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Abstract: Although incurable pathologies associated with the formation of highly ordered fibrillar
protein aggregates called amyloids have been known for about two centuries, functional roles of
amyloids have been studied for only two decades. Recently, we identified functional amyloids in
plants. These amyloids formed using garden pea Pisum sativum L. storage globulin and vicilin,
accumulated during the seed maturation and resisted treatment with gastric enzymes and canning.
Thus, vicilin amyloids ingested with food could interact with mammalian proteins. In this work,
we analyzed the effects of vicilin amyloids on the fibril formation of proteins that form pathological
amyloids. We found that vicilin amyloids inhibit the fibrillogenesis of these proteins. In particular,
vicilin amyloids decrease the number and length of lysozyme amyloid fibrils; the length and width of
β-2-microglobulin fibrils; the number, length and the degree of clustering of β-amyloid fibrils; and,
finally, they change the structure and decrease the length of insulin fibrils. Such drastic influences
of vicilin amyloids on the pathological amyloids’ formation cause the alteration of their toxicity
for mammalian cells, which decreases for all tested amyloids with the exception of insulin. Taken
together, our study, for the first time, demonstrates the anti-amyloid effect of vicilin fibrils and
suggests the mechanisms underlying this phenomenon.

Keywords: vicilin; amyloid; protein fibril; lysozyme; insulin; beta-2-microglobulin; β-amyloid
peptide; Pisum sativum L.

1. Introduction

The formation of ordered fibrillar protein aggregates, amyloids, is associated with a
wide range of disorders, such as Alzheimer’s and prion diseases, amyotrophic lateral sclero-
sis, various localized and systemic amyloidoses, etc. [1–5]. At the same time, recent studies
indicate that proteins in the amyloid state can perform important biological functions [6,7]
in different organisms: archaea, bacteria, fungi, plants, insects and mammals [8–11]. These
functions include but are not limited to the mechanical protection and modification of the
cell surface properties, biotic or abiotic surface adhesion, pigment biosynthesis, storage
and release of hormones and toxins and participation in host–pathogen and host–symbiont
interactions [12–18].

Interactions between different amyloid-forming proteins are supposed to affect the
pathogenesis of different disorders like Alzheimer’s and Parkinson’s diseases [19–21] and
are also important for the implementation of different biological functions like necroptosis
signaling [22]. The co-aggregation of amyloids can modulate their physicochemical proper-
ties and can lead, in several cases, to the formation of hetero-amyloid aggregates consisting
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of different proteins [22,23]. The aggregation of a protein can be triggered by preformed
amyloid oligomers called “seeds” of the same protein or by another protein (heterological
cross-seeding). Such “seeds” can either be formed by endogenous protein molecules or,
in particular cases, be exogenously transmitted [24]. The heterological cross-seeding is
considered to play an important role in the development of different amyloidoses [25,26],
and probably mediates several biological functions of amyloids [27,28].

One of the recently identified functional amyloids is the 7S seed storage globulin
vicilin of the garden pea Pisum sativum L. This seed storage protein forms amyloids that
accumulate during the seed maturation and disassemble after germination. The amyloids
formed by vicilin in plant seeds are highly resistant to digestive enzymes under near
physiological conditions and withstand food processing persisting in canned peas [10].
Therefore, we hypothesize that vicilin amyloids, which enter the digestive tract with peas or
food prepared from them, could potentially interact with different human amyloid-forming
proteins and modulate their aggregation.

In the present work, we tested the fundamental possibility of such an effect by ana-
lyzing the influence of vicilin amyloids preliminarily prepared in vitro on the formation,
structure and cytotoxicity of fibrils formed from several mammalian proteins and peptides
whose amyloid states are associated with the pathogenesis of Alzheimer’s disease; systemic
lysozyme and hemodialysis amyloidoses; and localized insulin amyloidosis. We demon-
strated that vicilin amyloid fibrils inhibit the formation of different human pathological
amyloids, leading to a decrease in the number of fibrils, changing their morphology or
structure. These data suggest that amyloids from plant seeds ingested with food could po-
tentially inhibit the aggregation of human proteins, thereby modulating their pathological
and functional effects.

2. Results
2.1. Amyloids Formed from Vicilin and Its Fragments Effectively Inhibit the Growth of Lysozyme
Amyloid Fibrils

The lysozyme is a widely used model protein for the study of fibrillogenesis since its
folding–unfolding processes, structure and stability are well known. Given the relatively
high content of the lysozyme in saliva (about 0.1 mg/mL [29]) and mucosa of the gastroin-
testinal tract (GIT), as well as the fact that amino acid substitutions in a lysozyme can cause
the accumulation of large amounts of amyloids in the liver, kidneys and other parts of
the GIT [30,31], we chose the lysozyme as the first object of our study. We analyzed the
effect on lysozyme fibrillogenesis not only of amyloids formed from full-length vicilin but
also fibrils from its fragments cupin-1.1 and cupin-1.2 (Figure S1), whose amyloidogenic
properties were proved by us earlier [10].

We investigated the growth kinetics of lysozyme amyloid fibrils in the presence and
absence of garden pea amyloids by recording the Rayleigh light scattering (RLS) of the
forming aggregates (Figure 1A) and the fluorescence intensity of the amyloid-specific
fluorescent probe thioflavin T (ThT) (Figure 1B). Calculated on the basis of these results, the
values of the lag time (τlag) of lysozyme fibrillogenesis in the presence of plant amyloids
are similar or, in most cases, higher than in the control sample (Table S1). The apparent
growth constant (Kapp) for the sample with vicilin amyloids is lower than in the control
sample, indicating a deceleration in lysozyme fibril elongation. Significantly lower values
of the recorded RLS and ThT fluorescence in the samples treated with amyloids formed
from vicilin or its fragments compared to the control sample indicate the formation in
them of a smaller number of lysozyme aggregates. The most pronounced decrease in these
parameters was observed in the presence of full-size vicilin fibrils.
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Figure 1. Inhibition of lysozyme fibrillogenesis in the presence of vicilin amyloids. (A) Rayleigh light 
scattering and (B) ThT fluorescence intensity characterizing the growth kinetics of lysozyme fibrils 
(1 mg/mL) in the absence (blue circles) and the presence of amyloids (0.05 mg/mL) formed from 
vicilin (red circles), cupin-1.1 (green circles) and cupin-1.2 (purple circles). (C) Turbidity of amyloids. 
The lines of best fit through the data points at (B,C) were obtained by fitting the data with a sig-
moidal function. (D) TEM images of lysozyme fibrils formed in the absence and the presence of 
amyloids formed from vicilin, cupin-1.1 and cupin-1.2. The scale bars correspond to 1 µm. The insets 
show the zoomed-in image of amyloids. The scale bars are equal to 200 nm. (E) The far-UV CD 
spectra of the samples, and (F) CD spectra deconvolution using the CDPro and BeStSel methods. 
Here, we represent the change in the content of β-strands, α-helices, β-turns and other structures 
(including 3-10-helices, bends and unordered structures). Data are expressed as the mean ± SEM 

Figure 1. Inhibition of lysozyme fibrillogenesis in the presence of vicilin amyloids. (A) Rayleigh light
scattering and (B) ThT fluorescence intensity characterizing the growth kinetics of lysozyme fibrils
(1 mg/mL) in the absence (blue circles) and the presence of amyloids (0.05 mg/mL) formed from
vicilin (red circles), cupin-1.1 (green circles) and cupin-1.2 (purple circles). (C) Turbidity of amyloids.
The lines of best fit through the data points at (B,C) were obtained by fitting the data with a sigmoidal
function. (D) TEM images of lysozyme fibrils formed in the absence and the presence of amyloids
formed from vicilin, cupin-1.1 and cupin-1.2. The scale bars correspond to 1 µm. The insets show the
zoomed-in image of amyloids. The scale bars are equal to 200 nm. (E) The far-UV CD spectra of the
samples, and (F) CD spectra deconvolution using the CDPro and BeStSel methods. Here, we represent
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the change in the content of β-strands, α-helices, β-turns and other structures (including 3-10-helices,
bends and unordered structures). Data are expressed as the mean ± SEM based on triplicate samples.
The decoding of the colors used in (C,E,F) is the same as that in (A,B). (G) Birefringence of lysozyme
fibrils formed in the absence and the presence of amyloids formed from vicilin, cupin-1.1 and cupin-
1.2. Left—transmitted light, right—polarized light. Scale bar is equal to 50 µm. The concentration of
the lysozyme fibrils at (D–G) is equal to 0.5 mg/mL.

The inhibitory effect of vicilin amyloids could be due to their interaction: (1) with
monomeric proteins, preventing the formation of amyloid seeds; (2) with formed amyloid
seeds, preventing fibril elongation; and (3) with mature amyloid fibrils, preventing their
interaction with each other and clustering. To identify the most probable of the assumptions
made, we analyzed the interaction of vicilin amyloids with monomeric/aggregated forms
of the lysozyme. To carry this out, we recorded the circular dichroism (CD) spectra of
monomeric/aggregated forms of the lysozyme and their mixture with vicilin amyloids
(Figure S2A–C). The concentration of vicilin fibrils was chosen so that they did not con-
tribute to the recorded CD spectra. Thus, the interaction of various forms of the lysozyme
with vicilin amyloids could be detected with the change in the CD spectrum of the samples
after the addition of the latter (as it was made in ref. [32]).

The results obtained indicate the absence of changes in the CD spectra of a monomeric
lysozyme in the presence of vicilin amyloids, which, however, cannot unequivocally reflect
the absence of their interaction. To prove/disprove the formation of a complex between a
monomeric lysozyme and vicilin amyloids, additional measurements of intrinsic lysozyme
fluorescence (because of the presence of Trp residues in this protein structure) were con-
ducted (Figure S2D). We performed a comparative analysis of a number of fluorescent
characteristics of a lysozyme in the absence and presence of vicilin amyloids, which may
indicate conformational rearrangements and changes in the spatial structure of the protein
(Table S2): integrated fluorescence intensity (Ftotal), the wavelength of the fluorescence
spectrum maximum (λmax), parameter A (which is the ratio of fluorescence intensities of the
sample at two wavelengths—320 and 365 nm—and is sensitive to changes in the position
and shape of fluorescence spectra [33,34]) and fluorescence anisotropy (r). The equality of
the determined parameters (Table S2) indicates a similarity of polarity and rigidity of the
microenvironment of tryptophan residues responsible for lysozyme fluorescence, as well
as the same mobility of protein tryptophan residues in the tested samples. This is in good
agreement with the CD spectroscopy data (Figure S2A–C) about the lowest probability of
the interaction of a vicilin amyloid with a monomeric native lysozyme. This may be because
of its compact globular structure, with the amyloidogenic regions located inside the protein
globule. However, we observed noticeable changes in the CD spectra during lysozyme
fibrillogenesis and after its completion, which indicates the possibility of the interaction of
vicilin amyloids with intermediate forms of the lysozyme/amyloid seeds/mature amyloids.
We believe that this interaction leads to the observed inhibitory effect of vicilin amyloids.

This effect is also confirmed with the decrease in the turbidity of the studied samples
(Figure 1C) and with their visualization using polarization microscopy in the presence of
Congo Red dye (Figure 1G). The visualization of amyloids using transmission electron
microscopy (TEM) showed that the lysozyme amyloids in the control sample were long
thin fibrils collected in bundles (Figure 1D). Despite the fact that the TEM method is more
suitable for qualitative estimates, we nevertheless attempted to calculate the linear sizes of
the fibrils in samples using images taken in different fields of view of the microscope. The
results obtained indicate that the presence of garden pea protein amyloids in the sample
during fibrillogenesis led to a significant decrease not only in the number but also in the
length of lysozyme fibrils (Figure S3).

To characterize the structure of fibrils formed from the lysozyme in the absence and
presence of the vicilin, cupin-1.1 and cupin-1.2 amyloids, we recorded the CD spectra of
the samples in the far UV region (Figure 1E). The analysis of the spectra using BeStSel
(https://bestsel.elte.hu/index.php, accessed on 1 January 2023) and CDpro (https://sites.
google.com/view/sreerama, accessed on 1 January 2023) software packages led to the
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conclusion that the presence of garden pea amyloids leads to a decrease in the content of
β-sheets in the sample, which form the backbone of the lysozyme fibril (Figure 1F). This
not only confirms a decrease in the number of formed amyloid fibrils but may also indicate
a change in their structure.

To test this assumption, we analyzed the interaction of fibrils with fluorescent probe
ThT, which, according to the generally accepted model, binds to the β-sheets backbone
of amyloids along the long axis of the fibril perpendicular to the β-sheets [35] and can be
used to analyze their structural polymorphism (see, for example, [36–39]). To characterize
the photophysical properties of the fibril-bound dye, we performed a spectroscopic study
of ThT samples with amyloids prepared using equilibrium microdialysis, followed by
the correction of the recorded fluorescence intensity values for the primary inner filter
effect [40]. It turned out that the values of the fluorescence quantum yield and lifetime of the
dye bound to lysozyme fibrils, obtained in the presence and the absence of vicilin amyloids,
are the same (Table 1). This indicates the identity of the microenvironment of ThT molecules
bound to amyloids, and, consequently, the structure of the studied amyloid fibrils.

Table 1. Properties of amyloid fibrils formed from mammalian proteins in the absence and in the
presence of vicilin amyloids and photophysical properties of ThT bound to fibrils.

Amyloidogenic
Protein/Peptide

Vicilin
Amyloids RLS Turbidity β-Sheets, % FThT·10−4 qThT·102 <τThT>, ns

Lysozyme
– 423 ± 16 0.53 ± 0.02 45.6 ± 1.4 12.2 ± 0.3 2.2 ± 0.1 1.1 ± 0.1

+ 81 ± 6 0.26 ± 0.01 37.1 ± 1.2 5.0 ± 0.4 2.2 ± 0.2 1.1 ± 0.1

β2m
– 233 ± 9 0.24 ± 0.01 35.3 ± 1.2 4.3 ± 0.2 4.6 ± 0.2 1.6 ± 0.1

+ 209 ± 7 0.21 ± 0.02 35.2 ± 1.3 3.9 ± 0.1 4.8 ± 0.1 1.6 ± 0.1

Aβ42
– 399 ± 12 0.78 ± 0.02 42.2 ± 1.5 8.1 ± 0.2 1.3 ± 0.2 0.8 ± 0.1

+ 267 ± 12 0.61 ± 0.03 40.8 ± 1.0 7.1 ± 0.2 1.3 ± 0.2 0.8 ± 0.1

Insulin
– 460 ± 9 3.13 ± 0.04 39.3 ± 1.2 6.2 ± 0.1 2.2 ± 0.1 0.8 ± 0.1

+ 422 ± 8 2.52 ± 0.07 33.7 ± 1.2 15.0 ± 0.3 1.4 ± 0.1 1.0 ± 0.1

RLS—Rayleigh light scattering of the samples, FThT, qThT, τThT—fluorescence intensity, quantum yield and lifetime
of ThT bound to amyloids.

The results obtained indicate that the presence of amyloids formed from vicilin and its
fragments does not lead to a change in the structure, but at the same time, noticeably reduces
the number and length of lysozyme amyloid fibrils, and, therefore, inhibits their growth.
Since we observed the most pronounced inhibitory effect on lysozyme fibrillogenesis in the
presence of full-length vicilin amyloids, further studies were carried out using vicilin fibrils.

2.2. Vicilin Amyloids Cause a Decrease in the Length of β-2-Microglobulin Fibrils

To find out whether the effects of vicilin fibrils on the growth of other amyloids are
more general, we investigated the impact of vicilin amyloids on the β-2-microglobulin
(β2m) amyloids’ formation. The β2m amyloids form in vivo during the long-term persis-
tence of high protein concentrations in the body of patients with acute renal failure who are
on long-term hemodialysis treatment [41]. The β2m amyloidosis can manifest in the form
of carpal tunnel syndrome, periarthrosis, arthropathy, bursitis, bone cysts, pathological
fractures, etc. [42–48].

We investigated β2m fibrillogenesis in the absence and presence of vicilin amy-
loids in vitro. Samples with β2m aggregates were visualized using transmission electron
(Figure 2A,B), confocal laser scanning (Figure 2C,D) and polarized microscopy (Figure 2E,F).
It turned out that, as in the case of the lysozyme, shorter and thinner β2m fibrils were
formed in the sample incubated in the presence of vicilin amyloids compared to the control
sample (Figure S3). At the same time, vicilin amyloids led only to a slight decrease in the
turbidity and RLS of β2M fibrils, as well as the fluorescence intensity of bound-to-amyloids
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ThT (Table 1). This probably indicates that the effect of fibril shortening on these character-
istics is offset by a simultaneous increase in their number in the sample. Thus, apparently,
the presence of vicilin amyloids does not prevent the formation of β2m fibrils (in contrast
to the case of the lysozyme) but only reduces their length. This assumption is in good
agreement with the data of CD spectroscopy, which indicate the predominant binding of
vicilin amyloids to the fibrillar, but not monomeric, form of β2m (Figure S2E,F). Probably,
such interaction prevents the elongation of the already formed β2m fibrils.
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Figure 2. Reducing the length of β2m fibrils under the action of vicilin amyloids. TEM images
of β2m fibrils (0.5 mg/mL) formed (A) in the absence and (B) in the presence of vicilin amyloids
(0.025 mg/mL). The scale bars correspond to 1 µm. The insets of (A,B) show the zoomed-in image of
amyloids. The scale bars are equal to 200 nm. Fluorescence images of the stained-by-ThT β2m fibrils
formed (C) in the absence and (D) in the presence of vicilin amyloids. The scale bar is equal to 10 µm.
Birefringence of β2m fibrils formed (E) in the absence and (F) in the presence of amyloids formed from
vicilin. Left—transmitted light, right—polarized light. Scale bars are equal to 50 µm. Pseudo-native
SDS-PAGE of the samples with (G) lysozyme and (H) β2m fibrils formed in the absence (no vic)
and the presence (with vic) of vicilin amyloids. Lysozyme and β2m amyloids were loaded on the
gel at 0.25 mg/mL concentration. “M” corresponds to marker proteins. Molecular weights (kDa)
are shown.

Our assumption is also confirmed with the data of pseudo-native SDS-PAGE, which
allowed for estimating the proportion of monomeric fractions in the samples. High-
molecular-weight amyloids resistant to cold SDS treatment did not enter in the gel, while
monomers migrated as bands of different molecular weights. It was shown that the band
corresponding to a monomeric lysozyme in the sample incubated in the presence of vicilin
amyloids is noticeably more intense than in the control (Figure 2G). For the quantitative
assessment of changes in the monomeric fraction content in the samples, the bands on
the SDS-PAGE were analyzed using ImageJ 1.53k software. Data were normalized to the
area of the bands in the control samples (Figure S4). The results confirm that the presence
of vicilin amyloids prevents the transition of a monomeric lysozyme to the fibrillar form.
In the case of β2m, this effect does not appear: the content of the monomeric fraction
after the completion of fibrillogenesis is almost the same (Figures 2H and S4). The results
obtained correspond to the same content of β-sheets (forming the fibril backbone) in the
β2m samples (Table 1). The latter, along with the data on the identity of the photophysical
characteristics of ThT bound to these amyloids (Table 1), also shows no difference in the
structure of β2m fibrils formed in the presence or absence of vicilin amyloids.

Thus, it was shown that vicilin amyloids do not completely prevent β2m amyloidoge-
nesis; however, they significantly reduce β2m fibril length.
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2.3. Vicilin Amyloids Inhibit the β-Amyloid Fibril Clustering

The next object of study was the 42-residue β-amyloid peptide (Aβ42), which forms
amyloid plaques in the brains of patients with Alzheimer’s disease [49,50]. TEM data
suggest that, in vitro, Aβ42 forms amyloids, which are thin fibrils that interact with each
other and form large clusters (Figure 3A). Although most of the fibrils in the control sample
form clusters, we tried to estimate the length of the fibrils outside the clots. The length of
the fibrils obtained in the presence of vicilin is shorter than in the control sample (Figure S3).
It should be noted that Aβ42 fibrils formed in the presence of vicilin amyloids, in contrast
to the fibrils in the control sample, are separate thin, short and curved fibrils with a signifi-
cantly lower tendency to form clusters (Figure 3B). The lesser tendency to the clumping of
Aβ42 fibrils formed in the presence of vicilin amyloids is also confirmed with confocal laser
scanning microscopy data (Figure 3C,D). It can be assumed that the interaction of Aβ42
fibrils with each other is inhibited by their binding to vicilin amyloids that creates steric or
charge restrictions for additional intramolecular contacts. This assumption agrees with the
CD spectroscopy data, which confirm the binding of vicilin amyloids to the fibrillar form
of Aβ42 (Figure S2G). At the same time, we noted that the photophysical characteristics of
ThT bound to fibrils formed in the absence and the presence of vicilin amyloids were the
same (Table 1), which indicates the identity of the structure of Aβ42 amyloid fibrils.
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Figure 3. Inhibition of Aβ42 fibrils clustering under the action of vicilin amyloids. TEM images
of Aβ42 fibrils (0.5 mg/mL) formed (A) in the absence and (B) in the presence of vicilin amyloids
(0.025 mg/mL). The scale bars correspond to 1 µm. The insets of (A,B) show the zoomed-in image
of amyloids. The scale bars are equal to 200 nm. Fluorescence images of the stained-by-ThT Aβ42
fibrils formed (C) in the absence and (D) in the presence of vicilin amyloids. The scale bar is equal to
10 µm. Birefringence of Aβ42 fibrils formed (E) in the absence and (F) in the presence of amyloids
formed from vicilin. Left—transmitted light, right—polarized light. Scale bar is equal to 50 µm.
(G) Pseudo-native SDS-PAGE of the sample with Aβ42 fibrils formed in the absence (no vic) and
the presence (with vic) of vicilin amyloids. Aβ42 amyloids were loaded on the gel at 0.25 mg/mL
concentration. “M” corresponds to marker proteins. Molecular weights (kDa) are shown.

The reduction in the turbidity and RLS of Aβ42 aggregates in the sample with vi-
cilin amyloids compared to the control sample (Table 1) is in good agreement with the
assumption of a decrease in the size of amyloid clusters in the sample. However, such
a decrease may also indicate a decrease in the total number of amyloid fibrils due to the
partial inhibition of their formation. To test this assumption, we compared the fluorescence
intensity of fibril-bound ThT, the content of the β-sheet structure (Table 1) and the amount
of aggregated (Figure 3E,F) and monomeric forms of the peptide (Figures 3G and S4) in
the samples. Taking into account the experimental error, a slight decrease in the intensity
of ThT fluorescence and the number of β-sheets, as well as a visual decrease in the length
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and amount of aggregates and an increase in the intensity of the band corresponding to the
monomeric peptide in the sample with vicilin amyloids compared to the control, indicate
that the inhibition of the growth of Aβ42 fibrils takes place; however, the effect found is
less significant compared to the effect found in the case of the lysozyme.

Thus, it was concluded that vicilin amyloids prevent the interaction of Aβ42 fibrils
with each other and their clustering, and, to a small extent, reduce their number.

2.4. Vicilin Amyloids Alter the Structure of Insulin Fibrils

Another object of study in this work was insulin protein, which, like the lysozyme,
is considered a convenient model object for studying fibrillogenesis. In addition, the
number of works aimed at the study of the local iatrogenic amyloidosis caused by insulin
aggregation is increasing [51–58]. Insulin amyloid fibrils were found in patients with type
II diabetes mellitus after the repeated or even single subcutaneous injection of insulin.
Injected insulin can form fibrils in the body of patients regardless of the injection site, for
example, in the thighs [52,53], shoulders [55], arms [56] and abdominal wall [55–57].

TEM data indicate that the amyloid fibrils formed from insulin in vitro have the great-
est thickness and length compared to all amyloids studied by us in this work (Figure 4A),
and form large aggregates (Figure 4B,F) seen as a pronounced precipitate when the sample
is incubated without stirring (Figure 4C). However, the addition of vicilin amyloids during
insulin fibrillogenesis leads to a noticeable decrease in the size of the mature fibrils (Fig-
ure 4D and Figure S3) and their aggregates (Figure 4E). This is in good agreement with
the reduction in the turbidity and RLS of insulin fibrils incubated with vicilin amyloids
(Table 1), as well as the absence of a pronounced precipitate in the sample (Figure 4C). At
the same time, the amount of the aggregated (Figure 4F,G) and monomeric form of the
protein in this sample does not increase (Figure 4H and Figure S4), which indicates that
vicilin amyloids do not prevent the formation of insulin fibrils. Interestingly, in the case of
insulin in contrast with other proteins, we observed a slight change in the CD spectrum
of the monomeric protein, although the interaction with the fibrillar insulin form is more
obvious (Figure S2H,I). Nevertheless, these data allow for assuming some influence of
vicilin amyloids on the early stages of insulin fibrillogenesis.

Even though the amount of monomeric insulin did not increase after the addition of
vicilin amyloids, we observed a decrease in the content of β-sheets in the sample (Table 1).
It is also important to note that, unlike other amyloid fibrils, in the case of insulin fibrils,
the presence of vicilin amyloids resulted not in a decrease, but in a marked increase in
the intensity of ThT fluorescence (Table 1), as well as in a decrease in the diameters and
lengths of amyloid fibrils (Figure 4D). In addition, the photophysical characteristics of ThT
bound to insulin fibrils prepared in the presence and in the absence of vicilin amyloids are
different (Table 1).

Taken together, these data indicate a change in the structure and morphology and a
decrease in linear dimensions of insulin fibrils during their preparation in the presence of
vicilin amyloids.

2.5. The Effect of Vicilin Amyloids on the Fibrillogenesis Depends on the Duration of the Lag Phase

We demonstrated that vicilin amyloids affect the fibrillogenesis of all tested mam-
malian amyloids. Nevertheless, the influence of vicilin was the most pronounced for the
lysozyme. We hypothesized that this effect may be explained with the fact that the lag
phase of lysozyme fibrillogenesis under the selected conditions is the longest in comparison
with β2m and Aβ42 (several days), which could increase the probability of interaction
between a vicilin amyloid and lysozyme monomer, resulting in the strong inhibition of the
lysozyme fibril formation.
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rils (0.5 mg/mL) formed (A) in the absence and (D) in the presence of vicilin amyloids (0.025 mg/mL).
The scale bars correspond to 1 µm. The bottom insets of (A,D) show the zoomed-in image of insulin
amyloids. The top inset of (D) shows the zoomed-in image of vicilin amyloids. The scale bars are
equal to 200 nm. (C) Visualization of the insulin fibrils’ suspensions (1 mg/mL). (B,E) Fluorescence
images of the stained-by-ThT insulin fibrils formed (B) in the absence and (E) in the presence of
vicilin amyloids. The scale bars are equal to 10 µm. (F) Birefringence of insulin fibrils formed in the
absence of amyloids formed from vicilin. Left—transmitted light, right—polarized light. Scale bars
are equal to 50 µm. (G) Pseudo-native SDS-PAGE of the sample with insulin fibrils formed in the
absence (no vic) and the presence (with vic) of vicilin amyloids. Insulin amyloids were loaded on the
gel at 0.25 mg/mL concentration. “M” corresponds to marker proteins. Molecular weights (kDa) are
shown. (H) Birefringence of insulin fibrils formed in the presence of amyloids formed from vicilin.
Left—transmitted light, right—polarized light. Scale bars are equal to 50 µm. The concentration of
the insulin fibrils at (B,E,F,H) is equal to 0.5 mg/mL.

To confirm the proposed hypothesis, we accelerated the fibrillogenesis of the lysozyme
using the additional mixing of the sample, which led to a significant decrease in the
duration of the lag phase (it was less than a day). The analysis of the obtained samples with
transmission electron (Figure 5A,B), confocal laser scanning (Figure 5C,D) and polarized
microscopy (Figure 5E,F), as well as the registration of their RLS (Figure 5G), the ThT
fluorescence intensity (Figure 5I) and the assessment of the content of the monomer fraction
in the samples (Figures 5H and S4), made it possible to conclude that the presence of vicilin
amyloids did not have a pronounced inhibitory effect on lysozyme fibrillogenesis in these
conditions. As in the case of β2m and Aβ42 amyloids, we observed only a length and width
reduction in the formed fibrils (Figure S3) without a noticeable decrease in their number
(Figure 5A–F). Thus, we confirmed the assumption that the duration of the fibrillogenesis
lag phase plays an important role in the process of heterological fibrillogenesis inhibition
with vicilin amyloids.

2.6. Vicilin Amyloids Reduce the Cytotoxicity of Lysozyme, β2m and Aβ42 Fibrils and Increase the
Cytotoxicity of Insulin Amyloids

Another intriguing issue that we tried to resolve in this work was the effect of vicilin
amyloids on the cytotoxicity of fibrils formed from various mammalian amyloidogenic
proteins. We analyzed the cytotoxic properties of the lysozyme, β2m, Aβ42 and insulin
fibrils, formed in the absence or presence of vicilin amyloids, on such a widely used factor
for this kind of research and highly sensitive to an amyloid model object as human cervical
cancer (Hela) using the MTT test (Figure 6A,B). First, we showed that vicilin amyloids at a
5% (v/v) concentration (in which they were added to samples with mammalian proteins)
did not affect cell viability (Figure S5). At the same time, vicilin amyloids at a higher
concentration (equal to the concentration of mammalian proteins in the samples) turned



Int. J. Mol. Sci. 2023, 24, 12932 10 of 21

out to be toxic to Hela cells (Figure S5). This is in good agreement with the data on the
toxicity of these amyloids to mammalian cells obtained in the work [10].
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Figure 5. Change in the effect of vicilin amyloids on lysozyme fibrils with an increase in the rate
of their fibrillogenesis. TEM images of lysozyme fibrils (0.5 mg/mL) formed (A) in the absence
and (B) in the presence of vicilin amyloids (0.025 mg/mL). The scale bars correspond to 2 µm.
Fluorescence images of the stained-by-ThT lysozyme fibrils formed (C) in the absence and (D) in
the presence of vicilin amyloids. The scale bar is equal to 10 µm. Birefringence of lysozyme fibrils
formed (E) in the absence and (F) in the presence of amyloids formed from vicilin. Left—transmitted
light, right—polarized light. Scale bar is equal to 50 µm. (G) Rayleigh light scattering and (H) ThT
fluorescence intensity of lysozyme fibrils formed in the absence (no vic) and the presence (with vic)
of vicilin amyloids. The concentration of the lysozyme fibrils at (A–G) and (I) is equal to 0.5 mg/mL.
(I) Pseudo-native SDS-PAGE of the sample with insulin fibrils formed in the absence (no vic) and the
presence (with vic) of vicilin amyloids. Lysozyme amyloids were loaded on the gel at 0.25 mg/mL
concentration. “M” corresponds to marker proteins. Molecular weights (kDa) are shown.

It was shown that the cytotoxicity of the lysozyme, β2m and Aβ42 fibrils formed in
the presence of 5% vicilin amyloids was lower than in the case of control samples. The most
pronounced increase in cell viability after exposure to vicilin amyloids was observed for
lysozyme fibrils (more than 1.5 times). At the same time, insulin fibrils whose structure was
changed under the influence of vicilin amyloids (Figure 4), on the contrary, increased their
cytotoxicity in comparison with the control sample (by 3.7 times) (Figure 6B). We tested the
versality of the detected effects on another model cell line, human gastric adenocarcinoma
(AGS) cells (Figure 6A,B). The change in the effect of amyloids obtained in the presence of
vicilin amyloids on both tested cell lines turned out to be identical; however, the severity of
these changes was different.
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Figure 6. The data of MTT assay for evaluation of the metabolic activity of HeLa, AGS and THP-1
cell lines. Cells were exposed to (A) β2m or Aβ42 (Aβ), (B,C) lysozyme (lys) or insulin (ins) amyloids
prepared in the absence and the presence of vicilin amyloids (lys_vic, etc.) in concentration of
about 0.01 mg/mL for 24 (A–C) and 48 (C) hours. Data are given as the minimum and maximum,
the sample median and the interquartile range for triplicate samples (HeLa and AGS), and as the
mean ± SEM for four replicates (THP-1). * p ≤ 0.05, ** p ≤ 0.01.
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Similar results have been shown for the human monocytic leukemia cell line THP-1
(ATCC TIB-202). Assessing its viability with the MTT test after incubation with lysozyme
and insulin fibrils formed in the presence or absence of vicilin amyloids shows an increase
in insulin amyloids’ toxicity in the presence of vicilin (Figure 6C). The effect of vicilin
amyloids’ presence on the properties of lysozyme fibrils is opposite; the presence of vicilin
reduces lysozyme fibrils’ toxicity. Interestingly, the effect was significant only after 48 h of
incubation and was not seen after 24 h, unlike with insulin. The difference in the toxicity of
insulin fibrils with or without vicilin amyloids was significant after 24 h of incubation with
cells (Figure 6C).

Thus, we showed that vicilin amyloids significantly affect the process of mammalian
amyloids’ formation by altering their structure, size and other properties, resulting in
changes in their toxicity for mammalian cells.

3. Discussion

In the present work, it was shown, for the first time, that amyloids formed from the
P. sativum L. seed storage protein vicilin cause a general inhibitory effect on the amyloid
fibril formation, but the features of this effect significantly vary regarding different amyloids.
In particular, we demonstrated the following: (1) a decrease in the number and length for
lysozyme amyloid fibrils, (2) decrease in the length and width of β2m fibrils, (3) decrease in
the length, degree of clustering and number of Aβ42 amyloid fibrils and (4) change in the
structure and decrease in the length of insulin fibrils. It should be noted that these amyloid
deposits, in some cases, were detected directly in the gastrointestinal tract or adjacent
tissues, which indicates the potential possibility of their interaction with vicilin amyloids
in vivo [59–63].

It can be assumed that the observed inhibition of fibrillogenesis could occur in the case
of the interaction of vicilin amyloids with monomeric amyloidogenic proteins, which, in
turn, leads to the impossibility of their binding to each other and the formation of an amy-
loid fibril (Figure 7). We could suppose that vicilin amyloids either affect (1) amyloidogenic
regions of mammalian proteins or areas in their immediate vicinity, sterically preventing
fibrillogenesis, or (2) non-amyloidogenic regions, changing the properties of the surface of
mammalian proteins exposed to a solvent, thus preventing these proteins from binding
to each other. In this regard, the following question arises: why is the prevention of fibril
growth with vicilin amyloids the most pronounced in the case of the lysozyme? To answer
this question, first of all, it should be noted that the process of amyloid formation can
be divided into three main stages: the lag phase (the process of nucleation), the phase of
exponential growth (fibril elongation) and the saturation phase (the assembly of protofib-
rils into mature multistranded amyloid fibrils with different morphologies) [64–66]. We
proposed that a relatively long duration of the lag phase of amyloid formation with the
lysozyme (Figure 1A,B) may increase the probability of the interaction of this protein in
an intermediate state with vicilin amyloids, resulting in the termination of lysozyme fibril
formation. The experiments on shortening the lysozyme fibril formation lag phase with
additional mixing confirmed this hypothesis (Figure 5). Thus, the lag phase duration is a
crucial factor for the vicilin amyloid interactions with other amyloidogenic proteins.

According to our hypothesis, due to a relatively short lag phase, the monomers of
β2m, Aβ42 and the lysozyme (in the presence of mixing) do not have sufficient time to
interact with vicilin amyloids and begin to form amyloid fibrils. However, in this case,
vicilin amyloids can interact with already formed amyloid oligomers, preventing their
further elongation or interaction with each other (Figure 7). This is in good agreement
with a decrease in the length of β2m and lysozyme fibrils and the degree of Aβ42 fibril
clustering (Figures 1–3).
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Figure 7. Schematic presentation of suggested pathways for the action of vicilin amyloids on the
formation of fibrils from mammalian amyloidogenic proteins. It is shown that vicilin amyloids could
interact (1) with monomeric proteins, preventing the formation of amyloid seeds, (2) with formed
amyloid seeds, preventing fibril elongation and (3) with mature amyloid fibrils, preventing their
interaction with each other and clustering. Red cross symbols show what structural transitions can
be inhibited due to the action of vicilin amyloids.

Considering the longest duration of insulin fibrillogenesis (about 2 weeks), it can
be assumed that vicilin aggregates also effectively interact with its monomers, as with
lysozyme monomers. However, we do not observe a decrease in the number of fibrils, but
we observe a change in their structure and diameter. It can be assumed that vicilin fibrils
interacting with monomeric insulin do not inhibit their aggregation, but, on the contrary, act
as “seeds” for the amyloid’s formation from target protein (in our case, insulin) with altered
morphology. However, there are two factors that do not allow us to confirm the assumption
about seeding: (i) an almost two-fold difference in the fluorescence quantum yields of
fibril-bound ThT (Table 1), and (ii) no acceleration of insulin fibrillogenesis in the presence
of vicilin amyloids. Another possible interpretation of the results obtained is only partial
shielding of the amyloidogenic insulin fragment due to interaction with vicilin amyloids,
which leads to the formation of an insulin amyloid fibril from the remaining unshielded
amyloidogenic region (smaller than in the case of intact amyloids). This assumption agrees
with the fact that insulin fibrils, after exposure to vicilin amyloids, have a lower content of
β-sheets (Figure 4, Table 1) that form the fibril backbone.

An important and unexpected result of this study is that different mechanisms un-
derlying the inhibitory effects of vicilin amyloids on the fibril formation with various
mammalian proteins can cause both an increase and a decrease in the cytotoxicity of these
fibrils (Figure 6). In particular, we demonstrated that a decrease in the number, length
or degree of clustering of amyloid fibrils (lysozyme, β2m and Aβ42) under the action of
vicilin amyloids leads to a decrease in their toxic effects on cells, while a change in the
structure of mature fibrils (insulin), on the contrary, can lead to an increase in cytotoxicity.
Such structural alterations because of co-aggregation are known to increase the toxicity of
amyloids, as in the case of an islet amyloid polypeptide (IAPP) and Aβ [67]. Similar effects
were shown by us earlier when changing the conditions of fibrillogenesis and the amino
acid sequence of the studied mammalian proteins and peptides, as well as when exposing
their amyloids to proteins with chaperone and protease activity [39,68,69].

Cross-inhibitory interactions are described for several amyloids. For example, trans-
thyretin inhibits Aβ amyloid formation by suppressing its nucleation and leading to the
formation of non-amyloid aggregates [70,71]. Also, transthyretin impairs the lag phase of
IAPP amyloid formation, causing fibrillogenesis inhibition [72]. Notably, a decrease in the
toxicity was observed by us in the cases of three out of four (Aβ42, β2m and lysozyme)
amyloids formed in the presence of vicilin fibrils, and only for insulin fibrils was an increase
in toxicity caused by the structural alterations registered. Interestingly, vicilin amyloids
are toxic for mammalian cells in vitro [10] but their influence reduces the toxicity of Aβ42,
β2m and lysozyme amyloids in similar conditions. The fact that functional plant amyloids
can inhibit the fibrillogenesis of mammalian amyloids may be important for the future
development of approaches to the prevention and treatment of amyloidoses. However, it
should be noted that in addition to pathological amyloids, humans also have functional
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ones [8,11,15], whose interaction with vicilin was not studied in this work. Taking into
account the general inhibitory effect of vicilin amyloids on various pathological amyloids,
one could assume a similar effect of vicilin amyloids on functional human amyloids, the
modulation of aggregation of which could potentially have adverse consequences. For this
reason, the issue of using plant amyloid proteins as inhibitors of amyloidogenesis needs to
be clarified in future studies.

Overall, in this study and for the first time, we demonstrated that functional plant
amyloid vicilin inhibits the aggregation of pathological mammalian amyloids via decreasing
fibril growth or modulating their structure and morphology, thus altering the toxicity of
these amyloids for mammalian cells.

4. Materials and Methods
4.1. Materials

Guanidine hydrochloride (GdnHCl), the lysozyme, fluorescent dye thioflavin T (ThT)
“UltraPure Grade” (AnaSpec, Fremont, CA, USA), buffer components, 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide (MTT), 1,1,1,3,3,3-Hexafluoro-2-propanol (HFIP)
were from Sigma (St. Louis, MO, USA); Aβ42 peptides were from (GL Biochem, Shanghai,
China); DMEM (glucose, 4.5 g/L), fetal bovine serum (FBS) and 0.25% Trypsin-EDTA were
from Gibco (Thermo Fisher Scientific, Waltham, MA, USA); Culture flasks and 96-well
plates (flat bottom) were from Corning (Corning, NY, USA); a Dulbecco’s Modified Eagle
Medium (DMEM), fetal bovine serum (FBS), penicillin and streptomycin from Gibco BRL
(Life Technologies, Paisley, Scotland) were used without additional purification. culture
flasks and 96-well plates (flat bottom) were purchased from Corning (USA). The samples
of recombinant β2m were received from Mikhail M. Shavlovsky, Dmitry S. Polyakov
and Rodion G. Sakhabeev (Department of Molecular Genetics, Institute of Experimental
Medicine, Saint Petersburg, Russia).

4.2. Recombinant Protein Production and Purification

For vicilin, cupin-1.1 and cupin-1.2 expression, E. coli strain BL21 (New England
Biolabs, Ipswich, MA, USA) and previously constructed pAc-Vicilin, pAc-Cupin-1.1 and
pAc-Cupin-1.2 plasmids [10] were used. The overproduction of recombinant proteins was
carried out in 2TYa media supplemented with 0.1 mM of IPTG. Cultures were grown at
37 ◦C for 4 h. Proteins were purified in denaturing conditions (in the presence of 8 M urea)
according to a previously published protocol [73] without the Q-sepharose purification
step. A one-step purification procedure with a Ni-NTA agarose (Invitrogen, Carlsbad, CA,
USA) column was performed according to the manufacturer’s recommendations. Proteins
were concentrated using ethanol instead of methanol used in the original protocol.

4.3. Amyloid Fibrils’ Preparation

Vicilin, cupin-1.1, cupin-1.2 and Aβ42 were dissolved in 50%-organic-solvent 1,1,1,3,3,3-
Hexafluoro-2-propanol (HFIP) and incubated for 7 days [10,39,74,75]. The concentration of
the proteins and peptide was 1 mg/mL (or 21, 59, 54 and 222 µM, respectively). Afterward,
the HFIP was slowly evaporated under a stream of nitrogen, then the volume of the sample
was adjusted with distilled water to the initial one, and the samples were stirred for an
additional 7 days at 37 ◦C.

For the preparation of amyloid fibrils from β-2-microglobulin (β2m), the protocol
described in work [38] was used. Protein in a concentration of 1 mg/mL (80 µkM) was
incubated in the Gly-HCl buffer (pH 2.5) at 37 ◦C.

Lysozyme amyloid fibrils were prepared with the protein dissolving in 20% acetic
acid/100 mM of NaCl (pH 2) at 37 ◦C [37] with and without stirring. Insulin amyloid fibrils
were prepared with the protein dissolving in MQ water at 37 ◦C without stirring. The
concentration of the protein was 1 mg/mL (70 µM).

Vicilin, cupin-1.1 and cupin-1.2 amyloids from stock solutions (1 mg/mL, or 21, 59 and
54 µM, respectively) after sonication (for 5 min at 37 ◦C in the water-bath-type ultrasonic
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transmitter Elmasonic P30H with a frequency of 37 kHz) were added to the samples with
different proteins at the beginning of fibrillogenesis in a 5% (v/v) concentration. The
constant temperature during fibril growth was maintained with a TS-100 Thermo-Shaker
(Bio-san, Riga, Latvia).

Samples were diluted 2-fold for characterization using various physicochemical meth-
ods. To prove the direct interaction of mammalian proteins in monomeric and aggregated
forms with vicilin amyloids using CD spectroscopy, a 0.5 mg/mL concentration of mam-
malian proteins and 0.1 mg/mL concentration of vicilin fibrils were used.

4.4. Transmission Electron Microscopy

Micrographs were obtained using a transmission electron microscope, Libra 120
(Carl Zeiss, Jena, Germany). The samples were placed on copper grids coated with form-
var/carbon films (Electron Microscopy Sciences, Hatfield, PA, USA). To obtain electron
micrographs, the method of negative staining with a 1% aqueous solution of uranyl acetate
was used.

4.5. ThT–Amyloid Fibril Sample Preparation

ThT-fibrils-tested solutions were prepared with equilibrium microdialysis [40] us-
ing a Harvard Apparatus/Amika device (Holliston, MA, USA). This device consists of
two chambers with an equal volume that are separated by a membrane impermeable to
particles greater than 10 kDa (i.e., permeable to fluorescent probes and impermeable to
amyloids). ThT at an initial concentration of 64 µM was placed in one of these chambers.
Mature amyloid fibrils formed with different proteins in a concentration of 0.5 mg/mL
were placed in chamber 2. After equilibrium, the dye concentrations in two chambers
became equal (Cf). The total dye concentration in the chamber with amyloids exceeded that
in another chamber using the concentration of the bound dye (Cb = C0 − 2Cf). The spectro-
scopic study of the sample and reference solutions prepared with the proposed approach
allowed us to determine the photophysical characteristics of ThT bound to tested amyloids.

4.6. Spectral Measurements

The absorption spectra of the samples were recorded using a U-3900H spectropho-
tometer (Hitachi, Tokyo, Japan). The absorption spectra of amyloid fibrils and ThT in the
presence of the fibrils were analyzed along with the light scattering using a standard pro-
cedure [76]. The concentration of the samples was determined using the following molar
extinction coefficients: ε280 = 14,900 (vicilin), ε280 = 8940 (cupin-1.1), ε280 = 4470 (cupin-1.2),
ε280 = 1490 M−1cm−1 (Aβ42), ε280 = 36,000 M−1cm−1 (lysozyme), ε276 = 20,065 M−1cm−1

(β2m), ε280 = 5800 M−1cm−1 (insulin) and ε412 = 31,600 M−1cm−1 (ThT). The turbidity was
recorded at 530 nm.

CD spectra in the far UV region were measured using a J-810 spectropolarimeter (Jasco,
Tokyo, Japan). The CD spectrum of the appropriate buffer was recorded and subtracted
from the sample’s spectra. The secondary structure content of amyloid samples was
estimated with the BeStSel webserver [77], as it predicted well the secondary structure of
amyloid aggregates enriched by β-sheets [78].

Fluorescence spectra of ThT (λex = 440 nm and λem = 450–700 nm) and the lysozyme
(λex = 297 nm and λem = 300–600 nm) were measured using a Cary Eclipse spectrofluorime-
ter (Varian, Belrose, Australia). Recorded ThT fluorescence intensity was corrected on the
primary inner filter effect with the use of a previously elaborated approach [79]. Rayleigh
light scattering (RLS) was recorded at 530 nm (λex = 530 nm). The kinetic parameters,
apparent rate constant (Kapp) and lag time (τlag) for the aggregation reactions [80–82] were
calculated by fitting kinetic traces for ThT fluorescence and Rayleigh light scattering (RLS).

4.7. Time-Resolved Fluorescence Measurements

Fluorescence decay curves were recorded with a spectrometer, FluoTime 300 (Pico-
Quant, Berlin/Heidelberg, Germany) with a Laser Diode Head LDH-C-440 (λex = 440 nm).
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The fluorescence of ThT was registered at λem = 490 nm. The fluorescence lifetime of ThT
bound to studied aggregates was calculated using recorded fluorescence decay curves. For
this, the measured emission decays were fit to a multiexponential function using the stan-
dard convolute-and-compare nonlinear least-squares procedure [83]. In this method, the
convolution of the model exponential function with the instrument response function (IRF)
was compared to the experimental data until a satisfactory fit was obtained. The fitting
routine was based on the nonlinear least-squares method. Minimization was performed
according to Marquardt [84].

4.8. Confocal Microscopy

For obtaining the fluorescence images of the ThT-stained amyloid structures, the
confocal laser scanning microscope Olympus FV 3000 (Olympus, Tokyo, Japan) was used.
We used the oil immersion objective with a 60× magnification, numerical aperture NA 1.42
and laser with an excitation line of 405 nm.

4.9. SDS-PAGE

The pseudo-native SDS-PAGE analysis of the same supernatants and pellets was
performed with 17% polyacrylamide gel (0.375 M Tris HCl, pH 8.8, 0.1% SDS). Samples were
loaded on the gel in a buffer containing 0.0625 M Tris HCl, pH 6.8, 1% SDS, 10% glycerol
without boiling [85]. To estimate the proportion of the monomer fraction in the samples,
the SDS-PAGE results were analyzed using ImageJ software. Data for the samples with
vicilin amyloids were normalized to the area of the band of control samples.

4.10. Study of Interaction between Vicilin Amyloids and Mammalian Proteins in Different Forms

To demonstrate the direct interaction of mammalian proteins in monomeric and
aggregated forms with vicilin amyloids, a 0.5 mg/mL concentration of mammalian proteins
and 0.1 mg/mL concentration of vicilin fibrils were mixed, incubated for 2 h and analyzed
with far-UV CD spectroscopy. The concentration of vicilin fibrils was chosen so that they
did not contribute to the recorded CD spectra. Samples containing mammalian proteins
and vicilin amyloids separately at the same concentrations were used as controls. The
interaction of different forms of the lysozyme with vicilin amyloids was detected with
the change in the recorded CD spectrum of the samples after the addition of the latter
(as it was made in [32]). The formation of a complex between a monomeric lysozyme
and vicilin amyloids was also analyzed for the same samples by measuring intrinsic
lysozyme fluorescence (because of the presence of Trp residues in this protein structure).
The integrated fluorescence intensity (Ftotal), wavelength of the fluorescence spectrum
maximum (λmax), parameter A (which is the ratio of the fluorescence intensities of the
sample at two wavelengths—320 and 365 nm—and is sensitive to changes in the position
and shape of fluorescence spectra [33,34]) and fluorescence anisotropy (r) were determined.

4.11. Cell Viability Assessment

Cell viability was analyzed using cervical cancer (HeLa) and gastric adenocarcinoma
(AGS) human cell lines; cells were within the first 13 passages when the experiment was
conducted. Cell lines were obtained from the shared research facility “Vertebrate cell
culture collection”. The toxicity was assessed with the MTT (Sigma-Aldrich, USA) reduc-
tion inhibition assay based on the protocol described for the first time by Mosmann [86].
Briefly, cells were routinely cultured in DMEM–10%-FBS supplemented with 2 mM of
l-glutamine and kept in a 5% CO2 humidified incubator at 37 ◦C. For the assay of the fibrils’
influence on the cell’s vitality, cells (60% confluence) were stripped from culture flasks with
0.25% Trypsin-EDTA, washed with DPBS and plated in 96-well coated culture plates at a
density of 5000 viable cells/well in 100 µL of DMEM. The cells were incubated at 37 ◦C
and 5% CO2 for 24 h and amyloid aggregates were administered to cells in a concentration
of 0.014 mg/mL. After 24 h, DMEM was removed and cells were incubated for 3 h with
100 µL of DMEM without phenol red and FBS, containing 0.5 µg/µL of MTT. Following
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the treatment, 100 µL of DMSO was added to each well and the samples were incubated at
37 ◦C to allow complete lysis. The absorbance values were determined at 595 nm with an
automatic plate reader (Bio-Rad, Milan, Italy). The final absorption values were calculated
by averaging 5 independent measurements of each sample and subtracting the average of
the blank from this. Controls contained equal amounts of an incubation buffer.

All experiments were performed at least in triplicate. To test the sample data for
normal distribution, the Kolmogorov–Smirnov test was used. Multiple group comparisons
were processed using the one-way analysis of variance (ANOVA) method with Tukey’s
post hoc test. The differences were considered significant at p < 0.05. Data were analyzed
using online calculator software (https://astatsa.com/OneWay_Anova_with_TukeyHSD/,
accessed on 1 January 2023).

The toxicity of the fibrils against the monocytic leukemia cell line THP-1 (ATCC TIB-
202) was assessed as follows. The cells were plated in 96-well culture plates in 100 µL
of an RPMI medium supplemented with 10% FBS, 50 µg/mL of gentamycin, 0.05 mM
of β-mercaptoethanol and a 10% fibril buffer at a density of 5 × 105 cells/mL. The final
concentration of fibrils was 0.01 mg/mL. Cells were incubated at 37 ◦C and 5% CO2 for
24 h or 48 h. Then, the cells’ viability was tested according to the following protocol [87].
Briefly, 10 µL of the MTT solution in PBS (5 mg/mL) was added to each well and the plate
was incubated at 37 ◦C and 5% CO2. After 4 h, 100µL of the SDS-HCl solution (10% SDS
and 0.01 N HCl) was added and incubated for another 18 h. The optical density at 570 nm
was measured and subtracted by the optical density at 620 nm.

The experiments were performed in four replicates. Multiple group comparisons were
processed using the one-way analysis of variance (ANOVA) method with the emmeans
post hoc test (emmeans R package, https://github.com/rvlenth/emmeans, accessed on
1 January 2023). The differences were considered significant at p < 0.05.

4.12. Statistical Analysis

The photophysical characteristics of amyloids and bound-to-fibrils ThT were deter-
mined based on the results of at least three independent experiments. The standard error of
the mean was determined for a confidence interval of 0.95. The reliability of the results was
verified according to the Mann–Whitney U test or one-way analysis of variance (ANOVA)
using Graphpad Prism (Version 9.1.0) software.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/ijms241612932/s1.

Author Contributions: Conceptualization: A.A.N. and A.I.S.; Formal Analysis: M.I.S., M.V.B., A.O.K.,
E.V.M., M.N.R., K.S.A., I.M.K., K.K.T., A.A.N. and A.I.S.; Funding Acquisition: A.A.N.; Investigation:
M.I.S., M.V.B., A.O.K., E.V.M., M.N.R., K.S.A. and A.I.S.; Methodology: M.I.S., M.V.B., A.O.K., E.V.M.,
K.S.A. and A.I.S.; Validation: M.I.S., M.V.B., A.O.K., E.V.M., M.N.R., K.S.A., I.M.K., K.K.T., A.A.N.
and A.I.S.; Visualization: M.I.S., A.O.K., E.V.M., K.S.A. and A.I.S.; Writing—Original Draft: M.I.S.,
E.V.M., K.S.A., I.M.K., K.K.T., A.A.N. and A.I.S.; Writing—Review and Editing: M.I.S., E.V.M., K.S.A.,
I.M.K., K.K.T., A.A.N. and A.I.S. All authors have read and agreed to the published version of
the manuscript.

Funding: The article was made with the support of the Ministry of Science and Higher Education of
the Russian Federation in accordance with agreement № 075-15-2022-320, date of 20 April 2022, on
providing a grant in the form of subsidies from the federal budget of the Russian Federation. The
grant was provided for state support for the creation and development of a World-class Scientific
Center “Agrotechnologies for the Future”.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are within the paper and supplemen-
tary materials.

https://astatsa.com/OneWay_Anova_with_TukeyHSD/
https://github.com/rvlenth/emmeans
https://www.mdpi.com/article/10.3390/ijms241612932/s1
https://www.mdpi.com/article/10.3390/ijms241612932/s1


Int. J. Mol. Sci. 2023, 24, 12932 18 of 21

Acknowledgments: The authors acknowledge the Core Centrum “Genomic Technologies, Proteomics
and Cell Biology” (All-Russia Research Institute of Agricultural Microbiology) and Center for Molecu-
lar and Cell Technologies (Research Park, St. Petersburg State University) for the equipment provided
for use in this work. The authors acknowledge the shared research facility “Vertebrate cell culture
collection” for providing the human cervical cancer (HeLa) and human gastric adenocarcinoma
(AGS) cells. The authors acknowledge Victor Tatarskiy for providing the THP-1 cell line. The authors
acknowledge Mikhail M. Shavlovsky, Dmitry S. Polyakov and Rodion G. Sakhabeev for providing
recombinant β2m.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Vassar, R.; Bennett, B.D.; Babu-Khan, S.; Kahn, S.; Mendiaz, E.A.; Denis, P.; Teplow, D.B.; Ross, S.; Amarante, P.; Loeloff, R.; et al.

Beta-secretase cleavage of Alzheimer’s amyloid precursor protein by the transmembrane aspartic protease BACE. Science 1999,
286, 735–741. [CrossRef]

2. Prusiner, S.B.; McKinley, M.P.; Bowman, K.A.; Bolton, D.C.; Bendheim, P.E.; Groth, D.F.; Glenner, G.G. Scrapie prions aggregate to
form amyloid-like birefringent rods. Cell 1983, 35 Pt 1, 349–358. [CrossRef]

3. Warby, S.C.; Montpetit, A.; Hayden, A.R.; Carroll, J.B.; Butland, S.L.; Visscher, H.; Collins, J.A.; Semaka, A.; Hudson, T.J.; Hayden,
M.R. CAG expansion in the Huntington disease gene is associated with a specific and targetable predisposing haplogroup. Am. J.
Hum. Genet. 2009, 84, 351–366. [CrossRef]

4. Chartier-Harlin, M.C.; Kachergus, J.; Roumier, C.; Mouroux, V.; Douay, X.; Lincoln, S.; Levecque, C.; Larvor, L.; Andrieux, J.;
Hulihan, M.; et al. Alpha-synuclein locus duplication as a cause of familial Parkinson’s disease. Lancet 2004, 364, 1167–1169.
[CrossRef]

5. Valentine, J.S.; Doucette, P.A.; Zittin Potter, S. Copper-zinc superoxide dismutase and amyotrophic lateral sclerosis. Annu. Rev.
Biochem. 2005, 74, 563–593. [CrossRef]

6. Pham, C.L.; Kwan, A.H.; Sunde, M. Functional amyloid: Widespread in Nature, diverse in purpose. Essays Biochem. 2014, 56,
207–219.

7. Otzen, D.; Riek, R. Functional Amyloids. Cold Spring Harb. Perspect. Biol. 2019, 11, a033860. [CrossRef]
8. Fowler, D.M.; Koulov, A.V.; Balch, W.E.; Kelly, J.W. Functional amyloid—From bacteria to humans. Trends Biochem. Sci. 2007, 32,

217–224. [CrossRef]
9. Avni, A.; Swasthi, H.M.; Majumdar, A.; Mukhopadhyay, S. Intrinsically disordered proteins in the formation of functional

amyloids from bacteria to humans. Prog. Mol. Biol. Transl. Sci. 2019, 166, 109–143.
10. Antonets, K.S.; Belousov, M.V.; Sulatskaya, A.I.; Belousova, M.E.; Kosolapova, A.O.; Sulatsky, M.I.; Andreeva, E.A.; Zykin, P.A.;

Malovichko, Y.V.; Shtark, O.Y.; et al. Accumulation of storage proteins in plant seeds is mediated by amyloid formation. PLoS Biol.
2020, 18, e3000564. [CrossRef]

11. Buchanan, J.A.; Varghese, N.R.; Johnston, C.L.; Sunde, M. Functional amyloids: Where supramolecular amyloid assembly controls
biological activity or generates new functionality. J. Mol. Biol. 2023, 435, 167919. [CrossRef] [PubMed]

12. Barnhart, M.M.; Chapman, M.R. Curli biogenesis and function. Annu. Rev. Microbiol. 2006, 60, 131–147. [CrossRef] [PubMed]
13. Costerton, J.W.; Stewart, P.S.; Greenberg, E.P. Bacterial biofilms: A common cause of persistent infections. Science 1999, 284,

1318–1322. [CrossRef] [PubMed]
14. Collinson, S.K.; Emody, L.; Muller, K.H.; Trust, T.J.; Kay, W.W. Purification and characterization of thin, aggregative fimbriae from

Salmonella Enteritidis. J. Bacteriol. 1991, 173, 4773–4781. [CrossRef]
15. Levkovich, S.A.; Gazit, E.; Bar-Yosef, D.L. Two decades of studying functional amyloids in microorganisms. Trends Microbiol.

2021, 29, 251–265. [CrossRef]
16. Kosolapova, A.O.; Antonets, K.S.; Belousov, M.V.; Nizhnikov, A.A. Biological Functions of Prokaryotic Amyloids in Interspecies

Interactions: Facts and Assumptions. Int. J. Mol. Sci. 2020, 21, 7240. [CrossRef]
17. Kosolapova, A.O.; Belousov, M.V.; Sulatskaya, A.I.; Belousova, M.E.; Sulatsky, M.I.; Antonets, K.S.; Volkov, K.V.; Lykholay, A.N.;

Shtark, O.Y.; Vasileva, E.N.; et al. Two Novel Amyloid Proteins, RopA and RopB, from the Root Nodule Bacterium Rhizobium
leguminosarum. Biomolecules 2019, 9, 694. [CrossRef]

18. Kosolapova, A.O.; Belousov, M.V.; Sulatsky, M.I.; Tsyganova, A.V.; Sulatskaya, A.I.; Bobylev, A.G.; Shtark, O.Y.; Tsyganov, V.E.;
Volkov, K.V.; Zhukov, V.A.; et al. RopB protein of Rhizobium leguminosarum bv. viciae adopts amyloid state during symbiotic
interactions with pea (Pisum sativum L.). Front. Plant Sci. 2022, 13, 1014699. [CrossRef]

19. Sengupta, U.; Kayed, R. Amyloid beta, Tau, and alpha-Synuclein aggregates in the pathogenesis, prognosis, and therapeutics for
neurodegenerative diseases. Prog. Neurobiol. 2022, 214, 102270. [CrossRef]

20. Werner, T.; Horvath, I.; Wittung-Stafshede, P. Crosstalk between Alpha-Synuclein and Other Human and Non-Human Amyloido-
genic Proteins: Consequences for Amyloid Formation in Parkinson’s Disease. J. Park. Dis. 2020, 10, 819–830. [CrossRef]

21. Han, J.; Fan, Y.; Wu, P.; Huang, Z.; Li, X.; Zhao, L.; Ji, Y.; Zhu, M. Parkinson’s Disease Dementia: Synergistic Effects of
Alpha-Synuclein, Tau, Beta-Amyloid, and Iron. Front. Aging Neurosci. 2021, 13, 743754. [CrossRef] [PubMed]

https://doi.org/10.1126/science.286.5440.735
https://doi.org/10.1016/0092-8674(83)90168-X
https://doi.org/10.1016/j.ajhg.2009.02.003
https://doi.org/10.1016/S0140-6736(04)17103-1
https://doi.org/10.1146/annurev.biochem.72.121801.161647
https://doi.org/10.1101/cshperspect.a033860
https://doi.org/10.1016/j.tibs.2007.03.003
https://doi.org/10.1371/journal.pbio.3000564
https://doi.org/10.1016/j.jmb.2022.167919
https://www.ncbi.nlm.nih.gov/pubmed/37330295
https://doi.org/10.1146/annurev.micro.60.080805.142106
https://www.ncbi.nlm.nih.gov/pubmed/16704339
https://doi.org/10.1126/science.284.5418.1318
https://www.ncbi.nlm.nih.gov/pubmed/10334980
https://doi.org/10.1128/jb.173.15.4773-4781.1991
https://doi.org/10.1016/j.tim.2020.09.005
https://doi.org/10.3390/ijms21197240
https://doi.org/10.3390/biom9110694
https://doi.org/10.3389/fpls.2022.1014699
https://doi.org/10.1016/j.pneurobio.2022.102270
https://doi.org/10.3233/JPD-202085
https://doi.org/10.3389/fnagi.2021.743754
https://www.ncbi.nlm.nih.gov/pubmed/34707492


Int. J. Mol. Sci. 2023, 24, 12932 19 of 21

22. Li, J.; McQuade, T.; Siemer, A.B.; Napetschnig, J.; Moriwaki, K.; Hsiao, Y.-S.; Damko, E.; Moquin, D.; Walz, T.; McDermott, A.;
et al. The RIP1/RIP3 necrosome forms a functional amyloid signaling complex required for programmed necrosis. Cell 2012, 150,
339–350. [CrossRef] [PubMed]

23. Wu, X.N.; Yang, Z.H.; Wang, X.K.; Zhang, Y.; Wan, H.; Song, Y.; Chen, X.; Shao, J.; Han, J. Distinct roles of RIP1-RIP3 hetero- and
RIP3-RIP3 homo-interaction in mediating necroptosis. Cell Death Differ. 2014, 21, 1709–1720. [CrossRef] [PubMed]

24. Friesen, M.; Meyer-Luehmann, M. Abeta Seeding as a Tool to Study Cerebral Amyloidosis and Associated Pathology. Front. Mol.
Neurosci. 2019, 12, 233. [CrossRef]

25. Ren, B.; Zhang, Y.; Zhang, M.; Liu, Y.; Zhang, D.; Gong, X.; Feng, Z.; Tang, J.; Chang, Y.; Zheng, J. Fundamentals of cross-seeding
of amyloid proteins: An introduction. J. Mater. Chem. B 2019, 7, 7267–7282. [CrossRef]

26. Subedi, S.; Sasidharan, S.; Nag, N.; Saudagar, P.; Tripathi, T. Amyloid Cross-Seeding: Mechanism, Implication, and Inhibition.
Molecules 2022, 27, 1776. [CrossRef]

27. Do, H.Q.; Hewetson, A.; Borcik, C.G.; Hastert, M.C.; Whelly, S.; Wylie, B.J.; Sutton, R.B.; Cornwall, G.A. Cross-seeding between
the functional amyloidogenic CRES and CRES3 family members and their regulation of Abeta assembly. J. Biol. Chem. 2021,
296, 100250. [CrossRef]

28. Zhou, Y.; Smith, D.; Leong, B.J.; Brannstrom, K.; Almqvist, F.; Chapman, M.R. Promiscuous cross-seeding between bacterial
amyloids promotes interspecies biofilms. J. Biol. Chem. 2012, 287, 35092–35103. [CrossRef]

29. Perera, S.; Uddin, M.; Hayes, J.A. Salivary lysozyme: A noninvasive marker for the study of the effects of stress of natural
immunity. Int. J. Behav. Med. 1997, 4, 170–178. [CrossRef]

30. Granel, B.; Serratrice, J.; Valleix, S.; Grateau, G.; Droz, D.; Lafon, J.; Sault, M.C.; Chaudier, B.; Disdier, P.; Laugier, R.; et al. A family
with gastrointestinal amyloidosis associated with variant lysozyme. Gastroenterology 2002, 123, 1346–1349. [CrossRef]

31. Pleyer, C.; Flesche, J.; Saeed, F. Lysozyme amyloidosis—A case report and review of the literature. Clin. Nephrol. Case Stud. 2015,
3, 42–45. [CrossRef] [PubMed]

32. Garza, A.S.; Khan, S.H.; Moure, C.M.; Edwards, D.P.; Kumar, R. Binding-folding induced regulation of AF1 transactivation
domain of the glucocorticoid receptor by a cofactor that binds to its DNA binding domain. PLoS ONE 2011, 6, e25875. [CrossRef]
[PubMed]

33. Turoverov, K.K.; Verkhusha, V.V.; Shavlovsky, M.M.; Biktashev, A.G.; Povarova, O.I.; Kuznetsova, I.M. Kinetics of actin unfolding
induced by guanidine hydrochloride. Biochemistry 2002, 41, 1014–1019. [CrossRef]

34. Li, C.; Zhang, Q.; Hu, W.-J.; Mu, H.; Lin, Z.; Ma, L.; Park, Y.-D.; Zhou, H.-M. Effect of SNPs on creatine kinase structure and
function: Identifying potential molecular mechanisms for possible creatine kinase deficiency diseases. PLoS ONE 2012, 7, e45949.
[CrossRef]

35. Krebs, M.R.; Bromley, E.H.; Donald, A.M. The binding of thioflavin-T to amyloid fibrils: Localisation and implications. J. Struct.
Biol. 2005, 149, 30–37. [CrossRef]

36. Sidhu, A.; Vaneyck, J.; Blum, C.; Segers-Nolten, I.; Subramaniam, V. Polymorph-specific distribution of binding sites determines
thioflavin-T fluorescence intensity in α-synuclein fibrils. Amyloid 2018, 25, 189–196. [CrossRef]

37. Peccati, F.; Pantaleone, S.; Riffet, V.; Solans-Monfort, X.; Contreras-García, J.; Guallar, V.; Sodupe, M. Binding of thioflavin T and
related probes to polymorphic models of amyloid-β fibrils. J. Phys. Chem. 2017, 121, 8926–8934. [CrossRef] [PubMed]

38. Sulatskaya, A.I.; Rodina, N.P.; Polyakov, D.S.; Sulatsky, M.I.; Artamonova, T.O.; Khodorkovskii, M.A.; Shavlovsky, M.M.;
Kuznetsova, I.M.; Turoverov, K.K. Structural Features of Amyloid Fibrils Formed from the Full-Length and Truncated Forms of
Beta-2-Microglobulin Probed by Fluorescent Dye Thioflavin T. Int. J. Mol. Sci. 2018, 19, 2762. [CrossRef]

39. Sulatskaya, A.I.; Rychkov, G.N.; Sulatsky, M.I.; Mikhailova, E.V.; Melnikova, N.M.; Andozhskaya, V.S.; Kuznetsova, I.M.;
Turoverov, K.K. New evidence on a distinction between Aβ40 and Aβ42 amyloids: Thioflavin T binding modes, clustering
tendency, degradation resistance, and cross-seeding. Int. J. Mol. Sci. 2022, 23, 5513. [CrossRef]

40. Kuznetsova, I.M.; Sulatskaya, A.I.; Uversky, V.N.; Turoverov, K.K. A new trend in the experimental methodology for the analysis
of the thioflavin T binding to amyloid fibrils. Mol. Neurobiol. 2012, 45, 488–498. [CrossRef]

41. Maruyama, H.; Gejyo, F.; Arakawa, M. Clinical studies of destructive spondyloarthropathy in long-term hemodialysis patients.
Nephron 1992, 61, 37–44. [CrossRef] [PubMed]

42. Assenat, H.; Calemard, E.; Charra, B.; Laurent, G.; Terrat, J.C.; Vanel, T. Hemodialysis: Carpal tunnel syndrome and amyloid
substance. Nouv. Presse Med. 1980, 9, 1715.

43. Kuntz, D.; Naveau, B.; Bardin, T.; Drueke, T.; Treves, R.; Dryll, A. Destructive spondylarthropathy in hemodialyzed patients. A
new syndrome. Arthritis Rheum. 1984, 27, 369–375. [CrossRef]

44. Zingraff, J.J.; Noel, L.H.; Bardin, T.; Atienza, C.; Zins, B.; Drueke, T.B.; Kuntz, D. Beta 2-microglobulin amyloidosis in chronic
renal failure. N. Engl. J. Med. 1990, 323, 1070–1071.

45. Campistol, J.M.; Sole, M.; Munoz-Gomez, J.; Lopez-Pedret, J.; Revert, L. Systemic involvement of dialysis-amyloidosis. Am. J.
Nephrol. 1990, 10, 389–396. [CrossRef]

46. Gal, R.; Korzets, A.; Schwartz, A.; Rath-Wolfson, L.; Gafter, U. Systemic distribution of beta 2-microglobulin-derived amyloidosis
in patients who undergo long-term hemodialysis. Report of seven cases and review of the literature. Arch. Pathol. Lab. Med. 1994,
118, 718–721.

47. Charra, B.C.E.; Uzan, M.; Terrat, J.C.; Vanel, T.; Laurent, G. Carpal tunnel syndrome, shoulder pain and amyloid deposits in
longterm hemodialysis patients. Proc. Eur. Dial. Transpl. Assoc. 1984, 21, 291–295.

https://doi.org/10.1016/j.cell.2012.06.019
https://www.ncbi.nlm.nih.gov/pubmed/22817896
https://doi.org/10.1038/cdd.2014.77
https://www.ncbi.nlm.nih.gov/pubmed/24902902
https://doi.org/10.3389/fnmol.2019.00233
https://doi.org/10.1039/C9TB01871A
https://doi.org/10.3390/molecules27061776
https://doi.org/10.1074/jbc.RA120.015307
https://doi.org/10.1074/jbc.M112.383737
https://doi.org/10.1207/s15327558ijbm0402_5
https://doi.org/10.1053/gast.2002.36022
https://doi.org/10.5414/CNCS108538
https://www.ncbi.nlm.nih.gov/pubmed/29043133
https://doi.org/10.1371/journal.pone.0025875
https://www.ncbi.nlm.nih.gov/pubmed/22003412
https://doi.org/10.1021/bi015548c
https://doi.org/10.1371/journal.pone.0045949
https://doi.org/10.1016/j.jsb.2004.08.002
https://doi.org/10.1080/13506129.2018.1517736
https://doi.org/10.1021/acs.jpcb.7b06675
https://www.ncbi.nlm.nih.gov/pubmed/28851223
https://doi.org/10.3390/ijms19092762
https://doi.org/10.3390/ijms23105513
https://doi.org/10.1007/s12035-012-8272-y
https://doi.org/10.1159/000186832
https://www.ncbi.nlm.nih.gov/pubmed/1528338
https://doi.org/10.1002/art.1780270402
https://doi.org/10.1159/000168154


Int. J. Mol. Sci. 2023, 24, 12932 20 of 21

48. Sprague, S.M.M.S.M. Clinical manifestations and pathogenesis of dialysis-related amyloidosis. Semin. Dial. 1996, 9, 360–369.
[CrossRef]

49. Masters, C.L.; Selkoe, D.J. Biochemistry of amyloid beta-protein and amyloid deposits in Alzheimer disease. Cold Spring Harb.
Perspect. Med. 2012, 2, a006262. [CrossRef]

50. Wang, S.; Mims, P.N.; Roman, R.J.; Fan, F. Is Beta-Amyloid Accumulation a Cause or Consequence of Alzheimer’s Disease?
J. Alzheimer’s Park. Dement. 2016, 1, 007.

51. Storkel, S.; Schneider, H.M.; Muntefering, H.; Kashiwagi, S. Iatrogenic, insulin-dependent, local amyloidosis. Lab. Investig. J. Tech.
Methods Pathol. 1983, 48, 108–111.

52. Dische, F.E.; Wernstedt, C.; Westermark, G.T.; Westermark, P.; Pepys, M.B.; Rennie, J.A.; Gilbey, S.G.; Watkins, P.J. Insulin as an
amyloid-fibril protein at sites of repeated insulin injections in a diabetic patient. Diabetologia 1988, 31, 158–161. [CrossRef]

53. Swift, B. Examination of insulin injection sites: An unexpected finding of localized amyloidosis. Diabet. Med. J. Br. Diabet. Assoc.
2002, 19, 881–882. [CrossRef] [PubMed]

54. Sahoo, S.; Reeves, W.; DeMay, R.M. Amyloid tumor: A clinical and cytomorphologic study. Diagn. Cytopathol. 2003, 28, 325–328.
[CrossRef] [PubMed]

55. Albert, S.G.; Obadiah, J.; Parseghian, S.A.; Yadira Hurley, M.; Mooradian, A.D. Severe insulin resistance associated with
subcutaneous amyloid deposition. Diabetes Res. Clin. Pract. 2007, 75, 374–376. [CrossRef]

56. Yumlu, S.; Barany, R.; Eriksson, M.; Rocken, C. Localized insulin-derived amyloidosis in patients with diabetes mellitus: A case
report. Hum. Pathol. 2009, 40, 1655–1660. [CrossRef]

57. Shikama, Y.; Kitazawa, J.; Yagihashi, N.; Uehara, O.; Murata, Y.; Yajima, N.; Wada, R.; Yagihashi, S. Localized amyloidosis at the
site of repeated insulin injection in a diabetic patient. Intern. Med. 2010, 49, 397–401. [CrossRef]

58. Gupta, Y.; Singla, G.; Singla, R. Insulin-derived amyloidosis. Indian J. Endocrinol. Metab. 2015, 19, 174–177. [CrossRef]
59. Dahiya, D.S.; Kichloo, A.; Singh, J.; Albosta, M.; Wani, F. Gastrointestinal amyloidosis: A focused review. World J. Gastrointest.

Endosc. 2021, 13, 1–12. [CrossRef]
60. Carll, T.; Antic, T. An abdominal wall mass of exogenous insulin amyloidosis in setting of metastatic sarcoma. J. Cutan. Pathol.

2020, 47, 406–408. [CrossRef]
61. Shiba, M.; Kitazawa, T. Progressive insulin-derived amyloidosis in a patient with type 2 diabetes. Case Rep. Plast. Surg. Hand Surg.

2016, 3, 73–76. [CrossRef] [PubMed]
62. Sun, Y.; Sommerville, N.R.; Liu, J.Y.H.; Ngan, M.P.; Poon, D.; Ponomarev, E.D.; Lu, Z.; Kung, J.S.C.; Rudd, J.A. Intra-gastrointestinal

amyloid-beta1-42 oligomers perturb enteric function and induce Alzheimer’s disease pathology. J. Physiol. 2020, 598, 4209–4223.
[CrossRef] [PubMed]

63. Chen, M.C.; Lee, D.D. Atypical presentation of localized insulin-derived amyloidosis as protruding brownish skin tumours. Clin.
Exp. Dermatol. 2020, 45, 353–355. [CrossRef] [PubMed]

64. Hellstrand, E.; Boland, B.; Walsh, D.M.; Linse, S. Amyloid beta-protein aggregation produces highly reproducible kinetic data
and occurs by a two-phase process. ACS Chem. Neurosci. 2010, 1, 13–18. [CrossRef]

65. Adamcik, J.; Mezzenga, R. Amyloid Polymorphism in the Protein Folding and Aggregation Energy Landscape. Angew. Chem.
2018, 57, 8370–8382. [CrossRef]

66. Aliyan, A.; Cook, N.P.; Marti, A.A. Interrogating Amyloid Aggregates using Fluorescent Probes. Chem. Rev. 2019, 119, 11819–11856.
[CrossRef]

67. Bharadwaj, P.; Solomon, T.; Sahoo, B.R.; Ignasiak, K.; Gaskin, S.; Rowles, J.; Verdile, G.; Howard, M.J.; Bond, C.S.; Ramamoorthy,
A.; et al. Amylin and beta amyloid proteins interact to form amorphous heterocomplexes with enhanced toxicity in neuronal cells.
Sci. Rep. 2020, 10, 10356. [CrossRef]

68. Stepanenko, O.V.; Sulatsky, M.I.; Mikhailova, E.V.; Stepanenko, O.V.; Povarova, O.I.; Kuznetsova, I.M.; Turoverov, K.K.; Sulatskaya,
A.I. Alpha-B-Crystallin Effect on Mature Amyloid Fibrils: Different Degradation Mechanisms and Changes in Cytotoxicity. Int. J.
Mol. Sci. 2020, 21, 7659. [CrossRef]

69. Stepanenko, O.V.; Sulatsky, M.I.; Mikhailova, E.V.; Stepanenko, O.V.; Kuznetsova, I.M.; Turoverov, K.K.; Sulatskaya, A.I. Trypsin
Induced Degradation of Amyloid Fibrils. Int. J. Mol. Sci. 2021, 22, 4828. [CrossRef]

70. Nilsson, L.; Pamren, A.; Islam, T.; Brannstrom, K.; Golchin, S.A.; Pettersson, N.; Iakovleva, I.; Sandblad, L.; Gharibyan, A.L.;
Olofsson, A. Transthyretin Interferes with Abeta Amyloid Formation by Redirecting Oligomeric Nuclei into Non-Amyloid
Aggregates. J. Mol. Biol. 2018, 430, 2722–2733. [CrossRef]

71. Ghadami, S.A.; Chia, S.; Ruggeri, F.S.; Meisl, G.; Bemporad, F.; Habchi, J.; Cascella, R.; Dobson, C.M.; Vendruscolo, M.; Knowles,
T.P.J.; et al. Transthyretin Inhibits Primary and Secondary Nucleations of Amyloid-beta Peptide Aggregation and Reduces the
Toxicity of Its Oligomers. Biomacromolecules 2020, 21, 1112–1125. [CrossRef] [PubMed]

72. Wasana Jayaweera, S.; Surano, S.; Pettersson, N.; Oskarsson, E.; Lettius, L.; Gharibyan, A.L.; Anan, I.; Olofsson, A. Mechanisms of
Transthyretin Inhibition of IAPP Amyloid Formation. Biomolecules 2021, 11, 411. [CrossRef] [PubMed]

73. Serio, T.R.; Cashikar, A.G.; Moslehi, J.J.; Kowal, A.S.; Lindquist, S.L. Yeast prion [psi +] and its determinant, Sup35p. Methods
Enzymol. 1999, 309, 649–673. [PubMed]

74. Broersen, K.; Jonckheere, W.; Rozenski, J.; Vandersteen, A.; Pauwels, K.; Pastore, A.; Rousseau, F.; Schymkowitz, J. A standardized
and biocompatible preparation of aggregate-free amyloid beta peptide for biophysical and biological studies of Alzheimer’s
disease. Protein Eng. Des. Sel. PEDS 2011, 24, 743–750. [CrossRef]

https://doi.org/10.1111/j.1525-139X.1996.tb00699.x
https://doi.org/10.1101/cshperspect.a006262
https://doi.org/10.1007/BF00276849
https://doi.org/10.1046/j.1464-5491.2002.07581.x
https://www.ncbi.nlm.nih.gov/pubmed/12358880
https://doi.org/10.1002/dc.10296
https://www.ncbi.nlm.nih.gov/pubmed/12768639
https://doi.org/10.1016/j.diabres.2006.07.013
https://doi.org/10.1016/j.humpath.2009.02.019
https://doi.org/10.2169/internalmedicine.49.2633
https://doi.org/10.4103/2230-8210.146879
https://doi.org/10.4253/wjge.v13.i1.1
https://doi.org/10.1111/cup.13613
https://doi.org/10.1080/23320885.2016.1247650
https://www.ncbi.nlm.nih.gov/pubmed/27882336
https://doi.org/10.1113/JP279919
https://www.ncbi.nlm.nih.gov/pubmed/32617993
https://doi.org/10.1111/ced.14097
https://www.ncbi.nlm.nih.gov/pubmed/31605383
https://doi.org/10.1021/cn900015v
https://doi.org/10.1002/anie.201713416
https://doi.org/10.1021/acs.chemrev.9b00404
https://doi.org/10.1038/s41598-020-66602-9
https://doi.org/10.3390/ijms21207659
https://doi.org/10.3390/ijms22094828
https://doi.org/10.1016/j.jmb.2018.06.005
https://doi.org/10.1021/acs.biomac.9b01475
https://www.ncbi.nlm.nih.gov/pubmed/32011129
https://doi.org/10.3390/biom11030411
https://www.ncbi.nlm.nih.gov/pubmed/33802170
https://www.ncbi.nlm.nih.gov/pubmed/10507053
https://doi.org/10.1093/protein/gzr020


Int. J. Mol. Sci. 2023, 24, 12932 21 of 21

75. Kayed, R.; Head, E.; Sarsoza, F.; Saing, T.; Cotman, C.W.; Necula, M.; Margol, L.; Wu, J.; Breydo, L.; Thompson, J.L.; et al. Fibril
specific, conformation dependent antibodies recognize a generic epitope common to amyloid fibrils and fibrillar oligomers that is
absent in prefibrillar oligomers. Mol. Neurodegener. 2007, 2, 18. [CrossRef]

76. Vladimirov, Y.A.; Litvin, F.F. Photobiology and spectroscopic methods. In Handbook of General Biophisics; High School: Moscow,
Russia, 1964; Volume 8, pp. 88–91.

77. Micsonai, A.; Wien, F.; Bulyaki, E.; Kun, J.; Moussong, E.; Lee, Y.H.; Goto, Y.; Refregiers, M.; Kardos, J. BeStSel: A web server for
accurate protein secondary structure prediction and fold recognition from the circular dichroism spectra. Nucleic Acids Res. 2018,
46, W315–W322. [CrossRef]

78. Wang, F.; Wang, Y.; Jiang, L.; Wang, W.; Sang, J.; Wang, X.; Lu, F.; Liu, F. The food additive fast green FCF inhibits alpha-synuclein
aggregation, disassembles mature fibrils and protects against amyloid-induced neurotoxicity. Food Funct. 2021, 12, 5465–5477.
[CrossRef]

79. Fonin, A.V.; Sulatskaya, A.I.; Kuznetsova, I.M.; Turoverov, K.K. Fluorescence of dyes in solutions with high absorbance. Inner
filter effect correction. PLoS ONE 2014, 9, e103878. [CrossRef]

80. Ahmad, B.; Lapidus, L.J. Curcumin prevents aggregation in alpha-synuclein by increasing reconfiguration rate. J. Biol. Chem.
2012, 287, 9193–9199. [CrossRef]

81. Chaudhary, A.P.; Vispute, N.H.; Shukla, V.K.; Ahmad, B. A comparative study of fibrillation kinetics of two homologous proteins
under identical solution condition. Biochimie 2017, 132, 75–84. [CrossRef]

82. Lee, C.C.; Nayak, A.; Sethuraman, A.; Belfort, G.; McRae, G.J. A three-stage kinetic model of amyloid fibrillation. Biophys. J. 2007,
92, 3448–3458. [CrossRef] [PubMed]

83. O’Connor, D. Time-Correlated Single Photon Counting; Academic Press: New York, NY, USA, 1984; pp. 37–54.
84. Marquardt, D.W. An algorithm for least-squares estimation of non linear parameters. J. Soc. Ind. Appl. Math. 1963, 11, 431–441.

[CrossRef]
85. Yanushevich, Y.G.; Staroverov, D.B.; Savitsky, A.P.; Fradkov, A.F.; Gurskaya, N.G.; Bulina, M.E.; Lukyanov, K.A.; Lukyanov, S.A.

A strategy for the generation of non-aggregating mutants of Anthozoa fluorescent proteins. FEBS Lett. 2002, 511, 11–14. [CrossRef]
[PubMed]

86. Mosmann, T. Rapid colorimetric assay for cellular growth and survival: Application to proliferation and cytotoxicity assays.
J. Immunol. Methods 1983, 65, 55–63. [CrossRef] [PubMed]

87. Kumar, P.; Nagarajan, A.; Uchil, P.D. Analysis of Cell Viability by the MTT Assay. Cold Spring Harb. Protoc. 2018, 2018. [CrossRef]
[PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1186/1750-1326-2-18
https://doi.org/10.1093/nar/gky497
https://doi.org/10.1039/D0FO03301D
https://doi.org/10.1371/journal.pone.0103878
https://doi.org/10.1074/jbc.M111.325548
https://doi.org/10.1016/j.biochi.2016.11.002
https://doi.org/10.1529/biophysj.106.098608
https://www.ncbi.nlm.nih.gov/pubmed/17325005
https://doi.org/10.1137/0111030
https://doi.org/10.1016/S0014-5793(01)03263-X
https://www.ncbi.nlm.nih.gov/pubmed/11821040
https://doi.org/10.1016/0022-1759(83)90303-4
https://www.ncbi.nlm.nih.gov/pubmed/6606682
https://doi.org/10.1101/pdb.prot095505
https://www.ncbi.nlm.nih.gov/pubmed/29858338

	Introduction 
	Results 
	Amyloids Formed from Vicilin and Its Fragments Effectively Inhibit the Growth of Lysozyme Amyloid Fibrils 
	Vicilin Amyloids Cause a Decrease in the Length of -2-Microglobulin Fibrils 
	Vicilin Amyloids Inhibit the -Amyloid Fibril Clustering 
	Vicilin Amyloids Alter the Structure of Insulin Fibrils 
	The Effect of Vicilin Amyloids on the Fibrillogenesis Depends on the Duration of the Lag Phase 
	Vicilin Amyloids Reduce the Cytotoxicity of Lysozyme, 2m and A42 Fibrils and Increase the Cytotoxicity of Insulin Amyloids 

	Discussion 
	Materials and Methods 
	Materials 
	Recombinant Protein Production and Purification 
	Amyloid Fibrils’ Preparation 
	Transmission Electron Microscopy 
	ThT–Amyloid Fibril Sample Preparation 
	Spectral Measurements 
	Time-Resolved Fluorescence Measurements 
	Confocal Microscopy 
	SDS-PAGE 
	Study of Interaction between Vicilin Amyloids and Mammalian Proteins in Different Forms 
	Cell Viability Assessment 
	Statistical Analysis 

	References

