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Abstract. Introduction. HIV entry into host cells requires CD4 receptors and CCRS co-receptors. Natural CCR5 ligands
can inhibit HIV through steric blocking and receptor internalization. Although CCL2 is primarily a CCR2 ligand,
emerging evidence suggests possible CCRS interaction, challenging conventional views of chemokine specificity. Natural
CCL2 missense mutations provide valuable insights into receptor interaction mechanisms and their potential role in HIV
infection modulation, offering new perspectives on viral entry inhibition strategies. Materials and methods. The wild-
type complex was modeled using AlphaFold Server with rigorous validation. From UniProt database, we selected 41
CCL2 mutations within predicted CCR5 binding sites based on structural analysis. For each variant, we generated mutant
protein structures and complex models using FoldX algorithm in YASARA environment. We calculated binding energies,
complex stability, and interaction energy parameters, while conducting detailed analysis of atomic contacts and hydrogen
bonding patterns. Functional impact of mutations was assessed using PolyPhen-2 algorithm. Results. Molecular modeling
identified 35 CCL2 residues forming the comprehensive CCRS interface. Five specific mutations (P78H, S57C, 128V,
N29A, K79A) significantly enhanced CCR5 binding affinity, reducing interaction energy compared to wild type. P78H and
S57C variants showed the strongest effects and were consistently predicted as “probably damaging”. K79A demonstrated
substantially improved binding while maintaining reasonable interfacial contacts. Detailed structural analysis revealed
these mutations optimize the binding interface through strategic reorganization of molecular interactions and improved
complementarity. Discussion. Our findings demonstrate that specific natural CCL2 mutations can substantially enhance
CCRS5 binding affinity, revealing unexpected plasticity in chemokine-receptor recognition systems. The most impactful
mutations suggest evolutionary mechanisms for modulating HIV entry pathways through natural genetic variation. These
results provide structural insights into how sequence variations might influence viral pathogenesis through altered receptor
specificity and binding kinetics. Conclusion. This computational study identifies key CCL2 mutations that significantly
enhance CCR5 binding, expanding our understanding of chemokine system flexibility and evolutionary adaptation.
The results support further experimental investigation of natural CCL2 variants as potential modulators of HIV infection
and contribute to fundamental knowledge of virus-host interactions at molecular level.
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V.S. Davydenko et al. MHdekumns n uMmyHuTeT

BJIMAHUE MUCCEHC-MYTALMIA XEMOKUHA CCL2 HA AO®DUHHOCTb C PELLENTOPOM CCR5:
BbIMUCJIUTEJIbHOE UCCJIEOOBAHME B KOHTEKCTE MOUCKA PEFYJI9TOPOB BU4-UHDEKL NN
Jassinenko B.C.!, IllemeneB A.H.!, Octankosa [0.B.!, Anydpuesa E.B.!, Toroasan A.A.!2

'®@FYH HUHU snudemuonozuu u mukpoouonoeuu umernu Ilacmepa, Cankm-Ilemepbype, Poccus

2@I'BOY BO Ilepsviii Cankm-ITlemepbypeckuii 20cy0apcmeeHHblll MeOUYUHCKUL YHUEEPCUMEm UMEHU AKA0eMUKa
HU.II. [lasroea M3 P®, Cankm-Ilemepbype, Poccus

Pestome. Bsedenue. ®yHnaMeHTaabHble MeXaHU3MbI B3anmoaeiicTBruss BUY ¢ KIeTKO-X0351MHOM OCTaIOTCS 00JIACThIO
MHTEHCUBHOTO M3YYEHMSI, T 0C000¢ 3HaUCHMEe NMEET TPOHMKHOBEHME BUpyca uepe3 petenTopsl CD4 1 KoperenTops
ceMeicTBa XeMOKMHOBBIX peliennTopoB. M3BecTHO, uTo ecTecTBeHHBIE TuraH bl perentopa CCRS, takue kak RANTES,
MIP-lo. u MIP-1B, croco6HBl MHTUOMpPOBaTh MpoHWKHOBeHHe BMY-1 mocpeacTBoM cTepuyeckoro 0JOKMPOBa-
HUS ¥ MHTepHaIM3amnu penernropa. XeMoknH CCL2, KjaccuecKy cUnTaromuiics ceeKTUBHBIM JurangoM CCR2,
IT0 JAaHHBIM KOMITBIOTEPHOTO MOAEIMUPOBAHUS, TIOTCHIMAIBHO MOXET 00JIaJaTh CITOCOOHOCTHIO K B3aMMOJICHCTBIIO
¢ CCR5, 4TO TPOTHBOPEUHT YCTOSIBITUMCS ITPEICTABICHMSIM O CTPOTOM CEIEKTUBHOCTU XeMOKMHOB. [1pHpoaHEBIe MUC-
cenc-mytannu CCL2 mpencTaBisroT 0COOBIN MHTEpEC IIS M3YYeHU ST MOJIEKYJISIPHBIX OCHOB U3MEHEHU S PEIIEITTOPHOI
creuuUUYHOCTU U MOTEHIMATbHOM MOAYISLIMK BocpUUMUMBOCTU K BUY-undpekuunu. Leario ncciaenoBanust OblIn
MOJIeJIMPOBAHNE U OLIEHKA BIUSIHUS €CTECTBEHHBIX MUCCEeHC-MyTaluit xeMokrMHa CCL2 Ha ero ciocoOHOCTb K (hopMu-
poBaHuIo cTabUIbHOrO KoMIiekca ¢ petientTopoM CCRS B KoHTeKCTe (PyHIaMEHTaIbHbBIX MEXaHU3MOB B3aUMOICCTBUSI
«BUPYC—XO3SIMH» U MOTEHIIMAJIbHOT0 MHIMOMpoBaHUs MpoHuKHOBeHUs BUY-1. Mamepuanst u memodwi. iccnenoBanue
BBITIOTHEHO METOJAMM CTPYKTYpHOI bnonHGopMatuku. Monenab kommekca CCL2 ngukoro tTumna ¢ perentopom CCRS
rocTpoeHa ¢ ucrnosb3oBanuem aaroput™a AlphaFold Server. ITo nannbiM 6a3s1 UniProt B mpencka3aHHoi 001acTy CBS-
3piBaHus xeMokHa CCL2 ¢ petenrropoM CCRS npenTudnnmposan 41 moaumopdHBIi BapuaHT. 1 KaX10T0 BapruaH-
Ta IMMOCTPOCHBI MOICIM M30JIMPOBAHHOTO MYTaHTHOTO Oeka 1 Komruiekca ¢ CCRS. PacueT cBoOOTHOM SHEPTUM IIPOBO-
JIWJTH ¢ ncnionib3oBaHueM anroputMa FoldX B makere YASARA. Omnipenensiiv 3Hepruio cTabuIbHOCTH N30JMPOBAHHOTO
0esTKa, SHEPTUIO CTAOMITBHOCTH KOMILJIEKCA U SHEPTUIO B3aUMOICUCTBUS. JlOMOTHUTETbHO aHATM3UPOBAIN U3MEHE-
HUS B KOJIMYECTBE aTOMapHBIX KOHTAKTOB M BOOOPOIHEIX CBsI3eil. DYHKIIMOHAIBHAS 3HAYMMOCTh MYTAllMil OLIEHEHA
¢ nomouibto aaroput™a PolyPhen-2. Pe3yiomamer. MonekynasipHoe MofaeaupoBaHue BbisiBUIO 35 amuHokuciaor CCL2,
(bopmupyromux uHtepdeiic B3aumoneiicteusi ¢ CCRS. Cpenu 41 mpoaHaiuznpoBaHHOU (popMbl MACHTUGDUIIMPOBA-
Hbl BapuaHThl (P78H, S57C, 128V, N29A, K79A), ieMOHCTpUpPYIOIIMe 3HAYMTEIbHOE YIYyUIlIeHe SHEPT UM CBA3bIBAHU S
¢ CCRS5 — cHukeHnue Ha 15—29 kkaJji/MoJib 1o cpaBHeHUI0 ¢ nukuM TunoM. MyTtariuu P78H u S57C nmokaszanu Haubo1b-
11ee CHUXKeHMe Hepruu B3aumoneicTaus (—29.14 u —20.18 kka/MoJib COOTBETCTBEHHO) ITpu MporHo3e PolyPhen-2 kak
«probably damaging». Bapuant K79A, TpeOyomnii 1ByX HyKJICOTUIHBIX 3aMEH, IIPOIEMOHCTPUPOBAJ cOaJaHCUPOBaH-
HOE COUYCTaHUE YIYUIIEHHOW SHEPTUU CBSI3bIBaHMS (—23.91 KKaJi/MOJIb) 1 YMEPEHHOTO COKPAIICHUSI KOJTUIeCTBa KOH-
TaKkTOB. Bbigodet. IlokazaHo, uTo psan mucceHc-myTanmii xeMoknmHa CCL2 crmocoOeH M3MEHSTh SHEPreTHICCKUI TTPO-
(s ero BzanmoneiicTBus ¢ perienrtopoM CCRS. BrisiBIeHHBIE MyTaHTHBIE (DOPMBI, IEMOHCTPUPYIOIINE YBEIMUCHIE
crabunpHocTH KoMitiekca CCL2-CCRS, mpencTaBisior pyHIaMEHTaIbHBIN MHTEPEC IJ1 TOHNMAHWS TIaCTUYHOCTI
XEMOKHWHOBOI CHCTEMBI I MEXaHU3MOB MOJICKYJISIPHOTO y3HaBaHUsI. [loydeHHbIE JaHHBIC PaCIIUPSIIOT IMPEICTaBICHMST
0 TIOTEHLIMATBHBIX €CTECTBEHHBIX MEXaHU3MaX MOLYJISIINY B3anMoneicTBrs BUY ¢ KIeTKOM-X03sIMHOM U 3aCITy K Ba-
10T MPOBEPKHU B KOHTEKCTE (PyHIaMeHTaIbHbIX OCHOB naroreHe3a BUY-undexuu.

Karueesvte caosa: BUY, xemoxun CCL2, peuenmop CCRS, muccenc-mymauyuu, MoseKyaspHoe MOOeAUuposanue, 3Hepeusi C8s13vl6aHuUs,
npukpenaerue gupyca, in silico.

Consequently, despite significant treatment ad-
vances, this infection remains a major global public

Introduction

HIV infection, caused by the human immuno-
deficiency virus (HIV), is a chronic disease that,
in the absence of antiretroviral therapy (ART), leads
to the development of acquired immunodeficiency
syndrome (AIDS). The widespread implementation
of ART has allowed the infection to be reclassified
as a manageable chronic condition; however, it is not
a panacea. A key problem in long-term treatment
remains the pervasive prevalence of viral mutations
leading to the development of drug resistance, which
compromises the efficacy of existing treatment regi-
mens and necessitates the continuous development
of new drug classes and therapeutic strategies [2, 3, 4].

health and modern medical challenge [13], under-
scoring the need for a detailed understanding of the
fundamental basis of its pathogenesis — primarily,
the mechanism of viral entry into the target cell.
This process represents a complex cascade of se-
quential molecular events, where each stepwise in-
teraction serves as a precisely calibrated prerequisite
for the next, ultimately enabling the viral genetic ma-
terial to enter the target cell’s cytoplasm [24]. The in-
itial stages of this process critically depend on the
interaction between the viral envelope glycoprotein
gpl120 and the cellular CD4 receptor alongside a co-
receptor, often the chemokine receptor CCR5[21, 31].
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The importance of CCRS5 is highlighted by its role as
the primary co-receptor for macrophage-tropic (R5-
tropic) HIV-1 strains, which dominate during early
infection stages. Furthermore, the presence of a nat-
ural mutation, CCR5-A32, which leads to a lack
of the functional receptor on the cell surface, is as-
sociated with near-complete resistance to infection
by these viral strains.

Itis known that natural ligands of the CCR5 recep-
tor, including the chemokines RANTES, MIP-la,
and MIP-1B (CCL5, CCL3, CCL4), can partially or
completely inhibit HIV-1 entry into the cell [8]. This
effect is achieved through their ability to bind CCRS5,
leading to steric blocking of the viral binding site and,
in some cases, inducing receptor internalization [10].
This natural mechanism is of interest for fundamental
research aimed at understanding the molecular basis
of ligand interactions with CCRS.

In our previous computationally-driven studies,
a hypothesis was put forward regarding the potential
ability of the chemokine CCL2 — classically known
as a selective chemoattractant for the CCR2 recep-
tor — to interact with the CCR5 receptor [1]. This as-
sumption challenges the established view of CCL2’s
strict selectivity for CCR2 and requires thorough ex-
perimental and theoretical validation [14, 28].

The central paradox requiring resolution is that if
such aninteraction exists, its energy and specificity ap-
pear insufficient for effective engagement with CCRS5,
consequently failing to block viral infection in vivo.
However, natural genetic variants of chemokines
and their receptors arising from missense mutations
are of particular interest in this context. When such
variants impact the affinity and specificity of ligand-
receptor interactions, they offer unique opportunities.
Firstly, they serve as an indispensable tool for study-
ing the fundamental principles of molecular recogni-
tion. Secondly, and most importantly in the context
of HIV infection, functionally active variants, analo-
gous to the CCR5-A32 polymorphism, could poten-
tially modulate susceptibility to the virus or disease
progression. Therefore, their targeted search and
analysis open new prospects for identifying natural
mechanisms of resistance to infection [19, 22].

The primary objective of this study was to model and
comprehensively evaluate the impact of natural mis-
sense mutations in the chemokine CCL2 on its ability
to interact with the CCR5 receptor, within the context
of potentially inhibiting HIV entry into the cell.

Materials and methods

The three-dimensional structure of the wild-
type chemokine CCL2 (AAP35993.1] chemokine
(C-C motif) ligand 2 [Homo sapiens]) complexed
with the CCRS5 receptor (NP_001381712.1] C-C
chemokine receptor type 5 [Homo sapiens]) was
modeled using the AlphaFold Server algorithm (htt-
ps://alphafoldserver.com) [5]. Visual analysis of the

model, identification of intermolecular contact
zones, and quantification of atomic contacts, steric
clashes, and hydrogen bonds between the proteins
were performed using UCSF ChimeraX [20].

Data on non-synonymous single nucleotide poly-
morphisms resulting in single amino acid substitu-
tions without a reading frame shift for the CCL2 pro-
tein were obtained from the UniProt database [27].
Mutations for further analysis were selected based
on their localization within the predicted CCRS5 con-
tact sites identified during the initial model analysis.
Additionally, known polymorphic non-single nu-
cleotide variants with documented effects on CCL2
function, as well as non-synonymous polymorphisms
without a frame shift, were included in the study.

For each selected variant, models of the isolated
mutant CCL2 protein and the complex of the mutant
CCL2 variant with the CCRS5 receptor were construct-
ed using the AlphaFold algorithm. The prediction re-
liability for each variant’s structure was assessed.

To quantitatively evaluate the effects of the mu-
tations, the free energy for all obtained models was
calculated using the FoldX algorithm [25], integrated
into the YASARA molecular modeling package [17].
For each model, the stability energy of the isolated
CCL2 protein structure, the stability energy of the
CCL2-CCR5 complex, and the interaction energy
between the partners in the complex were calculated.
Based on these calculations, the energy difference
between the mutant and wild-type for each para-
meter was determined.

For all modeled complexes, the interaction inter-
face was analyzed in UCSF ChimeraX by counting
the total number of atomic contacts and hydrogen
bonds, and identifying steric clashes. The obtained val-
ues were compared to those of the wild-type complex.

For each polymorphic variant with the studied
amino acid substitution, the functional significance
and potential impact on protein function were pre-
dicted using the PolyPhen-2 algorithm [6]. This
tool classifies substitutions as “probably damag-
ing” (PolyPhen-score > 0.85), “possibly damag-
ing” (PolyPhen-score between 0.15 and 0.85), or
“benign”(PolyPhen-score < 0.15) [7].

A comprehensive criterion was applied to assess
the potential impact of a mutation on the HI'V-host
interaction. A mutant CCL2 variant was considered
potentially significant if it simultaneously met the fol-
lowing criteria: an increase in the free energy of the
isolated CCL2 protein (indicating protein destabi-
lization with a potential increase in affinity), a de-
creased energy of the complex with CCRS5 (indicat-
ing increased complex stability), a number of atomic
contacts comparable to the wild-type, an interaction
binding energy comparable to the wild-type (preser-
vation of the interaction interface), and a predicted
damaging functional effect by PolyPhen-2 (poten-
tially indicating reduced chemotactic activity while
retaining the ability to bind CCRY5).
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Results

A model of the CCL2 complex with the CCRS5
receptor was constructed and analyzed during
the study. Molecular modeling revealed 302 atomic
interactions on the protein surfaces, involving 35
amino acids of CCL2 that formed the contact zones.
Analysis of the UniProt database identified 41 poly-
morphisms (in 27 contact zones) within the coding
sequence of CCL2. Ofthese, one led to the formation
of a stop codon, seven represented complex muta-
tions, and the remaining 33 were missense mutations
resulting in amino acid substitutions within the do-
main of potential interaction with CCRS5.

For all variants, structures of the isolated mu-
tant proteins and their complexes with CCR5 were
built, resulting in a total of 82 molecular models.
The individual protein models showed a comparable
level of prediction reliability around pI'M (predict-
ed template modeling) 0.62—0.64 and ipT'M score
0.80—0.82, as did the interaction models, for which
the ipT M score was not below 0.7.

The stability of the single CCL2 molecule was
29.04 kcal/mol according to FoldX data, indicat-
ing an unstable or excited state of the molecule.
24 molecular variants showed a decrease in energy
(increased molecular stability). The greatest reduc-
tion in the free energy of the monomer was observed
for variants P19L (—10.64 kcal/mol) and Q20R (—9.15
kcal/mol), while an increase was observed for 128T
(+3.49 kcal/mol) and E73X (+3.98 kcal/mol).

The difference in complex stability energy values
ranged from an increase in complex stability compared
to the wild-type with a change of —29.83 kcal/mol (S57C)
to a decrease in stability of +32.24 kcal/mol (P60T).

In turn, the majority of amino acid substitutions
(25 out of 41) increased the stability of the complex,
manifested as a decrease in stability energy.

The difference in interaction energy values ranged
from —29.14 kcal/mol (P78H) to +12.6 kcal/mol (N37D).
The complete table of all energies is presented in Table 1.

Simultaneously with the energy calculations, an
analysis of intermolecular contacts was conducted.
This analysis revealed that the majority of amino acid
substitutions led to a reduction in the number of po-
tential contacts with the CCR5 molecule (Table 2).

An in silico assessment of changes in protein
function revealed that within the studied set of muta-
tions, the number of variants predicted to impair pro-
tein function (“damaging”) was approximately equal
to the number of variants predicted to have no effect
(“benign”) (Table 3).

Discussion

This study presents a comprehensive in silico
analysis of the impact of natural missense mutations
in the chemokine CCL2 on its potential ability to in-
teract with the CCRS5 receptor. The obtained results

require critical interpretation within the context
of existing literature and theoretical concepts of the
chemokine system.

It should be noted that CCL2 is presumed to in-
teract selectively with the CCR2 receptor, while bind-
ing to CCRS5 has not been demonstrated [14] and has
in some cases been refuted [28]. However, our data
show that specific amino acid substitutions can al-
ter the structural and energetic parameters of CCL2,
potentially enabling it to form a stable complex
with CCRS5. This aligns with modern understand-
ing of protein structure plasticity and the potential
for changes in their specificity under the influence
of point mutations [19, 22].

Regarding the interaction, the most interesting
mutations are those where both the complex ener-
gy and the interaction energy decreased, alongside
a reduction in CCL2’s functional activity as a che-
moattractant. In biochemistry, a change in binding
free energy of approximately ~1 kcal/mol is already
considered biologically significant [26]. In our study,
many mutations demonstrated interaction energy
changes > 5 kcal/mol (e.g., P78H: —29.14 kcal/mol;
128V: —22.43 kcal/mol), suggesting not just a statisti-
cally significant, but a drastic change in affinity. This
indicates that the identified amino acid substitutions
are capable of causing not fine regulation, but a quali-
tative change in the protein’s functional profile.

Concerning the correlation between complex sta-
bility and the efficiency of CCRS5 blocking, two key
mechanisms can be highlighted. First, increased
stability of the CCL2-CCRS5 complex (characterized
by more negative values of interaction energy and
complex stability) directly implies a longer lifetime
for this complex [29]. For effective blocking of HIV
attachment, this is critically important, as a viral
particle encountering an occupied receptor will be
unable to bind and initiate infection [30]. A CCL2
mutant with high affinity would act as a competitive
antagonist. Second, increased complex stability of-
ten correlates with slower ligand dissociation [11, 12].
Under physiological conditions, where chemokine
concentrations can fluctuate, a slow “off-rate” from
the receptor would provide more prolonged and reli-
able blocking of the CCRS5 binding site for the viral
gpl20 protein, even if the mutant chemokine itself
is not constantly present.

The interpretation of contact metrics and sin-
gle-molecule stability energy is not straightforward.
The stability energy of a single protein molecule —
in the case of increased energy (decreased stability),
the molecule should interact more actively with its
environment, thus potentially losing interaction
specificity [16]. In the opposite scenario (stability
increases — energy decreases), the protein may have
a lower propensity to interact [9], but the lifetime
of the isolated protein could be prolonged [18].

A greater number of atomic or residue contacts
within a molecule often contributes to increased mo-
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Table 1. Stability energies of monomers and the complex, interaction energies, and differences from
the wild-type (wt) CCL2 molecule energy

Polymorphism | Mono Stability | AMono Stability | Complex Stability| AStability | Connection energy | AConnection
wt 29.04 0 -36.91 0 -5.29 0
A15P 28.56 -0.48 -28.93 7.98 -5.87 -0.58
T16S 30.5 1.46 -31.55 5.36 -10.61 -5.32
18N 26.95 -2.09 -10.41 26.5 -1.37 3.92
18T 28.85 -0.19 -50.09 -13.18 -30.43 -25.14
P19L 18.4 -10.64 -29.88 7.03 -12.5 -7.21
Q20P 25.98 -3.06 -52.32 -15.41 -11.21 -5.92
Q20R 19.89 -9.15 -4241 -5.19 -22.52 -17.23
A23s 29.26 0.22 -45.75 -8.84 -217 -16.41
A23T 27.59 -1.45 -46.89 -9.98 -21.73 -16.44
Q24R 26.52 -2.52 -25 11.91 -5.86 -0.57
D26A 21.47 -71.57 -41.32 -4.41 -18.49 -13.2
A27G 28.77 -0.27 -43.37 -6.46 -20.74 -15.45
A27V 24.46 -4.58 -36.76 0.15 -16.85 -11.56
128T 32.53 3.49 -48.16 -11.25 -25.79 -20.5
128V 24.94 -4.1 -57.13 -20.22 -27.72 -22.43
128A 27.35 -1.69 -47.85 -10.94 -12.57 -7.28
N29K 23.43 -5.61 -55.18 -18.27 -28.35 -23.06
N29A 21.66 -7.38 -65.07 -28.16 -26.63 -21.34
P31A 27.82 -1.22 -55.42 -18.51 -18.73 -13.44
V32A 28.96 -0.08 -56.15 -19.24 -28.92 -23.63
V32E 25.03 -4.01 -32.99 3.92 -18.49 -13.2
T33A 29.36 0.32 -36.98 -0.07 -16.56 -11.27
T33E 23.52 -5.52 -52.3 -15.39 -23.53 -18.24
Y36C 28.18 -0.86 -36.4 0.51 -33.46 -28.17
Y36A 2797 -1.07 -13.08 23.83 5.02 10.31
N37D 30.96 1.92 -23.45 13.46 6.87 12.16
T39A 24.59 -4.45 -54.61 -17.7 -16.49 -1.2
T39I 25.88 -3.16 -41.55 -4.64 -15.72 -10.43
S57C 26.59 -2.45 -66.74 -29.83 -25.47 -20.18
C59G 22.77 -6.27 -35.26 1.65 -9.94 -4.65
P60T 29.98 0.94 -4.67 32.24 6.51 11.8
K61l 25.1 -3.94 -25.13 11.78 -10.43 -5.14
165N 30.79 1.75 -50.45 -13.54 -22.75 -17.46
E73X 33.02 3.98 -24.16 12.75 -21.24 -15.95
E73G 26.59 -2.45 -20.33 16.58 -3.78 1.51
I74N 30.29 1.25 -26.38 10.53 -2.68 2.61
P78H 2774 -1.3 -56.41 -19.5 -34.43 -29.14
P78S 27.11 -1.93 -49.26 -12.35 -28.96 -23.67
K79E 20.07 -8.97 -45.34 -8.43 -20.23 -14.94
K79R 28.9 -0.14 -51.62 -14.71 —-24.64 -19.35
K79A 31.61 2.57 -62.49 -25.58 -29.2 -23.91

Note. Polymorphism with non-single nucleotide substitutions is highlighted in bold.
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Table 2. Atomic contacts, steric clashes, and hydrogen bonds of CCL2 mutant forms

Polymorphism Contacts Clashes h-bonds YAll_Contacts AAIll_Contacts
wt 302 23 26 305 0
A15P 285 28 25 282 -23
T16S 331 31 19 319 14
118N 240 21 17 236 -69
18T 305 17 21 309 4
P19L 230 14 19 235 =70
Q20P 322 28 21 315 10
Q20R 310 38 23 295 -10
A23S 277 21 18 274 -31
A23T 299 25 20 294 -11
Q24R 268 19 20 269 -36
D26A 276 39 19 256 -49
A27G 263 20 24 267 -38
A27V 308 29 24 303 -2
128T 291 17 22 296 -9
128V 279 22 24 281 -24
128A 331 64 18 285 -20
N29K 306 20 15 301 -4

N29A 338 53 19 304 -1
P31A 268 24 21 265 -40
V32A 317 53 19 283 -22
V32E 225 23 17 219 -86
T33A 282 29 27 280 -25
T33E 295 36 23 282 -23
Y36C 337 49 25 313 8
Y36A 353 72 21 302 -3
N37D 244 34 17 227 -78
T39A 313 35 21 299 -6
T39I 316 47 22 291 -14
S57C 286 36 23 273 -32
C59G 359 44 21 336 31
P60T 329 47 17 299 -6
K61l 243 33 21 231 -74
165N 312 46 21 287 -18
E73X 274 29 24 269 -36
E73G 310 39 26 297 -8
[74N 295 42 27 280 -25
P78H 328 48 21 301 -4
P78S 293 33 23 283 -22
K79E 171 28 7 150 -155
K79R 292 46 26 272 -33
K79A 331 52 20 299 -6

Note. > All_Contacts was calculated using the formula: Contacts — Steric Clashes + Hydrogen Bonds. Polymorphism with non-single nucleotide
substitutions are highlighted in bold.
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Table 3. Summary of predicted functional effects of mutations according to PolyPhen-2(PP) and functional
characteristics based on literature sources

Polymorphism PP-Score PP-sensitivity PP-Specificity Functional data from literature

A15P 0.997 0.41 0.98 None

T16S 0.126 0.93 0.86 None

118N 0 1 0 None

118T 0 1 0 None

P19L 0.002 0.99 0.3 None

Q20P 0.096 0.93 0.85 None

Q20R 0.957 0.78 0.95 None

A23S 0.966 0.78 0.95 None

A23T 0.864 0.83 0.93 None

Q24R 0.988 0.73 0.96 Adenomas and Adenocarcinomas [27]
D26A 0.949 0.79 0.95 Reduction in activity [15]
A27G 0.01 0.96 0.77 None

A27V 0.963 0.78 0.95 None

128T 0.061 0.94 0.84 Adenomas and Adenocarcinomas [27]
128V 0.001 0.99 0.15 None

128A 0.001 0.99 0.15 Slight reduction in activity [15]
N29K 0.1 0.93 0.85 Adenomas and Adenocarcinomas [27]
N29A 0.44 0.89 0.9 50% reduction in activity [15]
P31A 0.08 0.93 0.85 Loss of di(r;ﬂfear(i:ztie:/tiitc;n[;1s4ljg£]reduction
V32A 0.1 0.93 0.85 Slight reduction in activity [15, 23]
V32E 0.655 0.86 0.91 Slight reduction in activity [15, 23]
T33A 0.041 0.94 0.83 Slight reduction in activity [15, 23]
T33E 0.97 0.77 0.96 Slight reduction in activity [15, 23]
Y36C 0.999 0.14 0.99 None
Y36A 0.992 0.7 0.97 Loss of activity [23]

N37D 0.271 0.91 0.88 None

T39A 0.002 0.99 0.3 None

T39I 0.005 0.97 0.74 None

S57C 0.998 0.27 0.99 None
C59G 1 0 1 None

P60T 0.976 0.76 0.96 Squamous Cell Neoplasms [27]
K61l 0.589 0.87 0.91 None

I65N 1 0 1 Gliomas [27]

E73G 0.186 0.92 0.87 None

I74N 0.997 0.41 0.98 None

P78H 1 0 1 None

P78S 0.998 0.27 0.99 None

K79E 0.045 0.94 0.83 None

K79R 0.314 0.9 0.89 None
K79A 0.81 0.81 0.93 No effect on heparin binding [27]

Note. Polymorphism with non-single nucleotide substitutions is highlighted in bold. The CCL2-E73X variant is not included in the table due to the
inability to assess it (presumably as it is a stop-gain mutation). PolyPhen-2 classifies substitutions as «probably damaging» if PP-score> 0,85, «possibly
damaging» if PP-score between 0,15 and 0,85), and «benign if PP-score < 0,15 [7].
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lecular stability. However, not all contacts contribute
equally to stability — some contacts can lead to local
instability or misfolding [9]. For example, the 128V
mutation shows a reduction in the number of contacts
by 24, yet demonstrates one of the most significant
improvements in binding energy (—22.43 kcal/mol).

Thus, an ideal candidate for interacting with
CCRS5 should possess: lowered complex and inter-
action energy for structural stability; be function-
ally weaker (to avoid attracting lymphocytes to the
site of viral activity and to interact less strongly with
CCR2); have an increased or comparable number
of contacts (without reducing the interaction ener-
gy); and have increased monomer energy to promote
interaction with CCRS5 (partially losing specificity
for CCR2).

The analysis revealed that none of the stud-
ied mutations satisfied all criteria simultaneously.
However, several variants demonstrated a promis-
ing combination of properties. The 18T mutation
shows significant improvement in binding energy
(—25.14 kcal/mol) and complex stability alongside an
increase in contacts, although it is not predicted as
functionally significant. The A23S mutation meets
the energetic criteria but is accompanied by a de-
crease in contacts. The K79A variant is the most bal-
anced, showing only a minor reduction in contacts
and a predicted damaging effect on protein function.
The main limitation of this mutation is its complex-
ity, as it requires at least two nucleotide substitutions.

A cluster of mutations at positions 28—29 (128T,
128V, N29K, N29A) is of particular interest, as they
consistently improve affinity and complex stability.
Importantly, for some of these variants (I128A, N29A),
experimental data exist showing reduced functional
activity of CCL2, which, combined with our calcula-
tions, makes them promising candidates for the role
of CCRS5 blockers, despite their PolyPhen-2 predic-
tion as “benign”.

The 165N mutation forms one of the most stable
complexes; however, its association with gliomas re-
quires extremely cautious interpretation and further
study.

The most balanced profile is demonstrated by
the S57C, P78H, and P78S mutations. They com-
bine a significant improvement in binding energy
(up to —29.14 kcal/mol for P78H) and complex sta-
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the existing understanding of CCL2 selectivity but
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