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Polymolecular Complexes of Chitosan with the Bombyx Mori Protein

The interaction of chitosan (ChS) and the Bombyx mori protein on different pH ranges was studied, and the
fundamental possibility of obtaining complexes of ChS with the Bombyx mori protein was revealed. The for-
mation of a polymolecular complex of protein with ChS in aqueous solutions was confirmed by the results of
physico-chemical methods. It is shown that the ChS structure is characterized by a certain rigidity and iono-
genicity. The results indicate the complexation of the pupae protein with ChS in 2% acetic acid in the range
of pH = 4.8-6.7. The detected changes and shifts of the absorption bands in the IR spectra confirm the occur-
rence of the complex formation reaction between the molecules of ChS and protein at pH = 4.8-6.7, which is
characterized by absorption bands in the IR spectra at 1641 cm, 1538 cm™ and 1068 cm1. Quantum-
chemical DFT study of ChS complexes with amino acids (AAs) was carried out. The stability of complexes
of ChS with AAs (ChS-AA) was shown except for the complex formed with histidine in the gas phase. The
calculation results indicate the presence of a strong thermodynamic driving force in the complexation of ChS
with AAs.

Keywords: silk production waste, silkworm pupae, alkaline hydrolysis, protein, chitin, chitosan, polymolecu-
lar complexes, conformational characteristics.

Introduction

The main waste products of silk production are silkworm pupae, which have a high nutritional and bio-
logical value. The mass of a dry pupae consists of 60—65 % protein, 3-5 % chitin, 10-25 % lipids, and 2-6 %
minerals [1]. Obtaining polymolecular complexes of protein and chitosan (ChS) from pupae of the silkworm
Bombyx mori with valuable chemical and biological properties that will have antibacterial activity due to the
natural ChS polysaccharide is an urgent task [2].

ChS is obtained from the natural biopolymer of chitin including the chitinous coatings of silkworm pu-
pae in an agueous solution of NaOH (30-50 %) in the temperature range of 90-150 °C [3]. This polysaccha-
ride is considered as a promising biomaterial of the future; interest in it is associated with unique physiologi-
cal and environmental properties such as biocompatibility, biodegradation, physiological activity in the ab-
sence of toxicity and the availability of raw materials as well as local sources for its production [4].

Since biopolymers including ChS are more capable of intermolecular interactions, one of the most ef-
fective ways to improve its characteristics is the formation of polymolecular complexes (PMCs) with other
biopolymers and polar synthetic polymers [4]. Despite the fact that amino acids (AAs) are the building
blocks of proteins elucidation of the nature of their interactions with ChS remains poorly understood. Under-
standing the strength of the interaction between ChS and AAs as well as studying the reactivity of the com-
plexes formed as a result of these interactions is an urgent task. Despite the ubiquitous presence of such in-
teractions in biological systems, there are few theoretical studies as well as experimental studies on the prep-
aration of PMCs of Bombyx mori protein and ChS in solutions and in the solid state.

In this regard, physical and chemical phenomena and patterns of interaction of proteins with anionic
and cationic polysaccharides are of great practical interest. A detailed study was made of the effect of both
the ionogenic nature of the protein and the rigidity of ChS chains on its behavior in solutions with various
concentrations subjected to various thermodynamic changes.

This paper presents the results of an experimental study of the production of PMCs preparations based
on Bombyx mori protein and ChS, which have a different chemical structure of macromolecules due to the
formation of complex compounds, and analyzes the role of ionogens in the structural and phase transfor-
mations of the biopolymer. Based on the density functional theory (DFT) method the formation of complex-
es between ChS and AAs (asparagine, threonine, serine, glutamine, alanine, tyrosine, histidine, and lysine),
which are part of the protein isolated from the pupae of the silkworm Bombyx mori was analyzed.
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Experimental

Protein hydrolysis was carried out in 1 % NaOH aqueous solution at 90 °C for 3 hours. The modulus of
the reaction mass “silkworm pupae: alkaline solution” was 1:10. The protein was separated from chitin by
filtration. It was revealed that the mass of chitin was 5.6 %. After filtration, 1 % alkaline hydrolysate con-
tained about 8.83 % pupal protein, hydrolysate density was 1028 kg/m?3, pH was 10.96. After separation of
the hydrolysate the resulting chitin was deacetylated with 50 % NaOH at 120 °C for 3 hours. ChS with a de-
gree of deacetylation of 86 % was obtained. A sample of Bombyx mori chitosan is characterized by the ele-
mentary unit [(CeHsO(OH)CH2OH(NH>)]., the presence of an amino group (—NH>), an aliphatic methylene
(~CH)-group and hydroxyl (—OH)-groups at C-3 and C-6. The molecular weight of the elementary unit is
Mo = 161. The content of amine and carboxyl groups was determined by the method of conductometric titra-
tion (on a Seven Easy Conductivity Mettler-Totedo AG8603 instrument).

A simple and effective method of viscometry was used with the solvent outflow time to= 94 s for acetic
acid to determine the viscosity characteristics of ChS solutions depending on the concentration (C) of
polymers. Sodium acetate (CHsCOONa) was added to the ChS solution to suppress the polyelectrolyte
effect. At least 5 measurements were performed for each dilution of the solutions. The calculations were
carried out using the Huggins equation:

Nspe/ C = [n] + K[n]* C,
where Mspec & Mrel — 1 — IS Specific viscosity, in which relative viscosity nrel. = tsol-n/tsoit (Where tsoin iS the
solution outflow time and tso1 is the solvent); k — is the Huggins coefficient; [n] — is the inherent viscosity
of the solution, which is determined from the dependence ofsec/C on C extrapolating C—0 and used to
calculate the relative molecular weight (M.,) of the polymer using the Mark-Kuhn-Houwink equation, i.e.:

My = (In)/E)Y,
where K= 1.4x10"* and o = 0.83 [5].

Quantitative determination of the AA composition in protein samples was carried out on an amino acid
analyzer (Amino acid analyzer T-339). Preliminarily freeze-dried portions (50 mg each) of the samples were
hydrolyzed with 5.7 N HCI for 24 hours at a temperature of 110 °C in a vacuum. The obtained hydrolysates
were evaporated on a rotary evaporator (DLAB RE 100-Pro). IR spectroscopic studies were carried out on an
Inventio-S IR-Fourier spectrophotometer (Bruker, Germany) with a spectral resolution of 2 cm™. The IR
spectrometer is equipped with an attenuated total internal reflection attachment in the range from 4000 to
500 cm since absorption bands of almost all functional groups of organic molecules lie in this spectral
range. The samples were prepared in the form of tablets with KBr under a pressure of 7x108 Pa. Turbidimet-
ric studies were carried out on a Turbidimeter TB300IR instrument (Germany). The TB300 IR is a portable
turbidity meter that complies with 1SO 7027.

The instrument has an autoranging feature ranging from 0.01 to 1100 NTU/FNU. The light source is an
infrared LED (light emitting diode) with a wavelength of 860 nm. The emitted light is reflected by haze in
the sample. Stray light will be detected at a 90° angle by the photodiode. This principle is a part of ISO 7027.
Formazin solution is the international standard for turbidity. The results associated with this standard are des-
ignated as FNU (formazine nephelometric units).

Computational methods

Although a huge number of experimental works are focused on the interaction of different amino
acids/proteins and chitosan, only a few computational studies have been reported. The interactions between
chemicals and chitosan toward two specifics emergent pollutants were studied by using the density function-
al theory (DFT) [6]. It is broadly used to understand and predict the interactions of a specific molecule over a
polymeric structure, proving suitable correlations with the experimental results [7-13].

The calculations were performed using the GAUSSIAN 09 package and the Gaussview 5.0.9 molecular
visualization program using DFT with the standard set basis 6-31++G (d,p) [6]. The first stage of the
theoretical calculation was the determination of the optimized molecular structures of ChS and AA. The
charges of atoms were calculated, diagrams of boundary molecular orbitals were constructed: the highest
occupied (HOMO) and lowest unoccupied (LUMO) molecular orbitals and their energies were determined.
Interactions of ChS with AAs were studied using reactivity descriptors. A monomeric link was taken as the
structural unit of ChS; in calculations in the gas phase, AAs were considered as a nonionic form due to the
greater intrinsic affinity for the proton of the carboxylate oxygen atom compared to the nitrogen atom of the
amino group. The interaction energy (AEiner) Was calculated using the equation-based approach:
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AEi e = Ecrsan — ( Ecns + Eaa ) + Egsee »

where Ecns-aa, Echs and Eaa are the energy of the complex, ChS and AA, respectively. EBSSE is a base set
superposition error (BSSE) correction calculated using the direct difference method for calculating molecular
interactions based on a bivariate transcorrelation approach together with special methods for estimating other
errors [14]. Of several reactivity descriptors, the energy of the HOMO, total rigidity, chemical potential and
electrophilicity were taken into account to analyze the reactivity of ChS AAs complexes in the present study.
The following reactivity descriptors [15] were calculated: chemical hardness (n)=1/2(Enomo — ELumo), wWhere
Enomo is the energy of the HOMO, and Eruwmo is the energy of the LUMO, softness { = 1/n, chemical
potential p = 1/2(Exomo + ELumo), electrophilicity (o) is expressed as o = p%/2n.

Results and Discussion

Since ChS molecules are more capable of intermolecular interactions, one of the most effective ways to
improve its characteristics is the formation of PMCs with various compounds including proteins [4]. Howev-
er, the preparation of PMCs of Bombyx mori protein and ChS, especially in electrolyte solutions, has not
been sufficiently studied. In this regard, a detailed study of the influence of both the ionogenic nature of the
protein and the rigidity of ChS chains on its behavior in solutions with different concentrations and pH was
carried out.

Previously, we presented the results of an experimental study of protein structural changes in solutions
and an analysis of the behavior of the R group of AA residues present in the Bombyx mori protein [16]. Ac-
cording to the amino acid composition, it is shown that the R-groups of AA residues present in the Bombyx
mori protein consist of 16 AA residues, eight of which are non-polar, which is 1.98 %; five — uncharged,
but polar, they make up 1.9 %, as well as three — charged, which make up 0.8 %. Conductometric titration
showed that the content of —NH. groups in the Bombyx mori protein chain was 4.8 % and the obtained pro-
teins in solutions exhibited polyampholytic properties characteristic of protein molecules. Based on the struc-
tural properties of the protein it is possible to obtain biologically active PMCs preparations with polysaccha-
rides on its basis.

In polysaccharides, in particular, in ChS, amine and hydroxyl groups are functional, while in proteins,
the chemical properties are determined by the nature of the amide bond and functional groups (carboxyl, hy-
droxyl, amine, disulfide) [17]. Through these functional groups and thermodynamic conditions the interac-
tions of the polysaccharide and protein are carried out through hydrogen bonds, electrostatic forces, van der
Waals and hydrophobic interactions.

The process of obtaining complexes based on Bombyx mori protein and ChS is inevitably accompanied
by the breakdown of the supramolecular and molecular structure due to the interaction of individual func-
tional groups and elements of its macromolecules. In this case, the rate of the complex formation process
depends on the pH of the medium and temperature. However, the efficiency of complex formation is also
largely determined by the initial behavior of the biopolymer macromolecule in bulk.

Table 1
Shows the physico-chemical characteristics of the Bombyx mori ChS sample used
Nitrogent content, % | Ash content, % | [n], dl/g | My kpa DP L, nm N Solubility, %
8.20 2.6 2.7 14.6 910 465 23.3 94.0

Values: My, is viscosity average molecular weight, DP is degree of polymerization, L is contour length and N is number of Kuhn
segments for ChS samples.

As can be seen from Table 1, ChS molecules are characterized by a certain rigidity and ionogenicity.
These results are in good agreement with the literature data [18]. The influence of both ionogenicity and ki-
netic rigidity of ChS and protein on their behavior in solutions with different concentrations and pH was de-
termined to select the optimal conditions necessary to obtain complexes based on the Bombyx mori protein
and chitosan. The preparation of complexes depends on the initial concentration of protein substances.
Therefore, protein alkaline hydrolysate and solution of Bombyx mori ChS in acetic acid were used to effec-
tively carry out the process.

When obtaining complexes by direct titration of pH from alkaline to neutral media a monotonous in-
crease in turbidity to pH =7 occurs, the yield of the obtained complexes changes insignificantly. From the
literature [19], it is known that at a pH value above 7 the amino group of ChS is deprotonated, exhibits nu-
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cleophilic properties and participates in the nucleophilic substitution reaction. However, in an alkaline envi-
ronment the protein molecule acquires a negative charge and exhibits ionogenic properties.

We have previously shown [16] that the Bombyx mori protein has five AAs that are uncharged but have
polar side chains. They include asparagine, threonine, serine, glutamine and tyrosine, as well as three AAs,
namely lysine, arginine and histidine with charged basic groups. These AAs are hydrophilic and can interact
through electrostatic, hydrogen bonds, hydrophobic and steric interactions with water. They make up 1.9 %
in one protein chain, at the N- and C-terminals of the polypeptide chains there are amino and carboxyl
groups that contain functional groups capable of ionization. The degree of ionization of the functional groups
of these radicals depends on the pH value.

In an alkaline environment at pH 10.96 with an excess of NaOH and the presence of a larger amount of
Na* ions, the charge and degree of ionization in the protein molecule decreases and the conformation of the
protein macromolecule looks like a coil [17]: HONH3-R-COONa.

Due to the presence of a large ionization group the interaction of the Bombyx mori protein with ChS
does not result in a nucleophilic substitution reaction. And also in protein molecules, due to the large number
of hydroxyl ions the positive charge decreases and the protein behaves like an acid (according to the reaction
shown in the diagram).

HONH,-R-COO™ +H" + Na" + OH™ —HONH,-R-COO™ + Na" +H,0

At pH =7 all ionogenic groups of the protein are in an ionized state.

It is known [20] that at low pH values (pKa<6.5) the amino group is protonated, ChS is a cationic wa-
ter-soluble polyelectrolyte and is capable of various types of interaction with the formation of 4 main types
of bonds, namely ionic, hydrogen, hydrophobic, bonds by the type of complexation in which ChS acts as the
core of the complex.

In this regard, the study is aimed at identifying the pH range from neutral to acidic during the formation
of the complex of the protein and Bombyx mori ChS, as well as determining the special characteristics of the
obtained samples. For titration of the protein solution 2 % solutions of ChS were prepared in a 2 % aqueous
solution of CH;COOH — pH=2.8. The resulting precipitate was filtered off, washed to pH=7 and freeze-
dried for 2 hours.

The results of obtaining complexes by direct titration from neutral to acidic value are shown in Table 2.
The influence of the pH of the titrant at the stage of obtaining the complex from the protein hydrolysate was
evaluated by elemental analysis and the weight of the complex referred to the maximum possible.

Table 2
Influence of medium pH on the physico-chemical characteristics of the complex

Protein 2 % acetic | 2 % ChS | Solution 2 % ChS . . o.| Sulfur, Ash

No. hydrolysate, ml | acid, ml | pH 3.94 (pH 3.94), ml pH | Yield, g|Nitrogen, % % content, %
1 50 - 77 77 48| 19 12.6 5.8 2.0
2 50 - 40 40 63| 1.6 14.4 4.8 2.7
3 50 - 30 30 6.7] 1.0 154 4.1 55
4 50 (control) 90 - - 48| 12 11.7 4.6 5.6

It can be seen from Table 2 that an increase in pH from 4.8 to 6.7 in the system (samples No. 1-3) leads
to an increase in the degree of nitrogen content and ash content, as well as a decrease in sulfur and the com-
plex yield. Undoubtedly, with an increase in pH from the isoionic point (I1P) to a neutral value the Bombyx
mori protein macromolecule monotonously acquires a negative charge and entropy decreases while the coil
of the macromolecule in this medium unfolds and the chain becomes flexible. At pH 6.3-6.7 (samples
No. 2-3) the interaction of ChS with the Bombyx mori protein occurs efficiently, with a decrease in pH <7
the protein and ChS have ionogenic properties: the protonated amino group of ChS is a cation and the protein
is an anion. In this case, an increase in the nitrogen content occurs: an increase by 14-22 % (in relation to
sample No. 1), respectively, due to the synergistic effect of the nitrogen content in the protein and ChS. With
an increase in the acidity of the value pH = 6.7-4.8 the process of mineralization occurs and the ash content
decreases in samples No. 1-3. This result is confirmed by the literature data [20]. As can be seen from Ta-
ble 2 with IIP of the Bombyx mori protein which is at pH = 4.8 (sample 4), the yield of the control sample
decreases by 60 % and the nitrogen content by 7.5 %, which is due to the absence of Bombyx mori ChS (in
relation to sample No. 1).
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IR spectroscopy is a reliable method showing the interaction between ChS molecules and the Bombyx
mori protein at different pHs. Comparative studies by IR spectroscopy are shown in Figure 1.
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Figurel. IR spectra of the initial ChS (1), protein (2) and their complexes
atpH =4.8 (3), pH = 6.3 (4) and pH = 6.7 (5) of the value

It can be seen that the IR spectrum of the initial ChS (1) and Bombyx mori protein (2) has characteristic
absorption bands for these compounds. The IR spectrum of ChS (sample 1) has absorption bands at
3320 cm™, 3288 cm™ and 2950 cm™, 2880 cm™ corresponding to the stretching vibrations of -NH, —~OH and
—CH, CHa-groups, respectively. Pronounced absorption bands at 1590-1620 cm™ (amide 1) and at 1510—
1550 cm™ (amide I1), as well as 1440 cm™2, correspond to the bending vibrations of NH-, CN-, CO- and CH-,
CH.-groups. Absorption bands characterizing CO-, C-O-C- ether bonds are observed at 1000-1150 cm™.

In the IR spectrum of the Bombyx mori protein (sample 2), several relatively strong absorption bands
appear which, as a rule, refer to vibrations of the peptide group —CO-NH-, as a common structural compo-
nent of protein molecules. There is a peak of -NH, -OH at wave numbers 3282 cm™, as well as peaks in the
region of 2919 cm™, 2851 cm™ and 1744 cm, corresponding to the stretching vibrations of CH—, CH,-,
—COOH groups, respectively. The presence of two main absorption bands due to stretching vibrations of the
—NH bond, a peak at 1631 cm, and in-plane bending vibrations of the -NH bond — a peak at 1537 cm?,
are characteristic of the protein structure.

The complex should be realized at a pH above the isoelectric point of the protein (pH~4.8), at which the
ion-dipole interaction occurs between the negatively charged protein and ChS with polar -NH. groups. As a
result of the formation of complexes in samples at pH = 4.8 (3), 6.3 (4) and 6.7 (5), some changes occur in
the absorption bands of the above groups and bonds. Namely, pronounced bands appear at wavenumbers of
3000-3500 cm™ due to the shift of stretching vibrations of the band of —~NH, groups of ChS and —NH groups
of the protein. Particularly there are pronounced some changes and shifts in the absorption bands in the IR
spectra of sample (5) obtained at pH 6.7. The absorption bands of bending vibrations at 3287 cm are shifted
by 13 cm™ (3300 cm™) and become more pronounced and the absorption intensity of asymmetric angular
deformation at 2918 cm™ is more pronounced. The absence of absorption bands of stretching vibrations at
1517 cm* characteristic of -NH. groups (amide 1), as well as stretching vibrations in the region of 1467 cm™
become pronounced in samples No. 3 and No. 4.

Natural polysaccharides and proteins have a pronounced optical anisotropy, which makes it possible to
conduct studies at the molecular and supramolecular levels using optical methods [21]. Determination of op-
tical density is an informative and widely used parameter for monitoring changes in the behavior of proteins
and polysaccharides during the formation of complexes [22]. The most effective method is the turbidimetric
method based on measuring the intensity of the light flux scattered by solid particles suspended in solution
(usually at an angle of 90°). The intensity of scattered light depends on the number of suspended particles and
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their size. A sample of complexes based on ChS and protein from Bombyx mori is practically insoluble and is a
suspension at neutral pH. Figure 2 shows the results of a comparative study of changes in the regularity of opti-
cal density according to the precipitation of the complex at pH from an alkaline to an acidic medium deter-
mined by the turbidimetric method on a Turbidimeter TB300IR instrument (Germany). Graphically the de-
pendence of optical density (NTU) determined by the turbidimetric method on pH is shown in Figure 2.

NTU
10
'

L= T T

4 45 5 55 B 6.5 7 75 8 B5 9 95 10 pH

Fugure 2. The dependence of the optical density of ChS-protein complexes on pH

From Figure 2 it can be seen that the lowest optical density is observed in the range of pH = 5.7-6.8, the
values of the optical index of the complex sample decrease. In this interval, the maximum precipitation of the
complex occurs and the volume of the solution becomes more transparent.

As studies have shown the interaction of ChS with protein is very strongly influenced by the pH of the
medium and the ratio of components. ChS and protein with opposite charges at pH 5.5 and 6.0 can interact
with each other through electrostatic attraction. In addition, at these two pH values the interaction was
further influenced by the concentration of ChS. It can be concluded that under these parameters the greatest
interaction between the components of the system occurs and ultimately the formation of the ChS-protein
complex.

At low pH values the protonated amino group gives ChS the ability to bind to negatively charged
molecules via electrostatic interaction [23]. In addition, a number of earlier studies noted the decisive role of
hydrogen bonds in the formation of complexes of protonated ChS with electrically neutral nitrogenous bases.
It is known that amino acids form hydrogen bonds with various carrier molecules [24, 25].

The calculated group charge distribution for the tertiary hydrogen atom of the protonated amino group
of ChS is 1.54 a.u [26]. These values indicate that these hydrogen atoms have a tendency to form hydrogen
bonds with electronegative centers. Similarly, a group charge of 1.54 a.e. for two atoms of nitrogen and
oxygen in histidine allowed us to evaluate the atypical ChS-histidine interaction between electronegative
atoms with —OH and —NHs* ChS groups. The optimized structure of the complexes under consideration is
shown in Figure 3.

ChS-Asparagine ChS-Threonine
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ChS-Serine ChS-Glutamine

ChS-Alanine ChS-Tyrosine

ChS-Histidine ChS-Lysine

Figure 3. Optimized geometries of ChS complexes with AAs
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The DFT calculations showed the presence of hydrogen bonds between the hydrogen atom of the amino
group or —OH of the ChS group and the O atom of the -COO" or —OH groups of the studied amino acids
(Table 3). According to Table 3, the distance between the H atom of the -NHs* or -OH-group of ChS and
the O atom of the -COO" or —OH groups of AAs is in the range of 0.96-1.34 A, which is typical for hydro-
gen bonds [27]. This indicates that chitosan forms hydrogen bonds with amino acids during the formation of
complexes. It is important to note the anomalously shorter Hehs-Othreonine distance in the ChS-Threonine and
Nistidine-Ochs system (0.96 A) for the ChS-Histidine interaction. Various protonation states of the complexes
were tested as starting points for geometry optimization. The results confirmed the proton transfer only in the
ChS-Histidine system while denying the same in the case of other complexes. Cationic or anionic AAs are
well known for their ability to form hydrogen bonds with oppositely charged species [28, 29]. However, the
formation of such a salt bridge in the gas phase of the complexes under consideration was not observed.

Studies have shown that ChS and its derivatives form stable complexes with proteins and peptides [30,
31]. The magnitude of the interaction energy (AEiner) of complexes is of decisive importance from the point
of view of the resistance of the complexing protein to degradation during the transition of the protein into the
cell, as well as the transfer of the protein near or inside the cell nucleus. A high value of AEiwer promotes
strong binding between ChS and AAs in the complex while a decrease in energy values promotes the com-
plex dissociation. Moreover, on the basis of the AEiwer values the suitability of the carrier with respect to a
particular AA can be assessed. The calculated values of AEiwer in the gas phase are presented in Table 3. As
can be seen from the Table 3 with the exception of the complex with Histidine (—11.45 kcal/mol) the calcu-
lated values of AEiwer are negative in all cases, which contributes to the formation of complexes in the range
from —17.56 to —129.46 kcal/mol. Other similar studies report that the binding energy of the most stable con-
formation of the ChS-Insulin complex is —38.0 kcal/mol [32], the release energy of doxorubicin by polyeth-
ylene glycol-chitosan biopolymer is 122.41 kcal/mol [33].

The formation of a complex of protonated ChS with a positively charged methionine is obviously not a
spontaneous reaction, which indicates a repulsive interaction between them. The value of AEiner ranges from
11.45 kcal/mol (ChS-Lysine) to —129.41 kcal/mol (ChS-Serine) in the gas phase and from —11.03 kcal/mol
(ChS-Lysine) to —22.09 kcal/mol (ChS-asparagine). As for the anomalously high value of AEiner, this may be
due to the strong Coulomb force of attraction, which leads to hydrogen migration. The strength of the inter-
action is in the following order: ChS-Asparagine > ChS-Alanine > ChS-Glutamine > ChS-Serine > ChS-
Tyrosine > ChS-Threonine > ChS-Lysine > ChS-Histidine.

As can be seen from Table 3, the influence of the aqueous phase largely affects the interaction energy of
these systems. There is a progressive destabilization of ChS complexes with AAs with the exception of histi-
dine. In addition, it is worth noting that the complex with asparagine (in which the two functional groups are
charged oppositely) have a significant decrease in the values of AEiwer compared to other complexes. For ex-
ample, the AEiner value for the ChS-Serine complex in water is —16.83 kcal/mol in the aqueous phase, indi-
cating a difference of about 112.58 kcal/mol with the value in the gas phase. In the case of ChS-Tyrosine this
difference is about 2.31 kcal/mol, respectively, the values of the interaction energy are —18.38 (gas phase)
and —16.07 (water phase). The results show that monomers with opposite charges are indeed more separated
and more stable than complexes in water, which leads to a decrease in AEinter.

This can also be explained by the fact that in polar environments the interaction with the environment
(solvation) is probably more important than the electrostatic interaction between the two interacting mole-
cules, which leads to their preferential stabilization. In addition, it is interesting to note the invariably nega-
tive value of AEiner in the aqueous phase for the complex with histidine, which contrasts sharply with what is
observed in the gas phase. Due to the solvation of positively charged fragments, the repulsive interaction be-
tween them decreases, which can increase the strength of their interaction with the formation of hydrogen
bonds. The results obtained AEiner in the gas and water phases are very important from the point of view of
protein delivery. The results indicate a strong interaction between ChS and AAs in a non-polar environment
and a gradual weakening of the interaction in the aqueous phase. These results are of interest in modeling the
process of penetration of complexes through a cell membrane, which is non-polar in nature. Thus, it is as-
sumed that in the cytoplasm (which is polar in nature) the interaction will be the weakest, which can promote
the dissociation of the complex into the corresponding fragments. It is important to note that the ability of
chitosan to release amino acids into the cytoplasmic environment is comparable to that of ChS derivatives
[34, 35]. Significantly high value of AEiner in the gas phase at a very low energy value in the aqueous phase
for the complexes indicates its suitability for use in biomedicine. An increase in the efficiency of ChS as a
carrier of nitrogenous bases RNA and DNA was also studied in [36-39].
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Table 3

Hydrogen bond distance and BSSE corrected interaction energy of ChS with AAs complexes

AEintr.,, kkal/mol AEinr.,, kkal/mol

Complex Aqueous phase, A (Gas phase) (Aqueous phase)
ChS-Asparagine 1.07 -110.81 -22.09
ChS-Threonine 0.96 —127.60 —15.54
ChS-Serine 1.07 -129.41 -16.83
ChS-Glutamin 1.09 —80.56 -16.95
ChS-Alanin 1.026 —42.62 —19.65
ChS-Tyrosin 1.047 —18.38 -16.07
ChS-Histidin 0.96 -11.45 -11.03
ChS-Lysin 1.046 -17.56 -21.14

The use of pure therapeutic peptides and proteins in medicine is relevant but the main problem is stabil-
ity in the gastrointestinal environment. They are vulnerable to electrophilic attack by various ions present in
the gastrointestinal tract resulting in protein degradation. Therefore, understanding the chemical activity of
the studied complexes in various media is important from the point of view of their medical applications.
Reactivity descriptors determined [40] on the basis of a theoretical physico-chemical study by the DFT and
electronic structure have become an auxiliary tool for interpreting the chemical and biological activity of
compounds.

The calculated values of these parameters among the selected systems in the gas and water phases are
presented in Tables 4 and 5.

Table 4
Calculated electronic parameters in the gas phase of amino acids and complexes
Amino acid EHOMO, eV ELUMO, eV AE Complex EHOMO, eV ELUMO, eV AE

Asparagine -9.98 0.80 10.78 ChS-Asparagine -9.62 0.56 10.19
Threonine -9.91 1.02 10.93 ChS-Threonine -9.15 0.51 9.66
Serine -10.12 0.83 10.96 ChS-Serine -9.49 0.35 9.84
Glutamine -10.23 0.66 10.9 ChS-Glutamine -9.68 0.5 10.19
Alanine -9.97 0.77 10.74 ChS-Alanine -8.78 1.6 10.38
Tyrosine -9.14 0.14 9.28 ChS-Tyrosine -8.97 0.35 9.32
Histidine -8.31 -0.02 8.34 ChS-Histidine -7.09 -1.13 8.23
Lysine -9.29 0.92 10.21 ChS-Lysine -9.53 0.75 10.29

Table 5

Calculated descriptors of reactivity in the gas phase of complexes

Chemical hardness (1)), | Electrophilicity Index (@), | Chemical potential (1), | Softness ({),
Complex 1
eV eV eV eV
ChS-Asparagine 4.52675 2.8691 —5.09665 0.220909
ChS-Threonine 4.32 2.7031 —4.8327 0.231481
ChS-Serine 4.56855 2.6514 —4.92205 0.218888
ChS-Glutamine 4.5875 2.8307 —5.0963 0.217984
ChS-Alanine 3.5879 3.7573 -5.1925 0.278715
ChS-Tyrosine 4.31255 2.5226 —4.66455 0.231881
ChS-Histidine 2.98245 5.9649 —5.9649 0.335295
ChS-Lysine 4.39235 3.0155 —5.14695 0.227669

The measurement of the Exomo Of the complexes is an important factor since this characteristic indi-
cates the electron donating capacity, i.e. reactivity of compounds. The narrow HOMO-LUMO band gap
means that the molecule has low kinetic stability and high biological activity. According to the calculation
results, there is a sharp drop in the HOMO energy in AAs during the formation of a complex with ChS,
which speaks in favor of a more stable HOMO in complexes than in AAs. This result means that complexes
of ChS with AAs are less prone to attack by any electrophile than the AAs themselves. Similarly, a high neg-
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ative value of 1 means a relatively large stability of the system. As can be seen from Tables 4 and 5, in ac-
cordance with Enomo and ELumo, data on the chemical potential also characterize the greater chemical stabil-
ity of the complexes than AAs and also show differences in the nature of the interaction with respect to dif-
ferent AAs. The narrow energy gap characterizes the nucleophilic properties of the complexes. According to
the calculation data given in Table 4, the smallest band gap AE (8.34 eV) is observed for the ChS-Histidine
complex and 9.28 eV for ChS-Tyrosine. All complexes have a wide HOMO-LUMO band gap. This may be
due to low chemical activity and high kinetic stability.

Chemical hardness quantitatively determines the chemical stability of a molecular system in various
media [37]. The higher the electronegativity, the more electronegative the molecule is, and the higher the
value of chemical hardness, the “harder” the molecule is [38—40]. According to Table 5, the value of chemi-
cal hardness (2.98) for ChS-Histidine indicates a greater stability of the complex than AAs but at the same
time characterizes a large difference in the interaction energy compared to other AAs. The chemical mild-
ness of ChS-Histidine increases and the activity increases. Moreover, in all cases, the maximum stiffness is
not associated with a small value of electrophilicity. In addition, it is worth noting that the stability predicted
by the change in the interaction energy of the gas phase coincides with the trend shown by the values of
Enomo and n. The order of stability in the gas phase of the ChS-Histidine complex according to the values of
Eromo, M, and ¢, which also correlates with the value of the interaction energy. However, this correlation of
interaction energy values with reactivity descriptor values for the ChS-Histidine system is not consistent with
those of other interactions of ChS with AAs. As in the case of complexes with lysine and tyrosine, the high-
est values of the interaction energy do not correlate with the values of n and {. This fact of discrepancy can
be explained by the fact that the LUMO of AAs (acting as an H-donor/acceptor of electrons) in different
complexes interact to a different extent. Although the nature of the change in n does not allow us to make
any general conclusion about the chemical stability of the studied complexes, the values of HOMO and n do
confirm the greater stability of the ChS-Histidine complex compared to histidine, as well as the orders of
stability, the calculated values of n and C are in full agreement with calculated values AEiner.

Conclusions

Thus, on the basis of the carried out studies, it was shown that the initial macromolecules of Bombyx
mori protein and chitosan biopolymers have their own behavioral features. A protein alkaline hydrolysate
was obtained from Bombyx mori pupae with a protein content that contains amino- and -carboxylic function-
al groups and amino acids radicals located in the protein chain, which are capable of ionization. It is shown
that the structure of chitosan is characterized by a certain rigidity and ionogenicity. Based on the results of
the studies, the fundamental possibility of obtaining complexes of chitosan with the Bombyx mori protein at
various pH values was revealed.

The results of calculations based on the quantum-chemical theory of the density functional of the inter-
action of chitosan with amino acids that are part of the Bombyx mori protein confirm the presence of a hy-
drogen bond. Complexes are more chemically stable than pure amino acids. The calculated values of the re-
activity descriptors and stability of the complexes are sensitive to the nature of the functional modification,
as well as to the prevailing environment. It should be noted that the complex with histidine is unstable in the
gas phase but acquires significant stability in the aqueous environment. Chitosan exhibits a stronger interac-
tion in a nonpolar environment and a gradual weakening is observed with increasing polarity of the environ-
ment, although there is no linear correlation between the interaction energy and the permittivity of the envi-
ronment.
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O.b. ABazoga, P.1O. Munymesa, 1.H. Hypranues, C.Ill. Pamugosa

Xuro3zan Bombyx mori 6ap akybI3abIH OJMMOJIEKYIANBIK KeleHaepi

XwutozaH (X3) MmeH Bombyx mori mpoTenHiHIH 9pTYpIl peakus >KaFJaiIapbIHIAFbl OPEKETTECyl 3epTTelil,
XHTO3aHHBIH BOMbYX MOri akybI3bIMEH KeleHAepiH anyAbIH iprejii MyMKiHIIM aHbIKTanabl. Epitinainepaeri
XUTO3aHMEH  aKybI3[BIH  TONHMOJICKYNANbIK  KEIIeHIHIH TYy3Ulyi (QH3HKa-XUMHSIIBIK — OHiCTepAiH
HOTHKEJEepIMEH AdJeneHIi. XUTO3aHHBIH KYPBUIBIMBI OCNTii Oip KATTHUIBIKICH YKOHE HOHOTCHILTIKIICH
CHUIaTTajaThiHbl KepceTiareH. pH = 4,8-6,7 nuanaszonsHna 2 % cipke KbIIIKBUIBIHIA XUTO3aHMEH KyBIpIIAK
aKyBI3BIHBIH KOMIUTEKCI kepcerinai. UK-crnekTpiepaeri KyThlTy KOJaKTapbIHBIH aHBIKTaJFaH e3repicrepi
MeH bIFbicynapsl pH =4,88-6,7 ke3iHge XuTo3aH MEH aKybl3 MOJISKyJalapbl apachlHAa KYpIeni Ty3iry
PEaKLMACHIHBIH OONFaHBIH pacTaiinbl. o1 1641 cm™?, 1538 e sxone 1068 cm™ MK-cnekTpiuepaeri Ky ThLTy
JKONaKTapbiMen cumarraianpl. JKibek KypTeiHblH Bombyx mori kysipurakrapeian GesmiHIn anslHFaH
aKybI3IbIH KYpaMblHA KIpeTiH aMUHKBIIKbUIapbiMeH (AK) XWTo3aH KemleHIepiH KBaHTTHIK-XUMHUSIIBIK
3eprrey DFT omicimen xyprizinmi. KemenHiH Ty3inyl ke3iHme cyTekTiK OailllaHBIC apKbUIBI ra3 (a3achlHIa
THCTUIMHMEH TY3UIreH KOMIUIEKCTI KocmaraHnga, X3-AK kemleHaepiHiH TYpaKTBUIBIFBI KOPCETIIreH.
TepMOXMMUSIJIBIK, Talaay HOTHOKeNepi KeiOip epexmiernikrepai Kocrmarania, X3-AK KoMIuiekcinae KymiTi
TEPMOTUHAMHUKAIIBIK KO3FAYIIbI KYIITiH 0ap eKeHIH KOPCETTi.

Kinm ce3dep: xibek oHIIPICIHIH KaIJBIKTaphl, ’KiOEK KYPTHIHBIH KyBIPLIIAKTaphl, CUITUII TUAPOIH3, aKybI3,
XHMTHH, XMTO3aH, HOJMMOJIEKYJIANBIK KeIIeH/iep, KOHQOPMAIMSIIBIK CHITaTTaMalap.

O.b. ABazoga, P.1O. Munymesa, 11.H. Hypranues, C.I1l. Pammyosa

MoaumosiekyasipHbIe KOMILIEKCHI 0ejIKa ¢ XuTo3anom Bombyx mori

UccrenoBano B3aumoseiictere xurosana (X3) u Gemka Bombyx mori nmpu pasmuvHbIX YCIOBUSX PEaKIIUH,
BBISIBJICHA MPHHIMIHATBHAS BO3MOXHOCTH MOJIYUCHHs KOMIUIEKCOB X3 ¢ Gerkom Bombyx mori. O6pasosa-
HHUE TOJIMMOJICKYJSIPHOTO KOMIUIekca Oeika ¢ X3 B pacTBOpax MOATBEPIKICHO pe3yibTaTaMu (PU3UKO-
XUMHYECKHX MeTo/0B. [TokaszaHo, 4To cTpykTypa X3 XapakTepH3yIOTCsI ONpe/eIeHHON )KECTKOCTBIO U HOHO-
reHHocThI0. [IokazaHo kKomIIekcooOpa3oBaHue KyKomodHoro 6enka ¢ X3 B 2% yKCyCHOH KHCIOTE B JHarla-
3one pH = 4,8-6,7. OOHapykxeHHbIE H3MEHEHHS U cMelleHns1 rmojoc rnornomennii B K-crexrpax moarsep-
JKJTAIOT TIPOTEKaHNE PEeaKIUH KOMINIEKcooOpa3oBaHus Mexkay Monekyinamu X3 u Oenka mpu pH = 4,88-6,7,

12 Bulletin of the Karaganda University


https://doi.org/10.1021/bm0607776
https://doi.org/10.3390/ijms12031672
https://doi.org/10.1016/S0168-3659(99)00131-5
https://doi.org/10.1016/S0168-3659(99)00131-5
https://doi.org/10.1021/bc020051g
https://doi.org/10.1007/s12039-016-1064-6
https://doi.org/10.1007/s12039-016-1064-6
https://doi.org/10.1021/ja00005a072
https://doi.org/10.1002/9780470125823.ch3
https://doi.org/10.1021/cr078014b

Polymolecular Complexes of Chitosan with the Bombyx Mori Protein

KOTOPOE XapaKTepu3yeTcs mojiocamu norioiuenus Ha UK-cnektpax mpu 1641 eml, 1538 cmt u 1068 cm™.
Mertonom DFT npoBeneHO KBaHTOBO-XMMHYECKOE HCCIeI0BaHUE KOMIUIEKCOB X3 ¢ amuHokucnoramu (AK),
BXOJUILIIMMHE B COCTaB Oelka, BBIICICHHOTO U3 KyKOJIOK TYyTOBOrO wuenkonpsiaa Bombyx mori. IToka3sauo, uro
cTabmIpHOCTh KOMIUIeKcoB X3-AK, 3a HCKIIFOUeHNEM KOMILTEKCa, 00pa30BaHHOTO C THCTHIMHOM B Ta30BOit
(haze. Pe3ynpTaThl pacyeToB CBUICTENHCTBOBAIN O HAINYNE CHIIBHOW TEPMOIMHAMUYECKOH NBIKYIIEH CHIBI
IpH KoMILTeKcooOpazoBannn X3-AK.

Kniouesvie crosa: 0TXOABI IPOU3BOJCTBA MIETKA, KYKOJIKH TyTOBOTO HIEIKOINPS/a, MIEJIOYHON THAPOIH3, Oe-
JIOK, XUTHH, XUTO3aH, IOJIUMOJIEKYISPHbIE KOMIUIEKCHI, KOH()OPMAIMOHHbIE XapaKTEePUCTHKH.
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