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Purpose: Spike protein on SARS-CoV-2 virus plays an integral part during infection as cell entry depends on binding of this protein
to human ACE2 receptor. Understanding of infectivity by these variants necessitates a comparative structural analysis of complexes of
spike protein-receptor binding domain (RBD) of these variants to receptor.

Methodology: Wild type SARS-CoV-2 spike protein sequence was retrieved from the UniProt database, and mutations of five
variants at receptor binding domain were manually incorporated and aligned using Clustal Omega. Crystal structure complexes of
human ACE2 receptor with spike protein RBD domain of SARS-CoV-2 variants of wild type, a, B, and 6 were extracted from the
RCSB database. Wild type SARS-CoV-2 complex with receptor was used as template to generate model complexes of receptor with
spike protein RBD of y and omicron variants through WinCoot program. These were energy minimized and validated and molecular
dynamic simulation was performed using Desmond simulation program.

Results: Mutations are distributed across the entire length of RBD, but the maximum number of mutations are seen at 11 positions within
binding interface motifs of six variant sequences. Interface of spike protein RBDs with human ACE2-receptor shows different mix of hydrogen
bonded and ionic interactions. Alpha and B variants have few interactions, while y and § variants have higher number of interactions compared
to wild type variant. Omicron variant, with 10 polar interactions including two ionic bonds, has the highest binding energy.

Conclusion: Different mutations on RBD of spike protein results in varying quantity and quality of interactions, thereby affecting
potency of each variant. Variations in binding are due to interactions of mutant residues and induced conformational changes on loops
of RBDs. Variants o and  have a low potency, while, vy, 8, and omicron have a higher potency. These results correlate with viral
infectivity and place clinical observations in the right perspective.
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Introduction
COVID-19 is a global pandemic that started in the early 2020, is caused by the SARS-CoV-2 virus that has so far
affected more than 500 million people and caused more than six million deaths.' Mutations of wild type of SARS-CoV-2
genome has led to emergence of new variants over the last two years, and based upon the risk to public health, it has
prompted the characterization of variants such as o (B.1.1.7), B (B.1.351) 6 (P.1), as “variants being monitored” (VBM),
and, variants such as y (B.1.617.2) and omicron (B.1.1.529) as “variants of concern” (VOC).2

COVID-19 was first reported in Wuhan in China, before being declared a global pandemic by WHO in March, 2020. This
infection by the wild type variant had infected close to 44.8 million people and resulted in 1.1 million deaths worldwide.’
Alpha-variant, with seven spike protein mutations was first reported in September 2020 in the UK, and was two times more
transmissible than the wild type.* ® Beta-variant, with nine spike protein mutations, was first reported in May 2020 in Republic
of South Africa, and is 1.7 times more transmissible than the wild type.* ® Delta-variant with 17 spike protein mutations was
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first reported in November 2020 in Brazil, and is 2.4 times more transmissible than the wild type.*"” Gamma-variant that has
12 spike protein mutations was first reported in October 2020 in India, and is four times more transmissible than the wild
type.*>® The latest variant of SARS-CoV-2, omicron, with 30 spike protein mutations, was first reported in November 2021 in
multiple countries and is 16 times more transmissible than the wild type.”'°

Spike protein plays an integral part during the pathogenesis of SARS-CoV-2 as the cell entry of the virus depends on
the binding of this protein to human ACE2 receptor.'' Structural stability of spike protein and its affinity to human ACE2
receptor determines the transmissibility of the SARS-CoV-2 variant.'>"'* In this study, comparative structural analysis of

the binding of spike protein RBD of all these six variants to human ACE2 receptor has been carried out.

Methodology

Sequence Alignment

Amino acid sequence of the wild type SARS-CoV-2 spike protein (PODTC2) was retrieved from the UniProt database.
Mutations of spike protein RBD of five SARS-CoV-2 variants of a (B.1.1.7), p (B.1.351), y (P.1), 6 (B.1.617.2), and
omicron (B.1.1.529) were manually incorporated in the retrieved wild type spike protein RBD sequence. Multiple
sequence alignment of these six sequences was performed using the online sequence alignment tool Clustal Omega.'”
Based on the interaction analysis of wild type RBD with human ACE2 receptor (PDB Id 6M0J), binding sequence motifs
on the spike protein RBD sequences of these six variants were identified.

Molecular Modeling of Spike Protein and its Complex with Human ACE2 Receptor

Crystal structure complexes of human ACE2 receptor with spike protein RBD domain of SARS-CoV-2 variants of wild
type (PDB Id 6M0J), o (PDB Id: 7FEM), B (PDB Id: 7VXD), and & (PDB Id: 7V8A), were extracted from the Research
Collaboratory Structural Bioinformatics database. Crystal structure complex of human ACE2 receptor with spike protein
RBD of wild type SARS-CoV-2 was used as a template to generate model complexes of human ACE2 receptor with
spike protein RBD of y and omicron variants. Mutations K417T, E484K, N501Y, and mutations G339D, S371L, S373P,
S375F, K417N, N440K, G446S, S477N, T478K, E484A, Q493R, G496S, Q498R, N501Y, YS505H were introduced
manually on the template through WinCoot visualization program.'® This generated complexes of human ACE2 receptor
with spike protein RBD of y and omicron variants, respectively. Rotamer corrections of the introduced amino acids were
performed, energy minimized and validated. These six complexes were taken for molecular dynamic studies and analysis.

Molecular Dynamic Simulation

Complexes were solvated using TIP3P water model in an orthorhombic box extending to 10 A from protein atoms in
each direction. They were then neutralized by 12 Na" ions and energy minimized with convergence threshold of 1 kcal/
mol/A. MD simulation was performed using Desmond simulation program with the help of force field parameters of
OPLS_2005.'7"' They were then equilibrated at 300 K and 1 atmospheric pressure for 200 ps under NTP condition with
the help of Nosé—Hoover thermostat and Martyna—Tobias—Klein barostat under periodic boundary condition. It was
followed by recording the production trajectory for 100 ns under similar NTP condition and other run parameters.?’
Simulation was performed with step size of 2 fs in the presence of LINCS harmonic constraints and motion was
integrated by RESPA dynamics integrator.'” Long range electrostatic interactions were calculated by particle mesh Ewald
(PME) algorithm. This protocol was used for all the complexes for the sake of comparison.

Results and Discussion

Sequence Analysis

Sequence alignment of spike protein-receptor binding domain (RBD) of SARS-CoV-2 variants show o variant to be having
maximum homology with wild type sequence, while omicron variant which has 15 mutations has least homology (Figure 1).
Though mutations are distributed across entire length of RBD, maximum number of mutations are seen at 11 positions within
receptor binding interface motifs of six sequences. Some of the notable mutations include: (1) Tyr501 in a, B, v, and omicron;
(2) Asn417 in B and omicron; (3) Thr417 in y; (4) Lys484 in y variant; (5) Arg452 in § variant, and (6) Ser446, Asn477,
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SARS-CoV-2 wild RVQPTESIVRFPNITNLCPFGEVENATRFASVYAWNRKRISNCVADYSVLYNSASFSTFKCYGVSPTKLNDLCFTNVYADSFVIRGDEVRQIAPGQTGHIADYNYKLPDDFTGCVIAWNS 438
SARS-CoV-2 o RVQPTESIVRFPNITNLCPFGEVFNATRFASVYAWNRKRISNCVADYSVLYNSASFSTFKCYGVSPTKLNDLCFTNVYADSFVIRGDEVRQIAPGQTGHIADYNYKLPDDFTGCVIAWNS 438
SARS-CoV-2 B RVQPTESIVRFPNITNLCPFGEVFNATRFASVYAWNRKRISNCVADYSVLYNSASFSTFKCYGVSPTKLNDLCFTNVYADSFVIRGDEVRQIAPGQTGNIADYNYKLPDDFTGCVIAWNS 438
SARS-CoV-2 y ¢ ; 438
SARS-CoV-2 & RVQPTESIVRFPNITNLCPFGEVENATRFASVYAWNRKRISNCVADYSVLYNSASFSTFKCYGVSPTKLNDLCFTNVYADSFVIRGDEVRQIAPGQTGH IADYNYKLPDDFTGCVIAWNS 438
SARS-CoV-2 Omicron D LAPFF' ¢ 438
etk ok ok ok ok ok ok ko ok ok ko ok ok ko ok ok ok ok ko ko ko ko ko ko ok ko ok ok ok ko ok ok ok ok ko ok ok ok ok ok ok ok ok ok ok ok ok ok ko ok ko ok ok ok ok ko ok ok ok ok ko
SARS-CoV-2 wild NNLDSHVGGNYNYLYRLERKSNLKPFERDISTEIYQAGSTPCNGVEGEFNCYFPLOSYGFQPTNGVGYQPYRVVVLSFELLHAPATVCGPKKSTNLVKNKCVNF 541  ----—-
SARS-CoV-2 o NNLDSHVGGNYNYLYRLERKSNLKPFERDISTEIYQAGSTPCNGVEGEFNCYFPLOSYGFQPTYGVGYQPYRVVVLSFELLHAPATVCGPKKSTNLVKNKCVNF 541 99.55%
SARS-CoV-2 B NNLDSHVGGNYNYLYRLHRKSNLKPFERDISTEIYQAGSTPCNGVKGFNCYFPLOSYGFQPTYGVGYQPYRVVVLSFELLHAPATVCGPKKSTNLVKNKCVNF 541 98.65%
SARS-CoV-2 y 541 98.65%
SARS-CoV-2 & NNLDSHVGGNYNYRYRLERKSNLKPFERDISTEIYQAGSKPCNGVEGFNCYFPLQSYGFQPTNGVGYQPYRVVVLSFELLHAPATVCGPKKSTNLVKNKCVNF 541 98.10%
SARS-CoV-2 Omicron S \ R 2 QAGNK AGF] RSYSFRPTY H( HAP? NLVE 541 93.72%
Kokkk Nk hhkkhhk hhkkAkkkkhkhhhhhhhhhhhhkhkAh  hhhhkhk hhhhhkhkhkkohh hohkh hhk Hhkhkhkhhhhhhhhhhhhkhkkkkkkhhhhhhhkkkkkx

Figure | Sequence homology studies of SARS-CoV-2 variants. The sequences in order are wild type (green), alpha (blue), beta (pink), gamma (yellow), delta (brown), and
omicron (cyan). Human ACE2 receptor binding motifs are shown underlined and in boxes. Mutations are shown in bold. The residue numbers and percentage homology to
wild type are given at the end of the sequences. The symbol “*’ indicates identical residues, “:” indicates conserved substitution and “” indicates semi-conserved
substitution.

Argd93, Serd96, Argd98, and His505 in omicron. It is therefore clear that with respect to interface binding sequence motifs, o
is same as wild type variant. Beta and § have two variations; y has three variations, and omicron has 10 variations compared to
wild type binding sequence motifs. These primary structure variations could have bearing on the fold, binding, and potency of
RBD to human ACE2 receptor.

Overall Structural Analysis of Spike Protein RBD Complex with Human ACE2

Receptor

Structure of spike protein RBD comprises of five B-sheets at the core surrounded by five short helices, and loops
connecting these secondary structural elements along with a f-wing at the center forms bulk of the binding interface in all
six complexes. The human ACE2 receptor comprises 19 helices and single B-wing, of which two long helices and B-
wing, forms interacting interface. Illustration of six superimposed complexes is provided in Figure 2. For purpose of
description, interacting helices will henceforth be designated as IH1 and IH2, and B-strands will be designated as If1 and
IB2. IH1 and IH2 that lie adjacent to one another form a concave surface along with B-wing at one of its ends. Interacting

Figure 2 Ribbon diagram showing superimposed structure complexes of spike protein RBDs with human ACE2 receptor. Spike protein RBDs of variants wild type (green),
alpha (blue), beta (pink), gamma (yellow), delta (brown), and omicron (cyan) are shown with human ACE2 receptor (white).
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surface of ACE2 receptor has aspartate, glutamate, histidine, lysine, tyrosine, and glutamine residues that provide ample
opportunities for interactions with spike protein RBD of variants.?’

Effect of Mutations on Binding of Spike Protein of SARS-CoV-2 Variants on Human
ACE2 Receptor

Interface of spike protein RBDs of the six variants with human ACE2 receptor shows different mix of interactions
primarily owing to the mutations and secondly, due to induced conformational changes. Details of participating residues
and their array of interactions in the six complexes of human ACE2 receptor with spike protein RBD of wild type, a, B, v,
d, and omicron is presented in Figure 3. Salient features of these interactions and effects of the mutations is described.
(A) RBD of wild type with human ACE2 receptor: all the interacting residues from RBD interact with residues on IH1,
except for Asn487 that makes a polar interaction with Tyr83, the first residue on IH2. The middle of interface is stabilized
by three interactions of which one is an ionic interaction N{ Lys417 ... 082 Asp30=2.9A. There are an array of hydrogen
bonded interactions from the loops and short helix of RBD with residues from lower part of IH1. In addition, glycine on
a loop interacts with lysine on B-turn of receptor (O Gly496 ... N{ Lys353=3.0A) (Figure 3A); (B) RBD of a with human
ACE2 receptor: There are five hydrogen bonded interactions involving four non-mutated residues of the RBD

Figure 3 Interacting interface between RBD domains of spike protein from SARS-CoV-2 variants with human ACE2 receptor. Details of the interactions between residues
of spike protein RBDs from (A) wild type (green), (B) alpha (blue), (C) beta (pink), (D) gamma (yellow), (E) delta (brown), and (F) omicron (cyan) with human ACE2
receptor (white) are shown. Red dotted lines indicate ionic interactions, blue dotted lines indicate hydrogen bonded interactions and purple dotted lines indicate
hydrophobic interactions. Mutated residues on the spike protein participating in these interactions are labeled in red, blue, and purple, respectively.
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(Figure 3B). The mutation Asn501Tyr does not result in any interaction, but a change in the loop conformation results in
fewer interactions compared to the wild type; (C) RBD of B with human ACE2 receptor: There are five hydrogen bonds,
two at either end of the interface and one in the middle (Figure 3C). Mutation Lys417Asn makes no interactions with the
receptor. (D) RBD of y with human ACE2 receptor: There are nine polar interactions across the length of interacting
surfaces (Figure 3D). Of particular interest are ionic interactions N{ Lys484 ... Ocl Glu75=2.8A and N{ Lys484 ... Og2
Glu75=3.3A made by the mutation Glu484Lys at the upper end of the interface that exaggerates the proximity of the loop
towards the interacting helices. As a reason, RMSD of main chain C, of this complex is 2.1A as compared with wild
type; (E) RBD of & with human ACE2 receptor: There are 10 hydrogen bonded interactions at the interface (Figure 3E).
Mutations Leud52Arg on IB1 of the B-wing, and Thr478Lys on the loop have their respective side chains oriented away
from the interface, and thereby are not a part of interactions with receptor; (F) RBD of omicron with human ACE2
receptor: There are 10 polar interactions between RBD and receptor of which two are ionic interactions from the
mutation GIn493Arg (NH2 Arg493 ... OE1 Glu35 and NH2 Arg493 ... 031 Asp38) (Figure 3F). Two other mutations
Gly496Ser and Asn501Tyr are involved in hydrogen bonded interactions (Oy 496Ser ... N Lys353; OH 501Tyr ... N¢
Lys353). GIn498 that makes a hydrogen bond with GIn42 in the wild type, is mutated to Arg498 that influences
a conformational change in loop, wherein Thr500 makes polar interactions with Arg357 and Asp355. This results in
an exaggerated proximity of the loop to the receptor as compared to the other five variants. As a reason, RMSD of main
chain C, of this complex is 3A as compared with wild type. In addition, mutation Tyr505His makes hydrophobic
interactions with Lys353 (CB Hi505 ... C Lys353=4A; Ce Hi505 ... Co Lys353=4A, Ce Hi505 ... Cy Lys353=3.7A, and
C5 Hi505 ... Ca Lys353=4A). These interactions account for high potency of omicron RBD to the receptor, which is
validated by the high binding energy, and increased RMSD in comparison with wild type counterpart.'?

Potency of Spike Protein RBD Binding with Human ACE2 Receptor and Virus

Infectivity

Interaction of RBD with the human ACE2 receptor is very integral step in infection and transmissibility of COVID-19 in
the community.'? Variations in quantity and quality of mutations, and nature of their interactions as detailed in the above
discussion therefore dictates the potencies that are reflected by binding energies (Table 1). In accordance, o and B variants
with few interactions have a low infectivity, while y and § variants, with higher number of interactions, have infectivity
more than twice the infectivity of wild type variant. The current variant omicron, with 10 polar interactions including two
ionic bonds has highest potency, which is validated by high binding energy, and increased RMSD in comparison wild
type counterpart. This explains the extremely high rate of infectivity of the omicron variant.

Interestingly, neutralizing antibodies have been known to target specific sites SARS-CoV-2, especially the residues on
interfacial surface of spike protein RBD.?*** Structural modeling done in this study is an ideal platform to understand antibody
binding and vaccine efficacy. There have been few other recent studies such as ours that have explained the binding interactions
of RBD of spike protein to ACE2 receptor.”>~® In comparison to these, our study has the following advantages: (1) binding
studies of RBD from a, B, v, 6 and the most recent omicron variants to human ACE2 receptor have been delineated; (2) binding

parameters have been correlated to the infectivity of each of the five strains; (3) intermolecular interactions between RBD and

Table I Comparative Analysis of Biophysical Parameters Governing the Binding of Spike Protein RBD to Human ACE2 Receptor and
Transmission Rates

Binding Parameters Wild Type o B Y o Omicron
Binding Energy (kcal/mol) -116.8 —88.6 -74.0 -99.6 —75.8 —-130.8
Number of ionic bonds | 0 0 2 0 2
Number of hydrogen bonds 13 5 5 7 10 8
Number of hydrophobic interactions 15 9 14 13 I 5

RMSD with wild type main chain (A?) - 1.8 1.0 2.1 1.0 3.0
Transmission rate as compared to wild (X) | | 2 1.7 2.4 4 16
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ACE2 receptor have been highlighted in detail, and (4) holistic approach of understanding the effect of mutations at level of
sequence, secondary structural motifs and three-dimensional fold has been adopted.

Conclusion

Comparative structural analysis of the interactions between the wild type and mutated proteins from five variants with the
human ACE2 receptor reveals the following features: (1) Different mutations on RBD of spike protein results in varying
quantity and quality of interactions, thereby affecting binding potency for each of the variants. (2) variations in binding
are due to interactions of mutant residues and induced conformational changes on loops of the RBDs. (3) Ionic
interactions play a major role in determining potency. (4) While the alpha and beta have few interactions, and low
potency. (5) gamma, delta, and omicron have a higher number of interactions, and thereby a higher potency. (6) These
results validate the clinical parameter of viral infectivity and places the observations in the right perspective.

Abbreviations
RBD, receptor binding domain; ACE2, angiotensin converting enzyme-2; RMSD, root mean square deviation.
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