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Abstract
The severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) causing COVID-19 continues to mutate. Numerous 
studies have indicated that this viral mutation, particularly in the receptor-binding domain area, may increase the viral affinity 
for human angiotensin-converting enzyme 2 (hACE2), the receptor for viral entry into host cells, thereby increasing viral 
virulence and transmission. In this study, we investigated the binding affinity of SARS-CoV-2 variants (Delta plus, Iota, 
Kappa, Mu, Lambda, and C.1.2) on hACE2 using computational modeling with a protein–protein docking approach. The 
simulation results indicated that there were differences in the interactions between the RBD and hACE2, including hydrogen 
bonding, salt bridge interactions, non-bonded interactions, and binding free energy differences among these variants. Molecu-
lar dynamics simulations revealed that mutations in the RBD increase the stability of the hACE2-spike protein complex 
relative to the wild type, following the global stability trend and increasing the binding affinity. The value of binding-free 
energy calculated using molecular mechanics/Poisson–Boltzmann surface area (MM/PBSA) indicated that all mutations in 
the spike protein increased the contagiousness of SARS-CoV-2 variants. The findings of this study provide a foundation for 
developing effective interventions against these variants.
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Graphical abstract

Computational modeling elucidates that the spike protein of SARS-CoV-2 variants binds considerably stronger than the 
wild-type to hACE2.
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Introduction

The COVID-19 (coronavirus disease 2019) pandemic has 
not yet been declared over. There are difficulties in reducing 
illness incidence because, despite widespread vaccination, 
the mutation of SARS-CoV-2, the cause of this disease, still 
occurs. Until now, the US government's SARS-CoV-2 Inter-
agency Group (SIG) and the European Center for Disease 
Prevention and Control (ECDC) have continued to moni-
tor the development of the emergence of new variants of 
this virus. They have classified SARS-CoV-2 variants into 
three categories as follows: variants of interest (VOI), vari-
ants of concern (VOC), and variants of high consequence 
(VOHC) [1]. The rapid spread of VOCs has become one of 
the remaining concerns due to their increased transmissibil-
ity, the severity of disease, significant reduction in antibody 
neutralization, and decreased treatment effectiveness [2–6].

The increased frequency of spike (S) protein mutations, 
particularly those affecting the receptor-binding domain 
(RBD), raises awareness. This is because if the mutation 
continues, it will cause a significant change in the structure 
of the RBD, resulting in a dramatic increase in the rate of 
reinfection and immunity evasion [7]. The S protein is com-
posed of two subunits: Subunit 1 (S1), which contains the 
ACE2 receptor-binding domain (RBD), and Subunit 2 (S2), 
which contributes to the fusion process [8–10] (Fig. 1).

The VOC Delta (δ) Plus (AY.1 or lineage B.1.617.2.1), 
which evolved from Delta, possesses a distinct mutation pro-
file. The Delta variant has L452R and T478K mutations in 
the receptor-binding domain (S1 subunit), while the δ Plus 
variant, besides having L452R and T478K, also has K417N 
mutations [11]. After the δ variant caused an increase in 
COVID-19 cases, a new VOI called Mu (μ) (also known 
as lineage B.1.621 or VUI-21JUL-1) has emerged, which 
has drawn the interest of the WHO. This variant was dis-
covered in Colombia in January 2021 and contains several 
spike mutations, some of which are shared with other VOC 

(E484K, N501Y, and P681H), while others are new (R346K, 
Y144T, Y145S, and 146 N insertion) [12].

Another novel VOI within the lineage B.1.1.1 (also termed 
as C.37, or Lambda/λ variant) was detected in Peru. It has muta-
tions L452Q and F490S in RBD [13]. The F490S mutation was 
suspected to be associated with decreased antibody neutralization 
susceptibility [14]. The Kappa (κ) variant (lineage B.1.617.1) was 
first discovered in India in 2020, and has been assigned as VOI. 
The mutation L452R in κ variant was associated with reduced 
antibody neutralization by disrupting the respective conforma-
tional epitopes [15]. The VOI Iota (ι) (lineage B.1.526), which 
became dominant in New York City in early 2021, contains the 
mutation E484K. It has been reported to be partially or wholly 
resistant to two currently used therapeutic monoclonal antibod-
ies and is less susceptible to neutralization [16]. A novel vari-
ant, currently referred to as C.1.2, was first discovered in South 
Africa. It draws the attention of scientists because of the rapidity 
with which mutations have occurred. Although it shares some 
properties with VOC, it is currently included in variants under 
monitoring [17].

The development of safe and effective vaccines and drugs is 
urgently needed to end this pandemic. The S-protein has been 
identified as the most effective immunological target protein for 
COVID-19 vaccines [18, 19]. Several drug discovery efforts have 
been undertaken to prevent the virus from invading and infecting 
the host cells by targeting the S-protein from attaching to hACE2 
(angiotensin-converting enzyme 2) on the surface of the host cells 
[20]. Some of them are repurposed antiviral medications that 
have been approved by the Food and Drug Administration (FDA) 
[21, 22]. Other initiatives include the search for drugs that are 
derived from medicinal plants [23–25].

Due to the dynamic nature of mutations in the RBD of 
SARS-CoV-2 that have been shown to change both viral 
affinity for the host receptor and infectivity, it is critical to 
perform rigorous investigations to determine the effect of 
mutations on the spike protein's binding to hACE2. In the 
present work, we assessed the structural alterations in RBD 
that affect its binding affinity for hACE2 using an in silico 
method that included protein–protein docking, molecular 
dynamics simulations, and binding-free energy calculations. 
The results of this evaluation will provide critical informa-
tion about the dynamics of the RBD-hACE2 interaction, 
which will aid in the design of novel vaccines and the dis-
covery of new therapeutics for the treatment of COVID-19.

Materials and methods

Multiple sequence alignment

The three-dimensional (3D) crystal structure of the SARS-
CoV-2 receptor-binding domain (RBD) that binds to hACE2 
was retrieved from the Protein Data Bank with PDB ID 

Fig. 1  The structure of the SARS-CoV-2 spike protein. The two subu-
nits that help in the attachment and fusion are also represented, while 
the RBD domain is indicated in yellow
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6M0J (https:// www. rcsb. org/ struc ture/ 6M0J) [26]. This 
protein is hereinafter referred to as wild-type (WT). In an in 
silico mutagenesis of amino acid sequences of RBD, SARS-
CoV-2 variants were modeled based on mutation sites. The 
UCSF Chimera package release 1.15 [27] was used to per-
form the multiple alignment analysis (MSA) of these amino 
acid sequences. The information on mutation sites in the 
RBD of SARS-CoV-2 variants was obtained from previously 
published articles and is shown in Table 1.

Homology modeling

The 3D structure of each variant was modeled using the SWISS-
MODEL web server (https:// swiss model. expasy. org/; accessed 
on 12 Oct 2021) [30, 31]. To validate the protein structure, the 
overall quality of the modeled protein was verified using ProSA-
web (https:// prosa. servi ces. came. sbg. ac. at/ prosa. php; accessed 
on 12 Oct 2021) [32]. The sequence similarity was computed 
using a normalized BLOSUM62 [33] on the SWISS webserver. 
The accuracy of the protein model was analyzed on the PRO-
CHECK server [34] (https:// saves. mbi. ucla. edu/) and presented 
in a Ramachandran plot [35].

Molecular docking

The 3D structures of modeled RBD proteins were minimized 
in the SWISS-MODEL web server. Validation of the molecular 
docking was performed by redocking the WT RBD to hACE2 
and quantified using the root-mean-square deviation (RMSD) 
value. The molecular docking simulation was performed in the 
HDOCK server (http:// hdock. phys. hust. edu. cn/) [36, 37] to pre-
dict interactions between the RBD and hACE2. The predicted 
values for binding affinity (ΔG) kcal/mol) and dissociation con-
stant  (KD) (M) at 25.0 °C were obtained from the Prodigy web-
site (https:// wenmr. scien ce. uu. nl/ prodi gy/; accessed on 17 Oct 
2021) [38, 39]. PDBsum [40] was used to visualize the interac-
tion network, including salt bridges, hydrogen interactions, and 
non-bonded contacts.

Molecular dynamics simulations

The following procedure was carried out following our pre-
vious study [1]. A molecular dynamics (MD) simulation 
was performed with the Gromacs 2019.2 version [41] to 
examine the dynamic behavior and binding interaction level 
of hACE2-RBD complexes. The topology of the hACE2-
RBD proteins was created with the AMBER99SB-ILDN 
force fields [42] and the SCP water model. Triclinic box type 
was preferred for solvation at 10 Å from the protein–pro-
tein complex. The system was neutralized by adding 0.15 M 
NaCl. Energy minimization was performed in 5000 steps 
with the steepest descent integrator. It is equilibrated with 
0.3 ns NVT and 0.3 ns NPT stages, a V-rescale thermo-
stat, and a Parrinello-Rahman barostat [43], respectively. 
Molecular dynamics simulation of 1000 frames with 100 ns 
was performed at 2 fs with a leap-frog integrator. Trajec-
tory analysis was performed with gmx rms, rmsf, gyrate and 
hbond scripts. GraphPad Prism 8 was used to plot all the 
analyses.

Binding free energy calculations

The molecular mechanics Poisson–Boltzmann surface area 
(MM-PBSA) [44] was utilized to perform the binding-free 
energy (BFE) calculation using the Gromacs g_mmpbsa 
script [45]. The calculation of BFE was performed using 
the following equation:

Results

Multiple sequence alignments

The MSA result for all RBD amino acid sequences is 
shown in Fig. 2, demonstrating that WT contains no muta-
tions. The following are the names of the variants in the 

ΔGBinding = GhACE−RBD complex −
(

GhACE + GRBD

)

Table 1  Mutation sites in the RBD

Variants PANGO Lineage Greek Alphabet Mutation Sites References

WT Wild type [26]
Delta plus B.1.617.2 + K417N δ417 K417N L452R T478K [11]
Delta plus B.1.617.2 + E484Q δ484 L452R T478K E484Q [28]
Mu B.1.621 μ R346K E484K N501Y [29]
Lambda C.37 λ L452R F490S [13]
Kappa B.1.617.1 κ L452R E484K [15]
Iota B.1.526 ι E484K [16]
N/A C.1.2 N/A Y449H E484K N501Y [17]

https://www.rcsb.org/structure/6M0J
https://swissmodel.expasy.org/
https://prosa.services.came.sbg.ac.at/prosa.php
https://saves.mbi.ucla.edu/
http://hdock.phys.hust.edu.cn/
https://wenmr.science.uu.nl/prodigy/
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Greek alphabet and their mutation sites: δ417 (K417N, 
L452R, T478K), δ484 (L452R, T478K, E484Q), μ (R346K, 
E484K, N501Y), λ (L452R, F490S), κ (L452R, E484K), ι 
(E484K), and an unassigned Greek name C.1.2 (Y449H, 
E484K, N501Y).

Homology modeling

Table 2 shows the percentage sequence similarity of the RBD 
variants’ sequences with WT. The δ417, δ484, μ, and λ vari-
ants show 99.01% similarity, κ and ι have 99.51% similarity, 

Fig. 2  Multiple sequence alignment of receptor-binding domain (RBD) of SARS-CoV-2 wild type (WT) and δ484 (E484Q), δ417 (K417N), μ, λ, 
κ, ι, and C.1.2 variants
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while C.1.2 exhibits 98.52% similarity. Based on ProSA-web, 
the overall model quality of the 3D model of RBD variants 
is presented in Table 3, while the Z-score and plot of resi-
due scores are displayed in Fig. 3. The Z-score ranges from 
−6.03 to −5.82. Because all Z-score values are negative, the 
modeling results appear to be valid. Additionally, validation 
was performed on the PROCHECK webserver and the results 
are presented in Ramachandran plots (Supplementary File 1). 
All models fall within the requirements because the residues 
in the most favored region are as follows: C.1.1 91.7%, δ484 
91.7%, δ417 91.1%, ι 91.1%, κ 90.5%, λ 90.5%, μ 91.7%, and 
WT 89.3%. In addition, the percentage of non-glycine residues 
in the disallowed region of these models was less than 15%.

Protein–protein molecular docking

The WT RBD was re-docked to hACE2 for molecular dock-
ing validation. The RMSD value between the crystal structure 
(PDB: 6M0J) and the docked spike protein is 0.41 Å. which 
consequently revealed the validity of the docking protocol. The 
RMSD of the S protein of the variants is below 0.61 Å (Fig. 4).

The mechanism of interaction between RBD and hACE was 
elucidated using molecular docking on the HDOCK server. 
The results are presented in Table 4 and Fig. 5. The types 
of interactions are listed in Table 5. The predicted HDOCK 
score for the WT-hACE2 complex was −347.27 kcal/mol. This 
value is lower than the BFE values of the other variants except 
for C.1.2-hACE2, which is lower than WT-hACE2. Prodigy 
prediction for ΔG shows that the lowest value is μ-hACE2 
(−14.2 kcal/mol), and the highest is κ-hACE2 (−12.8 kcal/
mol), although the range of ΔG values is not too different 
between variants. The docking score is only a preliminary 
prediction of the affinity of the complex between RBD and 
h-ACE2. Following that, BFE values for MM/PBSA based on 
the results of molecular dynamics simulation studies are pre-
sented to provide a more accurate value. The highest  KD value 
was observed in κ-hACE2 (3.9 ×  10–10 M), and the lowest was 
in μ-hACE2 (3.6 ×  10–11 M). The highest RMSD was observed 
in ι-hACE2 (0.61 Å) and the lowest was in δ484 (0.34 Å).

Except for C.1.2, all variants had an H-bond between 
Tyr449 and Asp38. With the exception of δ417, all vari-
ants have a Lys417-Asp30 salt bridge (indicated in bold). 
Except for δ484, H-bonds Gln493-Lys31 and Gln493-Glu35 

(underlined) were found in all variants. The H-bond Gln498-
Lys353 (indicated in italics) occurs in all but 484 and C.1.2, 
where these two variants only form the Gln498-Gln42 
interaction (shown in italics); this interaction also occurs in 
other variants except WT, ι, κ, and δ417. Each RBD contains 
H-bonds with the residues Lys31 and Lys353, which act 
as hot spots in hACE2 (indicated by bold and underlined). 
Except for μ, all RBDs have three H-bonds with Lys31. The 
results of this molecular docking show there is a shift in 
interacting residues between WT RBD and hACE2 com-
pared to other RBD variants, despite the fact that interac-
tions continue to occur at critical residues on each protein.

Molecular dynamics simulations analysis

Analysis of the structural stability is a key parameter in 
the determination of the binding stability of the interacting 
partners. A common method for demonstrating the bind-
ing is to use simulation trajectory estimation for dynamic 
stability. Herein, employing root-mean-square deviation 
(RMSD) as a function of time, we computed the stability 
of each complex over the 100 ns simulation time (Fig. 6). 
The RMSD analysis of WT RBD revealed that the structure 
remained more stable than all the variants. It can be seen 
that the structure reached the equilibrium point at 5 ns and 
stabilized the structure at 0.18 nm. The RMSD of WT RBD 
remained uniform during the first 40 ns; however, the RMSD 
converged slightly between 41 and 50 ns and then decreased, 
repeating the pattern until 100 ns. On the other hand, the 
variants comparatively demonstrated unstable behavior dur-
ing the simulation. In the case of δ417-ACE2 complex, the 
structure demonstrated significant unstable behavior. The 
RMSD deviated at different time intervals substantially, 
particularly between 5 and 75 ns. The mean RMSD for δ417-
ACE2 complex was 0.260 nm. Moreover, the δ484-ACE2 
complex also showed a destabilizing effect. This complex 
demonstrated stability drift of between 5 and 50 ns. The 
mean RMSD for δ484-ACE2 complex was 0.216 nm. Further-
more, the κ-ACE2 complex also had a destabilizing effect, 
with substantial convergence at different time intervals. As 
can be seen, the complex demonstrated significant conver-
gence at the start of the simulation but then experienced a 
reduction in deviations in the final 50 ns. The ι-ACE2 and 

Table 2  RBDs’ sequence 
percent similarity based on 
SWISS model

δ417 δ484 μ λ κ ι C.1.2

Wild Type 99.01 99.01 99.01 99.01 99.51 99.51 98.52

Table 3  Overall model quality 
based on ProSA-web

δ417 δ484 μ λ κ ι C.1.2 WT

Z-Score −6.03 −6.01 −5.83 −6.03 −5.89 −5.86 −5.82 −5.86
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δ484-ACE2 complexes exhibited comparable behavior. The 
RMSD initially converged and then stabilized at the end of 
the simulation. The μ-ACE2 exhibited comparable behav-
ior to WT, though it experienced structural perturbation at 
some points but remained stable. In addition, the λ-ACE2 
and C.1.2-ACE2 variants also possessed unstable dynamics 
by showing deviations in the RMSDs.

Understanding the structural compactness of interact-
ing molecules reveals critical information about their 
binding and unbinding events. To calculate the structural 

compactness, the radius of gyration (Rg) approach was used 
as a function of time, which revealed a stronger correla-
tion with the RMSD results (Fig. 7). The wild type demon-
strated significant structural compactness. Initially, during 
the 1–20 ns, the Rg values remained a little higher and then 
decreased to 3.1 nm. The Rg increased during 65–80 ns and 
then decreased. On the other hand, the δ417-ACE2 and δ484-
ACE2 complexes demonstrated significant fluctuations in 
the Rg(s). These complexes exhibited a significant increase 
and a decrease in the Rg(s) during the start of the simulation, 

Fig. 3  SARS-CoV-2 receptor-binding domain Z-score and plot of residue scores for (A) δ417, (B) δ484, (C) μ, (D) λ, (E) κ, (F) ι, (G) C.1.2 vari-
ants, and (H) WT (PDB ID: 6M0J)
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and then δ417-ACE2 particularly reported a uniform Rg after 
60 ns. The δ484-ACE2 structure demonstrated a little higher 
Rg in the last part of the simulation, particularly after 40 ns. 
The κ-ACE2 complex demonstrated a gradual decrease in the 
Rg from the start of the simulation, and after reaching 70 ns, 
the Rg increased back for a short time period (until 90 ns) 
and then decreased back. The μ-ACE2, ι-ACE2, λ-ACE2, 
and C.1.2-ACE2 complexes showed comparable Rg(s) with 
no significant convergence, though they showed smaller 
deviations at different time intervals. The fluctuation in Rg 
values during the simulations of all the studied systems was 
associated with the binding and unbinding of one or another 
end of the spike RBD domain. An increase and decrease in 
the Rg pattern can also be pointed to 100 ns, although these 
variations occurred in WT and all the variants.

To understand the bonding pattern between the WT-
ACE2 and variants, the total number of H-bonds in each 
complex was calculated, as follows: δ417-ACE2 (8.3), δ484-
ACE2 (11.3), κ-ACE2 (13.9), μ-ACE2 (8.1), ι-ACE2 (10.4), 

λ-ACE2 (12.0), C.1.2-ACE2 (6.9), while 10.3 average 
H-bonds were reported in the WT complex (Fig. 8). Conse-
quently, this shows the hydrogen reprogramming caused by 
the mutations in the RBD and induces a different approach 
to an increase in the transmissibility.

Overall, these findings indicate that the spike protein 
undergoes structural adjustments to bind efficiently to the 
ACE2 receptor and, in turn, increases entry into the host 
cells. The residual flexibility as root-mean-square fluctuation 
(RMSF) is shown in Fig. 9A. The RBDs apo demonstrated 
more similar residual fluctuations. In particular, the region 
between 350 and 400 displayed a higher fluctuation in the 
region 480–500 also reported a higher fluctuation, particu-
larly the κ-ACE2 complex. These overall results suggest that 
possible evolutionary changes in the mutants have led to 
variations in their dynamic function. On the other hand, the 
ACE2 also demonstrated more similar fluctuations, except 
for minor variations in the residual flexibility (Fig. 9B). 
Comparatively, the variants exhibited higher fluctuations, 

Fig. 4  The redocking results of SARS-CoV-2 RBDs to hACE2. The structure of the hACE2 is shown as orange while the docked RBDs are 
superimposed and shown in different colors

Table 4  HDOCK docking results details between hACE2 and SARS-Cov-2’s RBDs

HDOCK parameters δ417 ACE2 δ484 ACE2 κ ACE2 μ ACE2 ı ACE2 λ ACE2 c.1.2 ACE2 WT ACE2

Docking Score −338.31 −335.43 −302.30 −349.55 −325.56 −347.09 −350.67 −347.27
Ligand RMSD (Å) 0.42 0.34 0.48 0.42 0.61 0.37 0.61 0.43
ΔG (kcal/mol) −13.0 −13.0 −12.8 −14.2 −13.2 −13.4 −13.3 −13.1
KD (M) at 25.0 ℃ 2.8 ×  10–10 2.8 ×  10–10 3.9 ×  10–10 3.6 ×  10–11 2.0 ×  10–10 1.6 ×  10–10 1.9 ×  10–10 2.3 ×  10–10
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particularly in the regions of 1–80, 210–280, 350–4.0, and 
550–590. This shows the variation in the flexibility dynam-
ics and, consequently, the conformational optimization, 
which in turn helps with better binding.

Protein–protein binding free energy calculations

The binding-free energy (BFE) value from docking results is 
frequently less precise. As a result, the MM/PBSA method 
was used to analyze BFE at the molecular level (Fig. 10). 
Table 6 displays the calculation result, which indicate that 
the BFE value of each variant’s complex is greater than the 
WT-hACE2 complex value (−1121.68 kcal/mol). The high-
est level of BFE (−2485.79 kcal/mol) was shown by the 
complex δ484-hACE2.

Discussion

Throughout the COVID-19 pandemic, the SARS-CoV-2 
virus evolved, resulting in genetic heterogeneity in the popu-
lation of circulating viral strains. The spike (S) protein on 

the surface of the viruses enables the entrance of the virus 
into cells by binding the receptor-binding domain to the 
hACE2 receptor on the host cell's surface [10]. A common 
mutation in spike appears to favor open conformations in 
the protein, which may allow the virus to enter cells more 
easily [46, 47]. Numerous studies have demonstrated that 
mutations alter the amino acids in RBD, affecting the viral 
infectivity [48], and also the ability of the host antibody to 
neutralize the virus [49]. Mutations in the spike, particularly 
in the receptor-binding domain, appear to have consequences 
for viral attachment to hACE2. Therefore, the current study 
examined the effect of RBD mutations on the binding affin-
ity of several SARS-CoV-2 variants to hACE2.

The RBD amino acid sequences of the variants δ417, 
δ484, μ, λ, κ, ι, and C.1.2 were obtained based on informa-
tion from various previous studies and aligned with WT. 
Based on these sequences, the RBD of each variant was 
modeled. The Z-score value reflects the overall quality 
of a protein model and is also a measure of the devia-
tion of the total energy of the structure in relation to the 
energy distribution obtained from a random conforma-
tion. In general, a positive value of the Z-score indicates 

Fig. 5  The docking complexes of all variants showing the 3D molec-
ular interaction pattern between the wild type (WT) and mutant 
RBDs with hACE2. The RBD WT is shown in yellow, while the 

hACE2 is represented in blue color. In all variants, the green color 
represents the hACE2 while cyan represents RBD
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a problem or erroneous in a model [32]. The predicted 
Z-scores ranged from −6.03 to −5.82, which is consist-
ent with native proteins and indicates very few incorrect 
structures. The score represents a highly reliable structure 
because it falls within the range of scores normally found 
in proteins of similar size [50]. Based on Ramachandran 
plots, the most favored region of the modeled proteins was 
in the range of 89.3–91.7%. Additionally, the percentage 
of non-glycine residues in the disallowed region was below 

15%, indicating the good quality of the protein structures 
[51, 52].

The superimposed RMSD values recorded between vari-
ants and WT are important because they measure the kind 
of accuracy needed to interpret function. The difference in 
RMSD values was considerable, showing that the structures 
of the variants exhibited structural deviation, secondary 
structural element disturbance, and protein conformational 
changes. The structure of the viral protein plays an important 

Table 5  Differences in interactions between hACE2 and RBD WT and variants

Variants H-bonds Salt Bridges

WT Ala475-Ser19, Asn487-Gln24, Lys417-Asp30, Glu484-Lys31, Gln493-Lys31, Gln493-Glu35, 
Tyr449-Asp38, Gly446-Gln42, Tyr449-Gln42, Tyr489-Tyr83, Tyr489-Tyr83. Thr500-Asn330, 
Gly502-Lys353, Gly496-Lys353, Gln498-Lys353

Lys417-Asp30, Glu484-Lys31

ι Ala475-Ser19, Asn487-Gln24, Gln493-Lys31, Gln493-Glu35, Tyr449-Asp38, Gly446-Gln42, 
Tyr449-Gln42, Lys484-Glu75, Tyr489-Tyr83, Tyr489-Tyr83. Thr500-Asn330, Gly502-Lys353, 
Gly496-Lys353, Gln498-Lys353

Lys417-Asp30, Lys484-Glu75

κ Ala475-Ser19, Asn487-Gln24, Lys417-Asp30, Gln493-Lys31, Gln493-Glu35, Tyr449-Asp38, 
Thr500-Tyr41, Thr500-Tyr41, Gly446-Gln42, Tyr449-Gln42, Tyr489-Tyr83, Tyr489-Tyr83, Gly502-
Lys353, Gly496-Lys353, Gln498-Lys353

Lys417-Asp30

μ Asn487-Gln24, Lys417-Asp30, Gln493-Lys31, Gln493-Glu35, Tyr505-Glu37, Tyr449-Asp38, 
Gln498-Gln42, Gly446-Gln42, Tyr449-Gln42, Tyr489-Tyr83, Tyr489-Tyr83, Gly502-Lys353, 
Gln498-Lys353

Lys417-Asp30

δ484 Asn487-Gln24, Gln493-Lys31, Tyr449-Asp38, Gln498-Gln42, Gly446-Gln42, Tyr449-Gln42, 
Tyr489-Tyr83, Tyr489-Tyr83, Thr500-Asn330, Gly502-Lys353, Gly496-Lys353, Gln498-Lys353, 
Thr500-Asp355, Thr500-Arg357

Lys417-Asp30

δ417 Ala75-Ser19, Asn487-Gln24, Gln493-Lys31, Gln493-Glu35, Tyr505-Glu37, Tyr449-Asp38, Gly446-
Gln42, Tyr449-Gln42, Tyr489-Tyr83, Tyr489-Tyr83, Gly502-Lys353, Gly496-Lys353, Gln498-
Lys353

Glu484-Lys31

C.1.2 Ala475-Ser19, Asn487-Gln24, Lys417-Asp30, Gln493-Lys31, Gln493-Glu35, Gly496-Asp38, 
His449-Asp38, Thr500-Tyr41, Thr500-Tyr41, Gln498-Gln42, Tyr489-Tyr83, Tyr489-Tyr83, Thr500-
Asn330, Gly502-Lys353, Gly496-Lys353, Gln501-Lys353

Lys417-Asp30, His449-Asp38

λ Asn487-Gln24, Lys417-Asp30, Glu484-Lys31, Gln493-Lys31, Gln493-Glu35, Tyr449-Asp38, 
Thr500-Tyr41, Thr500-Tyr41, Gly446-Gln42, Thr500-Asn330, Gly502-Lys353, Gly496-Lys353, 
Gln498-Lys353

Lys417-Asp30, Glu484-Lys31

Fig. 6  Human ACE2 and wild-type spike and some mutant spike 
protein RBD S1b unit complexes molecular dynamics simulations. 
Root-mean-square deviation (RMSD) of ACE2 and RBD delta plus 

(δ417-ACE2 and δ484-ACE2), kappa (κ-ACE2), mu (μ-ACE2), iota 
(ι-ACE2), lambda (λ-ACE2), C.1.2 lineage (C.1.2-ACE2), and wild-
type (WT-ACE2) complexes
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role in its function, so any changes in the shape of the struc-
ture will affect its function, virulence, infectivity, and trans-
mission [53]. Molecular docking of RBD and hACE2 was 
performed to better understand the impact of changes in the 
RBD protein structure of these variants. Protein–protein 
interactions are crucial in molecular biological events, and 
molecular docking facilitates the study of this interaction. 
Protein–protein docking is a method for predicting the inter-
action of two protein structures [54]. The changes in protein 
structure have an impact on the dynamics of protein–protein 
interactions between RBD and hACE2, which in turn affects 
the binding affinity of the two proteins. Mutations E484K 
and N501Y have binding affinity to hACE2 comparable to 
WT. According to previous findings, L452R increased ACE2 
binding affinity to RBD [55]. The presence of mutations in 
the RBD amino acids K417, E484, L452, T478 and N501 
also significantly increased the affinity of this protein for 
hACE2. This has a consequence where the α, β, γ, and δ 
variants will be more infective to host cells than WT [56]. 
The HDOCK docking score showed a higher C.1.2-ACE2 

and μ-ACE2 complex value than WT-ACE2. This is also 
supported by the smallest  KD of μ-ACE2 (3.6 ×  10–11 M), 
where the lower the dissociation constant, the more tightly 
bound the ligand is, or the higher the ligand–protein affinity.

Critical residues in the SARS-CoV-2 RBD that recognize 
hACE include Gly446, Tyr449, Leu455, Phe486, Tyr491, 
Gln493, Gly496, Gln498, Thr500, Asn501, and Gly502 
[26, 57–59]. Among these, Phe486, Gln493, and Asn501 
allow hACE2 to easily recognize the RBD, making them 
the most important residues in RBD [60] [10]. Apart from 
being considered critical residues, Ala475 and Phe484 play 
a role in the antibody neutralization mechanism [61]. Mean-
while, when compared to SARS-CoV, the residues Leu455, 
Phe456, Phe486, Gln493, and Gln498 in SARS-CoV-2 RBD 
bind to hACE with a high degree of affinity. The ACE2-
spike complex is stabilized by Lys31 and Lys353 of ACE2, 
which are located in the contact interface with the RBD and 
provide a significant amount of energy [62].

An interface analysis reveals that the highest number of 
H-bonds is found at C.1.2-hACE2 and the lowest number is 

Fig. 7  The radius of gyration (Rg) of each variant

hACE2

Fig. 8  Hydrogen bond numbers between hACE2 and RBDs throughout the 100 ns simulation
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found at μ-hACE2. Though H-bonding has shifted among 
the variants, the current findings demonstrate the consist-
ency of important conserved interactions, including Lys417-
Asp30, Tyr449-Asp38, Gly496-Asp38, and Gly496-Lys353. 
The salt bridge Lys417-Asp30 was observed in all variants, 
including WT-hACE, with the exception of δ417-hACE. 
The existence of variations in protein–protein interactions 

is something that needs to be taken into consideration when 
determining key residues that should be investigated further 
for therapeutic potential and, potentially, when developing a 
universal vaccine for COVID-19.

Despite the fact that the BFE value from the interaction 
between RBD and hACE2 via HDOCK and Prodigy was 
obtained, the BFE calculation using the MM-PBSA method 

(A)

(B)

Fig. 9  Trajectory fluctuation analysis of molecular dynamics simulations SARS-CoV-2 wild-type and mutant RBDs complexes. (A) Root-mean-
square fluctuation (RMSF) of spike mutant RBD units, and (B) h-ACE2 conformational changes for 100 ns

Fig. 10  Binding-free energy 
MM/PBSA analysis of molecu-
lar dynamics simulations of 
SARS-CoV-2 wild type, RBD 
variants and hACE2 complexes
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to calculate in-depth atomic-level interaction energy analy-
sis was still performed. This is due to the fact that the BFE 
value derived from docking results is less accurate [63]. The 
destabilizing effects of some variants have been previously 
reported to be associated with enhanced binding because of 
the fact that mutations with destabilizing effects produce 
radical functions [57, 64]. Additionally, the bonding rear-
rangement during the MD simulation holds and releases the 
two receptors, which causes a perturbation in the structural 
compactness [65].

Protein–protein association is mainly guided by a variety 
of factors, among which hydrogen bonds and hydrophobic 
interactions are key players. Interaction of protein interfaces 
is always occupied by water molecules which compete with 
the hydrogen bonding between the residues [66]. The pro-
cesses behind protein–protein coupling as well as the impli-
cations of which hydrogen bonds play a role in this asso-
ciation are unknown [67]. Whether hydrogen bonds govern 
protein–protein docking, in particular, is a long-standing 
concern with poorly understood mechanisms [68, 69].

The BFE value of MM/PBSA based on the MDS study 
indicated that RBD variants have a higher affinity for hACE2 
than RBD WT does. The increased affinity for hACE2 may 
be a contributing factor to the increased SARS-CoV-2's 
infectivity, which is associated with increased transmis-
sion [70]. This is consistent with our previous findings 
[1] and study of Suleman et al. [63] using a different vari-
ant, which demonstrated that the presence of mutations in 
RBD increased the spike binding affinity on hACE2. The 
complex δ484-hACE2 provides the highest level of BFE 
(−2485.79 kcal/mol).

Mutations at positions T478 and E484 affect residues at 
the immunodominant site of the RBD, resulting in virus-
resistance antibody-mediated neutralization [71]. This has 
the potential to complicate vaccination programs as well as 
drug development, so these programs must pay close atten-
tion to ensure that vaccines and antiviral drugs can recognize 
these mutations. Similarly, mutations in other drug target 
sites in viruses must be carefully studied during the antiviral 
drug development process.

Conclusion

The infectivity of SARS-CoV-2 variants to humans is 
increasing day by day. This increase is caused by muta-
tions in the spike protein of SARS-CoV-2 and stronger 
adhesion to hACE2. In this study, the binding of delta plus, 
kappa, mu, iota, lambda, C.1.2 lineage variants, and wild-
type (WT-ACE2) spike proteins to hACE2 was analyzed 
by simulations. Based on the wild-type S1b (RBD) unit 
crystal structure, mutant RBD proteins were generated by 
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homology modeling. These RBD and hACE2 were docked 
on a template-based basis. The behaviors of RBD-hACE2 
complexes were investigated by molecular dynamics simula-
tions with parameters such as RMSD, RMSF, Rg, and the 
number of hydrogen bonds between the two chains. Binding-
free energy calculations revealed that, alarmingly, all vari-
ants showed a stronger affinity for hACE2 than the wild type.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s11030- 022- 10392-x.
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