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ABSTRACT 
The COVID-19 pandemic posed a threat to global society. Delta and Omicron are concerning variants 
due to the risk of increasing human-to-human transmissibility and immune evasion. This study aims to 
evaluate the binding ability of these variants toward the angiotensin-converting enzyme 2 receptor 
and antibodies using a computational approach. The receptor-binding domain (RBD) of the two var-
iants was created by CHARMM-GUI and then docked to the hACE2 receptor and two antibodies 
(REGN10933 and REGN10987). These complexes were also subjected to molecular dynamics simulation 
within 100 ns. As a result, the two variants, Omicron and Delta, exhibited stronger interaction with the 
hACE2 receptor than the wild type. The mutations in the RBD region also facilitated the virus’s escape 
from antibody neutralization.
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Introduction

The COVID-19 pandemic emerged from Wuhan, China, in 
early 2020. To date, the World Health Organization (WHO) 
has reported that the global number of COVID-19 cases 
exceeds 775 million (World Health Organization, 2024a), with 
the total number of deaths surpassing 7 million (World 
Health Organization, 2024b). SARS-CoV-2 is a member of the 
human coronavirus family, sharing a similar structure with 
SARS-CoV and MERS-CoV (Cui et al., 2019). According to the 
WHO, current variants of coronavirus are divided into two 
main groups: Variants of Concern (VOC) and Variants of 
Interest (VOI). Variants in the VOC group include Alpha 
(B.1.1.7), Beta (B.1.351), Gamma (P.1), and Delta (B.1.617.2). 
The difference in transmissibility and virulence depends on 
mutative strains (Variants of the Virus, 2023). In late 
November 2021, the WHO classified the Omicron variant 

(B.1.1.529) as a VOC (Tracking SARS-CoV-2 Variants, n.d.). 
Additionally, the Delta and Omicron variants have had a sig-
nificant public health impact, altering disease transmissibility 
and potentially reducing the efficacy of prevention methods 
(Chavda et al., 2022; Dhama et al., 2023). The high infectivity 
of SARS-CoV-2 can be attributed to its increased binding effi-
ciency to ACE2 and the alternation of the virus at the bind-
ing site of antibodies, leading to the antibody evasion (Liu 
et al., 2022; Wrapp et al., 2020). Therefore, this study aims to 
assess the binding ability of hACE2 and antibodies towards 
variants by docking approach to evaluate the pathogenicity 
and transmission of these variants.

The SARS-CoV-2 structure includes spike protein, mem-
brane protein, envelope protein, nucleocapsid protein, and 
hemagglutinin (HA) (Zhou et al., 2020). SARS-CoV-2 infects 
humans by initially binding the surface spike protein to the 
human angiotensin-converting enzyme 2 (hACE2) receptor 
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(Hoffmann et al., 2020). Therefore, the spike protein is a 
popular target for vaccine development and therapeutic 
interventions (Jackson et al., 2022; Premkumar et al., 2020; 
Singh et al., 2021; Yang et al., 2020). The spike protein is a 
glycoprotein consisting of an S1 subunit and an S2 subunit. 
The N-terminal domain and a receptor-binding domain (RBD) 
in the S1 subunit play a vital role in interacting between 
virus and host cells, as well as neutralizing antibodies (Walls 
et al., 2020). Meanwhile, the HR-1 and HR-2 regions in the S2 
subunit are responsible for the membrane fusion.

The spike protein structure of Delta variant was identified 
to have eight mutations. These mutations affect different 
regions: T19R, G142D, 156–157, and R158G in the N-ter-
minal domain (NTD), two mutations in the receptor-binding 
domain (RBD) (L452R and T478K), one in the furin cleavage 
site (P681R), and another in the S2 area (D950N) (Ecdc, 
2022). It’s worth noting that mutations in the receptor-bind-
ing domain of the SARS-CoV-2 spike protein, such as L452R 
and P681R, have been associated with increased transmissi-
bility in the Delta variant. The Omicron variant (B1.1.529) has 
3 deletions ( 69–70, 143–145, 211), 1 insertions 
(ins214EPE), and 30 substitutions (A67V, T95I, G142D, L212I, 
G339D, S371L, S373P, S375F, K417N, N440K, G446S, S477N, 
T478K, E484A, Q493K, G496S, Q498R, N501Y, Y505H, T547K, 
D614G, H655Y, N679K, P681H, L1K96Y96, QF954K1H, N764K) 
related to the glycoprotein. Among these, the N501Y, K417N, 
and T478K mutations belonging to this variant are reported 
to have the dominant immune escape and infectivity to the 
Delta (Islam et al., 2022). In addition, the Omicron variant 
multiplies 70 times faster in the human bronchus than the 
Delta and original SARS-CoV-2 variants. This discovery may 
explain why Omicron spreads more rapidly than previous 
variants (Kumar et al., 2022). In contrast to the different 
effects of SARS-CoV-2, the hACE2 polymorphisms have no 
significant impact on infection and disease outcome (Gomez 
et al., 2020; Mohlendick et al., 2021).

Wang et al. conducted an in-depth analysis to determine 
which amino acids play a critical role in the formation of the 
complex between the virus and the hACE2 receptor (Wang 
et al., 2020). A network of hydrogen bonds and salt bridges 
is formed by a collection of hydrophilic amino acids, which 
create significant polar contacts. These polar contacts include 
interactions between A475, N487, E484, Y453 of SARS-CoV-2 
RBD and S19, Q24, K31, H34 of hACE2 receptor, respectively. 
The residue K417 in the RBD subdomain is involved in an 
ionic interaction with residue D30 of hACE2. The loop 1’/ 1’ 
and 2’/ 1’ loops in RBD position residues (G446, Y449, 
G496, Q498, T500, and G502) near hACE2 amino acids D38, 
Y41, Q42, K353, and D355, thereby establishing a series of 
hydrogen bonds. Additional contacts between the virus and 
receptor are formed by SARS-CoV-2-CTD’s Y489 and F486 
against hACE2 residues F28, L79, M82, and Y83, creating a 
set of hydrophobic interactions at their interface.

Two main regions distinguish the binding interface between 
the hACE2 receptor and SARS-CoV-2. In the Omicron variant 
complex, the first region features hydrogen bonds between 
hACE2 and the RBD, including interactions from S19 to A475/ 
N477, Q21 to N487, Y83 to Y489/N487, and H34 to Y453 (Han 

et al., 2022). The residue F486 from Omicron’s RBD is within a 
tight hydrophobic pocket at the interface, surrounded by 
hACE2 residues F28, L79, M82, and Y83. Conversely, in the 
Delta variant complex’s first region, RBD residues A475, N487, 
Q493, Y453, and Y489 form hydrogen bonds with hACE2 resi-
dues S19, Q24, K31, H34, and Y83, respectively. A notable dis-
tinction is that in Omicron, the residue R493 forms a salt 
bridge with E35 of hACE2, while in Delta, the residue K417 
engages in a salt bridge with D30 of hACE2. F486 from Delta’s 
RBD performs a role similar to that in Omicron, fitting into the 
same hydrophobic pocket. In the second region of the 
Omicron variant complex, hydrogen bonds occur between 
hACE2 residues D38, Q42, Y41, and K353 and Omicron’s RBD 
residues Y449, T500, and G502. Additionally, the residue D38 
also forms a salt bridge with R498 of Omicron’s RBD. In the 
Delta variant complex, hACE2 residues E37, D38, Y41, and K353 
interact with RBD residues Y505, Y449, T600, and G496, respect-
ively. Up to now, the treatment for SARS-CoV-2 includes using 
nucleotide analogs such as remdesivir to inhibit RNA-depend-
ent RNA polymerase; immunosuppressive drugs or molecules 
acting on the immune response (corticoids, interferons, mono-
clonal antibodies against inflammatory cytokines, mesenchymal 
stem cells), and convalescent plasma therapy (Iacob & Iacob, 
2020) for which, neutralizing antibodies (nAbs) targeting the 
RBD show a protective immunity against viral infections. During 
virus transmission, new variants having an amino acid replace-
ment in spike protein sequences may affect the efficacy of neu-
tralizing antibodies.

REGN10933 and REGN10987 are components of an antibody 
cocktail (REGN-COV2) against the SARS-CoV-2 spike protein, 
recently named casirivimab and imdevimab, respectively. SARS- 
CoV-2 variants such as Alpha, Beta, Gamma, Delta, and 
Omicron have increased infectivity and the ability to evade the 
human immune system (Cao et al., 2022; Planas et al., 2021). 
However, the combination of REGN10933 and REGN10987 anti-
bodies has been shown to neutralize these variants (Tada et al., 
2021; Takashita et al., 2022). Regeneron Pharmaceuticals 
researched and developed the REGN-COV2 antibody to treat 
patients with COVID-19 and prevent SARS-CoV-2 infection 
(Deeks, 2021). This antibody cocktail is being evaluated in four 
late-stage clinical trials, with continued recruitment of volun-
teers (Tuccori et al., 2020). The National Clinical Trial (NCT) num-
bers NCT4425629 and NCT4426695 are still investigating the 
efficacy of REGN-COV2 in Two-Phase 2/3 trials (Regeneron 
Pharmaceuticals, 2023). Besides, the NCT04452318 tests in the 
Phase 3 prevention trial. Moreover, the NCT04381936 evaluates 
REGN-COV2 in the open label Phase 3 at the University of 
Oxford (Mahase, 2020). The FDA recently approved emergency 
use authorization for the low-dose antibody REGN-COV2 in 
adults with mild to moderate COVID-19 who are at high risk 
for adverse outcomes (Regeneron Pharmaceuticals, 2020). 
Despite the recognized significance of REGN-COV2 in COVID-19 
treatment, the detailed atomic-level structure and binding 
mechanism of REGN-COV2 antibodies to the RBD have not 
been thoroughly investigated. Therefore, comprehending the 
molecular mechanisms that govern the interactions of SARS- 
CoV-2 variants is crucial for identifying suitable and timely 
therapeutic interventions for COVID-19.
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Protein-protein docking predicts the structure of a com-
plex based on the structures of the individual proteins 
involved (S.-Y. Huang, 2014; Vakser, 2014). The molecular 
docking approach estimates binding capabilities across vari-
ous conformations and ranks these conformations with a 
scoring function. Throughout docking results and dissoci-
ation constants (Kd), this study compared the binding affin-
ities of variant complexes to those of wildtype complexes 
and evaluate the viral infectivity and escaping antibodies of 
Delta and Omicron based on the binding affinity of these 
variants with the hACE2 receptor and two antibodies 
(REGN10933 and REGN10987). Molecular dynamics simula-
tions were employed to evaluate the stability of the com-
plexes throughout the simulated time. The methodology 
flowchart involves 4 steps: (1) creating mutation in the RBD 
domain of Omicron and Delta, (2) docking these RBD struc-
tures to the hACE2 receptor and two antibodies (REGN10933 
and REGN10987) for assessing the binding affinity, (3) calcu-
lating the Haddock score and dissociation constant (Kd) of 
these complexes, and (4) performing molecular dynamics 
simulation within 100 ns to evaluate the stability of protein- 
protein complexes.

Materials and methods

This study examines the ability of viral infectivity and anti-
body evasion of Omicron and Delta variants based on their 
binding affinity with the hACE2 receptor and two antibodies 
(REGN10933 and REGN10987). The research procedure is 
demonstrated in Figure 1. Firstly, the study created muta-
tions in the receptor binding domain (RBD) of these variants 
via the CHARMM-GUI tool (Jo et al., 2008, 2014). Later, the 
study performed docking SARS-CoV-2 RBD (wild type and 
variants) to the hACE2 receptor and the neutralizing mono-
clonal antibodies (mAbs) using HADDOCK2.4 program (Van 

Zundert et al., 2016) to calculate HADDOCK score. The 
PRODIGY was employed to predict the dissociation constant 
(Kd) and binding affinity ( G) (Xue et al., 2016). Afterward, 
the complexes of RBDs with hACE2 and mAbs were simu-
lated by molecular dynamics (MD) by GROMACS 2020.4 soft-
ware (GROMACS 2020.4 Manual, n.d.) within 100 ns. These 
findings were used to assess the viral infection, the resist-
ance of SARS-CoV-2 variants to immunity, and vaccine 
effectiveness.

Creating in silico mutations in the RBD domain of 
SARS-CoV-2 variants

All the protein structures, including Crystal structure of SARS- 
CoV-2 spike receptor-binding domain bound with ACE2 (PDB 
ID: 6M0J) (Lan et al., 2020), Complex of SARS-CoV-2 receptor 
binding domain with the Fab fragments of two neutralizing 
antibodies REGN10933 and REGN10987 (PDB ID: 6XDG) 
(Hansen et al., 2020), were obtained from Protein Data Bank 
(http://www.rcsb.org) (Thai et al., 2015; V.-T. Tran et al., 2022; 
Tran-Nguyen et al., 2019). The RBD wildtype was mutated 
with multiple substitutions at pH 7.0 using PDB reader & 
Manipulator in CHARMM GUI web (Jo et al., 2008, 2014). The 
substitutions in the RBD of Omicron and Delta variants, as 
presented in Table 1, were then implemented using the 
Mutation option. Other parameters, including protonation 
state and disulfide bonds, were automatically detected by 
the PDB Reader & Manipulator (Park et al., 2023) and set to 
default. These structures were then energy-minimized using 
the QuickPrep tool in MOE 2015.10 software in preparation 
for the molecular docking step.

Molecular docking

The HADDOCK 2.4 server (Van Zundert et al., 2016) was used 
to evaluate the binding affinity between wild-type and SARS- 

Figure 1. Summary of the research process.
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CoV-2 variants with the hACE2 receptor and neutralizing 
antibodies. The protein-protein docking was conducted 
according to the tutorial provided by HADDOCK 2.4 web ser-
ver (Bonvinlab, 2022). The HADDOCK scoring function 
(Vangone et al., 2017) integrates a linear combination of mul-
tiple energy terms and buried surface area, with specific var-
iations applied at different docking stages: rigid body (it0), 
semi-flexible refinement (it1), and explicit solvent refinement 
(water). Scoring is executed based on the weighted sum 
from these three terms, referred to as the HADDOCK score. 
The resulting clusters are analyzed and ranked based on the 
average HADDOCK score (HS) of their top four members.

HADDOCKscore − it 0 0 01 Evdw 1 0 Eelec 1 0 Edesol

0 01 Eair–0 01 BSA

(1) 

HADDOCKscore − it 1 1 0 Evdw 1 0 Eelec 1 0 Edesol

0 1 Eair–0 01 BSA

(2) 

HADDOCKscore −water 1 0 Evdw 0 2 Eelec 1 0 Edesol

0 1 Eair

(3) 

where Evdw, Eelec, Edesol, Eair, and BSA denote van der Waals 
energy, electrostatic energy, desolvation energy, and air 
energy, the buried surface area, respectively.

A more negative HADDOCK score indicates a higher 
binding affinity of the complexes. Protein PDB files were pre-
pared using PyMol software, removing water and non- 
bonded ions, and identifying residues in the interaction inter-
face. These files were uploaded to HADDOCK web server to 
generate 10 clusters along with the HADDOCK score. After 
docking by the HADDOCK web server, the dissociation con-
stant of the RBD-ACE2 and RBD-mAbs complexes predicted 
via the PRODIGY web server (Xue et al., 2016). The dissoci-
ation constant (Kd) is a vital parameter in calculating the 
binding strength of protein-protein complexes. The predict-
ive model of PRODIGY is based on the number of interfacial 
contacts (ICs) of a protein-protein complex combined with 
properties of the non-interacting surfaces (NIS) to predict the 
binding affinity of protein-protein complexes.

Molecular dynamics simulations

Molecular dynamics simulations of RBD-ACE2 and RBD-anti-
body complexes were conducted using GROMACS 2020.4 
software within 100 ns. The research employed the 
CHARMM36 force field (J. Huang et al., 2017), a cubic box 
with a periodic boundary condition of 1.0 nm, and the TIP3P 
solvent model (Boonstra et al., 2016). The system was neu-
tralized with ion Na and Cl- at a concentration of 0.15 M, 
then energy minimized to lower than 10.0 kJ.mol−1 within 

the maximum time of 100 ps. It was subsequently balanced 
at 300 K temperature and 0.978 atm (1 bar) for pressure. 
Temperature and pressure during simulation were main-
tained by the V-rescale and Parrinello–Rahman algorithms, 
respectively (Bussi et al., 2007; Parrinello & Rahman, 1981). 
The RMSD and RMSF values were calculated to evaluate the 
stability of the complexes. The study computed further 
the solvent accessible surface area (SASA) of each residue in 
the protein structure (Le et al., 2020, 2021; Mai et al., 2022; 
Phan et al., 2024; Phan et al., 2023; Phan et al., 2023; Q.-H. 
Tran et al., 2023; T.-T.-N. Tran et al., 2023).

The root mean square deviation (RMSD) is a key metric 
used to assess the stability of atoms in simulations, providing 
insight into the stability of protein-protein complexes. A 
complex is considered stable when the RMSD value is below 
2 Å (Xiao et al., 2018). Additionally, the root mean square 
fluctuation (RMSF) value is employed to measure the flexibil-
ity of each amino acid’s position or the degree of fluctuation 
of specific amino acids during simulations. An RMSF value 
greater than 2 Å indicates amino acid flexibility (Sundar et al., 
2019). On the other hand, the solvent accessible surface area 
(SASA) value serves as a metric for evaluating protein stabil-
ity and folding. A smaller SASA value indicates greater pro-
tein stability (Durham et al., 2009).

Results

Docking results

Binding ability toward ACE2 receptor
The docking results of RBD-ACE2 complexes of the wild type, 
Delta, and Omicron variants are presented in Table 2. The 
Haddock score of Omicron was more negative than that of 
the Delta and wild-type, with −157.7 ± 10.5 kcal.mol−1, 
−151.7 ± 6.5 kcal.mol−1 and −141.8 ± 2.5 kcal.mol−1, respect-
ively. This indicates that the Omicron may significantly 
increase the ACE2-binding affinity and thus enhance the viral 
infectivity. A much higher binding affinity of the Delta com-
pared to the wild type is also demonstrated by the Haddock 
score. The dissociation constant (Kd) of RBD-Omicron to ACE2 
was 7.5 10−12 M at 25.0 C ( G −15.2 kcal.mol−1), which 
was 41-times smaller than the original form. The Delta had 
the dissociation constant (Kd) slightly lower than the wild 
type, with 9.2 10−11 M and 3.1 10−10 M, respectively. 
Therefore, the binding between the RBD domain and the 

Table 1. Substitution mutations in the receptor-binding domain (RBD) domain of Omicron and Delta variants.

SARS-CoV-2 variants Substitution mutations in the RBD domain

Omicron G339D, S371L, S373P, S375F, K417N, N440K, G446S, S477N, T478K, E484A, Q493K, G496S, Q498R, N501Y, Y505H, T547K
Delta T478K, L452R

Table 2. Docking results of the wild type, Delta and Omicron variants with 
human angiotensin-converting enzyme 2 (hACE2) receptor.

Wild type Delta Omicron

Haddock score −141.8 ± 2.5 −151.7 ± 6.5 −157.7 ± 10.5
G (kcal.mol-1) −13.0 −13.7 −15.2

Kd (M) 3.1 10-10 9.2 10-11 7.5 10-12
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hACE2 receptor of the Omicron was predicted to be the 
most stable complex.

When comparing the interactions of the wild-type and 
hACE2 complex conducted by Haddock and that in crystal 
structure from PDB (Table 3 and Figure 2), the Haddock 
result showed the similarity of amino acid interactions 
between RBD and hACE2. This result indicated the accuracy 
and reproductivity of molecular docking approach in the 
RDB-hACE2 complex.

According to the Delta-hACE2 complex, despite the 
decrease in a number of interactions in the RBD region, con-
sisting of G446, Y489, T500, N501, and Y505, the Haddock 
score of this complex is more negative than the wild-type 
complex. This higher binding ability of the Delta complex 
can be explained by the formation of 3 salt bridge interac-
tions at K417, R455, and E484. The B.1.617.2 (Delta) variant is 
considered to be the most infectious of all variants and has 
become one of the most transmissible variants, for which, 
the L452R and T478K mutations play a significant role in the 
infectivity and transmissibility. The K417N mutation of the 
Delta plus variant contributes to more infections than the 
original form.

Regarding the Omicron-hACE2 complex, this complex has 
the additional interaction with substituted amino acids, includ-
ing S477N, T478K, Q493K, and G496S. These interactions with 
higher Haddock score than WT complex play an important 
role in the tightly binding of Omicron and hACE2, thereby 
contributing to their great infectivity and transmissibility. The 
mutations K417N, T478K, N440K, S477N, and N501Y on 
Omicron are considered to contribute to the great infectivity 
and transmissibility (SARS-CoV-2 Variants of Concern as of 12 
April, n.d.). In a study by Michael I Barton et al., the effects of 
individual RBD mutations found in new SARS-CoV-2 Alpha 
(B.1.1.7), Beta (B.1.351), and Gamma (P1) variants in terms of 
affinity and kinetics on the RBD/ACE2 interaction were eval-
uated. The study reported that both N501Y and S477N muta-
tions had stronger binding affinity towards the hACE2 

receptor and enhanced the SARS-CoV-2 infectivity (Barton 
et al., 2021). In vivo and in vitro tests of N501Y substitution in 
the B.1.1.7 (Alpha) variant on the hamster model revealed that 
replacing Asn with Tyr at residue 353 may increase binding 
affinity with the hACE2 receptor. Moreover, the study by Dixit 
Tandel et al. predicted N440K had higher binding affinity than 
the wild type (Tandel et al., 2021).

Antibody binding ability
Delta and Omicron variants have a lower binding ability with 
the REGN10933 antibody compared to the wild type, with 
docking scores of −141.8 ± 3.8 kcal.mol−1 and −137.0 ± 5.4 
kcal.mol−1, respectively, compared to −154.2 ± 8.2 kcal.mol−1. 
Moreover, these variants also tended to escape from the anti-
body with G and Kd values much higher than that of the 
wild type (Table 4). Regarding the REGN10987 antibody, the 
binding of this antibody towards the Delta was considered 
unstable, with the Haddock score, G, and Kd of −99.4 ± 
1.9 kcal.mol−1, −13.5 kcal.mol−1, and 1.2 10−10 M, respect-
ively. In contrast, the binding of this antibody with Omicron 
was even stronger than the wild-type complex, with the had-
dock score of −147.5 ± 1.6 kcal.mol−1. The interactions between 
the RBD and antibodies, as detailed in Tables 5 and 6 and illus-
trated in Figure 3, demonstrate that the formation of binding 
interactions at specific mutated amino acids significantly con-
tributes to the enhanced binding affinity observed in the 
Omicron complexes relative to the wild-type complex. These 
critical mutations include N440K, S477N, Q493K, G496S, Q498R, 
N501Y, and Y505H.

Overall, Delta and Omicron variants were predicted to have 
a better binding capacity to the ACE2 than the wild type. 
According to the docking results of both the REGN10933 and 
REGN10987 antibodies, the binding of the Delta variant com-
plex is looser than that of the wild type of complex, whereas 
Omicron has a contradictory result. Haddock scores are rela-
tively similar, but compared to the wild type, REGN10987 is 

Table 3. The interactions of the wild type, Delta and Omicron variants with human angiotensin-converting enzyme 2 (hACE2) receptor in the crystal structure 
and Haddock results.

Crystal structure (PDB 6M0J)

Haddock results

WT-hACE2 complex Delta-hACE2 complex Omicron-hACE2 complex

RBD hACE2 RBD hACE2 RBD hACE2 RBD hACE2

K417 D30 (h-s) K417 D30 (h-s) K417 D30 (h-s) R403 E35 (s)
G446 Q42 (h) G446 Q42 (h) Y449 D38 (h) G416 K68 (h)
Y449 Q42 (h) Y449 D38 (h) R455 E35 (h-s) Y453 E35 (h)
N487 Q24 (h)  

Y83 (h)  
Q325 (h) 
E329 (h) 
N330 (h)

A475 S19 (h) A475 S19 (h) N477 E329 (h)

Y489 Y83 (h) E484 K31 (h-s) E484 K31 (h-s) K478 Q325 (h)
Q493 E35 (h)  

E37 (h)
N487 Q24 (h) 

Y83 (h)
N487 Q24 (h) 

Y83 (h)
N487 D355 (h)

T500 Y41 (h) Q493 K31 (h) 
E35 (h)

Q493 E35 (h) K493 H34 (h)

N501 Y41 (h) G496 D38 (h) 
K353 (h)

G502 K353 (h) S494 K31 (h)

G502 K353 (h) T500 Y41 (h) Q506 Q325 (h) S496 D30 (h)
Y505 E37 (h) 

D38 (h) 
R393 (h)

G502 K353 (h) T500 Y83 (h)

Q506 Q325 (h)
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Figure 2. The interactions of the wild type, Delta and Omicron variants with human angiotensin-converting enzyme 2 (hACE2) receptor at the binding region.

Table 4. Docking results of the wild type, Delta and Omicron variants with antibodies (REGN10933, and REGN10987).

REGN10933 REGN10987

Wild type Delta Omicron Wild type Delta Omicron

Haddock score −154.2 ± 8.2 −137.0 ± 5.4 −141.8 ± 3.8 −129.6 ± 1.1 −99.4 ± 1.9 −147.5 ± 1.6
G (kcal.mol-1) −12.9 −12.6 −13.4 −15.0 −13.5 −14.4

Kd (M) 3.5 10-10 5.4 10-10 1.6 10-10 1.0 10-11 1.2 10-10 2.5 10-11

Table 5. The interactions of the wild type, Delta and Omicron variants with the REGN10933 antibody in Haddock results.

WT-REGN10933 complex Delta-REGN10933 complex Omicron-REGN10933 complex

RBD REGN10933 RBD REGN10933 RBD REGN10933

K417 T316 (h) 
T317 (h)

R403 D245 (h-s) R403 D1 (h-s)

Y449 S244 (h) K417 T316 (h) 
T317 (h) 
M318 (h)

R408 D276 (h-s)

Y453 D245 (h) R455 R314 (h) 
G315 (h)

T415 K279 (h)

A475 Y32 (h) A475 Y32 (h) L455 Y273 (h)
E484 Y247 (h) 

T266 (h) 
T271 (h)

S477 D92 (h) Y473 S270 (h)

N487 R314 (h) K478 N93 (h) A475 Y247 (h)
Y489 R314 (h) E484 Y267 (h) 

S268 (h) 
S270 (h)

N477 D245 (h)

S494 D245 (h) F486 Y273 (a) F486 T316 (a)
N487 D92 (h) 

R314 (h)
K493 D92 (h-s)

Q493 S244 (h) 
D245 (h)

R498 D28 (h-s) 
T36 (h)

Y505 G240 H505 D1 (h)

Table 6. The interactions of the wild type, Delta and Omicron variants with the REGN10987 antibody in Haddock results.

Haddock results

WT-REGN10987 complex Delta-REGN10987 complex Omicron-REGN10987 complex

RBD REGN10987 RBD REGN10987 RBD REGN10987

R346 T730 (h) N440 D480 (h) N437 Y479 (h)
N439 Y479 (h) V445 Y485 (a) K440 Y479 (h) 

D480 (h-s)
S443 Y479 (h) G446 S731 (h) V445 Y485 (h)
K444 G525 (h) 

G529 (h)
Q498 Y531 (h) S496 D530 (h)

G446 S526 (h) 
G529 (h) 
D530 (h)

P499 A459 (h) 
S478 (h)

R498 T730 (h)

N448 D530 (h) T500 A459 (h) P499 S478 (h)
Y449 D530 (h) G502 N457 (h) T500 Y461 (h)

V503 N457 (h) Y501 D530 (h)
V503 N457 (h)
G504 D527 (h)
Q506 Y479 (h)
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more tightly bound while REGN10933 is more loosely bound 
for Omicron. Delta could escape immunity with two antibodies 
due to the loose binding of these complexes. On the other 
hand, the Omicron could bind strongly to REGN10987, sug-
gesting an active against Omicron of this antibody.

Molecular dynamics simulation (MDs)

RBD-ACE2 complexes of the wild type, Delta, and Omicron
During the 100 ns simulation, the RMSD values of the 
RBDWT–ACE2 complex fluctuated between 0.15–0.40 nm. In 
the first 50 ns, the RMSD values of the RBDWT–ACE2 complex 

were around 0.2 nm, then reached 0.4 nm at 70 ns and 
remained unchanged during the last period. Meanwhile, 
Delta and Omicron variant had higher RMSD values than the 
wildtype, and the omicron complex even fluctuated unsus-
tainably in the first 50 ns with a peak of 1.0 nm at 40 ns 
(Figure 4A). In terms of the flexibility of amino acids in the 
binding site, RMSF value of the wide-type complex ranged 
within 0.1–0.3 nm, while both delta and omicron complexes 
gained the RMSF values than the wild type, at 0.1–0.6 nm 
and 0.1–0.5 nm, respectively (Figure 4C,D). This value indi-
cated that there was an unstable binding between these var-
iants and the hACE2 receptor. There was no significant 

Figure 3. The interactions of the wild type, Delta and Omicron variants with antibodies (REGN10933 and REGN10987) at the binding region.

Figure 4. Analysis of RMSD, RMSF and SASA of the RBD – hACE2 complexes over the 100 ns simulation. (A) Root-mean-square deviation (RMSD) of the backbone, 
(B) Solvent accessible surface area (SASA), (C) Root-mean-square fluctuation (RMSF) of hACE2, and (D) Root-mean-square fluctuation (RMSF) of RBD.
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difference in solvent accessible surface area (SASA) figures, 
where the three complexes had a similar trend between 420 
and 435 nm2 (Figure 4B).

Binding to the REGN10933 antibody
The RMSD value of the RBDWT–REGN10933 complex stably 
fluctuated within 0.5–1.0 nm throughout the simulation time. 
Omicron variants also had a stable oscillation with the RMSD 
value between 0.8 and 1.5 nm. Whereas the fluctuation of the 
RBDDelta-REGN10933 complex considerably increased from 0.3 
to 2.4 nm in the first 80 ns and was more stable with the 
RMSD value under 2.0 nm (Figure 5A). The flexibility of the WT 
and variants of amino acids was shown as the RMSF value 
(Figure 5C,D). Corresponding to the RMSD values, the RMSF 
values of the WT and Omicron variant are stable throughout 
the simulation time at 0.2–0.6 nm, and Delta variant had more 
substantial flexibility for both RBD and antibody within 0.2– 
1.5 nm. Moreover, the amino acids of the RBD region of the 
Omicron variant fluctuated more stable than the wild type, 
which leads to the tightly binding of the Omicron variant 
toward the REGN10933 antibody and the remaining impaction 
of the REGN10933 antibody on the Omicron variant. Regarding 
the SASA values (Figure 5B), there was no significant difference 
between the wild type and the variants, with the SASA value 
ranging from 420 to 438 nm2. Especially, the Omicron variants 
had a gradual decrease at 420–430 nm2 after 50 ns, increasing 
the protein stability in the binding process.

Binding to the REGN10987 antibody
The RMSD values of the WT and the Delta are relatively sta-
bilized. At the same time, the vibration amplitude of the 
Omicron was unstable because the Omicron’s RMSD value 
increased rapidly from 0.2 to 2.2 nm (Figure 6A). In the first 
40 ns, the RMSD values of the WT and the Delta overlapped 
at 0.25–0.65 nm. However, the WT’s value rose quickly from 
40 to 75 ns while the Delta’s value remained stable. 

The RMSF values of the critical residues in the RBD region 
(Figure 6C,D) were more stable in Delta and Omicron than 
in the WT. Concerning the REGN10933 antibody, the 
SASA values of WT and Delta (327–345 nm2) were lower than 
those of the Omicron variant (338–353 nm2). These results 
showed that the REGN10987-WT and REGN10987-Delta com-
plexes were more stable than the REGN10987-Omicron 
(Figure 6B).

Extend MDs complexes between Delta and Omicron 
variants with antibodies

During the 100 ns simulation period, the complexes of the 
wildtype and hACE2 exhibited stability for most of the simula-
tion time, except for higher fluctuations observed in the anti-
bodies with variant complexes, particularly Delta-REGN10933 
and Omicron-REGN10987. We extended the simulation time to 
200 ns for the variants with antibodies to further assess the 
molecular dynamics results of these complexes.

RBD-REGN10933 complexes of the Delta, and Omicron 
variants
After extending the simulation duration of RBD-REGN10933 
antibodies from 100 ns to 200 ns, the RMSD values of the var-
iants exhibited varying degrees of stability. Notably, the 
RMSD of the Omicron variant remained stable during the last 
100 ns, whereas the RMSD of the Delta variant showed a 
similar trend from 120 ns to 170 ns and witnessed a surge 
increase of 1.0 nm after that (Figure 7A). Furthermore, the 
RMSF values of the Delta variant in both the receptor-bind-
ing domain (RBD) and the antibody remained less stable 
than the Omicron variant (Figure 7C,D). According to the 
SASA value, Omicron complex during 200 ns simulation wit-
nessed more stable than that of 100 ns, and Delta complex 
has no significant change (Figure 7B).

Figure 5. Analysis of RMSD, RMSF and SASA of the RBD – REGN10933 complexes over the 100 ns simulation. (A) Root-mean-square deviation (RMSD) of the back-
bone, (B) Solvent accessible surface area (SASA), (C) Root-mean-square fluctuation (RMSF) of REGN10933, and (D) Root-mean-square fluctuation (RMSF) of RBD.

8 Q.-T. NGUYEN ET AL.



RBD-REGN10987 complexes of the Delta, and Omicron 
variants
The RMSD values of both the Delta and Omicron variants 
exhibited stability from 100 ns to 200 ns, due to the unstable 
fluctuation in the first 100 ns (Figure 8A). Notably, despite this 
stabilization, the RMSD value of Delta remained more consist-
ent compared to that of Omicron. Furthermore, an analysis of 
the RMSF (Figure 8C,D) in critical residues revealed a robust 
fluctuation in Omicron compared to Delta, observed in both 
the antibody and the RBD regions. Additionally, the SASA ana-
lysis (Figure 8B) showed that the SASA value of Omicron 
remained higher than that of Delta when interacting with both 
REGN10987 and REGN10933. This suggests that while 
REGN10987 continues to exhibit efficacy against the Delta vari-
ant, it appears ineffective against the Omicron variant, indicat-
ing potential differences in the binding dynamics and 
therapeutic implications between the two variants.

Discussion

Our investigation employed molecular docking and molecu-
lar dynamics simulations to explore the binding affinity of 
the Delta and Omicron variants to the hACE2 receptor, 
assessing their implications for viral infectivity and the neu-
tralization potential of REGN-COV2 antibodies. In this study, 
the haddock results demonstrate that the Omicron and Delta 
variants exhibit an increased the binding affinity with the 
hACE2 receptor compared to the wild type, particularly the 
Omicron variant, which displays a HADDOCK score of 
(–157.7 ± 10.5 kcal.mol−1) and a dissociation constant (Kd) of 
(7.5 10−12 M). However, these variants show more unsus-
tainable fluctuations throughout the MD simulation with 
hACE2 receptor than the wild type. The transmissibility of 
Omicron in South Africa and the UK are 3.0-fold and 5.6- 
fold than that of Delta, suggesting that Omicron potentially 

Figure 6. Analysis of RMSD, RMSF and SASA of the RBD – REGN10987 complexes over the 100 ns simulation. (A) Root-mean-square deviation (RMSD) of the back-
bone, (B) Solvent accessible surface area (SASA), (C) Root-mean-square fluctuation (RMSF) of REGN10987, and (D) Root-mean-square fluctuation (RMSF) of RBD.

Figure 7. Analysis of RMSD, RMSF and SASA of the RBD – REGN10933 complexes over the 200 ns simulation. (A) Root-mean-square deviation (RMSD) of the back-
bone, (B) Solvent accessible surface area (SASA), (C) Root-mean-square fluctuation (RMSF) of REGN10933, and (D) Root-mean-square fluctuation (RMSF) of RBD.
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outperforms Delta (Suzuki et al., 2022). A recent study by Kei 
Sato et al. on the Omicron variant indicates that Omicron 
might exhibit increased transmissibility and attenuated 
pathogenicity compared to the wild type based on cell cul-
ture experiments and hamster models. Therefore, both 
results of this study and the study by Kei Sato et al. indicate 
the Omicron have a high binding affinity with hACE2 as well 
as enhanced viral infectivity. The heightened affinity 
observed between the Delta and Omicron variants and the 
hACE2 receptor suggests a facilitated viral entry process. This 
may result in heightened viral replication within host cells 
and subsequently contribute to increased viral loads and 
augmented transmissibility. An in-depth comprehension of 
the molecular mechanisms underlying this enhanced binding 
affinity is crucial for elucidating viral infection pathways. 
Such insights not only improve our understanding of the 
infective potential of these variants but also lay the ground-
work for the development of targeted therapeutic interven-
tions aimed at mitigating the risk of severe outcomes, 
including mortality, in affected individuals.

Regarding the MD results of this study, all wildtype com-
plexes achieved stable oscillation states after 10 ns and main-
tained this stability until the end of the period. All hACE2 
complexes exhibited a similar pattern. Consequently, the MD 
results for these complexes can be used to analyze their 
binding over the simulation time. The exception to the 
100 ns simulation time was the complexes between variants 
and antibodies, which underwent higher fluctuations. To 
obtain more accurate MD results, we extended the simula-
tion time to 200 ns. The extended MD results showed that 
the oscillations from 100 ns to 200 ns remained within a simi-
lar fluctuation range as the first 100 ns, except for the Delta- 
REGN10933 complex, which became more stable than during 
the first 100 ns but gradually increased in fluctuation to 
reach values similar to those observed in the first 100 ns. 
These results indicate that the 100 ns simulation time is 
appropriate for capturing the dynamics of these proteins and 
can be applied to other studies involving these proteins, 

such as protein-ligand complexes relating to SAR-CoV-2 and 
its variants (Bhardwaj et al., 2021; Sharma et al., 2021; Singh 
& Purohit, 2024).

The results regarding the REGN10933 antibody reveal an 
increased binding ability with the Omicron variant and a 
decreased binding ability with the Delta variant. Concerning 
the REGN10987 antibody, the Omicron variant binds more 
tightly to this antibody and the Delta variant binds more 
loosely to this antibody than the wild type with the stable 
binding process. According to Planas et al., the REGN-COV2 can 
be against the Delta variant (Planas et al., 2021). Emi Takashita 
et al. recently assessed the neutralizing activities of monoclonal 
anti-bodies against hCoV-19 variants. The REGN10987 (mar-
keted as imdevimab) and the REGN10933 (marketed as casirivi-
mab) also inhibited the Delta variant. Besides, imdevimab had 
lost activity against Omicron, while casirivimab still neutralized 
the Omicron variant (Takashita et al., 2022). These findings sug-
gest that the combination of two antibodies, such as 
REGN10933 and REGN10987 in REGN-COV2, may enhance its 
overall efficacy against SARS-CoV-2.

Some research has found that antibodies do not retain 
significant activity against Omicron. For instance, the mAbs 
binding to escape the immune response is significantly 
weakened by the T478K, Q493K, Q498R, and E484A substitu-
tions, especially in the case of etesevimab, bamlanivimab, 
sotrovimab, and CT-p59 (Shah & Woo, 2021). Additionally, 
Omicron may significantly reduce the effectiveness of the Eli 
Lilly antibody cocktail, and its potential to escape the vaccine 
is roughly twice as high as that of the Delta variant (Chen 
et al., 2022; Omotuyi et al., 2022).

One of the limitations of molecular dynamics simulations is 
the accuracy of current force fields and the challenge of con-
formational sampling. To address the conformational sampling 
issue, we recommend utilizing protein structures obtained 
through X-ray diffraction with a resolution of less than 3 Å. 
Additionally, to improve the accuracy of our simulations, it’s 
advisable to assess various force fields such as AMBER (Tian 
et al., 2020) or CHARMM (J. Huang et al., 2017). However, we 

Figure 8. Analysis of RMSD, RMSF and SASA of the RBD – REGN10987 complexes over the 200 ns simulation. (A) Root-mean-square deviation (RMSD) of the back-
bone, (B) Solvent accessible surface area (SASA), (C) Root-mean-square fluctuation (RMSF) of REGN10987, and (D) Root-mean-square fluctuation (RMSF) of RBD.
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are constrained to use the AMBER force field for our simula-
tions due to current constraints. Furthermore, molecular 
dynamics simulations often encounter limitations in timescale 
exploration. If the results within the initial 100 nanoseconds 
exhibit instability, extending the simulation time becomes 
necessary for obtaining more reliable outcomes.

Conclusions

The RBD region plays a vital role in binding the virus to the 
host receptor, and mutations mainly occur in this region. Thus, 
this study focused on analyzing the RBD region’s binding ability 
on the S protein with the ACE2 receptor and antibodies of the 
SARS-CoV-2 wild type, Delta variant, and Omicron variant. The 
results indicate that when binding to ACE2, Delta and Omicron 
variants had better binding ability, but these complexes were 
less stable over time than the wild type. The REGN10987 anti-
body could bind strongly with the Omicron variant while bind-
ing weakly with the Delta variant, suggesting its potential 
effectiveness against Omicron and ineffectiveness against Delta. 
Meanwhile, the REGN10933 antibody remains functional but 
exhibits a high risk of immune escape with Delta and Omicron 
variants. We suggest conducting continued experiments on the 
Delta and Omicron, as well as other prospective mutants, to 
confirm the binding ability of SARS-CoV-2 variants.
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