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Abstract: Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), the novel coronavirus responsible
for the coronavirus disease 2019 (COVID-19) pandemic, represents a serious threat to public health. The spike
(S) glycoprotein of SARS-CoV-2 mediates viral entry into host cells and is heavily glycosylated. In this study,
we systemically analyzed the roles of 22 putative N-linked glycans in SARS-CoV-2 S protein expression,
membrane fusion, viral entry, and stability. Using a-glycosidase inhibitors, castanospermine and NB-DNJ, we
confirmed that disrupting the N-linked glycosylation process blocked the maturation of the S protein, leading to
impairment of S protein-mediated membrane fusion. Single substitution of each of the 22 N-linked glycosylation sites
with glutamine revealed that 9 out of the 22 N-linked glycosylation sites were critical for S protein folding and
maturation, resulting in reduced S protein-mediated cell-cell fusion and viral entry. Of note, N1074Q mutation
markedly affected S protein stability and induced significant receptor-independent syncytium (RIS) formation
in HEK293T/hACE2-KO cells, and removal of the furin-cleavage site partially compensated instability of
N1074Q mutation. Although the corresponding mutation in the SARS-CoV S protein (N1056Q) did not induce
RIS in HEK293T cells, the mutants N669Q and N1080Q exhibited increased fusogenic activity and induced
syncytia formation in HEK293T cells. Therefore, N-glycans on the SARS-CoV and SARS-CoV-2 S2 subunits are
of great importance in maintaining the prefusion state of the S protein. The study revealed the critical roles of
N-glycans in S protein maturation and stability, which have implications for the design of vaccines and anti-
viral strategies.

Keywords: SARS-CoV-2; S protein; N-linked glycosylation; syncytia; stability

1. Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), the causative agent of
coronavirus disease 2019 (COVID-19), poses a significant threat to global public health [1,2]. As
November 2214 2023, there are over 772 million confirmed cases worldwide, resulting in over 6.97
million deaths (https://covid19.who.int/?mapFilter=cases). SARS-CoV-2 is an enveloped, single-
strand, positive-sense RNA virus that belongs to Sarbecovirus lineage of betacoronavirus genus in the
Coronaviridae family, which also includes the highly pathogenic SARS-CoV [3]. Although there are
approved vaccines for SARS-CoV-2, as the viruses continuously evolving, new variants emerge, such
as the omicron variants, show markedly increased immune evasion to COVID-19 convalescent and
vaccinated sera, indicating that the novel vaccine designs are urgently needed [4]. A better
understanding of the structure and function of viral glycoproteins would aid in the development of
novel antiviral therapeutic targets.

© 2023 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202312.1504.v1
http://creativecommons.org/licenses/by/4.0/

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 20 December 2023 doi:10.20944/preprints202312.1504.v1

2

The coronavirus spike (S) glycoproteins form homotrimeric spikes on the virion surface and
mediate viral entry into host cells [5]. The monomeric S protein consists of two subunits, designated
as 51 and S2, which are responsible for receptor binding and membrane fusion, respectively. In the
case of SARS-CoV-2, the S protein is cleaved into S1 and S2 by furin in Golgi during S protein
maturation process [4]. The native trimeric S protein is metastable, upon receptor binding and
proteolytic cleavage, the S protein undergoes a cascade of conformational changes, from initial
metastable prefusion conformation to a stable postfusion conformation, driving the fusion of viral
and cellular membranes [6,7].

Similar to the human immunodeficiency virus (HIV) envelope protein, influenza virus
hemagglutinin, and Ebola virus glycoprotein, S proteins of coronaviruses are also heavily
glycosylated [8,9]. The trimeric S proteins of SARS-CoV, SARS-CoV-2 and MERS-CoV contain 69, 66,
and 69 putative N-linked glycosylation sites, respectively [8,9]. The S protein is synthesized in the
endoplasmic reticulum (ER) and transported to Golgi apparatus for further modifications. N-linked
glycosylation is a common post-translational modification found in enveloped viruses, and the
asparagine of the N-linked glycosylation sequon (Asn-X-Thr/Ser, where X is not Pro) is glycosylated
[10]. Mass spectrometry (MS) analysis revealed extensive heterogeneity of the N-glycans on the S
protein, ranging from high-mannose-type glycans to complex-type glycans [9,11]. N-glycans cover
approximately 3/4 of the surface of the trimeric S protein, shielding epitopes on the S protein from
the host immune response and attenuating viral immunogenicity [8,12]. In parallel with epitope
masking, glycan-dependent epitopes of viral glycoproteins can induce neutralizing antibodies [13].
The N-glycans of SARS-CoV S protein are also involved in virus attachment to its attachment factors,
such as DC/L-SIGN, and the N-glycosites N227 and N699 on SARS-CoV S protein are critical for
binding to DC/L-SIGN [14]. It has been reported that N-glycans at positions N165, N234, and N343
of the SARS-CoV-2 S protein facilitate the RBD in an open state and thus contribute to an increase in
infectivity [15-17], whereas N-glycans at position N370 stabilize the RBD in a closed state, resulting
in decreased infectivity [18,19]. A recent study revealed N-glycans on the stalk hinge region of HCoV-
NL63 S protein modulated protein bending [20]. Although SARS-CoV-2 evolves continuously and
new variants emerge and disappear, most of S protein N-linked glycosylation sites are highly
conserved among variants, except for the deletion of N17 glycosite in the Delta variant and the
introduction of N20 and N188 glycosites in the Gamma variant, indicating the important roles of N-
glycosylation in the S proteins [21]. In the present study, we investigated the roles of N-glycans on
SARS-CoV-2 S glycoprotein in protein expression, stability, membrane fusion, and viral entry, and
found some N-glycans on the SARS-CoV and SARS-CoV-2 S2 subunits are important for maintaining
the structure of S protein in prefusion state.

2. Materials and Methods

2.1. Plasmid constructions

The codon-optimized SARS-CoV-2 S gene (GenBank: QHU36824.1) with a deletion of the last 19
amino acids was synthesized by GenScript (Nanjing, China) and cloned into pcDNA3.1(+) between
the Hind III and BamH I sites. Plasmids encoding the SARS-CoV S protein with a deletion of the last
19 amino acids have been previously described [22]. All mutagenesis experiments were performed
using the Q5 mutagenesis kit (NEB, MA, USA). After the entire coding sequence was verified, the
coding regions were subcloned into pcDNA3.1(+). Human ACE2-targeting gRNA (5'-
GAAAGCTGGAGATCTGAGGT-3') was synthesized and cloned into the plentiCRISPRv2 vector to
generate the recombinant plasmid pCRISPRv2-hACE2.

2.2. Cell lines and culture conditions

Human embryonic kidney (HEK) 293T cells, HEK293 cells, and HEK293 cells stably expressing
human angiotensin-converting enzyme 2 (293/hACE2) were cultured in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% fetal bovine serum (FBS) and 1% penicillin-streptomycin-
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fungizone (PSF) at 37 °C with 5% CO2. The endogenous ACE2 knockout HEK293T cell line
(HEK293T/hACE2-KO) was generated using the CRISPR-Cas9 system.

2.3. Production and transduction of S-pseudotyped lentiviruses

Plasmids encoding different S coronavirus proteins were cotransfected with psPAX2 and pLenti-
Luc-GFP into HEK293T cells. After 40 h of incubation, the pseudovirion-containing supernatants
were centrifuged at 1000 g for 10 min to remove cell debris. To quantify the transduction efficiency
of the S-pseudotyped lentiviruses, HEK293/hACE2 cells were seeded in a 24-well plate, and after
overnight incubation, the cells were inoculated with pseudovirions. At 40 h post-inoculation, cells
were lysed using Steady-Glo Reagent (Promega, Madison, WI, USA). Transduction efficiency was
monitored by quantifying luciferase activity using a PerkinElmer EnVision® Multilabel Plate Reader.

2.4. Detection of viral spike glycoproteins using western blotting

To evaluate S protein expression in the cell lysates, HEK293T cells were transfected with
plasmids encoding different S proteins. At 40 h post-transfection, cells were lysed using RIPA lysis
buffer containing protease inhibitors. To determine the incorporation of S proteins into
pseudovirions, the pseudovirus-containing supernatant was pelleted through a 20% sucrose cushion
at 25000 rpm at 4 °C for 2 h. Viral pellets were resuspended in 1xloading buffer. Cell lysates and
pseudovirion pellets were separated using 10% sodium dodecyl-sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) and transferred to nitrocellulose membranes. The SARS-CoV-2 S
proteins were detected with a rabbit polyclonal anti-S2 antibody (Sinobiological Inc., Beijing, China),
and the blot was further stained with horseradish peroxidase-conjugated goat anti-rabbit IgG and
then visualized with Clarity Western ECL substrate (Bio-Rad, Hercules, CA, USA). 3-actin and HIV
capsid protein (p24) were detected using a mouse monoclonal anti-B-actin antibody (Sigma, St Louis,
MO, USA) and a rabbit polyclonal anti-p24 antibody (Sinobiological Inc., Beijing, China),
respectively.

2.5. Flow cytometric analysis of cell surface S protein expression

HEK293T cells transiently expressing different S proteins were digested with 1 mM
ethylenediaminetetraacetic acid (EDTA). After washing, cells were incubated with polyclonal rabbit
anti-SARS-CoV-2 52 antibodies (Sinobiological Inc., Beijing, China) for 1 h on ice, followed by FITC-
conjugated goat anti-rabbit IgG (Jackson ImmunoResearch, PA, USA) for 1 h. After washing, the cells
were analyzed using a FACSCalibur flow cytometer (Becton Dickinson, CA, USA).

2.6. Soluble hACE2 binding assay

HEK293T cells transiently expressing different S proteins were digested with 1 mM EDTA. After
washing, cells were incubated with 5 pg/mL soluble hACE2 for 1 h on ice. Subsequently, the cells
were washed and incubated with 1 pg/mL polyclonal goat anti-human ACE2 antibody (R&D
Systems, Minneapolis, MN, USA) for 1 h, followed by incubation with FITC-conjugated rabbit anti-
goat secondary antibody (Jackson ImmunoResearch, PA, USA) for 1 h. After washing, the cells were
analyzed using a FACSCalibur flow cytometer (Becton Dickinson, CA, USA).

2.7. Cell-cell fusion assay

HEK293T cells were co-transfected with plasmids encoding different S proteins and GFP in the
absence or presence of 100 pg/mL castanospermine (#HY-N2022, MCE) or NB-DNJ (#HY-17020,
MCE). After 40 h of transfection, the cells were detached using 0.25% trypsin for 2 min, and
approximately 1/3 of these cells were overlaid on HEK293/hACE2 cells. After 4 h of incubation,
images of syncytia were captured using a Nikon TE2000 epifluorescence microscope with the
MetaMorph software (Molecular Devices).
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2.8. Detection of S1 subunit shedding

HEK293T cells were transfected with plasmids encoding either wild-type or mutant S protein.
After 40 h, the cell culture media were collected and centrifuged at 1000 g for 10 min to remove cell
debris. The supernatants were then concentrated using Amicon Ultra-0.5 mL 3 kDa Centrifugal
Filters (Millipore). Thereafter, the S1 subunits in the concentrated supernatants were detected using
western blot analysis with antibodies against the SARS-CoV-2 RBD domain.

2.9. Statistic analysis

Data were presented as mean +* standard deviation of three experimental replicates using
GraphPad Prism version 7. Comparisons between means were analyzed by the unpaired two-tailed
Student’s t-test.

3. Results

3.1. a-Glucosidase inhibitors reduced the efficiency of SARS-CoV-2 S-mediated membrane fusion

To determine the effect of N-glycans on SARS-CoV-2 S protein expression, HEK293T cells
transiently expressing SARS-CoV-2 S protein were treated with a-glycosidase inhibitors,
castanospermine and NB-DNJ, and the levels of S protein in cell lysates was analyzed using western
blot analysis. Consistent with our previous reports [23], both cleaved and full-length (FL) uncleaved
forms of the S protein were detected using antibodies against the SARS-CoV-2 S2 (Figure 1A). There
were two close bands corresponding to FL S proteins. The higher faint band might represent the fully
glycosylated FL S proteins that would be further cleaved to S1 and S2 in Golgi and plasma membrane
during S protein maturation, whereas the lower FL band likely reflects the nascent, unglycosylated
FL S proteins. Treatment with a-glycosidase inhibitors almost had no effect on the levels of FL S
proteins, but the levels of cleaved S proteins were significantly decreased when compared to the
dimethyl sulfoxide (DMSO)-treated group (Figure 1A), indicating that inhibition of N-linked
glycosylation might greatly affect S protein folding and maturation process. Previously we and others
showed that co-culturing SARS-CoV-2 S protein expressing HEK293T cells with HEK293/hACE2 cells
in the presence of trypsin would induce large cell-cell fusion or syncytium formation. As shown in
Figure 1B, significant syncytium formation was observed when WT SARS-CoV-2 S expressing cells
were mixed with HEK293/hACE2 cells in the presence of trypsin. However, the size and frequency
of syncytium formation was significantly reduced in Figure 1B when SARS-CoV-2 S protein-
expressing HEK293T cells were pre-treated with castanospermine or NB-DNJ, consistent with the
lower expression levels of S proteins in cells when treated with a-glycosidase inhibitors (Figure 1A).
We also evaluated the effects of glycosidase inhibitors on S-mediated viral entry by SARS-CoV-2 5-
pseudotyped lentiviruses. Treatment of cells with a-glycosidase inhibitors also greatly decreased the
levels of SARS-CoV-2 S protein incorporated into pseudovirions, resulting in significant reduction in
transduction efficiency of SARS-CoV-2 S pseudovirons on HEK293/hACE2 (Figure 1C,D). Together,
these results indicate that inhibition of N-linked glycosylation in the SARS-CoV-2 S protein might
greatly affect S protein maturation, S-mediated membrane fusion, and virus entry.
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Figure 1. a-glycosidase inhibitors impaired SARS-CoV-2 S-mediated membrane fusion. (A) HEK293T
cells transfected with plasmids expressing SARS-CoV-2 S protein were treated with 100 pg/mL
castanospermine or NB-DNJ for 40 h and then the expression levels of S protein in cell lysates were
detected using western blot analysis with antibodies against the 52 subunit of SARS-CoV-2 S protein.
[-actin was used as a loading control. (B) HEK293T cells expressing SARS-CoV-2 S protein and GFP
were treated with a-glycosidase inhibitors for 40 h and then trypsinized at 40 h post-transfection and
co-cultured with HEK293/hACE2 for another 4 h, and then imaged using a fluorescence microscope.
(C) Western blot analysis of SARS-CoV-2 S-pseudotyped lentiviral particles produced in HEK293T
cells in the absence or presence of a-glycosidase inhibitors. p24 was used as a loading control. (D) The
transduction efficiency of SARS-CoV-2 S-pseudotyped lentiviral particles produced in HEK293T cells
in the absence or presence of a-glycosidase inhibitors. Unpaired two-tailed Student’s t-test was used
for statistical analysis, **p<0.01.

3.2. Effect of individual N-linked glycosylation on levels of expression, surface presentation, and receptor
binding of SARS-CoV-2 S proteins

The SARS-CoV-2 S protein contains 22 putative N-linked glycosylation sites with 13 in the S1
subunit and 9 in the S2 subunit (Figure 2A). We then determined which glycosylation site(s) might
affect the S protein folding and maturation. The asparagine (N) residue in each glycosylation sites
(NxT/S) was substituted with a glutamine (Q) to remove the N-linked glycosylation. Individual single
mutation almost had no effect on the expression levels of the FL S proteins, whereas 9 out of 22
mutants gave marked decrease in the levels of cleaved S proteins when compared to WT S protein
(Figure 2B). The N61Q, N343Q, and N801Q mutants showed only slightly above background levels
of cleaved S proteins, and N122Q, N165Q, N331Q, N717Q, N1098Q, and N1173Q also gave marked
reduction in the cleaved S proteins, indicating that these N-linked glycosylation might have
significant effect on S protein folding and maturation.
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Figure 2. The expression levels and receptor binding capacity of the N-glycosylation site mutants of
the SARS-CoV-2 S protein. (A) Schematic representation of N-linked glycosylation sites in the SARS-
CoV-2 S protein. (B) HEK293T cells were transfected with plasmids encoding wild-type S protein or
N-glycosylation site mutants. After 40 h of transfection, the cells were lysed and analyzed using
western blot analysis with antibodies against the SARS-CoV-2 S2 subunit. f-actin was used as a
loading control. (C) Cell surface expression of wild-type S protein and different N-glycosylation site
mutants using flow cytometry assay. (D) HEK293T cells were transfected with plasmids encoding
wild-type S protein or different N-glycosylation mutants. After 40 h of transfection, the cells were
detached with 1 mM EDTA, incubated with soluble hACE2 for 1 h on ice, incubated with primary
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antibodies against hACE2, and then incubated with FITC-conjugated secondary antibodies. The cells
were then subjected to flow cytometry.

Next, we evaluated the levels of individual mutant S proteins on cell surface and their
capabilities of binding to their cognate receptor, hACE2, using flow cytometry assay. As shown in
Figure 2C,D, the levels of each mutant S protein on cell surface and their receptor binding were
largely in agreement with the amounts of the cleaved S proteins in cell lysate.

3.3. Effect of individual N-linked glycans on SARS-CoV-2 S-mediated cell-cell fusion and pseudovirus entry.

To investigate whether each individual N-glycosite affects S protein-mediated membrane
fusion, we measured the levels of mutant S protein-mediated cell-cell fusion. Although most mutants
induced comparable cell-cell fusion with the wild-type S protein, mutants N61Q, N122Q, N165Q,
N331Q, N343Q, N801Q, and N1074Q-mediated cell-cell fusion were significantly impaired,
consistent with the notably lower cell surface expression (Figure 3A,B).
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Figure 3. Cell-cell fusion capacity of N-glycosylation mutants of the SARS-CoV-2 S protein. (A)
HEK293T cells were co-transfected with plasmids encoding wild-type or different N-glycosylation
site mutant S proteins and plasmids encoding GFP. After 40 h of transfection, the cells were
trypsinized and co-cultured with HEK293/hACE2 cells for an additional 4 h and then imaged using a
fluorescence microscope. (B) Quantification of cell-cell fusion. The total number of nuclei and the
number of nuclei in fused cells for each image were counted. The fusion efficiency was calculated as
the number of nuclei in syncytia/total number of nuclei x100.
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3.4. Effect of SARS-CoV-2 S protein N-glycans on S protein-mediated viral entry

To further characterize the role of individual N-glycosites of the SARS-CoV-2 S protein in S-
mediated membrane fusion, we used a lentiviral pseudotype system to evaluate mutant S protein-
mediated viral entry. Majority of mutant S proteins showed reduction in transduction efficiency at
various degree (Figure 4A). Compared to WT S protein, the transduction efficiencies of N61Q,
N122Q, N343Q), and N801Q were reduced by more than 10-fold, whereas N165Q, N331Q, N657Q,
N717Q, and N1098Q pseudoviruses show more than 5-fold but less than 10-fold reduction in
infectivity. Overall, the transduction efficiency of mutant S proteins is largely in agreement with the
levels of S protein incorporation into pseudovirions (Figure 4B). N61Q, N122Q, N165Q, N331Q,
N343Q, N717Q, N801Q, N1098Q, and N1173Q showed marked reduction in S protein incorporation
into pseudovirions at various degree (Figure 4B), consistent to their relative low expression in cell
lysates (Figure 2B).
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Figure 4. The role of N-glycans on the SARS-CoV-2 S protein in viral entry. (A) The transduction
efficiency of wild-type or N-glycosylation mutant S-pseudotyped lentiviral particles. The red and blue
dashed lines represent the 1/5 and 1/10 of wild-type transduction values, respectively. (B) Western
blot analysis of wild-type or N-glycosylation mutant S-pseudotyped lentiviral particles.

3.5. Removal of N-glycans at N1074 reduced the stability of SARS-CoV-2 S protein and induced receptor-
independent cell-cell fusion in HEK293T cells

Surprisingly, when HEK293T cells were transfected with N1074Q, significant number of
syncytia were observed even without expression of exogenous ACE2 (Figure 5A). To further
determine whether removal of N-glycans at N1074 was responsible for the syncytium formation in
HEK293T cells, we also substituted the threonine residue at position 1076 with an alanine residue to
abolish the N-link glycosylation sequon around N1074. The mutant T1076A show a phenotype
similar to N1074Q, which further confirmed that the loss of N-linked glycosylation at position 1074
on the SARS-CoV-2 S protein caused syncytium formation in HEK293T cells (Figure 5A). To
investigate whether mutants N1074Q and T1076A-induced syncytia formation in HEK293T cells is
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ACE2-dependent or not, these two mutants-induced syncytia formation were also evaluated in
endogenous ACE2 knockout HEK293T cells. We knocked out endogenous ACE2 in HEK293T cells
using the CRISPR-Cas9 system, and the knockout was confirmed by sequencing (Figure 5B). Next,
mutants N1074Q and T1076A were transiently expressed in endogenous ACE2 knockout HEK293T
cells, both mutants also induced syncytia formation in endogenous ACE2 knockout HEK293T cells.
Thus, removal of N-glycans at N1074 of SARS-CoV-2 induced receptor-independent syncytia
formation in HEK293T cells.

A

N1074Q

B gRNA sequence
ACE2 WT TGGGCTTGGGAAAGCTGGAGATCTGA GGTCGGCAAGCA

ACE2 KO TGGGCTTGGGAAAGCTGGAGATCTGACGGTCGGCAAGCA
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Figure 5. Removal of N-glycans on the SARS-CoV-2 S protein destabilized the S protein. (A) HEK293T
cells were co-transfected with plasmids encoding EGFP and plasmids encoding wild-type SARS-CoV-
2 S protein, mutant N1074Q, or mutant T1076A. After 40 h of transfection, the cells were visualized
using a fluorescence microscope. (B) Endogenous ACE2 knockout HEK293T cells were confirmed by
DNA sequencing. A nucleotide insertion in the ACE2 gene causes a frameshift and leads to premature
termination of ACE2 translation. (C) The endogenous ACE2 knockout HEK293T cells were co-
transfected with plasmids encoding EGFP and plasmids encoding wild-type SARS-CoV-2 S protein,
mutant N1074Q, or mutant T1076A. After 40 h of transfection, the cells were visualized using a
fluorescence microscope. (D-E) HEK293T cells were transfected with plasmids encoding wild-type
SARS-CoV-2 S protein, mutant N1074Q or mutant T1076A. After 40 h of transfection, the S protein in
cell lysates (D) and supernatants (E) were analyzed using western blot analysis with antibodies
against S2 subunit and RBD subunit of SARS-CoV-2 S protein, respectively.

We hypothesized that mutants N1074Q and T1076A might loosen association between S1
subunit with the rest of S protein, resulting in an increase of S1 shedding and spontaneously
conformational changes leading to syncytium formation. To test our hypothesis, we determined the
amount of S1 in the supernatants of HEK293T cells transiently expressing either the wild-type or
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mutant S proteins. Consistent to our hypothesis, both N1074Q and T1076A mutants showed higher
amount of S1 shedding than WT S proteins (Figure 5C). Collectively, these data indicate that the
glycans at N1074 on SARS-CoV-2 S protein is important for maintaining the stability of S protein,
sheds the S1 subunit, and triggers cell-cell fusion in HEK293T cells.

3.6. Remouval of the furin-cleavage site from the SARS-CoV-2 S protein compensated for the stability of
mutant N1074Q

The SARS-CoV-2 S protein harbors a furin-cleavage site at the S1/S2 boundary, which facilitates
entry of SARS-CoV-2 into human respiratory cells. Removal of the furin-cleavage site significantly
increases the overall stability of the S protein [24-26]. Next, we determine whether removal of the
furin-cleavage site might stabilize the N1074Q S proteins. Consistent with previous reports [22],
deletion of the furin-cleavage site reduced the cleavage of the S protein, as evidenced by the absence
of the cleaved form of the S protein in the WT S without furin-cleavage site (WT-delFurin) and
N1074Q mutant S without furin-cleavage site (N1074Q-delFurin) expressing cells (Figure 6A). As
shown in Figure 6B, removal of the furin-cleavage site significantly stabilized the S protein and
N1074Q-delFurin only gave minimal amount of syncytia formation in HEK293T cells, compared to
extensive syncytia observed in N1074Q. As a control, receptor-dependent cell-cell fusion assay was
also performed. To avoid the effect of syncytium formation in HEK293T cells expressing mutant S
proteins on receptor-dependent cell-cell fusion assay, we performed the assay at 30 h post-
transfection, when no obvious syncytia observed in HEK293T cells expressing the mutant N1074. We
observed that all mutant S proteins induced similar levels of syncytia to WT in the presence of trypsin,
indicating that removal of the furin cleavage site almost has no effect on overall function of S protein

(Figure 6C).
A T : WidelFurin, - [N1074Q-delFuirin
= =
i o o F

E 2

so¢

2=g &8
ZB5 B8 ZZ WT-delFurin N1074Q-delFurin
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:
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Figure 6. Removal of the furin-cleavage site compensated the stability of the N-glycosylation mutant
N1074Q. (A) HEK293T cells were transfected with plasmids encoding wild-type SARS-CoV-2 S
protein, furin-cleavage site mutant wild-type S protein (WT-delFurin), mutant N1074Q, or N1074Q
furin-cleavage site mutant (N1074Q-delFurin). After 40 h of transfection, the cells were lysed and
analyzed using western blot analysis with antibodies against the SARS-CoV-2 S2 subunit. -actin was
used as a loading control. (B) HEK293T cells were co-transfected with plasmids encoding GFP and
plasmids encoding wild-type SARS-CoV-2 S protein, mutant WT-delFurin, mutant N1074Q, or
mutant N1074Q-delFurin. After 40 h of transfection, the cells were visualized using a fluorescence
microscope. (C) The cell-cell fusion assay was performed to assess the fusogenicity of wild-type SARS-
CoV-2 S protein, mutant WT-delFurin, mutant N1074Q, and mutant N1074Q-delFurin. HEK293T cells
were co-transfected with plasmids encoding wild-type or mutant S proteins and plasmids encoding
GFP. After 30 h of transfection, the cells were trypsinized and co-cultured with HEK293/hACE2 cells

for an additional 4 h and then imaged using a fluorescence microscope.
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3.7. N-glycosylation of 52 subunit contributes to SARS-CoV S protein stability

There are nine N-linked glycosylation sites in the SARS-CoV-2 52 subunit that are also conserved
in SARS-CoV S2 (Figure 7A). Then, we decided to determine whether these N-glycans in the SARS-
CoV 52 subunit might have similar function. We mutated each of nine N-linked glycosylation sites
in the SARS-CoV 52 subunit, and the expression levels of mutant S proteins were analyzed by western
blot. All mutants were expressed as well as WT S protein (Figure 7B). Strikingly, the N1056Q
mutation in the SARS-CoV S protein, corresponding to the N1074Q mutation in the SARS-CoV-2 S
protein, did not induce marked syncytia in HEK293T cells (Figure 7C). In contrast, the mutants
N699Q and N1080Q triggered extensive cell-cell fusion. The N1176Q mutant also induced minor
syncytia in HEK293T cells at 40 h post-transfection. We further investigated whether N699Q and
N1080Q mutants-induced syncytia formation were ACE2-dependent or not. Notably, syncytium
formation induced by both mutants in HEK293T/hACE2-KO cells was comparable to that induced in
HEK293T cells (Figure 7D). Together, these results indicate that N-glycans on the 52 subunit are also
involved in the stability of the SARS-CoV S protein.
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Figure 7. Removal of N-glycans on the S2 subunit of SARS-CoV S protein destabilized the S protein.
(A) Amino acid sequence alignment of S2 subunits from SARS-CoV and SARS-CoV-2, red asterisks
indicate N-linked glycosylation sites. (B) HEK293T cells were transfected with an empty vector or
plasmids encoding the wild-type SARS-CoV S protein or the different glycosylation mutants. After
40 h of transfection, the cells were lysed and analyzed with polyclonal rabbit anti-SARS S1 antibodies
T62. pB-actin was used as a loading control. (C) HEK293T cells were co-transfected with plasmids
encoding EGFP and plasmids encoding wild-type SARS-CoV S protein or the different glycosylation
mutants. After 40 h of transfection, the cells were visualized using a fluorescence microscope. (D)
HEK293T/ACE2-KO cells were co-transfected with plasmids encoding EGFP and plasmids encoding

wild-type SARS-CoV S protein, mutant N699Q, or mutant N1080Q. After 40 h of transfection, the cells
were visualized using a fluorescence microscope.

4. Discussion

N-linked glycosylation is one of common glycosylation modifications found in enveloped
viruses and contributes to proper protein structure and function. Similar to other type I viral fusion
proteins, the SARS-CoV-2 S protein is heavily glycosylated [8,9]. In this study, we showed that N-
linked glycosylation at residue N1074 of SARS-CoV-2 S2 subunit is crucial for S protein stability.
Removal of the N-glycans at position N1074 of SARS-CoV-2 S protein by either N1074Q or T1076A
mutation triggered an RIS formation in HEK293T/hACE2-KO cells. We previously reported RIS of
the S protein of mouse hepatitis virus (MHV) A59 critical for virus fitness [27]. However, MHV-A59
S-induced RIS was pH-dependent [27], whereas the SARS-CoV-2 N1074Q or T1076A mutant S
protein-mediated RIS was not pH-dependent (data not shown).

The SARS-CoV-2 D614G variant is an early human-adapted SARS-CoV-2 variant that rapidly
becomes the dominant strain worldwide. The D614G mutation in S protein stabilized the 51/52
complex and inhibited S1 shedding, suggesting modulation of S protein stability is critical in SARS-
CoV-2 human adaptation [27,28]. N-glycans of viral fusion glycoproteins play a critical role in
maintaining the conformation state of viral glycoproteins, therefore interfering viral infectivity and
pathogenicity [29,30]. Avian influenza H5N6 promotes mammalian adaptation by acquiring an N-
linked glycoprotein at the head of the HA protein that increases the stability of the HA trimeric
structure [31]. N-glycans at residues N165 and N234 of SARS-CoV-2 S protein modulates the
conformational dynamics of the SARS-CoV-2 S protein by stabilizing the RBD in the ‘up’
conformation [15,16]. Here, we found that the glycosylation sites at position N1074 on the SARS-CoV-
2 S protein and at positions N699 and N1080 on the SARS-CoV S protein are of great importance in
maintaining the stability of the prefusion S trimers. The glycosylation site, N1074, of the SARS-CoV-
2 S protein is located in the connector domain between heptad repeat 2 and the central helix [9,32].
In the prefusion S trimer, residue N1074 was located at the bottom of a cave formed by two adjacent
S monomers (Figure 8A). It is possible that the bulky hydrophilic carbohydrate chains at position
N1074 interact with the side chains of the surrounding residues to fill the groove and aid in stabilizing
the S trimer. Although the N-linked glycosylation sites of the S2 subunit are conserved between
SARS-CoV-2 and SARS-CoV (Figure 8B), the corresponding mutant in SARS-CoV S protein, the
N1056Q mutant, had no obvious effect on the stability of the S trimer. However, N-glycans of two
spatially close glycosylation sites N699 and N1080 are vital for the stability of the SARS-CoV S timer.
Therefore, oligosaccharides on these glycosylation sites may function together to maintain the
stability of the prefusion S trimer, although some sites may play a more important role. Further
functional and structural analyses are required to confirm this hypothesis.
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Figure 8. Stabilizing glycosylation sites on the structure of SARS-CoV-2 S protein. (A) Prefusion
structure of the trimeric SARS-CoV-2 S proteins with all RBDs in the closed state (PDB 7qus). (B)
Structural comparison of the SARS-CoV-2 and SARS-CoV S monomers. SARS-CoV S protein PDB

accession number: 5x58.

The pre-fusion state of the trimeric S protein is metastable and transforms into a stable post-
fusion state upon receptor binding and protease cleavage or antibody binding, while mediating
membrane fusion [3,6]. The presence of the furin-cleavage site in the S protein of SARS-CoV-2
facilitates the protease cleavage around S2’ sites and conformational changes in the S trimer during
membrane fusion, but at the cost of protein stability [25]. Although deletion of the furin-cleavage site
on the mutant N1074Q did not affect S-mediated receptor-dependent membrane fusion, it no longer
triggered cell-cell fusion in HEK293T cells, indicating that elimination of the furin-cleavage site of the
S protein compensates for the instability of the mutant N1074Q. Unlike the SARS-CoV-2 S protein,
the S protein of SARS-CoV does not harbor a furin-cleavage site at the boundary of the S1 and S2
subunits, but removal of N-glycans at positions N699 or N1080 of the SARS-CoV S protein still
induced RIS formation in HEK293T cells, indicating the presence of subtle difference between two S
proteins despite of high similarity in S2 subunits.

N-linked glycosylation of nascent polypeptides is initiated in the ER cotranslationally, which is
thought to be critical for proper folding, and further modifications to glycans occur in the Golgi
network [33]. N-glycans at N61 and N801, structurally close to the S1/52 and S2” proteolytic sites,
respectively, have been shown to regulate S protein maturation and viral infectivity [34]. We found
that removal of 9 out of the 22 N-linked glycosylation sites (N61, N122, N165, N331, N343, N717,
N801Q, N1098, and N1173) impaired the cleavage of the S protein, which may result from improper
protein folding and impaired trafficking, thus reducing S-mediated membrane fusion. This is in
contrast to the SARS-CoV S protein, in which individual mutations of all putative N-linked
glycosylation sites on the S1 subunit had no major effect on its expression [14]. Therefore, N-glycans
on the SARS-CoV-2 S protein are more crucial for protein maturation than those on the SARS-CoV S
protein. A recent study has shown that N-linked glycosylation has a lesser effect on S protein
expression in the SARS-CoV-2 Omicron variants compared to the D614G S protein [35].

As a major surface protein, the coronavirus S protein is the focus of vaccine development. The
ectodomain S trimer from MERS-CoV has been shown to elicit more potent neutralizing antibodies
than the S1 monomer or RBD [36]. However, the prefusion state of the S trimer from SARS-CoV-2 is
unstable, as evidenced by the presence of the post-fusion state in SARS-CoV-2 intact virions and [3-
propiolactone-inactivated SARS-CoV-2 virions [5,37]. Cryo-EM structures of coronavirus S
glycoproteins have revealed great differences between the pre-and post-fusion states, indicating that
postfusion S immunogens may not efficiently induce neutralizing antibodies [38]. Therefore, many
studies have been conducted to stabilize the prefusion SARS-CoV-2 S timer, including removal of the
furin-cleavage site, introduction of two consecutive proline substitutions (K986P and V987P) to the
turn between heptad repeat 1 and the central helix, and introduction of six proline substitutions
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(F817P, A892P, A899P, A942P, K986P, and V987P) to the S2 subunit [25,39,40]. Our study
demonstrates that N-glycosylation on SARS-CoV-2 52 subunit is involved in maintaining the stability
of S trimer. The introduction of N-glycosylation to SARS-CoV-2 S2 subunit may be a novel approach
to improve the stability of the prefusion SARS-CoV-2 S timer, which needs to be confirmed by further
studies.

5. Conclusions

Collectively, these findings demonstrate that N-linked glycosylation of the SARS-CoV-2 S
protein is of great importance for protein maturation and the stability of the prefusion state. These
data provide insights into the complex pathway involved in the biosynthesis of the SARS-CoV-2 S
glycoprotein and have valuable implications for the development of recombinant vaccines and
antiviral therapeutics.

Author Contributions: Conceptualization, F.Z. and X.O.; methodology, F.Z., Y.Z. and T.C,; validation, F.Z., Y.Z.
and T.C..; formal analysis, F.Z. and X.O.; investigation, F.Z.,, Y.Z,, T.C,, Y.C. and Z.M.; writing —original draft
preparation, F.Z. and X.O.; writing —review and editing, Z.Q.; supervision, Z.Q. and X.O.; funding acquisition,
Z.Q. and X.O. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Key R&D Program of China (2022YFE0202600 and
2023YFC2307803), the National Natural Science Foundation of China (32370181 and 32270174), the Beijing
Natural Science Foundation (5222032), the Nonprofit Central Research Institute Fund of Chinese Academy of
Medical Sciences (2021-PT310-004), the Fundamental Research Funds for the Central Universities (3332022058),
and the CAMS Innovation Fund for Medical Sciences (Grant No. 2022-12M-CoV19-002).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding authors.

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

References

1. Zhou, P; Yang, X. L; Wang, X. G,; Hu, B.; Zhang, L.; Zhang, W.; Si, H. R.; Zhu, Y.; Li, B.; Huang, C. L,;
Chen, H. D.; Chen, J.; Luo, Y.; Guo, H,; Jiang, R. D.; Liu, M. Q.; Chen, Y.; Shen, X. R;; Wang, X.; Zheng, X.
S.; Zhao, K.; Chen, Q. J.; Deng, F.; Liu, L. L,; Yan, B.; Zhan, F. X,; Wang, Y. Y,; Xiao, G. F,; Shi, Z. L., A
pneumonia outbreak associated with a new coronavirus of probable bat origin. Nature 2020, 579, 270-273.

2. Zhu, N; Zhang, D.; Wang, W.; Li, X;; Yang, B.; Song, J.; Zhao, X.; Huang, B.; Shi, W.; Lu, R; Niu, P.; Zhan,
F.; Ma, X,; Wang, D.; Xu, W.; Wu, G.; Gao, G. F,; Tan, W.; China Novel Coronavirus, I; Research, T., A
Novel Coronavirus from Patients with Pneumonia in China, 2019. N Engl | Med 2020, 382, 727-733.

3. Hu, B.; Guo, H,; Zhou, P.; Shi, Z. L., Characteristics of SARS-CoV-2 and COVID-19. Nat Rev Microbiol 2021,
19, 141-154.

4.  Shuai, H,; Chan, J. F.; Hu, B.; Chai, Y.; Yuen, T. T; Yin, F.; Huang, X,; Yoon, C.; Hu, J. C.; Liu, H.; Shi, J.; Liu,
Y.; Zhu, T.; Zhang, J.; Hou, Y.; Wang, Y.; Ly, L.; Caj, J. P.; Zhang, A.].; Zhou, ]J.; Yuan, S.; Brindley, M. A.;
Zhang, B. Z.; Huang, J. D.; To, K. K,; Yuen, K. Y.; Chu, H., Attenuated replication and pathogenicity of
SARS-CoV-2 B.1.1.529 Omicron. Nature 2022, 603, 693-699.

5. Yao, H; Song, Y.; Chen, Y.; Wu, N.; Xu, J.; Sun, C.; Zhang, J.; Weng, T.; Zhang, Z.; Wu, Z.; Cheng, L.; Shi,
D.; Lu, X,; Lei, J.; Crispin, M.; Shi, Y.; Li, L,; Li, S., Molecular Architecture of the SARS-CoV-2 Virus. Cell
2020, 183, 730-738 e13.

6. Benton, D. J.; Wrobel, A. G; Xu, P.; Roustan, C.; Martin, S. R.; Rosenthal, P. B.; Skehel, J. J.; Gamblin, S. J.,
Receptor binding and priming of the spike protein of SARS-CoV-2 for membrane fusion. Nature 2020, 588,
327-330.

7. Walls, A. C.; Tortorici, M. A.; Snijder, J.; Xiong, X, Bosch, B. J.; Rey, F. A, Veesler, D., Tectonic
conformational changes of a coronavirus spike glycoprotein promote membrane fusion. Proc Natl Acad Sci
USA2017,114,11157-11162.

8. Watanabe, Y.; Berndsen, Z. T.; Raghwani, J.; Seabright, G. E.; Allen, J. D.; Pybus, O. G.; McLellan, J. S;
Wilson, I. A.; Bowden, T. A.; Ward, A. B.; Crispin, M., Vulnerabilities in coronavirus glycan shields despite
extensive glycosylation. Nat Commun 2020, 11, 2688.


https://doi.org/10.20944/preprints202312.1504.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 20 December 2023 doi:10.20944/preprints202312.1504.v1

15

9. Watanabe, Y.; Allen, J. D.; Wrapp, D.; McLellan, J. S.; Crispin, M., Site-specific glycan analysis of the SARS-
CoV-2 spike. Science 2020, 369, 330-333.

10. Schjoldager, K. T.; Narimatsu, Y.; Joshi, H. J.; Clausen, H., Global view of human protein glycosylation
pathways and functions. Nat Rev Mol Cell Biol 2020, 21, 729-749.

11. Zhao, P.; Praissman, J. L.; Grant, O. C.; Cai, Y.; Xiao, T.; Rosenbalm, K. E.; Aoki, K.; Kellman, B. P.; Bridger,
R.; Barouch, D. H,; Brindley, M. A.; Lewis, N. E.; Tiemeyer, M.; Chen, B.; Woods, R. J.; Wells, L., Virus-
Receptor Interactions of Glycosylated SARS-CoV-2 Spike and Human ACE2 Receptor. Cell Host Microbe
2020, 28, 586-601 e6.

12. Wintjens, R; Bifani, A. M; Bifani, P., Impact of glycan cloud on the B-cell epitope prediction of SARS-CoV-
2 Spike protein. NP] Vaccines 2020, 5, 81.

13. Li, Q; Wu, J.; Nie, J.; Zhang, L.; Hao, H.; Liu, S.; Zhao, C.; Zhang, Q.; Liu, H.; Nie, L.; Qin, H.; Wang, M.;
Lu, Q; Li, X;; Sun, Q.; Liu, J.; Zhang, L.; Li, X.; Huang, W.; Wang, Y., The Impact of Mutations in SARS-
CoV-2 Spike on Viral Infectivity and Antigenicity. Cell 2020, 182, 1284-1294 9.

14. Han, D.P,; Lohani, M.; Cho, M. W., Specific asparagine-linked glycosylation sites are critical for DC-SIGN-
and L-SIGN-mediated severe acute respiratory syndrome coronavirus entry. J Virol 2007, 81, 12029-39.

15. Casalino, L.; Gaieb, Z.; Goldsmith, J. A.; Hjorth, C. K.; Dommer, A. C.; Harbison, A. M.; Fogarty, C. A.;
Barros, E. P.; Taylor, B. C.; McLellan, J. S.; Fadda, E.; Amaro, R. E., Beyond Shielding: The Roles of Glycans
in the SARS-CoV-2 Spike Protein. ACS Cent Sci 2020, 6, 1722-1734.

16. Harbison, A. M.; Fogarty, C. A.; Phung, T. K,; Satheesan, A.; Schulz, B. L.; Fadda, E., Fine-tuning the spike:
role of the nature and topology of the glycan shield in the structure and dynamics of the SARS-CoV-2 S.
Chem Sci 2022, 13, 386-395.

17. Sztain, T.; Ahn, S. H.; Bogetti, A. T.; Casalino, L.; Goldsmith, J. A.; Seitz, E.; McCool, R. S.; Kearns, F. L.;
Acosta-Reyes, F.; Maji, S.; Mashayekhi, G.; McCammon, J. A.; Ourmazd, A ; Frank, J.; McLellan, J. S.; Chong,
L. T.; Amaro, R. E., A glycan gate controls opening of the SARS-CoV-2 spike protein. Nat Chem 2021, 13,
963-968.

18. Zhang, S, Liang, Q.; He, X,; Zhao, C.; Ren, W.; Yang, Z.; Wang, Z.; Ding, Q.; Deng, H.; Wang, T.; Zhang, L.;
Wang, X., Loss of Spike N370 glycosylation as an important evolutionary event for the enhanced infectivity
of SARS-CoV-2. Cell Res 2022, 32, 315-318.

19. Zhang, S.; Qiao, S.; Yu, J.; Zeng, J.; Shan, S.; Tian, L.; Lan, J.; Zhang, L.; Wang, X., Bat and pangolin
coronavirus spike glycoprotein structures provide insights into SARS-CoV-2 evolution. Nat Commun 2021,
12,1607.

20. Chmielewski, D.; Wilson, E. A.; Pintilie, G.; Zhao, P.; Chen, M.; Schmid, M. F.; Simmons, G.; Wells, L.; Jin,
J.; Singharoy, A.; Chiu, W., Structural insights into the modulation of coronavirus spike tilting and
infectivity by hinge glycans. Nat Commun 2023, 14, 7175.

21. Newby, M. L,; Fogarty, C. A.; Allen, J. D.; Butler, J.; Fadda, E.; Crispin, M., Variations within the Glycan
Shield of SARS-CoV-2 Impact Viral Spike Dynamics. | Mol Biol 2023, 435, 167928.

22. Ou, X; Xu, G; Li, P; Liu, Y.; Zan, F.; Liu, P,; Hu, J.; Lu, X;; Dong, S.; Zhou, Y.; Mu, Z.; Wu, Z.; Wang, J.; Jin,
Q.; Liu, P.; Ly, J; Wang, X.; Qian, Z., Host susceptibility and structural and immunological insight of S
proteins of two SARS-CoV-2 closely related bat coronaviruses. Cell Discov 2023, 9, 78.

23. Ou, X; Liu, Y.; Lei, X;; Li, P,; Mi, D.; Ren, L.; Guo, L.; Guo, R.; Chen, T.; Hu, J.; Xiang, Z.; Mu, Z.; Chen, X,;
Chen, J.; Hu, K; Jin, Q.; Wang, J.; Qian, Z., Characterization of spike glycoprotein of SARS-CoV-2 on virus
entry and its immune cross-reactivity with SARS-CoV. Nat Commun 2020, 11, 1620.

24. Hoffmann, M.; Kleine-Weber, H.; Pohlmann, S., A Multibasic Cleavage Site in the Spike Protein of SARS-
CoV-2 Is Essential for Infection of Human Lung Cells. Mol Cell 2020, 78, 779-784 €5.

25. Wrobel, A. G,; Benton, D. J.; Xu, P.; Roustan, C.; Martin, S. R.; Rosenthal, P. B.; Skehel, J. J.; Gamblin, S.J.,
SARS-CoV-2 and bat RaTG13 spike glycoprotein structures inform on virus evolution and furin-cleavage
effects. Nat Struct Mol Biol 2020, 27, 763-767.

26. Papa, G.; Mallery, D. L.; Albecka, A.; Welch, L. G; Cattin-Ortola, J.; Luptak, J.; Paul, D.; McMahon, H. T
Goodfellow, I. G.; Carter, A.; Munro, S.; James, L. C., Furin cleavage of SARS-CoV-2 Spike promotes but is
not essential for infection and cell-cell fusion. PLoS Pathog 2021, 17, €1009246.

27. 1L1i,P,;Shan, Y.; Zheng, W.; Ou, X.; Mi, D.; Mu, Z.; Holmes, K. V.; Qian, Z., Identification of H209 as Essential
for pH 8-Triggered Receptor-Independent Syncytium Formation by S Protein of Mouse Hepatitis Virus
A59. ] Virol 2018, 92.

28. Zhang, J.; Cai, Y.; Xiao, T,; Lu, J.; Peng, H.; Sterling, S. M.; Walsh, R. M., Jr.; Rits-Volloch, S.; Zhu, H.;
Woosley, A. N.; Yang, W.; Sliz, P.; Chen, B., Structural impact on SARS-CoV-2 spike protein by D614G
substitution. Science 2021, 372, 525-530.

29. Yang, T.],; Chang, Y. C; Ko, T. P.; Draczkowski, P.; Chien, Y. C.; Chang, Y. C.; Wu, K. P.; Khoo, K. H,;
Chang, H. W.; Hsu, S. D., Cryo-EM analysis of a feline coronavirus spike protein reveals a unique structure
and camouflaging glycans. Proc Natl Acad Sci U S A 2020, 117, 1438-1446.


https://doi.org/10.20944/preprints202312.1504.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 20 December 2023 doi:10.20944/preprints202312.1504.v1

16

30. Zhang, X.; Chen, S; Yang, D.; Wang, X.; Zhu, J.; Peng, D.; Liu, X., Role of stem glycans attached to
haemagglutinin in the biological characteristics of H5SN1 avian influenza virus. | Gen Virol 2015, 96, 1248-
1257.

31. Sun, H;Deng, G,; Sun, H,; Song, J.; Zhang, W.; Li, H.; Wei, X,; Li, F.; Zhang, X,; Liu, J.; Pu, J.; Sun, Y.; Tong,
Q.; Bi, Y.; Xie, Y.; Qi, J.; Chang, K. C; Gao, G. F.; Liu, J., N-linked glycosylation enhances hemagglutinin
stability in avian H5N6 influenza virus to promote adaptation in mammals. PNAS Nexus 2022, 1, pgac085.

32. Kirchdoerfer, R. N.; Cottrell, C. A.; Wang, N.; Pallesen, J.; Yassine, H. M.; Turner, H. L.; Corbett, K. S,;
Graham, B. S.; McLellan, J. S.; Ward, A. B., Pre-fusion structure of a human coronavirus spike protein.
Nature 2016, 531, 118-21.

33. Fukushi, M.; Yoshinaka, Y.; Matsuoka, Y.; Hatakeyama, S.; Ishizaka, Y.; Kirikae, T.; Sasazuki, T.; Miyoshi-
Akiyama, T., Monitoring of S protein maturation in the endoplasmic reticulum by calnexin is important for
the infectivity of severe acute respiratory syndrome coronavirus. | Virol 2012, 86, 11745-53.

34. Huang, H. Y.; Liao, H. Y.; Chen, X;; Wang, S. W.; Cheng, C. W.; Shahed-Al-Mahmud, M.; Liu, Y. M,;
Mohapatra, A.; Chen, T. H; Lo, J. M.; Wu, Y. M; Ma, H. H,; Chang, Y. H.; Tsai, H. Y.; Chou, Y. C.; Hsueh,
Y. P,; Tsai, C. Y.; Huang, P. Y.; Chang, S. Y.; Chao, T. L.; Kao, H. C.; Tsai, Y. M.; Chen, Y. H,; Wu, C. Y,; Jan,
J. T,; Cheng, T. R;; Lin, K. I; Ma, C.; Wong, C. H., Vaccination with SARS-CoV-2 spike protein lacking
glycan shields elicits enhanced protective responses in animal models. Sci Transl Med 2022, 14, eabm0899.

35. Lusvarghi, S.; Stauft, C. B.; Vassell, R.; Williams, B.; Baha, H.; Wang, W.; Neerukonda, S. N.; Wang, T.;
Weiss, C. D., Effects of N-glycan modifications on spike expression, virus infectivity, and neutralization
sensitivity in ancestral compared to Omicron SARS-CoV-2 variants. PLoS Pathog 2023, 19, e1011788.

36. Pallesen, J.;, Wang, N.; Corbett, K. S.; Wrapp, D.; Kirchdoerfer, R. N.; Turner, H. L.; Cottrell, C. A.; Becker,
M. M.; Wang, L.; Shi, W.; Kong, W. P.; Andres, E. L.; Kettenbach, A. N.; Denison, M. R.; Chappell, J. D.;
Graham, B. S,; Ward, A. B.; McLellan, J. S.,, Immunogenicity and structures of a rationally designed
prefusion MERS-CoV spike antigen. Proc Natl Acad Sci U S A 2017, 114, E7348-E7357.

37. Liu, C; Mendonca, L.; Yang, Y.; Gao, Y.; Shen, C; Liu, J.; Ni, T.; Ju, B; Liu, C.; Tang, X.; Wei, J.; Ma, X; Zhu,
Y.; Liu, W,; Xu, S;; Liu, Y.; Yuan, J.; Wu, J.; Liu, Z; Zhang, Z.; Liu, L.; Wang, P.; Zhang, P., The Architecture
of Inactivated SARS-CoV-2 with Postfusion Spikes Revealed by Cryo-EM and Cryo-ET. Structure 2020, 28,
1218-1224 e4.

38. Cai, Y.; Zhang, ].; Xiao, T.; Peng, H.; Sterling, S. M.; Walsh, R. M., Jr.; Rawson, S.; Rits-Volloch, S.; Chen, B.,
Distinct conformational states of SARS-CoV-2 spike protein. Science 2020, 369, 1586-1592.

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.

40. Hsieh, C.L.; Goldsmith, J. A.; Schaub, J. M.; DiVenere, A. M.; Kuo, H. C.; Javanmardji, K.; Le, K. C.; Wrapp,
D.; Lee, A. G,; Liu, Y.; Chou, C. W.; Byrne, P. O.; Hjorth, C. K,; Johnson, N. V.; Ludes-Meyers, J.; Nguyen,
A. W,; Park, J.; Wang, N.; Amengor, D.; Lavinder, J. J.; Ippolito, G. C.; Maynard, J. A.; Finkelstein, L J.;
McLellan, J. S., Structure-based design of prefusion-stabilized SARS-CoV-2 spikes. Science 2020, 369, 1501-
1505.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those
of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s)
disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or
products referred to in the content.


https://doi.org/10.20944/preprints202312.1504.v1

