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ABSTRACT

Flavivirus nonstructural protein 2B (NS2B) is a transmembrane protein that functions as a cofactor for viral NS3 protease. The
cytoplasmic region (amino acids 51 to 95) alone of NS2B is sufficient for NS3 protease activity, whereas the role of transmem-
brane domains (TMDs) remains obscure. Here, we demonstrate for the first time that flavivirus NS2B plays a critical role in vi-
rion assembly. Using Japanese encephalitis virus (JEV) as a model, we performed a systematic mutagenesis at the flavivirus con-
served residues within the TMDs of NS2B. As expected, some mutations severely attenuated (L38A and R101A) or completely
destroyed (G12L) viral RNA synthesis. Interestingly, two mutations (G37L and P112A) reduced viral RNA synthesis and blocked
virion assembly. None of the mutations affected NS2B-NS3 protease activity. Because mutations G37L and P112A affected virion
assembly, we selected revertant viruses for these two mutants. For mutant G37L, replacement with G37F, G37H, G37T, or G37S re-
stored virion assembly. For mutant P112A, insertion of K at position K127 (leading to K127KK) of NS2B rescued virion assembly. A
biomolecular fluorescent complementation (BiFC) analysis demonstrated that (i) mutation P112A selectively weakened NS2B-NS2A
interaction and (ii) the adaptive mutation K127KK restored NS2B-NS2A interaction. Collectively, our results demonstrate that, in ad-
dition to being a cofactor for NS3 protease, flavivirus NS2B also functions in viral RNA replication, as well as virion assembly.

IMPORTANCE

Many flaviviruses are important human pathogens. Understanding the molecular mechanisms of the viral infection cycle is es-
sential for vaccine and antiviral development. In this study, we demonstrate that the TMDs of JEV NS2B participate in both viral
RNA replication and virion assembly. A viral genetic study and a BiFC assay demonstrated that interaction between NS2B and
NS2A may participate in modulating viral assembly in the flavivirus life cycle. Compensatory-mutation analysis confirmed that
there was a correlation between viral assembly and NS2B-NS2A interaction. TMDs of NS2B may serve as novel antiviral targets
to prevent flavivirus infection, and the structure determination of NS2B will help us to understand the functional mechanism of
NS2B in viral RNA replication and assembly. The results have uncovered a new function of flavivirus NS2B in virion assembly,
possibly through interaction with the NS2A protein.

Flaviviruses are a large group of small, enveloped viruses trans-
mitted by arthropods. Many flaviviruses are important human

pathogens, such as Japanese encephalitis virus (JEV), West Nile
virus (WNV), tick-borne encephalitis virus (TBEV), dengue virus
(DENV), and yellow fever virus (YFV). The flavivirus genome is a
positive-sense RNA about 11 kb in length. The single open reading
frame encodes a long polyprotein that is co- and posttranslation-
ally processed by cellular proteases and viral protease into three
structural proteins (capsid [C], premembrane/membrane [prM/
M], and envelope [E]) and seven nonstructural proteins (NS1,
NS2A, NS2B, NS3, NS4A, NS4B, and NS5) (1). The structural
proteins form the virus particle, while the nonstructural proteins
function in viral RNA replication, virion assembly, and evasion of
the host antiviral immune responses (2–5). Among them, NS3 is a
multifunctional protein with an N-terminal protease domain and
a C-terminal RNA helicase/NTPase domain. The NS3 protease
activity requires NS2B as a cofactor (NS2B-NS3pro) and is respon-
sible for cleaving the C terminus of mature capsid protein, as well
as the junctions of NS2A/NS2B, NS2B/NS3, NS3/NS4A and
NS4B/NS5 (6).

NS2B is a small integral membrane protein (approximately

130 amino acids) with a molecular mass of 14 kDa. It contains a
conserved central hydrophilic region (amino acids 51 to 95 in
JEV) and three hydrophobic regions that are predicted to be trans-
membrane domains (TMDs) (7, 8). It has been demonstrated that
the central hydrophilic region of NS2B is necessary and sufficient
for the activation of NS3 protease, and mutations in this region
could affect protease activities and NS3 stability, resulting in de-
fects of viral replication (1, 7, 9–13). Its hydrophobic TMDs are
generally considered to help the NS2B-NS3pro complex anchor
into the host endoplasmic reticulum (ER) membranes for efficient
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activation of the NS3 protease (7, 11). Although the TMDs of
NS2B are not essential for NS3 protease activity, there is some
evidence that the TMDs of NS2B may have additional functions
during viral replication (7, 14). Chambers et al. showed that mu-
tations in the predicted TMDs of YFV NS2B had subtle effects on
proteolytic processing but decreased viral replication (7). Consis-
tently, we also found that a Met-to-Thr mutation at amino acid
position 102 of JEV NS2B (NS2B-M102T) located at the predicted
third TMD led to proteolysis-independent impairment of JEV
replication (14). It is currently unclear how the NS2B TMDs reg-
ulate flaviviral replication.

A recent nuclear magnetic resonance (NMR) study revealed
the membrane topology of DENV4 NS2B (15). The hydrophilic
cofactor region forms a �-strand structure, while the TMDs con-
tains four short helical segments. Notably, each of the four TMD
helices contains a small-XXX-small motif (“small” represents
amino acids with small side chains [Gly, Ala, and Ser], and “X”
represents any amino acid) that is important for TMD-TMD in-
teractions. Such structural characteristics of NS2B might confer
more freedom to induce conformational changes in membranes
under different conditions, facilitating interaction with other viral
membrane proteins through its TMDs (15). Indeed, using fluo-
rescent resonance energy transfer (FRET)- and biomolecular flu-
orescent complementation (BiFC)-based imaging methods, Yu et
al. showed that WNV NS2B could interact with itself, as well as
most other NS proteins, including the other three membrane pro-
teins, NS2A, NS4A, and NS4B (16). These results, together with its
known function as an NS3 protease cofactor, suggest that NS2B
may play a critical role in bringing the four membrane NS proteins
together in the replication complex and in bridging them with
non-membrane-associated NS3 and NS5 proteins (16). Although
the details of these interactions are still obscure, they strongly
suggest that the NS2B protein might perform some functions
other than as a protease cofactor through its TMDs.

In this study, mutagenesis analyses of NS2B in the context of
JEV reverse-genetic systems were performed. The results showed
that all three NS2B TMDs are essential for viral replication, but
none of the tested TMD mutations affected trans- or cis-protease
activities of NS2B-NS3. Interestingly, NS2B mutations G37L and
P112A impaired virion assembly. Revertant and protein-protein
interaction analyses showed that the defect in virus assembly
caused by the P112A mutation correlated with a weakened inter-
action between NS2B and NS2A. Remarkably, an adaptive muta-
tion, K127KK, in NS2B could compensate for the defects in virion
assembly, as well as NS2A-NS2B interaction. These results indi-
cate that NS2B participates in virion assembly through interaction
with NS2A, a protein known to be important for flavivirus assem-
bly (17–20). Overall, our data demonstrate, for the first time, that
flavivirus NS2B participates in virion assembly.

MATERIALS AND METHODS
Cell culture and viruses. Baby hamster kidney (BHK-21) cells and human
embryo kidney 293T cells were grown in Dulbecco’s modified Eagle’s
medium (DMEM) containing 10% fetal bovine serum (FBS), 100 units
penicillin ml�1, and 100 �g streptomycin ml�1 in 5% CO2 at 37°C. Wild-
type (WT) and mutant viruses were generated from the infectious cDNA
clone of JEV by electroporation of BHK-21 cells with in vitro-transcribed
RNA. The supernatants of transfected cells were harvested at different
time points posttransfection and frozen at �80°C.

Membrane topology prediction. The membrane topology of JEV
NS2B was predicted using various Web servers. These servers included

HMMTOP, SOSUI, Split, TOPCONS, PSIPRED, DAS, TMHMM2, and
Polyphobius.

Plasmid construction. The infectious clone of a Renilla luciferase
(Rluc)-JEV reporter virus, pACYC-Rluc-JEV (whose construction will be
reported elsewhere), was used as the backbone to introduce NS2B muta-
tions. Briefly, the NS2B fragments containing different mutations were
produced by overlap PCR and then engineered into the pACYC-Rluc-
JEV infectious clone at BspEI and BamHI restriction sites. The full-
length pACYC-JEV infectious clone and the Renilla luciferase replicon
(JEV-Rluc-Rep) carrying the corresponding NS2B mutations were con-
structed by replacement of the BspEI/BamHI fragment from the pACYC-
Rluc-JEV infectious clone at the same sites. For the construction of the
NS2B-NS3pro-HA expression plasmids, a fragment of NS2B-NS3 (amino
acids 1 to 180) tagged with a hemagglutinin (HA) sequence at its C termi-
nus was amplified using the infectious clone containing the correspond-
ing NS2B mutations as a template and cloned into the pCAGGS vector at
the XhoI and ClaI restriction sites. For the construction of BiFC vectors,
the plasmid encoding the Venus protein (a variant of yellow fluorescent
protein) (21) constructed by our laboratory was used as the backbone.
Two separate fragments representing the N terminus (VenusN; amino
acids 1 to 173) and the C terminus (VenusC; amino acids 174 to 239) of the
full-length protein were amplified by PCR with a GGGSGGGS linker se-
quence at the 5= end and inserted into pEGFPN1 at AgeI and NotI sites to
replace the original enhanced green fluorescent protein (eGFP) gene of
the vector, generating VenusN and VenusC expression vectors, respec-
tively. NS2B fragments with different mutations and other individual NS
proteins were amplified by PCR using the corresponding infectious clone
as a template and inserted into the VenusN and VenusC vectors at the
XhoI/AgeI sites, respectively. The NS2B TMD3 (amino acid positions 98
to 131) sequences were amplified and cloned in frame with eGFP into
pEGFPN1 at EcoRI/AgeI restriction sites to generate the NS2B TMD3-
eGFP fused-protein expression plasmids.

RNA transcription and transfection. The plasmids for the infectious
clone and replicon were linearized by XhoI, followed by purification by
phenol-chloroform extraction. RNAs were then transcribed from the lin-
earized plasmids using a T7 mMESSAGE mMACHINE kit (Ambion) ac-
cording to the manufacturer’s protocols. For transfection, 5 �g of in vitro-
transcribed RNA was electroporated into 8 � 106 BHK-21 cells following
a protocol described previously (14).

Luciferase assay. Various numbers of cells transfected with WT and
mutant Rluc-JEV RNAs were seeded in 12-well plates. At 2, 12, 24, 48, 72,
and 96 h posttransfection (hpt), the supernatants and cells were collected.
For Rluc-JEV infection, 100 �l of supernatants harvested at 48 and 72 hpt
was used to infect naive BHK-21 cells in 12-well plates that were seeded at
a density of 1 � 105 cells per well 1 day prior to infection. After 2 h of
incubation, the cells were washed three times with phosphate-buffered
saline (PBS) and maintained in Dulbecco’s modified Eagle’s medium
(DMEM) with 2% FBS. Forty-eight hours postinfection (hpi), the cells
were lysed and stored at �80°C for the subsequent luciferase assay. Lucif-
erase activity was measured in a microplate reader (Varioskan Flash;
Thermo Fisher) by mixing 20 �l lysates with 50 �l substrate (Promega).
The JEV-Rluc-replicon transient-transfection assay was performed to de-
tect the replication efficiencies of the mutants using a protocol described
previously (14).

Immunofluorescence assay (IFA) and plaque assay. The cells trans-
fected with the JEV genomic RNA were washed once with PBS and fixed
with cold (�20°C) 5% acetone in methanol for 10 min at room temper-
ature. The fixed cells were then washed with PBS three times and incu-
bated with anti-St. Louis encephalitis (SLEV) envelope protein mouse
monoclonal antibody (MAb) (Chemicon; diluted 1:250) for 1 h. Follow-
ing three washes with PBS, the cells were incubated with Texas Red-con-
jugated goat anti-mouse antibody (ProteinTech; diluted 1:125) for 1 h at
room temperature. After washing with PBS three times, the images were
acquired and analyzed under a fluorescence microscope. The virus titer
was determined by single-layer plaque assay, as described previously (14).
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Briefly, a series of 1:10-diluted viruses were seeded onto a 24-well plate
containing confluent BHK-21 cells. After 4 days of incubation at 37°C
with 5% CO2, the cells were fixed and stained with 3.7% formaldehyde
containing 1% crystal violet solution. The plaque morphology of the mu-
tant viruses was determined by double-layer plaque assay as described in a
previous study (14).

Real-time RT-PCR. After electroporation, approximately 4 � 105

cells transfected with WT and mutant RNAs were seeded in a 6-well plate.
Following incubation at 37°C with 5% CO2 for 2 h, the transfected cells
were washed with PBS three times to remove the untransfected RNAs in
the culture fluids and then maintained in DMEM containing 2% FBS. At
24, 48, and 72 hpt, the supernatants and cells were harvested. After cen-
trifugation at 500 � g for 5 min, the cell pellet was resuspended in 1 ml
PBS. Half of the cell suspensions were centrifuged to pellet the cells, and
the cell pellets were added with 500 �l TRIzol and frozen at �80°C to
extract the intracellular total RNAs. The other half of the cell suspensions
were centrifuged at 500 � g for 5 min, followed by resuspension with 300
�l DMEM containing 2% FBS. After three rounds of freezing and thaw-
ing, cellular debris was removed by centrifugation at 17,000 � g for 5 min
at 4°C, and the supernatants were tested for intracellular infectious-virus
production using a plaque assay. Viral RNAs in the supernatants of the
transfected cells and the intracellular total RNAs were extracted using a
QIAamp viral-RNA minikit (Qiagen) according to the manufacturer’s
protocol. The viral-RNA levels were measured using a one-step real-time
reverse transcription (RT)-PCR with SYBR green and the primer pair 5=-
TACAACATGATGGGAAAGCGAGAGAAAAA-3= and 5=-GTGTCCCA
GCCGGCGGTGTCATCAGC-3=. The number of genomic RNA copies
was determined with a standard curve of the in vitro-transcribed RNA
derived from the infectious clone.

DNA transfection. For the proteolytic processing and BiFC assays, a
standard calcium phosphate precipitation protocol was used for DNA
transfection. Briefly, 293T cells were seeded in 35-mm-diameter dishes or
a chamber slide (Nalge Nunc) and grown overnight to 70 to 80% conflu-
ence. A mixture of equal amounts of the two plasmids (NS2B-NS3pro-HA
expression plasmid plus NS4A-NS4B-FLAG polyprotein expression plas-
mid, or the VenusN-fused NS2B plus VenusC-fused viral-protein expres-
sion plasmids) was transfected into the cells. Cells expressing NS2B-
NS3pro and NS4A-NS4B proteins were lysed with 200 �l lysis buffer (20
mM Tris, pH 7.5, 100 mM NaCl, 0.5% n-dodecyl-�-D-maltopyranoside
(DDM), and EDTA-free protease inhibitor cocktail) on ice for 20 min.
The lysates were clarified by centrifugation at 17,000 � g at 4°C for 30 min
and subjected to Western blot assay. For detection of interactions of NS2B
with other NS proteins, the fluorescence in transfected cells was visualized
at 12 hpt with a Zeiss fluorescence microscope under an oil immersion
60� objective lens (numerical aperture [NA], 1.4) with an excitation
wavelength of 495/10 nm (center wavelength [CWL]/bandwidth [BW])
and an emission wavelength of 542/27 nm (CWL/BW). For the NS2B
subcellular localization assay, the plasmids encoding NS2B-eGFP fused
proteins were transfected into 293T cells using Lipofectamine 2000 (In-
vitrogen). After 24 hpt, the cells were fixed with cold (�20°C) 5% acetone
in methanol for 10 min at room temperature and then subjected to IFA
using the anti-eGFP rabbit antibody as described previously (22).

SDS-PAGE and Western blotting. Cellular lysates were heated at
75°C for 10 min and then separated on 15% SDS-PAGE gels. Proteins
were transferred onto a polyvinylidene difluoride (PVDF) membrane us-
ing a Trans-Blot Turbo system (Bio-Rad), followed by incubation with
5% skim milk (Bio-Rad) in TBST buffer (50 mM Tris-HCl, pH 7.5, 150
mM NaCl, and 0.1% Tween 20) at room temperature for 1 h. The blots
were then subjected to sequential incubation with primary (anti-HA/anti-
FLAG mouse monoclonal antibody at 1:2,000 dilution) and secondary
(horseradish peroxidase [HRP]-conjugated goat anti-mouse IgG at
1:3,000 dilution) antibodies. Following three washes with TBST buffer,
the signals were detected with a chemiluminescence system (ChemiDoc;
Bio-Rad).

Statistical analysis. The Student t test was used to determine if there
were significant differences (P � 0.05) for all the tested reporter viruses.
The statistical analyses were performed in IBM SPSS Statistics v18.0.

RESULTS
Functional analysis of the hydrophobic regions of JEV NS2B
protein using Rluc-JEV. The aim of this study was to identify new
functions of the transmembrane regions of flavivirus NS2B pro-
tein. We initially used several bioinformatics algorithms to ana-
lyze the membrane topology of JEV NS2B protein. Most programs
(SOSUI, Split, TOPCONS, DAS, TMHMM2, and Polyphobius)
consistently predicted three TMDs with minor variations in the
length and position of each TMD (Fig. 1A). After combining the
predicted topology with a recent NMR model of DENV4 NS2B
topology (15), we proposed a topology model of JEV NS2B (Fig.
1B). Amino acid sequence alignment of NS2B proteins of different
flaviviruses revealed 13 conserved residues located at different
TMDs (Fig. 1C): E6, A10, V11, G12, and L21 in TMD1; G37, L38,
M39, V44, and G47 in TMD2; and R101, P112, and I115 in TMD3.

We used a luciferase reporter virus (Rluc-JEV) to probe the
function of the flavivirus conserved TMD residues (Fig. 2A). The
construction and characterization of the Rluc-JEV reporter virus
will be reported elsewhere. In the context of Rluc-JEV, each of the
conserved non-Ala and non-Gly residues was replaced with Ala;
the small Gly and Ala residues were replaced with large hydropho-
bic Leu residues. Equal amounts of wild-type and mutant Rluc-
JEV RNAs were transfected into BHK-21 cells, and viral replica-
tion was monitored by measuring luciferase activities in the
transfected cells at different times posttransfection. Similar levels
of luciferase activities were detected at 2 and 4 hpt for all trans-
fected RNAs (data not shown), suggesting comparable transfec-
tion efficiencies for the RNAs. However, different levels of lucif-
erase signals were detected for the WT and mutant RNAs at 24, 48,
and 72 hpt (Fig. 2B). At 48 hpt, mutants E6A, A10L, V11A, L21A,
G37L, M39A, V44A, G47L, and I115A showed slight to moderate
defects in viral replication, with less than 100-fold decreases in
luciferase signals compared with the WT; the L38A, R101A, and
P112A mutants exhibited severe defects in replication, with 100-
to 1,200-fold decreases in luciferase activity; mutant G12L was
lethal, with a luciferase profile similar to that of a negative-control
NS5-GDD Rluc-JEV (containing a deletion of a GDD active site of
NS5 polymerase). These results demonstrate that mutations at the
TMDs could attenuate viral replication.

To determine the effect of each mutation on infectious-virus
production, we inoculated naive BHK-21 cells with the superna-
tants harvested from the transfected cells at 48 or 72 hpt. At 48 h
postinfection, the cells were lysed to measure luciferase activities
(Fig. 2C). The luciferase activities expressed in the infected cells
were used to indicate virus production from the transfected cells.
Consistent with the observation in cells transfected with G12L
RNA, the luciferase signals were barely detectable in G12L mu-
tant-infected cells. For the mutants that efficiently replicated in
the transfected cells (E6A, A10L, V11A, L21A, M39A, V44A,
G47L, and I115A), the corresponding infected cells produced sim-
ilar or slightly lower luciferase signals than the WT-virus-infected
cells, indicating that these mutations did not prominently affect
virus production. For the mutants that severely inhibited viral
replication (L38A and R101A), the infected cells produced lucif-
erase signals significantly lower than that of the WT (t test; P �
0.01), confirming that the two mutations attenuate viral RNA rep-
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lication. Remarkably, although the G37L mutant RNA replicated
more efficiently than L38A and R101A mutants in the transfected
cells (Fig. 2B), it produced background levels of luciferase signals
in the infected cells (similar to the G12L mutant and the NS5-
GDD negative control), suggesting that G37L mutation blocks
virus assembly and/or release. A similar phenomenon was also
found in the P112A mutant.

Therefore, NS2B mutations could be classified into four
groups based on the phenotypes of viral replication and infectivity

of the Rluc-JEV reporter virus (Fig. 2D). Group I mutants had
mild to moderate defects in viral replication (E6A, A10L, V11A,
L21A, M39A, V44A, G47L, and I115A). Group II mutants severely
affected viral replication (L38A and R101A). The group III mutant
showed a lethal phenotype (G12L). Group IV mutants were atten-
uated in both viral replication and virus production (G37L and
P112A). Overall, our primary data suggest that NS2B TMDs play
important roles in both viral RNA replication and particle pro-
duction during the viral life cycle.

FIG 1 Prediction of the membrane binding domain of JEV NS2B protein and alignment analysis of flavivirus NS2B sequences. (A) Schematic representation of
the membrane topology predictions of JEV NS2B by various Web servers. The gray boxes represent the predicted transmembrane segments. The positions of the
first and the last amino acid residues in the predicted transmembrane domains are indicated. (B) Model of JEV NS2B transmembrane domains with selected
mutations indicated. (C) Multiple-sequence alignment of NS2B proteins from different flaviviruses using ClustalW software (http://embnet.vital-it.ch/software
/ClustalW.html). The gray shading indicates the residues selected for mutagenesis in this study. The ellipses represent the hydrophilic regions for which the
sequence is not presented. Asterisks indicate positions that have a single fully conserved residue; colons indicate conservation between groups with strongly
similar physicochemical properties; dots indicate conservation between groups with weakly similar physicochemical properties.
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Characterization of NS2B mutants using an authentic JEV
infectious cDNA clone. To validate the results derived from the
luciferase reporter JEV, we engineered mutations from groups II,
III, and IV into a full-length JEV infectious cDNA clone. Equal
amounts of WT and mutant genome length RNAs were electro-
porated into BHK-21 cells. Viral replication and spreading were

first assessed through an IFA using an anti-E protein monoclonal
antibody (Fig. 3A). Consistent with the observation with reporter
viruses, group II (L38A and R101A) mutant RNAs yielded far
fewer IFA-positive cells than the WT, whereas the total number of
IFA-positive cells increased throughout the 120-h time course;
these results confirm that mutations L38A and R101A affect RNA

FIG 2 Characterization of viral replication and infectivity of NS2B mutants using the Rluc-JEV reporter virus. (A) Schematic diagram of the Rluc-JEV reporter
virus. The Rluc reporter gene was inserted between the 5=untranslated region (UTR) and the capsid gene of the JEV genome. The first 34 amino acids of the capsid
coding sequences were maintained in frame preceding the Rluc gene. Foot-and-mouth disease virus (FMDV) 2A cleavage peptides were inserted between the
Rluc and capsid genes of the viral genome. (B) Rluc-JEV reporter virus was used to detect the replication efficiencies of WT and NS2B mutant viruses. Equal
amounts of WT and mutant Rluc-JEV RNAs were transfected into BHK-21 cells, and luciferase activity was measured at the indicated time points posttransfec-
tion. (C) The production of infectious virus particles was detected by infecting naive BHK-21 cells with the supernatants collected at 48 and 72 hpt, and the
luciferase activity was detected at 48 hpi. (D) Summary of the phenotypic effects of NS2B mutants. Representative data from three independent experiments are
presented. Each experiment was performed in triplicate, and the error bars represent standard deviations.
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FIG 3 Characterizations of the phenotypes of NS2B mutants in the context of a JEV infectious clone. (A) Immunofluorescence analysis of NS2B mutants. Equal
amounts of the NS2B mutant RNAs derived from the full-length infectious clone were transfected into BHK-21 cells, and IFA was performed at the indicated time
points. The SLEV envelope protein antibody and Texas Red-conjugated goat anti-mouse IgG were used as primary and secondary antibodies, respectively. (B)
Extracellular viral titers of the NS2B mutants at 24, 48, and 72 hpt. The supernatants harvested at the indicated time points were subjected to plaque assay to
determine viral titers. (C) Intracellular viral titers of NS2B mutants at 24, 48, and 72 hpt. The transfected cells were lysed at the indicated time points by three
rounds of freezing and thawing and used for plaque assays as described in Materials and Methods. (D) Amounts of extracellular RNAs of NS2B mutants. The
amounts of viral RNAs in the supernatants at 24, 48, and 72 hpt were determined by quantitative RT-PCR as described in Materials and Methods. (E) Amounts
of intracellular RNAs of NS2B mutants. The amounts of viral RNA in the transfected cells at 24, 48, and 72 hpt were monitored by quantitative RT-PCR as
described in Materials and Methods. Representative data from three independent experiments are presented. Each experiment was performed in triplicate, and
the error bars represent standard deviations.
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replication without blocking progeny virus production. Group III
(G12L) mutant RNA did not yield any IFA-positive cells, demon-
strating the lethality of the mutation. Interestingly, group IV
(G37L and P112A) mutant RNAs produced scattered IFA-positive
cells whose number did not increase from 24 to 120 hpt, indicating
that the mutant RNAs were replicative but failed to produce in-
fectious viruses to initiate new rounds of infection.

To quantify viral RNA replication and virion production, we
determined the intra- and extracellular viral titers, as well as intra-
and extracellular viral-RNA levels, using plaque assay and real-
time RT-PCR, respectively. As shown in Fig. 3B to E, the amounts
of intra- and extracellular infectivity and viral RNA were reduced
for all the mutants in comparison with those of the WT. For group
II mutants (L38A and R101A), the levels of intracellular infectivity
correlated well with the levels of extracellular infectivity (Fig. 3B
and C). The group III G12L mutant displayed a lethal phenotype
similar to that of the NS5-GDD negative control. For group IV
mutations (G37L and P112A), no intra- or extracellular infectious
virus was detected (Fig. 3B and C) and no extracellular viral RNA
was detected (Fig. 3D); in contrast, consistent levels of intracellu-
lar viral RNAs were observed for both mutants (Fig. 3E). These
data demonstrated that the group IV mutations G37L and P112A
blocked virion assembly and/or release.

Characterization of NS2B mutations using a JEV replicon.
We used a Renilla luciferase reporter replicon of JEV (JEV-Rluc-
replicon) to further validate the mutational effect on viral RNA
replication. JEV-Rluc-replicon was constructed by replacing the
structural genes with a Renilla luciferase reporter gene in frame
(Fig. 4A). Mutations from groups II, III, and IV were individually
engineered into JEV-Rluc-replicon. Equal amounts of WT and
mutant JEV-Rluc-replicon RNAs were transfected into BHK-21
cells and assayed for luciferase activity. As shown in Fig. 4B, sim-
ilar levels of luciferase signals were produced for all the replicons
at 2 hpt, indicating that none of the mutations affects viral RNA
translation. In contrast, after 24 hpt, different replicons produced
distinct profiles of luciferase activity. The group III mutant repli-
con (G12L) exhibited the same luciferase profile as the NS5-GDD
lethal replicon. For group II (L38A and R101A) and IV (G37L and
P112A) mutants, replication efficiencies were in the following or-
der: WT � G37L � P112A � R101A � L38A. Except for G37L
and P112A, the differences in replication efficiency between any
two mutants were significant (t test; P � 0.01). It should be noted
that the G37L and P112A mutants failed to produce infectious
viruses but replicated more efficiently in the replicon system than
the R101A and L38A mutants, both of which could generate in-
fectious viruses; these data exclude the possibility that the failure
of viral particle production for G37L and P112A mutants was due
to defects in RNA replication. Taken together, the results demon-
strate that JEV NS2B is required for viral RNA replication and
virion assembly processes during the viral life cycle. Additionally,
we observed that the L38A mutant displays a severe defect in rep-
lication compared to R101A using the replicon (Fig. 4B), but this
defect looks less severe using the JEV reporter virus (Fig. 2B). The
reason for this discrepancy needs be explored in future studies.

The mutations in NS2B TMDs have no apparent effects on
NS2B-NS3pro protease activity. As NS2B acts as the cofactor of
NS3 protease, we examined whether the replication and assembly
defects caused by NS2B mutations were due to the impairment of
NS2B-NS3pro protease activity. The NS2B mutations were indi-
vidually engineered into an NS2B-NS3pro polyprotein expression

plasmid that contains the full-length NS2B, the N-terminal pro-
tease domain (1 to 180 amino acids) of NS3, and a C-terminal HA
tag (Fig. 5A). A construct expressing the NS2B-NS3-HA polypro-
tein with a D75A mutation in the protease catalytic site was pre-
pared as a negative control. In addition, an expression plasmid
encoding the NS4A-NS4B polyprotein with a C-terminal FLAG
tag was constructed as a substrate for NS2B-NS3 in trans (14).
After cotransfection of 293T cells with the NS2B-NS3-HA poly-
protein and NS4A-NS4B-FLAG expression plasmids, Western
blotting was performed to analyze the cleavage efficiencies at the
NS2B/NS3 (cis) and NS4A/NS4B (trans) junctions. For cis cleav-
age, all the mutants and WT NS2B-NS3pro-HA polyproteins gen-
erated equivalent levels of NS3pro-HA product (Fig. 5B). As a neg-
ative control, no cleavage products were detected for the inactive
NS3-D75A mutant. For trans cleavage, equal amounts of product
NS4B-FLAG were observed for the WT and NS2B mutants (Fig.
5C). In agreement with a previous study (7), our data indicate that
the protease activities of NS2B-NS3pro are not affected by muta-
tions within the NS2B TMDs.

The P112A mutation weakens the interaction between NS2B
and NS2A. It has been found, using various imaging-based tech-
niques, that NS2B interacts with the other three membrane pro-
teins, NS2A, NS4A, and NS4B, in addition to the known interac-
tion with NS3 in the context of the in vitro WNV NS protein
expression system (16). We developed a Venus-based BiFC system
to analyze the interactions of NS2B with other NS proteins of JEV
(Fig. 6A). The full-length NS2B was fused in frame with the N-ter-
minal 173 amino acids of the Venus protein (VenusN) through a

FIG 4 Replicon analysis of NS2B mutants. (A) Schematic diagram of a JEV
replicon with a Renilla gene. JEV-Rluc-replicon was constructed by replacing
the structural protein genes with the Rluc gene. (B) Comparison of the repli-
cation efficiencies of NS2B mutants and the WT using the JEV-Rluc-replicon
system. Equal amounts of replicon RNAs (WT and NS2B mutants) were trans-
fected into BHK-21 cells and assayed for luciferase activity at the indicated
time points posttransfection. Representative data from three independent ex-
periments are presented. Each experiment was performed in triplicate, and the
error bars represent standard deviations.
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GGGGSGGGGS linker; other NS proteins were individually fused
to the C-terminal fragment (174 to 239 amino acids) of the Venus
protein (VenusC) via the same peptide linker. The NS2B-VenusN

plasmid was cotransfected into 293T cells with the plasmid ex-
pressing the NS-VenusC fusion protein. At 12 hpt, strong fluores-
cence signals were observed with the pairs NS2B-VenusN plus
NS2A-, NS2B-, NS4A-, or NS4B-VenusC (Fig. 6B); the result is
consistent with a previous report that WNV NS2B interacts
with itself, as well as with NS2A, NS4A, and NS4B (16). No
fluorescent signal was detected in the pair of NS2B-VenusN and
NS1-VenusC plasmids, indicating no interaction between NS1
and NS2B. Weak fluorescence was observed when NS2B was
coexpressed with NS3 or NS5. Collectively, the results suggest
that NS2B interacts with transmembrane proteins (NS2A,
NS2B, NS4A, and NS4B) more strongly than with the cytoplas-
mic proteins (NS3 and NS5).

Next, we used the BiFC assay to examine the effects of NS2B
mutations on its interactions with NS2A, NS2B, NS4A, and NS4B
(Fig. 6C). Mutations G12L, G37L, L38A, and P112A were individ-
ually engineered into the NS2B-VenusN and NS2B-VenusC plas-
mids. After cotransfecting 293T cells with NS2B-VenusN and
NS2B-VenusC bearing the same mutations, no significant differ-
ence in BiFC fluorescence was observed between the homologous
WT NS2B/NS2B pair and mutant pairs, suggesting that mutations

do not affect NS2B self-interaction (Fig. 6C, top). When the mu-
tant NS2B-VenusN plasmid was cotransfected with the WT
NS2A-, NS4A-, or NS4B-VenusC plasmid, only mutant P112A
NS2B-VenusN consistently reduced the fluorescent signal when
paired with WT NS2A-VenusC (Fig. 6C, bottom). For the other
member, the G37L mutation, the results were not consistent due
to unknown reasons, and no specific conclusions could be
reached. Overall, the results suggest that mutation P112A in NS2B
TMD2 weakens the NS2A-NS2B interaction.

Revertant analysis of group IV mutant viruses. To investigate
the mechanism by which NS2B regulates viral RNA replication
and assembly, we performed revertant analysis of group IV mu-
tant viruses (G37L and P112A) by continuously passaging culture
fluids on BHK-21 cells. For each mutant virus, 12 independent
selections were performed to improve the chances of getting re-
covered viruses harboring second-site mutations. Nine indepen-
dent selections were successfully performed for each mutant. All
the recovered viruses, G37L (Fig. 7A, top) and P112A (Fig. 7A,
bottom), produced visible plaques. To determine the genetic basis
of these recovered viruses, we extracted viral RNA from each se-
lection and sequenced the complete genome (Fig. 7B). For the
G37L revertants, we recovered only pseudoreversions to G37F
(from three selections), G37H (from two selections), G37T (from
three selections), and G37S (from one selection). For P112A re-
vertants, all the viruses retained the original P112A mutation but
contained one or two Lys insertions immediately after amino acid
127 or 130 in NS2B (Fig. 7B). Specifically, seven independent se-
lections had one Lys insertion at the K127 position (K127KK), one
selection had two Lys insertions at the K127 position (K127KKK),
and one selection had one Lys insertion at the 130K position
(K130KK). Such Lys insertion mutations indicated that the basic
residue cluster at the C terminus of NS2B might play important
roles in rescuing defects in viral RNA synthesis and/or assembly
caused by the NS2B-P112A mutation. No mutation outside the
NS2B gene was recovered. These results suggest that the adaptive
mutations are responsible for restoring the complete infectious
cycle of the G37L and P112A mutants.

Compensatory mutations specifically rescue virus assembly
defects of group IV mutants. To validate the sequence result for
revertants, we engineered the adaptive mutations into the Rluc-
JEV genome length RNA. For the G37L revertant, we chose adap-
tive mutation G37F for validation. As shown in Fig. 8A, similar
levels of luciferase activities were detected in cells transfected with
G37F and G37L Rluc-JEV RNAs, although the luciferase signals
from both mutants were lower than that of the WT. In the viral
infection assay (Fig. 8B), only the adaptive mutant G37F produced
a replicative level of luciferase signal, which was significantly
higher than those detected in the original G37L mutant and the
negative-control NS5-GDD Rluc-JEV (P � 0.05). These results
demonstrate that the G37F mutation could rescue the defect in
virion assembly caused by the G37L mutation.

For the P112A revertant, we chose the adaptive mutation
K127KK for functional validation, since it was found in most of
the recovered P112A viruses (seven of nine) (Fig. 7B). Adaptive
mutation K127KK was engineered into the P112A JEV genome
length RNA (without a luciferase reporter). Upon transfection
into BHK-21 cells, double-mutant (P112A plus K127KK) JEV
RNA produced many more IFA-positive cells than single-mutant
(P112A) RNA (Fig. 9A). Plaque assay showed that infectious virus
was recovered from the P112A-plus-K127KK double mutant but

FIG 5 Effects of NS2B mutations on the proteolytic processing activities of
NS2B-NS3pro. (A) Schematic diagram of the NS2B-NS3pro and NS4A-NS4B
polyprotein constructs. The white arrow indicates the cleavage site at the
NS2B/NS3 junction. The gray arrow indicates the cleavage site at the NS4A/
NS4B junction. (B and C) The NS2B mutations were engineered into NS2B-
NS3pro constructs and coexpressed with NS4A-NS4B polyprotein in 293T
cells, and the cis- and trans-cleavage activities were detected by Western blot-
ting using anti-HA and anti-FLAG antibodies, respectively, at 24 hpt.
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FIG 6 BiFC analysis of the interactions of NS2B mutants with viral NS proteins in living cells. (A) Schematic illustration of BiFC constructs and the workflow
of BiFC analysis used in the study. The Venus protein was divided into two parts. The N-terminal part contained amino acids 1 to 173, and the C-terminal part
consisted of residues 174 to 239 of the Venus protein. NS2B was fused with the N-terminal fragment with a GGGGSGGGGS linker, and the viral NS proteins were
fused with the C-terminal segment using the same linker sequence. The NS2B-VenusN plasmid and the individual VenusC-fused constructs were cotransfected
into 293T cells. (B and C) images were taken at 12 hpt with a Zeiss fluorescence microscope at an excitation wavelength of 495/10 nm (CWL/BW) and an
emission wavelength of 542/27 nm (CWL/BW). (B) Visualization of the interactions of WT NS2B with viral NS proteins by BiFC. The complement fluorescence
images were clearly visualized in the BiFC pairs, including NS2B-VenusN plus NS2A/NS2B/NS3/NS4A/NS4B/NS5-VenusC. (C) Visualization of the interactions
of NS2B mutants (L38A in group II, G12L in group III, and G37L and P112A in group IV) with viral membrane proteins by BiFC. The NS2B mutations were
individually engineered into the NS2B-VenusN construct, and the effects of the NS2B mutations on the interactions of NS2B with NS2A, NS2B, NS4A, and NS4B
were detected using BiFC analysis. representative data from three independent experiments are presented.
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not from the P112A single mutant (Fig. 9B). Since the P112A
mutation attenuated both viral RNA synthesis and virion assem-
bly, we examined the effect of compensatory mutation K127KK
on viral RNA replication using a luciferase replicon. Surprisingly,
addition of K127KK to the P112A replicon significantly reduced
viral RNA replication (Fig. 9C) (t test; P � 0.01). These results
clearly demonstrate that the restoration of virus production by the

K127KK mutation is not due to the improvement of viral RNA
synthesis.

Analysis of the effect of adaptive mutation K127KK on
NS2A-NS2B interaction. Since the BiFC assay showed that the
P112A mutation in NS2B weakened NS2B-NS2A interaction (Fig.
6C), we asked whether the compensatory mutation K127KK res-
cues virion assembly by restoring the NS2A-NS2B interaction. To

FIG 7 Selection of revertant viruses containing group IV mutations (G37L and P112A). (A) Plaque morphologies of the recovered viruses from different
selections of the NS2B G37L and P112A mutants. (B) Compensatory mutation identified from revertant viruses.

FIG 8 Genetic analysis of compensatory effects of NS2B-G37F mutation using the Rluc-JEV reporter virus. (A) Equal amounts of WT and mutant Rluc-JEV
RNAs were transfected into BHK-21 cells, and luciferase activity was measured at the indicated time points posttransfection. (B) The production of infectious
virus particles was detected by infecting naive BHK-21 cells with the supernatants collected at 48 and 72 hpt, and the luciferase activity was detected at 48 hpi.
Representative data from two independent experiments are presented. Each experiment was performed in triplicate, and the error bars represent standard
deviations.
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this end, the WT or mutant (P112A and P112A plus K127KK)
NS2B-VenusN plasmid was cotransfected with a NS2A-VenusC

construct. As shown in Fig. 10A, the K127KK mutation in NS2B
did not improve the interaction between NS2A and NS2B P112A
mutants. However, when the single (P112A) and double (P112A-
plus-K127KK) mutations were engineered into TMD3-VenusN

containing only the TMD3 fragment of NS2B (representing C-ter-
minal amino acids 98 to 131), the BiFC results (Fig. 10B) showed
that (i) the P112A single mutation weakened the NS2B TMD3-
NS2A interaction and (ii) P112A-plus-K127KK double mutations
restored the NS2B TMD3-NS2A interaction to the WT level. The
discrepancy between the complete NS2B and TMD3 alone could
be due to steric hindrance of such mutants in the context of com-
plete NS2B.

Additionally, the subcellular localization of TMD3 of NS2B
was determined by fluorescence microscopy using a green fluores-
cent protein (GFP) fused with WT and mutant (P112A or P112A-
plus-K127KK) NS2B TMD3 (Fig. 10C). WT and P112A-plus-
K127KK NS2B TMD3 showed dot-like distribution patterns in
the cytoplasm, while P112A NS2B TMD3 displayed even distribu-
tion in cells. The results demonstrate that the compensatory mu-
tation K127KK rescues the topology of P112A-NS2B on the mem-
brane within the cytoplasm, which may help to recover the
interaction between NS2B and NS2A.

DISCUSSION

Flavivirus NS2B is a small integral transmembrane protein con-
taining a conserved central hydrophilic region flanked by three
putative hydrophobic transmembrane regions (7, 8). It interacts

with the NS3 protease domain through its central hydrophilic
region to form an NS2B-NS3pro heterodimer, which is responsible
for proteolytic processing of the viral polyprotein. Its transmem-
brane segments are generally considered dispensable for the activ-
ity of NS3 protease. In this study, we found that the TMDs of JEV
NS2B are involved in both viral RNA synthesis and virion assem-
bly. Remarkably, it was also demonstrated that the interaction
between NS2B and NS2A may play a critical role in the production
of infectious particles. Overall, our data provide evidence for the
first time that NS2B functions in both viral RNA synthesis and
assembly through its TMDs in the flavivirus replication cycle.

To rapidly dissect the effects of each individual mutation on
different steps of the JEV replication cycle, we initially assessed
viral RNA replication and virus production using the JEV-Rluc
reporter virus (Fig. 2B and C). All 13 mutations were classified
into four groups based on their phenotypes (Fig. 2). Group I,
including most of the mutations (E6A, A10L, V11A, L21A, M39A,
V44A, G47L, and I115A), displayed slight or moderate reduction
in viral RNA synthesis. Group II, including L38A and R101A, was
severely defective in viral RNA replication. Group III included
only one mutation, G12L, which was lethal for viral replication.
Group IV, which included G37L and P112A, exhibited defects in
both viral RNA synthesis and infectious virus production. Nota-
bly, mutagenesis analysis in the JEV infectious clone and sub-
genomic replicon provided further evidence that the virion as-
sembly defect observed with these group IV mutants (G37L and
P112A) is not due to their mutational effect on viral RNA synthe-
sis. (i) Both genomic RNAs yielded E protein IFA-positive cells as
early as 24 hpt, whereas no significant increase in the number of

FIG 9 Genetic analysis of compensatory effects of the NS2B-K127KK mutation using the JEV infectious clone and subgenomic replicon. (A) IFA. BHK-21 cells
were electroporated with the genome length RNAs of the WT and NS2B-P112A and NS2B-P112A-plus-K127KK mutants. The transfected cells were analyzed by
IFA at the indicated time points using the method described in Materials and Methods. (B) Virus production. The virus titers of the transfected cells at each time
point posttransfection were detected by plaque assay. (C) Transient replicon assay. Equal amounts of WT or mutant replicon RNAs were transfected into BHK-21
cells, and the cells were lysed for the luciferase activity assay at the indicated time points. Representative data from three independent experiments are presented.
Each experiment was performed in triplicate, and the error bars represent standard deviations.
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IFA-positive cells was observed during the whole time course (Fig.
3A), which indicated no efficient virus spread. (ii) Either extracel-
lular viral RNA or extracellular/intracellular viral titers in these
mutant genomic-RNA-transfected cells were barely detectable,
while the two mutations had minor effects on the accumulation of
intracellular viral RNA (Fig. 3B to E). (iii) The replicon assay
clearly showed that both G37L and P112A substitutions were still
able to replicate efficiently, exhibiting a much higher level of Rluc
signals than even group II mutants (L38A and R101A) with a
minor impact on virus assembly (Fig. 4B).

Considering that NS2B functions as the cofactor of NS3 pro-
tease (7, 10, 23), we compared both cis (NS2B-NS3 self-cleavage)
and trans (NS4A-NS4B cleavage) activities of NS2B-NS3pro pro-
tease bearing different NS2B TMD mutations using an in vitro

cleavage system (Fig. 5B and C). No significant differences in ei-
ther cis-cleavage or trans-cleavage activities were observed be-
tween mutant NS2B-NS3pro proteases and wild-type NS2B-
NS3pro protease. This indicates that the defects in viral RNA
synthesis and/or assembly observed in NS2B TMD mutants are
not caused by impairing NS2B-NS3pro protease activity. In YFV,
Chambers et al. also found that substitution or deletion mutations
within the hydrophobic domains of NS2B that were lethal to viral
replication had subtle effects on the cleavage activity of the NS2B-
NS3pro protease (7). These data not only further confirm that
NS2B TMDs are dispensable for NS2B-NS3 protease activity (1,
12, 24), but also imply that NS2B might modulate viral RNA syn-
thesis and virus assembly through its TMDs.

It has been reported that the virus budding sites are in close

FIG 10 BiFC analysis of compensatory effects of the NS2B-K127KK mutation on NS2B-NS2A interaction. (A and B) The full-length NS2B-VenusN (A) or the
truncated NS2B TMD3-VenusN (B) plasmid (WT, P112A, and P112A plus K127KK) was cotransfected with NS2A-VenusC into 293T cells, and the effects of the
NS2B mutations on NS2B-NS2A interaction were compared by BiFC assay. (C) Schematic diagram of the constructs used in fluorescence microscopy. WT and
mutant NS2B TMD3 fragments with single P112A or double P112A-plus-K127KK mutations were cloned into a GFP fusion vector. (D) Comparison of the
subcellular localizations of WT and mutant NS2B TMD3 fusion proteins. Representative data from three independent experiments are presented.
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proximity to the pores of replication vesicles. Such spatial distri-
bution may ensure efficient production and delivery of viral RNA
for the assembly of infectious virus progeny (25). Therefore, NS
proteins that are thought to play important roles in viral RNA
replication are always found to be involved in virion assembly.
NS2A is the first identified NS protein engaged in both processes.
Mutations within NS2A of YFV, DENV-2, and the Kunjin subtype
of West Nile virus (KUNV) were found to affect viral RNA syn-
thesis and/or the production of infectious particles (18, 19, 26).
Additionally, the second-site mutations in NS3 helicase could
compensate for the defect in infectious YFV production caused by
NS2A mutations (17, 19), which suggested that the genetic inter-
action between NS2A and NS3 is critical for virion production
(17, 19). In addition to the evidence from the compensatory mu-
tations in the NS3 helicase domain (17, 19), the role of NS3 in
virion assembly has also been directly demonstrated by a mutation
in YFV NS3 that selectively blocked infectious-virus production
(27). During viral RNA synthesis, NS3 interacts with NS2B (7),
NS4A (28), NS4B (29), and NS5 (30–32) to exert its enzymatic
activities, facilitating viral RNA replication. In addition to being
essential for RNA replication (33), NS1 has also been found to
modulate infectious-particle production via interaction with the
structural proteins (34). In a recent study, it was demonstrated,
using FRET- and BiFC-based imaging approaches, that WNV
NS2B interacted with many NS proteins, including the known
NS3 and the other three membrane proteins (NS2A, NS4A, and
NS4B), as well as itself, although the underlying mechanism for
these interactions is unknown (16).

In our BiFC assay, we also observed that JEV NS2B was able to
interact with most NS proteins, except NS1. It should be noted
that the result regarding the interaction between NS2B and NS5
seems to contradict the previous study, in which NS2B was not
able to interact with NS5 (16). This discrepancy may be caused by
the different imaging approaches used: FRET in the previous
study (16) versus BiFC in the current study. In contrast to FRET,
which requires two chromophores at a separation radius of ap-
proximately 10 nm or less for positive signals, BiFC can occur if
the two fluorescent fragments are within 10 nm with appropriate
linkers (35). Further experiments may be needed to determine
whether there is NS2B-NS5 interaction. Using this system, we did
not find that the introduction of group II and III mutations into
the full-length NS2B construct affected the interactions of NS2B
with these viral proteins. Given that each membrane protein
(NS2A, NS2B, NS4A, and NS4B) contains more than one TMD,
we cannot rule out the possibility that multiple TMDs of individ-
ual membrane proteins are involved in protein interactions, and a
single amino acid mutation in the full-length NS2B is not enough
to destroy the interactions to a detectable degree in the BiFC assay.
A systematic investigation of the effects of these replication-defec-
tive mutations on the interactions of NS2B with other viral NS
proteins will be conducted in the context of an individual TMD
segment of each membrane protein in the future.

In contrast to groups II and III, which dramatically impaired
viral RNA replication, one of the group IV mutations affecting
both viral RNA synthesis and assembly, P112A, dramatically at-
tenuated the interaction between NS2B and NS2A (Fig. 6C). How-
ever, no compensatory mutation occurred in NS2A from the re-
covered viruses of the NS2B-P112A mutant. For the P112A
mutant, all of the recovered viruses acquired a 1- or 2-lysine-
residue insertion mutation adjacent to the C-terminal codon

K127 or K130 in NS2B itself (seven strains with K127KK, one
strain with K127KKK, and one strain with K130KK) (Fig. 7B).
Genetic analysis of the compensatory mutation (K127KK) re-
vealed that the adaptive mutation specifically rescued the virus
production defect of a P112A mutant, since the combined mutant
replicon K127KK plus P112A exhibited an even lower capability
for viral RNA synthesis than P112A alone (Fig. 9C). Interestingly,
it was also found that the K127KK compensatory mutation recov-
ered interactions between NS2B TMD3 and NS2A caused by the
P112A mutation (Fig. 10). It is therefore tempting to speculate
that the physical interaction between NS2B and NS2A may con-
tribute to virion assembly.

Based on the NMR structure of DENV4 NS2B reported re-
cently (15), the conserved residue P112 is located at the turn be-
tween 	3 (residues N90 to G105 in DENV4 NS2B) and 	4 (resi-
dues P112 to T125 in DENV4 NS2B) helix segments in the third
hydrophobic region. It was proposed that P112 might be respon-
sible for conformational changes and the correct position of the C
terminus of 	4 in membranes. In contrast to proline, alanine is a
strong helix-favoring residue. Thus, it is very possible that Pro-to-
Ala substitution at this position affects the NS2B topology struc-
ture in the membrane, resulting in the impairment of its function,
as well as interactions with other viral proteins. In support of this
hypothesis, we did observe dramatic alterations of the subcellular
localization of NS2B induced by the P112A mutation in the con-
text of truncated NS2B TMD3 (Fig. 10D). The mutant GFP-fused
NS2B TMD3 protein carrying the P112A mutation displayed even
cytoplasmic accumulation, in contrast to the distinct dot-like dis-
tribution of the WT. At the same time, the addition of the K127KK
compensatory mutation restored NS2B subcellular distribution
caused by the P112A mutation. Thus, we speculated that the cor-
rect orientation of the NS2B 	4 helix in the membrane may be a
prerequisite for NS2B to interact with NS2A, which is important
for virus assembly, and the insertion of the positive polar residue
lysine at the C terminus of TMD3 may compensate for the topol-
ogy of the P112A mutant protein in the membrane to a certain
degree. This may also provide an explanation for why the com-
pensatory mutations of P112A occurred exclusively in NS2B itself
instead of in NS2A.

As for the other member of group IV, G37L, situated in the
second TMD of NS2B, only a variety of pseudorevertants, such as
G37F (three strains), G37H (two strains), G37T (three strains),
and G37S (one strain), were obtained from the recovered viruses.
Although genetic analysis showed that the pseudoreversion G37F
was able to specifically restore the defect in assembly of G37L,
which was similar to the observation in the P112A mutant, we did
not observe apparent alterations of interaction between NS2B and
other NS proteins. This indicates that the G37L mutation impairs
virus assembly through a mechanism that is different from that for
the P112A mutation.

In summary, our study provides evidence for the first time that
the TMDs of JEV NS2B participate in both viral RNA replication
and virion assembly. Using a BiFC-based imaging method, we
observed that the interaction between NS2B and NS2A was weak-
ened by a virus assembly-deficient mutant, NS2B-P112A, which
could be recovered by its compensatory mutation, NS2B-
K127KK. These data imply an essential role for the interaction
between NS2B and NS2A during virus particle assembly. Al-
though it is still hard to propose a clear mechanistic model for
NS2B TMDs in viral replication and assembly based on the limited
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information from our data, it clearly indicates that NS2B TMDs
may serve as a potential target for antiviral drug development.
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