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Computational investigation on the impact of mutations in the SARS-CoV-2 spike
RBD region of BA.2.12.1 and BA.4 variants on its interaction with ACE2
Receptor Protein

10.1. Abstract:

SARS-CoV-2 is an ongoing pandemic due to mutations in the Spike protein giving rise to multiple
lineages and sub-lineages with due course of time. The spike protein plays a major role in receptor
recognition and cell entry with the help of ACE2 receptor protein. Since the immune evasion
mechanism has developed, mutations in the RBD region have resulted in increased infectivity and
posed a serious threat. Along with the lineage of Omicron, the pathogenicity of several other omicron
sub-lineages, including BA.4, BA.2, BA.2.12.1, BA.5, and others, has increased. BA.2.12.1 and BA.4
shares almost 31 common mutations with BA.2. This study involves physiochemical, structural
characterisation and binding properties of the spike protein of BA.4 and BA.2.12.1 variants using
various online tools, MD simulation and other computational approaches. Based on the docking
studies, BA.2.12.1 is found to be more stable than BA.4 on binding with ACE2 receptor. It has been
found that BA.2.12.1 (AGyind = -16.65 kcal/mol) has a higher binding affinity than BA.4 (AGypind = -
4.53 kcal/mol) with ACE2 according to calculations of binding free energy using the MM-GBSA
approach. The overall stability of the BA.2.12.1 strain may make it more virulent than the BA.4 type

strain.

10.2. Introduction:

Coronaviruses are lipid membrane-encapsulated viruses that are produced from the host cell, and
they contain viral surface proteins inside. The genome of each corona strain is a single-stranded RNA
with positive polarity and a base sequence that is oriented in the 5'-3' direction [1]. Viral infections
and contagious diseases pose a serious danger to population control and that is due to their error-
prone (RdRp) RNA-dependent RNA polymerase, which is responsible for duplicating genetic
material and homologous recombination [2]. Since then, numerous mutations have taken place,
resulting in multiple strains of SARS-CoV-2, including Alpha (B.1.1.7 lineages), Beta (B.1.351
lineages), Gamma (P.1 lineages), Delta (B.1.617.2 lineages), Lambda variant (C.37), Mu variant
(B.1.621) Epsilon (B.1.427 and B.1.429), Eta (B.1.525), lota (B.1.526), Kappa (B.1.617.1) 1.617.3,
Mu (B.1.621, B.1.621.1), Zeta (P.2), Omicron (B.1.1.529, BA.4, BA.4.1, BA.2, BA.3, BA.4 and
BA.S5 lineages) [3-5].
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Angiotensin converting receptor 2 (ACE2) is used by SARS-CoV-2 spike protein to bind and
penetrate the human cells. ACE2 is located on cell layers that have a trans membrane anchor and an
extracellular domain. [6, 7]. The SARS-CoV-2 Spike protein with a total length of 1273 amino acids
comprises of a signal peptide (1-13) at the N-terminal, the S1 subunit (1-14) and the S2 subunit
(686—1273). The combination peptide (788—-806), heptapeptide rehash succession 1 (HR1) (912—
984), HR2 (1163—1213), TM region (1213-1237), and cytoplasm space (1237—-1273) comprises of
the S2 subunit. The N-terminal domain (14-305) and receptor binding domain (RBD, 319-541) have
been identified in the S1 subunit [8, 9]

The Omicron variants include more than 30 mutations on the spike protein, 26 of which are unique
to the spike protein and isn't observed in any other strains like Alpha, Beta, Gamma, or Delta, giving
it the potential to escape the immune system [10-12]. The omicron variant is a family which consists
of multiple sub-lineages such as BA.4, BA.2, BA.3, BA.2.12.1, BA.4 and BA.5 wherein BA.2.12.1
and BA2.12.1 differ in 2 mutations, BA.2, BA.4, and BA.5 differ only in 1 deletion mutation and 3
substitution mutations.

Computational analysis suggests that binding of SARS-CoV-2 variants with human ACE2 enhances
its binding ability, which is due to the specific mutations in RBD [13-17]. Mutations in BA.2.12.1
spike protein include 33 mutations, BA.4 with 32 mutations and BA.5 consists of 33 mutations with
most significant substitution mutation of L452Q, S704L in BA.2.12.1, L452R, F486V and deletion
mutation 69-70 in BA.4 [18]. The L452R and L452Q mutation, one of the most frequent mutations,
is the only RBD domain mutation has been associated with increase in SARS-CoV-2 fusogenicity
and viral infectivity and this mutation also strengthened the high infectivity by improving the
cleavage of the spike protein [19]. In this study, we have compared and evaluated the molecular
interactions, effects of mutations on the structural stability and binding properties of the Spike protein
(S protein) and ACE2 receptor for the sub-variants BA.2.12.1 and BA.4 using modeling and docking

server as well as molecular modeling and other computational approaches.

10.3. Materials and Methods:

10.3.1. Preparation of initial structures and docking.

In order to obtain the 3-D structure of the SARS-CoV-2 receptor-binding domain of BA.4 and
BA.2.12.1, we first downloaded the 3-D structure of SARS-CoV-2 S receptor-binding domain bound
with ACE2 (S protein-ACE2) (PDB ID: 6LZG with a resolution of 2.50 A from the Research

Collaboratory for Structural Bioinformatics Protein Data bank (www.resb.org) [20] and separated
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Figure 10.1A and 10.1B respectively.

out the RBD of S protein and the variant structures were obtained by inducing punctual mutation in
the RBD using UCSF Chimera package alpha v.1.12 [21]. The punctual mutations induced in the
6LZG to construct the BA.4 and BA.2.12.1 are shown in Table 10.1. Then the variant (BA.4 and
BA.2.12.1) RBD was docked with the ACE2 receptor using HADDOCK docking server [22,23] in
order to obtain the S protein (BA.4)-ACE2 and S protein (BA.2.1.1)-ACE2 complex as shown in

Figure 10.1. 3D structure of (A) SARS-CoV-2 spike receptor-binding domain of BA.4 variant
bound with ACE?2 (S protein (BA.4)-ACE2) (B) SARS-CoV-2 spike receptor-binding domain
of BA.2.12.1 variant bound with ACE?2 (S protein (BA.2.12.1)-ACE2).

Table 10.1. Mutations (in RBD of Spike Protein) of BA.4 and BA.2.12.1 lineages along with
the common muations on both the lineages.

Mutations of BA.4 lineages

Mutations of BA.2.12.1
lineages

Common mutations of BA.4 and
BA.2.12.1 lineages

G339D, S371F, S373P, S375F,
T376A, D405N, R408S, K417N,
N440K, L452R, S477N, T478K,
E484A, F486V, Q498R, N501Y,
Y505H

G339D, S371F, S373P, S375F,
T376A, D405N, R408S, K417N,
N440K, L452Q, S477N, T478K,
E484A, Q493R, Q498R, N501Y,
Y505H

G339D, S371F, S373P, S375F,
T376A, D405N, R408S, K417N,
N440K, L452R, S477N, T478K,
E484A, Q498R, N501Y, Y505H

10.3.2. Physiochemical parameter analysis

The ExXPASY ProtParam [24] online tool was used to analyse the sequences of the BA.2.12.1 and BA.4
variants. Molecular weight, theoretical pl (isoelectric point), amino acid composition, atomic
composition, extinction coefficient, estimated half-life, instability index, aliphatic index, and GRAVY

(grand average of hydropathicity) are among the computed parameters.
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10.3.3. Secondary structure prediction in spike protein of BA.2.12.1 and
BA.4 variants

The secondary structure prediction for both BA.2.12.1 and BA.4 variants was done using GOR
(Garnier—Osguthorpe—Robson) IV tool [25] which uses information theory and Bayesian statistics to
analyze secondary protein structure. The purpose of integrating numerous sequence alignments with

GOR is to learn for better secondary structure discrimination.

10.3.4. Identification of conserved residues and mutation

In order to identify the conserved residues and mutations we used Clustal Omega [26] a bioinformatics
program, to align the BA.2.12.1 and BA .4 sequences along with the BA.2 sequence. Clustal Omega is
a new multiple sequence alignment program that uses seeded guide trees and HMM profile-profile

techniques to generate alignments between three or more sequences.
10.3.5. Intrinsically disordered protein prediction

Regions with intrinsic disorder are those that have a dynamic ensemble of conformations but do not
develop a stable three-dimensional structure in physiological situations. We used the Predictor of
naturally disordered regions (PONDR) (PONDR® VLXT) [27] to determine the disordered regions in
both the variants, BA.4 and BA.2.12.1.

10.3.6. Molecular Dynamics Simulations

Both the complex system were then subjected to the process of energy minimization using the steepest
descents followed by conjugate gradient minimization technique. Both the complex (S protein (BA.4)-
ACE2 complex and S protein (BA.2.12.1)-ACE2 complex) were subjected to MD simulations. The
MD simulation was performed using AMBER {f14SB force field with AMBER software package
[28,29]. Appropriate number of counter ions were added to the two complex systems to assure their
overall neutrality. The two complex systems were solvated with the TIP3P [30] water model and
subjected to MD simulations in explicit solvent with solvent buffers of 10A in all directions. In the
first step of minimization, spike receptor-binding domain and ACE2 were fixed with a 500

kcal/mol/A? and the energy of all water molecules and counterions was minimised for 10,000 steepest
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descents (SD) steps, followed by 10,000 steps of the conjugate gradient (CG) in the first step of
minimization. In order to remove conflicting contacts of the entire complex systems, the second step
of minimization was performed in which 12000 steps of SD minimization and 8000 steps of CG
minimization were involved. Next, both the complex systems were gradually heated from 0-300K in
constant volume (NVT) conditions, thereby applying harmonic restraints with a force constant of 10
kcal/mol/A? on the solute atoms, and equilibration was performed three times with 3000 ps using a
force constant of 5.0 kcal/mol/A. Finally, 100 ns MD simulations were performed using the NPT
ensemble without restraints. Particle mesh Ewald [31,32] technique was used to limit the direct space
sum to treat the long-range electrostatic interactions with a non-bonded cutoff of 12.0 A. All the bonds
present in the system were constrained using the SHAKE algorithm [33]. The Berendsen weak
coupling algorithm [34] was then used to keep a constant pressure and temperature (0.5 ps of heat bath
and 0.2 ps of pressure relaxation) throughout the simulation process. The time step of MD simulation

was set to 2 fs, and sampling was performed every 10 ps into the MD file.

The lowest energy conformers for both the complex system( S protein (BA.4)-ACE2 and S protein
(BA.2.12.1)-ACE2) were extracted using the RMSD clustering algorithm from the highly populated
clusters and submitted to the PDBsum server (http://www.ebi.ac.uk/thornton srv/ databases /pdbsum/
Generate. html) for analysing the residue-specific interactions, which are considered to be essential
for understanding the nature of interactions. PDBsum [35] is a database that shows schematic diagrams
of the non-bonded contacts between amino acid residues at the interface of molecules in a multimer

complex.

10.3.7. Binding Free energy calculations

The Molecular Mechanics Generalized Born Surface Area (MM-GBSA) method implemented in
AMBER 16 [36,37] package was performed to calculate the binding free energy as well as the free
energy decomposition of the two complex systems (S protein (BA.4)-ACE2 and S protein (BA.2.12.1)-
ACE2). To determine the relevant energies, 200 snapshots from the last 10 ns of MD trajectories for

each complex system were selected.

The formulas for calculating the BFE and their decomposed energetic components are same as

described in section 7A.3.2. of Chapter 7A. The approaches and protocols that we have considered in
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this study to estimate the binding free energy have been used in many of the recent in-silico studies

[38-41] and a similar protocol was employed in our earlier studies on SARS-CoV-2 variants [42-45].

10.4. Results and Discussion:

10.4.1. Physiochemical properties evaluated using ExPASY ProtParam

It includes the total number of amino acid composition, molecular weight, Theoretical pl, estimated
half-life, Aliphatic index, Instability index, Grand Hydropathicity Index summarized in Table 10.2.
With a total of 195 amino acid in both the variant, the molecular weights of the variants BA.4 and
BA.2.12.1 are calculated to be 21985.86 and 22033.90 respectively. Theoretical pl is the isoelectric
point of a protein where the net negative and positive charge cancels each other. The protein is said to
be alkaline if its pl value is greater than 7, and acidic if it is lower than 7.

We observed that both the current variants BA.2.12.1 and BA .4, all are alkaline in nature with a pI of
8.73. Estimated half-life seems to be same in both the variants as 7.2hr. Aliphatic index indicates
relative volume occupied by positive amino acids such as alanine, valine, isoleucine, etc. and is found
to be 70.46 and 68.97 for BA.4 and BA.2.12.1 respectively. More is the positive score greater is the
hydrophobicity indicating stable transmembrane alpha-helices of membrane proteins. Instability index
is a measure of stability of proteins. Index less than 40 is considered to be stable while more than 40
is considered to be unstable. It was found to be 25.09 for BA.2.12.1 and 24.90 for BA.4. A protein
with a low grand average of hydropathicity (GRAVY) value is nonpolar and has a stronger affinity for
water, indicating that it is intrinsically hydrophilic. The GRAVY value was found to be -0.224 for
BA.2.12.1 and -0.217 for BA.4 variant

Table 10.2. ExPASY ProtParam data of BA.2.12.1 and BA 4 variant.

Parameters BA.2.12.1 variant BA4 variant
Molecular weight (Da) 22033.90 21985.86
Theoretical pl 8.73 8.73
Estimated half-life (mammalian 7.2hr 7.2hr
reticulocytes) (Hours)

Aliphatic index 68.97 70.46
Instability index 25.09 24.90
GRAVY (Grand Hydropathicity -0.224 -0.217
Index)

Chainee Das



CHAPTER 10 | 2025

Total no. of negative charges 14 14
(Asp+Glu)
Total no. of positive charges 19 19
(Arg+Lys)

10.4.2. Prediction of secondary structural changes in spike protein

GOR 1V was used to predict the changes in the secondary structure of the spike protein of the RBD
region. BA.2.12.1 has a higher alpha helix and extended strand structure, while BA.4 has a higher
percentage of random coil, as shown in Table 10.3. The predicted increase in alpha helix explains
increase in stability of secondary structure (due to formation of hydrogen bonds between an amide
hydrogen of one amino acid and a carbonyl oxygen four amino acids away) of the RBD region of
BA.2.12.1 while beta strand can extend as much as 35 A in length which explains the decrease in
stability of structure as extension in strands results in increase in distance thereby decreasing the
strength of hydrogen bonds. The presence of higher percentage to random coils concludes higher
degree of randomness i.e., high entropy due to non-formation of bonds in BA.4 thereby decreasing
stability of structure than BA.2.12.1.

Table 10.3. Structural changes in the RBD region of BA.2.12.1 and BA.4 predicted using GOR IV

Secondary structure BA.2.12.1 (%) BA.4 (%)
Alpha helix (Hh) 6.67% 6.15%
310 helixes (Gg) 0.00% 0.00%
Pi helix (Ii) 0.00% 0.00%
Beta bridge (Bb) 0.00% 0.00%
Extended strand (Ee) 25.64% 20.51%
Beta turn (Tt) 0.00% 0.00%
Bend region (Ss) 0.00% 0.00%
Random coil (Cc) 67.69% 73.33%
Ambiguous stress (?) 0.00% 0.00%
Other states 0.00% 0.00%

The schematic representation of helix, sheet and coil regions of secondary structure for the BA.2.12.1

and BA.4 variant is depicted in Figure 10.2 and 10.3 respectively.
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168 120 148 160

Key — helix — sheet — coil

Figure 10.2. Representation of helix, sheet and coil regions of secondary structure of BA.2.12.1
variant predicted from GOR IV.

20 a8 60 80 160 120 148 160
Key — helix = sheet — coil

Figure 10.3. Representation of helix, sheet and coil regions of secondary structure of BA.4
variant predicted from GOR IV.

10.4.3. Identification of conserved residues and mutation

Clustal Omega was used to align the receptor binding region sequence of the two variants- BA.2.12.1
and BA.4 with respect to BA.2. Analysis depicts the aligned sequence (depicted with *) and the
unaligned region (depicted with :) as shown in supplementary Figure 10.4. And the unaligned residue

was found at residue number 120, 161 and 154.
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BA2.pdb TNLCPFDEVFNATRFASVYAWNRKRISNCVADYSVLYNFAPFFAFKCYGVSPTKLNDLCF 60
BA2.12.1.pdb TNLCPFDEVFNATRFASVYAWNRKRISNCVADYSVLYNFAPFFAFKCYGVSPTKLNDLCF 60
BA4.pdb TNLCPFDEVFNATRFASVYAWNRKRISNCVADYSVLYNFAPFFAFKCYGVSPTKLNDLCF 60
hhkkhkhkhkhkkhkhkhkhkhkhkhkkhhhkhkhkhkhkhkhhhhkhkhkhkhkkkkhhkkhkhkkkkkhhkhkhkkhkkkkhkkhkkkx
BA2.pdb TNVYADSFVIRGNEVSQIAPGQTGNIADYNYKLPDDFTGCVIAWNSNKLDSKVGGNYNYL 120
BA2.12.1.pdb TNVYADSFVIRGNEVSQIAPGQTGNIADYNYKLPDDFTGCVIAWNSNKLDSKVGGNYNYQ 120
BA4.pdb TNVYADSFVIRGNEVSQIAPGQTGNIADYNYKLPDDFTGCVIAWNSNKLDSKVGGNYNYR 120

dkhhkkkhkhkhhkhkkhkhhkhkhkhkhkhhhkhkhkhhhkhkhhhhhkhhhhhkhhhhhkhkhhhhhkhhhhhhhhhhk o

BA2.pdb YRLFRKSNLKPFERDISTEIYQAGNKPCNGVAGFNCYFPLRSYGFRPTYGVGHQPYRVVV 180
BA2.12.1.pdb YRLFRKSNLKPFERDISTEIYQAGNKPCNGVAGEFNCYFPLRSYGFRPTYGVGHQPYRVVV 180
BA4.pdb YRLFRKSNLKPFERDISTEIYQAGNKPCNGVAGVNCYFPLQSYGFRPTYGVGHQPYRVVV 180

khkkkkhkhkhhkhkhkhkhhhhkhdhhhhhkhhhhkhhdhhhhdk s khhkhkhkdk s khkkkkhkhhkhkhkhhhkhhhkx

BA2.pdb LSFELLHAPATVCGP 195
BA2.12.1.pdb LSFELLHAPATVCGP 195
BA4.pdb LSFELLHAPATVCGP 195

hkhkkkkkkhkhkkkkkkk

Figure 10.4. Clustal Omega was used to align the receptor binding region sequence ranging
from 333-527 of the two variants- BA.2.12.1 and BA.4 with respect to BA.2.

10.4.4. Intrinsically disordered protein prediction

Intrinsically disordered proteins (IDPs) are unstable, dynamic proteins characterized by tertiary
structure abundant in charged and hydrophilic amino acids like Arginine, Proline, Glycine and Serine.
IDPs, due to its dynamic state, it continuously changes its structure whilst binding in different sites
with different sites. Thus, higher is the disordered residues lower is the binding affinity with the
receptor hence decreasing its stability. Here, calculated via PONDR, results verify that the RBD of
BA.4 variant possess higher number of disordered region when compared with BA.2.12.1. While same
number of disordered regions were found when the entire sequence for spike was considered for the

analysis as shown in Table 10.4.

Table 10.4. Intrinsically disordered prediction using PONDR® VLXT

VARIANT | NO.OF OVERALL % | PREDICTED NO. OF
RESIDUES DISORDERED | DISORDER SEGMENT | DISORDERED
DISORDERED SEGMENT
BA2.12.1 70 6 [16][22] 32
[40]-[40]

[601]-[610]
[678]-[709]
[869]-[871]
[982]-[986]
[992]-[994]
[1023]- [1023]
[1160]- [1166]
BA2.12.1(RBD) 2 1.03 [77178] 2
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BA4 85 6.68 [16]-[22] 32
[40]-[40]

[992]-[994]

[1023]- [1023]
[1174]- [1194]
[1264]- [1264]
BA4 (RBD) 29 29 [72]-[81] 4
[117]-[124]
[131]-[138]
[163]-[165]

* Abbreviation: RBD, receptor-binding domain

10.4.5. MD simulation of the BA.4 and B.A.2.12.1 variant of SARS-CoV-2
spike receptor-binding domain bound with ACE?2.

To study the dynamic properties of the two complexes (S protein (BA.4)-ACE2) and (S protein
(BA.2.12.1)-ACE2) MD simulation was carried out for 100 ns. The conformational snapshots of the
(S protein (BA.4)-ACE2) and (S protein (BA.2.12.1)-ACE2) complexes during the course of 100 ns

MD simulation time at a discrete time interval of 10 ns were depicted in Figure 10.5 and Figure 10.6.

Figure 10.5. Conformational snapshots of S protein (BA.4)-ACE?2 complex at the discrete time
interval of 10 ns during the course of 100 ns of MD simulation.
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Figure 10.6. Conformational snapshots of S protein (BA.2.12.1)-ACE2 complex at the discrete
time interval of 10 ns during the course of 100 ns of MD simulation.

10.4.5.1. RMSD Analysis.

The average deviations in the atomic positions and the stability through the trajectory of 100 ns of the
MD simulations, the RMSD (root mean square deviation) values of the backbone atoms of the
complexes along with the S protein (Apo form) for both BA.4 and BA.2.12.1 were calculated and
depicted in Figure 10.7 and 10.8. The RMSD of BA .4 type as well as the BA.2.12.1 complex appeared
to be stable after 10 ns, revealing that good convergence was achieved for each system. Interestingly,
we noticed that the RMSD values of the BA.2.12.1 complex were slightly higher than that of the BA.4
type complex. The average RMSD value of S protein (BA.4) in Apo form was found to be 1.55 A
whereas the RMSD of S protein (BA.4) in complex form was seen to be 1.39 A which indicated higher
stability of the Spike when bound to the ACE2 receptor. A similar pattern was observed in case of
BA.2.12.1 variant. The average RMSD value of S protein (BA.2.12.1) in Apo form was found to be
2.03 A whereas the RMSD of'S protein (BA.4) in complex form was seen to be 1.44 A. We also noticed
that the binding of ACE2 reduced the perturbation of S protein to a significant extent in both the

complex systems.
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Figure 10.7. Backbone RMSD'’s for S protein (BA.4) Apo (black) and S protein (BA.4) in S
protein (BA.4)-ACE2 complex (Red)
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Figure 10.8. Backbone RMSD'’s for S protein (BA.2.12.1) Apo (Red) and S protein (BA.2.12.1)
in S protein (BA.2.12.1)-ACE2 complex (Black)

10.4.5.2. RMSF Analysis

We further explored the S protein flexibility in S protein (BA.4)-ACE2) and (S protein (BA.2.12.1)-

ACE2) complexes by determining the Coa RMSF values from the MD simulations trajectory analysis.

In Figure 10.9 the RMSF analysis of spike protein (BA.4 and BA.2.12.1) exclusively in the complex

has been depicted while in Figure 10.10 the RMSF analysis for the entire complex has been shown.

We observed significant differences in the flexibility of S protein in BA.4, BA.2.12.1 complexes in
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particular at the regions in and around the mutation sites mentioned in the Table 10.1. The RMSF
values of Ca atoms of S protein in BA.2.12.1 complex shows relatively lower values than in the BA.4
complex. From Figure 10.9, it is more apparent that there is significant reduction in structural
fluctuations and increased stability in the case of BA.4 and BA.2.12.1 complexes. Among BA.4 and

BA.2.12.1 complexes we found the fluctuations are relatively less in the case of BA.2.12.1 complex.

6 i (A) 1 l L] I T I T il
S5k —
L —— Spike in S protein(BA.4)-ACE2 complex |
-~ F o
°$ 1 | 1 | 1 | 1
= 332 382 432 482 532
w 6 1 I L] I 1 I T
: ‘o :
5 —— Spike in Sprotein(BA.2.12.1)-ACE2 complex | ]
4 —
Kl o -
2= -
1 ]
L L I 1 1 1 I L i
332 382 432 482 532

Residue Index

Figure 10.9. Backbone RMSF'’s for Spike protein in (A) S protein (BA.4)-ACE2 complex
(Green) and (B) S protein (BA.2.12.1)-ACE2 complex (Blue).
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Figure 10.10. Backbone RMSF'’s for (A) S protein (BA.4)-ACE2 complex (blue) and (B)
S protein (BA.2.12.1)-ACE2 complex (red).
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10.4.5.3. Hydrogen bond Analysis

Additionally, we also calculated and plotted the number of intermolecular hydrogen bonds present in
the (S protein (BA.4)-ACE2) and (S protein (BA.2.12.1)-ACE2) complexes as shown in Figure 10.11
as these hydrogen bonds play a crucial role in conferring the stability to the protein complexes. The
number of inter-molecular hydrogen bonds was found to be significantly higher in S protein

(BA.2.12.1)-ACE2 complex as compared to the S protein (BA.4)-ACE2 complex.

é 20 (A) T I T I L) I L) I T
_S i —— S protein (BA.4)(acceptor)-ACE2(donor) |
= —— S protein (BA.4)(donor)-ACE2(acceptor)
)
S 15 -
=
)
= -
S
=
=
210 -
S
g
=
3
g
-
: L
5 |
o
=
£ | (Y LI TR
=)
Z o I L0 AT i
0 20000 40000 60000 80000 100000
Time (ps)
20 T " T ] T l T I
(B) — S protein(BA.2.12.1)(acceptor)-ACE2(donor) | |

—— S protein (BA.2.12.1)(donor)-ACE2(acceptor)

|

Number of inter-molecular Hydrogen bonds

=
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Figure 10.11. Number of intermolecular hydrogen bonds between S protein and ACE?2 in (A)
S protein (BA.4)-ACE2 complex (B) S protein (BA.2.12.1)-ACE2 complex.
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The list of intermolecular hydrogen bonds noticed between the S protein (acceptor/donor) and ACE2
(donor/acceptor) during the last 20 ns of MD simulation of both the complexes were summarized in
Table 10.5-10.8.

Table 10.5: Hydrogen bond analysis of S protein (BA.4)-ACE2 complex during the last 20 ns
of MD simulation with S protein as acceptor and ACE?2 as donor.

Acceptor DonorH Donor Frac Average Distance(A) | Average Angles (°)
ASN_108@O ALA 334@H ALA 334@N 0.2848 2.8614 154.9717
GLU_8@OEI ARG _308@HH21 | ARG _308@NH2 0.1338 2.8085 152.6348
GLU_8@OE1 ARG_308@HE ARG_308@NE 0.1322 2.8337 156.2533
GLU_8@OE2 ARG _308@HH21 | ARG _308@NH2 0.1237 2.8006 153.867
ASN 22@OD1 GLN_469@HE21 GLN_469@NE2 0.1182 2.8541 160.1179
ASN_2@ODl1 LYS_388@HZ2 LYS_388@NZ 0.095 2.814 155.247
ASN_28@OD1 LYS_388@HZ3 LYS_388@NZ 0.092 2.8148 155.7004
ASN 28@0OD1 LYS_388@HZ2 LYS_388@NZ 0.0853 2.8167 155.4032
GLU_8@OE2 ARG _308@HE ARG _308@NE 0.0836 2.8348 155.9654
ASN 2@OD1 LYS 388@HZ1 LYS_388@NZ 0.0815 2.8058 155.5292
ARG 23@O ARG _467@HE ARG_467@NE 0.08 2.8295 151.1265
ASN 22@OD1 ARG 467@HH21 | ARG 467@NH2 0.0784 2.842 153.0776
ASN 22@OD1 ARG 467@HE ARG 467@NE 0.0774 2.8655 154.9174
ASN_2@ODl1 LYS_388@HZ3 LYS_388@NZ 0.0733 2.8128 156.2279
SER 41@O0G LYS 319@HZ1 LYS_319@NZ 0.071 2.8584 153.968
SER_41@0G LYS 319@HZ2 LYS 319@NZ 0.0708 2.8574 154.1554
ASN 28@OD1 LYS 388@HZ1 LYS_388@NZ 0.068 2.8222 155.5825
ASN_22@OD1 GLN_469@HE22 | GLN_469@NE2 0.062 2.8552 161.4501
SER_41@0G LYS 319@HZ3 LYS 319@NZ 0.0611 2.8541 153.5588
ARG 25@O GLN 469@HE21 GLN_469@NE2 0.045 2.8768 161.9907
ARG 25@O ARG 467@HHI11 | ARG _467@NHI 0.0406 2.828 153.0566
SER_27@0O LYS_390@HZ1 LYS_390@NZ 0.0358 2.8134 153.267
PRO_195@OXT | THR_376@HGI THR_376@0OG1 0.0352 2.7029 163.2477
SER_27@0O LYS_390@HZ3 LYS_390@NZ 0.0266 2.8213 153.8259
SER_27@0O LYS_390@HZ2 LYS_390@NZ 0.0256 2.8167 153.2492
ASN_28@O LYS_388@HZ3 LYS_388@NZ 0.0256 2.8272 152.0951
ALA 20@O GLN 469@HE21 GLN_469@NE2 0.0245 2.8729 161.9902
GLU_139@OE2 | LYS_474@HZ1 LYS 474@NZ 0.0243 2.8081 159.2613
PRO 195@O THR_376@HGl1 THR_376@OGl1 0.024 2.7039 165.2798
TRP_21@O GLN_469@HE21 GLN_469@NE2 0.0237 2.8866 159.1855
GLU_139@OE2 | LYS_474@HZ3 LYS 474@NZ 0.0204 2.8112 159.2395
ASN _28@O LYS 390@HZ2 LYS 390@NZ 0.0204 2.8415 150.4481
ARG _23@O ARG 467@HH21 | ARG 467@NH2 0.0198 2.8194 145.968
ASN_2@OD1 LYS 390@HZ1 LYS 390@NZ 0.0174 2.8283 151.1424
ASN_28@O LYS 390@HZ3 LYS 390@NZ 0.017 2.8367 150.6502
SER_39@O LYS 319@HZ3 LYS 319@NZ 0.0169 2.82 148.3886
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SER_39@0 LYS 319@HZ1 LYS 319@NZ 0.0163 2.8148 149.7552
SER_39@0 LYS 319@HZ2 LYS 319@NZ 0.0161 2.82 150.317
ASN_28@O LYS 390@HZ1 LYS 390@NZ 0.0159 2.8453 149.6366
ASN 11@OD1 | THR 307@HG! | THR_307@OG1 0.0156 2.7416 161.6031
ASN 2@OD1 LYS 390@HZ3 LYS 390@NZ 0.0155 2.8212 151.0807
ALA_40@O LYS 319@HZ2 LYS 319@NZ 0.015 2.8329 156.3451
SER 27@O0G ARG 467@HH21 | ARG 467@NH2 | 0.0138 2.855 155.5724
GLU_139@OE! | LYS 474@HZ1 LYS 474@NZ 0.0136 2.8077 156.6223
ASP 32@OD1 | GLN 373@HE22 | GLN 373@NE2 | 0.0134 2.8296 163.6244
ASN_2@O0D1 LYS 390@HZ2 LYS 390@NZ 0.013 2.8267 150.9027
THR_1@O GLN 392@HE22 | GLN 392@NE2 | 0.0111 2.8658 157.111
ASN_28@O LYS 388@HZ2 LYS 388@NZ 0.011 2.8348 148.557
ASN_28@O LYS 388@HZI LYS 388@NZ 0.0099 2.8463 150.1378
SER_137@HB3 | ILE 473@HA ILE_473@CA 0.009 2.9307 146.2025
ARG 23@0 GLN 469@HE22 | GLN 469@NE2 | 0.0082 2.8542 158.4547
GLU_139@OE2 | LYS 474@HZ2 LYS 474@NZ 0.0078 2.8046 158.155
ARG 14@HG2 | ASN_552@HA ASN_552@CA 0.0075 2.9432 146.1692
ASN_2@O0D1 LYS 390@H LYS 390@N 0.0071 2.8806 156.8198
GLY_7@HA3 ALA 312@HA ALA 312@CA 0.0064 2.9299 141.913
ALA_40@O LYS 319@HZ3 LYS 319@NZ 0.0062 2.8284 150.4823
SER_41@HG LYS 319@HZ3 LYS 319@NZ 0.006 2.8668 151.1486
ASN 28@HD21 | LYS 388@HG2 | LYS 388@CG 0.0057 2.8731 149.1621
ASN_108@HA | LEU 332@HA LEU 332@CA 0.0057 2.9251 142.4389
ARG 23@0 GLN 469@HE21 | GLN 469@NE2 | 0.0054 2.8469 152.9002
SER_41@HG LYS 319@HZI LYS 319@NZ 0.005 2.8814 147.5267

Table 10.6. Hydrogen bond analysis of S protein (BA.4)-ACE2 complex during the last 20 ns
of MD simulation with S protein as donor and ACE2 as acceptor.

Acceptor DonorH Donor Frac Average Distance (A) | Average Angles (°)
ASP 551@OD1 ARG 14@HH21 ARG 14@NH2 0.5133 2.8003 159.8873
THR_330@O ASN_108@HD22 | ASN_108@ND2 | 0.4934 2.8511 161.7927
ASP 551@OD2 ARG 14@HE ARG 14@NE 0.4498 2.841 160.421
ASP 551@OD2 ARG 14@HH21 ARG 14@NH2 0.3548 2.8061 157.2295
ASP_551@OD2 ARG_14@H ARG _14@N 0.3527 2.854 159.5868
ASP_551@0D2 THR 13@H THR 13@N 0.263 2.858 154.3543
GLU_315@OE2 ASN_11@HD22 ASN_11@ND2 0.2415 2.8214 163.6516
ASP_551@OD1 ARG 14@HE ARG 14@NE 0.2245 2.8462 160.8716
ASP_551@OD1 ARG_14@H ARG _14@N 0.2143 2.8426 157.9829
ARG_331@O ASN_107@HD22 | ASN_107@ND2 0.182 2.8382 160.9025
ASP 551@ODl1 THR 13@H THR 13@N 0.1804 2.8538 156.7026
ALA 468@O ARG _134@HHI11 | ARG _134@NH1 | 0.1742 2.8175 150.8829
GLU_387@O ASN_28@HD21 ASN_28@ND2 0.1586 2.854 157.3339
VAL_466@0O ARG _25@HHI11 ARG _25@NH1 0.1575 2.8117 157.4791
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GLU 315@OE2 | SER_41@HG SER_41@0G 0.153 2.6699 162.6543
ALA 380@O ASN 2@HD22 ASN_2@ND2 0.1452 2.8483 162.2086
GLN 469@OEl | ARG 25@H ARG 25@N 0.1312 2.8586 161.8669
GLU 465@OEl | SER 27@HG SER 27@O0G 0.1289 2.6691 163.6608
GLN 469@OEl | ARG 23@H ARG 23@N 0.114 2.8736 160.2489
GLU 315@OEl | SER 41@HG SER_41@0G 0.1006 2.6836 163.3554
GLU 377@OE! | LYS S4@HZ2 LYS 54@NZ 0.0972 2.7854 159.9101
GLU 377@OE2 | LYS 54@HZ3 LYS 54@NZ 0.0789 2.7782 159.6595
GLU 377@O THR_1@HG1 THR_1@0G]1 0.0744 2.7271 163.33
ALA_381@0 ASN 2@H ASN 2@N 0.0738 2.8679 161.1065
LYS_390@O THR_1@H2 THR_1@N 0.0728 2.8182 152.3783
LYS_390@0 THR_1@H]1 THR_1@N 0.0687 2.8196 152.2007
GLN_464@0 ARG 25@HHI1 | ARG 25@NHI | 0.0596 2.8477 156.673
GLU 377@OE! | LYS_54@HZ1 LYS 54@NZ 0.0545 2.7812 158.0505
LYS 390@0 THR 1@H3 THR 1@N 0.0539 2.8195 151.2948
GLU 465@OE2 | SER 27@HG SER_27@O0G 0.0536 2.6935 162.121
GLU 377@OE2 | LYS_S4@HZ2 LYS 54@NZ 0.0516 2.7939 156.0613
ALA 312@0 ASN_11@HD21 | ASN_11@ND2 | 0.0494 2.8467 158.4731
ASP 549@OD1 | LYS 24@HZ3 LYS 24@NZ 0.0491 2.8186 154.7262
GLU 377@OE2 | LYS 54@HZ1 LYS 54@NZ 0.0435 2.7819 157.049
ASP 551@OD1 | THR_13@HGI THR_13@0G1 | 0.0422 2.7106 161.0699
ASP 549@0D2 | LYS 24@HZ1 LYS 24@NZ 0.042 2.8214 154.0752
LYS 333@O0 ASN 108@HD22 | ASN 108@ND2 | 0.038 2.8701 154.7872
ASP_549@OD1 | LYS 24@HZ1 LYS 24@NZ 0.036 2.8207 155.1742
ASP_549@OD2 | LYS 24@HZ3 LYS 24@NZ 0.0356 2.8274 152.5154
GLU 387@OE! | ASN 28@HD21 | ASN 28@ND2 | 0.0353 2.8429 160.2944
ASP 549@OD2 | LYS 24@HZ2 LYS 24@NZ 0.0347 2.8261 154.0473
GLU 387@OE2 | ASN 28@HD21 | ASN 28@ND2 | 0.0306 2.841 159.47
GLU 374@OE2 | LYS_S4@HZ1 LYS 54@NZ 0.0302 2.79 157.2421
GLU 374@OEl | LYS_S4@HZ1 LYS 54@NZ 0.0291 2.7835 156.5435
ASP 551@OD2 | THR_13@HGI THR_13@0G]1 0.028 2.7184 159.6033
ASP_549@0 LYS 24@HZ1 LYS 24@NZ 0.0263 2.8342 153.112
GLU 374@OE! | LYS_54@HZ3 LYS 54@NZ 0.0257 2.7808 157.1073
ASP 549@OD1 | LYS 24@HZ2 LYS 24@NZ 0.0254 2.8245 154.3738
GLU 374@OE2 | LYS_S4@HZ2 LYS 54@NZ 0.022 2.7738 157.7041
GLU 374@OE2 | LYS_54@HZ3 LYS 54@NZ 0.0214 2.7835 157.3532
GLU 364@OEl | THR_1@H3 THR_1@N 0.0204 2.8073 155.9293
GLU 364@OE! | THR_1@H1 THR_1@N 0.019 2.813 154.2079
LEU_378@O0 THR_1@HGI THR_1@0G1 0.0178 2773 161.9267
GLU 374@OE! | LYS_S4@HZ2 LYS 54@NZ 0.0175 2.7843 156.3019
ASP_549@0 LYS 24@HZ2 LYS 24@NZ 0.0165 2.8339 151.2607
ASP_549@0 LYS 24@HZ3 LYS 24@NZ 0.0163 2.832 151.4358
GLU 315@OE2 | ASN_11@HD21 | ASN_11@ND2 | 0.0161 2.8017 163.1959
THR_307@O ASN 11@HD21 | ASN_11@ND2 | 0.0158 2.8727 157.9253
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GLN 392@OE! | THR_1@H1 THR_1@N 0.0158 2.827 149.8726
GLN 392@OEl | THR_I@H3 THR_1@N 0.0158 2.8226 149.8199
GLN 392@OE! | THR_1@H2 THR_1@N 0.0151 2.8312 149.8318
LYS 388@O ASN 2@HD21 ASN_2@ND2 0.0141 2.8537 153.3506
THR 376@0G1 | THR I@HGI THR_1@0G]1 0.0132 2.813 159.9506
GLU 377@OEl | LYS 54@HZ3 LYS 54@NZ 0.0128 2.7961 155.1329
GLU 364@OEl | THR_1@H2 THR_1@N 0.0114 2.806 157.014
ARG _308@0 ASN_11@HD22 | ASN_11@ND2 | 0.0113 2.8662 150.3261
ASN_552@HA ARG _14@HG2 ARG _14@CG 0.0106 2.9427 144.2634
LEU_332@0 ASN_107@HD22 | ASN_107@ND2 0.01 2.8469 158.5659
THR 330@0G1 | ASN_108@HD22 | ASN_108@ND2 0.01 2.9006 164.7733

Table 10.7. Hydrogen bond analysis of S protein (BA.2.12.1)-ACE2 complex during the last
20 ns of MD simulation with S protein as acceptor and ACE2 as donor.

Acceptor DonorH Donor Frac Average Distance (A) | Average Angles (°)
VAL 75@0O SER 441@H SER 441@N 0.7047 2.8555 160.1122
ASP 73@OD1 ARG 322@HH22 | ARG 322@NH2 | 0.7035 2.7892 161.6997
ASP_73@0OD2 ARG 322@HHI11 | ARG 322@NH1 | 0.6994 2.8093 163.5115
PRO_167@O GLN_670@HE21 GLN_670@NE2 0.5853 2.845 162.4634
ARG 76@O SER 449@HG SER 449@0G 0.554 2.7448 161.7508
GLN 174@OEl ALA 659@H ALA 659@N 0.5418 2.8713 160.5658
GLU _74@O ASP _444@H ASP_444@N 0.5283 2.8407 151.0588
GLU_74@O GLU 443@H GLU 443@N 0.4858 2.8759 152.9664
GLY 115@O ASN 69%6@H ASN 696@N 0.3154 2.8602 159.6656
GLN_174@OE1 ILE 658@H ILE 658@N 0.2989 2.8604 150.8622
GLN 77@O ALA 446@H ALA 446@N 0.2406 2.893 160.2217
ASN 169@OD1 LEU 662@H LEU 662@N 0.1466 2.9156 160.1472
ASP 95@0OD2 ARG 447@HH11 | ARG 447@NH1 | 0.1412 2.792 154.7283
ASP 73@0OD2 ARG 322@HH22 | ARG 322@NH2 | 0.1384 2.8125 156.3612
THR_168@OGl GLY_660@H GLY_660@N 0.1254 29125 156.8478
GLN 82@OE1 GLN 450@HE21 GLN_450@NE2 0.1132 2.8517 161.5789
GLN_166@OE1 GLN _670@HE22 | GLN_670@NE2 0.106 2.8639 162.5295
GLN 77@O ARG 447@H ARG 447@N 0.1001 2.8466 146.8759
ASP 95@OD1 ARG 447@HH11 | ARG 447@NH1 | 0.0941 2.8013 154.1576
VAL 171@0O ARG 322@HHI12 | ARG 322@NH1 | 0.0936 2.811 152.712
ASP 95@0OD2 ARG 447@HH22 | ARG 447@NH2 | 0.0855 2.824 150.3213
GLN_77@O GLN_450@HE21 GLN_450@NE2 0.0766 2.8289 157.8841
ASP 95@OD1 ARG 447@HH22 | ARG 447@NH2 | 0.0751 2.8222 151.4778
ASN 116@0OD1 ASN 696@HD22 | ASN 696@ND2 | 0.0708 2.8708 161.5225
THR 83@O GLN _450@HE22 | GLN_450@NE2 0.0646 2.8708 159.1468
GLN _77@OE]1 SER 449@HG SER_449@O0G 0.0532 2.724 159.9681
ASN _149@O HIE 713@HE2 HIE 713@NE2 0.0523 2.8452 157.6379
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ARG 76@HD2 VAL 442@HA VAL 442@CA | 0.0493 2.9343 148.3705
GLN_166@O GLY_660@H GLY_660@N 0.049 2.8668 161.5909
ASN 116@OD1 | ASN 696@HD21 | ASN 696@ND2 | 0.0458 2.847 161.0551
GLN 77@O GLN 450@HE22 | GLN 450@NE2 | 0.0444 2.8343 153.5234
ILE_78@O ALA 445@H ALA 445@N 0.0428 2.8357 145.1541
VAL 113@0 LYS 694@HZI LYS 694@NZ 0.0418 2.8156 149.4991
VAL 113@0 LYS 694@HZ3 | LYS 694@NZ 0.0394 2.8147 151.7217
SER 111@0 LYS 694@HZ3 | LYS 694@NZ 0.0382 2.8303 151.9852
VAL 113@0 LYS 694@HZ2 | LYS 694@NZ 0.0372 2.8192 150.017
SER_111@0 LYS 694@HZI LYS 694@NZ 0.0358 2.8379 152.3057
SER 111@O LYS 694@HZ2 | LYS 694@NZ 0.0308 2.8368 152.2202
GLU 74@H SER 441@HB3 SER 441@CB 0.03 2.8833 145.5468
THR_168@H ALA 659@HA ALA 659@CA | 0.0286 2.9008 153.4567
GLN 174@HE21 | GLU 656@HA GLU 656@CA | 0.0272 2.9085 146.3871
GLN 161@OEl | LYS 663@HZ2 | LYS 663@NZ 0.0263 2.8187 153.5414
ASP 110@0 LYS 694@HZ1 LYS 694@NZ 0.0261 2.8261 152.1725
ASN 169@OD1 | HIE 661@H HIE 661@N 0.0246 2.8644 151.2584
ASN 116@0 LYS 694@HZ2 | LYS 694@NZ 0.0246 2.8298 157.997
GLY 115@0 LYS 694@HZ2 | LYS 694@NZ 0.0232 2.8179 154.3661
ASN 169@HD21 | HIE 661@H HIE 661@N 0.0224 2.8979 146.213
GLN $2@OEl GLN 450@HE22 | GLN 450@NE2 | 0.0217 2.8732 157.7109
GLN 161@OEl | LYS 663@HZ3 | LYS 663@NZ 0.0216 2.8232 152.2353
THR 83@O0G1 GLN 450@HE22 | GLN 450@NE2 | 0.0211 2.8696 154.4757
GLU 74@H SER 441@HB2 SER 441@CB 0.0208 2.8321 146.6557
GLN 161@OEl | LYS 663@HZI LYS 663@NZ 0.0199 2.8161 153.4922
TYR 163@0 TYR 695@HH TYR 695@OH | 0.0198 2.7752 156.1283
ASP_110@0 LYS 694@HZ2 | LYS 694@NZ 0.0192 2.8242 151.0537
ASP_110@0O LYS 694@HZ3 | LYS 694@NZ 0.0185 2.8185 152.5714
GLY_ 115@0 LYS 694@HZ3 | LYS 694@NZ 0.0173 2.8178 154.4665
TYR 173@HB3 | GLY 660@HA2 | GLY 660@CA | 0.0171 2.9391 142.9172
ASN 116@0 LYS 694@HZ1 LYS 694@NZ 0.0168 2.828 157.2326
GLY_172@0 ARG 322@HH11 | ARG 322@NH1 | 0.0166 2.8205 146.4888
GLN 166@OEl | TYR 695@HH TYR 695@OH | 0.0161 2.7512 159.7219
GLU_74@HB3 SER 441@HB2 | SER 441@CB 0.0152 2.9202 140.9111
PRO_80@0 ARG 447@HH22 | ARG 447@NH2 | 0.0149 2.8414 149.6966
ASN 116@0 LYS 694@HZ3 LYS 694@NZ 0.0144 2.8275 158.6773
TYR 173@HB2 | GLY 660@HA2 | GLY 660@CA | 0.0144 2.9413 141.6586
GLY 114@O ASN 696@HD22 | ASN 696@ND2 | 0.0138 2.8462 156.6316
GLY_115@0 LYS 694@HZ1 LYS 694@NZ 0.0136 2.8196 152.5946
SER 43@0 ARG 653@HH21 | ARG 653@NH2 | 0.0124 2.8519 151.3182
SER_43@0G LYS 652@HZ1 LYS 652@NZ 0.0116 2.8702 149.7739
PRO 167@HD3 | LEU 691@HB3 | LEU 691@CB 0.0113 2.9349 142.9347
ALA 40@O LYS 652@HZ3 LYS 652@NZ 0.011 2.8153 151.0345
ASN_169@H GLY 660@HA3 | GLY 660@CA 0.011 2.8581 149.7505
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Table 10.8. Hydrogen bond analysis of S protein (BA.2.12.1)-ACE2 complex during the last
20 ns of MD simulation with S protein as donor and ACE?2 as acceptor.

#Acceptor DonorH Donor Frac Average Distance () | Average Angles (°)
ASP 444@0O ARG 76@H ARG _76@N 0.9486 2.8111 164.6075
LEU 662@0O THR 168@HG1 THR_168@OG1 0.7456 2.7476 162.9437
GLU_656@OE2 ASN 107@HD22 | ASN 107@ND2 | 0.6328 2.8281 164.8966
GLU 443@OEl ARG 71@HH22 ARG 71@NH2 0.5279 2.7773 158.4681
GLU 443@O GLN 77@H GLN_77@N 0.4509 2.8784 151.9572
ASN 657@O VAL 171@H VAL 171@N 0.4257 2.8769 160.8309
ASN 657@OD1 GLY 172@H GLY _172@N 0.3812 2.8824 159.2124
GLU 443@O ILE 78@H ILE 78@N 0.3805 2.8534 153.869
GLU_656@OE1 ASN 105@HD22 | ASN 105@ND2 | 0.3597 2.8459 161.8646
ASP 319@0OD2 ARG 76@HHI12 ARG 76@NHI 0.3402 2.7967 153.1788
ASP 319@OD1 ARG 76@HH11 ARG 76@NH1 0.2814 2.7991 159.2412
ASP 319@0OD2 ARG 76@HH22 ARG 76@NH2 0.2684 2.8098 149.8818
GLU 443@OE2 ARG 71@HH22 ARG 71@NH2 0.237 2.7766 159.3117
ASP 693@O GLN _166@HE22 | GLN _166@NE2 | 0.2046 2.85 161.552
GLU _656@OE2 GLN 174@HE22 | GLN 174@NE2 | 0.1957 2.7977 150.4254
ASP 444@0OD2 LYS 46@HZ1 LYS 46@NZ 0.1766 2.7718 156.6219
GLU 656@OE1 ASN 105@HD21 | ASN 105@ND2 | 0.1554 2.8384 163.2509
ASP 444@0OD2 LYS 46@HZ2 LYS 46@NZ 0.1496 2.7715 157.1805
HIE 661@NDI ASN 169@HD21 | ASN 169@ND2 | 0.1416 2917 152.9534
ASP_444@0OD2 LYS 46@HZ3 LYS 46@NZ 0.1344 2.7708 156.9466
ILE 658@O THR 168@H THR_168@N 0.1256 2.9028 157.8484
ASP_693@0D2 GLY 115@H GLY _115@N 0.1202 2.8683 158.4398
GLN_450@OE1 GLN_77@HE22 GLN_77@NE2 0.1191 2.8366 158.18
ASP 444@ODl1 LYS 46@HZ1 LYS 46@NZ 0.1185 2.7723 156.8832
SER 441@O GLU _74@H GLU_74@N 0.0957 2.9153 159.6169
ASP 444@OD1 LYS 46@HZ3 LYS 46@NZ 0.0914 2.773 158.7997
GLU 443@OE1 ARG 71@HHI2 ARG 71@NHI 0.0892 2.8479 148.3398
HIE 687@NDI1 ASN 108@HD22 | ASN 108@ND2 | 0.0812 29122 160.093
GLN_450@OE1 GLN_82@HE22 GLN_82@NE2 0.0724 2.8423 159.8648
ASP 444@O GLN _77@H GLN_77@N 0.0688 2.802 141.8012
ASP 319@OD2 ARG _76@HH11 ARG 76@NH1 0.0648 2.7982 156.7966
ASP 444@0OD1 LYS 46@HZ2 LYS 46@NZ 0.0636 2.7799 156.3437
ARG 447@O GLN 82@HE21 GLN_82@NE2 0.0573 2.8827 156.3259
LYS 694@O GLN _166@HE22 | GLN 166@NE2 | 0.0561 2.8528 151.7299
ALA 659@HA THR 168@H THR 168@N 0.0518 2.8779 149.9434
GLN_450@OEl THR 83@HG1 THR 83@OG1 0.0515 2.7683 160.5969
TYR 695@OH SER 162@HG SER_162@0G 0.0513 2.8218 160.037
VAL 442@HA ARG 76@HD2 ARG 76@CD 0.051 2.9208 142.8311
GLN_450@OEl THR 83@H THR 83@N 0.0472 2.8485 160.4471
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ASP 693@OD1 | GLY 115@H GLY 115@N 0.0459 2.8846 158.5326
CYS_655@0 GLN 174@HE21 | GLN 174@NE2 | 0.0424 2.8983 154.3182
GLU 649@OE! | SER 43@HG SER_43@0G 0.04 2.7099 163.1139
ASN_657@0 GLY 172@H GLY 172@N 0.0389 2.8959 154.2287
HIE 687@O ASN 108@HD21 | ASN 108@ND2 | 0.0363 2.8636 152.6256
SER 441@HB3 | GLU 74@H GLU 74@N 0.0362 2.8584 143.7025
SER_449@0 GLN 77@HE22 | GLN 77@NE2 | 0.0357 2.8697 159.5434
GLU 656@OEl | ASN 107@HD22 | ASN 107@ND2 | 0.0305 2.8415 164.3923
GLU 649@OE2 | SER 43@HG SER_43@0G 0.0287 2.6952 164.0282
GLN 450@OEl | GLN 82@HE21 | GLN 82@NE2 | 0.0287 2.842 159.9156
GLU 656@OE2 | ASN 105@HD22 | ASN 105@ND2 | 0.0284 2.8511 160.4425
HIE 661@H ASN 169@HD21 | ASN 169@ND2 | 0.0276 2.8945 144.6222
SER 449@0G ARG 76@HH21 | ARG 76@NH2 | 0.0264 2.879 156.9624
SER_686@0 ASN_108@HD21 | ASN 108@ND2 | 0.0264 2.859 150.5495
ASP 319@OD1 | ARG 76@HE ARG 76@NE 0.025 2.8722 149.8167
LYS 663@O GLN 166@HE22 | GLN 166@NE2 | 0.0228 2.8465 156.343
ASP 444@HB3 | GLU 74@HA GLU 74@CA 0.0226 2.933 140.9535
LYS 663@O GLN 166@HE21 | GLN 166@NE2 | 0.0216 2.8587 152.3819
GLU 698@OE2 | ASN 116@HD22 | ASN 116@ND2 | 0.0214 2.8206 161.7276
PHE 395@HE2 | VAL 171@H VAL 171@N 0.0203 2.8088 146.2483
GLU 656@OE2 | ASN 105@HD21 | ASN 105@ND2 | 0.0202 2.8515 156.9697
SER 441@HB2 | GLU 74@HB3 GLU 74@CB 0.0192 2.9165 140.4043
GLU 698@OEl | ASN 116@HD22 | ASN 116@ND2 | 0.0189 2.8218 162.5682
SER 449@0 GLN 77@HE21 | GLN 77@NE2 | 0.0169 2.883 159.6835
GLY 660@HA3 | ASN 169@H ASN_169@N 0.0165 2.84 151.4003
LYS 372@0 ASN_169@HD22 | ASN 169@ND2 | 0.016 2.8654 160.0378
ALA_690@O LYS 112@HZ3 | LYS 112@NZ | 0.0156 2.8182 154.2844
LEU 691@HB3 | PRO 167@HD3 | PRO _167@CD | 0.0154 2.9432 145.9466
ALA_690@O SER_111@HG SER 111@0G | 0.0147 2.7396 160.6911
ASP 319@0D2 | ARG 76@HE ARG 76@NE 0.0143 2.8541 151.0787
ARG 447@HA GLN $2@HE21 | GLN 82@NE2 | 0.0136 2.8175 143.7613
HIE 713@0 ASN 1499@HD21 | ASN 149@ND2 | 0.0134 2.8577 158.74
VAL 442@HA ARG 76@HB2 ARG 76@CB 0.0133 2.9318 140.514
GLU 443@OE2 | ARG 71@HHI2 | ARG 71@NH1 | 0.0131 2.857 147.5152
ILE 658@HG23 | GLN 174@HE21 | GLN 174@NE2 | 0.013 2.8353 143.1683
GLN 450@OEl | GLN 77@HE21 | GLN 77@NE2 0.012 2.8561 154.69
ILE 658@HG22 | GLN 174@HE21 | GLN 174@NE2 | 0.0118 2.8359 143.9562
ILE 658@O GLY 170@H GLY 170@N 0.0118 2.9043 145.4256
SER_449@HG GLN_77@HA GLN_77@CA 0.0115 2.9165 142.1307
ASP 693@OD2 | LYS 112@HZ2 | LYS 112@NZ | 0.0114 2.8069 158.9852
ILE 658@HG12 | GLN 174@HE21 | GLN 174@NE2 | 0.0109 2.8681 143.7305
ALA 659@HA PRO_167@HA PRO 167@CA | 0.0108 2.931 144.078
ALA 659@0 TYR 173@H TYR_173@N 0.0107 2.8773 149.4746
GLY 660@HA2 | TYR 173@HB3 | TYR 173@CB | 0.0102 2.9298 142.4943
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ARG 322@HH22

ARG 71@HE

ARG 71@NE

0.0102

2.9001

142.5842

LEU_691@HG

PRO 167@HD3

PRO_167@CD

0.0093

2.9391

144.9276

10.4.5.4. Determination of the interface interactions of the S protein (BA.4)-
ACE?2 and (S protein (BA.2.12.1)-ACE2 complexes.

An interface area is usually defined as a region where two sets of proteins come in contact with each
other. Surface residues with large surface regions accessible to the solvent available usually
characterize them. The interface statistics was obtained upon the submission of the corresponding
lowest energy structure for both the complex (S protein (BA.4)-ACE2 and S protein (BA.2.12.1)-
ACE2 complexes) from the 100 ns MD simulation trajectory using RMSD clustering algorithm using
the PDBsum server. The interface statistics for both the complexes have been summarised in Table
10.9.

Table 10.9. Interface statistics for the S protein (BA.4)-ACE2 and S protein (BA.2.12.1)-ACE2
complexes.

Complex system Chain No. of | Interface | No. of | No. of | No. of non-
interface area (A?) | salt hydrogen | bonded
residue bridge bonds contacts

S Protein (BA4-ACE2) SPIKE (BA.4)

30 1492
1 1 192
ACE2 3 ?
31 1523
S Protein (BA2.12.1- SPIKE
ACE2) (BA.2.12.1) 35 1651
2 21 244
ACE2
40 1595

From Table 10.9, the total number of interface residues in the S protein (BA.4)-ACE2 and S protein
(BA.2.12.1)-ACE2 complexes were found to be sixty-one and seventy-five, respectively. In the S
protein (BA.4)-ACE2 complex, the interface area for the S protein chain and the ACE2 chain involved
in the interaction was observed to be 1492 A2 and 1523 A? respectively, while in the S protein
(BA.2.12.1)-ACE2 complex, it was observed to be 1651 A% and 1595 A2 respectively. Both the BA .4
and BA.2.12.1 complexes were stabilized by molecular interactions like salt bridges, hydrogen
bonding, and non-bonded contacts. Table 10.9 shows the presence of one hundred and ninety-two non-
bonded contacts, one salt bridge, and thirteen hydrogen bonds at the interface of S protein and ACE2
in the S protein (BA.4)-ACE2 complex. However, for the S protein (BA.2.12.1)-ACE2 complex, we
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observed two hundred and forty-four non-bonded contacts, two salt bridges, and twenty-one hydrogen
bonds at the S protein and ACE2 interface. Overall, the number of intermolecular interactions and the
interface area shared by S protein and ACE2 in forming complex is larger in BA.2.12.1 complex than
in the BA.4 type complex. Therefore, the stability of BA.2.12.1 complex was found to be higher than
that of the BA.4 type complex.

The detailed contributions of each interface residue stabilizing the complexes were summarized in

Table 10.10, 10.11, 10.12 for BA.4 and 10.13, 10.14, 10.15 for BA.2.12.1.

Table 10.10. List of atom-atom interactions (Salt bridges) across protein-ligand interface in Spike
Protein (BA.2.12.1) (Chain A) and ACE?2 receptor (Chain B) complex from PDBsum server

Spike Protein (BA.2.12.1) ACE?2 receptor
Salt
SI. Atom Atom Res Res brigdes Atom Atom Res Res
no. no. name name no. Chain no. name name no. Chain | Distance
1 730 OE2 GLU | 406 A <> 7462 NE ARG | 582 B 3.65
2 1583 NH1 ARG | 493 A <--> 4047 OE1l GLU | 232 B 2.59

Table 10.11. List of atom-atom interactions (Hydrogen bonds) across protein-ligand interface in
Spike Protein (BA.2.12.1) (Chain A) and ACE?2 receptor (Chain B) complex from PDBsum server

Spike Protein (BA.2.12.1) ACE2 receptor
Ato
SI. | m Atom | Res Res Hydroge | Atom | Atom Res Res
no. | no. name | name no. Chain | n bonds no. name name | no. | Chain | Distance

1 462 NZ LYS 378 A <> 6981 OE1 GLN | 531 B 2.66
2 722 0] ASN 405 A <--> 7443 ND2 ASN | 580 B 3.07
3 722 0] ASN 405 A <--> 7468 NH2 | ARG | 582 B 2.67
4 745 oG SER 408 A <--> 6949 OEl1 GLU | 527 B 2.64
5 787 0] GLY 413 A <--> 7035 N GLY | 537 B 2.77
6 804 | OGl1 THR 415 A <--> 7039 0] GLY | 537 B 2.8
7 804 | OGl1 THR 415 A <--> 7047 N LEU | 539 B 3

8 814 N ASN 417 A <> 7541 OE1 GLU | 589 B 2.6
9 859 OH TYR 421 A <> 7542 OE2 GLU | 589 B 2.97
10 859 OH TYR 421 A <> 7614 NZ LYS | 596 B 3.05
11 | 1179 | OH TYR 453 A <> 4047 OE1 GLU | 232 B 2.89
12 | 1237 O ARG 457 A <--> 7614 NZ LYS | 596 B 2.83
13 | 1429 N ASN 477 A <--> 7664 o LYS | 600 B 2.63
14 | 1519 | ODI ASN 487 A <--> 7696 N VAL | 604 B 2.78
15 | 1520 | ND2 ASN 487 A <--> 7683 o SER | 602 B 2.87
16 | 1542 | OH TYR 489 A <--> 4109 OEl GLU | 238 B 2.62
17 | 1583 | NHI ARG 493 A <--> 4040 o GLU | 231 B 3.16
18 | 1583 | NHI ARG 493 A <--> 4047 OEl GLU | 232 B 2.59
19 | 1586 | NH2 | ARG 493 A <--> 4040 o GLU | 231 B 3.27
20 | 1673 | OH TYR 501 A <> 3968 OE2 GLU | 224 B 2.8
21 | 1703 | NE2 HIS 505 A <> 7436 0 MET | 579 B 2.87
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Table 10.12. List of atom-atom interactions (non-bonded contacts) across protein-ligand interface
in Spike Protein (BA.2.12.1) (Chain A) and ACE?2 receptor (Chain B) complex from PDBsum server

Spike Protein (BA.2.12.1) Non- ACE2 receptor
SL. Atom | Atom Res Res bonded Atom Atom Res Res
no. no. name | name no. Chain | contacts no. name name no. Chain | Distance
1 460 CD LYS 378 A <--> 6981 OEl1 GLN 531 B 3.74
2 461 CE LYS 378 A <> 6981 OEl GLN 531 B 3.45
3 462 Nz LYS 378 A <> 6985 C GLN 531 B 3.79
4 462 NZ LYS 378 A <--> 6986 0] GLN 531 B 3.14
5 462 NZ LYS 378 A <--> 6980 CDh GLN 531 B 3.87
6 462 NZ LYS 378 A <--> 6981 OEl1 GLN 531 B 2.66
7 462 Nz LYS 378 A <> 6987 N ALA 532 B 3.88
8 462 Nz LYS 378 A <> 6989 CA ALA 532 B 3.28
9 462 Nz LYS 378 A <> 6990 CB ALA 532 B 3.88
10 482 CEl TYR 380 A <--> 7003 CG LYS 534 B 3.69
11 485 OH TYR 380 A <--> 6986 o GLN 531 B 3.39
12 721 C ASN 405 A <--> 7468 NH2 ARG | 582 B 3.75
13 722 0] ASN 405 A <> 7443 ND2 ASN 580 B 3.07
14 722 0] ASN 405 A <> 7462 NE ARG 582 B 3.69
15 722 0 ASN 405 A <--> 7464 CzZ ARG | 582 B 3.6
16 722 0 ASN 405 A <--> 7468 NH2 ARG | 582 B 2.67
17 715 CB ASN 405 A <--> 7401 CB ALA 576 B 3.37
18 716 CG ASN 405 A <> 7401 CB ALA 576 B 3.66
19 717 ODl1 ASN 405 A <> 7392 0 VAL 574 B 3.59
20 717 ODl1 ASN 405 A <> 7388 CB VAL 574 B 3.63
21 717 OD1 ASN 405 A <--> 7390 CG2 VAL 574 B 3.64
22 718 | ND2 ASN 405 A <--> 6911 CG GLN 524 B 3.32
23 718 | ND2 ASN 405 A <--> 6912 CD GLN 524 B 3.38
24 718 | ND2 ASN 405 A <> 6914 NE2 GLN 524 B 3.02
25 718 | ND2 ASN 405 A <> 7440 CB ASN 580 B 3.11
26 718 | ND2 ASN 405 A <--> 7441 CG ASN 580 B 3.83
27 718 | ND2 ASN 405 A <--> 7443 ND2 ASN 580 B 3.5
28 725 CA GLU 406 A <--> 7468 NH2 ARG | 582 B 3.81
29 727 CG GLU 406 A <> 7462 NE ARG 582 B 3.39
30 730 OE2 GLU 406 A <> 7461 CD ARG 582 B 3.34
31 730 OE2 GLU 406 A <> 7462 NE ARG 582 B 3.65
32 743 CA SER 408 A <--> 6979 CG GLN 531 B 3.75
33 743 CA SER 408 A <--> 6982 NE2 GLN 531 B 3.27
34 748 (0] SER 408 A <--> 6978 CB GLN 531 B 3.81
35 748 0] SER 408 A <--> 6979 CG GLN 531 B 3.31
36 744 CB SER 408 A <--> 6949 OEl GLU 527 B 341
37 744 CB SER 408 A <--> 6982 NE2 GLN 531 B 3.73
38 745 oG SER 408 A <--> 6948 CD GLU 527 B 3.73
39 745 oG SER 408 A <--> 6949 OEIl GLU 527 B 2.64
40 745 oG SER 408 A <--> 7468 NH2 ARG | 582 B 3.39
41 753 CG GLN 409 A <--> 7464 Ccz ARG | 582 B 3.55
42 753 CG GLN 409 A <--> 7465 NH1 ARG 582 B 3.52
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43 753 CG GLN 409 A <--> 7468 NH2 ARG | 582 B 3.88
44 754 CD GLN 409 A <--> 7464 CzZ ARG 582 B 3.67
45 754 CD GLN 409 A <--> 7465 NH1 ARG 582 B 3.11
46 755 OE1 GLN 409 A <--> 7461 CD ARG 582 B 3.73
47 755 OE1 GLN 409 A <--> 7464 CzZ ARG | 582 B 3.84
48 755 OE1 GLN 409 A <--> 7465 NH1 ARG | 582 B 3.21
49 756 NE2 GLN 409 A <--> 6950 OE2 GLU 527 B 3.54
50 756 NE2 GLN 409 A <--> 7465 NH1 ARG 582 B 3.45
51 756 NE2 GLN 409 A <--> 7504 ND2 ASN 586 B 3.32
52 773 CB ALA 411 A <--> 6979 CG GLN | 531 B 3.9

53 777 CA PRO 412 A <--> 7031 OEl1 GLU 536 B 3.69
54 781 C PRO 412 A <--> 7030 CD GLU 536 B 3.84
55 781 C PRO 412 A <--> 7031 OE1 GLU | 536 B 3.03
56 782 O PRO 412 A <> 7024 o HIS 535 B 3.84
57 782 O PRO 412 A <> 7030 CD GLU | 536 B 3.76
58 782 O PRO 412 A <--> 7031 OEl1 GLU | 536 B 3.31
59 782 O PRO 412 A <--> 7032 OE2 GLU | 536 B 3.7

60 778 CB PRO 412 A <--> 7031 OEl1 GLU | 536 B 3.17
61 783 N GLY 413 A <> 7030 CD GLU | 536 B 3.9

62 783 N GLY 413 A <> 7031 OE1 GLU | 536 B 3.04
63 785 CA GLY 413 A <--> 7024 O HIS 535 B 3.76
64 785 CA GLY 413 A <--> 7027 CA GLU | 536 B 3.08
65 785 CA GLY 413 A <--> 7033 C GLU | 536 B 3.83
66 785 CA GLY 413 A <> 7028 CB GLU | 536 B 3.6

67 785 CA GLY 413 A <> 7030 CD GLU | 536 B 3.79
68 785 CA GLY 413 A <> 7031 OE1 GLU | 536 B 3.32
69 785 CA GLY 413 A <--> 7035 N GLY | 537 B 3.52
70 786 C GLY 413 A <--> 7024 o HIS 535 B 3.53
71 786 C GLY 413 A <--> 7027 CA GLU | 536 B 3.7

72 786 C GLY 413 A <> 7035 N GLY | 537 B 3.39
73 787 O GLY 413 A <> 7033 C GLU | 536 B 3.73
74 787 O GLY 413 A <--> 7035 N GLY | 537 B 2.77
75 787 O GLY 413 A <--> 7037 CA GLY | 537 B 3.47
76 787 O GLY 413 A <--> 7038 C GLY | 537 B 3.57
77 787 O GLY 413 A <> 7039 o GLY | 537 B 3.04
78 788 N GLN 414 A <> 7024 o HIS 535 B 3.59
79 793 CD GLN 414 A <> 7024 o HIS 535 B 3.81
80 795 NE2 GLN 414 A <--> 6972 o CYS 530 B 3.53
81 795 NE2 GLN 414 A <--> 6977 CA GLN | 531 B 3.62
82 795 NE2 GLN 414 A <> 7012 N HIS 535 B 3.82
83 795 NE2 GLN 414 A <--> 7024 O HIS 535 B 3.25
84 807 C THR 415 A <--> 7502 CG ASN 586 B 3.84
85 807 C THR 415 A <--> 7503 ODl1 ASN 586 B 3.32
86 808 O THR 415 A <--> 7502 CG ASN 586 B 3.23
87 808 O THR 415 A <--> 7503 ODl1 ASN 586 B 3.07
88 808 O THR 415 A <--> 7504 ND2 ASN 586 B 3.14
89 803 CB THR 415 A <--> 7039 O GLY | 537 B 3.79
90 803 CB THR 415 A <> 7041 CA PRO 538 B 3.87
91 804 | OGl1 THR 415 A <> 7038 C GLY | 537 B 3.45
92 804 | OGl1 THR 415 A <> 7039 o GLY | 537 B 2.8
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93 804 | OGl1 THR 415 A <--> 7040 N PRO 538 B 3.52
94 804 | OGlI THR 415 A <--> 7041 CA PRO 538 B 2.94
95 804 | OGlI THR 415 A <--> 7045 C PRO 538 B 3.36
96 804 | OGlI THR 415 A <--> 7047 N LEU 539 B 3

97 804 | OGl1 THR 415 A <--> 7503 OD1 ASN 586 B 3.82
98 806 CG2 THR 415 A <--> 7038 C GLY 537 B 3.8
99 806 CG2 THR 415 A <--> 7039 O GLY 537 B 3.69
100 | 806 CG2 THR 415 A <--> 7040 N PRO 538 B 3.87
101 806 CG2 THR 415 A <--> 7041 CA PRO 538 B 3.89
102 | 809 N GLY 416 A <--> 7503 OD1 ASN 586 B 3.53
103 | 811 CA GLY 416 A <--> 7500 CA ASN 586 B 3.77
104 | 811 CA GLY 416 A <--> 7502 CG ASN 586 B 3.72
105 | 811 CA GLY 416 A <--> 7503 OD1 ASN 586 B 3.49
106 | 811 CA GLY 416 A <> 7539 CG GLU | 589 B 3.56
107 | 811 CA GLY 416 A <> 7541 OE1 GLU | 589 B 34
108 | 812 C GLY 416 A <--> 7541 OE1 GLU | 589 B 3.47
109 | 814 N ASN 417 A <--> 7540 CD GLU | 589 B 3.51
110 | 814 N ASN 417 A <--> 7541 OE1 GLU | 589 B 2.6
111 | 816 CA ASN 417 A <> 7541 OE1 GLU | 589 B 3.46
112 | 820 | ND2 ASN 417 A <> 7494 CD1 LEU 585 B 3.39
113 | 829 CaGl ILE 418 A <--> 7461 CD ARG | 582 B 3.52
114 | 843 CB ASP 420 A <--> 7539 CG GLU | 589 B 3.79
115 | 844 CG ASP 420 A <--> 7539 CG GLU | 589 B 3.72
116 | 846 | OD2 ASP 420 A <> 7538 CB GLU | 589 B 3.83
117 | 846 | OD2 ASP 420 A <> 7539 CG GLU | 589 B 3.22
118 | 857 CE2 TYR 421 A <> 7540 CD GLU | 589 B 3.77
119 | 857 CE2 TYR 421 A <--> 7542 OE2 GLU | 589 B 3.11
120 | 858 Ccz TYR 421 A <--> 7542 OE2 GLU | 589 B 3.23
121 858 Ccz TYR 421 A <--> 7614 Nz LYS 596 B 3.86
122 | 859 OH TYR 421 A <> 7542 OE2 GLU | 589 B 2.97
123 | 859 OH TYR 421 A <> 7579 CG2 THR | 593 B 3.67
124 | 859 OH TYR 421 A <--> 7614 Nz LYS 596 B 3.05
125 | 919 CA ASP 427 A <--> 7031 OE1 GLU | 536 B 3.23
126 | 924 C ASP 427 A <> 7031 OE1 GLU | 536 B 3.45
127 | 925 O ASP 427 A <> 7030 CD GLU | 536 B 3.66
128 | 925 O ASP 427 A <> 7031 OE1 GLU | 536 B 291
129 | 920 CB ASP 427 A <> 7028 CB GLU | 536 B 3.64
130 | 920 CB ASP 427 A <--> 7031 OE1 GLU | 536 B 3.57
131 | 923 OD2 ASP 427 A <--> 7027 CA GLU | 536 B 3.74
132 | 923 OD2 ASP 427 A <--> 7028 CB GLU | 536 B 3.28
133 | 923 OD2 ASP 427 A <> 7035 N GLY | 537 B 3.49
134 | 1179 OH TYR 453 A <--> 4046 CD GLU | 232 B 3.34
135 | 1179 | OH TYR 453 A <--> 4047 OE1 GLU | 232 B 2.89
136 | 1179 | OH TYR 453 A <--> 4048 OE2 GLU | 232 B 3.18
137 | 1205 | CDI LEU 455 A <--> 4047 OE1 GLU | 232 B 34
138 | 1218 Ccz PHE 456 A <--> 4075 CB PRO 235 B 3.75
139 | 1218 Ccz PHE 456 A <> 4076 CG PRO 235 B 3.57
140 | 1237 O ARG 457 A <> 7614 Nz LYS 596 B 2.83
141 | 1250 (0] LYS 458 A <--> 7579 CG2 THR 593 B 3.26
142 | 1250 (0] LYS 458 A <> 7614 Nz LYS 596 B 3.53
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143 | 1400 | CE2 TYR 473 A <--> 7612 CD LYS 596 B 3.5

144 | 1401 CzZ TYR 473 A <--> 7612 CD LYS 596 B 3.66
145 | 1402 | OH TYR 473 A <--> 7610 CB LYS 596 B 3.51
146 | 1402 | OH TYR 473 A <--> 7611 CG LYS 596 B 3.85
147 | 1402 | OH TYR 473 A <--> 7612 CD LYS 596 B 3.14
148 | 1402 | OH TYR 473 A <--> 7613 CE LYS 596 B 3.31
149 | 1402 | OH TYR 473 A <--> 7614 NZ LYS 596 B 3.41
150 | 1423 O ALA 475 A <--> 7651 o ASN 599 B 3.54
151 | 1423 O ALA 475 A <--> 7654 CA LYS 600 B 35

152 | 1423 O ALA 475 A <--> 7701 CG2 VAL | 604 B 3.73
153 | 1421 CB ALA 475 A <--> 4120 CEl HIS 239 B 3.81
154 | 1421 CB ALA 475 A <--> 4121 NE2 HIS 239 B 3.58
155 | 1426 CA GLY 476 A <--> 7654 CA LYS 600 B 3.87
156 | 1426 CA GLY 476 A <> 7663 C LYS 600 B 3.79
157 | 1426 CA GLY 476 A <> 7664 o LYS 600 B 2.95
158 | 1427 C GLY 476 A <--> 7663 C LYS 600 B 3.87
159 | 1427 C GLY 476 A <--> 7664 O LYS 600 B 3.03
160 | 1429 N ASN 477 A <--> 7663 C LYS 600 B 3.61
161 | 1429 N ASN 477 A <> 7664 o LYS 600 B 2.63
162 | 1431 CA ASN 477 A <> 7664 o LYS 600 B 3.62
163 | 1432 CB ASN 477 A <--> 7664 O LYS 600 B 3.57
164 | 1432 CB ASN 477 A <--> 7667 CA ASN 601 B 3.87
165 | 1433 CG ASN 477 A <--> 7664 O LYS 600 B 3.65
166 | 1433 CG ASN 477 A <> 7667 CA ASN 601 B 3.61
167 | 1434 | OD1 ASN 477 A <> 7664 o LYS 600 B 3.29
168 | 1434 | OD1 ASN 477 A <> 7667 CA ASN 601 B 3.79
169 | 1435 | ND2 ASN 477 A <--> 7667 CA ASN 601 B 39

170 | 1507 | CD1 PHE 486 A <--> 7691 CE1 PHE 603 B 3.86
171 | 1507 | CD1 PHE 486 A <--> 7693 Cz PHE 603 B 3.75
172 | 1507 | CD1 PHE 486 A <> 7703 o VAL | 604 B 3.77
173 | 1509 | CE1 PHE 486 A <> 7688 CG PHE 603 B 3.88
174 | 1509 | CEl PHE 486 A <--> 7690 CD2 PHE 603 B 3.57
175 | 1509 | CEl1 PHE 486 A <--> 7692 CE2 PHE 603 B 3.6

176 | 1509 | CEl PHE 486 A <> 7702 C VAL | 604 B 3.41
177 | 1509 | CEl PHE 486 A <> 7703 o VAL | 604 B 3.21
178 | 1509 | CE1 PHE 486 A <> 7704 N GLY | 605 B 35

179 | 1509 | CE1 PHE 486 A <> 7706 CA GLY | 605 B 3.46
180 | 1511 Ccz PHE 486 A <--> 7703 o VAL | 604 B 3.66
181 | 1511 Ccz PHE 486 A <--> 7704 N GLY | 605 B 3.76
182 | 1511 Ccz PHE 486 A <> 7706 CA GLY | 605 B 3.16
183 | 1511 Ccz PHE 486 A <--> 7707 C GLY | 605 B 3.78
184 | 1518 CG ASN 487 A <> 7696 N VAL 604 B 3.58
185 | 1518 CG ASN 487 A <--> 7699 CB VAL | 604 B 3.87
186 | 1518 CG ASN 487 A <--> 7701 CG2 VAL | 604 B 3.6

187 | 1519 | ODI1 ASN 487 A <--> 7694 C PHE 603 B 3.79
188 | 1519 | OD1 ASN 487 A <> 7696 N VAL 604 B 2.78
189 | 1519 | OD1 ASN 487 A <> 7698 CA VAL 604 B 3.46
190 | 1519 | OD1 ASN 487 A <> 7702 C VAL 604 B 3.89
191 | 1519 | ODI1 ASN 487 A <--> 7703 o VAL | 604 B 3.85
192 | 1519 | ODI1 ASN 487 A <--> 7699 CB VAL | 604 B 3.37
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193 | 1519 | ODl1 ASN 487 A <--> 7701 CG2 VAL | 604 B 3.54
194 | 1520 | ND2 ASN 487 A <--> 7683 o SER 602 B 2.87
195 | 1520 | ND2 ASN 487 A <--> 7696 N VAL | 604 B 3.7

196 | 1520 | ND2 ASN 487 A <--> 7701 CG2 VAL | 604 B 3.52
197 | 1539 | CE1 TYR 489 A <--> 4109 OE1 GLU | 238 B 3.63
198 | 1540 | CE2 TYR 489 A <--> 4109 OE1 GLU | 238 B 3.87
199 | 1541 Ccz TYR 489 A <--> 4109 OE1 GLU | 238 B 3.13
200 | 1542 | OH TYR 489 A <--> 4108 CD GLU | 238 B 3.82
201 | 1542 | OH TYR 489 A <--> 4109 OE1 GLU | 238 B 2.62
202 | 1542 | OH TYR 489 A <--> 7703 o VAL | 604 B 3.79
203 | 1542 | OH TYR 489 A <--> 7699 CB VAL | 604 B 3.72
204 | 1542 | OH TYR 489 A <--> 7700 CGl1 VAL | 604 B 3.36
205 | 1579 CD ARG 493 A <--> 4047 OE1 GLU | 232 B 3.33
206 | 1582 Cz ARG 493 A <> 4040 o GLU | 231 B 3.67
207 | 1582 Cz ARG 493 A <> 4047 OE1 GLU | 232 B 3.65
208 | 1583 | NHI1 ARG 493 A <--> 4039 C GLU | 231 B 3.74
209 | 1583 | NHI1 ARG 493 A <--> 4040 O GLU | 231 B 3.16
210 | 1583 | NHI1 ARG 493 A <--> 4041 N GLU | 232 B 3.87
211 | 1583 | NHI1 ARG 493 A <> 4043 CA GLU | 232 B 3.43
212 | 1583 | NHI1 ARG 493 A <> 4045 CG GLU | 232 B 3.61
213 | 1583 | NHI ARG 493 A <--> 4046 CD GLU | 232 B 3.49
214 | 1583 | NHI ARG 493 A <--> 4047 OE1 GLU | 232 B 2.59
215 | 1586 | NH2 ARG 493 A <--> 4040 O GLU | 231 B 3.27
216 | 1586 | NH2 ARG 493 A <> 4076 CG PRO 235 B 3.88
217 | 1668 | CDI1 TYR 501 A <> 7423 ND2 ASN 578 B 3.89
218 | 1670 | CEl TYR 501 A <> 3938 NE2 GLN | 221 B 3.55
219 | 1670 | CEl TYR 501 A <--> 3968 OE2 GLU | 224 B 3.63
220 | 1670 | CEl TYR 501 A <--> 3976 OD1 ASP 225 B 3.61
221 | 1672 Ccz TYR 501 A <--> 3968 OE2 GLU | 224 B 3.42
222 | 1673 OH TYR 501 A <> 3966 CD GLU | 224 B 3.72
223 | 1673 OH TYR 501 A <> 3968 OE2 GLU | 224 B 2.8

224 | 1679 CA GLY 502 A <--> 7407 CB LYS 577 B 3.71
225 | 1682 N VAL 503 A <--> 7404 N LYS 577 B 3.82
226 | 1682 N VAL 503 A <--> 7407 CB LYS 577 B 3.58
227 | 1682 N VAL 503 A <> 7409 CD LYS 577 B 3.6

228 | 1685 CB VAL 503 A <> 7362 OE1 GLU | 571 B 2.89
229 | 1686 | CGI1 VAL 503 A <> 7362 OE1 GLU | 571 B 35

230 | 1686 | CG1 VAL 503 A <--> 7397 o GLY | 575 B 3.45
231 | 1687 | CG2 VAL 503 A <--> 7361 CD GLU | 571 B 3.88
232 | 1687 | CG2 VAL 503 A <> 7362 OEl GLU | 571 B 3.14
233 | 1687 | CG2 VAL 503 A <--> 7409 CD LYS 577 B 3.75
234 | 1687 | CG2 VAL 503 A <--> 7410 CE LYS 577 B 3.46
235 | 1687 | CG2 VAL 503 A <--> 7411 NZ LYS 577 B 3.62
236 | 1690 N GLY 504 A <--> 7400 CA ALA 576 B 3.71
237 | 1690 N GLY 504 A <--> 7401 CB ALA 576 B 3.58
238 | 1690 N GLY 504 A <--> 7404 N LYS 577 B 3.56
239 | 1692 CA GLY 504 A <> 7401 CB ALA | 576 B 3.26
240 | 1701 | CD2 HIS 505 A <--> 7420 CB ASN 578 B 3.7

241 | 1701 | CD2 HIS 505 A <> 7423 ND2 ASN 578 B 3.73
242 | 1701 | CD2 HIS 505 A <> 7436 o MET | 579 B 3.79

Chainee Das




CHAPTER 10 | 2025

243

1702

CEl

HIS

505

A

<-->

7436

(0]

MET

579 B

3.77

244

1703

NE2

HIS

505

A

<-->

7436

(0]

MET

579 B

2.87

Table 10.13. List of atom-atom interactions (Salt bridges) across protein-ligand interface in Spike
Protein (BA.4) (Chain A) and ACE2 receptor (Chain B) complex from PDBsum server

Spike Protein (BA.4) Salt bridges ACE2 receptor
Atom | Atom | Res Res . Atom | Atom | Res Res . Distance
Chain Chain
Sl.no | no. name | name | no. no. name | name | no.
1 699 NH1 ARG | 403 A <--> | 7538 | OE2 GLU | 589 B 2.66

Table 10.14. List of atom-atom interactions (Hydrogen bonds) across protein-ligand interface in
Spike Protein (BA.4) (Chain A) and ACE?2 receptor (Chain B) complex from PDBsum server

Spike Protein (BA.4) ACE?2 receptor

N

. Atom Atom Res Res Hydrogen | Atom | Atom Res Res Chai | Distanc
no no. name | name no. | Chain bonds no. name | name no. n e

1 699 NH1 ARG | 403 A <--> 7537 | OEl GLU 589 B 2.66
2 702 NH2 | ARG | 403 A <--> 7499 | OD1 ASN 586 B 2.67
3 718 ND2 ASN | 405 A <> 7035 o GLY 537 B 3.03
4 756 NE2 GLN | 409 A <> 7538 | OE2 GLU 589 B 2.7
5 814 N ASN | 417 A <> 7538 | OE2 GLU 589 B 3.19
6 819 OD1 ASN | 417 A <--> 7610 | NZ LYS 596 B 2.69
7 846 OD2 ASP | 420 A <--> 7573 | OGl1 THR 593 B 3.05
8 1213 o LEU | 455 A <--> 7610 | NZ LYS 596 B 2.9
9 1260 0oG SER | 459 A <> 7660 o LYS 600 B 2.68
10 | 1440 ND2 ASN | 477 A <> 7743 | ODI1 ASP 609 B 2.73
11| 1582 NE2 GLN | 493 A <> 4044 | OE2 GLU 232 B 2.81
12 | 1635 NH1 ARG | 498 A <> 7393 o GLY 575 B 2.73
13| 1732 OH TYR | 508 A <--> 7028 | OE2 GLU 536 B 2.68

Table 10.15. List of atom-atom interactions (Non-bonded contacts) across protein-ligand interface in
Spike Protein (BA.4) (Chain A) and ACE?2 receptor (Chain B) complex from PDBsum server

Spike Protein(BA.4) ACE2 receptor

SI. | Atom Atom Res Res Non-bonded ["Atom [ Atom Res Res

no. | no. name name no. | Chain | contacts no. name name no. | Chain | Distance
1 698 Ccz ARG 403 A <> 7499 OD1 ASN | 586 B 3.85
2 698 (074 ARG 403 A <--> 7537 OEIl GLU | 589 B 3.5
3 699 NHI ARG 403 A <--> 7535 CG GLU | 589 B 3.81
4 699 NH1 ARG 403 A <> 7536 CDh GLU | 589 B 3.48
5 699 NH1 ARG 403 A <> 7537 OE1 GLU | 589 B 2.66
6 702 NH2 ARG 403 A <--> 7498 CG ASN | 586 B 3.54
7 702 NH2 ARG 403 A <--> 7499 OD1 ASN | 586 B 2.67
8 702 NH2 ARG 403 A <> 7537 OE1 GLU | 589 B 3.47
9 716 CG ASN 405 A <> 7034 C GLY | 537 B 3.39
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10 | 716 CG ASN | 405 A <> 7035 o) GLY |537| B 3.19
1| 716 CG ASN | 405 A <> 7036 N PRO | 538 | B 3.8
1| 717 ODl | ASN | 405 A <> 7031 N GLY |537| B 3.42
13| 717 ODl | ASN | 405 A <> 7033 | CA GLY |537| B 3.59
14 | 717 OD1 | ASN | 405 A <> 7034 C GLY |537| B 3.24
15 | 717 ODl | ASN | 405 A <> 7035 o) GLY |537| B 2.89
16 | 718 ND2 | ASN | 405 A <> 7034 C GLY |537| B 3.41
17 | 718 ND2 | ASN | 405 A <> 7035 o) GLY |537| B 3.03
18 | 718 ND2 | ASN | 405 A <> 7036 N PRO | 538 | B 3.56
19 | 718 ND2 | ASN | 405 A <> 7037 | CA PRO | 538 | B 3.36
20 | 718 ND2 | ASN | 405 A <> 7041 C PRO | 538 | B 3.72
21 | 718 ND2 | ASN | 405 A <> 7043 N LEU |539| B 3.49
»n | 718 ND2 | ASN | 405 A <> 7499 | ODI | ASN |58 | B 3.56
23 | 727 CG GLU | 406 | A <> 7537 | OEl | GLU |58 | B 3.75
24 | 754 CD GLN | 409 | A <> 7538 | OE2 | GLU |58 | B 3.47
25 | 755 OEl GLN | 409 | A <> 7538 | OE2 | GLU |58 | B 3.54
2% | 756 NE2 | GLN | 409 | A <> 7536 | CD GLU |58 | B 3.34
27 | 756 NE2 | GLN | 409 | A <> 7537 | OEl | GLU |58 | B 3.23
28 | 756 NE2 | GLN | 409 | A <> 7538 | OE2 | GLU |58 | B 2.7
29 | 807 C THR | 415 A <> 7575 | CG2 | THR |593| B 3.39
30 | 808 0 THR | 415 A <> 7575 | CG2 | THR |593| B 3.57
31 | 809 N GLY | 416 | A <> 7575 | CG2 | THR |[593| B 3.33
30 | 811 CA GLY | 416 | A <> 7575 | CG2 | THR |593| B 3.51
33 | 812 C GLY | 416 | A <> 7572 | CB THR |593| B 3.5
34 | 812 C GLY | 416 | A <> 7573 | OGl | THR |593| B 3.16
35 | 812 C GLY | 416 | A <> 7575 | CG2 | THR |[3593| B 3.6
36 | 813 o) GLY | 416 | A <> 7572 | CB THR |3593| B 3.73
37 | 813 0 GLY | 416 | A <> 7573 | OGl | THR |593| B 2.92
38 | 814 N ASN | 417 | A <> 7538 | OE2 | GLU |58 | B 3.19
39 | 814 N ASN | 417 | A <> 7572 | CB THR |3593| B 3.57
40 | 814 N ASN | 417 | A <> 7573 | OGl | THR |3593| B 3.45
41 | 816 CA ASN | 417 | A <> 7538 | OE2 | GLU |58 | B 3.8
4 | 816 CA ASN | 417 | A <> 7573 | OGl | THR |593| B 3.53
43 | 817 CB ASN | 417 | A <> 7535 | CG GLU |58 | B 3.65
44 | 817 CB ASN | 417 | A <> 7536 | CD GLU |58 | B 3.71
45 | 817 CB ASN | 417 A <> 7538 | OE2 | GLU |58 | B 3.18
46 | 818 CG ASN | 417 A <> 7610 | NZ LYS |59 | B 3.86
47 | 819 ODl | ASN | 417 | A <> 7609 | CE LYS |59 | B 3.66
48 | 819 ODl | ASN | 417 | A <> 7610 | NZ LYS |59 | B 2.69
49 | 820 ND2 | ASN | 417 A <> 7535 | CG GLU |58 | B 3.51
50 | 843 CB ASP | 420 A <> 7573 | OGI THR |3593| B 3.38
51 | 844 CG ASP | 420 | A <> 7573 | OGl | THR |[3593| B 3.66
50 | 846 OD2 | ASP | 420 | A <> 7572 | CB THR |3593| B 3.85
53 | 846 OD2 | ASP | 420 A <> 7573 | OGl | THR |593| B 3.05
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s4 | 846 OD2 | ASP | 420 | A <> 7575 | CG2 | THR |593| B 3.43
55 | 852 CB TYR | 421 A <> 7610 | NZ LYS |59 | B 3.58
56 | 853 CG TYR | 421 A <> 7610 | NZ LYS |59 | B 3.38
57 | 854 CDl | TYR | 421 A <> 7610 | NZ LYS |59 | B 3.9
58 | 855 CD2 | TYR | 421 A <> 7608 | CD LYS |59 | B 3.81
59 | 855 CD2 | TYR | 421 A <> 7610 | NZ LYS |59 | B 3.5
60 | 856 CEl TYR | 421 A <> 7606 | CB LYS |59 | B 3.74
61 | 857 CE2 | TYR | 421 A <> 7608 | CD LYS |59 | B 3.51
62 | 858 CcZ TYR | 421 A <> 7606 | CB LYS |59 | B 3.65
63 | 858 cz TYR | 421 A <> 7608 | CD LYS |59 | B 3.62
64 | 859 OH TYR | 421 A <> 7615 0 LYS |59 | B 3.76
65 | 859 OH TYR | 421 A <> 7606 | CB LYS |59 | B 3.51
66 | 1213 o) LEU | 455 A <> 7565 | CE2 PHE |592| B 3.76
67 | 1213 o) LEU | 455 A <> 7608 | CD LYS |59 | B 3.48
68 | 1213 o) LEU | 455 A <> 7609 | CE LYS |59 | B 3.72
69 | 1213 0 LEU | 455 A <> 7610 | NZ LYS |59 | B 2.9
70 | 1209 CG LEU | 455 A <> 7565 | CE2 PHE |592| B 3.76
71 | 1210 | CDI LEU | 455 A <> 7563 | CD2 | PHE |3592| B 3.85
72 | 1210 | CDI LEU | 455 A <> 7565 | CE2 PHE | 592 | B 3.73
73 | 1221 CEl PHE | 456 | A <> 4071 | CB PRO |235| B 3.27
74 | 1221 CEl PHE | 456 | A <> 4072 | CG PRO |235| B 3.46
75 | 1223 cz PHE | 456 | A <> 4071 | CB PRO |235| B 3.86
76 | 1223 Ccz PHE | 456 | A <> 4072 | CG PRO |235| B 3.48
77 | 1255 0 LYS | 458 A <> 7650 | CA LYS | 600 | B 3.88
78 | 1255 0 LYS | 458 A <> 7660 0 LYS | 600 | B 3.58
79 | 1258 CA SER | 459 | A <> 7660 0 LYS | 600 | B 3.69
g0 | 1258 CA SER | 459 | A <> 7651 | CB LYS | 600 | B 3.82
g1 | 1259 CB SER | 459 | A <> 7660 0 LYS |600| B 3.27
g | 1260 0G SER | 459 | A <> 7659 C LYS |600| B 3.82
83 | 1260 0G SER | 459 | A <> 7660 0 LYS | 600 | B 2.68
84 | 1264 N ASN | 460 | A <> 7651 | CB LYS | 600 | B 3.63
g5 | 1268 CG ASN | 460 | A <> 7621 | ODI ASP | 597 | B 3.85
g6 | 1268 CG ASN | 460 | A <> 7653 | CD LYS | 600 | B 3.8
g7 | 1269 | ODI | ASN | 460 | A <> 7614 C LYS |59 | B 3.85
g8 | 1269 | ODI | ASN | 460 | A <> 7615 0 LYS |59 | B 3.62
g9 | 1269 | ODI | ASN | 460 A <> 7616 N ASP | 597 | B 3.78
90 | 1269 | ODI | ASN | 460 A <> 7618 | CA ASP | 597 | B 3.42
91 | 1269 | OD1 | ASN | 460 | A <> 7651 | CB LYS | 600 | B 3.27
92 | 1269 | OD1 | ASN | 460 | A <> 7653 | CD LYS | 600 | B 3.71
93 | 1270 | ND2 | ASN | 460 A <> 7618 | CA ASP | 597 | B 3.69
94 | 1270 | ND2 | ASN | 460 A <> 7619 | CB ASP | 597 | B 3.58
95 | 1270 | ND2 | ASN | 460 | A <> 7620 | CG ASP | 597 | B 3.82
96 | 1270 | ND2 | ASN | 460 | A <> 7621 | ODI ASP | 597 | B 3.15
97 | 1425 CA ALA | 475 A <> 7699 0 VAL | 604 | B 3.28
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98 1427 C ALA 475 A <--> 7689 CzZ PHE 603 B 3.88
99 1427 C ALA 475 A <> 7699 o VAL | 604 B 3.42
100 1428 o ALA 475 A <> 7688 CE2 PHE 603 B 3.43
101 1428 0] ALA 475 A <--> 7689 CczZ PHE 603 B 3.19
102 1428 0] ALA 475 A <--> 7698 C VAL | 604 B 3.65
103 1428 o ALA 475 A <> 7699 o VAL | 604 B 2.79
104 1428 o ALA 475 A <> 7700 N GLY | 605 B 3.83
105 1428 0] ALA 475 A <--> 7702 CA GLY | 605 B 3.14
106 1426 CB ALA 475 A <> 4104 CDh GLU | 238 B 3.89
107 1426 CB ALA 475 A <> 4106 OE2 GLU | 238 B 33

108 1426 CB ALA 475 A <> 7699 o VAL | 604 B 3.39
109 1433 0] GLY 476 A <> 7689 CzZ PHE 603 B 3.49
110 1434 N ASN 477 A <--> 7720 o TRP 606 B 3.74
111 1438 CG ASN 477 A <> 7723 CA SER 607 B 3.71
112 1438 CG ASN 477 A <> 7743 OD1 ASP 609 B 3.87
113 1439 OD1 ASN 477 A <--> 7720 o TRP 606 B 3.55
114 1439 OD1 ASN 477 A <--> 7723 CA SER 607 B 3.56
115 1439 OD1 ASN 477 A <> 7729 N THR | 608 B 3.66
116 1439 OD1 ASN 477 A <> 7733 0Gl1 THR | 608 B 3.66
117 1440 ND2 ASN 477 A <--> 7723 CA SER 607 B 3.83
118 1440 ND2 ASN 477 A <--> 7724 CB SER 607 B 3.67
119 1440 ND2 ASN 477 A <> 7725 oG SER 607 B 3.87
120 1440 ND2 ASN 477 A <> 7743 OD1 ASP 609 B 2.73
121 1506 o GLY 485 A <> 4033 OEl1 GLU | 231 B 3.56
122 1518 CB ASN 487 A <--> 4106 OE2 GLU | 238 B 3.53
123 1519 CG ASN 487 A <> 4106 OE2 GLU | 238 B 3.24
124 1520 OD1 ASN 487 A <> 4106 OE2 GLU | 238 B 3.6

125 1521 ND2 ASN 487 A <--> 4106 OE2 GLU | 238 B 3.42
126 1538 CDl1 TYR 489 A <--> 4072 CG PRO | 235 B 3.89
127 1539 CD2 TYR 489 A <> 4036 o GLU | 231 B 3.77
128 1540 CE1 TYR 489 A <> 4072 CG PRO | 235 B 3.6

129 1541 CE2 TYR 489 A <--> 4059 CB LYS 234 B 3.68
130 1541 CE2 TYR 489 A <--> 4072 CG PRO 235 B 3.84
131 1541 CE2 TYR 489 A <> 4073 CD PRO | 235 B 3.71
132 1542 CzZ TYR 489 A <> 4069 N PRO | 235 B 3.78
133 1542 (074 TYR 489 A <> 4070 CA PRO | 235 B 3.89
134 1542 (074 TYR 489 A <--> 4072 CG PRO | 235 B 3.57
135 1542 Ccz TYR 489 A <--> 4073 CDh PRO | 235 B 3.76
136 1543 OH TYR 489 A <--> 4067 C LYS 234 B 3.77
137 1543 OH TYR 489 A <--> 4069 N PRO | 235 B 3.48
138 1543 OH TYR 489 A <> 4070 CA PRO 235 B 3.48
139 1543 OH TYR 489 A <> 4103 CG GLU | 238 B 3.37
140 1582 NE2 GLN 493 A <--> 4044 OE2 GLU | 232 B 2.81
141 1613 0] GLY 496 A <--> 7458 NE ARG | 582 B 3.65
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142 | 1613 o) GLY | 496 | A <> 7464 | NH2 | ARG |582| B 3.65
143 | 1635 | NHI | ARG | 498 A <> 7392 C GLY |575| B 3.63
144 | 1635 | NHI | ARG | 498 A <> 7393 0 GLY |575| B 2.73
145 | 1635 | NHI | ARG | 498 A <> 7394 N ALA |576| B 3.84
146 | 1635 | NHI | ARG | 498 A <> 7396 | CA ALA |576| B 3.18
147 | 1658 o) THR | 500 | A <> 6975 | CG GLN |531| B 3.78
148 | 1658 o) THR | 500 | A <> 6976 | CD GLN |531| B 3.08
149 | 1658 0 THR | 500 | A <> 6977 | OEl | GLN |531| B 3.37
150 | 1658 0 THR | 500 | A <> 6978 | NE2 | GLN |531| B 2.96
151 | 1654 | OGl | THR | 500 | A <> 7393 o) GLY |575| B 3.74
152 | 1671 C TYR | 501 A <> 6974 | CB GLN |531| B 3.88
153 | 1664 | cD1 | TYR | 501 A <> 6978 | NE2 | GLN |531| B 3.6
154 | 1665 | cD2 | TYR | 501 A <> 7464 | NH2 | ARG |582| B 3.61
155 | 1666 | CEIl TYR | 501 A <> 6946 | OE2 | GLU |527| B 3.83
156 | 1666 | CEIl TYR | 501 A <> 7388 0 VAL | 574 | B 3.62
157 | 1667 | CE2 | TYR | 501 A <> 7464 | NH2 | ARG |582| B 3.39
158 | 1668 CcZ TYR | 501 A <> 7464 | NH2 | ARG |582| B 3.84
159 | 1673 N GLY | 502 A <> 6973 | CA GLN |531| B 3.63
160 | 1673 N GLY | 502 A <> 6974 | CB GLN |531| B 3.27
161 | 1673 N GLY | 502 | A <> 6975 | CG GLN |531| B 3.81
162 | 1675 CA GLY | 502 | A <> 6973 | CA GLN |531| B 3.43
163 | 1675 CA GLY | 502 A <> 6982 o) GLN |531| B 3.68
l64 | 1675 CA GLY | 502 A <> 6974 | CB GLN |531| B 3.71
165 | 1680 CA VAL | 503 A <> 7028 | OE2 | GLU |536| B 3.78
166 | 1684 C VAL | 503 A <> 7028 | OE2 | GLU |536| B 3.12
167 | 1685 o) VAL | 503 A <> 7028 | OE2 | GLU |536| B 331
168 | 1681 CB VAL | 503 A <> 7025 | CG GLU | 536 | B 3.8
169 | 1681 CB VAL | 503 A <> 7026 | CD GLU | 536 | B 3.77
170 | 1681 CB VAL | 503 A <> 7028 | OE2 | GLU |536| B 3.22
171 | 1683 | CG2 | VAL | 503 A <> 6997 | CA LYS |534| B 3.79
172 | 1683 | CG2 | VAL | 503 A <> 7006 C LYS |534| B 3.52
173 | 1683 | CG2 | VAL | 503 A <> 7007 0 LYS | 534 | B 3.5
174 | 1683 | CG2 | VAL | 503 A <> 7020 o) HIS |535| B 3.85
175 | 1683 | CG2 | VAL | 503 A <> 7025 | CG GLU | 536 | B 3.47
176 | 1683 | CG2 | VAL | 503 A <> 7028 | OE2 | GLU |536| B 3.82
177 | 1686 N GLY | 504 A <> 7020 o) HIS |535| B 3.36
178 | 1686 N GLY | 504 A <> 7028 | OE2 | GLU |536| B 3.19
179 | 1688 CA GLY | 504 | A <> 7020 0 HIS |535| B 3.8
180 | 1688 CA GLY | 504 | A <> 7028 | OE2 | GLU |[536| B 3.48
181 | 1696 | NDI HIS | 505 A <> 7500 | ND2 | ASN |58 | B 3.28
182 | 1697 | cD2 HIS | 505 A <> 6943 | CG GLU |527| B 3.54
183 | 1698 | CEIl HIS | 505 A <> 6943 | CG GLU | 527 | B 3.83
184 | 1698 | CEIl HIS | 505 A <> 7048 | CDI1 LEU |539| B 3.84
185 | 1698 | CEIl HIS | 505 A <> 7500 | ND2 | ASN |58 | B 3.37

Chainee Das




CHAPTER 10 | 2025

186 | 1699 | NE2 | HIS | 505 | A <> 6948 0 GLU |527| B 3.84
187 | 1699 | NE2 | HIS | 505 | A <> 6943 | CG GLU |527| B 3.4
188 | 1729 | CEl | TYR | 508 | A <> 7028 | OE2 | GLU | 536 | B 3.78
189 | 1731 cz TYR | 508 | A <> 7028 | OE2 | GLU |3536| B 3.38
190 | 1732 | OH | TYR | 508 | A <> 7026 | CD GLU |536| B 32
lo1| 1732 | OH | TYR | 508 | A <> 7027 | OEl | GLU | 536 | B 3.23
192 1732 | OH | TYR | 508 | A <> 7028 | OE2 | GLU |53 | B 2.68

The residues that were involved in the interaction between the RBD of S protein and ACE2 in the

case of both the variants have been shown in Figure 10.12.
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Figure 10.12. Intermolecular interactions at residue level between ACE2 and S protein in (A)
S protein (BA.4)-ACE?2 and (B) S protein (BA.2.12.1) - ACE2 complex.
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10.4.5.5. Binding Free energy and per residue energy decomposition
(PRED) analysis.

Once the system reached equilibrium, the binding free energy calculation was carried out for the S
protein (BA.4)-ACE2 and S protein (BA.2.12.1)-ACE2 complexes from the last 10 ns of the MD
simulation using MM-GBSA approach. As the MM-GBSA approach uses a continuum solvent
approach to determine the binding free energies of a system, the values presented here only represent
the relative binding free energy rather than the absolute or total binding energy. The binding free
energies determined for the BA.4 and BA.2.12.1 complexes along with the energy terms, were
summarized in Table 10.16. From the Table 10.16, it can be seen that S protein (BA.2.12.1)-ACE2
(AGpbing = -16.65 kcal/mol) complex was energetically more favourable than the S protein (BA.4)-
ACE2 complex (AGuind = -4.53 kcal/mol). Analysing Table 10.16, we observed that all the derived
components for the BFE analysis contributed to the binding of S protein and ACE2 to form the S
protein (BA.4 /BA.2.12.1)-ACE2 complex.

Table 10.16. Binding free energies (kcal/mol) and its components of S protein (BA.4)-ACE2 and S
protein (BA.2.12.1.12.1)-ACE2 complexes obtained using MM-GBSA approach.

AG (s protein(BA.4)-ACE2) = [AGS protein(BA.4)T AG (s protein(BA2.12.1-ACE2) = [AGS protein(Ba2.12.1)F

AGacrz] (keal/mol) AGacrz] (keal/mol)
average std. dev. (¥) average std. dev. (¥)
VDW -108.70 4.11 -92.74 21.74
ELE -1474.47 21.42 -1413.07 17.10
GB 1582.38 21.22 1580.53 18.44
GBSUR -12.28 0.37 -14.64 0.26
GAS -1571.18 20.56 -1612.32 29.80
GBSOL 1570.10 21.26 1509.89 18.37
GBTOT -7.07 2.99 -21.17 3.24
TAS -2.54 0.42 -4.52 1.12
AGbind -4.53 -16.65

PRED values were determined to provide insight into each individual amino acid residue that were
contributing to the overall PPI of the S protein (BA.4/BA.2.12.1)-ACE2 complexes. In this analysis,
the total binding energy was decomposed into residues to identify key residues for ACE2 binding to S
protein (BA.4/BA.2.12.1). Essential residues with the binding energy value below -1.00 kcal/mol were
shown in the Figure 10.13 and 10.14. The highest energy contributions for S protein (BA.4) come
from the residues ARG403, ALA475, VAL503, ASN417, PHE456, LEU455, TYR489, GLY502,
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GLY504, HIE505 while in S protein (BA.2.12.1) come from the residues ASN460, SER459, ARG493,
PHE456, ASP420, ASN487, PHE486, LEU461, TYR473, LYS424.

ARG ALA VAL ASN PHE LEU TYR GLY GLY HIE PHE VAL HIE GLU GLU PHE GLN PRO HIEE GLU
(A) 403 475 503 417 456 455 489 502 504 505 (B) 585 586 517 220 509 574 513 217 221 571

0 - 0 4 T T T
14 1 4 I I I

ENERGY (kcal/mol)

ENERGY (kcal/mol)
RESIDUE-LIGAND INTERACTION

>

RESIDUE-LIGAND INTERACTION

74

Figure 10.13. Decomposition of binding free energy (kcal/mol) on per residue basis for (4)
SPIKE (BA.4) and (B) ACE?2 obtained using MM-GBSA approach

ASN SER ARG PHE ASP ASN PHE LEU TYR LYS GLU SER VAL PHE ASN PRO SER ASN LYS THR
220 589 586 585 581 217 584 583 582 590

_.
=
=

460 459 493 456 420 487 486 461 473 424

ENERGY (kcal/mol)

RESIDUE-LIGAND INTERACTION
RESIDUE-LIGAND
INTERACTION ENERGY
(kcal/mol)

Figure 10.14. Decomposition of binding free energy (kcal/mol) on per residue basis for (A) SPIKE
(BA.2.12.1) and (B) ACE?2 obtained using MM-GBSA approach

Discussion: The structural and energetic insights of the study suggest that the BA.2.12.1 mutant
complex exhibits higher stability which was shown by a reduced RMSD and RMSF values for the
BA.2.12.1 mutant complex compared to the BA.4 mutant complex, particularly in and around the
mutated residues. It was seen the mutated residues along with few residues around it attained
higher stability in both the mutated complex which might be responsible for the stable and strong
binding of the RBD of spike protein to the ACE2. Additionally, binding free energy and PRED
analysis reflects light on the binding of the RBD to the ACE2 receptor in both the complex and
results showed that the BA.2.12.1 complex had significantly more favourable energetics than the

BA .4 and the PRED analysis provide us the residues in and around the mutation having the highest
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contribution to the total binding energy hence supporting the possibility of increased infectivity
in the mutated complex. The key interactive residues between the S protein and ACE2 in both
complexes could serve as valuable targets for designing novel inhibitors or ligands against the
disease. These interactions may also aid in developing broad-spectrum inhibitors effective against

future coronavirus variants.

10.5. Conclusion:

It is difficult to conclude whether the SARS-CoV-2 BA.4 or BA.2.12.1 mutation is causing a more
severe COVID-19 sickness than those variants seen during the initial wave of the COVID-19
pandemic. It is unclear if the higher mortality is due to one of the variants being more lethal than the
other due to the mutations. The current study shows the effect of this BA.4 and BA.2.12.1 omicron
variant on SARS-CoV-2 RBD towards its interaction with the ACE2 using MD simulation and other
computational approaches. We observed significant structural changes in the mutation area of the spike
protein in the S protein(BA.4)-ACE2 and S protein(BA.2.12.1)-ACE2 complexes from various
analysis. From the secondary structure prediction analysis we observed BA.2.12.1 has a higher alpha
helix and extended strand structure as compared to BA.4 which explains increase in stability of
secondary structure in the BA.2.12.1 structure. The RMSD, RMSF, and inter-molecular hydrogen
bond studies showed a similar pattern in case of the stabilty of the S protein (BA.2.12.1)-ACE2
complex over the S protein (BA.4)-ACE2 complex. The S protein(BA.2.12.1)-ACE2 complex was
also shown to have a larger number of non-bonded interactions. Based on calculations of the binding
free energies of the S protein(BA.4)-ACE2 and S protein(BA.2.12.1)-ACE2 complexes, we found that
the affinity between S protein and ACE2 is higher in the BA.2.12.1 complex as compared to BA.4
complex. Due to the overall stability of S protein (BA.2.12.1)-ACE2 complex and increased affinity
of the S protein for ACE2, the BA.2.12.1 strain may be more virulent than the BA.4 type strain. The
important interactions between the S protein and ACE2 in the complexes of the BA.4 type and the
BA.2.12.1 might be employed to develop brand-new inhibitors to combat the recently discovered

coronavirus strains
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