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ABSTRACT Duck Tembusu virus (DTMUV)
belongs to the Flaviviridae family and mainly infects
ducks. Duck Tembusu virus genome encodes one poly-
protein that undergoes cleavage to produce 10 proteins.
Among these, NS4B, the largest transmembrane pro-
tein, plays a crucial role in the viral life cycle. In this
study, we investigated the localization of NS4B and
found that it is located in the endoplasmic reticulum,
where it co-localizes with DTMUV dsRNA. Subse-
quently, we confirmed 5 different transmembrane
domains of NS4B and discovered that only its trans-
membrane domain 3 (TMD3) can traverse ER mem-
brane. Then mutations were introduced in the
conserved amino acids of NS4B TMD3 of DTMUV repli-
con and infectious clone. The results showed that
V111G, V117G, and I118G mutations enhanced viral
RNA replication, while Q104A, T106A, A113L, M116A,
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H120A, Y121A, and A122G mutations reduced viral
replication. Recombinant viruses with these mutations
were rescued and studied in BHK21 cells. The findings
demonstrated that A113L and H120A mutations led to
higher viral titers than the wild-type strain, while
Q104A, T106A, V111G, V117G, and Y121A mutations
attenuated viral proliferation. Additionally, H120A,
M116A, and A122G mutations enhanced viral prolifera-
tion. Furthermore, Q104A, T106A, V111G, M116A,
V117G, Y121A, and A122G mutants showed reduced
viral virulence to 10-d duck embryos. Animal experi-
ments further indicated that all mutation viruses
resulted in lower genome copy numbers in the spleen
compared to the WT group 5 days postinfection. Our
data provide insights into the topological model of
DTMUV NS4B, highlighting the essential role of NS4B
TMD3 in viral replication and proliferation.
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INTRODUCTION

Duck Tembusu virus (DTMUV) belongs to the flavi-
virus family, which includes important human patho-
gens such as yellow fever virus (YFV), dengue virus
(DENV), and zika virus (ZIKV). Duck Tembusu virus
gained public attention in 2010 when a large outbreak
occurred in Jiangxi Province and rapidly spread to other
regions (Su et al., 2011; Yan et al., 2011), additionally,
DTMUV has caused significant economic losses in other
Southeast Asian countries, such as Thailand and Malay-
sia (He et al., 2017; Lei et al., 2017). Similar to other fla-
viviruses, DTMUV genome is a single-strand positive-
sense RNA with a 10990 bp length. It is capped at the 50
end but lacks a 30 poly(A) tail. Upon infection, the
genome is released into the cytoplasm and translated
into a unique polyprotein precursor. This polyprotein is
subsequently cleaved into 3 structural proteins (core,
membrane, and envelope) and 7 nonstructural proteins
(NS1, NS2A, NS2B, NS3, NS4A, 2KNS4B, and NS5).
Among these proteins, NS2A, NS2B, NS4A, and NS4B
are transmembrane proteins.
NS4B is the largest transmembrane protein, with a

molecular weight of approximately 27 kDa, and it
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possesses 5 integral transmembrane segments (Miller
et al., 2006). It has been reported that the C-terminal
contains a signal sequence, known as 2K due to its size
of 2 kDa, which facilitates the translocation of NS4B
into the lumen of the endoplasmic reticulum (ER). Sub-
sequently, the 2K fragment is cleaved by a host protease
at the 2K/NS4B cleavage site in the ER lumen, with
this proteolytic process requiring prior NS2B3 protein-
ase-mediated cleavage at the 4A/2K site (Lin et al.,
1993). Previous studies have indicated that 2K can
direct NS4B to the ER lumen from the C-terminal of
NS4A; however, 2K is not necessary for the membrane
integration of NS4B (Gopala Reddy, et al., 2018). The
N and C-terminal of NS4B are located in the ER lumen
and cytoplasm, respectively (Miller et al., 2006). The
structural and conformational integrity of NS4B, as a
transmembrane protein, plays a crucial role in genome
replication. Moreover, flavivirus NS4B contains 2 N-
linked glycosylation sites, both of which are essential for
replication and virus production (Chatel-Chaix et al.,
2015; Naik and Wu, 2015).

In previous reports, NS4B has been identified as a criti-
cal component of the viral replication complex, showing
co-localization with NS3 and viral double-stranded RNA
on the ER membrane. The interaction between NS4B and
NS3 is crucial for the formation of the replication complex.
In this process, the structural and conformational integ-
rity of NS4B is vital for a successful interaction with NS3
helicase (Westaway et al., 1997; Roosendaal et al., 2006;
Umareddy et al., 2006; Paul and Bartenschlager, 2013;
Zou et al., 2014). Additionally, NS4B can interact with
NS1 and NS4A, which are essential for virus replication
(Youn et al., 2012; Zou et al., 2015). Moreover, when
expressed in cells, Flavivirus NS4B forms oligomers (Zou
et al., 2014) and the expression of ZIKV NS4B enriches
host sphingolipids (Leier et al., 2020). Furthermore, Flavi-
virus NS4B has been implicated in affecting the host’s
immune response. For instance, DENV NS4B has been
reported to act as an antagonist against host type I inter-
feron by influencing the phosphorylation of STAF1
(Munoz-Jordan et al., 2003; Munoz-Jordan et al., 2005).
Furthermore, NS4B inhibits RIG-I/MADA5/MAVS/
TBK1/IKKe-mediated production of IFNb in a dose-
dependent manner (Chen et al., 2017).

Flavivirus NS4B is an essential protein for viral repli-
cation and also plays a crucial role in innate immune
evasion. In recent research, some drugs have been devel-
oped to target NS4B and inhibit flaviviruses, these stud-
ies involve WNV, YFV, and DENV). (Zmurko et al.,
2015; Kaptein et al., 2021), Therefore, understanding
the structure and function of NS4B is essential for fur-
ther research. In this study, we investigated the topolog-
ical model of DTMUV NS4B and found evidence of 5
transmembrane domains, with only TMD3 being able to
cross the ER membrane. Additionally, we conducted
studies where we mutated the conserved amino acids in
TMD3. The results indicated that TMD3 is crucial for
viral replication and proliferation. Moreover, mutations
in TMD3 were found to alter the distribution of the virus
in DTMUV-infected ducklings.
MATERIAL AND METHODS

Ethics Statement

The animal studies were approved by the Institutional
Animal Care and use Committee of Sichuan Agricul-
tural University (No. SYXK(川)2019-187) and followed
the National Institutes of Health guidelines for the per-
formance of animal experiments.
Cells, Viruses and Antibodies

BHK-21 cells were grown supplemented with 10%
FBS and maintained in Dulbecco’s modified Eagle’s
medium (DMEM) (Gibco, Shanghai, China),
100 U/mL penicillin and 100 mg/mL streptomycin at
37°C in 5% CO2. Tembusu virus strain CQW1 (Gen-
Bank: KM233707.1) was isolated from Cherry Valley
ducks in Southwest China by our laboratory (Zhu et al.,
2015). Antibodies against EGFP, His were purchased
from TransGen Biotech, rabbit anti-NS4B and mouse
anti-DTMUV polyclonal antibodies were prepared by
our laboratory. Duck embryos and ducklings were
obtained from the poultry farm at Sichuan Agricultural
University.
Plasmid Constructs

Standard molecular biology techniques were
employed to construct all plasmids. The pCAGGS-
2KNS4B-His was constructed, sequence of the 2KNS4B
gene was amplified from the duck DTMUV CQW1
strain genome and then inserted into the pCAGGS
expression vector, with a His tag added to the C termi-
nus. To investigate the transmembrane domain of
NS4B, an eGFP tag and an N-linked glycosylation
sequence (-Asn-Ser-Thr-Ser-Ala, Glyc) were linked to
the C-terminal of NS4B. Simultaneously, SPG-
NS4AC16 was linked to the N-terminal of NS4B to
ensure that the N-terminal could be located in the ER
(truncated NS4B).
Indirect Immunofluorescence Assay

BHK21 cells with cover slips transfected with virus
genome collected daily. After washed with PBST, cells
were fixed with 1% paraformaldehyde for 1h, permeabi-
lized with 0.22% Triton X-100 for 20 min in 4°C. and
blocked with 5% BSA, then mouse anti-DTMUV poly-
clone was used as the primary antibody at a dilution of
1:200 with 1% BSA, cells incubated in 37°C for 2h, after
washed with PBS, the cells were incubated with fluores-
cein isothiocyanate (FITC)-labelled goat anti-mouse
IgG at a dilution of 1:200 for 1 h and then incubated
with 40,6-diamidino-2-phenylindole (DAPI) for 10 min.
Finally, the cells were analyzed by a fluorescence micro-
scope (Nikon, Tokyo, Japan).
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Real-Time Quantitative PCR

Total RNA was isolated from selected tissues using
RNAiso Plus reagent. The quantity of the RNA in each
sample was determined using a NanoDrop 2000
(Thermo, Waltham, MA), and RT-PCR was performed
on each sample using HiScript II QRT SuperMix
(Vazyme, Nanjing, China). Finally, the cDNAs were
stored at -80°C until use. qPCR was used to detect the
genome copy number of the virus and performed using
the Bio-Rad CFX96 Real Time Detection System (Bio-
Rad, CA). The qRT-PCR reaction mixture containing
5mL of 2 £ SYBR Green PCR master mixtures, 0.4mL
each of primers, 0.4 mL of cDNA and 3.8mL of RNAase
free ddH2O was incubated for 3 min at 95°C, followed
by 40 cycles of 95°C for 10s and 59°C for 30s. After the
amplification phase, a melting curve program (65°C to
95°C with a heating rate of 0.5°C per second and a con-
tinuous fluorescence measurement) was routinely per-
formed to confirm the presence of single PCR product.
Western Blot Analysis

All the cell samples were analyzed by western blot.
The samples were separated by SDS-PAGE and trans-
ferred to polyvinylidene difluoride (PVDF) membrane.
Followed by incubation in blocking buffer (comprising
5% skim milk), after that the membrane was wash
3 times with TBST and incubated in blocking buffer
containing a mouse monoclonal antibody against His
tag (1:4,000). Then, the membrane was washed 3 times
with TBST again and incubated with a goat anti-mouse
antibody conjugated to horseradish peroxidase
(1:4,000). Finally, the membrane was wash 3 times with
TBST buffer and the antibody-protein complexes were
detected using the Clarity Western ECL Substrate (Bio-
Rad).
PNGase F assay

Based on the predictions, we constructed 8 truncated
versions of DTMUV NS4B to validate the transmem-
brane domains (Figure 2B). all the truncated NS4B var-
iants were harvested and subjected to PNGase F
treatment, PNGase F is an amidase enzyme that cleaves
N-linked oligosaccharides from proteins by breaking the
asparagine (N)-linked glycosidic bond. This enzymatic
reaction occurs within the endoplasmic reticulum. If a
protein undergoes truncation and, after treatment with
PNGase F, exhibits a decrease in molecular weight, it
suggests that its C-terminal is located within the lumen
of the endoplasmic reticulum and has undergone N-gly-
cosylation. then all the plasmud was transfected to
BHK-21cells, and pCA-eGFP-Glyc was used as contral.
After 24 h of transfection, wash the cells 3 times with
pre cooled PBS and add 500 to each cell well m L’s solu-
bilizing buffer was placed at 4 °C for 2 h of reaction. Sub-
sequently, centrifuge at 12,000 r/min and 4 °C for
30 min to collect the supernatant. Divide the superna-
tant solution obtained from each well into 2 groups and
add 50,000 U/mL PNGase F or an equal amount of PBS
as a control. After reacting at 37 °C for 2 h, the sample
were analyst by WB.
Transfection

Briefly, BHK-21 cells were seeded in 6-well plates con-
taining 1 mL of DMEM and incubated overnight. Then,
the BHK-21 cells were transfected with 4 mg plasmids
for wild-type (pAR-DTvIc-WT and pAC-DTvRlucRep-
WT) or mutant infectious clones (pAR-DTvIc-NS4B-
Q104A/T106A/V111G/A113L/M116A/V117G/
I118G/H120A/Y121A/A122G) and replicons (pAC-
DTvRlucRep- Q104A/T106A/V111G/A113L/M116A/
V117G/I118G/H120A/Y121A/A122G). At the given
time points, the cells were harvested for further study.
The luciferase activity of the replicon was determined
according to the manufacturer’s protocol.
Plaque Assay

BHK21 cells were cultured with DMEM in a 6-well
plate for 16 h, and then the medium was removed and
washed with PBS 3 times. Viral samples were diluted
and added to cells with the 10 TCID50, 100 TCID50 and
1000 TCID50 respectively, and then the samples were
incubated for 1.5 h and swirled every 15 min. After incu-
bation, viral samples were removed, and the cells were
washed with PBS 3 times. Finally, 2 ml of 0.75% methyl
cellulose overlay containing 2% FBS and 1% penicillin/
streptomycin was added to each well. Four days postin-
fection, the medium was removed, and the cells were
washed 3 times with PBS and fixed with 4% paraformal-
dehyde for 20 min. After the fixative was removed and
the cells were washed with PBS, the plate was stained
with 1% crystal violet and washed carefully, and then
the plaque was observed in the plate.
Animal Experiment

In the experiment, ducklings at 3-day-old were segre-
gated into 3 separate groups. Each group received an
injection of 1 mL varying virus solutions. The ducklings’
body weight was monitored on a daily basis. Subsequent
to infection, on d 3, 5, and 7, we selected and euthanized
3 ducks from each group. We collected tissue samples
from the spleen and blood to investigate the presence of
DTMUV. These samples were homogenized using a
phosphate-buffered solution (PBS), then clarified
through centrifugation at 12,000 g and 4°C over a 15-
min period. We extracted the total RNA and preserved
it at -80°C for later analysis.
Data Statistics

Statistical analyses were performed with GraphPad
Prism 5 (GraphPad Software Inc., San Diego, CA). The
differences between values were evaluated by Student’s
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t test. P < 0.05 indicated statistical significance, and all
values are expressed as the mean § SEM.
RESULTS

NS4B Co-Located With Viral Double dsRNA
in Endoplasmic Reticulum

To detect the localization of NS4B in viral infection,
we used mouse anti-NS4B polyclonal antibodies, as
shown in Figure 1A, where NS4B is located in the cyto-
plasm. At the same time, we used eukaryotic expression
to detect the localization of NS4B, and concurrently
employed the anti-NS4B polyclonal antibody, along
with the EGFP-NS4B fusion expression, to observe the
location of NS4B. We found that NS4B is dispersed in a
dot-like cluster distribution within the cytoplasm. (Fig-
ures 1B and 1C). Subsequently, since NS4B is involved
in the construction of the replication complex, we used
mouse anti-dsRNA and mouse anti-TMUV antibodies
to detect the localization of NS4B with virus dsRNA
and structural proteins during infection. In DTMUV-
infected cells, dsRNA was found in the cytoplasm at 24
h postinfection, and it continued to distribute in the
cytoplasm. However, 36 and 48 h postinfection, dsRNA
aggregates were colocalized in the cytoplasm, and
dsRNA also co-located with NS4B in the cytoplasm
(Figure 1D). Furthermore, we used a mouse anti-
DTMUV polyclonal antibody to detect the location of
DTMUV. The results indicated that NS4B co-localized
with DTMUV. As previously reported, flavivirus NS4B
Figure 1. NS4B co-located with viral double dsRNA in endoplas-
mic reticulum. (A) Localization of NS4B in cells at 12, 24, and 48 h
postinfection. (B) and (C) Localization of NS4B in BHK21 cells 24 h
post-transfection. (D) Localization of DTMUV, DTMUV dsRNA and
NS4B in DTMUV infected cells. (E) Localization of DTMUV NS4B
with mitochondria and endoplasmic reticulum in BHK21 cells.
is located in the endoplasmic reticulum (ER). ER and
Mito located plasmid pDsRed2-ER and pDsRed2-Mito
were used. As shown in Figure 1E, NS4B was found to
be located in the ER but not in the mitochondria.
DTMUV NS4B Possesses 5 Transmembrane
Domains

In the previous study, it was established that Flavivi-
rus NS4B is a multiple transmembrane protein (Miller
et al., 2006). In our present study, we employed diverse
software and web tools (HMMTOP, SOSUI, Philius,
PSIPRED, TOPCONS, PolyPhobius, and DAS) to pre-
dict the transmembrane domains of DTMUV NS4B.
Based on these predictions, a hypothesis regarding the
transmembrane domain was formulated (Figure 2A).
Based on these predictions, we constructed 8 truncated
of DTMUV NS4B to validate the transmembrane
domains (Figure 2B). The expression of the truncated
NS4B in cells was confirmed (Figure 2C), and all the
truncated NS4B variants were harvested and subjected
to PNGase F assay. The resulting products were then
analyzed using WB (Figure 2D). Notably, NS4B 1-95aa,
1-62aa, 1-35aa, and 2K were found to react with
PNGase F, indicating that their C-terminal regions are
located in the ER lumen. On the other hand, NS4B 1-
135aa, 1-163aa, 1-215aa, and 1-254aa did not react with
PNGase F, suggesting that their C-terminal regions are
not located in the ER lumen. Based on these results, we
drew the topological model of DTMUV NS4B protein
Figure 2E.
The Conserved Amino Acids in NS4B TMD3
are Essential for TMUV RNA Replication

To investigate the role of NS4B TMD3 conserved
amino acids in the viral life cycle, we mutated 10 con-
served sites. To validate the mutational effect on viral
RNA replication, we used the nano luciferase reporter
replicon of duck DTMUV (Figure 3A). The luciferase
activity kinetics were measured to assess the replication
of the replicon.
The replication curve of the WT replicon was mea-

sured, and 3 time points were selected for the experi-
ment. Equal amounts of WT and mutated replicon
plasmids were transfected into BHK21 cells, and lucifer-
ase activity was assayed at 48, 60, and 72 hours post-
transfection. As shown in Figures 3B and 3C, based on
the influence of the luciferase signals of DTMUV repli-
cons, the NS4B mutations can be classified into 2
groups: Group I mutants (V111G/V117G/I118G)
highly enhance viral replication, while Group II mutants
(Q104A/T106A/A113L/M116A/H120A/Y121A/
A122G) obviously reduce viral replication (Figure 3D).
In summary, our primary data indicate that the con-
served amino acids in NS4B TMD3 play important roles
in viral RNA replication, although the specific mecha-
nisms remain unknown.



Figure 2. DTMUV transmembrane domain in endoplasmic reticulum. (A) Predicted topological model of DTMUV NS4B using different soft-
ware. (B) Different constructs of truncated DTMUV NS4B used in the study to investigate its transmembrane domains. (C) Expression of truncated
DTMUV NS4B in BHK21 cells post-transfection. (D) Proteinase K protection analysis of NS4B truncations. (E) DTMUV NS4B topological model.
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Characterization and Phenotypes of Duck
DTMUV Infectious cDNA Clones With NS4B
TMD3 Conserved Amino Acids Mutation

To confirm the findings obtained from the duck
DTMUV replicon, we introduced the NS4B TMD3
mutants into a full-length duck DTMUV infectious
cDNA clone (pACNR-rDTMUV-WT). Equal amounts
of WT and NS4B mutant genome length RNAs were
transiently transfected into BHK-21 cells. After 4 days
Figure 3. The key amino acids in NS4B TMD3 are essential for viral r
DTMUV in BHK21 cells, the replicon replication 48, 60 and 72h post-transfe
cation of replicon in BHK21 cells.
post-transfection, the transfected cells were examined
using an immunofluorescence assay (IFA) with an anti-
duck DTMUV ployclonal antibody (Figure 4A). We
observed that the DTMUD3 mutants were not viable
and could not be rescued. Additionally, the other
mutants resulted in fewer IFA-positive cells compared
to the WT. As expected, the plaque morphology also
exhibited similar results as the IFA (Figure 4B), plaque
assay showed that the M116A, V117G, I118G and
Y120A mutation virus produced significantly larger
eplicon. (A) conserved amino acids in NS4B TMD3. (B) Replication of
ction. (C) and (D) Different mutation in NS4B TMD3 effected the repli-



Figure 4. The proliferation and virulence of recombination TMUV in BHK21 cells and duck embryo. (A) Identification of the effect of NS4B-
TMD3 mutation on recombinant virus phenotypes by IFA. (B) Plaque morphologies of NS4B-TMD3 mutation recombinant virus in BHK21 cells.
(C) Measurement of plaque size in BHK-21 cells infected with mutataed viruses. (D) Growth curves of NS4B-TMD3 mutation recombinant on
BHK21 cells. (E) Virulence of NS4B-TMD3 mutation recombinant viruses in duck embryos.
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plaques than the WT (Figure 4C). The growth kinetics
of the WT and NS4B TMD3 mutant recombinant
viruses in BHK-21 cells were compared. The virus titers
were detected at specific time points, and the results
showed that the A113L and H120A can’t effect the viral
proliferation. On the other hand, the Q104A, T106A,
V111G, V117G, and Y121A mutations attenuated
DTMUV viral proliferation. Furthermore, the H120A,
M116A, and A122G mutations enhanced viral prolifera-
tion in cells (Figure 4D). The virulence of the WT and
NS4B mutants was evaluated in duck embryos
(Figure 4E). Each group of ten 9-day-old duck embryos
was injected with 200 mL of 102 TCID50 of P1 WT and
NS4B TMD3 mutant viruses. The duck embryos inocu-
lated with the A113L, I118G, and H120A mutant
viruses exhibited similar mortality rates as the WT. In
contrast, the Q104A, T106A, V111G, M116A, V117G,
Y121A, and A122G mutants showed attenuation in
duck embryos, especially the Q104A mutants, which
exhibited a lower mortality rate (10%) than WT. Com-
bining these results with the replicon data, it can be
inferred that the Q104A, T106A, V111G, M116A,
V117G, Y121A, and A122G mutants have reduced viral
virulence in duck embryos.
Mutation on NS4B Affect Viral Virulence and
Distribution in Duckling

To compare the virulence of the WT and NS4B
mutant recombinant viruses in ducklings, 3-day-old
ducklings were infected with WT and NS4B mutant
viruses. The body weight and mortality were recorded
each day postinfection. Seven days postinfection, the
ducklings infected with the V117G mutant virus showed
a decrease in body weight, while the other mutation
groups had body weights similar to the WT group, but
lower than the mock-infected group (Figure 5A). Addi-
tionally, ducklings infected with the WT virus exhibited
a 13.3% mortality rate, while no ducklings died after
being infected with the mutated virus (Figure 5B). Five
days post-infection, the Q104A mutant showed an equal
genome copy number in blood compared to the WT
(Figure 5C). Regarding the spleen, 3 days postinfection,
the viral load of the Q104A, T106A, and M116A muta-
tion groups was equal to the WT group, while the
V111G, I118G, Y121A, and A122G groups showed lower
viral loads than the WT group. Five days postinfection,
all mutation viruses resulted in lower genome copy num-
bers in the spleen compared to the WT group. Seven days
postinfection, the Q104A, T106A, V111G, and M116A
mutations enhanced the genome copy in the spleen, while
the I118G, Y121A, and A122G mutations decreased the
genome copy in the spleen (Figure 5D). These results
indicate that mutations in NS4B-TMD3 can affect the
distribution of the virus in different tissues.
DISCUSSION

As a nonstructural protein, NS4B is not a component
of the viral particle; however, it plays a crucial role in
other processes in the virus life cycle. In our study, we
detected the localization of NS4B using



Figure 5. Animal experimental infection of NS4B-TMD3 mutation recombinant viruses. (A) Changes in body weight gain of rTMUV infected
ducks. (B) Mortality rate of rTMUV infected ducks. (C) and (D) Detection of viral genome copies in blood and spleen of the infected ducklings.
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immunofluorescence assay (IFA) and found that NS4B
is located in the endoplasmic reticulum (ER) and co-
localizes with viral double-stranded RNA (dsRNA),
which aligns with its known function. During flavivirus
replication in cells, NS4B is translated and anchored to
the ER, where it participates in the formation of the
replication complex and facilitates virus RNA replica-
tion. RNA replication is a pivotal step in the virus life
cycle, occurring within the replication complex. The
flavivirus replication complex comprises several non-
structural proteins, including NS4B. Despite not pos-
sessing an enzymatic activity domain, NS4B’s function
in the replication complex involves binding with other
non-structural proteins and anchoring to the ER,
which is crucial for the stability of the replication com-
plex within the cell.

To further understand NS4B’s role in anchoring to the
ER, we investigated its transmembrane domains.
Through experimentation and the use of different soft-
ware, we confirmed the presence of 5 distinct transmem-
brane domains that are associated with NS4B’s
localization in the endoplasmic reticulum. Our deglyco-
sylation experiment revealed that TMD1 and TMD2 of
DTMUV NS4B are located in the lumen of the ER,
TMD3 can cross the ER membrane, while TMD4 and
TMD5 are embedded in the ER membrane. Interest-
ingly, the structures of TMD4 and TMD5 in DTMUV
NS4B differed from those observed in DENV-2 NS4B,
possibly due to the difference in experimental condi-
tions, where NS4B was translated separately without
being connected to NS5 protein. We speculate that
when NS4B is expressed alongside NS5 and cleaved by
NS2B3, TMD4 and TMD5 may display different charac-
teristics (Miller et al., 2006; Zou et al., 2014).

To obtain the correct structure of NS4B, we con-
structed 2K with NS4B, which helps direct NS4B to the
ER lumen from the C-terminal of NS4A and assists in
proper folding of NS4B. The correct structure of flavivi-
rus membrane proteins is crucial for virus replication, as
unfolded proteins are subject to degradation by the
unfolded protein response (Hwang and Qi, 2018; Lin et
al., 2019; Ngo, et al., 2019). Studies have reported that
mutation of YFV NS2B transmembrane domain is sig-
nificant for virus replication and assembly (Li, et al.,
2016). Through our replicon experiments, we identified
Q104, T106, A113, M116, H120, Y121, and A122 as
essential for viral replication. Subsequently, we utilized
infection clones to rescue various recombinant viruses
and observed that some mutations in TMD3 (Q104A,
T106A, V111G, M116A, V117G, Y121A, A122G)
reduced viral replication in cells, leading to attenuated
virulence. As TMD3 can cross the ER membrane, it may
play a critical role in forming the correct structure of
NS4B, which serves as the basis for the replication com-
plex. Mutation in TMD3 could potentially disrupt the
structure of NS4B, leading to an incorrect replication
complex. Proper structure of transmembrane proteins is
vital for viral replication, and unfolded transmembrane
proteins can be degraded by proteases (Lin et al., 2019;
Ngo et al., 2019; Welsch et al., 2009). Moreover, muta-
tions in TMD3 reduced the genome copy of the virus in
the spleen, indicating that replication of the virus in the
spleen was inhibited by TMD3 mutation. The spleen is
integral to the innate immune system, and NS4NB can
participate in immune evasion (Chen et al., 2017), Thus,
TMD3 mutations may impair the functions of NS4B in
immune evasion, leading to inhibited viral replication
and proliferation in the spleen.
In summary, our data indicate that NS4B possesses

5 different transmembrane domains, with only TMD3
capable of crossing the ER membrane. Mutations in
TMD3 can influence viral replication, Q104A, T106A,
V111G, V117G, and Y121A mutations attenuated
viral proliferation, H120A, M116A, and A122G muta-
tions enhanced viral proliferation. Additionally,
mutations in TMD3 affect the distribution of the
virus in different tissues. These findings shed light on
the importance of NS4B’s structure and function in
viral replication and provide valuable insights for
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potential drug development targeting NS4B to inhibit
flavivirus replication.
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