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Post-pandemic evolution of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), the causative agent of
COVID-19, is characterized by the continuous emergence of variants carrying numerous mutations within the receptor-binding
domain (RBD) of the spike protein. These mutations may alter viral affinity for the angiotensin-converting enzyme 2 (ACE2)
receptor and neutralizing antibodies, thereby influencing transmissibility and immune evasion. The aim of this study was to per-
form a comparative in silico analysis of the binding affinities of major post-pandemic SARS-CoV-2 variants toward the human
ACE2 receptor and a reference neutralizing antibody. Mutational profiles of XBB.1.5, XBB.1.16, EG.5, BA.2.86, JN.1,
KP.3.1.1, NB.1.8.1, XFG, and BA.3.2 lineages were analyzed, structural models of RBD-ACE2 and RBD-antibody complexes
were generated, and binding free energies were estimated. Molecular dynamics simulations were performed for selected com-
plexes containing RBDs of the XBB.1.5 and BA.3.2.2 variants, as well as the wild-type SARS-CoV-2, and structural stability,
conformational dynamics, hydrogen bonding, and free energy landscapes were evaluated. All analyzed post-pandemic variants
formed less stable complexes with the reference antibody than the wild-type virus, indicating a general evolutionary trend toward
enhanced immune evasion. However, only a subset of variants demonstrated enhanced affinity for ACE2. Molecular dynamics
simulations demonstrated that post-pandemic variants acquired distinct conformational dynamics and metastable states compared
with the wild-type virus. In particular, XBB.1.5 and BA.3.2.2 formed more stable complexes with ACE2 and less stable com-
plexes with the antibody than the wild-type virus. These findings suggest that post-pandemic SARS-CoV-2 evolution is driven
predominantly by optimization of immune evasion while preserving effective receptor interaction. The study also demonstrates
that the applied computational workflow may be useful for rapid characterization of newly emerging SARS-CoV-2 variants.
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Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
is a member of the Coronaviridae family (Rathore & Ghosh, 2020;
Rabaan et al., 2023) and the causative agent of COVID-19 (Ayenig-
bara, 2020; Pal et al., 2020). In 2020, the virus caused a global pande-
mic with profound social (Saladino et al., 2020; Naveed et al., 2024)
and economic (Pak et al., 2020; Sun et al., 2024) consequences. Alt-
hough the World Health Organization (WHO) declared the end of the
COVID-19 public health emergency of international concemn
(PHEIC) in May 2023 (Burki, 2023; Sarker et al., 2023), COVID-19
continues to remain a global health concern with substantial impacts
on human health (Chung et al., 2024; Santo et al., 2025). Following
the end of the pandemic phase, several SARS-CoV-2 variants, includ-
ing XBB.1.5 (Islam et al., 2023), XBB.1.16 (Pourriyahi et al., 2024),
EG.5 (Yadav et al., 2023), BA.2.86 (Wang et al., 2023), JN.1 (Yang
etal., 2024), KP.3.1.1 (Shi et al., 2025), NB.1.8.1 (Uriu et al., 2025),
XFG (Azhar et al., 2026), and BA.3.2 (Fourati & Loubet, 2026) be-
came prevalent in different regions of the world or caused localized
outbreaks (Alhamlan & Al-Qahtani, 2025; Uraki et al., 2026). Alt-
hough none of these variants were classified as variants of concern
(\VVOCs) during the post-pandemic period, some were designated as
variants of interest (VOIs) or variants under monitoring (VUMs) ac-
cording to WHO and European Centre for Disease Prevention and
Control (ECDC) criteria, reflecting their epidemiological relevance
and the need for continued surveillance (Ambrosio et al., 2022; Andre
etal., 2023).

The key epidemiological characteristics of SARS-CoV-2 variants
include transmissibility, virulence, immune evasion, and susceptibility
to therapeutic interventions (Cocherie et al., 2022; Carabelli et al.,
2023). Viral evolution and the accumulation of mutations may provi-
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de selective advantages in all of these aspects. In particular, mutations
within the spike glycoprotein play a central role in these processes
(Carabelli et al., 2023; Zabidi et al., 2023). For example, the Omicron
variant gained a substantial evolutionary advantage over preceding
variants through the rapid accumulation of mutations in the spike pro-
tein, resulting in increased transmissibility and reduced neutralizing
antibody efficacy (Parsons & Acharya, 2023; Liu et al., 2024b). Omi-
cron-derived lineages continue to predominate during the post-pande-
mic period (Kung et al., 2025; Souza et al., 2025).

The presence of a surface spike glycoprotein (S protein) is a char-
acteristic feature of both SARS-CoV-2 and coronaviruses in general
(Ou et al., 2020; Saadi et al., 2021; Banerjee et al., 2022). The S pro-
tein consists of two subunits: S1, which contains the receptor-binding
domain (RBD) responsible for receptor recognition, and S2, which
mediates membrane fusion (Huang et al., 2020; Walls et al., 2020).
Whereas the S1 subunit is relatively variable and largely determines
receptor tropism, the S2 subunit contains more conserved sequences
shared among coronaviruses (Lu et al., 2023; Bocquet-Garcon, 2024).
The primary cellular receptor for SARS-CoV-2 is angiotensin-con-
verting enzyme 2 (ACE2), and interaction with ACE2 represents a
critical step in viral entry and COVID-19 pathogenesis (Bourgonje
etal.,, 2020; Wang et al., 2020). Consequently, the accumulation of
mutations that increase affinity for ACE2 may confer an evolutionary
advantage by enhancing viral infectivity and transmission (Markov
etal., 2023; Ataya et al., 2025).

Another major mechanism by which mutations may facilitate vi-
ral spread is immune evasion (Carabelli et al., 2023; Markov et al.,
2023). Despite extensive efforts to develop antiviral therapies against
SARS-CoV-2, pharmacological treatment options remain limited
(‘YYaghoubi et al., 2021; Murmu et al., 2024; Alves et al., 2025; Soares
etal., 2025), and vaccination continues to represent the primary strate-

1

Regulatory Mechanisms in Biosystems, 2026, 17(3), 26052



gy for COVID-19 prevention (Tradigo et al., 2023). However, ongo-
ing viral evolution and the continuous accumulation of mutations in
the S protein pose substantial challenges for both vaccine efficacy
(Faraji et al., 2024) and therapeutic development (Hwang et al., 2022;
Aboul-Fotouh et al., 2023). The S protein, particularly the RBD, re-
mains the principal target for vaccines and many therapeutic agents
directed against COVID-19 (Guan et al., 2023; Islam, 2023). At the
same time, under selective pressure exerted by host immunity, the
majority of mutations emerging in novel SARS-CoV-2 variants are
concentrated within the S1 subunit (Mengist et al., 2021; Lu et al.,
2023; Magazine et al., 2024).

Consequently, investigating the interactions of the SARS-CoV-2
RBD with both the ACE2 receptor and neutralizing antibodies re-
mains an important objective during the post-pandemic period. In this
context, in silico approaches are particularly valuable because they
enable rapid assessment of the effects of mutations present in newly
emerging variants on binding affinity toward ACE2 and antibodies.
Therefore, the aim of this study was to perform a comparative in
silico analysis of the binding affinities of post-pandemic SARS-CoV-
2 variants in complexes with both the ACE2 receptor and antibodies.

Materials and methods

A comparative analysis was conducted between the WT SARS-
CoV-2 virus and variants classified as VVOIs during the post-pandemic
period (2023-2026): XBB.1.5, XBB.1.16, EG.5, BA.2.86, and JN.1,
as well as variants classified as VUMs at the time of the study in
2026: KP.3.1.1, NB.1.8.1, XFG, and BA.3.2 sublineages (BA.3.2.1
and BA.3.2.2). Mutational profiles of the studied variants within the
RBD of the S protein were determined based on data from open data-
bases (Chen et al., 2022; Gangavarapu et al., 2023; Tsueng et al.,
2023) and scientific literature (Zhang et al., 2026).

An analysis of the conservation of RBD mutations accumulated
in predominant post-pandemic variants relative to the WT virus was
performed using Grantham’s distances (Grantham, 1974) according
to a previously proposed classification (Li et al., 1984). Mutations
with Grantham’s distances of 0-50 were considered conservative,
51-100 moderately conservative, 101-150 moderately radical, and
>151 radical (Li et al., 1984).

Subsequently, modeling of SARS-CoV-2 RBD complexes with
the ACE2 receptor and a reference antibody (STE90-C11) was per-
formed. The 6LZG structure (Wang et al., 2020) was used as the
three-dimensional model for constructing complexes of RBDs with
ACE2 (RBD-ACE2), whereas the 7B30 structure (Bertoglio et al.,
2021) from the RCSB PDB was used for modeling complexes of
RBDs with antibody (RBD-AB). Initially, RBD-ACE2 and RBD-AB
complexes containing the WT RBD sequence were modeled using
the SWISS-MODEL server (Waterhouse et al., 2018), together with
intermediate templates containing the WT RBD sequence lacking the
amino acid at position V483 to generate complexes characterized by
the A483 deletion. Subsequently, mutations characteristic of the studi-
ed post-pandemic SARS-CoV-2 variants were introduced into the
models containing either the WT RBD or the A483 modification
using MODELLER 10.4 (Sali & Blundell, 1993).

To evaluate the effects of RBD mutations on affinity toward
ACE2 and antibody, Gibbs binding free energy (AG) values were es-
timated. Calculations were performed using the Molecular Mecha-
nics/Generalized Born Surface Area (MM/GBSA) method (Gohlke
& Case, 2004) implemented in the HawkDock server v2 (Weng et al.,
2019; Zhang et al., 2025). Changes in AG values were interpreted as
indicators of altered affinity, where decreased AG values correspon-
ded to increased affinity and increased AG values corresponded to de-
creased affinity. For ease of interpretation, the change in Gibbs bin-
ding free energy (AAG) was additionally calculated according to the
following equation:

AAG = AGmut — AGwr,
where AGwt and AGwmut represent the AG values for complexes con-
taining the WT and mutated RBDs, respectively. Positive AAG val-
ues indicated destabilization of the corresponding complex due to
mutations, whereas negative AAG values indicated stabilization.
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Complexes with ACE2 and antibody containing the WT RBD, as
well as the XBB.1.5 and BA.3.2.2 RBDs, were further analyzed using
molecular dynamics simulations in GROMACS 2023.3 (Berendsen
et al., 1995; Abraham et al., 2015). The CHARMM36m force field
was applied (Huang et al., 2017). All studied systems, including both
ACE2- and AB-containing complexes, were placed in a dodecahedral
box with a minimum distance of 1.6 nm between the protein complex
and the box edge, solvated, neutralized with NaCl, and adjusted to a
salt concentration of 0.15 M, followed by energy minimization.

The equilibration procedure included the following stages: an
NVT equilibration stage using the V-rescale thermostat (temperature
coupling constant 0.1 ps) for 1 ns for all systems; a first NPT stage
using the V-rescale thermostat (0.1 ps) and C-rescale barostat (pres-
sure coupling constant 2.0 ps) for 1 ns; and a second NPT stage using
the V-rescale thermostat (1.0 ps) and C-rescale barostat (5.0 ps) for
50 ns for ACE2-containing complexes or 100 ns for antibody-contai-
ning complexes. Production simulations were subsequently carried
out for 200 ns for RBD-ACE2 complexes and 500 ns for RBD-AB
complexes.

Primary trajectory analysis included calculation of the root mean
square deviation (RMSD), root mean square fluctuation (RMSF), ra-
dius of gyration (Rg), solvent-accessible surface area (SASA) (Bondi,
1964; Eisenhaber et al., 1995), and the number of hydrogen bonds.
Finally, AG values were estimated throughout the molecular dyna-
mics trajectories using the Molecular Mechanics/Poisson-Boltzmann
Surface Area (MM/PBSA) approach implemented in the gmx_MM-
PBSA package (Miller et al., 2012; Valdés-Tresanco et al., 2021).

In addition, principal component analysis (PCA) and free energy
landscape (FEL) analysis were performed. For these analyses, trajec-
tories corresponding to complexes of the same type (ACE2- and anti-
body-containing complexes analyzed separately) were fitted using
backbone atoms and then concatenated (Cossio-Pérez et al., 2017).
PCA was subsequently performed based on Co atoms, and projec-
tions onto the first two principal eigenvectors were used to generate
FEL heatmaps representing the Gibbs free energy (G, kJ/mol) distri-
bution.

The open-source PyMOL program (Version 2.5, Schrédinger
LLC, 2021) was used to visualize three-dimensional structures of the
studied complexes.

Results

Table 1 presents the mutational profiles within the RBDs of post-
pandemic SARS-CoV-2 variants designated as VOIs, as well as sev-
eral variants classified as VUMs at the time of the study in 2026.
The number of mutations within the RBD ranged from 21 in the
BA.3.2.1 sublineage to 31 in the XFG variant. Each studied variant
was characterized by a unique mutational profile within the RBD.
However, several mutations were identified in all analyzed variants:
S371F, S373P, S375F, D405N, R408S, K417N, N440K, N460K,
SA7TTN, Q498R, and N501Y. In addition, positions 339, 445, 446,
478, and 484 were altered in all variants relative to the WT virus,
although the specific amino acid substitutions differed among vari-
ants. According to Grantham’s distances, the identified mutations
included substitutions from all four categories (conservative, moder-
ately conservative, moderately radical, and radical), although moder-
ately conservative and moderately radical substitutions predominated.
Furthermore, several studied variants (BA.2.86, JN.1, KP.3.1.1,
NB.1.8.1, and XFG) carried a deletion at position 483.

A visual representation of the three-dimensional structures of the
RBD-ACE2 and RBD-AB complexes containing the WT RBD is
presented in Figure 1. The figure also highlights the positions of mu-
tations identified in one or more post-pandemic SARS-CoV-2 vari-
ants. As shown, the majority of these mutations are localized in close
proximity to the binding interfaces of both the RBD-ACE2 and RBD-
AB complexes.

Table 2 presents the estimated AG values for RBD-ACE2 and
RBD-AB complexes formed by different SARS-CoV-2 variants, to-
gether with the corresponding AAG values relative to the reference
complexes formed by the WT virus RBD. As shown for the RBD-
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ACE2 complexes, several studied SARS-CoV-2 variants formed
more stable complexes with human ACE2 (AAG < 0) than the WT
virus, including XBB.1.5, EG.5, BA.2.86, JN.1, and BA.3.2 sublinea-
ges (BA.3.2.1 and BA.3.2.2). Notably, the BA.3.2 sublineages de-
monstrated the highest affinity for the ACE2 receptor. The corre-
sponding AG values for complexes formed by BA.3.2.1 and BA.3.2.2
were —74.56 and —73.16 kcal/mol, respectively, compared to —68.88
kcal/mol for the WT RBD-ACE2 complex. These findings indicate

Table 1

that these variants possess an increased affinity for ACE2 and there-
fore may interact with the human receptor more efficiently during the
infectious process. In contrast, the RBDs of the remaining post-pan-
demic SARS-CoV-2 variants formed less stable complexes with
ACE?2 than the WT virus. Although the XBB.1.16 variant exhibited a
AG value of —68.84 kcal/mol, which was nearly identical to the WT
reference value, the XFG variant demonstrated substantially lower
affinity for ACE2, with a AG value of —-57.24 kcal/mol.

Mutational profiles within the RBDs of post-pandemic SARS-CoV-2 variants

Variants of concern (VVOIs) during 2023-2026

Variants under monitoring (VUMs) in 2026

WT BA32
XBB.L5 XBB.1.16 EGS5 BA2.86 KP311  NB181 XFG SA3IL  BA3D3
G339 H (98) H (98) H (98) H (98) H (98) H (98) H (98) H (99) Y (147) Y (147)
R346 T T T(71) — — T — —
A348 - - - - — — — P(27) P(27)
K356 - - - T(79) T@8) T@8) T@8) T@8) - T (78)
L368 15) 15) 15) — - — — - —
S371 F (155) F (155) F (155) F(155)  F(155) F (155) F (155) F (155) F (155) F (155)
S373 P (74) P (74) P (74) P (74) P (74) P (74) P (74) P (74) P (74) P (74)
375 F (155) F (155) F (155) F(155)  F(155) F (155) F (155) F (155) F (155) F (155)
T376 A(58) A(58) A(58) A(58) A(58) A(58) A(58) A(58) - -
RA403 - - - K (26) K (26) K (26) K (26) K (26) K (26) K (26)
D405 N (23) N (23) N (23) N (23) N (23) N (23) N (23) N (23) N (23) N (23)
RA408 S (110) S (110) S(110)  S(110)  S(110) S (110) S (110) S (110) S (110) S (110)
K417 N (94) N (94) N (94) N (94) N (94) N (94) N (94) N (94) N (94) N (94)
A435 - - - - - S (99) - S (99) S (99)
N440 K (94) K (94) K (94) K (94) K (94) K (94) K (94) K (94) R (86) R (86)
K444 — — - - - R (26) — —
V445 P (68) P (68) P (68) H (84) H (84) H (84) H (34) R (96) A(64) A(64)
G446 S (56) S (56) S (56) S (56) S (56) S (56) S (56) S (56) D (94) D (94)
N450 - - - D (23) D (23) D (23) D (23) D (23) - -
L452 - - - W) W6 W (61) W (61) W (61) W (61) W (61)
L455 - - - - S (145) S (145) S (145) S (145) - -
F456 - - L(22) - L(22) L (22) L(22) - -
N460 K (94) K (94) K (94) K (94) K (94) K (94) K (94) K (94) K (94) K (94)
S477 N (46) N (46) N (46) N (46) N (46) N (46) N (46) N (46) N (46) N (46)
T478 K (78) R (71) K (78) K (78) K (78) K (78) 1(89) K (78) N (65) N (65)
N481 - - - K (94) K (94) K (94) K (94) K (94) - -
V483 — - - A A A A - -
E484 A(107) A(107) A(107) K (56) K (56) K (56) K (56) K (56) K (56) K (56)
F486 P (114) P (114) P (114) P(114)  P(114) P (114) P (114) P (114) - -
N487 — - - - - D (23) - -
F490 S (155) S (155) S (155) - - - - -
Q493 — - - - E (29) E (29) E (29) - -
G496 — - - - - - S (56) S (56)
Q498 R (43) R (43) R (43) R (43) R (43) R (43) R (43) R (43) R (43) R (43)
N501 Y (143) Y (143) Y(143)  Y(143)  Y(143) Y (143) Y(143)  Y(143) Y (143) Y (143)
Y505 H (83) H (83) H (83) H (83) H (83) H (83) H (83) H (83) — —

Note: amino acids are presented using single-letter notation; positions within the S protein at which no mutations were detected in any studied variant relative to the
WT virus are not shown in the table; Grantham’s distances relative to the corresponding WT amino acids are indicated in parentheses next to each substituted resi-
due. Substitutions with Grantham’s distances of 0-50 were considered conservative, 51-100 moderately conservative, 101150 moderately radical, and >151 radical.

Analysis of the RBD-AB complexes demonstrated that all studi-
ed post-pandemic variants exhibited reduced affinity for the antibody
relative to the WT virus, forming less stable complexes. Consequent-
ly, the binding efficiency of antibodies to the RBDs of post-pandemic
SARS-CoV-2 variants may be reduced compared to the WT virus.
However, the magnitude of the AG and AAG changes differed consi-
derably among variants. For XBB.1.5, XBB.1.16, EG.5, and the
BA.3.2 sublineages, AAG values differed by approximately 20—
30 kcal/mol relative to the reference AG value of —111.18 kcal/mol
for the WT RBD-AB complex. Although these changes were sub-
stantial, even greater effects were observed for other variants. In par-
ticular, the XFG variant exhibited a AAG value of 50.80 kcal/mol,
indicating an almost twofold reduction in affinity for antibody relative
to the WT reference complex. Therefore, although the XFG variant
demonstrated reduced affinity for ACE2, which could theoretically
impair receptor recognition, this effect may be partially compensated
by markedly decreased affinity for antibody, potentially facilitating
antibody evasion.

Overall, SARS-CoV-2 variants characterized by increased affini-
ty for ACE2 exhibited less pronounced reductions in affinity for anti-
body than variants that simultaneously lost affinity for both ACE2
and antibody. A positive correlation was observed between the AG
values of RBD-ACE2 and RBD-AB complexes formed by post-pan-
demic variants (Pearson correlation coefficient = 0.661, P = 0.037).
Thus, increases in AG values for ACE2-containing complexes were
accompanied by increases in AG values for antibody-containing com-
plexes. In other words, mutational profiles associated with decreased
affinity for antibody were also associated with reduced affinity for the
ACE?2 receptor.

Subsequently, molecular dynamics simulations were performed for
complexes formed by the RBDs of the WT virus, XBB.15, and
BA.3.2.2 variants with the ACE2 receptor and the STE90-C11 anti-
body. The results of the molecular dynamics trajectory analysis for the
RBD-ACE2 complexes are presented in Figure 2. The RMSD plots
(Fig. 2a) demonstrated gradual stabilization of structural fluctuations
during the 200 ns simulations. The RMSF plots further showed that

3

Regulatory Mechanisms in Biosystems, 2026, 17(3), 26052



fluctuations of both the RBDs of different viral variants (Fig. 2b) and
the ACE2 receptor within the corresponding complexes (Fig. 2c)
were generally similar across individual amino acid residues.

The mean Rg values (mean + SD) for the RBD-ACE2 comple-
xes were 3.21 +0.03, 3.19 + 0.03, and 3.18 + 0.03 nm for complexes
containing the RBDs of the WT virus, XBB.1.5, and BA.3.2.2 vari-

ants, respectively, indicating overall similarity in conformational
compactness (Fig. 2d). Similarly, the mean SASA values (mean +
SD) were 366.32 + 4.24, 363.71 + 4.29, and 361.03 + 3.94 nm? for
complexes containing the RBDs of the WT virus, XBB.15, and
BA.3.2.2 variants, respectively, suggesting generally similar solvent
accessibility and diffusivity characteristics (Fig. 2e).

Fig. 1. Three-dimensional structures of RBD-ACE2 and RBD-AB complexes: a — structure of the WT RBD in complex with human ACE2;
b —structure of the WT RBD in complex with the STE90-C11 antibody; the SARS-CoV-2 RBD is shown in green, the ACE2 receptor in cyan,
and the heavy and light chains of the antibody in purple and magenta, respectively; RBD residues corresponding to mutation sites identified in
the studied post-pandemic SARS-CoV-2 variants are highlighted in yellow using stick representation

Table 2

Binding free energies (AG) of RBD-ACE2 and RBD-AB complexes
formed by different post-pandemic SARS-CoV-2 variants and
corresponding changes (AAG) relative to the WT virus, kcal/mol

SARS-CoV-2 Complexes with ACE2 Complexes with antibody
variant AG AAG AG AAG

WT -68.88 — -111.18 —
XBB.15 -71.07 -2.19* -89.76 2142*
XBB.1.16 —-68.84 0.04 -90.10 21.08*
EG.5 —-69.32 —-0.44* -87.50 23.68*
BA.2.86 -72.88 —4.00* -75.81 35.37*
IN.1 —70.05 -1.17* 7341 37.77*
KP.3.1.1 —66.73 215 —-66.94 44.24*
NB.1.8.1 -68.07 0.81 -68.48 42.70*
XFG -57.24 1164 -60.38 50.80*
BA3.2.1 7456 -5.68* -82.65 2853*
BA3.2.2 -73.16 —4.28* -83.02 28.16*

Note: AAG values marked with * correspond to variants exhibiting a potential
adaptive advantage, namely AAG < 0 (increased interaction stability) for RBD-
ACE2 complexes and AAG > 0 (decreased interaction stability) for RBD-AB
complexes.

Nevertheless, some differences were observed in the interactions
between the RBDs of different variants and the ACE2 receptor. Figu-
re 2f illustrates the dynamics of hydrogen bond formation between
RBD and ACE2. The mean numbers of hydrogen bonds (mean + SD)
were 6.27 £ 1.74, 4.94 + 1.58, and 6.49 + 1.53 for complexes contai-
ning the RBDs of the WT virus, XBB.1.5, and BA.3.2.2 variants, res-

4

pectively. Thus, the complex containing the XBB.1.5 RBD formed
fewer hydrogen bonds than complexes containing the WT or
BA.3.2.2 RBDs.

At the same time, the binding affinity of the RBDs toward the
ACE2 receptor during molecular dynamics simulations was evaluated
based on total binding free energy (AGP®, Fig. 2g), as well as its major
components, namely binding free energy in the gas phase (AG,
Fig. 2h) and solvation fiee energy (AG®V" Fig. 2i). The average
AG™ values (mean + SD) were —42.71 + 12.01 kcal/mol, —53.58 +
12.25 kcal/mol, and —59.03 =+ 11.59 kcal/mol for complexes contain-
ing the RBDs of the WT virus, XBB.1.5, and BA.3.2.2 variants, re-
spectively. Therefore, both the XBB.1.5 and BA.3.2.2 variants exhib-
ited higher affinity for the ACE2 receptor than the WT virus, as indi-
cated by their more negative AG®® values.

Figure 3 presents the results of molecular dynamics trajectory
analysis for the RBD-AB complexes. The RMSD plots (Fig. 3a) de-
monstrate gradual stabilization of complexes formed by the RBDs of
the WT virus, XBB.1.5, and BA.3.2.2 variants with the reference an-
tibody during the 500 ns simulations. Analysis of the RMSF plots for
the RBDs within these complexes (Fig. 3b) revealed that amino acid
residues in the RBDs of the XBB.1.5 and BA.3.2.2 variants exhibited
greater fluctuations during molecular dynamics simulations than the
RBD of the WT virus. Examination of the RMSF plats for the anti-
body heavy and light chains (Fig. 3c-d) further showed that the values
corresponding to complex containing the BA.3.2.2 RBD were higher
than those of the WT and XBB.1.5 complexes. This finding indicates
that both the heavy and light chains of the antibody displayed altered
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dynamics and greater flexibility in the complex with the BA.3.2.2
variant.

Regarding the Rg of the RBD-AB complexes (Fig. 3e), the mean
values (mean + SD) were 3.19 + 0.02 nm, 3.19 + 0.05 nm, and 3.27 +
0.06 nm for complexes containing the RBDs of the WT virus,
XBB.1.5, and BA.3.2.2 variants, respectively, indicating slightly lo-

RMSD, nm

40 60

a

80

wer compactness of the complex containing the RBD of the
BA.3.2.2. Similarly, the mean SASA values (mean + SD) were
290.41 + 3.55, 289.81 + 5.20, and 298.58 + 5.02 nm? for complexes
containing the RBDs of the WT virus, XBB.1.5, and BA.3.2.2 vari-
ants, respectively, suggesting greater solvent accessibility and diffu-
sivity for the BA.3.2.2 complex (Fig. 3f).
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Fig. 2. Analysis of molecular dynamics trajectories of RBD-ACE2 complexes involving different SARS-CoV-2 variants:
a—root mean square deviation (RMSD), b — root mean square fluctuation (RMSF) of SARS-CoV-2 RBDs, ¢ — RMSF of human ACE2,
d —radius of gyration (Rg), e — solvent-accessible surface area (SASA), f — number of hydrogen bonds between RBD and ACE2,

g — total binding free energy (AG), h — binding free energy in the gas phase (AG%), i —solvation free energy (AG*Mon);
curves corresponding to complexes containing the WT RBD are shown in blue, XBB.1.5 in green, and BA.3.2.2 in yellow
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Fig. 3. Analysis of molecular dynamics trajectories of RBD-AB complexes involving different SARS-CoV-2 variants: a— root mean square
deviation (RMSD), b —root mean square fluctuation (RMSF) of SARS-CoV-2 RBDs, ¢ — RMSF of the heavy chain of the antibody, d — RMSF
of the light chain of the antibody, e — radius of gyration (Rg), f — solvent-accessible surface area (SASA), g —number of hydrogen bonds between
RBD and antibody, h —total binding free energy (AG#), i —binding free energy in the gas phase (AG%), j — solvation free energy (AG®Mn);
curves corresponding to complexes containing the WT RBD are shown in blue, XBB.1.5 in green, and BA.3.2.2 in yellow

With respect to hydrogen bonding between RBD and antibody,
the largest number of hydrogen bonds was observed for the complex
containing the WT RBD (Fig. 3g). The mean numbers of hydrogen
bonds (mean + SD) during molecular dynamics simulations were
12.06 + 3.19, 8.23 + 2.46, and 6.82 + 2.79 for complexes containing

6

the RBDs of the WT virus, XBB.1.5, and BA.3.2.2 variants, respec-
tively.

Figure 3h-j illustrate the dynamics of AG, AGF*, and AG=°ation
for the RBD-AB complexes. The average AG®® values were —58.14
+ 19.72 kcal/mol, —39.18 =+ 16.12 kcal/mol, and —36.73 =+
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14.59 kcal/mol for complexes containing the RBDs of the WT virus,
XBB.1.5, and BA.3.2.2 variants, respectively. Therefore, both the
XBB.1.5 and BA.3.2.2 variants exhibited reduced affinity for the
reference antibody compared to the WT virus.

Figure 4 presents the results of PCA and FEL analysis. PCA pro-
jections onto the first two eigenvectors for the RBD-ACE2 comple-
xes (Fig. 4a-d) accounted for 28.13% and 19.79% of the total struc-
tural variability observed during molecular dynamics simulations, res-
pectively. The conformational spaces sampled by complexes contai-
ning RBDs of different SARS-CoV-2 variants partially overlapped

(Fig. 4a). However, FEL analysis of the corresponding complexes
(Fig. 4e-g) demonstrated that each complex was characterized by a
distinct pattern of energy minima, indicating the acquisition of differ-
ent dominant conformational states during molecular dynamics simu-
lations. In particular, the complex containing the XBB.1.5 RBD exhi-
bited several energy minima (Fig. 4f), one of which partially overlap-
ped with the principal energy minimum observed for the BA.3.2.2
complex (Fig. 4g). In contrast, the dominant energy minimum of the
WT RBD-ACE2 complex (Fig. 4e) differed substantially from those
observed for the later SARS-CoV-2 variants.
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Fig 4. Principal component analysis (PCA) and free energy landscape (FEL) analysis based on molecular dynamics trajectories of RBD-ACE?2
and RBD-AB complexes involving different SARS-CoV-2 variants: a — combined PCA projections for RBD-ACE2 complexes involving RBDs
of different SARS-CoV-2 variants; b — PCA projection for the RBD-ACE2 complex containing the WT RBD; ¢ — PCA projection for the RBD-
ACE2 complex containing the XBB.1.5 RBD; d — PCA projection for the RBD-ACE2 complex containing the BA.3.2.2 RBD; e — FEL heatmap

for the RBD-ACE2 complex containing the WT RBD; f — FEL heatmap for the RBD-ACE?2 complex containing the XBB.1.5 RBD; g— FEL

heatmap for the RBD-ACE2 complex containing the BA.3.2.2 RBD; h —combined PCA projections for RBD-AB complexes involving RBDs
of different SARS-CoV-2 variants; i — PCA projection for the RBD-AB complex containing the WT RBD; j— PCA projection for the RBD-AB
complex containing the XBB.1.5 RBD; k — PCA projection for the RBD-AB complex containing the BA.3.2.2 RBD; | — FEL heatmap for the

RBD-AB complex containing the WT RBD; m — FEL heatmap for the RBD-AB complex containing the XBB.1.5 RBD; n — FEL heatmap for
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and BA.3.2.2 in yellow

For the RBD-AB complexes, PCA projections onto the first two
eigenvectors (Fig. 4h-k) accounted for 34.22% and 27.78% of the to-
tal structural variability, respectively. The conformational space sam-
pled by the WT RBD-AB complex (Fig. 4i) was substantially smaller
than those sampled by the XBB.1.5 (Fig. 4j) and BA.3.2.2 (Fig. 4k)
complexes. This finding suggests that complexes containing the RBDs
of XBB.1.5 and BA.3.2.2 transitioned through a larger number of

metastable conformational states during molecular dynamics simula-
tions, whereas the WT complex remained comparatively more stable.
Similarly, FEL analysis (Fig. 41-n) demonstrated that each RBD-AB
complex possessed a distinct pattern of energy minima. These results
indicate that the RBDs of different SARS-CoV-2 variants exhibit
different conformational dynamics when interacting with the anti-
body.
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Discussion

In this study, the interactions of several post-pandemic SARS-
CoV-2 variants with the ACE2 receptor and antibody were analyzed.
Both types of interactions are critical for successful viral spread. Vari-
ants that bind more efficiently to ACE2 may gain enhanced transmis-
sibility, whereas variants that interact less efficiently with neutralizing
antibodies may acquire advantages associated with immune evasion
(Ataya et al., 2025; Alshahrani et al., 2026). Consequently, optimiza-
tion of these properties may provide SARS-CoV-2 variants with sub-
stantial evolutionary advantages.

In this study, the STE90-C11 antibody (Bertoglio et al., 2021)
was used as a reference antibody. This antibody was previously
shown experimentally to effectively neutralize the WT virus and se-
veral early pandemic VOCs, including the Delta variant, but demon-
strated markedly reduced neutralizing activity against the Omicron
variant (Abassi et al., 2023). Because the post-pandemic variants ana-
lyzed in this study are descendants of Omicron lineages, STE90-C11
was expected to clearly demonstrate differences in binding between
the WT RBD and the RBD:s of later SARS-CoV-2 variants.

The calculated AG values for RBD-ACE2 and RBD-AB com-
plexes formed by different post-pandemic SARS-CoV-2 variants de-
monstrated that all studied variants formed less stable complexes with
the reference antibody than the WT virus. Only a subset of the vari-
ants formed more stable complexes with ACE2. The computational
nature of all estimates obtained in this study imposes certain limita-
tions on the interpretation of the results. However, these findings sug-
gest that immune evasion may currently represent the predominant
evolutionary direction of SARS-CoV-2 adaptation. Indeed, whereas
the first Omicron lineages (BA.1, BA.2, BA.3, BA4, and BA.5) con-
tained approximately 30 mutations within the S protein, including 15—
17 mutations in the RBD (Jawad et al., 2023; Peka & Balatsky, 2023),
the variants analyzed in the present study carried 21-31 mutations
within the RBD alone, in addition to numerous mutations in other
regions of the S protein. The further accumulation of mutations within
the same functional region likely complicates the simultaneous opti-
mization of two competing properties: enhanced receptor binding and
reduced antibody recognition. This is particularly important because
host immune responses continue to evolve over time due to natural
infection, vaccination, and updated vaccine formulations. Therefore,
continuous adaptation to immune pressure remains an ongoing evolu-
tionary requirement for emerging SARS-CoV-2 variants (Uzer et al.,
2026).

XBB.1.5 (also known by the nickname “Kraken™) and XBB.1.16
(“Arcturus”) are descendants of the XBB lineage, which originated as
a recombinant of two BA.2-derived Omicron sublineages (Planas
etal., 2024; Zhang et al., 2024). XBB.1.5 was designated as a VVOI by
both the WHO and ECDC in January 2023 (Islam et al., 2023), whe-
reas XBB.1.16 was classified as a VOI by the WHO in April 2023
and as a VUM by the ECDC in March 2023 (John et al., 2023; Looi,
2023). Both variants became prevalent during 2023 (Islam et al.,
2023; Looi, 2023; Feng et al., 2024), and their mutational profiles
contributed to both enhanced ACE2 binding and immune evasion
(Sharma et al., 2023; Tamura et al., 2023; Yamasoba et al., 2023;
Mannar et al., 2024). The AG calculations performed in the present
study likewise identified XBB.1.5 as a variant characterized by both
enhanced ACE2 binding and reduced affinity for the reference anti-
body. In contrast, XBB.1.16 demonstrated increased immune escape
potential due to the formation of a less stable complex with the anti-
body, although no substantial advantage in ACE2 binding was ob-
served.

The EG.5 variant (“Eris”), which also originated from the XBB
lineage, possesses an RBD mutational profile similar to that of
XBB.1.5 and was designated as a VVOI by the WHO in August 2023
(Parums, 2023; da Costa et al., 2025). EG.5 became one of the domi-
nant circulating variants during the second half of 2023 (Parums,
2023; Yadav et al., 2023). Compared with XBB.1.5, EG.5 carries an
additional F456L mutation and has been suggested to possess enhan-
ced immune evasion capacity (Sil et al., 2024; da Costa et al., 2025).
Consistent with previous findings, the present AG analysis identified
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EG.5 as a variant capable of forming relatively stable complexes with
ACE2 while simultaneously forming less stable complexes with the
reference antibody compared to the WT virus. Moreover, EG.5 de-
monstrated a greater reduction in antibody affinity than either
XBB.1.5 or XBB.1.16.

The BA.2.86 variant (“Pirola”) was designated as a VOI by both
the WHO and ECDC in November 2023 (Spiess et al., 2024; Veneri
et al., 2024). Subsequently, in December 2023, the WHO classified
its descendant JN.1 as a separate VVOI, which became widely dissem-
inated during 2024 (Naveed Siddiqui et al., 2025; Traore et al., 2025).
These variants are characterized by the presence of additional muta-
tions relative to earlier XBB-derived lineages, with JN.1 carrying an
additional L455S substitution compared to BA.2.86 (Naveed Siddiqui
et al., 2025). Previous studies have suggested that BA.2.86 achieved a
balance between efficient ACE2 binding and immune evasion (Yang
et al,, 2023; Liu et al., 2024a), whereas JN.1 exhibited even greater
antibody escape capability (Naveed Siddiqui et al., 2025) but some-
what reduced ACE2 binding efficiency (Patterson et al., 2025) com-
pared to BA.2.86. The present study likewise demonstrated that both
BA.2.86 and JN.1 substantially reduced their affinity for the reference
antibody, as well as increased affinity for ACE2 compared to WT
virus, with BA.2.86 outperforming JN.1 in receptor binding efficien-
cy, and JN.1, on the contrary, better evading the antibody than
BA.2.86.

Several additional SARS-CoV-2 variants were classified as
VUMs by the WHO during the post-pandemic period, including des-
cendants of the JN.1 lineage such as KP.3.1.1, NB.1.8.1 (“Nimbus”),
and XFG (“Stratus”), which retained this status in 2026 (Shi et al.,
2025; Uriu et al., 2025; Azhar et al., 2026). Among these variants,
KP.3.1.1 became widespread during 2024, whereas NB.1.8.1 and
XFG circulated predominantly during the second half of 2025 (Cao
etal., 2025; Shi et al., 2025). Similar to their predecessors, the muta-
tional profiles of these variants contribute to enhanced immune eva-
sion (Cao et al., 2025; Dadonaite et al., 2025; Guo et al., 2025). At the
same time, the XFG variant accumulated as many as 31 mutations
within the RBD, including the N487D substitution, which has been
associated with substantially reduced affinity for ACE2 (Guo et al.,
2025; Mellis et al., 2025). The marked reduction in affinity of the
XFG variant for both the antibody and ACE2 observed in the present
study is consistent with these previous findings.

One of the most recent variants to achieve substantial dissemina-
tion at the time of writing was BA.3.2 (including its sublineages
BA.3.2.1 and BA.3.2.2) which was designated as VUM by the WHO
in December 2025 and became widespread during 2026 (Fourati &
Loubet, 2026; Shakya et., 2026). The BA.3.2 lineage has been sug-
gested to possess greater immune evasion capacity than JN.1-derived
variants (Guo et al., 2025), although it may exhibit lower ACE2 bin-
ding affinity relative to JN.1. However, the current findings suggest
that BA.3.2 may possess a relatively balanced adaptive profile, com-
bining enhanced ACE2 binding affinity compared with the WT virus
and several later variants together with reduced antibody recognition.

Additional important findings of this study were obtained through
molecular dynamics simulations of the RBD-ACE2 and RBD-AB
complexes. Molecular dynamics analysis was performed for comple-
xes containing the RBDs of the WT virus, the XBB.1.5 variant,
which became widespread shortly after the end of the pandemic pha-
se, and the BA.3.2.2 sublineage, which represented one of the most
recently disseminated VUM at the time of the study. The molecular
dynamics results demonstrated the utility of in silico approaches for
predicting the stability and binding properties of complexes contai-
ning SARS-CoV-2 RBDs. Specifically, the simulations showed that
RBD-ACE2 and RBD-AB complexes may exhibit distinct conforma-
tional dynamics depending on the mutational profile of a given vari-
ant. These conformational differences were accompanied by changes
in the number of hydrogen bonds, AG values, and overall complex
stability.

The molecular dynamics results further indicated that post-pande-
mic variants such as XBB.1.5 and BA.3.2.2 bind the ACE2 receptor
more efficiently than the WT virus. At the same time, complexes for-
med between these post-pandemic variants and the reference antibody
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were conformationally less stable and exhibited weaker antibody bin-
ding than the complex involving the WT virus. In particular, the cur-
rently circulating BA.3.2.2 sublineage demonstrated both more effi-
cient ACE2 binding and greater reduction in antibody interaction than
the previously widespread XBB.1.5 variant.

Given that COVID-19 remains an important challenge for health-
care systems and that novel SARS-CoV-2 variants continue to emer-
ge during the post-pandemic period (Verma et al., 2024; Saha et al.,
2025), continuous monitoring of the biological properties of newly
emerging variants remains essential for the timely prevention of both
regional and global outbreaks (Uludag et al., 2024). In this context,
bicinformatic approaches provide effective tools for rapid screening
and assessment of the effects of mutations and their combinations on
the ability of SARS-CoV-2 to interact with cellular receptors and neu-
tralizing antibodies.

Conclusions

The present study demonstrated that post-pandemic SARS-CoV-
2 variants accumulated numerous mutations within the RBD of the S
protein, resulting in altered interactions with both the ACE2 receptor
and neutralizing antibodies. All studied variants formed less stable
complexes with the reference antibody than the WT virus, indicating
a general evolutionary trend toward immune evasion. However, only
several variants exhibited enhanced affinity for ACE2, suggesting a
trade-off between receptor binding optimization and antibody escape
during viral evolution. Molecular dynamics simulations confirmed
that mutations in post-pandemic variants substantially affect the con-
formational dynamics and stability of RBD-ACE2 and RBD-AB
complexes. In particular, XBB.1.5 and BA.3.2.2 formed more stable
complexes with ACE2 and less stable complexes with the reference
antibody than the WT virus. PCA and FEL analyses further demon-
strated mutation-associated differences in conformational landscapes
and metastable states among the studied variants. Overall, the obtai-
ned results indicate that post-pandemic evolution of SARS-CoV-2 is
primarily associated with adaptation toward immune evasion while
maintaining sufficient ACE2 affinity for effective transmissibility.
The performed analyses further demonstrate that integrated structural
bicinformatics and molecular dynamics approaches can provide valu-
able insights into the adaptive potential of newly emerging SARS-
CoV-2 lineages.

The authors declare no conflicts of interest.
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