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Abstract: Chitooligosaccharides (COs) containing up to 10 monomeric units of N-
acetyl D-glucosamine and/or D-glucosamine are water-soluble molecules revealing
numerous biological activities and low toxicological profiles. Within this study, a
computational approach has been used to predict the involvement of the COs having
distinct chemical properties (molecular weight, deacetylation degree and acetylation
pattern) in all the four wound healing phases: hemostasis, inflamemation,
proliferation and tissue remodeling. There are predictions, for the investigated COs,
regarding their molecular targets and the biological activities that are reliant to the
wound healing process. Furthermore, a molecular docking approach was used to
assess the interactions of the investigated COs with the myeloid differentiation factor
2 (MD-2), a protein involved in the inflammatory processes. The investigation
confirms the functional roles of the investigated COs in wound healing. The
molecular targets predicted for the COs containing totally and partially acetylated
units are galectins and selectins and those predicted for COs containing totally
deacetylated units are fibroblast growing factors, the COs containing 3 units
revealing the higher number of molecular targets. All these proteins are involved in
mediating immune response, inducing cell division, growth and cell adhesion during
the process of wound healing. All the COs containing from 2 to 8 monomeric units
are able to interact with the MD-2 protein, the interactions being stronger for the COs
containing 6 and 8 monomeric units. The interaction energies increase with the
increasing molecular weight and with decreasing deacetylation degree and are reliant
on acetylation patterns. Among the investigated COs, the totally acetylated COs
containing 6 and 8 N-acetyl glucosamine units can be better inhibitors of the LPS
binding to MD-2 protein. Consequently, mixtures of COs with distinct properties
should be considered suitable candidates as adjuvants in developing scaffolds for the
wound healing process.
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INTRODUCTION

Chitin, the second most abundant biopolymer on Earth, consists of N-acetyl-D-
glucosamine units. Chitin is difficult to use due to its poor solubility in most organic
solvents and water. Its partial deacetylated form, the chitosan, is soluble in acidic
environment, which makes it more easy to process and use.! Chitosan consists of D-
glucosamine and N-acetyl-D-glucosamine, with at least a 60 % deacetylation degree
(percent of deacetylated units in the polymer).! Both chitin and chitosan are
biodegradable, biocompatible and non-toxic? polymers of a great medicinal and
economical interest. Chitooligosaccharide is the term used in specific literature to
describe chitosan oligosaccharides with a polymerization degree below 20 and an
average molecular weight of up to 3.9 kDa.* Chitooligosaccharides (COs) are
obtained by chitosan enzymatic or chemical degradation and are composed by
oligomers of D-glucosamine (GIcN or D) and N-acetyl-glucosamine (GICNAc or A).

COs with a maximum of 10 monomeric units are considered water-soluble
molecules, with enhanced biological activities such as antimicrobial, anti-cancer,
anti-inflammatory, stimulation of the immune system, blood pressure control and so
on.* The chemical characteristics of the COs, based on the molar fraction of D-
glucosamine in the molecule (deacetylation degree, DaD) and the pattern of N-
acetylation (PA), have a great impact on their biological activities.? Furthermore, the
position of the acetyl groups along the glycan chain strongly influences their
biological activities.> A computational study exposed that COs, regardless of their
physicochemical properties, revealed promising pharmacological profiles and few
toxicological effects on humans: the inhibition of the organic anion transporting
peptides OATP1B1 and/or OATP1B3, low potential of cardiotoxicity, and the COs
with high DaD exposed the potential of producing phospholipidosis.® A molecular
docking study revealed favorable interactions of COs with plasma proteins, the
interaction energies increasing with the molecular weight (MW), decreasing with
increasing DaD and being reliant on the PA.” Furthermore, other studies emphasized
that the COs characteristics conducted to distinct affinities for chitin deacetylases®
and lysozyme.’

The wound healing process depends on four wound healing phases:
hemostasis, inflammation, proliferation and tissue remodeling. Scientific literature
has shown that COs can be useful in all stages of wound healing having a
hemostatic effect, being able to protect the wound from infections, to have anti-
inflammatory and immunostimulatory activities, to stimulate healing by enhancing
the permeability of air and moisture, to support cell adhesion and promote cell
proliferation. The chemical characteristics of COs influence their wound healing
effects.’® COs used in the mentioned study are not well characterized in terms of
their chemical properties, especially in terms of the acetylation pattern.
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This study aims to predict the molecular targets and biological activities of the
COs having various chemical properties, with a focus on their anti-inflammatory
properties. One of the molecules responsible for triggering the inflammatory
response is the lipopolysaccharide (LPS), present in the outer membrane of Gram-
negative bacteria. If a wound gets infected by a Gram-negative pathogen, a very
small amount of LPS is sufficient to initiate an immune response and the
inflammatory process will begin.** Normally, the inflammatory process will help
the human body to overcome the damage produced by the foreign pathogens, but
when the inflammatory response is excessive, this can cause severe damage to
tissues and organs. LPS are crucial for the pathogenesis of inflammation, and
septic shock syndrome is often related to the uncontrolled inflammatory response
to LPS.™ Various LPS receptors and accessory proteins, like LPS binding protein
(LBP), CD14 and the Toll-like receptor 4 (TLR4) - myeloid differentiation factor
2 (MD-2) complex, are involved in helping the immune system to recognize LPS.
It was revealed that LPS has an analogous affinity for MD-2 as for the TLR4-MD-
2 complex indicating that MD-2 is the component assuring the LPS binding.** COs
have been proven to inhibit the inflammatory process triggered by LPS™.
Literature data reveal that COs, usually containing between 2 and 8 monomeric
units and characterized by a deacetylation degree of 95 % and uncharacterized
acetylation pattern, inhibit the binding of LPS to the TLR4-MD-2 receptor
complex reducing the production of pro-inflammatory mediators.™®

Within this study, a computational approach is considered in order to enhance
the knowledge regarding the influence of the chemical properties of COs on the
wound healing process and to emphasize the best composition of COs to increase
the wound healing effect. COs having various MW (but no more than 8 monomeric
units), DaD and AP are considered, their molecular targets and biological activities
related to the wound healing process are predicted, respectively their anti-
inflammatory effect through interactions with MD-2 protein using a molecular
docking approach is assessed.

EXPERIMENTAL

Within the present study, COs having between 2 and 8 monomeric units were considered
as it was specified in the scientific literature that they are efficient for wound healing and
especially for the anti-inflammatory effect.’®> As open wounds usually have a neutral to alkaline
pH and chronic wounds exist at alkaline pH, COs with the amino groups that are not
protonated have been considered. The simplified molecular-input line-entry system (SMILES)
formulas of the COs under investigation (TABLE 1) were built using ACD/ChemSketch
software (https://chemicalize.com). The COs 3D structures were obtained and minimized using
Chimera software.®®

In order to predict the COs molecular targets, the Swiss Target Prediction tool has been
considered.*® It allows predictions of the macromolecular targets of bioactive small molecules
and is based on the similarity principle, meaning that two similar bioactive molecules are
probable to share their molecular targets. In this study we have considered human targets in the
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top 15 predictions being known that the level of predictive performance is usually higher than
70 % in this case. Only the molecular targets that can be involved in the wound healing process
have been listed.

TABLE I. Chitooligosaccharides considered in this study (A — unit of N-acetyl-glucosamine,
D — unit of glucosamine, DaD — deacetylation degree)
DaD=0 DaD=33% DaD =50 % DaD =67 % DaD =100 %
DA, AADD, ADAD, ADDA,

2A, 3A, 4A, ADA DAAD, DDAA, DADA, DIIDDDD:I’DA 2D, 3D, 4D, 5D,
5A, 6A, 8A ADADAD, DADADA, ADDDAD 6D, 8D

DADADADA

Prediction of Activity Spectra of Substances (PASS) computational tool'’” has been
considered for predicting the biological activities of the investigated COs. It estimates the
probability that the query molecule belongs to the particular class of active (Pa) or inactive (Pi)
compounds based on the analysis of structure activity-relationships for more than 250,000
biologically active substances. The values of the two probabilities (Pa and Pi) vary from 0 to 1
and are independent. Only those activities with Pa > Pi are considered promising for a particular
compound and a good accuracy of prediction is obtained when Pa > 0.7. The average accuracy
of prediction estimated for the whole PASS training set is about 95 %.” Only the biological
activities related to the wound healing process have been listed in this article.

The molecular docking approach has been used for assessing the possible inhibitory effect
of COs having various MW, DaD and AP against MD-2 protein. The crystallographic structure
of the TLR4-MD-2 complex with the eritoran as a ligand bound to MD2 has been extracted
from Protein Data Bank (PDB ID 2Z65). Eritoran is an analog of LPS antagonizing its activity
by binding to the TLR4-MD-2 complex, this binding being mediated by the hydrophobic
internal pocket in MD-2 and the opening region of the pocket containing positively charged
residues,’® as visualized in Fig 1 using Chimera software.'® Eritoran occupies almost all the
volume of the binding pocket.

Fig 1. Visualization of the hydrophobicity surface (blue regions are hydrophilic and orange
regions are hydrophobic) of the MD-2 protein in complex with eritoran (PDB ID 2Z65)
revealed as yellow sticks (a) and green surface (b).

The MD-2 structure has been considered as target molecule and was prepared for docking
using Chimera software. Molecular docking has been implemented using the SwissDock
facility®® that proposes binding modes for the ligand to the target and computes the energy of
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the interactions. A blind and accurate docking protocol has been considered. Chimera software
has been used for the analysis of docking results. To evaluate the docking results and
characterize the molecular interactions in the complexes between COs and MD-2 protein that
were obtained by molecular docking, the PLIP (protein-ligand interaction profiler) software has
been considered with default settings.?® This software yields the list of detected interactions on
a single atom level and enables analyses of specific binding characteristics. Seven interaction
types can be detected by using this software: hydrophobic contacts, hydrogen bonds, salt
bridges, water bridges, pi-stacking, pi-cation interactions, and halogen bonds.

RESULTS AND DISCUSSION

The molecular targets predicted for the investigated COs using Swiss Target
Prediction tool and that are relevant for wound healing are revealed in TABLE II.
The probability of every prediction is also presented. Preceding studies
demonstrated that any value above O for the probability was considered to be
reasonable.’® The molecular targets for COs containing more than 6 monomeric
acetylated units were not predicted due to their high molecular weight.

Data presented in TABLE 11 reveal distinct molecular targets for the totally
deacetylated COs by comparison to totally and partially acetylated COs. Moreover,
there are distinct values for the probabilities of the predicted molecular targets for
COs with various chemical properties. COs containing 3 monomeric units,
regardless of their acetylated status, reveal the higher values for the probabilities.
Among the COs containing 3 monomeric units totally or partially acetylated, the
totally acetylated COs reveal the wider spectra of the molecular targets.

In the case of totally and partially acetylated COs, galectins are the main group
of proteins considered molecular targets. Galectins are [-galactoside-binding
proteins that modulate re-epithelialization, an important stage in wound healing,
via a carbohydrate-based recognition system.?* From the group of galectins, totally
and partially deacetylated COs target galectin-3, galectin-4, and galectin-8.
Galectin-3 is involved in the acute inflammatory response, triggering neutrophil
activation and adhesion being also responsible for macrophage and monocytes
chemotaxis. Galectin-4 is linked with gastro-intestinal tract wound healing, being
expressed particularly in Gl tissue, and it promotes both cell migration and cell
proliferation. Galectin-8 mediates the cell adhesion process through interactions
with integrins, other cell-surface proteins.?

Selectins, other targeted proteins by totally and partially acetylated COs, are
adhesion molecules that regulate the leukocyte migration, from the circulatory
system to inflammatory sites.?® Is it is well known that the lack of adhesion
molecules lead to suppressed angiogenesis, keratinocyte migration, granulation
tissue formation and inhibits early wound healing, decreased the growth factor
expression and inflammatory cell infiltration.?®
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TABLE Il. The predicted molecular targets that are involved in wound healing of the

investigated chitooligosaccharides. Between parentheses are the probability value for every
predicted target.

COs Predicted molecular targets and the probability of the predictions
Totally acetylated COs

2A galectin-3 (0.297), galectin-4 (0.104), galectin-8 (0.104)
galectin-3 (0.219), galectin-4 (0.152), galectin-8 (0.152), myelin-associated

3A glycoprotein (0.066), selectin E (0.066), adenosine Al receptor (0.066), adeno-
sine A2a receptor (0.066), adenosine A3 receptor (0.066), galectin-9 (0.066)

4A galectin-3 (0.020), adenosine Al receptor (0.012)

5A galectin-4 (0.122), galectin-8 (0.122), galectin-3 (0.064), leukocyte adhesion

molecule-1 (0.064), selectin E (0.064), P-selectin (0.064)
Partially acetylated COs
DA galectin-4 (0.166), galectin-8 (0.166), galectin-3 (0.109), selectin E (0.109)
ADA galectin-4 (0.170), galectin-8 (0.170), galectin-3 (0.105)
DDA galectin-4 (0.208), galectin-8 (0.208), galectin-3 (0.175), myelin-associated
glycoprotein (0.126), selectin E (0.126)

ADAD,

DADA, . . . .
AADD galectin-4 (0.118), galectin-3 (0.118_), galectin-8 (0.118),_Ieukocyte adhesion
DAAD] molecule-1 (0.050), selectin E (0.050), P-selectin (0.050)

DDAA

ADDA galectin-4 (0.118), galectin-8 (0.118), galectin-3 (0.060), leukocyte adhesion
molecule-1 (0.050), selectin E (0.050)
ADADAD, galectin-4 (0.122), galectin-3 (0.122), galectin-8 (0.122), myelin-associated
ADDDAD, glycoprotein (0.064), leukocyte adhesion molecule-1 (0.064), selectin E
DDDADA (0.064), P-selectin (0.064)
Totally deacetylated COs
vanilloid receptor (0.127), acidic fibroblast growth factor (0.102), vascular
2D endothelial growth factor A (0.102), heparanase (0.102), heat shock protein
HSP 90-alpha (0.102)
vanilloid receptor (0.128), vascular endothelial growth factor A (0.120), basic
3D fibroblast growth factor (0.120), heparanase (0.120), acidic fibroblast growth
factor (0.120), heat shock protein HSP 90-alpha (0.120)
vanilloid receptor (0.084), vascular endothelial growth factor A (0.056), basic
4D fibroblast growth factor (0.056), heparanase (0.056), acidic fibroblast growth
factor (0.056), Hheat shock protein HSP 90-alpha (0.056)
vanilloid receptor (0.022), vascular endothelial growth factor A (0.022), basic
5D fibroblast growth factor (0.022), heparanase (0.022), acidic fibroblast growth
factor (0.022), heat shock protein HSP 90-alpha (0.022)
vanilloid receptor (0.083), vascular endothelial growth factor A (0.064), basic
6D fibroblast growth factor (0.064), heparanase (0.064), acidic fibroblast growth
factor (0.064), heat shock protein HSP 90-alpha (0.064)

Adenosine receptors, which are considered molecular targets of the COs
containing 3 acetylated units, are linked to the accelerated wound healing process.
They are initiators of the first stage of the wound healing process and can promote
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cell migration, cell proliferation, growth factor secretion and angiogenesis.* The
leukocyte adhesion molecules play important roles in hemostasis, wound healing,
morphogenesis, maintenance of tissue architecture.”® The myelin-associated
glycoproteins are involved in axon regeneration and cell adhesion.?®

Growth factors are the main group of targets for totally deacetylated COs.
They are signaling molecules characterized by chemotactic activities that attract
fibroblast and inflammatory cell to the wound site, can stimulate angiogenesis and
cell proliferation.?’

Heat shock protein-90a (Hsp-90a), another target of the totally deacetylated
COs, is a possible enhancer of wound closure by promoting cell survival and cell
motility.”® Keratinocyte-secreted Hsp90a is involved in wound closure®, its
expression being induced by heat stress and wounding of the epidermis. Studies
have shown the great potential of Hsp-90a in treating different types of skin
wounds and topical application of Hsp90c. improved the wound healing time.?

Heparanase and vanilloid receptor are other molecules targeted by totally
acetylated COs. Heparanase is responsible for mediating cell adhesion and migra-
tion® and the vanilloid receptor is linked to pain management involving different
types of wounds.** Similar molecular targets have been predicted for a totally deace-
tylated chitooligosaccharide containing 9 units, chondroitin sulphate and agar.*

Several of these predicted molecular targets have been already noticed in
specific literature and it underlines the validity of the predictions. The interactions
between oligosaccharides and various galectins have been revealed, the preferred
ligands of galectins being N-acetyl lactosamine and related disaccharides.®
Literature data also reveal that chitosan was able to interact with fibroblast growth
factor-2 and consequently protect it from inactivation®* and the inhibition of
heparanase by COs has been already emphasized.®*® Experimental studies
demonstrated that the COs having molecular weights of 800 Da and prepared by
degradation of chitosan with a DaD of 92.3 % promoted peripheral nerve
regeneration with functional recovery in rats having sciatic nerve crush injury.*
Similar results were obtained in other studies, therefore COs accelerated peripheral
nerve regeneration, improved the number of myelinated nerve fibers and increased
the thickness of regenerated myelin sheaths in rabbits, promoted Schwann cell
proliferation, enhanced the axonal myelination, increased the expression of cell
adhesion proteins and increased cell survival in a dose-dependent manner.*’

The outcomes obtained using PASS software and regarding the wound healing
of investigated COs are revealed in TABLE Ill. Only the activities predicted with
a probability of being active (Pa) higher than 0.7 are revealed, being known that a
good accuracy of prediction is obtained when Pa > 0.7. Because of the molecular
weight limit of the PASS software, there are no predictions for the COs containing
8 monomeric units.
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TABLE IlI. Predicted wound healing activities of investigated COs using PASS software. Pa is
the probability to be active and is shown between parentheses for every predicted activity.

COs Predicted wound healing activities
hyaluronic acid agonist (0.894), angiogenesis
2A - 6A stimulant (0.799), membrane integrity agonist (0.793),

macrophage stimulant (0.781)

DA, ADA, DDA, AADD,
DADA, ADAD, DAAD, DDAA, macrophage stimulant (0.872), hyaluronic acid
ADDA, ADADAD, DADADA, agonist (0.859), angiogenesis stimulant (0.772)
ADDDAD, DDDADA

macrophage stimulant (0.916), hyaluronic acid
2D-6D agonist (0.795), angiogenesis stimulant (0,781), membrane
integrity agonist (0,719), transcription factor stimulant (0.711)

Prediction obtained using PASS shows that all investigated COs, regardless
of their chemical properties, exhibit a variety of biological activities regarding the
wound healing process. Aspects such as membrane integrity, hyaluronic acid
agonists, angiogenesis, growth factor, and macrophage stimulants, are among
those biological processes that are very important in wound healing. Membrane
integrity is an essential condition for maintaining the cell viability and normal
functions. Hyaluronic acid promotes wound healing and accelerates wound healing
even in chronic wounds.® The totally deacetylated COs act as transcription factor
stimulants as well. Transcription factor NF kappa B stimulant for example,
mediates the wound healing through anti-inflammatory and anti-oxidant effects.>

Among these predicted wound healing activities, macrophage and angiogenesis
stimulant activity have been reported. An experimental in vitro study revealed that
COs having distinct polymerization degrees could promote the proliferation of
macrophages cells and stimulate angiogenesis, the best results being obtained for
chitopentaose hydrochloride.* COs also revealed anti-angiogenic effects *

The outcomes of the molecular docking study reveal that investigated COs are
able to bind to the active site of the MD-2 protein. These results are in strong
correlation with experimental data revealing that COs significantly inhibited
binding of LPS to TLR4/MD-2 complex.™ Fig. 2 present the best binding position
of the 6A and respectively 6D chitooligosaccharides to MD-2 protein and the
Fig. 3 illustrates the registered binding energies for the best binding poses of all
investigated COs to MD-2 protein.

Fig. 2 shows that both 6A and 6D COs bind to the active site of MD-2 protein,
but 6A chitooligosaccharide occupies almost the entire internal surface of the cavity
and 6D chitooligosaccharide occupies only a region of the cavity. This is consistent
with the values of the Gibbs energy revealing a stronger interaction between the 6A
and MD-2, AG = -46339 J mol ™, compared with AG = - 35246.12 J mol™ for binding
of 6D to MD-2.
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(a) the chitooligosacharide containing 6 acetylated units (6A) visualized as magenta surface;
(b) the chitooligosaccharide containing 6 deacetylated units (6D) visualized as yellow surface.
MD-2 protein is visualized as hydrophaobicity surface, blue regions are hydrophilic and orange

regions are hydrophobic
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Fig 3. The interacting energies obtained for the best binding poses of COs to MD-2 protein
taking into account: (a) the molecular weight and deacetylation degrees (DaD) and (b) the
deacetylation degree and acetylation pattern

Data presented in Fig 3a reveal that interacting energy between COs and MD-
2 protein increases with the molecular weight, chitooligosaccharides containing 6
and 8 monomeric units reveal stronger interactions. The interaction energies also
increase with decreasing deacetylation degree, the totally acetylated chitooligo-
saccharides proving to be better inhibitors of the LPS binding to MD-2 protein.
This result is in good agreement with the hydrophobic nature of the active site
cavity of the MD-2 protein, as the acetylated COs have a higher hydrophobicity
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than deacetylated ones. Fig 3b emphasizes that, for the same DaD and MW, the
acetylation pattern also influences the interactions of COs with MD-2 protein.
Quite similar results have been obtained when assessing the interactions of COs
having various chemical properties with human and hen egg-white lysozymes.
Therefore, COs containing only GIcNAc units revealing higher interaction
energies with the two proteins compared with COs containing only GIcN units,
and the selectivity of the interactions was dependent on the MW, DaD and AP of
COs.° It was also true for the interactions between the COs and human plasma
proteins (alpha-1 acid glycoprotein and human serum albumin), the interacting
energies increased with the molecular weight and with decreasing of deacetylation
degree and were dependent on the AP.” In addition, a molecular docking study
suggested that chitin deacetylases from fungi and marine bacteria were able to bind
both totally acetylated and partially acetylated COs, but the binding energy was
usually higher in the cases of the interactions with totally acetylated COs.® Not at
last, COs with different chemical properties revealed quite distinct pharma-
cological profiles.®

Results obtained using PLIP software and regarding the types of the
interaction between the investigated COs and MD-2 and the amino acids involved
in these interactions are presented in TABLE IV.

Data presented in TABLE IV reveal that the interactions between totally
deacetylated COs and MD-2 protein are based on hydrogen bonds, whereas
partially and totally acetylated COs form both hydrophobic interactions and
hydrogen bonds with MD-2. The amino acids identified as being involved in the
COs interactions with MD-2 usually are among those involved in the interaction
of MD-2 with eritoran, the ligand that is present in the crystallographic structure.
It underlines that COs are able to interact with MD-2 protein.

The limitations of this study are common to all in sillico studies, the
predictions of the molecular targets and biological activities are totally dependent
on the models used by the computational programs and do not allow to take into
consideration the concentration of the query molecule. The computational tools
considered in this study are widely used in the fields of cheminformatics and/or
bioinformatics and have good accuracies for the predictions. Furthermore, the
predictions were in the applicability domain for both used predictions tools. In the
case of molecular docking study, the main limitation is due to the lack of flexibility
of both protein and ligand, also a limitation that is specific to these types of studies.
However, further experimental studies are necessary to assess the predicted
activities of the COs related to wound healing and their interactions with MD-2
protein, but the experimental design should consider COs with better characterized
composition in terms of molecular weight, acetylation degree and acetylation
pattern.
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TABLE IV. The types of the interaction between the investigated COs and MD-2 and the amino
acids involved in these interactions. The interactions between MD-2 and the ligand (eritoran,
E55) present in the crystallographic structure (PDB ID 2Z65) are also characterized for
comparison purposes: A means N-acetyl glucosamine, D means glucosamine.

Amino acids involved in the interactions

Complex MD-2-COs Hydrophobic interactions Hydrogen bonds

Complex made with the ligand present in the crystallographic structure (eritoran)

ILE46, LEU61, ILE63, TYRG65,
Complex MD-2-E55 PHE76, PHE104 ILE117, SER120
PHE119, PHE121, PHE151
Complexes made with totally acetylated COs

Complex MD-2-2A PHE151, ILE153 -

PHE76, GLU92, PHE121,
Complex MD-2-3A VAL135, PHE151 TYR102, SER120

Complex MD-2-4A PHE76, PHE121, PHE151 TYR102, SER120
VALA48, ILE5S2, PHE 76, ILE117,

Complex MD-2-5A PHE119 TYR102, SER120

Complex MD-2-6A LEUS4, ILEGI?I’_’EP1|_5|§76’ PHEL21, TYR102, SER120

GLU92, ILE117, PHE119,
TYR131, ILE153
Complexes made with totally deacetylated COs

Complex MD-2-8A ARGY96, TYR102, LYS125, SER127

Complex MD-2-2D - GLU92
Complex MD-2-3D - TYR102
Complex MD-2-4D - VAL93
Complex MD-2-5D - GLU92, VAL93
Complex MD-2-6D ARG96, TYR102(2)

GLU92, VAL93, TYR102, SER120,
Complex MD-2-8D ) LYS122, GLY123
Complexes made with partially deacetylated COs

Complex MD-2-DA PHE119 -

Complex MD-2-ADA ILE63, PHE76, ILE117 TYR102, SER120
Complex MD-2-DDA ILE32, PHE151, ILE153 TYR102(2), SER120
Complex MD-2-AADD VAL48, PHE119, PHE121 GLU92, TYR102
Complex-MD-2-ADAD ILE52, LEU54, PHE121, ILE153 GLU92, TYR102

LEU61, PHET76, ILE117,

Complex MD-2-DAAD PHE119 TYR102(2)
Complex MD-2-DADA ILE46, LEU61, PHE121 TYR102
Complex MD-2-DDAA TYR131, PHE151 GLU92, TYR102(2)
Complex-MD-2-ADDA ILE8O, TYR131 GLU92, TYR102, CYS122

Complex-MD-2-DADADA ILE52, LEU54, PHE121, ILE153 GLU92, ARG96, TYR102
GLU92, VAL93, CYS95, ARGI6,

Complex-MD-2-ADADAD LEU78, PHE119 ASP100, ASP101, TYR102,
SER120
Complex-MD2-ADDDAD LEU87, PHE119 GLU92, TYR102, SER120
Complex-MD-2-DDDADA ILE153 VAL93, ARGY96, TYR102(2)
Complex-MD-2- VALA48, LEU61, PHE121, ARG90, GLU92, VAL93, TYR102,

DADADADA PHE151 GLY123, LYS132
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CONCLUSION

In the present study, chitooligosaccharides with distinct chemical properties
have been analyzed using a computational approach to evaluate their role in the
wound healing process. Because it is still not straightforward to obtain COs with
well-defined chemical characteristics (length, deacetylation degree and acetylation
pattern), the computational approaches offer an advantage in such cases and their
results may guide further experimental studies. This investigation confirms the
functional role of COs in wound healing. Regardless of their chemical properties,
all investigated COs reveal various wound healing activities. However, there are
several distinct activities that are revealed by COs with dissimilar chemical
properties. The molecular targets for the totally deacetylated COs are different by
comparison to totally and partially acetylated COs and COs containing 3 totally
acetylated, respectively totally deacetylated monomeric units reveal the wider
spectra of the molecular targets. The main molecular targets predicted for the
totally and partially acetylated COs are galectins and selectins, proteins that
mediate immune response and respectively the cell adhesion during the process of
wound healing. Other molecular targets, the myelin-associated glycoproteins are
involved in the development of neural network in the damaged region. Fibroblast
growth factors are the main class of molecular targets for the totally deacetylated
COs and they are involved in inducing cell division and growth by promoting
angiogenesis for the regrowth of damaged tissues. Besides the macrophage
stimulant, hyaluronic acid agonist, angiogenesis stimulant, and membrane
integrity agonist, which are predicted activities related to wound healing for all
COs regardless of their chemical properties, totally deacetylated COs also act as
transcription factors stimulant. The totally acetylated chitooligosaccharides proved
to be better inhibitors of the LPS binding to MD-2 protein.

Taking into account that COs with dissimilar chemical properties may have
distinct activities related to the wound healing process, mixtures of COs with
distinct properties can be considered suitable candidates as adjuvants in developing
scaffolds for the wound healing process.

N3BOJ]
JIYBJBU YBUJT Y VIIOTPEBY XUTOOJIMTOCAXAPUJIA V TIPOLIECY 3APACTAA PAHA.
PAYYHAPCKU ITPUCTVYII
MARIANA A. MATICA!, DIANA L. ROMAN?3, VASILE OSTAFE?® u ADRIANA ISVORAN??

"Department of Chemistry-Biology, Institute for Advanced Environmental Research, West University of
Timisoara, Oituz 4C, 300086 Timisoara, Romania; *Department of Biology-Chemistry, Faculty of Chemistry,
Biology, Geography, West University of Timisoara, 16 Pestalozzi, 300115 Timisoara, Romania u 3Advanced

Environmental Research Laboratories (AERL), West University of Timisoara, Oituz 4A, 300086 Timisoara,
Romania

Xuroonurocaxapunu (COs) koju cagpxke 1o 10 moHomepux jenununa N-anetun-D-rmy-
Ko3aMHHa u/unu D-riyko3aMuHa Cy y BOOM PACTBOPHHM MOJIEKYJIH KOjU MoOKasyjy Opojue
duonolmke akTUBHOCTH W HHUCKe TOKCHUKOJOWIKe TNpoduie. Y 0Boj CTyAWjU KopuutheH je
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paYyHapCKH MPHUCTYTI 3a ITpeiBrUt)ame YKbYYEHOCTH XUTOONIUTOCaXapuia KOju UMajy mocedbHe
XeMHjcke ocoduHe (MOJIeKyJCKa Maca, CTelleH JealleTuaanuje u odpasan aneTunanuje) y cBe
yeTUpHu (dase 3apacTarka paHa: XeMOCTa3H, ynanu, nponudepanu u popmupawy Tkusa. Uma
npepasuhama, 3a U3ydaBaHEe XUTOOJIMIOCAXapuae, y IOIIefly BUXOBUX MONEKYICKAX MeTa U
OuonomKHUX aKTUBHOCTH Ha KOje ce ocjlawma IpOoLec 3apacTamka paHa. Jlabke, NpUCTYI
MOJIEKYJICKOT JOKOBamba KOPHUILNEH je 3a IpoLiekhHUBambe HHTepaKLHja MPOyYaBaHUX XUTOOJIH-
ocaxapujia ca MHUjelOUAHUM HudepeHnHjaudjckum ¢axTopom 2 (MD-2), IpOTEHHOM YKIbY-
YEeHUM Y 3analelnCKUM TpolecuMa. McTpaxnBame notsphyje yHKIMOHaIHE yiore mpo-
y4aBaHUX XMTOOJIOrOCaxapusia y 3apacramy paHa. Monekysicke MeTe IpeTckasaHe 38 XUTOOJIH -
rocaxapujie IITO Cafipke IOTIYHO M JEeIMMHUYHO aleTWIOBAaHE jeNWHMIE Cy TaJeKTHHH U
CeJIeKTHHH, a OHM IIPETCKa3aHM 3a XUTOOIUIoCcaxapyujie To cagpike NOTIYHO AealleTUI0BaHe
jemuHuue cy daxrtopu pacra dudpodmacrta, XUTOONUrOCaxXapuand KOju cafpke 3 jemuHule
noxasyjyhu Behu dpoj Momnexynckux mera. CBU OB ITPOTEUHU CY YK/bYYEHH Y NOCPENOBame
HMYHOT O[r0BOpa, HHAYKYjyhu neody hemuja u nemsbeme henuja TOkOM mporieca 3apacrama
paHa. CBU XHUTOOJIUTOCAaXapUAX KOjU cafpixe of 2 10 8 MOHOMEpHHX jeIUHHULA Y CTawy Cy Ia
uHTeparyjy ca MD-2 npoTeMHOM, CTHM Ja Cy MHTEpaKLUje jauye 3a XMUTOOJIOrOCaxapuze Koju
cagpxe 6 1 8 MOHOMEPHUX jenuHMLA. EHepruje MHTepaklyje pacTy ca IOpacToM MOJIEKYIICKE
Mace ¥ ca onagajyhum cTeneHoM JiealleTUIOBama U 3aBUCH 0 odpacla aleTunoBawa. Mehy
IpOy4YaBaHUM XUTOOJIOrOCaxapuAWMa, NOTIYHO alleTWIOBaHHW XWUTOOJIOrOCaxapuiu Koju
cagpxke 6 U 8 N-aneTws1 IIyKO3aMHUHCKUX jefuHuUIla Mory dutv Oosbu uHxudurtopu 3a LPS
BesuBake Ha MD-2 nporeuH. Ilpema TOMe, CMece XUTOONUrocaxapuiia Cca pasIUuYUTUM
ocobuHama Tpeda cMaTpaTH NOrONHUM KaHIUaTHMa 3a KaTaau3atope y pa3Bujamy ckesera 3a
npollec 3apacTama paHa.

(ITpumrseHo 2. jyna; peBunupaHo 13. HoBemOpa; npuxsahero 20. HoBemOpa 2022.)
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