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Abstract

Introduction

HIV entry into host cells requires CD4 receptors and CCR5 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 CCRS5 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.

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 CCR5 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 CCR5 binding affinity, revealing unexpected plasticity in

chemokine-receptor recognition systems. The most impactful mutations suggest
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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.

Keywords: HIV, chemokine CCL2, CCR5 receptor, missense mutations, molecular

modeling, binding energy, virus attachment, in silico.
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Pe3ome

Beenenue. DyHnameHTanbHbIE MEXaHU3MbI B3auMojeucTeus BHUY ¢
KJIETKOW-XO35MHOM OCTAlOTCA 00JacThl0 MHTCHCHBHOTO HW3Yy4Y€HHUs, TIe 0coboe
3HAYEHUE MMEET MPOHUKHOBEHHE BHpyca depe3 peuentopsl CD4 n kopeunenTopsl
CEMEMCTBA XEMOKMHOBBIX pelenTopoB. M3BeCTHO, YTO €CTECTBEHHBIE JIUTaHIbI
perientopa CCRS, Ttakme kak RANTES, MIP-la u MIP-1B, cnocoGHBbI
MHTHOMpOBaTh NpoHukHOBeHHEe BITYU-1 mocpencTBoM cTepuueckoro 6JI0KMpOBaHUS
¥ uHTepHasm3auuu penentopa. XemoknH CCL2, knacCMYecKu CUMTArOLIUICS
cenekTuBHbIM JuranaoM CCR2, 1mo JaHHBIM KOMIBIOTEPHOTO MOJAEIHPOBAHUS,
IMOTEHITHAIBHO MOKET 00/1a71aTh CITOCOOHOCTRIO K B3anmMojelicTBuio ¢ CCRS, uro
MPOTUBOPEUYUT YCTOSIBIIMMCS TMPEJCTABICHUSIM O CTPOroMl CENeKTUBHOCTU
xeMokuHOB. [Ipuponubie Muccenc-mytanuu CCL2 npenctaBisioT 0coObIi HHTEpEC
JUIS U3YYEHUS MOJIEKYJISIPHBIX OCHOB M3MEHEHHUSI PELEeNTOPHON cieu(UIHOCTH U
NOTEHIIMAIBHON MOAYJISIIMK BocpuuMunBocTH K BUY-undexmmm.

Heab. MoaenrpoBaHue 1 OLIEHKA BIUSHUSA €CTECTBEHHBIX MUCCEHC-MYTallUi
xeMokrHa CCL2 Ha ero cnocoOHOCTh K (POPMUPOBAHUIO CTAOMIIBHOTO KOMILJIEKCA C
penientopom CCRS B KOHTEKCTE (PyHIaMEHTATBLHBIX MEXaHU3MOB B3aUMOJICHCTBUSA
"BUpYC-XO035IMH" M MOTEHIIMAIIbHOIO UHTMOMPOBaHUs MPOHUKHOBeHHst BUY-1.

Martepuanbl u wmeroabl. lVcciaenoBaHue  BBINOJHEHO  METOJAMU
CTpyKTypHOUl OuomHpopmaruku. Monens komriekca CCL2 pukxoro Tuma c
peuentopom CCRS noctpoena ¢ ucnoas3oBanuem anroputma AlphaFold Server. 13
6a3pl  ganHbix  UniProt  waentudunumposan 41 momumopdpusm  CCL2,
JIOKAJIN30BaHHBIX B Ipelcka3aHHoM caite cBsasbiBaHus ¢ CCRS. [lnsg xaxmoro
BapUaHTa MOCTPOCHBI MOJICJIA U30JMPOBAHHOIO MYTAaHTHOTO O€iKa U KOMILJIEKCa C
CCRS. Pacyer cBOOOJHOW SHEPTrUM TPOBOJWIN C HCIOIH30BAHUEM aJTOPUTMA
FoldX B makete YASARA. Onpenensiiin sHEPTUIO CTaOUIIBHOCTA U30JIMPOBAHHOTO
Oenka, DSHEPIUI0 CTAOWJIBHOCTH KOMIUIEKCA U DHEPTUI0 B3aUMOJICHCTBUSI.

I[OHOJ'IHI/ITCJ'H)HO AHAJIN3HUPOBAJIN U3BMCHCHHUA B KOJIMYCCTBC aTOMAPHBIX KOHTAKTOB
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H BOIOPOIHBIX CBSI3CH. CDYHKLII/IOHaJII)Ha}I 3HAYUMOCTD MYTaI_II/Iﬁ OI€HEHa C

noMoIieio anropurma PolyPhen-2.

PesyabTarbl. MOJEKyIIpHOE MOJEIUPOBAHUE BBIABWIO 35 aMHUHOKHCIIOT
CCL2, dopmupyromux wuntepdeiic B3aumoneinictus ¢ CCRS. Cpemn 41
npoaHanu3upoBaHHON (hopmbl uaeHTUGuIMpoBansl BapuanTsl (P78H, S57C, 128V,
N29A, K79A), neMOHCTpUPYIOUIME 3HAYUTEIBHOE YJIY4YLIEHUE HSHEPruu
cBs3biBanus ¢ CCRS - cHmwxkenue Ha 15-29 Kkajl/MoJIb 1O CPaBHEHHUIO C JIUKUM
turioM. Mytamuun P78H u S57C mnokaszanu HamOOJbLIEE CHUKEHUE SHEPIUn
B3auMojiericTBus (-29,14 u -20,18 Kkajl/MOJIb COOTBETCTBEHHO) IIPU IMPOTHO3E
PolyPhen-2 kak "probably damaging". Bapuant K79A, TtpeOyrommii aByX
HYKJICOTUJIHBIX 3aME€H, MPOJAEMOHCTPUPOBAI COaJaHCUPOBAHHOE COYETAHUE
YIIY4IIEHHOU YHEPTUU CBsA3bIBaHUS (-23,91 KKaa/M0JIb) U YMEPEHHOTO COKPAIICHUS
KOJIMYECTBA KOHTAKTOB.

BoiBoabl. [Tokazano, uro psiin Muccenc-myranuii xemoknna CCL2 ciocoben
U3MEHATh 3HEpreTudyeckuil npoduis ero Baumopeicteus ¢ perentopom CCRS.
BrlIsiBIIeHHBIE MyTaHTHBIE (POPMBI, JEMOHCTPUPYIOLIUE YBEIUUYEHHE CTAOMIbHOCTH
komriekca CCL2-CCRS, mnpencraBnsioT ¢GyHIaMEHTAIbHBIA WHTEpPEC IS
MOHUMAaHUS MJIACTUYHOCTU XEMOKHHOBOM CHCTEMBI U MEXaHU3MOB MOJIEKYJISIPHOTO
y3HaBaHUs. [loslydeHHbIE JaHHBIE PACIIUPSIOT MPEACTABICHHS O MOTEHUUATbHBIX
€CTECTBEHHBIX MEXaHU3Max Moaysinuu B3aumojnenicteuss BUY ¢ kiertkou-
XO35MHOM U 3aCly>KMBAlOT IMPOBEPKM B KOHTEKCTE (yHAAMEHTAIbHBIX OCHOB

naroreHeza BUU-undexnum.

Kuaruessie ciaoBa: BUY, xemokun CCL2, penentop CCRS, MucceHc-myTanuu,
MOJICKYJISIPHOE MOJICIMPOBAHKE, SHEPTUsl CBSI3bIBaHUs, MPUKPEIUICHUE BHUpYca, in

silico.
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1 Introduction

HIV infection, caused by the human immunodeficiency 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 regimens and necessitates the continuous development of new drug classes
and therapeutic strategies [Ommoka! UcTOYHHK cCHUIKH He HaiiaeH., OmuoKka!
HcTounnk ccblIku He HaiigeH., Omuoka! MCTOYHMK CCHLIKM He HaiileH.].
Consequently, despite significant treatment advances, this infection remains a major
global public health and modern medical challenge [Omm6ka! McToUHHMK CCHLIKH
He Haiigen.], underscoring 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 sequential molecular events,
where each stepwise interaction serves as a precisely calibrated prerequisite for the
next, ultimately enabling the viral genetic material to enter the target cell's cytoplasm
[Ommoka! UcTounuk cchliiku He Haiigen.]. The initial stages of this process
critically depend on the interaction between the viral envelope glycoprotein gp120
and the cellular CD4 receptor alongside a co-receptor, often the chemokine receptor
CCR5 [Omuoka! UcTOYHMK CCHUIKH He HaliaeH., Ommnoka! MCTOYHHMK CChLIKH
He Haiigen.]. The importance of CCR5 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 natural mutation, CCR5-A32,
which leads to a lack of the functional receptor on the cell surface, is associated with

near-complete resistance to infection by these viral strains.
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It is known that natural ligands of the CCRS5 receptor, including the

chemokines RANTES, MIP-1a, and MIP-1f (CCLS5, CCL3, CCL4), can partially or
completely inhibit HIV-1 entry into the cell [Ommo6ka! McToYHNK CCBIIKH He
Haigen.]. This effect is achieved through their ability to bind CCR5, leading to
steric blocking of the viral binding site and, in some cases, inducing receptor
internalization [Ommo6xa! HMcrounmk ccbuikm He Hakgen.]. This natural
mechanism is of interest for fundamental research aimed at understanding the
molecular basis of ligand interactions with CCR5.

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 receptor—to interact with the CCR5
receptor [Ommoka! McTouHuk cchbIKM He HakaeH.]. This assumption challenges
the established view of CCL2's strict selectivity for CCR2 and requires thorough
experimental and theoretical validation [Omm6ka! McTouHMK CCHIIKH He Hali/IeH.,
Omuoéka! McTOYHHK CCHUIKHM He HalieH.].

The central paradox requiring resolution is that if such an interaction exists,
its energy and specificity appear insufficient for effective engagement with CCR5,
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 studying the fundamental principles of
molecular recognition. Secondly, and most importantly in the context of HIV
infection, functionally active variants, analogous to the CCR5-A32 polymorphism,
could potentially 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 [Ommuéka! McToYHNK CCHUIKU He

HaiigeH., Ommoka! McTOYHMK CCHUIKH He HaliIeH.].
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The primary objective of this study was to model and comprehensively

evaluate the impact of natural missense 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.

2 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 CCR5 receptor (NP_001381712.1] C-C chemokine receptor type 5 [Homo
sapiens]) was modeled using the AlphaFold Server algorithm
(https://alphafoldserver.com/) [Omuoka! McTouHnK cChIJIKH He Haiinen.]. 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 [Omm6ka! MCTOYHUK CCHLIIKH He
Hal/eH. ].

Data on non-synonymous single nucleotide polymorphisms resulting in single
amino acid substitutions without a reading frame shift for the CCL2 protein were
obtained from the UniProt database [Ommoka! McTouHMK CCHIJIKU He HaiiieH.].
Mutations for further analysis were selected based on their localization within the
predicted CCR5 contact sites identified during the initial model analysis.
Additionally, known polymorphic non-single nucleotide 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 CCR5 receptor were constructed using
the AlphaFold algorithm. The prediction reliability for each variant's structure was
assessed.

To quantitatively evaluate the effects of the mutations, the free energy for all
obtained models was calculated using the FoldX algorithm [Omm6ka! UcTounnk

CChUIKH He Haiigen.], integrated into the YASARA molecular modeling package
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[Omuoka! UcTounuk ccbliikyl He HaiimeH.]. 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 parameter was determined.

For all modeled complexes, the interaction interface was analyzed in UCSF
ChimeraX by counting the total number of atomic contacts and hydrogen bonds, and
identifying steric clashes. The obtained values 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 predicted
using the PolyPhen-2 algorithm [Ommu6ka! McTouHuK cchbIKHM He HaiigeH.]. This
tool classifies substitutions as "probably damaging” (PolyPhen-score >0.85),
"possibly  damaging"(PolyPhen-score  between 0.15 and 0.85), or
"benign"(PolyPhen-score<0.15) [Omu6ka! McTOYHHK CCHIKHM He HalieH.].

A comprehensive criterion was applied to assess the potential impact of a
mutation on the HIV-host interaction. A mutant CCL2 variant was considered
potentially significant if it simultaneously met the following criteria: an increase in
the free energy of the isolated CCL2 protein (indicating protein destabilization with
a potential increase in affinity), a decreased energy of the complex with CCR5
(indicating increased complex stability), a number of atomic contacts comparable to
the wild-type, an interaction binding energy comparable to the wild-type
(preservation of the interaction interface), and a predicted damaging functional
effect by PolyPhen-2 (potentially indicating reduced chemotactic activity while
retaining the ability to bind CCR5).

3 Results

A model of the CCL2 complex with the CCR5 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
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zones. Analysis of the UniProt database identified 41 polymorphisms (in 27 contact

zones) within the coding sequence of CCL2. Of these, one led to the formation of a
stop codon, seven represented complex mutations, and the remaining 33 were
missense mutations resulting in amino acid substitutions within the domain of
potential interaction with CCR5.

For all variants, structures of the isolated mutant 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 pTM
(predicted template modeling) 0.62-0.64 and ipTM score 0.80-0.82, as did the
interaction models, for which the ipTM score was not below 0.7.

The stability of the single CCL2 molecule was 29.04 kcal/mol according to
FoldX data, indicating an unstable or excited state of the molecule. 24 molecular
variants showed a decrease in energy (increased molecular stability). The greatest
reduction 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 potential contacts with the CCR5

molecule (Table 2).
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An insilico assessment of changes in protein function revealed that within the

studied set of mutations, the number of variants predicted to impair protein function
("damaging") was approximately equal to the number of variants predicted to have
no effect ("benign™) (Table 3).

4 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 interact with
the CCR5 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 interact selectively with the CCR2
receptor, while binding to CCR5 has not been demonstrated [Ommu6ka! UcTounnk
cchlIKH He Haiinen.] and has in some cases been refuted [Ommoka! Ucrounnk
CChLJIKM He HalineH.]. However, our data show that specific amino acid substitutions
can alter the structural and energetic parameters of CCL2, potentially enabling it to
form a stable complex with CCR5. This aligns with modern understanding of protein
structure plasticity and the potential for changes in their specificity under the
influence of point mutations [Omuoka! McTOYHUK CCHLIKH He HaliaeH., OmuoKka!l
HMcToYHMK CCHUIKHM He HaiileH.].

Regarding the interaction, the most interesting mutations are those where both
the complex energy and the interaction energy decreased, alongside a reduction in
CCL2's functional activity as a chemoattractant. In biochemistry, a change in
binding free energy of approximately ~1 kcal/mol is already considered biologically
significant [Ommoka! Mcrounnk ccbUIKH He Haiimen.]. 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 statistically significant, but
a drastic change in affinity. This indicates that the identified amino acid substitutions
are capable of causing not fine regulation, but a qualitative change in the protein's

functional profile.
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Concerning the correlation between complex stability and the efficiency of

CCR5 blocking, two key mechanisms can be highlighted. First, increased stability
of the CCL2-CCR5 complex (characterized by more negative values of interaction
energy and complex stability) directly implies a longer lifetime for this complex
[Omuoka! Mcrounuk ccbliiku He Haiinen.]. 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 [Omm6ka! McTOYHHK cCHLIKH
He Haigen.]. A CCL2 mutant with high affinity would act as a competitive
antagonist. Second, increased complex stability often correlates with slower ligand
dissociation [Ommoka! McTOYHHK CCHLJIKH He HaiaeH., Ommoka! Mcrounuk
ccoliikn  He Haigen.]. Under physiological conditions, where chemokine
concentrations can fluctuate, a slow "off-rate" from the receptor would provide more
prolonged and reliable blocking of the CCR5 binding site for the viral gp120 protein,
even if the mutant chemokine itself is not constantly present.

The interpretation of contact metrics and single-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 [Ommo6ka!
Hcrounuk ccpliiku He Haibigen.]. In the opposite scenario (stability increases -
energy decreases), the protein may have a lower propensity to interact [Omuo6ka!
Hcrounuk ccpliiku He Haiinen.], but the lifetime of the isolated protein could be
prolonged [Omuo6ka! McTOYHNK CCHLIKHM He Haii/IeH. .

A greater number of atomic or residue contacts within a molecule often
contributes to increased molecular stability. However, not all contacts contribute
equally to stability — some contacts can lead to local instability or misfolding
[Ommboka! Mcrounnk ccblikn He Haiigen.]. 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).
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Thus, an ideal candidate for interacting with CCR5 should possess: lowered

complex and interaction energy for structural stability; be functionally 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 energy); and have increased monomer energy to promote interaction
with CCR5 (partially losing specificity for CCR2).

The analysis revealed that none of the studied mutations satisfied all criteria
simultaneously. However, several variants demonstrated a promising combination
of properties. The 118T 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 decrease in contacts. The K79A variant is the most
balanced, showing only a minor reduction in contacts and a predicted damaging
effect on protein function. The main limitation of this mutation is its complexity, 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 (128A, N29A), experimental data exist
showing reduced functional activity of CCL2, which, combined with our
calculations, makes them promising candidates for the role of CCR5 blockers,
despite their PolyPhen-2 prediction as "benign™.

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

The most balanced profile is demonstrated by the S57C, P78H, and P78S
mutations. They combine a significant improvement in binding energy (up to -29.14
kcal/mol for P78H) and complex stability with a minor decrease in monomer
stability and a "probably damaging™ prediction, suggesting retained ability to bind
CCR5 alongside potentially reduced chemotactic function.
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An important limitation of the study is the lack of a direct correlation between

the number of atomic contacts and the binding energy, underscoring the predominant
role of the quality of interactions over their quantity. This indicates the need for a
more detailed analysis of the nature of contacts in future work.

5 Conclusions

This study identified a range of natural genetic variants of CCL2 that
demonstrate, in silico, the potential to interact with CCR5. The conducted molecular
modeling suggests that natural missense mutations in the CCL2 chemokine can
significantly modify its interaction with the CCR5 receptor. We successfully
identified specific mutant forms (P78H, S57C, 128T/V, N29K/A, K79A) that exhibit
an improvement in binding energy of 15-29 kcal/mol compared to the wild type.
Such substantial changes in interaction energy indicate a potential significant
increase in affinity. Although the S57C, P78H, and K79A variants did not show an
increase in the number of atomic contacts, they demonstrated the greatest reduction
in binding energy and were functionally predicted as "probably damaging.” This
combination of features makes them the most promising candidates.

The obtained data provide a basis for the targeted experimental validation of
the ability of these mutant forms to competitively inhibit HIV binding to CCR5
without concurrently activating pro-inflammatory chemotactic pathways.

In conclusion, our research does not refute the existing understanding of CCL2
selectivity but rather expands upon it by demonstrating the potential for altering this
chemokine's specificity under the influence of natural genetic variation. The
identified mutant forms open new avenues for investigating the principles of
molecular recognition within the chemokine family and warrant close attention in
further experimental studies, particularly in the context of HIV infection.

Funding: This research was supported by Russian Science Foundation grant
24-25-00479 (Assessing the potential significance of host genetic factors in human

immunodeficiency virus infection and disease progression https://rscf.ru/project/24-
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TABJINLbBI

Table 1. Stability energies of monomers and the complex, interaction energies, and
differences from the wild-type (wt) CCL2 molecule energy.
Tabaumma 1. DHepruu CTaOUIBHOCTY MOHOMEPOB U KOMIUIEKCA, SHEPrUU

B3aUMOJIEUCTBUS U OTINYHS OT s3HEprun MosiekyJibl CCL2 qukoro tuna (wt).

Polym | Mono Complex
_ . AMono . _
orphis | Stability Stabilit Stability AStability Connectio | AConnectio
ablll

m DHeprus Y DHeprus ActabunbHo | nenergy |n
AsHeprun

[Tomn | crabmibHO cTaOuiIbHO | cTH Oneprusi | AsHepruu
CTaOMJILHOCT

Mopd | cTh CTH KOMILIIEKCA CBSI3U CBSI3U
1 MOHOOE€JIKa

U3M MOHOO€EIIKa KOMILIIEKCA

wt 29,04 0 -36,91 0 -5,29 0

Al15P | 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

118N | 26,95 -2,09 -10,41 26,5 -1,37 3,92

118T 28,85 -0,19 -50,09 -13,18 -30,43 -25,14

P19L |18,4 -10,64 -29,88 7,03 -125 -7,21

Q20P | 25,98 -3,06 -52,32 -15,41 -11,21 -5,92

Q20R 19,89 -9,15 -42.1 -5,19 -22,52 -17,23

A23S | 29,26 0,22 -45,75 -8,84 -21.7 -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 -1,57 -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
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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 | 27,97 -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 -11,2

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 -22,15 -17,46
E73X 133,02 3,98 -24,16 12,75 -21,24 -15,95
E73G |26,59 -2,45 -20,33 16,58 -3,78 1,51

174N | 30,29 1,25 -26,38 10,53 -2,68 2,61

P78H |[27,74 -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
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Notes: Polymorphism with non-single nucleotide substitutions is highlighted in

bold.

Ipumeuanus: [Tomumopdu3M ¢ HEOAUHOYHOM HYKJICOTHIHOW 3aMEHOM BBIJEICH

KUPHBIM HIPUPTOM.

Table 2. Atomic contacts, steric clashes, and hydrogen bonds of CCL2 mutant forms

Taﬁ.lmua 2. AToMHBIE KOHTAKThI, CTCPUICCKUC CTOJIKHOBCHMA U BOAOPOJHBIC CBA3U

myTaHTHBIX (popm CCL2

Polymorphis Clashes | h-bonds

Contacts > All_Contacts | AAIll_Contacts
m Croaxk | Boxopon

KonTakr > Bce_Konrakr | ABce Konrak
Hoaumopdpu HOBCHHM | HbIE

bl bl ThI
3M | CBSI3H
wt 302 23 26 305 0
A15P 285 28 25 282 -23
T16S 331 31 19 319 14
118N 240 21 17 236 -69
118T 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
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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
P6OT 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
174N 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
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K79A

331 52 20 299 -6

Notes: > All Contacts was calculated using the formula: Contacts - Steric Clashes
+ Hydrogen Bonds. Polymorphism with non-single nucleotide substitutions are
highlighted in bold.

> Bce KoHTtakTbl 1o KonTakThI-

bopmyiie

CTEpPUUYECKHUE CTOJIKHOBEHUS + BOJIOPOAHBIE CBsI3U. [louMoppu3mM ¢ He-0qUHOUHON

I[Mpumevanus: paccyuTaHbl

HYKJICOTHUIHOM 3aMEHOM BbIJICNICH KUPHBIM IIPUPTOM.

Table 3. Summary of predicted functional effects of mutations according to
PolyPhen-2(PP) and functional characteristics based on literature sources

Ta6auua 3. CBogka NporHo3upyemMbIX (YHKIHOHAIBHBIX 3((EKTOB MyTalMil B
coorBercTBuM ¢ PolyPhen-2(PP) n ¢pyHknmoHampHbIe XapaKTEPUCTUKHA HAa OCHOBE

JIUTCPATYPHBIX HCTOYHHUKOB

Polymorphi | PP-Score | PP-sensitivity PP-Specificity | Functional data from
sm PP- PP- PP- literature
[Tomumopd | 3HAYEHW | YyBCTBUTEIBHOC | cieluuIHOC | DyHKIIMOHAIBHBIC
nU3M c Tb Thb JAaHHBIC U3 JIMTCPATYPhI
None
A15P 0,997 0,41 0,98
He oGuapyxeHo
None
T16S 0,126 0,93 0,86
He oGuapyxeHo
None
118N 0 1 0
He oGuapyxeHno
None
118T 0 1 0
He oGuapyxeHno
None
P19L 0,002 0,99 0,3
He obnapyxeno
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Q20P

0,096

0,93

0,85

None

He oGuapysxeHno

Q20R

0,957

0,78

0,95

None

He obnapyxeHo

A23S

0,966

0,78

0,95

None

He obnapyxeHo

A23T

0,864

0,83

0,93

None

He oGuapyxeHno

Q24R

0,988

0,73

0,96

Adenomas and
Adenocarcinomas

AJICHOMBI u
aJICHOKaPIIMHOMBI [ O1H
Oka! Hcrounuk

CCHLIKH He HajiiieH. |

D26A

0,949

0,79

0,95

Reduction in activity
CHuxeHue
akTUBHOCTU[O1IHOKA!
HCTOYHHUK CCBHLIKH He

HaiiaeH.]

A27G

0,01

0,96

0,77

None

He oGnapyxeHno

A27V

0,963

0,78

0,95

None

He oGuapyxeHno

128T

0,061

0,94

0,84

Adenomas and
Adenocarcinomas
AJIEHOMBI u

aJIeHOKapIUHOMBI[ O1ru
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oka! HUcTOoUHUK

CCHLIKH He HaiiieH. |

128V 0,001 0,99 0,15 None
He obnapyxeHo
Slight  reduction in
activity
He3naunrensnoe

128A 0,001 0,99 0,15 CHIDKEHIE
akTuBHOCTH[ OmiuoOKa!
HNCcTOYHMK CCBUIKHM He
HaiigeH.]
Adenomas and
Adenocarcinomas

N29K 0,1 0,93 0,85 Aeronet !
aJICHOKaPIIMHOMBI [ O1H
Oka! HUcTrounnk
CCHLIKH He Haii/IeH. |
50%  reduction in
activity

N29A 0,44 0,89 0,9 >0% CHIDIECHIE
akTUBHOCTU[O1IHOKA!
HCcTOYHMK CCBUIKHM He
HalieH. |
Loss of dimerization;
slight  reduction  of

P31A 0,08 0,93 0,85 activity

[loteps nmumepuszaunu;

HC3HAYUTCIIbHOC
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CHIDKEHHE
aKTUBHOCTH[ 14,
Omuoka! MHMcrouyHuk

CCBHLIKM He HaiiieH.]

V32A

0,1

0,93

0,85

Slight  reduction in
activity
HesnauntenpHoe
CHUKCHHE aKTHBHOCTH
[Ommoka! Mcrouynuk
CCBIJIKM He HaljJeH.,
Ommuodoka! MHcTouHHK

CCHLIKH He HaiiieH. |

V32E

0,655

0,86

0,91

Slight  reduction in
activity
HesnauntenpHoe
CHUXCHUE AaKTUBHOCTHU
[Ommoka! Mcrouynuk
CCBIJIKM He HaljJeH.,
Ommuodka! MHcTouHHK

CCHLIKH He Haii/IeH. |

T33A

0,041

0,94

0,83

Slight  reduction in
activity
HesnauntenpHoe
CHI)KEHHUE aKTUBHOCTH
[Omuobka! HMcrounHuk
CCBIJIKHM He HaijJeH.,
Omuoka! MHcTouyHHK

CCBIJIKM He Hali/IeH. ]
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T33E

0,97

0,77

0,96

Slight  reduction in
activity
HesnauntenpHoe
CHIDKCHHE aKTHUBHOCTH
[Ommoka! Hcrounmk
CCBUIKH He HaiijieH.,
Omuoka! MHMcToyHHK

CCHLIKH He HajiiieH. |

Y36C

0,999

0,14

0,99

None

He obnapysxeno

Y36A

0,992

0,7

0,97

Loss of activity
[Toreps AKTUBHOCTH
[Omuoka! HcrouHuk

CCHLIKH He HaiiieH. |

N37D

0,271

0,91

0,88

None

He obnapysxeno

T39A

0,002

0,99

0,3

None

He oGnapyxeHno

T39I

0,005

0,97

0,74

None

He oGnapyxeHno

S57C

0,998

0,27

0,99

None

He obnapy:xeno

C59G

None

He obnapy:xeno

P60T

0,976

0,76

0,96

Squamous Cell
Neoplasms
IImockokneTOYHbBIC

HOBOOOpPa30BaHUs




10.15789/2220-7619-EOC-18038

[Ommoka! McrouyHuk

CCHLIKH He HaiiieH. |

K61l

0,589

0,87

0,91

None

He obnapyxeHo

165N

Gliomas
'maomp[Ommoka!
HCcTOYHMK CCBHIJIKH He

HaiigeH.]

E73G

0,186

0,92

0,87

None

He oGuapyxeHno

174N

0,997

0,41

0,98

None

He oGuapyxeHno

P78H

None

He obnapysxeno

P78S

0,998

0,27

0,99

None

He obnapysxeno

K79E

0,045

0,94

0,83

None

He oGuapyxeHno

K79R

0,314

0,9

0,89

None

He obnapy:xeno

K79A

0,81

0,81

0,93

No effect on heparin
binding

OtcytctBue 2pdexra Ha
CBA3BIBAHHUC rermapruHa

[Omuoka! HMcrouHuk

CCBIJIKM He Hali/IeH. ]
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Notes: 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 [Omm6xa! UcTounuk
CCHLIKH He HaliJIeH.].

Ipumeuanusi: [TomumopdusM ¢ HEOTUHOYHON HYKJICOTHIHOM 3aMEHOU BBIJICIICH
s#upHbIM  wpudrom. CCL2-E73X He BrimoueHa B Tabnuily MO NPUYHUHE
HEBO3MOKHOCTH ee ydera. PolyPhen-2 kmaccuduuupyer 3ameHbl Kak «BEpOSITHO
omacHsie», ecnu PP-6amr>0,85, «Bo3MokHO omacHble», ecau PP-6amt ot 0,15 mo
0,85, u «uentpanbubiey, eciiu PP-6amn <0,15 [Ommoka! UCcTOYHNK CCHIJIKH He

HaiieH. |.
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baok 3. MeragaHHbIe CTATHH

EFFECTS OF CCL2 CHEMOKINE MISSENSE MUTATIONS ON CCR5
RECEPTOR AFFINITY: A COMPUTATIONAL STUDY IN THE CONTEXT OF
HIV INFECTION REGULATOR DISCOVERY

BJIMIHUE MUCCEHC-MYTAILIMIM XEMOKHUHA CCL2 HA A®D®UHHOCTH
C PELEIITOPOM CCRS: BBIYUCIIMTEJIBHOE WCCIIEJOBAHUE B
KOHTEKCTE ITIOUCKA PEI'YJIAAITOPOB BUY-MHOEKIINN

CokpalieHHOe HA3BaHUE CTAThHU JJIsl BEPXHEro KOJOHTHUTYJIA:
[TOJINMMOP®U3M CCL2 1 AOOMHHOCTD CBA3BIBAHUA C CCRS IN
SILICO

IN SILICO ANALYSIS OF CCL2 POLYMORPHISMS AND CCRS5 BINDING
AFFINITY

Keywords: HIV, chemokine CCL2, CCRS5 receptor, missense mutations, molecular
modeling, binding energy, virus attachment, in silico.

Kuarouessbie ciaoBa: BUY, xemokun CCL2, peuentop CCRS, mMucceHc-MyTanuu,
MOJIEKYJIIPHOE MOJIEIMPOBAHUE, DHEPTHUS CBSI3bIBAHMSI, IPUKPETICHUE BUpPYCa, in

silico.

OpurvHanbHBIE CTATHU.
KommuecTBo crpanui Tekcra — 9,
KOJINYECTBO TAOJIHII — 3,

KOJIMYECTBO PUCYHKOB — 0.
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