
Misfolding of proteins results in the development of

many systemic and neurodegenerative diseases called

proteinopathies [1, 2]. In such pathologies, proteins have

an irregular structure (conformation different from the

native structure), become functionally inactive, toxic,

and prone to aggregation and deposition in various organs

and tissues. The hypothesis is now widely accepted, con-

firmed by the results of many studies, according to which

the primary cytotoxic agents in the development of pro-

teinopathies are oligomers of proteins prone to aggrega-

tion [3-7].

The proteinopathy group includes Parkinson’s dis-

ease, Creutzfeldt–Jakob disease, type-2 diabetes melli-

tus, and many others. However, the most famous example

is senile dementia of Alzheimer’s type, or Alzheimer’s

disease (AD).

AD is one of the most common neurodegenerative

diseases and the source of 50-70% of cases of acquired

dementia [8]. The disease usually appears after 65 years of

age, but rare early hereditary forms of AD occur when point

mutations are found in the gene encoding the precursor

protein of Aβ peptide (APP, amyloid precursor protein) [9].

In addition, it is noted that the development of AD can be

triggered by various neuroinflammations, impaired regula-

tion of the immune system [10], trauma, and other factors.

The etiopathological mechanisms of the development of

AD have not been adequately studied. The key features of

the disease are accumulation of aggregates of Aβ peptides

in the form of amyloid plaques in brain tissues as well as

neurofibrillary tangles consisting of hyperphosphorylated

tau protein [11]. Over the past two decades, a working

hypothesis has been developed, known as the “amyloid cas-

cade”, suggesting that progressive accumulation/oligomer-

ization/aggregation of Aβ peptides in brain regions that are

responsible for learning and memory is the main cause of

neurodegeneration and death of brain cells in AD.

The pathogenesis of AD is an active area of research.

This is due, in part, to the fact that life expectancy

increases, and consequently the frequency of occurrence
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of this disease increases. According to the forecast for

2050, the number of patients suffering from AD will

exceed 100 million people [12]. In addition, AD requires

large financial investments for diagnosis and development

of drugs that prevent the progression of the disease.

There are several characteristics indicating that the

investigated fibrils are amyloids. First, the ability to inter-

act with hydrophobic dyes for staining tissue sections:

Congo red (birefringence) and thioflavin T and S (fluo-

rescence spectroscopy). Second, there is a cross-β struc-

ture. X-ray diffraction analysis reveals two characteristic

reflections: meridional 4.5-4.8 Å and equatorial 8-12 Å

[13-18]. Third, upon direct visualization of preparations

with microscopic methods (electron microscopy, EM;

atomic force microscopy, AFM; cryoelectron micro-

scopy, cryo-EM), fibrils with a diameter of about 10 nm

and a length of up to 10-15 µm are observed [19]. Fourth,

upon formation of fibrils, the so-called lag-period is

detected, during which fibril nuclei are formed (nucle-

ation stage, which is concentration dependent) and a

period of rapid growth [20-24].

The study of the process of amyloid formation/fibril-

lation of the Aβ peptide, as well as the structure of its

aggregates, can contribute to the understanding of patho-

physiological mechanisms of development of AD and

facilitate the search for an effective drug against aggrega-

tion of isoforms of the Aβ peptide.

AMYLOID PRECURSOR PROTEIN: PATHWAYS OF

PROCESSING, FUNCTIONS

The precursor of the main constituent of amyloid

plaques found in AD, Aβ peptide, is the transmembrane

protein APP (amyloid precursor protein). The APP gene

is located on chromosome 21 and contains at least 19

exons, which can lead to the appearance of APP isoforms

of various lengths with molecular mass from 100 to

140 kDa [25, 26].

Proteins of the APP family (695-770 a.a.) consist of

a hydrophilic N-terminal extracellular domain, a

hydrophobic transmembrane domain, and a C-terminal

cytoplasmic domain [27] (Fig. 1). Comparison of human

and other mammalian DNAs shows a high degree of con-

servatism of the APP gene: 100% identity has been estab-

lished between APP-695 from the human and monkey

brains. In the neurons of the central nervous system, the

isoform of APP-695 predominates, and the forms APP-

770 and APP-751 are present in trace amounts [28, 29].

APP is synthesized and glycosylated in the endoplasmic

reticulum, then transferred to the Golgi complex for mat-

uration before transport to the cell surface [30].

Mutations in some regions of the APP gene are the

cause of the hereditary predisposition to AD. Several

mutations of the Aβ peptide (Flemish (A21G), Italian

(E22K), Arctic (E22G), Dutch (E22Q), and Aiova

Fig. 1. Pathways of APP processing [11]. The protein of the amyloid precursor is preferably cleaved along the non-amyloidogenic pathway by

α-secretase to form a large ectodomain, APPsα, and a C-terminal tail, from which peptide p3 is then cleaved by γ-secretase. APP can be

cleaved along the amyloidogenic pathway by β-secretase to form the ectodomain of APPsβ and a longer C-terminal fragment. This fragment

is cleaved by γ-secretase, resulting in the generation of Aβ peptides (672-713 corresponds to Aβ(1-42) and 672-711 corresponds to Aβ(1-40)).

rAβ corresponds to regions of future molecules of Aβ in the structure of the APP molecule.
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(D23N) [31]) accelerate its oligomerization (E22Q and

E22G [32]) and fibrillogenesis (E22Q and D23N [31]).

The exact mechanism by which these mutations con-

tribute to the pathogenesis of AD is unknown.

APP is involved in adhesion, migration, and cell pro-

liferation and provides cholesterol and copper homeosta-

sis [33]. In the brain, APP is involved in the development

of neurons, the formation and repair of synapses, and the

provision of synaptic plasticity. However, detailed mecha-

nisms of these effects are not well understood [34].

More and more data point to the neuroprotective

role of this membrane protein in metabolic stress situa-

tions. By itself or its soluble extracellular fragments

(APPsα), it can contribute to the survival of neurons.

Indeed, various models of acute hypoxia–ischemia of

animals, craniocerebral trauma, and excitotoxicity

demonstrate the protective effects of APP or APPsα. The

general mechanisms include APP-mediated regulation of

calcium homeostasis through NMDA receptors, calcium

potential-activated channels, or an internal calcium

depot (store). In addition, APP affects the expression of

genes associated with survival or apoptosis [35].

Amyloidogenic and non-amyloidogenic pathways of

APP processing. Posttranslational modifications of APP

include glycosylation, phosphorylation, sialylation, and

limited proteolysis. In the non-amyloidogenic pathway,

the protein is cleaved by proteases of the secretase family

(α-secretase and β-secretase), which remove almost the

entire extracellular domain with the release of C-termi-

nal fragments attached to the membrane, and it can be

associated with apoptosis (Fig. 1). In the amyloidogenic

pathway, after digestion of APP by β-secretase, its further

cleavage by γ-secretase in the region of the membrane-

binding domain results in the appearance of peptide frag-

ments of Aβ peptide of different lengths (39-43 a.a.), the

two main forms of the peptides being variants of Aβ(1-

40) and Aβ(1-42) (40 and 42 a.a., respectively). Although

the Aβ(1-42) peptide variant is only 10% of the total

amount of Aβ secreted from cells, it is the main protein

component of amyloid plaques. In vitro, this type of Aβ

peptide forms aggregates much faster than Aβ(1-40) pep-

tide [21]. 

In both amyloid and non-amyloid processing of

APP, the effect of γ-secretase leads to the formation of an

intracellular terminal fragment (AICD) (Fig. 1), which is

a transcription factor and probably regulates the level of

expression of both APP by a feedback principle and the

amyloid-degrading enzyme neprilysin [36, 37].

Gamma-secretase is a large multisubunit complex

consisting of four individual proteins, including prese-

nilin-1 or -2, whose genes have been identified as the main

genetic risk factors for developing AD [38]. Mutations of

the presenilin-1 and presenilin-2 genes are accompanied

by an increase in the level of Aβ(1-42) compared to Aβ(1-

40), although the total amount of Aβ peptide formed

remains constant [39]. Recently, 138 mutations registered

for human presenilin-1 have been analyzed [40]. About

90% of these mutations result in a reduced level of Aβ(1-

42) and Aβ(1-40). It is noteworthy that 10% of these muta-

tions lead to a decrease in the ratio of Aβ(1-42)/Aβ(1-40).

There is no statistically significant correlation between the

ratio of Aβ(1-42)/Aβ(1-40), which is associated with a

variant of γ-secretase containing a specific mutation of the

presenilin-1 gene, and the average age of the patients at the

time when this mutation was detected.

Amyloidogenic processing of APP is associated with

its presence on lipid rafts. When APP molecules occupy

the lipid raft of the membrane region, they become more

readily available for β-secretase cleavage, whereas APP

molecules outside the raft are differentially cleaved by α-

secretase. The activity of γ-secretase is also associated

with lipid rafts. Since cholesterol is involved in the organ-

ization of a lipid raft, its high level, as well as the genotype

of apolipoprotein E4, can be considered as risk factors for

developing AD [41].

Recently, an alternative pathway for APP processing

was discovered using intramembrane rhomboid protease

of mammals (RHBDL4). The rhomboid protease cleaves

APP several times in the ectodomain region, resulting in

the formation of several N- and C-terminal fragments

that do not degrade with classical secretases. Thus, APP

does not participate in the amyloidogenic pathway of pro-

cessing, which leads to a decrease in the level of Aβ pep-

tide [42]. In addition, there is η-secretase, which forms

amyloid-η fragments that inhibit neuronal functions [43].

STRUCTURAL FEATURES AND FIBRILLO-

GENESIS OF ISOFORMS OF Aβ PEPTIDE

The main isoforms of the Aβ peptide are represented

by the 40-a.a. peptide Aβ(1-40) and the 42-a.a. peptide

Aβ(1-42). The amino acid sequence of Aβ(1-42) is:

(NH2)-DAEFRHDSGYEFHHQKLVFFAEDVGSN-

KGAIIGLMVGGVVIA-(COOH).

The function of the isoforms of Aβ peptide in the

human body remains unexplored. In the brain of patients

suffering from AD, this peptide can form the so-called

amyloid plaques formed from fibrillar deposits. Both pep-

tides can form amyloids, and at the initial stages of fibril-

lation aggregate (associate) with the formation of

oligomeric structures [44]. Various modifications of the

Aβ peptide including oxidation, phosphorylation, nitra-

tion, racemization, isomerization, pyroglutamylation,

and glycosylation result in the appearance of peptides

with various physiological and pathological properties

that can affect the course of the disease [45-47].

In the process of fibrillation, two stages are distin-

guished: the lag-period, in which the preparation for

growth of fibrils takes place (the formation of nuclei and

oligomers of different sizes), and the growth of fibrils.

Particular attention is paid to the study of oligomeric for-
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mations as the initial stage of fibril formation. This point

is important for understanding the mechanism of fibril-

lation. Oligomers are small multimers that do not yet

have the ability to lengthen at the same rate as fibrils.

Oligomers of different sizes, starting with dimers, are

the most toxic intermediate components in the path-

way of fibril formation in comparison with mature fibrils

[6].

Structural features of oligomers and fibrils are active-

ly studied. The rate of formation of both oligomers and

fibrils and their morphology are affected by the ionic

composition, pH, temperature, activation of the process

due to drug mixing, etc. For example, for oligomers of

Aβ(1-42) at low temperature (4°C) and ionic strength,

pentameric and hexameric disc-shaped oligomers of 10-

15 nm in diameter are formed, with almost no β-struc-

ture, of which mature fibrils consisting of β-sheets are

formed upon further incubation [48]. In contrast, soluble

globular oligomers formed in the presence of aliphatic

detergents contain mixed parallel and antiparallel β-sheet

structures other than fibrils [49].

It is known that the formation of fibrils is preceded

by the appearance of metastable oligomers of different

sizes [50, 51], and at the same time it is not clear which of

the oligomers formed can serve as the nucleus for the sub-

sequent growth of the fibril. It is possible that different

morphologies of fibrils are a consequence of similar but

not identical pathways of forming mature fibrils.

Differences can be laid at the beginning of the pathway of

formation of fibrils, including the nucleation stage. In the

recently published work devoted to the process of amyloid

formation of Aβ peptide [52], it was shown that the

nucleus could be an oligomer whose size varies from 2 to

3 monomers. The authors also demonstrated a strong

dependence of the form of the kinetic curve on the exper-

imental conditions (in particular, pH). At the same time,

the energy barrier for the transition of the monomer/

oligomer was determined, it was 5 kcal/mol, while for the

monomer/fibril transition the height of the barrier was

12.1 kcal/mol.

Both isoforms of Aβ peptide can form fibrils, but

they differ in morphology. The Aβ(1-40) peptide basical-

ly forms fibrils with parallel folding in the form of ribbons

of different diameters and twists with different periods, as

well as bundles of different diameters, and Aβ(1-42) usu-

ally forms fibrils with a rough surface of different diame-

ter and often demonstrate branching under the same con-

ditions [24, 53, 54]. It was shown that in the initial period

of fibril formation, intermediate aggregates of peptides

are formed, which often have a rounded morphology and

a diameter similar to that of single fibrils. EM images

show that such oligomeric complexes have a ring-like

morphology. With prolonged incubation time of peptide

preparations, oligomeric complexes disappear, and fibrils

persist. Their length increases, and polymorphism

increases. Large clusters of fibrils of different diameters

appear [54-56].

Amyloid fibrils are characterized by polymorphism,

when fibrils acquire a different morphology (ribbons,

bundles, films, clusters of fibrils). Polymorphism of amy-

loid fibrils is an obstacle for their crystallization, so other

biophysical methods are used to study their structure.

Most information on their structural organization is

obtained mainly by solid-state NMR, EM, AFM, cryo-

EM, X-ray diffraction analysis, and also using theoretical

research methods, for example, molecular dynamics and

molecular modeling. In particular, models of Aβ(1-40)

and Aβ(1-42) peptide fibrillar structures have been

obtained using the solid-state NMR method. It has been

shown that the structure of Aβ(1-42) (Fig. 2a) [57] has

a b

Fig. 2. Three-dimensional structural models of amyloid fibrils developed based on solid-state NMR spectroscopy data. a) The 3D structure

of Aβ(1-42) consists of two peptide molecules per fibril layer and forms a double horseshoe structure of cross-β sheet with submerged fibril

hydrophobic side-chain groups (pdb, 2NAO [57]). b) The structure of Aβ(1-40) fibril obtained by incubating an extract posthumously taken

from the brain of a patient suffering from AD (pdb, 2M4J [58]).
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significant differences from the structure of Aβ(1-40)

(Fig. 2b) [58], because according to the authors the

extension of the C-terminus by the 2-a.a. residue leads to

acceleration of the fibrillation process [59].

The question of the size of the nuclei of fibrils of var-

ious proteins and peptides remains open. With the nucle-

ation mechanism, fibril generation begins with thermo-

dynamically unprofitable steps, which results in the for-

mation of a “critical nucleus” consisting of a definite

number of monomers. We proposed a kinetic model of

the process of amyloid formation that makes it possible

to calculate the size of the nucleus according to kinetic

data [22-24, 55]. In addition to the primary nucleation

stage, which is believed to be characteristic of the amy-

loid formation process, the models considered include

various growth regimes of the aggregate. The growth

regimes following the nucleation stage can be divided

into two types: the “linear” growth regime of protofibrils,

where the possible number of growth points (the place

where monomers can attach) is proportional to the num-

ber of nuclei, and the “exponential” growth regime,

where the possible number of growth points during

aggregation, the number of nuclei, may be much higher.

Analysis of the kinetic curves of amyloid formation

showed that in experiments the regime of exponential

growth is realized more often. The implementation of the

exponential growth in the experiment can be different,

but in general, everything can be reduced to three sce-

narios: fragmentation, growth from the surface, and

bifurcation. In the case of fragmentation, the number of

growth points increases due to the appearance of addi-

tional fibril ends. In the case of bifurcation, deformations

on the surface of fibrils can serve as new growth points or

on the surface of a growing aggregate the nuclei of sec-

ondary nucleation can be formed, also serving as new

growth points. The case of growth from the surface is

unusual: upon such growth, the entire surface is the point

of growth, and the shape of the aggregate will not be fib-

rillar [22, 23]. Such growth in aggregates was noted for

the human prion [60].

Our theory of amyloid formation can be used to cal-

culate the size of the nucleus (the most unstable state on

the monomer → fibril pathway) from which the fibril

growth begins in the presence of appropriate experimen-

tal data [22]. To estimate the size of fibril nuclei and the

possible scenario for which aggregates are formed, it is

necessary to perform a number of kinetic experiments,

where the only variable parameter is the monomer con-

centration. For each curve obtained during the experi-

ment, the characteristic times Tlag (lag time), T2 (the

transition time of all monomers to the aggregate), and Lrel

(the relative lag-period), which is defined as the Tlag/T2

ratio, are calculated. To determine when it is possible to

talk about the realization of the linear growth regime in

the experiment, and in which the exponential one, a new

quantity, the relative lag-period Lrel, was introduced. It

was found that Lrel can also be used to calculate the sizes

of nuclei of primary and secondary nucleation. It was

shown [22] that the dependences of lnT2 and Lrel on

ln[MΣ], the logarithm of the initial monomer concentra-

tion, are linear, and the values of the corresponding slope

coefficients for each of the dependences can be used to

calculate the fibril nuclei size (including non-amyloid

type) and determining the mechanism by which the

aggregate is formed. At the same time, the analysis has

shown that not all the results of kinetic experiments can

be unambiguously interpreted to determine the aggrega-

tion mechanism. In such cases, direct experimental

methods such as EM and X-ray diffraction analysis

should be used, with the help of which the fibrillation

mechanism can be distinctively determined. At the same

time, the nature of the behavior of the quantities Lrel, Tlag,

and T2 allows us to narrow the range of possible mecha-

nisms in such uncertain cases.

The structure of amyloids during their formation has

been studied for both synthetic and recombinant Aβ(1-

40) and Aβ(1-42) preparations [20, 21, 54, 61, 62]. We

were the first to determine the sizes of nuclei of amyloid

fibrils for Aβ(1-40) and Aβ(1-42) peptides [24] using

reported kinetic data [20, 21]. It should be noted that the

sizes of nuclei (both the primary and secondary nucle-

ation) for Aβ(1-42) fibrils were larger than for Aβ(1-40)

fibrils. It was shown that the size of the primary nucleus

for Aβ(1-42) fibrils corresponds to three monomers, and

the size of the secondary nucleus for this peptide is two

monomers. Similarly, it was determined that the size of

the primary nucleus for Aβ(1-40) is two monomers, and

the size of the secondary nucleus is one monomer.

Knowledge of the sizes of the nuclei for the fibrillation

process necessary to halt the further growth of fibrils is

required to search for new drugs to correct the misfolded

forms of proteins [63].

Molecular mechanism of amyloid formation by Ab
peptide. Since the 1960s, intensive studies have been car-

ried out using electron microscopy of various amyloid

deposits localized in various organs (liver, spleen, heart,

skin, and brain) [64-73]. Gradually, an understanding of

the structural organization of amyloid fibrils has been

formed from a combination of EM and X-ray diffraction

analysis. According to the data of Chiti and Dobson [19],

amyloid fibrils have an average diameter of about 10 nm,

and the length can reach up to 15 µm. Fibrils can consist

of 2-6 filaments and have different morphologies. They

can associate laterally into ribbons, bundles, and twists

with different periods. Amyloid structures in X-ray dif-

fraction analysis show the presence of cross-β structure.

Such structure is interpreted so that the amyloid fibrils are

constructed from β-sheets passing along the entire axis of

the fibril. The β-sheet itself is constructed of β-strands

passing perpendicular to the axis of the fibril [17, 18, 74].

This interpretation of the structural organization of fibrils

dominates in the literature. Until now, this interpretation
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of the molecular structure of amyloid fibrils for various

proteins/peptides has been refined [57, 58]. However,

there are other ideas about the structural organization of

amyloid fibrils. In [75], based on X-ray diffraction analy-

sis at small angles, it is assumed that the fibril can be con-

structed from tubular cylinders. 

Oligomers are an invariable participant in the fibril-

lation process. In many works, where the EM method has

been used to analyze amyloid formation, the presence of

annular oligomeric particles with a diameter of about

10 nm can be seen on images (even if they are not men-

tioned in the articles) [76, 77]. However, if the authors

pay attention to them, they rarely describe the method of

fibril formation through the association of precisely

oligomeric particles into extended polymers.

Nevertheless, an example of the use of EM for studying

the fibrillogenesis process for Aβ(1-42) peptide has been

published [78]. It was shown that fibril formation occurs

through association of oligomeric particles having the

diameter of a mature fibril. A new mechanism for the for-

mation of α-synuclein fibrils according to which the fib-

ril is formed by association of the formed oligomeric

granules, which are the building unit of the fibril (a dou-

ble-concerted fibrillation model), has been proposed

[79]. The assembly of fibrils from oligomers was demon-

strated for lysozyme [80]. On EM and AFM images from

the works of various authors, one can notice rounded

oligomers of approximately the same diameter with thin

(single mature) fibrils and the oligomeric particles often

have a cavity inside, i.e. they are ring-like [77, 81].

Several schemes for assembling amyloid fibrils for amy-

loid proteins have also been proposed, in which the for-

mation of fibrils occurs due to the interaction of

oligomeric particles in different ways [82-85]. Our expe-

rience in analyzing various amyloidogenic proteins

(insulin, Aβ peptides and their fragments, amyloidogenic

fragments of Bgl2 protein) shows that at the beginning of

fibril formation there are many oligomeric ring structures

and a small number of short thin (single) fibrils with a

diameter comparable to that of oligomers [24, 54, 56, 86-

88]. With increasing incubation time, the number of

oligomeric particles decreases, the fibrils grow to several

microns in length, and fibrils of different morphologies

emerge. With an increasing magnification of EM images,

one can note that the fibrils are constructed from ring-

like oligomers associated in different ways, which is the

reason for polymorphism of fibrils under the same condi-

tions (Fig. 3). Despite the different amino acid composi-

tion of the peptides, the average diameter of a ring-like

oligomer is about 10 nm (similar to the diameter of

mature fibrils). However, we believe that each peptide has

its peculiarities when forming an oligomer. The outer and

inner diameters of the ring, its height, and the number of

monomers and way of its molecular packing in oligomers

can vary [54, 56, 62, 87, 88]. To correctly interpret the

experimental data obtained using EM methods, it

becomes evident that the X-ray diffraction analysis

method (the preparation method and the correct inter-

pretation of the diffraction patterns obtained), solid-state

NMR, and the involvement of bioinformatics research

methods play an indispensable role for the final interpre-

tation of the results.

The theoretical and experimental results allowed us

to offer a new model of the structural organization of

amyloid fibrils and the mechanism of fibril formation.

The model assumes that the formation of fibrils occurs

according to the following simplified scheme: mono-

mer → ring-like oligomer → mature fibril constructed of

ring-like oligomers as the main building blocks (Fig. 4)

[24, 54, 56, 86].

Fig. 3. EM images of polymorphic forms of fibrils of recombinant Aβ(1-40) peptide (0.2 mg/ml, 27 h incubation at 25°C, 50 mM Tris-HCl,

pH 7.5). a) Single fibrils; b) fibrils in the form of ribbons; c) fibrils in the form of bundles.

a

b

c

50 nm
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TOXICITY OF FIBRILS AND OLIGOMERS

FORMED BY Aβ PEPTIDE

It is believed that insoluble fibrillar aggregates of Aβ

peptide found in senile plaques trigger neurodegenerative

processes in AD. However, there is no clear correlation

between the number and size of amyloid plaques and the

severity of memory impairment or cellular dysfunction

[90]. The accumulated data indicate that prefibrillar sol-

uble Aβ peptide oligomers induce synaptic dysfunction

[91, 92]. In the literature, data are found indicating that

the size of oligomers of the Aβ peptide is distributed over

a wide range of molecular weights (from 10 to 100 kDa),

and structural polymorphism of oligomers of Aβ peptides

is mentioned [93]. Studies have shown that Aβ peptide

can accumulate both inside and outside cells [94, 95].

However, despite numerous published data confirming

the critical role of Aβ oligomers in synaptic dysfunction

and cell death, exact mechanisms of the toxic effect of

amyloid oligomers are still unclear [96].

Aβ peptides can have a negative effect on neurons

and other types of brain cells. It is known that Aβ peptide

in the process of self-aggregation promotes the develop-

ment of reactive oxygen species. Aggregation of Aβ pep-

tides on the neuronal membrane causes lipid peroxida-

tion and the formation of a toxic aldehyde called 4-

hydroxynonenal, which in turn weakens the function of

ATP-dependent ion channels, glucose transporters, and

glutamate. As a result, the Aβ peptide promotes depolar-

ization of the synaptic membrane, excessive influx of cal-

cium, and disruption of mitochondrial structure [97].

As a highly toxic peptide, oligomeric Aβ peptide

directly stimulates neuronal apoptosis by interacting with

cell surface receptors. Moreover, long-term accumulation

of toxic species of Aβ peptide in the parenchyma also

leads to oxidative damage to DNA and proteins, to phys-

ical damage to cellular organelles, and to disruption of

intracellular calcium homeostasis. Each of these factors

can provoke cell death [98].

The inadequacy of autophagy and other ways of con-

trolling the quality of proteins contributes to the dysfunc-

tion of neurons and glial cells. Activation and prolifera-

tion of glial cells promote inflammation. Several mecha-

nisms affect GABAergic signaling and contribute to the

loss of inhibitory tone [96].

Previously, it was suggested that soluble Aβ peptide

oligomers are the main cause of synaptic dysfunction and

memory loss in AD. To clarify this issue, the neurotoxic-

ity of various Aβ isoforms on cultures of PC12 cells was

analyzed [99]. The results showed that Aβ(1-42) peptide

can form oligomers much faster than Aβ(1-40) peptide,

and Aβ(1-43) and Aβ(1-42) peptides exhibit the highest

level of neurotoxicity. In general, these data demonstrate

the high pathogenicity of Aβ(1-42) peptide among the

three Aβ isoforms and support the idea that Aβ(1-42)

oligomers are involved in pathological processes leading

to neurodegeneration in AD.

In addition, based on EM and AFM data it is

assumed that oligomeric particles having annular mor-

phology can form pore-like structures (annular pores) on

the cell surface (membrane pores). This can lead to per-

foration of the cell membrane and disruption of cellular

metabolism, which results in cell death [81, 100].

Possible physiological role of Ab peptide. Aβ peptide

is most often characterized as a product of APP process-

ing that plays no physiological role. However, it has been

Fig. 4. Schematic representation of the fibrillation process. The building block for assembling fibrils is a ring-like oligomer. Ring-like

oligomers interact with each other side-by-side, slightly overlapping each other. The fibril formation process is the same for Aβ(1-40) and

Aβ(1-42) peptides. R and S are recombinant and synthetic samples, respectively [54, 89].
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shown that the Aβ peptide is a specific ligand for several

different receptors and molecules that are activated in

response to exogenous stress factors, and it can induce

inflammatory processes. It has been found that Aβ pep-

tides have a striking similarity to peptide LL-37 of the

cathelicidin family. This peptide is prone to formation of

cytotoxic soluble oligomers and insoluble fibrils, as well as

to staining with Congo red, which is considered to be a

characteristic of amyloid fibrils. The LL-37 peptide is an

antimicrobial peptide (AMP), a component of the innate

human immune system. Because of the similarity of Aβ

and LL-37, the potential antimicrobial activity of Aβ(1-

42) and Aβ(1-40) was investigated. It turned out that

these peptides suppress the growth of 8 of 12 investigated

and clinically significant microorganisms, such as C. albi-

cans, E. coli, S. aureus, etc. The minimum inhibitory

concentration of Aβ peptides is comparable, and in some

cases, is less than that for LL-37. Homogenates of tissues

of the frontal lobes of the brain from patients who died of

AD also suppressed the growth of microorganisms. The

antimicrobial activity of tissue samples can be reduced by

inactivating the peptides with anti-Aβ antibodies, which

also corresponds to the assumption of Aβ-mediated

antimicrobial activity [101]. It can be assumed that Aβ

peptides are AMPs and play an important role in nonspe-

cific immune response in brain tissues. Alzheimer’s dis-

ease can be a consequence of a disturbance in the regula-

tion of APP processing, the production of Aβ peptide,

and an increase in the Aβ(1-40)/Aβ(1-42) ratio.

INTERACTION OF Aβ PEPTIDE

WITH OTHER MOLECULES

Influence of molecular chaperones on amyloid forma-

tion by Ab peptide. Chaperones are unique remodeling

proteins that participate in a variety of intracellular

processes and are involved in the adjustment of protein

structure, prevention of their aggregation, destruction of

protein aggregates, and the unfolding of native target pro-

teins for translocation through membranes. In addition,

chaperones participate both in the disassembly of active

oligomeric structures to the state of inactive unfolded

monomers for their subsequent proteolytic degradation,

and in the formation of specific complexes and protein

ensembles. Chaperones are part of a large family of heat

shock proteins (hsp), the synthesis of which in cells

increases significantly in response to heat shock or other

types of cell stress. However, in the absence of stressful

effects, most of the proteins of this family are synthesized

quite intensively.

Different molecular chaperones interact with pro-

teins prone to aggregation, and they partially control or

prevent accumulation of aggregates in cells. Molecular

chaperones of bacterial origin can also interact with fib-

rillogenic proteins.

GroEL from E. coli is the best-studied member of the

family of chaperones, which ensure the correct folding of

partially unfolded proteins. GroEL operates in conjunc-

tion with the cochaperone GroES. GroEL consists of two

ring structures, each being constructed of seven

monomeric subunits. Each subunit of the heptameric

“ring” GroEL (57 kDa) consists of three domains: the

apical (Ap) domain containing the common binding cen-

ter of the non-native proteins and the cochaperone

GroES; the hinge intermediate domain (In), and the C-

terminal equatorial domain (Eq) with an ATPase center

(Fig. 5). Equatorial domains provide the main intersub-

unit contacts both inside the heptameric ring and between

the rings of the chaperone. The interaction of the equato-

rial domains of the two GroEL rings leads to the forma-

tion of a mirror-symmetric toroid with two isolated

hydrophobic cavities (trans-state of the rings), whose

entrance openings are formed by apical domains (cavity

diameter about 45 Å) [102]. The 10-kDa subunits of the

cochaperone GroES also form a cyclic heptameric dome

complex that can cover one of the GroEL toroid ends.

The interaction of GroEL chaperone with GroES leads to

significant conformational changes in the chaperone, an

increase in cavity size up to 60 Å, and its hydrophilization

(cis-state of the ring) (Fig. 5) [103]. There are two view-

points about the operation of the GroEL complex: (i) the

peptide/protein cannot aggregate, and it acquires a native

conformation upon entering the cavity [104]; (ii) the pep-

tide/protein does not enter the cavity, but it interacts with

the outer part of the complex [105].

NMR studies of the interaction of the GroEL sub-

strate with the Aβ peptide as a model ligand showed that

GroEL can suppress the formation of amyloid Aβ(1-40)

by interacting with its two hydrophobic segments, Leu17-

Ala21 and Ala30-Val36, which contain the key amino

acid residues for fibrillogenesis. Also, the binding site

with Aβ(1-40) was identified on the GroEL mini-chaper-

one molecule (apical domain from 193 to 375 a.a.) by the

NMR method. It includes two α-helices, H and I, locat-

ed in the apical domain [106].

It has been found that the isolated apical domain of

the E. coli GroEL complex subunit can also suppress irre-

versible fibrillation of numerous amyloid-forming

polypeptides, including Aβ(1-40) and α-synuclein. It was

shown that the affinity of GroEL with respect to fibrillo-

genic polypeptides grew in accordance with the increase

in surface area for van der Waals interactions of the side-

chain substituent [107]. The most effective fibrillation

suppressor compared to the GroEL wild phenotype was

the mutant protein with the Gly192Trp replacement, that

is, with the largest substituent. This is explained by the

fact that the presence of side chains of a larger amino acid

leads to a slope of the apical domain, as a result of which

the hydrophobic regions are opened for interaction with

the unfolded polypeptide [107]. These data indirectly

indicate that interaction with ligands can occur at the sur-
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face of the complex and calls into question the need for

the peptide to enter the internal cavity of the GroEL

complex.

Crystallins are proteins that form the structure of the

eye lens. αA-crystallin (αA) and αB-crystallin (αB) are

small molecular chaperones that are necessary to main-

tain the quasi-crystalline structure and transparency of

the lens [108]. In the eye lens, they exist in the form of an

αAB-complex at αA/αB ratio 3 : 1. An increased level of

α-crystallins is found in oligodendrocytes and astrocytes

of the frontal and temporal lobes of the brain from AD

patients.

The level of αB-crystallin increases in response to

different stress stimuli, and it can be identified with β-

amyloid fibrils in extracellular plaques that are character-

istic of AD. The ability of αB-crystallin to interact with

amyloid fibrils in vitro has been studied. It was found that

αB-crystallin binds to wild-type Aβ(1-42) fibrils with

micromolar affinity, and it also binds to fibrils formed

from mutant Aβ(1-42) with the E22G replacement.

Immuno-electronic microscopy confirms that the bind-

ing takes place over the entire length. Studies of the effect

of αB-crystallin on seeds of growing Aβ peptide fibrils in

solution showed that the binding of αB-crystallin to seed

fibrils strongly inhibits their elongation [109].

Studies were also conducted on cell cultures of

PC12. An attempt was made to determine whether αB-

crystallin inhibits the formation of Aβ(1-40) fibrils, and

whether this affects the toxicity of the Aβ peptide. To this

end, fibrillogenesis of Aβ(1-40) peptide was induced and

PC12 cells were treated with this preparation to assess

their viability. As expected, mature fibrils and smaller

oligomers were more toxic to culture cells than non-

induced Aβ(1-40) peptide. At the same time, αB-crys-

tallin completely inhibited the formation of Aβ(1-40) fib-

rils at a molar ratio of 1 : 100 (αB-crystallin/Aβ(1-40)

peptide), which was substantiated by attenuation of

thioflavin T (ThT) fluorescence and the absence of fibrils

in images obtained by EM. When Aβ(1-40) samples incu-

bated with αB-crystallin were added to PC12 cells, a sig-

nificant increase in cell survival was observed [110].

Recently, a new class of chaperone-like amyloid-

binding proteins was discovered that interferes with the

aggregation of proteins and peptides. It was found that

one of these proteins, the calcium-binding protein nucle-

obindin-1 (NUCB1), is a new chaperone-like amyloid-

binding protein. NUCB1 has been shown to inhibit the

aggregation of amylin associated with type-2 diabetes, the

alpha synuclein associated with Parkinson’s disease, the

Val30Met transthyretin mutant associated with hereditary

amyloid polyneuropathy, and Aβ(1-42), by stabilizing

their intermediate protofibrils. It was suggested that

NUCB1 binds to the cross-β structure of protofibril

aggregates and stabilizes soluble macromolecular com-

plexes through their “capping”. Interestingly, NUCB1

prevented the toxicity of Aβ(1-42) protofibrils in cell cul-

tures. The authors suggested that NUCB1-stabilized

amyloid protofibrils can be used as immunogens for pro-

duction of conformationally specific antibodies and can

be used as new tools for creating anti-protofibril diagno-

sis and therapy [111].

Previously, the structure of the complex between

Aβ(1-40) and the neuropeptide leucine-enkephalin was

characterized. It was shown that leucine-enkephalin
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Fig. 5. Arrangement and linear dimensions of the heptameric GroEL ring: a) open conformation (without GroES), PDB 4AAQ [102]; b)

closed conformation (associated with GroES), PDB 3WVL [103]. The figures indicate the equatorial domain (1-136, 410-525 a.a., light gray),

the apical domain (191-370 a.a., dark gray), and the intermediate domain (137-190, 371-409 a.a., black). Oligomeric complexes of GroEL are

presented in the section.
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might provide a basis for the discovery of peptide-binding

biotherapeutic treatments for Alzheimer’s disease [112].

Amino acid residues were substituted to analyze the com-

plex in vitro. For Aβ peptide, the important residues are

Asp1, Glu3, Phe4, Arg5, His6, Tyr10, Glu11, His13,

His14, Gln15, K16, Glu22, Lys28, and Val40. Mass spec-

trometric measurements of ion mobility and modeling of

molecular dynamics showed that the hydrophobic C-ter-

minal of leucine-enkephalin (Phe-Leu) is crucial for the

formation of peptide complexes. The authors suggested

that Phe-Leu preferentially binds to the oligomer of Aβ

peptide, and it binds to Aβ most specifically on residues

Tyr10 and Gln15 in the region between the N-terminus

and the hydrophobic nucleus. In addition, it was shown

that Phe-Leu can prevent the formation of fibrils [112].

A 24-a.a. peptide humanin (HN) should be men-

tioned; it was proposed as a peptide-based inhibitor inter-

acting directly with the Aβ oligomers and interfering with

the formation of toxic Aβ peptide. Studies in vivo showed

that both HN and its mutant HNG (the peptide with the

Ser14Gly replacement) reduced the relative prevalence

(the number) of prefibrillar oligomers and thereby

reduced the level of toxicity in a similar manner. These

results provide information on the mechanisms underly-

ing the anti-oligomer effects of HN and HNG [113].

Action of amino acid derivatives (dopamine, L-

DOPA, noradrenalin, adrenalin) on fibrillogenesis of Ab
peptide. Catecholamines (dopamine, L-DOPA, adrena-

line) inhibit the formation of Aβ fibrils. ThT fluores-

cence, EM, and AFM data indicated that micromolar

concentrations of dopamine, L-DOPA, norepinephrine,

and epinephrine inhibit in vitro the formation of amyloid

fibrils of Aβ peptide and α-synuclein depending on the

dose, as well as disaggregating already formed fibrils.

Light-scattering data was used to confirm the dopamine-

induced dissolution of fibrils. The presence of dopamine

caused a significant decrease in light scattering. Similarly,

a decrease in ThT fluorescence was observed. Direct con-

firmation of fibril disaggregation was obtained using AFM

and EM, the latter showing no fibril on images in the

presence of catecholamines [114].

POSSIBLE MISTAKES IN INTERPRETATION

OF EXPERIMENTAL DATA FOR VARIOUS

AMYLOIDOGENIC PROTEINS

Interpretation of experimental data requires great

care, and many conclusions depend on how the data are

analyzed.

Using X-ray diffraction analysis, the cross-β struc-

ture of amyloid formations (“pleated-sheet”) was first

revealed in the study of amyloidosis-damaged liver and

spleen tissues in 1968 [115]. Since then, X-ray diffraction

analysis along with direct visualization of amyloids by

EM, interaction with ThT, and birefringence with Congo

red has become the main method in the study of amyloid

structures. Using X-ray diffraction, it was shown that the

presence of a cross-β structure is a general characteristic

of amyloids [17, 18, 74]. The cross-β structure suggests

that the fibrils are structures in which the polypeptide

chain is organized so that β-sheets are formed running

parallel to the long axis of the fibril at a distance of about

10 Å from each other. Such β-sheets are formed from β-

regions located at a distance of about 4.7 Å and running

perpendicular to the long axis of the fibril. With the begin-

ning of the decoding of the amino acid sequences of the

first amyloidogenic peptides and proteins, the determina-

tion of individual amyloidogenic proteins, their intensive

study, and the search for mechanisms of fibril formation

began. This led to the appearance of several models of

stacking of β-sheets in the fibril as well as to the emer-

gence of many models of fibril formation (Fig. 2) [57,

116-122]. However, for each research object (insulin, Aβ

peptide, its various fragments, etc.), different models of

fibril formation can be found. It has been suggested that

fibrils can be formed from a different number of filaments

(from 2 to 6), can associate with each other laterally with

the formation of bands of different widths, can twist and

form bundles of different diameters and periods, or asso-

ciate with the formation of bundles. The tendency for

polymorphism of amyloid fibrils is common to all studied

amyloids. In this case, polymorphism is observed not only

when the fibril formation conditions (pH, ionic condi-

tions, temperature) change, but under the same condi-

tions. For all amyloid fibrils, it has been noted that the

average diameter of the thinnest polymers (single fibrils) is

about 10 nm, and the length can reach several microns

[19]. The question arises how the common cross-β struc-

ture and different ways of tertiary structure formation are

preserved for different amino acids, with the same param-

eters of fibrils being preserved on average. In addition,

considering that the simplified scheme of fibril formation

destabilized monomer → oligomer → mature fibril, the

main unclear point in all schemes is the transition from

oligomers, often having an annular structure, to fibrils.

After the model of extended protofibrils twisted

along the axis of the fibril was established in the field of

amyloid protein research, most of the models followed

exactly this interpretation of the structural organization

of fibrils. However, the accumulated experimental data

pointed to other possible models.

Studying the process of polymerization of insulin

back in the 1940s, Waugh discovered that the process can

be reversible, since during the disassembly of insulin fib-

rils, insulin molecules regain biological activity and the

possibility of being crystallized [123]. Considering the

reversibility of the process, Waugh suggested that fibrils

are constructed only from globular, slightly deformed

insulin molecules [124].

However, based on measurements of infrared dichro-

ism, Elliott et al. (1951) concluded that insulin fibrils
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consist of polypeptide chains in a β-structural conforma-

tion and are located across the axis of the fibrils [125].

Nevertheless, Koltun et al. (1954), based on X-ray

diffraction analysis, confirmed the presence in insulin

fibrils of almost unchanged structural monomers of the

protein, i.e. insulin in the globular conformation [126].

This analysis was also supported by Reitel (1963) in his

review of the association of proteins [127], and then by

several other authors [128].

Further, in 1972 Burke and Rougvie considered

studying insulin fibril formation, since Koltun et al.

(1954) obtained an unexpected meridional reflection at

48 Å on small-angle diffraction of insulin [129]. However,

later, a similar meridional reflection (53 Å) was obtained

by Kirschner (1993) for Aβ (1-40) peptide [14]. Kirschner

et al. explained this reflection as follows: either this

reflection displays repetition of the object along the fibril

axis, or a repetition when the helix is twisted (periodici-

ty). It should be noted that in subsequent works this

reflection was not given due attention, although this may

indicate the repetition of some oligomeric particles along

the fibril axis.

It should be noted again that in many studies on

insulin, it is suggested that the procedure of forming fib-

rils of a given protein/peptide at the molecular level can

differ significantly from the structure of amyloid fibrils of

several other fibrillar [130] and synthetic polypeptides

[13]. For example, polypeptide chains can be stacked in

planes parallel to the axis of the fibrils and form β-sheets

that are perpendicular to the axis of the fibril. Then a

reflection of 9.6 Å can be both meridional and equatorial.

From this it follows that X-ray diffraction data can be

ambiguous, and more precise interpretation is required.

Recently, data have been obtained that suggest the protein

transthyretin has a native conformation in amyloid fibrils

[131].

It should be noted that in the 1980s, X-ray diffrac-

tion was widely used to study amyloid fibrils. X-ray pat-

terns were obtained for several proteins and peptides, in

which, in addition to the main reflections, many addi-

tional reflections were observed. Attempts were made to

interpret all the observed reflections. However, in the

construction of the model of amyloid fibrils, the inter-

pretation was based on the generally accepted idea of

the structure of fibrils built from long twisted fila-

ments, and not from the point of view of other possible

models.

The possibility of Aβ(1-40) serving as a seed for

growth of Aβ(1-42) fibrils and vice versa [132] was dis-

cussed for a long time. Previously, many experimental

works were published, but only in 2017 this point was

called into question [133]. It was shown that both Aβ(1-

40) and Aβ(1-42) can act as seeds. This suggests that the

building block for constructing fibrils is structurally simi-

lar for these isoforms of the Aβ peptide, and does not dif-

fer, as shown in many works [121, 134, 135].

DATA OF EARLIER YEARS TO BE CONSIDERED

In this section, we analyze many historical data and

contradictions that arose upon studying amyloid struc-

tures, and which are still not completely understood. As

early as 1935, similar X-ray diffraction patterns were

obtained in X-ray diffraction analysis of fibrillar proteins

such as fibroin, β-keratin, β-myosin, fibrin, and fibrils

from denatured globular protein egg albumin [13]. It was

concluded that there is a unified principle at the molecu-

lar level for the organization of these proteins in fibrils.

According to X-ray diffraction data, characteristic reflec-

tions of 9.8 and 4.65 Å were observed for fibrillar proteins

and denatured globular proteins. However, it was noted

that if for fibrillar proteins the reflection of 9.8 Å (“side-

chain spacing”) is meridional, and 4.65 Å (“backbone

spacing”) equatorial, then for egg albumin the situation is

the reverse. Accordingly, two interpretations of the for-

mation of fibrils at the molecular level have been given. In

modern terms for denatured albumin in the fibril, the dis-

tance between the chains is 4.65 Å (β-strands) and the

distance between the layers is 9.8 Å (between β-sheets). It

is the latter interpretation that is currently generally

accepted to explain the structure of amyloid

proteins/peptides. Before the appearance of the term

“cross-β structure”, there was the notion of “pleated

sheet” and “rippled sheet”. The configuration of

polypeptide chains in the fibrillar structure was described

in these terms by Pauling and Corey in 1953 [136]. Only

the term “pleated sheet” is now used for amyloid struc-

tures. The term cross-β structure first appeared in 1968

[115]. When studying amyloid structures from human

liver and spleen tissues and from experimental animals

using X-ray structural analysis of well-oriented samples,

characteristic meridional reflections of 4.75 Å and equa-

torial reflections of 9.8 Å were obtained; they are perpen-

dicular to each other (cross-location).

The invention of an electron microscope and its

improvements made possible electron microscopic stud-

ies of amyloid formations in various tissues. Beginning in

the late 1950s and early 1960s, tissue sections of various

organs (spleen, liver, kidneys, skin) [64-67], and then

amyloid extracts from these organs, were studied [68-73,

137]. Already in 1959, it was concluded that the mor-

phology of amyloids from different organs is similar. The

length of the fibrils is about 1.2-1.6 µm, and the diameter

is 50-120 Å [64]. In 1963, Gueft and Ghidoni, based on

EM of tissues, concluded that the fibrils consist of two fil-

aments with the width of about 2.5 nm and the filament

spacing of about 2.5 nm [65]. The total width of fibrils was

7.5 nm. Then one of the first works was published where

in addition to EM studies of tissue sections, isolated amy-

loid studies were performed using negative contrasting

[69]. It was concluded that the structures of amyloids in

tissues and preparations of isolated amyloids are similar.

It is clearly seen that the fibrils are constructed from
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structures that were interpreted as doughnut-like or

annular. The diameter of these structures was about

10 nm. In addition, this diameter coincides with the

diameter of the “native” fibrils in tissues. At higher mag-

nification, it is seen that the ring structure consists of five

subunits; such rings are combined in pairs (the height of a

pair is 40 Å) and piled on top of each other in stacks,

forming rod-like fibrils. Thus, it follows from these data

that the main element of the fibril is the ring structure.

At the same time, similar research was conducted by

Shirahama and Cohen [71]. They used a method for iso-

lation of fibrils from amyloid formations of the liver and

spleen that was different from that used by Benditt and

Eriksen [69]. The morphology of both tissue sections and

isolated fibrils was studied. According to their data, fibrils

in damaged tissues consist of two or more filaments. The

filament has a diameter of about 75-80 Å and length up to

1.5 µm. On sections of tissues, oligomeric structures of

the same diameter are visible, which were interpreted as

longitudinal sections of filaments. It is notable that on the

section the filament looks like an annular structure con-

sisting of five globular particles (pentagon) with the diam-

eter of about 25-35 Å, and the central cavity of the ring

also has the diameter of about 25-35 Å. Fibrils of similar

morphology and parameters are also observed in studies

of negatively stained preparations of isolated fibrils. This

is one of the first attempts to describe the morphology

(structure) of fibrils at the level of filaments and protofib-

rils. The filament (the thinnest fibrillar formation) is

formed from five protofibrils associated with each other

laterally along the long axis of the filament, so that a pen-

tagonal structure with an empty middle is visible on the

section. Thus, the structure of amyloid fibrils is very dif-

ferent from that described in [69]. However, the authors

doubted the interpretation of the construction of fibrils

from ring doughnut-like structures [69], since they did

not observe such structures in their images. It was sug-

gested that the use of different methods of isolation of fib-

rils from amyloidogenic tissues may result in different

structures. Nevertheless, upon careful examination of

images of negatively contrasted preparations of isolated

amyloids, one can see separately lying ring structures with

the diameter comparable to that of the thinnest fibrils

(about 10 nm).

It should be noted that after the papers by Shirahama

[71] and Glenner [137] were published, in which two

methods of isolation of amyloid fibrils from damaged tis-

sues of the liver, spleen and kidneys were used, according

to the method of isolation both ring-like oligomers and

those constructed from them have rod-like structures, as

in [69], or elongated amyloid fibrils described by

Shirahama. After this work, the main attention was given

to amyloid fibrils built from protofilaments passing along

the entire length of the fibril. In our opinion, the inter-

pretation of the EM data of the construction of fibrils/fil-

aments from a series of laterally associated protofibrils

could be derived from the interpretation of early studies

that used X-ray structural analysis of fibrillar structures,

according to which amyloids have cross-β structure. This

structure suggests that β-sheets pass along the entire fib-

ril. This model of amyloid fibrils constructed from

extended β-sheets formed from β-strands is still used.

Practically no attention was given to the work of Inoue et

al. [138], when after deciphering the first components of

amyloid deposits Glenner [139], who studied amyloid P,

showed that amyloidosis is caused by different amyloid

proteins. According to the EM data analysis, two types of

particles were revealed: (i) pentagonal planar structures

8.5 nm in diameter and 2.5 nm in height with a hole in the

center, and (ii) structures formed from such pentagonal

particles lying on top of each other in the form of a stack

of disk-like, elongated particles. In fact, the results of

1966 were repeated [69].

However, other mechanisms for the formation of

amyloid structures already mentioned above have been

described. The negative contrasting method for the study

of amyloid structures is described in [78]. Samples of

Aβ(1-42) peptide at different incubation times were ana-

lyzed, and, based on electron microscopy data, it was

assumed that fibrils are formed from globular oligomeric

particles. A mechanism for the formation of α-synuclein

fibrils from homogeneous granules was also proposed

[79]. Granules are first formed from monomers, and then

the granules are associated with the formation of fibrils

whose diameter coincides with the diameter of the gran-

ules (a double-concerted fibrillation model). Much

attention was given to the study of intermediates along the

path of fibril formation [140]: oligomeric dodecamers

that interact with each other with the formation of fibrils.

It should be noted that in many studies on the mechanism

of formation of amyloid structures, it is noted that in the

initial stages of fibrillation (most often during the lag

period) on EM images, it is possible to observe annular

oligomeric particles, which no longer occur in images of

mature fibrils. However, most often their absence at late

stages of fibril formation is not discussed. It is noteworthy

that with sufficiently high-quality images of various fib-

rils, one can see that they are formed from annular

oligomeric particles.

Our experience with various amyloid proteins such

as insulin, lispro insulin, and Aβ(1-42) and Aβ(1-40)

peptides, their amyloidogenic fragments (Aβ(16-25),

Aβ(31-40), Aβ(33-42)), as well as amyloidogenic frag-

ments of the cell wall protein of yeast Bgl2 (GluNB,

AspNB) showed that the building block in the formation

of fibrils is a ring-like oligomer. Ring-like oligomers

interact with each other laterally, often overlapping. At

the molecular level, the structures of ring-like oligomers

of different proteins/peptides differ [54, 56, 87].

According to our modeling, the structures of ring-like

oligomers contain small fragments of β-sheets. Many

such fragments can give characteristic reflections for
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cross-β structure in the X-ray diffraction analysis.

However, there are numerous other reflections on the X-

ray images of amyloid fibrils. Such reflections can help to

show the correct structural organization of amyloid fibrils

if one properly interprets them.

Our experience with various amyloidogenic pro-

teins/peptides and analysis of the literature on the mecha-

nism(s) of formation of fibrils shows that not all the data

are always taken into account. First, with X-ray structural

analysis, the focus is on two reflections, 4.5-4.8 and about

8-12 Å, which indicate the cross-β structural organization

of amyloid fibrils. In this case, many other reflections, and

they always are present, are not given proper attention.

Moreover, most often in the X-ray diffraction patterns

there are no clear reflections in the region of about 4.7 and

11 Å; these reflections are indistinct, especially in the case

of a normally diffuse reflection at 11 Å (the distance

between β-sheets). Most often this is explained by a differ-

ent way of preparing samples for X-ray analysis or inade-

quate orientation of fibrils [16, 141]. It is notable that

attempts to analyze X-ray analysis data undertaken in the

1980s and 1990s [14, 18, 75, 142] have not been further

developed. We think that the general conception of the

structure of the amyloid fibril as a polymer built from β-

sheets running parallel along the entire axis of the fibril

(the β-sheets themselves are formed from β-regions per-

pendicular to the fibril axis) should be analyzed more care-

fully. We believe that it is necessary to simulate the diffrac-

tion pattern from annular oligomeric structures, with

parameters obtained from the EM analysis and using data

on the molecular structure of oligomers calculated using

theoretical methods. Enough evidence has accumulated

indicating that the structure of amyloid fibrils can vary [54,

79, 80, 87]. Proceeding from the generally accepted view

on the structural organization of fibrils, it is difficult to

imagine the mechanism of fibril formation and the possi-

bility of the existence of a β-sheet passing along the entire

fibril (up to 10 or more microns). In addition, it is difficult

to explain the polymorphism of fibrils, their branching,

and their fragmentation. From our data on fibrillation of

various amyloidogenic proteins/peptides, we suggest that

a b c

d

Fig. 6. X-ray diffraction analysis of Aβ(1-40) and Aβ(1-42) peptides. a) Schematic representation of a typical diffraction pattern for the cross-

β structure (8-12 Å, equatorial reflection; 4.5-4.8 Å, meridional reflection). b, c) Diffraction of Aβ(1-40) and Aβ(1-42) synthetic peptides

(Sigma-Aldrich, USA) in 50 mM Tris-HCl, pH 7.5 [143]. In addition to the main reflections (4.5-4.8 and 8-12 Å), some other reflections are

indicated. d) Schematic representation of the arrangement of ring-like oligomers in amyloid fibrils for Aβ(1-40) and Aβ(1-42) peptides.

Equatorial reflections are marked perpendicular to the fibril axis, and meridional reflections are parallel. Ring-like oligomeric structures are

short hollow cylinders.

Axis of fibril

Axis of fibril
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the main building block for the formation of fibrils is a

ring-like oligomer with the parameters and structure

inherent in the corresponding protein/peptide (Fig. 6).

The association of such ring-like oligomers in various ways

leads to the formation of fibrils of different morphologies.

In the literature, there is an opinion that a personal

approach should be used when developing therapeutic

agents against amyloidosis, since it has been shown that

fibrillar formations in different patients can morphologi-

cally differ. In this connection, the discovery of a single

method for forming all fibrils from oligomeric structures

could facilitate the development of generic drugs.

However, in our opinion, the main attention should be

given not to polymer formations of proteins/peptides in

the form of fibrils or even to oligomeric aggregates, but to

physiological, genetic, and other reasons leading to desta-

bilization of native protein/peptide molecules and trig-

gering the formation of fibrils.
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