PRION
2020, VOL. 14, NO. 1, 149-162
https://doi.org/10.1080/19336896.2020.1776062

Taylor & Francis
Taylor &Francis Group

RESEARCH PAPER

8 OPEN ACCESS | Check for updates

Determination of amyloid core regions of insulin analogues fibrils

Alexey K. Surin ©®>P<, Sergei Yu. Grishin

2, and Oxana V. Galzitskaya ®2

2Institute of Protein Research, Russian Academy of Sciences, Pushchino, Russian Federation; State Research Center for Applied Microbiology
and Biotechnology, Obolensk, Russian Federation; The Branch of the Institute of Bioorganic Chemistry, Russian Academy of Sciences,
Pushchino, Russian Federation; 9Institute of Theoretical and Experimental Biophysics, Russian Academy of Sciences, Pushchino, Russian

Federation

ABSTRACT

A rapid-acting insulin lispro and long-acting insulin glargine are commonly used for the treatment
of diabetes. Clinical cases have described the formation of injectable amyloidosis with these
insulin analogues, but their amyloid core regions of fibrils were unknown. To reveal these regions,
we have analysed the hydrolyzates of insulin fibrils and its analogues using high-performance
liquid chromatography and mass spectrometry methods and found that insulin and its analogues
have almost identical amyloid core regions that intersect with the predicted amyloidogenic
regions. The obtained results can be used to create new insulin analogues with a low ability to

form fibrils.
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Introduction

Insulin-derived amyloidosis is a disease character-
ized by the formation of amyloid fibril deposits in
tissues and organs as a complication of diabetic
therapy with insulin and its analogues [1-3]. The
number of detected clinical cases has increased in
recent years, and their prevalence may still be insuf-
ficiently diagnosed and underestimated [4,5]. Insulin
amyloids have demonstrated toxicity in vivo [6], and
insulin-induced amyloidosis creates poor glycaemic
control [7,8]. Many studies have proposed various
structures of insulin amyloids and possible mechan-
isms of their formation [9-14]. As previously
reported [9,15], changes in the insulin sequence by
several amino acid residues (a.a) can lead to
a significant difference in physicochemical proper-
ties, in particular, in the kinetics of the growth of
amyloid fibrils. Therefore, considerable research
efforts were aimed at identifying amyloidogenic
sequences in the structure of insulin monomer
[16-20]. The insulin monomer consists of two poly-
peptide chains (A and B) that are covalently linked
by disulphide bonds. Insulin analogues are obtained
by changing the amino acid composition of insulin
to optimize the rate of action of hormones on blood
glucose levels in patients with diabetes [21,22]. The

effect of the amino acid sequence for the A and
B insulin chains on amyloidogenesis can be com-
pared with the data for the fast-acting insulin ana-
logue lispro [23] with inversion a.a. in the ProB28
LysB29 sequence and the long-acting insulin analo-
gue glargine [24] with two additional Arg residues
at positions B31 and B32 and Gly residue instead of
Asn at position A21. Lispro and glargine are
increasingly used to treat of diabetes, as they are
more effective than regular insulin [25,26]. At the
same time, data on the amyloid core regions of
lispro and glargine in comparison with such regions
of insulin are not presented in the literature.

Today it is customary to distinguish classes of amy-
loid fibrils by their origin and importance for cell life,
as well as human health [27]. In addition, using several
methods, for example, cryo-electron microscopy [12], it
was shown that there are polymorphic varieties of
amyloid fibrils for the same protein, which also requires
attention [28-32]. Different points of view on the amy-
loidogenic regions of insulin can be explained by fibril
polymorphism and the lack of understanding of the
individual stages of insulin amyloidogenesis. In this
regard, it is of interest to identify amyloidogenic frag-
ments that are responsible for the formation of the
spine of insulin analogues fibrils.

CONTACT Oxana V. Galzitskaya @ ogalzit@vega.protres.ru @ Laboratory of Bioinformatics and Proteomics, Institute of Protein Research, Russian

Academy of Sciences, , Pushchino, Moscow Region 142290, Russian Federation

Supplemental data for this article can be accessed here.
© 2020 Informa UK Limited, trading as Taylor & Francis Group

This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial License (http://creativecommons.org/licenses/by-nc/4.0/), which
permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.


http://orcid.org/0000-0001-9246-7369
http://orcid.org/0000-0001-7373-9808
http://orcid.org/0000-0002-3962-1520
https://doi.org/10.1080/19336896.2020.1776062
https://crossmark.crossref.org/dialog/?doi=10.1080/19336896.2020.1776062&domain=pdf&date_stamp=2020-06-12

150 A. K. SURIN ET AL.

Insulin is a useful model for studying the process of
fibril formation due to the reproducibility of this process
[9,12,16]. It is known that insulin is a monomeric form in
20% acetic acid [33], further exposure to acidic pH and
increased temperature and ionic strength of the solution
leads to aggregation and subsequent formation of fibrils
[34]. Since there are no methods for studying the process
of insulin aggregation in vivo, the study of amyloid pro-
tein aggregation in vitro is an important scientific task. It
is considered that short amino acid sequences in this
protein, called amyloidogenic sites, are responsible for
the tendency of a particular protein to form amyloids.
As a rule, these sequences consist mainly of uncharged or
polar a.a. To find such sites in any protein molecule,
specialized computer programs were developed [35].

Early, we used generally accepted bioinformatics
approaches for predicting amyloidogenic sites in
insulin and compared the obtained data with the
limited proteolysis method in combination with tan-
dem mass spectrometry [20]. The aim of this work
is to identify amyloid core regions for insulin ana-
logues fibrils (lispro and glargine) and to compare
with the data found for insulin. For this purpose, we
used bioinformatics software to predict amyloido-
genic regions in the protein chain along with experi-
mental identification of regions in insulin fibrils and
its analogues that are resistant to proteases.
Amyloids are characterized by high resistance to
chemical and physical influences, such as changes
in pH, temperature, pressure, and protease treat-
ment [36-40]. The latter property can be used in
mass spectrometry analysis of amyloidogenic regions
in insulin fibrils and its analogues using the method
developed previously for this purpose [41-43].
Targeted action to the identified amyloidogenic
sequences can significantly slow down or prevent
amyloidogenesis [44]. It should be noted that non-
amyloidogenic protein sequences can also have

a modulating effect on the rate of amyloid forma-
tion. For insulin and its analogues, changes in para-
meters such as the lag-time and the rate of
exponential growth of fibrils can be monitored by
the fluorescence of thioflavin T (ThT) [45,46].
Accordingly, analysing the kinetics of binding of
thioflavin T to fibrils and electron microscopic
images, we can draw conclusions about how changes
in the sequence of insulin analogues are associated
with changes in the kinetics of amyloid formation
and the morphology of the obtained aggregates [47].

Results
Bioinformatics analysis

Insulin analogues have only slight differences from insulin
in the amino acid sequences. As described above, the
inversion of a.a. was performed for lispro in positions
B28 and B29. Glargine has two a.a. arginine at the
C-terminus of the B-chain (B31, B32) and the asparagine
residue (A21) is replaced by glycine in the A-chain.
Therefore, it was important to take into account the possi-
ble small contribution of amino acid modifications of
insulin analogues to their amyloidogenicity. For this rea-
son, we used several bioinformatics tools (FoldAmyloid
[48], ArchCandy [49], PASTA 2.0 [50], Waltz [51],
AGGRESCAN [52], and ZipperDB [53,54]) to predict
amyloidogenic sequences in the structure of proteins. The
results of predictions of amyloidogenic regions for the
A and B chains of insulin and its analogues by various
methods are shown in Table 1.

As can be seen from Table 1, there are no differences in
the predictions of the amyloidogenic regions of the three
proteins. This result can be explained by the fact that
mutations in the insulin analogues were introduced out-
side the amyloidogenic regions, with the exception of the
A10-A21 region (where asparagine at position A21 was

Table 1. Characteristics of the software used for identification of amyloidogenic regions and results of prediction for A and B chains

of insulin, lispro, and glargine.

Software Amyloidogenic regions of insulin ~ Amyloidogenic regions of lispro  Amyloidogenic regions of glargine
FoldAmyloid A11-A15 A11-A15 A11-A15
(http://bioinfo.protres.ru/fold-amyloid/) B1-B5, B1-B5, B1-B5,
B12-B19, B12-B19, B12-B19,
B23-B27 B23-B27 B23-B27
ArchCandy Not identified Not identified Not identified
(andrey.kajava@crbm.cnrs.fr)
PASTA 2.0 A2-A12 A2-A12 A2-A12
(http://protein.bio.unipd.it/pasta2/)
Waltz (http://waltz.switchlab.org/index.cgi) A10-A21 A10-A21 A10-A21
B12-B18 B12-B18 B12-B18
AGGRESCAN A8-A15 A8-A15 A8-A15
(http://bioinf.uab.es/aggrescan/) B7-B19, B23-B27 B7-B19, B23-B27 B7-B19, B23-B27
ZipperDB A1-Al6 A1-A16 A1-A16
(https://services.mbi.ucla.edu/zipperdb/) B1-B20 B1-B20 B1-B20



http://waltz.switchlab.org/index.cgi
http://bioinf.uab.es/aggrescan/
https://services.mbi.ucla.edu/zipperdb/

substituted for glycine in glargine) predicted by the Waltz
software.

Insulin, lispro, and glargine can form amyloids when
these drugs are injected (injectable amyloidosis) [55-57].
However, the ArchCandy software did not identify amy-
loidogenic regions in the A and B chains, because the
corresponding values of the scoring function of Si (0.408
and 0.564) are less than the threshold value, 0.578, which
distinguishes between non-amyloidogenic and amyloido-
genic sequences [49]. Moreover, the insulin B chain can
form fibrils [58], but the PASTA 2.0 software did not
predict amyloidogenic regions in the B chain of insulin
and its analogues.

Therefore, amyloidogenic regions identified by any soft-
ware as amyloidogenic ones are predicted within one
amino acid residue, but there are no completely similar
predictions between FoldAmyloid, ArchCandy, PASTA
2.0, Waltz, AGGRESCAN, and ZipperDB. However, the
multiple alignments of amyloidogenic sequences help to
identify the results predicted by at least two bioinformatics
programs for the A chain (region A2-A16) and B chain

PRION 151

(regions B1-B5, B7-B19 and B23-B27) in insulin and its
analogues.

Thus, the results of bioinformatics analysis show that
the predictions of the programs do not differ for the
amyloidogenic amino acid sequences of insulin, lispro,
and glargine. At the same time, most programs predict
the presence of amyloidogenic regions for insulin and
its analogues, and therefore, the ability to form amyloid
fibrils for these proteins. In the future, before conduct-
ing an experimental verification of amyloidogenic
regions in the structure of the fibril, we investigate the
possibility of obtaining amyloid fibrils and their mor-
phological features using thioflavin T fluorescence
kinetics and transmission electron microscopy.

Insulin, lispro, and glargine fibrils have a similar
morphology, but different lag-time fibril formation

The ThT fluorescence as a function of incubation time
is presented in Figure la for samples of insulin, lispro
and glargine [9,47]. The plot indicates that the increase
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Figure 1. Normalized ThT fluorescence data for lag-time of the initial stage of insulin, lispro and glargine aggregation at
a concentration of 2 mg/ml (a). Results are averages of three replicates per insulin type. Electron microscopic images obtained
fibrils after 2880 min (48 hours) of incubation at 37°C (b). Preparations of insulin and its analogues were solved in 140 mM NaCl

containing 20% (v/v) acetic acid (pH 2.0).
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in ThT fluorescence intensity for insulin and its analo-
gues, follows the sigmoid pattern and look like
a classical three-step graph — showing the lag-time (a
delay before amyloid formation), elongation (exponen-
tial growth), and maturation phases of fibrillation (pla-
teau stage). However, the lag-times for lispro and
glargine are longer than for insulin samples. At the
same time insulin analogues samples invariably form
long unbranched smooth fibrils that widely laterally
associate and have the same morphology in the images
using transmission electron microscopy (TEM) (Figure
1b). Insulin analogues fibrils formed quiescently at pH
2.0, a period of 48 hours, and TEM showed that all the
obtained fibrils were morphologically identical.

Thus, using electron microscopy, data were obtained
showing that the differences between analogues and insu-
lin are insignificant in morphological characteristics.
Electron microscopy is one of the main direct methods
for visualization of fibrils. However, this method does not
allow the detection of amyloidogenic sequences in the
structure of fibrils. Later, we used limited proteolysis
and mass spectrometry to identify the amyloid core
regions in the structure of insulin and its analogues fibrils.

Results of limited proteolysis and mass
spectrometry

In order to determine amyloid core regions, that form
the spine of fibrils, we hydrolysed fibrils with a mixture

of proteases. After an 8-hour incubation of insulin
fibrils and its analogues with a mixture of proteases,
the cleaved regions of the protein chains were removed
after centrifugation, and the pellet of protected regions
of fibrils was prepared for analysis by HPLC-MS. This
experimental procedure reliably separated fibrils and
their fragments from fragments of non-aggregated pro-
teins released into solution, and identified protein
sequences that remained integrated into the spine of
fibril.

The fibril hydrolyzates thus obtained were dissolved
in concentrated formic acid. Formic acid was used to
dissociate proteolysis-protected aggregates of protein
monomeric fragments [20]. The formylation reaction,
the addition of formic acid residue to the N-terminus
of protein fragments, was taken into account in the
further analysis of ions in the mass spectra. Obtained
protein fragments were analysed by LC-MS. Mass spec-
tra were obtained every 1.2 s for all peptides released
from the column. Mass chromatograms and some mass
spectra are presented on Figure 2. Mass spectra (from
Figure 2) correspond to 68.44 min. of chromatogram.

Tons 968.95 (+6), 1162.34 (+5), 1452.67 (+4) in the
mass spectrum of insulin (Figure 2a) correspond to
a non-hydrolysed monomer with 5806.7 Da. For the
spectra of lispro ions, 968.78 (+6), 1162.34 (+5),
1452.92 (+4) correspond to molecular masses of
5806.7 Da. lons 758.74 (+8), 867.13 (+7), 1011.31
(+6), 1213.57 (+5), 1516.71 (+4) correspond to the
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Figure 2. Chromatograms (left) and panoramic mass spectra (right) of hydrolyzates of insulin (a), lispro (b), and glargine (c) fibrils
obtained at the proteases to protein ratio 1:25, w/w. The retention time for the mass spectra of fibrils hydrolyzates is 68.44 min.



whole glargine monomer sequence with 6062.4 Da
(Figure 2c, on the right). It should be noted that
peaks with m/z values corresponding to dimers of
a non-hydrolysed protein were detected. These ions
for insulin 1660.19 (+7), 1936.55 (+6), lispro 1660.33
(+7), 1936.89 (+6) and glargine 1733.39 (+7) are sig-
nificantly inferior in relative intensity to protein mono-
mers, which is also shown on Figure 2. In general, the
main contribution to the total ion current in all panora-
mic mass spectra was made by ions corresponding to
non-hydrolysed protein monomers. The contribution
of other peaks was one or two orders of magnitude
lower, including for those ions that corresponded to
shorter sequences of insulin and its analogues.

In the obtained mass chromatograms, no reliable
peaks corresponding to protein fragments with mole-
cular weight of 1.5-4.5 kDa were found. Multiply
charged ions corresponding to non-hydrolysed protein
sequences were predominant in the total ion current in
the mass spectra, and only fragments with a molecular
mass higher than 4.5 kDa and less than 1.5 kDa were
reliably identified.

Non-hydrolysed monomers and some fragments
(with mass from 4.5 and higher) of insulin, lispro,
and glargine were found only in the spectra for hydro-
lysed fibrils described above. At the same time control
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experiments with monomeric proteins (Figure 3) con-
tain small fragments (up to 2000 Da) predominantly.
Significant ions (with ion intensity greater than 10°)
present in the fragmentation spectra of either fibril
hydrolyzates or monomer hydrolyzates are listed in
Table S1. Measured molecular weight can be reliably
assigned to a single peptide fragment in most cases.
Double-stranded sequences were calculated;
a minimal sequence has been proposed as the
spine of fibrils for insulin, lispro, and glargine. As
can be seen from Table SI, together with non-
hydrolysed protein sequences, shorter double-
stranded sequences for insulin, lispro, and glargine
were identified. The resulting fragments have differ-
ences in the length between the proteins, which may
be due to some variability in the action of proteases
and structural features of fibrils. Peptide bonds in
the insulin sequence (and its analogues) restricted
by interchain disulphide S-S bonds are not hydro-
lysed in fibrils, and S-S bonds holding the A and
B chains are preserved. In fact, the molecular
weights of double-chain regions restricted by
S-S bonds (3 kDa), as well as fragments of the
A chain (2.4 kDa) and the B chain (3.4 kDa) were
not identified in the products of hydrolysis of fibrils.
In addition, dithiothreitol or 2-mercaptoethanol
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Figure 3. Chromatograms (left) and panoramic mass spectra (right) of hydrolyzates containing no fibrils of insulin (a), lispro (b), and
glargine (c) solutions obtained at the proteinases to protein ratio 1:25, w/w. The retention time for the mass spectra of proteins

hydrolyzates is 68.44 min.
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reducing agent was not used to break the S-S bonds
when the fibrils and protein monomers were pre-
pared for analysis by HPLC-MS. S-S bonds did not
interfere with protease hydrolysis by peptide bonds
in regions A6-A20 and B7-B19 for non-aggregated
insulin and its analogues.

Discussions

Previous studies have not focused on whether there are
significant differences in the ability of widely used
rapid-acting and long-acting insulin analogues to
form amyloids. In the present work, we showed using
theoretical and experimental methods, that there can be
no significant differences in the amyloidogenic regions
between insulin, lispro, and glargine.

It is well known that an amino acid sequence of
a protein largely determines its amyloidogenicity [59].
Bioinformatics programs that use this principle to pre-
dict amyloidogenic regions work differently, so the
results of their prediction are often different, but
using these tools can help develop new peptides and
proteins that are resistant to aggregation [60]. On the
other hand, it should be kept in mind that programs
have their limitations and predictions may not always
coincide with experimental data. Thus, the ArchCandy
program, as the authors point out, cannot determine
the amyloidogenicity of the human PB2-microglobulin
fragment, semen-derived enhancer of viral infection
peptide, and calcitonin [49]. On the other hand, the
glulisine rapid-acting insulin analogue [61] has
a substitution at position B3, which leads to the fact
that ZipperDB predicts the difference in the B-chain
amyloidogenicity for glulisine (B7-B20) and insulin
(B1-B20). That is, according to the predictions of the
program, lower amyloidogenicity for this analogue can
be expected. Indeed, there are currently no reported
cases of injectable amyloidosis caused by glulisine [2].
However, it should be noted that this analogue is able
to form fibrils and is relatively recently launched into
production [62].

Insulin analogues differ in kinetic characteristics of
aggregation from insulin that is shown in our paper
and other works. Woods et al. studied lispro, aspart,
glulisine and showed that glulisine and lispro aggregate
more slowly than aspart in PBS and 3 mg/ml of each
analogue with constant shaking at 37 or 45°C [62].
Unfortunately, often the experimental conditions differ
significantly from different authors, which creates cer-
tain difficulties in interpreting the results. In another
study, Zhou et al. showed that lispro aggregates faster
than glulisine and aspart without stirring at the same
temperature of 37°C, but different buffer conditions

were used for each analogue [63]. Our data show that
the insulin analogues form fibrils more slowly than
insulin. This result can be explained by the fact that
the stage of formation of oligomers is necessary for the
formation of fibrils [14,42,43]. How quickly such oligo-
mers will form depends on both the conditions in the
solution and the amino acid sequence of the protein
monomer. The tendency to form amyloids will depend
on the presence of amyloidogenic sites. At the same
time, as we showed, for insulin, lispro, and glargine, no
significant differences in the amyloidogenic sequence
were revealed. Apparently, the slower rate of lispro
fibrillation is due to the fact that this analogue has
inversion of amino acids at positions B28 and B29,
which destabilizes protein dimers and slows down the
formation of oligomers [14,23,47]. For glargine, amino
acid modifications could also play a role in slowing
fibrillation. Moreover, one substitution in glargine was
made at position A21, which is vital for contacts of
dimers. At the same time, the addition of two arginine
residues to the C-terminus of the B chain could lead to
inhibition of the aggregation process [24,64].

At the same time, the most reliable means of deter-
mining whether a peptide or protein forms amyloid
fibrils is to use direct methods for visualizing fibrils,
such as electron microscopy and atomic force micro-
scopy [14,15,47]. For example, for bovine insulin, Thr
at position A8 is replaced with Ala, and there is another
difference in the A chain, too - Ile at A10 is replaced
with Val. The chain B contains differences at position
B30: Thr is replaced by Ala [15]. Morphological differ-
ences between human and bovine insulin are much
more significant compared to the differences that we
obtained for insulin analogues. Among the programs
we use, none predicts significant differences in bovine
insulin compared to human insulin. Meanwhile, there
are a number of works in which it is noted that bovine
insulin forms fibrils faster. Moreover, the replacement
is at A8 that is responsible for this, and not at A10 or
B30 [9]. Thus, we see that protein sequence plays a key
role in the tendency to form amyloids. Therefore, when
developing new insulin analogues, it is necessary to take
into account the effect of amino acid substitutions on
the ability of the insulin analogue to form fibrils.
Amyloidogenic regions can be detected using limited
proteolysis and mass spectrometry of the resulting pro-
teases resistant fragments.

Based on the foregoing, comparing the results of
HPLC-MS of two experiments with fibrils and non-
aggregated forms of insulin and its analogues, we
came to the conclusion that there should be double-
stranded sequences with a molecular weight of at least 3
kDa and minimal sequences in the spine of fibrils



protected from proteases A6-A20 and B7-B19 are lim-
ited to S-S bonds. As described above, non-hydrolysed
sequences were predominant among the products of
enzymatic hydrolysis of fibrils. According to electron
microscopy images [14,47], insulin fibrils and its ana-
logues are prone to the formation of associates, namely
bundles and clusters consisting of separate thin fibrils.
Therefore, it can be assumed that thin fibrils and their
constituent monomers, which are located inside fibril
associates, will be completely protected from the action
of proteases and, therefore, not hydrolysed. However,
building units of thin fibrils located separately or lying
on the associated surface, although they will be exposed
to proteases, they will retain the spine of the fibril, that
is, the regions of monomer in contact with each other
and containing amyloidogenic sequences. When associ-
ates of fibrils dominate over single fibrils, resistance to
proteolysis sequences will prevail in the results of
HPLC-MS analysis, as was observed in our experi-
ments. On the other hand, the minimum protein frag-
ments that are less common among fibril hydrolysis
products containing sequences limited by interchain
disulphide bonds will contain the proposed spine of
the fibril. We found such double-chain fragments in
fibrils of insulin (A3-A21, B1-B25), lispro (A4-A21,
B1-B24), and glargine (A5-A20, B6-B25) in the mass
spectra of fibril hydrolyzates. Some differences between
the hydrolysis sites and the really obtained sequences
can be explained by the non-specific activity of protei-
nase K. The common amyloid core regions for the
three proteins protected from proteolysis are A5-A20
and B6-B24.

In general, we can say that despite the small differ-
ences in the spine of fibrils that we offer for insulin and
its analogues, using mass spectrometry it was not pos-
sible to identify sequences that can be interpreted as
amyloidogenic in the local sites of the amino acid
modifications of lispro and glargine. Some polymorph-
ism in the sequences can be explained by the non-
specificity of the action of proteases, which was already
noted in other works [65,66].

It should be emphasized that the sequences forming
the spine of fibril and amyloidogenic fragments can be
different. Amyloid aggregation can only be supported
by part of a.a. located inside the identified double-chain
sequences, corresponding to the spine of insulin and its
analogues fibrils (see Figure 4).

Therefore, we compared the data obtained using
both the bioinformatics and proteolysis analysis. The
FoldAmyloid, PASTA 2.0, Waltz, AGGRESCAN, and
ZipperDB programs predict the amyloidogenic regions
in the A-chain (A2-A16) and B chain (B1-B5, B7-B19,
and B23-B27). Two fragments, A5-A16 and B7-B19, are
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common ones for theoretical and experimental analysis.
It can be assumed that the interactions of these
sequences trigger amyloidogenic aggregation and for-
mation of insulin fibrils and its analogues. Accordingly,
upon aggregation of these regions, S-S bonds become
inaccessible for proteolysis, which explains the results
of fibril proteolysis.

The consensus sequences obtained in this study,
which represent collaborative bioinformatics and lim-
ited proteolysis data, represent promising goals for the
further = development of insulin  analogues.
Modification of the amino acid composition of insulin
within the framework of sequences A5-A20, B6-B24 is
of great interest. Therefore, in a recent work, the
replacement of A-chain cysteines with selenocysteines
has reduced the tendency to aggregation of the insulin
A chain [67].

It should be noted that for the different bioinfor-
matics programs there are no identical predictions, and
for the mass spectrometric method of analysis there can
be no identical data for different proteins, since it is
obvious that it is difficult to choose the conditions
when the proteases work in exactly the same way.
Our data are only partially consistent with the results
of other researchers. For example, this was reported in
the paper of Ivanova et al. [16] the minimal segment
with sequence LVEALYL (B11-B17) that can alter the
rate of insulin fibril formation, both nucleates and
inhibits the fibrillation of full-length insulin.This frag-
ment is well compatible with one of the predicted
amyloidogenic regions — B7-B19. Our data show that
an integrated approach combining theoretical and
experimental methods for studying the formation of
fibrils can be effective for revealing the structural prop-
erties of fibrils [68]. These results do not contradict the
fibrillogenesis model proposed in [14,22].

To control amyloid formation and inhibit the
growth of fibrils, on the one hand, various low-
molecular substances are used, for example, urea [69]
and vanillin [70], and on the other hand, cyclodextrins
[71], chaperons, and proteins with chaperon-like activ-
ity [72]. But the mechanism of such inhibition remains
unclear, as do the amino acid sequences involved in
intermolecular interactions. Information about the
amyloidogenic regions in the structure of amyloid fibril
will allow direct selection of low molecular weight
drugs that prevent the formation of amyloid oligomers
and fibrils. The identification of amyloidogenic regions
for insulin and its analogues will help to clarify the
fibril formation model and develop new pharmacologi-
cal preparations resistant to amyloid aggregation over
a long period of time, which is vital for the treatment of
insulin-dependent diabetes mellitus.
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Studying the process of insulin fibrillation in the
1940-50ss, first Waugh et al. [73] and then Koltun
et al. [74] suggested that fibrils are constructed from
slightly modified native insulin molecules. However,
based on measurements of infrared dichroism,
Ambrose and Eliott [75] decided that fibrils are
assembled from polypeptide chains that are in the p-
conformation and extend across the axis of the fibrils
(i.e., cross-p structure). However, the different structure
of fibrils and possible mechanisms of their formation
were unknown and were proposed later [9-14]. In
1997, Brange et al. revealed that desoctapeptide insulin

(B23-B30) is able to form fibrils and, at the same time,
residues A2, A3, B11, and B15 are important in the
fibrillation process [76]. Subsequently, Sawaya et al.
identified and crystallized two fibril-forming insulin
sequences A13-A18 and B12-B17 [77]. Structural poly-
morphism probably leads to various surface patterns
having different intra- or inter-residue arrangements
[78]. Chiang et al. suggested that, in addition to the
B11-B17 fragment, the B22-B27 sequence can also
modulate fibril growth [79]. In terms of finding the
smallest amyloidogenic sequence, Swiontek et al.
showed that the shortest components of A13-A19, B12-



B17 fragments, which contained the amino acid resi-
dues H-LeuTyr-OH (A13-A14) and H-TyrLeu-OH
(B16-B17), were able to form fibrils [19]. Thus, there
is no consensus on the number of amyloidogenic frag-
ments of insulin and their amino acid sequences.
Different viewpoints on the amyloidogenic regions of
insulin can be explained by fibril polymorphism and
the lack of understanding of the individual stages of the
insulin amyloidogenesis. However, the methods used in
the previous studies do not generate information about
the amino acid sequences of an insulin molecule that
are involved in the intermolecular interactions during
the formation of fibrils. Using the mass spectrometry
analysis, we are the first to determine the regions of
insulin and its analogous protected from the action of
proteases. It turns out that most of the insulin sequence
and its analogous are protected inside the fibrils: A5-
A20 and B6-B24. Thus, it is difficult to talk about
a defined amyloid core, which is usually regarded as
a shorter spine. A5-A20 and B6-B24 are those regions
that correspond to sequences located within the dou-
ble-stranded fragments. This sequence can be suggested
as the minimum double-stranded sequence responsible
for the aggregation of full-sized insulin and its analo-
gues. The fragments common to the theoretical and
experimental analysis: A6-A16 and B7-B19 are likely
to form fibrils. It should be noted that the entire pep-
tide/protein and short amyloidogenic peptides behave
differently, forming different morphological structures,
as we showed by the example of the AP peptide and its
amyloidogenic fragments [42,43,80].

The identified amyloidogenic regions (A5-A20 and
B6-B24) can be used as target sites for controlling
aggregation in the creation of new insulin analogues.
It is logical to use those amino acid residues that are
not important for interaction with the insulin receptor
for the purpose of modifying and acting of inhibitors. It
was previously shown that Gly A1-Glu A4, Tyr Al9,
Asn A21, Gly B8, Ser B9, Leu Bl11, Val B12, Tyr BlS6,
Phe B24, Phe B25, and Tyr B26 are important amino
acid residues for interaction with the insulin receptor
[81]. In order to increase the lag-time of amyloid for-
mation, it is necessary to take into account not only
amyloidogenic regions, but also regions that do not
form the core of fibrils.

Materials and methods

Software for prediction of amyloidogenic regions in
protein chains

To predict the amyloidogenic regions in insulin, we
used the A and B chains available in the FASTA format
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in the UniProt database (www.uniprot.org) as P01308
(INS_HUMAN) (www.uniprot.org/uniprot/P01308).
The amino acid sequences of lispro and glargine, desig-
nated as DB00046 and DB00047, were taken from the
DrugBank database (www.drugbank.ca).

We used the default software setting recommended
by FoldAmyloid [48], ArchCandy [49], PASTA 2.0
[50], Waltz [51], AGGRESCAN [52], and ZipperDB
[53,54] for theoretical identification of amyloidogenic
regions in the structure of insulin and its analogues.

The expected packing density of a.a. and the prob-
ability of hydrogen bond formation are used as the
basis for predicting amyloidogenic regions in
FoldAmyloid. Amino acid residues having a threshold
value above 21.4 for five consecutive residues are con-
sidered as hits [48].

ArchCandy is a bioinformatics approach based on
the assumptions that most parts of amyloid fibrils con-
tain common structural elements P-arches [49]. To
assess the probability that a certain sequence will fold
in the p-arch, the authors created the scoring function
Si, which reflects specific interactions during the for-
mation of B-arches. The results of software testing on
amyloidogenic/non-amyloidogenic regions and the
comparison with other software allowed the authors
to determine the threshold value of 0.578 for the scor-
ing function, above which the sequence can be consid-
ered as amyloidogenic [49].

PASTA is other software based on the idea that the
mechanisms and basic molecular interactions that con-
trol the formation of B-sheets in native proteins are also
preserved during self-assembly of B-sheets in amyloid
aggregates, for example, the cross-p structure. PASTA
2.0 is based on the same principles as PASTA, but on
a more experimental database [82]. Peptide sequences
are identified as ‘hot spots’ if their energy value is below
the default threshold of -5 [50].

The Waltz software allows the user to distinguish true
amyloids from amorphous aggregates. A comparison of the
hexapeptide database made it possible to establish
a relationship between the sequence and tendency of indi-
vidual peptides to form amyloids. Amyloidogenic regions
with threshold values above 0 are considered hits [51].

The authors of the AGGRESCAN software also used
an approach based on their experimental data to develop
an algorithm for identifying the aggregation properties of
individual a.a. Amyloidogenic regions with average values
of the amino-acid tendency to aggregate in excess of —0.02
are considered as hot spots [52].

ZipperDB is a program that calculates the tendency
to fibrillate using the structural algorithm originally
described by Thompson et al. [53]. This program uses
an algorithm to insert a hexapeptide into the structure
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of NNQQNY fibrils from the sup35 prion protein
Saccharomyces cerevisiae [83]. Peptide compliance was
evaluated using the RosettaDesign program [84]. It
should be noted that cysteines, such a.a. involved in
the formation of disulphide bonds, have been replaced
by serines to simplify the modelling. In addition, the
quality of the ‘steric zipper’ interface is compared in
terms of complementarity of shape and surface area
with other amyloid-like peptides reported by Sawaya
et al. [77]. Hexapeptides from the analysed sequence
with a threshold energy value of less than —23 kcal/mol
are considered to be highly prone to fibrillation.

Preparation of samples of insulin and its analogues

Researchers from Joint-Stock Company ‘BIORAN
Scientific Production Corporation’ and M. M. Shemyakin
and Yu. A. Ovchinnikov Institute of Bioorganic Chemistry,
Russian Federation, purified and kindly gifted zinc-free
preparations of insulin, lispro, and glargine to us.
Proteins were dissolved in a buffer solution containing
20% acetic acid and 140 mM NaCl, pH 2.0 for the subse-
quent formation of fibrils, centrifuged at 10°C for 5 min
and filtered through a 022 pm Millex-GP syringe filter
(Merck Millipore, USA). The buffer of 100 mM NH,
HCOs;, pH 7.5, was used to work with trypsin and chymo-
trypsin proteases (Sigma-Aldrich, Germany). For protei-
nase K (AppliChem, USA), 5 mM CaCl, was included in
the buffer solution. A Cary 100 spectrophotometer
(Varian, USA) was used to determine the concentrations
of insulin preparations and its analogues. Protein concen-
tration was estimated by absorption at 280 nm and an
extinction coefficient of €559 pm = 1.0 ml-mgfl-cmf1 [85].
Amyloid fibrils were formed by incubation of proteins
(insulin, lispro, and glargine) at a concentration of 2 mg/
ml at a temperature of 37°C after 48 hours.

Thioflavine T fluorescence assay

Fibrils growth was monitored on the basis of thiofla-
vine T (ThT) fluorescence. The kinetics of aggregation
of insulin and its analogues was studied by us using the
method of fluorescence spectroscopy as described pre-
viously [47]. Each assay was done in triplicate. The plot
of each kinetic was obtained as the average of multiple
results measured at different time intervals.

Transmission electron microscopy

The presence of amyloid fibrils in the test samples was
monitored by transmission electron microscopy (TEM).
Negatively stained sample grids were prepared by adding
5 ul of sample solution (2 mg/ml concentration) to copper

grids with a Formvar film by precipitation and contrast
with a 1% uranyl acetate solution. Photomicrographs were
obtained on a JEM-100 C (JEOL, Japan) transmission
electron microscope at an accelerating voltage of 80 kV.

Proteolytic hydrolysis of proteins

To identify areas of the spine of fibrils that are protected
from the action of proteases, the preparations were sepa-
rately prepared for the proteolysis of fibrils and non-
aggregated proteins (insulin, lispro, and glargine).
Amyloid fibrils were obtained by incubation of proteins
at a concentration 2 mg/ml at 37°C for 48 hours in a buffer
solution containing 140 mM NaCl, 20% (v/v) acetic acid
(pH 2.0). The aggregates were precipitated by centrifuga-
tion for 20 min at 10,000 rpm in an Eppendorf 5418 R
centrifuge (Eppendorf, Germany), and the fibrils were
washed twice with the buffer solution containing 100 mM
NH,HCOs;, pH 7.5. Trypsin, chymotrypsin, and proteinase
K preparations were dissolved in the buffer (100 mM NH,
HCOs;, pH 7.5, 5 mM CaCl,) with fibrils to concentrations
of 0.0267 mg/ml for each protease, the total ratio of pro-
teases to protein was 1:25 (w/w). Fibrils with the solution of
proteases were incubated for 8 h at 37°C. Proteolysis was
stopped by adding concentrated formic acid to the solution
(1:50, v/v). The fibrils were centrifuged for 20 min at
10,000 rpm in an Eppendorf 5418 R centrifuge
(Eppendorf, Germany), and washed twice with a buffer
solution containing 100 mM NH,HCO;, pH 7.5. The pel-
lets were dissolved in concentrated formic acid (0.2 ml) and
dried using an Eppendorf 5301 vacuum concentrator
(Eppendorf, Germany). The proteins are hydrolysed to
short peptides or individual amino acids upon hours-long
incubation with trypsin, chymotrypsin, and proteinase
K under operating conditions (see Figure 5).

To control the results obtained for proteolysis of fibrils,
the proteins at a concentration of 2 mg/ml were immedi-
ately dissolved in a buffer solution containing 100 mM
NH,HCOs;, pH 7.5. The concentration of proteases and
incubation conditions were the same as described above for
fibrils. After stopping the proteolysis reaction, the hydro-
lyzates of non-aggregated proteins were dried, dissolved in
concentrated formic acid (0.2 ml), and again dried in
a vacuum concentrator Eppendorf 5301 (Eppendorf,
Germany). The lyophilized hydrolyzates were used for
reversed-phase liquid chromatography and mass spectro-
metry analysis.

HPLC-MS

To purify the samples treated with proteases filtration was
carried out through ZipTips (Millipore, USA). Protein
hydrolyzates were concentrated on a pre-column Acclaim
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Figure 5. Potential sites of hydrolysis of peptide bonds in the lispro monomer with three proteases. Red lines show bonds
specifically hydrolysed with trypsin. Green lines indicate the bonds specifically hydrolysed with chymotrypsin. Blue dash-and-dot
lines show sites of predominant peptide bond cleavage with proteinase K.

PepMap 100 C18 LC (5 um particle size, 100 A pore size,
300 pm inner diameter x 5 mm length) and separated on an
analytical column Acclaim PepMap RSLC (2 um particle
size, 100 A pore size, 75 um inner diameter x 150 mm
length) (Thermo Scientific, USA) using nanoflow liquid
chromatograph EASY nLC 1000 (Thermo Scientific, USA).
A high-performance mass spectrometer an Orbitrap Elite
(Thermo Scientific, Germany) was used as a detector.
Panoramic spectra were recorded in the mass range m/z
300-2000 at resolution 60,000; ion fragmentation was per-
formed in an HCD cell; the fragmentation spectra were
recorded at resolution 15,000. Statistical analysis and pro-
cessing of the obtained data were performed using the
Xcalibur software (Thermo Scientific, USA) and PEAKS
Studio 7.5 (Bioinformatics Solution Inc., Canada). Ions for
which the automatically measured intensity exceeded 10°
were analysed. The PeptideMass [86] and FindPept [87]
(ExPASy) tools were used additionally to determine the
identity of protein fragment by comparing predicted and
actual masses.
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