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An N-Terminal Amphipathic Helix in Dengue Virus Nonstructural
Protein 4A Mediates Oligomerization and Is Essential for Replication
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Dengue virus (DENV) causes dengue fever, a major health concern worldwide. We identified an amphipathic helix (AH) in the
N-terminal region of the viral nonstructural protein 4A (NS4A). Disruption of its amphipathic nature using mutagenesis re-
duced homo-oligomerization and abolished viral replication. These data emphasize the significance of NS4A in the life cycle of
the dengue virus and demarcate it as a target for the design of novel antiviral therapy.

Dengue virus (DENV) infection is a growing public health
threat, with more than one-third of the world population at
risk (1). DENV is a positive single-strand RNA virus. Its genome is
translated into a single polyprotein, which is cleaved to produce
structural (components of the mature virus) and nonstructural
(NS) proteins. In addition, the NS proteins generate the viral rep-
lication complexes (RC) (2). DENV replicates its RNA genome in
association with modified intracellular membranes; the details of
the assembly of these complexes are incompletely understood.
NS4A, a transmembrane endoplasmic reticulum (ER) resident
protein, is thought to induce the host membrane modifications
that harbor the viral RC (3). A similar function for NS4A was
reported in other flaviviruses (4, 5). To further understand the
role of NS4A, we analyzed its cytosolic N-terminal region (amino
acids 1 to 48) using sequence alignment of the four DENV sero-
types. Within this sequence, amino acids that differed in their
identity maintained their biochemical properties, suggesting the
presence of a conserved structural motif with a potential func-
tional significance (Fig. 1A). Secondary structure algorithms (6)
indicated that this segment is predicted to fold into an a-helix
(Fig. 1B). Helical wheel projections of amino acids 3 to 20 indi-
cated a conserved polar-nonpolar asymmetry indicative of an am-
phipathic helix (AH) (Fig. 1C). To experimentally examine the
conformation of the NS4A N terminus, a recombinant peptide
comprising amino acids 1 to 48 was prepared. Codon-optimized
DENV2 NS4A 1-48 was cloned into pGEV2 (7) with an N-termi-
nal fusion to the immunoglobulin binding domain of streptococ-
cal protein G (GB1). A tobacco etch virus (TEV) protease cleavage
site (ENLYFQ) was introduced into the beginning of the NS4A
coding sequence. Due to difficulties in separating NS4A from GB1
after TEV protease cleavage, an N-terminal glutathione S-trans-
ferase (GST) affinity tag was added to GB1-TEV-NS4A(1-48) by
cloning it into pGEX4T-2. Protein expression and purification of
the GST-GB1-NS4A(1-48) fusion were performed as described
previously (8), except that an on-column cleavage was performed
by adding TEV protease. The flowthrough was concentrated and
subjected to size exclusion chromatography (HiLoad 16/60 Su-
perdex 75) yielding pure NS4A(1-48). The resulting peptide was
characterized using far-UV circular dichroism (CD) (Fig. 1D). In
aqueous buffer, NS4A(1-48) showed limited solubility and a CD
spectrum typical of a random coil conformation with an a-helix
content below 10%. Addition of various membrane-mimicking,

4080 jvi.asm.org

Journal of Virology p. 4080-4085

micelle-forming detergents significantly increased the amount of
a-helical content. This a-helical content varied from 30 to 40% in
the presence of charged micelles (cetyl trimethylammonium bro-
mide [CTAB], sodium dodecyl sulfate [SDS], and dodecyl phos-
phocholine [DPC]). In the presence of uncharged detergent (n-
dodecyl-B-p-maltoside [DDM]) micelles, the helix content was
significantly increased compared to detergent-free buffer, but was
lower than other micelles. Together, these data support the exis-
tence of a conserved AH in the N terminus of NS4A.

To test the relevance of this AH to the life cycle of DENV, the
hydrophobic face of the helix was genetically disrupted by intro-
duction of charged amino acids (L6E, M10E, or a combination
designated L6EsM10E) (Fig. 2A) into the nonpolar face of the
helix. A Western blot with comparable expression levels of full-
length NS4A (in its mature form lacking the 2K signal sequence)
(3,9) and the L6EsM10E mutant is shown in Fig. 2B. A recombi-
nant NS4A(1-48, L6E;M10E) mutant peptide was prepared using
the plasmid described above and tail-to-tail mutagenesis to insert
the L6E;M10E mutations (10). A CD analysis of the mutant pep-
tide in the presence of charged micelles (SDS, DPC, and CTAB)
did not lead to significant changes of the a-helix content com-
pared to the wild-type peptide (Fig. 2C). In contrast to the wild
type, the NS4A(1-48, L6EsM10E) mutant has lost its helix-form-
ing capability in the presence of uncharged detergent (DDM) mi-
celles (Fig. 2C). This result indicates that although the mutations
did not change the helix propensity of NS4A(1-48), the wild-type
and mutant peptides differ in their properties. The mutations
were inserted into a luciferase reporter replicon of DENV2
(DRrep strain 16681) (11). RNA from mutated replicons was
transcribed in vitro and transfected into BHK21 cells. Luciferase
activity was measured as shown in Fig. 2E. DRrep with a lethal
mutation (GVD) (12) in the RNA-dependent RNA polymerase
served as a negative control. All of the AH mutants showed a
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FIG 1 Secondary structure analysis of the N-terminal of NS4A. (A) ClustalW
(23) multiple alignments of NS4A from the 4 DENV serotypes (accession
numbers NP733810, NP739588 YP001531173, and NP740322). Similarities
are shown as follows: asterisk, invariant amino acids; colon, highly similar; and
period, different amino acids that are somewhat similar. The degree of simi-
larity is also color coded in a gradient of gray color where the darkest gray is the
most similar. (B) Secondary structure prediction (6). Structures are shown as
helical (h), extended (e), turn (t), or undetermined (c, coil). (C) A helical
wheel plot of NS4A amino acids 3 to 20. Hydrophilic residues are labeled in
gray. Dashed line separates the putative polar and nonpolar faces of the helix.
(D) Far-UV CD analysis of recombinant wild-type NS4A(1-48) peptide in 50
mM sodium phosphate buffer (pH 7.0) (dashed dotted line) and in the pres-
ence of 100 mM sodium dodecyl sulfate (SDS; solid line), #-dodecyl phospho-
choline (DPC; long dashed line), n-dodecyl-B-p-maltoside (DDM; short
dashed line), respectively, or in the presence of 1 mM cetyl trimethylammo-
nium bromide (CTAB; dotted line). Spectra were recorded on a Jasco J810
spectrometer (Jasco, Gro3-Umstadt, Germany) at 298 K in a 0.1-cm path-
length quartz cuvette (Hellma) with 30 wM peptide. Data collection was done
at 260 to 185 nm, with a 0.5-increment and a bandwidth of 1 nm. Spectra were
baseline corrected and smoothed by a local smoothing technique with bisquare
weighting and polynomial regression (SigmaPlot 11; Systat Software, Inc.).
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severe replication defect displaying low levels of luciferase activity
comparable to the GVD negative control. This result indicated
that NS4A AH is essential for DENV replication. As a control for
the mutagenesis experiment, we prepared two additional mutants,
K20R and M10A; these replacements had no apparent effect on
viral replication (Fig. 2E). Nevertheless, mutation of P14 to ala-
nine abolished viral replication, indicating that this proline has a
critical role in viral replication (Fig. 2E). AHs are typically known
to associate with membranes, where their polar side faces the
aqueous phase and the hydrophobic face is immersed in the mem-
brane (13). Membrane binding of the AH was studied using sur-
face plasmon resonance (SPR) (Fig. 3A and B). NS4A(1-48) and
mutant NS4A(1-48, L6E;M10E) peptides were tested for their
ability to bind to a 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-
choline (POPC) bilayer or to a negatively charged POPC/1-palmi-
toyl-2-oleoyl-sn-glycero-3-phosphatidylglycerol (POPG; 4:1) bi-
layer. The sensogram in Fig. 3A shows that NS4A(1-48) binds
strongly to chips coated with both bilayer types. Interestingly, the
signal does not return to baseline levels during buffer washes.
Moreover, repeated pulses of 100 mM sodium hydroxide or hy-
drochloric acid were not sufficient to restore the signal to the
baseline (data not shown). This result indicates that once bound,
the peptide remains tightly bound to the membranes, particularly
to the negatively charged POPC/POPG bilayer. In contrast, injec-
tion of the NS4A(1-48, L6E;M10E) mutant resulted in a consid-
erably low signal. Moreover, the mutant curve returned to base-
line (POPC) or close to the baseline levels (POPC/POPG)
following the termination of the peptide injection. These results
indicate that the AH of NS4A has a high affinity for membranes in
vitro and that the hydrophobic patch necessary for this membrane
binding ability is disrupted in the L6E;M10E mutant.

NS4A was previously implicated in the induction of the mem-
brane domains that harbor the viral RCs (3). To create these rear-
rangements, NS4A most likely induces membrane curvature by an
unknown mechanism (3). Oligomerization of membrane pro-
teins can form a scaffold that can locally bend the membrane
(14-16). A similar mechanism is thought to mediate membrane
alterations induced by HCV NS4B (17, 18). To this end, we ana-
lyzed the effect of the above-mentioned mutations on the intra-
cellular localization of NS4A.

Figure 3C shows live U20S cells expressing the yellow fluores-
cent protein (YFP)-tagged full-length NS4A wild type or the L6E;
MI0E NS4A mutant and the B-subunit of the ER resident signal
recognition particle (SRP) receptor (SRB) fused to cyan fluores-
cent protein (CFP). Both NS4A proteins demonstrated localiza-
tion to ER membranes and widely spread bright foci across the
cell. Interestingly, although these NS4A-induced foci were previ-
ously shown to colocalize with a different ER marker (calreticulin)
(3), SRB was generally excluded from these foci. Photobleaching
experiments demonstrated that NS4A was dynamically exchanged
between ER membranes and the foci, which possibly represent
densely packed, high-curvature membranes (data not shown).
Both the wild-type and mutant NS4A YFP fusions showed similar
expression levels (Fig. 3D).

Units are given as the mean residue ellipticity ([6]) by using peptide concen-
trations based on UV light absorption at 280 nm. The a-helical content was
estimated with various deconvolution methods by the use of CDPro software
(http://lamar.colostate.edu/~sreeram/CDPro/main.html).
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FIG2 Anintact N-terminal NS4A AH is required for DENV replication. (A) A helical wheel plot of NS4A amino acids 3 to 20 showing the location of the inserted
mutations (black, L6E and M10E). (B) Comparable expression levels of full-length wild-type and L6E;M10E mutant NS4A as determined by Western blot
analysis of FLAG-tagged wild-type or mutant NS4A expression levels using an anti-FLAG antibody. Monoclonal mouse anti-actin antibody was used as a loading
control. (C) Spectra of the purified mutant peptide was recorded in 10 mM sodium phosphate buffer (pH 7.0) (dashed dotted line) or in the presence of 100 mM
sodium dodecyl sulfate (SDS; solid line), #n-dodecyl phosphocholine (DPC; long dashed line), n-dodecyl-B-p-maltoside (DDM; short dashed line), or 1 mM cetyl
trimethylammonium bromide (CTAB; dotted line). (D) Schematic diagram of the DENV2 luciferase reporter replicon (pDRrep) used (11). Amino acids 1 to 30
of NS4A containing the AH region are shown for the wild-type and mutant replicons. Amino acid changes are in bold. (E) Replication assay for NS4A-AH
mutated dengue replicons. Wild-type and mutated replicons were transfected into BHK21 cells. Luciferase activity was measured at 6, 24, 48, and 72 h
posttransfection. Luciferase activity (relative light units [RLU]) is plotted for each time point. The data were normalized to the 6-h values that reflect transfection
efficiency and to luciferase levels in replicon with a mutated polymerase. The mean values of at least two independent experiments performed in triplicates are
shown. Error bars indicate standard errors of the means.
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FIG 3 The N-terminal NS4A AH binds membranes in vitro. (A) Binding of recombinant wild-type NS4A(1-48) peptide to lipid bilayers. Association of
NS4A(1-48) toan L1 chip (GE Healthcare, Piscataway, NJ) covered with a POPC bilayer (gray) or a negatively charged bilayer containing 20% of POPG and 80%
of POPC [POPC/POPG (4:1), black], prepared as described elsewhere (24). Sensograms were recorded with a Biacore X device (GE Healthcare) using a flow rate
of 20 wl/min, an injection time of 1 min, and a peptide concentration of 50 wM. (B) Binding behavior of mutant NS4A(1-48, L6E;M10E) to lipid bilayers.
Conditions are as in panel A, and the data shown are representative of three independent experiments. (C) Subcellular localization of NS4A-YFP fusion
constructs. U20S cells were cotransfected with wild-type NS4A-YFP or a similar construct with the AH mutations (M6E;M10E; see Fig. 2 for details) and
SRB-CFP. Images were captured 24 h posttransfection using a confocal microscope. Inserts show an enlarged portion of the cell (white square). Bar = 10 pm.
(D) Comparable expression levels of the constructs shown in panel C as determined by Western blotting using an anti-GFP antibody. Monoclonal mouse

anti-actin antibody was used as a loading control.

To test if NS4A can self-oligomerize, immunoprecipitation
was performed. A modified vaccinia virus expressing T7 polymer-
ase (19) was used to obtain increased levels of NS4A expression.
Cells were infected with the recombinant vaccinia virus and
cotransfected with full-length wild-type or mutant NS4A, each
with a C-terminal FLAG or hemagglutinin (HA) tag. Cells coex-
pressing NS4A and HCV NS4B were used as a negative control.
Lysates from cells expressing all combinations of these plasmids
were subjected to immunoprecipitation using FLAG beads. Figure
4A shows that NS4A forms oligomers (lane 1). The ability of NS4A
to form oligomers was not dramatically changed by the presence
of the AH mutations (lanes 2 to 4). Since immunoprecipitation
tests protein interactions in solubilized membranes, we verified
NS4A self-association using an experimental approach that allows
analysis of the proteins in their native intact membranes. On this
premise, we analyzed the fluorescence resonance energy transfer
(FRET) using acceptor photobleaching (20). Full-length NS4A or
NS4A with AH mutants were fused to CFP or YFP which were
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coexpressed in U20S cells. The cells were fixed 24 h posttransfec-
tion, and the NS4A-YFP (acceptor) was repeatedly bleached in a
region of interest (ROI). The changes in NS4A-CFP (donor) and
photobleached acceptor fluorescence were measured. FRET effi-
ciency (Ep) from at least 10 different cells was calculated using the
equation Ep = (Dpos = Dpre)/Dposo Where D, is the fluorescence
intensity of the donor after acceptor photobleaching and D, is
the fluorescence intensity of the donor before acceptor photo-
bleaching. Figure 4B shows typical cells coexpressing CFP and YFP
fusions of wild-type NS4A or NS4A mutants before (top panel)
and after (bottom panel) photobleaching of the acceptor within
the ROI (white square). Images are pseudocolored for fluores-
cence intensity; colors reflect the fluorescence intensity from low-
est (black) to highest (red). The increase in donor fluorescence
after acceptor photobleaching can be observed in the cell coex-
pressing a pair of wild-type NS4A (Fig. 4B). Figure 4C shows
quantification of the fluorescence intensities within the labeled
ROIL FRET was observed in cells coexpressing YFP- and CFP-
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FIG 4 NS4A forms AH-dependent oligomers. (A) Immunoprecipitation of wild-
type NS4A and AH mutants. HEK293T cells were cotransfected with the indicated
combinations. The cells were lysed 24 h posttransfection and subjected to immu-
noprecipitation using anti-FLAG beads followed by Western blotting with an
anti-HA antibody. Direct Western blotting of the cell lysates with anti-FLAG and
anti-HA antibodies are shown in the lower panels. Molecular mass markers are
indicated on the left. (B) NS4A CFP and YFP fusion constructs and AH mutants
thereof were transfected into U20S cells as indicated. FRET was determined using
acceptor photobleaching. Fluorescence of donor and acceptor was measured as a
function of time during acceptor photobleaching. Intensities within the labeled
(white square) region of interest were analyzed and are plotted in the graphs. Bar =
5 wm. Asterisks denote statistical significance in an up-paired Student ¢ test. **,
P < 0.05; ***, P < 0.0.005.

tagged wild-type NS4A (mean Ej, 8.5% * 2.9%). Intermediate
FRET efficiency was detected in cells coexpressing the AH mu-
tants. FRET was not observed in cells (mean Ep, 4% = 2%) coex-
pressing both the wild type and the AH mutant. These results
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indicate that the AH has an important role in the self-oligomer-
ization of NS4A. The intermediate FRET efficiency of the mutant
pair might imply that additional elements within NS4A are re-
quired for oligomerization. The lack of FRET in the mixed wild-
type—mutant pair might result from the alteration of the mutant’s
membrane binding capabilities; this may, in turn, induce a con-
formational change that dissociates the mutant NS4A from the
wild type.

To summarize, we identified an N-terminal AH within NS4A
that has a critical role in the DENV life cycle. As AHs were previ-
ously found to be amenable to pharmacological inhibition (21,
22), the data here merit consideration of the NS4A AH as a target
for anti-DENV drugs. A more detailed study to investigate the
exact structure of the AH in diverse membrane model systems and
the role(s) of this motif in DENV replication is under way.
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