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Abstract: Amyloid formation is linked with serious human diseases that are currently incurable.
Usually, in the study of amyloid aggregation, the description of the protein’s association is in
focus. Whereas the mechanism of the cross-β-structure formation, and the presence of aggregation
reversibility, remain insufficiently explored. In this work, the kinetics of amyloid aggregation of
apomyoglobin (ApoMb) have been studied using thioflavin fluorescence, electron microscopy, and
non-denaturing electrophoresis. An analysis of the concentration dependence of the aggregation
rates allows the conclusion that ApoMb amyloid formation includes the stages of conformational
rearrangements in the aggregates, followed by their association and the fibril formation. The study of
the mutant variants aggregation kinetics showed that the association rate is determined by the amino
acids’ hydrophobicity, while the rate of conformational rearrangements is affected by the localization
of the substitution. An unexpected result was the discovery that ApoMb amyloid formation is
reversible, and under native-like conditions, the amyloid can dissociate, producing monomers.
A consequence of the reversibility of amyloid aggregation is the presence of the monomer after
aggregation completion. Since the aggregation reversibility indicates the possibility of dissociation
of already formed fibrils, presented data and approaches can be useful in finding ways for amyloid
diseases treatment.
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1. Introduction

The inability of proteins to fold properly leads to their dysfunction and aggregation.
One of the types of protein aggregates are amyloids, which are fibrils containing a cross-
β-structure [1]. To date, more than 50 diseases associated with the formation of amyloids
are known, including Alzheimer’s disease, type II diabetes, spongiform encephalopathies,
and others [2,3]. The cause of amyloidosis symptoms is damage to the cell membranes by
protein aggregates. Usually, the most toxic species are not fibrils, but oligomers formed at
the early stages of amyloid formation [4–6]. Therefore, the study of the amyloid aggregation
kinetics and factors influencing the various stages of this process may be useful in finding
ways to treat amyloid diseases [7].

The classical model used to describe the kinetics of amyloid formation is nucleation
polymerization. Its specific feature is the slow and thermodynamically unfavorable first
steps of protein oligomerization (nucleation) [8–10]. Three stages are distinguished on the
kinetic curve of nucleation polymerization: a lag phase, corresponding to the formation
of an unstable oligomeric nucleus, an exponential growth phase, and a stationary phase,
where the reaction graph reaches a plateau [8–10]. For amyloid aggregation, the classical

Physchem 2023, 3, 304–318. https://doi.org/10.3390/physchem3030021 https://www.mdpi.com/journal/physchem

https://doi.org/10.3390/physchem3030021
https://doi.org/10.3390/physchem3030021
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/physchem
https://www.mdpi.com
https://orcid.org/0000-0002-9771-4952
https://orcid.org/0000-0001-6412-1037
https://doi.org/10.3390/physchem3030021
https://www.mdpi.com/journal/physchem
https://www.mdpi.com/article/10.3390/physchem3030021?type=check_update&version=1


Physchem 2023, 3 305

model of nucleation polymerization is complemented by secondary pathways involving
nucleation catalyzed by existing aggregates [11,12].

To date, using both disease-associated and model proteins, the effect of amino acid
substitutions on the aggregation kinetics has been studied. It has been shown that the rate of
amyloid formation is determined by the residues’ hydrophobicity and the protein structure
stability [13–18]. Under denaturing conditions, the aggregation rate correlates with the
hydrophobicity, since the latter stabilizes the intermolecular interactions [13–15]. Under
native-like conditions, protein destabilization leads to an increase in the population of
non-native conformations with hydrophobic groups exposed to the solvent, and, therefore,
increases the aggregation rate [17,18]. Thus, both a hydrophobicity increase and the native
state destabilization affect the rate of amyloid formation by accelerating the molecules’
association, and are expected to accelerate any type of aggregation. However, besides the
molecules’ association, the amyloid formation includes conformational rearrangements,
resulting in the formation of a highly regular cross-β-structure [19–22]. It differs from the
β-structure of globular proteins by greater regularity and less twisting [23,24]. To date,
the factors affecting the rate of conformational rearrangements during amyloid formation
remain unexplored. Since the toxicity of amyloid aggregates depends on the cross-β-
structure content, the study of the structural transitions may play a key role in finding
approaches to reduce the amyloidosis symptoms [25,26].

The second important and unexplored issue of the amyloid formation kinetics is
the reverse process, that is, the dissociation of amyloids under conditions of aggregation.
The dynamic equilibrium between the monomer and small aggregates formed during
the lag-period of amyloid formation has been shown previously [27]. While it is usually
believed that the mature amyloid fibrils are highly stable, the reverse process of amyloid
aggregation is absent, or its rate is minimal [28]. The discovery of a high concentration of
the monomer after the completion of the kinetics of amyloid aggregation raised the question
of the possible reversibility of all stages of fibril formation [29,30]. Using Aβ-peptide, the
dissociation of fibrils under aggregation conditions has been shown, which confirmed the
reversibility of amyloid formation [31,32]. To date, such reports are uncommon, and the
amyloid formation reversibility needs further study.

This study aimed to examine how amino acid substitutions affect various stages
of amyloid formation, including association, conformational rearrangements, and the
amyloid aggregation reversibility. To study the stage of conformational rearrangements,
it is important to choose the conditions where this process proceeds slowly enough to be
detected experimentally. Therefore, for our work we chose the model protein apomyoglobin
(ApoMb) for several reasons. First, it is a completely α-helical protein forming amyloids
from a folded state; therefore, it is assumed that its structural transitions leading to the
formation of cross-β-structure occur with the crossing of a relatively high energy barrier.
Second, our previous results showed that after ApoMb aggregation completion, a significant
fraction of the protein remains in the monomeric form, indicating a possible reversibility of
amyloid formation [33]. Therefore, this protein is an appropriate model for studying both
the conformational rearrangements and the reversibility of amyloid aggregation.

ApoMb is a single domain protein containing eight helices, and its folding occurs
through the formation of an intermediate state [34–36]. ApoMb forms amyloid fibrils under
a wide range of conditions, and the precursor of amyloids can be both an intermediate state
and an unfolded one [33,37,38]. The experimental data point to the important role of the
A-helix of ApoMb in the process of amyloid aggregation: the peptide corresponding to this
region is capable of amyloid aggregation; in addition, substitutions in the A-helix lead to
an increase in the ApoMb amyloidogenicity [38,39].

This study investigated the amyloid formation kinetics of wild-type ApoMb and its
five mutant variants at a temperature of 40 ◦C and pH 5.5. These conditions were chosen
as they closely resemble physiological ones. The results obtained show that the rate of
association is affected by amino acid hydrophobicity, while the rate of conformational
conversion during amyloid aggregation is determined by the position of mutation. It was
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shown that ApoMb amyloid aggregation is reversible and fibrils can dissociate to monomers
under the conditions of aggregation. Using new approaches for studying the amyloid
formation reversibility, the effect of mutations on the equilibrium between monomer and
aggregates has been estimated. Thus, the obtained data provide a deep insight into the
mechanism of different stages during amyloid formation by folded proteins.

2. Materials and Methods
2.1. Protein Expression and Isolation

Plasmids containing the genes of sperm whale ApoMb mutated forms were obtained
using a 7 QuikChange site-directed mutagenesis kit (Stratagene, San Diego, CA, USA) with
the plasmid pET17b as a template (a kind gift from P.E. Wright). ApoMb and its variants
were isolated and purified after the expression of appropriate plasmids in Escherichia coli
(E. coli) BL21 (DE3) cells as described previously [40].

2.2. Absorption Spectroscopy

To calculate the protein concentration, absorption spectra were measured on a Cary
100 spectrophotometer (Agilent Technologies, Palo Alto, CA, USA) in the 220–450 nm range.
The extinction coefficients were calculated from the amino acid sequence and taken as
A0.1%

280 =0.88 for WT ApoMb and its mutated proteins V10A, V10F, and V10AM131A, the
value of A0.1%

280 =0.56 was used for the variants W14A and W14F [41].

2.3. Aggregation Conditions

To study amyloid formation, lyophilized proteins were dissolved in a 10 mM sodium
phosphate buffer, pH 5.5. Then the poorly dissolved material was removed by centrifuga-
tion using a Beckman 100 ultracentrifuge (Beckman Coulter, Brea, CA, USA) at 90,000× g
for 30 min at a temperature of 4 ◦C. The ApoMb solutions were incubated for 24 h at a
temperature of 40 ◦C.

2.4. Fluorescence Spectroscopy

A Varian Cary Eclipse (Agilent Technologies, Santa Clara, CA, USA) spectrofluorimeter
was used for thioflavin T (ThT) fluorescence measurements. To study the concentration de-
pendence of the aggregation rates, the kinetics of the ApoMb V10F variant were registered
in the range of protein concentrations 8–290 µM. For the investigation of the mutations’
effects on the amyloid formation rates, the kinetics were measured at an ApoMb variants
concentration equal to 290 µM. The dye concentration was 500 µM. The excitation wave-
length was 450 nm. The fluorescence was recorded at 480 nm at 40 ◦C in a cuvette with
stirring. The optical path length of the cuvette was 1 cm.

2.5. Electron Microscopy

The samples for electron microscopy studies were prepared according to the neg-
ative staining method, described earlier [42]. Briefly, a cooper 400-mesh grid (Electron
Microscopy Science, Hatfield, PA, USA) coated with a formvar film was mounted on the
protein sample drop (6 µM). After 5 min absorption, the grid with the preparation was
negatively stained for 2 min with a 1% aqueous solution of uranyl acetate. Micrographs
were obtained using a transmission electron microscope JEM 1200 EX (Jeol, Tokyo, Japan)
at an 80 kV accelerating voltage. Images were recorded on the Kodak electron image film
(SO-163) at a magnification of 40,000.

2.6. Fourier Transforms Infrared Spectroscopy (FTIR)

Infrared spectra were recorded by Nicolet 6700 Fourier transform IR spectrometer
(Thermo Scientific, Waltham, MA, USA). The protein concentration was 5 mg/mL, spectra
were measured at 25 ◦C. The sample was placed between CaF2 plates; the optical path
length was 5.8 µm. The spectra comprising the average of 256 scans were measured with a
4 cm−1 resolution with automatic water vapor compensation.
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2.7. Non-Denaturing Electrophoresis

Non-denaturing electrophoresis of ApoMb solutions was performed in 9% PAGE.
The electrophoresis was performed at pH 5.5 without a denaturant addition using 50 mM
MES-NaOH buffer (pH 5.5) as an electrode and gel buffer. Positively charged methylene
green dye, appropriate for electrophoresis in acidic conditions, was added to the sample
buffer as a leading dye. The protein bands stained with Coomassie Brilliant Blue G250–were
quantified using the Total Lab software (Gosforth, UK).

2.8. Amyloids Purification

After allowing the aggregation process to complete over 24 h, the amyloid solution was
centrifuged at 90,000× g using a Beckman 100 ultracentrifuge (Beckman Coulter, Brea, CA,
USA), at a temperature of 4 ◦C for 30 min. The supernatant was removed. Resuspension
in the 10 mM sodium phosphate, pH 5.5 buffer, and the centrifugation of amyloids were
repeated twice to remove the rest of the monomeric protein and low molecular weight
aggregates. Then the precipitate with amyloid fibrils was resuspended in 10 mM sodium
phosphate buffer, pH 5.5 to a final concentration 290 µM.

3. Results
3.1. Selection of Amino Acid Residues for Substitutions

This work aimed to study the influence of both the protein structure stability and the
amino acid residues’ hydrophobicity on the ApoMb amyloid aggregation kinetics. First,
since the A-helix of ApoMb is shown to be highly amyloidogenic, we selected substitutions
in this region [38,39]. Second, in accordance with our earlier research on the stability
of ApoMb mutants, we have selected variants with varying degrees of the native state
destabilization for this work [33,40]. These include V10A, W14A, and V10AM131A. All
these substitutions decrease the residue hydrophobicity. Additionally, to confirm the
hydrophobicity effect on aggregation, the residues at these positions were substituted by
more hydrophobic ones: V10F and W14F. Thus, a set of five ApoMb variants was obtained:
W14A, V10AM131A, V10A, W14F, and V10F.

For all the obtained proteins, the kinetics of amyloid formation have been studied at
pH 5.5 and 40 ◦C. These conditions are as close as possible to physiological ones under
which ApoMb forms amyloids. At a pH above 5.5, ApoMb forms amorphous aggregates,
while decreasing the temperature below 40 ◦C leads to a pronounced slowdown in aggrega-
tion, making it unsuitable for experimental studies. Under the chosen conditions, monomer
wild-type ApoMb and its variants contain a pronounced secondary structure and show
heme-binding ability [33].

3.2. The Stages of ApoMb Amyloid Formation

To investigate the stages of ApoMb amyloid formation, the variant V10F was chosen
as an example due to its high amyloidogenicity [33,43]. For experiments, the protein
concentration was 290 µM. The kinetics of aggregates formation have been studied by the
non-denaturing electrophoresis. Figure 1a shows the electrophoregram of the aliquots
taken at different time points of protein incubation at 40 ◦C. The lower band in the gel
corresponds to the monomeric protein. The diffuse band at the top of the first track indicates
the presence of ApoMb aggregates at pH 5.5 before incubation. The aggregation kinetic
representing the decrease in the intensity of the monomer band as a function of time was
plotted (Figure 1a). According to the results obtained, the aggregation process is well
described by an exponential dependence reaching a plateau after about 6 h of incubation.

Unlike non-denaturing electrophoresis, sensing the formation of any types of aggre-
gates, the ThT specifically binds with the cross-β-structure. Therefore, the ThT fluorescence
method allows a focus on the amyloid formation. The ThT kinetics of ApoMb amyloid
aggregation are similar to that obtained by non-denaturing electrophoresis (Figure 1a,c). To
confirm that the observed dye binding reflects the appearance of a β-structure in the protein
and is not non-specific, the FTIR method was used. Figure 1b shows the FTIR spectra of
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ApoMb V10F before incubation and after 8 h aggregation. The spectrum before incubation
shows one peak at the wavenumber of 1650 cm−1, corresponding to the absorption of the
α-helix and the coil. In contrast, in the spectrum of the sample, after 8 h incubation appears
a peak at 1620 cm−1, characteristic of a cross-β-structure [23]. FTIR spectra were measured
for samples at different time points of amyloid formation, then the kinetic graph was
plotted using the A1620/A1650 ratio, which is proportional to the cross-β-structure content.
The coincidence of the kinetic curves obtained by FTIR and ThT fluorescence indicates
that the dye binding is specific (Figure 1c). Therefore, the ThT fluorescence method is
appropriate for monitoring the increase in the cross-β-structure content during ApoMb
amyloid formation.
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Figure 1. The non–denaturing electrophoresis data for samples at different time points of ApoMb
V10F incubation at 40 ◦C and kinetics of aggregation plotted according to the electrophoregram (a);
FTIR spectra of ApoMb before and after 8 h incubation (b); kinetics of amyloid aggregation obtained
by ThT fluorescence and FTIR spectroscopy (c); electron micrographs of solutions after 48 min (d),
and 8 h aggregation, globular (ga), rod–like (ra) aggregates, and fibrils (f) are marked by arrows (e);
proposed model of ApoMb amyloid formation (f).

The ThT kinetic graph can be approximated by a double-exponential function
(Figure 1c). This concludes that there are at least two stages during ApoMb amyloid
formation. From the approximation, the rates of the first (k1 = 2.61 h−1) and the second
(k2 = 0.42 h−1) aggregation stages were obtained. The characteristic times of the first and
the second stages, equal to 48 min and 8 h, respectively, were calculated according to the
standard method [44]. The morphology of aggregates formed after these amyloid formation
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stages was studied using electron microscopy. At the end of the first stage (≈48 min), globu-
lar and rod-like aggregates were predominant (Figure 1d). At the subsequent stage over 8 h,
the formation of fibrillar structures up to 100 nm long occurs (Figure 1e). Thus, the obtained
data allow concluding that the first step of ApoMb amyloid aggregation corresponds to
the formation of globular cross-β-structural aggregates, binding ThT. The second stage
includes the fibril formation and an increase in the β-structure content (Figure 1f).

3.3. Concentration Dependences of the ApoMb Aggregation Rates

The kinetics of amyloid formation at different ApoMb concentrations were followed by
the ThT fluorescence using V10F mutant as an example (Figure S1). From the approximation
of kinetic curves, the values of the first and second aggregation rate constants were obtained.
The concentration dependence of the first rate is shown in Figure 2a. In the range of
low ApoMb concentrations (lower 60 µM), this rate increases with increasing protein
concentration. This type of dependence is characteristic of aggregation and indicates that
the rate of the process is determined by the particles’ association.
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proposed model of ApoMb amyloid aggregation (d).

In contrast, at a high ApoMb concentration (above 60 µM), the rate of the first stage is
concentration independent. There are two possible explanations for the results obtained.
The first is that at high protein concentrations, the amyloid aggregation rate is determined
by the zero-order reaction, i.e., a process within a single particle. The second explanation
is that, besides amyloids, non-specific aggregates that do not bind ThT are formed, and
their fraction increases with increasing protein concentration [45]. In this case, the number
of formed fibrils would be the same in the range of ApoMb concentration, corresponding
to the plateau on the graph. To check if the last model is appropriate for ApoMb, we
plotted the concentration dependence of the first stage amplitude in the range where
the aggregation rate is concentration independent (Figure 2b). The data show that the
amplitude and, consequently, the number of amyloids increases linearly with the increasing
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protein concentration. This excludes the last model for ApoMb amyloid formation and
supports the first explanation, that the first visible aggregation rate is determined by the
zero-order reaction at a high protein concentration. The ThT fluorescence reflects the
formation of the amyloid cross-β-structure. Thus, the concentration-independent stage
during amyloid formation seems to be a conformational rearrangement within aggregates,
leading to the formation of a β-structure from the initially α-helical ApoMb.

The second aggregation stage also depends on the protein concentration. The rate
constant k2, increases as the protein concentration increases throughout the range studied
(Figure 2c). This behavior is typical for protein association. Thus, the saturation of the
first-rate concentration dependence allows the supplementing of the previous scheme of
ApoMb aggregation with the third stage of conformational rearrangements (Figure 2d).

The data obtained indicate that the free energy profile of ApoMb aggregation depends
on protein concentration. The first observed rate constant (k1obs) of amyloid formation
includes two stages with their own free energy barriers. The first barrier corresponds
to the protein molecules’ association, and its height decreases with increasing protein
concentration. The second barrier is determined by conformational rearrangements within
aggregates, and it is concentration independent. At low ApoMb concentrations (below
60 µM), the highest energy barrier (#) corresponds to the association stage (Figure 3a). At
higher concentrations (above 60 µM), the association rate increases, reducing the first free
energy barrier to an extent, making it lower than the conformational rearrangements barrier
(Figure 3b). Therefore, the rate of the first observed rate constant (k1obs) is determined
by the structural rearrangements within aggregates and does not depend on the ApoMb
concentration. During the third stage of amyloid formation, fibril formation occurs, and
its observed rate constant (k2obs) is determined by the association over the entire range of
protein concentrations.
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3.4. The Effect of Mutations on the First Rate of ApoMb Amyloid Aggregation

To understand what factors determine the rate of structural rearrangements within
aggregates, we studied the amyloid formation kinetics of ApoMb variants at a protein con-
centration of 290 µM. At this concentration, the first observed rate constant is concentration
independent, and conformational conversion is the slowest step. The kinetics of ApoMb
variants amyloid formation was followed using ThT fluorescence (Figure 4). The first (k1obs)
and the second (k2obs) observable rate constants were calculated from the two-exponential
approximation (Table 1).
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ApoMb 
Variant 

k1obs (h−1) k2obs (h−1) fI (%) a Δhydrophobicity 
(kcal/mol) b 

Monomer Band 
Intensity (a.u.) c  

W14A 5.21 ± 0.09 0.10 ± 0.02 69.4 ± 6.1 −1.74 0.08 ± 0.01 
V10AM131A 2.73 ± 0.27 0.25 ± 0.08 52.8 ± 4.7 −1.48 0.09 ± 0.02 

V10A 2.56 ± 0.24 0.32 ± 0.07 18.2 ± 0.9 −0.90 0.49 ± 0.01 
WT 3.34 ± 0.14 0.26 ± 0.05 16.6 ± 0.6 0 1.00 ± 0 

W14F 4.60 ± 0.01 0.44 ± 0.01 24.7 ± 2.2 0.14 0.34 ± 0.02 
V10F 2.61 ± 0.12 0.42 ± 0.04 25.3 ± 0.6 0.97 0.11 ± 0.02 

a—The data are from [33]; b—the data are from [15]; c—normalized to WT protein. 
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chain was especially surprising. Substitutions of the V10 residue led to a slowdown of the 
conformational rearrangements compared to wild-type proteins, while mutations at the 
W14 position accelerate this stage (Figure 5c). The significant differences in the aggrega-
tion rate between proteins with the point mutations indicate a high specificity of the am-
yloid cross-β-structure formation. The dependence of k1 on the localization of amino acid 
substitutions, regardless of the residue properties, suggests that the rate of conforma-
tional rearrangements is determined by the structure of a specific region of a protein in-
volved in the formation of the β-structure by α-helical ApoMb. 

Numerous studies of amyloid aggregation indicate that the main determinants of 
the aggregation rate are the physicochemical properties of the residues, such as hydro-

Figure 4. Amyloid formation kinetic of ApoMb wild-type and its variants.

Table 1. Amyloid formation rates, residual monomer band intensity, and properties of ApoMb
variants, arranged according to the hydrophobicity increase.

ApoMb
Variant k1obs (h−1) k2obs (h−1) fI (%) a ∆hydrophobicity

(kcal/mol) b
Monomer Band
Intensity (a.u.) c

W14A 5.21 ± 0.09 0.10 ± 0.02 69.4 ± 6.1 −1.74 0.08 ± 0.01
V10AM131A 2.73 ± 0.27 0.25 ± 0.08 52.8 ± 4.7 −1.48 0.09 ± 0.02

V10A 2.56 ± 0.24 0.32 ± 0.07 18.2 ± 0.9 −0.90 0.49 ± 0.01
WT 3.34 ± 0.14 0.26 ± 0.05 16.6 ± 0.6 0 1.00 ± 0

W14F 4.60 ± 0.01 0.44 ± 0.01 24.7 ± 2.2 0.14 0.34 ± 0.02
V10F 2.61 ± 0.12 0.42 ± 0.04 25.3 ± 0.6 0.97 0.11 ± 0.02

a—The data are from [33]; b—the data are from [15]; c—normalized to WT protein.

Usually, the rate of amyloid aggregation correlates with the hydrophobicity of amino
acid residues or, in the case of native-like conditions, with the stability of the protein struc-
ture [13–18]. Therefore, first, we tried to find the dependence of the ApoMb aggregation
rate on these parameters (Figure 5a,b). As a measure of the mutant structure stability,
we used populations of the native and intermediate states under the studied conditions
(pH 5.5; 40 ◦C) determined earlier (Table 1) [33]. The obtained data reveal the absence of
these correlations for ApoMb amyloid formation.
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In the absence of generally accepted correlations, the discovery of the dependence of
the aggregation rate on the position of the amino acid substitutions along the polypeptide
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chain was especially surprising. Substitutions of the V10 residue led to a slowdown of the
conformational rearrangements compared to wild-type proteins, while mutations at the
W14 position accelerate this stage (Figure 5c). The significant differences in the aggregation
rate between proteins with the point mutations indicate a high specificity of the amyloid
cross-β-structure formation. The dependence of k1 on the localization of amino acid
substitutions, regardless of the residue properties, suggests that the rate of conformational
rearrangements is determined by the structure of a specific region of a protein involved in
the formation of the β-structure by α-helical ApoMb.

Numerous studies of amyloid aggregation indicate that the main determinants of the
aggregation rate are the physicochemical properties of the residues, such as hydrophobicity
and charge [13,14]. Therefore, accounting for these parameters underlies most algorithms
predicting the effect of mutations on the aggregation rate [15,46,47]. The absolute aggrega-
tion rate prediction is carried out taking into account the protein concentration [46,48]. The
influence of these factors is clearly seen when the rate of amyloid formation is limited by
the molecules’ association. However, in the case of ApoMb, it has been found that under
the conditions used, the first observed rate constant of amyloid formation is not determined
by the protein association, but rather by conformational rearrangements within aggregates.
That explains the lack of above-mentioned correlations. This result allows us to conclude
that conventional approaches for predicting the mutations’ effect on the aggregation rate,
based on the hydrophobicity, cannot always be applied if the observed fibril formation rate
is determined by conformational rearrangements. The data obtained for ApoMb showed
that the rate of conformational conversion is determined by localization of substitution.
These results suppose that a further search for sites where substitutions significantly change
the rate of conformational rearrangements may be useful for complementation of the exist-
ing approaches for predicting the effect of mutations on the aggregation rate, as well as for
the control of amyloid formation kinetics.

3.5. The Effect of Mutations on the Second Rate of ApoMb Amyloid Aggregation

During the second stage of ApoMb amyloid formation, fibrils are formed from globu-
lar aggregates. The second rate constant depends on the protein concentration, i.e., it is
limited by the aggregates’ association (Figure 2c). As mentioned above, usually the associa-
tion rate is determined by the properties of the amino acid residues, and it increases with
their hydrophobicity [13–15]. In accordance, for the studied ApoMb variants, a correlation
is observed between the change in the residues’ hydrophobicity as a result of mutations
and the rate of fibril formation (r = 0.82) (Figure 6a). However, the same kind of residue
located in different regions of the protein can be involved in the formation of intermolecular
interactions to varying degrees. For example, one residue can be completely buried in the
aggregate structure and form interactions by the entire surface, while the other residue of
the same type can form contacts only by part of its surface. A decrease in the hydrophobic
surface of the residue in the first case will lead to a more pronounced slowdown of aggre-
gation compared to the second case. Since the dependence of the aggregation rate on the
hydrophobicity change for all residues does not take into account the possible difference
in their involvement in intermolecular interactions, the coefficient of this correlation can
be low (Figure 6a). Therefore, it would be more correct to compare the aggregation rate of
protein variants in which substitutions changing hydrophobicity are located at the same
position. Such a comparison for ApoMb indicates that the same tendency is observed
for both studied positions: mutant variants with substitutions for phenilalanine fibrillate
faster than those with mutation to the less hydrophobic alanine (Figure 6b). An additional
decrease in hydrophobicity due to the second substitution M131A leads to a slowdown
in amyloid formation of V10AM131A ApoMb compared to the V10A variant. According
to the data obtained, the difference in the aggregation rate between the mutants with
substitutions for alanine and phenilalanine is more pronounced for the 14 position than for
the 10 one. This suggests that the residue at the 14 position is involved in the formation of
intermolecular interactions in more extent than the 10 residue.
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3.6. The Amyloid Formation Reversibility

In some cases, the mutant forms of a protein may differ not only in the aggregation
rate, but also in the amyloid formation propensity. A comparison of the aggregation
propensity implies a quantitative assessment of the aggregates’ content after the end of
amyloid formation, when the kinetic curves reach a plateau. Due to the heterogeneity of
aggregates, it is difficult to estimate their amount experimentally. In contrast, it is much
easier to estimate the concentration of the monomeric protein after aggregation completion.
This value is inversely proportional to the amount of aggregates, and it can be used as a
measure of the aggregation propensity. In this work, the estimation of the ApoMb monomer
content was carried out using the non-denaturing electrophoresis. After aggregation kinetic
completion (24 h), the solutions of ApoMb variants were separated by electrophoresis in
the absence of a denaturant. The total amount of protein applied per lane was the same for
all samples. According to the data, the aggregation propensity of ApoMb mutants varies,
and in the case of some variants, a significant fraction of the monomeric protein remains in
solution after completion of aggregation (Figure 7a). The calculated values of the monomer
band intensity are presented in the Table 1.

To ensure the accurate interpretation of the kinetic data, it is crucial to understand why
a monomer is present in the solution after the aggregation is complete and why the protein
does not fully participate in the amyloid formation. One of the possible explanations
is that the residual monomer concentration is the critical one, observed for nucleation
polymerization [49]. Below this concentration level, the amyloid formation cannot occur,
since the interaction energy in the aggregates does not compensate for the monomer’s
entropy loss. The second explanation is the reversibility of the amyloid aggregation and
the presence of an equilibrium between the monomer and aggregates.

If the residual ApoMb monomer concentration corresponds to the critical one, the
monomer content after aggregation completion should be the same at different initial
protein concentrations. To test this assumption, we compared the monomer content after
aggregation completion of WT ApoMb incubated at the various concentrations using
the non-denaturing electrophoresis (Figure S2). The results obtained indicate that the
monomer band intensities after the end of aggregation are not the same for all the studied
samples. This excludes an assumption that the residual monomer content corresponds
to the critical amyloidogenic concentration (Figure 7b). The electrophoresis results show
that the fraction of the remaining monomer corresponds to 0.75–0.85 in relation to the total
protein and is similar for all studied samples (Figure 7b). This supports the assumption
about the reversibility of amyloid formation and the presence of an equilibrium between
the monomeric protein and aggregates.
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monomer band intensity of solutions before and after amyloid formation at various WT ApoMb
concentrations, the numbers at arrows indicate the fraction of the monomeric protein after aggregation
completion (b); kinetics after dilution (from 290 µM to 60 µM) of the solution with non-purified (1)
and purified (2) amyloids (c); non-denaturing electrophoregram of purified amyloid solution before
(1) and after (2) its incubation at 40 ◦C during 6 h (d).

To confirm this assumption, we performed the amyloid dilution experiments. First, a
solution of WT ApoMb after aggregation completion (24 h) was diluted from a concentration
of 290 µM to 60 µM, then the ThT fluorescence was followed during incubation at 40 ◦C
(Figure 7c(1)). The absence of significant changes in fluorescence allows the conclusion that
a decrease in the concentration of amyloids does not cause their dissociation. The second
experiment was a similar dilution of amyloids that were preliminarily purified, by the
centrifugation of the solution after aggregation completion and subsequent resuspension of
the pellet. A purified fibril dissolution revealed a pronounced decrease in ThT fluorescence,
indicating the dissociation of amyloids (Figure 7c(2)). These results confirm that ApoMb
amyloid aggregation is reversible. Moreover, the fibrils’ dissociation is determined by
the fractions of monomeric protein and aggregates, and it occurs with an increase in the
fraction of the latter relative to the monomer.

The next question arising is what are the products of the amyloid dissociation? To
elucidate this, we performed non-denaturing electrophoresis of purified fibrils and of
the solution after fibrils’ dissociation when the kinetics monitored by ThT fluorescence
reached the plateau (Figure 7d). The appearance of a monomer band after fibrils’ disso-
ciation indicates that under the aggregation conditions, amyloids can disassemble to a
monomeric protein.

Thus, the results obtained suggest that the presence of a residual monomer after
aggregation completion is a consequence of the reversibility of amyloid formation and the
equilibrium between the monomer and aggregates. The reversibility of aggregation means
that previously formed fibrils can be dissociated under native-like conditions. Therefore,
this discovery, as well as further studies of the amyloid formation reversibility, may be
useful in finding approaches to amyloid disease treatment.
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4. Discussion
4.1. Association and Conformational Rearrangements during Amyloid Aggregation

A specific feature of amyloid fibrils is the presence of a cross-β-structure, which differs
from the β-structure of globular proteins in its greater regularity and less twisting [23,24].
Therefore, the process of amyloid formation includes not only the association of protein
molecules but also structural rearrangements leading to the formation of a highly regular
cross-β-structure. In addition, the toxicity of amyloid aggregates depends on the content
and structural features of the cross-β-structure, so the control of conformational rearrange-
ments may be important for the treatment of amyloidosis [25,26]. However, most of the
work performed to date has focused on the protein association, and the mechanism of
conformational rearrangements remains insufficiently studied.

In this work, the impact of amino acid substitutions on both the association and the rate
of conformational rearrangements were examined through investigating ApoMb, a model
protein. Through experiments that aimed to investigate the concentration dependence on
the rate of amyloid formation, a previously hidden stage of conformational rearrangements
within the aggregates has been revealed. It was shown that the rate of molecules association
is influenced by the hydrophobicity of amino acid residues, whereas the position of the
mutation determines the rate of conformational rearrangements.

The effect of substitution localization on the kinetics of structural rearrangements is a
novel and unexpected result. To explain it, it is important to answer the question, what do
mutants with substitutions at the same position have in common? Usually, mutations lead
not only to a change in the stability of the native state, but also to a change in the protein
structure. The NMR data revealed that the structure of both the native and intermediate
states of ApoMb are affected by single amino acid substitutions, not only near the mutation
site but also at some distance [36]. It is likely that mutations in the same positions change
the structure in the same region of the protein molecule. The obtained data assumed that
both studied substitutions lead to a change in the structural features of the protein region,
forming β-structure in α-helical ApoMb. Structural changes due to the substitution of V10
slow down conformational rearrangements compared to wild-type ApoMb, while W14
mutations accelerate this stage.

4.2. The Reversibility of ApoMb Amyloid Formation

One of the most important and unexplored issues in the field of protein aggregation
is the reversibility of amyloid formation. It is generally assumed that due to the high
stability of the fibrils, amyloid aggregation is an irreversible process [28]. Therefore, when
investigating the amyloid formation of protein mutants, only the effect of the substitutions
on the molecule’s aggregation is considered, while the reversed process is neglected. The
results of our work conclude that the ApoMb amyloid formation is reversible, and there
is equilibrium between the monomer and the aggregates. The removal of the monomer
from the solution shifts the equilibrium and induces the dissociation of amyloids to a
monomeric protein.

A consequence of the reversibility of amyloid formation is the presence of a monomeric
protein after aggregation completion. The residual concentration of a monomer can serve
as a quantitative measure of its stability relative to the aggregates: a high equilibrium
monomer concentration corresponds to a low aggregate stability. The mutations signifi-
cantly shift the equilibrium between the aggregates and monomer. In the case of wild-type
ApoMb, about 20% of protein molecules are involved in the amyloid formation, whereas
variants with substitutions V10F, W14F, and V10AM131A are almost completely involved
in the formation of fibrils and show high aggregate stability.

Thus, this work shows the reversibility of ApoMb amyloid aggregation and describes
experimental approaches for its study. We suppose that the future investigation of this issue
can not only provide new insight into the biophysical mechanism of amyloid aggregation,
but also open up new opportunities for amyloidosis treatment.
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Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/physchem3030021/s1, Figure S1: Kinetics of ApoMb V10F
amyloid aggregation at various protein concentration; Figure S2: Electrophoregram of WT ApoMb
solutions before and after 24 h incubation at 40 ◦C at different protein concentrations.
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