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The prM protein of Japanese encephalitis virus (JEV) contains a single potential N-linked glycosylation site,
N'5.X'6.T"7, which is highly conserved among JEV strains and closely related flaviviruses. To investigate the
role of this site in JEV replication and pathogenesis, we manipulated the RNA genome by using infectious JEV
cDNA to generate three prM mutants (N15A, T17A, and N15A/T17A) with alanine substiting for N'* and/or T'”
and one mutant with silent point mutations introduced into the nucleotide sequences corresponding to all three
residues in the glycosylation site. An analysis of these mutants in the presence or absence of endoglycosidases
confirmed the addition of oligosaccharides to this potential glycosylation site. The loss of prM N glycosylation,
without significantly altering the intracellular levels of viral RNA and proteins, led to an ~20-fold reduction
in the production of extracellular virions, which had protein compositions and infectivities nearly identical to
those of wild-type virions; this reduction occurred at the stage of virus release, rather than assembly. This
release defect was correlated with small-plaque morphology and an N-glycosylation-dependent delay in viral
growth. A more conservative mutation, N15Q, had the same effect as N15A. One of the four prM mutants,
N15A/T17A, showed an additional defect in virus growth in mosquito C6/36 cells but not human neuroblastoma
SH-SY5Y or hamster BHK-21 cells. This cell type dependence was attributed to abnormal N-glycosylation-
independent biogenesis of prM. In mice, the elimination of prM N glycosylation resulted in a drastic decrease
in virulence after peripheral inoculation. Overall, our findings indicate that this highly conserved N-glycosyl-
ation motif in prM is crucial for multiple stages of JEV biology: prM biogenesis, virus release, and

pathogenesis.

Japanese encephalitis virus (JEV) is a member of the genus
Flavivirus, which consists of ~80 enveloped RNA viruses in the
family Flaviviridae (5, 22, 36). The flaviviruses include many
other clinically important human pathogens, such as dengue
virus (DENV), yellow fever virus, West Nile virus (WNV), St.
Louis encephalitis virus, Murray Valley encephalitis virus, and
tick-borne encephalitis virus (TBEV). JEV is transmitted in an
enzoonotic cycle between mosquito vectors and vertebrate
hosts, with pigs and ardeid birds as the primary viremia-am-
plifying hosts and reservoirs, respectively, and with humans as
incidental hosts (4). JEV is the most important cause of epi-
demic encephalitis in many Asian countries, leading to perma-
nent neuropsychiatric sequelae and even death in children and
young adults (13, 60, 64, 66). Over the past two decades, JEV
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has spread throughout the Indonesian archipelago (9, 75) to
the Australian territories (41, 42, 65), attracting increasing
attention in the arena of international public health.

JEV contains a single-stranded, positive-sense RNA genome
of ~11,000 nucleotides. The RNA genome has a cap structure
at the 5’ end and lacks a poly(A) tail at the 3’ end (37). It
consists of a single long open reading frame (ORF) flanked by
5" and 3’ untranslated regions (UTRs) that are important
cis-acting elements for replication, transcription, and transla-
tion (43). The ORF encoding all of the viral proteins is trans-
lated into a large polyprotein, which is co- or posttranslation-
ally processed by cellular and viral proteases into at least 10
mature proteins. The three structural proteins, the capsid (C;
~11 kDa), premembrane (prM; ~25 kDa), and envelope (E;
~50 kDa) proteins, are encoded in the 5'-most third of the
ORF. prM is a precursor of the membrane-anchored and viri-
on-associated M protein (=8 kDa). The seven nonstructural
proteins (NS1, NS2A, NS2B, NS3, NS4A, NS4B, and NS5, in
the order in which the corresponding genes are arranged in the
genome) are encoded in the remaining 3" two-thirds (7, 77).

Like that of other flaviviruses, the genomic RNA of JEV is
organized with multiple copies of the C protein, which forms a
nucleocapsid surrounded by a host-derived lipid bilayer con-
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taining two viral surface proteins, prM/M and E (23, 45). Dur-
ing the synthesis of the nascent polyprotein, host signal cleav-
ages generate the N and C termini of prM. The C terminus
containing the adjacent transmembrane domains allows prM
to anchor itself to the membrane and serves as the signal
sequence for the translocation of E (7). While prM is able to
form its native folded structure independently of the E protein,
E requires the coexpression of prM to acquire its native con-
formation, suggesting a chaperone-like role for prM in the
folding of E (35, 39). In addition, prM interacts with E to form
prM-E heterodimers, which are important for the formation of
immature virions (2, 11, 39, 71, 72). During flavivirus assembly
and release, immature virions are generally formed by the
budding of a viral nucleocapsid into the endoplasmic reticulum
(ER), where prM-E heterodimers are acquired. In general, the
mature virions are released into the extracellular compartment
through the cellular secretory pathway (23, 40).

During its transport through the ER and Golgi apparatus to
the cell surface, the prM of the prM-E heterodimers keeps E
from undergoing the low-pH-induced conformational rear-
rangements required for membrane fusion and infectivity (17,
18, 21, 52, 61, 72, 78). Shortly before the flavivirus is released
from the cell, the portion of prM that distinguishes it from M
(the pr portion) is cleaved by furin or a related protease in the
trans-Golgi apparatus (61). This cleavage reaction is inhibited
by treatment with agents that raise the pHs of acidic intracel-
lular compartments (17, 18, 21, 52). The cleavage of prM
enables E to generate head-to-tail homodimers, which form a
lattice-like structure layered on the surfaces of the mature
virions (44). During flavivirus entry, E binds to an unidentified
cellular receptor(s), followed by uptake into endosomes, where
it undergoes low-pH-induced conformational changes, result-
ing in the fusion of the viral membranes with cellular mem-
branes (10, 15, 32). Thus, the prM cleavage required for the
generation of highly infectious viruses leads to two distinct
forms of virions: intracellular immature virions containing un-
cleaved prM and E and extracellular mature virions containing
exclusively cleaved M and E, with a trace amount of uncleaved
prM (23, 45).

In the flaviviruses, prM contains one to three potential N-
linked glycosylation sites (N-X-S/T) within the pr domain, and
all of these sites have the sequence N-X-T (7). In the case of
JEV, the prM protein contains only a single potential N-linked
glycosylation site, N'5-X'6-T'7) which is highly conserved
among not only all JEV isolates but also other serologically
related flaviviruses (WNV, Kunjin virus, St. Louis encephalitis
virus, and Murray Valley encephalitis virus). To elucidate the
functional importance of the two residues N'° and T'” and the
role of the carbohydrate side chain in JEV replication and
pathogenesis, we have now used the specific mutagenesis of
infectious JEV cDNA to generate four sets of prM mutations
in the context of the genomic RNA: three by substituting
alanine for either N'5 or T'” or both residues and one by
introducing silent point mutations corresponding to all three
residues in the glycosylation site. After transfecting BHK-21
(baby hamster kidney) cells with full-length RNA transcripts
derived from the four prM mutant DNAs and the wild type
(WT), we analyzed (i) the intracellular accumulation of the
viral RNA and proteins, (ii) the average sizes of the plaques
produced, and (iii) the infectivities and levels of production of
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extracellular virions released over time from the transfected
cells. Subsequently, we examined the relative abundances of
intracellular virions in the cytoplasm of BHK-21 cells infected
with each of the four prM mutants and the WT. Also, we
compared the four prM mutants to WT virus with respect to
the capacities of the viruses for growth in three different cell
types: BHK-21 cells, which are routinely used for JEV propa-
gation in laboratories, and SH-SY5Y (human neuroblastoma)
and C6/36 (mosquito) cells, which are biologically relevant to
JEV pathogenesis and transmission. Finally, we assessed the
pathogenicities of the four prM mutants in a murine infection
model system. Our data demonstrate that the single N-linked
glycosylation site within JEV prM plays an important role in
multiple steps of the JEV life cycle: not only in viral replica-
tion, by maximizing virus release and optimizing prM protein
biogenesis in a cell type-specific manner, but also in viral
pathogenesis, by enhancing pathogenicity after inoculation via
a peripheral route.

MATERIALS AND METHODS

Cell culture. BHK-21 cells were cultivated in alpha minimal essential medium
(MEM) supplemented with 10% fetal bovine serum (FBS), 2 mM L-glutamine,
vitamins, and penicillin-streptomycin at 37°C in 5% CO, (76). The human neu-
roblastoma SH-SYSY cells were purchased from the American Type Culture
Collection (ATCC) and maintained in a 1:1 mixture of MEM with Earle’s salts
and Ham’s F-12 nutrient medium supplemented with 10% FBS, 0.1 mM nones-
sential amino acids, and penicillin-streptomycin at 37°C in 5% CO,. The mos-
quito Aedes albopictus C6/36 cells were obtained from the ATCC and propagated
in a mixture of MEM with Earle’s balanced salt solution, 10% FBS, 2 mM
L-glutamine, 0.1 mM nonessential amino acids, 1.0 mM sodium pyruvate, and
penicillin-streptomycin at 28°C in 5% CO,.

Antibodies. A mouse hyperimmune antiserum specific for JEV was obtained
from the ATCC (76). Four polyclonal rabbit antisera specific for the JEV C
protein (103 amino acids corresponding to nucleotides 96 to 404), the pr protein
(92 amino acids corresponding to nucleotides 477 to 752), the M protein (44
amino acids corresponding to nucleotides 753 to 884), and the E protein (116
amino acids corresponding to nucleotides 978 to 1,325) were generated by
expressing defined coding regions of the corresponding genes with pGEX-4T-1
(Amersham Biosciences) as glutathione S-transferase (GST) fusion proteins in
Escherichia coli BL21 and then using the GST fusion proteins as immunogens.
Two additional polyclonal rabbit antisera specific for the N-terminal and C-
terminal eight residues of the JEV prM protein were also produced by immu-
nization with the corresponding synthetic peptides conjugated at their N termini
with a hapten carrier, keyhole limpet hemocyanin (KLH); these peptides were
designated prM/N8 (KLH-MKLSNFQG) and prM/C8 (KLH-LLVAPAYS) (In-
vitrogen), respectively. All polyclonal antisera were generated in specific-patho-
gen-free New Zealand White rabbits over a 12-week period according to con-
ventional procedures. Nucleotide positions refer to the complete nucleotide
sequence of JEV CNU/LP2 (GenBank accession no. AY585243). The rabbit
polyclonal anti-GAPDH (anti-glyceraldehyde-3-phosphate dehydrogenase) anti-
serum was purchased from LabFrontier Co., Ltd. (Seoul, South Korea). Alkaline
phosphatase-conjugated goat anti-mouse and anti-rabbit immunoglobulin G an-
tibodies were purchased from Jackson ImmunoResearch Laboratories Inc.

Site-directed mutagenesis of infectious JEV ¢DNA. All plasmids were con-
structed according to standard molecular biology protocols (56). All four JEV
prM mutants used in this study were generated from the infectious WT JEV
cDNA molecular clone pBACS?®/JVFLx/Xbal (76), referred to herein as the
WT. All mutations were introduced by PCR-based site-directed mutagenesis. All
PCR-derived fragments were sequenced to confirm the desired mutations and
exclude further off-site mutations. The oligonucleotides used for mutagenesis in
this study are listed in Table 1. Details of the cloning procedures for the indi-
vidual mutants and computer-readable sequence files are available upon request.

For the N15A construct, two ¢cDNA fragments were first isolated by PCR
amplification of pBACSFPY/JVFLx/Xbal (76) with two pairs of primers,
JEVpaclF-N15AR and N15AF-JEVmIulR. These two cDNA fragments were
then fused by a second round of PCR amplification with the primer pair
JEVpaclF and JEVmlulR. The 1,064-bp Pacl-Mlul fragment of the resulting
amplicons was ligated to the 4,647-bp Mlul-BamHI and 12,854-bp BamHI-Pacl
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TABLE 1. Oligonucleotides used for PCR-based site-directed mutagenesis in this study

Oligonucleotide Sequence Position” Polarity Amino acid change(s)”
JEVpaclF 5'-TAGTTAATTAACCTGCAGGGGGCTG-3' Vector Sense
JEVmIulR 5'-ACCACGCGTTGACCATTGTTACTGC-3’ 913-937 Antisense
NI15AF 5'-ATGACCATTGCCAACACGGA-3’ 510-529 Sense NI5A
N15AR 5'-TCCGTGTTGGCAATGGTCAT-3' 510-529 Antisense
T17AF 5'-TTAACAACGCGGACATTG-3’ 517-534 Sense T17A
T17AR 5'-CAATGTCCGCGTTGTTAA-3’ 517-534 Antisense
DoubleF 5'-ACCATTGCCAACGCGGACAT-3’ 513-532 Sense NI15A, T17A
DoubleR 5'-ATGTCCGCGTTGGCAATGGT-3' 513-532 Antisense
SmF 5'-CATTAATAATACCGACATTG-3’ 515-534 Sense None (SM)
SmR 5'-CAATGTCGGTATTATTAATG-3' 515-534 Antisense

“ Nucleotide changes that were introduced by site-directed mutagenesis are identified by boldface letters. Restriction enzyme recognition sites used for cDNA cloning

are underlined.

 Nucleotide positions refer to the complete nucleotide sequence of the JEV CNU/LP2 strain (GenBank accession number AY585243).
¢ Mutagenesis resulted in the replacement of the Asn'® and/or Thr'” residue of JEV prM with Ala, as indicated. Numbering refers to the amino acid positions in

the JEV prM protein.

fragments of pBACSP®/JVFLx/Xbal, generating the N15A construct. Similarly,
the first two cDNA fragments for each of the other three constructs (T17A,
N15A/T17A, and SM) were first isolated by PCR amplification of pBACST®/
JVFLx/Xbal with two pairs of primers, namely, JEVpacIF-T17AR and T17AF-
JEVmIulIR, JEVpaclF-DoubleR and DoubleF-JEVmIuIR, and JEVpacIF-SmR
and SmF-JEVmluIR, respectively. In all cases, these two fragments were then
fused by a second round of PCR with primers JEVpaclF and JEVmIulR, and the
1,064-bp PacI-Mlul fragment of the resulting amplicons was finally cloned into
pBACSP®/JVFLx/Xbal as described above for the N15A construct.

In vitro synthesis of RNA transcripts. The parental full-length infectious WT
JEV cDNA and its derivatives were digested with Xbal and modified with mung
bean nuclease for linearization. Xbal-linearized and mung bean nuclease-treated
plasmids were used as DNA templates for in vitro runoff transcription using SP6
RNA polymerase, as described previously (76). In brief, ~200 ng of the template
DNA was added to a 25-pl reaction mixture consisting of the buffer supplied by
the manufacturer (New England Biolabs) plus 0.6 mM cap analog
[m’G(5")ppp(5')A; New England Biolabs]; 0.5 uM [PHJUTP (1.0 mCi/ml and 50
Ci/mmol; New England Nuclear Corp.); 10 mM dithiothreitol; 1 mM (each)
UTP, GTP, CTP, and ATP; 40 U of RNaseOUT; and 15 U of SP6 RNA
polymerase. The reaction mixtures were incubated at 37°C for 1 h. RNA tran-
scripts were quantified on the basis of [PH]JUTP incorporation, as measured by
RNA adsorption to DE-81 filter paper (Whatman). The integrity of the RNA
transcripts was verified by 1% agarose gel electrophoresis and ethidium bromide
staining.

Transfection with RNA transcripts and infectious-center assays. Electropo-
ration was used to transfect BHK-21, SH-SYS5Y, and C6/36 cells with in vitro-
transcribed RNAs. Subconfluent cells were collected by trypsinization, washed
three times with ice-cold RNase-free phosphate-buffered saline (PBS), and re-
suspended at 2 X 107 cells/ml in PBS. In vitro-transcribed RNA (2 pg) was mixed
with a 400-pl aliquot of the cell suspension (8 X 10° cells) in a 2-mm-gap cuvette
(BTX), and the suspension was immediately pulsed under conditions determined
previously to be optimal (980 V, a 99-us pulse length, and five pulses for BHK-21
cells; 780 V, a 99-us pulse length, and five pulses for SH-SYS5Y cells; and 800 V,
a 99-ps pulse length, and five pulses for C6/36 cells) by using a model no. ECM
830 electroporator as recommended by the manufacturer (BTX). After a 10-min
recovery at room temperature, the electroporated mixture was diluted with fresh
complete medium to obtain a volume of 1 ml. A 100-pl aliquot was taken to
determine the specific infectivity of the RNA as described below, and the re-
mainder was plated onto two 150-mm dishes and incubated at 37°C for 48 to 72 h
before viral harvest.

RNA infectivity was quantified by an infectious-center assay (76). A 1/10
portion of the 1-ml electroporation mixture was serially diluted 10-fold with fresh
complete medium and plated onto monolayers of naive BHK-21 cells (5 X 10°
cells/well) in a six-well plate. The cells were allowed to recover and attach to the
plate by incubation at 37°C with 5% CO, for 6 h, after which the medium was
removed and replaced with 0.5% SeaKem LE agarose overlay. Plates were
incubated for 4 to 5 days at 37°C with 5% CO,, and the infectious centers of
plaques were visualized by staining with 1% (wt/vol) crystal violet (in 50%
ethanol).

Real-time quantitative RT-PCR. Total RNA was isolated from duplicate wells
with Trizol reagent (Invitrogen); to normalize total RNA levels, 50 ng of total
cellular RNA was used for the reverse transcription (RT) reaction involving

primers specific for the JEV NS3 region and for the BHK-21 B-actin RNA. JEV
and BHK-21 B-actin cDNAs were synthesized by RT at 45°C for 30 min, followed
by the inactivation of the reverse transcriptase at 95°C for 10 min. JEV-specific
and BHK-21 B-actin-specific cDNAs were amplified with the iQ Supermix quan-
titative PCR system (Bio-Rad Laboratories) and detected with the iCycler iQ
multicolor real-time PCR detection system (Bio-Rad Laboratories). One-tenth
of the RT reaction mixture was used for PCR amplification, with 45 cycles of
95°C for 15 s and 60°C for 1 min. The JEV forward and reverse primers were
5'-ATCCAACTCAACCGCAAGTC-3' and 5'-TCTAAGATGGTGGGTTTCA
CG-3', respectively. The probe sequence (nucleotides 5837 to 5856) was 5'-6-c
arboxyfluorescein-CATCTCTGAAATGGGGGCTA-Black Hole Quencher 1-3’
(Integrated DNA Technologies). The forward and reverse primers for BHK-21
B-actin were 5'-ACTGGCATTGTGATGGACTC-3" and 5'-CATGAGGTAGT
CTGTCAGGTC-3', respectively. The probe sequence was hexachlorofluores-
cein-CCAGCCAGGTCCAGACGCAGG-Black Hole Quencher 2-3' (Inte-
grated DNA Technologies). The 2744°T method was used to analyze relative
changes in JEV RNA levels from real-time quantitative RT-PCR experiments
(59, 74).

Preparation of cell- and virion-associated viral proteins. To isolate cell-asso-
ciated JEV proteins, cells were directly lysed in 0.2 ml of 1X sample loading
buffer (80 mM Tri-HCI [pH 6.8], 2.0% sodium dodecyl sulfate [SDS], 10%
glycerol, 0.1 M dithiothreitol, and 0.2% bromophenol blue) at 6, 12, 18, and 24 h
after RNA transfection. Cell lysates were sheared by repeated passage through
a 26-gauge needle. For virion-associated JEV proteins, cell culture supernatants
were harvested at 24 h posttransfection and cellular debris was removed by
centrifugation at 3,000 rpm for 30 min at 4°C in a Hitachi CF7D2 centrifuge.
Virus particle-containing supernatants were concentrated by ultracentrifugation
through a 20% sucrose cushion in a Beckman Coulter Optima LE-80K SW28
rotor at 20,000 rpm (72,128 X g) for 2 h at 4°C. Viral pellets were resuspended
in the 1X sample loading buffer. Samples were boiled for 10 min prior to
separation by SDS-polyacrylamide gel electrophoresis (SDS-PAGE).

Immunoblotting. Protein samples of equal amounts were resolved by either
the glycine-SDS-PAGE (56) or the tricine-SDS-PAGE (58) system for low-
molecular-mass forms of the JEV C and M proteins. Proteins were transferred
onto methanol-activated polyvinylidene difluoride membranes by using a Trans-
Blot SD electrophoretic transfer cell machine (Bio-Rad Laboratories). Mem-
branes were blocked with 5% nonfat dried milk in washing solution (0.2% Tween
20 in PBS) at room temperature for 1 h. They were then washed three times with
the washing solution and incubated at room temperature for 2 h with one of the
following primary antibodies: a mouse JEV-specific hyperimmune antiserum
(1:1,000 dilution), rabbit anti-C antiserum C3 (1:1,000 dilution), rabbit anti-pr
antiserum PR2 (1:4,000 dilution), rabbit anti-M antiserum M5 (1:2,000 dilution),
rabbit anti-E antiserum EN1 (1:500 dilution), rabbit anti-prM/N8 antiserum
(1:100 dilution), rabbit anti-prM/C8 antiserum (1:100 dilution), or rabbit anti-
GAPDH antiserum (1:5,000 dilution). The primary antibody-decorated mem-
branes were washed three times with the washing solution and incubated at room
temperature for 2 h with an alkaline phosphatase-conjugated goat anti-mouse or
anti-rabbit immunoglobulin G antibody (1:5,000 dilution), as appropriate. The
membranes were washed three times with the washing solution and once with
PBS. JEV or GAPDH protein bands were visualized by incubation with 5-bromo-
4-chloro-3-indolyl-phosphate and nitroblue tetrazolium as substrates.
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Immunoprecipitation and endoglycosidase digestion. For the immunoprecipi-
tation of JEV proteins, BHK-21 cells were used for RNA transfection as de-
scribed above. At 10 h posttransfection, cells (2 X 10°) were washed once and
incubated in methionine-free MEM for 30 min and then labeled with the same
medium supplemented with 2% FBS and 200-pCi/ml L-[**S]methionine
(PerkinElmer Life and Analytical Sciences) for 8 h. Cells were lysed in radio-
immunoprecipitation assay (RIPA) lysis buffer (0.15 M NaCl, 0.05 M Tris-HCl
[pH 7.2], 1% Triton X-100, 1% sodium deoxycholate, 0.1% SDS, and protease
inhibitors). Cellular debris was removed by centrifugation. The supernatants
were immunoprecipitated for 10 h at 4°C with mouse JEV-specific hyperimmune
antiserum that had been preabsorbed with protein A-Sepharose beads. Immu-
noprecipitated pellets were washed five times in RIPA lysis buffer, solubilized in
1X sample loading buffer, boiled for 10 min, separated using the 15% tricine—
SDS-PAGE system, and analyzed by autoradiography.

For endoglycosidase treatment of JEV proteins, immune complexes were
eluted from protein A-Sepharose pellets after the final washing step by being
boiled in 60 wl of 1X glycoprotein-denaturing buffer (0.5% SDS and 1% B-mer-
captoethanol) for 10 min. The supernatant was then split into three equal
portions. For endoglycosidase H (endo H) digestion, 20 wl of one aliquot was
added to a 40-pl reaction mixture consisting of 1X G5 buffer (50 mM sodium
citrate [pH 5.5]) and 250 U of endo H (New England Biolabs). For N-glycosidase
F (PNGase F) digestion, another 20 ul was added to a 40-ul reaction mixture
consisting of 1X G7 buffer (50 mM sodium phosphate [pH 7.5]), 1% NP-40, and
250 U of PNGase F (New England Biolabs). The mixtures containing these two
aliquots and the corresponding mock-treated controls lacking the enzymes were
incubated for 6 h at 37°C. After incubation, the samples were boiled for 10 min
in 1X sample loading buffer and analyzed by 15% tricine~-SDS-PAGE and
autoradiography.

Growth curves. The growth properties of the JEV prM mutant viruses in
BHK-21, SH-SY5Y, and C6/36 cells were analyzed. For this purpose, cells were
preseeded into 35-mm dishes at 3 X 10° per dish for 12 to 18 h and then infected
with viruses at a multiplicity of infection (MOI) of 0.01 for 1 h at 37°C with
frequent agitation. After incubation, the inoculum was removed and the mono-
layers were washed once and incubated in fresh complete medium. Supernatants
were collected at the indicated time points (6, 12, 18, 24, 36, 48, 72, and 96 h
postinfection for BHK-21 and SH-SYS5Y cells and the additional time points of
120 and 144 h postinfection for C6/36 cells), and aliquots were stored at —80°C.
The titers of supernatants were determined by plaque assays on BHK-21 cell
monolayers (76).

Electron microscopy (EM). BHK-21 cells were infected at an MOI of 10 with
the WT or one of the prM mutant viruses. At 18 h after infection, cells were
gently rinsed with PBS and fixed in a 2.5% paraformaldehyde—glutaraldehyde
mixture buffered with 0.1 M phosphate (pH 7.2) for 1 h at 4°C. Fixed cells were
scraped from the plates, collected by low-speed centrifugation (200 X g for 10
min at 4°C), postfixed in 1% osmium tetroxide in the same buffer for 1 h,
dehydrated in graded ethanol and propylene oxide, and embedded in Epon-812.
Ultrathin sections cut with an ULTRACUTE ultramicrotome (Leica, Austria)
were stained with uranyl acetate and lead citrate and examined under a CM 20
electron microscope (Philips, The Netherlands).

Mouse experiments. Three-week-old female ICR mice (Charles River Labo-
ratories) were used for pathogenesis studies. Animals were handled according to
the regulations of the Chungbuk National University Medical School’s animal
experimentation facility. Mice were anesthetized with methoxylfluorane and in-
oculated intracerebrally (i.c.) or intraperitoneally (i.p.) with doses of virus stock
serially diluted 10-fold in MEM (n = 10 mice per dose) in a volume of 30 or 50
wl, respectively. Control groups were inoculated with an equivalent volume of
supernatant from an uninfected cell culture at a comparable dilution via the
same route. Mice were observed every 12 h until death or were maintained over
a 5-week period, during which morbidity and mortality rates were recorded. The
50% lethal doses (LDs,s) were determined by the method of Reed and Muench
(53). Whenever possible, sera were collected and stored at —80°C until being
used for plaque reduction neutralizing tests. All mice that died after i.p. inocu-
lation showed typical signs of clinical encephalitis, and the replication of JEV
genomic RNA in brain tissue was confirmed by RT-PCR; all mice that survived
showed variable levels of antibody response, and all the mock-infected mice
survived with no signs of disease. All the mice that died after i.c. inoculation
displayed typical signs of clinical encephalitis, and JEV amplification in their
brain tissues was confirmed by plaque assays after the experiment; the control
group of mock-infected mice all survived the 5-week period with no signs of
disease. For statistical analysis, survival curves were created by the Kaplan-Meier
method and analyzed by the log-rank test in order to identify any significant
differences between the WT and each of the four prM mutants. A P value of
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<0.05 was considered statistically significant. All procedures were performed
using the SPSS software package, version 10.0 (SPSS, Inc.).

RESULTS

Mutations substituting alanine for either or both of the N'*
and T'7 residues in the single potential N-linked glycosylation
site N'*-X'¢.T"'7 within JEV prM result in significant reduc-
tions in virus titer and plaque size, with no detectable changes
in viral RNA replication or protein expression. The pr region
of JEV prM protein contains a single potential N-linked gly-
cosylation site that is highly conserved in 444 of the 447 JEV
strains whose sequences are currently available from the
GenBank database (data not shown). Although the canonical
consensus sequence is N-X-T/S, all of these sites found within
JEV prM invariably display the sequence N-X-T at amino acid
positions 15 to 17. To investigate the functional significance of
the evolutionarily conserved N'* and T'7, we introduced mu-
tations replacing either or both of these two residues with
alanine in full-length infectious JEV ¢cDNA (the WT) to pro-
duce three mutants, N15A, T17A, and N15A/T17A (Fig. 1). In
parallel, we also engineered three silent point mutations cor-
responding to all three amino acid positions (15 to 17) to
generate an additional mutant, SM, to allow for the possibility
that cis-acting RNA sequences required for replication are
located in this region of the viral genome (Fig. 1).

We first examined the effects of these mutations on the
specific infectivity and viability of JEV genomic RNA. For this
purpose, we transfected naive BHK-21 cells by electroporation
with RNA transcripts derived from the WT and each of the
four prM mutant cDNA templates (N15A, T17A, N15A/T17A,
and SM) in order to analyze the numbers and sizes of the
plaques formed in RNA-transfected cells. At 4 to 5 days after
transfection, the RNA transcripts produced from all four mu-
tant cDNA constructs had specific infectivities ranging from
1.2 X 10° to 2.0 X 10° PFU/ug, similar to that of the WT (1.7 X
10° PFU/ug) (Fig. 2A). Thus, none of the mutations intro-
duced at this potential N-linked glycosylation site altered the
infectivity or viability of the JEV genomic RNA. However, the
sizes of the plaques formed in mutant RNA-transfected cells
were different from those of the plaques formed in WT RNA-
transfected cells (Fig. 2A). BHK-21 cells transfected with
mutant RNAs derived from N15A, T17A, and N15A/T17A
displayed a homogeneous population of plaques, ~2-fold
smaller than those formed in the cells transfected with WT-
derived RNA. In contrast, BHK-21 cells transfected with the
SM-derived RNA exhibited large homogeneous plaques,
phenotypically indistinguishable from those formed in the
cells transfected with WT RNA.

We then assessed the levels of production of the viral RNA
and proteins in BHK-21 cells transfected with each of the
RNAs. Real-time quantitative RT-PCR using a JEV-specific
probe complementary to the sequence of nucleotides 5837 to
5856, corresponding to JEV NS3, showed that in all cases, the
accumulation levels of the RNAs relative to those at 6 h post-
transfection were invariably increased by ~250-fold at 12 h
posttransfection and subsequently increased by ~1,400- to
1,500-fold at 24 h posttransfection (Fig. 2B). Thus, all the viral
genomic RNAs were produced at similar levels in RNA-trans-
fected cells over a period of 24 h after transfection. Consistent
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FIG. 1.

Schematic representation of JEV prM N-glycosylation mutants constructed in the context of a full-length infectious JEV cDNA

molecular clone. The RNA genome structure of JEV is schematically outlined at the top. Coding regions corresponding to viral proteins are
indicated, with thick solid lines at both termini representing the 5" and 3’ UTRs (NTR) of the viral genome. Below the diagram of the viral genome,
the major regions of the JEV prM protein are outlined. The soluble pr portion of JEV prM is cleaved from the membrane-anchored virion-
associated M protein by furin or a related cellular protease (61). The cleavage site is indicated by an arrowhead, and a pair of transmembrane
domains located at the C terminus of the prM protein are indicated by solid boxes. Four JEV prM N-glycosylation mutants (N15A, T17A,
N15A/T17A, and SM) were constructed from full-length infectious JEV ¢cDNA (WT), as described in Materials and Methods. Nucleotide and
amino acid sequence alignments corresponding to amino acid positions 1 to 20 of the WT and the four prM mutants are shown. The location of
the single potential N-linked glycosylation consensus sequence (N'3-X'®-T'7) is indicated by an open box. Nucleotide changes introduced into this
region are indicated by lowercase letters, and the resulting amino acid alterations are indicated by bold uppercase letters. An arrow indicates the

N terminus of JEV prM protein. Bullets represent identical residues.

with this RNA production, immunoblotting using a JEV-spe-
cific hyperimmune antiserum revealed equivalent amounts and
identical patterns of JEV-specific proteins (such as E, NSI,
NS3, and NS5) in WT RNA-transfected cells and cells trans-
fected with each of the four prM mutant RNAs (Fig. 2C).
Using real-time quantitative RT-PCR to examine the levels of
production of the viral RNA has the potential for overestimat-
ing the amounts of full-length genomic RNAs, because in our
assay this method detected only a 158-nucleotide region (nu-
cleotides 5757 to 5914) within the genome. However, since
comparable amounts of JEV-specific proteins were detected in
the cells transfected with the WT and each of the four prM
mutant RNAs, it is unlikely that there was undetected prefer-
ential degradation of the WT or prM mutant RNAs.

Next, we determined the virus titers, measuring the infectiv-
ities of the viruses produced from BHK-21 cells transfected
with the WT and each of the four prM mutants. Following 24 h
of incubation after transfection, equal volumes of culture su-
pernatants were used to infect naive BHK-21 cells, and the
virus titers were estimated by plaque assays (Fig. 2D). Three
prM mutants, N15A (4.2 X 10* PFU/ml), T17A (5.1 X 10*
PFU/ml), and N15A/T17A (4.0 X 10* PFU/ml), all showed
~20-fold reductions (17- to 22-fold) in titers compared to the
WT titer (8.8 X 10° PFU/ml). The SM mutant produced a titer
(8.3 X 10° PFU/ml) similar to the WT titer. Taken together,
these results indicated that a step(s) other than viral RNA
synthesis and protein expression was primarily affected by mu-
tations introduced into the single potential N-linked glycosyl-
ation site in JEV prM.

A single potential N-linked glycosylation site, N'5-X'6-T"7,
in JEV prM is utilized for the addition of oligosaccharides. To
characterize the JEV-specific proteins produced by the four
JEV prM mutants, we transfected or mock-transfected
BHK-21 cells with the RNAs derived from the WT and each of
four prM mutant cDNAs and then metabolically labeled the
cells with [**S]methionine for 8 h and immunoprecipitated the
cell lysates with a polyclonal JEV-specific mouse hyperimmune
antiserum (Fig. 3A). The WT JEV prM protein migrated as a
species of ~25 kDa. In the case of the three prM mutants
lacking the single potential N-linked glycosylation site (N15A,
T17A, and N15A/T17A), a smaller form of ~20 kDa, desig-
nated prMP?°, was instead observed. As expected, the SM prM
protein comigrated with the WT prM protein, demonstrating
that the three silent point mutations introduced into the po-
tential N-linked glycosylation site did not alter the apparent
molecular size. These results were consistent with those of
mobility shift assays in which equal amounts of cell lysates were
detected with a polyclonal anti-pr rabbit antiserum (data not
shown).

To determine whether the mobility shift observed for the
JEV prM mutant proteins actually reflected the loss of glycans
at the single potential N-linked glycosylation site, we treated or
mock-treated immunoprecipitated lysates with either endo H,
which removes high-mannose-content N-linked glycans, or
PNGase F, which cleaves all types of N-linked glycans (Fig.
3B). The digestion of the ~25-kDa WT prM with either en-
doglycosidase yielded a product of ~20 kDa, whose migration
pattern was invariably identical to those of all three mutant
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FIG. 2. Characterization of JEV prM N-glycosylation mutants: specific infectivities, plaque morphologies, viral RNA and protein expression
profiles, and virus yields. Naive BHK-21 cells were mock transfected (mock) or transfected with the synthetic RNA transcripts derived from either
the WT or one of four JEV prM mutant cDNA templates (N15A, T17A, N15A/T17A, or SM) by electroporation. (A) Specific infectivities of the
RNA transcripts and representative plaque morphologies. The specific infectivities of the RNA transcripts were estimated by infectious-center
assays as described in Materials and Methods (results are expressed as numbers of PFU per microgram of RNA). To evaluate representative plaque
morphologies, the cells were overlaid with agarose and stained with crystal violet 4 to 5 days after RNA transfection. The average plaque sizes
(mean diameters = standard deviations) were estimated by counting 20 representative plaques formed by each RNA transcript. (B) Levels of
production of JEV RNA. Total cellular RNA was isolated from the transfected cells at 6, 12, and 24 h posttransfection (h.p.t.). Real-time
quantitative RT-PCR was utilized for the quantitation of JEV-specific RNA and B-actin RNA for the normalization of total RNA levels. The
274ACT method was used to analyze the changes in JEV RNA levels relative to those measured at 6 h posttransfection in real-time quantitative
PCR experiments. (C) Accumulation of the JEV proteins. Equal amounts of protein extracts collected at 24 h posttransfection were separated by
12% glycine-SDS-PAGE. Viral proteins were visualized by immunoblotting with a polyclonal JEV-specific mouse hyperimmune antiserum
(anti-JEV). In parallel, GAPDH protein, used as a loading and transfer control, was detected with a polyclonal anti-GAPDH rabbit antiserum
(anti-GAPDH). The positions of the JEV-specific proteins, a viral protein-related cleavage intermediate (arrowhead), and GAPDH are indicated
to the right. Molecular mass markers, in kilodaltons, are indicated to the left. (D) Levels of production of infectious virions. Virus titers in the
culture supernatants harvested from monolayers of the transfected cells at 24 h posttransfection were determined by plaque assays on naive
BHK-21 cells. Data from one of three independent experiments, which yielded similar results, are shown.

prMP?° proteins lacking the potential N-linked glycosylation Alternatively, the mutations may affect viral infectivity, altering
site (those of the N15A, T17A, and N15A/T17A mutants) that the ratio of virus particles to PFU. To test these two possibil-
had been mock treated. In addition, the mobilities of these ities, we used immunoblotting to analyze the relative produc-
three mutant prMP?° proteins were identical before and after tion levels and profiles of three JEV structural proteins (C,
digestion with either endoglycosidase. As expected, the sensi- prM/M, and E) that were released into culture supernatants in
tivity of the SM mutant prM protein to digestion with either the first 24 h after the transfection of BHK-21 cells with the
endoglycosidase was the same as that of WT prM. Therefore, relevant RNAs.

we concluded that the cell-associated prM protein is glycosyl- BHK-21 cells were transfected with the RNAs derived from
ated primarily with high-mannose oligosaccharides at its single the WT and each of four prM mutant cDNAs under our
potential N-linked glycosylation site, N'>-X'6-T"7, optimized electroporation conditions (yielding >90% transfec-

Reductions in the plaque size and virus titer observed with tion efficiency). Cell lysates were collected at 6, 12, 18, and 24 h
JEV prM N-glycosylation-defective mutants are correlated after transfection, and the JEV particles released into the

with a decrease in the production of extracellular virus parti- culture supernatants were harvested at 24 h by ultracentrifu-
cles. One possible explanation for the effects of alanine sub- gation through a 20% sucrose cushion. The three JEV struc-
stitution that we observed is that JEV prM N-glycosylation- tural proteins in the cell lysates and released viral particles

defective mutants are defective in virus assembly or release. were analyzed by immunoblotting with a JEV-specific mouse
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FIG. 3. Biochemical and endoglycosidase analyses of JEV prM N-glycosylation mutants. Naive BHK-21 cells were mock transfected (mock) or
transfected with the synthetic RNA transcripts derived from either the WT or one of four JEV prM mutant cDNA templates (N15A, T17A,
N15A/T17A, or SM). At 10 h posttransfection, cells were metabolically labeled with [**S]methionine for 8 h and lysed with 1 RIPA lysis buffer.
(A) Immunoprecipitation of metabolically labeled JEV proteins. Cell lysates were immunoprecipitated with a polyclonal JEV-specific mouse
hyperimmune antiserum. Samples were analyzed by 15% tricine-SDS-PAGE and visualized by autoradiography. The positions of JEV-specific
proteins are indicated to the right, and molecular mass markers, in kilodaltons, are indicated to the left. (B) Endoglycosidase digestion of
cell-associated JEV prM proteins. Cell lysates were immunoprecipitated with a polyclonal JEV-specific mouse hyperimmune antiserum. Denatured
immunoprecipitates were digested with PNGase F (lanes 2, 5, 8, 11, 14, and 17) or endo H (lanes 3, 6, 9, 12, 15, and 18) or incubated without either
endoglycosidase (lanes 1, 4, 7, 10, 13, and 16) and analyzed by 15% tricine—-SDS-PAGE followed by autoradiography. Glycosylated (prM) and
unglycosylated (prMP?%) forms of the WT and four mutant prM proteins are indicated to the left. +, present; —, absent.

hyperimmune antiserum and four rabbit antisera specific for
the C, pr, M, and E proteins of JEV. In the lysates of all four
prM mutants, the expression levels of all three structural pro-
teins were nearly identical to WT levels (Fig. 4A). In contrast,
when JEV particles purified from equal volumes of the culture
supernatants were analyzed, the accumulation levels of all
three JEV structural proteins of the three prM N-glycosyla-
tion-defective mutants (N15A, T17A, and N15A/T17A) were
invariably ~20-fold lower than those of the WT proteins (=5%
of the WT levels) (Fig. 4A). This reduction directly paralleled
the average ~20-fold decrease in virus particle infectivity in
these samples (Fig. 2). As expected, the SM mutant revealed
no obvious mutant phenotype, yielding WT levels of virion-
associated JEV structural proteins (Fig. 4A). Also, immuno-
blotting with an anti-M rabbit antiserum revealed a trace
amount of unglycosylated prMP?°, together with a large
amount of glycosylated prM, in the cells transfected with the
WT or control mutant SM RNA (Fig. 4A). Unexpectedly, we
also noted a detectable amount of an M-reactive protein of
~18 kDa (smaller than the unglycosylated prMP2"), designated

prMP8 only in the N15A/T17A RNA-transfected cells (Fig.
4A; also see Fig. 7 and 8 for a detailed description).

When we analyzed purified JEV particles by immunoblot-
ting with two polyclonal rabbit antisera detecting the JEV pr
(data not shown) and M (Fig. 4A) proteins, we observed trace
amounts of uncleaved prM protein in the WT and control
mutant SM samples. This finding is consistent with previous
results for other flaviviruses (19, 47, 71), although the biolog-
ical significance of this release of uncleaved prM from the
infected cells is unclear. We were unable to detect any such
uncleaved prMP?° protein in the case of the three prM N-
glycosylation-defective mutants, when JEV particles purified
from equal volumes of culture supernatant were analyzed (Fig.
4A). However, when we increased the amounts of JEV parti-
cles used for immunoblotting by loading the gels with 20 times
the amount of WT particles used, we found that the three prM
N-glycosylation-defective mutants displayed uncleaved prMP2°
and that the ratios of uncleaved prMP?° to cleaved M proteins
were similar to those of uncleaved prM to cleaved M proteins
in the WT and control mutant SM samples (Fig. 4B). Thus,
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FIG. 4. Analysis of virus particle release by JEV prM N-glycosylation mutants. Naive BHK-21 cells were mock transfected (M) or transfected
with the synthetic RNA transcripts derived from either the WT or one of four prM mutant cDNAs (N15A, T17A, N15A/T17A, or SM).
(A) Comparison of cell-associated JEV proteins with virion-associated JEV proteins. For cell-associated JEV proteins, total cell lysates were
prepared by directly lysing monolayers of transfected cells at 6, 12, 18, and 24 h posttransfection (h.p.t.). For virion-associated JEV proteins, equal
volumes of culture supernatants were collected from RNA-transfected cells at 24 h posttransfection and extracellular viral particles were pelleted
by ultracentrifugation through a 20% sucrose cushion. Equivalent portions of total cell lysates and pelleted viral particles were subjected to either
12% glycine-SDS-PAGE or 15% tricine-SDS-PAGE for the separation of the JEV C and prM/M proteins with small molecular sizes. For the
relative quantitation of virus particle release, concentrated WT viral particles were diluted 1:1 (1X), 1:5 (0.2X), and 1:20 (0.05X) and used as a
reference. Cell-associated and virion-associated JEV proteins were visualized by immunoblotting using a polyclonal JEV-specific mouse hyper-
immune antiserum (anti-JEV) and a panel of three polyclonal rabbit antisera specific for the JEV C (anti-C), M (anti-M), and E (anti-E) proteins.
Indicated to the left of each panel are the positions of the JEV-specific proteins, including two forms of JEV prM, glycosylated (prM) and
unglycosylated (prMP2°). The position of an M-reactive protein of ~18 kDa (prMP'®), found only in the N15A/T17A RNA-transfected cells, is
highlighted with an arrowhead; molecular mass markers, in kilodaltons, are indicated to the right of each panel. (B) Detection and comparison
of glycosylated prM or unglycosylated prMP?° proteins associated with released viral particles. Viral particles pelleted from clarified supernatants
24 h after transfection were subjected to immunoblot analysis. For three prM mutants (N15A, T17A, and N15A/T17A), protein samples were
adjusted to contain equivalent amounts of viral particles prior to 15% tricine-SDS-PAGE by overloading the gel with 20-fold-larger amounts of
N15A, T17A, and N15A/T17A viral particle-containing pelleted materials than of WT and SM mutant particle-containing materials. Samples were
transferred onto two membranes: one was blotted with a polyclonal anti-M rabbit antiserum (anti-M), and the other was blotted with a polyclonal
anti-pr rabbit antiserum (anti-pr). Indicated to the left of each panel are the positions of JEV M and/or two forms of JEV prM, glycosylated (prM)
and unglycosylated (prMP?®). Numbers to the right are molecular masses, in kilodaltons.

these results indicated that although JEV prM N-glycosylation-
defective mutants had a severe defect in virus particle assembly
and release, the virus particles they released had a protein
composition analogous to that of the WT particles.

In principle, the decrease in the levels of virion-associated
structural proteins in the culture supernatants may reflect ei-
ther inefficient virus assembly and release or the instability of
the released virus particles. To distinguish between these two
possibilities, we used trichloroacetic acid to precipitate the

total protein from the culture supernatants and then analyzed
the levels of the three JEV structural proteins in the precipi-
tates by immunoblotting. Again, the levels of each of the three
proteins were reduced by ~20-fold compared to the WT level
in the case of all three prM N-glycosylation-defective mutants
(N15A, T17A, and N15A/T17A), indicating that the reduction
was due to a defect in virus assembly and release rather than a
decrease in the stability of the released particles (data not
shown). Taken together, our results demonstrated that the
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FIG. 5. Thin-section EM analysis of JEV prM N-glycosylation mutants. Electron micrographs show representative thin sections of BHK-21 cells

J. VIROL.

mock infected (mock) or infected with the WT or one of four JEV prM N-glycosylation mutant viruses (N15A, T17A, N15A/T17A, or SM) at an
MOI of 10; cells were collected at 18 h after infection for examination by EM. White arrows point to aggregates of assembled intracellular virions,
as identified by an electron-dense core surrounded by a lipid envelope, accumulating within the lumina of JEV-induced reorganized membrane-
bound vesicles. Also indicated is the edge of the nucleus (Nu), to assist in orienting each of the electron micrographs. Original magnifications,
X27,500 for each panel and X150,000 for each inset (boxed region) inside the corresponding panels.

inactivation of N glycosylation at the N'>-X'®-T"7 site in JEV
prM resulted in the defective assembly and release of JEV
particles. This finding was further confirmed by the results
obtained for an additional mutation replacing N'° with Q. This
mutation is chemically more conservative than replacement
with Ala, in that both Asn and Gln contain an amide group in
their side chains; the N15Q mutant had a defect in virus as-
sembly and release, as did the N15A mutant (see Fig. S1 in the
supplemental material).

The N glycosylation of JEV prM promotes the release of
intracellular virions accumulated in the lumina of reorganized
membrane-bound vesicles. To determine at the morphological
level whether the reduction in the production of extracellular
virus particles by JEV prM N-glycosylation-defective mutants
occurs at the stage of assembly or release, we performed thin-
section EM analysis of BHK-21 cells infected at an MOI of 10
with the WT or one of four prM mutant viruses and then fixed
18 h after infection (Fig. 5). In all cases, large numbers of intact

intracellular virions (=50 nm), as evidenced by the presence of
an electron-dense core of ~30 nm surrounded by a lipid en-
velope (45, 46, 70, 73), were observed in the lumina of reor-
ganized membrane-bound vesicles induced by viral replication.
In the case of the three prM N-glycosylation-defective mutants
(N15A, T17A, and N15A/T17A), there was no obvious differ-
ence between the appearances of their intact intracellular viri-
ons, which showed typical flavivirus morphology, and those of
the WT and control mutant SM virions. However, we noted an
increase in the numbers of these structures within the lumina
of reorganized membrane-bound vesicles in the cells infected
with any of the three prM N-glycosylation-defective mutant
viruses compared to the numbers seen in the cells infected with
the WT or control mutant SM virus. Of particular note was our
observation that thin sections of cells infected with each of the
three prM N-glycosylation-defective mutant viruses featured
large bundles of intracellular virions tightly condensed within
the lumina of elongated vesicles, whereas thin sections of cells
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FIG. 6. Comparison of the virus growth properties of JEV prM N-glycosylation mutants in three different cell types. BHK-21 (A), SH-SY5Y
(B), and C6/36 (C) cells were infected at an MOI of 0.01 with the WT or one of four JEV prM N-glycosylation mutant viruses (N15A, T17A,
N15A/T17A, or SM). Culture supernatants were collected at the indicated hour postinfection (h.p.i.), and virus titers were determined by plaque

assays on naive BHK-21 cells. The data shown are from one of two independent experiments yielding similar results.

lack of N-linked glycosylation on JEV prM was associated with
a delay in virus growth and a reduction in virus yield in all three
cell types tested, with the delay and reduction being consider-
ably more pronounced in C6/36 cells than in BHK-21 or SH-
SYSY cells. Of note is the fact that the yield of N15A/T17A
virus was ~10-fold lower than that of N15A and T17A in C6/36
cells but not BHK-21 or SH-SYSY cells. Thus, the N'° residue,
along with T'7, apparently plays an additional important role
in JEV biology, affecting virus growth in a cell type-specific
manner.

The double mutation N15A/T17A, but not N15A or T17A,
causes a subtle difference in JEV prM protein biogenesis in a
cell type-specific fashion, leading to a significant defect in
virus growth. To determine whether the unexpected cell type-
specific effect of the N15A/T17A mutation on virus growth was
associated with improper proteolytic processing of JEV prM,
we transfected BHK-21, SH-SY5Y, and C6/36 cells with the
RNAs transcribed from the WT and four prM mutant cDNAs
under our optimized electroporation conditions. After a 24-h
incubation, we compared the profiles and expression levels of
intracellular JEV proteins by immunoblotting using the poly-
clonal anti-JEV antiserum and two rabbit antisera recognizing
the JEV pr and M proteins.

In all three cell types, we detected small but nonsignificant
differences in the intracellular accumulation levels of JEV pro-
teins (such as E, NS1, NS3, and NS5) among the cells trans-
fected with each of the four prM mutant RNAs and the WT
RNA-transfected cells (Fig. 7). Of the three prM N-glycosyla-
tion-defective mutants, however, only N15A/T17A produced a
band corresponding to an additional pr- and M-reactive pro-
tein of ~18 kDa, designated prMP'® (Fig. 7). The N15A/T17A
mutant produced the highest-level accumulation of prMP*® in
C6/36 cells (Fig. 7C), with a 1:1 ratio of prMP?° to prMP'%; the
same mutant produced no detectable prMP'® in SH-SY5Y cells
(Fig. 7B) and only barely detectable levels in BHK-21 cells
(Fig. 7A). Since this prMP'® protein was recognized by two
antisera, one specific for the pr protein that we mutated and
the other specific for the M protein, which we did not mutate,
the difference in the amount of the prMP'® protein detected
was not caused by the loss of reactive epitopes in the prM,

prMP2°, or prMP'® protein. Another difference between
BHK-21 cells and the two biologically relevant cell types was
also noted. In BHK-21 cells, trace amounts of unglycosylated
prMP2° protein, as well as large amounts of glycosylated prM,
were recognized in the cases of the WT and the control mutant
SM; detectable amounts of three additional M-reactive protein
bands were seen in the WT and all four prM mutant samples
(Fig. 7A). These protein bands, however, were not detectable
in SH-SYSY or C6/36 cells (Fig. 7B and C). From these data,
it appears that a subtle difference in JEV prM protein biogen-
esis, particularly that observed for N15A/T17A in three differ-
ent cell types, can lead to a significant defect in virus growth
that is cell type dependent and prM glycosylation independent.

The prMP*8 protein lacks the N-terminal region of unglyco-
sylated prMP2°. Because the two polyclonal rabbit antisera
reactive with prMP'® were raised against the region corre-
sponding to the N-terminal 44 residues of cleaved M (for
anti-M antiserum) and the region corresponding to the N-
terminal 92 residues of the pr portion of uncleaved prM (for
anti-pr antiserum), with GST fused to their N termini (Fig. 7),
it was not known which terminus was missing from the prMP*®
protein compared with the unglycosylated prMP?° protein. To
answer this question, we generated an additional pair of poly-
clonal rabbit antisera specific for the N terminus (anti-prM/
N8) and the C terminus (anti-prM/C8) of uncleaved prM by
immunization with one of the two corresponding 8-amino-acid
synthetic peptides conjugated to a hapten carrier, KLH, at
their N termini (Fig. 8A). As seen with the anti-M antiserum,
immunoblotting using the anti-prM/C8 antiserum detected
prMP!8 together with unglycosylated prMP?°, in C6/36 cells
transfected with N15A/T17A RNA (Fig. 8B). However, the
prMP*® protein band was not detected by immunoblotting us-
ing the anti-prM/N8 antiserum in the extract of N15A/T17A
RNA-transfected C6/36 cells expressing unglycosylated prMP2’
(Fig. 8B). As expected, both the anti-prM/N8 and anti-prM/C8
antisera recognized glycosylated prM in WT RNA-transfected
C6/36 cells (Fig. 8B). These results demonstrated that the
prMP'® protein lacked the N terminus of unglycosylated
prMP?°, mostly likely as a result of aberrant processing(s) of
unglycosylated prMP?°. Based on the estimated molecular
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FIG. 7. Abnormal prM protein biogenesis by JEV prM N-glycosylation mutants in three different cell types. BHK-21 (A), SH-SY5Y (B), and
C6/36 (C) cells were mock transfected (mock) or transfected with the synthetic RNA transcripts derived from the WT or one of four prM mutant
cDNAs (N15A, T17A, N15A/T17A, or SM). After a 24-h incubation, monolayers of the transfected cells were directly lysed with 1X sample loading
buffer. Equal amounts of cell lysates were separated by 12% glycine-SDS-PAGE (for staining with anti-JEV) or 15% tricine-SDS-PAGE (for
staining with anti-pr and anti-M) and transferred onto membranes. Membranes were probed with a polyclonal JEV-specific mouse hyperimmune
antiserum (anti-JEV) or two polyclonal rabbit antisera, one specific for the JEV pr (anti-pr) and the other specific for the M protein (anti-M).
Molecular mass markers, in kilodaltons, are indicated to the left of each panel, and immunoreactive JEV proteins are shown to the right. Also
highlighted are a pr- and M-reactive protein band of ~18 kDa (prMP'®, indicated by a black arrowhead) seen in the BHK-21 and C6/36 cells
transfected with N15A/T17A-derived RNA and three additional M-reactive protein bands (indicated by three white arrowheads) detected in the
BHK-21 cells transfected with the RNAs derived from the WT or any of the four prM mutants.

mass of the prMP'® protein, the aberrant cleavage site(s) ap-
peared to be located within the N-terminal 50-amino-acid re-
gion of prM. This region, however, lacks the minimal cleavage
site sequence, R-X-X-R (34, 48), for the Golgi apparatus res-
ident protease furin, which is involved in the cleavage of prM
into pr and M (61). Given our current understanding that
uncleaved prM has a chaperone-like role, preventing E from
undergoing an acid-catalyzed conformational change during
the transport of nascent virions through the secretory pathway
to the cell surface, our data suggest that the improper process-
ing of unglycosylated prMP?° by an unknown cellular pro-
tease(s), as observed for the N15A/T17A mutant in C6/36 cells,
is able to reduce virus growth in a prM glycosylation-indepen-
dent manner.

The N glycosylation of JEV prM is crucial for viral patho-
genicity in a murine infection model system. To compare the
lethalities of the WT and four prM mutant viruses, we first
performed a pilot experiment by i.p. inoculating groups of

3-week-old ICR mice (n = 20 per group) with 5 X 10% PFU of
each virus. The results of this pilot study indicated that the SM
mutant produced a mortality rate similar to that produced by
the WT virus, whereas all three prM N-glycosylation-defective
mutants (N15A, T17A, and N15A/T17A) gave mortality rates
lower than that produced by the WT virus (data not shown),
suggesting that the N glycosylation of JEV prM might influ-
ence viral pathogenicity in mice. For a more quantitative com-
parison, we then determined the LDs,s for i.p. inoculation
of the viruses into 3-week-old ICR mice (Table 3). As ex-
pected, the WT virus was highly virulent, yielding an LD, of
1.4 PFU; the control mutant SM virus retained the virulent
phenotype of the WT virus, with an LD, of 1.1 PFU. How-
ever, the LDsys of the three prM N-glycosylation-defective
mutants were significantly higher than that of the WT virus:
N15A, 29.4 PFU; T17A, 50.0 PFU; and NI15A/T17A, 497.6
PFU. Thus, N15A/T17A exhibited an LD, that was ~10- to
15-fold higher than that of either N15A or T17A. Although no
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of the prM protein. Of the three immunogens used, two were the 8-amino-acid (a.a.) synthetic peptides corresponding to the N terminus (prM/N8)
and the C terminus (prM/C8) of the uncleaved prM, with KLH conjugated to the N termini of these peptides; the third immunogen was the E.
coli-produced recombinant protein encoding the 44-amino-acid N-terminal region of the cleaved M, with GST fused to its N terminus. (B) De-
tection of the unglycosylated prMP?° and prMP'® proteins by immunoblotting using three polyclonal rabbit antisera specifically recognizing various
regions of JEV prM protein. C6/36 cells were mock transfected (mock) or transfected with the synthetic RNA transcripts derived from the WT
or N15A/T17A mutant cDNA. After a 24-h incubation, monolayers of the transfected cells were directly lysed with 1X sample loading buffer. Equal
amounts of cell lysates were separated by 15% tricine—-SDS-PAGE and transferred onto membranes, which were probed with one of three
polyclonal rabbit antisera: anti-prM/N8, anti-M, or anti-prM/C8 antiserum. Molecular mass markers are given in kilodaltons; shown within the
panels are the positions of the prM (arrows), prMP? (black arrowheads), and prMP'® (white arrowheads) proteins.

significant differences in clinical symptoms were noted among
the mice inoculated i.p. with 5 X 10* PFU of the WT or any of
the four prM mutant viruses, the three prM N-glycosylation-
defective mutants corresponded to mean survival times (shown
with standard deviations) longer than those associated with the
WT or control mutant SM virus: WT-infected mice, 6.70 *=

0.37 days; N15A-infected mice, 10.55 = 0.40 days; T17A-in-
fected mice, 13.45 = 0.70 days; N15A/T17A-infected mice,
12.00 = 0.41 days; and SM-infected mice, 8.75 = 1.73 days
(Table 3). The mean survival times of WT- and SM mutant-
infected mice were not significantly different in pairwise com-
parisons; however, highly significant differences in survival

TABLE 3. Pathogenicity of JEV WT and prM mutants in 3-week-old ICR mice

i.p. inoculation

i.c. inoculation

Virus . B . .
LDs, (PFU) Me?gﬂ;grgvggt)lme P value® LDs, (PFU) Mea‘a;:rfvsall)‘)‘me P value®

WT 14 6.70 = 0.37 <1.5 535 +0.24
N15A 29.4 10.55 = 0.40 <(0.0001 <1.5 6.55 = 0.17 0.0003
T17A 50.0 13.45 = 0.70 <0.0001 <1.5 6.75 = 0.19 <0.0001
N15A/T17A 497.6 12.00 = 0.41 <(0.0001 <1.5 6.25 = 0.40 0.0342
SM 1.1 8.75 = 1.73 0.2338 <1.5 5.00 = 0.22 0.2465

¢ P values refer to pairwise comparisons to the value for the WT.
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times between mice infected with the WT and those infected
with the N15A, T17A, and N15A/T17A mutants were observed
(in all cases, P < 0.0001).

Having demonstrated an impairment in the pathogenicity of
the prM N-glycosylation-defective mutants following i.p. inoc-
ulation, we proceeded to analyze the lethality of the viruses
when administered to 3-week-old ICR mice by i.c. inoculation.
Both the WT and the four prM mutant viruses were highly
lethal in mice when administered by the i.c. route, as evidenced
by the fact that the mortality rates at doses of 1.5 PFU and
higher were invariably 100%, yielding LDs,s below 1.5 PFU
(Table 3). However, the mean survival times for mice inocu-
lated with each of the three prM N-glycosylation-defective
mutants at a dose of 1.5 PFU were significantly longer than
those for mice inoculated with the WT virus (Table 3): WT-
infected mice, 5.35 = 0.24 days; N15A-infected mice, 6.55 =
0.17 days (P = 0.0003 versus the result for WT-infected mice);
T17A-infected mice, 6.75 = 0.19 days (P < 0.0001); and N15A/
T17A-infected mice, 6.25 = 0.40 days (P = 0.0342). As ex-
pected, no significant difference in the mean survival time
between mice infected with the WT and those infected with the
control mutant SM virus (5.00 = 0.22 days) was seen (P =
0.2465). Thus, all three prM N-glycosylation-defective mutant
viruses displayed strong lethality that was nearly indistinguish-
able from that of WT virus, but the mean survival times were
longer for mice receiving these mutant viruses than for mice
receiving the WT by an i.c. route at the low dose of 1.5 PFU.

Opverall, these results indicated that the inhibition of JEV
prM N glycosylation resulted in neuroattenuation in mice, with
a more profound effect being seen after inoculation via a pe-
ripheral route than after inoculation via a direct route. The
difference in the virulence that we observed was found to be
due primarily to the lack of prM N glycosylation, as confirmed
by the results obtained for the N15Q mutant, which displayed
a phenotype similar to that of the N15A mutant (LDs,, 27.5
PFU, and mean survival time of infected mice, 14.20 = 0.88
days after i.p. inoculation; LD, <1.5 PFU, and mean survival
time of infected mice, 6.70 = 0.23 days after i.c. inoculation
[data not shown]). Of particular note was the fact that the
neuroattenuation observed in the case of N15A/T17A was
more severe than that seen for either N15A or T17A after
inoculation via the peripheral route. Paralleling the defect in
virus growth that was observed in the case of N15SA/T17A in
mosquito cells (C6/36) but not in the two mammalian cell types
(SH-SY5Y and BHK-21), this result also suggests that the N**
residue, along with T'7, plays an additional role in JEV biol-
ogy, affecting viral pathogenicity in mice.

DISCUSSION

In the present study, we have examined the role of the highly
conserved N-glycosylation site in JEV prM, N*>-X'5.T'7 in
virus replication and pathogenesis. We constructed four prM
N-glycosylation mutants by replacing either or both of the N'*
and T'7 residues with alanine or by introducing silent point
mutations corresponding to all three residues and then ana-
lyzed the four prM mutants in three different cell types that are
relevant to JEV biology and in a murine infection model sys-
tem. Our results indicated that (i) the N'> and T'” residues
were equally essential for the addition of N-linked glycans to
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JEV prM; (ii) the loss of JEV prM N glycosylation had a
significant effect on the release of infectious virions; (iii) un-
expectedly, the replacement of both the N** and T*” residues
simultaneously, but of neither individual residue alone, caused
abnormal prM protein biogenesis that was cell type dependent
and glycosylation status independent, with a subtle difference
in prM biogenesis having a profound impact on the efficiency
of virus growth; and (iv) the elimination of JEV prM N glyco-
sylation resulted in a marked reduction in pathogenicity com-
pared to that of the WT when the virus was administered to
mice via a peripheral route. These findings indicate that the
highly conserved N-glycosylation motif of JEV prM and its
N-glycan substituents play a range of critical roles in viral
replication by facilitating prM biogenesis and the release of
infectious virions in infected cells, as well as contributing to
viral pathogenesis in infected mice.

We found that although the intracellular levels of accumu-
lated viral RNA and structural proteins remained unchanged,
the elimination of JEV prM N glycosylation resulted in an
~20-fold reduction in the production of extracellular virus
particles, primarily as the result of the inefficient release of
intracellular virions that had been preformed in intracellular
membrane compartments in infected cells. This release defect
was evidenced by the ~2-fold increase in the relative abun-
dance of intracellular virions at a given time point after infec-
tion in a given thin section of cells infected with one of three
prM N-glycosylation-defective mutants; the magnitude of this
increase would be even greater if the three-dimensional vol-
ume of the infected cells were taken into consideration, to-
gether with the cumulative incubation time after infection. Our
findings are consistent with those described in recent reports of
a defect in the secretion of virus-like particles for TBEV (16)
and WNV (19) when glycosylation-deficient prM is ectopically
expressed along with WT E in the absence of other viral pro-
teins. However, the magnitudes of the reductions that were
observed in these previous studies varied significantly, ranging
from ~2-fold for TBEV to ~10- to 30-fold for WNV, depend-
ing on the lineage of the virus strain being used. Also, the
removal of the N-glycosylation site in WNV prM led to an ~10
to 40% decrease in the number of viral replicon particles
produced by the transcomplementation of a subgenomic rep-
licon, with all the structural proteins provided in frans (19).
Our data, together with the data in these previous reports,
indicate that the N glycosylation of the flavivirus prM protein
plays a critical role in modulating the efficiency of virus release
but has little effect on the protein compositions and infectivi-
ties of the released virus particles, at least in the three cell
types analyzed in our study. The assembly and release of in-
fectious virions or virus-like particles have also been shown
previously to be affected by the N glycosylation of the other
surface protein, E, in other flaviviruses (16, 19, 38, 39), indi-
cating that this posttranslational modification of the two viral
surface proteins is important for maximizing the efficiency of
virus assembly and release in flavivirus-infected cells.

The highly conserved N-glycosylation site in JEV prM is in
the pr region, which is cleaved from the protein as it moves
through the ER and the Golgi apparatus to the plasma mem-
brane (23, 61). Given that the removal of the pr region is
required for the generation of highly infectious virus (23, 45),
the primary roles of such oligosaccharide modifications are
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thought to be associated with a late, rather than early, stage of
viral infection, facilitating protein folding, oligomerization,
quality control, and transport in the cells. It should be noted
that the first step in N-linked glycosylation involves the addi-
tion of mannose-rich carbohydrate to newly synthesized
polypeptides in the ER, and these moieties are occasionally
further modified as a result of catalytic activity by a series of
glycosidases and carbohydrate transferases in the ER and
Golgi apparatus (25). These glycosidases and transferases work
in coordination with chaperones such as calreticulin, calnexin,
and ERp57 to assemble a network, facilitating the correct
folding and sorting of misfolded glycoproteins within the cell
(20, 24). In the cases of other flaviviruses, prM is thought to
play a chaperone-like role in facilitating the proper folding,
maturation, and transport of E (2, 35, 39), thereby preventing
the premature conformational changes that can be induced by
the low-pH environment in the frans-Golgi network until the
protein is released from the infected cells (1, 18, 21, 62).
However, whether or how this chaperone-like role of prM is
directly related to the defect in virus release is still unknown.
Further investigation of this issue may provide new insights
into the role of N glycosylation for viral and cellular glycopro-
teins.

The observation that in the three cell types (BHK-21, SH-
SYSY, and C6/36) used in our study, infectious virions derived
from JEV prM N-glycosylation-defective mutants were nearly
as infectious as the WT suggests that the primary role of the N
glycans added to JEV prM is to facilitate protein folding and
virus release; however, it is also possible that this modification
is involved in an early stage of flavivirus infection, such as the
attachment or binding of the virus particles to the cell surface.
Recently, the presence of a single N-glycosylation site in the
WNV prM or E protein has been shown to be involved in
DC-SIGNR-mediated infection, potentially altering viral tro-
pism (12). In this previous study, it was noted that WNV
infection was more efficiently promoted by DC-SIGNR than by
DC-SIGN when the virus was cultivated in human cell types.
Similarly, DC-SIGN and DC-SIGNR have been implicated in
the enhancement of DENV infection (49, 55, 63). The precise
role of prM N glycosylation in the early stage of flavivirus
infection promoted by DC-SIGN and/or DC-SIGNR, however,
requires further investigation.

In the light of the finding that the removal of the N-glyco-
sylation site from JEV prM had a significant effect on virus
release, we examined the growth of the prM N-glycosylation
mutants in three different cell types: not only the BHK-21 cells
that are commonly used for virus propagation in laboratories
but also two cell types that are biologically relevant to JEV
transmission and pathogenesis. It is interesting that the viral
growth defect in the mosquito C6/36 cells was more severe
than that in the BHK-21 or SH-SYS5Y cells. A similar differ-
ential growth defect has also been described previously for
WNYV prM N-glycosylation-defective mutants grown on C6/36
cells, as opposed to BHK-21 and Vero cells (19). We also
noted that of the three JEV prM N-glycosylation-defective
mutants, only N15A/T17A showed an additional defect in viral
growth when grown on C6/36 cells but not on BHK-21 or
SH-SYSY cells. This cell type-specific, glycosylation status-
independent defect was subsequently attributed to the ab-
normal biogenesis of the prM protein that produced an
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unexpected prMP'® form lacking the N terminus of the ungly-
cosylated prMP?° protein. In this context, it is interesting that
enhancing prM cleavability adversely affects virus production
while having only a minimal effect on infectivity (30). These
data suggest that the N-glycosylation motif of prM, in addition
to the N glycan added to this protein, is involved in the late
stage of viral morphogenesis, which includes the processing of
the prM protein, an event that may be influenced by a cell
type-specific factor(s). The importance of this glycosylation for
virus production may explain the high level of conservation of
the JEV prM N-glycosylation consensus sequence in all JEV
strains and other closely related mosquito-borne flaviviruses.

While a large number of genetic determinants of viral patho-
genesis in the gene encoding the E protein have been found
previously, few genetic determinants for the prM protein have
been identified (for a recent review, see references 8 and 27).
The examination of the prM protein has been limited primarily
to sequence comparisons of proteins from different viral strains
(6, 68, 69) and analyses of the prM furin cleavage and prM-E
signalase cleavage sites (26, 50, 51). In the present study, we
have shown in a murine infection model system that infectious
virions generated from all three of our prM N-glycosylation-
defective mutants had low levels of pathogenicity when admin-
istered via a peripheral route. Therefore, it is conceivable that
the N glycans attached to JEV prM may play a critical role in
viral entry into the central nervous system (CNS) from the
periphery by an unknown mechanism(s). Alternatively, it is
also possible that the low levels of pathogenicity observed for
all three of the prM N-glycosylation-defective mutants were
largely a result of their failure to replicate to a level similar to
that of the WT. Thus, the question of whether the JEV prM N
glycosylation per se is a determinant of viral pathogenesis
requires further investigation. Although the mechanisms by
which flaviviruses enter into the CNS are as yet unclear, this
process is thought to involve one or more of three possible
scenarios, which may occur individually or in combination: (i)
the migration of leukocytes capable of supporting productive
virus infection through the blood-brain barrier into the CNS;
(ii) the direct translocation of the viruses across the blood-
brain barrier into the CNS via the endothelium, involving the
productive infection of the endothelium and/or the internal-
ization of the virions or increased vascular permeability occur-
ring as a result of virus-induced endothelial cell damage;
and/or (iii) the retrograde axonal transport of the virions via
the peripheral nervous system (for a recent review, see refer-
ences 33 and 57).

Although the pr domain bearing the carbohydrate moiety is
largely absent from mature virions, we found that in the case of
JEV, detectable amounts of glycosylated prM in the WT and
unglycosylated prMP?° in the three prM N-glycosylation-defec-
tive mutants were associated with released virus particles. This
incomplete cleavage of prM has also been described previously
for other flaviviruses, including DENV (47, 52, 54, 71), WNV
(19), Kunjin virus (31), and Langat virus (17, 28). The DENV
prM/M protein has been shown previously to actively induce
protective immunity; the passive administration of anti-prM
antibodies protects mice against a lethal challenge (3, 14, 29,
67). Some evidence has suggested that monoclonal antibodies
directed against prM provide protective immunity, perhaps
because of their cross-reactivity with the E protein (14, 29) or



VoL. 82, 2008

because they are able to neutralize uncleaved prM protein
present on the surfaces of the extracellular virions (29). In the
case of Langat virus, evidence for protection by a nonneutral-
izing antibody recognizing the prM/M protein has been re-
ported previously (28). The precise roles of the prM/M and/or
prMP°/M proteins in the early stage of viral infection and in
virus transmission into the CNS await further investigation.

In summary, we have demonstrated that the N glycosylation
of JEV prM is required for productive virus propagation in cell
culture. The process plays an important role in the release of
infectious virions, probably by facilitating the correct folding of
the prM protein and possibly the E protein and by promoting
the transport of immature virions from the ER to the plasma
membrane. We have further shown that the highly conserved
N-glycosylation motif of JEV prM has a differential effect on
virus growth that is cell type dependent and reflects the abnor-
mal biogenesis of the prM protein. This elucidation of a critical
role of prM N glycosylation and/or of the N-glycosylation con-
sensus sequence in the release of infectious virions and in the
pathogenesis of the virus may contribute to the design of vac-
cines against JEV and other flaviviruses.
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