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Abstract—The studies of amyloid structures and the process of their formation are important problems of biophysics. One
of the aspects of such studies is to determine the amyloidogenic regions of a protein chain that form the core of an amyloid
fibril. We have theoretically predicted the amyloidogenic regions of the AB(1-40) peptide capable of forming an amyloid
structure. These regions are from 16 to 21 and from 32 to 36 amino acid residues. In this work, we have attempted to iden-
tify these sites experimentally by the method of tandem mass spectrometry. As a result, we show that regions of the AB(1-
40) peptide from 16 to 22 and from 28 to 40 amino acid residues are resistant to proteases, i.c. they are included in the core
of amyloid fibrils. Our results correlate with the results of the theoretical prediction.
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The problem of protein folding is a principal in cur-
rent structural biology. It is important to explain how pro-
tein from an unfolded polypeptide chain acquires quickly
and correctly the spatial structure providing the perform-
ance of its specific function. It is now clear that practical-
ly any protein can form amyloids, and small specific
regions, called aggregating or amyloidogenic, are respon-
sible for the formation of amyloid fibrils [1]. The charac-
teristic peculiarity of these regions makes it possible to
predict such regions from the amino acid sequence [1-6].

Today we know what proteins are associated with the
development of certain diseases: Tau protein and A pep-
tide are responsible for the development of Alzheimer’s
disease, a-synuclein — for Parkinson’s disease, hunt-
ingtin — for Huntington’s disease, prions — for
Creutzfeldt—Jakob disease, amylin — for type II diabetes,
etc. [7]. Thus, all neurodegenerative diseases, whose
pathogenesis includes aggregation of proteins with conse-
quent formation of protein depositions, are classified as

Abbreviations: a.a., amino acid; APP, B-amyloid precursor pro-
tein; DMSO, dimethylsulfoxide; EM, electron microscopy;
HPLC-MS, high performance liquid chromatography/mass
spectrometry; NMR, nuclear magnetic resonance.

* To whom correspondence should be addressed.

proteinopathies. In addition, proteinopathies are subdi-
vided according to the type of the key protein that causes
the proteinopathy.

Studies of the mechanism of amyloidogenesis of A3
peptide will reveal factors promoting pathogenesis of
Alzheimer’s disease. Different methods described in the
literature, both experimental and theoretical, are used for
this aim [8-10]. The accumulated data show high poly-
morphism of amyloid structures depending on the condi-
tions of experiments and the amino acid sequence of the
peptide itself [11]. Therefore, it is challenging to clarify
how the mechanism of amyloid formation depends on the
amino acid sequence of a certain amyloidogenic region.

During the years of studies of AP peptide and
processes of its aggregation, different researchers have
obtained the following voluminous information.
Structures of different forms of AP peptide were deter-
mined using nuclear magnetic resonance spectroscopy
(NMR) (Fig. 1) [12, 13] as well as structures of amyloid
fibrils (Fig. 2) [14, 15]. The process of AP peptide forma-
tion in the cell was studied and described [16]. Different
oligomers of AP peptide (containing from 2 to 24
monomers) were discovered and studied, and it was
demonstrated that these oligomers have a toxic effect on
neurons [17-20]. It was clarified that A peptide in the
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normal state is present in organisms and performs physi-
ological functions [21, 22]. Mechanisms of amyloid for-
mation of AP} peptide were proposed: a nucleation mech-
anism [23] and a mechanism without specific states [24].
Data were obtained demonstrating that divalent metal
ions bind actively with amyloid fibrils, affecting the
process of amyloidogenesis: in particular, zinc accelerates
the formation of amyloid fibrils [25], while copper forms
coordination bonds with histidine residues [26]; AB pep-
tide can be degraded by neprilysin (an insulin-degrading
enzyme) and endothelin-transforming enzyme [27].
Worthy of special mention is a study where the use of a
combination of the hydrogen—deuterium exchange by
mass spectrometry demonstrated that the middle region
(20-35) in the amino acid sequence of the peptide is
prime for the process of aggregation, and then follows the
C-terminal region (36-42), and finally the hydrophilic N-
terminal region (1-19) for AB(1-42). At 37°C and under
agitation, AP(1-42) aggregates faster than at 25°C. On the
contrary, in the presence of Cu?*, the kinetics slows due
to the formation of a complex at the C-terminus stabiliz-
ing the soluble AB(1-42) form [28].

The source of AP peptide is B-amyloid precursor
protein (APP). This is a transmembrane glycoprotein
whose N-terminal fragment is outside the cell, while the
C-terminal fragment is inside the cell. APP is a protein
that undergoes controlled intramembrane proteolysis.

a
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This process for APP can occur in two ways: non-amyloid
and amyloid. In the first case, a-secretase imbedded in
the membrane cleaves the N-terminal fragment of APPsa.
that contains a part of the AP peptide sequence, and the
remaining fragment C83 is processed by y-secretase, the
results of which are peptide p3 and the intracellular
domain of APP (AICD).

When the process is amyloidogenic, P-secretase
competing with o-secretase cleaves by approximately
16 a.a. less from the N-terminus (fragment APPsp), leav-
ing the sequence of AB peptide undamaged [29]. The
remaining fragment C99 is also processed by y40- and
v42-secretases, forming peptides AB(1-40) and AB(1-42)
and AICD (Fig. 3) [29].

Mechanisms of amyloid formation of Af} peptide are
studied intensively. Based on the experimental data,
mechanisms with and without special states have been
described. However, a generally accepted hypothesis is
nucleation-dependent polymerization, suggesting that
the formation of fibrils requires a structured nucleus
whose generation is followed by cooperative inclusion of
new molecules of A peptide when the concentration of
monomers in solution becomes critical. According to this
hypothesis, nucleation is a limiting stage. This is corrob-
orated by the presence of a lag-period in observations of
the kinetics of amyloid formation of A peptide [30]. A
simplified scheme of the process shows that the formation

b

Fig. 1. Three-dimensional structures of Af} peptide obtained by NMR spectroscopy for (a) AB(1-40) [12] and (b) AB(1-42) [13]. PDB codes

are given on the figure.
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2M4J 2BEG

Fig. 2. Three-dimensional structures of amyloid fibril sections (a) for AB(1-40) peptide (the PDB code for the protein is 2M4J [14]; three lay-
ers of the protofibril are shown) and (b) for AB(1-42) peptide (the PDB code for the protein is 2BEG [15]; five layers of the protofibril are
shown). NMR model No. 1 is presented for both structures.
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Fig. 3. Scheme of controlled intramembrane proteolysis of amyloid precursor proteins (APP) [29]. Residues 672-713 in APP correspond to
AB(1-42).
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of fibrils for AP peptide has three main stages: a changed
state of the monomer, formation of an oligomer structure,
and formation of mature fibrils [31].

Determination of regions responsible for aggregation
of the peptide and formation of amyloid fibrils is one of
the primary aims in studying the formation of such struc-
tures. Knowledge of these regions will facilitate the
choice of compounds interacting with a given region and
thus preventing its aggregation. Therefore, in this study
our task was to find amyloidogenic regions in amyloid fib-
rils formed by AB(1-40) peptide and to compare the data
with the theoretical prediction.

MATERIALS AND METHODS

Obtaining amyloid fibrils from AB(1-40) peptide. The
AB(1-40) peptide preparation (Sigma Aldrich, USA) was
dissolved to the concentration of 20 mg/ml in 100%
dimethylsulfoxide (DMSO) and then diluted to the con-
centration of 1 mg/ml in 50 mM Tris-HCI (pH 7.5). The
peptide solution was incubated for 24 h at 37°C.

Electron microscopy and X-ray analysis of fibrils. The
presence of amyloid fibrils in solution was monitored by
electron microscopy and X-ray analysis. The preparations
of AB(1-40) peptide were dissolved in 5% DMSO, 50 mM
Tris-HCI, pH 7.5, and incubated at 37°C, and the con-
centration was adjusted to 0.2 mg/ml. Aliquots of the
preparation were collected for EM analysis at selected
times. Negative staining was used to prepare samples for
this analysis. A copper grid (400 Mesh) covered by a for-
mvar film (0.2% formvar solution in chloroform) was
placed on a sample drop (~10 pl). After adsorption
(5 min), the grids with the preparation were stained with
1% (w/v) aqueous solution of uranyl acetate (1.5-
2.0 min). The samples were analyzed using a JEM-
1200EX microscope (JEOL, Japan) at accelerating volt-
age of 80 kV. Images were recorded at 40,000x magnifica-
tion on Kodak films (SO-163) for EM studies.

For the X-ray analysis, the samples of AB(1-40) pep-
tide were incubated under the same conditions for 7 days.
After that, the preparation was concentrated to 20 mg/ml
at room temperature using an Eppendorf 5301 vacuum
concentrator (Eppendorf, Germany). The resulting drops
were placed between the tips of glass rods (~1 mm in
diameter) coated with paraffin. Thus, the fibrils in the
preparation were oriented along the axis of the rods. X-
Ray images were obtained using a Microstar emitter with
HELIOX optics equipped with a Platinum 135 CCD
detector (X8 Proteum System; Bruker AXS, Germany).
The Cu Ko emission was used (A = 1.54 A). To position
the preparation at the correct angle to the X-ray beam, a
four-circle kappa-goniometer was used.

Sedimentation and proteolysis of amyloid fibrils from
AB(1-40) peptide. After incubation, the preparation was
centrifuged for 20 min at 10,000 rpm and then washed
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twice with 100 mM NH,HCO; (pH 7.5). The amyloid
fibrils precipitated in this way were dissolved in 100 mM
NHHCO; (pH 7.5) to the concentration of 1 mg/ml and
were incubated for 3 h with a mixture of proteases
(trypsin, chymotrypsin, proteinase K at AB(1-40) pep-
tide/protease ratio of 1 : 25). To raise the activity of pro-
teinase K, CaCl, was added to the mixture to adjust the
concentration to 5 mM. After termination of incubation
with the mixture of proteases, the solution was cen-
trifuged for 20 min at 10,000 rpm, washed twice with
100 mM NH,HCO; (pH 7.5), and then washed with 0.1%
trifluoroacetic acid (TFA). Then the sample was dried in
a vacuum concentrator.

HPLC-MS analysis of regions of amyloid fibrils pro-
tected from proteolysis. The sample dried in a vacuum
concentrator was dissolved in 5 ul of 100% formic acid,
which decomposed the structures, and then the sample
volume was adjusted to the volume for the reaction of
hydrolysis using solution of 20 mM ammonium acetate
(C,H;0,NH,). The HPLC mass spectrometry analysis
was performed using an Easy nLC 1000 nano-flow liquid
chromatograph (Thermo Scientific, USA). Separation
was done on a combined column of a concentrating
Acclaim PepMap 100 (75 pm x 2 cm pre-column with the
C183 um 100 A phase) and a separating Acclaim PepMap
RSLC column (50 pm x 15 cm with the C18 2 pm 100 A
phase) (Thermo Scientific). The volume of the intro-
duced sample varied from 2 to 10 pl. After initial loading
at 5% solution B (organic phase), a gradient of solution B
from 5 to 80% during 80 min was used at flow rate
250 nl/min. Solution A consisted of 0.1% of formic acid
(FA) in water, whereas solution B was composed of 80%
acetonitrile (ACN) and 0.1% FA in water. The liquid
chromatography (LC) column outlet was online coupled
with the electrospray (nESI) source of the mass spec-
trometer. The mixture was analyzed using an OrbiTrap
Elite ETD high-performance mass spectrometer
(Thermo Scientific). The difference of potentials in the
emitter and the conical entrance was 2 kV, and the tem-
perature of the heated capillary was 200°C. Ion fragmen-
tation was performed by the methods of collision activat-
ed dissociation (CAD) and electron transfer dissociation
(ETD). The mass of ions was recorded at a resolution of
240,000, while that of ion fragments was recorded at a
resolution of 60,000. The fragmentation spectra were
processed using the PEAKS Studio 7.5 software
(Bioinformatics Solution Inc., Canada). Peptides whose
signal intensity over the ion flux exceeded 10° were con-
sidered significant.

RESULTS AND DISCUSSION

Preparation of amyloid fibrils formed by synthetic
AB(1-40) peptide. AP peptide monomers are soluble
amphiphilic molecules. The mass of a monomer with
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Fig. 4. Normalized mass spectrum of synthetic AB(1-40) peptide (Sigma-Aldrich). Index “4330.1” is the value of the most abundant mass of

AB(1-40).

200 nm

Fig. 5. EM images of fibrils of synthetic AB(1-40). The preparation dissolved in 5% DMSO, 50 mM Tris-HCI, pH 7.5, was incubated at 37°C
(0.2 mg/ml): a) 0 h; b, c) 390 and 540 min, respectively; d, e) 390 and 540 min incubation, respectively (the images are shown at high magni-

fication).

length of 42 a.a. is 4513.1 Da. Its amino acid sequence is:
DAEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIG-
LMVGGVVIA. The AB(1-40) peptide is distinguished by
the absence of Ile and Ala residues at its C-terminus, and
its molecular mass is 4329.2 Da (monoisotropic mass).

To carry out this study, we purchased the AB(1-40)
preparation from Sigma-Aldrich (USA). Its purity was
tested by mass spectrometry (Fig. 4) and found to corre-
spond to that indicated by the manufacturer (>90%,
HPLC).

BIOCHEMISTRY (Moscow) Vol. 81 No. 7 2016
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According to the EM data, the studied preparations
contain fibril structures. Electron microscopy was also
used to analyze the formation and morphological proper-
ties of the fibrils. Figure 5 shows amyloid fibrils formed by
AB(1-40) at different times of incubation. As seen, even at
the zero point (0 h incubation) there are fibrils (Fig. 5a)
with even surface. The fibrils are not branched, and their
diameter is about 8 nm. As the time of incubation
increases, the number of fibrils grows (Fig. 5, b and ¢). At
higher magnification, it is seen that fibrils form ribbons
(Fig. 5, d and e). Such morphology of fibrils formed by
AB(1-40) peptide was described earlier [32].

The presence of cross-f§ structure, described for
amyloid fibrils, in the composition of fibrils was deter-
mined using X-ray analysis (by the presence of reflections
at 4.8 and 8-10 A characteristic of this structure in X-ray
images). The data of X-ray analysis corroborate that the
above fibrils contain cross-f structure (Fig. 6) as indicat-
ed by reflections at 8.16 and 4.78 A.

Prediction of amyloidogenic regions of AB(1-40) by
different methods. The FoldAmyloid method (http://
bioinfo.protres.ru/fold-amyloid/) [2-4] developed spe-
cially for this purpose was used to predict amyloidogenic
regions of the AB(1-40) peptide. We calculated regions in
the sequence that from the theoretical point of view can

DAEFRHDSGY zvaaggm As{bvssqxea TIGLMVGGVV] 1A
—— 3

Fig. 6. Data of diffraction analysis of the preparation of synthet-
ic AB(1-40) peptide (Sigma-Aldrich). Arrows indicate reflec-
tions characteristic of amyloid structures.
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Fig. 7. Sets of peptides accumulated after hydrolysis of AB(1-40) with a mixture of proteases (trypsin, chymotrypsin, proteinase K). The
regions of AB(1-40) most protected from proteolysis in the amyloid structure are framed. Letters f, a, and o designate automatically deter-
mined modifications of amino acid regions (correspondingly formylation, acetylation, and oxidation). Amyloidogenic regions predicted the-
oretically by the FoldAmyloid program are underlined (http://bioinfo.protres.ru/fold-amyloid/) [4].
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Fig. 8. Three-dimensional structure of a section of an amyloid fib-
ril from the AB(1-40) peptide (the protein PDB code is 2M4J
[14], three layers of a protofibril are shown) with regions (gray)
included in the spine of the amyloid fibril according to our exper-
imental data.

be present in the core of amyloid structures formed by this
peptide. These are regions from amino acid residues from
16 to 21 and from 32 to 36. Predictions made with other
programs were as follows. Program PASTA?2 (http://pro-
tein.bio.unipd.it/pasta2) [6] predicts only one region (30-
40 a.a.), and WALTZ (http://waltz.switchlab.org/) [5]
also predicts only one region (16-21 a.a.).

Determination of amyloidogenic regions in AB(1-40)
using limited proteolysis. As known, the core of an amy-
loid fibril is resistant to the action of proteases. Therefore,
it is possible to suggest that regions of the polypeptide
chain that are involved in the core of the amyloid struc-
ture will be protected from the action of proteases, while
the other parts of the polypeptide chain will be cleaved by
proteases. Fibrils formed by this peptide were treated with
a mixture of proteases consisting of trypsin, chy-
motrypsin, and proteinase K. When proteolysis was ter-
minated, the mixture was centrifuged. The cleaved pep-
tides (not included in the core of the amyloid fibril)
remained in the supernatant, whereas amyloid structures
were precipitated. The precipitate was washed, dried in a
vacuum concentrator, and dissolved in formic acid. The
sample was then layered on a reversed-phase column and
eluted with an acetonitrile gradient. A mass spectrometer
was used as the detector. The eluted peptides were ionized
in the mass spectrometer, after which ions with the same
mass were isolated and fragmented in an automatic mode
using a specific algorithm. As a result, sets of masses of
ions and their fragmentation spectra were obtained. After

SURIN et al.

the analysis of the mass spectra and their fragments, the
PEAKS Studio program was used to determine amino
acid sequences of AP peptide fragments precipitated in
the complex of amyloid fibrils.

Figure 7 shows peptides accumulated after hydroly-
sis of AB(1-40). It is seen that peptides of the C-terminal
region in the AP peptide are accumulated. In all C-termi-
nal peptides, the region from amino acid residues 28 to 40
is resistant to the action of proteases. In addition, pep-
tides are accumulated where the region from amino acid
residues 16 to 22 also has increased resistance to the
action of the proteases. In this case, control monomer
(unassociated) structures of AB(1-40) are hydrolyzed
completely into very short di-, tri-, and tetrapeptides.
This indicates that in AB(1-40) the formation of the amy-
loid spine involves regions of amino acid residues 16-22
and 28-40. These data are compatible with those deter-
mining amyloid regions for this peptide that we predicted
earlier (amino acid residues 16-21 and 32-36) using our
program FoldAmyloid for finding amyloid forming
regions in a protein chain. Besides, the sequences of amy-
loidogenic regions in peptide AB(1-40) obtained in our
studies are supported by the results of solid-state NMR
analysis [28] (Fig. 8).

Thus, using mass-spectrometry we determined
regions of the chain that are protected from the action of
proteases in amyloid fibrils formed by the AB(1-40) pep-
tide. We demonstrated that for the synthetic AB(1-40)
peptide, amino acid regions 16-22 and 28-40 are protect-
ed from the action of proteases upon formation of the
amyloid structure. These data are in agreement with the
amyloidogenic regions (amino acid residues 16-21 and
32-36) in the sequence of the AB(1-40) peptide predicted
theoretically.

We are grateful to Dr. A. D. Nikulin for his help in X-
ray analysis of the peptide and Dr. A. V. Glyakina for her
help in figures preparation.

This study was supported by the Russian Science
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