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A B S T R A C T

The Coronavirus disease 2019 (COVID-19) has posed a serious threat to global health and the world economy.
Antiviral therapies targeting coronavirus are urgently required. The Cepharanthine (CEP) is a traditional Chinese
herbal extract. Our previous research revealed that CEP has a very potent anti-coronavirus effect, but its mech-
anism of action was not fully understood. To investigate the effect of novel coronavirus on protein glycosylation in
infected cells and to further investigate the mechanism of action of CEP against coronavirus, a cellular model
using coronavirus GX_P2V infection of Vero E6 cells was established. The effect of coronavirus GX_P2V on host
cell protein glycosylation was investigated by N-glycoproteomic analysis, and the antagonistic effect of CEP on the
abnormal protein glycosylation caused by coronavirus was analyzed. The results showed that GX_P2V could cause
abnormal changes in protein glycosylation levels in host cells, while CEP could partially antagonize the abnormal
protein glycosylation caused by GX_P2V. In addition, we also found that CEP could regulate the glycosylation
level of coronavirus S protein. In conclusion, this article provides important ideas about the infection mechanism
of novel coronaviruses, providing evidence for CEP as a promising therapeutic option for coronavirus infection.
1. Introduction

The global pandemic of COVID-19 caused by the highly infectious and
mutating novel coronavirus SARS-CoV-2 has had a tremendous impact on
the international community. For nearly three years since the outbreak of
COVID-19 pandemic in late 2019, there have been ongoing efforts to
study the mechanism of action of the novel coronavirus and to develop
potent anti-SARS-CoV-2 drugs. Although considerable progress has been
made in the study of molecular mechanisms and drug development of
against coronaviruses, SARS-CoV-2 drug targets as well as anti-SARS-
CoV-2 drugs are still being validated [1].

Cepharanthine (CEP) is a traditional Chinese medicine extract from
Stephania cepharantha Hayata first discovered by Japanese pharmacol-
ogists in 1934 [2]. In January 2020, after the novel coronavirus outbreak,
we systematically screened more than 2400 compounds already clini-
cally approved for use and identified CEP as the most effective drug for
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the treatment of novel coronavirus infections [3]. We patented our dis-
covery, and conducted a study on the antiviral mechanism of action of
CEP. In November 2021, we published a paper in BRIEFINGS IN BIO-
INFORMATICS revealing the CEP's anti-novel coronavirus action at the
transcriptional level: it acts by effectively antagonizing most dysregu-
lated genes and pathways in infected cells, including the ER stress/un-
folded protein response and the HSF1-mediated heat shock response [2].
Further studies revealed that the anti-novel coronavirus effect of CEP
may also be reflected in the inhibition of viral genome replication and
viral protein translation [4]. CEP also prevents SARS-CoV-2 virus from
attaching and entering cells. The CEP molecule binds to the S protein of
the virus, preventing it from binding to the viral receptor-ACE2 [5].

It was found that the S proteins of the novel coronavirus have
extensive glycosylation [6]. Glycosylation is the most abundant and
complex post-translational modification which can have profound
structural and functional effects on the conjugate [7]. The
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oligosaccharide fraction is considered to be related with multiple bio-
logical processes and affects the physical properties of proteins. It has
been known that protein glycosylation is stable among healthy people,
although it is different from person to person. Only when homeostasis
changes due to lifestyle or pathological conditions, will glycosylation
changes significantly [8]. The glycosylation has been regarded as an
important quality attribute of biopharmaceuticals [9,10]. Coronavirus S
glycans can mask the protein surface and consequently limit access to
neutralizing antibodies and thwart the humoral immune response
[11–14]. Therefore, we hypothesize that glycosylation may potentially
help the treatment of coronavirus infestation.

GX_P2V is a SARS-CoV-2 related coronavirus isolated from pangolin.
Its spike protein shares 92.2% amino acid identity with the spike protein
of SARS-CoV-2 [15]. Besides, GX_P2V also has the shared receptor with
SARS-CoV-2 but no pathogenicity to human. Based on these character-
istics, it has been reported that GX_P2V can be used as an accessible in
vitro model for developing therapies or for mechanism investigation
against SARS-CoV-2 [3]. Here we adopted this well-established corona-
virus SARS-CoV-2 cellular model by using GX_P2V infestation with Vero
E6 to investigate the mechanisms of coronavirus SARS-CoV-2 infestation
with respect to the dysregulation of glycoprotein and screening for po-
tential targets for therapeutic intervention.

And recent studies have proven that CEP had the same performance in
the cell culture model of SARS-CoV-2 [5]. However, the mechanism of
CEP on glycosylation targets remains unclear. In this paper, we carried
out an N-glycosylation modification proteomics analysis to study the
mechanisms of SARS-CoV-2 infection and the anti-coronavirus effects of
CEP. The 4D label-free quantitative proteomic approach, which is highly
sensitive and capable of accurate quantification, has been applied in
proteomic analysis for detecting more low-abundance proteins, and it
also has excellent performance in identifying modifications of proteins
[16–18]. Using the advanced technique 4D label-free quantification
technology, we constructed the N-glycoproteomic profiling, revealing
new therapeutic targets against coronavirus infestation and CEP's inter-
vention. Our results provide important insights into the mechanism of
coronaviruses infection and the identification of drug targets for
anti-coronavirus of multi-target drug combination usage.

2. Materials and methods

2.1. Cell culture and coronavirus

SARS-CoV-2 related coronavirus GX_P2V/pangolin/2017/Guangxi
was isolated from frozen tissue samples of pangolins (M. javanica), which
were collected between August 2017–January 2018. The pangolins had
died during the smuggling operation, and these dead pangolins tissue
samples were seized by the Guangxi Customs during their routine anti-
smuggling operations. Using the intestine-lung mixed sample we were
able to isolate GX_P2V using the Vero-E6 cell line. And its complete
genome has been submitted to GenBank with accession number
MT072864.1 [15]. The compound CEP was purchased from TOPscience
(Shanghai, China). Vero E6 cells (American Type Culture Collection,
Manassas, VA, USA) (ATCC, No. 1586) were cultured in high-glucose
containing DMEM medium (Gibco) supplemented with 10% fetal
bovine serum (FBS) in 37 �C incubator with 5% CO2.

2.2. CEP and GX_P2V treatment

Vero E6 cells were cultured in T175 flask and treated with or without
GX_P2V (MOI of 0.01) in the presence or absence of CEP in triplicates.
Group 1 (Vero): normal control; group 2 (Vero_C): CEP only treatment for
72 h; group 3 (Vero_P): GX_P2V treatment for 72 h; group 4 (Vero_C_P):
GX_P2V and CEP GX_P2V treatment for 72 h. The cytotoxicity of CEP to
Vero E6 cells was measured by CellTiter blue according to the manu-
facturer's protocol (Promega, Catalog Number: PR-G8081; Madison, WI,
USA). Cell samples were harvested according to the protocol for
2

Glycoproteomics analysis from PTM-Biolab (Hangzhou, China), and
stored in �80 �C refrigerator for further analysis.

2.3. Protein extraction and trypsin digestion

Samples were stored in �80 �C refrigerator before thawed on ice and
centrifuged at 12,000 g at 4 �C for 10 min to remove cell debris. The
supernatant was transferred to a new centrifuge tube for protein con-
centration determination using BCA kit.

Equal amount of each protein sample was enzymatically lysed with
the same volume of lysis buffer containing the appropriate amount of
reference protein. The protein samples were mixed with the lysis buffer
by five times of the sample volume and precipitated with pre-cooled
acetone at �20 �C for 2 h, followed by centrifugation at 4500g for 5
min. After that, the precipitate was collected and washed twice with pre-
cooled acetone. The protein precipitate from each sample was dried, and
then sonicated in buffer containing 200 mM Triethylammonium bicar-
bonate (TEAB). Digestion was performed by incubation with trypsin at a
ratio of 1: 50 (enzyme: protein, m/m) with protein samples for overnight.
Finally, the samples were desalted according to the C18 ZipTips in-
structions, and vacuum freeze-dried for HPLC analysis.

2.4. The enrichment of glycosylation modification of peptides

The peptide fragments were dissolved in 40 μL of enrichment buffer
(80% acetonitrile/1% trifluoroacetic acid) and transferred to a hydro-
philic micro-column. The enrichment was completed by centrifugation at
4000g for approximately 15 min in HILIC. The hydrophilic micro-column
was washed for 3 times with enrichment buffer. The glycopeptides were
eluted with 10% acetonitrile, then the eluate was collected and vacuum
dried. After drying, the eluate was reconstituted in 50 μL of 50 mM
ammonium bicarbonate buffer dissolved in 50 μL of hydrogen peroxide
with 2 μL of water. The glycopeptides were incubated with PNGase F
glycosidase overnight at 37 �C. Finally, salt was removed according to the
C18 ZipTips instructions and vacuum freeze-dried for liquid-liquid
analysis.

2.5. Liquid chromatography-mass spectrometry (LC-MS)

The peptides were dissolved in liquid chromatography mobile phase
A (0.1% (v/v) formic acid aqueous solution) and then separated using
NanoElute ultra-efficient liquid phase system. Mobile phase A is an
aqueous solution containing 0.1% formic acid; mobile phase B is an
acetonitrile solution containing 0.1% formic acid. Liquid phase gradient
setting: 0–50 min, 2%~22%B; 50–52 min, 22%~35%B; 52–55 min, 35%
~90%B; 55–60 min, 90%B, the flow rate was maintained at 450 nL/min.

The peptides were separated by an ultra-high-performance liquid
phase system and injected into a capillary ion source. Then the peptide
segments are analyzed by a TIMS-TOF Pro mass spectrometer. The ion
source voltage was set to 1.6 kV and both the peptide parent ion and its
secondary fragments were detected and analyzed using TOF. The sec-
ondary mass spectrometry scan range was set to 100–1700m/z. The data
acquisition mode used parallel cumulative serial fragmentation (PASEF)
mode. One primary mass spectrometry acquisition followed by 10 PASEF
mode acquisitions of secondary spectra with parent ion charge numbers
in the range 0–5. The dynamic exclusion time of the tandem mass
spectrometry scan was set to 30 s to avoid repeated scans of the parent
ion.

2.6. Database search

Retrieval parameter settings: the database was FA105LPNg_ Chlor-
ocebus_sabaeus_60711_ Ensembl_GX_P2V_protein_TX_combine_20200413
(19267 sequences), an anti-library was added to calculate the false posi-
tive rate (FDR) caused by random matching, and a common pollution li-
brary was added to the database to eliminate the contamination protein in
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the identification results Impact; the digestion method was set to Trypsin/
P; the number of missed cleavage sites was set to 2; the minimum length of
the peptide was set to 7 amino acid residues; the maximum modification
number of the peptide was set to 5.

The mass error tolerance of the primary precursor ions in First search
and Main search was both set to 20 ppm, and the mass error tolerance of
the secondary fragment ions was 0.02 Da. The cysteine alkylation was set
as a fixed modification, and the variable modification was the oxidation
of methionine, the acetylation of the N-terminus of the protein, and the
deamination of asparagine (18O). The FDR for protein identification and
PSM identification was set to 1%.

2.7. Bioinformatics analyses

Glycoproteomic data of GX_P2V infection group and 15 glycosylation
sites in 12 glycoprotein targets of CEP treatment in presence of GX_P2V l
was analyzed by Metascape web-based platform [19]. Pathway and
process enrichment analysis were carried out with the following ontology
sources: KEGG Pathway, GO Biological Processes, Reactome Gene Sets,
Canonical Pathways and CORUM. PPI networks were constructed by
string (STRING; http://string-db.org. version 11.0) [20] and Cytoscape
(version 3.7.1) [21], the most relevant modules in the PPI networks were
identified using MCODE [22], and the network adjusted by the Files
Layout algorithm. Reactome analysis tool (http://reactome.org) was
used to identify the enriched pathways of glycosylation sites on glyco-
proteins remains at normal state in response to GX_P2V treatment in
presence of CEP. (p � 0.05) (https://reactome.org/PathwayBrows-
er/#TOOL¼AT) [23]. Uniprot was used to find the subcellular localiza-
tion of proteins (https://www.uniprot.org/) [24]. One-way ANOVA
followed by Dunnett's multiple comparisons test was performed using
GraphPad Prism version 8.0.0 for Windows, GraphPad Software, San
Diego, California USA, www.graphpad.com.

3. Results and discussion

3.1. N-glycoproteomic profiling highlights the differentially expressed
glycoproteins in SARS-CoV-2-related coronavirus GX-P2V infection cellular
model and CEP intervention

N-Glycosylation is one of the most important post-translational
modifications of proteins [25]. Although there are only a few hundreds
of glycoproteins in total, their highly complex glycosylation increases the
number of theoretical protein morphologies by several orders of
magnitude [26]. Many cell surface and extracellular matrix-related pro-
teins become glycosylated through secretory pathways, thereby regu-
lating their adhesion interactions, physical and chemical properties, and
diversifying their functions [27].

To systematically study the differentially expressed glycoproteins
during SARS-CoV-2 infestation, we adopted our well-established SARS-
CoV-2 cellular model [3] with GX_P2V-treated Vero E6 cells, and per-
formed the N-glycoproteomic profiling via the 4D label-free LC-MS/MS
analysis in the presence or absence of GX_P2V and/or CEP. The workflow
for the experiment was outlined in supplementary Figure S1. First, the
cell samples were harvested and enzymatically digested and then
analyzed by 4D label-free LC-MS/MS and bioinformatics. A total of 737,
202 secondary spectrograms were obtained by mass spectrometry (sup-
plementary Figure S1B). A total of 1770.0 N-glycosylation modification
sites on 828.0 proteins were identified with database searching, where
1298.0 sites on 624.0 proteins have quantitative information. The
detected N-glycosylation tends to obey N-X-T, N-C-S, N-G-S, N-X-S and
N-X-C rules (supplementary Figure S1C).

We took the fold changes (Fc ¼ expression levels of glycosylated
peptide in Group 2 (or 3 or 4)/Group 1 ratios) at Fc� 2 (up-regulated) or
Fc � 0.5 (down-regulated) as differentially expressed protein, where
group 1 was the mock control (Vero), group 2 was treated with CEP only
(Vero_C), group 3 was treated by coronavirus GX_P2V only (Vero_P) and
3

group 4 with both CEP and GX_P2V (Vero_C_P). In comparison with the
mock control group, GX_P2V treatment can up-regulate 26 glycosylation
sites in 23 proteins and down-regulate 58 glycosylation sites in 47 pro-
teins, whereas in the presence of CEP, GX_P2V treatment induced 26
glycosylation sites up-regulated in 22 proteins and 101 glycosylation
sites down-regulated in 75 proteins in host Vero E6 cells (Fig. 1A). We
then performed the analyses of global proteomics and respective of
glycosylation occupancy based on the effects of GX_P2V infection
(Fig. 1B).

The protein-protein interaction (PPI) networks and the interaction
modules of these differentially expressed proteins in Vero E6 cells in
response to GX_P2V treatment analysis was conducted (Fig. 1C). We
found that the key interaction module obtained from PPI network with
MCODE plugin involved in 8 aberrant glycoproteins named 4 up-
regulated glycoproteins namely Integrin Subunit Alpha 1(ITGA1),
Integrin Subunit Beta 3(ITGB3), Laminin Subunit Gamma 1 (LAMC1) and
Heparan Sulfate Proteoglycan 2(HSPG2), and 3 down-regulated glyco-
proteins named Integrin Subunit Beta 1 (ITGB1), Laminin Subunit Beta 1
(LAMB1), Integrin Subunit Alpha 5(ITGA5). The protein Integrin subunit
alpha 3(ITGA3) contains both up- and down-regulated glycosylation sites
(Fig. 1D). LAMC1 was reported to be involved in cell proliferation,
angiogenesis, growth, migration and invasion [28]. Remarkably, the
majority of these 8 aberrant glycoproteins in the key interaction module
were enriched in ECM-receptor interaction pathways (Fig. 1D and E).
Specifically, KEGG pathway enrichment showing GX_P2V infection
affected glycoproteins in ECM-receptor interaction (Fig. 2A). ECM com-
ponents including collagens, laminins, and fibronectins are the major
ligands that bind and activate integrin receptors. It helps in mediating
cell-cell interactions by binding additional cell receptors or other soluble
molecules. ECM plays an important role in cell adhesion, and viral
infection may cause significant changes in cell adhesion. Functional
enrichment analysis of the key modules revealed that these modules fall
into the functional interaction categories of ECM-receptor interaction,
laminin interactions, integrin cell surface interactions, endoderm devel-
opment and receptor-mediated endocytosis. The heavily affected ECM
and cell surface interactions might give a reasonable explanation on the
gross glass-like changes in the clinical lung image.

3.2. Coronavirus GX_P2V-induced alteration in protein glycosylation
affects various functions of infected cells

N-linked glycosylation was involved in multiple biological processes,
such as receptor interactions, immune responses, protein secretion and
transport, cell adhesion, signal transduction, etc. As described above, we
detected 84 sites of aberrant glycosylation sites present in 70 glycopro-
teins from coronavirus GX_P2V-treated Vero E6 cells. To study these sites
holistically, we performed functional enrichment clustering analysis of
these differential glycoproteins using Metascape (Fig. 2A), and the results
were graphically presented using the Sangerbox mapping toolbox
(Fig. 2B and C).

Upon the treatment of GX_P2V, the functional alteration related to
differentially expressed proteins were shown in Fig. 2A and B. The circle
diagram of protein function enrichment analysis demonstrated that
ITGB1 was involved in the most relevant function and the extracellular
matrix organizationwas enriched for the most genes. Besides, in response
to coronavirus GX_P2V infection, the top 5 aberrant glycoproteins most
involved relevant functions include ITGB1, AM17, MYH9, LRP1 and
EPHB2, and the top 5 most aberrant functions involved most genes were
those related to extracellular matrix organization, response to wounding,
regulation of cell adhesion, lymphocyte activation and VEGFA-VEGFR2
signaling pathway. Other important functions such as protein matura-
tion, viral entry into host cell and a platelet degranulation were also
affected.

To have an overview about the effects of coronavirus GX_P2V treat-
ment on host cells, we summarized the subcellular localization of
differentially expressed glycosylated proteins and PPI networks by

http://string-db.org
http://reactome.org
https://www.uniprot.org/
http://www.graphpad.com


Fig. 1. Effects of GX_P2V infection on the aberrant glycosylation of proteins in Vero E6 cells. A. Effects of GX_P2V treatment on glycosylation (sites or proteins) in
presence or absence of CEP. Fold change (Vero_C_P/Vero or Vero_P/Vero) �2 or �0.5 was considered as up-regulation or down-regulation, respectively. B. Global
presentation of proteomic and respective glycosylation occupancy based on the effects of GX_P2V infection. Yellow dots represent proteins which have not changed
significantly in global proteomics data but the peptides with glycosylation have differentially expressed over 2 folds, and blue dots represent proteins which are
differentially expressed both in the levels of global protein and glycosylation. C. Protein-protein interaction (PPI) network and the interaction modules of key proteins
in response to GX_P2V treatment. The PPI network of 66 differentially expressed glycoproteins (Fc � 2 or Fc � 0.5) in GX_P2V treatment was produced using STRING
and Cytoscape. D. The key interaction module was obtained from the PPI network by Cytoscape with MCODE plugin using differentially expressed glycosproteins in
GX_P2V-treated Vero E6 cells. Proteins marked in red color represent those proteins containing up-regulated glycosylation sites, the blue ones indicate proteins
containing down-regulated glycosylation sites, and the purple color labelled protein contains both up- and down-regulated glycosylation sites. E. Functional
enrichment analysis of the key modules induced by GX_P2V treatment was obtained from Metascape. (For interpretation of the references to color in this figure legend,
the reader is referred to the Web version of this article.)

Fig. 2. Functional enrichment clustering analysis of deferentially expressed glycoproteins in GX_P2V -treated Vero E6 cells. A. Functional enrichment analysis of
proteins with aberrant glycosylation induced by GX_P2V infection was constructed by Metascape. B. Enriched bubble diagram of proteins with aberrant glycosylation
after GX_P2V treatment was drawn by SangerBox. C. Circle diagram of protein functional enrichment analysis showing the relationship of aberrant glycosylation sites
and the involved functions. The inner circle on the left side represents the significance p value of the gene corresponding pathway, and the right represents the
corresponding term. The denseness of the left semicircular line represents the number of pathways associated with the protein. The density of the right semicircle line
indicates how many proteins are enriched in that pathway. The figure shows that ITGB1 is involved in the most relevant pathways and the extracellular matrix is
enriched for the most genes.
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UniProt database [24], and STRING software (Fig. 3).
Aberrant alteration of protein glycosylation can be seen in cytoplasm,

endoplasmic reticulum, Golgi apparatus, lysosome, nucleus, cell mem-
brane and extracellular matrix. The PPI networks of differentially
expressed glycoproteins in each subcellular distribution were also high-
lighted (Fig. 3). These results suggested that coronavirus-induced alter-
ations in glycosylation of host cell proteins are widespread in infected
cells and have multiple subcellular localizations. The most involved
glycoproteins locate in cell membrane, extracellular matrix, lysosomes,
endoplasmic reticulum system and cytosol.

3.3. Effects of CEP on GX_P2V-induced aberrant glycosylation of proteins
in Vero E6 cells

We have reported that CEP could effectively inhibit coronavirus
infestation [3]. To identify the potential targets of CEP in
coronavirus-infected cells in response to GX_P2V treatment, we
compared the aberrant glycosylation sites and glycoproteins with and
without coronavirus treatment in presence or absence of CEP and
perform Reactome Pathway Analysis (Fig. 4).

The Venn diagram showed the effect of CEP on the aberrant glyco-
sylation sites of proteins induced by GX_P2V (Fig. 4A). Coronavirus
GX_P2V treatment can cause abnormal glycosylation at 81 sites (on 66
proteins) (Vero_P/Vero ratio, Fc � 2), whereas the intervention of CEP
can keep 13 glycosylation sites (on 10 glycoproteins) out of 81 GX_P2V-
induced aberrant glycosylation sites at normal state (Vero_C_P/Vero
ratio, 0.667 � Fc � 1.5) (Table S1, yellow background). For the subcel-
lular location of these CEP-affected proteins, aspartate beta-hydroxylase
(ASPH) is located in endoplasmic reticulum; glucosylceramidase Beta
(GBA) and glucosamine (N-acetyl)-6-sulfatase (GNS) are lysosomal pro-
teins; zinc finger C4H2-type containing (KIAA1161, also namedMYORG)
is in nucleus; nicastrin (NCSTN), lysosomal associated membrane protein
1 (LAMP1), protein tyrosine kinase 7 (PTK7) and mannose receptor C
type 2 (MRC2) and ATPase Naþ/Kþ transporting subunit beta 1
(ATP1B1) are related to cell membrane and laminin subunit beta 1
Fig. 3. Schematic diagram of subcellular location and PPI of differentially expressed
of CEP. A. The subcellular location of aberrant glycoproteins was determined using Un
using STRING. The red color highlights CEP- regulated proteins. Upon GX_P2V treatm
GX_P2V remains in normal glycosylation state, suggesting that these proteins and gly
to color in this figure legend, the reader is referred to the Web version of this articl
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(LAMB1) are the key proteins related to extracellular matrix (Fig. 3).
We then carried out Reactome Pathway Analysis on the 10 CEP-

affected glycoproteins to understand intervention mechanism of CEP
(Fig. 4B). The results showed that CEP exerted its antiviral and cell-
protective effects by targeting multiple pathways such as Neutrophil
degranulation, Ion homeostasis, Degradation of the extracellular matrix,
and etc. Among these 10 proteins, LAMB1 is also the pivotal protein in
the key interaction module that consists of 8 aberrant glycoproteins in
response to coronavirus GX_P2V infestation (Fig. 1D), indicating that
protein LAMB1 might be the key targets of CEP against GX_P2V infes-
tation (Fig. 3).

In addition, several proteins were over-regulated by CEP against
GX_P2V (Table S1, green background). There are two aberrant glyco-
sylation sites on MRC2 induced by GX_P2V infection. In the presence of
CEP, the site N69 on MRC2 protein remained normally glycosylation
state, while the other site N1134 was shifted from virus-induced up-
regulation to down-regulation. MRC2 may contribute to cellular uptake,
remodeling and degradation of extracellular collagen matrices. Over-
regulated glycosylation by CEP can also be seen at the site N277 of
granulin precursor (GRN), which is a secreted glycoprotein that acts as a
key regulator of lysosomal function and as a growth factor involved in
inflammation, wound healing and cell proliferation [29]. It is involved in
regulating protein trafficking to lysosomes and, also the activity of
lysosomal enzymes [29,30]. Alteration of glycosylation GRN may
contribute to lysosome-related functions. Therefore, CEP might also
perform its anti-viral effect via regulation of glycosylation of MRC2 and
GRN.

3.4. Effect of CEP on the N-glycosylation of GX_P2V viral proteins

Coronavirus viral proteins are normally extensively glycosylated,
especially coronavirus spike proteins where it encodes around 66-87 N-
linked glycosylation sites per trimeric spike. It has been known that the
extensive glycosylation of viral protein plays a role in protein folding and
shielding immunogenic epitopes, resulting in immune evasion [31,32].
glycoproteins in GX_P2V treated Vero E6 cells as well as the intervention targets
iProt. The PPI network maps of these dysregulated glycoproteins were generated
ent in presence of CEP, 10 out of 66 glycoproteins dysregulated by coronavirus
cosylation sites might be the targets of CEP. (For interpretation of the references
e.)



Fig. 4. Effects of CEP treatment on GX_P2V-induced aberrant glycosylation of proteins in Vero E6 cells. A. Venn diagram shows the effect of CEP on the aberrant
glycosylation of proteins induced by GX_P2V. The number in purple circle indicates the glycosylation sites those are differentially expressed (with Vero_P/Vero Fc � 2)
in response to GX_P2V treatment (GX_P2V). The number in light red circle shows the glycosylation sites are in normal state (with Vero_C_P/Vero, 0.667 � Fc � 1.5) in
presence of CEP (CEP þ GX_P2V). The number in the overlap of the two circle shows that there are 13 site (on 10 proteins) out of 81 sites (on 66 proteins) GX_P2V-
induced aberrant glycosylation sites in normal state in presence of CEP. B. Reactome Pathway Analysis of glycosylation sites on 10 glycoproteins affected by CEP. (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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Remarkably, SARS-CoV and SARS-CoV-2 recognize the human angio-
tensin converting enzyme-2 (ACE2) receptor via their glycosylated spike
proteins [33].

Interestingly, we found that CEP can up-regulate the glycosylation of
the N-terminal sites of the viral S protein (including the N30, N122, N331
and N343 sites) and the sites N1070 and N1094 sites in the S2 region
(N1070 and N1094, the corresponding positions on SARS-CoV-2 spike
protein are N1074 and N1098, respectively), but no effect can be seen in
the glycosylation of the C-terminal sites N1154, N1169, and N1190 of S
proteins under CEP treatment (Fig. 5A).

To observe and analyze the location of these affected glycosylation
Fig. 5. Effect of CEP on the N-Glycosylation of GX_P2V viral Proteins. A. Expression l
of CEP. B, C and D, indicate the side, top and bottom views of viral Spike protein (in
chains of S protein affected by CEP are labelled. The N-glycosylation sites close to vir
labelled in red. E and F. Side views of viral Spike protein (the N-glycosylation sites af
PDB: 6VYB, open state)). Blue, NAG, N-linked glycan to the B chain of viral Spike pr
Green, the N-glycosylation sites affected by CEP on B chain of S protein close to vir
chain. G. Cartoon display of CEP-affected N-glycosylation sites on Spike protein on th
not available, considering the high sequence similarity between SARS-CoV-2 and G
closed state) to draw the pictures. (For interpretation of the references to color in th
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sites on S proteins and their possible roles, we compared the sequences of
spike protein of SARS-CoV-2 and GX_P2V viruses. Since the structure of
GX_P2V viral S protein is not available by far, and considering the high
sequence similarity between SARS-CoV-2 and GX_P2V, we adopted the
3D structure of SARS-CoV-2 (6VXX, closed state; 6VYB, closed state) to
label the affected glycosylation sites (Fig. 5B–G). Among the sites
affected by CEP on spike protein, N30 and N122 are located at NTD re-
gion, N331 and N343 are in CTD/RBD region, and N1070 and N1094 are
in S2 region [34]. As can be seen from the cartoon image (Fig. 5G), the
glycosylation sites of CEP-affected spike protein are located at both ends
of the S protein. Four of the sites (including those located in the NTD and
evels of N-glycosylation of viral proteins at indicated sites in presence or absence
closed state, PDB: 6VXX), respectively. All the N-glycosylation sites on the three
us body are labelled in green, and those sites located at far-end of virus body are
fected by CEP are labelled on B chain (Fig. 5E, PDB: 6VXX, closed state; Fig. 5F,
otein; Magentas, the N-glycosylation sites located on the RBD of viral S protein;
us body. Red, the CEP-affected N-glycosylation sites located on N-terminus of B
e coronavirus surface. Note: Since the 3D structure of GX_P2V viral S proteins is
X_P2V, we adopted the 3D structure of SARS-CoV-2 (6VXX, closed state; 6VYB,
is figure legend, the reader is referred to the Web version of this article.)
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CTD/RBD regions) are at one end away from the virion, while the sites
affected by the two sites affected locate in the S2 region at one end close
to the virion. This suggests that one of the effects of CEP on viral S
proteins might be to interfere with viral assembly and viral recognition or
binding to the S protein receptors to exert its antiviral effects.

4. Conclusions

In this paper, N-glycosylation modification proteomics analysis were
carried out to study the mechanisms of SARS-CoV-2 infection and the
anti-coronavirus effects of CEP. To investigate the protein-protein
interaction (PPI) networks and the interaction modules of these differ-
entially expressed proteins in Vero E6 cells in response to GX_P2V
treatment, we conducted STRING and Cytoscape analysis. It was found
that the key interaction module obtained from PPI network with MCODE
plugin involved in 8 aberrant glycoproteins named 4 up-regulated gly-
coproteins namely ITGA1, ITGB3, LAMC1 and HSPG2, and 3 down-
regulated glycoproteins named ITGB1, LAMB1, and ITGA5. Functional
enrichment analysis of the key modules revealed that these modules fall
into the functional interaction categories of ECM-receptor interaction,
laminin interactions, PID integrin1 pathway, integrin cell surface in-
teractions and non-integrin membrane-ECM interactions. The heavily
affected ECM and cell surface interactions might give a reasonable
explanation on the gross glass-like changes in the clinical lung image.
Furthermore, there are more than 75% of aberrant glycosylation of
proteins after GX_P2V infection, which can be seen in cytoplasm, endo-
plasmic reticulum, Golgi apparatus, lysosome, nucleus, cell membrane
and extracellular matrix. The PPI networks of differentially expressed
glycoproteins in each subcellular distribution were also highlighted
(Fig. 3). These results suggested that coronavirus-induced alterations in
glycosylation of host cell proteins are widespread in infected cells and
have multiple subcellular localizations. The most involved glycoproteins
locate in cell membrane, extracellular matrix, lysosomes, endoplasmic
reticulum system and cytosol. These abnormal changes in glycoproteins
caused by coronaviruses may play an important role in viral invasion of
host cells, resulting in cellular dysfunction.

Coronavirus viral proteins are normally extensively glycosylated [6],
especially coronavirus spike protein where it encodes around 66-87
N-linked glycosylation sites per trimeric spike. From the data set for
N-glycoproteomics profiling, we found that one of the effects of CEP on
viral S protein might be to interfere with viral assembly and viral
recognition or binding to the S protein receptors to exert its antiviral
effects. It was displayed that coronavirus GX_P2V leaded to aberrant
protein glycosylation, whereas CEP partially maintained
GX_P2V-induced aberrant glycoproteins at homeostasis. The antiviral
mechanism of CEP is also diverse, as it exerts its antiviral function by
regulating the glycosylation of about 10 proteins which locate in endo-
plasmic reticulum, lysosomal, nucleus, cell membrane and ECM,
respectively. Further study revealed that protein LAMB1 was pivotal in
counteracting coronavirus-induced aberrant protein glycosylation by
CEP. Furthermore, CEP dramatically regulate the glycosylation of viral
proteins S, which may be the root cause of the virus affecting cell entry.
This study provides a landscape of N-glycoproteomic profiling using the
established SARS-CoV-2 cellular model, suggesting that it is of great
importance in therapeutic target screening for drug discovery. The results
indicated that coronavirus can cause alterations in the glycosylation of
proteins at multiple levels in infected cells, whereas CEP can partially
maintain GX_P2V-induced aberrant N-glycoprotein targets as well as
partially regulate the glycosylation of viral proteins. However, at least 57
aberrant glycoproteins caused by coronavirus were not significantly
improved by CEP treatment. Therefore, multi-target drug use in combi-
nation with CEP is essential for the treatment of coronavirus infection.
These aberrant N-glycosylation of GX_P2V infestation might be potential
targets for combination therapy.

Taken together, the results highlight the differentially expressed
glycoproteins targets and related pathways in coronavirus infection and
7

CEP intervention. Generally, coronavirus GX_P2V-induced aberrant N-
glycosylation alteration in infected cells are prevalent. CEP can reduce
the N-glycosylation of proteins located on cell membrane surface, indi-
cating that CEP may achieve the protective effect against virus invasion
by interfering potential N-glycoprotein targets in the affected cells. Be-
sides, CEP can regulate the glycosylation of viral Spike protein, revealing
targets or pathways relevant for viral pathogenicity. CEP inhibited SARS-
CoV-2 entry through the blocking of viral binding to target cells [5], the
enhancement of glycan shield on the viral proteins S might weaken
coronavirus' binding to its recognition targets. There is an interested
urgency to discovery new drug targets against COVID-19 [35–37]. This
paper provides important insights into the mechanism of coronaviruses
infection and the identification of drug targets for anti-coronavirus of
multi-target drug combination usage.
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