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ABSTRACT
Glycans are among the most important cell molecular components. However, given their struc
tural diversity, their functions have not been fully explored. Glycosylation is a vital post- 
translational modification for various proteins. Many bacteria and viruses rely on N-linked and 
O-linked glycosylation to perform critical biological functions. The diverse functions of glycosyla
tion on viral proteins during viral infections, including Dengue, Zika, influenza, and human 
immunodeficiency viruses as well as coronaviruses have been reported. N-linked glycosylation is 
the most common form of protein modification, and it modulates folding, transportation and 
receptor binding. Compared to N-linked glycosylation, the functions of O-linked viral protein 
glycosylation have not been comprehensively evaluated. In this review, we summarize findings on 
viral protein glycosylation, with particular attention to studies on N-linked glycosylation in viral life 
cycles. This review informs the development of virus-specific vaccines or inhibitors.
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Introduction

The high number of infectious diseases caused by 
viruses has posed a major threat to global public health 
[1]. Moreover, there are no vaccines and antiviral drugs 
for most of the newly emerged viruses. Therefore, there 
is an urgent need to develop antiviral strategies to 
control the spread of these viral pathogens.

Viruses are obligate intracellular infectious agents that 
exploit host machinery to modify their viral proteins for 
survival. One of the key modifications is protein glycosy
lation. Glycosylation is the attachment of glycans to pro
teins and is a critical post-translational modification 
(PTM). To date, various glycosidic linkages such as N-, 
O-, and C-linked glycosylation, glypiation (GPI anchor 
attachment), and phosphoglycosylation have been 
reported [2]. Among them, N-linked glycosylation, 
where glycans are attached to the amide nitrogen of 
asparagine (Asn), is the most common and extensively 
studied form of protein glycosylation [3].

Recent studies have shown that many viral proteins, 
especially structural proteins are glycosylated during viral 
infection cycles. The N-glycans of the viral glycoproteins 
have multiple functions, which include promotion 
of expression, transport, fusion, binding to cell surface 

receptors, and prevention of antibody neutralization. For 
instance, glycosylation of envelope proteins of the human 
immunodeficiency virus (HIV), Japanese encephalitis 
virus (JEV) and West Nile virus (WNV) is essential for 
membrane fusion and virus infectivity [4–6]. Similarly, 
Influenza virus (IAV), lymphocytic choriomentingitis 
virus (LCMV), Lassa virus (LFV), Severe acute respiratory 
syndrome virus (SARS), Zika virus (ZIKV), Dengue virus 
(DENV) and Ebola virus (EBOV) also have 
their extensively glycosylated envelope proteins [7–13] 
(Table 1). Furthermore, some host cell-derived glycans 
have diverse effects in the life cycle of viruses, including 
glycan shield mediated immune evasion and enhance
ment of immune cell infection [14]. Here, we analyze 
recent findings on the importance of glycosylation to 
viral infection and host immune response.

The roles of glycosylation on viral structural 
proteins

Glycosylation and its function on flavivirus 
structural protein

Dengue virus (DENV), a member of the flavivirus genus 
of the Flaviviridae family, causes the most common 
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arthropod-borne viral diseases in humans, and poses 
a huge threat to the public social, health, and economic 
status [15]. DENV has four different serotypes (DENV-1, 
DENV-2, DENV-3, and DENV-4), all of which can cause 
disease [16,17]. The viral particles are composed of three 
structural proteins, namely capsid (C), envelope (E), 
and (pre) membrane protein (prM/M) [18–20]. In 
addition, DENV has seven nonstructural (NS) proteins, 
which include NS1, NS2A, NS2B, NS3, NS4A, NS4B, 
and NS5 [21]. Numerous studies have shown that the 
E protein plays an essential role in host receptor attach
ment, cellular uptake of viral particles, and membrane 
fusion [17,21]. The E protein has two potential 
N-linked glycosylation sites at Asn-67 and Asn-153. 
The Asn-153 glycosylation site is conserved in most 
flaviviruses, while the Asn-67 glycosylation site is 

unique to DENV[11](Figure 1). The glycosylation of 
envelope E protein at Asn-67 has an important role in 
the transmission of DENV [11]. Absence of Asn-67 
glycosylation significantly suppresses replication of 
DENV and reners the virus unable to produce new 
infectious particles [11]. Besides, Asn-67 glycosylation 
of the DENV E protein was also shown to signifi
cantly enhance the entry of DC-SIGN-mediated den
gue virus [22,23]. On the other hand, N-glycans 
located at Asn-153 of the DENV E protein are ben
eficial in the survival of DENV in both mammalian 
and mosquito cells [11,21,22]. In DENV lifecycle, the 
prM/M protein was also shown to be N- glycosylated 
at amino acid positions 7, 31, 52, and 69 [21,24]. 
However, the functions of prM/M glycosylation 
have not been extensively studied [21]. 

Table 1. Current understanding of glycosylation of viral proteins.
Virus Viral Protein Glycosylation site Potential function References

DENV Envelope Asn-67 Transmission, Replication, Virus entry [11,22]
Asn-153 Survival in mosquito [11,21,22]

NS1 Asn-130 Virus growth, NS1 secretion, Cytopathy and neurovirulence [21,144– 
147]

Asn-207 Destroy endothelial layer and internalization [21,142,143]
ZIKV Envelope Asn-154 Replication, Assembly, Infectivity, Neurovirulence, Apoptosis, Invasion in 

mosquito
[28–31]

prM Asn-69 Virus production, Expression and secretion of ZIKV E [12]
NS1 Asn-130 and Asn-207 Internalization and endothelium barrier function [12]

WNV Envelope Asn-154 Assembly and infectivity of particle, Replication and infection in mosquito, 
Neuroinvasiveness in mice

[6,36–39]

prM Asn-15 Assembly and release of particle [6]
NS1 Asn-130, Asn-175 and Asn-207 Internalization and neuroinvasiveness in mice [150]

JEV Envelope Asn-154 Replication, Neurovirulence and neuroinvasiveness in mice [40,41]
prM Asn-15 prM protein Biogenesis, Virus particle release, Pathogenicity in mice [5]

HCV E1 and E2 Protein folding, Virus entry, Immune response, Assembly and/or secretion 
of viral particle

[42–45]

HIV Env/gp120 Asn-260 Expression of gp120 and gp41, Infectivity and virus entry [4,52–54]
IAV HA and NA Protein folding, transport and pH stability; Affinity of SA receptor and viral 

pathogenicity; Functional NA and neurovirulence in mice; Receptor 
binding, Infectivity, Virus release, and neurotoxicity

[56–67]

SARS-CoV-2 Spike Asn-90 or Asn-322 Virus entry [10,71]
EBOV GP1 Transduction of viral particle, Sensitivity to Cathepsin B [13,79]

GP2 Asn-563 and Asn-618 Virus entry [79]
SFTSV Gn Asn-33 and Asn-63 Immune response [80,81]

Gc Asn-853, Asn-914 and Asn-936 Immune response and membrane fusion [80,82]
HTNV Gn Asn-134, Asn-235, Asn-347, 

Asn-399 and Asn-609
Folding, Intracellular transport and epitope conformation; Maintenance of 

HTNV glycoprotein; Immunoreactivity
[85,86]

Gc Asn-928 Immunoreactivity [86]
RVF Gn Asn-438 Infection and inducing neutralizing antibodies [87–89]

Gc Asn-794, Asn-829, Asn-1035, 
and Asn-1077

Infection and inducing neutralizing antibodies [87–89]

NiV F and G Virus entry, Antibody neutralization and cell-cell fusion [92,93]
HeV F and G Virus attachment and membrane fusion [94]
HRSV F Asn-27, Asn-70, Asn-116, Asn- 

126 and Asn-500
Attachment, Replication and Infection; Syncytium formation and 

antigenicity of F protein
[95–97]

G Membrane fusion [95]
LCMV GP1 Asn-87, Asn-97, and Asn-104 Folding of GPC and virus adaptability [8,99,100]

GP2 Asn-234 or Asn-379/381 Membrane fusion and virus adaptability [8,100]
LASV GP1/GP2 Asn-89, Asn-99, Asn-109, Asn- 

119, Asn-167, Asn-365 and 
Asn-373

Envelope glycoprotein cleavage, Infectivity and immune response [9,102–107]

HBV S Asn-146 Production of infectious virus particles [108]
HSV-1 gB, gC, gD, gE 

gH/gL, gK, 
gI

Attachment, Penetration, Membrane fusion, Receptor interactions; 
Immunity interference, Pathogenesis, Production of noninfectious virus 
particles, Infectivity

[111,113– 
119,126– 

128]
VZV gB, gC, gE, gH, 

gI, gK, and 
gL

Assembly,Trafficking, Reproduction, Replication, virion-cell, cell-cell fusion, 
Cell-to-cell spread and infectivity

[129–133]
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Zika virus (ZIKV) is an emerged mosquitoe-borne 
flavivirus that causes severe human diseases, which 
include neurodevelopmental malformations (congeni
tal Zika syndrome) and Guillain-Barre syndrome 
[25–27]. The prM and E proteins of the ZIKV virus 
have glycosylation sites. The N-linked glycosylation 
at Asn-154 of the ZIKV E protein was shown to 
affect virus assembly and infectivity in vitro [28], 
and also mediate invasion of the ZIKV into the 
mosquito midgut [29] (Figure 1). The N- linked 
glycosylation of the ZIKV E protein may enhance 
viral infectivity through cell surface lectins [28,30]. 
Fontes-Garfias et al demonstrated that in type 1 
interferon-deficient mice and mosquito cells, 
N-linked glycosylation at Asn-154 was essential for 
ZIKV infection but does not affect the neuroviru
lence in mice [30]. However, in Asian ZIKV strain 
ZKC2P6, the N154Q mutation or deletion at the 
N154 position of E protein facilitated the ZIKV repli
cation and enhances neurotoxicity and apoptosis in 
newborn mice [31] (Figure 1).

N-linked glycosylation of the prM protein is also 
essential for the life cycle of the ZIKV. The prM protein 
of all the ZIKV strains contains a single N-linked gly
cosylation site at Asn-6912. A previous study showed 
that loss of prM N-glycans leads to protein aggregation 
and induce CHOP nuclear translocation [12]. 
Furthermore, prM and E N-glycans in the ZIKV are 
essential for effective secretion of the ZIKV E protein, 
and both are indispensable [12]. Lack of prM 
N-glycosylation leads to impaired expression and secre
tion of the E protein, which causes accumulation of the 
E protein in the endoplasmic reticulum (ER), thus 
triggering ER stress response [12], a phenomenon that 
is detrimental to the ZIKV life cycle.

West Nile virus (WNV) is also an arthropod- 
transmitted virus that belongs to the Flaviviridae 
family. Although the prM proteins of all the WNV 
strains contain N-linked glycosylation sites, but not 
all strains contain an N-linked site in the E protein 
[6]. The N-linked glycosylation motif (NYS/T) of the 
WNV E protein is located between amino acid posi
tions 154–156 [32–35]. Martina et al showed that the 
WNV strains containing E glycosylation at the N154 
can use DC-SIGN as an attachment factor to enhance 
virus infection [36]. In other studies, WNV lacking 
N-linked glycans in the E protein could not efficiently 
replicate and spread in mosquito cells [37,38]. Once the 
WNV E protein is glycosylated, virus assembly is 
enhanced and the viral infectivity is significantly 
increased [6]. On the other hand, when mice were 
infected with the WNV, only the virus with glycosy
lated E protein showed neuroaggressiveness, suggesting 

that glycosylation of the E protein is a molecular deter
minant of the WNV neuroaggressiveness [39]. The 
prM protein of WNV has a potential N-linked glyco
sylation site at amino acid 15 of the extracellular 
domain [6]. Studies have shown that N-linked glycosy
lation sites in the WNV prM play a role in regulating 
virus assembly and release, but have little effect on 
virus infectivity. Removal of glycosylation on the prM 
or E protein results in reduction of the release of 
subviral particles [6]. Nevertheless, the specific role(s) 
of glycosylation in WNV pathogenesis needs further 
evaluation.

The two membrane glycoproteins of Japanese 
encephalitis virus (JEV), prM and E, contain an 
N-linked glycosylation site at positions N15 and 
N154, respectively [5,40]. In animal model studies, 
removal of prM N-glycosylation resulted in a sharp 
decline in viral virulence in mice after virus inocula
tion [5]. With mutation of N-linked glycosylation site 
of prM, the growth of JEV is inhibited in a cell-type- 
specific manner [5]. In a DNA vaccine study of JEV, 
immunization of proteins with both prM and 
E glycosylation site mutations were shown to signifi
cantly enhance the antibody response, increase IL-4 
secretion, and provide complete protection against 
lethal attack of the JEV [40]. In addition, Liang 
et al. employed three types of JEV mutants to deter
mine the role of glycosylation of JEV E protein in 
viral pathogenesis [41]. Compared with the N154 
glycosylated wild-type JEV, strains with no glycosyla
tion or N67 glycosylation showed less growth fitness, 
and decreased neurovirulence/neuroinvasion in mice. 
Furthermore, compared with the wild-type viruses, 
viruses with both N67 and N154 E glycosylation 
showed effective replication and neurovirulence in 
cell culture, but reduced neuroinvasiveness in vivo 
(Figure 1). Therefore, the JEV E protein with 
a single glycosylation site at N154 was likely to 
have the selection advantage in crossing the blood– 
brain barrier during evolution [41]. This study also 
supports the role of flavivirus E protein glycans on 
viral infections and cell tropism.

Hepatitis C virus (HCV) encodes two envelope 
glycoproteins E1 and E2. There are 4 and 11 
N-linked glycosylation sites on E1 and E2, respec
tively [42,43]. They play an important role in pro
tein folding, virus entry, and regulation of immune 
responses [42–45]. Mutations in glycosylation sites 
E1N1, E2N3, E2N7, E2N8, E2N10, and E2N11 have 
a negative impact on virus particle assembly and/or 
secretion as well as virus entry [42]. Moreover, the 
E2N7 mutation greatly reduces the infectivity of 
HCV. In addition, the glycans at the E2N2 and 
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E2N4 positions are essential for the entry function 
of the HCV envelope glycoproteins. Glycans at posi
tions E2N1, E2N2, E2N4, E2N6, and E2N11 reduced 
the accessibility of neutralizing antibodies to their 
E2 glycoprotein epitopes. Besides, the glycans at 
E2N1, E2N2, E2N4, and E2N6 could regulate bind
ing between CD81 and E2, which may partly explain 
how HCV evades the immune response [42].

For most flaviviruses, glycosylation of the envel
ope protein affects the adaptability, infectivity, 
replication, and virulence of the virus [6,11,46–51]. 
To date, the structure and functions of these glycans 
in virus transmission, infection and pathogenesis are 
not fully understood yet, and further exploration is 
needed.

Glycosylation of HIV envelope protein

The human immunodeficiency virus (HIV) envelope 
glycoprotein (Env) is composed of surface subunit 
gp120 and transmembrane subunit gp41 [4]. It is 
reported that the N-linked glycans on the surface of 
gp120 are essential for proper protein folding. HIV 
gp120 contains nine disulfide bonds and is highly gly
cosylated, carrying an average of 24 N-linked glycans. 
Among them, the Asn260 glycosylation site defines 
correct expression of gp120 and gp41 [4]. Studies 
have shown that N260Q mutation could affect the 
folding and lysosomal degradation of the gp120, lead
ing to loss of viral infectivity. Further studies have 
shown that the reduction of virus infectivity is caused 

Figure 1. Diverse functions of glycosylation of viral proteins from mosquito-borne flaviviruses.
Note: The structural proteins (E and prM) and nonstructural protein NS1 of flaviviruses are glycosylated and play multiple roles in the entire 
lifecycle of viruses. 1) Glycosylations of viral proteins influence virus binding and evasion. 2) Glycosylation of viral protein affects viral 
lifecycle in cells, including replication, translation, assembly, and release. 3) Glycosylations of viral proteins play a role in viral survival and 
transmission in mosquitoes. 4) Glycosylation of viral proteins determines viruses’ pathogenicity in mammalian hosts. The 3-D models used 
for representing the flavivirus protein structures were cited from the PDB database (PDB accession numbers: ITG8, 4OIG, 2HG0, 4O6C, 5MV1, 
5O36, 5JHM, 3C5X, and 5K6K). The glycan chains represented here are hypothetical schematic sketches.
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by the deletion of glycans in the gp120 V1/V2 domain 
[4,52]. Moreover, several highly conserved N-linked 
glycans of the gp120 are preferentially located near 
the disulfide bridge. Removal of disulfide bonds has 
been shown to significantly affect the ability of the DC- 
SIGN to bind to HIV. On the other hand, in a variety of 
virus strains lacking N-glycans, introduction of new 
N-glycans upstream of several disulfide bonds could 
result in complete loss of viral infectivity [53]. The 
ability to bind to the CD4 receptor was significantly 
reduced in the gp120 strain bearing the N260Q muta
tion, suggesting that N260 glycosylation affects the 
virus entry process [54]. In addition, N-linked glycans 
could affect protein function and neutralizing antibody 
response [55]. Given the pivotal role of N-glycans in 
HIV-1 gp120 V1/V2 domains, most studies have 
focused on neutralizing antibody response for gp120 
N-linked glycans, which could be a new target for 
specific therapeutic drug intervention.

Glycosylation and biological functions of IAV 
structural protein

Influenza A virus (IAV) encodes two main viral surface 
glycoproteins, hemagglutinin (HA), and neuraminidase 
(NA). The HA protein determines the antigenicity of 
the IAV. The HA of most human H1N1 has multiple 
N-glycosylation sites ranging from 5 to 11, most of 
which are located in the globular head of the HA 
molecule [14,56]. Glycosylation of the HA stem region 
is important for protein folding, transport, and pH 
stability [57–59]. Other studies have shown that change 
of glycosylation near HA receptor binding site would 
change its affinity to receptors [60–62]. Glycosylation 
near the cleavage HA cleavage site also regulates the 
pathogenicity of the virus [63,64]. Furthermore, the loss 
of a single N-linked glycan in HA was associated with 
the related to the resistance to collection and increased 
virulence in mice [65]. N-linked glycosylation is also 
important in the NA functions [66]. Lack of NA glyco
sylation could increase the neurovirulence of mouse A/ 
WSN/33 IAV strain [67].

Glycosylation and biological functions of 
Coronaviruses structural proteins

SARS-CoV-2 is a novel virus that has caused the global 
pandemic “Coronavirus Disease2019” (COVID-19), 
a severe acute respiratory disease [68]. The viral Spike 
protein, its receptor binding domain (RBD) and its 
receptor ACE2 are all extensively glycosylated. The 
Spike protein contains 22 N-glycosylation sites, while 

ACE2 contains 7 N-glycosylation sites [69–71]. The 
O-linked and N-linked glycans of the SARS-CoV-2 
Spike protein are less important in regulating the direct 
binding of the Spike and ACE2, but inhibit the virus 
entry [10]. Studies have shown that blocking of 
N-glycan biosynthesis with small-molecule inhibitors 
inhibits entry of the SARS-CoV-2. Besides, blocking 
the processing of O-glycans was shown to partially 
block the virus entry. Analysis of the crystal structure 
showed that the key glycans regulating this process 
could be located at Asn-90 or Asn-322 position of the 
Spike protein [72]. However, the detailed mechanisms 
for this site-specific glycosylation regulating the entry 
of SARS-CoV-2 remain unclear.

Some coronaviruses have E1 and E2 envelope pro
teins. Previous data showed that E1 protein is an 
O-linked glycoprotein while E2 is N-linked glycosylated 
[73–76]. The M protein of coronavirus is the most 
abundant protein, and plays a central role in virus 
assembly. SARS-CoV M protein contains an 
N-glycosylation site at N4 [76,77]. Although the glyco
sylation of the coronavirus M protein is a highly con
served feature, this glycosylation is not important for 
viral assembly or replication [78].

Glycosylation and biological function of EBOV 
structural protein

Ebola virus (EBOV) belongs to the filovirus family, and 
its surface glycoprotein (GP) is composed of trimers of 
GP1/GP2 heterodimers. The GP1 subunit is important 
for receptor binding, while the transmembrane-related 
GP2 subunit is necessary for membrane fusion. EBOV 
GP1 contains 15 N-glycosylation sites. A previous study 
showed that loss of any of N-glycosylation sites does 
not affect the expression of GP but enhance pseudovir
ion transduction [13]. Removal of GP1 N-glycans does 
not affect the binding of pseudoviral particles to the cell 
surface, but increases protease sensitivity of the cathe
psin B [13]. In antibody neutralization assays, elimina
tion of N-linked glycans in GP1 can significantly 
increase the sensitivity of antibody neutralization, 
while introducing N618D to the GP1 subunit (7Gm8  
G), which could further enhance neutralization sensi
tivity of the virus particles [13,79]. The GP2 subunit of 
filovirus contains two highly conserved N-linked glyco
sylation sites at N563 and N618 positions [79]. Deletion 
of the glycosylation site at N563 could lead to enhanced 
virus entry, possibly through partial destruction of the 
stability of the GP. Removal of a single glycan at N563 
or N618 could not increase the sensitivity to neutraliz
ing antibodies. Besides, antibody sensitivity is increased 
in viruses lacking all the N-linked glycans in the GP1 or 
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the glycan at N618 in the GP2, compared with viruses 
with GP1 single mutation [79].

Glycosylation and biological functions of 
bunyavirus structural protein

Severe fever with thrombocytopenia syndrome virus 
(SFTSV) is a tick-transmitted bunyavirus with 
a segmented, negative-strand RNA genome, which 
includes large (L), medium (M), and small (S) seg
ments. The M segment encodes a membrane protein 
precursor that matures into two glycoproteins, Gn and 
Gc. Recent studies have shown that SFTSV-specific 
neutralizing antibodies, mainly induced by Gn and 
Gc, play a vital role in the protective immune response 
[80]. Gn has two N-linked glycosylation sites, at Asn 33 
and Asn 63 [81]. SFTSV Gc is a type I transmembrane 
protein, whose extracellular domain is stabilized by 13 
disulfide bonds and can form putative trimmers at 
acidic pH [82]. Analysis of the electron density of Gc 
has shown that there are three N-linked glycosylation 
sites in the extracellular domain of SFTSV Gc: Asn 853, 
Asn 914, and Asn 93682. DC-SIGN and Non-muscular 
myosin heavy chain IIA (NMMHC-IIA) have been 
reported to be the initial binding receptor for SFTSV 
[83,84]. Whether the N-linked glycans in Gn and Gc 
are critical for virus binding and entry remains to be 
defined.

Hantaan virus (HTNV) also encodes two glycopro
teins, Gn and Gc. Gn contains five potential N-linked 
glycosylation sites at N134, N235, N347, N399, and 
N609 while Gc contains a potential N-linked glycosyla
tion site at N928 [85]. All glycosylation sites on the 
extracellular domain of Gn (N134, N235, N347, and 
N399) and Gc (N928) are glycosylated, and the fifth Gn 
site (N609) which faces the cytosol remains unutilized 
[86]. N134 is most critical for guiding the correct fold
ing of Gn. In the absence of this site, Gn is stagnated in 
the ER and cannot be recognized by anti-Gn MAb [86]. 
In addition, glycosylation at the third Gn site (N347) 
significantly affects its folding, while the lack of N235 
and N399 sites in Gn and N928 site in Gc is insufficient 
to affect folding and targeting [86]. Besides, mutations 
of the N134, N347, and N399 N-glycosylation sites of 
Gn reduce the immunoreactivity of Gc protein. 
Conversely, lack of N-glycans on Gc has been shown 
to reduce immunoreactivity of the Gn protein [86].

Rift Valley Fever is a disease caused by Rift Vally 
Fever virus (RVFV) and is transmitted by mosquitoes. 
The RNA genome of the RVFV consists of large (L), 
medium (M), and small (S) segments. The M segment 
encodes the Gn and Gc glycoproteins. RVFV has five 
putative N-glycosylation sites, located at N438 of the 

Gn protein, and N794, N829, N1035, and N1077 of Gc 
protein, respectively [87]. Glycosylation at N438 of 
RVFV Gn or N1077 of the Gc plays an important role 
in mediating virus infection through DC-SIGN [87]. 
A previous study showed that in Jurkat-DC-SIGN 
cells, there was suppression of the infectivity of 
N438Q or N1035Q mutants, while N438Q/N1035Q 
double mutation had little effect on the viral infection 
of these cells [87]. Besides, RVFV Gn and Gc glycopro
teins are crucial in inducing neutralizing antibodies 
[88,89].

Glycosylation and biological functions of 
paramyxovirus structural protein

Nipah virus (NiV) is an emerging paramyxovirus with 
deadly consequences. NiV infects the respiratory and 
nervous systems and leads to fatal encephalitis, the 
main cause of human death [90,91]. The fusion (F) 
and attachment (G) envelope glycoproteins of the NiV 
mediate virus entry, cell–cell fusion, and syncytium 
formation. The NiV-F protein has five potential 
N-linked glycosylation sites, four of which are highly 
glycosylated [92]. Removal of N-glycans on F protein 
has little effect on protein processing and expression, 
but F3 and F5 N-glycan mutants have a higher fusion 
level compared to the wild-type NiV [92]. Removal of 
N-glycans in the NiV F protein results in significantly 
enhanced virus entry. Meanwhile, the N-glycans on 
NiV-F could protect the virus from neutralization by 
antibodies [92]. There are seven potential N-linked 
glycosylation sites in NiV-G, of which six are highly 
glycosylated [93]. The function of NiV-G N-glycan in 
membrane fusion is highly dependent on its environ
ment, and some NiV-G N-glycans even reduce the 
fusion efficiency [93]. Like NiV, another paramyxo
virus, Hendra virus (HeV), also requires two different 
membrane-anchored glycoproteins G and F for mem
brane fusion and viral entry [94]. The HeV-G head 
domain may have five N-linked glycosylation sites, 
which are partially occupied by carbohydrates [94]. 
To date, data on the N-linked glycosylation of these 
two HeV glycoproteins remain scant.

Human Respiratory Syncytial Virus (HRSV) belongs 
to the Pneumovirus genus, Paramyxoviridae. The virus 
envelope has two main glycoproteins, G and F, which are 
responsible for virus attachment to cells and membrane 
fusion [95]. The glycosylation sites in the G protein are 
highly variable, while those in the F protein are relatively 
conserved. The RSV F has five N-glycosylation sites, 
which are N27 and N70 located in the F2 subunit, N116 
and N126 in the p27 peptide, as well as N500 in the F1 
subunit. Every single N-glycosylation site in the RSV 
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F protein is not dispensible for virus replication, but they 
have synergistic contribution to the efficiency of viral 
infection [96]. The virus can not replicate if all the 
N-glycans in the RSV F protein are removed. Data have 
demonstrated that the N-glycan at the N500 position is 
essential for syncytium formation in RSV-infected Hep-2 
cells [96]. In addition, the frequency of syncytia formation 
in RSV F N116Q-infected cells was also significantly 
reduced, indicating that N-glycosylation at N116 affects 
syncytia formation. Another study showed that removal 
of the N-glycosylation site at position N116 can enhance 
the antigenicity of F protein [97]. The G protein contains 
potential N-glycosylation and O-glycosylation sites. 
Variations in the O-glycosylation are the main reasons 
for the high variation between virus strains and may 
contribute to immune evasion [96].

Glycosylation and biological functions of 
arenavirus protein

Lymphocytic choroid meningitis virus (LCMV) belongs 
to the arenavirus family. There are three main structural 
proteins: one nucleocapsid protein (NP) and two glyco
proteins (GP1 and GP2) [98]. AS previous study predicted 
nine potential N-linked glycosylation sites on the LCMV 
glycoprotein: 6 on GP1 and 3 on GP2 [8]. The three 
N-glycosylation sites on GP2 are conserved in all the 
members of this virus. In contrast, the number and loca
tion of N-glycosylation sites in GP1 are highly diverse. In 
addition, folding of the glycoprotein complex (GPC) pre
cursor requires N-linked glycosylation in GP1 [99]. 
N-linked glycosylation site mutations of GP1 at positions 
87, 97 and 104 impair the expression and processing of 
GPC [8]. Removal of glycans at position 234 or addition 
of glycans at position 379/381 in GP2 have been shown to 
impair GP-mediated cell fusion without altering expres
sion or processing [8]. N-glycosylation mutations may 
affect VLP infectivity during viral fusion events. 
Mutations in N-glycosylation, at some sites reduce, the 
VLP infectivity, while the mutant S373A increases the 
infectivity. Among them, the N-glycan attached to the 
Asp173 mediates masking the neutralizing GP-1D epi
tope on Arm-5 antibody clone to prevent neutralization 
[8]. All three N-glycosylation mutants (T234A, S398A, 
and T403A) showed reduced adaptability in mouse 
macrophages. The rLCMV produced by N-glycosylation 
deletion mutant in GP1 (G104N) or GP2 (E379N/A381T) 
significantly reduced viral fitness in neurons [100]. These 
data indicated that LCMV glycosylation regulates viral 
fitness and cell tropism, and affects the viral growth.

Lassa virus (LASV), a member of the arenavirus 
family, causes Lassa fever [101]. LASV GP1 is respon
sible for attachment of the virus to the host cell 

receptor, while GP2 mediates the fusion of the virus 
and the endosomal membrane [102,103]. There are 11 
N-glycosylation motifs in GPC, including 7 N-glycans 
on GP1 and 4 N-glycans on GP2 [9]. The glycosylation 
of GP1/GP2 is necessary for their transport, antigeni
city, and infectivity [8,104,105]. Recent studies have 
shown that 25-hydroxycholesterol (25HC) could 
decrease the maturation of N-glycan of LASV glyco
proteins, thus reducing production of infectious virus 
[106]. N-glycosylation of LASV glycoprotein requires 
STT3B, which is essential for viral infectivity [107]. In 
pseudotyped LASV, the N-linked glycosylation site 
mutants at N89 and N365 were shown to completely 
inhibit infectivity, while removal of N-linked glycans at 
positions N109 and N119 only partially inhibited the 
infectivity [9]. Besides, the specific glycan chains affect 
functions of CD4+ T cells and CD8+ T cells in splenic 
lymphocytes and help LASV escape the immune 
response by reducing the host’s recognition of GPC 
and preventing induction of immune response [9]. 
The role of N-glycosylation at 3rd (N99), 5th (N119), 
6th (N167), 8th (N365) and 9th (N373) sites can mask 
key epitopes in the GPC and escape humoral immune 
response [9]. These GPC sites may be targets for the 
development of effective therapeutic or preventive anti
bodies against Lassa fever.

Glycosylation and biological functions of HBV 
envelope protein

Hepatitis B virus (HBV) is a human DNA virus that 
encodes three envelope glycoproteins, small (S), medium 
(M), and large (L). These three proteins share a potential 
N-glycosylation site at Asn-146 (N146) of their S domain 
[108,109]. Early N-glycan modification on the ER has 
a major impact on the production of infectious virus 
particles [108,110]. The hyper-glycosylated antigens 
induce earlier and longer-lasting humoral immune 
responses compared to the wild-type. N-glycosylation 
may also be a predictive marker for increased risk for 
cancer in patients with chronic HBV infection, which 
deserves more evaluation [108]. Although many features 
of the HBV life cycle are associated with viral glycosyla
tion, the role of N-glycosylation in the pathogenesis of 
the virus remains unknown.

Glycosylation and biological functions of Herpes 
virus and other human virus proteins

Herpes virus is a large enveloped double-stranded DNA 
virus, which include many important human and ani
mal pathogens. Herpes simplex virus 1 (HSV-1) is 
a contagious neurotropic herpes virus, which encode 
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12 envelope glycoproteins and play important roles in 
the viral replication [111–113]. Glycoproteins gB, gC, 
and gD have been implicated in the attachment of virus 
to receptors, while gB, gD, and heterodimer gH/gL 
are essential for HSV attachment and penetration 
[111,114–119]. HSV-1 gH contains 838 amino acids 
and has 7 consensus sites for N-linked oligosacchar
ides as well as 11 sites for O-linked glycosylation 
[120–122]. gL contains 224 amino acids and has 
one consensus site for N-linked oligosaccharides 
and 3 potential sites for O-linked glycosylation 
[120,121,123]. HSV-1 gC-1 is heavily glycosylated 
which contains nine consensus sites for N-linked 
glycosylation and numerous clustered O-linked gly
cans in a peptide stretch delimited by amino acids 30 
and 124 [124]. All the three potential N-glycosylation 
sites in gD protein are actually glycosylated [125]. 
Moreover, both gD1 and gD2 are O-glycosylated, 
and gD2 undergoes greater O-glycosylation compared 
to gD1 [125]. Two conserved N-linked glycosylation 
(N48 and N58) sites for gK are critical for virus- 
induced cell fusion and replication.

Retinoic acid was shown to suppress viral yield in 
Vero cells and altered N-glycosylation of viral envelope 
proteins [126]. The use of tunicamycin to inhibit 
N-glycosylation of HSV- 1 envelope glycoproteins was 
associated with the production of noninfectious viral 
particles [126,127]. Seventy-four O-linked glycosylation 
sites have been identified on 8 of the 12 HSV-1 envel
ope proteins [128]. Of the 74 O-glycosylation sites, 34 
are localized on the four HSV-1 membrane proteins 
(gB, gD, gH and gL), which are essential for viral 
infectivity in vitro [128]. Twenty-one glycosylation 
sites were identified in gB, which is essential for fusion 
with host cell membranes. The remaining 40 
O-glycosites were distributed among four HSV-1 gly
coproteins (gC, gE, gI and gG), which are all critical in 
virus–host interactions and host immune response 
modulation [128].

Varicella-zoster virus (VZV), a human alphaherpes
viruses, encodes various structural glycoproteins that 
are important for its assembly and trafficking 
[129,130]. At least seven of its proteins are glycosy
lated – glycoproteins B, C, E, H, I, K, and L (gB, gC, 
gE, gH, gI, gK, and gL) [131]. Among them, gE is the 
most abundant VZV glycoprotein, and its loss leads to 
impaired viral reproduction [132,133]. Like HSV-1, 
multiple G proteins have N and O-glycosylation sites, 
but there are few reports on the specific biological 
functions of these glycosylation sites.

Other viruses, such as Rabies virus [134], Human 
Papillomavirus [135], and Metapneumovirus [136] 
have N-linked glycans, which play important roles in 

infectivity, protein folding, tropism, proteolytic proces
sing, as well as immune escape.

Glycosylations of nonstructural viral proteins

Glycosylation and biological functions of flavivirus 
NS1 protein

Nonstructural viral proteins can also be glycosylated. 
The flavivirus genome encodes seven NS proteins: 
NS1, NS2A, NS2B, NS3, NS4A, NS4B, and NS5 
[137–139]. DENV NS1 has two glycosylation sites at 
Asn-130 and Asn-207 [21,140,141] (Figure 1), which 
are conserved in the family flaviviridae. By destroying 
the endothelial glycocalyx-like layer (EGL), DENV 
NS1 has been shown to induce vascular leakage 
[142]. Mutations of the NS1 protein at the N207 
glycosylation site could not lead to EGL degradation 
or internalization by endothelial cells. Just like DENV, 
the N207 glycosylation sites of WNV and ZIKV NS1 
are essential for internalization. N207 is important in 
clathrin-mediated endocytosis, a common pathway 
involved in flavivirus NS1-mediated pathogenesis, 
where it is important for NS1 endosomal transport. 
Mutations of Asn-207 slightly delay viral replica
tion [143].

Glycosylation at N130 plays an important role in 
viral proliferation, NS1 protein secretion, and cyto
pathic effects. Mutations at the N130 glycosylation site 
of DENV1 and DENV2 NS1 have been reported to 
prevent DENV from producing live viruses in mamma
lian and mosquito cells [144,145]. In DENV4, N130 
mutations suppressed viral replication in mammalian 
and C6/36 cells. The absence of N130 in NS1 inhibited 
viral neurovirulence in mice models [145–147].

Like DENV, JEV, and ZIKV NS1 have two N-linked 
glycosylation sites at N130 and N207 [148]. Yellow 
fever (YF) NS1 has glycosylation sites at positions 130 
and 208 [149]. In addition, some viruses, such as WNV, 
St. Louis encephalitis (SLE) and Murray valley ence
phalitis virus (MVEV) have a third glycosylation site at 
the 175th amino acid position [150]. Entebbe bat virus 
(ENTV) has four potential N-linked glycosylation sites 
in NS1, located at Asn-106, Asn-130, Asn-207, and 
Asn-326 [151] while the tick-borne encephalitis virus 
(TBEV) NS1 has three putative N-linked glycosylation 
sites at residues 85, 207, and 223 [152]. In brain 
endothelial cells, WNV and JEV NS1 only interact 
with the glycocalyx, while YFV NS1 exerts the strongest 
effects on liver endothelial cells [148]. Multiple amino 
acid changes in the first glycosylation motif of WNV 
NS1 protein promoted neuroinvasion in mice models 
[153]. These findings imply that elucidation of the 
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mechanisms involved in flavivirus NS1 glycosylation is 
essential for the development of antiviral therapies and 
NS1-based vaccine approaches.

Glycosylation and biological functions of 
coronavirus nonstructural proteins

The nsp3 and nsp4 nonstructural proteins of corona
virus undergo N-linked glycosylation in ER. For 
instance, mouse hepatitis virus MHV nsp3 has 
a glycosylation site at N1525. The glycosylation site 
of nsp4 in gamma-coronavirus bronchitis virus (IBV) 
is at residue N48. For the nsp4 of MHV, two glyco
sylation sites have been predicted at residues N176 
and N237 [76,154]. These two nonstructural proteins 
play vital roles in the life cycles of coronaviruses; 
however, the functions of their glycosylation have 
not been elucidated. Other nonstructural proteins of 
coronaviruses, such as ORF3a, 8ab, and 3b are also 
glycosylated, but the significance of these modifica
tions are yet to be determined [155].

In addition, some other viral nonstructural proteins, 
such as Rotavirus NSP4 [156] and HCV NS4B 
[157,158], may also be glycosylated, but not discussed 
in detail here for the limited space of the review.

Conclusions and perspective

Glycomics is an important study field in cell biology. 
Viral-related N-glycosylation modifications, which con
fers various advantages on viral survival and virulence, 
have become a research hotspot. Targeting glycans may 
be a promising approach for inhibition of viral infec
tions. Not only is glycosylation important for patho
gens, it is also vital for hosts. Enveloped viruses hijack 
host glycosylation mechanisms and take advantage of 
host-derived glycans to modify their own glycoproteins, 
which benefits many aspects of viral pathogenesis, 
including entry into host cells, membrane fusion, and 
infectivity. Moreover, N-linked glycosylation of envel
ope proteins play important roles in neutralizing 
antibody sensitivity and immune escape. These glyco
proteins are the only antigens expressed on viral sur
faces; therefore, they are essential for vaccine 
development. For some viruses, glycans in nonstruc
tural proteins are vital to their life cycles. Even though 
the involved mechanisms are yet to be established, their 
roles should not be underestimated. Elucidating the 
mechanisms of viral protein glycosylation during viral 
infection and replication will inform the development 
of specific antiviral therapies and vaccines.

Acknowledgments

We thank Ms. Qianqian Zhang, Fujian Agriculture and 
Forestry University, for the critical reading of the manuscript 
and valuable discussions.

Disclosure statement

No potential conflict of interest was reported by the author(s).

Data availability statement

Data sharing not applicable to this article as no data sets were 
generated or analyzed during the current study. Data cited in 
this review are published and available online or upon 
request from the authors of the respective publications.

Funding

This work was supported by the Priority Academic Program 
Development of Jiangsu Higher Education Institutions, 
National Natural Science Foundation of China (31770933, 
81971917, 32170142), Jiangsu Natural Science Foundation 
(BK20211310) and Open Project Fund from State Key 
Laboratory of Genetic Engineering, Fudan University 
(SKLGE1903); Major Research Plan [31770933, 81971917, 
32170142].

References

[1] Jones KE, Patel NG, Levy MA, et al. Global 
trends in emerging infectious diseases. Nature. 
2008;451:990–993.

[2] Bagdonaite I, Wandall HH. Global aspects of viral 
glycosylation. Glycobiology. 2018;28:443–467.

[3] Evans DeWald L, Starr C, Butters T, et al. Iminosugars: 
a host-targeted approach to combat Flaviviridae 
infections. Antiviral Res. 2020;184:104881.

[4] Mathys L, François KO, Quandte M, et al. Deletion of 
the highly conserved N-glycan at Asn260 of HIV-1 
gp120 affects folding and lysosomal degradation of 
gp120, and results in loss of viral infectivity. PLoS 
One. 2014;9:e101181.

[5] Kim JM, Yun SI, Song BH, et al. A single N-linked 
glycosylation site in the Japanese encephalitis virus 
prM protein is critical for cell type-specific prM pro
tein biogenesis, virus particle release, and pathogenicity 
in mice. J Virol. 2008;82:7846–7862.

[6] Hanna SL, Pierson TC, Sanchez MD, et al. N-Linked 
glycosylation of west Nile virus envelope proteins 
influences particle assembly and infectivity. J Virol. 
2005;79:13262–13274.

[7] York IA, Stevens J, Iv A. Influenza virus N-linked 
glycosylation and innate immunity. Biosci Rep. 
2019;39(1):BSR20171505.

[8] Bonhomme CJ, Capul AA, Lauron EJ, et al. 
Glycosylation modulates arenavirus glycoprotein 
expression and function. Virology. 2011;409:223–233.

678 T. FENG ET AL.



[9] Zhu X, Liu Y, Guo J, et al. Effects of N-linked glycan 
on Lassa virus envelope glycoprotein cleavage, infectiv
ity, and immune response. Virol Sin. 2021;36:774–783.

[10] Yang Q, Hughes TA, Kelkar A, et al. Inhibition of 
SARS-CoV-2 viral entry upon blocking N- and 
O-glycan elaboration. Elife. 2020;9. DOI:10.7554/ 
eLife.61552.

[11] Mondotte JA, Lozach PY, Amara A, et al. Essential role 
of Dengue virus envelope protein N glycosylation at 
asparagine-67 during viral propagation. J Virol. 
2007;81:7136–7148.

[12] Gwon YD, Zusinaite E, Merits A, et al. N-glycosylation 
in the pre-membrane protein is essential for the Zika 
virus life cycle. Viruses. 2020;12(9):925.

[13] Lennemann NJ, Rhein BA, Ndungo E, et al. 
Comprehensive functional analysis of N-linked glycans 
on Ebola virus GP1. mBio. 2014;5:e00862–13.

[14] Vigerust DJ, Shepherd VL. Virus glycosylation: role in 
virulence and immune interactions. Trends Microbiol. 
2007;15:211–218.

[15] Gubler DJ. Dengue/dengue haemorrhagic fever: history 
and current status. Novartis Found Symp. 2006;27771- 
3: 3–16–3251–3. discussion -22.

[16] Halstead SB. Observations related to pathogenesis of 
dengue hemorrhagic fever. VI. Hypotheses and 
discussion. Yale J Biol Med. 1970;42:350–362.

[17] Rodenhuis-Zybert IA, Wilschut J, Smit JM. Dengue 
virus life cycle: viral and host factors modulating 
infectivity. Cell Mol Life Sci. 2010;67:2773–2786.

[18] Ma L, Jones CT, Groesch TD, et al. Solution structure 
of Dengue virus capsid protein reveals another fold. 
Proc Natl Acad Sci U S A. 2004;101:3414–3419.

[19] Jones CT, Ma L, Burgner JW, et al. Flavivirus capsid is 
a dimeric alpha-helical protein. J Virol. 
2003;77:7143–7149.

[20] Chang CJ, Luh HW, Wang SH, et al. The heteroge
neous nuclear ribonucleoprotein K (hnRNP K) inter
acts with Dengue virus core protein. DNA Cell Biol. 
2001;20:569–577.

[21] Yap SSL, Nguyen-Khuong T, Rudd PM, et al. Dengue 
virus glycosylation: what do we know? Front 
Microbiol. 2017;8:1415.

[22] Alen MM, Dallmeier K, Balzarini J, et al. Crucial role of 
the N-glycans on the viral E-envelope glycoprotein in 
DC-SIGN-mediated Dengue virus infection. Antiviral 
Res. 2012;96:280–287.

[23] Pokidysheva E, Zhang Y, Battisti AJ, et al. Cryo-EM 
reconstruction of Dengue virus in complex with the 
carbohydrate recognition domain of DC-SIGN. Cell. 
2006;124:485–493.

[24] Courageot MP, Frenkiel MP, Dos Santos CD, et al. 
Alpha-Glucosidase inhibitors reduce Dengue virus pro
duction by affecting the initial steps of virion morpho
genesis in the endoplasmic reticulum. J Virol. 
2000;74:564–572.

[25] Pierson TC, Diamond MS. The emergence of Zika 
virus and its new clinical syndromes. Nature. 
2018;560:573–581.

[26] Oehler E, Watrin L, Larre P, et al. Zika virus infec
tion complicated by Guillain-Barre syndrome–case 
report, French Polynesia, December 2013. Euro 
Surveill 2014; 19.

[27] Muñoz LS, Parra B, Pardo CA. Neurological implica
tions of Zika virus infection in adults. J Infect Dis. 
2017;216:S897–S905.

[28] Carbaugh DL, Baric RS, Lazear HM. Envelope protein 
glycosylation mediates Zika virus pathogenesis. J Virol. 
2019;93(12):e00113-19.

[29] Wen D, Li S, Dong F, et al. N-glycosylation of viral 
E protein is the determinant for vector midgut invasion 
by flaviviruses. mBio. 2018;9.

[30] Fontes-Garfias CR, Shan C, Luo H, et al. Functional 
analysis of glycosylation of Zika virus envelope protein. 
Cell Rep. 2017;21:1180–1190.

[31] Guo Y, Bao L, Xu Y, et al. The ablation of envelope 
protein glycosylation enhances the neurovirulence of 
ZIKV and cell apoptosis in newborn mice. J Immunol 
Res. 2021;2021:5317662.

[32] Maharaj PD, Langevin SA, Bolling BG, et al. N-Linked 
glycosylation of the West Nile virus envelope protein 
is not a requisite for avian virulence or vector 
competence. PLoS Negl Trop Dis. 2019;13:e0007473.

[33] Ebel GD, Carricaburu J, Young D, et al. Genetic and 
phenotypic variation of West Nile virus in New York, 
2000-2003. Am J Trop Med Hyg. 2004;71:493–500.

[34] Adams SC, Broom AK, Sammels LM, et al. 
Glycosylation and antigenic variation among Kunjin 
virus isolates. Virology. 1995;206:49–56.

[35] Berthet FX, Zeller HG, Drouet MT, et al. Extensive 
nucleotide changes and deletions within the envelope 
glycoprotein gene of Euro-African West Nile viruses. 
J Gen Virol. 1997;78(Pt 9):2293–2297.

[36] Martina BE, Koraka P, van den Doel P, et al. DC-SIGN 
enhances infection of cells with glycosylated West Nile 
virus in vitro and virus replication in human dendritic 
cells induces production of IFN-alpha and TNF-alpha. 
Virus Res. 2008;135:64–71.

[37] Moudy RM, Payne AF, Dodson BL, et al. Requirement 
of glycosylation of West Nile virus envelope protein for 
infection of, but not spread within, Culex quinquefas
ciatus mosquito vectors. Am J Trop Med Hyg. 
2011;85:374–378.

[38] Moudy RM, Zhang B, Shi PY, et al. West Nile virus 
envelope protein glycosylation is required for efficient 
viral transmission by Culex vectors. Virology. 
2009;387:222–228.

[39] Shirato K, Miyoshi H, Goto A, et al. Viral envelope 
protein glycosylation is a molecular determinant of the 
neuroinvasiveness of the New York strain of West Nile 
virus. J Gen Virol. 2004;85:3637–3645.

[40] Zhang Y, Chen P, Cao R, et al. Mutation of putative 
N-linked glycosylation sites in Japanese encephalitis 
virus premembrane and envelope proteins enhances 
humoral immunity in BALB/C mice after DNA 
vaccination. Virol J. 2011;8:138.

[41] Liang JJ, Chou MW, Lin YL. DC-SIGN binding con
tributed by an extra N-linked glycosylation on Japanese 
Encephalitis Virus envelope protein reduces the ability 
of viral brain invasion. Front Cell Infect Microbiol. 
2018;8:239.

[42] Helle F, Vieyres G, Elkrief L, et al. Role of N-linked 
glycans in the functions of hepatitis C virus envelope 
proteins incorporated into infectious virions. J Virol. 
2010;84:11905–11915.

VIRULENCE 679

https://doi.org/10.7554/eLife.61552
https://doi.org/10.7554/eLife.61552


[43] Goffard A, Callens N, Bartosch B, et al. Role of 
N-linked glycans in the functions of hepatitis C virus 
envelope glycoproteins. J Virol. 2005;79:8400–8409.

[44] Falkowska E, Kajumo F, Garcia E, et al. Hepatitis 
C virus envelope glycoprotein E2 glycans modulate 
entry, CD81 binding, and neutralization. J Virol. 
2007;81:8072–8079.

[45] Helle F, Goffard A, Morel V, et al. The neutralizing 
activity of anti-hepatitis C virus antibodies is modu
lated by specific glycans on the E2 envelope protein. 
J Virol. 2007;81:8101–8111.

[46] Beasley DW, Whiteman MC, Zhang S, et al. Envelope 
protein glycosylation status influences mouse neuroin
vasion phenotype of genetic lineage 1 West Nile virus 
strains. J Virol. 2005;79:8339–8347.

[47] Bryant JE, Calvert AE, Mesesan K, et al. Glycosylation 
of the dengue 2 virus E protein at N67 is critical for 
virus growth in vitro but not for growth in intrathor
acically inoculated Aedes aegypti mosquitoes. Virology. 
2007;366:415–423.

[48] Guirakhoo F, Hunt AR, Lewis JG, et al. Selection and 
partial characterization of dengue 2 virus mutants 
that induce fusion at elevated pH. Virology. 
1993;194:219–223.

[49] Kawano H, Rostapshov V, Rosen L, et al. Genetic 
determinants of dengue type 4 virus neurovirulence 
for mice. J Virol. 1993;67:6567–6575.

[50] Lee E, Leang SK, Davidson A, et al. Both E protein 
glycans adversely affect dengue virus infectivity but 
are beneficial for virion release. J Virol. 
2010;84:5171–5180.

[51] Mossenta M, Marchese S, Poggianella M, et al. Role of 
N-glycosylation on Zika virus E protein secretion, viral 
assembly and infectivity. Biochem Biophys Res 
Commun. 2017;492:579–586.

[52] Auwerx J, François KO, Covens K, et al. Glycan dele
tions in the HIV-1 gp120 V1/V2 domain compromise 
viral infectivity, sensitize the mutant virus strains to 
carbohydrate-binding agents and represent a specific 
target for therapeutic intervention. Virology. 
2008;382:10–19.

[53] Mathys L, Balzarini J. Several N-glycans on the HIV 
envelope glycoprotein gp120 preferentially locate near 
disulphide bridges and are required for efficient infec
tivity and virus transmission. PLoS One. 2015;10: 
e0130621.

[54] François KO, Balzarini J. The highly conserved 
glycan at asparagine 260 of HIV-1 gp120 is indis
pensable for viral entry. J Biol Chem. 
2011;286:42900–42910.

[55] Quiñones-Kochs MI, Buonocore L, Rose JK. Role of 
N-linked glycans in a human immunodeficiency virus 
envelope glycoprotein: effects on protein function 
and the neutralizing antibody response. J Virol. 
2002;76:4199–4211.

[56] Schulze IT. Effects of glycosylation on the properties 
and functions of influenza virus hemagglutinin. J Infect 
Dis. 1997;176 Suppl 1:S24–8.

[57] Roberts PC, Garten W, Klenk HD. Role of con
served glycosylation sites in maturation and trans
port of influenza a virus hemagglutinin. J Virol. 
1993;67:3048–3060.

[58] Ohuchi R, Ohuchi M, Garten W, et al. 
Oligosaccharides in the stem region maintain the influ
enza virus hemagglutinin in the metastable form 
required for fusion activity. J Virol. 1997;71:3719–3725.

[59] Tsuchiya E, Sugawara K, Hongo S, et al. Role of over
lapping glycosylation sequons in antigenic properties, 
intracellular transport and biological activities of influ
enza A/H2N2 virus haemagglutinin. J Gen Virol. 
2002;83:3067–3074.

[60] Gambaryan AS, Marinina VP, Tuzikov AB, et al. 
Effects of host-dependent glycosylation of hemaggluti
nin on receptor-binding properties on H1N1 human 
influenza a virus grown in MDCK cells and in embryo
nated eggs. Virology. 1998;247:170–177.

[61] Ohuchi M, Ohuchi R, Feldmann A, et al. Regulation of 
receptor binding affinity of influenza virus hemagglu
tinin by its carbohydrate moiety. J Virol. 
1997;71:8377–8384.

[62] Alymova IV, York LA, Air GM, et al. Glycosylation 
changes in the globular head of H3N2 influenza 
hemagglutinin modulate receptor binding without 
affecting virus virulence. Sci Rep. 2016;6:36216.

[63] Deshpande KL, Fried VA, Ando M, et al. Glycosylation 
affects cleavage of an H5N2 influenza virus hemagglu
tinin and regulates virulence. Proc Natl Acad Sci U S a. 
1987;84:36–40.

[64] Ohuchi M, Orlich M, Ohuchi R, et al. Mutations at the 
cleavage site of the hemagglutinin after the pathogeni
city of influenza virus A/chick/Penn/83 (H5N2). 
Virology. 1989;168:274–280.

[65] Reading PC, Pickett DL, Tate MD, et al. Loss of 
a single N-linked glycan from the hemagglutinin of 
influenza virus is associated with resistance to collec
tins and increased virulence in mice. Respir Res. 
2009;10:117.

[66] Wagner R, Wolff T, Herwig A, et al. Interdependence 
of hemagglutinin glycosylation and neuraminidase as 
regulators of influenza virus growth: a study by reverse 
genetics. J Virol. 2000;74:6316–6323.

[67] Li S, Schulman J, Itamura S, et al. Glycosylation of 
neuraminidase determines the neurovirulence of influ
enza A/WSN/33 virus. J Virol. 1993;67:6667–6673.

[68] Lu R, Zhao X, Li J, et al. Genomic characterisation and 
epidemiology of 2019 novel coronavirus: implications 
for virus origins and receptor binding. Lancet. 
2020;395:565–574.

[69] Walls AC, Park YJ, Tortorici MA, et al. Function, and 
antigenicity of the SARS-CoV-2 spike glycoprotein. 
Cell. 2020;181:281–92.e6.

[70] Wrapp D, Wang N, Corbett KS, et al. Cryo-EM struc
ture of the 2019-nCov spike in the prefusion 
conformation. Science. 2020;367:1260–1263.

[71] Shajahan A, Archer-Hartmann S, Supekar NT, et al. 
Comprehensive characterization of N- and O- gly
cosylation of SARS-CoV-2 human receptor angio
tensin converting enzyme 2. Glycobiology. 
2021;31:410–424.

[72] Lan J, Ge J, Yu J, et al. Structure of the SARS-CoV-2 
spike receptor-binding domain bound to the ACE2 
receptor. Nature. 2020;581:215–220.

[73] Tooze SA, Tooze J, Warren G. Site of addition of 
N-acetyl-galactosamine to the E1 glycoprotein of 

680 T. FENG ET AL.



mouse hepatitis virus-A59. J Cell Biol. 
1988;106:1475–1487.

[74] Holmes KV, Doller EW, Sturman LS. Tunicamycin 
resistant glycosylation of coronavirus glycoprotein: 
demonstration of a novel type of viral glycoprotein. 
Virology. 1981;115:334–344.

[75] Yamada Y, Liu DX. Proteolytic activation of the spike 
protein at a novel RRRR/S motif is implicated in 
furin-dependent entry, syncytium formation, and 
infectivity of coronavirus infectious bronchitis virus 
in cultured cells. J Virol. 2009;83:8744–8758.

[76] Dawood AA, Altobje MA. Inhibition of N-linked gly
cosylation by tunicamycin may contribute to the treat
ment of SARS-CoV-2. Microb Pathog. 
2020;149:104586.

[77] Delmas B, Laude H. Assembly of coronavirus spike 
protein into trimers and its role in epitope 
expression. J Virol. 1990;64:5367–5375.

[78] Voss D, Pfefferle S, Drosten C, et al. Studies on mem
brane topology, N-glycosylation and functionality of 
SARS-CoV membrane protein. Virol J. 2009;6:79.

[79] Lennemann NJ, Walkner M, Berkebile AR, et al. The 
role of conserved N-linked glycans on Ebola Virus 
glycoprotein 2. J Infect Dis. 2015;212 Suppl 2:S204–9.

[80] Kwak JE, Kim YI, Park SJ, et al. Development of 
a SFTSV DNA vaccine that confers complete protec
tion against lethal infection in ferrets. Nat Commun. 
2019;10:3836.

[81] Wu Y, Zhu Y, Gao F, et al. Structures of phlebovirus 
glycoprotein Gn and identification of a neutralizing 
antibody epitope. Proc Natl Acad Sci U S a. 2017;114: 
E7564–e73.

[82] Halldorsson S, Behrens AJ, Harlos K, et al. Structure of 
a phleboviral envelope glycoprotein reveals 
a consolidated model of membrane fusion. Proc Natl 
Acad Sci U S a. 2016;113:7154–7159.

[83] Hofmann H, Li X, Zhang X, et al. Severe fever with 
thrombocytopenia virus glycoproteins are targeted by 
neutralizing antibodies and can use DC-SIGN as 
a receptor for pH-dependent entry into human and 
animal cell lines. J Virol. 2013;87:4384–4394.

[84] Sun Y, Qi Y, Liu C, et al. Nonmuscle myosin heavy 
chain IIA is a critical factor contributing to the effi
ciency of early infection of severe fever with thrombo
cytopenia syndrome virus. J Virol. 2014;88:237–248.

[85] Schmaljohn CS, Schmaljohn AL, Dalrymple JM. 
Hantaan virus M RNA: coding strategy, nucleotide 
sequence, and gene order. Virology. 1987;157:31–39.

[86] Shi X, Elliott RM. Analysis of N-linked glycosylation of 
hantaan virus glycoproteins and the role of oligosac
charide side chains in protein folding and intracellular 
trafficking. J Virol. 2004;78:5414–5422.

[87] Phoenix I, Nishiyama S, Lokugamage N, et al. 
N-glycans on the Rift Valley fever virus envelope gly
coproteins Gn and Gc redundantly support viral infec
tion via DC-SIGN. Viruses. 2016;8(5):149.

[88] Said A, Elmanzalawy M, Ma G, et al. An equine her
pesvirus type 1 (EHV-1) vector expressing Rift Valley 
fever virus (RVFV) Gn and Gc induces neutralizing 
antibodies in sheep. Virol J. 2017;14:154.

[89] Wright D, Allen ER, Clark MHA, et al. Naturally 
acquired Rift Valley fever virus neutralizing antibodies 

predominantly target the Gn glycoprotein. iScience. 
2020;23:101669.

[90] Lam SK. Nipah virus–a potential agent of bioterrorism? 
Antiviral Res. 2003;57:113–119.

[91] Tan CT, Wong KT. Nipah encephalitis outbreak in 
Malaysia. Ann Acad Med Singap. 2003;32:112–117.

[92] Aguilar HC, Matreyek KA, Filone CM, et al. N-Glycans 
on Nipah virus fusion protein protect against neutrali
zation but reduce membrane fusion and viral entry. 
J Virol. 2006;80:4878–4889.

[93] Biering SB, Huang A, Vu AT, et al. N-Glycans on the 
Nipah virus attachment glycoprotein modulate fusion 
and viral entry as they protect against antibody 
neutralization. J Virol. 2012;86:11991–12002.

[94] Steffen DL, Xu K, Nikolov DB, et al. Henipavirus 
mediated membrane fusion, virus entry and targeted 
therapeutics. Viruses. 2012;4:280–308.

[95] Martínez I, Melero JA. Binding of human respiratory 
syncytial virus to cells: implication of sulfated cell sur
face proteoglycans. J Gen Virol. 2000;81:2715–2722.

[96] Leemans A, Boeren M, Van der Gucht W, et al. 
Characterization of the role of N-glycosylation sites in 
the respiratory syncytial virus fusion protein in virus 
replication, syncytium formation and antigenicity. 
Virus Res. 2019;266:58–68.

[97] Leemans A, Boeren M, Van der Gucht W, et al. 
Removal of the N-glycosylation sequon at position 
N116 located in p27 of the respiratory Syncytial virus 
fusion protein elicits enhanced antibody responses 
after DNA immunization. Viruses. 2018;10.

[98] Wright KE, Spiro RC, Burns JW, et al. Post- 
Translational processing of the glycoproteins of lym
phocytic choriomeningitis virus. Virology. 
1990;177:175–183.

[99] Wright KE, Salvato MS, Buchmeier MJ. Neutralizing 
epitopes of lymphocytic choriomeningitis virus are 
conformational and require both glycosylation and dis
ulfide bonds for expression. Virology. 
1989;171:417–426.

[100] Bonhomme CJ, Knopp KA, Bederka LH, et al. LCMV 
glycosylation modulates viral fitness and cell tropism. 
PLoS One. 2013;8:e53273.

[101] Branco LM, Garry RF. Characterization of the Lassa 
virus GP1 ectodomain shedding: implications for 
improved diagnostic platforms. Virol J. 2009;6:147.

[102] Burri DJ, JR da P, Kunz S, et al. Envelope glycoprotein 
of arenaviruses. Viruses. 2012;4:2162–2181.

[103] Bowen MD, Rollin PE, Ksiazek TG, et al. Genetic 
diversity among Lassa virus strains. J Virol. 
2000;74:6992–7004.

[104] Lenz O, Ter Meulen J, Klenk HD, et al. The Lassa virus 
glycoprotein precursor GP-C is proteolytically pro
cessed by subtilase SKI-1/S1P. Proc Natl Acad Sci 
U S A. 2001;98:12701–12705.

[105] Rojek JM, Pasqual G, Sanchez AB, et al. Targeting the 
proteolytic processing of the viral glycoprotein precur
sor is a promising novel antiviral strategy against 
arenaviruses. J Virol. 2010;84:573–584.

[106] Shrivastava-Ranjan P, Bergeron É, Chakrabarti AK, 
et al. 25-hydroxycholesterol inhibition of Lassa virus 
infection through aberrant GP1 glycosylation. mBio. 
2016;7(6):e01808–16.

VIRULENCE 681



[107] Zhu S, Wan W, Zhang Y, et al. Comprehensive inter
actome analysis reveals that STT3B is required for 
N-glycosylation of Lassa virus glycoprotein. J Virol. 
2019;93(23):e01443–19.

[108] Dobrica MO, Lazar C, Branza-Nichita N. 
N-glycosylation and N-glycan processing in HBV biol
ogy and pathogenesis. Cells. 2020;9(6):1404.

[109] Bruss V, Vieluf K. Functions of the internal 
pre-S domain of the large surface protein in hepatitis 
B virus particle morphogenesis. J Virol. 
1995;69:6652–6657.

[110] Lazar C, Durantel D, Macovei A, et al. Treatment of 
hepatitis B virus-infected cells with alpha-glucosidase 
inhibitors results in production of virions with altered 
molecular composition and infectivity. Antiviral Res. 
2007;76:30–37.

[111] Spear PG, Manoj S, Yoon M, et al. Different receptors 
binding to distinct interfaces on herpes simplex virus 
gD can trigger events leading to cell fusion and viral 
entry. Virology. 2006;344:17–24.

[112] Arii J, Wang J, Morimoto T, et al. A single-amino- 
acid substitution in herpes simplex virus 1 envelope 
glycoprotein B at a site required for binding to the 
paired immunoglobulin-like type 2 receptor alpha 
(PILRalpha) abrogates PILRalpha-dependent viral 
entry and reduces pathogenesis. J Virol. 
2010;84:10773–10783.

[113] Lu H, Cherepanova NA, Gilmore R, et al. Targeting 
STT3A-oligosaccharyltransferase with NGI-1 causes 
herpes simplex virus 1 dysfunction. Faseb J. 
2019;33:6801–6812.

[114] Antoine TE, Park PJ, Shukla D. Glycoprotein targeted 
therapeutics: a new era of anti-herpes simplex virus-1 
therapeutics. Rev Med Virol. 2013;23:194–208.

[115] Eisenberg RJ, Atanasiu D, Cairns TM, et al. Herpes 
virus fusion and entry: a story with many characters. 
Viruses. 2012;4:800–832.

[116] Akhtar J, Shukla D. Viral entry mechanisms: cellular 
and viral mediators of herpes simplex virus entry. Febs 
J. 2009;276:7228–7236.

[117] Herold BC, Visalli RJ, Susmarski N, et al. Glycoprotein 
C-independent binding of herpes simplex virus to cells 
requires cell surface heparan sulphate and glycoprotein 
B. J Gen Virol. 1994;75(Pt 6):1211–1222.

[118] Herold BC, WuDunn D, Soltys N, et al. Glycoprotein 
C of herpes simplex virus type 1 plays a principal role 
in the adsorption of virus to cells and in infectivity. 
J Virol. 1991;65:1090–1098.

[119] Pertel PE, Fridberg A, Parish ML, et al. Cell fusion 
induced by herpes simplex virus glycoproteins gB, 
gD, and gH-gL requires a gD receptor but not neces
sarily heparan sulfate. Virology. 2001;279:313–324.

[120] Hansen JE, Lund O, Engelbrecht J, et al. Prediction of 
O-glycosylation of mammalian proteins: specificity pat
terns of UDP-GalNac:polypeptide N-acetylgalactosamin- 
yltransferase. Biochem J. 1995;308(Pt 3):801–813.

[121] Peng T, Ponce de Leon M, Novotny MJ, et al. 
Structural and antigenic analysis of a truncated form 
of the herpes simplex virus glycoprotein gH-gL 
complex. J Virol. 1998;72:6092–6103.

[122] Kornfeld R, Kornfeld S. Assembly of asparagine-linked 
oligosaccharides. Annu Rev Biochem. 1985;54:631–664.

[123] Hutchinson L, Browne H, Wargent V, et al. A novel 
herpes simplex virus glycoprotein, gL, forms a complex 
with glycoprotein H (gH) and affects normal folding 
and surface expression of gH. J Virol. 
1992;66:2240–2250.

[124] Nordén R, Halim A, Nyström K, et al. O-Linked gly
cosylation of the mucin domain of the herpes simplex 
virus type 1-specific glycoprotein gC-1 is temporally 
regulated in a seed-and-spread manner. J Biol Chem. 
2015;290:5078–5091.

[125] Serafini-Cessi F, Dall’-Olio F, Malagolini N, et al. 
Comparative study on O-linked oligosaccharides of 
glycoprotein D of herpes simplex virus types 1 and 2. 
J Gen Virol. 1988;69(Pt 4):869–877.

[126] Isaacs CE, Xu W, Pullarkat RK, et al. Retinoic acid 
reduces the yield of herpes simplex virus in Vero cells 
and alters the N-glycosylation of viral envelope 
proteins. Antiviral Res. 2000;47:29–40.

[127] Serafini-Cessi F, Dall’-Olio F, Scannavini M, et al. 
Processing of herpes simplex virus-1 glycans in cells 
defective in glycosyl transferases of the Golgi system: 
relationship to cell fusion and virion egress. Virology. 
1983;131:59–70.

[128] Bagdonaite I, Nordén R, Joshi HJ, et al. A strategy for 
O-glycoproteomics of enveloped viruses–the 
O-glycoproteome of herpes simplex virus type 1. 
PLoS Pathog. 2015;11:e1004784.

[129] Yao Z, Jackson W, Forghani B, et al. Varicella-Zoster 
virus glycoprotein gpI/gpiv receptor: expression, com
plex formation, and antigenicity within the vaccinia 
virus-T7 RNA polymerase transfection system. 
J Virol. 1993;67:305–314.

[130] Maresová L, Kutinová L, Ludvíková V, et al. 
Characterization of interaction of gH and gL glycopro
teins of varicella-zoster virus: their processing and 
trafficking. J Gen Virol. 2000;81:1545–1552.

[131] Yamagishi Y, Sadaoka T, Yoshii H, et al. Varicella- 
Zoster virus glycoprotein M homolog is glycosylated, 
is expressed on the viral envelope, and functions in 
virus cell-to-cell spread. J Virol. 2008;82:795–804.

[132] Mo C, Lee J, Sommer M, et al. The requirement of 
varicella zoster virus glycoprotein E (gE) for viral repli
cation and effects of glycoprotein I on gE in melanoma 
cells. Virology. 2002;304:176–186.

[133] Montalvo EA, Parmley RT, Grose C. Structural analysis 
of the varicella-zoster virus gp98-gp62 complex: post
translational addition of N-linked and O-linked oligo
saccharide moieties. J Virol. 1985;53:761–770.

[134] Yamada K, Noguchi K, Nishizono A. Efficient 
N-glycosylation at position 37, but not at position 
146, in the street rabies virus glycoprotein reduces 
pathogenicity. Virus Res. 2014;179:169–176.

[135] Zhou J, Sun XY, Frazer IH. Glycosylation of human 
papillomavirus type 16 L1 protein. Virology. 
1993;194:210–218.

[136] Schowalter RM, Smith SE, Dutch RE. Characterization 
of human metapneumovirus F protein-promoted 
membrane fusion: critical roles for proteolytic proces
sing and low pH. J Virol. 2006;80:10931–10941.

[137] Apte-Sengupta S, Sirohi D, Kuhn RJ. Coupling of 
replication and assembly in flaviviruses. Curr Opin 
Virol. 2014;9:134–142.

682 T. FENG ET AL.



[138] Lopez-Denman AJ, Mackenzie JM. The IMPORTance 
of the nucleus during flavivirus replication. Viruses. 
2017;9(1):14.

[139] Yu L, Nomaguchi M, Padmanabhan R, et al. Specific 
requirements for elements of the 5’ and 3’ terminal 
regions in flavivirus RNA synthesis and viral replica
tion. Virology. 2008;374:170–185.

[140] Putnak JR, Charles PC, Padmanabhan R, et al. Functional 
and antigenic domains of the dengue-2 virus nonstruc
tural glycoprotein NS-1. Virology. 1988;163:93–103.

[141] Winkler G, Maxwell SE, Ruemmler C, et al. Newly 
synthesized dengue-2 virus nonstructural protein NS1 
is a soluble protein but becomes partially hydrophobic 
and membrane-associated after dimerization. Virology. 
1989;171:302–305.

[142] Wang C, Puerta-Guardo H, Biering SB, et al. 
Endocytosis of flavivirus NS1 is required for 
NS1-mediated endothelial hyperpermeability and is 
abolished by a single N-glycosylation site mutation. 
PLoS Pathog. 2019;15:e1007938.

[143] Fan J, Liu Y, Yuan Z. Critical role of Dengue Virus NS1 
protein in viral replication. Virol Sin. 2014;29:162–169.

[144] Tajima S, Takasaki T, Kurane I. Characterization of 
Asn130-to-Ala mutant of dengue type 1 virus NS1 
protein. Virus Genes. 2008;36:323–329.

[145] Pryor MJ, Gualano RC, Lin B, et al. Growth restriction 
of dengue virus type 2 by site-specific mutagenesis of 
virus-encoded glycoproteins. J Gen Virol. 1998;79(Pt 
11):2631–2639.

[146] Pletnev AG, Bray M, Lai CJ. Chimeric tick-borne ence
phalitis and dengue type 4 viruses: effects of mutations 
on neurovirulence in mice. J Virol. 1993;67:4956–4963.

[147] Crabtree MB, Kinney RM, Miller BR. Deglycosylation 
of the NS1 protein of dengue 2 virus, strain 16681: 
construction and characterization of mutant viruses. 
Arch Virol. 2005;150:771–786.

[148] Puerta-Guardo H, Glasner DR, Espinosa DA, et al. 
Flavivirus NS1 triggers tissue-specific vascular 
endothelial dysfunction reflecting disease tropism. 
Cell Rep. 2019;26:1598–613.e8.

[149] Muylaert IR, Chambers TJ, Galler R, et al. 
Mutagenesis of the N-linked glycosylation sites of 
the yellow fever virus NS1 protein: effects on virus 
replication and mouse neurovirulence. Virology. 
1996;222:159–168.

[150] Whiteman MC, Li L, Wicker JA, et al. Development 
and characterization of non-glycosylated E and NS1 
mutant viruses as a potential candidate vaccine for 
West Nile virus. Vaccine. 2010;28:1075–1083.

[151] Kuno G, Chang GJ. Characterization of Sepik and 
Entebbe bat viruses closely related to yellow fever 
virus. Am J Trop Med Hyg. 2006;75:1165–1170.

[152] Mandl CW, Heinz FX, Stöckl E, et al. Genome sequence 
of tick-borne encephalitis virus (Western subtype) and 
comparative analysis of nonstructural proteins with other 
flaviviruses. Virology. 1989;173:291–301.

[153] Whiteman MC, Wicker JA, Kinney RM, et al. Multiple 
amino acid changes at the first glycosylation motif in 
NS1 protein of West Nile virus are necessary for com
plete attenuation for mouse neuroinvasiveness. 
Vaccine. 2011;29:9702–9710.

[154] Gadlage MJ, Sparks JS, Beachboard DC, et al. Murine 
hepatitis virus nonstructural protein 4 regulates 
virus-induced membrane modifications and replication 
complex function. J Virol. 2010;84:280–290.

[155] Fung TS, Liu DX. Post-Translational modifications of 
coronavirus proteins: roles and function. Future Virol. 
2018;13:405–430.

[156] Diaz Y, Chemello ME, Pena F, et al. Expression of 
nonstructural rotavirus protein NSP4 mimics Ca2+ 
homeostasis changes induced by rotavirus infection in 
cultured cells. J Virol. 2008;82:11331–11343.

[157] Gouttenoire J, Castet V, Montserret R, et al. 
Identification of a novel determinant for membrane 
association in hepatitis C virus nonstructural protein 
4B. J Virol. 2009;83:6257–6268.

[158] Gouttenoire J, Montserret R, Kennel A, et al. An 
amphipathic alpha-helix at the C terminus of hepatitis 
C virus nonstructural protein 4B mediates membrane 
association. J Virol. 2009;83:11378–11384.

VIRULENCE 683


	Abstract
	Introduction
	The roles of glycosylation on viral structural proteins
	Glycosylation and its function on flavivirus structural protein
	Glycosylation of HIV envelope protein
	Glycosylation and biological functions of IAV structural protein
	Glycosylation and biological functions of Coronaviruses structural proteins
	Glycosylation and biological function of EBOV structural protein
	Glycosylation and biological functions of bunyavirus structural protein
	Glycosylation and biological functions of paramyxovirus structural protein
	Glycosylation and biological functions of arenavirus protein
	Glycosylation and biological functions of HBV envelope protein
	Glycosylation and biological functions of Herpes virus and other human virus proteins

	Glycosylations of nonstructural viral proteins
	Glycosylation and biological functions of flavivirus NS1 protein
	Glycosylation and biological functions of coronavirus nonstructural proteins

	Conclusions and perspective
	Acknowledgments
	Disclosure statement
	Data availability statement
	Funding
	References

