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Abstract

The emergence of SARS-CoV-2 variants alters the efficacy of existing immunity, whether arisen naturally
or through vaccination. Understanding the structure of the viral spike assists in determining the impact of
mutations on the antigenic surface. One class of mutation impacts glycosylation attachment sites, which
have the capacity to influence the antigenic structure beyond the immediate site of attachment. Here, we
compare the site-specific glycosylation of recombinant viral spike mimetics of B.1.351 (Beta), P.1
(Gamma), B.1.617.2 (Delta), B.1.1.529 (Omicron). The P.1 strain exhibits two additional N-linked glycan
sites compared to the other variants analyzed and we investigate the impact of these glycans by molec-
ular dynamics. The acquired N188 site is shown to exhibit very limited glycan maturation, consistent with
limited enzyme accessibility. Structural modeling and molecular dynamics reveal that N188 is located
within a cavity by the receptor binding domain, which influences the dynamics of these attachment
domains. These observations suggest a mechanism whereby mutations affecting viral glycosylation sites
have a structural impact across the protein surface.
� 2022 The Author(s). Published by Elsevier Ltd. This is an open access article under the CCBY license (http://creativecom-

mons.org/licenses/by/4.0/).
Introduction

The emergence and rapid spread of severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2)
has led to a global health emergency. The
development and deployment of several vaccines
using derivatives of the trimeric spike (S)
glycoprotein based on the Wuhan-hu-1 lineage
has subdued symptom severity and mortality
through the elicitation of neutralizing antibodies
(NAbs), B-cell memory, and T-cell mediated
protection.1–7 Mechanisms of immune escape by
SARS-CoV-2 are dominated by the accumulation
of mutations within the S protein. Alterations to the
antigenic surface of the S protein, the predominant
(s). Published by Elsevier Ltd.This is an open ac
target of NAbs, likely contributes to the continuous
circulation of the virus throughout the global popula-
tion. Neutralization resistance to sera from both
convalescent and vaccinated individuals have
resulted in particular SARS-CoV-2 variants being
termed variants of concern (VOC).8–10 These VOCs
have prolonged the pandemic and has resulted in
several rebounds in case numbers and deaths
despite widespread vaccine uptake and extensive
transmission through the population. As such,
investigating how the structure of the S protein is
changing in VOCs is import for understanding the
evolution of SARS-CoV-2.
The SARS-CoV-2 S protein is a trimeric class I

fusion protein that decorates the surface of the
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virus and mediates viral infection.11–12 Each pro-
tomer is comprised of an S1 and S2 subunit, which
both contain functionally distinct protein domains.12

The S1 subunit facilitates receptor binding and
encompasses the N-terminal domain (NTD) and
receptor binding domain (RBD). Viral fusion and cell
entry are organized by the S2 subunit, which
includes the fusion peptide (FP), heptad repeat
domains (HR1 and HR2), central helix (CH), con-
nector domain (CD), and transmembrane domain
(TM). Several studies using sera of infected individ-
uals have revealed that the spike glycoprotein, par-
ticularly the RBD, contains epitopes for neutralizing
antibodies, and is therefore the focus of vaccine
design efforts.13–22 SARS-CoV-2 has been sub-
jected to immunological pressure, creating selective
pressure for structural mechanisms that thwart
vaccine- or infection-mediated viral sterilization,
thereby enhancing immune evasion. The principal
mechanism of immune evasion is the introduction
of amino acid mutations within the S glycoprotein
that hinder NAb recognition by pre-existing antibod-
ies.23–24 This may subsequently introduce or
remove sequence-encoded asparagine (N)-linked
glycan sites. These N-linked glycans can serve to
efficiently shield the underlying immunogenic viral
protein surface from antibody-mediated neutraliza-
tion,25–27 hence any changes in the glycan shield
resulting from emergent lineages warrant
investigation.
Lineages B.1.351 (Beta) and P.1 (Gamma)

became prominent within the global population
from February 2021 and B.1.617.2 (Delta) and
B.1.1.529 (Omicron) in May and November 2021,
respectively.28 These SARS-CoV-2 VOCs present
increased transmissibility and pathogenicity, pre-
dominantly resulting from mutations arising within
S1 and the RBD.29–32 The mutational landscape of
these VOCs is vast, yet a distinct set of advanta-
geousmutations have prevailed throughout the evo-
lutionofdistinct lineages (Figure1).23,33Contributing
to enhanced infectivity and ACE2 binding, the early
emerging VOCs, B.1.351 and P.1, accrued RBD
mutations K417N/T, E484K and N501Y which have
cumulatively demonstrated decreased sensitivity to
antibody-mediated neutralization and increased
infectivity.32,34–35 The T478K mutation within the
RBD of B.1.617.2 and B.1.1.529 is also suspected
to contribute towards viral infectivity.36 The introduc-
tion of mutations within this region can facilitate vac-
cine escape as a large portion of NAb responses
generated against SARS-CoV-2 are directed
towards the RBD, and most others directed towards
other epitopes within S1.37

Whilst the impact of the additional mutations
present in the S protein variants has been well
studied, there is potential for changes to occur
that impact protein dynamics.39–42 Previous studies
have demonstrated that the SARS-CoV-2 S protein
gene encodes the attachment of several N-linked
glycosylation sites, with glycans accounting for
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approximately a third of the mass of fully mature S
protein.43–46 It is important to consider the impact
of changes in glycosylation that may occur in the
S protein variants. Glycans can serve as useful
tools for measuring changes in protein architecture
(through steric occlusion of glycan processing) and
can effectively shield antibody epitopes. Changes in
viral glycosylation induced by mutations in the anti-
genic protein sequence have been observed on
other viral glycoproteins, including Influenza A and
HIV-1, and have served as effective immune eva-
sion mechanisms.47–48 As such, investigating
whether a similar effect is occurring in emerging
SARS-CoV-2 VOCs is valuable for identifying pat-
terns in viral immune evasion.
N-linked glycosylation is an enzyme-catalyzed

co-translational modification whereby a glycan
precursor is covalently attached to asparagine
residues within N-X-S/T sequons (X – P). The
early mammalian glycan processing pathway
follows a linear trajectory whereby a
Glc3Man9GlcNAc2-Asn is subjected to ER- and
cis-Golgi-resident glucosidases and
mannosidases, yielding a Man5GlcNAc2-Asn
(Man5) glycan. The transfer of a b1,2-linked
GlcNAc to the terminal 3-arm mannose residue,
generates an intermediate glycan,
GlcNAc1Man5GlcNAc2-Asn which facilitates the
diversification of N-linked glycan processing and
maturation through the medial- and trans-Golgi
apparatus. Subsequent processing by this highly
regulated and efficient translational modification
pathway generates a large range of heterogenous
glycoforms that decorate most mammalian
glycoproteins.
SARS-CoV-2, like many other viruses, hijack this

process to shield its immunogenic protein surface
from the host immune system and potentiate
infectivity.25,49–51 Large abundances of immaturely
processed glycans are rarely observed on cell sur-
face mammalian glycoproteins,52 but such glycan
signatures are present at sites of steric influence
within SARS-CoV-2 S protein, such as N234 at
the trimer interface.53–54 Glycan processing can
be sensitive to local tertiary and quaternary protein
and glycan architecture. An abundance of under
processed oligomannose-type glycans can arise if
access to the glycan substrate by ER and cis-
Golgi a-mannosidase is impeded, either through
protein-glycan or glycan-glycan clashes.55 This gly-
can processing prohibition signature is a reliable
marker of native-like protein folding.56,55 Most sites
across the SARS-CoV-2 S protein, however, do
present a large abundance of fully processed
complex-type glycans.43,45,57–58

Interestingly, the presence of T20N and R190S in
the P.1 lineage introduces two potential N-linked
glycosylation sites (PNGS) within S1, at positions
N20 and N188. However, the accruement of N-
linked glycan sites in the P.1 lineage is not unique
to SARS-CoV-2 S glycoprotein evolution. This



Figure 1. Three-dimensional representation of the SARS-CoV-2 S protein, showing regions of the spike that
differ from theWuhan strain inVOCsBeta, Gamma,Delta andOmicron.Each protomer is colored in different shades
of blue and N-linked glycans colored in gray. Amino acid mutations are color coordinated into lime green, Beta; yellow,
Gamma; pink, Delta; purple, Omicron; red, �2 VOCs. Model of the Wuhan-hu-1 S glycan shield by Zuzic et al. 2022.38
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phenomenon has been previously demonstrated
through the episodic emergence of �5 N-linked
glycan sites in Influenza A H3 lineages over a
3

period of 50 years, before reaching a
hypothesized “glycan limit”.48 Further, extended
exposure of HIV-1 Env to the host immune system
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encourages the shift and overall accumulation of
PNGS in gp120 and outer domain regions, indicat-
ing that there must be adaptation to large survival
pressures during chronic infection.47 However, the
location of the new glycan sites found in SARS-
CoV-2 P.1 do not seem to occlude clustered sites
of vulnerability, such as those targeted by NTD-
targeting NAbs.17 Additionally, the B.1.617.2 strain
accumulates a T19R mutation, which abolishes
the N17 PNGS. Whether this is an advantageous
evolutionary mutation remains unknown.
Here, we have generated recombinant versions of

the S proteins of B.1.351, P.1, B.1.617.2 and
B.1.1.529 variants of SARS-CoV-2 to facilitate
analysis of the glycan shield by mass spectrometry
and interrogate the possible mechanistic role of the
novel N188 glycan in the P.1 variant by molecular
dynamics. To ensure analogous glycosylation
between the recombinant proteins and viral-derived
material, we introduced identical stabilizing proline
mutations as previously applied to the Wuhan-hu-1
strain, termed HexaPro modifications (Figure 2).59

Here, we demonstrate a broad similarity in the
processing state of the glycan shield of SARS-
CoV-2 VOC S proteins relative to the parental
Wuhan-hu-1 lineage. Despite discrete differences
in glycan processing across conserved N-linked
glycan sites, the novel P.1 PNGSs at N20 and
N188, are of interest due to their influence on local
glycan processing. To better understand how the
changing dynamics of the glycan shield may
impact the antigenic surface of S protein, we
performed molecular dynamics simulations of P.1
S glycoprotein using the site-specific glycosylation
data generated by liquid chromatography-mass
spectrometry. These data suggest a possible
evasion mechanism through the introduction of
N188, which is added into a region of the protein
which has been shown to mediate the binding of a
ligand, biliverdin, a metabolite involved in heme
catabolism.60 Furthermore, analysis of the
B.1.351, B.1.617.2 and B.1.1.529 strains demon-
strate little variability in the glycan shield. This sug-
gests that whilst the glycan shield of SARS-CoV-2 S
protein so far has proven resistant to changes,
some VOCs have already demonstrated the poten-
tial for utilizing changes in the glycan shield which
has influence on the protein dynamics beyond the
immediate site of glycan attachment.

Results and discussion

Expression and purification of SARS-CoV-2
variant S glycoproteins

To interrogate the glycan shield of SARS-CoV-2
VOC S protein and investigate the impact on
ACE2 binding, the sequences for the B.1.351
(Beta), P.1 (Gamma), B.1.617.2 (Delta) and
B.1.1.529 (Omicron) variants were engineered to
produce soluble recombinant native-like trimers.
As first demonstrated by Hsieh, et al. 2020,59 six
4

stabilizing proline mutations at positions F817P,
A892P, A899P, A942P, K986P, V987P were intro-
duced, and the C-terminus of the protein was trun-
cated at position 1208. Additionally, a C-terminal
foldon domain was inserted to promote trimeriza-
tion, followed by an octa-his tag to aid purification
(Figure 2). All SARS-CoV-2 S glycoproteins were
expressed in HEK 293F cells and purified using
immobilized metal affinity chromatography (IMAC)
followed by size exclusion chromatography (SEC)
(Supplemental Figure 1(A)). For each S protein
variant, a single peak was observed, which corre-
sponds to trimeric material. This peak was col-
lected, yielding >2 mg trimer per 200 mL
expression, except B.1.1.529 which yielded
�0.5 mg per 200 mL expression. When subjected
to SDS-PAGE, a single band between 160–
200 kDa was observed, corresponding to a single
protomer.

Determining the glycan shield of SARS-CoV-2
variants using LC-MS

Using liquid chromatography-mass spectrometry
(LC-MS), we explored the compositional
differences in the glycan shield of SARS-CoV-2
VOCs at the site-specific level. To generate
glycopeptides containing a single PNGS, trypsin,
chymotrypsin, and alpha-lytic protease were
utilized, and the glycopeptide products were
subjected to higher energy collision induced
dissociation (HCD) fragmentation. Overall, this
analysis revealed a broad consensus in
glycosylation at the majority of sites between the
variants and the parental Wuhan lineage (Figure 3
and Supplemental Table 1–19).61 All the S glyco-
protein variants produced in this study displayed
oligomannose-type glycan signatures at the steri-
cally protected site, N234, suggesting that an
archetypical trimeric association has been achieved
(Figure 3 and Supplemental Tables 1–19).57 As
discussed by Allen et al., 2021, and Brun et al.,
2021, viral derived- and recombinantly expressed
S glycoprotein displayed immature glycan process-
ing at N234, suggesting a conserved quaternary
protein structure influence on glycan processing at
this position.54,62

Oligomannose-type glycan signatures at sites
such as N234, N603, N709, N717 and N801 are
observed in all analyzed recombinant variant S
proteins and in previously described analysis of
virally derived S protein from Wuhan-hu-1.54,62

The glycosylation profile at N122 is also extremely
conserved between the B.1.351, P.1 and the
Wuhan-hu-1 lineage, presenting a heterogenous
mix of complex-, hybrid- and oligomannose-type
N-linked glycans. Such a mixture of different glycan
processing states may be attributed to the site’s lim-
ited susceptibility to processing in the instance of
poor substrate availability. Interestingly, N122 in
B.1.617.2 presented a considerably higher abun-
dance of underprocessed oligomannose-type gly-



Figure 2. Schematic of soluble recombinant SARS-CoV-2 variant S glycoproteins. Domains are indepen-
dently colored corresponding to each variant including: NTD, N-terminal domain; RBD, receptor binding domain; FP,
fusion peptide; HR1, heptad repeat 1; CH, central helix region; CD, connector domain; HR2, heptad repeat 2; GSAS,
mutated furin cleavage site. Glycans are depicted as black forks and stabilizing proline mutations are colored orange.
Mutations (compared with engineered Wuhan-hu-1 strain) are color matched to the domains of each variant, with
conserved mutations between variants labelled in red. Deleterious mutations are highlighted using dashed lines.
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cans. A larger proportion of Man6-7GlcNAc2 was
detected at this site relative to the other variants
(Supplemental Table 13–16), suggesting that this
site may be more sterically protected in the
B.1.617.2 variant. The opposite effect is observed
in the B.1.1.529 variant – N122 is abundantly occu-
pied by complex-type glycans, and to a lesser
extent hybrid-type, suggesting a possible enhance-
ment in glycan accessibility to a-mannosidases and
other glycosyltransferases. To a lesser extent, sim-
ilar microheterogeneity is also observed at N616 in
B.1.351, P.1, B.1.617.2 and B.1.1.529. Additionally,
5

an abundance of complex-type glycans are
observed at RBD sites N331 and N343 across all
SARS-CoV-2 variants, suggesting that additional
structural changes arising from RBD mutations
K417N/T, E484K and N501Y in B.1.351, P.1 and
B.1.617.2, and the abundance of RBD mutations
in B.1.1.529, do not substantially impact RBD gly-
can processing. As observed at N74 in the prefu-
sion stabilized recombinant Wuhan-hu-1 S
protein,61 a small proportion of glycoforms at this
position within the variants contain sulfate moieties.
Interestingly, N165 glycosylation on membrane-



Figure 3. Site-specific glycan analysis of recombinant Wuhan-hu-1, B.1.351, P.1, and B.1.1.529 S protein
using LC-MS. (A) Glycan compositions are grouped into their corresponding categories, with complex-type glycans
displayed in pink, hybrid as hatched pink and white, oligomannose in green and unoccupied in grey. Glycan sites not
present are denoted as “N.P.” and glycan sites that could not be resolved are denoted as “N.D.”.
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bound S protein, both viral-derived and cell surface
expressed, predominantly present complex-type
glycans with high levels of galactosylation.63

Perhaps an artefact from introducing stabilizing
mutations into recombinant material, N165
presents more oligomannose-type glycoforms
throughout a range of lab-expressed material,
including those in the ‘HexaPro’ format.61 A further
artefact of utilizing pre-fusion stabilized soluble S
glycoproteins may be the reduced glycan site occu-
pancy at the C-terminus of all variants (N1173,
N1194). Glycan underoccupancy at the C-
6

terminus of soluble viral glycoproteins has been
widely monitored, especially on HIV-1 immuno-
gens.64–65 Instead of maintaining close association
to membrane-bound glycosyltransferases, the nas-
cent polypeptide is released into the ER following
translation, thereby impacting C-terminal glycosyla-
tion efficiency. Of note, the Wuhan-hu-1 HexaPro
plasmid contains an additional Strep II tag at the
C-termini, which is absent in the VOC sequences
used within this study. The relative elongation of
the pre-fusion stabilized Wuhan-hu-1 glycoprotein
may provide an explanation for the differences in
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N1194 occupancy. Despite this, it is interesting to
observe the same glycan signatures at these sites
within the stabilized VOC S proteins. Across the tri-
mer of every analyzed sample, complex-type gly-
cans contained high levels of fucosylation largely
owing to the producer cell line, HEK 293F, while
low levels of sialic acid (<50%) was observed
across most complex sites, except at C-terminal
sites (>70%).
Whilst many sites are processed analogously to

the Wuhan-hu-1 strain, there are several site-
specific differences in glycosylation between the
variants. The two additional N-glycan sites within
the P.1 S protein exhibit disproportionate effects
on adjacent glycan presentation. One of these
novel sites, N20, is introduced proximal to the N17
site found in every investigated lineage (except
B.1.617.2) and is likely the factor diminishing N17
glycan occupancy (Figure 3). Glycosylation
efficiency is greatly impacted at regions of high
PNGS density, like that between N17 and N20
(NFTNRT), whereby sequon skipping is
expected.66 Differing only by the second position
residue, both sequons follow an N-X-T consensus
yet N20 glycosylation efficiency is profoundly
favored over that at N17. This may be explained
by the negative bias of OST isoforms away from
large hydrophobic and negatively charged side
chains of the X residue in the N-X-T sequon.67 Inter-
estingly, the additional PNGS in P.1, N188, seems
to be situated within an area of high steric protec-
tion, like N234, as reflected by the high abundance
of oligomannose-type glycans detected at this site.
Restricted accessibility to immature glycans by ER
and Golgi mannosidases can be influenced by the
local 3D protein architecture and glycan clustering,
giving rise to a large abundance of immature Hex9-
GlcNAc2 glycoforms at enzyme-resistant sites.53,68

Unlike N234, however, the degree of mannose trim-
ming at N188 is more extensive (Figure 4 and Sup-
plemental Table 9–12), giving rise to abundance of
Man5GlcNAc2, suggesting a subtle enhancement in
susceptibility to cis-Golgi mannosidases. The P.1
lineage is the only VOC to date that has introduced
a novel glycan site. The accruement of PNGS in
HIV-1 Env and Influenza HA during chronic infec-
tion and endemic circulation, respectively, is nota-
ble. For this reason, the possible functional
mechanisms of N188 in SARS-CoV-2 P.1 S protein
warrant investigation.

Interrogating RBD dynamics of N188-
containing P.1 (Gamma) S protein

To understand how the protein landscape may
shape N188 glycosylation of the P.1 (Gamma) S
glycoprotein, we performed extensive sampling
through conventional molecular dynamics (MD) of
two P.1 S models, one bearing Man5GlcNAc2
(Man5) at N188, and another lacking glycosylation
at this site. We reconstructed the P.1 S
glycoprotein ectodomain from the cryo-EM
7

structure (PDB 7SBS)69 with a glycosylation profile
matching the site-specific glycan data shown in Fig-
ure 5, and with a Man5 at N188 in all three pro-
tomers (Supplemental Table 9–12). The results
show that for the entirety of the 1.05 ls MD produc-
tion run the N188-Man5 occupies a deep cavity in all
three protomers (Figure 5(A) and (B)), with the core
and the 1–3 arm residues engaging in dispersion
and hydrogen bonding interactions with different
residues lining the interior of the cavity, and the loop
above it (residues 171 to 183). To note, the imida-
zole sidechain of His207 stacks with the N188-
linked GlcNAc in all three protomers and continues
throughout the production trajectory. N188-Man5
can also engage with different groups of residues
in the pocket, e.g., most frequently with Ser190,
Asp178, Phe175 and Tyr 170, depending on its con-
formation (Figure 5(C)).
The cavity occupied by the N188-Man5 in the

SARS-CoV-2 S NTD is located between two b-
sheets and is rich in aliphatic and aromatic
residues that promote the adhesion between the
sheets, and thus the stability of the domain.
Asp121 and Glu96 are the only acidic residues
located at the back of the pocket, (Figure 5(D)).
The cavity’s electrostatic environment is well
complemented by the amphipathic nature of the
N-glycan, more so than by water. Indeed, in the
absence of the N188 glycan, assessed through an
additional 1.05 ls MD trajectory of the N188-non
glycosylated P.1 S model, the volume of the cavity
is significantly reduced (Figure 5(E)). This
suggests a partial collapse of the cavity or a
reduced accessibility. This effect is particularly
pronounced in the P.1 S NTDs because of the
R190S mutation, which introduces the sequon at
N188. Previous MD simulations of the Wuhan-hu-
1 S protein50,70 show that the Arg190 can form a
salt-bridge with Asp178 (Figure 5(C)), which widens
and possibly facilitates access to the cavity. Indeed,
the same NTD cavity has been shown to bind the
heme metabolites bilirubin and biliverdin, with
important consequences to antibody immunity.60

Structural studies of the SARS-CoV-2 S
glycoprotein have shown that biliverdin enters the
SARS-CoV-2 (Wuhan-hu-1) S NTD cavity deeper
than the N188-Man5 does in the P.1 S
(Supplemental Figure 2(A)),60 yet it forms con-
tacts with some of the same residues, such as
His207, which can form stacking interactions with
both molecules. A complete set of binding assays
show that the binding of biliverdin significantly
decreases recognition of the Wuhan-hu-1 S by
17% of the 53 IgGs in the panel, strongly indicating
a reduced immune recognition against the S-
biliverdin complex.60 This effect was linked to a con-
formational change of the loop comprising residues
173 to 188 occurring upon binding of biliverdin,
which is a known epitope recognized by a subset
of NTD-specific antibodies.49 The binding of biliver-
din shifts the loop from an ‘open’ to a ‘closed’ con-



Figure 4. Map of the site-specific glycosylation of the SARS-CoV-2 S protein. Using a previously generated
model of the Wuhan-hu-1 glycan shield by Zuzic et al. 2022,38 the site-specific glycosylation determined in Figure 3
was used to color the map. If the oligomannose-type glycan content was 80% or more then the site is colored green.
Between 79% and 20% correspond to mixed sites and are colored orange, and sites containing less than 20%
oligomannose-type glycans correspond to complex-type glycan sites and are colored pink. Each variant is based on
the Wuhan-hu-1 model; however, the additional glycan sites present in the Gamma variant have been added and are
labelled appropriately. The dashed lines depict the position at which the recombinant S proteins are truncated to
remove the transmembrane domain.

M.L. Newby, C.A. Fogarty, J.D. Allen, et al. Journal of Molecular Biology 435 (2023) 167928
formation, the latter of which is not recognized,
(Supplemental Figure 2(B)). Within this frame-
work, the MD simulations of the P.1 S we performed
show that the presence of the N188-Man5 in the
cavity displays a similar shift, whereby the loop
samples conformations analogous to the ‘closed’
conformation observed in the presence of biliverdin
(PDB 7NTA) (Supplemental Figure 2(B)). It is con-
ceivable that there exist other conformations not
sampled by the present MD analysis and that fur-
ther biophysical analysismay provide additional evi-
dence of the preferred conformation(s). For
example, further analysis of the glycosylation and
dynamics of a recently described structure with
the pocket in a closed conformation (PDB 8DLO)
may be fruitful.71 Regardless of these caveats, the
proposed model is consistent with the glycopeptide
analysis suggesting that the N188 glycan is steri-
cally restricted.
From these simulations, it is reasonable to infer

that the appearance of a new sequon at N188
may have contributed to the higher Ab evasion of
the SARS-CoV-2 P.1 relative to Wuhan hu-1, with
the N188 glycan shielding the protein surface in
an analogous way to the binding of heme
metabolites. This effect may make some
contribution to the lower pre-existing immunity to
P.1.73 Deep mutational scanning to map antibody
escape to immunogenic epitopes on full spike
reveal that the R190S mutation likely contributes
to evasion to NTD-targeting Ab, 5–7.74 The N188
glycan site introduction that arises through the
R190S mutation is the likely contributor to Ab
escape, opposed to the mutation itself, as illustrated
by the absence of Ab escape through alternative
8

amino acid substitutions at this site. Mutations that
induce changes in charge and hydrophobicity of
residue 190 do not elicit a comparable Ab escape
response. In contrast, any amino acid substitutions
that arise at position 176 (a prominent target of Ab
5–7) greatly enhance NTD-targeting Ab escape.
Loop 183 to 187 has been shown to form an anti-
genic element targeted by a novel polyclonal Ab,
which forms contacts similar to Ab S2M24.49,54

Should the novel N188 glycan site arise in emerging
SARS-CoV-2 lineages, the nAb-mediated neutraliz-
ing potency targeting this region may become com-
promised. Together, these studies demonstrate the
potential for additional immune evasion mecha-
nisms beyond simple changes in the amino acid
sequence of the protein and highlight the impor-
tance of understanding the structure and function
of the SARS-CoV-2 glycan shield.
Perspectives

In this study, we sought to understand potential
immune evasion mechanisms involving changes
in the glycan shield. By combining compositional
glycan analysis with molecular dynamics
simulations, we provide molecular insights into
how the P.1 (Gamma) variant with the additional
N188 glycan site exhibits increased shielding of
the surface of the spike glycoprotein. In addition,
we show limited changes in the glycan shield of
other key VOCs, perhaps suggesting that SARS-
CoV-2 is yet to fully exploit the potential of glycan-
mediated immune evasion, as other viruses have.
Despite containing over sixty N-glycan sites
across the trimer, the glycan shield density of



Figure 5. (A) Representative snapshot (793 ns) from 1.050 ls MD production trajectory of the reconstructed SARS-
CoV-2 P.1 S ectodomain from PDB 7sbs. The three protomers are color-coded according to the legend. All glycan
structures are shown in blue with sticks, except for N331-FA2G2 (Chain B) and N188-Man5 (Chain C) highlighted in
purple and green, respectively. Bar chart depicts the degree of oligomannose-type glycan trimming (Man9GlcNAc2-
Man5GlcNAc2 denoted by Man9-Man5) at sites N188 and N234 in P.1 with oligomannose glycoforms displayed using
increasing luminance of green. (B) Close-up view of the NTD of Chain C with the N188-Man5 embedded in the cavity
and interacting with N331-FA2G2 from the adjacent, closed RBD (Chain B). (C) Close-up view of the NTD of Chain C
rendered with cartoons (cyan), with the adjacent RBD (Chain B) as a white solvent-accessible surface. The residues
that the N188-Man5 makes stable contact through the trajectory (as seen for all protomers) are highlighted with sticks
(yellow) and labelled based on the PDB 7sbs numbering. The loop from residue 171 to 183 framing one side of the
cavity is also highlighted in yellow. (D) Structure of the NTD (Chain C) represented by its electrostatic potential energy
surface calculated with the Adaptive Poisson-Boltzmann Solver (APBS) plugin in Pymol (www.pymol.org). The
location of the cavity occupied by the N188-Man5 is indicated with an arrow. (E) Kernel-density estimate (KDE) plots
of the molecular volumes (in �A3) of the NTD cavity in all different protomers calculated from 300 ns to 1.05 ls of the
MD production trajectories for the N188-glycosylated model gamma S (cyan) and for the N188-non-glycosylated
model (grey). The data from 0 to 300 ns suggested a significant readjustment of the structure and was considered
conformational equilibration. Median values for all distributions are indicated below the plots with corresponding
standard deviations in brackets. Molecular volumes calculated with PyVol,72 plots with seaborn (https://seaborn.
pydata.org/), all molecular rendering, except for the electrostatic potential surface in panel d) with VMD (https://www.
ks.uiuc.edu/Research/vmd/).
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SARS-CoV-2 S protein is sparse relative to that of
HIV-1, Influenza and LASV, leaving much of the
immunogenic protein surface exposed to the
humoral immune system.43,76 As a virus that has
9

only recently begun circulating in the human popu-
lation, SARS-CoV-2 has so far exploited more sim-
ple adaptations to improve infectivity and evade
host immunity, such as changes in the RBD. Modu-

http://www.pymol.org
https://seaborn.pydata.org/
https://seaborn.pydata.org/
https://www.ks.uiuc.edu/Research/vmd/
https://www.ks.uiuc.edu/Research/vmd/
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lating the glycan shield likely has detrimental
impacts on viral infectivity. As observed in Influenza
H3N2, periodic endemic circulation and evolving
immunity within the human population has con-
tributed to the accumulation of N-linked glycan sites
on the haemagglutinin ectodomain, and a conse-
quential increase in oligomannose-type glycan clus-
tering. The eventual plateau of PNGS accruement
suggests a fitness cost associated with increased
glycan shielding.48 In fact, the absence of a glycan
site which is present within the RBD of other coron-
aviruses (N370) has been suggested to enhance
infectivity of SARS-CoV-2.61 Perhaps, as vaccina-
tions and infections continue, viral evolution will
exhaust simple amino acid substitutions and dele-
tions to escape the evolving immunity of the human
population and begin to adapt the glycan shield,
with the potential fitness costs this may involve.
Other coronaviruses that have been circulating in
the human population for longer, such as the com-
mon cold coronavirus, NL63, are much more den-
sely glycosylated, containing nearly double (40)
the number of glycan sites per protomer as for
SARS-CoV-2.77 Therefore, tools such as those
described in this manuscript, will assist in exploring
how the glycans of viral spike glycoproteins are
being used to subvert the host immune system, as
new variants of concern emerge.
Materials and methods

Design of prefusion-stabilized soluble SARS-
CoV-2 S variants

All engineered SARS-CoV-2 S variant
ectodomains were designed based on the
HexaPro gene (Addgene plasmid #154754)
containing stabilizing proline mutations at
positions F817P, A892P, A899P, A942P, K986P,
V987P and mutated furin cleavage site (GSAS) at
residues 682–685. Constructs were truncated at
residue 1213 upstream of the transmembrane
region and a T4 foldon domain
(GYIPEAPRDGQAYVRKDGEWVLLSTFL)
introduced at the C-terminus of the protein to
promote trimerization. To assist purification, a
HRV3C protease site followed by an octa-His tag
was added to the C-terminus of the gene and
cloned into the paH expression vector.
Expression and purification of SARS-CoV-2
variants

HEK 293F cells were transiently transfected with
the mammalian expression plasmid paH
containing SARS-CoV-2 variant S ectodomains.
293F cells were cultured in FreeStyle 293
Expression Medium (Fisher Scientific) and
maintained at a density of 0.2–3 � 106 cells/mL at
37 �C, 8% CO2 and 125 rpm shaking. Prior to
transfection, two solutions of 25 mL Opti-MEM
(Fisher Scientific) medium were prepared.
10
Expression plasmid encoding SARS-CoV-2 S
glycoprotein was added to the first solution to give
a final concentration of 310 lg/L. To the other
solution, 1 mg/mL pH7 polyethylenimine (PEI)
max reagent was added to generate a ratio of 3:1
PEI max:plasmid DNA. Both solutions were
combined and incubated for 30 minutes at room
temperature. Cells were transfected at a density of
1 � 106 cells/mL and incubated for 7 days at 37 �
C, 8% CO2 and 125 rpm shaking.
Cells were centrifuged at 3041� g for 30 minutes

at 4 �C and supernatant was applied to a 500 mL
Stericup-HV sterile vacuum filtration system
(Merck) with a pore size of 0.22 mm. Purification of
SARS-CoV-2 S glycoprotein was undertaken
using an ÄKTA Pure system (Cytiva). A 5 mL
HisTrap Excel column (Cytiva) charged with Ni(II)
was equilibrated using 10 column volumes (CV) of
washing buffer (50 mM Na2PO4, 300 mM NaCl) at
pH 7. Supernatant was then loaded onto the
column at a flow rate of 5 mL/min and washed
with 10 column volumes (CV) of washing buffer
containing 50 mM imidazole. Protein was eluted
from the column in 3 CV of elution buffer (300 mM
imidazole in washing buffer) and buffer exchanged
to phosphate buffered saline (PBS) and
concentrated using a Vivaspin column (MWCO
100 kDa) (Cytiva).
The nickel purified eluate was concentrated to

1 mL in PBS and injected into a Superdex 200 pg
16/600 column (Cytiva) to further purify trimeric S
glycoprotein using size exclusion chromatography
(SEC). The column was washed with PBS at
1 mL/min for 2 hours where fractions
corresponding to the correct peak on the size
exclusion chromatogram were collected and
concentrated to �1 mL as above.

Mass spectrometry of glycopeptides

SARS-CoV-2 variant S glycoproteins were
denatured for 1 h in 50 mM Tris/HCl, pH 8.0
containing 6 M of urea. Next, the sample was
reduced and alkylated by adding 5 mM
dithiothreitol (DTT) and 20 mM iodoacetamide
(IAA) and incubated for 1 h in the dark, followed
by a 1 h incubation with 20 mM DTT to eliminate
residual IAA. The alkylated S glycoproteins were
buffer exchanged into 50 mM Tris/HCl, pH 8.0
using Vivaspin columns (3 kDa) and three aliquots
were digested separately overnight using trypsin
(Mass Spectrometry grade, Promega),
chymotrypsin (Mass Spectrometry Grade,
Promega) or alpha lytic protease (Sigma Aldrich)
at a ratio of 1:30 (w/w) at 37 �C. The next day, the
peptides were dried and extracted using C18 Zip-
tip (MerckMilipore). The peptides were dried
again, re-suspended in 0.1% formic acid and
analyzed by nanoLC-ESI MS with an Ultimate
3000 HPLC (Thermo Fisher Scientific) system
coupled to an Orbitrap Eclipse mass spectrometer
(Thermo Fisher Scientific) using stepped higher
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energy collision-induced dissociation (HCD)
fragmentation. Peptides were separated using an
EasySpray PepMap RSLC C18 column
(75 mm � 75 cm). A trapping column (PepMap
100 C18 3 lm particle size, 75 lm � 2 cm) was
used in line with the LC prior to separation with
the analytical column. The LC conditions were as
follows: 280-minute linear gradient consisting of
4–32% acetonitrile in 0.1% formic acid over 260
minutes followed by 20 minutes of alternating 76%
acetonitrile in 0.1% formic acid and 4% ACN in
0.1% formic acid, used to ensure all the sample
had eluted from the column. The flow rate was set
to 300 nL/min. The spray voltage was set to
2.5 kV and the temperature of the heated capillary
was set to 40 �C. The ion transfer tube
temperature was set to 275 �C. The scan range
was 375–1500 m/z. Stepped HCD collision energy
was set to 15, 25 and 45% and the MS2 for each
energy was combined. Precursor and fragment
detection were performed using an Orbitrap at a
resolution MS1 = 120,000. MS2 = 30,000. The
AGC target for MS1 was set to standard and
injection time set to auto which involves the
system setting the two parameters to maximize
sensitivity while maintaining cycle time. Full LC
and MS methodology can be extracted from the
appropriate Raw file using XCalibur FreeStyle
software or upon request.
Glycopeptide fragmentation data were extracted

from the raw file using Byos (Version 4.0; Protein
Metrics Inc.). The glycopeptide fragmentation data
were evaluated manually for each glycopeptide;
the peptide was scored as true-positive when the
correct b and y fragment ions were observed
along with oxonium ions corresponding to the
glycan identified. The MS data was searched
using the Protein Metrics 305 N-glycan library with
sulfated glycans added manually. The relative
amounts of each glycan at each site as well as the
unoccupied proportion were determined by
comparing the extracted chromatographic areas
for different glycotypes with an identical peptide
sequence. All charge states for a single
glycopeptide were summed. The precursor mass
tolerance was set at 4 ppm and 10 ppm for
fragments. A 1% false discovery rate (FDR) was
applied. The relative amounts of each glycan at
each site as well as the unoccupied proportion
were determined by comparing the extracted ion
chromatographic areas for different glycopeptides
with an identical peptide sequence. Glycans were
categorized according to the composition
detected. HexNAc(2), Hex(9–3) was classified as
M9 to M3. Any of these compositions that were
detected with a fucose are classified as FM.
HexNAc(3)Hex(5–6)Neu5Ac)(0–4) was classified
as Hybrid with HexNAc(3)Hex(5–6)Fuc(1)NeuAc(
0–1) classified as Fhybrid. Complex-type glycans
were classified according to the number of
processed antenna and fucosylation. Complex
11
glycans are categorized as HexNAc(3)(X),
HexNAc(3)(F)(X), HexNAc(4)(X), HexNAc(4)(F)
(X), HexNAc(5)(X), HexNAc(5)(F)(X), HexNAc(6+)
(X) and HexNAc(6+)(F)(X). Core glycans are any
glycan smaller than HexNAc(2)Hex(3).

Computational methods

The model of the P.1 S glycoprotein ectodomain
was built from the cryo-EM structure (PDB
7SBS)69 with a glycosylation profile matching the
site-specific glycan data in this work. The effect of
the N188 glycosylation was determined by analyz-
ing the dynamics of two systems, one with a Man5
at N188 in all three protomers and one without the
N-glycan at N188 in all three protomers. Each sim-
ulation performed three times through uncorrelated
production runs for each model system. In all MD
simulations the protein and counterions (200 mM)
were represented by the AMBER ff14SB parameter
set,78 whereas the glycans were represented by the
GLYCAM06j-1 version of the GLYCAM06 force
field.79 Water molecules were represented by the
TIP3P model. All simulations were run with v18 of
the AMBER software package.80 The following run-
ning protocol was used for all MD simulations. The
energy of the S ectodomain models was minimized
in two steps of 50 k cycles of the steepest descent
algorithm each. During the first minimization all
the heavy atoms were kept harmonically restrained
using a potential weight of 5 kcal mol�1�A�2, while
the solvent, counterions and hydrogen atoms were
left unrestrained. The minimization step was
repeated with only the protein heavy atoms
restrained. After energy minimization the system
was equilibrated in the NVT ensemble with the
same restraints scheme, where heating was per-
formed in two stages over a total time of 1 ns, from
0 to 100 K (stage 1) and then from 100 to 300 K
(stage 2). During equilibration the SHAKE algorithm
was used to constrain all bonds to hydrogen atoms.
The van der Waals interactions were truncated at
11 �A and Particle Mesh Ewald (PME) was used to
treat long range electrostatics with B-spline interpo-
lation of order 4. Langevin dynamics with collision
frequency of 1.0 ps�1 was used to control tempera-
ture, with a pseudo-random variable seed to ensure
there are no synchronization artefacts. Once the
system was brought to 300 K an equilibration phase
in the NPT ensemble of 1 ns was used to set the
pressure to 1 atm. The pressure was held constant
with isotropic pressure scaling and a pressure relax-
ation time of 2.0 ps. At this point all restraints on the
protein heavy atoms were removed, allowing the
system to evolve for 15 ns of conformational equili-
bration before production of 1.05 ls for each
replica, generated from different starting velocities.
The MD simulations were performed on resources
from the Irish Centre for High-End Computing
(www.ichec.ie). Structures in PDB format are
deposited on https://github.com/CFogarty-2275/
Gamma_Spike.

http://www.ichec.ie/
https://github.com/CFogarty-2275/Gamma_Spike
https://github.com/CFogarty-2275/Gamma_Spike
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C., Bielak, D.A., et al., (2021). Antibody Responses in

Seropositive Persons after a Single Dose of SARS-CoV-2

mRNA Vaccine. N. Engl. J. Med. 384, 1372–1374. https://

doi.org/10.1056/NEJMc2101667.

5. Terreri, S., Piano Mortari, E., Vinci, M.R., Russo, C., Alteri,

C., Albano, C., Colavita, F., Gramigna, G., et al., (2022).

Persistent B cell memory after SARS-CoV-2 vaccination is

functional during breakthrough infections. Cell Host

Microbe 30, 400–408.e4. https://doi.org/10.1016/

j.chom.2022.01.003.

6. Moss, P., (2022). The T cell immune response against

SARS-CoV-2. Nat. Immunol. 23, 186–193. https://doi.org/

10.1038/s41590-021-01122-w.

7. Mak, W.A., Koeleman, J.G.M., van der Vliet, M., Keuren,

F., Ong, D.S.Y., (2022). SARS-CoV-2 antibody and T cell

responses one year after COVID-19 and the booster effect

of vaccination: A prospective cohort study. J. Infect. 84,

171–178. https://doi.org/10.1016/j.jinf.2021.12.003.

8. Zeng, C., Evans, J.P., Faraone, J.N., Qu, P., Zheng, Y.-M.,

Saif, L., Oltz, E.M., Lozanski, G., (2021). Neutralization of

SARS-CoV-2 Variants of Concern Harboring Q677H et al.

MBio 12, e0251021. https://doi.org/10.1128/mBio.02510-

21.

9. Davis, C., Logan, N., Tyson, G., Orton, R., Harvey, W.T.,

Perkins, J.S., Mollett, G., Blacow, R.M., et al., (2021).

Reduced neutralisation of the Delta (B.1.617.2) SARS-

CoV-2 variant of concern following vaccination. PLoS

Pathog. 17, e1010022. https://doi.org/10.1371/journal.

ppat.1010022.

https://doi.org/10.1016/j.jmb.2022.167928
https://doi.org/10.1016/j.jmb.2022.167928
https://doi.org/10.1016/j.ebiom.2021.103539
https://doi.org/10.1016/j.ebiom.2021.103539
https://doi.org/10.3389/fimmu.2021.740708
https://doi.org/10.3389/fimmu.2021.740708
https://doi.org/10.1126/sciimmunol.abi6950
https://doi.org/10.1126/sciimmunol.abi6950
https://doi.org/10.1056/NEJMc2101667
https://doi.org/10.1056/NEJMc2101667
https://doi.org/10.1016/j.chom.2022.01.003
https://doi.org/10.1016/j.chom.2022.01.003
https://doi.org/10.1038/s41590-021-01122-w
https://doi.org/10.1038/s41590-021-01122-w
https://doi.org/10.1016/j.jinf.2021.12.003
https://doi.org/10.1128/mBio.02510-21
https://doi.org/10.1128/mBio.02510-21
https://doi.org/10.1371/journal.ppat.1010022
https://doi.org/10.1371/journal.ppat.1010022


M.L. Newby, C.A. Fogarty, J.D. Allen, et al. Journal of Molecular Biology 435 (2023) 167928
10. Geers, D., Shamier, M.C., Bogers, S., den Hartog, G.,

Gommers, L., Nieuwkoop, N.N., Schmitz, K.S., Rijsbergen,

L.C., et al., (2021). SARS-CoV-2 variants of concern

partially escape humoral but not T cell responses in

COVID-19 convalescent donors and vaccine recipients.

Sci. Immunol. 6, eabj1750. https://doi.org/10.1126/

sciimmunol.abj1750.

11. Shang, J., Ye, G., Shi, K., Wan, Y., Luo, C., Aihara, H.,

Geng, Q., Auerbach, A., et al., (2020). Structural basis of

receptor recognition by SARS-CoV-2. Nature 581, 221–

224. https://doi.org/10.1038/s41586-020-2179-y.

12. Walls, A.C., Park, Y.-J., Tortorici, M.A., Wall, A., McGuire,

A.T., Veesler, D., (2020). Structure, Function, and

Antigenicity of the SARS-CoV-2 Spike Glycoprotein. Cell

181, 281–292.e6. https://doi.org/10.1016/

j.cell.2020.02.058.

13. Ju, B., Zhang, Q., Ge, J., Wang, R., Sun, J., Ge, X., Yu, J.,

Shan, S., et al., (2020). Human neutralizing antibodies

elicited by SARS-CoV-2 infection. Nature 584, 115–119.

https://doi.org/10.1038/s41586-020-2380-z.

14. Rogers, T.F., Zhao, F., Huang, D., Beutler, N., Burns, A.,

He, W.T., Limbo, O., Smith, C., et al., (2020). Isolation of

potent SARS-CoV-2 neutralizing antibodies and protection

from disease in a small animal model. Science 369, 956–

963. https://doi.org/10.1126/science.abc7520.

15. Yuan, M., Liu, H., Wu, N.C., Lee, C.-C.-D., Zhu, X., Zhao,

F., Huang, D., Yu, W., et al., (2020). Structural basis of a

shared antibody response to SARS-CoV-2. Science 369,

1119–1123. https://doi.org/10.1126/science.abd2321.

16. Robbiani, D.F., Gaebler, C., Muecksch, F., Lorenzi, J.C.C.,

Wang, Z., Cho, A., Agudelo, M., Barnes, C.O., et al.,

(2020). Convergent antibody responses to SARS-CoV-2 in

convalescent individuals. Nature 584, 437–442. https://doi.

org/10.1038/s41586-020-2456-9.

17. Brouwer, P.J.M.M., Caniels, T.G., van der Straten, K.,

Snitselaar, J.L., Aldon, Y., Bangaru, S., Torres, J.L., Okba,

N.M.A.A., et al., (2020). Potent neutralizing antibodies from

COVID-19 patients define multiple targets of vulnerability.

Science 369, 643–650. https://doi.org/10.1126/science.

abc5902.

18. Wu, Y., Wang, F., Shen, C., Peng, W., Li, D., Zhao, C., Li,

Z., Li, S., et al., (2020). A noncompeting pair of human

neutralizing antibodies block COVID-19 virus binding to its

receptor ACE2. Science 368, 1274–1278. https://doi.org/

10.1126/science.abc2241.

19. Pinto, D., Park, Y.-J., Beltramello, M., Walls, A.C., Tortorici,

M.A., Bianchi, S., Jaconi, S., Culap, K., et al., (2020).

Cross-neutralization of SARS-CoV-2 by a human

monoclonal SARS-CoV antibody. Nature 583, 290–295.

https://doi.org/10.1038/s41586-020-2349-y.

20. Seydoux, E., Homad, L.J., MacCamy, A.J., Parks, K.R.,

Hurlburt, N.K., Jennewein, M.F., Akins, N.R., Stuart, A.B.,

et al., (2020). Analysis of a SARS-CoV-2-Infected

Individual Reveals Development of Potent Neutralizing

Antibodies with Limited Somatic Mutation. Immunity 53,

98–105.e5. https://doi.org/10.1016/j.immuni.2020.06.001.

21. Shi, R., Shan, C., Duan, X., Chen, Z., Liu, P., Song, J.,

Song, T., Bi, X., et al., (2020). A human neutralizing

antibody targets the receptor-binding site of SARS-CoV-2.

Nature 584, 120–124. https://doi.org/10.1038/s41586-020-

2381-y.

22. Barnes, C.O., West, A.P., Huey-Tubman, K.E., Hoffmann,

M.A.G., Sharaf, N.G., Hoffman, P.R., Koranda, N., Gristick,

H.B., et al., (2020). Structures of Human Antibodies Bound
13
to SARS-CoV-2 Spike Reveal Common Epitopes and

Recurrent Features of Antibodies. Cell 182, 828–842.e16.

https://doi.org/10.1016/j.cell.2020.06.025.

23. Harvey, W.T., Carabelli, A.M., Jackson, B., Gupta, R.K.,

Thomson, E.C., Harrison, E.M., Ludden, C., Reeve, R.,

et al., (2021). SARS-CoV-2 variants, spike mutations and

immune escape. Nat. Rev. Microbiol. 19, 409–424. https://

doi.org/10.1038/s41579-021-00573-0.

24. Weisblum, Y., Schmidt, F., Zhang, F., DaSilva, J., Poston,

D., Lorenzi, J.C.C., Muecksch, F., Rutkowska, M., et al.,

(2020). Escape from neutralizing antibodies by SARS-CoV-

2 spike protein variants. Elife 9, 1. https://doi.org/10.7554/

eLife.61312. e61312 1.

25. Huang, H.-Y., Liao, H.-Y., Chen, X., Wang, S.-W., Cheng,

C.-W., Shahed-Al-Mahmud, M., Liu, Y.-M., Mohapatra, A.,

et al., (2022). Vaccination with SARS-CoV-2 spike protein

lacking glycan shields elicits enhanced protective

responses in animal models. Sci. Transl. Med. 14, 899.

https://doi.org/10.1126/scitranslmed.abm0899.

26. Bayani, F., Safaei Hashkavaei, N., Uversky, V.N.,

Mozaffari-Jovin, S., Sefidbakht, Y., (2022). Insights into

the structural peculiarities of the N-terminal and receptor

binding domains of the spike protein from the SARS-CoV-2

Omicron variant. Comput. Biol. Med. 147, https://doi.org/

10.1016/j.compbiomed.2022.105735 105735.

27. Wu, C.-Y., Cheng, C.-W., Kung, C.-C., Liao, K.-S., Jan, J.-

T., Ma, C., Wong, C.-H., (2022). Glycosite-deleted mRNA

of SARS-CoV-2 spike protein as a broad-spectrum

vaccine. Proc. Natl. Acad. Sci. 119 https://doi.org/

10.1073/pnas.2119995119. e2119995119.

28. Duong, D., (2021). Alpha, Beta, Delta, Gamma: What’s

important to know about SARS-CoV-2 variants of concern?

Can. Med. Assoc. J. 193, E1059–E1060. https://doi.org/

10.1503/cmaj.1095949.

29. Hou, Y.J., Chiba, S., Halfmann, P., Ehre, C., Kuroda, M.,

Dinnon, K.H., Leist, S.R., Schäfer, A., et al., (2020). SARS-
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