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The XBB.1.5 slightly increase the
binding affinity for host receptor
ACE2 and exhibit strongest
immune escaping features:
molecular modeling and free
energy calculation
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Introduction: The current XBB variant of SARS-CoV-2 with the strongest immune
escaping properties is currently the most dominant variant circulating around the
world. With the emergence of XBB global morbidities and mortalities have raised
again. In the current scenario, it was highly required to delineate the binding
capabilities of NTD of XBB subvariant towards human neutralizing antibodies and
to dig out the binding affinity of RBD of XBB subvariant with ACE2 receptor.

Materials and Methods: The current study uses molecular interaction and
simulation-based approaches to decipher the binding mechanism of RBD with
ACE2 and mAb interaction with NTD of the spike protein.

Results: Molecular docking of the Wild type NTD with mAb revealed a docking
score of —113.2 + 0.7 kcal/mol while XBB NTD docking with mAb reported -76.2 +
2.3 kcal/mol. On the other hand, wild-type RBD and XBB RBD with ACE2 receptor
demonstrated docking scores of —115.0 + 1.5 kcal/mol and —120.8 + 3.4 kcal/mol
respectively. Moreover, the interaction network analysis also revealed significant
variations in the number of hydrogen bonds, salt-bridges, and non-bonded
contacts. These findings were further validated by computing the dissociation
constant (KD). Molecular simulation analysis such as RMSD, RMSF, Rg and
hydrogen bonding analysis revealed variation in the dynamics features of the
RBD and NTD complexes due to the acquired mutations. Furthermore, the total
binding energy for the wild-type RBD in complex with ACE2 reported —50.10 kcal/
mol while XBB-RBD coupled with ACE2 reported —52.66 kcal/mol respectively.
This shows though the binding of XBB is slightly increased but due to the variation
in the bonding network and other factors makes the XBB variant to enter into the
host cell efficiently than the wild type. On the other hand, the total binding free
energy for the wildtype NTD-mAb was calculated to be —65.94 kcal/mol while for
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XBB NTD-mAb was reported to be —35.06 kcal/mol respectively. The significant
difference in the total binding energy factors explains that the XBB variant possess
stronger immune evasion properties than the others variants and wild type.

Conclusions: The current study provides structural features for the XBB variant
binding and immune evasion which can be used to design novel therapeutics.
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Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) emerged in late 2019 and is the cause of the pandemic
of coronavirus disease 2019 (COVID-19) (Hu et al., 2022). It is
highly transmissible and pathogenic, and since its first emergence
several variants have emerged due to the coinfection of an
individual with different variants (Shrestha et al., 2022). So
far, five variants of concern (VOCs), i.e., Alpha, Beta, Gamma,
Delta, and Omicron have been reported so far, however, among
all these five variants, Omicron is the most divergent from the
Wuhan-Hu-1. Omicron (B.1.1.529 or BA.1) was designated as a
variant of concern (VOC) by the world health organization
(WHO) on 26 November 2021 (Callaway, 2022) (Callaway and
Ledford, 2021) (Cao et al,, 2022). The BA.1 and its derivative
became dominant globally after its first detection on
21 November 2021, in South Africa (Viana et al, 2022)
(Wang et al, 2022a). After the wave of BA.l, subvariant
BA.2 became dominated worldwide, and since then BA.4,
BA.5, and BA.2.12.1 were detected in different parts of the
world (Tegally et al., 2022) (Wang et al,, 2022b). XBB is a
result of recombination between two lineages of BA.2,
i.e., BJ.1 and BA.2.75, which was first identified in India in
August 2022 and subsequently spread to Singapore and other
Asian countries (Wang et al., 2022b). All the Omicron sub-
variants share various mutations and have unique mutations
as well (Viana et al., 2022). The XBB has 14 more mutations in
addition to the mutations found in BA.2 in its spike protein.
Among these new 14 mutations, 5 were in the N-terminal domain
(NTD) and 9 in the receptor binding domain (RBD) (Wang et al.,
2022b). The NTD region is involved in the binding of human-
neutralizing antibodies while the RBD region of the spike protein
is involved in the binding with the human angiotensin-
converting enzyme 2 (ACE2) receptor. The huge burden of
mutations in spike protein has raised serious concerns about
the antigenic properties and the efficacy of currently used
vaccines against SARS-CoV-2. Neutralizing antibodies against
SARS-CoV-2 infection are strongly predictive of the degree of
immune protection (Khoury et al., 2021). Previous studies have
described that BA.1, BA.2 and BA.3 sub-variants of Omicron
show significant resistance to neutralizing antibodies triggered by
natural infection, vaccination, and therapeutic monoclonal
antibodies (Arora et al., 2022) (Cao et al., 2022) (Carreno
et al., 2022) (Evans et al., 2022) (Planas et al., 2022).

In the current scenario, it was highly required to delineate the
binding capabilities of NTD of XBB sub-variant towards human
neutralizing antibodies and to dig out the binding affinity of RBD
of XBB sub-variant with ACE2 receptor by comparing to wild-
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type NTD and RBD, respectively. Therefore, we used molecular
docking and simulation approaches to determine structural
determinants that help in escaping the neutralizing antibodies
by NTD and improving the binding affinity of RBD towards
ACE2 by XBB sub-variant. Interestingly we found that indeed the
XBB sub-variant of Omicron is immune escaping and showed
stronger binding capabilities towards ACE2 compared to their
wild-type counterparts.

Materials and methods
Structures retrieval

The newly emerged XBB sub-variant of SARS-CoV-2 is reported
to be more contagious and has immune evasion characteristics due
to novel mutations in the N-terminal domain and receptor binding
domain of spike protein. Concerns have been raised that the quick
emergence of these sub-variants and their wide variety of spike
mutations may further jeopardize the effectiveness of existing
COVID-19 vaccines and monoclonal antibody therapies (Wang
et al, 2022b). Therefore, to dig out the immune evasion and
higher infectivity of the XBB sub-variant, we retrieved the wild-
type complex (ID: 7C2L) of the N-terminal domain (NTD) and
human monoclonal antibody (4A8) from the UniProt database
(https://www.uniprot.org/) (Magrane, 2011). Afterward, to further
check the effect of the XBB mutation on the binding of spike protein
to human ace2 receptor, we retrieved the sequence of RBD
(319-541aa) from the wild-type spike protein (PODTC2) available
in the UniProt database (Magrane, 2011). Then the modeler 14.
0 embedded in chimera software was used to model the 3D structure
of RBD (Eswar et al., 2008) (Pettersen et al., 2021).

In silico mutagenesis and variants
superimposition

The newly emerged XBB sub-variant of omicron has a total of
14 mutations in the spike protein, including 9 mutations in RBD
(G339H, R346T L368I, V445P, G446S, N460K, F486S, F490S,
R493Q) and 5 mutations (Del144, V83A, H146Q, Q183E, V213E)
in the NTD region (Wang et al,, 2022b). According to the
literature, spike protein plays
functional role in human pathophysiology (Suleman et al,

a crucial structural and
2021). Here, we used an in silico mutagenesis technique to
simulate the structural variations and understand their impact
on binding and pathogenesis. To analyze the effect of the
aforementioned mutations on the structure and function of
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NTD and RBD proteins, we used the chimera software to model these
mutations in the wild-type structures. Finally, to determine the structural
differences between wild-type and mutant NTD and RBD, we
superimposed the mutant proteins on the wild-type and recorded the
differences as Root Mean Square Deviation (RMSD).

Bonding network analysis by molecular
docking approach

The HADDOCK (high ambiguity driven protein-protein docking)
(https://wenmr.science.uu.nl/haddock2.4/) server was used to analyze the
effect of identified mutations on the bonding network between wild-type
and XBB RBD with human ACE2 receptor. To perform the docking
process, the HADDOCK server uses the ambiguous interaction restraints
(AIRs) from the expected protein interfaces, and this property distingue
HADDOCK from the other ab initio docking approaches. The
HADDOCK server executes the docking of protein-DNA/RNA,
protein-protein, and protein-ligand (Dominguez et al, 2003). In the
present study, we performed the restraint docking between RBD and
ACE2 by defining the interaction residues 449:A, 453:A, 455:A, 456:A,
486:A, 487:A, 489:A, 493:A, 496:A, 498:A, 500:A, 501:A, 502:A, 505:A for
RBD and 21:B, 24:B, 27:B, 28:B, 30:B, 35:B, 38:B, 79:B, 80:B, 82:B, 83:B,
353:B for ACE2 (A and B represents the chain name) [41]. Afterward, the
HADDOCK-generated complexes were submitted to the PDBsum web
server (http://www.ebiac.uk/thornton-srv/databases/pdbsum/Generate.
html) (Laskowski and Thornton, 2022) to visualize the bonding
interface such as hydrogen bonds, salt bridges, and non-bonded
contacts. As the sub-variant XBB has been reported to be involved in
immune evasion by escaping the human neutralizing antibodies therefore
to verify this statement, we also performed the docking of wild-type and
mutant NTD with human mAb. Restraint docking was performed by
defining the interface residues 25-32:A, 51-58:A, 100-116:A for mAb, and
145-150:B for NTD (Khan et al, 2022). Similarly, the generated
complexes were submitted to the PDBsum server to calculate the
hydrogen bonds, salt bridges, and non-bonded contacts.

Dissociation constant (KD) analysis

The binding strength of a biological complex demonstrates a
better understanding of biological activities in a specific pathway,
pathogenesis, and therapeutic strategies (Khan et al, 2022).
Therefore, to provide more authentic information about the
docking complexes (wild-type RBD-ACE2, XBB RBD-ACE2,
wild-type NTD-mAb, XBB NTD-mAb), we calculated the KD
value by using the online web server PRODIGY (protein binding
energy prediction) (https://wenmr.science.uu.nl/prodigy/). The
PRODIGY server provides services for calculating binding
energies for protein-protein and protein-ligand complexes as well
as the identification of binding interfaces (Xue et al., 2016).

Molecular dynamics of wild-type and XBB
variants complexes

To check the structural confirmations of generated complexes in a
dynamic environment, we performed the molecular dynamic
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simulation of wild-type and mutant complexes by using the
amber20 package with FF19SB force field (Salomon-Ferrer et al,
2013) (Case et al, 2005). Both the wild-type and mutant complexes
were solvated in a Tip3 water box (10A) and neutralized by adding the
Na® and CI” ions. Furthermore, to remove the bad clashes from the
system we performed the two-step gentle minimization. In the first step,
we achieved minimization by using the steepest decent and conjugated
gradient algorithms for 12,000 and 6,000 cycles, respectively. However,
in the second step, the minimization was carried out for 6,000 and
3,000 cycles (Watowich et al., 1988; Meza, 2010). After minimization,
the system was equilibrated and heated at 1 atm constant pressure and
300 K, respectively. Finally, the molecular dynamic simulation of 50 ns
was performed by using the particle mesh Ewald algorithm for long-
range electrostatics interactions and the SHAKE algorithm to treat
covalent interaction. Then the trajectories generated by MD simulation
were subjected to the post-simulation analysis (Salomon-Ferrer et al,
2013).

Post-simulation analysis

We used CPPTRA]J and PTRA]J packages to analyze the effect of
the XBB variant on the dynamic stability, flexibility, compactness,
and hydrogen bonding network of the wild-type and mutant
complexes (Roe and Cheatham, 2013). The radius of gyration
(Rg) was calculated to analyze the structural compactness during
the time of the simulation. The structural dynamic stability was
analyzed by calculating the Root Mean Square Deviation (RMSD).

The following mathematical formula was used to calculate the
RMSD:

Yo [m* (X - Y0’

M @

RMSD = \‘/z

Where N is the number of atoms, m; is the mass of atom i, X; is the
coordinate vector for target atom i, Y; is the coordinate vector for
reference atom i, and M is the total mass. On the other hand, to
analyze the structural flexibility at the residues level, we calculated
the Root Mean Square Fluctuation (RMSF). During the time of
simulation, the RMSF is a calculation of residual fluctuation instead
of positional differences of the entire complex.

Binding free energy calculation

To calculate the binding free energies of both wild-type and mutant
RBD-ACE2 and NTD-mAb complexes in real-time, we used the MM/
GBSA approach (Weng et al, 2019). The MM-GBSA approach was
previously identified as best for estimations of binding free energies of
different biological complexes such as protein-protein, protein-nucleic
acid, and protein-ligand. The MMGBSA.py script was used to execute the
binding free energy in terms of electrostatic, vdW, SA, and GB of wild-
type and mutant complex.

The following mathematical equation was used to calculate free
energy:

“AG (bind) = AG (complex) — [AG (receptor) + AG (ligand)]”
(ii)
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Illustration of XBB mutations
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FIGURE 1

SARS-COV-2 spike protein
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Mutational organization of XBB variant NTD and RBD domains. (A) Shows newly reported mutations of XBB in NTD and RBD regions of the spike
protein. (B) Represents the different domains of SARS-COV-2 spike protein. Different colors represent different domains of the spike protein. (C) Shows
the interacting amino acid residues of RBD. (D) Shows the interacting amino acid residues of NTD. (E) Shows the different CDRs regions of human-

neutralizing antibodies.

However, the following equation was used to calculate each
component of total free energy separately:

"G = Gbond + Gele + GvdW + Gpol + Gnpol” (iii)
Where the Gbond, Gele, and GvdW represent the bonded,
electrostatic, and van der Waals interaction while the Gpol and
Gnpol represent the polar and non-polar free energies.

Results and discussion

3-Dimensional structural modeling of XBB
variants

The appearance of the Omicron variant and its further sub-variants
continues to rage and contribute to the ongoing coronavirus disease 2019
(COVID-19) pandemic (Lihong and Nair Manoj, 2021) (Wang et al,
2022¢) (Mutesa et al., 2021) (Wang et al,, 2022d) (Wang et al., 2022¢).
Numerous sub-linages of the Omicron variant have appeared and are
contending in the so-called “variant soup,” despite the fact that the
BA.5 sub-variant is currently dominating globally (Lin et al., 2022). It is
now clear that BA.5 is being swiftly displaced by four other sub-variants,
suggesting the possibility of even another wave of infections in the
months to come. Previously reported strains of SARS-CoV-2 in South
Africa, United Kingdom and Brazil are 70% more contagious and
infectious than the Wuhan strain. As shown in Figure 1A spike
glycoprotein has different regions specified for different functions
such as the receptor binding domain (RBD) responsible for binding
with the human ACE2 receptor which enhances the fusion of viral
membrane and host cell. Another important region of spike protein is
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NTD (N-terminal domain) responsible for binding with the human
neutralizing antibodies and has a critical role in the regulation
pathogenesis (Huang et al, 2020) (Figure 1B). The previously
reported strain B.1.618 has deletions in NTD at the position of
Tyr145 and His146, while, point mutations E484K and D614G in the
RBD and furin binding site, respectively. These mutations were reported
to alter the binding efficiency of RBD and reduced the affinity of NTD
with human antibodies (Khan et al, 2021a). The evolution of these
variants indicates that the strain that first appeared in Wuhan has
subjected to more genetic pressure that has pushed the virus to
acquire mutations that may lead to altered infectivity, transmission,
and treatment approaches. The newly emerged XBB sub-variant of
SARS-CoV-2 was first reported in August in India and swiftly took
over in Singapore, India, and other parts of Asia. The XBB variant was
found to be more contagious and has immune evasion characteristics due
to novel mutations in the N-terminal domain of spike protein. Concerns
have been raised that the quick emergence of these sub-variants and their
wide variety of spike mutations may further jeopardize the effectiveness
of existing COVID-19 vaccines and monoclonal antibody therapies
(Wang et al, 2022b). Therefore, it is essential to investigate the
atomic level features responsible for higher binding with the host or
evasion of the immune response. Hence, the current study provides
atomistic insights into the XBB 1.5 variant interaction with the host
receptor and antibodies binding using molecular modeling and
simulation approaches. Due to the indispensable role of RBD and
NTD of spike protein in the regulation of SARS-CoV-2 pathogenesis
and immune evasion, we analyzed the binding efficiencies of both wild-
type and mutant RBD and NTD with the human ACE2 and mAb,
respectively. We retrieved the wild-type complex of the N-terminal
domain (NTD) and human monoclonal antibody (4A8) from the
UniProt database (Figures 1D, E) and the sequence of RBD
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Mutants modeling and superimposition of wild type and mutant NTD and RBD proteins. (A) Represents the modeled mutations in RBD by different
colors. (B) Represents the modeled mutations in NTD by different colors. (C) Shows the superimposed wild type and mutant RBD structure. (D) Shows the

superimposed wild type and mutant NTD structure.

(319-541aa) from the wild-type spike protein (PODTC2) available in the
UniProt database (Magrane, 2011). Then the modeler 14.0 embedded in
chimera software was used to model the 3D structure of RBD (Eswar
et al, 2008) (Pettersen et al., 2021) (Figure 1C).

Structural analysis of the wild type and XBB
variant

Afterward, we used the chimera software to model the newly
emerged mutations G339H, R346T L3b68I, V445P, G446S, N460K,
F486S, F490S, R493Q) in RBD (Figure 2A) and Dell44, V83A,
H146Q, QI83E, V213E mutations in the NTD region of spike
protein (Figure 2B). To investigate the impact of these mutations on
the structural deviation, we superimposed the mutant proteins on the
wild-type protein and the differences in the RMSD were recorded. The
wild-type NTD and XBB NTD exhibited little deviation with an RMSD
difference of only 0.580 A (Figure 2C) however, the extensive structural
deviation was found in the wild-type RBD and XBB RBD with an RMSD
of 1.406 A (Figure 2D). As the modeled mutations have a significant
effect on the structure of both RBD and NTD which may affect the
binding of human ACE2 and mAb. To further investigate the effect of
these mutations on the bonding network of RBD-ACE2 and NTD-mAb,
we performed the molecular docking analysis.

RBD-ACE2 bonding network analysis
To identify the fundamental mechanism behind the higher infectivity
and immune evasion of omicron sub-variant XBB, we performed the

comparative binding of wild-type and mutant (XBB variants) spike
protein by using the HADDOCK server (Table 1). The HADDOCK
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predicted score for the wild-type RBD-ACE2 complex was —115.0 +
1.5 keal/mol. The binding interface analysis of the wild-type RBD-ACE2
complex by PDBsum sever revealed 7 hydrogen bonds, 1 salt bridge, and
88 non-bonded contacts. The key amino acid residues involved in the
hydrogen bonds formation include Tyr83-Asn487, Tyr4l-Thr500,
Lys353-Gly502, Gln37-Tyr505, Glu30-Lys417, and Gln76-Tyr489,
while the salt bridge formed between Glu30 and Lys417 residues
(Figure 3A). We also docked the mutant (XBB) RBD and ACE2 to
compare the binding network with the wild-type RBD-ACE2 complex.
The binding score predicted by the HADDOCK server for the mutant
RBD-ACE2 complex was —120.8 + 3.4kcal/mol. This shows a
comparatively slight increase in the docking scores as the Omicron
parent and other sub-variants have reported a tighter binding than XBB
and wild-type (Wang et al,, 2022f; Khan et al, 2022). The interface
analysis by PDBsum revealed that the XBB mutation significantly
enhanced the binding affinity of RBD with the human
ACE2 receptor by making 2 salt bridges, 13 hydrogen bonds, and
122 non-bonded contacts. The hydrogen bonds formed between
Tyr41-Asn487, Lys353-Tyr489, Tyr34-Glu484, Glu35-Lys417, Glu35s-
Tyr453, Thr31-Gly496, Glu30-Tyr449, Glu75-Arg403, Leu24-GIn498,
Tyr83-GIn498, Tyr83-Asn501 and Glu23-Ser446 amino acid residues
while the salt bridges were formed between Glu35-Lys417 and Glu75-
Arg403 residues (Figure 3B). For instance, the Glu35-Lys417, Glu30-
Tyr449, Lys353-Tyr489, and Tyr83-Asn501 are strongly conserved with
other variants and the wild type (Khan et al., 2021b; Khan et al,, 2021c).
Interestingly, Glu75-Arg403 which is involved in both hydrogen bond
and salt-bridge interaction was observed to be unique to the XBB variant
only but not others. Moreover, significant differences in the electrostatic
and van der Waals energies of the wild-type and XBB RBD complexes
were noted. In particular, the wild-type RBD-ACE2 complex had an
electrostatic energy of —184.6 + 15.2 kcal/mol, while the XBB mutant had
a higher electrostatic energy of —218.2 + 31.4 kcal/mol. Surprisingly this
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TABLE 1 Molecular docking and dissociation constant (Kp) analysis of the wild type (RBD and NTD) and XBB variant (RBD and NTD) using HADDOCK and Prodigy

servers.

Parameters Wild type NTD XBB NTD Wild type RBD XBB RBD
HADDOCK score -1132 £ 0.7 -76.2 £23 -115.0 + 1.5 -120.8 £ 3.4
Cluster size 178 87 43 85
RMSD (A°) 04 +£0.3 125 £ 0.7 14.6 £ 0.3 09 +0.6
Van der Waals energy -58.2 £ 2.5 -34.9 + 4.0 —54.1 + 24 -65.5+ 7.3
Electrostatic energy —246.3 + 4.0 —182.4 + 129 —184.6 + 15.2 -218.2 + 314
De-solvation energy -131+£ 18 -144 £ 0.8 =252 %30 -133+ 1.7
Restraint’s violation energy 74.6 £ 184 95.7 £ 28.5 12.1 £ 16.4 16.0 + 22.2
Buried surface area (A2) 1,529.7 + 19.2 1,212.8 + 78.2 1837.7 + 64.1 1898.5 + 101.7
Z-score -14 -0.3 -1.3 -1.9
KD (dissociation constant) 6.1E7 1.9E% 2.1E* 18.1E"°

i/

¥

Complex Salt Bridges
WT RBD-ACE2 1
XBB RBD-ACE2 2

Hydrogen Non-

Bonds Bonded Contacts
7 88
13 122

FIGURE 3

Comparative bonding network analysis of wild-type and mutant RBD-ACE2 complexes. (A) Sticks representation of hydrogen bonds in wild-type
RBD-ACE2 complex. The green color represents ACE2 and the yellow color represents RBD (B) sticks representation of hydrogen bonds in mutant RBD-
ACE2 complex. The green color represents ACE2 and the magenta color represents RBD.

notion was also recorded in the previous variants where electrostatic
energy fluctuation was the prime factor in the enhanced binding of RBD
with the host receptor, i.e, ACE2 (Khan et al., 2021b; Khan et al,, 2021¢;
Khan et al, 2022). Similarly, van der Waals energies for wild-type and
mutant RBD-ACE2 complex were —54.1 + 2.4 kcal/mol and —65.5 +
7.3 keal/mol which shows the higher van der Waals in the case of mutant
RBD-ACE2 complex (Table 1). These findings suggest that the stronger
binding of the mutant complexes is mainly due to electrostatic and van
der Waals interactions and that the differences in interaction
conformation may contribute to higher infectivity.

NTD-mAb bonding network analysis
According to a recent study, the neutralization of XBB by sera from

individuals who had been vaccinated or infected was significantly
impaired. This included sera from individuals who had received a

Frontiers in Molecular Biosciences

booster shot with the WA1/BA.5 bivalent mRNA vaccine. The titers
against XBB sub-variants were 66-155 times lower than previously
observed. Monoclonal antibodies that were effective at neutralizing
the original Omicron variant were largely ineffective against the new
sub-variants. These findings suggest that there may be a reduced immune
response to the new XBB sub-variants (reference). Therefore, to check the
effect of the XBB variant on the bonding network between NTD and
neutralizing antibodies, we performed the docking of wild-type and XBB-
NTD with human mAb. The binding score predicted by HADDOCK for
the wild-type NTD-mAb complex was —113.2 + 0.7 keal (Table 1), while
the interface analysis by PDBsum revealed 1 salt bridge, 10 hydrogen
bonds, and 154 non-bonded contacts between the generated complex.
Among the hydrogen bonds, Tyr111-Thr250, Pro53-Lys147, Alal01-
Lys147, Phel09-Tyr248, Thrl05-Asnl48, Alal03-Asnl48, Glu3l-
Lys150, Gly26-Lys150 and Thr74-GIn183 amino acid residues were
involved, while the salt bridge was formed between Glu31-Lys150
residues (Figure 4A). A similar finding has been previously observed
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FIGURE 4

Comparative bonding network analysis of wild-type and mutant NTD-mAb complexes. (A) Sticks representation of hydrogen bonds in wild-type
NTD-mAb complex. The green color represents antibody and the yellow color represents NTD (B) sticks representation of hydrogen bonds in mutant
NTD-mAb complex. The green color represents antibody and the magenta color represents NTD.

by a study investigating B.1.618 variant {Khan, 2021 #135}. The binding
pattern of XBB NTD with the mAb was also evaluated to check the effect
of detected mutations on the binding efficiency of NTD with mAb.
Significant differences were observed in the binding network of XBB
NTD with mAb as compared to the wild-type complex. The binding
score of mutant NTD-mAb complex generated by HADDOCK
was —76.2 + 2.3 kcal/mol with only a single salt bridge, four hydrogen
bonds and 94 non-bonded contacts were observed by analyzing the
binding interface between NTD and mAb. The amino acid residues
involved in the hydrogen bonds formation were Thr30-Lys147, Glu31-
Tyr145, Glu31-Lys150, and Gly26-Lys150, while the residues Glu31-
Lys150 were involved in the salt bridge formation (Figure 4B). Although
these interactions target the essential residues previously described for
neutralization but the weaker binding of mAb due to loss of many
contacts may release the mAb soon as a mechanism of evasion by the
spike protein thus point essential features for future therapeutics
development. We also explored the variations in terms of electrostatic
and vdW energies. The wild-type NTD-mAb complex had an
electrostatic energy of —246.3 + 4.0, while the mutant had a lower
electrostatic energy of —182.4 + 12.9 kcal/mol. Similarly, a vdW for the
wild-type and XBB RBD-NTD complex were —582 =+ 2.5 kcal/mol
and -349 + 4.0kcal/mol, respectively, which shows a significant
decrease in the van der Waals energy in the case of mutant mAb-
NTD complex (Table 1). The above data shows that the immune evasion
properties of the XBB variant may be due to the weak electrostatic and
van der Waals interactions and that the differences in the hydrogen
bonding network may contribute to higher infectivity.

Molecular dynamics simulation (MDS) of the
complexes

Dynamics of the wild-type and XBB NTD
complexes with mAb

Molecular dynamics (MD) simulation is an important approach
for studying molecular mechanisms because it allows researchers to
observe the dynamics of the complex in atomic detail. This can
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FIGURE 5

Stability and compactness analysis by RMSD and Rg. (A) represent
the RMSD values of wild-type and XBB NTD-mAB complex. (B)
Represent the Rg values of wild-type and XBB NTD-mAb complex.

into the mechanisms

interactions, such as how the proteins bind to each other, how

provide insights of protein-protein
they change conformation, and how they transfer information. MD
simulation can also be used to predict the structures of protein-
protein complexes that are difficult or impossible to study
experimentally, such as complexes that are transient or unstable.
Additionally, MD simulation can be used to design new drugs that
target protein-protein interactions by identifying potential binding
sites and understanding the interactions between the drug and the
target proteins. Recent studies have highlighted the importance of
MD simulation in understanding the molecular mechanisms of
protein-protein interactions in COVID-19 (ref). In the present
study, we performed the molecular dynamics simulation to
analyze the stability, residual flexibility, compactness, and average
hydrogens bonds of RBD-ACE2 and NTD-mAb complexes. RMSD
(root mean square deviation) is a measure used to quantify the
difference between the initial and final conformations of a protein’s
backbone. It is often used in molecular dynamics simulations to
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FIGURE 6

Residual fluctuation and hydrogen bonding analysis. (A)

Represent the RMSF values of wild-type and XBB NTD-mAb complex.
(B) Represent the average hydrogen bonds of wild-type and XBB NTD-
mAb complex.

assess the stability of a protein over time. A low RMSD value
indicates a more stable structure, while a high RMSD value
suggests greater deviation and less stability. In this context, the
RMSD of the Ca backbone was calculated for a 200 ns trajectory of
each protein-protein complex to estimate the stability of the
complex over time. As Figure 5A shows, both the wild type-
NTD-mAb and XBB-mAb complexes exhibited a stable dynamic.
We found that the wild-type NTD-mAb complex had a stable
dynamic throughout the simulation, reaching equilibrium at
80 ns and maintaining stability at 1 A°. However, the XBB NTD-
mAb complex had higher deviations between 10 and 80 ns,
indicating a less stable dynamic. The stable dynamic behavior of
the wild-type NTD-mADb complex throughout the simulation time
indicates that substitution in the NTD of the XBB variant decreased
the structural stability of the NTD-mAb complex that allows it to
evade binding with human neutralizing antibodies. Our findings are
consistent with the previous study, which indicated that the XBB
variant has immune evasion properties (Wang et al, 2022b).
Moreover, the destabilization of NTD and its association with the
loss of essential contacts and immune evasion has been previously
recorded in other variants too (ref). Our study also analyzed
structural compactness in a dynamic environment by calculating
the radius of gyration (Rg) as a function of time. The results, shown
in Figure 5B, indicate that the wild-type NTD-mAb complex had a
uniform Rg with a mean Rg of 30 A°, while the XBB NTD-mAb
complex had a higher Rg value of 40.0 A° and experienced
significant structural changes. It can be seen that the wild-type
and XBB variant had significant variations in the compactness. This
shows that loss of essential contacts may help to release the mAb
from the NTD and causing increase in the protein size during the
simulation. This suggests that the XBB NTD-mAb complex
underwent significant binding and unbinding events during the
simulation. This implies that due to the acquired mutations the NTD
has endured structural rearrangements which consequently causes
dynamic variations and resistance to mAb.

We analyzed the fluctuations of the wild type and variants at the
residue level by looking at local-level flexibility. This can affect
intermolecular binding and molecular recognition, and potentially
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Stability and compactness analysis by RMSD and Rg. (A) represent
the RMSD values of wild-type and XBB RBD-ACE2 complex. (B)
Represent the Rg values of wild-type and RBD-ACE2 complex.

impact the overall function of the biological molecule. A higher
RMSF value indicates a more flexible region, while a lower value
indicates a more stable region. Loops tend to be more unstable due
to their lack of fixed secondary structure, resulting in a higher RMSF.
In comparison to the wild-type NTD-mAb, the XBB NTD-mAb
showed significant variations in residual flexibility between amino
acids 1-225 (Figure 6A). The variations in conformational
optimization and binding strength were also demonstrated by the
differential flexibility index. To evaluate the changes in hydrogen
bonding interactions during a simulation, the total number of
hydrogen bonds between interacting molecules can be calculated
at different time points. This information can be used to determine
the binding strength of the molecules by observing how the number
of hydrogen bonds changes over the course of the simulation. For
instance, hydrogen bonding is a key estimator in determining the
association of molecular networks joined by proteins through such
contacts. Thus, analyzing the hydrogen bonding patterns can
provide insights into how the molecules interact and how these
interactions change over time. Figure 6B illustrates that the average
number of hydrogen bonds in the XBB NTD-mAb complex is lower
than that of the wild-type NTD-mAb complex, as observed over the
course of the simulation. In particular average number of hydrogen
bonds in the wild-type NTD-mAb complex was calculated to be
248 while in the XBB-NTD-mAb complex average number of
hydrogen bonds was calculated to be 242 which shows a
significant reduction in the average number of hydrogen bonds
in the XBB variant. This supports the conclusions drawn from the
molecular docking results, which predicted that the XBB NTD-mADb
complex had weaker binding interactions than the wild-type NTD-
mAb complex. This further demonstrates that the simulation results
are consistent with the predictions made by the molecular docking
study.

Dynamics of the wild-type and XBB RBDD
complexes with hACE2
To identify the fundamental mechanism behind the higher

infectivity and immune evasion of omicron sub-variant XBB, we
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Residual fluctuation and hydrogen bonding analysis. (A)

Represent the RMSF values of wild-type and XBB RBD-ACE2 complex.
(B) Represent the average hydrogen bonds of wild-type and XBB RBD-
ACE2 complex.

performed the MD simulation to check the dynamic features of
wild-type and XBB RBD with the human ACE2 receptor. To check
the stability of wild-type and XBB RBD-ACE2 complex, we
calculated the RMSD value. As Figure 7A shows, both wild-type
RBD-ACE2 and XBB-ACE2 complexes exhibited a stable dynamic.
We found that the RMSD value of the XBB-ACE2 complex is higher
between 20 and 85 ns as compared to the wild-type, become stable
between 90 and 170 ns. The RMSD the value of XBB variant falls in
the normal range and verify the stronger affinity towards the human
ACE2 receptor. Both the complexes converged with each other soon
after reaching 20 ns which shows that both the structures have
attained the similar atomic configuration thus showing the dynamic
accuracy of the approach. Moreover, our findings are consistent with
the previous study, which indicated that the XBB variant has the
stronger binding affinity with the human ACE2 receptor (Wang
et al., 2022b). Furthermore, the compactness of the wild-type and
XBB variant followed a similar pattern however a little perturbation
was observed in the XBB-ACE2 complex 50-80 ns of simulation
(Figure 7B) during the 1-100 ns the Rg difference between the wild
type and XBB remained higher however the Rg of the XBB variant
decreased and the protein size decreased with time. From 101 to
200 ns the Rg of XBB remained more comparable with the wild type
with no significant perturbation in the Rg. These results of RMSD
and Rg strongly align with each other thus showing the accuracy of
the approach too. The variations in the protein size/compactness
justify the binding affinity and infectivity of XBB in contrast to the
wild type.

The comparison of the residual fluctuation between the wild-
type and XBB-ACE2 complexes supports our molecular docking
findings. Figure 8A illustrates that while the wild-type RBD-ACE2
complex experiences more fluctuation in the 100-300aa range, it is
less pronounced in the XBB variant. On the other hand, both
complexes demonstrate increased fluctuation in the 600-800aa
region, which may be caused by the high RMSF of the terminal
amino acids. In particular, the region 600-796 is RBD which shows
higher fluctuation in the XBB variant in contrast to the wild type.
The higher fluctuation in the XBB variant shows structural
optimization for binding which is consistent with the previous
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studies. This region exhibits the loops, i.e., 474-505 (746-776) are
responsible for interaction with ACE2 demonstrated higher
fluctuation which corroborate with previous findings. These
observations suggest that the RBD protein has undertaken
which
capabilities and augment its infectivity. We also calculated the

significant  structural changes, enhance its binding
total number of hydrogen bonds between interacting molecules
at different time points for both wild-type and XBB RBD-ACE2
complexes. As Figure 8B shows that the average hydrogen bonds of
XBB RBD-ACE2 complex is higher as compared to the wild-type
RBD-ACE2 complexes which further verified the previous study and
our molecular docking data. In the case of wild-type RBD in
association with ACE2 an average number of hydrogen bonds
were calculated to be 387 while in XBB-RBD coupled with
ACE2 demonstrated 392 average hydrogen bonds. In the wild
type significant reduction in the hydrogen bonds after 80 ns.
These variations in the hydrogen bonding network further
validate the docking results which shows better affinity of XBB-

RBD for host ACE2 than the wild type.

Binding free energy estimation through MM/
GBSA

The traditional alchemical and other methods suffer from
accuracy, resources requirements and time consumption. The
contemporary MM/GBSA approach overcome such limitations
with lower cost and computational resources. It has been used in
wide range of studies to estimate the binding free energy of different
biological complexes. For instance, calculation of binding free
energy for RBD and ACE2 from various variants, ie, B.1.1.7,
B.1.617, B.1.618, and B.1.529 accurately determined interaction
affinity and mechanism. Therefore, the current study also uses
MM/GBSA approach to estimate the binding free energy for
RBD and NTD (wild type and XBB variant) using the 200 ns
simulation trajectory. As given in Table 2, the vdW for the wild
type-RBD complex with ACE2 was estimated to be —95.57 kcal/mol
while for XBB-RBD in complex with ACE2 demonstrated a vdW
of —114.30 kcal/mol. This shows significant increase in the vdW in
the XBB variant in contrast to the wild type. The increased vdW is a
notion from previous studies based on different variants of SARS-
CoV-2. Moreover, the electrostatic energy is the key factor
previously reported to be responsible for the enhanced binding of
different variants. In the current study similar observations were
seen as the wild type reported an electrostatic energy
of —582.70 kcal/mol while the XBB-RBD variant reported an
electrostatic energy of —640.42 kcal/mol which align with the
previous findings. The total binding energy for the wild-type
RBD in complex with ACE2 reported —50.10 kcal/mol while
XBB-RBD coupled with ACE2 —52.66 kcal/mol,
respectively. This shows though the binding of XBB is slightly

reported

increased but due to the variation in the bonding network and
other factors makes the XBB variant to enter into the host cell
efficiently than the wild type. On the other hand, the NTD-mAb
complexes demonstrated opposite results than the RBD-ACE2. The
vdW for wild type NTD-mAD was calculated to be —93.66 kcal/mol
while for XBB NTD-mAb reported a vdW of —66.26 kcal/mol.
Moreover, calculated  to

the electrostatic differences were
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TABLE 2 Binding free energy results estimated as MM/GBSA. All the energies are given in kcal/mol and kj/mol.

Parameters Wildtype RBD XBB RBD Wildtype NTD XBB-NTD
vdw -95.57 ~399.86 -114.30 -478.23 -93.66 -391.87 -66.26 ~277.23
Electrostatic ~582.70 ~2,438.02 ~640.42 ~2,679.52 -811.17 ~3,393.94 -482.37 ~2018.24
GB 640.53 2,679.98 717.46 3,001.85 850.35 3,557.86 522.42 2,185.81
SA ~12.36 -51.71 ~15.40 ~64.43 ~1145 ~47.91 -8.85 ~37.03
AG total -50.10 ~209.62 ~52.66 -220.33 ~65.94 ~275.89 -35.06 ~146.69

be —811.17 kcal/mol for the wild type while —482.37 kcal/mol for
XBB NTD-mAb complex was reported. The total binding free
energy for the wildtype NTD-mAb was calculated to
be —65.94 kcal/mol while for XBB NTD-mAb was reported to
be —35.06 kcal/mol, respectively. The significant difference in the
total binding energy factors explains that the XBB variant possess
stronger immune evasion properties than the others variants and
wild type. The current findings also align with the experimental
results which reports immune evasion features of XBB variant. Thus,
this study accurately explored the atomic features for host
interaction and immune evasion. The binding free energy results
for each complex is shown in Table 2.

Conclusion

The current XBB variant of SARS-CoV-2 with the strongest immune
escaping properties is currently the most dominant variant circulating
around the world. In the current scenario, it was highly required to
delineate the binding capabilities of NTD of XBB subvariant towards
human neutralizing antibodies and to dig out the binding affinity of RBD
of XBB subvariant with ACE2 receptor. The current study uses molecular
interaction and simulation-based approaches to decipher the binding
mechanism of RBD with ACE2 and mAb interaction with NTD of the
spike protein. Molecular docking of the wild type NTD with mAb, XBB
NTD docking with mAb, wild type RBD docking with ACE2 and XBB
RBD with ACE2 receptor demonstrated variation in the interaction
network, ie., hydrogen bonds, salt-bridges and non-bonded contacts.
Molecular simulation analysis such as RMSD, RMSF, Rg and hydrogen
bonding analysis revealed variation in the dynamics features of the RBD
and NTD complexes due to the acquired mutations. Furthermore, the
total binding energy revealed that the XBB variant possess stronger
immune evasion properties than the others variants and wild type. The
current study provides structural features for the XBB variant binding
and immune evasion which can be used to design novel therapeutics.
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