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Abstract. Endogenous purines are essential regulators of various physiological
functions, including immune response, inflammation, and neurotransmission.
While adenosine has long been considered the primary ligand for adenosine
receptors, recent evidence suggests that other purines may also interact with
these receptors, particularly the A,, adenosine receptor (A, ,AR). This study
investigates the potential role of endogenous purines as natural ligands of
A, AR using molecular docking. The results demonstrate a high binding affinity
of purines for A, AR, suggesting their functional relevance in receptor-mediated
signaling. Additionally, A, AR plays a crucial role in immune regulation by
influencing T-cell differentiation and cytokine production. Modulating its
activity through endogenous purines may have significant implications for
inflammation-related diseases, including cancer and neurodegenerative
disorders. The findings provide new insights into the purinergic control of
the adenosinergic system and highlight the potential of targeting A2BAR in
therapeutic strategies. However, further studies, including in vitro and in vivo
experiments, are necessary to confirm the physiological relevance of these
interactions. This research expands our understanding of purinergic signaling
and opens new avenues for the development of pharmacological interventions
aimed at modulating immune and inflammatory responses.
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Endogenous purines as natural ligands of the A2B adenosine receptor

Introduction

Adenosine receptors (ARs) are G protein-coupled receptors that play crucial roles in various
physiological processes,includinginflammation, cardiovascularfunction,and neurotransmission
[1, 2]. The four AR subtypes (A, A,,, A,,, and A,) have unique pharmacological profiles and
tissue distributions, making them promising therapeutic targets for numerous diseases [2, 3].
ARs modulate neurotransmission in the central nervous system, interfering with dopaminergic,
glutamatergic, and other neurotransmitter systems, which suggests potential applications in
treating neuropsychiatric disorders [4]. Recent advancements in AR pharmacology have led
to the development of new ligands and strategies for receptor activation, showing promise in
treating conditions such as cancer, inflammatory diseases, and metabolic disorders [3]. However,
the ubiquitous distribution of ARs presents challenges in achieving selective and site-specific
modulation [1, 3]. Significantly, the A,, adenosine receptor (A, AR) is a low-affinity receptor
with wide distribution, making it a target of interest in various pathological conditions [5].

The A, AR has become a significant target in various pathological conditions, including
inflammatory diseases, cardiovascular disorders, and metabolic dysfunctions [6,7]. A, AR
activation plays a crucial role in alcoholic hepatitis by regulating cAMP levels and the NF-xB
pathway, potentially reducing inflammation and steatosis [8]. While AZBAR antagonists have
shown promise in treating airway inflammation, gastrointestinal disorders, and cancer, only
a few have entered clinical trials [6]. Recent research has focused on developing allosteric
modulators for A, AR, which offer advantages over orthosteric ligands by fine-tuning tissue
responses to endogenous agonists [5]. These modulators may prove beneficial in managing
chronicobstructive pulmonary disease, protecting the heart from ischemic injury,and promoting
bone formation [5]. Overall, A, AR-targeted therapies represent a promising avenue for treating
various human diseases.

Interestingly, initially A, AR was considered less physiologically relevant due to its low affinity
for adenosine, has gained attention for its upregulation during hypoxia and inflammation [9,10].
Studies using genetic and pharmacological approaches have demonstrated A, AR's tissue-
protective role in various acute disease models [10, 11]. Additionally, the adenosine metabolite
inosine has been identified as a functional agonist of the related A, , receptor, exhibiting a unique
signaling bias compared to adenosine [12]. This finding suggests that inosine may play a role
in prolonging adenosine receptor activation in vivo, given its longer half-life. These advances
provide new insights into purinergic signaling and potential other purines, such as inosine,
guanosine, and their metabolites, which may contribute to A AR modulation. These alternative
ligands could influence receptor signaling, offering new insights into the physiological and
pathological roles of the A, AR receptor.

An understanding of the interaction between endogenous purines and A, AR could provide
valuable information for the development of pharmaceuticals. While synthetic compounds
targeting A, AR have shown promise in preclinical and early clinical studies, the presence of
natural ligands raises important questions about receptor selectivity, competitive binding,
and functional outcomes [13-15]. Some endogenous purines have been suggested to exert
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protective effects in ischemic injury, neuroinflammation, and metabolic regulation, indicating
their potential as modulators of A, AR activity [16, 17].

This study investigates endogenous purines as natural ligands of A, AR and their influence on
receptor signaling pathways using an AlphaFold-modeled receptor and molecular docking. This
approach enables a detailed analysis of ligand-binding characteristics and their potential impact
on receptor signaling mechanisms. A deeper understanding of these interactions may reveal
new aspects of A, AR pharmacology and regulation and provide insights into the potential use
of purines as biomarkers or therapeutic targets in diseases associated with A, AR dysfunction.

Materials and research methods

3D Model of the Adenosine Receptor

3D structures of the active and inactive conformations of the adenosine receptor type
A, (A,,AR) were obtained by the program AlphaFold2-MultiState Al (https://gpcrdb.org/
structure/homology_models) [18,19].

Ligand Molecules

Based on structural similarities, it was hypothesized that all-natural purine nucleosides
and purines could interact with the target proteins during the ligand library compilation for
molecular docking [20]. Analysis of databases and literature led to the identification of two
antagonists and one selective agonist that were used in this study.

Adenosine (C1oH13N50,) is a nucleoside composed of an adenine base linked to D-ribose,
playing akey role in nucleic acid structure, energy metabolism, and cell signaling (PubChem CID:
60961) [21]. Inosine (C;oH;12N405) is structurally similar, participating in metabolic pathways
and nitrogen compound exchange (PubChem CID: 135398641) [22]. Xanthosine (C1o0H12N40¢)
serves as a metabolic intermediate (PubChem CID: 164959), while guanosine (C;o0H;3N505) is
crucial for genetic information transfer and cellular regulation (PubChem CID: 135398634)
[23, 24].

Adenine (CsHsNs) is a fundamental purine base in DNA, RNA, and ATP, essential for
energy transfer (PubChem CID: 190) [25]. Hypoxanthine (CsH4N,0) is an intermediate in
purine metabolism (PubChem CID: 135398638), while xanthine (CsH4N4,0;) is a precursor
to biologically active compounds (PubChem CID: 1188) [26-29]. Guanine (CsHsN50) is a key
nucleobase involved in genetic coding and cellular processes (PubChem CID: 135398635) [30].

Caffeine (CgH1oN4O;) is a xanthine-derived alkaloid that acts as a non-selective AZBAR
antagonist, enhancing wakefulness and cognitive function (PubChem CID: 2519) [31-33].
MCP-NECA (C21H20Ng0Os) is a potent A, AR antagonist with potential applications in pain
relief and neurodegenerative disease treatment (PubChem CID: 5310960) [34]. BAY 60-6583
(C1oH17N50,S) is a selective A, AR agonist with strong affinity, used to investigate A, ,-mediated
pathways in inflammation, cardiovascular diseases, and cancer (PubChem CID: 135398635)
[35]. These compounds provide valuable tools for exploring purinergic signaling and potential
therapeutic applications.
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Hardware and software

Molecular docking was carried out on a homemade computer, the system includes the
motherboard ASRock Super Alloy B250 Pro4, video cards MSI NVIDIA GeForce GTX 1050 Ti
4Gb, Gigabyte NVIDIA GeForce GTX 1050 Ti 4Gb, processor Intel Pentium G4600, RAM Kingston
Fury Beast KF432C16BBK2/16 16, permanent memory SSD Kingston SA400S37 480 Gb. To
perform rigid molecular docking, we used the AutoDock Vina GPU program [36-38]. AutoDock
is a program developed for molecular docking. It is mainly used for protein-ligand docking,
including taking into account mobile protein residues. However, during the study, difficulties
were identified in working on AutoDock Vina running on the CPU, and AutoDock Vina GPU, which
runs on Linux, was adapted to work on Windows. The program itself was downloaded from
open access on the GitHub website (https://github.com/DeltaGroupNJUPT/Vina-GPU-2.0).

Rigid Docking Using AutoDock

To perform molecular interaction, we used Rigid docking, which assumes the stability of the
molecule and a specific binding site. The binding site was determined by the reference structure
of the A, AR in AutoDock, and a Grid Box was also built on this basis with coordinates [39]. Also,
a script with a configuration using the Grid Box coordinates was written to perform docking.
The protein was also prepared in AutoDock, with the water removed from the structure, polar
hydrogens added, and the charge calculated using Gasteiger [39,40]. The ligand molecule was
also prepared in the same way after the structure was converted from SDF to PDB. Docking was
performed with ligand and protein files in PBDQT format after preparation in AutoDock [36-38].

Visualization and Statistical Analysis

Molecular docking results were visualized and analyzed using PyMOL [41]. Structural
alignments, ligand-receptor interactions, and binding poses were examined to identify
key interactions contributing to ligand affinity. Statistical validation of docking results was
performed by conducting docking simulations on five independent models of A, AR to ensure
reproducibility [42]. Meaning energies and standard deviations were calculated to assess the
stability of predicted binding interactions. This approach enabled a comprehensive comparison
between rigid and flexible docking methods, providing a detailed understanding of ligand
binding behavior in both active and inactive states of A, AR.

Results

In silico analysis of nucleotide binding to the inactive A, AR

In this study, molecular docking of 11 ligands with the inactive form of the A, adenosine
receptor (A, ,AR) was performed to identify key interactions (Figure 1). The affinity of the
compounds and their ability to bind to the receptor's active site were evaluated. The obtained
data allowed for the determination of structural features influencing ligand interactions with
A, AR. Statistical analysis was conducted using one-way analysis of variance (ANOVA) with
a significance level of P < 0.0001, followed by Tukey's multiple comparisons test to assess
differences between the ligands and the control group. The data confirms statistically significant
differences in the affinity of the compounds studied for A, _AR.

Adenosine was considered both a control and an experimental molecule, as its interaction
with A_ AR in the cryo-EM structure has already been described [21, 43]. Initially, an analysis
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of adenosine binding revealed 16 possible binding variations, driven by different ligand
conformations. The binding free energy (AG) analysis showed a minimum value of -5.8 kcal/
mol and a maximum of -6.5 kcal/mol. The results indicate that adenosine binds to AZBAR in its
inactive state through interactions with residues ASN254, GLU174, PHE173, HIS280,and ALA82.
ASN254 is localized in the a6-helix, GLU174 and PHE173 in the a5-helix, ALA82 in the a3-helix,
and HIS280 in the a7-helix (Figure 2A). The mobility of these helices, as demonstrated by TM
analysis, is necessary for conformational changes and the release of the Gs protein subunit [19].
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Types of ligands

Note: Columns labeled with the same letters do not show statistically significant differences, whereas
different letters indicate statistically significant differences.

Figure 1. Changes in AG upon ligand binding to the inactive A, AR

A hydrogen bond is formed between the amino group of adenosines at the 6-position of the
purine ring and the carboxamide group of ASN254. The secondary amino group of adenosines
at the 1-position of the purine ring may interact with the carboxyl group of GLU174. PHE173
participates in a -1 interaction between its benzene ring and the pyrimidine ring of the ligand.
The hydroxyl group at the 5'-position of ribose forms a hydrogen bond with ALA82, while
HIS280 interacts with the hydroxyl group of ribose at the 4'-position. These interactions have
also been described in a study on the active structure of A, AR obtained by cryo-EM, further
demonstrating that docking with AlphaFold-predicted structures is relevant for conducting
molecular simulations [19,43].

Inosine was selected for docking due to its structural similarity to adenosine, with the only
difference being the substitution of the amino group at the 6-position of the purine ring with
an oxygen atom [22]. The maximum binding affinity of inosine (AG = -6.5 kcal/mol) was found
to be comparable to that of adenosine. However, unlike adenosine, inosine interacts with
A, AR exclusively through its ribose moiety, without involving the purine ring. The primary
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interactions occur with residues ALA64, PHE173, and TYR10, located in the a2-, a5-, and al-
helices, respectively (Figure 2B). Inosine forms hydrogen bonds between the hydroxyl groups
of its ribose moiety and the amide bond of the polypeptide chain at PHE173, as well as with the
hydroxyl group of TYR10. These findings suggest a potential role for inosine as a physiological
antagonist of A, _AR.
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Figure 2. 3D and 2D visualization of molecular interactions between (A) Adenosine, (B) Inosine,
(C) Xanthosine, and (D) Guanosine and the binding site of the inactive A, AR

Xanthosine, a less common purine nucleoside, was tested to assess its binding capacity to
the inactive form of A, AR. Docking analysis revealed that xanthosine exhibits a higher binding
affinity (AG = -6.9 kcal/mol) compared to adenosine and inosine. The structural distinction of
xanthosine lies in the presence of an additional oxygen atom at the 2-position of the purine ring,
which may contribute to stronger receptor binding.

The most stable conformation of xanthosine interacts with PHE173 and ASN254, located in
the a5- and a6-helices, respectively (Figure 2C). PHE173 forms a double m-Tt interaction with
the purine ring of the ligand, whereas adenosine exhibited only a single interaction. ASN254
forms a hydrogen bond between its carboxamide amino group and the oxygen at the 6-position
of the purine ring. The absence of interaction with GLU174 and the altered position of the
secondary amino group may indicate a potential agonistic activity of xanthosine toward A, AR.
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Guanosine, the fourth tested nucleoside, is structurally similar to inosine but differs by the
presence of an amino group at the 2-position of the purine ring. Docking analysis revealed
that guanosine exhibits a higher binding affinity (AG = -6.7 kcal/mol) compared to adenosine.
The primary interactions of guanosine with the receptor occur through residues PHE173 (a5-
helix) and SER279 (a7-helix). PHE173 forms a m-m interaction with the benzene ring of the
ligand, while SER279 participates in hydrogen bond formation with the hydroxyl group of the
ribose at the 5'-position (Figure 2D). These findings suggest a potential role for guanosine as a
physiological antagonist of A, AR.

Adenine is a derivative of adenosine lacking the ribose moiety. Molecular docking results
indicated that its affinity for A, AR is lower than that of adenosine. The maximum and minimum
binding free energies were AG = -4.7 and AG = -4.3 kcal/mol, respectively. Visualization of
interactions demonstrated that adenine forms a single hydrogen bond between the tertiary
amino group at the 1-position of the purine ring and the secondary amino group of HIS280
(Figure 3A). This amino acid is located on the a7-helix, which could potentially influence the
conformation of the a8- and al-helices. However, the lack of additional interactions suggests
that adenine does not exert a significant effect on A, AR as either an agonist or an antagonist.
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Figure 3. 3D and 2D visualization of molecular interactions between (A) Adenine; (B) Hypoxanthine;
(C) Xanthine; and (D) Guanine and the binding site of the inactive A, AR
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Hypoxanthine has been theoretically considered as a potential AZBAR antagonist, providing the
rationale for its molecular docking analysis [44]. However, literature data indicate low receptor
affinity for alloxazine under physiological conditions in vitro and in vivo. The obtained results
demonstrated that hypoxanthine exhibits a lower affinity for A, AR compared to adenosine, with
the best binding free energy recorded at AG = -4.9 kcal/mol. 2D and 3D visualizations revealed
that the molecule forms two hydrogen bonds with the a7-helix of the receptor via HIS280 and
SER279 (Figure 3B). Hypoxanthine interacts with HIS280 through the secondary amino group at
the 1-position of the purine ring, while SER279 forms a hydrogen bond with its carbonyl group at
the 6-position. These interactions suggest that binding to the a7-helix may influence the al-helix,
altering the binding pocket and potentially inhibiting the receptor.

Xanthine, a derivative of hypoxanthine, has been considered a potential antagonist of
adenosine receptors. However, existing data suggests its possible role as an A, AR agonist.
The primary structural difference between xanthine and hypoxanthine lies in the presence of
an additional oxygen atom at the 2-position of the purine ring. Docking results revealed that
xanthine exhibits a higher affinity for the receptor compared to hypoxanthine, with the best
binding free energy recorded at AG = -5.4 kcal/mol. Visualization showed that xanthine forms
similar interactions with HIS280 and SER279 but with additional functional contributions from
the oxygen at the 2-position and the tertiary amino group at the 9-position (Figure 3C).

Guanine is the last of the naturally occurring purine bases circulating in the human body [30].
It differs from xanthine by the substitution of an oxygen atom at the 2-position of the purine
ring with a primary amino group. Molecular docking revealed a similar binding free energy (AG
= -5.4 kcal/mol), indicating its high affinity for A, AR. Visualization demonstrated that guanine
interacts with three amino acid residues located in different receptor domains: LEU81 (a3-
helix), ALA60 (aZ2-helix), and HIS280 (a7-helix). Hydrogen bonds are formed between LEU81
and the primary amino group at the 2-position of the purine ring, between ALA60 and the same
group, as well as between HIS280 and the oxygen at the 6-position of the purine ring (Figure
3D). Potential conformational changes in these structural elements may lead to a reduction in
the binding pocket size, making guanine a promising low-affinity antagonist of A, AR.

Caffeine is a well-known non-selective antagonist of adenosine receptors [31-33]. Numerous
antagonists with specificity for different adenosine receptor subtypes have been synthesized
based on their molecular structure. In this study, caffeine was used as a reference molecule
to assess the inhibitory potential of the purine ring concerning the inactive form of the A, AR
adenosine receptor.

Molecular docking analysis revealed two possible conformations of caffeine that could
interact with A, AR in its inactive state (Figure 4A). Further molecular interaction analysis
identified a key m-m interaction between caffeine and the PHE173 residue, which is known to
play a significant role in receptor activation. Given the importance of this residue in receptor
function, this interaction suggests that caffeine may act as a competitive inhibitor by interfering
with ligand binding at the active site. These findings support the established role of caffeine
as an effective modulator of adenosine receptor activity, further validating its function as a
benchmark compound in receptor inhibition studies.
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Figure 4. 3D and 2D visualization of molecular interactions of (A) Caffeine, (B) Mcp-neca,
(C) BAY 6065-83 with the A, AR binding site

Mcp-neca, as previously described, is an antagonist of both A, and A3 AR [34]. In this study,
molecular docking of Mcp-neca was performed with both inactive and active forms of A, AR to
elucidate its inhibition mechanisms. The results indicate a significantly higher affinity of Mcp-
neca compared to adenosine (AG = -7.5 kcal/mol, with a minimum value of AG = -6.8 kcal/
mol). Interaction visualization (Figure 4B) revealed that Mcp-neca interacts with at least three
amino acid residues: PHE 173, GLU 174, and LYS 267. The PHE 173 residue, located in the a5-
helix, participates in a - interaction with the ligand’s benzene ring, potentially stabilizing the
complex. GLU 174 forms hydrogen bonds, which may restrict a5-helix mobility and prevent
G-protein activation. The most significant contribution to affinity is likely to come from the m-cation
interaction between the positively charged LYS 267 and the ligand’s aromatic system. Thus, Mcp-
neca acts as a competitive antagonist by blocking the active site and preventing adenosine

The final tested ligand was BAY 6065-83, known as a selective A, AR agonist. Analysis of
cryo-EM structures identified active conformations of the receptor interacting with BAY 6065-
83. Molecular docking results showed that the ligand's highest affinity was AG = -7.3 kcal/
mol. Interaction visualization (Figure 4C) revealed two key interactions: a m-m interaction
with PHE 173 (a5-helix) and a hydrogen bond with SER 279 (a7-helix). These interactions are
characteristic of both adenosine receptor agonists and antagonists. Thus, BAY 6065-83 exhibits

specific interactions with A, AR that may play a crucial role in its activation.
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In silico analysis of nucleotide binding to the active A, AR

After molecular docking with the inactive form of the A2ZBAR receptor; similar calculations were
performed for its active form. The study covered 11 different ligands, including natural purines
as well as selective and non-selective antagonists and agonists (Figure 5). The analysis identified
potential agonists (xanthosine), antagonists (inosine, guanosine, guanine), and molecules with no
significant effect (adenine). The roles of xanthine and hypoxanthine remain uncertain.
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Note: Tukey's multiple comparison test was used to assess statistical significance relative to adenosine.
Columns without labels are not significant, whereas asterisks indicate significance.

Figure 5. Change AG for ligand binding to the active A, AR

This section focuses on the analysis of natural nucleosides to confirm their functional role,
as well as the selective antagonist MCP-NECA and the selective agonist BAY 6065-83. Affinity
evaluation is based on binding free energy, analyzed only for the most stable complexes.
Additionally, the interaction patterns of these ligands with key receptor residues were examined
to provide further insights into their binding mechanisms.

The AG values for interactions between the active form of A, AR and adenosine, inosine,
xanthosine,and guanosine did notshow significant differencesin affinity (Figure 5). Amongthem,
adenosine exhibited the lowest affinity (AG = -6.6 kcal/mol), while guanosine demonstrated
the highest binding affinity (AG = -6.9 kcal/mol). The presumed agonist xanthosine displayed
an intermediate AG value of -6.8 kcal/mol. Molecular interaction analysis revealed that all
potential agonists form a m-m interaction with the hydrophobic residue PHE 173 (a5-helix).
Adenosine, inosine, and xanthosine establish a hydrogen bond with HIS 280 (a7-helix) via the
ribose moiety. Additionally, inosine, xanthosine, and guanosine interact with THR 89 (a2-helix),
whereas guanosine, unlike the other molecules, forms a hydrogen bond with ALA 64 instead of
SER 68 (Figure 6).
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Figure 6. 3D and 2D visualization of molecular interactions of (A) Adenosine, (B) Inosine,
(C) Xanthosine, and (D) Guanosine with the binding site of the active A, AR
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The data obtained suggest that xanthosine is likely to be an agonist of A, AR, asits interactions
align with known parameters of agonistic activity. However, the influence of an additional
hydrogen bond with THR 89 remains unclear and may merely enhance affinity without inducing
conformational changes in the receptor. Inosine and guanosine also exhibit agonistic potential,
but their interactions with key amino acids differ, which could indicate possible antagonistic
activity of guanosine.

A literature review on the potential role of inosine in A, AR signaling revealed conflicting
evidence. While several studies demonstrate that inosine interacts with A, AR adenosine
receptors, these findings cannot be directly extrapolated to A, AR due to significant differences
in their signaling mechanisms. A, AR primarily couples to Gs proteins, leading to increased
intracellular cAMP levels, whereas A2ZBAR can couple to both Gs and Gq proteins, resulting in
more complex and context-dependent signaling pathways. Studies on A, AR typically employ
adenosine concentrations of 30 nM and 100 nM, whereas research on A2BAR indicates that
this receptor has a relatively low affinity for its natural agonist, with a Ki value of 15,000 nM
(equivalent to 15 uM) [12, 45, 46]. Interestingly, one study also utilized a significantly higher
inosine concentration of 100 mM, which showed an increase in dynamic mass redistribution.
However, this experiment was conducted on cells overexpressing A, AR, raising concerns
about the validity of the observed effects [12]. Given the distinct functional roles and signaling
pathways of A, AR and A, AR, it remains unclear whether inosine acts as an agonist, antagonist,
or neutral ligand for A, AR. Direct functional assays are necessary to determine their precise
activity.

These findings highlight the complexity of nucleoside-receptor interactions and suggest
that further investigation is needed to determine the precise functional roles of inosine and
guanosine in A, AR signaling. Future studies should aim to clarify whether their effects are
context-dependent and whether variations in receptor expression levels influence their
agonistic or antagonistic properties. It is important to note that in two separate experiments,
the A,, receptor antagonist [3H]ZM 241385 was used as a control agent to assess the binding
of inosine to this receptor. However, this compound is also known to act as an A, antagonist,
raising concerns regarding the validity of these findings. As a result, we cannot fully accept
these data as definitive evidence [44]. Consequently, we propose the hypothesis that inosine
may act as an A2ZBAR antagonist, but further experimental validation is required.

In this study, the selective antagonist Mcp-neca and the selective agonist BAY 6065-83 were
analyzed in complex with the active form of A2BAR. The calculated binding free energy was
AG = -7.4 kcal/mol for BAY 6065-83 and AG = -7.0 kcal/mol for Mcp-neca. Molecular docking
results indicate that MCP-NECA loses a significant portion of its interactions in the active state
of the receptor, although it retains m-m interactions with amino acid residues of the a7-helix.

In contrast, BAY 6065-83 exhibits interaction patterns similar to those of adenosine.
Specifically, PHE 173 (a5-helix) forms a m-1 interaction, while hydrogen bonds are established
with HIS 280 (a7-helix), ALA 64 (a2-helix), GLU 174 (a5-helix), and ASN 254 («5-helix). These
findings suggest that BAY 6065-83 engages key structural elements involved in receptor
activation, reinforcing its role as a potent A, AR agonist.

JLH. 'ymunes amuindarsl Eypasus yammuik ynusepcumeminiyy XABAPIIBICBL. Buo102usifAblK FolablMOap cepusicel N21(150)/ 145
BULLETIN of L.N. Gumilyov Eurasian National University. Bioscience series 2025
BECTHHK Espasuiickozo HayuoHa1bHo20 yHUsepcumema umenu J1.H. ['ymusesa. Cepust 6uosozudeckue HaQyKu



M. Satkanov, E. Chupakhin

& Charged (negative) . Polar -==-  Distance —  Salt bridge
.  Charged (positive) &  Unspecified residue -  H-bond Solvent exposure
Glycine Water —  Metal coordination
. Hydrophobic Hydration site ®® Pi-Pi stacking
+  Metal X Hydration site (displaced) —® Pi-cation

Note: al - red; a2 - orange; o3 - ochre-yellow; a4 - lemon; o5 - green; a6 - turquoise; a7 - blue.

Figure 7. 3D and 2D visualization of molecular interactions of (A) Mcp-neca, (B) BAY 6065-83
with the binding site of the active A, AR

Discussion

A,AR plays a crucial role in various physiological processes, including inflammation,
immune modulation, and vascular regulation [6-13]. Previously, adenosine and its analogs
were considered to be the primary ligands for this receptor. However, our findings indicate that
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all endogenous purines may also interact with A, AR. In this study, we have demonstrated that
endogenous purines exhibit a high affinity for A, AR, as confirmed by molecular docking analysis.
These results expand the current understanding of the role of purines in the regulation of the
adenosinergic system and may have significant physiological and pharmacological implications.

Studies have shown that A, ARis involved in the differentiation of CD4+ T cells into regulatory
T cells (Tregs) [47]. The work of Hiroko Nakatsukasa et al. demonstrated that A, AR antagonists
inhibit Foxp3 expression and IL-10 production without affecting CD4+ T cell activation. These
findings highlight the pivotal role of A, AR in immune regulation. Regulatory T cells play a
crucial role in maintaining peripheral immune tolerance and suppressing excessive immune
responses. Notably, a reduction in Treg numbers has been associated with enhanced antitumor
immunity [47,48]. Consequently, A, AR antagonists, by inhibiting Treg differentiation, may
enhance the effectiveness of immune responses against tumor cells.

In the study by Matthias Seifert et al,, the influence of A,, and A, adenosine receptors on
murine CAR-T cells was investigated [49]. It was established that the non-specific adenosine
receptoragonist NECAreduces the release of IFN-y, [L-2,and TNF-a in a dose-dependent manner
[49]. CAR-T cells predominantly express A2ZA and A2B AR; however, the potential expression of
A1l and A3 AR cannot be ruled out. Given that the EC50 values for NECA are 14 nM (A1), 20 nM
(A,,), 2.4 uM (A,,), and 6.2 nM (A,), it can be inferred that the observed reduction in cytokine
secretion may also be influenced by the activation of A, and A, receptors, rather than being
exclusively attributed to A, and A, [49,50].

Literature data confirm that the primary immunosuppressive effect of adenosine in CAR-T
cells is mediated through the A,, receptor [51]. Consequently, its activation suppresses the
production of pro-inflammatory cytokines, which may be linked not only to the Gas protein but
also to the involvement of GB/y subunits. Experimental data indicate that at low concentrations
of the A,, antagonist AB928 (<10 nM, EC50 = 2 nM), the secretion of pro-inflammatory
cytokines is also reduced [52]. This suggests that A2B signaling in CAR-T cells may activate the
Gq pathway, promoting differentiation without directly affecting cytokine synthesis. In contrast,
A, antagonists inhibit differentiation while having no significant impact on cytokine production.

Inflammation plays a crucial role in the development of neurodegenerative disorders such
as Alzheimer's and Parkinson's disease. Neuroinflammation, characterized by elevated levels
of pro-inflammatory cytokines and activated microglia, contributes to disease progression
[53]. Chronic microglial activation leads to increased production of inflammatory mediators,
forming a vicious cycle of neuronal damage and further inflammation [54]. Protein aggregates,
common in neurodegenerative diseases, can both induce and exacerbate neuroinflammation
[53]. In Parkinson's disease, immune alterations in response to extracellular a-synuclein may
modulate disease progression [55]. While it remains unclear whether neuroinflammation is
a primary cause or secondary consequence of neurodegeneration, targeting inflammatory
processes has emerged as a promising therapeutic strategy [53,54]. The activation of adenosine
receptors, particularly A, , may influence neuroinflammatory processes by modulating immune
cell activity in the central nervous system. Our findings suggest a potential role for endogenous
purines in regulating inflammation through A2B receptors, opening new avenues for exploring
their involvement in the pathogenesis of neurodegenerative diseases.
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Despite the significance of our results, this study has certain limitations. Our conclusions
are currently based solely on molecular docking, which indicates potential interactions
between endogenous purines and the A, adenosine receptor. However, additional biochemical
studies, including experiments on cell lines and in vivo models, are necessary to confirm their
physiological role.

If A,, AR indeed influences T-cell differentiation, this could present new opportunities
for immunotherapy. On one hand, activation of this receptor may promote the development
of regulatory T cells (Treg), which are essential for controlling autoimmune diseases and
inflammatory processes. On the other hand, the inhibition of A, AR could enhance anti-tumor
immunity by suppressing Treg differentiation and increasing the activity of effector T cells.
Future research should focus on elucidating the effects of endogenous purines on A,; AR in
the context of immune regulation, which could provide valuable insights into their potential
therapeutic applications in cancer and inflammatory diseases.
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JHJoreH ik NypuHjep A, a/leHO3MH PeleNTOPbIHbIH, TAGUFH IUraHATapbl PeTiHe

M. CarkanoB*!, E. YynaxuHn'
UmmaHysne Kaum ambindarsl Baambik gpedepandel yHusepcumemi,
Kanununepad, Peceii @edepayusicol

AnpaTna. JHJOTeHJiK TNypUHJEp OpTYyp/i ¢GU3HOMOrUANbIK GYHKIUANAPAbIH, COHBIH, illiHje
MMMYH/IbIK »KayalTblH, KaObIHY/bIH *X9He HEWPOTPAaHCMHUCCUSAHBIH, MaHbI3/bl peTTeyllijepi 60JbIn
TabbLIaJbl. AIEHO3UH Y3aK YaKbIT GOHbl aJleHO3UH/IK pelLienTopJ/ap YIUiH Herisri jiurasj 60Jibln
CaHa/IFaHbIMEH, COHFbI JepeKTep 0acka NypUHJEpPAiH [Jle OChbl pelenTopJapMeH, aTan alTKaHJa
A,, ajeHo3suHJiK penentopsiapbiMeH (A, ,AR) epekeTTece ajaThiHbIH KepceTeAi. Bysn 3eprrey
MOJIEKYJIAJIbIK JOKMHI apKbuibl A, AR TaGUFH JMraHATapbl peTiH/e SHAOTeHAIK yPUHAEP/iH a/1eyeTTi
pesiin 3epTTeli. HoTmxkesnep nypunaepain A, AR-ra >xoFapbl %aKbIH/bIFbIH KOPCETe/, 6y 0/1ap/ibIH,
OChbl pPelenTop apKbLIbl GOJATHIH CUTHAJ 6epy KoJAapblHAaFrbl QYHKIIMOHA/IbIK MaHbI3/IbLIbIFbIH
kepcetefi. ConbiMmeH Katap, A, AR T jkacyianapbiHblH JUdPepeHIralUsaCcbiHa XoHe LU TOKUHAEP/iH
OH/IipiCiHEe acep eTy apKbLIbl UMMYH/BIK PeTTeyAe llewyll pes aTkKapazabl. OHbIH GeJiceHiTiriH
3HJOTEH/IK NypPUHAEpPMeH MOAyJIALUsIay icik >koHe HelpojereHepaTUBTI Oy3bLIbICTApP[bl KOCa,
KaObIHY aypyJlapblH eM/Jleyre auTapJ/blKTal acep eTyi MYMKiH. AJIbIHFaH JilepeKTep aZeHO3UHEePTUs/IbIK
KYWeHiH MypUHEePTUsJIbIK, 6aKblIaybl TYpaJibl XKaHA TYCIHIKTEp Gepe/ii xkoHe TepalneBTiK MaKcaT peTiHje
A, AR aneyeTin KepceTe/i. JlereHMeH, OCbl 63apa dPEKETTECY/IEPAiH PU3HOJIOTUAIBIK, MaHbI3/bLIbIFbIH
TYIKIJIKTI pacTay YlIiH in vitro »aHe in vivo 3KCIIepUMEHTTEPIH KOCa, KOCbIMILA 3epTTeyJIep KAKET.
By./1 3epTTey NypUHEPTHUAIbIK CHTHAJIU3aLUs TypaJibl TYCIHIrIMi3Al kKeHelTe i )koHe UMMYH/IbIK KoHe
KaObIHY PeaKIMUsAChIH MOAYJANUAIAyFa OaFbITTaJFaH (papMaKoJOTHSAIBIK apajacyAbl JaMbITy YIIiH
»KaHa XKoJ14apAbl allabl.

Tyiin ce3gep: A,, aZlcHO3UH PELEeNTOPbl, MyPUHEPTUSJIBIK CUTHAIU3ALUSA, UMMYH/IbIK MOAYJISALMS,
KaObIHY KoHe HellpoiereHepaliys, MoJIeKy/alblK JOKHUHT TaJ/1aybl

152 N21(150)/ JLH. ['ymunes ameinoarel Eypasus yammuik ynueepcumeminiy XABAPIIBICBI. Buo.102us1blK FolablMOap cepusicbl
2025 BULLETIN of L.N. Gumilyov Eurasian National University. Bioscience series
BECTHHK Espasuiickozo HayuoHa/1bHo20 yHugepcumema umeHu J1.H. ['ymuaesa. Cepust 6uosozuveckue HayKu



Endogenous purines as natural ligands of the A2B adenosine receptor

JH/I0reHHbIe yPUHbI KaK eCTEeCTBEHHbIE JIMTaH/bl A, pelenTopa afieHo3uHa

M. CatkanoB*!, E. Yynmaxun!
'Baamutickuli gpedepanbHblii yHusepcumem um. Ummanyuasa Kanma,
Kaaununepad, Pocculickaa Pedepayus

AHHOTanusA. JHAOTeHHble NYPUHbI SIBJASIOTCA BaXKHBIMU peryJasaToOpaMd pasjIMyHbIX QHU3HUO-
Jloruyeckux OQYHKLMH, BKJKOYasg HUMMYHHbI OTBeT, BOClaJleHWe U HeHUpOTpaHCMHUCCUIO. XOTHA
aJleHO3UH [l0/Ir0e BpeMs CYMTAJIC OCHOBHBIM JIMFAHJAOM aJleHO3WHOBBLIX peLleNTOpOB, NOCJeJHUe
JlaHHble CBUJIeTeJbCTBYIOT O TOM, YTO ApPyrue NypHUHBI TaKXe MOTYT B3aWMOJeHCTBOBATb C 3TUMHU
penentopaMy, B YaCTHOCTH, C A, -a/IeHO3UHOBBIM penentopom (A, ,AR). B njaHHOM uccie0BaHUN
M3y4aeTcsl MOTEHLHaNbHAsl POJIb 3H/AOTEHHBIX MYPUHOB KaK MNPUPOAHBIX JuraHaoB A, AR ¢
UCIO0JIb30BaHUEM MOJIEKY/IIPHOTO JOKUHra. Pe3ysbTaThl AeMOHCTPUPYIOT BBICOKYH adPUHHOCTH
nypuHoB K A, AR, 4TO yKasbiBaeT Ha HMX QYHKIMOHAJbHYI0 3HAYUMOCTb B CHUTHAJbHBIX IyTHX,
ornocpeioBaHHbIX 3TUM penenTopoM. Kpome Toro, A, ,AR urpaer K/w4eByw poJib B UMMyHHOH
perynsauuy, Bauasa Ha AuddepeHIUMpOBKY T-K/I€TOK U NPOAYKLMI0 LUTOKHHOB. Moaynauus ero
aKTUBHOCTH 3HJAOTeHHBIMU MypHHAMH MOXET HMETb 3HAaYyWTeJbHOE 3HayeHue JJd JedeHUus
BOCHAJIUTE/NbHBIX 3a60/IeBaHUM, BKJIlOYas pak U HellpoJiereHepaTHBHbIe paccTpoiicTBa. [losiyyeHHble
JlaHHble J[alOT HOBble IMpeJCTaBJeHUs O IypUHepruieckoM KOHTpOJie aJeHO3WHepruyecKou
CUCTEMbl M MOJYEPKUBAIOT IepcrneKTUBHOCTb A, AR Kak TepaneBTHYecKod MuuieHH. O/HaKo
JJI1 OKOHYaTeJbHOTO MOATBepPXJeHUs (QU3UO0JOTMYeCKONM 3HAYMMOCTH 3THUX B3aUMOJENCTBUU
HeO0OXOAUMBI JIONMOJIHUTE/IbHble WCCIe[0BaHUSA, BKJIIOYAsl 3KCHEPUMEHTHI in vitro W in vivo. 3TO
UCC/elOBaHHE pacliupsieT NMOHMMaHWe NYPUHEPrhyecKOod CHUTHaJW3allud W OTKpbIBAeT HOBBIE
BO3MOXXHOCTH [J151 pa3paboTku ¢papMaKoJ0rHiecKUX BMeLIaTebCTB, HallpaBJeHHbIX HA MOAY/ISLUI0
MMMYHHOTO U BOCIIQ/JIMTEJIbHOTO OTBETA.

KiroueBsble cioBa: A,, penentop aZieHO3MHa, MypUHepruyecKas CUrHaJU3alds, UMMyHHass MOJY-
JIALMA, BOCNIaJIeHHe U HellpoJiereHepanus, MoJIeKyJIpHbIN CTBIKOBOYHbBIN aHAIN3
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