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The binding of the benzanthrone dye ABM to the model amyloid fibrils of human insulin, referred to here as vealyl (12-VEALYL-17,
insulin B-chain)), lyqlen (13-LYQLEN-18, insulin A-chain) and Insf ( 11-LVEALYL-17, B-chain) + 12-SLYQLENY-19, A-chain)
was studied by the molecular docking and molecular dynamics simulations. To obtain the relaxed structures with the enhanced
conformational stability, the model fibril structures were solvated and equilibrated in water at 300-310 K using the Gromacs simulation
package, with backbone position restraints being applied to prevent the beta-sheet disruption. It appeared that the vealyl fibril relaxation
resulted in the twisting of the two B-sheets, and only the vealyl fibril remained stable during 20 ns MD simulations of the relaxed
structures. Next, Insf, vealyl, lyqlen, and vealyl (relaxed) fibrils were used for the molecular docking studies (by SwissDock), revealing
the binding modes of ABM and standard amyloid marker Thioflavin T (ThT) to the examined fibril structures. Specifically, in the most
energetically stable complex the vealyl (relaxed) fibril binding site for ABM was located on the dry steric zipper interface, although
the dye was associated with only one twisted 3-sheet. During the 20 ns MD simulation the ABM fibril location was changed to a deeper
position in the dry interface between the two B-sheets, with the dye-interacting residues being represented by 6 LEU, 3 VAL, 2 ALA,

1 TYR and 1 GLU. The binging free energy (AG, ) for ABM complexation with vealyl (relaxed) fibril evaluated with the GMXPBSA
GROMACS tool was found to be —31.4+1.8 kJ/mol, that is in accordance with our estimates derived from the fluorescence studies for

ABM binding to the bovine insulin amyloid fibrils (AG, = -30.2 kJ/mol). The Lennard-Jones component appeared to dominate the

dye-fibril interactions, with much smaller contributions of Coulombic and nonpolar solvation terms to the total AG, = value, and

unfavorable effect of the polar solvation term. These findings indicate that a high specificity of ABM to the insulin amyloid fibrils may
arise predominantly from the dye-protein hydrophobic interactions, followed by the formation of van der Waals contacts, thus providing
additional evidence for sensitivity of the dye spectral properties to environmental polarity, suggested in our previous studies. Overall,
the obtained results provided further insights into the atomistic mechanism of the ABM binding to insulin amyloid fibrils and can be
used for development of the novel fluorescent reporters possessing high sensitivity to the amyloid assemblies.
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The formation of specific protein aggregates, amyloid fibrils, is currently associated with the development of severe
human disorders, viz. Alzheimer’s and Parkinson’s diseases, systemic amyloidosis, etc. In view of this, detection and
characterization of amyloid fibrils is very important for early medical diagnostics and testing the potential anti-amyloid
drugs. Over the past decades, a great deal of effort has been invested in exploring the amyloid fibril formation at the
atomistic level using the molecular dynamics simulations [1,2]. Along with elucidating the role of environmental factors
( pH, temperature, ionic strength, etc. ), increasing attention is paid to the interactions of amyloid fibrils with potential
small molecule markers and inhibitors [3,4]. Insulin is a hormone, involved in the regulation of sugar level in blood, that
contains 51 amino acids forming two polypeptide chains — A and B, connected by the disulfide bonds. Insulin pathological
aggregation may result in the development of injection-localized amyloidosis in diabetic patients. Furthermore, the protein
easily forms amyloid fibrils under acidic pH, increased temperature and ionic strength, resulting in the problems with the
long-term storage of insulin pharmaceutical formulations. In our previous studies, we reported the applicability of the
benzanthrone fluorescent dye, referred to here as ABM, to detection and characterization of the bovine insulin amyloid
fibrils, with the advantages such as high quantum yield (ca. 0.52) and association constant (ca. 0.2 uM™!) for the dye-
protein complex, and a large shift (ca. 74 nm) of the dye emission maximum to the shorter wavelengths in the presence
of fibrillized protein [5]. The aim of the present study is to obtain an atomistically detailed picture of the ABM binding
to insulin amyloid species, using the molecular docking and MD simulations techniques, and to compare the ABM binding
mode with that of the classical amyloid marker Thioflavin T [6]. Specifically, our goals were: i) to select from the database
and to relax insulin amyloid fibril models (to enhance their stability) using the MD equilibration and the position restraints
for the protein backbone and side chains; ii) to optimize the ABM/Thioflavin T structures and to calculate the atomic
charges of the dye molecules (by RESP ESP charge Derive server) [7]; iii) to determine the ABM and ThT fibril binding
modes by molecular docking (via SwissDock server [8,9]), using the unrelaxed and relaxed fibril structures; iv) to perform
20 ns MD simulations of the most energetically favorable dye-protein complexes and free proteins, in order to refine the
stability of these complexes; v) to analyze the ABM-protein distances, protein RMSD, radius of gyration, position of the
protein binding site for ABM/ThT, the dye effect on the fibril structure during MD simulations; vi) to estimate the binding

free energy AG.  of ABM/ThT to the fibrils and the impact of the Coulombic, Lennard-Jones, polar and nonpolar

binding
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solvation components on the final AG,
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value using GMXPBSA GROMACS tool [10,11]; viii) to compare the

theoretically predicted AG, ~ values with those derived from the fluorescence studies and to reveal the predominant types
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of ABM interactions with the insulin fibrils.

MATERIALS AND METHODS
Preparation of the dye and insulin amyloid chemical structures

Four human insulin amyloid fibril models, referred to here as Insf, lyqlen, vealyl were used in this study. Insf, lyqlen
and vealyl pdb structures were downloaded from the database provided by Sawaya M.R. [12—14]. Insf fibril is composed
of 12 B-strands 11-LVEALYL-17 (insulin B-chain) and 12 B-strands 12-SLYQLENY-19 (insulin A-chain), forming two
parallel in-register B-sheets. Lyqlen and vealyl fibril structures are composed of 12 B-strands 13-LYQLEN-18 (insulin A-
chain) and 12-VEALYL-17 (insulin B-chain), respectively, forming two anti-parallel B-strands.

The relaxation of the amyloid fibrils was performed using the GROMACS software (version 2020.2) and
CHARMM36-m force field, in order to enhance the conformational stability of the protein assemblies [15]. The input
files for MD minimization and equilibration were prepared using the web-based platform CHARMM-GUI. The energy
minimization (40 ps) of the lyglen, vealyl, Insf structures was carried out in water (0.15 M NacCl for lyqlen, vealyl and
neutralizing ions for Insf) using h-bond constraints (LINCS algorithm, lincs-order = 8) and the backbone restraints of 6
kcal/mol/A? (5 kcal/mol/A? for the Insf fibril).

MD equilibration of the lyglen and vealyl amyloid species was performed in water, at 310 K, 0.15 M NacCl, using
h-bond constraints (LINCS algorithm, lincs-order = 8). Simultaneously, position restraints for the side chains (0.1
kcal/mol/A?) coupled with backbone distance restraints of 6, 3.5, 2, 1.5, 1 kcal/mol/A? descending steps with a total of 25
ns MD equilibration, followed by 10 ns equilibration without any restraints, were used. The resulting fibril structures are
referred to here as vealyl (relaxed) and lyqlen (relaxed). The same h-bond constraints were employed for Insf MD
equilibration in water, although it was carried out at 300 K in the presence of neutralizing ions, and using backbone
distance restraints of 5, 2.5, 1, 0.5 kcal/mol/A? descending steps with a total of 20 ns MD equilibration. The resulting Insf
structure is referred to here as Insf (relaxed).

The .mol2 files of ABM and ThT were built in OpenBabelGUI, using the ligand structures drawn in MarvinSketch
and optimized in Avogadro (.mrv files).

Molecular docking studies

The insulin fibril models (.pdb files): Insf, lyqlen, vealyl, vealyl (relaxed), and ABM, ThT (.mol2 files)
structures were used for docking studies of the dye binding modes to the protein aggregates, performed by
SwissDock web server [8,9]. SwissDock is based on EADock DSS software, that generates a huge number of ligand
binding modes in the vicinity of all protein cavities (blind docking), followed by estimation the free energies of
dye-protein binding in CHARMM?22 force field. Next, ligand-protein complexes with the lowest binding energies
are ranked, taking into account the solvent effect (implicit solvent model), clustered, and the most favorable clusters
are included in the output-files of the docking studies. The performance of EADock DSS is good for the small and
relatively rigid ligands, and for the cross-docking studies (when the protein structure does not present a perfect fit
for the ligand) performance was about 40%, so the validation of the results is needed via, e.g. adding the flexibility
to the protein [8,9].

The most energetically favorable dye-protein complexes were analyzed and visualized in the UCSF Chimera
molecular viewer.

Molecular dynamics simulations of the insulin fibrils and the dye-fibril complexes

The 20 ns MD simulations were performed using the GROMACS package (version 2020.2) and the CHARMM36m
force field. The input files for MD run of Insf (relaxed), lyqlen (relaxed) and vealyl (relaxed) fibril structures, as well as
for the best energetically favorable ABM- and ThT-vealyl (relaxed) fibril complexes were prepared in CHARMM-GUI.
The .itp files of ABM and ThT were constructed from the dye .mol2 files, using the CHARMM General Force Field,
followed by replacing the ABM/ThT partial charges with those assigned by RESP ESP charge Derive Server [7]. The
fibrils and dye-fibril complexes were solvated in a rectangular box with a minimum distance of 10 A from the protein to
the box edges and 0.15 M NaCl (neutralizing ions for Insf (relaxed) fibril) were added to the systems. The temperature
was set at 310 K (300 K for the Insf (relaxed) fibril). The MD simulations were performed in the NPT ensemble. The
minimization and equilibration of the dye-protein complexes were carried out during 5000 (10 ps) and 125000 (0.5 ns)
steps, respectively. The constant temperature conditions were provided by the V-rescale thermostat. H-bonds were
constrained using LINCS algorithm (lincs-order = 8). The molecular dynamics trajectories were corrected after the MD
run, using the gmx trjconv GROMACS command and —pbc nojump option [10,11]. The commands gmx rms, gmx gyrate,
gmx distance, gmx angle, and gmx make ndx, included in GROMACS, were employed to calculate the protein backbone
root-mean-square deviation ( RMSD ), protein radius of gyration ( R, ), distances between the dye and protein centers of

geometry, dihedral angles between benzanthrone and morpholine groups of ABM or between phenyl and benzothiazole
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moieties of ThT, and to generate the index groups. Visualization of the snapshots of the MD runs and analysis of the
protein secondary structures were performed in VMD.
Binding free energy calculations
The GMXPBSA 2.1 GROMACS tool allowing to post-process a series of representative snapshots from MD
trajectories by combining explicit molecular mechanical energies and continuum (implicit) solvation models by
MM/PBSA method, was used to calculate the binding free energies of a ABM-vealyl (relaxed) fibril complex [10,11].

This approach enables a rapid estimation of the free energy of binding (AG ), exhibits a good correlation with

binding
experiment, although generally does not reproduce the absolute binding free energy values. The MM/PBSA method

expresses the free energy of binding as the difference between the free energy of the complex (G ) and the sum of

complex
free energies of the protein ( Gpmm,n ) and ligand ( Gh.gan 2
AGhinding = Gcomp/ex - (Gprotem + Gligand ) 4 (1)
where Gwmp lox 3 Gpmtem , Gh.gan ,; are free energies of the ligand-protein complex, protein and ligand, respectively. The

obtained difference is averaged over a number of trajectory snapshots.
The free energy terms for a ligand-protein complex, protein and ligand are calculated as averages of the
thermodynamically weighted ensembles of structures obtained in MD simulations:

<G> = <k, >+ <G, > -T<S§,,, >, ()
EMM = Ez’nt + Ecoul + ELJ > (3)
Gsolv = Gpolar + Gnonpolar ’ (4)

where E,comprises bond, angle and torsional angle energies; 7 is temperature (K); <S§,,, > is the entropic

contribution of the solute; £

out» 1, are the intramolecular Coulombic (electrostatic) and Lennard-Jones (van der Waals)

energies, respectively; G

oy 18 the solvation free energy term, referring to the energy required to transfer the molecule

from a continuum medium with a low dielectric constant (¢=1) to a continuum medium with the dielectric constant of
water (e=80); G .G (the

electrostatic contribution to the free energy of solvation, i.e. electrostatic free energy of the solute charge density

are polar and nonpolar contributions to G, ,

respectively. The value of G

nonpolar polar

optimized in electrolyte solution) was calculated using the linearized Poisson Boltzmann equation, and G was

nonpolar
considered to be proportional to the solvent accessible surface area (SASA ) [16,17].

The binding free energy for ABM-vealyl (relaxed) fibril complex was calculated at every 100 ps from the 20 ns MD
trajectory. Vealyl (relaxed) fibril and ABM topologies (.itp files) used for MD simulations were employed for the

AG calculations [10]. The term G, was calculated at 310 K, 0.15 NaCl using the APBS 1.4.1 suite. The £

binding solv coul

and E,, contributions were determined using the GROMACS 2020.2 tools.

RESULTS AND DISCUSSION

The relaxation of amyloid fibrils with distance restraints has been suggested in previous MD simulation studies,
because the available model structures of insulin fibrils appeared to be rather unstable in solution, that greatly complicates
MD studies of the small-molecule-protein binding [15,18]. Insf, non-relaxed Insf, lyqlen and vealyl fibril structures are
shown in Fig. 1A—C, while the relaxed ones are depicted in Fig.1D-F. The twisting of vealyl (relaxed) fibril (Fig. 1E)
with respect to the long axis, made it different from the flattened pattern of the non-relaxed configuration (Fig. 1C). The
increase in the vealyl (relaxed) curvature may be due to fibril tendency to minimize the electrostatic repulsion between
the E13 residues of the -sheets, as well as the unfavorable contacts of nonpolar amino acid residues with the solvent.
Indeed, our previous studies of lysozyme, apolipoprotein A-I and AP amyloid fibrils in water under varying twisting
angles, revealed the lowest fibril free energies for the angles ca. 15-20°, suggesting that the fibrils relaxed in solution are
likely to prefer twisted configuration [19]. Further studies showed that 10 ns MD simulations of the solvated flattened
lysozyme fibril configuration at 310 K did induce the increase of the fibril curvature [20].

It appeared that Insf (relaxed) and lyqlen (relaxed) structures were significantly destabilized (Fig. 1G,H), while the
two B-sheets of the vealyl (relaxed) fibril remained twisted with respect to the fibril long axis, after 20 ns MD simulations
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(Fig. 11I). Interestingly, high curvature of the vealyl (relaxed) fibril (Fig.1F) may enhance the fibril stability upon MD
simulation (Fig.I), as compared to that of Insf and lyqglen (Fig.G,H). In turn, strong electrostatic repulsion within Insf,
comprising the charged E13 (B-chain) and E17 (A-chain) residues, located closer to each other, than in lyqlen and vealyl,
due to the parallel in-register B-strand orientation, may explain significant structural transformations of Inf upon relaxation
(Fig.1D) and subsequent MD simulation (Fig.1G). Finally, lyqlen fibril tended to be planar after relaxation (Fig.1E) and
MD simulation (Fig.1H) steps, presumably due to the higher elastic rigidity, as compared to that of vealyl [19]. However,
some B-strands were detached from the lyqlen (relaxed) configuration (Fig.1H), suggesting that fibril stability may be
increased upon restraining terminal B-strands during the MD simulations [18].
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Figure 1. Insf (A), lyqlen (B) and wvealyl (C) fibril structures downloaded from the websites:
https://people.mbi.ucla.edu/sawaya/jmol/fibrilmodels; https://people.mbi.ucla.edu/sawaya/jmol/xtalpept/index.html. Snapshots of
the 20 ns MD simulation of the insf (relaxed, D,G), lyqlen (relaxed, E,H), and vealyl (relaxed, F,I) fibrils relaxed in water.
D,E,F — 0 ns, G,H,I — 20 ns. Protein structure is represented as NewCartoon. Protein is colored according to the secondary structure:
yellow — extended B-sheets, cyan — B-turns, white — coil, magenta and blue — 310- and a-helices, respectively.

In view of the above, only the vealyl (relaxed) was used for further docking studies of the dye-protein binding, along
with the non-relaxed Insf, lyqlen and vealyl fibrils. Shown in Figs. 2—6 are the most energetically favorable protein-ligand
complexes (docking solutions), revealing the prevalent binding modes of ABM and ThT to the fibrils. For example,
Fig. 2A represents all the ABM poses from the best 32 clusters, the most populated of which are located on the wet surface
of the B-sheets almost perpendicular to the fibril long axis.

In the most stable ABM-Insf complex (Fig.2B) ABM interacts with 3 GLN residues of the A-chain B-sheet, as well
as with 2 GLN, 1 PHE, 1 VAL and 1 HIS residues of the B-chain coil structure (these residues are located within the

distance from the ABM molecule of ca. <5 A). The free energy of the dye-protein binding (AG,, ) calculated by
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Swissdock was ca. —28.9 kJ/mol. Thus, ABM did not prefer to locate along the fibril channels, running parallel to the
fibril long axis, as was suggested previously for lysozyme and insulin protein aggregates [5, 21,22]. However, docking
results require further verification using the MD simulation of the complex combined with weak position restraints applied
to all protein atoms [18].

Figure 2. The best docking (SwissDock) complexes between ABM and Insf amyloid fibril. A — All the dyes from 32 dye clusters,
B —representative of the dye cluster (0.0) with the lowest AG,

binding

value (—28.9 kJ/mol). Protein and ABM structures are represented

as NewCartoon/lines and sticks, respectively. The protein is colored according to the secondary structure: yellow — extended f3-
sheets, light grey — B-turns, white — coil. Dye molecules are colored by atom Name (C — cyan, O — red, N — blue), and the dye-
protein hydrogen bonds are shown as green sticks (A). Insf residues, interacting with ABM, are represented as sticks and colored in
dim grey (B).

Next, the best docking solutions for ABM-lyqlen and ABM-vealyl systems revealed the preferred dye location in
the grooves L13 Q15/L16_N18 (Fig. 3A) and L15 L17/ V12 A14 (Fig. 3B). Specifically, 5 LEU, 2 ASN, 1 GLN and
1 TYRI16 lyqglen residues, or 2 ALA, 2 VAL, 4 LEU and 1 TYRI16 vealyl residues were located in close vicinity of the
fluorophore. ABM binds almost parallel to the lyqlen and vealyl long axes, although the clusters with the second largest
population also revealed the dye association with the B-sheet edges (data not shown). Notably, AG, =~ values for ABM

complexation with lyglen (—24.4 kJ/mol) and vealyl (—24.7 kJ/mol) were ~4 kcal/mol lower than that for ABM-Insf
binding, most likely due to the greater separations of the dye from the fibril cores, resulting in the weaker van der Waals
interactions.

Figure 3. The best docking (SwissDock) complexes between ABM and lyqlen (A) and vealyl (B) model fibrils. The lowest AG,

inding
values are —24.4 (A) and —24.7 (B) kJ/mol. The protein and ABM structures are represented as NewCartoon and sticks, respectively.
Protein is colored according to the secondary structure: yellow — extended B-sheets, peach — B-turns, white — coil. Lyqlen/vealyl
residues, interacting with ABM, are represented as sticks and colored in dim grey.
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Fig. 4A represents the most stable ThT-Insf docking complex, possessing the lowest AG_ value ca. —35.2 kJ/mol.

ThT is attached parallel to the fibril long axis, to the groove L13_Q15 (4 LEU, 4 GLN residues of the A-chain), although
the clusters in which the dye molecule binds to the -sheet edges perpendicular to the fibril axis are largely populated
(data not shown). In the most favorable binding mode (Fig. 4A), S-atom of ThT also forms intermolecular H-bond with

., value as compared to that of ABM.

Figure 4. The best docking (SwissDock) complexes between ThT and Insf (A) and lyqlen (B) amyloid fibrils. The lowest AG,

values are —35.2 (A) and —25.5 (B) kJ/mol. The protein and ThT structures are represented as NewCartoon and sticks, respectively.
The protein is colored according to the secondary structure: yellow — extended B-sheets, light grey — B-turns, white — coil. Dye
molecules are colored by the atom name (C — dim grey, N — blue, S — yellow). Insf residues, interacting with ThT, are represented
as sticks and colored in dim grey. The dye-protein hydrogen bond is shown as a green stick (A).

ThT also associated with the grooves L13_Q15/L16 N18 (4 LEU, 2 ASN, 2 GLN residues) of lyqlen (Fig. 4B) and
L15 L17/V12_A14 (2 ALA, 2 VAL, 6 LEU residues forming the groove + 2 TYR16 residues outside of the groove) of
vealyl (Fig. 5A) fibrils, although in several large clusters the dye also binds to the B-sheet edges perpendicular to the fibril
axis (data not shown).

inding

Figure 5. The best docking (SwissDock) complexes between ThT and vealyl (A) and vealyl (relaxed) (B) amyloid fibrils. AG

binding
values are —25.3 (A) and —28.2 (B) kJ/mol. The protein and ThT structures are represented as NewCartoon and sticks, respectively.
The protein is colored according to the secondary structure: yellow — extended p-sheets, light grey — B-turns, white — coil. Vealyl
residues, interacting with ThT, are represented as sticks and colored in dim grey.

In the latter case, S atom of ThT forms the H-bonds with C, atoms of LEU16/ASN18 lyqlen and with the N-termini
of LEU15/TYR16/LEU17 vealyl residues, while N2 atom of ThT forms the H-bonds with GLN15/GLU17 lyqlen and

with the N-terminus of ALA14 vealyl residues. The AG_  values for ThT-lyglen and ThT-vealyl complexation were

inding

estimated to be ca. —25.5 and —25.3 kJ/mol, respectively, that is about 10 kJ/mol lower than the corresponding value for
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ThT-InsF binding, presumably due to the absence of the dye-protein H-bonds and a more remote ThT location relative to
the lyglen and vealyl fibril cores. The above data validated the commonly recognized ThT-fibril binding mode for the
studied insulin fibril structures [6]. Furthermore, half of the protein residues representing Insf, lyqlen and vealyl binding
sites for the dye were represented by LEU, that is in good agreement with the studies of Biancalana and coworkers, who
revealed a high affinity of ThT for TYR/LEU cross-strand ladders [23].

By analogy with the approach of Amdursky et al., who studied the interactions of photoacids with insulin amyloid
fibril surfaces, using the Insf fibril model, the docking of ThT and ABM was also performed with vealyl (relaxed) fibril
model. The best ThT-vealyl (relaxed) complex was characterized by the dye binding to the part of the f-sheet (2 TYR16,
1 GLU13 residues) parallel to the fibril axis (Figs. 5B,6A).
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Figure 6. A — The best docking (SwissDock) complex between ABM and vealyl (relaxed) amyloid fibril with AG, | value —27.2

kJ/mol. The protein and ABM structures are represented as NewCartoon and sticks, respectively. The protein is colored according
to the secondary structure: yellow — extended B-sheets, light grey — B-turns, white — coil. The vealyl residues interacting with ABM
are represented as sticks and colored in dim grey. B — the last frame (20 ns) of the MD simulation of the best docking complex
between ThT and vealyl (relaxed) amyloid fibril. The protein and ThT structures are represented as NewCartoon and VDW,
respectively. The protein is colored according to the secondary structure: yellow — extended f-sheets, cyan — f-turns, white — coil.

The ThT formed few contacts with vealyl (relaxed), in contrast to vealyl, most likely due to the low affinity for the
twisted fibril structures. Indeed, the dye did not bind to the highly twisted -sheets of globular proteins [3]. Furthermore,
in our previous molecular docking studies of the ThT interactions with the model twisted lysozyme fibrils, ThT preferred
to locate in the central channels of the fibrillar assemblies, where the twisting angles are minimal, and the binding free
energy values decreased with increasing the curvature of fibrillar aggregates [20]. Notably, 10 ns MD simulation of the
solvated ThT-flattened lysozyme fibril complex at 310 K resulted in the fibril twisting, accompanied by the dye moving
from the specific binding site (fibril channel) to the B-sheet edge [20].

Surprisingly, the most stable ThT-vealyl (relaxed) complex had AG, , =~ value ca. —28.2 kJ/mol, that is about 3 kJ/mol

greater than that for the ThT-vealyl complex, where more amino acid residues are located in close vicinity of the dye.
Such discrepancies may occur due to the smaller ThT distance from the vealyl (relaxed) core, resulting in the stronger
van der Waals intermolecular interactions.

Fig.6A represents the best docking solution for ABM-vealyl (relaxed) binding, revealing that the dye is attached
along the twisted fibril axis and interacts with 2 TYR, 3 LEU, 2 GLU, 1 ALA residues of the dry “steric zipper interface”,
although the ligand molecule may also be aligned perpendicular to the fibril axis and attached to the f-sheet surface and

to the B-sheet edges (data not shown). AG,  ~value for the ABM-vealyl (relaxed) complex was equal to —27.2 kJ/mol,

that is about 2 kJ/mol greater than that for the ABM-vealyl one (Fig.3B), presumably due to stronger van der Waals
contacts formed between the dye and the residues of the two B-sheets (Fig.6A).

In order to validate the stability of the docked ABM-vealyl (relaxed) and ThT-vealyl (relaxed) complexes, the 20 ns
molecular dynamics simulations were performed at 310 K, 0.15 M NaCl, which is long enough for the binding site
residues to relax, followed by the calculations of the ABM-fibril binding affinity [18]. It appeared that ThT was
completely detached from the vealyl (relaxed) binding site (Fig. 6B), similar to the ThT-lysozyme fibril complex [20].
Thus, investigation of the ThT-fibril interactions should be performed using the flattened insulin amyloid fibril models,
and position restraints could be applied to the terminal B-strands in order to increase stability of the fibril structures [18].
Notably, more dynamically stable molecular docking solutions for the ThT-vealyl (relaxed) complex can be obtained
through using the ThT .mol2 file with the corrected charges on atoms calculated by RESP ESP charge Derive server.

In contrast to ThT, ABM showed a higher affinity for vealyl (relaxed) fibril, because it remained attached to the
protein during 20 ns MD simulation (Fig.7), although the dye molecule was relocated from the initial fibril binding site
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and was buried deeper into the dry interface between the two B-sheets (Fig.7D,E). Additional evidence for the change of
ABM binding mode is provided by the time evolution of the dye-protein distance (Fig.8A): first, the distance increased
from ~0.85 to ~1.15 nm, followed by a significant drop to a final value of ca. 0.55 nm, starting from about 6 ns of the
MD simulation. The last frame (20 ns, Fig.7D,E) revealed that in the novel fibril binding site ABM axis is almost
perpendicular to the fibril axis, and 6 LEU, 3 VAL, 2 ALA, 1 TYR and 1 GLU residues are located in close vicinity of
the dye. The increased number of contacts formed between ABM molecule and vealyl (relaxed) confirms the stabilization
of the final ABM-fibril complex (Fig. 7D,E).

=

Figure 7. The snapshots of the 20 ns MD simulation of the best docking complex between ABM and vealyl (relaxed) amyloid fibril.
A-0ns,B—5ns, C—10ns, D,E — 20 ns. The protein and ABM structures are represented as NewCartoon/Bonds and VDW/Sticks,
respectively. The protein is colored according to the secondary structure: yellow — extended -sheets, cyan/peach — B-turns, white —
coil. Vealyl residues, interacting with ABM, are represented as sticks and colored in dim grey (E).

Furthermore, a deeper penetration of ABM into the dry interface between the B-sheets, as well as the increased number
of LEU and VAL residues surrounding the dye after 20 ns MD simulations, as compared to that for the ABM-vealyl
(relaxed) complex (Figs. 6A,7A), indicate that strong ABM-protein hydrophobic interactions are involved in the complex
formation and stabilization. Interestingly, the change of the ABM binding mode may be due to the fact, that the dye
molecule with the corrected charges on atoms was used for MD simulations. Notably, the dye orientation with respect to
the fibril long axis significantly differed from that of ThT (Fig. 5B), suggesting the different physico-chemical
determinants behind the ABM and ThT sensitivity to the amyloid structures. Indeed, ThT belongs to the class of molecular
rotors and parallel orientation of the dye to the fibril axis is a necessary prerequisite for the stable ThT- fibril complex,
followed by the increase of the dye planarity and significant fluorescence enhancement [23,24]. Such an orientation allows
ThT to be entrapped into the fibril grooves and to form n-stacking and hydrophobic interactions with the amino acid side
chains [6,23]. In contrast, ABM showed the increased quantum yield and ca. 77 nm shift of the fluorescence spectrum to
the shorter wavelengths upon the dye transfer from polar ethanol to nonpolar benzene [25]. Notably, ABM (0.3 uM)
binding to the insulin fibrils (12 uM) formed at pH 2, 37 °C induced the 3-fold fluorescence increase and about 70 nm
blue shift of the emission maximum, as compared to that in buffer solution (Fig. 8A). Furthermore, ABM was also
reported to possess high quantum yields in the presence of phospholipid membranes [22], suggesting that its sensitivity
to insulin amyloid structures may result from the decrease of the environmental polarity [S]. Notably, dihedral angle
between ABM benzanthrone and morpholine groups, which may rotate relative to each other, varied drastically from 0 to
150° during MD simulations, and the average torsion angle was about 90° (data not shown). Thus, unlike ThT, ABM
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molecule remains non-planar in the dynamically stable dye-fibril complex, suggesting that a high fluorescence response
of the dye to the insulin amyloid assemblies can hardly be explained by the decreased ABM torsion angle. Notably, our
quantum-chemical calculations revealed that ABM molecular volume and width were about 12% and 40% greater,
respectively, than those of ThT, and the neutral dye molecule was characterized by significantly greater lipophilicity as
compared to the positively charged ThT counterpart (Table 1) [22,24,26]. These data provide additional evidence for the
ability of ABM to form stronger hydrophobic and van der Waals contacts with biomolecules, as compared to that of ThT.
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Figure 8. A — Distance between ABM and vealyl (relaxed) fibril centers of geometry during MD simulation. B — Fluorescence
spectra of ABM (0.3 uM) in Tris-HCI buffer (10 mM, pH 7.4) and in the presence of bovine insulin (InsF) amyloid fibrils (12 uM),
formed at pH 2, 37 °C and continuous shaking for 2 days. ABM was excited at 440 nm and fluorescence spectra were recorded by
Shimadzu RF-6000 spectrofluorimeter.

Table 1.
Quantum-chemical characteristics of ABM and ThT after geometry optimization*®
Quantum-chemical parameter Dye

ABM ThT

Length, A 11.8 14.3

Width, A 7.9 5.7

Height, A 3.4 3.7
Molecular volume, A3 359 318
Lipophilicity (LogP) 4.52 -0.14

*these data were reported in our previous papers

Thus, MD simulations showed that ABM lacks specificity to the insulin amyloid fibrils structures, because only the
binding parallel the fibril long axis is a characteristic feature of the fluorescent amyloid markers. However, in contrast to
ThT, ABM is capable of associating with the twisted amyloid assemblies.

Our previous fluorescence studies revealed that ThT had stronger association constant with the insulin amyloid
fibrils (ca. 0.5 M), than ABM (ca. 0.2 uM™") [5]. Furthermore, Kuznetsova et al. reported ~40 times greater affinity of
the ThT binding to the insulin fibrils of different morphology, revealing high specificity of the dye to the fibrillar
assemblies [27]. Such disagreement between the experimental results and MD simulations can be explained by the fact
that crystal structures of the insulin fibrillar fragments obtained by X-ray structural analysis, are flattened, allowing the
formation of the specific fibril binding sites for the dyes with high affinity [13]. In turn, the vealyl (relaxed) fibril is
twisted, so the stable ThT complexes with the vealyl fibril may be obtained if the non-relaxed (flattened) vealyl structure
is used in MD simulations in combination with weak position restraints applied to the protein atoms (that should prevent
twisting of the fibril).

The backbone RMSD value for the free vealyl (relaxed) fibril, as well as for the ABM-vealyl (relaxed) complex,
did not increase significantly during the MD simulation, and attained equilibrium value ~0.25 nm in ~10 ns, suggesting
the dynamic stability of the protein structure in the last 10 ns of the simulation (Fig. 9A). It should be noted that the fibril

compactness remained unchanged for 20 ns of the simulation, because the Rg value was ~1.3 nm for both the free vealyl

(relaxed) and its complex with ABM (Fig. 9B). Thus, the ABM molecule did not induce noticeable alterations in the fibril
structure, and the dye binding mode to the vealyl (relaxed) revealed by the MD simulation should be reliable due to the
dynamic stability of the fibrillar assembly.

To further characterize the ABM binding to the vealyl (relaxed) fibril, we calculated the binding free energy (AG

binding )

and its components by analyzing the MD trajectory obtained for the most stable ABM-vealyl (relaxed) docked complex
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(Fig. 10) using the GMXPBSA GROMACS tool. The AG, , = value was equal to —31.4+1.8 kJ/mol, that is in good agreement
=-30.2 kJ/mol )

[5]. Furthermore, the Lennard-Jones component showing the strongest favorable contribution was increased, while the
Coulombic and nonpolar solvation terms showing the weak favorable contributions remained unchanged during the 20 ns
MD simulation, and the polar solvation term that strongly unfavored the ABM-vealyl complex formation was decreased
(Fig. 10A).

with the results obtained for ABM association with bovine insulin amyloid fibrils at 25°C, pH 7.4 (AG

binding
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Figure 9. A — Time evolution of vealyl (relaxed) fibril RMSD (backbone) (A) and radius of gyration (R, ) (B) at 310.15 K during

MD simulation in the absence and in the presence of ABM.
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Figure 10. A — Free energy terms for the ABM-vealyl fibril (relaxed in water) during MD simulation, determined using the
GMXPBSA program (v 2.1.2), the Gromacs tool for calculating the binding free energies of a protein-ligand complex by MM/PBSA

method [10]. AG, -~ — binding free energy. Nonpolar solvation energy component is reduced during the simulation, and the

Lennard-Jones energy is increased (by module). AG, - calculations were performed at 310.15 K, 0.15 M NaCl, using the protein

dielectric constant of ca. 2, cutoff-scheme Verlet and constraints for H-bonds. The Coulombic energy terms were calculated in
Gromacs 2020.2. The polar and nonpolar solvation energy values were determined using the APBS suite 1.4.1. B — Final values of
the ABM- fibril (relaxed in water) binding energy and its components, averaged over 20 ns MD trajectory.

The obtained energy contributions are the quantitative characteristics of the processes occurring during the MD
simulations: i) the decrease of ABM-vealyl distance (Fig.8A), indicating the strengthening of the van der Waals dye-
protein interactions; ii) ABM penetration in the dry interface between the two B-sheets, resulting in the weakening of
destabilizing dye-solvent interactions; iii) reduced number of GLU residues in close vicinity of the uncharged dye, leading

to the decrease of the unfavorable dye-protein electrostatic interactions. The values of AG,  ~and its constituents are
presented in Fig. 10B and Table 2.
Interestingly, the obtained overall AG,  —value was about 3.5 times lower than that for the binding of the Morin

hydrate to the native insulin molecule [28], similar to that reported for the Tacrine, flavonoid quercetin hybride inhibitor
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of AB pathogenic aggregation [29], and about 2.5 times greater than that for ThT complexation with the amyloid-B(1-42)
fibril [18], revealed by GMXPBSA. Remarkably, in the latter study ThT was located on the dry steric zipper interface
between the two B-sheets of the amyloid-f(1—42) fibrillar assembly, and associated with the groove formed by LEU and
PHE residues.
Table 2.
Free energy of ABM binding to vealyl (relaxed) fibril averaged over 20 ns MD trajectory,
calculated by GMXPBSA GROMACS tool

Binding free energy terms AG,, i . kJ/mol

Coulombic (E_ ;) -11.5+1.3

Lennard-Jones (£, ) -115.1+1.4

Polar solvation (G olar ) 111.0£1.5

Nonpolar solvation (G4 ) ~15.8+0.2

Polar contribution (G, + E,,,;) 99.5

Non-polar contribution (G, + E,;) -130.8

Binding free energy (AG,, ;.. ) —31.4+1.8

Binding free energy revealed by

fluorescence studies (AG;;ZZ;’M"M )* —302

* ABM association constant ( K ) with insulin fibrils at pH 7.4, 25 °C determined previously from the fluorescence studies

exp erimental

is equal to 0.2 uM™! (AG =-RTInK )[5]

binding

CONCLUSIONS

In conclusion, the molecular docking and molecular dynamics simulations studies revealed two typical binding
modes of the benzanthrone dye ABM and the standard amyloid marker Thioflavin T to the model insulin amyloid fibrils,
i.e. the binding to the B-sheet surface and to the p-sheet edges. The former was predominant for both dyes, forming
hydrophobic and van der Waals contacts with the neutral amino acids LEU, VAL, TYR, ALA, ASN and GLN, although
ABM and ThT were oriented perpendicular and parallel to the fibril long axis, respectively. The binding free energy of
ABM to the fibrillar insulin was similar to that derived from the fluorescence studies. The Lennard-Jones, Coulombic and
nonpolar solvation terms contributed positively to the overall binding free energy, revealing that high affinity of the ABM
molecule to the amyloid fibrils results from the dye binding to the hydrophobic interface between the insulin B-sheets.
Overall, the ABM sensitivity to the environmental polarity is likely to be the key factor in the dye fluorescence response
to the presence of insulin fibrillar assemblies. Further studies should be carried out for the insulin fibrillar structures with
the enhanced dynamic stability, in order to keep the protein binding sites for the small ligands intact during the MD
simulation and thus, to provide greater accuracy for the atomistic mechanism of the dye-protein interactions, that is
important for sensible design of the novel amyloid markers and anti-amyloid agents.
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JTOCIKEHHA 3B’ I3YBAHHA BEH3AHTPOHOBOI'O 30HJIA ABM 3 AMUIOITHUMHA ®IEPHIIAMNA
IHCYJIHY METOJAMHU MOJIEKYJISIPHOT'O JOKIHI'Y TA MOJIEKYJIAPHO-TUHAMIYHOTI'O
MOJEJIFOBAHHSA
K. Byc
Kageopa meouunoi ghizuxu ma 6iomeduunux nanomexnonozii, Xapkiecokui nayionanvnuil ynieepcumem imeni B.H. Kapasina
m. Ceoboou 4, Xaprie, 61022, Vrpaina
3a JOMOMOror MOJEKYISPHOTO MJOKIHTY Ta MOJEKYJSIpHO-AMHAMiYHOTO MojemoBanHsa (MD) nocmimkeHO 3B’S3yBaHHSA
OenzaHTpoHOBOro 30HA2 ABM 3 aminoimanmu ¢iOpminaMu iHCYJiHY JIOAWHH, SKi MO3HadeHO TyT sk vealyl, lyqlen ta Insf, mo
cximananucs i3 amiHokuciotHux 3amumkiB 12-VEALYL-17 (B-manmor incyniny), 13-LYQLEN-18 (A-manmor incyminy), 11-
LVEALYL-17 (B-nanmtor incymniny) + 12-SLYQLENY-19 (A-nanmror incyniny), Biamosigno. Ha nepmomy eramni po6otu aminoinHi
CTPYKTYpH iHCYIiHy OyJio coibBaTOBaHO Ta mposeaeHo MD eksiniOpauito mpu temneparypax 300-310 K (y makeri TPOMAKC) 3
BHUKOPHCTAHHSAM NO3ULIHHNX 0OMEXEHb PyXy aTOMIB OIIKOBOTO OCTOBA, ISl HONEPEIKEeHHs pyHHyBaHHs B-1HCTiB. BusiBiieno, mo
penakcais ¢ibpun vealyl npu3Bena 1o 3akpy4eHHs ABOX [-IHCTIB BiJHOCHO AOBroi oci GiOpuii, NpuyoMy TiIbKK Lel Tum Gibpun
3aNUIUBCs CcTabitbHUM yrponoBx 20 He MD-cumysiiii penakcoBanux cTpyktyp. Ha nactynHomy erami pobotH, ¢ibpunu Insf,
vealyl, lyqlen, Ta vealyl (penakcoBana) Oyyi0 BUKOPHCTaHO sl MOJIEKYJISIPHOTO AOKIHTY (32 rormomoror SwissDock), mo mo3Bommio
BH3HAUUTH THUIHU CalTiB 3B’s3yBanHi ABM Ta cranmaptHOro aminoigaoro Mmapkepy tiodnainy T (ThT) 3 mocmimkyBaHUMH
aMITOITHUMH CTPYKTypaMH. 30KpeMa, y HaWOUIbII eHepreTWyHo BUTimHOMY KoMmmuiekci (iOpmiam vealyl (pemakcoBana) caiT
3B’s13yBaHHA 11 ABM OyB po3ramoBannii Ha Tigpo¢oOHiil moBepxHi oxHOro 3 1BOX B-mHcTiB. MD-cumymsimist npotsrom 20 HC
Mpu3Besa 10 3MiHU mojoxeHHs: ABM Ha ¢iOpuii iHCYJTiHY — 30H] CTaB INIKMONIE 3aHypeHUM Y TipohoOHy 001acTh MiXk ABOMA [3-
JIUCTaMH, [0 CYIPOBOIKYBAIOCS B3a€MOJIIEI0 3 TAKUMH aMiHOKUCIOTHUMH 3aiuiikamu: 6 LEU, 3 VAL, 2 ALA, 1 TYR ta 1 GLU.
3Ha4eHHs BUIbHOI eHeprii 3B’ a3yBaHHs (AGhinding) ABM 3 dibpuiioro vealyl (penakcoBana), 1o oTpuMano 3a gonomororo GROMACS
inctpymenty GMXPBSA, ckmamano —31.4+1.8 kJDx/Moib, W0 Y3rODKYETHCS 3 OLIHKOIO, OTPUMAHOIO 3a JIONMOMOTIO0
(diyopeceHTHHX JocHipkeHb acomianii ABM 3 aminoimumm  ¢ibpunamu  iHcynmiHy mnpm Temmepatypi 25°C, pH 7.4
(AGbinding= - 30.2 xJ]x/monb). Kommonenra Jlennapaa-/I>xoHca 1oMiHyBana y B3aeMOAil MiX 30HZOM Ta (iOpuioio, KyJIOHIBCHKUI

KOMITOHCHT Ta KOMIIOHCHT HeHOIISIpHO-f COIILBaTaIIﬁ Maju ciaabKi BKJIaIW Yy CyMapHE€ 3HA4YCHHS AG a KOMIIOHEHT HOHSIpHO-f

binding *
coribBaTalii MaB HecHpUATIMBHN edekT Ha (opMyBaHHS KoMIUIekcy Mix ABM Ta ¢ibpmioto vealyl (pemakcoBana). Otrpumani
Ppe3yNIbTaTH CBIIYATh PO Te, 10 3HauHa crenudidaicts ABM no aminoigaux ¢iOpui iHCYyTiHY, CIIOCTEPIraeThCs, MEPEeBaXKHO, 3aBIISIKH
CHJIBHHUM Tiipo(oOHMM B3a€EMOJISIM MiXK 30HIAOM Ta OLIKOM, IO CYNPOBOMKYETHCS (POPMYBAHHIM IMiABUIICHOI KUIBKOCTI BaH-Iep-
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BaanbcoBuX 3B’513KiB, 1 TAKOXK TOJATKOBO IMATBEPKYE CIIOCTEPEKyBaHy paHillle YyTJIUBICTh CHEKTpAIbHUX BiacTuBocteit ABM no
MOJIAPHOCT] OTOYEHHS. TaKuM YMHOM, OTPUMaHi pe3ybTaTH JIal0Th OUIbLI JeTalbHy KapTHHY 3B’S3yBaHHSA OCH3aHTPOHOBOIO 30H[A
ABM 3 aminoinaumu GibpunaMu iHCyJIiHy Ha aTOMHOMY piBHI, Ta MOXKYTb OyTH BUKOPHCTaHI y po3po0Iii HOBHX (IIyOPECIEHTHHX
penopTepiB, M0 MalOTh BUCOKY CIIEIM(IYHICT 1O aMIJIOiTHAX aHCaMOJIB iHCYIiHY.

KJIFOYOBI CJIOBA: ABM, awminoigai ¢iOpwnu iHCYiHY, BUTbHA €HEPTisl 3B’SI3yBaHHS, MOJEKYJISAPHHUN IOKIHT, MOJEKYISPHO-
JIMHAMIYHE MOJICITIOBaHHS, TioduasiH T.

HN3YYEHUE CBA3BIBAHUSI BEH3AHTPOHOBOI'O 30HJA ABM C AMWIOUJIHBIMHA ®UBPUITJIAMU
UHCYJHUHA METOAAMMU MOJVIEKYJISIPHOI'O JOKHUHTI'A 1 MOJIEKYJIAAPHO-IUHAMUWYECKOI'O
MOJEJINPOBAHUA
K. Byc
Kagpedpa meouyunckoil chuzuxu u 6OuoMeOUYUHCKUX HAHOMEXHONOULL
Xapvrosckuii nayuonanvhelli ynusepcumem umenu B.H. Kapazuna
na. Ceoboowr 4, Xapvros, 61022, Vrpauna
Ilpn momomM MOJNEKYIIPHOTO NOKHHTa M MOJIEKYJISIpHO-IHMHAMHUYeckoro MmojenupoBanus (MD) mnccienoBaHo CBS3BIBaHHE
OeH3aHTpOHOBOrO 30HAa ABM ¢ amuiongueiMu puOpriniaMu HHCYJIMHA YeloBeka, 0003HaueHHBIMU 371ech Kak vealyl, lyqlen u Insf,
KOTOpPbIE COCTOSUIM U3 aMHHOKUCIOTHBIX ocTaTKoB 12-VEALYL-17 (B-uens uncynuna), 13-LYQLEN-18 (A-uens nHcynuna), 11-
LVEALYL-17 (B-uenp uncynuna) + 12-SLYQLENY-19 (A-uenp uHCynuHa), cOOTBETCTBeHHO. Ha mepBoM 3Tame paOoThI
aMUJIOU/IHBIE CTPYKTYpPbI HHCYJIHMHA OBUIM COJILBATHPOBAHbI U Obl1a npoBeneHa MD-skBunnOparust mpu temneparypax 300-310 K (8
nakere [POMAKC) ¢ npuMmeHeHHEM MO3UIMOHHBIX OTPAaHWYEHHH IBIDKCHHS aTOMOB OEIKOBOI'O OCTOBA, IS MPEAOTBPAILCHHUS
paspywmenus B-muctoB. OOHapykeHo, penakcanus Gpudpuit vealyl mpuBena k 3aKpyqUBaHUIO IBYX P-THCTOB OTHOCHTEIHHO JUTHHHOM
ocy (puOPMILIEL, TPHIEM TOJBKO TOT THUI (GHOPMILI ocTaBajics cTaOWIBHEIM B TedeHne 20 HC MD-cuMymsiun peakcupOBaHHBIX
cTpykryp. Ha cnenyromem srane pa6otsl, ¢pubpmmuisr Insf, vealyl, lyglen, u vealyl (penakcupoBanHast) ObIIM HUCTIOIB30BAHBI IS
MOJICKYJIAPHOTO JOKHHTa (mpu moMomy SwissDock), 4To mo3BOHIO ONpenesuTh THITBI CAHTOB CBsi3biBaHHs ABM 1 ctanmapTHOro
ammtonnHoro mapkepa tuoguaBuHa T (ThT) ¢ wuccnenyeMblMH aMWIOWAHBIMH CTPYKTypamu. B wacTHOCTH, B Hauboiee
9HEPreTHYECKU BBITOAHOM KoMIuiekce Gubpuiibl vealyl (pemakcupoBaHHas) caldT cBsi3biBaHusi it ABM Obul pacrnonioxkeH Ha
rupohoOHON MOBEPXHOCTH OJJHOTO U3 ABYX P-1rcToB. MD-cumysiius B Tederne 20 He mpuBesia K U3MEHeHH o mojoxennss ABM na
¢ubpuiie WMHCYNHHA — 30HA TIyO)Ke MOTPY3Wwics B TUAPOPOOHYIO 00JacTh MEXAy ABYMs [(-THCTaMH, YTO CONPOBOXKIAIOCH
B3aMMOJICHCTBHEM C TAKUMH aMHHOKHCIOTHBIMU ocTatkamu: 6 LEU, 3 VAL, 2 ALA, 1 TYR u 1 GLU. 3nauenust cBOOOAHON SHEPTUU
cBs3bIBaHUA (AGbhinding) ABM ¢ ¢ubpmmnoir vealyl (pemaxcupoBannas), momydennoe npu nomomm GROMACS wmHCTpy™meHTa
GMXPBSA, cocraBmno —31.4+1.8 x/[x/Momb, 9TO coOracyercst C OIEHKOH, ITOMy4YEeHHOW NpH IOMONIM (DIyopeceHTHBIX
uccrnenoBanuii  acconmanmi  ABM ¢ ammniowmHbiMu  GuOpwiiaMM  MHCYJMHA npu  Temmeparype 25 °C, pH 7.4
(AGhinding= - 30.2 xJIx/moinb). Kommnonenra Jlennapaa-/I>xoHca JOMHHUAPOBAJAa BO B3aUMOJACHCTBUN MEXKIY 30HIOM M (HUOPHILION,
KyJIOHOBCKasi KOMIIOHEHTa M KOMIIOHEHTa HEMOJISPHON CONbBATAllMd UMENU cialbble BKIaAbl B cyMMapHoe 3HadeHHE AGbpinding, a
KOMIIOHEHTA IOJISIPHOI COJbBAaTallMM MMea HeOJIaronpusaTHOE BIMSHHE Ha oOpa3oBaHHE KOMILIeKkca Mexay ABM u ¢ubpumioin
vealyl (pemakcupoBanHasi). ITosmydeHHbIe pe3yJbTaThl CBHIETEIBCTBYIOT O TOM, YTO 3HauuTenbHas creuuduunocts ABM k
aMHJIOUIHBIM (UOpHITIAaM HHCYJIMHA, HAaONIOAaeTCs, MPEeHMYILIECTBEHHO, Onarogaps CHIBHBIM THAPO(GOOHBIM B3aUMOACHCTBUSIM
MEXTy 30HIOM M OEIKOM, CONPOBOXIaeMBIM (hOpMHpPOBaHHEM MOBEIICHHOTO YHCIIA BaH-Iep-BaalbcOBBIX KOHTAKTOB, YTO TaKKe
JIOTIOJTHUTEIIHHO TTOITBEPXKIaeT HaOII0aeMyI0 paHee TyBCTBUTEILHOCTh CHEKTPAIBHEIX CBOIicTB ABM K HOJISIPHOCTH OKpYKEHHSI.
Takum o00pa3oM, IOIy4eHHBIE pPe3yNabTaThl JAloT Ooiee AETANbHYIO KapTHHY CBS3bIBaHMS OEH3aHTpPOHOBOro 30HZa ABM c
AMIJIOMIHBIMH (GUOPHUIIAMY MHCYJIMHA Ha AaTOMHOM YPOBHE, M MOTYT OBITh UCIIOJIb30BaHBI IIPU Pa3pabOTKe HOBBIX (hIyOpPECICHTHBIX

penopTepoB, KOTOPbIE UMEIOT BHICOKYIO CHEU(PUIHOCTE K aMHIIOH/HBIM aHCaMOJISIM HHCYJIMHA.
KJIFOYEBBIE CJIOBA: ABM, amunouansle GUOpUIIBI MHCYJIMHA, CBOOOIHAs SHEPTUsl CBA3BIBAHUS, MOJICKYJISPHBIA NOKHHT,
MOJIEKYJISIPHO-TMHAMUYECKOE MOACIUPOBaHue, THO]IaBUH T.





