Immune Netw. 2021 Dec;21(6):e38
https://doi.org/10.4110/in.2021.21.e38
pISSN 1598-2629-eISSN 2092-6685

Review Article

'.) Check for updates

G OPEN ACCESS

Received: Dec 14, 2021
Revised: Dec 19, 2021
Accepted: Dec 19, 2021

*Correspondence to

Soohyun Kim

Laboratory of Cytokine Immunology,
Department of Biomedical Science

and Technology, Konkuk University, 120
Neungdong-ro, Gwangjin-gu, Seoul 05029,
Korea.

E-mail: soohyun@konkuk.ac.kr

*Sinae Kim and Tam T. Nguyen contributed
equally to this work.

Copyright © 2021. The Korean Association of
Immunologists

This is an Open Access article distributed
under the terms of the Creative Commons
Attribution Non-Commercial License (https://
creativecommons.org/licenses/by-nc/4.0/)
which permits unrestricted non-commercial
use, distribution, and reproduction in any
medium, provided the original work is properly
cited.

ORCID iDs

Sinae Kim
https://orcid.org/0000-0002-7767-5845
Tam T. Nguyen
https://orcid.org/0000-0002-0282-7760
Afeisha S. Taitt
https://orcid.org/0000-0003-4504-1001
Hyunjhung Jhun
https://orcid.org/0000-0002-3694-9715
Ho-Young Park
https://orcid.org/0000-0002-3694-9715
Sung-Han Kim
https://orcid.org/0000-0002-6596-8253
Yong-Gil Kim
https://orcid.org/0000-0002-8029-7355

IMMUN=
N=TWORK

SARS-CoV-2 Omicron Mutation Is Faster
than the Chase: Multiple Mutations on
Spike/ACE2 Interaction Residues

Sinae Kim @ “**, Tam T. Nguyen @ “>*, Afeisha S. Taitt ® ', Hyunjhung Jhun © 3,
Ho-Young Park @ *, Sung-Han Kim @ 5, Yong-Gil Kim @ ¢, Eun Young Song @ 7,
Youngmin Lee?, Hokee Yum®, Kyeong-Cheol Shin @ '°, Yang Kyu Choi @ 2,
Chang-Seon Song (® 2, Su Cheong Yeom (© ", Byoungguk Kim™, Mihai Netea @ %,

Soohyun Kim @

'Laboratory of Cytokine Immunology, Department of Biomedical Science and Technology, Konkuk
University, Seoul 05029, Korea

*College of Veterinary Medicine, Konkuk University, Seoul 05029, Korea

*Technical Assistance Center, Korea Food Research Institute, Wanju 55365, Korea

“Research Group of Functional Food Materials, Korea Food Research Institute, Wanju 55365, Korea

*Department of Infectious Diseases, Asan Medical Center, University of Ulsan College of Medicine, Seoul
05505, Korea

®Division of Rheumatology, Department of Internal Medicine, Asan Medical Center, University of Ulsan
College of Medicine, Seoul 05505, Korea

"Department of Laboratory Medicine, Seoul National University Hospital, Seoul National University, Collage
of Medicine, Seoul 03080, Korea

8Department of Medicine, Pusan Paik Hospital, Inje University College of Medicine, Busan 47392, Korea

“Pulmonary Science and Critical Care Medicine, Seoul Paik Hospital, Inje University College of Medicine,
Seoul 04551, Korea

°Center for Respiratory Disease, College of Medicine, Yeungnam University, Daegu 42415, Korea

"Graduate School of International Agricultural Technology, Seoul National University, Pyeongchang 25354,
Korea

Division of Vaccine Clinical Research Center for Vaccine Research, National Institute of Infectious
Diseases, Cheongju 28160, Korea

“Department of Internal Medicine and Center for Infectious Diseases, Radboud University, Nijmegen
6500HB, Netherlands

ABSTRACT

Recently, a new severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) (B.1.1.529)
Omicron variant originated from South Africa in the middle of November 2021. SARS-CoV-2
is also called coronavirus disease 2019 (COVID-19) since SARS-CoV-2 is the causative agent
of COVID-19. Several studies already suggested that the SARS-CoV-2 Omicron variant would
be the fastest transmissible variant compared to the previous 10 SARS-CoV-2 variants of
concern, interest, and alert. Few clinical studies reported the high transmissibility of the
Omicron variant but there is insufficient time to perform actual experiments to prove it,
since the spread is so fast. We analyzed the SARS-CoV-2 Omicron variant, which revealed a
very high rate of mutation at amino acid residues that interact with angiostatin-converting
enzyme 2. The mutation rate of COVID-19 is faster than what we prepared vaccine program,
antibody therapy, lockdown, and quarantine against COVID-19 so far. Thus, it is necessary to
find better strategies to overcome the current crisis of COVID-19 pandemic.

COVID-19 Omicron; SARS-CoV-2; Spike (S) gene; Mutation; Receptor binding
motif (RBM)
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INTRODUCTION

Currently, severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) Omicron
(B.1.1.529) variant is the highest transmissible variant compared to the previous 10 SARS-
CoV-2 variants. SARS-CoV-2 Delta variant was the dominant transmissible variant before

the SARS-CoV-2 Omicron variant had occurred (1-4). The mutation sites of the SARS-CoV-2
Omicron and Delta variant were obtained from the United State of Centers for Disease
Control and Prevention (https://www.cdc.gov/coronavirus/2019-ncov/variants/variant-info.
html). Recent studies suggested that SARS-CoV-2 variants contributed to severe pathogenesis
and death, particularly in unvaccinated people (5,6). SARS-CoV receptor on the surface of
the host cell was identified as an angiostatin-converting enzyme 2 (ACE2) about 19 years ago
(7). In the absence of biochemical data, ACE2 was considered to be a receptor of SARS-CoV-2
since spike (S) gene of SARS-CoV shares 76% identity with that of SARS-CoV-2 (8-15).

The S gene is composed 0f 1,273 amino acid residues that are divided into 16 subdomains

by more structural information than functional property except for the receptor binding
domain (RBD). The suggested amino acid residue of the RBD is varied by different studies
(9,10,13,16-18). Our previous study found that the critical amino acid residues in the receptor
binding motif (RBM) of S gene were varied in 4 different reports (19). The analysis of ACE2
binding residue from 4 different studies revealed that only 6 amino acid residues (Y449, Y453,
F4806, N487, Q498, and T501) in RBM are common binding residues among 21 suggested
interacting residues within 69 amino acid residues of RBM (19). These 6 amino acid residues
elucidate only 28% of the 21 suggested interacting residues, which is an unexpected result
because the protein complex structure has been generated by identical spike and ACE2
protein (9,13,14,18).

In the present review, we compared the highest transmissible SARS-CoV-2 Omicron variant

to the previously dominant SARS-CoV-2 Delta variant. Omicron has more than twice the
number of mutation sites compared to that of Delta including severe mutations on spike/ACE2
interaction residues in RBM. These mutation sites are found in the ACE2 binding residues of
SARS-CoV-2 Omicron, which may contribute to the high transmissibility of Omicron.

ANALYSIS OF SARS-CoV-2 OMICRON VARIANT
SEQUENCE

New SARS-CoV-2 Omicron (B.1.1.529) variant was first detected from South Africa on the 16"
of November 2021. It rose rapidly from 273 patients on the 16" of November to more than
1,200 patients by the 25" of November. More than 80% of SARS-CoV-2 Omicron cases were
in the Northern province of Gauteng, where the first cases were seen (20). Currently SARS-
CoV-2 Delta variant is the dominant variant however researchers speculate that the SARS-
CoV-2 Omicron variant will take over the SARS-CoV-2 Delta variant since the transmissibility
of SARS-CoV-2 Omicron variant 1.8-7.0 folds higher than the variant of concern such as
SARS-CoV-2 Alpha, Beta, Gamma, and Delta (21).

The whole amino acid sequence of S gene from the SARS-CoV-2 Omicron variant was
aligned with that of the SARS-CoV-2 wild type (WT) in Fig. 1A. The result showed that 39
mutations were highlighted by different colors with bold letters. The mutation residues
are also indicated by the absence of an asterisk at the bottom of the alignment. Several
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A Ly 1 MFVFLVLLPLVSSOCVNLTTRTQLPPAYTNSFTRGVYYPDEVFRSSVLESTQDLFLPFFS  WT 778 TQEVFAQVEQIVKTPPIKDFGGFNFSQILFDPSKPSKRSFIEDLLFNEVTLADAGFIEQY
Omi 1 MFVFLVLLPLVSSQCVNLTIRTQLPPAYTNSFTRCVYYPDEVFRSSVLESTQDLFLPFFS  Omi 775 TQEVFAQVEQIVKTPPIKYFGGFNFSQILPDPSEPSKRSFIEDLIFNEVILADAGFIEQY

WT 61 NVTWFHATHWSGTNGTKRFDNPVLPFNDGVYFASTEESNITRGWIFGTTLDSKTQSLLIV  WT 838 GDCLGDIAARDLICAQKFNGLTVLPPLLTDEMIAQVTSALLAGTITSGWTFGAGAALQIP
Omi 61 NVTWFHVISSSGTNGTKRFINPVLPFNDGVYFASIEKSNITRGWIFGTTLDSKTQSLLIV  Omi 835 GDCLGDIAARDLICAQKFEGLTVLPPLLTDEMIAQVTSALLAGTITSGWTFGAGAALQIP
R ¥

WI 121 MNATNVVIEVCEFQFCNDPFLGWYYHENNKSWMESEFRVYSSAMNCTFEYVIQPFLMDLE  WT 898 FAMQMAYEFNGIGVIQNVLVENQELIANQFNSAIGKIQDSLSSTASALGKLQDVVNGNAQ
Omi 119 NNATNVVIKVCEFQFCNDPFLESSIHKNNKSUMESEFRVYSSANNCTFEYVSQPFLMDLE  Omi 885 FAMQMAYRFNGIGVTQNVLVENQKLIANQFNSAIGKIQDSLSSTASALGKLQDVVNHNAQ
E]
WI 181 GEQGNFENLREFVFENIDGYFKIYSKHTPINLY PQGFSALEPLVDLPIGINITR  WT 958 ALNTLVKQLSSNFGAISSVLNDILSRLDKVEAEVQIDRLITGRLQSLQTYVIQQLIRAAE
Omi 176 GEQGNFENLREFVFENIDGYFKIYSEHTPIRIV PQGFSALEPLVDLPIGINITR  Omi 955 ALNTLVKQLSSEFGAISSVLNDIFSRLDKVEAEVQIDRLITGRLQSLQTYVIQQLIRAAE
*

WI 238 FQTLLALHRSYLTPGDSSSGWTAGAAAVYVGYLQPRTFLLKYNENGTITDAVDCALDPLS ~ WT 1018 IRASANLAATEMSECVLGQSKRVDFCGKGYHLMSFPQSAPHGVVFLHVTYVPAQEENFTT
Omi 235 FQTLLALHRSYLTPGDSSSCWTAGAAAYYVGYLQPRTFLLKYNENGTITDAVDCALDELS  Omi 1015 TRASANLAATKMSECVLGQSKRVDFCGKGYHIMSFPQSAFPHGVVFLHVTYVPAQERNFIT

WI 298 ETKCTLESFTVEKGIVQTSNFRVQPTESIVRFFNITNLCPFGEVFNATRFASV YAUN]
Omi 295 ETKCTLESFTVEKGIYQTSNFRVQPTESIVRFENITNLCPFDEVENATRFASY VAUN]

WT 1078 APAICHDGEAHFPREGVFVSNGTHWFVIQRENFYEPQIITIDNTFVSGNCDVVIGIVNNIV
Omi 1075 APATCHDGKAHFPREGVFVSNGTHWFVTQRNFYEPQI ITIDNTFVSGNCDVY IGIVNNTV

WI 358

Omi 355 |ISNCVADY SVLYNLAPFFTFECYGVSPTKLNDLCFTNVYADSFVIRGDEVRQIAPGQTG! Omi 1135 YDPLQPELDSFKEELTKYFKNHTSPDVDLGDISGINASVVNIQKEIDRLNEVAKNINESL

TSNCVADYSVL YNSASFSTFECYGVSPTKLNDLCFTNV YADSFVIRGDEVRQTAPGY TGﬂ WT 1138 YDPLQPELDSFKEELTKYFKNHTSPDVDLGDISGINASVVNIQKEIDRINEVAKNINESL

* %
IADYNYKLPDDFTGCVIAWNSNNLDSEV GGNYNYLYRLFRKSNLEPF ERDISTETVQAG! WT 1198 IDLQELGKYEQVIKWPWYIWLGETAGLYATVMVIIMICCITSCCSCLEGCCSCGSCCKFD
TADYNYKLPDDFT GCVIAWNS NKLDSKV SGNYNYLYRLFRKSNLKPFERDI STET YQAG! Omi 1185 IDLQELGEYEQVIKWFWYINLGETAGLIATVMVTIMLCCMTSCCSCLEGCCSCGSCCKFD
sk

WI 478 [IPCNGVEGENCYFPL@SYGFQPTNGVGYQPYRVVVLSFELLHAPATVCGPEKSTNLVENK,  WT 1258 EDDSEPVLEGVELHYT
Omi 475 [EPCNGVAGENCYFPLRSYSFRPTYGV| YRVVVLSFELLHAPATVCGPKKSTNLVENK] Omi 1255 EDDSEPVLEGVELHYT
ok kkoRk ok K K Rk

WI 538 [CVNENFNGLIGTGVLTESNKKFLPFQQFGRDIADTTDAVRDPQTLEILDITPCSFGGVSY
Omi 535 |CVNENFNGLEGTGVL TESNEKFLPFQQF GRDIADTTDAVRDPQTLETLDITPCSFGGVSY

WT 418
Omi 415

WI 599 ITPGINTSNQVAVLYQDVNCIEVPVAIHADQLTPTWEVYSTGSNVFQTRAGCLIGAERVN
Omi 596 ITPGTNTSNQVAVLYQGVNCTEVPVATHADQLTPTWEVYSTGSNVFQTRAGCLIGAEYVN

£

WI 658 NSVECDIPIGAGICASYQTQTNSPERARSVASQSITAVTMSLGAENSVAYSMNSIATPTN

Omi 655 NSVECDIPIGAGICASYQTQTESHERARSVASQSITAVTMSLGAENSVAYSNNSTATPTN
*

WI 718 FIISVITEILPVSMIKTSVDCTMYICGDSTECSNLLLQYGSFCTQLNRALTGIAVEQDEN
Omi 715 FTISVITEILPVSMTKTSVDCTMVICGDSTECSNLLLQYGSFCTQLERALTGIAVEQDEN

B wr 29 ETKCTLKSFTVEKGIYQTSNF&VQPTESIVRFPNITNLCPFEEVFNATRFASVYAWNRKR
Omi 295 ETKCTLKSFTVEKGIYQTSNFRVQPTESIVRFPNITNLCPFDEVFNATRFASVYAWNRKR
skekstekeskokoksokekskokskokesksksksiokok skslekekokoksiok skekoksiokskokskokolok ek shekekskeksekskokoksk skekokoskskeksk
WT 358 [ISNCVADYSVLYNSASFSTFKCYGVSPTKLNDLCETNVYADSFVIRGDEVRQTAPGQTGK
Omi 355 [ISNCVADYSVLYNLAPFFTFKCYGVSPTKLNDLCFTNVYADSEVIRGDEVRQIAPGQTGN
sRMSRIGICRIICIICRR. sk SR Sekesieioleiorisk ek eielioiok okl ssiolei R sk ek iR ioioior
WT 418 TADYNYKLPDDFTGCVIAWNSNNLDSKVGGNYNYLYRLFRKSNLKPFERDISTETYQAGS
Omi 415 TADYNYKLPDDFTGCVIAWNSNKLDSKVSGNYNYLYRLFRKSNLKPFERDISTEIYQAGN
SRR GRS ICGRIGIsIoIGRIGISRoR. SjeloRsiek  sosieieioioiioteloisisioleieR sk ek isieioioR ioioior
WT 478 [TPCNGVEGFNCYFPLQSYGFQPTNGVGYQPYRVVVLSFELLHAPATVCGPKKSTNLVKNK
Omi 475 [KPCNGVAGFNCYFPLRSYSFRPTYGVGHQPYRVVVLSFELLHAPATVCGPKKSTNLVKNK
sefololkek  sleloksloksioksk skek sk oskek skeksk seloksiskekelkoloielokoskskokekekskskskolekok skekokskokskokskoksk
WT 538 CVNFNFNGtTGTGVLTESNKKFLPFQQFGRDIADTTDAVRDPQTLEILDITPCSFGGVSV

Omi 535 |CVNENENGLKGTGVLTESNKKFLPFQQFGRDIADTTDAVRDPQTLEILDITPCSFGGVSV
Aekafolkaokadok okaeokaokaaekaekaaekaok ook dekekkiok kool kol kool ok kool ok

c 438 448 458 468 478 488 498 507
WTL slesxvsmiNnin.RKSNLKPFERDISTEI.AGSTPCNGVEGﬁchPLISIGII*P*.GVGYQ
WT2  sEnipsrveeN¥NYLYREFRKSNLKPFERDISTEIYQRGSTPCNGVEGENCEFPLEsYcrErNGvaEo
WT3  SNNLDSKVEGNYNYLYRLFRKSNLKPFERDISTEIYQAGSTPCNGVEGENCEFPLOSYGFQPENGVGYQ
WT?  SNNLDSKVEGNYNYLYREERKSNLKPFERDISTEIYQAGSTPCNGVEGENCEFPLOSYGFOPENGVGEQ

(o] SNELDSKVSGNYNYLYRLFRKSNLKPFERDISTEILYQAGNKPCNGVAGEFNCYFPLERSYSFRPTY GVGHQ
) SNNLDSKVGGNYNYRYRLFRKSNLKPFERDISTEIYQAGSKPCNGVEGFNCYFPLOSYGFQPTNGVGYQ

Figure 1. Comparison of SARS-CoV-2 WT to SARS-CoV-2 Omicron S protein. (A) The whole S protein sequence of SARS-CoV-2 Omicron was compared to that

of SARS-CoV-2 WT. The mutated residue was highlighted by different colors such as yellow for amino acid change, blue for deletion, and green for insertion.
RBD was highlighted by light pink and RBM was highlighted by light green. The signal sequence and transmembrane are in bold letters and underlined, it is

also highlighted in gray. The absence of an asterisk at the bottom of alignment indicates a mutation site. (B) The RBD and RBM region was enlarged for further
analysis. There are 15 mutations in RBD and 10 mutations in RBM of SARS-CoV-2 Omicron, whereas only 2 mutations (red bold letter) in RBM of SARS-CoV-2 Delta
variant. (C) The alignment of Omicron and Delta S protein was compared to the ACE2 receptor interaction sites, which were reported by WT' (13), WT? (14), WT?
(18), and WT* (9). The 21 receptor binding residues were indicated by the green highlight. The 6 common ACE2 interaction sites were marked by an asterisk

on the top to indicate the location (9,13,14,18). The mutation residues in the RBM of Omicron and Delta were indicated by a red letter. The 7 receptor binding
residues of Omicron in RBM were highlighted by blue color.
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Table 1. S mutation residue of SARS-CoV-2 Omicron and Delta variants

Pango lineage Origin Variant name S protein mutations Classification
(greek alphabet) (WHO/CDC)
B.1.617.2 India Delta, & T19R, V70OF*, T951, G142D, E156del, F157del, R158G, A222V*, W258L*, K417N*, L452R, T478K, VOC (3-6)
D614G, P681R, D9SON
B.1.1.529 South Africa Omicron, o A67V, H69del, V70del, T951, G142del, Vi43del, Y144del, Y145D, N211del, L2121, ins214E, VOC (24)

ins215P, ins216E, G339D, S371L, S373P, S375F, K417N, N440K, G446S, S477N, T478K,
E484A, Q493R, G496S, Q498R, N501Y, Y505H, T547K, D614G, H655Y, N679K, P681H,
N764K, D796Y, N856K, Q954H, N969K, L981F

The mutation sites in S gene of SARS-CoV-2 Omicron and Delta VOC were shown. Pango lineage, origin, variant name, mutation residue, and classification of SARS-
CoV-2 Omicron and Delta variants were listed. The mutation residues in RBM were highlighted by green and the mutation residues in RBD was highlighted by orange.
The RBM is located within the RBD. The 3 new mutations in Delta and 27 new mutations in Omicron were indicated by red and red bold letter, respectively.

VOC, variant of concern; WHO, World Health Organization; CDC, Centers for Disease Control and Prevention. *Detected in some sequences but not all.

announcements said that SARS-CoV-2 Omicron has 34 mutations, but it has 39 mutations

in S gene (Table 1). This discrepancy has happened since serial mutations such as double or
triple amino acid residues were indicated as a single mutation, for example, del69-70, del142-
144, and ins214EPE.

The del69-70 is 2 residues of H69del and V70del deletion. The del142-144 is 3 residues of
G142del, V143del, and Y144del deletion. The ins214EPE is 3 residues of ins214E, ins215P,

and ins216E insertion (Table 1). These 3 occasions add 5 additional mutations resulting in
those 34 mutations becoming 39 mutations. Unique mutation sites of SARS-CoV-2 Delta and
SARS-CoV-2 Omicron variant’s residues were indicated by red bold letters. SARS-CoV-2 Delta
variant has only 3 new mutation residues among 15 mutations whereas SARS-CoV-2 Omicron
variant has 27 new mutation residues among 39 mutations in Table 1. In addition, the
mutation residues of RBD and RBM were highlighted by orange and green color, respectively
(Table 1). These massive new mutations probably contribute to the high infectivity of the
SARS-CoV-2 Omicron variant.

In Fig. 1A, the 39 mutation residues were highlighted by yellow for amino acid change, blue
for amino acid deletion, and green for amino acid insertion. Interestingly, the deletions and
insertions have occurred in the N-terminus of RBD. The insertion of ins214E, ins215P, and
ins216E happened for the first time among the 11 SARS-CoV-2 variants. The RBD and RBM
were highlighted by a light pink and a light green color, respectively (Fig. 1A). The signal
peptide and transmembrane domain were indicated by bold underlined letters with gray
highlight. The subunit 1 (S1) and subunit 2 (S2) cleavage sites were marked by green highlight
with red bold letters that were indicated by a dark blue arrow (Fig. 1A, the left down).
Interestingly, 2 mutations, N679K and P681H, present just in the N-terminus of the cleavage
site. These adjacent mutation sites could influence the cleavage of S1 and S2 resulted in the
entry of the SARS-CoV-2 Omicron variant into the host cells (22-25).

The RBD and RBM highlighted regions were enlarged for more detailed analysis (Fig. 1B).
The 15 mutation sites with yellow highlight are present in the RBD of S gene, which is 38%
of the total 39 mutations in the SARS-CoV-2 Omicron variant. Surprisingly, the 10 mutations
present in critical RBM within 69 amino acid residues resulted in that 14% of the amino acid
residue being changed in RBM. However, only 2 mutations were present in the RBM of the
SARS-CoV-2 Delta variant that was indicated by a red bold letter. The mutation sites in the
RBM of Omicron is 5 folds higher than that of Delta variant (Fig. 1B). In addition to this, the
69 amino acid residues of RBM are only 0.05% of the whole S gene containing 1,273 amino
acid residues. The frequency of mutation in RBM of SARS-CoV-2 Omicron is about 760 folds
higher than that of the whole S gene. The high frequency of mutation in the critical RBM may

https://doi.org/10.4110/in.2021.21.e38 4/8
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enhance the transmissibility of the SARS-CoV-2 Omicron variant, which has about 8.4 folds
higher transmissibility than the known SARS-CoV-2 D614G original strain (21).

The direct binding residue in the RBM of SARS-CoV-2 Omicron, Delta, and previous studies
(9,13,14,18) was analyzed by protein sequence alignment (Fig. 1C). The specific binding
residues were highlighted by green in RBM and the upper 4 lines WT-WT* from these
different reports (9,13,14,18). These 21 residues directly interact with ACE2 on the surface of
host cells. Interestingly, each study suggested binding residue was different and this result

is unanticipated since the protein complex structure was obtained from an identical spike
and ACE2 proteins (9,13,14,18). The analysis of ACE2 binding residue found only 6 binding
residues (Y449, Y453, F486, N487, Q498, and T501) were common binding residue among 21
suggested binding residues indicated by an asterisk on the top (Fig. 1C). Astonishingly, the

7 mutations (blue highlight; G446S, E484A, Q493R, G496S, Q498R, N501Y, and Y505H) in
the RBM of Omicron have corresponded to the ACE2 binding sites whereas the 2 mutations
(red letter; L452R and T478K) in the RBM of Delta did not correspond to any of ACE2 binding
sites. The Q498R mutation is one of the 6 common binding sites (Y449, Y453, F486, N487,
Q498, and T501) from 4 different reports (9,13,14,18). This critical residue Q498R with
severe mutations on spike/ACE2 interaction residues in RBM may contribute to the high
transmissibility of the SARS-CoV-2 Omicron variant.

The 39 mutations in the SARS-CoV-2 Omicron variant were illustrated by geographical
location in S gene that was divided into 16 subdomains by different colors (Fig. 2). The
specific amino acid residue of each domain was shown on the right such as RBD 319-545

Omicron
R685 (S cleavage site ; .
S1(14-685) ( p 8 ) S92 (686-1,213) Omicron: 1,270 aa
< WT: 1,273 aa
1 500 v 1,000
spike | | | | | | | | | | |
SP1.13
NTD 18-305
‘ [ L1306-318 RBD 319-545 (15 mutations)
AT -507 (RORUNEHGNS
Heodel | | G142del ca30D] RBM sﬁssfe?gs(s )
V70del| | V143del S373L‘ SD2597.676
Tos|| Y144del S373P T547K
Y145D S375F L2689-815
N211del Ka17N 614G [ FP2816.827
N440K] HB55Y
1212 4465 NG7OK B cR 341011
ins214E S4TTN Pea1N HR1 912.984
ins215P ngﬁ N746K ‘ [ cH 9851034
ins216E Q493R D796Y D95ON [ BH 1,035-1,07
G496S N856KlI  QO54H [ sD31,072-1,121
%%%513{ Ng&%ﬁ H -ISD4 1,165-1,213
Yo05H ™ 1,214-1,236

CT 1,237-1273

Omicron (S. Africa) - 39 amino acid residues (27 new mutation sites)
AB7V, H69del, V70del, T95I, G142del, V143del, Y144del, Y145D, N211del, L2121, ins214E, ins215P, ins216E, G339D, S371L, S373P,

S375F, K417N, , T547K, D614G, H655Y, N679K,
P681H, N764K, D796Y, N856K, Q954H, N969K, L981F

Figure 2. Geographical drawing of mutation sites in SARS-CoV-2 Omicron S gene. The S protein contains 16 subdomains that were shown by different colors with
specific residues on the right. The S1 (R685) cleavage site was indicated at the top with a red arrow. The 15 mutations in RBD were indicated in red letters with

a yellow highlight. The 10 mutations in RBM were indicated in red letters with a green highlight. Each amino acid change was illustrated at the bottom of the
domain bar by geographical drawing. The 3 unique insertion sites were indicated by red letters in NTD.

SP, signal peptide; L, loop; SD, subdomain; FP, fusion peptide; CR, connected region; HR, heptad repeat; CH, central helix; BH, B-hairpin; TM, transmembrane
domain; CT, cytosolic domain.
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and RBM 483-507. The 15 mutations present in the crucial RBD (yellow bar; 319-545), which
was shown by red letters with a yellow highlight. Furthermore, the 10 mutations present in
the critical RBM (green bar; 438-507), which was shown by red letters with a green highlight
(Fig. 2). Interestingly, the SARS-CoV-2 Omicron variant has an insertion site (red letters) in
the N-terminal domain (NTD; 18-305) that was found for the first time among the 11 SARS-
CoV-2 variants. The 6 deletion sites also present in NTD resulted in the SARS-CoV-2 Omicron
variant containing 1,270 amino acid residues which is 3 residues less than SARS-CoV-2 WT
(Fig. 2, right on the top).

CONCLUSION

Currently, there is a large concern about coronavirus disease 2019 (COVID-19) because the
highly transmissible COVID-19 Omicron variant has been reported from different countries.
In this review, we analyzed the mutation of the SARS-CoV-2 Omicron variant to understand
the current crisis of the COVID-19 pandemic as well as to explain the high transmissibility

of Omicron. The analysis of Omicron mutation sites revealed the crucial ACE2 binding
residues in the RBM of SARS-CoV-2 Omicron was heavily mutated. Probably the mutation
rate of SARS-CoV-2 is much faster than any other infectious respiratory virus. Therefore, the
conventional lockdown, quarantine, vaccine program, and antibody therapy are not sufficient
to prevent the transmission of COVID-19. We must find alternative approach to overcome the
crisis of COVID-19 pandemic.

ACKNOWLEDGEMENTS

This paper was written as part of Konkuk University's research support program for its faculty
on sabbatical leave in 2022. This work was supported by the National Research Foundation of
Korea (NRF-2021R1F1A1057397). This research was supported by the Main Research Program
(E0210503-01) of the Korea Food Research Institute (KFRI) funded by the Ministry of Science

and ICT.

REFERENCES

1. Brown CM, VostokJ, Johnson H, Burns M, Gharpure R, Sami S, Sabo RT, Hall N, Foreman A, Schubert
PL, et al. Outbreak of SARS-CoV-2 infections, including COVID-19 vaccine breakthrough infections,
associated with large public gatherings - Barnstable County, Massachusetts, July 2021. MMWR Morb Mortal
Wily Rep 2021;70:1059-1062.

PUBMED | CROSSREF

2. DagpunarJ. Interim estimates of increased transmissibility, growth rate, and reproduction
number of the COVID-19 B.1.617.2 variant of concern in the United Kingdom. MedRxiv 2021. doi:
10.1101/2021.06.03.21258293.

CROSSREF

3. LiuY, Rocklov]. The reproductive number of the Delta variant of SARS-CoV-2 is far higher compared to
the ancestral SARS-CoV-2 virus. J Travel Med 2021;28:taab124.
PUBMED | CROSSREF

4. Shi Q, Dong XP. Rapid global spread of the SARS-CoV-2 delta (B.1.617.2) variant: spatiotemporal variation
and public health impact. Zoonoses 2021;1:1-6.
CROSSREF

https://doi.org/10.4110/in.2021.21.e38 6/8


http://www.ncbi.nlm.nih.gov/pubmed/34351882
https://doi.org/10.15585/mmwr.mm7031e2
https://doi.org/10.1101/2021.06.03.21258293
http://www.ncbi.nlm.nih.gov/pubmed/34369565
https://doi.org/10.1093/jtm/taab124
https://doi.org/10.15212/ZOONOSES-2021-0005

IMMUN=

-
Severe Mutations in Receptor Binding Motif (RBM) of Omicron n =Two R I(

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Lopez Bernal J, Andrews N, Gower C, Gallagher E, Simmons R, Thelwall S, Stowe ], Tessier E, Groves

N, Dabrera G, et al. Effectiveness of COVID-19 vaccines against the B.1.617.2 (Delta) variant. N Engl | Med
2021;385:585-594.

PUBMED | CROSSREF

Sheikh A, McMenamin J, Taylor B, Robertson CPublic Health Scotland and the EAVE II Collaborators.
SARS-CoV-2 Delta VOC in Scotland: demographics, risk of hospital admission, and vaccine effectiveness.
Lancet 2021;397:2461-2462.

PUBMED | CROSSREF

Li W, Moore MJ, Vasilieva N, Sui J, Wong SK, Berne MA, Somasundaran M, Sullivan JL, Luzuriaga K,
Greenough TC, et al. Angiotensin-converting enzyme 2 is a functional receptor for the SARS coronavirus.
Nature 2003;426:450-454.

PUBMED | CROSSREF

ChenY, Guo Y, Pan Y, Zhao ZJ. Structure analysis of the receptor binding of 2019-nCoV. Biochem Biophys Res
Commun 2020;525:135-140.

PUBMED | CROSSREF

Lan]J, GeJ, YuJ, Shan S, Zhou H, Fan S, Zhang Q, Shi X, Wang Q, Zhang L, et al. Structure of the SARS-
CoV-2 spike receptor-binding domain bound to the ACE2 receptor. Nature 2020;581:215-220.

PUBMED | CROSSREF

Shang]J, Ye G, Shi K, Wan Y, Luo C, Aihara H, Geng Q, Auerbach A, Li F. Structural basis of receptor
recognition by SARS-CoV-2. Nature 2020;581:221-224.

PUBMED | CROSSREF

Song W, Gui M, Wang X, Xiang Y. Cryo-EM structure of the SARS coronavirus spike glycoprotein in
complex with its host cell receptor ACE2. PLoS Pathog 2018;14:€1007236.

PUBMED | CROSSREF

Wrapp D, Wang N, Corbett KS, Goldsmith JA, Hsieh CL, Abiona O, Graham BS, McLellan JS. Cryo-EM
structure of the 2019-nCoV spike in the prefusion conformation. Science 2020;367:1260-1263.

PUBMED | CROSSREF

Yan R, ZhangY, Li Y, Xia L, Guo Y, Zhou Q. Structural basis for the recognition of SARS-CoV-2 by full-
length human ACE2. Science 2020;367:1444-1448.

PUBMED | CROSSREF

Yuan M, Wu NC, Zhu X, Lee CD, So RT, Lv H, Mok CK, Wilson IA. A highly conserved cryptic epitope in
the receptor binding domains of SARS-CoV-2 and SARS-CoV. Science 2020;368:630-633.

PUBMED | CROSSREF

Yuan Y, Cao D, Zhang Y, MaJ, QiJ, Wang Q, Lu G, Wu Y, Yan J, Shi Y, et al. Cryo-EM structures of MERS-
CoV and SARS-CoV spike glycoproteins reveal the dynamic receptor binding domains. Nat Commun
2017;8:15092.

PUBMED | CROSSREF

Kim S, Lee JH, Lee S, Shim S, Nguyen TT, Hwang J, Kim H, Choi YO, HongJ, Bae S, et al. The progression
of SARS coronavirus 2 (SARS-CoV2): mutation in the receptor binding domain of spike gene. Immune Netw
2020;20:e41.

PUBMED | CROSSREF

Li F, Li W, Farzan M, Harrison SC. Structure of SARS coronavirus spike receptor-binding domain
complexed with receptor. Science 2005;309:1864-1868.

PUBMED | CROSSREF

Wang Q, Zhang Y, Wu L, Niu S, Song C, Zhang Z, Lu G, Qiao C, Hu Y, Yuen KY, et al. Structural and
functional basis of SARS-CoV-2 entry by using human ACE2. Cell 2020;181:894-904.¢9.

PUBMED | CROSSREF

Jhun H, Park HY, Hisham Y, Song CS, Kim S. SARS-CoV-2 Delta (B.1.617.2) variant: a unique T478K
mutation in receptor binding motif (RBM) of spike gene. Immune Netw 2021;21:e32.

PUBMED | CROSSREF

Torjesen I. Covid-19: Omicron may be more transmissible than other variants and partly resistant to
existing vaccines, scientists fear. BMJ2021;375:n2943.

PUBMED | CROSSREF

Zhang L, Li Q, Liang Z, Li T, Liu S, Cui Q, Nie J, Wu Q, Qu X, Huang W, et al. The significant immune
escape of pseudotyped SARS-CoV-2 variant Omicron. Emerg Microbes Infect 2021;10:1-11.

PUBMED | CROSSREF

Barrett CT, Neal HE, Edmonds K, Moncman CL, Thompson R, Branttie JM, Boggs KB, Wu CY, Leung DW,
Dutch RE. Effect of clinical isolate or cleavage site mutations in the SARS-CoV-2 spike protein on protein
stability, cleavage, and cell-cell fusion. ] Biol Chem 2021;297:100902.

PUBMED | CROSSREF

https://doi.org/10.4110/in.2021.21.e38 7/8


http://www.ncbi.nlm.nih.gov/pubmed/34289274
https://doi.org/10.1056/NEJMoa2108891
http://www.ncbi.nlm.nih.gov/pubmed/34139198
https://doi.org/10.1016/S0140-6736(21)01358-1
http://www.ncbi.nlm.nih.gov/pubmed/14647384
https://doi.org/10.1038/nature02145
http://www.ncbi.nlm.nih.gov/pubmed/32081428
https://doi.org/10.1016/j.bbrc.2020.02.071
http://www.ncbi.nlm.nih.gov/pubmed/32225176
https://doi.org/10.1038/s41586-020-2180-5
http://www.ncbi.nlm.nih.gov/pubmed/32225175
https://doi.org/10.1038/s41586-020-2179-y
http://www.ncbi.nlm.nih.gov/pubmed/30102747
https://doi.org/10.1371/journal.ppat.1007236
http://www.ncbi.nlm.nih.gov/pubmed/32075877
https://doi.org/10.1126/science.abb2507
http://www.ncbi.nlm.nih.gov/pubmed/32132184
https://doi.org/10.1126/science.abb2762
http://www.ncbi.nlm.nih.gov/pubmed/32245784
https://doi.org/10.1126/science.abb7269
http://www.ncbi.nlm.nih.gov/pubmed/28393837
https://doi.org/10.1038/ncomms15092
http://www.ncbi.nlm.nih.gov/pubmed/33163249
https://doi.org/10.4110/in.2020.20.e41
http://www.ncbi.nlm.nih.gov/pubmed/16166518
https://doi.org/10.1126/science.1116480
http://www.ncbi.nlm.nih.gov/pubmed/32275855
https://doi.org/10.1016/j.cell.2020.03.045
http://www.ncbi.nlm.nih.gov/pubmed/34796036
https://doi.org/10.4110/in.2021.21.e32
http://www.ncbi.nlm.nih.gov/pubmed/34845008
https://doi.org/10.1136/bmj.n2943
http://www.ncbi.nlm.nih.gov/pubmed/34890524
https://doi.org/10.1080/22221751.2021.2017757
http://www.ncbi.nlm.nih.gov/pubmed/34157282
https://doi.org/10.1016/j.jbc.2021.100902

IMMUN=
-
Severe Mutations in Receptor Binding Motif (RBM) of Omicron n =Two R I(

23. Belouzard S, Chu VC, Whittaker GR. Activation of the SARS coronavirus spike protein via sequential
proteolytic cleavage at two distinct sites. Proc Nat! Acad Sci U S A 2009;106:5871-5876.
PUBMED | CROSSREF

24. Simmons G, Gosalia DN, Rennekamp AJ, Reeves JD, Diamond SL, Bates P. Inhibitors of cathepsin L
prevent severe acute respiratory syndrome coronavirus entry. Proc Nat! Acad Sci U S A 2005;102:11876-11881.
PUBMED | CROSSREF

25. Simmons G, Zmora P, Gierer S, Heurich A, P6hlmann S. Proteolytic activation of the SARS-coronavirus
spike protein: cutting enzymes at the cutting edge of antiviral research. Antiviral Res 2013;100:605-614.
PUBMED | CROSSREF

https://immunenetwork.org https://doi.org/10.4110/in.2021.21.e38 8/8


http://www.ncbi.nlm.nih.gov/pubmed/19321428
https://doi.org/10.1073/pnas.0809524106
http://www.ncbi.nlm.nih.gov/pubmed/16081529
https://doi.org/10.1073/pnas.0505577102
http://www.ncbi.nlm.nih.gov/pubmed/24121034
https://doi.org/10.1016/j.antiviral.2013.09.028

