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SUMMARY 

 The COVID-19 pandemic is ongoing and spreading around the world, which means a 

continuous increase in the number of infections and death. SARS-CoV-2 constantly rapidly 

stored mutation in the Spike gene to adapt with the host cell. The Spike gene encoded spike 

protein directly interacts with hACE2 on the human cell surface. Herein, using the network 

centrality and molecular docking approaches, we detected key mutations that positively 

affect spike protein. Based on network centrality, we demonstrate that the A23403G 

(D614G) mutation in the Spike gene is the center of a network which means this mutation 

has a positive effect on the virus. In addition, analyzing the interaction of spike protein with 

hACE2, we highlighted that the mutation appeared in the RBD region by changing the 

electrostatic energy of the complex. Remarkably, mutations N440K, L452R, T478K, 

E484K, Q493R, and Q498R increased binding free energy of Spike-hACE2 complex due to 

the change of the side chain into a positive charge. The Eta, Delta, and Omicron variants 

existed in one or more of these mutations resulting in higher binding free energy and binding 

affinity than the Wuhan variant indicating sounder interaction with hACE2. In general, 

mutations appearing on the spike protein tended to cause the surface to become positively 

charged in order to interact easily with the negative surface of the hACE2 receptor. 

Keywords: Benin, COVID-19, SARS-CoV-2, Spike gene, spike protein. 

INTRODUCTION 

 SARS-CoV-2 belongs to the 

Betacoronavirus genus and is the primary 

cause of the ongoing COVID-19 pandemic 

from late 2019, causing new outbreaks 

worldwide. In the viral core, SARS-CoV-2 

contains the +ssRNA genome and its stored 

four structure genes, which encoded for 
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Nucleocapsid protein (N), Spike (S) protein, 

Envelope (E), and Matrix protein (M) (Wu et 

al., 2020; Zhou et al., 2020). In the viral 

particle, the S protein is a homotrimeric 

protein located on the envelope of SARS-

CoV-2, with each protomer consisting of two 

subunits, the S1 subunit and the S2 subunit. 

The S1 subunit includes the N-terminal 

domain (NTD) and the Receptor Binding 

Domain (RBD), which are responsible for 

recognizing and interacting with the hACE2 

receptor. After binding to the receptor, the S2 

subunit is activated by cleavage at the furin 

cleavage site (FCS) by host cell proteases 

like transmembrane serine protease 2 

(TMPRSS2) on the host cell for membrane 

fusion (Lan et al., 2020). Furthermore, the S 

gene is the longest and has a higher mutation 

rate than the genome (Berrio et al., 2020; 

Chaw et al., 2020). The S gene was 

positively selected in the evolution of SARS-

CoV-2, while other structural genes were not 

(Berrio et al., 2020). Therefore, during 

transmission, SARS-CoV-2 undergoes 

positive mutation in the S gene to adapt to the 

human host cells. In addition, the S protein is 

the main target for vaccine development as 

well as immunotherapy treatment (Martínez-

Flores et al., 2021; Tabynov et al., 2022; 

Candido et al., 2022). Consequently, 

mutations in this protein can enhance SAR-

CoV-2 adaptation to the human immune 

system. 

 Understanding the importance of spike 

protein, WHO also classified the SARS-

CoV-2 based on the mutation appeared in 

this protein, including Variants Under 

Monitor (VUM ), Variants of Interesting 

(VOI), and Variants of Concern (VOC), the 

latter being associated with more 

phenotypes. In the past, the world recorded 

some VOCs have a high transmission rate, 

virulence, and the ability to evade or subvert 

the immune system. The VOC is the most 

notable in Delta, the main cause for millions 

of deaths worldwide. Delta has an average 

transmission rate of 63% to 167% higher 

than Alpha – the previous VOC variant 

(Earnest, Uddin et al. 2022) and infected 

over 200 countries (Yang and Shaman). 

Therefore, Delta rapidly became the most 

dominant variant in the world. Delta 

conserves many mutations that have 

demonstrated an increasing affinity for 

interactions of spike protein with hACE2. 

Additionally, Delta carries deletion 

mutations (Δ69/70, Δ144/145, and 

Δ156/157) in the (NTD) and missense 

(K417N, L452R, and T478K) mutations in 

the (RBD) that play essential roles in escape 

antibodies and increase binding affinity 

(Han et al., 2022; Di Giacomo et al., 2021; 

Cherian et al., 2021; Liu et al., 2022). 

Furthermore, Delta contains two 

substitutions, D614G and P681R, in the 

Furin Cleavage Site (FCS) that directly 

increase the cleavage effectiveness (Kumar 

et al., 2021; Fan et al., 2021). A new VOC 

variant that emerged in December 2021, 

called Omicron, has more than 30 mutations 

in the spike protein (Viana et al., 2022). 

Currently, Omicron has replaced Delta to 

become the most popular variant worldwide 

and proliferated numerous novel 

subvariants containing more dangerous 

phenotypes, such as BA.2, BA.2.75, or 

BQ.1. The numerous mutations in spike 

protein provide Omicron's with robust 

adaptability to the host. Much evidence 

demonstrates escape antibody and 

breakthrough of the immune system to 

reinfection events (Tan et al., 2023; Cele et 

al., 2022; Carreño et al., 2022). Thus, the 

continuous analysis of the mutation that 

appears in spike protein will provide 

valuable information for tracking the 

emergence of novel variants with 

significant substitutions. 
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 In the previous study, we examined the 

genetic diversity of the S gene of SARS-

CoV-2 variants that appeared in the Benin 

Republic (data not shown). The 

preliminary results show that Benin has 

higher nucleotides and haplotype diversity 

levels. We indicated the parallel circling of 

B.1.318 and B.1.525 (Eta) variants in the 

early outbreak in March and April 2021. 

Then, Delta and Omicron will become the 

dominant variants in late 2021. We also 

exposed the quiet transmission in the Benin 

community along the time of B.1.318 until 

that was replace by the Delta variant. In 

addition, we evaluated the sites of high-

frequency nucleotide polymorphisms and 

the nucleotide variation in the S gene 

during the circulating period of SARS-

CoV-2 in Benin. However, we have yet to 

investigate which nucleotide variation 

leads to successful transmission in Benin, 

nor have we evaluated the impact of 

mutations on spike protein. Therefore, in 

this study, we will examine the 

effectiveness of mutation in the S gene to 

protein spike through the network 

centrality and molecular docking. 

MATERIALS AND METHODS 

Identification node centrality of network 

 In our previous study, we divided 1230 

the S gene sequences in Benin into 464 

haplotypes (Hap) which were numbering 

from Hap_1 to Hap_464 with Hap_1 as the 

Reference sequence. This study used these 

haplotypes to build the haplotype network 

using POPART software (Leigh, Bryant, 

2015) based on the Minimum Spanning 

method. The POPART’s outcomes were 

used to calculate the network centrality in 

Gephi software version 0.9.7. Then, the top 

6 nodes with the highest betweenness 

centrality were selected for downstream 

analysis. 

Homology modelling and protein-protein 

docking 

 After extracting nodes from the 

haplotype network, we translated these 

haplotypes into protein sequences and used 

SWISS-MODEL 

(https://swissmodel.expasy.org/) to build a 

three-dimensional (3D) protein structure. We 

used chain B of crystal spike protein – 

hACE2 (Spike-hACE2) complex in PDB 

(Protein Data Bank) (PDB ID: 7DF4) as the 

template structure (Xu et al., 2021). The 

quality of homology structures was 

estimated by the Ramachandran plot in the 

Structure Assessment tool, PROCHECK in 

the PDBsum server, ProSA-web server 

(Wiederstein, Sippl 2007) and ERRAT 

(Colovos, Yeates, 1993) on the SAVES ver 

6.0 package.  

 Six 3D homology spike protein structures 

will be docked with the hACE2 template 

structure by the HADDOCK (High 

Ambiguity Driven protein-protein 

DOCKing) server (Dominguez et al., 2003). 

To enhance the reliability of the docking 

process, we used Optimize run for 

bioinformatics and the ambiguous restraints 

(AIRs) features of the HADDOCK server. 

The cross-validation docking structure was 

established in the Cluspro server (Kozakov 

et al., 2017). 

Estimating binding free energy and binding 

affinity 

 The binding free energy ( 𝐺𝑏𝑖𝑛𝑑 ) and 

binding affinity (∆𝐺𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑) is the mutual 

indices for estimating the affinity of protein-

protein complex. To calculate 𝐺𝑏𝑖𝑛𝑑 for the 

Spike-hACE2 complex, we used the 
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Hawkdock server with Molecular Mechanics 

Generalized Born Surface Area 

(MM/GBSA) approach, which is the best 

approach for predicting the binding free 

energy of protein-protein/RNA/DNA 

complex (Weng et al., 2019; Chen et al., 

2016). To calculate MM/GBSA, the 

Hawkdock server minimized the complex in 

ff02 force fields for 5000 steps, and the 

maximum distance for van der Waals 

interactions is 12 Å . The total 𝐺𝑏𝑖𝑛𝑑  has 

indicated details in equation (1). 

Furthermore, to give more information about 

the complex, PRODIGY server was used to 

calculate binding affinity (Vangone, Bonvin 

2015; Xue et al., 2016). 

𝐺𝑏𝑖𝑛𝑑 =  ∆𝐺𝐶𝑜𝑚𝑝𝑙𝑒𝑥 −  ∆𝐺𝑆𝑝𝑖𝑘𝑒 −

 ∆𝐺ℎ𝐴𝐶𝐸2             (1) 

Protein-protein interface network 

bonding 

 After molecular docking, these 

complex structures were examined by the 

PDBsum server to identify the network 

bonding of the interface. The MM/GBSA 

approach in Hawkdock (as described 

above) was used to determine the hot spot 

residues of the spike directly interacting 

with hACE2 through the free energy per 

residue. We also use the free energy per 

residue of PyDockEneRes server as the 

cross-validation with Hawkdock (Romero-

Durana et al., 2020). Then, determination 

of the positive effect of mutation that 

appeared in spike protein, we used the 

output that were calculated in equation (2) 

which was suggested in the Lei Xu et al. 

publication (2015). ∆∆𝐸 is below 0 which 

means the mutation enhances the binding 

affinity of the spike with hACE and the 

opposite ∆∆𝐸 is higher than 0.  

∆∆𝐸 =  ∆𝐸𝑚𝑢𝑡𝑎𝑛𝑡 −  ∆𝐸𝑤𝑖𝑙𝑑𝑡𝑦𝑝𝑒 (2) 

RESULTS 

Identification network centrality  

 In this work, we used POPART 

software to construct a haplotype network 

and Gephi software to visualize and calculate 

the betweenness and closeness centrality of 

the network. In Gephi, the network was built 

by 464 nodes corresponding to 464 

haplotypes with 610 edges (Figure 1). 

Analyzing the network centrality indicated 

that Hap_365 exhibited the highest 

betweenness and closeness centrality, 

indicating that this haplotype is the essential 

linker of the network (Figure 1). Hap_365 

contains A23403G that changes Glutamic 

acid at residue 614 to Glycine in protein 

which is the beginning of the success of novel 

variants. Without A23403G (D614G) 

substitution, Hap_136 contains C21614T 

(L18F), G22468T, T22917G (L452R), 

A23063T (N501Y), C23520T, C23525T 

(H655Y), G23948T, G25218T mutations but 

this mutant does not successfully proliferate 

create the descendants in the network (Figure 

1). These findings emphasize the importance 

of the mutation in the S gene for haplotype 

with the highest betweenness centrality index. 

Therefore, based on the output of Gephi, we 

selected the top 6 haplotypes to translate their 

spike nucleotide sequences into protein 

sequences for subsequent analysis. The 

betweenness and closeness centrality indexes, 

along with the mutation profile of these six 

haplotypes, are listed in Table 1. 
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Figure 1. The haplotype network of Spike gene in Benin. In this network, the scale color displayed 
for the closeness centrality measures – more light is closer to 0, and darker is closer to 1. The size of 
the node presents the betweenness centrality index. 

 

Homology spike protein models 

 The spike gene sequence of six 

haplotypes was used to build the homology 

structure base on the SWISS-MODELLING 

server. The models was assessed in the 

Structure Assessment tool, ProSA-web 

server, PROCHECK of PDBsum server, and 

ERRAT in the SAVES ver 6.0 package. 

Analyzing our homology models showed 

that all models contained more than 93% of 

the Ramachandran plot and more than 80 % 

of the overall quality factor in ERRAT. 

Specially, all models had G-Factor of 

PROCHECK about 0.31 to 0.35, being more 

than –0.5, which meant the structure was 

usually. To check the angle of the C-alpha, 

we superimposed the 3D homology models 

with reference structure. The RMSD (Root-

mean-square deviation) of all models was 

less than 0.03 (Å), indicating that mutation in 

spike protein was set up successfully. 
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Generally, all models were passed, which 

could be used for downstream analysis. The 

detailed index of homology models is 

displayed in Table 2. 

 
Table 1. The closeness, betweenness centrality, mutation profile of 6 haplotypes. 

 
Closenes
s 

Betweennes
s 

Variant 
Nucleotide 
mutation 

Amino acid 
substitution 

Hap_365 0.164418 0.542285 B.1 A23403G D614G 

Hap_298 0.12951 0.406286 Omicron 

C21762T, C21846T, 
G22578A, G22599A, 
T22673C, C22674T, 
T22679C, C22686T, 
G22813T, T22882G, 
G22898A, G22992A, 
C22995A, A23013C, 
A23040G, G23048A, 
A23055G, A23063T, 
T23075C, C23202A, 
A23403G, C23525T, 
T23599G, C23604A, 
C23854A, G23948T, 
C24130A, A24424T, 
T24469A, C24503T, 
C25000T 

A67V, T95I, G339D, 
R346K, S371P, S373P, 
S375F, K417N, N440K, 
G446S, S477N, T478K, 
E484A, Q493R, G496S, 
Q498R, N501Y, Y505H, 
T547K, D614G, H655Y, 
N679K, P681H, N764K, 
D796Y, N856K, Q954H, 
N969K, L981F 

Hap_208 0.160876 0.491819 B.1 
G23012A, A23403G, 
G23593C, G23868T 

E484K, D614G, Q677H 

Hap_68 0.160319 0.425667 Delta 

C21618G, G21987A, 
T22917G, C22995A, 
A23403G, C23604G, 
G24410A 

T19R, G142D, L452R, 
T478K, D614G, P681R, 
D950N 

Hap_24 0.157162 0.526946 Eta 
Del21991-3TTA, 
G23012A, A23403G 
G23593C 

Del144Y, E484K, D614G 

Hap_16 0.156525 0.459042 Delta 

C21618G, G21987A, 
Del22029-
34AGTTCA, 
T22917G, C22995A, 
A23403G, C23604G, 
G24410A 

T19R, G142D, 
Del156/157, L452R, 
T478K, D614G, P681R, 
D950N 

 

Protein-protein docking 

 After constructing the homology 

models, we utilized these spike mutants to 

form complexes with hACE2 using the 

HADDOCK server. The Spike-hACE2 

complexes were successfully generated 

with HADDOCK, and all structures, 

except for Hap_298, exhibited stability 

with an RMSD (Root-mean-square 

deviation) ranging from 0.1 to 1.2 Å. The 

higher vibration observed in the RMSD of 

the Hap_298 complex compared to other 

structures may be primarily attributed by 
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the presence of 29 amino acid 

substitutions in the spike protein. 

Consistent with the HADDOCK score, the 

Cluspro server also demonstrated similar 

energy profiles for these complexes. The 

Hap_298 complex had the most mutations 

but only fluctuations and did not change in 

energy. This indicated that mutations 

appearing on the protein did not seem to 

change much in terms of protein structure, 

as well as how spike protein interacted 

with hACE2. The HADDOCK scores, 

RMSD, and Cluspro energy are shown in 

Table 3. 

Table 2. Quality of six homology models built by SWISS-MODELLING. 

Models 
Ramachandran 

(%) 

ProSA-web 

(Z-scores) 

PROCHECK 

(G-Factor) 

ERRAT 

(%) 

RMSD 

(A) 

Hap_365 93.29 -12.29 0.34 90.41 0.201 

Hap_298 93.55 -12.17 0.31 90.52 0.220 

Hap_208 94.35 -12.25 0.32 87.70 0.179 

Hap_68 93.64 -12.39 0.32 87.00 0.171 

Hap_24 95.14 -12.19 0.35 81.00 0.073 

Hap_16 93.98 -12.33 0.33 83.80 0.098 

 
Table 3. The measures of Spike-hACE2 complex docked. 

 HADDOCK scores RMSD Cluspro energy 

WT -141.5 ± 3.5 0.4 ± 0.3 -1425.7 

Hap_16 -146.3 ± 1.9 0.7 ± 0.5 -1498.6 

Hap_24 -137.1 ± 0.3 0.4 ± 0.2 -1425.6 

Hap_68 -143.0 ± 2.5 0.4 ± 0.2 -1534 

Hap_208 -139.6 ± 3.6 0.6 ± 0.4 -1474.9 

Hap_298 -140.7 ± 1.6 1.3 ± 0.9 -1428.4 

Hap_365 -142.9 ± 3.7 0.7 ± 0.4 -1431.5 

 

Estimate binding free energy and binding 

affinity of Spike-hACE2 complex 

 Based on the HADDOCK output, we 

submitted these complexes to the 

Hawkdock server to calculate the ∆𝐺𝑏𝑖𝑛𝑑 

and PRODIGY server to estimate the 

binding affinity (∆𝐺𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑). We recorded 

that Hap_16 and Hap_68 had the lowest 

∆𝐺𝑏𝑖𝑛𝑑  and ∆𝐺𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑  (Table 4), 

indicating their strong binding affinity to 

hACE2. These haplotypes were classified 

as Delta variants. Conversely, we also 

indicated that the Spike-hACE2 complexes 

of Hap_208 and Hap_365 had the ∆𝐺𝑏𝑖𝑛𝑑 

and ∆𝐺𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑 that were not significantly 

different from the Wildtype (WT) 

structure. Hap_208 and Hap_365 belong to 

the B.1 variants; in particular, Hap_365 

only contains A23403G (D614G) 

mutation, which is present in the FCS 

region; therefore, this mutation did not 
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increase the binding affinity of spike with 

hACE2. Hap_208 contained E484K in 

RBD but did not increase the ∆𝐺𝑏𝑖𝑛𝑑  and 

∆𝐺𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑 . We also found that Hap_24 

only carried the E484K mutation in the 

RBD region, which increased the 

∆𝐺𝑏𝑖𝑛𝑑 but did not change ∆𝐺𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑 . 

Thus, other modifications in Hap_24 had a 

relative impact on the Spike-hACE2 

complex. However, Hap_24 and Hap_208 

have in common the enhancement of the 

complex's electrostatic energy 

(∆𝐸𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑠𝑡𝑎𝑡𝑖𝑐𝑠 ) that may be due to the 

E484K mutation. The ∆𝐸𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑠𝑡𝑎𝑡𝑖𝑐𝑠 plays 

a vital role in the protein-protein 

interaction; therefore, this mutation may 

positively affect the complex. In addition, 

Hap_298 is classified into Omicron 

variants with the higher ∆𝐺𝑏𝑖𝑛𝑑  and 

∆𝐸𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑠𝑡𝑎𝑡𝑖𝑐𝑠 with WT, which means the 

spike protein of this haplotype binds 

stronger with hACE2. However, Hap_298 

had ∆𝐺𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑  lower the WT; the main 

reason for this situation is this spike protein 

contains 29 amino acids mutation, which 

affects the interface of the Spike-hACE2 

complex. Overall, the examination of the 

Spike-hACE2 complex indicated that 

haplotypes belonging to Delta and 

Omicron variants displayed higher ∆𝐺𝑏𝑖𝑛𝑑, 

suggesting enhanced binding to the hACE 

receptor. 

Table 4. Binding free energy and binding affinity of Spike-hACE2 complexes. 

 WT Hap_16 Hap_24 Hap_68 Hap_20
8 

Hap_29
8 

Hap_36
5 

∆𝑬𝒗𝒂𝒏 𝒅𝒆𝒓 𝑾𝒂𝒂𝒍𝒔 -123.37 -129.55 -125.77 -126.08 -133.15 -118.65 -125.09 

∆𝑬𝒆𝒍𝒆𝒄𝒕𝒓𝒐𝒔𝒕𝒂𝒕𝒊𝒄𝒔 -606.16 -
1304.52 

-1165.87 -
1311.92 

-1143.36 -2066.33 -689.67 

∆𝑮𝑷𝒐𝒍𝒂𝒓 𝑺𝒐𝒍𝒗𝒂𝒕𝒊𝒐𝒏  662.26 1355.54 1215.76 1362.25 1211.2 2109.01 745.37 

∆𝑮𝑵𝒐𝒏𝒑𝒐𝒍𝒂𝒓 𝑺𝒐𝒍𝒗𝒂𝒕𝒊𝒐𝒏   -16.13 -17.26 -16.81 -16.53 -17.44 -15.48 -16.22 

∆𝑮𝒃𝒊𝒏𝒅  -83.41 -95.79 -92.69 -92.28 -82.76 -91.45 -85.61 

∆𝑮𝒑𝒓𝒆𝒅𝒊𝒄𝒕𝒆𝒅  -14 -14.8 -13.8 -14.8 -14.1 -13.6 -14.6 

 

Protein-protein network bonding and 

positive mutation 

 The amino acids in the interface were 

analyzed by the PDBsum server, and the 

free energy per residue of the complex 

output was obtained from Hawkdock and 

PyDockEneRes as shown in Figures 2A and 

2B, respectively. Our results indicated that 

both the WT and variants Spike-hACE2 

complexes shared a conservation 22 to 24 

residues, which represented hotspot 

residues in the interface. The details 

analyses of composition per residues of WT 

and mutant variants indicated that amino 

acid at positions 403, 408, 417, 424, 444, 

447, 453, 454, 455, 456, 457, 458, 462, 466, 

473, 475, 478, 485, 486, 487, 489, 490, 490, 

493, 494, 496, 498, 500, 501, 502, 503, 505 

and 509 were conserved in the Spike-

hACE2 complex (Figure 2A). For 

exception, the amino acids 494, 490, and 

453 have positive energy in the mutant, 

suggesting a potential reduction in binding 

affinity with hACE2 (Figure 2B). 

Nevertheless, the remaining mutants still 
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preserve amino acids in the interface. In 

general, the observed mutations in the spike 

protein did not appear to alter the structure 

of the interface, but rather affected the 

interactions between amino acid side 

chains. 

 

Figure 2. The network bonding and hotspot residues of interface. A. The spike and hACE2 proteins 
were colored purple and red, respectively. The amino acid bonding of Spike-hACE2 complex for each 
haplotype was displayed by PDBsum, in which the Salt bridges interaction, Disulphide bonds, 
Hydrogen bonds, and Non-bond contacts were displayed by red, yellow, blue line, and dashes-line, 
respectively. The color of residues presents for the characteristics of the amino acid. B. The hotspot 
residues were identified by Hawkdock and PyDockEneRes through the free energy per residue. 

 

 To examine the effect of the mutation 

complex, we calculated the differences in 

energy values for the Spike-hACE2 mutant 

residues. In the RBD region, we identified 

the L452R, T478K mutations in Hap_16 

and Hap_68, respectively, as positive 

mutations due to their ∆∆𝐸  values being 

less than 0 (Figure 3). Although these 

mutations do not directly interact with 

hACE2, they contribute to an increase the 

∆𝐸𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑠𝑡𝑎𝑡𝑖𝑐𝑠 at the interface. The L452R 

mutation changes the hydrophobic side 

chain to a positive side chain, while the 

T478K mutation changes the polar 

uncharged side chain to a positive side 

chain. Consequently, these mutations 

increase the electrostatic interactions with 

hACE2, considering that this receptor 

carries a negative charge (Xie, Guo et al. 

2022). Similarly, the E484K mutation 

exhibits a negative ∆∆E value, indicating a 

favorable effect (Figure 3). Although the 

E484K mutation abrogated the hydrogen 

bond with K31 of hACE2, it strongly 

increased the ∆𝐸𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑠𝑡𝑎𝑡𝑖𝑐𝑠  of the 

complex (Figure 4). Furthermore, 

Hap_298 carries eight novel positive 

mutations: S375F, N440K, S477N, 
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E484A, Q493R, Q498R, N501Y and 

Y505H (Figure 3). We found five of the 

seven positive mutations changed to 

positively charged side chain amino acids. 

Furthermore, at position E484, Hap_298 

mutates from Glutamic to Alanine which 

has an ∆∆E less than 0, which means 

E484A support increasing binding affinity. 

Changing from Glutamic with a negatively 

charged side chain to Alanine with a 

hydrophobic side chain helps increase the

spike protein's electrostatic energy (Table 

5). Therefore, Hap_298 is consistent with 

the results of Table 4, the lowest 

∆𝐸𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑠𝑡𝑎𝑡𝑖𝑐𝑠 of -2066.33. Additionally, 

we evaluated mutations in the FCS region 

and indicated D614G, N679K, and P681R 

as enhancements to the free energy of the 

spike protein, which indirectly improves 

the affinity for hACE2. Details of the ∆∆𝐸 

changes of the mutants are shown in 

Figure 3.

 
Figure 3. Distribution of ∆∆𝐸  of mutation in the interface. In this figure, we displayed the ∆∆E of 

mutation in the interface. The ∆∆E < 0 was presented by blue, which exhibited positive transformation, 
which means increased binding affinity, and the opposite if ∆∆E > 0 in red. The grey and yellow color 

display for no mutation appear and ∆∆E = 0, respectively. 
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Figure 4. The interaction of the E484K and T478K mutations. Spike and hACE2 proteins were 
displayed in purple and red, respectively. A. The yellow dashed line showed the interaction of E484 
residues in the WT spike with hACE in the hydrogen bond. Below, the E484K mutation breaks the 
hydrogen bond with K31 of hACE2 because of the changes side chain to a positive charge. B. The 
position of L452R and T478K mutation in spike protein. Two mutations do not directly interact with 
hACE2, but changes in interface stored more positive charges. 

 

 

Figure 5. The interaction of N440K, Q493R, Q498R and N501Y with hACE2. Spike and hACE2 
proteins were displayed by purple and red color respectively. The hydrogen bond and salt bridges 
interaction were presented by yellow and red dashes line respectively. 

 

 Molecular interaction analysis revealed 

that the N440K mutation changes the side 

chain to a positive charge that attracts the 

E329 of hACE2 closer to forming an ionic 

interaction. The Q493R mutation enhances 

interoperability by forming additional salt 

bridge interaction with E35 instead of 

creating a hydrogen bond as in the WT strain 

(Figure 2A and 5B). Likewise, the Q498R 

mutant enhances an additional hydrogen 
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bond as well as forms a hydrophobic 

interaction with L45 (Figure 5C). The 

common point of N440K, Q493R, and 

Q498R is that mutation into an amino acid 

with a positively charged side chain helps 

increase the complex's ∆𝐸𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑠𝑡𝑎𝑡𝑖𝑐𝑠 

(Table 5), assisting the spike protein to 

adhere better to hACE2. In contrast, the 

N501Y mutation did not directly affect the 

charge of the complex but contributed 

mainly to the formation of non-bonded 

contacts (Figure 2A). In the WT complex, 

N501 forms a weak hydrogen bond with Y41 

and hydrophobic interaction with L353, 

whereas N501Y not only forms π-π stacking 

interaction between two aromatic benzene 

rings of Y501 and Y41 but also forms 

interaction hydrophobic and hydrogen 

bonded to L353 (Figure 5D). Therefore, 

N440K, Q493R, Q498R, and N501Y are 

critical mutations in the spike protein of 

Omicron. Based on the survey results, we 

found that from the VOC variant Eta to Delta 

and Omicron surveyed  in this study, there is 

a tendency to accumulate mutations that 

enhance ∆𝐸𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑠𝑡𝑎𝑡𝑖𝑐𝑠 through the 

accumulation of many amino acids that have 

a side chain that has a positive charge. The 

∆𝐸𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑠𝑡𝑎𝑡𝑖𝑐𝑠 of amino acids of each 

specific haplotype are shown in Table 5. 

 
Table 5. The ∆𝑬𝒆𝒍𝒆𝒄𝒕𝒓𝒐𝒔𝒕𝒂𝒕𝒊𝒄𝒔 of amino acids in variants Spike-hACE2 complex. 

Amino acid 
position 

WT Hap_16 Hap_24 Hap_68 Hap_208 Hap_298 

440 3.95 3.18 2.83 3.68 3.3 -131.29 

452 -0.95 -115.22 -0.96 -118.09 -1.12 -0.81 

478 -0.47 -102.15 -0.57 -101.31 -0.55 -95.15 

484 100.39 100.96 -111.09 100.93 -113.75 -1.06 

493 -1.28 -2.07 -1.45 -0.53 -6.87 -141.2 

498 2.92 -7.78 1.89 2.39 4.34 -154.46 

 

DISCUSSION 

 In previous studies, we were able to 

identify A23403G (D614G) as an essential 

mutation in the evolution of SARS-CoV-2. 

In this study, based on network centrality, we 

could determine that although D614G was 

not directly related to the spike's ability to 

interact with hACE2, it played a significant 

role in the success of the phylogenetic 

process of SARS-CoV-2. The D614G 

substitution, located in the FCS region, was 

directly related to the ability of spike protein 

to cleave to activate the S2 subunit. 

Experiment studies had shown that D614G 

accelerates the transmission of SARS-CoV-

2 by enhancing the cleavage efficiency of the 

protein (Gobeil et al., 2021; Zhang et al., 

2020; Korber et al., 2020). In addition, our 

previous study demonstrated the 

predominance of the Eta variant in the early 

stages of the COVID-19 outbreak in Benin. 

In this study, we found out the Eta variant 

contains an E484K mutation, which located 

in RBD as a key mutation that helps the Eta 

variant infects more quickly. After that, the 

Delta variant appeared in July 2021 and 

gradually replaced the Eta variant in Benin. 
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Delta carries double and highly conserved 

mutations, L452R and T478K, in the RBD 

region and a new mutation in the FCS region, 

P681R. By in silico approach, we 

demonstrated the P681R mutation, which 

positively affected the Spike-hACE2 

complex through increased the binding free 

energy of Spike-hACE2 complex. Moreover, 

in the previous experiment, the P681R 

mutation was one of the critical mutations to 

enhance Delta transmission fitness (Yang 

Liu et al., 2022). Our initial results indicated 

molecular docking and network analysis 

could help find an effect of the new mutation 

in Spike-hACE2 complex. 

 Although Delta had spread vigorously in 

Benin and worldwide, this variant was 

replaced by Omicron, which was quickly 

classified into a VOC variant because of 

more than 30 amino acid substitutions on the 

spike protein. In this work, we showed that 

Omicron present in Benin has eight 

mutations that contribute to enhancing the 

free energy of the Spike-hACE2 complex. 

The number of mutations that increase the 

affinity of Omicron more than that of Delta 

can explain why the Omicron variant quickly 

prevailed in Benin and the world. Next, 

based on network bonding and hotspot 

residues of the interface, we found that the 

mutations do not change interface interaction 

of the Spike-hACE2 complex, and the amino 

acids in the interface were also highly 

conserved. Mutations in the interface help 

change the spike protein's electrostatic 

interaction with hACE2. In this study, we 

further noted that the S375F mutation also 

positively contributes to the exchange of 

spike protein with hACE2. Similarly, Hwang 

et al. (2022) showed that S375F enhanced 

the more substantial solvation energy of the 

Spike-hACE2 complex. Our study found out 

S375F mutation not only enhanced 

∆𝐺𝑃𝑜𝑙𝑎𝑟 𝑆𝑜𝑙𝑣𝑎𝑡𝑖𝑜𝑛  , but also noted a change of 

∆𝐸𝑣𝑎𝑛 𝑑𝑒𝑟 𝑊𝑎𝑎𝑙𝑠  from -0.02 of WT going 

down to -0.09. The E484A mutation of 

Omicron variant in Benin has ∆∆𝐸  < 0, 

which means an increased binding affinity of 

hACE2. Especially, Yao et al. (2023) 

showed that changes to the positively 

charged side chains of E484A and T478K 

enormously changed the redox of the 

disulfide bond, leading to a decrease in the 

stability of the RBD structure. Therefore, 

Spike-hACE2 complex structure of Omicron 

in Benin has the highest RMSD (Table 3).  

 In conclusion, we identified the key 

amino acids in the interface of Spike-

hACE2 complex and explained the success 

of Eta, Delta, and Omicron variants that 

appeared in Benin. Furthermore, we have 

demonstrated that new mutations in spike 

protein positively affected the interaction 

with the hACE2 receptor. The high point of 

our study is the combination of network 

centrality and molecular docking methods 

to demonstrate the importance of novel 

variants appearing in the viral population. 

Therefore, a newly emerged variant with a 

high betweenness centrality means the 

variant has a high degree of influence in the 

viral population. This greatly assists in 

quickly tracking the movements in the spike 

protein of SARS-CoV-2 emerging variants 

in the world. From the initial results of this 

study, we anticipate that in the future, there 

will be a need for more profound concern 

because mutations tend to change the 

electrical side of spike protein, especially 

the substitution side chain, to positively 

charged or hydrophobic. 
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