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ABSTRACT

Dengue is one of the main public health concerns worldwide. Recent estimates indicate that over 390 million people are infected
annually with the dengue virus (DENV), resulting in thousands of deaths. Among the DENV nonstructural proteins, the NS1
protein is the only one whose function during replication is still unknown. NS1 is a 46- to 55-kDa glycoprotein commonly found
as both a membrane-associated homodimer and a soluble hexameric barrel-shaped lipoprotein. Despite its role in the patho-
genic process, NS1 is essential for proper RNA accumulation and virus production. In the present study, we identified that glyc-
eraldehyde-3-phosphate dehydrogenase (GAPDH) interacts with intracellular NS1. Molecular docking revealed that this interac-
tion occurs through the hydrophobic protrusion of NS1 and the hydrophobic residues located at the opposite side of the
catalytic site. Moreover, addition of purified recombinant NS1 enhanced the glycolytic activity of GAPDH in vitro. Interestingly,
we observed that DENV infection promoted the relocalization of GAPDH to the perinuclear region, where NS1 is commonly
found. Both DENV infection and expression of NS1 itself resulted in increased GAPDH activity. Our findings indicate that the
NS1 protein acts to increase glycolytic flux and, consequently, energy production, which is consistent with the recent finding that
DENV induces and requires glycolysis for proper replication. This is the first report to propose that NS1 is an important modula-
tor of cellular energy metabolism. The data presented here provide new insights that may be useful for further drug design and
the development of alternative antiviral therapies against DENV.

IMPORTANCE

Dengue represents a serious public health problem worldwide and is caused by infection with dengue virus (DENV). Estimates
indicate that half of the global population is at risk of infection, with almost 400 million cases occurring per year. The NS1 glyco-
protein is found in both the intracellular and the extracellular milieus. Despite the fact that NS1 has been commonly associated
with DENV pathogenesis, it plays a pivotal but unknown role in the replication process. In an effort to understand the role of
intracellular NS1, we demonstrate that glyceraldehyde-3-phosphate dehydrogenase (GAPDH) interacts with NS1. Our results
indicate that NS1 increases the glycolytic activity of GAPDH in vitro. Interestingly, the GAPDH activity was increased during
DENV infection, and NS1 expression alone was sufficient to enhance intracellular GAPDH activity in BHK-21 cells. Overall, our
findings suggest that NS1 is an important modulator of cellular energy metabolism by increasing glycolytic flux.

Dengue is one of the major health problems in tropical regions.
It is estimated that over 390 million people are infected an-

nually with one of the four dengue virus (DENV) serotypes (1).
The absence of both an effective tetravalent vaccine and therapeu-
tic agents worsens the impact of the dengue burden. DENV, the
most threatening member of the Flaviviridae family, is an envel-
oped, single-strand, positive-sense RNA virus. It has a 10.7-kb
genome, which codes for three structural proteins (C, prM, and E)
and seven nonstructural proteins (NS1, NS2a, NS2b, NS3, NS4a,
NS4b, and NS5) (2). As with all flaviviruses, the structural and
nonstructural proteins compose the virus particle and the replica-
tion machinery, respectively.

NS1 is a 46- to 55-kDa glycoprotein commonly found as both
a membrane-associated homodimer and a soluble hexameric bar-
rel-shaped lipoprotein (3, 4). The hexameric NS1 protein is de-
tected at variable levels in the serum of infected patients and is
therefore used as a target for early dengue diagnosis (5, 6). Se-
creted NS1 (sNS1) also plays a role in both DENV pathogenesis
and protection. It binds several complement components and its
regulators, contributing directly to viral immune evasion (7–12).

Furthermore, the anti-NS1 antibodies elicited at high titers during
infection may form immune complexes with NS1, which trigger
the inflammatory response and bind some coagulation elements
to deregulate vascular permeability (13, 14). Conversely, active or
passive immunization with NS1 promotes the survival of DENV-
challenged mice, making it an attractive target for vaccine devel-
opment (15–17). However, only a few studies have succeeded in
determining its function during replication.
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A previous report on intracellular NS1 (iNS1) showed that
deletion of the NS1 sequence is lethal to the flaviviruses (18). Sim-
ilarly, mutations in the NS1 sequence, specifically, in the �-roll
domain and connector subdomain, impair plaque formation and
RNA accumulation, resulting in decreased virus yield (19–22).
Nevertheless, complementation with exogenous NS1 allows RNA
replication and virus particle production to be recovered in a
truncated West Nile virus (WNV) lacking NS1 (23), indicating its
importance in the replication process. Electron microscopy stud-
ies have demonstrated a close association between NS1 and dou-
ble-stranded RNA (24, 25), suggesting that NS1 is involved in the
early stages of replication, likely by arranging the membrane for
replication complex assembly. Despite this structural role, further
studies focusing on the function of NS1 during replication are
urgently needed.

In the present study, we used a coimmunoprecipitation (co-
IP) approach to determine the proteins that interact with iNS1 in
an attempt to assess its role in the replication process. We identi-
fied the glycolytic enzyme glyceraldehyde-3-phosphate dehydro-
genase (GAPDH) to be an iNS1 binding partner. The presence of
NS1 increased the glycolytic activity of GAPDH both in vitro and
in vivo, indicating that the NS1 protein acts to increase glycolytic
flux and, consequently, energy production. As far as we know, this
is the first report to propose that iNS1 is an important modulator
of cellular energy metabolism.

MATERIALS AND METHODS
Cell culture and infection. Baby hamster kidney fibroblasts (BHK-21
cells; ATCC, USA) and human umbilical vein endothelial cells (HU-
VEC-C cells; ATCC) were cultured in alpha minimal essential medium
(�-MEM; Gibco, USA) and Ham’s F-12K medium (Gibco) supplemented
with 0.1 mg/ml heparin (Sigma-Aldrich, USA) and 0.03 to 0.05 mg/ml
endothelial cell growth supplement (ECGS; Sigma-Aldrich), respectively.
Both media were supplemented with 10% fetal bovine serum (FBS; Invit-
rogen, USA), 50 units/liter of penicillin (Invitrogen), and 50 �g/liter of
streptomycin (Invitrogen). The cells were incubated in a humid chamber
at 37°C with 5% CO2. After 2 days, the BHK-21 and HUVEC-C cells were
mock infected or infected with DENV serotype 2 (DENV2) strain 16681 at
a multiplicity of infection of 2. All experiments were performed at 48 h
postinfection.

Transient-transfection assay. BHK-21 cells were seeded in a 6-well
plate at a density of 2 � 105 cells/well and cultured in �-MEM with 10%
FBS for 1 day before transient transfection. A mixture containing 2 �g of
the empty pcDNA plasmid or the pcDNA-NS1 plasmid (containing the
ns1 gene from DENV2 strain 16681), Lipofectamine 2000 (Invitrogen),
and Opti-MEM medium (Gibco) was added to the cell culture. After 5 h of
incubation, the transfection medium was replaced by fresh �-MEM with
10% FBS, and the culture was maintained for 24 or 48 h in a humid
chamber at 37°C with 5% CO2.

Co-IP. Approximately 5 � 105 HUVEC-C cells were cultured and
infected as described above. After 48 h of infection, the medium was
removed and the cells were washed twice with 0.01 M phosphate-buffered
saline (PBS) prior to detachment using a cell scraper. The suspension was
centrifuged at 1,200 � g for 10 min, and the pellet was resuspended in 1 ml
of immunoprecipitation (IP) lysis buffer (Pierce, USA) containing pro-
tease inhibitors (1 mM phenylmethylsulfonyl fluoride, 0.02 mM pepstatin
A, 0.01 mM leupeptin, 0.01 mM aprotinin, 0.01 mM bestatin, 0.02 mM
E64), 0.025 mg/ml RNase, and 0.025 mg/ml DNase. The cell extracts were
incubated on ice for 15 min, followed by centrifugation at 13,000 � g for
20 min at 4°C. The supernatant was collected, and the proteins were quan-
tified by the micro-bicinchoninic acid method (Pierce, USA). Coimmu-
noprecipitation (co-IP) was performed as previously described (12).
Briefly, approximately 80 �g/column of purified anti-NS1 polyclonal an-

tibody was attached to AminoLink Plus coupling resin (Pierce co-IP kit),
followed by equilibration and incubation with 0.8 mg of mock- or
DENV2-infected HUVEC-C cell extracts overnight at 4°C. The columns
were washed again, and the protein complexes bound to the antibodies
were eluted with the elution buffer provided in the co-IP kit.

In-gel digestion. The elution fractions from three independent co-IP
experiments were pooled, and the proteins were precipitated with 100%
trichloroacetic acid to a final concentration of 10%. The pelleted proteins
were then resuspended in 20 �l of SDS-PAGE loading buffer, and half of
this volume was loaded onto a 12% SDS-polyacrylamide gel, followed by
Coomassie brilliant blue staining. The sample-containing lane was arbi-
trarily divided into approximately 2- to 5-mm sections (guided by the
molecular mass standards) that were further subjected to in-gel proteol-
ysis with trypsin. First, the gel pieces were destained with 25 mM
NH4HCO3 in 50% acetonitrile for 12 h. The slices obtained from the
nonreduced gels were then reduced in a 10 mM dithiothreitol (DTT)–25
mM NH4HCO3 solution for 1 h at 56°C and then alkylated with a 55 mM
iodoacetamide–25 mM NH4HCO3 solution for 45 min with protection
from light. The solution was removed, and the spots were washed with 25
mM NH4HCO3 in 50% acetonitrile and then dehydrated with 100% ace-
tonitrile. Finally, the gel spots were air dried and rehydrated with a solu-
tion of NH4HCO3 containing 100 ng of trypsin. The gel spots were di-
gested overnight at 37°C. The tryptic peptides were then collected in 10 �l
of a 0.1% trifluoroacetic acid–50% acetonitrile solution.

Nano LC-MS/MS. The peptides extracted from the one-dimensional
SDS-polyacrylamide gel spots were loaded into a Waters Nano-Acquity
system (Waters). The peptides were desalted online using a Waters Opti-
Pak C18 trap column. The sample injection volume was fixed at 10 �l, and
liquid chromatography (LC) was performed using a NanoEase C18 col-
umn (150 mm by 75 �m; Waters) with elution (0.4 �l/min) with a linear
gradient (10 to 50%) of acetonitrile containing 0.1% formic acid. Electro-
spray ionization tandem mass spectra were recorded using a Q-Tof qua-
drupole/orthogonal acceleration time-of-flight spectrometer (Waters)
interfaced to the Nano-Acquity system capillary chromatograph. The
electrospray ionization voltage was set at 3,500 V using a metal needle, the
source temperature was 100°, and the cone voltage was 100 V. Instrument
control and data acquisition were conducted by the use of a MassLynx
data system (version 4.1; Waters); experiments were performed by scan-
ning from a mass-to-charge ratio (m/z) of 200 to one of 2,000 using a scan
time of 1 s, applied during the entire chromatographic process. The mass
spectra corresponding to each signal from the total ion current (TIC)
chromatogram were averaged. The exact mass was determined automat-
ically by the use of a Q-Tof LockSpray (Waters) and a Q-Tof Ultima API
mass spectrometer (Waters). Data-dependent tandem mass spectrometry
(MS/MS) acquisitions were performed on precursors with charge states of
2, 3, or 4 over a range of 50 to 2,000 m/z and under a 2-m/z window. For
MS/MS, a maximum of three ions was selected from a single MS survey.
The Na� and K� adduct masses were automatically excluded. Collision-
induced dissociation (CID) MS/MS spectra were obtained using argon as
the collision gas at a pressure of 13 lb/in2; the collision voltage varied
between 18 and 45 V, depending on the mass of the precursor. The scan
rate was 1 scan/s. All data were processed using the ProteinLynx Global
server (version 2.0; Waters). The processing automatically corrected the
m/z scale of both the MS and MS/MS data for the lock mass utilizing the
lock spray reference ion. The MS/MS data were also charge state decon-
voluted and deisotoped with a maximum entropy algorithm (MaxEnt,
version 3; Waters).

Mass spectrometry data analysis. The proteins were identified by an-
alyzing the tandem mass spectra using MASCOT software (version 2.1;
Matrix Science) and the Swiss-Prot database. One missed cleavage per
peptide was allowed, and an initial mass tolerance of 0.05 Da was used in
all searches. Cysteines were assumed to be carbamidomethylated, and a
variable modification of methionine (oxidation) was allowed. Positive
identification was considered when at least two peptides matched with a
mass accuracy of less than 0.2 Da.
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Direct binding enzyme-linked immunosorbent assay (ELISA). Mi-
crotiter plates (MaxSorp; Nunc) were coated with human GAPDH (10
�g/ml; Sigma-Aldrich) or bovine serum albumin (BSA; 10 �g/ml; Sigma-
Aldrich) overnight at 4°C. After five washes with PBS, nonspecific binding
sites were blocked with 200 �l of 1% BSA in PBS containing 0.05% Tween
20 (PBST) for 1 h at 37°C, followed by five washes with PBST. Specific
concentrations of the recombinant NS1 (rNS1) protein in dimeric form,
the protocol (protocol IV) for the purification of which was published
elsewhere (26), were added to each well, and the plates were incubated for
2 h at 37°C. The plates were then washed five times with PBST, followed by
a 1-h incubation with an anti-NS1 polyclonal antibody (produced in a
mouse in-house) diluted in PBS. (The Ethics Committee for Animal Use
at the Health Science Center of UFRJ approved the protocols for the
production of polyclonal antibodies.) After five washes with PBST, anti-
mouse IgG conjugated to horseradish peroxidase (Promega, USA) was
added for 1 h at 37°C. After five final washes with PBST, the signal was
developed by adding 100 �l of 0.4 mg/ml o-phenylenediamine (OPD) and
50 �l of a 9 N sulfuric acid stop solution to each well. The optical density
at 490 nm (OD490) was determined by a 96-well plate reader.

Pulldown assay. A pulldown assay was carried out using approxi-
mately 80 �g/column of purified homemade anti-NS1 polyclonal anti-
body (26) attached to an AminoLink Plus coupling resin (co-IP kit; Pierce,
USA). The resin was incubated overnight with 200 �l of a mixture con-
taining 2.5 �M rNS1 protein and 2.5 �M GAPDH (Sigma, USA), 2.5 �M
rNS1 protein and 2.5 �M hemopexin (HPX; Millipore, USA), or 2.5 �M
rNS1 protein and 1 mg BHK-21 cell extract in buffer containing 50 mM
Tris-HCl, pH 7.5, 150 mM NaCl. On the next day, the resin was spun
down at 13,000 � g, and the supernatant (named the flowthrough [FT])
was stored to be applied onto an SDS-polyacrylamide gel. The resin was
then washed 3 times with 200 �l of the same buffer. The elution of the
proteins was carried out upon addition of the elution buffer solution
provided by the co-IP kit. The input mixture and elution fractions were
analyzed by Western blotting using mouse anti-NS1 and rabbit anti-
GAPDH polyclonal antibodies (or mouse anti-hemopexin monoclonal
antibody) (Abcam, USA). The control experiments were performed fol-
lowing the same protocol described above, using a control IgG antibody
(Sigma-Aldrich, USA) bound to resin and anti-NS1 resin without addi-
tion of the rNS1 protein.

Cross-linking assay. The rNS1 and GAPDH proteins were incubated
alone (3 and 6 �g, respectively) or in various mass ratios (1:1, 1:1.3, 1:2,
and 1:4) in PBS in the presence or absence of 1 mM EGS [ethylene glycol
bis(succinimidyl succinate)] for 30 min at room temperature. The reac-
tions were stopped by adding 30 mM Tris-HCl, pH 8, prior to Western
blot analysis.

Western blot assay. The samples were separated by 12% SDS-PAGE
and transferred onto a Hybond enhanced chemiluminexcence nitrocellu-
lose membrane (GE Healthcare, Sweden). The membrane was blocked
with 5% nonfat milk diluted in 0.1% Tween 20 in Tris-buffered saline
(TBS; 25 mM Tris-HCl, pH 7.6, 3 mM KCl, 140 mM NaCl) (TBST) for 1
h, followed by an overnight incubation with an anti-NS1 polyclonal anti-
body diluted in blocking solution. The membrane was then washed three
times with TBST and incubated with anti-mouse IgG conjugated to horse-
radish peroxidase (Promega) in blocking solution for 1 h at room tem-
perature. The membrane was washed again, developed with a SuperSignal
West Pico kit (Pierce, USA), and exposed to Kodak MXG/Plus film. The
stripping for reprobing of the antibody was performed by incubating the
membrane twice in a buffer containing 200 mM Glycine and 0.1% SDS,
pH 2.2, for 10 min each time. The membrane was then washed twice with
both PBS and TBST for 5 min each time. After washing, the membrane
was blocked again and incubation of the antibody was performed as de-
scribed above.

Immunofluorescence staining and confocal microscopy. Mock- or
DENV2-infected BHK-21 cells were cultured on glass coverslips, washed
twice in PBS, and fixed for 30 min with freshly prepared 4% formaldehyde
solution diluted in PBS. The cells were permeabilized with 0.1% Triton

X-100 in PBS for 10 min. The slides were incubated in blocking solution
containing 1.5% BSA in PBS and then with purified anti-NS1 mouse
polyclonal (26), anti-GAPDH rabbit monoclonal, anti-GAPDH mouse
monoclonal or anticalreticulin (calreticulin is an endoplasmic reticulum
[ER] marker) rabbit monoclonal antibody (Abcam) that had been diluted
in blocking solution for 1 h. The cells were washed and incubated for 45
min with an Alexa Fluor 488-conjugated goat anti-mouse IgG antibody
(Invitrogen) or an Alexa Fluor 546-conjugated goat anti-rabbit IgG anti-
body (Invitrogen) diluted in blocking solution. The cells were subse-
quently incubated with 5 mM 4=,6-diamidino-2-phenylindole (DAPI;
Sigma-Aldrich) for 5 min at room temperature. Cells in ProLong Gold
antifade reagent (Life Technologies) were mounted onto the slides and
observed using a Leica TCS SP5 confocal microscope. All images were
collected with LAS AF Lite (version 2.6) software (Leica Microsystems).

In vitro measurement of GAPDH activity. To measure the GAPDH
activity, 33.4 nM the human GAPDH protein (Sigma-Aldrich) was added
to a solution containing 50 mM Tris-HCl, pH 7.4, 2 mM MgCl2, 1 mM
ATP, 1 mM EDTA, 0.25 mM �-NADH, and 13 units/ml phosphoglycer-
ate kinase (PGK) in the absence or presence of the rNS1 protein (0.5 or 2
�M) or in the presence of 2 �M BSA. The reactions were started by adding
5 mM 3-phosphoglycerate (PG). The baseline was followed for 3 min for
all reactions. The fluorescence intensity was measured on a plate reader
(SpectraMax) at excitation and emission wavelengths of 352 and 464 nm,
respectively.

In vivo measurement of GAPDH activity. The measurement of
GAPDH activity in cell culture was performed as previously described
(27). Briefly, approximately 106 mock- or DENV2-infected or pcDNA- or
pcDNA-NS1-transfected BHK-21 cells were lysed by adding 200 �l of IP
lysis buffer (Pierce), followed by a 10-min incubation in an ice bath and
centrifugation at 17,900 � g for 15 min. Thirty micrograms of the super-
natant (cell extract) was added to the reaction mixture, composed of 13
mM sodium pyrophosphate, 26 mM sodium arsenate, 10 mM DTT, 750
�M �-NAD�, and 15 mM D,L-glyceraldehyde-3-phosphate (G3P; Sigma-
Aldrich). The reaction was monitored by determination of the change in
the absorbance at 340 nm every 10 s for 1 min. The absorbance units were
converted into the amount of NADH produced using the molar absorp-
tivity of NADH of 6.22 mM�1 cm�1. One unit of GAPDH activity was
defined as the reduction of 1 �M �-NAD�/min.

Molecular modeling. The three-dimensional (3D) model of the NS1
protein was obtained on the basis of the crystal structure of NS1 from
DENV2 strain 16681 (Protein Data Bank [PDB] accession number 4O6B)
(21). The predicted 3D model of human GAPDH was obtained by com-
parative modeling (PDB accession number 1ZNQ). Analyses of the sec-
ondary structures were performed with the PSIPRED program (28).
Sequence alignment and model building were performed with the MOD-
ELLER (version 9) program (29, 30). The models were ranked by MOD-
ELLER using the discrete optimized protein energy (DOPE) score, and the
Ramachandran plot was prepared by the PROCHECK program (31). Ad-
ditionally, the root mean square deviation (RMSD) between the models
and the template and other analyses were performed with the PyMOL
program (PyMOL molecular graphics system, version 1.7.4; Schrödinger,
LLC).

Molecular docking. Molecular docking assays were performed with
the web-based server ClusPro (version 2.0) (32–35). The 3D model of
DENV2 NS1 was used as the receptor for human GAPDH (O chain; PDB
accession number 1ZNQ). The supporting information was rendered us-
ing the PyMOL program.

Statistical analysis. Data sets were compared with a two-tailed, un-
paired Student’s t test, and statistical significance was achieved when P
values were �0.05. Multiple comparisons were performed using one-
way or two-way analysis of variance (ANOVA) (Bonferroni posttest),
and the asterisks in the figures indicate significant differences from the
control.
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RESULTS
Identification of GAPDH as a partner interacting with NS1. To
identify the proteins that interact with iNS1, iNS1 was coimmu-
noprecipitated with its potential ligands from the extracts of
DENV2-infected cells of the HUVEC-C cell line, which is an en-

dothelial cell line that is permissive for DENV infection. Extracts
of mock-infected HUVEC-C cells were used to identify unspecific
interactions (negative control). The material that eluted under
both conditions was separated by SDS-PAGE (Fig. 1A), and ex-
cised bands were analyzed by Q-Tof MS/MS. The results of MS

FIG 1 Identification of GAPDH as an iNS1-interacting partner. (A) Extracts from mock-infected (Mock) and DENV2-infected (DENV) HUVEC-C cells were
added to a column containing immobilized anti-NS1, and the eluted fractions were separated by SDS-PAGE prior to band excision and in-gel digestion. (B) The
trypsinized peptides were subjected to Q-Tof MS/MS analysis under both mock infection and DENV infection conditions. MM, molecular mass. (C) The peak
corresponding to the most abundant peptide was identified and selected for a second round of MS. The peptide sequence (with z being equal to 2) was then
analyzed by use of the Mascot algorithm, using the sequences in the Swiss-Prot database for protein identification. The identified peptide corresponded to a
unique fragment of the GAPDH protein, which was confirmed by a search of the NCBI database. The results presented here are representative of those from two
independent experiments.
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analysis are shown in Fig. 1B. A distinct m/z peak of 706.395 (cor-
responding to a charge of �2), identified only under the DENV-
infected condition, was selected for peptide sequencing. The iden-
tified peptide (GALQNIIPASTGAAK) was analyzed by MASCOT
software (using the sequences in the Swiss-Prot database) and
corresponded to the glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) protein (Fig. 1C).

Confirmation of NS1 and GAPDH interaction. GAPDH is a
highly abundant cytoplasmic protein that can also be found in the
nucleus or attached to vesicular compartments and the plasma
membrane (36). The NS1 protein, in turn, is known to interact
with a myriad of intracellular and extracellular proteins (37). To
determine whether the interaction between iNS1 and GAPDH was
a false-positive result or if a direct interaction occurs, a direct
binding ELISA was performed with both purified recombinant
NS1 (rNS1) (26) and GAPDH proteins. In this experiment, either
GAPDH or BSA (control) was adsorbed onto a plate and incu-
bated with increasing concentrations of the rNS1 protein. The
interaction was then detected using an anti-NS1 polyclonal anti-
body. A significant increase in the OD490 values was measured
when NS1 and GAPDH were incubated together (Fig. 2A), and no
variation in the OD490 values was detected in the control samples,
indicating a real and direct interaction between these two pro-
teins. Additionally, the formation of a complex between rNS1 and
GAPDH in solution was also assessed by pulldown assays using
purified proteins (Fig. 2B) and extracts from mock- and DENV-
infected cells (Fig. 2D). A control using hemopexin, which does
not bind NS1, was also carried out to confirm that the pulldown of
GADPH did not result from a nonspecific interaction with the
column (Fig. 2C).

A third experiment was carried out to confirm the interaction
between the NS1 and GAPDH proteins. A cross-linking assay was
performed in which different concentrations of GAPDH and
rNS1 were incubated in the presence or absence of a cross-linking
agent, EGS, followed by Western blot analysis with anti-GAPDH
and anti-NS1 antibodies. As expected, bands at approximately 40
kDa and greater than 118 kDa were observed when GAPDH was
incubated in the absence and presence of EGS, respectively, with
these bands indicating the monomer and tetramer, respectively
(Fig. 3A). Interestingly, when GAPDH was incubated with rNS1 at
different ratios in the presence of the cross-linking agent, two
additional bands were observed at approximately 70 kDa and 80
kDa (Fig. 3A). To ascertain whether these bands represent the
direct interaction between NS1 and GAPDH, the membrane was
stripped and reprobed with an anti-NS1 antibody. Two bands
were observed at approximately 45 kDa and 38 kDa when the
rNS1 protein was incubated in the absence of EGS, and both of
these bands correspond to monomers (Fig. 3B), which is in accord
with the findings of our previous study (26). In the presence of
EGS, these bands shifted to higher molecular masses, appearing as
bands of 45 kDa, 90 kDa, and greater than 118 kDa that corre-
sponded to the monomer, the dimer, and a possible tetramer,
respectively (Fig. 3B). When both proteins were incubated in the
presence of EGS, two additional bands were observed at approxi-
mately 70 kDa and 80 kDa (Fig. 3B); these are similar to the bands
observed in Fig. 3A. The molecular masses of these bands corre-
sponded to either the 38-kDa monomer with the GAPDH mono-
mer or the 45-kDa NS1 monomer with the GAPDH monomer,
respectively. Together, these results demonstrate that NS1 and
GAPDH directly interact.

DENV2 NS1 modeling and molecular docking of the NS1-
GAPDH interaction. To identify the molecular contact surfaces
with which NS1 and GAPDH interact, a three-dimensional di-
meric NS1 model was constructed on the basis of the atomic co-

FIG 2 Confirmation of the NS1-GAPDH interaction by direct binding ELISA
and a pulldown assay. (A) Microtiter plates were coated with purified GAPDH
(10 �g/ml), and increasing amounts of recombinant DENV2 NS1 were added.
The bound NS1 was detected using an anti-NS1 polyclonal antibody. BSA was
used as a negative control. The error bars indicate the standard deviations from
three independent experiments, and the asterisks indicate significant differ-
ences from the control using two-way ANOVA and the Bonferroni posttest.
***, P � 0.001. (B) For the pulldown assay, the rNS1 and GAPDH proteins at
a concentration of 2.5 �M each were incubated overnight at 4°C with anti-NS1
polyclonal antibody covalently coupled to an amino-linked agarose resin. Elu-
tion was carried out with the elution buffer provided in the co-IP kit (Pierce).
The control reaction was carried out following the same protocol described
above, except that only GAPDH was incubated with the resin. The same pro-
cedure was performed using control IgG coupled to an amino-linked agarose
resin. (C) As described in the legend to panel B, except that the GAPDH
protein was replaced by the HPX protein, which does not interact with NS1.
(D) Pulldown assay using extracts of mock- and DENV2-infected BHK-21
cells. IN, input; FT, flowthrough; E1 and E2, 1st and 2nd elution fractions,
respectively; C�, positive control (rNS1 and GAPDH). The results presented
here are representative of those from three independent experiments.
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ordinates of the crystal structure described by Akey and coworkers
(21) that is deposited in the Protein Data Bank (PDB accession
number 4O6B). The sequence alignment between DENV2 NS1
from PDB and the DENV2 NS1 sequence used in this work re-
vealed an identity of 97.35% (data not shown). The dimeric NS1
model was generated using Modeler Align2d software, which was
set to construct 100 candidate models. The best model showed an
RMSD of 0.425 Å and a DOPE score of �69,659.352. The Ram-
achandran plot showed that 89% of the residues were in the most
favored region, 9.4% were in additional allowed regions, 1.6%
were in generously allowed regions, and no residues were in dis-
allowed regions (data not shown).

To perform the molecular docking, ClusPro (version 2.0) soft-
ware was used and was set to consider the NS1 model as the sys-

tem’s receptor and GAPDH (PDB accession number 1ZNQ) as
the ligand. To determine if the GAPDH monomer and tetramer
interact similarly with dimeric NS1, both the complete GAPDH
structure (tetramer) and the O chain alone (the monomer, ac-
cording to the PDB model) were probed. All systems showed a
strong tendency to occur (Table 1), indicating that both mono-
meric GAPDH and tetrameric GAPDH are able to interact with
NS1. Interestingly, the interface of the interaction was similar in
both systems (Fig. 4A and B), occurring at the hydrophobic pro-
trusion of NS1 (Fig. 4C and D), located at the �-roll domain (21),
and at the hydrophobic residues of GAPDH. The amino acid res-
idues of NS1 involved in the surface contact with the GAPDH
structure are Cys4, Val5, Val6, Asn10, Lys11, Leu13, Lys14, Cys15,
and Trp28 of one monomer and Gly3, Cys4, Val5, Glu12, Leu13,
Lys14, Cys15, Gly161, Val162, Phe163, and Thr164 of the other
monomer (Fig. 4C and D). As GAPDH has two important cata-
lytic residues, cysteine 152 (Cys152) and histidine 179 (His179)
(38), these were also highlighted (in green) to evaluate whether the
interaction may affect this region. It was observed that NS1 inter-
acted on the opposite side of the GAPDH catalytic site (Fig. 4A and
B), suggesting that if NS1 affects GAPDH activity, it is not because
the catalytic site is blocked.

Mutations at residues Asn10 and Lys11 (located at the NS1
�-roll domain) and in the region of Gly159-Phe-Gly-Val162 (con-
nector subdomain) were previously found to be associated with
defective flavivirus replication (20–22). To evaluate the impor-
tance of the �-roll domain for complex formation between NS1
and GAPDH, a three-dimensional model of dimeric NS1
containing the mutations Asn10Ala, Lys11Ala, Gly161Asp, and
Val162Asp (NS1mut) was constructed as described above, and
NS1mut was used as the system’s receptor and GAPDH (O chain)
was used as the ligand. The sequence alignment between DENV2
NS1 from PDB and DENV2 NS1mut revealed an identity of 97.0%.
The best model showed an RMSD of 0.547 Å and a DOPE score of
�68,963.289. The Ramachandran plot showed that 89.6% of the
residues were in the most favored region, 8.1% were in additional
allowed regions, 2.3% were in generously allowed regions, and no
residues were in disallowed regions (data not shown). The molec-
ular docking revealed that this system still has a strong tendency to
occur, albeit the tendency is less strong than that observed when
wild-type NS1 is used as the system’s receptor (Table 1). Interest-
ingly, NS1mut interacts with the same hydrophobic residues of
GAPDH; however, the GAPDH orientation was significantly al-
tered (Fig. 4E and F). These results indicate that the Asn10, Lys11,
Gly161, and Val162 residues are not essential to the interaction
with GAPDH but they are important for the correct GAPDH ori-
entation. Unfortunately, the conformational effects of this associ-
ation could not be determined.

Effect of the NS1 protein on GAPDH glycolytic activity in
vitro. To evaluate the influence of the NS1-GAPDH interaction
on GAPDH glycolytic activity, an in vitro enzymatic assay was

FIG 3 Confirmation of the NS1-GAPDH interaction by a cross-linking assay
using the cross-linking reagent EGS. Different amounts of the rNS1 (1.5 or 3
�g) and GAPDH (3, 4, or 6 �g) proteins were incubated in the absence or
presence of 10 mM EGS. The samples were incubated for 30 min at room
temperature prior to analysis by Western blotting using anti-GAPDH (A) or
anti-NS1 (B) antibodies. As a control, both GAPDH (6 �g) and rNS1 (3 �g)
were incubated alone in either the absence or the presence of 10 mM EGS,
followed by Western blot analysis with their respective antibodies. The results
presented here are representative of those from two independent experiments.

TABLE 1 Scores for NS1, NS1mut, and GAPDH docking

System
Cluster
no.

No. of
representatives

Balanced score

Center Lowest energy

DENV2 NS1 � GAPDH monomer 0 84 �938.2 �1,068.5
DENV2 NS1 � GAPDH tetramer 0 34 �832.9 �941.2
DENV2 NS1mut � GAPDH monomer 1 69 �895.4 �1,024.6
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FIG 4 Molecular docking of NS1 and GAPDH. The constructed model of dimeric DENV2 NS1 (blue) was used as the system’s ligand, and both the GAPDH
monomer (pink) (A) and the GAPDH tetramer (B) were set as the receptors. GAPDH catalytic residues Cys152 and His179 are marked in green. In both cases,
the interaction interface was the same and did not obscure the GAPDH catalytic site. (C) Expanded view of the contact surface region between dimeric NS1 and
GAPDH (shown in panel A) in which the amino acid residues of NS1 involved in the contact are shown in orange. (D) The same view as that in panel C, except
that the dimeric NS1 structure is rotated 90° clockwise and the GAPDH structure is not represented for clarity. (E) Three-dimensional model of dimeric DENV2
NS1mut (Asn10Ala, Lys11Ala, Gly161Asp, and Val162Asp), represented in blue, interacting with the monomeric state of GAPDH (orange). The structure of
GADPH (pink) is in the same orientation as that which occurs when it interacts with wild-type NS1. The mutated residues are colored in green. (F) The same view
as that in panel E with the structure rotated 90° counterclockwise and with deletion of the NS1mut protein for clarity. Docking structures were generated by the
web-based server ClusPro (version 2.0) and displayed with PyMOL.
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performed using both purified rNS1 and GAPDH proteins.
GAPDH catalyzes a reversible oxidoreductase reaction in which
glyceraldehyde-3-phosphate (G3P) is converted into 1,3-biphos-
phoglycerate (1,3-BPG) in the presence of nicotinamide ADP
(NAD�) and inorganic phosphate (Pi), with the release of NADH.
Thus, the GAPDH activity was measured by adding the GAPDH
protein alone, in the presence of the rNS1 protein, or in the pres-
ence of BSA (negative control) to a reaction mixture containing
�-NADH, ATP, phosphoglycerate kinase (PGK), and phospho-
glycerate (PG). �-NAD� production was monitored by determi-
nation of the decrease of its fluorescence intensity. The oxidation
of the �-NADH molecules was observed to be more rapid in ex-
periments with 0.5 �M or 2 �M rNS1 than in experiments with-
out rNS1 or with 2 �M BSA (Fig. 5A). The relative fluorescence
intensity curves were then converted into the percentage of
GAPDH activity. The presence of either 0.5 �M or 2 �M rNS1

significantly increased GAPDH activity (P � 0.05 and P � 0.001,
respectively, Fig. 5B). These results suggest that the NS1 protein
increases the GAPDH glycolytic activity.

Colocalization of GAPDH and NS1 during DENV infection.
As iNS1 is primarily found in the perinuclear region and GAPDH
is primarily found in the cytoplasm, it was important to investi-
gate whether both proteins colocalize during DENV infection.
Thus, an immunofluorescence assay was performed in which
mock- or DENV2-infected BHK-21 cells and BHK-21 cells trans-
fected with either the empty pcDNA plasmid or the pcDNA-NS1
plasmid, which contains the ns1 gene from DENV2 strain 16681,
were labeled with both anti-NS1 and anti-GAPDH antibodies. As
expected, NS1 labeling was observed only in DENV2-infected
cells, with the labeling primarily appearing in the perinuclear re-
gion, and in the cells transfected with the pcDNA-NS1 plasmid,
where NS1 staining was more diffuse in the cytoplasm, whereas
the presence of GAPDH was detected under all conditions (Fig. 6).
Interestingly, GAPDH labeling was diffuse in the mock-infected
cells and in the cells transfected with either the pcDNA or pcDNA-
NS1 plasmid, confirming its presence throughout the cytoplasm.
In contrast, GAPDH was found to be more localized at the peri-
nuclear region in DENV2-infected cells, as observed by ER label-
ing (Fig. 6), suggesting that DENV2 infection but not NS1 over-
expression alone promoted the relocalization of GAPDH. After
merging the images, we observed that NS1 and GAPDH strongly
colocalized in the perinuclear region of DENV2-infected cells.
These results suggest that NS1 and GAPDH colocalize in vivo and
that DENV2 infection, but not NS1 alone, is able to promote the
perinuclear localization of GAPDH.

Both DENV infection and NS1 overexpression increase
GAPDH glycolytic activity. On the basis of the results presented
above, it was important to investigate whether GAPDH activity is
increased in DENV2-infected cells. The cytosolic fractions of the
cellular extract from mock- or DENV2-infected BHK-21 cells
were used to analyze intracellular GAPDH activity. After 24 h of
infection, �-NADH production was significantly increased in
DENV2-infected cells compared with that in the mock-infected
cells (Fig. 7A; P � 0.05). However, after 48 h of infection, the levels
of �-NADH production were similar under both conditions (Fig.
7B). The level of �-NADH production was then converted into
GAPDH activity, revealing a significant increase in GAPDH activ-
ity after 24 h of DENV2 infection (Fig. 7C).

The direct influence of NS1 on GAPDH activity was evaluated
by measuring the enzymatic activity in BHK-21 cells transfected
with either the empty pcDNA plasmid or the pcDNA-NS1 plas-
mid. An increase in the level of �-NADH production was mea-
sured in the NS1-expressing cells at 24 h (Fig. 7D) and 48 h (Fig.
7E) after transfection. GAPDH activity was increased in the NS1-
expressing cells at both time points, but it was statistically signifi-
cantly increased only after 24 h of expression (Fig. 7F). These
results indicate that both DENV2 and NS1 expression increase
GAPDH activity.

The expression of the NS1 protein was also analyzed in the
transfected and infected BHK-21 cells to correlate NS1 produc-
tion with the increased GAPDH activity. It was observed that iNS1
expression was higher in the first 24 h after transfection. However,
at 48 h after transfection, the levels of iNS1 decreased concomi-
tantly with the increased sNS1 levels (Fig. 7G), indicating that
iNS1 modulated the glycolytic GAPDH activity in a concentra-
tion-dependent manner. However, we did not observe any differ-

FIG 5 Effects of NS1 binding on GAPDH activity. Different amounts of NS1
(0.5 or 2 �M) were used to evaluate the effect of NS1 binding on human
GAPDH activity. The negative control was performed with 2 �M BSA. (A)
GAPDH activity is represented as the decrease of the relative fluorescence
intensity of NADH after its conversion to NAD�. The data were obtained in
three independent experiments, and the bars indicate the standard errors. F/F0

is the relative fluorescence intensity, in which F0 and F correspond to the
fluorescence intensity at the initial time point and each different time point,
respectively. Measurements were performed without (W/o) substrate (circles),
without NS1 (squares), and in the presence of 2 �M BSA (triangles), 0.5 �M
NS1 (diamonds), or 2 �M NS1 (solid triangles). The reaction mixtures were
incubated at 25°C for 20 min with 50 mM Tris-HCl (pH 7.4), 2 mM MgCl2, 1
mM ATP, 1 mM EDTA, 0.25 mM �-NADH, 13 units/ml PGK, 33 0.4 nM
human GAPDH, and 5 mM 3-phosphoglycerate. (B) The data in panel A were
converted to percentages using a representative time point of each reaction (10
min) to better show the increase in GAPDH activity as a function of the NS1
concentration. The data were analyzed for statistically significant differences
using a two-tailed, unpaired Student’s t test. *, P � 0.05; **, P � 0.01.
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FIG 6 Colocalization of iNS1, GAPDH, and calreticulin proteins visualized by confocal microscopy. Mock- or DENV2-infected BHK-21 cells and BHK-21 cells
transfected with pcDNA3.1 or pcDNA3.1-NS1 were cultivated for 48 h prior to immunofluorescence analysis. The cells were fixed in formaldehyde prior to
permeabilization with Triton X-100. After blocking, the cells were labeled with anti-GAPDH rabbit monoclonal (red stain), anti-GAPDH mouse monoclonal
(green stain), anti-NS1 mouse polyclonal (green stain), and anticalreticulin rabbit monoclonal (calreticulin is an ER marker; red stain) antibodies. DAPI labeling
was used to identify the nuclei. In the merged images, the yellow staining corresponds to the sites of iNS1 and GAPDH or GAPDH and calreticulin colocalization.
All images are representative of those from three independent experiments. For better visualization, the cells identified by a white arrowhead were enlarged, and
the images are displayed as insets. Bars, 20 �m.
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FIG 7 Measurement of intracellular GAPDH activity. The kinetics of intracellular GAPDH activity were monitored by determination of the increase in
absorbance at 340 nm every 10 s for 60 s, using 30 �g of the cell extract as the source of the enzyme. The conversion of absorbance units to NADH production
was done by use of the molar absorptivity of NADH (6.22 mM�1 cm�1). Mock- or DENV2-infected and pcDNA- or pcDNA-NS1-transfected BHK-21 cells were
cultivated for 24 h (A and D, respectively) or 48 h (B and E, respectively) prior to analyzing the enzyme activity. At the end of the curve, the concentration of
NADH was converted into GAPDH activity, where 1 unit of enzyme activity corresponds to the reduction of 1 �M �-NAD/min. The GAPDH activity was
determined for both the infected (C) and the transfected (F) BHK-21 cells. The data were analyzed for statistically significant differences using a two-tailed,
unpaired Student’s t test. *, P � 0.05. (G to J) The levels of NS1 and GAPDH expression from the transfected (G and I) or infected (H and J) BHK-21 cells were
determined by Western blotting (WB) using an anti-NS1 antibody. Approximately 30 �g of the cell extract from each condition was used to determine iNS1
expression, and 15 �l of the culture supernatant was used to determine sNS1 levels in the transfected cells. The loading control for the Western blot assay was
anti-�-actin. The Western blots are representative of those from three independent experiments, and the error bars indicate the standard deviations from three
independent experiments.
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ences in iNS1 levels over the course of the DENV2 infection
(Fig. 7H). No differences in GAPDH expression levels were ob-
served under any of the conditions analyzed when the levels were
compared with the level of the actin loading control (Fig. 7I and J),
indicating that the increased GAPDH activity is not due to in-
creased protein expression. Together, these results suggest that
NS1 is an important modulator of GAPDH activity.

DISCUSSION

Although iNS1 is essential for the proper assembly of flaviviruses,
there are still no consistent data regarding its role during the rep-
lication process. Most studies have focused on the extracellular
interactions of the NS1 protein to explain its involvement in
DENV pathogenesis (10–12). Here, we propose that iNS1 in-
creases glycolytic flux and, consequently, energy production by
increasing GAPDH glycolytic activity. We demonstrated by co-IP
followed by mass spectrometry that GAPDH interacts with intra-
cellular NS1, and we confirmed the interaction by direct binding
ELISA, co-IP (i.e., a pulldown assay), and cross-linking assays.
GAPDH is well-known to be a multifunctional protein that is
involved in different cellular processes, such as transcriptional and
posttranscriptional gene regulation, vesicular trafficking, mainte-
nance of DNA integrity, and others (39). It also plays an essential
role in cellular energy metabolism, participating in the sixth step
of glycolysis. The GAPDH protein catalyzes the reversible conver-
sion of G3P into 1,3-BPG in the presence of NAD� and Pi, gener-
ating one energy-rich NADH molecule per G3P unit, which is
further used in the mitochondrial electron transport chain to gen-
erate ATP.

The reaction catalyzed by GAPDH starts with the production
of a thiohemiacetal intermediate at the Cys152 residue, followed
by the formation of a high-energy thioester that is then attacked by
Pi to generate BPG. After thioester formation, a hydride is trans-
ferred to an NAD� molecule with the aid of the His179 residue,
which acts as a base catalyst (38). The molecular docking results
suggest that the NS1-GAPDH interaction occurs through hydro-
phobic protrusions in the NS1 �-roll domain and the hydropho-
bic residues of GAPDH, located on the opposite side of the cata-
lytic site. This finding is interesting because the �-roll domain is
responsible for the NS1 interaction with the ER membrane (21).
Mutations in this region impair virus replication, either by affect-
ing the NS1 interaction with NS4b or by preventing NS1 retention
in the ER lumen (20–22). Indeed, mutation of the Asn10, Lys11,
Gly161, and Val162 residues, located at the �-roll domain and
connector subdomain, decreased the tendency for the interaction
to occur without abolishing it. Although the interface of the inter-
action was not affected, the GAPDH orientation changed consid-
erably. Therefore, it is plausible to presume that the interactions
mediated by this domain have important impacts on the replica-
tion of flaviviruses.

As obligatory parasites, viruses rely on the host metabolism to
obtain the constituents needed to generate their progeny. Energy
production modulation is a remarkable feature that improves the
ATP supply required to support active viral replication and assem-
bly. Glycolysis is a common metabolic route explored by viruses to
enhance the production of energy-rich molecules. Mayaro virus
and herpes simplex virus 1 (HSV-1), for example, enhance glucose
uptake and glycolytic flux by modulating the rate-limiting glyco-
lytic enzyme 6-phosphofructo-1-kinase (PFK-1) (40, 41). Hepa-
titis C virus (HCV), in turn, enhances glucose consumption and

glycolytic flux through the interaction of viral NS5A with hexoki-
nase 2 (HK2), the first rate-limiting enzyme of glycolysis (42). In
this regard, we observed here that purified rNS1 increased
�-NAD� production and, consequently, GAPDH activity in vitro.

DENV infection induces mitochondrial alterations that result
in decreased ATP production. It was hypothesized that DENV
compensates for this loss by increasing glycolytic flux (43). In-
deed, a recent report showed that DENV activates glycolysis to
provide an energy source to support proper viral replication. Glu-
cose deprivation or pharmacological inhibition of glycolysis dis-
rupts DENV replication and virion production (44). Our results
indicate that DENV alters subcellular GAPDH localization and
increases the intracellular GAPDH activity only in the first 24 h of
infection. This is in accord with the data of Fontaine and col-
leagues, who showed increased levels of glycolytic metabolites,
mainly dihydroxyacetone phosphate and GAPDH downstream
metabolites, early in DENV infection (44). It is expected that the
establishment of a successful infection relies on the ability of
DENV to modulate the metabolism of the entire host to its own
purposes. Recurrent replication and protein synthesis require an
increased and rapid energy supply. The modulation of glycolysis is
usually the most attractive alternative, because glycolysis is almost
exclusively dependent on glucose uptake. Therefore, the simplest
mechanism for its regulation is to activate or increase the activity
of rate-limiting enzymes. In fact, DENV infection upregulates glu-
cose transporter 1 and HK2 (44). Although GAPDH is not classi-
cally defined as a rate-limiting enzyme, recent reports have iden-
tified it to be a bottleneck in the aerobic glycolysis process because
it can be regulated by important glycolytic intermediates, such as
ATP and NAD� (45). Together, our finding that DENV infection
increases GAPDH activity shows that increased GAPDH activity
represents an additional mechanism used by this virus to enhance
glycolysis and thereby establish a successful infection.

Considering the importance of GAPDH to glycolysis, that di-
meric rNS1 increased GAPDH activity in vitro, and that NS1 ex-
pression was sufficient to enhance intracellular GAPDH activity in
a concentration-dependent manner, the results reported here rep-
resent the first evidence of a metabolic modulator role for iNS1.
Thus, we hypothesize that NS1 is responsible for modulating the
host metabolism by increasing GAPDH glycolytic activity during
the early steps of infection. In conclusion, this report not only
represents a gain of knowledge about the role of the NS1 protein
during flavivirus replication but also provides new insights and a
platform for further drug design and alternative antiviral thera-
pies for DENV infection.
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