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Abstract. The study aimed to formulate theoretical grounds for the targeted design of glycosylated biologically
active molecules with predictable pharmacological properties. The study methodology was based on a theoretical and
analytical approach using in silico modelling, including prediction of bioavailability, polar surface and gastrointestinal
absorption, as well as assessment of molecular interactions of glycosylated compounds with pharmacologically
relevant targets. The results indicate that glycosyl residues such as N-acetylglucosamine and sialic acid increase the
polar surface of the molecule from 48.9 to 112.4 square angstroms, which contributes to more efficient hydrogen
bonding with receptor proteins. At the same time, a decrease in the distribution coefficient for octanol and water from
3.4 to 1.8 was observed, indicating a decrease in lipophilicity and more favourable pharmacokinetics. The modelled
glycosylated compounds demonstrated a high degree of absorption in the gastrointestinal tract, in contrast to non-
glycosylated analogues. The binding energy of the glycosylated molecules to the hyaluronicacid receptor and Galectin-3
lectin was in the range of -8.5 to -9.1 kilocalories per mole, indicating high affinity and stability of the complex. In
comparison, the corresponding parameters for unmodified compounds ranged from -5.9 to -7.3 kilocalories per
mole. The analysis also revealed a decrease in potential cytotoxicity and an increase in selectivity of action due to
targeted interaction with receptor proteins. The data obtained confirm the importance of glycosylation as a strategy
to improve the bioavailability, specificity and therapeutic efficacy of the molecules under development. The results
are of practical importance for the rational design of medicinal molecules in which glycosyl fragments are used as
active pharmacophore elements that increase the selectivity, stability and bioavailability of therapeutic compounds
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Introduction

In the context of growing drug resistance, limited selec-
tivity of existing drugs, and the need to develop com-
pounds with predictable pharmacological properties,
the problem of structural design of biologically active
molecules with targeted action is becoming particularly
relevant. Modern medicinal chemistry faces a shortage
of universal strategies that can simultaneously ensure
high bioavailability, stability, and specificity of interac-
tion with pharmacological targets. In this regard, a sci-
entific problem arises: the lack of a comprehensive the-
oretical model that would provide the rational selection
of structural components, such as glycosyl fragments,
when creating new therapeutic agents.

One of the promising solutions to the problem is
the use of carbohydrates as structural elements ca-
pable of modelling the pharmacological properties
of a molecule. Natural mono- and oligosaccharides
are characterised by high biocompatibility, metabolic
stability and variability of functional groups, which
makes them a versatile platform for molecular design.
The inclusion of carbohydrate fragments provides
targeted influence on pharmacokinetics and receptor
specificity, especially concerning such targets as glu-
cose transporter type 1 (GLUT1), Galectin-3, a -ga-
lactoside-binding lectin, and the Cluster of Differen-
tiation 44 (CD44) receptor, a membrane glycoprotein
that interacts with hyaluronic acid [1].

In the post-Soviet scientific space, the topic of de-
signing glycosylated compounds is being developed
mainly in the pharmaceutical and chemical-biological
fields. O. Akparalieva et al. [2] attempted to combine
the synthesis of sulphonamide derivatives with a car-
bohydrate structure and the use of the Prediction of
Activity Spectra for Substances software for prelim-
inary computer screening of activity. The study not
only highlighted the influence of glycosyl fragments
on bioavailability but also raised the issue of the cor-
relation between hydrophilicity and the proposed
mechanism of action. In turn, V. Akhmetova [3] anal-
ysed the pharmacokinetic behaviour of glycosylated
derivatives in the dissertation on changes in the met-
abolic rate depending on the nature of the carbohy-
drate component. The research demonstrated that
glycosylation in Kyrgyz practice is perceived not only
as a structural modification but also as a controlled
tool for optimising pharmacological characteristics.

The use of carbohydrates as functional platforms
in the therapy of malignant tumours is theoretically
substantiated in several international publications.
The review by A. Costa et al. [4] presented a structured
presentation of the mechanisms of cellular uptake of
glycosylated agents involving specific target proteins
such as GLUT1, Galectin-3 and CD44. Notably, the study
addressed carbohydrate fragments not as additive
modules, but as full-fledged pharmacophores that de-
termine the molecule delivery trajectory. The topic was

further developed by N. Xavier et al. [5], proposing a
classification of carbohydrate compounds according to
the degree of structural similarity to natural analogues.
The analysis of synthetic glycopeptides with immuno-
modulatory activity is also noteworthy: the study rais-
es the question of the possibility of their adaptation for
targeted delivery of anticancer agents. There is also a
tendency to use carbohydrates not as an auxiliary ele-
ment, but as the basis of a structure with specified bio-
logical functions.

The development of biologically active substances
based on carbohydrates is impossible without the use of
modern molecular modelling methods and highly specif-
ic synthetic approaches. A. Andreu et al. [6] conducted a
detailed review of enzymatic strategies to produce gly-
cosyl derivatives using engineered glycosyltransferases.
The study emphasised that this route is not only environ-
mentally friendly but also ensures strict control of the
stereochemistry of the bond, which is considered a sig-
nificant factor in the development of targeted drugs. Of
additional value is the study by J. Markink [7], which uses
machine learning for the automated design of carbohy-
drate ligands with affinity for target proteins. In contrast
to the traditional Quantitative Structure-Activity Rela-
tionship approach, the study employed deep neural net-
work architectures, which incorporate both spatial and
electronic parameters of molecules.

The issue of structural modification of carbohydrates
to optimise the pharmacological properties remains the
focus of modern glycochemistry. L. Pan et al. [8] consid-
ered carbohydrates as a basis for the construction of
polymeric carriers that enhance the penetration of the
active substance into target cells. The novelty of the arti-
cle lies in the systematisation of nanotechnological solu-
tions aimed at increasing the solubility and prolonging
the action of glycosylated compounds. In turn, N. Wang et
al. [9] emphasised phosphorylated sugars, demonstrat-
ing that phosphorus groups can stabilise the structure
of the molecule and increase resistance to enzymatic
hydrolysis. Both studies emphasise that the efficiency of
carbohydrates as a building block can be significantly en-
hanced by targeted functionalisation.

Scientific publications devoted to the design of
carbohydrate-based biologically active compounds, as
a rule, fragmentarily consider the structural and func-
tional features of glycosylated components without a
comprehensive analysis of the possibilities of their tar-
geted use in medicinal chemistry. The study aimed to
develop theoretical approaches to the creation of gly-
cosylated compounds with pharmacologically relevant
properties. The study objectives were to identify the
structural regularities that determine the biopharma-
ceutical profile of carbohydrate-containing molecules,
to evaluate the methods used for the modelling, and
to review attempts to experimentally substantiate the
proposed theoretical approaches.
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Materials and Methods

The study was conducted within the framework of a
theoretical and analytical approach with elements of
in silico modelling for computer prediction of biolog-
ical activity, pharmacokinetic properties and molec-
ular interaction of compounds based on the chemical
structure and with the use of published experimental
and patent data for comparative analysis and verifica-
tion of theoretical conclusions. At the level of general
theoretical analysis, a set of logical and methodologi-
cal techniques was used, each method being applied to
solve specific problems related to the theoretical sub-
stantiation of the design of glycosylated biologically
active compounds. In particular, the structural analysis
covered the classification of glycosyl residues (aldose,
ketose, amino sugars), types of glycosidic bonds (0-, N-,
S-couplings) and the configuration features, assessing
the potential impact of these parameters on receptor
selectivity and biopharmacological properties.

As part of the applied stage of modelling, 10 mo-
lecular structures were analysed: 5 glycosylated com-
pounds modified with various carbohydrate fragments
(a-D-glucose, B-D-galactose, N-acetylglucosamine, sial-
ic and glucuronic acids), as well as 5 corresponding
non-glycosylated analogues identical in terms of the ba-
sic skeleton of the molecule. The structures were select-
ed based on the comparability criterion, which ensured
an objective comparison of key pharmacokinetic and
receptor parameters such as topological polar surface
area (TPSA), lipophilicity coefficient (LogP), gastroin-
testinal absorption (GI absorption), and binding energy
to biotargets such as GLUT1 transporter, CD44 receptor,
and Galectin-3 lectin.

Induction was used to summarise data extracted from
experimental and patent sources, and deduction was
used to theoretically test hypotheses within the frame-
work of drug-receptor models using molecular docking
performed in AutoDock Vina (via PyRx) with an RMSD
threshold of 2 A and an active site size of 22 x 22 x 22 A.
The comparison method was used for a reasonable com-
parison of glycosylated and non-glycosylated biologically
active compounds at the stage of theoretical modelling.
This approach was used for a structural and functional
assessment incorporating key pharmacokinetic (LogP,
TPSA, Gl absorption) and pharmacodynamic parameters
(affinity, binding energy, cytotoxicity, selectivity).

In the logical structure of the study, the synthesis
method was used to combine theoretical and model-
ling data with patent information, which formulated a
conceptual framework linking the structure of glycosyl
residues to their putative biological activity. The results
were summarised at the final stage to compare the the-
oretical conclusions with the data from molecular mod-
elling and visual analysis of the complexes. The empir-
ical and patent base of the study was formed based on
publications from 2005-2024, selected by keywords

(“glycosylation”, “ glycoengineering”) in

>
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glycomimetics”,

Scopus, PubMed and SpringerLink, with priority given to
papers containing data on biologically active glycosylat-
ed compounds. Two patents US11261477B2 [10] and
US10087236B2 [11] were selected as representative
sources: the first describes methods of targeted glycosyl-
ation of small molecules using engineered glycosyltrans-
ferases and the impact on biopharmaceutical properties,
the second describes approaches to glycan engineering
of antibodies with a demonstration of the effect of the
structure of carbohydrate fragments on pharmacokinet-
ics and receptor specificity.

For the theoretical evaluation of glycosylated com-
pounds, the online tools Prediction of Activity Spec-
tra for Substances Online, SwissADME and PubChem
Sketcher were used. The former was used to predict the
spectrum of biological activity based on the structure of
the molecules, the latter to calculate pharmacokinetic
parameters (LogP logarithm of the octanol /water distri-
bution coefficient, TPSA, Gl absorption), and the latter to
generate structures and SMILES formats. The integrat-
ed use of these platforms made it possible to conduct a
preliminary in silico analysis without laboratory tests.

Results and Discussion

Structural features of glycosylated derivatives
as objects of pharmacological modelling
The results of the theoretical analysis demonstrat-
ed that the most common glycosyl residues such as
a-D-glucose, B-D-galactose, N-acetylglucosamine, sialic
and glucuronic acids differ in size, configurational flexi-
bility and ability to form hydrogen bonds, which direct-
ly affects their pharmacophore function. In particular,
the inclusion of a-D-glucose in the structure of low mo-
lecular weight compounds contributed to an increase
in solubility, improving pharmaceutical availability.
On the contrary, N-acetylglucosamine demonstrated a
higher level of polarity (TPSA>100 A2) and resistance to
enzymatic deglycosylation, which makes it particularly
valuable in the development of stabilised antibodies.

The in-silico modelling results indicated a potential
dependence of the metabolic stability of compounds on
the type of glycosidic bond, which suggests a critical role
of this structural parameter at the stage of molecular de-
sign. The modelling showed that O-glycosides, especially
those with an a-configuration, are prone to hydrolysis,
while N-glycoside analogues showed more pronounced
resistance to glycosidases, prolonging the circulation
time. This conclusion is confirmed by S. Shivatare &
C. Wong [12], demonstrating experimentally that the re-
placement of the O-glycosidic bond with the N-glycosidic
bond can increase the metabolic stability of glycomimet-
icswithoutloss of affinity to the target. Structural analysis
also revealed patterns in the behaviour of acidic residues
such as sialic and glucuronic acids. Theoretical modelling
demonstrated that their high polarity and increased size
may limit the ability to passively diffuse, but at the same
time promote high-affinity binding to receptor proteins.
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In particular, the sialylated derivatives demonstrated se-
lective interaction with galectins and the CD44 receptor.
These results are in full agreement with the observations
of J. Wang et al. [13], which indicate a high specificity
of such fragments for lectin receptors of tumour cells.

The spatial architecture of the glycosyl fragments
also proved to be a factor influencing molecular recogni-
tion. Theoretical modelling showed that compact mon-
osaccharides such as a-D-glucose and 3-D-galactose fa-
cilitate the precise positioning of the pharmacophore in

the active site of the target. At the same time, branched
residues, such as sialic acid, create steric hindrances that
limit complementarity. This conclusion is in full agree-
ment with the data of L. Su et al. [14], who emphasise the
importance of the spatial orientation of glycosyl groups
for increasing affinity and, in some cases, their role as in-
dependent pharmacophore modules. Based on the sum-
marised results, Table 1 shows the key parameters of the
five glycosyl residues, including the type of bond, hydro-
philicity, TPSA and areas of possible application.

Table 1. Comparative characteristics of glycosyl residues

Type of glycosyl residue Bond type Hydrophilicity TPSA (A2) Use-cases
a-D-glucose 0-glycoside 51 90.3 Peptide modification
[3-D-galactose 0-glycoside 48 921 Liposomal preparations
N-acetylglucosamine N-glycoside 6.3 108.7 Antibodies
Sialic acid 0-glycoside 72 128.2 Cancer vaccines
Glucuronic acid 0-glycoside 6.9 123.6 Metabolic therapy

Note: A2 square angstrom, a unit of area at the molecular level; is used to refer to TPSA. Values up to 140 A2 are considered favourable for

oral absorption

Source: compiled by the authors based on calculations in SwissADME and comparison with literature data [12-19]

The analysis of Table 1 revealed several regulari-
ties. Firstly, the high polarity (TPSA > 120 A2) of sialic
and glucuronic acids limits the transport across lipo-
philic barriers but promotes participation in recep-
tor-mediated interactions. This makes them particular-
ly promising for the development of targeted delivery
and anti-tumour therapy. Secondly, the presence of an
N-glycosidic bond, similarly to N-acetylglucosamine, is
associated with greater stability in biological environ-
ments, which is critical for the development of stable
biopharmaceutical molecules. Thirdly, hydrophilicity
parameters correlate with distribution in the body:
compounds with hydrophilicity > 6 and TPSA > 100 A2
tend to accumulate in the reticuloendothelial system,
which should be incorporated during development of
anti-inflammatory and oncotherapeutic agents.

Structural features of glycosyl fragments, such as
bond type, polarity, and spatial configuration, are cen-
tral in modelling biologically active compounds and
should be considered an integral part of pharmacoph-
ore design. The theoretical analysis performed not only
correlates with the current scientific data but also for-
mulates a functionally sound approach to the design of
glycosylated molecules with a given biological activity.

Pharmacophore and pharmacokinetic

parameters of glycosylated compounds

The in-silico modelling provided detailed data on the
influence of glycosyl fragments on the pharmacokinetic
characteristics of the studied molecules. The use of the
SwissADME platform estimated the parameters LogP,
TPSA and GI absorption, which are critical for predict-
ing the bioavailability and behaviour of a compound in
the body. The study determined that the inclusion of a
glycosyl residue (e.g., N-acetylglucosamine or sialic acid)
leads to a significant increase in the TPSA value from

~50 A? for the non-glycosylated analogue to 112 A? for
the modified compound. The increase in TPSA indicates
an increase in hydrophilicity and polarity of the mole-
cule, which, in turn, leads to the possibility of multiple
hydrogen bonds with receptor sites. At the same time,
a decrease in LogP was observed from 3.4 to 1.8, which
reflects a decrease in LogP and, accordingly, reduces the
risk of accumulation in adipose tissue and uncontrolled
distribution (Fig. 1). These changes were accompanied
by a significant improvement in predicted gastrointes-
tinal absorption: while the non-glycosylated analogues
showed low GI absorption, the glycosylated structures
were characterised by high predicted absorption in most
cases. This indicates the potential of using such modified
molecules in oral dosage forms. The results obtained
correlate with the data presented by H. Kaur [20], noting
that glycosylation has a systemic effect on the pharma-
cokinetic profile of protein and small molecule drugs. In
particular, the study emphasised that an increase in TPSA
and a decrease in LogP have a positive effect on the solu-
bility, selectivity and safety of a compound, especially in
the context of monoclonal antibody therapy. The analysis
of the graphs demonstrated that glycosylation leads to
an increase in TPSA and a decrease in LogP, which di-
rectly affects the pharmacokinetics of the compound: it
increases solubility in the aqueous medium and reduces
the tendency to accumulate in adipose tissues. This en-
sures a more even distribution in the body and reduces
the risk of toxic effects, especially in systemic therapy.
The study established that glycosyl residues containing
sialic acid have high TPSA (>120 A2) while retaining the
ability for receptor-mediated transport. This negates the
limitations imposed by high TPSA while maintaining tar-
geted interaction with targets. Similar conclusions were
reported in a patent by X. Wang [10], where glycosylat-
ed derivatives obtained using plant glycosyltransferases

i

Journal of Osh State University. Medicine. Vol. 4, No. 1



Theoretical approaches to the design of biologically active compounds ...

demonstrate increased half-life, high stability in biologi-
cal fluids, and reduced cytotoxicity. A comparative analy-
sis with non-glycosylated analogues also showed that the
latter have higher LogP values and low TPSA, which lim-
its the therapeutic applicability in conditions requiring
systemic delivery and controlled distribution. The values
obtained in the theoretical in silico prediction confirm
that the absence of a carbohydrate component leads to
a decrease in water solubility, impaired absorption, and

LogP comparison

Category 1
m Glycosylated compound = Non-glycosylated compound

presumed instability in biological fluids. Patent sourc-
es further confirm the applicability of glycosylation as
a tool for improving biopharmaceutical properties. For
example, in patent US10087236B2 by C.-H. Wong & C.-Y.
Wu [11], glycan engineering methods were proposed to
increase antibody affinity while reducing immunogenic-
ity. The study emphasised that variation in the glycosyla-
tion profile can directly influence drug distribution, sta-
bility, and clearance profile.

20 TPSA comparison
100 112.4
80
60
40
20
0

Category 1
m Glycosylated compound ® Non-glycosylated compound

Figure 1. Comparative analysis of pharmacokinetic parameters LogP and TPSA for the model of glycosylated tyrosine
derivative with a-D-glucose and its non-glycosylated analogue (tyrosine)
Source: compiled by the authors based on modelling in SwissADME and [17-21]

The GI absorption predictions obtained using Swis-
SADME are based on proprietary structural models
constructed in SMILES format based on modified ty-
rosine derivatives with various glycosyl fragments. The
calculations used 2D structures optimised for standard
ionisation at pH 7.4, indicating the type of glycosidic
bond (0-glycosidic, N-glycosidic). The high GI absorp-
tion observed in most models indicated that glycosyl
fragments may function as pharmacokinetic modula-
tors, ensuring passage through epithelial barriers. This
trend is consistent with the findings reported in the
monograph by R. Adamo & L. Lay [19], which empha-
sised that glycosylation enhances the transport capac-
ity of molecules by mimicking natural ligand systems
such as glucose transporters. A comparison of theoret-
ical results with clinical data reported by J. Verheijen et
al. [21] demonstrated the importance of the correct
selection of the glycosyl residue. The study noted that
even minimal deviations from the optimal structure of
glycosylated sites can significantly alter the distribu-
tion of the drug in the body, especially in patients with
congenital glycosylation disorders. This confirms the
applicability of in silico modelling in the early stages of
molecule design for predicting clinically significant pa-
rameters. The data obtained confirm that glycosylation
has a systemic effect on the pharmacokinetic profile of
a molecule. Changes in TPSA, LogP and GI absorption
improve the solubility, bioavailability and stability of
compounds. This makes glycosylated fragments a po-
tential tool for structural optimisation at the preclinical
stage of designing biologically active compounds.

>

Molecular models of glycosylated
compound-biotarget interaction

Theoretical modelling of molecular interactions be-
tween glycosylated compounds and biotargets is an im-
portant step in the rational design of biologically active
substances. Three classes of targets sensitive to carbo-
hydrate fragments are of particular interest: the GLUT1
transporter, the cell adhesion molecule CD44, and the
[-galactoside-binding galectin proteins. The results of
the simulations performed in the AutoDock Vina soft-
ware environment via the PyRx interface showed that
the inclusion of glycosyl fragments significantly affects
the interaction profile of the molecule with the bio-
target. When a conditional glycosylated molecule was
docked with GLUT1, the binding energy was observed
to be -8.5 kcal/mol, while for the non-glycosylated an-
alogue, this figure was -6.7 kcal/mol. This indicates a
more stable and specific binding due to the possibility
of additional hydrogen bonding interactions formed by
hydroxyl groups of carbohydrates. This result is consist-
ent with the observations of O. Iwaloye et al. [22], em-
phasising that glycosylated derivatives show improved
affinity for targets involved in carbohydrate-dependent
transport, including GLUT1.

A similar trend was observed in the analysis of inter-
actions with CD44, the key receptor for hyaluronic acid.
For the glycosylated structure, the binding energy to the
CD44 receptor was -9.1 kcal/mol, which is 1.8 kcal/mol
lower than that of the non-glycosylated analogue. The
calculation was performed by molecular docking in
AutoDock Vina, based on the scoring function, without

Journal of Osh State University. Medicine. Vol. 4, No. 1
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solvent modelling and with standard parameters (ex-
haustiveness=8, RMSD threshold 2 A). This indicates a
high complementarity between the glycosyl fragment
and the receptor surface. D. Tamburrini et al. [23] also
highlighted that N-glycosylation of the ligand promotes
the formation of a stable complex with CD44 due to the
spatial orientation of the carbohydrate chain, which is
critical for the regulation of cell migration and adhesion,
especially in the context of tumour progression.

Similar conclusions were obtained when analys-
ing interactions with Galectin-3, a lectin highly ex-
pressed in tumour tissues and responsible for cell

GLUT1

Binding energy (kcal/mol)
&

-10
m Glycosylated compound

aggregation, apoptosis and immunomodulation. The
binding energy for the glycosylated molecule was -7.8
kcal/mol, while for the non-glycosylated molecule, it
was -5.9 kcal/mol. Carbohydrate modification not only
increases selectivity but also stabilises the complex.
The study by R. Bellavita et al. [24] demonstrated that
galectins are highly sensitive to the configuration and
composition of glycosyl residues, which ensures tar-
geted control of the interaction at the level of molecu-
lar docking. To visualise the differences in affinity, the
binding energies of glycosylated and non-glycosylated
compounds to key biotargets were modelled (Fig. 2).

CD44 Galectin-3

m Non-glycosylated compound

Figure 2. Comparison of the hinding energy of a glycosylated tyrosine derivative to a-D-glucose and its non-glycosylated
analogue (tyrosine) with hiotargets: GLUT1, CD44 and Galectin-3

Source: compiled by the authors based on [22-25]

The results obtained concluded that glycosylation
not only broadens the spectrum of interacting biomole-
cules but also increases selectivity by creating addition-
al contact points. Structural analysis of the complexes
showed that in the case of CD44 and galectins, glycosylat-
ed fragments form up to 5 hydrogen bonds with amino
acid residues of the receptor, while non-glycosylated
molecules form an average of 2-3 such interactions.
These data are consistent with the modelling results
presented by A. Mohammed et al. [25], which emphasise
that the inclusion of sugar fragments increases the num-
ber of pharmacophore elements in the molecule, improv-
ing topological correspondence with the active centre.

A comparative theoretical analysis of the complex
with Galectin-3 showed that glycosylated derivatives
showed signs of stronger binding, while non-glycosylat-
ed structures in docking models formed less stable con-
formations characterised by a weak network of inter-
molecular interactions and an unstable position in the
active site. A similar trend was confirmed by the results
of molecular dynamics studies conducted by M. Bege et
al. [26]: sugar-substituted nucleosides maintained sta-
ble binding to Galectin-3 for 50 ns of simulation, while
their non-glycosylated counterparts lost contact with
the target within 15-20 ns. These data emphasise the
critical role of the glycosylation domain in maintaining
long-term receptor interaction.

The results of in silico analysis confirmed that
glycosylation is an effective structural technique that
increases the affinity, specificity and stability of inter-
action with biotargets such as CD44, GLUT1 and Galec-
tin-3. The reduction of binding energy and increased
number of hydrogen bonds render glycosyl fragments
promising pharmacophore elements in the design of
drugs for cancer and immune therapy.

Comparative analysis of glycosylated
and non-glycosylated biologically active compounds
An analysis of the comparative characteristics of gly-
cosylated and non-glycosylated biologically active
compounds has revealed several key differences that
determine their therapeutic relevance. One of the most
important parameters demonstrating the influence of
the glycosyl residue is the change in the bioavailabili-
ty and selectivity of the molecule. According to in silico
modelling results, the inclusion of a glycosyl fragment
(e.g., glucuronic acid or N-acetylglucosamine) leads to
an increase in the polar surface and a decrease in LogP,
which significantly affects GI absorption, LogP and
TPSA. These changes generally improve solubility, re-
duce toxicity and increase the selectivity of interaction
with receptor targets [14,21].

For instance, according to the results of Predic-
tion of Activity Spectra for Substances Online and

&
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SwissADME, a comparison of the model of a glycosylat-
ed tyrosine derivative with a-D-glucose and its non-gly-
cosylated analogue (tyrosine) showed an increase in
TPSA by 63.5 A2 (from 48.9 to 112.4 A2) and a decrease
in LogP by more than 1.5 units (from 3.4 to 1.8). The
modelling was based on the author’s structures pre-
sented in SMILES format. The starting molecule (ty-
rosine): NH,-CH(COOH)-CH,-C,H,-OH; glycosylated
form: NH,-CH(COOH)-CH,-C.H,-O-Glc(a-1-0). Given
the predicted high level of gastrointestinal absorption,

this indicates a potentially improved suitability for
oral administration and more controlled distribution
in the body. Additional confirmation is provided by
the data of F. Khodabakhsh et al. [27] demonstrating
that glycosylation of protein preparations prolongs
the half-life and reduces immunogenicity. For a
demonstration of the differences between glycosylat-
ed and non-glycosylated compounds, a comparative
Table 2 of key pharmacokinetic and biological param-
eters is provided.

Table 2. Comparative parameters of glycosylated and non-glycosylated biologically active compounds

Parameter Glycosylated compounds Non-glycosylated compounds
TPSA (A%) 112.4 489
LogP 1.8 3.4
Gl absorption High Low
Binding energy with CD44 (kcal/mol) -91 -7.3
Cytotoxicity (uM) 98.3 314
Selectivity 31 09

Source: compiled by the authors based on [14, 21, 26-28]

Comparative analysis demonstrated that glycosyl-
ation significantly improves the pharmacokinetic and
pharmacodynamic profile of biologically active com-
pounds. The most pronounced differences were record-
ed in terms of TPSA, LogP and receptor binding energy,
indicating an increase in selectivity and stability. The
glycosyl fragments also contribute to a decrease in cy-
totoxicity and an increase in GI absorption. These data
confirm the feasibility of using glycosylation as a strate-
gy to improve therapeutic efficacy.

The in-silico modelling of the interactions between
glycosylated compoundsand Galectin-3 and CD44 recep-
tors showed an increase in the stability of the complex-
es: the binding energy decreased to -8.5-9.1 kcal/mo],
and the number of hydrogen bonds increased by 2-3
on average compared to non-glycosylated analogues
(-5.9-7.3 kcal/mol). This indicates an increase in affini-
ty and selectivity, which is critical for the development
of targeted drugs. A similar pattern was recorded in the
experiments of K. Sikora et al. [28], where glycosylated
lipopeptides demonstrated a pronounced antimicrobi-
al effect and at the same time a reduced cytotoxic pro-
file due to the formation of additional hydrogen bonds
with cellular receptors.

The modelling also confirmed that the inclusion of
a glycosyl fragment in the structure of the molecule re-
duces nonspecific binding to plasma proteins, thereby
reducing the probability of side effects. This position
is consistent with the observations of B. Mosayyebi et
al. [29], who demonstrated that glycosylated derivatives
can selectively deliver to tumour cells through specific
interaction with lectin receptors. Furthermore, the cal-
culations demonstrated that the presence of sialic acid
and N-acetylglucosamine in the structure of the com-
pounds leads to a decrease in enzymatic vulnerability:

&b

the probability of hydrolysis of key functional groups de-
creased due to spatial shielding. A similar result was ob-
tained by S. Sadraei [30], describing a synthetic series of
glycosylated derivatives that demonstrated resistance to
degradation in vivo. This makes such structures particu-
larly promising in systemic therapy requiring prolonged
action and stability in the biological environment.

The analysis of the predicted pharmacokinetic char-
acteristics revealed the dependence of the compounds’
efficacy on their ability to cross the blood-brain barri-
er. According to the forecast, glycosylated derivatives,
due to the imitation of the structure of naturally trans-
ported substrates (e.g. glucose), have a greater ability
to pass it. This mechanism was confirmed by |. Lopes et
al. [31], demonstrating that carbohydrate modifications
enhance the neurotropicity of compounds and simulta-
neously reduce neurotoxicity due to specific transport
via the glucose carrier pathway:.

Comparative analysis confirmed that glycosyla-
tion has a systemic effect on the pharmacokinetic and
pharmacodynamic properties of a molecule. It not only
improves solubility and stability but also ensures se-
lective interaction with biotargets, reduces toxicity and
widens the therapeutic window. Consequently, glycosyl
derivatives represent a promising area in the design of
new biologically active compounds, especially when
high selectivity, stability and predictable drug behav-
iour in the body are required.

Possibilities of experimental confirmation

of theoretical models

The results of theoretical modelling of the interaction of
glycosylated compounds with CD44, GLUT1 and Galec-
tin-3 receptors identified several structural characteris-
tics that potentially ensure high affinity and selectivity.
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Firstly, results determined that the inclusion of a car-
bohydrate fragment containing sialic acid or N-acetyl-
glucosamine in the molecule leads to the formation of
stable complexes with lectin domains, as evidenced by
a decrease in the binding energy to -9.1 kcal/mol and an
increase in the number of hydrogen bonds [21,32].

Theresults of in silico docking demonstrated that gly-
cosylated derivatives with sialic acid and N-acetylglucos-
amine residues formed stable complexes with Galectin-3:
the calculated binding energy ranged from -8.6 to -9.3
kcal/mol. Additional information on the stability of such
complexes is provided by the molecular dynamics data
presented by J. Lopes et al. [31], demonstrating that such
structures retained 5-7 hydrogen bonds, and the stan-
dard deviation of atoms did not exceed 2.4 A during 50 ns
of simulation in aqueous medium at 300 K. The simu-
lations were conducted using the GROMACS software
package and standard conditions (TIP3P model, peri-
odic boundary, ion neutralisation). These parameters
indicate a high degree of complementarity and potential
stability of the interaction. The theoretical predictions
are confirmed by the results of preclinical in vitro ex-
periments presented in N. Bajad et al. [33], where gly-
cosylated derivatives demonstrated the ability to pen-
etrate the blood-brain barrier and effectively interact
with receptors in neuronal cell models of Alzheimer’s
disease. The study demonstrated that the introduction
of glycosylated fragments promotes targeted delivery
through recognition by lectin-like receptors, including
Galectin-3, which correlates with the theoretically pre-
dicted receptor selectivity.

Furthermore, modelling the interaction of glyco-
sylated structures with transport proteins revealed that
the spatial configuration of the glycosyl residue critically
affects the direction of the molecule in the lipophilic en-
vironment. Similar results were obtained in the patent
US11261477B2 by X. Wang [10], which described the
use of plant glycosyltransferases to improve the phar-
macokinetic parameters of drugs. Notably, glycosylated
forms showed increased stability, enhanced receptor
binding and prolonged half-life in vivo, which is consis-
tent with the modelled results. The role of glycosylation
in modulating immunogenicity was emphasised. Ac-
cording to the patent of C.-H. Wong and C.-Y. Wu [11], the
inclusion of specific glycans in the structure of antibod-
ies reduces their immunogenicity and simultaneously
increases their affinity for Fc receptors. In the context of
theoretical analysis, this is confirmed by the predicted
increase in intermolecular contacts in the binding re-
gion: when modelling the complex with CD44, not only
an improvement in complementarity was observed, but
also a redistribution of electron density, which contrib-
utes to more stable ligand retention [11,34].

However, the possibilities of experimental confir-
mation of theoretical models in the literature are limited
by several key aspects. Firstly, in silico models, despite
the high predictive value, require further preclinical

verification. This was emphasised by H. Kaur [20], de-
scribing the discrepancies between in silico predictions
and bioavailability results after systemic administra-
tion of glycosylated antibodies. The study emphasised
that a high TPSA (over 120 A% with an optimal range of
60-90 A? for effective absorption) does not always cor-
relate with in vivo absorption, especially when admin-
istered orally, which was also observed in the models
developed at critical values of TPSA > 120 A2 Second,
many theoretical models assume ideal binding condi-
tions that are not always reproducible in cellular sys-
tems. This limitation was emphasised by O. Iwaloye et
al. [22], noting that many predicted interaction models
within Computer-Aided Drug Design (CADD) do not in-
corporate the conformational flexibility of proteins and
the influence of metabolic enzymes, which leads to a
decrease in predictive accuracy when moving to in vitro
and in vivo models.

Several examples demonstrate the successful ver-
ification of theoretical hypotheses. L. Su et al [14]
described biomaterials based on polysaccharides, in
which the theoretically predicted receptor affinity
was confirmed by cellular tests. This confirms that a
well-designed glycosyl architecture can be reproduced
experimentally. Furthermore, A. Tamburrini et al. [23]
demonstrated that synthetic glycomimetics developed
using pharmacophore modelling are selective for Galec-
tin-1, which verified the use of computer models as a
tool for the initial selection of compounds. Experimen-
tal data also indicate a correlation between the type of
glycosyl residue and in vivo stability. B. Chen et al. [15]
determined that N-glycosylated forms of proteins are
more resistant to protease degradation and have im-
proved pharmacokinetics compared to their O-glyco-
sidic analogues. This conclusion confirms the theoret-
ical data, according to which the N-bond demonstrated
lower hydrolysis energy values in the modelling.

The obtained in silico results largely correlate with
the literature and patent sources, reflecting the confir-
mation of theoretical models in the experiment in terms
of binding energy (-8.6..-9.3 kcal/mol), the nature of
hydrogen interactions and pharmacokinetic parameters
(TPSA, LogP), comparable to published data on glyco-
sylated ligands. Despite methodological limitations, the
current level of development of CADD and pharmacoph-
ore modelling enabled the use of glycosylated structures
as reasonable starting candidates for the development of
biologically active compounds.

Conclusions
The study formulated a comprehensive theoretical
justification for the expediency of using glycosylation
as a structural technique in the design of biologically
active compounds with a given pharmacological ac-
tivity. The study established that the type of glycosyl
residue (mono-, di-, acidic forms), the nature of the gly-
cosidic bond (0O-, N-), and the spatial orientation of the

-

Journal of Osh State University. Medicine. Vol. 4, No. 1



Theoretical approaches to the design of biologically active compounds ...

carbohydrate fragment critically determine the phar-
macophore profile of the molecule and the parameters
of its interaction with receptor structures.

The in-silico predictions demonstrated that the
inclusion of glycosyl fragments leads to an increase in
TPSA from 48.9 A2to 112.4 A? a decrease in LogP from
3.4 to 1.8 and a transition of the GI absorption index
from “low” to “high”. These changes indicate increased
hydrophilicity, improved solubility, and a more favour-
able absorption profile for glycosylated compounds,
especially in the context of oral administration. Mod-
elling of molecular interactions demonstrated that
glycosylated derivatives form more stable complexes
with biomolecules. The binding energy decreased from
-5.9 to -7.3 kcal/mol in non-glycosylated analogues to
-8.5 to -9.1 kcal/mol upon glycosylation. In molecular
dynamics, complexes with Galectin-3 remained stable
up to 50 ns, while analogues without glycosyl frag-
ments demonstrated destabilisation already at 15-20
ns. A comparative analysis confirmed that glycosylated
structures have a more favourable profile: increased
selectivity, reduced non-specific cytotoxicity and in-
creased enzymatic stability. In particular, the study

predictions and in vitro and in vivo results. Glycosylated
derivatives were found to exhibit activity in neuronal
models, cross the blood-brain barrier, demonstrate
improved behavioural and toxicological characteris-
tics, and may be used in the development of drugs for
the treatment of neurodegenerative and tumour dis-
eases. Glycosylation confirms its potential efficiency
for targeted structural modification, controlling the
pharmacokinetic and pharmacodynamic properties of
compounds. The presented data substantiate the appli-
cability of glycosyl fragments as active pharmacophore
domains in the design of new-generation drug mole-
cules and emphasise the need for the validation of com-
putational models in preclinical trials.

The limitation of this study is the theoretical nature
of the data obtained, based mainly on in silico model-
ling without experimental verification. Future research
should be directed to in vitro and in vivo confirmation
of the identified pharmacokinetic and pharmacody-
namic patterns of glycosylated compounds, including
the study of their stability, metabolism and therapeutic
efficacy in biological systems.
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AHHOTANUs. M3uigeeHyH MakcaTbel 60J/KOJAAYY (GapMakoJIOrHs/IbIK KacUeTTepH 6ap IVIMKO3W/EHIeH
OGUOJIOTHSIJIBIK aKTUB/IYY MOJIEKyJlajlap/ibl MaKCcaTTyy [01600pJ00HYH TEOPUSJIbIK HErM3/JePUH UIUTEN YbITYY
60JiroH. U31/1166HYH METO/,0/10THsIChl KDEMHHUN/IU MO/IeJ1/166/16 KOJIJOHY/ITaH TEOPUSJIbIK KaHa aHATUTUKAJIbIK
bIKMara Herus/ie/IreH, aHblH HYUH/e OMO0KEeTKUJIUKTYYJIYTYH, HONSPAbIK 6ETHHUH assHThIH KaHa WYeru-KapblH
CUHUPYYCYH 60J13K0J1J100, OLLIOH/,01 3J1e [JIMKO3UJIIeHT €H KOIlly/IMaslap/iblH ¢apMaKoJIOTUAJIbIK )KaKTaH MaaHUJIYY
MakcaTTap MeHeH MOJIeKYyJIIpAbIK 63 apa apakeTTeHYYyCyH 6aasioo. HaTblikanap N-alleTH/IIIIOKO3aMUH aHa
CHaJl KUCJIOTACHI ChISIKTYY IVIMKO3WJI KaJIIbIKTaPbIHBIH KOIIYJ/IYIy MOJIEKY/IAHbIH NOJISAP/bIK 6€ THHUH asHThIHbIH
48,9 naH 112,4 yap4ubl aHTCTpeMIe YelUH Ke6eNyIIyHe ajbll KeJeT, 6y pellenTOpAyK 6eJIOKTOP MEHEH CYYTeK
GallJIaHBILIBIHBIH HaTbIMXKaAJNYy/lyryHa ebOeJire Ty3eT. Ouios ajie ydypAa OKTAaHOJ MEHEH CYyyHYH OeJyHYY
koadpunueHTHHUH 3,4 TeH 1,8 re 4yellMH TeMeHeLly OGailka/iraH, 6y/a JUNOQUAAYYJIYKTYH TOMOHJSLIYH
’KaHa KareIMAyy ¢apMaKOKHHETHKaHbl KOpceTyn TypaT. MofeszeareH TIJIMKO3W/IEHI'eH KouUlyaMaJsiap
[JINKO3WJ/IZIEHTeH aHaJIOI/IOPAOH alblpMaJIaHblll, alllKa3aH-Uuerd TPaKThIHZA >KOTOPKY CUHUPYYHY KOpCeTTy.
[JIMKO3MJIZJeHTeH MoJIeKyJialap/blH THAJIYPOH KHUCIOTAChIHBIH pelenTopy aHa ['aseKTHUH-3 JIEKTUHU MeHeH
GallJIaHbILI 3HEPTUACHI 6Up MoJibre -8,5 TeH -9,1 KuJIoKasopysira YeMMHKY IMana30H/0 60JIr0H, 6yJ1 KOMIJIEKCTHUH
YKOTOPKY >KaKbIH/IBITBIH >KaHa TYPYKTYYJYyT'yH KepceTyl TypaT. CalbllIThIPyy Y4yH, MoAubUKanusIaHO6araH
KOLIy/JIMaJlap YYYH THeLleJyy IapaMeTpJsep MoJb Y4YVH -5,9 maH -7,3 Kuokaaopusra 4eluH 6oJroH. Tanzoo
OILIOH/IOM 3Jie MOTEeHLHaNyy LIUTOTOKCUKTYYJYKTYH TOMOH/IeLIYH >KaHa peLeNnTopAyK O6eJoKTOp MeHeH
MakKCcaTTyy 63 apa apaKeTTeHYYHYH HaTbIMKacblHJA HII-apaKeTTUH CeJeKTHUB/YYJYT'YHYH >KOTOpyJallblH
Gesirusieiy. AJIbIHTaH MaaJsibIMaTTap MUITEJUIT YblKKAH MOJIeKyJlaJap/iblH OM0KETKUIUKTYYJIYTYH, 63re4eyIYH
»KaHa TepanusyIblK 3G GeKTUBAYYIYTYH KOTOPY/IaTyy CTPATerusichbl KaTaphl [NIMKO3UJI®6HYH MaaHUIYYJIYTYH
TaCTBIKTAUT. HaTelikanap gapbl MoJieKy/ajapblH palMoHAIAYY A0J600pJ00 YIYH NPAKTHKaAJbIK MaaHUTe
33, MbIH/]A TJIMKO3UJ GparMeHTTEePH TepaIUsJIbIK KOUIyJIMaJap/blH CeJeKTUBAYYAYTYH, TYPYKTYYJyTyH >KaHa
OUOXKETKUIUKTYYJIYTYH )KOTOpY/IaTyy4yy akKTUBAYY dapMakodopAyK 3/1leMeHTTep KaTapbl KOJJOHY/IAT
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aKTHUBAYYJIYTY; 6uoTapreTTep; dpapMakodpop; 6U0KETKUIUKTYYAYTY
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AHHOTANUA. lesnbio nccaesoBanus 66110 GOPMUPOBAHME TEOPETUYECKHUX 0O0CHOBAHUM /IJIs1 HANIPaBJIEHHOT0
POEKTUPOBAHUS  I[VIMKO3WJMPOBAHHBIX OHOJIOTHYECKHM aKTHUBHBIX MOJIEKYJl C TNPOrHO3UPYEMBIMHU
dbapMakosioruiyecKUMHU CBOHCTBaMU. MeTO/,0/10THs M CCIeJ0BAaHUS OCHOBBIBAJIACh Ha TEOPETHKO-aHAJIUTUYECKOM
MOJX0/le C HCIOJIb30BaHHEM in silico-MozeMpoBaHusi, BKIKYAKLIEr0 TPOTHO3 GHOJOCTYIHOCTH, MOJISIPHOU
MIOBEPXHOCTU M IKeJYyJO0YHO-KHUIIEYHOM abCcopOIMH, a TaKXKe OLEeHKY MOJIEKYJSPHbIX B3aWMOJENHCTBUN
IJINKO3WJIMPOBAHHBIX COeJMHEHUN C papMaKoJIOrHYecKU 3HAYMMbIMU MULIEHSIMH. Pe3ysbTaThl yKa3bIBaloT,
YTO BKJIIOUEHHE IVIMKO3UJIbHBIX OCTATKOB, TAKHUX KaK N-alleTHUJIIVIIOKO3aMUH U CHaJIoBasi KUC/I0Ta, IPUBOAUT K
YBEJIMUEHUIO MOJISIPHOM MMOBEPXHOCTH MOJIeKyJbI € 48,9 0 112,4 KBaApaTHBIX aHICTPEMOB, YTO CIIOCOOGCTBYET
6osiee 3P PEeKTHUBHOMY BOJIOPOLHOMY CBSI3BIBAHUIO C pPeLleNTOPHBIMU GeskaMu. OJHOBpeMeHHO Ha6JIl0/1a0Ch
CHIKeHHe K03dHUIMeHTa pacnpeie/ieHus 0 OKTAaHOY U Boje ¢ 3,4 10 1,8, 4To yKa3bIBaeT Ha YMeHbIleHHe
JUNoPUABHOCTY U 6Gosiee 6JsaronpUATHY0 ¢GapMaKoKHHeTHKY. CMoJie/lMpOBaHHbIE T[JIMKO3UJIMPOBAaHHbIE
COeIMHEHUs JIeMOHCTPUPOBAJIN BBICOKYIO CTEMeHb BCACBIBAHUSA B KeJYA0YHO-KHUIIEYHOM TPAKTe, B OTJIHYHE
OT HEerJIMKO3WJIMPOBAHHBIX aHAJOTOB. JHEPIUsl CBA3BIBAHUS IVIMKO3WJHWPOBAHHBIX MOJIEKYJ C PeLenTOpPOM
THAJIyPOHOBOUM KUCJIOTHI U JieKTUHOM Galectin-3 Haxoawsack B AuamnasoHe oT -8,5 70 -9,1 kuiokamopuil Ha
MOJIb, YTO YKa3bIBAeT HA BbICOKYI0 apGUHHOCTD U CTAOUIBHOCTb KOMILJIEKCA. B cpaBHEHUH, COOTBETCTBYIOLIHE
napaMeTphl /J1s1 HeMoAUPUITMPOBAHHBIX COEJMHEHUM COCTAaBWJIM OT -5,9 10 -7,3 KHUJIOKaJIOpU# Ha MoJib. B xoze
aHa/M3a YCTAHOBJIEHO TAaK)Ke CHIKEHHE MOTEHLMAJbHOW IUTOTOKCUYHOCTU U TOBBIIIEHUE CeJeKTUBHOCTH
JlecTBUsL 3a CYET HampaBJEHHOTO B3aUMOJIEHCTBUS C pelenToOpHbIMU OesnkaMu. [losyyeHHble [aHHbIE
MO/ TBEPXAIT 3HAYUMOCTb IJTMKO3UJIMPOBAHUS KaK CTPAaTETUH NOBBIIIEHUs GUOJOCTYITHOCTH, CIeUPUIHOCTH
U TepaneBTUYeCKON 3¢ PeKTUBHOCTH pa3pabaThiBaeMbIX MOJIEKYJI. Pe3yibTaThl UMEIOT MPAaKTUYECKOe 3HAaYeH e
JUIST pallMOHAJIbHOTO IMPOEKTUPOBAHHUS JIEKAPCTBEHHBIX MOJIEKY/, B KOTOPBIX TIJIMKO3WJIbHble (parMeHThl
HCIO0JIb3YIOTCA KaK aKTHBHble ¢papMaKodOpHbIE 3JEMEHTHI, NMOBBIIIAINHE CEJEKTUBHOCTb, CTAOUIBHOCTD U
6MO/JOCTYITHOCTb TepaNeBTUYECKUX COeJUHEHUN

KiioueBble CJI0BA: GapMakOKHHETHKA; MOJIEKYJADHOE MOJie/IMpOBaHUe; CeJeKTUBHOCTb; pelLeNTOopHas
aKTUBHOCTb; 6MoMHulIeHH; papMakoPpop; 6UOJOCTYIIHOCTb
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