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Abstract: The emergence of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) pre-
sents significant social, economic and political challenges worldwide. SARS-CoV-2 has caused over 
3.5 million deaths since late 2019. Mutations in the spike (S) glycoprotein are of particular concern 
because it harbours the domain which recognises the angiotensin-converting enzyme 2 (ACE2) re-
ceptor and is the target for neutralising antibodies. Mutations in the S protein may induce alterations 
in the surface spike structures, changing the conformational B-cell epitopes and leading to a poten-
tial reduction in vaccine efficacy. Here, we summarise how the more important variants of SARS-
CoV-2, which include cluster 5, lineages B.1.1.7 (Alpha variant), B.1.351 (Beta), P.1 
(B.1.1.28/Gamma), B.1.427/B.1.429 (Epsilon), B.1.526 (Iota) and B.1.617.2 (Delta) confer mutations in 
their respective spike proteins which enhance viral fitness by improving binding affinity to the 
ACE2 receptor and lead to an increase in infectivity and transmission. We further discuss how these 
spike protein mutations provide resistance against immune responses, either acquired naturally or 
induced by vaccination. This information will be valuable in guiding the development of vaccines 
and other therapeutics for protection against the ongoing coronavirus disease 2019 (COVID-19) 
pandemic. 
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1. Introduction 
More than 168 million people have been infected worldwide with coronavirus dis-

ease 2019 (COVID-19), resulting in over 3.5 million deaths (as of May 2021). COVID-19 
was first detected as an atypical form of pneumonia in Wuhan, China [1]: symptoms of 
the disease include fever or chills, cough, difficulty breathing, headache, sore throat, loss 
of taste or smell, nausea and diarrhoea [2]. Globally the COVID-19 pandemic has caused 
substantial social, economic and political impacts. COVID-19 is caused by severe acute 
respiratory syndrome coronavirus 2 (SARS-CoV-2), a novel positive-strand single-
stranded RNA virus which is categorised in the subfamily Coronavirinae of the family 
Coronaviridae and the order Nidovirales. Severe acute respiratory syndrome coronavirus 
(SARS-CoV) and Middle East respiratory syndrome coronavirus (MERS-CoV) are two 
pathogenic, highly transmissible viruses that belong to the same family. They all have 
zoonotic origins and are likely to have originated in bats [3]. It is thought that SARS-CoV 
and MERS-CoV were transmitted directly to humans from market civets and camels, re-
spectively, as intermediate hosts [4]. There is much debate on how SARS-CoV-2 came into 
contact with humans, whether directly from bats or indirectly via an intermediate animal 
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host, such as Malayan pangolins [5]. There is evidence that SARS-CoV-2 is similar to a 
coronavirus found in horseshoe bats (Rhinolophus), with a sequence similarity of 98.7% to 
the partial RNA-dependent RNA polymerase (RdRp) gene of the bat coronavirus strain 
BtCoV/4991 and 87.9% similarity to bat coronavirus strains bat-SL-CoVZC45 and bat-SL-
CoVZXC21 [6]. 

2. SARS-CoV-2 Structures 
Like other coronaviruses, SARS-CoV-2 is a positive-strand single-stranded RNA vi-

rus (+ssRNA), with a linear segment of RNA of approximately 30,000 bases, larger than 
any other RNA virus. SARS-CoV-2 virions, which are 60–140 nm in diameter, have four 
structural proteins: the spike (S), envelope (E), membrane (M) and nucleocapsid (N) pro-
teins and 16 non-structural proteins (Nsp1–16) [6–9]. The nucleocapsid protein wraps 
around the RNA genome, encapsulated within an envelope associated with the S, E and 
M proteins [10]. Nsp1 facilitates RNA replication and processing and is also involved in 
mRNA degradation. Nsp2 mediates modulation of the host cell survival signalling path-
way [11,12]. Nsp3 is a papain-like proteinase and degrades the translated polyprotein into 
distinct proteins [13]. Nsp4 is a membrane-spanning protein and is proposed to anchor 
the viral replication-transcription complex to modified endoplasmic reticulum (ER) mem-
branes of the host cell [14]. The 3C-like proteinase Nsp5, on the other hand, is involved in 
viral polyprotein processing during replication [15]. Nsp6 is predicted to form a trans-
membrane protein and plays a vital role in the initial induction of autophagosomes from 
the host ER. Nsp7 and Nsp8 are RNA-dependent RNA polymerases and form a hexa-
decameric super-complex [16]. Nsp9 is a single-stranded RNA-binding protein and par-
ticipates in viral replication [17]. Nsp10 contains two zinc-binding motifs and is crucial 
for the viral mRNA cap methylation [18]. The RNA-dependent RNA polymerase Nsp12 
is important in the replication and transcription of the viral genome and forms a core pol-
ymerase complex with Nsp7 and Nsp8 [19]. The helicase Nsp13 binds ATP and partici-
pates in viral genome replication and transcription [7]. Nsp14 has dual activities: guano-
sine N7-methyltransferase activity and exoribonuclease activity; it is critical for the repli-
cation of SARS-CoV-2 [20]. The endoribonuclease Nsp15 cleaves the 5′-polyuridine motif 
of negative-sense viral RNA [21,22]. Nsp16 is a 2′-O-ribose-methyltransferase and meth-
ylates the ribose of the first transcribed nucleotide with S-adenosylmethionine [23]. To 
date, the function of Nsp11 is unknown. 

3. Spike Glycoprotein 
The transmembrane spike (S) glycoprotein of SARS-CoV-2, like the S protein of 

SARS-CoV, facilitates coronavirus entry into host cells [24]. The S protein forms a homo-
trimeric complex protruding from the viral surface and consists of two functional subu-
nits, S1 and S2, which are responsible for host cell receptor binding and the viral fusion to 
the host cellular membranes (Figure 1). The smaller S1 subunit consists of an N-terminal 
domain (NTD) and three C-terminal domains (CTD1–3), of which CTD1 forms the recep-
tor-binding domain (RBD) and contributes to the stabilisation of the membrane-anchored 
S2 subunit (Figure 1b). The larger S2 subunit contains the machinery for viral fusion and 
comprises a hydrophobic fusion peptide (FP), heptad repeat 1 (HR1), central helix (CH), 
connector domain (CD), heptad repeat 2 (HR2), transmembrane domain (TM) and cyto-
plasmic tail (CT) [24–28]. The HR1 is vital for the S glycoprotein stability, maintaining the 
correct protein fold in the closed pre-fusion conformation [29]. In all coronaviruses, the S 
glycoprotein is cleaved by host proteases at the S1/S2 junction; cleavage has been sug-
gested to activate the protein for host membrane fusion through irreversible conforma-
tional changes. There is a second cleavage site, S2′, located 130 residues from the N termi-
nus of the S2 subunit which is highly conserved among coronaviruses. Cleavage at the S2’ 
site by host cell proteases is vital for successful infection by coronaviruses [30–33]. Unlike 
MERS-CoV, which uses the human entry receptor DPP4 [34], all SARS-related corona-
viruses such as SARS-CoV and SARS-CoV-2 interact directly with the host cell receptor 
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angiotensin-converting enzyme 2 (ACE2). ACE2 is a protease that is responsible for blood 
pressure and volume regulation; it is widely expressed on the cell membranes of the lung, 
heart, kidneys and gastrointestinal tract [35], although the lung is the main tissue for 
SARS-CoV-2 infection. Furthermore, host cell entry of SAR-CoV-2 depends on the serine 
protease TMPRSS2 for S protein priming and is essential for viral spread in the infected 
host [36]. 

 
Figure 1. Structures of the severe acute respiratory syndrome coronavirus (SARS-CoV) spike glycoprotein and comparison 
with the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) spike (S) glycoprotein. (a) Side and top views of 
the inactive prefusion structure of the SARS-CoV S glycoprotein, which adopts a ‘mushroom-like’, homotrimeric arrange-
ment of S1/S2 subunits: chain A (green), chain B (blue) and chain C (red). (b) A single chain of the S glycoprotein which 
consists of S1 subunit: N-terminal domain (NTD) (red), the receptor-binding domain (RBD) of C-terminal domain CTD1 
(blue), CTD2 (green) and CTD3 (yellow), and S2 subunit (black). (c) Three different conformational states of the SARS-
CoV S glycoprotein: inactive S homotrimeric glycoprotein complex with all three CTD1 ‘down’ (PDB: 6ACC), active S 
glycoprotein with one CTD1 ‘up’ (PDB: 6ACD) and the spike-angiotensin-converting enzyme 2 (ACE2) complex (ACE2 
shown in yellow) (PDB: 6ACG) [37]. (d) Superimpositions between the SARS-CoV-2 (PDB: 6VSB) [38] and SARS-CoV S 
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glycoproteins. Left panel: SARS-CoV-2 (green), SARS-CoV (magenta). Right panel: chain A of the SARS-CoV-2 S glyco-
protein (NTD is in red, CTD1 is in blue, CTD2 is in green, CTD3 is in yellow and S2 is in black) superimposition onto the 
SARS-CoV S glycoprotein (magenta) using SSM matching, as implemented in CCP4MG; root-mean-square deviation 
(RMSD): 1.97 Å over 884 Cα atoms. 

Structures of three different conformational states of the homotrimeric SARS-CoV S 
glycoprotein in complex with the host cell receptor ACE2 have been determined by cryo-
electron microscopy (cryo-EM) [37]. The structures consist of three S1/S2 heterodimers 
and bind the cellular receptor ACE2 to mediate viral fusion with cellular membranes 
through pre- to post-fusion conformational changes (Figure 1b). The inactive, ‘down’ con-
formational state is where the RBD of the S1 subunit is orientated 22.7° between the long 
axes of the RBD and the horizontal plane. This ‘down’ conformation corresponds to the 
receptor-inaccessible state (Figure 1c). Upon the binding to ACE2, the RBD of the trimeric 
S glycoprotein adopts a protruding ‘up’ conformation which then promotes the release of 
the S1 subunit and triggers a substantial structural rearrangement to fuse the viral mem-
brane with the host cell membrane [37]. One CTD1 domain adopts an active ‘up’ confor-
mation as a prerequisite for the binding of S glycoprotein to ACE2: the domain is im-
portant for the neutralisation by monoclonal antibodies (mAbs) and vaccine design [31]. 

The cryo-EM structure of the S glycoprotein of SARS-CoV-2 in the prefusion confor-
mation has recently been determined [38]. The structure adopts the same homotrimeric 
arrangement of the S1/S2 subunits and shows a striking similarity with the homotrimeric 
S glycoprotein of SARS-CoV (Figure 1d). Unlike the RBD of the SARS-CoV, which is 
tightly packed against the NTD of the neighbouring chain, the RBD of the SARS-CoV-2 is 
angled closer to the central cavity of the trimer, suggesting slightly different confor-
mations between the two S glycoproteins [38]. Despite this difference, the SARS-CoV-2 S 
glycoprotein monomer in the ‘up’ conformation is structurally similar to the S glycopro-
tein from SARS-CoV with a root-mean-square deviation (RMSD) of 1.97 Å (Figure 1d). 
Moreover, the SARS-CoV-2 S glycoprotein binds to ACE2 with high affinity (~15 nM): 10-
fold higher than SARS-CoV S binding to ACE2 (150 nM) [38,39]. The high affinity of bind-
ing is a contributory factor to how the virus is spread easily among human populations. 

4. RBD/ACE2 Complexes 
The crystal structure of SARS-CoV RBD bound to ACE2 (SARS-CoV RBD/ACE2 com-

plex) has been determined to a resolution of 2.9 Å [40]. The structure shows an inward 
concave surface that is complementary to the ACE2 receptor tip, with 1,699 Å2 of buried 
surface between the two interfaces. The RBD of SARS-CoV consists of two subdomains: a 
highly conserved core and an external loop subdomain, which interacts with ACE2. The 
core subdomain is composed of five antiparallel β strands (β1—4 and β7), with a disulfide 
bond between the two β strands (formed by C366 and C419). The external subdomain 
mainly consists of loops, turns and two short β strands (β5 and β6), and forms a slight 
inward surface (Figure 2a). The overall structure of the SARS-CoV RBD serves as a cradle 
for the N-terminal helix of the peptidase ACE2. A total of 16 residues from the SARS-CoV 
RBD, which constitute most of the receptor-binding motif (RBM), are in contact with 20 
residues of the ACE2 receptor, strengthened by 13 hydrogen bonds and 3 salt bridges 
between the two molecules (Figure 2) [41]. T487, which lies in a hydrophobic region at the 
RBD/ACE2 interface, appears to enhance human-to-human transmission of SARS-CoV. 
The methyl group of T487 lies in a hydrophobic region at the SARS-CoV RBD/ACE2 in-
terface and is a key factor in determining transmissibility of the infection: a mutation has 
been observed to reduce the binding affinity by more than 20-fold [40]. 
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Figure 2. The SARS-CoV and SARS-CoV-2 RBD/ACE2 complexes. (a) Left: the overall structure of the SARS-CoV RBD 
(red) bound to ACE2 (yellow). The region contains a receptor-binding motif (RBM) which is highlighted with a box. Mid-
dle: L472 of the SARS-CoV RBD interacts with L79 and M82 of ACE2, N479 of the SARS-CoV RBD with H34 of ACE2, a 
hydrogen bond between G488 of the SARS-CoV RBD and K353 of ACE2. There is no interaction of the SARS-CoV RBD 
V404 (equivalent to K417 in the SARS-CoV-2 RBD) with any residues from ACE2. Right: the electrostatic potential map of 
the SARS-CoV RBD, which shows an inward concave structure with the N-terminal helix of ACE2, shown in yellow (PDB: 
2AJF) [40]. (b) Left: the overall structure of the SARS-CoV-2 RBD (blue) bound to ACE2 (yellow). Note the similarity 
between the two RBDs: the core subdomain consists of 5 antiparallel β strands (β1—4 and β7) and is conserved. Middle: 
F486 of the SARS-CoV-2 RBD interacts with Q24, L79 and Y83 of ACE2, a hydrogen bond between N501 of the SARS-CoV-
2 RBD and Y41 of ACE2, two hydrogen bonds between Q493 of the SARS-CoV-2 RBD and E35 of ACE2, a salt-bridge 
between K417 of the SARS-CoV-2 RBD and D30 of ACE2. Right: the electrostatic potential map of the SARS-CoV-2 RBD 
with the N-terminal helix of ACE2 (PDB: 6M0J) [41]. Bottom panel: the table summarises key amino acid residues which 
form hydrogen bonds and salt bridges between ACE2 and the RBD of SARS-CoV and SARS-CoV-2. There are 13 hydrogen 
bonds and 3 salt bridges between ACE2 and the SARS-CoV RBD, and 13 hydrogen bonds and 2 salt bridges between ACE2 
and the SARS-CoV-2 RBD. Y436 of the SARS-CoV RBD forms two hydrogen bonds with D38 of ACE2. Residues that form 
salt bridges are labelled with an asterisk [40,41]. 

The structure of the SARS-CoV-2 RBD bound to the cell receptor ACE2 has been re-
cently determined [41] and, similar to the SARS-CoV RBD, the RBD of SARS-CoV-2 also 
has a core subdomain, formed from a five-stranded antiparallel β sheet, and an external 
loop subdomain, which serves a pocket for the N-terminal helix of ACE2 binding (Figure 
2b). The overall ACE2-binding mode of the SARS-CoV-2 RBD is almost identical to that 
of the SARS-CoV RBD/ACE2 complex, in which the RBM is located in the external loop 
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subdomain and mediates the binding. A buried surface of 1687 Å2 results from the cra-
dling of the N-terminal helix of ACE2 by the inward concave surface of the SARS-CoV-2 
RBD, and shows a high degree of similarity with the recognition mediated by SARS-CoV 
RBD. The overall structure of the SARS-CoV-2 RBD is similar to that of the SARS-CoV 
RBD, with an RMSD of 1.2 Å from an overlap of the structures. Compared to SARS-CoV 
RBD, a higher number of residues from SARS-CoV-2 RBD interact with ACE2 [41], which 
may explain its 10-fold higher binding affinity [38]. One, K417, lies outside of the RBM 
and forms a salt-bridge connection with D30 of ACE2. Its counterpart in the SARS-CoV 
RBD is Val, which shows no interaction with any residues in ACE2. K417 contributes to a 
positively charged patch on the SARS-CoV-2 RBD surface which connects to the nega-
tively charged Asp for a stronger ACE2 binding [41]. 

5. SARS-COV-2 Variants 
Viruses naturally accumulate mutations over time; since SARS-CoV-2 was first iden-

tified in China, thousands of mutations have been recorded [42]. The vast majority of these 
mutations have a little apparent impact on the viral infectivity but some give rise to line-
ages that are selected because they confer an advantage in transmission or carriage, and 
hence lead to a rapid rise in COVID-19 cases worldwide. Although the antibody-resistant 
SARS-CoV-2 variants are present at low frequencies in circulating SARS-CoV-2 popula-
tions, it is worth noting that these variants could limit the therapeutic use of vaccination, 
and achieving herd immunity would therefore be more challenging. Notable variants of 
SARS-CoV-2 that have spread include cluster 5, lineages B.1.1.7 (Alpha), B.1.351 (Beta), 
P.1 (B.1.1.28/Gamma), B.1.427/B.1.429 (Epsilon), B.1.526 (Iota) as well as B.1.617.2 (Delta). 
In this review, we discuss the structures of these variants and their interactions with neu-
tralising antibodies (nAbs) and thus provide some insights into their transmissibility and 
neutralisation escape. 

6. Cluster 5 
Cluster 5, also known as ΔFVI-spike, is a variant of SARS-CoV-2 which has largely 

disappeared from the current pandemic. It was first discovered in Denmark in early No-
vember 2020 and is believed to have been spread from minks to humans following a nat-
ural reverse-zoonotic transmission, from humans to minks which were reported earlier in 
two mink farms in the Netherlands [43,44]. As of 5 November 2020, there were 214 human 
COVID-19 cases infected with SARS-CoV-2 related to mink, all of which carried the mu-
tation Y453F in the S glycoprotein. Of those, 12 cases were infected with a strain bearing 
four genetic mutations in the S glycoprotein: 69–70ΔHV, Y453F, I692V and M1229I [45], 
named Cluster 5 (Danish Serum Statens Institute). Additionally, two more substitution 
mutations were observed from the mink-related Dutch human cases: F486L and N501T 
[46]. These substitutions, however, were not found in the Danish cases. Y453F, F486L and 
N501T are important as they lie in the RBD of the SARS-CoV-2 S glycoprotein, and are 
predicted to be directly involved in the binding to ACE2. A recent molecular modelling 
study showed that these mutations increase the binding affinity, suggesting a potential 
adaptation of the SARS-CoV-2 S glycoprotein to the mink ACE2 [46]. Moreover, residues 
L486, F453 and T501 appear to provide a better fit to the interacting mink ACE2 residues 
(Figure 3). At positions 79 and 82, His and Thr replace Leu and Met, respectively in the 
mink ACE2, and interact with L486. At position 34, Tyr replaces His and interacts with 
F453. At position 354, Arg replaces Gly and interacts with T501. These differences suggest 
the viral selective adaptation to the new host, by optimizing its spike protein binding af-
finity to the mink ACE2 [46]. In addition, the Danish Y453F Cluster 5 variant binds the 
human ACE2 receptor with a four-fold increase in affinity compared to the original strain 
(3.85 nM vs 15.5 nM) [47]. Although it binds at an apparent higher affinity to the human 
ACE2, the Y453F variant does not affect the neutralising antibody (nAb) response in a 
vaccine mouse model. No differences in the inhibition potency of the two RBD variants—
the Y453F and original strain—were reported, suggesting that the substitution mutation 
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in Cluster 5 is a way to adapt and optimise receptor binding, rather than towards an im-
mune evasion strategy [47]. It is worth noting the role of mink in the spread of SARS-CoV-
2, as it provides evidence of the zoonotic animal-to-human, animal-to-animal and anthro-
ponotic human-to-animal transmissions [44,48]. 

 
Figure 3. Mink-derived Cluster 5 of SARS-CoV-2 S glycoprotein mutations and their impact on the ACE2 interface. (a) The 
location of a deletion and five substitution mutations on the cryoelectron microscopy structure of the mink-derived SARS-
CoV-2 S glycoprotein at 2.83 Å (PDB: 7LWM). Three mutations, Y453F, F486L and N501T, lie within the RBD (CTD1) of 
the SARS-CoV-2 S protein, the deletion mutation 69–70ΔHV is in the NTD, I692V is in the CTD3 and M1229I is in the 
hydrophobic region of the SARS-CoV-2 S glycoprotein. (b) A comparison between human SARS-CoV-2 RBD/ACE2 (top) 
and mink SARS-CoV-2 RBD/ACE2 (bottom). In humans, residues that are important in the ACE2 (yellow) binding are 
F486, Y453 and N501 within the SARS-CoV-2 RBD (blue). These residues are replaced by Leu, Phe and Thr, respectively 
in mink SARS-CoV-2 RBD (purple). H79, T82 and Y83 of the mink ACE2 (gold) interact with L486, Y34 interacts with F453, 
Y41, K353 and R354 interact with T501. As the mink SARS-CoV-2 RBD/ACE2 structure has not been determined, the hu-
man SARS-CoV-2 RBD/ACE2 structure (PDB: 6M0J) [41] was used for reference and modelling was performed using 
PyMol. 

7. Lineage B.1.1.7 (Alpha Variant) 
A SARS-CoV-2 variant of concern (VOC), lineage B.1.1.7, also referred to as VOC 

202012/01, 20I/501Y.V1 or Alpha variant (WHO), was first reported on 14 December 2020 
in the United Kingdom and has now been detected in over 160 countries [49]. It spread 
rapidly in the UK and became the dominant circulating variant, leading to travel re-
strictions and lockdowns throughout the country. As of 19 May 2021, there are almost 
250,000 B.1.1.7 variant cases reported in the UK [50]. B.1.1.7 carries a constellation of ge-
netic mutations, notably N501Y, which also presents in B.1.351 and B.1.1.28, in the S pro-
tein RBD (Figure 4a). N501 is involved in hydrophobic interactions with the side chains 
of residues Y41 and K353 of the ACE2 receptor; mutation from Asn to Tyr enhances these 
interactions. This mutation is predicted to affect the structural conformation of the RBD 
and thus the binding affinity for ACE2 [51–53]. It was reported that the B.1.17 variant 
binds to the ACE2 receptor with a 5-fold higher affinity than the S-D614G variant [54]. 
Furthermore, B.1.1.7 RBD bound ACE2 with 2-times greater affinity than the wild-type S 
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RBD [55]. The N501Y mutation also can be found in two other unrelated variants: B.1.351 
(detected in South Africa) and P.1 (originated from Manaus, Brazil). This mutation, like 
other mutations that lie within the RBD of the SARS-CoV-2 S glycoprotein, may escape 
antibody neutralisation by disrupting antibody binding. This phenomenon is particularly 
pronounced for mAb 278, which attained a maximum of 78% neutralisation and mAb 269, 
where neutralisation was almost completely abolished. Other nAbs, however, were min-
imally affected by these mutations and still retained potent neutralising activity [52]. Only 
two (910-30 and S309) out of twelve RBD-directed mAbs showed a reduction in neutrali-
sation activities against B.1.1.7, in which the significant decrease activity of 910-30 is me-
diated by the N501Y mutation. Interestingly, all six NTD-directed mAbs showed major 
reductions in neutralisation against the variant, with antibodies 5-24, 4-8 and 4A8 exhib-
iting a total loss of activity. In addition, the activities of 2-17, 4-19 and 5-7 were variably 
impaired. These reductions in the neutralisation activities of the NTD-directed mAbs are 
largely attributable to the 144ΔY deletion mutation, which falls within the NTD antigenic 
supersite [56]. 

 
Figure 4. Location of B.1.17 variant mutations antibody recognition of the SARS-CoV-2 S glycoprotein. (a) The locations 
of seven substitutions and two deletion mutations within the UK B.1.1.7 SARS-CoV-2 S glycoprotein at 3.22 Å (PDB: 
7LWU) [54]. Only one mutation: N501Y, lies within the RBD and two deletions: 69–70ΔHV and 144ΔY are within the NTD 
of the S protein. The D614G mutation presents in all B.1 lineages. (b) Left: the superimposition of the N501 RBD/Fab 269 
complex (magenta; PDB: 7NEH) onto the Y501 RBD/Fab 269 complex (cyan; PDB: 7NEG) [52]. The location of residue 501 
is shown, which in contact with the L1 and L3 loops of Fab 269. Right: an apparent displacement of the L1 loop and 
concomitant effect on the L3 loop, caused by the mutation of Asn to Tyr at position 501. 

In addition, a recent study using sera from convalescent patients and vaccine recipi-
ents showed a modest reduction in the neutralisation against the B.1.1.7 variant, although 
it was not completely abolished [52]. Sera obtained from the individuals who have re-
ceived the AstraZeneca vaccine showed 2.1- to 2.5-fold reductions in neutralisation, 
whereas, for sera obtained from the individuals with the Pfizer-BioNTech vaccine 
BNT162b2, there was a 3.3-fold reduction in the neutralisation against the B.1.1.7 variant. 
Moreover, a moderate reduction (about 2-fold) in neutralisation was also observed using 
serum samples from recipients of the Moderna mRNA-1273 and the Novavax NVX-
CoV2373 vaccines [57]. Furthermore, the Oxford-AstraZeneca AZD1222 vaccine showed 
efficacy against the B.1.1.7 variant, although a reduction in neutralisation activity was ob-
served against the variant compared with other variants. Vaccine efficacy against the 
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symptomatic infection caused by the B.1.1.7 variant was 70.4%, compared to 81.5% effi-
cacy against the other variants [58]. These findings indicate that the B.1.1.7 variant indeed 
does not totally escape neutralisation and, for now, it is not a major concern for the current 
deployment of COVID-19 vaccines. However on 2 February 2021, Public Health England 
has reported that a number of B.1.1.7 cases were detected with the E484K mutation [59], 
also present in the Brazil and South Africa variants. The E484K mutation has been at-
tributed to the reduced neutralisation of the P.1 and B.1.351 variants [56,60]. These obser-
vations have raised concerns about vaccine effectiveness and further investigations are 
required to determine what effects that the new E484K mutation may have on the B.1.1.7 
variant. 

There is evidence that the N501Y mutation causes changes to the binding confor-
mation of the RBD. Based on the structure of the SARS-CoV-2 S RBD in complex with the 
antigen-binding fragment (Fab) 269, and in comparison with the structure of the B.1.1.7 
RBD/Fab 269 complex, the N501Y mutation introduces a small displacement of the L1 loop 
of Fab 269 (VL chain) (Figure 4b). The mutation also induces an associated major displace-
ment of the neighbouring L3 loop: Y94 position is switched to facing inwards, followed 
by a small twist of P35 [52]. Interestingly, the neutralisation potency of two potent RBD-
directed antibodies, 1-57 and 2-7, was unaffected by the B.1.1.7 variant [61]. The cryo-EM 
structures of these potent 1-57 and 2-7 antibodies, in complex with the S glycoprotein, 
have been determined (Figure 5b). Both 1-57 and 2-7 nAbs target epitope residues outside 
evolutionary pressure ‘hotspots’ on the ACE2 receptor binding, suggesting that they 
could be used for therapeutic purposes [61]. Several other mutations in the S protein in-
clude a deletion at positions 69 and 70 (69–70ΔHV), which evolved spontaneously in at 
least 28 other SARS-CoV-2 lineages. This mutation is hypothesised to increase viral trans-
missibility and infectivity, and often occurs simultaneously with N439K, Y453F and 
N501Y mutations in other variants [62]. Moreover, it has been estimated that the B.1.1.7 
variant is 75% more transmissible compared with the wild type strain [63]. A recent trans-
missibility assessment reported that the B.1.1.7 variant has a 50% to 100% higher repro-
duction number than non-B.1.1.7 lineages [64]. The variant was previously estimated to 
be 30% to 60% more infectious than strains encountered in the first wave of the pandemic 
[65]. 

 
Figure 5. Mutations within the B.1.351 variant of SARS-CoV-2 S glycoprotein and recognition by Fab 1-57 and Fab 2-7. (a) 
The locations of nine substitution mutations on the structure of the South African B.1.351 SARS-CoV-2 S glycoprotein at 
3.32 Å (PDB: 7LYN) [54]. Three mutations- K417N, E484K and N501Y- lie within the RBD. Four mutations- L18F, D80A, 
D215G and R246I- are in the NTD. There is no deletion mutation in the variant. (b) Left: recognition of CDR-L1 and CDR-
L2 of the Fab 1-57 (magenta) on the RBD (blue). Residues that are involved in binding are labelled. Hydrogen bonds are 
represented as black dash lines (less than 3.2 Å). E484 did not interact with any residues as it is too distant from S29, S93 



Int. J. Mol. Sci. 2021, 22, 7425 10 of 21 
 

 

and V100 (not shown). The distances of E484 to S29 and S93 are 3.69 Å and 4.85 Å, respectively (PDB: 7LS9) [61]. Right: 
recognition of CDR H2 from Fab 2-7 (orange) of the RBD (blue). Residues that are involved in binding are labelled. Hy-
drogen bonds are represented as black dash lines. N501 did not interact with any residues on Fab 2-7. The distances of 
N501 to A29 and Y32 are 5.17 Å and 9.19 Å, respectively—too distant for the formation of hydrogen bonds (PDB: 7LSS) 
[61]. 

8. Lineage B.1.351 (Beta Variant) 
On 18 December 2020, South Africa reported a SARS-CoV-2 variant with several mu-

tations that affect the S glycoprotein. The new South African lineage (20H/501Y.V2 or 
B.1.351 or Beta variant) emerged after the first pandemic wave, in Nelson Mandela Bay, 
on the coast of Eastern Cape Province. The variant is characterised by eight lineage-defin-
ing mutations in the S protein, including three substitutions of the important residues 
within the RBD- K417N, E484K and N501Y- which affect the binding affinity to ACE2 [66]. 
These mutations also arose independently in the Brazilian B.1.1.28 variant. Four other mu-
tations, L18F, D80A, D215G and R246I, are located in the NTD but only one (A701V) is in 
the S2 subunit. Like many other B.1 lineages, the variant also has the B.1-defining muta-
tion, D614G, in the CTD3 (Figure 5a). Like the B.1.1.7 variant, the B.1.351 binding affinity 
to ACE2 increased significantly relative to the S-D614G variant: the increase is attributed 
to the N501Y mutation in both variants [54]. The B.1.351 RBD bound ACE2 with 4.62-times 
greater affinity than the wild-type S RBD [55]. The addition of two more substitution mu-
tations in the RBD contributes to the higher binding affinity. Using ELISA and surface 
plasmon resonance (SPR), the binding of the B.1.351 variant to the neutralising NTD-di-
rected antibody DH1050.1 was dramatically reduced, due to multiple mutations in the 
NTD. The RBD-directed antibodies DH1041 and DH1043, similarly, bound with lower af-
finity to the B.1.351 variant, suggestive of an allosteric effect of the NTD mutations on the 
B.1.351 binding to DH1041 and DH1043. The binding of the B.1.351 variant to the cross-
reactive RBD-directed antibody DH1047 and the fusion peptide-directed antibody 
DH1058 remained unaffected [54]. In addition, the binding affinities of the RBD-directed 
nAbs 1-57 and 2-7 were also unimpaired by the B.1.351 lineage [61], despite having three 
mutations in the RBD: this observation suggests a possible therapeutic application in the 
neutralisation of the variant, like that of B.1.1.7. Structural analysis of the Fab 1-57 binding 
to the S glycoprotein revealed that the antibody accommodates the E484K mutation in a 
hydrophilic pocket and E484 did not significantly interact with 1-57 (Figure 5b). Structural 
modelling of E484K showed that the Lys substitution was compatible with binding to the 
Fab 1-57 as it lies outside of the binding footprint [61]. 

The B.1.351 variant is resistant to a group of mAbs that bind the RBM of the RBD, 
including three antibodies that are approved for emergency use in the treatment of 
COVID-19 infection. The neutralisation activities of the RBM-directed antibodies 2-15, LY-
CoV555 (bamlanivimab), C121 and REGN10933 (casirivimab) were completely abolished. 
The activity of the 910-30 antibody, which is directed against the inner side of the RBD, 
was also markedly impaired [56]. The complete impairment of neutralisation activities of 
2-15, LY-CoV555 and C121 against the B.1.351 variant is attributed to the E484K mutation, 
whereas the K417N substitution contributes to the marked reduction in the neutralisation 
activity of 910-30. The complete loss of activity of REGN10933, on the other hand, is at-
tributed to both the K417N and E484K mutations [67]. The activities of three out of six 
NTD-directed antibodies (5-24, 4-8 and 4A8), all of which target the antigenic supersite in 
the NTD, were completely abolished, whereas 2-17, 4-19 and 5-7 antibodies showed vari-
able impairment against B.1.351. The resistance of B.1.351 against these NTD-directed an-
tibodies is largely caused by the R246I substitution mutation, which lies within the NTD-
antibody binding supersite. In addition, the neutralisation activities of sera obtained from 
individuals vaccinated with the Moderna mRNA-1273 and the Pfizer BNT162b2 vaccines 
were reduced 12.4- and 10.3-fold respectively. Resistance is thought to be mediated by the 
E484K mutation, situated in an immunodominant epitope of the RBM [56]. Moreover, a 
study using pseudoparticles with immortalised cell lines showed that host cell entry 
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driven by the S proteins of the B.1.351 variant was less susceptible to inhibition by sera 
collected from individuals vaccinated with the Pfizer BNT162b2, compared to the wild-
type S protein [68]. However, a recent study showed that the Oxford-AstraZeneca 
AZD1222 vaccine gives protection to hamsters against both the B.1.351 and B.1.1.7 vari-
ants, although a 9.5-fold in reduction of nAb was observed against B.1.351 compared to 
B.1.1.7 [69]. Taken together with interim results from a Novavax vaccine trial in South 
Africa, in which only 60.1% of efficacy was reported against the B.1.351 variant, these re-
sults raise concern about protection against arising variants from these first-generation 
vaccines. When an additional 240 HIV-infected individuals were included, protection 
from the Novavax vaccine dropped to 49.4% [70]. 

9. Lineage P.1 (B.1.1.28/Gamma Variant) 
Lineage P.1, also known as B.1.1.28 or 20J/501Y.V3 or Gamma variant (WHO), was 

first detected by the National Institute of Infectious Disease, Japan in four visitors arriving 
from Brazil on 6 January 2021. The variant caused a widespread infection in Manaus, 
where it was identified in 42% of samples collected in December 2020 [71]. The sharp in-
crease in the total COVID-19 infections, followed by an increase in the number of hospital 
admissions observed in Manaus, indicate the high transmissibility of the variant [72,73]. 
It has now been detected in more than 200 cases in Canada [74], Italy [75], the USA [76] 
and Belgium, and the total world infection has now reached 2,300 cases (as of 5 April 
2021). Information on the transmissibility of the P.1 variant, however, is scant; it shares 
several mutations that were acquired independently with the B.1.351 variant- K417T, 
E484K and N501Y- all of which in the RBD of the S glycoprotein (Figure 6a). In P.1, Thr 
replaces Lys at residue 417, whereas Asn replaces Lys in the B.1.351 variant. These muta-
tions have been shown to increase the binding affinity of the B.1.351 S glycoprotein to 
ACE2 and the N501Y mutation is suggested to largely contribute to the increase in the 
binding affinity [54,66]. In a recent study, the equilibrium binding affinity constant of P.1 
to ACE2 is 4.8 nM, similar to the B.1.351/ACE2 binding, which was previously recorded 
at 4.0 nM. The binding affinity is largely attributed to the three RBD mutations, in which 
the mode of the interaction to ACE2 is essentially identical for P.1 and B.1.351. The crystal 
structure of the P.1 RBD/ACE2 complex has been determined recently (Figure 6b). In the 
wild type SARS-CoV-2, K417 forms a salt bridge with D30 of the ACE2 receptor (Figure 
2b) but the Thr of P.1 forms no equivalent contact. The replacement of the negatively-
charged Glu with a positively-charged Lys at residue 484, nevertheless, contributes to a 
marked change in overall charge which improves the electrostatic complementarity, lead-
ing to higher affinity binding. Furthermore, the substitution of the Asn sidechain at resi-
due 501 with Tyr promotes favourable ring stacking interactions, consistent with stronger 
affinity [60]. Other mutations which define the P.1 variant are five substitution mutations 
(L18F, T20N, P26S, D138Y and R190S) in the NTD and three substitutions (D655Y, T1027I 
and V1176F) in the S2 subunit. 
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Figure 6. Mutations within the P.1 (B.1.1.28) variant of SARS-CoV-2 S glycoprotein and its interactions with ACE2 and 
COVOX-222 Fab. (a) The locations of ten substitution mutations within the Brazilian B.1.1.28 SARS-CoV-2 S glycoprotein 
at 3.00 Å (PDB: 7LWW) [54]. Similar to the South African B.1.351 lineage, there are three mutations in the RBD: K417T, 
E484K and N501Y and no deletion mutations in the variant. V1176F is in the hydrophobic region of the SARS-CoV-2 S 
glycoprotein. (b) Top panel: the crystal structure of P.1 RBD (blue) in complex with ACE2 (yellow). T417 did not form a 
salt bridge with D30 of ACE2 (PDB: 7NXC) [60]. Bottom panel: the crystal structure of P.1 RBD (blue) in complex with 
COVOX-222 Fab (HC is in orange and LC is in pink). The interactions between the two molecules are mostly mediated by 
CDR-H1 and CDR-H2, which did not interact with T417 (PDB: 7NXB) [60]. 

Although P.1 has more mutations in the S protein compared to the B.1.351 variant, 
surprisingly, it is significantly less resistant to the neutralisation by nAbs, whether ac-
quired naturally or induced by vaccinations. Nevertheless, many RBD-directed mAbs 
showed reduced or complete loss of neutralisation against P.1; for example, neutralisation 
of P.1 by LY-CoV555 and LY-CoV16 nAbs was almost completely reduced. REGN10933 
and AZD8895 caused significant and modest decreases in neutralisation, respectively. The 
neutralisation escape from REGN10933 and LY-CoV555 is severely compromised by the 
substitution E484K, in which both antibodies form strong interactions with residues 484-
486. LY-CoV016 antibody, on the other hand, is affected by changes at residues 417 and 
501. In addition, the neutralisation of the NTD-directed mAb159 was reduced 133-fold on 
P.1 compared to the Victoria strain due to the epitope disruptions by the five NTD muta-
tions of P.1. Interestingly, the neutralisation of the VH3-53 222 mAb was unaffected by the 
changes in P.1 and no apparent reduction was observed in the binding affinity of 222 to 
both P.1 and Victoria RBD. The crystal structures of 222 in complex with the P.1 RBD 
suggested that most of the binding energy comes from CDR-H1 and CDR-H2, which do 
not interact with the residue 417 in the RBD (Figure 6b) and hence, the substitution from 
Lys to either Asn or Thr does not affect binding affinity or neutralisation. Furthermore, 
neutralisation of P.1 by the Pfizer BNT162b2 and the Oxford-AstraZeneca AZD1222 vac-
cines showed a reduction of 2.6-fold and 2.9-fold, respectively relative to the Victoria 
strain, considerably better than the neutralisation of the B.1.351 variant, where 7.6-fold 
and 9.0-fold of reductions were observed, respectively [60]. 

In a separate study, P.1 is shown to be more resistant to neutralisation by nAbs, con-
valescent plasma and vaccine sera [77]. Three mAbs with Emergency Use Authorization 
(EUA) were shown to have markedly or completely abolished neutralisation against P.1: 
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REGN10933 (casirivimab), LY-CoV555 (bamlanivimab) and CB6 (etesevimab), whereas 
only REGN10987 (imdevimab) retained its activity against P.1. The other two potent 
mAbs that targeted the RBM, 2-15 and C121, showed complete loss of neutralising activi-
ties against P.1, while six mAbs targeted the inner side or outer side of the RBD retained 
their neutralisation capacities. Furthermore, P.1 was resistant to four NTD-directed nAbs: 
2-17, 4-18, 4-19, and 5-7. Two other NTD Abs, 5-24 and 4-8, retained their neutralisation 
capabilities against the P.1 variant, despite the total loss of activity against B.1.351 [56]. 
The P26S mutation partially contributes to a loss in neutralising activity of 4-18, while the 
loss of activity of 2-17 and 4-19 is attributed to mutations L18F, T20N and D138Y. The 
L18F, T20N, D138Y and R190S mutations altogether contribute to the loss of activity of 5-
7. Interestingly, unlike B.1.351, the loss of neutralisation by vaccine sera obtained from 
individuals who received the Pfizer BNT162b2 and the Moderna mRNA-1273 vaccines 
against P.1 was modest (2.2-fold and 2.8-fold, respectively) [77]. 

10. Other Notable Lineages 
Since the emergence of the SARS-CoV-2 virus, many variants have been reported; 

some are particularly important due to their increased virulence and transmissibility as 
well as their abilities to evade the immune response. Lineage B.1.427/B.1.429, also known 
as CAL.20C or Epsilon variant (WHO), is a novel VOC that was originally detected in 
California in July 2020. This variant is now spreading in 30 countries, particularly the 
United States, although the number of cases remains relatively low [78]. The variant is 
defined by five distinct mutations: I4205V and D1183Y in the ORF1ab-gene, and S13I, 
W152C and L452R in the S glycoprotein [79]. The L452R mutation is of particular concern, 
as it is within the RBD and has been shown to be resistant to some nAbs [80]. The variant 
exhibits an estimated 18.6 to 24% increase in viral transmissibility relative to non-
B.1.427/B.1.429 strains [81]. The neutralising activities of sera against the variant obtained 
from convalescent patients and vaccinated individuals (with either the Pfizer BNT16b2 or 
Moderna mRNA-1273 vaccines), were reduced by 6.7- and 2.0-fold. Similarly, 2.8 and 4.0-
fold reductions in neutralisation by sera collected from individuals vaccinated with the 
Moderna and Pfizer vaccines [78]. Likewise, plasma obtained from nine convalescent pa-
tients showed a 4.9-fold reduction in neutralisation against B.1.427/B.1.429, compared to 
the wild-type variant. Furthermore, mutations in the B.1.427/B.1.429 S glycoprotein have 
been attributed to reduced sensitivity to the RBD- and NTD-directed nAbs. The neutral-
ising activity of the RBD-directed CT-P59 (regdanvimab) antibody against the 
B.1.427/B.1.429 variant was significantly reduced, whereas LY-CoV555 (bamlanivimab) 
completely lost its neutralisation due to the location of L452R in its epitope. Moreover, all 
ten NTD-directed nAbs showed a complete reduction in neutralisation, as a result of the 
S13I and W152C mutations, which are located in the S glycoprotein NTD. The W152C 
mutation forms a disulfide bond with the neighbouring C136 and disrupts the overall 
arrangement of the NTD antigenic supersite which is recognised by the nAbs [78]. 

Since December 2020, there has been an increase in the number of SARS-CoV-2 ge-
nomes that contained the E484K substitution mutation in the S glycoprotein in the US. 
This led to several tests for isolates from COVID-19 patients for B.1.351, P.1 and other 
variants which harbour the E484K mutation. A majority of isolates obtained from screen-
ing in New York City containing the mutation E484K fell within a novel lineage, B.1.526 
(Iota variant, WHO). This newly discovered B.1.526 variant has a set of common muta-
tions in the S glycoprotein: L5F, T95I, D253G, E484K, D614G and A701V [82,83]. D253 lies 
in the antigenic supersite loop of the NTD and has been identified as one of the important 
residues that is in contact with most of the NTD-directed nAbs [84]. This mutation may 
play an important role in modifying the neutralisation epitope and hence may contribute 
to the immune escape of the B.1.526 variant. Likewise, the E484K mutation, which is situ-
ated at the RBD interface with the receptor ACE2, may also play an important role in the 
neutralisation escape of B.1.526, as for B.1.351 and P.1 [56,60]. However, sera obtained 
from convalescent patients and vaccinated individuals retained neutralisation against the 
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B.1.526 variant, although with a modest reduction (3.8-fold and 3.4-fold reduction by con-
valescent and vaccinated sera, respectively) was observed as compared to the D614G 
strain [85]. Neutralisation against B.1.526 by the REGN10987 nAb, which binds to the side 
of the RBD, was robust and retained at full capacity but REGN10933, which binds to the 
top face of the RBD, lost 12-fold of its neutralisation capacity. The neutralisation of the 
combined REGN10933/REGN10987 antibody cocktail, however, remained high and ro-
bust [85]. 

Lineage B.1.617.2, also known as Delta variant (WHO) is from lineage B.1.617, which 
was first detected in the state of Maharashtra, India in late 2020 and has been associated 
with the second wave of COVID-19 infections in the country. It has now spread to 62 
countries, including the UK, where it is currently the dominant variant, replacing the lin-
eage B.1.1.7 (Alpha variant) [49,86]. This variant carries 10 mutations in the S glycoprotein, 
four of them are of particular concern: L452R, T478K, D614G and P681R [87], which may 
associate with high viral transmissibility and increase in neutralisation escape. Unlike its 
parent B.1.617 variant, the E484Q mutation is not present in the B.1.617.2 genome. The 
L452R mutation, which also presents in the lineage B.1.427/B.1.429 (Epsilon variant) has 
been shown to be associated with increased transmissibility and resistance to some nAbs 
[80,81]. A recent study showed that there was a reduction of 5.8-fold in neutralising activ-
ity against B.1.617.2 relative to wild-type SARS-CoV-2, significantly more reduced than 
against B.1.1.7. Although there was a significant reduction in neutralisation against 
B.1.617.2, the data published suggested that most individuals which received a complete 
two-dose BNT162b2 vaccine would be protected against the variant and associated dis-
ease [88]. In addition, another study using a panel of 20 sera collected from BTN162b2-
immunised individuals showed that the neutralisation against B.1.617.2 was modestly re-
duced relative to the wild-type [89]. A negative case-control study conducted in England 
reported that the effectiveness of two doses of the Pfizer/BioNTech vaccine was modestly 
reduced from 93.4% against B.1.1.7 to 87.9% against B.1.617.2. The AstraZeneca vaccine, 
however, showed significantly more reduction in effectiveness against the variant; 59.8% 
effective against B.1.617.2 compared to 66.1% against B.1.1.7 [90]. 

11. Transmissibility and Immune Evasion of SARS-COV-2 
Coronaviruses have caused several pneumonic pandemics in humans in the 21st cen-

tury: SARS-CoV, MERS-CoV and SARS-CoV-2. In 2002, SARS-CoV emerged in Guang-
dong, China and infected more than 8,000 people with a total of 774 deaths in five conti-
nents [91]. Ten years later in mid-2012, a new coronavirus variant, MERS-CoV emerged 
in the Arabian Peninsula and spread to 27 countries, infecting about 2500 people and 
claiming 858 lives [92]. Less than ten years later, a new variant of coronavirus was discov-
ered in Wuhan, China in December 2019. The new variant, SARS-CoV-2 is associated with 
the ongoing outbreak of atypical pneumonia that has so far, as of May 2021, affected more 
than 168 million and killed more than 3.5 million people in just over a year, globally [93]. 
Although SARS-CoV-2 appears to be less virulent than SARS-CoV or MERS-CoV, its rate 
of transmission is much higher. Various modes of transmission of SARS-CoV-2 have been 
proposed, including direct or indirect contacts, short-range respiratory droplets, long-
range airborne transmission of aerosols, surface contamination and even faecal-oral route 
of transmission [94,95]. Although there has been much debate on the SARS-CoV-2 trans-
mission routes between humans, the plausibility of it being an opportunistic airborne in-
fection is unquestionable. 

Infected individuals often present with respiratory-like illnesses that develop to se-
vere pneumonia, suggesting that the lung is the primary tropism of SARS-CoV-2. The 
presence of the abundant cell receptor ACE2, particularly on the lung surface, serves as 
the entry point into host cells for both SARS-related coronaviruses. SARS-CoV-2 entry into 
host cells is mediated by its S glycoprotein. Upon binding, the S protein undergoes major 
structural conformational changes and the RBD dissociates to allow viral fusion into the 
cells, where fusion is mediated by its S2 subunit [24]. Thus, the transmissibility of the virus 
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depends largely on its recognition and binding to the ACE2 receptor. As the pandemic 
has grown, the virus mutated to adapt to different cell receptors as well as to evade host 
immune response. Most mutations are neutral or detrimental to virus fitness, while some 
may provide selective advantages, such as increased infectivity, transmissibility and re-
duced effectiveness of the immune response. There have been thousands of mutations 
recorded so far in SARS-CoV-2, with D614G being the most common mutation: it is found 
in a high number of isolates worldwide and has been suggested to increase replication 
and human-to-human transmission [96–98]. D614G enhances viral replication by increas-
ing the stability of virions in human lung epithelial cells and airway tissues [99]. Further-
more, the introduction of the D614N mutation into the S protein preparation resulted in a 
striking improvement in thermal stability [29]. Although it has been associated with high 
upper respiratory tract viral loads and increased transmission, the D614G mutation does 
not contribute to COVID-19 disease severity, suggesting that both infectivity and trans-
missibility do not correlate with the severity of disease [96,100]. Although it is important 
to address how the mutation may affect the severity of COVID-19, the impact of such an 
effect is challenging to predict: it remains difficult to assess precisely to what extent the 
mutation may confer disease severity, especially given the multiple factors that contribute 
to patient severity, such as age and underlying medical conditions. The D614G mutation 
was uncommon before March 2020 but, as the pandemic spread and by June 2020, it ac-
counted for more than 74% of all published sequences [101]. Nonetheless, the mutation is 
unlikely to reduce the neutralisation by nAbs and the efficacy of vaccines in protecting 
against COVID-19 [99]. However, new mutations within SARS-CoV-2 can acquire re-
sistance to neutralisation and enhanced transmissibility, which is concerning. 

Mutations of the important residues in the RBD of the S glycoprotein which affect 
binding to ACE2 (Figure 7), thus contribute to higher affinity and can lead to an increase 
in infectivity and transmissibility of the virus. When a virus switches host species, it 
adapts to the new ACE2 host receptor by increasing its mutation rate. Such naturally oc-
curring RBD mutations might also be expected after a zoonotic or an anthroponotic event. 
For instance, a Y453F RBD mutation occurred after the anthroponotic human to mink 
transmission and the subsequent zoonotic mink to human transmission [46]. The Danish 
Cluster 5 variant, which contains the Y453F mutation in its RBD of the S glycoprotein, 
binds the human ACE2 cell receptor at a 4-fold higher affinity compared to the original 
strain [47]. This suggests that this mink-derived RBD substitution improves the binding 
of the S protein to the human ACE2 receptor, an indication of SARS-CoV-2 adaption to 
different species. Furthermore, in a mouse-derived SARS-CoV-2 strain, Q493K, Q498Y 
and P499T mutations are observed in its RBD [102], while tiger-adapted SARS-CoV-2 se-
quences contain an F456Y mutation and lion-linked SARS-CoV-2 contains a Y505H muta-
tion in its RBD [103]. All of these residues have been suggested to interact with ACE2 and 
these substitutions may improve the binding affinity. 

 
Figure 7. Neutralisation by RBD- and NTD-directed mAbs and vaccine anti-sera against B.1.1.7, B.1.351 and P.1 (B.1.1.28), 
relative to the wild-type virus. Neutralisation results, compiled from different studies which used several neutralisation 
assays: focus reduction neutralisation assay, where the reduction in the number of the infected foci is compared to a no 
antibody negative control well, was used in the neutralisation studies of B.1.1.7 [52] and P.1 [60], whereas end-point dilu-
tion neutralisation assay, where percentage neutralisation at a given sample dilution or mAb concentration is measured, 
was used in the neutralisation studies of B.1.1.7/B.1.351 [56] and P.1 [77]. The B.1.351 and P.1 variants potentially reduced 
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the neutralisation of both RBD- and NTD-directed mAbs, while the B.1.1.7 variant showed reductions particularly in the 
neutralisation of the NTD-directed mAbs compared to the wild-type SARS-CoV-2. Vaccine sera used in these studies were 
obtained at 14 and 28 days following the second dose of the AstraZeneca AZD1222 vaccine [52,60] and 4-14 days [60] or 
7-17 days [52,56] following the second dose of the Pfizer BNT162b2 vaccine. For the Moderna mRNA-1273 vaccine, the 
serum was collected 15 days following the second dose of the vaccine [56,77]. Although there were marked reductions in 
the neutralisation of vaccine sera, they remain robust, protecting these variants by the currently deployed vaccines. Bottom 
right: the table summarises the binding affinity (KD) of RBD of different SARS-CoV-2 variants to ACE2 using bio-layer 
interferometry [52,60]. 

Mutations induce alterations in the protein structures of the virus, changing the an-
tigenic properties of the strain, and can lead to reduced effectiveness of an immune re-
sponse against the original strain. SARS-CoV-2 lineages B.1.1.7, B.1.351 and P.1 (B.1.1.28) 
are not only raising concerns because of their enhanced transmissibility but also because 
of their capabilities to reduce neutralisation by mAb therapies and vaccinations (Figure 
7), associated with their multiple mutations in the S glycoprotein [54,56,60,77]. While the 
B.1.351 and P.1 variants potentially reduced the binding and neutralisation of both RBD- 
and NTD-directed antibodies, the B.1.1.7 variant, however, showed reductions in the 
binding and neutralisation of the NTD-directed antibodies. The acquired resistance of 
B.1.351 and P.1 to the RBD-directed nAbs is largely due to multiple mutations in their 
RBD, in which both of the variants share similar mutations: K417N/T, E484K and N501Y, 
located within the footprints of antibody binding. The impairment of antibody binding 
and thus the loss of neutralisation is attributed largely to mutations to residues 417 and 
484. For example, the K417N mutation has been suggested to contribute to the marked 
reduction in the neutralising activity of 910-30 and the complete loss of neutralisation by 
REGN10933 against B.1.351. Conversely, the complete loss of activities of 2-15, LY-CoV555 
and C121 were attributed to the E484K mutation. Likewise, E484K also has been shown to 
contribute to the significant reductions in the neutralisation of P.1 by REGN10933 and LY-
CoV555: both antibodies form strong interactions with residues 484-486 [56,60,67]. The 
N501Y substitution has been attributed to the increase in ACE2 binding. This mutation is 
shared by the B.1.17, B.1.351 as well as P.1 variants, all of which have higher binding af-
finity to ACE2, compared to the wild type SARS-CoV-2 [52,54,60]. The 501 is primarily 
involved in hydrophobic interactions with the side chains of residues Y41 and K353 of the 
ACE2 receptor (Figure 2b). The aromatic structure of Tyr not only allows for ring stacking 
interactions which contribute to the higher binding affinity but is closer to the interacting 
residues on ACE2, contributing to stronger interactions. Two deletion mutations- 69–
70ΔHV and 144ΔY- lie within the antibody binding footprints on the NTD of the S glyco-
protein, disrupt the epitope residues and thus confer resistance to B.1.1.7 against the NTD-
directed nAbs such as 2-17, 4-8, 4-19, 5-7, 5-24 and 4A8, all of which showed marked re-
ductions in neutralisation against the variant. The 69–70ΔHV mutation has been shown 
to increase SARS-CoV-2 infectivity, is present in at least 28 different lineages and often 
coincides with the N439K, Y453F and N501Y mutations. The increase in infectivity is as-
sociated with higher spike cleavage and incorporation into virions during viral replication 
[62]. Moreover, the B.1.351 variant has four substitution mutations in its NTD and also 
showed significant impairment in its neutralisation by these NTD-directed antibodies. 
The resistance of B.1.351 is largely conferred by the R246I mutation, which lies within its 
NTD supersite [56]. Similarly, the P.1 variant, which has five substitution mutations in its 
NTD, is resistant to 2-17, 4-18, 4-19 and 5-7 NTD-directed antibodies. The P26S mutation 
solely contributes to the P.1 resistance against 4-18, while L18F, T20N and D138Y confer 
resistance against 2-17 and 4-19 antibodies. L18F, T20N, D138Y and R190S altogether con-
tribute to the loss of neutralising activity of 5-7 [77]. 

Mutations in the S protein, which we discuss herein, do not only enhance viral fitness 
by improving binding affinity to the ACE2 receptor but also provide resistance against 
the immune response, acquired naturally or induced by vaccination. RBM, the ACE2-in-
teracting surface of RBD, consists of a small patch of about 70 amino acids and is under 
constant selection pressure, shaping its adaptation and evolution. Many of these residues 
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which form contact interfaces with ACE2 overlap antibody binding epitopes and, there-
fore, are constrained by mutation, thus affecting binding. It is imperative to gather com-
prehensive information concerning how mutations may affect the evolution of SARS-
CoV-2 and thus would guide the development of vaccines and other therapeutics for pro-
tection against the ongoing COVID-19 pandemic. 

Author Contributions: M.Z.S.: conceptualization, data collection, curation and analysis, draft writ-
ing, manuscript review. J.P.D.: analysis, manuscript review. Z.Z.D.: supervision, manuscript re-
view. All authors have read and agreed to the published version of the manuscript. 

Funding: This work was supported by the Universiti Sains Malaysia Research University Grant 
1001/PPSP/8012382. 

Institutional Review Board Statement: Not applicable. 

Informed Consent Statement: Not applicable. 

Data Availability Statement: All data relevant to this review is included in the text and references. 

Acknowledgements: We thank the Universiti Sains Malaysia for providing the grant to support 
post-doctoral fellowship to M.Z.S. We also thank the University of Manchester for the COVID-19 
Philanthropy Pump Priming Award to J.P.D. 

Conflicts of Interest: The authors declare no conflict of interest. 

References 
1. WHO, “WHO Director-General’s Opening Remarks at the Media Briefing on COVID-19—11 March 2020”. 2020. Available 

online: https://www.who.int/director-general/speeches/detail/who-director-general-s-opening-remarks-at-the-media-briefing-
on-covid-19---11-march-2020 (accessed on 1 January 2021). 

2. CDC, “Symptoms of Coronavirus|CDC”. 2021. Available online: https://www.cdc.gov/coronavirus/2019-ncov/symptoms-test-
ing/symptoms.html (accessed on 14 March 2021). 

3. Cui, J.; Li, F.; Shi, Z.-L. Origin and evolution of pathogenic coronaviruses. Nat. Rev. Microbiol. 2019, 17, 181–192, 
doi:10.1038/s41579-018-0118-9. 

4. Alagaili, A.N.; Briese, T.; Mishra, N.; Kapoor, V.; Sameroff, S.C.; de Wit, E.; Munster, V.J.; Hensley, L.E.; Zalmout, I.S.; Kapoor, 
A.; et al. Middle east respiratory syndrome coronavirus infection in dromedary camels in Saudi Arabia. mBio 2014, 5, e00884-
14, doi:10.1128/mbio.00884-14. 

5. Lam, T.T.Y.; Jia, N.; Zhang, Y.-W.; Shum, M.H.-H.; Jiang, J.-F.; Zhu, H.-C.; Tong, Y.-G.; Shi, Y.-X.; Ni, X.-B.; Liao, Y.-S.; et al., 
Identifying SARS-CoV-2-related coronaviruses in Malayan pangolins. Nature 2020, 583, 282–285, doi:10.1038/s41586-020-2169-
0. 

6. Chen, L.; Liu, W.; Zhang, Q.; Xu, K.; Ye, G.; Wu, W.; Sun, Z.; Liu, F.; Wu, K.; Zhong, B.; et al. RNA based mNGS approach 
identifies a novel human coronavirus from two individual pneumonia cases in 2019 Wuhan outbreak. Emerg. Microbes Infect. 
2020, 9, 313–319, doi:10.1080/22221751.2020.1725399. 

7. Yoshimoto, F.K. A Biochemical Perspective of the Nonstructural Proteins (NSPs) and the Spike Protein of SARS CoV-2. Protein 
J. 2021, 40, 260–295, doi:10.1007/s10930-021-09967-8. 

8. Naqvi, A.A.T.; Fatima, K.; Mohammad, T.; Fatima, U.; Singh, I.K.; Singh, A.; Atif, S.M.; Hariprasad, G.; Hasan, G.M.; Hassan, I. 
Insights into SARS-CoV-2 genome, structure, evolution, pathogenesis and therapies: Structural genomics approach. Biochim. et 
Biophys. Acta Mol. Basis Dis. 2020, 1866, 165878, doi:10.1016/j.bbadis.2020.165878. 

9. Bar-On, Y.M.; Flamholz, A.; Phillips, R.; Milo, R. SARS-CoV-2 (COVID-19) by the numbers. eLife 2020, 9, doi:10.7554/elife.57309. 
10. Wang, M.-Y.; Zhao, R.; Gao, L.-J.; Gao, X.-F.; Wang, D.-P.; Cao, J.-M. SARS-CoV-2: Structure, Biology, and Structure-Based 

Therapeutics Development. Front. Cell. Infect. Microbiol. 2020, 10, 587269, doi:10.3389/fcimb.2020.587269. 
11. Harcourt, B.H.; Jukneliene, D.; Kanjanahaluethai, A.; Bechill, J.; Severson, K.M.; Smith, C.M.; Rota, P.A.; Baker, S.C. Identifica-

tion of Severe Acute Respiratory Syndrome Coronavirus Replicase Products and Characterization of Papain-Like Protease Ac-
tivity. J. Virol. 2004, 78, 13600–13612, doi:10.1128/jvi.78.24.13600-13612.2004. 

12. Almeida, M.S.; Johnson, M.A.; Herrmann, T.; Geralt, M.; Wu ̈thrich, K. Novel β-Barrel Fold in the Nuclear Magnetic Resonance 
Structure of the Replicase Nonstructural Protein 1 from the Severe Acute Respiratory Syndrome Coronavirus. J. Virol. 2007, 81, 
3151–3161, doi:10.1128/jvi.01939-06. 

13. Lei, J.; Kusov, Y.; Hilgenfeld, R. Nsp3 of coronaviruses: Structures and functions of a large multi-domain protein. Antivir. Res. 
2018, 149, 58–74, doi:10.1016/j.antiviral.2017.11.001. 

14. Manolaridis, I.; Wojdyla, J.A.; Panjikar, S.; Snijder, E.J.; Gorbalenya, A.E.; Berglind, H.; Nordlund, P.; Coutard, B.; Tucker, P.A. 
Structure of the C-terminal domain of nsp4 from feline coronavirus. Acta Crystallogr. Sect. D Biol. Crystallogr. 2009, 65, 839–846, 
doi:10.1107/s0907444909018253. 



Int. J. Mol. Sci. 2021, 22, 7425 18 of 21 
 

 

15. Muramatsu, T.; Kim, Y.-T.; Nishii, W.; Terada, T.; Shirouzu, M.; Yokoyama, S. Autoprocessing mechanism of severe acute res-
piratory syndrome coronavirus 3C-like protease (SARS-CoV 3CLpro) from its polyproteins. FEBS J. 2013, 280, 2002–2013, 
doi:10.1111/febs.12222. 

16. Zhai, Y.; Sun, F.; Li, X.; Pang, H.; Xu, X.; Bartlam, M.; Rao, Z. Insights into SARS-CoV transcription and replication from the 
structure of the nsp7–nsp8 hexadecamer. Nat. Struct. Mol. Biol. 2005, 12, 980–986, doi:10.1038/nsmb999. 

17. Egloff, M.-P.; Ferron, F.; Campanacci, V.; Longhi, S.; Rancurel, C.; Dutartre, H.; Snijder, E.; Gorbalenya, A.; Cambillau, C.; Ca-
nard, B. The severe acute respiratory syndrome-coronavirus replicative protein nsp9 is a single-stranded RNA-binding subunit 
unique in the RNA virus world. Proc. Natl. Acad. Sci. USA 2004, 101, 3792–3796, doi:10.1073/pnas.0307877101. 

18. Joseph, J.S.; Saikatendu, K.S.; Subramanian, V.; Neuman, B.W.; Brooun, A.; Griffith, M.; Moy, K.; Yadav, M.K.; Velasquez, J.; 
Buchmeier, M.J.; et al. Crystal Structure of Nonstructural Protein 10 from the Severe Acute Respiratory Syndrome Coronavirus 
Reveals a Novel Fold with Two Zinc-Binding Motifs. J. Virol. 2006, 80, 7894–7901, doi:10.1128/jvi.00467-06. 

19. Peng, Q.; Peng, R.; Yuan, B.; Zhao, J.; Wang, M.; Wang, X.; Wang, Q.; Sun, Y.; Fan, Z.; Qi, J.; et al. Structural and Biochemical 
Characterization of the nsp12-nsp7-nsp8 Core Polymerase Complex from SARS-CoV-2. Cell Rep. 2020, 31, 107774, 
doi:10.1016/j.celrep.2020.107774. 

20. Ogando, N.S.; Zevenhoven-Dobbe, J.C.; van der Meer, Y.; Bredenbeek, P.J.; Posthuma, C.C.; Snijder, E.J. The Enzymatic Activity 
of the nsp14 Exoribonuclease Is Critical for Replication of MERS-CoV and SARS-CoV-2. J. Virol. 2020, 94, e01246-20, 
doi:10.1128/jvi.01246-20. 

21. Hackbart, M.; Deng, X.; Baker, S.C. Coronavirus endoribonuclease targets viral polyuridine sequences to evade activating host 
sensors. Proc. Natl. Acad. Sci. USA 2020, 117, 8094–8103, doi:10.1073/pnas.1921485117. 

22. Kim, Y.; Jedrzejczak, R.; Maltseva, N.I.; Wilamowski, M.; Endres, M.; Godzik, A.; Michalska, K.; Joachimiak, A. Crystal structure 
of Nsp15 endoribonuclease NendoU from SARS-CoV -2. Protein Sci. 2020, 29, 1596–1605, doi:10.1002/pro.3873. 

23. Decroly, E.; Imbert, I.; Coutard, B.; Bouvet, M.; Selisko, B.; Alvarez, K.; Gorbalenya, A.E.; Snijder, E.J.; Canard, B. Coronavirus 
Nonstructural Protein 16 Is a Cap-0 Binding Enzyme Possessing (Nucleoside-2′ O )-Methyltransferase Activity. J. Virol. 2008, 82, 
8071–8084, doi:10.1128/jvi.00407-08. 

24. Walls, A.C.; Park, Y.-J.; Tortorici, M.A.; Wall, A.; McGuire, A.T.; Veesler, D. Structure, Function, and Antigenicity of the SARS-
CoV-2 Spike Glycoprotein. Cell 2020, 181, 281–292.e6, doi:10.1016/j.cell.2020.02.058. 

25. Kirchdoerfer, R.N.; Cottrell, C.A.; Wang, N.; Pallesen, J.; Yassine, H.M.; Turner, H.L.; Corbett, K.S.; Graham, H.M.Y.K.S.C.B.S.; 
McLellan, N.W.J.S.; Ward, R.N.K.C.A.C.J.P.H.L.T.A.B. Pre-fusion structure of a human coronavirus spike protein. Nat. Cell Biol. 
2016, 531, 118–121, doi:10.1038/nature17200. 

26. Millet, J.K.; Whittaker, G.R. Host cell entry of Middle East respiratory syndrome coronavirus after two-step, furin-mediated 
activation of the spike protein. Proc. Natl. Acad. Sci. USA 2014, 111, 15214–15219, doi:10.1073/pnas.1407087111. 

27. Kalathiya, U.; Padariya, M.; Mayordomo, M.; Lisowska, M.; Nicholson, J.; Singh, A.; Baginski, M.; Fahraeus, R.; Carragher, N.; 
Ball, K.; et al. Highly Conserved Homotrimer Cavity Formed by the SARS-CoV-2 Spike Glycoprotein: A Novel Binding Site. J. 
Clin. Med. 2020, 9, 1473, doi:10.3390/jcm9051473. 

28. Walls, A.; Tortorici, M.A.; Bosch, B.-J.; Frenz, B.; Rottier, B.-J.B.P.J.M.; DiMaio, F.; Rey, M.A.T.F.A.; Veesler, A.C.W.B.F.F.D.D. 
Cryo-electron microscopy structure of a coronavirus spike glycoprotein trimer. Nat. Cell Biol. 2016, 531, 114–117, doi:10.1038/na-
ture16988. 

29. Juraszek, J.; Rutten, L.; Blokland, S.; Bouchier, P.; Voorzaat, R.; Ritschel, T.; Bakkers, M.J.G.; Renault, L.L.R.; Langedijk, J.P.M. 
Stabilizing the closed SARS-CoV-2 spike trimer. Nat. Commun. 2021, 12, 244, doi:10.1038/s41467-020-20321-x. 

30. Park, J.-E.; Li, K.; Barlan, A.; Fehr, A.; Perlman, S.; McCray, P.; Gallagher, T. Proteolytic processing of middle east respiratory 
syndrome coronavirus spikes expands virus tropism. Proc. Natl. Acad. Sci. USA 2016, 113, 12262–12267, 
doi:10.1073/pnas.1608147113. 

31. Gui, M.; Song, W.; Zhou, H.; Xu, J.; Chen, S.; Xiang, Y.; Wang, X. Cryo-electron microscopy structures of the SARS-CoV spike 
glycoprotein reveal a prerequisite conformational state for receptor binding. Cell Res. 2017, 27, 119–129, doi:10.1038/cr.2016.152. 

32. Walls, A.C.; Tortorici, M.A.; Snijder, J.; Xiong, X.; Bosch, B.-J.; Rey, F.A.; Veesler, D. Tectonic conformational changes of a coro-
navirus spike glycoprotein promote membrane fusion. Proc. Natl. Acad. Sci. USA 2017, 114, 11157–11162, 
doi:10.1073/pnas.1708727114. 

33. Belouzard, S.; Chu, V.C.; Whittaker, G.R. Activation of the SARS coronavirus spike protein via sequential proteolytic cleavage 
at two distinct sites. Proc. Natl. Acad. Sci. USA 2009, 106, 5871–5876, doi:10.1073/pnas.0809524106. 

34. Raj, V.S.; Mou, H.; Smits, S.L.; Dekkers, D.H.W.; Müller, M.A.; Dijkman, R.; Muth, D.; Demmers, J.A.A.; Zaki, A.; Fouchier, 
R.A.M.; et al. Dipeptidyl peptidase 4 is a functional receptor for the emerging human coronavirus-EMC. Nature 2013, 495, 251–
254, doi:10.1038/nature12005. 

35. Samavati, L.; Uhal, B.D. ACE2, Much More Than Just a Receptor for SARS-COV-2. Front. Cell. Infect. Microbiol. 2020, 10, 317, 
doi:10.3389/fcimb.2020.00317. 

36. Hoffmann, M.; Kleine-Weber, H.; Schroeder, S.; Krüger, N.; Herrler, T.; Erichsen, S.; Schiergens, T.S.; Herrler, G.; Wu, N.-H.; 
Nitsche, A.; et al. SARS-CoV-2 Cell Entry Depends on ACE2 and TMPRSS2 and Is Blocked by a Clinically Proven Protease 
Inhibitor. Cell 2020, 181, 271–280.e8, doi:10.1016/j.cell.2020.02.052. 

37. 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, e1007236, doi:10.1371/journal.ppat.1007236. 



Int. J. Mol. Sci. 2021, 22, 7425 19 of 21 
 

 

38. Wrapp, D.; Wang, N.; Corbett, K.S.; Goldsmith, J.A.; Hsieh, C.-L.; Abiona, O.; Graham, B.S.; McLellan, J.S. Cryo-EM structure 
of the 2019-nCoV spike in the prefusion conformation. Science 2020, 367, 1260–1263, doi:10.1126/science.abb2507. 

39. Kirchdoerfer, R.N.; Wang, N.; Pallesen, J.; Wrapp, D.; Turner, H.L.; Cottrell, C.A.; Corbett, K.S.; Graham, B.S.; McLellan, J.S.; 
Ward, A.B. Stabilized coronavirus spikes are resistant to conformational changes induced by receptor recognition or proteolysis. 
Sci. Rep. 2018, 8, 15701, doi:10.1038/s41598-018-34171-7. 

40. Li, F.; Li, W.; Farzan, M.; Harrison, S.C. Structure of SARS coronavirus spike receptor-binding domain complexed with receptor. 
Science (80-) 2005, 309, 1864–1868, doi:10.1126/science.1116480. 

41. Lan, J.; Ge, J.; Yu, J.; 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, doi:10.1038/s41586-020-2180-5. 

42. Alam, I.; Radovanovic, A.; Incitti, R.; Kamau, A.A.; Alarawi, M.; Azhar, I.E.; Gojobori, T. CovMT: An interactive SARS-CoV-2 
mutation tracker, with a focus on critical variants. Lancet Infect. Dis. 2021, 21, 602, doi:10.1016/s1473-3099(21)00078-5. 

43. Oreshkova, N.; Molenaar, R.J.; Vreman, S.; Harders, F.; Munnink, B.B.O.; Der Honing, R.W.H.-V.; Gerhards, N.; Tolsma, P.; 
Bouwstra, R.; Sikkema, R.S.; et al. SARS-CoV-2 infection in farmed minks, the Netherlands, April and May 2020. Eurosurveillance 
2020, 25, 2001005, doi:10.2807/1560-7917.es.2020.25.23.2001005. 

44. Munnink, B.B.O.; Sikkema, R.S.; Nieuwenhuijse, D.F.; Molenaar, R.J.; Munger, E.; Molenkamp, R.; van der Spek, A.; Tolsma, P.; 
Rietveld, A.; Brouwer, M.; et al. Transmission of SARS-CoV-2 on mink farms between humans and mink and back to humans. 
Science 2021, 371, 172–177, doi:10.1126/science.abe5901. 

45. ECDC, “Detection of New SARS-CoV-2 Variants Related to Mink,” ECDC Stock. 2020, no. 12 November 2020. Available online: 
https://www.ecdc.europa.eu/en/publications-data/detection-new-sars-cov-2-variants-mink (accessed on 24 March 2021). 

46. Welkers, A.M.R.; Han, A.X.; Reusken, C.B.E.M.; Eggink, D. Possible host-adaptation of SARS-CoV-2 due to improved ACE2 
receptor binding in mink. Virus Evol. 2021, 7, veaa094, doi:10.1093/ve/veaa094. 

47. Bayarri-Olmos, R.; Rosbjerg, A.; Johnsen, L.B.; Helgstrand, C.; Bak-Thomsen, T.; Garred, P.; Skjoedt, M.-O. The SARS-CoV-2 
Y453F mink variant displays a pronounced increase in ACE-2 affinity but does not challenge antibody neutralization. J. Biol. 
Chem. 2021, 296, 100536, doi:10.1016/j.jbc.2021.100536. 

48. Sharun, K.; Tiwari, R.; Natesan, S.; Dhama, K. SARS-CoV-2 infection in farmed minks, associated zoonotic concerns, and im-
portance of the One Health approach during the ongoing COVID-19 pandemic. Veter- Q. 2021, 41, 50–60, 
doi:10.1080/01652176.2020.1867776. 

49. Campbell, F.; Archer, B.; Laurenson-Schafer, H.; Jinnai, Y.; Konings, F.; Batra, N.; Pavlin, B.; Vandemaele, K.; Van Kerkhove, 
M.D.; Jombart, T.; et al. Increased transmissibility and global spread of SARS-CoV-2 variants of concern as at June 2021. Euro-
surveillance 2021, 26, 2100509, doi:10.2807/1560-7917.es.2021.26.24.2100509. 

50. Public Health England, “Variants: Distribution of Cases Data—GOV.UK,” 19 May 2021. Available online: 
https://www.gov.uk/government/publications/covid-19-variants-genomically-confirmed-case-numbers/variants-distribution-
of-cases-data (accessed on 31 May 2021). 

51. Chan, K.K.; Tan, T.J.C.; Narayanan, K.K.; Procko, E. An engineered decoy receptor for SARS-CoV-2 broadly binds protein S 
sequence variants. Sci. Adv. 2021, 7, eabf1738, doi:10.1126/sciadv.abf1738. 

52. Supasa, P.; Zhou, D.; Dejnirattisai, W.; Liu, C.; Mentzer, A.J.; Ginn, H.M.; Zhao, Y.; Duyvesteyn, H.M.; Nutalai, R.; Tuekprakhon, 
A.; et al. Reduced neutralization of SARS-CoV-2 B.1.1.7 variant by convalescent and vaccine sera. Cell 2021, 184, 2201–2211.e7, 
doi:10.1016/j.cell.2021.02.033. 

53. Zahradník, J.; Marciano, S.; Shemesh, M.; Zoler, E.; Chiaravalli, J.; Meyer, B.; Rudich, Y.; Dym, O.; Elad, N.; Schreiber, G. SARS-
CoV-2 RBD in vitro evolution follows contagious mutation spread, yet generates an able infection inhibitor. bioRxiv 2021, 
doi:10.1101/2021.01.06.425392. 

54. Gobeil, S.M.-C.; Janowska, K.; McDowell, S.; Mansouri, K.; Parks, R.; Stalls, V.; Kopp, M.F.; Manne, K.; Saunders, K.; Edwards, 
R.J.; et al. Effect of natural mutations of SARS-CoV-2 on spike structure, conformation and antigenicity. bioRxiv Prepr. Serv. Biol., 
Mar. 2021, doi:10.1101/2021.03.11.435037. 

55. Ramanathan, M.; Ferguson, I.D.; Miao, W.; Khavari, A.P. SARS-CoV-2 B.1.1.7 and B.1.351 spike variants bind human ACE2 
with increased affinity. Lancet Infect. Dis. 2021, doi:10.1016/s1473-3099(21)00262-0. 

56. Wang, P.; Nair, M.S.; Liu, L.; Iketani, S.; Luo, Y.; Guo, Y.; Wang, M.; Yu, J.; Zhang, B.; Kwong, P.D.; et al. Antibody resistance of 
SARS-CoV-2 variants B.1.351 and B.1.1.7. Nature 2021, 593, 130–135, doi:10.1038/s41586-021-03398-2. 

57. Shen, X.; Tang, H.; McDanal, C.; Wagh, K.; Fischer, W.; Theiler, J.; Yoon, H.; Li, D.; Haynes, B.F.; Sanders, K.O.; et al. SARS-
CoV-2 variant B.1.1.7 is susceptible to neutralizing antibodies elicited by ancestral spike vaccines. Cell Host Microbe 2021, 29, 
529–539.e3, doi:10.1016/j.chom.2021.03.002. 

58. Emary, K.R.W.; Golubchik, T.; Aley, P.K.; Ariani, C.V.; Angus, B.; Bibi, S.; Blane, B.; Bonsall, D.; Cicconi, P.; Charlton, S.; et al. 
Efficacy of ChAdOx1 nCoV-19 (AZD1222) vaccine against SARS-CoV-2 variant of concern 202012/01 (B.1.1.7): An exploratory 
analysis of a randomised controlled trial. Lancet 2021, 397, 1351–1362, doi:10.1016/s0140-6736(21)00628-0. 

59. Public Health England, “Investigation of Novel SARS-CoV-2 Variant Variant of Concern 202012/01 Technical Briefing 5,” 2021. 
Available online: www.gov.uk/government/publications/nervtag-paper-on-covid-19-variant-of-concern-b117 (accessed on 3 
March 2021). 

60. Dejnirattisai, W.; Zhou, D.; Supasa, P.; Liu, C.; Mentzer, A.J.; Ginn, H.M.; Zhao, Y.; Duyvesteyn, H.M.; Tuekprakhon, A.; Nutalai, 
R.; et al. Antibody evasion by the P.1 strain of SARS-CoV-2. Cell 2021, 184, 2939–2954.e9, doi:10.1016/j.cell.2021.03.055. 



Int. J. Mol. Sci. 2021, 22, 7425 20 of 21 
 

 

61. Cerutti, G.; Rapp, M.; Guo, Y.; Bahna, F.; Bimela, J.; Reddem, E.R.; Yu, J.; Wang, P.; Liu, L.; Huang, Y.; et al. Structural Basis for 
Accommodation of Emerging B.1.351 and B.1.1.7 Variants by Two Potent SARS-CoV-2 Neutralizing Antibodies. bioRxiv Prepr. 
Serv. Biol. 2021, doi:10.1101/2021.02.21.432168. 

62. Kemp, S.A.; Meng, B. Recurrent emergence and transmission of a SARS-CoV-2 spike deletion H69/V70. bioRxiv 2021, 
doi:10.1101/2020.12.14.422555. 

63. Leung, K.; Shum, M.H.; Leung, G.M.; Lam, T.T.; Wu, J.T. Early transmissibility assessment of the N501Y mutant strains of SARS-
CoV-2 in the United Kingdom, October to November 2020. Eurosurveillance 2021, 26, 2002106, doi:10.2807/1560-
7917.es.2020.26.1.2002106. 

64. Volz, E.; Mishra, S.; Chand, M.; Barrett, J.C.; Johnson, R.; Geidelberg, L.; Hinsley, W.R.; Laydon, D.J.; Dabrera, G.; O’Toole, Á.; 
et al. Assessing transmissibility of SARS-CoV-2 lineage B.1.1.7 in England. Nat. Cell Biol. 2021, 593, 266–269, doi:10.1038/s41586-
021-03470-x. 

65. Walker, A.S.; Vihta, K.; Gethings, O.; Pritchard, E.; Jones, J.; House, T.; Bell, I.; Bell, J.I.; Newton, J.N.; Farrar, J.; et al. Increased 
infections, but not viral burden, with a new SARS-CoV-2 variant. medRxiv 2021, doi:10.1101/2021.01.13.21249721. 

66. Tegally, H.; Wilkinson, E.; Giovanetti, M.; Iranzadeh, A.; Fonseca, V.; Giandhari, J.; Doolabh, D.; Pillay, S.; San, E.J.; Msomi, N.; 
et al. Emergence and rapid spread of a new severe acute respiratory syndrome-related coronavirus 2 (SARS-CoV-2) line-age 
with multiple spike mutations in South Africa. medRxiv 2020, doi:10.1101/2020.12.21.20248640. 

67. Starr, T.N.; Greaney, A.J.; Addetia, A.; Hannon, W.W.; Choudhary, M.C.; Dingens, A.S.; Li, J.Z.; Bloom, J.D. Prospective map-
ping of viral mutations that escape antibodies used to treat COVID-19. Science (80-) 2021, 371, 850–854, doi:10.1126/sci-
ence.abf9302. 

68. Hoffmann, M.; Arora, P.; Groß, R.; Seidel, A.; Hörnich, B.F.; Hahn, A.S.; Krüger, N.; Graichen, L.; Hofmann-Winkler, H.; Kempf, 
A.; et al. SARS-CoV-2 variants B.1.351 and P.1 escape from neutralizing antibodies. Cell 2021, doi:10.1016/j.cell.2021.03.036. 

69. Fischer, R.J.; van Doremalen, N.; Adney, D.R.; Yinda, C.K.; Port, J.R.; Holbrook, M.G.; Schulz, J.E.; Williamson, B.N.; Thomas, 
T.; Barbian, K.; et al. ChAdOx1 nCoV-19 (AZD1222) protects hamsters against SARS-CoV-2 B.1.351 and B.1.1.7 disease. bioRxiv 
Prepr. Serv. Biol. 2021, doi:10.1101/2021.03.11.435000. 

70. Wadman, M. Novavax vaccine delivers 89% efficacy against COVID-19 in U.K.—but is less potent in South Africa. Science (80-) 
2021, doi:10.1126/science.abg8101. 

71. Faria, N.R. Genomic characterisation of an emergent SARS-CoV-2 lineage in Manaus: Preliminary findings. Virological.Org, pp. 
1–9, 2021. Available online: https://virological.org/t/genomic-characterisation-of-an-emergent-sars-cov-2-lineage-in-manaus-
preliminary-findings/586 (accessed on 6 May 2021). 

72. Buss, L.F.; Peter, C.A., Jr.; Abrahim, C.M.M.; Mendrone, A., Jr.; Salomon, T.; de Almeida-Neto, C.; França, R.F.O.; Belotti, M.C.; 
Carvalho, M.P.S.S.; Costa, A.G.; et al. Three-quarters attack rate of SARS-CoV-2 in the Brazilian Amazon during a largely un-
mitigated epidemic. Science 2021, 371, 288–292, doi:10.1126/science.abe9728. 

73. Sabino, E.C.; Buss, L.F.; Carvalho, M.P.S.; Prete, C.A., Jr.; Crispim, M.A.E.; Fraiji, N.A.; Pereira, R.H.M.; Parag, K.V.; da Silva 
Peixoto, P.; Kraemer, M.U.G.; et al. Resurgence of COVID-19 in Manaus, Brazil, despite high seroprevalence. Lancet 2021, 397, 
452–455, doi:10.1016/s0140-6736(21)00183-5. 

74. Matic, N.; Lowe, C.F.; Ritchie, G.; Stefanovic, A.; Lawson, T.; Jang, W.; Young, M.; Dong, W.; Brumme, Z.L.; Brumme, C.J.; et al. 
Rapid Detection of SARS-CoV-2 Variants of Concern, Including B.1.1.28/P.1, British Columbia, Canada. Emerg. Infect. Dis. 2021, 
27, 1673–1676, doi:10.3201/eid2706.210532. 

75. Maggi, F.; Novazzi, F.; Genoni, A.; Baj, A.; Spezia, P.G.; Focosi, D.; Zago, C.; Colombo, A.; Cassani, G.; Pasciuta, R.; et al. Im-
ported SARS-CoV-2 Variant P.1 in Traveler Returning from Brazil to Italy. Emerg. Infect. Dis. 2021, 27, 1249–1251, 
doi:10.3201/eid2704.210183. 

76. CDC, “US COVID-19 Cases Caused by Variants|CDC,” 2021. Available online: https://www.cdc.gov/coronavirus/2019-
ncov/transmission/variant-cases.html (accessed on 6 April 2021). 

77. Wang, P.; Casner, R.G.; Nair, M.S.; Wang, M.; Yu, J.; Cerutti, G.; Liu, L.; Kwong, P.D.; Huang, Y.; Shapiro, L.; et al. Increased 
resistance of SARS-CoV-2 variant P.1 to antibody neutralization. Cell Host Microbe 2021, 29, 747–751.e4, 
doi:10.1016/j.chom.2021.04.007. 

78. McCallum, M.; Bassi, J.; de Marco, A.; Chen, A.; Walls, A.C.; di Iulio, J.; Tortorici, M.A.; Navarro, M.; Silacci-Fregni, C.; Saliba, 
C.; et al. SARS-CoV-2 immune evasion by variant B.1.427/B.1.429. bioRxiv 2021, doi:10.1101/2021.03.31.437925. 

79. Zhang, W.; Davis, B.D.; Chen, S.S.; Martinez, J.M.S.; Plummer, J.T.; Vail, E. Emergence of a novel SARS-CoV-2 strain in Southern 
California, USA. medRxiv 2021, doi:10.1101/2021.01.18.21249786. 

80. Li, Q.; Wu, J.; Nie, J.; Zhang, L.; Hao, H.; Liu, S.; Zhao, C.; Zhang, Q.; Liu, H.; Nie, L.; et al. The Impact of Mutations in SARS-
CoV-2 Spike on Viral Infectivity and Antigenicity. Cell 2020, 182, 1284–1294.e9, doi:10.1016/j.cell.2020.07.012. 

81. Deng, X.; Garcia-Knight, M.A.; Khalid, M.M.; Servellita, V.; Wang, C.; Morris, M.K.; Sotomayor-González, A.; Glasner, D.R.; 
Reyes, K.R.; Gliwa, A.S.; et al. Transmission, infectivity, and antibody neutralization of an emerging SARS-CoV-1 2 variant in 
California carrying a L452R spike protein mutation 2. medRxiv 2021, doi:10.1101/2021.03.07.21252647. 

82. Lasek-Nesselquist, E.; Lapierre, P.; Schneider, E.; George, K.S.; Pata, J. The localized rise of a B.1.526 SARS-CoV-2 variant con-
taining an E484K mutation in New York State. medRxiv 2021, doi:10.1101/2021.02.26.21251868. 

83. Annavajhala, M.K.; Mohri, H.; Zucker, J.E.; Sheng, Z.; Wang, P.; Gomez-Simmonds, A.; Ho, D.D.; Uhlemann, A.-C. A Novel 
SARS-CoV-2 Variant of Concern, B.1.526, Identified in New York. medRxiv Prepr. Serv. Heal. Sci. 2021, 
doi:10.1101/2021.02.23.21252259. 



Int. J. Mol. Sci. 2021, 22, 7425 21 of 21 
 

 

84. McCallum, M.; De Marco, A.; Lempp, F.A.; Tortorici, M.A.; Pinto, D.; Walls, A.C.; Beltramello, M.; Chen, A.; Liu, Z.; Zatta, F.; 
et al. N-terminal domain antigenic mapping reveals a site of vulnerability for SARS-CoV-2. Cell 2021, 184, 2332–2347.e16, 
doi:10.1016/j.cell.2021.03.028. 

85. Zhou, H.; Dcosta, B.M.; Samanovic, M.I.; Mulligan, M.J.; Landau, N.R.; Tada, T.B.1.526 SARS-CoV-2 variants identified in New 
York City are neutralized by vaccine-elicited and therapeutic monoclonal antibodies. bioRxiv 2021, 
doi:10.1101/2021.03.24.436620. 

86. Public Health England, “SARS-CoV-2 Variants of Concern and Variants Under Investigation,” 2021. Available online: https://as-
sets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/990339/Variants_of_Con-
cern_VOC_Technical_Briefing_13_England.pdf (accessed on 26 June 2021). 

87. CDC, “SARS-CoV-2 Variant Classifications and Definitions,” 2021. Available online: https://www.cdc.gov/coronavirus/2019-
ncov/variants/variant-info.html (accessed on 26 June 2021). 

88. Wall, E.C.; Wu, M.; Harvey, R.; Kelly, G.; Warchal, S.; Sawyer, C.; Daniels, R.; Hobson, P.; Hatipoglu, E.; Ngai, Y.; et al. Neutral-
ising antibody activity against SARS-CoV-2 VOCs B.1.617.2 and B.1.351 by BNT162b2 vaccination. Lancet 2021, 397, 2331–2333, 
doi:10.1016/s0140-6736(21)01290-3. 

89. Liu, J.; Liu, Y.; Xia, H.; Zou, J.; Weaver, S.C.; Swanson, K.A.; Cai, H.; Cutler, M.; Cooper, D.; Muik, A.; et al. BNT162b2-elicited 
neutralization of B.1.617 and other SARS-CoV-2 variants. Nat. Cell Biol. 2021, doi:10.1038/s41586-021-03693-y. 

90. Bernal, J.L.; Andrews, N.; Gower, C.; Gallagher, E.; Simmons, R.; Thelwall, S.; Stowe, J.; Tessier, E.; Groves, N.; Dabrera, G.; et 
al. Effectiveness of COVID-19 vaccines against the B.1.617.2 variant. medRxiv 2021, doi:10.1101/2021.05.22.21257658. 

91. Ksiazek, T.G.; Erdman, D.; Goldsmith, C.S.; Zaki, S.R.; Peret, T.; Emery, S.; Tong, S.; Urbani, C.; Comer, J.A.; Lim, W.; et al. A 
Novel Coronavirus Associated with Severe Acute Respiratory Syndrome. N. Engl. J. Med. 2003, 348, 1953–1966, 
doi:10.1056/nejmoa030781. 

92. Zaki, A.; Van Boheemen, S.; Bestebroer, T.; Osterhaus, A.; Fouchier, R. Isolation of a Novel Coronavirus from a Man with Pneu-
monia in Saudi Arabia. New Engl. J. Med. 2012, 367, 1814–1820, doi:10.1056/nejmoa1211721. 

93. Zhu, N.; Zhang, D.; Wang, W.; Li, X.; Yang, B.; Song, J.; Zhao, X.; Huang, B.; Shi, W.; Lu, R.; et al. A Novel Coronavirus from 
Patients with Pneumonia in China, 2019. N. Engl. J. Med. 2020, 382, 727–733, doi:10.1056/NEJMoa2001017. 

94. Harrison, A.G.; Lin, T.; Wang, P. Mechanisms of SARS-CoV-2 Transmission and Pathogenesis. Trends Immunol. 2020, 41, 1100–
1115, doi:10.1016/j.it.2020.10.004. 

95. Schijven, J.; Vermeulen, L.C.; Swart, A.; Meijer, A.; Duizer, E.; Husman, A.M.D.R. Quantitative Microbial Risk Assessment for 
Airborne Transmission of SARS-CoV-2 via Breathing, Speaking, Singing, Coughing, and Sneezing. Environ. Heal. Perspect. 2021, 
129, 47002, doi:10.1289/ehp7886. 

96. Volz, E.; Hill, V.; McCrone, J.T.; Price, A.; Jorgensen, D.; O’Toole, Á.; Southgate, J.; Johnson, R.; Jackson, B.; Nascimento, F.F.; et 
al. Evaluating the Effects of SARS-CoV-2 Spike Mutation D614G on Transmissibility and Pathogenicity. Cell 2021, 184, 64–75.e11, 
doi:10.1016/j.cell.2020.11.020. 

97. Zhou, B.; Thao, T.T.N.; Hoffmann, D.; Taddeo, A.; Ebert, N.; Labroussaa, F.; Pohlmann, A.; King, J.; Steiner, S.; Kelly, J.N.; et al. 
SARS-CoV-2 spike D614G change enhances replication and transmission. Nat. Cell Biol. 2021, 592, 122–127, doi:10.1038/s41586-
021-03361-1. 

98. Pohl, M.O.; Busnadiego, I.; Kufner, V.; Glas, I.; Karakus, U.; Schmutz, S.; Zaheri, M.; Abela, I.; Trkola, A.; Huber, M.; et al. SARS-
CoV-2 variants reveal features critical for replication in primary human cells. PLoS Biol. 2021, 19, e3001006, doi:10.1371/jour-
nal.pbio.3001006. 

99. Plante, J.A.; Liu, Y.; Liu, J.; Xia, H.; Johnson, B.A.; Lokugamage, K.G.; Zhang, X.; Muruato, A.E.; Zou, J.; Fontes-Garfias, C.R.; et 
al. Spike mutation D614G alters SARS-CoV-2 fitness. Nature 2020, 592, 116–121, doi:10.1038/s41586-020-2895-3. 

100. Korber, B.; Fischer, W.M.; Gnanakaran, S.; Yoon, H.; Theiler, J.; Abfalterer, W.; Hengartner, N.; Giorgi, E.E.; Bhattacharya, T.; 
Foley, B.; et al. Tracking Changes in SARS-CoV-2 Spike: Evidence that D614G Increases Infectivity of the COVID-19 Virus. Cell 
2020, 182, 812–827.e19, doi:10.1016/j.cell.2020.06.043. 

101. Yurkovetskiy, L.; Wang, X.; Pascal, K.E.; Tomkins-Tinch, C.; Nyalile, T.P.; Wang, Y.; Baum, A.; Diehl, W.E.; Dauphin, A.; Car-
bone, C.; et al. Structural and Functional Analysis of the D614G SARS-CoV-2 Spike Protein Variant. Cell 2020, 183, 739–751.e8, 
doi:10.1016/j.cell.2020.09.032. 

102. Leist, S.R.; Dinnon, K.H.; Schäfer, A.; Tse, L.V.; Okuda, K.; Hou, Y.J.; West, A.; Edwards, C.E.; Sanders, W.; Fritch, E.J.; et al. A 
Mouse-Adapted SARS-CoV-2 Induces Acute Lung Injury and Mortality in Standard Laboratory Mice. Cell 2020, 183, 1070–
1085.e12, doi:10.1016/j.cell.2020.09.050. 

103. McAloose, D.; Laverack, M.; Wang, L.; Killian, M.L.; Caserta, L.C.; Yuan, F.; Mitchell, P.K.; Queen, K.; Mauldin, M.R.; Cronk, 
B.D.; et al. From People to Panthera: Natural SARS-CoV-2 Infection in Tigers and Lions at the Bronx Zoo. mBio 2020, 11, e02220-
20, doi:10.1128/mbio.02220-20. 

 


