
has shown that αS can undergo LLPS during its fibrillization.
Over time, the maturation of the resulting condensates leads to
a LSPT ultimately resulting in the amyloid deposition in
cells.[18,31] Therefore, the fibrillar synuclein inclusions are formed
via nucleation and elongation steps, or alternatively via LLPS
and LSPT steps. These two distinct aggregation routes are
linked to the pathogenesis and development of PD. Likewise,
synuclein inclusions can localize in TIA-1 positive SGs suggest-
ing the close interactions of SGs pathobiology and protein
aggregation.[32]

Protein phase separation is a process that protein is
spontaneously converted into a highly ordered state under
certain conditions to achieve a dynamic equilibrium between
the condensate phase and dilute phase. Defined low-complex-
ity domains (LCDs) and intrinsically disordered regions allow
various homotypic and heterotypic interactions of proteins with
other biomolecules further drive LLPS.[33,34] Without defined
LCDs, Aβ exhibits phase separation behavior due to its intrinsic
disordered nature and inhomogeneous charge distribution.
Aβ42 globular oligomers (Aβ42Os) can undergo LLPS to form
liquid-like droplets via hydrophobic interactions in a mem-
brane-mimicking environment of sodium dodecyl sulfate (SDS)
under high kosmotropic salt conditions, promoting Aβ aggrega-
tion to form amyloid fibrils.[35] Amyloid oligomers as an
important entity involved in protein LSPT and reveals the
regulatory role of LLPS in amyloid protein oligomerization and
aggregation, which may be relevant to the pathological process
of AD. Targeting biomolecular condensates to block phase
transition and protein aggregation offers new possibilities for
drug development of AD.

Extensive evidence indicates that LLPS can either accelerate
or suppress protein aggregation.[18,23,36] For example, the hetero-
geneous interactions of Aβ and ribosomal intergenic noncoding
RNA facilitate the formation of nuclear amyloid bodies to
regulate cell adaptation to stress stimuli. Upon stimuli termi-
nation, the heat-shock chaperone disaggregates amyloid bodies
to mediate amyloidogenesis.[37] Further, the local environment
of the condensed liquid may alter protein conformations thus
disfavoring amyloid aggregation. The formation of liquid
condensates induced by the heterotypic interactions and
complex coacervation of Aβ42 with DEAD-box proteins inhibits
homotypic Aβ-Aβ interactions and further prevents amyloid
aggregation.[38] However, the molecular mechanism of conden-
sate-induced aggregation and the relationship between phase
separation and amyloid aggregation have not been fully
clarified. Different proteins require different amount of time to
form a dense phase, indicating that biological phase separation
is a nucleation-driven process rather than a spontaneous
process.[39–42] Recent research suggests that the condensate-
induced aggregation of αS within dense liquid condensates can
be accelerated via the addition of αS fibril seeds through the
secondary nucleation process.[43] LLPS may promote the
nucleation and growth rate of protein assemblies in the
condensed phase, transit into solid-like hydrogels or pathogenic
amyloid fibrils composed of structurally ordered oligomers and

fibrillar aggregates to further influence the aggregation kinetics,
conformational dynamics, and molecular structures of
amyloids.[44] As such, a comprehensive understanding of the
structural basis and molecular mechanisms underlying amyloid
protein condensation and aggregation pathway can facilitate a
targeted therapeutic intervention against degenerative dis-
eases.

Solution-state NMR has emerged as a powerful technique to
analyze protein LLPS for detail structural information of the
condensed phase. X-ray crystallography and cryo-EM are used
for static structures determination, while solution-state NMR
can characterize intermediates secondary/tertiary structures
and transient molecular interactions further to obtain the
structural details, protein motions, and conformational changes
in a protein LLPS system.[45] With a combination of a probe
molecule trifluoroethanol, the temporal and spatial measure-
ment of protein LLPS can be characterized via 19F-detection
NMR spectroscopy to deeply analyze the LLPS process and
kinetics.[46] Furthermore, Eisenberg group have identified several
segments from SG-associated protein LCDs that can form solid-
like hydrogels and involved in membraneless assemblies.[47]

They share a common kinked β-sheets structure termed as low-
complexity aromatic-rich kinked segments (LARKS), which kinks
at either glycine or aromatic residues. Within the β-sheets, the
aromatic residues stabilize both intra- and inter- β-sheets. This
kinked structure allows for lower buried surface areas and
binding energies, which distinguished from the steric zipper
structure identified in pathogenic amyloid fibrils. Additionally,
by computational 3D profiling, they show LARKS are enriched
in nucleoporins and ribonucleoproteins which are underlying
the formation of phase-separated biomolecular condensates.

3. Aggregation of the Aβ Peptide in AD

Aβ is the cleavage product of β- and γ-secretases acting on APP
in the amyloidogenic pathway (Figure 1). Imprecise cleavage by
γ-secretase in the latter step results in several isoforms of Aβ
peptide containing different C-terminuses, with the two major
isoforms being Aβ40 and Aβ42. The underlying microscopic
mechanism of Aβ aggregation consists of nucleation and
elongation steps (Figure 1). The kinetic process of Aβ aggrega-
tion corresponds to a sigmoid growth pattern and is charac-
terized by three phases: the lag phase, elongation phase, and
saturation phase. During the initial lag phase, disordered
soluble monomeric Aβ peptides accumulate to form nucleus. A
rapid growth or elongation phase follows, wherein the mono-
mer assembles into oligomers, protofibrils, and fibrils with
distinct morphologies until the final saturation plateau phase.
The fibrillar aggregates can be self-assembled via the primary
nucleation pathway and elongated via monomer addition at
the fibril end, and new species of oligomers or smaller
aggregates can be formed via fibril fragmentation and surface-
mediated secondary nucleation pathways.[48,49]

Secondary nucleation has emerged as a major pathway for
new aggregates formation and may be responsible for the
onset and progression of AD. In vivo studies suggest that the
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presence of existing amyloid fibrils at a given location in the
brain can accelerate more fibrils formation ultimately leading to
amyloid deposition spreading.[50,51] The novel non-invasive
Drosophila models confirm the major role of secondary
nucleation in amyloid formation and propagation of amyloid
pathology throughout the brain, further reveal the direct
linkage between seeded nucleation and neurotoxicity in vivo.[52]

Under a low concentration of monomeric peptide, the
aggregation process follows the primary nucleation pathway.
When it reaches the critical concentration for amyloid fibril
formation, sufficient surface for monomer attachment is formed
inside the system. Consequently, the secondary nucleation
pathway occurs via a fibril-catalyzed reaction, resulting in the
formation of toxic oligomeric species (Figure 1). It should be
noted that secondary nucleation may be a special case of
surface nucleation[53] and can be detected through the system-
atic variation of monomer concentration in either unseeded or
minimally seeded experiments.[54] When a high concentration of
seeds is introduced into the aggregation system, the aggrega-
tion is dominated by fibril elongation, and the negligible
contribution from secondary nucleation is difficult to
estimate.[55] Several questions underlying the nucleation mech-
anism remain unanswered. Firstly, the formation location of the
new aggregates in secondary nucleation needs to be identified,
e.g., in a solution environment or at the fibril surface. Secondly,
the reason why cross-catalysis of nucleation or a cross-seeding
interaction occurs only in the primary nucleation pathway
rather than the secondary nucleation pathway remains unclear.

Thirdly, the driving force underlying these two nucleation
processes is yet to be determined.

The transition of Aβ from the soluble monomeric state to
the highly ordered aggregation state (Figure 1) depends on its
intrinsic characteristics and the environmental conditions.
Environmental conditions such as the incubation temperature,
salt component, pH, and protein concentration result in differ-
ent aggregation kinetics, which lead to structural and morpho-
logical diversity of Aβ amyloid strains. The fact that the
molecular-level morphology can be transmitted by the seeding
protocol indicates the conservation of the structural character-
istics of Aβ fibril strains formed via fibril elongation, in which
seeds function as a template to incorporate monomers at the
ends of the existing fibrils and further to preserve the character-
istics. However, there is limited evidence of the direct trans-
mission of structural characteristics of amyloid strain via
secondary nucleation. It has been shown that Aβ42 can be cross-
templated by Aβ40 fibril ends, while Aβ40 monomers are not
efficiently incorporated into the end of Aβ42 fibrils[56] indicating
that the structural characteristics of fibrils formed through
cross-surface nucleation were not defined by the seed structure,
in contrast to fibril elongation. Additionally, seeding can
efficiently accelerate Aβ aggregation owing to the low free
energy barrier of fibril elongation via the addition of monomers
at the fibril end in comparison with fibril formation from
monomers via primary nucleation.[57,58] The saturation rate of
fibril elongation is reached at a high monomer concentration,
suggesting that the fibril elongation involves multiple steps. It
probably involves an initial weak association between the

Figure 1. The process of Aβ production and aggregation. Under amyloidogenic pathway, Aβ as a cleavage product is generated from APP. Monomeric disordered
Aβ peptide aggregates into on-pathway oligomers, protofibrils and fibrils. Mature fibrils deposit into amyloid plaques. In off-pathway aggregation, monomeric
disordered Aβ peptide assembles and deposits into amorphous aggregates. When the concentration and molecular weight threshold of Aβ oligomers is reached, the
occurrence of phase separation is triggered by oligomers being recruited into liquid droplets, yielding biomolecular condensates. With the maturation of the
condensates, protofibrils and mature fibrils can be formed. The prominent role of Aβ oligomerization in phase separation is key to understanding the potential
correlation of these early events involved in the protein aggregation process, and can further explain the lack of an underlying mechanism of aberrant liquid-to-
solid phase transition in the pathogenesis of AD.
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monomer and the seed fibril end, followed by a conformational
search for the most thermodynamically stable state.[58]

In addition to the above nucleation process involved in Aβ
aggregation, metal ions and lipid membranes induce heteroge-
neous nucleation process to regulate Aβ aggregation. Metal
ions such as Cu2+ and Zn2+ bind directly to the N-terminal of
Aβ monomeric peptide in vitro, mainly interact with the
imidazole ring of histidine residues and the carboxyl group of
glutamic acid residues, and maintain the β-sheet structure of
the C-terminal hydrophobic region, forming amorphous
aggregates.[59–61] Although it remains controversial whether the
promotion or inhibition of Cu2+ on Aβ aggregation kinetics,
Cu2+ binding redirects a conformational change while inducing
neurotoxicity through the direct production of reactive oxygen
species. Cu2+ can bind with pre-formed Aβ40 amyloid fibrils as
well.[62] The morphology and conformational structure are
retained upon addition of Cu2+ to pre-formed Aβ40 fibrils.
However, the polymorphism of Cu2+ coordination modes with
pre-formed Aβ40 fibrils were confirmed owing to various Cu2+

binding sites.[63] Similarly, Zn2+ binding with different morphol-
ogies of Aβ42 oligomers results in different modes of coordina-
tion and significantly promotes Aβ aggregation by shortening
the lag phase and reducing the solvation energy for Zn2+-Aβ42

oligomers.[60] The major species of these complexes exhibit a
parallel β-sheet arrangement structure, and the polymorphisms
including anti-parallel β-sheet arrangement and other less
structured assemblies are stabilized owing to the presence of
zinc ions. Because the conformational differences mainly
depend on the different folding and misfolding pathways, such
a polymorphism phenomenon can be attributed to the addition
of metal ions to the Aβ aggregation process shifting the
equilibrium of monomer, oligomers, and protofibrils, further
modulating the thermodynamic kinetics by altering the energy
landscape of Aβ aggregation.

Lipid or membrane surfaces, as typical nucleators, can
modulate Aβ aggregation process. The negative surface of
anionic lipid bilayers binding Aβ40 peptide electrostatically leads
to a structural conversion into β-sheet assemblies, and signifi-
cantly accelerates the aggregation process by bypassing the lag
phase.[64] The catalytic or template function can lower the
energy barrier of the nucleation process and then mediate the
aggregation pathway. In addition to the association on the
membrane surface, Aβ can firmly anchor into membranes
resulting in the formation of ion channel-like pores.[65] Aβ
oligomers directly interact with membranes and the resulting
pore-like structures leads to the membrane permeability
disruption. A two-step scenario has been proposed to describe
the membrane disruptions in the presence of gangliosides-
clusters.[66] At the beginning, Aβ oligomers bind to the
membrane resulting in a pore-like channel formation. There-
after, Aβ self-assembles into fibrils during the elongation and
saturation phase induced membrane disruption and fragmenta-
tion in a detergent-like manner. Consequently, Aβ-lipid/mem-
brane interactions[67–69] with different assembly species exert
different cytotoxicity relevant to AD. Annular protofibril formed
from pore-structured oligomer is responsible to ion dysregula-
tion. Additionally, Aβ oligomeric aggregates generated by the

secondary nucleation process have been reported to exhibit a
dominant role in the disruption of membrane both in vitro and
in vivo, and consequently influence the homeostasis of Ca2+

resulting in neurotoxicity.[70] Although Aβ aggregation kinetics
in vitro have been extensively studied, the molecular mecha-
nism of protein aggregation in AD patients’ brain or lipid
membrane and the connections between Aβ pathological
aggregation and lipid bilayer permeability are poorly under-
stood. Further investigation into the underlying mechanism of
toxicity of various Aβ species will provide potential therapeutic
targets for AD treatment.

Protein aggregation can be categorized as a sequential
oligomerization process. The resulting oligomers have impor-
tant functions and exert neurotoxicity, which is highly relevant
to NDs. Oligomerization has been reported to be closely linked
to protein LLPS. For example, the oligomerization of the
globular N-terminal domain facilitates the LLPS of full-length
TDP-43.[71] Phase separation of Aβ42 globulomer contributes to
fibrillar aggregation.[35] Additionally, oligomerization has been
proposed as a potential mechanism for organizing and
concentrating functional components within membraneless
cellular bodies. High-order oligomerization of speckle-type POZ
protein (SPOP) promotes localization to nuclear speckles and
stimulate the substrate ubiquitination.[72] Likewise, nanoclusters
formed via αS high-order oligomerization in bulk solution have
been demonstrated to undergo LLPS, further accelerating αS
aggregation in the dilute phase over time.[31] Oligomerization
typically precedes and contributes to protein LLPS, thereby
promoting the formation of SGs. The accumulation of toxic
oligomers is highly relevant to the pathogenesis of NDs. Better
understanding of the relationship between oligomerization,
phase separation and SGs biology will provide deeper insights
into the pathogenesis and progression of NDs and pave the
way for the development of novel therapeutic strategies aimed
at preventing or reversing protein aggregation-related neuro-
pathology.

4. Structural Polymorphism

Structural polymorphism indicates the structural variations of
amyloid aggregates at the molecular level both in vitro and
in vivo. Owing to the complex aggregation process, amyloid
polymorphism and structural heterogeneity have been reported
in many misfolding protein systems, such as Aβ,[73,74] αS,[75,76] and
islet amyloid polypeptide (IAPP).[77,78] Here, we focus on the
polymorphism phenomenon of Aβ species.

4.1. Aβ Segments and Oligomers

The first Aβ segment structures were determined by Eisenberg
group.[79] Segments 37GGVVIA42 and 35MVGGVV40 from the C-
terminus of Aβ exhibit a structure termed as steric zipper, which
is composed of two tightly mating repetitive cross-β sheets
with the hydrogen bonds formed by the backbone amino
groups within β-sheet layers and the van der Waals forces of
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the dry integrating interface render the main forces that
stabilizing amyloid fibrils. The steric zipper structures can be
categorized into different classes distinguished by whether their
sheets are parallel or anti-parallel, packing with the same or
different surfaces, in or out of register. As such, one identical
segment of Aβ can form distinct types of steric zipper
structures. For example, segment 16KLVFFA21 displays three
crystal forms, differ in conformations of Lys16 and Phe20.
Segment 27NKGAII32 forms parallel β-sheet structures with differ-
ent steric zipper interfaces.[80] The packing polymorphism may
reveal the fundamental information of amyloid polymorphism.

The crystalized segments of Aβ are typically containing
4~10 amino acid residues in length. Longer segments tend to
grow smaller crystals that is challenged for structural determi-
nation by X-ray diffraction.[81,82] However, with the development
of micro-electron diffraction (microED) which is ideally suitable
for nano-sized crystals, the structures of longer segments of Aβ
(Aβ24-34, D23N-Aβ16-26 and Aβ20-34) have been determined,
showing similarities with shorter peptides and full-length Aβ
structures.[9,83,84] Although the structures of short segments can
undoubtedly reveal the molecular basis for amyloid structure
and stability at the atomic level, they can only offer limited
information about full amyloid fibrils. Furthermore, the seg-
ments show generally homo-steric zippers structures whereas
the hetero-steric zippers are more often reported in the full-
length amyloid fibrils determined by NMR and cryo-EM.[85]

Aβ oligomers vary widely with regard to size and morphol-
ogy, which introduces significant obstacles to obtaining the
structural information at the atomic level because of the highly
dynamic nature. Although challenged, a low-temperature and
low-salt preparation approach was established to capture
pentamers and decamers of Aβ42.

[86] The disc-shaped on-path-
way oligomers have been observed with average widths of 10–
15 nm and heights of 2–4 nm. Instead of the β-sheet secondary
structure, this type of oligomer exhibits loose strands and is
more toxic than mature Aβ42 fibrils. Additionally, the interac-
tions between hydrophobic residues in the C-terminus of Aβ42

and hydrophobic chains of SDS can reconfigure Aβ42 oligomers,
which leads to the formation of liquid-like droplets,[35] indicating
that the structures of Aβ oligomers may be involved in SG
formation and LLPS. In contrast to the on-pathway oligomers, a
spherical off-pathway amyloid assembly of Aβ42 has been
reported containing a β-loop-β motif and exhibiting a unique
off-register parallel β-sheet alignment.[87] The distinct differences
of secondary and tertiary structures suggest that the β-sheet
alignment and rearrangement result in both conformation and
kinetic regime changes of different types of Aβ42 oligomers.

PrPC, as one of the cell-surface receptors for Aβ, has been
exploited to sequester Aβ oligomers through
coprecipitating.[88–90] In a complex of Aβ42 oligomers and PrPC,
high-molecular weight Aβ heteroassemblies adopt a β-strand-
rich conformation and exhibit reduced toxic effects in a
concentration-dependent manner upon the addition of either
N-terminal or full-length human PrPC.[90] Moreover, PrPC slowed
Aβ fibrils formation by selectively binding to the rapid growing
end of each fibril, thus specifically inhibiting the elongation of
Aβ fibrils.[89] Instead of binding to PrPC, fusing Aβ42 to the

soluble domain of the α-hemolysin (αHL) toxin was considered
as an alternative to stabilize Aβ42 oligomers in the membrane
environment.[91] The atomic level structure of the complex Aβ42-
αHL oligomers was determined by using cryo-EM with an
overall resolution of 3.3 Å, and they exhibited similarities to
wild-type Aβ42 pore oligomers with regard to their structure,
function, and biological properties (PDB ID: 7O1Q).

The first three-dimensional structure of pore-forming Aβ42

tetramers formed in a membrane mimicking environment was
reported by Ciudad et al.[92] The β-sheet pore-forming Aβ42

oligomers were incorporated into the micelles of dodecylphos-
phocholine and harbored a six stranded tetramer unit exhibit-
ing pore-like behavior (PDB ID: 6RHY). With an increase in the
peptide concentration, Aβ42 octamers emerged as well, which
were formed by two tetramers facing each other in a β-
sandwich structure. In addition to structural characterization
in vitro, brain derived Aβ oligomers linked to different nuclea-
tion pathways were classified and distinguished by conforma-
tion-specific antibodies.[93] The oligomers which are mainly
formed by the primary nucleation process have no spatiotem-
poral relationship with amyloid plaques. Therefore, they do not
contain the structural features of amyloid fibrils and have an
out-of-register architecture. In contrast, another type of oligom-
ers which are formed by the secondary nucleation process
appear after amyloid plaques, and are catalyzed by pre-formed
Aβ fibrils. They share a common quaternary structure with Aβ
fibrils and adopt an in-register β-sheets architecture.

4.2. Aβ40 Fibrils

Fibrils, which result from misregulation or insufficient degrada-
tion due to aging, have been extensively studied owing to their
significant role in neurotoxicity in the pathological character-
istics of AD. With regard to Aβ40 fibrils, there are two typical
morphologies induced by different fibrils growth conditions
in vitro: the striated ribbon morphology and twisted
morphology.[94] They are arranged in a parallel β-sheet in-
register array and share a common secondary and tertiary
structure, rather than quaternary structure and overall symme-
try of fibrils. The striated ribbon fibrils have two-fold rotational
symmetry (PDB ID: 2LMN, 2LMO; structural details are presented
in Table 1, and structural models of chain A are shown in
Figure 2a–b), whereas the twisted fibrils exhibit three-fold
symmetry (PDB ID: 2LMP, 2LMQ; structural details are presented
in Table 1, and structural models of chain A are shown in
Figure 2c–d). Furthermore, the salt bridge formed by the side
chains of Asp23 and Lys28, which stabilizes the fibrils’ structure,
is only present in the striated ribbon fibrils. In addition, the
racemic mixtures of Aβ40 fibrils (D,L-Aβ40 fibrils) exhibit a
qualitatively different supramolecular structure, that is, antipar-
allel “rippled sheet” structures.[95] The structural differences may
arise from different side-chain packing arrangements and side
chain-side chain interactions, which alter hydrogen-bond regis-
tries ultimately leading to amyloid polymorphism.

The Iowa-mutant D23N-Aβ40 fibrils have either the parallel[96]

or antiparallel[97] architecture of the backbone conformations.
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Parallel Iowa-mutant D23N-Aβ40 fibrils (PDB ID: 2MPZ; structural
details are presented in Table 1, shown in Figure 3a) contain
less extended hydrophobic core than wide-type Aβ40 fibrils, and
more extended hydrophobic core than antiparallel Iowa-mutant
D23N-Aβ40 fibrils (PDB ID: 2LNQ; structural details are presented
in Table 1, shown in Figure 3c). The polymorphs of familial
mutated Aβ40 fibrils are linked to the phenotypic diversity. The
overall structural model of Osaka mutation E22Δ-Aβ40 fibrils
(PDB ID: 2MVX; structural details are presented in Table 1,
shown in Figure 3b) is arranged in a parallel in-register
architecture with a single morphology and two-fold symmetry
arrangement.[98] Moreover, Aβ fibrils may propagate their
molecular architectures and polymorphism in AD patients’
brains, and this amyloid polymorphism in vivo may correlate
with the progression of AD. The first atomic level structure of
brain tissue derived Aβ40 fibrils exhibited a specific morphism
and an irregular secondary structure including a twist in
residues Phe19-Asp23, a kink at residue Gly33, and a bend in
residues Gly37 and Gly38 (PDB ID: 2M4J; structural details are
presented in Table 1, shown in Figure 3d),[99] which is similar to
the fibrils formed in a lipid vesicle environment.[64] Additionally,
one single predominant Aβ40 fibril structure can be determined
from patients’ brain occipital lobe tissue, frontal lobe tissue, and
temporal lobe tissue,[100] which is nearly identical to Aβ40 fibrils
prepared in vitro exhibiting a three-fold symmetry along the

Table 1. Atomic resolution structural details indicating amyloid poly-
morphism.

Peptide Source Method Characteristic PDB ID

Aβ40 recombinant
peptide

SSNMR In-register parallel
β-sheets structure
with twisted mor-
phology (3-fold
symmetry) and
striated ribbon
morphology (2-
fold symmetry).

2LMN,
2LMO,
2LMP,
2LMQ

Aβ40 seeded from
brain tissue

SSNMR Twisted morphol-
ogy contains 3
cross-β units. A
twist structure in
residues 19–23, a
kink at G33 and a
bend at residues
37–38.

2M4J

Aβ40 extracted from
meningeal tis-
sue

cryo-
EM

Right-hand
twisted morphol-
ogy and consists
of two stacks of
peptide. Each pep-
tide contains 4 β
stands.

6SHS

Aβ40 seeded with fi-
brils extracted
from cortical
tissue

cryo-
EM

Four layers in in-
ner cross-β units,
and β-hairpins in
outer cross-β
units.

6W0O

Aβ40

D23N
synthetic pep-
tide

SSNMR In-register, parallel
β-sheet model

2MPZ

Aβ40

D23N
recombinant
peptide

SSNMR Double-layered
antiparallel β-
sheet model

2LNQ

Aβ40

E22Δ
recombinant
peptide

SSNMR In-register, parallel
architecture con-
taining 5 β stands.

2MVX

Aβ40

and
Aβ42

co-fibril

recombinant
peptide

SSNMR U-shape β1-turn-
β2 structure and
packed into a par-
allel in-registry β-
spine.

6TI6

Aβ42 recombinant
peptide

SSNMR In-register, parallel
β-sheets architec-
ture with β-strand-
turn-β-strand
shape conforma-
tion

2BEG

Aβ42 recombinant
peptide

SSNMR S-shaped triple
parallel-β-sheet
conformation.

2MXU

Aβ42 recombinant
peptide

SSNMR Two molecules
per fibril layer,
containing four β-
strands in a S-
shaped conforma-
tion.

5KK3

Aβ42 recombinant
peptide

SSNMR Two molecules
per fibril layer,
forming a double-
horseshoe-like
cross-β-sheet con-
formation.

2NAO

Aβ42 recombinant
peptide

cryo-
EM

Two molecules
per fibril layer

5AEF

Table 1. continued

Peptide Source Method Characteristic PDB ID

forming cross-β
structure with
face-to-face pack-
ing, and the C-ter-
mini locating at
the dimer inter-
face.

Aβ42 recombinant
peptide

cryo-
EM

Two molecules
per fibril layer
with L-shaped N-
terminus and S-
shaped C termi-
nus.

5OQV

Aβ42 Extracted from
the brain of a
patient with
AD, type I fila-
ments

cryo-
EM

Left-handed
twisted filaments
extend from Gly9
to Ala42 contain-
ing two identical
S-shaped protofi-
laments including
two hydrophobic
clusters with 5 β
stands.

7Q4B

Aβ42 Extracted from
the brain of a
patient with
AD, type II fila-
ments

cryo-
EM

Left-handed
twisted filaments
extend from Val12
to Ala42 contain-
ing two identical
S-shaped protofi-
laments including
two hydrophobic
clusters with 4 β
stands.

7Q4M
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fibril axis and coexisting with structurally ordered and disor-
dered segments.

Benefitting from the technological development of electron
microscopes, detectors, and image processing software, cryo-
EM has become a powerful technique for investigating
challenging macromolecular complex systems and for protein
structural characterization. Significant advancements have been
made in the determination of protein structures in the last two
decades. The molecular structure and morphology of Aβ40 fibrils
from both meningeal and cortical AD patient’s brain have been
characterized using cryo-EM (PDB ID: 6SHS, 6 W0O; structural
details are presented in Table 1, shown in Figure 3e–f).[101,102]

The meningeal tissue derived Aβ fibrils of patients (PDB ID:
6SHS) are polymorphic, and one observed morphology is the
right-handed twisted β-sheet. Instead of the disordered N-
terminus of in vitro Aβ40 fibril models, the N-terminal segment
formed a β-sheet structure in brain tissue. Each layer of Aβ
fibrils extracted from brain tissue contained two stacked
peptides, and each peptide contained four β-sheet structures.

4.3. Aβ42 Fibrils

Owing to the different propensity for misfolding and self-
assembly, the conformational heterogeneity has been identified
of Aβ42 fibrils compared with Aβ40 fibrils. Different architecture
packing including β-strands organization and monomer unit
configuration can be attributed to their different primary
structures and distinct aggregation kinetics. Monomer units can
be arranged in either a two-fold or a three-fold symmetry in
Aβ40 fibrils, whereas only a two-fold symmetry configuration is
observed in Aβ42 fibrils. Two additional amino acids at the C-
terminal of Aβ42 promotes the formation of a longer hydro-
phobic cluster during its aggregation leading to different
structures of the rigid fibril core compared with Aβ40 fibrils. In
addition, different sequences of the dynamic regions lead to
different conformations on the fibrils surface which potentially
result in different functional activities of amyloid fibrils.

In vitro structural models of Aβ42 fibrils determined via solid-
state NMR are highly homogenous, have similar structural
features, and exhibit only one morphology with the S-shaped β-
sheet arrangement shown in Figure 4c–e (PDB ID: 2MXU, 2NAO,
5KK3).[103–105] The molecules are arranged in a parallel in-register

Figure 2. Structural models of Aβ fibrils show the amyloid polymorphism. Every PDB structure is represented by chain A. a–b): structural models of Aβ40 fibrils with
two-fold symmetry; c–d): structural models of Aβ40 fibrils with three-fold symmetry; e): a new structural model by mixing Aβ40 and Aβ42 peptides; f): 3D structure of
Aβ42 fibrils; g–i): atomic resolution structures of Aβ42 fibrils are determined by solid-state NMR; j) near-atomic resolution fibril structure of complete Aβ42 by cryo-EM.
PDB structures are plotted by UCSF Chimera.[113]

Wiley VCH Mittwoch, 21.08.2024

2448 / 362647 [S. 13/18] 1

Chem. Eur. J. 2024, 30, e202400277 (9 of 14) © 2024 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH

Chemistry—A European Journal 
Review
doi.org/10.1002/chem.202400277



Figure 3. Molecular structural models of Aβ40 fibrils. a): Iowa-mutant D23N-Aβ40 fibrils, PDB ID: 2MPZ; b): Osaka deletion mutation E22Δ-Aβ40 fibrils, PDB ID: 2MVX;
c): Iowa-mutant D23N-Aβ40 fibrils, PDB ID: 2LNQ; d-f): brain tissue derived Aβ40 fibrils determined by solid-state NMR (d, PDB ID: 2M4J) or cryo-EM (e and f, PDB ID:
6SHS and 6W0O). PDB structures are plotted by UCSF Chimera.[113]

Figure 4. Structural models for Aβ fibrils determined by using solid-state NMR. a): structural model of Aβ40 fibrils with two-fold symmetry, PDB ID: 2LMN; b):
structural model of Aβ40 fibrils with three-fold symmetry, PDB ID: 2LMP; c): structural model of Aβ42 fibrils, PDB ID: 2MXU; d): structural model of a disease relevant
Aβ42 fibrils, PDB ID: 2NAO; e): Structure model of monomorphic Aβ42 fibrils, PDB ID: 5KK3. PDB structures are plotted by UCSF Chimera.[113] The TEM images are
adapted by the permission of Elsevier and scale bars represent 200 nm.[73] Copyright 2015 Elsevier Inc.
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array, and two Aβ42 molecules are in contact via inter-molecular
interactions on the different molecules in each fibril layer
(structural details are presented in Table 1, and structural
models of chain A are shown in Figure 2g–i). Recently, a novel
fold structure of brain derived Aβ42 fibrils has been determined
via sensitivity-enhanced proton detection NMR.[106] The structure
with a less twisted morphology contains a triple-β motif and
exhibits different β-strand locations from the above S-shaped
structure, indicating that multiple forms of Aβ42 fibrils in vitro.

In addition to the above structures determined via solid-
state NMR, the structural determination of Aβ42 fibrils has been
achieved using cryo-EM. Synthetic Aβ42 peptides were incu-
bated to prepare fibrils in an aqueous solution with a pH of 7.4
(PDB ID: 5AEF).[107] Compared with the model of dimeric Aβ40

fibrils, Aβ42 dimeric peptides have identical tilde-shaped con-
formations and same pattern of interactions through hydro-
phobic C-terminal β-strands. The C-terminal segment of Aβ42

fibrils forms the fibrillar core and is located at the dimer
interface, which is surrounded by the N-terminus. The low
intensity of the N-terminus indicates that it is flexible and
dynamic, which is suitable for antibody binding. With a
combination of cryo-EM and solid-state NMR, the molecular
structure of recombinant Aβ42 fibrils were determined and
comprised two inter-wined protofilaments with 4 Å resolution
(PDB ID: 5OQV).[108] The β-strand segments were organized into
a parallel in-register array, similar to the solid-state NMR
structure presented above. However, the difference is that the
peripheral β-sheets were tilted by ~10° with respect to the
growth axis of fibrils. In addition, the dimer interface and the
turn region of residue Phe20 to residue Gly25 exhibited
considerable differences compared with the NMR structure.

Recently, cryo-EM structures of Aβ42 filaments derived from
sporadic AD patients were reported and mainly exhibited a left-
handed twisted morphology (type I morphology, PDB ID: 7Q4B)
with two identical S-shaped protofilaments containing two
hydrophobic clusters. Type I filaments extend from Gly9 to
Val42 and contain five β-strands. Another twist morphology of
filaments (type II morphology, PDB ID: 7Q4M) was observed in
familial AD and other conditions.[109] It exhibits similar S-shaped
protofilaments and the same side chain orientations. Compared
with type I filaments, the main differences are the orientations
of residues, including Gly25 to Ser26 and Val36 to Gly37,
resulting in the expansion of the hydrophobic clusters. The
above two morphologies differ significantly from those of the
Aβ42 fibrils formed in vitro; however, the type I morphology is
similar to the molecular structure of the Osaka deletion
mutation. As indicated by recent research results, a unique
amyloid fibril is produced by mixing of Aβ40 and Aβ42 peptides
since there exist cross-interactions between Aβ40 and Aβ42

in vivo. The novel interlaced fibril structure is distinct from each
pure fibrils adopting a U-shaped β1-turn-β2 structure register
with the requirements of both Aβ40 and Aβ42 filaments (PDB ID:
6TI6; structural models of chain A are shown in Figure 2e).[110]

As such, amyloid polymorphism raises the challenges for
structural determination, molecular imaging, and therapy. The
most suitable methods to distinguish these pathogenic amyloid
oligomers and fibrils with different morphologies and how

these polymorphisms are linked to the progression of diseases
remain unclear. Gold nanoparticles (NPs) were developed as an
efficient tool for direct characterization of amyloid polymor-
phism under hydrated conditions. These NPs with a core
diameter of 3 nm can be used to label the edges of synthetic,
recombinant, and tissue-derived amyloid fibrils.[111] The labeling
scheme improves visualization under cryo-EM, which is helpful
for studying the polymorphic distribution. In addition, quantita-
tive image analysis such as the width and length of amyloid
aggregate measurements, can be performed using gold NP
decoration. Owing to the significance of distinguishing or
targeting the polymorphs, researchers have found that the
environmental or hydrodynamic stress in solution can modulate
or control amyloid polymorphism.[112] According to their results,
only a homogeneous rod-like amyloid morphology can be
screened under high-stress conditions. Compared with high-
stress environments, low-stress conditions generate heteroge-
neous amyloid fibrils containing twisted, helical, and rod-like
morphologies. Future anti-Aβ drug design should focus on the
modulation of amyloidogenicity and further to target different
Aβ species with polymorphism via conformational control
during the aggregation process.

5. Conclusions and Outlook

Protein misfolding and aberrant aggregation are linked to the
loss of protein function, cell degeneration, and the patho-
genesis of NDs. This review introduces the microscopic
mechanism of Aβ aggregation with a focus on the nucleation
and fibril elongation, discusses the relationship between SGs
formation, LLPS, and amyloid protein aggregation, and summa-
rizes the latest molecular Aβ fibril structures which will be
important in the future to enable structure-based drug design.
The failure of anti-Aβ therapy has been partly attributed to the
late intervention in the disease process. To delay the onset of
more severe symptoms, early intervention in treatment of the
disease is needed. Furthermore, AD associated symptoms and
pathology have to be distinguished from other dementias to
make medications more effective in particular during early
stages. The search and identification of selective, early stage
inhibitors that suppress either primary or secondary nucleation
processes is thus an important milestone to reach this goal. In
addition, strategies involving SG formation in ND treatment
have been developed. In these strategies, the scaffold is
targeted either directly or indirectly by addressing clients of the
phase-separated compartment, such as chaperones, which
allows to modulate the biophysical properties of the SGs.
Decoding the structural mechanism of inhibition of aggrega-
tion, elucidating the molecular recognition of Aβ deposits or
understanding the process of clearance of toxic species will aid
the development of strategies for AD diagnosis and treatment.
The identification of such essential aspects will be crucial for
gaining mechanistic insights into AD pathogenesis and devel-
oping novel diagnostics and therapeutics.
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