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Abstract

Japanese encephalitis virus (JEV), a mosquito-borne flavivirus, is closely related to West
Nile (WN), yellow fever (YF), and dengue (DEN) viruses. Its plus-strand genomic RNA car-
ries a single open reading frame encoding a polyprotein that is cleaved into three structural
(C, prM/M, and E) and at least seven nonstructural (NS1/NS1', NS2A, NS2B, NS3, NS4A,
NS4B, and NS5) proteins, based on previous work with WNV, YFV, and DENV. Here, we
aimed to profile experimentally all the viral proteins found in JEV-infected cells. We generat-
ed a collection of 15 JEV-specific polyclonal antisera covering all parts of the viral protein-
coding regions, by immunizing rabbits with 14 bacterially expressed glutathione-S-
transferase fusion proteins (for all nine viral proteins except NS2B) or with a chemically syn-
thesized oligopeptide (for NS2B). In total lysates of JEV-infected BHK-21 cells, immunoblot-
ting with these antisera revealed: (/) three mature structural proteins (~12-kDa C, ~8-kDa M,
and ~53-kDa E), a precursor of M (~24-kDa prM) and three other M-related proteins (~10-
14 kDa); (ii) the predicted ~45-kDa NS1 and its frameshift product, ~58-kDa NS1', with no
evidence of the predicted ~25-kDa NS2A; (iii) the predicted but hardly detectable ~14-kDa
NS2B and an unexpected but predominant ~12-kDa NS2B-related protein; (iv) the pre-
dicted ~69-kDa NS3 plus two major cleavage products (~34-kDa NS3N*"™ and ~35-kDa
NS3C™) together with at least nine minor proteins of ~16-52 kDa; (v) the predicted ~14-
kDa NS4A; (vi) two NS4B-related proteins (~27-kDa NS4B and ~25-kDa NS4B'); and (vii)
the predicted ~103-kDa NS5 plus at least three other NS5-related proteins (~15 kDa, ~27
kDa, and ~90 kDa). Combining these data with confocal microscopic imaging of the pro-
teins’ intracellular localization, our study is the first to provide a solid foundation for the
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study of JEV gene expression, which is crucial for elucidating the regulatory mechanisms
of JEV genome replication and pathobiology.

Introduction

Japanese encephalitis virus (JEV) is an emerging pathogen that belongs to the genus Flavivirus
in the family Flaviviridae [1,2]. Within the genus, JEV is a member of the JE serogroup that
also includes three other medically important pathogens, i.e., West Nile virus (WNV), St. Louis
encephalitis virus, and Murray Valley encephalitis virus [3]. JEV also bears a close genetic rela-
tionship to other clinically significant flaviviruses: e.g., yellow fever virus (YFV), dengue virus
(DENV), and tick-borne encephalitis virus (TBEV) [4]. JEV is the etiological agent of JE [5], a
serious neurological disease that occurs commonly across much of Asia [6-8] and appears spo-
radically in northern Australia and parts of the Western Pacific islands [9-11]. Although JE in-
cidence is low in some JE-endemic areas (e.g., Japan, South Korea, and Taiwan), it is
significantly high and appears to be rising in many others (e.g., Bangladesh, Cambodia, Indo-
nesia, and Pakistan) [12]. Notably, large JE outbreaks have occurred during the past decade in
India and Nepal [13-16], underscoring the fact that JE remains a major public health problem
in Asia. Moreover, JE emerged during the 1990s in Papua New Guinea and in the Torres Strait
islands, from which it spread to the Cape York Peninsula in Australia [10,11,17], raising con-
cerns that JE may continue to appear in new areas around the world [12,18-21].

JEV is an arbovirus that circulates in a natural enzootic cycle between vertebrate hosts and
mosquito vectors [22,23]. Although many animals are susceptible to JEV infection, pigs and
birds act as the major hosts important for viral amplification, maintenance, and dissemination
[24]. A pool of different mosquito species may serve as vectors for JEV transmission, but culi-
cine mosquitoes, especially Culex tritaeniorhynchus, are the primary mosquito species associat-
ed most strongly with JEV infection in humans [25,26]. Humans are accidental dead-end
hosts, because they do not develop a level or duration of viremia sufficient to transmit JEV to
mosquitoes [27]. The vast majority of JEV-infected individuals are asymptomatic; only 1 in
25-1,000 infections develops into clinical symptoms [27-30], with an average incubation peri-
od of 5 to 15 days [31]. JEV infection may cause a broad spectrum of diseases [27], ranging
from a mild febrile illness to aseptic meningitis and severe encephalitis [32-38]. The global in-
cidence of JE is not precisely known, but about 50,000-175,000 cases are estimated to occur an-
nually in JE-endemic areas, depending on geographic location, age group, and vaccination
status [8,39,40]. Approximately 20-30% of JE patients die, and up to 50% of JE survivors devel-
op long-term neurologic and psychiatric deficits [8,39,41]. Thus, the clinical burden of JE is
substantial, and despite the fact that four JEV vaccines are licensed in various parts of the
world [24,42-44], there is still no specific treatment available for JEV infection [45-47].

JEV is a ~50-nm-sized enveloped virion [25] containing an ~11-kb-long, plus-strand RNA
genome that is 5'-capped and 3'-nonpolyadenylated [48,49]. The genomic RNA encodes a sin-
gle long open reading frame (ORF) between the 5" and 3' short non-coding regions (NCRs)
[50-52] that are important for RNA replication [53,54]. Like other flaviviruses, JEV enters its
host cells via receptor-mediated endocytosis [55-57]. In an acidic endosomal compartment,
the viral membrane fuses with the host membrane, and the viral genome is then released into
the cytoplasm [58-60]. The ORF encoded in the genome is translated into a polyprotein,
which is cleaved by host and viral proteases to produce at least 10 individual proteins [25,61]:
NH,-C-prM-E-NS1-NS2A-NS2B-NS3-NS4A-NS4B-NS5-COOH [62]. The three N-terminal

PLOS ONE | DOI:10.1371/journal.pone.0124318  April 27,2015 2/27



@' PLOS ‘ ONE

JEV Gene Expression

structural proteins are components of viral particles [63,64], and the seven C-terminal non-
structural proteins participate in multiple events during viral replication: RNA genome replica-
tion [65-70], virus particle assembly [71-75], and innate immune evasion [76-78]. For
members of the JE serogroup, an elongated form of NS1 (NS1') is expressed by -1 ribosomal
frameshifting at codons 8-9 of NS2A, adding 52 extra amino acids to the C-terminus of NS1
[79,80]. RNA replication is catalyzed by the two multifunctional nonstructural proteins: (i)
NS3 possesses serine protease (with its cofactor NS2B), helicase, nucleoside triphosphatase
(NTPase), and RNA triphosphatase (RTPase) activity [81-85]; and (ii) NS5 has methyltrans-
ferase (MTase), guanylyltransferase (GTase), and RNA-dependent RNA polymerase (RARP)
activity [86-90]. Viral assembly occurs by budding of the viral genomic RNA and C proteins
into the endoplasmic reticulum, where the budding particles acquire a lipid bilayer in which
the prM and E proteins are embedded [91-93]. These immature virions are transported to the
cell surface through the secretory pathway [94]; in the trans-Golgi network, prM on the viral
membrane is cleaved by furin to yield the mature M protein [95,96], converting the immature
non-infectious particle to a mature infectious virion [97].

Despite the global impact of JE, our current knowledge of JEV biology remains limited be-
cause of the lack, or limited availability, of JEV-specific antibodies, which poses a technical
challenge for the detection and functional studies of JEV gene products. In the present study,
we have generated a full set of 15 JEV antigen-specific rabbit polyclonal antisera that cover all
parts of the viral protein-coding regions. Using these antisera, we have performed a large set of
immunoblot analyses, enabling us to identify all the viral gene products accumulated in JEV-
infected cells. Also, we have done a full series of confocal microscopy analyses to visualize the
intracellular localization of the viral proteins. Our data provide the first comprehensive expres-
sion profile of JEV gene products, which is important for advancing our understanding of JEV
genome replication and pathobiology.

Materials and Methods
Cells and viruses

BHK-21 cells were cultivated in alpha minimal essential medium supplemented with 10% fetal
bovine serum, 2 mM L-glutamine, vitamins, and antibiotics [98]. All cell culture reagents were
purchased from Gibco (Gibco-Life Technologies, Carlsbad, CA). The JEV strain used in this
study was CNU/LP2 [98], a plaque-purified clone of the wild-type pathogenic K87P39 isolate
obtained from a pool of Culex tritaeniorhynchus mosquitoes in South Korea in 1987 [48,99]. A
virus stock was prepared by infecting BHK-21 cells at a multiplicity of infection (MOI) of 1
and harvesting culture supernatants at 3-4 days post-infection when destruction of the cell
monolayers was clearly observed.

Plasmid construction

A total of 16 bacterial expression plasmids were constructed, each of which was used to express
a small non-hydrophobic region of the JEV polyprotein as a glutathione S-transferase (GST)
fusion protein. In all 16 plasmids, a defined region of the JEV ORF was first amplified by PCR
using the full-length infectious cDNA molecular clone of JEV CNU/LP2 (pBAC"®/JVFLx/
Xbal [98]) as a template and the appropriate pair of primers listed in Table 1 (note that

primer names indicate the target viral protein-coding region, followed by the orientation of
each primer, forward (f) or reverse (r)). Next, the resulting PCR amplicons were individually li-
gated in-frame to the 3'-end of GST coding sequence in the pGex-4T-1 vector (GE Healthcare,
Piscataway, NJ) using either the EcoRI and Xhol sites (for the first 14 PCR amplicons except
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Table 1. Oligonucleotides used for PCR amplification and cDNA cloning.

Oligonucleotide Sequence® (5'to 3') Position? Polarity
Cf ccggaattcATGACTAAAAAACCAGGAGG 96-115 Sense

Cr ccgcetcgagcetattaGTTTTGCTTTCTGCCCCGCT 385-404 Antisense
PRf ccggaattcATGAAGTTGTCAAATTTCCA 477-496 Sense
PRr ccgctegagetattaCCTCCTGCTTCGCTTGGAAT 733-752 Antisense
Mmf ccggaattcTCCGTGTCGGTCCAAACACA 753-772 Sense

Mr ccgetecgagcetattaGAAAGCATAGCCAGGATTCC 865-884 Antisense
ENf ccggaattcTTTAATTGTCTGGGAATGGG 978-997 Sense
ENr cgactcgagctattaACATGTGTCAATGCTTCCCT 1306-1325 Antisense
ECf ccggaattcATGACCGTGGGGTCAAAGTC 1587-1606 Sense
ECr cgactcgagctattaTGTACACATGCCATAGGTTG 1873-1892 Antisense
NS1Nf ccggaattcGACACTGGATGTGCCATTGA 2478-2497 Sense
NS1Nr ccgetcgagcetattaACGGGTTGATGTGATACCAA 2956-2975 Antisense
NS1Cf ccggaattcGTGTGGCTGAAGATTAGAGA 2976-2995 Sense
NS1Cr ccgcetcgagctattaAGCATCAACCTGTGATCTGA 3514-3533 Antisense
NS1'FSf ccggaattcTCAGCTGGGCCTTCTGGTGA 3560-3579 Sense
NS1'FSr ccgctegagttactaGTGTAAGTGATGCCCCCAAG 3669-3688 Antisense
NS2Af ccggaattcTTCAATGGTGAAATGGTTGA 3534-3553 Sense
NS2Ar ccgctegagttatcaTAGCACCACATACCTCGCCA 3694-3713 Antisense
NS2Bf ccggaattcGTGTCAGGAAAAGCAACAGA 4347-4366 Sense
NS2Br ccgctcgagcetattaGCAAGACATGCGCAAGACCC 4507-4526 Antisense
NS3Nf ¢cggaattcGGGGGCGTGTTTTGGGACAC 4608-4627 Sense
NS3Nr ccgctegagetattaTCCTCGTGCGGCTATGCTGG 5485-5504 Antisense
NS3Cf ccggaattcTACATCGCTACCAAGGTGGA 5505-5524 Sense
NS3Cr ccgetegagetattaTCTCTTTCCTGCTGCAAAGT 6445-6464 Antisense
NS4Af ccggaattcTCGGCCGTTAGCTTCATAGA 6465-6484 Sense
NS4Ar ccgceicgagctattaTGTGATGGTTTCCAGTGCAT 6610-6629 Antisense
NS4Bf ccggaattcGCCACTGATGTGCCTGAACT 7377-7396 Sense
NS4Br ccgcetcgagttatcaACTGGCTCCATTATCCCACA 7537-7556 Antisense
NS5Nf cgtggatccGGAAGGCCTGGGGGCAGGAC 7677-7696 Sense
NSS5Nr ccgctegagcetattaTCCTCGCAGATGGTTTTCCC 8998-9017 Antisense
NS5Cf cgtggatccGAGTGTCACACATGTATCTA 9018-9037 Sense
NS5Cr ccgetegagttactaGATGACCCTGTCTTCCTGGA 10372-10391 Antisense

2 JEV-specific sequences are shown in uppercase letters, and JEV-unrelated sequences are indicated in lowercase letters. Restriction enzyme
recognition sites used for DNA cloning are underlined.
b Nucleotide position refers to the complete genome sequence of JEV CNU/LP2 (GenBank accession number AY585243).

doi:10.1371/journal.pone.0124318.1001

NS5N™ and NS5*™) or the BamHI and Xhol sites (for NS5~ '™ and NS5 **™). The nu-
cleotide sequences of the cloned cDNAs were verified by DNA sequencing.

Expression of GST-tagged fusion proteins

A fresh overnight culture derived from a single colony of E. coli BL21, carrying each of our
pGex-based GST fusion protein expression vectors, was diluted 50-fold in 500 ml of LB medi-
um containing 100 pg/ml ampicillin and then incubated with shaking at 35°C until the ODgq
reached 0.6 to 1.0. To induce the expression of GST fusion proteins, the bacterial culture was
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further incubated in the presence of 0.1 mM isopropyl -D-1-thiogalactopyranoside (IPTG) at
35°C for 1-2 h. The optimal induction parameters were determined experimentally for a par-
ticular GST fusion protein. Following IPTG induction, cells were harvested by centrifugation at
3,107 x g at 4°C for 15 min, followed by washing once with 50 ml of ice-cold phosphate-buft-
ered saline (PBS pH 7.4; 137 mM NaCl, 2.7 mM KCl, 10 mM Na,HPO,, and 1.8 mM
KH,PO,). The cell pellet was resuspended in 25 ml of ice-cold PBS supplemented with 0.01%
Triton X-100 and 1x complete protease inhibitor cocktail (Roche Diagnostics, Indianapolis,
IN), and then kept on ice for 30 min with gentle shaking every 5 min. Cell lysis was achieved by
sonication on ice, using a S-450D ultrasonic cell disruptor (Branson Ultrasonics, Danbury,
CT), until the sample was no longer viscous. The total sonication time was ~15 min, alternating
30-sec pulses with 30-sec pauses. After sonication, the cell lysate was cleared by centrifugation
twice at 17,418 x g at 4°C for 20 min, and the supernatant (soluble fraction) was immediately
used for the purification of GST fusion proteins.

Purification of GST-tagged fusion proteins

Soluble GST fusion proteins were purified directly from the pre-cleared bacterial lysate by af-
finity chromatography using the glutathione-Sepharose 4 Fast Flow matrix (GE Healthcare),
according to the manufacturer’s instructions. In brief, 2 ml of the 50% glutathione-Sepharose 4
Fast Flow slurry was transferred to a disposable 5-ml polypropylene gravity-flow column
(Pierce, Rockford, IL) and washed with 10 bed volumes of ice-cold PBS-T buffer (PBS contain-
ing 0.01% Triton X-100 and 1x complete protease inhibitor cocktail, Roche Diagnostics). The
equilibrated column was loaded with ~25 ml of the pre-cleared bacterial lysate containing a
GST-tagged fusion protein of interest. The column was washed with >20 bed volumes of the
ice-cold PBS-T until the OD,g, of the flow-through was below 0.01. The GST-tagged proteins
were then eluted from the affinity matrix with freshly made elution buffer (30 mM glutathione,
50 mM Tris pH 8.8, and 200 mM NacCl). The eluates were collected in 15 tubes (10 drops/tube)
and monitored by OD,g, for protein concentration. All purification procedures were carried
out at 4°C. Aliquots (5-10 pl) of each fraction were monitored by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) to verify the integrity and concentration of
the fusion protein of interest.

Production of rabbit polyclonal antisera

We raised a total of 15 polyclonal antisera in rabbits: 14 immunized with each of the bacterially
expressed GST fusion proteins and one immunized with a 12-amino-acid synthetic peptide
coupled to keyhole limpet hemocyanin (KLH). All of the polyclonal antisera were generated in
female New Zealand White rabbits (1.7-1.9 kg) over an 8-week period according to conven-
tional procedures. Two rabbits were immunized with each immunogen. Each rabbit was simul-
taneously injected twice, both subcutaneously into the back of the neck and intramuscularly in
the thigh; each injection consisted of a well-mixed suspension containing 250 pl of complete
Freund’s adjuvant (Sigma, St. Louis, MO) and 250 pl of either GST-tagged fusion protein
(~100 pg) or KLH-conjugated synthetic peptide (~200 pg). Two weeks after the initial immuni-
zation, five consecutive booster immunizations were given weekly with the same fusion protein
or synthetic peptide antigen formulated with incomplete Freund’s adjuvant (Sigma). Rabbit
sera were collected 5 days after the last boost.

Ethics statements

All animal experiments were conducted strictly in accordance with the regulations in the
Guide for the Care and Use of Laboratory Animals issued by the Ministry of Health and
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Welfare of the Republic of Korea. The animal protocol was approved by the Institutional Ani-
mal Care and Use Committee of Chungbuk National University (Permit Numbers: CBNUA-
028-0901-01 and CBNUA-040-0902-01). All rabbits were housed in the animal facility located
at the Chungbuk National University Medical School. We made our best efforts to minimize
animal suffering in the course of our study. At the terminal stage, the rabbits were anesthetized
with intramuscular injections of xylazine (7-10 mg/kg) and ketamine (40-50 mg/kg), and a
volume of blood was then collected by intracardiac puncture once per animal, which caused
death via exsanguination. In post-mortem examination, we confirmed that the heart had
stopped; if it was still beating, then the animal was euthanized with an intracardiac injection of
barbiturate euthanasia solution (100 mg/ml).

Immunoblot analysis

Cells (3x10”) were lysed directly with 200 pl of 1x sample loading buffer (80 mM Tris-HCI pH
6.8,2.0% SDS, 10% glycerol, 0.1 M dithiothreitol, and 0.2% bromophenol blue). Equal amounts
of total cell lysates were boiled for 5 min, separated by the Glycine- or the Tricine-SDS-PAGE
system, and then transferred to a polyvinylidene difluoride membrane by using a Trans-Blot
SD electrophoretic transfer cell (Bio-Rad, Hercules, CA). The blotted membrane was blocked
for 1 h at room temperature (RT) with 5% nonfat dried milk in wash buffer (PBS containing
0.2% Tween 20). After three washes (10 min/wash), the blocked membrane was probed for 2 h
at RT in wash buffer containing 0.5% nonfat dried milk and one of the following 15 JEV
antigen-specific rabbit antisera produced in this study: a-C (1:3,000 dilution), o-pr (1:4,000),
a-M (1:1,000), o-EN""™ (1:4,000), o-E€*™ (1:100), o-NS1N'"™ (1:3,000), ot-NS1'*S
(1:1,000), 0.-NS2A (1:2,000), o-NS2B"P" (1:1,000), o-NS3™"**"™ (1:1,000), o--NS3<*™
(1:1,000), 0-NS4A (1:1,000), 0.-NS4B (1:500), 0-NS5~"*"™ (1:1,000), and 0-NS5“*"™
(1:1,000). The primary antibody-decorated membrane was then washed three times (10 min/
wash) and incubated for 2 h at RT in wash buffer containing 0.5% nonfat dried milk and a sec-
ondary alkaline phosphatase (AP)-conjugated goat ci-rabbit IgG (1:5,000; Jackson ImmunoRe-
search, West Grove, PA). The membrane was washed three times (10 min/wash) and finally
developed by incubation with a mixture of 5-bromo-4-chloro-3-indolyl phosphate (BCIP) and
nitroblue tetrazolium (NBT) for colorimetric detection of the protein(s) of interest.

Immunofluorescence assay (IFA)

Cells (1x10°) were washed once with PBS and fixed/permeabilized using two different meth-
ods: (i) fixation with 4% paraformaldehyde in PBS for 10 min at RT, washing twice (10 min/
wash) with 0.1 M glycine in PBS, and permeabilization with 0.2% Triton X-100 in PBS for

10 min at RT; and (i) fixation with 100% ice-cold methanol for 10 min at -20°C. In both cases,
the fixed/permeabilized cells were washed three times (10 min/wash) with PBS and blocked for
30 min at RT with 5% bovine serum albumin (BSA) in PBS. They were then washed three
times (10 min/wash) with PBS and incubated for 1 h at RT in PBS containing 2.5% BSA plus
one of our 15 JEV antigen-specific polyclonal rabbit antisera. The primary antibody-treated
cells were then washed three times (10 min/wash) with PBS, followed by incubation for 1 h at
RT in PBS containing 2.5% BSA plus a Cy3-conjugated goat o-rabbit IgG (1:1,000; Molecular
Probes, Eugene, OR). After three washes (10 min/wash) in PBS, the cells were counterstained
with 300 nM 4',6-diamidino-2-phenylindole (DAPI, Molecular Probes) in PBS for 5 min at RT.
The cells were washed twice (10 min/wash) with PBS and then mounted using an antifade fluo-
rescence mounting medium (Dako, Glostrup, Denmark). Cells were observed under the LSM-
710 confocal microscope with a 63x objective (Carl Zeiss, Jena, Germany). Image capture, anal-
ysis, and processing were performed using Zen 2010 software (Carl Zeiss).
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Fig 1. Selection of 16 relatively non-hydrophobic regions located in the viral protein-coding sequences on JEV genomic RNA. (A) JEV genome
organization and gene expression. The plus-strand genomic RNA of JEV CNU/LP2 consists of a 5'NCR, a single long ORF, and a 3'NCR (top panel). The
viral ORF encodes a 3,432-amino acid polyprotein, which is co- or post-translationally processed by host- and virus-encoded proteases into three structural
(green) and at least seven nonstructural (orange) proteins (bottom panel). Also, the bottom panel indicates the putative cleavage sites that are conserved
among flaviviruses and the length of cleavage products. Vertical black bars represent one or two transmembrane domains located at the C-termini of three
structural proteins (C, prM, and E) and at the junction of NS4A/NS4B. Asterisks indicate four potential N-linked glycosylation sites found in the pr portion of
prM (Asn-15), E (Asn-154), and NS1/NS1' (Asn-130 and Asn-207). prM is further cleaved by furin into the pr and M proteins during virus assembly and
maturation. NS1'is the product of a -1 ribosomal frameshift (F/S) event that occurs between codons 8 and 9 of NS2A, generating the C-terminal extension
that includes the N-terminal nine amino acids of NS2A followed by the unique post-frameshift 43 amino acids (red). (B) Hydrophobicity plot of the complete
3,432-amino acid polyprotein of JEV CNU/LP2, along with the frameshift-generated 43-amino acid C-terminal extension of NS1'. The average hydropathy
scores were calculated using the Kyte-Doolittle method, and regions with scores above 0 are considered hydrophobic. (C) Schematic diagram of the 16 non-
hydrophobic stretches (horizontal blue bars) predicted in the viral protein-coding regions of JEV CNU/LP2.

doi:10.1371/journal.pone.0124318.g001

Results

Cloning of 16 small, relatively non-hydrophobic regions of the JEV
polyprotein into a bacterial expression vector with the GST affinity tag

We aimed to develop a large panel of polyclonal antisera capable of detecting all of 10 individu-
al viral proteins, using recombinant GST fusion proteins as immunogens. As the viral genetic
backbone of choice for GST fusion protein expression, we used JEV CNU/LP2, a highly viru-
lent strain [99] that has been fully sequenced (GenBank accession number AY585243) and
cloned as a full-length infectious cDNA [98]. The genomic RNA of JEV CNU/LP2 is 10,968
nucleotides in length, consisting of a 95-nucleotide 5NCR, a 10,299-nucleotide ORF, and a
574-nucleotide 3'NCR (Fig 1A, top). According to our current understanding of flavivirus gene
expression [25,61], the single ORF is translated into a 3,432-amino acid polyprotein, which is
proteolytically processed into at least 10 mature proteins (Fig 1A, bottom): three structural (C;
prM, a precursor of M; and E) and seven nonstructural (NS1, NS2A, NS2B, NS3, NS4A, NS4B,
and NS5) proteins. In WNV, a larger form of NS1 (NS1') has also been reported to be expressed
by -1 ribosomal frameshifting at codons 8-9 of NS2A [79,80], adding a total of 52 extra amino
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acids to the C-terminus of NS1, including the N-terminal 9 amino acids of NS2A and the
unique post-frameshift 43 amino acids (Fig 1A, bottom).

We first generated the hydrophobicity profile of the complete polyprotein of JEV CNU/
LP2, by performing hydropathy analysis using the method of Kyte and Doolittle [100]. The
polyprotein hydropathy plot revealed the existence of multiple hydrophobic stretches corre-
sponding to (i) one or two transmembrane helices found at the C-termini of the three structur-
al proteins (C, one; prM, two; and E, two) and (ii) multiple potential transmembrane domains
present within the four nonstructural proteins, NS2A, NS2B, NS4A, and NS4B (Fig 1B). These
data agree with the current membrane topology model of the flavivirus polyprotein [101]. In
the case of the frameshift product NS1', no specific region was predicted to be highly hydro-
phobic (Fig 1B). Based on our hydrophobicity profile, we defined a total of 16 unique, relatively
non-hydrophobic regions in the entire viral polyprotein and frameshift-generated 43-amino
acid C-terminal region of NS1', in order to express these protein fragments in E. coli as GST-
tagged fusion proteins (Fig 1C): one in C, two in prM (designated pr and M), two in E (EN "™
and ES*™), two in NSI (NS1N""™ and NS1<™), one in NS1' (NS1™), one in NS2A, one in
NS2B, two in NS3 (NS3N"™ and NS3¢™), one in NS4A, one in NS4B, and two in NS5
(NS5N™ and NS5™), Each of these 16 selected coding regions was PCR-amplified from
the full-length infectious cDNA of JEV CNU/LP2 and cloned into the bacterial expression vec-
tor pGex-4T-1 to yield in-frame fusion proteins with an N-terminal GST tag (Fig 2, GST fusion
protein).

Expression and purification of soluble GST-tagged recombinant proteins

To determine whether the 16 JEV ¢cDNA fragments cloned into pGex-4T-1 are expressed as
soluble GST fusion proteins after IPTG induction in E. coli BL21, we compared the soluble

GST fusion protein
Region fused to the C-terminus of GST
Fusion protein " Genome (nt) Protein (aa) ! Predicted MW (kDa) Expression

pGex (pGex-4T-1) GST None None ~28 Soluble
pGex/C [ T GST-C 96-404 1-103 ~38 Soluble
B 2 |pGexipr [T ] GST-pr 477-752 192 ~37 Soluble
§ 2 |pGexm ™ GST-M 753-884  93-136 ~32 Soluble
7 2| pGex/Erem EN-tom GST-Entem  978-1325  1-116 ~39 Soluble
pGex/EC-em ' ECiem) GST-Ectem  1587-1892  204-305 ~38 Soluble
pGex/NSTMem | NSvem | GST-NS1Mem 2478-2975  1-166 ~46 Soluble
pGex/NS1ctem [ NS{clm | GST-NS1ctem 2076-3533  167-352 ~48 Insoluble
pGex/NS1'Fs [ T nstes GST-NS1¥s  3560-3688  362-404 ~31 Soluble
5 |pGeNs2A NS2A GST-NS2A  3534-3713  1-60 ~33 Soluble
EE pGex/NS2B NS2B GST-NS2B 4347-4526  45-104 ~33 Insoluble
£ Z|pGexNsavem | NS | GST-NS3Wem  4608-5604  1-299 ~59 Soluble
& & pGex/NS3c-tem NS3Ctem ] GST-NS3ctem 5505-6464  300-619 ~63 Soluble
Z | pGexwnssa NS4A GST-NS4A 64656629 1-55 ~33 Soluble
pGex/NS4B NS4B GST-NS4B  7377-7556  156-215 ~33 Soluble
pGex/NS5N-tem NS5 ] GST-NS5Mem  7677-9017  1-447 ~77 Soluble
pGex/NS5c-tem NS5Ctem | GST-NS5Cctem  9018-10391 448-905 ~79 Soluble
NS2BPertice KLH-DMWLERAADISW 51-62

Fig 2. lllustration of 16 GST-tagged recombinant proteins and a KLH-conjugated synthetic oligopeptide. The top panel provides an overview of the 16
GST fusion protein expression constructs. In each construct, a non-hydrophobic region defined in the JEV protein-coding sequences was fused to the C-
terminus of GST. The nucleotide (nt) and amino acid (aa) numberings are based on the full-length genome sequence of JEV CNU/LP2 (GenBank accession
number AY585243). The predicted molecular weights (MW) are indicated in kDa. Of the 16 GST fusion proteins, while 14 were expressed as a soluble form
in E. coli, the remaining two were produced as an insoluble form. The bottom panel shows a KLH-conjugated synthetic peptide corresponding to amino acids
51-62 of NS2B. Amino acid sequences are abbreviated using the single-letter code.

doi:10.1371/journal.pone.0124318.9002
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Fig 3. Production of five GST fusion proteins, each containing a non-hydrophobic region from the JEV structural protein-coding region. GST
fusion proteins were expressed from pGex-4T-1 vector in E. coli and purified from bacterial lysates by affinity chromatography using glutathione-Sepharose.
About 5-10 pg of each purified protein was resolved on a SDS-polyacrylamide gel and stained with Coomassie blue. The five GST fusion proteins we

generated are: GST-C (A), GST-pr (B), GST-M

(C), GST-EN*™ (D), and GST-E**™ (E). Free GST protein was used as control. Molecular weight markers

are indicated in kDa on the left side of each panel, and GST and GST fusion proteins are marked on the right side. The predicted molecular weights are

indicated at the bottom of each panel.

doi:10.1371/journal.pone.0124318.9003

(supernatant) and insoluble (pellet) fractions of the sonicated total bacterial lysates by
SDS-PAGE. Of the 16 preparations, we found that 14 GST fusion proteins of the expected sizes
were detected predominantly in the soluble fraction; the remaining two (GST-NS1¢*™
GST-NS2B), although having the predicted sizes, were found mostly in the insoluble fraction
(summarized in Fig 2, GST fusion protein). For these last two fusion proteins, we made multi-
ple attempts to circumvent the insolubility of the induced proteins by testing protein expres-
sion at three different temperatures (25°C, 30°C, and 35°C) for 1 to 4 h, but observed only
minor effects of temperature on their solubility. Thus, the 14 soluble GST-tagged fusion pro-
teins, excluding GST-NS1<™ and GST-NS2B, were purified from the pre-cleared bacterial
lysates by glutathione-affinity chromatography. Subsequently, each of the purified GST fusion
proteins was analyzed by SDS-PAGE in a 10 or 12% gel, as appropriate, in parallel and under
the same experimental conditions with the free GST protein purified from E. coli that had been
transformed with pGex-4T-1 without any insert.

Fig 3 shows the results of SDS-PAGE analysis of the five purified GST fusion proteins, each
containing a non-hydrophobic region found in one of the viral structural proteins. Fig 4 pres-
ents those of the nine purified GST fusion proteins, each containing a non-hydrophobic region
located in one of the viral nonstructural proteins. In all 14 cases, expression of the individual
GST fusion proteins was only observed in bacterial cells transformed with the corresponding

and

recombinant pGex constructs, and not with the empty vector. In SDS-PAGE gels, the expres-
sion patterns of these purified GST fusion proteins could be grouped into four classes: (i) Class
I (three cases), appearing predominantly as a single band corresponding in size to the respec-
tive full-length fusion protein (GST-C, Fig 3A; GST-pr, Fig 3B; and GST-NS1'"5, Fig 4B); (i)
Class II (two cases), which migrated as a major band of the expected molecular weight, with
one to three minor bands larger than that of the ~28-kDa GST (GST-NS2A, Fig 4C and
GST-NS4B, Fig 4G); (iii) Class III (six cases), detected as two discrete bands corresponding to
the full-length fusion protein and to the free GST (GST-M, Fig 3C; GST-E<™, Fig 3E;
GST-NS1N'™ Fig 4A; GST-NS3™ "™, Fig 4D; GST-NS4A, Fig 4F; and GST-NS5<™™,

Fig 41); and (iv) Class IV (three cases), similar to class III but with at least one additional dis-
crete band corresponding to the truncated form(s) of the respective full-length fusion proteins
(GST-EN'™, Fig 3D; GST-NS3“'“"™, Fig 4E; and GST-NS5™ "™, Fig 4H). We confirmed by
immunoblotting that all 14 full-length GST fusion proteins and their truncated forms reacted
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Fig 4. Production of nine GST fusion proteins, each containing a non-hydrophobic region from the JEV nonstructural protein-coding region. GST
fusion proteins were prepared and analyzed as described in the legend of Fig 3. The nine GST fusion proteins we produced are: GST-NS1N*™ (A),
GST-NS17S (B), GST-NS2A (C), GST-NS3V*®™ (D), GST-NS3C*®™ (E), GST-NS4A (F), GST-NS4B (G), GST-NS5N®™ (H), and GST-NS5°™ (1). All

parts of the figure are labeled as in Fig 3.

doi:10.1371/journal.pone.0124318.9004

with an o-GST rabbit antiserum (data not shown). Thus, our results showed that, except for
NS2B, we successfully expressed and purified one or two non-hydrophobic polypeptide seg-
ments, located in each of the 10 major viral proteins, with the N-terminal GST tag.

Generation of 15 JEV antigen-specific polyclonal antisera in rabbits

For the production of antisera, we chose rabbits because of their convenient body size, ease of
handling, relatively long lifespan, and ample volume of antiserum available. Immunization was
performed on a pair of rabbits for each antigen, using the following 14 recombinant GST fusion
proteins described above: GST-C, GST-pr, GST-M, GST-EN""™, GST-E“**™, GST-NS1™**"™,
GST-NS1'™, GST-NS2A, GST-NS3N "™, GST-NS3““™, GST-NS4A, GST-NS4B,
GST-NS5N'"™ and GST-NS5“'*"™, These 14 fusion proteins cover all the 10 major JEV pro-
teins except NS2B. To raise antisera against NS2B, we immunized two rabbits with a KLH-
conjugated synthetic oligopeptide (NS2B"*P4) corresponding to amino acids 51-62 of NS2B
(Fig 2, Synthetic peptide). Two weeks after the initial immunization, the rabbits were boosted
once a week for a maximum of 5 weeks with the same fusion protein or synthetic peptide anti-
gen and were test-bled 5 days after the third boost. Serum samples were tested by immunoblot-
ting to monitor the presence of antibodies capable of recognizing the respective immunogens.
In all 15 cases, a detectable level of antibody was observed in the serum of at least one of the
two immunized rabbits after the third boost (data not shown), and all the immune sera were
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therefore collected 5 days after the fifth boost. We therefore obtained positive sera from at least
one animal per antigen.

Profiling of all the viral proteins produced in JEV-infected cells by
immunoblotting

Using our 15 JEV region-specific rabbit antisera, we aimed to profile all the viral proteins ex-
pressed in JEV-infected cells. To achieve our goal, subconfluent monolayers of JEV-susceptible
BHK-21 cells were mock-infected or infected with JEV CNU/LP2 at an MOI of 1. At 18 h post-
infection (hpi), cell monolayers were lysed directly with SDS-based lysis buffer, and equal
amounts of total cell lysates were separated by SDS-PAGE under reducing conditions and ana-
lyzed by immunoblotting.

Fig 5 shows the results of five immunoblots; each reacted with an antiserum specific to a de-
fined region in one of the three viral structural proteins, GST-C (a-C), GST-pr (a-pr), GST-M
(0-M), GST-EN"*™ (o-EN*"™) ‘and GST-E“*™ (0-E<*™). We found that (i) o-C recog-
nized a distinct protein band of ~12 kDa (Fig 5A), the predicted size of the 105-amino acid C
protein that lacks its C-terminal transmembrane domain [102-104]. (ii) a-pr detected a species
with a molecular weight of ~24 kDa (Fig 5B), the prM precursor that contains an N-linked gly-
can at Asn-15 in its pr domain [99]. (iii) o-M reacted strongly with two major proteins, the
precursor prM (~24 kDa) and its cleavage product M (~8 kDa) (Fig 5C). It also reacted weakly
with three minor proteins of molecular weights ranging from ~10 to 14 kDa (Fig 5C, open ar-
rowhead). (iv) Both o-EN"*"™ and o.-E<*"™ revealed a major protein band at ~53 kDa, corre-
sponding to the predicted size of the nascent E protein (Fig 5D and 5E). On the gel, however,
the E protein was compressed and pushed down by a large amount of cellular proteins migrat-
ing just above it, causing a tendency for it to run faster than its actual molecular weight. This
observation is noteworthy, since the E protein has a single potential N-linked glycosylation site
at Asn-154. An alternative explanation for the apparent molecular weight is the lack of glyco-
sylation. In all cases, control experiments using pre-immune sera from the same rabbits did
not show any signal in immunoblot analysis (data not shown).

Fig 6 shows the results of 10 immunoblots, each probed with an antiserum specific to a de-
fined portion in one of the eight viral nonstructural proteins, including NS1': GST-NS1™ '™

A a-C B a-pr C a-M D _a-ENtem E _a-ECtem
Mock JEV Mock JEV Mock JEV Mock JEV Mock JEV
76- — - == 97- 220-| 220~
S S —t 66~ '
38- 49-=— - |
31- — 3?- — —— 45"
24- — 30- 97~ 97 -
17 26 G- -prM (+CHO —
o . 19- PUECRO o PM(CHO) g, 66-
15- -
}; _— 52 EBLecHO) 52T =T -E(+CHO)
6- 45~ 45 = T
8| - 38- 3 L .
Predicted MW C:~12 prM: ~19 (~CHO) prii: ~19 (~CHO) E: ~53 (-CHO) E: ~53 (~CHO)
(kDa) M: ~8

Fig 5. Identification of viral structural proteins in JEV-infected cells by immunoblotting. Naive BHK-21 cells were mock-infected or infected with JEV
CNU/LP2 at an MOI of 1. At 18 hpi, equal amounts of whole cell lysates from mock-infected (Mock) and JEV-infected (JEV) cells were analyzed by
immunoblotting with each of the following five primary antibodies: a-C (A), a-pr (B), a-M (C), a-EN*™ (D), and a-EC®™ (E). The immunoreactive proteins
were visualized by probing with a secondary AP-conjugated goat a-rabbit IgG, followed by enzymatic reaction of AP with a mixture of BCIP and NBT.
Molecular size markers in kDa are shown on the left of each blot, and the three viral structural proteins (C, prM/M, and E) are indicated on the right. Also noted
are three additional a-M-reactive proteins (open arrowhead). Each prM and E possesses one potential N-linked glycosylation site (CHO). The predicted
molecular weights of the respective viral structural proteins are provided at the bottom of each panel.

doi:10.1371/journal.pone.0124318.9005

PLOS ONE | DOI:10.1371/journal.pone.0124318  April 27,2015 11/27



@ PLOS | one

JEV Gene Expression

A a-NS1N-term
Mock JEV
76-
64+ —
52-
38'-----—
Hr— —

-NS1' (+CHO)
-NS1 (+CHO)

Predicted MW NS1": ~45 (~CHO)
(kDa) NS1:~40 (-CHO)

E

Mock JEV
2254 1

-NS 3N-term F
Mock JEV
225¢ |

Predicted MW NS3: ~69

(kDa)

-NS3C-erm

B _aNs1¥s C _o-NS2A D o-NS2BPeptide
Mock JEV Mock JEV ‘Mock JEV
76-| 76- 66T
S mmNsacH) O
B -
52- 52- 45-
38- 8- %0-
3- - - -
20-
24- 17-
2 14- -NS28
17- 17- 12- - -
12- -
NS1': ~45 (-CHO) NS2A: ~25 NS2B: ~14
G _a-NS4A H «-NS4B | a-NS5Nterm J  o-NSsCterm
Mock JEV Mock JEV Mock JEV Mock JEV
[ 76-| 2207 2207 |
g;: 52', ] | 9?',"-——' ;NSS q7- g ;NS5
e b—~=TY
45- 16-/— — 66-| ’ | 66~ 5
p e —_ —
30 N = 45-———— 45+ .
S mm-NSiB | '
. 24| Insag: =
—— =
14- o - s 30— 30- =N
17- |
20- 2-
12- '. _
| w-=—=" 14- |
NS4A: ~14 NS4B: ~27 NS5: ~103 NS5: ~103

Fig 6. Identification of viral nonstructural proteins in JEV-infected cells by immunoblotting. Total cell lysates from mock-infected (Mock) and JEV-
infected (JEV) cells were prepared as described in Fig 5 and examined by immunoblotting with each of the following 10 primary antibodies: a-NS1N€™ (A),
a-NS1FS (B), a-NS2A (C), a-NS2BFePide (D), a-NS3N™ (E), a-NS3C™ (F), a-NS4A (G), a-NS4B (H), a-NS5N™ (1), and a-NS5°°™ (J). The
immunoreactive proteins were detected by probing with a secondary AP-conjugated goat a-rabbit IgG and visualized by reaction with a mixture of BCIP and
NBT. All parts of the figure are labeled as in Fig 5. Highlighted are a significant number of viral proteins that reacted with the given antiserum (see the main
text for more details on the individual immunoreactive proteins). NS1 and NS1' share two potential N-linked glycosylation sites (CHO).

doi:10.1371/journal.pone.0124318.9006

(0-NSIN™), GST-NS1'™ (0-NS1'™), GST-NS2A (0-NS2A), NS2B"P% (0-NS2BPP1d),
GST-NS3Nterm (6 NS3N-te™) | GST-NS3C ™ (0-NS3< ™) GST-NS4A (0-NS4A),
GST-NS4B (0-NS4B), GST-NS5™ ™ (-NS5™ ™) and GST-NS5° ™ (0-NS5™). We
noted that (i) o-NS1™*"™ recognized two prominent protein bands, one major NS1 (~45 kDa)
and the other minor NSI' (~58 kDa), both of which are ~5- to 13-kDa larger than predicted by
their amino acid sequences (Fig 6A). The observed increases in molecular weight are consistent
with the presence of two potential N-linked glycosylation sites (Asn-130 and Asn-207) in the
NS1 protein-coding region that it also shares with the frameshift product NS1' [79,80,105]. (ii)
o-NS1™ only reacted strongly with the predicted ~58-kDa NS1' (Fig 6B). (iii) 0.-NS2A re-
vealed an unexpected cluster of multiple protein bands at ~58 kDa (Fig 6C, closed arrowhead),
with no convincing appearance of the predicted ~25-kDa NS2A (for more detail, see below
under “Immunoreactivity of the o-NS2A antiserum”). (iv) o-NS2B" eptide Jetected an unexpect-
ed but intensely stained protein band at ~12 kDa (Fig 6D, open arrowhead), with the expected
but barely detectable ~14-kDa NS2B (Fig 6D). (v) Both o-NS3™"™ and 0.-NS3° "™ recog-
nized equally well the predicted ~69-kDa NS3 (Fig 6E and 6F). Intriguingly, each of these
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antisera also reacted more strongly with another major protein of ~34-35 kDa (Fig 6E, closed
circle and Fig 6F, closed square), and less intensely with multiple minor proteins in the range
of ~16-52 kDa (Fig 6E, open circle and Fig 6F, open square; for more detail, see below under
“Identification of multiple NS3- and NS5-related proteins in JEV-infected cells”). (vi) o-NS4A
stained a single protein band of ~14 kDa (Fig 6G), the predicted size of the 126-amino acid
NS4A protein that lacks its C-terminal transmembrane region [106,107]. (vii) a-NS4B recog-
nized a doublet of ~25-kDa and ~27-kDa proteins (Fig 6H). Of these two, the slow-migrating
band corresponds to the predicted size of NS4B, and the fast-migrating band (NS4B') is sug-
gested to be generated by an unknown post-translational modification [107,108]. (viii) Both o-
NS5N™ and o-NS5*"™ probed the predicted ~103-kDa NS5 (Fig 61 and 6]) and another
~90-kDa protein (Fig 61 and 6], asterisk) equally well. Also, each of these antisera reacted
strongly with an additional protein of ~15 kDa (Fig 61, closed triangle) or ~27 kDa (Fig 6],
closed diamond), and to some extent, with one to two minor proteins of ~50-75 kDa (Fig 61,
open triangle and Fig 6], open diamond; for more detail, see below under “Identification of
multiple NS3- and NS5-related proteins in JEV-infected cells”). Control pre-immune sera from
the same animals were all negative in immunoblot analysis (data not shown).

Immunoreactivity of the a-NS2A antiserum

In denaturing SDS-PAGE separations, we noted that the o-NS2A-reactive ~58-kDa protein was
similar in size to the NS1' protein recognized by both o-NS1™""™ and o.-NS1'™ (Fig 6 A-6C).
According to the previous studies with WNV, NS1'is the product of a -1 ribosomal frameshift
event that occurs at codons 8-9 of NS2A [79,80]; it is thus synthesized as a 404-amino acid
transframed fusion protein including the complete 352 amino acids of NS1, the N-terminal nine
amino acids of NS2A, and the post-frameshift 43-amino acid peptide (Fig 7A). Given that o-
NS2A was directed against the N-terminal 60 amino acids of NS2A, it is likely that the antise-
rum reacts with the internal overlapping 9-amino acid immunogen, amino acids 353 through
361, of NS1' (Fig 7A). To directly compare their migration rates on the same gel, we separated
triplicate sets of the total cell lysates from mock- and JEV-infected BHK-21 cells by denaturing
SDS-PAGE in a large gel format (16 x 20 cm) for high resolution and transferred the proteins
onto a single blotting membrane. The membrane was then cut into three equal blots, each of
which was individually probed with o-NS1N™, 0-NS1", and o.-NS2A. Indeed, we found that
the 0-NS2A-reactive ~58-kDa protein precisely co-migrated with the NS1' protein (Fig 7B).
These results support the notion that a-NS2A is capable of detecting the NS1' protein, which
shares the N-terminal nine amino acids with NS2A; however, there is still a possibility that the
0-NS2A-reactive protein might be an unrelated protein co-migrating coincidentally with the
NS1' protein.

Identification of multiple NS3- and NS5-related proteins in JEV-infected
cells

In the case of both NS3 and NS5, in JEV-infected BHK-21 cells we detected not only the ex-
pected full-length proteins, but also a number of unexpected smaller proteins that reacted with
either one or both of the rabbit antisera directed against the N- or C-terminal half of one of the
two viral proteins, i.e., 0.-NS3N "™/ -N§3< term (Fig 6F and 6F) and o-NS5™ '™/ o-N§5¢-term
(Fig 61 and 6]). For each protein, we sought to specify the reactivity of its antiserum pair and
identify the immunoreactive proteins uniquely recognized by the N- or C-terminal specific an-
tiserum on immunoblots. With that goal in mind, we electrophoresed two identical sets of the
total cell lysates from mock- and JEV-infected BHK-21 cells side-by-side in an SDS-PAGE gel
and then transferred them to a single blotting membrane. The membrane was split into two
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equal blots, which were individually probed with either the N- or C-terminal-specific antise-
rum. In parallel, an aliquot of the same JEV-infected cell lysate was also included in between
the two sample sets, and the corresponding membrane strip was stained with both the N- and
C-terminal specific antisera to serve as a reference for all the immunoreactive proteins (Fig 8).
NS3 contains an N-terminal serine protease domain (PRO) connected to a C-terminal RNA
helicase/NTPase/RTPase domain (HEL) by a 13-residue interdomain linker (residues 169-
181) [101,109]. With respect to the antigens recognized by the two NS3-specific antisera, o-
NS3N""™ was directed against the N-terminal 299 residues of NS3 that constitute the entire
PRO, linker, and N-terminal 118 residues of HEL; on the other hand, .-NS3° ™ was raised
against the remaining C-terminal 320 residues of HEL (Fig 8A). Based on their reactivity with
either one or both of the o-NS3™""™ and o-NS3 ™ antisera, we were able to group all 12
major NS3-related proteins into three classes (Fig 8B; note that NS3-related proteins are desig-
nated by a superscript “p” followed by the number indicating the approximate molecular
weight based on the electrophoretic mobility): (i) Class I, comprising four o-NS3™ "™
tive, 0-NS3<*"™_positive proteins, i.e., the full-length NS3 (~69 kDa) and three others
(NS3P*2, NS3P%°, and N'S3P°2); (ii) Class II, comprising four o-NS3™"*"™-positive, o-NS3< ™=
negative proteins (NS3P'®, NS3P'®, NS3P?!, and NS3P**); and (iii) Class III, comprising four o:-
NS3N*™_negative, o-NS3<*"™-positive proteins (NS3P2¢, NS3P*3, NS3P>>, and NS3P*%).,

-posi-
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Fig 8. Size comparison of multiple NS3- and NS5-related proteins accumulated in JEV-infected cells. (A) Schematic diagram of the full-length NS3
protein composed of an N-terminal protease domain (PRO, red), a short interdomain linker (residues 169—-181, gray), and a C-terminal RNA helicase/
NTPase/RTPase domain (HEL, orange). Indicated below the full-length NS3 diagram are the two immunogens for a-NS3N*™ and a-NS3°*™ (horizontal
blue bar). (B) Immunoblot analysis of lysates from BHK-21 cells mock-infected or infected with JEV CNU/LP2 at an MOl of 1. At 18 hpi, whole cell lysates
were harvested for immunoblotting with a-NS3™®™ or a-NS3°*™ individually, or both simultaneously. Predominant immunoreactive NS3-related proteins
are marked by the same symbols as in Fig 6E and 6F and named according to their approximate molecular weights. (C) Schematic diagram of the full-length
NS5 protein containing an N-terminal MTase/GTase domain (MET, green), a short interdomain linker (residues 266-275, gray), and a C-terminal RNA-
dependent RNA polymerase domain (RdRP, cyan). Labeled below the full-length NS5 diagram are the two immunogens for a-NS5N®™ and a-NS5¢™
(horizontal blue bar). (D) Immunoblot analysis of lysates from BHK-21 cells mock-infected or infected with JEV CNU/LP2 at an MOI of 1. At 18 hpi, total cell
lysates were harvested for immunoblotting with a-NS5N™ or a-NS5°*™ individually, or both simultaneously. Major immunoreactive NS5-related proteins
are marked by the same symbols as in Fig 61 and 6J and named according to their approximate molecular weights. Molecular weight markers in kDa are
shown on the left of each figure, and multiple NS3- and NS5-related proteins are indicated on the right.

doi:10.1371/journal.pone.0124318.9008

Among these, the two most strongly immunoreactive proteins were NS37** and NS3P*°, which
reacted specifically with o-NS3™**"™ and o-NS3“**™™, respectively (Fig 8B).

NS5 includes an N-terminal MTase/GTase domain (MET) joined to a C-terminal RdRP re-
gion by a 10-residue interdomain linker (residues 266-275) [110]. With regard to the antigens
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recognized by the two NS5-specific antisera, o-NS5™ "™ was raised against the N-terminal
447 residues of NS5 that represent the entire MET, linker, and N-terminal 172 residues of
RdRP; contrarily, 0-NS5C ™ wag directed to the remaining C-terminal 458 residues of RARP
(Fig 8C). Depending on their reactivity with either one or both of the 0-NS5™ "™ and -
NS5"™ antisera, seven primary NS5-related proteins were arranged into four classes

(Fig 8D; note that NS5-related proteins are labeled by a superscript “p” followed by the number
indicating the approximate molecular weight based on the electrophoretic mobility): (i) Class I,
represented by two o-NS5™ "™ positive, o-NS5*“"™-positive proteins, i.e., the full-length
NS5 (~103 kDa) and an ~90-kDa protein (NS57°°); (i) Class II, represented by an a-N§5N-term.
positive, oc—NS5C'term-negative protein (NS5P"°); (iii) Class III, represented by an o-NG5N-term.
negative, o-NS5"“"™-positive protein (NS5P*’); and (iv) Class IV, represented by three pro-
teins (NS5P°°, NS5P2, and NS5P”%) that were weakly reactive with at least o-NS5™ "™ or .-
NS5%™ but their specificities could not be clearly determined because of a cross-reactivity to
cellular proteins. Of these, the full-length NS5 and three others (NS5P'°, NS5P%”, and NS5P*%)
were relatively more immunoreactive (Fig 8D).

Detection of viral proteins in JEV-infected cells by IFA

Using a panel of 15 JEV antigen-specific rabbit antisera, we performed indirect IFAs with con-
focal microscopy to assess their reactivity and visualize viral proteins in JEV-infected cells. In
the initial series of IFA experiments, we compared five fixatives of two different types: cross-
linking agents (paraformaldehyde and formaldehyde), which form covalent bonds between
proteins and create a network of cross-linked antigens; and organic solvents (methanol, etha-
nol, and acetone), which remove lipids, precipitate proteins, and dehydrate cells. Our results
showed that the IF staining patterns differed between the two fixative types but were nearly
identical within the same fixative type (data not shown). We therefore present the results of in-
direct IFAs for two representative fixatives, paraformaldehyde and methanol.

For analysis by indirect IFA, BHK-21 cells were mock-infected or infected with JEV CNU/
LP2 at an MOI of 1 for 18 h. Infected cells were fixed in 4% paraformaldehyde for 10 min and
permeabilized with 0.2% Triton X-100 for an additional 10 min. Alternatively, the infected
cells were fixed/permeabilized in one step in 100% methanol for 10 min, because this fixative
dissolves the lipids of the cell membranes making them permeable to antibodies. In both cases,
cells were then processed for indirect IFA by staining with one of the 15 JEV antigen-specific
rabbit antisera and a secondary Cy3-conjugated goat o.-rabbit IgG. Cell nuclei were counter-
stained with DAPIL. The images were taken by a laser-scanning confocal microscope.

Table 2 summarizes the immunoreactivity of all 15 JEV antigen-specific rabbit antisera,
with the optimal dilution of each antiserum determined by both paraformaldehyde- and meth-
anol-based fixation. Overall, 10 of the 15 antisera clearly reacted with the corresponding viral
antigens after fixation with the cross-linking fixatives and/or organic solvent-based fixatives:
i.e., 0-C, o-M, o-EN ™, 0-NSIN ™, 0-NS1™5, 0-NS2A, a-NS3N ™, 01-NS3“ ™, 0.-NS4A,
and 0-NS4B. Of the remaining five antisera, however, three (o.-pr, a-E€*™ and o-NS2BFeP-
tidey stained neither viral nor cellular proteins, whereas two (c-NS5™*"™ and o-NS5¢*™)
cross-reacted intensely with cellular proteins (data not shown). Fig 9 shows representative con-
focal IF images of JEV-infected BHK-21 cells after staining with each of the 10 antisera capable
of detecting the corresponding viral proteins. In all 10 cases, a predominant fluorescence signal
was invariably accumulated in the perinuclear region of the infected cells, where viral replica-
tion takes place. Except for a-NS4A, a more intense fluorescence signal was observed with the
organic solvent-based fixatives than with the cross-linking fixatives, as evidenced by the ap-
pearance of granule-like foci in the perinuclear area (Fig 9, PFA vs. MeOH). Interestingly, the
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Table 2. Reactivity of 15 JEV antigen-specific polyclonal antisera by confocal indirect IFA.

Immunoreactivity (optimal dilution)

Target protein Antiserum PFA? fixation Methanol fixation

C a-C Yes (1:2,000) Yes (1:2,000)

prM (pr) a-pr No No

prM (M) a-M No Yes (1:250)

E GHE Yes (1:1,000) Yes (1:2,000)
a-ECte™ No No

NS1 a-NgqN-term Yes (1:1,000) Yes (1:2,000)

NS1! a-NS1'FS Yes (1:2,000) Yes (1:2,000)

NS2A a-NS2A Yes (1:1,000) Yes (1:2,000)

NS2B a-NS2BFeptide No No

NS3 a-NSgNterm Yes (1:1,000) Yes (1:1,000)
a-NS3c-tem Yes (1:4,000) Yes (1:4,000)

NS4A a-NS4A Yes (1:250) No

NS4B a-NS4B No Yes (1:100)

NS5 a-NssNterm SNBS® SNBS
a-NS5etem SNBS SNBS

2 PFA, Paraformaldehyde.
b SNBS, Strong non-specific background staining.

doi:10.1371/journal.pone.0124318.t002

JEV C protein was concentrated not only in the perinuclear area of JEV-infected cells but also
inside their nuclei, and this nuclear localization was exhibited by cross-linking fixation and de-
tergent permeabilization, but not by organic solvent-based fixation/permeabilization (Fig 9, o.-
C). Taken together, our results demonstrate the reactivity of 15 JEV antigen-specific rabbit
antisera by indirect IFAs with confocal microscopy.

Discussion

In this work, we have presented a comprehensive landscape of viral gene products in suscepti-
ble BHK-21 cells infected with a pathogenic wild-type JEV strain CNU/LP2 [98,99,111], as de-
termined by immunoblot and immunofluorescence analyses with a panel of 15 JEV-specific
rabbit antisera against all parts of the coding regions in the viral genome. Using these 15 anti-
sera suitable for immunoblot analysis, we identified all the major viral proteins expressed from
the viral genomic RNA except the predicted ~25-kDa NS2A. We also demonstrated that 10 of
the 15 antisera were applicable to indirect IFA after either cross-linking and/or organic sol-
vent-based fixation and were capable of visualizing the eight major viral proteins primarily lo-
calized in the perinuclear region of the JEV-infected cells: C, prM/M, E, NS1, NS1', NS3, NS4A,
and NS4B. Our data show the first global picture of JEV gene expression in infected cells, allow-
ing us to detect several JEV gene products that had not been previously identified.

When tested with lysates of JEV-infected BHK-21 cells by immunoblotting, a set of five rab-
bit antisera against the JEV structural proteins reacted well with the corresponding viral pro-
teins (C, prM/M, and E) at their predicted molecular weights, in good agreement with the
findings of previous studies of JEV [112] and other flaviviruses [62,102-104,108,113-115]. In
addition to prM (~24 kDa) and its cleavage product M (~8 kDa), three additional immunore-
active proteins of ~10-14 kDa were detected with o-M, but not with o-pr, suggesting that mul-
tiple non-canonical endoproteolytic cleavages occur in the pr portion of prM, upstream of the
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Fig 9. Fluorescence images of viral proteins detected in JEV-infected cells, depending on the method of cell fixation/permeabilization. Naive BHK-
21 cells were mock-infected or infected with JEV CNU/LP2 at an MOI of 1. At 18 hpi, cells were fixed/permeabilized with paraformaldehyde/Triton X-100 (PFA)
or methanol (MeOH). Subsequently, cells were analyzed by indirect IFA using one of the following 10 primary antibodies: a-C, a-M, a-EN™, a-NS1Ne™ q-
NS1FS, a-NS2A, a-NS3Nte™ - NS3C*™ o.NS4A, and a-NS4B. The primary antibody-reactive proteins were stained with a secondary Cy3-conjugated goat
a-rabbit IgG (red). The nuclei were counterstained with DAPI (blue). Fluorescence images were taken with a laser scanning confocal microscope with a 63 oil
objective lens. Representative unmerged (Ab or DAPI) and merged (Ab+DAPI) images are shown.

doi:10.1371/journal.pone.0124318.g009

canonical pr-M cleavage site. Our finding is intriguing because recent studies with DENV have
shown that an incomplete cleavage of prM generates a high proportion of partially mature
prM/M-containing particles, and the ratio of prM to M determines the viral infectivity
[116,117]. Also, it has been demonstrated that completely immature prM-containing DENV
particles are non-infectious [118,119] but become infectious upon interaction with a-prM anti-
bodies, because the interacting antibodies promote the cell entry of immature particles into Fc
receptor-expressing cells [120]. Furthermore, the cysteine-induced structural perturbation of
prM has been found to be capable of restoring the infectivity of a furin cleavage-deficient mu-
tant TBEV, by circumventing the need for intracellular furin-mediated cleavage [121]. Thus, it
will be interesting to determine whether the multiple non-canonical endoproteolytic cleavages
of JEV prM take place in other susceptible cells, as observed in BHK-21 cells, and whether they
are mediated by furin or a furin-like host cell protease, as demonstrated for the canonical pr-M
cleavage [95]. Further studies are needed to assess the biological significance of the multiple
non-canonical cleavages of JEV prM for viral replication and pathogenesis.

Despite its role as a structural protein, the C protein of flaviviruses has been shown to be lo-
calized not only to the cytoplasm but also to the nuclei of infected cells, when the cells are
fixed/permeabilized with methanol, acetone, formalin, paraformaldehyde/Triton X-100, or
formaldehyde/methanol [122-128]. Consistent with these previous studies, we also observed
by indirect IFA with confocal microscopy that JEV C was localized to both the cytoplasm and
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nucleus of JEV-infected BHK-21 cells. It is worthy of note, however, that detection of the pro-
tein in the nuclei was dependent on the cell fixation/permeabilization method. Based on the re-
sults of the present study, localization of JEV C to the cytoplasm alone appears to be the result
of fixation/permeabilization with organic solvents (i.e., methanol, ethanol, and acetone), which
dehydrate cells and cause protein denaturation and precipitation, thereby masking the epitopes
of the nuclear C protein or making them inaccessible to the antibodies. In contrast, the use of
cross-linking agents (i.e., paraformaldehyde and formaldehyde) leads to protein cross-linking,
which minimizes nonspecific leaching of the nuclear C protein.

Previous evaluation of various fixation/permeabilization methods for flow cytometric analy-
sis of DNA content and nuclear IFA has indicated that in mammalian cells, the molecular ar-
chitecture of the nucleus is best maintained by fixation with paraformaldehyde followed by
Triton X-100 permeabilization [129]; the authors of this evaluation postulated that the parafor-
maldehyde/Triton X-100 treatment permeabilizes cells but retains their native supramolecular
structure, whereas methanol-based fixatives disrupt this structure and randomize the availabili-
ty of epitopes to antibodies [129]. Therefore, these two fixation/permeabilization procedures
can be used as complementary methods for studying the intracellular localization of a protein
of interest. Moreover, when a high percentage of acrylamide was used for SDS-PAGE, we were
able to detect a low amount of an additional o.-C-reactive protein, 1-2 kDa smaller than the
full-length C protein, from lysates of JEV-infected BHK-21 cells (data not shown). This obser-
vation agrees with a recent report indicating that the host protease cathepsin L is capable of
cleaving JEV C between amino acid residues Lys-18 and Arg-19, and this cleavage plays an im-
portant role in viral replication in mouse macrophages (RAW264.7) and neuroblastoma (N18)
cells, as well as in viral virulence in mice [130].

A set of 10 rabbit antisera against the JEV nonstructural proteins worked well in immuno-
blotting, detecting the corresponding single or multiple viral proteins in JEV-infected BHK-21
cells, generally in accordance with the flavivirus polyprotein processing model built upon earli-
er studies with several different flaviviruses [62,106-108,112,131-135]. In the case of NS1/
NS1, o-NS§1N-term recognized both ~45-kDa NS1 and its frameshifted ~58-kDa NS1', while a-
NS1™* detected only the NS1' protein. These findings are in line with previous results, which
have indicated that NS1'is produced by all members of the JE serogroup as a result of a -1 ribo-
somal frameshift at codons 8-9 of NS2A, creating a 52-amino acid C-terminal extension that
contains the N-terminal nine amino acids of NS2A and 43 unique post-frameshift amino acids
[79,80,105,136,137]. In our study, the inclusion of the first nine amino acids of NS2A in NS1'
was supported by the reactivity of NS1' to a-NS2A.

Like all flaviviruses, JEV encodes three cytoplasmic (NS1, NS3, and NS5) and four mem-
brane-spanning (NS2A, NS2B, NS4A, and NS4B) nonstructural proteins. Unlike the cyto-
plasmic proteins, all four membrane-spanning proteins, despite their relatively small size, are
difficult to express in soluble form as GST-tagged full-length or N/C-terminal half-truncated
proteins because of their hydrophobic nature. In each case, we therefore defined a relatively
small non-hydrophobic region (55-60 amino acids) to increase its expression and solubility
with an N-terminal GST tag. In this approach, we successfully produced three soluble GST-
tagged recombinant proteins for NS2A, NS4A, and NS4B (but not for NS2B) and used them to
raise the respective antigen-specific rabbit antisera. For NS2B, however, we made multiple at-
tempts to produce a soluble GST fusion protein, with no success, but we were able to generate
an NS2B-specific rabbit antiserum by immunizing with a KLH-conjugated synthetic oligopep-
tide (12 amino acids).

Immunoblotting with these four antisera revealed both expected and unexpected findings:
(#) The 0-NS2A antibody reacted with the ~58-kDa NS1' protein that contains a 9-amino-acid-
long that is part of the antigen used to make the antiserum; however, it failed to detect the
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predicted ~25-kDa NS2A [138-140] that encloses its much longer immunogen of 60 amino
acids. Similarly, a previous study showed that in WNV-infected cells, an o:-NS2A rabbit antise-
rum raised against the baculovirus-expressed GST-NS2A reacted in immunoblotting with
NS1', but not with the expected NS2A [138]. We speculate that some peculiar and unknown
property of JEV/WNV NS2A prevents the protein from being recognized by a:-NS2A antibod-
ies. In YFV-infected cells, the viral serine protease can cleave at an internal site in NS2A, yield-
ing a C-terminally truncated form, NS2Aca. [108,141]. Mutations at the YFV NS2Aa cleavage
site cause a defect in virus assembly [74]. (i) The o-NS2B P antibody reacted only very
weakly with the expected ~14-kDa NS2B [139,142] but strongly with an unexpected ~12-kDa
protein, suggesting that NS2B is post-translationally modified to yield a form that migrates
faster on SDS-PAGE; however, the identity of this modification remains to be determined. (iii)
The 0-NS4A antibody detected a single ~14-kDa protein, and the a-NS4B antibody recognized
a ~25/27-kDa doublet, as has been observed for other flaviviruses [106-108,138,139,143]. To
our knowledge, the nature of the NS4B doublet has not yet been well defined and is a subject of
future studies [107,108].

One of the most surprising findings of our study is that a complementary pair, o-NS3
and a-NS3°'*™, recognized not only the full-length ~69-kDa NS3 but also at least 11 other o--
NS3-reactive proteins of ~16-52 kDa, including the two most immunoreactive proteins NS3P**
and NS3P%°, Based on their reactivity with either one or both of these antisera, we conclude
that the smaller NS3-related proteins are most likely the N/C-terminally truncated forms of
NS3. Although the functional roles of these smaller forms of NS3 are unclear, it is conceivable
that they have a distinct function(s) during JEV replication. In previous studies with DENV
and TBEV, a C-terminally truncated NS3 product of ~50 kDa was detected in virus-infected
cells, as a result of an alternative cleavage within the HEL domain [144-146]. Given its ob-
served molecular weight, the truncated form of DENV/TBEV NS3 corresponds to either the
NS37% or NS3">? protein of JEV NS3. Similarly, we also found in the present study that anoth-
er complementary pair, o-NS5™ "™ and o.-NS5“*"™, probed both the full-length ~103-kDa
NS5 and six smaller o-NS5-reactive proteins, including NS5P15 NS5P?7, and NS5P%°. Like JEV
NS3, we speculate that these smaller NS5-related proteins are the N/C-terminally truncated

N-term

forms of NS5. Although it seems less likely, we cannot exclude the possibility that some of the
smaller 0-NS3- or o-NS5-reactive proteins might be host cellular proteins that were induced
by JEV infection and coincidentally cross-reacted with the respective antiserum. With respect
to the subcellular localization of JEV NS5, both 0-NS5™ "™ and o.-NS5“'*"™ gave a high level
of nonspecific background staining when used for IFA of BHK-21 cells, the cell line that we
used for JEV infection. Unfortunately, no specific signal above this high background staining
was observed in JEV-infected BHK-21 cells (data not shown). However, previous studies have
reported that a fraction of NS5 is found inside the nucleus of cells infected with YFV [147],
DENV [148], and JEV [149]. In DENV, NS5 has been shown to contain nuclear localization
signals recognized by importin 1 and importin o/f [150,151]. The biological relevance of fla-
vivirus NS5 in the nucleus needs to be further studied.

In summary, a major bottleneck in the study of JEV biology has been the lack of a full cata-
log of antibodies that can specifically recognize all of the viral gene products, which is necessary
for understanding the molecular and cell biology of the viral proteins and purifying them for
biochemical and immunologic studies. To our knowledge, ours is the first report of the produc-
tion of a large, nearly complete set of 15 JEV-specific polyclonal rabbit antisera that allows us
to profile all of the viral gene products and their related species except NS2A. Our data offer
strong support for the accuracy of the current model of flavivirus gene expression. In addition,
these antisera are valuable reagents that will open new avenues for the molecular and genetic
study of JEV replication and pathogenesis.

PLOS ONE | DOI:10.1371/journal.pone.0124318  April 27,2015 20/27



@' PLOS ‘ ONE

JEV Gene Expression

Acknowledgments

We gratefully acknowledge the editorial assistance of Dr. Deborah McClellan.

Author Contributions

Conceived and designed the experiments: SIY YML. Performed the experiments: JKK JMK
BHS SIY GNY. Analyzed the data: JKK JMK BHS SIY GNY YML. Contributed reagents/mate-
rials/analysis tools: SJB. Wrote the paper: SIY YML.

References

1.

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

Calisher CH, Gould EA. Taxonomy of the virus family Flaviviridae. Adv Virus Res. 2003; 59: 1-19.
PMID: 14696325

Thiel HJ, Collett MS, Gould EA, Heinz FX, Houghton M, Meyers G, et al. Family Flaviviridae. In: Fau-
quet CM, Mayo MA, Maniloff J, Desselberger U, Ball LA, editors. Virus taxonomy: eighth report of the
International Committee on Taxonomy of Viruses. San Diego: Elsevier Academic Press; 2005. pp.
981-998.

Mackenzie JS, Barrett AD, Deubel V. The Japanese encephalitis serological group of flaviviruses: a
brief introduction to the group. Curr Top Microbiol Immunol. 2002; 267: 1—10. PMID: 12082984

Gould EA, de Lamballerie X, Zanotto PM, Holmes EC. Origins, evolution, and vector/host coadapta-
tions within the genus Flavivirus. Adv Virus Res. 2003; 59: 277-314. PMID: 14696332

Solomon T. Control of Japanese encephalitis—within our grasp? N Engl J Med. 2006; 355: 869-871.
PMID: 16943399

Endy TP, Nisalak A. Japanese encephalitis virus: ecology and epidemiology. Curr Top Microbiol
Immunol. 2002; 267: 11-48. PMID: 12082986

Halstead SB, Jacobson J. Japanese encephalitis. Adv Virus Res. 2003; 61: 103—138. PMID:
14714431

Burke DS, Leake CJ. Japanese encephalitis. In: Monath TP, editor. The arboviruses: epidemiology
and ecology. Boca Raton: CRC Press; 1988. pp. 63-92.

Paul WS, Moore PS, Karabatsos N, Flood SP, Yamada S, Jackson T, et al. Outbreak of Japanese en-
cephalitis on the island of Saipan, 1990. J Infect Dis. 1993; 167: 1053-1058. PMID: 8387561

Hanna JN, Ritchie SA, Phillips DA, Lee JM, Hills SL, van den Hurk AF, et al. Japanese encephalitis in
north Queensland, Australia, 1998. Med J Aust. 1999; 170: 5633-536. PMID: 10397044

Hanna JN, Ritchie SA, Phillips DA, Shield J, Bailey MC, Mackenzie JS, et al. An outbreak of Japanese
encephalitis in the Torres Strait, Australia, 1995. Med J Aust. 1996; 165: 256—260. PMID: 8816682

Erlanger TE, Weiss S, Keiser J, Utzinger J, Wiedenmayer K. Past, present, and future of Japanese
encephalitis. Emerg Infect Dis. 2009; 15: 1-7. doi: 10.3201/eid1501.080311 PMID: 19116041

Tiwari S, Singh RK, Tiwari R, Dhole TN. Japanese encephalitis: a review of the Indian perspective.
Braz J Infect Dis. 2012; 16: 564-573. doi: 10.1016/j.bjid.2012.10.004 PMID: 23141974

Bhattachan A, Amatya S, Sedai TR, Upreti SR, Partridge J. Japanese encephalitis in hill and moun-
tain districts, Nepal. Emerg Infect Dis. 2009; 15: 1691-1692. doi: 10.3201/eid1510.081641 PMID:
19861079

Robertson C, Pant DK, Joshi DD, Sharma M, Dahal M, Stephen C. Comparative spatial dynamics of
Japanese encephalitis and acute encephalitis syndrome in Nepal. PLoS One. 2013; 8: e66168. doi:
10.1371/journal.pone.0066168 PMID: 23894277

Verma R. Japanese encephalitis vaccine: need of the hour in endemic states of India. Hum Vaccin
Immunother. 2012; 8: 491-493. doi: 10.4161/hv.18925 PMID: 22370517

Mackenzie JS, Johansen CA, Ritchie SA, van den Hurk AF, Hall RA. Japanese encephalitis as an
emerging virus: the emergence and spread of Japanese encephalitis virus in Australasia. Curr Top
Microbiol Immunol. 2002; 267: 49-73. PMID: 12083000

Mackenzie JS, Gubler DJ, Petersen LR. Emerging flaviviruses: the spread and resurgence of Japa-
nese encephalitis, West Nile and dengue viruses. Nat Med. 2004; 10: S98-109. PMID: 15577938

van den Hurk AF, Ritchie SA, Mackenzie JS. Ecology and geographical expansion of Japanese en-
cephalitis virus. Annu Rev Entomol. 2009; 54: 17-35. doi: 10.1146/annurev.ento.54.110807.090510
PMID: 19067628

PLOS ONE | DOI:10.1371/journal.pone.0124318  April 27,2015 21/27


http://www.ncbi.nlm.nih.gov/pubmed/14696325
http://www.ncbi.nlm.nih.gov/pubmed/12082984
http://www.ncbi.nlm.nih.gov/pubmed/14696332
http://www.ncbi.nlm.nih.gov/pubmed/16943399
http://www.ncbi.nlm.nih.gov/pubmed/12082986
http://www.ncbi.nlm.nih.gov/pubmed/14714431
http://www.ncbi.nlm.nih.gov/pubmed/8387561
http://www.ncbi.nlm.nih.gov/pubmed/10397044
http://www.ncbi.nlm.nih.gov/pubmed/8816682
http://dx.doi.org/10.3201/eid1501.080311
http://www.ncbi.nlm.nih.gov/pubmed/19116041
http://dx.doi.org/10.1016/j.bjid.2012.10.004
http://www.ncbi.nlm.nih.gov/pubmed/23141974
http://dx.doi.org/10.3201/eid1510.081641
http://www.ncbi.nlm.nih.gov/pubmed/19861079
http://dx.doi.org/10.1371/journal.pone.0066168
http://www.ncbi.nlm.nih.gov/pubmed/23894277
http://dx.doi.org/10.4161/hv.18925
http://www.ncbi.nlm.nih.gov/pubmed/22370517
http://www.ncbi.nlm.nih.gov/pubmed/12083000
http://www.ncbi.nlm.nih.gov/pubmed/15577938
http://dx.doi.org/10.1146/annurev.ento.54.110807.090510
http://www.ncbi.nlm.nih.gov/pubmed/19067628

@' PLOS ‘ ONE

JEV Gene Expression

20.

21,

22,

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Mackenzie JS, Williams DT, Smith DW. Japanese encephalitis virus: the geographic distribution, inci-
dence, and spread of a virus with a propensity to emerge in new areas. In: Tabor E, editor. Emerging
viruses in human populations. Amsterdam: Elsevier; 2007. pp. 201-268.

Weaver SC, Reisen WK. Present and future arboviral threats. Antiviral Res. 2010; 85: 328-345. doi:
10.1016/j.antiviral.2009.10.008 PMID: 19857523

Rosen L. The natural history of Japanese encephalitis virus. Annu Rev Microbiol. 1986; 40: 395-414.
PMID: 2877613

Weaver SC, Barrett AD. Transmission cycles, host range, evolution and emergence of arboviral dis-
ease. Nat Rev Microbiol. 2004; 2: 789-801. PMID: 15378043

Yun SI, Lee YM. Japanese encephalitis: the virus and vaccines. Hum Vaccin Immunother. 2014; 10:
263-279. doi: 10.4161/hv.26902 PMID: 24161909

Yun S, Lee YM. Japanese encephalitis virus: molecular biology and vaccine development. In:
Kalitzky M, Borowski P, editors. Molecular biology of the flavivirus. Norwich: Horizon Scientific Press;
2006. pp. 225-271.

Gubler DJ, Kuno G, Markoff L. Flaviviruses. In: Knipe DM, Howley PM, Griffin DE, Lamb RA, Martin
MA, Roizman B, et al., editors. Fields virology. 5th ed. Philadelphia: Lippincott Williams & Wilkins
Publishers; 2007. pp. 1153—-1252.

Solomon T, Vaughn DW. Pathogenesis and clinical features of Japanese encephalitis and West Nile
virus infections. Curr Top Microbiol Immunol. 2002; 267: 171-194. PMID: 12082989

Solomon T, Winter PM. Neurovirulence and host factors in flavivirus encephalitis—evidence from clin-
ical epidemiology. Arch Virol. 2004; 18: 161-170. PMID: 15119771

Vaughn DW, Hoke CH Jr. The epidemiology of Japanese encephalitis: prospects for prevention. Epi-
demiol Rev. 1992; 14: 197-221. PMID: 1337744

Monath TP. Japanese encephalitis vaccines: current vaccines and future prospects. Curr Top Micro-
biol Immunol. 2002; 267: 105—138. PMID: 12082985

Fischer M, Lindsey N, Staples JE, Hills S, Centers for Disease Control and Prevention. Japanese en-
cephalitis vaccines: recommendations of the Advisory Committee on Immunization Practices (ACIP).
MMWR Recomm Rep. 2010; 59: 1—27. PMID: 21160459

Kuwayama M, lto M, Takao S, Shimazu Y, Fukuda S, Miyazaki K, et al. Japanese encephalitis virus in
meningitis patients, Japan. Emerg Infect Dis. 2005; 11: 471-473. PMID: 15757569

XuY, Zhaori G, Vene S, Shen K, Zhou Y, Magnius LO, et al. Viral etiology of acute childhood enceph-
alitis in Beijing diagnosed by analysis of single samples. Pediatr Infect Dis J. 1996; 15: 1018-1024.
PMID: 8933552

Lowry PW, Truong DH, Hinh LD, Ladinsky JL, Karabatsos N, Cropp CB, et al. Japanese encephalitis
among hospitalized pediatric and adult patients with acute encephalitis syndrome in Hanoi, Vietnam
1995. Am J Trop Med Hyg. 1998; 58: 324—329. PMID: 9546412

Watt G, Jongsakul K. Acute undifferentiated fever caused by infection with Japanese encephalitis
virus. Am J Trop Med Hyg. 2003; 68: 704—706. PMID: 12887030

Kumar R, Tripathi P, Singh S, Banneriji G. Clinical features in children hospitalized during the 2005 ep-
idemic of Japanese encephalitis in Uttar Pradesh, India. Clin Infect Dis. 2006; 43: 123—131. PMID:
16779737

Rayamaijhi A, Singh R, Prasad R, Khanal B, Singhi S. Clinico-laboratory profile and outcome of Japa-
nese encephalitis in Nepali children. Ann Trop Paediatr. 2006; 26: 293—-301. PMID: 17132294

Solomon T, Kneen R, Dung NM, Khanh VC, Thuy TT, Ha DQ, et al. Poliomyelitis-like illness due to
Japanese encephalitis virus. Lancet. 1998; 351: 1094—-1097. PMID: 9660579

Tsai TF. New initiatives for the control of Japanese encephalitis by vaccination: minutes of a WHO/
CVI meeting, Bangkok, Thailand, 13—15 October 1998. Vaccine. 2000; 18: 1-25. PMID: 10821969

Campbell GL, Hills SL, Fischer M, Jacobson JA, Hoke CH, Hombach JM, et al. Estimated global inci-
dence of Japanese encephalitis: a systematic review. Bull World Health Organ. 2011; 89: 766774,
774A-774E. doi: 10.2471/BLT.10.085233 PMID: 22084515

World Health Organization. Japanese encephalitis vaccines. Wkly Epidemiol Rec. 2006; 81: 331-340.
PMID: 16933380

Beasley DW, Lewthwaite P, Solomon T. Current use and development of vaccines for Japanese en-
cephalitis. Expert Opin Biol Ther. 2008; 8: 95—-106. PMID: 18081539

Wilder-Smith A, Halstead SB. Japanese encephalitis: update on vaccines and vaccine recommenda-
tions. Curr Opin Infect Dis. 2010; 23: 426—431. doi: 10.1097/QC0O.0b013e32833c1d01 PMID:
20581670

PLOS ONE | DOI:10.1371/journal.pone.0124318  April 27,2015 22/27


http://dx.doi.org/10.1016/j.antiviral.2009.10.008
http://www.ncbi.nlm.nih.gov/pubmed/19857523
http://www.ncbi.nlm.nih.gov/pubmed/2877613
http://www.ncbi.nlm.nih.gov/pubmed/15378043
http://dx.doi.org/10.4161/hv.26902
http://www.ncbi.nlm.nih.gov/pubmed/24161909
http://www.ncbi.nlm.nih.gov/pubmed/12082989
http://www.ncbi.nlm.nih.gov/pubmed/15119771
http://www.ncbi.nlm.nih.gov/pubmed/1337744
http://www.ncbi.nlm.nih.gov/pubmed/12082985
http://www.ncbi.nlm.nih.gov/pubmed/21160459
http://www.ncbi.nlm.nih.gov/pubmed/15757569
http://www.ncbi.nlm.nih.gov/pubmed/8933552
http://www.ncbi.nlm.nih.gov/pubmed/9546412
http://www.ncbi.nlm.nih.gov/pubmed/12887030
http://www.ncbi.nlm.nih.gov/pubmed/16779737
http://www.ncbi.nlm.nih.gov/pubmed/17132294
http://www.ncbi.nlm.nih.gov/pubmed/9660579
http://www.ncbi.nlm.nih.gov/pubmed/10821969
http://dx.doi.org/10.2471/BLT.10.085233
http://www.ncbi.nlm.nih.gov/pubmed/22084515
http://www.ncbi.nlm.nih.gov/pubmed/16933380
http://www.ncbi.nlm.nih.gov/pubmed/18081539
http://dx.doi.org/10.1097/QCO.0b013e32833c1d01
http://www.ncbi.nlm.nih.gov/pubmed/20581670

@ PLOS | one

JEV Gene Expression

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.
68.

Halstead SB, Thomas SJ. New Japanese encephalitis vaccines: alternatives to production in mouse
brain. Expert Rev Vaccines. 2011; 10: 355-364. doi: 10.1586/erv.11.7 PMID: 21434803

Dong H, Zhang B, Shi PY. Flavivirus methyltransferase: a novel antiviral target. Antiviral Res. 2008;
80: 1-10. doi: 10.1016/j.antiviral.2008.05.003 PMID: 18571739

Sampath A, Padmanabhan R. Molecular targets for flavivirus drug discovery. Antiviral Res. 2009; 81:
6—15. doi: 10.1016/j.antiviral.2008.08.004 PMID: 18796313

Geiss BJ, Stahla H, Hannah AM, Gari AM, Keenan SM. Focus on flaviviruses: current and future drug
targets. Future Med Chem. 2009; 1: 327-344. doi: 10.4155/fmc.09.27 PMID: 20165556

Yun SI, Kim SY, Choi WY, Nam JH, Ju YR, Park KY, et al. Molecular characterization of the full-length
genome of the Japanese encephalitis viral strain K87P39. Virus Res. 2003; 96: 129—140. PMID:
12951273

Sumiyoshi H, Mori C, Fuke I, Morita K, Kuhara S, Kondou J, et al. Complete nucleotide sequence of
the Japanese encephalitis virus genome RNA. Virology. 1987; 161: 497-510. PMID: 3686827

Markoff L. 5'- and 3'-noncoding regions in flavivirus RNA. Adv Virus Res. 2003; 59: 177-228. PMID:
14696330

Gebhard LG, Filomatori CV, Gamarnik AV. Functional RNA elements in the dengue virus genome. Vi-
ruses. 2011; 3: 1739-1756. doi: 10.3390/v3091739 PMID: 21994804

Paranjape SM, Harris E. Control of dengue virus translation and replication. Curr Top Microbiol Immu-
nol. 2010; 338: 15-34. doi: 10.1007/978-3-642-02215-9_2 PMID: 19802575

Song BH, Yun SI, Choi YJ, Kim JM, Lee CH, Lee YM. A complex RNA motif defined by three discontin-
uous 5-nucleotide-long strands is essential for flavivirus RNA replication. RNA. 2008; 14: 1791-1813.
doi: 10.1261/rma.993608 PMID: 18669441

Yun SI, Choi YJ, Song BH, Lee YM. 3' cis-acting elements that contribute to the competence and effi-
ciency of Japanese encephalitis virus genome replication: functional importance of sequence duplica-
tions, deletions, and substitutions. J Virol. 2009; 83: 7909-7930. doi: 10.1128/JV1.02541-08 PMID:
19494005

Pierson TC, Kielian M. Flaviviruses: braking the entering. Curr Opin Virol. 2013; 3: 3-12. doi: 10.1016/
j.coviro.2012.12.001 PMID: 23352692

Kaufmann B, Rossmann MG. Molecular mechanisms involved in the early steps of flavivirus cell
entry. Microbes Infect. 2011; 13: 1-9. doi: 10.1016/j.micinf.2010.09.005 PMID: 20869460

Perera-Lecoin M, Meertens L, Carnec X, Amara A. Flavivirus entry receptors: an update. Viruses.
2014; 6: 69-88.

Smit JM, Moesker B, Rodenhuis-Zybert |, Wilschut J. Flavivirus cell entry and membrane fusion. Vi-
ruses. 2011; 3: 160-171. doi: 10.3390/v3020160 PMID: 22049308

Harrison SC. Viral membrane fusion. Nat Struct Mol Biol. 2008; 15: 690-698. doi: 10.1038/nsmb.1456
PMID: 18596815

Stiasny K, Fritz R, Pangerl K, Heinz FX. Molecular mechanisms of flavivirus membrane fusion. Amino
Acids. 2011;41: 1159-1163. doi: 10.1007/s00726-009-0370-4 PMID: 19882217

Lindenbach BD, Thiel HJ, Rice CM. Flaviviridae: the viruses and their replication. In: Knipe DM, How-
ley PM, Griffin DE, Lamb RA, Martin MA, Roizman B, et al., editors. Fields virology. 5th ed. Philadel-
phia: Lippincott Williams & Wilkins Publishers; 2007. pp. 1101-1152.

Rice CM, Lenches EM, Eddy SR, Shin SJ, Sheets RL, Strauss JH. Nucleotide sequence of yellow
fever virus: implications for flavivirus gene expression and evolution. Science. 1985; 229: 726-733.
PMID: 4023707

Kuhn RJ, Zhang W, Rossmann MG, Pletnev SV, Corver J, Lenches E, et al. Structure of dengue
virus: implications for flavivirus organization, maturation, and fusion. Cell. 2002; 108: 717—-725. PMID:
11893341

Mukhopadhyay S, Kim BS, Chipman PR, Rossmann MG, Kuhn RJ. Structure of West Nile virus. Sci-
ence. 2003; 302: 248. PMID: 14551429

Westaway EG, Mackenzie JM, Khromykh AA. Replication and gene function in Kunjin virus. Curr Top
Microbiol Immunol. 2002; 267: 323-351. PMID: 12082996

Villordo SM, Gamarnik AV. Genome cyclization as strategy for flavivirus RNA replication. Virus Res.
2009; 139: 230-239. doi: 10.1016/j.virusres.2008.07.016 PMID: 18703097

Brinton MA. Replication cycle and molecular biology of the West Nile virus. Viruses. 2014; 6: 13-53.

Gillespie LK, Hoenen A, Morgan G, Mackenzie JM. The endoplasmic reticulum provides the mem-
brane platform for biogenesis of the flavivirus replication complex. J Virol. 2010; 84: 10438-10447.
doi: 10.1128/JV1.00986-10 PMID: 20686019

PLOS ONE | DOI:10.1371/journal.pone.0124318  April 27,2015 23/27


http://dx.doi.org/10.1586/erv.11.7
http://www.ncbi.nlm.nih.gov/pubmed/21434803
http://dx.doi.org/10.1016/j.antiviral.2008.05.003
http://www.ncbi.nlm.nih.gov/pubmed/18571739
http://dx.doi.org/10.1016/j.antiviral.2008.08.004
http://www.ncbi.nlm.nih.gov/pubmed/18796313
http://dx.doi.org/10.4155/fmc.09.27
http://www.ncbi.nlm.nih.gov/pubmed/20165556
http://www.ncbi.nlm.nih.gov/pubmed/12951273
http://www.ncbi.nlm.nih.gov/pubmed/3686827
http://www.ncbi.nlm.nih.gov/pubmed/14696330
http://dx.doi.org/10.3390/v3091739
http://www.ncbi.nlm.nih.gov/pubmed/21994804
http://dx.doi.org/10.1007/978-3-642-02215-9_2
http://www.ncbi.nlm.nih.gov/pubmed/19802575
http://dx.doi.org/10.1261/rna.993608
http://www.ncbi.nlm.nih.gov/pubmed/18669441
http://dx.doi.org/10.1128/JVI.02541-08
http://www.ncbi.nlm.nih.gov/pubmed/19494005
http://dx.doi.org/10.1016/j.coviro.2012.12.001
http://dx.doi.org/10.1016/j.coviro.2012.12.001
http://www.ncbi.nlm.nih.gov/pubmed/23352692
http://dx.doi.org/10.1016/j.micinf.2010.09.005
http://www.ncbi.nlm.nih.gov/pubmed/20869460
http://dx.doi.org/10.3390/v3020160
http://www.ncbi.nlm.nih.gov/pubmed/22049308
http://dx.doi.org/10.1038/nsmb.1456
http://www.ncbi.nlm.nih.gov/pubmed/18596815
http://dx.doi.org/10.1007/s00726-009-0370-4
http://www.ncbi.nlm.nih.gov/pubmed/19882217
http://www.ncbi.nlm.nih.gov/pubmed/4023707
http://www.ncbi.nlm.nih.gov/pubmed/11893341
http://www.ncbi.nlm.nih.gov/pubmed/14551429
http://www.ncbi.nlm.nih.gov/pubmed/12082996
http://dx.doi.org/10.1016/j.virusres.2008.07.016
http://www.ncbi.nlm.nih.gov/pubmed/18703097
http://dx.doi.org/10.1128/JVI.00986-10
http://www.ncbi.nlm.nih.gov/pubmed/20686019

@ PLOS | one

JEV Gene Expression

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

Hsu NY, linytska O, Belov G, Santiana M, Chen YH, Takvorian PM, et al. Viral reorganization of the
secretory pathway generates distinct organelles for RNA replication. Cell. 2010; 141: 799-811. doi:
10.1016/j.cell.2010.03.050 PMID: 20510927

Welsch S, Miller S, Romero-Brey |, Merz A, Bleck CK, Walther P, et al. Composition and three-
dimensional architecture of the dengue virus replication and assembly sites. Cell Host Microbe. 2009;
5: 365-375. doi: 10.1016/j.chom.2009.03.007 PMID: 19380115

Patkar CG, Kuhn RJ. Yellow fever virus NS3 plays an essential role in virus assembly independent of
its known enzymatic functions. J Virol. 2008; 82: 3342—-3352. doi: 10.1128/JV1.02447-07 PMID:
18199634

Leung JY, Pijiman GP, Kondratieva N, Hyde J, Mackenzie JM, Khromykh AA. Role of nonstructural
protein NS2A in flavivirus assembly. J Virol. 2008; 82: 4731-4741. doi: 10.1128/JV1.00002-08 PMID:
18337583

Liu WJ, Chen HB, Khromykh AA. Molecular and functional analyses of Kunjin virus infectious cDNA
clones demonstrate the essential roles for NS2A in virus assembly and for a nonconservative residue
in NS3 in RNA replication. J Virol. 2003; 77: 7804-7813. PMID: 12829820

Kummerer BM, Rice CM. Mutations in the yellow fever virus nonstructural protein NS2A selectively
block production of infectious particles. J Virol. 2002; 76: 4773-4784. PMID: 11967294

Pijiman GP, Kondratieva N, Khromykh AA. Translation of the flavivirus kunjin NS3 gene in cis but not
its RNA sequence or secondary structure is essential for efficient RNA packaging. J Virol. 2006; 80:
11255-11264. PMID: 16971441

Morrison J, Aguirre S, Fernandez-Sesma A. Innate immunity evasion by dengue virus. Viruses. 2012;
4:397-413. doi: 10.3390/v4030397 PMID: 22590678

Robertson SJ, Mitzel DN, Taylor RT, Best SM, Bloom ME. Tick-borne flaviviruses: dissecting host im-
mune responses and virus countermeasures. Immunol Res. 2009; 43: 172—-186. doi: 10.1007/
$12026-008-8065-6 PMID: 18841330

Diamond MS. Mechanisms of evasion of the type | interferon antiviral response by flaviviruses. J Inter-
feron Cytokine Res. 2009; 29: 521-530. doi: 10.1089/jir.2009.0069 PMID: 19694536

Melian EB, Hinzman E, Nagasaki T, Firth AE, Wills NM, Nouwens AS, et al. NS1' of flaviviruses in the
Japanese encephalitis virus serogroup is a product of ribosomal frameshifting and plays a role in viral
neuroinvasiveness. J Virol. 2010; 84: 1641-1647. doi: 10.1128/JVI1.01979-09 PMID: 19906906

Firth AE, Atkins JF. A conserved predicted pseudoknot in the NS2A-encoding sequence of West Nile
and Japanese encephalitis flaviviruses suggests NS1' may derive from ribosomal frameshifting. Virol
J.2009; 6: 14. doi: 10.1186/1743-422X-6-14 PMID: 19196463

Falgout B, Miller RH, Lai CJ. Deletion analysis of dengue virus type 4 nonstructural protein NS2B:
identification of a domain required for NS2B-NS3 protease activity. J Virol. 1993; 67: 2034—-2042.
PMID: 8383225

Chambers TJ, Grakoui A, Rice CM. Processing of the yellow fever virus nonstructural polyprotein: a
catalytically active NS3 proteinase domain and NS2B are required for cleavages at dibasic sites. J
Virol. 1991; 65: 6042—6050. PMID: 1833562

Wengler G, Wengler G. The carboxy-terminal part of the NS3 protein of the West Nile flavivirus can be
isolated as a soluble protein after proteolytic cleavage and represents an RNA-stimulated NTPase. Vi-
rology. 1991; 184: 707-715. PMID: 1716026

LiH, Clum S, You S, Ebner KE, Padmanabhan R. The serine protease and RNA-stimulated nucleo-
side triphosphatase and RNA helicase functional domains of dengue virus type 2 NS3 converge within
a region of 20 amino acids. J Virol. 1999; 73: 3108-3116. PMID: 10074162

Wengler G, Wengler G. The NS3 nonstructural protein of flaviviruses contains an RNA triphosphatase
activity. Virology. 1993; 197: 265-273. PMID: 8212562

Ray D, Shah A, Tilgner M, Guo Y, Zhao Y, Dong H, et al. West Nile virus 5'-cap structure is formed by
sequential guanine N-7 and ribose 2'-O methylations by nonstructural protein 5. J Virol. 2006; 80:
8362—-8370. PMID: 16912287

Egloff MP, Benarroch D, Selisko B, Romette JL, Canard B. An RNA cap (nucleoside-2'-O-
)-methyltransferase in the flavivirus RNA polymerase NS5: crystal structure and functional characteri-
zation. EMBO J. 2002; 21: 2757-2768. PMID: 12032088

Issur M, Geiss BJ, Bougie |, Picard-Jean F, Despins S, Mayette J, et al. The flavivirus NS5 protein is a
true RNA guanylyltransferase that catalyzes a two-step reaction to form the RNA cap structure. RNA.
2009; 15: 2340-2350. doi: 10.1261/rna.1609709 PMID: 19850911

Ackermann M, Padmanabhan R. De novo synthesis of RNA by the dengue virus RNA-dependent
RNA polymerase exhibits temperature dependence at the initiation but not elongation phase. J Biol
Chem. 2001; 276: 39926-39937. PMID: 11546770

PLOS ONE | DOI:10.1371/journal.pone.0124318  April 27,2015 24/27


http://dx.doi.org/10.1016/j.cell.2010.03.050
http://www.ncbi.nlm.nih.gov/pubmed/20510927
http://dx.doi.org/10.1016/j.chom.2009.03.007
http://www.ncbi.nlm.nih.gov/pubmed/19380115
http://dx.doi.org/10.1128/JVI.02447-07
http://www.ncbi.nlm.nih.gov/pubmed/18199634
http://dx.doi.org/10.1128/JVI.00002-08
http://www.ncbi.nlm.nih.gov/pubmed/18337583
http://www.ncbi.nlm.nih.gov/pubmed/12829820
http://www.ncbi.nlm.nih.gov/pubmed/11967294
http://www.ncbi.nlm.nih.gov/pubmed/16971441
http://dx.doi.org/10.3390/v4030397
http://www.ncbi.nlm.nih.gov/pubmed/22590678
http://dx.doi.org/10.1007/s12026-008-8065-6
http://dx.doi.org/10.1007/s12026-008-8065-6
http://www.ncbi.nlm.nih.gov/pubmed/18841330
http://dx.doi.org/10.1089/jir.2009.0069
http://www.ncbi.nlm.nih.gov/pubmed/19694536
http://dx.doi.org/10.1128/JVI.01979-09
http://www.ncbi.nlm.nih.gov/pubmed/19906906
http://dx.doi.org/10.1186/1743-422X-6-14
http://www.ncbi.nlm.nih.gov/pubmed/19196463
http://www.ncbi.nlm.nih.gov/pubmed/8383225
http://www.ncbi.nlm.nih.gov/pubmed/1833562
http://www.ncbi.nlm.nih.gov/pubmed/1716026
http://www.ncbi.nlm.nih.gov/pubmed/10074162
http://www.ncbi.nlm.nih.gov/pubmed/8212562
http://www.ncbi.nlm.nih.gov/pubmed/16912287
http://www.ncbi.nlm.nih.gov/pubmed/12032088
http://dx.doi.org/10.1261/rna.1609709
http://www.ncbi.nlm.nih.gov/pubmed/19850911
http://www.ncbi.nlm.nih.gov/pubmed/11546770

@' PLOS ‘ ONE

JEV Gene Expression

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

Tan BH, Fu J, Sugrue RJ, Yap EH, Chan YC, Tan YH. Recombinant dengue type 1 virus NS5 protein
expressed in Escherichia coli exhibits RNA-dependent RNA polymerase activity. Virology. 1996; 216:
317-325. PMID: 8607261

Zhang Y, Corver J, Chipman PR, Zhang W, Pletnev SV, Sedlak D, et al. Structures of immature flavivi-
rus particles. EMBO J. 2003; 22: 2604-2613. PMID: 12773377

Zhang Y, Kaufmann B, Chipman PR, Kuhn RJ, Rossmann MG. Structure of immature West Nile virus.
J Virol. 2007; 81: 6141-6145. PMID: 17376919

Lorenz IC, Allison SL, Heinz FX, Helenius A. Folding and dimerization of tick-borne encephalitis virus
envelope proteins prM and E in the endoplasmic reticulum. J Virol. 2002; 76: 5480-5491. PMID:
11991976

Mackenzie JM, Westaway EG. Assembly and maturation of the flavivirus Kunjin virus appear to occur
in the rough endoplasmic reticulum and along the secretory pathway, respectively. J Virol. 2001; 75:
10787-10799. PMID: 11602720

Stadler K, Allison SL, Schalich J, Heinz FX. Proteolytic activation of tick-borne encephalitis virus by
furin. J Virol. 1997; 71: 8475-8481. PMID: 9343204

Yu IM, Zhang W, Holdaway HA, Li L, Kostyuchenko VA, Chipman PR, et al. Structure of the immature
dengue virus at low pH primes proteolytic maturation. Science. 2008; 319: 1834-1837. doi: 10.1126/
science.1153264 PMID: 18369148

Pierson TC, Diamond MS. Degrees of maturity: the complex structure and biology of flaviviruses. Curr
Opin Virol. 2012; 2: 168-175. doi: 10.1016/j.coviro.2012.02.011 PMID: 22445964

Yun SI, Kim SY, Rice CM, Lee YM. Development and application of a reverse genetics system for
Japanese encephalitis virus. J Virol. 2003; 77: 6450-6465. PMID: 12743302

Kim JM, Yun SI, Song BH, Hahn YS, Lee CH, Oh HW, et al. A single N-linked glycosylation site in the
Japanese encephalitis virus prM protein is critical for cell type-specific prM protein biogenesis, virus
particle release, and pathogenicity in mice. J Virol. 2008; 82: 7846—7862. doi: 10.1128/JVI.00789-08
PMID: 18524814

Kyte J, Doolittle RF. A simple method for displaying the hydropathic character of a protein. J Mol Biol.
1982; 157: 105-132. PMID: 7108955

Assenberg R, Mastrangelo E, Walter TS, Verma A, Milani M, Owens RJ, et al. Crystal structure of a
novel conformational state of the flavivirus NS3 protein: implications for polyprotein processing and
viral replication. J Virol. 2009; 83: 12895—-12906. doi: 10.1128/JV1.00942-09 PMID: 19793813

Stocks CE, Lobigs M. Signal peptidase cleavage at the flavivirus C-prM junction: dependence on the
viral NS2B-3 protease for efficient processing requires determinants in C, the signal peptide, and prM.
J Virol. 1998; 72: 2141-2149. PMID: 9499070

Yamshchikov VF, Compans RW. Processing of the intracellular form of the West Nile virus capsid pro-
tein by the viral NS2B-NS3 protease: an in vitro study. J Virol. 1994; 68: 5765-5771. PMID: 8057458

Amberg SM, Nestorowicz A, McCourt DW, Rice CM. NS2B-3 proteinase-mediated processing in the
yellow fever virus structural region: in vitro and in vivo studies. J Virol. 1994; 68: 3794—3802. PMID:
8189517

Ye Q, Li XF, Zhao H, Li SH, Deng YQ, Cao RY, et al. A single nucleotide mutation in NS2A of Japa-
nese encephalitis-live vaccine virus (SA14-14-2) ablates NS1' formation and contributes to attenua-
tion. J Gen Virol. 2012; 93: 1959-1964. doi: 10.1099/vir.0.043844-0 PMID: 22739060

Lin C, Amberg SM, Chambers TJ, Rice CM. Cleavage at a novel site in the NS4A region by the yellow
fever virus NS2B-3 proteinase is a prerequisite for processing at the downstream 4A/4B signalase
site. J Virol. 1993; 67: 2327—2335. PMID: 8445732

Preugschat F, Strauss JH. Processing of nonstructural proteins NS4A and NS4B of dengue 2 virus
in vitro and in vivo. Virology. 1991; 185: 689-697. PMID: 1683727

Chambers TJ, McCourt DW, Rice CM. Production of yellow fever virus proteins in infected cells: iden-
tification of discrete polyprotein species and analysis of cleavage kinetics using region-specific poly-
clonal antisera. Virology. 1990; 177: 159-174. PMID: 2353452

Luo D, Xu T, Hunke C, Gruber G, Vasudevan SG, Lescar J. Crystal structure of the NS3 protease-
helicase from dengue virus. J Virol. 2008; 82: 173—-183. PMID: 17942558

Lu G, Gong P. Crystal structure of the full-length Japanese encephalitis virus NS5 reveals a con-
served methyltransferase-polymerase interface. PLoS Pathog. 2013; 9: €1003549. doi: 10.1371/
journal.ppat.1003549 PMID: 23950717

Song BH, Yun GN, Kim JK, Yun SI, Lee YM. Biological and genetic properties of SA4-14-2, a live-
attenuated Japanese encephalitis vaccine that is currently available for humans. J Microbiol. 2012;
50: 698—706. doi: 10.1007/s12275-012-2336-6 PMID: 22923123

PLOS ONE | DOI:10.1371/journal.pone.0124318  April 27,2015 25/27


http://www.ncbi.nlm.nih.gov/pubmed/8607261
http://www.ncbi.nlm.nih.gov/pubmed/12773377
http://www.ncbi.nlm.nih.gov/pubmed/17376919
http://www.ncbi.nlm.nih.gov/pubmed/11991976
http://www.ncbi.nlm.nih.gov/pubmed/11602720
http://www.ncbi.nlm.nih.gov/pubmed/9343204
http://dx.doi.org/10.1126/science.1153264
http://dx.doi.org/10.1126/science.1153264
http://www.ncbi.nlm.nih.gov/pubmed/18369148
http://dx.doi.org/10.1016/j.coviro.2012.02.011
http://www.ncbi.nlm.nih.gov/pubmed/22445964
http://www.ncbi.nlm.nih.gov/pubmed/12743302
http://dx.doi.org/10.1128/JVI.00789-08
http://www.ncbi.nlm.nih.gov/pubmed/18524814
http://www.ncbi.nlm.nih.gov/pubmed/7108955
http://dx.doi.org/10.1128/JVI.00942-09
http://www.ncbi.nlm.nih.gov/pubmed/19793813
http://www.ncbi.nlm.nih.gov/pubmed/9499070
http://www.ncbi.nlm.nih.gov/pubmed/8057458
http://www.ncbi.nlm.nih.gov/pubmed/8189517
http://dx.doi.org/10.1099/vir.0.043844-0
http://www.ncbi.nlm.nih.gov/pubmed/22739060
http://www.ncbi.nlm.nih.gov/pubmed/8445732
http://www.ncbi.nlm.nih.gov/pubmed/1683727
http://www.ncbi.nlm.nih.gov/pubmed/2353452
http://www.ncbi.nlm.nih.gov/pubmed/17942558
http://dx.doi.org/10.1371/journal.ppat.1003549
http://dx.doi.org/10.1371/journal.ppat.1003549
http://www.ncbi.nlm.nih.gov/pubmed/23950717
http://dx.doi.org/10.1007/s12275-012-2336-6
http://www.ncbi.nlm.nih.gov/pubmed/22923123

@' PLOS ‘ ONE

JEV Gene Expression

112,

113.

114.

115.

116.

117.

118.

119.

120.

121.

122,

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

Mason PW, McAda PC, Dalrymple JM, Fournier MJ, Mason TL. Expression of Japanese encephalitis
virus antigens in Escherichia coli. Virology. 1987; 158: 361-372. PMID: 2438844

Castle E, Nowak T, Leidner U, Wengler G, Wengler G. Sequence analysis of the viral core protein and
the membrane-associated proteins V1 and NV2 of the flavivirus West Nile virus and of the genome se-
quence for these proteins. Virology. 1985; 145: 227-236. PMID: 2992152

Wengler G, Castle E, Leidner U, Nowak T, Wengler G. Sequence analysis of the membrane protein
V3 of the flavivirus West Nile virus and of its gene. Virology. 1985; 147: 264—274. PMID: 3855247

Lobigs M. Flavivirus premembrane protein cleavage and spike heterodimer secretion require the func-
tion of the viral proteinase NS3. Proc Natl Acad Sci U S A. 1993; 90: 6218-6222. PMID: 8392191

Junjhon J, Edwards TJ, Utaipat U, Bowman VD, Holdaway HA, Zhang W, et al. Influence of pr-M
cleavage on the heterogeneity of extracellular dengue virus particles. J Virol. 2010; 84: 8353—-8358.
doi: 10.1128/JV1.00696-10 PMID: 20519400

Junjhon J, Lausumpao M, Supasa S, Noisakran S, Songjaeng A, Saraithong P, et al. Differential mod-
ulation of prM cleavage, extracellular particle distribution, and virus infectivity by conserved residues
at nonfurin consensus positions of the dengue virus pr-M junction. J Virol. 2008; 82: 10776—-10791.
doi: 10.1128/JV1.01180-08 PMID: 18715923

Zybert IA, van der Ende-Metselaar H, Wilschut J, Smit JM. Functional importance of dengue virus
maturation: infectious properties of immature virions. J Gen Virol. 2008; 89: 3047-3051. doi: 10.1099/
vir.0.2008/002535-0 PMID: 19008392

Elshuber S, Allison SL, Heinz FX, Mandl CW. Cleavage of protein prM is necessary for infection of
BHK-21 cells by tick-borne encephalitis virus. J Gen Virol. 2003; 84: 183-191. PMID: 12533715

Rodenhuis-Zybert IA, van der Schaar HM, da Silva Voorham JM, van der Ende-Metselaar H, Lei HY,
Wilschut J, et al. Immature dengue virus: a veiled pathogen? PLoS Pathog. 2010; 6: e1000718. doi:
10.1371/journal.ppat.1000718 PMID: 20062797

Elshuber S, Mandl CW. Resuscitating mutations in a furin cleavage-deficient mutant of the flavivirus
tick-borne encephalitis virus. J Virol. 2005; 79: 11813—-11823. PMID: 16140758

Bulich R, Aaskov JG. Nuclear localization of dengue 2 virus core protein detected with monoclonal an-
tibodies. J Gen Virol. 1992; 73: 2999-3003. PMID: 1279106

Makino Y, Tadano M, Anzai T, Ma SP, Yasuda S, Fukunaga T. Detection of dengue 4 virus core pro-
tein in the nucleus. Il. Antibody against dengue 4 core protein produced by a recombinant baculovirus
reacts with the antigen in the nucleus. J Gen Virol. 1989; 70: 1417-1425. PMID: 2659734

Mori Y, Okabayashi T, Yamashita T, Zhao Z, Wakita T, Yasui K, et al. Nuclear localization of Japa-
nese encephalitis virus core protein enhances viral replication. J Virol. 2005; 79: 3448-3458. PMID:
15731239

Tadano M, Makino Y, Fukunaga T, Okuno Y, Fukai K. Detection of dengue 4 virus core protein in the
nucleus. I. A monoclonal antibody to dengue 4 virus reacts with the antigen in the nucleus and cyto-
plasm. J Gen Virol. 1989; 70: 1409-1415. PMID: 2471810

Tsuda Y, Mori Y, Abe T, Yamashita T, Okamoto T, Ichimura T, et al. Nucleolar protein B23 interacts
with Japanese encephalitis virus core protein and participates in viral replication. Microbiol Immunol.
2006; 50: 225-234. PMID: 16547420

Wang SH, Syu WJ, Huang KJ, Lei HY, Yao CW, King CC, et al. Intracellular localization and determi-
nation of a nuclear localization signal of the core protein of dengue virus. J Gen Virol. 2002; 83:
3093-3102. PMID: 12466486

Westaway EG, Khromykh AA, Kenney MT, Mackenzie JM, Jones MK. Proteins C and NS4B of the fla-
vivirus Kunjin translocate independently into the nucleus. Virology. 1997; 234: 31-41. PMID: 9234944

Schimenti KJ, Jacobberger JW. Fixation of mammalian cells for flow cytometric evaluation of DNA
content and nuclear immunofluorescence. Cytometry. 1992; 13: 48-59. PMID: 1372202

Mori Y, Yamashita T, Tanaka Y, Tsuda Y, Abe T, Moriishi K, et al. Processing of capsid protein by ca-
thepsin L plays a crucial role in replication of Japanese encephalitis virus in neural and macrophage
cells. J Virol. 2007; 81: 8477-8487. PMID: 17553875

Castle E, Leidner U, Nowak T, Wengler G, Wengler G. Primary structure of the West Nile flavivirus ge-
nome region coding for all nonstructural proteins. Virology. 1986; 149: 10-26. PMID: 3753811

Falgout B, Chanock R, Lai CJ. Proper processing of dengue virus nonstructural glycoprotein NS1 re-
quires the N-terminal hydrophobic signal sequence and the downstream nonstructural protein NS2A.
J Virol. 1989; 63: 1852—1860. PMID: 2522997

Falgout B, Markoff L. Evidence that flavivirus NS1-NS2A cleavage is mediated by a membrane-bound
host protease in the endoplasmic reticulum. J Virol. 1995; 69: 7232-7243. PMID: 7474145

PLOS ONE | DOI:10.1371/journal.pone.0124318  April 27,2015 26/27


http://www.ncbi.nlm.nih.gov/pubmed/2438844
http://www.ncbi.nlm.nih.gov/pubmed/2992152
http://www.ncbi.nlm.nih.gov/pubmed/3855247
http://www.ncbi.nlm.nih.gov/pubmed/8392191
http://dx.doi.org/10.1128/JVI.00696-10
http://www.ncbi.nlm.nih.gov/pubmed/20519400
http://dx.doi.org/10.1128/JVI.01180-08
http://www.ncbi.nlm.nih.gov/pubmed/18715923
http://dx.doi.org/10.1099/vir.0.2008/002535-0
http://dx.doi.org/10.1099/vir.0.2008/002535-0
http://www.ncbi.nlm.nih.gov/pubmed/19008392
http://www.ncbi.nlm.nih.gov/pubmed/12533715
http://dx.doi.org/10.1371/journal.ppat.1000718
http://www.ncbi.nlm.nih.gov/pubmed/20062797
http://www.ncbi.nlm.nih.gov/pubmed/16140758
http://www.ncbi.nlm.nih.gov/pubmed/1279106
http://www.ncbi.nlm.nih.gov/pubmed/2659734
http://www.ncbi.nlm.nih.gov/pubmed/15731239
http://www.ncbi.nlm.nih.gov/pubmed/2471810
http://www.ncbi.nlm.nih.gov/pubmed/16547420
http://www.ncbi.nlm.nih.gov/pubmed/12466486
http://www.ncbi.nlm.nih.gov/pubmed/9234944
http://www.ncbi.nlm.nih.gov/pubmed/1372202
http://www.ncbi.nlm.nih.gov/pubmed/17553875
http://www.ncbi.nlm.nih.gov/pubmed/3753811
http://www.ncbi.nlm.nih.gov/pubmed/2522997
http://www.ncbi.nlm.nih.gov/pubmed/7474145

@' PLOS ‘ ONE

JEV Gene Expression

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

Hori H, Lai CJ. Cleavage of dengue virus NS1-NS2A requires an octapeptide sequence at the C termi-
nus of NS1. J Virol. 1990; 64: 4573-4577. PMID: 2143546

Speight G, Coia G, Parker MD, Westaway EG. Gene mapping and positive identification of the non-
structural proteins NS2A, NS2B, NS3, NS4B and NS5 of the flavivirus Kunjin and their cleavage sites.
J Gen Virol. 1988; 69: 23—-34. PMID: 2826667

Mason PW. Maturation of Japanese encephalitis virus glycoproteins produced by infected mammali-
an and mosquito cells. Virology. 1989; 169: 354-364. PMID: 2523178

Blitvich BJ, Scanlon D, Shiell BJ, Mackenzie JS, Hall RA. Identification and analysis of truncated and
elongated species of the flavivirus NS1 protein. Virus Res. 1999; 60: 67—-79. PMID: 10225275

Mackenzie JM, Khromykh AA, Jones MK, Westaway EG. Subcellular localization and some biochemi-
cal properties of the flavivirus Kunjin nonstructural proteins NS2A and NS4A. Virology. 1998; 245:
203-215. PMID: 9636360

Chambers TJ, McCourt DW, Rice CM. Yellow fever virus proteins NS2A, NS2B, and NS4B: identifica-
tion and partial N-terminal amino acid sequence analysis. Virology. 1989; 169: 100-109. PMID:
2922923

Xie X, Gayen S, Kang C, Yuan Z, Shi PY. Membrane topology and function of dengue virus NS2A pro-
tein. J Virol. 2013; 87: 4609-4622. doi: 10.1128/JV1.02424-12 PMID: 23408612

Nestorowicz A, Chambers TJ, Rice CM. Mutagenesis of the yellow fever virus NS2A/2B cleavage
site: effects on proteolytic processing, viral replication, and evidence for alternative processing of the
NS2A protein. Virology. 1994; 199: 114-123. PMID: 8116234

Clum S, Ebner KE, Padmanabhan R. Cotranslational membrane insertion of the serine proteinase
precursor NS2B-NS3(Pro) of dengue virus type 2 is required for efficient in vitro processing and is me-
diated through the hydrophobic regions of NS2B. J Biol Chem. 1997; 272: 30715-30723. PMID:
9388208

Miller S, Sparacio S, Bartenschlager R. Subcellular localization and membrane topology of the den-
gue virus type 2 non-structural protein 4B. J Biol Chem. 2006; 281: 8854—8863. PMID: 16436383

Arias CF, Preugschat F, Strauss JH. Dengue 2 virus NS2B and NS3 form a stable complex that can
cleave NS3 within the helicase domain. Virology. 1993; 193: 888—899. PMID: 8460492

Teo KF, Wright PJ. Internal proteolysis of the NS3 protein specified by dengue virus 2. J Gen Virol.
1997; 78: 337-341. PMID: 9018055

Pugachev KV, Nomokonova N, Morozova OV, Pletnev AG. A short form of the tick-borne encephalitis
virus NS3 protein. FEBS Lett. 1992; 297: 67—-69. PMID: 1551439

Buckley A, Gaidamovich S, Turchinskaya A, Gould EA. Monoclonal antibodies identify the NS5 yellow
fever virus non-structural protein in the nuclei of infected cells. J Gen Virol. 1992; 73: 1125-1130.
PMID: 1534119

Kapoor M, Zhang L, Ramachandra M, Kusukawa J, Ebner KE, Padmanabhan R. Association between
NS3 and NS5 proteins of dengue virus type 2 in the putative RNA replicase is linked to differential
phosphorylation of NS5. J Biol Chem. 1995; 270: 19100-19106. PMID: 7642575

Uchil PD, Kumar AV, Satchidanandam V. Nuclear localization of flavivirus RNA synthesis in infected
cells. J Virol. 2006; 80: 5451-5464. PMID: 16699025

Brooks AJ, Johansson M, John AV, Xu Y, Jans DA, Vasudevan SG. The interdomain region of dengue
NS5 protein that binds to the viral helicase NS3 contains independently functional importin beta 1 and
importin alpha/beta-recognized nuclear localization signals. J Biol Chem. 2002; 277: 36399-36407.
PMID: 12105224

Johansson M, Brooks AJ, Jans DA, Vasudevan SG. A small region of the dengue virus-encoded
RNA-dependent RNA polymerase, NS5, confers interaction with both the nuclear transport receptor
importin-beta and the viral helicase, NS3. J Gen Virol. 2001; 82: 735-745. PMID: 11257177

PLOS ONE | DOI:10.1371/journal.pone.0124318  April 27,2015 27/27


http://www.ncbi.nlm.nih.gov/pubmed/2143546
http://www.ncbi.nlm.nih.gov/pubmed/2826667
http://www.ncbi.nlm.nih.gov/pubmed/2523178
http://www.ncbi.nlm.nih.gov/pubmed/10225275
http://www.ncbi.nlm.nih.gov/pubmed/9636360
http://www.ncbi.nlm.nih.gov/pubmed/2922923
http://dx.doi.org/10.1128/JVI.02424-12
http://www.ncbi.nlm.nih.gov/pubmed/23408612
http://www.ncbi.nlm.nih.gov/pubmed/8116234
http://www.ncbi.nlm.nih.gov/pubmed/9388208
http://www.ncbi.nlm.nih.gov/pubmed/16436383
http://www.ncbi.nlm.nih.gov/pubmed/8460492
http://www.ncbi.nlm.nih.gov/pubmed/9018055
http://www.ncbi.nlm.nih.gov/pubmed/1551439
http://www.ncbi.nlm.nih.gov/pubmed/1534119
http://www.ncbi.nlm.nih.gov/pubmed/7642575
http://www.ncbi.nlm.nih.gov/pubmed/16699025
http://www.ncbi.nlm.nih.gov/pubmed/12105224
http://www.ncbi.nlm.nih.gov/pubmed/11257177

