
 

 

Since January 2020 Elsevier has created a COVID-19 resource centre with 

free information in English and Mandarin on the novel coronavirus COVID-

19. The COVID-19 resource centre is hosted on Elsevier Connect, the 

company's public news and information website. 

 

Elsevier hereby grants permission to make all its COVID-19-related 

research that is available on the COVID-19 resource centre - including this 

research content - immediately available in PubMed Central and other 

publicly funded repositories, such as the WHO COVID database with rights 

for unrestricted research re-use and analyses in any form or by any means 

with acknowledgement of the original source. These permissions are 

granted for free by Elsevier for as long as the COVID-19 resource centre 

remains active. 

 



Journal of Molecular Structure 1270 (2022) 133842 

Contents lists available at ScienceDirect 

Journal of Molecular Structure 

journal homepage: www.elsevier.com/locate/molstr 

Large interfacial relocation in RBD-ACE2 complex may explain 

fast-spreading property of Omicron 

Maryam Shirzadeh, Hassan Monhemi ∗, Mohammad Eftekhari 

Departemant of Chemistry, Faculty of Science, University of Neyshabur 

a r t i c l e i n f o 

Article history: 

Received 17 March 2022 

Revised 7 July 2022 

Accepted 31 July 2022 

Available online 31 July 2022 

Keywords: 

SARS-CoV-2 

Variant 

Omicron 

Binding interface 

a b s t r a c t 

The Omicron variant of SARS-CoV-2 emerged in South African in late 2021. This variant has a large num- 

ber of mutations, and regarded as fastest-spreading Covid variant. The spike RBD region of SARS-CoV-2 

and its interaction with human ACE2 play fundamental role in viral infection and transmission. To explore 

the reason of fast-spreading properties of Omicron variant, we have modeled the interactions of Omicron 

RBD and human ACE2 using docking and molecular dynamics simulations. Results show that RBD-ACE2 

binding site may drastically relocate with an enlarged interface. The predicted interface has large neg- 

ative binding energies and shows stable conformation in molecular dynamics simulations. It was found 

that the interfacial area in Omicron RBD-ACE2 complex is increased up to 40% in comparison to wild-type 

Sars-Cov-2. Moreover, the number of hydrogen bonds significantly increased up to 80%. The key interact- 

ing residues become also very different in Omicron variant. The new binding interface can significantly 

accommodate R403, as a key RBD residue, near ACE2 surface which leads to two new strong salt bridges. 

The exploration of the new binding interface can help to understand the reasons of high transmission 

rate of Omicron. 

© 2022 Elsevier B.V. All rights reserved. 
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. Introduction 

Coronavirus disease 2019 (COVID-19) induced by the invasion of 

evere acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has 

een quickly spreading all over the world since December 2019 

 1 , 2 ]. It has led to more than 275 million infected patients and

ver five million deaths up to December 2021 [3] . SARS-CoV-2 in- 

ection is mainly mediated by the molecular interactions between 

he spike protein (S-pro) of the virus and the host angiotensin- 

onverting enzyme II (ACE2) in human [ 4 , 5 ]. While currently there

s no proven effective medications or therapy options for the treat- 

ent of this contagious disease, there are serious concerns about 

he new variants with higher spreading rates and stronger infec- 

ion abilities [6] . Vaccines represent the most efficient means to 

ontrol and stop the pandemic of COVID-19 [7] . It was shown that 

he designated vaccines have reassuring safety and could effec- 

ively reduce the death, severe cases, symptomatic cases, and in- 

ections resulting from SARS-CoV-2 through the world [8] . How- 

ver, the new SARS-CoV-2 variants reduces the hopes to the vac- 

ines [9–11] . WHO has characterized some specific variants as 

ariants of Interest (VOIs) and Variants of Concern (VOCs), in or- 

er to prioritize global monitoring and research, and ultimately to 
∗ Correspoindin author. 
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nform the ongoing response to the COVID-19 pandemic. The Tech- 

ical Advisory Group on SARS-CoV-2 Virus Evolution (TAG-VE) was 

onvened on 26 November 2021 to assess the SARS-CoV-2 vari- 

nt: B.1.1.529 as a new VOC and named it as “Omicron”. Omi- 

ron variant was first reported to WHO from South Africa on 24 

ovember 2021. Omicron is a species with the most diverse muta- 

ions detected during an epidemic, raising serious concerns that it 

ay be associated with a significant reduction in vaccine efficacy 

nd an increased risk of re-infection. Several changes in the spike 

rotein-encoding sequence are associated with increased transmis- 

ibility, immune escape, or other properties. In total, more than 60 

ubstitutions/deletions/insertions have been verified in the Omi- 

ron variant [12] . This is the largest number of mutation sites 

f all SARS-CoV-2 variants characterized to this time. More than 

alf of the total Omicron identified mutations are appeared in 

he spike [12] . These mutations include 30 substitutions (A67V, 

95I, Y145D, L212I, G339D, S371L, S373P, S375F, K417N, N440K, 

446S, S477N, T478K, E484A, Q493R, G496S, Q498R, N501Y, 

505H, T547K, D614G, H655Y, N679K, P681H, N764K, D796Y, 

856K, Q954H, N969K, and L981F), three deletions (H69/V70, 

142/V143/Y144 and N211), and one insertion (three amino acids 

EPE) at position 214). Out of these, 15 mutations occur in re- 

eptor binding motif of RBD (G339D, S371L, S373P, S375F, K417N, 

4 40K, G4 46S, S477N, T478K, E4 84A, Q4 93R, G4 96S, Q4 98R, 

501Y, Y505H). The locations of these mutations are depicted 

n Fig. 1 . The rapid replacement of the delta type by Omicron 

https://doi.org/10.1016/j.molstruc.2022.133842
http://www.ScienceDirect.com
http://www.elsevier.com/locate/molstr
http://crossmark.crossref.org/dialog/?doi=10.1016/j.molstruc.2022.133842&domain=pdf
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Fig. 1. The locations of mutations in receptor binding motif of Omicron RBD 
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n South Africa raises concerns that this type of delta is more con- 

agious, although the number of COVID-19 cases in South Africa is 

urrently small, which could have a proportionate effect on both. 

n order to obtain new structural insights about the fast-spreading 

roperties of Omicron, we have explored the molecular interac- 

ions between Omicron RBD and ACE2 using Docking and Molecu- 

ar Dynamics (MD) simulations. The results showed that Omicron 

pike may bind to ACE2 with distinct binding site with diverse in- 

eraction residues. 

. Methods 

The crystal structure of wild-type Sars-Cov-2 (PDB:6m0j [13] ) 

as obtained from protein data bank and used as template for 

he calculations. The structures of RBD and ACE2 were sepa- 

ated as single PDB files for subsequent calculations. SWISS-MODEL 

14] was used to construct RBD of Omicron and to locate the mu- 

ations in wild-type template. Protein-protein docking calculations 

ere performed by HADDOCK as one of the most reliable dock- 

ng tools for protein-protein complexes [ 15 , 16 ]. The active residues 

ere selected based on the interacting residues of wild-type RBD- 

CE2 complex [13] (ACE2: 24, 30, 31, 35, 37, 38, 41, 42 RBD: 

17, 4 46, 4 4 9, 4 87, 4 89, 4 93, 500, 501, 502, and 505). To include

he role of new mutations of Omicron in RBD-ACE2 interface, the 

utations in the interface were considered as active residues in 

ocking calculations ( Fig. 1 ). HADDOCK clustered 167 structures 

n 8 clusters, which represents 83.5% of the water-refined models 

ADDOCK generated. Top clusters based on the energies of binding 

re demonstrated in Table 3 . The best score is obtained for Clus- 

er 3 with very high HADDOCK score (-187.2 + /- 5.1). As the dif-

erences in energies was significantly high between Cluster 3 and 

ther clusters, this cluster was selected for subsequent calculations. 

The high-ranked complex obtained from docking calculations 

ere used for MD simulations. All MD simulations were performed 

y GROMACS 2019 package. The parameters of SPC/E model was 

sed for water molecules [17] . GROMOS96 (GROMOS 43a1) force 

eld was used for proteins [18] . In the first stage of simulation, pe-

iodic simulation boxes were constructed and one RBD-ACE2 com- 

lex was putted in each box. The box size was chosen so that the 

inimal distance of complex atoms from the wall was greater than 

 nm. Then, each system was solvated by water molecules. The 

erendsen algorithm [19] was used to control pressure and tem- 

erature during simulations. The temperature and pressure were 

et to 298 K and 1 bar. After energy minimization of the boxes, 

ach system was equilibrated for 100 ps in an NVT ensemble at 

pecified temperature. A 100 ps MD simulation was carried out in 

he NPT ensemble at the same temperature and at constant pres- 

ure. Then, 200 ns equilibration simulation was performed for each 
2 
ystem. To neutralize the systems, sodium and chloride ions were 

dded to the simulation boxes. Each simulation was repeated three 

imes with the different initial conditions to increase the precision 

f the simulations and to prevent any dependencies of the results 

n the initial conditions. Energy minimization was performed us- 

ng steepest-descent algorithm. SETTLE and LINCS algorithms were 

sed to fix chemical bonds during the simulations [ 20 , 21 ]. Electro-

tatic interactions were estimated by Particle Mesh Ewald (PME) 

lgorithm [22] . Graphical representations were created by PyMOL 

oftware [23] . Interfacial analysis were performed by COCOMAPS 

24] . 

. Results and discussion 

.1. New binding site assignment for Omicron spike 

The overall structures of the RBD–ACE2 binding interface were 

elatively similar in SARS-CoV and SARS-CoV-2 [ 13 , 25 ]. Receptor 

inding motif (RBM) of RBD forms a gently concave surface with 

 ridge on one side; it binds to the exposed outer surface of the 

law-like structure of ACE2 in both strains [ 13 , 25 ]. VOCs such as

appa and Delta also showed similar binding interfaces on ACE2 

26] . We have docked RBD to ACE2 for Omicron and wild type 

f SARS-CoV-2 using HADDOCK as one of the most reliable dock- 

ng tools for protein complexes [ 15 , 16 ]. The structure of the top-

anked RBD-ACE2 cluster is selected based on the minimum en- 

rgy of docking (see method section). Structural alignment of the 

redicted complexes for wild-type Sars-Cov-2 and Omicron variant 

long with the crystal structure of RBD-ACE2 complex are shown 

n Fig. 2 . 

As shown in this figure, the binding interface of Omicron RBD 

ubstantially deviates from wild SARS-CoV-2 and shows a struc- 

ural relocation. The predicted binding site of the docked com- 

lex of the wild-type is very similar to the aligned crystal struc- 

ure (PDB:6m0j[13]), showing the reliability of docking algorithm. 

oreover, all of the experimentally reported interactions were re- 

roduced correctly (see section 2.3). To have more clear represen- 

ation, the interaction of RBD-ACE2 is shown by surface represen- 

ation in Fig. 3 . 

The relocation and enlargement of the interface are clearly 

epresented in this figure. Moreover, the interface area of RBD- 

CE2 complex is substantially increased (about 40%) from wild- 

ype Sars-Cov and Sars-Cov-2 to Omicron variant ( Fig. 3 (c)). Both 

olar and non-polar interface are increased in Omicron complex. 

oreover, it can be seen that in all strains the polar interface area 

s higher than non-polar interface area. This shows that RBD in- 

eracts with ACE2 mostly through the polar interactions, which is 

onsistent with the experimental observations [ 13 , 25 ]. 
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Fig. 2. Structural alignment of RBD-ACE2 complexes in the different forms 

Fig. 3. Surface representation of (a) wild-type Sars-Cov-2 RBD-ACE2 complex, (b) Omicron RBD-ACE2 complex, and (c) interface area of RBD-ACE2 complexes in the different 

strains 
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.2. MD simulation of ACE2-RBD complexes 

Application of MD simulations to optimize and validate of the 

ocking complexes is a common practice in molecular biology 

nd drug discovery [27–29] . If the obtained protein-protein com- 

lexes show reasonable stability and dynamics in MD simulations, 

he atomic level interactions between two proteins become inter- 

retable. To validate the obtained complex for Omicron variant, 

D simulations of the predicted wild-type and Omicron RBD-ACE2 

omplex were performed. Root mean square deviation (rmsd) is a 

arameter which shows the stability and association/dissociation 

ehavior of protein-protein complexes [30] . Higher rmsd values 

how the lower stability and dissociation behavior of the com- 

lexes. Rmsd values of the Sars-Cov-2 and Omicron RBD-ACE2 

omplexes, which is obtained by comparison of C-alpha carbon 

toms, are shown in Fig. 4 . As shown in this figure, after initial

easonable increases (to about 0.25nm), rmsd of both RBD-ACE2 

omplexes reach to constant equilibrium values. The values are in 
3 
imilar ranges which indicates that the complex is stable in both 

ild-type and Omicron variant. 

Root mean square fluctuation (rmsf) is a dynamical analy- 

is in MD simulations and shows the mobility and flexibility of 

esidues in protein complexes [31] . Higher rmsf values show the 

igher mobility and lability of interacting residues. Rmsf values for 

he residues of wild-type and Omicron RBD-ACE2 complexes are 

hown in Fig. 5 . As shown in the figure, the interacting residues 

f both the complexes show low and comparable fluctuations. This 

lso confirms the stability and robustness of the binding site inter- 

ctions for the predicted RBD-ACE2 complexes. 

.3. Structural analysis of the new interface for Omicron 

Our docking and simulation results confirm a new binding 

echanism for Omicron which was never seen before for SARS- 

oV-2 and its variants. The interacting residues at the interfaces 

f wild-type and Omicron RBD-ACE2 complex are highlighted in 
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Fig. 4. Rmsd values of RBD-ACE2 complexes 
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Table 1 

The hydrogen bonds at the SARS-CoV-2 RBD–ACE2 and Omicron RBD–ACE2 inter- 

faces 

Sars-CoV-2 RBD Length ( ̊A) ACE2 Length ( ̊A) Omicron RBD 

Ser19(OG) 2.93 Gln414(NE2) 

Ser19(N) 3.24 Gln414(NE1) 

Asn487(ND2) 2.6 Gln24(OE1) 

Lys417(NZ) 3.0 Asp30(OD2) 2.68 Arg408(NH2) 

Asp30(OD2) 3.07 Arg408(NH1) 

Lys31(NZ) 2.6 Glu406(OE2) 

Lys31(NZ) 2.73 Asn417(OD1) 

Lys31(NZ) 2.79 Tyr495(OH) 

His34(O) 3.04 Tyr501(OH) 

Gln493(NE2) 2.8 Glu35 (OE2) 3.24 Tyr453(OH) 

Glu35(OE1) 2.64 Arg403(NH1) 

Glu35(OE1) 2.79 Ser496(N) 

Glu35(OE1) 2.80 Ser496(OG) 

Glu35(OE1) 3.07 Arg403(NH2) 

Tyr505(OH) 3.2 Glu37(OE2) 

Asp38(OD2) 3.21 Arg498(HE) 

Tyr449(OH) 2.7 Asp38(OD2) 2.64 Tyr449(OH) 

Thr500(OG1) 2.6 Tyr41(OH) 

Gly446(O) 3.3 Gln42(NE2) 

Tyr449(OH) 3.0 Gln42(NE2) 2.72 Ty449(OH) 

Glu75(OE2) 2.65 Lys493(NZ) 

Glu75(OE2) 2.65 Lys493(NZ) 

Tyr489(OH) 3.5 Tyr83(OH) 

Asn487(OD1) 2.7 Tyr83(OH) 

Ser106(O) 3.37 Asn487(ND2) 

Glu110(OE2) 2.55 Lys478(NZ) 

Gly502(N) 2.8 Lys353(O) 

a

p

g

g

ig. 6 . As shown in this figure, the shape of the interface and also

inding residues become drastically different in Omicron variant 

n comparison to wild-type Sars-Cov-2. One of the most important 

eatures of RBD-ACE2 interfaces in both Sars-Cov and Sars-Cov-2 

ariants is the networks of hydrophilic interactions and hydrogen 

onds [ 13 , 32 ]. The number of interfacial hydrogen bonds are 13 in

oth Sars-Cov and Sars-Cov-2 RBD-ACE2 complexes [13] . 

An energetically significant hydrogen bond occurs when donor 

nd acceptor atoms are within about 3.5 Å. With this cut-off dis- 

ance the number of hydrogen bond with significant electrostatic 

nergies is 11 for Sars-Cov-2 RBD-ACE2 complex. The interfacial 

esidues with hydrogen bond interactions in wild-type and Omi- 

ron complexes (cut-off= 3.5 Å) are depicted in Table 1 . Interest- 

ngly, the number of hydrogen bonds are significantly increased 

rom wild-type Sars-Cov-2 (11) to Omicron variant (20). This shows 
Fig. 5. Rmsf values of (a) ACE2 and (b) RBD in RBD

4 
bout 80% increase in hydrogen bond ability of Omicron in com- 

arison to wild-type Sars-Cov-2. Based on the distances of hydro- 

en bonds, most of the interactions in Omicron are strong hydro- 

en bonds. Moreover, the locations of hydrogen bonds are signifi- 
-ACE2 complexes (colors are based on Fig. 4 ) 
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Fig. 6. Interfaces of ACE2 (left) in complex with RBD (right) in wild-type (top) and Omicron (botton) 
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Table 2 

Key interacting residues of SARS-CoV-2 RBD–ACE2 and Omicron 

RBD–ACE2 interfaces 

Sars-CoV-2 RBD ACE2 Omicron RBD 

Asn487 Gln24 

Lys31 Glu406 

Lys31 Asn417 

Lys31 Tyr495 

Glu35 Tyr453 

Glu35 Arg403 

Glu35 Ser496 

Glu35 Ser496 

Glu35 Arg403 

Asp38 Arg498 

Tyr449 Asp38 Tyr449 

Thr500 Tyr41 

Glu75 Lys493 

Glu75 Lys493 

Asn487 Tyr83 

Gly502 Lys353 

h

t

(

antly different in wild-type Sars-Cov-2 and Omicron. These results 

ay explore the reasons of fast-spreading of Omicron. 

In protein-protein interactions a small set of residues con- 

ributes the most to binding, the so-called binding Hot-Spots (HS) 

33] . A generally accepted definition for HS residues are those 

ite where alanine mutation generate a significant binding free 

nergy difference ( ��G binding ) ≥2.0 kcal/mol [34] . Here, we esti- 

ated HS for the produced complexes using SpotOn [35] . We as- 

igned the key interfacial interactions based on HS and their inter- 

cting residues. Table 2 shows key interactions of wild-type Sars- 

ov-2 and Omicron RBD-ACE2 complexes. The key interactions are 

ignificantly different in two complexes. The only common inter- 

ction is hydrogen bond of Ser38 of ACE2 to Tyr449 of RBD. In- 

erestingly, about 50% of key interacting residues of RBD in Omi- 

ron variant are the mutated residues (highlighted with red color). 

his shows how the multiple mutations of RBD in Omicron helps 

o better binding to ACE2. 

The key interaction sites on ACE2 are Gln24, Asp38, Tyr41, 

yr83, and Lys353 for wild-type and Lys31, Glu35, Asp38, and 

lu75 for Omicron. We found that Omicron RBD make very dif- 

erent interactions at ACE2 surface. These interactions are graphi- 

ally represented in Fig. 7 . Lys31 and Glu35 of ACE2 make pivotal 

oles in binding of Omicron RBD. These two residues make many 
5 
ydrogen bonds with RBD in Omicron (8 hydrogen bonds) while 

here is only one hydrogen bond for Glu35 in wild-type Sars-Cov-2 

 Tables 1 and 2 , Fig. 7 (a) and 7(d)). 
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Fig. 7. Key interactions between RBD of Omicron and ACE2 
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Asp38 of RBD has a further hydrogen bond to Arg498 of ACE2 in 

micron variant in comparison to wild-type Sars-Cov-2 ( Tables 1 

nd 2 , Fig. 7 (b)). Glu75, which has no interaction in RBD-ACE2 

omplex of wild-type Sars-Cov-2, make two strong salt-bridges 

long with two hydrogen bonds in Omicron complex ( Tables 1 and 

 , Fig. 7 (c)). Multiple interactions of key interacting residues in 

micron variant confirm the better binding and higher transmis- 

ibility of this variant. 

.4. Role of Spike residue 403 in RBD-ACE2 binding of Omicron 

ariant 

Zech et al [36] recently showed that Arg403 play a fundamen- 

al role in RBD-ACE2 binding. They reported that a single T403R 

utation increases binding of bat sarbecovirus RaTG13 S to hu- 
Table 3 

HADDOCK parameters of the top clusters of Omicron RBD-ACE2 complex 

Cluster 3 

HADDOCK score -187.2 + /- 5.1 

Cluster size 33 

RMSD from the overall lowest-energy structure 0.3 + /- 0.2 

Van der Waals energy -80.6 + /- 1.8 

Electrostatic energy -524.4 + /- 21.7 

Desolvation energy -15.7 + /- 0.9 

Restraints violation energy 139.2 + /- 85.33 

Buried Surface Area 2589.4 + /- 71.1 

Z-Score -2.2 

6 
an ACE2 and allows VSV pseudoparticle infection of human lung 

ells and intestinal organoids. Bat sarbecovirus RaTG13 is a close 

elative of SARS-CoV-2 which unable to directly infect humans 

ince its Spike (S) protein does not interact efficiently with the hu- 

an ACE2 receptor. Moreover, previous computational studies sug- 

ested that Arg403 is involved in intramolecular interactions and 

ontributes significantly to the strength of SARS-CoV-2 RBD inter- 

ction with the human ACE2 receptor [37–40] . Although reactive 

orce field simulations showed that Arg403 can make salt bridge 

o Glu37 [36] , the locations of these two residues are far from each 

ther ( > 6 Å) in crystal structure [13] ( Fig. 8 (a)). Interestingly, our

omputational results show that Arg403 reach to Glu35 and make 

wo strong salt bridges with it in Omicron variant ( Table 1 and 

ig. 8 (b)). The new binding interface helps RBD to accommodate 

rg403 near Glu35. Based on the pivotal role of Arg403 interaction 
Cluster 2 Cluster 4 Cluster 5 

-140.0 + /- 5.9 -119.0 + /- 10.1 -106.5 + /- 1.1 

36 23 11 

14.1 + /- 0.2 13.4 + /- 0.3 8.7 + /- 0.2 

-66.6 + /- 6.7 -60.7 + /- 5.5 -55.7 + /- 6.2 

-408.5 + /- 38.8 -343.0 + /- 37.9 -236.8 + /- 15.7 

-5.7 + /- 2.2 -7.6 + /- 4.5 -16.1 + /- 3.4 

140.7 + /- 51.61 178.5 + /- 77.63 126.6 + /- 77.01 

2373.3 + /- 23.3 2242.0 + /- 89.4 1892.5 + /- 79.8 

-0.8 -0.2 0.2 
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Fig. 8. Locations of Arg403 in wild-type Sars-Cov-2 and Omicron 
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n Covid-19 infection, it seems that the strong interaction of this 

esidue with Glu35 may also be related to high transmissibility of 

micron variant. 

. Conclusion 

WHO recently reported a new VOC of SARS-CoV-2 and named 

t as “Omicron”. This variant has the most diverse mutations de- 

ected during an epidemic, raising serious concerns that it may 

e associated with a significant reduction in vaccine efficacy and 

n increased risk of re-infection. It was reported that Omicron 

s hyper-transmissible in comparison to other Sars-Cov-2 variants. 

he molecular basis of the high transmission rate of Omicron is not 

ully understood. RBD domain of SARS-CoV-2 has essential roles 

n infection and transmission of the virus. It initiates the infec- 

ion through the interaction with human ACE2. Therefore, study- 

ng RBD-ACE2 complex in Omicron can essentially help to under- 

tand the molecular mechanism of variant. To obtain a molecu- 

ar mechanism for high transmission rate of this variant, we have 

odeled and extensively examined this complex using molecular 

ocking and MD simulations. Interestingly, we found a new bind- 

ng mode that can be a key in exceptional behavior of Omicron in 

omparison to other variants. We showed that RBD-ACE2 binding 

ite may drastically relocate with an enlarged interface. This bind- 

ng site has a larger interface area (about 40%) in comparison to 

ild SARS-CoV-2. Moreover, this new binding site led to substan- 

ial increase (about 80%) in hydrogen bond interactions. We have 
7 
valuated the stability of the predicted complex by MD simulation 

nalysis. The results showed that the complex is significantly sta- 

le and does not dissociate after long simulation time. We have 

xtensively examined the interacting residues in wild and Omicron 

omplexes and found that many of these residues are different in 

wo variants. The new binding interface can significantly accom- 

odate R403, as a key RBD residue, near ACE2 surface which leads 

o two new strong salt bridges. The result of this study can help 

o understand the molecular basis of fast-spreading properties of 

micron. 
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