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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• O-glycosylation of β-CoVs S1 proteins 
was characterized with the revealed 
macro- and micro-heterogeneity. 

• Differently exposed sialylated O-glyco-
sylation on β-CoV S1 proteins on visual 
model was displayed. 

• The O-glycosylation differences between 
SARS-CoV-2 and its mutant D614G S1 
proteins on functional domains were 
uncovered.  

A R T I C L E  I N F O   

Keywords: 
O-Glycosylation 
Sialylation 
β-coronavirus 
Spike proteins 
Characterization 

A B S T R A C T   

β-coronaviruses (β-CoVs), representative with severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2), 
depend on their highly glycosylated spike proteins to mediate cell entry and membrane fusion. Compared with 
the extensively identified N-glycosylation, less is known about O-glycosylation of β-CoVs S proteins, let alone its 
biological functions. Herein we comprehensively characterized O-glycosylation of five recombinant β-CoVs S1 
subunits and revealed the macro- and micro-heterogeneity nature of site-specific O-glycosylation. We also un-
covered the O-glycosylation differences between SARS-CoV-2 and its natural D614G mutant on functional do-
mains. This work describes the systematic O-glycosylation analysis of β-CoVs S1 proteins and will help to guide 
the related vaccines and antiviral drugs development.   

1. Introduction 

COVID-19 pandemic, which was caused by SARS-CoV-2 belonging to 
β-coronaviruses (β-CoVs), brings a severe threat to human health and 
economy all over the world [1]. Other β-CoVs including severe acute 

respiratory syndrome coronavirus (SARS-CoV) and Middle East respi-
ratory syndrome coronavirus (MERS-CoV) emerged in past two decades 
are also infectious in the human population and cause acute respiratory 
system diseases [2]. 

β-CoVs utilize the extensively glycosylated spike (S) proteins to bind 
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the host receptors, accomplish attachment and invasion of host cells [2]. 
SARS-CoV-2 and SARS-CoV S proteins recognize angiotensin-converting 
enzyme 2 (ACE2) of host cells whereas MERS-CoV S proteins use 
dipeptidyl peptidase 4 (DPP4) as receptors to accomplish related inva-
sion machinery [3,4]. The β-CoVs S have a similar 3D structure and 
contains two functional subunits, S1 and S2 [2]. S1 subunit is respon-
sible for receptor binding and S2 subunit is involved in mediating 
membrane fusion [5,6]. S1 subunit utilizes receptor binding domain 
(RBD) to recognize and complex with the specific protein receptors on 
host cells [7–9], and N-terminal domain (NTD) to recognize the specific 
sugar receptor in some β-CoVs [10,11]. Another crucial region on S1 
subunit is the cleavage site at the S1/S2 boundary, responsible for 
activation of β-CoV S proteins [12,13]. Consequently, S1 subunit is the 
main target of neutralizing antibodies and developing vaccines in clin-
ical trials, and the determinant of tissue tropism and host ranges in CoVs 
[14,15]. 

Viral glycosylation determines the adaptive immunity and infectivity 
[16,17]. Generally β-CoVs need to hijack host cellular and molecular 
machinery to glycosylate their proteins in the endoplasmic reticulum 
(ER) apparatus and further process in the ER-Golgi compartment [18]. 
The well-processed glycans can mask viral immune epitopes expediently 
through imitating host innate glycans and facilitate the viruses to evade 
cunningly. The level of glycosylation processing indicates the viral 
evolutionary adaptation capacity [19]. 

N- and O-glycosylation are two principal glycosylation types in vi-
ruses [20]. The N-glycosylation of S proteins in SARS-CoV (23 
N-glycosylation sites), MERS-CoV (23 N-glycosylation sites) and 
SARS-CoV-2 (22 N-glycosylation sites) has been comprehensively 
investigated [5,19,21]. Compared with SARS-CoV and MERS-CoV S 
proteins [16], SARS-CoV-2 has less N-glycosylation sites [19]. Quite 
strikingly, even with sparser glycan shielding and more vulnerable 
exposed area, SARS-CoV-2 is still more pathogenic and infectious than 
other β-CoVs [22,23]. Encoding this phenomenon is critical to develop 
antivirals and vaccines. Akin to viral N-glycosylation, viral O-glycosyl-
ation has the fundamental roles in viral entry, propagation and glycan 
shielding as well, which is associated with evolutionary adaptation and 
the viral infectivity [24–26]. Unlike the N-glycosylation sites with ca-
nonical sequons, a common core pentasaccharide and high occupancy 
(95%), O-glycosylation sites without conserved sequon are modified 
with diverse O-linked glycans in a very low occupancy (0.01%~4%) 
manner on SARS-CoV-2 S proteins [19,27,28], which severely impedes 
the research on the viral O-glycosylation in depth. Therefore, more ef-
forts are urgently needed to explore the O-glycosylation of β-CoVs S 
proteins. 

In this study, we systematically compared the O-glycosylation of five 
recombinant β-CoVs S1 subunit proteins through LC-MS/MS analysis. 
Four recombinant S1 proteins of SARS-CoV, MERS-CoV, SARS-CoV-2, 
D614G SARS-CoV-2 are expressed by HEK 293 cells and one S1 pro-
teins of SARS-CoV-2 are expressed by insect baculovirus cells, which are 
utilized to compare the difference of O-glycosylation from different 
expression systems. The O-Glycosylation landscape of these β-CoVs S1 
proteins exhibited that the O-glycosylation are highly heterogeneous. 
We identified the O-glycosylation sites, compared the distribution of O- 
glycosylation sites in different functional domains, and exhibited 
different O-glycosylation abundances on visual models. Collectively, 
these results presented the detailed O-glycosylated structure informa-
tion of β-CoVs S proteins and pave the way for antivirals development 
and vaccines optimization. 

2. Materials and methods 

2.1. Reagents and materials 

Bovine fetuin, bovine serum albumin, trypsin and chymotrypsin 
were purchased from Sigma Aldrich (USA). PNGase F was purchased 
from New England Biolabs (Ipswich, MA) and PNGase F II was kindly 

donated by Prof. Chen Li (Fudan University). Recombinant SARS-CoV-2 
S1 proteins (expressed from HEK293 cells, the purity ＞ 90%), SARS- 
CoV-2 S1 proteins (expressed from baculovirus-insect cells, the purity 
＞ 92%), D614G SARS-CoV-2 S1 proteins (expressed from HEK293 cells, 
the purity ＞ 94.6%), SARS-CoV S1 proteins (expressed from HEK293 
cells, the purity ＞ 90%) and MERS-CoV S1 proteins (expressed from 
HEK293 cells, the purity ＞ 96.6%) were all purchased from Sino Bio-
logical and general information was attached in supplementary infor-
mation. Chemical reagents of iodacetamide (IAA), 1, 4-dithiothreitol 
(DTT), acetonitrile (ACN, HPLC grade), ammonium bicarbonate, urea 
ammonium hydroxide, formic acid and trifluoroacetic acid (TFA) were 
obtained from Sigma. Deionized water was prepared with Milli-Q system 
(18.2 MΩ cm, Bedford, MA, USA). 

2.2. Digestion of protein samples 

Each standard protein (BSA or bovine fetuin) of 1 mg was dissolved 
with 100 μL of urea (6 M) in 50 mM ammonium bicarbonate 
(NH4HCO3). The protein solution was treated with 20 μL of 200 mM 
dithiothreitol (DTT) for 45 min at 56 ◦C. Then 80 μL of 200 mM 
iodoacetamide (IAA) was added and the mixture was incubated in the 
dark for 30 min at room temperature. The mixture was diluted to 1 mL 
with 50 mM NH4HCO3. Trypsin and elastase were used for N-glyco-
peptides and O-glycopeptides digestion respectively at the enzyme to 
proteins mass ratio of 1: 40 at 37 ◦C overnight. After that, PNGase F and 
PNGase F II were used to remove N-glycans at 37 ◦C overnight for fetuin. 

S1 subunit was dissolved with 100 μL of urea (6 M) in 50 mM 
NH4HCO3. The protein solution was treated with 20 μL of 200 mM DTT 
for 45 min at 56 ◦C. Then 80 μL of 200 mM IAA was added and the 
mixture was incubated in the dark for 30 min at room temperature. 
Trypsin and chymotrypsin were used for digestion at the enzyme to 
proteins mass ratio of 1: 20 at 37 ◦C overnight. After that, PNGase F and 
PNGase F II were used to remove N-glycans at 37 ◦C overnight for S1. 

2.3. Enrichment of O-linked glycopeptides with the histidine-bonded silica 
(HBS) materials 

In this work, we utilized the histidine-bonded silica (HBS) materials, 
which was previously developed to enrich N- and O-glycopeptides [29, 
30]. Five milligrams of HBS material were suspended in acetonitrile 
(CH3CN) and packed into GELoader tip. The GELoader tip was condi-
tioned and equilibrated with 30 μL of 50% CH3CN/0.1%TFA and 80% 
CH3CN/0.1%TFA, respectively. The 50 μg peptides sample dissolved in 
100 μL of 80% CH3CN/0.1% TFA, incubated with HBS and loaded onto 
the GELoader tip. The bound peptides were rinsed three times with 30 μL 
80% CH3CN/0.1%TFA, and subsequently eluted with 40 μL of 10% 
ammonium hydroxide. The eluent was collected and dried for further 
LC-MS/MS analysis. 

2.4. Mass spectrometry analysis 

The enriched O-glycopeptides from each β-CoVs S1 proteins were 
analyzed by using Q Exactive coupled with Accela 600 HPLC System 
(Thermo, CA, USA). For the separation of peptides with reverse-phase 
liquid chromatography, 0.1% formic acid (FA, pH 2.59) aqueous solu-
tion and 0.1% FA in 80% CH3CN were used as mobile phases A and B, 
respectively. The analytical column with an inner diameter of 75 μm was 
packed in-house with Daisogel C18 AQ particles (3 μm, 120 Å) to 12 cm 
length. The flow rate was set at 600 nL/min. Gradient elution was per-
formed with 2–8% B in 0.2 min, 8–50% B in 45 min, 50–90% B in 0.5 
min, and 90% B in 5 min. Full mass scans were set the range from m/z 
500 to 1500 (R = 70,000 at m/z 400). The AGC was set to 3E6 and ion 
injection time was set to 36 ms. The data-dependent acquisition (DDA) 
mode was employed and the 15 most intense ions from the full scan were 
selected for fragmentation via high-energy collisional dissociation 
(HCD) in the ion trap (relative collision energy for HCD was set to 
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17.5%, 25%, 32.5%) at a resolution of 17,500. 

2.5. MS data analysis 

All the MS RAW data files obtained were searched against the β-CoVs 
sequences using Byonic software (version 3.6.0, Protein Metrics, Inc.) 
with the mass tolerance for precursors and fragment ions set at 10 ppm 
and 20 ppm, respectively. The fixed modification was carbamidomethyl 
(C), and variable modifications included oxidation (M), acetyl (protein 
N-term), and deamidation (N). Trypsin and chymotrypsin were set as the 
specific proteolytic enzyme with up to two missed cleavages allowed. 
Peptides with charge states of 2, 3 and 4 were chosen for further frag-
mentation. The FDR were all set as <1%. Moreover, the data were 
searched against reverse and contaminant sequences. The O-linked 
glycan database was a human O-linked glycan database containing 
human 70 O-linked glycans in Byonic software. 

3. Results and discussion 

3.1. The strategy for comprehensive analysis of O-glycosylation on 
recombinant β-CoVs S1 proteins 

To systematically explore the O-glycosylation of different β-CoVs S1 
proteins, we established a novel strategy for O-glycosylation identifi-
cation (Scheme 1). We chose recombinant MERS-CoV, SARS-CoV, SARS- 
CoV-2 and D614G SARS-CoV-2 S1 proteins expressed by HEK 293 cells 
to compare the O-glycosylation differences amongst them. Furthermore, 
we used recombinant SARS-CoV-2 S1 proteins expressed by insect 
baculovirus cells (insect SARS-CoV-2 S1) to investigate the O-glycosyl-
ation differences across different expression systems. Given that O- 
glycosylation is often of low stoichiometry and low abundance, highly 
selective enrichment of O-glycopeptides is essential before comprehen-
sive O-glycosylation profiling. In our previous work, we synthesized and 
used HBS materials to enrich N-glycopeptides [29]. In this work, we 
developed a novel strategy for O-glycopeptide enrichment based on HBS 
materials (Scheme 1). This HBS-based strategy exhibited high selectivity 
towards the O-glycopeptides from bovine fetuin even mixed with 100-M 
fold bovine serum albumin (Fig. S1 and Table S1). In addition, digestion 
with trypsin and chymotrypsin followed by removing the N-linked gly-
cans and core-fucosylated N-linked glycans with PNGase F and PNGase 
II was adopted to generate peptide samples [30,31]. The enriched 
O-glycopeptides were further analyzed by high-resolution liquid chro-
matography tandem mass spectrometry (LC-MS/MS). The raw data were 
searched against the individual S proteins sequence using Byonic 

software. Each annotated spectrum of O-glycopeptides was manually 
validated. 

3.2. The comprehensive characterization of site-specific O-glycosylation 

Based on the abovementioned strategy, we demonstrated the site- 
specific O-glycosylation macroheterogeneity of β-CoVs S1 proteins 
with 36, 36, 22, 19 and 11 identified O-glycosylation sites on SARS-CoV- 
2, D614G SARS-CoV-2, insect SARS-CoV-2, SARS-CoV and MERS-CoV S1 
proteins, respectively (Fig. 1A). Among these identified O-glycosylation 
sites, 16, 14, 6, 5, and 5 O-glycosylation sites were unambiguously 
identified for SARS-CoV-2, D614G SARS-CoV-2, insect SARS-CoV-2, 
SARS-CoV and MERS-CoV S1 proteins, respectively (Fig. 1B). The dis-
tributions of O-glycosylation sites on SARS-like β-CoVs (SARS-CoV, in-
sect SARS-CoV-2, SARS-CoV-2 and D614G SARS-CoV-2) S1 proteins 
were much denser than MERS-CoV S1 proteins. Among the SARS-like 
β-CoVs S1 proteins, SARS-CoV-2 and D614G SARS-CoV-2 possessed 
notably more O-glycosylation sites than insect SARS-CoV-2 and SARS- 
CoV (Fig. 1A and B). Curiously, the number of identified O-glycosyla-
tion sites on insect SARS-CoV-2 S1 proteins was much lower than that 
expressed with HEK 293 cells, which could be attributed to the different 
expression systems. Except for the identified O-glycosylation sites from 
HEK 293 cells or insect cells in the pioneering studies [27,32,33], our 
results also provided additional O-glycosylation sites not reported. For 
example, S161/S162/T167 (1), S383/T385 (1), S530/T531, 
S596/T599/T602/T604/T605 (2) from HEK293-derived recombinant 
SARS-CoV-2 S1; T167, S371, S375/T376 (1), S383/T385 (1), 
S438/S443 (1), and T604/S605 (1) from insect-derived recombinant 
SARS-CoV-2 S1. Taken together, these β-CoVs S1 proteins, except MERS 
S1 proteins, almost exhibit extensive O-glycosylation sites distribution 
and lead to the macro-heterogeneity. In general, β-CoVs S proteins is 
often large and highly N-glycosylated. The widely distributed O-glyco-
sylation of these β-CoVs S1 proteins might provide the possible 
compensation to the less than 25 N-glycosylation sites distributed on 
individual β-CoVs S proteins. 

According to the database searching results, 28, 61, 16, 62 and 61 O- 
linked glycans were identified from MERS-CoV, SARS-CoV, insect SARS- 
CoV-2, D614G SARS-CoV-2 and SARS-CoV-2 S1 proteins, respectively. 
In comparison, these five β-CoVs S1 proteins were equipped with certain 
unique O-linked glycans, such as HexNAc(2)Hex(1)Fuc(2) for MERS- 
CoV S1 proteins and HexNAc(3)Hex(2)Fuc(3) for SARS-CoV S1 pro-
teins (Table S9). O-glycosylation locates mainly on serine (Ser) or 
threonine (Thr) residue, especially in the areas riched with Ser/Thr 
residues [34]. We calculated the proportion of total Ser and Thr (the 

Scheme 1. The workflow for comprehensive analysis of O-glycosylation from recombinant β-CoVs S1 proteins. β-CoVs S1 proteins were digested using trypsin, 
chymotrypsin, subsequently PNGase F and PNGase F II. The O-glycopeptides were then enriched from the peptide mixtures by HBS materials. The enriched gly-
copeptides were identified by LC-MS/MS. 
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Fig. 1. The comprehensive characterization of O-glycosylation on five recombinant β-CoVs S1 proteins corresponding to SARS-CoV-2, D614G SARS-CoV-2, insect 
SARS-CoV-2, SARS-CoV and MERS-CoV. (A) The numbers of the totally identified O-glycosylation sites (OGSs) of five recombinant β-CoVs S1 proteins. (B) The 
comprehensive mapping of OGSs on five recombinant β-CoVs S1 proteins. NTD, N-terminal domain (labeled in yellow); RBD, receptor binding domain (labeled in 
blue). The unambiguously identified OGSs are labeled with serine (S) or threonine (T) and its possible amino acid position in S1 sequence. The ambiguous identified 
OGSs are labeled with potential S/T with the possible number of OGSs in bracket. (C) The occurrence ratio of OGSs and the ratio of S/T on five recombinant β-CoVs 
S1 proteins. The detailed information was in Tables S4–S8. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version 
of this article.) 
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number of total Ser and Thr divided by the number of amino acids in S1 
proteins sequence) and the proportion of total O-glycosyated Ser and 
Thr (the number of total O-glycosyated Ser and Thr divided by the 
number of total Ser and Thr in S1 proteins sequence) in each S1 protein 
sequence. Intriguingly, MERS-CoV S1 proteins has the highest propor-
tion of total Ser and Thr (18.5%), but the lowest proportion of O-gly-
cosyated Ser and Thr (8.2%, Fig. 1C). In sharp contrast to this, 
SARS-CoV-2 and D614G SARS-CoV-2 has the highest proportion of 
O-glycosyated Ser and Thr (33.0% and 33.0%) in spite of their lowest 
proportion of total Ser and Thr (15.9%). The results implied that 
SARS-CoV-2 and D614G SARS-CoV-2 S1 proteins have higher occur-
rence ratios of O-glycosylation than that of other β-CoVs. 

3.3. The distribution of O-glycosylation sites on different domains 

We further investigated the distribution of O-glycosylation sites on 
three functional domains and one region. These domains and rigion 
encompass NTD, RBD, the receptor binding motif (RBM) and the 
cleavage site region (designated as the region within 100 residues from 
the cleavage site). Among the selected β-CoVs S1 proteins, NTD and RBD 
of β-CoVs were commonly responsible for neutralizing antibody and 
receptor binding, respectively [5,9]. RBM was the crucial functional 
motif contained in the RBD and mediated the contacts with receptors 
[22]. The cleavage site between S1 and S2 subunit played a role in 
membrane fusion activation [5]. Herein we calculated the O-glycosyl-
ation sites distribution through dividing the number of O-glycosylation 
sites by the number of total amino acid residues on each domain or 

region. The results demonstrate that the O-glycosylation sites are not 
evenly distributed on each domain or region (Fig. 2). Four SARS-like 
CoVs S1 proteins have generally higher O-glycosylation sites distribu-
tion while MERS-CoV S1 proteins exhibits the sparser O-glycosylation 
sites distribution for these domains. More O-glycosylation sites are 
emerged on NTD and RBD of SARS-CoV-2 S1 proteins than D614G 
SARS-CoV-2. On the contrary, D614G SARS-CoV-2 S1 proteins possessed 
more O-glycosylation sites on RBM and cleavage site region than 
SARS-CoV-2. 

In addition, we compared the distribution of the O-glycosylation sites 
with N- glycosylation sites on these domains and region. To our 
knowledge, all potential N-glycosylation sites on SARS-CoV, MERS-CoV, 
insect SARS-CoV-2, SARS-CoV-2 and D614G SARS-CoV-2 have been 
thoroughly identified [16,19,35]. Interestingly, the distribution of 
O-glycosylation sites (green bars) exceeds that of N-glycosylation (or-
ange bars) on each domain or region of the five β-CoVs S1 proteins 
except on MERS-CoV NTD (Fig. 2A). The ratio of O-glycosylation on RBD 
of these five β-CoVs S1 proteins is 1.3–5 folds higher than that of 
N-glycosylation (Fig. 2B). Strikingly, the N-glycosylation rarely occurs 
on RBM on SARS-like β-CoVs S1 proteins while only MERS S1 proteins 
possess N-glycosylation on this domain [2]. Contrarily, the O-glycosyl-
ation is relatively abundant in this motif (Fig. 2C). The cleavage site of 
β-CoVs S plays a critical role in mediating the hydrolysis of S proteins 
and it was reported that the furin cleavage of SARS-CoV-2 S proteins was 
modulated by O-glycosylation recently [13,36]. Herein, we also 
compared the distribution of the O-glycosylation sites and N-glycosyl-
ation sites approximal to the cleavage site (within 100 amino acids). 

Fig. 2. The distribution of O-glycosylation sites (green bars) and N-glycosylation (orange bars) sites on (A) NTD, (B) RBD, (C) RBM, and (D) cleavage site region. The 
ratio is calculated by the number of O-/N-glycosylation sites (OGSs/NGSs) divided by the total amino acid number of each domain or region. (For interpretation of 
the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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Overall, the number of O-glycosylation sites is more than that of 
N-glycosylation sites approximal to the cleavage site. Each domain or 
region on SARS-CoV-2 and D614G SARS-CoV-2 S1 proteins all present 
more O-glycosylation sites than the other three β-CoVs S1 proteins. 
These results demonstrate that O-glycosylation sites is mostly widely 
distributed in comparison with N-glycosylation sites on these β-CoVs S1 
proteins key functional domains. 

3.4. The sialylated O-glycosylation differences on five recombinant 
β-CoVs S1 proteins 

The sialic acid plays a crucial role in virus pathogenesis and inter-
species transmission [4,37]. The sialylation, as the symbol of mature 
glycosylation, is involved in the CoV infection, intercellular expansion 
and cell-cell spread [38]. Thus in-depth characterization of viral sialy-
lation is of great needs and the sialylation abundances of each β-CoV S1 
proteins are deserved to be investigated. We first compared the 
normalized abundances of these five S1 proteins and visualized their 
exposed normalized sialylated O-glycosylation with the PDB models. 
According to the identified O-linked glycans for each β-CoV S1 proteins 
in our results (Table S9), the proportion of the sialylated O-linked gly-
cans in total O-linked glycans is from 18.7% to 44%. 

To further explore the site-specific sialylated O-glycosylation on 
different β-CoVs S1 proteins, we calculated the total normalized O- 
glycosylation abundances of these five S1 proteins and the site-specific 
sialylated O-glycosylation on each O-glycosylation site, respectively. 
And their exposed normalized sialylated O-glycosylation of each site was 
indicated on the visual models. The normalized sialylated O-glycosyla-
tion abundance was calculated by dividing the total sialylated O- 
glycosylation abundance of each O-glycosylation site by the total O- 
glycosylation abundance of each β-CoV S1 proteins. Considering these 
S1 proteins are sialylated to varying degrees, we defined the six orders of 
magnitudes to represent different normalized sialylated O-glycosylation 
abundances as denoted in the keys (Fig. 3). The red color represented the 
highest normalized sialylated O-glycosylation abundance, the limon 
color represented the least ones. 

We also investigated the site-specific normalized O-glycosylation 
abundance on each O-glycosylation site of each β-CoV S1 proteins and 
the results were shown in Figure S3~S7. As presented in Fig. 3, SARS- 
CoV-2 and D614G SARS-CoV-2 S1 proteins (Fig. 3A and B) possess the 
most exposed sialylated O-glycosylation while the insect SARS-CoV-2 S1 
proteins possesses the least one (Fig. 3C), which can be ascribed to the 
different cellular expression system utilized [27]. Compared with 
SARS-CoV-2, D614G SARS-CoV-2 S1 proteins displays variable sialy-
lated O-glycosylation. Remarkably, the sialylated O-glycosylation of 
S640 and T307 on D614G SARS-CoV-2 S1 proteins disappeared but the 
sialylated O-glycosylation of S316 on D614G SARS-CoV-2 S1 proteins 
enhanced. Even with high sequence identity with SARS-CoV-2, SAR-
S-CoV S1 displays relatively less exposed sialylated O-glycosylation than 
SARS-CoV-2 and D614G SARS-CoV-2 (Fig. 3D). SARS-CoV S1 proteins 
have four exposed sialylated O-glycosylation sites on RBD but little on 
NTD. The site-specific sialylated O-glycosylation of MERS-CoV S1 pro-
teins is still weaker and sparser in spite of expression from HEK 293 
(Fig. 3E). Together, the exposed site-specific sialylated O-glycosylation 
on each β-CoV S1 proteins is distinct from each other. We then studied 
the correlation between the total sialylated O-glycosylation abundance 
of each β-CoV S1 protein and the O-glyocsylation sites ratios (Fig. 3F). A 
positive correlation was observed, and SARS-CoV-2 and D614G 
SARS-CoV-2 both display high sialylated O-glycosylation and O-glyco-
sylation sites distribution. The identified O-linked glycans in our study 
were also summarized in Table S9 and the top five sialylated O-glyco-
sylation abundances ratios on β-CoVs S1 proteins were listed in Fig. 3G. 
There are only three types of sialylated O-linked glycans on insect 
SARS-CoV-2 S1 proteins that can be identified in our study. Although 
sialylation plays a vital role in viral pathogenesis, the specific function of 
sialylated O-glycosylation on β-CoV S1 proteins needs further biological 

verification. 

3.5. The comparison of sialylated O- and N-glycosylation abundance 
onrecombinant β-CoVs S1 proteins 

As O- and N-glycosylation are both primary glycosylation types, it is 
worthy to make the comparison between sialylated O- and N-glycosyl-
ation. Though the sialylated N-glycosylation of some β-CoVs S proteins, 
like SARS-CoV-2, SARS-CoV and MERS-CoV S proteins, have been re-
ported [16,19], the sialylated O-glycosylation of β-CoVs S proteins 
haven’t been widely paid attention. 

As we have accomplished O-glycosylation abundance identification 
of the above β-CoVs S1 proteins, we further used the visualized model to 
make a contrast with sialylated O- and N-glycosylation abundance be-
tween MERS-CoV, SARS-CoV, and SARS-CoV-2 S1 proteins simulta-
neously. Herein, the normalized sialylated O-glycosylation abundance 
was calculated through dividing the sialylation abundance by total 
glycosylation abundance on each site. The data of sialylated N-glyco-
sylation abundance was derived from the report from Crispin’s labora-
tory [16,19]. And the sialylated glycosylation abundances on O- and 
N-glycosylation sites were highlighted according to the normalized 
sialylation proportions as denoted in the keys (Fig. 4). 

According to the visualized comparison, we found that SARS-CoV-2 
and SARS-CoV S1 proteins displayed more remarkable increased sialy-
lated O-glycosylation abundance than N-glycosylation. MERS-CoV S1 
proteins had more widely distributed sialylated glycosylation on N- 
glycosylation sites than O-glycosylation sites. The result demonstrates 
the three β-CoVs S1 proteins provided unique sialylated N- and O- 
glycosylation. Specific biological effects of different sialylated N- and O- 
glycosylation require more deeper biological validation in the future. 

3.6. The differentiation of O-glycosylation between SARS-CoV-2 and 
D614G SARS-CoV-2 S1 proteins 

SARS-CoV-2 and its variant D614G SARS-CoV-2 is the most infec-
tious pathogen of these β-CoVs [38,39]. Only one amino acid mutation 
on S triggers increased infection as well as the changed in S proteins 
conformation for D614G SARS-CoV-2 [39]. Here we explored the dif-
ferentiation of the sialylated O-glycosylation between SARS-CoV-2 and 
D614G SARS-CoV-2 S1 proteins, especially on NTD, RBD and the 
cleavage site region in an attempt to present some valuable structural 
information. 

Nine unambiguous O-glycosylation sites are common between SARS- 
CoV-2 and D614G SARS-CoV-2 S1 proteins with 6 and 3 unique ones, 
respectively (Fig. 5A). In order to compare more deeply, three individual 
parts with remarkable sialylated O-glycosylation distinction from NTD, 
RBD and cleavage site region were shown in Figure 5B, 5C and 5D. The 
variations sialylated O-glycosylation appeared on these O-glycosylation 
sites. T22, T323, S371/S373, T500, T581/T588/S591, S596/T599/ 
T602/T604/S605, T618/T630/T632, T618/T630/T632, S637/T638/ 
S640 and S673 on D614G SARS-CoV-2 S1 proteins exhibited increasing 
O-glycosylation abundances while decreasing on other sites. Despite 
only one amino acid mutation, obvious differentiation on sialylated O- 
glycosylation took place. The practical biological effect on virology 
needs further validation and exploration. 

3.7. The concomitance of O-glycosylation and phosphorylation on β-CoVs 
S1 proteins 

Viral phosphorylation modulates viral replication, infectivity and pat 
hogenesis [40,41] and occurs on Ser and Thr in the same manner of 
protein O-glycosylation [42]. The proteins of SARS-CoV-2 have been 
reported phosphorylated extensively in host cell [43]. However, the 
concomitance of O-glycosylation and phosphorylation has not yet been 
reported for β-CoVs. Here we listed the identified concomitant sites with 
O-glycosylation and phosphorylation on β-CoVs S1 proteins according to 
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our results (Table 1). SARS-CoV-2 and D614G SARS-CoV-2 S1 proteins 
has 4 and 2 concomitant sites respectively. SARS-CoV and insect 
SARS-CoV-2 has only one concomitant site while none concomitant site 
exists on MERS-CoV S1 proteins. These finding may help to investigate 
the O-glycosylation and phosphorylation crosstalk in the subsequent 
biological research. 

4. Conclusion 

In summary, β-CoVs S1 proteins are highly O-glycosylated in site- 
specific macro- and micro-heterogeneity manner based on the results 
in this study. In spite of emphasizing the significance of N-glycosylation 
of β-CoVs S proteins in recent studies, some vulnerabilities of β-CoVs S 
proteins still exist. Whether the O-glycosylation can complement the 
sparse N-glycosylation of β-CoVs deserves to be studied in the future. 
However, considerable efforts are still in urgent needs to fully 

Fig. 3. The sialylated O-glycosylation differentiations of five recombinant β-CoVs S1 proteins. and the correlation between normalized sialylated O-glycosylation 
abundance and O-glycosylation sites (OGSs) ratio in β-CoVs S1 proteins sequences. (A-E) The normalized sialylated O-glycosylation abundance on unambigous OGSs 
mapped on (A) SARS-CoV-2 S1 proteins, (B) D614G SARS-CoV-2 S1 proteins, (C) insect SARS-CoV-2 S1 proteins, (D) SARS-CoV S1 proteins, (E) MERS-CoV S1 
proteins with model structures. PDB code: 6vsb (SARS-CoV-2, insect SARS-CoV-2 and D614G SARS-CoV-2), 5x59 (MERS), 5x58 (SARS). Six orders of magnitudes 
were selected to label the normalized sialoglycan abundance with limon (E− 06), yellow (E− 05), bright orange (E− 04), orange (E− 03), deep salmon (E− 02) and red 
(E− 01), respectively. (F) The correlation between normalized sialoglycan abundance and O-glycosylation sites proportion on S1 proteins. (G) The ratios of top five 
sialylated O-glycosylation abundances on β-CoVs S1 proteins. (For interpretation of the references to color in this figure legend, the reader is referred to the Web 
version of this article.) 

Fig. 4. The comparison of sialylated O- and N-glycosylation abundance on recombinant β-CoVs S1 proteins. Ten color gradations were set to label the normalized 
sialylated O- and N-glycosylation abundance. (A). SARS-CoV-2 (B). SARS-CoV (C). MERS-CoV. PDB code: 6vsb (SARS-CoV-2), 5x59 (MERS-CoV), 5x58 (SARS-CoV). 
(For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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understand the biological role of O-glycosylation on β-CoVs S proteins. 
Finally, these detailed O-glycosylation analysis of β-CoVs S1 proteins 
will guide developing the related subunit vaccines and help to combat 
β-CoVs. 
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