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Abstract

Since the emergence of the first case of coronavirus disease 2019 (COVID-19), caused by severe acute respiratory syndrome
coronavirus (SARS-CoV-2), the viral genome has constantly undergone rapid mutations for better adaptation in the host
system. These newer mutations have given rise to several lineages/ variants of the virus that have resulted in high transmis-
sion and virulence rates compared to the previously circulating variants. Owing to this, the overall caseload and related
mortality have tremendously increased globally to > 233 million infections and > 4.7 million deaths as of Sept. 28th, 2021.
SARS-CoV-2, Spike (S) protein binds to host cells by recognizing human angiotensin-converting enzyme 2 (hACE2) recep-
tor. The viral S protein contains S1 and S2 domains that constitute the binding and fusion machinery, respectively. Structural
analysis of viral S protein reveals that the virus undergoes conformational flexibility and dynamicity to interact with the
hACE2 receptor. The SARS-CoV-2 variants and mutations might be associated with affecting the conformational plasticity
of S protein, potentially linked to its altered affinity, infectivity, and immunogenicity. This review focuses on the current
circulating variants of SARS-CoV-2 and the structure—function analysis of key S protein mutations linked with increased
affinity, higher infectivity, enhanced transmission rates, and immune escape against this infection.

Keywords Lineages - S protein - SARS-CoV-2 - Structure-functional analysis - Variant of concern (VOC)

Abbreviations PANGOLIN  Phylogenetic Assignment of Named

Covid-19 Coronavirus disease 2019 Global Outbreak Lineages

Cp Cytoplasm domain RBD Receptor-binding domain

E Envelope RBM Receptor-binding motif

FP Fusion peptide S Spike protein

GISAID Global Initiative on Sharing All influenza SARS-CoV-2 Severe acute respiratory syndrome Corona
data Virus 2

HB Helical bundle SP Signal peptide

HR1 Heptapeptide repeat sequence 1 ™ Transmembrane domain

HR2 Heptapeptide repeat sequence 2 VOC Variant of concern

hACE2 Human angiotensin-converting enzyme 2 VOI Variant of interest

M Matrix WHO World Health Organization

Nsps Non-structural proteins

NTD N-terminal domain

ORF Open reading frame Introduction

Novel coronavirus, also termed Severe acute respiratory

54 Punit Kaur syndrome coronavirus-2 (SARS-CoV-2), the causative
punitkaur @aiims.edu; punitkaurl @hotmail.com agent of Corona virus disease (COVID-19), continuously
imposes serious challenges to both global health and eco-
nomic conditions [1]. The virus was first reported from
Wuhan city, China among patients suffereing from pneu-
monia with unknown etiology. Subsequently, it spread and
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became a serious health problem worldwide. World Health
Organization (WHO) declared SARS-CoV-2 infection as a
pandemic in March 2020 [2]. As of September 2021, more
than 233,158,434 infections and 4,771,151 deaths have been
reported globally [3].

To date, more than 1.2 million SARS-CoV-2 genome
sequences are available at Global Initiative on Sharing Avian
Influenza Data (GISAID), permitting real-time surveillance
of the variants identified globally [4]. The deposited data
enable comprehension of epidemiology related to evolving
SARS-CoV-2 variants and related mutations associated with
modified viral properties. The emergence of multiple vari-
ants of SARS-CoV-2, represents its consistent evolutionary
fitness in terms of virus adaptability to evade host immune
response and confer enhanced infectivity [5]. Various
nomenclature systems have been adopted for determining the
emerging variants of SARS-CoV-2. The recently approved
WHO classification system distinguishes new emerging vari-
ants into the variant of concern (VOC) and the variant of
interest (VOI) niche [6]. SARS-CoV-2 is known to recognize
the human angiotensin-converting enzyme 2 (hACE2) recep-
tor through its Spike (S) protein. Mutations in the S protein
of SARS-CoV-2 have been linked with high transmissibility,
increased virulence, enhanced infectivity, poor diagnostic
sensitivity, and viral immune escape. Therefore, S protein
has been considered as an attractive immunogenic target for
vaccine design [7]. Several vaccines are in phase III clinical
trials, wherein some of them have been approved globally
for emergency use. Due to the continuously evolving nature
of SARS-CoV-2, the efficacy of these vaccines against the
emerging variants is still largely unknown [8]. As the virus
is rapidly mutating its genome, the design of a specific drug
or vaccine against a particular variant of SARS-CoV-2 is dif-
ficult. This review summarizes the structural, functional, and
antigenic aspects of the interactions involving S protein from
SARS-CoV-2 with its host hACE2 receptor and the current
emerging variants associated with the rapid resurgence of
SARS-CoV-2 infections. The emphasis is on the structural
and functional aspects of the key S protein mutations, asso-
ciated with WHO-defined variants linked with increased
affinity, transmission, and immune escape. This review will
help to develop newer strategies for the design of drugs and
immunotherapies to combat viral infection.

Genomic organization of SARS-CoV-2

The SARS-CoV-2 virus belongs to the beta coronavirus fam-
ily that contains single positive-strand RNA as a genetic
material [9]. Its viral genome contains approximately 29,881
nucleotides (Gene ID—MN908947) which encode 9860
amino acids [10]. The viral genome of SARS-CoV-2 bound
to nucleocapsid consists of a 5'- cap and a 3'- poly-acetylated
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tail (A) bordered by 5’ and 3’ untranslated region (UTRs)
[11]. The S'UTR and 3'UTR comprise 265 and 229 nucleo-
tides, respectively. These UTRs play an essential role in viral
gene transcription and regulation. The viral genome includes
several open reading frames (ORFs) that translate into mul-
tiple proteins [12]. The 5’-end consists of the ORFla and
ORF1b genes that harbor most of the genome (~21 kb). The
tail portion towards the 3’-end contains the gene for four
structural proteins (envelope (E), matrix (M), nucleocapsid
(N), S protein and nine accessory proteins [13]. The func-
tions of the accessory genes ORF3a, ORF3b, ORF6, ORF7a,
ORF7b, ORF8, ORF9b, ORF9c and ORF10 [14] are not
clear yet (Fig. 1A). ORFla and ORF1b genes encode for
2 polypeptides, ppla and pplab, which are then chopped
into 16 non-structural proteins (nsps) by viral chymotrypsin-
like protease (3CLP™) or main protease (MP™) and papain-
like proteases (PLpro) [15]. PLpro cleaves the site between
nspl/2, nsp2/3, nsp3/4 proteins while the 3CLP™ cleaves at
the Q/SAG site to produce the non-structural proteins, nsp4
to nsp16. Nsp12 (known as RNA-dependent RNA polymer-
ase) along with nsp7, nsp8, nspl3 (helicase), and nspl4
(exonuclease) are the key enzymes that mediate the replica-
tion and transcription machinery of SARS-CoV-2 in the host
cell. These nsps also react to regulate the host immune sys-
tem and act as a cofactor for other nsps to activate them and
amplify their functions [16]. Both nsp3 and nsp16 hamper
the natural immune responses of the host cells to promote
viral proliferation [17].

Structural proteins of SARS-CoV-2

Structurally, the virus has a double-layered lipid envelope
that contains four structural proteins namely, S, M, E, and
N (Fig. 1B) [18]. The S protein has been recognized to con-
tribute significantly to both cell recognition as well as the
fusion to the cell membrane. The S protein comprises two
monomeric subunits S1 and S2, which assemble into trim-
ers on the surface of the virion. The S1 monomeric subunit
forms the head region while the S2 subunit encompasses the
stalk region of S protein that together impart the visual effect
of the crown shape virus [14] (Fig. 1C). S protein incorpo-
rates the receptor-binding domain (RBD) that participates in
binding viral particles to the host cell receptors. Therefore,
this domain is widely used as a target for neutralizing anti-
bodies generated after infection, vaccination and monoclonal
antibodies and as a drug target [19].

The M protein spans the viral membrane bilayer and is
responsible for maintaining the shape of the virion. The
highly conserved E protein is a hydropathic transmembrane
protein, rich in valine and leucine residues that are essential
for viral pathogenesis [20]. It plays a vital role in the bud-
ding process of viral particles from infected macrophages.
The E and M proteins collectively facilitate the viral entry
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Fig.1 The structural organization of SARS-CoV-2 genome. (A)
Schematic representation of SARS-CoV-2 genome organization
where, bp: base pair; ORF: Open reading frame; S: Spike protein; E:
Envelope protein; M: Membrane protein; N: Nucleocapsid protein.
(B) The structural features of SARS-CoV-2 (C) S1 and S2 subunits of

into the host cell, replication, and assembly of viruses within
human host cells. Together with the viral RNA, the N protein
constitutes the nucleocapsid and functions to maintain the
genome structure and facilitate viral assembly, replication,
and interaction with host cells [21].

Structural organization of S protein

The S protein contains 1273 amino acid residues, distributed
into S1 and S2 subunits, spanning (14-685) and (686—1273)
residues respectively, preceeded by a 1-13 amino acid long
signal polypeptide chain towards the N-terminal end. The
S1 subunit represents the variable part of the protein, while
the S2 subunit is much more conserved. The first 13 amino
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SARS-CoV-2 S protein. (C) Block representation of SARS-CoV-2 S
protein with its different domains namely, NTD, N-terminal domain;
RBD, receptor-binding domain; FP, fusion peptide; HR1, heptad
repeat 1, HR2, heptad repeat 2; TM, transmembrane domain; CT,
cytoplasmic domain

acid residues constituting the signal peptide (SP) of S1 are
required to guide its transportation to its membrane destina-
tion [22]. The S1 subunit contains the N-terminal domain
(NTD) (14-305) and RBD spanning 319-541 residues. The
S2 subunit incorporates the fusion peptide (FP) (788-806),
heptapeptide repeat sequence 1 (HR1) (912-984), heptapep-
tide repeat sequence 2 (HR2) (1163—1213), transmembrane
domain (TM) (1213-1237), and the cytoplasm domain (CP)
(1237-1273) [20] (Fig. 1D)

NTD is responsible for binding to carbohydrates. RBD of
S protein permits the virus entry into the host cell receptor.
RBD has extensively been studied as an anti-SARS-CoV-2
drug target and vaccine candidate [23]. The FP, located in
the S2 subdomain, comprising 15-20 residues, plays a vital
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«Fig. 2 Interactions of SARS-CoV-2 with hACE2 receptor. (A) Dia-
grammatic representation of the entry of SARS-CoV-2 in the human
cell through angiotensin-converting enzyme type 2 receptor (hACE2).
(B-E) Cryo-EM structures of trimeric S protein representing struc-
tural plasticity in its prefusion and postfusion states (B) three RBD
down closed prefusion state (PDB id: 6VXX) (C) one RBD up prefu-
sion states (PDB id: 6VYB) (D) two RBD up (PDB id: 6X2B) pre-
fusion state (E) postfusion state (PDB id: 6M3W) of the S protein.
Three protomers of S protein are colored by chain using red, green,
and orange colors. The polybasic cleavage site is represented in the
centre in grey heptagon

role in mediating membrane fusion with the hACE2. HR1
and HR2 contain a heptapeptide repeat sequence, HPPHCPC
(where H stands for hydrophobic residue, P for polar and C
for charged), and interact with each other through hydro-
phobic (non-polar) interactions to form a six helical bun-
dled (6-HB) fusion core structure [24]. This coiled-coil core
conformation is mainly responsible for bringing viral and
human cells in close vicinity for fusion, thus permitting the
viral attachment to the host cell. The TM domain of the S2
subunit is highly conserved in SARS-CoV-2 and, along with
the CP domain, contributes to the adherence of S protein to
the host cells.

SARS-CoV-2 entry into host cells

SARS-CoV-2 invades the host cell by establishing direct
contact with the host cell receptor. Within the S1 subunit,
RBD specifically recognizes the integral membrane pro-
tein, hACE2, as its receptor [25] (Fig. 2A: Step (1)). The
conformation of S protein alters after its association with
the hACE2 receptor and facilitates the availability of the S1
and S2 cleavage sites to the transmembrane protease serine
kinase 2 (TRMPSS2) (Fig. 2A: Step(2)) [26]. The cleavage
of S1 and S2 enables the fusion of S protein with the host by
facilitating the insertion of the FP domain of the S2 subunit
into the host cell membrane (Fig. 2A: Step (3)). This induces
another conformational change in S2 subunit, which facili-
tates the viral and host membranes to attain sufficient prox-
imity. Consequently, this triggers membrane fusion resulting
in viral-host cellular fusion and viral entrance into host cells
(Fig. 2A: Step (4)).

Cryo-EM structures of SARS-CoV-2 S protein

The cryo-electron microscopy structure reveals that the
SARS-CoV-2 S protein adopts two isoforms, the prefusion
and postfusion [27]. The prefusion isoform is further classi-
fied into three conformations, closed (PDB id: 6VXX), open
RBD up (PDB id: 6VYB), and two RBD up (PDB id: 6X2B)
(Fig. 2 BCD) [28]. In the closed conformation of the prefu-
sion isoform, all the three RBDs are covered by the NTD
of S protein. While, in the open conformation, the RBD is

dissociated from its apical central axis of the S2 subdomain.
The two up conformations of RBD (both one RBD and two
RBD up) have the ability to recognize the hACE2 receptor. S
protein undergoes conformational plasticity during its transi-
tion from prefusion to the postfusion state upon binding to
the hACE2 receptor. The postfusion state is characterized
by the formation of a needle-like structure in which both
FP and TM associate together (PDB id: 6M3W) (Fig. 2E).
The postfusion trimer state is possibly linked with immune
escape mechanism of SARS-CoV-2 as this state masks the
prefusion trimers with neutralizing antibodies and thus can-
not be used as a vaccine target [19, 27, 29].

Three-dimensional structure of RBD-hACE2 complex

The hACE2 is a membrane protein, which primarily func-
tions as a hormone. It is distributed in the alveolar epithelial
type II cells of the lungs, kidney, heart, and intestine [30].
hACE?2 is the main receptor responsible for the binding of
SARS-CoV-2 to host cells [31]. The N terminal region of
hACE2 receptor contains the N-terminal protease domain
and a collectrin-like C-terminal domain. The RBD is housed
on the N-terminal peptidase domain of the hACE2 receptor.
At the same time, the contact regions are located in the two
helices (x1 and a2) as well as the loop region between two
antiparallel strands (B3 and p4) (Fig. 3A).

RBD is one of the antigenic determining components
of the viral S protein and encompasses most of the recog-
nition sites to facilitate SARS-CoV-2 interaction with the
hACE2 receptor. The three-dimensional structural analysis
of the RBD-hACE2 complex revealed the presence of five
B strands (1, B2, B3, p4, and B7) arranged in antiparallel
mode with short connecting loops and helices to constitute
the RBD core (PDB id: 6MO0J) [32] (Fig. 3A). Between the
4 and P7 strands of the core protein, an extended insertion
referred to as the receptor-binding motif (RBM) is present,
which includes the short f5 and p6 sheets, a4 and o5 heli-
ces and loop regions. Most of the contacting residues of S
protein lie in this region. Three pairs of disulfide linkages
present in the core RBD (Cys336-Cys361, Cys379-Cys432,
and Cys391-Cys525) stabilize the P sheet region of the core
S protein while one pair (Cys480- Cys488) connects the loop
regions present at the end of RBM [33].

The RBD of S protein interacts with N-terminal helix of
hACE?2 receptor through hydrophilic interactions (Fig. 3B).
RBD contains the RBM (residues 424-494) that directly
interact with the N terminal region of the hACE2 receptor.
The residues Tyr449, GIn493, Thr500, and Asn501 of RBM
make hydrogen-bonded interactions with Asp38, Glu35, and
Tyr41 of hACE2 receptor, respectively (Fig. 3C). However,
Lys417, present outside the RBM, is uniquely situated to
form both hydrogen-bonded and salt bridge interaction
with Asp30 residue of RBD (Fig. 3C). The polar residues,
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«Fig.3 Molecular mechanisms of interaction of SARS-CoV-2 S pro-
tein with hACE2 receptors. (A) Structural representation of SARS-
CoV-2 RBD (green, cartoon) with RBM (blue, cartoon) bound to
hACE2 (magenta, cartoon) (PBD id: 6M0J). The disulfide bridges
are highlighted in yellow (stick representation). (B) The interaction
interface of hACE2 (magenta, cartoon) and SARS-CoV-2 (green,
cartoon) with NAG (orange, ball and stick). Several hydrogen bonds
interactions and salt bridges stabilize the RBD-hACE2 complex. (C)
Hydrogen-bonded interactions involving residues Tyr449, GIn493,
Thr500, and Asn501 of RBD (igreen, ball and stick) with Asp38,
Glu35, and Tyr4l of hACE2 receptor, respectively. (D) Hydrogen-
bonded interactions between the residues Tyr487 and Asn489 of RBD
(green, ball and stick) and Tyr83 of hACE2 (magenta, ball and stick).
It also depicts the involvement of Tyr449, Gly502, and Tyr505 resi-
dues of RBD (green, ball and stick) with GIn42, Lys353, and Arg393
of hACE2 (magenta, ball and stick) through H bonds. (E) Hydrogen-
bonded interactions of Asp30 (RBD, green ball and stick) with GIln24
(hACE2, magenta, ball and stick) and salt bridge interactions between
Lys 417 (RBD, green ball and stick) and Asp30 (hACE2, magenta,
ball and stick). Hydrogen bonds are marked as blacked dotted lines
and salt bridges as red dotted lines

Asn487 and Tyr489, of RBM make hydrogen-bonded inter-
actions with Tyr83 of hACE2 receptor while Gly502 and
Tyr505 of RBM form hydrogen bonds with Lys353 and
Arg393 of hACE2 receptor (Fig. 3D). Further, the RBD-
hACE?2 interaction is stabilized by hydrogen-bonded interac-
tions mediated by Asn487 with GIn24 of hACE2 receptor
(Fig. 3E).

Emerging SARS-CoV-2 variants

Throughout the COVID-19 pandemic, large number of
sequences of the SARS-CoV-2 viral genomes have been
deposited to public databases [6]. There are presently more
than 38,63,286 publicly available complete or nearly com-
plete SARS-CoV-2 genome sequences (28th Sept. 2021),
and the number continues to grow [6]. These new SARS-
CoV-2 variants harbour mutations at nsps as well as the
structural proteins of SARS-Cov-2 that might impact viral
fitness and transmissibility [34, 35].

There are various terms like variant, strain, and lineage
currently being used to describe different forms of SARS-
CoV-2. A new variant is said to be formed when specific
mutations get selected through several cycles of viral repli-
cation. If these sequence variations yield a virus that notice-
ably has specific phenotypical characteristics, then it is des-
ignated as a new strain [36]. The variants can be grouped
into larger groups like lineages and clades [37]. A new line-
age is formed when the novel variant can be distinguished
as a separate branch on a phylogenetic tree [36].

There are three main nomenclature systems for the classi-
fication of SARS-CoV-2 at the species level, as proposed by
GISAID [6], Nextstrain [37], and Phylogenetic Assignment
of Named Global Outbreak Lineages (PANGOLIN) [38].

GISAID was established as a global science initiative and
primary source in 2008 and provides an open-access plat-
form to upload and retrieve information related to influenza
viruses and the coronavirus [39]. The GISAID nomenclature
system is based on the large clades formed by the variants
[40]. The variants are segregated into eight different clades
termed S, O, L, V, G, GH, GR, and GV based on global data
available on GISAID [41]. Nextstrain is an open-source
pipeline for phylogenetic and phylodynamic analysis to
track the pathogen evolution [37]. The SARS-CoV-2 line-
ages are referred to as the mutation accumulated with the
year of detection followed by a successive alphabetic letter.
Nextstrain classified the SARS-CoV-2 genome in 13 clades,
including 19A to 19B, 20A to 20 J, and 21A [42]. PANGO-
LIN has proposed a dynamic nomenclature for the appel-
lation of SARS-CoV-2 lineages [38]. In this classification
scheme, the viral genome is divided into lineages like A,
B, and C. These lineages are further subdivided into sub-
lineages by adding the numeric numbers up to four different
levels arranged hierarchically, each level is considered as a
descendant from a former level [38].

Public health England (PHE) has categorized viral line-
ages into three classes: VOC, VOI, and a variant of high con-
sequence [43]. Any SARS-CoV-2 strain is assigned as a VOI
if, it harbors new mutations with recognized or supposed
phenotypic consequences compared to the reference strain.
Simultaneously, it should be responsible for transmission
in a specific area, causing multiple COVID-19 cases/clus-
ters, or have been reported in multiple countries. VOC is a
SARS-CoV-2 variant that meets the definition of a VOI and
is associated with at least one change with a public health
implication like upsurge in transmission or specific epide-
miological changes, enhanced virulence or modification in
its exhibition of clinical illness; declined efficacy of preven-
tive or therapeutic measures. Each variant is named by year,
month and one number in the format [YY]-[MMM]-[NN].
A suffix like "'VOI' and 'VOC' is included to specify a variant
under investigation and a variant of concern, respectively
[13].

WHO has recently proposed the nomenclature for VOIs
and VOCs using the Greek alphabets (Table 1 and Fig. 4)
[44]. This nomenclature is not intended to replace the phy-
logenetic labels but provides consistent names to identify
VOCs and VOIs present across the globe [45]. Phylogenetic
classification schemes for SARS-CoV-2 nomenclature are
given in Table 1.

Alpha (a)
The alpha variant was first detected in September 2020 from
the United Kingdom. It belongs to lineage B.1.1.7 and is

notated as a VOC-202012/01 and 20I/501Y.V1 (Next strain)
[46, 47]. As of May 2021, this lineage has been reported
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Table 1 Phylogenetic classification schemes for SARS-CoV-2 nomenclature

WHO (Label) Pangolin (Lineage) GISAID (Clade/Line-

Nextstrain (Clade) Mutations

First Isolated (Location

age) and Date)
VOC Alpha (a) B.1.1.7 GRY (formerly 20I/501Y.V1 H69-70, Y144-145, United Kingdom,
[46, 47]* GR/501Y.V1) N501Y, P681H, September, 2020
L452R, E484Q
[48-50]
Beta (B) B.1.351 GH/501Y.V2 20H/501Y.V2 L18F, DSOA South Africa,
[51] [51] D215G, (Del 241-243), May,2020
K417N, E484K,
N501Y, D614G,
A701V [52, 53]
Gamma (y) P.1 GR/501Y.V3 201J/501Y.V3 L18F, T20N, P26S, Brazil,
D138Y, R190S, November, 2020
K417N/T, E484K,
N501Y, D614G,
H655Y, T10271,
V1176F [54, 55]
Delta (8) B.1.617.2 G/478 K.V1 21A/S:478 K TI19R, G142D, 156del, India,
157del, R158G, October, 2020
L452R, T478K,
D614G, P681R,
D950N
[56, 57]
VOI Epsilon (g) B.1.427/B.1.429 GH/452R.V1 21C S13I, W152C, L452R, United States of America,
D614G March, 2020
[61, 62]
Zeta (€) P2 GR/484 K.V2 20B/S.484 K E484K, D614G, T8591, Brazil, April, 2020
VI1176F [64]
Eta (n) B.1.525 G/484 K.V3 21D Q52R, E484K, D614G,  Multiple countries,
Q677H, F888L [65] December, 2020
Theta (0) P3 GR/1092 K.V1 21E E484K, N501Y, D614G, Philippines,
P681H, E1092K, January, 2021
H1101Y, V1176F [66]
Tota (1) B.1.526 GH/253G.V1 21F L5F, T951, D253G, United States of America,
S477N, E484K, November, 2020
D614G, A701V [67]
Kappa (k) B.1.617.1 G/452R.V3 21B L452R, E484Q, D614G, India, October, 2020
P681R [58]
Lambda () C.37 GR/452Q.V1 20D G75V, T76I, Peru,

DEL247/253, L452Q,
F490S, D614G, T859N
[68]

August, 2020

*® . .
References are provided in square brackets

in 120 countries. Genome analysis revealed 23 mutations,
out of which 17 are non-synonymous. The most common
mutations in the S protein, E484K, N501Y, A570D, D614G,
T7161, S982A, D1118H, and P681H [48] and deletions
(AH69, AV70, AY144), are associated with the evading
ability of corona virus against host immune responses [49,
50].

Beta (B)

The B.1.351 lineage in PANGOLIN system is desig-
nated as beta variant and referred to as H/501Y.V2 and
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VOC-20DEC-02 by GISAID and PHE, respectively [51].
The first sequence of this variant was reported in South
Africa in May 2020 [52]. The most frequent mutations pre-
sent in beta variant include L18F, D80OA, D215G, A242,
A243, A244, R2461, K417N, E484K, N501Y, D614G, and
A701V in the S protein region, which is responsible for
increased binding affinity for human cells and ineffective-
ness against host immune system [53].
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Fig.4 Nomenclature systems of SARS-CoV-2. The schematic representation of the phylogenetic association between different nomenclature
systems: The sunburst diagram represents the annotations from GISAID, Nextstrain, PANGOLIN, and WHO from inner to outer circles

Gamma (y)

This variant first reported from Brazil belongs to P.1 line-
age and is termed as a variant of concern (January, 2021) by
PHE and 20 J/501Y.V3 by Nextstrain [6, 37]. As per PAN-
GOLIN nomenclature, P.1 lineage is an alias form of the
lineage B.1.1.28.1. The Gamma variant possesses 17 unique
amino acid substitutions, out of which 10 are harboured in
the S region [54]. The most common mutations observed are
L18F, T20N, P26S, D138Y, R190S, K417T, E484K, N501Y,
H655Y, and T10271 [55].

Delta (8)

The new coronavirus variant belonging to lineage
B1.617.2 is labeled as the Delta variant by WHO. This
variant is also termed as G/478 K.V1 by GISAID and
21A/S: 478 K by Nextstrain nomenclature system. This
variant was first reported in October 2020 in India and
has also been annotated as the double mutant variant by
INSACOG (Indian SARS-CoV-2 Consortium on Genom-
ics) [56]. The Delta variant harbors a double mutation in
S protein, that yields increased infectivity and immune
response evasion. The most prevalent substitutions present
in the Delta variant are T19R, A157-158, L452R, T478K/
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T478R, D614G, P681R, and D950N [57]. A sub-variant of
Delta housing the substitution at K417N (also present in
Beta variant) was nicknamed "Delta plus K417N" (AY.1)
on 14 June 2021 [135]. The emergence of this variant has
raised concern about the likelihood of immunity evasion
and reinfection [23].

Kappa (k)

The Kappa variant of SARS-CoV-2, also recognized as lin-
eage B.1.617.1, is one of the three sub-lineages of Pango
lineage B.1.617 [45]. It was firstly reported from India in
December, 2020 and accounted for more than half of the
variants identified in India. Public Health England desig-
nated it as a VOI (VUI-21APR-01) on April 1, 2021. This
variant contains 13 S protein mutations, the majority of
which include the amino acid substitutions L452R, E484Q,
D614G, P681R, and Q1071H [58]. This variant is also
reported to be resistant against neutralizing X593 and P2B-
2F6 monoclonal antibodies [59, 60].

Epsilon (g)

The WHO has assigned the lineage B.1.429 and B.1.427 as
the Epsilon variants. This lineage first reported in California
is also known as GH/452R.V1 and 21C as per Nextstrain
and GISAID nomenclature, respectively [45]. The lineage
B.1.427 of Epsilon variant harbors the mutants, D614G and
L452R, which have reduced affinities with monoclonal anti-
bodies and polyclonal sera. The lineage B.1.429 contains
five distinct mutations, including S131, W152C, L452R in
the S region and 14205V and D1183Y in the region, ORF1ab
[35]. The signature substitution, L452R, present in other
unrelated lineages might be responsible for high transmis-
sibility [61, 62].

Zeta ({)

The P.2 variant, a derivative of B.1.1.28, like P.1, is cat-
egorized as a variant of concern, Zeta, by WHO [45]. It
was first reported in the state of Rio de Janeiro, Brazil [63].
Other mutations included in the zeta lineage are D614G,
V1176F, P314L, L3468V, L3930F, A119S, R203K, G204R,
and M2341 [64].

Eta (n)

The Eta variant belongs to the PANGOLIN lineage B.1.525,
and is also recognized as VUI-21FEB-03 and 21D. It was
first reported in December 2020 in the United Kingdom and
Nigeria simultaneously [65]. This variant harbors the E484K
substitution detected in Gamma, Zeta, and Beta variants,
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and AH69/AV70 as present in the Alpha variant. It also has
been reported to contain an additional mutation, F888L [35].

Theta (0)

The PANGOLIN lineage P.3 is designated as Theta by WHO
[45]. This lineage belongs to GR/1092 K. V1 and 21E clade
of GISAID and Nextstrain classification systems, respec-
tively [6, 37]. The Theta variant was first reported in the
Philippines on 18 February 2021. This variant is derived
from the lineage B.1.1.28, and like the Gamma variant, it
comprises two amino acid substitutions, E484K and N501Y
[66].

lota (1)

The lineage B.1.526 is assigned to the VOI category by
WHO and called the Iota variant [45]. This lineage belongs
to GH/253G.V1 clade of GISAID and 21F clade of Next-
strain [6, 37]. This variant was first reported in November
2020 in the USA and since spread to 18 countries by April
11, 2021 [67].

Lambda (A)

The Lambda variant is designated as C.37, GR/452Q.V1,
and 20D in PANGOLIN, GISAID, and Nextstrain nomen-
clatures, respectively [6, 37, 38]. The first case was reported
in Peru in August 2020 and, by April 2021, reached a fre-
quency of over 80% of the total cases reported. WHO called
ita VOC on Jun 24, 2021 [68].

Mutation of the S protein

Several structural, biophysical and bioinformatics studies
have identified S protein as a critical target for protective
antibodies, wherein NTD and RBD (S1subunit) have been
identified as the major immunogenic regions of S protein.
However, limited data are available on the antigenicity of the
S2 subunit. The interaction of RBD with the host cell has
been extensively studied as an attractive immunogenic target
for vaccine design. The structure—function relationship of
the key frequently occurring mutations has been discussed
here and is provided in Table 2.

Predominant mutations of S protein
D614G
The D614G mutation is one of the predominant mutations

across the globe that presents fitness survival to the virus in
terms of its higher infectivity, transmissibility, and stability.
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Table 2 Key S protein mutations with their location and significance

Serial ~ Mutation Spike protein region Significance

Number

1 LI18F SI-NTD Compromises the binding of neutralizing antibody [128]*

2 A69 /70 S1-NTD Role in immune escape and diagnostic failure [159]

3 L54F SI-NTD Increases infectivity and transmissibility [160]

4 Al44 SI-NTD Alters immunogenicity [161]

5 A156 SI-NTD Alters immunogenicity [34]

6 A157 SI-NTD Alters immunogenicity [34]

7 D215G SI-NTD Alters immunogenicity [34]

8 A222V SI-NTD Alters immunogenicity [34]

9 K417N/K417T S1-NTD-RBD Helps the virion to bind with hACE2 in a more efficient way [84, 131]

10 L452R S1-RBD (RBM) Increases S protein affinity towards hACE2 and linked with reduce neutralization
[90, 102]

11 N439K S1-RBD Increases binding affinity towards hACE2 receptor and linked with immune evasion

(RBM) towards neutralization activity [88]

12 N440K S1-RBD (RBM) High infectivity, transmission, and immune escape [107, 108]

13 Y453F S1-RBD (RBM) Enhanced binding affinity to hACE2 receptor and can likely evade neutralizing
antibodies [114, 117]

14 S477G/N S1-RBD (RBM) Increases binding affinity towards hACE2 receptor [89]

15 T478K S1-RBD (RBM) Increases infectivity and reduce neutralizing activity [158]

16 E484K/Q S1-RBD (RBM) Reduces neutralization activity [104]

17 N501Y S1-RBD (RBM) Increase binding affinity to hACE2 receptor and increased transmission and infec-
tivity [75]

18 A570D S1-spike Alters the balance of closed to open conformation [157]

19 D614G S1-spike Predominant mutation linked with increase affinity towards hACE2 receptor and
increased transmission [70-73]

20 H655Y S1-spike part of S1/S2 junction Furin cleavage [162]

21 P681H S1- spike part of S1/S2 junction Proximal to furin cleavage site [162]

22 H1101D/Y S2- spike Increases the stability of spike protein by surface alteration [163]

33 G1124V S2-spike Imparts structural rigidity to S2 subunit [164]

* . .
References are provided in square brackets

This mutation was initially recognized as the Wuhan ref-
erence strain in early March 2020. Later on, this mutation
was identified in almost all B.1 lineages of SARS-CoV-2
(B.1.17, B.1.351, P1, P2, B.1.425, and B.1.617.2, etc.). In
the wild-type trimeric structure of S protein, the Asp614
residue (chain A) forms a hydrogen-bonded interaction
with Thr859 (chain B) and a salt bridge interaction with
Lys854 residue of adjacent subunit (chain B) [69] (Fig. SA).
The cryo-EM structure of D614G mutant (PDB id: 6XS6)
revealed that these interactions were lost in the mutant and
the lack of acetyl group in the D614G mutant is primarily
responsible for the loss of these polar interactions. Experi-
mental studies conducted in retroviruses pseudotyped with
D614G mutation-infected hACE2-expressing cells revealed
that the D614G mutation enhances the viral infectivity by
diminishing the S1 shedding of viral S protein [70-73]. It
has also been associated with reduced neutralization against
monoclonal antibodies and increased transmissibility.

Mutation at RBD of S protein
N501Y

This mutation has been majorly reported in A.27, A.28,
B.1.1.7, B.1.351, and B.1.621 lineages. The crystal struc-
ture of the native RBD-hACE2 complex (PDB id: 6MOJ)
reveals that the hydrophilic residue, Asn501, is situated at
the RBD-hACE?2 interface and makes critical contacts with
several hACE2 residues [32]. In the wild-type S protein,
Asn 501 forms a hydrogen bond with Tyr41 of the hACE2
receptor and weak hydrophobic contacts with Tyr41 and
Lys353 alkane side chain of hACE2 to further stabilize the
complex (Fig. 5B). The cryo-EM structure of N501Y mutant
((PDB id: 7MIM) revealed that this mutation strengthens the
intermolecular hydrogen-bonding between the RBD-hACE2
complex and thus results in higher infectivity and affinity
[74]. Replacement of Asn501 residue with the aromatic
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Fig.5 Structural effect of the
mutations of SARS-CoV-2 S

(A) D614G

(B) N501Y

protein on interactions with
hACE2. Intra- and inter- molec-
ular non-covalent interactions of
wild and mutant spike SARS-
CoV-2 RBD with hACE2
receptor. in (A) D614G [PDB
id: 7DWZ (W), 7DX1 (M)]

(B) N501Y: [PDB id: 6MOJ
(W), TMIM (M)] (C) K417N
[PDB id: 6MOJ (W), 7TNX7 (M]
(D) N439K [PDB id: 6MOJ
(W), 7LON (M)].Wild type
(W) SARS-CoV-2 residues are

Thr85?

shown in orange and mutated

residues (M) are in yellow. (C) k417N

Interacting hACE2 with wild
type RBD is shown in green and
the correspnding residues on
interaction with the mutant are
in magenta. Hydrogen bonds are
marked as black dashed lines
and salt bridges as red dashed
lines. Mutated residues are
marked in red font

Asp417

)
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Tyr residue in the S protein results in stronger n-n stacking
interaction of the two aromatic benzene rings, Tyr501 in
the mutant and Tyr 41 of hACE2 protein [75]. Addition-
ally, a hydrogen bond is formed between Tyr501 and Lys353
residues of RBD and hACE2, respectively. This substitution
increases the binding propensity of S protein for the hACE2
protein and is functionally also associated with immune
escape against antibodies. N501Y mutation causes a 9 fold
increase in binding affinity to the hACE2 receptor as com-
pared to the wild type protein [53, 66, 76-79].

K417N

The Lys to Asn mutation at position 417 has been observed
most frequently in the B.1.351/beta and B.1.617.2/delta
variants. K417N mutation is positioned at one of the key
determining sites of RBD that is associated with reduced
binding with hACE2 receptor. The residue Lys417 forms
hydrogen-bonded and salt bridge interactions with GIn24
and Asp30 residues, respectively, of hACE2 receptor [80]
(Fig. 5C). The K417N mutation is responsible for destabiliz-
ing the salt bridge interaction as the shorter asparagine side
chain (compared to the longer side chain of lysine) cannot
interact with Asp30. K417N moderately decreases the bind-
ing affinity of hACE2 receptor and has been linked with
reduced neutralizing activity against monoclonal antibodies.
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K417N mutation exists mainly in combination with N501Y
mutation and thus has a more pronounced effect in terms of
infectivity and neutralization reaction [53, 81-84].

N439K

This substitution was reported in B.1.1.7, B.1.351, B.1.258,
and B.1.617 variants. N439K is one of the most com-
mon RBD mutations occurring independently worldwide.
However, its prevalence in India is lower in frequency as
compared globally. This mutation has been linked with an
increased affinity towards hACE2 receptor, viral fitness, and
immune escape. X-ray crystal structure of N439K (PDB id:
7LON) reveals that this mutation leads to a higher affinity
of SARS-CoV-2 towards the hACE2 receptor than the wild
type [85]. The presence of the longer and more positively
charged Lys residue (in place of shorter Asn) in mutant
structure enhances binding affinity via the formation of addi-
tional water-mediated hydrogen bonds with residues GIn325
and Glu329 of hACE2 receptor (Fig. 5D). In contrast, the
shorter Asn439 residue in the wild-type protein is positioned
distantly and cannot form hydrogen-bonded interactions.
N439K mutation has also been associated with resistance
towards REGN10987 antibodies [82, 85-88].



Structural and functional insights into the spike protein mutations of emerging SARS-CoV-2... 7979

-

Pro49%4

hACE2 receptor

h V4

\\,
Thra78

¥ 9

Asn477

Fig.6 Conformational changes in SARS-CoV-2 S protein mutants
and their interactions with hACE2. Representation of conformational
changes in the tertiary structure of S protein mediated by S477N,
T478K and S494P mutation. PDB id: 6LZG was used for wild-type
protein while mutant types were prepared by PyMOL [156] and

S477N

The S477N mutation has been reported in B.1.620. This fre-
quently observed mutation occurs in the flexible loop region
(473-490) of S protein that is responsible for the stronger
binding of the mutant with hACE2 [89]. This mutation
involves the replacement of the small charged Ser residue
with the longer branched Asn residue (Fig. 6). This substi-
tution mediates local conformational changes in the protein
loop region housing this mutation that enhances its bind-
ing ability with the hACE2 receptor [89]. Co-occurrence
of S477N with N439K and N501Y has been linked with
an increased viral affinity towards the hACE2 receptor and
immune escape. [82, 89, 90]. BioNTech has defined S477N
mutation as a relevant mutation for future designing of vac-
cines against COVID-19 [91]. The co-occurrence of another
mutation, D614G, though structurally situated far away from
the S477N mutation, in most frequent cases, is linked with
high viral load [87, 89, 92].

T478K

T478K mutation has been frequently observed in B.1.617.2
and B.1.1.519 lineages. This mutation resides at the RBD—
hACE2 interface. The substitution of the shorter and neutral
Thr by the longer basic Lys residue introduces a high charge
potential which disrupts the S protein—-hACE2 interaction
(Fig. 6). T478K mutation occurring along with D614G,
P681H, and T732A mutations are associated with increased
resistance to neutralizing antibodies and increased infectiv-
ity [90, 93-95].

energy minimized for further studies. Wild type SARS-CoV-2 resi-
dues are indicated in orange and mutated residues are depicted in yel-
low. Mutated residues are marked in red font. hACE2 is represented
in green and magenta

S494P

Ser494 residue sits at the f6 strand of RBD, an interface
where the protein interacts with the hACE2 receptor. S494P
mutation reported in B.1.1.7 contributes to the increased
binding affinity of S protein with the hACE2 receptor
through the strong interfacial complementarity between
the S protein and hACE2. In this mutation, the charged Ser
amino acid is replaced by an imino Pro. (Fig. 6) [90, 96-98].
Howeyver, this mutation is a milder substitution that causes
a three to fivefold reduction in neutralization activity [99].

Mutations Alterating Inmunogenicity of S protein
E484K/Q

This mutation was reported in B.1.351 (South Africa), P.1
(Brazil), and B.1.617 variants. E484K mutation is respon-
sible for the fast transmission and higher infectivity of this
SARS-CoV-2 variant [53, 66, 82]. The Glu residue pre-
sent in the RBM of S protein has not been observed to be
involved in any direct interaction with the hACE2 receptor.
However, it disrupts the hydrogen-bonded and salt bridge
interaction associated with binding to the neutralizing
antibody. This mutant serves as an escape mutant against
SARS-CoV-2 infection as it interferes with the ability of
the antibodies to bind with the RBD region [53, 82, 90, 100,
101]. Glu484 residue makes a hydrogen bond with Tyr34
residue of the light chain and salt bridge interaction with
the Argl12 residue of the heavy chain of monoclonal anti-
body P2B-2F6 (Fig. 7A). E484K mutation produces a local

@ Springer



7980

D. Gupta et al.

(A) E484K

-

Gluaga B0,

. /

Lys484

’

(C) L452R

Leud92

S

8

Phe490

e
-

Val105

lle103

\

Fig.7 Interactions of SARS-CoV-2 S protein mutants with neutraliz-
ing antibodies. Intermolecular non-covalent interactions of wild-type
and mutant S protein with neutralizing antibodies, (A) N440K with
antibody C135 (residues in cyan). S protein complex with Fab por-
tion of C135 neutralizing antibody (PDB id: 7K8Z) was used as wild
type while for mutant type PDB id: 6VXX was taken (B) L452R with
REGN10933. RBD complex with REGN10933 neutralizing anti-
body (PDB id: 6XDG) was used as wild type while for mutant PDB
id 6LZG was used (C) Y453F with CC12.1 (light chain and heavy
chain residues are shown in cyan and magenta, respectively). RBD
complex with CC12.1 neutralizing antibody (PDB id: 6XC2) was

conformational perturbation wherein the resultant substi-
tuted positively charged residue, Lys484, is pushed away
from another positively charged, Argl12 residue, located in
the heavy chain. Consequently, this leads to the disruption
of the intermolecular hydrogen-bonded interaction as well
as salt bridge interaction formed in the wild-type protein. In
the E484K mutant, the Lys residue forms an intra-molecular
H-bond with the carbonyl oxygen of Gly485 residue, thus
further ascertaining the inability of the mutant to interact
with the hACE2 receptor.

E484Q mutant, like E484K, is found in several lineages,
including B.1.351, B.1.17, B.1.617 as well as P1 and P2 var-
iants [58, 97, 102]. E484Q has been seen very frequently in
the Indian subcontinent along with L452R and P681R muta-
tions [58, 90, 103]. This mutation enhances the viral S pro-
tein affinity towards the hACE2 receptor and improves viral
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used as wild type while for creating mutant type PDB id: 6LZG was
employed. (D) E484K with P2B-2F6 (light chain and heavy chain
residues shown in cyan and magenta, respectively). RBD complex
with P2B-2F6 neutralizing antibody (PDB id: 7BWJ) was utilized as
wild type while for mutant (PDB id: 6LZG) was considered. Mutant
structures were generated with PyMOL and were energy minimized.
Wild-type S protein residues are shown in orange and mutated resi-
dues in yellow. Hydrogen bonds are marked as black dotted lines and
salt bridges as red dotteded lines. Mutated residues are marked by red
font

ability to evade immune escape [104]. Similar to E484K, the
E484Q mutations disrupt the interaction between the RBD
and the neutralizing antibody. Residue Glu484 interacts with
two residues of P2B-2F6 monoclonal antibody (Asn33 and
Tyr34) to form hydrogen-bonded interaction with the light
chain of the antibody. It is also associated with salt bridge
formation with the side chain of Argl12 residue located on
the light chain of P2B-2F6. E484Q mutation disrupts the
hydrogen-bonded interaction formed by Arg112 residue.

N440K

N440K mutation found in B.1.36, was first perceived in
Visakhapatnam and other parts of South India [105, 106].
This substitution has been linked with higher transmis-
sion and infectivity as well as immune escape across the
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south-eastern part of India [107, 108]. Asn440 residue
in the wild-type protein resides in the proximity of the
antiparallel p-sheet core of RBD, which lies adjacent to
the hACE2 receptor (Fig. 7B). In the N440K mutant, the
negatively charged Asn is replaced by the positively charged
Lys. Hence, this substitution causes a charge reversal that
contributes to distinct conformational perturbations in the
RBM loop region facing the hACE2 receptor. Cell-based
infectivity assay also validates the immune escape from
monoclonal antibodies C135 anti-SARS-CoV-2 antibody
[108]. This mutation generally co-occurs with the D614G
mutation [109]. Structural-functional analysis of RBD with
human monoclonal antibody C135 anti-SARS-CoV-2 anti-
body can explain the immune evasion effect of N440K muta-
tion. Asn440 in the native protein forms a strong hydrogen-
bonded interaction with Asp54 residue and weaker hydrogen
bond with Pro52 and Arg55 residues of C135 antibody,
while the mutant is capable of only weak hydrogen-bonded
interactions with Asp54 residue.

L452R

The L452R mutation frequently observed in B.1.427/429,
B.1.1.7, B.1.526, and B.1.617 lineages favors the fitness
adaptability of SARS-CoV-2. This mutation has been linked
with higher affinity, immune evasion, higher infectivity, and
transmission [57, 61, 62, 90, 102]. The higher affinity can
be attributed to the replacement of the smaller hydrophobic
Leu residue with the hydrophilic basic Arg residue. In the
wild-type protein, Leu452 makes a hydrophobic contact with
Leu492 residue of the RBD, which further forms hydro-
phobic contact with the Phe490 residue (Fig. 7C). These
interactions are responsible for its binding with monoclonal
antibodies (REGN10933). Replacement of Leu residue with
Arg residue results in the loss of this sequential chain of
hydrophobic interactions in the mutant.

This mutation has also been associated with disrup-
tion of interfacial interaction with monoclonal antibodies
(REGN10933) [58, 82, 110]. Leu452 residue interacts with
the heavy chain of REGN10933 through hydrophobic con-
tacts with the residues Ile103 and Vall05 [111]. The pres-
ence of a longer charged residue Arg in place of the smaller
hydrophobic Leu in the L452R mutant leads to disruption
of the hydrophobic interactions mediated through Ile103
and Val105 residues. Co-occurrence of E484Q and L452R
mutations in the B.1.617 variant has been linked with a more
pronounced effect with enhanced infectivity and immune
escape as compared to wild-type SARS-CoV-2 [112].

Y453F

This mutation was reported in B.1.1.298 lineage and has
been related to an increased affinity towards hACE2 receptor

in both humans and mink [113, 114]. Structural studies
illustrate that in the wild-type, Tyr453 makes hydrogen-
bonded interaction with His34 of hACE2. This mutation is
responsible for the reduced neutralization with monoclonal
antibodies. Tyr453 residue interacts with monoclonal anti-
body CC12.1 and forms a hydrogen-bonded interaction with
Asn92 of the light chain, and Asp97 of the heavy chain of
monoclonal antibody CC12.1, respectively [115] (Fig. 7D).
In the mutant, the polar Tyr is substituted with the hydro-
phobic non-polar Phe residue. Consequently, the mutant can
no longer participate in hydrogen bond formation leading to
weak interaction with the hACE2 receptor. Moreover, the
mutant is unable to interact with Asn92 and Asp97 residues
of monoclonal antibody CC12.1 resulting in partial escape
from monoclonal antibodies [82, 110, 116, 117].

Apart from RBD mutations, two key mutations H655Y
and P681H/R are situated near the poly-cleavage site.

Mutation at the poly cleavage site of S protein
H655Y

This mutation was reported in P.2 lineage and has been asso-
ciated with conferring resistance to monoclonal antibodies.
The residue His655 is located close to the polybasic cleav-
age site, between RBD and the FP of S protein (Fig. 8). The
substitution of the five-member imidazole ring of His resi-
due with the benzene-containing aromatic Tyr residue that
includes a polar group modifies the existing hydrophobic
local environment to a comparatively more charged environ-
ment in this region. Therefore, this mutant has been hypoth-
esized to play a role in regulating the efficiency of S protein
fusion and host cell entry in mammals [118-120].

P681H/R

The P681H variant is the most common mutation in B.1.1.7,
B.1.620, and B.1.621 lineages [121-123], while the P681R
mutation is present in B.1.617.1, B.1.617.2, and B.1.617.3
variants [93, 102, 124]. It occurs at the S1-S2 furin cleavage
site. The replacement of the imino Pro residue by the much
larger and charged basic amino acid residue, Arg, or the sub-
stitution with imidazole ring containing a bigger Trp resi-
due, introduces a larger side chain in the region of mutation,
resulting in a comparatively more hydrophilic environment
(Fig. 8). This mutation enhances the basicity of this poly-
basic stretch and impairs the functioning or processing of
proteases that facilitate the efficient spread and infection of
SARS-CoV-2 [125-127]. The P681R mutation along with
L452R and E484Q leads to convergent evolution success
of SARS-CoV-2 in better adaption to its human hosts [58,
84, 103].
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Fig.8 Mutations affecting the
cleavage site of SARS-CoV-2

S protein. Ball and stick repre-
sentation of the wild-type (PDB
id: 6VYB) and mutant S protein
residues at S1-S2 furin cleavage
site affecting the fusion, facilita-
tion, and efficient entry in
mammal host cells. Wild-type
SARS-CoV-2 residues are rep-
resented in orange and mutated
residues in yellow. Mutated
residues are marked in red font.
Mutations were generated in
the same model and structure
was stabilized through energy
minimization
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Mutation at N terminal domain of S protein

Several epitope mapping, antibody footprinting, and struc-
tural studies also include the NTD as the antigenic domain
of the S1 subunit of S protein. Both the cryo-EM (PDB Ids:
7C2L, 7JJ1, 6M17, 7LXY, 7LY0, 7LY2, 7LXX) and crys-
tal structures (PDB id: 7LY3) of the potent NTD neutral-
izing antibodies reveal that all antibodies target the com-
mon region lined by N17, N74, N122 and N149 glycans
(Fig. 9A). Epitope binding studies of 41 NTD-specific mon-
oclonal antibodies define the existence of 6 common anti-
genic binding sites known as “NTD supersites” on S1 subu-
nit encompassing residues 14-20, 140-158, and 245-264
(Fig. 9A). These NTD supersites possess strong positive
electrostatic potential, while the recognizing antibodies have
an electronegative potential [128-130].

Cryo-EM structures of NTD-complex with neutralizing
antibodies (PDB ids: 7L2C, 7L2D, 7L2E, 7L2F, 7LQYV,
and 7LQW and EMDB Ids: EMD-23150 and EMD-23151)
reveal that the antibodies target the overlapping surface
enclosed by several glycan moieties (at positions N17,
N74, N122, and N149) known as NTD antigenic super-
site [130]. This supersite is composed of N1 (14-26), N3
B-hairpin (141-156), and N5 loop (246-260) regions that
impart functional plasticity to it. Some of the deletion
mutations detected in the N-terminal region which alter the
immunogenicity of S protein are AT19, AH69 -70, AY 144
(B.1.617,B.1.1.7, B.1.1.318, B.1.525 lineages), A157-158,
and A243-244 [65, 87, 131-133]. These deletion mutations
may disrupt the binding sites of neutralizing anti-NTD anti-
bodies and decrease neutralization reactions mediated by the
anticipated antibody. Some of the most common substitu-
tion mutations seen in NTD are L18F (B.1.351, B.1.1.7),
T19R (B.1.617), T20N (P.1), P26S (P1), L54F (B.1.617),
T95I (B.1.617, B.1.526, B.1.1.318), D138Y (P1), G142D
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(B.1.617), F157A (A.23.1) and A222V (B.1.17) [87, 98,
119, 132-138] (Fig. 9B). However, several less common
prevalent substitutions involve the mutants L5F, R78M,
V483A, Q675H, and S939F [72, 98, 120, 139-142]. Sub-
stitution mutations like L18F, T20N, and P26S situated in
the NTD supersite have been linked with reduced binding
with monoclonal sera. Leu is a non-polar amino acid. Its
replacement in the L54F mutant with the aromatic benzene
side chain containing Phe can stiffen the overall structure
by mediating stacking interactions or aromatic-aromatic
interaction. The T19R mutation involves a change from a
smaller polar, non-charged Thr residue to a much longer
polar positively charged Arg, which increases the interac-
tion capability between the S and the hACE2 proteins. The
replacement of Thr by the similar but comparatively longer
Asn at position 20 (T20N mutant) does not alter the environ-
ment of the binding region but influences the overall binding
ability. The P26S mutation involves the replacement of the
imino Pro with the polar, non-charged Ser residue, whereas
in the L54F mutant a non-polar, aliphatic residue is replaced
by an aromatic residue. In the T95I mutation, the polar, non-
charged Thr residue is substituted by the non-polar, aliphatic
Ile residue. These mutations thus alter the overall milieu
of the protein in the region of replacement. A significant
change in the local environment occurs in the D138Y mutant
where a shorter negatively charged, hydrophilic residue is
substituted by a bulkier aromatic Tyr residue. The replace-
ment of Gly residue which lacks a side chain by the polar
acidic Asp residue in the G142D mutant increases its hydro-
gen bond forming capability. In the F157A mutant, the small
non-polar Ala is present in place of the bulky aromatic ring
containing Phe and consequently results in loss of interac-
tions. The A222V mutant comprises the similar nature of
the substituted residue where both Ala and Val are non-
polar and aliphatic wherein the side chain in the wild type
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Fig.9 NTD of SARS-CoV-2

S protein as a supersite for (A)
interaction. (A) Structural repre-
sentation of antigenic super-

site of NTD (PBD id: 7L2C)
surrounded by loop regions
where the glycans on NTD are
highlighted as yellow spheres.
(B) Cartoon representation of
SARS-CoV-2 trimeric S protein
(PBD id: 6ZGE) rendering the
position of key substitutions
(red font) and deletion muta-
tions (black font) in yellow and
blue spheres, respectively

(B)

is slightly shorter than that in the mutant. All these NTD
mutations along with RBD have been linked with a decrease
in neutralizing activity of antibodies [61, 87, 128, 144, 145].

Mutation at S2 domain

The S2 subunit forms a six-helical bundle (6-HB) structure
via two HR repeat sequences that contribute to the merg-
ing of the viral membrane with the hACE2 receptor. The
antigenicity of the S2 domain is found to be comparatively
lower than the S1 domain. It has been hypothesized that
this may be due to the extensive glycan shielding of this
domain. Based on the protein’s conformational epitope, the
key antigenic site where the antibodies interact with the
S2 domain have been hypothesized in several loop regions
of the S2 domain (793-794, 808-812, 850-854, 978-984,
1,099-1,100, and 1,139-1,146) [34]. However, the immu-
nogenic significance of these regions is not well defined.
Several mutations of the S2 domain include D769H, D9SON

Loop N1

1
1
1
1

e~~~ AT19/T19R
o=~~~ T20N
~~~~AA243-A1244

oo SCAH69-AV70
P26S

(B.1.617) [146], D982A (B.1.17), T10271 (P1), Q1071H
((B.1.617.1), D1118H (B.1.1.7), H1101D (B.1.617),
and V1176F (P.1) [66, 94, 103, 123, 136, 143, 147-151]
(Fig. 10). In the D769H mutation, the acidic Asp residue is
changed to the longer polar His. In D950N mutant, the acidic
Asp is replaced by a polar, non-charged Asn, whereas the
S982A mutation mediates the change of a polar residue by
a shorter non-polar Val. The D1118H mutation involves the
replacement of the negatively charged polar Asp with the
positively charged imidazole-ring containing His residue,
and the reverse happens in the case of the H1 101D mutant.
The T10271 mutation involves the substitution of the polar,
non-charged Thr residue to the non-polar, aliphatic Ile resi-
due. The polar, non-charged Gln in the Q1071H mutant is
replaced by the imidazole ring containing His residue. The
V1176F mutant involves the substitution of the non-polar
aliphatic Val to the aromatic ring containing Phe residue. All
these substitutions possibly perturb the local environment of
the region of replacement as well as influence the interaction
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Fig.10 Mutations hotspots in SARS-CoV-2 S protein in S2 region
Cartoon representation of trimeric S protein (PDB id: 6VXX) depict-
ing single amino acid substitution mutation sites of S2 subdomain in
yellow spheres with red font. Each monomers is coloured differently

propensities due to a change in the nature and size of the
substituted amino acid residue. However, the exact role of
these mutations has not been defined yet.

Conclusion and prospectives

SARS-CoV-2 is continuously evolving in the form of new
variants by accumulating the mutations to escape the host
immunity [34]. The present review discusses the novel
mutations in SARS-CoV-2, S protein, as well as their influ-
ence on transmissibility and vaccine efficacy along with
their frequency mutations in VOC and VOI. Additionally,
these mutations are contextualized with the conformational
changes in protein structure.

It is worth mentioning that S protein is solely respon-
sible for viral entry into the hACE2 receptor and has also
been referred to as a key antigenic target against SARS-
CoV-2 infection. Several structural studies have elucidated
the atomic-level view of the molecular pathway through
which viral S protein undergoes different topological con-
formations during its cellular entry [27]. Data analysis
of genomic data obtained since last year revealed that
the virus is rapidly evolving its genome through positive

@ Springer

selection for better adaptability in changing environmental
conditions [152]. Thus genome sequencing at a higher rate
is required to track the emergence of new variants that will
assist the execution of targeted control measures as well as
the development of new vaccination measures, diagnostic
techniques, and therapeutic agents [153, 154]. However,
the mutations in the immunogenic region of S protein can
impair vaccine effectiveness and lead to developing an
unadorned illness [155]. Due to the ever changing nature
of the virus to constantly adapt itself, the development of
vaccine candidates is required to be accordingly modified
regularly. This review has discussed the role of S protein
mutations in modulating changes in protein structure that
can enable more efficient and prolonged transmission in
the human host. It, thus provides an overview that may
assist in the development of new therapeutics against
emerging variants of SARS-CoV-2.
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