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The glycosylation deficiency of flavivirus NS1 =

attenuates virus replication through interfering
with the formation of viral replication
compartments

Shuhan Huang'?, Pan-Deng Shi?, Xiao-Xuan Fan?, Yang Yang'?, Cheng-Feng Qin?, Hui Zhao™', Lei Shi'*'® and
Yali Ci'#*

Abstract

Background Flavivirus is a challenge all over the world. The replication of flavivirus takes place within membranous
replication compartments (RCs) derived from endoplasmic reticulum (ER). Flavivirus NS1 proteins have been proven
essential for the formation of viral RCs by remodeling the ER. The glycosylation of flavivirus NS1 proteins is important
for viral replication, yet the underlying mechanism remains unclear.

Methods Hela cells were used to visualize the ER remodeling effects induced by NS1 expression. ZIKV replicon lucif-
erase assay was performed with BHK-21 cells. rZIKV was generated from BHK-21 cells and the plaque assay was done
with Vero Cells. Liposome co-floating assay was performed with purified NS1 proteins from 293T cells.

Results We found that the glycosylation of flavivirus NS1 contributes to its ER remodeling activity. Glycosylation defi-
ciency of NS1, either through N-glycosylation sites mutations or tunicamycin treatment, compromises its ER remod-
eling activity and interferes with viral RCs formation. Disruption of NS1 glycosylation results in abnormal aggregation
of NS1, rather than reducing its membrane-binding activity. Consequently, deficiency in NS1 glycosylation impairs
virus replication.

Conclusions In summary, our results highlight the significance of NS1 glycosylation in flavivirus replication and eluci-
date the underlying mechanism. This provides a new strategy for combating flavivirus infections.
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Introduction

Flaviviruses are a family of positive-sense, single-
stranded RNA viruses, comprising more than 70
members, including Zika virus (ZIKV), dengue virus
(DENV), yellow fever virus (YFV), and Japanese
Encephalitis virus (JEV), among others [1]. Many flavi-
viruses, such as ZIKV and DENV, are primarily trans-
mitted by Aedes aegypti and A. albopictus mosquitoes,
posing significant public health concerns due to their
potential for widespread infection and serious clinical
manifestations in severe cases [2, 3].

While most individuals infected with ZIKV experi-
ence only subclinical or mild influenza-like symptoms,
ZIKV infection can lead to neurological syndromes,
including Guillain—Barré syndrome, characterized by
an autoimmune attack on peripheral nerves. Addition-
ally, ZIKV infection during pregnancy may transmit to
the fetus, causing microcephaly [4, 5]. DENV is a pub-
lic health concern due to its prevalence in more than
100 countries, with an estimated 390 million people
infected worldwide and 96 million manifested cases
annually [6, 7]. Common symptoms of DENV infec-
tion include high fever, headache, body aches, nausea
and rash. In some cases, dengue fever can be severe
and fatal [8]. Despite increased research efforts, specific
antiviral treatments and safe, effective vaccines for fla-
viviruses are still lacking [9-11].

Flavivirus virions are small, spherical particles with a
diameter of 40 ~ 70 nm. The RNA genome, approximately
11kb in size, encodes a precursor polyprotein that is
cleaved into three structural proteins (capsid, precursor
membrane and envelope) and seven non-structural (NS)
proteins (NS1, NS2A, NS2B, NS3, NS4A, NS4B and NS5)
by viral NS2B3 protease and host proteases. Three struc-
tural proteins, along with genomic RNA, assemble within
a host envelope to form new virus particles. Seven NS
proteins play roles in viral RNA replication, virion assem-
bly, and modulation of host immune responses [12—14].

Flavivirus replication occurs within specialized mem-
branous structures known as replication compartments
(RCs), derived from the endoplasmic reticulum (ER)
[15, 16]. Recent research has illuminated the molecular
mechanisms governing the formation of the flavivirus
RCs. It has been shown that virus-induced rearrange-
ment of ER membranes is critical for the formation of
RCs [16]. NS1, NS4A, and NS4B have all been reported
to possess the ability to remodel the ER. NS4A facilitates
membrane association and contributes to membrane
remodeling [17, 18], while NS4B interacts with NS1 or
host protein TMEM41B to induce membrane curvature
[19, 20]. In our previous study, we found that ZIKV NS1
is indispensable for the establishment of RCs, depending
on its membrane remodeling capacity [15, 21].
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Flavivirus NS1 is a conserved, glycosylated protein
residing in the ER lumen, with a molecular weight rang-
ing from 46 ~ 55 kDa based on its glycosylation level [22].
Flavivirus NS1 exists in various oligomeric forms. Intra-
cellularly, NS1 primarily exists as a dimer, while secre-
tory NS1 forms tetramers or hexamers, comprising two
or three NS1 dimers, respectively [23, 24]. The dimeric
NS1 consists of a central B-ladder domain, a hydropho-
bic B-roll domain, and two wing domains [25]. Most
flaviviruses have two conserved N-glycosylation sites in
NS1 proteins, N130 and N207 [26]. N130 is located in
the wing domain, while N207 is located in the continu-
ous B-ladder domain [25, 27]. NS1 undergoes glycosyla-
tion at these sites with high mannose glycans, with the
glycans at N130 further modified into complex glycans
in the Golgi apparatus by Golgi-resident enzymes [28].
Evidence from previous studies indicates the impor-
tance of NS1 glycosylation for flavivirus replication. For
example, Tajima et al. and Pryor et al. declared that N130
glycosylation of DENV is essential for the production of
progeny virus [29, 30]. Crabtree et al. showed that degly-
cosylation of DENV2 (16681) at N207 site can affect the
growth and pathogenicity of the virus [31]. Additionally,
double mutations in these glycosylation sites on ZIKV
NS1 result in reduced replication and smaller cell plaques
[32]. In summary, substantial evidence supports that
NS1 glycosylation is important for flavivirus replication.
However, how does glycosylation affect NS1 function and
subsequently impair viral replication remains unclear.

Based on our previous study demonstrating the criti-
cal role of ZIKV NS1 in viral RCs formation through ER
membrane rearrangement [21], we sought to investigate
whether the glycosylation of flavivirus NS1 is involved in
ER remodeling and viral RCs formation. In this study, we
found that the deficiency of NS1 glycosylation, whether
through point mutations or tunicamycin treatment,
indeed impairs ER remodeling, subsequently interfering
with viral RCs formation. Mechanistically, disruption of
glycosylation leads to the abnormal aggregation of NSI,
rather than reducing its membrane binding activity,
resulting in its partially inactivation. Thus, glycosylation
deficiency of NS1 impairs ZIKV replication and the pro-
duction of infectious virions.

Materials and methods

Cells & viruses

HeLa (ATCC CCL-2), HEK293T (ATCC CRL3216),
and Vero (ATCC CCL-81) cells were cultured in
DMEM (Gibco), supplemented with 10% fetal bovine
serum (FBS, biosera). BHK-21 cells (ATCC CCL10)
were cultured in DMEM (Gibco), supplemented with
5% FBS. All cells were cultured with 5% CO, at 37°C.
Zika virus strain (FSS13025) and DENV-2 virus strain
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(DENV2_China_SZ_2015) were gifts from State Key
Laboratory of Pathogen and Biosecurity, Beijing, China.

Antibodies & reagents

Antibodies used for Western blotting include Myc (MBL,
Cat. #M192-3), ZIKV/DENV NSI1 (BioFront, Cat. #
B-1191-46), Calnexin (MBL, Cat. #M178-3). Antibod-
ies used for immunofluorescence include Myc (MBL,
Cat. #M192-3), climp63 (Proteintech, Cat. #16686-1-
AP), ZIKV/DENV NS1 (BioFront, Cat. #B-1191-46),
dsRNA-J2 (Scicons), Goat anti-mouse IgG with Alexa
Fluor 488 (Invitrogen). Reagents include tunicamycin
(MCE, Cat. #HY-A0098), Ribonuclease A (Takara, Cat.
#2158).

Clone construction

pcDNA3.1-ss-Myc ZIKV/DENV NS1 has been described
elsewhere [21]. It has an N-terminal bovine preprolactin
signal peptide sequence followed by a Myc tag upstream
of the NS1 coding sequence. ZIKV/DENV NS1 mutants
were produced by point mutations at N130, N207 sites
on pcDNA3.1-ss-Myc ZIKV/DENYV NS1 vector referring
to QuikChange® II Site-Directed Mutagenesis manual.
pcDNA3.1-ss-Myc ZIKV NS1-Twin-Strep clones (WT
and mutants) were generated by adding a Twin-Strep-Tag
at the C-terminus of NS1 for proteins purification. All
plasmids were validated by DNA sequencing.

Immunofluorescence

HeLa or BHK cells were seeded on the coverslips in
24-well plates. Cells were fixed with 4% paraformalde-
hyde for 10 min at RT. Cells were then washed with PBS
three times and permeabilized with 0.2% Triton-X100 for
10 min at RT. After being blocked with 3% Bovine Serum
Albumin (BSA), cells were incubated with the primary
antibodies, Myc (MBL, 1:500) and climp63 (Proteintech,
1:300) or ZIKV/DENV NSI1 (BioFront, 1:200) for 2 h at
37 °C. After three PBS washes, cells were incubated with
the secondary antibodies for 1 h at 37 °C. The cells were
stained with DAPI (1 pg/mL DAPI in PBS) for 10 min

(See figure on next page.)
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and then washed with PBS. Coverslips with cells were
mounted using ProLong Diamond Antifade Mountant
(Invitrogen Cat. #P36970). Fluorescent images were cap-
tured by Leica TCS SP8 gSTED 3X microscope with con-
focal mode. Particularly, extracellular RNA was digested
with Ribonuclease A at 37 °C for 30 min before cell fixa-
tion for dsRNA staining.

Protein expression and purification

HEK293T cells were transfected with pcDNA3.1-ss-Myc
ZIKV NS1-Twin-Strep (WT or mutants) plasmids by PEL
After 24 h, Cells were lysed by RIPA buffer with protease
inhibitors cocktail (1 mM PMSF, 1 pg/mL Aprotinin,
1 pg/mL Pepstatin, and 1 pg/mL Leupeptin), and the cell
lysate was passed through a low temperature ultra high
pressure cell crusher (JNBIO, China) twice. The cell lysate
was then centrifuged for 15 min at 20,000 rpm, 4 °C. The
supernatant was incubated with Streptactin Beads 4FF
(Smart-Lifesciences) for 4 h at 4 °C. Beads were collected
and washed with washing buffer (50 mM Tris pH="7.4,
100 mM NaCl, 1 mM DTT). The proteins were eluted by
elution buffer (50 mM Tris pH="7.4, 100 mM NacCl, 10%
glycerol, 1 mM DTT, 5 mM biotin).

TEM

Cells were seeded in 35-mm dishes. After transfection
with indicated plasmids or virus infections, cells were
fixed with 2.5% glutaraldehyde in PBS. Sample prepara-
tion was performed at the Center of Biomedical Analysis,
Tsinghua University. TEM images were obtained using
electron microscope H-7650.

Protein quantification

For Western blotting experiments, all samples were pro-
cessed consistently. Equal numbers of cells were seeded
in 24-well plates and lysed with the same volume of lysis
buffer. Identical volumes of samples were then loaded
onto the gels. In detail, for Figs. 1A and 5A, the cell
medium was replaced with 300 pL Opti-MEM, and the
cells were lysed with 100 pL lysis buffer. 6 pL of cell lysate

Fig. 1 N-linked glycosylation of ZIKV NS1 is important for ER remodeling. A The glycosylation levels of WT and mutated ZIKV NS1. Intracellular
and secreted ZIKV NS1 expressed in Hela cells were analyzed by Western blotting. < <, glycosylated NS1; <, non-glycosylated NST(N130AN207A).
B Quantification of secreted NS1. The percentage was calculated as secreted NS1 divided by the total NS1 (the sum of intracellular and secreted
NS1). €NST induced ER morphology changes. Hela cells expressing Myc-tagged WT or mutated ZIKV NS1 were stained with Myc and climp63
antibodies, with climp63 serving as the ER marker. NS1-positive cells were categorized into two groups based on ER morphology. “Aggregated
ER”denotes ER aggregations above 5 um?, as indicated by arrows; while ‘normal ER”indicates the ER maintaining sheet and tubule structures
with ER aggregations below 5 um?, as indicated by arrowheads. Scale bar, 20 um. D Quantification of the cell population with different ER
morphologies involved analyzing over 200 cells in each group. The percentage was calculated as the number of cells with aggregated ER divided
by the total number of NS1-positive cells. E Ultrastructure of the ER in Hela cells overexpressing WT or mutated ZIKV NS1 was captured by TEM.
Ctrl, untransfected cells. Scale bar, 1 um (upper), 500 nm (lower). F Quantification of TEM images in (E). The percentage of cells displaying specific
ER morphologies among 50 cells was determined. All statistical data represent mean +SEM (n=3; *, p <0.05; ***, p<0.001; ****, p<0.0001; n.s.,

non-significant; two-tailed t test)
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Fig. 1 (Seelegend on previous page.)

and 18 pL of medium samples were loaded onto the gel.
The percentage of secreted NS1 was determined by divid-
ing secreted NS1 by the total NS1 (the sum of intracellu-
lar and secreted NS1). For Figs. 2E and 5H, the cells were
lysed with 100 pL lysis buffer and centrifuged to separate

the supernatant and pellet fractions. The pellet was
resuspended with 100 pL 1XxSDS-PAGE loading buffer,
and 10 pL of supernatant and pellet samples were loaded
onto the gel. The percentage of insoluble NS1 was calcu-
lated by dividing insoluble NS1 in the pellet by the total
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Fig. 2 Glycosylation deficiency of ZIKV NS1 leads to protein aggregation. A The NS1 proteins with Twin-Strep-Tag, purified from HEK293T cells,
were analyzed by Coomassie blue staining. B Schematic shows the liposome co-floating assay. NS1 proteins were incubated with liposomes,
and then the mixture was applied to density gradient centrifugation. The proteins that floated up with liposomes were harvested from the top layer.

C Co-floating assay of WT and mutated NS1

.Input (2 times diluted with protein loading buffer) and float-up samples were analyzed by Western

blotting. D Quantification of the co-floating NS1. Percentage was calculated as float-up NS1 divided by the input. E Glycosylation deficiency
led to NS1 aggregation. Hela cells were transfected with plasmids encoding for WT or mutated ZIKV NS1 proteins, and the soluble lysates
and detergent-resistant pellets were analyzed by Western blotting. F Quantification of insoluble NS1 (detergent-resistant pellet) in (E). Percentage

was calculated as insoluble NS1 divided by the total NS1 (the sum of soluble and insoluble NS1). All statistical data represent mean +SEM (n

p<0.01; *** p<0.0001; n.s, non-significant; two-tailed t test)

NS1 (the sum of soluble and insoluble NS1). For Fig. 3A,
the cells in 500 puL PBS were sonicated and centrifuged
to pellet the membrane-associated proteins. The pellet
was resuspended with 500 pL PBS, and 10 pL of super-
natant and pellet samples were loaded onto the gel. For
Coomassie blue staining, the total protein concentration
was measured using a Nanodrop instrument (Thermo),
and the NS1 protein was quantified with a BSA standard
by SDS-PAGE. Therefore, for Fig. 2C, equal amount of
NS1 proteins were loaded as input and the percentage of

Q. %%
=3

floating-up NS1 was calculated by dividing float-up NS1
by the input.

Quantitative real-time PCR

RNA was purified with RNA fast200 (Fastagen, Cat.
#220011) and qPCR was performed using FastKing one
step Real-Time RT-PCR kit (TTANGEN, Cat. # FP313).
Actin was used as the housekeeping gene. All primer
sequences used in this study are shown below:
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Fig. 3 Glycosylation deficiency affects ER lumenal ZIKV NS1 solubility and ER association. A ZIKV NS1 and membrane-anchored CNX accumulated
in pellet. Hela cells expressing ZIKV NS1 proteins were subjected to ultrasonication and sequential centrifugations. The sup and pellet samples
were analyzed by Western blotting. Sup, supernatant. CNX, calnexin. B The distributions of ZIKV NS1 and CNX in the pellets from (A) were separated
by sucrose density gradient centrifugation. C The mutated NS1 was enriched in the high-density fractions. Distributions of ZIKV NS1 in fractions 1-7
and 8-10 were calculated as the amount of NS1 divided by that of CNX. D ZIKV NS1 N130AN207A mutant was accumulated in detergent-resistant
pellet. Fractions 1-7 and 8-10 from (B) were harvested and treated with 1% NP-40, and the solubility was determined by Western blotting. E
Quantification of insoluble NS1 (detergent-resistant pellet) in (D). The percentage was calculated as insoluble NS1 divided by the total NS1 (the sum
of soluble and insoluble NS1). F N130AN207A mutant of ZIKV NS1 induced ER stress. Total RNA was extracted from HelLa cells and the mRNA levels
of ER stress sensors were quantified by gPCR. Ctrl means untransfected cells. All statistical data represent mean+SEM (n=3; *, p<0.05; **, p<0.01;
*** p<0.001; n.s, non-significant; two-tailed t test)

human GRP78 F: AAGGGGAACGTCTGATTGG
human GRP78 R: ACGGCAAGAACTTGATGTCC
human HERP F: GTCTCAGGGACTTGCTTCCA
human HERP R: TGTGGATTCAGCCACCTTGG
human Actin F: ATCGTCCACCGCAAATGCTTCTA

human Actin R: AGCCATGCCAATCTCATCTTGTT
ZIKV F: GGTCAGCGTCCTCTCTAATAAACG
ZIKV R: GCACCCTAGTGTCCACTTTTTCC
hamster Actin F: CAACTGGGACGATATGGAGAAG
hamster Actin R: TCTGGGTCATCTTTTCACGG



Huang et al. Journal of Biomedical Science (2024) 31:60

Liposome co-floating assay

Liposome preparation and liposome co-floating assay
were performed as previously described with some
adjustments [21]. Briefly, 9 pL 150 mM DOPC (Avanti),
9.5 uL 15 mM cholesterol (Sigma-Aldrich) and 9.7 pL
0.77 mM Rhodamine-PE (Avanti) were mixed in 100 pL
chloroform. The resulting lipid mixture was dried to a
film using nitrogen gas and vacuumed for 2 h at RT to
evaporate chloroform. The dried lipid mixture was dis-
solved with 800 pL solution buffer (50 mM Tris pH=7.4,
100 mM NaCl) and vortexed for 30 min at RT. The dis-
solved mixture was subjected to seven freeze (liquid
nitrogen)-and-thaw (water bath, 37 °C) cycles and
extruded using Mini-Extruder (Avanti) through a 100 nm
polycarbonate membrane filter (Whatman, 610,005).
1 pg of NS1 protein purified from HEK293T cells were
incubated with 40 pL of 100 nm liposome at 37 °C for 2
h. Then the protein and liposome mixture were mixed
with 80% Nycodenz to get 40% Nycodenz mixture.
The Nycodenz gradient was prepared with 300 puL 40%
Nycodenz containing the liposome and protein mixture,
250 puL 30% Nycodenz and 50 pL solution buffer from the
bottom to the top. Samples were subjected to centrifu-
gation at 45,000 rpm, 4 °C for 4 h. After centrifugation,
proteins in the top layer were collected and analyzed by
Western blotting.

Analysis of detergent soluble and insoluble fraction

HeLa cells were transfected with NS1 plasmids. At 24 h
post-transfection (hpt), the cells were rinsed with PBS
and then lysed by RIPA buffer containing 1% NP-40 and
protease inhibitors cocktail for 10 min on ice. The cell
lysate was centrifuged for 10 min at 13,300 rpm, 4 °C,
then the supernatant was transferred into a new tube.
The supernatant and pellet samples were mixed with pro-
tein loading buffer, boiled for 10 min, and then submitted
to Western blotting analysis.

Sucrose density gradient centrifugation and fractionization
HeLa cells were transfected with WT or N130AN207A
mutated ZIKV NS1 plasmids. At 24 hpt, cells were
detached by scrapers, then centrifuged at 300 g, 4 °C for
5 min to harvest the cells. Cells were resuspended with
PBS and subjected to ultrasonication for 5 s. Subse-
quently, the cell lysate was centrifuged at 700 g, 4 °C for
10 min to remove the nucleus and cell debris. The result-
ing supernatant was further centrifuged at 17,000 g, 4 °C
for 30 min to isolate membrane components. The pel-
let obtained was resuspended in a 40% sucrose solution.
Sucrose gradients were assembled by layering 1mL 50%
sucrose, 1 mL 40% sucrose, 1 mL 40% sucrose containing
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the samples, and 1 mL 30% sucrose from bottom to top.
The samples were subjected to ultracentrifuge for 6 h at
150,000 g, 4 °C with MLS-50 rotor (Beckman). Fractions
were collected in 500 pL volumes from top to bottom.
Fractions 1-7 and fractions 8—10 were mixed separately.
Each 500 pL mixture (1-7 or 8-10) was then diluted
into 5 mL PBS. The diluted mixtures were subjected to
ultracentrifugation for 1 h at 150,000 g, 4 °C. The pellet
obtained after ultracentrifugation was dissolved in RIPA
buffer containing 1% NP-40 for 10 min on ice and sub-
sequently centrifuged at 13,300 rpm, 4 °C for 10 min to
extract the insoluble pellet.

In vitro transcription

ZIKV replicon and ZIKV full length genome were tran-
scribed in vitro using RiboMAXTM Large Scale RNA
Production Systems-T7 (Promega, Cat. #P1300) and
capped RNA was produced by the addition of Ribo m7G
Cap Analog (Promega, Cat. #P1712). In vitro transcrip-
tion was performed for 4 h at 37 °C. DNA template was
removed by 2 pL. RQ1 RNase-Free DNase for 30 min at
37 °C. The RNA products were purified by RNA fast200
(Fastagen) and stored at —80 °C in aliquots.

Luciferase assay

ZIKV replicon WT clone was a gift from B. Zhang
(Institute of Virology, Chinese Academy of Science,
Wuhan, China). BHK-21 cells were transfected with
ZIKV replicons (WT and mutants) carrying Renilla
luciferase reporter by Viafect' Transfect Reagent (Pro-
mega, Cat. #E4982). Luciferase activity of the ZIKV
replicons was measured using Renilla Luciferase Assay
System (Promega, Cat. #E2810) and GloMax® Naviga-
tor Microplate Luminometer at 10 h, 36 h and 48 h after
transfection.

Generation of ZIKV viruses and plaque assay

ZIKV generated by infectious DNA clone pFLZIKV
was previously described [50]. Briefly, ZIKV full length
genome RNA obtained from in vitro transcription was
transfected into BHK-21 cells by Viafect transfection
reagent. The culture media containing virus particles
were collected when cytopathic effects occurred (about
72-96 hpt). The collected ZIKV stocks were tenfold
diluted with DMEM without FBS. Vero cells were incu-
bated with infection media for 2 h when the confluence
reached 100%. Then the media were replaced by DMEM
with 2% FBS containing 1.2% Methyl cellulose (Sigma,
Cat. #M0512). After 5 days, Vero cells were fixed with 4%
formaldehyde at RT for 1 h and stained with 1% crystal
violet and visible plaques were counted.



Huang et al. Journal of Biomedical Science (2024) 31:60

Quantification and statistical analysis
Secreted NS1 percentage:

secreted NS1 « 100
secreted NS1 + intracellular NS1

secreted NS1(%) = (

This formula was applied for Fig. 1B, Fig. 5C, and Fig.
S4C.
Glycosylated NS1 percentage:
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to distinct glycosylation modifications, wild type (WT)
and mutated NS1 from HeLa cells exhibited different
molecular weights in Western blotting. Both ZIKV NS1
single mutants (N130A and N207A) displayed slightly
lower molecular weights than WT, indicating hypo-
glycosylation (partial glycosylation). The double mutant
(N130AN207A) had the lowest molecular weight due to
non-glycosylation (Fig. 1A). We further scrutinized the

glycosylated NS1

glycosylated NS1(%) = (

100
glycosylated NS1 + non — glycosylated NS1 ) x

This formula was applied for Fig. 5B and Fig. S4B.
Insoluble NS1 percentage:

NS1inpellet
- - x 100
NS1insup + NS1in pellet

insoluble NS1(%) = (

This formula was applied for Fig. 2F, Fig. S2B.
Functional NS1 percentage:

NS1insup
- - x 100
NS1insup + NS1in pellet

functional NS1(%) = <

This formula was applied for Fig. 5I and Fig. S4F.
Glycosylated insoluble NS1 percentage:

glycosylation of secreted NS1, considering its role as a
secreted protein. Secreted WT NS1 and NS1 N207A
proteins exhibited larger molecular weights compared
to their intracellular counterparts, indicating further gly-
cosylation during the secretion pathway. Nonetheless,
secreted NS1 mutants had lower molecular weights than
secreted WT NS1, indicating glycosylation deficiency
(Fig. 1A). Moreover, the N130A and N130AN207A muta-
tions in ZIKV NS1 dramatically reduced NS1 secretion,
whereas the N207 mutation had no significant effect
(Fig. 1A and B). Similarly, all three DENV NS1 mutants
exhibited lower molecular weights due to glycosylation

glycosylated NS1 in pellet

glycosylated insolubleNS1(%) = <

100
glycosylated NS1 in sup + glycosylated NS1 in pellet) X

Non-glycosylated insoluble NS1 percentage:

non — glycosylated NS1 in pellet

non—glycosylated insoluble NS1(%) = <

100
non — glycosylated NS1 in sup + non — glycosylated NS1 in pellet) x

The above two formulas were applied for Fig. 5] and
Fig. S4G.

All data in the results was performed three biological
repeats and analyzed with Prism 8 software. The values
represent mean+SEM from three independent experi-
ments and the statistical significance was determined by
two-tailed t test. More than 200 cells were counted in the
analysis of ER morphology. IC50 curve was fitted with
[Inhibitor] vs. response — Variable slope (four param-
eters) in prism software.

Results

N-linked glycosylation is important for ER remodeling

of NS1

To assess the impact of NSI1 glycosylation, we con-
structed three N-linked glycosylation mutants for ZIKV
and DENV NS1, comprising two single mutants (N130A
and N207A) and a double mutant (N130AN207A). Due

deficiency (Fig. S1A). For DENV NS1, both N130- and
N207- glycosylation depletions dramatically reduced NS1
secretion, and all the mutants can hardly be detected in
secretory media (Fig. S1A) [26, 31]. These data affirm that
N130 and N207 are the main glycosylation sites of flavi-
virus NS1, and N-linked glycosylation profoundly influ-
ences NS1 secretion.

Considering NS1’s involvement in the formation of viral
RCs through ER remodeling, we explored the impact of
NS1 glycosylation on ER reorganization. As previously
demonstrated, overexpression of WT ZIKV NS1 in the ER
lumen induced apparent ER aggregation [21]. However,
glycosylation deficiency of ZIKV NS1 attenuated its ER
remodeling activity, as evidenced by mutations (N130A,
N207A, and N130AN207A) that reduced the percentage
of cells with aggregated ER (Fig. 1C and D). In comparison
to ZIKV NS1, DENV NSI exhibited weaker ER remod-
eling activity. Still, the double mutation (N130AN207A)
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of DENV NS1 impaired its ER remodeling ability (Fig.
S1B and S1C). Further examination of ER ultrastructure
via transmission electron microscope (TEM) revealed
aggregated small vesicular structures resembling viral
RCs in WT NS1-expressing cells (Fig. 1E and S1D). How-
ever, such structures were less frequent and larger in cells
expressing NS1 mutants (Fig. 1E, F, and S1D). Conse-
quently, glycosylation emerges as a critical factor for NS1’s
ER remodeling activity.

Glycosylation deficiency does not affect membrane
binding activity of NS1 but leads to abnormal aggregation
and inactivation of NS1

Since NS1 remodels ER depending on its association
with the lipid membrane, we hypothesized that the
effect of NS1 glycosylation deficiency on ER remodeling
might arise from interfering with its association with
the lipid membrane. To investigate this, we performed a
liposome co-floating assay in vitro. WT ZIKV NSI1 and
three mutants with C-terminal Twin-Strep-Tag were
expressed in HEK293T cells and purified by Streptactin
beads (Fig. 2A). The NS1 proteins were incubated with
liposomes and subjected to density gradient centrifuga-
tion. After ultracentrifugation, the top layer contained
liposomes and co-floated proteins that associates with
liposomes (Fig. 2B). We found that both WT and mutated
NS1 bound to the liposomes and co-floated. Surprisingly,
there is no significant difference in the co-floating assay
between the amounts of WT NS1 and mutants (Fig. 2C
and D), suggesting that glycosylation deficiency does not
affect the membrane binding activity of NS1. Given the
conformation of the NS1 dimer, with N130 and N207
located on the face far away from the lipid membrane,
it is reasonable to conclude that glycosylation may not
affect NS1’s association with the membrane.

However, the question remains: how could glycosyla-
tion deficiency affect NS1’s ER remodeling activity? We
noticed that N-glycosylation site mutations significantly
reduced NS1 secretion, and these NS1 mutants exhibited
lower protein yield compared with WT NS1 during puri-
fication. Therefore, we postulated that hypo- and non-
glycosylated NS1 mutants might accumulate in insoluble
components. To test this hypothesis, we centrifuged cell
lysates and examined NS1 amounts in soluble superna-
tants and insoluble pellets. Results indicated that N130
and N207 single mutations led to approximately 40%
and 18%, respectively, of mutated NS1 accumulating in
insoluble pellets, compared with less than 10% of WT
NS1 (Fig. 2E and F). In contrast, over 60% of NS1 double
mutant (N130AN207A) appeared in insoluble pellet, sug-
gesting that non-glycosylation dramatically induced NS1
aggregation and inactivation (Fig. 2E and F). The N207
mutation appeared to have a milder effect on protein
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solubility compared with the N130 mutation and double
mutations (Fig. 2E and F). Similarly, glycosylation defi-
ciency also affected DENV NSI1 solubility (Fig. S2A and
S2B). Additionally, we observed that a much higher per-
centage of WT DENV NS1 was insoluble (close to 40%)
compared with WT ZIKV NSI1 (less than 10%) (Fig. 2E, F,
S2A, and S2B), suggesting varying solubility among flavi-
virus NS1 proteins. This difference might explain why the
ER remodeling activity of DENV NS1 was weaker than
that of ZIKV NS1 (Fig. 1D and S1C), owing to less soluble
and functional DENV NS1 existing in the ER lumen.

Glycosylation deficiency affects ER lumenal NS1 solubility
and ER association

To further identify the status of NS1 in the cells, we
subjected cells to ultrasonication (without detergent)
followed by sequential centrifugations (low-speed cen-
trifugation of 700 g for 10 min, then high-speed centrifu-
gation of 17,000 g for 30min). Given that flavivirus NS1
is localized in the ER lumen and binds to ER membrane,
we first examined whether NS1 existed in the ER frac-
tion. Calnexin (CNX), an integral ER membrane protein,
served as an ER marker. Since no detergent was used dur-
ing ultrasonication, only soluble proteins would appear in
supernatants after high-speed centrifugation. Most CNX
was found in the pellets after high-speed centrifugation,
suggesting that the majority of cellular ER fractions were
concentrated in the pellets (Fig. 3A). Similarly, the major-
ity of NS1 was enriched in the pellets (Fig. 3A).

Next, we resuspended the pellets and performed frac-
tionation by sucrose density gradient centrifugation.
The comparable distributions between ZIKV NS1 and
CNX indicated that WT NS1 is closely associated with
the ER membrane (Fig. 3B and C). However, a substan-
tial proportion of non-glycosylated NS1 (N130AN207A)
shifted to the high-density fractions (fractions 8-10),
which suggests functional changes in non-glycosylated
NS1 (Fig. 3B and C). To examine the solubility of NS1 in
low- (fractions 1-7) and high-density (fractions 8-10)
fractions, we collected the components from both sets
of fractions by centrifugation. We then resuspended the
pellets with a buffer containing 1% NP-40 and centri-
fuged the samples again, analyzing the supernatants and
pellets by Western blotting. The data indicated that non-
glycosylation resulted in significant insolubility of NS1
(N130AN207A), particularly in the high-density fractions
8-10. Meanwhile, most CNX was soluble and present in
supernatants (Fig. 3D and E).

Both the shift in sucrose fractionation and the higher
insolubility of N130AN207A mutant suggested the dys-
function of non-glycosylated NS1. Considering the
abnormal aggregation of NS1 in the ER, we hypothesized
that ER stress might be activated. To examine ER stress,
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was measured at 10 h and 48 h after transfection of BHK-21 cells with WT or mutated ZIKV replicon RNA. B Immunofluorescence assay detecting
the replication efficiency. BHK-21 cells transfected with ZIKV replicons were stained with a dsRNA antibody (Green: dsRNA, Blue: DAPI). Scale bar,
20 um. C Quantification of dsRNA-positive cells involved analyzing 20 views for each group. WT ZIKV replicon is set as 100%. D Plaque assays
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we quantified the mRNA changes in several ER stress
markers, including GRP78, HERP, and XBP1. ZIKV NS1
N130AN207A mutant induced a higher level of ER stress
response compared with WT ZIKV NS1 (Fig. 3F). For
DENV NS1, non-glycosylation did not induce stronger
ER stress response, possibly due to the relative higher
ER stress response induced by WT DENV NS1, which
inherently has high insolubility (Fig. S2C). In conclusion,
we demonstrated that the abnormal aggregation of non-
glycosylated NS1 contributes to the attenuation of ER
remodeling and the induction of more ER stress.

N-linked glycosylation of NS1 ensures efficient virus
replication

To determine the impact of NS1 glycosylation on
virus replication, we introduced N130A, N207A, and
N130AN207A mutations into ZIKV replicon. The ZIKV
replicon contains the complete ZIKV virus genome
sequence, but with the viral structural genes replaced by
a luciferase gene as a reporter [33]. Therefore, replica-
tion efficiency of WT and mutated ZIKV replicons can
be indicated by the luciferase activity. In comparison to
the WT replicon, all three mutated replicons exhibited
decreased luciferase activity (Fig. 4A). Immunostain-
ing of dsRNA (viral double-stranded RNA intermediates
during replication) also confirmed that N-linked glyco-
sylation mutations of NS1 attenuated viral RNA synthesis
(Fig. 4B and C).

Furthermore, we constructed ZIKV infectious clones
carrying NS1 mutations (ZIKV-FL-N130A, ZIKV-FL-
N207A, and ZIKV-FL-N130AN207A). We transfected
BHK-21 cells with these infectious clones and deter-
mined viral titers in the cells culture media using plaque
assay. ZIKV-FL-N130AN207A produced fewer and
smaller plaques, suggesting an attenuated virus yield

(See figure on next page.)
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(Fig. 4D and E). Through TEM images, we identified that
ZIKV with non-glycosylated NS1 (N130AN207A) inhib-
ited viral RCs formation in BHK-21 cells and HeLa cells
(Fig. 4F and S3). Collectively, our results indicated that
N-linked glycosylation of NS1 plays an important role in
ensuring efficient flavivirus replication.

Tunicamycin blocks NS1 glycosylation and interferes

with its ER remodeling

As flavivirus NS1 is glycosylated in the ER, and its glyco-
sylation affects virus replication, we attempted to block
NS1 glycosylation using tunicamycin, an inhibitor of
N-linked glycosylation by blocking the transfer of UDP-
N-acetylglucosamine (GlcNAc) to dolichol phosphate in
the ER of eukaryotic cells [34]. Tunicamycin treatment
markedly decreased both the molecular weights and
secretion of NS1 proteins in a dose-dependent manner,
confirming the effective inhibition of glycosylation in
both ZIKV and DENV NS1 (Fig. 5A-C and S4A-C).

Next, we examined the ER remodeling ability of NS1
in the presence of tunicamycin. As anticipated, tunica-
mycin itself did not affect ER morphology but interfered
with ZIKV NS1-induced ER remodeling (Fig. 5D and
E). Moreover, TEM images confirmed that tunicamy-
cin treatment significantly altered the ultrastructure of
ER remodeling induced by ZIKV or DENV NS1, exhib-
iting less dense ER aggregation and fewer small vesicu-
lar structures (Fig. 5F, G and S4D). Consistent with the
abovementioned results, both ZIKV and DENV NS1
accumulated in the pellet fraction, indicating reduced
functional NS1 levels following tunicamycin treatment
(Fig. 5H, I, S4E and S4F). Moreover, non-glycosylated
NS1 is more instable and tends to accumulate in pel-
let (Fig. 5] and S4G). Therefore, tunicamycin treatment
induced non-glycosylation of flavivirus NS1, thereby

Fig. 5 Tunicamycin blocks ZIKV NS1 glycosylation and interferes with its ER remodeling. A The glycosylation levels of ZIKV NS1TWT

under tunicamycin (Tu) treatment. Intracellular and secreted NS1 proteins expressed in Hela cells were immunoblotted with the Myc antibody. < <,
glycosylated NS1; <, non-glycosylated NST. DMSO as a control. B Quantification of glycosylated NS1. The percentage was calculated as glycosylated
NS1 divided by the total intracellular NS1. C Quantification of secreted NS1. The percentage was calculated as secreted NS1 divided by the total NS1
(the sum of intracellular and secreted NS1). D ZIKV NS1 induced ER morphology changes with Tu treatment. Hel a cells were treated with 0.5 pug/mL
Tu or transfected with Myc-tagged WT NS1 plasmid, followed by treatment with 0.5 ug/mL Tu. Cells were fixed and stained with Myc and climp63
antibodies. Arrows indicate cells with aggregated ER, arrowheads indicate cells with normal ER. Scale bar, 20 um. E Quantification of the cell
population with different ER morphologies. The percentage was calculated as the number of cells with aggregated ER divided by the total number
of NS1-positive cells. F TEM images showed the ER ultrastructure in Hela cells treated with 0.25 ug/mL Tu or transfected with WT ZIKV NS1 plasmid
and treated with 0.25 ug/mL Tu. Scale bar, 1 um (upper), 500 nm (lower). G Quantification of TEM images in (F). The percentage of cells displaying
specific ER morphologies upon transfection with the ZIKV NS1 plasmid among 50 cells was determined and listed in the table. H Tu induced

ZIKV NS1 aggregation. Hel a cells were transfected with WT ZIKV NS1 plasmid and treated with 0.5 ug/mL Tu. Then the soluble supernatants

and detergent-resistant pellets were analyzed by Western blotting. I Quantification of functional NS1 (detergent-soluble supernatant) in (H). The
percentage was calculated as soluble NS1 in the supernatant divided by the total NS1 (the sum of soluble and insoluble NS1). J Quantification

of glycosylated or non-glycosylated insoluble NST upon Tu treatment in (H). The percentage of insoluble NS1 was calculated by dividing
glycosylated or non-glycosylated insoluble NS1 by the total glycosylated or non-glycosylated NS1, respectively. All statistical data represent
mean+SEM (n=3;**, p<0.01; ***, p<0.001; **** p<0.0001; n.s., non-significant; two-tailed t test)
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impairing its ER remodeling activity by decreasing the
solubility of NS1.

Tunicamycin inhibits flavivirus replication

To explore the effectiveness of tunicamycin in inhibiting
ZIKV replication, we conducted a ZIKV replicon lucif-
erase assay and performed immunostaining against viral
dsRNA. As shown in Fig. 6A and B, tunicamycin mark-
edly inhibited ZIKV replicon replication. When BHK-21
cells were infected with ZIKV or DENV, tunicamycin
significantly reduced virus replication (Fig. 6C and S5A).
The IC50 (half-maximal inhibition concentration) for
tunicamycin against ZIKV and DENV were 68.59 nM
and 78.91 nM, respectively (Fig. 6D and S5B). Further-
more, tunicamycin treatment resulted in the deficiency
of viral RCs in infected cells, suggesting that tunicamycin
inhibited viral replication by disrupting the formation of
RCs (Fig. 6E, F and S5C). As anticipated, we found that
tunicamycin blocked NS1 glycosylation in ZIKV- and
DENV-infected cells (Fig. 6G and S5D). These findings
unveiled the underlying mechanism by which tunicamy-
cin inhibits flavivirus replication and validated the piv-
otal role of NS1 glycosylation in flavivirus RCs formation.
Thus, tunicamycin might inhibit flavivirus replication
by impeding the NS1 glycosylation process. By consoli-
dating the findings from NS1 glycosylation mutants, we
demonstrated the crucial role of NS1 glycosylation in fla-
vivirus RCs formation.

Discussion

Glycosylation is a critical post-translational modifica-
tion influencing protein folding, stability, recognition,
and various cellular functions [35, 36]. Previous studies
had emphasized the significance of NS1 glycosylation in
flaviviral replication and virulence [30, 32, 37, 38]. This
importance is underscored by the development of vac-
cine platforms incorporating NS1 glycosylation muta-
tions for generating live attenuated ZIKV vaccines, with
subsequent evaluations demonstrating protective effects
in mice [32, 39]. A Study have shown that PDK53, a den-
gue virus candidate vaccine, causes ER stress by impact-
ing NS1 glycosylation, thereby reducing virus infection

(See figure on next page.)
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[38]. Our findings align with previous studies, confirming
that ZIKV NS1 glycosylation is important for effective
virus replication. While these outcomes strongly suggest
a crucial role for glycosylation in NS1 function and viral
replication, the specific mechanism underlying this influ-
ence remains unclear.

Earlier work by Pryor et al. revealed that the absence
of N207-glycosylation in DENV-2 NS1 showed reduced
dimer stability and lower secretion level [40]. Similarly,
Somnuke et al. indicated that N-linked glycosylation
influences secretion yield and soluble NS1 stability [26].
Our study expands on these observations by demonstrat-
ing that NS1 glycosylation deficiency leads to abnormal
aggregation in the ER. This implies that NS1 glycosyla-
tion aids in stabilizing NS1 proteins and enhance their
solubility in the ER, the site of virus replicates. Conse-
quently, the intracellular NS1 aggregation resulting from
glycosylation deficiency provides an explanation for
the reduced protein stability and lower secretion levels
observed in earlier reports.

Structural studies have revealed the presence of
secreted flaviviral NS1 in dimeric, tetrameric, and hexa-
meric states, with tetrameric or hexameric NS1 formed
by two or three dimeric NS1 units. However, the function
and mechanism of NS1 oligomer formation remain sub-
jects of ongoing discussion [28, 41]. Moreover, evidence
has indicated the existence of higher-order oligomers
(>675 kDa) in secreted NS1, and glycosylation mutations
were found to increase the prevalence of these oligom-
ers [20, 26]. Notably, this aligns with our findings that
non-glycosylation of flavivirus NS1 tends to form high-
density aggregates within cells. Hence, it is reasonable to
posit that glycosylation not only determines the stabil-
ity of NS1 but also governs its various oligomeric states
because higher-order oligomeric NS1 may be more prone
to form aggregation.

While prior studies provided clues into the role of gly-
cosylation in NS1 function, they did not establish a direct
relationship between NS1 glycosylation and viral rep-
lication [26, 28, 37, 40]. Our recent work demonstrated
the essential role of flavivirus NS1 in viral replication,
particularly in the formation of RCs [21]. In the present

Fig. 6 Tunicamycin inhibits ZIKV replication. A Renilla luciferase assay of ZIKV replicons. The luciferase activity was measured at 10 h

and 36 h after the transfection of BHK-21 cells with WT ZIKV replicon RNA. Cells were treated with Tu (0.5 ug/mL) at 10 h post-transfection. B
Immunofluorescence assay detecting replication efficiency. BHK-21 cells transfected with WT ZIKV replicon were treated with Tu (0.5 ug/mL)

and stained with a dsRNA antibody (Green: dsRNA, Blue: DAPI). Scale bar, 20 um. C Tu inhibited ZIKV replication. ZIKV-infected BHK-21 cells were
treated with Tu (0.25 pg/mL) at 8 h post-infection (hpi) and stained with NS1 antibody at 24 hpi. Scale bar, 100 um. D IC50 curve of Tu for ZIKV
replication. ZIKV replication levels in BHK-21 cells under Tu treatment were quantified by gPCR assay at 24 hpi. The IC50 value is 68.59 nM. The
statistical data represent mean + SEM. E Tu inhibited ZIKV RCs formation. TEM images showed the ER ultrastructure in BHK-21 cells treated

with 0.25 ug/mL Tu or infected with ZIKV and treated with 0.25 ug/mL Tu. Scale bar, 1 um (upper), 500 nm (lower). F Quantification of TEM images
in (E). The percentage of cells containing RCs upon infection with ZIKV among 50 cells was determined. G The glycosylation status of ZIKV NS1

in ZIKV-infected BHK-21 cells treated with Tu was detected by Western blotting with NS1 antibody at 24 hpi
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study, our data showed that the glycosylation modifica-
tions of flavivirus NS1 are important for RCs formation.
Glycosylation deficiency caused NS1 aggregation in
the ER, resulting in the decrease of functional NS1 and
impairment of its ER remodeling activity. Consequently,
viral RCs formation was affected, leading to the inhibition
of virus replication. Thus, our findings directly address
how NS1 glycosylation affects flavivirus replication.

Viral RCs serve as the platform for efficient virus repli-
cation, making them an ideal target for intervention [15,
42]. We found that tunicamycin, by blocking NS1 glyco-
sylation, effectively inhibited ZIKV and DENV replica-
tion. Notably, tunicamycin exhibited a stronger inhibitory
effect than NS1 N-glycosylation mutations. This differ-
ence can be attributed to several factors. Firstly, tunica-
mycin treatment induces ER stress, which has been shown
to synergize with pattern recognition sensing to inhibit
viral replication during flavivirus infection [43, 44]. The
treatment of tunicamycin might induce robust ER stress,
enhancing ER stress-related antiviral properties. Secondly,
tunicamycin not only blocks NS1 glycosylation but also
affects the glycosylation of other viral and host proteins
[45]. It's known that tunicamycin blocks glycosylation of
viral envelope proteins, as demonstrated in studies involv-
ing ZIKV and hepatitis C virus [46, 47]. Additionally, tuni-
camycin has been proposed as a potential anti-coronavirus
drug by acting on the S protein [48, 49]. These instances
illustrate that tunicamycin interferes with virus infection at
the entry step by blocking the glycosylation of viral enve-
lope proteins. However, few studies provide evidence that
tunicamycin directly acts on viral replication. Our study
unravels a novel mechanism wherein tunicamycin directly
inhibits flavivirus replication by blocking NS1 protein gly-
cosylation and interfering with viral RCs formation. Given
that a variety of positive-sense RNA viruses replicate in
membranous RCs, tunicamycin may affect the formation
of multiple viral RCs, inhibiting the replication of various
viruses. Thus, tunicamycin holds promise as a potential
antiviral drug against multiple viruses, including flavivi-
ruses, and further studies need to be investigated.

Conclusions

We found that the glycosylation deficiency of NS1, either
through N-glycosylation site mutations or tunicamycin
(an inhibitor of N-linked glycosylation) treatment, com-
promises its ER remodeling activity and interferes with
viral RCs formation, resulting in the inhibition of flavivi-
rus replication. Glycosylation deficiency results in abnor-
mal aggregation of NS1 in the ER, rather than reducing
its membrane-binding activity. In summary, our work
reports the function of glycosylation on NS1 involved in
RCs formation, providing a new anti-flavivirus strategy.
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