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Abstract

The SARS-CoV-2 continues to mutate and evolve with the emergence of omicron as the new variant of concern. The omicron 
variant has a large set of mutations occurring in the gene encoding spike protein. About half of these mutations are specifically 
located in the receptor binding domain (RBD), reflecting their significance in ACE2 interaction and antibody recognition. 
We have carried out the present study to understand how these mutations structurally impact the binding of the antibodies 
to their target epitope. We have computationally evaluated the binding of different RBD targeted antibodies, namely, CB6 
(etesevimab), REGN10933 (casirivimab), S309 (sotrovimab), and S2X259 to the omicron mutation-induced RBD. All the 
four antibodies show reduced binding affinity towards the omicron RBD. The therapeutic antibody CB6 aka etesevimab was 
substantially affected due to numerous omicron mutations occurring in its target epitope. This study provides a structural 
insight into the reduced efficacy of RBD targeting antibodies against the SARS-CoV-2 omicron variant.
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Introduction

The continuous evolution of severe acute respiratory 
syndrome coronavirus 2 (SARS-CoV-2) has resulted in the 
resurgence of novel variants throughout the COVID-19 
pandemic. The world health organization (WHO), on 
November 26, 2021, announced the addition of a new variant 
named Omicron (B.1.1.529) into the list of Variants of Concern 
(VOCs) [1]. The B.1.1.529 sequences were predominantly 
detected in South Africa, Botswana, and Hong Kong; however, 
it was first reported to the WHO from South Africa [1,2]. As 
of January 25, 2022, the GISAID database has a collection 
of 588,320 omicron genome sequences shared from 125 
countries, reflecting the rapid spread of the variant across 
the world [3]. The omicron variant has about 60 mutations 
compared to the reference SARS-CoV-2 genome, and many 

of these mutations have not been previously observed 
in other variants [4]. These mutations are present in the 
genomic regions encoding orf1a, orf1b, orf9b, spike protein, 
envelope protein, membrane protein, and nucleocapsid 
protein. However, a large number of mutations observed in 
the spike gene are of primary concern. There are 30 amino 
acid substitutions, one small insertion, and three deletions 
in the spike gene, out of which 15 are located in the receptor 
binding domain (RBD) (Figure 1). Thus, these variations 
may play an essential role in ACE2 binding and antibody 
recognition. A cluster of mutations (H655Y, N679K, and 
P681H) present at the furin cleavage site may be associated 
with enhanced transmissibility [5]. The substitutions 
Q498R and N501Y are reported to increase the binding 
affinity with ACE2 [6,7]. There are also various mutations 
that are associated with the resistance to neutralizing and 
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therapeutic monoclonal antibodies [8,9]. Therefore, these 
mutations could effectively reduce the efficacy of the current 
vaccines and therapeutic antibodies against COVID-19. 
Scientists around the world have confirmed this threat 
by their findings. A preliminary report from Wilhelm et al. 
shows complete loss of neutralization of omicron strain 
in sera isolated from vaccinated individuals [10]. These 

observations were supported by another study where they 
report that B.1.1.529 is resistant to neutralization by serum 
from convalescent patients and individuals vaccinated 
and boosted with mRNA-based vaccines [11]. Studies also 
report the omicron variant’s immune escape and antibody 
resistance [10-13].
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Figure 1: SARS-CoV-2 omicron mutations in the spike protein. (a) Spike protein mutation sites in omicron. The mutation sites 
are shown in spheres. (b) Pairwise sequence alignment of the wild type spike protein and omicron variant spike protein.

Thus, our study aims to understand the difference in 
binding of RBD targeted antibodies to the wildtype (WT) 
and omicron (B.1.1.529) RBD structure. In this study, we 

have carried out the structural evaluation of different class 
of antibodies in complex with the WT and omicron RBD. 
The RBD targeted neutralizing antibodies (NAbs) have been 
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categorized into different classes based on their structural 
features and mode of action [14]. Class 1 NAbs (for ex., 
CB6 (etesevimab), Brii-196 (amubarvimab), 1-20, C102) 
primarily targets the receptor binding motif (RBM) and binds 
to the up conformation of the RBD to block ACE2 interaction 
[15-17]. Class 2 NAbs (REGN10933 (casirivimab), LY-CoV555 
(bamlanivimab), COV2-2196) binds to the ACE2 site in both 
up and down RBD conformations [18–20]. Class 3 antibodies 
like S309 (sotrovimab) and REGN10987 (imdevimab) 
target the conserved core domain without altering ACE2 
interactions [18,21]. Antibodies from class 4 (DH1047, 
S2X259, ADG-2) targets epitopes spanning both RBM and the 
core domain [22-24].

Here, we selected four different therapeutic antibodies, 
one from each class, and employed a computational approach 
to understand the energetics of their binding with the WT 
and omicron RBD using the Molecular dynamics (MD) 
simulations and binding free energy calculations.

Methodology

Data Retrieval and Structure Preparation

We collected the sequence information for surface 
glycoprotein of SARS-CoV-2 WT and the B.1.1.529 variant 
(Omicron) from the NCBI database with the Gen Bank IDs 
YP_009724390.1 and UFO69279.1, respectively [25,26]. 
A pairwise alignment was performed for the two spike 
protein sequences using the EMBOSS Needle program 
[27]. Further, the structures of various antibodies bound 
to the spike protein were retrieved from the RCSB Protein 
Data Bank (http://www.rcsb.org/pdb/), and their epitope 
information was collected from the IEDB database (http://
www.iedb.org/) [28,29]. For our study, we selected CB6 
(PDB ID: 7C01), REGN10933 (PDB ID: 6XDG), S309 (PDB ID: 
7R6X) and S2X259 (PDB ID: 7M7W) antibody complexes. 
The B.1.1.529 variant mutations were introduced in the 
selected RBD-antibody crystal structures with the maestro 
interface of the Schrodinger suite (v2019.1) [30]. These 
raw structures were further processed in the protein 
preparation wizard for the addition of missing amino 
acid side chains, addition of missing hydrogen atoms, and 
optimization of the hydrogen bond network. The structures 
were finally energy minimized with the OPLS3e force field 
and saved for further calculations.

Molecular Dynamics Simulation

We carried out the MD simulation of the RBD-
antibody structures and their respective mutant 

(including B.1.1.529 mutations) complexes. Hence, a total 
of 8 individual simulation systems were prepared with 
identical parameters. The simulation was performed with 
the GROMACS package v2019.4 [31]. The systems were 
parameterized with the AMBER99SB force field in a cubic 
box filled with TIP3P water molecules. Neutralization 
was achieved by adding the required number of counter 
ions (Na+/Cl−), and energy minimization was carried out 
using the steepest descent minimization algorithm. Before 
the final MD run, the systems were equilibrated in two 
consecutive steps, NVT (particles, volume, and temperature 
kept constant) and NPT (particles, pressure, and 
temperature kept constant) for 100 picoseconds (ps) each. 
Finally, each system was simulated for 100 nanoseconds 
(ns), and energies were saved every 10 ps. 

Interaction Analysis and Binding Free Energy 
Calculation

The MD simulation trajectory of each RBD-antibody 
complex was analyzed, and coordinates of the lowest energy 
conformation of the complex were extracted for further 
interaction analysis and energy calculations. We used the 
web application COCOMAPS (biocomplexes Contact MAPS) 
for evaluating the interface and interaction statistics of the 
predicted conformations of the RBD-antibody complexes 
[32, 33]. Further, we calculated the binding free energies of 
all the complexes with the Molecular Mechanics/Generalized 
Born Surface Area (MMGBSA) approach using the HawkDock 
server [34,35].

Results and Discussion

The B.1.1.529 spike protein mutations are spread 
throughout the RBD and the NTD, which are the main 
antigenic target regions of therapeutic or vaccine-generated 
antibodies. The majority of experimentally validated epitopes 
occur in the RBD of spike glycoprotein. Some of the antibodies 
with their structure and epitope information are mentioned 
in (Table 1). We collected the SARS-CoV-2 specific spike 
protein antigen epitope assay data from the IEDB database. 
The number of positive epitope assays are indicated for each 
residue position in (Figure 2a), and the immune response 
frequency for each of the position in the spike antigen is 
shown in (Figure 2b). The B.1.1.529 mutation mapping 
revealed a large cluster of mutations occurring at the residue 
positions with higher immune response frequency. Hence, 
the question arises of how these mutations structurally 
impact the binding of the RBD targeted antibodies.
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Antibody PDB 
ID Type Epitope Epitope 

ID

CR3022 6W41 3 Y369, N370, S371, A372, F374, F377, K378, C379, Y380, G381, V382, S383, 
P384, T385, K386, L390, F429, T430, F515, E516, L517 997006

S309 6WPS 3 N334, L335, P337, G339, E340, N343, A344, T345, R346, K356, R357, S359, 
N360, C361, L441 1310987

15033 7KLG 1 R403, K417, D420, Y421, Y453, L455, F456, K458, N460, Y473, A475, G476, 
S477, E484, G485, F486, N487, Y489, F490, Q493, Y505 1335410

24 6XEY 2 Y449, Y453, L455, F456, E484, G485, F486, Y489, F490, L492, Q493, S494 1181325

15033-7 7KLH 1 R403, G416, K417, D420, Y421, Y453, L455, F456, R457, N460, Y473, A475, 
G476, E484, G485, F486, N487, Y489, F490, Q493, Y505 1335409

4A8 7C2L 5 Y144, Y145, H146, K147, K150, W152, H245, R246, S247, Y248, L249 1087268

BD-236 7CHB 1
R403, T415, G416, K417, D420, Y421, Y453, L455, F456, R457, K458, N460, 
Y473, A475, G476, S477, F486, N487, Y489, Q493, S494, Y495, G496, Q498, 

T500, N501, G502, V503, Y505
1311247

BD-368-2 7CHH 1 K444, G446, Y449, N450, L452, N481, G482, V483, E484, G485, F490 1311244

BD-604 7CH4 1
R403, T415, G416, K417, D420, Y421, Y453, L455, R457, K458, S459, N460, 
Y473, Q474, A475, G476, S477, F486, N487, Y489, Q493, Q498, T500, N501, 

G502, V503, Y505
1311248

BD-629 7CH5 1
R403, D405, T415, G416, K417, D420, Y421, Y453, L455, F456, R457, K458, 
N460, Y473, Q474, A475, G476, S477, T478, F486, N487, Y489, Q493, N501, 

Y505
1311246

BD23 7BYR 1 G446, Y449, E484, G485, F486, Y489, F490, L492, Q493, S494, G496, Q498, 
N501, Y505 1087140

C144 7K90 2 Y449, L455, F456, V483, E484, G485, F486, N487, Y489, F490, Q493, S494; C: 
G339, F342, N343, V367, S371, A372, S373, F374 1314104

C135 7K8Z 3 T345, R346, S438, N439, N440, L441, P499 1314091

C102 7K8M 2 R403, T415, G416, K417, D420, Y421, Y453, L455, F456, R457, K458, N460, 
Y473, A475, G476, S477, F486, N487, Y489, T500, N501, G502, Y505 1314088

C002 7K8S 2 A: Y449, N450, L455, T470, E471, N481, G482, V483, E484, G485, F486, Y489, 
F490, Q493, S494; C: A372, N440, K444, V445, T500 1314102

C104 7K8U 2 A: K444, T470, V483, F486, F490; B: R408, V503, G504 1314098

C110 7K8V 1 T345, R346, L441, D442, N448, Y449, N450, L452, F490, S494, Q498, P499, 
T500, R509 1314090

C119 7K8W 2 A: K444, V445, G446, Y449, N450, E484, Q493, S494, Q498, Y505; B: G504 1314099

C1A-B12 7KFV 1
R403, T415, G416, K417, D420, Y421, Y453, L455, F456, R457, K458, N460, 
Y473, A475, G476, F486, N487, Y489, Q493, S494, Y495, G496, Q498, T500, 

N501, G502, Y505
1335958

C1A-B3 7KFW 1
R403, R408, T415, G416, K417, D420, Y421, Y453, L455, F456, R457, K458, 
N460, Y473, Q474, A475, G476, F486, N487, Y489, Q493, S494, Y495, G496, 

Q498, T500, N501, G502, Y505
1335957

C1A-C2 7KFX 1
R403, T415, G416, K417, D420, Y421, Y453, L455, F456, R457, K458, N460, 
Y473, Q474, A475, G476, F486, N487, Y489, Q493, S494, Y495, G496, Q498, 

T500, N501, G502, Y505
1335960

C1A-F10 7KFY 1
R403, T415, G416, K417, D420, Y421, Y453, L455, F456, R457, K458, N460, 
Y473, A475, G476, S477, F486, N487, Y489, Q493, Q498, T500, N501, G502, 

Y505
1335959

DH1050.1 7LCN 5 F140, G142, V143, Y145, H146, N148, N149, W152, E154, F157, A243, L244, 
H245 1346803
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DH1041 7LAA 1 Y449, L452, T470, E471, I472, N481, G482, V483, E484, G485, F486, F490, L492, 
Q493, S494 1346810

DH1052 7LAB 5 A27, Y28, T29, N30, F32, N61, W64, H66, I68, H69, K97, F186, N211, L212, V213, 
R214, D215, L216, P217, Q218, S605, N606 1346802

FC05 7CWU 5 Y144, Y145, H146, K147, K150, W152, R246, S247, Y248, L249, S256 1334442

COVA1-16 7JMW 3 Y369, S371, F377, K378, C379, Y380, G381, V382, S383, P384, T385, R408, 
P412, G413, Q414, T415, G416, D427, D428, F429 1338222

COVA2-04 7JMO 1
R403, D405, T415, G416, K417, D420, Y421, Y453, L455, F456, R457, K458, 
N460, Y473, A475, G476, S477, F486, N487, Y489, Q493, S494, Y495, G496, 

T500, N501, G502, Y505
1310038

COVA2-39 7JMP 1 G446, Y449, F456, A475, V483, E484, G485, F486, N487, Y489, Q493 1310037

CT-P59 7CM4 1 R403, K417, Y449, N450, L452, Y453, L455, F456, E484, G485, F486, Y489, 
F490, L492, Q493, S494, Y495, Y505 1335943

CV07-250 6XKQ 1 G446, Y449, Y453, L455, F456, A475, G476, S477, T478, G485, F486, N487, 
Y489, Q493, Y495, Q498, N501, Y505 1310988

P2B-1A1 7CZP 1 R403, E406, R408, Q409, G416, K417, Y449, Y453, L455, F456, F486, N487, 
Y489, Q493, S494, Y495, G496, Q498, T500, N501, G502, Y505 1347688

P2B-1A10 7CZQ 1
R403, D405, E406, R408, T415, G416, K417, D420, Y421, Y449, L455, F456, 
R457, K458, N460, Y473, Q474, A475, G476, S477, N487, Y489, Q493, S494, 

G496, T500, N501, G502, V503, Y505
1347686

P5A-1B8_2B 7CZR 1 R403, T415, G416, K417, D420, Y421, L455, F456, R457, N460, Y473, A475, 
G476, F486, N487, Y489, Q493, G496, T500, N501, G502, Y505 1347691

P5A-2G9 7CZT 1 R403, R408, Q409, Q414, T415, G416, K417, D420, Y421, G446, Y449, F456, 
A475, G476, S477, F486, N487, Y489, Q493, S494, G496, Q498, N501, Y505 1347690

P5A-1B6_2B 7CZU 1 R403, D405, R408, Q409, T415, G416, K417, Y421, Y449, Y453, L455, F456, 
G485, F486, N487, Y489, Q493, S494, Y495, G496, N501, Y505 1347687

P5A-2G7 7CZW 1 R403, K417, Y449, L452, Y453, L455, F456, E484, G485, F486, C488, Y489, 
F490, L492, Q493, Y505 1347689

P5A-1B9 7CZX 1 G446, N448, Y449, L452, E484, G485, F486, N487, Y489, F490, L492, Q493, S494 1347685

P5A-2F11_2B 7CZY 1 Y421, F456, R457, Y473, A475, G476, S477, E484, G485, F486, N487, Y489, 
Q493 1347695

REGN10933 6XDG 2 K417, Y453, L455, F456, E484, G485, F486, N487, C488, Y489, Q493 1310238
REGN10987 6XDG 3 R346, N440, L441, K444, V445, G446, N448, Y449, Q498 1310239

S2M11 7K43 1 A: G446, Y449, L452, L455, F456, E484, G485, F486, Y489, F490, L492, Q493, 
S494, G496; B: F342, N343, L368, S371, A372, S373, W436, N440, L441 1311119

N-612-017 7S0C 1 T345, R346, F347, S349, Y351, K444, V445, G446, Y449, N450, Y451, L452, I468, 
T470, N481, G482, V483, E484, F490, L492 1597878

S2E12 7R6X 1 L455, Y473, A475, G476, S477, T478, E484, G485, F486, N487, C488, Y489, 
Q493 1594755

S309 7R6X 3 N331, I332, T333, N334, L335, P337, G339, E340, N343, A344, T345, R346, 
K356, R357, S359, C361, L441 1594756

S304 7R6X 3 Y369, S375, F377, K378, C379, Y380, G381, V382, S383, P384, T385, K386, 
L390, C391, F392, P412, D427, D428, F429, L517, K528 1594760

S2X259 7M7W 4 Y369, N370, S371, A372, F374, S375, T376, F377, K378, C379, Y380, V382, 
S383, P384, T385, G404, D405, R408, T500, N501, G502, V503, G504, Q506 1391795

S2H97 7m7w 3 W353, R355, R357, Y396, P426, D427, D428, F429, K462, P463, F464, R466, 
S514, E516, L518, H519, A520, P521 1391791

S2X35 7R6W 3 Y369, S371, A372, F374, S375, T376, F377, K378, C379, V382, S383, P384, R403, 
G404, D405, R408, N501, G502, V503, G504, Y505, Y508 1594759
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S2D106 7R7N 1 Y351, Y449, L452, F456, T470, G482, E484, G485, F486, Y489, F490, L492, S494 1594758

CB6 7C01 1
R403, D405, E406, R408, Q409, T415, G416, K417, D420, Y421, L455, F456, 
R457, K458, N460, Y473, Q474, A475, G476, S477, F486, N487, Y489, Q493, 

Y495, G502, Y505
1083498

C105 6XCM 1 D405, R408, T415, G416, Y421, F456, R457, K458, N460, Y473, Q474, A475, 
G476, F486, N487, T500, N501, G502, Y505 1075913

LY-CoV555 7KMG 2 Y351, Y449, L455, T470, N481, G482, V483, E484, G485, F486, C488, Y489, 
F490, L492, Q493, S494 1338215

Table 1: Structure and epitope details of SARS-CoV-2 spike protein targeted antibodies. Type 1-4 antibodies are RBD targeted. 
Type 5 are N-terminal domain antibodies. The epitope data is from IEDB database.
We selected the approved therapeutic antibodies CB6, REGN10933, and S309, along with a broadly neutralizing antibody 
S2X259, to understand the difference in their interaction with the WT and omicron RBD. The footprints of all four antibodies are 
illustrated in (Figure 2d) with highlighted mutations found in the omicron RBD. The outcomes of the study for each antibody are 
discussed in the following sections.
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Figure 2: Spike protein antibodies and epitopes. (a) Graphical illustration showing number of positive epitope assays against 
each position in the spike protein. (b) Graphical illustration showing immune response frequency of each residue position 
in the spike protein. Blue lines indicate mutations in the omicron (B.1.1.529) variant. (c) RBD interaction with different 
antibodies. (d) Footprints of RBD targeted antibodies with the mutations in B.1.1.529 are highlighted in yellow. 

Class 1: CB6 (Etesevimab)

The antibody CB6, also known as etesevimab, is an 
approved therapeutic antibody against SARS-CoV-2. The 
structure of CB6 in complex with RBD (PDB ID: 7C01) and 
its omicron mutation-induced complex was simulated for 

100 ns. MD simulation revealed the overall stability of the 
complexes. The root mean square deviation (RMSD) graph 
of the WT complex was stable; however, the backbone of 
the omicron mutant complex experienced fluctuations 
throughout the trajectory (Figures 3g). 
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Figure 3: Molecular dynamics simulation results and interface statistics of RBD-CB6. (a) Wild type RBD and CB6 interface 
interactions. Residues involved in interactions are highlighted. Interface residues forming hydrogen bonds are labeled 
and shown as sticks. Hydrogen bonds are sown as black dashed lines. (b) Omicron induced mutant RBD and CB6 interface 
interactions. Mutant interface residues are shown in cyan and labeled in blue color. (c) Polar and non-polar interface area of 
the complexes. The values are in Angstrom (Å) (d) Solvent accessible surface area (SASA) for the CB6-RBD/WT and CB6-RBD/
omicron complex. (e) Plot for number of hydrogen bonds for the complexes. (f) Interface interaction count (HPhil; Hydrophilic, 
HPho; Hydrophobic). (g) Root mean square deviation (RMSD) plot for the complexes. (h) Radius of gyration (Rg) plot.
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The radius of gyration (Rg) for the CB6-RBD/omicron 
complex deviated between 3.2 to 3.3 nm, whereas the 
average Rg for the CB6-RBD/WT was 3.2 nm reflecting a 
higher degree of compactness (Figure 3h). The minimum 
energy conformation of both complexes was extracted 
from the trajectory for comparative interaction analysis. 
The total interface area between the RBD (WT) and CB6 is 
1018.8 Å, which is reduced to 841.8 Å when CB6 interacts 
with the omicron RBD. Both polar and non-polar interface 
areas are reduced for the CB6 and omicron RBD. There is 
a steep decline observed in the solvent accessible surface 
area (SASA) of the CB6-RBD/WT complex towards the end 

of the trajectory. An increased SASA for the omicron mutant 
complex may reflect conformational changes in the complex 
leading to a higher number of solvent exposed residues. The 
number of interacting residues at the interface for the WT 
RBD was 34; however, they were reduced to 26 in the case 
of omicron RBD. As a result, the total number of interface 
interactions also declined. The omicron mutated residues 
at the interface S496, R498, and Y501 fail to form hydrogen 
bond with CB6. Therefore, the number of hydrogen bonds 
were reduced from 18 to 11, resulting in an overall decrease 
in hydrophilic interactions at the interface.

Figure 4: Binding free energy contribution of RBD residues involved in interaction with antibodies. The values are in Kcal/mol.

Further, we identified the total binding free energy and 
the contribution of Vander Waals, electrostatic, and solvation 
energies of both complexes (Table 2). The electrostatic energy 
of the WT complex was -160.97 kcal/mol, which was reduced 
to +26.59 kcal/mol for the mutant complex. Although, there 

was only a slight decrease in the Vander Waals energy 
contribution upon mutation. However, the total binding 
free energy of the complexes revealed a stronger affinity 
between CB6 and the WT RBD than the omicron mutation-
induced RBD. The residue mutations, N440K, G446S, S477N, 
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T478K, Q493K, Q496S, Q498R, and N501Y at the CB6-RBD 
interface contributed negatively to the total binding free 
energy leading to an overall decrease in the binding affinity 
(Figure 4). The mutations may also affect the flexibility or 
rigidity of the residues at the binding interface governing 
the conformational dynamics and structural rearrangements 
of the RBD-antibody complex. The free energy landscapes 
(FEL) shown in (Figure 5) depicts the transition between 
various conformational ensembles of the RBD-antibody 
complexes. We evaluated and compared the local minima of 

the CB6 in complex with WT and omicron RBD. The FEL of 
the CB6-RBD/WT complex shows two distinct populations 
of conformations at the same energy basins. However, the 
ensembles of CB6-RBD/omicron complex have two different 
clusters at distinct energy basins separated by a transition 
barrier of 4.0 kcal/mol (Figure 5a). Hence, the omicron 
mutations in the RBD substantially affect the stability and 
the binding affinity of the CB6 antibody to its target epitope 
at the RBD.
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Figure 5: Free energy landscape plots for RBD-antibody complexes. (a) CB6 (b) REGN10933 (c) S309 (d) S2X259. 

COMPLEX VDW 
(Kcal/mol) ELE (Kcal/mol) Polar solvation 

(Kcal/mol)
Non polar solvation 

(Kcal/mol)
Total BE (Kcal/

mol)
CB6-WT -118.19 -160.97 202.49 -15.57 -92.25

CB6-OMICRON -97.51 26.59 31.32 -12.34 -51.94
REGN10933-WT -68.08 -129.78 154.42 -9.52 -52.97

REGN10933-OMICRON -71.15 -32.56 82.03 -8.31 -30
S309-WT -97.2 -91.99 125.02 -12.43 -76.6

S309-OMICRON -78.68 -45.1 80.97 -9.48 -52.3
S2X259-WT -124.36 -239.31 279.11 -14.29 -98.84

S2X259-OMICRON -100.85 -88.63 125.03 -11.04 -75.49
Table 2: Binding free energy of the receptor binding domain and antibody complex. VDW; Vander Waals Energy, ELE; Electrostatic 
Energy, BE; binding energy.

Class 2: REGN10933 (Casirivimab)

We selected casirivimab as a class 2 antibody to evaluate 
the change in its binding with omicron mutation-induced 
RBD. REGN10933 antibody occupies the ACE2 binding 
region with a slightly different orientation than the CB6 

antibody, as shown in (Figure 2c). Hence, the interface area 
and RBD residues involved in interaction largely differ. The 
antibody REGN10933 when binds to the WT RBD has an 
interface area of 663.25 Å, which is only reduced to 644.0 Å 
in the case of omicron RBD (Figure 6). Hence, no significant 
change was observed in the polar and non-polar interface 
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area of the WT and mutant complexes. The SASA of these 
complexes remained relatively similar throughout the 100 ns 
MD trajectory (Figure 6e). However, the interface interaction 
statistics are altered upon the omicron mutations in RBD. 
The numbers of hydrophilic interactions at the interface 
were reduced, whereas a slight increase in the hydrophobic 
interactions was observed. The average number of hydrogen 
bonds between the antibody and RBD also reduced from 10 

to 5 upon the mutations. No hydrogen bonds were formed 
at the interface region with a continuous stretch of mutant 
residues, K493, S496, R498, and Y501. Although, the overall 
stability of both complexes revealed fluctuations in the 
backbone RMSD throughout the simulation trajectory. A 
higher degree of compactness was observed for the WT 
complex with Rg between 3.4 to 3.6 nm, which was observed 
to be greater than 3.6 nm for the omicron mutant complex.
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Figure 6: Molecular dynamics simulation results and interface statistics of RBD-REGN10933. (a) Wild type RBD and 
REGN10933 interface interactions. Residues involved in interactions are highlighted. Interface residues forming hydrogen 
bonds are labeled and shown as sticks. Hydrogen bonds are sown as black dashed lines. (b) Omicron induced mutant RBD 
and REGN10933 interface interactions. Mutant interface residues are shown in cyan and labeled in red color. (c) Polar and 
non-polar interface area of the complexes. The values are in Angstrom (Å) (d) Interface interaction count (HPhil; Hydrophilic, 
HPho; Hydrophobic). (e) Solvent accessible surface area (SASA) for the REGN10933-RBD/WT and REGN10933-RBD/omicron 
complex. (f) Plot for number of hydrogen bonds for the complexes. (g) Root mean square deviation (RMSD) plot for the 
complexes. (h) Radius of gyration (Rg) plot.

The calculated binding free energy of the REGN10933-
RBD/WT complex was -52.97 kcal/mol and -30.00 kcal/
mol for the REGN10933-RBD/omicron complex (Table 2). 

This difference in the binding energy was observed due to a 
notable decrease in the electrostatic energy at the interface. 
The Vander Waals energy term for the WT and omicron 
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mutant complex was -68.08 kcal/mol and -71.15 kcal/
mol, respectively. Hence, the hydrophobic contacts at the 
interface were higher than the polar contacts for the mutant 
complex. The residue mutations S477N and T478K lead 
to more negative binding free energy, hence contributing 
positively to the total binding free energy of the complex 
(Figure 4). Moreover, the mutations E484A, Q493K, Q496S, 
and Q498R have positive values for the binding free energy, 
ultimately increasing the total binding free energy and 
hence decreasing the binding affinity of the REGN10933-
RBD/omicron complex. The impact of these mutations on 
the lowest energy structural ensembles of each complex 
was observed through the FEL (Figure 5b). The FEL plot for 
both complexes shows majorly two distinct conformational 

ensembles with a transition barrier of 2.0 kcal/mol. These 
observations collectively suggest that there is no significant 
difference in the conformational stability of REGN10933 
with RBD upon omicron mutations. Although, few mutations 
impact the binding affinity of the RBD with the REGN10933 
antibody.

Class 3: S309 (Sotrovimab)

The NAb S309, aka sotrovimab is a therapeutic antibody 
approved for emergency use against the SARS-CoV-2 
infection. Pre-clinical studies have suggested that sotrovimab 
retains activity against previously identified VOCs [36]. 
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The antibody S309 targets an epitope in the conserved 
core domain of the RBD. We evaluated the binding stability 
and interaction of this class 3 antibody with the omicron 
mutation-induced RBD. The lowest energy conformation of 
the S309 bound to the two RBDs was extracted from the MD 
simulation trajectory. The total interface area between S309 
and the WT RBD was 856.6 Å which reduced to 688.7 Å for 
the omicron RBD (Figures 7a and 7c). 

Along with the polar and non-polar interface area, the 
overall number of interactions at the interface also decreased. 
The average number of hydrogen bonds at the interface for 
the WT and omicron complex was 12 and 8, respectively 
(Figure 7f). The SASA for both complexes was relatively equal 
up to 80 ns trajectory, and a slight decrease in the last 20 
ns was observed for the WT complex. A similar trend in the 
trajectory was observed for the Rg of these complexes. Hence, 
a slightly more compact binding may occur in the case of the 
S309 interacting with the WT RBD. The backbone RMSD of 
the whole complex revealed stable conformation with lower 
fluctuations observed for the S309-RBD/omicron.

Further, binding free energy prediction revealed the 
difference in the affinity of the S309 to the WT RBD and 
omicron mutation-induced RBD. The total binding free energy 
of the S309-RBD/WT and S309-RBD/omicron complex was 
-76.6 kcal/mol and -52.3 kcal/mol, respectively (Table 2). 
This free energy change was predominantly due to a decrease 
in the contribution of electrostatic energy in the S309-RBD/
omicron complex. The residue mutation G339D leads to a 
positive binding free energy, contributing negatively to the 
total binding free energy of the complex (Figure 4). The energy 
contribution of the adjacent residue E340 was also reduced 
from -7.27 kcal/mol to -2.93 kcal/mol in the mutant complex. 
The binding energy and interactions were also affected by the 
mutation N440K. The residue N at position 440 could interact 
with S309 at the interface contributing its energy to the total 
free energy of the complex, whereas K at 440 fails to interact 
with S309. These changes could also be responsible for the 
difference in the local minima achieved by the conformation 
ensembles of these complexes. The FEL plot for the S309-RBD/
WT complex shows that the populations of conformations 
are clustered in two elongated ensembles occurring at the 
same energy basins (Figure 5c). On the other hand, multiple 
populations of S309-RBD/omicron are distributed along large 
conformational space with a single wide cluster occurring 
at the local minima. Hence, these observations altogether 
suggest that the omicron mutations may have a limited effect 
on the binding of class 3 antibody S309 to the RBD.

Class 4: S2X259

S2X259 is a human mAb which neutralizes SARS-

CoV-2, including all the previously identified VOCs, B.1.1.7, 
B.1.351, P.1, and B.1.427 [24]. It targets an epitope in the 
RBD overlapping some parts of the RBM as well as the 
core domain. We identified the effect of omicron mutations 
on this broadly neutralizing antibody. The total interface 
area between the RBD and the antibody was 829.85 Å, 
which only reduced to 812.0 Å upon mutations (Figures 8a 
and 8b). The SASA plot for both complexes shows stable 
values throughout the 100 ns simulation, with a slightly 
higher area for the S2X259-RBD/omicron complex (Figure 
8c). The antibody S2X259 fails to make hydrogen bond 
interactions near the RBM region in the omicron mutation-
induced RBD (Figure 8b). Therefore, the average hydrogen 
bonds for the complex S2X259-RBD/WT and S2X259-RBD/
omicron were 8 and 5, respectively. The residue mutation 
S375F resulted in the loss of hydrogen bond formation. An 
overall decrease in the number of hydrophilic interactions 
at the interface were also observed. Both RMSD and Rg 
plots for the S2X259-RBD/omicron complex experienced 
higher fluctuation throughout the MD simulation trajectory. 
Hence, the mutations may affect the overall stability of the 
RBD-antibody complex.

The difference in the binding free energy of the S2X259-
RBD complexes reflects a slight decrease in the total binding 
affinity of the S2X259 towards the omicron RBD. Moreover, 
as observed for other antibodies described in the previous 
section, the electrostatic energy for the S2X259-RBD/
omicron complex is also highly reduced (Table 2). Hence, 
the total binding free energy for the WT and omicron 
mutant complex was -98.84 kcal/mol and -75.49 kcal/
mol, respectively. The residue mutations at the binding 
interface affect the mutant as well as adjacent residues 
binding energy contribution. The substitution, S371L, 
decreased the total binding free energy contribution of the 
adjacent residues N370 and A372. The residue mutations 
S373P and N501Y resulted in the loss of interaction with 
S2X259 at the interface. The substitution Y505H also 
contributed negatively to the total binding free energy of 
the S2X259 and the RBD complex (Figure 4). Further, the 
lowest energy conformational ensembles of the antibody 
and RBD complexes were evaluated through the FEL plots 
(Figure 5d). The FEL plot for the S2X259-RBD/WT complex 
shows two distinct populations of conformations confined 
to different energy basins separated with a transition 
barrier of > 4.0 kcal/mol. However, for the S2X259-RBD/
omicron complex, we observed multiple ensembles at wide 
conformational space with energy difference >5.0 kcal/
mol. Finally, the results suggest that the omicron mutations 
may particularly affect the binding stability of the S2X259 
antibody and the RBD complex.
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Conclusion

The SARS-CoV-2 omicron variant grabbed the attention 
as soon as it was discovered because of the large unusual 
set of mutations in its spike protein. The spike protein is 
the key antigenic determinant of the virus and an essential 
target for vaccine and antibody design. Since the majority of 
therapeutic antibodies target the RBD in the spike protein, 
the mutations occurring in the epitope region could be of 
particular importance. This study reports an understanding 
of the structural impact of the RBD mutations on antibody 
binding. We evaluated four different classes of RBD targeting 
antibodies. One therapeutic or monoclonal antibody from 
each class was examined to analyze the effect of omicron 
mutations. Class 1 antibody, CB6 aka etesevimab, acquires 
a maximum number of mutations in its epitope; hence, its 
binding affinity and stability with the RBD were substantially 
affected. In contrast, the antibody sotrovimab was the least 
affected among all four antibodies by the omicron mutations. 
The antibody S309 or sotrovimab binds to a conserved 
RBD epitope with less number of mutations occurring at 
its interface region. However, the binding affinity of all the 
four antibodies was reduced for the omicron mutation-
induced RBD. The mutations in the RBD largely affected and 
reduced the polar contacts at the interface. Hence, there was 
a decrease in the electrostatic energy between the antibodies 
and the RBD. Therefore, the omicron variant mutations 
occurring in the RBD may significantly reduce the efficacy of 
CB6, REGN10933, S309, and S2X259 antibodies. Moreover, 
the mutations may respond differently for different class of 
antibodies depending upon their target epitope and hence, 
their study can lead to a valuable understanding of immune 
escape of the virus.
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