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Abstract. A�40 and A�42 peptides are believed to be associated with Alzheimer’s disease. Aggregates (plaques) of A�
fibrils are found in the brains of humans affected with this disease. The mechanism of formation of A� fibrils has not been
studied completely, which hinders the development of a correct strategy for therapeutic prevention of this neurodegenerative
disorder. It has been found that the most toxic samples upon generation of fibrils are different oligomeric formations. Based on
different research methods used for studying amyloidogenesis of A�40 and A�42 peptides and its amyloidogenic fragments,
we have proposed a new mechanism of formation of amyloid fibrils. In accord with this mechanism, the main building unit
for fibril generation is a ring-like oligomer. Association of ring-like oligomers results in the formation of fibrils of different
morphologies. Our model implies that to prevent development of Alzheimer’s disease a therapeutic intervention is required
at the earliest stages of amyloidogenesis—at the stage of formation of ring-like oligomers. Therefore, the possibility of a
personified approach for prevention not only of Alzheimer’s disease development but also of other neurodegenerative diseases
associated with the formation of fibrils is argued.
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INTRODUCTION

Since the discovery of association of amyloids
with different severe disorders, such as Alzheimer’s
and Parkinson’s diseases, their research has grown.
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In the 1960s, mainly amyloids, for example, amyloid
deposits in the brains of patients with Alzheimer’s
disease, were studied. But since elaboration of the
method for deciphering amino acid sequences of pro-
teins and peptides [1] and identification of different
compositions of amyloid formations the subject of
studies has become the mechanism of formation of
fibrils of definite proteins. As concerns Alzheimer’s
disease, it is A� peptide where fibrils form aggregates
(plaques) in human brain.
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It has been established that the onset of fibril
formation is connected with destabilization of the
structure of monomer proteins, after which fibrils are
formed according to the simplified scheme by gen-
erating oligomer aggregates from partially unfolded
protein molecules. In the end fibril structures up to
several micrometers long of about 10 nm in diame-
ter appear. This process is common to all amyloid
proteins and peptides; and of special interest is that
average parameters of the length and diameter of fib-
rils remain mostly unchanged though dimensions of
proteins vary greatly. Thus, it can be assumed that fib-
rils can be formed according to the common scheme
and the mechanism of polymerization of destabi-
lized proteins and peptides is a universal natural
way of aggregation of partially unfolded proteins and
peptides.

Much attention has been paid recently not only
to fibrils but also to intermediate formations such as
different oligomers upon generation of mature fibrils.
This is explained by the fact that upon examination
of toxicity it was found that proteins and peptides
even in the form of dimers display toxicity to cell
cultures [2].

It was reported that at early stages of fibril
formation, circular ring-like particles with the diam-
eter coinciding with that of mature fibrils were
observed [3, 4]. Ring-like oligomers were observed
in many amyloidogenic proteins. Moreover, the elec-
tron microscopy images presented in some papers
clearly show that fibrils are constructed of ring-like
oligomers [4, 5]. However, this does not attract spe-
cial attention. In some papers it is reported that
oligomer preparations have special peculiarities relat-
ing to fibril structures. These oligomers have some
features specific for fibril formations, for example,
the thioflavin T (ThT) binding and the presence
of cross-� structure [6]. In addition, their toxicity
is higher than that of mature fibrils. Therefore, it
is proposed that this ring-like structure can form
pores on the cell surface and change the viabil-
ity of the cell [7]. This suggests that it is not
amyloids themselves that are dangerous for the organ-
ism as a whole but namely different intermediate
oligomer samples, because the presence of, for exam-
ple, deposits of the A� peptide and at the same
time the absence of any signs of Alzheimer’s dis-
ease were described. Accordingly the formation of
fibrils can be considered as a defensive mechanism
for reducing the number of oligomers in organism [8,
9]. Therefore studies of intermediate states of protein

aggregation upon formation of fibrils are in the focus
of attention not only for deciphering the mecha-
nism of fibril formation, but also for elaboration of
different approaches to cope with oligomerization,
which will facilitate proposing novel methods for
prophylactics and prevention of harsh amyloidogenic
diseases.

The improvement of diagnostics methods and
identifying more and more patients with Alzheimer’s
disease have made foremost both the studies of
this disorder and its revealing at the earliest stages.
By the end of 2016, more than 70,000 research
papers devoted to amyloidogenesis of A� peptide
and its fragments were published. This may be one
of the most dynamically developing directions in
molecular biology, especially taking into account the
significance of the influence of some amyloidogenic
proteins on human health. However, no final mecha-
nism of formation of fibrils by A� peptides has been
proposed.

Studies of toxicity of all components of fibril for-
mation (monomers, different oligomer formations,
mature fibrils) and correspondingly elaboration of
approaches that allow modifying all stages of this
process have been greatly accentuated recently. They
make it possible to come closer to the understanding
of the toxicity mechanism of aggregates and design-
ing corresponding therapeutic preparations capable
of influencing the process of fibril formation at all
stages. Moreover, fundamental studies of the mor-
phology of mature amyloid fibrils under varying
conditions of their formation (ionic conditions, tem-
perature, pH and agitation) have shown that this
process can be monitored.

Herein we propose one of the possible mecha-
nisms of fibril formation based on the methods used
for studying fibril generation by amyloid proteins.
Our data allow us to propose that the main build-
ing unit for formation of fibrils may be a ring-like
oligomer. Upon interaction with each other ring-like
oligomers generate polymers in the form of fibrils.
The proposed mechanism of fibril formation from
ring-like oligomers suggests that it is required to
search for ways to prevent generation of oligomer
formations rather than of fibrils, i.e., to find reasons
leading to destabilization of molecules of amyloido-
genic proteins and peptides. Therefore of importance
are studies of metabolism of the A� peptide and the
search for its natural partners affecting its stability
along with the search for conditions and ligands lead-
ing to its destabilization.
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MATERIALS AND METHODS

Samples

Fragments A�16-25, A�31-40, and A�33-42 were
synthesized chemically [10]. Synthetic samples of
human A�40 (purity 95%, lot # 054M4822V) and
A�42 (purity 95%, lot # SLBN3075V) peptides used
in our experiments were purchased from Sigma-
Aldrich. Purification of recombinant A�40 and A�42
was described in our paper [11].

Electron microscopy

All the samples were dissolved in DMSO (the final
concentration 5%) then the buffer (50 mM Tris–HCl,
pH7.5) was added (0.2–0.5 mg/ml). Prior to nega-
tively staining, the concentration of the samples was
adjusted to 0.1–0.2 mg/ml. A copper grid (400 mesh)
coated with a formvar film (0.2%) was mounted on
a sample drop (10 �l). After 5–10 min absorption,
the grid with the preparation was negatively stained
for 1.5–2.0 min with 1% (weight/volume) aqueous
solution of uranyl acetate. The excess staining agent
was removed with filter paper. The preparations
were analyzed using a JEM-1200 EX transmission
electron microscope at the accelerating voltage of
80 kV. Images were recorded on the Kodak electron
image film (SO-163) at nominal magnification of
40,000–60,000.

X-ray analysis

The X-ray analysis of the preparations was con-
ducted using a Microstar X-ray emitter with HELIOX
optics equipped with a Platinum 135 CCD detector
(X8 Proteum System, Bruker AXS). Cu K� radia-
tion (λ = 1.54 Å) was used (the sample was oriented
perpendicular to the X-ray beam).

Limited proteolysis and mass spectrometry
analysis

The isolated fibrils were treated with a mixture of
proteases (trypsin, chymotrypsin, and proteinase K)
for 8 h. The proteases were added so that the enzyme-
to-peptide ratio was 1:25. To maintain the activity
of proteinase K, CaCl2 was also added to the final
concentration of 5 mM. Conditions of limited prote-
olysis were chosen so that the monomer molecules
would be completely degraded while the fibril moi-
ety would retain long fragments. The fragments set

apart of the proteases were centrifuged and washed,
and the remaining fragments included in fibril struc-
tures were pelleted once again and isolated. Then the
isolated residual fibril structures were dried using a
vacuum concentrator after which they were dissolved
in a small volume of formic acid and thereafter in
10 mM ammonium acetate buffer. The obtained sets
of peptides were separated by HPLC (EASY-nLC™
1200 System, ThermoFisher Scientific, USA) and
analyzed using a high-resolution mass spectrometer
(Orbitrap Elite mass spectrometer, Thermo Scientific,
Germany). Then the peptides were identified using
the Peaks Studio 7.5 program (Bioinformatics Solu-
tions Inc.), which allows not only to identify peptides
but also to estimate their relative concentration in the
probe.

Construction of molecular models of an amyloid
fibril for Aβ peptide and its fragments

Structures 2M4J and 4UZR from the Protein
Data Bank were taken as templates to construct an
arrangement of �-sheets in square-like and ring-like
manners. The dimension of these PDB structures cor-
responds to all parameters of oligomers observed in
electron microscopy and X-ray analysis for A�40,
A�42 and its fragments 31–40 and 33–42. The fitting
of the desired amino acid sequences into the tem-
plates, modeling of oligomers, energy minimization
and packing of oligomers were done by the YASARA
program.

RESULTS AND DISCUSSION

Polymorphism and possible mechanism of
formation of amyloid fibrils

Until recently it was believed that the assertion
of the amyloid nature of proteins and peptides can
be based on such research methods as birefringence
upon Congo red staining, fluorescence spectroscopy
(ThT binding), microscopic research (the existence
of fibril morphology) and X-ray structure analysis
(the presence of reflections characteristic of cross-�
structure). Based on all such data it was concluded
that fibrils observed using microscopic techniques
(electron microscopy (EM), cryo-EM, and AFM) are
amyloids [12, 13]. By the present time, data have
been accumulated which show that ThT binds not to
all amyloid fibrils [14] and not all amyloid fibrils have
clear reflections specific of cross-� structure [15]. In
addition, X-ray structure analyses reveal a large num-
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ber of other reflections that are not always interpreted
properly, which is explained by difficulties in their
decoding [16–20]. This is also connected with the
fact that at present the models of formation of amy-
loid fibrils cannot suggest an unambiguous answer
to the question to what structure element a definite
reflection can be ascribed. Electron microscopy, tan-
dem mass spectrometry, and X-ray analyses have
remained the main methods for studying amyloido-
genesis. As a result of the accumulated experimental
data, the role of analytical methods of bioinformatics
as well as prediction of possible structure organi-
zation of amyloid fibrils increases. However, it is
impossible to correctly interpret the organization of
amyloid structures on the molecular level without a
correct understanding of the mechanism(s) of forma-
tion of amyloid structures.

It is supposed that amyloid fibrils consist of fil-
aments (from two to six) that can interact laterally
with each other forming ribbons or bunches or inter-
twisting at different periods [21, 22]. In both cases,
these formations generate bunches, bundles and large
clusters of fibril aggregates at late stages of their
formation. Polymorphism of amyloid fibrils is their
characteristic property. The morphology of amy-
loid fibrils depends on conditions of their formation
(ionic conditions, pH, temperature, and agitation), the
producer, method of preparation (synthetic or recom-
binant) and different modifications of the amino
acid sequence of peptides. Polymorphism is also
observed under the same conditions. For example,
it was demonstrated that A�40 peptide forms fibrils
of different morphology under the same ionic con-
ditions but upon agitation and without it. Agitation
results mainly in the formation of fibrils twisted at
different periods, and without agitation fibrils are
prone to lateral association in ribbons of different
lengths. It was also shown that fibrils obtained with-
out agitation reveal high toxicity towards cell cultures
[23, 24]. Therefore it is important to study all exist-
ing formations including oligomers at early stages
of fibril generation and mature fibrils of different
morphology.

In our studies of fibrillogenesis we analyzed both
commercial preparations of A�42 and A�40 peptides
manufactured by different producers [14] and geneti-
cally engineered preparations of these isoforms of the
A� peptide [11, 25–27]. To this end, superproducer
strains of corresponding peptides were obtained and
techniques for their isolation and purification were
developed [11, 25, 27]. The purity of all synthetic
and recombinant A�42 and A�40 peptides was veri-

fied using the mass spectrometry analysis. Conditions
of fibril formation were chosen and basic methods of
their investigation were used: EM, X-ray structure
analysis, fluorescence spectroscopy (ThT binding)
and mass spectrometry. As concerns commercial
preparations of A�42 peptide, we verified and com-
pared synthetic samples of five producers including
Anaspec, Invitrogen, Enzo, Sigma Aldrich, and Syn-
tAssist for their applicability for studying the process
of amyloidogenesis. It was found that of great impor-
tance is not only the producer but also the lot of the
preparation [14]. Though all preparations form fibrils,
their morphology and the rate of fibrillogenesis differ
somewhat from each other. Our main recommenda-
tion is prerequisite verification of the purity of the
A� peptide preparation (including even its presence
in the packing) using the mass spectrometry analysis.
Having analyzed reports available in PubMed (10,000
accessible papers on amyloidogenesis of A� peptide)
we have found that Sigma Aldrich is the leader in mar-
keting the synthetic preparation. However, it is also
the most expansive preparation.

As commercial preparations of A� peptides are
very expensive, we had to obtain recombinant A�40
and A�42 peptides and use them to analyze the pro-
cess of amyloidogenesis. The comparison of the data
on synthetic (Sigma Aldrich) and recombinant A�40
peptides showed that they have similar morphology
that differs from morphology of recombinant and syn-
thetic A�42 peptides (Fig. 1) [11, 27].

The use of fluorescence spectroscopy for studying
the kinetics of fibrillogenesis of amyloid proteins and
peptides has revealed a lag period, during which fib-
rils are prepared to grow and no inclusions of ThT
are seen. Moreover, the presence of ThT also indi-
cates active growth of fibrils. We have not succeeded
in revealing a clearly defined and reproducible lag
period for both synthetic and recombinant prepara-
tions of A�40 and A�42 peptides. But according to the
EM data, even at the early period of fibrillogenesis it
is possible to observe both oligomer rounded particles
of about 8 nm in diameter (frequently as rings or rolls)
and small (up to 50–100 nm in length) short fibrils of
a similar diameter. By 8-h incubation the number of
ring-like oligomers decreases and the length of fibrils
increases (Fig. 2).

Upon further incubation of the preparations ring-
like oligomers disappear and fibrils of about 5–10 �m
long and with the diameter of about 8 nm (the thinnest
or single fibrils) appear. We observed considerable
polymorphism of fibrils characterized by different
forms and diameters as well as propensity to branch-
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Fig. 1. EM images of fragments of single fibrils formed by recombinant (a) and synthetic preparations of A�40 peptides (c) (R and S,
respectively). Fragments of fibrils (b-R) and (d-S) at larger magnification.

ing. Morphology of isoforms of A� peptides is
different (Fig. 3). A�40 peptide has lateral association
of fibrils with the formation of ribbons of different
widths and ways of twisting (Fig. 3). A�42 peptide
forms predominantly bunches and bundles of dif-
ferent diameters with rough surfaces of fibrils and
tendency to their branching (Fig. 3).

With a small magnification, it may seem that single
fibrils of 8 nm in diameter consist of two filaments.
This connects with features of EM [27]. But larger
magnification shows that these fibrils consist of ring-
like oligomers (Fig. 1).

Under such conditions, it is possible to watch a
quite systematic packing of oligomers in single fib-
rils of A�40 peptide, while oligomers in A�42 peptide
associate randomly so that by now single fibrils have
rough surfaces. Similar fibrils are usually observed at
the early period of fibril formation which is frequently
reported by many authors studying the process of
amyloidogenesis [3, 4, 28, 29]. If EM images of
mature fibrils of rather high quality described in many
papers are analyzed, it becomes clear that fibrils con-
sist of ring-like structures [4, 5], although the authors
do not mention this. Why? Maybe this is explained
by the preconceived idea that fibrils are formed by

a number of filaments (from two to six) [21, 22]
passing along the entire axis of the fibril. The ques-
tion arises: where do ring-like oligomers, seen in EM
images at the early period of fibril formation, dis-
appear? According to the simplified scheme, fibrils
are formed in the following succession: destabiliza-
tion of monomers, formation of oligomers from the
monomers, and finally generation of mature fibrils
(Fig. 3). The most inexplicable moment in the scheme
is the transition from oligomers to mature fibrils. We
propose that namely a ring-like oligomer is the main
building block for formation of fibrils. As seen in
Fig. 1, ring-like oligomers in a fibril interact by lateral
sides with each other either in a ring-to-ring man-
ner or slightly overlapping each other by their butt
surfaces (like dominoes or a ladder). The diameter
of a ring-like oligomer is about 8 nm which corre-
sponds to the diameter of a single fibril, and the
diameter of an internal hole in the ring is about 2 nm.
An approximate height of the ring (a short hollow
cylinder) is estimated by the fibril bend and is about
2 nm (the approximate diameter of a single fibril at its
inflection point). The concept of a fibril consisting of
two filaments can be explained by the fact that upon
staining a preparation with uranyl acetate the stain
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Fig. 2. EM images of recombinant A�40 incubated at 25◦ (50 mM Tris HCl, pH 7,5): (a) after 55 h incubation (the arrows indicate the
ring-like oligomers); (b) gallery of separate ring-like oligomers (probable protofibril seeds) detected in the sample upon 8 h to 27 h incubation.

covers not only the whole fibril, but it also fills all
its cavities, which results in the formation of a fibril
consisting of two filaments (with a small increase).
Nonetheless, in some papers it is interpreted that fib-
rils consist of rounded oligomers. When studying the
process of fibril formation by A�42 peptide with the
EM method, Nielsen [3] demonstrated that at early
stages of formation rounded oligomer particles are
seen, which upon further incubation form mature fib-
rils via association with each other. A new mechanism
of fibril formation was proposed upon analyzing gen-
eration of fibrils by �-synuclein [29]. According to
this mechanism, a fibril is formed through association
of the created oligomer granules that are a build-
ing block of the fibril (a double-concerted fibrillation
model). The assembly of fibrils from oligomers was
also demonstrated for lysozyme [30]. And finally in
2017 upon studying intermediates during fibril for-
mation by A� peptide, Dean et al. [31] have come to
a conclusion that oligomeric particles (dodecamers)
form mature fibrils by interacting with each other.

To improve the quality of EM images that would
provide more evidence for fibril formation from ring-
like oligomeric structures, we used the method known
in the literature as the Markham rotation techniques.
It was first proposed by Markham with coworkers
in 1963 [32] when they studied negatively stained
viral particles using the electron microscopy method.
The method can be applied to analyze objects with
axial or linear symmetry with recurring structural
elements poorly identified against the background.
Image enhancement of recurring structural elements
takes place as a result of multiple overlap with dis-
placement of a semitransparent copy of the initial
image. This accordingly leads to image averaging
of an individual element and decreases the back-
ground “noise”. At present the idea of averaging
is widely used also in contemporary software to
enhance images for 3D reconstruction of macro-
molecules and their complexes based on the data
of cryo-EM and EM images of negatively stained
objects [33].
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Fig. 3. Schematic representation of the fibrillation process where the building block for fibril formation is a ring-like oligomer.

Figure 4 shows clearly the periodicity of over-
lapping ring-like structures, which supports the
correctness of our assumption on the role of ring-like
oligomers as main building blocks upon formation of
amyloid structures. According to the data on enhance-
ment of images of A� peptides, the average diameter
of a ring-like oligomer is about 6–8 nm and the diam-
eter of the cavity inside the ring is about 2 nm. As
seen from Fig. 1, the diameter of a ring-like oligomer
of A� is about 6–8 nm, and the diameter of the cavity
inside the ring is about 2 nm.

Two amyloidogenic fragments A�16-21 (KLVFFA)
and A�32-36 (IGLMV) were predicted in the
sequence of peptide A�42 [34]; and to study their
amyloidogenic properties 10-membered fragments
A�16-25, A�31-40, and A�33-42 were synthesized
[10]. The last two fragments were synthesized to clar-
ify the role of C-terminal amino acid residues in the
morphology of fibrils, because earlier we determined
that fibrils of A�40 and A�42 peptides have different
morphologies [27]. The three fragments were studied
using methods that are applied as a rule for analysis of
formation of fibrils: ThT binding, EM, tandem mass
spectrometry, X-ray analysis and structural modeling.
All experiments were performed with concentrations
of the preparations varying from 0.25 to 0.5 mg/ml
in 5% DMSO, 50 mM Tris-HCl (pH 7.5) and incuba-
tion at 37◦C. As shown by the fluorescence analysis,

all the fragments interact with ThT, which reveals the
presence of �-structure in them. But the shapes of the
curves for different peptides dissimilar, which is evi-
dence of various behavior of the preparations upon
polymerization (see Supplementary Figure 1).

According to the data of EM analysis, the three
peptides can self-assemble in polymer structures.
In this case, A�31-40 peptide fragments aggregate
forming ribbons and bundles, A�33-42 form bunches;
and polymerization of A�16-25 peptide fragment is
unusual for amyloidogenic fragments in the form of
films (Fig. 5).

Under large magnification it is seen that all poly-
mers consist of ring-like oligomers with the external
diameter of about 6–7 nm, the internal diameter of
about 2–3 nm, and in the bends of thinnest fibrils the
diameter is about 3 nm, which allows determining an
approximate height of the ring. Such oligomers can
associate with each other by lateral sides or slightly
overlap each other, forming ribbons in the lateral
interaction of single fibrils and bundles of different
diameters and twists (A�31-40); at irregular interac-
tion of ring oligomers, bundles of different diameters
with a rough surface are formed (A�33-42). In A�16-25
peptide fragment, oligomers associate side-by-side
and form structures similar to honeycombs. It should
be noted that the morphology of fibrils in A�31-40
and A�33-42 peptide fragments resembles that of fib-
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Fig. 4. EM images of fragments of fibrils formed by A�40, A�42 peptides and A�33-42 peptide fragment. Initial image of a fragment of a
single fibril (top), enlarged detailed region of the fragment with enhanced contrast (middle), the result of applied the Markham method to
better reveal morphological peculiarities of amyloid fibrils (bottom). Black labels correspond to 25 nm and white ones to 10 nm.

Fig. 5. EM images of fibrils formed by A�42 peptide fragments. All experiments were performed at concentrations of the preparations
0.25–0.5 mg/ml in 5% DMSO, 50 mM Tris-HCl (pH 7.5) and incubation at 37◦C for 24 h. The preparations were negatively stained with
1% aqueous solution of uranyl acetate. Bottom row: fragments of fields at large magnification. Arrows indicate ring-like oligomers with the
outer diameter of about 6–7 nm and the inner diameter (hole) of about 2–3 nm.

rils of intact A�40 and A�42 peptides, respectively. It
was demonstrated that the main difference between
the A�40 and A�42 fibrils is the preferred formation
of ribbons of different diameters and twists for A�40
and bunches of different diameters with rough sur-
face and branching tendency for A�42 [14, 27]. The
2D reconstruction of A�33-42 fibrils also supports our

assumption that fibrils consist of ring-like oligomers
(Fig. 4).

We believe that it is easier to explain polymorphism
inherent to all amyloid fibrils if a ring-like oligomer
is taken as the basis for fibril construction. Depending
on the amino acid sequence of protein or peptide and
conditions of fibril formation, it is simpler to rep-
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Fig. 6. X-ray diffraction patterns of fibrils formed by synthetic (Sigma) A� peptide: (a) schematic presentation of cross-� structure; (b)
A�40 peptide; (c) A�42 peptide; (d) schematic representation of the arrangement of ring-like oligomers (the short tubular cylinders) in a fibril
with the parameters corresponding to the reflections according to the X-ray data [17, 18]. Preparations were obtained in 50 mM Tris-HCl,
pH 7.5, 48 h incubation at 37◦C, 5 mg/ml.

resent generation of single fibrils, their association
in ribbons, bundles and bunches of different diame-
ter and twisting, branching of fibrils and their rough
surface.

X-ray structure analysis of amyloid fibrils of Aβ

peptide and its fragments

At present the most popular idea on the structural
organization of amyloid fibrils is that they consist
of filaments [21, 22]. In turn, fibrils are formed of
peptides which form �-sheets located parallel to the
whole axis of a fibril at a distance of about 10 Å
from each other. �-Sheets consist of regions packed
as �-strands located perpendicular to the axis of
a fibril/filament at a distance of about 4.7 Å from
each other. This interpretation of the fibril structure
is based on the data of X-ray structure analysis of
preparations of amyloid fibrils and is called cross-
� structure. This model of structural organization
of amyloid fibrils was formed in the 2000s, and
now it continues to be defined more exactly. The
proposed model of the structure of amyloid fibrils
of �-sheets was biased by the researches in which X-

ray structure analysis was used (since 1935) to study
some fibrillar proteins (fibroin, �-keratin, �-myosin,
fibrin) as well as fibrils from globular denatured
egg albumin. As a result, similar X-ray diffraction
patterns were obtained [35]. The term “cross-� struc-
ture” was coined in 1968 [36] when intensive studies
of amyloid formation from liver, kidney and spleen
tissues of humans and experimental animals were per-
formed. Using X-ray structure analysis, characteristic
reflections were obtained: meridional of 4.75 Å and
equatorial of 9.8 Å positioned perpendicular to each
other (cross position). This interpretation of the struc-
ture of fibrils had an effect on the explanation of the
EM data. Though the EM images of tissue sections
in papers of 1960s showed ring-like oligomers the
diameter of which coincided with that of a single fib-
ril, they were interpreted frequently as cross sections
of fibrils and it was concluded that fibrils consist of
a number of filaments. Even when isolated prepara-
tions of tissues injured by amyloidosis began to be
analyzed and some authors interpreted EM data from
the point of view of fibril structure consisting of ring-
like structures in form of a roll [28], the principal
standpoint was the filament organization of fibrils.



190 O.V. Galzitskaya et al. / Molecular Mechanism of Amyloid Formation by A� Peptide

Fig. 7. X-ray diffraction patterns of fibrils formed by the fragments of A�42 peptide. (a) A�16-25, (b) A�31-40, (c) A�33-40. Preparations
were obtained in 50 mM Tris-HCl, pH 7.5, 48 h incubation at 37◦C, 5 mg/ml. (d) Schematic representation of the arrangement of ring-like
oligomers (short tubular cylinders) in a fibril with the parameters corresponding to the reflections according to the X-ray data [17, 59].

In addition to the basic reflections ascribed to the
cross-� structure, diffraction patterns of amyloid fib-
ril preparations often contain a large number of other
reflections. So far there has been no accurate interpre-
tation of all reflections obtained with X-ray structure
analysis of an amyloid preparation. It is notable how-
ever that a diffraction pattern can be affected by the
orientation of amyloid fibrils, the concentration of the
sample, its purity, source and technique of prepara-
tion. Data are available that well oriented preparations
have a more complex pattern of clear reflections and
yield more information on the structure [19]. Dif-
ferent explanations can be found in the literature
concerning the presence of additional reflections for
amyloid structures. Special attention is paid both to
meridional and equatorial reflections [17, 18, 20]. An
accurate interpretation of X-ray data requires not only
the quality of the obtained diffraction patterns, but
also the model of fibril structure on the molecular
level.

All preparations of A� peptides and their frag-
ments were studied using X-ray structure analysis.
The obtained diffraction patterns of X-rays have more
or less distinct reflections characteristic of cross-�
structure, which is evidence of the amyloid nature of
fibrils (Figs. 6 and 7). It should be underlined that
X-ray pictures show a number of additional reflec-
tions in addition to the basic ones characteristic of
amyloid reflections (�-strands at 4.7 Å and �-sheets
at 11 Å). In the 1990s, additional reflections also
attracted attention of researchers upon analysis of
diffraction patterns. For example, when analyzing X-
ray data at small angles for peptide A�1-40, Kirschner
et al. [17] paid attention to the reflection at 53 Å
and interpreted it so that either this reflection rep-
resents the object repeat along the fibril axis or the
repeat upon the helix twisting (periodicity). Due to
the complexity of interpretation of X-ray data that
can be also a result of incorrect view on the struc-
ture of fibrils (infinite �-sheet along the whole axis
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of fibril), practically most part of reflections is not
discussed in the following works on X-ray analysis
of amyloid fibrils. But the reflections at 53 Å can
be evidence of the repeat of some oligomer parti-
cles along the fibril axis. It should be mentioned that
our experience in work with different conditions of
sample preparation (ionic conditions) showed that
attention should be paid to the solution in which the
samples are prepared. Thus, we have found that, for
example, Tris-HCl can have many reflections, part
of which coincide with the reflections for amyloid
structures [26].

Analysis of the literature data has allowed us to
retrieve very important X-ray data obtained both for
fragments of A� peptide and for A�40 itself. The
authors of [17] obtained reflections that cannot be
explained by the model accepted at present: the exis-
tence of “infinite” �-sheets formed along the axis
of an amyloid fibril. This is an equatorial reflection
at 49.2 Å corresponding to the distance of 55–57 Å,
which is smaller than the fibril width (80–90 Å) and
cannot be explained by lateral interaction of several
fibrils. Another meridional reflection at 53 Å cannot
be explained by the accepted model either. Kirschner
et al. [17] proposed that this might take place only
in three cases: 1) if the object is located recurringly
along the fibril axis, 2) if fibrils are positioned step-
wise, and 3) if fibrils are twisted. Unfortunately, the
instrument used by us for measuring X-ray diffraction
does not give reflections at small angles, i.e., does not
produce large distances.

According to X-ray data, all three fragments of
A� peptide have characteristic reflections for cross-
� structure: equatorial at 8–10 Å and meridional at
4.5–4.8 Å, which is characteristic of amyloid fib-
rils. It should be mentioned that for A�31-40 and
A�33-42 peptide fragments a large number of addi-
tional reflections is observed for amyloid fibrils.
Additional reflections for amyloid fibrils are observed
for many amyloid fibrils [17, 18] including undam-
aged A�40 and A�42 peptides [26]. The cross-�
structure suggests that a fibril consists of �-sheets
positioned parallel to the whole axis of the fibril at
a distance of 8–12 Å from each other. The sheets are
formed of �-strands perpendicular to the fibril axis
and positioned at a distance of 4.5–4.8 Å from each
other. But in this case how can we explain the pres-
ence of characteristic reflections for A�16-25 peptide
fragment which forms nanofilms? A conclusion sug-
gests itself that there can be another structure of fibrils
and that the ring oligomers can have a cross-� in
structure.

Identification of regions in the backbone of an
amyloid fibril for Aβ peptide and its fragments

Fibrils obtained from A�40 and A�42 preparations
were studied using the method of limited prote-
olysis combined with tandem mass spectrometry.
Concentrations of a mixture of proteases (trypsin,
chymotrypsin, and proteinase K) were chosen to
perform proteolysis of regions not included in the
backbone of an amyloid fibril. Then the peptides
not included in the fibril backbone that remained
non-cleaved were identified using tandem mass spec-
trometry. To determine and quantitatively estimate
the contribution of each peptide, software PEAKS
Studio 7.5 (Bioinformatics Solutions Inc.) was used.
As a result of the studies, it was demonstrated
that mainly C-terminal regions are protected from
the action of proteases for A�40 [37], while for
A�42 such are C-terminal and longer fragments
(Fig. 8) [27].

The data obtained agree with the results of the pre-
vious theoretical prediction of amyloidogenic regions
of A�1-42 peptide made using software FoldAmy-
loid [34]. These are regions of amino acid residues
16–21 and 32–36 (Fig. 8). It was shown that regions
of A�40 peptide including amino acid residues 16–22
and 22–40 are resistant to the action of proteases, i.e.,
are included in the backbone of an amyloid fibril.
Our results correlate with the results of the theoret-
ical prediction. In the case of A�42 peptide, some
fragments accumulated after proteolysis correspond
to predicted amyloidogenic regions of the sequence,
are somewhat longer and protect the whole sequence.
These data can be explained. According to the EM
data, fibrils obtained for A�42 are the thickest in
width, their width varying from 8 to 3 nm. Our model
of generation of an amyloid fibril formed by dock-
ing of oligomeric structures suggests that amyloid
fibrils for A�42 are formed as a result of irregu-
lar sticking of oligomeric structures (roughness of
the surface) unlike fibrils formed for A�40, which
are generated due to regular association of ring-
like oligomers. The sticking of oligomers leads to
stiffening of the amyloid structure and, as a conse-
quence, to protection from the action of proteases.
The limited proteolysis data demonstrate that the
most protected from the proteolysis are the struc-
tures formed by A�31-40 peptide, which forms fibrils
in the shape of bundles and ribbons (Fig. 8). The
most susceptible to proteolysis is A�33-42, which
forms uneven fibrils with a rough surface. The data
indirectly support our model, because the side sur-
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Fig. 8. Peptides detected after proteases treatment of amyloid fibrils formed by (a) A�40 peptide, (b) A�42, (c), A�33-42, (d) A�31-40, (e)
A�16-25 peptide fragments and fragmentation spectra for the selected peptides.
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Fig. 9. Schematic representation of a possible mechanism of the fibrils formed by (a) A�40 and A�42 peptides (the template was PDB 2M4J)
and (b) its fragments A�31-40 and A�33-42 (the template was PDB 4UZR). (1) destabilized monomers; (2) fragment of oligomer (square-like
primary oligomer for A�40 and A�42 and two �-sheets for fragments A�31-40 and A�33-42); (3) oligomer (the square-like oligomer composed
of three primary oligomers for A�40 and A�42 and the ring-like oligomer composed of 12 �-sheets for fragments A�31-40 and A�33-42); (4)
the interaction of oligomers in fibril.

faces of the oligomers could be critical for their
association.

Molecular model of an amyloid fibril for Aβ

peptide and its fragments

Based on the EM, mass spectrometry, theoretical
and X-ray data we have proposed a molecular struc-
ture of an oligomer, which is the main building block
of amyloid fibrils formed by A�40 and A�42 pep-
tides and fragments of the latter (Fig. 9). To model an
oligomer for a whole peptide we selected the structure
obtained using solid phase NMR in the Laboratory of
Prof. Tycko [38]. This model is based on a triangle
structure (PDB 2M4J). In our experiments we did not
observe such a triangle-like shape of amyloid fibrils;
it rather resembled a square-like or ring-like structure.
We developed a theory for computing folding nuclei
based on the experimental data on the kinetics of
changes in the involvement of monomers in an amy-
loid fibril, for example, the data on the change in the
intensity of thioflavin fluorescence [39]. To compute
the size of the primary nucleus for an amyloid fibril
we used the data obtained in Prof. Dobson’s Labora-
tory [40, 41]. The nucleus of primary nucleation for a
A�42 fibril consists of three monomers, whereas that

for A�40 fibril consists of two monomers. Using the
computed folding nuclei for amyloid fibrils and the
experimental data, we proposed corresponding struc-
tures of oligomer particles—dodecamers consisting
of three layers of tetramers. Such a dodecamer cor-
responds to the mass of 56 kDa. Interestingly, this
structure contains two salt bridges: Arg5-Glu22 is
formed between the structures and Asp23-Lys28 is
formed within one of the structures. The dimension of
this oligomer corresponds to the parameters observed
using electron microscopy as well as to the X-ray
data. This model allows explaining the meridional
reflection at 53 Å and the equatorial reflection at 55 Å.
The average height of the ring is about 3–4 nm. The
ring consists of 12 monomer particles, and its height
(side view, cylinder depth) shows that the height is
formed by 3–4 layers of monomer particles. As a
result, the ring contains up to 12 peptide monomers.
Thus, this amount of the �-structure is quite enough
for reflections characteristic of cross-� structure to
be present in the diffraction patterns.

If a ring-like oligomer, which according to the
EM data represents a short hollow cylinder with the
external diameter of 6–7 nm, the internal diameter
of 2–3 nm and the height of about 3 nm, is taken as
a building block and structure modeling is used, it
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can be assumed for fragments of A� peptide that a
ring-like oligomer consists of 48 peptide molecules
forming 12 �-sheets layered in a circle (PDB 4UZR).
The external diameter of this circle is about 6 nm and
the internal about 2 nm. Upon association in a fibril
this organization of a ring-like oligomer can produce
a sufficient number of �-sheets and �-strands, so that
the X-ray structure analysis would yield equivalent
diffraction patterns for cross-� structure. In recent
papers a special attention is paid namely to interme-
diates on the pathway of fibril formation, in particular,
dodecamers which interact with other generated fib-
rils [31].

We believe that the model of fibril formation of
ring oligomers, which interact with each other differ-
ently (ring-to-ring, ring-on-ring with some shift etc.),
can give a better explanation to many properties such
as strong polymorphism under the same conditions,
fragmentation and branching inherent to amyloids.
At the same time, the molecular structure of a ring-
like oligomer can have distinctions for different short
proteins and peptides as is observed for A� peptide
and its fragments (Fig. 3).

Available structural models for amyloid fibrils of
Aβ peptide and its fragments

By the moment, many models of structural organi-
zation of amyloid fibrils formed by A� peptide have
been proposed. As a rule, all models are based on
solid-state NMR spectra and rarely on cryo-EM data
(see Table 1). Solid-state NMR is not a direct tech-
nique and is based on the use of distances obtained
experimentally with special programs: the data are
treated mathematically and a structure that would
comply with all obtained parameters is deduced. The
higher the number of such parameters is considered
the less degenerated structure should be obtained.
It is difficult to establish the uniqueness of assign-
ments obtained by manual methods. Inasmuch as
it is impossible to crystallize amyloid fibrils, their
structure can be just deduced with the use of this
method. However, there is a serious problem in
structural studies of amyloid fibrils, i.e., obtaining
of homogeneous preparations. Since amyloid fib-
rils are strongly polymorphous and their molecular
structure depends greatly on conditions of fibril-
logenesis, the obtaining of structure-homogeneous
populations of fibrils in amounts sufficient for
the method is an impediment for an unambigu-
ous interpretation of the results. This may be the
reason for the existence of a large number of

models of structural organization of A� peptides (see
Table 1).

In 2016, based on solid-state NMR spectra two dif-
ferent research teams [42, 43] proposed a molecular
structure for fibrils formed by A�42. Though con-
ditions of sample preparation in these teams varied,
the deduced structures of fibrils of A�42 appeared
to be identical. As the authors of these publications
believe, this structure of A�42 may be thermodynam-
ically stable and is actively formed if a number of
conditions are fulfilled. But in our opinion, the rea-
son for deducing identical structures is the use of the
same software to obtain a molecular structure using
the distances found in the NMR measurements. Both
research teams propose a model in which molecules
of A�42 adopt an approximately S-shaped confor-
mation consisting of short segments of �-regions
interlinked by loops. Molecules are piled directly on
each other along the direction of fibril growth thus
forming strands of parallel cross-� structures in the
register. Analogous to the structure of A�42 peptide,
the same method was used to determine the structure
of A�40 fibrils. However, in line with the obtained
data, many details of the molecular conformation and
interactions within and between molecules in fibrils
formed by A�40 and A�42 vary greatly (Table 1). The
authors of the mentioned papers think that these struc-
tural differences are caused by residues 41 and 42 and
this prevents the formation of stable A�42 fibrils.

The main difference between the proposed mod-
els is that the C-terminal region of peptide is on
the surface of A�42 fibrils, whereas in A�40 fibrils
this region is embedded inside them. The authors of
the above papers suppose that this difference in the
structure can lead to dissimilar properties of amyloid
fibrils: differences in interactions with neuron mem-
branes, membrane-linked receptor proteins, dissimi-
lar ways of stimulation of inflammation and different
properties upon recognition of antibodies. However,
these data do not agree with our data on accessibility
of fibril regions to the action of three proteases. The
data of mass spectroscopy analysis show that in both
peptides the C-terminal region is hidden and inac-
cessible for binding with proteases. Moreover, the
proposed different models of structural organization
of fibrils formed by A� peptides are not compatible
with the data published in 2017 [44], showing that
seeds of A�42 peptide can accelerate the growth of
A�40 fibrils and vice versa. This may be evidence
of similarity of the basic structural block (oligomer)
for both isoforms of A� peptide rather than of its
divergence as was assumed previously [45–47].
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The structure obtained using the cryo-EM data
also raises several questions [48]. The analysis of
an electron density slice shows that everything is not
so unambiguous for obtaining the structure packing.
But naturally it can be concluded that two monomers

of A� peptide are insufficient for producing such a
slice. The authors of the above papers demonstrate
that upon choosing a certain parameter this model
resembles greatly the structure suggested by Zhang
et al. [49].

Table 1
Model structures of monomer A� peptide in fibrils available in Protein Data Bank

PDB, region Paper,
method, region of
investigated structure

3D structure (1 model) PDB, region Paper,
method, region of
investigated structure

3D structure (1 model)

2beg, WT, 17–42,
Lührs et al., PNAS,
2005, [50] ssNMR
1–42

2lmn, WT, 9–40
Petkova et al.,
Biochemistry, 2006,
[51] ssNMR 1–40

2lmp, WT, 9–40,
Paravastu et al.,
PNAS, 2008, [52]
ssNMR 1–40

2lmq WT, 9–40,
Paravastu et al.,
PNAS, 2008, [52]
ssNMR 1–40

2lnq, Iowa mutant:
D23N 15–40, Qiang
et al., PNAS, 2012,
[53] ssNMR 1–40 2m4j, WT, 1–40, Lu

et al., Cell, 2013, [38]
ssNMR 1–40

2mvx, Osaka mutant:
deletion of E22, 1–40,
Schütz et al., Angew.
Chem. Int. Ed. 2014,
[54] ssNMR 1–40

2mxu WT, 11–42,
Xiao et al., Nature
Struct. Mol. Biol.
2015, [45] ssNMR
1–42

(Continued)
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Table 1
(Continued)

PDB, region Paper,
method, region of
investigated structure

3D structure (1 model) PDB, region Paper,
method, region of
investigated structure

3D structure (1 model)

5aef, WT, 17–42,
Schmidt et al., PNAS,
2015, [55] Cryo- EM,
5 Å 1–42

2mpz, D23N Iowa
mutant, 15–40,
Sgourakis et al.,
Structure, 2015, [56]
ssNMR 1–40

2nao, WT, 1–42,
Wälti et al., PNAS,
2016, [42] ssNMR
1–42

5kk3,WT, 11–42,
Colvin et al., JACS,
2016, [43] ssNMR
1–42

2m4j, WT, 1–40,
Dovidchenko et al.,
2016, [11] modeling,
1–42

5oqv, WT, 1–42,
Gremer et al.,
Science, 2017 [48]
Cryo-EM, 4 Å, 1–42

5w4i, de novo protein,
16–36, Kreutzer et al.,
Biochemistry, 2017,
[57] X-ray, 2.026 Å
16–36

5how, de novo protein,
17–36, Kreutzer et al.,
JACS, 2016, [58]
X-ray, 2.295 Å 17–36
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Conclusion

In spite of a large number of inconsistent the-
oretical and experimental data on the mechanism
of formation of amyloid structures, in all probabil-
ity there should exist general key moments in the
process of their formation inherent to all proteins
and peptides. A thorough analysis of the morphol-
ogy of oligomeric particles and fibrils of the studied
peptide preparations and the theoretical data on a pos-
sible mechanism of fibril generation have allowed us
to propose a mechanism of polymerization of pro-
teins and peptides in fibril formations. According to
the EM data, at the initial period of fibril forma-
tion oligomeric particles of a ring-like structure are
observed. Various studies of the mechanism of for-
mation of amyloid fibrils contain schemes of their
generation, where oligomers of different morpholo-
gies are invariably present; but nevertheless it is very
infrequent that oligomers are considered as structural
elements of fibrils. The most puzzling and unexplain-
able moment in the simplified scheme of formation
of amyloid fibrils—destabilized monomer, oligomer,
fibril—is transition from oligomers to mature fibrils.
A detailed analysis of EM images of mature fibrils
formed by A�40 and A�42 peptides and fragments of
the latter was used by us as a basis for proposing a pos-
sible mechanism of amyloidogenesis. Destabilized
monomers (in the case of A� peptide and �-synuclein
we have already unstructured peptides) form ring-
like oligomers which can be called protofibrils or
basic building blocks of forthcoming fibrils. Ring-
like oligomers have an external diameter similar to
that of single fibrils. Interaction of complete build-
ing blocks (oligomers) leads to formation of fibrils.
Ring-like oligomers in fibrils interact with each other
by lateral sides, or more frequently slightly overlap
each other by their front surfaces resembling domi-
noes or a “ladder”. When adsorbing single fibrils onto
the formvar film, they can be twisted. This makes it
possible to estimate the height of a ring-like oligomer
in the bends and obtain its parameters. The average
dimension of oligomers varies for each protein or
peptide studied, but on the average the external diam-
eter of the ring is about 6–8 nm, the internal diameter
is about 2–3 nm (the hole in the ring) and the height
of the ring-like oligomer (measured in the fibril bend)
is about 3–4 nm.

Our X-ray data on preparations of A� peptides
as well as the analysis of the literature data com-
pelled us to study in more detail the possibility of
formation of amyloid fibrils from �-sheets positioned

along the whole fibril axis. The use of theoretical
approaches (molecular modeling) has permitted us
to propose a mechanism of formation and a molec-
ular structure of a ring-like oligomer. Based on the
totality of data, including information on proteolytic
treatment of fibrils with the subsequent mass spec-
trometry analysis, we propose a new mechanism of
generation of amyloid fibrils. This mechanism under-
lies the presumption that the basic building element
of a fibril is a ring-like oligomer. However, the struc-
tural (molecular) organization (number of molecules,
their packing, parameters) of ring-like oligomers of
different proteins and peptides can vary. Formation
of amyloid fibrils from ring-like oligomers simplifies
the explanation of fibril polymorphism, fragmenta-
tion, branching and rough surfaces.

Correct representation of the structural organiza-
tion of amyloid fibrils is a necessary condition for
elaboration of strategic approaches upon developing
methods of prevention of amyloidogenic diseases.
An opinion can be found in the literature that when
designing therapeutic preparations against amyloido-
sis a personified approach should be used, because
fibril formations can differ morphologically in dif-
ferent patients. Therefore the way of formation of
fibrils from oligomer structures, common for all fib-
rils discovered by us, could facilitate creation of
general action preparations. But in our opinion, the
basic attention should be focused on physiological,
genetic and other reasons leading to destabilization
of native molecules of proteins and peptides and
triggering the process of fibrillogenesis. Destabiliza-
tion of monomers depends on many factors, and
this poses a lot of questions including the way of
avoiding changes in the conformation of native pro-
teins/peptides. As known, a number of mutations
of A� peptides can accelerate the progression of
Alzheimer’s disease, and therefore it is required to
develop approaches for “treatment” of damaged pro-
teins/peptides on the level of genes.
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A, Güntert P, Meier BH, Riek R (2016) Atomic-resolution
structure of a disease-relevant A�(1-42) amyloid fibril. Proc
Natl Acad Sci U S A 113, E4976-4984.

[43] Colvin MT, Silvers R, Ni QZ, Can TV, Sergeyev I, Rosay
M, Donovan KJ, Michael B, Wall J, Linse S, Griffin RG
(2016) Atomic resolution structure of monomorphic A�42
amyloid fibrils. J Am Chem Soc 138, 9663-9674.

[44] Tran J, Chang D, Hsu F, Wang H, Guo Z (2017) Cross-
seeding between A�40 and A�42 in Alzheimer’s disease.
FEBS Lett 591, 177-185.

[45] Xiao Y, Ma B, McElheny D, Parthasarathy S, Long F, Hoshi
M, Nussinov R, Ishii Y (2015) A�(1-42) fibril structure
illuminates self-recognition and replication of amyloid in
Alzheimer’s disease. Nat Struct Mol Biol 22, 499-505.

[46] Pauwels K, Williams TL, Morris KL, Jonckheere W, Van-
dersteen A, Kelly G, Schymkowitz J, Rousseau F, Pastore A,
Serpell LC, Broersen K (2012) Structural basis for increased
toxicity of pathological a�42:a�40 ratios in Alzheimer dis-
ease. J Biol Chem 287, 5650-5660.

[47] Cukalevski R, Yang X, Meisl G, Weininger U, Bernfur K,
Frohm B, Knowles TPJ, Linse S (2015) The A�40 and
A�42 peptides self-assemble into separate homomolecu-
lar fibrils in binary mixtures but cross-react during primary
nucleation. Chem Sci 6, 4215-4233.

[48] Gremer L, Schölzel D, Schenk C, Reinartz E, Labahn J,
Ravelli RBG, Tusche M, Lopez-Iglesias C, Hoyer W, Heise
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