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ABSTRACT

Flavivirus RNA synthesis is mediated by a multiprotein complex associated with the endoplasmic reticulum membrane, named
the replication complex (RC). Within the flavivirus RC, NS4B, an integral membrane protein with a role in virulence and regula-
tion of the innate immune response, binds to the NS3 protease-helicase. NS4B modulates the RNA helicase activity of NS3, but
the molecular details of their interaction remain elusive. Here, we used dengue virus (DENV) to map the determinants for the
NS3-NS4B interaction. Coimmunoprecipitation and an in situ proximity ligation assay confirmed that NS3 colocalizes with
NS4B in both DENV-infected cells and cells coexpressing both proteins. Surface plasmon resonance demonstrated that sub-
domains 2 and 3 of the NS3 helicase region and the cytoplasmic loop of NS4B are required for binding. Using nuclear magnetic
resonance (NMR), we found that the isolated cytoplasmic loop of NS4B is flexible, with a tendency to form a three-turn a-helix
and two short 3-strands. Upon binding to the NS3 helicase, 12 amino acids within the cytoplasmic loop of NS4B exhibited line
broadening, suggesting a participation in the interaction. Sequence alignment showed that 4 of these 12 residues are strictly con-
served across different flaviviruses. Mutagenesis analysis showed that three (Q134, G140, and N144) of the four evolutionarily
conserved NS4B residues are essential for DENV replication. The mapping of the NS3/NS4B-interacting regions described here
can assist the design of inhibitors that disrupt their interface for antiviral therapy.

IMPORTANCE

NS3 and NS4B are essential components of the flavivirus RC. Using DENV as a model, we mapped the interaction between the
viral NS3 and NS4B proteins. The subdomains 2 and 3 of NS3 helicase as well as the cytoplasmic loop of NS4B are critical for the
interaction. Functional analysis delineated residues within the NS4B cytoplasmic loop that are crucial for DENV replication.
Our findings reveal molecular details of how flavivirus NS3 protein cooperates with NS4B within the RC. In addition, this study
has established the rationale and assays to search for inhibitors disrupting the NS3-NS4B interaction for antiviral drug

discovery.

Dengue is a major and emerging public health problem: 50 to
100 million dengue cases occur every year, and over 40% of
the world population is at risk (1). According to a 2014 update by
WHO, “an estimated 500,000 people with severe dengue are hos-
pitalized each year including a large proportion of children,” and
of those, about 2.5% die (2). The disease is caused by infection
with one of the four serotypes of dengue virus (DENV), transmit-
ted by Aedes mosquitoes. There is currently no clinically approved
antiviral therapeutics. The recent phase IIb clinical trials in Thai-
land revealed that the CYD tetravalent vaccine failed to protect
against DENV serotype 2 (DENV2) although the vaccine showed
efficacy against the other three serotypes of DENV (3). Before
effective vaccine and antiviral treatments become available, den-
gue patient care has to rely on supportive treatment, and vector
control still remains an important means of reducing outbreaks.
DENV belongs to the Flavivirus genus within the family Flavi-
viridae. In addition to DENV, several other flaviviruses are impor-
tant human pathogens, such as yellow fever virus (YFV), West
Nile virus (WNV), Japanese encephalitis virus (JEV), and tick-
borne encephalitis virus (TBEV). DENV is a small enveloped virus
(4) containing a single plus-strand RNA genome that comprises
approximately 10,700 nucleotides. The DENV genome encodes a
total of 10 proteins, consisting of three structural proteins (capsid
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[C], premembrane [prM], and envelope [E]) and seven nonstruc-
tural proteins (NS1, NS2A, NS2B, NS3, NS4A, NS4B, and NS5).
The structural proteins form the viral particle, while the nonstruc-
tural proteins are responsible for RNA replication in the host cell
and evasion from the innate immune responses (5). In particular,
glycoprotein NSI1 plays a role in viral RNA synthesis at an early
step of the viral infection cycle (6); in conjunction with the cofac-
tor NS2B, NS3 acts as a viral serine protease (7) and also as an RNA
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triphosphatase (8) and RNA helicase (9). NS5 functions as a meth-
yltransferase (10—12) and also as an RNA-dependent RNA poly-
merase (13).

Flavivirus RNA replication occurs in close association with
host cytoplasmic membranes, where both viral and cellular factors
interact and cooperate within an organelle-like replication factory
called the replication complex (RC) (for reviews, see references 14
and 15). Several nonstructural proteins of the RC constitute vali-
dated drug targets because of their essential functions during viral
replication (for a recent review, see reference 16). However, a ma-
jor impediment in developing drugs targeting the DENV RC is
that its detailed morphology and composition, the interplay be-
tween its molecular constituents, and the precise molecular mech-
anisms for viral RNA replication are still elusive (15). Over the last
decade, individual protein components of the DENV RC, such as
NS1, NS2B-NS3, and NS5, were characterized at both the struc-
tural and functional levels (16); moreover, topology models for
integral membrane proteins NS2A, NS4A, and NS4B were pro-
posed (17-19). However, because the integral membrane proteins
NS2A, NS4A, and NS4B lack enzymatic activities, it has been chal-
lenging to understand their precise roles and also to develop in
vitro functional assays to screen inhibitors directed against these
potentially attractive viral targets (16). Thus, defining the molec-
ular interactions between the RC components has both funda-
mental interest and potential applicability for drug discovery.

Flavivirus NS4B (28 kDa) is a valid target for antiviral develop-
ment. Small-molecule inhibitors targeting YFV and DENV NS4B
have been identified by both academic and industry groups (20—
22). A better understanding of the structure, function, and inter-
actions of NS4B is required to support further antiviral develop-
ment. A model for the DENV2 NS4B structure was proposed with
two N-terminal amphipathic helices, three transmembrane heli-
ces, and a cytoplasmic region spanning residues 129 to 165 of the
polypeptide chain (18). The flavivirus NS4B protein oligomerizes
when expressed in vitro and in vivo (23). In infected cells, NS4B
colocalizes with NS3 and double-stranded RNA (dsRNA) in en-
doplasmic reticulum (ER) vesicles predicted to constitute sites of
RNA replication (15). Moreover, NS4B from DENV specifically
binds to NS3, enhancing its helicase activity by reducing the affin-
ity of NS3 for single-stranded RNA (24). Crystal structures of the
ATPase/helicase region of NS3 from DENV4 have been reported
bound to ATP and to single-stranded RNA (25, 26). Here, using
biochemical, biophysical, and genetic approaches, we character-
ized at the molecular level the NS3-NS4B interaction in DENV.
We have located the major determinants for the interaction within
NS3 helicase subdomains 2 and 3 and the cytoplasmic loop of
NS4B. Nuclear magnetic resonance (NMR) studies revealed 12
amino acids within the NS4B cytoplasmic loop that may contrib-
ute to the NS3-NS4B interaction. Mutagenesis analysis identified
three evolutionarily conserved NS4B amino acids within the cyto-
plasmic loop that are important determinants for DENV replica-
tion. Our results provide a potential approach to design antiviral
compounds by targeting the flavivirus NS3/NS4B interface.

MATERIALS AND METHODS

Cloning of the NS4B protein. The cDNA encoding the NS4B protein
from DENV2 strain TSV01 (GenBank accession number AY037116) with
an N-terminal decahistidine tag was amplified by fusion PCR, digested
with Ncol and Notl, and inserted into the pET28a vector to generate a
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pET28a-NS4B plasmid. The construct was confirmed by cDNA sequenc-
ing and transformed into BL21(DE3) Escherichia coli cells (Stratagene).

Expression and purification of NS4B. Cells were grown in 2X yeast
extract-tryptone (YT; BD Difco) medium supplemented with 50 g ml ™"
kanamycin (Sigma) to an optical density at 600 nm (ODy,) of 0.8 to 1.0.
Expression of the recombinant proteins was induced by the addition 0f 0.2
mM isopropyl B-p-1-thiogalactopyranoside (IPTG) and incubation at
16°C for 16 h. Cells were pelleted by centrifugation at 7,000 X g for 7 min
at 15°C, resuspended in lysis buffer (20 mM Tris-HCI, 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 lysate was clarified by
centrifugation at 10,000 X g for 10 min at 4°C to remove cell debris. The
supernatants were centrifuged at 35,000 rpm for 1 h at 4°C using a Beck-
man type 70 Ti rotor to pellet membranes and their associated proteins.
The membrane pellets were then resuspended thoroughly in lysis buffer
supplemented with 1% n-dodecyl-B-p-maltopyranoside (DDM; Ana-
trace) by stirring at 4°C for 2 h. The solubilized lysates were clarified by
ultracentrifugation at 35,000 rpm for 1 h at 4°C. Supernatants were puri-
fied by immobilized metal affinity chromatography (IMAC) using a His-
Trap Fast Flow column (GE Healthcare) equilibrated with buffer A [20
mM Tris-HCl, 300 mM NaCl, 20 mM imidazole, 2 mM tris(2-carboxy-
ethyl)phosphine (TCEP), 0.05% DDM, pH 8.0]. After the sample was
loaded, the column was washed with 10 column volumes of buffer A. The
bound protein was eluted using a linear gradient of 5 mM to 300 mM
imidazole. The fractions containing NS4B proteins were pooled, concen-
trated, and injected onto a HiLoad Superdex 200 16/60 column (GE
Healthcare) preequilibrated in 20 mM Tris-HCl, 300 mM NaCl, 10%
glycerol, 2 mM TCEP, and 0.05% DDM, pH 8.0. Fractions containing
NS4B proteins were pooled and concentrated to approximately 5 to 10 mg
ml ™! for storage at —80°C. The histidine tag could not be cleaved even
following extensive incubation with tobacco etch virus (TEV) protease.
The circular dichroism (CD) spectrum for NS4B was collected on a Jasco
J810 spectro-polarimeter and was smoothed using the routines provided
with the instrument.

SPR. Surface plasmon resonance (SPR) measurements were per-
formed using a Biacore 3000 instrument (GE Healthcare) in 20 mM Tris-
HCI, pH 8.0, 150 mM NaCl, 10% glycerol, and 5 mM dithiothreitol (DTT)
at 25°C. The purified recombinant NS4B protein was directly immobi-
lized onto CM5 sensor chips (GE Healthcare) using standard amine-cou-
pling chemistry at a flow rate of 10 ml/min. Carboxyl derivatives on a CM5
dextran surface were activated with a 10-min injection of a 1:1 mixture of
0.2 M N-ethyl-N"-(3-(diethylamino)propyl)-carbodiimide (EDC) and 50
mM N-hydroxysuccinimide (NHS). Recombinant NS4B was diluted into
10 mM sodium acetate, pH 4.5, and injected across the activated dextran
surface until an immobilization level of about 11,000 resonance units
(RU) was reached. Unreacted activated carboxyl derivatives were blocked
with 0.5 M ethanolamine-HCI at pH 8.5 for 10 min. Binding partners
consisting of either the full-length NS3 protein (NS3FL), its protease do-
main, its helicase domain, or helicase subdomains 1 or 2 or 2 plus 3 (see
Fig. 2 and 3), were diluted into running buffer at concentrations ranging
from 3.125 nM to 1 uM as 2-fold serial dilutions and injected across the
immobilized surface in replicates. Raw sensorgrams were double refer-
enced, and responses were corrected using a reference flow cell and a blank
buffer injection. For each corrected sensorgram, the zero for the x and y
axes was taken at the point of sample injection. Responses for the varied
concentrations were overlaid and fit to a 1:1 simple binding model to
obtain binding affinities.

For the NS4B cytoplasmic loop peptide-NS4B interactions (see Fig.
4), the responses were fit using the steady-state affinity model in
BIAevaluation, version 4.1, software. Experimental values of the re-
sponse at equilibrium (Req) for the corrected sensorgrams were com-
pared to the simulated values for K, (dissociation constant) of 1 wM, 2
pM, and 3 pM for this interaction.

Cells, viruses, and antibodies. BHK-21 cells were purchased from the
American Type Culture Collection (ATCC) and maintained in high-glu-
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cose Dulbecco’s modified Eagle medium (DMEM) (Invitrogen, Carlsbad,
CA) supplemented with 10% fetal bovine serum (FBS) (HyClone Labo-
ratories, Logan, UT) and 1% penicillin-streptomycin (Invitrogen). 293T
cells were grown in low-glucose DMEM (Invitrogen) containing 10% FBS
and 1% penicillin-streptomycin. DENV?2 (strain New Guinea C [NGC];
GenBank accession number AF038403) was generated from its corre-
sponding infectious cDNA clone (pACYC-NGC FL). The following anti-
bodies were used in this study: mouse monoclonal antibody (MAb) 44-
4-7 against DENV2 NS4B (27), rabbit polyclonal antibody (pAb) against
DENV2 NS3 (Genetex), goat anti-rabbit antibody conjugated to horse-
radish peroxidase (HRP) (Sigma), mouse IgG2b negative-control anti-
body and protein A conjugated to HRP (Sigma), mouse MAb 4G2 against
DENV envelope protein (ATCC), and Alexa Fluor 488 goat anti-mouse
IgG (Life Technologies).

Plasmid construction. Standard molecular biology procedures were
performed for all plasmid constructions. The fragments encoding the
NS2B-NS3 construct and a construct consisting of a peptide with a mo-
lecular weight 0f 2,000 (2K peptide) and NS4B (2K-NS4B) were amplified
from pACYC-DENV2 TSVO1 FL by PCR using corresponding primer
pairs. The PCR products were digested by restriction enzymes and cloned
into the pX]J expression vector. All constructs were validated by DNA
sequencing. Primer sequences are available upon request.

Coimmunoprecipitation. 293T cells in a 10-cm dish were transfected
with various constructs using X-tremeGENE 9 DNA transfection reagent
(Roche). At 48 h posttransfection (p.t.), cells were lysed in 1 ml of immu-
noprecipitation (IP) buffer (20 mM Tris HCI, pH 7.5, 100 mM NaCl,
0.5% DDM, and EDTA-free protease inhibitor cocktail [Roche]) by rota-
tion at 4°C for 1 h. Lysates were clarified by centrifugation at 20,000 X gat
4°C for 30 min and subjected to coimmunoprecipitation (co-IP) using
protein A-conjugated magnetic beads according to the manufacturer’s
instructions (Millipore). Briefly, immune complexes were formed at 4°C
overnight by mixing 200 .l of cell lysates with mouse anti-NS4B MAD (4
pg) in a 500-pl reaction volume containing 250 mM sodium chloride.
Subsequently, the complexes were precipitated with protein A-conjugated
magnetic beads at 4°C for 1 h with rotation, followed by extensive washing
with IP buffer (250 mM sodium chloride). Finally, proteins (NS3, NS4B,
and the antibody against NS4B) were eluted with 4X 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.
The 10-min 70°C treatment was used to dissociate NS3, NS4B, and NS4B
antibody from the protein A-conjugated magnetic beads. NS4B was de-
tected by the primary MAb 44-4-7 against NS4B (27) and protein A con-
jugated to HRP.

BHK-21 cells in a T-175 flask were infected with DENV2 NGC
(multiplicity of infection [MOI] of 1). At 48 h postinfection (p.i.), cells
were lysed in 1 ml of IP buffer. Clarified supernatant was subjected to
co-IP using protein A-Sepharose (GE). Immune complexes were
formed at 4°C overnight by mixing 100 pl of cell lysates with mouse
anti-NS4B MAD (4 pg) or mouse 1gG2b negative-control antibody (4
pg) in a 500-pl reaction volume containing 250 mM sodium chloride.
Subsequently, complexes were precipitated with protein A-Sepharose
at 4°C for 1 h with rotation.

In situ PLA. A proximity of ligation assay (PLA) was performed
according to the manufacturer’s instructions (Olink Bioscience).
Briefly, BHK-21 cells were seeded in an eight-well chamber (Nunc).
The next day cells were infected with DENV2 NGC (MOI of 1) or
transiently transfected with pXJ-NS2B-NS3 DNA and pXJ-2K-
NS4B-HA DNA. At 48 h p.i. or p.t., cells were fixed by 4% paraformal-
dehyde at room temperature for 30 min and then permeabilized by
phosphate-buffered saline (PBS) supplemented with 0.1% Triton
X-100 at room temperature for 10 min. Subsequently, cells were incu-
bated with PBS containing 1% FBS and 0.05% Tween 20 (PBST) at
room temperature for 1 h and then incubated with the primary anti-
bodies anti-NS4B mouse MADb 44-4-7 (27) and anti-NS3 rabbit pAb.
The secondary antibodies supplied by the kit (PLA probe anti-mouse
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Plus and anti-rabbit Minus) were used at a 1:5 dilution and incubated
at 37°C for 1 h. Afterwards, ligation-ligase solution was added and
incubated at 37°C for 30 min. Signal amplification was performed by
the addition of amplification-polymerase solution and incubation at
37°C for 100 min. Finally, chamber slides were mounted by Duolink in
situ mounting medium containing 4’,6-diamidino-2-phenylindole
(DAPI). Signals were observed on a Leica DM4000 B system at 598 nm.
Images were merged using the Adobe Photoshop CS3 software.

RNA transcription, electroporation, immunofluorescence assay
(IFA), and virus production. DENV2 NS4B mutations were engineered
using a QuikChange II XL site-directed mutagenesis kit (Stratagene).
Wild-type (WT) and mutant DENV2 genome-length RNAs were tran-
scribed in vitro using a T7 mMessage mMachine kit (Ambion) from
cDNA plasmids prelinearized by Xbal. For RNA electroporation, 8 X 10°
BHK-21 cells were washed once before being resuspended in 0.8 ml of cold
PBS containing 10 pg of RNA. The cells were pulsed three times at 0.85
kV/25 wF in 0.4-cm cuvettes with a 3-s interval using a GenePulser appa-
ratus (Bio-Rad). BHK-21 cells electroporated with viral RNA were seeded
in an eight-well Lab-Tek chamber slide (Thermo Fisher Scientific). At
time points indicated in Fig. 7, the cells were fixed in 100% ethanol at
—20°C for 30 min. After 1 h of blocking in PBS supplemented with 1%
FBS at room temperature, the cells were treated with mouse MAb 4G2 for
1 h, followed by three washes with PBS. Cells were then incubated with
Alexa Fluor 488 goat anti-mouse IgG for 1 h. After three washes, the cells
were mounted in a mounting medium with DAPT (Vector Laboratories,
Inc.). Fluorescence images were taken and processed as described above.

BHK-21 cells electroporated with genome-length RNA were seeded in
one T-75 flask. After incubation at 37°C for 1 day, the medium was re-
placed with fresh DMEM supplemented with 2% FBS, and cells were
cultured at 30°C for another 4 days. On day 5 p.t., culture fluids were
collected, and the virus titer was quantified by plaque assay as described
previously (23).

Protein expression and purification. To express and purify a poly-
peptide chain that includes the entire NS4B cytoplasmic loop region, the
cDNA encoding residues I121 to V171 of NS4B from DENV2 (note that
the cytoplasmic loop defined by Miller et al. [18] comprises only residues
129 to 165) was cloned into the PNIC28-Bsa4 vector. The resulting plas-
mid was transformed into E. coli BL21(DE3) competent cells. The recom-
binant protein was soluble and was first purified using metal affinity chro-
matography. The N-terminal hexahistidine tag was then removed using
TEV protease. The protein was further purified using gel filtration chro-
matography using a Superdex-200 column (GE Healthcare). The expres-
sion and purification of the protease domain from DENV?2 and the com-
plete helicase region of NS3 from the DENV2 and DENV4 serotypes
(residues 168 to 618) were conducted as previously reported (25, 26).
Expression and purification of the full-length NS3 protease-helicase from
DENV4 (fused to 40 hydrophilic residues from the NS2B cofactor) were done
as described previously (28). Expression of the individual subdomains of the
NS3 helicase gave poorly soluble proteins using the DENV2 serotype but
soluble proteins for the DENV4 serotype. Protein fragments encompassing
subdomain 1 (residues 168 to 322), subdomain 2 (residues 323 to 484), and
subdomains 2 plus 3 (residues 323 to 618) from DENV4 were expressed and
purified using metal affinity chromatography followed by size exclusion
chromatography. The N-terminal hexahistidine tags of all NS3 protein con-
structs were removed using TEV protease.

NMR measurements. Prior to the titration experiments, uniformly
>N- and *C-labeled NS4B residues 1121 to V171 as expressed above were
purified in an NMR buffer containing 20 mM sodium phosphate, pH 6.5,
150 mM NaCl, and 1 mM DTT. All NMR spectra were acquired at 298 K
on a Bruker Avance IT1 600 MHz or 700 MHz spectrometer equipped with
a triple-resonance cryo-probe. Spectra were processed with Topspin, ver-
sion 2.1 (Bruker), and NMRPipe (29) and visualized with NMRView (30)
or Sparky (http://www.cgl.ucsf.edu/home/sparky/). Uniformly '*C/'*N-
labeled protein (0.5 mM) in the NMR buffer was used for data collection.
The backbone 'HN, °N, *Ca, and '*C’ resonances were assigned using
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FIG 1 Analysis of the interaction between NS4B and NS3 by coimmunoprecipitation (co-IP) and proximity ligation assay (PLA). (A and B) BHK-21 cells were
infected with DENV-2 at an MOI of 1. At 48 h p.i., the infected cells were subjected to co-IP (A) and PLA (B) as described in Materials and Methods. (C) 293T
cells were cotransfected with expression vectors pXJ-NS2B-NS3 and/or pX]J-2K-NS4B. At 48 h p.t., the transfected cells were subjected to co-IP. (D) BHK-21 cells
were cotransfected with expression vectors pXJ-NS2B-NS3 and/or pXJ-2K-NS4B. At 48 h p.t., the transfected cells were analyzed by PLA. BHK-21 cells, rather
than 293T cells, were chosen for the PLA because PLA requires many washing steps, and 293T cells are easily washed off during these steps. In the PLA, red
fluorescent signals indicate NS3-NS4B proximity. Nuclei were stained in blue by 4’,6-diamidino-2-phenylindole (DAPI).

two-dimensional (2D) and three-dimensional (3D) experiments that in-
cluded 'H-'"N-heteronuclear single-quantum coherence (HSQC), 3D-
HNCO, HNCACB, CBCA(CO)NH, and HNCA (31). All pulse programs
were from the Bruker standard library (Topspin, version 2.1). The protein
secondary structure was analyzed using the Ca chemical shift (32).
Steady-state {'H}-'°N nuclear Overhauser effects (NOEs) were obtained
using two data sets that were collected with and without initial proton
saturation for a period of 3 s (33). For the titration experiment, 2D-"H-
1>N-HSQC spectra were collected for the '’N- and '*C-labeled protein
(I121 to V17) in the absence and presence of different amounts of unla-
beled helicase.

RESULTS

NS3-NS4B interaction in virus-infected cells. Using DENV2, we
performed two sets of experiments to demonstrate that NS3 inter-
acts with NS4B when they are expressed inside cells. The first set of
experiments aimed to probe the NS3/NS4B association in the con-
text of viral infection. BHK-21 cells were infected with DENV2
virus (MOI of 1). The cells were harvested at 48 h p.i., and cellular
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lysates were subjected to immunoprecipitation using anti-NS4B
monoclonal antibody 44-4-7 (27). Viral NS3 was coimmunopre-
cipitated with NS4B from the infected cellular lysates (Fig. 1A).
Approximately 9% of the NS3 protein detected in cell lysates was
pulled down by the NS4B protein. As negative controls, no NS3
was precipitated with Sepharose-protein A beads alone or with the
beads supplemented with mouse IgG2b (Fig. 1A).

Next, we applied an in situ proximity ligation assay (PLA) to
confirm the NS3-NS4B proximity in DENV2-infected BHK-21
cells. PLA is a well-proven method to indicate close proximity of
two molecules inside cells (34). As shown in Fig. 1B, red PLA
fluorescent signals were detected in DENV2-infected cells (far left
panel), suggesting that NS3 colocalizes with NS4B. In contrast, no
red fluorescent signal was detected in various negative-control
experiments, including PLA without one or both NS3 and NS4B
antibodies in the infected cells (Fig. 1B, right three panels). These
results indicate that NS3 specifically colocalizes with NS4B during
DENV2 replication.
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NS3-NS4B interaction using transient protein expression.
The second experiment aimed to demonstrate that DENV2 NS3
interacts with NS4B in the absence of viral infection. 293T cells
were cotransfected with two plasmids: one expressing NS2B-NS3
and another expressing 2K-NS4B. The NS2B and 2K segments
were included in the plasmids to ensure membrane association of
NS3 and the correct membrane topology of NS4B, respectively.
Cells were harvested at 48 h p.t., and cellular lysates were used for
coimmunoprecipitation. As shown in Fig. 1C, NS2B-NS3 was co-
immunoprecipitated with NS4B using anti-NS4B monoclonal
antibody 44-4-7 (27); no NS2B-NS3 was pulled down in the ab-
sence of 2K-NS4B expression. We also performed PLA of cells
cotransfected with the NS2B-NS3 and 2K-NS4B expression plas-
mids. In the PLA experiment, we cotransfected BHK-21 cells,
rather than 293T cells, with the NS2B-NS3 plasmid and the 2K-
NS4B plasmid (described above). BHK-21 cells were chosen for
the PLA experiment because PLA requires many washing steps,
and 293T cells easily detach from the culture surface during these
washing steps. As shown in Fig. 1D, red fluorescent signals were
detected in cotransfected cells (far left panel), suggesting that
NS2B-NS3 colocalizes with 2K-NS4B inside cells. No red fluores-
cent signals were detected in negative-control experiments, which
excluded the use of one or both NS3 and NS4B antibodies (Fig.
1D, right three panels). Taken together, these data indicate that
NS3 is colocalized with NS4B in the absence of other viral pro-
teins. However, these data do not indicate whether the association
is direct or indirect.

Subdomains 2 and 3 of the NS3 helicase are determinants for
NS4B interaction. To demonstrate a direct NS3-NS4B interaction
inside cells, as opposed to an interaction mediated by a host or
viral protein, we expressed and purified the full-length NS3 pro-
tein, its helicase domain, and NS4B from DENV2 (Fig. 2A) and
examined their interaction using SPR. The structural integrity of
NS4B was assessed by CD spectroscopy (Fig. 2B), which indicated
a predominantly a-helical structure consistent with the published
topology model (18). The SPR sensorgram showed that the NS3
protease-helicase interacts with NS4B at a stoichiometry of 1:1
with an equilibrium dissociation constant K; of 163 nM (Fig. 2C).
To determine whether the protease or helicase domain of NS3 is
responsible for the interaction with NS4B, we prepared a recom-
binant helicase domain of DENV2 (Fig. 2A). SPR analysis showed
that the DENV?2 helicase domain could bind NS4B with a K, of
222 * 4nM (Fig. 2D). A recombinant fragment of NS3 containing
the protease domain alone (and a 40-residue segment of the NS2B
cofactor) did not bind NS4B in the SPR assay (Fig. 2E). These
results indicate that NS4B binds the helicase domain of NS3.

The flavivirus NS3 helicase region comprises 450 residues and
is composed of three subdomains (Fig. 3A). Both subdomains 1
(residues 168 to 322) and 2 (residues 323 to 484) adopt a RecA-like
fold between which ATP is bound (25, 26). Single-stranded RNA
binds within a tunnel formed at the interface between subdomains
1 and 2 on one side and subdomain 3 (residues 485 to 618) on the
other (Fig. 3A). To map the helicase subdomains interacting with
NS4B, we expressed and purified individual subdomains 1 and 2
from DENV4 (Fig. 3B). Subdomain 3 could not be prepared due
to its poor solubility in both DENV2 and DENV4; however, we
successfully expressed and purified a recombinant protein con-
taining both subdomains 2 and 3 (Fig. 3C). Proper folding for
subdomains 1, 2, and 2 plus 3 was checked using CD (Fig. 3D). We
used the DENV4 serotype to prepare the helicase fragments listed
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above because the corresponding subdomains of DENV2 helicase
were poorly soluble. The ability of each helicase subdomain to
bind the NS4B protein was tested by SPR by passing them through
a CM5 chip to which NS4B (from DENV2) was covalently at-
tached. As shown in Fig. 3E, the helicase fragments spanning its
subdomains 2 and 3 bind to NS4B with a K, of 340 nM, which is
comparable to the K, derived from the complete DENV4 heli-
case-NS4B interaction (530 nM). In contrast, negligible binding
was observed for subdomain 1, whereas subdomain 2 alone has a
lower binding affinity, with a K}, of 4.84 WM. These results suggest
that NS4B binds to subdomains 2 and 3 of the NS3 helicase.

The cytoplasmic loop of NS4B binds to the NS3 helicase re-
gion. Based on the membrane topology model of DENV2 NS4B,
only amino acids 129 to 165 and the C-terminal four amino acids
(245 to 248) of NS4B are oriented toward the cytoplasmic side of
the ER membrane (18). Since NS3 is located at the cytoplasmic
side during flaviviral replication, we hypothesized that the cyto-
plasmic loop of NS4B (we used residues 130 to 167 because resi-
dues 166 and 167 are hydrophilic and 129 is hydrophobic) could
form a direct interaction with NS3. Three peptides were synthe-
sized to test this hypothesis (Fig. 4A): one spanning the complete
cytoplasmic loop of NS4B (residues 130 to 167), one representing
its N-terminal half (residues 130 to 148), and one consisting of the
C-terminal half (residues 149 to 167) (Fig. 4A). SPR analysis
(Fig. 4B, C, and D) revealed that the C-terminal part of the
cytoplasmic loop has an affinity of 1.6 wM for the NS3 helicase,
slightly lower than that of the entire cytoplasmic loop (K, 0f 1.3
wM) and higher than the affinity displayed by the N-terminal
segment (K, of 2.8 pM).

Structural analysis of the NS4B cytoplasmic loop. We used
solution NMR spectroscopy to further explore the NS4B-NS3 in-
teraction. The solution structure of the cytoplasmic loop of NS4B
from DENV2 was probed first. A fragment of NS4B comprising its
cytoplasmic loop (residues 121 to 171 of NS4B) was expressed in
E. coli and purified (Fig. 5A). The identity of the purified NS4B
fragment was verified by mass spectroscopy (Fig. 5B). A 2D 'H-
>N-HSQC spectrum of the NS4B cytoplasmic loop was obtained
(Fig. 5C). The narrow dispersion of the cross-peaks suggests that
the purified fragment is not highly structured. We also conducted
backbone resonance assignments for the purified NS4B fragment
using multidimensional heteronuclear NMR spectroscopy. Sec-
ondary structure analysis based on the Ca chemical shift indicates
the presence of several secondary elements under the experimen-
tal conditions used: residues 127 to 135 tend to fold into a three-
turn o-helix, while residues 141 to 144 and 150 to 153 have a
tendency to form two short B-strands (Fig. 5D). To further ex-
plore the dynamic nature of the cytoplasmic NS4B loop, we con-
ducted backbone "H-""N heteronuclear NOE (HNOE) experi-
ments. The N- and C-terminal ends of the NS4B fragment as well
as most of the residues located at positions 135 to 152 displayed
negative NOEs. Conversely, residues 127 to 134 and 153 to 164
(excluding Pro159 and Pro162) showed positive NOE values (less
than 0.4) with no cross-peaks and overlapped cross-peaks in the
"H-">N-HSQC spectrum (Fig. 5E). These results suggest that the
overall structure adopted by the cytoplasmic loop of NS4B is flex-
ible in solution and that only small segments of the loop have a
tendency to form regular secondary structures.

Interaction between the NS4B cytoplasmic loop and the NS3
helicase. To identify residues within the NS4B cytoplasmic loop
that directly interact with the NS3 helicase, we measured chemical
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FIG 2 Kinetic analysis of the interaction between NS4B and NS3 from DENV?2. (A) SDS-PAGE of the purified NS3 full-length protein (NS3 FL), NS3 helicase
domain, and NS4B from DENV2 used for the SPR experiment. (B) The CD spectrum of the recombinant NS4B protein from DENV?2 displays two minima at 210
nm and 220 nm, indicative of the presence of predominant helical structures (80% a-helices, 4% B-strands, 6% turns, and 10% disordered). (C) Sensorgrams
showing the interaction between 2-fold serially diluted NS3 protease-helicase (NS3FL) ranging from 53 nM to 3.4 wM (black curves) and immobilized NS4B. (D)
Sensorgrams showing the interaction between the 2-fold serially diluted NS3 helicase domain ranging from 53 nM to 3.4 wM (colored curves) and immobilized
NS4B. Only one replicate is shown for clarity. A simple 1:1 binding model fit to all replicates is shown (orange curve). The NS4B-NS3 helicase interaction is
estimated to have the following kinetic constants: dissociation rate (k,) of (1.58 = 0.03) X 10° M~ 's™ " and k, of (3.51 = 0.02) X 10~ *s™ ', giving a K, of 222 *

4 nM. (E) Sensorgram demonstrating the absence of interaction between NS3 protease domain (the construct includes 18 residues of the NS2B cofactor) (8, 28)
at 3.4 uM (black curve) and immobilized NS4B. Only one replicate is shown for clarity.

shift perturbations of a 2D "H-""N-HSQC spectrum of the NS4B  involved in helicase binding, and the chemical shift perturbations
cytoplasmicloop induced by the addition of the NS3 helicase from  observed could be caused by an indirect conformational change
DENV2. In the presence of the NS3 helicase, some resonances of  upon helicase binding. Nonetheless, the results are consistent with
the NS4B cytoplasmic loop are broadened (Fig. 6A and B), indi- the SPR data showing that both the N-terminal and C-terminal
cating binding to the NS3 helicase. The perturbed resonances were  halves of the NS4B cytoplasmic loop participate in the interaction
assigned to the 15 following residues of NS4B from DENV2: G124,  with the NS3 helicase (Fig. 4).

K128, T130, Q134, G140, N144, 1150 to D156, 1158, and Q167 Genetic analysis. To examine the functional relevance of the
(Fig. 6C). Note that some of these residues may not be directly  residues identified from the chemical shift perturbation experi-
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FIG 3 Mapping of the NS3 binding domain using an SPR biosensor. (A) Schematic representation of the 3D structure of the NS3 helicase domain; its three
subdomains are shown in red (subdomain 1), green (subdomain 2), and 3 (yellow). The single-stranded RNA binding tunnel and ATP binding sites are indicated.
(B) Schematic representation of the helicase protein fragments used for the SPR experiment. The color code is the same as described in panel A. Subdomain
boundaries were defined according to Xu et al. (25). (C) SDS-PAGE showing the purified helicase domain and the three helicase fragments from DENV4 used
for the SPR experiment. (D) The CD spectra of the recombinant NS3 helicase protein subdomains 1, 2, and 2 plus 3 from DENV4 are compared with those of the
DENV4 NS3 helicase and are indicative of folded proteins. (E) Fragments of the DENV4 NS3 helicase (7.8 nM to 1 wM) were injected across the immobilized
NS4B from DENV2 in replicate; however, only one set of replicates is shown for figure clarity. Overlaid is a simple 1:1 binding model shown in orange. The affinity
constants obtained are as follows: for subdomains 1 plus 2 plus 3 (entire helicase domain of NS3 from DENV4), K, of ~ 530 nM; subdomain 1, negligible
response; subdomain 2, K, of ~4.8 wM; subdomains 2 plus 3, Ky, of ~340 nM.
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ment, we performed a mutagenesis analysis using a full-length
DENV?2 infectious clone. We selected residues G124, Q134, G140,
N144, and D154 for Ala substitution because these amino acids
are strictly conserved across various flavivirus NS4B proteins (Fig.
6D). Equal amounts of wild-type and mutant genome-length
RNAs were electroporated into BHK-21 cells. The expression lev-
els of viral E protein in the transfected cells were monitored by IFA
at time points indicated on Fig. 7A. No E-positive cells were de-
tected for the Q134A or G140A mutant on day 1 and day 4 p.t;
fewer E-positive cells were observed for the N144A mutant; simi-
lar numbers of E-positive cells were observed for the mutants
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G124 and D154A and the wild-type viruses. In agreement with the
IFA results, the plaque assay indicates that no infectious virus was
produced for the mutant Q134A (Fig. 7B). Mutant G140A pro-
duced a small amount of virus at 10 PFU/ml on day 5 p.t.; se-
quencing of the recovered G140A virus revealed a reversion of the
engineered Ala (GCA) to the wild-type Gly (GGA) (Fig. 7C). Mu-
tant G124A, N144A, and D154A viruses exhibited plaques slightly
smaller than those of the wild-type virus; sequencing analysis
showed that the recovered viruses retained the engineered muta-
tions (Fig. 7C). Continuous passaging of mutant viruses G124A,
N144A, and D154A for 10 rounds (3 to 4 days per round) did not
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FIG 5 NMR analysis of the cytoplasmic loop of NS4B. (A) Purification of a recombinant protein that includes the NS4B cytoplasmic loop. A fragment of NS4B
(residues 121 to 171) spanning the entire cytoplasmic loop of NS4B (residues 129 to 165 in DENV2 [18]) was expressed, purified, and analyzed by SDS-PAGE.
The protein was purified through a nickel column followed by gel filtration. Lane 1, molecular mass markers; lane 2, NS4B loop after nickel-NTA column
purification and cleavage of the N-terminal His tag with TEV protease; lane 3, purified NS4B loop after gel filtration. (B) Mass spectrometry analysis of the
purified protein. The molecular weight of the purified protein agrees well with its theoretical mass. (C) Assignment of the 'H-'>N-HSQC spectrum. The
assignments of the cross-peaks in the spectrum are shown with residue names and sequence numbers. (D) Secondary structure analysis of NS4B (residues 121 to
171). The Ca chemical shift difference (ACa) was obtained by comparing the Ca chemical shift values with those of a random coil. Positive values suggest that
the residue may form a helix, and negative values suggest that the residue may form a B-strand. (E) {'H}-'">N HNOE of NS4B (residues 121 to 171). For clarity,
the HNOE values of proline residues having no cross-peaks and overlapped residues in the HSQC spectrum are shown as 0.

reveal any adaptive mutations; similar passaging of the culture
fluid from the Q134A RNA-transfected cells did not yield any
viable virus (data not shown), suggesting that no revertant could
be selected. Collectively, these results indicate that, within the evo-
lutionarily conserved residues of the NS4B cytoplasmic loop,
Q134 and G140 are essential for DENV?2 replication, while mutant
N144A produced a 1,000-fold reduction in virus yield.

DISCUSSION

Temporal and spatial regulations of molecular interactions
among viral proteins and RNA as well as between viral and host
cell proteins are required to orchestrate the distinct steps of viral
replication. In principle, compounds disrupting such protein/
protein or protein/RNA interfaces could be developed as probes of
the flavivirus RC and also for antiviral therapy. The present study
aimed to characterize the interaction between the flavivirus NS3
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and NS4B proteins. Previously, a yeast two-hybrid study reported
that the helicase domain of NS3 from DENV2 interacts with NS4B
(24). The interaction was further confirmed by biochemical pull-
down and immunoprecipitation, both with partially purified pro-
teins and with DENV-infected cellular lysates (24). The interac-
tion enhances the helicase activity of NS3 by stimulating the
dissociation of single-stranded RNA (24). Here, we confirmed
that DENV NS3 binds to NS4B regardless of the presence of other
viral or cellular proteins. Importantly, we found that subdomains
2 and 3 of the helicase domain of NS3 are required for binding
to the cytoplasmic loop of NS4B. Line-broadening NMR analysis
identified 12 amino acids within the cytoplasmic loop of NS4B
(spanning residues 129 to 165 as defined by Miller et al. [18]) that
may interact with the NS3 helicase. Four of the 12 identified resi-
dues in the cytoplasmic loop (Q134, G140, N144, and D154) are

jviasm.org 3479


http://jvi.asm.org

Zou et al.

NS4B loop : helicase B @ NS4B loop
@100 ©06:1 ®1.4:1 @ 2.0:1 ® NS4B loop+helicase
107 ) 107 06140
109 e o 109 G%‘ o
@ o
m m P
13 (4 113
_ 00 & _ ®ponn @
Ens Ens
= =
=117 =117
q q 134
119 @ 92 119 T51 @
ofp 00 0% o gp 0%
121 d N1ﬁ
123 © 123 D156 4
125 125 .,‘ ¥
@ o0 D154y 155053 @ @
87 85 83 81 79 77 15 87 85 83 81 79 77 715
H (ppm) H (ppm)
C 121 129 165 171
IGPGLQAKATREAQKRAAAGIMKNPTVDGITVIDLDPIPYDPKFEKQLGQV
i.\"‘\ /"/
Cytoplasm T~ -

ERlumen 1 S PTMD1|?60IPTMD2

134 140

144
h 4 v v v
(1378) iGPGLQAKATREAQKRTAAGIMKNPTVDGIVAIDLDPVV— YDAIKE'EKQ]’..GQII

121 154 171

DENV-1

DENV-2 (976) IGPGLQAKATREAQKRAAAGIMKNPTVDGITVIDLDPIP-YDPKFEKQLGQV
DENV-3 (688) IGPGLQAKATREAQKRTAAGIMKNPTVDGIMTIDLDPVI-YDSKFEKQLGQV
DENV-4 (140) IGPGLQAKATREAQKRTAAGIMKNPTVDGITVIDLEPIS-YDPKFEKQLGQV
JEV (170) MLPGWQAEALRAAQRRTAAGIMKNAVVDGMVATDVPELERTTPLMQOKKVGQV
SLEV (32) MIPGWQAEAMRAAQRRTAAGIMKNAVVDGIVATDIPDLSPATPMTERKMGQI
WNV (687) MVPGWQAEAMRSAQRRTAAGIMKNAVVDGIVATDVPELERTTPIMQOKKVGQI
YFV (62) ILPGIKAQQSKLAQRRVFHGVAKNPVVDGNPTVDIEEAPEMPALYEKKLAL

*k ok s kk ok *: kk  kkk . ke sk,

Cytoplasmic loop (129-165)

FIG 6 Chemical shift perturbation analysis of the NS3-NS3B interaction. The recombinant NS3 helicase domain (Fig. 2A) and NS4B (residues 121 to 171) (Fig.
5A) were used to perform chemical shift perturbation. (A) Overlay of the 'H-">N-HSQC spectra of the NS4B cytoplasmic loop in the absence and presence of
different amounts of helicase. A uniformly *C/**N-labeled NS4B loop at a 0.2 mM concentration was used in the study. All the experiments were conducted at
298 K. (B) Residues affected by helicase binding. Overlay of 2D "H-"N-HSQC of labeled NS4B (residues 121 to 171) in the absence (black) and presence (red)
of helicase/NS4B loop at a molar ratio of 1:2 is shown. The affected residues are shown with residue name and number. (C) Schematic diagram of the topology
of NS4B from DENV2. Residues identified from the chemical shift perturbation experiment are indicated in red. (D) Sequence alignment of the NS4B fragment
(residues 121 to 171) among different flaviviruses. The numbers in parentheses are the numbers of NS4B sequences that were used for the alignment. Sequences
were downloaded from the National Center for Biotechnology Information (NCBI) protein database. The alignment was performed using CLC Main Work-
bench software (CLC bio). The amino acid positions of NS4B are numbered according to the DENV2 NGC strain (GenBank number AF038403). The
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strictly conserved among various flavivirus NS4B proteins. Mu-
tagenesis studies in a DENV infectious clone showed that substi-
tution Q134A was lethal; mutation G140A greatly reduced viral
replication but rapidly reverted to WT, while mutation N144A
produced a 1,000-fold reduction in virus titer. However, the rep-
lication defects observed in the mutant NS4B viruses could result
from malfunctions of NS4B other than through a direct interac-
tion with NS3. Whether Q134, G140, and N144 play a role in the
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NS3-NS4B interaction was therefore tested using peptides bearing
the corresponding mutations in an SPR binding assay with NS3
helicase. The NS4B peptides with the corresponding mutations
retain the ability to bind to NS3 (data not shown). This result
might simply be due to a nonoptimal mimicry of the NS4B loop
structure when it is presented as shorter peptides lacking the
transmembrane anchoring points of the native protein. It also has
to be reconciled with the observation that NS4B dimerizes (23).
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FIG 7 Analysis of NS4B mutations in DENV2 genome-length RNA. (A) IFA. BHK-21 cells were electroporated with equal amounts (10 pg) of WT or mutant
genome-length RNAs (containing the indicated amino acid substitutions in NS4B). The expression of viral E protein (indicated in green) was monitored on day
1 and day 4 p.t. The nuclei were stained with DAPI. (B) Plaque morphologies of mutant and WT viruses. Culture fluids derived from the transfected cells in the
experiment shown in panel A were analyzed for plaque morphology and virus yields on day 5 p.t. Virus titers were quantified by plaque assay. (C) Sequencing
analysis of the recovered viruses. The NS4B region of the viruses recovered on day 5 p.t. from the experiment shown in panel A was sequenced. Mutant G140A
virus reverted to the wild-type sequence, whereas mutant P124A, N144A, and D154A viruses retained the engineered substitutions.

Previous studies showed that NS4B dimerization is mediated by  plasmic loop region could result from impairing the dimerization
the cytosolic loop as well as by the C-terminal region (amino acids  of NS4B or other interactions within the flavivirus RC rather than
166 to 248) of NS4B and that the C-terminal region alone is suf-  from the NS4B-NS3 interaction.

ficient to induce NS4B dimer formation (23). Thus, the replica- NMR analysis of the cytoplasmic loop of NS4B showed that the
tion defects observed in these three viruses mutated in the cyto-  peptide is not highly structured in solution, with a tendency to
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FIG 8 A model for the NS4B-NS2B-NS3-NS5 interactome during positive-strand RNA synthesis. This schematic representation summarizes intermolecular
interactions (gray arrows) between NS4B and NS3 that are mediated by the cytoplasmic loop (residues 129 to 165) of NS4B (in blue) and both subdomains 2 and
3 of the NS3 helicase domain (this work). The back of the thumb subdomain of NS5 interacts with subdomain 3 of the NS3 helicase region, and K330 plays a
crucial role in this interaction (35). The orientation of the protease domain of NS3 (that is connected to the helicase via a flexible linker region encompassing
residues 168 to 179) with respect to the membrane is depicted according to Luo et al. (36). An exposed hydrophobic loop of NS3 protease (Gly29-Leu30-Phe31-
Gly32), labeled as GLFG, interacts with the membrane (36). The replicative enzymes NS3 and NS5 progress along the negative RNA template strand from the 3’
end toward the 5" end with a polarity of the single strand in the helicase tunnel compatible with the crystallographic results (26).
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form only short secondary structures. The flexibility of the NS4B
cytoplasmic loop is consistent with its multifunctional roles: it
contributes to NS4B dimerization (23), and it binds NS3 (28).
This flexibility could allow N'S4B to interact with different protein
partners at various stages of viral replication.

Our results provide a potential antiviral approach through the
disruption of the flavivirus NS3/NS4B interface. The SPR-based
assay reported in this study could be optimized for this purpose.
The biophysical SPR assay screens for compounds that directly
interfere with the NS3-NS4B interaction. This assay, together with
the possibility to solve the cocrystal structure of helicase (25, 26,
28) in complex with the NS4B cytoplasmic loop, will inform fu-
ture screening for inhibitors of the NS3-NS4B interaction.

A model for the interaction between NS4B (via its cytoplasmic
loop), NS3 (through its helicase subdomains 2 and 3), and NS5 is
shown in Fig. 8. This working model is consistent with the avail-
able mapping data (35) and also the elongated molecular shape
observed in the crystal structure of the NS2B-NS3 protease-heli-
case from DENV (28). In this structure, the protease region sits
beneath subdomains 1 and 2 of the helicase and is tethered to the
membrane by both the essential cofactor residues 49 to 96 of NS2B
and an exposed hydrophobic loop of NS3 (G29-L30-F31-G32)
(36) (Fig. 8). These contacts would leave the concave surface be-
tween subdomains 2 and 3 of the helicase region (where the 5" end
of the RNA is emerging from the RNA binding tunnel) available
for interaction with both the cytoplasmic loop of NS4B and the
NS5 methyltransferase-polymerase. Residue K330 from the
thumb region of the NS5 polymerase was shown to interact with
the NS3 helicase (35). The accompanying paper by Zou et al. (37)
characterizes the NS4A and NS4B protein interaction, and further
studies in the presence of RNA are now needed to clarify the de-
tailed network of intermolecular contacts established between
NS2B, NS4A, NS4B, and NS5 at various stages of RNA replication.
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