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ABSTRACT
Flavivirus replication is mediated by a complex machinery that consists of viral enzymes, nonenzymatic viral proteins, and host
factors. Many of the nonenzymatic viral proteins, such as NS4B, are associated with the endoplasmic reticulum membrane. How
these membrane proteins function in viral replication is poorly understood. Here we report a robust method to express and pu-
rify dengue virus (DENV) and West Nile virus NS4B proteins. The NS4B proteins were expressed in Escherichia coli, reconsti-
tuted in dodecyl maltoside (DDM) detergent micelles, and purified to >95% homogeneity. The recombinant NS4B proteins
dimerized in vitro, as evidenced by gel filtration, chemical cross-linking, and multiangle light scattering experiments. The di-
meric form of NS4B was also detected when the protein was expressed alone in cells as well as in cells infected with DENV type 2
(DENV-2). Mutagenesis analysis showed that the cytosolic loop (amino acids 129 to 165) and the C-terminal region (amino acids
166 to 248) are responsible for NS4B dimerization. trans-Complementation experiments showed that (i) two genome-length
RNAs containing distinct NS4B lethal mutations could not trans-complement each other, (ii) the replication defect of NS4B mu-
tant RNA could be restored in cells containing DENV-2 replicons, and (iii) expression of wild-type NS4B protein alone was not
sufficient to restore the replication of the NS4B mutant RNA. Collectively, the results indicate that trans-complementation of a
lethal NS4B mutant RNA requires wild-type NS4B presented from a replication complex.

IMPORTANCE
The reported expression and purification system has made it possible to study the biochemistry and structure of flavivirus NS4B
proteins. The finding of flavivirus NS4B dimerization and the mapping of regions important for NS4B dimerization provide the
possibility to inhibit viral replication through blocking NS4B dimerization. The requirement of NS4B in the context of the repli-
cation complex for successful trans-complementation enhances our understanding of NS4B in flavivirus replication.

Many flaviviruses are significant human pathogens, including
dengue virus (DENV), West Nile virus (WNV), yellow fever

virus (YFV), Japanese encephalitis virus (JEV), and tick-borne
encephalitis virus (TBEV). The four serotypes of DENV represent
the most prevalent mosquito-borne viral pathogen for humans.
DENV causes about 390 million human infections annually, lead-
ing to 96 million cases with manifest symptoms (1). No clinically
approved vaccine or antiviral is currently available for DENV. A
pilot study of the most advanced DENV vaccine candidate re-
ported an overall efficacy of only 30.2% in a recent clinical trial
(2). More efforts are needed to understand the biology of DENV
and other flaviviruses to enable vaccine development.

The genomes of flaviviruses are single-stranded, positive-sense
RNAs of 11 kb in length. The genomic RNA harbors a long open
reading frame (ORF) flanked by the 5=- and 3=-untranslated re-
gions (UTRs). The ORF encodes a polyprotein which is co- or
posttranslationally processed into three structural proteins (cap-
sid [C], premembrane [prM], and envelope [E] proteins) and
seven nonstructural proteins (NS1, NS2A, NS2B, NS3, NS4A,
NS4B, and NS5) (3). Structural proteins are the components of
virions. Nonstructural proteins function in viral replication, vi-
rion assembly, and invasion against the host immune response
(3–5). Among them, NS3 and NS5 harbor multiple enzymatic
activities. NS3 contains protease (using NS2B as a cofactor), RNA
helicase, and nucleotide triphosphatase (NTPase) activities (6–8).
NS5 functions as a methyltransferase (MTase) (9–12) and an
RNA-dependent RNA polymerase (RdRp) (13). Due to their high

hydrophobicities, the three membrane proteins NS2A, NS4A, and
NS4B remain poorly characterized. NS2A contains five trans-
membrane segments and is essential for viral replication and as-
sembly (14–16). Together with other viral and host factors, NS4A
induces membrane rearrangement for the formation of the repli-
cation complex (17, 18). These viral nonstructural proteins, in
concert with host proteins, form replication complexes to amplify
viral RNA and to facilitate assembly and release of progeny
virions.

DENV type 2 (DENV-2) NS4B is an integral membrane pro-
tein consisting of 248 amino acids, among which 40% are hydro-
phobic residues. Using a biochemical approach, Miller and col-
leagues proposed a membrane topology of DENV-2 NS4B (17). In
this model, the N-terminal 100 amino acids of NS4B form two
predicted transmembrane domains (pTMD1 and pTMD2) and
are located in the endoplasmic reticulum (ER) lumen, TMD3 (res-
idues 101 to 129) traverses the membrane from the luminal to the
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cytoplasmic side, TMD4 (residues 165 to 190) spans the mem-
brane from the cytoplasmic to the luminal side, and TMD5 (resi-
dues 217 to 244) either traverses the membrane from the luminal
to the cytoplasmic side or remains in the ER lumen (17). Func-
tional studies showed that different regions of the NS4B protein
play distinct roles in viral replication and virus-host interactions,
as follows. (i) The first 125 amino acids of DENV NS4B are re-
sponsible for suppression of alpha/beta interferon (IFN-�/�) sig-
naling (19). (ii) TMD3 and TMD5 of DENV NS4B contribute to
suppression of the host RNA interference (RNAi) response (20).
(iii) DENV NS4B interacts with NS3 to negatively regulate the
helicase function (21). (iv) WNV NS4B interacts with NS1, and
such an interaction is required for viral replication (22). In addi-
tion, flavivirus NS4B has been reported to be an antiviral target for
small-molecule inhibitors (23, 24); however, the molecular details
of how the inhibitors suppress viral NS4B remain to be deter-
mined.

In this study, we report that NS4B dimerizes in cells infected
with DENV-2. The NS4B protein forms dimers when expressed
inside cells in the absence of other viral proteins. A recombinant
DENV-2 NS4B protein dimerizes in vitro. Similar to that of
DENV-2, a recombinant WNV NS4B protein also forms dimers.
Mutagenesis analysis indicates that the cytosolic loop and the C-
terminal region of DENV-2 NS4B contribute to its dimerization.
Functional analysis shows that the replication defect of NS4B mu-
tation can be partially rescued in cells harboring DENV replicons.
In contrast, the replication defect of the same NS4B mutation
cannot be restored in cells that express wild-type (WT) NS4B
alone. The results demonstrate for the first time that (i) flavivirus
NS4B dimerizes and (ii) trans-complementation of NS4B requires
the wild-type NS4B protein presented in a replication complex.

MATERIALS AND METHODS
Cells, viruses, and antibodies. BHK-21 cells and Vero cells were pur-
chased from the American Type Culture Collection (ATCC) and main-
tained in high-glucose Dulbecco modified Eagle medium (DMEM) (In-
vitrogen, Carlsbad, CA) supplemented with 10% fetal bovine serum (FBS)
(HyClone Laboratories, Logan, UT) and 1% penicillin-streptomycin (In-
vitrogen). 293T cells and Huh 7 cells were grown in low-glucose DMEM
(Invitrogen) containing 10% FBS and 1% penicillin-streptomycin. Mos-
quito C6/36 cells were grown in RPMI 1640 medium (Invitrogen) with
10% FBS and 1% penicillin-streptomycin. DENV-2 (strain NGC; Gen-
Bank accession number AF038403) was generated from its corresponding
infectious cDNA clone (pACYC-NGC FL) (25). The following antibodies
were used in this study: mouse monoclonal antibody (MAb) against
DENV-2 NS4B protein (clone 44-4-7) (26), anti-enhanced green fluores-
cent protein (anti-EGFP) mouse MAb (Roche), mouse MAb 4G2
(ATCC), anti-EGFP rabbit polyclonal antibody (pAb) (Abcam), anti-
hemagglutinin (anti-HA) rabbit pAb (Sigma), anti-DENV-2 NS1 rabbit
pAb (GeneTex), and goat anti-mouse or goat anti-rabbit antibody conju-
gated to horseradish peroxidase (HRP) (Sigma).

Plasmid construction. Standard molecular biology procedures were
performed for all plasmid constructions. Fragments encoding N-termi-
nally Myc-tagged NS4A-2K-NS4B or C-terminally HA-tagged full-length
(FL) or truncated NS4B were amplified from pACYC-NGC FL by PCRs
using corresponding primer pairs. The PCR products were digested with
the EcoRI and XhoI restriction enzymes and cloned into the pXJ expres-
sion vector (15). For constructs used for in situ fluorescence protease
protection (FPP) assay, different truncations of NS4B or NS4B-MTase
(including FL NS4B and the N-terminal 300 amino acids of NS5) were
amplified from pACYC-NGC FL, digested with EcoRI and BamHI, and
cloned into plasmid pXJ-EGFP as described previously (15), resulting in

pXJ-2K-NS4B truncate-EGFP constructs. All constructs were validated by
DNA sequencing. Primer sequences are available upon request.

In situ FPP assay. The in situ FPP assay was performed using a previ-
ously reported protocol (15, 27). Briefly, BHK-21 cells were transfected
with 1 �g plasmids encoding the corresponding NS4B-EGFP fusion pro-
teins. At 24 h posttransfection (p.t.), the cells were washed with KHM
buffer (110 mM potassium acetate, pH 7.2, 20 mM HEPES, and 2 mM
MgCl2) and permeabilized with 50 �M digitonin (Merck) at room tem-
perature for 3 min, followed by treatment with 50 �g/ml protease K (New
England BioLabs). The fluorescence intensities were quantified immedi-
ately at 8-s intervals by using a Zeiss LSM 5 Duo laser scanning confocal
microscope. The relative fluorescence intensity was calculated according
to previously described methods (15).

Expression and purification of recombinant NS4B and its cytosolic
loop. The cDNA encoding the full-length NS4B protein of DENV-2 strain
TSV01 (GenBank accession number AY037116) with an N-terminal deca-
histidine tag was amplified by fusion PCR, digested with the NcoI and
NotI restriction enzymes, and inserted into pET28a, resulting in the
pET28a-NS4B FL plasmid. After being confirmed by DNA sequencing,
the plasmid was transformed into Escherichia coli BL21(DE3) (Strat-
agene). The transformed E. coli strain was grown in Difco 2� YT (BD)
medium supplemented with 34 �g/ml chloramphenicol and 50 �g/ml
kanamycin (Sigma) to an optical density at 600 nm (OD600) of 0.6 to 0.8.
The culture was induced by the addition of 0.1 mM isopropyl-�-D-thio-
galactopyranoside (IPTG) and incubation at 12°C for 16 h. Next, cells
were pelleted by centrifugation at 7,000 � g for 7 min at 4°C, resuspended
in lysis buffer (20 mM Tris-HCl, 300 mM NaCl, 10% glycerol, pH 8.0),
and disrupted by sonication using a Digital Sonifier 450 (Branson) at 40%
amplitude for 10 min. The cell lysates were clarified by centrifugation at
10,000 � g for 10 min at 4°C to remove the cell debris and unlysed cells.
The supernatants were centrifuged at 35,000 rpm for 1 h at 4°C, using a
Beckman Ti70 rotor to pellet membranes and their associated proteins.
The membrane pellets were then resuspended thoroughly in lysis buffer
supplemented with 1% n-dodecyl-�-D-maltopyranoside (DDM) (Ana-
trace) by stirring at 4°C for 1 h. The postsolubilized lysates were clarified
by ultracentrifugation at 35,000 rpm for 1 h at 4°C to remove the insoluble
fractions. Afterwards, the supernatants were purified by nickel-affinity
chromatography, using a HisTrap Fast Flow column (GE Healthcare)
equilibrated with buffer A (20 mM Tris-HCl, 300 mM NaCl, 20 mM
imidazole, 2 mM Tris[2-carboxyethyl]phosphine [TCEP], and 0.05%
DDM, pH 8.0). Proteins were eluted using a linear gradient of imidazole
from 40 mM to 500 mM. The fractions containing His10-NS4B proteins
were pooled, concentrated, and subjected to gel filtration (GF) using a
HiLoadSuperdex 200 16/60 column (GE Healthcare) and buffer B (20
mM Tris-HCl, 300 mM NaCl, 10% glycerol, 2 mM TCEP, and 0.05%
DDM, pH 8.0). Fractions containing His10-NS4B proteins were pooled
and concentrated to approximately 2 to 5 mg/ml before storage at �80°C.

The expression and purification of the WNV NS4B protein followed a
protocol similar to that described above. Briefly, a construct encompass-
ing residues E2 to K254 of the NS4B protein from WNV (NY-99 strain;
GenBank accession number KC407666.1) was cloned into pNIC28-Bsa4
(GenBank accession number EF198106), resulting in a construct with an
N-terminal hexahistidine tag and a tobacco etch virus (TEV) protease
recognition site. The protein was purified in two steps, by metal-affinity
purification followed by gel filtration on a HiLoadSuperdex 200 16/60
column with a buffer containing 20 mM Tris-HCl, pH 8.0, 300 mM NaCl,
2 mM TCEP, 0.03% DDM, and 0.006% cholesterol.

The DNA sequence encoding the cytosolic loop (amino acids 121 to
171) of DENV-2 NS4B (strain TSV01) was cloned into pNIC28-Bsa4 to
generate a fusion protein with an N-terminal His6 tag and a TEV cleavage
site. E. coli BL21(DE3) was transformed with the expression plasmid and
grown on LB plates containing 50 �g/ml kanamycin. Two or three colo-
nies were inoculated into 50 ml of M9 medium. The overnight culture was
then transferred into 1 liter of M9 medium. Recombinant protein was
induced by addition of 1 mM IPTG at 25°C for 3 h and purified using
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Ni2�-nitrilotriacetic acid (Ni2�-NTA) chromatography. The buffer of the
purified protein was exchanged with 20 mM Tris-HCl, 150 mM NaCl, 1
mM dithiothreitol (DTT; Sigma), and 2 mM CaCl2 through overnight
dialysis at 4°C. The recombinant protein was then digested by TEV pro-
tease at a molar ratio of 1:0.5 (recombinant protein:TEV protease), and
the cleaved His tag and uncleaved protein were removed through a Ni2�-
NTA column. The protein fractions from the column were buffer ex-
changed with a gel filtration buffer containing 20 mM sodium phosphate,
150 mM NaCl, pH 6.5, and 1 mM DTT. Gel filtration chromatography
was conducted on a Superdex 200 10/300 GL column. Protein fractions
were analyzed by SDS-PAGE and mass spectroscopy.

Co-IP. 293T cells in 10-cm dishes were transfected with various con-
structs by use of X-tremeGENE 9 DNA transfection reagent (Roche). At
48 h p.t., cells were lysed in 1 ml immunoprecipitation (IP) buffer (20 mM
Tris, pH 7.5, 100 mM NaCl, 0.5% DDM, and EDTA-free protease inhib-
itor cocktail [Roche]) with rotation at 4°C for 1 h. Lysates were clarified by
centrifugation at 20,000 � g and 4°C for 30 min and subjected to co-IP
using protein G-conjugated magnetic beads according to the manufactur-
er’s instructions (Millipore). Briefly, immune complexes were formed at
4°C overnight by mixing 200 �l of cell lysate with mouse anti-EGFP MAb
(2 �g) in a 500-�l reaction system containing 400 mM sodium chloride.
Subsequently, the complexes were precipitated with protein G-conju-
gated magnetic beads at 4°C for 1 h with rotation, followed by washing
extensively with phosphate-buffered saline (PBS) containing 0.1% Tween
20. Finally, proteins were eluted with 4� lithium dodecyl sulfate (LDS)
sample buffer (Life Technologies) supplemented with 100 mM DTT,
heated at 70°C for 10 min, and analyzed by Western blotting.

Protein dimerization assay. A protein dimerization assay was per-
formed using a previous method (28), with some modifications. 293T
cells in a 10-cm dish were transfected with 10 �g plasmid encoding NS4B
or its variants. At 48 h p.t., cells were lysed in HEPES lysis buffer (20 mM
HEPES, pH 7.5, 100 mM NaCl, 0.5% DDM, and EDTA-free protease
inhibitor cocktail) at 4°C for 1 h. The cell lysates were clarified by centrif-
ugation at 20,000 � g and 4°C for 30 min. Supernatants were incubated
with glutaraldehyde (Sigma) at a final concentration of 0.01% (wt/vol) at
room temperature for the indicated times. The reaction was quenched by
adding 1 M Tris-HCl (pH 8.0) to a final concentration of 100 mM. Sam-
ples were heated with 4� LDS sample buffer supplemented with 100 mM
DTT, followed by SDS-PAGE and Western blotting.

Protein dimerization using MALS. The oligomeric state of the NS4B
protein from WNV was studied using a MALS-RI-UV detector system
composed of a multiangle light scattering (MALS) detector (Dawn-He-
leos; Wyatt Technology Corporation) for which measurements were per-
formed at the standard 658-nm wavelength, a differential refractive index
(RI) detector (Optilab rEX; Wyatt Technology Corporation), and a UV
detector (Äkta Mikro GE) for which measurements were performed at
280 nm. Prior to the measurement, the system was calibrated with bovine
serum albumin (BSA), using a theoretical molecular mass of 30,003 Da
and an extinction coefficient of 51,450 liters mol�1cm�1. The value for
dn/dc, where n is the refractive index and c is the concentration, was taken
as 0.180 for the protein in a buffer containing 20 mM Tris-HCl at pH 8,
300 mM NaCl, 2 mM TCEP, 0.03% DDM, and 0.006% cholesterol. The
dn/dc value for DDM was taken as 0.1435. The protein (6 mg/ml) was
loaded onto a Superdex 200 5/150 GL column and eluted in the same
buffer. The data from the three different detectors (MALS, RI, and UV)
were collected and analyzed with Astra software (version 6.1.1). The ex-
periment was repeated five times with consistent results.

SDS-PAGE and Western blotting. Proteins were separated in 12% or
15% SDS-PAGE gels and transferred onto a polyvinylidene difluoride
(PVDF) membrane by using a Trans-Blot Turbo transfer system (Bio-
Rad). The blots were blocked in TBST buffer (10 mM Tris-HCl, pH 7.5,
150 mM NaCl, and 0.1% Tween 20) supplemented with 5% skim milk for
1 h at room temperature, followed by probing with primary antibodies
(1:1,000 dilution) for 1 h. After two washes with TBST buffer, the blots
were incubated with a goat anti-mouse or goat anti-rabbit IgG conjugated

to HRP (1:30,000 dilution) in TBST buffer with 5% milk for 1 h, followed
by three washes with TBST buffer. The antibody-protein complexes were
detected using Amersham ECL Prime Western blotting detection reagent
(GE Healthcare).

In vitro deglycosylation assay. Vero cells were infected with DENV-2
(multiplicity of infection [MOI] of 1.0) at 37°C for 48 h. Cells were lysed
at 4°C for 1 h in RIPA buffer comprising 50 mM Tris-HCl (pH 7.5), 150
mM NaCl, 1% Nonidet P-40 (NP-40), 0.5% sodium deoxycholate, 0.1%
SDS, and EDTA-free protease inhibitor cocktail. Cell lysates were centri-
fuged at 20,000 � g and 4°C for 30 min to remove the unlysed cells and
debris. Supernatants were mixed with 4 volumes of acidified acetone-
methanol (1:1) and incubated at �20°C overnight. Proteins were pelleted
by centrifugation at 20,000 � g and 4°C for 30 min, dried completely
under a speed vacuum (Thermo Scientific) for 5 min, and subjected to a
deglycosylation assay using a protein deglycosylation cocktail (peptide-N-
glycosidase F O-glycosidase, neuraminidase, �-1,4-galactosidase, and
�-N-acetylglucosaminidase; NEB) according to the manufacturer’s in-
structions. In brief, proteins were dissolved in 1� G7 buffer, heated at
95°C for 10 min, and then chilled on ice. About 10 �g proteins was di-
gested in a 100-�l reaction system containing 1% NP-40 and 5 �l degly-
cosylation enzyme cocktail at 37°C for 4 h. Subsequently, the samples were
mixed with 4� LDS sample buffer (Invitrogen) containing 100 mM DTT,
heated at 95°C for 10 min, and examined by Western blotting.

trans-Complementation analysis. trans-Complementation was per-
formed as described previously (23). Briefly, DENV-2 NS4B mutations
were engineered using a QuikChange II XL site-directed mutagenesis kit
(Stratagene). Wild-type (WT) and mutant DENV-2 genome-length
RNAs were transcribed in vitro by use of a T7 mMessage mMachine kit
(Ambion, Austin, TX) from cDNA plasmids prelinearized by XbaI. RNA
transcripts (10 �g) were electroporated into BHK-21 cells or BHK-21 cells
containing a DENV-2 replicon (BHK-21-Rep cells) (29). At 96 h p.t., the
expression of E protein was examined by an immunofluorescence assay
(IFA) using the mouse MAb 4G2 (ATCC). For trans-complementation in
293T cells, 5 � 104 cells per well were seeded in an 8-well chamber (Nunc)
1 day before transfection. Cells were transfected with 1 �g pXJ-2K-NS4B
plasmid by use of X-tremeGENE 9 DNA transfection reagent. At 24 h p.t.,
the cells were subsequently transfected with WT or NS4B K143A genome-
length RNA by use of TransIT-mRNA transfection reagent (Mirus Bio
LLC) according to the manufacturer’s instructions. Seventy-two hours
after the first transfection, the NS4B and E proteins were monitored by an
IFA using MAbs 44-4-7 and 4G2, respectively. Images were processed and
merged using Adobe Photoshop software.

RESULTS
Recombinant NS4B protein of DENV-2 forms dimers. We ex-
pressed recombinant NS4B protein by using an E. coli expression
system. A His10 tag was fused to the N terminus of NS4B to facil-
itate purification. No detectable expression of NS4B was observed
by SDS-PAGE after the E. coli cells were induced by IPTG; how-
ever, NS4B could be detected by Western blotting (data not
shown). To mimic the membrane environment, we reconstituted
the NS4B protein by using detergent micelles. Different deter-
gents, including decylmaltoside (DM), dodecyl maltoside (DDM),
3-[(3-cholamidopropyl)-dimethylammonio]-1-propanesulfonate
(CHAPS), lauryldimethyl amine oxide (LDAO), and octylgluco-
side (OG), were used to extract NS4B from the E. coli cell mem-
brane. Among them, DDM, LDAO, and CHAPS extracted the
protein more efficiently than the other detergents (data not
shown). DDM is a mild and nondenaturing nonionic detergent
with a critical micelle concentration (CMC) of 0.17 mM (0.009%
[wt/vol]); many membrane proteins were successfully solubilized
in DDM and retained their protein functions (30, 31). Our opti-
mized protocol used 1% DDM (wt/vol) to extract NS4B from the
cellular membrane, followed by reconstituting the protein in
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0.03% DDM (wt/vol). NS4B was barely detectable after the mem-
brane fractions were solubilized by 1% DDM (data not shown).
However, after purification through a His-trap column, a domi-
nant band with a molecular mass of 28 kDa and purity of �90%
was recovered (Fig. 1A); an extra band with a molecular mass of 56
kDa was also detected (lanes 1 to 6). It should be noted that the
authentic NS4B protein derived from DENV-infected cells mi-
grated at the 25-kDa position in SDS-PAGE gels (see below); the
N-terminally fused His10 tag contributed to increasing the molec-
ular mass to 28 kDa.

Next, we pooled the fractions containing the 28-kDa NS4B
protein (Fig. 1A, lanes 8 to 10). The pooled NS4B protein was
further purified through a gel filtration column. Three distinct
peaks were observed in the gel filtration chromatogram (Fig. 1B).
SDS-PAGE analysis under denaturing conditions (heating with
DTT prior to loading of the gel) showed that fractions from the
second chromatogram peak contained both the 28- and 56-kDa
bands (Fig. 1C, fractions 9 to 13), whereas fractions from the third
chromatogram peak contained only the 28-kDa band (fractions
14 to 17). When the 28-kDa protein pooled from gel filtration
fractions 14 to 17 was concentrated to 2.5 mg/ml, about 30% of
the total NS4B protein was converted to the 56-kDa form, and
even under denaturing conditions (sample buffer containing LDS
and DTT and heating at 95°C for 5 min), the 56-kDa band could
not be disrupted completely (Fig. 1C, lane I). The identity of the
28- and 56-kDa bands was confirmed to be NS4B by Western
blotting using a monoclonal antibody against DENV-2 NS4B

(Fig. 1D) and mass spectrometry (data not shown). Furthermore,
when the 28-kDa protein was treated with glutaraldehyde (a
chemical commonly used to cross-link proteins) for 2 min, more
than 80% of the NS4B protein formed dimers and larger polymers
(Fig. 1E). After purification by His-trap chromatography and gel
filtration, the overall yield of NS4B protein was about 1 mg per
liter of E. coli culture. Taken together, the results demonstrate that
recombinant NS4B of DENV-2 can be expressed and purified and
that the purified NS4B protein forms dimers in vitro.

Recombinant NS4B protein of WNV forms dimers. To exam-
ine whether NS4B proteins of other flaviviruses could also form
dimers, we prepared a recombinant NS4B protein of WNV by
using a similar expression/purification protocol. SDS-PAGE anal-
ysis of various fractions from the final purification step showed a
dominant band migrating at 21.5 kDa (Fig. 2A); this molecular
mass is much smaller than the theoretical mass (30 kDa) of WNV
NS4B. A weak band migrating at 43 kDa was also observed. The
identity of the 21.5- and 43-kDa bands was confirmed to be NS4B
by Western blotting (Fig. 2B) using a monoclonal antibody (MAb
44-4-7) that cross-reacts with both DENV and WNV NS4B (26).
Using mass spectrometry, we confirmed the identity of both bands
to be WNV NS4B by analyzing trypsin-digested peptides (data not
shown); because NS4B was tightly associated with detergent in
solution, measurement of the molecular mass of the complete
protein was inaccurate. Overall, the results suggest that the 21.5-
and 43-kDa bands may represent the monomeric and dimeric
forms of the NS4B protein, respectively. The faster mobility on

FIG 1 Dimerization of recombinant DENV-2 NS4B protein. (A) SDS-PAGE analysis of NS4B fractions from His-trap column. Lanes 1 to 10, purified NS4B
fractions eluted from His-trap column; lane M, protein standards (Bio-Rad). The protein molecular masses (in kDa) are shown on the left. (B) Gel filtration
profile. Fractions 8 to 10 from the His-trap column (A) were pooled, concentrated, and resolved by gel filtration. The x axis represents the fractionated samples
(5 ml per fraction), and the y axis shows the absorbance (milli-absorbance units [mAU]) of the flowthrough. The dimer (middle) and monomer (right) peaks are
indicated by an asterisk and an arrow, respectively. The left peak represents the void volume of gel filtration. (C) SDS-PAGE analysis of gel filtration fractions.
Approximately 10-�l samples from each fraction were examined by 12% SDS-PAGE. The numbers at the top of the panel indicate the fractions (fractions 9 to
17) derived from gel filtration. Lane I represents concentrated protein (	2 mg/ml) pooled from fractions 14 to 17. (D) Western blot analysis of the sample
described for lane I in panel C. (E) Cross-linking analysis. Purified NS4B protein (2.5 ng/�l) was analyzed at room temperature in a 100-�l reaction volume
supplemented with 0.01% glutaraldehyde (wt/vol). The cross-linked reaction mixtures were analyzed by Western blotting using a MAb against NS4B. The
cross-linking time (0 or 2 min) is indicated. The asterisk and arrow indicate bands corresponding to dimers and monomers, respectively, of the NS4B protein.
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SDS-PAGE than that expected for the theoretical molecular mass
was possibly due to the detergent buffer conditions.

We analyzed protein oligomerization by using a multiangle
light scattering method. As shown in Fig. 2C, the data from three
different detectors (MALS, RI, and UV) allowed us to measure the
mass of the protein-detergent conjugate in the buffer containing
DDM and cholesterol (with a mass of 395 kDa). Under these ex-
perimental conditions (6 mg/ml of NS4B), over 95% of the
protein was found in a dimeric form (60.02 kDa), with the pro-
tein-detergent conjugate having a mass of 455 kDa. Given the
theoretical mass of 30 kDa for the NS4B construct from WNV, the
protein appears predominantly as a dimer, with about 5% of
the protein forming larger multimers. No NS4B monomers were
detected in the multiangle light scattering experiment. The results
indicate that recombinant NS4B protein of WNV also forms
dimers in vitro.

The above results showed that WNV NS4B was detected pre-
dominantly as a monomer by SDS-PAGE, whereas the same pro-
tein was observed as dimers and multimers by the multiangle light
scattering method. This discrepancy was most likely due to the
denaturing conditions used during the SDS-PAGE analysis, lead-
ing to dissociation of dimers/multimers to monomers. In con-
trast, the multiangle light scattering method examined the protein
under nondenaturing conditions, reflecting a more authentic oli-
gomeric status of the protein.

Validation of membrane topology of DENV-2 NS4B. We
took a mutagenesis approach to map which region of NS4B is
important for dimerization. To enable the design of constructs for

mutagenesis study, we first validated the membrane topology of
DENV-2 NS4B (Fig. 3A) (17) by using an in situ fluorescence
protease protection (FPP) assay. The FPP assay has been well es-
tablished to probe the topology of membrane proteins (27). To
this end, we constructed a panel of plasmids in which the 2K
peptide was fused to various C-terminally truncated NS4B-EGFP
constructs (Fig. 3B). BHK-21 cells were transfected with individ-
ual plasmids, followed by treatment with digitonin, which selec-
tively permeabilizes the plasma membrane without affecting the
ER membrane. Next, the transfected cells were incubated with
protease K and quantified for the fluorescence intensity of EGFP.
If the construct expresses EGFP in the cytoplasm, EGFP will be
accessible to protease K digestion; in contrast, if the construct
expresses EGFP in the lumen, EGFP will largely be protected from
protease K digestion. The relative intensity of fluorescence at the
end of protease digestion (5 min) and the initial rate of fluores-
cence degradation (Fig. 3C and D) could be used to indicate the
luminal or cytosolic localization of EGFP. In cells expressing the
2K-NS4B (1–146)-EGFP or 2K-NS4B-MTase-EGFP (containing
the full-length NS4B protein followed by the MTase domain of
NS5) construct, only 2% and 4% of the fluorescence intensity,
respectively, was retained after 5 min of digestion with protease K
(Fig. 3C and D), indicating that the C termini of both constructs
were located in the cytoplasm. In contrast, in cells expressing 2K-
EGFP (without NS4B), 2K-NS4B (1–32)-EGFP, 2K-NS4B (1–56)-
EGFP, NS4B (1–190)-EGFP, or NS4B (1–248)-EGFP (full-length
NS4B without any NS5 sequence), about 53% to 68% of the fluo-
rescence intensity was retained after the protease K digestion

FIG 2 Dimerization of the WNV NS4B protein according to MALS–UV–RI–size-exclusion chromatography (SEC) analysis. (A) SDS-PAGE analysis of
recombinant NS4B protein of WNV. Samples represent different fractions derived from gel filtration. Because the protein migrated faster than its theoretical mass
of 30 kDa, its identity was confirmed by mass spectrometry (data not shown). (B) Western blot analysis of the purified WNV NS4B protein by use of MAb 44-4-7.
(C) MALS-UV-RI-SEC analysis. The NS4B protein (6 mg/ml) was purified through an S200 5/150 GL column by using a buffer containing 20 mM Tris-HCl (pH
8.0), 300 mM NaCl, 2 mM TCEP, 0.03% DDM, and 0.006% cholesterol. The right y axis represents the OD280, and the left y axis represents the molecular mass.
Colored traces show the measured molecular masses of the protein-detergent conjugate (red), protein (blue), and detergent (green).
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FIG 3 In situ fluorescence protease protection assay. (A) Topology model of DENV NS4B on the ER membrane (17). Two predicted transmembrane domains
(pTMD1 and pTMD2), three validated transmembrane domains (TMD3 to -5), and the amino acid positions in NS4B are indicated. (B) Schematic diagram of
2K-NS4B truncate-EGFP fusion constructs. Each NS4B construct was fused with the N-terminal 2K signal peptide (black boxes) and a C-terminal EGFP tag. The
transmembrane domains (pTMDs and TMDs) are shown as white boxes. MTase derived from the N-terminal 300 amino acids of NS5 is indicated with an oval.
(C) FPP assay. BHK-21 cells were transfected with the indicated NS4B truncate-EGFP constructs. At 24 h posttransfection, the sensitivities of EGFP were
examined by FPP assay (see Materials and Methods for details). Curves of relative intensities (%) versus time (s) were plotted. The relative intensities were
calculated according to previously described formulas (15). The NS4B constructs are indicated in the corresponding fluorescence panels. (D) Summary of relative
fluorescence intensities and initial rates of fluorescence degradation. Average values for at least two independent experiments are presented. (E) Schematic
diagram of the membrane topology of NS4B before (left) and after (right) cleavage of the MTase of NS5 by viral NS2B/NS3 protease. The cleavage of MTase from
NS4B regulates the translocation of TMD5 from the cytosol to the ER lumen.
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(Fig. 3C and D), suggesting that the EGFP portions of these con-
structs were located in the lumen. It should be noted that based on
the topology of flavivirus polyproteins (3), the 2K-EGFP and 2K-
NS4B-MTase-EGFP constructs were expected to localize the
EGFP reporter to the ER lumen and cytoplasm, respectively;
therefore, these two constructs served as internal controls for the
FPP assay.

Unexpectedly, for the 2K-NS4B (1–93)-EGFP construct, the
degradation of fluorescence intensity displayed a pattern signifi-
cantly different from the two patterns described above (Fig. 3C
and D). After 5 min of protease K treatment, 23% of the fluores-
cence intensity was retained, suggesting a dual possibility of lumi-
nal and cytosolic orientation of the C terminus of this construct. It
is likely that the C terminus of this construct is partially buried in
the membrane in situ. The exact topology needs further investiga-
tion by other biophysical approaches, such as nuclear magnetic
resonance (NMR) or X-ray crystallography. Nevertheless, the
overall FPP results support the previously proposed topology of
DENV NS4B (17).

Notably, the FPP results showed that the 2K-NS4B (1–248)-
EGFP and 2K-NS4B-MTase-EGFP constructs targeted EGFP to
the ER lumen and cytoplasm, respectively (Fig. 3C and D). This
result suggests that, during polyprotein translation, the uncleaved
NS5 protein facilitates translocation of the C terminus of NS4B to
the cytoplasm; once NS5 has been cleaved from NS4B by viral
NS2B/NS3 protease, the C terminus of NS4B is probably translo-
cated to the ER lumen (Fig. 3E). Our result is in agreement with
the previous observation that TMD5 (residues 217 to 244) could
either traverse the ER membrane from the lumen to the cytosol or
stay in the ER lumen (17). The cleavage-modulated translocation
of the NS4B C terminus may convert the protein into a replica-
tion-active form in the context of a replicase complex, leading to
the switch from viral translation to RNA synthesis; experiments
are ongoing to validate this speculation.

The cytosolic loop and the C-terminal region of NS4B are
important for dimerization. To map the region(s) responsible for
the dimerization of DENV-2 NS4B, we performed a chemical
cross-linking experiment using a set of NS4B deletion mutants
(Fig. 4A). All NS4B variants contained a C-terminal HA tag and
were transiently expressed in 293T cells; the cell lysates were cross-
linked using glutaraldehyde (0.01% [wt/vol]) at 22°C. As ex-
pected, full-length 2K-NS4B was efficiently cross-linked to form
dimers after 2 min of glutaraldehyde treatment; after 10 min of
cross-linking, more dimers were formed (Fig. 4B). The 2K-NS4B
(1–165)-HA mutant, with a deletion of both TMD4 and -5, did
not significantly affect dimer formation (Fig. 4B). Further dele-
tion of the cytosolic loop, represented by the 2K-NS4B (1–
129)-HA mutant, almost abolished dimer formation (Fig. 4B).
The results suggest that the cytosolic loop is important for the
dimerization of NS4B.

Although C-terminal deletion of NS4B did not affect dimeriza-
tion [as indicated by the 2K-NS4B (1–165)-HA construct], the
C-terminal region may be able to dimerize by itself. To test this
possibility, we transiently expressed the C-terminal region (amino
acids 166 to 248, spanning TMD4 and TMD5) in 293T cells. As
shown in Fig. 4C, in the absence of cross-linking agent, the C-ter-
minal fragment alone could form dimers under conditions of no
heating or DTT treatment. Since there are two Cys residues, at
positions 177 and 191, it is possible that dimers are formed
through Cys-mediated intermolecular disulfide bond formation.

To exclude this possibility, we replaced Cys177 and Cys191 with
Ala. SDS-PAGE analysis showed that Ala substitutions of both Cys
residues did not affect dimer formation of the C-terminal frag-
ment (Fig. 4C), indicating that the dimerization of NS4B (166–
248) is mediated by the intrinsic property of the fragment rather
than by intermolecular disulfide bonds. These data demonstrate
that the C-terminal region of NS4B has a redundant role in medi-
ating protein dimerization.

To test whether the cytosolic loop alone can form dimers, we
expressed and purified the loop of DENV-2 NS4B (residues 121 to
171) as a soluble protein. Gel filtration analysis of the loop protein
showed several peaks (Fig. 4D). Mass spectrometry showed that
peaks with retention volumes of 
16 ml represented impurities
(data not shown), whereas peaks I and II represented intact NS4B
loops (Fig. 4E). Peak I corresponded to a molecular mass of about
12 kDa, suggesting that it represents the dimeric form of the loop
(the theoretical molecular mass of the NS4B loop is about 6 kDa).
Peak II corresponded to a molecular mass of about 6 kDa, suggest-
ing that peak II represents the monomeric form of the loop. Col-
lectively, the results suggest that the cytosolic loop of NS4B can
form dimers under our experimental conditions.

NS4B forms dimers when expressed alone in cells. We tran-
siently expressed DENV-2 NS4B alone and examined its ability to
form dimers by co-IP. Cells (293T) were cotransfected with two
plasmids: one plasmid expressing C-terminally HA-tagged 2K-
NS4B (construct 2K-NS4B-HA) and one plasmid expressing C-
terminally EGFP-tagged 2K-NS4B (construct 2K-NS4B-EGFP).
Co-IP experiments showed that anti-EGFP MAb was able to pull
down 2K-NS4B-EGFP together with 2K-NS4B-HA (Fig. 5A, right
lane). In contrast, when EGFP alone was coexpressed with 2K-
NS4B-HA, anti-EGFP MAb could pull down only EGFP, but not
together with 2K-NS4B-HA (Fig. 5A, middle lane). As a negative
control, 2K-NS4B-HA alone did not bind to beads or antibodies
under our co-IP conditions (Fig. 5A, left lane). Notably, when
2K-NS4B-EGFP and its variants were expressed in 293T cells, a
band migrating at a position identical to that of EGFP was ob-
served (Fig. 5A and B); this band most likely represents EGFP
derived from an unknown cleavage of the 2K-NS4B-EGFP pro-
tein. Nevertheless, these data indicate that NS4B proteins can in-
teract directly with each other when expressed in mammalian
cells.

Next, we used the co-IP method to confirm the regions that are
important for NS4B dimerization. Cells were cotransfected with
two plasmids: one plasmid expressing a full-length NS4B protein
with an HA tag (construct 2K-NS4B-HA) and one plasmid ex-
pressing a C-terminally truncated NS4B protein with an EGFP
tag (as depicted in Fig. 3B). The co-IP experiments showed that
the expression levels of 2K-NS4B-HA protein were comparable
among different co-IP samples (Fig. 5B, bottom panel). Anti-
EGFP MAb efficiently pulled down various EGFP-tagged NS4B
constructs (Fig. 5B, top panel); however, different EGFP-tagged
NS4B constructs pulled down the 2K-NS4B-HA protein with var-
ious efficiencies. Compared with EGFP-tagged full-length NS4B
(construct 1–248), the 1–56, 1–93, 1–146, and 1–190 NS4B con-
structs reduced the pull-down efficiency of 2K-NS4B-HA to 1%,
10%, 35%, and 80%, respectively; 2K and the 1–32 NS4B con-
struct did not pull down the 2K-NS4B-HA protein (Fig. 5B, mid-
dle panel). These data indicate that the cytosolic loop as well as its
downstream C-terminal region is important for NS4B dimeriza-
tion.
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FIG 4 Mapping the regions responsible for NS4B dimerization by chemical cross-linking. (A) Schematic diagram of 2K-NS4B truncate-HA fusion constructs.
(B) Dimerization analysis of truncated or full-length NS4B by cross-linking. The cross-linking time (min) is indicated at the top. Schematic diagrams of
HA-tagged NS4B constructs are shown at the bottom. N.C., negative control. (C) Transient expression of NS4B (166–248) construct. 293T cells were transfected
with a plasmid expressing the C-terminal fragment (amino acids 166 to 248) of NS4B fused with an HA tag [construct NS4B (166–248)-HA; WT] or transfected
with the NS4B (166–248)-HA construct with two Cys mutations (C177A and C191A). At 48 h posttransfection, the samples were lysed in RIPA buffer,
mixed with 4� LDS sample buffer, and incubated at room temperature. The samples were resolved by SDS-PAGE and detected by Western blotting using a rabbit
anti-HA IgG. (D) Gel filtration profile of NS4B (121–171). The peaks with retention volumes of 17 ml and 21 ml are labeled peaks I and II, respectively. (E)
Molecular mass determination of peaks I and II by mass spectrometry. The numbers in each panel represents molecular masses.
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Dimerization of NS4B in DENV-2-infected cells. To examine
the biological relevance of NS4B dimerization, we performed
Western blotting of DENV-2-infected Vero cells by using a mono-
clonal antibody against NS4B (26). At 48 h postinfection, cell ly-
sates were prepared in buffer containing no DTT and resolved by
SDS-PAGE at 4°C (to avoid dissociation of protein complexes due
to the heat generated during electrophoresis). Western blotting
revealed four bands, corresponding to molecular masses of 25, 27,
37, and 50 kDa (Fig. 6A, lane 2). Based on the calculated molecular
mass, the strong 25-kDa band and the weak 50-kDa band could
represent the monomeric and dimeric forms of NS4B, respec-
tively. The 27-kDa band was most likely the uncleaved 2K-NS4B
construct; glycosylation analysis showed that the 27-kDa band was
not a glycosylated form of NS4B (Fig. 6B). Specifically, treatment
of the DENV-2-infected cell lysates with a mixture of deglycosy-
lation enzymes did not affect the intensity of the 27-kDa band; as
a positive control, the same deglycosylation treatment shifted the
migration of the NS1 protein in the SDS-PAGE gel (Fig. 6B). The
37-kDa band represents uncleaved NS4A-2K-NS4B, because tran-
sient expression of a plasmid encoding NS4A-2K-NS4B produced
a band that migrated at the identical position (Fig. 6A, lane 4).
Similar results were obtained using DENV-2-infected mosquito

C6/36 cells (Fig. 6C, lane 1) and human Huh 7 cells (Fig. 6C,
lane 3).

In contrast to the above results, when the infected cell lysates
were heated at 95°C for 10 min in buffer containing DTT, the 37-
and 50-kDa bands disappeared (Fig. 6A, lane 3, and C, lanes 2 and
4), suggesting that these proteins are sensitive to reducing reagents
and high temperature. Collectively, the results indicate that the
dimeric form of NS4B could be detected in cells infected with
DENV-2.

Twogenome-lengthRNAscontainingdistinct lethalmutations
in NS4B cannot trans-complement each other. We attempted to
demonstrate the biological relevance of NS4B dimerization by us-
ing a trans-complementation approach. We hypothesized that if
two distinct NS4B lethal mutant viruses could trans-complement
each other and rescue viral replication, this could be strong evi-
dence for the biological relevance of NS4B dimerization. To per-
form this experiment, we performed a mutagenesis analysis of
NS4B in the context of DENV-2 genome-length RNA. Ala scan-
ning mutagenesis of charged amino acids that are conserved
among the cytosolic loops (residues 129 to 165) of flavivirus NS4B
proteins identified a K143A mutation that is lethal for viral repli-
cation (Fig. 7A). Specifically, after electroporation of equal

FIG 5 Co-IP analysis of NS4B dimerization. (A) Dimerization of NS4B expressed in 293T cells. Cells were transfected with one plasmid, encoding 2K-NS4B-HA
(left lane), or with two plasmids, encoding 2K-NS4B-HA and EGFP (middle lane) or 2K-NS4B-HA and 2K-NS4B-EGFP (right lane). At 48 h posttransfection,
the cells were subjected to co-IP as described in Materials and Methods. A mouse anti-EGFP MAb was used to perform IP analysis. Rabbit anti-HA and anti-EGFP
IgGs were used to detect NS4B protein in cell lysates and IP eluates, respectively. (B) Mapping of dimerization determinants of NS4B protein. Cells were
cotransfected with two plasmids, encoding 2K-NS4B-HA and 2K-NS4B truncate-EGFP. The various 2K-NS4B truncate-EGFP constructs are shown in Fig. 3B.
The co-IP experiments were performed as described for panel A.
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amounts of WT and K143A mutant genome-length RNAs into
BHK-21 cells, the WT RNA generated E protein IFA-positive cells.
No IFA-positive cells were detected in the K143A RNA-trans-
fected cells; no revertants were obtained (as indicated by IFA, re-
verse transcription-PCR [RT-PCR], and plaque assay) after 5
rounds of passaging of the transfected cell supernatant in Vero
cells (data not shown).

We previously reported another NS4B mutant, the P104R mu-
tant, which is lethal for viral replication (23). As expected, cells
transfected with the NS4B P104R genome-length RNA did not
yield any IFA-positive cells (Fig. 7A). To test whether two distinct
NS4B lethal mutant viruses could trans-complement each other,
we cotransfected P104R and K143A genome-length RNAs into
BHK-21 cells; no IFA-positive cells were observed. The result in-
dicates that two distinct NS4B lethal viruses could not trans-com-
plement each other and restore viral replication.

trans-Complementation of lethal NS4B mutant requires
wild-type NS4B in the context of a replication complex. We per-
formed trans-complementation analysis of NS4B K143A in
BHK-21 cells harboring a DENV-2 replicon (BHK-21-Rep). Since
BHK-21-Rep cells did not express any E protein, IFA targeting the
viral E protein was used to monitor the trans-complementation of
genome-length RNA. Upon transfection into BHK-21-Rep cells,
WT genome-length RNA yielded E protein IFA-positive cells (Fig.
7B, left panel); however, the number of E-positive cells was
smaller than that after transfection into naive BHK-21 cells (com-
pare Fig. 7A and B), most likely due to replication exclusion be-
tween the replicon and the WT genome-length RNA (32). Com-
pared with the WT, genome-length RNA containing the K143A or
P104R mutation generated fewer but clearly detectable IFA-posi-
tive signals in the BHK-21-Rep cells (Fig. 7B, middle and right
panels). This result confirms our previous observation that the
replication defect of NS4B can be trans-complemented in BHK-
21-Rep cells (23).

Next, we asked whether trans-complementation could be
achieved when NS4B is expressed in the absence of other viral
proteins. To this end, we transfected 293T cells with a plasmid
encoding the WT 2K-NS4B protein. At 24 h posttransfection, the

cells were further transfected with the WT or NS4B K143A ge-
nome-length RNA. Seventy-two hours after the first transfection,
IFA was performed to examine the expression of NS4B or E pro-
tein. As shown in Fig. 7C, after the double transfections, up to 80%
of the cells were NS4B positive, and up to 20% of the cells trans-
fected with the WT genome-length RNA were E positive; in con-
trast, no E-positive cells were detected in the cells transfected with
the NS4B K143A genome-length RNA. These results demonstrate
that expression of NS4B protein alone is not able to trans-comple-
ment the replication defects of NS4B mutants. Taken together,
our results indicate that trans-complementation of lethal NS4B
mutants requires WT NS4B presented in the replication complex.

Furthermore, we examined whether the K143A mutation af-
fects the dimerization of NS4B protein. Co-IP experiments
showed that the pull-down efficiencies were similar among the
four pairs of 2K-NS4B-EGFP plus 2K-NS4B-HA molecules (Fig.
7D), i.e., 2K-NS4B-EGFP plus 2K-NS4B-HA, 2K-NS4B (K143A)-
EGFP plus 2K-NS4B-HA, 2K-NS4B-EGFP plus 2K-NS4B (K143A)-
HA, and 2K-NS4B (K143A)-EGFP plus 2K-NS4B (K143A)-HA. The
results indicate that (i) the K143A mutation alone does not abolish
NS4B dimerization and (ii) the replication defect of K143A genome-
length RNA is not due to a defect in NS4B dimerization.

DISCUSSION
During the past decade, significant progress has been made to-
ward understanding flavivirus structural proteins and nonstruc-
tural proteins with enzymatic activities (33, 34). These break-
throughs have set the foundation for modern drug discovery (35).
In contrast, how nonstructural proteins with no enzymatic activ-
ities function in flavivirus replication remains poorly character-
ized. In this study, we developed a robust protocol to express and
purify the flavivirus NS4B protein. To our knowledge, this is the
first report of successful production of a recombinant NS4B pro-
tein of a flavivirus in large quantity. The ability to obtain recom-
binant NS4B protein makes it possible to use it for future bio-
chemical and structural studies.

Three lines of evidence support the conclusion that flavivirus
NS4B dimerizes in vitro and in vivo. (i) Recombinant NS4B pro-

FIG 6 Dimerization and glycosylation analyses of NS4B from DENV-2-infected cells. (A) Dimerization of NS4B in cells infected with DENV-2. Vero cells were
infected (MOI � 1.0) with DENV-2 (lanes 2 and 3) or left uninfected (as a negative control; lane 1). At 48 h postinfection, cell lysates were incubated in sample
buffer without DTT at room temperature (lane 2) or with DTT at 95°C for 10 min (lane 3). Transiently expressed Myc-NS4A-2K-NS4B was incubated at room
temperature without DTT (lane 4). Protein samples were resolved by SDS-PAGE and analyzed by Western blotting using a mouse MAb against DENV-2 NS4B
(clone 44-4-7). The black arrow, black arrowhead, white arrowhead, and asterisk indicate bands at 25, 27, 37, and 50 kDa, respectively. (B) Glycosylation analysis
of NS4B. Lysates from the DENV-2-infected cells were treated with a deglycosylation enzyme cocktail and detected with an NS4B monoclonal antibody by
Western blotting (see Materials and Methods). NS1 protein was included as a positive control. (C) Dimerization of DENV-2 NS4B in mosquito C6/36 cells and
human Huh 7 cells. C6/36 cells and Huh 7 cells were infected (MOI � 10) with DENV-2 for 48 h. Cell lysates were incubated in sample buffer without DTT at
room temperature (lanes 1 and 3) or with DTT at 95°C for 10 min (lanes 2 and 4). Detection of NS4B was performed as described for panel A.

Zou et al.

3388 jvi.asm.org Journal of Virology

 on M
ay 26, 2015 by guest

http://jvi.asm
.org/

D
ow

nloaded from
 

http://jvi.asm.org
http://jvi.asm.org/


teins of both DENV-2 and WNV form dimers, as indicated by gel
filtration, chemical cross-linking, and multiangle light scattering.
Among the three methods, chemical cross-linking generated pre-
dominantly NS4B dimers as well as some higher-order multimers
(Fig. 1E); such dimers were also observed in the gel filtration (Fig.
1B and C and 2A) and multiangle light scattering (Fig. 2C) exper-
iments. The larger amount of multimers observed in Fig. 1E could

be due to the irreversible nature of the chemical cross-linking
method: multiple NS4B molecules could be covalently cross-
linked into larger complexes over the incubation time. In contrast,
the formation of NS4B dimers and multimers is dynamically re-
versible under gel filtration and multiangle light scattering condi-
tions. Therefore, caution should be taken in interpreting the high-
er-order multimers observed in the cross-linking experiment. In

FIG 7 trans-Complementation of NS4B. BHK-21 cells (A) or BHK-21-Rep cells (B) were electroporated with genome-length RNAs encoding WT NS4B, NS4B
K143A, NS4B P104R, or NS4B K143A plus NS4B P104R (as indicated). At 96 h posttransfection, the expression of viral E protein was detected by an IFA using
mouse MAb 4G2 and Alexa Fluor 488-conjugated goat anti-mouse IgG as primary and secondary antibodies, respectively. Nuclei were stained by 4=,6-diamidino-
2-phenylindole (DAPI) and are shown in blue. (C) 293T cells were first transfected with a plasmid encoding 2K-NS4B protein. At 24 h posttransfection, cells were
further transfected with wild-type or NS4B K143A genome-length RNA. Seventy-two hours after the first transfection, the NS4B and E proteins were monitored
by IFAs using NS4B 44-4-7 MAb and E 4G2 MAb, respectively. (D) Co-IP analysis of dimerization of NS4B K143A. 293T cells were cotransfected with two
plasmids, encoding 2K-NS4B-HA (WT or K143A mutation) and EGFP or 2K-NS4B-EGFP (WT or K143A mutation). Co-IP was performed as described in
Materials and Methods.
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addition, oligomerization is concentration dependent, so varia-
tions in protein concentration could lead to different distributions
of the various multimeric statuses. (ii) When DENV-2 NS4B pro-
tein alone was expressed in cells, proteins tagged with two distinct
tags (EGFP and HA) could be pulled down with each other, indi-
cating that NS4B molecules interact with each other in the context
of the cellular environment. (iii) A monoclonal antibody against
DENV-2 NS4B could detect both monomeric and dimeric forms
of NS4B in cells infected with DENV. Similar to flavivirus NS4B,
hepatitis C virus (HCV) NS4B multimerizes, which is important
for inducing the membrane structure during viral replication
(28). However, during flavivirus infection, membrane remodeling
is mediated by the NS4A protein, which has also been shown to
form oligomers (36, 37).

Two complementary approaches (cross-linking and pull-
down methods) were used to map the regions that are responsible
for DENV-2 NS4B dimerization. Cross-linking of C-terminally
truncated NS4B suggested that the cytosolic loop (amino acids
129 to 165) is critical for dimerization (Fig. 4). The C-terminal
fragment of NS4B (amino acids 166 to 248; downstream of the
cytosolic loop) alone could form dimers without cross-linking
treatment. These results suggest that either the cytosolic loop or
the C-terminal region of NS4B is sufficient to mediate dimeriza-
tion. This conclusion was further supported by a pulldown exper-
iment showing that full-length NS4B was coimmunoprecipitated
with different efficiencies by a set of C-terminally truncated NS4B
variants (Fig. 5B). Using the cross-linking approach, we at-
tempted to further map the determinants for dimerization within
the cytosolic loop or within the C-terminal region. Unfortunately,
those results were inconclusive due to the following technical lim-
itations: (i) different NS4B constructs drastically affected the pro-
tein expression levels and (ii) the cross-linking efficiency varied
significantly depending on the expression levels of NS4B con-
structs (data not shown).

One straightforward approach to demonstrate the biological
relevance of NS4B dimerization is to identify a mutation that
could abolish or significantly ablate NS4B dimerization. Analysis
of such a mutation in the context of viral replication should indi-
cate the function of NS4B dimerization. This approach could not
be applied to this study because (i) either the cytosolic loop or the
C-terminal region of NS4B was sufficient to mediate dimerization
and (ii) multiple mutations within NS4B could ablate functions of
this protein other than dimerization. As an alternative approach,
we examined whether two distinct lethal point mutants (P104R
and K143A) of NS4B could complement each other; no comple-
mentation could be observed to restore viral replication. How-
ever, the replication defect of individual NS4B mutants could be
rescued in replicon-containing cells. These data confirmed our
previous result showing that NS4B mutants can be trans-comple-
mented in the presence of a wild-type replication complex (23). It
should be noted that trans-complementation in replicon cells does
not prove that NS4B dimerization is essential for viral replication.
To further explore the requirement of NS4B trans-complementa-
tion, we tested whether wild-type NS4B alone was sufficient to
restore the replication defect of the NS4B mutant. Under these
conditions, no trans-complementation could be achieved for the
NS4B lethal genome-length RNA. This result demonstrates that
trans-complementation of NS4B requires wild-type NS4B pro-
vided in the context of a viral replication complex.

In summary, we have developed a robust method to generate

recombinant NS4B proteins of flaviviruses. Recombinant NS4B
protein as well as the NS4B protein from infected cells forms
dimers. The cytoplasmic loop and its downstream C-terminal re-
gion are critical for NS4B dimerization. DENV-2 NS4B is not
glycosylated. trans-Complementation of NS4B requires wild-type
NS4B presented in the replication complex. Since NS4B inhibitors
have been reported for YFV (24) and DENV (23, 38), it will be
interesting to examine whether these inhibitors suppress viral rep-
lication through blocking NS4B dimerization.
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