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Abstract⎯Meisl et al. have recently observed an anomalous dependence of the amyloid formation rate on the
protein concentration. A novel mechanism of fibril growth has been proposed by Meisl et al. to explain the
abnormality; it consists in the fibril-catalyzed initiation of fibril formation with saturation of catalytic sites at
high concentrations of substrates. Our article describes an alternative explanation of the anomalous kinetics,
assuming that the formation of metastable oligomers competes with fibril formation by decreasing the con-
centration of free monomers. Oligomers are indeed observed in the course of amyloid formation, but are usu-
ally considered as seeds of amyloid fibrils rather as their competitors. However, the oligomers visually detect-
able by electron microscopy were shown to be close in size to those that can be derived from the anomalous
dependence of the amyloid growth rate on the protein concentration, given that the anomaly results from
competition between oligomer formation and amyloidogenesis.
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INTRODUCTION
The formation of amyloid fibrils underlies many

fatal disorders, such as Alzheimer’s and Huntington’s
diseases [1]. The formation of amyloids is a special
case of protein misfolding, where proteins attain a
cross-β structure and form fibrils instead of remaining
natively disordered or folding into their native globular
structures [2, 3].

The kinetics of amyloid formation has been studied
for various proteins under various conditions. Many
mechanisms of the formation of fibrils in general and
amyloid fibrils in particular have been proposed and
experimentally demonstrated [4–12]. Some of the
scenarios proposed for fibril formation include not
only a primary nucleation of fibrils by seeds consisting
of monomers, but also a secondary nucleation,
wherein new fibrils are initiated via fragmentation or
bifurcation of the existing ones (Fig. 1).

The scenarios have been well analyzed theoretically
and usually predict a linear dependence between a log-
arithm of the fibril formation time and the initial con-
centration of proteins in solution, in line with the
majority of observations.

However, an anomalous, significantly nonlinear
behavior has recently been reported for dependence of
the logarithm of the amyloid formation half-time t1/2
(i.e., the time it takes for 50% of monomeric proteins
to be involved in amyloids) on the logarithm of the ini-

tial concentration of proteins in solution [13]. A new
mechanism of the secondary initiation of fibrils has
been proposed to explain the phenomenon. The
mechanism is a multistep process wherein the second-
ary nucleation of a new fibril is a reaction that is cata-
lyzed by the surface of an existing fibril and resembles
the Michaelis–Menten reaction with saturation of
catalytic sites at high concentrations of substrates
(monomeric proteins in this case).

Here we propose an alternative possible explana-
tion of the observed anomalous kinetics, assuming
that the formation of metastable oligomers competes
with fibril formation by absorbing a part of proteins yet
uninvolved in fibrils and thereby decreasing the con-
centration of free fibril-forming monomers and,
therefore, the rate of fibril formation. Such oligomers
have, in fact, been often observed in the course of
amyloid aggregation [14‒16] and are usually consid-
ered to be seeds of amyloid fibrils. However, we show
here that oligomers are capable of acting as competi-
tors of fibrils and that the oligomers detected visually
are similar in size to those resulting from the anoma-
lous dependence of the amyloid formation rate on the
protein concentration, given that competition between
oligomer formation and amyloid formation is respon-
sible for the dependence.
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METHODS: A THEORY AND CALCULATIONS
Analytical Description of Early Amyloid Formation
The formation of fibrils is known to include two

stages, initiation of new fibrils and their growth [4, 6,
10]. Fibrils grow via polymerization; i.e., new protein
monomers are added to the ends of existing fibrils [17].
New fibrils (and, therefore, new fibril ends) appear via
primary and secondary nucleation (Fig. 1). In primary
nucleation, a new fibril (that is, two new ends) forms
from monomers [4, 6]. In secondary nucleation, frag-
mentation (cleavage) or bifurcation (branching) of
existing fibrils produces new fibril ends [8‒13].

In the most general form, the irreversible growth of
amyloid fibrils (Fig. 1) is possible to describe by the
following system of equations (see [6, 7, 10–12]):

(1)

In Eq. (1), the term with k+ describes primary
nucleation; the term with λ+ describes secondary
nucleation; [PE] is the concentration of the ends of all
fibrils; [Pn] is the concentration of polymerized
monomers; [C1] is the concentration of free mono-
mers in solution; k+ is the effective rate constant of
primary nucleation, i.e., the formation of a polymeric
seed from free monomers; ns is the number of mono-
mers in the seed, which is the smallest stable polymer
(ns is much lower than a “normal” polymer size n);
n* ≥ 1 is the size of a primary nucleus, which is the
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most unstable polymer in the seed formation pathway
(i.e., n* < ns); λ+ is the rate constant of secondary
nucleation of fibrils via bifurcation or fragmentation of
preexisting fibrils; a secondary (cleavage or branching)
nucleus includes n2 ≥ 0 monomers; and k2 is the effec-
tive rate constant of elongation of a polymer by adding
a monomer to its end. The concentration of fibril ends
is assumed to be extremely low ([PE]  [Pn] for long
fibrils with n 1), and end fusion is therefore neglected.
The terms  and  of the last
equation are also possible to neglect because the sizes
of nuclei and seeds (n*, n2, and ns) are far lower than
the average fibril length n.

A system of equations (2) is universal and describes
(see [12]) both purely linear growth of amyloids (at
λ+ = 0, when secondary initiation does not take place
and a considerable lag period is therefore absent) and
their intense exponential growth (be it via fragmenta-
tion or bifurcation of fibrils), which has (see Fig. 2) a
relatively long lag period (at ). At
k+ = 0, Eq. (2) describes a prion growth, wherein
external seeds initiate the fibril growth, while sponta-
neous fibril formation from monomers does not occur
in their absence.

To estimate the amyloid formation half-time t1/2,
Eq. (1) should be considered for a relatively low polymer-
ized monomer concentration [Pn] ([Pn]  , where
the time-independent variable  is the total concen-
tration of protein molecules, including their mono-
meric, polymeric, and oligomeric forms (the last one
is considered below).
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Fig. 1. Linear and exponential (with fragmentation or bifurcation) scenarios of polymer growth and the corresponding changes
in free energy. n* ≥ 1 is the number of monomers in a primary nucleus, which is the most unstable short polymer (when n* = 1,
the nucleus consists of one monomer with an unstable spatial structure); a seed (consisting of ns monomers) is the shortest stable
polymer; a secondary nucleus of fragmentation or bifurcation contains n2 ≥ 0 monomers; and m > 1 is the size of oligomers, which
potentially compete with fibrils.
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Differentiating the second equation  ≈
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Here we consider spontaneous (not initiated by adding
seeds preliminarily) fibril polymerization, which starts
at the time point t = 0, when there are no fibrils and
[Pn]0 = 0, [PE]0 = 0.

At t = 0, the free monomer concentration is
[C1]0 = Z0[CΣ], (3)

where the variable Z0, which is time independent, but
depends on [CΣ] (see below), is the fraction of free
(nonoligomerized) monomers at the total initial
monomer concentration [CΣ] and the time t = 0.

Amyloidogenesis with intense secondary nucle-
ation (via fragmentation or bifurcation of fibrils) is
only considered here because all experiments of Meisl
et al. [13], the results of which are discussed, demon-
strate a significant lag period before the beginning of
an intense amyloid growth (as in Fig. 2), and such a
great lag is only compatible with pronounced second-
ary nucleation [12].

An analysis of Eq. (1) shows the following. At the very
beginning of polymerization, the concentration of free
monomers is close to the concentration of fibril ends
[C1]0 ≡ [C1]t = 0, and [PE] grows with time as ,
while the polymerized monomer concentration [Pn]

grows approximately as . With these
substitutions, Eq. (2) has the following form at low
t values:

(4)

The value of  =  (where 

is the total protein concentration in monomers and
oligomers) is approximately –1 because an increase in
polymerized monomers is predominantly due to an
increase in free monomers (for more detail, see
below). Secondary nucleation (fragmentation or
branching) is intense when the rate at which new fibril
ends thus arise is far greater than the rate at which new
fibrils form from free monomers; i.e., when
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summand occurring in parentheses in Eq. (4) and

originating from the term  of Eq. (2) is pos-

sible to neglect in this case, as well as the term itself in
Eq. (2). Thus, Eq. (2) is to be solved in the approximate
form d2[Pn]/dt2 ≈  + . We
are interested in the start of amyloid formation, when
the monomer concentration [C1] is still close to the
initial monomer concentration [C1]0, while the
polymerized monomer concentration [Pn] changes
dramatically from [Pn]0 = 0 to [Pn] = 0.5[CΣ]. The
characteristic time of the process can be obtained from
the simplified equation
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Fig. 2. Typical kinetics of amyloid formation. The half-
time of the process, its lag-period, and the time of intense
amyloid growth are shown. In this example, Tlag/T2 ≈ 1.8,
i.e., Tlag/T2   0.2, which is typical [12, 18] of the expo-
nential growth with secondary nucleation via fragmenta-
tion or bifurcation of fibrils.

1.0

0.5

0

Fr
ac

tio
n 

of
 m

on
om

er
s i

n 
fib

ri
ls

Half-time t1�2

lag-period Tlag Growth time T2

Time

@



MOLECULAR BIOLOGY  Vol. 52  No. 1  2018

ANOMALOUS KINETICS OF AMYLOIDOGENESIS 65

(7)
A solution of standard Eq. (5) with boundary con-

ditions [Pn]t = 0 = 0, d[Pn]/dt|t = 0 ≈ 0 is

(8)

An analysis of the solution shows that  increases
approximately in proportion to t2 when t ≲ T2 (see [4])
and cannot start to grow exponentially until t  T2; an
exponential growth in  is only possible after a sub-
stantial lag period [4, 10, 12]. Because a large lag period
has been observed in [13], the case of t ~ t1/2  T2 is of
interest. Given that the value in brackets in Eq. (8) is far
greater than unity at t  T2 and that  can never exceed
[CΣ], the only case of interest to consider is p   [CΣ].
Thus, t1/2 is possible to estimate from the equation

(9)

so that

(10)

or

(11)

A dependence of  on , as well as on
ln[CΣ] ≡  (see Eq. (3)), is mostly related
to the first term of the sum in Eq. (11). The second term
of the sum also depends on ln[CΣ], but its ln[CΣ] depen-
dence is weak (logarithmic) because  =

 +  + 
  1 and is therefore possible to neglect. How-

ever, it should be noted that a thorough analysis of the
second term shows that, if the monomer fraction Z0 ≡

 did not change with , we would have

 ≈ . This second derivative

is never positive at any n*, n2, and p values, and the
term we neglect cannot explain the abnormally strong
and substantially positive curvature of the ln[CΣ]
dependence of , which has been observed in
[13]. (Experimental points in Fig. 4 (see below)
demonstrate that the rate at which the amyloid forma-
tion half-time decreases drops dramatically with the
increasing initial protein concentration [CΣ].).

Following Eq. (11), the abnormality may arise
because the free monomer concentration [C1]0 (and,
therefore, the monomer fraction Z0) decreases with
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Fig. 3. Free monomer fraction Z ≡ [C1]/[C] (where [C] is
the total concentration of nonpolymerized monomers)
obtained as a function of m (the number of monomers in one
oligomer not involved in polymers) and Q ≡ K/(m[C]m – 1)
from a solution of Eq. (16).
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the increasing initial total protein concentration [CΣ].
The monomer fraction decreases with the increasing
fraction of oligomerized monomers. Note that the
oligomers that compete with amyloid formation, but
not those that facilitate the process, are capable of
accounting for the unexplained observation that the
amyloidogenesis acceleration rate decreases with the
increasing [CΣ].

Free Monomers and Oligomers in Solution

Putting polymers aside, when free monomers and
oligomers of m monomers occur in a protein solution,
their momentary concentrations obey the equation

[C1] + m[Cm] = [C], (12)

where [C] is the concentration of all nonpolymerized
monomeris in the solution; [C1] < [C] is the concen-
tration of free monomers; and [Cm] is the concentra-
tion of oligomers, which each consist of m monomers
(and are consequently termed m-mers) and are not yet
involved in polymers.

When the momentary concentrations of free
monomers and m-mers are in dynamic equilibrium
(which implies that m-mers form and decay far more
rapidly than polymers arise), the law of mass action is
obeyed [19]:

[C1]m = K[Cm], (13)

where K is the equilibrium constant. Equations (12)
and (13) determine [C1] (and therefore [Cm] as well) as
a function of [C], m, and K:

[C1]m = (K/m)([C] – [C1]). (14)

Using the parameters Z = [C1]/[C] and

Q = K/(m[C]m – 1), (15)

we obtain a universal equation for Z as a function of Q
and m (Fig. 3):

Zm = Q(1 – Z). (16)

When [C] is low and [C]m – 1  K/m (i.e., Q  1), we
have Z ≡ [C1]/[C] ≈ 1 – 1/(K/(m[C]m – 1)) ≡ 1 – 1/Q;
i.e., [C1] ≈ [C] in the first approximation. When [C] is
extremely high and [C]m – 1  K/m (i.e., Q  1), we
have Z ≡ [C1]/[C] ≈ (K/(m[C]m – 1))1/m ≡ Q1/m; i.e.,
[C1] ≈ (K[C]/m)1/m  [C] in the first approximation.

As follows from Eq. (14), changes in free monomer
concentration are related to changes in the concentra-

tion of all nonpolymerized monomers as  =

.
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RESULTS AND DISCUSSION
Meisl et al. [13] have proposed a new mechanism of

amyloid formation because the amyloid formation
time has been observed to decrease slower at higher
protein concentrations (Fig. 4). However, that mech-
anism explains (see main Eq. (11) in [13]) only why the
slope of the ln[CΣ] dependence of  (i.e., the

 value) changes from  at low [CΣ]

to  at high [CΣ], but not why  ≈ –0.2 at

extremely high protein concentrations, as has been
observed by Meisl et al. (see Fig. 2a in [13]).

A possible alternative explanation is trivial and sug-
gests that the free monomer fraction decreases as
oligomers form in the solution at high [CΣ].

The amyloid formation half-time t1/2 usually [10]
depends on the initial monomer concentration [CΣ] in
solution as

ln(t1/2([CΣ])) = const + γ ln(concentration), (17)

where γ is constant. However, the parameter γ has
been observed to change from γ ≈ –1.2 ± 0.2 at low
protein concentrations to γ ≈ –0.2 at extremely high
protein concentrations [13].

A linear dependence following Eq. (17) with a vir-
tually constant γ is typical of various scenarios of amy-
loid formation at very low protein concentrations (see
[4–13] and Eqs. (1)–(11) above), although the rigor-
ous theory [12] shows that t1/2 has actually a minor
deviation from the linearity when polymer grows
exponentially. However, this minor deviation [12] is
opposite in sign to the effect observed by Meisl et al.
[13] (see discussion of Eq. (11) above) and is therefore
incapable of explaining the effect. Experiment-com-
patible values of const and γ (according to Eq. (11), γ =
–(n2 + 1)/2) can be obtained from experimental plots
of ln(t1/2) vs. ln(concentration) at a low total protein
concentration [CΣ], where the influence of oligomeri-
sation must be negligible.

The concentration in Eq. (17) is usually understood
as the total initial protein concentration in solution,
that is, [CΣ]. However, the theory shows (see [4‒7,
10‒13] and Eqs. (1)‒(11)) that this concentration is
actually the initial concentration [C1]0 of free mono-
mers, which are not included in oligomers or polymers
and account for only the fraction Z0 = [C1]0/[CΣ] of the
total protein amount in solution.

Then Eq. (17) should be written as

(18)

An experimental value of the fraction Z0([CΣ])|exper
is possible to obtain for any [CΣ] from experimental
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estimates of ln(t1/2([CΣ]) and ln([CΣ]) according to the
equation

(19)

with γ and const values obtained preliminarily (at low
[CΣ], see above and Fig. 4).

A simpler way is to use the fact that the extrapola-
tion line (Fig. 4) obeys the relationship ln(t1/2) = const +
γ ln(C'(t1/2)), where C '(t1/2) is the concentration that
corresponds to the given t1/2 value on the extrapolation
line, according to Eq. (18) with Z0 ≡ 1 (i.e., in the
absence of oligomers) and to calculate the experi-
ment-based Z0 as Z0([CΣ])|exper = [C'(t1/2([CΣ]))]/[CΣ]
(see the caption to Fig. 4).

The reversible equilibrium reaction m mono-
mers ↔ m-mer, which is assumed to be faster than
amyloid formation, obeys the law of mass action [19]
(see Eqs. (13)‒(16)). From these equations, Z0 can be
found for any specified [C] ≡ [CΣ] and any set of m and
K values, as well as m can be found from Z0, [CΣ], and K.

Our aim now is to find the oligomer size m that fits
the available experimental estimates of the amyloid
formation half-time.

To this end, we try various m = 2, 3, 4, 5, 6, … val-
ues and, for each of them, obtain (as described below) the
K(m) for the total monomer concentration [C*] = 22 μM,
which is chosen for calculations as corresponding
approximately to the start (see Fig. 4) of the distinct
curvature of the ln(t1/2) vs. ln([CΣ]) dependence
observed in [13].

To obtain K(m) for the given m and Z0([C*])|exper
values (the latter is calculated as shown in Fig. 4), we
have to obtain the corresponding Q(m,Z0([C*])|exper)
value from the plots similar to those in Fig. 3 and to
calculate K(m) = Q(m, Z0([C*])|exper)(m[C*]m – 1)
according to Eq. (15). The resulting K(m) is then used
to calculate Z([C]; m, K(m)) for all [CΣ] values at the
given m.

Using the m and K(m) values thus obtained, we cal-
culated Z0([CΣ]; m, K(m))|comp for all [CΣ] values from

Σ

ΣΣ −= γ
expe0 r

1 2
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Z
const C
C

t C

Eq. (16) and obtained the desired relationship
ln(t1/2([CΣ]; m, K(m))|comp) vs. ln([CΣ]) from the equation

(20)

which follows from Eq. (19) with the const and γ values
estimated earlier (see above).

The ln(t1/2([CΣ]; m, K(m))|comp) vs. ln([CΣ]) rela-
tionships obtained for several m values (metastable
oligomer sizes) are shown in Fig. 4. The curves corre-
sponding to m = 4‒6 closely fit the experimental
points and reproduce an extremely slow decrease in
amyloid formation half-time at very high protein con-
centrations in contrast to the theory [13].

We are aware that the values m = 4‒6, which were
obtained from the computational curves best fitting
the kinetic experimental data, are two to three times
higher than the primary nucleus sizes known for the
Aβ40 and Aβ42 peptides (see [12, 13]) and correspond
to the sizes of m-mers often detected in the course of
amyloid formation by electron and force microscopy
(Fig. 5) [14‒16, 20‒23].

Although oligomers of different amyloidogenic
proteins are similar in appearance on electron micro-
scopic images [14‒16, 20‒23], oligomer stability may
differ among the proteins, oligomers may be produced
in abundance with some proteins and in minor
amounts with some others, or their effect on the kinet-
ics of amyloid formation may be substantial in some
cases and insignificant in some others.

As is seen from Fig. 4, the amyloid formation half-
time starts to decrease slower at higher protein con-
centrations, the change being possibly due to an
increasing fraction of metastable m-mers, which are in
dynamic equilibrium with monomers. Thus, metasta-
ble oligomers detectable visually are most likely com-
petitors, rather than direct precursors, of amyloid
fibrils, in contrast to what is commonly believed.

Our results demonstrate that the trivial formation
of oligomers, which reduces the amount of fibril-pro-
ducing free monomers in solution, is at least not infe-
rior in explaining the abnormal nonlinear dependence

Σ

Σ

Σ

= + γ
+ γ

1 2 comp

0 comp

ln ; , ( )
ln

( ([ ] ) )
([ ])

( ([ ]ln ; ) ), ( ) ,

t C m K m
const C

Z C m K m

Fig. 5. Electron microscopy images obtained for the (a1, a2) and (b1, b2) Aβ42 peptides. (a1, b1) A general view. Fibrils are shown
with large arrows; oligomers, with small ones. (a2, b2) Separate oligomers. Their typical size is possible to visually estimate at
m ≈ 5‒6 monomers. The images were obtained by O.M. Selivanova and O.V. Galzitskaya and co-workers. Similar images can be
found in [16, 23] and other studies.
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of the logarithms of characteristic times of amyloid
formation on the logarithms of protein concentrations
as compared with the mechanism [13] based on satu-
ration of sites catalyzing secondary nucleation of
fibrils.

It cannot be excluded that both of the mechanisms
play their roles in amyloid formation. A direct moni-
toring of the oligomer fraction in the course of amyloi-
dogenesis will help to better understand the situation.

ACKNOWLEDGMENTS
We are grateful to O.M. Selivanova for help in

obtaining the electron microscopic images (Fig. 5).
This work was supported by the Russian Science

Foundation (project nos. 14-24-00157 (Finkelstein)
and 14-14-00536 (Galzitskaya and Dovidchenko)).

Open access. This article is distributed under the terms
of the Creative Commons Attribution 4.0 International
License (http://creativecommons.org/licenses/by/4.0/),
which permits unrestricted use, distribution, and repro-
duction in any medium, provided you give appropriate
credit to the original author(s) and the source, provide a
link to the Creative Commons license, and indicate if
changes were made.

REFERENCES
1. Irvine G.B., El-Agnaf O.M., Shankar G.M., et al.

2008. Protein aggregation in the brain: The molecular
basis for Alzheimer’s and Parkinson’s diseases. Mol.
Med. 14, 451–464.

2. Dobson C.M. 2003. Protein folding and misfolding.
Nature. 426, 884–890.

3. Buxbaum J.N., Linke R.P. 2012. A molecular history of
the amyloidoses. J. Mol. Biol. 421, 142−159.

4. Oosawa F., Asakura S., Hotta K., et al. 1959. Transfor-
mation of actin as a fibrous condensation. J. Polym. Sci.
37, 323−336.

5. Ferrone F.A., Hofrichter J., Eaton W.A. 1985. Kinetics
of sickle hemoglobin polymerization: 2. A double
nucleation mechanism. J. Mol. Biol. 183, 611–631.

6. Ferrone F. 1999. Analysis of protein aggregation kinetics.
Methods Enzymol. 309, 256–274.

7. Xue W. F., Homans S.W., Radford S.E. 2008. System-
atic analysis of nucleation-dependent polymerization
reveals new insights into the mechanism of amyloid self-
assembly. Proc. Natl. Acad. Sci. U. S. A. 105, 8926−8931.

8. Andersen C.B., Yagi H., Manno M., et al. 2009.
Branching in amyloid fibril growth. Biophys. J. 96,
1529–1536.

9. Enqvist S., Sletten K., Westermark P. 2009. Fibril pro-
tein fragmentation pattern in systemic AL-amyloidosis.
J. Pathol. 219, 473‒480.

10. Knowles T.P., Waudby C.A., Devlin G.L., et al. 2009.
An analytical solution to the kinetics of breakable fila-
ment assembly. Science. 326, 1533−1537.

11. Cohen S.I.A., Vendruscolo M., Welland M.E. et al.
2011. Nucleated polymerization with secondary path-
ways. I. Time evolution of the principal moments.
J. Chem. Phys. 135, 065105.

12. Dovidchenko N.V., Finkelstein A.V., Galzitskaya O.V.
2014. How to determine the size of folding nuclei of
protofibrils from the concentration dependence of the
rate and lag-time of aggregation: 1. Modeling the amy-
loid protofibril formation. J. Phys. Chem. B. 118,
1189‒1197.

13. Meisl G., Yang X., Hellstrand E., et al. 2014. Differ-
ences in nucleation behavior underlie the contrasting
aggregation kinetics of the Aβ40 and Aβ42 peptides.
Proc. Natl. Acad. Sci. U. S. A. 111, 9384–9389.

14. Lashuel H.A., Hartley D., Petre B.M., et al. 2002.
Neurodegenerative disease: Amyloid pores from patho-
genic mutations. Nature. 418, 291‒291.

15. Zhang M., Zhao J., Zheng J. 2014. Molecular under-
standing of a potential functional link between antimi-
crobial and amyloid peptides. Soft Matter. 10,
7425‒7451.

16. Suvorina M.Y., Selivanova O.M., Grigorashvili E.I.,
et al. 2015. Studies of polymorphism of amyloid-β42
peptide from different suppliers. J. Alzheimers Dis. 47,
583‒593.

17. Collins S.R., Douglass A., Vale R.D., Weissman J.S.
2004. Mechanism of prion propagation: Amyloid
growth occurs by monomer addition. PLoS Biol. 2 (10),
e321.

18. Finkelstein A.V., Dovidchenko N.V., Selivanova O.M.,
et al. 2015. Determination of the size of the primary and
secondary folding nuclei of protofibrils from the con-
centration dependence of the rate and the lag-time of
their formation. In: Physical Biology of Proteins and
Peptides: Theory, Simulation and Experiment. Eds. Oliva-
res-Quiroz L., Guzmán-López O., Jardón-Valadez H.E.
New York: Springer, pp. 47‒66.

19. Pauling L. 1970. General Chemistry, New York: Free-
man, Chapter 11.

20. Glenner G.G., Keiser H.R., Bladen H.A., et al. 1968.
Amyloid: 6. A comparison of two morphologic compo-
nents of human amyloid deposits. J. Histochem. Cyto-
chem. 16, 633–644.

21. Selivanova O.M., Surin A.K., Marchenkov V.V., et al.
2016. The mechanism underlying amyloid polymor-
phism is opened for Alzheimer’s disease amyloid-β
peptide. J. Alzheimer’s Disease. 54, 821–830.

22. Dovidchenko N.V., Glyakina A.V., Selivanova O.M.,
et al. 2016. One of the possible mechanisms of amyloid
fibrils formation based on the sizes of primary and sec-
ondary folding nuclei of Aβ40 and Aβ42. J. Struct. Biol.
194, 404–414.

23. Grigorashvili E.I., Selivanova O.M., Dovidchenko N.V.,
et al. 2016. Determination of size of folding nuclei of
fibrils formed from recombinant Aβ(1–40) peptide.
Biochemistry (Moscow). 81, 538‒547.

Translated by T. Tkacheva


