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NS2A comprises a putative viroporin of Dengue virus 2
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During infection with Dengue virus (DENV), host cells
undergo a series of detrimental functional changes,
including profound remodelling and redistribution of cell
membrane structures,1,4 which gives rise to nucleus-like
structures referred to as “viral factories.”2 In many cases,
this phenomenon is mediated by viroporin, a family of
small viral protein, which contain highly hydrophobic
domains that can form amphipathic alpha helices. They
are especially known for their ability to re-organize the
membranes of cellular organelles.3 Indeed, viroporins may
be virulence factors encoded by members of diverse fami-
lies of RNA and DNA viruses of clinical interest, including
hepatitis C virus (HCV), human immunodeficiency virus
(HIV-1), human papilloma virus (HPV), influenza A virus
(IAV), coronaviruses, picornaviruses (polioviruses), and
togaviruses (see ref.4 for a comprehensive review).

While the amino acid sequences of viroporins can
vary significantly, these proteins characteristically share
certain common structural features and signature motifs
that form basis for their identification.5 For example,
after membrane insertion, oligomerization of viroporins
results in the formation of a distinctive hydrophilic and
aqueous channel, in which hydrophobic amino acid
residues face the phospholipid bilayer and hydrophilic
residues form the aqueous channel pore. Notably, these
channels are typically able to transport at least one physi-
ologically relevant ion (i.e., NaC, KC, Ca2C, Cl¡, or HC).6

Moreover, basic amino acid residues and domains rich
in aromatic amino acids disturb the organization of the
lipid bilayer, thus contributing to membrane destabilisa-
tion.3 In addition to ion transport, viroporins have also
been shown to affect vesicular trafficking,7,14 membrane
remodelling,15 ion homeostasis,8,16 induction of apopto-
sis,9 and inflammasome activation, which might influ-
ence the innate immune response.10

Viruses of the Flaviviridae family, which includes
Hepatitis C virus (HCV) and Japanese encephalitis virus
(JEV), encode a variety of viroporins that exhibit distinct
capabilities to permeabilise eukaryotic and prokaryotic
membranes. In particular, NS2A is a virulence
determinant of many flaviviruses that shares similarities
with viroporins. NS2A proteins are highly hydrophobic
transmembrane protein that interact with lipid bilayers
and co-localize with dsRNA, as well as the viral proteins
NS1, NS3, and NS5, within the replication complex,11 and
play critical roles in viral assembly and release.12 Notably,
the NS2A protein of Kunjin virus was shown to form
pores on intracellular membranes, thereby enabling the
transport of nascent RNA to the site of viral assembly.12

Furthermore, this protein plays a role in membrane
remodelling, another typical characteristic of viroporins
that facilitates viral assembly by transporting RNA or par-
tially assembled nucleocapsids to subcellular compart-
ments.13 Similarly, the NS2A protein of JEV was shown to
mediate changes in bacterial permeability, in combination
with other small hydrophobic non-structural proteins.14

Consistent with other viroporins, the NS2A proteins of fla-
viviruses exhibit 20–65% amino acid sequence similarity;
however, despite this high variability, there is overall con-
servation of physicochemical properties. They include
maintenance of the positively charged amino acids, essen-
tial for cleavage by the NS3 protease and of repeat regions
enriched with hydrophobic amino acids such as leucine
and valine.15

In a previous study, DENV replication and assembly
were shown to be facilitated by a small hydrophobic pro-
tein that promotes cellular membrane reorganisation,16

which was later identified as NS2A.17,7 Indeed, biophysical
analysis of NS2A identified a membrane-interacting
region, called “dens25,” which alone is capable to
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modulate and affect artificial membrane structure.18

Recently, Wu et al. identified a transmembrane region of
DENV NS2A, as well as specific amino acid residues
within that region that are critical for the cytopathic effect
during dengue infection.19 Together, these findings suggest
that NS2A contains membrane interacting regions impor-
tant for the cytopathic effect during dengue infection, sug-
gesting that NS2A may behaves as viroporin during
Dengue infection.18 Moreover, we recently demonstrated
that the NS2B protein of DENV, which functions as a part
of the viral protease NS3-2B, also behaves as a viroporin.20

The main objective of the present study was to deter-
mine whether the full-length Dengue virus serotype 2,
NS2A protein possesses viroporin activity. To address
this question, we performed an in silico analysis of
DENV-2 NS2A to determine whether it exhibits the
sequence features associated with viroporins. For these
analysis, the NS2A of JEV, which possesses membrane-
destabilising ability,14 was used for comparison. First, we
generated hydropathic plots of the protein by the

Kyte-Doolittle method21 and using the DAS Trans-
membrane prediction algorithm (Fig. 1A).22 This analy-
sis indicated presence of six putative trans-membrane
helices that show significant sequence similarity with the
corresponding regions in NS2A of JEV. Subsequently, a
topological representation of the DENV-2 NS2A protein
was generated using the Socs MEMSAT program,23 In
contrast with Kyte-Doolittle method, Socs MEMSAT
identified seven potential transmembrane regions which
is expected due to differences in algorithm. Furthermore,
this analysis indicated that the amino and carboxyl-
terminal domains of DENV-2 NS2A orient toward the
lumen of the endoplasmic reticulum and the cytoplasm,
respectively (Fig. 1B). Notably, these findings are consis-
tent with the topology of flavivirus NS2A proteins
generated via various bioinformatics algorithms and
corroborated by biochemical approaches.24

To examine whether DENV-2 NS2A protein, is able
to modify the membrane permeability in different
systems similarly to JEV NS2A,14 we compared the

Figure 1. In silico analysis of the amino acid sequence (A) (Above) Hydropathy plots of the NS2A protein of Dengue virus (DENV), as gen-
erated via the Kyte-Doolittle method and DAS TM prediction algorithm using SOSUI software. Red boxes indicate the highly hydropho-
bic transmembrane regions of NS2A. (Below) Alignment of the amino acid sequences of NS2A from DENV and Japanese encephalitis
virus (JEV), as generated using ClustalW software. Identical (�), similar (.), and low-similarity (:) amino acids were observed. (B) Proposed
model of NS2A topology generated using SOCS MEMSAT software. Trans-membrane segments are shown in purple, while the green
color indicates inter-transmembrane regions of NS2A. Regions highlighted in red denote highly hydrophobic, possible membrane inter-
acting, transmembrane segments.
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sequences of amino acid for these two proteins. Notably
DENV and JEV NS2A exhibit 26–65% sequence identity
and more than 50% sequence similarity. In addition, few
amino acids within the transmembrane domains of these
two proteins were identical or showed substantial simi-
larity. This similarity suggests that the physicochemical
properties of JEV and DENV-2 NS2A are comparable
(Fig. 1A). In addition both proteins possess similar aro-
matic and basic residues that are important characteristic
of viral proteins with membrane destabilising ability
(Fig. 1A). Therefore, bioinformatics analysis of the
DENV-2 NS2A amino acid sequence revealed a high
degree of similarity with a previously reported viroporin
from a member of the Flaviviridae family.14 Together,
these data suggest that DENV-2 NS2A possesses
membrane-altering activity.

To confirm this hypothesis, we examined whether
DENV NS2A localizes to bacterial cell membranes. For
these experiments, the DENV NS2A coding sequence was

cloned into an inducible bacterial expression vector
(pET/D-Topo) containing an N-terminal V5 epitope tag
and a 6 £ -histidine residue tag (His-tag) for purification
and detection purposes (Fig. 2A). The resulting construct
(pET- NS2A) was used to transform into Escherichia coli
BL21 Star cells via transformation. The transformed cells
were induced by cultivation in the presence of isopropyl
b-D-1-thiogalactopyranoside (IPTG) for 0, 4, 6, and 8 hrs
(Fig. 2B). Subsequently, NS2A expression was induced
within E. coli for 6 h, and cell lysates were prepared and
separated by SDS-PAGE. Similar to other viral proteins
with viroporin activity25 DENV-2 NS2A protein was
expressed in inclusion bodies. A band with the estimated
molecular mass as that of NS2A (25 kDa) was then eluted
from the gel (Fig. 2C) and further purified with nickel
resin. Bound protein was eluted from the resin (1-mL
aliquots), separated by SDS-PAGE, and examined by
Coomassie Blue staining, which again revealed the pres-
ence of the 25-kDa band in the last recovered fraction. To

Figure 2. Expression and purification of NS2A protein from bacteria, and confirmation of NS2A association with bacterial membranes.
(A) Schematic representation of the bacterial expression construct encoding the NS2A protein in frame with an N-terminal V5 epitope
and 6 £ His tag. (B) Expression and purification of NS2A protein in bacteria. Cells were induced with 1 mM IPTG at time zero, and NS2A
expression was analyzed by western blot at the indicated times post-induction using an anti-V5 antibody (dilution, 1:5000). (C) Analysis
of recombinant NS2A protein (rNS2A) purification following different isolation steps by SDS-PAGE and Coomassie blue staining. Prepara-
tive gel electrophoresis was used for purification. Lane 1: purified fraction of NS2A obtained from preparative gels (molecular-weight,
approximately 25 kDa). (D) Localization of NS2A within Escherichia coli membranes was detected via western blot analysis using an anti-
V5 antibody and a mouse polyclonal antibody specific for OmpC (a bacterial membrane protein). Lane 1: purified bacterial membranes
(BM); lane 2: purified NS2A protein (PP); lane 3: inclusion bodies of bacteria transformed with NS2A (IB); lane 4: NS2A clone, induced
with IPTG (ID); lane 5: NS2A clone, uninduced (UID); lane 6: bacteria transformed with the parental vector (PV).
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determine whether NS2A protein associated with bacterial
membranes, we fractionated bacterial lysates and then
extracted membrane proteins, using TDPC detergent.
Western blots were then performed using an anti-V5 anti-
body to detect the presence of the NS2A protein (Fig. 2D).
Subsequently, the blots were washed, stripped, and
re-probed using a mouse polyclonal antibody specific to
E. coli OmpC (Fig. 2D), a known marker of membrane
protein. Notably, DENV NS2A and OmpC (40 kDa) were
present in the same fraction, indicating that NS2A targets
bacterial membranes.

In prokaryotic systems such as E. coli, bacterial
growth can be altered directly by the expression and sub-
sequent incorporation of the viroporins within bacterial
membranes, leading to a loss of membrane integrity.14

Given that DENV and JEV are homologous, (Fig. 1A),
we therefore evaluated whether DENV NS2A also pos-
sesses membrane-destabilising activity, to this end, E.
coli BL21 (DE3) pLysS cells, which express bacteriophage
T7 lysozyme, were transformed with a plasmid encoding
NS2A (pET-NS2A) or the control plasmid (pET). In this
system, disruption of the inner bacterial membrane trig-
gers lysozyme release resulting in cell lysis. The levels of
cell lysis can then be quantified by measuring the optical
density of each culture. As expected, transformation of
E. coli with the parental vector (pET) or, with the same
vector expressing a soluble polypyrimidine-tract binding
(PTB) protein (RNA-binding protein found only in the
cytosol; as a negative control) had no effect on bacterial
cell growth (Fig. 3A). Likewise, cells harbouring the

Figure 3. NS2A protein expression arrests the growth of Escherichia coli and affects the permeability of bacterial membranes and lipo-
somes. (A) Bacterial membrane pET-NS2A permeability model. Growth curves of engineered E. coli BL21 pLys transformed with NS2A
and PTB constructs in the absence (left) or presence (right) of IPTG. The cellular density of each bacterial culture was determined every
60 min after induction by measuring the optical density at 660 nm. (B) Cultures were induced with IPTG in the absence (¡) or presence
(C) of HygB, then subjected to metabolic labeling with [35S] Met-Cys and analyzed by SDS-PAGE at the indicated times. (C) Western
blot analysis of NS2A oligomerisation in vitro. NS2A protein was incubated with different concentrations of glutaraldehyde (0.25, 0.5,
and 1 mM) and then resolved by SDS-PAGE under reducing conditions. Oligomeric structures (dimers and pentamers) were detected
using an anti-V5 antibody at a dilution of 1:5000. (D) Membrane disruption was examined by incubating liposome-encapsulated FITC
(as a model for eukaryotic cell membranes) in solutions containing Triton X-100 (positive control), or NS2A (2.5–15 mg/ml). NS2A pro-
tein-mediated liposome disruption was monitored every 10 min by measuring the fluorescence emission of each mixture. Protein dis-
ruption studies were performed using 5 mL of liposome-encapsulated FITC to determine the baseline fluorescence intensity.
Fluorescence was monitored using a Synergy H4 Fluorescence reader equipped with a FITC 485 excitation filter, a FITC 535 emission
filter, and a 50/50 beam splitter. Fluorescence values were read every 30 s for 1 h at 37�C.
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NS2A expression vector showed no significant defect in
cell growth rates when cultivated in the absence of the
inducing agent IPTG. In contrast, after IPTG induction,
the growth rates of cells expressing NS2A were markedly
lower than those of the PTB and pET controls, indicating
that NS2A protein was capable of permeabilising
intracellular membranes (Fig. 3A). Further, to examine
whether NS2A can also permeabilise outer cell
membranes, bacterial cultures induced with IPTG were
exposed to the translation inhibitor HygB and then
metabolically labeled with [S35]-methionine. Notably, a
complete, time-dependent abrogation of protein synthesis
was observed in cells expressing NS2A, or in those har-
bouring the parental vector, upon HygB treatment, indi-
cating that the bacterial membranes became permeable to
HygB following NS2A induction (Fig. 3C). Together, these
data provide the first evidence that DENV-2 NS2A,
behaved as other viroporins,25 exhibits pore-forming
activity when expressed in a bacterial system.

Among the conserved characteristics of viroporins
are the presence of hydrophobic domains that interact
with lipid membranes and the ability to oligomerise
once inserted into cell membranes.26 In particular,
several studies have reported viroporin oligomerisa-
tion in the presence of glutaraldehyde.20,26,27 There-
fore, to further characterize whether NS2A resembles
a viroporin, we evaluated the ability of this protein to
form homo-oligomers when incubated in the presence
of increasing concentrations of glutaraldehyde. West-
ern blot analysis of glutaraldehyde-treated NS2A
revealed the presence of two to three bands (Fig. 3C,
lanes 1–3), which migrated at molecular weights con-
sistent with monomers (25 kDa), dimers (50 kDa),
and pentamers (»125 kDa) of NS2A, suggesting that
this protein oligomeriza when associated with cellular
membranes. Notably, NS2A dimers were also
observed in the absence of glutaraldehyde, after stor-
age of the protein. Thus, NS2A dimer, trimer, and
pentamer formation may depend on hydrophobic
interactions rather than disulphide bridges, as wit-
nessed for other viroporins.28 While NS2A oligomers
likely organize into pore-like structures, which would
account for the observed alterations in membrane
permeability, further studies are needed to confirm
this conclusion.

Lastly, we examined the ability of NS2A to induce
membrane permeability in liposomes, which are artifi-
cial membrane structures that mimic eukaryotic mem-
branes, charged with FITC.29 After purification, NS2A
protein was first subjected to treatment with different
solvents; the protein dissolved well in methanol and
was active in liposomal mixtures. NS2A (119–714 nM)
was then incubated with liposome-encapsulated FITC

(25 mM). For these analysis, untreated liposomes were
utilised as a control for auto-fluorescence, while FITC-
labeled liposomes treated with PTB (98.25 nM) or Tri-
ton-X 100 were utilised as negative and positive con-
trols, respectively (Fig. 3D). The maximum signal
derived from positive control, was compared with the
fluorescence signals obtained from liposomes incu-
bated with the different concentrations of NS2A pro-
tein and was expressed as a percentage of the signal of
the positive control. There was a protein concentra-
tion-dependent increase in fluorescence signal
obtained from liposomes incubated with NS2A, with
the highest level of FITC leakage (75%) being observed
in those incubated with 714.29 nM NS2A (Fig. 3D).
The NS2A-dependent release of FITC was also time-
dependent, reaching a plateau within 10 min. Thus,
these data provide further evidence that NS2A acts as
a membrane permeability virulence factor (i.e., has the
characteristics of a viroporin) (Fig. 3D).

In summary, the results of this study provide the first
direct evidence that DENV NS2A can penetrate the
hydrophobic environment of cellular membranes and
exert lytic effects on the target membrane, as reported
for other viroporins. This study also provides the first
evidence that the DENV NS2A is capable of oligomerisa-
tion. However, future studies are necessary to assess
other potential viroporin-like effects of this protein dur-
ing viral infection, including apoptosis, autophagy, and
modulation of innate immunity, which are features of
several other viroporins.10,30

Although detailed work has been carried out to eluci-
date the topology and function of DENV-2 NS2A pro-
tein by studying different regions and by using various
approaches, including bioinformatics (19, 23), this study,
for the first time, provides the experimental data to sup-
port that the whole NS2A protein of Dengue virus exhib-
its membrane-destabilising ability and it could serve as a
viroporin. Thus, DENV-2 NS2A protein could be critical
during the DENV replication cycle.
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